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Chapter 1

Some Motivation from Calculus of
Variations

1.1 Introduction

In mathematical sciences, physical world problems are usually modeled by algebraic equations,
differential equations, integral equations, or the extrema (minima or maxima) of some functions or
functionals (functions that defined on a function space). For instance, in economics, we minimize
cost function under certain constraints. In geometry, we look for geodesics which minimize the
arc lengths, surfaces. In mechanics, we find an extremum of so-called action over all possible
trajectories. In medical imaging problems, we minimizes some prior functional under the constraint
of measurement error. These problems can be viewed as finding extrema (minima or maxima)
of some functionals in some function spaces. Likewise, many time-dependent partial differential
equations can be viewed as evolution processes in function spaces.

The analytic approach to these problems is to find an appropriate function space and to solve the
equations in that space. Most techniques were developed in 18 — 20 centuries. However, students do
not need to learn all details of them. More importantly, students need to learn the motivations, the
key parts of the techniques and their applications. Thus, this lecture provides a short path to learn
these basic analytic techniques. They include

Analytic Techniques

e Some motivation from calculus of variations

Basic notion of function spaces: Metric spaces, Banach spaces and Hilbert spaces

Methods of Contraction mapping

Hilbert spaces: Approximation Theory, Fourier Series

Compactness



4 CHAPTER 1. SOME MOTIVATION FROM CALCULUS OF VARIATIONS

e Bounded Operators in Hilbert spaces, Spectral theory.

Many materials of this lecture note come from the book written by
John K. Hunter and Bruno Nachtergaele, Applied Analysis.
Especially, I will use the homeworks in their book. Nevertheless, I will emphasize more on con-
structive approach and examples.

1.2 A short story about Calculus of Variations

The development of calculus of variations has a long history. It may goes back to the brachis-
tochrone problem proposed by Johann Bernoulli (1696). This is an ancient Greek problem, which
is to find a path (or a curve) connecting two points A and B with B lower than A such that it takes
minimal time for a ball to roll from A to B under gravity. Hohann Bernoulli used Fermat principle
(light travels path with shortest distance) to prove that the curve for solving the brachistochrone
problem is the cycloid.

Euler (1707-1783) and Lagrange (1736-1813) are two important persons in the development of
the theory of calculus of variation. I quote two paragraphs below from Wiki for you to know some
story of Euler and Lagrange.

“Lagrange was an Italian-French Mathematician and Astronomer. By the age of 18 he was
teaching geometry at the Rotal Artillery School of Turin, where he organized a discussion group
that became the Turin Academy of Sciences. In 1755, Lagrange sent Euler a letter in which he
discussed the Calculus of Variations. Euler was deeply impressed by Lagrange’s work, and he held
back his own work on the subject to let Lagrange publish first.”

“Although Euler and Lagrange never met, when Euler left Berlin for St. Petersburg in 1766, he
recommended that Lagrange succeed him as the director of the Berlin Academy. Over the course
of a long and celebrated career (he would be lionized by Marie Antoinette, and made a count by
Napoleon before his death), Lagrange published a systemization of mechanics using his calculus of
variations, and did significant work on the three-body problem and astronomical perturbations.”

1.3 Problems from Geometry

Geodesic curves Find the shortest path connecting two points A and B on the plane. Let y(x) be
a curve with (a,y(a)) = A and (b, y(b)) = B. The geodesic curve problem is to minimize

b
/ V1+y(x)?de
a
among all paths y(-) connecting A to B.

isoperimetric problem This was an ancient Greek problem. It is to find a closed curve with a
given length enclosing the greatest area. Suppose the curve is described by (z(s),y(s)), where s is
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the arc length. We may assume the total length is 27v. Thus, 0 < s < 27. The isoperimetric problem

1S
1

max s [ (@(a)i(s) ~(5)i(5) ds

subject to
/ Vi(s)? +y(s)?ds = 2m.
T

Here, T = [0, 27] the unit circle. Its solution is the unit circle and the solution to this problem is
usually expressed in the form of so-called isoperimetric inequality (47 A < L?). A geometric proof
was given by Steiner (1838). An analytic proof was given by Weierstrass and by Edler The proof
by Hurwitz (1902) using Fourier method will be given in later Chapter.

Minimal surface spanned by a given contour Suppose a contour in 3D is given by h(x,y) with
(x,7) € O, where €2 is a simple domain in R?. The problem is to find surface z(z, y) such that

2(x,y) = h(z,y) for (z,y) € 09,

/1/1+z§~|—z§dﬂcdy.
Q

The minimal surface problem was studied by Lagrange (1762). Classical examples include plane,
catenoids, helicoids. There were many interesting minimal surfaces found in the past two centuries

A

and z minimize the area

1.4 Euler-Lagrange Equation

Let us consider the following variational problem: minimize

b
T = [ Foy(e).y/ @) ds
subject to the boundary conditions

y(a) = Ya, y(b) = yp.

The set
A={y:[a,b] - R" € C'|y(a) = ya, y(b) = yp}

! You can read a review article by Alan Siegel, A historical review of isoperimetric theorem in 2-D, and its place
in elementary plan geometry, http://www.cs.nyu.edu/faculty/siegel/SCIAM.pdf. For applications, you may find a book
chapter from Fan in http://www.math.ucsd.edu/ fan/research/cb/ch2.pdf

2You may found more interesting minimal surfaces from Wiki http://en.wikipedia.org/wiki/Minimal_surface
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is called an admissible class. Here, C'*[a, b] denotes the set of functions from [a, b] to R™ which are
continuously differentiable. Given a path y € A, we consider a variation of this path in the direction
of v by

y(z,e) = y(x) + ev(x).

Here, v is a C! function with v(a) = v(b) = 0 in order to have y(-,¢) € A for small e. Such v
is called a variation. Sometimes, it is denoted by dy. We can plug y(-,€) into 7. Suppose y is a
local minimum, then for any such variation v, J [y + €v] takes minimum at ¢ = 0. This leads to a
necessary condition:

Jly+ev] =0.

de le=0

Let us compute this derivative

d b9
de;oj[ereU]_/a Be

b
— [ FyCeulo) (@)ola) + Fy (o y(a), o/ (2)0'(0) do

e:oF(x’ y(z) + ev(z), y’(x) + ev,(x)) dx

It is understood that OF'/dy’ here means the partial derivative w.r.t. the third variable y'. For in-
stance, suppose F = y/?/2, then OF /0y’ = y/'.

Theorem 1.1 (Necessary Condition). A necessary condition for y € A to be a local minimum of J
is

b
/ Fy(z,y(@), v/ (x))v(x) + Fy (2, y(z), y'(2))v'(x) dz = 0 (1.1)

for all v € Cta, b] with v(a) = v(b) = 0.
If the solution y € C?, then we can take integration by part on the second term to get
b b d
| Festay @)@ e = — [ Fyte o)./ (2)o(a) da
a a

Here, we have used v(a) = v(b) = 0. Thus, the necessary condition can be rewritten as

/ab <Fy($,y($)ay/(fﬁ)) - %Fy/(a?,y(m), y’(x))) (@) dz = 0

for all v € Ct[a, b] with v(a) = v(b) = 0. A fundamental theorem of calculus of variations is that

Theorem 1.2. If f € C|a, b] satisfies

/abf(x)v(:v) dz =0

for all C*|a,b] with v(a) = v(b) =0, then f = 0.
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Proof. If f(x¢) # 0 for some z¢ € (a,b) (say f(zp) = C > 0), then there is small neighborhood
(xro — €, 70 + €) such that f(z) > C/2. We can choose v to be a hump such that v(z) = 1 for
|z — zo| < €/2 and v(xz) > 0 and v(z) = 0 for |x — xy| > €. The test function still satisfies the

boundary constraint if € is small enough. Using this v, we get

b
/ f(x)v(x)dx > % > 0.

This contradicts to our assumption. We conclude f(zg) = 0 for all zy € (a,b). Since f is continu-

ous on [a, b], we also have f(a) = f(b) = 0 by continuity of f.

Thus, we obtain the following stronger necessary condition.

Theorem 1.3. A necessary condition for a local minimum y of J in AN C? is

0T

by dx

Fyy(2), o (2)) — - Fy(, (), 4/ () = 0.

O

(1.2)

Equation is called the Euler-Lagrange equation for the minimization problem min 7 [y].

Example For the problem of minimizing arc length, the functional is

b
J(y)z/ V1+y?da,

where y(a) = yo, y(b) = y1. The corresponding Euler-Lagrange equation is

d d Y
Ly =— | =] =0
dx de \ /14y

This yields
/

Y

\/1—|—y’2

= Const.

Solving 3/, we further get
y' = C (a constant).

Hence y = Cz + D. Applying boundary condition, we get

c="% p_

b—a b—a

Thus, the minimal arc length curve is a straight line.

byo — ayr
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1.5 Problems from Mechanics

Least action principle In classical mechanics, the motion of particles in R? is described by
mi = —-VV(zx) = F.

Here, V() is a potential and F’ is the (conservative) force. This is called Newton’s mechanics.
Typical examples of potentials are the harmonic potential V' (x) = % || for a mass-spring system,
and Newtonian potential V (z) = —% for solar-planet system. Here, k is the spring constant, GG,
the gravitation constant.

The Newton mechanics was reformulated by Lagrange (1788) in variational form and was orig-
inally motivated by describing particle motions under constraints. Let us explain this variational
formulation without constraint. First, let us introduce the concept of virtual velocity or variation of

position. Given a path x(t), tg < t < 1, consider a family of paths
z(t) :=x(t,€) :=x(t) + ev(t), to <t < t1,—€p < € < €.

Here, v(t) is called a virtual velocity and x.(-) is called a small variation of the path x(-). Some-
times, we denote v(+), the variation of z(-) by dz. That is, 0z := O¢|c=0Te.
Now, the Newton’s law of motion can be viewed as

OW = (F — mZ) - v = 0 for any virtual velocity v.

The term W is called the total virtual work in the direction v. The term F’ - v is the virtual work
done by the external force F', while ma - v is the work done by the inertia force. The d’Alembert
principle of virtual work states that the virtual work is always zero along physical particle path
under small perturbation dx.

If we integrate it in time from ¢y to ¢; with fixed v(¢p) = v(£1) = 0, then we get

t1
0 = / —m&-v—VV(x) vdr
t
"
= mi -0 — 0V (xe) dr
to
t1 1
= 8€*m|i‘€|2 — 0V (xe) dr
to 2
t1
= 0 L(ze, &) dr = 08.

to
Here,

1
L(T7x7i) = im"ﬂ? - V(.’L‘),

is called the Lagrangian, and the integral

S = L(r,z(7),2(7)) dr

to
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is called the action. Thus, 6S = 0 along a physical path. This is called the Hamilton principle or
the least action principle. You can show that the corresponding Euler-Language equation is exact
the Newton’s law of motion. Thus the following formulations are equivalent:

e Newton’s equation of motion m& = —V'(x);

e d’Alembert principle of virtual work: ft';l ma -0 — V' (x)vdt = 0 for all virtual velocity v;

e Hamilton’s least action principle: & fttol 2|i[? — V(x)dt =0.

One advantage of variational formulation - first integral One advantage of this variational
formulation is that it is easy to find some invariants (or so-called integrals) of the system. One
exmple is the existence of first integral.

Theorem 1.4. When the Lagrangian L(x, %) is independent of ¢, then the quantity (called the first
integral)

I(x, %) ::j:-gf;—l)

is independent of t along physical trajectories.

Proof. We differentiate I along a physical trajectory:

d .. . . d . .
pn [tL; — L] = #L;+ xaLx — Lo — L%

d
= &(—Ly—Ly ) =0.

O]

For the Newton mechanics where L(z,4) = 3m|#|? — V(z), this first integral is indeed the
total energy. Indeed, we obtain

1
I(z,2) = §m|x\2 + V(z).

1.6 Method of Lagrange Multiplier

In variational problems, there are usually accompanied with some constraints. As we have seen that
the iso-perimetric problem. Lagrange introduced auxiliary variable, called the Lagrange multiplier,
to solve these kinds of problems. Below, we use the hanging rope problem to explain the method of
Lagrange multiplier.
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Hanging rope problem A rope given by y(z), a < z < b hangs two end points (a,y,) and
(b, yp). Suppose the rope has length ¢ and density p(z). Suppose the rope is in equilibrium, then it
minimizes its potential energy, which is

4 b
J[y]Z/O pgyds:/ pgy\/ 1+ vy da.

The rope is subject to the length constraint

b
Wiyl :/ \1+y?de =t

Method of Lagrange multiplier In dealing with such problems, it is very much like the opti-
mization problems in finite dimensions with constraints. Let us start with two dimensional ex-
amples. Suppose we want to minimize f(x,y) with constraint g(z,y) = 0. The method of La-
grange multiplier states that a necessary condition for (xg,yo) being such a solution is that, if
Vg(xo,y0) # 0, then V f(xo,v0) || Vg(zo,yo). This means that there exists a constant Ao such
that V f (20, yo) + o Vg (20, yo) = 0. In other words, (¢, Yo, Ao) is an extremum of the unconstraint
function F'(x,y, \) := f(x,y) + Ag(x,y). That is, (xo, Yo, \o) solves

OF _ OF _ OF
or oy N

The first two is equivalent to V f(zo,yo) || Vg(xo,yo). The last one is equivalent to the constraint
9(z0,y0) = 0. The advantage is that the new formulation is an unconstrained minimization problem.

For constrained minimization problem in n dimensions, we have same result. Lety = (y', ..., y").
f:R" = Randg:R"” — R. Consider

min f(y) subjectto g(y)=0.

A necessary condition for yo being such a solution is that, if Vg(yo) # 0, then there exists Ao
such that (yg, Ag) is an extremum of the unconstraint function F(y, A) := f(y) + Ag(y). That is,

(¥0, Ao) solves

oF OF

@(Y(L )\0) - 07 E(Y(L A0) =0.

For variational problem, we have much the same. Let us consider a variational problem in an
abstract form:
min J[y] subjectto W[y =0

in some admissible class A = {y : [a,b] — Rly(a) = ya,y(b) = y»} in some function space. We
approximate this variational problem to a finite dimensional problem. For any large n, we partition
[a, b] into n even subintervals:

T, =a+1 ,0=10,...,n.
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We approximate y(-) € A by piecewise linear continuous function g with

g(zi) = y(zi),i =0,...,n.

The function §j € A has an one-to-one correspondence to y := (y', ...,y 1) € R"~!. We approxi-
mate J [y] by J(y) := J[y], and W]y] by W (y) = W][g]. Then the original constrained variational
problem is approximated by a constrained optimization problem in finite dimension. Suppose yj is
such a solution. According to the method of Lagrange multiplier, if VW (y() # 0, then there exists
a Ao such that (yo, Ag) solves the variational problem: J(y) + AW (y).

Notice that the infinite dimensional gradient )V/dy can be approximated by the finite dimen-
sional gradient VIV (y). That is

ow oW ow
@[y] ~ @[y] = oy VIW(y).

We summarize the above intuitive argument as the following theorem.

Theorem 1.5. If yg is an extremum of J -] subject to the constraint W[y| = 0, and if §W/dy # 0,
then there exists a constant \o such that (yo, \o) is an extremum of the functional J[y] + MV[y]
with respect to (y, \).

*Remark. A more serious proof is the follows.
1. We consider two-parameter variations
z(x) = y(x) + e1hy (z) + eaha(x).

The variation h; should satisfy the boundary conditions: h;(a) = h;(b) = 0 in order to have
z satisfy the boundary conditions: z(a) = y, and z(b) = y;. For arbitrarily chosen such
variations h;, we should also require ¢; satisfying

W (e1,e2) = W[y + €1h1 + e2ha] = 0.
On the variational subspaces spanned by h;, ¢ = 1, 2, the functional 7 becomes
J(€e1,€2) := Ty + €1h1 + e2ha).
Thus the original problem is reduced to
min J(ej,€e2) subjectto  W(er,e2) =0

on this variational subspace. By the method of Lagrange multiplier, there exists a A such that
an extremum of the original problem solves the unconstraint optimization problem min J +
AW. This leads to three equations

0 5T W
) (8T W
0 = 862(J+)\W)_<5y+)\6y> hs
0
0 = —(J+AW) =W

oA
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2. Notice that the Lagrange multiplier A so chosen, depends on h; and he. We want o show that
it is indeed a constant. This is proved below.

3. Since OW/dy(x) # 0, we choose x1 where dW/oy(x1) # 0. For any xz2 € (a,b), we
consider h; = 6(x — z;), i = 1,2. Here, ¢ is the Dirac delta function. It has the property: for
any continuous function f,

[ 1@~ w0)ds = fa0)
By choosing such h;, we obtain that there exists a A1o such that

WA IN4%
5y (z1) + )\12@(1’1) =0
WA ow
5y (z2) + )\12@(1'2) =0
In other words, the constant
\ 8 (1)
12= —505 -
8 (a1)

For any arbitrarily chosen x5, we get the same constant. Thus, Aj2 is independent of 2. In
fact, the above formula shows

IS

5 5
%("El) _ by

Wier)  W(ay)

for any xo # x1. This means that there exists a constant A such that

VA W,
@(x) + )\g(:n) =0 forall z € (a,b).

Apply the Lagrange method to the hanging rope problem Let us go back to investigate the
hanging rope problem. By the method of Lagrangian multiplier, we consider the extremum problem

of new Lagrangian
L(y,y' . A) = pgy/ 1+ 4% + A/ 1 +y>.

The Lagrangian is independent of , thus it admits the first integral L — 'L, = C, or

2
y/
(pgy+ M) [J1+y? - —— | =C
V1+y?

Solving for ' gives

1
y' =5V gy + )7 - C2.
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Using method of separation of variable, we get

dy idm
Vipgy+MN2-c2 — C

Change variable u = pgy + A, we get

plgcosh1 (%) = i% + C1.

Hence

A C
Yy = —— + — cosh (@4—02) .
pg P9 c
The constraints C', C and the Lagrange multiplier A are then determined by the two boundary
conditions and the constraint. The shape of this hanging rope is called a catenary.

1.7 A problem from spring-mass system

Consider a spring-mass system which consists of n masses placed vertically between two walls.
The n masses and the two end walls are connected by n + 1 springs. If all masses are zeros, the
springs are “at rest” states. When the masses are greater than zeros, the springs are elongated due
to the gravitation force. The mass m; moves down u; distance, called the displacement. The goal is
to find the displacements u; of the masses m;, ¢ =1, ..., n.

In this model, the nodes are the masses m;. We may treat the end walls are the fixed masses,
and call them mg and m,, 1, respectively. The edges (or the bonds) are the springs. Let us call the
spring connecting m; and m;,1 by edge (or spring) ¢, ¢ = 1,...,n + 1. Suppose the spring ¢ has
spring constant ¢;. Let us call the downward direction the positive direction.

Let me start from the simplest case: n = 1 and no bottom wall. The mass m; elongates the
spring 1 by a displacement u;. The elongated spring has a restoration force —cju; acting on mlﬂ
This force must be balanced with the gravitational force on m; | Thus, we have

—crur + f1 =0,

where f; = m;g, the gravitation force on m7, and g is the gravitation constant. From this, we get

A

C1

U1

Next, let us consider the case where there is a bottom wall. In this case, both springs 1 and 2 exert
forces upward to m;. The balance law becomes

—ciuy — couy + f1 = 0.
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This results u1 = f1/(c1 + c2).
Let us jump to a slightly more complicated case, say n = 3. The displacements

ug = 0; Ug = 07
due to the walls are fixed. The displacements w1, u2, ug cause elongations of the springs:
€; = U; — ’U,Z‘_l,i = 1,2,3,4.

The restoration force of spring i is
w; = C;é€;.

The force exerted to m; by spring ¢ is —w; = —c;e;. In fact, when e; < 0, the spring is shortened
and it pushes downward to mass m; (the sign is positive), hence the force is —c;e; > 0. On the
other hand, when e; > 0, the spring is elongated and it pull m; upward. We still get the force
—w; = —c;e; < 0. Similarly, the force exerted to m; by spring ¢ + 1 is w;4+1 = ¢;+1€,41. When
ei+1 > 0, the spring ¢ + 1 is elongated and it pulls m; downward, the force is w;+1 = ¢;11€;4+1 > 0.
When e;41 < 0, it pushes m; upward, and the force w;4+1 = ¢;+1€;+1 < 0. In both cases, the force
exterted to m; by spring 7 + 1 is w;1.
Thus, the force balance law on m; is

wi+1_wi+fi:07i:17273'

There are three algebraic equations for three unknowns w1, ug, u3. In principle, we can solve it.
Let us express the above equations in matrix form. First, the elongation:

€1 1
U
A es —1 1 !
e = Au, or = U
’ es -1 1 2
U
€4 -1 3
the restoration force:
w1 Cc1 €1
w c e
w = Ce, or 2| = 2 2
w3 Cc3 €3
Wy Cq €4
the force balance laws:
w
1 -1 ' fi
w
Alw = f, or 1 -1 2| = fo
1 -1 ws ¥
wq 3

3This section is mainly from Gilbert Strang’s book, Computational and Applied Mathematics.
*The minus sign is due to the direction of force is upward.
5The mass my is in equilibrium.
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where A! is the transpose of A.
We can write the above equations in block matrix form as

() (0) =)

This kind of block matrix appears commonly in many other physical systems, for instance, network
flows, fluid flows. In fact, any optimization system with constraint can be written in this form. Here,
the constraint part is the second equation. We shall come back to this point in the next section.

One way to solve the above block matrix system is to eliminate the variable w and get

Ku:= A'CAu = f.

The matrix K := A'C A is a symmetric positive definite matrix. It is called the stiffness matrix. For
n =4, we get

c1+ c2 —C2 0
K = AlCA = —C c2 + c3 —C3
0 —cC3 c3 +cy

Mimimum principle Consider the functional
1
P(U) = §(Ku,u) - (f7 ’LL)7

where K is a symmetric positive definite matrix in R". The directional derivative of P at w in the

direction v is defined as J

P'(u)v = p

P(u+ tv)
t=0

P’(u) is called the gradient (or the first variation) of P at u. We can compute this gradient: E]

Plu)yy = CZtZO;(K(u—Ftv),u—i-tv)—(f,u—i—tv)
= %((Kv,u)—i—([(u,v)) —(f,v)
= (Ku-— f,v).

Here, we have used K being symmetric. Thus,
P'(u) = Ku— f.
The second derivative is the Hessian. It is

P"(u) = K.

% Here, I use the following properties: (f,g)" = (f',g) + (f,¢). This is because (f,g) = 3. figi and (f,g) =
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If v* is a minimum of P(v), then P’(u*) = 0. This is called the Euler-Lagrange equation of P.
Conversely, If u* satisfies the Euler-Lagrange equation Ku* = f, then " is the minimum of

P(v). In fact, for any v, we compute P(v) — P(u*). We claim
1
P(v) — P(u*) = i(K(U —u*),v—u”).

To see this, since P(v) is a quadratic function of v, we can complete the squares:

P@) = P(ut) = S(Kve) = (f,0) = 3(Ku"u’) + (f,u)
= (o) — (Ku' )~ (fv— )
= (w0 = S ) = (Ko =)
- %(KU,U)JF%(Ku*,u*)—(KU*W)
= %(K(v—u*),v—u*)zo-

Hence we get that v* is a minimum. In fact, u* is the only minimum because P(v) = P(u*) if and
only if (K (v — u*),v —u*) = 0. Since K is positive definite, we get v — u* = 0.

We conclude the above discussion as the follows.
Theorem 1.6. Let P(u) := %(K u,u) — (f,u) and K is symmetric positive definite. The vector
u* which minimizes P(v) must satisfy the Euler-Lagrange equation P'(u*) = Ku* — f = 0. The
converse is also true.

The physical meaning of P is the total potential energy of the spring-mass system. Indeed,

1 "1 9
i(CAUa Au) = Z ici(ui — Ui—1)

=1

is the sum of the potential energy stored in the spring, whereas the term
n
i=1

is the sum of the works done by the mass m; with displacement u; fori = 1, ..., n. The term —(f, u)
is the gravitational potential due to the masses m; with displacements u;.

1.8 A Problem from Elasticity

Consider a continuous elastic balﬂ of length 1, which is hanged vertically. (it is displaced up and
down due to gravity). Set up an z-axis along the bar, so that its positive direction pointing down-
wards and its origin is located at the top of the elastic bar. Consider any point at = along the bar (the

"You may pull back and forth an elastic bar and its length is much bigger than its size of cross-section.
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position is at z if no external force present), it is displaced down to = + u(z) because of the action
of the external force of gravityﬂ Function u(x) is called the displacement. The stretching at any
point is measured by the derivative e = du/dz, called the strain. If u is a constant, the elastic bar
is un-stretched. Otherwise the stretching of the bar produces an internal force called stress (one can
experience this force easily by pulling the two ends of an elastic bar). By experiments, people find
this internal force is proportional to the strain of the bar, i.e.

du

(internal force) o(x) = ¢(x) e
x

where ¢(x) is a constant determined by the elastic material, or a function if the material is inhomo-
geneous.

To set up the model, we take a small piece of the bar [x,z + Ax], its equilibrium requires all
forces acted on it to be balanced. We have

<ac(x)j§)x+&v — <ac(x)j—z>z + (pAza)g =0, (1.3)

where g is the gravitational constant, a the cross-sectional area, and p(x) the density at position z.
Dividing both sides of equation (I.3) by aAz, then taking Ax — 0, we get

d du

- lelw) T = f@) (14

where f(z) = g p(x), the external force per unit length.
The equation (I.4) must come with some appropriate physical boundary conditions to ensure it
is well-posed.

Boundary conditions

(a) Both ends of the elastic bar are fixed, so no displacements:

This is called Dirichlet boundary conditions.

(b) Top end of the elastic bar is fixed (no displacement), the other end is free (no internal force

since it is in the air):
du

% ‘33:1
The first is called a Dirichlet boundary condition, the second is called a Neumann boundary
condition. The boundary conditions

u(0) =0, w|$:1 = c(x) =0.

8Some other external force may be considered.
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or

or
du

c(x)% ‘ac:l =3
are all called non-homogeneous boundary conditions. A physical example of the last bound-
ary condition is that there is a object with weight 3 hanging at the end x = 1.

Variational formulation We shall discuss how to derive the variational formulation for the differ-
ential equation (1.4) with Dirichlet boundary conditions. The same methodology can be applied to
any other second order differential equations such as the Sturm-Liouville systems and more general
boundary conditions.

The derivation is standard and simple. To do so, we multiply both sides of equation (I.4) by
an arbitrary test function v (called virtual strain), satistying v(0) = v(1) = 0 then integrating over

(0,1) gives X
[ (it ) o= [ 1)

Now by integration by parts and use the boundary conditions v(0) = v(1) = 0, we have

/o (@5 ) fl%:/0 Fayo da.

This leads to the variational formulation for the equations (I.4) with Dirichlet boundary condition.
Namely,
Find the solution u such that u(0) = 0, u(1) = 0 and

a(u,v) = g(v) forany v satisfying v(0) = 0 and v(1) =0 (1.5)

where a(-,-) and g(-) are given by

a(u,v) = /01 (c(x)jiji) dz, g(v) = /01 f(z)vdx.

Definition 1.1. o A C?-solution of is called a classical solution.
e A solution of is called a weak solution of (I.4).

The advantage of this variational formulation (or called weak formulation) is that it involves only
first order derivatives of u, not second derivatives in the original differential equation formulation.
Thus, it has less regularity constraint on the solution u. Physically, we do encounter discontinuous
coefficients. the stiffness function ¢(x) is discontinuous if it is made of two different materials with
different stiffness and connected at a point. We have the following proposition
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Proposition 1.1. Suppose c(x) is discontinuous at T and smooth elsewhere. Suppose uis continuous
and is a C? solution of on both sides of . Then w is a solution of if and only if it satisfies
the following jump condition across T:

[cug] = 0 across .

Here, [f] := f(z+) — f(Z—) denotes the jump across Z.

Minimal energy formulation Similar to the argument in classical mechanics, for Dirichlet bound-
ary condition, one can define the energy by

and the admissible class
A= {u € C'0,1]]u(0) = u(1) = 0}.

Then the Euler-Lagrange corresponding to

min Fu)
ucA

d du
-5 (@) = @
with u(0) = u(1) = 0.

In conclusion, The following three formulations are equivalent for u with u(0) = u(1) = 0:

18

e Minimizing energy

S 2 J
mln/O §c(x)ux—f(az)u(x) x

u

e Variational formulation

1
/0 (c(z)ugvy — f(x)v(x)) dx = 0 for all v with v(0) = v(1) =0

e The Euler-Lagrange equation

d du

— 2 (elw) ) = (@)

What is the energy functional corresponding to the boundary condition «(0) = 0 and the free-end
boundary condition ¢(1)u,(1) = 3?
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Elastic bar model is a continuous limit of the spring-mass system. In the continuous model
(1.4), we divide the domain [0, 1] into n+1 subintervals uniformly, each has length Az = 1/(n+1).
We label grid points Az by x;. We imagine there are masses m; at x; with springs connecting them
consecutively. Each spring has length Az while it is at rest. According to the spring-mass model,
we have
ci(u; —ui—1) — cip1(uip1 — u;) = myg.
where c¢; is the spring constant of the spring connecting z; to x;+1. As Az ~ 0 with x; = x, we
have
m; = p(r;)Ax, ¢; = c(Ti_1/9)/Az.

Here, p is the density. Why the spring constant is proportional to 1/Axz? Think about the problem:
Let us connect n springs with the same spring constant, what is the resulting spring constant?
Now, we this approximation, we get that for small Az, the spring-mass system becomes

ﬁ (C(xi71/2)<ui —ui—1) — c(Tig1/2) (Wit1 — Uz‘)) = p(zi)Az.

As we take Ax — 0, we get the equation for the elastic bar:

where f = gp.
Notice that the end displacements ug and w41 satisfy the fix-end boundary conditions

Uug = 0, Unp+1 = 0.

which correspond to the boundary condition of w(-) in the elastic bar model:

1.9 A Problem from Fluid Mechanics

Let us consider two-dimensional incompressible and irrotational flows. The incompressibility reads
V-u=0.

The irrotationality gives
Vxu=0.

From the second, there exists a function ¢ such that u = V¢. This together with V - u = 0, we get
V%¢ = 0.

Suppose the fluid is outside some domain 2. Then on the boundary 02, u - n = 0. Here, n is the
outer normal of 9. This is equivalent to the Neumann boundary condition for ¢:

V¢ -n=0.
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At far field, we assume that the flow is at constant velocity (—U,0). This is equivalent to ¢(x) =
—Uz as |x| — oo. We can subtract ¢pg = —Ux from ¢. Let & := ¢ — ¢. Then P satisfies

V2P =0,

V& -n=-Ung ®(x) — 0as|z| — 0.

Here, n = (n,,ny) is the outer normal of 0f2. To derive the formulation, we multiply a test potential
1) on both sides of V2® = 0, then integrate over the outer domain Q€. We require (o) = 0.

0= / V20 da

=— [ V& -Vipdz+ [ V-(VO)) dx
Qc Qe

= — Vo . Viydr — YV - ndx
Qc o0

= — V‘I)'VI/JCZ.%-I-/ YUny dx
Qe o0

Thus, the variation formulation is to find ® such that

V@-dex—/ YUng dxr =0

Qe o0

for all test function ¢ € C1(Q°) with ¥(c0) = 0.
The optimization formulation is to find

1
min{/ |V<I>|2dx+/ @Unzdx:O}
oeA | 2 Joe 90

A=1{® e CLQ%)||®(x)| — Oas |z] — oo}

I leave you to prove that the above three formulations are equivalent when ® € C?(Q¢) and ®(c0) =
0.

1.10 A problem from image science — Compressed Sensing

In image science, sometimes the data (image) is very sparse under some representation. For in-
stance, the cartoon image is piecewise smooth. Hence it is sparse if it is represented in wavelets.
If the image is expressed as a vector = in R™ space. The dimension n = 5122 for a 512 x 512
image. As x is represented in wavelets: = Wd = ), d;1);, most coefficients {d;} are zeros, or
very closed to zeros. In this case, we say x is sparse as represented in terms of .

The data is usually detected by so-called sensing matrix A, which is an m x n matrix. Each

individual sensing is
b, = E Qi x5 + Ny,
J
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where b; is the data collected, n; is a noise.
The idea of compressed sensing is that to detect a sparse data = (or d) by an m X n sensing
matrix A with m << n. If the noise is Gaussian white with mean 0 and variance ¢, then we have

| Az — b|J? < e.

There are infinite many x € R" satisfying the above constraint. Among them, we want to find the
one which is most sparse as represented in W. That is,

mdin |d|o subject to [|ATd — b||? < e.

Here, the LO "norm” is defined to be

|dlo = #{d; # 0}.

Indeed, | - |o is not a norm. This optimization problem is a non-convex optimization problem. It
algorithm is an N-P hard problem. In the theory of compressed sensing, if AW satisfies certain
in-coherence condition, then the problem is equivalent to the following L1 minimization problem:

min |d]; subject to || AWd — bl|? <e,

where

=3 il

This is a convex optimization problem which enjoys polynomial computational complexity and
many numerical algorithms are available.

Homeworks 1.1. 1. Prove Proposition[l.1] Also state and prove this proposition for two dimen-
sional case.

2. In the one-dimensional elastic bar model, what is the energy functional corresponding to the
boundary condition u(0) = 0 and the free-end boundary condition c¢(1)u,(1) = 3?

3. Search some pictures of minimal surfaces and make an album of minimal surfaces. Don’t
forget to quote where they are from.

4. Derivate the Euler-Lagrange equation for the minimal surface problem in 3D.



1.10. A PROBLEM FROM IMAGE SCIENCE — COMPRESSED SENSING 23

Figure 1.1: Classical minimal surfaces:

Helicoid. http://mathworld.wolfram.com/Catenoid.html



24 CHAPTER 1. SOME MOTIVATION FROM CALCULUS OF VARIATIONS

'C2U1I T €U

Figure 1.2: The left one is a spring without any mass. The middle one is a spring hanging a mass
m freely. The right one is a mass m; with two springs fixed on the ceiling and floor.



Chapter 2

Metric Spaces, Banach Spaces

2.1 Metric spaces

2.1.1 History and examples

The French mathematician Maurice Fréchet (1878-1973) introduced metric spaces in 1906 in his
dissertation, in which he opened the field of functionals on metric spaces and introduced the notion
of compactness [Wiki]. These are important concepts of point set topology.

Definition 2.1. Given a set X. A metric d is a mapping d : X x X — R satisfying
(a) d(xz,y) > 0forall z,y € X, and d(x,y) = 0 if and only if v = y;
(b) d(z,y) =d(y,z) forall z,y € X;
(c) (triangle inequality) d(z,y) < d(z,z) + d(y, z) forall x,y, z € X.

A metric space (X, d) is a set X equipped with a metric d.

Examples

1. The sphere S? equipped with the Euclidean distance in R3 is a metric space. The sphere
S? can also have another metric, the geodesic distance (or the great circle). The geodesic
distance d(z, y) is the shortest distance among any path on the sphere connecting = and y .

2. The continuous function space C|a, b] is defined by
Cla,b] = {u : [a,b] — R is continuous }
with the metric

d(u,v) :== sup |u(z) —v(x)|.
z€[a,b]

You can check d is a metric.

25
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A (undirected) graph G = (V| E) consists of vertex set V = {x,y,...} and edge set E =
{e = (z,y),...}. Two vertices x,y are called adjacent to each other if there is an edge
e € F connecting them, and their distance is defined to be 1. A path consists of connecting
edges. The distance between any two vertices x and y is defined to be the shortest distance
along all paths connecting them, if any; otherwise it is defined to be infinity. Let N = |V/|
be the number of vertices and A be an N x N matrix whose (7, j) entry is 1 if there is
an edge connecting vertices ¢ and j; and is zero otherwise. Then the distance d(i,j) =
min{n|(A")(i, ) # 0}. Here, (A™)(i, j) means the (i, j) entry of the matrix A™. The graph
G with this metric is a typical example of discrete metric space. However, this part is not
what we concern in this lecture.

2.1.2 Limits and Continuous Functions

Definition 2.2. A sequence {x,} in a metric space X is said to converge to x € X if d(xy,z) — 0
as n — oo. That is, all but finite of them cluster at x. In other word, for any ¢ > 0 there exists N
such that d(z,,z) < € foralln > N.

Some basic notions.

A point z is called a limit point of a set A in a metric space X if it is the limit of a sequence
{zn} C Aand z,, # x.

The closure of a set A in a metric space X is the union of A with all its limit points. We
denote it by A.

A set A is called closed if A = A.
The set B(x,€) := {y € X|d(x,y) < €} denote the e-ball centered at x.

A point x is called an interior point of a set A if there exists a neighbor B(z, ) C A for some
€ > 0. The set of all interior points of A is called the interior of A and is denoted by A°.

A set A is called open if A = A°.
The complement of a set A is A := {z € X|x & A}

One can show the following basic properties

(A%)° = A°
A=A

(A)° = (4

Arbitrary union of open sets is open.
Arbitrary intersection of closed sets is closed.

Finite union of closed sets is closed.

Finite intersection of open sets is open.
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Examples
1. The sequence {(—1)" + 1} has no limit.

2. The closure of Q in R is R.

3. R s both open and closed.

Some limit properties in R

1. Infimum and limit infimum for a set Let A be a set in R. We have the following definitions.

(a) bisalow bound of A: if b < x for any x € A.

(b) m is the infimum of A, or the greatest low bound (g.1.b.) of A: if (a) m is a low bound
of A, (b) b < m for any low bound b of A. We denote it by inf A.

(¢) m is the limit inferior (or limit infimum): if m is the infimum of the set of the limit
points of A; we denote it by liminf A. If the limit point set of A is empty, then we
define lim inf A = oc.

(d) We have the following property: if A has a lower bound, then the following statements
are equivalent: m = liminf A < for any € > 0, (a) all z € A but finite many satisfies
m — e¢ < x and (b) there exists at least one x € A such that z < m + €.

2. Supremum and limit superior for a set Let A be a set in R. We have the following defini-
tions.

(a) uisalow bound of A: if u > z for any x € A.

(b) M is the supremum of A, or the least upper bound (l.u.b.) of A: if (a) M is a upper
bound of A, (b) u > M for any upper bound u of A. We denote it by sup A.

(¢) M is the limit superior (or limit supremum): if M is the supremum of the set of the
limit points of A. We denote it by lim sup A. If the limiting set is empty, we define
limsup A = —oo0.

(d) We have the following property: if A has an upper bound, then the following statements
are equivalent: M = limsup A < for any € > 0, (a) all x € A but finite many satisfies
M + € > x and (b) there exists at least one x € A such that x > M — e.

3. Infimum and limit infimum for a sequence Let (z,,) be a sequence. Then the definition of
infimum and liminf of (x,,) is just to treat them as a set. The definition of liminf is equivalent
to

m = liminf z,, & m = lim, s 771lr;fn Ty < m = sup inf x,,.

n>0m2n
Examples
1. Letx, = (—1)" —1/n,n > 1. Then inf{x, } = —2 and lim inf,,_,c x, = —1.

2. Let A = {sinz|r € (—7/2,7/2)}. Theninf A = liminf A = —1.
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Continuous functions

Definition 2.3. Ler f be a function which maps (X, dx) into (Y, dy ). We say f is continuous at a
point xq € X if for any € > 0 thee exists a § > 0 such that

dy (f(z), f(z0)) < € whenever dx (z,xo) < 6.

Roughly speaking, f is continuous at xy means that whenever x is close to x, the corresponding
f(z) has to be close to f(zp). This definition is indeed equivalent to the following two definitions.
Their proofs are left to you to get familiar with the e-6 language for limit theory.

Definition 2.4. We say that f is sequentially continuous at a point xqo € X if for any sequence
()52, with x, — 0, we have f(x,) — f(z0) as n — oo.

Definition 2.5. We say f is continuous at xo € X if f =1 (V) is open for every open neighborhood
Vin'Y containing f(xo).

The e-9 definition for continuity is the most general formulation of continuity in metric space.
A more restricted but more quantitative definition is the following order of continuity. The relative
closeness of f(z) to f(xg) with respect to dx (z, z¢) can be measured by

dy (f(x), f(w0)) < w(dx(z,0)),

where w(t) is a non-negative increasing function, and w(t) — 0 as ¢ — 0. For instance, the
function |z|*sin(1/x) (o > 0) is continuous at z = 0. The order of continuity can be measured
by w(t) = [t|*. Thus, the continuity can be measured by some majorant function w(-). But the
continuity is independent of its oscillation. The oscillation can be measured from the derivative of
the function, or local variation of the function. Among the majorant functions, w(t) = |¢t|* — 0
for a > 0. It converges fast if « is large, and slow if « is close to 0. The majorant function
w(t) = 1/1In|t| converges to 0 very slowly as |t| — 0, as compared with |¢|“.

Exercise. Use e-6 argument to show that 22, 1/z, sin(1/z) are continuous on (0, 1).

Infimum and limit infimum of a function
1. Let f: (X,d) — R. Then

m = inf f(z):=inf{f(x)|z € X};
reX

and

lim inf =i inf .

R E) = 8 BT
2. The above definition is equivalent to: (a) for any ¢ > 0, there exists a § > 0 such that

m—e < f(z) forall d(z,z) < ¢; (b) for any ¢, there exists a0 > 0 and an x with d(z,z) < §
such that f(z) < m +e.
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3. Let
|z x#£0
f(w)_{ 1 z=0.
Then lim inf,_,o f(z) = 0.

Definition 2.6. A function f : (X,d) — R is called lower semi-continuous (l.s.c.) if for every
z € X,

liminf f(y) > f(x)
Yy—T
There is an equivalent way to check the lower semi-continuity by epigraph. It is defined to be

epif = {(z,t) € X xR|f(x) <t}

Then a function is l.s.c. if and only if its epigraph is closed in X x R.

2.1.3 Completions of metric spaces

Definition 2.7. A sequence {x,} in a metric space X is called a Cauchy sequence if all but finite
of them cluster. This means that: for any € > 0, there exists an N such that d(x,, x,,) < € for any
n,m > N.

Definition 2.8. A metric space is called complete if all Cauchy sequences in X converge.

Examples
1. R", C™ are complete metric spaces.

2. Q" equipped with the metric d(z,y) := ||z — y||2 is not complete. But the completion of Q"
in R is R"™.

Given a metric space (X, d), there is a natural way to extend it to a complete and smallest metric
space (X, d), which means that

1. There is an imbedding 2 : X — X . This means that ¢ is one-to-one.

2. The restriction of d on +(X) is identical to d. That is, d(:z, 1) = d(z, ).
3. (X,d) is complete.

4. 1(X) is dense in X, that is, «(X) = X.

In applications, we would like to work on complete spaces, which allow us to take limit. If a metric
space is not complete, we can take its completion. The completion of an incomplete space is mimic
to the completion of Q in R. You imagine that any real number can be approximated by rational
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sequences. This approximation sequence can be constructed in many ways. For instance, let z € R
be represented by

oo
_ —1
T = E aip

i=—m

where p > 1 is a positive integer, m an integer, and 0 < a; < p are integers. We choose

n
_ 2 : —i
T = a;p .

i=—m

Then (z,,) is a Cauchy sequence and approaches x. Certainly there are infinite many Cauchy se-
quences approaching the same x. We say that they are equivalent. In other words, (z,,) ~ (y,) if
Tn — Yyn — 0 as m — oo. The collection of all those Cauchy sequences which approach the same
real number z is called an equivalence class. Any particular Cauchy in this equivalence is called a
representation of the real number. Thus, we may identify a real number x to the equivalent class of
Cauchy sequence associated with it. This correspondence is one-to-one and onto. Thus, R can be
viewed as the set of all these equivalent classes.

The completion of an abstract metric space (X, d) mimic to the above process. Its construction

goes as below.

1. Define

X := {(xn)nen is a Cauchy sequence in X }/ ~,

where the equivalence relation is defined by
(xn) ~ (yn) if and only if d(xy, yn) — 0 as n — oco.

Thus, the element Z € X is the set of all Cauchy sequences {(z,,)} in which all of them are
equivalent.

. Given Z and g, choose any two representation (x,,) and (yy,,) from Z and g respectively, define

J(ﬁ:,g) = lim d(xn,yn).

n—oo

. Given x € X, define the Cauchy sequence (x,) with x,, = x for all n. The equivalent class

that containing this Cauchy sequence (x;,) is denoted by ¢(z). This is a natural imbedding
from X to X.

One can show thatNin the above construction: (i) The relatign ~ is an equivalent relation, (ii) d is
well-defined, (iii) X is complete, and (iv) 2(X) is dense in X.

' A relation ~ is called an equivalent relation in a set X if (i) ~ z, (ii) if z ~ y then y ~ x, (iii) if z ~ y and y ~ 2,

then 2 ~ 2. An equivalent class 7 := {y € X|y ~ z}.
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The function space C'[a,b] In applications, especially ODEs, we often encounter that the solution
is at least continuous in time. This motives us to study the function space

Cla,b] := {u: [a,b] — R is continuous. }
Given u, v € Cla, b], we define

d(u,v) :== sup |u(z) —v(x)|.
z€a,b]

Theorem 2.1. C|a, b] is complete.

Proof. Suppose {uy} is a Cauchy sequence in C[a, b]. For any e > 0, there exists an N(e) > 0
such that
sup ’un(x) - um(x)‘ <€
z€[a,b)
for every n,m > N. For each fixed z € [a,b], {u,(x)} is a Cauchy sequence in R. Thus, u, (x)
converges to a limit, called u(z). This convergence is indeed uniform in z. In fact, we can take
m — oo in the above formula to get

sup |up(z) —u(x)| <e.
z€la,b]

for every n > N. Next, we show that u is continuous at every point o € [a,b]. For any ¢ > 0,
we have seen that there is N such that sup,c, 5 [un () — u(z)| < e. On the other hand, uy is
continuous at xg. Thus, there exists a § > 0, which depends on uy, € and z, such that

lun(z) — un(x0)| < €for |z — xo| < 0.

Thus,

u() = u(zo)| < |u(x) — un(@)] + [un (2) = un (z0)| + |un (z0) — u(xo)| < 3e.
This shows w is continuous at an arbitrary point ¢ € [a, b]. O
Exercise.

e Can you replace C|a, b] by C(a,b) in the above theorem? Here, C'(a, b) includes all contin-
uous functions from (a, b) to R with finite sup norm. In this definition, 1/ is not in C(0, 1)
but sin(1/z) does.

e Consider the subset A in C(a,b) to be the set of those functions which have finite limits at
the boundary points a and b. What is the relation between A and C'a, b]?

e Is C(0, 00) with the above metric a complete metric space?
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2.2 Banach spaces

2.2.1 Normed linear space — A space where we can do calculus

The metric space has no algebraic structure. A natural extension of Euclidean space structure is
the normed linear space, in which calculus can be introduced. A set X with addition and scalar
multiplication is called a linear space (or vector space).

Definition 2.9. A linear space X over a field R (or C) has addition and scalar multiplication
operations which satisfy

(a) forallz,y,z € X, x+y=y+z (x+y)+ 2 =x+ (y+ 2); there exists a zero vector ()
such that x + 0 = x; for all x € X, there exists a unique (—x) such that x + (—x) = 0;

(b) forany x,y € X, any \,p € R, 1z =z, (A + p)z = \x + px, Mz +y) = Az + Ay,
Apz) = (Ap)z;

Definition 2.10. A norm || - || on a linear space X is a mapping X — R satisfying
(a) ||z|| > 0forall x € X and ||z| = 0 if and only if v = 0;
(b) |[\x|| = |Al||z|| for all \ € R and x € X;
(c) (triangle inequality) ||z + y|| < ||lz|| + ||y|| for all z,y € X.

A normed linear space (X, || - ||) is a linear space X equipped with a norm || - |.

Definition 2.11. A complete normed linear space is called a Banach space.

Properties
e A normed linear space is a metric space equipped with the metric d(z,y) = ||z — y||.

e A metric in a linear space defines a norm if it satisfies the translational invariant property
(d(x — z,y — z) = d(z,y)) and the homogeneity property (d(\z,0) = Ad(z,0)).

e The unit ball in a normed linear space is convex (triangle inequality).

e In a finite dimensional normed space, all norms are equivalent. Here, two norms || - ||; and
|| - ]2 in a normed linear space X are said to be equivalent if there exists two positive constants
C4, Cy such that

Cillz|ly < lzll2 < Coflz|lx

forall x € X.
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Examples
1. The R™ space equipped with the Euclidean norm
lzll2 = (|21[* + - + [a[*)"/?

is a Banach space.

2. The R" space equipped with the p-norm:
|zllp = (|17 + -+ [@n[") /7,1 < p < o0
are Banach spaces. Furthermore, one can show that
Jalloe = max |z

is a norm, and
2]l = 7], asp — oo.

Notice that ||z ||, with 0 < p < 1 is not a norm, but it can measure the sparsity of x. Indeed,

[ello := #{xi # 0},
which measure the sparsity of z, and ||z||, — ||z||o as p — 0.

3. The set of matrices
Mppsn = {A: R" — R™ is linear}

equipped with the Frobenious norm defined by

1/2

Al = { Y1437
i

is a Banach space.

4. The /P(N) (1 < p < o0) space is the set

P(N) = {z: N>R |z’ < oo}
i=1

equipped with the norm
lzllp = (jaf” + |2l + - )P

Similar to the finite dimensional case, we define

[]|oc = sup ||
2

is a norm and ||z||, — |z||c (as p — o0) if they exist. Indeed, one can prove that (7,
1 < p < oo are Banach spaces.
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5. The set of continuous functions
Cla,b] := {u: [a,b] — R is continuous}
is a linear space. We define the sup norm by

lu|loo := max |u(z)|.
z€[a,b]

Then (C|a, b], || - ||so) is @ Banach space.

6. (Cla,b],| - |lp), 1 < p < oo is not complete. A simple example is that the sequence of
continuous functions
up(z) := tanh(nzx),z € [—1,1]

tends (inall || - [|,,1 < p < 00) to

-1 forz <O
u(z)=¢ 0 forz =0
1 forz >0

which is not in C[—1, 1].

The Completion of normed linear spaces
1. The completion of Q in R under absolute value norm | - | is R.

2. Let
C'a,b] := {u: [a,b] — R, u, are continuous}

Then C'[a, b] is complete under the norm

|l1,00 = sup [u(x)| + sup [/ (x)].
xT €T

But C'[a, b] is not complete under the sup norm |u|s := sup |u(x)|. Its completion under
sup norm is C'[a, b]. .

3. The completion of Cla, b] under the norm

b
lull = / ju(z)| de

is called the L'-space, and is denoted by L'(a,b). It is the set of all Lebesgue integrable
functions on (a, b).

4. The completion of (C[a,b], || - ||p), 1 < p < oo is the LP space
b
LP(a,b) :={u: [a,b] — R|/ lu(z)|P de < oo}

where the above integration is in the Lebesgue sense.
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5. The function 1/|x|* is in LP(—1,1) for 0 < ap < 1.
6. Is the function sin(1/x) in LP(—1,1) for 1 < p < c0?

7. For which « the corresponding |x| = sin(1/|z|) € LP(—1,1)?

2.2.2 Approximation and Basis

In function spaces, we want to approximate general functions in terms of linear combination of some
simple known functions. This linear combination is usually in terms of infinite series, but countable.
A set [ is called countable if it is either finite many or there is an one-to-one correspondence between
I and N. One can check that Z x Z is countable and thus Q is also countable because a rational
number r can be represented by p/q with (p,q) € Z x Z. In R, we want to approximate a real
number by an (countable) infinite series. For instance, we may approximate r € [0, 1] by

oo
r= g a2 ™.
n=1

where a,, € {0, 1}. Each finite sub series is an element in Q. This motivates the following definition.

Definition 2.12. A metric space X is said to be separable if there is a countable set A C X such
that A = X.

(0, 1] is separable

1. The Bernstein polynomials are

They are in the space
P, := {p(z)|p is a polynomial and deg(p) < n}

The space P, has dimension n + 1. Since b,.,,, v = 0, ...,n are independent, They form a
basis of P,.

2. The set of Bernstein polynomials with rational coefficients

A= {Z aubu,n|a1/ €Q,n> 0}

v=0

is countable and is dense in C[0, 1]. Indeed, let f € C'[0, 1], then

Buf) =31 (2) bun(a)
v=0

converges to f in || - ||oo. The key parts of the proof are
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(@) byp >0and ) ) byn(z) =1.
(b) The difference f(x) — B, (f) has the following estimates:

n

[f () = Bu(H)l = D (f(x) = f(v/n)) byn(x)

v=0

Yo 1f(@) = fw/n)| bun(z)
v=0

IN

= > + 3 |lf@) - f/n)ba)

v/n—z|<é  |v/n—z|>0

(c) The Bernstein polynomial b, ,,(x) concentrates at v/n ~ z as n — oo. More precisely,
for any fixed small 9,

Y bun(x) =0

lv/n—z|>0
as n — oo.
(d) f is uniformly continuous on [0, 1]. That is, for any € > 0, there exists a § > 0 such that
|f(z) — f(y)| < e whenever |z — y| < 4.

I leave you to fill in the gaps. E]

2 The Berstein polynomial has the following probability interpretation.

(a) Let X be the random variable of one binormial trial with probability x of success. That is, P(X = 1) = z and
P(X = 0) = (1 — z). If we perform two independent Bernoulli trials, denote X; the outcome of the ith trial.
The sample space Q2 = {(1,1), (1,0),(0,1), (0,0)}. Here, (a1,a2) denotes that X1 = a1 and X2 = a.The
probability of S = X1 + Xz is

P(Sy =2)=a* P(S2 =1) =2z(1 —z), P(S2 = 0) = (1 — z)°.
For n independent Bernoulli trials, the number of elements that have v times success is n!/(v!(n — v)!). Thus, the
probability of v times successes is

P(S, =v) = V!(%iy)!:r”(l — )" = byn(2).

(b) The expectation of a random X is defined to be E(X) := > vP(X =v).

(c) The weak form of law of large number states that: Let X be the random variable of the Bernoulli trial and
E (X ) =uz. Let S,, = X1 + -+ + X,, where X are all independent and with identical distribution as X, then

lim F (&) =z.
n— 00 n
2

(d) The key is the Chybeshev inequality: P(|S,/n — x| > §) < %— — 0as n — oo. Here, 0* = E(|X — z|?) the
variance. I shall show a special case: If E(X) = 0, then P(|X| > ) < ¢%/4. Let F(2) = P(X < z) be the
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Definition 2.13. Let (X, || - ||) be a separable Banach space. A set {e,,}5° ; is called a Schauder
basis of X if for every x € X, there is a unique representation of x in terms of {e, } by

(o]
T = g Ap€n.

n=1
Examples

. InfP,1 <p<oo,lete; =(1,0,0,---),e2 :=(0,1,0,---), eq := (0,0,1,0,- - ),etc. Then
Given a point x € P, x = (x1,z2,---). Let

" = (21, .0, Ty, 0,0, ).
Then
|z" — z||, = 0.
In other words, {e,, }>° ; is a Schauder basis in /7.

2. In the next section, we will see that the Fourier functions

{en — e27rinx}$lo:_oo

form a basis in C(T) := {u : [0, 1] — C periodic}.

3. In finite element method, the solution is approximated by piecewise linear function. We shall
construct the corresponding basis.

Let us consider the domain [0, 1]. For any n € N, we partition [0, 1] into 2" subintervals
evenly. The points z,;, = 27"k, k = 0,...,2" are called the nodal points of the partition.
Given u € (0, 1], let u,, be the continuous function with w,(x,;) = u(x,k) and linear on
each subinterval (z,, ;, Ty %+1), k = 0, ..., 2" — 1. The function u,, can approximate v in sup
norm. Indeed, since u is uniformly continuous on [0, 1], we have for any € > 0, there exists a

probability distribution function of X.

P(X| > 6) = / dF (z)

2] /621
2

2/ %dF(x)

2l /621 0

2
x
< %dF(:c)

We apply this Chybeshev inequality to .S,, /n. We may assume E(X) = x = 0, using independence of X;, we get
the variance of S, /n is 02 /n.

@ E(f(Sn/n)) =300 f(v/n)P(Sn =v).
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§ > 0 such that |u(x) — u(y)| < € whenever |z — y| < 6. We choose N such that 27V < 4.
Now, for any n > N, there exists an k such that z,, , < x < x,, 11. Hence we have

u(@) = un(@)] < fu(r) = u(@nk)| + |un(@nk) = tn(Tnpr1)] < 26

Thus, ||ty — uljcc — 0 as n — .

We shall write u,, in terms of a basis. Consider the hat function

z+1 for —1<z<0
plz)=¢9 1—2z for0<z<1
0 otherwise.

We can perform scaling and translation and produce
bn g = o(2"x — k).

This function is centered at x,;, with support (2, —1,Zp k+1). The ¢y, o and ¢, on are the
boundary nodal functions, whereas ¢,, , k = 1,...,2" — 1 the interior nodal functions. The
piecewise linear function u,, defined above can be represented in terms of ¢, 1

on

Up(z) 1= Zu(xnk)gbnk(x), where z,, == 27 "k.
k=0

Furthermore, the hat function ¢ has the following scaling property
1 1
o(x) = §¢(2x +1)+ ¢(22) + §¢(2x —1).
For interior nodal functions, we then have
1 1
On—1k = §¢n,2k71 + O ok + 5¢n,2k+1
for k = 1,...,2"~1 — 1. For boundary nodal functions, we have

1
On-1,0 = Pno + 5%,17

and )
Gp—1,2n-1 = Qpon + §¢n,2”717

Let us consider the space
V"™ = span{¢ni, k =0,...,2"}.
The dimension of V™ is 2" + 1. From the scaling property of ¢, the space V" are nested:

Vicvic...cvrc...



2.3. LINEAR OPERATORS IN BANACH SPACES, BASIC 39

Let us define
¢n—1,k = ¢n,2k‘—1) k= ]-a ceey 271—17
and the space
Wt = span{v, 14|k =1,...,2" "'}
Then V" = V"1 + W1 Indeed, the inversion: {@y, 1k, Vn_14} — {Pnr} is given by

brok1=Vn_1hk=1,..,2""1

1 _
Onok = On—1k — 3 (Un—1k + Yn-1h11),k=1,..,2"" 1 —1

1 1
n0 = Pn-1,0 — iﬂ}nq,l, Gnon = Qp_qon-1 — §¢n71,2”_1a

The dimensions of V=1 and W™~ ! are 2%~ + 1 and 27!, Their sum is 2" + 1, which is
the dimension of V™. Since V™ — C|0, 1], we then expect

Clo,1]=Vo4wo+wh4....
We thus expect
{¢0,07 ¢0,17 wn,]w k= 17 ceey 2n7 n Z O}
forms a Schauder basis in C[0, 1].

2.3 Linear Operators in Banach Spaces, Basic
Definition 2.14. Let (X, ||-} x) and (Y, ||-||y') be two normed linear spaces. A linear map A : X —
Y is called bounded if there exists a constant C' such that
[Az[ly < Cllz|x
forallx € X.
Lemma 2.1. A linear map A is bounded if and only if it is continuous.
Proof. 1. If A is bounded, then
[Az — Aylly = [[A(z = y)lly < Cllz —yllx.
This shows A is continuous.

2. If Ais continuous, then in particular, it is continuous at 0. This means that for any € > 0, there
exists a d > 0 such that ||Az|ly < e whenever ||z||x < J. Now for any x € X, we rescale it
by letting z = (§/||z||z)x. Then ||z|| = §. Hence we have ||Az|ly < €. Or equivalently,

0
4 ()| = e orllasy < Slol.
lzllx/ly 0
O]
The operator norm of a bounded linear operator is define to be
Azx Y
| Al := sup Az = sup |Az|y.

[zlx  jafx=1
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Examples

1. InR", letl(x) := a-x, where a an n-vector. If we use the || - ||2 norm, then the corresponding
operator norm of [ is exactly ||a/|2.

2. What is the corresponding operator norm of the operator [(z) = a - z in /P for 1 < p < 00?

3. Leta € [0,1]. The mapping u — u(a) is a bounded mapping from C[0,1] — R. Find its
operator norm. Let us denote this operator by d,. What is the operator norm corresponding
to adg + B, where a,b € [0,1] and «, 5 € R.

4. Let A be an m x n matrix mapping fromR" to itself. Find the corresponding operator norm
of A when R" is equipped with ¢!-norm. Do the same thing if R™ is equipped with ¢>°. Find
the operator norm of the mapping Ku(z) = fol g(x,y)u(y) dy in L', L? and Cy|0, 1].

5. The mapping
x
Kulz) = [ u(w)dy
0

is a bounded mapping from C/[0, 1] to itself. It is also a bounded mapping from L?(0, 1) to
itself.

6. Let g(z,y) : [0,1] x [0,1] — R be continuous. The operator

1
Ku(z) = [ gla.g)ulw) dy
0
is a bounded operator from C|0, 1] to itself. We may also think K is a mapping from L'(0, 1)

to itself. Find the corresponding operator norm. Do the same thing for L>°(0, 1).

7. A concrete example is

Jxz(l-y) for0<z<y<l1
g(x’y)_{y(l—a:) for0<y<axz<l1. 2.1

8. The differentiable operator D maps e™™* to ine’™*. Then {e™*} is a bounded sequence in
C(T), but { De™*} is not. Thus D is not bounded in C(T). Same proof for all LP(T) as we
treat D in LP(T).

Kernel and Range Let X and Y be normed linear spaces and let A : X — Y be a linear map.
The kernel N(A) := {x € X|Az = 0}, and the range R(A) := {Ax|z € X }.

1. Ais1-1if and only if N(A) = {0}.

2. If A is bounded, then N(A) is closed.

3. Let the matrix A = (ay, - ,ay), Where ay, .., a, be column vectors in R™. Let the operator

Azx =377 wja; is a linear map from R” to R™. Then R(A) = Span{ay, ..., a,}.
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4. Let .
= Z Yi(y)di(z)
i=1

The operator

Ku(z) = / o)y = / Silu)uly) dydi(a)

is a projection of u onto the space spanned by {¢1, ..., ¢, }. It is a bounded operator. Further-
more, both the kernel and range are closed in C|0, 1].

5. The shift operator from ¢°°(Z) to itself defined by

(Tz)p = Tpy1.

The shift operator is a bounded operator. Further, N(7') = {0} and R(T") = ¢°>°(Z). How-
ever, in /*°(N), we define
(Tx)y = xpyq forn > 1.

In this case,
N(T) ={(21,0,0,...)|z; € R}.

and R(T') = (*°(N).

6. Consider Ku = [; u(y)dy in C[0,1]. Then N(K) = {0}. For [ u(y)dy = 0 implies
u = 0. But
R(4) = {u € C*[0,1]ju(0) = 0}

which is not closed in C10, 1].

7. In the space C|0,1], consider Ku = [ u(y) dy and A = I+K. Then Au = 0 implies u(z)+
fo y) dy = 0. Differentiate it in z, we obtaln u'+u = 0. This leads to u(z) = Ce™*. Thus,
N(A ) = {Ce *|C € R}. Notice that if we restrict to the space {u € C]0,1]|u(0) = 0},
then N(A) = {0}.
Next, for any f € C|[0, 1], we look for a solution u € C10, 1] such that Au = f. Formally,
we differentiate Au = f and get

By using integration factor, we get

Integrate this equation, we get

eu(z) — u(0) = /0 ") dy = ¢ () — F(0) /0 "y dy.



42 CHAPTER 2. METRIC SPACES, BANACH SPACES

Thus,
x
u(w) = ¢ (u(0) = FO) + f@) ~ [ ) dy.
0
In this expression, we don’t need to require f” exists. Thus, R(A4) = C[0, 1].
8. Similar to the above. Consider Ku = fol g(x,y)u(y) dy where g is given by |i and A =

I+ K. Then N(A) = {0} and R(A) = C[0, 1].
Open mapping theorem The following theorem due to Banach is not so obvious in infinite di-
mensions. See Lax’s Functional Analysis for proof.

Theorem 2.2 (Open mapping theorem). Let X and Y are two Banach spaces. If A : X — Y is
bounded and onto, then A is an open map, which means that it maps open sets to open sets.

Example

1. The shift operator (after quotion the kernel) is a 1-1 onto bounded linear map.

2. The Fredholm operator I + K (K is an integral operator) is also such kind of operators.
The open mapping theorem is equivalent to the following bounded inverse theorem.

Theorem 2.3 (Bounded inverse theorem). Let X and Y be two Banach spaces. If A : X — Y isa
bounded linear and bijective, then A~ is also bounded.

In fact, we can write it in a little more general form, and the bounded inverse theorem is a
corollary of it.

Theorem 2.4. Let X and Y be Banach spaces. Let A : X — Y be bounded and linear. Then the
following two statements are equivalent:

(a) Ais 1-1 and closed range;
(b) there exists a constant C' such that | Ax| > C||z|| forall x € X.

Proof. 1. Let Y; = R(A). If (a) holds, then by the open mapping theorem, A=! : Y7 — X is
a bounded linear map. Thus, there exists a constant C' such that for and y € R(A), we have
|A=Yy|| < C||y||. Thus, for any z € X, Az € R(A), we have ||z| < C||Ax]|.

2. Conversely, Suppose {y, } is a sequence in R(A) and y,, — y. Then there exist x,, € X such
that y, = Axy,. From ||z|| < C||Az||, we get that { Az, } is a Cauchy sequence implies that
{x,} is also a Cauchy sequence. Hence x,, — x for some = € X. By the continuity of A, we
get Az = lim Ax,, = limy,, = y. Thus, R(A) is closed.

OJ

This is maily used for Fredholm opertors.
The open mapping theorem, the bounded inverse theorem and the following closed graph theo-
rem are equivalent.
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Definition 2.15. A mapping T : X — Y is called closed graph if its graph {(z,Tx)|x € X} is
closedin X xY.

Theorem 2.5 (Closed graph theorem). Let X and Y be Banach spaces. A linear mapT : X —'Y
which is closed graph is also a bounded map.

Homeworks 2.1.  [. Suppose a set A C R has a lower bound. Show that m = liminf A < if
and only if for any € > 0, (a) all x € A but finite many satisfies m — € < x and (b) there
exists at least one © € A such that x < m + e.

2. Show that a function f : (X,d) — R is lower semi-continuous if and only if its epigraph is
closed in X x R.

3. Is (C(a,b), || - ||co) complete?
4. Show that ||z||, — ||z||sc as p — oo for x € R™ and ¢P(N) N {>*(N).

5. Find the operator norm of a matrix A : (R™, | - [[1) = (R”, || - [|1). Do the same thing by
replacing || - |1 by || - [|oo-

6. Let g(x,y) : [0,1] x [0,1] — R be continuous. Show that the operator

1
Ku(z) = /O oz, y)uly) dy

is a bounded operator from C|0, 1] to itself. Find the corresponding operator norm.
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Chapter 3

Method of contraction mapping

3.1 Motivation

An important technique to solve systems of equations, ODEs, PDEs is to construct an iterative
procedure to generate approximate solutions and find their limit. If the iterative procedure is given
by

Tnt1 = Tz,

for some map T, then we look for a fixed point of T'. The simplest case is when 7" is a contraction
map, which means [Tz — T'y| < p|lx — y| for some 0 < p < 1. In this case, the iterators {x,, }
converges linearly.

Example Let us solve 22 = a, a > 0 by Newton’s method, which is an iterative method. Suppose
we have found the nth iterator x,, which is an approximation of the root, we approximate the
equation f(x) = 22 — a = 0 by a linear equation

g(x) = f(xn) + f'(zn)(x —20) =0
It is easy to solve the linear equation. Its root is our next iterator x,41. That is
Tn+l = Tn — f/(wn)ilf@n)

With this, we get

We define )
Ta::f<a:—|—g).
2 x

Then the solution of 2 = a is a fixed point of 7.
In order to show that T" has a fixed point, we check

o T:[Va,00) = [\/a,o)

45
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a

° |Tac—Ty|:% T+e-y— 3 :% -
[1— <1

|z — y|. We see that if both ,y > +/a, then

Hence, T is a contraction map from [y/a,c0) — [/a,0). Then one can show that the sequence
generated by the iteration
Tnt1 = Ty

converges. Such a method is called method of contraction maps. In this chapter, we will give a
general theory and provide many applications.

Remark If the initial point 0 < z¢ < \/a, then one can show that 1 > \/a. Then the following
iterations fall into the region of convergence [y/a, o0). Thus we conclude that for any zo > 0, the
Newton’s method converges for this case.

Exercise What is the value of the following continued fraction?

Applications
e Intermediate value theorem

Inverse function theorem

Jacobi method for solving systems

Local existence of ODEs

global existence of ODEs

Existence of stable manifold

Integral equations

3.2 Method of contraction mapping

The method of contraction mapping in metric space was proposed by Banach in 1921 in his Ph.D
thesis. It is an abstract setting of the method of iteration which was developed long ago by Jacobi,
Gauss, Picard, etc.

Definition 3.1. Let (X, d) be a complete metric space. A mapping T : X — X is called a contrac-
tion mapping if there exists a constant 0 < p < 1 such that

d(Tz,Ty) < pd(z,y).
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It is easy to see that T" is continuous in X.

Theorem 3.1 (Banach fixed-point theorem). If T : (X,d) — (X,d) is a contraction map, then it
has a unique fixed point T € X

Proof. We start from any point x( and generate the iterates x, 1 = T'x, for n > 0. We show that
{zy} is a Cauchy sequence in X. We have for n > m,

Ad(Tp, Tm) = d(Tm+(”_m)x0, T™xg)
< (T a0, 20)
< pm [d(Tnimxo, Tnfmflxo) + d(Tnimil.CUO, TnfM*QxO) 4+ .4 d(TJZ(), 370)]

n—m-—1
<pm [ Z pk] d(z1,z0)
k=0
< <1p_p> d(z1, o).

This shows that {x,,} is a Cauchy sequence. From the completeness of X, we get that {z,,} has a
limit z € X. By taking the limit n — oo in the equation x,,+1 = T'xp, we get Tz = .
If  and ¥ are two fixed points of 7" in X, then

d(z,y) = d(Tz,Ty) < pd(Z,y)
Since 0 < p < 1, we get d(Z,y) = 0 and thus Z = g. O
One can estimate the convergence rate of these iterates.

d(xp,z) = d(Txp_1,T)
< pd(xn—lwi')

IN

ptd(xg, T)

This shows that the geometric convergence like a power sequence because p < 1.

In many applications, the equations we want to solve depend on a parameter. For example,
solving F'(xz,\) = 0, where \ is a parameter. In this case, we want to know how the corresponding
solution depends on the parameter. For instance, we want to know how the solution of z? = a
depends on a. Let us call the parameter A and denote the parameter space by A, which is assumed
to be a metric space.

Theorem 3.2. Consider a parameter-dependent contraction mapping T : A x X — X such that
(1) T is continuous in both \ and x

(2) Foreach X € A, T(\,-) is a contraction with contraction ratio p and 0 < p < 1 independent
of A
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Then the fixed point x(\) of the contraction mapping T'(\, -) is also continuous in A € A.

Proof. Let x,(\) be the iterators generated by T'(),-) starting from an arbitrarily chosen initial
xo(\), which is required to be continuous. From the continuity of 7', we get each z,(-) is also
continuous. Since the contraction ratio p is independent of A, we have that the convergence of
Zn(A) in n is uniform with respect to A. The limits of n — oo and A — )\ can be interchanged.
Thus, the limit function lim,, o ,,(\) is a continuous function. d

Exercise Consider the discrete logistic map
Tng1l = ATp (1 — ) := F(xy).

What is the value of A in which x = 0 is the fixed point? What are the fixed points of Ff = F\oF\?

3.3 Solving large linear systems
It is impractical to solve large linear system
Ax =10

by so-called direct methods such as Gaussian elimination or LU decomposition because the number
of operations required is of O(N?3), where N is the size of z. Instead, iterative methods are usually
favored. The main idea is to sacrifice a little bit accuracy, but gain the speed of convergence. This
is harmless because many such systems are obtained from PDEs, in which a discretization error has
already been introduced. One important class of iterative methods is to decompose A into

A=M— N,
and to solve it by the following iterative procedure
Mzt — Nz = b.

The matrix M is the major part and IV the minor part of A, respectively. It also requires that M is
easily to invert.
One class of matrix which is easy to find such a decomposition is the diagonally dominant
matrices:
|aii‘ > Z |6Lij|, for all 4.
J#i
In this class, we choose M = diag(aj1,- - ,an,) and N = A — M. We can solve Az = b by

Mz = Na™ 4+ b

or,
2" = MIN2™ + M.
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The sequence {z"} converges if the operator norm of the mapping 7" := M ~! N (called the iteration
operator) is less than 1 by the fixed point theorem. We estimate ||7'|| as the follows.

all ail ail
Toi— a2z a22 a2z
iy = . . . .
anl an?2 an3 e O
Ann ann Ann

The operator 7" : (R™, | - |oo) — (R™,] - | ) has the following estimate

|Tx|00 = m?xz T,
J
< mase Y7 13| (max )
b
= max 3 [Ty lfel
J

By our assumption,
mlaxz T3l = p < 1.
J

Thus, [T =p < 1.

3.4 Solving system of algebraic equations

Suppose we want to solve the equation f(x) = 0 in R™, where f : R” — R" is a C'! function. We
want to design an iterative procedure to solve this equation. The iteration is to design ¢ # 0 such
that the iterators

Tntl = Tn — C(xn)f(xn)

converge. Or in other words, we want the map
Tr=x—c(x)f(x)

to be a contraction map. You may think that c(z,,) is a step size of a discretized ODE: & = — f(x).
We see that a root of f(z) = 0 corresponds to a fixed point of T'. For example, suppose f'(Z) is
non-singular, where 7 is the root. Then we can choose

c(x) = f'(z)~"
In this case,
T'(z) = 0.
By the continuity of 7”, we can have a small domain in the neighborhood of Z such that T is
contraction. In practice, we don’t known Z, nor f'(Z). But we may know a rough estimate of f'(Z).

If so, we use this one for c(x). We can also choose c(x) = f/(x)~!. This leads to the Newton’s
method.
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Theorem 3.3 (Inverse function theorem). If f(zo) = yo and f is C in a neighborhood of xq with
[/ (xo) being nonsingular. Then there exist a small neighborhood V' of yo and a small neighborhood
U of xg such that f : U — V is invertible.

Proof. To find the inverse map of f for any y ~ 19, we need to solve

flz)=y

in a neighborhood of zy. We may express y = yo + 7 and x = ¢ + e. Using f(z9) = yo, we get
the perturbed equation

f(@o+e) = flwo) =7
for e ~ 0. Suppose f’(z¢) = A. Using Taylor expansion, we get
Ae+gle)=r
where g(e) = f(xo +e) — f(zo) — Ae = o(e). We design the iteration procedure

Ae ! 4 gle™)=r,

or
et = —A7lg(e") + ATl = Ten

to solve the perturbed equation.
In order to apply the method of contraction, we want to find » > 0 and § > 0 such that for any
|r| < m, we have T is a contraction from |e| < ¢ into itself. If || < 7 and |e| < 6, then

[ Tel < [A7HI(lg(e)l + 7)) < [[ATI(o(8) +m).

We require |Te| < 4. This gives
AT [ (o(8) +m) < 6.

On the other hand,

Tey —Tey = A~ (g(er) — g(e2))
= A (f(2o +e1) = flao + e2) — Aler — e2))
= ATH(f'(@) — A)(e1 — e2))
Here, we have used f € C' in a neighborhood of x4 and applied the mean value theorem, and 7 is

a point between x + e1 and x( + es. From the continuity of f’(z) at 29, we can choose § > 0 such
that whenever |e; |, |e2| < §, we can get

AT (2) = f (o)l < 1/2.

This gives another constraint on §. With these two constraints, we choose § and 7 such that 7" is a
contraction from |e| < § to itself for every |r| < n. O
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Remarks.
1. The inverse function f~! of the above theorem is also in C! and (f~!) = (f/)~L.

2. The assumption of the existence of the inverse function can be relaxed to f’(z) is continuous
at x¢ instead of f € C'! in a neighborhood of z.

3. A corollary of the inverse function theorem is the implicit function theorem. It states: Let F :
R™*™ — R™ be in C' in a neighborhood of (¢, yo), and at which F'(x¢,yo) = 0. Suppose
Fy(xo0,y0) is invertible. Then there exists a unique function y = g(z) in a neighborhood
of o such that F(x,g(z)) = 0 in this neighborhood. Moreover, g € C! and ¢'(z) =

Fy Fy(z, g().

3.5 Solving ODEs

Consider the ODE
y'(t) = f(t,y)
with initial condition
y(to) = vo-

Let I = {|t — to| < T} with some T > 0. We assume f : I x Br(yo) — R™ is continuous in
(t,y) and is Lipschitz continuous in y uniformly with respect to ¢ € I. This means that there exists
a constant I > 0 such that for any y1,y2 € Brandt € I.

[f(ty1) = f(t,y2)| < Llys — .

Theorem 3.4. Suppose f is as above. Then there exist a § > 0 and a unique solution of the above
ODE for |t — tg| <.

Proof. Let J := [ty — 6,1y + 0], where 0 > 0 is to be determined. Consider the space C'(J) = {y :
J — R™ is continuous. } equipped with the sup norm

Yl := sup |y(t)].
teJ

Then C(J) is a Banach space. For any y(-) € C(.J), we consider the mapping

t
Ty=yo+ | f(s,y(s))ds.

to

Notice that Ty is still a continuous function. Consider the closed ball,
X :={y e CU)lly = wolloo < R}

We shall choose a § properly such that 7' is a contraction mapping from X to X. Firstly, let

M = sup{|f(t,y)||t € I,y — vo| < R}.
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We have .
Ty(t) —yol = | [ f(s,y(s))ds| < Mo.
to

If we choose M < R, then T maps X into X. Secondly,

t

ITy1 = Tyallsc = sup| [ f(s,51(s)) = f(s,52(s)) ds]
teJ to

sup / Llyi(s) — ya(s)] ds|

ted Jitg
< Lollyr — y2leo

IN

This gives another condition on §. Combining the two conditions, we can choose

5 R 1

=minq —, —
M’2L ]’

then 7 is a contraction from X to X with contraction ratio 1/2.

From the contraction mapping theorem, we get a unique solution. Such a solution satisfies the

integral equation
¢

y(s) =vo+ [ f(s,y(s))ds.
to
We see that y(-) € C(J) implies f(-,y(-)) is continuous. Hence ftg f(s,y(s)) ds is continuously
differentiable. Thus, y is continuously differentiable in J°. We differentiate this integral equation
intand gety/(t) = f(t,y(t)). O

Remarks.

1. The iteration y" ! = Ty" in the proof of the existence of ODE is called Picard iteration. A
rationael behind this iteration is the follows. For “short time”, the term 3/ is the major term,
while f(t,y) is a minor term. Indeed, if we perform a rescaling: ¢ = ef, then the rescaled

equation becomes
1dy .
-— = J(et,y).
c 7 = flety)

Comparing the two terms above, the left-hand side is “more important” than the right-hand
side for short period of time. More precisely, we can rewrite the differential equation in
integral form

¢
y(t) —yo = [ f(s.y(s))ds
to
Among these terms, the right-hand side is relatively less important. Thus, the iteration proce-

dure becomes .

Yn+1(t) = yo + t f(s,yn(s)) ds.
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2. In the above local existence, the existence time period § depends only on R, M and L. If f
is local Lipschitz in yﬂ, then as long as the solution can exist at (¢1,y(t1)) it can always be
extended. This leads to that either the trajectory y(¢) — oo in finite time, or it stays bounded
as t — oo. Thus, a global existence relies on so called a priori estimate. If we can show that
for any T > 0, there exists R > 0 (which can depend on T') such that

ly()| <R, for0 <t <T.

This together with the local existence gives global solution for 0 < ¢ < co. Such an estimate
is called a priori estimate. We shall study a priori estimate later.

3. The uniqueness of the integral equation
t
y(t) =y + [ f(s,y(s))ds
to

follows from the uniqueness of the fixed point. One can also use the Gronwall inequality to
prove the uniqueness of the ODE directly, as shown below. Suppose y; and yo are two C!
solutions with the same initial data at ¢y. Then

vi = f(ty), ya = f(t.y2).
Subtracting these two, we get
v — yal < [f(ty1) — f(t,y2) < Llyr — 2.

Notice that for a C''-function 7, we have |n|" < |n|’, by triangle inequality. Choose 7(t) :=

ly1(t) — y2(t)|. Then

1 < L.
Use method of integration factor, we get
(e_Ltn)/ < 0.

This leads to
n(t) < nlte)e 10,

Since n(tg) := y1(to) — y2(to) = 0, we obtain n(¢) = 0. This proves the uniqueness.

4. Many local existence theorems in PDE theory are based on the method of contraction map-
ping. For example, local existence of systems of hyperbolic equations in one dimension, see
F. John, PDE, systems of first order hyperbolic equations, method of characteristics.

"This means that for any yo there exists R > 0 such that f is Lipschitz in Bg(yo).
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Examples

1. The ODE y' = ,/y with (0) = 0 is not unique.

2. How about the ODE: v/ = 1/Iny with lim;_,o+ y(¢) = 0?

3. The solution 4/ = y? blows up for any y(0) = o > 0.

3.6 Continuous dependence on parameter of solutions of ODE

Let us denote the solution of the ODE with initial data (7, &) by y(-, 7, &). That is, y(7, 7,§) = &.

Theorem 3.5. Under the same assumption of f in the local existence theorem above, the solu-
tion y(t,7,£) of the ODE y' = f(t,y) is a continuous function in (t,T,§) in a neighborhood of
(to,to,yo). That is, the solution y(-, 7, &) continuously depends on its initial data (T,§).

Proof. 1. Following the proof of the local existence theorem, let y*(-) := y(-,to,y0). There
exists €7 such that the set

{(m)llT —tol <8,y —y"(7)] < ex} € J x Br(yo)-
We choose € = 616_2L5 and let
U={(rOlE -y (1) <eTe T}
We define the space
X={y:JxU—=R"inCandd(y,y*) < e}
where the metric d is defined by

d(y17 y2) = sup 672L‘t77—| ‘yl (tv T, 5) - yQ(tv T, 5)’
teJ,(1,)eU

2. For y € X, define

(Ty)(t, 7€) =€ + / F(s,y(s,7.€)) ds.
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3. Weshow that Ty € X ify € X. Giveny € X, we have
t
Tyt 7€) — y* ()] = 15 0@+ [ Fple ) - fs.y () ds
t
<16~y (o)l + | / (5505, €)) — F(s,57(s))] ds]
t
<et| / Lly(s,7,€) — y*(s)| ds

t
< e—i—\/ L62L|S*T||eds
T

€

1 Ee2Lft—|
2 2
< 6€2L|t—’r\_

This proves d(Ty, y*) < e.

4. We show
1
d(Ty1,Tyz) < id(yl792)~

where y1,y2 € X. Let us abbreviate y; (¢, 7, &) by v;(¢).
t
Ty1(t) — Tya(t)] = !/ (f(s:51(5,7,8)) = f(s,52(s5,7,€))) ds|

<1 [ Lints) - o) ds

IN

t
| / Le* =l d(yy, y0) ds

_ }emt—ﬂd(

=3 y1,y2)

Thus, we have

1
d(Ty1, Tys) < 5d(y1,92)-

5. We apply the parameter-dependent fixed point theorem to get that the fixed point y(¢, 7, &) is
continuous in the parameter (7,¢) € U.
O

Remark. In the above proof, the rationael behind the definition of the weighted distance is the
follows. In the estimate of y, we control f by a linear function (Using Lipschitz continuity), we
then expect that the growth of y is controlled by a factor e“*~7| at time ¢. Second, the factor 2 in
e2L1t=7| gives us a room to control the contraction ratio to be 1 /2.
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3.7 *Local structure of ODE near a hyperbolic point

Consider the ODE

&= f(z)
where © € R2. Suppose f(0) = 0, i.e. 0 is an equilibrium point. An equilibrium point is called
hyperbolic if no eigenvalue of f’(0) is pure imaginary. Let us consider the following simple example

{ 1 =x1 + g1(21, T2),
&o = —x2 + go(x1, 22).

Here g;(z) = O(|z|?). The point (0,0) is a hyperbolic equilibrium. Let us consider the linearized
equation of this example:

:'Bl =T
To = —I9
Its solutions are 0
x1(t) = e,
zo(t) = et

The orbit starting from 29 = 0 stays on 23 = 0 and converge to 0 as t — —oc, while those starting
from any point with 2 = 0 go to 0 as ¢ — oc. The line x5 = 0 is called a unstable manifold, while
the line z1 = 0 is called a stable manifold. All other orbits forms part of a hyperbola: z175 = 2929
and leave the unstable manifold and move toward the stable manifold as ¢ — oo. This is the orbit
structure of the linearized equation near the equilibrium.

In the theory of ODE, it can be shown that the structure of orbits of the nonlinear equations is
closed to that of the linearized equation (i.e. g; = 0, ¢ = 1, 2). This persistence of the structure is
called structure stability of a hyperbolic equilibrium. I shall not give a complete theory here. I will
just show the existence of unstable manifold here, which is a key step of the stability theory.

Let ¢! (z) denote the solution of # = f(x) with z(0) = . Given € > 0, a manifold M is called
a stable manifold at O if

W2(0) = {z| |¢"(x)| < eforall t > 0}.

Similarly, a manifold M is called an unstable manifold at O if
W(0) = {z| |¢'(z)| < eforall t < 0}.

Such stable and unstable manifolds exist locally. Let us show the existence of unstable manifold
below. This unstable manifold will be represented as n = h (). It has the properties: ~(0) = 0 and
h'(0) = 0. That is, it is tangent to the unstable manifold of the linearized equation T (0, 0).

We start from an initial data (x1(0), z2(0)) = (§,n) for the ODE:

{ 1 =1+ g1(x1, 22)
T = —x9 + g2(x1,T2),

Using method of integration factor, the first equation becomes

(eftxl)/ =elg (1, x2).
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Integrate it, we get
t
x1(t) = e'¢ +/ e 5g1(x1(s), x2(5)) ds.
0

For the second equation, we use the integration factor e! and integrate it from —oo to ¢. This is
because we expect z2(t) — 0 as t — —oo. Hence we have

xg(t):/ e " go(21(8), 22(s)) ds.

Now we consider the space
X, ={z:(-00,0] = R?, ||z|0 <€}

equipped with the || - || and the mapping

St e o ga(m(s), 22(s)) ds

(Tex) (t) = ( efe + f(f el S gy (x1(s), wa(s)) ds ) |

Assume [¢| < €/2. Using g;(z) = O(|z|?) (say |g:| < C|z|?), we get
Tex(t)| < €/2 + Cllz||%,, fort < 0.

Thus, we choose ¢ such that

€
— 4+ 0 <
2+ € €,

then T¢ maps X, into X..

Next, it is easy to check T is a contraction mapping in X, with contraction ratio 1/2 if we
choose € with C'e < 1/2. Hence T has a fixed point (x7,x3) in X.. This solution satisfies the
condition:

x21(0) =&, z5(t) > 0ast — —o0.
Let
0
n:=x5(0) = / 92(z1(s),25(s)) ds. (3.1

—0o0

This defines 7 as a function of £, say n = h(§). Then h(-) is defined on (—¢/2, €/2). Its graph is the
unstable manifold M*. Namely, for (£,n) € MY, the solution of the above ODE with x7(0) = &
and x3(0) = 7 tends to (0,0) as t — —oo.

Remark. In fact, h(-) is an analytic function. Further, »’(0) = 0. I leave the proof of h’'(0) = 0
to the reader because it is not a direct application of the contraction mapping.
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Example Consider the following example

i = —x+a2?—2zy+y°
= y+a:3.

The stable manifold can be expressed as 7 = h(§) near (0, 0). On this manifold,
0= (.
This implies
N+ =0 (E)(—€+& — 26 +17)

Since h(€) is analytic and h'(0) = 0, we can expand

h(§) = a2§2 + a3§3 + -
By plugging this expression into the above equation, we obtain

as€” + a8’ + €7 = (208 + 3a38”) - (=€ + €7 — 2(a2€") + (a2€%)°) + O(€Y).
Equate the coefficients of the same powers, we get
as = —2as, az + 1 = 2as — 3as.

Thus, ag = 0 and ag = —1/4.
Remark. Consider the ODE: & = f(z) in R™ and suppose 0 is an equilibrium point. That is,
f(0) = 0. The spectra o(f/(0)) is the set of all eigenvalues of f/(0). They are classified into o, oy,
and o, depending the real part of the eigenvalue A is less tha, greater than or equals O, respectively.
Suppose the invariant spaces corresponding to o, o, and o, are II,,, II; and 11, respectively. Just

similar to the stable manifold and unstable manifold, we can also define the centered manifold as
the follows

Mg = {z|¢'(z)| < &, Vt € R}

where ¢' is the solution of the above ODE with ¢°(x) = . The centered manifold theorem states
that M exists locally, has the representation:

n = h(§)

for £ € 11, and iy € II; 4 1L,,. Moreover, the tangent space of M¢ at 0 is II..

3.8 A priori estimate for solutions of ODE

Global Lipschitz condition
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Theorem 3.6. Consider the ODE in R":

Y= f(tay)'

Assume f satisfies
£t y)] < a(t) + b(t)]yl,

where a(-) and b(-) are integrable on [0, T] for some T > 0. Then the solution exists up to T and
has the following estimate

t
()] < ED)y(0)] + / BO-B6) o(s) ds
0

where B(t) = fg b(s) ds.

Proof. We have
lyl" <[] < 1f ()] < alt) 4+ b(t)]yl.

Let B(t) := fot b(s) ds. Consider the integration factor e~ 2®). We have

!/
(e_B(t)|y|) < e Bg(p).

Integrate this inequality from O to ¢, we get

t
B0y (1)) — y(0)] < / e BO)a(s) ds.
0

This leads to .
()] < POl + / BO-B6) o(s) ds
0

Thus, as long as a(-) and b(-) are integrable on [0, T, then |y(¢)| remains bounded on [0, T'|. Then
from local existence theorem, it can be extended beyond 7. Thus, the solution exists on [0, c0). [

Lyapunov functional
Theorem 3.7. Consider the ODE in R":

y' = f(y), ¥(0) = yo.

Suppose there exists a function ® such that

Vo(y) - f(y) <0,

and ®(y) — oo as y — oo. Then the solution exists on [0, 00).
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Proof. Consider ®(y(t)). It is a non-increasing function because

d

@(I)(y(t» =Va(yt) - fly(t) <0

Thus,
P(y(t)) < 2(y(0))

Since ®(y) — oo as y — oo, the set

{yl®(y) < (yo)}

is a bounded set. If the maximal existence of interval is [0, 7") with T' < oo, then y(-) is bounded
in [0,7") and can be extended to 7. By the local existence of ODE, we can always extend y(-) to
T + €. This is a condiction. Hence 1" = oo. O

As an example, let us consider a damping system
P4yt =-V'(x)
where V' is a trap potential, which means that V() — oo as |x| — oo. By multiplying & both

sides, we obtain
dFE

— _~lil2 <0
o v]z]® <

Here,
1
E(t) := §|x|2 + V(x)

is the energy. The term ~|@|? is called the energy dissipation rate. We integrate the above equation
from O to ¢, drop the dissipation term to get

E(t) < E(0), forall ¢t > 0.
This gives a priori estimate of solution

1 . 2

SlEOF +V(2(?)) < E(0).

This implies both © and x are bounded, because of the property of V.

3.9 Solving a simple boundary-value problem
We consider

—u" +q(x)u = f, z € (0,1)
u(0) =0, u(l) =0.
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Such a problem occur commonly in quantum mechanics, wave propagation, etc. The function u is
called a wave function and ¢ a potential. We can solve this equation for ¢ = 0 first. Then solve this
equation for small ¢q. Such a method is called a perturbation method.

To solve —u” = f with u(0) = u(1) = 0, we integrate it once to get

—/yf(s)ds+C1.
1

Next, we integrate it from 0 to x and use u(0) = 0 to get

/ / f(s)dsdy + Cyz.
By integration-by-part,

_/Ox/lyf(s)dsdy = —/OmF(l/)dy

= wF@H§+AxMW@ﬁw

a:/:f<y>dy+/:yf<y>dy

1
Qz—%yﬂw@

T 1
u@)—l;Ml—@f@ﬁw+/vﬂl—wﬂwdy

From u(1) = 0, we obtain

Hence

Let us define

[ z(l-y) f0<z<y<l1
gmy%—{yg_@ ifo<y<az<l.

Then the solution above can be represented as

1
u(z) = / oz 9) (y) dy.

Such a g is called the Green’s function associated with the operator —d? /dz? in (0, 1) with Dirichlet
boundary condition. It satisfies

d2
_@g(wvy) - 6($,y),g(0,y) = g(lvy) =0.

Next, we consider the perturbed problem:

—u" +q(x)u=f, x€(0,1)
u(0) =0, u(1) =0.
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We can rewrite it as an integral equation

1 1
u(w)+/0 g(fv,y)Q(y)U(y)dy=/0 g(z,y) f(y) dy-

This equation has the form
(I -K)ju=h

where
1
Ku(z) :== /O g(z,y)q(y)u(y) dy

1
h(x) = /O gz, y) f(y) dy.

Now we can apply method of contraction to show the existence of the solution. We choose the
metric space to be X = {u € C][0,1]|u(0) = u(1) = 0}. This is a complete metric space. We
define Tu = Ku + h for u € X. It is easy to see that T'u € X. To see 7T is a contraction, we have

|Kulloo := sup
0<z<1

1
sup / 19, )a(9)] dyllullo
0<z<1J0

1
sup / 19, 9)| dyllalloollulloe
o<z<1.Jo

1
= Slallcliule:

1
/0 oz, v)a(y)uly) dy

IN

IN

Hence, if ||¢||cc < 8, then T is a contraction in X. Consequently, it has a unique fixed point in X.

3.10 Remarks

More general fixed point theorems based only on topological arguments.

Theorem 3.8 (Intermediate value theorem). If T : [a,b] — [a, b] is continuous, then T' has a fixed
point in |a, b].

Theorem 3.9 (Brouwer fixed point theorem). If T : K — K is continuous and K is a convex and
compact in R", then T has a fixed point in K.

Theorem 3.10 (Schauder fixed point theorem). If T : K — K is continuous and K is a convex and
compact in a Banach space, then T' has a fixed point in K.

I leave you to find applications for these general theorems.

Homeworks 3.1.
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. The Gauss-Seidel method decomposes a matrix A = M — N, then solve the equation Ax = b

by the iteration M 2" ! = Nz™ 4 b. Here, M is the lower triangular part of A and —N the
strict upper triangular part of A. Show the convergence result for diagonally dominant matrix
A.

Consider the equation

fla)=e -2

x
(a) Show how best to choose a polynomial
c(x) = a + ba?
so that the iteration scheme for v/A
Tnt1 = Tn + c(xn) f(2n)

converges most rapidly in the neighborhood of the solution.

(b) Estimate the rapidity of convergence.

Find an iterative procedure to solve
2x + 3y + sinz? + tan(xy) = 0
for (x, y) near (0,0).

Consider the equation
—(p()) = f,2 € (0,1)

with u(0) = u(1) = 0. The function p is a piecewise constant function. That is

(&) = a; forx <=z
i) = as forz >z

where 0 < ¥ < 1 is a discontinuity of p. At this point, we require

[u)z == uw(ZT+) —u(z—) =0, [pu']z == p(x+)u'(Z+) — p(z—)u'(z—) = 0.
Find the Green’s function of this system.

Hunter’s book: pp. 78: Ex 3.1.

. Hunter’s book: pp. 79: Ex 3.6.
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Chapter 4

Hilbert Spaces

4.1 Hilbert Spaces, Basic

Hilbert spaces were studied in the first decade of the 20th century by David Hilbert, Erhard Schmidt,
and Frigyes Riesz, later by von Neumann on operator theory.

4.1.1 Inner product structure

Definition 4.1. Let X be a complex linear space. An inner product (-,-) is a bilinear form: X x
X — C which satisfies

(a) (z,z) > 0and (x,z) = 0ifand only if x = 0,
(b) (z,y) = (y, ),
(c) (x,ay+ pz) = oz, y) + B(x, 2).

The linear space X equipped with the inner product (-, -) is called an inner product space.

Examples.

1. The space C™ with

(z,y) := Zl’ﬁyz
i
is an inner product space.
2. Let A be a symmetric positive definite matrix in R™. Define
(z,y)a = (z, Ay)
Then (-, -) 4 is an inner product in R".

65
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. The space C|0, 1] with the inner product

1
(f.9) = /0 F@a(t) dt

is an inner product space.

. The space L%(0,1) is the completion of C[0, 1] with the above inner product. It is the space

of all square (Lebesgue) integrable functions.

. Let T be the unit circle and

L(T) = {f:T—>(C|/|f(t)]2dt<oo}
T

It is the space of all square summable and periodic functions.

. The ¢%(N) is defined to be

CN) = {z |z = (z1,22,-+), > |al* < o0}
i=1

The ¢%(N) is an inner product space with the inner product

[eS)
i=1

Similarly, we define

(Z):={zx|2z:Z —C, Z |2i|? < 00}

1=—00

It is also an inner product space.

. Let w, > 0 be a positive sequence. Define

o
2 ={z|z:N— C,Zwi|xi|2 < oo}

i=1

The inner product is defined to be

o0
(2,y) = Z Wil
i=1
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8. Letw : (a,b) — R™T be a positive continuous function. Define the space

b
L% (a,b) :={f: (a,b) > C |/ |f () Pw(z) dz < oo}

and equip it with the inner product

bi
(f,9) 52/ f(2)g(z)w(x) dz.

L2 (a,b) is an inner product space.

In an inner product space X, We define ||z|| = \/(z,x). Then (X, | - ||) is a normed space. The
key is the Cauchy-Schwarz inequality

Theorem 4.1. Let X be an inner product space. For any x,y € X, we have

[, )| < =]yl
Proof. From non-negativity of (-, -), we get
0 < (z+ty,z +ty) = |z||* + 2Re(z, y)t + ||y||*t* for all t € R.

From this, we obtain
|Re(z,y)[* < [l [ly]|*.

This is one form of Cauchy-Schwarz. We claim that
|Re(x, y)| < [«]|[|ly|| forany z,y € X

if and only if
(@, y) < [zl [lyl| for any z,y € X.

Suppose (x, ) is not real, we choose a phase ¢ such that e’®(x, ) is real. Now we replace z by
e®z. Then ‘
|Re(ez,y)| < ||zl |y

But the left-hand side is |(x, y)|. This proves one direction. The other direction is trivial. O
The triangle inequality is equivalent to the Cauchy-Schwarz inequality. In fact, we have
lz + yl* = ll2|* + 2Re(2, y) + yll*

while
2
(el + lyID® = lll® + 2l lyll + llyll*.

By comparing the two equations, we get that the triangle inequality is equivalent to the Cauchy-
Schwarz inequality. In fact, the following statements are equivalent:

(a) Forany z,y € H, Re(z,y) < [lz| [|yl];
(b) Forany z,y € H, |(z,y)| < ||z ||lyll;
(c) Forany z,y € H, ||z + y| < ||z] + ||y]-
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Remark. If we are care about the cosine law, that is
lz = ylI* = l=[* + lylI* = 2)|z[| |ly]| cos 6,
then we should define the angle between two vectors x and y by
Re(z,
cosf := M.
[zl lyll

However, this creates a problem, the orthogonality in this sense may not have (z,y) = 0. This is
not what we want. . So, we define the acuate angle between two vectors x and y by

()|
ENEN

cos@ :

and we give up the traditional cosine law.
Definition 4.2. A complete inner product space is called a Hilbert space.
In the aforementioned inner product space, the ¢2, L?(a, b), L2,(R) are Hilbert spaces.

Proposition 4.1 (Parallelogram law). A normed linear space is an inner product space if and only
if
lz +ylI* + [l = ylI* = 2[|=[* + 2||yl%, forall 2,y € X.

Proof. Suppose a norm satisfies the parallelogram law, we define
1 . . . .
(@)= (2 +ul* = llz = yl* = ille + iyl + illz = iy]*) .
We leave the reader to check the parallelogram law implies the bilinearity of the inner product. [

4.1.2 Sobolev spaces

The H' space. Let (a,b) be a finite interval on R. We recall that
b
L*(a,b) = {u: (a,b) — cy/ lu(x)|? dz < 0o},
a

Here, the integrability is in the Lebesgue sense. One may think L?(a, b) to be the completion of
C|a, b] under L2-norm. Thus, L?(a, b) is a Hilbert space. Similarly, we define

b
H'(a,b) = {u: (a,b) - (C|/ (Ju(@)[? + o/ (2)?) dz < oo}
with the inner product
b
(u,v) :/ (v + V') da.

Think why H(a,b) is complete Indeed, it is the completion of C[a, b], or C°°[a, b] under the
above inner product.

'If w, — win L?(a,b) and u), — v in L*(a, ), then we have u' = v.
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The H{ spaces. Let
Hg(a,b) = {u € H'(a,b)|u(a) = u(b) = 0}.

You may wonder why can we define u(a) and u(b) for those function u € H'(a,b)? In fact, for
any two points z; and xo near a, we can express

utra) =l = ‘/ v < </ Pdw) ) ( [ lu’(@?dz) " < ol

1 1

which tends to zero as x1,z92 — a. Thus, it is meaningful to take lim,_,, u(z). Alternatively,
H{ (a,b) is the completion of C§°[a,b] under the above inner product. Here, C§°[a, b] are those
C function on [a, b] satisfying zero boundary condition. I shall take this as a fact.

In H}(a,b), we can define another inner product

To see this, we need to check that (u, u) = 0 implies u = 0. From fab [u'(x)|? dz = 0, we get that
u(x) = 0 on (a,b). Hence, u is a linear function on (a,b). With u(a) = u(b) = 0, we conclude
that u = 0.

Now, in H¢, we have two norms, one is

lull? = flull® + ||
the other is
lull3 = [l
Here, || - || is the L2-norm. We claim that these two norms are equivalent in H{. [’| For the afore-

mentioned two norms in H&, we have
[/ |2 < el + [[o/]1*.

Thus, ||ull2 < |Jul|1. On the other hand, the other inequality ||u||; < C2||lu||2 is followed from the
theorem below.

Theorem 4.2 (Poincaré inequality). There exists a constant C' > 0 such that for any u € H}(a,b),
we have

[ul < Clu'|]?. (4.1)

2 Two norms || - ||1, || - ||2 are equivalent in a normed space X if there exist two positive constants C1, Cy such that
for any u € X, we have
Cillullz < Jlully < C2

Jull2-
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Proof. From the fundamental theorem of calculus,

Thus,
u(@)? = /:u/(y)dyz
< ([ew) ([ wwra)
< (@w-a) ( /:|u/<y>|2dy>

Here, we have used Cauchy-Schwarz inequality. We integrate x over (a, b) to get

b a2t
[ urar < B [k ay

This proves the Poincaré inequality in one dimension. O

Remark

1. You can see from the proof that we don’t need both boundary conditions u(a) = u(b) = 0.
In fact, u(x) is determined by u(a) and u/(z),a < x < b. Thus, the Poincaré inequality is
also valid by just assuming u(a) = 0. Indeed, it is also valid by assuming

/abu(x) dz = 0.

2. Dimension analysis for the Poincaré inequality: Let us denote the dimension of length by
L, the variable u by U. We denote these by [z] = L and [u] = U. The L? norm of u has
dimension

llul] = @2L)"2 = ULV?.
The dimension of L? norm of «/ is
[ll/] = UL=HIY2 =vLY/?

By comparing the dimensions on both sides of the Poincaré inequality, we get that the constant
has the dimension L.
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Best constant in Poincaré inequality To find the best constant C' in the Poincaré inequality, we
look for the following minimum

min

u(a)=u(b)=0 f u(z)? dx

This problem is equivalent to

b b
min / ' (x)? dx subject to / u(z)? dx = 1.
w(@)=u(t)=0 / .

By the method of Lagrange multiplier, there exists a A such that

5 </abu’(x)2dx—)\/abu(x)2dw> ~0

The corresponding Euler-Lagrange equation is
—u" — =0
with the two boundary condition u(a) = u(b) = 0. This is a standard eigenvalue problem. The

minimal value of )\ is the first eigenvalue of —D? with the Dirichlet boundary condition. The
corresponding eigenvector and eigenvalue are

oy =sin (270 2= (7))

Thus, the best constant is

and the corresponding norm ||u’||2, := (u,u),,. Let
Hi)jo(a,b) = {u: (a,b) = C|||v/||w < o0, u(a) = u(b) =0}
Then the space H ,(a,b) = Hg and the norm |||, is equivalent to ||u/]].

Homeworks 4.1. pp. 144-145: 6.1, 6.3, 6.4, 6.5
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4.2 Projection

Projections in Banach spaces

Definition 4.3. (a) A projection P in a Banach space X is a linear mapping from X to X satis-
fying P?> = P.

(b) The direct sum of two subspaces M and N in a Banach space X is defined to be
MeN ={z+ylzeM,yeN}

Theorem 4.3. If P is a projection on linear space X, then X = Ran P & Ker P, and RanP N
KerP = {0}.

Conversely, if X = M & N and M NN = {0}, then any x € X can be uniquely represented as
x =1y +zwithy € M and z € N. Furthermore, the mapping P : x — y is a projection.

Proof. (=)

1. We first show that z € Ran P & x = Px. (<) If ¢ = Pz clearly x € RanP. (=)If
x € RanP, then z = Py for some y € H. From P? = P, we get Px = P?y = Py = .

2. Next, if z € RanP N KerP, then x = Px = 0. Hence, RanP N KerP = {0}.
3. Finally, we can decompose z € X into
x = Pz + (x — Pzx).

The part Pz € RanP. The other part z— Pz € Ker P because P(z—Px) = Pr—P?*r = 0.

1. Ifx = y; + 21 = yo + 290 withy; € M and z; € N, then y; — yo = 2o — 21 and it is in
MNN. Thus, y; = yo and 21 = 29.

2. Fory € M, Py = y. For any z, Pz € M, hence P(Px) = Pz.

Remarks.

1. If P is a projection, sois I — P.

2. We have RanP = Ker(I — P) and KerP = Ran(I — P).

3. A projection in a Banach space needs not be continuous in general.
Theorem 4.4. Let X be a Banach space and P is a projection in X.

(a) If P is continuous, then both Ker P and RanP are closed.
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(b) On the other hand, if Y is closed subspace and there exists a closed subspace Z such that
X =Y & Z. Then the projection P : x© +— y is continuous, where x = y + z is the
decomposition of x withy € Y and z € Z.

Proof. 1. We show the graph of P is closed. That is, if x,, — z and y,, := Px, — y, then
y € Y and x —y € Z. From the decomposition, we have y, € Y and 2z, :== x, — yn € Z.
From the closeness of Y, we gety € Y. From z,, — x and y,, — y, we get x,, —y,, converges
to  — y. From the closeness of Z, we get x —y € Z. Thus, x = y+ (z — y) withy € Y and
rT—y€EL.

2. The theorem follows from the closed graph theorem: A closed graph linear map A from
Banach space X to Banach space Y is also continuous.
O

Orthogonal projections in Hilbert spaces

Theorem 4.5 (Orthogonal Projection Theorem). Let ‘H be a Hilbert space and let M C H be a
closed linear subspace of H. Then

(a) for any x € H, there exists a unique y € M such that

|z =yl = min |1z — 2|

(b) (x —y) L M;
(c) the mapping P : x — y is a projection.

Proof.  (a) Letus denote
(= inf ||z —z|%
zEM

Let {1, } be a minimal sequence of || - || in M. That is 3, € M and lim,, 0 ||y — > = £.
Then from the parallelogram law

Hym_yn”2 :2Hym—9€H2+2||yn—xH2—4” 5

The first two terms tend to 4¢ as n,m — oo, while the last term is greater than 4¢ by the
definition of . This implies {y,, } is a Cauchy sequence in M hence it has a limit y in M.

The uniqueness follows from the parallelogram law as follows. Suppose y; and y» are two
such solutions, that is ||y; — z||> = £. Then by the parallelogram law,

Y1+ Y2

lyr = well* = 2lly1 — 2] + 2lly2 — 2|* ~ A==~ x| <404 =0.
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(b) From
|z = yl* < lle =y — tz[|” = [l — y[|” = 2Re(z — y, tz) + |t[*] 2|

forall t € C and z € M, we choose ¢t = ee'? so that
Re(z —y,tz) = [t[|(z — y, 2)|.

Then we get
el(z —y,2)| < €2
Taking ¢ — 0+, we get (v — y,2z) = 0.
(c) Let N = {z € H|z L M}. From (b), we get that H = M & N and M NN = {0}. Thus,

the mapping P : x — y is a projection onto M.
O

Let H be a Hilbert space. M C H be a subset. Define the orthogonal complement of M by
Mt ={z e Mz Lyforally e M}.

The orthogonal complement of a subset M in H is a closed linear subspace. From the orthogonal
projection theorem, we have

H=Meo M.

Any z € H can be decomposed into = = y + z with y € M and 2 — y € M. The projection
P : x — yis called an orthogonal projection.

Corollary 4.1. If M is a closed subspace of a Hilbert space H, then (MJ-)J‘ =M.
Proof. We only prove (/\/IL)L C M. Suppose z € (ML)L. That is, (z,w) = 0 for all w € M*.

By the orthogonal projection theorem, we can decompose = y + z withyy € M and z € M.
Then 0 = (z,w) = (y + z,w) = (z,w) for all w € M. Since z € M, we can take w = 2 and
get (z,z) = 0. Hence, x = y € M. This proves (J\/lL)L c M. O
Theorem 4.6. Let P : H — H be a projection. The following two statements are equivalent:

(a) (Pz1,x2) = (x1, Px2) forall x1,x9 € H;

(b) H=Ran P @& Ker P and Ran P | Ker P.
Proof. (a) = (b): For any x € RanP, then x = Py for some y € H. Then for any z € Ker P,

(z,2) = (Py,z) = (y, Pz) = 0.

Hence, RanP L Ker P.
(b) = (a): For any =1, z2 € H, they can be uniquely decomposed into

T =y + 21, Ty = Yo + 29, withy; € M, M.

Thus,
(Px1,22) = (y1,y2) = (21, Px2).
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Figure 4.1: Orthogonal projection of z onto a closed subspace M. {y,, } are minimal sequence.

Example 1. Given a vector y € H. Define P : x — (v, x)w Then RanP = ({y}), the space
spanned by ¥, and KerP = yt.

Example 2. Given n independent vectors {vy,- - ,v,} in H. Let M = ({vy,--- ,v,}). Given
any x € H, the orthogonal projection y of x on M satisfies:

1
y = arg min {§||:c —2||*| z € M}.

The corresponding Euler-Lagrange equation is (x — y) L M. Since y € M, we can express y as
y = Y i, a;v;. The condition (z — y) L M is equivalent to (x — y,v;) = 0,4 = 1,--- ,n. This
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leads to the following n x n system of linear equations

n

Z(vi, vj)oy = (x,v;),i=1,--- ,n.

i=1

From the independence of {v1, - - - ,v,}, we can get a unique solution of this equation.

4.3 Riesz Representation Theorem
Dual space The set
H* := {¢: H — C bounded linear functional }

forms a linear space and is called the dual space of . For an element ¢ € H, we define its norm by

U(x
je) = sup L sy oo,

el =1
Then H* is a normed linear space. I left you to prove that H* is complete.
A typical example of bounded linear functional is the follows. Given a y € H, the mapping

ty(x) = (y,2)

is a bounded linear functional, by Cauchy-Schwarz inequality. Its norm ||¢, || < ||y||. On the other
hand, by choosing = = y/||y||, we obtain

1y 1l = 1€y (y/llyID = Nlyll-

We thus conclude ||¢, ]| = [|y]|.
An important theorem is the Riesz representation theorem which states that every bounded linear
functional on A must be in this form. In other word, H* is isometric to .

Theorem 4.7 (Riesz representation theorem). Let ¢ be a bounded linear functional on a Hilbert
space H. Then there exists a unique y € H such that

l(x) = (y,2).

Proof. We suppose ¢ # 0. Our goal is to find y such that £(z) = (y, x). We first notice that such y
must be in (Ker £)* and P : 2 — (y,2)y/||y||? is an orthogonal projection.

Let N' = Ker £. Then N is closed and N’ # H. Hence there exists a z; ¢ AN. By the
orthogonal projection theorem, there exists a y; € N and z := (21 — y1) L N. From 21 € N, we
get z # 0. Let
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Then P is an orthogonal projection, i.e. P2 = P and RanP L Ker P, because RanP = {az|a €
C} and Ker P = Ker £ = N. The latter is due to Pz = 0 if and only if ¢(x) = 0. With these, we
get that

H={azla € C} & Ker L.

Hence, any x € H can be represented uniquely by

z = az+m, withm € Kerl, a = (z,2)/||z||>.

We have (2.2)
Z,T
l(z) = laz) = EE (z) = (y, ).
where, y := Hz) . We have shown the existence of y such that /(z) = (y, ).

K]
For the uniqueness, suppose there are y; and y such that £, = £,,. That s,

(y1,2) = (y2,), forall z € H.
Choose = = y; — y2, we obtain ||y; — y2|| = 0. M

Application of Riesz representation theorem. Now, we consider the Poisson equation on a
bounded domain 2 C R™:
(P): Au= finQ,u=0onof.

This problem can be reformulated as the following weak form:
(WP) : Findu € H}(Q) such that (Vu, Vv) = —(f,v), forallv € C}.

Lemma 4.1 (Poincaré inequality). Let (2 C R"™ be a smooth bounded domain. Then there exists a
constant C such that for u € H}(S2), we have

[ulla < Cl[Vull2.

Existence of Dirichlet problem.

Theorem 4.8. Let Q2 C R" be a smooth bounded domain. Let f € L*(Q). Then (WP) has a unique
solution in HZ(9).

Proof. From the Poincaré’s inequality, we see that
(u,v)1 :== (Vu, Vo) := / Vu(z) - Vou(z) dz
Q
defines an inner product in H}(£2). On the other hand, for f € L(Q),
£, := (f,v) is a bounded linear map in both L? and H_:

[(Fso)l < [[fIHlvll < ClIATV

Thus, by the Riesz representation theorem, there exists a unique u € H}(€2) such that
(u, v)1 = (Vu, Vv) = (= f,v)
for all v € H} (). O
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Homeworks 4.2. 1. pp. 212, Ex. 8.3,
2. pp. 212, Ex. 8.5
3. Assuming u € C%(Q). Then u satisfies (P) if and only if it satisfies (WP).

4. Prove the Poincaré’s inequality for the case when u € C}(Q), Q C R? a bounded domain.

4.4 Error estimates for finite element method
Let us consider the Poisson equation in one dimension:
—u” = fon(a,b), u(a) = u(b) = 0. 4.2)

We shall find an approximate solution by finite element method. First, we discretize the space [a, b]
and define the finite element functions. We chosse an n > 0. Let h := (b — a)/n the mesh size,

x; = a+ih,i=0,--- ,nthe grid point. Define the finite element function ¢;(x) to be ¢;(x;) = d;;
and ¢(z) is continuous and piecewise linear. Let
Vh = <¢17 to 7¢n71>-

It is called the finite element space. An element v € V}, is a continuous and piecewise linear function

and is uniquely expressed by
n—1

(@) =Y v(@)di(x).

i=1
Next, we find an approximate solution u;, € V}. We express uy, by

n—1
up(z) =Y Uigi(x)
=1

We project the equation onto Vj:
(—u" — f,v) =0, forallv € V,
This leads to the following equations for U = (Uy, -+, U,_1)T:
(un, di)1 = (f, ¢i),i=1,--- ,n— L
Or

1

j=1

n

<
Il

We can compute (¢;, ¢;) directly and obtain the matrix A = (7, ¢) (n—1)x(n—1) 2

A= %diag(—l, 2,-1)



4.4. ERROR ESTIMATES FOR FINITE ELEMENT METHOD 79

This matrix is invertible. So, we can invert it and find U.
Finally, we study the error of the approximate solution u;. Let u be the exact solution and
epn := u — uy, be the true error. Since both u and uy, satisfy

(W', 0") = (f,v), (u},,v") = (f,v) forall v € Vj,

we obtain
(e),,v") = 0forallv € V.

That is, (v — up) L1 Vj. This is equivalent to say that uy, is the (-, -);-orthogonal projection of u
on V},. Thus,
|u' —upll2 < ||u' — |2 forall v € V.

In particular, we can choose v € V}, that equals w at 1, - - - ,z,—1. That s,
n—1
V= Tpu = Z u(zi) i,
i=1
then
Ju" = upl2 < [lu” — (mpu)|2. (4.3)

Thus, the true error is controlled by the approximation error.

Approximation error in terms of ||u”|,, Itis easy to see that 7, is a projection. If u € C2, then
in each cell (z;, z;+1), the projection error w(x) = u(x) — mpu(z) satisfies w(z;) = w(zi+1) = 0.
By applying Rolle’s theorem twice, we get that for any = € (x;, x;+1), there exists an &; € (z;, Ti41)
such that

w" (&
w(z) = é&) (x — x)(x — xi41).
This leads to )
w(x)] < — max w” .
wie) < 5 max ' (€)
Hence

b n—l g
[w@Pias = 3 [ )P s
a i=0 * ¥
n—1 h2 2
Zh() max |w”(z)|?
8 ) ze

=0 (@4,mi41)

IN

< (b—a) (h2>2 max |u”(z)[?.

8 z€la,b]

Here, we have used that w” () = u”(x) on each subinterval (z;,x;+1). Hence,

h2
lu = mhullz < Vo = e [lu” o
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We can also estimate v’ — (7,u)’ by mean value theorem. First, there exists a (1 € (z;, z;+1) such
that v/(¢1) = (u(ziy1 — u(z;))/h. For any x € (x;,xi41), there exists (2 € (24, 2;+1) such that
u'(x) —u/(¢) = u”((2)(xz — (1). Therefore, we get

(@) — () (a) = (0) — L) gy — ),

Notice that (mpu)’(x) = w for x € (x;,zi+1). Hence, we obtain

b n—1 Tt
/\u'—(ﬂhu)'Ide _ Z/ o — ()2 da

< Zhh2 max |u”(z)[?

z€la,b]

= (b —a)n?|lu"|%

Approximation error in terms of ||u”||2  The estimate above is in terms of ||u”||o. It is desirable
to estimate in terms of ||u”||2. That is, we want to estimate ||u — 7pu/|2 in terms of ||u”||2. To do
so, we should use the integral representation of error of the Lagrange interpolation. We recall that
for w(z;) = w(x;4+1) = 0, w has the representation:

Ty —
w(w)=h2/ g( — )w”(y)dy

Ti41 _ _ .
o=n [ (S w ) dy

where g is the Green’s function of d*/dz? on (x;, z;11). Thus, we can estimate ||w||z in terms of
||w” |2 on (x;, x;+1). Namely,

Ti4+1 Tr — xl y — :BZ Ti4+1
wP <nt ([ (S5 ) ([ e wkay).

Tit1 Tit1 $1+1 _ e Tit1
[ e < / [ (S Pavde [T Py
Ty €Ty h‘ s
Y 2
< ot [ R
T
Aswesumover:t=1,--- ,n—1, we get

W2 w”|2.

1
wllo < ——
el < —

Similarly, we get

1
lw'l2 < —=hllw”l2.

V6
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Theorem 4.9. For u € H?(a,b) N H{[a, b, the interpolation error has the following estimates

|u — mhull2 < R3[| 2,

1
V90

1
Ju' — (mpu)'fl2 < —=h|lu"||2.

V6

True error of the finite element method

Theorem 4.10. For the finite element method for problem ({4.2)), the true error uw — wy, has the

following estimate

1
lu = uhll2 < [lu’ = (mhu)lla < —=h]u”|2,

V6
1
lu—unll2 < 6h2\|ul'\|2-

Proof. The first estimate follows from the previous theorem. For the second, the trick is called
duality argument. Let e, = u — up. We find the function ¢, such that ¢} = —ej, and ¢(a) =
¢(b) = 0. Then

(€h7€h):—(€h7¢g) (h7¢h) (eha¢h (7Th¢h)/)-

Here, I have used
(e},,v") = 0 for all v € Ran(mp).

Applying interpolation estimate to ¢y, we get

llenll* < llenlll(én — mnon)'Il < \fllehH hllgnll = \[hHehll llenll

Hence, we get

1 1
lenlla < —=hllepll2 < ghQHU"\b-

V6
O

Homeworks 4.3. 1. The error function w on each interval (x;, ;1) satisfies w(x;) = w(zit1) =
0. w can be estimated in terms of w" in (x;,x;11). This is indeed a generalized Poincaré
inequality. You can get best estimate via Fourier sin expansion. Find the best constant and
the get the best error estimate.

Given xg < x1 < xa. Let w be a smooth function satisfying w(x;) = 0 fori = 0,1,2. Find
an integral representation of w in terms of w"' on (xq, x2).
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Chapter 5

Bases in Hilbert Spaces

5.1 Orthogonal bases, general theory
In this section, we shall discuss how to approximate a point z € H in terms of an expansion in an
orthogonal set U = {uq|a € I}.

Definition 5.1. 1. A set U = {uy|a € I} is called an orthogonal set in a Hilbert space H if
any two of them are orthogonal to each other.

2. Itis called an orthonormal set if it is orthogonal and each of them is a unit vector.

For separable Hilbert space (i.e. there exists a countable set A such that A = H), we can
choose U to be countable. But in general, U can be uncountable. The index set I may not be
ordered, or may even not be countable. Nevertheless, we can still discuss the meaning of the limit
of (uncountable) summation. Consider a set {x,|a € I} in a Hilbert space #. For a finite set
J C I,letusdenote ) ;x4 by Sy.

Definition 5.2. 1. We say that ) . o converges to x unconditionally, if for any € > 0, there
exists a finite set K C I such that for any finite set J with K C J C I, we have

lz = > zal <e.

aed

2. The summation Y {x.|la € I} is called Cauchy if for any € > 0, there exists a finite set
K C I such that for any finite set J with K C J C I, we have

I ) zall<e

acJ\NK

3. It is called absolute Cauchy if for any € > 0, there exists a finite set K C I such that for any
finite set J with K C J C I, we have
> lmall <€

acJ\NK

83
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Remark
L. Ttis clear that if ) _; converges, then it is Cauchy.

2. If ) c; o is Cauchy, then for any n € N, there exists a finite K, such that for any o ¢ K,
|zall < 1/n. Then for any a & |J,cn Kns [|z]| < 1/n for all n. Thus, z, = 0. Since
UneN K, is countable, we conclude that there are at most countable nonzero x,,. In this case,

we can select J, = (J,,, Kj, then S, converges to > s Za-

3. It is clearly that absolute Cauchy implies Cauchy.

Example For non-separable Hilbert space, we consider quasi-periodic functions on R. A function
is called quasi-periodic if

Ft) = 3 ageist
k=1

where n € N, a; € C and wy, € R are arbitrary. For quasi-periodic functions f and g, we define

T -
(f.9) = Tlgréo;T/T f(t)g(t)dt.

One can show that this inner product is equivalent to

which is independent of ¢y for quasi-periodic functions. Let # be the completion of all quasi-
periodic functions with the above inner product. They are called the L?-almost periodic functions.
The set

U= {e“"w e R}

is a uncountable orthonormal set in H.

Lemma 5.1. Let {xo|a € I} be an orthogonal set. Then ) ;xq converges if and only if
> wer zall? converges. In this case,

2
= |lzall? (5.1)

acl

Proof. We check that (a) Y., %q is Cauchy if and only if (b) 3. [z is Cauchy. This is
because if (a) is true, which means that for any ¢ > 0, there exists a finite set X' C I such that for
any J C I\ K,wehave || Y,.; zq]/* < e. But

2
D 7ol =D lleal®

aed acd

S

a€cl

This is equivalent to say that > ||« ||? is Cauchy. In this case, (5.1) follows from the continuity
of the norm. O
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Theorem 5.1 (Bessel’s inequality). Let U := {uqy|a € I} be an orthonormal set in a Hilbert space
‘H. Then for any x € H, we have

(@) Pger (s 2)* < [l

(b) T =3, ci(Ua,x)uq converges unconditionally;

(c) (x—z) LU.

(d) Let (U) denote the finite linear span of the set U and (U) the closure of (U). Then x € (U)
ifand only if v = 3 1(Uq, T)Uq.

(e) The subspace (U) has the characterization

({U) = {Zaaua | Z jaal? < oo}

a€cl ael

Proof.  (a) Letus denote (uq,)uq by 4. Then {z4|a € I} is an orthogonal set. From

0< flo =Y (uas 2)ual® = llz]* = Y |(ua, ),
acJ acJ
where J is any finite subset of I, we have > ; [|za||* < [|z||? for all finite set J C I. Let
M = sup{z |za||* |J C I is a finite set.}.

aed

Then for any e > 0, there exists a finite set K C I such that M — e < }__ s [lza|*>. Now
for any finite set J C I ~. K, we have

M-e< Jzal>< > llzal®= (Z +2 Nl < M)

acK aceKUJ acK a€d

This gives

D laal? <e

aeJ

Thus, Y, ¢ ||zal/? is Cauchy. It converges and has an upper bound ||z||%.
(b) From (a) and Lemma we get the convergence of the un-order sum 7 := o ;(ta, T)Uq.

(c) We use continuity of inner product: for any ug € U,

<:c - Z(ua,x)ua,u5> = (z,u5) = > _ (ta,2)(ta, up) = (z,us) — (ug, ) = 0.

ael ael
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(d) From(b), z € (U). Thus, we have z € (U) < (z — ) € (U). From (c), z —z L (U). Thus,

x € (U) & x—x=0.Hence any = € (U) can be expressed as x = Y _(uq, T)Uq.

(&) If X craaua With > ; laa|? < oo, then using the same argument of (b), we get the un-

order sum ) ;G to converges. And hence it is in (). On the other hand, we have seen

from (d) that any element = in (U) can be expressed as

T = Z(ua,x)ua,

a€el

with 3o/ [(ta, 2)|* < oo,
OJ

Theorem 5.2. Let U := {uq|a € I} be an orthonormal set in a Hilbert space H. Then the
following conditions are equivalent:

(a) (x,uq) = 0forall a € I implies x = 0;

(b) Any x € H can be represented as v = ) 1 (Ua, T)Ua;

(c) ({U) =H;

bl

(d) The norm of any x € H can be characterized by ||z||* = 3 o1 |(ta, z)|?

(e) U is a maximal orthonormal set.

Proof. We see that (a) < (U)+ = {0} & (U>L = 0 < H = (U). The latter follows from
the decomposition theorem H = M @ M- for any closed subspace M. This together with the
previous theorem show the equivalent from (a) to (c). The equivalence between (b) and (d) follows
from Lemma 5.1} To prove (e)<> (a), let us suppose there isav ¢ U and v L U. That is, U is not
maximal since U C V := {v} UU. Then from (a), v = 0. Conversely, U is maximal means that
any orthonormal set V with U C V, then U = V. In other word, if there is av € V\U, then v = 0.
But this is the statement (a). O

An orthonormal set in H satisfying one of the statements of this theorem is called an orthonor-
mal basis of . By (b), any element x € H can be represented as x = Zae 1 Callq. By (d), this
representation must be unique. And by (b), it is also represented as

x = Z(ua,x)ua.

ael

Theorem 5.3. Any Hilbert space H has an orthonormal basis. If H is separable, then the orthonor-
mal basis is countable.



5.1. ORTHOGONAL BASES, GENERAL THEORY 87

Proof. We consider the set S of all orthonormal sets in H and order them by the inclusion relation.
We find that S has the property: any totally partial order family has an upper bounded. A total
partial order family {U|U € A} means any two of its elements, say U and V/, is either U C V or
V C U. We see thatits union V' = Uye 4U is an upper bound. With this property, by Zorn’s lemma
in the set theory, the set S has a maximal element. By the previous theorem, it is an orthonormal
basis.

Next, we assume H is separable. That means there is a countable set A = {v;|i € N} such
that A = . Now, we construct a sequence of nested subspaces V,, and its basis {wy, wa, - -+, wy}
by the following procedure. Let w; = vy, Vi = ({v1}). If v & Vi, then define wy = vy and
Vo = ({v1, v2}). Otherwise, we skip vy and continue this process. Either we can find the next one,
or we have exhausted all elements in A. For the latter case, H is finite dimension. For the former
case, we continue this process and select an infinite countable subset B := {w;,ws, - -} from A
such that {vq, -+ ,v,} C ({wy, -+ ,w,}) C (B) for all n. Thus, A C (B) From A = H, we get
(B) = M.

We can construct an orthonormal set {uy,ug, - - - } from the independent set {wy,ws, -} by
the Gram-Schmidt orthonormalization procedure. It is an induction procedure. We choose u; =
wy/||wy]]. Let

Z9 = W2 — (wg,ul)ul

and ug = z2/||22||. Suppose {u1, - - ,uy} are found. We define

n

Zntl = Wny1 — E (W1, Ui)u;
=1

and up+1 = Zn+1/|2n+1]]- Then, by construction, we have
<{u17 o 7un}> - <{w17 e 7wn}>

for all n. Consequently
{wi, - wn}) C ua,ug,---})

By taking n — oo and taking closure on the left-hand side, we get
H = (u1,ug, )
O

For concrete Hilbert space such as L?(£2) with § having certain symmetry, one can find some
natural orthonormal basis. Here are some important examples:

e In /%(N), the Cartesian unit vectors are defined as
er:=(1,0,---),e2:=(0,1,0,---),--- .

These Cartesian unit vectors form an orthonormal basis in £2(N).
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e In L%(T), the trigonometric functions {e"™ //27 |n € Z} is an orthonormal basis.
e In the space L2 (—1,1) with w(z) = (1 — 22)~1/2, the Tchebyshev polynomials
Ty(z) == cos (ncos™ ()

is an orthogonal basis. Indeed, the projection : § — x by = cos # from the upper unit circle
T+ to [~1, 1] is 1-1 and onto. The measure df on T induces the measure (1 — 22)~/2dz on
(—=1,1). The trigonometric functions cos né correspond to the Tchebyshev polynomials on
(—=1,1). You can check by induction that 7;, are polynomials.

e In L?(—1,1) the Legendre polynomials can be constructed from the polynomials {1, z, 22, --- }
by the Gram-Schmidt orthogonalization procedure.

e Hermite polynomials form orthogonal basis in L2 (—oc, 00) with w(z) = ¢*°/2,

e Haar basis. the Haar function on R is defined to be

1 for0 <z <1/2
P(xz)=¢ —1 forl/2<zx<1
0 otherwise.

We can translate and rescale 1) to get
Yip(x) =222z — k), j,k € Z.

Then you can check (¢ i, Y¢,m) = 00k m- Indeed, A := {1} 1|7, k € Z} is an orthonormal
basis in L?(R). We shall leave the proof of A being an orthonormal set as an exercise. We
shall discuss the completeness of A in later chapter.

Homeworks 5.1. 1. pp. 145-147: 6.12,
2. Ex. 6.13,
3. Ex. 6.14
4. Let 1) be the Haar function on R. Show that the set {1); 1|5, k € Z} is an orthonormal set in

L3(R).

5.2 The Fourier basis in L*(T)

5.2.1 Definition and examples

Definition We study Fourier expansion for 2m-periodic functions. Suppose f is a 2m-periodic
function. Let us expand f as
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By taking the following inner product, defined by

fg) == [ f@)g@)da,

T o o
with €™ we find that
1 (7 ,
am, = / f(z)e "™ dx.
2 J_,

an,’s are called the Fourier coefficients, or Fourier multiples. m is the wave number. We denote a,,
by fm.

Examples
1.
1 forO<axz<m
f(as)—{ -1 for —m<x<0
2. f(x) = £lz|

5.2.2 Basic properties

A 2m-periodic function can be identified as a function on circle, which is T = R/(27Z). Some
important properties of Fourier transform are

o The differentiation becomes a multiplication under Fourier transform. It is also equivalent to
say that the differential operator is diagonalized in Fourier basis.

e The convolution becomes a multiplication under Fourier transform.

Differentiation

Lemma 5.2. If f € C'[T], then

'y = ik fr.
Proof.
7 1 2 / —ikz
'y = o fi(z)e dx
™ Jo
1 . z=2r 1 [27 .
= g g [ ke @) da
= ik f.

Here, we have used the periodicity of f in the last step. 0
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Convolution If f and g are in L?(T), we define the convolution of f and g by

(f % g)() = /T /T £z - 1)g(y) dy.

Lemma 5.3. If f,g € C(T), then
(F+9), =2nfuin.

Proof.
(79), = = [ Frotweoas
k 21 T
1 —ikx
= 5 | ] fa =gt dve i
1 —ik(x— —1
= 5 | fa e gty dye o
1 —ik(x— —1
= o T(/Tf(w—y)e M y)dx)g(y)e " dy
1 —ikx —1
= o T(/Tf(fv)e g dw) g(y)e ™ dy
= 27 fidn-
Here, we have used Fubini theorem. O
Remarks

1. The above two lemmae are also valid for f, g are in L?. Their proofs are based on the L?
convergence of the Fourier series for nice functions and the fact that nice functions are dense
in L2

2. Many solutions of differential equations are expressed in convolution forms. For instance
= fin T, its solution can be expressed as u = g * f, where g is the Green’s function of
—d?/dxz? on T.

3. In image processing, a blurred image is modelled by
(a) = [ ke =) f0) dy
where f(y) is the original image, z the blurred image, and

1
k(z) = e~ lel*/20

2mo?

the blur operator.
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Regularity and decay If f is smooth, then its Fourier coefficients decays very fast. Indeed, by
taking integration by part n times, we have

o= [ st

_ (n) —ikx X
_(zk‘)”27r/f() d

Thus, if f € C", we see fj, = O(|k:|_”) This can also be observed by the following arguments.
We notice that

¢ _7i —ik(z+m/k)
fo=—5- f() dx

Hence,

o= 5 [ et

s
" o) - Ho =) i g,

= / Dy jpof(z)e™ ™ da

= 27T w/kf( ) —ikx dx

Here, D, /. is a backward finite difference operator. Thus, f'k measures the oscillation of f at scale
w/k. If f is smooth, then DY f = O(|k|~™)g(x) with g being uniformly bounded in k. Thus,

fr = O(|k|™™). Indeed we have better result:
Lemma 5.4. If f € C"(T), then fi = o(|k|™™).

We shall only need to show that fk — 0 as |k| — oo for continuous function f. The rest for
high derivative cases can be obtained by taking integration by part. We have seen that

fie = % S da
L f(lf)—fgﬂc—ﬂ/k)e_m "

When f is continuous on T, it is uniformly continuous on T. Thus, for any ¢ > 0, we can find
K > 0 such that for all |k| > K we have

’f :v—ﬂ/k)‘

< €.

'If fact, we shall see later from the Riemann-Lebesgue lemma that fi, = o(|k|™").
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From this, we obtain

f@) = [l —n/k) ik

5 e dr < e.

. 1 [T
il < /
27 J_,

When f is not smooth, say in L', we still have f; — 0 as |k| — oo. This is the following
Riemann-Lebesgue lemma.

Lemma 5.5 (Riemann-Lebesgue). If f is in L'(a,b), then
~ b .
fi = / f(@)e " dx — 0, as |k| = oco.
a

Proof. 1. For f € L'(a,b), we have

\fel < | f|l1 for all .

2. Any function f € L*(a,b) can be approximated by a continuous function g € C[a, b] in the
L' sense. That is, for any € > 0, there exists g € C[a, b] such that || f — g|[; < e.

3. For g € C|a, b], we have: for any € > 0, there exists a K > 0 such that for |k| > K, we have

lgk| < e

Combining these two, we get

\fel <Gkl + | fe — gl <G| +1If — glli < 2e.

Thus, | fi| — 0 as |k| = .

Remarks.

1. If f is a Dirac delta function, we can also define its Fourier transform

R 1 ™ . 1
- 5 —ikx dr = —
=5 (z)e T =5

In this case, d ¢ L' and 6, = 1/27 does not converge to 0 as |k| — co.

2. If f is a piecewise smooth function with finite many jumps, then it holds that f; = O(1/k).
One may consider f has only one jump first. Then f is a superposition of a step function g
and a smooth function h. We have seen that h; decays fast. For the step function g, we have

gx = O(1/k).
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5.2.3 Convergence Theory

Let denote the partial sum of the Fourier expansion by fy:

N
fn(z) = Z fkeik’”.
k=—N

We shall show that under proper condition, fx will converge to f. The convergence is in the sense
of uniform convergence for smooth functions, in L? sense for L? functions, and in pointwise sense
for BV functions.

Convergence theory for Smooth functions

Theorem 5.4. If f is a 2w-periodic, C*°-function, then for any n > 0, there exists a constant Cy,
such that

[fn(x) = f(2)] < CuNT™ (5.2)

Proof. We can express fy in convolution form: fy = Dy * f:

fN(Qf) — Z fkeik:p

H=N

= Y o sty
|k|<N o

1 7rsin(N+%)(av—y)

= o). gy (W
1 /™ sin(N + Lyt

= o / Sm(sintQ) flz+t)dt

2
_ ;ﬂ/_ Dy (t)f(z + ) dt

Here,

Dy(z):= Y e*r = sin(N +1/2)x

= sin(z/2)

is called the Dirichlet kernel. Using Dy (z)dx = 7, we have

T sin 1
@) — f@) = = [ IOy pa)a

2 J_, sin 5

1 (" . 1
= o bln((N+§)t)g(az,t) dt

—Tr
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The function g(z,t) := (f(x +t) — f(x))/sin(t/2) = fol f(x+ st)ds-t/sin(t/2) is 27 periodic
and in C*°. We can apply integration-by-part n times to arrive

fnla) — f@) = (N +

1

n/2 pmw
;; /_7r 07 g(t) sin((N + §)t) dt

for even n. Similar formula for odd n. Thus, we get

sup |fn(z) - f(@)] < CNTF

1
/8fg(a:,t) sin((tN + 5)1&) dt‘ =O0O(N™™).
This completes the proof. O

Remark. The constant Cj,, which depends on | | g(”)| dt, is in general not big, as compared with
the term N ™. Hence, the approximation (5.2)) is highly efficient for smooth functions. For example,
N = 20 is sufficient in many applications. The accuracy property (5.2) is called spectral accuracy.

5.2.4 L? Convergence Theory

The L? convergence theory states that:

Theorem 5.5. If f € L*(T), then the Fourier expansion fx(f) — f in L*(T). In other word,
{e’*®|k € Z} constitutes an orthonormal basis in L*(T).

Proof. In the proof below, I shall use the fact that C°°(T) is dense in L?(T). I shall not prove this
theorem. We can prove the L? convergence by the following two equivalent arguments.

1. We have seen that C can be approximated by trigonometric polynomials. That is, C*°(T) C
(U), where U = {e**|k € Z}. From C>(T) = L*(T), we get L*(T) = (U).

2. Alternatively, we show that if f € L?(T) and f L e*** for all k € Z, then f = 0. For any
f € C®(T), if (f,e**) = 0 for all k € Z, from its finite Fourier expansion fp, which is
zero, converges to f, we get that f = 0. Thus, U+ NC>(T) = {0}. For arbitrary f € L*(T),
suppose f L e’** for all k. We regularize f by f. := pe * f — f in L?(T). But the Fourier
coefficients ﬁ are

(p7), = G (D=0,

Thus, f. L e’** for all k € Z. This together with f. € C°(T) give f. = 0. Since fe — fin
L?(T), we get f = 0 also. We conclude that f | U implies f = 0.
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Remark By the general theorem of orthogonal basis in Hilbert space, we have seen that (a) U+ =
{0} & (b) (U) = L*(T) < (c) Parvesal equality: || f||>2 = >, | /1|2. Yet, we shall state and prove
them below.

The Fourier transform maps a 27-periodic function f into its Fourier coefficients ( fk)zoz_ o
We may view the Fourier transform maps L?(T) space into ¢ space. The function spaces L? and
% are defined below.

™

L*(T) :={f | fis2n periodic and / |f(2)]? dz < oo}

—T

9= o [ S ds

and L?-norm: || f|| = \/(f, f). The space ¢?(Z) is defined as

with the inner product

(Z) = {(ar)7 - Z |ax|* < o0}

k=—o00

with inner product (a, b) := 3", aby.
From this, we have for any N,

0<(f—fnf =) = IFIP = 1l

[k|<N
This gives
o0
AP <A (5.3)

k=—o00

This is the Bessel inequality. It says that the Fourier transform maps continuously from L?(T) to
(7).

Theorem 5.6 (Isometry property). The Fourier transform is an isometry from L*(T) to (*(Z):
9)=>_ frin
k

Proof. To show this, we first assume that f is a smooth function. We can apply the convergence
theorem for f. This yields

(f9) = o f()()
_ /_ Z Fre*g(@) da
_ kag?.
k
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In the last equality, the summation in k£ converges fast and is independent of x (from smoothness of
f). This implies that we can interchange the integration in = and the summation in k.

To show this formula is also valid for all f, g € L?, we approximate f by f. := p, * f, which
are in C™ and converge to f in L2. The isometry property is valid for f. and g: (f.,g) = (f., 9).
Ase — 0,

[(fe = f,9)| < |Ife = fllllgll — 0,
and

|(fe = £, < N1 = Fllgl < 1I£e = Flllgll — .
The last inequality is from the Bessel inequality. Thus, we obtain (f, g) = ( f, g). O]

The isometry property says that the Fourier transformation preserves the inner product. When
g = [ in the above isometry property, we obtain the following Parseval identity.

Corollary 5.2 (Parseval identity). For f € L?, we have
IFI2 =D 1 Ful.
k

Theorem 5.7 (L?-convergence theorem). If f € L?, then
N .
fn=> fre™ > finL®
k=—N

Proof. First, the sequence {fy} is a Cauchy sequence in L?. This follows from ||fy — fu| =
>N <Jkl<M | fx|? and the Bessel inequality. Suppose fy converges to g. Then it is easy to check
that the Fourier coefficients of f — g are all zeros. From the Parvesal identity, we have f = ¢. O

5.2.5 BV Convergence Theory

A function is called a BV function (or a function of finite total variation) on an interval (a, b), if for
any partition 7 = {a = xo < 1 < -+ < x,, = b},

I fllBv == Sgpz |f(x5) — fzii1)] < oo.

An important property of BV function is that its singularity can only be jump discontinuities, i.e., at
a discontinuity, say, zo, f has both left limit f(zo—) and right limit f(xo+).

Further, any BV function f can be decomposed into f = fy + f1, where fp is a piecewise
constant function and f; is absolutely continuous (i.e. f; is differentiable and f] is integrable). The
jump points of fy are countable. The BV-norm of f is exactly equal to

Iy = 327l + [ 1£i()] do

where x; are the jump points of f (also fo) and [f(x;)] := f(x;+) — f(x;—) is the jump of f at ;.
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Theorem 5.8 (Fourier inversion theorem for BV functions). If f is in BV (function of bounded
variation), then

N
. 1
In(z) = k;N fre™® — 5 (flat) + fz—)).
Proof. Recall that
1 vy
In(@) = o DN(ﬂf —y)f(y)dy
= </ / ) Dn(t)f(z+1t)dt
= )+ fu ().
Here, Dy (z) = Y- <y € = % Using [ % dzx = T, we have
+ip) L _ 1 [Tsin(N ) _
fiw =30 = o [ w0 - s
1 (" 1
= 5o | s D0a(0

From f being in BV, the function g(¢) is in L(0, ). By the Riemann-Lebesgue lemma, f5 (z) —
3 f(z+) — 0as N — oo. Similarly, we have fy () — f(z—) — 0as N — cc. O

Gibbs phenomena In applications, we encounter piecewise smooth functions frequently. In this
case, the approximation is not uniform. An overshoot and undershoot always appear across disconti-
nuities. Such a phenomenon is called Gibbs phenomenon. Since a BV function can be decomposed
into a piecewise constant function and a smooth function, we concentrate to the case when there is
only one discontinuity. The typical example is the function

Fz) = 1 forO<zxz<m
VT =1 for —m<2<0

The corresponding fy is

1 [* sin((N+ 1) 1 =7 sin((N + 3)t
ey = 5 [ TR gy [T
27 Jo—n  sin(t/2) 27 J, sin(t/2)
First, we show that we may replace W by 1 + with possible error o(1/N). This is because the

function % - m isin C! on [—7, 7] and the Riemann-Lebesgue lemma. Thus, we have
1 [ sin((N+ 3)t 1 (™7 sin((N + 1)t
fn(z) = / ((z))dt—/ Mdt_i_o(l/]\]’)
T Jpr t T Je t

1 pe(N+1/2) | [le+m)(N+1/2)
= / sinc(t) dt — / sinc(t) dt + o(1/N).
(z—m)(N+1/2) 2(N+1/2)
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Here, the function sinc(¢) := sin(¢)/t. It has the following properties:

/OOO sinc(t) dt = /2.

[ anai=o(1)

To see the latter inequality, we rewrite

o) nm (n+1)7‘r
/ sinc(t) dt = / —1—2/ sinc(t) dt

E>n YT

For any z > 0,

where n = [z/7] 4 1. Notice that the series is an alternating series. Thus, the series is bounded by
its leading term, which is of O(1/z). Let us denote the integral [, sinc(t) d¢ by Si(z).

To show that the sequence fn does not converge uniformly, we pick up z = z /(N + 1/2) with
z > 0. After changing variable, we arrive

z 1 [* ) 1 [FHN+1/2)w .
fN(m) = /Z—(N+1/2)7r sinc(t) dt — 7T/Z sinc(t) dt + o(1/N)
= 717/ sinc(t) dt—i/ sinc(t)dt + O(1/(z+ N)) + O(1/(z — N))

_ 2 / sinc(t) d + (1/(z + N)) + O(1/(z — N))
0

T
2 oo
_ -2 / sinc(f) dt + (1/(z + N)) + O(1/(z — N))
™ 4
In general, for function f with arbitrary jump at 0, we have

z B [
M) - f(0+)—7T/Z sinc(t) dt + (1/(= + N)) + O(1/( — N))
_ F04)+0(1/2) + O(1/(2 — N)).

where, the jump [f] := f(0+) — f(0—).

We see that the rate of convergence is slow if z = N with 0 < « < 1. This means that if the
distance of - and the nearest discontinuity is N ~1*, then the convergent rate at z is only O(N ~%).
If the distance is O(1), then the convergent rate is O(N ~!). This shows that the convergence is not
uniform.

The maximum of Si(z) indeed occurs at z = 7 where

1
—Si(m) =~ 0.58949
s
This yields
vl
MN+1/2
Hence, there is about 9% overshoot. This is called Gibbs phenomenon.

) = f(0+) 4+ 0.08949 (f(0+) — f(0—)).
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5.2.6 Fourier Expansion of Real Valued Functions

1 —inx £ 1 nT
— 5 [ e e f =5 [ ) d

Thus, when f is real valued,

We have

fn = f—n-
If we express fn = %(an — iby,), where a,, b, € R, then f_n = %(an + iby,) and

f(:E) = Z fnemx

ne’

:fao—l— Z — by )e™ 4 = Zan+zb)

1
= 500 + Z (an cosnz + by, sinnx)
n=1
Here,
1 ) 1 .
—(an —iby) = — [ f(z)e """ dx
2 27T T
1
= — / f(x) (cosnx — isinnz) dz.
2 T
Thus,
1 2 1 27
an =5- f(z) cosnz dz, by = 2 )y f(z)sinnx dx.

The functions {cos nz, sin n:v} are orthogonal to each other. But
1 2w 1 2m 1
— cos’ nxdr = — sin? nz dz = = for all n.
2 Jo 27 2
The Parseval equality reads
1
o Tf(x)zda: = 22 (a2 +12).

n

Homeworks 5.2.
1. Derive the Fourier expansion formula for periodic functions with period L.
2. What is the limit of the above Fourier expansion formula as L — oo.

3. Derive the Fourier expansion for the following functions: f(z) = |z| — 1/2 for |z| < 1 and
f is a periodic function with period 2.

4. What is the convergence rate of the above function in L? and pointwise convergence rate at
x =07
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5.3 Applications of Fourier expansion

5.3.1 Characterization of Sobolev spaces

Let H™(T) be the completion of C°°(T) under the norm
el Fpm o= Mlaall® + [l + -+ ™

From v/, = ik, we get

p—

u(m)k = (Zk)mfbk

From Parseval equality, we obtain

lull® = fawl? - Jul™ 1 =7 k™ i

kEZ kEZ

Thus, we have
[ullFpm =D L+ k2 A+ 52 ).
keZ

The regularity of u is characterized by w, ..., u™ € L?. On the other hand, it is also described by

S A EP A+ K2 g < oo,
keZ

which is an equivalent way to characterize the decay of .

Remark. Notice that for a fixed m > 0, the following quantities are equivalent
(1+|kD?™ ~ (1 + |k[D)™ ~ (1 + |k*™) forall k € Z.
This means that there are positive constants C; such that
(1+kD?™ < C1(1 4+ [E))™ < Co(1 + |E|*™) < C3(1 + |k|)*™ for all k € Z.

Thus, the Sobolev norm ||u||%.» with m > 0 is equivalent to
DL+ IR
kEZ
We can also define Sobolev space with negative exponent m by
lallFm =D (14 K] |anl*.
kEZ

When m is large enough, the Sobolev space H™(T) can be embedded into C'(T). This is the
following theorem.
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Theorem 5.9. For m > 1/2, we have H™(T) C C(T).

Proof. 1. For any smooth function f, we have

Z fkeikx
k

S CEARIIEADEA
k

|f ()] =

1/2 1/2
< (Zu + k|>2m> (Za + |k|>2m|fk|2)

k k

When m > 1/2, then
> (4 [k) TP < oo

kEZ

Thus, we obtain

[ flloo < ClIfllrm

2. Forany f € H™(T), we can approximate f by fy in H™. (Check by yourself) From

v = fulle < ClfN = frallam

we get that fy is Cauchy in uniform norm. Thus it converges to f in || - ||c-

5.3.2 Heat equation on a circle

We can solve the heat flow on circle exactly. This problem indeeds motivated Fourier invent the
Fourier expansion. Let us consider
Ut = Ugg, T € T

with initial data
u(z,0) = f(x).
If we expand u(z,t) = Y, 7 un(t)e™®, then, formally,

§ :uneznz — § :_n2un€znaz.

neZ ne”Z

Since {e"*|n € Z} are independent, we get

Uy = —nQun.

Thus, ,
Un (1) = up(0)e ™ L
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Att — 0, we expect u, (0) = fn Thus, we define the function

t) _ Z fne—n%einm.

ne”

In the following, we need to check:

1.

2.

u, up and uy, exist and uy = ug, fort > 0and x € T;

u(-,t) — fin L?(T) as t — 04.

e Proof of (1). We show that u, exists here. It is clearly that ) _, fne_”%emx converges

absolute and uniformly w.r.t. x for ¢ > 0, as long as fn grows at most algebraically in n.
Since ), ine "t fne'™® converges absolute and uniformly w.r.t. « for ¢ > 0. This implies
u is differentiable in = and the differentiation can be interchange with the infinite summation:

Opu = Oy Z fne_th = Z fne_n2

nez neZ

Similar proof for the existence of u,, and u; for ¢ > 0. Since the Fourier coefficients of u,
and wu, are identical on £ > 0, we thus get u; = uyy.

Proof of (2). Let us denote u(-,?) by T'(¢)f and itself Fourier transform 4y (t) by Tf, or
T(t)f. T is alinear operator from L?(T) to itself, while 7'(t) a linear operator in ¢*(Z). We
have

T()fp = e ™,

Our goal is to prove T'(t) f — f in L?(T). By the isometry property of the Fourier transform,
this is equivalent to T(t)f — fin (%(Z). We have

n N 2 —n _ 2
Jim | 7(t)f — F13 —tgglje; )21l
n

_ li —n?t _ 1\21F |12 _
Jim |(e Dfnl”=0
nez

The interchange of ) and lim here is due to the dominant convergence theorem and the

convergence of
Z| —nt |fn‘2<222|fn‘2<oo
nez nez

is uniform w.r.t. ¢.

5.3.3 Solving Laplace equation on a disk

We consider the Laplace equation

Ugz + Uyy = 0
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on the domain
Q:224+9y% <1,

with the Dirichlet boundary condition:

u = f on 0.
In the polar coordinate, the equation has the form:
1 1
Uppr + —Up + —Uoo = 0.
r r
The boundary condition is
u(1,0) = f(6),0 € T.

The solution is expanded as

u(r,0) = Z U ().

neL
Plug this into the Laplace equation, we get
1 n?\
" / inf
Uy, +—u, —— | e =0.
S (=)
nez
This leads to
un + 1u’ — n—Q =0foralln eZ
n r n 7,2 - .
The two independent solutions are u,, = r" or u, = 7~ "*. However, the one with negative power
will not satisfy the finiteness of u at » = 0. Thus, we obtain

u(r,0) = Zanrm'ei"e.
nez

Atr =1, we get

f(0) = Z ane’™.

neZ
Thus,

1 .
n=o—[ f(O)e " db.
on =5 [ 100

For r < 1, the L2 norm of the infinite series 3", ., a, /"™ is bounded by 3, . |a, |2, uniformly
in 7 < 1. Thus, from dominant convergence theorem, we have

lim w(r,-) = f(-) in L*(T).

r—1—
If we differentiate the infinite series in r term-by-term, we get

Zan’nlr\nkleinéi

nel



104 CHAPTER 5. BASES IN HILBERT SPACES

This infinite series converges absolutely and uniformly for » < 7y for any fixed ro < 1. This
implies that u is differentiable in r and the differentiation can be performed term-by-term in the

infinite series:
Oru = Z ap|n|ri"=1em?,
neL
By the same argument, we get O..u and Jygu exist and wu satisfies the Laplace equation in polar
coordinate form.
Alternatively, we can write the above summation in convolution form:

uvﬁ%=Agme—@ﬂ@d¢

where

1 .
_ [n| _inf
g(r,0) = p E ri™e

nel

1 L e~
C2r \1—ref 1 — et

1 1—r?
211 —2rcosf + r2

The function g is called the Poisson kernel. It is infinitely differentiable for » < 1. This implies
gxfeC>®Q).
5.3.4 Hurwitz’s proof for isoperimetric inequality (see Hunter’s book)

The isoperimetric inequality involves to find the maximal area enclosed by a simple closed curve
with given perimeter. If the perimeter is L, the area is A, then the isoperimeter inequality is

A A < L2

The equality holds when the closed curve is a circle. There are many proofs of this inequality.
In 1902, Hurwitz provided a proof using Fourier expansion. Let us show his proof here as an
application of Fourier expansion. Let the closed curve is given by (z,y) = (f(s),y(s)), where s is
the arc length. We may assume the length of the curve is 27, otherwise we rescale it by (z,y) by
(2mx/L,2my/L). Since s is the arc length, we have

f(s) +g(s)* = 1.
The area of the enclosed region is given by
1 . .
A= [ 192365) = 5)f5) s

Our goal is to maximize A subject to the perimeter constraint

/ f(s)2+ g(s)*ds = 2.
T
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We expand f and g in Fourier series:
oo
fl&)= D fa€™ gls)= > Gue™
n=—oo n=—o0

From the Parvesal equality:

1 . .
3 [ VR ds = Sl

ne”L

1= 3202 (Ifal? + 19af?)

nez

Thus, we have

For the area functional, we get

A_
£ =

o [ Fi= i ds = 3 fyind, — duing, = =23 nim(Gufo).

nez neEL

Subtracting these two series, we get

1= 2 =37 (Infa = i9al® + Ingn + ifal® + (07 = D(fal? + 13a])) -
n#0
We then get
A
1——2>0.
7

The equality holds only when fn =gn =0foralln > 2and fl = 1g1. Plug this into the arc length
constraint, we get

N S R i
=—e", g1 = —=¢€".
n=R T
Thus,
f(s) = xo 4 cos(s +9), g(s) = yo + sin(s + 9).

Homework Derive the Euler-Lagrange for the constrained maximization problem:

s [ () = a(5)f(5) ds

/11‘ \/ f(s)2+ g(s)2ds = 2.

subject to

Show the isoperimetric inequality.
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5.3.5 Von Neumann stability analysis for finite difference methods

In numerical PDEs, the stability analysis is a crucial step to the convergence theory of a numerical
scheme. Below, I shall demonstrate the von Neumann stability analysis for heat equation in one
dimension. It is a L? stability analysis suitable for for (the interior part of) numerical PDEs with
constant coefficients.
Let us consider the heat equation:
Ut = Ugy

in one dimension with initial data u(z,0) = f(x). Let h = Ax, k = At be the spatial and temporal
mesh sizes. Define x; = jh, j € Z and t" = nk, n > 0. Let us abbreviate u(x;,t") by uj. We
shall approximate w7 by U}, where U;" satisfies some finite difference equations.

e Spatial discretization: The simplest one is to use the centered finite difference approximation
for u,.:
Uj1 — 2uj + uj—1
h2
Here, the notation (Dg,+u); := (u(xj+1)—u(z;))/h s the forward finite difference, (D, —u);
(u(zj) — u(xj—1))/h the backward finite difference. You can check that

Ugy =

+O(h?) := Dy 1+ Dy —u+ O(h?).

Dy Dy—uj = a((ujr1 — uj) — (uj —uj-1)) /h°.
The spatial discretization results in the following systems of ODEs

Uj1(t) — 2U;(t) + Uj1(t)
h2

Uj(t) =

or in vector form

U= ﬁAU

where U = (Up, Uy, ...)!, A = diag (1, —2,1).

e Temporal discretization: We can apply numerical ODE solvers

Forward Euler method: &

n+1l __ n n
U =U"+ % — AU 5.4
— Backward Euler method: .
Urtt = pun + 3 —AU™ ! (5.5)
— 2nd order Runge-Kutta (RK?2):
Un+1 o Un _ k AU’n+1/2 Un+1/2 Un LAUH (5 6)
h? 2h2 ’
— Crank-Nicolson: f
Urtl Ut = (AU + AU™). (5.7)

2h2
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These linear finite difference equations can be solved formally as
Uttt =Gqun
where

e Forward Euler: G =1 + % ,

e Backward Euler: G = (1 — 5 A)~1,

e RK2: G =1+ hA+1 (k) A2

=

‘
¥
S

e Crank-Nicolson: G = 1+2,

—5nz

>
hS

For the Forward Euler, We may abbreviate it as
U;LJrl = G(an—la U;La Jn—‘rl)’ (58)

where .
G(Uj-1,Uj, Ujs1) = Uj + 55 (Uj—1 = 2U; + Uj11)

Stability and Convergence for the Forward Euler method Our goal is to show under what
condition can Uj" converges to u(x;,t") as the mesh sizes h, k — 0. To see this, we first see the
error produced by a true solution by the finite difference equation. Plug a true solution u(z, t) into

(5.4). We get

k
W = — 20 ) e 69

where

77 = Dy qul) — (u)} — (DyD_uf — (uge)}) = O(k) + O(h?).

n n n
Let ¢!} denote for u}j — U'. Then subtract (@ from @) we get

k
el el = 77 (€1 = 2¢f +efy) + k. (5.10)
This can be expressed in operator form:

"t = Ge" + k. (5.11)
"l IGe™ | + klI="1|
IG%e" 2| + k(|G| + I )
IG™’|| + k(|G™ 170 + -+ + IGT" 2| + |7 7H])

IA A IA

Suppose G satisfies the stability condition

IG"U| < C|lU]
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for some C' independent of n. Then

le”]| < Clle°]| + € max [7™].
If the local truncation error has the estimate

max 7™ = O(h?) + O(k)
and the initial error e” satisfies

1%l = O(h?),
then so does the global true error satisfies
le™|| = O(h?) 4 O(k) for all n.

The above analysis leads to the following definitions.

Definition 5.3. A finite difference method is called consistent if its local truncation error T satisfies
| Thkl| = 0as h,k — 0.

Definition 5.4. A finite difference scheme U™ = Gy, 1. (U™) is called stable under the norm || - ||
in a region (h, k) € R if
IGLUI < CU]

for all n with nk fixed. Here, C' is a constant independent of n.

Definition 5.5. A finite difference method is called convergence if the true error
||6h,kH — 0as h, k — 0.
In the above analysis, we have seen that for forward Euler method for the heat equation,

stability + consistency = convergence.

L? Stability — von Neumann Analysis Since we only deal with smooth solutions in this section,
the L?-norm or the Sobolev norm is a proper norm to our stability analysis. For constant coefficient
and scalar case, the von Neumann analysis (via Fourier method) provides a necessary and sufficient
condition for stability. For system with constant coefficients, the von Neumann analysis gives a
necessary condition for statbility. For systems with variable coefficients, the Kreiss’ matrix theorem
provides characterizations of stability condition.

Below, we give L? stability analysis. We use two methods, one is the energy method, the other
is the Fourier method, that is the von Neumann analysis. We describe the von Neumann analysis
below.

Given {U; }jcz, we define

Il =1,
j
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and its Fourier transform ) . B
U@ =5 > Uje i,
The advantages of Fourier method for analyzing finite difference scheme are
o the shift operator is transformed to a multiplier:
TU() = U (),
where (TU); := Ujt1;
o the Parseval equility
i = 1o

™

- / ()2 de.

If a finite difference scheme is expressed as
UMt = (GU™); = Y al(T'U™);,

then

—_— —

Umi() = GEU™(©)-
From the Parseval equality,

o2 = O
- / GE)? |T7(6) 2 de

< max|G(O)P / ") de

—T
= [GIIU)?
Thus a sufficient condition for stability is

G < 1.

109

(5.12)

Conversely, suppose |@ (&)l > 1, fromG being a smooth function in &, we can find € and § such

that R
|IG(&)] > 1+ eforall |£ — &l <.

Let us choose an initial data U in #2 such that 6\0(5) = 1for [€ — &y| < 6. Then

TP = / G ()| TOP
> / G20 (6) 02
[€—&0|<d

> (14 €)?"6 — ooasn — oo

Thus, the scheme can not be stable. We conclude the above discussion by the following theorem.
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Theorem 5.10. A finite difference scheme

m
n+1 __ n
Uit = > anUji
k=—1

with constant coefficients is stable if and only if

G(&) == Z ape ke

k=—1

satisfies R
max |G(§)] < 1. (5.13)

—r<g{<m
Homeworks.

1. Compute the G for the schemes: Forward Euler, Backward Euler, RK2 and Crank-Nicolson.

5.3.6 Weyl’s ergodic theorem

In discrete dynamical systems, the dynamics of 2™ is characterized by an iterative map 2"+ =
F(z™). The simplest example is 2" € T and F(z") = z™ + 277. This is arisen from integrable
system. It is the Poincare section map of the continuous integrable system:

(2,y) = (2(1),y(t) == (x4 21wyt y + 27wyt), (2,y) € T?, wy,w, € R.

The cross section is taken to be y = 0( mod 27). Then the trajectory with y° = 0 will revisit y = 0
at time with 2wyt = 27n, that is, t" = n/w,. The corresponding z(t") = = + 2mnw, /w,. If we
call y := w, /w,, then the map: (") — x(¢" 1) is the above linear discrete map.

For a continuous function f : T — C, we are interested in two kinds of averages:

e phase space average: (f)s := % f?l‘f(x) d?

e time average: (f); := limy_,00 ﬁ Zivzo f(z™).

Theorem 5.11 (Weyl ergodic 1916). If ~ is irrational, then

(Fe(a®) = (s (5.14)
forall f € C(T) and for all z° € T.

Proof. 1. Itis easy to check that (5.14) holds for all f = e™*:
N

1 1 0
ny _ im(z+27ny)
16" =53 D

n=0

; 0
imx
e

N
— E :62mm'yn
N+1
n=0

eimxo 1— e27rim'y(N+l)
T Ny1\ 1—emer |
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Thus,

) 1 1— 2mimy(N+1)
(e"*); = lim ( ¢ =0.

1 — e2mimy

Here, we have used e2™™Y = 1 for irrational . On the other hand,

. 1 :
(™M) = / e dx = 0.
T

T oor
Thus, (e/™®), = (e!™*) . With this, (5.14) also holds for all trigonometric polynomials.
2. The trigonometric polynomials are dense in C'(T).

3. Given any f € C(T), for any € > 0, there exists a trigonometric polynomial p such that
|f — plleo < €. We have

a N
]\7:_12f(:v")—<f>s <2+ ]Vi_lzp(mn)_<p>s
n=0 o
Taking limit sup, we get
1 N
hJ{fnj;lop N+1 ;%f(xn) —(f)s]| < 2e.

Thus, (5.14) also holds for any f € C(T).



112 CHAPTER 5. BASES IN HILBERT SPACES



Chapter 6

Compactness

6.1 Compactness in metric space

6.1.1 Motivation and brief history

The concept of compactness plays an important role in analysis. There are many notions for
compactness. Here, I will mention the most fundamental two. The first one states that: a set
is called compact if any its open cover has finite subcover. It is motivated from a fundamental
question in analysis: on which domain a local property can also be a global property. For instance,
on which domain a continuous function is indeed uniform continuous. This concept (open cover)
was introduced by Dirichlet in his 1862 lectures, which were published in 1904. This concept was
repeatedly introduced by Heine (1872), Borel (1895) and continuously developed by Cousin (1895),
Lebesgue (1898), Alexandroff and Uryson (1929). The main theorem is the Heine-Borel theorem
which states that a set in R™ is compact if and only if it is closed and bounded.

The concept of the second notion is called sequential compactness, which was started from
the Bolzano(1817)-Weistrass(1857) theorem. It states that a bounded sequence in R™ always has a
convergence subsequence. It can be proven by bi-section method. The original Bolzano theorem
was indeed a lemma to prove the extremal value theorem: a continuous function on a closed bounded
interval always attains its extremal value. It was generalized to the function space (Cla,b],| - |c)
by Arzela(1882-1883)-Ascoli(1883-1884) which states that a bounded and equi-continuous family
of functions has convergence subsequence. Its generalization to C'(K) was done by Fréchet (1906)
who also introduced the name of compactness.

Most theorems will not be proven here because it is hard to learn these abstract theorems without
knowing their motivations. Thus, I will emphasize on the motivations and applications.

'Reference: You may find the history in [Compact Space, Wiki] and in the paper: [Manya Raman Sundstrém, A
pedagogical history of compactness, ArXiv: 1006.4131v1 (2010).]

113
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6.1.2 From local to global — Finite cover property

Many properties of functions are local such as the continuity, boundedness, local integrability, etc,
while some are global such as convexity, coerciveness (f(x) — oo as |x| — o0). It is clearly
that the continuity is a local property. The following definition introduces the concept of uniform
continuity, which is a global concept.

Definition 6.1. We say f : K C X — Y is uniformly continuous on K if for any € > 0 there exists
a § > 0 such that for any x,y € K with dx(z,y) < 6, we have dy (f(z), f(y)) < e.

In this definition, the § depends on ¢ and K, but is independent to any particular point in K.
Clearly, the function 1/|z| is not uniformly continuous in (0, 1] but uniformly continuous on [a, 1]
for any fixed a > 0. The key that a local property (such as continuity) can be a global (uniform)
property on a set K depends on a particular property of K. It is called the compactness. To give its
definition, first we give definition of open cover. Given a set K in (X, d), a collection of open sets
{Uq}aca is called an open cover of K if all U, are open and

U U, D K.
acA

Definition 6.2. A set K in a metric space (X, d) is said to be compact if any open cover {Ug }aeA
of K has a finite sub-cover.

Theorem 6.1 (Heine-Borel). In R", a set K is compact if and only if it is closed and bounded.

I shall not prove this theorem here. You can find the proof in many textbooks. For instance,
[Rudin’s Principle of Mathematical Analysis, pp. 40]. Instead, I shall prove the following theorem
which motivates the definition of Heine-Borel property..

Theorem 6.2. Any continuous function on a compact set K is uniformly continuous on K.

Proof. For any € > 0, for any x € K, there exists d,(€) > 0 such that d(f(y), f(x)) < € whenever
d(z,y) < dz. Now, we choose U, = B(z,d,/2). Then {U,},cx is an open cover of K. By the
Heine-Borel property, there exists a finite sub-cover. This means that there exists 1, ...,z, € K
such that |J;_, U, D K. We choose 0 = min;—;__n 0z,/2. Now, for any z,y € K with d(z,y) <
J, there exists a k € {1,...,n} such that x € U,,. This means that d(z,zy) < 0, /2. Since
d(z,y) < 0 < dg, /2, we have d(y, ) < d(y,z) + d(z,x) < 0s,. By the continuity of f at zy,
we then have

d(f(x), f(y)) < d(f(x), f(xr) +d(f(zr), fy)) < 2e.

Remarks

1. The set [0, c0) is not compact. Thus, a continuous function f : [0,00) — R is in general not
uniformly continuous.
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2. Is sin(2?) uniformly continuous on [0, c0)?

3. What is a natural condition you should impose on f so that it is uniformly continuous on
[0,00)?

4. How about the same question for function on (0, 1]?

6.1.3 Sequential compactness

The other notion is the sequential compactness, which is arisen from finding extremal point of
a continuous function. One often faces to check whether a sequence of approximate solutions
converges or not. This give the motivation of the following definition.

Definition 6.3. A set K is sequentially compact if every sequence in K has a convergent subse-
quence with limit in K. It is called pre-compact if its closure is sequentially compact.

Theorem 6.3 (Bolzano-Weistrass). A set in R™ is sequentially compact if and only if it is closed
and bounded.

Proof. 1 will only show that if an infinite sequence {z,,} C [0, 1] then it has a convergent sub-
sequence. The method below is called the bisection method. It is constructive and applicable for
other problems too. First, (x,,) is infinite many in [0, 1]. Let us partition [0, 1] into [0, 1/2], [1/2, 1].
One of them contains infinite many subsequence. Let us call this subinterval [a1, b;] and this subse-
quence (x1,). We continuously to do partition and selection. Eventually, we get a nested intervals
[a1,b1] D [az,bo] D --- with by, — a, = 27% and (x1,) C [ak,bi]. Since the nested intervals
squeeze to zero length, we can just choose a point yx € {xp,} and yx & {y1, - - ,yx—1}, then
(yk) is a Cauchy sequence and converges to some point in [0, 1] by the completeness of R and the
closedness of [0, 1]. O

Theorem 6.4. In metric space, a subset K is compact if and only if it is sequentially compact.

For proof, see Hunter’s book, pp. 24-27.

Remarks

1. In the theory of point set topology, the compactness implies the sequential compactness, but
not vice versa. The sequential compactness is equivalent to so-called countable compactness.
Its definition is: any countable open cover has finite cover. The compactness property (any
open cover has finite cover) is a stronger property. It guarantees a local property becomes a
global one. In the case of metric spaces, the compactness, the countable compactness and the
sequential compactness are equivalent.

2. A compact metric space is separable.
3. In general metric spaces, the boundedness is replaced by so-called total boundedness.

4. The equivalence between closed and boundedness and compactness is valid in finite dimen-
sional Euclidean spaces and some special infinite dimensional space such as C*°(K).
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6.1.4 Applications in metric spaces

Compactness is preserved by continuous map

Theorem 6.5. Let f : (X,dx) — (Y,dy) be continuous. Let K C X be a compact subset. Then
f(K) is also compact.

Proof. If (f(x,)) is a sequence in f(K), then (x,,) is a sequence in K, which has a convergent
subsequence (z,, ) and converges to € K. By the continuity of f, we have f(z,,) — f(z) €
f(K). O

Theorem 6.6 (Extreme Value Theorem). Let f : (K,d) — R be continuous, where (K,d) is a
compact metric space. Then f attains both maximum and minimum in K.

Proof. Since f(K) is compact in R, it is bounded and closed. Thus, it has both maximum and
minimum. 0

Homeworks 6.1.
1. A function f : R™ — R is called coercive if

lim f(z) = oc.
|z|—o00
Show that a function fR™ — R which is lower semi-continuous and coercive attains its
infimum.

6.2 Compact sets in Banach spaces and Hilbert spaces

e The characterization of compact set in C'(K) is the Arzela-Ascoli theorem. Here, K is a com-
pact set in a metric space. It basically says that any bounded and equi-continuous sequence in
C(K) has convergent subsequence. One of its application is to prove existence theorem for
ODEs & = f(t, ), where f is only continuous in x and L' in ¢.

e Characterization of compact set in L?((2) is the Rellich theorem. It states that any bounded
set in H*(Q) is pre-compact in L?(£2). The condition on €2 is bounded and O is Lipschitz
continuous.

Here, we say a set is pre-compact if its closure is compact.

6.2.1 Compact setin C'(K)

We will show in this section that a family of functions 7 C Cla, b] is pre-compact if it is bounded
in C'[a, b]. The key part is the boundedness of f’ for all f € F. This implies that there exists an L
such that | f(z) — f(y)| < L|x — y| for all f € F. This condition can be weaken to the following
equi-continuity.
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Definition 6.4. Let X,Y be metric spaces. A family of function F C C(X,Y) is said to be
equicontinuous at x if for any € > 0 there exists a § > 0 such that for any f € F, we have
d(f(y), f(z)) < € whenever d(x,y) < 0. The family F is said to be equi-continuous in X if it is
equicontinuous at every x € X. It is called uniformly equi-continuous if the above § can be chosen
independent of x.

Theorem 6.7. Let K be a compact metric space. If F C C(K) is equi-continuous, then it is
uniformly equi-continuous.

The proof is a simple modification of Theorem [6.2]

Theorem 6.8 (Arzela-Ascoli). Let K be a compact metric space. A subset F C C(K) is pre
compact if and only if it is bounded and equi-continuous.

Proof. 1. We show that if F is unbounded, then it cannot be pre compact. Since F is unbounded,
we can find f,, € F such that || f,1|| > || fn|l + 1. Then || f;, — fr1|| > 1 for all n, they can
not be a Cauchy sequence.

2. We show that if F is precompact, then F is equicontinuous. For any ¢ > 0,

FcC U Be/3(f)

feFr
From compactness of F, there exist { f1, ..., f,, } such that
n
i=1
Each f; is uniformly continuous on K, thus there exist §; > 0 such that

|fi(z) — fi(y)| < €/3 whenever d(x,y) < ¢;.

We choose
6 = min ;.
1<i<n

Then for every f € F, there exists f; such that || f — fi|lec < €/3. For any d(z,y) < J,

[f(@) = f)| < |f(x) = flo)| + |fi(z) = i) + | fily) = f(y)] <e.
Thus, F is equicontinuous.

3. We show that if F is bounded and equicontinuous, then it is pre-compact, i.e. any sequence
{fn} in F has convergent subsequence.

(a) First, from K being compact, then it is separable. Thus, there exist countable {z; }ien
which is dense in K.
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(b) From boundedness of {f,(z1)} in R, there exists a subsequence from {f,}, called
{fi,n}, such that { f; ,,(z1)} converges. Repeating this process, we can choose subse-
quence { f2,,} from {fi ,} such that { f3,,(z2)} converges, and so on. Eventually, we
obtain nested subsequence { f} ,} such that { fi, ,} C {frx—1} and fy ,(zx) converges.
In fact, fj, ,,(x;) converges for all z; with i < k.

(c) Let g = frk- {gx} is a subsequence of {f,}. Then for any i < k, {g;} is a subse-
quence of { f; ,}. Thus, {gx(z;)} converges.

(d) Since F is equicontinuous, there exists a 0 > 0 such that

€
|9k(2) = gr(y)| < 5 whenever d(z,y) < 4.

(e) Since {x;} is dense in K, we have
o
K c | Bs(x).
i=1
From compactness of K, there exists a finite subset, call it {z1, ..., 2, } such that
p
K c | Bs().
i=1
(f) Since {gx(x;)} are Cauchy, there exists an N such that for any 7 = 1, ..., p and for any
n,m > N, we have
|gn($1) - gm($z)| < 6/3'
(g) Now, for any x € K, there exists x; such that x € Bs(x;). We have for any n,m > N
|9n(%) = gm ()| < |gn(®) — gn(2i)| + [gn (i) — gm(T0)] + |gm(2i) — gm(2)| < €.

Thus, {gx} converges uniformly in K.

6.2.2 Compact sets in Hilbert spaces

Roughly speaking, the compact set in a Hilbert space is almost like a bounded set in a finite dimen-
sional subspace. We have the following abstract theorem, which says that the “tail” of a compact
set has to be equally small.

Theorem 6.9. Let H be a separable Hilbert space. Suppose D C H is a bounded set. If in addition,
there is an orthonormal basis {ey} of H such that for any € > 0, there exists an N such that

o

> (@, en)? <€ forallz € D, (6.1)
n=N-+1

then D is precompact in H.
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Proof. Let (z,,) be a sequence in D. By the boundedness of D, the sequence (x,,) is bounded, say
by 1. Let V,, = (ej, -+ ,ey) and P, be the orthogonal projection onto V,,. We shall use diagonal
process to construct a convergent subsequence of (x,).

By assumption, given € = 1/k, there exists an Ny, which satisfies N > Nj_; and

= 1
Z |(z,en)? < Z forallz € D.
Nk-f—l

The sequence ( Py, (,,)) is bounded in the finite dimensional space Vy,, by Hein-Borel theorem, it
has a convergent subsequence ( Py, z1,5). In fact, we select (z1,) such that

1
|1 PN, (210 — 21.m)||? < — foralln < m.
n
Next, we consider Py, (x1,,) in Vi,. We can choose convergent subsequence (Pn,Z2,), n > 2
such that X
| PN, (290 — 2.m)||> < = foralln < m.
n
Continuing this process, we construct (2 ,)n>k, Which is a subsequence of (2j—1 . )n>k—1, such
that )
| Py, (ko — pm)||* < = foralln < m.
n
Now, we claim xy, , is a Cauchy sequence. For any large &, with [ > k, we have x;; € {z)n|n >

k} and
2

lzkn —aal® = 1Pn, (@r g — z)lI” + 1 = P (@ — 21012
2
< 1 Pw (g = 2l + 7
3
< .
-k
This shows (xy, ;) is a Cauchy sequence in #. Hence D is precompact. O

The Sobolev space H*(T), s > 0, is defined to be
{uec LT 1+ In]*)*|(u,en)|* < o0}

n

Here, e, = —=—¢e*. The Sobolev norm of  is defined by

Var
a2 =D (1 + )| (u, en)|?

n

Theorem 6.10. A bounded set D in H*(T) with s > 0 is a precompact set in L*(T).
Proof. For, if u € D, then

2 2 2 2
S lwsen)? < g D (U 0P s en) P < 1l
N—+1 N+1

Thus, D has uniformly small tails. Hence it is precompact in L?(T). 0



120 CHAPTER 6. COMPACTNESS

Remarks

1. Consider the generalization of Aszela-Ascoli theorem to continuous functions in the whole
space R?. We can compactize R” by R? := R"” U {cc}. The topology is generated by
the union of the neighborhoods of oo and the topology of R™. The topological space R} is
compact. Indeed, for any open cover {U,|o € A} = RY, there exists Ug which is open and
covers oco. This means that there exists an M > 0 such that the outer open ball B M(O)C =
{z| |x| > M} C Ug. On the other hand, {U,|a € A} is also an open cover of the compact

set Bys(0). Thus, there exists a finite subcover ay, ..., «;,. These together with U, 5 covers RY.

Alternatively, one can identify R” with S™ in R"*! by the polar stereographic transform:
x € R — (2/,2") € 8™ with

x 1-—2
||x\‘ =—— "+ =1
These give
2> — 1
Z/ = W, .CL', = (1 — |Z,|)CL'.

The polar stereographic projection induces a natural metric on R7.

With this, then we can define C'(R?) and the equi-continuity for 7 C C(RY) as usual. In
fact, the equi-continuity at oo is: for any € > 0, there exists an M > 0 such that for any
f € F and for any x € R™ with |z| > M, we have

50)— (o] <.
2. Consider L?(R). Let o, 8 > 0, M > 0. Define
D={ue P®)| [ +RP) P de+ [+ 1)) e < )

Show that D is a precompact set in L2(R). Hint: use Haar basis.

3. In quantum mechanics, one considers the space H := H'(R?) N L2 (R3), where V : R® —
R satisfying
V(z) = oo as |z| — oo.

One can define the norm
el = el sy + a2, = /R IVl + [uf + V(@)[uf) do.

Show that a bounded set in # is pre compact in L?(R3).
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6.3 Weak Convergence

A sequence (z,,) in a Hilbert space H is said to converge weakly to x € H if
(n,y) — (z,y) forally € H.

We denote it by x,, — . It is clear that if z,, — = in H, then, by Cauchy-Schwarz, x,—z. We
call z,, — x in norm the strong convergence. Below, we give some typical examples of weak
convergence.

1. sinnz — 0in L[a,b]. This is due to the Riemann-Lebesgue lemma: If f € L'(a,b), then
ff f(z)sinnx dx — 0 as n — oo. The sequence {sin nz} has no cluster point:

b
/ | sin(nx) sin(mx)|? dz > C(b — a).
2. In 2(N), lete,, = (0,---,1,0,---) be the standard basis in ¢*(N). Then e,, — 0. Further,

|len — eml|? = 2. Therefore, {e,,} has no cluster point.

3. Let H be a Hilbert space and {e,, } be an orthonormal set. Then e¢,—0 as n — oo. This is
due to the Bessel’s inequality: for any =,

00
Dl en) < Jlalf?,
n=1

Hence, (z,e,) — 0.

4. In ¢%(N), the unbounded sequence {ne,} does not converge to 0 weakly. For, choosing
T = (n*3/4)20:1 € /2(N), but (x, ne,) = n'/* does not not converge.

5. In L2[0, 1], consider the Haar basis ;1 (z) = 27/2)(27x — k), 0 < k < 27,5 = 0,1,--- .
Then ¢, — 0, as j — oo.

6. In L?(R), the Haar basis i — 0 as k — oo. In particular, consider the box function
By(z) = 1for 0 <z < 1 and 0, otherwise. Then By(z —n) — 0asn — oo.

7. In L2[0, 1], consider
[ yn if0<z<1/n
fa(@) _{ 0 ifl/fn<z<l
Then f,, — 0. This is because for any g € L?(0,1)),

1 1/n
/ 9(@) ful) do = v/ / 1 g(z) da
0 0

1n 1/2 1/n 1/2
sﬁ(/o 12dx> (/0 \g(xmx)

1/n
:/ l9(z)|? dz — 0.
0
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8. Let fy(z) := n'/4%~"%"_ Then f,—0 in L2(R).

Remarks.

(i) For functions in physical space such as L?[0,1] or L?(R), typical weak convergences are
either oscillation, concentration, or escape to infinite.

(ii) When ||z||? < lim inf||x, ||%, we say that energy is lost in the weak convergence process.

Theorem 6.11. Let H be a Hilbert space and D is a dense subset in H. Then a sequence (x,,) in
H converges to x weakly if and only if

(a) ||xn|| < M for some constant M;
(b) (xn,y) = (x,y) asn — oo forall y € D.

Proof. («<): Let z € H, we want to show that (z,,,z) — (x,z) as n — oo. Since D is dense in
H, for any € > 0, there exists y € D such that ||z — y|| < e. On the other hand, (z,,y) = (z,y).
Thus, there exists an N such that for any n > N, (x,, — z,y)| < €. Now,

[(n —2,2)| < (20 — 2,9)| + [(Tn — 2,2 — y)|
<|(@n — z,y)| + ([[znl + [z ]ly — 2]
<e+ (M +||z|)e.

Thus, (x, — z,z) = 0asn — 0.

(=): (a) is followed from the uniform boundedness theorem below which basically says that
pointwise boundedness of a family of bounded linear functional ¢,, € H* implies uniform bound-
edness. In the present case, define ¢, (z) := (zp,x). Then for any = € H, ¢,(x) converges, thus
is bounded. By the uniform boundedness principle, ||¢,, ||, or equivalently ||z, ||, are bounded. (b) is
trivial. O

The following theorem is the Uniform Boundedness Principle, or the Banach-Steinhaus theo-
rem.

Theorem 6.12 (Banach-Steinhaus). Let X be a Banach space and let F C X*. Then the point wise
boundedness of F implies uniform boundedness of F. This means that: if for any v € X, there
exists an My, such that |¢(x)|| < M, for all ¢ € F, then there exists an M such that ||¢|| < M for
all p € F.

Theorem 6.13. If x,,—x, then ||z|| < liminf, ||z If, in addition, , then x,, — x.

Zal = [l

Proof. The first result is obtained by
2]|* = lim(z, 2) < ||z iminf,, o0 |2y
The second result comes from

lzn — *73”2 = ”37nH2 — (Tp, ) — (2, 20) + Hx”Q
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Remarks
1. When |[|z|? 2, we say that there is an energy lost. For instance, those e,—0
in /2(N) but |le,|| = 1. You can also see that the concentration examples. For instance,
2 . . e e . .
fn = n*/%¢="*" Each of them has finite energy, but their weak limit is 0, which has zero
energy.

Theorem 6.14 (Mazur). If z,—x in a Hilbert H, then there is a sequence {y,} which are finite
convex combination of {x,} such that y, — x (strongly).

Proof. We may assume z = 0. We will choose a subsequence (z, )r>1 of (x,,), then take average
of them to produce the sequence (yx). We start from n; = 1. From (x,,, 2, ) — 0, we can choose
ng such that |(zp,, zn, )| < 1/2. Next, from (z,,, z,,) — 0,7 = 1,2, we pick ng such that
1 .
|(Zng, Tn,)| < 3 fori=1,2.
Given ny, - ,ng, we pick ng41 such that

1 .
|(xnk+l7xni)| S m, foraHZ = ].7 ,]C.

Now, we define

1
Yo = (o o+ ).

Then
k j—1
||yk’H2 = ]{2 ZH:UTLZHQ—{_ k2ReZZ -’L‘nmxnj
7j=11i=1
k ] 1 2
. *+EZ 1_M +2
7j=11i= 1‘7
Thus, y — 0. O
Examples

1. We have seen that e~""*—( from Riemann-Lebesgue lemma. Define

Fy(x) =

Then Fy — 0 strongly in L?(T).

2. The sequence e,, converges to 0 weakly in ¢?(N). Their averages y,, = %(1, 1,---,1,0,0,--)
have norm ||y, || = 1/+/n which converges to 0 strongly.
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3. Let f,, € L?(0,1) given by

[ Vn if0<z<1/n
f”(””)_{ 0 ifl/n<z<1

Let g (x) = £ (fi + -+ + fa) - Is go — O strongly in L?(0,1)?

4. Let fo(z) = n'/%¢~"*", Then f,—0 in L2(R). Whatis g, = (fi + - + f,,)/n? Does it
converge to 0 strongly?

Remark If H is a convex function in R" and if Vu,,—Vu in L?(2), then

liminf/H(Vun)de/H(Vu) dx.
Q Q

n—o0
Theorem 6.15 (Banach-Alaoglu). A closed bounded set in a Hilbert space H is weakly compact.

Proof. We shall prove the theorem for separable Hilbert spaces. We show that if (z,,) is bounded,
then it has a weakly convergent subsequence. We use diagonal process. Suppose D = {y,|n € N}
is dense in H. Then (z,,,y1) is bounded in C. By Hein-Borel theorem, there exists a subsequence
(x1,%) such that (x,y1) converges. We repeat this process, there exists a subsequence (x2 )
of (x1,) such that (z3,y2) converges. Continuing in this way, we obtain (2, )x>0 such that
(ks Yi), k > 0 converges for all 1 < 4 < m. Taking the diagonal subsequence (zy, 1), we claim
(2%, y) converges for all y € D. If y € D, then y = y, for some n. Taking k& > n, we have
(2 k, yn) converges as k — oo. This limit defines a linear functional £ on D by

((y) = lim (73, 9)
k—o0

From (z,,) being bounded, say by M, we have ||z ;|| < M. Hence, ¢ is bounded, thus continuous,
on D and has unique extension to H with norm bounded by M. By the Riesz representation theorem,
there exists an € H such that £(y) = (z,y). Now, for any y € H, we choose y' € D such that
y" — y. Then

lim (zgg,y) = lim lim (zgg, )

k—o00 k—ooy'—y

= lim lim ($k,k; y')
y' =y k—oo

= lim (z,y)
Yy =y
= (z,9)

That the interchange of two limits is allowed is due to the uniform boundedness of (xy, ). O

6.4 Direct method in Calculus of Variations

We introduce the direct method in calculus of variations as an application. For simplicity, we con-
sider quadratic minimization problem.
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6.4.1 Dirichlet problem

Let us consider the following variational formulation of the Dirichlet problem: Find u € H} ()
such that it minimizes the Dirichlet integral

= [ (§9u@P - f)uto))

where f € L*(Q).

1. In H}(Q), we use |lu||y := ||Vul||z2. From the Poincare inequality, there exists a constant
C such that for any v € H, |Jul|z2 < C||Vu| 2. Hence, the usual H' norm defined by
lwl| 1 = ||ullzz + |[Vul 2 is equivalent to || Vul| z2.

2. We show that J[u] is coercive, i.e. there exists an o, 3 > 0 such that J[u] > o||Vu|? — 8.
This is mainly due to Poincare inequality again. We have

[(Fw)] < -l
< FICVull
02
< e vul? + =IIf|?

and

1
Tl = SIVull® = 11l flu

1 C?
(5 <) Ivue - Surpe
€

v

By choosing ¢ > 0 small enough, we have J[u] > | Vul|? — .
3. From the coerciveness of J[u] in H}, we see that J[u] is bounded from below. Hence
inf{J[ul|lu € H}} = m > —oo
exists. Now, we choose a sequence u,, € H} such that
limy, o0/ [Un] = m.
Such a sequence is called a minimal sequence. From the coerciveness of .J[u], we obtain
| Vun | < Jlun] + 8

for all n. Thus, ||Vuy,|| is bounded. Hence, the sequence is bounded in H¢ ().

4. By the compact embedding of H{(Q2) in L?*(Q) and the Banach-Alaoglu theorem, we can
choose a subsequence of (u,,), still denoted by (uy,), such that u,, — w in L?(£2) and u,,—u
weakly in HZ (Q).
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5. From u,—u in H}, we get
|Vu||? < liminf ||V, |?.
n—oo
From u,, — w in L?, we get (f,u,) — (f, ). Combining these two together, we get

Ju] < liminf J{u,] =m

n—oo

Thus, the minimum is attained.

6.4.2 Phase field model for binary systems

Consider a binary system, composed of two species A and B. Let u 4, up be their concentrations.
A phenomenological theory describing the equilibrium state is through a coarse grained Gibb’s free
energy ¢ (u, T"), which is defined to be

w(uA,uB,T) = QUAUB +T(SA + SB),

where T is the temperature and S4 and Sp are the entropy. Usually, S; = u;logu; fori = A, B.
The term auqup represents the interaction energy between species A and B. They are repulsive
when o > 0 and attractive when o < 0. Notice that

ug+ug =1
from conservation of volume. Thus, we can use u = u 4 only and the Gibb’s free energy is
Y(u,T) =au(l —u)+T (ulogu+ (1 —u)log(l —u)),0 <u<1.

For the repulsive case, the interaction energy is concave downward, while the entropy term is con-
cave upward. Therefore, there exists a critical temperature T, such that for 7' > T, the function
Y(u, T) is strictly convex in u and has a unique minimum. While for 7" < T¢, 1(u, T') has two local
minima and one maximum (i.e. it is a double well). The equilibrium is obtained by

min/ Y(u(x),T) dx subject to / u(x) de = up|Q.
Q Q

Suppose the concentration of A is uniform, then there exist a unique minimum for 7" > 7. How-
ever, there are two minima wu, and w;, for T < T, with ¢/ (ug) = ¥’ (up) = 0. Let , C Q and
Qp = Q\ Q4. Qg is chosen to satisfy

Ua| Q| + up| Q| = wp,.
We define

u(z) = Ug, T € g
B Up, x €y



6.4. DIRECT METHOD IN CALCULUS OF VARIATIONS 127

Then w is a minimum. Thus, this problem is ill-posed. The solution is not unique. Indeed, it is quite
flexible to choose the subdomain (2,. Cahn-Hilliard modify the free energy by adding a gradient
term | Vu|? where v > 0 so that the free energy becomes

U(u, T) = (u, T) + %\w?.
The equilibrium state is

min £(u) subject to / u(z) dr = upm|Q|.
Q

ucA
where
e = [ () + JIVu) do
The function class A is called the admissible class. It should be chosen so that
(a) Boundary condition is satisfied. In our case, it is u, () = 0, for z € 0%,
(b) The energy & is finite. This requires u € H'(Q) and 0 < u < 1.

In this case, one can apply the direct method in Calculus of Variation to show the existence and the
phase transition phenomena.

Homeworks 6.2. 1. For general convex function, which is coercive, strongly lower semicontin-
uous (L.s.c), the minimum is also attained. Hint: From Mazur theorem, strongly l.s.c plus
convexity of J implies J is also weakly L.s.c. The coerciveness of J implies bounded set is
weakly precompact. Combining these two together gives the existence of minimum.

2. pp. 214: Ex. 8.22
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Chapter 7

Bounded Linear Operators in a Hilbert
Space

7.1 Examples of bounded operators

We have seen many examples of bounded and unbounded operators in Chapter 2. We will review
some and provide more examples.

1. The differential operator: D : u — u’ is a unbounded operator, while its inverse:

x 1
KU(SC)=/0 U(y)dyz/o 9(z,y)uly) dy

is a bounded operator from C[0, 1] to C[0, 1]. Here, g(x,y) = 1if 0 < y < z and 0 otherwise.
You can see that it is also a bounded map from L?(0, 1) to itself.

2. Consider D?>u = f on (0, 1) with the boundary condition: u(0) = u(1) = 0. Its inversion
can be represented as

for0<z<y<l1
for0<y<ax<l

1
u(z) = /0 9(x,y) f(y) dy, g(x,y) = { ;8 :ig

The mapping f — u is a bounded linear operator from L?(0, 1) to itself (Check by yourself).

3. Consider — A u = fin R3 with u(x) — 0 as |#| — oo. Then u is given by

wmzjl L)y

dm [z —y|

The mapping f — wu is a bounded linear map from L?(R3) to L?(IR?).

4. Blur operator

Kf(r) = / K () (y) dy.
129
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where K (z,y) is called a kernel. In many cases, K is translational invariant, i.e. K(x,y) =
K (z — y). In this case, we can represent it as a multiplier in the Fourier space:

Kf(€) =K(©)f().

. Potential Theory: Consider the potential equation

Au=0inQ C R?,

Let K(z —y) = —5= In|z — y| be the fundamental solution of —A in R%. That is, — A,
K(z —y) = 0(z — y). Now, we multiply — A, u = 0 by K, integrate it over a domain 2,
in y, and perform integration by part, then take ¢ — 0. Here, 2, (is 2\ B¢(z) and e << 1
so that Bc(z) C Qif € Q. Then we will get

0K (x —
/ <K(w —yun(y) — (ay)U(y)> dy = u(z). (7.1)
e} Ty
When z € 01, there is only half of the ball B(z) lies inside (2 and we get
0K (z — u(z
/ <K(x —y)un(y) - MM@/)) ay = 1), (7.2)
on Ty 2

Here, the data u(x) and u,(z) for x € OQ are the limits from inside of 2. The formula
provides us a representation of u(z), x € Q° in terms of the boundary data u(z) and
up(x), x € 982 On the other hand, gives a relation between the Dirichlet data u(x) and
Neumann data u,(z) on the boundary. For instance, suppose we are given a Dirichlet data
u(z) = f(x) for z € 0. Then we can solve u,, from

K(z — y)un(y) dy = / 0Kl —y)

[2/9] a0 8ny

This is called the Fredholm integral equation of first kind. On the other hand, if we are given
Neumann data u,, = g on the boundary, then we can find « on the boundary from

u@) | [ OK(z—y)
L

5 u(y)dy = [ K(z—y)g(y)dy.

Iny, 0

This is called the Fredholm integral equation of the second kind. The mapping: © — u,, on
the boundary is a linear map, called the Dirichlet-to-Neumann map. Similarly, its inverse map
is a linear map and will be shown that it is a bounded linear map. We will see that this linear
map is a bounded operator from L?(99) to itself.

. Radon transform. Given a smooth, compact supported function f in R? with support in By (0),

given any 0 € S? and s € R, define
(Rf)(0,5) = . f(s0 +y) dy

where 0+ = {y|(#,y) = 0}. The transform R is called the Radon transform. We will see that
it is a bounded operator from L?(B1) to L?(By), where By is the unit disk on R?.
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7. Hilbert transform:

(Hf)(z) = p.v% / f®)

RL—Y

dy.

The Fourier representation of Hilbert transform is

A

Hf(€) = —sign(€) f(€).

Let u be the the harmonic function on the upper half plane with Dirichlet data f on y = 0.
Let v be the complex conjugate of u. Then v(x, 0+) is the Hilbert transform of f.

Issues we are interested The issues we are concerned are:
e Soving Au = f for existence, uniqueness and stability.
e Solving the least square problem: Find min || Au — f]|2.

e FEigen-expansion of A.

7.2 Preliminaries

Operator norm . Let H and K are Hilbert spaces. Let A : 4 — K be a linear operator. We
recall that a linear operator A is called bounded if there exists an M such that || Az|| < M]||z|| for
all x € H. It is easy to see that a linear operator A is bounded if and only if it is continuous. For a
bounded operator A, we define its operator norm || A|| by

A
) = sup 1221
||| %0 Eal

Kernel and Range We denote the kernel of A by N(A) and range by R(A). From the bound-
edness of A, we get N(A) is closed. The range of a bounded linear map may not be closed. For
example, the mapping K f = [ f(y) dy maps L?[0,1] to L*[0, 1]. But the range is H'[0, 1] with
u(0) = 0. Its closure is L?[0, 1].

Proposition 1. Let A be a bounded linear map from H to K. The following two statements are
equivalent:

(i) there exists a constant ¢ > 0 such that || Az | > c||z|| for all z € H;
(ii) R(A) is closed, and N(A) = {0}.

Proof. (i) = (ii). If { Az, } is a Cauchy sequence in R(A), then from the assumption || Az| > c||z||,
we get that {z,, } is also a Cauchy sequence and it converges to € H. The continuity of A implies
Az, — Axz. Thus, R(A) is closed. Also, from ||Az| > ¢|x||, we get that Ax = 0 implies = 0.
Thus, N(A) = {0}.

We prove (ii) = (i). From (ii), R(A) is a Hilbert space and A : H — R(A) is 1-1 and onto. Hence
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A~! exists from a Hilbert space R(A) to H. The open mapping theorem states that a bounded linear
map from a Banach space onto another Banach space maps open sets to open sets. Thus, we get
A~1is continuous, hence it is bounded. That is, there exists a constant c; such that any y € R(A),
|A=Yy|| < e1]|yl|. Or, equivalently, ¢ || Az|| > ||z|| for any = € H. O

Example Fredholm operators (A = I + K, K is compact) are typical example of bounded op-
erators that have closed range. For instance, in the space C|0,1], consider Ku = [ u(y)dy.
Then Au = 0 implies u(z) + [ u(y) dy = 0. Differentiate it in x, we obtain v/ + u = 0. This
leads to u(x) = Ce™*. Thus, N(A) = {Ce *|C € R}. Notice that if we restrict to the space
{u € C0,1]|u(0) = 0}, then N(A) = {0}.

Next, for any f € C[0, 1], we look for a solution v € C0, 1] such that Au = f. Formally, we
differentiate Au = f and get

By using integration factor, we get

Integrate this equation, we get

e*u(z) — u(0) = /O V' (y) dy = ¢ f(z) — £(0) — /0 eV (y) dy.
Thus,
u() = e (u(0) — £(0)) + f(z) - /0 e f(y) dy.

In this expression, we don’t need to require f’ exists. Thus, R(A) = C]0, 1].

The set of bounded operators . The set
B(H,K) ={A:H — K is a bounded linear operator}

forms a normed linear space with the above operator norm. It is indeed a Banach space from the
completeness of the space K. For, if { 4,,} is Cauchy in operator norm, then for any = € #, it holds
that A, x is also a Cauchy in K and hence converges to a unique point y in . Thus, we can define
Ax = y. We leave the rest of the proof to the readers.

Dual space. Let # be a Hilbert space over C. We recall that the set B(#, C) is called the dual
space of Hand is denoted by H*. The Riesz representation theorem says that H* is isometric to .
That is, for any ¢ € B(H, C), there exists a unique y € H such that /(z) = (y,z) for all x € H.
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Adjoint operator . Let A : H — K be a bounded operator. We can define the adjoint operator
A* K* — H* by
(A*y*)(x) = y*(Az) for all y* € K*, x € H.

By the Riesz representation theorem, we can identify each y* € K* as a pointy € K by y*(2) =
(y, z) for all z € K. Thus, in terms of the inner products in  and /C, the adjoint operator A* : L —
‘H is defined as

(A*y,x) = (y, Az) forall z € H,y € K.

The adjoint operator A* is well-defined for the following reason. The linear map ¢(z) = (y, Ax) is
bounded. By Riesz representation theorem, there exists a unique z € H such that (y, Az) = (z,x)
for all x € H. We then define A*y = z.

One can show that

1. (A=A
2. (AB)* = B*A*.

3. If A : H — K is a bounded operator, then A* : K — H is also a bounded operator and
A} = [l A]:

sup [|[A*y|| = sup sup (A%y,z) = sup sup (y,Az) = sup [|Az| = |lA].
lyll=1 llyll=1 ||z]|=1 lz||=1 [ly||=1 [l=||=1

Examples.

1. Let A : C" — C™ be a linear map with matrix representation A = (@;;)mxn. Then its dual
operator A* has the matrix representation A* = (@j; )nxm.

2. Let K : L?[0,1] — L?[0,1] be

1
Kﬂ@—Ak@wﬂw@

Then

1
mﬂmzékwmﬂw@

3. Let S be the shift operator in £2(N) defined by
S(l‘l,ﬂf?,"') = (0,581,5627"').

Then
S*(Jz'l,CUQ, o ) == ($25$37 e )

If A:H — H satisfies (Az,y) = (z, Ay), i,e, A = A*, we call it self-adjoint.
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7.3 Solving Ax = b and its least-squares solution

The solvability of Az = b relies heavily on to property of its dual A*. We have the following
theorem.

Theorem 7.1. Let A : H — K be a bounded linear map. It holds

(i) N(A*) = R(A)-, R(A) = N(A )L

(ii) N(A) = R(A")L, R(A*) = N(A)*;

(iii) A:H = N(A) ® R(A*) — N(A*) ® R(A), with A : R(A*) — R(A) being one-to-one

and onto.

Proof. (i) First, we show N(A*) C R(A)*. Suppose y € N(A*). For any x € H, we have
(Az,y) = (z, A*y) = 0. Thus, y L R(A), or equivalently, y € R(A)* .
Next, we show R(A)+ C N(A*). If 2 € R(A)*, it means that (2, Az) = 0 forall z € H.
This implies (A*z,z) = 0 for all x € H. Thus, A*z = 0. Hence, R(A)* C N(A*). By
taking orthogonal complement, we get

N(A*)t c R(A)* = R(A).

This completes the proof of (i).

(ii) We apply (i) to A* to get N(A*™*)+ = R(A*). Taking orthogonal complement and using
A = A, we get N(A) = R(A%) = R(A*)".

(iii) Since A is bounded, we get that N (A) is a closed subspace of . By the orthogonal projection
theorem, H = N(A)®N(A)*L. Similarly, A* is also bounded. Thus, K = N (A*)®N(A*)*.
From (i) and (i), we have N(A): = R(A*) and N(A*)t = R(A). If z € R(A*) with
Az = 0, then z € N(A) N N(A)* = {0}. Hence A is 1-1 on R(A*). The onto part for
A: R(A*) = R(A) is trivial.

O

Remarks.

1. The necessary condition for the solvability of Ax = bis b L N(A*). Usually, it is easier to
solve the homogeneous equation such as A*y = 0. If R(A) is also closed, then this is also a
sufficient condition. In finite dimensions, R(A) is always closed. So in finite dimension case,
solvability of Ax = bifand only if b L N(A*).

2. Another application example is A = I — K, where K is a compact operator. In this case,
R(A) is also closed. We will prove this later. So, b L. N(A*) is a necessary and sufficient
condition for the solvability of Ax = b.

3. In the case of R(A) being closed, in particular, N(A*) = {0} if and only if Ax = b is
solvable. Thus, the existence of Az = b is equivalent to the uniqueness of A*y = 0.
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4. In general, R(A) may not be closed in the infinite dimensional case. In this case, b L N(A*)
does not imply the solvability of Ax = b. As an example, we consider the multiplication
operator M : L?(0,1) — L?(0, 1) defined by

Then M* = M. For any f € L?(0,1),if M f = 0, then 2 f(z) = 0. This implies f(z) = 0
almost everywhere. Hence f = 0 in L?(0,1). This shows N(M) = N(M*) = {0}. Let
g=1on(0,1). g € L*(0,1). But the only function f satisfying xf = 1is 1/x which is not
in L2(0, 1). We can conclude that R(A) is not closed.

5. Another example is that A is an integral operator, say Af(x) = [ f(y)dy. Then A :
L%(0,1) — L%(0,1). The range of A are those differentiable function with f(0) = 0. It is
clear that R(A) # L?(0,1). The step function H (z — 1/2) is not in the range of A.

We shall come back to the applications of this theorem after we learn compact operator and singular

value decomposition.

Least-squares solutions We have seen that a necessary condition for solvability of Az = b is
b L N(A*). Inthe case b ¢ N(A*)", we can find the least-squares solution:

z! := arg min || Az — b|)?

The least squares solution may not exist. As in the above example:let us replace

in L2(0,1) by finding
1
inf/ lzf(z) — 1 d.
0

This solution, if exists, must be f(x) = 1/z, which is not in L2(0, 1).
To find condition for the existence of the least squares solutions, we decompose b into

b=0b+bt e R(A) + N(A%).
Notice that this decomposition is unique. Now, we have
1Az — bl* = || Az — bJ1* + ||

Thus, R
inf || Az — b||* = inf || Az — b||* + |[b™||* = [[b*]|.

If b € R(A), then there exists a # € 7 such that A# = b. Thus, Z is a least squares solution. If
N(A) = {0}, then the solution is unique. Otherwise, we can find a unique .TUAT € N(A)* such that
Ais 1-1 from N(A)* — R(A). Any least squares solution satisfies A% = b. We can decompose



136 CHAPTER 7. BOUNDED LINEAR OPERATORS IN A HILBERT SPACE

& = 21 + 29 withzo € N(A) and 27 € N(A)L. Then we obtain Az; = band 21 € N(A)*. Thus,
Trl = ﬂCT.

We conclude that given b € K, the existence of least squares solution of Az = b if and only if
b€ R(A)+ N(A*). These is a unique 27 € N(A)* which is the unique least squares solution in
N(A)L. The general least squares solutions have the form & = zt + N(A).

We will see the solvability in more detail later for the cases: (i) A is a Fredholm operator and
(ii) A is a compact operator.

7.4 Unitary operators

Definition 7.1. A linear map U : H — K is called unitary (or orthogonal) if it is invertible and
(Ux,Uy)x = (z,y)n forall x,y € H.

In other words, a unitary map is 1-1, onto and preserves inner product. Thus, we have |Uz|| =
|lz||. This implies ||U|| = 1. Two spaces H and K are called isometric if there is a unitary map
between them. We then identify C as H.

Proposition 2. (a) A linear map U : H — H is unitary if and only if (b) U*U = UU* = I.

Proof. (b) = (a). If Uz = 0, then z = U*Ux = U*0 = 0. Thus, N(U) = {0}. Similarly,
N(U*) = {0}. This shows U and U* are 1-1. For any x € ‘H, U(U*x) = x. This shows U is onto.
Finally, (Uz,Uy) = (x,U*Uy) = (x,y). This shows U is inner product preserving. This shows
(b) = (a).

(a) = (b). From (Uz,Uy) = (x,y), we get (U*Ux,y) = (x,y) for all x,y € H. This implies
U*Uz = « for all z. Thus, we have U*U = I. This together with the 1-1 and onto property, we get
U~! = U*. This leads to UU* = I. O

Examples of unitary operators
1. A linear map ) in R™ is orthogonal if and only if Q7Q = I.
2. Given a self-adjoint matrix A in C" (i.e. A — A* = 0), define

n!
n=0

Then U is a unitary map in C”. First, we recall that '/ is well-defined. |'| Using (A™)* =
(A*)", we get
U* — io: (_ZA*)n — e—iA*.

n!
n=0

Because A — A* = 0, we get AA* = A2 = A*A. Thus, A commutes with A*. From this, we
get UU* = ¢de™A" = ¢iA=iA" — [,

! When A is a matrix, then || A|| is finite in B(C™, C™). Thus, the series 3.°° A= converges absolutely and uniformly

n=0 n!

in B(C™, C™). With this property, one can show that If AB = BA, then e +5 = ¢4e? = eBe,
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3. Let H = —%V2 + V(z) be the Schrodinger operator. It is a self-adjoint unbounded operator.
We shall see later that e ~*# is a unitary operator.

4. Suppose H is a Hilbert space. Let {uy}nen and {v, }nen be two orthonormal bases of H.
We define a linear map U on the basis by

Uuy,, = Ay, foralln € N

where A, € C and |\,,| = 1. Then U is a unitary map. For, if u = ) o, up, then
1Tull? = 1" adval® =D lanl* = ||ul®.
n n

5. Consider the harmonic oscillator is quantum system

10y = Hp,4(0) = 1o.

The Hamiltonian H = —d?/dxz? + 22. Its eigenvalues are )\, = n?, eigenstates are the
Hermite polynomials: w, = H,(x)e~*"/2. They constitute an orthonormal basis in L2(R).
Its solution ¥ (t) := U (t)1yg is

U(t)yo := Z e~ Ao uy (x), where b = Z ().
n=0 n=0

The operator U (¢) is a unitary operator.
6. Periodic Hilbert transforml: H : L?(T) — L*(T) is defined by
(Hf), = isignn.fy.
Or equivalently, He'™® = i(signn)e™*. See see that the weight

1 whenn #0
0 whenn =0.

lisignn| = {

Thus, H(1) = 0 and its kernel is the space spanned by 1, i.e. N(H) = (1). Its orthogonal
complement is

2
H={feL’(D)| [ flz)dzx=0}.
0
Then, H is a unitary map in H.

7. The translation operator T}, : L?(T) — L?(T) defined by

(Taf)(z) = f(x —a)

is unitary. The set {7, |a € T} is a unitary representation of the additive group T.
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8. The Fourier transform F : L?(R) — L?(R) is a unitary map.

9. The Hilbert transform H : L?(R) — L?(R) is defined by

— _ZEA
(HA)E) =i 755E)

is a unitary map.

The mean ergodic theorem. The statistical behavior of a deterministic dynamical system can be
characterized by a probabilistic average.

Theorem 7.2 (von Neumann). Let U be a unitary operator on a Hilbert space H. Let M be its
invariant space, i.e. M = {x € H|Ux = z}. Let P be the orthogonal projection onto M. Then,
for all x € H, we have

1
lim ——— Z Uz = Pu. (7.3)

Proof. 1. From the definition, we have N(I — U) = R(P) = M. We can decompose H =
N(P) @ R(P). If z € R(P), then

. N
N+1 N +1 Z e
n=0
Thus, (7.3) holds for € R(P). So, we only need to prove (7.3) for x € N(P).

2. Since U is unitary, Uz = x if and only if z = U*Ux = U*z. Thus, N(I —U) = N(I —
U*) =M.

3. From Theorem [7.1]
NP)=NI-U)* =NUI-U"*=R(I-T).

4. Forx € R(I —U),x = (I —U)y for some y € H.

R 1 Y
N+1ZU% T N+1 " —=U My
= n=0
1
— _UN+1
N1V v)

— 0, as N — oo.

5. Forevery z € N (P) we can find x, € R(I — U) to approximate x. Hence,

1 1
- Ny - Ny
N+1nz:% v N+1T;) Tk

EESNAEE
0

A
B
!
8
=
_l_
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By taking N — oo, then k — o0, it follows that (7.3) holds for x € N(P).
[

Now, we study a deterministic discrete dynamical system on a set 2. We associate a probability
measure P on ). That is, (2,P) is a probability space. A mapping 7' : Q@ — € is measure
preserving if P(T~1A) = P(A) for all measurable set A C €. We shall study statistical behavior
of the iterative map 2"t = T'2”. An important quantity is the average, which is measured by

1 N
e PO
n=0

for any continuous function f. However, we may not have topology on ¢). Therefore, alternative
way is

The mapping 7' then induces an operator U on L?(2,P) by f — f o T. Since T is measure

preserving, we have
/ FoT(z)goT(x)dP(x / e ().

Thatis, (U f,Ug) = (f,g). Thus, U is unitary.

Definition 7.2. A -1, onto, measure preserving map T on (2, P) is ergodic if the only function
f € L?(Q,P) such that f = f o T are the constant functions.

This definition states that 7" is ergodic if the invariant of U is the constant functions, which is
spanned by the constant function f = 1. Then the von Neumann ergodic theorem implies that:

N
1
7ZfoT”—><f,1>1, as N — oo,
N—i—lnz0

where (f,1) = [, f(

Theorem 7.3. Let T : Q — Q be a 1-1, onto, measure preserving on a probability space (2, P).
Assume T is ergodic on ). Then for any f € L*(Q,P),

NHZf T"—>/f ) dP(z

in L*(Q, P).

Since L? convergence implies convergence almost everywhere, we obtain that

1
T V) + 7)o+ £@) = [ f@)apla)

for almost all z° € Q with "1 := Tz,
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Remarks.
1. The general ergodic theorem holds for f € L'(Q, P), due to Birkhoff.

2. If T is only measure preserving, then the limit

TnO

still exists for almost all z° € Q.

7.5 Compact operators

Definition 7.3. A linear map A : H — K is compact if it maps bounded set into a precompact set
in K.

Examples of compact operators.

1. Consider the Poisson equation — A v = f in a bounded domain 2 C R" with Dirichlet
boundary condition. By the Riesz representation theorem, for any f € L2(f2), there exists
a unique u € H}(Q) such that (Vu, Vv) = (f,v) for all v € H}(S2). The mapping K =
(=)~ maps f to u is a bounded operator from L?(€2) to Hg (). Since H}(£2) is compact
embedding into L?(12), we get K is a compact operator from L?(Q) to L*(92). The operator
K f has an integral representation:
= /QG(% y)f(y)dy

G is called the Green function. G satisfies

@ G(z,y) =Gy, z)
(b) —AG(,y)=0(—y).
(¢) G(z,y) =0 for z € I9.

The Green function has the following unique representation

1

G(x7y) = -

— +h

where h(z,y) = h(y, ), h(-,y) is harmonic in Q and h(z,y) = — 2= Iiy‘ for x € 0N.
2. An operator with finite dimensional range is compact.
3. A diagonal operator A : ¢?(N) — ¢2(N) defined by
Az, 22,23, -+ ) = (121, Ao, A3z, -+ )

is compact if and only if A\, = 0 as n — oc.
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Proposition 3. (a) Let A : H1 — Ho and B : Ho — Hs be bounded linear operators. If one of
them is compact, then AB is also compact.

(b) Let A, : H — H be compact operators and A,, — A uniformly. Then A is also compact.

Proof.  (a) The key is that a bounded operator (which is continuous) maps a compact set into a
compact.

(b) We use diagonal process to prove (b). Let (x,) be a bounded sequence in H. We claim
that we can find a convergent subsequence of (Ax,). Since A,, are all compact. We start
from m = 1, the sequence (Ajx;) is bounded and hence has a convergent subsequence
(A1z1,,). The sequence Asx 5, is again bounded, thus we can find subsequence (x3 ) of
(21,) such that Agxs , converges. We continuous this process to get a subsequence (z, )
of (zm—1,n) With (ApZmn)nen converges. Then we take the subsequence (2, ,,) which
has the property: for every k € N, the sequence (A%, m)men is a Cauchy sequence. We
claim that the sequence (A, ) is also a Cauchy sequence. For any € > 0, we can find k&
large enough such that ||[A — Ag|| < e.With this k, we can find N such that for n,m > N,
| Ak@m,m — Akxnn|| < e. Combining these two, we get

Az m — Ay |l < 3e.

This shows Az, ,, is a Cauchy sequence, hence Ax,, has convergent subsequence.

Theorem 7.4 (Schauder). If K : H — K is compact, then so is its dual K*.

Proof. Suppose (y,) is a sequence in K with ||y,|| < 1. We want to show (K*y,,) has convergent
subsequence. Let B be the unit ball in H and C' = K B. From compactness of K, we get that C'
is compact. Now, () is not only continuous on C, in fact, they are equi-continuous on C' because
their norms are bounded by 1. By Arzela-Ascoli theorem, (y,,) has a subsequence, still denoted by
(yn), which converges on C. That is, for any small € > 0, we have

sup |(yn — Ym, Z)| < €,
zeC

if m, n are large enough. But this is the same as

Sup |(yn — Ym, Kz)| = sup [(K*(yn = ym), 2)| = [ K yn — K ym||
<1 lefl<1

Hence, (K*yy,) is a Cauchy sequence in . This shows (K *yy,,) has Cauchy subsequence. O

Hilbert-Schmidt operator Let ) be a measurable set in R%. Let us consider the following integral
operator in L%(Q):

Ku(z) = /Q B, y)uly) dy
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We assume
/ / \k(x,y)]? dy dz < co.
QJo
Then
@) < ([ sanPay) ([ oPay)
Hence

/yKu 2dx<<// xy\Qdyd:c) </yu 2dy>
|mWsAAmmm%mx

Such operator is called a Hilbert-Schmidt operator. We define the Hilbert-Schmidt norm of K by

um%—//mmmMWm

We claim that Hilbert-Schmidt operator is compact. To see this, let {e,,(y)} be an orthonormal basis
in L2(Q). Since k € L?(Q x ), we have for almost z € Q, k(x,-) € L*(£2) and we can expand

k(z,y) in terms of e, (y) as
T,y) = Zan(x)en(y)

(z, )I* = Zlan

/Q/Q‘k‘(m,y)’Qdydx:zn:/Qan(x)|2dx

Here, dominant convergence theorem is used. Now, we approximate the operator K by K,u(z) =
Jo kn (2, y)u(y) dy with

This shows that

By Parseval equality

We integrate in x to get

kn(z,y) = Y an(z)en(y).

n<N
Clearly, K has finite dimensional range and hence a compact. We claim that K converges to K
uniformly. For

|m—mWs//mmm—mmw%wm- /mnﬁm
QJ0Q n>N

EAWMWZAAWMW@W<m

we get |[K — Ky||*> — 0as N — oo. Thus, Ky converges to K uniformly. Since all K are
compact operators, we get that K is also a compact operator.

Since



7.6. FREDHOLM OPERATORS 143

7.6 Fredholm Operators

In applications, we encounter the operator T := I — K, where K is a compact operator, frequently.
Indeed, K is treated as a perturbation relative to the identity operator. Below, we analyze its kernel
and range.

Theorem 7.5. Let K be a compact operator in a Hilbert space H. Let T = I — K. The following
statements hold.

(i) N(T) is finite dimensional.
(ii) There is an integer m such that N(T*) = N(T™) for all k > m.
(iii) R(T) is closed.

Remarks From Schauder’s theorem, K is compact if and only if K* is compact. From duality
principle and (iii), we get N(T)* = R(T*) and N(T*)* = R(T).

Theorem 7.6 (Fredholm Alternative). Let T' = I — K. Then one of the following is true:
(a) either Tuw = [ has a solution for every f € H,

(b) or T*v = 0 has a nontrivial solution.

The statement (a) is R(T') = H, which is equivalent to N(7™) = {0}. The statement (b) is
R(T*) # {0}. In applications, if N (T™) # {0}, then the solvability for Tu = fis f L N(T™).

Proof. (i) If N(T) is not finite dimensional, then we can construct an orthonormal set {e;, },eN
in N(T'). Since T' =1 — K and Te,, = 0, we have e,, = Ke,. From K being compact,
(Ken)nen, hence (e, )nen, is precompact. But this is impossible because (e, e,,) = 0 for
all m # n.

(ii) If there exists m such that N(7™*!) = N(T™), then for all k > m, N(T*) = N(T™).
We prove by induction. We will only show that if N(T™+1) = N(T™), then N(T™%2) =
N(T™*1). Tt is obvious that N(T™*!) c N(T™*2). Conversely, if x € N(T™*+?), then
Tz € N(T™*!). By our assumption N (7™*+1) = N(T™). Hence T™(Tz) = 0. Thus, we
getx € N(T™F1),

Next, if for every m € N, N(T™) is a proper subspace of N(7™*1), then for all m € N,
we can find unit vector e, 411 L N(T™) and e,41 € N(T™FL). Then (em)men is an
orthonormal set. Take m < n, from T' = I — K, we have

Ke, — Ke,, = e, —Te, — ey + Tep,.

The last three terms: e, € N(T™) C N(T"'); e, € N(T™) implies Te,, € N(T™1); and
Tem € N(T™=1) ¢ N(T™1). Thus, the last three terms are in N(7™~!). Hence,

|Ken — Ken| = |len — (Ten + em — Te)|| > 1

for all m < n. This contradicts to the compactness of K.
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(iii) Suppose (y, = (I — K)x,,) is a convergent sequence in R(I — K). We want to show that
there is an = and a subsequence of (x,,) which converges to . Let first assume N (1) = {0}.
Suppose ||z, is unbounded. Pick up the subsequence, still call it (zy,), whose norm tends to
oo. Consider z, = z,,/||xy||. We have

In_ _ Zn — Kz,
0]
Since y,, is a convergence, ¥y, /||zy| — 0. (z5,) is a bounded sequence now, hence K z, has a
convergent subsequence, still denote it by (z,,), which converges to z. Then we have

0=z—-Kz.

Hence z € N(T'). By our assumption, z = 0. But z is the limit of z,, and ||z, || = 1 for all n.
This is impossible. Hence the assumption ||z, || is unbounded is impossible.

Now (zy,) is a bounded sequence. Hence (K x,) has convergent subsequence, still denote
by Kz,. From y, = z, — Kx,, we see both (y,) and (Kx,) converge. Thus, (x,) also
converges.

Finally, we do not make the assumption N(7') = {0}. Let z; be the projection of xj on
N(T). Consider wy, = (x, — z;) L N(T). Then

yp = Tap = T(xp — 2x) = Twy.

We now replace H by N(T')*. By the previous argument, we get (wy) has a subsequence
converges to w € N(T)*. Hence y = limy, = lim Twy = Tw. This shows that R(T) is
closed.

O

Least-Squares Solutions Let K be a compact operator in H and let ' = I — K. Consider the
equation
Tu=f
and suppose f ¢ N(T*)L. In this case, we look for a solution which minimizes || T — f||>. Such
a solution is called the least-squares solution. We can decompose 7 in the domain and range as the
follows:
T:N(T)®R(T*) — N(T*)® R(T).

This is because both R(7™) and R(T') are closed. Further, 7" is 1-1 and onto from R(T™*) — R(T)
and has a bounded inverse.

Now, given f € H, we decompose f = f* + f*, with f* € R(T) and f+ € N(T*). With
f*, there exists a unique u* € R(T™) such that Tu* = f*. Then the solution v* is the least-squares
solution. For any u € H, we can decompose u = v + u~, with v € R(T*) and u € N(T). Then
Tu = Tv. We have

1Tw— fI? = 1 Tw = fA2 + 112 = 1)
= [IF41P + 17w = )2 = | Tu" — £

This shows that u* is a least-squares solution.
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Homeworks 7.1.

Consider the Dirichlet problem in a bounded smooth domain Q2 C R3:
Au(x) =0, z € Q

u(z) = f(z), v € 0N

Let

1 ( r—y,n )

where n,, is the outer normal of 89 aty. The goal of boundary integral method is to find a function

¢ defined on 9 such that u(z) = |, a0 k(7,y) dy. The problems below are the steps toward this
goal.

1. If g € 012, show that

u(z) = —¢(xo) + / k(xo,vy)o(y) dy, as z — x from inside.
o0

2. The operator K¢(x) := [y, k #(y) dy is a compact operator in L?(99).
Hint: Consider the regularlzanon
1 (z—y,ny)
k At L7 PN
5@, y) = o |z —yPP+ 6

Try to show K5 — K and K is compact.

3. Show that
(—I+K)p=Ff

has a unique solution for f € L?(09Q).
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Chapter 8

Spectrum of Bounded Operators

8.1 Spectrum and resolvent

In this chapter, we want to represent a bounded operator as a direct sum of simple operators on
smaller spaces. Such a small space is called an invariant space. If the operator restricted to this
invariant space is a scalar multiple of a identity, such invariant subspace is called an eigenspace.

Definition 8.1. (a) Let A be a bounded operator on a Hilbert space H. A subspace K is called
invariant under A if AK C K.

(b) If Ax = Az for some N\ € C and x € H, then X\ is called an eigenvalue of A and x the
corresponding eigenvector. The space (x) is an invariant subspace.

(c) A complex number X is said to be in the resolvent set p(A) is that the operator (A — A) is a
bijection with a bounded inverse Ry(A) := (A — A)~L.

(d) We call 0(A) := C\p(A) the spectrum of A.

Remarks.

1. From the bounded inverse theorem (or the open mapping theorem) that a bijective bounded
operator from a Banach space onto another Banach space has bounded inverse. In finite
dimensional space H, the complement of resolvent set is the collection of all eigenvalues. In
infinite dimensional space, it contains others.

2. If |A| > ||A]|, then A € p(A). This is because

A=Ay t=x" (I — ‘;1>_1 = i (f)n

This series converges uniformly and absolutely because || A/A|| < 1.

Definition 8.2. Let A be a bounded linear operator on a Hilbert space H.

147
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(a) The point spectrum of A are those X\ € o(A) such that A — A is not 1-1, that is, N(\ — A) #
{0}. The point spectrum consists of those eigenvalues. We denote this set by op,(A).

(b) The continuous spectrum of A consists of those \ such that (A — A) is 1-1 but not onto, and
R(\ — A) is dense in H.We denote this set by o.(A).

(c) The residual spectrum of A consists of those \ such that (A\—A) is 1-1, not onto, and R(A—A)
is not dense in H.We denote this set by o,(A).

Example 1 Let H = L?(0,1). Define

Then M : H — H is a bounded operator with || M| = 1. We claim that o(M) = o.(M) = [0, 1].
If A € C\[0,1], then (A — M) has bounded inverse. Namely, (A — z)u(z) = f(z) gives u(z) =
(A — x)~Lf(x) which is in L?(0,1) provided f € L?(0,1). This shows o(M) C [0,1]. On the
other hand, if A € [0, 1], we first find that (A — M) is 1-1. This is because Mu = Au for some
A € [0,1], then u(z) = 0 a.e.. Thus M is 1-1 and M has no eigenvalue. For A € [0,1], (A — M)
is not onto, because the nonzero constant function g(x) = c is in L?(0, 1) while its pre image of
A — M is ¢/(\ — z) with is not in L?(0, 1). This shows that o(M) = [0, 1]. Finally, we claim that
for any A € [0, 1], R(A — M) is dense in L?(0, 1). To see this, for any f € L2(0, 1), we define

[ @) ifle—Al>1/n,
f”(x)_{ 0 iflz—\<1/n

Then f,, — fin L?(0,1). Notice that every f,, € R(A — M) because (A — x) "L f,(x) € L?(0,1).
We conclude that o(M) = o.(M).

Example 2 We can also define the resolvent and spectrum of an unbounded operator by the same
way. For instance, A = —9? is an unbounded operator in L?(R). For any A € C, we can solve

(/\+<9§)u =f

by using Fourier transform:

This yields

If \ € Cand A & [0,00), then @ € L2(R) provided f € L%(R). From Parseval equality: || f]|2 =
|| 1|2, we conclude that A+ &2 has a bounded inverse in L2(R) for any A € C\ [0, 00). On the other
hand, for any A € [0,00), we claim that (A + §?) is 1-1, but not onto and R(\ + §?) is dense in
L?(R). These can easily be checked by taking the Fourier transform. The operator A 4+ 92 becomes

— |€]2. Using the same argument as example 1, we get that A — |£|? in L?(R¢) is 1-1, not onto,
but the range is dense in L%(R). Thus, 0(—0?) = 0.(—9%) = [0, o0).
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Example 3 Consider the shift operators £2(N) — ¢?(N) defined by
R(xl, 9, ) = (0, T1,T2, ), L(a:l, T, X3, ) = (.1‘2, I3, )
1. Itis easy to see that L* = Rand R* = L. And LR = I but RL # I.

2. Both L and R satisfy ||R|| = 1 and ||L|| = 1. Hence we have both o(R),c(L) C {\ ||| <
1}.

3. We claim that 0 € o,.(R) = {0}. This is because N(R) = {0} but e; ¢ R(R). Thus, the
range of R is not dense in /2(N). Hence, 0 € o,.(R).

4. For any |\| < 1, we claim A is an eigenvalue of L. We solve (A — L)z = 0, which is
Ay — Tpp1 =0,n=1,2,...
This yields x = (1, A, A2, A3, ...)x1, which is in 2 if and only if |\| < 1. Thus,

{ALIAl <1} = 0 (L).

5. We claim that N(A — L) = {0} for |[\| = 1. When (A — L)z = 0, we have Az;, — z,,41 =0
for n. > 1. This gives z = z1(1, A\, A%, ...). Such z € ¢2 with |\| = 1 yields z; = 0. Thus,
N(A— L) ={0}for |A\| = 1.

6. We claim that N(A — R) = {0} for A # 0. When A # 0, (A — R)z = 0 means
Mz, x9, 23, ...) — (0,21, 29, ...) = (0,0,0,...).
This yields that Az; = 0, £, = A\~ 2,,_1 for n > 2. Thus, z = 0.
7. To study R(A — R), we solve
Mz, 9, x3,...) — (0,21, 29, ...) = (Y1, Y2, Y3, .. )-

This yields
AT] = Y1, ATy, — Tp—1 = Yn, N > 2.

If we choose y = e;. This gives
x1=1/\x, = AT > 2.
If [\| < 1andy = ej, then = & (2(N). Thus, R(\ — R) # ¢*(N).
8. Similarly, we solve (A — L)z = y with |A\| = 1 and y = e, we find
Tp = A"tz + A2 0 > 2.

Thus, e; € R(A — L) for |A\| = 1.



150 CHAPTER 8. SPECTRUM OF BOUNDED OPERATORS

9. From duality principle,
R(\* —R) =N\ —L)* = A(R) for |\ = 1

and
R\ —L)=N(\— R)* = /2(R) for X\ # 0.

Thus, we have
oc(L) = {A[[A[ =1} 0c(R) = {A[[A[ < 1,A # 0}

We summary them as
op(L) = A A <1}, 00(L) = {A[ Al = 1}, 00 = ¢
op(R) = ¢,0c(R) = {A [ [A] < 1,A # 0}, o (R) = {0}.
Operator-valued analytic function We consider the space of all bounded operators in H, denoted

by B(H). It is a Banach space under operator norm. Given A € B(#), we consider Ry(A) =
(A — A)~L, which is an operator-valued function defined on p(A).

Proposition 4. Let A be a bounded operator in a Hilbert space H.
(a) The resolvent set p(A) is an open set in C.
(b) R\(A): p(A) — B(H) is analytic.
(c) Forany A\, € p(A), R\(A) and R,,(A) commute and
RA(A) = Ru(A) = (1 — A)Ru(A)RA(A).

(d) o(A) C{z]lz] < [ A]l}.
(e) o(A) is not empty.
Proof.  (a) We begin with formal computation. Suppose A € p(A). For p ~ A,

/LEA - N—A+1A—A:(A‘A)_11_<1§:ﬁ)
- () 12 (G24)
= Rx(A) i(A—M)”RA(A)n
n=0

Since || Rx(A)"|| < [|[Rx(A)||", the series

[e.9]

Y (A= w)"Ry(A)"

n=0
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converges uniformly if
A —p| < | RA(A)[I7"
One can check that

o0

(1= A) |30 = @) Ba(A)!

n=0

— 1= [Z(A — )" Ry (A | (- A).

n=0
This shows that o € p(A) if [u — A| < ||[Rx(A)||. Thus, p(A) is open.
(b) Since R, (A) has a power series expansion, it is analytic.

(c) We have

RA(A) ~ Ru(4) = Ra(A)(n— A)R,(A) — RA(A)(A — AR, (4)
= (1= NRA(A)R,(A).

Interchanging A and y in the above formula shows that R)(A) and R, (A) commute.

(d) Notice that

1 o= /A\"
A =— — 8.1
Ry(4) = ¢ ijo ( A) 8.1)
If |A| > || AJ|, then the series converges. Hence A € p(A). Or equivalently, o(A) C {A ||\ <

1AL}

(e) If o(A) is empty, then Ry (A) is analytic on entire C. From (8.1)), we see that R)(A) — 0 as
A — oo. Thus, R)(A) is a bounded entire function. By Liouville theorem, Ry (A) would be

a constant and hence zero. This is a contradiction.
O

Definition 8.3. The spectral radius r(A) := sup{|\| |\ € o(A4)}.
Proposition 5. If A is a bounded operator, then 7(A) = lim,,_,o || A™|}/™.

Proof. Let a,, = log||A™||. We want to show that a,,/n conveges. Since ||A™*™|| < || A™] || A",
we have
Umtn < A + Ap,y and Ay < Py,

We write n = pm + g with 0 < g < m. It follows that
an < pam + aq.
Dividing this formula by n. Taking n — oo with m fixed. We get p/n — 1/m. Hence

. Gnp, am
limsup — < —.
n—oo TN m
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Then we take m — oo to obtain

. Qn .. o 0m
limsup — < liminf —.
n—oo M m—0oo M

This shows lim,,_, o, a,/n exists.
Let us denote lim,, o, ||A™[|*/" by p. We shall show 7(A) = p.
First, we expand (A — A)~! formally as a Neumann series

1 o= (A"
2 (3)
n=0
From the definition of p, we see that this Neumann series converges if p/|A| < 1 and diverges if

p/IA| > 1. Forif p/|A| < 1, it means that we can find an N such that for any n > N,

LA™

<n<Ll
A

Or

AP
H’AWH < nn’ Wlth77 < 1.

Thus, the Neumann series converges. Similar augument for the divergence proof. Thus, we get
{N] A > p} C p(A) from the convergence argument, and {\ | |\| < p} C o(A) from the
divergence argument. These two imply p = r(A). O

Remark. Notice that 7(A) = 0 does not imply A = 0. For instant, the matrix
(00)
00
has zero spectral radius but it is not zero. A bounded operator is called nilponent if (A) = 0.
Homeworks 8.1. 1. Ex. 9.2
2. Ex. 9.6
3. Ex. 9.7

4. Ex. 9.8

5. Ex. 9.10
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8.2 The spectrum of bounded self-adjoint operators

Definition 8.4. A linear operator A in a Hilbert space H is self-adjoint if A* = A.
The operator Mu(z) := xu(x) defined in the last subsection is a self-adjoint operator.

Proposition 6. If A is a bounded self-adjoint operator on a Hilbert space H and M is an invariant
subspace of A, then M is also an invariant subspace of A.

Proof. If x € M+, we need to check Az | M. For any y € M,
(Az,y) = (z, Ay) = 0.
Thus, Az € M+, O
This proposition says that A can be decoupled on M and M.

Proposition 7. The eigenvalues of a bounded self-adjoint operator on a Hilbert space H are real,
and the eigenvectors associated with different eigenvalues are orthogonal.

Proof. Suppose A € C is an eigenvalue of A associated with an eigenvector x # 0.
Mz, z) = (z,Az) = (Az, 1) = X2, 7).

Since x # 0, we conclude A = \.
If Ax = Az and Ay = py, with A # pand A, p € R, then

Az, y) = (Az,y) = (z, Ay) = p(z,y)
Since A\ # u, we obtain (z,y) = 0. O

Proposition 8. If A is a bounded self-adjoint operator on a Hilbert space H, then

(@) | Al = supjjp—1 |(Az, z)

(b) The spectral radius r(A) = || A||.

Proof.  (a) 1. Let us denote sup|,=; |(Az, )| by a. From
|(Az, )] < [|A][l]|,

we get a < ||A]l.
2. To prove the reverse inequality, we first show that

[A]l = sup{|(Az, )| [ [[z]| = 1, lyll = 1}.

This follows from

|All = sup ||[Az| = sup sup |(Az,y)|. (8.2)
=1 =1 [|yl|=1
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3. We use polarization formula

(Ar,y) = G[AG+y).a+y) ~ (A~ y)z—)
—i(A(z 4+ iy), x + iy) + i(A(x — iy),z — iy)]

Since A is self-adjoint, the first two terms are real and the last two are pure imaginary. We
replace y by €’? so that (Ax, e'?y) is real. Then the last two imaginary terms vanish. Hence
we get

Az, ) = o l(A+ ).+ )~ (Al — y),z — y)P

a’ 2 22
< gz +ull”+llz =yl
2
«
= (el + Il
Here, we have used the parallelogram laws. Using this in (8.2, we obtain || A|| < «.
(b) 1. First, we show ||A%|| = || A||>. We have

1A = sup (Az, Az) = sup |(A%z,z)| = [|A%]
=1 Jall=1

Here, we have used self-adjointness of A. From this, we can get || A[|?" = || A2" ||
2. We have shown that 7(A) = lim, o ||A"||"/". In particular, we choose a subsequence
with n = 2™, then we get r(A) = ||A]|.

O

Theorem 8.1. If A is a bounded self-adjoint operator on a Hilbert space H, then
(a) o(A) C [=[IAl, [[All;
(b) The residual spectrum of A is empty.

Proof. 1. We want to show that for A = a + ib with b # 0, it holds that A — A is invertible. For

any x € H,
I(A=Nz[? = (A=Nz, (A= Nz)
= ((A-a)z,(A—a)x)+ ((—ib)z, (—ib)x)
+(Az, (—ib)x) + ((—ib)z, Ax)
= (A= a)z|* +6°|«|?
> bf|z|.

This shows that A\ — A is 1-1 and has closed range.

2. If R(A — A) = #H, then A — A has bounded inverse, hence A € p(A).
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3. If R(A— A) # H, then, because it is closed, there exists z # 0 such that z | R(A— A). That
18,

0= (z,(A—A)z) = ((A—A)z,x), forall z € H.

Here, we have used A* = A. This implies ) is an eigenvalue of A. Since the eigenvalues of
bounded self-adjoint operator must be real, we get A € R. This is a contradiction.

4. We have shown that 7(A) = ||A] and 0(A) C R. Combine these two, we get o(A) C
(=LAl [[AI]-

5. If A € 0,(A), then R(A — A) # H. Hence there exists a z # 0 such that = L R(A — A). By
the same argument above, we get that \ is an eigenvalue. Since o0(A) C R, we see that A = A
and A C 0,(A) No,(A), which is an empty set. Thus, o,.(A) is empty.

O

8.3 The spectrum of compact operators

Given a compact operator K in a Hilbert space H, we shall study the operator A — K. We may
normalize it by I — %

Corollary 8.3. Let K be a compact operator in a Hilbert space H. Then the only possible contin-
uous spectrum is zero.

8.4 Spectral theorem for compact, self-adjoint operators

Theorem 8.2. If A is a compact self-adjoint operatorin a Hilbet space H, then the only accumula-
tion points of eigenvalues of A is zero.

Proof. Suppose A,, # 0 are eigenvalues of A, \,, — \. Suppose A # 0, we want to get a contradic-
tion. Let e, be the associated unit eigenvectors. They form an orthonormal set. Let f,, = e, /\,.
Then f,, are bounded because A, are bounded away from zero. The sequence (A f,) = (e,) cannot
have a Cauchy subsequence. This contradicts to the compactness of A. O

Theorem 8.3 (Rayleigh Principle). Suppose A is a compact, self-adjoint operator in a Hilbert space
‘H. Then the maximum
sup |(Az,z)| = [|A]
ll=l[=1

is attained. The maximal point is an eigenvalue of A.

Proof. We have seen that sup|,—; |(Az,x)| = ||A]| for bounded self-adjoint operator. Suppose
(z,,) be a sequence of unit vectors such that (Az,,x,) — A\, where A = ||A]| or —||A]|. From the
boundedness of (x,,) and compactness of A, (Ax,,) has a convergent subsequence. We still denote
itby (Ax,) and Ax,, — y. We claim y is an eigenvector.
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First, y # 0, otherwise (Ax,,, z,,) — 0 and leads to || A|| = 0, and the statement is trvially true.
Second, we check

[Ay— Myl = lim (A X)Az,|?
< I Jim /(A = Ao
= AN lim (| (A2~ 20 (Azn, 20) + A2
< AP Jim [AlJzal® ~ 2M(Azn, 70) + A2l

= JJAIP[N\? = 2X% + N =0.

O

Theorem 8.4 (Spectral theorem for compact, self-adjoint operators). Let A be a compact, self-
adjoint operator on a Hilbert space H. Then A can be diagonalized in the following sense:

1.

Proof.

there are countable (finite or infinite) eigenvalues \,, which can be ordered so that (|\,) is a
nonincreasing sequence and A, — 0;

The eigenspaces &, associated with those nonzero eigenvalues \,, are finite dimensional.

Let P, be the orthogonal projection onto &,. Then
A= "APo.
n

1. We shall find the eigenspaces by successively applying the Rayleigh principle. We
begin with A; = A and A} = H. By the Rayleigh principle, there exists a unit vector e; such
that Aje; = A\ieq and ’)\1‘ = ||A1|| Let& = <€1> and ./\/2 = glj_ Hence, Nl =& @NQ.

. Since A; is self-adjoint, N5 is also an invariant subspace of A. We define P; be the orthogonal

projection onto £1 and A, be the restriction of A; on N5. Then
A :Alo(P1+(I—P1)) =MP + A,

and Ay : Ny — N> is compact and self-adjoint. Since A, is a restriction of A;, we get
| A2|| < ||A1]l. We apply Rayleigh principle to Az on N3 to get Ao, ez and & := (es). We
have

[Ao| = [[A2]| < [[Ar]] = [l

and (] 1 €1.

. We continue this process inductively: Given the decomposition N}, 1 = &,_1 & N,, and the

operator A,,_1 = \,_1P,_1 + A,, we apply Rayleigh principle to A, on N, to get \,, and
en; define &, = (ey); N,+1 to be the orthogonal complement of &, in NV,,; and define A,
to be the restriction of A,, on A,,;1. Then we get |\,,| = ||A,]|, en L e; forall i < n, and
A, = MNP+ An+1.




8.4. SPECTRAL THEOREM FOR COMPACT, SELF-ADJOINT OPERATORS 157

4. If Ap11 = 0 forsome n, then A = 37" | \;P; and N(A) = Ny 41.

5. If A, # 0 for all n, then there are infinite many eigenvalues \,, n € N. Each of them has
only finite multiplicity. By Theorem [8.2|and monotonicity of |\,|, we get A, — 0.

6. For every n,
n
A= Z NP+ Apta.
i=1
Since || Ap41|| = |Ant1| — 0as n — oo, we get

A— i AP
i=1

— 0.

7. The range of A is
R(A) ={D  Ananen | Y lan|* < o0}
n=1 n=1

Hence, its closure M := R(A) is
M=1{> buen | Y |bal* < oo},
n=1 n=1

8. We claim N(A) = M*. Ifx | M, thenz L e, foralln € N. Hence

Az = Z An(z,epn)en, = 0.

n=1

Conversely, Az = 0 implies (z, e,) = 0 for all n € N. Hence, 2z 1. M.
O

Singular Value Decomposition for Compact Operators We have seen that for bounded operator
A :H — K, the space H and K can be decomposed such that

A: N(A) @ R(A%) — N(A") @ R(A)

and A : R(A*) — R(A) is 1-1 and onto. Below, we show that for compact operator, we can find
orthonormal bases in R(A*) and R(A) such that A can be represented as a diagonal matrix. Such a
decomposition is important in image processing, inverse problems,etc.

Theorem 8.5 (Singular Value Decomposition of Compact Operators). Let A : H — K be a compact
operator, where H and K are Hilbert spaces. Then there exist an orthonormal bases {u;} in N (A)~+
and {v;} in N(A*)* and p; > 0 such that

Aui = piv;
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Proof. 1. The operator B = A*A is a compact, self-adjoint operator in H. Hence, B has
eigenvalues \; and eigenvectors u; such that (u;) constitutes an orthonormal basis of N (B)* .

2. We notice that
)\i(ui, uz) = (A*A’LLZ', ul) = (AUZ,AUZ) > 0.

so we can define j; = v/\;.

3. We also notice that A*Azx = 0 = (A*Ax,z) = 0 = (Az,Az) = 0, hence N(A*A) C
N(A). On the other hand, if Az = 0, then A*Ax = 0. Thus, N(A) C N(A*A). We get
N(B) = N(A*A) = N(A) and

R(A*) = N(A)* = N(B)*.
Thus, {u;} constitutes an orthonormal basis in N (A)*.

4. Define
v; = iAui.
203
We have Au; = p,v;,
A%v; = A" Awg /i = Nif piwg = pig.

From

(Au;, Auj) = (A" Aui,uy) = —(ui, uj)
papg T B P
we see that (v;) is an orthonormal set in R(A). In fact,

R(A) = {Z fnntn | Y |an|* < oo} = {b S N(A*)i] >l 7210, 00) [ < oo}
n=1 n=1 n=1

and p,, — 0, we get that

('Uiv Uj) -

R(A) = {i bnvn i b < oo} :
n=1 n=1

8.5 Ill-posed problems

Let A be a compact operator from # to K. We are interested to solve the problem
Az =b.

In application, for example, the operator A is a blur operator in image processing, the Radon trans-
form in computed tomography, etc. In general, we call A the sensing operator, b the measured data
and z the data to be restored. The measured data should be b € R(A), otherwise there is no solution.
Unfortunately, the measured data usually contains noise, namely, we collect ¥° = b+ n, where n is
anoise. We assume ||n|| < § in our Hilbert space. Our goals are



8.5. ILL-POSED PROBLEMS 159

e To solve Ax = b with b € R(A) (noise free problem).
e Tosolve Az = b% with ||b° — b|| < §
e To find least square solution for general ¥’ € K.

In many situations, the sensing operator is compact because the sensing process is sort of averaging
process. In this case, the singular value u,, of A tends to 0. This is the source of ill-posedness.
Namely, a small perturbation of b causes a large variation of x.

Noise free problem Let A have singular value decomposition (14, ui, v;):2,. We have seen that
b € R(A) if and only if

oo
> u 2w < e
i=1

The solution z1 is
o0
zf = Z,u;l(b, vi)u; € N(A)T C H.
i=1

We denote z by ATb, called the pseudo-inverse of A.

Noisy problem The above solution is not stable under small perturbation of b. Suppose the per-
turbation is b° = b+ dv,,. Then ATH® = ATh+ 0/ pnuy. We see that AT2d — 00 as n — oo because
tin — 0. Thus, AT is not bounded on R(A).

We look for least squares solution

inf || Az — b||°.
As we have seen before that this least squares solution exists if and only if
b=0b+bt € R(A)+ N(A*),

or if and only if b e R(A). The corresponding least squares solution is Atb. For simplicity, we
assume N (A*) = {0}. Otherwise, we just replace b by b.

We are given b € R(A). We know that inf || Az — b||? has no solution unless b € R(A). Now,
instead, we consider the regularized problem

inf F,(z) := az||* + || Az — b||*,a > 0.

This is a convex optimization problem. The functional F, is strictly convex, ontinuous, and co-
ercive. Thus, it has a unique minimum in H. Alternatively, the corresponding Euler-Lagrange
equation is

ax + A*Ax = A*D.
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This equation is called the normal equation. The operator Ty, := o + A* A is self-adjoint, positively
definite, with eigenvalues bounded above 0. Thus, 7T, has bounded inverse in /. Let us denote it
by (af + A*A)~!. The corresponding solution

To = (al + A*A)"1A*D.
In terms of singular value decomposition of A, we project the normal equation into u;:

(O‘ + N?) (Tas wi)wi = i (b, vi)u;.

We obtain s
(T, u) = m(b, v;).
Thus, the regularized solution x,, is given by
oo
To = - _'L:iuz (b, vi)u;
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