Chapter 5

Boundary Value Problem

In this chapter I will consider the so-called boundary value problem (BVP), i.e., a differential equation
plus boundary conditions. For example, finding a heteroclinic trajectory connecting two equilibria &
and &, is actually a BVP, since I am looking for @ such that x(t) — &; when ¢t — oo and x(t) — &2
when t — —oo. Another example when BVP appear naturally is the study of periodic solutions.
Recall that the problem & = f(t, ), where f is € and T-periodic with respect to ¢, has a T-periodic
solution ¢ if and only if ¢(0) = ¢(T"). Some BVP may have a unique solution, some have no solutions
at all, and some may have infinitely many solution.

Exercise 5.1. Find the minimal positive number 7" such that the boundary value problem
z" — 22" = 8sin’t, 2'(0) =/ (T) = —1,

has a solution.

5.1 Motivation I: Wave equation

Arguably one of the most important classes of BVP appears while solving partial differential equations
(PDE) by the separation of the variables (Fourier method). To motivate the appearance of PDE, 1
will start with a system of ordinary differential equations of the second order, which was studied by
Joseph-Louis Lagrange in his famous “Analytical Mechanics” published first in 1788, where he used,
before Fourier, the separation of variables!' technique.

Consider a linear system of k£ + 1 equal masses m connected by the springs with the same spring
constant (rigidity) c¢. Two masses at the ends of the system are fixed. Let u;(t) be the displacement
from the equilibrium position of the j-th mass at time t. Using the second Newtons law and Hook’s
law for the springs, I end up with the system

miiy = c(uji1 —uy) — c(uj —wj-1) = c(ujpr — 2uj +uj-1), j=1,....k—1,
with the initial conditions

u]‘(()):()éj, u;(()):ﬁj, jzl,...,k‘—l,

!As far as I am aware this method appeared first in one of Daniel Bernoulli’s works on vibration of strings in 1753,
together with “Fourier’s series.” “The Analytic Theory of Heat” by Joseph Fourier was published in 1822.
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and the boundary conditions (the ends are fixed)
UO(t) = uk(t) =0, teR.

This problem can be solved directly, by using the methods from Chapter 3. However, Lagrange,
following Bernoulli, makes the following assumption: He assumes that the unknown function u; can
be represented as

u;(t) =T()J(j),
i.e., as the product of functions, the first of which depends only on ¢ and the second one depends only
on the integer argument j. On plugging this expression into the original system and rearranging I find

mT(t) JG+1)—2JG)+J(G—1) .

cT(t) J(5)

Since the left-hand side depends only on ¢ whereas the right-hand side depends only on j then they
both must be equal to the same constant, which I will denote —A. Therefore, I get

. e\
7y Lr—o,
m

and
—(J+1)=2J(G)+J0G — 1) =)

Moreover, from the boundary conditions for the original equation, it follows that

These boundary conditions plus the previous equation is actually an eigenvalue problem for a linear
difference operator, which acts on function, defined on integers. To emphasize this I denote

A% () = =(fG+1) = 2f() + (G = 1)),
and hence my problem can be rewritten as
A%T =\J, J(0)=J(k)=0.

My goal is thus to determine those values of the constant A for which my problem has non-trivial
(different from zero) solutions.

The general theory of linear difference equations with constant coefficients is very similar to the
theory of linear ODE with constant coefficients. In particular, the general solution to the homogeneous
equation is given as a linear combination of two linearly independent solutions. Whereas I used the
ansatz e for ODE, for the difference equations one should use ¢7. So, by plugging J(j) = ¢/ into my
equation and canceling I find

—(¢* —2q+1) = Aq,

q2—2<1—;\>q+1:0.

Instead of directly solving this quadratic equation, I will start with a qualitative analysis.

or, after rearranging,
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If my equation has two real roots ¢; # g2 € R then the general solution is J(j) = Clq{ + C'Qq% and
the boundary conditions would imply that

Ci+Cy =0,
Ciqf + Cagh =0,

which has a nontrivial solution (Cy,C2) # (0,0) if and only if the corresponding determinant is zero,
which, by direct calculation is impossible for q; # g2. The case ¢ = g2 € R is analyzed similarly, only
in this case the general solution is J(j) = Ciq] + Cajq].

Exercise 5.2. If the reader is unfamiliar with difference equations it may be helpful to consider an
explicit computation. Consider, for instance, the famous problem for Fibonacci numbers F(j),j =
0,1,..., which are defined as

FG+1)=FG)+F@G-1), j=12,..., F0)=0,F(1)=1,

producing the Fibonacci sequence
0,1,1,2,3,5,8,...

This is an example of a difference equation. Solve it by making an educated guess F(j) = ¢/, and
using the initial conditions to determine constants in the general solution

F(j) = Ad] + Baj.
How many digits does F'(1000) have?

Back to the analysis of the system of masses. As a final possibility I assume that ¢ =g, € C, i.e.,
g2 = ret?  But from my quadratic equation by Vieta’s theorem I have ¢ig2 = 1 and hence r = 1.
Now

Ci+Cy =0,
Cleiak + Czefiek — 07

and the corresponding determinant is, up to a multiplicative constant,
sin Ok,

which is equal to zero only if

I determined my #;, but the original constant is A, which should be expressed through ;. Again from
Vieta’s theorem I have

A
1—%2%20059;,
hence 9 ;
N = 2(1 — cos ;) = 4sin? 51 = 4 sin’ ;r—k ,
and hence, to have different constants, I should only take [ = 1,...,k —1 (carefully note that the case

0; = 0 is excluded by the previous analysis).
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Therefore, I found that my difference operator A% with the trivial boundary conditions has exactly
k — 1 eigenvalues \; with & — 1 corresponding eigenfunctions J;.
Returning to the equation for the time dependent variable, I hence have

ml

—, l=1,... k-1
2]{?7 ) ’

S\
Tl—i-QTl =0 = 1} = A;sinwt+ By coswit = Cysin(wit+yy), w; = £ sin
m V' m

The full solution to the original system can be determined by noting that any linear combination of
(t,7) — Ti(t)J;(j) is also a solution, and hence

k—1 k-1
ui(t) =Y Tit)D(§) =Y Cisin(wit + @) Ji(§), j=1,....,k—1.
=1 =1

These solutions have 2(k—1) arbitrary constants Cy, ¢y, [ = 1,..., k—1, which are uniquely determined
by the initial conditions for £ — 1 moving masses.

In a nutshell, an attempt to solve my original problem by the separation of variables method ended
up with an eigenvalue problem for a linear difference operator, or, in a slightly different language, in
a boundary value problem for a linear difference equation.

Now I will consider the limit when k — oo. I will assume that the two fixed masses are located at
the points 0 and 1 and distance between any two masses is equal to h. Hence, k — oo is equivalent to
h — 0. From physics I know that m = pSh, where p is the density and S is the area of the transverse
section; ¢ = ES/h, where E is called Young’s modulus. 1 also introduce new notation

uj(t) = ult, z),

emphasizing that when A — 0, the j-th equilibrium position turns into a point of a continuous variable
x € [0,1]. Using the introduced notations I have (notation u}, = uy = dyu means the second partial
derivative of u with respect to variable ¢)

Eu(t,xjy1) — 2u(t,x;) + u(t,xj—1)
up(t, ;) = — ’ B2 . —.

The left hand side approaches uy as h — 0. The right-hand side approaches au,;, where a = \/E/p.
Exercise 5.3. Show that, assuming that u is sufficiently smooth, that

u(t, $j+1) — 2u(t, xj) + U(t, a:j_l)
h2

— Opgu(t,x), ash—0.

Hint: consider u(t,zj41) = u(t,z; + h),u(t,xj—1) = u(t,z; — h) and represent them as Taylor’s series
around h = 0, simplify and take the limit.

Therefore, I showed that my system of ODE turns into the so-called wave equation
U = a*uge, u(t,0) =u(t,1) =0, >0,

for the unknown function w of two variables: time ¢ and position x. I also must have the initial
conditions

u(0,2) = f(z), w(0,2)=g(z), 0<z<I1.
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Now, following Lagrange, I will apply the same trick with the separation of variables to the wave
equation assuming that
u(t,x) =T(t) X (z).

After separating the variables I will find for X (the student should fill in all the details) that
X"+ AX =0, X(0)=X(1)=0.
This problem can be written as the eigenvalues problem
LX = )X, X(0)=X(1),
for the differential operator L = —dd—;. This problem has nontrivial (distinct) solutions if and only if
N=(ml)? 1=1,2,...

These are the eigenvalues of my differential operator. The corresponding eigenfunctions (up to multi-
plicative constants) are
Xi(x) =sinwlz, 1=1,2,...

Exercise 5.4. Consider the BVP
X"4+AX =0, X(0)=X(1)=0,

where A € C. Prove that this problem has nontrivial (different from zero) solutions only if \; =
()2, 1=1,2,... (note that zero is not included).

The equation for T} hence takes the form
T + (7la)*T; = 0,
which has the solution
T;(t) = Aysinwlat + By cos wlat.

Finally, using the superposition principle, I have that the infinite linear combination

oo o
u(t,x) = ZTl(t)Xl(x) = Z(Al sinwlat + By cos wlat) sin wlx
I=1 I=1
formally solves my problem and satisfies the boundary conditions. At this point I do not want
to bother about the conditions under which infinite series converges, and hence I write “formally.”
Instead, assuming the validity of my formula, I use the initial conditions to determine A;, B;.
For instance, using the first initial condition I find

Z Bysinnlx = f(x),
=1

which means that B; are the Fourier coefficients (if the student did not see the Fourier series before,
they should simply ignore the title and concentrate on actual computations) of f of its Fourier sine
series. To find these coefficients I will use the orthogonality of sines:

1
. . 0, m#n,
sin mnx sin mmx dz =
0

1 _
35 n=m.
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Therefore,

1
Bl:2/ f(x)sinwlede, 1=1,2,...
0

Similarly,
9 1

A =
! wla 0

g(z)sinmlaedr, [=1,2,...,

and the original problem solved (at least on the formal level). There are a lot of questions here about
the convergence, completeness of the system of sines, etc. I will answer all these questions from a
general and abstract point of view in the following.

Exercise 5.5. The introduced above boundary conditions are not the only possible choice. Consider
separately the following four different cases, where in the final case I assume that x € [—m, 7| for
Symmetry:

1. X'(0) = X'(1) =0
2. X(0) = X'(1) =0
3. X'(0) = X(1) =0
4. X(—7) = X(r), X'(-7)=X'(n)

Find all the values of A’s (eigenvalues) for which the corresponding BVP has a non-trivial solution, the
corresponding solutions (eigenfunctions), and check that the set of all solutions forms an orthogonal
family with respect to the standard inner product in L£2[0,1] for the first three problems and in
L2[—m, 7] for the last one (recall that two functions f, g are orthogonal in £2[a,b] if f: fg = 0; the
system (¢,,) is orthogonal if every ¢, is orthogonal to any ¢,, for all n # m).

Exercise 5.6. Solve
Ut = Ugg, t > 0, T e (0, 1),

with the boundary condition
u(t,0) = u(t,1) =0,

and initial condition
u(0,x) =sinwz + 0.5sin 3wz, . (0,2) = 0.

Remark 5.1. In general, if I consider a more complicated system of masses connected by springs, I
can arrive to the n-dimensional wave equations. For instance, if my masses are placed at the vertices
of three dimensional lattice, and each mass is connected to its 6 neighbors, I can obtain by exactly
the same limiting procedure that

g = a’Au,

where A is the Laplace operator, in Cartesian coordinates

#? 2
+ o5+

N 9
ox?  Oy? 022

This is three dimensional wave equation.
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5.2 Motivation II: Heat equation

Here I will show how a PDE can be derived macroscopically, opposite to the microscopic approach,
which I used in the previous section. I will assume that the reader is familiar with some basic theorems
of multivariable calculus.

Let z € Q C R3, and Q be a bounded domain with boundary 9. Let e(t,x) be the thermal
energy at time t at the point @ € ). The law of the conservation of energy tells me that the rate
of change of the total thermal energy in {2 must be equal to the flux through the boundary plus the
amount of energy created inside (2, mathematically

i///ge(t,w)da:——ﬁgﬂq(t,x)-ndS—i—//Qf*(tyw)dw?

where g: R x Q —  is the flux (note, it is a vector), n is the outward normal to the boundary 09,
dS is the element of the area of 92, and f* is the density of sources of the thermal energy (it can be
negative representing dissipation of energy). By Gauss’ theorem

ﬁgﬂ q(t,x) -ndS = //Qv q(t, ) da,
///ﬂ(et(t, ©)+ V- qlt, @)~ [ () dw = 0,

ei(t,z) +V-q(t,x) — f*(t,z) = 0.

I know that e(t,x) = c(x)p(x)u(t, z), where c is the thermal capacity, p is the density, and w is the
temperature. I also know Fourier’s law

and hence

therefore,

q(t,x) = —k(x)Vu(t,z),
where k is the thermal conductivity. Putting everything together I obtain
cl)p(x)ur =V - k(x)Vu+ f*(t,z), t>0, xe€,

which is the general form of heat equation. Simplifying further by assuming that c, p, k are constants
(in general the situation is opposite, in reality, ¢ and k can depend on the temperature u itself!) T end
up with

w=o?Au+f, t>0, xeQ,

where o? = k/(cp), f = f*/(cp) and Laplace operator A = V - V (in some physics textbooks for this
reason Laplace operator is often denoted as V?). Clearly, even just from physical considerations, I
must also have the initial and boundary conditions. For the initial conditions I have

u=g, on{t=0}xQQ,

which simply means that I know the temperature at every point of € at the initial time moment ¢ = 0.
Boundary conditions can be in different form. First, if I assume that the temperature is fixed at
the boundary then I have so-called Dirichlet’s boundary conditions

u=nh, on{t>0}x0Q,
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if the flux is prescribed then I have Neumann’s boundary conditions

g—:i:h, on {t > 0} x 09,

or if the temperature of the surrounding medium is given then I have Robin’s boundary conditions (a
and b are given constants here)

au—l—bg—:i:h, on {t > 0} x 0.

If the above classification seems to be too complicated, consider the simple case of one-dimensional
heat equation
up = Puge + f, t>0, z€(0,1),

with the initial condition
u(0,z) = g(z), =z €][0,1].

The Dirichlet’s boundary condition becomes
u(t,0) = ha(t), wu(t 1) = ha(t),
Neumann’s boundary condition is stated as
Uz (t,0) = hai(t), ua(t,1) = hat),
Robin’s boundary condition is stated as
aju(t,0) + byul(t,0) = hi(t), agu(t, 1) + boul(t,1) = ha(t).

If all A’s are zero the boundary conditions are naturally called homogeneous.
Exactly as in the case of one-dimensional wave equation I can use the separation of variables to
solve the heat equation.

Exercise 5.7. Consider the problem

Up = Ugg, t>0, x€(0,1),
u(t,0) = u(t,1) =0, t>0,
u(0,z) = g(z), =€]0,1].

Solve this problem with

L g(x)

2. g(x) =sin2rz + 3 sindrz + & sin b7z,

L

3. g(x) =x — 2%

Sketch your solutions at different time moments.
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Exercise 5.8. Solve
Up = Ugg, t>0, x€(0,1),
u(t,0) = ug(t,1) =0, t>0,
u(0,2) =z, x€]l0,1].
Exercise 5.9. Solve
Up = Ugg, t>0, x€(0,1),
ug(t,0) = ug(t,1) =0, ¢>0,
uw(0,z) =z, z€]l0,1].

Finally I note that assuming that f* as well as the boundary conditions in the full heat equation
do not depend on time ¢, it is reasonable to expect that at least in some cases the temperature will
stabilize, it is said it achieves the stationary state. At this state uy = 0 and hence u satisfies

V- kVu+ f*=0
with the corresponding boundary conditions. In particular, if k is constant and f* = 0 I have
Au =0,
which is called the Laplace equation. (More general —Au = f is called the Poisson equation).
Remark 5.2. Note that one dimension Poisson equation is an ordinary differential equation
—(k(a)'(2)) = f(@).

with given boundary conditions, and therefore the stationary one-dimensional problems for the heat
equation naturally lead to BVP for ODE.

Not surprisingly, Laplace’s equation can be also solved by using separation of variables technique.
Exercise 5.10. Consider the Laplace equation on the circular disk
Au =0, z? =+ y2 <1, u(:c, y)|m2+y2:1 = h(.%’, y)a

Introducing the polar coordinates © = rcosf, y = rsin@ it can be proved that the Laplace operator
in the polar coordinates takes the form (I do not require a proof, but this is a good exercise in the
change of variables)
ox2 Oy  Orr  ror 12002’
where v(r,0) = u(r cosf,rsin6).

Write the boundary conditions for the equation in polar coordinates:

U(lag) = H(g)a H(e) = h(xvy)|12+y2:1'
Note also that one should have v(r,8) = v(r,0 + 27), v'(r,0) = v'(r,0 + 27) (periodicity condition).

1. Separate the variables in polar coordinates and solve two ordinary differential equations, taking
into account the boundary conditions. Note that additionally you should request that the solu-
tion must be bounded and smooth to satisfy the original equation. (Problem 5.5 part 4 may be
of some help.)

2. Write down a formal solution to the original problem.
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5.3 Motivation III: Green’s functions and delta-function

In this section I consider the problem of the stationary heat distribution in a one-dimensional rod
with fixed temperatures at the ends. According to the previous section my problem has the following
mathematics statement:

—(k(x)'(2))" = f(z), x€(0,1),

with the boundary conditions u(0) = a,u(1) = 8. Here I assume that the conductivity of my material
can be non-constant in general, and that a # 0, 8 # 0. Function f is assumed to be continuous.
First I note that because of the linearity of my problem I can consider separately two problems

—(k(x)w'(2))" = f(z), =€ (0,1), w(0)=w(l)=0,

and
—(k(2)'(2)) =0, x€(0,1), v(0)=a,v(l)=4,

and the solution to the original problem will be the sum u(x) = w(x) + v(x), hence without loss of
generality I will assume in the following that o = 5 = 0.

I can, of course, simply integrate my equation twice and use the boundary conditions. Instead, I
will use a more conceptual approach. In particular, I would like to represent my heat sources inside
the rod (which are given by f) as a linear combination of concentrated sources of unit strength.
Heuristically, if I am capable to solve my problem for each concentrated source separately, the full
problem solution can be found by invoking some form of superposition principle. Here is my first
example.

Example 5.3. Assume that k(x) = 1 and at the point £ € (0, 1) a concentrated source of unit strength
is placed. I denote the solution of my problem as (z,&) — g(x,§) emphasizing the dependence on
the source position £. Since the source is concentrated at just one point, g must solve —g” = 0 for
xz €[0,€) and —g” = 0 for x € (&, 1], with the boundary conditions ¢(0,&) = g(1,£) = 0. Hence I must
have

9(@,8) = Az, 0<w <,

gz, ) =B(1—1x), {<zx<l
Clearly I want g to be continuous at x = £, but I cannot expect it to be continuously differentiable
(check that such an assumption would lead to physically meaningless g(x,&) = 0 for all x). Since my

heat source has unit strength, I expect that the sum of fluxes of the heat at two points £ —€,& + €
must be equal to 1, that is,

_gl|x:£+e + gl|$:§—e = ]-a

where the signs reflect the simple observation that the heat flows from hotter to colder points. Taking
formal limit € — 0, I determine the jump of the derivative of g as

G |z=¢+0 — §'|la=¢—0 = —1.
So, continuity and jump conditions together imply that

AE=B(1—-¢), A+B=1,

133



which yields
A=1- 57 B = 57

or finally
(1—§)$, 0§x§€7
9(z,8) =
The found function ¢ is called Green’s function of the differential operator —d%nlg with homogeneous

Dirichlet’s boundary conditions. I claim that my Green’s functions allows me to solve my problem
with arbitrary f.

Exercise 5.11. Consider the problem —u” = f, z € (0,1) with u(0) = u(1) = 1. Prove that the
unique solution to this problem is given by

u(z) = /0 o, €)F(€) de,

where g is found above Green’s function.

It is not difficult to justify the formula above when you know it. My goal here is to motivate the
appearance of this formula.

Let me look back at my main example here and let me denote my concentrated source of unit
strength as 0¢(x). By the physical reasonings d¢ must be zero everywhere in « € (0,1) except the
point x = £ and its integral that includes the point x = £ must be equal to 1. Alas, no such function
exists! So, let me motivate the nature of ¢ by considering a sequence of legitimate functions

1
wn(x> = {n’ |x| <o

0, ]w\>%

I would like to state something like
o) = lim hy(a)

and d¢(x) = do(x — ), but this limit (for the same reason as above) does not make much sense. The
key fact is that (exercise!), if £ € (a,b), then

b
[ otz = o0

for any continuous at x = £ function ¢. The introduced in this way object d¢ is called delta-function
(which is not a function!) or Dirac delta-function, and hence I actually solved the mathematical
problem

—g"(x,ﬁ) = 5§($)7 9(075) = 9(175) = 17 5 € (07 1)7

where the equality must be understood in the sense of the characteristic property: If I multiply the
left-hand side by any continuous ¢ and integrate, the result will be exactly ¢(£). Now I can provide
a heuristic motivation for my general solution. Indeed, from the same characteristic property I have
that

f(z) = /O £(6)0¢() d,
1
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taking as granted “intuitively obvious” d0¢(x) = do(x — &) = do(§ — ) = 9,(§). Now I multiply the
equation Lg = d¢ by f(§) and integrate from 0 to 1, obtaining

1 1
/ Lol €)£(€) de = / e (2) () dé = f(a).
0 0

Assuming that the integral and L commute, I have

L ( / 50 dg) ~ /=),
or, in other words, .
u(z) = /0 o2, ) 1(€) de,

solves Lu = f with given boundary conditions.

I do not plan to discuss the rigorous theory of objects like d¢ (the usual title is the theory of
generalized functions or the theory of distributions), but note that with some care one can manipulate
d¢ as a usual function. Here is a simple example.

Example 5.4. Consider again
—g"(x,§) = d¢(x), 9(0,§) =g(1,§) =0
and integrate both sides from 0 to 1:
—g'(z,€) = He(x) + A,
where I made a plausible assumption that the integral of d¢ is the Heaviside function
He(r) = {; ot

(This also implies that H(z) = d¢(z) whatever this means.)

Denoting pg(z) = [ He(x) dz the antiderivative of H (sometimes p is called the ramp function),
I get

—9(x,§) = pe(x) + Az + B,

and the boundary conditions give B = 0, A = —(1 — &), thus resulting in
which is, of course, exactly the same expression as obtained before.

I note that from the analysis above it follows that the BVP

v + =0, u0)=u(l)=0

is equivalent to the integral equation

which I will need in the following.
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Example 5.5. Before finishing this section, I would like to consider Green’s function for an IVP.
Specifically, consider the second Newton’s law

mu” = F(t), t>0,u(0)=a,u(0)=4.
The Green’s function associated with this problem solves (formally)

mg”(t,7) = 6-(t), ¢(0,7) =4 (0,7) =0.
The physical meaning of g is the position of a particle initially at rest subject to a unit impulse at time
t = 7. Similarly to the reasonings above, I must have (because the impulse will cause an instantaneous
change in the momentum mu'), the jump condition

mg£:7'+0 - mg/|t:7'—0 =1
This jump condition and continuity of g yield
0, 0<t <,
g(ta T) =qt—-7
m

, t>T,
which is often called the casual Green’s function. I will leave it as an exercise to check that the original
problem has the solution

L

0 m

u(t) = /000 g(t, T)F(r)dr = F(1)dr.

5.4 Green’s functions for BVP

All the previous discussion was intentionally non-rigorous. In this section I will present the precise
mathematical statements and proofs about Green’s functions.
Consider the following differential equation, where po(z) # 0 when z € [a, b],

d™u d"lu
Lu = po(x) P —}—pﬂ@w + ...+ pu(x)u=0, (5.1)
with boundary conditions specified at two boundary points a and b. Specifically, I will assume that
there are n boundary conditions Uj(u) =0, j = 1,...,n, where each U; has the form

Uj (u) = ajlu(a) + ajgu/(a) +...+ Oéjm_lunfl(a) + ﬁjlu(b) + ngu/(b) +...+ ,Bjm_lunfl(b) =0. (52)

Boundary conditions plus the differential equation define the differential operator L, which I denote
using the same letter L slightly abusing the notation (to be precise: I will use the notation Lu = 0 for
both the differential equation (5.1) alone and for the BVP (5.1), (5.2) assuming that it is clear from
the context which meaning I expect to convey). My goal is to show that in some cases my operator L
has an inverse, and moreover, I will built an explicit formula for my inverse.

Now to the definitions, operator B (not necessarily linear in this case) is called inverse with respect
to operator A, if the domain Dpg of B coincides with the range R4 of A and for all z € Dy

B(Ax) = x.

An inverse operator is usually denoted as A~!.
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Exercise 5.12. Show that if A has an inverse A~! then A~! has an inverse and moreover (A=)~ = A.
Exercise 5.13. Show that if A is linear and A~! exists then A~! is linear.

Exercise 5.14. Show that linear operator A has an inverse if and only if the equation Ax = 0 has
the unique trivial solution x = 0.

Now I assume that problem (5.1), (5.2) has only trivial solution u(x) = 0, which implies that there
exists an inverse to L operator. I will show that L' is given by an integral operator with continuous
kernel. This kernel is called Green’s function of operator L.

Definition 5.6. Consider the differential operator L defined by (5.1), (5.2). Green’s function (x,§) —
g(x,&) of L is the function that satisfies

1. g is continuous and continuous differentiable with respect to x up to order n — 2 for all x and &
in [a,b];

2. For each fized £ € [a,b] g has continuous derivatives of order n — 1 and n with respect to x in
[a,&) and (§,b], moreover,

an—lg
8xn—1

871—19 - 1 ‘
axn_l (g - 07€> - pO(ﬂj)’

(€+0,¢) -
3. In each interval [a,&), (£,b] g as a function of x solves Lg = 0 and satisfies the boundary
conditions Uj(g) = 0.

Theorem 5.7. If BVP Lu = 0 has only the trivial solution uw = 0 then L has one and only one Green’s
function g.

The proof of this theorem is constructive. That is, I present an algorithm how actually find such g.

Proof. Let {ui,...,uy} be a fundamental solution set to the equation Lu = 0 (that is, {u1,...,u,} is
a linearly independent system of solutions). From the general theory of Chapter 3 I know that such
solution sets always exist. Therefore, I must have in the interval [a, &) that

g9(x, &) = aqur(x) + ... + apup(z),
where a; are some functions of £. Similarly,
g(x,8) = bjur(x) + ... + bpup(x), &<z <b.
From the continuity of the first n — 2 derivatives I have
(a1ul(©) + ... + auul (€)) = (0l (&) + ...+ bu) () =0, j=0,...,n—2,

and the jump condition takes the form

(@™ ) + .+ apul(€)) = (bl V() + .+ buul D (€)) = —

137



Introducing ¢ = (c1,...,¢n) ", c;j =bj — aj,

w () oo un(§)
U = : )
SRR (9
and b = (0,...,0, po—%g))—r, I can write my system succinctly as
Uc=0b,

moreover, det U # 0 as the Wronskian of the system evaluated at the point x = £. Hence this system
has the unique solution c. To determine a; and b; I consider the boundary conditions, which I write
in the general form

Uj (u) = Uja(u) + Ujb(u).

9) = ZajUka(uj) + ijUkb(uj) =0

Then

Plugging a; = b; — ¢; yields
ijUk(Uj) :ZCjUka(uj)a k:L...,n,
J J

which is a system of linear equations with respect to b; whose determinant is non-zero (because I
assumed that the original problem has only the trivial solution, think this out). Hence the constants
aj,b; are determined uniquely, which proves the existence and uniqueness of Green’s function. |

Theorem 5.8. Together with the problem Lu = 0 consider the problem Lu = f for continuous f
and the same boundary conditions. If the problem Lu = 0 has only the trivial solution then for any
continuous on |a,b] f problem Lu = f has the unique solution given explicitly by

b
umz/gm&mma

where g is Green’s function of operator L.

Proof. To prove this theorem all I need is to check that my solution satisfies the differential equation
Lu = f and boundary conditions U;(u) = 0. Since g is C("=2) for all = € [a,b] I can differentiate up
to the order n — 2 under the integral sign. To evaluate n — 1-th and n-th derivatives I must be more
careful. To wit, I have

T gn— 2 b 8n72
e = M0 S 0 (g)d§4—jc @ O d,

which I can differentiate with respect to = obtaining

8” 1 an—2
“ E=x—0
n— 1 n—2
E=x+0

n—1 n—1
l§n1<®ﬂoﬁ+/gnl<@ﬂ®§
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Similarly to the above I will find, using the jump condition for Green’s function,

b an
d ()= [ L9 )56 de+

o O™

f(@).

po()

Now I plug everything into the equation Lu = f and boundary conditions (5.2). For the boundary
conditions I have

b
Ujtu) = [ Uito) () d =0

since U;(g) = 0, so the boundary conditions hold.
For the equation I have

b
Lu= [ Laf(€)d + f(2) = f(a),
a
which proves that u satisfies the equation. The uniqueness proof is left as an exercise. |

Remark 5.9. Operator A, which is defined as

b
Af(z) = / K (. €) £(€) de,

is called an integral operator with kernel K. The proven theorem thus means that for the differential
operator L the inverse L~! is an integral operator with kernel g.

Remark 5.10. Quite often (see the motivational sections, for instance) one has to consider BVP of

the form
Lu=Xu+f, Uju)=0, j=1,...,n (5.3)

Assume that differential operator L has an inverse L~! with the corresponding Green’s function g.
Then I proved that problem (5.3) is equivalent to the integral equation

b b
u() = A / 9(2.€) F(€)dE + h(z), () = / oz, €) F(€) de.

Example 5.11. Here is one explicit example of a computation of Green’s function for BVP. Let
L d2+ 2 >0, u0)=u(l)=0
=——+4w, w , uw(0)=wu(l)=0.
dx?
It is convenient to express the general solution to the homogeneous equation as

Asinh wz + B coshwz.

(Here the idea is to use such basis functions that satisfy the initial conditions u(0) = 1,4/(0) = 0 and
u(0) = 0, v/(0) = 1, recall the notion of the principal matrix solution). Thus I have

(2,€) Cisinhwx + Cycoshwz, x <€,
x,§) =
g C3sinhwx + Cycoshwzx, x> &.
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From the boundary conditions I find

C4 sinh wz, r<¢
g(w,8) = .
Cssinhw(l —z), = >¢.

The second line can be inferred directly, but also can be argued as follows. From the second boundary

condition I have that

Oy = — C4'coshw'
sinh w

Therefore,

e (sinhw coshwz — coshw sinhwz) = Asinhw(1 — z),
sinh w

where I used
sinh(a + ) = sinh v cosh 8 + sinh 5 cosh .

Now the continuity and jump conditions becomes

(4 sinhwé = C3sinhw(1 — &),
—w(C3coshw(l — &) — Ciwcoshwé = —1.

Multiplying the first equation by w coshw(1l — &) and the second by sinhw(1 — §) and adding, I find,
after again using the formula for sinh(a + ), that

sinhw(1 —¢) O — sinh wg

Cy = = )
! wsinhw = ° wsinhw
Finally,
inh inhw(1 —
sin w$81.n w( 5)7 v <€
g(x,€) = wsinh w
’ sinhw(1 — ) sinh w§
. ;o x =68,
w sinh w

Exercise 5.15. Find Green’s function for
W u= @), u(0)=u(m), o(0)=u().
Exercise 5.16. Find Green’s function for
23 u” + 32%u + xu = f(x), w(l) =0,u(2)+2u/(2) = 0.
Exercise 5.17. Find Green’s function for
u” cos® x — ' sin 2z = f(z), w(0) =u(0), wu(n/4)+u'(7/4)=0.
Exercise 5.18. For which a there exist Green’s function for BVP

v +au= f(x), u(0)=u(l)=0?
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Exercise 5.19. Find Green’s function for the stationary problem with variable conductivity

—(k(2)d'(x))" = f(x), u(0)=0,u(1)=0,

where the physical meaning for the boundary conditions that the left-hand side of the rod has tem-
perature zero and the right-hand side is insolated.

Exercise 5.20. The small transverse deflection u of a homogeneous beam of unit length subject to a
distributed transverse loading f satisfies

u® = f(x), O0<z<l,

with boundary conditions
u(0) = u”(0) = u(1) = u"(1) = 0.

Find Green’s function for this differential operator and solve this problem for continuous f.

5.5 Inner products and Hilbert spaces

I already discussed a number of properties of various BVP, which may seem somewhat unrelated. The
actual unifying view is obtained through the use of the general abstract language of Hilbert spaces,
which I carefully define and discuss in this and the next sections.

Definition 5.12. Let X be a complex vector space. An inner product on X is a function
(,): X xX—C,

for which the following properties hold for any x,y,z € X and a € C:

(1) (@+y,2)=(z,2)+(y,2)
(2) (az,y)=a(z,y)

(3) (z,y)=(y,z)

(4) (x,x)>0 ifx#0

®) (z,y+2) =(z,y) +(z,2)

(6) (z,0y)=a(z,y)

(7). (0,z) =(z,0) =(0,0) =0.
The properties (3) and (6) look somewhat easier if X is a real vector space. In the following, if not
stated otherwise, I will assume that X is a complex vector space. Some proofs may be different for

real and complex cases. The student should remember that some properties are different for real and
complex vector spaces.

Exercise 5.21. Let A be a linear operator on X with inner product (-,-). Show that if X is complex
and (Az,x) =0 for all x € X then A = 0 whereas this is not true for real vector space X.
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The properties of the inner product are motivated by the real dot product

3
my:<xﬂy>:2x]yja w7y€R37
j=1
which is actually equivalent to the dot product

-y = |z[|y| cos,

where 6 is an angle between vectors & and gy, and hence allows to measure angles. The complex
conjugation is necessary to guarantee that if € C? then

x-x € R.

The definition I chose means that for any x, y € C?

3
Toy=) 7
j=1

is taken as the standard inner product. Sometimes (in particular, often in Physics) an expression is
used when the conjugation is applied to the first factors.

Definition 5.13. Pair (X, (-,-)) is an inner product space.
Each inner product induces a norm by the formula

1/2
]| := (@, 2)"/2.

Lemma 5.14 (Cauchy—Bunyakovskii-Schwarz inequality).

[z, | < llllllyll

Proof. T will assume that X is a real vector space. The case of the complex vector space is left as an
exercise. For any real constant «

0< (z+ay,z+ay) = ||z]* + 2o (z,y) + o®|ly|,

which is a quadratic polynomial with respect to the variable a;, and hence should have the discriminant
non-positive:
2 201,112
(@,9)" — l=["llyll” <0,

which concludes the proof. |

The lemma also shows that the equality is possible if and only if z and y are linearly dependent
(prove it), which in its turn implies that

[(,9) |

]| = sup ===,
v#o [yl
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since

(z,x) [ (z,y
Jo = 2 < up KV < g
lzll = yzo  lyll
Moreover, now one can easily show that || - || is indeed a norm. Consider the expression

le +yl* = (z +y, 2 +y) < ll* +20 (@, p) |+ lylI* < 2l + 20yl + lyl* = ]+ ly])?,

which proves the triangle inequality, the other properties of the norm are straightforward.
Having a norm on a vector space X means that we have a metric and a topology induces by this
metric, and therefore we can talk about convergence.

Definition 5.15. An inner product space is called a Hilbert space if it is complete (with respect to the
norm induced by the inner product).

The natural question whether any norm can be generated by some inner product. The answer is
negative, and the simplest way to check whether | - || can be generated by an inner product is to check
the parallelogram law:

Lemma 5.16 (Parallelogram law). If X is an inner product space then
Iz +yl1? + llz = ylI* = 2l|=]|* + 2lly*
for any x,y € X.
The proof is left as an (easy) exercise.

Exercise 5.22. Assume that X is a normed vector space whose norm satisfies the parallelogram law.
Show that one can consider X to be an inner product space with a suitably defined inner product.

Example 5.17. The real vector space R¥ becomes a (finite dimensional) Hilbert space if the inner
product is defined as

k
(@, Y) 4= Y aiziy;
ij=1

for any positive definite symmetric real matrix A = (a;j)kxk. The complex vector space C* becomes
a (finite dimensional) Hilbert space if the inner product is defined as

k
(T,y)a = Z aijTiyY;
i,j=1
for any positive definite Hermitian matrix A.
Example 5.18. The complex space [? consists of all infinite sequences z = (x;)2, that satisfy

> |zi* < oo (square summable sequences) with the inner product
(o)
i=1
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The inner product is well defined due to the Cauchy—Bunyakovskii-Schwarz inequality.

The first thing to note about [? is that it is not finite dimensional, opposite to R* or C* and
therefore is infinite dimensional. It is a Hilbert space, because every Cauchy sequence has a limit.
Moreover, there exists a countable dense subset of [?, which means that any element of {2 is the limit
of elements from this subset (can you construct this subset explicitly?) Such metric spaces, containing
finite or countable dense subset are called separable. In what follows I will consider only separable
Hilbert spaces, which makes the discussion much easier (and, moreover, all the spaces I will need to
deal with are separable).

Example 5.19. Consider the space of continuous real function C([a, b]; R) with the inner product

b
(z,y) = / z(t)y(t) dt.

You should check that it is indeed an inner product. This inner product space is not Hilbert because it
is quite easy to give examples of sequences of continuous functions which would lead to still integrable
but discontinuous functions. Fortunately, it is always possible to consider a completion of an inner
product space, and the completion of the space of continuous functions, defined on the set 2 is denoted
£2(2) (I use this particular font to distinguish the space from differential operator L, in many book
the notation L?(£2) is used).

More precisely, £2(£2) is a Hilbert space of all (equivalence classes of) measurable functions z that

are square summable, i.e.,
2
[ 1o < .
Q

where the integral is Lebesgue’s integral. The inner product is given by (in real case)

<m,y>=/ﬂfcy,
<m,y>=/9fc.@,

in the complex case. The corresponding norm

1/2
lell oy = ( / W) .
Q

The Hilbert space £2(Q) is separable (as well as all other £P spaces for 1 < p < oo; the space £L> is
not separable).

and

5.6 Orthogonality. Basis. Fourier series

In inner product spaces we can measure angles between vectors. In particular, we can specify which
two vectors are orthogonal.

Definition 5.20. Let (X, (-,-)) be an inner product space. Vectors x,y € X are orthogonal if
(,y) =0.
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An immediate consequence of this definition is the famous Pythagoras theorem:

Lemma 5.21 (Pythagoras theorem). If z and y are orthogonal then
=+ yl* = l|=[* + [lylI*

Given any family of vectors (e;);cr, span(e;);cr denotes all the subspace of X formed by all finite
linear combinations in this family. A family (e;);er of elements of an inner product space (X, (-,)) is
called orthonormal family if

<€i,€j> 2(52']', for all 1,7 € 1.

Here 6;; is Kronecker’s symbol, which is equal to 1 is ¢ = j and 0 otherwise. Note that any orthonormal
family is linearly independent (prove it). Gram—Schmidt orthonormalization procedure allows to
construct an orthonormal family out of linearly independent (finite or countably infinite) family of
vectors. Details are left to the textbooks on functional analysis.

An orthonormal family (e;);er in an inner product space (X, (-,-)) is called mazimal if the only
vector x € X that satisfies (x,e;) =0 for all ¢ € I is x = 0. A convenient sufficient condition for an
orthonormal family to be maximal is as follows: (e;);—r is maximal if

span(e;)icr = X,

where the bar denotes the closure.

Any inner product space has a maximal orthonormal family, but in general the proof will require
the axiom of choice. However, in the case of a separable inner product space, more can be said without
any heavy machinery. In particular,

Theorem 5.22. Let (X, (-,-)) be a separable infinite dimensional inner product space. Then

(a) There ezists a countable infinite orthonormal family (e;)52, such that x € X and (x,e;) =0
for all @ imply that x = 0.

(b) Any orthonormal family is finite or countably infinite.

Exercise 5.23. 1 will leave a proof of this theorem as an exercise.
Finally, I will need definition of a basis for an infinite dimensional space.

Definition 5.23. Let X be a Banach space. Then a countably infinite family (e;)2, is a (Schauder)
basis for X if for any x € X there exist unique scalars ()2, such that

(o]
xr = E Q,;€;.
i=1

If the discussion above was clear, it should not come as a surprise that in a separable Hilbert space
a maximal orthonormal family is exactly a (Schauder) basis. To practice working with elements of
Hilbert space, I will prove

Theorem 5.24. Let (X, (-,-)) be an infinite dimensional separable Hilbert space and let (e;);2, be a
mazimal orthonormal family. Then
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(a) Any element © € X can be expanded as a convergent series

oo

sz(aj,eQei,

i=1
which is called the Fourier series of x.

(b) The scalars (x,e;) € C,i > 1, which are called the Fourier coefficients of x relative to the
family (e;)52,, satisfy Parseval’s formula

2] = (z,2) =) [z, e)
i=1

Proof. First, let me show that > 22, | (z,e;) | < co. We have

0< Hx—Z(:n,ei)ei||2: <;1:—Z(x,ei>ei,$—2(x,ej>ej> =
=1

=1 =1 J

=z =) e P = [ e P+ D (z,e) (z,¢) (ei,e5) =
i=1 j=1

ij=1
n
= Jlzl|* =D [(z,e) [*.
i=1

Therefore,
n

D Hwoe) P < lalf?,  for any n,
i=1

and hence
o0

Doz e P < el
i=1

The last inequality is called Bessel’s inequality. Note that I did not use the fact that my space is
Hilbert. This inequality is true in any inner product space.
Next, I will show > 22, (x,e;) e; converges. Consider the sequence of partial sums

n

sn=_(v,e)e,

i=1
and
n n n
llsn — 5lH2 = < Z (z,e)ei, Z <l‘,€j>6]‘> = Z |z, e:) |27
i=l+1 j=l+1 i=l+1

which proves that (s,) is a Cauchy sequence. Since the space is complete (Hilbert), then there is the
limit y:= > .2, (x,e) €.

Finally, I need to show that x = y. It is equivalent to consider the condition (x —y,e;) for all
i > 1 since (e;)?2; is maximal by the assumptions. Using the continuity of the inner product, I have

oo n
<x—2(x,ei>ei,ej> :Jgrgo<x—z<x,ei)ei,ej>.
i=1 =1
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But

<x—z<x,ei>ei,ej> =0, foralln>j.
i=1

7

Therefore, z = y.
Finally, from the previous I established that

n

n
= lim [le =Y {r e eif? = lim (Hxll2 Xl |2> ,
1=

i=1
which proves Parseval’s formula. |
Example 5.25. Consider the space £2(]0, 27]; C) and the family, defined by

1 .
en(0) := meme, neZ, 0<6<2r.

Note that the index n takes both positive and negative values. This is an orthonormal family in the

Hilbert space with the inner product

27 7
(.y) = /0 £(60)5(6) do.

which can be checked directly.

To prove that it is a maximal family requires several additional facts, in particular it can be done
by using a complex version of the Weierstrass trigonometric polynomial approximation theorem. Let
me state this fact for now without a proof. The proved theorem asserts that the family (e,)ncz is a
basis for our Hilbert space, and any element of this space can be uniquely represented by its Fourier
coeflicients.

The last, and probably most important question to ask is what is an ultimate source of maximal
orthonormal families (note that the maximality is usually the property, which is most difficult to
prove).

5.7 Self-adjoint operators
Recall that an operator L from a normed vector space X to a normed vector space Y is linear if
L(ax +vy) = alLx + Ly, for any z,y € X.

A linear operator is bounded if there is a constant C' > 0 such that ||Lz| < C||z| for any = € X.
A basic fact that a linear operator is bounded if and only if it is continuous. For continuous (and,
correspondingly, bounded linear operators) it is convenient to introduce the operator (or uniform)
norm, which is given by the infimum among all possible constants C'. Recall that

| L]

|L|| = sup ——= = sup |[Lz| = sup ||Lz].
w20 [zl jz)=1 lz<1

Assume now that we deal with an inner product space (X, (-,")).
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Definition 5.26. A linear operator L: X — X is called self-adjoint if
(Lx,y) = (z,Ly), forallz,yeX.

It can be shown that if X is a Hilbert space then any self-adjoint operator is continuous and hence
bounded.

For any linear operator L it is possible to consider an eigenvalue problem: To find all scalars A
and non-zero vectors x € X that satisfy the relation L& = Azx. The scalars are called eigenvalues
and the vectors are eigenvectors. This is a direct generalization of the eigenvalue problem on finite
dimensional vector spaces.

For the self-adjoint operators I have

Theorem 5.27. Let L be a self-adjoint operator on inner product space X. Then

(a) (Lz,z) is real for any x € X.

(b) Let X be an eigenvalue of L. Then X is real. Moreover, X\ > 0 if L is positive semi-definite and
A > 0 if L is positive definite.

(¢) Figenvectors corresponding to distinct eigenvalues are orthogonal.

(d)

)= sup WD g 20Ty (1 2
w2020 llzllllyll 20 |l lz]=1

Proof. (a) (Lz,z) = (z,Lz) = (Lz, x).
(b) Let Lz = Ax and = # 0. Then (Lz,x) = X {x,z), and

(Lx , z)

(x,z)

A=
which, by using (a), proves (b).
(c) Let Lzqy = A\xy and Lxgy = Agwo such that A; # Ag. T have
(L1, m2) = A1 (21, 32) = (21, Lag) = A (w1, 22) = (A1 — A2) (w1, 22) = 0.
(d) Let me start with the first expression for ||L||. Let

L
a= sup REZO_ o ey,

z20y20 1Yl jzi=jyi=1

To prove the formula, I will show that o < ||L|] < a. The first inequality is a consequence of the
Cauchy—Bunyakovskii-Schwarz inequality, since

| (L, y) [ < Lyl < (LA Hlyl

To prove the second inequality, start with ||z|| =1

Lz, Lz
Lo La) yrel s (L) | = |Lala,

|Lz||? = (Lz, Lz) = | L||
| L || [l]|=1,[ly[=1

which, using

1L = sup |[Lz]| < a,
lefl=1
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finishes the proof.
Now to the second part of (d), for which I introduce

Lx,x
stupW = sup |(Lz, 7).
a0l Jall=1

The goal is to show that § < ||L|| < 8. The first follows from the Cauchy-Bunyakovskii-Schwarz
inequality. For the second inequality I first note that

(La,z) < Bllz||.

Now, direct calculation together with the parallelogram law for two arbitrary xz,y € X for which
]| = [lyll = 1, yield
ARe(Lz,y) = (Lx+y),z+y) — (Lz —y),z —y)
< B (lz+yl?+llz —ylI*) = 26 (Il«]* + llylI*) = 48,

or
Re (Lx ,y) < .
Now,
(Lx,y) = | (Lz,y) | = <Lx,ye_ie>.
Since [|ye || = 1 then
Re(Lz,ye™) = Ree?| (Lo, y) | = | {Lz,y) |

which implies

1Ll =~ sup [({Lz,y)[ < f.
leli=llyll=1

Exercise 5.24. Show that the integral operator

b
Au(z) = / oz, €)u(€) de

is self-adjoint on £2([a,b]; C) if and only if g(z,¢) = g(&, x).

The big question in the last theorem is why I needed at all the last point (d), since it seems that the
properties of the eigenvalues and eigenvectors of a self-adjoint operator are almost what I am looking
for. The answer is that I never proved that eigenvalues of L must exist at all, let alone form a countable
set. Actually, how simple examples show, it is possible to come up with self-adjoint operators that do
not have eigenvalues at all, or have an uncountable number of eigenvalues. To remedy this issue I will
have to choose only those self-adjoint operators, which are at the same time compact.

Exercise 5.25. Consider an operator M mapping £2[0, 1] to £2[0, 1] defined by

y(t) = ta(t)

(multiplication by ¢). Show that M is self-adjoint. Also show that M has no eigenvalues.
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5.8 Compact self-adjoint operators. Spectral theorem

Definition 5.28. A linear operator A: X — Y between normed vector spaces X and Y is compact
if for any bounded sequence (x,)02 1 in X from the sequence (Axy,) in'Y it is possible to choose a
convergent subsequence.

If an operator is compact than it is bounded and hence continuous.

To give an example of a compact operator I need a tool to determine when my operator is compact.
In some cases it is almost immediate. For instance, convince yourself that if the range of A is finite
dimensional then A is compact. Here is one more useful criterion.

Lemma 5.29. Let A: X — Y be a linear operator and let (A,) be a sequence of compact operators.
If A, — A in the operator norm, then A is compact.

Proof. |

Example 5.30. Consider the integral operator

Aulz) = /Q K (, €)u(€) de,

with integrable kernel K. It is a compact operator from £2(£2) to £2(£2).
Proof. |

It is a remarkable fact that any compact and self-adjoint operator acting in an infinite dimensional
inner product space possesses similar properties. In particular, there are at most countably infinite
number of nonzero real eigenvalues, each one of finite multiplicity, and the corresponding eigenvectors
form a maximal orthonormal family if the operator is in addition injective.

Theorem 5.31. Let (X, (-,-)) be an infinite dimensional inner product space and let A: X — X be
a compact and self-adjoint operator with an infinite dimensional range. Then?

(a) There exists an infinite sequence (\,) of eigenvalues of A and an infinite sequence (pn) of
corresponding eigenvectors that satisfy

Ml = AL Pal = Pel > >l >0 A #0, lim A, =0,
Apy = Mo, (Dk,p1) =0, k1 >1,
| (Az, z) |
A1l = | (Ap1,p1) | = sup ———5—,
a0 |l]?
A
Dal = | (Apn o) | = sup KAz )| sy

270, (z ,p)=0,1<k<n—1 ||
(b) For any vector x € X,

Az = Z An <33 apn> DPn-
n=1

2T am copying a very detailed proof from Ciarlet, Linear and Nonlinear Functional Analysis with Applications, STAM,
2013.
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(¢) Let X be any nonzero eigenvalue of A. Then there exists n > 1 such that A\, = \, moreover the
set of such A\, is finite.

(d) If L is injective (i.e., ker L = {0}) then (py) is a mazimal orthonormal family, and hence a
basis if X is a separable Hilbert space.

Proof. (i) First, I will prove that there exist A; and p1, [[p1]] = 1 such that 0 < |A\;| = || 4] =

| (Ap1,p1) | and Apr = Aip1.

Recall that [|A[| = supjg =1 |(Az,z)| and ||A]| > 0 due to the assumption that the range of A
is infinite dimensional. Therefore, there exists a sequence (z,,) such that | (Az, ,z,)| — ||A|| with
|xn|| = 1 for all n. Introduce || = limy, o0 | (A, 25) | = ||A|| > 0. Since A is compact that from
the sequence (Ax,) it is possible to choose a convergent subsequence, say (Axz;), which converges in
X.

Consider (recalling that (Ax;,x;) is real even in the complex case)

HAJJ[ — /\11)[”2 = HAleZ — 2)\1 <A:L’l ,.CC[> + )\% S
< |JA|2 = 201 (Azy,2) + A2 =0, | — oo.

Therefore Ax; — A\iz; — 0 when [ — oo.
Define p; := lim;_ o, x;. Then from the above and rearrangements

1 1 1
p1 = lim z; = lim | ——(Az; — \izy) + — Az | = — lim Axy,
l—o0 )\1 A

l—o0 Al 1 l—o0

and ||p1|| = 1 since ||z;]| = 1 for all [.
Now
Apy = A(lim z;) = lim Ax; = Aipy,
l—0o0 l—00

which proves that A\; = ||A|| or A} = —||A]| is an eigenvalue of A with unit eigenvector p;.
(7) Now let me make a second step. Consider the subspace X3 := {x € X: (x,p;) = 0}. Then
the image of A(X32) of X5 is again in X5, since

(Az ,p1) = (x, Ap1) = M\ (z,p1) = 0.

Therefore, I can consider the restriction As of A to Xo, which is again compact and self-adjoint
operator. Moreover, As # 0. Indeed, assuming that Ay = 0 then

A({L‘*<$,p1>p1):0, :EEXv
because x — (z,p1) p1 € X3. On the other hand, I find

Az = X (z,p1) 1

for all z € X, which contradicts the fact that the image of A is infinite dimensional. Now the
arguments from (i) are repeated verbatim for A, and we find that there exists Ao and pa, ||p2| = 1,

Apa = Aopa, (p1,p2) =0,

Asx Az, x Az, x
0< el = JAa = sup DB, LASE] g, AT,
x#0, € X9 HxH 240, x€ X2 HxH z#£0 HxH
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We can continue. The only thing to check every step that A, 1 # 0. This can be argued similarly,
by considering  — > | (, pm) Pm, which belongs to X,,11, and assuming that A,4+; = 0, thus
getting a contradiction.

To summarize I showed that compact and self-adjoint operator A with infinite dimensional range
always has infinite sequence of eigenvalues (),) and eigenvectors (py), and moreover |A;| = [|A| >
Ao > ...

(7i7) Now let me show that lim, o A, = 0. Assume that it is not true, i.e., |A,| > 0 > 0 for all n.
Now consider a sequence (A, !p,), which is bounded and therefore has a convergent subsequence, say
(Alpm). Since A is compact, I can find yet another convergent subsequence (AX\, 'p;) = (p;). But
since all p, are orthogonal then

ok — 2ll* = Ipell* + llpell” = 2,

and hence I cannot have the limit. Contradiction. Part (a) of the theorem is done.

(iv) Consider x, := x — Y ;_; (z,pk) pr- By construction, and using the notations introduced
above, I have that =, € X,41 = {z € X: (z,px) = 0,1 < k < n}. Since x, is orthogonal to
> r_q{x,pk) pr, then, by the Pythagoras theorem, ||z,| < |jz|. Moreover, Az, = Apii1zy, and
sl = Pasl

Now

n
1Az = >~ A (2, p1) ol = [ Azall = [ Annizall < [Ansillllzn] < P lll2]l,
k=1

which proves (b).
(v) Here let me prove that we found all nonzero eigenvalues. Assume opposite, let Ap = Ap, A # 0
and A # A\, for all n. We know that p must be orthogonal to all p;. Using (iv)

Ap = nlggo;/\k (p,pk)pr =0,

which is a contradiction to A # 0.

(vi) Here I will show that each eigenvalue has a finite multiplicity and all the eigenvectors corre-
sponding to A, were found. Finite multiplicity follows from the fact that A, — 0. Consider now, say,
k eigenvectors p1,...,pr that correspond to the same eigenvalue A. I need to show that if Ap = Ap
then p € span(pn)flzl. For each n I have

App = A\pp.

Therefore, span(p,) C {p € X: Ap = Ap}. To prove the claim I need to show that this inclusion
is an equality. Assume contrary, there is p such that Ap = A\p, and p ¢ span(p,). I can use the
Gram-Schmidt orthogonalization to produce p € span{(p,),p} and (p,p,) = 0 for any n. Moreover,
Ap = Ap, because p is a linear combination of eigenvectors with the eigenvalue A. I also have that
(p,pn) = 0 for all n > 1 because A is self adjoint. Now use the same argument as in (v) to reach a
contradiction.

(vit) To prepare for the final step I will show that that

ker A = (span(p,))*.
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Here Z+ is the orthogonal complement of Z C X, defined as Z+ := {z € X: (x,2) =0, z € Z}.
Let x € X be such that Az = 0. Then for any n > 1,

1
'%7)\npn> =5 <Aaj7pn> = 07

1

which means that = € (span(p,))*. Conversely, if x € (span(p,))* then (z,p,) = 0 for all n > 1 and
thus Az = 0 by (iv).

(iz) Finally, I assume that A is injective, meaning that ker A = {0}. By the previous this means
that

(span(py)) " = {0},

that is, the orthogonal complement of span(p,,) is trivial, meaning that the only vector that is orthog-
onal to all p,, is zero. This implies that the orthogonal family (p,) is maximal, and hence, assuming
that our Hilbert space is separable, is a basis in X.

This concludes the proof. |

Remark 5.32. If the range of A is finite dimensional, of dimension N, then I can show that there
are exactly N real eigenvalues that satisfy

’)\1‘ > ’)\2’ > ... 2> ‘)\N‘ > 0,
with the corresponding orthogonal eigenvectors (pn)flvzl. Other statements in the proven theorem
should be modified to change co for N.
5.9 Sturm-—Liouville operators. Symmetric operators

Finally, I can collect all the bits of the information to present a reasonably full and uniform treatment
of the following eigenvalue problem. I will study the problem

Lu = M, (5.4)
where L is a differential operator
1
Lu = @(—(p(:v)u')/ + q(z)u). (5.5)
I assume that p,p/, g, and r are continuous real-valued functions on [a,b], p(z) > 0 and r(z) > 0 for

all z € [a,b].
Let H = L2 be a complex Hilbert space, H = {u: ff |u(z)|*r(x) dz < 0o} with the inner product

The form of operator (5.5) may look too special, but in reality I am dealing with general second order
differential operator such that the leading coefficient does not take any zero values on my interval
[a, b]. Specifically, consider the following exercise.
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Exercise 5.26. Consider the eigenvalue problem for general second order differential operator (pg(x) #
0 for = € [a,b])
po(z)u” + p1(z)u’ + po(x)u = Iu.

Considering the integrating factor exp f; g ;Ei;

ds rewrite it in form (5.5). What are p, ¢, 77

Let Dy, be the set of all twice continuously differentiable functions on [a, b], satisfying the boundary
conditions

Biu = Bru(a) +yu'(a) =0, Bau = Bou(b) + v2u/(b) = 0, (5.6)

where |31| + |y1] > 0 and |B2| + |y2| > 0. Clearly, D;, C H, and Dy, is the domain of my differential
operator (hence the subscript L).

Definition 5.33. The eigenvalue problem (5.4), (5.5), (5.6) is called the regular Sturm-—Liouville
problem, and operator L defined by (5.5), (5.6) is called the Sturm—Liouville operator.

There were a number of Sturm-Liouville problems in motivational sections in this chapter, if the
student do not recognize them, they should go back and find explicit examples.

It is very tempting to use the spectral theorem for compact self-adjoint operators, and conclude
that L has a countable number of eigenvalues and eigenvectors that form a basis for H, however,
note that L is not even defined on all H, since there are a lot of functions in H which are not twice
continuously differential. For the following exposition, however, it is important to mention that L is
densely defined on H because the set Dy, is dense in H (I state this fact without proof; this is not a very
restrictive requirement since it can be proved that the set of infinitely differentiable functions with
compact support denoted C3°, is dense in corresponding L? space, and hence any set that contains
CS° as a subset is dense in £2).

But even this is not all. A differential operator is an example of an unbounded operator (think of
A= d%c acting on the sequence (sinnx)). Therefore, the Sturm-Liouville operator is unbounded and
none of the studied machinery will work for it.

However, Sturm—Liouville operator is symmetric.

Definition 5.34. Linear operator L: Dy — Ry, is called symmetric if Dy, is dense in H, Ry, C H,
and

(Lu,v) = (u, Lv)
for all u,v € Dy,

Carefully note that the definition depends on the domain Dy and also in general includes the
boundary conditions.

Lemma 5.35. The Sturm—Liouville operator is symmetric.

Proof. Let u,v € Dp. Then we have
b
(Lu,v) — {u, Lv) = / (—(pu')'v + quv + (pv')'u — quv) dz
a

b
:/ (= (pu)v + (pv')'u) d.
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By integrating by parts, I find
— (b
(Lu,v) — (u, Lv) = p(ud’ — u'v)|2.

From (5.6) T have, since the constants are real, that if u,v € Dy, then u,v € Dy:

and hence the determinant

u(a) '(a)

v(a) v'(a)
must vanish. The same is true for

u(b) u'(b)

o(b) v'(b)|

Therefore,

Remark 5.36. I actually showed that L is symmetric if and only if p(ut’ — u'v)|% = 0.

Exercise 5.27. Consider operator L = —id%ﬂ defined on C) functions that are 2I-periodic with
standard inner product. Show that it is symmetric.

Exercise 5.28. Consider L = dd—; with boundary conditions «(0) = «/(0) = u(1) = ¥/(1) = 0
defined on 4 times continuously differentiable functions with standard inner product. Show that it is
symmetric. Also show that it is positive meaning that (Lu,u) > 0 for all u # 0,u € Dy,.

Exactly as for the self-adjoint operators, it can be proved

Lemma 5.37. Let L be a symmetric operator on a Hilbert space H. Then if A is an eigenvalue
of L then A € R. If p1 and pa are two eigenvectors of L corresponding to distinct A1 and Ao then

(p1,p2) =0.

Exercise 5.29. Prove this lemma.
Everything is ready for the main result of this chapter.

Theorem 5.38. Let L be a Sturm-Liouville operator (5.5), (5.6). Then there exists a sequence
of real numbers (p,) and an orthonormal basis (¢n) of H such that each ¢, is a C?) function, and
Loy, = pindn. Moreover, each real number p appears at most twice in the sequence () and |p,| — oco.
Furthermore, each function v € H can be written in terms of its Fourier series

[e.9]

v="> (v,dn) .

n=1
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Proof. (i) As my first step I note that without loss of generality I can assume that p = 0 is not an
eigenvalue of my problem Lu = pu. Indeed, if this to happen (if my boundary value problem would
have a zero eigenvalue) then instead of L I would consider the operator L — AI for some real A. This
operator would still be a Sturm—Liouville operator (exercise!) and would have eigenvalues pt— A. Now,
since L is symmetric, I cannot have more than countable number of eigenfunctions (they must be
orthogonal) and hence a countable number of eigenvalues, hence there is always real A such that p— A
is not zero for all eigenvalues u of my original problem.

(74) Since g = 0 is not an eigenvalue of my problem then the problem Lu = 0 (including the
boundary conditions!) has only trivial solution. Therefore, by Theorem 5.7, there exists Green’s
function of the problem (I manipulate slightly my L to put it into a more convenient form)

) _ ];((xx)) u/(x) + Mu(m) = u@u(:ﬁ), Biu = Boyu = 0.

p() p(z)
My aim is to find Green’s function for

4G q() _ U= Bou —
(@) u'(z) + (r) =0, Biju= Bs 0.

Since this is second order differential equation there must exist a fundamental solution set {u1,us},
which I choose in the way that Biu; = Bsus = 0. 1 can always do this and still have only trivial
solution for the whole problem by assuming that Bjus # 0 and Bsuj # 0. In this case the system

Biu = c1Biui + coBjug = 0,
Bou = c1 Bauy + caBous = 0,

will still have nonzero determinant and hence ¢; = co = 0, that is, only trivial solution.
Due to my assumptions I must have

&) = A©ui(x), a<z<E,
o8 {BQwa,ggxgb

Using the continuity and jump conditions I have the system (C'(§) = —B(€))

A(Hur(€) + C(§)ua(§) =0,
A(§)ur(§) + C(Qua(8) =1,

whose determinant is the Wronskian W () of my fundamental solution set and hence nonzero at any
point £. Solving the system yields

A(§) = —ua(§)/W(E), B(&) = —ur(§)/W(E).

Therefore, by Remark 5.10, my problem is equivalent to the integral equation

b T
) =n [ g(%f)p%@c(é) e,

_m@us()
g(z,8) = we o ¢STSE
: _wm@u) oy

w) >

where
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Finally, by Liouville’s formula (see Section 3.8.1), I have that

2),.) - Wiapta)

We) = Waes (- [ ‘P

and hence my integral equation becomes

b
u(z) = / . €)r(€)u(€) de, (5.7)

where
—ur(@)uz(§), a<wx<(,
—ur(Qua(z), <z <b

By introducing new notation \/r(z)h(x,£)\/7(§) = k(z,§) and v(z) = \/r(z)u(x) I have

p(a)W(a)h(z,§) = {

b
o(z) = p / (e, £)u(€) de.

By construction k is real and symmetric, k(z,§) = k(§,x). Therefore, I can consider (5.7) as an
eigenvalue problem
Av = v,

where A is the inverse operator to my differential operator L, A = L™!, and A = p~!. By construction
A is self-adjoint compact operator.

(731) The obtained above operator A: H — H is injective. Indeed, if one assumes that the kernel
of A is nontrivial, then, using

LAv =

on one hand and L0 = 0 on the other hand, I reach a contradiction. Therefore, I am allowed to use
the result of Theorem 5.31 to guarantee that there is a countable set of eigenvalues A\, and maximal
orthonormal system (¢,). By constructions ¢, are the eigenfunctions of L (up to a multiplicative
factor) with eigenvalues p, = 1/A,. Since lim, o0 A, = 0 I know that |u,| — oco. Since second
order linear differential equation cannot have more than two linearly independent solutions, then any
i appears no more than twice in the sequence (¢,). Since ¢, solve Lo, = ¢y then ¢, € C S |

Remark 5.39. Actually quite more can be proven for the regular Sturm—Liouville problem. In
particular, it can be proven additionally that

1. All eigenvalues are simple;

2. There are only finitely many negative eigenvalues, and hence all eigenvalues can be arranged as
< pe < oo < Up < ...y Uy — 00

3. Each eigenfunction ¢, has exactly n — 1 roots in [a, b];

4. Between two successive zeroes of ¢, and also between a and the first zero and the last zero and
b there is exactly one zero of ¢, 1.
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Exercise 5.30. Everything above was about the regular Sturm-Liouville problem with unmixed
boundary conditions, when one condition corresponds to the left point a of the interval, and the other
one to the right point b of the interval. Very similar theorem (up to some minor modifications) can
be proved for regular Sturm—Liouville problem with periodic boundary conditions

u(a) = u(b), u'(a)=1u'(b).
Study this case, formulate the correct theorem, and provide all the details of the proof.

Exercise 5.31. The regular Sturm—Liouville problem can be also generalized for differential operators
of other orders. Prove that the symmetric operators

1. L=—if u(0)=u(l);
2. L =2 w(0) =u(0)=u(l) = /(1) =0

have a countable set or eigenvalues and eigenfunctions; moreover the eigenfunctions form a basis of

£2[0,1].

Corollary 5.40. The followings orthogonal sets of functions in the respective vector spaces V are
complete, that is the corresponding Fourier series of any ¢ € V' converge in L* to ¢:

1. V= L%0,1], ¢n(z) =sin %, n=1,2,3,...;
2. V = L20,1], ¢n(x) = cos "F*, n=0,1,2,3,...;

3.V = L2[-1,1], ¢pn(x) = exp (mlm) ,nE€ZL;
4.V =LY~1L1], ¢n(z) = cos “7E, n=0,1,...,¢9,(x) =sin “7F, n=1,2,...
Proof. In the first two cases these are eigenfunctions of the regular Sturm—Liouville problems

—u" + =0, u(0)=u(l)

and
—u" + =0, 4(0)=1u'(l)

correspondingly.
In the third case these are the eigenfunctions of

—iv' + A =0, u(-l)=u(l),

which is covered in Exercise 5.31.
In the fourth case these are the eigenfunctions of

—u" +du=0, u(-1l)=u(l),d(-1) =),

which is covered in Exercise 5.30. [ |

5.10 Appendix

5.10.1 A little on singular Sturm—Liouville problem
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