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Introduction

This course looks at analytical, rather than computational, methods of tackling
difficult problems in applied mathematics. We will primarily apply our attention
to differential equations: both ODEs and PDEs.

You might ask, what’s the point of searching for analytical solutions or part-
solutions when we can solve numerically? There are two Kkiller reasons why
analytical techniques remain relevant even in the age of parallel computation:

Programme verification There is always a concern with numerical calcu-
lations about whether the code is correct. A helpful check can be to find
an extreme case (perhaps setting one parameter to zero, or making it very
large or small, or using unphysical but simple boundary conditions) where
an analytical solution can be found. If the numerical solution finds the
same analytical solution we have increased confidence in its correctness.

Physical insight More importantly, a numerical calculation does not often
provide insight into the underlying physics. Sometimes (surprisingly often
in practice) the simplified problems presented by taking a limiting case
have a simplified physics which nonetheless encapsulates some of the key
mechanisms from the full problem — and these mechanisms can then be
better understood through analytical methods.

We will be looking at perturbation methods, applied specifically to ODEs and
PDESs; many of the principles laid out here will apply equally to other situations
such as integral equations (as some of the examples will demonstrate). However,
I will intersperse the teaching on perturbation methods (numbered sections)
with background techniques in partial differential equations (lettered sections).

References

The principal reference for the perturbation methods is the book by Hinch. In
particular, many of the examples and exercises are taken from it. I have also
listed three other perturbation methods texts: they are also very good, and your
choice here is really a question of style preference.

e Hinch, Perturbation methods

e Van Dyke, Perturbation methods in fluid mechanics

Kevorkian & Cole, Perturbation methods in applied mathematics

Bender & Orszag, Advanced mathematical methods for scientists and en-
gineers

I am only giving one reference for the background on partial differential equa-
tions. I would strongly recommend you to get hold of this book unless your
background in PDEs is very strong.

e Weinberger, A first course in Partial Differential Equations with complex
variables and transform methods



1 Introduction to perturbation methods

1.1 What are perturbation methods?

Perturbation methods are methods which rely on there being a parameter in
the problem that is relatively small: ¢ <« 1. The most common example you
may have seen before is that of high-Reynolds number fluid mechanics, in which
a viscous boundary layer is found close to a solid surface. Note that in this case
the standard physical parameter Re is large: our small parameter is ¢ = Re™!.

1.2 A real research example

This comes from research into polymer flows!. I will not present the equations
or the working here: but the problem in question is the stability of a polymer
extrusion flow. The parameter varied is wavelength: and for both very long
waves (wavenumber k < 1) and very short waves (k=1 < 1) the system is much
simplified. The long-wave case, in particular, gives very good insight into the
physics of the problem.

If we look at the plot of growth rate of the instability against wavenumber
(inverse wavelength):

Growth Rate

Wavenumber k

we can see good agreement between the perturbation method solutions (the
dotted lines) and the numerical calculations (solid curve): this kind of agree-
ment gives confidence in the numerics in the middle region where perturbation
methods can’t help.

'H J Wilson & J M Rallison. J. Non-Newtonian Fluid Mech., 72, 237-251, (1997)



2 Regular perturbation expansions

We're all familiar with the principle of the Taylor expansion: for an analytic
function f(x), we can expand close to a point = = a as:

flate) = fla)+ef'(a) + 52 (a) + - -

For general functions f(z) there are many ways this expansion can fail, including
lack of convergence of the series, or simply an inability of the series to capture
the behaviour of the function; but the paradigm of the expansion in which a
small change to z makes a small change to f(x) is a powerful one, and the basis
of regular perturbation expansions.

The basic principle and practice of the regular perturbation expansion is:

1. Set € = 0 and solve the resulting system (solution fy for definiteness)
2. Perturb the system by allowing € to be nonzero (but small in some sense).

3. Formulate the solution to the new, perturbed system as a series

fotefi+efo+---

4. Expand the governing equations as a series in ¢, collecting terms with
equal powers of €; solve them in turn as far as the solution is required.

2.1 Example differential equation

Suppose we are trying to solve the following differential equation in = > 0:

df(z)
dx

+ f(z) —ef*(z) =0, f(0)=2. (1)

Ignore the fact that we could have solved this equation directly! We’ll use it as
a model for more complex examples.

We look first at £ = 0:

df(z)
dx

+ f(z) =0, f(0) =2, = flz) =2e7"
Now we follow our system and set
f=2""+cfi(x) +e2folx) +3fa(x) +---

where in order to satisfy the initial condition f(0) = 2, we will have f1(0) =

f2(0) = f3(0) = --- = 0. Substituting into (1) gives
—2¢7" + efi(x) +  Efilx)  +  £f5(x)
+27" + efilz) +  fa(r) 4+ Efs(a)
— dee™?®  — 4e?e7fi(x) — 4dede T fo(x)
- £f@) = 0@



and we can collect powers of ¢:

o —2e " +2% =0
el fil@) + fi(z) —de™? =

e fa(z) + fo(z) —4e” " fi(z) =0
e f3(@) + fa(x) — fi(z) —de * fo(z) =0

The order €” (or 1) equation is satisfied automatically. Now we simply solve at
each order, applying the boundary conditions as we go along.
Order ¢ terms.
fil@) + filz) = de™ — fi(z) = —4e % 4 e
and the boundary condition f1(0) = 0 gives ¢; = 4:
fi(z) =4(e™* —e ).

Order £? terms.
The equation becomes
fol@) + folw) = de™" fi(z) = fola) + falw) = 167" (7" — ™)

with solution
fa(z) = 8(—2e7% +e73%) 4 cpe ™™

and the boundary condition f5(0) = 0 gives ¢y = &:

fo(z) = 8(e™% — 2672 4 ¢737),

Order ¢ terms.
The equation is f}(z) + f3(z) — fZ(z) — 4e~% fo(x) = 0 which becomes

fh(x) + fa(z) = 48(e™2 — 22737 4 747,
The solution to this equation is

f3(x) = 16(=3e™2* + 373" — ™) + cze .

Applying the boundary condition f3(0) = 0 gives ¢3 = 16 so

fa(z) = 16(e™" — 3e 727 4 3737 — ¢747),
The solution we have found is:

flz) =27 +4c(e™ — e72%) 4 8e%(e™" — 272 4 ¢737)
+16e%(e™" — 372 4+ 373 —e ) -

This is an example of a case where carrying out a perturbation expansion gives
us an insight into the full solution. Notice that, for the terms we have calculated,

fn(x) _ 2n+le—z(1 _ e—ac)n7



suggesting a guessed full solution

(oo}

fla)y=) em2mtle (1 —e )" =277 Y [2e(1—e )"
n=0

n=0

2e "

T1-2e(1—e®)

Having guessed a solution, of course, verifying it is straightforward: this is
indeed the correct solution to the ODE of equation (1).

2.2 Example eigenvalue problem

We will find the first-order perturbations of the eigenvalues of the differential
equation
y' + Xy +ey’ =0

in 0 < & < 7, with boundary conditions y(0) = y(7) = 0.
[Exercise: repeat this with the final term as ¢y (easy) or ey® (harder).]

First we look at the case € = 0:
v+ Xy =0
This has possible solutions:

A<0 y = Acosh [zV —\] + Bsinh [zvV -]
A=0 y=Ax+ B
A>0  y=Acos[zV\ + Bsin[zV)]

The first two solutions can’t satisfy both boundary conditions. The third must
have A = 0 to satisfy the condition y(0) = 0, and the second boundary condition
leaves us with

Bsin[rVA] =0 = A=m? m=12,...
Now we return to the full problem, posing regular expansions in both y and A:
y=sinmx +ey; + -

A=m?+er +---

Substituting in, we obtain for the differential equation:

o

—mZsinmz  + m? sin max
ey + em?y; + e\ sinmz + esinmz =

o

As we would expect, the order 1 equation is already satisfied, along with the
boundary conditions.

Order ¢

The ODE at order £ becomes

1 1
Yl + m2y; = =\ sinma — sin? ma = —\; sinma + 5 €0 2mx — 3



We expect a solution of the form
y1 = Asinma + B cosmz + Cx cosma + D cos2mz + E

and substituting this form back in to the left hand side gives us
1

—2C0msinma — 3m2D cos 2mz + Em? = — )\ sinmz + 3 cos2mx — 5

which fixes C' = \1/2m, D = —1/6m?, E = —1/2m?. The solution is
A 1
y1 = Asinmx + B cosmx + ﬁxcosmx 53 G2 cos 2mz.

Now we apply the boundary conditions to determine the eigenvalue: y(0) = 0
gives

1 1 2
0=B—— — — B=-——
2m2  6m2 3m?
and then the condition y(7) = 0 becomes:
2 A1 1 1
0= —(-1)"+ “Lq(-1)" — — — —
3m2( )"+ Qmw( ) 2m?2  6m?
which simplifies to determine A;:
4 -8 0 m even
A= (1) —1] = ——
"7 3mr (=1 } 3mm { 1 m odd
Thus the eigenvalues become
8e 8e 8e
A=1—-——/49——,16,25 — —,---
3r’ 9’ 157’

2.3 Warning signs

As I mentioned earlier, the Taylor series model of function behaviour does not
always work. The same is true for model systems: and a regular perturbation
expansion will not always capture the behaviour of your system. Here are a few
of the possible warning signs that things might be going wrong:

One of the powers of ¢ produces an insoluble equation
By this I don’t mean a differential equation with no analytic solution: that
is just bad luck. Rather I mean an equation of the form =1 +1 —2; =0
which cannot be satisfied by any value of x.

The equation at ¢ = 0 doesn’t give the right number of solutions
An nth order ODE should have n solutions. If the equation produced
by setting € = 0 has less solutions then this method will not give all the
possible solutions to the full equation. This happens when the coefficient
of the highest derivative is zero when ¢ = 0. Equally, for a PDE, if the
solution you find at ¢ = 0 cannot satisfy all your boundary conditions,
then a regular expansion will not be enough.

The coefficients of ¢ can grow without bound
In the case of an expansion f(z) = fo(z)+efi(x)+efo(x)+- - -, the series
may not be valid for some values of z if some or all of the f;(x) become
very large. Say, for example, that fo(x) — oo while f;(z) remains finite.
Then e f1 () is no longer strictly larger than 2 fo(x) and who knows what
even larger terms we may have neglected. ..



A First-order PDEs

First-order partial differential equations can be tackled with the method of
characteristics, a powerful tool which also reaches beyond first-order. We’ll
be looking primarily at equations in two variables, but there is an extension to
higher dimensions.

A.1 Wave equation with constant speed

Consider the first-order wave equation with constant speed:

@ + c@ =0
ot oxr
It responds well to a change of variables:
E=x+ct n=ux—ct

The chain rule gives us

)

or 0z dE  dxdn 9 On

0 _0€0 omo _ (0 9
ot otog  oton  \oE  On

and so the wave equation is equivalent to

ou
20875 = 0

Integrating gives the general solution v = F(n), u = F(x — ct).

But where did we get the change of variables from? The line z — ¢t = constant
is a line in the x—t plane along which u is constant. This means that if we
parametrise this line

x = z(r) t=t(r)
then moving along the line by changing r will not change wu, i.e.
du
dr

This is the underlying principle of the characteristic.

A.2 Variable speed

Let’s look now at the variable speed case:

ou ou

We would like again to find curves along which u is constant. Suppose such a
curve is given by = z(r) and ¢ = ¢(r). Then, using the chain rule,

du_oudt  ouds
dr  Otdr Oz dr’



We want this to be zero, which is easily achieved if we make this expression the
same as the original linear operator:

dt8u+da:3u 8u+ ( t)ﬁu 0

—— 4+ ——— == +c(z,t)— =0.

dr 0t  drdx Ot ox
This gives us the two parametric equations governing the shape of the charac-
teristic curve:

dt 1 dzx
dr 7 dr
These are both ODEs and straightforward to solve.

= c(x,r).

Example

Look at the equation

_ cosHsin2¢% _0

2sin 0 cos 2¢% g 99 =
i

Suppose that our characteristic is given by 8 = 6(r), ¢ = ¢(r). Then the
requirement that u be constant along a characteristic becomes

oud oudy
o0 dr = Opdr

A naive attempt would be to look at the coupled ODEs

% B 7cos¢9$in2¢

dé
— = 2sin6 2 =
sin 6 cos 2¢ O p—

dr
but we can uncouple them if, before we start, we multiply the original equation
by sin @/ cos 6 cos 2¢:
2sin?0 Ou  sin2¢ du

etk
cos@ 00  cos2¢ Do ’
@_QSinzﬁ dg _ sin2¢
dr  cos@ dr  cos2¢’
Now the equations are decoupled, and solving them in turn gives
. 1 .
sm9:—§ sin 2¢ = exp [C' — 2r].

Note that we only use a constant of integration in one of these equations; since
r is just a parameter, the point r = 0 is not defined a priori. Effectively, we are
making a change of variables from z, ¢ to r, C. We can invert the transformation:

1 1
C =1Insin2¢ — —— -
nsin2¢ — = " T osine

and since u is constant on this curve, we can deduce the general solution

sin 6

uzF(C):F(lnsianﬁ— ! )



A.3 More than two dimensions
Now suppose we have the PDE

@ ou

3?/ + CQ("I;vywz)i =0.

ou
7+Cl(l‘>yaz) 62

ox
Again, we look for a curve on which u is constant; being a curve, it can still be
described with a single variable r so we set = z(r), y = y(r) and z = z(r).
Then the chain rule gives

du_ouds | oudy | oud:
dr 9z dr  Oydr 0Ozdr
and to make this equal to zero we choose

% =1 % = c1(x(r),y(r), z(r)) % = ca(a(r),y(r), 2(r)).

The latter two are now coupled ODEs so we are not guaranteed to be able to
find a solution; but sometimes you may be lucky.

Example

Look at the equation
@ +x @ —zln @ =
ox Y oy Yoz =

We set = z(r), y = y(r) and z = z(r) and the chain rule gives

0.

Qu_ouds  oudy | oud
dr  dxdr  Oydr Ozdr’

To match the three coefficients we set:

d
d—f =1 z(r)y=r
dy
2 ==Y y(r) = yoexp[r®/2]
r
d .
d—j = —zlny = —z(Inyo +72/2) 2(r) = 20y, " exp [-1°/6].

Now we have expressed all points in terms of the three parameters r, yo and zg
and u is independent of r, so the solution is any function of yy and zy. Reversing
the change of variables gives

r=ux Yo = yexp [—2%/2] 20 = zy" exp [—13 /3]
and the full solution is

u = F(yexp [~2?/2]; 2y exp [-2*/3)]).



A.4 Inhomogeneous case

The characteristic curve is just as fundamental if the equation is not homoge-
neous, although the function value is no longer constant along characteristics.
The method is best seen by example:

over all z, with initial condition (at ¢ = 0) u = x. We start by finding the
characteristic. Here the characteristic is given by

dt dz

—=1 t=r — = 2ar x = xgexp[r?].

dr dr oexp ]
This time our two new variables are r and xy. Along a specific characteristic
we have

du 8u+8udx " or more exactl F(xo)e"
— =4+ ——=u u = uge’ or more ex u = F(xg)e".
dr ot  Oxdt 0 Y 0
We now have a one-parameter family of solutions (parameter zp): on the curve

x = xgexp [t?], u= F(zq)e' S0 u = F(zexp[-t?])e’.

We need to apply the initial conditions to determine the function F. At ¢t =0
we have © = g and u = F(z¢) so the initial condition gives F'(xg) = xq:

u = zexp[—t?]e’ = zexp[t —t?].

A.5 Nonlinear homogeneous case

A general first-order homogeneous PDE in two variables can be written as

ou ou
s + c(um,t)% =0

and the method of characteristics still applies (but we expect an implicit solution
in general). The characteristic curves are given by

dx

— =cl(u,x,1).

g =~ clw 1)

Again, we will write the curve parametrically as ¢ = r, and = some function of
r and a constant zo (that is, constant for a given characteristic). Along any

characteristic we will have
du
=90
dr
and so u is constant along a characteristic. We can then make this into a solution
everywhere by setting u = F(x¢) on the characteristic specified by x.

Since u is constant on our characteristic, the equation of the curve is simply

dx

i c(F(zg),x,t),

10



which is a straightforward ODE in z and ¢. Once we have solved it we have the
characteristic curve

t=r x = G(zg, F(x0),r) = G(x0,u,T).
The implicit form of the solution is now:
x = G(zg,u,t) u= F(xg)

which is a one-parameter family with parameter xy. In many cases it is possible
to rearrange the first equation to obtain x( in terms of u and ¢; then substitut-
ing this into the second equation gives the more standard form of the implicit
solution.

Example

Consider the advection equation

Ou 5, 0U

— +uzrt— =0.

ot ox
Because it is homogeneous, we expect u to be constant along characteristics: so
we parameterise with zy (constant on each characteristic) and r (which varies
along the characteristic) and we can say u = F'(xg).

Now our characteristic curve becomes

d
d—f = uz’t = F(z0)2?t,
which we can solve:
dx 1 1 1
— =F tdt — = = ZF(z)t? — —
x2 (mo)/ ) (o) Zo
2.%'0
T

- 2 — I()F(.Io)t2 '
Thus the characteristic curve and implicit solution are:

2LEO

t=r r= ——7"
Q—I‘QF(ZE())TQ

u= F(xp).

As above, we can rearrange to get xq in terms of x, t and u:

2£C0 2x

r=— 0= ———
2 — zout? 07 9 ¢ uat?

and the standard implicit form of the solution is

2
u=F(—2_).
2 + uxt?

11



A.6 Nonlinear inhomogeneous

We are now looking at the most complex of first-order PDEs: those of the form

ou

ou
E +C<u,l’,t>7 - f(’U/,.’L‘,t)

or

Characteristics still exist in these systems, and they may have important phys-
ical properties (for instance, discontinuities in the derivatives of the solution
will propagate along them) but unfortunately, since u itself now varies along a
characteristic, we can no longer solve even implicitly in general.

Example

Here is a case where we can achieve a little:

@ +u@ = cost
ot or '

In this case we can immediately spot one solution
u=A+sint

but can we show that this is not the most general solution?

The characteristics are defined by

dz
— u;

i

let us suppose we know the family of curves = f(xg,r), t = r. Then we have

dj-%ﬁ_ﬁ.@di—%_i_gf(x T)@
dr — otdr  Ozdr ot o’V "oz
which gives us the two coupled equations
0 U
af(xo,r)—u 3 = cosT
These are easy to solve in reverse order:
u= A(xg) +sinr x = A(xg)r — cosr + x.

Unfortunately, we can’t extract zy explicitly without choosing the function
A(x); but note that

Alzg) = « = xg=x +cost — at u=a+sint
B (x + cost) x +cost
Alxg) = = = Tg="—r—2 u=——— +sint
(zo) o/B 0 G+D Bt

so our “spotted” solution is only one of a family of possible solutions.

12



3 Dimensional Analysis

Dimensional analysis is a very simple and straighforward tool, but with a little
flexibility it can be extended to create more general scaling laws: it is always
worth considering at the outset of a physical problem.

3.1 Simple concepts

The fundamental units of standard dimensional analysis are the units mass, M;
length, L; and time, T'. There are others — but we’ll start with these. So a mass
has dimension M, a velocity dimension LT !, and a force dimension M LT 2.

The most basic task of dimensional analysis is a check on the sanity of your equa-
tions. It is only sensible to add two quantities if they have the same dimensions.
Let’s look at the Navier-Stokes momentum equation as an example:

p (O +u-Yu) = -Vp+nVu
The dimensions of the individual quantities are:
=ML (9] =T"" [W=LT"" [V]=L"' [pg]=ML T

and let’s suppose we don’t know what viscosity, n, should be measured in. Then
putting all these dimensions into our equation gives:

ML 3(LT™?) = ML (LT %)= ML *T% = [n]L2LT!

and we can deduce that [n] = ML~'T~1.

3.2 Extending the concept

Even dimensionless numbers can be part of a dimensions system. For instance,
a mole of a substance is defined to be 6.0221367 x 10%? atoms of it. Avogadro’s
number is just a number — it has no dimensions — and yet in scaling an equation,
if one quantity is “per mole” then other quantities added to it must be too. For
instance, the ideal gas law

pV =nRT

has the obvious dimensions
[p| = ML~ 'T~? V]=1L3 [T]=0

in which we are using © for the dimension of temperature. The other two
quantities are less obvious: n is the number of moles of the substance present
— just a number, but if we were to define a “dimension” for moles, M, then we

could deduce
[n] = M [R] = ML?*T 20" M1

which does indeed fit: the value of the ideal gas constant R is
R =18.314472m3 PaK ' mol ' = 8.314472kgm?s 2 K ' mol .
This concept brings us away from pure dimensional analysis and into the realm

of scaling laws.

13



3.3 Dimensionless parameters

The other critical technique based on dimensional analysis is nondimensionali-
sation. To quote Andrew Fowler,?

Confronted with, or having created, a mathematical model of a
continuous physical system, which consists of a set of differential
equations and associated boundary condition, the first thing that
an applied mathematician will want to do is non-dimensionalize the
system.

Some think this desire is the only real difference between an applied mathemati-
cian and a theoretical physicist.

The principle is this: for every dimension relevant in your problem (which may
include moles or other such pseudo-dimensions), pick a representative value. It
may be that the natural choices are the basic dimensions M, L and T’; more
often they are not. For the standard example of the Navier—-Stokes momentum
equations above, we typically choose typical values for the three combinations

L lengthscale U = LT~ velocity n= ML™*T~! viscosity.

We introduce new dimensionless variables which are just the original variables,
scaled with the relevant dimensional combinations. Thus (using a tilde ~ to
denote each dimensionless quantity) we would introduce

u="Ul p=Unp/L
and scaling lengths and times gives also
Oy = Lo, JU V=LV

which result in the new equation (multiplying by L2U~!/n):

UL (0ua ~ ~ ~
el ( +a~va> = —Vjp+ V3@

] ot
We have now reduced the number of physical parameters from two (p and 1) to
just one: the Reynolds number Re = pUL/7. It expresses the balance between
inertial and viscous terms.

Typically you will have some choice as to which variables to use for scaling and
which combinations to use as your dimensionless numbers. Prior work in the
field often gives the best clue here: there may be named dimensionless groups
and these are often the most convenient choice.

2Andrew C. Fowler, Mathematical Models in the Applied Sciences, p. 19.

14



4 Rescaling

After our foray into dimensional analysis at the end of last week, we return to
standard perturbation methods now: the next step after we’ve made our system
dimensionless and found that one of the dimensionless parameters is small (or
large). In this section we’ll look at one of the reasons that our ¢ = 0 system
might not have enough solutions, and introduce a tool that is fundamental to
all perturbation systems. We'll start with a very simple example and work up
from there.

4.1 Example algebraic equation
Here our model equation is
ex’ +z—-1=0. (2)
Suppose we try a regular perturbation expansion on it. Setting ¢ = 0 gives
rz—1=0,

with just the one solution x = 1. Since we started with a second-degree poly-
nomial we know we have lost one of our solutions; however, if we carry on with
the regular perturbation expansion we will get a perfectly valid series for the
root near x = 1.

Now let us look at the true solution to see what’s gone wrong.
—1++1+4¢
r=——
2e

As € — 0, the leading-order terms of the two roots are

1
z =1+ 0(e); and *g‘FO(l).

The first of these is amenable to the simplistic approach; we haven’t seen the
second root because it — oo as € — 0.

> T

For this second root, let us try a series
x:x,ls_l +xo+eExy + -
We substitute it into (2):
e+ 2zym¢ + e(@d4+2z_171) +

+ z_ et o+ 7o + €Ty + .-
-1 -0

15



and collecting powers of ¢ gives:

el x%l +x1 =0 ; x_1 = 0o , -1
e 20 _1xog+ax9—1 =0 ; T = 1, -1
el x% +2x_1x1+21 =0 ; r, = -1 1

Note that we can now get the expansions for both of the roots using the same
method.

4.2 Finding the scaling

What do we do if we can’t use the exact solution to tell us about the first term
in the series?

We use a trial scaling §. We put
x=0(e)X

with § being an unknown function of e, and X being strictly order 1. We call
this X = ord(1): as € — 0, X is neither small nor large.

Let’s try it for our example equation: ex? 42 —1 = 0. We put in the new form:
e’X?+0X -1=0

and then look at the different possible values of 6. We will only get an order 1
solution for X if the biggest term in the equation is the same size as another
term: a dominant balance or distinguished scaling.

Finding scalings in large systems is more of an art than a science — it’s easy to
check your scaling works, but finding it in the first place is tricky. But with
small systems, it’s quite straightforward. I view this process in two ways: one
completely systematic (but really only practical with a three-term equation)
and the other more of a mental picture.

Systematic method

Since we need the two largest terms to balance, we try all the possible pairs of
terms and find the value of § at which they are the same size. Then for each
pair we check that the other term is not bigger than our balancing size.

Balance terms 1 and 2 These two are the same size when €62 = § which
gives § = ¢~1. Then both terms 1 and 2 scale as ¢! and term 3 is smaller
— so this scaling works.

Balance terms 1 and 3 These two balance when €62 = 1 and so § = e~ /2.

Then our two terms are both order 1, and term 2 scales as e~ /2 which is
bigger. The balancing terms don’t dominate so this scaling is no use.

Balance terms 2 and 3 These two balance when § = 1, when they are both
order 1. Then term 1 is order €, which is smaller: so we have a working
balance at § = 1.

This process quickly gives us the only two scalings which work: § = e~! and
0=1.

16



Horse-race picture

Think of the terms as horses, which “race” as we change §. The largest term
is considered to be leading, and we are interested in the moment when the lead
horse is overtaken: that is, the two biggest terms are equal in size.

The three horses in our case are
[A] €62 B] § [C]1

and we will start from the point § 2 0. Initially, [C] is ahead, with [B] second
and [A] a distant third.

As we increase §, each horse moves according to its power of §: higher powers
move faster (but start further behind). We are looking for the first moment that
one of [A] or [B] catches [C]. A quick glance tells us that for [B] it will happen
at § = 1 whereas for [A] we have to wait until 6 > 1. So the first balance is at
d =1, when [B] overtakes [C].

Now because [C] is the slowest horse (in fact stationary) it will never catch [B]

again, so we only need to look for the moment (if any) when [A] overtakes [B].

This is given by €62 = § which gives our second balancing scaling of § = ™1,

4.3 Impossible equations: non-integral powers
Try this algebraic equation:
(1—¢e)a? =2z +1=0.
Setting € = 0 gives a double root x = 1. Now we try an expansion:
r=14ex; +e%xp+---

Substituting in gives

1 + 221 + &2(a?+21) +
— £ — 252.I1 +
- 2 = 2ex - 26215 +

+ 1 0

At €9, as expected, the equation is automatically satisfied. However, at order
¢!, the equation is
201 —1—-2x1 =0 1=0

which we can never satisfy. Something has gone wrong. ..

In fact in this case we should have expanded in powers of €!/2. If we set
T = 1+51/2x1/2+ax1+-~-

then we get

1+ 2eY2z2y,, + e(@l)y +221) +

- € +
- 2 - 251/2961/2 — 2exq 4+ .-
+ 1 = 0
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At order €° we are still OK as before; at order ¢!/2 we have

2$1/2 —2.131/2 =0

which is also automatically satisfied. We don’t get to determine anything until
we go to order !, where we get

a3y +20 —1—21, =0 23, —1=0

giving two solutions x,,, = +1. Both of these are valid and will lead to valid
expansions if we continue.

We could have predicted that there would be trouble when we found the double
root: near a quadratic zero of a function, a change of order £'/2 in x is needed
to change the function value by e:

N\

4.4 Choosing the expansion series

In the example above, if we had begun by defining § = £'/2 we would have had
a straightforward regular perturbation series in §. But how do we go about
spotting what series to use?

In practice, it is usually worth trying an obvious series like €, €2, €3 or, if there

is a distinguished scaling with fractional powers, then a power series based on
that. But this trial-and-error method, while quick, is not guaranteed to succeed.

In general, for an equation in x, we can pose a series
xTr ~ 1‘050(5) + 117151(5) + £E252(€) + -

in which z; is strictly order 1 as ¢ — 0 (i.e. tends neither to zero nor infinity)
and the series of functions d;(g) has do(e) > d1(¢) > da(e) - -+ for e < 1.
Then at each order we look for a distinguished scaling. Let us work through an
example:
us 1 1
2sin (x f) —l—z+-2?=—-—¢

V2 + 4 + 2 6
In this case there is a solution near x = 0, which we will investigate.
First let us sort out the trigonometric term, expanding it as a Taylor series
about x = 0:

V2sin (z + %) =2 [sinascos (g) + cos x sin (2)] =

2 .TCB .TC4 .TCS

1 1
\@{sinercosz] :sinx+cosx:1+xfx—f—+—+—+~~

V2 V2 21 31 41 5l

The governing equation becomes

23zt x°

1
- - - 6 —_
6+24+120+0(x) &

18



zt 2d

3_T T 6y _
x 1 2O+O(ac) €.

We pose a series

x = xbo(e) + x161(e) +---
and substitute it. The leading term on the left hand side is 2353, and on the
right hand side is €. So we set dg = el/3 and o = 1.

Now we have

(L‘:€1/3+$151(8)+"'
which we substitute into the governing equation. Remembering that §; < e!/3
and keeping terms up to order £2/3§; and */3 (neglecting only terms which are
guaranteed to be smaller than one of these), we have

3%152/3(51 — 64/3/4 =0.
To make this work, we need 6, = £2/3 and then x; = 1/12.

The first two terms of the solution are:

1
— e/ = 2/3
r=¢e'"+ 126 +

4.5 A worse expansion series: Logarithms

Let us consider the equation (with € > 0):

e ¥ —ex=0.
We're looking for the leading-order scaling for x:

$N.’E050+$1(51+"'

—x

As a quick first hack, we need to check we expect a solution at all. Both e~* and
—ex are decreasing functions so the whole left hand side is a decreasing function
of z. At x = 0 the function value is 1; for large z, it is negative. Therefore we
expect exactly one root, and we expect it to lie in positive z.

In order to see the scaling of the leading term, we will look at the function
flz)=a"te (we need f(x) =¢).

It is also a decreasing function, moving from oo at x = 0 to 0 as x — co. We
can check the value of f(z) for various values of z, so that we know where to
look for the root.

If z = 1 then f(x) = e~ ! which is too large: so we need z > 1.

If 2 = ¢!, then f(z) = eexp (—e~ 1) which is exponentially small: so we need
r<e L

If © = &=« for some fixed positive «, then f(z) = e*exp (—£~*) which is still
exponentially small: so we need a value of z which is larger than 1 but smaller
than any negative power of €. This naturally leads us to the logarithm.

If we try 69 = In(1/e) (with the inverse present so that &y is positive, which
makes everything more intuitive) then the leading-order approximation to f(x)
is o

f@odo) = @y 8y " exp [=doo] = s

Does this work? Let’s pick values of xg to try.
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e If zp =1 then f(z) =¢/In(1/e) K e.
o If 29 = 1/2 then f(z) =2eY/2/In(1/¢) > ¢.

These two order-1 values for zg bound our root, so we know we have found the
right scaling to start with. Once we’ve got the first scaling it all becomes much
easier.

Now let’s continue with the series:
x=uz9ln(1/e) + 0121 + doxa + - -

Before we go any further, note that ln(1/¢) is large and positive, and let us

denote
Ly =In(1/e), Ly =Inln(1/e) =InL;.

The scaling of these terms is €7 > L1 > Lo > 1.

Now on with our expansion. We substitute the first two terms into the governing
equation to have:

exp (—[zoIn(1/e) + 2101 +---]) —elzoln (1/e) + 2161+ -] =0

e exp (—[r101 +---]) =x0eln(1/e) +--- .

Clearly to make the powers of ¢ work we need xzg = 1; we then want to fix §; so
that
exp(—[z161+ - ])=In(1/e)+---.

For this we need
—lx161+ -] =lnln(1/e) +---, 2101 = —Lo.
We return to the expansion:
x =1Ly — Lo+ xabg+ - --
and to the governing equation:
exp (—[L1 — Lo+ x202 + ---]) = €[L1 — Lo + @202 + - - -]

eLiexp(—[xoda+--]) =eLly —eLy+---

Now since Lo < L1 we can assume do < 1 and expand the exponential in the
usual way:

Ly
1 doly =1 22
X909 + L1+
and so we have found
5y = L2
Toly = —.
202 I

We will carry out just one more term:

L
m:Ll—L2+—2+x353+~-~
Ly
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exp(—[L1 —L2+L2/L1 +.’E3(53+D :E[Ll —L2+L2/L1 +.’£353+]
23063 = —Lo/L3 + L3207 + - - - .

In general, if logarithms appear in a problem, only trial and error (as here) or an
iterative scheme (see, e.g. Hinch page 12) will give access to a solution. However,
solutions are usually expressible in terms of the two logarithmic building blocks
L1 and LQ.

Warning!

Not only are logarithmic expansions horrible to find, they are also a lot less use
in practice than the power series we have been looking at. Unless your physical
“small parameter” is extremely small, L, will not be very large and Ly probably
not large at all: so the ordering of terms, while correct in the limit ¢ — 0, may
not be helpful at a real value of €. The table below gives an idea of the problem.

3 Ll LQ LQ/Ll (L% — 2L2)/L%
1071 [ 2,303 0.834 0.362 -0.183
1073 | 6.908 1.933  0.280 -0.003
107° | 11.51 2.443  0.212 0.008
1077 | 16.12 2.780  0.172 0.008
1072 | 20.72  3.031 0.146 0.007

B Similarity solutions

Similarity solutions to PDEs are solutions which depend on certain groupings
of the independent variables, rather than on each variable separately. The
technique for finding them is very similar to scaling analysis in perturbation
methods, except that we don’t need a small parameter.

T’ll show the method by a couple of examples, one linear, the other nonlinear.

B.1 Linear example: the heat equation
The heat equation in one dimension is
Ut = Klgg-

It is parabolic, which means there is just one family of characteristics. t =
constant: but because of the first-order term that fact doesn’t help us much.

This form of equation arises often within boundary layers in a PDE: the first-
order derivative may be in an unstretched direction and the higher-order deriva-
tive come from the component of V2 in a stretched direction, if the coefficient
of V2 in the original equation was small (i.e. an advection—diffusion equation
with weak diffusion).

We introduce the dilation transformation
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under which 9; = %0, and so on, and the PDE becomes
e’ g = ke Vs

We look for values under which our PDE is unchanged: in this case we have
b—c¢=2a—cand sob=2a. That tells us that, provided b = 2a, if u(z,t) is a
solution of the original equation, then so is e®u(e%x, ). But what use is this
observation?

The key thing is to note that the combinations
vs~b = cu(eP) T/ = wt™Y  and 257t = (b)Yl = wtm/b

are both unchanged by the transformation , which suggests we look for a solution
which combines these two forms:

u =t f(xt=Y).

Returning to our specific example, we needed b = 2a which means the combi-
nation for the argument of f is 2t~/2 = x/+/t. We introduce a new variable
for this combination

E=x/Vi u =t/ f(¢)

and substitute into the original equation:

Cc

w = 5 (©) 47 (~5ar ) = (5410 - 5er©) ¢

Ugy = tc/b_lf//(é-)
C

0= Ut — KUgy = (bf(é“) _ %gf/(f) _ fif”(f)) tC/bfl

We have reduced a constant-coefficient PDE to a variable-coefficient ODE:
1 c
KI(6) + 5E0(©) — £1(€) = 0.

For a linear equation like this, the ratio ¢/b is not determined by the equation
and we have some flexibility to use in meeting boundary conditions.

B.1.1 Fixed boundary conditions
Suppose our original equation came with the boundary conditions
u(z,0) =0, >0 u(z,t) -0, = — o0 u(0,t) = ug, t>0.
Transforming these into the new variables gives
t/Pf(€) =0, € = o0, evenast— 0 tP£(0) = ug, t>0.

The first of these gives two conditions: f(£) — 0 as & — oo and also ¢/b > 0.
The second, on the other hand, can only be satisfied if ¢/b = 0 and then we
have the transformation

u=f(§  E=at'?
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KO+ GEF =0 fQ) 50, asEoo,  f0)=u.

We can integrate this once to obtain

2
76 = Crep |-+
3 2
f(§) = Cl/o exp {—Z’J dp + Cy = Cy (k)% ext (25/%) +Cy

where erf (z) := (2/v/7) [y e~*" dt. Then the boundary conditions lead to

1 (1 (152)) = were (55 )

The solution of the original equation is

uU=1u erfc(x)
- 0Wrt)

B.1.2 Flux boundary conditions

On the other hand, if we have a flux boundary condition on u:

u(z,0) =0, >0 u(z,t) >0, = — oo ug(0,8) =Q, t>0.
then we still have the conditions ¢/b > 0 and f(£) — 0 as £ — oo, but now

/P2 E0) = Q, >0,
which can only be satisfied by taking ¢/b = 1/2. The final transformation is
u=t"2f(€) E=at™!/?
giving the ODE and boundary conditions
W) +EFE) — ) =0 FO =0, Eooo,  F0)=0Q.

It is easy to spot one solution to this equation: f(§) = C1£. So we use the
reduction-of-order trick and set f(&) = £g(§) to get:

2rEg" (€) + (41 +%)g'(€) = 0

Now we can integrate once:

C 2 & 2
9'(&) = S%exp {—ii} 9() =01/ Z%eXp [—ZJ dp + Cy
3 2
rO=cie [ Zow| -5 ap+ cac

Integrating by parts gives

-0 [ron[-§] ()] v

and after applying the boundary conditions the solution becomes

16 =@ (5 exfe (5) CVE {i]) .

2Vk)  Vw
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B.2 Nonlinear example: KAV equation
The Korteweg—de Vries equation is
U + 6uUy + Ugpgr = 0.

Setting z = ez, s = €'t and v = £°u gives

ey + 6420, + 3, = 0,

which gives us the conditions for invariance:
b—c=a—2c=3a—c: b=3a, c=—2a.
The transformation u = t=2/3f(¢), € = 2t~1/3 converts the KdV equation to

s (19 + 1 o9 - §| - 31@ ) =

@+ 1o (50 - §) - 3o =o.

This ordinary differential equation can be shown to have the so-called Painlevé
property, meaning that all movable singular points are poles. A movable
singular point is a point where the solution becomes singular but the location of
this singularity depends on the arbitrary constants of integration. For instance,
the equation y' = y? has the solution y = (C' — ¢)~!, which has a singular
point whose location depends on the arbitrary constant of integration, C'; this
equation therefore does have the Painlevé property. The equation 3 = y3,
on the other hand, does not have this property. There is a conjecture?, that
any ODE obtained as a reduction of a PDE which is solvable by the inverse
scattering transform should have the Painlevé property, possibly after a change
of variables.

Thus although we can’t solve the ODE above in general, the act of deriving it
can give us useful information about the original PDE.

C The second-order 1D wave equation

C.1 Homogeneous wave equation with constant speed

The simplest form of the second-order wave equation is given by:
Pu 0%
i el
ot? 0x?

Like the first-order wave equation, it responds well to a change of variables:

E=x+ct n=x—ct
which reduces it to
0%y _
agon

3 Ablowitz et al., J. Math. Phys. 21, 715 (1980)

—4c? 0
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which is solved by

u=p(&) +q(n) =plx+ct) + q(z — ct)

for any differentiable functions p and ¢. The lines £ = constant and 77 = constant
are the characteristics, exactly analogous to the characteristics for the first-order
equation.

If we add initial conditions

u(z,0) = f(z) Ou/0t(x,0) = g(x)

then a little algebra gives us d’Alembert’s solution:

N |

x+ct
uat) = g e+ +fa—cl+ 5 [ oy

C.2 Inhomogeneous wave equation

The inhomogeneous wave equation:

*u  ,0%

8t2 C @ = F(I’,t) (3)

can be solved in a very similar way. The change of variables results in:

d*u E+n £—n
— 2 —
< Sean F( 2 2«:)

which can be integrated directly for any specific function F'; however (Wein-
berger p. 25) it is also possible to carry out the integrals symbolically (paying
particular attention to which variable is held constant when integrating with
respect to another). The general result is

x4c(t—t’ )
u=p(x+ct)+q(x — ct) +—// (2, t")dx’ dt’. (4)
z—c(t—t')

As this is a linear PDE, the general solution to the inhomogeneous equation is
the sum of the general solution to the homogeneous equation (the CF in the
notation of ODEs) and one particular solution to the full equation (the PI). To
verify the solution we simply check that the last term of (4) satisfies (3).

Example

Let’s consider the example inhomogeneous wave equation

82u 207U 82u

We can find the solution using the formula (4) but it’s not straightforward!

ztc(t—t")
u=p(x+ct)+qx —ct) + — / / 122"t da’ dt’.

c(t—t’)
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Looking just at the integral and carrying out the z’ integration first gives

t pxtc(t—t') ‘ ,
Iyl 3.0 Ay N2, xte(t—t") ,
/0 /T 122t da’ dt' = /0 [6(z") t]x,:zic(tit/) d¢

—c(t—t')

/Ot 6 ((x+ clt — )¢ — (2 — elt — )*¢') dt'

t
/ 2deat'(t — ') dt' = [cx(1208? — 887)]!,_,
0
= deat?,
and the general solution is

u=p(x+ct) + qx — ct) + 23

For a specific case, though, it is usually more straightforward to work directly
from the original equation (with change of variables). In this case when we put
& =z + ct and n = x — ct we obtain

Pu 3 3
— 42 -2 ) = 22 2
e Sean L&)€ —n) = (& —n).
Integrating gives
ou 1
4294 _ Lrae2 3.
de o€ p(&) + (3 —1°);

~acu=p(€) +aln) + (e + (e~ ).
Converting the coordinates gives

(x+ct)(z — ct)
4¢3

xt(z? — c*t?)

—_—

u = flx+ect)+glx—ct)— (2z)(2ct)

= flz+ct)+glxz—ct)— E

This doesn’t immediately look the same; but note that the difference can be
absorbed into f(x + ct) and g(z — ct):

o THEE ) (@t +PP) () (E ) ((E )+ (€ n)?)
- ¢ 64c3
- @ ((52 o 772)(52 + 772)) = %(54 . ?74)

which is the sum of a function of £ and a function of 7.

If you’re in any doubt about your solution, plug it back into the original equa-
tion: as long as you have the p and ¢ terms, anything that works will be the
general solution!

C.3 Varying speed: two sets of characteristics

We saw in the constant-speed case that the characteristic curves were the
straight lines
z=k +ct x=ky—ct
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Thus any point (z,t) lies on two characteristics, and finding the curves is not
quite as straightforward as it was with the first-order wave equation. Charac-
teristics, even for the homogeneous wave equation, are no longer curves along
which wu is constant.

To understand the wave equation better, let’s look at the generalisation to a
wavespeed which varies in space:
0%u

— 02((1})@ =0

2u
ot?

The characteristics in this case are curves which satisfy

(itrf B 62290).

Not everything carries over from the constant-speed case: the “obvious” change

of variables
¢ — / T, _ / td
o c(x’) n= c(z') ’

which makes the characteristics into lines of constant £ or constant 7, only
reduces the governing equation to

0%u , ou Ou
i3~ (5 + 5¢) =°

which has no straightforward solution.

Suppose we specify our initial conditions:

u(z,0) = f(x) Ou/0t(x,0) = g(x).

This time we will look at the value of the solution at a specific position and time
u(T,t). We will prove that the solution depends only on the initial conditions
over a range of x determined by the characteristics through our point: so that
information propagates along the characteristic curves as in our previous cases.

The characteristics of this problem are curves which satisfy:

(:t> 2w @t

t, (@) We can find the two characteristic curves C; and Cy
passing through our point (Z,%). These character-
istics will reach the initial line ¢t = 0 at points x;
Cy C, and xo respectively (we take 21 < x5 so that C; has
positive d¢/dz and Cy the negative sign). Either x;
| ~x  Or o may be infinite.
X1 Xro

Now consider two different sets of initial conditions:

uy (2,0) = fi(x) uz(x,0) = fa(x)
Ouy /0t(x,0) = g1 (x) Oug /0t(x,0) = ga(x)

27



with fi(z) = fa(z) and g1(x) = g2(x) over the range z7 < < x9. If we can
show that the corresponding solutions are equal at (T, ¢) then we know that the
function value only depended on the initial conditions between z; < x < s.

The linearity of the problem means that the function v(z,t) = u; — us satisfies

Pv 0%
o ¢ (W =0 )
v(z,0) = fi(z) — fa(x) Ov/0t(x,0) = g1(x) — g2(x)
with the initial condition functions both being zero over z; < = < x,.
Multiplying (5) by (1/c*(z))(0v/0t) we can rewrite it as

o[ 1 (o 1o\ o favan]
Ot | 2¢2(x) \ Ot 2 \ Ox or |0z ot |
Now we integrate this equation over the region between the line ¢ = 0 and the

two characteristics C; and Cy, meeting at the point (T, ¢): we integrate the first
term first with respect to ¢t and then x, and the second in the other order.

[ (Y (Y e [y, [,
e 2¢3(x) \ Ot 2 \ 0x v o Oz Ot o Ox ot
o s P

C1, C2

The later two can be converted to integrals over x, as we know d¢/dx on the
two characteristics:

/932 # @ 2+1 @ 2+@@%d =0
e 2¢3(x) \ Ot 2 \ Oz drotds
-
Cy, C2

and completing the square gives

2 1 ov o, Ovdt 1 o) 9 at\? B
/xl {zcz(@ {aﬁ“(x)axdx} +2<8x> [1“"(@ &) | (=0
—~—

Cy, Co

Finally, since (dt/dz)? = 1/c?(z) on the characteristics, the second term is zero

and we have
2 1 v, ovdt]?
/QE1 {202(96) [m—kc (x)axdx} }dx—O

~—~—
C1, C2

Since the integrand is nonnegative, it must be zero along both characteristics.
It follows that

ov ov ov ov
aqtc(x)%fO on Cy; afc(x)%70 on Ch.

Since (7, 1) lies on both characteristics it follows that dv/dt = 0 at (Z, ).
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Following the same procedure for a point (T, ty) with ¢y < t, the characteristics
will lie within the triangle we used, and will intersect the line ¢ = 0 inside the
region x1 < x < xo where the initial conditions are zero. Thus the working
follows identically and we can deduce

%(T,t):O for 0 <t <t

Since v(Z,0) = 0 we can integrate wrt ¢ to show v(Z,t) = 0.

This completes the proof that u;(T,t) = us(T,t) and the solution of the wave
equation at (Z,t) is only affected by information from those initial conditions
lying within the characteristics through that point.
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D Classification of linear 2nd order PDEs

Consider a linear homogeneous second-order PDE in x and ¢ having constant
coefficients and only second-order derivatives:
0? 0? 0?
cif) = 2L gL L0,
ot? Oxot Ox?
We can reduce the differential operator £ to one of three canonical forms using
a linear coordinate transformation: if we take

§=ax+pt n =~z + 8t
the operator becomes
02
£1f) = [48° + Bag + Ca?l 3L
+ [2480 + B(ad + 5v) + 2Car] O +[A6% + Byo 4+ C 2]827f
7 v DN v Y o2

We had great success with the wave equation, choosing coordinates in which
only the second term had nonzero coefficient. Can we repeat that in general?
We will need to choose a, 3, v and ¢ so that

A2+ Baf+Ca?=0 A? + By + CH2.

Suppose for the sake of the argument that A is nonzero (if it is zero but C is
nonzero, switching x and ¢ gives nonzero A; if both A and C are zero we don’t
need to change variables at all). Then neither « nor 7 can be zero and we can
divide by them:

2 2
A(ﬂ> +82ho—0 A(‘S) +B21o=o
! @ v ot

The solutions (identical) to these two constraints are

1 1) 1

E:—[—B:l:\/BQ—élAC] — = —[-B++VB?—-4AC]
a 24 v 24

and the two ratios must be different (for otherwise £ is a multiple of 7): so

providing B? — 4AC > 0 we can choose

a=~v=2A B=—-B++\/B2—-4AC 0 =—-B—+/B2%2-4AC
¢ =2Az+[-B+vB?-4ACt n=2Az+|[-B— vB?—-4AC|t
which reduces the whole equation to
0% f

oeon

L[f] = —4A(B* — 4A0)

with its general solution

fo= p&)+an)
f(x,t) = pRAx+ [-B+ V' B? —4ACt) + q(2Az + [-B — VvV B2 — 4AC|¢t).

This only works where B2—4AC > 0: and in fact this quantity, the discriminant,
is very powerful in determining the global behaviour of the PDE solution.
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There are three possible cases.

Discriminant positive: Hyperbolic system
This is the case we have just looked at: it can be reduced to a single
mixed-derivative term. The example we’ve seen is the second-order wave
equation

Pu_ 0%

oz~ oa2
which has A =1, B =0 and C = —¢? giving a discriminant of 4c?.

=0

These systems have two families of characteristics along which information
propagates, and a typical solution is a combination of travelling waves.

Discriminant zero: Parabolic system
If the discriminant is zero, B? = 4AC, we can use the transformation

a=2A 8=-B £ =2Ax — Bt
and any 7 independent of £, and the PDE becomes
0% f
Ad? + By6 + Cy*— = 0.
[A0% + B6 + Cy7] o2

The general solution of this equation is (using for illustration n = ¢ which
is fine as long as A # 0):

f= p)+nq§)
flz,t) = p(2Ax — Bt) 4 tq(2Az — Bt).

A typical parabolic system is the steady one-dimensional heat equation
0%u B
02
Discriminant negative: Elliptic system

In this case we cannot get rid of the coefficients of u¢e and u,,; however,
we can eliminate the mixed derivative using

a=2A B=-B =0 0 = 4AC — B2

§=2Ax — Bt n=+4AC — B?t
to obtain T
A(4AC — B?) |=—=% + —<| =0.
(440 )[3§2+8n2] 0

The classic example of an elliptic PDE is precisely this reduced form:
Laplace’s equation

*u  9*u 0*u  *u 9

whose discriminant is —1. There are no real characteristics in this case
(but we shall see, later, that once we move into complex variable theory,
characteristics return to their earlier power).

Typical solutions are energy-minimising surfaces or functions.
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D.1 Varying coefficients

If we have a general linear second-order partial differential operator:

02 02 0?
L[f] = A(x,t)a—t{ + B(x,t) 8x§t + C’(x,t)a—xj;
+ D(x,t)% + E(x,t)% + F(z,t)f

then it can be classified as hyperbolic, parabolic or elliptic at a point (zg, to)
according to the value of B2%(zg,t9) — 4A(z0,t0)C(w0,t0), in other words the
local discriminant.

D.2 General hyperbolic equation

Suppose that the discriminant is positive everywhere in our domain: then we
say the PDE is hyperbolic in the domain, and it will have two families of
characteristics along which information propagates. We can reduce the second-
order terms to the standard form 9%u/0¢0n, although that does not guarantee
us a solution: nonetheless, finding the characteristic curves can be very useful.

Instead of using a linear change of variables, we use a general (twice differen-
tiable) transformation:

§=§($,t) 77277(9370
and the chain rule gives:

2 2
A(%)%Jﬁﬁ%+0(%>]&v

£l = ot ot Oz ox ) | 9e2

ocon L 0con  onoe . 0con] 9f
ot ot ot Ox ot Ox Ox Ox

+ [2A+B+B+2C 3m

on\* 00 on on\*| 0*f
of of _
+ [£[¢] Flafgﬂﬁ[n] F]%+Ff—0
To zero the unmixed second derivatives, both ratios
0¢/0t on/ot
0 /0x on/ox

need to be solutions of the quadratic equation
A2+ Bz+C =0

So now we can calculate the characteristic curves (if we are given A, B and C)
by choosing one of these roots for each family.
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D.3 Hyperbolic example: finding the characteristics

Since the characteristics only depend on the second-order derivatives, we will
just look at the second-order operator for our example (Weinberger p. 45):

02 o2 02
ﬁ[f}:6—£+(5+2x2)axaft aT;J;

Note that this is indeed hyperbolic:

+ (1 +2?)(4 + 2?)

B? —4AC = (5+22°)° —4(1 + 2*)(4 + 2*) = 9.
Then we need our two ratios to be

o¢/ot  —(5+2x%) +3 _ on/ot  —(5+2a%) -3

— —1—2? = =—4-a".
€ /0 2 * /o 2 v
Along the curve n = constant,
dn Ondx  On dz on/ot 9
_ . _ Z= - y - =4 .
&t oedl T W Tagor T
similarly, on £ = constant,
d¢ 0¢dx  0¢ dz og/ot 9
& ot o W Togjor T
The n = constant characteristics are
dx 1 x
t+nf/mf§arctan§ x = 2tan (2t + 2n)
and on ¢ = constant we have
dx
t+£7/mfarctanx x = tan (¢t + £).
The change of variables we need is
1 x
¢ =arctanzx —t n = —arctan — — ¢
2 2
o€ 1 0%2¢  —2x(4+2?)
—_— = [_‘, g 1 2 4 2 _— —_—
or (14 2?) el =1+ )ax2 (14 22)
on 1 0?n  —2x(1+2?)
—=— L =00+2*)4+2})-% = 2
or (44 2?) ] = (1427442 )3x2 (44 22)
and the linear operator becomes
Cif] = — 9 0 f 2x(4+x2)g 2x(1+z2)8i

(1+22)(4+a2)0con  (1+a2) 0¢  (4+x2) Oy

in which, of course, we should also substitute the new form for z, taken from
inverting the function

¢ = Larctan & t
— —= —arctan — — arctan x.
g 2 D
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E Separation of variables: a “lucky” method

Let’s look now at the most general constant-coefficient homogeneous linear PDE
of second order:
o*f o*f 0% f of | 9f

Ao+ By s +Cagt Do+ Exo + Ff=0.

If we can eliminate the mixed-derivative term then we have a chance of using
the method of separation of variables.

The linear change of variables we were looking at while classifying our equations:
§=oax+ Bt n="yr+ot
gave the mixed-derivative term as

0 f

[2485 + B(ad + Bv) + 2Car] Seo

It is clear that our four variables are more than enough: we can make a choice
under which there is no mixed-derivative term. We’ll look later at how to
optimise the choice.

E.1 The basics

You will all have seen this method before: I will only run through it briefly. We
seek to express our solution as a sum of solutions of the form

fa,t) = X(2)T ().

Substituting this into the governing equation (we’ve made our change of vari-
ables already so there is no mixed derivatives term)

*f f of f

gives
AX(2)T"(t) + CX"(2)T(t) + DX(2)T'(t) + EX'(2)T(t) + FX(2)T(t) = 0

AT (t) n DT1'(t) _CX”(gc) B EX'(x) F
T(t) ) X(2) X(z)
Now the left hand side of this equation is a function of ¢ only and the right hand
side only depends on x, so they must both be a constant, A\, independent of x
and ¢. This insight gives us two ODEs to solve:

AT"(t) + DT'(t) — \XT'(t) =0 CX"(z)+ EX'(z) + (F+ X X(z) =0.

These give us pairs of solutions, coupled through the value of the constant A,
and typically we write the final solution as

ZX (An> )T (A, ).
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Example: Laplace in plane polars

Laplace’s equation in plane polar coordinates is

2Pf  Of 0%

10 ( of 19%f B
ré)?"(ré)r>+r2862_o "o o T =0
The separable solution f(r,8) = R(r)T(0) gives the coupled ODEs
r?R"(r) +rR(r) e _
R(r) - T(6)

We look at the three cases A > 0, A < 0 and A = 0 separately; depending on
our domain, some solutions may not be permissible (e.g. if the domain encircles
the origin then any solution must be periodic of period 27 in 8).

Positive constant A = )\?
r?R"(r) +rR'(r) = NX>R(r) =0 gives R(r) = a1 + agr—.
T"(0) = —N\*T(6) gives T(0) = by cos A0 + by sin A0

and the periodicity condition may fix A to be an integer.

Negative constant A = —p?

T"(0) = p*T(6) gives T(0) = cre"” + cpe™?

and now the periodicity condition cannot be satisfied for p # 0, so these
solutions will only be useful in a domain which does not encircle the origin.

r?R"(r)+rR (r)+p*R(r) =0 givesR(r) = czcos plnr—+cysinplnr.
Zero constant A =0
T'0)=0  T(0)=di+dof  dop=0.
r?R"(r)+rR (r) =0 R(r) =ds+dslnr.

The general solution to Laplace’s equation in plane polars is then:
f(r,0)=A+ Blnr+ /7')‘ (a(X) cos [AG] + b(A) sin [AG]) dA
+ /e“e(c(,u) cos [plnr] + d(w)sin [plnr]) du.  (6)

E.2 Boundary conditions

Of course, Laplace’s equation is also separable (has no mixed derivatives) in
Cartesian coordinates; and a similar procedure produces the general solution

f(@,y) = (az + B)(yy +0)
+ /(a()\) cos Az + b(\) sin Az ) (c(N)e + d(N)e ) dX

+ /(A(A)COS Ay + B()\) sin \y)(C(N)e*® + D(X)e %) dA
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so how do we know which solution to use?

The simple answer is that the boundary conditions are crucial. Any second
order PDE possesses a range of possible coordinates in which it has no mixed
derivatives: and the boundary conditions of the specific problem to be solved
must inform our choice.

We need the following conditions to be satisfied:

Separable equation

The differential equation must be separable: that is, there are no mixed
derivatives and, if the coefficients depend on 1 and &, then (after multipli-
cation of the whole equation by some function if necessary) the derivatives
w.r.t.  have coeflicients which depend only on 7 and those w.r.t. £ have
coefficients which depend only on £. The coefficient of the no-derivatives
term must be at worst the sum of a function of n and a function of &.
0%u 2 0% Pu 0%u

o (t+ 12022 + cos (zt)u = 0 is not.

Boundary conditions on coordinate lines
All the boundary conditions in the problem must be located along lines
n = constant or £ = constant. This does include the possibility of a
boundary condition as one variable — oo.

Correct type of boundary conditions
Along a line n = constant, the boundary condition must not involve any
partial derivatives with respect to £; and the coefficients of derivatives
involved in the boundary conditions must not vary with &.

%7];(075) =g(§) is OK (gi}c + gg) (0,£) =0 is not.

The equivalent condition is required of the boundary conditions along a
line & = constant.

Realistically, the boundary conditions are likely to completely constrain the co-
ordinates we use if we wish to use separation of variables; and if the coordinates
that work for the boundary conditions don’t work for the PDE, there’s very
little we can do about it.

Example
[Weinberger p. 70.]
Pu  0%u  O%u
ﬁ + m + TQQ =0
This is a flukey one: it looks like it won’t work but a bit of cunning will get us
there. First we try the standard separable solution:

u=X(2)Y(y) X'(@)Y (y) + X' (2)Y'(y) + X (2)Y"(y) =0
and then look at Y /Y

Yy _ X"@) | X(@)Y'(y)
Y(y)  X@)  X@)Y(y)
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Taking the partial derivative of this equation w.r.t. z (and noting that the left
hand side is independent of x) gives

A (X'@)) Yy 4 (X'(@)

- dx(x<x>>+y<y>dz(x<x)
_ XM@X@) - XX | Y'() (X“(x)X@c) - X/<m>2>
X2() Y(y) X2() |

which is separable if we divide by the bracketed term on the right:

_XM(@) X (z) = X)X (x) _ Y'(y)

XX@) - X(@F Yy

Now we proceed as before: solve
Y'(y) = 2\Y (y) Y(y) = e
If we were to carry on with this equation we would have to solve
X"(@) X (2) — X" (2) X' (2) + 22X " (2) X (z) — 22X (2)* =0
but now that we know Y, we can return to the original equation:

Yy X'@)  X@Yh) . X'@) . X(@)
Y) ~ X@) T X@Y(y) N=Xw TP X0

X (z) = e (acos V3A\x + bsin v3Az)

and the general solution is

Zexp (2y — x)](ax cos V3Az + by sin v3\x).

The moral of this story is: if your boundary conditions look suitable for sepa-
ration of variables, but your equation doesn’t, don’t despair — at least not until
you’ve had a go!

5 Scalings with differential equations

5.1 Stretched coordinates
Consider the first-order linear differential equation

41

e+ f=0.

Since it is first order, we expect a single solution to the homogeneous equation.
If we try our standard method and set € = 0 we get f = 0 which is clearly not
a good first term of an expansion!

Solving the differential equation directly gives

f=Apexp[—x/e].
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This gives us the clue that what we should have done was change to a stretched
variable z = x/e.

Let us ignore the full solution and simply make that substitution in our govern-
ing equation. Note that df/dz = df/dz dz/dx = e~ 1df/dz.

_,df df
17 = —_— p—
ce dz+f 0 dz+f 0.

Now the two terms balance: that is, they are the same order in . Clearly the
solution to this equation is now Agexp [—z] and we have found the result.

This is a general principle. For a polynomial, we look for a distinguished scaling
of the quantity we are trying to find. For a differential equation, we look for a
stretched version of the independent variable.

The process is very similar to that for a polynomial. We use a trial scaling §

and set
x=a+06(e)X.

Then we vary 4, looking for values at which the two largest terms in the scaled
equation balance.

Let’s work through the process for the following equation:

Again, we note that if z = a + §X then d/dz = d/dX dX/dz = 6-'d/dX. We
substitute in these scalings, and then look at gradually increasing ¢:

[A] 572 B] 61 ] 1

For small § term [A] is the largest; as ¢ increases term [B] catches up first at
d = e. Then [C] catches [B] at § = 1 so the two distinguished stretches are
d=cand =1

For § =1 we can treat this as a regular perturbation expansion:
f=folx)+efi(z)+--
f(/] - fo =0

efd + efi — fL = 0
At leading order we have

fo—fo=0 fo(z) = age”,
and the next order becomes

fi— f1 = —ape” fi(z) = a1e” — apxe®

so the regular solution begins

f(x) ~ ape® + (a1 — apx)e® + - - -

For § = £ we use our new variable X = e (2 — a) and work with the new
governing equation:




Again, with the new scaling, we try a regular perturbation expansion:

f=fotefi+efot -

We substitute this in and collect powers of e:

foxx + fox =0
efixx + efix — €fo = 0
Efoxx + fox — €2fi = 0

We then solve at each order:

e o foxx + fox =0 fo = Ag + Boe™X
el fixx+fix—fo=0 fi=AX—ByXe X+ A+ Bie X

and so on. Of course, without boundary conditions to apply, this process spawns
large numbers of unknown constants. Rescaling to our original variable com-
pletes the process:

9

el (7)o (s (72) e [ 2]}

Note that this expansion is only valid where X = (z — a)/e is order 1: that is,
for x close to the (unknown) value a.

F(x) ~ Ag + Bo exp [— (z - C‘)}

5.2 Must two terms dominate?

In fact we’ve been rather harsh in our conditions. To find all roots of a polyno-
mial, we only ever consider scalings where the two largest terms balance. But
for a differential equation we can, if we like, be more relaxed. We must include
at least one scaling in which the highest-order derivative participates, otherwise
we have lost one solution of our equation; but it is possible to have a solution
in which a derivative (usually the highest derivative) dominates alone. Some-
times this is a (non-fatal) sign that we could have chosen our scaling better;
sometimes, in complicated systems, it’s unavoidable.

Example

d
dl +ef=0 with boundary condition f(0) = C.
x

Of course in this case we can either find the scaling instantly (x ~ e71) or solve
the whole equation. But suppose instead we were to try a regular expansion:

f=fotefi+efoteifs+ -

fo + eff + &fs + &f5 +
+ efo + &fi + &fa = 0

then solving at each order in turn, applying the boundary condition, gives

fo=0 fo=ao fo=C
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f{—f'C:O flzal—Cx flz—Cx
f3-Cz=0 fa=as+ 1Ca? f2 = 3Ca?

which is a perfectly good regular expansion for the true solution:

fZC{l—E.%‘—I—%ELL’Q—f—-'-} f=Cexp(—cx).

5.3 Nonlinear differential equations: scale and stretch

Recall that for a linear differential equation, if f is a solution then so is C'f for
any constant C. So if f(x;¢) is a solution as an asymptotic expansion, then C'f
is a valid asymptotic solution even if C' is an arbitrary function of «.

The same is not true of nonlinear differential equations. Suppose we are looking
at the equation:

d*f af | 2
@JFEf(x)aJrf () =0
There are two different types of scaling we can apply: we can scale f, or we can

stretch z. To get all valid scalings we need to do both of these at once.

Let us take f = ¢*F where F is strictly ord(1), and z = a + %2 with z also
strictly ord(1). Then a derivative scales like d/dz ~ e7#d/dz and we can look
at the scalings of all our terms:

i df 2
FPo) + 6f(x)@ + fz) = 0
6(16725 652(1675 5204

As always with three terms in the equation, there are three possible balances.

e For terms I and II to balance, we need o — 28 = 2ac + 1 — 3. This gives
a+B+1=0,so that terms I and II scale as €273, and term III scales as
€2@. We need the balancing terms to dominate, so we also need 2a > 243«
which gives o < —2.

e For terms I and III to balance, we need o — 28 = 2. This gives a = —2,
so that terms I and III scale as €2* and term II scales as e'15%/2. Again,
we need the non-balancing term to be smaller than the others, so we need
1+5a/2 > 2a,ie a>—2.

e Finally, to balance terms IT and III, we need 2a¢ — 8 + 1 = 2a which gives
B = 1. Then terms II and III scale as £2* and term I scales as €*~2, so to
make term I smaller than the others we need a — 2 > 2q, giving a < —2.

We can plot the lines in the a—f plane where these balances occur, and in the
regions between, which term (I, IT or III) dominates:
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A
a+pf+1=0
1
B=1 11
e
11
a=-20
We can see that there is a distinguished scaling & = —2, § = 1 where all three

terms balance. If we apply this scaling to have z = (z — a)/e and F = £2f then
the governing ODE for F(z) (after multiplication of the whole equation by %)

becomes )

d*F dF

— +F— +F*=0.

dz2 * dz +
This is very nice: but it may not always be appropriate: the boundary conditions
may fix the size of either f or x, in which case the best you can do may be one
of the simple balance points (i.e. a point («, 3) lying on one of the lines in the

diagram).

5.4 Scale and stretch with linear differential equations

Scaling might not seem useful in a linear equation: but if the equation is ex-
pressed in terms of more than one physical variable, the relative scales of the
different variables are not necessarily obvious beforehand. To give an example
I'm using the ODEs which result from a particular linear stability problem I've
studied*: I've thrown away a few terms to make it less daunting, but there’s
still plenty to worry about!

There are 7 variables: a streamfunction 1, three stress components si, so and
s3, the pressure p, and two polymer stresses ¢t and ts.

There are also two physical parameters: k (a wavenumber) and [ (a diffusion
lengthscale). Either of them can be small.

ksi +s5 =0 kso + s5 =0
s1 = —p+2ky 4+t
ss = ¢+t
s3 = —p—2ky' —t
ty —1%t] = 2Ky + 200" + kX))
to =Pty = @' =k

4H J Wilson & S M Fielding. J. Non-Newtonian Fluid Mech., 138, 181-196, (2006)
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Small k: regular expansion

Physical understanding allows us to predict that the expansion for small k£ will
be regular: this is because small k¥ means we’re studying long waves, and we
don’t expect anything to happen on a very short lengthscale for long waves.

Since the whole system is linear, there’s no amplitude, so we can freely choose
one variable to make strictly order 1. Here we’ll choose the streamfunction, :

Y~ o+ ki + -

Now looking at the last two equations, and assuming that t; and ¢, are the same
size, the dominant terms on their right hand sides are )" in both cases: so we
can take ¢; and 9 to be order 1 as well.

The tricky part comes in deciding the size of the s; terms and p. They could all
be order 1; then the first two equations would give us, at leading order,

/ / .
Sy = 53 = 0;

in fact this is a “second-best” scaling and we can do better by allowing s1, s3
and p to have singular scalings:

s1=k7'5 +0(1) s3 =k 153 +0O(1) p=k7'p+0(1).

Then our set of ODEs at leading order is

51+s5=0 55=0 5, =353=—p
s20 = Y) +ta
t1 =Pt = 2y
2
to — 1%ty = 4

Small [: regular expansion

When the lengthscale [ is small, there are two expansions. The first is regular
and in fact does not need any scaling at all: the leading order equations are
simply

ksi+ s, =0 k52+5§:0
s1. = —p+2ky +t
so = '+t
s3 = —p—2ky —t;
t = 2k 20" + k%)
ty = V' -k

However, we have thrown away our highest-order derivatives of ¢; and ¢y in
making this expansion, so we know there must be a singular expansion as well.
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Small /: stretching coordinate

Because our equations are linear, t; will always be larger than /2] no matter
how we scale t1; in order to bring back the highest derivatives we will have to
stretch the underlying coordinate.

The terms we are concerned about are [2t] and I?t}, and they appear in equa-
tions with terms ¢; and ¢;. Balancing these two types of term immediately
suggests a stretch x = a+ 1z (where zx is our original coordinate). Applying this
to the original equations, and using prime now to represent derivatives w.r.t. z,
we have

ksi +171sh =0 ksy +171sh =0
51 = —p+2klTWW +t
SS9 = l_QT/)” + tg
s3 = —p—2ki Y —t;
ty—t] = 2k +2(17 %" + k)
ty—ty = 17" — k%

Again, we will start by fixing 1 strictly order 1: then it appears from the last
two equations that t; and ¢, will be order [=2 and (following through) so will
all the stresses s;. The leading-order equations (in the new scaled variables) in
this case are:

sy=s5=0 ty —t] = 2¢" to —ty ="

s1=—-p+t s9 =" 4+t s3=—-p—t
But that’s not the only scaling that works.

If we continue with 1 being strictly order 1, but consider the possibility that its
leading-order term is a constant, then the forcing terms in the ¢ equations are
order 1, and we can use the same trick as for the small-k case to get s; involved
in the first equation: put p order [=1, then s; and s3 are also order [~! and the
leading-order equations are:

§1 =83 = —p S9 = lizd)// =+ tg
ksi +sh=s5=0 ty —t] = 2k*) ty — ) = —k?

This seems less obvious and perhaps even less convincing than the straighfor-
ward scaling above: but in the real problem I was solving, this scaling gave the
balances we needed.
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6 Matching: Boundary Layers

Consider the following equation (rather similar to the example we used in sec-
tion 5.1):

?f df
E@ﬁ‘a‘f—f—o

There are two solutions. One is regular:
f=folx)+efi(z)+--
Substituting gives, at order 1,
fo+t fo=0 = fo=ape™ ™.
At order € we have
A+hH+fl=0= fi=][a1—aer]e”™.

The second solution is singular, and the distinguished scaling (to balance the
first two terms) is 6 = e. We introduce a new variable z = (z — a)/e to have

a?f df
@"‘@—F&f—o

with solution
f = Fo(z) +€F1(Z) + .-

At order 1 we have
F/+F,=0 = Fj=—Bpe *
Fo(z) = Ag + Boe™>.
At order € we have
F/'+F +Fy=0 = F|,=-Ay— Boze * — Bie ?
Fy = Ay — Agz + Bolze # + e %] + Bre *.
We now have two possible solutions:

flx) ~ ape”*+clag —apz]e™® + -
F(z) ~ Ao+ Boe *+¢e[A1 — Aoz + Bo(ze "+ e )+ Bre” *] + - -

Question: Will we ever need to use both of these in the same problem?

Answer: The short answer is yes. This is a second-order differential equation,
so we are entitled to demand that the solution satisfies two boundary conditions.

Suppose, with the differential equation above, the boundary conditions are

d
f=elatz=1 and d—:];:()atx:().

We will start by assuming that the unstretched form will do, and apply the
boundary condition at z =1 to it:

f(x) ~ape™ +¢cla; —apx]e ™ + -+ -
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e =ape !t +elag —aple”t 4

which immediately yields the conditions ag = 1, a; = 1. If we had continued to
higher orders we would be able to find the constants there as well.

Now what about the other boundary condition? We have no more disposable
constants so we’d be very lucky if it worked! In fact we have

f'(x) = —ape™™ +e[—a1 — ap + apzle ™ + - --
so at x =0,
F0)=—1—2c+---

This is where we have to use the other solution. If we fix a = 0 in the scaling
for z, then the strained region is near x = 0. We can re-express the boundary
condition in terms of z:

df

gzoatz:&

Now applying this boundary condition to our strained expansion gives:
F(z) ~ Ag+ Boe ™ +e[A; — Aoz + Bo(ze * + e %)+ Bie ?] + - -

F'(z) = —Boe * +¢[—Ap — Boze * — Bie ?] + -+~

and at z =0,
F/(O) = —Bo +€[—AQ —Bl] —+ -

Imposing F’(0) = 0 fixes By = 0, By = —A but does not determine Ay, B; or
Aj. The solution which matches the = 0 boundary condition is

F(z) ~ Ag +€[A1 — Apz — Age” *] + - -

We now have two perturbation expansions, one valid at x = 1 and for most
of our region, the other valid near x = 0. We have not determined all our
parameters. How will we do this? The answer is matching.

6.1 Intermediate variable

Suppose (as in the example above) we have two asymptotic solutions to a given
problem.

e One scales normally and satisfies a boundary condition somewhere away
from the tricky region: we will call this the outer solution.

e The other is expressed in terms of a scaled variable, and is valid in a
narrow region, (probably) near the other boundary. We will call this the
inner solution.

In order to make sure that these two expressions both belong to the same real
(physical) solution to the problem, we need to match them.

In the case where the outer solution is

f((E) = fO(l') +5f1(1’) + (—:2f2(x) + ...
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and the inner
F(z) = Fy(2) + eFi(2) + 52F2(z) 4.

with scalings z = x/e, we will match the two expressions using an intermediate
variable. This is a new variable, £, intermediate in size between x and z, so
that when ¢ is order 1, x is small and z is large. We can define it as

xTr = gag = z = 50‘_15’

for a between 0 and 1. It is best to keep a symbolic®.

The procedure is to substitute £ into both f(z) and F'(z) and then collect orders
of € and force the two expressions to be equal. This is best seen by revisiting
the previous example.

Example continued

We had
flz)=e"+e(l—a)e " +---

and
F(Z) =A0+E[A1 —Aoz—Aoe_z]+"'

with z = x/e. Defining z = %, we look first at f(x):
fl@)=e = 4e(l—e¢)e =" 4

Since e <« 1 we can expand the exponential terms to give
flx)=1—¢e% — %62"52 + & — 22T 4 O(e?, el T2, £3%)
Now we look at F(z). Note that z = e2~1¢, which is large.
F(z) = A+ E[A1 — Aoga_lg — Aoe—aaflﬁ] 4.

Here the exponential terms become very small indeed so we neglect them and

have
F(z) =4 — Ao + A1+ -+

Comparing terms of the two expansions, at order 1 we have
1=Ag
and at order €%,
—§=—Aoé

which is automatically satisfied if Ag = 1. If we fix & > 1/2 then the next term
is order €, giving
1=A4;.

The next term in the outer expansion is order £2¢, but to match that we would
have to go to order €2 in the inner expansion.

5However, occasionally you may find it quicker to pick a value of o = 1/2, say. Be warned:
sometimes there is only a specific range of o which works.
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We have now determined all the constants to this order: so in the outer we have
fl@)=e"+e(l—x)e "+
and in the inner x = ez,

Fz)=1+4+¢l—z—€e?]+ -

Note: The beauty of the intermediate variable method for matching is that it
has so much structure. If you have made any mistakes in solving either inner
or outer equation, or if (by chance) you have put the inner region next to the
wrong boundary, the structure of the two solutions won’t match and you will
know something is wrong!

6.2 Where is the boundary layer?

In the last example we assumed the boundary layer would be next to the lower
boundary.

If we didn’t know, how would we work it out?

Let’s start by trying the previous example, but attempting to put the boundary
layer near x = 1.

Recall we had an outer solution:
f(x) ~ape™ +ela; —apx]e™® + -+ -
and an inner solution
F(z) ~ Ao + Boe ® +e[A1 — Aoz + Bo(ze * + € %) + Bre ?] + -+

with z = (x — a)/e.

This time we will try to fit the outer solution to the boundary condition at
x = 0. We have

df —ape” ¥ +elapr —ag —ar]e” * +
a1z 0 0 0 1
so the condition is d
d—i: =0 at z=0.
Oz—a0+5[—a1 —a0]+---

which gives ag = 0, a; = 0 and so on. It is clear that we’re not going to get a
solution this way!
However, there is another problem, which appears when we try to fit the inner

solution at the other boundary. We are setting a = 1 and trying to fit F(z) =
e~ ! at z = 0. This gives:

e =Ag+By+e[A1+ Bo+ Bi]+ -

so Ag = e~ ' — By and A; = —By — B;. This seems fine, but look at the solution
we get:

F(z) ~e "4+ Bole™*=1)+e[—e 2+ Bo(z—1+(z+1)e *)+Bi(e = 1)]+---
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Remember that, now the boundary layer is at the top, the outer limit of the inner
solution will be for large negative z: in other words, all of these exponentials
will be growing! This can never match onto a well-behaved outer solution.

Key fact: The boundary layer is always positioned so that any exponentials in
the inner solution decay as you move towards the outer.

6.3 Linear example

This comes from Hinch (and originally, Friedricks). Consider:

d? d
Ed—xé—kézl—!—Zx in 0<zr<l1

with boundary conditions f(0) =0 and f(1) = 1.

First we look for stretches that work (note that because the equation is linear,
there is no mileage in scaling f). The right hand side of the equation is always
strictly order 1 in our range of z, so if we stretch x as z = a+ § X we have three
terms to compare:

[A] &52 B] o°* [C] 1.

For very small § we have [A] > [B] > [C], and [B] catches [A] when 6 = e.
Then [C] catches [B] at 6 = 1 (which is the largest value of § we can use, given
that the range of z is only order 1).

Thus there are two distnguished stretches: the original variable x and a stretched
variable x = a + €z. Let us look at the regular, outer, solution first. Since we
don’t yet know where to put the boundary layer we won’t use any boundary
conditions on it yet.

We pose an expansion
f~fotefitefot -

and have
R = 1+22
eff + eff =0
efl + ef; = 0

Integrating these in turn gives:
Order 1 f)=1+2zs0 fo =z + 2%+ ay.
Order ¢ f{ = —2s0 fi = —2x + a;.
Order €2 f) =050 fo = as.
Our regular expansion is
f~a0+x+x2+fs(a1—2x)+52a2—|—---
Now we move onto the inner, stretched solution. Recasting the ODE in terms

of z gives
?f  df

@ + & —€(1+2a) +2€2Z.
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We pose our expansion:

f~Fy+eF +*F+ -

to have
Fl' + F, = 0
eF! 4+ eF] = e(1+2a)
e2F) + 2F), = 2e%

Solving the leading-order equation gives
F6/+F6=O Fo = Ag + Bpe .

Immediately our condition that any exponentials must decay outside the bound-
ary layer tells us that the boundary layer is positioned near 2 = 0 (so that z is
positive towards the interior of the domain) and thus @ = 0. That means that
we can apply to our inner solution the boundary condition f(0) = 0.

Order 1 We know Fy = Ag + Bpe ?, and applying the boundary condition
gives Fy = Ap(1 — e ?).

Order ¢ F|'+ F| =1 gives F} = A; + B1e * + z, and the boundary condition
forces F1 = A1(1 —e %) + z.

Order 2 Fj + Fj = 2z gives Fy = Ay + Boe™* + 22 — 2z, and the boundary
condition forces Fy = Ap(1 — e~ %) + 22 — 2z.

Now we return to the outer solution, to which we can now apply the other
boundary condition f(1) = 1:

l~ag+24e(ar —2) +e%ag+ -
which fixes ag = —1, a1 = 2 and ay = 0. We now have our two expansions:
fouter ~ =1+ + 2% +e(2 —22) + O(£?)

finner ~ AO(]- - e—z) + 5[141(1 — 6_2) + Z] + 62[A2(1 — e—z) -+ 22 — 22] + ..

linked by the variables x = ez.

To match the expansions, we introduce n = ¢ %z = £'~%z and substitute in
each:

fouter = —1Hen+e*n? +2e 267 + O(%)

finner = AO +5a77+52a772 +EA1 - 251+a77+52A2 + -

Comparing terms at each order, we can immediately see that our expansions
are succeeding in that some of the terms have already matched each other. To
complete the match we need Ag = —1, Ay = 2 and As = 0. Thus our two
expansions are

fouter ~—=1+x+ IZ =+ 6(2 - 2‘77) + 0(53)

finner ~e F -1 +5[2(1 — e_z) +Z] +52[22 — 22} + ..

linked via z = ez.
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Plotting these expansions for ¢ = 0.1, ¢ = 0.03 and € = 0.01 shows the power
of the method:

Here the outer expansions are the solid curves and the inner, the dashed curves.
As e gets smaller, the outer is a good approximation for a larger and larger
proportion of the range, but the inner expansion is still needed near xz = 0.

6.4 Another Example

This is a simplified version of an advection-diffusion problem that arose in my
own research®. Solve
xdf Of

of [ o2
Y D 8y+y eVef=0

with boundary conditions

0
f+6—f:0 at y=1, f=2 at y=2
dy
The boundary condition at y = 1 corresponds to a condition of no flux of f
through the boundary y = 1.

Outer solution
We expand the PDE:

cof_of f_ 0 2,
yor Oy vy e €8y2_

and look for the first term of an outer solution by considering the case € = 0:

0 0
= x—f - y—f +f=0
yoxr Jy y ox oy
Because this is a first-order PDE we can apply the method of characteristics,

solving:
dz dy _

a -’ dt

which gives us the parametric curves

x = xge’ y=e" x=x0/y

along which

df _dzof dyof _ of  df _

@ = aror Taay Tor Yoy~

S0
f=A(zg)e™t = Alxy)y.

We'll stay at one term for the outer solution.

6JFM, 534, 97-114, 2005
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Scaling for the inner

We're expecting a boundary layer somewhere, because all the highest derivatives
were neglected when we put € = 0. In fact the type of the boundary condition
at y = 1 gives us the hint: if f + cdf/dy = 0 then Jf/0y must be an order
of magnitude larger than f. So we look to scale y rather than x. (Another
motivation for this choice is that, usually, boundary layers live near boundaries:
and there are no boundaries on z.)

So we set y = a + €z and substitute in to the PDE:

x af  _,of f Pf 1 df
— € Tt — =5 —€ =5 =0
[a + O(eb)] Oz 0z [a+ O(eb)] O0x? 022
Clearly the two terms which may be larger than O(1) if b > 0 are the second and
last terms: €7 and £'72*. Balancing the two fixes b = 1 (which we expected
from the boundary condition). Thus:

_oF 82—f+6§g+si = 0(e?).
a or

0z 022 19) a
Let’s just look at the leading-order term first: f = fo+ef1 + - gives
ofo  9%*fo _

92 922 fo = Ao(x) + Bo(x)e_z.

The exponential in z tells us that the boundary layer must be located at the
lower boundary so a = 1 and y = 1 + €z. Then we expect the outer to satisfy
the upper boundary condition at y = 2; now we can return to the outer and
complete it.

Full outer solution
We now have the outer solution

f=Ay)y+efi(z,y) +---

which we need to satisfy the boundary condition f(z,2) = 2. Applying this at
leading order gives

2 =2A(2z) A(n) =1 f=y+eh@y + -
Now we can continue with the expansion: the original equation was

of  of *f ’f
o y6y+f Y o2 yE@yQ =0

so we have

©0fo/0x — yifo/0y + f =0
xdfr1/0x — ydfi/dy + fr — ydfo/0x> — yIfo/0y
20fs/0x — yOfs/0y + fo — yO2f1/02* — yd*fi/0y* = 0

with boundary conditions

fo(z,2) =2 fi(z,2)=0 faz,2) =0

o
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At order 1 we know this is satisfied by fo = y. At order € we have

on  ofh .
xax —yay +f1=0

which is the same equation we had for fj, so has solution f; = A;(xy)y. This
time the boundary condition gives f; = 0. We can see that this pattern will
continue, and in fact f,, = 0 for n > 1: the full outer solution is

fouter =Y.

Full inner solution

We now return to the inner solution:

*f of __ x Of f 20%f

02 V0 T Mo Nive o

Keeping terms up to order ¢ gives

Py , 0 _

022 0z
PfH | Ofi dfo
02 " o: Tow T
with boundary conditions (true at each order)

f+0f/02=0 at z=0

At order 1 we have
f() = Ao(x) + B()({E)C_Z

and the boundary condition gives Ag(z) = 0: fo = Bo(z)e

At order ¢ we have o f of
1 1 .
9.2 + e = [xBé + Bo]e

which gives
f1=Ai1(z) + Bi(z)e™* — [z B}, + Bolze™*.

Applying the boundary condition fixes A;(x) = [¢B{ + By]. Thus our solution
(to order €) is

f = Bo(x)e™* +el(zBg(x) + Bo(2))(1 = ze™*) + Bi(z)e ] + O(%).

Matching

Our two solutions are:
fouter =Y.

finner = Bo(x)e % + g[(#Bj(z) + Bo(2))(1 — ze™*) + Byi(z)e 7] + O(e?).

Using an intermediate variable y = 1 + &%, z = €%~ 11, the outer becomes

fouter =1+ 5%7
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and the inner (neglecting decaying exponentials)
fimner = (xB}(x) + Bo(x)) + O(?).

There is nothing in the inner large enough to match onto the 1 in the outer.

However, remember we started from a linear equation. Along with the fact

that the inner boundary condition was homogeneous, that means that if finner

is a solution, 50 is € ! finner. SO we try that:

finner,new = e 'Bo(z)e™* + (xB)(x) + Bo(z))(1 — ze™ %) + By(z)e™* 4+ O(e)
~ (zBj(z) + Bo(z)) + O(e) as z — oco.

Now we can match the two functions if
xB{(z) + Bo(z) =1

which is just an ODE. Solving gives Bo(z) = 1 + C/z and since the line z = 0
is within our domain, we require C' = 0 for regularity. Thus:

fouter Yy
fimer = e 'e™*+ (1 —ze )+ Bi(z)e * + O(e)

with y = 1 + ez. To determine B; we would have to calculate the fy term of
the inner expansion.

F Laplace’s equation: Complex variables

Let’s look at Laplace’s equation in 2D, using Cartesian coordinates:

o?f  0*f —0

ox?2 = oy2
It has no real characteristics because its discriminant is negative (B? — 4AC =
—4). But if we ignore this technicality and allow ourselves a complex change
of variables, we can benefit from the same structure of solution that worked for
the wave equation. Introduce

n=x+iy z=(n+¢)/2
{=a—iy y=(n—2¢§)/2.
Then the chain rule gives
0_0. 0 8_ (0 B
or On O oy \dn 0O¢
and the PDE becomes
PRCA
on o9&

whose solution is straightforward:

f=p0n) +4q(€) =plx +iy) + q(z —iy).
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Here p and ¢ are differentiable complex functions; and assuming we wanted a
real solution to the original (real) PDE, we have an additional constraint that
the sum of the two functions must have no imaginary part.

We can formalise this in more standard notation: if we use the (x,y) plane to
represent the complex plane in the usual way, we introduce the complex variable
z = x +iy. Then its complex conjugate is Z = x — iy and the solution we have
just found is

f=p(2)+4q(2).
F.1 Cauchy-Riemann Equations

Let’s look at our function p(n) = p(z), which forms half of our “characteristics”-
style solution. It is obvious that

op _ 9p _
& 0z
and using the chain rule, this tells us that
1op 10p_, 9 _ _;0p
20x 20y or Oy

Now if we divide the function into its real and imaginary parts:

p(z) = u(z,y) + iv(z,y)
where u and v are real functions, we have

ou .Ov Ou @

— ti—=—1—+
ox ox dy Oy
This complex equation is equivalent to the pair of real equations:

ou Ov ov ou

9 oy

dr oy
These are the Cauchy-Riemann equations, and are satisfied by the real and
imaginary parts of any differentiable function of a complex variable z = = + iy.

In fact in a given domain, v and v (continuously differentiable) satisfy the
Cauchy-Riemann equations if and only if p is an analytic function of z. We
will not prove this here.

(Recall f(z) is analytic = holomorphic within a domain D if, in every circle
|z — 21| < p lying in D, f can be represented as a power series in z — z1.)

F.2 General solution of Laplace’s equation
We had the solution
f=p(z)+4(z)

in which p(z) is analytic; but we can go further: remember that Laplace’s
equation in 2D can be written in polar coordinates as

2, 10 (Of\ 10f
Vf*rar rar +r289270
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and we showed by separating variables that in the whole plane (except the
origin) it has solutions

f(r,0)=A+Blnr+ /7"\ (a(A) cos [AG] + b(A) sin [A]) dA

+ /e”e(c(,u) cos [plnr] + d(u) sin [plnr])dp.  (7)

Now in these variables, z = r exp [i0] so we can also write the solution we found
as

J = Real (A +Blnz+ /E(A)z)‘ dA + /E(,u)zi“ d,u>
meaning that our solution is the real part of a function of z only:

f = Real (g(2)).

Note that g(z) as given here is analytic in any domain that does not encircle the
origin; to make it analytic in a general domain we need the additional constraints
that ¢(A) =0, B =0 and a(\) is only nonzero for integer values of .

We have shown that the real solution to Laplace’s equation we had found is
the real part of an analytic function of z = x + iy in our domain; we can show
the converse very quickly from the Cauchy-Riemann equations. Consider an
analytic function

f(2) = u(z,y) +iv(z,y)

Then the Cauchy-Riemann equations give

du_ov o o

or Oy dr Oy’
Differentiating the first w.r.t. x and the second w.r.t. y gives:
Po_u_ Fu P P
0xdy  0x2  Oy? ox?2 = oy2

We can solve Laplace’s equation in any domain simply by taking the real part
of any analytic function in that domain.
F.3 Composition of Analytic functions

The composition of two analytic functions is analytic (providing, of course, the
relevant domains are correctly specified): if

f:D1— Dy and g:Ds — Dg
are both analytic, then the composed function
gof:Dy— Dj

is also analytic on D;.

This has important ramifications for the solution of Laplace’s equation in odd-
shaped domains or with boundary conditions which are unsuitable for separation
of variables.
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Suppose we are trying to find a real function u satisfying
VZu=0 in D, with v =wu(z,y) on ID;.

Of course this is equivalent to finding an analytic function f(z) on D; whose
real part satisfies the boundary condition on 0D;.

If Dy is an awkward shape, and we can find an analytic function w(z) which
maps it to a more helpful domain D5, then we can define

f=gow f(2) = g(w(2))

and we are now looking for an analytic function g defined on Dy such that
Real (g(w(z))) = u(z) on 9D;.
Real (g(w)) = u(z(w)) on ODs.

Example

This is taken from an old UCL exam paper.

Find the solution to Laplace’s equation in the domain D; given by the whole
(x,y)-plane except for two semi-infinite plates |z| > 1, y = 0. The boundary
conditions on these two plates are

u(z,0)=0 on x>1; u(z,0)=1 on x<-—1.

The domain looks superficially suitable for separation of variables in Cartesian
coordinates, but the boundary conditions are not suitable: we would need u(z, 0)
to be prescribed for all x for separation to work.

Here we use the map w(z) = z+ /(22 — 1). Note that the square root means
this map is not analytic over the whole plane; we need a branch cut at each of
z =1, z= —1. Given the domain we are trying to transform, it makes sense to
put the branch cuts on y = 0 (or z real) and |z| > 1 (or |z] > 1).

The point z = 0 maps to w = 4/(—1) and we can choose which of the possible
values we take for the sign of the square root here: we choose w(0) = 4. This
choice, with the positioning of the branch cuts, determines w(z) everywhere in
our domain — in the diagram I’ve marked the result of each of the square roots
at points around it. So when z = z+ie and & > 1, both roots are positive; when
z = x and |z| < 1, the root at z = 1 has argument 4 and the other is positive;
when z = z — ie with < —1, both roots have argument ¢ so the product is
negative, and so on:

U .
= —
In particular:

w(-1) = w(l) =1
w(x): (1—22?) -l<z<1
w(x +1 )—x— (xQ—l) x<—1
w(x —ie) =x++/(z x<—1
w(x +ie) =z + (x2—1) x>1
w(x —ie) =z — /(2?2 = 1) x>1
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Thus the branch cuts in the z-plane map onto the real line in the w-plane: the
left-hand cut maps to (top side) w < —1 and (bottom side) —1 < w < 0, and
the right-hand cut maps to (top side) w > 1 and (bottom side) 0 < w < 1. In
the w-plane we now need to solve Laplace’s equation for a new function v with

v(z,00)=1 on <0 v(z,0)=0 on z>0.

This new problem is suitable for separation of variables in polar coordinates:
the boundary conditions in terms of r and 6 are

v(r,0) =0 v(r,m) = 1.

Note that our domain now does not encircle the origin, so we must revisit our
separable solution and include some terms we discarded earlier.

We look for the form v = R(r)T'(6) and derive the coupled ODEs
r?R"(r) +rR'(r) T"(0)

R(r) @)
In the three cases A < 0, A > 0 and A = 0 respectively these yield:
v = (A, exp [p0] + B, exp [—ub])(Cy cos [wlnr] + D, sin [ 1nr])
v = (ay cos [M] 4 by sin [A]) (exr™ + dyr™)

v=(a+Blnr)(y+d6).
Applying the boundary condition T'(f = 0) = 0 gives the three basis functions

v = sinh [p8](C), cos [pInr] + D), sin [ 1Inr])
v = sin [A0](exr® + dar ™)
v=~0(a+ Blnr),

and the condition that v must be well-behaved at r = 0 (since the origin is in
our domain) fixes further:

v=ab+ Z exr sin (M)
A

The final boundary condition v(r,7) =1 gives
l=ar+ Z cxr? sin (M)
A

which is satisfied with « = 1/7 and ¢) = 0. Thus we have found

0

v(r,0) = —.

T
In order to convert this to a solution to our original problem, we first need to
find the analytic function of which it is the real part. In this case the function

is straightforward:

v(r,8) = g = f%Real (ilnr +40]) = f%Real (1lnw)
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so the analytic function we need is

ilnw

g(w) = ———.

Finally we need to convert back to the original variables:

f(z)=gow(z) = —%ln{z—k (22 — 1)}

and the solution we need is the real part of this:

) 1
u(z,y) = Real (—Z In {z + /(22 - 1)}) = —Imag (ln {z + /(22 - 1)})
0 s
In particular, on the “missing line” y =0, —1 < x < 1, we have
1 1 1— a2
u(z,0) = — Arg ({m—H (1—1:2)}) = farctanM.
™ T

G Conformal maps

You will sometimes see these analytic functions referred to as conformal maps:
in fact there is a subtle distinction. An analytic function provides a conformal
map only if its derivative is nonzero throughout the domain. The meaning of
conformal map is a map which preserves angles (though not necessarily lengths).

Most of the art of using conformal maps to improve problems involving Laplace’s
equation is in choosing the map to use. Here are a few domains and functions
which improve them (starting with the example we just solved).

Two infinite plates

The geometry we just discussed took the plane with two branch cuts missing:

was transformed under the mapping
w(z) =z++/(22-1)

to the upper half plane.

Bilinear mapping

We can take the upper half plane Imag (z) > 0 to the unit disc |w| < 1 using

Z—

w(z): z—Q

where « is any constant with Imag («) > 0.
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Zhukovsky transform

In two-dimensional inviscid fluid mechanics with a steady velocity field (u,v),
we can use a complex function

fz)=0+iv z=x+ 1y

to represent the velocity:

df .
E—u—i—w.

The Zhukovsky transform is one of the classics of early aerodynamics. Under
the transformation:

1
w(z)—er;

a disc not centred on the origin, whose boundary passes through the point z = 1,
transforms into the Zhukovsky aerofoil:

Cardioid

The cardioid r = 2(1 + cos 6):

can be transformed into the unit disc |w| < 1 using the mapping
w(z)=vz—-1

with the branch cut of the square root drawn along the negative z-axis.

G.1 Boundary conditions

Suppose we map domain D1 of z into a more pleasant domain Dy of the w-plane,
using the mapping w(z). Then it is clear that if we have boundary conditions
of the form

u= f(z) on 0D,
they can be transferred to w simply by using the inverse mapping:
U= f(z(w)) on 0Ds.

However, if our original boundary conditions were formed in terms of the deriva-
tive normal to the boundary:

ou

— =g(z on 0D

5, = J(2) 1

we need to work a little harder. For the details of how to work this out, see
Weinberger p. 243; but in essence, the derivatives normal to the boundary in the
two domains are directly related via the (complex) derivative of the mapping
w(z):

-1

Ou _|dw g(z(w)) on 0D;.

on  |dz

ou U _|dw
on on | dz
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7 The WKB method

The Wentzel, Kramers & Brillouin (WKB) method is a method for constructing
approximate oscillatory solutions of differential equations that are varying over
a fast and slow timescale. The standard WKB equation in one-dimensional
(1-D) case is of the form
d?
T =0, 1)

where |¢(z)| is “large”. To emphasise that |g(z)| is “large” (and let’s here assume

it is positive), it is convenient to represent it as q(x) = “2(96), where p(z) ~ O(1)

2
and € < 1 is a small constant parameter. From this we Eobtain
d*s
2 2 _
E@‘*’M(x)d’—o' (2)

Now, if pu(z) equals a constant then the solutions would be Ae*#*/¢ where

A is some arbitrary constant representing the amplitude, which are same as
(1-D) plane time-harmonic waves. The case of small ¢ thus corresponds to
high frequencies w = pc/e or small wavelength A\ = 2ew/u. For this reason,
the WKB method represents a so-called “high-frequency” approximation. The
basic intuition behind the WKB method is that when mu(z) varies “slowly”,
the solution still behaves “microscopically” as a rapidlly oscillating plane wave,
with slowly (macroscopically) varying amplitude and other parameters.

We seek the WKB approximation in the form
Y(z,e) m ATE, 3)
with A constant and ¢ < 1. We then obtain from (2)
e lr (2) — e 2(r'(2))* + e %pP(z) = 0. (4)

Now seek 7(z) = 7(x,¢) in the so-called regular perturbation form, i.e. as a
series in increasing powers of small parameter &:

7(z,6) = 1o(x) + eri(z) + 2m(x) + ... for w — oo. (5)

Substituting (5) into (4), to leading order, i.e. O(¢~2), we have —e~2(7j(x))% +

e ?pu?(x) = 0. Hence

o) = + / " ) (6)

0

The next order terms, O(e~1) in (4), are then ie~'7y () — 2174 (2) 7| (x) = 0.
This integrates to
i i
T (x) = §1n|76(x)\ +Cy = §1n|u(m)| + Cy,

where Cy are arbitrary constants. So we have, to first order, that

@) = + /;u(ac’)dx’ + E{;lnm(x) + ci}.

4]
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Hence, from (3), our solution (the WKB approximation) is

~ i 1 A A +i[* p(a")da'
U(z,e) = Aexp{:l:(g/w0 u(z")dx' — §1n|u(:r)\ + C’i} = We ag f ,

or
1

Y Gy

where A and B are arbitrary constants.

(At fanht oy pem Sl n@h] g ()

This soltion can be interpreted as a superposition of two waves, one travelling in
positive z direction and one travelling in the negative x direction both rapidly
oscillating solutions within the envelope +Ap~1/ 2(z) moving to towards z =
+o00 and z = —o0, respectively for increasing t. For p constant (7) reproduces
(two) plane time-harmonic waves.

To examine the range of validity of the WKB approximation, we substitute

(7) back into the original equation (2). After some algebraic manipulation we
obtain,

w2t 2 VT T @2 T 2 )

dx? e?
The expression suggests that the approximation remains accurate so long as

[MW@V_1MW1<MWO
2

@ pa) r<w@»2_1u%@]¢

~—

or equivalently

1
4 (u(@)t 2 (ul@))?

wz)

gfwww ;uw1<1. -

Thus the wave number #~ must be varying slowly enough in x and/or the
frequency large enough for (8) to hold. Also, for (8) to hold g should not be
too close to zero: WKB solution indeed becomes infinite and the approximation
fails whenever pu(xz) = 0. These critical values are called turning points. The
name indicates that a wave fails to propagate beyond these points, “turning
around”, and alternative approximations are required in the neighbourhood of
such points.

8 Integrals and Steepest Descents

8.1 Small parameter in the integration limits

Suppose you need to understand the asymptotic behaviour of

(oo} e—T
o) = [ S
P

T

for small p. How do we determine it? The procedure is actually quite straight-
forward: two steps of integration by parts give

e’ e " e’

I(p):—f/ 7(‘1T:7+67Ph’1p*/ e Tlntdr
P P T P P
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and the last integral would now be convergent even if p = 0, when the answer
is minus Euler’s constant, 7. So we can move the integration:

e~ P p
I(p) = T—Fe"’lnp—i—fy—&—/ e TIlnrdr
0

Now the last integral is better behaved: 7 is small throughout and the integral
is uniformly convergent. That gives us the freedom to expand the exponential
as a power series, and to interchange the order of integration and summation:

- P — (=7)" — (=" [* _,
/Oe lanT:/O 11’17'2 ] dT:Z o /0’7' InTdr

We can integrate by parts again, but this time differentiating the log:

/OpeTlanT - i (*nl!)n <[ln7(:;:11)}2 - /Op (nle)dT>

n=0

The final integration step gives

P
/ e "Tlntdr
0

‘i%(m”‘min)

B o (=t
= W= Y e
and so "
e’ - (=p)" '
I(p)—7+lnp+7+;m

Thus expanding the exponential and the sum as power series in p we obtain the
asymptotic series we used earlier:

1 p P P 4
I(p) =~ +1 S [ T .
(p) PR 5T 13~ 75 TOW)

8.2 Small parameter in the integrand

We’ll look now at a specific class of integral, which may seem rather limited:
but these problems crop up in many applications, and particularly in finding
the outer limit of an inner boundary-layer solution. We’ll use an example.

We want to know the asymptotic behaviour as z — oo of the real part of the
integral

- [ " exp 2/ (]g(t) dt

where f(t) and g(t) are analytic functions of ¢. Our example integral J has
f(t)=—t*+2it+1 and g(t) = 1, so that

Real (J(z)) = /OO exp [—z(t* — 1)] cos [22t] dt

— 00
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The reason I've chosen these particular functions is that we can solve:
00 co—1
J(z) = / exp [—z(t —i)?] dt = / exp [—zu?] du
—0o0 —0o—1

and choosing the right integration contour in the u plane:

! .
l | l

the contribution from the contour ends is exponentially small and we have

J(z) = /OO exp [—zu?] du = (I>1/2.

oo z

How do we tackle the integral I(z) in general? The obvious estimate would be
to take tg, the place on the integration contour at which Real (f(¢)) is maximum
and expand about it:

I(z) ~ /_OO exp [2(f(to) + (t —t0)f"(to) /2 + - -1g(t) dt

~  exp [Zf(to)]g(to)/ exp [2(t — t0)2f" (to) /2 + -+ -] dt

— 00

~ exp[2f (to)]g(to)(—2f" (to)) "/

However, this is a massive overestimate. Look at our example. The real part of
f(t) is —t? + 1, which is maximal at ¢t = 0, giving the estimate

J(z) ~ (22)71/2¢7

which is too large by an exponential factor. The reason for this massive over-
estimate is that we have not allowed for the effect of cos [2zt], which oscillates
very rapidly when z is large and causes a large cancellation effect. This cosine
term came from the imaginary part of f(¢).

The technique which will save us is fundamentally based on the analyticity of
f(t) and g(t). Because both they and the exponential function are analytic,
we can deform our integration contour in the complex plane without changing
the result. We deform our contour to get the lowest possible estimate for
our function: and because in doing so we will avoid these cancellations which
caused our other estimates to be too large, we will attain the best estimate for
the integral.

We begin by observing that because f(z) is analytic, its real part satisfies
Laplace’s equation, and thus the real part can have no maxima or minima,
but only saddle points. Suppose we contour the real part of f(¢) over the whole
t-plane: (these contours are for J(z))

Then we can deform the contour so that it keeps Real (f(t)) as small as possible
throughout: this will involve the contour passing over a saddle point, where the
maximum value of Real (f(¢)) will be attained.
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Now we can choose as our contour the route over the saddle point which keeps
Imag (f(t)) constant along it, and “correct” back to the ends of our original
integration contour in the far field, along lines of constant Real (f(t)). The con-
tribution from the correction curves will be asymptotically negligible: not only
will Real (f(¢)) be much smaller there than near the saddle, but also Imag (f(t))
is varying rapidly, giving the cancellation which was so troublesome earlier.
On the remaining integration contour, the imaginary part of f(t) is constant so
there will be no cancellation from rapid oscillations. Now it is appropriate to
Taylor-expand f(t) about the saddle point, and we can take as many terms as
necessary to obtain our asymptotic expansion.

The contour which keeps the imaginary part of f constant is the same contour
which makes the real part change most rapidly: thus we have chosen the contour
of steepest descent.

For our example, f(t) = (t —i)? which has a saddle point at ¢t = i. If we set
t = x +1y, the imaginary part of f is 22:(y — 1) which is zero at the saddle point,
so we choose a contour which keeps it zero: y = 1. In fact this is exactly the
procedure we carried out to calculate the integral — but as a method this works
even when it doesn’t exactly solve the problem.

Example: Bessel function

The Bessel function K, (z) can be written
K,(z) =< /OO exp [vt — z cosh t] dt.
We will take z = 1, double the function and look for an expansion as v — oc:
I(v) = /OO exp [vt — cosht] dt.
If we generalise slightly to allow f(t) to have v as a parameter, we can write
I(v) = /oo exp [v(t — cosht/v)] dt.

Since there is no trigonometric term, we know that the imaginary part of our
function is zero along the real line: so in this case we will not need to find a new
contour, just find the dominant contribution from the contour we started from.

We look at the behaviour of f(t) =t — cosh¢/v. It has a maximum where

d
&(tfcosht/y):O sinht =v

and about that point, we expand:
1
f(t) = f(arcsinhv) + i(t — arcsinh v)? f”(arcsinh v) + - - -

2 4 1)1/2 2 4 1)1/2
DT aresinn )2V

= arcsinhv —
v 2v

64



The contributions to the integral become

00 2 1)1/2 2, q)1/2
I(U) ~ / exXp |:V <arcsinhu — u — (t — arcsinh U)Q(V—i_)>:| dt

oo v 2v

(27.r)1/2

I(v) ~ (G exp |varcsinhv — (V% + 1)1/2]

Steepest descents in practice

Although we’ve used a contour which keeps the imaginary part of f constant,
and thereby makes the real part decrease as fast as possible away from the
contour, this level of detail is not necessary for the leading-order term of an
asymptotic expansion. In practice, any contour which crosses the saddle and
descends on both sides of it will do a decent job. Numerically, it is often less
expensive to carry out the integration with smaller step sizes to catch the oscil-
lation terms than it is to find the steepest descent contour exactly. So the key
point is to find the saddle (or the highest saddle) over which your contour must
pass: beyond that point you have much more flexibility.

9 More matching!

In section 6 we looked at matched asymptotic expansions in the situation where
we found all the possible underlying scalings first, located where to put the
boundary later from the direction of the exponential decay, applied all sets of
boundary conditions and finally matched our two expansions. That’s a good
generic picture but there are more possibilities.

9.1 Another way to find scalings: breakdown of ordering

Way back when we looked at regular expansions, I mentioned that one possi-
ble warning sign was that the ordering of terms in our expansion could break
down. This can be used as an alternative method of seeking out new scalings
and stretches, particularly for complex problems and when the outer scale and
stretch are fixed by the boundary conditions.

This example comes from Hinch exercise 5.12 (and originally Van Dyke):

d
B

P e((1+¢)x + 2e%)y? in 0<z<1

with boundary condition y(1) =1 —¢.

We start with the obvious expansion:
y~yotey +etyat-

and substitute to have

sy = 0
exdy] = exy?
ey, = 2%zyoyr + ayp
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We will be applying the boundary condition to this solution: yo(1) =1, y1(1) =
—1, y2(1) = 0, and so on.

Order 1 y, = 0 gives yo = ap and hence yo = 1.
Order ¢ 23y| = x gives y; = a; — 1/x and hence y; = —1/x.
Order 2 23yl = 2 — 2 gives y2 = as — 1/x + 1/2? and hence yp = 1/2? — 1/x.

Our outer solution begins

1 1
yN1_€+52(2—>+
x 2z
Now both the (nominally) order ¢ and order 2 terms become order 1 when

x ~ €. The function value is still order 1 (pick, for instance, x = 2¢ to see this)
and so we look for an inner expansion with x = ez and put

y=fo(z) +efi(z) +e%fa(2) +---

The differential equation transforms to

d
AL = (1+2)z+2)y°
which then gives
2f = 2f2
e2f] = 2ez fof1 +  e(z+2)f2
e22%fy = Ez2(ff +2fofe) + 28%(2+2)fofr

We will solve for two terms before matching with the outer.
Order 1 23f, = zf2 gives 1/fo = Ag+ 1/z and fo = 2/(1 + Apz).
Order ¢ 23f] —2z2fof1 = (2 + 2) f2 becomes

fi—2f1/2(1 4+ Agz) = (2 + 2)/2(1 + Agz)?

and hence (using an integrating factor of (1 + Agz)?/2?) we obtain

2
d ((1+f;102) f1)12+2

dz z z 23

f= A2 B 1+ 2
YT 04422 (14 Ag2)?

So now our two solutions are

€ 1 1
youterzl—*+€2 (2—)+"'
xr X X

z A2 142
Yinner — +e€ 2 2
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related by o = ez. Introducing z = £%n and z = £~ 15 and expanding (noting
that z is large and so 27! is small) gives

1 1 1
Youter 1-— El_af =+ 52_20‘— — 52_0‘7 4+

n? n
1 El—a 52—2a
Yinner — — ==t 5+
Ao Afn A3

e (Ag(l + (Aoea=in)=1)2 (14 Ag(ev1n))?

Clearly to match the order 1 term we need Ay = 1; then the comparison becomes

A 14eo-t
! 1 >+

1 1 1
Youter 1 —Elia* +5272a7 —5270‘7 + ..

n? n

1 1 a1

Yinner = 1- Elia* + 52720‘—2 — 537‘30‘7 + .-
n n n

+eAdi(l+et oy 2 2ot 4ty H 4

1 1 1

= 176170174»627201727637304734»”.
n n n

+(Aje =24 ot ) =2t A = )

There is nothing in the outer solution to match the A;e term so we need A; = 0;

the other unmatched terms all have powers like £3~"* so would match the third

term of the outer, which we have not calculated. Our inner solution is therefore
z €

inner — - +---
Y 1+z2) (I+2)

with x = ez.

This problem has hidden depths though: the first two terms of our inner ex-
pansion break order when z is order €. At that point the function value is also
order €, so we look for an inner-inner expansion y = ¢F'(X) with z = ¢X. The
governing equation:

sdy

S (14¢e)z + 2¢)y?
becomes: AF
X =(1+e)X +2)F%
= (14X +2)
Here we will only look for the leading order term:
dFy dFj 1 2
X3 = (X +2)F} — = [ =+ —=dX
dX(+)0 /FO2 /X2+X3
-1 -1 1 X?
—__-_ - _C Fp=— .
FRoox xz T CoXZ+ X +1
Now we need to compare the inner and double-inner expansions:
_ _ z € L
ylnner — (1 +Z) (1 + Z)
X2
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with z = eX. We set z = £%¢ and X = £~ 1¢ to have

Yimmer = €YE(1—e%+---)—¢g(l+--+)
Ydouble "~ Cio(l + 51*‘100*1571 + 6272QCO*1§*2)*1

€
Co
The leading order terms here simply don’t balance. There is nothing in the
double-inner that gets as large as the €*¢ term in the inner. However, in ex-

panding our double-inner solution, we did assume that Cy was nonzero. If we
try the case where it is zero, we get:

X
X1 B
~ E(xg(l_gl—ag—l_’_.._)

(1 _ 6170400—1671 4. )

Ydouble + -

which now matches the leading term from the inner. To match any more terms
we would need to go to higher order in both expansions.

In summary, this ODE has three layers of asymptotic solution:

5 5 (1 1
Youter = 1——+¢ S+t

X X X

z c + ith €
inner - - w1 xr =€z
Yinne I+2) (112

X2
Ydouble €X+1+ with z =¢eX.

This three-layered structure is known as a triple-deck problem.

9.2 A worse example

This example comes from the book by Cole. The governing equation is

ef  df
ol i

with boundary conditions f(0) = —1, f(1) = 1.

These boundary conditions fix f to be strictly order 1, so we cannot scale f and
can only consider stretching z. Note that you have seen this equation before
in exercise 4 of sheet 3. In the case of no scaling (¢ = 0) you should have
found two possible stretches: x ~ 1 and x ~ . You will also have found all
the possible leading-order outer and inner solutions, but I didn’t give you any
boundary conditions and you hadn’t learnt about matching yet, so you couldn’t
determine any of the constants.

=0

Outer

Let us look first at the outer solution. We pose f = fo(x)+¢ef1(x)+e2 fo(x)+---.
The leading-order equation is

dfo - dfO _
foa*fo—o = f0<dxl)0
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which has two solutions, fo(z) = 0 and fo(z) = = + C. Note that for both
of these, d?fy/dz? = 0 and so fy is an exact solution of the equation, and

fr=fa=--=0.

Clearly the branch fy = 0 can’t match either of the boundary conditions, so we
know our outer solution must be

fla)=z+C.

We have not yet found where the boundary layer will be; since the outer is so
simple, we might as well work out the constant for both possibilities now.

If the outer meets z = 1 then we have C = 0 and s0 fouter,1(%) = .
If the outer meets x = 0 then instead we have C' = —1 and fouter,0(x) =z — 1.

Inner

What stretch do we expect for the inner? Note that the boundary conditions
mean we can’t scale f, we can only stretch . We found in your exercise that
we should stretch = a + ¢z.

We introduce z = (z — a)/e and rewrite our differential equation:

df

a—f‘:

2
ﬂ_i'_f

dz2 =0

Now we pose an inner expansion: f ~ Fy(z) + eFy(z) +&2Fy(z) + -+ -, and at
leading order the governing equation is

d2F, _ dF,
—— + Fy— = 0.
dz? tHo dz

We can integrate this directly once:

Now remember that for a boundary layer solution, we are going to need solutions
which decay to some fixed value out of the layer. This means that as z — +oo
(but not necessarily both), we need dFy/dz — 0 and so C' > 0. (This already
eliminates some of the possible solutions you found.) Let us set C = 2k? for
convenience.

This ODE for Fy has three different possible forms of solution. If & = 0 the
solution is

2
= —>-_
T 2+ D’
with arbitrary constant D. If we are to use this solution the point z = —D must

not lie within our domain.
For k > 0 there are three solutions, two of which work.
First we look at the possibility that |Fp| = 2k. In that case

dFy

=0 Fy = +2k.
dz 0
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This is not a true inner solution: it does not depend on z, so it doesn’t vary
quickly w.r.t. z. In fact, it is just a regular outer solution expanded in terms
of the inner variable. So we move on to the two other cases: |Fy| < 2k and
|F0| > 2k.

In both of these cases we can solve the ODE by partial fractions:

dFy 9 9
2— =4k* — Fj.
dz 0
4k 1 1
2 = | ———=dFy = F
/ e /4k2F02d 0 /(2kF0+2k+F0)d 0
2 F
2kz+2B = —In |2k — Fy| + In |2k + Fy| = In k+ Fo
2k - Fp
2k+F0_
Ty texp [2(kz + B)]
Fy = o) &P [(kz+ B)] F exp [—(kz + B)]

exp [(kz + B)] £ exp [-(kz + B)]

which has two solutions,
Fy = 2k tanh [(kz + B)] Fy = 2k coth [(kz + B)],

both of which decay exponentially to some limit as z — oc.

Look at the forms of the tanh and coth curves:

We can see that the tanh solution moves smoothly from one value to another
over the width of the boundary layer, whereas the coth profile cannot be given a
value z = 0. This means that the coth profile can only be used if the boundary
layer is at one end or other of the region, whereas the tanh profile can be used
anywhere.

Matching with a single boundary layer

Let us try first to put the boundary layer near x = 0. The outer solution must
match the boundary condition at x =1 so

fouter =x.
Now in the inner region we can either have
F(z) =2ktanh[kz + B] or F(z)=2kcoth[kz+ B] or F(z)=2/(z+D).

In each case we need F(z = 0) = —1 and F(z — o0) = 0. The second of
these gives k = 0 both the first two cases, and then we cannot match the other
boundary condition for any B. For the third function, we have the right result
as z — 00, but to match the condition at z = 0 gives D = —2 and the forbidden
point z = —D = 2 lies within our domain. FAILED.
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Now we try with a boundary layer near x = 1. This time the outer solution
must match the boundary condition at = 0 so

fouter =z—1
In the inner region the possibilities are
F(z) =2ktanh[kz + B] or F(z)=2kcoth[kz+ B] or F(z)=2/(z+D).

The boundary conditions are F'(z = 0) = 1 and F'(z — —o0) = 0. We have the
same problem again: we need both k # 0 and k = 0, or z = —D lies within our
domain. FAILED.

Finally, let us try having the “boundary layer” in the middle, at some general
position a between 0 and 1. This time we have two different branches of the
outer solution:

fouter,l(-r) =T fouter,l(a) = a.
fouter,O (JJ) =zr—1 fouter,O (a) =a—1
Our inner solution will then have boundary conditions
Flz— —oc0)=a—-1 F(z = o0) =a.

The only profile we are allowed is the tanh profile, which goes from —2k to 2k
over the width of the layer. This fixes

a—1=-2k a =2k = a=1/2, k=1/4.

Our leading-order inner solution is
1
F(z) = 3 tanh [z/4]

and z = (z — 3)/e. The complete solution looks like this:

Note: It is also possible to construct a solution having more than one boundary
layer: for example, try putting a tanh boundary layer at each end. However, a
single localised region of “failure” is more physically realistic.

Further expansion

Since the solution we have found in the inner is not an exact solution, we could
continue to higher orders. Often you will find that the later equations are easier
to solve than the first because the new terms come in linearly. Although the
equation becomes linear, it’s not really easier in this case; but let us try calculate
one more term. Recall we had

af df

— +tf5—¢ef=0

dz? ! dz /
with 1

f~ 5 tanh [z/4] + eFy(z) + - -
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At order ¢ this gives

d?F dFy dFj,
Fo—+F— —Fy=0
dz? +Fo dz i dz 0
d2F1 1 z dF1 1 2% 1 z
A
42 Tt gl Tt g T gty
d (dFy 1 z 1 z
R e hHF S hH
dz{dz+2an 1 1} 2 Ay
dF; 1 z z
d 5% B 9% z 5%
T {cosh [ﬂ Fl} = 2cosh {ﬂ In cosh {ﬂ + C1 cosh [ﬂ
which may be integrated to give the solution:
z . z z z
F=C (1 + sinh [ZD sech? [ﬂ CgSQCh2 [ﬂ
(3] ] comt® [3] meost 5]
+ 2sech {4 /cosh 1 In cosh 1 dz

Unfortunately the final integral is only available in terms of the polylogarithm
function:

/cosh2 [ﬂ In cosh E} dz = Z — T—Z — %sinh [g]
— gln (1 + exp [fg]) + Lis (7672/2) + In cosh [ﬂ (g + sinh [%D
in which

. — aF
Lis(z) = Z 72

k=1

but if we had been able to find Fj in terms of more useful functions, the matching
procedure would have continued as before.

72



Analytical Methods: Exercises 1

1. Try aregular perturbation expansion in the following differential equation:
y' 2y + (1+e%)y =1, y(0) =0, y(m/2) = 0.

Calculate the first three terms, that is, up to order £2. Apply the boundary
conditions at each order.

2. Calculate the first two nonzero terms of a regular expansion in € for the
following integral:

I / c dz
~ Jo (62— 224 cose —cosx)/2’
[Hint: you will need to keep terms of order ¢ initially.]

3. Find the general solution to the PDE for f(6, ¢):

. 1 0 .9
—(s1n0v9f)+ma—¢(v¢f)+sm 6 cos2¢ =0

asinf 00
in which
vg = asinfcosfcos2¢p
vy = —asinfsin2¢
4. Consider the problem
du + uz% =0
ot or

in x > 0, t > 0, with initial and boundary conditions

u(z,0) =z u(0,t) = 0.

Find the general solution implicitly and hence the specific solution in this
case.

5. How would you expect the diameter of a spider’s web to scale with L, the
bodylength of the spider? Be clear about any assumptions you make.

Answers

1. y=1—cosz —sinz +¢[(z — 7/2) sinx + x cos x]
— 21+ (2?/2 —mx/2 — 1+ 72 /8)sinx + (22/2 — 1) cos z].

2. I:\%(l—iz—kO(e‘l))‘

3. f(0,¢) = F(sin2¢ptan®6)sec® 6 + é
T
1+1t)

5. If we assume that two quantities: the thickness of the spun fibre, and the
hole-size in the finished web, are both independent of spider size, then the
diameter scales as L3/2.

4. Tmplicit solution u = F(x — u?t), particular solution u(z,t) =
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Analytical Methods: Exercises 2

1.

Try a dilation transformation on the Burger’s equation: wu; + uu, = 0.
Find the specific solution for initial conditions

T+ (JL‘Q _ 1)1/2
2

and show it matches that obtained by the method of characteristics.

u(z,1) =

Find the distinguished scalings, and the first two terms in the expansion
of each root, for the following equation:

exd +2? +(2—e)xz+1=0.

Find the first two terms of all four roots of ex* — 22 —z +2 =0.

x

Work out the first two terms in an expansion of each solution to ze™" = .

Verify that the function

1 t  pxtc(t—t')
u = —/ / F(2' t")dz’ dt’
2c 0 Jz—c(t—t)

satisfies the inhomogeneous wave equation us — g, = F(x,t).

[Weinberger p.40] Find the characteristics through (0,1) for the equation
o? o?
L=l
ot? Oz

Find two terms of a regular perturbation expansion for f(z,t) in:

with boundary conditions f(x,0) = 9f/0t(x,0) = 0. This particular
problem can be solved in the same way even if € = 1: this is the method
of successive approzimations. [Ref: Weinberger p. 384.]

Answers

1.

Ne s w

u=t""1f(€) with £ =172 and (£(£) — m&)f'(€) + (m = 1)f(£) = 0.
Specific solution u = (x/t + [(z/t)? — t~1]}/2)/2.

Scalings # ~ 1 and & ~ e~ 1; roots * = —1—2e+0(e?), 2 = —e~ 1 4+2+0(e),

x = —1 (exact solution, no further terms).

r~l4e/3ix~—-2-16¢/3; 2 ~e V2 41/2 0~ —1/241)2.

re~® = g. There are two roots: z ~ e+¢? and z ~ In (1/¢) —In (In (1/¢)).
t=e"and t =2 —¢e".

f(z tat? + e [2t*(wcosz — 2sinx) — xcosx + 4sinw

t) =
(z+t)cos(z+1t)+ $(x —t)cos(z —t) — 2sin (z + ) — 2sin (z — )]

k)
1
T3
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Analytical Methods: Exercises 3

1. Find where the following operators are hyperbolic, parabolic, and elliptic:

()@+ta2u+ @ (b) t@+282u+ @J’_@
Y 5z T ozar T s oz " “ozot T Tor2 T oz

2. Solve the following PDE with the boundary conditions given:
0u 22 0%u
otz (t41)2 0x?

=0 u(z,0) = u(l,t) = u(2,t) = 0.

3. Find the distinguished stretches, and the leading term of each solution:

azf

df
T

dx
(a) Find the scalings f = e*F and stretches © = a + ¢z at which two
dominant terms balance, and sketch these scalings in the a—3 plane.

=0.

(b) Hence determine the critical @ and 8 for all three terms to balance.
(c) Give also the possible values of 3 if the boundary conditions fix o = 0.
Find the leading term in an expansion for f in each case.

5. Consider the following equation and boundary conditions:
0?u N 0%u N u

x5 +tes +

ox? oyz Oy

u(—1,y) =u(l,y) =0 u(z,1) =1 — 22

=0
o
Ay
(a) Calculate the first two terms of a regular perturbation expansion,

ignoring the boundary condition at y = 0. Satisfy the other three
boundary conditions at leading order only.

(2,0) + u(x,0) = 0.

(b) What scaling can be applied to y to find another solution? Calculate
two terms of this solution, using only the y = 0 boundary condition.

(c) Taking € as a normal parameter (i.e. forgetting that it is small), find
the full solution to the problem by separating variables. You need
not determine all the coefficients in the sum; but find the general
solution satisfying the z-boundary conditions.

(d) Comment on the structure of your general solution when ¢ is small.

Answers [Note: questions 1 & 2 are from Weinberger]|

L(aH# >4, P2 =4 Et? <4z, (b)Hat<L; Pat=1;E a2t > 1.

1 In(t+1
2. u(z,t) = ;anl‘lm(t + 1)1/2 sin (mlrnr;x) sin (mrn(—i—))

In2
3. 1,e,e2 f=be® f=be (*=0)/e L ¢ f = be—(@—a)/e® 4 c(r —a)/e? +d.

(a) a+B8=1la<f;B=1/2,a>B;a=08,8<1/2. (b)a=p=1/2.
(c) B=0: fo =a+x. [ =1: any of Fy = constant, Fy = 2(z + b) !,
Fy = —2ktan [k(z + b)], 2k tanh [k(z + b)], or 2k coth [k(z + b)].

5. (a) u~1—a22+ey+ fi(z)) +- -
(b) The scaling is y = a + €Y giving f ~ Ag(x)e™Y +eAi(z)e™ +---.

() u= Z ap, COS [M] (cn exp [m1y] + d,, exp [may]) with

=~

2
mi1, mg = [—1++/1+ (2n+ 1)272e2]/2e.




Analytical Methods: Exercises 4

1.

A T o

Look at the problem

with boundary conditions f(0) =0, f(7) = 1. Find the two distinguished
stretches for this equation. Calculate the first three terms of the regu-
lar expansion, and apply the boundary condition at 7 to determine the
constants.

Now apply your stretch near = 0. Find the first three terms of the inner
solution, and apply the boundary condition at x = 0 to determine some
of the constants in this expansion.

Finally use an intermediate variable to match your two expressions and
determine the remaining constants.

. Calculate three terms of the outer solution of

(1+e)a?y =e((1—e)ay? — (1 +e)z+y®*+2ey?) in O<az<1

with y(1) = 1. Locate the non-uniformity of the asymptoticness, and
hence the rescaling for an inner region. Thence find two terms for this
inner solution.

Find the image of the unit disc |z — 1| < 1 under the mapping w = 1/z.
Find the image of —7/2 < 2 < 7/2, 0 < y < 1 under w = sin z.
Find the image of —7/4 <z < 7/4, —1 <y < 1 under w = sin z.

Solve the problem V2u = 0 for 1 < r < e¢®, 0 < a < 7 with boundary
conditions

Ou/or(1,0) =0 Ou/or(e*,0) =sinf u(r,0) =0 u(r,m) =0

(a) by separation of variables, and

(b) using the transformation w = In z.

Answers [Note: question 2 is from Hinch; 3—6 are from Weinberger]

1.

d=1,6=c¢c. Outer: f=1+sinz —¢[l +cosx] —e?sinz + - -
Inner (z =¢ez): f=ag—ape * +¢clag —are™* + 2] +%[az — age %] + - -
After matching: f(z) =1—e % +¢[2e7% — 2+ 2] + O(e3).

Outer y ~ 1 +¢[l — 1/z] +&%[1/2 — 2/x + 3/(222)] + - - -.
Inner (with x = ez): y ~ (14 2/,2)_1/2 +el(1+1/2)(1 + 2/3)—3/2] I

Real (w) > 1/2.
Putting w = n + i€, the image is (/cosh 1)? + (¢/sinh 1)? < 1, £ > 0.

Putting w = n + £, the image is the curvilinear rectangle bounded by the
hyperbola 7% — ¢2 = 1/2 and the ellipse (1/cosh1)? + (¢/sinh1)? = 1.

u(r,0) = (r+r71)sind/(1 — e=2%).
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Analytical Methods: Exercises 5

1. [Blasius boundary layer] Consider the steady Navier-Stokes equations:
V-u=0 u-Vu=-Vp+Vu,

here made dimensionless using a typical velocity U, the fluid density p
and the viscous lengthscale L = n/pU.

Investigate flow past a semi-infinite flat plate (no natural lengthscale):
u— e, at oo; u=0 onz>0,y=0.

A dilation transformation is appropriate; expect the vertical velocity to
be a smaller scale than the horizontal. You may find it easiest to work
with a streamfunction v = 9¢/0y. The ODE which results can only be
solved numerically.

2. Find the asymptotic behaviour of
1 oco+1m
Ju(vz) = / exp [vzsinht — vt] dt

211 co—iT

for fixed real z with 0 < z < 1 as v — oo.

Answers

1. The leading-order scalings are u = U(¢), v = =2V (¢) and p = Py (a
constant), in which £ = 271/2y. A streamfunction gives

v =2 2f(6) with U(€) = f'(©), V(E) = 5er(e) ~ 7€)

and the resulting ODE is 2f"(£) + f(£)f"(§) = 0, with f(0) = f/(0) =0
and f'(§) = 1 as & — oc.

: 2)1/2)1/2 exp {V ((1 — 22)Y/2 _ arccosh (1/z))]

2. J,(vz) ~ <27r1/(12

7



