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Chapter 1

Second-order linear boundary value
problems - Part 1

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiotte.

1.1 Basic notation and concepts

In this section, we will develop various techniques to analyse and solve ordinary differential
equations (ODEs), in particular inhomogeneous linear boundary value problems (BVPs). We
start by briefly explaining what is meant by each piece of this expression. Although everything
to follow can in principle be generalised to ODEs of arbitrary order, we restrict our attention
to second order ODEs for the moment.

A second-order linear ODE is an equation of the form

Ly(z) = f(), (1.1)
where f is a given forcing function and £ is a linear differential operator, that is,
Ly(z) = Po(2)y" (z) + Pr(2)y () + Po(x)y(z) (1.2a)
_ d?y dy
= Pye) 10 + Pil@) 3 + Po(a)y(a) (1.2b)

for some given coefficients Py(x), Pi(z), P2(x). The operator £ is linear in the sense that
Llonyi(x) + aoyz(z)] = a18y1(x) + a2 Lya(z), (1.3)

for any constants a; and functions y;(x). Here, and henceforth unless explicitly stated oth-
erwise, we assume that y is sufficiently smooth for all the required derivatives to exist and
be continuous. We will also assume that the coefficents P; are at least continuous and (for
reasons that will become clear) that P, is nonzero in the range of x of interest.

The linear ODE is said to be homogeneous if the right-hand side f is identically zero,
and if not then the equation is inhomogeneous. We will refer frequently to the homogeneous
and inhomogeneous (or “Non-homogeneous”) versions of (L.1]), which we label as follows:

homogeneous: Ly =0, (H)
inhomogeneous: Ly=f#0. (N)

1-1
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Generally, we expect to need to supplement a second-order ODE of the form with two
boundary conditions to get a unique solution for y(x), and the term boundary value problem
refers to the way in which those boundary conditions are imposed. Much of the Differential
Equations I course concerns the solution of initial value problems (IVPs), where the “initial
values” of y and 3’ are given at a single point z = a, say. In a BVP, the ODE ([1.1)) is posed
on an interval, say a < x < b, and the boundary conditions involve the values of y and ¥ at
both ends of the domain x = a and z = b. Provided the coefficients P;(z) and the forcing
function f(z) are sufficiently well behaved (and Pi(z) # 0), Picard’s Theorem guarantees
that an IVP for a linear ODE of the form has a unique solution in a neighbourhood of
the initial point x = a, but we will see that the same cannot be said of a linear BVP.

Example 1.1. Second order IVP and BVP
The simple 2nd order linear inhomogeneous ODE

y'+y=1 (1.4)

has the general solution y(x) = 1 + cicosx + cosinx, where ¢; and co are arbitrary integration
constants. A typical IVP would involve solving in x > 0 subject to the initial conditions y(0) = 1
and y'(0) = 2. By imposing the two initial conditions, we can easily solve for the integration constants
and thus obtain the solution y(z) =1+ 2sinx.

A typical BVP would be to solve on an interval, say 0 < x < m, subject to the boundary
conditions y(0) = 1 and y'(7) = 2. Again, we can solve for the arbitrary constants, and this time we
obtain the solution y(x) =1 — 2sinx.

Suppose we replace the right-hand side of with a more complicated forcing function, for
example

y"(z) +y(z) = tan . (1.5)

In principle, this ODE is solvable, subject to suitable boundary conditions, but now it is not at all
obvious how to “spot” the particular integral!

Finally, suppose we slightly alter the boundary conditions to y(0) = 1 and y(w) = 2. One can
easily confirm that the ODE has no solution subject to the modified boundary conditions.

In the remainder of this section, we will derive general methods to solve ODEs of the form
(1.1), as well as addressing the following general questions.

1. How can we construct a particular integral for the ODE (1.1 for arbitrary forcing
function f?

2. Given suitable boundary conditions, when does a solution exist? When is it unique?

1.2 Space of solutions

If we ignore boundary conditions for the moment, then the following properties of solutions
of and are easily established.

(i) The solutions of form a vector space since, if £y; = 0 = Lys, then Llay; + Sya] = 0.
(ii) If y and Y satisfy (N), then y — Y satisfies ([H).

(iii) It follows that the general solution of may be written in the form

y(@) = yei(z) + yer () (1.6)
SN—— S——
any solution of general solution of

where ypi is called the particular integral and ycr the complementary function.
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(iv) For a second-order ODE, the vector space of solutions to has dimension two (see
below). The complementary function therefore takes the form

yer(r) = c1y1(z) + coya (), (L.7)
where c1, co are arbitrary constants, and y1, y2 are any two linearly independent solu-

tions to .

1.3 Linear independence; the Wronskian

A pair of functions y1(x), y2(z) is linearly independent if there is no non-trivial linear combi-
nation that vanishes identically; in other words if

ayi(x) +eyp(r) =0 < cq=c=0. (1.8)

They are linearly dependent if ¢;, not both zero, can be found such that ciy;(z) + coya(z) is
identically zero. Provided y1, ya are differentiable, this would also entail ¢1y] (x)+cayb(x) = 0.

Therefore
Yy Y2 1) _
=0, 1.9
(yi yé) <C2) (1.9)

and non-trivial solutions can exist for (1, c2) if and only if the determinant of the matrix is
Zero.
We define the Wronskian of a pair of functions to be this determinant:

W(a) = Wiy ] = det @ 52) — 1 (2)h(a) — el (o). (1.10)

From what we have just seen, we conclude the following.

Proposition 1.1. If two functions are linearly dependent then their Wronskian vanishes.

The converse to this statement is not necessarily true, however. For example, the following
(once) differentiable functions:

0 x<0 2 <0
) = ’ ) = ’ 1.11
ne { e (@) {O e (1.1)

are easily shown to be linearly independent, but have Wronskian equal to zero [exercise].
We will now show that there is a partial converse to Proposition for the case where 11
and yy are solutions to (HJ).

Suppose that y; and y, are two solutions to (H)), i.e.

Pyl + Pry; + Poyr =0, (1.12a)
Pyyy + Pryjy + Poy2 = 0. (1.12b)

We can eliminate the Py term between these two equations by substracting yax ([1.12a) from

y1 X (1.12b)) to get

Py (y1ys — y2yi) + P (y1yh — y2uh) = 0. (1.13)
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The term multiplying P; in this equation is clearly the Wronskian Wy, 32|, and the term
multiplying P; is the derivative of W with respect to z, i.e.

daw
Pp— + P =0. 1.14
R +PW =0 ( )

Now, provided Py is nowhere zero, we can solve for W to get

Py(z)
W (x) = const X exp (— dz | . 1.15
(2) B (1.15)
Since the exponential can’t vanish, it follows that if W = 0 at one point, then W = 0
everywhere and, conversely, if W # 0 at one point, then W # 0 everywhere. Now we can use
this result to obtain a partial converse to Proposition |1.1

Proposition 1.2. Two solutions of a given homogeneous second-order ODE are linearly
dependent if and only if their Wronskian is zero.

Proof. Suppose y; and yo are two solutions of ; if they are linearly dependent then we know
already that their Wronskian is zero so now suppose for the converse that their Wronskian is
zero (everywhere, by (L.15)). If y; is the zero function then y; and y, are certainly linearly
dependent and we are done. Suppose that there is at least one value of z, say z = a, with
y1(a) # 0, and pick p so that y2(a) = py;(a). Then

0 =W(a) = y1(a)ys(a) — y2(a)y(a) = y1(a) (y5(a) — pyy(a)) (1.16)

and, since y1(a) # 0 by assumption, we conclude that y5(a) = uy}(a).

Now define y(z) = y2(x) — py1(x); then y(z) is a solution of by linearity, and satisfies
the initial conditions y(a) = 0 = y'(a). Thus by uniqueness of solution of (Picard’s
Theorem: again assuming that P> # 0) we conclude that y(x) = 0 and therefore y; and yo
are linearly dependent. O

1.4 A basis of solutions to (H)

We can choose two particular solutions y; and y2 of satisfying the following initial con-
ditions at some point z = a:

yi(a) =1, yi(a) =0, y2(a) =0, yala) =1. (1.17)

By Picard’s Theorem both y;(x) and ya(x) exist and are unique at least in a neighbourhood
of z = a provided P(a) # 0. Also their Wronskian has W =1 at x = a and so is nonzero in
the same neighbourhood of z = a, and hence they are linearly independent.

In fact, y; and yo span the vector space of solutions. Suppose y(x) is any other solution

of and set

Y(2) = yi(x)y(a) + y2(2)y/ (a). (1.18)
Then Y (x) is also a solution of and satisfies the initial conditions
Y(a) = y(a), Y'(a) =y (a). (1.19)

By uniqueness (Picard again) Y (z) = y(z) and thus y(z) is a linear combination of y; and ys.
Hence they do span the vector space of solutions, i.e. they are a basis, and we conclude the
following.
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Proposition 1.3.
(i) The dimension of the space of solutions of H is 2.
(i) Any pair of solutions of H with W # 0 is a basis.

Exercise: generalise everything done so far to n-th order linear ODEs.

1.5 Solution methods for homogeneous problem

There are very few general methods of solution for second-order linear ODEs of the form
. We will discuss three well known special cases of where the general solution can be
found relatively easily. All three methods can be used for higher order problems with similar
properties.

1.5.1 Constant coefficients

If P, P; and Py are constants, then admits exponential solutions of the form y(x) = e™*,
where m satisfies the quadratic equation Pom? + Pim + Py = 0, known as the auziliary
equation. The general solution can then easily be found as a linear combination of solutions
with different values of m. Care must be taken for cases where the roots m are complex or
are repeated.

1.5.2 Cauchy—Euler equation

In a Cauchy-Euler equation, the coefficients are of the form Py(z) = ax?, Pi(z) = fuz,
Py(x) ==, with «, 3, v constants, so takes the form

> %y

ax
da?

+ Bz (% +7y=0. (1.20)
(Note that the “power of z” is the same in each term.) In this case, solutions can be found
of the form y(x) = 2™, and m again satisfies a quadratic equation, am(m — 1)+ fm+~ = 0.
Again, extra care is needed if the roots m are repeated or complex. An alternative approach
is to make the substitution z = e!, which transforms into the constant-coefficients
equation

d? dy

Y
_ -7 =0. 1.21
a3 + (B — ) % +yy =0 (1.21)

1.5.3 Reduction of order

If one solution y; () is known, then the general solution can be found by solving an ODE of
reduced order. The method is to express the solution to the ODE in the form

y(@) = v(@)yi (2). (1.22)

We know that the function v(x) = const is a possible answer but we seek something more
general. We substitute (1.22]) into and simplify, using the fact that y; is a solution of

, to obtain
Poy1v" + 2Py + Pryi)v' =0, (1.23)
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which is a separable first-order ODE for v" with solution

o (z) = ;f(is; exp <— / 2&3 dx) . (1.24)

One further integration then gives v and thus the general solution y(z) = v(z)y1(z).
This method of constructing the general solution from a single known solution may also
be derived from the expression (1.15)) for the Wronskian, i.e.

_ / / _ d (y ($) = 5 (x)
W (x) = y1(2)yh(x) — y2(2)y) (x) = y1(x)? dx <yj(l’)> —comsteexp ( P;(:E) dl2 725)

from which we can construct ys(z) given y;(z).

1.6 Variation of parameters

We now know a good deal about the solutions of the homogeneous ODE . The general
solution to the inhomogeneous version given by seems to rely on us spotting a
particular integral ypy(x). The method of variation of parameters allows us to construct a
solution to for any forcing function f without any guesswork, provided we already know
the general solution to the homogeneous equation .

Suppose that is solved by y(z) = c1y1(x) + coy2(x) with linearly independent y1, yo.
We seek a solution to of the form

y(@) = cr()y1(z) + ca(z)ya(2), (1.26)
i.e. we “vary the parameters” c; and cy. First, differentiate to find
y' = c1y) +eayy + hyr + chye. (1.27)
Now to eliminate the highest derivatives of ¢;, we impose the condition
hy1 + chya =0 (1.28)

on ¢; and co. Note, since we are using two functions ¢; and ¢y to define one function y, we
should have enough freedom to satisfy the additional constraint ((1.28)). Under the assumption

(1.28]), the expression ([1.27)) for 3’ simplifies to
y' =y + 2y (1.29)
We differentiate once more and substitute into (1.2)) to get

Ly = P (c1y] + cayy + cy) + hys) + Pr (e1y) + o) + Poleiyr + cayo)
= c18y1 + c2Lys + Po (L) + chys) - (1.30)

But, since the y; satisfy , the inhomogeneous ODE becomes

Ly=DP (c'lyll + C'Qyé) = f. (1.31)
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Together, ([1.28) and (1.31]) give two simultaneous linear equations for ¢} and ¢}, namely

(2 () =(,m) )

Note that the determinant of the matrix on the left-hand side is the Wronskian W, which we
know is nonzero by the assumed linear independence of y; and y2. We can therefore invert

(1.32)) to get
c 1 [y, —y2>< 0 > f <—y2>
= = . 1.33
<C’2) W<—yi Y1 f/Ps. P,W \ 1 (1.33)

We can thus integrate to obtain

[T FOn© [T S@mE
A== pewe 0= [ Lm0
and, by substituting into
__ [T 1©nn) S (Oya(x)
v == [ Pl e+ | Chtome e (3%

In principle, allows us to construct a particular solution to for any right-hand
side f. There is some freedom in the construction : firstly in the choice of two linearly
independent solutions (y1, y2) of ; and secondly in setting the lower limits in the integrals.
We will show below how to use this freedom to fit boundary conditions, after doing an example.

Example 1.2. Consider the equation

y"(z) + y(z) = tanx  for — g <z < g (1.36)
The corresponding homogeneous equation is y"' + vy = 0, for which we may choose two linearly-
independent solutions as

y1(z) = cosz, ya(z) = sinx. (1.37)

The Wronskian turns out to be

W(z) = y1(z)yy(z) — yo(2)y) () = cos? z + sin?z = 1, (1.38)
and so by we have

ca(z)=— / tan x sin x de = sin(z) — log(sec x + tan ), (1.39a)

co(x) = /tanxcosxdx = —cosz. (1.39b)

Thus a particular integral of the inhomogeneous ODE (1.306) is given by
y(x) = c1(z)yr (z) + ca(x)y2(z) = — cos(x) log(sec x + tan x). (1.40)

It would have been very difficult to “spot” this from (1.36])/
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Chapter 2

Second-order linear boundary value
problems - Part 2

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiotte.

2.1 Fitting boundary conditions

We now develop a general method to solve the inhomogeneous ODE with homogeneous
boundary conditions. We consider the BVP

Py(z)y"(x) + Pi(x)y (z) + Po(x)y(z) = f(z) a<z<b, (2.1a)

with boundary data
yla) = 0 = y(b). (2.1p)
We will see later on how generalised boundary conditions more complicated than may
be handled. We follow the Variation of Parameters recipe , but now making specific
choices of the two basis solutions y; and ys such that yi(a) = 0 and y2(b) = 0. We assume
for the moment that such y; and ys exist and are linearly independent so that Wy, ya] # 0,
and it follows that y1(b) # 0 and y2(a) # 0.
So the solution takes the form y(z) = c1(x)y1(z) + co(z)y2(z), with the ¢; as in (1.34)),
and the boundary conditions lead to

y(a) = c1(a)yi(a) + c2(a)y2(a) = c2(a)y2(a) = 0, (2.2a)
y(b) = c1(b)y1(b) + c2(b)y2(b) = c1(b)y1(b) =0 (2.2b)

with the choices made for y;. This requires that we take ca2(a) = 0 = ¢1(b) and, by imposing
these conditions on ([1.34)), we obtain explicit unique forms for ¢; and c2, namely

R i [FON©
2= [ ey ° @) mewig® Y

(note the switching of the limits in the integral for ;).
The solution to the BVP (2.1)) can thus be written as

[T Oy (©ya(a) b F(©)y2(O)yr (2)
y(x)‘/a B eV (E) d“/x REOWE 24)
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which we can write concisely as

b
y(z) = / oz, €)F(€) de, (2.5)

where
y1(§yz(2)
I GG
9(z,§) = (2.6)
y2(§)y1(z) G<r<E<h
Py (W (€) ’

is called the Green’s function. We will return to study the properties of ¢ in more detail in
Section 2.

Example 2.3. We illustrate the construction of g for the BVP

y'(x)+y(z) = flx) for 0<z< g, (2.7a)
with boundary conditions
T
y(0)=0=y (5) . (2.7b)

1. Identify asy" +y=0.

2. Choose solutions y1 and yo such that y1(0) = 0 and y2(7/2) = 0: y1(x) = sinz and y2(x) = cosx
will do.

Y1 Y2
YL Y

Therefore (2.6)) gives the Green’s function as

8. Note P, =1 and calculate W = =-1.

—sinfcosz 0<é<ax< i,
g9(z,6) = : 2 (2.8)
—cosésinz 0<z<{<73.
By (2.5)), the solution of the BVP (2.7)) is then given by
Pl
) = [ atw.€r(6) ag (29)

Example 2.4.: Nonexistence/nonuniqueness of solution
Here we consider the same ODE as in Example 2.3] but with modified boundary conditions, namely

y'(x) +y(z) = f(z) for O<z< g (2.10a)
subject to
(T
y(0)=0=y (5) : (2.10D)

The problem here is that y1(x) = sin(x) satisfies both boundary conditions (2.10b)), and it is impossible
to find linearly independent y; and yo satisfying one boundary condition each. The construction that

led to (2.4) therefore fails.
However, from the discussion in §1.4, we know that any solution of (2.10a) can be written in the

form “particular integral + complementary function”, that is,

y(z) = c1(x)y1(z) + c2()y2 () + ayi (z) + By2(z), (2.11)
PI cF
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where, as before,

/2 T
e () = — / F(E)ya(€) e, erla) = — / F(E)u(€) de, (2.12)

and o, B are arbitrary constants. Here we use variation of parameters just to find the particular
integral: we have not yet attempted to apply the boundary conditions. Given the condition (1.28])
satisfied by c1 and co, we can easily calculate

y' (@) = [er(@)yi(z) + c2(2)ys(2)] + [ayr () + Bys(x)]. (2.13)

Now we impose the boundary conditions (2.10b)). Using the particular forms y,(x) = sinx and
ya2(x) = cosx and the conditions c2(0) = 0 = c1(7/2), we calculate

y(0) =8 and y'(m/2) = =B — ca(m/2), (2.14)
and substitution into (2.10b) gives 8 =0 and ca(n/2) =0, i.e.

x/2
/O F(€) sin(€) dé = 0. (2.15)

The BVP ([2.10) has no solution unless f satisfies the solvability condition (2.15)). If (2.15) is
satisfied, then the solution of (2.10) exists but is not unique, since the value of a in (2.13)) remains
arbitrary.

2.2 Analogy with linear algebra

The difficulty encountered in Example is reminiscent of a difficulty that can occur in
the solution of systems of linear equations. Consider the homogeneous and inhomogeneous
problems

Ax =0, (H)
Ax = b, N)

where A € R"*" and x, b € R™. If A is invertible (i.e. has nonzero determinant), then
has only the trivial solution x = 0. In this case, @ has a unique solution x = A~ 'b.

However, if has a solution x = x; # 0, then A must be singular and, for general b,
the solution of @D does not exist. If for some particular choice of b a solution of @D for x
does exist, then it is non-unique, since any vector of the form x + ax; is also a solution. In
summary, if the homogeneous problem admits non-trivial solutions, then the inhomogeneous
problem has either no solution or an infinite number of solutions, but how can we determine
which it is?

One option is to note that (since the row and column ranks of A are equal) A* is singular
if and only if A is, where A* here denotes the transpose of A. Thinking of A as a linear
transformation on R", we can also identify A* as the corresponding adjoint transformation,
in the sense that

(Ax,w) = (x, A"w) , (2.16)

where (x, w) = x - w denotes the usual Cartesian inner product.
If admits non-trivial solutions for x, then the corresponding adjoint problem

A*w =0, (H*)
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also admits non-trivial solutions for w. By taking the inner product of @ with w and using
(2.16)), we deduce that a necessary condition for @ to be solvable is that

(b,w) = 0 for all w satisfying (H"). (2.17)

It can be shown that the solvability condition is also sufficient, and hence that @ is
solvable for x if and only if b is orthogonal to every vector in the kernel of A*. Indeed, this
is really just a re-phrasing of the standard result for finite-dimensional inner product spaces
im(A) = ker(A*)*: “the image of A is the orthogonal complement of the kernel of A*”.

Collecting all the above together, we see that there are three alternative outcomes for
the inhomogeneous problem @: there is either a unique solution, no solution, or an infinite
number of solutions. These can be summarised as follows in the so-called Fredholm Alternative
Theorem (FAT).

Theorem 2.1. Fredholm Alternative (R" version)
Ezxactly one of the following possibilities occurs.

1. The homogeneous equation Ax = 0 has only the zero solution. In this case the
solution of @ Ax = b is unique.

2. The homogeneous equation Ax = 0 admits non-trivial solutions, and so does
(H*) A*w = 0. In this case there are two sub-possibilities:

2(a) if (b,w) =0 for all w satisfying , then @ has a non-unique solution;
2(b) otherwise, (N]) has no solution.

Now let us see how Theorem [2.1] relates to Examples [2.3] and

Example [2.3] corresponds to alternative 1 of Theorem [2.I] The homogeneous problem
Ly =y" +y =0, subject to the boundary conditions y(0) = y(r/2) = 0 has no non-trivial
solutions. In this case, we are able to find two linearly independent solutions satisfying
y1(0) = 0 = ya(7/2), and the construction in provides a unique solution to the inhomo-
geneous problem £y = f for arbitrary f.

In Example the homogeneous problem £y = y” + y, subject to the new boundary
conditions y(0) = y/'(7/2) = 0 does admit a non-trivial solution y;(z) = sinz. In this case, it
is impossible to find two linearly independent solutions satisfying y1(0) = 0 = y4(7/2), and
the construction of the Green’s function given in fails. This corresponds to alternative 2
of Theorem the inhomogeneous problem £y = f either has (2a) a non-unique solution,
if f satisfies the solvability condition (2.15)); or (2b) no solution, if is not satisfied.
However, to understand how (2.15)) relates to , we need to define the adjoint of a
differential operator.

2.3 Adjoint operator and boundary conditions

We define the inner product between two (suitably smooth) functions defined on an interval
[a,b] by

b
(u,v) ::/ u(x)v(x)de, (2.18)

where the overbar denotes complex conjugate. Where it is clear that we are dealing with
real-valued functions, we will generally drop the overbar for simplicity.
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In general, for a given linear operator £, the corresponding adjoint operator £* is defined
by the inner product relation
(Ly,w) = (y, £w) (2.19)

for all y, w in a suitable inner product space. To determine the adjoint of a linear differential
operator, one needs (i) to move the derivatives of the operator from y to w, using integration
by parts, and (ii) to set the boundary conditions to ensure that all boundary terms vanish.

Example 2.5. Let
Ly=1y" (2.20)

for a <z <b. We use integration by parts to calculate
b b .
() = [ v @) de =~ [ Y@@ do + ly @ul)l,

b
b *
= / y(x)w" (z) dz + [y (2)w(z) — y(2)w' (z)], = (y, Lw) . (2.21)
a
To enforce this identity, we identify the integrand in with £*w, i.e.
Lw=w". (2.22)

We note in this case that £ = £*: the operator is self-adjoint.

We must also ensure that the boundary terms in vanish. Thus, the boundary conditions
imposed on y imply corresponding adjoint boundary conditions to be imposed on w.

As a first illustration, suppose that y satisfies the boundary conditions

By =y(a) =0, Boy = y(b) = 0. (BC1)
Then the boundary terms in reduce to
Y (B)w(b) — o/ (a)w(a) — y(b)u! (5) + y(a)w' (a) = ¥/ (B)w(b) — v/ (a)uw(a) (2.23)
and, to ensure that this vanishes for all y'(a) and y'(b), we deduce the adjoint boundary conditions
Tw=w(a) =0, Brw = w(b) =0. (BC1*)
Alternatively, if we impose the more complicated boundary condtions
By =y'(a) =0, Bay = 3y(a) —y(b) =0 (BC2)
on y, then the boundary terms in may be expressed in the form
y' (D)w(b) — y'(a)w(a) — y(b)w'(b) + y(a)w'(a) = y(a)w'(a) — 3y(a)w'(b) + y'(b)w(b). (2.24)
To ensure that this expression vanishes for all y(a) and y' (b), we deduce the adjoint boundary conditions
Tw=w'(a) — 3w'(b) =0, Biw = w(b) = 0. (BC2%)

Example[2.5]illustrates the following general points about the adjoint of a linear differential
operator.

(i) We can calculate the adjoint £* of an operator £ without worrying about the boundary
conditions.

(ii) If £* = £, then the operator £ is self-adjoint.
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(iii) When £ is supplemented with homogeneous boundary conditions to give a problem of
the form (£ + BC), then corresponding adjoint boundary conditions are generated to
gave an adjoint problem (£* + BC*).

(iv) If £ = £* and BC = BC* then the problem is said to be fully self-adjoint (as in the
case (BC1|) above).

(v) Asillustrated by (BC2) and (BC2¥), it is possible for the operator to be self-adjoint but
the boundary conditions not to be (sometimes this case is called “formally self-adjoint”).

By following through the integration by parts procedure, one can find a general form for
the adjoint operator:

Ly = Py + Py + Py (2.25a)
& v = (Pw)" — (Piw)' + Pyw. (2.25b)
One can easily check that an analagous procedure works for higher-order operators: to find the
adjoint, move all the coefficients inside the derivatives, and switch the sign of any odd-ordered
derivatives. Using ([2.25]), we calculate
wey — yL'w = w [Py + Pry' + Poy| — y [(Pow)” — (Piw)’ + Pyw)]

= [Pgwy’ — (Pow)'y + Plfwy}/ (2.26)

and therefore )
(Ly,w) — (y, Lw) = [Powy — (Pow)'y + ley]a. (2.27)

Given appropriate homogeneous boundary conditions for ¢, we can deduce the correspond-
ing adjoint boundary conditions for w by setting the final integrated term in (2.27)) equal to
zero. This integrated term must then be expressible in the form

(Ly, w) — (y, Lw) = [Pywy’ — (Pyw)'y + Prwy]”
= (K{w)(B1y) + (K3w)(Bay) + (K1y)(Biw) + (Kay)(Bsw), (2.28)
where Ky and Kby are linearly independent of B,y and Bay, and likewise K{w and Kjw are
linearly independent of Bjw and Biw. For example, in the case of (BC2)) from Example

we can write

[y'w — yw']) = —w(a) y'(a) +w'(b) (3y(a) — y(b)) +y(a) (w'(a) — 3w/ (b)) +y/(b) w(b) .
—— N e~ — N~
Kiw By Kiw Boy Ky Blw Ky Biw
(2.29)

We then see how the given boundary conditions By = Boy = 0 enforce the corresponding
ajoint conditions Bjw = Biw = 0.
Expanding out £* in (2.25]), we find

*w = Py + (2P — P) w' + (Py — P, + Py) w, (2.30)

and, by comparing with £, we deduce that £ is self-adjoint if and only if P, = Pj. If so then,
setting P, = —p, P = —p/ and Py = ¢, we can write £ as

Ly=— () +av, (2.31)
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which is the most general formally self-adjoint second-order differential operator.
Finally, we are ready for a statement (without proof!) of the Fredholm Alternative The-
orem (FAT) for linear differential operators of the form ([2.25al).

Theorem 2.2. Fredholm Alternative (linear ODE version)
We consider the linear homogeneous and inhomogeneous ODEs

Ly =0, (H)
Ly=f#£0, (N)
for 0 < x < a, supplemented by linear homogeneous boundary conditions of the form
By = ary(a) + gy (a) + B1y(b) + B2y (b) = 0, } (BC)
Boy = azy(a) + auy'(a) + Bay(b) + fay'(b) =0,

(with (o, ag, b1, B2) and (as,ay, B3, B4) linearly independent). We also define the homoge-
neous adjoint equation

S =0, (H*)

and corresponding adjoint boundary conditions (BC*), computed as described above.
Ezactly one of the following possibilities occurs.

1. The homogeneous problem (HHBC) has only the zero solution. In this case the solution
of (NHBC) is unique.

2. The homogeneous problem (HHBC)) admits non-trivial solutions, and so does (H*H-BC*).
In this case there are two sub-possibilities:

2(a) if (f,w) = 0 for all w satisfying (H'H-BC*), then (NHBC) has a non-unique

solution;

2(b) otherwise, (NFHBC)) has no solution.

Exercise: Demonstrate that Examples and are consistent with FAT.

2.4 Inhomogeneous boundary conditions and FAT

Our statement of the Fredholm Alternative in Theorem concerns ODEs subject to homo-
geneous boundary conditions. A little more work is required to apply the results to problems
with inhomogeneous boundary conditions. Suppose that we replace the boundary conditions
with
By = ary(a) + azy'(a) + Biy(b) + Bay'(b) = 1, } (NBC)
Boy = asy(a) + auy'(a) + B3y(b) + Bay'(b) = 7,
for some constants y; and .. First we note that the condition for a unique solution of the
modified problem is exactly the same as case 1 in Theorem To see this, let
v(z) be any twice differentiable function that satisfies the conditions (NBC)): it need not be
a solution of the ODE (H])). We can then make the boundary conditions homogeneous by
subtracting off v(z), i.e. defining §(z) = y(z) — v(x), so that 7 satisfies the problem

Lj=Ff—Lv=F, (2.32)
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say, with homogeneous boundary conditions B17 = 0 = Bsj. We can now apply FAT to
deduce that there is a unique solution for ¢, and therefore also for y, if and only if the
homogeneous problem has no non-trivial solutions.

If does admit non-trivial solutions, then we can apply Case 2 of FAT to deduce
that there is no solution unless (f,w) = 0 for all w in the kernel of (H'H-BC*), in which case
the solution is non-unique. The solvability condition in this case may be expressed as

0= <faw> = <f7w> - <£U7w>
= (f,w) = (v, Lw) — (K{w)(B1v) — (Kyw)(Bav) — (K1v)(Biw) — (K20)(Baw), (2.33)

when we apply the decomposition . Since w satisfies the homogeneous adjoint problem
BC*), the right-hand side of (2.33) only involves functions of v that are known by the
given boundary conditions Bi;v = v and Bov = 72, and we thus deduce the solvability
condition

(fyw) =mnKiw+ v Kw. (2.34)

We note that does not involve the function v that was introduced to make the
boundary conditions homogeneous, and indeed one can obtain directly without first
simplifying the boundary conditions. As above, let w be any solution of the homogeneous
adjoint problem BC*), and take the inner product of with w to get

(fiw) = (Kjw)(Bry) + (K3w)(Bay) + (K1y)(Biw) + (Kay)(Baw). (2.35)

Application of the relevant boundary conditions then immediately produces (2.34]).
In summary, when the boundary conditions are inhomogeneous, we have shown the fol-
lowing.

e The condition for a unique solution to exist (Case 1 of FAT) is unaffected.

e For cases where there is not a unique solution, the solvability condition is still obtained
by taking the inner product with a non-trivial solution w of the homogeneous adjoint
problem. Now the boundary terms produced by integration by parts do not disappear
identically but do only involve quantites that are in principle known from the specified
boundary conditions.

Example 2.6. Solve y”’(z) = f(z) on 0 < x < 1 with y(0) =0 and y'(1) = 7.

Here £ is self-adjoint, and the homogeneous adjoint problem is L*w = w"” = 0 with w(0) = w’'(1) = 0.
This only has the trivial solution w =0, so original BVP has a unique solution for any f(x).

For this simple ODE, we can construct the solution straightforwardly as follows. First let’s make
the boundary conditions homogeneous by subtracting off a suitable solution of the homogeneous problem,
namely uw(z) = 7Tx. Thus § =y — u satisfies

7"(z) = f(x) on0<z<1, 9(0) =0=g'(1). (2.36)
We can easily integrate this simple ODE directly; alternatively, the Green’s function for this problem

1s easily found to be given by
—r O<zx<é<l,
9(z,&) = (2.37)
¢ 0<é<z<l,

and the solution of the BVP is then

1
y(z) = Tz + /O o, €)£(6) de. (2.38)
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Example 2.7. Solve the same ODE y” = 3 with boundary conditions y'(0) = 0 and 3'(1) = §.
The problem is again self-adjoint. The homogeneous adjoint problem w"” = 0, w’'(0) =0 =w'(1)
has the non-trivial solution w =1 (or any multiple thereof ). Now calculate

w) = (f,w)

= / dm—/013d:v:3
ly]y=8=3 (2.39)

Thus if B # 3, we have a contradiction and no solution exists, while if B8 = 3, we have a non-unique
solution.

Example 2.8. When is the BVP
Yy (x) +y(z) = f(z) for 0 <z < g, y(0) =1, Y (g) =0 (2.40)

solvable for y?

This is a very slightly altered version of Example 2.4 The problem is again self-adjoint, and we
know that w(x) = sinx satisfies the homogeneous problem. So take the inner product with sinx and
integrate by parts to get

/2
/0 (y"(x) + y(z)) sinzdz = [y () sinz — y(x) cos a?]g/2 =1, (2.41)

when we evaluate the right-hand side using the given boundary conditions. The solvability condition
in this case is therefore

/2
/ f(z)sinzdz = 1. (2.42)
0
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Chapter 3

The Green’s function

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiotte.

3.1 Properties of the Green’s function
We recall from that the solution of the second-order inhomogeneous ODE
Ly=Py'+Piy+Py=f a<x<b, (3.1)

subject to the simple boundary conditions

may be written as

y1(§)y2(z)
| Rgwe Tt
9(z,§) (3.4)
pOn@ o,
Py )W ()

Here y; and y5 are linearly independent solutions of the homogeneous ODE £y = 0 satisfying
one boundary condition each, i.e. y1(a) =0 = ya2(b).

We note that the construction of g depends only on the solution of the homogeneous ODE
and the imposed boundary conditions: it does not depend at all on f. If we are given
the linear operator £ and suitable boundary conditions, in principle we can solve for g “once
and for all”, and then use to give us the solution for arbitrary right-hand side f.Thus
the Green’s function provides a kind of inverse to the differential operator £ in the sense that
£y = f (plus suitable boundary conditions) is equivalent to y = £7!f, with £7! defined by

B3).

It is easily verified that the Green’s function defined by ([3.4)) has the following properties.

3-1
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(1) g(x,&) (viewed as a function of x) satisfies the homogeneous ODE (HJ) everywhere other
than the special point x = €, i.e.

ng = PQ(m)gmx + Pl(x)gx + PO(x)g =0 (35)

na<z<&<bandina <& <z <b. (Note here for clarity the subscript « indicates
that the derivatives are with respect to x rather than &.)

(ii) g(x,&) (again viewed as a function of z) satisfies the same boundary conditions as y,
e ga,€) = g(b, ) = 0.

(iii) g(x, &) is continuous at z = &, i.e.

xlggg(x,ﬁ) = Ilgg_g(w,é“)- (3.6)

However, the first derivative of ¢ is discontinuous, with a jump given by

1

3.2 Reverse-engineering g

Suppose we start from the form of the solution (3.3)), and try to work out what properties
g must have to make ({3.3]) satisfy the given BVP. Considering first the boundary conditions

(3-2), we get

b b
/ 9, €)f(€) d = 0 = / g(b.€)f(€)d¢  for all functions f(€), (3.8)

which indeed leads us to property (ii) above.
Second, let us substitute (3.3) into the ODE (3.1]), assuming (a risky assumption as we
will see) that the z-derivatives may be passed through the integral sign so that

b b
¢ [0 ¢ = [ a1 a6 = f(o). (3.9)
To make this work, we apparently need g to satisfy

Smg(l‘v’g) = 5(.1‘ - 5)? (3'10)

where 0 is a function (if one exists) with the property that

b
/ 5a — O)p(€) dé = g(x), (3.11)

for any (suitably smooth) function ¢. The property is known as the sifting property —
¢ is somehow supposed to pick out the value of the test function ¢ at a specific point. Luckily,
a function with the property does exist (though it isn’t really a function) and is called
the Dirac delta function.



Differential Equations II Draft date: 3 January 2022 3-3

3.3 The delta function

3.3.1 Definition

The delta function may be thought of as describing a point source, and may be characterised
by the properties

=0 forall x#0, (3.12a)
/ §(z)dz = 1. (3.12b)

The first property captures the notion of a point function. The second property
constrains the area under the graph (which you might think of as infinitely thin and
infinitely high). An idealized unit point source at = 0 is described by d(zx); a point source
at some other point = £ would be given by d(x — &).

If a § existed satisfying , then it would also have the desired sifting property .
By property , for any x € (a,b) we can write

/a ' 5w — £)6(6) d = / 6(6) de, (3.13)

where € is an arbitrarily small positive parameter. For sufficiently smooth ¢, we can thus

approximate
T+€

b
/ 5@ — )6(E) dé ~ [6(x) + O(c)] / 5 — ) de. (3.14)

Tr—¢€

and by letting € — 0, we find that the right-hand side is equal to ¢(x) as required.

3.3.2 Approximating the delta function

The problem is that no classical function satisfies both properties (any function that is
non-zero only at a point either is not integrable or integrates to zero). One way around this
difficulty is to replace d by an approximating sequence of increasingly narrow functions with
normalised area, i.e. 0,(x) where

/ p(z)dez =1 foralln=1,2, ..., (3.15a)
lim 0,(z) =0 forall z #0. (3.15b)
n—o0

One possibility is “hat” functions of the form

0 fi 1
5(x) = or |z >1/n, (3.16)
n/2 for |z| <1/n.

It is easily verified that the sequence of functions d,(z) defined by has the desired
properties . As illustrated in figure as n increases, d,(z) approaches a “spike”,
equal to zero everywhere apart from a neighbourhood of the origin but nevertheless with unit
area under the graph.
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15 increasing n

P
¢

X
-1.5 -1.0 -0.5 0.5 1.0 1.5

Figure 3.1: Hat functions defined by equation ({3.16]).

3.3.3 Properties of delta function

Approximating sequences like (3.16]) can be used to establish various properties of the delta
function.

Sifting property Let ¢(z) be a smooth function, and ®(z) = [ ¢(z) dz its antiderivative.
If we use the particular approximating sequence (3.16)), then

0o a+1l/n n
/ 5(z — a)b(x) d = / (n/2)6() dz = & [B(a+1/n) ~ ®(a—1/m)]. (317)

—1/n
Now letting n — oo we get
/ 5z — a)é(x) dz — /() = 6(a). (3.18)
Therefore § does have the desired sifting property
/ 5(z — a)o(x) dz = 6(a) (3.19)
(for suitably smooth test functions ¢) if we make the identification that
/ §(z —a)p(x)dx = lim on(z —a)p(x)de. (3.20)
o n—oo J_

This final identification is not wvalid in the space of classical functions (the con-
vergence of d,, to ¢ is non-uniform) but it does hold for so-called distributions. Rather than
trying to approximate J with a classical function, instead, one defines it as a linear functional
on the space of “test functions” T:

0: T =R, (3.21a)
d:p(x) — ¢(0). (3.21b)

See |ASO Integral Transforms for more details about this more systematic approach.
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Antiderivative of § The antiderivative of the delta function is the so-called Heaviside

function:
/_x 5(s)ds = H(z) := {(1) i i 8 (3.22)

(The value of H(x) at x = 0 is indeterminate: it is sometimes taken to be 1 and sometimes
taken to be 1/2.)

Note that may be obtained by integrating the sequence of approximating
functions and showing that the limit is the Heaviside function, that is [Exercise]

lim ’ on(s)ds = H(z) (3.23)

n—oo J_

(with the same caveat as above about the validity of taking the limit through the integral).
Alternatively, one can convince oneself that H'(z) = 0 for z # 0 but

/Oo H'(z)dz = 6 H'(z)dz = [H]" =1, (3.24)

—€

for any € > 0. Thus H' has the defining properties (3.12)) of §. Again, all of these arguments
can be made more watertight using the theory of distributions.

3.4 Green’s function via delta function

Now let us return to the problem of finding a Green’s function g(z,§) satisfying (3.10)). We
start by doing a very simple case with £y = ¢” and y(0) = 0 = y(1).

Example 3.9. Find g(z, &) satisfying

Guz(@, &) =0(x — &) for0<x, &<, (3.25a)
9(075) =0= 9(175)' (325b)

Since its right-hand side is zero for x # &, we can easily integrate (3.25al) to obtain the solution in
x < €& and in x > £. By applying the boundary conditions (3.25b) we deduce that

g(x,ﬁ){A(g)x O<z<é<l,

B)(1-z) 0<é<z<l, (3.26)

where A and B are two arbitrary functions of integration. To evaluate A and B we need to decide how
to join the two solutions together across x = . To do this, we integrate (3.25a) across the singularity
at x =&, that is,

&+

&+
3 I

=£
= [0 2 =1, (3.27)
where £_ and &4 refer to the limits as © approaches & from below and from above, respectively. From
(13.27) we deduce that there must be a unit jump in the derivative of g across the point z = £. The

second condition to determine A and B is that g itself must be continuous (more about this below).
So we impose the jump conditions
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g(x, CL) gx(x, é‘) Zax(X, &)

AN

(a) (b) ()

Figure 3.2: The Green’s function defined by (3.30]) and its first two derivatives (with & = 0.65).

to obtain

B(l1-¢) - A{=0, (3.29a)
~B-A=1, (3.29Db)

and hence A(§) = —(1 =€), B(§) = =&, and the Green’s function in this case is given by

g(%f):{—x(l—g) O<z<é<l,

—(1-2)¢ O0<é<z<l. (3.30)

The Green’s function given by is sketched in Figure (a). As we imposed, g
satisfies the boundary conditions g = 0 at x = 0 and = = 1, and is continuous everywhere.
The first z-derivative of g undergoes a unit jump across x = £, as shown in Figure (b),
and in fact resembles a Heaviside function. It follows that the second derivative has a delta
function at z = ¢, as illustrated in Figure [3.2)(c).

Now: what would have happened if we didn’t impose continuity of g across z = £7 In that
case g, would have a delta function at x = £ and g,, would have an even worse singularity
(0’(x), the derivative of the delta function, which is a well-defined distribution). So, continuity
of g ensures that we only have a delta-function singularity at © = £ and nothing stronger.

We illustrate the approach more generally with a less trivial example.

Example 3.10. Find the Green’s function for the problem

y'(x) +ylz) = f(z) for0<a< g, y(0)=0=y (g) . (3.31)
So we have to solve
Gow+ 9= 0w =€) for0<ume<t, 90,9 =0=g(/28. (332

Since the right-hand side is zero for x # £, we can find the solution on either side of the singularity
and thus, applying the boundary conditions, we get

A in
g(x,f):{ (§sine O0<z<E<l1,

B(¢)cosz 0<&é<x<l. (3.33)

To derive the appropriate jump conditions, we again integrate (3.32)) across x = &, as follows:

&+

&+
/g— Guz(2,8) + g(z, &) dz = . 8z — &) dz

= [o@0] ¢ =1, (3.34)
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since the integral of g over the infinitesimal interval [E_, &4 is zero. Again, we impose continuity of g
itself (to eliminate any stronger singularity than §) and thus we have exactly the same jump conditions

(13.28) as above.

We can then easily solve for A and B and hence obtain

g(x,f):{cos§sin:c Ocz<i<y, (3.35)

—sinfcosr 0<E{<w <3,
which agrees exactly with the solution found in Example 2.3| using variation of parameters.

We can generalise the above arguments to obtain the appropriate jump conditions for a
general second-order linear operator of the form

namely

These conditions reproduce property (iii) of g noted in Note once again the importance
of P, being nonzero on the interval of interest.

Exercise: (i) derive (3.37)); (ii) hence obtain the general formula (3.4]) for g.

3.5 Generalisation

We now show how to generalise the concepts developed above to linear ODEs of arbitrary
order and with more complicated (but still linear) boundary conditions. A general linear
differential operator of order n € N may be written as

Sy(a) = Pa()y™ (@) + Pacs @)y V(@) 4+ Pl () + Polaly(z)  (3:380)
n n—1
= P(e) T2 4 Pa(o) Tt o Prla) 4 ooy, (3.35D)

for some given coefficients Py, ..., Py; is equivalent to when n = 2. As in
Section 1, we assume that all P; are at least continuous and that the coefficient P, of the
highest derivative is nonzero.

In terms of £, we define homogeneous and inhomogeneous linear ODEs of order n by

Ly =0, (H)
Ly=f#0. (N)
In a general nth-order linear BVP, the ODE is supplemented by n boundary condi-

tions, each of which consists of a linear combination of y and its derivatives up to order n—1,
evaluated at the boundary points £ = a and x = b. We will write these generically as

By =7, 1=1,2,...,n, (BCN)

r=a,b
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where ~y; are constants and each B; is of the form

%iy = Z (aijy(j_l)(a) + ﬂijy(j_l)(b)) s (3.39)

Jj=1

for some constants cj;, B;; (which must be such that (BCN|) comprises n independent equa-
tions). For instance, for a 2nd order system, with n = 2 the most general linear boundary
conditions would have the form

By =, Boy = 72, (3.40)

where
B1y = any(a) + any'(a) + By (b) + P2y’ (b), (3.41a)
Boy = azy(a) + azy'(a) + Pa1y(b) + B2y (b), (3.41b)

which is equivalent to (BC|) in the homogeneous case where y; = 2 = 0.
The boundary conditions (BCN)) are homogeneous if ; = 0 for all 4, in which case we have

B,y

=0, i=1,2 ...,n, (BCH)

r=a,b

We assume that
the homogeneous problem (H+[BCH) has no non-trivial solutions, (%)

and then by FAT (Theorem , we expect the inhomogeneous problem to have a unique
solution.

We can reduce the full problem to one with homogeneous boundary conditions
by subtracting off a suitable solution of the homogeneous problem . Let u be the solution

of the problem (H+[BCN), i.e.
Lu(z) =0, a<z<b, (3.42a)
‘Biu

=y, i=1,2...,n. (3.42b)

r=a,b

It may be shown that, under the assumption @, a unique solution for u exists. Then defining
9y = y — u, we see that ¢ satisfies the inhomogeneous ODE but with the homogeneous

boundary conditions (BCH|). We may therefore focus on the problem (NHHBCHY]).

3.6 Green’s function for a general BVP

As above, we assume that the boundary conditions have been made homogeneous so we can
consider a general nth-order BVP of the form (NHHBCH)), i.e.

Ly(x) =Y Pi(apy V(@) = f(z) a<z<b, (3.43a)
j=1
subject to n linearly independent homogeneous boundary conditions

By, 0p =D (aijy(ﬂ‘—”(a) + ﬂijy(j—l)(b)) =0, i=1,2,...,n (3.43b)
j=1
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The corresponding problem for g is
L:9(x, &) =0(x—&) a<uwz <D, (3.44a)
with boundary conditions
Big(2,6)|, =0, i=12...,n (3.44b)

Since d(z — &) is zero for z # &, we can in principle solve to get two distinct
solutions in each of the sub-intervals @ < # < £ and a < £ < x < b. Given that £ is of
order n, we will then have 2n degrees of freedom, i.e. n arbitrary integration constants. After
applying the n independent boundary conditions (3.44b)) we will have n remaining constants
(actually functions of &) to determine. We therefore need n jump conditions at z = £, which
come as above by integrating across x = &:

£+ an 5-&-
[ [P@rgmete 0+t R 0] ag= [ sm-gac=1 @)

By integrating the first term on the left-hand side by parts, we obtain
et , an—l
/g [(Pn—l(ﬂﬁ) — Py (z)) Wg(l"af) + -+ Po(x)g(x,g)] d§

n—1 r=£+
0 } _ 1 (3.46)

+ [Pn(x)(.m_lg('rvé.) e

This equation is balanced by setting a jump condition on the (n — 1)th derivative:

|: an—l r=£+
RG] (3.47)
ox 1 z=£—
and taking all lower derivatives to be continuous across = = &:
n—2 =+
[9(2, )5t = [ge(2, )]0 =+ = [WW@]H = 0. (3.48)

Once the Green’s function is determined, following the above procedure, the solution to
the BVP ([3.43) is given by

b
y(z) = / o, €)F(€) de. (3.49)

It can be verified by direct substitution that (3.49) satisfies (3.44]), provided (i) g satisfies
3.44) and (ii) it is legitimate to pass the differential operator £ through the integral in
3.49)).

3.7 Green’s function in terms of adjoint

There is an alternative way to construct the Green’s function that eliminates the need for any
dicey differentiating through integrals. Start from the ODE (3.43) and take an inner product
with an a priori unknown function G(z, ) on both sides of the equation to obtain

b
(4, G) = (G, ), f(x)) = / G, € (x) do. (3.50)
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(Note here the integration is with respect to x). Now, using the adjoint, we can write

b
(€y.C) = (4. £°G) = / y(2)E5G , €) da, (3.51)

provided G satisfies the adjoint boundary conditions corresponding to the boundary condi-
tions (|3.43b)) imposed on y.
The idea now is to isolate y. This can be accomplished if G satisfies

L.G(@,8) = 0(z =€) (3.52)

(as well as the corresponding adjoint boundary conditions), in which case the right-hand side
of (3.51) leaves just y(§), and we have the solution

b
y(€) = / G, ) f(x) da. (3.53)

To make comparison with our previous construction easier, we can switch the roles of z
and & to write (3.53)) in the equivalent form

b b
y(z) = / G(&,2)(€) de = / oz, €)F(€) d. (3.54)

We deduce that G(§,x) = g(x,§): we might say that G is the transpose of g (¢f §2.2)). In

summary, if
o g(z,§) satisfies £,9(z,§) = d(x — &) with homogeneous boundary conditions (BC),
then

e (&, x) satisfies the corresponding adjoint equation £5¢(&,z) = §(x — £) and boundary
conditions (BC¥).

In particular,

e if (£ + BC) is fully self-adjoint, then g is symmetric, i.e. g(x,&) = g(&, z) (and wvice
versa,).

3.8 FAT and Green’s function

As we have seen, the Green’s function approach apparently gives the explicit constructive
solution to £y = f with homogeneous boundary conditions (BC). So, if the Green’s function
approach works, i.e. if we can find g, then we have both existence and uniqueness of the
solution y. But we know from FAT (Theorem that, when there is a non-trivial solution
of the homogeneous problem (£y = 0+BC), the solution of the inhomogeneous problem
should either not exist or not be unique. Clearly, in such cases something must go wrong
with the construction of the Green’s function. So, let us suppose that (£y = 0+BC) admits
non-zero solutions and thus, similarly, the adjoint problem (£*w = 0+BC*) admits a non-zero
solution w. Then, starting from the delta function formulation

Log(2,§) = 6(x =), (3.55)
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and taking the inner product with w, we get the solvability condition
0= (G(z,8), Lw(@)) = (£:G(2,8), w(z)) = (§(z — &), w(z)) = w(§) (3.56)

which clearly does not hold since w # 0 (by assumption).

Thus, in situations where (£4+BC) has a non-trivial kernel, we can’t construct the Green’s
function. (One can instead construct a so-called modified Green’s function, and thus obtain
the non-unique form of the solution in case 2(a) of FAT, but we won’t go into details here).



4-0 Mathematical Institute University of Oxford



Chapter 4

Eigenfunction expansions

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiottel

4.1 Introduction

Our next approach to solving linear inhomogeneous BVP’s is through an eigenfunction ex-
pansion. The idea is to exploit the linearity of the operator by constructing a solution as
a superposition of a set of basis functions. In an n-dimensional vector space, we know that
any set of n linearly independent vectors will serve as a basis, and then any other vector
can always be expressed as a linear combination of the basis vectors. Here we are dealing
with a space of functions, for example the set of twice continuously differentiable functions,
which is an infinite dimensional vector space. So we expect to need an infinite set of linearly
independent basis functions {y,(z)}n=1 2,.. such that any “reasonable” function ¢(z) can be
written as a linear combination of these functions

CZ)(:E) = chyn(m)a (4'1)
n=0

for some choice of the coeflicients ¢,,.

Many subtleties are involved in passing from finite to infinite dimensions. For example, we
could ask ourselves whether the series is guaranteed to converge, either pointwise or uni-
formly. Another key issue is the completeness of the set {y;}, i.e. whether every “reasonable”
function can be expressed as such a linear combination: indeed, what does “reasonable”
mean? We are not going to get into such questions in this course (see Part B Functional
Analysis if you're interested).

You have already seen in Fourier series the idea that any (periodic, piecewise continuous)
function can be written as an infinite sum of sines and cosines; generalises this idea to
an alternative set of basis functions. Still, the issues that can be encountered in Fourier series
(e.g. nonuniform convergence, Gibbs phenomenon) give some hints of the subtleties alluded
to above.

4-1
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4.2 Eigenfunctions of linear BVP

We will perform the decomposition (4.1]) using a particular set of basis functions, namely
solutions of the BVP
Ly = My, (E)

along with homogeneous boundary conditions. We observe that the trivial solution y = 0

always satisfies . We are interested in particular values of the parameter A, known as

etgenvalues, for which admits non-trivial solutions. For the linear BVPs considered in this

course, it may be shown that the eigenvalues form a discrete countable set, say {A;}i=1, 2. ..,

and the corresponding non-trivial solutions {y;(x)}i=1, 2, .. are known as eigenfunctions.
This approach is analogous to the linear algebra eigenproblem

Ax = Ax (4.2)

where A € R™™ and x € R™. The trivial solution x = 0 always satisfies . Non-trivial
solutions exist if and only if A is an eigenvalue of A, and then x is the corresponding eigenvec-
tor. Moreover (provided A is diagnonalisable), the eigenvectors form a linearly independent
set of n vectors, which can be used as a basis of R".

We will show how to construct the solution of an inhomogeneous BVP as a linear com-
bination of eigenfunctions y; satisfying , by exploiting the following two fundamental
properties.

Proposition 4.4. The adjoint problem has the same eigenvalues as the original problem.

Here, the “original problem” refers to the ODE plus homogeneous boundary conditions
(BC); the adjoint problem is
Lw = dw, (E[)

subject to the corresponding adjoint boundary conditions (BC*), where the overbar denotes
complex conjugate. For the moment we do not assume that the eigenvalues are real, although
we will see below that it is usually a reasonable assumption. The proposition (which we will
not prove here: see though) states that BC) has non-trivial solutions for y if and
only if BC*) has non-trivial solutions for w.

Proposition 4.5. The eigenfunction and adjoint eigenfunction corresponding to distinct
etgenvalues are orthogonal.

That is, if Ly; = \jy; (so £*w; = A\jw;) and Ly, = A\gyk (so L wy, = A\gwy), then
(yj,wg) =0 whenever \; # A. (4.3)
Proof. The proof is exactly as for matrix problems.
0 = (Lyj, wr) — (yj, £ wr)

= (A\jyj, wr) — (y5, Arwr)
= (Aj — M) (5, wi) - (4.4)

But A\; # A so (y;,wi) = 0. O
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4.3 Inhomogeneous solution process

We are now in a position to construct the solution of the inhomogeneous BVP

Ly=f, (N)

subject to linear homogeneous boundary conditions (BC).

Step 1: Solve the eigenvalue problem (EH-BC) to obtain the eigenvalue-eigenfunction pairs
{(Agsyj)ti=12, e

Step 2: Solve the adjoint eigenvalue problem (EfH-BC*) to obtain {(\;,w;)};=1,2,.. (easier
since we already know A;).

Step 3: Assume a solution to the inhomogeneous problem (NHBC) of the form
= Z ciyi(x). (4.5)
i

To determine the coefficients ¢;, start from and take an inner product with wyg:

<fa U}k> = <£y7 wk>

< ,S*wk>
= <yvkak>
A

k <Z CiYis wk>

= AkCk (Y, W) - (4.6)

We can solve the last equality for the ¢, and we are done! Note that in the last step we have
assumed that the inner product may be interchanged with the sum and used the orthogonality

property (3).

4.4 Eigenfunction expansion and Green’s function

Taking (4.6 one step further, we have

=50 ) (4.7
k=1

yk7 wk

Let ny denote the constant (yg,wy) (one could normalise y; and wy such that ni = 1), then:

7) = ki - ( / ’ F©un(©) da) ()

[z

b
— / oz €)F(€) de, (48)

= wk@)yk(:c)) £(©)de
kT



4-4 Mathematical Institute University of Oxford

where

pyRII

gz, €)= 3 rlEInlz) (4.9)
k=1

Thus we have derived an alternative form for the Green’s function. One can also derive (|4.9))
by solving the problem £,9(z,{) = d(z — &) (or indeed the problem £g(z,§) = é(z — &)
using an eigenfunction expansion. Note in particular that, if £ is self-adjoint, then wi = yi
and therefore g is symmetric, as we already showed in

4.5 Eigenfunction expansion and FAT

Note that there is a difficulty in calculating the coefficients ¢, if one of the eigenvalues is zero.
If A, =0, then (4.6 cannot be solved for ¢;. In this case either

(a) (f,wg) =0, in which case ¢ is arbitrary: the solution is non-unique; or
(b) (f,wx) # 0, in which case (4.6]) is inconsistent: the solution does not exist.

We see that this behaviour is exactly in line with FAT. If A\, = 0, then £y = 0 has a
non-trivial solution yi, and likewise £*wy, = 0 has a non-trivial solution wy. Then case (a)
and (b) above correspond precisely to 2(a) and 2(b) of Theorem

4.6 Inhomogeneous boundary conditions

In the construction in §4.3| we assumed homogeneous boundary conditions. In the general
case of an inhomogeneous system with inhomogenous boundary conditions,

Ly=f, By=~ (i=1,2,...,n), (4.10)

one possibility is to make the boundary conditions homogeneous by subtracting a suitable
solution of the homogeneous ODE, as described in That is, we write § = y — u, where
u satisfies

Lu =0, Biu=- (i=1,2,...,n). (4.11)

Then g satisfies homogeneous boundary conditions and can thus be constructed exactly as
described in

For completeness it is worth noting that one can solve BVPs with inhomogeneous bound-
ary conditions using an eigenfunction expansion and without needing to perform the above
decomposition. The key steps are as follows.

1. The eigenfunctions are always determined using homogeneous boundary conditions.
Thus, eigenfunctions won’t change whether you “decompose” or not.

2. However, in going from Line 1 to Line 2 of (4.6]), care must be taken in the integration
by parts, as boundary terms will generally still be present. These extra boundary terms
then carry through to the formula for the coefficients cy.

Example 4.11. BCs incorporated solution route
Solve y"(x) = f(z) on 0 < z < 1 with y(0) = a and y(1) = 5.
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1. To determine eigenvalues and eigenvectors, solve y"' = Ay, with y(0) =0 and y(1) = 0.
We get yx(z) = sin(kmx) and N\, = —k*7% with k =1,2,3, .. ..

2. The problem is self-adjoint [Check!], so wi(z) = yp(z) = sin(knx).

3. Note that

1
(Ly, wi) — (y, Lwy) = / " (2 wi(z) — y(e)wy (x) de = [y'wy — l/wfc](l) (4.12)
0
and, when we put in wi(x) = sin(knrx) and the boundary conditions for y,
(Ly,wi) — (y, S wr) = [ywi — ywi]y = wi(0)y(0) — wh(Vy(1) = kr (o — (~1)"8) . (4.13)

4. So, following the approach of (4.6]), we get

<fa wk> = <2yawk>
= (y, Lwg) + k7 (Oé — (71)kﬂ)
= = Mok (Yrs wi) + k(o — (fl)kﬂ) . (4.14)

5. Now substitute for Mg, yr and wg; note that

1
. 1
(g wr) = |lyrl* = / sin? (kra) de = 3 (4.15)
0

Thus obtain the solution for y(x) as a Fourier series:

y(z) = Z e sin(kmx) (4.16a)
k=1
with ¢, = % (a—(=1)FB) - #/0 f(z)sin(krz) de. (4.16b)

Example 4.12. Decomposed solution route
We solve the same problem, this time by first making the boundary conditions homogeneous.

1. Solve the homogeous ODE with inhomgeneous BCs:
u’ =0, u(0) = a, u(l) =3, (4.17)

to get u(z) = (1 — x) + Bz.

2. Solve for § = y —u. Since the boundary conditions are now homogeneous, we can jump straight
to the formula (4.6) to determine the coefficients:

o {fwr) 2t .
ck = o) kR /0 f(x)sin(krz) dz. (4.18)
8. The full solution is then
y(x) =a(l —z) + Bz + chyk(x). (4.19)

k=1

Although they look different, the solutions (4.16) and (4.19) produced using the two ap-
proaches are the same. Either way, we see that self-adjoint problems are very convenient,
since the adjoint eigenfunctions wy are the same as yy.
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4.7 Sturm-—Liouville theory

4.7.1 Homogeneous SL problem
Sturm-Liouville (SL) theory concerns self-adjoint linear ODEs of the form
Ly(x) = Ar(z)y(@), (4.20)

where 7(x) > 0 is a weighting function, and the operator £ is of the form

Sy(z) = —% <p(x)dzé(;)> +(@)y(z) a<z<b. (4.21)

It is easy to check (and we already saw in §2.3)) that the operator £ is formally self-adjoint.
It is fully self-adjoint if the boundary conditions take the separated form

) (422&)
. (4.22b)

ay(a) + agy'(a) =
Biy(b) + B2y’ (b) =

4.7.2 Properties of SL eigenfunctions and eigenvalues

Orthogonality Due to the presence of the weighting function, the orthogonality relation
for SL eigenfunctions is

b
/ 3 (@) T (@) (z) dz = 5, ) = 0. (4.23)

One can (though we won’t) incorporate r into the definition of the inner product, i.e.

b
i), = [ @iz da. (424
This does indeed define an inner product provided r > 0 (almost everywhere) on [a, b].

Eigenvalues The functions p, ¢, r are assumed to be real, so £ = £. Thus, when v, is an
eigenfunction of £ with eigenvalue Ag, we have

0= (L, yr) — (Wi, Lyi)
= (NTYks Uk) — (Yks AT Yk
= N (PUks Y) — Mk (Yk 7Yk - (4.25)

Since

b
(ryk, yk) = (Yk, ryx) = / |yk(:v)]27“(x) dr >0 (4.26)

(this is just ||yk||? == (Yk, yx),), we must have A, = A, and thus, all eigenvalues are real.
Moreover, if a < x < bis a finite domain, then the eigenvalues A are discrete and countable.
They can be ordered such that

M< A< A3< <A< eee

with limg_,0 A\ = 0.
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“Regular” Sturm—Liouville problems
Proposition 4.6. If a SL system satisfies the additional conditions
(i) p(x) >0 and r(z) >0 ona <z < b;
(ii) g(x) >0 ona<x<b;
(iii) the boundary conditions have ajas < 0 and 8162 > 0,
then all eigenvalues Ay, > 0.

Proof. Using (yr, Lyr — A\kryx) = 0, we have
b , b b
- [ 0@ (@) o+ [ a@mie? do— [ Nr@n@? de =0

b b b
= ]+ / Py (x)? d + / g(@)yr(@)? dz — g / r@)yp(@)?dr =0 (4.27)

and hence

> 0. (4.28)

4.7.3 Singular SL problems

Suppose that the function p(z) in the SL operator is zero at one of the end points of
the interval, say p(a) = 0 but p > 0 on (a, b]. Then the ODE (4.20) is singular at © = a — we
will see in Section 4 how to analyse the behaviour of the solutions at such a singular point.
Now when we use integration by parts to calculate the adjoint boundary conditions, we find

(Ly,w) — (y, Lw) = [p (yw' —wy')]" = p(b) (y(b)w'(b) — w(b)y (b)) , (4.29)

and the contribution from x = a is zero regardless of the boundary conditions imposed on y
or w. We only need to impose that y(z), ¢'(x), w(z) and w'(z) are bounded as x — a (along
with suitable boundary conditions at x = b) to ensure that (Ly,w) = (y, Lw). If p is zero at
both end points, i.e. p(a) = 0 = p(b) but p(z) > 0 for = € (a,b), then (Ly, w) = (y, Lw) with
no boundary conditions needing to be imposed on y or w (provided they are bounded). In
such cases, [a, b] is called the natural interval for the problem.

4.7.4 Inhomogeneous SL problems

Since a SL operator is self-adjoint, the eigenfunction expansion process is quite straightfor-
ward. Consider £y = f, with £ as in (4.21)) and homogeneous boundary conditions (4.22)).
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The problem can be solved with an eigenfunction expansion in the same manner as in
exploiting the fact that £ = £ and wy = yi. With y = >_ cryx, we get

(fsuk) = (Ly, yk)
= <y7 )‘kryk>
= Ak <Z CilJiy 7’yk>
= MeCk (Y TYE) (4.30)

where we have used the orthogonality property (4.23)). Thus we obtain the coefficients in the
eigenfunction expansion in the form

L = <fa yk> (4‘31)

Ne (Yks TYR)

4.7.5 Transforming an operator to SL form

Any 2nd order linear operator
Ly = Py + Py’ + Poy (4.32)

with P, # 0 can be converted to a SL operator as follows. We multiply by an integrating
factor function r(x):
r&y = rPy" +rPy +rPy, (4.33)

and then choose 7 so that the right-hand side can be expressed in the form r£y = — (py')/—i-qy.

r(z) = —P;(x) exp < / 28 dx) . (4.34)

Suppose we are considering an eigenvalue problem

Exercise: show that

Ly = My, (4.35)

where £ is not self-adjoint. We could instead convert (4.35)) into the equivalent SL form

~

Ly=ry=— (py’)/ + qy = A\ry, (4.36)

and the transformed problem is fully self-adjoint provided the boundary conditions are of
the self-adjoint form (£.22)). The eigenvalues \; and eigenfunctions yj of (4.35) and (4.36)
must be identical (because they are essentially the same equation). Thus, although £ is not
self-adjoint, nevertheless its eigenvalues must be real provided the boundary conditions are
of self-adjoint form.

Because £ is not self-adjoint, its eigenfunctions y; are not orthogonal; instead they satisfy
the orthogonality relation

(g wp) =0 for j £k, (4.37)
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with the eigenfunctions wy, of the corresponding adjoint problem. In contrast, the eigenfunc-
tions of (4.36)) (which are the same functions yi) are orthogonal, albeit with respect to a
modified inner product

(yj,ryr) =0 for j # k. (4.38)
It may be verified that the adjoint eigenfunctions are given by wy = ryx so that (4.37) and
(4.38]) are consistent.

Exercise: Show that
£5(ry) = rLy, (4.39)

where £ is given by (4.32)) and r is as in (4.34)).
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Chapter 5

Power series solution of linear

ODEs

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiotte.

5.1 Singular points of ODEs

5.1.1 Introduction

This section concerns nth order homogeneous linear ODEs of the form
Ly(x) = y" (@) + Poo1(2)y" (@) + - + Pi(2)y™ (2) + Po(x)y(x) = 0. (5.1)

Note, in comparison with , we have divided through by P, (x) so that the coefficient
of the highest-order derivative (™ (z) is equal to 1. We will seek the solution to in
the form of a power series expansion in the neighbourhood of some point z = 9. Both the
procedure and the nature of the solution depend on how well-behaved the functions P;(z) are
as T — xg.

5.1.2 Ordinary points

The point z is an ordinary point of the ODE ({5.1]) if all P;(z) are analytic in a neighbourhood
of £ = x, i.e. they each have a convergent power series expansion of the form y 72 o cp(z—1x0)F.
In this case, it may be shown that:

1. all n linearly independent solutions of (5.1)) are also analytic in a neighbourhood of
T = x0, i.e. can be expressed in the form

y(z) = Z ag(x — xg)k; (5.2)
k=0

2. the radius of convergence of the series solution (5.2]) > distance (in C) to nearest singular
point of the coefficent functions P;j(z).
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The procedure at an ordinary point is straightforward: just (i) plug the expansion (5.2))
into the ODE , using the power series expansions of each of the P, then (ii) by equating
the coeflicient of each power of x to zero, obtain a sequence of equations for the coefficients
aj, that can be solved recursively.

Example 5.13. Find the solution of

2x

my(ﬂf) =0 (5.3)

y'(z) +
as a power series expansion about x = 0.
Here xg = 0 is an ordinary point. The nearest singular points of Py(x) = 2x/ (1 +x2) are at
x = =i, distance 1 from 0, so the solution of can be written as a regular power series expansion
whose radius of convergence R > 1.
By substituting into and multiplying through by (1 + x2), we obtain

[(1 + x2) k:akxk*1 + 2akxk+1]

M

~
Il
=

o

[kapa"' + (k + 2)apz" ] . (5.4)

e

[}

Now we want to increase k by 2 in the first term in the sum so that the exponents of x agree: we have
to take care of the cases k =0 and k = 1 separately and so end up with

=0xaox ' +1xar+ Y [(k+2arp2a*™ + (k + 2)apz™t] . (5.5)
k=0

The coefficient of x~1 is zero identically. By setting the coefficient of x° to zero, we deduce that a;

must be zero. Then by setting to zero all the coefficients of x, x2, x3, ..., we get the recurrence relation
ap+2 = —a (k=0,1,2,...). (5.6)
Since a; = 0, it follows that the odd coefficients as, as, ... are all equal to zero, and the even

coefficients are given by as, = (—1)Fag. The solution of (5.3) is thus given by
y(x) = ag Z(—l)kx%. (5.7)
k=0

One can easily verify that the radius of convergence of the series (5.7) is equal to 1. Indeed, it is
easy to solve the simple ODE (5.3) exactly to get y(xz) = const/ (1 + %), of which (5.7) is just the
Maclaurin expansion.

5.1.3 Singular points

The point zq is called a singular point of the ODE if at least one of the coefficient
functions Pj(x) is not analytic there. In this case, the general solution y(x) may not be
analytic at xo: y(x) or its derivatives might “blow-up” as x — z9. The following simple
example illustrates how solutions can behave near a singular point.

Example 5.14. Consider the first-order ODE
y'(x) = Az™"y(x) = 0, (5.8)

where A € R and m is a non-negative integer. The general solution of (5.8) can easily be found via
separation of variables, and the generic behaviour as x — 0 depends on the value of m.
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(i) For m = 0, the point x = 0 is ordinary. The solution y(x) = const x e* can be expanded as a
power series about x = 0 which converges for all x € C.

(ii) For m = 1, the point x = 0 is singular. The solution in this case is y(z) = const x z*, which
is analytic if X is a non-negative integer (despite 0 being a singular point). For any other X,
the solution is singular at x = 0, but with a relatively benign singularity: either a pole (if X is a
negative integer) or a branch point (otherwise).

(iii) For m = 2, the behaviour is much worse: the solution of (5.8) is y(x) = const x exp(—A/x),
which has an essential singularity at x = 0. Similarly, there is an essential singularity at x =0
for any value of m > 2.

Example [5.14] suggests that the strength of the singularity in the solution at a singular
point tends to increase the higher the order of the poles in the coefficients in front of the
lower order terms of the ODE. Indeed, this is the key idea behind the classification of singular
points.

5.1.4 Regular singular points
If the coefficients P;(z) are not all analytic at = x¢, but the modified coefficients
pj(x) = Pj(z)(z — x0)" 7 are all analytic at z = o, (5.9)

then x = z¢ is a regular singular point of the ODE (|5.1). For example, Case (ii) of Exam-
ple has a regular singular point at x = 0. For the general second-order ODE

y'(x) + P(x)y'(z) + Qz)y(z) = 0, (5.10)

there is a regular singular point at = = xg if at least one of P(z) and Q(x) is not analytic at
x = g but both p(x) = (z — 2¢)P(z) and q(x) = (x — 20)?Q(x) are.

Any singular point that does not satisfy the criterion is an irreqgular singular points.
At a regular singular point, the singularity in the solution is “not too bad”, and a modification
of the power series approach can be used. For irregular singular points, though, there is no
general theory!

Example 5.15. Cauchy—Euler equation
The Cauchy—FEuler equation

a b
V(@) + 2 (o) + S5 yla) =0 (5.11)
has a regular singular point at x = 0. The general solution can be found via the ansatz y = x®, where
a satisfies the characteristic equation a(a — 1) + aa+ b =0, and there are two cases to consider.

(i) If the characteristic equation has two distinct roots oy and ag, then, the general solution of

(5.11)) s given by
y(x) = Cra™ + Coa™? (5.12)

(where Cy and Cy are arbitrary constants).

(ii) If the characteristic equation has a double root c, then the general solution is
y(z) = C1z® + Coz*log . (5.13)

Note that if the roots are two distinct non-negative integers, then the general solution in case (i)
is analytic (even though the ODE has a singular point). In general, however, the behaviour as x — 0
could be a negative, fractional or even complex power of x, and the solution generically has a pole or
a branch point at x = 0.
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The behaviour illustrated by Example carries over to regular singular points in gen-
eral, except that the functions 2* and x®? are each multiplied by an analytic function (i.e.
a regular power series in x). The general theory for regular singular points will be explained
below, but first we show how the point at infinity can be analysed.

5.1.5 The point at infinity

The point zg = oo can also be classified by changing the independent variable via the substi-
tution
t=1/z, u(t) = y(x), (5.14)

and classifying the point ¢t = 0 for the resulting ODE for ().
Example 5.16. Find and classify the singular points of the ODEs
(i) ¢'(z) —y(x) =0,
(i) o"(@) + =5 o) =0.

In case (i), the coefficient Py(x) = —1 is analytic everywhere, and there don’t appear to be any
singular points. But if we make the change of variables (5.14) then, by the chain rule, we have
u(t) = — (1/t*) y'(z). The ODE (i) therefore becomes

—u(t) =0, (5.15)

which has an irregular singular point at t = 0, and it follows that (i) has an irregular singular point
at x = oo. Indeed, the solution y(x) = e® has an essential singularity as x — 00.

In case (i), there is a regular singular point at x =0 (since 2 x (1/2%) = x is analytic at x = 0).
Again making the substitution , we get [exercise]

ii(t) + %u(t) + tlzu(t) ~0, (5.16)

which likewise has a reqular singular point at t = 0. Therefore the ODE (ii) has regular singular points
at x =0 and at x = co.

5.2 Frobenius method for 2nd order ODEs

5.2.1 The indicial equation

From now on, we restrict attention to regular singular points of 2nd order ODEs. If x = x
is a regular singular point, then we can write the ODE in the form

£9(a) =3/ (0) + 2/ 0+ s y(a) =0, (5.17)

where p and ¢ are analytic, and can therefore be expanded as convergent power series:
o o
p(z) = Zpk(ac — x0)", q(z) = Z ar(z — z0)*. (5.18)
k=0 k=0
The idea is to seek a solution in the form of a Frobenius series

y(@) = (x = 20)* Y _ ap(z — o). (5.19)
k=0
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Note the similarity to the Cauchy—Euler Example y(z) ~ ap(x —x0)* as x — 0, but now
the power of  is multiplied by an a priori unknown analytic function >, ax(z — z0)¥, with
coefficients ay, to be determined. We may assume that ag # 0 by choosing a appropriately.

Now we plug (5.19)) into the ODE (5.17)), to get

Z a+k)(a+k—1)ap(x —x0)*H 2 + Z Z(a + k)pjag(z — zo)> T+ —2
k=0 k=0 j=0

+Zquak 0)*TFH=2 =0, (5.20)

k=0 j=0
and equate coefficients. At the lowest power, namely (z — z0)*~2, we find
[a(a — 1) + poa + go]ag = 0. (5.21)

Since ag is defined to be non-zero, the quadratic function in brackets must be zero. This
polynomial plays an important role, and we will denote it by

F(a) = ala—1) + poa + qo. (5.22)

The equation F(«) = 0 is called the indicial equation, and it determines the possible indicial
exponents «aq, as. Note that in general these exponents can be complex! In any case, we
order them such that Re[ai] > Relaa].

5.2.2 The first series solution

Let us continue equating coefficients of powers of (x — xg). We find after some algebra that
the coefficients of (z — x¢)*+*~2 satisfy

ko1
Fla+k)a, ==Y [(a+)pe—j + ajla; (5.23)
=0

To generate the first series solution, we take o = «q: the solution of the indicial equation
with the larger real part. Since F is a quadratic function with roots at oy and a9, with
Re[as] < Re|ay], it follows that F(a; + k) # 0 for any integer k& > 1 We can therefore

rearrange ([5.23)) to

k—1
1
= ) Pk— —ila; 5.24
e Py FO[(Oq + J)Pr—j + —jla; (5.24)
and thus solve successively for all the coefficients aq, a9, ..., and we obtain one solution

yi(z) = (& —20)™ > ax(e — x0)*. (5.25)

Therefore at least one solution of (5.17)) can always be expressed as a Frobenius series
with indicial exponent o = a1, and we call this the first solution.
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5.2.3 The second solution Case I: a; —ay ¢ Z

For the second solution, we have to distinguish between several cases and sub-cases. The
simplest case occurs when the indices a and ag do not differ by an integer (so in particular
they are not equal). In this case, F'(ag+ k) # 0 for all k£ > 1, so we can solve also with
the second value of the exponent a = as. We call the coefficients the second solution b, to
distinguish from the previous coefficients ax, and they satisfy the recurrence relations

B

-1
1
by = —————+ ) Dk— i —]b;. 2
k F(O[2+k) [(a2+])pk ]+Qk ]] J (5 6)

<
I
o

Thus, we obtain with no problems a second solution also as a Frobenius series, with indicial
exponent ao:

y2(z) = (& = 20)** Y b(w — w0)". (5.27)

5.2.4 Case II: oy = oy

In the case of a double root we apparently only get one solution with the Frobenius method,
and we have to multiply by logs to get a second solution (similar to the case of a double root
in Cauchy—Euler). In particular, the second solution is of the form

y2(z) = y1(x) log(z — xg) + (x — 29)™ Z b (z — 20)*, (5.28)
k=0

where y; is the first solution ([5.25|).
The form of solution ([5.28) can be derived using the so-called derivative method, which
is outlined in §5.2.6 For the moment, we can at least verify that it works in principle by

substituting (5.28)) into (5.17). In doing so, note that, with £ defined by (5.17)),

p(z) —1

L1 (z) log(z — xo)| = log(x — z0)Ly1(z) + 2 vy (x) + (@ — 20)? y1(x) (5.29)

(x — o) !
and because L£y; = 0, when ([5.28) is substituted into (5.17)), the logs vanish, and one can
solve a sequence of recurrence relations for the coefficients by as above.

5.2.5 Case III: a; — ay a positive integer
If a; —as = N, where N > 0 is an integer, then we will potentially run into trouble in

equation (5.26)) when & = N. In this case, there are two sub-possibilities.

Case III(a): For k = N, the right-hand side of (5.26|) is non-zero.
Then we have a contradiction, and the standard Frobenius solution method doesn’t work.
To get a second solution, we use the same form as in Case II, i.e.

y2(x) = y1(z) log(x — xp) + (z — x¢)*? Z b(x — ). (5.30)
k=0
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Again, when we substitute into the ODE , the logs vanish and one obtains a
set of recurrence relations that determine the coefficients by. Note that the indicial exponent
for the second series in is a9, whereas y; is given by the Frobenius series using the
exponent aq.

Case III(b): When k = N, the right-hand side of RHS of (5.23) is zero.
In this case, there is no contradiction, but any choice for by will satisfy (5.26), i.e. by
remains undetermined. The second solution therefore has Frobenius form

ya(z) = (z — wo) Z bi(z — )", (5.31)

where by can be chosen to be by = 1 (without loss of generality) and by is arbitrary. Since
ag + N = a1, changing by just corresponds to adding multiples of y; to (5.31).

Example 5.17. Find a series solution about the regular singular point x = 0 for the differential
equation
42?y" () + 4zy' (z) + (422 — V)y(x) = 0. (5.32)

Step 1: Assume a solution of form
(o]
x) =z Z apz® (5.33)
k=0
with ag # 0. Compute the corresponding series for y', y" by differentiating term by term.

Step 2: Plug the series (5.33)) into the ODE (5.32) and multiply everything out:

24 a+k)(at+k— 1)akxo‘+k+z4 a+ k)agx® Zakxo”rk—i—zéla pOHht2
k=0 k=0
4x2y’! 4xy’ Y 4x2y
Z (a+k)* — 1) apz®™ + Z 4apxothr?, (5.34)
k=0 k=0

Step 3: The indicial equation comes from the balance at lowest order, in this case x:
F(a) =4a® — 1. (5.35)

The indicial exponents are the roots of F', i.e.

1 1
a1 = 5, g = —5 (536)

Step 4: Shift the terms in the series ([5.34]) so that the exponents of x are the same in each term.

For this example, we need only shift the index in the last sum, so all the series have terms proportional
to 2%, Thus, by replacing k with k — 2, we have

Z4a gotht? = Z4ak gkt (5.37)



5-8 Mathematical Institute University of Oxford

and thus we obtain
0=aoF(a)x® 4+ a Fla+ 1)z + Z [apF (o + k) + dag_o] xF . (5.38)
k=2
We have chosen the « so that the equation balances at =<, and hence aq is free. Balancing at all other

orders will determine the coefficients ay, for k > 1.

Step 5: First series
Set « = a1 = 1/2 in (5.38)); note that

1 2
Fla;+k)=14 (2 + k:) —1=4k(k+1) (5.39)
and thus we obtain
-1
= = a2 k=2 e 4
al 07 473 k‘(k‘ — 1) Af—2 , 3, (5 0)
Step 6: Use the recursion relation (5.40) to determine a formula for ay in terms of ag. A good
idea is to write out a few terms, and look for a pattern. Here, since a; = 0, we easily see that
a3 =as =---=0, i.e. all the odd coeffients are zero, and we are left with
—t
ag 2.3 ag,
-1 1
M T 54327
(=1)*aq
5.41
“k = 2k + 1) (5.41)

Step 7: Input the formula (5.41) for the coefficients to obtain the first solution:

y1(z) = agz!/? i ﬂ z?k, (5.42)
e (2k +1)!

Step 8: Second series

Repeat the process for the second root ag = —1/2. In this case, a1 —ag =1 = N is an integer, so
we are in Case I1I.

The coefficients by, in the second series satisfy

0= boF()x® + b1 Fag + 1)z ™ + Y " [bpF (s + k) + 4by_o] 2*F22, (5.43)
k=2
The coefficient of 2, namely F(az), is zero by construction. At order x>+ = x2%1 we obtain

F(1/2)by =0 x by =0. There is no contradiction, and by is arbitrary and can be set to zero: we are

in Caselll(b).

Step 9: Following the recursion forward with by # 0, analogous computations to the above yield

g —1/2 o~ (CDF o
ya(z) = box Z v, (5.44)
k=0 ’
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Step 10: The general solution is a linear combination of the two series solutions, i.e.

oo k 0 k
_ 1/2 (D" o iz (5DF g
y(x) = Cz kE:O ok = + Chx ,;:0 b =t (5.45)

+1)!

In this example, we can recognise the series for sine and cosine and thus express the solution in closed
form. In fact, the general solution to (5.32)) (which is called Bessel’'s equation of order 1/2) is

sin x COS ™

v T E

y(z) = Ch (5.46)

5.2.6 Derivative method

Here we discuss Case II, where «; is a double root of F(«), and give a brief justification for
the form of the series solution. Without loss of generality, let ag = 1. Suppose we solve
for the coefficients a1, ag, ... with arbitrary «, i.e. with F(«) not generally equal to
zero. Thus, each coefficient ay is a function of «, and we can think of a as a parameter in
the series

y(r;a) = (x — xp)® Z ag(a)(x — mo)k+°‘. (5.47)

The recurrence relation ([5.23) ensures that the coefficient of (z — x9)**t*=2 in £y is zero for
all £ > 1, and we are just left with

Ly(z; ) = (z — 20)* 2 F(a). (5.48)

Since F'(aq) = 0, it follows that £y(z;a1) = 0 and thus
yi(2) = y(z;00) = Y ap(on) (@ — 20)™ (5.49)
0

is a solution (as we already know). Now the idea is to differentiate ([5.48|) with respect to «,
then set @ = 1. Since £ has no dependence on «,

2| vt = o[yt

Do
= 2 [~ 20)*?F(a)]
= (z — 20)* 2log(z — z0)F(a) + (z — x0)* 2 F'(a). (5.50)

Since « is a double root of F, the right-hand side of (5.50|) is zero when o = ay, and it
follows that

(5.51)

ya(e) = 5= y(ai)

a=a1

satisfies Lyo = 0. To get a more explicit form, calculate

oy (Z (o $—$0)a+k>

= log(x — x¢) Z ap(a)(z — o)tk + Z ay(a)(z — xg) Tk (5.52)
k=0
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and set a = ay to get

y2(z) = log(z — zo)y1 () + Zbk o)1t (5.53)

in agreement with (5.28), where by, = aj (a1).

In principle, the derivative method allows us to determine the coefficients b, in the second
series solution, as outlined above. However, to do so we require a closed form for aj(«) for
general «. In practice, it is usually easier just to substitute in the appropriate form of
the series and compare coefficients.

5.2.7 More examples

Example 5.18. Find a series solution about z = 0 for the differential equation
z(x —1)y"(z) + 3zy'(z) + y(z) = 0. (5.54)
First we divide through by x(x — 1) to obtain the standard form

o
z(z —1)

y"(x) + y'(x) + y(z) = 0. (5.55)

z—1
Since p(x) = 3z/(x — 1) and q(x) = x/(x — 1) are analytic at x = 0, it is a regular singular point.
Thus we expect to find at least one solution in the form of a Frobenius series.
If we try for a solution with the local behaviour of the form y(z) ~ x® as x — 0, then
implies that
—a(a— 1)z ' + higher order terms = 0, (5.56)

and we deduce that the indicial equation is
F(a) =a(a—1) =0, (5.57)

which has roots a; =1, as = 0.
More generally, by seeking the solution as a power series of the form

x) =z Z apx® (5.58)
k=0
we obtain
Z (k4 a)(k + a — aga®e~ 1+Z (k+a)(k+a—1)+3(k+a)+1]az"™> =0. (5.59)
k=0 k=0
series 1 series 2

Now, shift the index in series 2 so that the indices match series 1:

o0

series 2 = Z [(k+a—-1)k+a—2)+3(k+a—1)+1] ap_zttet (5.60)
k=1

Now we can bring the two sums together and demand that the coefficients of x*+t*=1 all vanish. The
first term with k = 0 wvaishes identically by the indicial equation (5.57). Simplifying the terms for
k > 0, we obtain the recursion relation

(k4 a)(k+a—1ag — (k+ a)?ar_1 = 0. (5.61)
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Note that the coefficient of ay, is just F(k + «), as expected.
On substituting « = a1 = 1 into (5.61)), we obtain

E+1
ap — k

Without loss of generality setting ag = 1, we obtain the simple formula ar = k + 1, and thus one
solution to (5.54)) is given by the series

Ak—1- (5.62)

y1(z) = i(k + 1)z = (5.63)

For a second solution, since ay — ag =1 is an integer, we are in Case 111, and there may or may
not be a Frobenius series solution. To find out, we seek a solution

Yo = T i brxh = i bk (5.64)
k=0 k=0
Setting @« = as =0 in , we have
(k — 1)bg, = kbg—1. (5.65)
We immediately run into trouble, since we must take by # 0, and thus with k = 1 we get the contra-

diction 0 x by = by # 0. Hence the second Frobenious solution does not work: we are in Case III(a),
and the form of the second solution is

ya(x) = () log(z) + > _ bra®. (5.66)
k=0

Example illustrates that the indicial equation can be found just by considering the
leading-order terms, without bothering to substitute in an entire series. In Example [5.18
once we have obtained one series solution yi(z) = x/(1 — x)%, we can construct the other
using reduction of order. Setting y(z) = yi(z)v(z) in (5.54), we find that v satisfies the ODE

" 2—z) , _
v (z) + o v'(x) =0, (5.67)
which is easily integrated to give
1

v(z) =C1+ Cy (log(x) + x) . (5.68)

A second solution to ([5.54]) is thus given by

1 1

(o) = () (log(o) + 1) = (o) os(e) + (5.69)

which indeed has the form when expanded about z = 0.
Example 5.19. Find the form of series solutions about x = 0 for the differential equation
sin?(x)y” — sin(x) cos(z)y’ +y = 0. (5.70)
We consider the functions

Sins(;);z(;s)(x)’ q(z) = 2* SiHQl(x)' (5.711)

pla) =~
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As both p and q are finite as x — 0 (the singularities there are removable), x = 0 is a regular singular
point. Note that

lim p(z) = -1, lim ¢(z) =1, (5.72)

z—0 z—0

as can be obtained with L’Hopital’s rule. This tmplies that the leading terms in the power series
expansions of p and q are pg = —1 and qo = 1, and the indicial equation is

F(a)=ala—1)+poa+q = (a—1)*=0. (5.73)

Hence a =1 is a repeated root.
We conclude that one solution is of the form

y1(x) = Z apxh Tt (5.74a)
k=0
and a second solution is given by
ya(z) = y1(x) log(z) + Z bttt (5.74b)
k=0

The coefficients {ax, by} can in principle be computed by inserting the solution forms (5.74)) into (5.70)
and balancing coefficients, but we will not do so here.

One can solve (5.70)) exactly by spotting that sin x is a solution and then using reduction
of order: this approach confirms that the local expansions (5.74]) are indeed of the correct
form.
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Chapter 6

Special functions

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiottel

6.1 Introduction

We have seen in the previous section a method to construct power series solutions to ODEs
with non-constant coefficients and singular points. Except for a few examples, even if a closed
form for the coefficients a; can be found, the resulting power series cannot be expressed
in terms of elementary functions, i.e. exponentials, sines, cosines, etc. Nevertheless, some
particular ODEs occur frequently enough for their solutions to have been given special names
and for their behaviour to be fully characterised. In this section, we explore some of these
so-called special functions.

6.2 Bessel functions

6.2.1 Bessel’s equation

Bessel’s equation arises whenever one separates the variables in the Laplacian in cylindrical
polar coordinates. For example, consider the vibrating membrane of a circular drum. It may
be shown that the transverse displacement w(z,y,t) of the membrane at time ¢ and position
(z,y) satisfies the two-dimensional wave equation

Pw  w

1 0w 9

where ¢ is a constant (representing the wave-speed and given by ¢ = /T/p, where T and p
are the membrane tension and density). If the membrane is pinned at the boundary of a disk
of radius a, then we have to solve (6.1)) in 2% + y? < a2, subject to the boundary condition

w=0 at 2% 4+ 9% = a® (6.2)

We look for a normal mode in which the membrane oscillates with frequency w, so that
the displacement takes the form w(z,y,t) = u(z,y) cos(wt + ¢). By substituting into (6.1)),
we find that v satisfies the Helmholtz equation

V2u + M =0, (6.3)

6-1
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with A = w?/c?.
Now let us switch to plane polar coordinates (r,6) such that (x,y) = r(cos#,siné), and
thus obtain the equation and boundary condition:

10 ( Ou 1 0%u

r(‘?r(rc‘)r>+r2802+)\u:0 0<r<a, 0<6<2m, (6.4a)
u=0 r=a, 0<60<2m, (6.4b)
u 2m-periodic in 6. (6.4c)

This is a PDE eigenvalue problem: u = 0 always satisfies the problem (6.4), and our aim is
to find values of A such that there are non-trivial solutions wu(r,6).
Since u(r, @) is periodic in 6 we can expand u into a Fourier series of the form

o
u(r,0) = Up(r) + Z Un(r) cosn@ + V,,(r) sin nd. (6.5)
n=1
Substitution of (6.5)) into (6.4]) gives
1 ’ / n2
" (rU (1)) + ()\ - 7"2> U,(r) =0, for 0 <r < a, (6.6a)
Un(r) =0 at r = a. (6.6b)

The same equation and boundary condition hold for V,,(r). Now eliminate A\ by the rescaling
Un(r) = y(z) with z = A\1/?r, resulting in

22y (2) + 2y (2) + (2 —n2) y(x) = 0, (6.7)

which is known as Bessel’s equation of order n.

6.2.2 Bessel functions of first and second kind

Bessel’s equation has a regular singular point at x = 0, with indicial equation given
by F(a) = a? —n? = 0, the solutions of which are a; = n, as = —n, with a double root for
n = 0. In general, the parameter n in can be any complex number but, in the context
described above where u(r, 6) is required to be 27m-periodic in 6, we need only consider n to
be a non-negative integer. Similarly, since x is a scaled version of the radial coordinate r,
we focus on non-negative values of x. A detailed analysis of the singular point at x = 0, as
in §5.2 reveals that one solution of is given by a Frobenius series about z = 0 with
the exponent a; = n, and the other solution is given by a Frobenius series with exponent
ag = —n plus log(z) times the first solution (i.e. Case III(a) from §5.2.5)).

The first Frobenius series, with a specific normalisation of the leading coefficient in the
expansion, defines the Bessel functions of first kind

)= (5)" S i (3) o)

for integer n > 0.
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Similarly, a specifically normalised choice for the second series solution defines the Bessel
functions of second kind

Yn(x):%IOg(g> Tu(z) ( )”"Z:I n — _1) <4)k

n © n X k
D I e S ()

k=0

where the digamma function (m) for integer m > 1 is given by ¢(m) = —y + >}, L1,
and v = 0.5772--- is the Euler-Mascheroni constant. More details regarding the expansmns
and are explored on Problem Sheet 3.

6.2.3 Properties of Bessel functions

The first few Bessel functions J,(x) and Y,,(z) are plotted in Figure Many properties of
the Bessel functions are known — see for example the NIST Digital Library of Mathematical
Functions (DLMF). — and we list here just a few.

(i) Since Bessel’s equation ([6.7]) has only one singular point for finite x, the series and
for J, and in Y;, have infinite radius of convergence.

(ii) Also, J, and Y, are oscillating functions that decay slowly as z — oo. Each has
an infinite set of discrete zeros in x > 0, which are quite useful and have therefore
been tabulated, for example at mathworld. The first few zeros of J,, and Y,, (denoted

Jnds Jn2s --- and Yn 1, Yn2, -..) are listed in Table and respectively.

(iii) As x — 0, the behaviours of the two kinds of Bessel function are quite different. For
the first kind, we have J,,(0) = 0 if n > 0, and Jp(0) = 1, while the second kind Bessel
functions are singular, with Y,,(z) — —oo as £ — 0. (The singularity is logarithmic
when n =0, or has Y,,(z) = O (z™") when n > 0.)

(iv) The following two recursion relations can be derived from the local expansion :

Jnt1(z) = Q?n,]n(ac) — Jp—1(2), Jnt1(x) = =2J) () + Jn_1(z). (6.10)

The same relations also hold for the second-kind Bessel functions Y,,.
6.2.4 Normal modes of a circular drum
We can now express the general solution to in terms of Bessel functions as
Un(r) = C1J,, (Al/%«) LY, (Al/%«) : (6.11)

for some arbitrary constants C; and Cy. We require the displacement to be bounded as r — 0,
and must therefore set C'o = 0 to remove the singularity in Y,. For a non-trivial solution we
must have Cy # 0, and the boundary condition at r = a therefore leads to

T (Al/%) —0, (6.12)
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— Jo(x) — J3(x)
J1(x) — Ja(x)
— Ja(x) — Js5(x)

0.5

-0.5f

Z x
2\\4/><6‘: K}gw -1.0f
-1.5
(a)

University of Oxford

— Yo(x) — Y3(x)
Yi(x) — Ya(x)
— Ya(x) — Ys5(x)

(b)

Figure 6.1: (a) Bessel functions of the first kind J,(z). (b) Bessel functions of the second

kind Y;,(z).

m jO,m jl,m j2,m j3,m j4,m

1 2.40483 3.83171 5.13562 6.38016 7.58834
2 5.52008 7.01559 8.41724 9.76102 11.0647
3 865373 10.1735 11.6198 13.0152 14.3725
4 11.7915 13.3237 14.796 16.2235 17.616
5 14.9309 16.4706 17.9598 19.4094 20.8269

Table 6.1: The first five zeros of J, with n =0, 1, 2, 3, 4.

m Yo,m Yim Y2,m Y3m Ya,m

1 0.893577 219714 3.38424 4.52702 5.64515
2 395768  5.42968 6.79381 8.09755 9.36162
3 7.08605 859601 10.0235 11.3965 12.7301
4 10.2223 11.7492 13.21 14.6231 15.9996
5 13.3611 14.8974 16.379 17.8185 19.2244

Table 6.2: The first five zeros of Y,, with n =0, 1, 2, 3, 4.



Differential Equations II Draft date: 3 January 2022 6-5

i.e. \1/2q has to be one of the zeros Jn,m of J,. Thus the eigenvalues for are given by

A= n=0,1,..., m=12,... (6.13)

a2’

with corresponding eigenfunctions
Unm(r) = Jn (nm7/a) - (6.14)

We can then read off the normal frequencies of the drum from the definition of A, i.e.
. ¢
Wnan = Jnm - (6.15)

6.2.5 Sturm-Liouville form

The differential equation can be written in Sturm-Liouville form by multiplying through
by 7. For convenience we also pose the problem on the unit interval (corresponding to the
modes in a disk of unit radius @ = 1, which may be obtained by rescaling r with a) to get the
eigenvalue problem

2

LU (r) =— (rU’(r))/ + n7 U(r) = rU(r), for0<r <1, (6.16a)
U(r) =0 atr =1, (6.16Db)
U(r) bounded as r — 0. (6.16¢)

From above, we know that the eigenvalues and eigenfunctions for (6.16]) are given by
An,m = j7217m’ Un,m(r) = Jn (jn7mr) : (617)

We recognise (6.16a)) as a singular Sturm-Liouville equation with weighting function r,
and thus deduce the following orthogonality relation between eigenfunctions:

1
/ I (Gner) In (nmr) rdr =0 for ¢ # m. (6.18)
0

A separate calculation for the case £ = m results in [see Problem Sheet 3]

(2 Gm)) - (6.19)

1 1
/ T2 () vl = 2
0 ’ 2

6.3 Legendre functions

6.3.1 The Legendre equation

The Legendre equation arises when studying eigenvalue problems for the 3D Laplacian oper-
ator in spherical coordinates. Suppose again we are solving the Helmholtz equation (6.3)) but
now using spherical polars (r, 6, ¢), so the Laplacian is given by

2,210 s L O (g0 L Pu_
vu_r8r2(ru)+rgsin089 Sm93¢9 +r2sin298¢2_ Wu. (6:20)
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When we separate the variables by seeking a solution of the form
u(r,0,¢) = R(r)0(0)2(¢), (6.21)
then (6.20) may be rearranged to

rrRm)" | ae _ 0O0)  ¥(0)
R(r) sin 6 ©(0) sin? 0 ®(¢)

(6.22)

By the usual argument, the left-hand side of (6.22)) is a function only of 7, while the
right-hand side is independent of 7, so they must both equal a constant, A say. We then have

~ 2"(¢) _ sind (sind ©'(9))’
®(¢) o(0)

which likewise must equal a constant. For ® to be a 2w-periodic function, that constant
must be of the form m?, where m > 0 is an integer: this gives ® = const if m = 0 or
®(¢p) = cos(mep + «) if m > 0. We are then left with the following linear ODE for ©(0):

1 d do m?
3 JE = U. .24
sin@ dé <sm9 d@) - <)\ sin? 9) ©=0 (6.24)

Equation is to be solved for 0 < # < 7. It may readily be verified that # =0 and 6 = =
are both regular singular points of , and to get physically resonable solutions we must
insist that ©(0) is sufficiently well-behaved as 6 — 0, .

We can express in a more helpful form by making the change of variable cosf = z
and ©(0) = y(z). Then d/df = —sinfd/dz, and is transformed into the associated
Legendre equation for y(x):

4 ((1 a2 jZ) + (A - 1’_”;) y=0. (6.25)

The parameters m and A in can in general take any complex values. We will focus on
the case where m is a non-negative integer and (for reasons that will become clear below)
A =L(¢+1), where / is also a non-negative integer. The solutions of the associated Legendre
equation are the associated Legendre functions; for m = 0, we drop the “associated”
and speak of the Legendre equation and Legendre functions.

+ Asin? 6, (6.23)

6.3.2 Properties of Legendre functions

Many properties and relations satisfied by solutions of (6.25) may be found, for example, at
DLMF or mathworld. Here we list a few useful properties.

(i) The points x = +1 and = oo are regular singular points of the associated Legendre
equation . The indicial exponents for x = +1 are —m/2 and m/2. Thus, the local
expansion yields one bounded and one unbounded solution as x — 1, and similarly as
x — —1. (When m = 0, there is a repeated root of the indicial equation, and one
solution is of order log(x F 1) as z — +1.)


http://dlmf.nist.gov/
http://mathworld.wolfram.com/AssociatedLegendrePolynomial.html
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(i)

(iii)

If we consider bounded solutions of (6.25) on —1 < z < 1, we see that boundedness
imposes two conditions, one at either end of the interval. This suggests that (6.25]) can
be posed as a singular Sturm-Liouville problem:

m2
—((1=2?) /(=) + g ule) = y(2) for —1<xz<1, (6.26a)

y(z) bounded as ¢ — *£1. (6.26b)

The eigenvalues of (6.26) are given by A\ = ¢(¢ + 1) with integer £ > m > 0. The
eigenfunctions are the corresponding associated Legendre functions, which are denoted
by y(z) = P;*(x). From Sturm-Liouville theory, we infer the orthogonality relation

/ PP PP () dr =0 for k £L. (6.27)
—1

The case k = £ requires explicit calculation: see Problem Sheet 3.

For m = 0 and integer ¢ > 0, the Legendre functions (without “associated”) are denoted
by Py(z). It may be shown that Py is a polynomial of degree ¢: if one seeks the solution
of (6.25)) as a power series expansion about z = 0,

y(x) = Zakmk, (6.28)
k=0

then the series terminates, with ay = 0 for k > £. The resulting Legendre polynomials
are given explictly by the Rodrigues’ formula:

J4
Pu) = 2%&% (> 1)), (6.29)

A second, linearly independent, solution of the Legendre equation ([6.26a) with m =0
is given by the Legendre function of second kind, denoted by Qy(x). These solutions
are unbounded as x — +1. For the case £ = 0, the solution Qg is found on Problem

Sheet 2:
1 14z
Qo(x) = 5 log <1 — ac> . (6.30)

For the general case of nonzero m < /¢, the associated Legendre functions of first and
second kind are given by

my2 A7 Py(x)

PlM(z) = (-1)"™ (1 - 2?) T (6.31a)
QU (x) = (—1)™ (1 —2?)"? W. (6.31D)

The associated Legendre function P;" is a polynomial if and only if m is even.
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6.4 Generalisation: orthogonal polynomials

There are many other second order linear ODEs with families of orthogonal polynomials as
solutions, satisfying orthogonality relations

b
/ Pm(2)pp(2)r(z) de =0 m#n (6.32)

with a fixed weighting function r(z) which can by inferred by formulating an appropriate
Sturm-Liouville eigenvalue problem. One can in fact give a complete classification of all
infinite families of orthogonal polynomials that can arise from second-order linear ODEs.
The most important ones include the following.

1. The “Jacobi-like” polynomials, which include the Legendre, Chebyshev, and Gegenbauer
polynomials, arise from ODEs of the type

(1 —2%)y" (@) + (a+br)y'(x) + Ay(z) = 0, (6.33)

posed on the interval [—1, 1], with constants a and b and an appropriate discrete set of
values of .

2. The associated Laguerre polynomials satisfy Laguerre’s equation:
vy’ (z) + (a+1—2)y (z) + \y(z) =0, (6.34)

which admits a polynomial solution y(x) = L%(x) when X is a non-negative integer n.
They satisfy the orthogonality relation

/ Ly (x)L3(z)z%e *de =0 for m # n. (6.35)
0

The Laguerre polynomials (without “associated”) correspond to a = 0 and are denoted
by L,(z) = LO(x).

3. Hermite polynomials are solutions of the Hermite equation
y' (@) = 22y (2) + Ay (2) = 0, (6.36)

which admits a polynomial solution H,(x) when A = 2n for integer n > 0. Hermite
polynomials satisfy the orthogonality relation

/00 Hm(fv)Hn(x)ef"’c2 dz =0 form #n. (6.37)
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Chapter 7

Asymptotic analysis - Part 1

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiottel

7.1 Introduction

A complex mathematical problem often cannot be solved exactly, but it may contain pa-
rameters that represent physical constants or quantities in the problem. If some of these
parameters are very small or very large, it may be possible to derive approximate solutions
to the problem. Doing this in a systematic manner is the subject of asymptotic analysis. In
this section a basic framework is presented for the use of this approach. Asymptotic methods
can be put on a rigorous footing, but we will content ourselves with an informal approach.

Example 7.20. Consider a pendulum, initially hanging vertically and set in motion with velocity V.
The angle 0(t) made by the pendulum with the vertical at time t satisfies the equation

b+ % sin 6 = 0, (7.1a)

where £ is the length of the pendulum and g is the acceleration due to gravity. The given initial state
leads to the following initial conditions for 0:

6(0) = 0, 0(0) = V. (7.1Db)

The problem can be solved exactly, but in a rather unpleasant form involving elliptic functions.
Can we say anything about the how the solution depends on the sizes of the constants £ and V ¢

The first step is to normalise the problem, i.e. to re-scale the wvariables to eliminate as many
parameters as possible. The idea is that all of the variables and parameters in the normalised model
should be dimensionless.

We can eliminate g/l from by defining a new time variable

7= (%)I/Qt. (7.2)

Note that g, ¢ and t have units of m?/s, m and s, respectively, so that T is indeed dimensionless. The
angle 0 is already dimensionless, but nevertheless can be scaled to balance the left- and right-hand sides

of , i.€e.
0(t) = au(), (7.3)

where
(7.4)

Sh
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Again, one can check that o is dimensionless.

The normalised version of the problem (7.1) then reads
aii(7) + sin(au(r)) =0, u(0) =0, w(0) = 1. (7.5)

Now we have collapsed all of the physical constants g, £ and V into the single dimensionless parame-
ter a, and we can ask the question: how does the solution u(t) of (7.5)) behave if « is very small or if
« is very large?

Example [7.20] illustrates how a process of non-dimensionalisation can produce a nor-
malised mathematical problem containing a minimal number of dimensionless parameters
that characterise the relative importance of the different physical effects in the problem. It
then makes sense to ask what the approximate behaviour of solutions might be if a particular
parameter is either very small or very large. More details on how to nondimensionalise a
given physical problem can be found elsewhere and in Part B and C applied mathematical
courses.

7.2 Asymptotic expansions

7.2.1 Order notation and twiddles

To start it is necessary to give a basic structure to describe approximations to a function
when some parameter in the function becomes large or small. The following definitions allow
the relative sizes of two different functions to be described. We consider two continuous real-
valued functions f(x) and g(x), and compare their behaviours as x tends towards a particular
value zg (often xg = 0 or o).

Definition 7.1. “Big O” notation
We write

f(z) =0(g(z)) asz— o if 3A > 0 such that |f(z)| < Alg(x)| (7.6)

for all x sufficiently close to xg.

We say that “f is of order ¢g” to capture the idea that f(z) and g(z) are “roughly the
same size” in the limit as x — xo.
Example 7.21.
(i) sin(2z) = O(x) as x — 0;
(ii) 3z + 2 =O(x) asz — 0;
(iii) logx =0O(x —1) asxz — 1;
(iv) 52® + 272 —e " =0 (2%) asz — .

Definition 7.2. “Twiddles” notation
We write

f(x) ~g(x) if /@) —1 asx— zp. (7.7)

9()

This notation could be read as “f is asymptotic to ¢g” or “f looks like ¢” as * — x¢, and
captures the idea of two functions being approximately equal in some limit.
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Example 7.22.
(i) sin(2z) ~ 2z asz — 0;
(i) z+e "~z asx — oo.

Definition 7.3. “Little 0” notation
We write

f(@)=o0(g(z)) asz—zo if lim LAY (7.8)
This notation captures the idea that f is “much smaller than” ¢ in the limit as x — xq,
and can also be written as f(z) < g(z) or indeed g(z) > f(z) as © — zo.
Example 7.23.
(i) 922 —4a® = o(x) asz — 0;
oy 3 -
(i) Pl 3¢ =o0(1/z) asz — oo.
Whenever using the order or twiddles notation, one should include in the statement what
value z is tending to (though it is often implicit).

Example 7.24. Taylor’s Theorem
A smooth function f(x) may be expanded in a Taylor series and thus one may make statements
such as:

f(x) = f(xo) + (x — 20) ' (w0) + O ((x — x0)?) as T — o, (7.92)
f(x) = f(zo) + (x —x0) f' (z0) + 0((9? - 330)) as T — To, (7.9b)
f(a) = fwo) + (. — 20) f'(w0) + 0(($ - $0)3/2) as T — To, (7.9¢)
f(x) ~ f(zo) as T — To, (7.9d)
f(x) — f(zo) ~ (z — 20) f'(x0) as T — Tg. (7.9¢)

7.2.2 Asymptotic sequence and asymptotic expansion

In this course we are particularly interested in problems containing a small parameter, and
we will therefore focus on the case xg = 0. We will follow convention by generally using the
notation € (rather than z) for the small parameter. Our aim then is to find the approximate
behaviour of some function f(€), say, in the limit as e — 0.

Example 7.25.

3/2
(i) sin(e"/?) %61/2_%_’_'”,
(i) tanh 11— )~ L log (2) =S - & 4
IEo8 ) 1 16 ’

both in the limit as € — 0.

If f is smooth, then one can express f(e) as a Taylor expansion in powers of € as € — 0,
as in Example However, for a unbounded or non-smooth functions, integer powers of ¢
might not be appropriate to capture the local behaviour, as illustrated by Example In
general, we might want to write

fl&) = arg(e), (7.10)
k
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where ¢ (€) are suitable gauge functions. For such a series to provide a useful approximation
to the function f, we would expect the terms in the expansion to get successively smaller
with increasing k, and this motivates the following definition.

Definition 7.4. A set of functions {¢(€)}r=012,.. is an asymptotic sequence as e — 0 if
rr1(e) = o(qﬁk(e)) as € — 0, i.e. each term in the sequence is of smaller magnitude than the
previous term.

Example 7.26. Here are some examples of asymptotic sequences:

(1) {17 € 627 633 }a
(ii) {1, €2 €, 32, },
(iii) {1, €, eloge, €2, €2 loge, }

Definition 7.5. A function f(e) has an asymptotic expansion of the form

fle) ~ Zakqbk(e) ase—0 (7.11)
k

if
(i) the gauge functions ¢y for an asymptotic sequence, i.e. Ppi1(€) <K or(€) for all k;
(i) f(€) — Shio ardrl(e) < dn(e) for all N =0,1, ...,

as € — 0.

Property (i) ensures that the terms in the expansion get successively smaller, and property
(ii) ensures that the approximation gets more accurate the more terms are included in the
exTpansion.

The definition of an asymptotic expansion differs crucially from that for a convergent
series. For a convergent series of the form

fl&) =Y ardre), (7.12)
k=0
we require that the partial sum
N
€)=Y ardre), (7.13)
k=0

converges to f(€) as N — oo, with € held fixed. For an asymptotic expansion

fl&) ~ > ardi(e), (7.14)
k

we instead require that the partial sum converges asymptotically to f(e) as € — 0, with

N held fixed. In fact, an asymptotic expansion may well diverge as N — oo (i.e. have radius

of convergence equal to zero) but still be useful and perfectly well defined by Definition
Elementary properties of asymptotic expansions include the following.
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1. Given a particular choice of gauge functions {¢;}, the coefficients a; are unique.

This can easily be proved by induction on N. Note that the gauge functions themselves
are not unique, for example,

t cley 2oy
ane ~ € — € — €
37 15

1 3
Nsine—|—§sin3e+§sin5e+--~. (7.15)

Usually we use the simplest choice, namely powers of €, or possibly exponentials or logs.

2. The function defines the expansion but not vice versa.
For example, if ¢p(€) = €* for k=0, 1, 2, ..., then
1 2
17N1+€+€ +--- ase—0 (7.16a)
—€

but also
1
1—ce€
In other words, we have two different functions with the same asymptotic expansion. This
occurs because (for 0 < e < 1)

+e_1/EN1+6+62+"' a36—>0. (716b)

e Ve=0 (ek) for all k, (7.17)

and e~1/€ is said to be exponentially small or transcendentally small.

7.3 Approximate roots of algebraic equations

To start using asymptotic methods consider the problem of finding the roots of an algebraic
equation containing a small parameter. To focus ideas, first we consider some simple cases
where the exact roots can be easily found.

Example 7.27. Solve approximately the quadratic equation
P +er—1=0 (7.18)

in the limit as € — 0.
Exact solution: Here we can use the quadratic formula to get the exact solutions

z= % (fe:I: At 62) . (7.19)

A binomial expansion of the square root yields the following approzimations for the two roots:

2

x+~1—%+%+0(64), (7.20a)
2

—mo1-SE 4
z 13 8+O(e), (7.20Db)



7-6 Mathematical Institute University of Oxford

both as € — 0. Now the question is, could we have derived the approzimate solutions directly
from the equation , without finding the exact solutions first?

Asymptotic approach: Since equation contains only €, and no other (e.g. fractional) powers
of €, we assume that the solution for x may be expressed as an asymptotic expansion of the form

T ~To+er) + xg+ s+ - ase— 0. (7.21)
We substitute (7.21)) into (7.18)) to obtain

ON (.’E()+€.’E1+€21'2+63(E3+"')2+6($0+6$1+62(E2+€3$3+"') —1
~ :5(2) 4+ 2z0x1€ + (z% —|—2:£0x2) € + (2120 + 2wox3) € + - € (mo +exq + a9 + - ) —1. (7.22)

Since this must hold for all €, and we have assumed that xg, 1, ... are all independent of €, we
conclude that equality must hold independently for each power of €. Hence, we equate the coefficients
of each power of € to solve successively for xq, x1, . ...

Considering the first few powers, we get:

o(1) : 2 —1=0, =  x0==%1, (7.23a)
1
O(e) : 2x0z1 + 20 =0, = n=-g, (7.23b)
1 1
O () : 2w9x + 22 + 21 =0, = To=-—=x4-, (7.23c)
8.’17() 8
O (63) : 2xor3 + 22122 + T2 = 0, = 1x3=0, (7.23d)

and so on. Thus we have obtained the first few terms in asymptotic expansions for each of the two

roots of (7.18]), namely
1 1
xwi1—56i§62+0(64), (7.24)

which clearly agrees with the exact solution ([7.20)).
Example 7.28. Solve approximately the quadratic equation
e’ +x—1=0 (7.25)

in the limit as € — 0.
Exact solution: Again we can use the quadratic formula to get the exact solutions

v=o (1EVI+4e), (7.26)

and expansion of the square root yields the following approximations for the two roots:
zT ~1—e+ 2% — 5 +0 (64) , (7.27a)
x_N—%—1+6—262+O(63). (7.27b)

Now we try to get the roots directly from equation ([7.25)).
Asymptotic approach. First attempt: It is reasonable to expect that the leading-order solution as

€ — 0 could be found by just setting e = 0 in (7.25). This approach gives x ~ 1 as a first approzimation,
7.274)

which indeed agrees with the first root (7.27a)) at lowest order in €. We can then obtain an improved
approzimation by hypothesising that x can be expressed as an asymptotic expansion in powers of €, i.e.

r~1+er; +ag+ 3+ ase— 0. (7.28)
We substitute (7.28]) into the original equation (7.25) to get

ON6(1+61‘1+€2$2+€3I3+'~')2+6I1+€2I2+63I3+"'. (7.29)
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As in Example [T.27] we equate the coefficients of each power of € to solve successively for x1, 2, .. ..
Considering the first few powers, we get:

O(e) : 1+ =0, = 11 =-1, (7.30a)
0] (62) : 211 + 29 = 0, = Ty =2, (7.30b)
0 (€ : z3 + 220 + 23 =0, =  x3=-b, (7.30c)

and so on. Hence we can systematically improve the approximation of the root near x = 1, and
evidently we have managed to reproduce the expansion .
Second attempt: The previous approach successfully produced an asymptotic expansion for the pos-
itive root x . But since is a quadratic equation, we know that it has another root, which our
method seems to have missed.

Note that the root (7.28)) near x = 1 has been found by considering a dominant balance between two
of the three terms in , namely x and 1, while treating the third term ex? as a small correction,
i.e.

2 — =
ex* +x—1=0. (7.31)
small  balance

To approzimate the other root, we need to consider other possible balances between different terms in
equation .

Suppose we try to balance the terms 2x and 1 in , which suggests that x = O (6’1/2). This
choice would give the following sizes for the terms:

2 — =
ex” +  x 1 0. (7.32)

0(1) o(e-1/2)  O(1)

Now we have a problem: the first and third terms balance, but the second term is much bigger than
either of them. To get a dominant balance, we need to ensure that the balanced terms are the dominant
terms in the equation, and fails this requirement.

Third attempt: The remaining possibility is to balance the terms ex? and x in , i.e. to suppose
that x = O (6*1), Then comparing the sizes of the terms in , we get

ex? + . — 1 =0. (7.33)
~— =~ =~
O(e~1)  O(e=1) 0(1)

This choice does give a dominant balance: when the first two terms are the same order, they are indeed
much bigger than the third term.
Now we know this balance works, we use the scaling x = e 'y, with y = O(1), to reflect the
anticipated size of x; then is transformed to
¥’y 2
?Jrzfl:() & Yy +y—e=0. (7.34)
Now letting € — 0 in , we get a sensible balance between the first two terms, but there seem to
be two possible choices for y, namely y ~ —1 or y ~ 0. However, assuming that we have scaled the
equation correctly, the desired root should have y = O(1), so we ignore the second option (which in
fact just reproduces the root x4 that we have already found).
We therefore seek the solution to as an asymptotic expansion of the form

y~—14ey +eys +ys+--- ase— 0. (7.35)

Substitution of (7.35) into (7.34]) leads to

O~ (—l4eyr +Eyo+€Elys+-) (ey1 + Eya + €y +-++ ) — €, (7.36)
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after some simplification by writing y* +y = y(y + 1). As above, this equation must be satisfied at
every order in €, and we can solve successively for the coefficients as follows:

Ofe) : —y1 — 1 =0, = y=-1, (7.37a)
O (¢?) - i =12 =0, = =1, (7.37b)
O () : 20192 — y3 = 0, =  y3= -2, (7.37¢)

and so on. We have thus constructed the approximate solution for y, namely
y~—1l—et+e? =23 +... ase—0, (7.38)
and by rescaling x = y /¢, we see that we have successfully obtained the second root x_ given by (7.27b)).

In Example we can find both roots of equation as regular asymptotic expan-
sions in integer powers of €, without any rescaling of x. In contrast, in Example by
seeking a regular expansion, we only manage to obtain one root; to find the other we have
to rescale x appropriately. Consequently, one of the roots of equation diverges like 1/e
as € — 0. This occurs because setting ¢ = 0 reduces the degree of from a quadratic to
a linear equation, and thus reduces the number of roots from two to one. It is necessary to
rescale = to reintroduce the quadratic term ex? at leading order to recover the second root.
A so-called singular perturbation is said to occur when setting e = 0 reduces the degree of the
problem, and thus the number of solutions that the problem possesses.

Example [7.28] illustrates the following general procedure to find an approximate solution
x of an algebraic equation of the form F(z;€) = 0 containing a small parameter e.

1. Scale the variable(s) to get a dominant balance, i.e. so that at least two of the terms (i)
balance and (ii) are much bigger than the remaining terms in the equation.

2. Plug in an asymptotic expansion for x. Usually the form of the expansion is clear from
the form of the equation (though see below an example where it isn’t so clear).

3. By equating the terms multiplying each power of € in the equation, obtain the coeflicients
in the expansion.

4. Repeat for any other possible dominant balances in the equation to obtain approxima-
tions for other roots.

We next try to use the same ideas to solve an equation where there is no exact solution
to guide us.

Example 7.29. Find an asymptotic expansion for all the roots of

ze " =¢ ase—0. (7.39)

Figure shows a plot of xe™® wversus x. For small, positive values of €, we expect there to be two
roots x of : one close to x =0 and one with z large. [Exercise: show that there exist two roots
ife <e 1]

We consider the smaller root first. When x is small, we have e=* = O(1) and, to balance the left-
and right-hand sides of (7.39), we should therefore scale x with €. We set x = ey, with y assumed to
be O(1), and equation ((7.39) can then be written as

2y e3y3

yzeeywl—l—ey—l—T—&—T—l—--- as € — 0. (7.40)
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Figure 7.1: The function ze™* plotted versus x, indicating two roots to equation ([7.39)) with
0<ex 1

The Maclaurin expansion of the right-hand side is valid given our hypothesis that y = O(1).
Now we pose an asymptotic expansion for y: given that only integer powers of € appear in equation
(7.40), it is reasonable to assume that y may be expanded in the form

1 2
ywy0+€y1+€2y2+N1+€(y0+6y1+62y2+)+§62(y0+ey1+62y2+) 4 (741)

We can then easily determine the coefficients:

Yo = 17 (742&)
y1="y0o =1, (7.42b)
1 3
Y2 =y1+ B Yo = 5 (7.42¢)

and so on, and therefore the smaller root of (7.39) is given by the asymptotic expansion

3
$N€+62+§63+... as € = 0. (7.43)

An asymptotic expansion for the larger root of (7.39) is a lot harder to find. As a first step, we
take logs of both sides of (7.39)) to get

x —logz = —loge = |loge|. (7.44)

Health warning: examples like this with logs are notoriously awkward: the solution of the
apparantly innocuous algebraic equation (7.44)) is just about as bad as one will ever encounter!

Since € is assumed to be very small (and positive), loge is large and negative, with |loge| — oo as
e = 0. To satisfy (7.44), x will need to be large, in which case x > logx. To get a balance in (|7.44),
we therefore scale x = |logely to get

_ log(|loge])  logy _
[log €] [log €]

| log |y — log(|log e|ly) = [loge| < (7.45)

The difficulty here is that we can’t assume a known form of the asymptotic expansion for y and
then just solve for the coefficients: it is not obvious in advance what gauge functions we should use.
So let us just pose a general expansion of the form

y~ L+ o1(e) + dafe) +---, (7.46)
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assuming only that -+ < ¢o K ¢1 K 1, and try to calculate what ¢1, ¢2, ... should be. Note that
[T46) gives
1
logy ~ (¢1+¢2+-~-)—§(¢>1+¢2+---)2+-~-~¢1 (7.47)

to lowest order. Rearranging (7.45)), we therefore obtain

logy  log(|loge])

y—1— = . (7.48)
N~ | log e | log €|
~¢1 ——

~¢1/|log e

We observe that the first term dominates the second, and obtain a balance in (7.48) by choosing

log(|log €])
= — 7.49
¢1 (6) ‘ log €| ( )
Indeed this does give ¢1 < 1, in the sense that ¢1(e) — 0 as € — 0, so our assumed form of the
expansion (7.46|) is self-consistent (so far at least).
Again we rearrange (7.48)) to

lo
y—l—¢ = —ob (7.50)
— | log €]
~po ~——
~¢1/|log el
and a leading-order balance s now obtained by choosing
€ log(|loge

~ Jloge|  |loge[?

Again we can verify that ¢o < ¢1, i.e. that ¢d2(€)/Pp1(€) — 0 as ¢ — 0, so that our expansion is
self-consistent. We thus get the early terms in an expansion for the larger root of (7.39)), namely

1 1
a:w|loge|+log(|loge|)+w+~-- as € — 0. (7.52)
|log e]
Exercise: Show that the next term in the expansion is of order (log(|loge|)/|log e|)2.
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Chapter 8

Asymptotic analysis - Part 2

These lecture notes are based on material written by Derek Moulton and Peter
Howell. Please send any corrections or comments to Renaud Lambiottel

8.1 Regular perturbations in ODEs

We have shown how to use asymptotic methods to systematically approximate the roots of
algebraic and transcendental equations. Now we explore how the same ideas may be used to
find approximate solutions to ODEs.

Example 8.30. Find the approximate solution y(z) of the following problem when 0 < € < 1:

1
T ey()?

The solution y(z;€) depends on both x and e. Since the problem (8.1) contains only €, and no
other powers or functions of €, it is reasonable to assume that the solution may be expressed as an
asymptotic expansion in integer powers of €, i.e.

y(zi€) ~ yo(w) + ey (@) + ya(z) + - . (8-2)
Putting this into the ODE (8.1), we get

v (z) = 0<z<l, y(0) = y(1) = 0. (8.1)

y//+€y//+'”:7 1
o [ L
~—l+eyg+--, (8.3)
with boundary conditions
0=1y(0,€) ~yo(0) +eyr(0) + -+, 0=y(Le) ~yo(1) + ey (1) +---. (8.4)

By setting in turn the coefficient of each power of € to zero, we get

0(1) : Yo =1, %(0) =yo(1) =0

= o) = 5all — ) (8.50)
0(¢) W) = ol = 1202, () =p(1) =0

= y(z) = fﬁloxu —z)(22* —42® +2® + 2 + 1), (8.5b)

and so on.

8-1
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Example 8.31. Small oscillations of a pendulum

Let us return to the problem from Example in the limit where the dimensionless pa-
rameter o, which measures the strength of the initial impulse, is small. To cast the problem in a more
familiar form, set a = e < 1 and u(t) = y(x) so the problem reads

sin(ey(z))

y"(x) + =0, y(0) =0, y'(0) =1 (8.6)

Note that

sin(ey) 71 2 3 i 4,5
Y ~YT Y +12Oey+ as € — 0, (8.7)

and the problem therefore contains only even powers of €. It follows that we can seek the solution
for y as an asymptotic expansion of the form

y(x;€) ~yo(x) + yo(x) + e*ya(z) + -+ ase— 0. (8.8)

(If we included intermediate terms like ey1(x) in the expansion , then on substitution into
we would find that they are identically zero.)

Now we substitute into and equate the coefficients of each power of € as usual. At
leading order we have the problem

Yo + 1o =0, Y0(0) =0, Y0(0) =1, (8.9)
whose solution is given by
yo(x) = sinx. (8.10)
At order €2, we get
Yo
W=, 2(0) =0, 4A(0) = 0. (s.11)
The right-hand side of (8.11)) can be written in the form
1, 1 1
1. _ 1 1 1
5 sin (x) 3 sin(x) ol sin(3x), (8.12)

and we thus find the general solution for ys to be

1 1 .
ya(x) = 193 sin(3z) — T x cos(x) + ¢1 sin(x) + ¢o cos(x). (8.13)

The integration constants are determined by applying the initial conditions, and thus we obtain

ya(z) = 3 sin(x) + sin(3x) — 1i6 x cos(z). (8.14)

64 192

The asymptotic expansion of the solution of the problem 18 thus given by

3 1 1
y(x; €) ~ sin(x) + € o1 sin(x) + 195 sin(3z) — T: xcos(z)| +--- (8.15)

as € — 0.

Example [8.31] illustrates a potential difficulty that may be encountered when we try to
write a function of two variables y(z;€) as an asymptotic expansion in the limit € — 0. The
approximate solution is a valid asymptotic expansion provided each term in the series
is much smaller than the previous terms. This is certainly true if x = O(1) and € < 1, but
what happens when x gets very large? Eventually, when z = O (1 / 62), the term proportional



Differential Equations II Draft date: 3 January 2022 8-3

to €22 becomes the same order as the leading-order term, and the expansion (8.15)) ceases to
be asymptotic. When = becomes sufficiently large, the expansion is said to become
nonuniform. In this example, the nonuniformity arises from the secular term proportional
to xcos(x) in the solution for ys(x), which itself was a consequence of the forcing term
proportional to sin(z) on the right-hand side of . In general, in problems like , we
expect to find a secular term in the solution whenever the right-hand side contains a term that
is in the complentary function (i.e. in the kernel of the differental operator on the left-hand
side).

One can modify the solution to a form that is valid for larger values of x by using
the method of multiple scales — see for a simple implementation of the method or
C5.5 Perturbation Methods for the more general version. For the moment we consider another
example where taking an infinite interval for the independent variable leads to trouble.

Example 8.32. Find the approximate solution of the IVP
y'(x) = y(z) —ey(z)®, >0, y(0) =1, (8.16)

as a regular asymptotic expansion in the limit ¢ — 0.
Writing the solution as an asymptotic expansion

y(x;€) ~ yo(x) + eyr(z) + -+, (8.17)

and equating powers of € in the usual way gives us

Yo(r) = e”, (8.18)
and then
yi(x) = yi() —e*, 41(0) =0 = yi(z) = e — e (8.19)
We thus obtain the following asymptotic expansion for the solution:

y(ze) ~e" +e(e” —e* )+ ase— 0. (8.20)

Now we see that the expansion becomes nonuniform when ee®® ~ e*, i.e. when x = O (|loge|).

In this case, we can solve the simple ODE (8.16) exactly to get

el)

e T (8.21)

y(x;e)

Ezpansion of the solution in powers of € indeed reproduces the approximation , assuming
that x = O(1). However, the exact solution satisfies y(x) — 1/e as x — oo, while the approxi-
mate solution suggests that y(x) grows without bound. Evidently the asymptotic approximation
is valid only if x is not too large (specifically if x < |loge|), and a different approach would be needed
to approzimate the solution for larger value of x. [Try substituting x = log(1/e) + X into before
expanding in powers of €.]

8.2 Boundary layers

8.2.1 A first example

The solution of an ODE like (8.16)), containing a parameter ¢, is a function of two variables,
namely € and the independent variable x of the ODE. To obtain an approximate solution when
€ is small, our starting point is generally to seek the solution as a regular asymptotic expansion
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Figure 8.1: The function y(z;¢€) given by (8.24]) plotted versus = with three different values
of €. The leading-order outer solution e~ is plotted as a black dotted curve.

of the form y(z;€) ~ yo(z) + ey1(z) + - - - . However, the previous examples demonstrate that
such an expansion may only be valid for a limited range of values of . This may reduce the
usefulness of the approximation. Even worse, it is not even clear how to determine the solution
uniquely if a boundary condition is imposed in a region where the asymptotic expansion is
not valid, as illustrated by the following simple example.

Example 8.33. Find the approximate solution of the IVP

e (x) +y(r)=e*, x>0, y(0) = 0. (8.22)

If we seek the solution as a regular asymptotic expansion of the form y ~ yo + eyy + - -+, then we find
Yo(z) =7,

yi(z) = —yp(z) =€, (8.23)

and so on. The problem is that we can never satisfy the boundary condition y(0) = 0!

The difficulty that in Example [8.33] occurs because the small parameter € multiplies the
highest derivative in the problem. In the limit ¢ — 0, the ODE (8.22)) reduces to an algebraic
equation, namely y(x) ~ e~ *, and it becomes impossible to impose any initial condition.

The exact solution of is given by

e T e—:c/e

1l—€e¢ 1—¢’

ylase) = (8.24)
which is plotted versus x for small but nonzero values of € in Figure [8.1 We see that
y(z) ~ e~ does provide a good approximation to the exact solution for nearly all values of .
However, e~ stops being a good approximation to y(z) in a narrow region, called a boundary
layer, close to x = 0, where the solution rapidly adjusts to satisfy the boundary condition
y(0) = 0. Examining the exact solution , we can see that the rapid variation near z = 0
is caused by the second term containing e~%/¢ ceasing to be negligible. Hence we expect the
boundary layer to occur when z = O(e).

To solve problems like , we use the method of matched asymptotic expansions. We
construct two different asymptotic expansions for the solution y(z): one in the outer region
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where x = O(1), and the other in the very narrow boundary layer near x = 0, also known as
the inner region. Since these two expansions are approximating the same function y(z), they
must be self-consistent, and this allows them to be joined up by asymptotic matching.

8.2.2 Inner and outer expansions

To get the ideas clear, consider the example above where the exact solution (8.24)) is known,
and we want to find the inner and outer expansions. When x = O(1), the second term in
(8.24) is exponentially small, and thus

e*([

y(zie) ~ 5
~e P+ee T4+ ase—0, (8.25)

+ exp small

which reproduces the first two terms in the asymptotic expansion found in Exercise[8.33| This
is the outer expansion, which applies when z = O(1).

We can see from the exact solution that the second term proportional to e~*/¢
stops being negligible when x = O(e). We therefore examine the inner region by rescaling
the independent variable. If we set © = e€X and y(z;¢) = Y(X;e€), and now assume that
X = O(1) (corresponding to = = O(¢)), then the exact solution becomes

—eX _ —X
Y(X;e)zie 1_66
~l—e M) +e(1-X—e M)+ ase—0. (8.26)

This is the inner expansion, which is valid when X = z/e = O(1).

8.2.3 Matching

In the previous section we showed how to create different asymptotic expansions of a single
function which hold in different regions. Now we check that the two different approximations
are self-consistent, in that they connect smoothly as z increases from O(e) to O(1). This
method of joining two asymptotic expansions in different regions is called matching. For
simplicity we restrict attention to only the leading-order terms outer and inner expansions
(8.25) and (8.26)), namely

yo(x) = e 7, Yo(X)=1—-e7%, (8.27)

with X = z/e. The two approximations are plotted in Figure We see that the outer
and inner solutions do indeed give good approximations to the exact solution when
x = O(1) and when x = O(e) respectively. The underlying principle of asymptotic matching
is that both approximations should be valid in an intermediate overlap region.

To examine such an overlap region, let us rescale x = 0§ and X = (0/€)&, where § is
chosen to be intermediate between the inner and outer scalings for x, i.e. ¢ < § < 1. The

(8.27) becomes
yo(08) = e ~ 14+ 0(6) asd—0, (8.28a)
Yo(6X/e) =1 — e 9%/¢ < 1 + exp small as g 0, (8.28b)
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Figure 8.2: The exact expression (8.24]) for y(z;e), the leading-order inner and outer ap-
proximations (8.27)), and the composite approximation (8.31f), plotted with e = 0.05. plotted
versus x with three different values of €. The leading-order outer solution e~ is plotted as a

black dotted curve.

and we see that the two approximations do agree and are both equal to 1 at lowest order in
the overlap region.

A general statement of the leading-order matching principle demonstrated by is

lim yo(w) = lim Yp(X). (8.29)
Loosely interpreted: the behaviour of the outer solution as we go into the boundary layer
must equal the behavour of the inner solution as we go out of the boundary later. More
complicated versions of the matching principle (8.29)) can be formulated to match inner and
outer expansions up to arbitrary orders in €, but we will only consider leading-order matching
here.

Figure demonstrates that the outer approximation works well when z = O(1) but not
when z is close to zero. Similarly, the inner approximation is good when « is small but not
when x = O(1). It is sometimes helpful to create a single function that gives a reasonable
approximation for all values of . Such a composite expansion can be constructed by forming

composite expansion = inner expansion + outer expansion — common limit, (8.30)

where the common limit refers to components shared by the inner and outer approximations,
which must subtracted to remove double-counting. At leading order, the common limit is
given by limy_,0yo(x) or by limx_,c Yo(X), and these two expressions are equal by the
matching principle ([8.29)).

A composite expansion combining the inner and outer approximations is given by

Yeomp () = yo(z) + Yo(X) — 1 N
outer inner common limit

=T e, (8.31)

Figure verifies that (8.31]) gives a good approximation to the exact solution (8.24)) for all

values of z.
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8.2.4 Getting the expansion from the ODE

So far, we have constructed inner and outer approximations to a known solution (8.24]).
Now let us see whether we could have obtained the same approximations directly from the
problem , if we did not have the exact solution to guide us. We have already seen that
substitution of a naive regular expansion of the form y ~ yg + €y; + - - - into produces
the outer approximation .

We note that does not satisfy the boundary condition y(0) = 0, and we infer that
the boundary condition can only be imposed if the solution has a boundary layer at x = 0.
To examine this boundary layer, we have to rescale z: let us set z = §X and y(z) = Y (X)
where 0 < 1 is to be determined. Then in terms of these inner variables, the problem
becomes
gY’(X) FY(X) =, X >0, Y(0) = 0. (8.32)
We can balance all three terms in by choosing 6 = €. We already know that the
boundary layer thickness is of order € from the exact solution , but here we determine
the appropriate choice of § directly by seeking a dominant balance in the ODE .

Once we have chosen § = €, the governing equation in the inner region becomes

V(X)+Y(X)=e N ~l—eX +---. (8.33)

Now we can seek an inner expansion of the usual form Y ~ Yy + €Y7 4 - -- and solve for each
term successively. At leading order, we get

}/OI(X) + Yb(X) =1, %(O) =0, (834)

whose solution is easily found to be Yp(X) = 1 — e ¥, in agreement with (8.26). Thus we
have successfully found the leading-order inner and outer approximations directly from the
ODE and boundary conditions.

Before proceeding to apply the same ideas to more general BVPs, we note some general
ideas that this simple example has illustrated.

(i) The boundary layer in the solution to (8.22) occurs because the small parameter e
multiplies the highest derivative in the ODE. When x = O(1), we have

e (z) +y(z) —e =0 (8.35)
— ——
small balance

and thus, in the limit as € — 0, the order of the ODE is reduced, and we are no longer
able to impose the boundary condition.

(ii) However, when there is a boundary layer, the derivative y'(z) becomes very big (see
e.g. Figure[8.1]), such that the first term in (8.35) is no longer negligible at leading order.

(iii) This magnification of the gradient is represented by the change to the local variable
X = x/e; by the chain rule we get ¢/(z) = ¢ 1Y’(X).

(iv) The correct boundary layer scaling for x is found by seeking a dominant balance in the
ODE; in particular, we want to bring the highest derivative back into the problem so
that we are able to impose the boundary condition.
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(v) The solutions of the inner and outer problems give us two alternative approximations
for y(z;€) — one that holds when z = O(1) and one that holds when x = O(e).

(vi) The leading-order inner and outer approximations can be reconciled by using the match-
ing condition (8.29)): the limit of the outer solution as we go into the boundary layer
must equal the limit of the inner solution as we go out of the boundary layer.

In general, we can expect boundary layers (or something even worse) to occur whenever
the small parameter € multiplies the highest derivative in an ODE. The situation is analogous
to Example where we had to solve a quadratic equation with € multiplying z2. In both
cases, if we set € = 0, the degree of the problem is reduced, and we do not obtain the full
family of solutions. In both cases, the difficulty is resolved by rescaling x to get a dominant
balance in the equation. In general, problems where setting € to zero reduces the degree of
the problem are called singular perturbation problems.

8.3 Boundary layers in BVPs

8.3.1 A simple example

In Example we were unable to impose the boundary condition y(0) = 0 on the outer
solution, and we deduced that there must be a boundary layer at © = 0. Once we found the
inner and outer solutions, the matching condition was satisfied identically: we could
use it to verify that the inner and outer solutions are self-consistent, but it did not give us
any further information about the solution. For higher-order BV Ps, the situation is less clear.
The location of any boundary layers may not be obvious in advance, and in general we will
need to match the inner and outer approximations to determine the solution uniquely. We
will illustrate the issues involved by solving a simple example.

Example 8.34. Find the leading-order solution of the BVP
ef'(z)+y'(z) =1, 0<z<l1, y(0) =y(1) =0 (8.36)

in the limit ¢ — 0.
It is easy to solve (8.36|) exactly, but let us try to proceed using asymptotic expansions without
assuming that we have the exact solution to hand.

Outer solution We try for a reqular expansion with y ~ yo+ €y, +- -+ and obtain at leading order
y)=1 = yolz)=z+A, (8.37)

where A is an integration constant. Since the limit ¢ — 0 has reduced from a second-order to a
first-order ODE, we are unable to impose both of the boundary conditions. We deduce that there is a
boundary layer somewhere, but where?

Let us assume for the moment that the boundary layer is at © = 0. This means that we can apply
the boundary condition y(1) = 0 directly to the outer solution and thus obtain

yo(z) =2 — 1. (8.38)

Then the outer solution does not satisfy the boundary condition y(0) = 0, and we hope to resolve this
by examining a boundary layer at x = 0.
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Boundary layer We find the size of the boundary layer by scaling x = 6X and y(z) = Y(X),
where § < 1 is to be determined. Putting this change of independent variables into the problem (8.36]),
we get

€ 1., _
2V (X +5Y(X) =1 (8.39)

Now we choose § to achieve a dominant balance, in particular one that makes the highest derivative

term no longer negligible. In this case this we achieve this by balancing the first two terms and thus
taking 6 = €, so the ODE (8.39)) becomes

Y'(X)+Y'(X) = (8.40)

Now we can assume a simple expansion for the inner solution with Y (X) ~ Yo(X) +eY1(X)+---
At leading order we get
Y (X)+ Y5 (X) =0, (8.41)

along with the boundary condition Yy(0) = 0 (coming from the boundary condition for y at x = 0).
The leading-order solution of the inner problem is thus given by

Yo(X)=B(1—e ), (8.42)

where B is an integration constant. Here we cannot solve for B, and therefore cannot determine the
inner solution uniquely, using only the information in the boundary layer. To proceed, we must ensure
that the inner and outer solutions match.

Matching Now we impose the matching principle (8.29)). In this case, the inner limit of the outer
solution is lim,_,o yo(x) = —1, and the outer limit of the inner solution is limx_ o Yo(X) = B. The
matching principle tells us that these must be equal, and hence B = —1 and the leading-order inner

solution is given by
Yo(X) = —1+e ¥, (8.43)

We can construct a composite expansion by combining (8.38) and (8.43)), noting that the common

limit here is equal to —1, to get
ycomp(x) = yo(x) + YO(X) - (_1> =r—1+ e—x/e7 (844)
which is a very good approzimation of the exact solution of (8.36]), namely

1~ emv/e

- m . (8.45)

y(z) =z

8.3.2 Locating the boundary layer

In Example to get the leading-order solution, we assumed that the boundary layer is at
x = 0, and therefore applied the boundary condition at z = 1 directly to the outer solution.
The resulting leading-order approximation is in good agreement with the exact solution, but
how could we have known in advance where to look for a boundary layer without having the
exact solution to guide us?

Well, suppose that we had instead assumed the boundary layer to be at x = 1. We
could attempt to analyse such a layer by using a local variable £ such that x = 1 — ¢ and
y(x) = n(§), with 6 < 1 to be determined. (It is not necessary to include the minus sign in
the definition of £, but doing so means that we are dealing with £ > 0 rather than £ < 0.)
Then equation is transformed to

SO~ su© =1, (3.46)
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and a dominant balance between the first two terms is again achieved by choosing § = €. The
leading-order problem in the inner region is thus

m(8) —mo(§) =0, &>0, 10(0) =0, (8.47)

whose general solution is
mo(€) = A (e 1), (8.48)

where A is an integration constant. The problem is that the proposed inner solution (8.48))
grows exponentially as £ tends to infinity, and it is therefore impossible to match this solution
to the solution in the outer region.

Note: In the above analysis, we assume that 0 < € < 1. If € = —|¢| is negative, then the
boundary layer s at z = 1, and the analysis in §8.3.1| needs to be redone.

There is a general principle for locating the boundary layers in simple two-point boundary-
value problems like (8.36)). Consider the general ODE

ey’ (z) + Pi(2)y (z) + Po(x)y(z) = R(x), a<z<b, (8.49)

with boundary conditions given at x = @ and x = b. Assume that the coefficients Py, P;
and R are smooth and bounded, and that Pj(x) is non-zero for x € [a, b].

The leading-order outer solution is found via a regular asymptotic expansion of the form
y ~ yo + €y1 + - - -, which leads to

Po(z)
Pl(.l‘)

_ R()
P1 (ZL’)

yo(x) . (8.50)
This can be solved without difficulty on [a, b] because of our assumptions about Py, P; and R.
However, because ([8.50) is just a first-order ODE, we will be unable to impose both boundary
conditions: there must be a boundary layer at one end of the domain, but which end?

Suppose we look for a boundary layer at x = a, via the re-scaling x = a 4+ 60X and
y(z) = Y(X). It is clear that a dominant balance between the first two terms in is
achieved when § = ¢, and the leading-order inner equation is then

Y{(X)+ Pi(a)Y{(X)=0, X >0. (8.51)

This has solutions of the form Yy(X) = A 4+ Be "(®X and we can match with the outer
only if the inner solution has a decaying exponential, i.e. if P;(a) > 0.

Similarly, we can look for a boundary layer at x = b with the scaling x = b — €£ and
y(z) = n(§), and get to leading order

15 (§) = Pr(b)mp(§) =0, €>0. (8.52)

Now the inner solution 79(¢) = A + Bef1(®¢ can match with the outer only if P;(b) < 0.
Given our assumption that P; does not change sign, we conclude that:

e the boundary layer is at the left-hand boundary (i.e. z = a) if Pi(z) > 0, or
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(b)
(¢ 1

y(x)

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 8.3: Solutions of the ODE (8.53) satisfying each of the boundary conditions (8.54)),
computed with € = 0.01.

e at the right-hand boundary (i.e. x =b) if Pi(x) < 0.

One can imagine that more complicated behaviour is possible if Pj(x) does change sign.
The solution may have two boundary layers — one at each end of the domain — or an internal
boundary layer somewhere in a < z < b (and even more complicated structures are possible:
see below).

8.4 More general perturbation methods for ODEs

8.4.1 Introduction

We have seen some examples of asymptotic methods applied to simple algebraic equations and
ODE problems. More generally, ODEs containing small parameters can exhibit much more
complicated behaviour than we have seen so far, and a range of asymptotic techniques have
been developed to deal with them, which can be studied in more detail in (C5.5 Perturbation
methods. Here we give a brief (non-examinable) survey of some of the possible generalisations
of the theory that has been developed so far.

8.4.2 Multiple or interior boundary layers

We argued in that, in a second-order singular BVP, the location of the boundary layer
can be predicted from the sign of the coefficient of the first derivative of y. But what happens
if that coefficient changes sign somewhere in the domain? Here is a (relatively) simple example
that illustrates what kind of behaviour can happen.

Example 8.35. Find the leading-order solution to the ODE

ey (z) +y(x)y' (z) —y(z) =0, O0<az<1, (8.53)


https://courses.maths.ox.ac.uk/node/36885
https://courses.maths.ox.ac.uk/node/36885
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in the limit € — 0, subject to each of the following sets of boundary conditions:

y(0) =1, y(1) = 3; (8.54a)
y(0) = —3/4, y(1) = 5/4; (8.54b)
y(0) = 5/4, y(l) = =3/4. (8.54c¢)

In case (8.54al), the coefficient of y' in (8.53) is y, which is positive at both ends of the domain.
The argument used in works: there is a boundary layer only at x = 0. The leading-order inner
and outer solutions may be found and matched in the usual way (with boundary layer thickness €).

In case (8.54b)), the coefficient of y' in (8.53)) changes sign, and it appears that a boundary layer
1s not allowed at either end of the domain. In this case, there is an internal boundary layer, at x = x,

say, somewhere between x = 0 and x = 1. To solve the problem, we have to solve two outer problems:
one in 0 < x < x, and one in x, < x < 1, and also solve for the boundary layer at xt = x.. By
matching all three regions together, one can determine the location of the interior boundary layer
(namely x, = 1/4).

Case (8.54c) is even worse. In this case the signs of the coefficient of y' in (8.53) suggest that
there might be a boundary layer at both ends of the domain. Indeed this turns out to be true, but the

structure in this case is more complicated. The leading-order outer solution is given by yo(z) =0 (i.e.
the other root of the leading-order outer equation yo (y,, — 1) = 0). The boundary layer at x = 0 has
thickness € again, but the inner solution in the boundary layer does not match directly with the outer
solution. Instead, there is a further intermediate region in which x = O (61/2) andy =0 (61/2). This
s a so-called “triple deck” structure with one boundary layer nested inside another one. The boundary
layer at x = 1 has an analogous structure.

Numerically computed solutions to with € = 0.01 satisfying each of the boundary conditions
n are plotted in Figure . The structure of each solution is exactly as predicted: in case (a)
there is just a boundary layer at x = 0; in case (b) there is an internal boundary layer close to x = 1/4;
and in case (c) there is a boundary layer at both ends of the domain.

Example [8.35] illustrates several issues that can arise in more complicated boundary layer
problems. First: it may not be clear in advance where to look for boundary layers. Second:
in general, the boundary layer analysis may require us to rescale the dependent variable y
as well as the independent variable x. Finally: in the intermediate region encountered in
Case , we end up having to solve the full ODE, with no simplification (Try rescaling
the ODE (8.53) with x = ¢'/2¢ and y(z) = ¢'/?5(¢)).

8.4.3 Slowly varying oscillations

In Example we analysed small oscillations of a pendulum and found that we get spurious
“secular” terms in the solution if we try a naive regular asymptotic expansion. The origin of
these terms can be understood by considering a very simple example.

Example 8.36. Solve the IVP
y'(z) + (1 +ey(z) =0, x>0, y(0) =1, y'(0) =0. (8.55)

The exact solution is
y(z) = cos (zv1+e), (8.56)

but if we try to expand this solution for small €, we get
y(m)NCOS$—%$SiH.’E+"‘. (8.57)

Thus a secular term has appeared in the expansion, meaning that the expansion stops being valid when
x =0 (1/€). The fact that the exact solution (8.50) is a periodic function of x has become lost in our
particular choice of asymptotic expansion.
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The difficulty encountered in Example can be fixed relatively easily using the Poincaré—
Lindstedt method. Here we know that we are seeking periodic solutions, but with a period
that is a function of €. The trick is to make the substitution

X = wx, (8.58)

where the frequency w is not known in advance, but is chosen to make the solution 27-periodic
as a function of X.

With y(z) = Y(X), the problem is transformed to
WY X))+ (1+eY(X)=0, X >0, Y (0) =1, Y'(0) = 0. (8.59)
Now we expand both Y and w in powers of e:
Y(X)~Y(X)+eYi(X)+ -+, w~l+ew +---, (8.60)

where we have anticipated that the leading-order frequency of oscillations is equal to 1.
At O(1), we get

YI(X)+Yo(X) =0, X >0, Yp(0) = 1, Y{(0) =0, (8.61)

whose solution is
Yo(X) = cos X. (8.62)

At O(e), we find that Y;(X) satisfies the ODE
Y/(X) + Y1 (X) = —2u YJ(X) — Yp(X) = (2w1 — 1) cos X, (8.63)

along with the initial conditions Y7(0) = Y{(0) = 0, Now we insist that Y7(X) should be a
2m-periodic function of X, which means that it cannot contain any secular terms like X sin X.
We must therefore eliminate the “resonant” term proportional to cos X from the right-hand
side of by choosing w; = 1/2. Thus the oscillation frequency is given by an asymptotic
expansion of the form

w~1+§+... as € — 0, (8.64)
which indeed agrees with the exact frequency w = v/1 + € from equation .

The same method works for the problem of small oscillations of a pendulum from Exam-
ple Again the secular terms in the expansion can be suppressed and one can determine
an asymptotic expansion for the frequency of the form w ~ 1 —¢€2/16+0 (64). The Poincaré—
Lindstedt method is a simplified version of the more general method of multiple scales, which
can describe oscillations that are not precisely periodic but instead vary slowly with x.

8.4.4 Fast oscillations

When our small parameter ¢ multiplies the highest derivative in an ODE, it does not always
lead to the formation of boundary layers: it is also possible for the solution to exhibit rapid
oscillations instead, as the following simple example shows
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Example 8.37. Solve the BVP
e’y () +y(z) =0, y(0) =1, y(1) =0. (8.65)

Note that, from the Fredholm Alternative, we expect there to be problems whenever ¢ = 1/ (n27r2)
where n is an integer, but let’s ignore that for the moment.

If we try to proceed in the usual way by seeking the solution of as an asymptotic expansion
in powers of €, we just get y(x) ~ 0, to all algebraic orders in €. Thus it appears to be impossible to
impose the boundary conditions, and we might guess that there is a boundary layer at x = 0. But the
iner rescaling x = €X doesn’t help, because the inner equation just gives oscillatory solutions which
cannot match with the outer.

One way to tackle problems like (8.65)) is to use the WKBJ method. We seek the solution
in the form

y(z) = A(z)e@)/e, (8.66)

where both the phase u(z) and the amplitude A(x) are to be determined. By plugging the
ansatz (8.66|) into the ODE (8.65]), we obtain

A(z) [1 =/ (2)?] + ie [24 (x)u' (z) + A(z)u" (z)] + 4" (z) = 0. (8.67)

At leading order we get the eikonal equation u'(z)? = 1, and we deduce that the phase is
simply given by u(x) = £z (plus an irrelevant constant). We can then write the amplitude
as a regular asymptotic expansion A(x) ~ Ag(x) + €Aj1(x) + ---. In this simple problem, we
just get A’(z) = 0, at all orders in ¢, and indeed the ODE is solved exactly by y(z) = Ae*i®/¢,
with A = constant. The general solution is then a linear combination of the form

y(x) = C1e/ 4 Coe 17/°, (8.68)

and the arbitrary constants can be determined from the boundary conditions.
Here is a slightly less trivial example, where we determine the asymptotic behavour of the
zeroth order Bessel functions as the argument tends to infinity.

Example 8.38. Find the asymptotic behaviour of solutions to Bessel’s equation of order zero:

@)+ 2o/ (@) + () =0, (5.69)

in the limit as * — oo.
We can consider the behaviour for large x by making the rescaling v = X/e and y(z) = Y (X),
where e < 1 and X = O(1). Then (8.69) is transformed to

€2

EY(X) + e Y'(X)+Y(X)=0. (8.70)

Now we apply the WKBJ ansatz by writing Y (X) = A(X)e“(X)/¢ and (8.70) is transformed to

2A'(X) 1 AN(X)  A(X) } 0 (5.11)
;| =0. .

[1—/(X)?] +ie K 20X +X) u’(X)+u”(X)] +é [ AX) T XAX

In this example, we get the same eikonal equation for u(X) as above, with solution u(x) = £X, and
we are then left to solve

O EEES A N ECC S5 Y o

AX) X AX) T XAX
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The leading-order amplitude therefore satisfies

AL (X) 1

Ao(X) ~ 2xX

whose solution is Ay(X) = const/ X /2. Thus solutions to (8.70) take the form

C iX/e C —iX/e
Y(X) ~ 12 j/-yze as € — 0.

In terms of the unscaled variable x, we can write

y(x) ~ ‘L sin(z) + 2 cos(xz) asx — 00,

v v

for some constants c; and co.
(The standard Bessel functions of the first and second kind are normalised such that

o) e (e ), Yofe) ~ | sin (= )

as r — 00.)

(8.73)

(8.74)

(8.75)

(8.76)
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