MATH 5510 LECTURE NOTES EIGENFUNCTIONS:
DEFINITIONS AND EIGENVALUE PROBLEMS

TOPICS COVERED

e Boundary value problems
o Definitions
o Boundary conditions and adjoint boundary conditions
o Differential operators and adjoint operators
o Formally self adjoint vs. self adjoint
e Figenvalue problems
o Mechanics: solving eigenvalue problems
o LCC and Cauchy-Euler equations (cases where solution is exact)
o The canonical examples (Fourier basis sets come from operators)

MAIN GOALS

e Introduce boundary value problems and important definitions

e Start thinking in terms of linear operators]

e Mechanics: using integration by parts with inner products; boundary terms
e Mechanics: solving eigenvalue problems explicitly (LCC)

e Connect back to Fourier series (where do the Fourier basis sets come from?)

1. BOUNDARY VALUE PROBLEMS: INTRODUCTION

A boundary value problem (BVP) is a differential equation (DE) with constraints
specfified at more than one boundary. As a simple example, consider

d*u

=k 1, w(0)=1,u(l)=2. (1)
This is fundamentally different from an ‘initial value problem’ (IVP), e.g.

d*u

where all the ‘boundary data’ is at one point (z = 0 here).

For the BVP (1) , the solution to the ODE (by integrating twice) is
1
U= §x2 +ar+0b

and applying the boundary conditions we get

u(z) =1 —I—l(x2 +x)/2.
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However, this ‘direct’ approach will not get us far (most BVPs cannot just be integrated like
this). For myriad reasons, we will need better methods. To develop them, we will recast the
problem in terms of linear algebra. The first step is to introduce the right language.

Definitions: Recall that a linear operator L on a vector space V is a function V' — V'
that is linear, i.e.

L(ciuy + coug) = ¢y Luy + coLuy for all scalars ¢p, ¢y and uy,ug € V.

Here we care about linear operators L acting on functions u : [a,b] — R. The domain
[a,b] of the functions is essential. However, the space V on which the operator is de-
fined (e.g. L? functions on [a, b]) is often not needed (we will be precise where it is necessary).

A linear differential operator involves derivatives of the input function, such as
d*u du
Lu=z>— — +2
U= 12 +x e + 2u
A boundary value problem has three parts:
e A domain e.g. [a,b] (possibly infinite)
e A differential equation (DE)
Lu = f, x € (a,b)

for a function u defined on the domain (the function to solve for) and some linear
differential operator L (just ‘linear operator’ for short).

e Boundary conditions (BCs) that are some relations for v and its derivatives at the
boundaries of the domain (see definitions below).

The DE is homogeneous if f =0 (so Lu = 0) and inhomogeneous otherwise.

Defintions (types of BCs) For a BVP in [a,b], the a boundary condition will have the
form
Bu=c

where B is linear (see below) and involves u and its derivatives at © = a or x = b.
There are several important types of boundary conditions to note:

e Dirichlet: u(a) = C (or u(a) = 0)

e Neumann: u,(a) = C (or u,(a) = 0)

e Robin:' au(a) + fu,(a) = C

e *Periodic: u(a) = u(b),u'(a) = u'(b),- -
The BCs are called separated if each equation involves only a or b (not both) and mixed
otherwise. E.g. Dirichlet at a and Neumann at b is separated; periodic is mixed.

Note that all the BCs here are ‘linear’ in that they have the form Bu = ¢ where the
‘boundary function’ B satisfies B(ciu; + cous) = ¢ Buy + caBus.

IThe name is French, so it is pronounced a bit like ‘row-beh’. They are also know as BCs of ’the third
kind’, with Dirichlet/Neumann being the first and second.



The example (1), in the notation outlined above, has
L=du/dx* f(x)=1, Biu=u(0), Bou=u(l).
For convenience, we denote by Bu the ‘boundary operator’ that combines all the BCs, e.g.
u(0) =0, wu(l)=1 = Bu=(u(0),u(l)).

The point of this is to write statements like ‘u satisfies the boundary conditions” as Bu = 0.

Notation (BCs in physics): The main types of BCs have many names:

e Dirichlet: ‘BCs of the first kind’

e Neumann: ‘BCs of the second kind’ or ‘flux BCs’ (when it represents a specified flux
through the boundary)

e Robin: ‘BCs of the third kind’ or ‘radiation BCs’

The names Dirichlet/Neumann are by far the most common (at least in mathematics), but
‘flux’ is often used for Neumann when it makes physical sense.

2. ADJOINT OPERATORS

A linear operator for a BVP has associated boundary conditions. Because the BCs are so
important, we often think of the two together as one entity. To be precise, define:

e Formal operator: The operator L itself, acting on any function defined on the
interval [a, b]. This is usually what is called the 'operator’.

e complete operator: The operator L along with the boundary conditions, acting
on functions in [a, b] that satisfy the boundary conditions.

We’ll use the latter to indicate that L has specified BCs.

The complete adjoint operator is an operator L* along with adjoint boundary condi-
tions B* such that

(Lu,v) = (u, L*v) for all u s.t. Bu=0and v s.t. B'v =0
The formal adjoint is just L*, which is the operator such that
(Lu,v) = (u, L*v) + boundary terms
which will make more sense with examples below. We say:
e L is formally self-adjoint if L = L* (roughyl, self-adjoint ignoring BCs)
e self-adjoint if the formal operators and BCs are equal (L = L* and B = B*)

Important note: The BCs and adjoint BCs are always homogeneous, i.e. in the form
Bu = 0 and not Bu = c; there is no hope of having an adjoint at all in the latter case.

As an example (notation: u, = du/dzx), we compute the (complete) adjoint operator for
Lu = g, + p(x)u,
in the domain [0, 1] with boundary conditions
2u(0) —'(0) =0
u'(1) = 0.
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The trick to use integration by parts to move all derivatives from u onto v and get
1
(Lu,v) = ‘BC terms’ +/ u(---)de.
0

The integral is (u, L*v) for some operator L* that can be identified. Setting the BC terms
to zero for all u will give the adjoint boundary conditions for v.

The details for the example go as follows. First, integrate by parts repeatedly:

1 1
(Lu,v) = / Uz ¥ AT + / p(x)u,vde
0 0

1

= UV
0

1 1 1
— / Uy Uy AT + puv‘ — / u(pv), dx
0 0 0

= (uyv — uv, + puv)

1 1
—I—/ w(Vgz — (pv)s) dx

0 0

= ‘BC terms’ + (u, L*v)

For the (u, L*v) part, the integral is fol ul*v dz for
L*'v = vy — (pv),

which is the formal adjoint. Now the ‘BC terms’ must vanish given adjoint BCs to be found.
Since the BCs are separated we may look at = 0 and x = 1 part of the ‘BC terms’
separately. Use the BCs for u to simplify (replace «'(0) with 2u(0)):

(BC term, z = 0) = u,(0)v — u(0)v,(0) + p(0)u(0)v(0)
= u(0)(20(0) — v,(0) + p(0)v(0)).
This must vanish for all values of «(0) (since this is not specified at z = 0) so
(2+p(0))v(0) — v,(0) = 0.
Now do the same for the other boundary term:
(BC term, x = 1) = u,(1)v(1) — u(1)v.(1) + p(1)u(1)v(1)
= u(1)(~va(1) + p(1)o(1)
which must vanish for all values of u(1) so
p()v(l) — v, (1) = 0.
To summarize, the original and adjoint operators are
Lu = ug, + p(r)u,
L*v = vy — (p(2)v),
and the original and adjoint boundary conditions are
2u(0) —u'(0) =0
u'(1) =0.
(2 +p(0))v(0) = v2(0) = 0
p(1)o(1) — 0,(1) =0
This ensures that (Lu,v) = (u, L*v) for all u satisfying (BC') and v satisfying (BC*).

(BC)

(BC™)
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Example (self-adjoint operator): We show that the complete operator
Lu = —(pug), + qu, u(0)=u(l)=0

is self-adjoint (where p(z) and ¢g(x) are functions). Integrate by parts twice:

1 1
(Lu,v) = —/ (pu') v dx +/ quv dx
0 0

1 1 1
+ / PULV, dr + / quv dx
0 0 0

1 1 1 1
—/ u(pug) s dx—i—/ quv dzx.
0 0 0

+ puv,
0
L*v = —(pvg)s + qu

= —pugv

= —puULv

The integral is (u, L*v) for the operator

so L = L* (formally self-adjoint). For the BCs the second term cancels, leaving
p(0)u,(0)v(0) =0 = v(0) =0
p(Du(1)v(1) =0 = v(1) =0

since the boundary terms must vanish for all values of u,(0) and u,(1) (both arbitrary).
Thus the adjoint BCs are v(0) = v(1) = 0, the same as the BCs for L, so L is self-adjoint.

3. EIGENVALUE PROBLEMS: THREE FAMILIAR EXAMPLES

An operator L in [a, b] with homogeneous boundary conditions Bu = 0 has an associated
eigenvalue problem to find an eigenfunction ¢ in [a, b] and an eigenvalue A such that

Lp=X\p,  Bo=0. (3)

Procedure for eigenvalue problems: The general procedure for solving the eigenvalue
problem (3) is
a) In each range of A where the DE has a certain form, find the general solution
¢=cig1+ -+
where n is the order of the DE, using standard ODE solving techniques.

b) Use the boundary conditions B¢ = 0 to get ~ n equations for the ¢’s (plus any other
constraints relevant to the problem from elsewhere)

c¢) Find all X such that there are non-trivial solutions (¢’s not all zero) and identify the
eigenfunction (basis for each set of solutions to Lo = \¢)

There are three standard examples. Consider the operator

d*u
Lu=——
Y dz?

in [0, 7] with three different boundary conditions. The eigenfunctions should look familiar.



Notation: The minus sign is partly for historical reasons. It makes the eigenvalues all
positive (rather than all negative), which is convenient.

3.1. Dirichlet BCs. The ecigenvalue problem for ¢(z) is
—¢" = Xo, x € (0,7), »(0) =0, ¢o(m)=0.

To solve it, find the general solution to the DE, then use the boundary conditions and look
for values of A such that a non-trivial solution exists.

Case 1: A < 0. We will show here that no solutions exist. The characteristic polynomial is
24+ X=0.
which has roots 44 where 1 = v/—X. Then the general solution is
O = 1M + coe™ .
Apply the boundary conditions to get a system for coefficients ¢y, ¢o:

0=c1+cy, 0=cre™ 4 coe™ ™.

(e =) (@) =1a)

It has a non-trivial solution if and only if the determinant is zero. But

det(---) =e ™ — €™ = 2sinh(mp) > 0,

This system, in matrix form, is

so there is only the trivial solution (i.e. ¢; = ¢o = 0 is the only solution) for all u. We
conclude there are no negative eigenvalues.

Case 2: A\ = 0. The general solution is ¢ = c;x + ¢o. Applying the boundary conditions,
we need b = ¢, and ¢;m+co = 0 which forces ¢; = ¢, = 0. So again, no eigenvalues in this case.
Case 3: A > 0. The general solution is

¢ = ¢ sin(VAz) + ¢ cos(VAx).
From the boundary conditions,

cycos0 =0

¢y sin(VAT) + ¢ cos(VAr) =0

so ¢ = 0. To have a non-trivial solution (¢; # 0) we need
sin(VAr) = 0.

This has a non-trivial solution when

VAT = nm, n=12---



EIGENFUNCTIONS I 7

i.e. for eigenvalues )\, = n? (note that A had to be positive to get here, so the — root
is discarded!). Plugging back into the general solution (recall that c; = 0) we obtain the
corresponding eigenfunctions

¢n = sinnz.

Summary: Collecting the results of the three cases, we gfind that only the A > 0 case yields
eigenvalues. The total set of eigenvalues/functions is

A\ =12, ¢, = sinnz, n=12,3---,

which is exactly the basis from the Fourier sine series.

3.2. Neumann BCs. The eigenvalue problem is
—¢" =\, x € (0,m), #'(0)=0, ¢'(r)=0.

Case 1: A < 0. Again let u = +/—A\. The general solution is the same as before, and the
boundary conditions require (check this!)

0=+/plc1 — c2), 0=/p(cre™ — coe™™) .

(e =) () =Dl

The determinant is —2pusinh(mp) < 0. Note that e™ > 1 and e™™ < 1 since g > 0. Thus
there are still no solutions.

Again write

Case 2: A = 0. The general solution is
¢ = c1x + Ca.

The boundary conditions require only that ¢; = 0, so ¢ = 1 is an eigenfunction for A = 0.

Case 3: A > 0. The general solution is the same as before; the boundary conditions re-
quire

¢ =0, —V ey sin(vV ) = 0.
Thus we need vV Am = n, so the eigenvalues are

— 2 _
Ap=n", n=12---
with corresponding eigenfunctions
¢n = COSNIT
So in summary, the eigenfunctions/values are
A\p =12, ¢n = cosnz, n=0,1,2---.

which are the basis functions for the Fourier cosine series. Note that n = 0 is included here
(from Case 2), which is absent from the Dirichlet version.




8

3.3. Periodic BCs. Take the domain to be [0, 2] for reasons to be clear. The problem is

—¢" = dpwe(0.21), 6(0)=o(2n), #(0) = (2r).
First, if A = 0 then
¢ = c1x + Ca.
The boundary conditions are satisfied if

C2:C1<27T)+02 - C1:0, C1 =C

so ¢ = const is an eigenfunction for A = 0.

If A < 0 the solution is, with u = v/—A\,
¢ = cr1e" + coe™ .
From the boundary conditions,

c1+cy = c1€¥™ 4 o™ ey + ey = ¢ pe*™ — cope 2™,

1 —e*r 1 — 62””} [cl] B {O}
1—e?™ 14e 2| || — |0]°
There is a solution if and only if the determinant is zero, so
0=(1—e™)(1+e ™) = (1—e™)(1—e ™) =2(1 — *™)e >,
Thus €*™ =1 = p =0 but u has to be positive (since A < 0) so there are no solutions.

This becomes the system

If A > 0 then, setting 1 = v/\, the solution is
¢ = €1 CcOs ux + co 8in px.
From the boundary conditions,
€1 = €1 COS 2T + Co Sin 27y, Colt = —C1 SIN 27T + 4co COS 27T 10

As a system:

1 — cos(2mp) —sin(27ru)1 m _ H (4)

sin 2mp 1 —cos2mpu| |co 0"
Set the determinant to zero:
0 = (1 —cos(2mp))? +sin®(2mu) = 2 — 2 cos(2mp).
Thus there is a solution for
cos(2mp) =1
which occurs for the values i, =n forn=1,2,---.
Notice that for such values, (4) becomes trivial and any ¢; and ¢ will work, so

¢ = ¢ cosnx + cosinnx
is a solution for all n > 1 with eigenvalue A, = n?. This means we have eigenfunctions
¢n = cosnz, 1, =sinnz with A, =n?forn=1,2,---

where ¢,, and v,, are both eigenfunctions for \,,. This is, of course, the basis for the full Fourier
series (computed on [0, 27] rather than [—m, 7|, but it is the same up to this translation).
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3.4. Cauchy-Euler equations. Other than constant coefficient linear equations, there is
one other useful type of ODE we can solve exactly: an Euler equation (or ‘Cauchy-Euler’
or ‘equidimensional’) ODE, which has the form

d*u

du
Lu:=ar*— + br— + cu=0. 5)
dz? dz + )
Assume that = > 0 for simpilicity. We see two basis solutions that span the solution set. To

find them, first look for solutions of the form u = z". We get
Liz"] = (ar(r — 1) + br + ¢)a"
so it follows that
2" isasoln <= p(r)=ar(r—1)+br+c=0.
If p has two real roots r1,ry then the general solution is the span of the two solutions,
u(t) = cpx™ + cox™.
If p has complex roots r = s + wi then write

rlogr — psewilos® — 48 (coswloga 4 isinwlog ).

' =e
Taking real/imaginary parts gives the two basis solutions so the general solution is
x = 2°(cycoswlogx + cysinwlogx) .
Finally, if p has a repeated root r then the general solution is
r=2x"(c; + clogx).

That is, multiply the first solution by logx to get the second.
The ‘eigenvalue problems’ are solved the same way as the previous examples, now using

this general solution. The procedure also works for higher-order ‘equidimensional’ equa-
tions, although the repeated roots case may need to be generalized if there is a triple root.
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