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for my studies are ” Lecture Notes on Functional Analysis and Linear Partial
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Chapter 1

Basic Definitions

1.1 Normed vector spaces

Generally speaking, a norm is a function which allows us to measure mag-
nitude. A norm could refer to the norm of a Fuclidean domain or the norm
induced by the inner product of a Hilbert space. For now, we will focus on
equipping a vector space V with a norm, giving rise to the definition of a
normed vector space.

We will assume that the underlying field of the vector space, denoted by
K, is either the real numbers R or the complex numbers C.

Definition 1.1.1. A normed vector space is a vector space V', equipped
with a function [|.|| : V' — R> (called a norm) such that the following axioms
are satisfied:

1. Vo € V and VA € K, || Az|| = |A|||z]| (Scalar Multiplication).
2. Ve € V, ||z|| = 0 if and only if x = 0 (Positive definiteness).

3. Vo,y € V, ||z +y| <|lz|| + ||yl (Triangle Inequality).

We will also like to quantify the notion of “distance” between two vectors.
Fortunately, we can use the norm to do this. A natural definition of
distance is

d(z,y) = |z -yl Vz,yeV (1.1)

From the axioms satisfied by the norm, we can determine the axioms
d(x,y) satisfies. This leads to the important definition of a metric space



Definition 1.1.2. A metric space (X,d) is a set X, equipped with a
function d : X x X — Ry, (called a metric) which satisfies the following
axioms:

1. Vz,y € X,d(z,y) = d(y,z) (Symmetry).
2. Vo,y € X, d(x,y) = 0 if and only if x = y (Positive definiteness).
3. Vr,y,z € X, d(z,z) < d(z,y) + d(y, z) (Triangle Inequality).

Note that in the definition of a metric space, we are equipping a set with a
metric, whereas for normed vector spaces, we are equipping a vector space
with a norm. Now, we will focus on normed vector spaces and give
illustrative examples.

Example 1.1.1. The vector space R™ with the Euclidean norm

(21,22, ..., 2,)|| = /22 + 22 + -+ - + 22 is a normed vector space.
Example 1.1.2. Once again, consider the vector space R". Let

1
1 < p < 0. Then, the norms ||(x1, xa, ..., 2,)|, = (&) + 25+ -+ 22)» and
(1, 22, ..., 2n)||oo = max (|x1], 22|, ..., |z,]) also turn R™ into normed

vector spaces.

Example 1.1.3. Consider the vector space of real number sequences
P ={(x1,22,...,Tp,...) |z € R, > o2 |z;|P < oo}. This is a normed vector

space with the norm defined as ||z|| = (3=, |2:[F)?.

Example 1.1.4. Consider the vector space of bounded real number
sequences [* = {(z1,22,...,Zn,...)| z; € R, Va; € Ra; < oo}. This is also
a normed vector space with the norm defined as

\lz|| = sup{|z1], |z2l, - - |2nl, .-}

Example 1.1.5. Let X be an open subset of R. Then, consider the vector
space LP = {f : X — R [|f[? is Lebesgue integrable and [ |f|Pdz = 0 if
and only if f = 0}. This is a normed vector space with norm defined as

I = ([ [F1P d)»

It is worth observing that (|1.1)) provides a natural, intuitive way of defining
a metric for vector spaces. This allows us to utilise topological concepts in
order to analyse normed vector spaces. We will begin with basic definitions
first.

Let X be a normed vector space. Let x € X. We define the open ball
centred at x with radius r as follows:



B(z,r) ={y e X| |y —=z| <r} (1.2)
Similarly, the closed ball centred at  with radius r is defined as

Bz, r) ={y € X[ |ly — =l <r} (1.3)

Definition 1.1.3. Let X be a set and z € X. If for some
r € Ry, B(z,7) C V, then V is called a neighbourhood of the point x.

Definition 1.1.4. Let V C X be a set. We say that V is an open set if
for all z € V, there exists a r € Ry such that B(z,r) C V.

Definition 1.1.5. Let V C X be a set. If for some x € V, there exists a
r € Ry such that B(x,r) C V, then x is called an interior point of V.

Definition 1.1.6. Let V C X be a set. The interior V° of V is the set of
all interior points of V.

An alternative definition of an open set uses the definitions above. A set
V CXisopenif V="Ve°.

Theorem 1.1.1. Let X be a set and V C X be a subset of V. Then, V° is
the largest open set that is contained within V.

Proof. Assume that X is a set. Assume that V' C X is an open subset of X.
To show: (a) V C X°.
(b) X° is an open set.

(a) Assume that v € V. Since V' is an open subset, there exists € € Ry
such that the open ball B(v,e) C V. Since V C X, B(v,e) C X. So, there
exists € € Ry such that B(v,e) C X. Hence, v € X°. So, V C X°

(b) Assume that x € X°. Then, there exists a € € R- such that the open
ball B(z,€¢) C X. Assume that y € B(z,€). We can use part (a) to deduce
that y € X°. Hence, B(x,¢e) C X° and subsequently, X° is an open subset
of X.

Consequently X° is the largest open set contained in X. O

Definition 1.1.7. Let V C X be a set. We say that V is a closed set if
its complement X \V is open.



Definition 1.1.8. Let x € X. We say that z is an adherent point of
V C X if for all r € Ro, B(z,r) NV #£0.

Definition 1.1.9. Once again, let V' C X be a subset of X._The set of all
adherent points of V is called the closure of V| denoted by V.

Similarly to open sets, we can use the closure of a set to give an alternative
definition of a closed set. We say that V' C X is a closed set if V =V
Adherent points are also referred to as accumulation points or cluster points.

Theorem 1.1.2. Let X be a set and V C X be a subset of V. Then, V is
the smallest closed set containing V.

Proof. Assume that X is a set. Assume that X C V| where V is a closed
set.

To show: (a) X C V.
(b) X is a closed set.

(a) Assume that z € X. Then, for all r € Ryq, B(x,7) N X # (). Since X is
a subset of V', we can further conclude that B_(yc7 r) NV # (. This means

that = is an adherent point of V' and so, z € V. Finally, since V is a closed
set, V.=V. So, x € V and therefore, X C V.

(b) Assume that y € X. Then, for all r € Rwg, B(y,7) N X # (). Assume
that the point z € B(y,7) N X. Then, z € X C X. Additionally,

z € B(y,r). So, B(y,r) N X # (). Hence, y is an adherent point of X and
subsequently, X is a closed set.

So, X is the smallest closed set containing X. O

Note that if a given set is not open, it is not necessarily the case that it is
closed and vice versa. For example, C is both open and closed, whereas the
interval (0,1] C R is neither open nor closed.

We will end this section by proving that L? is indeed a normed vector space.

Proof. Before we delve into verifying the axioms of a normed vector space,
we will prove the following identity first.

To show: (a) For all a,b € Ry and p € [1, 00),



. 1-p p _ \1-»p — P
Ogtlil[t a’ 4+ (1 —t)7PbP] = (a + b)".

(a) Assume that a,b € Ry and p € [1,00). Define the function
g(t) =t""PaP + (1 —t)"PbP.
Then, we differentiate to obtain

g'@t)=(1—pitPa’ — (1 -p)(1—1)FP".

¢'(t) vanishes if and only if t = t; = a/(a + b). To determine the nature of
this stationary point, we compute g”(¢1) to be

g"(t1) = =[(1 = p)pt1 " "a” + (1 — p)p(L — t1)P~16"] > 0.

Hence, g(t) has a local minimum at ¢;, based off the convexity of the
stationary point. Note that g(t;) = (a + b)P. So, we have

inf [t'"Pa? 4+ (1 —t)'"Pb"] = (a + b)P.

0<t<1

Now we are ready to prove that LP satisfies the axioms of a normed vector
space.

To show: (b) For all f € L? |/ f]|, = 0 if and only if f = 0.
(¢) For all f € L7 and A € R, [Af, = M1l

(d) For all f,g € LP, [|f +gllp < [Ifllp + [lgllp-

(b) From the definition of the integral, we have that for all f € L,
| fll, > 0. When || f]|, = 0, this means that

/X\f\pdx:O.

Once again, by the positive definiteness of the integral (integral pair),
|f|P = 0. Therefore, f = 0. Conversely, if f =0, then |f|? = 0 and
consequently, || f]|, = 0.

(c) Assume that A € R. Then, we proceed as follows



A _ A flPd 1/p
Al = ([ 7flra)
= (AP [ |f|rda)V/?
(N /X FPdz)
— ) Pdg)l/p
N /X frda)
— A
Hence, [[Afll, = A flp-

(d) Assume that f,g € LP. Then we use the identity proven in part (a) to
argue as follows:

I+ gl = /X f + glPda
Py
< /X (171 + 19

< /X PP (1= ) Plglldr (¢ € (0,1))

:tl_p/|f\pdx+(1—t)1_p/\g\pd:1:.
X X
=PIFIR A+ (=) gl

Note that this holds for all ¢t € (0,1). Hence, we can deduce that

P < 1-p P —_ A\ gllP] = p
If +glly < dnf 111G+ (=) llglly] = (1l + gl)"”

Taking the p'* root of both sides gives us the triangle inequality we are
after.

Therefore, LP is a normed vector space.

1.2 Banach Spaces and Completeness

The notions of convergence, continuity and completeness are critically
important ideas in analysis and topology. Using the norm of a normed
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vector space, we will define the convergence of sequences, continuous
functions, Cauchy sequences and completeness. Then, we will investigate an
important subset of normed vector spaces - Banach spaces.

Definition 1.2.1. Let X be a normed vector space and let {x,},>1 be a
sequence of points in X. We say that {z,} converges to the point z if for
all € > 0, there exists a NV € R, such that for all n > N,

|z, — || < e

We also write lim,, o ||z, — z|| = 0.

Closely related to the notion of convergence is the notion of a Cauchy
sequence.

Definition 1.2.2. Let X be a normed vector space and let {x,},>1 be a
sequence of points in X. We say that {x,} is a Cauchy sequence if for all
e > 0, there exists a N € R- such that for all m,n > N,

|zn — xm|| <e.

Theorem 1.2.1. Let X be a normed vector space and let {x,} be a
sequence of points in X, converging to a point x € X. Then, {x,} is a
Cauchy sequence.

Proof. Assume X is a normed vector space and {x,} is a convergent
sequence of points in X, converging to x € X. Then, for all € > 0, there
exists a NV € R. such that for all n > N,

€
|z, — x| < 3

Similarly, for all e > 0, there exists a M € R., such that for all m > M

€
|xm — x| < 3

Hence, we define Ny = min{M, N}. So, for all ¢ > 0 and m,n > Ns,

|20 — 2| = [lan — 2+ 2 — @]
< |lzn — || + ||zm — || (Triangle Inequality)
€ €
< 4=
-2 + 2
= €.
Therefore, the sequence is Cauchy. ]



Note that these definitions also apply to metric spaces. It is natural to ask
whether the converse of the previous theorem is true. In general, Cauchy
sequences are not necessarily convergent. However, satisfying the converse
statement leads to a very special property normed vector spaces/metric
spaces can have.

Definition 1.2.3. Let X be a normed vector space. X is complete if every
Cauchy sequence in X converges (same definition works for metric spaces).

Definition 1.2.4. A Banach space is a normed vector space which is also
complete with respect to the norm.

Each of the normed vector spaces given as examples on page 3 are all
Banach spaces. We will now list some important theorems with proofs
pertaining to completeness.

Theorem 1.2.2. Let X be a metric space and let M be a non-empty subset
of X. Then, x € M if and only if there exists a sequence {x,} in M such
that z,, — .

Proof. To show: (a) If z € M, then there exists a sequence {x,} in M such
that z,, — x.

(b) If we have a sequence {x,} in M such that z,, — x, then x € M.

(a) Assume X is a metric space with metric d. Assume M is a non-empty
subset of X and that « € M. Then, this divides into two cases. Firstly,
consider the case where x € M. Then, we can define the sequence

{z,} = (z,x,x,...). Since x € M, the sequence {z,} € M and it converges
to x.

Next, consider the case where x ¢ M. Observe that since z € M, x must be
an adherent point of M. Now consider the set of open balls B(z, %), where
n is a positive integer. We choose the points z,, such that for all

n € Lsgy, x, € B(x,2). Define the sequence {z,} = (21,22, 23,...). Due to
our construction, this sequence converges to = because d(x,,z) < % — 0 as

n — 00.

(b) Assume that we have a sequence {z,} in M such that z,, — x. Then,
either x € M or x is an adherent point because every neighbourhood of x
contains at least one point z,, in the sequence {z,}. In either case,

r€M. O
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Furthermore, note that if z € M in part (b), then M must be a closed
subset of X.

Theorem 1.2.3. Let (X, d) be a complete metric space and M C X. Then,
the subspace (M,d) is complete if and only if M is closed.

Proof. To show: (a) If M is a complete subspace with d as the metric, then
M is closed.

(b) If M is closed, then (M, d) is complete.

(a) Assume (X, d) is a complete metric space. Assume (M, d) is a complete
subspace. Then, every Cauchy sequence in M converges. We already know
that M C M.

To show: (aa) M C M.

(aa) Assume that x € M. Utilising the previous theorem, we know that
there exists a sequence {x,} in M such that z,, — . Since {z,} is
convergent, {x,} is a Cauchy sequence. Since (M, d) is a complete subspace
by assumption, {x,} converges inside M. Therefore, x € M and
consequently, M C M.

(a) Since M C M and M C M, M = M and so M is closed.

(b) For the converse, assume that M is a closed subset of X. Let {z,} be a
Cauchy sequence in M. Due to the completeness of X, {x,} must converge
to (say) z. From the previous theorem, x € M. Since M is closed, x € M.
Since our choice of Cauchy sequence was arbitrary, we deduce that every
Cauchy sequence in M converges to a point in M. Therefore, (M, d) is a
complete metric subspace. O

Example 1.2.1. Consider R as a metric space, equipped with the usual
Euclidean metric d(z,y) = |z — y|. Consider the closed interval [0, 1] € R.
From the theorem above, we know that the subspace ([0, 1], d) must be
complete because (R, d) is a complete metric space. On the other hand, the
subspace ((0,1),d) is not complete because the Cauchy sequence
(1,%,4,...) does not converge in the open interval (0,1).

Theorem 1.2.4. Let {x,}nez., be a Cauchy sequence in a normed vector
space X. Then, {x,}nez., ts bounded.

11



Proof. Assume that X is a normed vector space and {z, },ez., is a Cauchy
sequence in X. Then there exists N € Z~ such that if m,n > N then

|z, — zm|| < 1.

Now fix n € Z~y. If m € Z~y then

[2m]l < [l@m = znll + lznl] < [lza] + 1.
We conclude that if j € Z-( then

;|| < max(flzf], zall, - 2wl lzn]l + 1) < oo

So the Cauchy sequence {z, }nez., is bounded. O
Observe that this theorem also works perfectly for metric spaces.

Theorem 1.2.5. Let {x,,}nez., be a bounded sequence in R. Then,
{Zn}nez-, has a convergent subsequence.

Proof. Assume that {z,}nez., is a bounded sequence in R. Without loss of
generality, assume that if n € Z-( then x,, € [0, 1]. We can do this because

{Zn}nez-, is bounded and changing the signs of each z,, does not affect the
value of |x,].

We proceed by using a diagonalisation argument. Divide the interval [0, 1]
into two halves — [0,1/2] and [1/2,1]. Either one of these intervals must
contain infinitely many terms of the sequence {x, }nez.,. Denote the
interval which satisfies this property by I; = [aq, b1].

Next divide the interval [; into its two halves. Since [; contains infinitely
many terms of the sequence {z,},ecz., then either one of the half-intervals
of I; must contain infinitely many terms of {z,,},ez.,. We denote the
interval which satisfies this property by Iy = [as, bo].

Continuing in this fashion, we construct a sequence of nested intervals

GG ChLCLC01]

—=

such that if j € Z( then I; = [a;, b;] contains infinitely many terms of the
sequence {x, }nez.,. Note that by construction, if j € Z-( then

b; — a; = 277 (this is the Lebesgue measure of the interval I;). Now pick
T, from the sequence {z,} such that x,, € I; and x,, € I;;;. This gives us

12



a subsequence {zy, }jez., of {zn}.

Now observe that the sequence {a;};ez., is increasing and bounded above
by 1. So it must converge to some x € [0,1]. We claim that the
subsequence {7y, }jecz., converges to x.

By assumption if j € Z- then z,,, € I; = [a;, b;]. So

1

E.

Assume that € € R.g. Since {a;};ez., converges to x then there exists
N € Z~q such that if £ > N then

|Tn, — aj] < |bj — a;] =

1
lay — x| << and |z, —ar| < = <
2 2k

[NRINe

By the triangle inequality, we obtain
€ €
|0, — x| < |Tn, —ak| + |ar — x| < gts=¢
Hence the subsequence {z, }jez., converges to x. O

It is not too difficult to use to show that every bounded sequence in
R™, C and C" has a convergent subsequence.

We will now use to establish a very important result - the
completeness of R.

Theorem 1.2.6 (Completeness of R). Let {x,, }nez., be a Cauchy sequence
in R. Then, {xn}nez., converges. In particular, the pair (R,|—|) is a
Banach space where |—| : R — Rx is the absolute value.

Proof. The fact that (R, |—]) is a normed vector space follows from the
properties of the absolute value |—| : R — Rx(. Assume that {x,}nez., is a

Cauchy sequence in R. Then it is bounded by (REFERENCE).

By the Bolzano-Weierstrass theorem in Theorem to obtain a
subsequence {z,, }rez., which converges to some z € R. Assume that
€ € R.y. Then there exists M € Z-q such that if £ > M then

€
|z, — 2| < 3"

There also exists P € Z~q such that if ng, j > P then

13



|xnk x]|

l\DIm

Fix k € Z~j; such that ny > P. If j > max

—~

M, P) then

€ €
\xj—:c]g\a:j—a:nk|+|a:nk—a:]<§+§:e.

Therefore the Cauchy sequence {x, }nez., converges to x € R. So the pair
(R, |—]|) is a Banach space. O

We can use the completeness of R in order to prove the completeness of
other metric spaces/normed vector spaces.

Theorem 1.2.7 (Completeness of R™). Let R"™ be a normed vector space,
equipped with the usual Euclidean norm. Then, (R"||.||) is a Banach space.

Proof. Assume {z,,} = (11", 1™, ..., 9,™) is a Cauchy sequence in R™.
To show: (a) {x,,} is convergent.
(a) If {z,,} is a Cauchy sequence, then for all € > 0, there exists a N € Z-,,

such that for all [,m > N

n

2t =zl = O (50 — y™)?)2 < e

i=1

Utilising a bounding argument, we find that for all j € {1,2,...,n},

@

_y] <Z _yz

§e

(y;

Therefore,

g, =y < e

This tells us that for all j € {1,2,...,n}, the sequence (y;(Y,y;?,...) in R
is a Cauchy sequence. Due to the completeness of R (see , this
sequence converges to (say) y; for all 7 € {1,2,...,n}. This tells us that for
all j € {1,2,...,n} and € > 0, there exists a N € Z- such that for all

m > N

;™) —y\<—
.] \/_
14



Returning to R", we define x = (1,42, .. .,yn). Clearly, z € R™ and for all
ie{l,2,...,n}and l > N,

Subsequently,

1
e =2l = Q" =) < e

i=1
Therefore, the sequence {z,,} converges to x € R". This proves the
completeness of R™ O]

Theorem 1.2.8 (Completeness of [*°). The normed vector space [ is a
Banach space.

Proof. Assume {z,,} = (217, 2,0 ... 2,(™ ...} is a Cauchy sequence in
[*.

To show: (a) {x,,} is convergent.

(a) If {x,,} is a Cauchy sequence, then for all € > 0, there exists a N € Z+,
such that for all [,m > N

l2; — & = sup{|z1V — 2, |2, @ — 2™, 2,0 — 2, Y < e
Then, for all j € {1,2,...,n},

2,0 — 2, < e.

Once again, this tells us that the real sequence (:Ej(l), :Ej(2), ... ) is a Cauchy
sequence. Due to the completeness of R, the sequence converges to (say) ;.
Now, we define

r=(21,Ta, ..., Tpy...)

For clarity, x is a sequence of real numbers. To see that x € [*°, we note
that for all j € {1,2,....,n} and [ > N,

15



5] = [ary — ;Y 4 ;)]
< ;O —a5] + |2,V (Triangle Inequality)
< e+ Ja; "]

< 00

Thus, x € [*°. Finally, we note that

HIl - 'TH - Sup{‘xl(l) - $1‘7 |x2(l) - .I‘2|, R |In(l) - $n|7 - }
< €.

Y
converges to x; as established previously. Hence, the sequence {z,,} in I is

convergent. Consequently, [*° is a Banach space. O

This is because for all j € {1,2,...,n}, the sequence (z;V,z;® ...) in R

Finally, we will end this section with the definition of a continuous function.

Definition 1.2.5. Let (X, ||.||.) and (Y,].||,) be normed vector spaces.
Then, a continuous function f : X — Y has the property that for all
€ > 0, there exists a 6 > 0 such that for all a,b € X,

la=blle <6 = [[f(a) = fF(B)lly <e

1.3 Linear Operators

When one learns about a new space, it is natural to ask about the
functions/mappings between them. Similarly to how we have linear
transformations between vector spaces, normed vector spaces are connected
via linear operators. We will make this more precise later.

Definition 1.3.1. Let X and Y be normed vector spaces over the same
field F. A linear operator is a mapping A : X — Y from Dom(A) C X
(the domain of A) to Y such that for all ¢;, ¢y € F and x4, 25 € X,
A(c1my + cax) = 1 A(xq) + coA(x).

Note the striking similarity to the definition of a linear transformation
between two vector spaces. Again, the notions of kernel and image remain
the same.
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Definition 1.3.2. The kernel of A is the subspace of X defined by

ker(A) ={z € X | A(x) =0}

Definition 1.3.3. The image of A is the subspace of Y defined by

im(A) = {A(z) | z € Dom(A)}

Definition 1.3.4. The linear operator A is said to be one-to-one or
injective if and only if ker(A) = {0}.

Definition 1.3.5. The linear operator A is said to be onto or surjective if
and only if im(A) =Y.

The main difference between linear transformations on vector spaces and
linear operators on normed vector spaces is the fact that due to the extra
structure on normed vector spaces induced by the norm, linear operators
also have a topological structure. The next few definitions represent this.

Definition 1.3.6. The linear operator A is said to be densely defined if

and only if Dom(A) = X.

Definition 1.3.7. Let X and Y be normed vector spaces. The mapping
¢: X — Y is said to be bounded if the image of a bounded subset of X is
a bounded subset of Y.

We will return to bounded maps/linear operators later. As an aside, we will
shift our focus to the aforementioned similarity between linear
transformations between vector spaces and linear operators between normed
vector spaces. A major aspect of pure maths is to take the properties of
something familiar (such as the integers for instance) and create and study
abstractions with these properties. Consider vector spaces over the same
field and their associated linear transformations. It is clear that the similar
properties between linear transformations and linear operators is something
that can be abstracted. The result is the notion of a category.

Definition 1.3.8. A category ¥ is a triple, consisting of:
1. A class of objects ob(%)

2. A class of morphisms (or arrows) between the objects Hom(%"). We
say that the morphism f : A — B is an element of Hom(A, B), which
denotes the class of all morphisms from A to B. A is deemed the
source object and B is the target object in this case.
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3. A binary operation called composition of morphisms, defined by
o: Hom(B,C) x Hom(A, B) — Hom(A,C), o(g,f) =go f.

Additionally, the composition of morphisms must satisfy the following two
properties:

1. Associativity: (fog)oh= fo(goh)

2. Identity: For all objects A € 0b(%), there exists a morphism
14 : A — A such that for all morphisms f € Hom(A, B), foly = f
and for all morphisms g € Hom(B, A), laog=g.

Theorem 1.3.1. The collection of normed vector spaces over a field K,

together with linear operators, is a category (we will call this category
K-Norm Vect).

Proof. To show: (a) For all linear operators f,g,h, (fog)oh= fo(goh)

(b) There exists a linear operator 14 : A — A such that for all linear
operators f € Hom(A, B), f ol = f and for all linear operators
g€ Hom(B,A), lyog=g

(a) Assume f € Hom(C,D), g € Hom(B,C) and h € Hom(A, B). Assume
ar + by € A where a,b € K. Then,

(fog)oh(ax +by) = (f og)o (ah(x) + bh(y))
= a(fog)oh(xz)+b(fog)oh(y)
= fla(go h)(x) +b(g o h)(y))
= fo(goh)(ax + by).

(b) Define the mapping 14 : A — A such that 14(a) = a for all a € A.
To show: (ba) 14 is a linear operator.

(bb) For all linear operators f € Hom(A, B), fols = f.

(bc) For all linear operators g € Hom(B, A), 1409 = g.

(ba) Again, assume that ax + by € A where a,b € K. Then, from the
definition of 14, we have
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La(ax + by) = azx + by
= CLlA([E) + blA(y)

Hence, 14 is a linear operator.

(bb) Assume that f € Hom(A, B) and that az + by € A where a,b € K.
Then,

folalax+by) = f(ax + by)
SO, fOlA:f.

(bc) Assume that g € Hom(B, A) and that ax + by € A where a,b € K.
Then,

140 g(ax + by) = 1a(g(ax + by)) = g(ax + by)
So, 14 0 g = g. Therefore, K-Norm Vect is a category. O]

There are a multitude of categories that one might be already familiar with.
Here are some examples:

Example 1.3.1. Grp is the category of groups with groups as objects and
group homomorphisms as the morphisms.

Example 1.3.2. Ab is the category of abelian groups with abelian groups
as objects and group homomorphisms as the morphisms. In fact, Ab is a
subcategory of Grp.

Example 1.3.3. Ring is the category of rings with rings as objects and
ring homomorphisms as the morphisms.

Example 1.3.4. Top is the category of topological spaces with topological
spaces as objects and continuous functions as the morphisms.

Example 1.3.5. R-Mod is the category of R-modules with R-modules as
objects and module homomorphisms as the morphisms. Here, R refers to
an arbitrary ring.

Now we will return to our study of linear operators.

19



Definition 1.3.9. Let (V4,||—||1) and (V%, ||—||1) be normed vector spaces
and A : Vi — V5 be a linear operator. We say that A is bounded if there
exists C' € Ry such that if v; € V] then

[Avi]l < Cllonlfs.

One of the most foundational concepts of functional analysis is that a linear

operator between normed vector spaces is continuous if and only if it is
bounded.

Theorem 1.3.2. Let (V1,||—||1) and (Va, ||—||2) be normed vector spaces
and A : Vi — V5 be a linear operator. The following are equivalent:

1. A is continuous at 0 € V.
2. N\ is bounded.

3. A is continuous.

Proof. Assume that A : V; — V4 is a linear operator.

(a) Assume that A is continuous at 0 € V. This means that for all € € R.,
there exists § € R such that if ||v — 0|y = ||v||y < § then ||Av]]y < e.

Take w € Vi — {0} and set
) )

v = w
2[jwlly

Then, ||v'||; = /2 < § and

)
AV |ls = [A(——w
)
= —||Awl|, < €.
TR

So, if w € V; then

2¢
[Awllz < —[lwls.

Thus, A must be bounded.
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(b) Assume that A is bounded — there exists C' € R+ such that if v; € V}
then [|[Avy|]2 < C|vq]|1. Assume that € € Ry and set 6 = ¢/C. If
||lvr — vo|l1 < ¢ then

[A(v1) — Alv) |2 = [[A(v1 — v2)]]2
< Ollvy — 21

<C'%:€.

So, A must be continuous.

(c) If A is continuous then it is continuous at all points v € V;. So, it must
be continuous at 0 € V;. O

Definition 1.3.10. We will define the norm of a linear operator to be

A
JAIl = sup Az = sup 122
=1 220 |||

To understand why we defined the norm of a linear operator in this
manner, consider the following characterisation of a bounded linear
operator below, which states that a linear operator A : X — Y is bounded
if there exists ¢ € R such that if x € X then

[Az]} < efl]].
Dividing both sides by ||z||, we obtain for z # 0

Hence, c is an upper bound of the left hand side. The supremum (least
upper bound) of the left hand side over all z € X — {0} is the smallest such
¢ and this is what we take to be the definition of the norm of a linear
operator. Furthermore,

[ Al

JA]| = sup ——— = supl|A(
x#0

w20 |l

A natural question that remains is whether our definition of the norm
satisfies the properties of a norm.

x
=)l = sup [[Az|.
[Ea lzll=1

Theorem 1.3.3. The norm of a linear operator as defined above is actually
a norm
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Proof. Assume that A : V' — W is a linear operator and that V' and W are
normed vector spaces over the field K.

To show: (a) Va € K, ||aA| = |af ||A]]-
(b) ||A|l = 0 if and only if A = 0.
(c) For all linear operators Ay, Ag, ||[A1 4+ Al < ||A1]] + || Azl

(a) Assume that o € K. Then,

leAl] = sup [JoAz]
1

|zl|=

= || sup [[Az]|
Jall=1

= [af[[A]l.
(b) First, assume that ||A|| = 0. Then, it must be the case that

A
sup—H xH =0.
w0 |zl

This tells us that whenever z # 0, ||[Az|| = 0 and consequently, A = 0. For
the case where x = 0, we observe that for all linear operators 2 and for all
veV,Qw)=020+wv) =Q(0)+ Q). So, 2(0) = 0. Consequently, A =0
for all x € V because A(0) = 0.

For the converse, assume that A = 0. Then,

IAl = sup [[Az| =

(c) Assume that A; and A, are linear operators. Then,

1A + Aof| = sup [[(Ar + Ag)z]]

z||=1
= HSL|:1p1HA1:U+A2xH
< sup [se] + [Ase]
< itllngAlﬁvH + itllgll\AaxH
= [[ Al + [[A2]-
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Therefore, the norm of a linear operator does indeed satisfy the required
properties of a norm. O

Let us quickly prove that a linear operator A : X — Y is bounded if and
only if its norm [|A]| is finite.

Theorem 1.3.4. Let (X, ||—|lx) and (Y, ||—||y) be normed vector spaces
and A : X =Y be a linear operator. Then, A is bounded if and only if ||Al|
s finite.

Proof. Assume that X and Y are normed vector space and that A: X — Y

is a linear operator.

Assume that ||A|| < co. If z € X — {0} then

[Azly

2l x
[Azly

sup
w20 [7llx

[Azfly =

<

Hence, if z € X then [|[Az|ly < ||Al|||z]/x. Since ||A|| € Rso, A is bounded in
the sense of Definition [[L3.9

[E15N

Mzl = [Al]2]lx-

Next, assume that A : X — Y is bounded. Then, there exists C' € R+ such
that if x € X then ||Az|y < C||z|x. Taking the supremum over all xz € X
which satisfy ||z||x = 1, we find that

Al = sup [|Azfly <C.

lzll x=1

Thus, ||A]| is finite. O

Definition 1.3.11. A bounded linear operator A : X — Y is said to be
compact if for all bounded sequences {z,}, there exists a subsequence
{2y, } such that Ax,, converges to some point y € Y.

In order to make the concept of a linear operator more palatable, we will
list some examples of linear operators.

Example 1.3.6. Let C'((0,1),R) be the normed vector space of bounded,
real valued, continuous functions with domain (0, 1), with norm given by

1711 = max | (@)l
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Define the differentiation operator A as Af = f’. From the properties of
differentiation, we know that this is a linear operator. However, this
operator is unbounded. To see this, consider the sequence of functions

frx = sin(kz) where k € Z~y. Then, Af, = kcos(kx) and

Il = SuleAka = k.

frll=

Notably, k£ is unbounded because k € Z~y. Hence, the differentiation
operator is unbounded.

Example 1.3.7. This time, the normed vector space in question is LP(R),
which has norm

LSAT

11 = ( / P ).

Let a € R. Define the shift operator A,(f(z)) = f(x — a). A noteworthy
observation about this operator stems from an integral substitution:

a1 = ([ 15—y ae)

—( / F@)P dy)b
— £l

Hence, it is clear that

[Aall = sup [[Aqf[] = 1.
Ifl=1

So, A, is a bounded linear operator.

Example 1.3.8. The normed vector space we will focus on this time is 7,
which has norm

= 1
lzll = O _lail?).
i=1
Define the two shift operators as A, (x1,z2,...) = (0,21, 29,...) and
A_(x1,29,...) = (22,%3,24,...). In a similar manner to the previous
example, ||A4] = ||A-|| = 1. So, Ay and A_ are both bounded linear
operators.

24



Example 1.3.9. In this example, our normed vector space is C((a, b),R),
which is the normed vector space of bounded, real valued, continuous
functions with domain (a,b). Consider the integral operator, which is

defined by

Af = / ") dy.

Here, x € [a,b]. We know from the properties of integrals that this operator
is definitely linear. In order to demonstrate that the integral is bounded, we
proceed as follows

[Aell = sup [[A.f]]
=1

- sup max | / f(y) dy]

|| fll=1 %€ (ab
b

b
< sup [ |f(y)|dy
If1=1 Ja

< (b—a) x sup [f(y)|
Il fll=1

=b—a.

So, ||A;]] <b—a < oo, thus demonstrating that the integral operator is
bounded.

Finally, we end this section with an important theorem.

Theorem 1.3.5. Let V and W be normed vector spaces over the field K.
Let B(V; W) represent the space of bounded linear operators from V to W.
If W is a Banach space, then B(V; W) is also a Banach space, with norm

defined in|1.53.10.
Proof. To show: (a) B(V;W) is a normed vector space

(b) A Cauchy sequence in B(V; W) converges.
(a) We have already established that the norm of a linear operator satisfies

the axioms required of a norm. This demonstrates that B(V; W) is a
normed vector space.
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(b) Assume that {A,,} is a Cauchy sequence of bounded linear operators.
Assume W is a Banach space. Assume f € V. Then, for all € > 0, there
exists a N € Z- such that for all m,n > N,

1A — Ay < e.

As a result, |[(A,, — An)(f)]| < € where || f|| = 1. So, ||Anf — Anf]| <e.
This tells us that the sequence {A, f} is Cauchy. Since this is a sequence in
W, which is a Banach space, {A,,f} must be convergent. Let {A, f}
converge to Af.

To show: (ba) A is a bounded operator.
(bb) A is a linear operator

(ba) Using the convergence of {A, f}, we choose N € Z- such that for all
n>N,

[Anf —Af]l < 1.
Utilising this, we note that

Al = sup [[Af]]
I £ll=1

< sup (|Af = Auf]| + [Anf]) (Triangle Iequality)
Il fll=1

< T+ AL

< o0

Hence, A is a bounded operator from V to W.

(bb) Assume a,b € K and f,g € V.

To show: (bba) For all € > 0, ||A(af 4+ bg) — aA(f) — bA(g)| < e.

(bba) Assume that ¢ > 0. Once again, we utilise the triangle inequality on
the expression ||[A(af + bg) — aA(f) — bA(g)||. We know that the sequence
{A,f} converges to Af and that f is arbitrary. So, we choose N; € Z~q
such that for all n > Ny,

|A(af +bg) = Anlaf +bg)|| < 5.
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Then, we choose Ny € Z~q such that for all n > N,

€

A (f) — A < —.
I8:(0) = AN < 5
Finally, we choose N3 € Z~ such that for all n > N3,
€
A.(g) — A < =
IAule) ~ Al < 575

Now, select M = max{Nj, Ny, N3}. Then, for all n > M (and using the fact
that A, is a linear operator),

[A(af +bg) — aA(f) — bA(g)l
= [Alaf +bg) — Au(af + bg) + al,(f) + bAn(g) — aA(f) — DA (9)]|
A

< Ii/\(af +bg) = An(af + bng + lladn(f) = aA(H)] + 1A (g) — bA(9)]]
<3+ (lal Xm)ﬂlb! X%)

Therefore, for all € > 0, ||A(af + bg) — aA(f) — bA(g)|| < e. Consequently,
[A(af +bg) — aA(f) — bA(g)|| = 0 and so, A(af +bg) = aA(f) + bA(g).

(bb) Hence, A is a linear operator.

(b) Now consider ||A,, — A||. Using the fact that {A, f} is a Cauchy
sequence in W and hence convergent, we obtain

[An — All = H?nglﬂf\nf —Afll<e

Therefore, the Cauchy sequence of operators {A,} in B(V; W)
converges. O
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Chapter 2

Dual Spaces and the
Hahn-Banach Extension
Theorem

2.1 Dual Spaces

Definition 2.1.1. Let X be a normed vector space over a field K =R or
C. We define the dual space of X as the set of all continuous linear
functionals ¢ : X — K. The dual space of X is often denoted by X*.

Theorem 2.1.1. Let X be a normed vector space and X* be its associated
dual space. Then, X* is a Banach space, with norm given by

ol = sup 29— g (o)

70 || |lz||=1

Proof. An application of demonstrates this. Luckily for us, R and C
are both complete with respect to the standard Euclidean norm. O

The Hahn-Banach theorem is particularly powerful because it is one of the
main reasons why dual spaces are worth studying. It ensures that there will
always be enough continuous linear functionals for the theory of dual spaces
to remain rich. We will prove three versions of the Hahn-Banach theorem.

Theorem 2.1.2 (Hahn-Banach extension theorem V1). Let X be a
R-vector space and p : X — R be a sub-linear function, which satisfies the
following two properties:

1. Ifx,y € X then p(x +y) < p(z) + p(y)
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2. Ifre X andt € ]0,00), p(tz) = tp(x)

Let'Y be a subspace of X and \:Y — R be a functional with \(z) < p(z)
for all x € Y. Then, there exists a functional A : X — R such that the
restriction Aly = X and if v € X then

—p(=z) < Alzr) < p(z).

Proof. Assume that X is a R-vector space and p, A are the functions
defined as above. Let z € X\Y. We would like to extend A first to the
subspace Y + span(z).

Assume that =,y € Y. Then,

f(@)+ fly) = f(z+y)
<plx+y =plz—2+2+y)
<plz—2)+pz+y)

where in the last line, we used the triangle inequality. Consequently,
f(z) —plx —2) <p(z+y) — f(y). Now define

B =sup(f(z) —plz — 2))

xeV
so that

fl@)=plz—2) < B<plz+y) - fy)
Now let ¢ € R and define for # € Y, the extension f(z 4 tz) = f(z) + ft.

Since we have extended f linearly to Y + span(z), f is still a linear
functional on Y + span(z). We will now show that

—p(—x —t2) < f(z +t2) < p(z + t2).
Notice that when ¢t = 0, the result follows from the assumption that
f(x) <p(x) for all x € X. Without loss of generality, assume that ¢ > 0.
Recalling the inequality f(z) —p(z — z) < 8 < p(z+vy) — f(y), we replace x
with —z/t and y with x /¢ which yields
x T T x

fF(=7) —p(=y =) < B<pla+ 1) = f(5)

Now, we can multiply by ¢ to obtain the inequality
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—f(@) —p(—z —tz) < Bt < p(x +tz) — f(z)
Adding f(z), we deduce that

—p(—z —tz) < f(x)+ Bt = f(z +tz2) < p(z + tz).

as required.

We have successfully extended f to Y + span(z). Let C be the family of
pairs (W, ¢) such that W C X is a subspace of X and ¢ : W — R is a linear
functional such that ¢(w) < p(w).

We define a partial ordering on C' by saying that (W, ¢) < (W', ¢') if and
only if W € W’ and ¢ is the restriction of ¢’ to W. The pair (C, <) is now
a poset.

With this partial ordering, we can invoke Zorn’s lemma to deduce that C
has a maximal element, which we will denote by (W, F).

To show: (a) W=X.

(a) Suppose for the sake of contradiction that W # X. Then, take some
v € X\W. By the previous argument, we can extend the functional

F: W — R to another linear functional F' : W + span(v) — R such that
F'|z = F. However, this means that in C,

(W, F) < (W + span(v), F")
which contradicts the maximality of (/V[7, F) in C. Therefore, W=X.

Hence, F': X — R is a linear functional such that if x € X then
F(z) < p(x). By the linearity of F', we finally have

The second version of the Hahn-Banach theorem applies to a situation
where the linear functional is bounded above by a convex function.

Definition 2.1.2. Let X be a Banach space. A function p: X — R is
convex if for all ¢t € (0,1) and z,y € X,
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plte+ (1 —t)y) < tp(z) + (1 —t)p(y).
Theorem 2.1.3 (Hahn-Banach extension theorem V2). Let X be a
R-vector space and p : X — R be a convex function. Let'Y be a subspace
of X and f:Y — R be a functional with f(x) < p(x) for allz € Y. Then,
there exists a functional f : X — R such that the restriction f~|y = f and if
z € X then f(z) < p(z).

Proof. Assume that X is a R-vector space and p, A are the functions
defined as above. The idea is to use the Hahn-Banach extension theorem
for sub-linear functions (see Theorem and extend it to account for
convex functions.

Define the function

0: X — R
x> infyso tp(tz).

We claim that () is a sub-linear function.

To show: (a) If z,y € X then Q(z +y) < Q(z) + Q(y).

(b) If x € X and A € R>q, Q(A\x) = A\Q(x).

(a) Assume that =,y € X. Pick u,v € R.q so that the fraction

uv
> 0.

u—+v
By using the convexity of p, we have

QU +9) = inf p(t(r +9))

uU-+v uv

< (

uv u+v($+y))
U -+v U

B UV p(u+v(vx) * u+v(uy))

u—+v u 1))
< .
wo (u T ,Up(”x) + ur UP(UZ/)) (p is convex)
1 1
= Zp("U:U) + Ep(uy).

Now, we can take the infimum over all v, u € Ry to obtain

Rz +y) <Q(x)+ Qy).
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(b) Assume that A € R>g. Then,

Q(Az) = inf %p(t)\a:)

t>0

L. A
= inf ap(t)\x)

>0
= inf ép(sx) = AQ(x).

s>0 8§

Combining parts (a) and (b), we deduce that @ is sub-linear.
We will now prove two critical properties of Q).

To show: (¢) If f <ponY then f <Q onY.

(d) If x € X then Q(z) < p(x).

(c) Assume that f(v) < p(v) for v € Y. Using the linearity of f, we have
for ¢t >0

So, f(%v) < %p(v). By replacing v with tv, we deduce that f(v) < %p(tv)
and by taking the infimum over all ¢ > 0, we obtain f(v) < Q(v).

(d) Assume that z € X. Then,

o1
Q(z) =inf -p(tz) < p(o)
where the last inequality follows from setting ¢ = 1.
Part (c) tells us that if v € Y then i(v) < Q(v) < p(v). Since Q is

sub-linear, we can use Theorem to obtain an extension f:X—=R
such that f|y = f and if z € X then f(z) = Q(x) and

—-Q(—7) < f(z) < Q(a).

But, by part (d), Q(z) < p(z). So, if # € X then f(z) < p(z). So, f is the
desired extension of f. O

The final version of the Hahn-Banach theorem deals with the extension of
complex linear functionals.
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Theorem 2.1.4 (Hahn-Banach extension theorem V3). Let X be a C
vector space and p : X — R be a function which satisfies

plax + By) < |alp(z) + |B|p(y)

forx,y € X and o, 5 € C with |a| + |B] = 1. Let Y C X be a subspace of X
and f:Y — C be a complex linear functional such that if y € Y then

|f(y)| < ply). Then, there exists a complex linear functional F': X — C
such that the restriction Fly = f and if x € X then |F(z)| < p(z).

Proof. Assume that X is a C-vector space and f:Y - Candp: X - R
are defined as above. Let

U(y) = Re(f(y)).

Then, ¢ defines a real-valued linear functional on Y. Observe also that

(iy) = Re(f(iy)) = Re(if(y)) = —Im(f(y))
and consequently, A(y) = €(y) — il(iy). Now, if y € Y then

[€(y)] = |Re(f(y))] < [f(y)] < p(y).

So, we can apply Theorem to extend /¢ to a real-valued R-linear
functional L : X — R such that L(z) < p(z) for all x € X. Now define for
reX

F(z) = L(z) —iL(iz).
Then, the restriction F|y = f and F' is R-linear. Also,

F(ixz) = L(iz) —iL(—x) = iF(z).
So, F' must be a C-linear functional.
To see that |F(z)| < p(x) for x € X, observe that by the condition on p, if

a € C with |a| =1 then p(azx) = |a|p(z) = p(x). If we set § = arg(F(x))
then F(z) = |F(x)|e? and if x € X then

|F(z)| = e F(x)

= F(e’.wa:) = Re(F(e’wx))
= L(e™"z) < p(e™"x) = p(a).
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An immediate application of the Hahn-Banach theorem is to the case where
p(z) = ||=|| (the norm function).

Theorem 2.1.5 (Extension with constant norm). Let X be a Banach space
andY C X be a subspace of X. Let A :' Y — C be a linear functional. Then,
there exists a linear functional A : X — C extending X such that ||A|| = ||A|.

Proof. Assume that X is a Banach space (over C). Assume that Y C X is
a subspace and A\ € Y*. Define the map p: X — R by

p: X — R
x| Al
If y € Y then [Ay)| < ||IAllllyl| = p(y). If a, B € C and x;, 22 € X then

plazy + Brz) = || Allllazy + Bxa|| < [[A||[(|ll|z1]] + [B][|z2])-
So, p(axy + Brz) < |a|p(z1) + |B|p(xs).

Now we can apply Theorem to find a complex linear functional
A X — Csuch that Aly = X and if x € X then |A(z)| < ||All||=]|-

Taking the supremum over all € X with ||z|| = 1, we find that
Al < [JA]l. But, ||A|| < |JA]] because the norm cannot decrease when we
extend A from Y to X. Therefore, |A|| = ||| as required. O

Theorem tells us that if we have a bounded, linear, real-valued
functional on a subspace of X, then we can extend it to the whole of X,
while keeping the norm intact.

We will now discuss two consequences of Theorem that reinforce the
notion that there are enough continuous linear functionals in order to make
the study of dual spaces worthwhile.

Theorem 2.1.6. Let X be a Banach space and x € X. Then, there exists a
continuous linear functional ¢ € X* such that ¢p(z) = ||z|| and ||¢|| = 1.

Proof. Assume that X is a Banach space and = € X. Let X’ = span(x)
and define the map
(I X' — C
w=kx — |k|||z|.

Then, v is a C-linear functional on X’. By Theorem [2.1.5, there exists an
extension ¢ : X — C of ¢ such that
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xz

ol =Ml = sup [¢(y)] = [P(7—) = 1.

lyll=1yex’ Il
Since ¢|x = v, o(x) = [z]. -

Theorem 2.1.7 (Separating points with functionals). Let X be a Banach
space and x,y € X with x # y. Then, there exists a continuous linear

functional ¢ € X* such that ¢p(x) # ¢(y).

Proof. Assume that X is a Banach space and z,y € X with z # y. From
Theorem [2.1.6], there exists a continuous linear functional ¢ € X* such that
loll =1 and ¢(z — y) = || — y|| # 0. By linearity of ¢, we deduce that

since ¢p(x —y) # 0, ¢(x) # ¢(y) as required. O]

Theorem tells us that there are enough continuous linear functionals
defined on the dual space X* in order to distinguish the vectors in X.

Our next goal is to look at some examples of dual spaces. Before this, we
will briefly discuss the idea of an isomorphism.

Definition 2.1.3. Let & be a category. Let a,b € 0ob(%) and
f € Hom(a,b). Then, f is said to be an isomorphism if there exists
another morphism f~' € Hom(b,a) such that f~'o f =1, and fo f~! = 1,.

From the perspective of category theory, we can see why the notion of an
isomorphism is ubiquitous in many areas of mathematics.

Example 2.1.1. Consider the category of groups Grp. From the definition
of an isomorphism, a group isomorphism is a bijective group
homomorphism.

Example 2.1.2. Consider the category of rings Ring. From the definition
of an isomorphism, a ring isomorphism is a bijective ring homomorphism.

Example 2.1.3. Consider the category of vector spaces over a field K
K-Vect. From the definition of an isomorphism, a vector space
isomorphism is a bijective linear transformation.

Now consider the category K-Norm Vect of normed vector spaces. It
makes sense for an isomorphism in K-Norm Vect to be similar to an
isomorphism in K-Vect because the objects in both categories are vector
spaces on the most basic level. However, we have the extra structure of a
norm to deal with in K-Norm Vect. If we want two normed vector spaces
to be isomorphic, then their norms have to behave in exactly the same
manner as each other. This motivates the following definition.
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Definition 2.1.4. Let X and Y be normed vector spaces. Let A : X — Y
be a linear operator. Then, A is said to be an isomorphism if A is bijective
and [|[Az|ly = ||z||x. Additionally, if there exists an isomorphism between
X and Y, they are said to be isomorphic.

In the following examples of dual spaces, we will be proving that the dual
spaces of certain Banach spaces are isomorphic to other familiar Banach
spaces. For our first example, we will need Hélder’s inequality, which we
will prove below.

Theorem 2.1.8 (Young’s inequality). Let ¢,p € (1,00). Assume p and q
are related by the following identity:
1 1
-4+ - = 1
p q
Let a,b € Rog. Then, the following inequality holds
av b < 2 + 9
b q
Proof. Assume that ¢,p € (1, 00) satisfy 11)4—% = 1. Assume that a,b € Ry,.
Assume that f(x) is the function defined as above. By differentiating f(x),
we obtain

1

flx)=az* ! —a= oz(xl_a

).

By solving f’(z) = 0, we deduce that f(x) has a maximum at x = 1. So, for
YIS IR>07

2 —ar < f(l)=1-a.
If we substitute « = 1/p and = = a/b, we deduce that

(9)%_ﬁ§:1_1:1_
b bp P g

Multiplying both sides by b, we deduce that
<

141 11
apb P — :apbq —

|

a a
p p
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Theorem 2.1.9 (Hoélder’s inequality). Let p,q € (1, 00),

= (x1,29,...) €P, y=(y1,y2,...) €17 and (x,y) = v1y1 + ToYya + .. ..
Assume p and q are related by the following identity:

Then,

[z o) | < Nz llpllyll,

Proof. Assume z = (z1,x2,...) € P and y = (y1,¥2,...) € 7. Assume
g€ Rsy, pe R U{ oo} and }D + % = 1. Using Young’s inequality with
a = (|zi|/llzllp)" and b = (il /llylly)* (@ € Z>o),
il Jwl _ 1 ] il
< (i (e
lellp lylle = 27 llzll”™ g [lyllg
Summing over both sides from i = 1 to oo, we obtain

Z H il Z}( |24] )p+é( |yl .

zlpllylls = = ozl lyllq
Working on the RHS, we find that

1 il 1 |yl 1 <
() () = |2 + || .
;p lzll,”  a [lllq P(Hapr)p; H H Z
= ———lzllp)" + ——— (llylle)-
p(||$|| )P (||y||q)" !
1 1
=4 -
p q
=1.
So,
> i
HZUHpHqu
As a result,
> il < llzllpllylly-
i=1

Now consider |(x,y)|. We argue as follows
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[(z,y)| = |Z iYil
=1

o
i=1
< [[zllpllyllg-
Thus, we have proved Holder’s inequality. O

Now, we can analyse our first example of a dual space.

Example 2.1.4. Assume p,q € R.; and i + 1 = 1. Consider the Banach
space [P. Then, the dual space of [P is [9. In other words,

(P)* = 12 = B(I”, R).

Proof. Define the map ¢ : [ — (IP)* by
o(y) = vy
In turn, the functional ¢, : [? — R is defined by
Yy(r) = (y, ) = ZWZ
i=1
Our aim is to show that the map ¢ is an isomorphism between (I)* and 19.
To show: (a) ¢ is a linear operator.
(b) ¢ is invertible.

(c) If y € 17 then {[o(y)[| = llyllq-

(a) Assume k € R, z € [” and a,b € 7. Assume a = (ay, as,...),
b= (b1,bs,...) and x = (21,22, ...).

To show: (aa) ¢(a + b) = ¢(a) + ¢(b).
(ab) ¢(ka) = ko(a).

(aa) Using the definition of ¢, we compute directly
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¢(a+b)(x) = Yasp(z) = (a + b,7)

i=1 =1 =1

= (a,2) + (b, z) = ta(x) + Pi(2) = ¢(a)(z) + P(b)(x).
Hence, ¢(a + b) = ¢(a) + ¢(b).

(ab) Once again, we compute directly

¢(ka)(z) = tra(x) = (ka,z)
= Z kaixi =k Z a;x;

— k(a,7) = kiba(z) = ko(a)(x).
Hence, ¢(ka) = ko(a).

(b) Define the map « : (I?)* — [ by

a(y) = (v(e), v(e2),--.)

Here, e; € [P denotes the sequence with a 1 in the i** position and zeros
elsewhere.

To show: (ba) If 7 € (1%)* then a(7) € I.
(bb) ¢(a(v)) () = y().

(be) a(o(y)) = y.

(ba) For n € Zo, let 2, = (£1), where

) _ JIv(en)l?/v(ex), if k <nand y(ex) # 0,
b 0, if K > n or y(ex) = 0.

We can write 2, = 3220, £ ey, so that v(z,) = 32°°, £™y(ex). From the
definition of £ ,g"),

cC

> g vlen) = Ivlen)|”.
k=1 k=1
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We bound ~(x,) above by

V(@n) < [ llllzall

= |Ili( Z\f 77

= ||v||<z|v<ek>|<q-l>p)%

= IS Ir(ew)]9)r.
k=1

In the above working, we used the fact that ]lj + é =1land (¢—1)p=gq.
Thus,

> en)l” < 1 e

Consequently,

1
Zh er)|)e < [lvl]-

Since this holds for arbitrary n € Z~qo, we can take the limit as n — oo to
obtain

le(Nlq = ||(7(61) Y(ez), - )llg
Zh 62 %

o N9)a < .
T}LI{}O(;W(@M o <yl < o0

Hence, () € 19. This means that the map « : (I?)* — 17 is well-defined.

(bb) Assume that © = (21, 22,...) € I? and y = (y1, Y2, ... ) € 19. Expanding
the LHS yields
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= 7(2 zie;) = ()

Hence, ¢ o a0 = 1(jp)=.

(bc) Once again, we compute directly

a(p(y)) = a(ty)

(Vy(er), Yylea), ... ) = ((y,e1), (y, €2),-..)
( ' yi(er), Zyi(eg)i, o)

= (y1,92,-..) =Y.

Subsequently, oo ¢ = 14.

(b) From parts (bb) and (bc), ¢ is invertible.
(c) Assume y € 9.

To show: (ca) [[o()ll = llyllq-

(cb) I < llylly-

(ca) We will show that there exists x € {? such that |, (z)| > ||z],]yll4

Assume y = (y1, ¥z, ... ). Define = € [P by

z = (sgn(yn)|y: "™, sgn(ya)lya|*", .. .).
Calculating ||z||, yields
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1
]l = lezlp z

_ 1
- <Z!sgn<yi>|y@-|q ey
Z’y ‘p(q 1 s — Z|y |pq1 1/q) %
1 1ya
= (Z|yz‘|q)” = (Z|yz‘|q)"X

i=1 i=1

= (lyll)% = (ll) 2 = (lyll)

Using the above, we now find [¢, ()] to be

=

[y (@) = > gl
i=1
= ‘Z sgn(ya)y: < [yl
i=1

= 1> _lyill = (lyllo)"
=1
= (Iylla)*" < llyllg = ll=llpllylly-

So, k(@] = ||lyll4, assuming = # 0. Taking the supremum of the LHS gives

|E4]PS

the following inequality

D@ o @

< sup
[zl az0 [l

Hence in this case, ||y, < ||lo(y)]|-

1ylle =

(cb) Using the norm of a functional and the definition of ¢, we obtain

I%( )l
o Tl

Assume z # 0. From Holder’s inequality, we obtain

le)ll = Iyl =
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[(y, @) < Nl=llpllyllg
[y ()] < ||x||p||y||q

o, =

Taking the supremum of both sides gives ||¢(y)|| < ||y]l4-
(c) Combining (ca) and (cb), we can conclude that ||¢(y)|| = ||y||,-

So, ¢ is an isomorphism and (IP)* = [9.

]

Example 2.1.5. Consider R" with the standard Euclidean norm. The dual

space of R™ is R™ itself. In other words, (R")* = R".

Proof. Assume that x = (21, %s,...,2,) € R". In a similar fashion to the

previous example, define the map 5 : R" — (R™)* by
Bx) = o

In turn, the functional ¢, : R™ — R is defined by

Ve((Y1, Y25 -+ -5 Yn)) = szyz

i=1

Let y = (Y1, .-, Yn). We will also use the notation ¢, (y) = (x,y).
To show: (a) § is a linear functional.
(b) B is invertible.

(¢) If z € R", then [|5(z)] = ||=]|.

(a) Assume k € R and a,b, z € R". Assume a = (ay,as,...), b= (b1, by, ...

and = = (21,22, ... ).

To show: (aa) f(a +b) = B(a) + 5(D).

(ab) S(ka) = kf(a).

(aa) Using the definition of 3, we compute directly
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Bla+b)(x) = Yats(z)
= (a+b,x)

= Z(ai + b;)x;
= Zazxz + Z b;x;

( ) + (b, >
:%( )+77Z)b( )
= B(a)(x) + B(b)(x).

Hence, f(a +b) = B(a) + B(b).
(ab) Once again, we compute directly

pka)(x) = Yra(x)
= (ka, x)

n
= Z ka,-:vl-
i=1
n
=k Z a;T;
i=1

— k(a,)
= k?i/}a(l‘)
— kB(a) ().

Therefore, 5(ka) = kB(a).
(b) Define the map ¢ : (R")* — R™ by

C(y) = (v(er),v(ea), - . -, v(en))

Here, {e1,e,...,e,} denotes the standard basis for R™.

To show: (ba) B(C(v))(x) = ~().

(bb) ¢(B(y)) = .
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(ba) Assume that x = (z1,29,...) € R" and y = (y1,92,...) € R™.
Expanding the LHS yields

Hence, o ( = 1(gn)-.

(bb) Once again, we compute directly

yi(el)i7 ce Z yi<€n)i)

17y27"'ayn>

< .

= (

Subsequently, ( o 8 = 1gn.
(b) Therefore, 8 is invertible.
(c) Assume y € R".

To show: (ca) [|B(y)] < llyll

(D) 18I = [lyll-
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(ca) Using the norm of a functional and the definition of /3, we obtain

T ——Cll

w20 |||

Assume x # 0. From Hélder’s inequality with p = ¢ = 2 (Cauchy-Schwarz
Inequality), we obtain

[y, 2)] < ll=ll[ly]]
[y ()] < [l |y
]

Taking the supremum of both sides gives us the desired inequality. Hence,

1B < llyll

(cb) To show: There exists € R™ such that |¢,(x)] > ||z||||y]]

Assume y = (y1,92,- .-, Yn). Set z = y. A calculation similar to part (ca) in
the previous theorem shows that
|ty ()] |4y ()]
lyll = =5 < sup——= = [|B(y)].
24 ——r

Therefore, in this particular case, ||5(y)|| > |ly]|-

(c) Consequently, [|3(y)]l = [lyl-

So, [ is an isomorphism and (R")* = R™. ]

The above example is particularly important and will reoccur in the
context of the Riesz representation theorem for Hilbert spaces. Due to
Theorem [1.2.7] R™ with the Euclidean inner product is the archetypal
example of a Hilbert space and every Hilbert space (over R or C) satisfies
the Riesz representation theorem — they are self-dual with respect to a
isomorphism similar in definition to 3 in the above example.

2.2 Embedding into the double dual

A particularly powerful application of the Hahn-Banach theorem is the fact
that a Banach space X embeds into its double dual (X*)*. The precise
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statement is given below.

Theorem 2.2.1 (Embedding into the double dual). Let X be a Banach
space. Define the map

E: X — (X
x — FE(z)

where E(x) is the map A — X(z). Then, E is an injective isometry.

Proof. Assume that X is a Banach space and E is the map defined as
above.

To show: (a) If x € X then E(z) € (X*)*.

(b) E is injective.

(c) E is an isometry.

(a) Assume that 2 € X. Then, the norm of E(z) is bounded above by
[E(z)]] = sup [A(x)] < sup [[Allflz]] = [l]-

[[All=1 [AlI=1

Therefore, E(z) is bounded. It is easy to check that E(z) is a linear
functional on X*. So, E(z) € (X*)*.

(b) Assume that x € ker E. Then, F(z) = 0 in X*. This means that if
A € X* then A(z) = 0. Hence, = 0 and E must be injective as a result.

(c) We already know from part (a) that if x € X then ||E(x)|| < ||z].
To show: (ca) ||z|| < [|[E(z)]].

(ca) By Theorem [2.1.6] there exists a functional ¢ € X* such that if x € X
then ¢(z) = ||z|| and ||¢|| = 1. Therefore,

IE(2)|| = sup [A(x)] > |¢(x)] = =]

[[All=1
From part (ca), we deduce that ||E(x)|| = ||z||. This shows that E is an
injective isometry from X to the double dual (X*)*. O

Theorem leads to an important definition.
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Definition 2.2.1. Let X be a Banach space. We say that X is reflexive if
the injective isometry X < (X™*)* is surjective and hence, bijective.

As we will see later, the Riesz representation theorem (see Theorem
provides us with examples of reflexive Banach spaces. We claim that the
sequence space /! is not reflexive. The argument we will make is based on
the notion of separability.

Definition 2.2.2. Let X be a Banach space. We say that X is separable
if there exists a countable dense subset D of X.

First, we will show that the dual of ¢! is (¢1)* = ¢>°. We know that the set
{ei | i € Z~o} forms a basis for /', where e; is the sequence with a 1 in the
i'" position and zeros elsewhere.

Define the map

In turn, ¢(v) is defined by

o(v) : o — C
(21, 29,...) — Y2 v

To show: (a) If v = (v, vq,...) € £ then ¢(v) € (£1)*.
(b) ¢ is a linear map.
(a) Assume that v = (vy,v,...) € £* and x = (z1,T9,...) € £'. We will

first show that ¢(v) is linear. Assume that y = (y1,4s,...) € ¢! and X € C.
Then,

and
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Hence, ¢(v) is a linear functional on ¢*. To see that ¢(v) is bounded, we
compute its operator norm directly as

[p(v)ll = sup [¢(v)(x)]

llzlli=1

= sup \Z 0|

llzlli=1

< sup Zh}zxz

lzlli=1%=3

< sup sup |U]‘Z|£L’z

leli=1j€Z>0 ~ 45
= sup [[vflsollzlls = [v]|o-
el =1

Since v € £, ||v]|o is finite. Hence, ||¢(v)]] < ||v]|oo < 00 and so, ¢(v) is
bounded. Therefore, we have proven that if v € £* then ¢(v) € (¢1)*.

(b) Assume that w = (wq,ws,...) € £*° and p € C. We compute directly
that if v = (z1,29,...) € ¢! then

o0

o(v+ w)(z) = Z(vZ + w;)x;

—Zlel—i-wal— )+¢( )()
and

S(uv)(w) =Y (noi);

=1

= MZ vir; = pd(v)(@).
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Therefore, ¢ must be a linear map.

In order to see that ¢ is invertible, we will define an explicit inverse for ¢.
Define

v (N — >
F —> (F(el),F(eg),...)

To show: (c) If F' € (¢')* then ¢(F) € £>°.

(d) F is linear.

(e) ¥ o ¢ = idse, where idy~ is the identity operator on £*.

(f) ¢ o = id(p), where id ()~ is the identity operator on (£')*.

(c) Assume that F € (¢!)*. By direct computation, we have

[0(F)]loo = sup |F(e:)]

l€Z>0

< sup [|[F[[eil[x

1€2Z>0
= [[F|| sup [le][x = [|F]]-

1€Z>0

Since ||F|| < oo because F is a bounded linear functional on ¢*, we deduce
that ||¢(F)|l« < 00. So, ¢¥(F) € €.

(d) Assume that G € (¢!)* and X € C. We compute directly that

1/)(F+G) = (F(el)aF(€2)7' : )+ (G(el)wG(62)7' . ) = ¢<F) +77/}(G)

and

B(NF) = (\F(er), A\F(ea),...) = M(F).

Consequently, 1 is linear.
(e) If v = (v1,vg,...) € £ then

V(d(v)) = (d(v)(e1), P(v)(e2), ... ) = (Vi,02,...) = 0.
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Hence, 1 o ¢ = idye.

f) Assume that F € (¢Y)*. If x = (x1,29,...) € ¢! then
(£) , T2,

P((F))(x) = o((F(er), Flez), .. .)) ()

o0

= F(e)w; = F(Z zie;) = F(x).

=1

Therefore, ¢ o ¢ = idg)-.

By combining parts (c), (d), (e) and (f), we deduce that 1) is the inverse of
¢. Finally, we will show that if v = (vy,v9,...) € £*° then |¢p(v)| = ||v]|0o-
We already know from part (a) that ||¢(v)]] < ||v]so-

To show: (g) ||v]lee < |l@(v)]].

(g) We know from part (c) that if F' € (¢')* then [[)(F)|/o < ||F]|. Since
d(v) € (£1)*, we have from part (e)

[0]lo = 19 (P(0))lloo < llD(V)]]

Consequently, we have [|¢(v)]| = ||v]co- S0, ¢ is an isometric isomorphism
between (¢!)* and ¢, establishing that the dual space of ¢! is (¢1)* = ¢>.

In order to show that ¢! is not reflexive, it suffices to prove that (£>°)* # (*.
We require two more results for this purpose.

Theorem 2.2.2 (Mapping to the distance). Let X be a normed vector
space and Z C X be a non-zero subspace of X. Let y € X and

d = inflly — 2.

Then, there exists a functional A € X* such that ||A|| <1, A(y) =d and
A(z)=0 for z € Z.

Proof. Assume that X is a normed vector space and Z C X be a non-zero
subspace of X. Assume that y € X\Z is non-zero and d € R is defined as
above.

We will first define a linear functional A" on the subspace span(y) + Z.
Define
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AN ospan(y)+ 2 — C
Mtz = Ayl

Then, A’ is a linear functional which satisfies A’(z) = 0 for all z € Z and
N (y) = |ly||. It is bounded because if Ay + z € span(y) + Z for A € C — {0}
then

Ay + 2 Ay
MUy Dl
Ay + 217 Ay + 2]
Al
Allly + 52l
Iyl < Iyl

T ly-Gl T d

Therefore, UA’ | < ”%H. Now we can apply Theorem [2.1.5|to obtain a
functional A € X* such that A|geny)+z = A and [|A[| = ||A]].

Now define the linear functional A € X* by A(z) = H%H]\(x) By the

construction of /~\, we have

d
lyll
On the subspace span(y) + Z, we have

d Iyl _

Al = —
Iyl d

IA]l <

d - d
Ay) = A y) = —AN(y) =d
Iyl Ifl
and if z € Z then
d - d
A(z) = —A(z) = —AN(z) =0.
Iyl [y

Recall that our proof that £%_ # ¢; is based on the notion of separability.
Specifically, we have the following theorem:

Theorem 2.2.3 (Separable dual space). Let X be a Banach space. If the
dual space X* is separable then X is separable.
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Proof. Assume that X is a Banach space and that X* is separable. Then,
there exists a countable dense subset {\, }rez., of X*.

Define a sequence {z,}nez., such that ||z,| =1 for all n € Z-(, and

Il
>\TL n Z .
M| 2 12

We can do this due to the definition of the operator norm.

Now define the set

K
D={> x| i € Qk € Zso},

=1

Since D is countable, it suffices to show that D is dense in X.

Suppose for the sake of contradiction that D is not dense in X. Then, there
exists y € X — D and a linear functional A € X* such that A(y) # 0, but
A(z) =0 for all z € D. The existence of A uses Theorem [2.2.2]

Since {\,} is a dense subset of X*, there exists a subsequence {\,, } such
that \,, — X as k — oco. By construction of the sequence {z,} in X, we
have

A= Anell = sup [(A = An, ) ()]

f[=]|=1

An
> (0= D) @) = Py ()] > A2l

2

where the second last equality follows from the fact that z,, € D. By taking
the limit as k& — oo, we deduce that since \,, — A, || An, || = 0 as k — oo.
Therefore, A = 0, which contradicts the fact that A(y) # 0. Hence, D is a
countable dense subset of X and X must be separable as required. O]

Using Theorem we will now prove that (£>°)* # ¢'. Suppose for the
sake of contradiction that ¢* = (£>°)*.

To show: (a) ¢! is separable.

(b) £ is not separable.
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(a) Define the set
D ={x=(x1,22,...) | z; € Q, there exists j € Z~q such that if i > j then z; = 0}.

Observe that the set D must also be countable. To see why this is the case,
write

D:UDj
J€Z>0

where

D; ={(z1,29,...,2;,0,0,...) |2, € Qforie{1,2,...,5}}.

Since Q is countable, D; must be countable for j € Z-,. Since D is a
countable union of countable sets, it must be countable as a result.

We will show that D is a dense subset of

(MR) = {z = (21,29,...) € L' | 7, € R} C ¢,

Assume that z = (21,19, ...) € {}(R). Fori € Z+, x; € R. Since Q is dense
in R, there exists a sequence {g; ;}jez., in Q such that ¢; ; — z; as j — oc.

This propels us to define the sequences

Qi = (ql,iv q2,iy s Qi—1,i5Giis 07 07 s )

for i € Zso. Then, {Q;}icz., is a sequence in the set D. To see that it
converges to x, assume that € € R.. Since the sequence of partial sums
{Z§:1|xj‘}kez>o converges to ||z]|; < oo, there exists N’ € Z~( such that if
i > N’ then

3 el <
L LT
Jj=t+1
Now fix o € Z~. For each j € {1,2,..., o} there exists N; € Z- such that
if i > N; then

€
75 — qjur| < %0

Now let N = max(Ny,...,N,). If i > N then we have from the previous
inequality that
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lz; — qji] < i forall  je{l,2,...,a}.
Let M = max(N,N’). If i > M then we choose a > ¢’ so that

oo
|z — Qullr = Z%‘ — |

_Z‘% qu""Z’xJ‘
j=i'+1
<Z—+— —,+§ S5

Therefore, the sequence {Q;}icz., in D converges to x € ¢*(R). This shows
that D is a countable dense subset of ¢}(R).

Notice that we can write

0" = ('(R) + il (R).

where the sequences in i¢' (R) are of the form (iyi, iys, ... ), where y; € R

for j € Z~o. Since D is dense in (*(R), iD is a countable dense subset of
il*(R). So, the set

D +1D
is a countable dense subset of ¢'. Therefore, ¢! is separable.

(b) Let I C Z~. Define the sequence e; by

1, ifiel
(er)i = e
0, ift &1.

The sequence ey € £*° because

lerllsc = sup |(er)i] = 1.

Z€Z>0

If I and J are distinct subsets of Z~ then

ler — eslloe = sup [(er); — (es)i| = 1.
Z€Z>0
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This means that the open balls B(ey, 5) and B(ey, 5) are disjoint whenever
I # J. Here,

1 1
Bler, 5) =1z € £ | |lz —erl] < 5}

Now define B = {B(er,3) | I C Zso}-
To show: (ba) B is uncountable.

(ba) For every I C Z-q, e; is a sequence of zeros and ones. Each sequence
of zeros and ones corresponds to the binary representation of some real
number in (0, 1]. For instance, the sequence (1,0,0,...) corresponds to

% € (0, 1] because the binary representation of % is 0.1. The bijection is
given explicitly by

¢: (0,1] — B
roo— B(el,%)

where ey is the sequence of zeros and ones corresponding to the binary
representation of r. Since ¢ defines a bijection between the sets (0, 1] and B
and (0, 1] is uncountable, we deduce that B is also an uncountable set.

(b) Now suppose that S is a dense subset of . If A € S then there exists
I C Zg such that A € B(ey, 3) because S is dense in ¢>. Since the
elements of B are all disjoint, every element of S must be contained in
exactly one of the open balls in B. Since B is uncountable, S must also be
uncountable and hence, /> is not separable.

Since ¢! = (£>°)* by assumption and ¢! is separable by part (a), we can
apply Theorem to deduce that ¢ is separable. However, this
contradicts the finding that ¢* is not separable in part (b). Therefore,
(t # (0°°)* and ! is not a reflexive Banach space as required.

2.3 Weak Convergence

Let X be a normed vector space. In this section, we will introduce the
notion of weak convergence. This concept of convergence utilises bounded
linear functionals on X, reinforcing the need to study dual spaces alongside
normed vector spaces.
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In order to distinguish weak convergence from our usual definition of
convergence, we will call the latter strong convergence.

Definition 2.3.1. Let X be a normed vector space and let {x,},>1 be a
sequence of points in X. We say that {z,} is strongly convergent if
there exists a z € X such that

lim ||z, — x| = 0.
n—oo
Now, contrast this definition with weak convergence below:

Definition 2.3.2. Let X be a normed vector space and let {z,},>; be a
sequence of points in X. We say that {z,,} is weakly convergent if there
exists a x € X such that for all f € X*,

lim f(z,) = f(z).

n—o0

For weak convergence, we write x, — x. We call x the weak limit of {z,}
and that {z,} converges weakly to x.

Upon seeing both of these definitions, a sensible inquiry would be about the
relationship between strong convergence and weak convergence. Our first
step towards analysing this question is the following theorem:

Theorem 2.3.1. Let X be a normed vector space and let {x,} be a
sequence of points in X. If {x,} is strongly convergent, then it is weakly
convergent.

Proof. Assume that {z,} is a sequence in X which is strongly convergent.
Then, there exists a x € X such that

lim ||z, — x| = 0.
n—oo
To show: (a) For all f € X*, lim, . f(z,) = f(2).

(a) Assume that f € X*. Then,

lim | f(2n) = f(2)] < lim sup|[f(zn) — f(2)]

n—00 00 4 A
— lim sup |f(za) = f@)] iz — 2
n_)oox'rL?éx H'xn - 'TH
— tim [ll7 - o]

= 0.
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Hence, for all f € X*, lim, o |f(x,) — f(z)| = 0 since the LHS is greater
than or equal to zero. As a result, lim,, . f(z,) = f(z). Therefore, {z,} is
weakly convergent.

[]

In general, weak convergence does not imply strong convergence. However,
there is one particularly important case where weak convergence and strong
convergence are equivalent. The next theorem also explains why the
concept of weak convergence does not appear in real-valued calculus.

Theorem 2.3.2. Let X be a finite dimensional normed vector space
and let {x,} be a sequence of points in X. Then, if {x,} is weakly
convergent, then {x,} is also strongly convergent.

Proof. Assume that X is a finite dimensional normed vector space,
dim X =n and {z,} is a sequence in X which is weakly convergent. Then,
there exists a x € X such that for all f € X*,

lim f(x,) = f(x).

n—0o0

To show: (a) lim,, ||z, — x|| = 0.

(a) Let {e1,...,e,} be a basis for X. Then, x,, and = can be expressed as a

linear combination of these basis vectors. We write x, = > a{e; and

i=1"
r=> " ae;. Assume i € {1,...,n}. Define g; € X* by

(@) 1 ifi=j,
i\€j) =
i\ 0 ifij.

) and gj(x) = a;. Since, {z,} is weakly
(n)

J

n

Then, for j < n, g;(v,) = a§~

convergent, lim,_, g;(z,) = g;(z). So, lim,_,o a;"” = a;. Using this piece

of information, we now calculate ||z, — x||.

lzn — 2l = Y (0™ — a;)eil|
=1

< Z|a§n) —a;l|lei]]  (Triangle Inequality)
i=1
— 0 as n — 00.

So, lim, o0 ||z, — z|| = 0. Hence, {x,} is strongly convergent. ]
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These two results demonstrate that weak convergence is a more general
form of strong convergence; the idea of convergence that we are most used
to. Note that in the Banach space !, strong convergence and weak
convergence are equivalent, despite the fact that ! is infinite dimensional
(see [EKTS, Page 260]).

Theorem 2.3.3. Let X be a normed vector space and let {x,} be a
sequence of points in X. Assume x,, — x. Then, the weak limit x is unique.

Proof. Assume X is a normed vector space and {x,} is a sequence of points
in X. Suppose for the sake of contradiction that the weak limit x of the
sequence {x,} is not unique. Then, there exists z,y € X such that = # y,
x, — z and x, — y. So, for all f € X* lim,_, f(z,) = f(z) and

lim,, o f(x,) = f(y). Therefore, f(x) = f(y) for all f € X* because limits

are unique in R.

However, we also know that there exists a linear functional ¢ € X* such
that ¢(z) # ¢(y) because x # y (see Theorem [2.1.7). This contradicts the
fact that f(z) = f(y) for all f € X*. So, the weak limit z must be

unique. ]

Theorem 2.3.4. Let X be a normed vector space and let {x,} be a
sequence of points in X. Assume x, — x. Then, every subsequence {x,, }
of {x,} converges weakly to x.

Proof. Assume that {z,} is a sequence of points in the normed vector space
X. Assume that {z,} converges weakly to x € X. Then, for all f € X*
lim,, o f(x,) = f(x). This means that the real-valued sequence {f(z,)} is
convergent. Since it is convergent, it must also be a Cauchy sequence and
hence, bounded. In turn, since {f(z,)} was established to be bounded, it
must have a subsequence { f(z,, )}, which converges to f(z), by the
Bolzano-Weierstrass theorem. Hence, for all f € X~

lim f(z,,)= f(z).

n—oo

So, every subsequence {z,, } of {z,} converges weakly to . O

Theorem 2.3.5. Let X be a normed vector space and let {x,} be a
sequence of points in X. Assume x, — x. Then, the sequence {||x,||} is
bounded.

Proof. Assume that {z,} is a sequence of points in the normed vector space
X. Assume that {z,} converges weakly to z € X. Due to the completeness
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of R, it suffices to show that the real-valued sequence {||z,||} is convergent
because a convergent sequence in R is necessarily Cauchy and as a
consequence of this, a Cauchy sequence must be bounded.

To show: (a) {||z,||} is convergent.

(a) Since {x,} converges weakly to x € X, we know that for all f € X*,
lim, o f(x,) = f(x). However, we also know that there exists a linear
functional ¢ € X* such that ||¢]| =1 and ¢(x) = ||z||. So,

lim,, o ¢(x,) = ¢(x), which simply means that

Jim | = [1«]|

Therefore from the above, the real-valued sequence {||x,||} is
convergent. L]

It turns out that the concept of weak convergence has important
applications to the calculus of variations and the theory of partial
differential equations. In this section, we have covered some of the basic
properties of weak convergence. However, we will have to develop some
more theory before we are able to learn deeper results about weak
convergence and dual spaces. The main purpose of this chapter is to
accentuate why it is important for one to study dual spaces alongside
normed vector spaces. Weak convergence will reappear in the context of
Hilbert spaces, the main subject of the next chapter.
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Chapter 3

Hilbert Spaces

3.1 Definition and Examples

An appropriate analogy pertaining to Hilbert spaces is: ”Banach space is to
normed vector space as Hilbert space is to inner product space”. Hilbert
spaces are extremely important to certain areas of study, such as quantum
physics and Fourier analysis. This is partly due to the numerous deep
theorems associated with Hilbert spaces, some of which we shall explore in
this chapter. Of course, we will first begin with the definition of a Hilbert
space.

Definition 3.1.1. An inner product space H is a vector space over a
field K = R or C, equipped with a bilinear map (-,-) : H x H — K which
satisfies the following properties:

1. For all z,y € H, (z,y) = (y,z) (Skew Symmetry)
2. For all z,y € H and a € K, (az,y) = a(z,y) (Scalar Multiplication)
3. Forall z,y,z € H, (x +y,2) = (x,2) + (v, z) (Linearity)

4. For all x € H, (z,z) > 0, with equality holding if and only if x = 0.
(Positive Definiteness)

A short application of these axioms reveal these two particular properties of
the inner product. For all z,y,z € H and a € K, (x,y + 2) = (x,y) + (z, 2)
and (z,ay) = a(z,y).

Definition 3.1.2. Assume that H is an inner product space and that
x € H. We define the norm of an inner product space H to be

2]l =/ (z, 2).
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Definition 3.1.3. Assume that H is an inner product space. Then, H is
called a Hilbert space if it is complete with respect to the norm induced
by the inner product.

Before we launch into some examples of Hilbert spaces, we will prove some
important results relating to the norm of a Hilbert space.

Theorem 3.1.1 (Cauchy-Schwarz Inequality). Assume H is an inner
product space and x,y € H. Then,

[z, )] < [l [lflyll-

Proof. Assume H is an inner product space and that x,y € H.
To show: (a) ||z|]*[ly[|* — [{z,y)[* = 0.

(a) Consider (z + ay, x + ay) for some scalar o € K. Expanding this
expression yields

(@ +ay,z +ay) = |lz|* + a(z,y) + aly, 2) + [a|y]* = 0.

Select o = — Tlf/ ﬁ’g Substituting this into the above, one obtains the

inequality

(1 = 21, ) [/ Iy I + [, ) 2/ llyll* > 0.

So, ||z]|* = [{z, y)|*/||y||* > 0. Finally, multiplying both sides of the
inequality by ||y||? gives us the desired inequality. ]

Theorem 3.1.2 (Minkowski Inequality). Assume H is an inner product
space and x,y € H. Then,

2+ yll < ll=ll + llyll-

Proof. Assume H is an inner product space and that x,y € H.
To show: (a) [z +y|* < (=l + [[y[)*

(a) Starting with the LHS, we compute
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o +ylI* = (& +y,2 +y)
= (z,2) + (z,y) + (¥, 2) + (v, y)
= [lz]* + lyl* + ((z,y) + (y,2))
= [l=[* + [[ylI* + ({2, y) + (2, 9))
= [lz]1* + llyll* + 2Re((z, y))
< lz]* + [lyl1? + 2|(z, )|
< |l=|I* + llyll* + 2]|=]/|ly]] (Cauchy-Schwarz Inequality)

= (fl=ll + lyl)*.
O
Theorem 3.1.3 (Parallelogram Identity). Assume H is an inner product
space and x,y € H. Then,
2+ yll* + llz = yll* = 2|z ]* + [ly[I*).
Proof. Assume H is an inner product space and z,y € H. Expanding the
LHS yields
o+ yl* + llz = y* = (@ +y, 2+ y) + (& —y.x —y)
= 2([l2l” + lyl1*) + {z, 9) + (g 2) — (@, y) = (y. 2)
= 2([lz]* + lly[I*)
O

Definition 3.1.4. Assume H is an inner product space and =,y € H.
Then, x and y are said to be orthogonal if (z,y) = 0.

Theorem 3.1.4 (Pythagoras Theorem). Assume H is an inner product
space and x,y € H. Assume x and y are orthogonal. Then,

(1 + llyll* = llz + yll*

Proof. Assume H is an inner product space and z,y € H. Assume z and y
are orthogonal. Once again, we expand the LHS to get

1 + llyll* =



Here are some examples of Hilbert spaces.

Example 3.1.1. Let H = R". Equip H with the standard dot product

<(l‘1, oo 71:”)7 (yb . 7yn)> = Z«rzyz

Then, R™ is a Hilbert space.

Example 3.1.2. Let H = C". Equip H with the standard complex dot
product

<(ZE1, cee 7In)7 (y17 ce 7yn)> = szE

Then, C" is a Hilbert space.

Example 3.1.3. Let H = [2. We equip H with the inner product

<($1,ZE2, v )7 (yl,?ﬁ, cee )) = szyz

Then, [? is a Hilbert space.

Example 3.1.4. Let H = L?(2), where  is an open subset of R. We
equip H with the inner product

(f(2), g(x)) = / f(2)g(z) dz
Then, L?() is a Hilbert space.

For the last two examples, it is reasonable for one to ask whether I? and
LP(Q2) are Hilbert spaces when p # 2. We do know that {? and LP(2) are
Banach spaces where 1 < p < 0o. Does this necessarily mean that they are
all Hilbert spaces? This will be addressed in the next two theorems.

Theorem 3.1.5. If p # 2, then [P is not a Hilbert space.

Proof. Suppose for the sake of contradiction that [P is a Hilbert space when
p # 2. Then, [P must satisfy the parallelogram identity (3.1.3)).
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To show: (a) There exists a x,y € [ such that
lz+yll* + lle = yl* # 2l + [lyl*).

(a) Define z = (1,1,0,0,0,...) and y = (—1,1,0,0,0,...). Clearly,

z,y € [P. Utilising the norm of [?, we calculate ||z + y|| = ||z — y|| = 2 and
lz|| = ||y|| = 2'/7. Substituting all of this into the parallelogram identity,
one obtains

444 =2(2Yr 4 21/P),

This simplifies to 2 = 2%/7. This can only be true if p = 2. However, we
have assumed that p # 2. This is a contradiction. Therefore, the
parallelogram identity (3.1.3) does not holds for p # 2.

Hence, [P is not a Hilbert space when p # 2.

Theorem 3.1.6. Assume that Q) is an open subset of R. If p # 2, then
LP(Q2) is not a Hilbert space.

Proof. Assume that €) is an open subset of R. Suppose for the sake of
contradiction that LP(£2) is a Hilbert space when p # 2. Then, LP({2) must
satisfy the parallelogram identity.

To show: (a) There exists a f,g € LP(Q2) such that
1f =+ gl + 1f = gli® # 20111 + lgll?)-

(a) Assume 2 = (a,b). Define the simple function f(z) on (a,b) by
. 2(b—a
fa) = ()P ifx e (.a,a + 20oa)y
0 otherwise.
Similarly, we define the simple function g(x) on (a,b) by

—(Z)MP ifx € (a,a+ D),
o) =3 ) ifre (a+ 5 a+ 250,
0 otherwise.

Now, we compute the norms of f, g, f + ¢ and f — g below.
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b
1l = ( / P day/e

a

a+2(b—a)/3 3 ) )
—([ G o

a+2(b—a)/3 3
= (/ ; dx)l/p

—a
= 2/,

b
lall = ( / gl? da)/?

(/a+(b—a)/3| ( 3 )1/ | a+2(b—a)/3|( 3 )1/ | )1/
— _ PIP da + / PP o)\ H/P
a b—a a+(b—a)/3 b—a

a+2(b—a)/3 3 Y
_ da) /P
( / T

= 2P,

b
1+l = / 1+ gl da)lo

a+2(b—a)/3 3
= (/ |2(_)1/p|p dx>1/p

+(b—a)/3 b—a
a+2(b—a)/3 3
([ B
a+(b—a)/3 b—a

=2

b
1 —gll = / 1 — giP da)!/?

a+(b—a)/3 3 Y Y
- ) PP qg) /P
T e an

a+(b—a)/3 3
[

—a
2.

In a similar vein to the previous theorem, we find that the parallelogram
identity is only satisfied if p = 2. However, we have assumed that p # 2.
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This is a contradiction.

Hence, L?(Q)) is not a Hilbert space for p # 2. O

3.2 Orthogonality

Let V be a finite dimensional inner product space and W C V be a
subspace. We know that V is a direct sum of W and W+, where W+ is the
orthogonal complement of W. The question that we will explore in this
section is whether this decomposition holds more generally for infinite
dimensional Hilbert spaces. First, we require some definitions.

Definition 3.2.1. Let X be a set of vectors from a Hilbert space H.
Consider the subspace span(X) C H. The space generated by X, which
we denote by V, is defined by V' = span(X).

Definition 3.2.2. Let X be a set of vectors from a Hilbert space H. The
set X is called total if for all h € H, there exists a sequence {z,} with
x, € span(X) for all n € Z~g, such that

|z, —h|| — 0 asn — oco.

Definition 3.2.3. Assume that X is a subset of the Hilbert space H. Then,
the subset X is called the orthogonal subspace of X and is defined by

X+ ={h € H such that (h,z) =0 for all z € X}.

This definition is no different to that of the orthogonal complement of a
subspace of a finite dimensional inner product space.

Theorem 3.2.1. Assume that X is a subset of the Hilbert space H. Then,
the subspace X+ is closed.

Proof. Assume that X is a subset of the Hilbert space H.

To show: (a) X+ C X+,

(b) X+ c x*.

(a) Assume w € X*. Consider the constant sequence {w,} = (w,w,w,...).

This is a sequence in X L which converges to w. As a consequence of [1.2.2]
we XL So, X+ C XL
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(b) Assume w € X+. Then, from [1.2.2, there exists a sequence {w,} with
w, € X* for all n € Z~q such that w,, — w as n — oo.

To show: (ba) For all z € X, (w,z) =0

(ba) Starting with the expression (w,x) for all z € X, we argue as follows

(w, ) = (W — wy, + Wy, T)
= (W — Wy, ) + (Wy, T)

= (w — wy, ) since w, € X*.
Asn — 0o, (w,z) = (0,z) = 0. Therefore, w € X* and so, X+ C X+,
Subsequently, X+ = X L. Hence, X+ is closed. O

Now, we will investigate orthogonal projections onto closed subspaces of H.

Theorem 3.2.2. Let H be a Hilbert space and V' be a closed subspace of H.
Then, H =V @©V=+. In other words, for allz € H, x =y + z, wherey € V
15 the unique point in V- which has minimal distance from x. Similarly,

2z € V* is the unique point in V- which has minimal distance from x.

Proof. Assume that H is a Hilbert space and V is a closed subspace of H.

To show: (a) There exists a point y € V' such that y has minimal distance
from .

(b) The point y is unique.

(c) There exists a point z € V+ such that z has minimal distance from .
(d) The point z is unique.

(e) z=y+z.

(a) Assume that = € H. Define

a=d(zV)=inf{||lz —v| |veV}.

Observe that there exists a sequence {y,,} in V' such that
lim,, oo ||z — yu|| = .
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To show: (aa) The sequence {y,} is Cauchy.

(aa) We will utilise the parallelogram identity (3.1.3)) for this. For all
u,v € H,

I+ vl + flu = ol* = 2([Jul® + [lv]*).

Select u = x — vy, and v = x — y,,, in order to obtain

122 = Yo = Yumll* + 1y — yll* = 2(ll2 = all* + |2 = yal®).

This can be rearranged in order to get

Ym + Yn
ym = yall® = 2(lz = yall* + 1z = ymll*) — 4llz = ( 5 )%

From the definition of infimum and the fact that (y,, +v,)/2 € V, we know
that

Ym + Yn
e

L) 2 o2

Using supremums, we have

Ym + Yn

SUp [|Ym — ynll> = 2(sup ||z — ya||* + sup |z — ym||*) — 4sup ||z — (—2 |12
. Ym + Un

< 2(sup ||z — yl|* + sup |2 — ym||?) — 4inf ||z — (==— |17

IN

2
2(a® + a?) — 4a?
0

Taking limits of both sides as m — oo and n — oo, we obtain
limyy, oo ||Ym — Ynl| = 0. Hence, the sequence {y,} is Cauchy.

(a) Since V is a closed subspace of H, it is complete. Furthermore, the
sequence {y,} is Cauchy. So, {y,} must converge to (say) y € V. Hence,
there exists a y € V such that ||z —y|| = «.

(b) Assume that there exists ¥’ € V such that ||z —¢/|| = a.

To show: (ba) ||y — ¢'|| = 0.

(ba) In the parallelogram identity, select u = z —y and v = & — ¢/ in order
to obtain
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/

y+ty

ly = /1> =2(|lz — ylI”> + |z — ¥/'||*) — 4]jz — ( )17

2
Once again, since (y +vy')/2 €V,
y+y
o= (L) > a2
So,
y+y
ly = 'I1* = 2(lz = yl* + llz = ¢'II°) = 4lle = (F5)I°
+ /
=2+ %) —4flz — ()P
< 4a? — 402
= 0.

Therefore, ||y — /|| = 0 and so, y = y/.
(b) This demonstrates that y is unique.
(c) Define z = = — y.

To show: (ca) z € V+.

(cb) z has minimal distance from z.

(ca) Assume v € V. Consider the expression ||z — (y + Av)||?, where A € R.
Expanding this using the inner product, we get

lz = (y + X0)I* = [l& = ylI* + AP[lv]]* + 2Refz — y, Av).

Due to the definition of y, the LHS attains a unique minimum when A = 0.
So, differentiating the RHS with respect to the variable A yields

2\ [[0]1* + 2Re(z — y, v).
This is equal to zero when A = 0. As a result, Re(z —y,v) =0 for allv € V.

If H is a complex Hilbert space, then we observe that

Im(z —y,v) = Re(x — y,iv).
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Thus, Im(z — y,v) = 0 because Re(z —y,v) =0 for all v € V. So, in either
case where K =R or K = C, we have (z —y,v) =0 for all v € V. So,
z=x—-yecVt

(cb) This follows from the fact that y is the point of minimal distance from
xin V.

(d) Define 2/ =2 —y' € V*.
/

To show: (da) y =/’

(da) Similarly to before, we proceed as follows

ly—=vIP=w—v.y—v)

=y-v2—y)—ly—v,z—vy)
= <y - y/7zl> - <y - y/a Z>
=0 sincey,y € V.
Hence, ||y — %/|| = 0 and so, y = ¢'. Therefore, the point z is unique.

(e) y+ 2z =y +x —y==x. Note that z is arbitrary. So, this decomposition
works for all z € H. O

We will use Theorem to prove various properties about the orthogonal
complement.

Theorem 3.2.3. Let H be a Hilbert space.

(a) If S is a subspace of H then S C (S+)+.

(b) If S1, Sy are subspaces of H and S; C Sy then Sy C Si.
(c) If S is a closed subspace of H then S = (S*)+.

(d) If S is a subspace of H, then S = (S*+)*.

Proof. Assume that H is a Hilbert space.

(a) Assume that S is a subspace of H and that s € S. If t € S+ then
(s,t) =0. So, s € (S+)* and S C (S+)*+.
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(b) Assume that S, Sy are subspaces of H such that S; C S;. Then,

Sy ={r € H| (x,v) =0forvec Sy}
C{re H|(z,v)=0forve S}
st

(c) Assume that S is a closed subspace of H. Then, by Theorem [3.2.2]

H =S ®St. We already have S C (S*)* by part (a). It suffices to prove
the reverse inclusion. Assume that z € (S*)t. Then, z = y + 2 where

y € Sandze St

To show: (ca) z = 0.
(ca) Since x € (S*)* and 2z € S+, (x,2) = 0. But,

(@,2) = (y,2) + |2l* = ||| = 0.
Thus, z =0 and x =y € S. Hence, (S*)* C S and S = (S+)*.

(d) Assume that S is a subspace of H. Then, S C S. Applying part (b)

twice, we deduce that (S+)* C (§7)*. Since S is a closed subspace of H,

(?L)l = S from part (c). Thus, (S+)* C S.

Now observe that from part (a), S C (S1)L = (S*)*. The last equality
follows from the fact that (S*)* is a closed subspace of H. So, S = (S+)*
as required. O

In the context of Theorem [3.2.2] we define the projection operators
Py:H —Vand Py : H— V+t by

Py(z) =y and Py.(x) = z.

Theorem 3.2.4. The projection operators are linear, continuous operators
with norm less than or equal to 1.

Proof. Assume z,2’ € H and a,b € K.
To show: (a) Py(azx + bz') = aPy(z) 4+ bPy(2').

(b) Pyi(ax +ba') = aPy.(x) + bPy o (2)).
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(o) I1Pv] <1.
(d) [[Pye]f < 1.
(a) Assume Py (z) =y and Py (2') = y'. Then,

Py(az + bx') = ay + by’ = aPy(z) + bPy(2).

Hence, Py is linear.
(b) Assume Py (z) = z and Py (2') = 2’. Then,

Pyi(ax 4 bx') = az + bz’ = aPyi(z) + bPyo(2)).

Hence, Py . is linear.
(c) We know that

17l = sup 1P ()] = sup ]

However, we also know from Pythagoras’s theorem that

1Py (@)1 + 1 Py (2)]* = |||
Setting ||z|| = 1, we obtain the inequality ||Py || < 1.

(d) Setting ||z|| = 1, we also obtain the inequality [|Py 1| < 1.

Parts (¢) and (d) prove that the projection operators are bounded. Hence,
they are also continuous. O

We are able to characterise projection operators on a Hilbert space by its
specific properties. The first property integral to this goal is that if H is a
Hilbert space and S is a closed subspace of H, then the projection operator
Ps onto S must satisfy P2 = Ps. This is a consequence of .

The second defining property of projection operators is that they are
self-dual with respect to the inner product on H.

Lemma 3.2.5. Let H be a Hilbert space and S be a closed subspace of H.
Let Ps : H — S be the projection operator onto S. Then, Ps is equal to its
adjoint P§. That is, for all x,y € H, (Ps(z),y) = (x, Ps(y)).
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Proof. Assume that H is a Hilbert space and S is a closed subspace of S.
Assume that Pgs is the projection operator from H onto S. Applying [3.3.1]
the adjoint operator P§ admits the following definition:

pPg:.S*— H*

(= 5) = (Ps(—),s)
By definition of the adjoint and the decomposition H = S @& S (see [3.2.2),
we have for all s € S,

(z,5) = (Ps() + Pgr(x),5) = (Ps(x),5) = (z, P5(s)).

Therefore, P§(s) = s for all s € S since the above holds for all x € H.
Another useful observation one makes about the adjoint operator Pg is that
its kernel is

ker(P%) = [im(Ps)]*t = S*.

One can check this directly from the definitions:

ker(Pg) = {x € H | P§(x) =0}
={xe H|(Pix),y)=0foralye H}
={re H|(z,Ps(y)) =0forally e H}
= St

Using the above fact, we must have for all x € H,

Pg(x) = Pg(s +s') = Pg(s) + Pg(s') = s
where x = s + s’ with s € S and s’ € S*. This reveals that the projection
operator is self-adjoint. O]

Here is the promised characterisation of projection operators.

Theorem 3.2.6. Let H be a Hilbert space and P : H — H be a bounded,
linear operator which satisfies P> = P and P* = P. Then, P is the
projection operator onto the closed subspace im(P).

Proof. Assume that H is a Hilbert space and P : H — H is a bounded
linear operator which satisfies P2 = P and P* = P. The first part of the
proof is to show that the image im(P) is a closed subspace of H.
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To show: (a) The image im(P) is closed.

(a) Let I : H — H denote the identity operator on H. Consider the
operator I — P : H — H. We observe that I — P satisfies the same
properties as P. This is because

(I-P?=I*-P-P+P°=[-P-P+P=1-P
and for all z,y € H,

Furthermore, im(P) = ker(I — P). To see why this is the case, suppose that
P(z) € im(P). Then, (I — P)(Pz) = Pz — P*x =0. So, P(z) € ker(I — P)
for all z € H and therefore, im(P) C ker(I — P).

Conversely, suppose that y € ker(I — P). Then, (I — P)y =0 and
consequently, P(y) = y. Hence, y € im(P) and as a result,

ker(I — P) C im(P). Therefore, ker(I — P) = im(P). Since ker(/ — P) is a
closed subspace of H, im(P) must also be closed as required.

We showed in part (a) that I — P satisfies the same properties as P. Hence,
we can apply the result of part (a), but to the operator I — P. So,
im(I — P) = ker P = [im(P)]*. Now assume that x € H. Then,

r = P(x)+ (x — P(x))

where P(x) € im(P) and z — P(x) € im(I — P) = [im(P)]*. Thus, P is the
projection operator onto the closed subspace im(P), which completes the
proof. O]

3.3 Riesz Representation of Linear
Functionals
The Riesz representation theorem establishes an important result about

Hilbert spaces and their corresponding dual spaces. It roughly states that
there is a type of isomorphism between Hilbert spaces and their duals.
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Theorem 3.3.1. (Riesz Representation Theorem): Let H be a Hilbert space
and H* be the corresponding dual space. Define the map v : H — H* by

(z) = 9"
In turn, the map ¢* : H — K is defined by

" (y) = (Y, 7).

Then, for all x € H, the map ¢ is a continuous linear functional.

Additionally, let the map y — Ay be a continuous linear functional. Then,
there exists a unique element ¢ € H such that Ay = (y,c) for ally € H.

Proof. Assume that H is a Hilbert space and x,y,z € H. Assume that
a,b € K. Assume that H* is the dual space of H. Assume that the map
y — Ay is a continuous linear functional.

To show: (a) The functional ¢* is linear.
(b) The functional ¢* is bounded.
(c) There exists a unique element ¢ € H such that Ay = (y,a) for all y € H.

(a) This is a straightforward application of the linearity of the inner
product.

¢*(ay + bz) = (ay + bz, )
= a(y,z) + b(z,x)
= ag®(y) + bo*(2).

Hence, ¢* is linear.

(b) We argue as follows

[67] = sup 6" (y)]

lyll=1

= sup |(y, )|
lyll=1

< sup ||z|||ly]] (Cauchy-Schwarz Inequality)
lyll=1

= |||

< oQ.
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Hence, ¢” is bounded. By [1.3.2] it is continuous. Consequently, ¢* is a
linear, continuous functional.

(c) Observe that if A =0, then we can set ¢ = 0 and the assertion follows.
So, assume A # 0. Then, consider the closed subspace ker(A) # H and its
orthogonal complement

(ker(A))* = {h € H such that (h,z) = 0 for all x € ker(A)}.
Assume that vy, vy € (ker(A))*+.

To show: (ca) There exists a A € K such that A\v; = vs.

(ca) Consider the scalars Avy, Avy € K. Then, there exists a non-zero

A € K such that AAv; = Av,. Using the linearity of the functional A, we
obtain A(Av; —vy) = 0. So, Av; — vy € ker(A). However, we also know that
vy — vy € (ker(A))t. Therefore, \v; — vy € ker(A) N (ker(A))*.

To show: (caa) If V and V+ are subspaces of H, then V N VL = {0}.

(caa) Assume that z € V and x € V+. Then, from the definition of V*, we
have

(x,x) =0
From positive definiteness, z = 0. Hence, V N V+ = {0}.

(ca) Since, ker(A) N (ker(A))*+ = {0}, vy — vg = 0, which proves the

assertion.

Part (ca) establishes that (ker(A))* is a one-dimensional closed subspace of
H. Now we choose any non-zero h € (ker(A))*t. Define ¢ = %h, where

Ah
(hy )’

KR =

Then, we have

Ah = k(h,h) = (h,&h) = (h,c) % 0.

We know from the previous theorem that H = ker(A) & (ker(A))*. Using
this, we write y as

Y = Prer(ay(y) + ah  where a € K.
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Finally, we consider Ay.

Therefore, there exists a unique element ¢ € H such that Ay = (y, a) for all

y e H. O
What else can we say about the map 7 During the proof of the Riesz
representation theorem, we showed that [[¢(z)|| = ||¢”]| = ||z||. In other
words, the map 9 is an isometry (distance preserving). As a consequence of
this, we also know that ||| = 1 because

[0l = sup ()] = sup [[6°]| = sup ||| = 1.
[[zf|=1 [|z]|=1 [|=]|=1

Theorem 3.3.2. The map v s a bijection.

Proof. To show: (a) 1 is injective.
(b) v is surjective.

(a) Assume that ¢ (z) = ¥ (y). Assume that z # 0. Then, ¢*(z) = ¢¥(2).
So, (z,x) = (z,y). Using linearity, we obtain

(z,z —y)=0.

Since z was assumed to not be zero, x — y = 0. Hence, ® is injective.
(b) Assume that g € H*.
To show: (ba) There exists a x € H such that ¢ (z) = 5.

(ba) From the Riesz representation theorem, we know that there exists a
¢ € H such that
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By = (y,c).

However, (y,c) = ¢°(y) = ¥ (c)(y). Hence, ¢(c)(y) = fy. Subsequently,
B =1(c). So, there exists a x € H such that (z) = 5.

(b) Therefore, 1) is surjective.

Finally, since v is both injective and surjective, it must be bijective.

Definition 3.3.1. Let X and Y be normed vector spaces over a field K.
Let A : X — Y be an operator. We say that A is skew-linear if for all
xr1,r9 € X and a,b € K,

Alazy + bxy) = @l (z1) + bA(22).
Theorem 3.3.3. The map v is skew-linear.
Proof. Assume that a,b € K and x,y,z € H.

To show: (a) ¥(ax + by) = a(z) + by (y).

(a) Using the definition of 1, we proceed as follows

Y(az + by)(2) = ¢™+%(2)
= (z,ax + by)
=a(z,z) + b(z,v)
=" (2) +b¢"(2)
= a(w)(2) + b (y)(2)-
= (ap(z) + bib(y))(2)

Hence, v (ax + by) = a@(z) + bi(y). So, ¢ is skew-linear.

Due to the skew-linearity of 1, it links H and H* in two different ways,
depending on whether K =R or K = C. First, we will consider the case
when K = R.

When K = R, v is a bijective, linear map between H and H* with

|(x)]| = ||z||. In this case, ¢ defines an isometric isomorphism between
the spaces H and H*.
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When K = C, ¢ is a bijective, skew-linear map between H and H* with
||(x)|| = ||z||. In this case, ¢ is an isometry, but it is not an isomorphism.
Instead, 1) is an anti-isomorphism, an isomorphism which also doubles as a
skew-linear map, rather than a linear map.

Finally, we will end this section with one of the most important, if not the
most important application of the Riesz representation theorem.

Example 3.3.1. Consider the vector space of continuous, complex-valued
(and square-integrable) wavefunctions. We endow this space with the inner
product defined below:

(s n) = / (alP)" - () .

With this inner product, our vector space of wavefunctions becomes a
Hilbert space. As we will see in the next section, there are many possible
orthonormal bases for the vector space of wavefunctions. This motivates
the need for a ket, a basis independent vector of the Hilbert space. With
the wavefunction 1,, we write this as |a). A ket is usually thought of as a
state vector, in a Hilbert space of state vectors with the same
aforementioned inner product.

In turn, a bra is a linear functional f, from the Hilbert space of state
vectors to the complex numbers, defined by

fa([b)) = (alb) = (¢a, Ys)-

It is customary to write f, as (a|]. The Riesz representation theorem tells us
that the map w : {state vectors} — {dual space of state vectors}, which is

defined by

w(|a)) = (al

is an isometric anti-isomorphism between the two spaces. This means that
for a ket, there is always a bra and vice versa.

Finally, linear operators A map state vectors to other state vectors. This is
written as Ala).

Bra-ket notation (note the pun) was introduced by Paul Dirac in 1939 and
enjoys universal usage in quantum physics ever since.
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3.4 Gram-Schmidt Orthogonalization

This procedure should be very familiar from the theory of linear algebra
and finite dimensional vector spaces. Nonetheless, it is worth discussing in
this context because it works for Hilbert spaces as well. We will start off
with some familiar definitions.

Definition 3.4.1. Let H be a Hilbert space and let x € H. We say that x
is normalised, if ||z| = 1.

Definition 3.4.2. Let H be a Hilbert space and let S = {s1,59,...} C H
be a subset of H. We say that S is an orthonormal set, if for all
Z.7j S Z>07

(si,s5) = 0y
where d;; denotes the Kronecker delta.

Assume that S = {s1, S2,...,5,} is a finite, linearly independent set of
vectors. Assume that x € span(S), so

n
r = E a;S;.
i=1

The question here is: how do we determine the coefficients a;7 We first
note that for a fixed j € {1,2,...,n},

(x,s;) = Z a;(s;, Sj).

This can be rewritten as the matrix equation

(s1,81) (S2,81) ... {(Sn,S1) aq (x,s1)
(s1,82) (S2,82) ... (Sp,S2) az | (x, s9)
(31,‘571) (52,. Sp) .. <sn,. Sn) O;n <x,.sn>

Before we continue on with the calculation, we will make an important
definition.

Definition 3.4.3. Let V = {vy,...,v,} be a set of vectors. The Gram
matrix of these vectors is the n x n matrix with entries given by

Gij = (v;,vj). The Gram determinant, denoted by G(vy,vs, ..., v,), is
the determinant of the Gram matrix.
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There is one important theorem about the Gram determinant.

Theorem 3.4.1. Let V = {vy,...,v,} be a set of vectors where v; # 0 for
alli € {1,...,n}. These vectors are linearly independent if and only if

G(v1,v9,...,0,) #0.

Proof. To show: (a) If G(vy,vs,...,v,) =0, then the vectors in V' are
linearly dependent.

(b) If the vectors in V' are linearly dependent, then G(vq,vs,...,v,) = 0.

(a) Assume that G(vy,vs,...,v,) = 0. Using cofactor expansion along the
first row, we find that there exists non-zero 3; € K such that

> Bilvr,vi) = 0.
=1

Using the properties of the inner product, we simplify this to

n
(v1, Zﬁﬂh’) =0.
i=1
Since vy # 0, Y"1, Biv; = 0. Hence, there exists a non-trivial linear
combination of vectors in V' which sum to zero. Therefore, the vectors in V'

are linearly dependent.

(b) Assume that the vectors in V' are linearly dependent. Then, there exists
a non-trivial linear combination such that

=1

Here, v, € K\{0}. We then write v; = > 7' =%+ .4, Now consider the

ga!

Gram determinant G(vy, v, ..., v,) below:

Z;;l —% +(Viy1,01) Z;;l _% (vit1,v9) . Z;le —% *(Vig1,Un)
(v9,v1) (v, v2) . {v9, vp)
<Un,1)1> <,Una1)2> s <Un7vn>

Define the matrix A as follows:
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7 71
0 1 0

A= .
0 O 1

We also define G to be the Gram matrix corresponding to the Gram
determinant G(vq, vy, ..., v,). Computing the product AG yields:

1 2 .,
st st
O 1 ... 0
AG=\| . . | xG
0 0 1
0 0 0
B (vo,v1)  (vo,v2) ... (vg,up)
(Un,v1)  (Up,v2) ..o (Up,Un)

Since det(AG) = det(A) det(G) = det(A) G(vy, v, ..., v,), we have
0=1x G(vy,va,...,v,). Therefore, G(vy,vs,...,v,) = 0. This proves the
assertion. O

Returning to the calculation we are working on, we observe that
(G(s1,52,...,5,))% # 0 because all the vectors in S are orthogonal to each
other, since they are linearly independent. In fact, the corresponding Gram
matrix is diagonal due to this. This results in the matrix equation

(s1,51) 0 . 0 a; (x,s1)
0 (s9,82) ... 0 ay | (x, $9)
0 0 coo (Sn, Sn) Qi (x, sp)

So, we can solve this matrix equation in order to obtain

<$ > Si>

<Si7 Si> .

Note that if S is an orthonormal set, then o; = (x,s;). Using this, we will
now describe Gram-Schmidt orthogonalization, which takes any linearly

o; =

independent set of vectors {vq,...,v,} and provides an orthonormal set of
vectors {eq,...,e,} such that span{vy,...,v,} = span{ey,..., e,} for all
n > 1.
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Example 3.4.1. (Gram-Schmidt Orthogonalization)

Step 1: Set ey = =

[[oa]]”

Step 2: If we have already defined e, es,...,e,_1, we then define e, to be

I S0 (U, ei)es
n - —
lvn = 300 (v, €3)e|
We definitely have e,, # 0 because v,, ¢ span{e,...,e,—1}. We also have

llen]] = 1. We can also prove that e, is perpendicular to all of
€1, €s,...,6e,_1 via induction.

3.5 Orthonormal sets in Hilbert spaces

In this section, we shall deal with results involving orthonormal sets in
infinite-dimensional Hilbert spaces.

Theorem 3.5.1. Let H be a Hilbert space and let S be a subset of H.
Then, the set S is total if and only if S+ = {0}.

Proof. Assume that H is a Hilbert space and S C H.
To show: (a) If S is total, then S+ = {0}.
(b) If S+ = {0}, then S is total.

(a) Assume that S = {s1, s9,...} is total. Then, span(S) = H. For all
h € H, there exists a sequence {z,} with z,, € span(S) such that

lim ||z, — h|| = 0.
n—oo

Assume z € S*. Since S+ is a closed subspace of H, there exists a sequence
{yn} with y,, € span(S) such that y,, — = as n — oco. Since y,, € span(S),
we write y, = Y., agn)si. Now consider (x,x).
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(v, 2) = lim (y,, z)

— T (n) .
nh—>I£10<ZlO% SZ,$>

T (n)/.
= nlglgo Z; «; <S,, l‘)
=0 since x € S*.

Therefore, x = 0 and so, S+ = {0}.

(b) Assume that S+ = {0}. Suppose for the sake of contradiction that
span(S) # H. Then, there exists a vector v € H such that v ¢ span(S).
Consider the vector v/, defined by the relation

V' =0 — Pyan(s)(v).

From Theorem 3.2.2, (v,v') = 0 with v' € (span(S))* because
V' = Plgpan(s))~ (v). So, for all s € S, (v, 5) = 0 because S C span(S).
Hence, v’ is a non-zero vector in S+, contradicting the assumption that

St = {o}.

Therefore, span(S) = H and consequently, S is total.

Example 3.5.1. In this example, let H be the Hilbert space of real
numbers, equipped with the standard dot product (which is basically
multiplication)

(z,y) = zy.

Let S = Q. We note that Q+ = {0} because 0 is the unique element in the

ring Q such that 0z = 0 for all x € Q. Therefore, from the previous
theorem, Q must be a total set in R. In other words, span(Q) = R, which
makes sense because Q = R (Q is a dense set in R).

Theorem 3.5.2. Assume S = {ey,eq,...} is an orthonormal subset of the

Hilbert space H. Let V' be the closed subspace generated by S. Define
Py : H—V, the perpendicular projection onto V', by

[e.o]

Py(x) = Z(x, €i)e;.

i=1
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Then, for all x € H, Bessel’s inequality holds
> e e = [Pv(@)|* < |l
i=1

Proof. Assume that H is a Hilbert space, + € H and that S = {ej,ea,...}
is an orthonormal subset of H. Assume V is the closed subspace generated
by S. Define V,, = span{ey,...,e,} for all n € Z~y. Then, we consider the
perpendicular projection of x onto V,,, given by

n

Py, (z) = Z(w, €;)e;.

i=1

Computing || Py, (x)|* with the definition of a norm, we obtain

1Py, ()]I* = (Pv, (), Py, (2))

= (Z@aeﬁ%

i=1 i=1

=SS (w e e en es):
i=1 j=1
= e Pl
i=1
= lwenl.
i=1
Define the sequence {a,} by
a, = Z(x,ez)ei.
i=1

To show: (a) The sequence {a,} is Cauchy.

(x,e;)e;)

(]

(a) Assume m < n. Consider the expression ||a,, — a,||*.
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m
lan — am|® = ||Z oenyer — )z en)er]”
k=1 k=1
n
=11 Y (zen)enl’

k=m+1
n n
= () (meer, > (z.ex)er)
k=m+1 k=m+1
= > Iz ex)” ({es}}, is orthonormal)
k=m+1

— 0 asm,n — oo.

Therefore, the sequence {a,} is Cauchy. Since H is complete, {a,} must be
a convergent sequence. Assume that {a,} converges to (say) a. Then,

o0

a = lim a, = lim g T, e;)e; = g (x,e;)e;.
n—oo n—oo

=1

To show: (b) Py(z) =a= Zi:1<x, ei>ei.

(b) First, we observe that for all n > 1, V,, C V. So, a, € V. Since a,, — a,
a € V. For a fixed k > 1,

(x —a,eg) = lim (x — ap, ey)
n—oo
n

= nh_g)lO@ - Z(% 61')61‘7 €k>

= lim (z, ex) — (Z(x, €i)e;, ex)

n—oo

= nh_>ngo<x7ek> - : <x7€i><ei7ek>-

I
—

= lim (x, ex) — (2, €p)
n—oo

=0.

So, the vector x — a is perpendicular to every vector in S. Consequently,
x — a is perpendicular to every linear combination of vectors in S. So,
xr —a € V*+. Defining Py1(x) = x — a, we then obtain Py (z) =a by-
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Finally, the inequality || Py (x)||* < ||z||* follows from a swift application of

Pythagoras’ theorem. Namely,

l[* = 1Py (@) I* + | Py (@) I = | Py ().

So, ||Py(z)|| < ||=||, which gives us the required inequality because

D e = lal? = 1Py (2))* < [l
i=1

For the special case where span(S) = H, Py(xz) = x and

o0
= Z(x,ei>ei.
i=1

This holds for all z € H.

3.6 Positive Definite Operators

Many of the foundational concepts of functional analysis stems from linear
algebra and the analysis of finite dimensional vector spaces. For now, we
will foray back into the world of linear algebra in order to discuss positive
definite matrices and their significance in one of the fundamental questions
of linear algebra - when does a linear system Az = b have a unique solution?

Definition 3.6.1. Let A be a n X n matrix with elements in R and let z be

an X 1 column matrix with elements in R. We say that A is positive
definite if for all  # 0,

2T Az > 0.

Recall from linear algebra that if rank(A) = n, then null(A) = 0 by the
rank-nullity theorem, indicating that the linear system Ax = b has a unique
solution. The next theorem establishes an important relation between
positive definiteness and the existence of a unique solution.

Theorem 3.6.1. Consider the linear system Ax = b, where A is an xXn
matriz and x and b are n X 1 column matrices, all with entries in R. If A is
positive definite, then rank(A) = n.
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Proof. Assume that Axz = b, where A is a n X n matrix and x and b are
n X 1 column matrices, all with entries in R. Assume that A is positive
definite. Suppose for the sake of contradiction that rank(A) < n. Then,
there exists a column in A which is a linear combination of all other
columns in A.

To show: (a) There exists a column matrix y such that y” Ay = 0.

(a) Suppose that A is the matrix given by

)@ —1 n i j+1 n

a% ) ag . agj ) D el k:z-ag) agﬁ ). ag )

1 2 j—1 n ) j+1 n
1| ) A D e kial? o5V QY
aV o . afY D itz kial) o™l

where k; € R and not all k; = 0. Define the column matrix y by

—ky
— ko

Then, we observe that Ay = 0. So, y? Ay = 0. However, this contradicts the
fact that A is a positive definite matrix. Therefore, rank(A) > n. Since
rank(A) < n by the definition of rank, we conclude that rank(A) =n. O

Hence, we have just shown that positive definite matrices are the ones that
guarantee the existence of a unique solution. Analogously to this, we will
now return to functional analysis in order to discuss the importance of
positive definite operators on Hilbert spaces.

Definition 3.6.2. Let H be a Hilbert space over the field R. Let
A : H — H be a bounded, linear operator. A is said to be positive
definite if there exists a 5 > 0 such that for all h € H,

(Ah,h) > B|h]*.
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Theorem 3.6.2. Let H be a Hilbert space over the reals. Let A: H — H
be a bounded, linear, positive definite operator. Then, for all f € H, there
exists a unique uw = A1 f € H such that Au = f and

1
AT < =
5
Proof. Assume H is a Hilbert space over the reals. Assume A is a bounded,
linear, positive definite operator.

To show: (a) A is injective.
(b) A is surjective.

(c) IA7H] < 3

(a) Assume that © € H and Az = 0. Assume that 5 € R.,. From the
positive definiteness of A and the Cauchy Schwarz inequality, we have

Bllz)|* < (Az, z) < || Az]|||].

This results in the inequality §||z| < ||Az||. Since Az =0, ||Az|| = 0.
Hence from the inequality, ||z|| = 0 and consequently x = 0. This
demonstrates that ker(A) = {0}. So, A is injective.

(b) To show: (ba) im(A) is closed.
(bb) im(A) = H.

(ba) Assume that f € im(A). Then, there exists a sequence {f,} in im(A)
such that f, — f.

To show: (baa) f € im(A).
(baa) Since f, € im(A) for all n € Z~, there exists u,, € H such that

Au,, = f,. Fix N € Z~qy. Then, for all m,n > N, we use the inequality
Bllz|| < ||Az|| to obtain

1 1
lun = ]| < Gl Aun = Al =l fr = Finll

Since the sequence {f,} is convergent, it is Cauchy. Therefore, the sequence
{u,} is Cauchy and thus, converges to (say) u € H, by the completeness of
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H. Observe that since A is a bounded operator, it is continuous. Utilising
this, we find that Au = f. So, f € im(A).

(ba) Since f € im(A), im(A) C im(A). We already know that
im(A) C im(A). Subsequently, im(A) = im(A) and so, im(A) must be
closed.

(bb) Suppose for the sake of contradiction that im(A) # H. Since im(A) is
a closed subspace of H, we can decompose H as the direct sum
H =im(A) ® (im(A))*. So, there exists a non-zero y € (im(A))* such that

(Ay,y) = 0.

Since y # 0, Ay = 0. However, this contradicts the injectivity of A.
Therefore, im(A) = H and consequently, A is surjective.

Furthermore, since A is both injective and surjective, it must be bijective.
So, we now know that there exists an inverse operator A~! : H — H such
that Ao A7 = 1y.

(c) From part (a), we have the inequality §||z|| < |[|Az||. With the inverse
operator, we can rewrite this as

BIATHI < IIAIL
for some arbitrary f € H. Using this, we find that

1A~ = Sup1||A‘1f||

1£ll=
171l

< eI

- Hi‘llllfl B

_ 1

-5

O

It turns out that this result can also be expressed with bilinear forms. This
is an important theorem known as the Laz-Milgram Theorem. Of course,
before proving the theorem, we will need to make important definitions
involving bilinear forms.
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Definition 3.6.3. Let H be a Hilbert space over the reals. A bilinear
functional is a mapping B : H x H — R which satisfies the following
properties

1. For all a,b € R and z,y,z € H, Blax + by, z| = aB[x, z] + bB|y, z].
2. Forall a,b € R and z,y,z € H, Blx,ay + bz] = aBlz,y] + bB|z, z].

Definition 3.6.4. Again, let H be a Hilbert space over the reals. Let
B : H x H— R be a bilinear functional. B is said to be continuous if for
all u,v € H, there exists a constant C' € R such that

| Blu, v]| < Cllull[]v]].

Definition 3.6.5. Let H be a Hilbert space over the reals. Let
B : H x H— R be a bilinear functional. We say that B is positive
definite if there exists a constant § € R.q such that for all u € H,

Blu,u] > Bull*.

Theorem 3.6.3. (Lax-Milgram Theorem): Let H be a Hilbert space over
the reals and B be a continuous and positive definite bilinear functional.
Then, for all h € H, there exists a unique x € H such that for all y € H

Blz,y] = (h,y).
Moreover,
]l < 87

Proof. Assume that H is a Hilbert space over the reals. Assume that B is a
continuous and positive definite bilinear functional. Consider the map

y — Blz,y]. From the definition of B, this is a continuous, linear
functional. So, we can utilise the Riesz representation theorem to show that
there exists a unique Ax € H such that for all y € H

Bz, y] = (Az,y).
To show: (a) The operator A : H — H is linear.

(b) The operator A : H — H is bounded.

(c) The operator A : H — H is positive definite.

92



(a) Assume z,y € H and a,b € R. We proceed as follows

(A(az + by), z) = Blaz + by, 2]
= aB|x, z| + bBly, 2]
= a(Ax, z) + b(Ay, 2)
= (aAx + bAy, 2).

Therefore, A(ax + by) = aAzx + bAy. Hence, A is a linear operator.

(b) Using the continuity of B, we argue as follows

HMZF%W%H

= sup sup [(Az,y)| (Cauchy-Schwarz Inequality)
llzll=1[jyll=1

= sup sup |Blz,y]|
llzll=1[lyll=1

< sup sup Cfz||lyll
llzll=1[lyll=1

=C.

Hence, ||A]| < C. The result on the second line is found via the
Cauchy-Schwarz inequality. We know that

[{(Az, y)| < [[Az][ly]-

Taking the supremum of both sides with ||y|| = 1 yields the result we are
after.

This establishes the conclusion that A is bounded.
(c) Assume that h € H. Then, we have

(Ah,h) = B[h,h] > BI|h]]*.
So, A is a positive definite operator.
Since A is a bounded, linear positive definite operator, we can apply the

previous theorem to show that for all f € H, there exists a unique
u= A"'f € H such that Au = f and
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A7 <

|

for some constant 5 > 0. Applying this to the fact that Blz,y| = (Ax,y),
we find that for all h € H, there exists a unique z € H such that for all
y € H, Blz,y] = (h,y). Finally, we observe that

]| = | ARl
I
- B
This follows from the inequality S||A7Lf|| < ||f]|, which we proved in the
previous theorem. O

The Lax-Milgram theorem is a powerful tool in the study of PDEs. It
provides sufficient conditions required to invert a bilinear form and thus,
deduce the existence and uniqueness of weak solutions to a boundary value
problem. Interestingly, the Lax-Milgram theorem generalises even further
to a result involving two Hilbert spaces rather than one. This was first
proved by Babuska in [BabT71].

Definition 3.6.6. Let H; and H, be Hilbert spaces over C. A bilinear
functional is a mapping B : H; X Hy — C which satisfies the following
properties

1. For all a,b € C, Blax + by, z] = aB|x, z| + bBly, 2].
2. For all a,b € C, B[z, ay + bz] = aB[x,y] + bB|z, z].

The above definition is from Kreyszig [EK78]. Note that the previous
definition of a continuous bilinear functional still remains the same for
complex-valued bilinear functionals.

Theorem 3.6.4 (Babuska Lax Milgram theorem). Let Hy and Hy be two
Hilbert spaces over C. Let B : Hy x Hy — C be a continuous bilinear
form/functional, which is weakly coercive. That is, for all u € Hy and

v € Hy, there exists constants Cy, C3 € Ry such that

sup [B(u,v)| = Col[v]|, and sup |B(u,v)| > Csllulla,.
[l 1y =1 o]y =1
Furthermore, let f: Hy — C be a continuous linear functional on H,.
Then, there exists a unique element u; € Hy such that B(uy,v) = f(v) for
all v € Hy. Moreover,
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iRl
Cy

Proof. Assume that H;, H, are Hilbert spaces over C and that

B : Hy; x Hy — C is a continuous bilinear functional /form. Explicitly,
continuous means that for all w € H; and v € H,, there exists a constant
C:1 € Ry such that

lua ]|, <

|B(u, v)| < Cllullm, [[ol m,-

Assume also that B is weakly coercive, as described in the statement of the
theorem. We begin by defining for all © € Hy,

¢uZH2—)(C

v = B(u,v)

This is a linear functional on Hs (remember that B is conjugate linear in
the second input). It is also bounded because

[full = sup [¢u(v)]

llv]l 7y =1
= sup |B(u,v)|
llollr,=1

= Ssup |B(U,U)|

l[oll =1

< sup Cillullm [[v]lm
"U‘ H2:1

= Cillullm,-

Here, we have used the fact that B is continuous. Thus, by the Riesz

representation theorem (see [3.3.1)), there exists z € Hy such that for all
v € H, 2,

B(u,v) = (z,0) g,

So, there exists a linear map R : H; — Hj such that B(u,v) = (R(u),v)n,.
Furthermore, we have the bound
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IR]| = sup — [(R(u), v)m,|

lullz, =LllvllHy=1

= sup |B(w,0)

lull a2y, =LllvllHy=1

< sup Cillulla|ollm,
llull 2, =1, o]l 1, =1

- Cl'

So, R is also a bounded and hence, a continuous linear operator.
Next, consider the image R(H;).

To show: (a) The image R(H;) is closed in Hy.

(a) We already have R(H;) C R(H;). To obtain the reverse inclusion, let
{u,} be a sequence in R(H,) which converges to u. So, for all n € Z-,,
there exists f, € Hy such that Rf, = u,.

To see that u € R(H;), we note that for all m,n > N for some N € Z+,,

Han - RmeHz = HR(fn - fm)HHz
= sup |<R(fn_fm)vv>|

vl z,=1

= sup [B(fu = fm,v)|

vl y=1

> C3an - meHl

Thus, the sequence { f,,} is a Cauchy sequence in H; since {Rf,} is a
Cauchy sequence in R(H;). Since H; is complete, { f,} must converge to
some element f € H;. To see that Rf = u, we argue with the continuity of
R that

Rf = R(lim f,)
n—oo
= lim Rf,
n—oo

= lim u, = u.
n—0o0

So, u € R(H;) and thus, R(H;) is a closed subspace of Hs.
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Now, we will argue that R(H;) = Hs. Suppose that R(H;) # H,. Then, we
can decompose Hy as

Hy = R(H,) ® (R(Hy))".

Hence, there exists a non-zero vy € Hsy such that for all u € Hi,

0= (R(u),vo)u, = B(u,wvp).
However, recall that B is weakly coercive. In particular,
sup [B(u,v)| = Cal[v]|n,-
[l ry =1

So, there exists v’ € H; such that |B(u’,v9)| > $Ca||vo| - This contradicts
the finding that B(u,vy) = 0 for all u € Hj.

Hence, R(H,) = H,, which demonstrates that R is surjective. To see that R
is injective, assume that Rz = 0 for some x € H;. Then,

0= sup [(Rz,y)m|

Hy”H2:1
= sup |B(z,y)|
Iyl rrp =1
> Csl|| g,
Therefore, x = 0 and so, R is injective.
Thus, we find that R is bijective. Therefore, R~! : Hy — H; is a

well-defined linear operator. It is continuous because

1
R < =—.
1B < &

Finally, let f : Hy — C be a linear functional on H,. The Riesz
representation theorem tells us that there exists vy € Hy such that

f(l)) = <U17U>H2
with ||v1 ||z, = || f||- Using the fact that R is bijective, set u; = R™1v;.
Then,

f(v) - <Ru17v>H2 - B<u17 U)
for all v € Hy. Note that u; € H; is unique because R~! is bijective. O
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Chapter 4

More on Linear Operators

4.1 Open Mapping Theorem

In this section of the notes, we will provide a more in-depth analysis on
bounded linear operators on normed vector spaces. The first two results in
this chapter rely on an important theorem pertaining to completeness - the
Baire category theorem.

Theorem 4.1.1 (Baire Category Theorem). Let (X, d) be a complete
metric space. Let {Vi} be a collection of open, dense subsets of X, with

k € Zsq. Then, the intersection V = (-, Vi is a non-empty, dense subset
of X.

Proof. Assume that (X, d) is a complete metric space. Assume that {V;} is
a collection of open, dense subsets of X.

To show: (a) For every open ball B(z,r), there exists a point y such that
y € B(z,r) N~ Vi

(a) We know that V; is an open and dense subset of X. Consider the set
B(z,r) N V.

To show: (aa) If U and V' are both open subsets of X with non-empty
intersection, then U NV is also open.

(ab) B(x,r)NVj is non-empty.

(aa) Assume that U and V' are open subsets of X with non-empty
intersection. Assume that a € U N V. Since U is open, there exists a
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constant 71 € R.g such that B(a,r;) C U. Since V is open, there exists a
constant ro € R such that B(a,r3) C V. Define r = min{ry, ro}. Then,
B(a,r) C B(a,r1) C U and B(a,r) C B(a,r3) C V. So, B(a,r) e UNV.
Hence, U NV is open.

(ab) Suppose for the sake of contradiction that B(z,r) N Vi = ). Since V} is
dense, V; = X. So, for all points p € X, there exists a sequence {v;} with
v; € Vi for all i € {1,2,...} such that v; — p as i — 0.

In particular, there exists a sequence {(;} with ; € V; for alli € {1,2,...}
such that (; — x as 1 — co. Choose N € Z- such that for all © > NV,

d(x, () <.

However, this means that for all i > N, (; € B(x,r). So, (; € B(z,r) NV,
which is a blatant contradiction of the assumption that B(z,r) N V; = 0.
So, B(z,r) N V; is non-empty.

(a) Combining parts (aa) and (ab), we conclude that the set B(z,r) N V; is
open and non-empty. So, there exists a closed ball B(z1,r1) with 7, < 1
such that B(xy,7r) C B(z,r) N Vi. Since V3 is also an open, dense subset of
X, we can repeat this process to conclude that there exists a closed ball
B(x9,75) with 1y < % such that B(xq,75) C B(xy,71) N Va.

Continuing this construction, we obtain a sequence of balls B(z,,,) such
that B(zpi1,7ms1) C Bz, r0) N Ve and 7, < %

To show: (ac) The sequence {x,} is Cauchy.

(_ac) From our construction, we note that for all m > k,
B(zp,m) C B(xg, ). Choose € > 0 such that 1/k < €/2. So, for all
m,n >k,

2
AT, n) < d(Tm, k) + d(Tp, Tg) < 1R+ 18 < % < €.

Therefore, the sequence {z,} is Cauchy.

(a) Since {z,} is a Cauchy sequence and X is complete, {z, } must
converge to (say) y. Taking the limit as n — oo, we find that y € B(xy, %)
for all k € Z~y. Since B(zy1,m) C B(z,r)NV; C B(x,7), y € B(x,r).
Moreover, since B(x,,7,) C B(2p_1,7n-1) NV, C V,, y € V,, for all

99



n € Zso. S0,y €, V.

Hence, y € B(z,r) N(,—; V,.. Consequently, (>~ V,, is non-empty. It is
also dense because for all z € X and r € Ry, B(z,r) N[ —, Vo # 0. O

Here is one consequence of the Baire category theorem:

Theorem 4.1.2. Let (X, d) be a complete metric space. Let {F,} be a
sequence of nowhere dense sets. That is, (F,)° =0 for alln € {1,2,...}.
Then, \J,-, F, has empty interior.

Proof. Assume that (X, d) is a complete metric space and that {F,} is a
sequence of nowhere dense sets. Suppose for the sake of contradiction that
the set | J -, F;, has non-empty interior. Then, for some z € J)-, F,,, there
exists a r € Ry such that B(z,r) C U, Fy.

Define U, = X\F,.
To show: (a) U, is open for all n € {1,2,...}.
(b) Uy, is dense for all n € {1,2,...}.

(a) Suppose for the sake of contradiction that U, is not open. Then, there
exists a point u € U, such that for all r € Rq, B(u,r) N X\U, # (. From
the construction of U,, B(u,r) N F, # 0 for all r € Ryy. Hence, u € Fy,; u is
an adherent point of F},. However, we assumed that v € U, = X\F,. From
this assumption, we conclude that u ¢ F),, which is a contradiction.

Therefore, U, is open for all n € {1,2,...}.

(b) Suppose for the sake of contradiction that U, # X for all n € {1,2,...}.
Then, for some point z € X, there exists a s € Ry such that

B(wz,s) N U, = . Then, it must be the case that B(z,s) C X\U, = F,,. So,
z is an interior point of F,,. However, this contradicts the fact that the
collection of sets {F,} are nowhere dense ((F,)° =0 for alln € {1,2,...}).

Consequently, U, is dense for all n € {1,2,...}.
Since we now have a sequence {U,} of non-empty dense subsets of X, we

can apply the Baire category theorem to deduce that the set (|~ U, is
non-empty and dense in X. In particular, since [\~ U, is dense in X, for
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But, this contradicts the fact that U, is dense in X. Therefore, | J -, F,
must have empty interior. O]

Roughly speaking, this theorem tells us that we cannot write X as the
countable union of nowhere dense subsets of X, provided that the metric
space (X, d) is complete.

Now we are ready to tackle the uniform boundedness principle.

Theorem 4.1.3 (Uniform Boundedness Principle). Let X and Y be
Banach spaces. Let F C B(X;Y') be an arbitrary family of bounded, linear
operators. Then, it is either the case that F is uniformly bounded

sup [T < o0
TeF
or there exists a dense subset S C X such that for all xz € S,
sup ||[Tz|| = oo.
TeF

Proof. Assume that X and Y are Banach spaces. Assume that F'is a family
of bounded, linear operators. Define the collection of sets .S,, given by

Sn = {x € X such that |Tz|| > n for some T € F}.

Suppose that for a fixed m, the set S,, is not dense in X. Then, there exists
ax € X and a constant r € R.g such that B(x,r) N S, = 0. Moreover, for
all s € B(x,r) and for all T' € F,

ITs] < m.
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If v € B(0,r) (that is, ||£]] < r) then an application of the triangle
inequality tells us that for all T € F',

[To]| = [IT(v + 2 = 2)|| < |[T(v+2)|| + [|T2]| <m+m=2m
since v + = € B(z,r) and ||T(v + x)|| < m.

Now suppose that z € X — {0}. By scaling z, we find that

z € B(0,r)
2|2
and if T" € F then
IT(=—2)] <2
21 < 2m.
2|2

Since 7' is linear, we can rearrange the above inequality to obtain

4m
1Tz < —|l2|
T
Since z € X — {0} was arbitrary, an upper bound for ||T|| is

4 4m

m
1T = sup |T2] < sup —|[z] = —.
r r

[[2]1=1 ll2ll=1
Hence, ||T]| < *2 for all T € F. Therefore, the set of bounded linear
operators F' is uniformly bounded in this case.

Now, suppose that all of the sets S, are dense. Observe that they are all
open as well. So, we can apply the Baire category theorem in order
to conclude that the set S = (), Sy is also dense in X. From the
construction of the set S, we find that for all x € S, there exists an
operator 7" € F such that ||Tz| > n for all n € R.,. O

Here is an important consequence of the uniform boundedness principle.

Theorem 4.1.4. Let X and Y be Banach spaces. Let {T,} be a sequence
of bounded, linear operators. Define the operator T' by the relation

lim,, .o, T,z = Tx which holds for all x € X. Then, T itself is a bounded
linear operator.

Proof. Assume that X and Y are Banach sequences and that {7} is a
sequence of bounded, linear operators. Assume that 7" is an operator,
which is defined as specified above.
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To show: (a) The operator T is linear.
(b) The operator T" is bounded.
(a) Assume that a,b € K and that =,y € X. Then,

T(ax + by) = lim T, (azx + by)
n—oo
= lim a7,z + 0T,y

n—oo

=a lim T,z + b lim T,y
n—oo n—oo
=alx+0Ty.

Therefore, the operator T is linear.

(b) Observe that for all n € R+, each operator T,, is bounded for all
x € X. In particular, this rules out the possibility of finding a dense subset
S C X such that for all s € §

sup || T,s]| = oo.
n€Z>0

So, from the previous theorem, the sequence {7},} must be uniformly
bounded. Knowing this, we calculate || 7| to be

IT[| = sup [[T]|

[l=]|=1

= sup lim ||T,z||
Jlzf|=1 "7

= lim ||T,,||
n—oo

< Q.

Therefore, the operator 1" is bounded.

Combining parts (a) and (b), we conclude that T' € B(X;Y). O

Before we progress to the open mapping theorem, we will introduce some
more general definitions of a continuous function

Definition 4.1.1. Let X and Y be metric spaces and f: X — Y be a
function. We say that f is a continuous function if for all € > 0, there
exists a 0 > 0 such that for all x € X

f(B(x,0)) C B(f(x),€).
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In other words, for any € > 0, we can choose a suitable § > 0 such that the
image of the open ball B(x,¢) is contained within the open ball B(f(x),¢).
This is very similar to the usual epsilon-delta definition of continuity.

Our next definition of continuity is even more general and is frequently
discussed in the context of topological spaces. Luckily, metric spaces can be
turned into topological spaces. Consequently, the definition of continuity
remains relevant for metric spaces.

Definition 4.1.2. Let X and Y be metric spaces and f: X — Y be a
function. Let U C Y be a subset of Y. Then, the preimage of U, denoted
by f~1(U) is the set given by

f1(U) = {z € X such that f(z) € U}.

Definition 4.1.3. Let X and Y be metric spaces and f: X — Y be a
function. Then, f is a continuous function if for all open subsets U C Y,
the preimage f~'(U) is open in X.

We will now show that these two definitions of continuity are equivalent.

Theorem 4.1.5. The two definitions|/.1.1] and|/.1.5 of a continuous
function are equivalent.

Proof. Assume that X and Y are metric spaces. Assume that f: X — Y is
a function. Assume that U C Y is an open subset of Y.

To show: (a) If f is continuous in the sense of |4.1.1} then it is continuous in
the sense of [4.1.3l

(b) If f is continuous in the sense of |4.1.3] then it is continuous in the sense
of .11l

(a) Assume that f is continuous in the “open ball” sense (4.1.1)). Then, for
all € > 0, there exists a 6 > 0 such that for all x € X,

f(B(z,0)) C B(f(z),€). Suppose that the point u € f~1(U). Then,

f(u) € U from the definition of preimage. Since U is open, there exists a

e € Ry such that B(f(u),€) € U. However, we also know that f is
continuous in the “open ball” sense . So, there exists a 6 > 0 such
that f(B(u,0)) C B(f(u),€). Taking preimages yields the following
inclusions:

B(u,d) C f~H(B(f(u),e)) C f71(U).
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Hence, for all u € f~1(U), there exists a § > 0 such that B(u,d) C f~1(U).
Therefore, the preimage f~!(U) is an open subset of X. So, f must be
continuous in the “open set” sense (4.1.3)).

(b) Assume that f is continuous in the “open set” sense . Then, for
all open subsets W C Y, the preimage f~'(W) is open in X. Once again,
assume that u € f~1(U), so that f(u) € U. Observe that the open ball
B(f(u),e€) is an open subset of Y for all € > 0. Since f is continuous in the
"open set” sense of [4.1.3] the preimage of the open ball f~*(B(f(u),¢))
must also be open. Moreover, since f(u) € B(f(u),€), u € f~1(B(f(u),¢)).
Since f~'(B(f(u),€)) is open, there exists a § > 0 such that

B(u,8) C f~Y(B(f(u),€)). When mapped onto Y via f, we find that for all
e > 0, there exists a § > 0 such that

f(B(u,9)) € B(f(u),€).

Therefore, f is continuous in the “open ball” sense of |4.1.1} Consequently,
the two definitions are equivalent. O

Another interesting point to note is that the continuity of f in the “open
set” sense can also be adapted for closed sets.

Definition 4.1.4. Let X and Y be metric spaces and f: X — Y be a
function. Then, f is a continuous function if for all closed subsets U C Y,
the preimage f~!(U) is closed in X.

Theorem 4.1.6. The definition of a continuous function given in[4.1.4] is
equivalent to the other definitions of continuity in|4.1.1| and|/.1.5.

Proof. Assume that X and Y are metric spaces and that f: X — Y isa
function.

To show: (a) If f is continuous in the sense of 4.1.3| then f is continuous in
the sense of [4.1.4l

(b) If f is continuous in the sense of |4.1.4] then f is continuous in the sense
of .13

(a) Assume that f is continuous in the “open set” sense of That is,

for all open sets U C Y, the preimage f~!(U) is open in X. Assume that
W CY is closed.
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To show: (aa) The preimage f~!(W) is closed.

(aa) Since W is closed, its complement Y'\WW is open. As a result, the
preimage f~1(Y\WW) is open in X. Observe that

fTY\W)U f (W) = {z € X such that f(x) € Y\WUW}

Since Y\WUW =Y, f~HY\W)U f~(W) = X. Subsequently,
STHYAW) = X\ f7H(W).

Now suppose for the sake of contradiction that f~'(WW) is not closed. Then,
there exists a point w € f~!(W) and a constant r € R.q such that
B(w,r)N f~Y (W) = 0. So, B(w,r) C X\f~Y(W) = f~Y(Y\W). Therefore,
w € f~HY\W). Consequently, we conclude that w is an element of both
f7H W) and X\ f~1(W), leading to a contradiction.

Hence, the preimage f~!(W) is closed.

(b) Assume that f is continuous in the “closed set” sense of |4.1.4, Then,
for all closed sets U C Y, the preimage f~!(U) is closed in X. Assume
Z C'Y is an open set.

To show: (ba) The preimage f~'(Z) is open.

(ba) Since Z is an open set, its complement Y\ Z must be a closed set.
Subsequently, the preimage f~}(Y'\Z) is a closed subset of X by
assumption. Similarly to part (aa), we note that f~*(Y\Z)U f~1(Z) = X.
So, f[7YZ) = X\f1(Y\Z) is an open set.

Therefore, the definition of a continuous function in the sense of is
equivalent to the other definitions of continuity purported in and
413 O

One preliminary definition required for the open mapping theorem is the
concept of an open map.

Definition 4.1.5. Let X and Y be topological spaces and f: X — Y be a
map between them. f is said to be open if for all open subsets U C X, the
image f(U) is open in Y.

Here is a nice proof for the purpose of getting acquainted with an open map.
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Theorem 4.1.7. Let X and Y be topological spaces. Let f: X —Y be a
continuous map. Then, f is a homeomorphism if and only if f is bijective
and open.

Proof. Assume that X and Y are topological spaces. Assume that
f: X — Y is a continuous function.

To show: (a) If f is a homeomorphism, then f is bijective and open.

(b) If f is bijective and open, then f is a homeomorphism.

(a) Assume that f is a homeomorphism. Then, by definition f is bijective.
It remains to demonstrate that f is open. Assume that U C X is an open
subset of X. Since f~!:Y — X is a continuous function, due to the
assumption that f is a homeomorphism, we find that the preimage

(f~H7Y(U) must be an open subset of Y. However, this simplifies as
follows:

(fHHU) ={yeY | f(y) €U}

={yeY|yefU)}

= f(U).
Hence, f(U) is an open subset of Y. This proves the second property.
(b) Assume that f is bijective and the image f(U) C Y is open in Y
whenever U C X is open in X. We already know that the map f is
continuous by assumption. So, it suffices to show that f~! is continuous.
To show: (ba) f~! is continuous.
(ba) Assume that V' C X is an open subset of X. Then, the preimage
(f~H7Y(V) = f(V). However, f(V) is an open subset of Y because V is

open in X. Therefore, (f~)~*(V) is open and as a result, f~! is continuous.

(b) Consequently, f must be a homeomorphism.

Now we finally proceed to the open mapping theorem.
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Theorem 4.1.8 (Open Mapping Theorem). Let X and Y be Banach
spaces. Let T : X —'Y be a bounded and surjective linear operator. Then,
T s open.

Proof. Assume that X and Y are Banach spaces. Assume that T: X — Y
is a bounded and surjective linear operator. Note that by linearity of 7', the
image of an open ball Bx(x,r) can be expressed as

T(Bx(z,r)) =T(z) + rT(Bx(0,1))

where x € X and r € R.q. So, it suffices to show that T'(Bx(0,1)) is open
inY.

To show: (a) T is open.
(a) To show: (aa) The image T'(Bx(0,1)) is open in Y.

(aa) Firstly, we note that X = J,c;_, Bx(0,n). From this, we use the
surjectivity of T' to express Y as

Y= |J T(Bx(0,n)).
nEZ>0
Due to this, we can use [4.1.2]in order to deduce that there exists a m € Z+
such that T'(Bx(0,m)) has non-empty interior. However, we note that
Bx(0,m) and Bx(0,1) are homeomorphic to each other. Therefore, it must
be the case that T'(Bx(0, 1)) has non-empty interior. So, there exists
Yo € Y and s € Ry such that

By (yo,s) € T(Bx(0,1)).

For the next part, we note that the unit ball is convex and symmetric. This
also holds for T'(Bx(0,1)) and its closure. By symmetry,
By (—yo,s) C T(Bx(0,1)) and by convexity,

By (0,s) = %By<y0, s)+ %By(—yo, s) C T(Bx(0,1)).

By linearity of T', we can rescale this equation by a factor of 27", In turn,
we find that for all n € Z,,

By (0,27"s) C T(Bx(0,277)).
To show: (aaa) By (0,s/2) C T(Bx(0,1)).
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(aaa) Assume that y € By (0,s/2). Since By (0,s/2) C T'(Bx(0,1/2)) we
can construct a sequence {¥m 1}mez., in T(Bx(0,1/2)) such that y,,1 =y
as m — 00. So, there exists x; € Bx(0,1/2) such that T'(z;,) € Y is a point
in the sequence {Ym 1 }mez., satisfying ||y — Taq|| < 27%s.

Now, y — Txy € By (0,272s). Since By (0,272s) C T(Bx(0,1/4)), we can
construct a sequence {ym2} in T(Bx(0,1/4)) such that ym,o2 — y — Tz as
m — oo. Similarly, there exists xo € Bx(0,272?) C X such that Tz, is a
point in the sequence {y,,2} which satisfies ||y — Txq — Tas|| < 27%s.

Inductively, we construct a sequence {z, }nez., such that if n € Z-,,

n—1
ly — ZT{L’@H <27 "s.
i=1

Since z,, € Bx(0,27") for all n € Z~¢, the sequence {z,}nez., is Cauchy
and hence, convergent to (say) x € X. Observe that

o0 [e%e)
ol = lim [l < Zluxnu < Zlgn ~ 1.
n= n—=

We also have

ly = Tel| = lly — J;H;OX;T%H
]:

= Jim [}y ~ Y T
j=1

< lim 27" ls = 0.

n—o0

So, y = Tx. Since x € Bx(0,1), we deduce that y € T(Bx(0, 1)) so that
BY(Ov 8/2) g T(BX(O7 1))

(aa) This means that the image T'(Bx(0,1)) is open.

(a) Hence, T' must be an open map. ]

One corollary of the open mapping theorem is the inverse mapping
theorem, which ensures that the inverse of an invertible bounded linear
operator is again bounded.
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Corollary 4.1.9 (Inverse Mapping Theorem). Let X and Y be Banach
spaces. LetT : X —'Y be a continuous and bijective linear operator. Then,
T~ must be continuous as well.

Proof. Assume that X and Y are Banach spaces. Assume that T: X — Y
is a continuous and bijective linear operator. Since 7' is continuous, it is
bounded. By the open mapping theorem , T must be open because T’
is also surjective. So, T is continuous and open. Therefore, T is a
homeomorphism between X and Y, when viewed as topological spaces. So,
T—! must be continuous as a result. O]

4.2 Closed Graph Theorem

The next theorem draws parallels with analogous results in the study of
topological spaces. As it is instructive to study and peruse, we will compile
these analogous results below:

Theorem 4.2.1 (Graph is closed). Let f: X — Y be a function between
two topological spaces X and Y. Then, if Y is Hausdorff and f is
continuous, then the graph of f, denoted by I'y C X X Y, is a closed subset

of X xY.

Proof. Assume that X and Y are topological spaces. Assume that
f: X — Y is a continuous map. Assume that Y is Hausdorff.

To show: (a) I'y is a closed subset of X x Y.
(a) To show: (aa) (X x Y)\I'; is an open subset of X x Y.

(aa) The set (X x Y)\I'y is defined as follows:

(X X YNy ={(z,9) € X XY [y # f(2)}.

Assume that (z,y) € (X x Y)\I'y. Then, y # f(z) by definition. Since Y is
Hausdorff, there exist open subsets of Y, U and V, such that y € U and
f(z) e V. Also, UNV = (). This means that (x,y) € X x U, which is an
open subset of X x Y, disjoint from X x V' C I'y. Therefore, (X x Y)\I'f is
an open set.

(a) So, I'y is a closed subset of X x Y. O
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Theorem 4.2.2 (Continuous functions and graphs). Let f : X — Y be a
map between two topological spaces. Then, if Y is compact and I'y is closed,
then f is a continuous function.

Proof. Assume that Y is compact and I'; is closed.
To show: (a) f is continuous.
(a) First, we consider the projection map 7x : X x Y — X.

To show: (aa) If V' is a closed subset of X x Y, then mx (V) is a closed
subset of X.

(aa) Assume that V' is a closed subset of X x Y. Then, (X x Y)\V is open
in X x Y. Assume that o € X\7x (V). Then, o x Y Z V. So,

(1o x Y)NV = 0. But, 2o x Y is homeomorphic to Y. So, zg x Y is
compact because Y is compact. Now note for all y € Y, there exists an
open set U, x V, € X x Y such that 2o € Uy, y € V, and (U, x V)NV =)
because (o X Y) NV = (). In this way, we have an open cover of xy x Y.
So, there exists a finite subcover {U;; x Vi, }7_; of 2o x Y, which is disjoint
from V. Finally, consider the set U = U;, N---NU;, . Note that U is an
open subset of X\7x (1), since it is the finite intersection of open sets.
Furthermore, xy € U. Hence, X\7x (V') is open and as a result, 7x(V) is a
closed subset of X.

(a) Assume that xy € X and that f(zo) € W, which is an open subset of Y.
Then, Y\W is a closed subset of Y. Due to this, X x (Y\W) is a closed
subset of X x Y. Hence, the set C'= (X x (Y\W)) NIy is closed.
Therefore, mx(C') is a closed subset of X and X\7x(C) is an open subset of
X. However,

X\rx(C) ={z € X | (z, f(z)) € X x (Y\W)}.

But, this set is just f~1(W). Hence, f~(WW) is open and so, f must be a
continuous function.

]

In particular, is very similar to the closed graph theorem. First, we
will make the required definitions.

Definition 4.2.1. Let X and Y be Banach spaces. Let A: X — Y be a
linear operator. A is said to be closed if its graph
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F'y={(z,Az) |z € X} C X xY

is a closed subset of X x Y. Alternatively, A is closed if the following holds:
If {z,} and {y,} are sequences in X and Y respectively such that
Yn = Az, x, = x and y,, — y, then Ax = y.

Every continuous linear operator is closed because linear operators commute
with limits. The closed graph theorem states that the converse is also true.

Theorem 4.2.3 (Closed Graph Theorem). Let X and Y be Banach spaces.
Let A : X — Y be a closed linear operator. Then, A must be continuous.

Proof. Assume that X and Y are Banach spaces. Assume that A : X — Y
is a closed linear operator. Let I'y denote the graph of A. Then, I'y is a
closed subset of X x Y.

To show: (a) A is continuous.

(a) Consider the projection maps 7 : 'y — X and my : 'y — Y, defined by
m(z, Ax) = x and me(z, Az) = Axz. Observe that they are continuous.
Furthermore, since I'y is a closed subspace of a Banach space X x Y, I'y
must also be a Banach space. As a result of this, m; is a continuous
bijection between two Banach spaces. Hence, ;' must be continuous.
Finally, we note that A = m o 7. Since A is the composite of two
continuous maps, A must also be a continuous. 0

4.3 Adjoint and compact operators

The concept behind an adjoint operator is very similar to that of an adjoint
linear transformation in linear algebra. Let X and Y be Banach spaces over
a field K and let X* and Y™ be their associated dual spaces. Let

A : X — Y denote a bounded linear operator and y* € Y*. Then, there
exists a continuous linear functional z* € X* such that for all x € X,

v (x) = y*(Ax)

The functional x* is the composite y* o A. Define A* : Y* — X* which
sends y* to y* o A. Then, A* is a bounded continuous linear operator as well
and is referred to as the dual of A. A* is also called an adjoint operator.
The defining characteristic of A* is that for all x € X, A*(y*)(x) = y*(Az).
This can also be written as the natural pairing
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(Ay*, z) = (y", Az).

where (—, —) : X* x X — C sends (f,v) to f(v). The natural pairing
written above emphasises the connection of the adjoint operator to adjoint
linear transformations on finite dimensional vector spaces. We will now
prove a few properties adjoint operators satisfy.

Theorem 4.3.1. Let X and Y be Banach spaces. Let A : X —Y be a
bounded linear operator and A* : Y* — X* be its associated dual. Then,
[[A[] = [|A=]].

Proof. Assume that X and Y are Banach spaces. Assume that A : X — Y
is a bounded linear operator and A* is its associated dual. We argue as
follows:

[A™[| = sup [[A"y7

ly*||=1

= sup sup [(A"y", )
ly*||=1 [|l|=1

= sup sup [[(y", Ax)||
ly*||=1 [|]|=1

= sup || Az||
lzl|=1

= |IA].

Hence, ||A]| = ||A*||. In particular, this shows that A* is a bounded
operator. A direct calculation establishes linearity. O]

Theorem 4.3.2. Let X and Y be Banach spaces. Let A : X —Y be a
bounded linear operator and A* : Y* — X* be its associated dual. Then,
ker(A) = [im(A*)]* and ker(A*) = [im(A)]*+.

Proof. Assume that X and Y are Banach spaces. Assume that A : X — Y
is a bounded linear operator and A* is its associated dual. For the first
equality, we use the definition of A* to obtain for all y* € Y*,

ker(A) ={x € X | Az =0}
={ze X |y, Az) =0}
={zr e X | (A", 2) =0}
= [im(A7)]".
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In a similar vein, for all z € X, we have

ker(A*) ={y* € Y | A*y* =0}
={y eV [ (A", z) =0}
={y" eY" | (y",Az) = 0}
= [im(A)]*.

]

We have already encountered the definition of a compact operator briefly.
To summarise, a bounded linear operator A : X — Y is compact if for all
bounded sequences {z,}, there exists a subsequence {x,, } such that
{Az,, } converges in Y. We will now prove some characteristic properties of
compact operators.

Theorem 4.3.3. Let X and Y be Banach spaces. Let A : X —Y be a
bounded linear operator. Then, A is compact if and only if for any bounded
set U C X, A(U) is a compact subset of Y.

Proof. Assume that X and Y are Banach spaces. Assume that A : X — Y
is a bounded linear operator.

To show: (a) If A is compact, then for any bounded set U C X, A(U) is a
compact subset of Y.

(b) If A(U) is a compact subset of Y for any bounded set U C X, then A is
a compact operator.

(a) Assume that A is a compact operator. Assume that U is a bounded
subset of X. Assume that {v,} is a sequence in A(U). Then, there exists a
sequence {u,} such that Au, = v,. Since u, € U, {u,} must be bounded.
So, there exists a subsequence {u,, } such that {v,, } converges in A(U).
Since this is a subsequence of {v,}, we deduce that A(U) is compact.

(b) Assume that A(U) is a compact subset of Y for any bounded set

U C X. Let {u,} be a sequence in U. Since U is bounded, {u,} must also
be bounded. Then, {Au,} is a sequence in A(U). Since A(U) is compact,
there exists a convergent subsequence {Au,, } in A(U). So, A is a compact
operator. O
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Theorem 4.3.4. Let X and Y be Banach spaces. Let A : X =Y be a
bounded linear operator. If the range/image of A is finite dimensional, then
A must be compact.

Proof. Assume that X and Y are Banach spaces. Assume that A is a
bounded linear operator. Assume that A has finite dimensional range.
Observe that A(U) C Im(A) for all bounded subsets U C X. Since A(U) is
a closed and bounded subset of a finite dimensional space, it must be

compact. So, A must be a compact operator. n

Theorem 4.3.5. Let X and Y be Banach spaces. Let A, : X =Y be
compact operators for all n € Zsg. If lim, ,||An, — A|| = 0, then A must be
compact as well.

Proof. To prove this, we will use the following fact: since Y is complete,
A(Bx(0,1)) is compact if and only if A(Bx(0,1)) is precompact, which
means that for all € € R, the set A(Bx(0,1)) can be covered by finitely
many balls of radius e. Motivated by this, assume € € R.y. Assume that
lim,, o ||An, — A|| = 0. Then, we can choose k € Z-, such that

IIA — Ag|| < €/2. Since Ax(Bx(0,1)) is a compact subset of Y, there exists
points y; € Y for all i € {1,...,m} such that

€

A(Bx(0,1)) C U By (ys, 5)-

Now, assume = € X such that ||z|| < 1. Then, from the definition of the
operator norm, ||Ayz — Az|| < €/2. Furthermore, since z € Bx(0,1), there
exists y; € Y for j € {1,...,m} such that |Ayx — y;|| < €/2. By the
triangle inequality,

Az — ;]| < l[Ax — Azl + | Az — ;]

<e+e
-2 2
< €.

This means that { By (v;, €)}7, is a finite open cover of A(Bx(0,1)). Hence,
from the result we stated at the beginning, A(Bx(0,1)) must be compact,

which in turn finally reveals that A is a compact operator.
m

Another useful property of compact operators is that A is compact if and
only if its adjoint A* is compact. The proof requires the Arzela-Ascoli
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theorem, which is important and requires a proof of its own. First, we will
make the appropriate definitions.

Definition 4.3.1. Let X be a topological space and (Y, d) be a metric
space. Let F be a family of functions from X to Y. F is said to be
equicontinuous at x € X if for all e € Ry there exists a neighbourhood
U, of x such that

d(f(2), f(x)) <€

for all z € U, and all f € F. F is called equicontinuous if it is
equicontinuous at all points x € X.

Theorem 4.3.6 (Arzela-Ascoli). Let X be a compact topological space and
(M,d) be a complete metric space. These conditions ensure that Cts(X, M)
is a complete metric space itself, equipped with the usual doe norm. Let

F C Cts(X,M). Then, F is compact in Cts(X, M) if and only if the two
conditions below hold:

1. F is equicontinuous.

2. For all x € X, the set F(x) = {f(z)| f € F} has compact closure in
M.

Proof. Assume that X is compact and (M, d) is a complete metric space.
Assume that F C Cts(X, M). Since Cts(X, M) is a complete metric space,
F has compact closure if and only if it is precompact (alternatively, totally
bounded). This means that the set F can be covered by finitely many balls
of radius €, where € € R..

To show: (a) If the two conditions are satisfied, then F must be
precompact.

(a) Assume that the two conditions are satisfied. Assume that € € R..
Then, since F is equicontinuous, for each x € X, there exists a
neighbourhood V' (z) of = such that if y € V(x), then d(f(x), f(y)) < € for
all f € F. This renders {V(z)}.ex an open cover of X. Since X is
compact, there exists a finite subcover V' (z1),...,V(x,) of X, where

rie X foralie{l,...,n}.

By the second condition, the sets F(z;) C M are precompact in M. Hence,

the union F(z1)U---U F(z,) is also precompact in M. Hence, we can
cover this subset with balls of radius € centred at the points aq, as, ..., a,.
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This means that the set {ai,...,a,} is an e-net for F(z1) U--- U F(z,,).
For every map ¢ between the sets {1,...,n} and {1,...,m} and for all
j€{1,...,n}, define

By, ={f € F|d(f(z), apy)) <€}
Note that there are finitely many sets B, and that every f € F belongs to

one of these sets, due to the fact that F is equicontinuous. If f, g € F, then
for all y € V(xy),

d(f(y), 9(y)) < d(f(y), f(zr)+d(f(@r); apr))+d(apr). 9(zr))+d(g(zr), 9(y)) < 4e.

Since the V' (zy) forms an open cover of X for all k € {1,...,n}, this means
that ds(f, g) < 4e. So, the diameter of the sets B,, is at most 4e and they
cover F by the equicontinuous assumption. Hence, F is precompact and
thus, F is compact.

To show: (b) If F has compact closure, then the two conditions in the
statement of the theorem are satisfied.

(b) Assume that F has compact closure and thus, is precompact. Then, F
has a finite e-net. Note that for all x € X,

d(f(x), g(x)) < supd(f(x),g(x)) = dso(f, ).

zeX
Hence, for all z € X, F(x) is precompact (the same e-net works as before).
This proves condition 2. To prove condition 1 holds, since F is precompact,
it has a finite e-net, say {f1,..., fn}. So, for all # € X, there exists an open
neighbourhood V' (z) such that for all y € V(z), d(f;(z), f;(y)) < € for all
j€{1,...,n}. Now assume that f € F. Then, we can choose fj for some
ke {1,...,n} such that do(fx, f) < €. Hence, for all y € V' (z),

d(f(x), f(y)) < d(f(z), fr(@)) + d(fe(2), fe(y)) + d(fe(y), [ (y)) < 3e.

Therefore, F is equicontinuous at x € X. Since x was arbitrary, we deduce
that F must be equicontinuous. O

The corollary that we will use from is stated below:

Corollary 4.3.7. Let X be a compact topological space and Y a complete
metric space. Let F C Cts(X,Y) be an equicontinuous family. Then, every
sequence of functions in F has a uniformly convergent subsequence.
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The corollary stems in particular from F being precompact, given the
assumptions of the corollary and Theorem [4.3.6, Now, we will prove the
result alluded to regarding compact operators.

Theorem 4.3.8. Let X and Y be Banach spaces. Let A : X —Y be a
bounded linear operator. Then, A* : Y* — X* is compact if and only if A is
a compact operator.

Proof. Assume that X and Y are Banach spaces. Assume that A : X — Y
is a bounded linear operator.

To show: (a) If A is a compact operator, then A* : Y* — X* is a compact
operator.

(b) If A* is a compact operator, then A is a compact operator.

(a) Assume that A is a compact operator. If {z,,}°° is a sequence in the
closed unit ball

Bo(0,1) = {w e X | [lz]| <1},

then {x,} is bounded and {Az,} has a convergent subsequence in Y. Since
Y is a Banach space, it must be complete. As a result, the closure
K = A(B¢(0,1)) must be compact.

Now let {¢,}2, be a bounded sequence in Y*. Without loss of generality,
we can assume that ||¢,|| < 1 for n € Z-,.

To show: (aa) {¢,}5°, is equicontinuous.

(aa) Assume that e € Ryg and n € Zg. Set 6 =e€. If |y —¢/| < in Y then

[0 (y) = En(y)] < llnlllly —y'll < lly =¥l <e

Since n € Zg, we deduce that the family of functionals {¢,}7°, is
equicontinuous.

(a) The key point here is that due to part (aa), the sequence {¢, |k}, is
equicontinuous, where ¢, |k is the restriction of ¢, to K = A(B¢(0, 1)),

which is a compact subset of Y.

By the Arzela-Ascoli theorem, there exists a subsequence {¢,, |k} of
{én|Kk}, which converges uniformly on K. We now claim that {A*¢,, }
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converges in X*.

It suffices to prove that {A*¢y,, } is Cauchy. Since {¢,, |k} is a convergent
sequence in Y*, {¢p, |k} must be Cauchy. Assume that e € Ro(. Select
N € Z~ such that if i, j > N then

Sup [dn, (k) = ¢n, ()] <€

keK

We can do this because {¢,, |k} converges uniformly on K. Subsequently, if
1,7 > N then

A"y, — A*¢nj|’ = sup [A"¢y, () — A*¢n]($)|

[[=]|=1
= IISlHl£1|¢ni<AI) - ¢nj (AI>’
< sup 6, (k) — b, (B)] < e
keK

The second last inequality follows from the fact that Az € A(B¢(0,1)) C K.
Therefore, the sequence {A*¢,, } is Cauchy in X*. Since X* is complete,
the sequence {A*¢,, } must converge and thus, qualifies as a convergent
subsequence of {A*¢,}. So, A* is a compact operator.

(b) Assume that A* : Y — X is a compact operator. By applying part (a)
to A*, we deduce that (A*)*: (X*)* — (Y*)* is also a compact operator.

Let tx : X — (X*)* and vy : Y — (Y*)* be the canonical injective
isometries. Then,

(A")|x = (A")" orx =1y o A.

Since (A*)* is compact, the composite (A*)* o tx is also compact. Hence,
ty o A is a compact operator from X to (Y*)*.

We claim that because ¢y is an isometry, A must be compact. Let {z,} be
a bounded sequence in X. Then, {(ty o A)x,} must have a convergent
subsequence {(ty o A)z,, } in (Y*)*. So, this sequence must be Cauchy.

Now assume that € € R.y. Select P € Z~( such that if i, j > P

(e 0 A)n, — (o 0 A | < c.

Using the fact that ¢y is an isometry, we find that if 7, j > P then
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HAJJm - Axn]H = HA(IM - xn])H
= [[(ey 0 A)(zn, — zn))|| <€

So, {Ax,, } is a Cauchy sequence in Y. Since Y is complete, it must be
convergent. So, {Az,, } is a convergent subsequence of {Az, } and therefore,
A is compact as required. ]

4.4 Weak Convergence in Hilbert Spaces

We know that every Hilbert space can be converted into a Banach space.
So, the concept of weak convergence, which was introduced in the context
of normed vector spaces, can be adapted for Hilbert spaces. The crucial
difference here is the presence of the Riesz Representation Theorem (|3.3.1))
for Hilbert spaces. It allows us to express weak convergence with the inner
product.

Definition 4.4.1. Let H be a Hilbert space. Let {z,} be a sequence of
points in H. We say that {z,} converges weakly to a point x € H if for
all y € H,

lim (y, z,,) = (y, z).

n—oo

As before, we write z,, = = to denote weak convergence.
One property of weakly convergent sequences is boundedness.

Theorem 4.4.1. Let H be a Hilbert space. Let {x,} be a sequence of points
in H such that x,, = x. Then, {x,} is a bounded sequence, which means
that there exists a constant C € K such that ||z, || < C for all n € Z~o.

Proof. Assume that H is a Hilbert space. Assume that {z,} is a sequence
of points in H such that x,, — x. This means that for all y € H,

limy o0 (Y, 2n) = (y, 7).
To show: (a) {x,} is bounded.

(a) First, we observe that for all y € H, the set {(y,x,) | n € Zso} is
bounded. By the Riesz representation theorem (3.3.1), every z,, € H
corresponds to a linear functional ¢*» € H*, which maps y € H to (y,x,).
So, consider the family of linear functionals
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O = {6™ | n € Zoo).

Each member of ® is bounded because

o™ = sup [{y, xn)| < oo.
<1
Therefore, we can apply the uniform boundedness principle (4.1.3]) in order
to deduce that ® is uniformly bounded. The other case cannot happen
because ¢*(y) is bounded for all y € H. Consequently, {z, } must be a
bounded sequence.

The next result requires much more work to prove.

Theorem 4.4.2. Let H be a Hilbert space and {x,} be a bounded sequence
of points in H. Then, {x,} has a weakly convergent subsequence {x,,}
where x,;, — x for some v € H.

Proof. Assume that H is a Hilbert space and {z,} is a bounded sequence of
points in H. First, we will construct a candidate subsequence of {x,}. Let
V be the vector space span{z, } and V* be its orthogonal complement. V/
is separable because it has a countable, dense subset {z,, | n € Z-¢}.

Hence, by Gram-Schmidt orthogonalisation, we construct an orthonormal
basis {ey, ea, ...} for V.

Now we will construct the sequence. Consider the sequence {(ey, z,)},
where n € Z-(. Note that this sequence is bounded due to our assumption.
So, there exists Iy C Z~q such that the subsequence {(eq,x,)}ner, converges
(remember that this is a sequence in either R or C. So, the
Bolzano-Weierstrass theorem applies). Next, the sequence {{ea, z,,) }ner, is
also bounded. In a similar vein, there exists I C I; such that the
subsequence {({es, T,) }ner, converges. Continuing in this manner, we find
that for all m € Z-, there exists a countable set of indices I, C I,,,_1 such
that the sequence {(e,,, ) }ner,, converges. Now choose a subsequence

ny < ng < ... with n, € I for all k € Z~,. This provides us with the
convergence

lim (e, Tp,) = Om
k—o0

for some a,, € R or C and for all m € Z+,.
Next, consider the point
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0
z = E O Em -
m=1

We have to show that the series actually converges.
To show: (a) z is well defined.

(a) Since the sequence {x,} is bounded, ||z,| < C for some constant
C € R.y. By the Cauchy-Schwarz inequality, the real sequence
{l{ems T ) |* Hrer., satisfies

[{em, T )* < Nlzm,|I* < C*.

So, the dominated convergence theorem justifies this interchange between
the limit and sum

n n
E lim |(em,aunk)|2 = lim E |(em,xnk)|2
k—oco k—o0
m=1 m=1

We think of the above equation as applying the dominated convergence
theorem to integrals over the counting measure on R. Hence, for all
n E Z>0’

n n
Z|&m|2 = hm|<€maxnk>|2
k—o0
m=1 m=1
n
= klggo Z|<€m’ xnk>|2
m=1
oo
< T > {em 7,
m=1
< lim ||z, |* (Theorem [3.5.2
k—ro00
< C%
This reveals that the series Y |a,,|? is convergent. Since {e, eq,...} is

an orthonormal basis for V', we find that for all m > n,

m m
1) arerl = D |al> =0

k=n+1 k=n+1
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as m,n — oo since Y |ay,|? is convergent. So, the sequence of partial
sums {> ", agex tmez., is Cauchy and consequently, the series
representation of z does indeed have a well-defined sum. Moreover,

127 =) o> < C2.
m=1
This shows that z is well defined.

The crux of this argument is to show that the subsequence {x,, } converges
weakly to z.

To show: (b) {z,, } — =
(b) Assume that y € H. We have to show that limy_,.(y, z,,) = (y, 2).

Using the orthogonal complement V+, we decompose y as the sum y; + v,
where y, € V+ and

= i bnem € V.
m=1

Assume that € € R.y. Choose N € Z- large enough so that

> bl < €.

m>N

Then,

<y7xnk - Z> = <y1 + Y2, T, — Z>

= (Y1 Ty = 2)
= (Z binCm, Ty — 2) + (Z binCm, Tny, — 2)
m<N m>N

We control A, and By separately. Firstly, limy_,., Ar = 0 due to our
construction of {x,, }. We argue that
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lim Ay = lim ( Z binem, Tny, — 2)
m<N

k—o0 k—o00 <
= ’fh—{go(n;v bin€ms Tny) — n;me<€m7 z))
SICIDSURCHERED DY SRes
m<N m<N n=1
— ’}iﬂ’(n;v D (€ L) — W;mem) = 0.

Now, using all the inequalities we have found so far, we control |By| as
follows:

Bl = () bmems Tn, — 2)|

m>N

<D bmemllllan, — 2l (Canchy-Schwarz)

m>N

= (> bml*)? |, — 2|
m>N
< €(l|zn, |l + 1121

< 2Ck.

Hence, we have

lim sup|(y, xn, — 2)| = lim sup|Ax + By| < 2Ce.
k—o00 k—o0

Since € > 0 was arbitrary, we conclude that limsup,_, . |(y, z,, — 2)| =0,
unveiling that the subsequence {z,, } — z as required. ]

A peculiar property of a compact operator is that it maps weakly
convergent sequences to strongly convergent sequences. The following
theorem elucidates this point.

Theorem 4.4.3. Let H be a Hilbert space. Let {x,} be a weakly convergent
sequence such that x, — x for some x € H. Let A : H — H be a compact
operator. Then,

lim ||Az, — Az|| =0,
n—oo

asserting that the sequence {Ax,} converges strongly to the point Az € H.
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Proof. Assume that H is a Hilbert space and that {z,} is a weakly
convergent sequence. Then, {z,} must be a bounded sequence. Since A is a
compact operator, there exists a subsequence {z,,} such that the sequence
{Az,,} converges strongly to (say) y € H.

To show: (a) y = Ax.

(a) We will exploit the uniqueness of the weak limit. Note that for all
veH,

(Ax, — Az, v) = (x, — x, A"v) — 0

as n — oo because x,, — x. Therefore, Ax,, — Az. But, we have already
shown that {Axz,,} converges strongly to y € H. Since {Ax,,} is strongly
convergent, it must also be weakly convergent to the same point in H.
Therefore, by the uniqueness of the weak limit, Ax = y. O

The next theorem provides another characterisation of strong convergence
from weak convergence.

Theorem 4.4.4. Let {x,}nez., be a sequence in a Hilbert space H. Then,
{z,} strongly converges to x € H if and only if lim, _||z,| = ||z|| and
Ty — T

Proof. Assume that H is a Hilbert space and {z, },ez., is a sequence in H.

Suppose that lim,, ,||z,| = ||z|| and x,, — z. Then,
lim,, o0 (Tn, 2,,) = (z, ) and

lim ||z, — z||* = lim (z,, — z, 2, — )
n—oo

= i (0 22) = (0,2} — ,2,) + (2. 2)
= <.T,QZ> - <,T,33> - <CL’,3§> + <,T,33>
= 0.

Thus, ||z, — z|| = 0 as n — oco. This demonstrates that {z,} strongly
converges to r € H.

For the converse, suppose that {x,} — x. Assume that y € H. Then,

n—o0 n—00

= <y’ IL">
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since {x,} strongly converges to x. Hence, {x,} — x. To see that
lim,, oo ||zn|| = ||Z]|, we note that

lim ||z, [|* = lim (z,,, z,)
n—oo n—o0
= lim ((z,, — z,z, — x) + (Tn, ) + (z,2,)) — (x, T)
n—oo

= (z,7) = |||

where the last line follows from the fact that {x,} weakly converges to x.
Thus, lim,, ||z, || = ||z||, which completes the proof. O
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Chapter 5

Some Spectral Theory

5.1 Fredholm Theorem

The Fredholm Theorem is incredibly important. It asserts that many
properties of finite dimensional operators can be adapted to a Hilbert
space. Within a Hilbert space H, these properties are only satisfied by
operators of the form I — K, where I : H — H is the identity operator and
K : H — H is a compact operator. The expression I — K is reminiscent of
the matrices one computes in the process of diagonalisation. In this section,
we will go through the proof of this important theorem. We will break the
theorem down into multiple components.

Theorem 5.1.1. Let H be a Hilbert space over the field R. Let K : H — H
be a compact linear operator. Then, ker(I — K) is finite dimensional.

Proof. Assume that H is a Hilbert space over the real numbers R. Assume
that K : H — H is a compact linear operator. Suppose for the sake of
contradiction that ker(/ — K) is infinite dimensional, where I : H — H is
the identity operator. Then, by Gram-Schmidt, one can find an
orthonormal basis {ej, s, ...} contained in ker(! — K). Note that

(I — K)(e,) = 1I(e,) — K(e,) =€, — K(e,) =0.

Therefore, Ke, = e, for all n € Z~o. Since H is a Hilbert space, we can use
Pythagoras’ theorem in tandem with our orthonormal basis {ej, es, ...} to
deduce that for m # n,

lem — enll® = llemll” + lleal* = 2.

Hence, ||Kep, — Ken|| = ||em — ea|| = V2 for all m,n € Z-y where m # n.
However, this means that the sequence {Ke,, } can never converge,
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contradicting the assumption that K is a compact operator. Therefore,
ker(/ — K) is finite dimensional. O

Theorem 5.1.2. Let H be a Hilbert space over the field R. Let K : H — H
be a compact linear operator. Then, Im(I — K) is a closed subset of H.

Proof. Assume that H is a Hilbert space over the real numbers R. Assume
that K : H — H is a compact linear operator. We will begin by proving a
preliminary result.

To show: (a) There exists § € R such that ||u — Kul| > f||u|| for all
u € ker(I — K)*.

(a) Suppose that the statement is not true. Then, we can find a sequence of
points u,, € ker(I — K)* such that for all n € Z~y, ||u,|| = 1 and

|un — Kuy,|| < L. Observe that by construction, the sequence {u,} is
bounded. So, it must contain a subsequence, which we will denote by {u,},
such that u,, — u ({u,,} is weakly convergent). When we apply K to the
sequence {u,,}, we find that the sequence { Ku,,} strongly converges to Ku
because K is a compact operator on a Hilbert space. Now, we have the
following inequality:

1
|t — Kul| < |ty — Kup|| + | Kty — Kul|| < — + || Kty — Kul| — 0
m
as m — 00. So, ||u|| = im0 ||tm| = 1 and

|lu — Kul| = lim ||u,, — Kul| = 0.
m—0o0

The latter equality in particular reveals that ©« = Kwu and so,

u € ker(I — K). Since u is also an element of ker(I — K)*, u = 0. However,
this contradicts the assumption that ||u|| = 1. Hence, the statement
purported in part a must be true.

To show: (b) Im(I — K) is a closed subset of H.
(b) It suffices to show that Im(/ — K) C Im(/ — K). Assume that
v € Im(/ — K). Then, there exists a sequence of points {v,} in Im(/ — K)

such that v, — v. Our objective is to demonstrate that v € Im(I — K).

To show: (ba) There exists u € H such that u — Ku = v.
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(ba) Since v, € Im(I — K), there exists u,, € H such that for all n € Z-,,
Uy = Uy, — Ku,. We want to use the result proved in part (a). In order to
do this, let @, € ker(/ — K) be the perpendicular projection of u, on

ker(/ — K'). Then, we define

Zn = Uy — Uy € ker(I — K)*.

So, we have

Uy = Uy, — KUy, = 2, + 0y, — Kz, — Kt,, = z,, — Kz,.

This is because K, = ,. Now, we can apply part (a) in order to deduce
that there exists 8 € R.q such that

||Um - Un” > 6||Zm - Zn”

for all m.n € Z~q such that m # n. Since the sequence {v,} converges to v,
it must be Cauchy. This reveals that the sequence {z,} is also Cauchy and
thus, convergent because H is complete. So, there exists u € H such that
2z, — u and subsequently, we deduce that

u— Ku= lim(z, — Kz,) = lim v, = v.
n—o0 n—oo

]

Theorem 5.1.3. Let H be a Hilbert space over the field R. Let K : H - H
be a compact linear operator. Then, Im(I — K) = ker(I — K*)*.

Proof. Assume that H is a Hilbert space over R. Assume that K : H - H
is a compact linear operator and that [ : H — H is the identity operator.
Since ker(I — K*) is finite dimensional, it suffices to prove the following:

To show: (a) Im(I — K)* = ker(I — K*).

(a) Assume that h € ker(I — K*). Then, this holds if and only if

(I — K*)h = 0. Using the inner product on H, this is true if and only if for
all y € H,

(y,(I = K*)h) = 0.
Using the definition of the adjoint, this subsequently holds if and only if

(I — K)y,h) =0.
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Since (I — K)y € Im(I — K) for all y € H, h € Im(I — K)*. Hence,
Im(I — K)* = ker(I — K*). By taking the orthogonal complement of both
sides, we obtain the desired result.

[]

Theorem 5.1.4. Let H be a Hilbert space over the field R. Let K : H — H
be a compact linear operator. Then, Im(I — K) = H if and only if
ker(I — K) = {0}.

Proof. Assume that H is a Hilbert space over R. Assume that K : H - H
is a compact linear operator and that I : H — H is the identity operator.

To show: (a) If ker(/ — K) = {0}, then Im(/ — K) = H.
(b) If Im(/ — K') = H, then ker(I — K) = {0}.

(a) Suppose for the sake of contradiction that ker(/ — K) = {0}, but there
exists h € H such that h ¢ Im(/ — K). The idea of this argument is to use
induction and Pythagoras’ theorem. Let Hy; = (I — K)(H). Note that H; is
a closed subspace of H. Since I — K is one-to-one, find that

H, = (I — K)(H,) C H; is also a closed subspace of H. Hence, by
induction, we can construct a sequence of closed subspaces

H,CH, 1 C---C Hysuch that H, = (I — K)"(H).

Now, for each n € Z~, we can pick an element e,, € H, N Hqﬁrl such that
llem|| = 1. Note that when m < n,

Ken,—Ke, = —(en—Kep)+(en—Key)+(em—en) = [—(em—Ken)+(en—Ken)—en]+en.

Specifically, the element [—(e,, — Ken,) + (e, — Key,) — €,] € Ho, ) by
definition. This suggests that we can use Pythagoras’ theorem to deduce
that

[Kem — Keal* = [~ (em — Kew) + (en — Ken) — €] + llem|
> 1.

So, |Key — Key|| > 1. As a result, the sequence {Ke,} does not have a
convergent subsequence. This contradicts the fact that K is a compact
operator. Therefore, Im(I — K) = H.
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(b) Assume that Im(/ — K) = H. Then, we observe that

ker(I — K*) =im(I — K)* = H*+ = {0}. Since K is a compact operator,
K* must also be a compact operator. So, Im(I — K*) = H by part (a).
Applying duality again, we find that Im(/ — K*) = ker(/ — K)*+ = H.
Therefore, ker(I — K) = {0} as required. O

Theorem 5.1.5. Let H be a Hilbert space over the field R. Let K : H — H
be a compact linear operator. Then, dimker(I — K) = dimker(I — K*).

Proof. Assume that H is a Hilbert space over R. Assume that K : H - H
is a compact linear operator.

To show: (a) dimker(I — K) > dimIm(/ — K)*.

(a) Suppose for the sake of contradiction that

dimker(/ — K) < dimIm(/ — K)*. Then, there exists a linear map

A ker(I — K) — Im(I — K)*, which is injective, but not surjective. We
can extend A to another linear map B : H — Im(I — K)*, where Bu = 0
whenever u € ker(I — K)* and Bu = Au otherwise. Note that the range of
B is finite dimensional. So, B must be a compact operator and by
extension, K + B as well.

We will now demonstrate that ker(/ — (K + B)) = {0}. Assume that
u € H. Then, we can write u = uj + uy, where u; € ker(I — K) and
uy € ker(I — K)*. As a result,

(I — K — B)(uy +ug) = (I — K)uy — Buy € Im(I — K) @ Im(I — K)*.

Importantly, (I — K)us is orthogonal to Buy, which means that

(I — K)us — Buy = 0 if and only if (I — K)us = 0 and Bu; = 0. If

(I — K)uy = 0, then uy € ker(I — K). But, uy € ker(I — K)*. Therefore,
1y = 0. Furthermore, due to the definition of B and the fact that

uy € ker(I — K), uy = 0. Hence, ker(I — (K + B)) = {0}.

Since K + B is a compact operator, ker(I — (K + B)) = {0} if and only if
Im(I — (K + B)) = H. We can construct an element v € Im(/ — K)* such
that v ¢ Im(B). Hence, the equation

u—Ku—Au=v

cannot be solved, contravening the finding that Im(/ — (K + B)) = H.
Hence, dimker(I — K) > dim Im(/ — K)*.
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To show: (b) dimker(/ — K) = dimker( — K*).

(b) We will use part (a) to deal with this. We already know that for the
compact operator K*,

ker(I — K) = Im(] — K*)*.
Hence, from part (a) we obtain
dimker(I — K*) > dimIm(I — K*)* = ker(I — K).
Analogously,
ker(I — K*) =Im(I — K)*.
and
dimker(I — K) > dimIm(I — K)* = ker(I — K*).
These two inequalities together show that

dimker(/ — K) = dimker(/ — K*).

Here is a short summary of Fredholm’s theorem in its entirety:

1. ker(I — K) is finite dimensional.

2. Im(I — K) is a closed subset of H.

- Im( )
3. Im(] — K) = ker(] — K*)*.

4. ker(I — K) = {0} if and only if Im(/ — K) = H.
5. dimker( — K) = dimker(/ — K*).

What exactly does this mean for operators of the form I — K, where K is a
compact operator on a Hilbert space H? It provides us with information
about the existence and uniqueness of solutions to the linear equation

u — Ku = f. There are two possible cases:

Case 1: ker(I — K) = {0}
If ker(I — K) = {0}, then Im(/ — K') = H. This reveals that the operator

I — K is bijective. Hence, the equation (I — K)u = f has exactly one
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solution.
Case 2: ker(I — K) # {0}

In this case, the equation (I — K)u = 0 has a non-trivial solution, since the
kernel is non-trivial. In this scenario, the equation (I — K)u = f has
solutions if and only if f € ker(I — K*)* as a consequence of |5.1.3]

5.2 Spectrum

We will now delve into the concept of a spectrum, which is pertinent to
linear algebra. We are interested in the spectrum of a bounded linear
operator A : H — H, where H is a Hilbert space over R.

Definition 5.2.1. Let H be a Hilbert space over R and A : H — H be a
bounded linear operator. Then, the resolvent set of A is the set of
numbers 7 € R such that the operator nI — A is both injective and
surjective. The resolvent set of A is denoted by p(A).

Here is one preliminary thought about the resolvent set. If n € p(A), then
the operator n/ — A is a bounded, surjective operator on H. By the open
mapping theorem (4.1.8), n/ — A must be an open map. But, from the
definition of the resolvent set, nI — A is also bijective. Since nI — A is
bijective and open, it must be a homeomorphism. Consequently, the inverse
operator (nI — A)~! is continuous itself (and thus, a bounded linear
operator on H).

Definition 5.2.2. Let H be a Hilbert space over R and A : H — H be a
bounded linear operator. Then, the spectrum of A, denoted by o(A), is
the complement of the resolvent set of A.

o(A) = R\p(A).

Definition 5.2.3. Let H be a Hilbert space over R and A : H — H be a
bounded linear operator. Then, the point spectrum of A, denoted by
o,(A), is the set of real numbers 7 € R such that (n/ — A) is not injective.
Alternatively, n € 0,(A) if there exists a non-zero vector w € H such that
Aw = nuw.

In line with linear algebra, 7 is called an eigenvalue of A and w is the
associated eigenvector.
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Definition 5.2.4. Let H be a Hilbert space over R and A : H — H be a
bounded linear operator. Then, the essential spectrum of A, denoted by
oe(A), is defined as the complement

e(A) = a(A)\op(A).
Alternatively, it is the set of all real numbers 6 € R such that (6 — A) is
injective, but not surjective.

Tying in with the previous work on compact operators, what does the
spectrum of a compact operator look like? The following theorem reveals
the answer.

Theorem 5.2.1. Let H be an infinite dimensional Hilbert space. Let

K : H— H be a compact linear operator. Then, 0 € o(K) and

o(K) = 0,(K)U{0}. Moreover, either 0,(K) is finite or is equal to the set
{ M | k € Z-o} where limy_,oo A\, = 0.

Proof. Assume that H is an infinite dimensional Hilbert space. Assume
that K : H — H is a compact linear operator.

To show: (a) 0 € o(K).
(b) o(K) = 0,(K) U{0}.

(c) Either 0,(K) is finite or is equal to the set {\; | k € Zso} where

(a) Suppose for the sake of contradiction that 0 ¢ o(K). Then, from the
definition of o(K), 0 must be an element of the resolvent set p(K). By
definition of the resolvent set, the operator —K must be bijective. Hence,
K is bijective, with a continuous inverse. As a result of composition,

I = KoK~ Since K is compact and K~ is continuous, I must be a
compact operator. This contradicts the fact that H is an infinite
dimensional space, in tandem with the fact that the closed unit ball in H is
not compact. So, 0 € o(K).

(b) Suppose for the sake of contradiction that o(K) # o,(K) U {0}. Then,

there exists A € o(K') such that A # 0 and A\ ¢ 0,(K). Since A ¢ 0,(K),

A — K must be injective and ker(A — K) = {0}. By Fredholm’s theorem,
this holds if and only if Im(A] — K') = H. Since A\ € p(K), the inverse

(M — K)~! is continuous and thus, bounded. This contradicts the fact that

134



A € o(K). Hence, o(K) = 0,(K) U {0}.

(c) Assume that {\,} is a sequence of eigenvalues of K, with A, — \. We
will show that A = 0. Suppose for the sake of contradiction that A # 0.
Since A, € 0,(K), there exists an eigenvector w,, € H such that

Kw, = \,w,. Define

H, = span{wy, ..., w,}.

Note that the set of eigenvectors {wy, ..., w,} is linearly independent. So,
H, C H,; for all n € Z-,. We also observe that (K — \,I)H,, C H,_; due
to the definition of H,. Hence, for all n € Z~q, we choose e, € H, N H: ,
with ||e,||. If we fix m < n, then we note the following:

1. Ke, — \pe, € H,,_; because e, € H, and (K — \,])H,, C H, ;.

2. Ke,, — Amem € H,,_1 C H,,_1 because e, € H,,, and
(K =\ )H,, € Hpp .

3. eqm€H, CH, ;.

4. e, € Hr ;.
Therefore,
| Kem — Ken* = ||[(Kem — Xew) — (Ken — Aep) + Amem — Anen]||?

I
[(Kem — Aem) — (Ken — Aen) + Ameml|? + [ Anen||.
(

So, |Ke,, — Key|| > |A|. This means that the sequence {Ke,}, where
n € Z~o, cannot have any convergent subsequence. However, this
contradicts the fact that K is a compact operator. Therefore, A = 0.

5.3 Hilbert-Schmidt

In this section, we will study symmetric operators on a Hilbert space H
over R. We know from linear algebra that a symmetric matrix is
diagonalisable. It turns out that a similar result holds for compact
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symmetric operators on a Hilbert space. This result is the
Hilbert-Schmidt theorem, which is central to this section.

As usual, we require a few preliminary definitions and results.

Definition 5.3.1. Let H be a Hilbert space over the field R. Let
A : H — H be a linear operator. Then, A is symmetric if A = A*. If H is
a Hllbert space over C, then A is called self-adjoint.

The following theorem was taken from Kreyszig [EK78]. This theorem is
very important for the result we will eventually prove pertaining to the
spectrum of a bounded linear symmetric operator. Somehow, this was
either assumed knowledge or ignored by Bressan.

Theorem 5.3.1. Let H be a Hilbert space over C and A : H — H be a
bounded self-adjoint linear operator. Then, X\ € p(A) if and only if there
exists ¢ € Ryg such that for all x € H,

Az = Az]| = ]

Proof. Assume that H is a Hilbert space over C. Assume that A : H — H
be a bounded, linear, self-adjoint operator. Assume that A € C.

To show: (a) If A € p(A), then there exists ¢ € R-, such that for all x € H,
Az — Az = ef|].

(b) If there exists ¢ € Ry such that for all x € H, [[Axz — Az|| > ¢||z||, then
A€ p(A).

(a) Assume that A € p(A). By the open mapping theorem, the operator
A — A must have a bounded inverse. So, there exists a k € R such that

I(A =AM < k.

Hence, for all x € H, we have

[l = [I(A = AL)"H(A = M)z
< [[(A = AD)THI(A = ATz
< Ek|[(A = X))z

Subsequently, we have
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1
el < lI(A = AD)x]
Taking the scalar 1/k gives the desired result.

(b) Assume that there exists ¢ € Ry such that for all x € H,

[Az = x| > cf|z]]
To show: (ba) A — A : H — (A — X )(H) is bijective.

(bb) The image (A — AI)(H) is dense in H.
(bc) The image (A — AI)(H) is a closed subset of H.

(ba) It suffices to show that A — AI is injective. Assume that
Axy — A\x1 = Axy — Axy for some x1, 29 € H. Then,

0= [[(A=AD)ay — (A — A)as|
= (A = A)(z1 — 2)]|

> cf|zy — @of|.

for some ¢ € Ry as enforced by our assumption. Therefore, ||z7 — 22| =0
and so, 1 = o as a result. Hence, A — \I is injective.

(bb) Consider the set (A — )\I)(H)L. Since (A — AI)(H) is a subset of H,
(A= M)(H )L is a closed subset of H. Hence, from orthogonal projection,

H=00 - )H) o’ - \)H) .
To show: (bba) (A — M) (H)" = {0}.
(bba) Assume that xo € (A — AI)(H)L. Then, for all z € H,

(o, Ax — Ax) = (20, A) — (0, AT) = 0.
We now use the fact that A is self-adjoint in order to deduce that

(x,Axo) = (Ax, 20) = (z, \xg).
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Therefore, Azg = Azy. We will now show that zo = 0. Suppose for the sake
of contradiction that xq # 0. Then. the previous equation reveals that A is
an eigenvalue of A. Since A is self-adjoint, its eigenvalues must be real. So,

A=A\ So,

(A - )\[)1'0 = A.TO — )\370 =0.

However, this would contradict our original assumption because

0= [[(A = AD)xol| = c|zo|

and ¢ > 0. Hence, o = 0 and consequently, (A — /\])(H)L = {0}.

(bb) Since (A — AI)(H) " = {0} and

H=TA—X)(H) o (A= )(H) ,

(A= AI)(H) = H. This shows that the image (A — AI)(H) is dense in H.

(bc) Assume that y € (A — A )(H). We will show that y € (A — \I)(H).
Since y € (A — Al )(H), there exists a sequence {y,} such that

yn € (A= AXI)(H) and y, — y. Because, y, € (A — A\ )(H), there exists
x, € H such that Az, — A\z,, = y,,. We know from part (a) that

1 1
Hxn - mm” < EH(A - AI)(ZEn —Tpy) = EHyn - ym”

This proves that the sequence {z,} is Cauchy because {y,} converges.
Since H is complete, {z,} must converge to say z € H. Now observe that
(A= M)z € (A—=AI)(H) and due to the uniqueness of limits, we must have
(A= X)xz =vy. Hence, y € (A — XI)(H). So, the image (A — A\I)(H) is
closed.

(b) Combining parts (bb) and (bc), we deduce that (A — A\I)(H) = H.
Therefore, (A — M\ )(H) is bijective. From the definition of a resolvent set,
we finally find that A € p(A).

[l

For a continuous, linear, symmetric operator, there are well-defined bounds
on its spectrum. We will see this in the following result.

Theorem 5.3.2. Let H be a Hilbert space over R and A : H — H be a
bounded, linear and symmetric operator. Define
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m= inf (Au,u) and M = sup (Au,u).
ueH, ||lull=1 uweH, ||ul|=1

Then, the spectrum o(A) C [m, M], m, M € o(A) and ||A|| = max(—m, M).

Proof. Assume that H is a Hllbert space over R. Assume that A: H — H
is a bounded, linear, symmetric operator over H. Assume that m, M € R
are defined as above.

To show: (a) o(A) C [m, M].

(b) m, M € a(A).

(¢) Al = max(—m, M).

(a) It is more tractable for us to work with the resolvent set p(A).
To show: (aa) (—oo,m)U (M,o0) C p(A).

(aa) Assume that n € (M, c0). Define the bilinear functional
B:HxH— H as

Blz,y] = (nz — Az, y).

First note that B[z, y| is continuous. We would like to apply the
Lax-Milgram theorem to B. This requires B to be positive definite. For
this, we observe that for all u € H,

Blu,u] = {u — Au,u) = (nu,u) — (Au,u) > (= M)||ul|*

due to the definition of M. Therefore, B is positive definite. So, we can
apply the Lax-Milgram theorem to deduce that for all h € H, there exists a
unique x € H such that for all y € H,

Blz,y] = (nz — Az, y) = (h,y).

This reduces to the statement that for all h € H, there exists a unique
x € H such that

(nl — A)x = h.

This means that the operator (nI — A) is surjective. Furthermore, due to
the uniqueness of © € H, (nI — A) is also injective. Therefore, n € p(A) by
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definition of the resolvent set. The case where n € (—oo,m) is similar and
uses —A rather than A. So, (—oo,m) U (M, 00) C p(A).

(a) Taking complements yields o(A) C [m, M].
We will prove part (c) before part (b).

(c) We will assume that |m| < M. The case where M < —m can be
handled by very similar arguments - change A to —A and recycle the
arguments which follow.

For all u,v € H, we have

4(Au,v) = (AMu+v),u+v) — (Au—v),u —v)
< M([lu+v]* + flu—vl*)
= 2M([Jul]* + [[v]|*)-

The first equality works since (Au,v) = (u, Av) = (Av,u). Now assume that
Au # 0. Then, if we set

we find that

2l[ull | Aull < M([Jull® + [lul]*) = 2 [[ul|*.

and

[ Aul] < M ull

for all w € H. Note that this inequality also holds when Au = 0. By taking
the supremum of both sides and letting ||u|| = 1, we deduce that ||A| < M.
Next, we will derive another inequality as follows:

Al = HSlullleAUH
= HSIH@IHAMHIUII

> sup (Au,u) (Cauchy-Schwarz)

flull=1

=M.
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Hence, ||A|| > M and as a result, |A|| = M. As stated before, the other
case where M < —m can be dealt with by similar arguments, which lead to
the conclusion that ||A|| = m. Therefore, |A]| = max(—m, M).

(b) Once again, we will only establish that M € o(A) since the argument
for m is very similar. Since supy,—;(Au,u) = M by definition, there exists
a sequence {u,} such that (Au,,u,) — M as n — oco. Furthermore,

|lun|| = 1 for all n € Z~(. Then, we note that

Aty — Muy,||* = ||Aup||® — 2M (A, w,) + M|, ||?
= [|[Aun||* — 2M (A, uy) + M?
< M? —2M{Auy,,u,) + M?* from part (c)
= 2M? — 2M (A, uy,)
—0

as n — 0o. Thus, there is no positive real number ¢ such that

(A = MI)uy,| = [[Au, — Mu,|| > c||z.]| = c.

for all n € Z~(. By the contrapositive of |5.3.1, M ¢ p(A). Hence,
M € o(A) as required.

We have now arrived at the most important result of the section.

Theorem 5.3.3 (Hilbert-Schmidt). Let H be an infinite dimensional,
separable Hilbert space over R. Let A : H — H be a compact, symmetric,

linear operator. Then, the eigenvectors of A form a countable orthonormal
basis for H.

Proof. Assume that H is an infinite dimensional separable Hilbert space
over R. Assume that A : H — H is a compact symmetric linear operator on
H. Let ng = 0 and {ny, 79, ...} be the set of non-zero eigenvalues of A.
Additionally, we let Hy = ker(A) and H; = ker(A —n;I) for all i € Z.
Note that 0 < dim Hy < oo and 0 < dim H; < oo for all ¢ € Z~.

To show: (a) If m # n, then H,, and H, are orthogonal.

(a) Assume that m # n. Assume that k,, € H,, and k,, € H,,. Then, from
the definition, Ak, = 0.k, and Ak, = n,k,. Now, we argue as follows:
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M (Ko k) = (T, i)
(Ak‘m,k )
= (km, Mken)
= (km: Mnkn)
= N (km, kn)-

Since 1y, # Ny, it must be the case that (k,,, k,) = 0. Hence, H,, and H,
are orthogonal to each other.

Now we consider the set of linear combinations below:

N
H = {Zakuk | N € Zwo,ur, € Hy, o € R}.
k=1

To show: (b) H* C ker(A) = Hy.

(b) Assume that v € H-. Assume that v € H. Then, Av € A(I:I) C H and
(Au,v) = (u, Av) = 0. This reveals that the image A(HL) C H'. Define A
to be the restriction of A to the subspace H+. Then, A is still a compact,
symmetric operator. From the previous theorem, we have

[Al=" sup  [{Au,u)] = M
ueH~L, ||Jul|=1
Suppose for the sake of contradiction that M # 0. Then, either M € 0( )
or —M € o(A). In either case, we note that o(A) = o, (A) U {0} because A
is a compact operator. Hence, either M € o,(A) or =M € o,(A). As a
result, there exists an eigenvector w € H' such that either

Aw = Aw = Mw or Aw = Aw = —Muw.

This contradicts the fact that all the eigenvectors of K are contained in the
union of subspaces Hy. Therefore, M = 0 and as a result, ||A| = 0.
Translating back to A, we find that H+ C ker(A).

Since each of the subspaces H,, apd H,, are orthogonal to each other
whenever m # n, it follows that H+ C ker(A)* = Hy. Combining this
result with part (b), we deduce that H+ C Hi- N Hy = {0}. So, H = H,
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revealing that H is a dense subset of H (by taking the closure).

For each k € Z-q, the finite-dimensional subspace Hj has an orthonormal
basis B = {ex,1,€k,2,- - - €rn - Furthermore, since H is separable, the
closed subspace Hy = ker(A) has a countable orthonormal basis

By ={ep1,€02,-..}. Hence, the union

B:UBk

ICEZ>0

forms an orthonormal basis of H.
O]

An important problem is when given a countable set S = {uy,us,...} in a
Banach space X over R, is it possible to decide whether span(S) is a dense
subset of X7 There are two theorems that answer this in the affirmative.

1. If X is a separable Hilbert space and there exists a compact,
symmetric operator A : X — X on X such that span(S) C ker(A)
and span(S) contains all the eigenvectors of A, then the previous
theorem yields span(S) = X. This can be deduced from the proof of

part (b) in[5.3.3]

2. If X = Cts(F,R), where E is a compact metric space, then provided
that span(9S) is an algebra which separates points and contains the
constant functions, span(S) = X. This is an important result known
as the Stone-Weierstrass Theorem.

We provide a proof of the Stone-Weierstrass theorem below. Note that the
version we give is more general because we only use a locally compact
Hausdorff space, rather than a compact space. Also, we do not assume that
the subalgebra is unital.

Theorem 5.3.4. Let X be a locally compact Hausdorff space. Let
Ctso(X,R) C Cts(X,R) be the subspace of functions which vanish at
infinity. That is,

Ctso(X,R) = {f € Cts(X,R) | Ve € R>¢,3 compact K C X such that Vo ¢ K, |f(x)| < €}.

Suppose that A C Ctso(X,R) is a non-unital subalgebra of Ctsy(X,R)
which separates points and has the property that for all x € X, there exists
f € A such that f(z) # 0. Then, A = Ctso(X,R).
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Proof. In a similar vein to the proof of the usual Stone-Weierstrass
theorem, it suffices to prove the statement for the case where the
subalgebra A is closed. So, assume that X is locally compact Hausdorff and
that A is a closed, non-unital subalgebra of Ctsy(X,R) which separates
points. Suppose further that for all x € X, there exists f € A such that
f(z) # 0. We will break the proof down into multiple steps.

To show: (a) If z,y € X such that x # y, then there exists f € A such that
f(x) # f(y), f(z) # 0 and f(y) # 0.

(a) Assume that z,y € X such that x # y. Suppose for the sake of
contradiction that there does not exist f € A such that f(z) # f(y),

f(z) # 0 and f(y) # 0. Then, pick a function g € A such that g(x) # g(y)
(we can do this since A separates points). Suppose that g(x) # 0. Due to
our assumption, g(y) = 0. Using the second property of A, there exists

h € A such that h(y) # 0. Suppose for the sake of contradiction that

h(z) # h(y). Again, we apply our assumption in order to deduce that
h(xz) = 0. Now, we consider the function f = g+ Ah for some A € R\{0}
which satisfies g(x) # Ah(y). Since A is a subalgebra, g + Ah € A because
g,h e A

To show: (aa) f(x) # f(y).
(ab) f(z) #0.
(ac) f(y) # 0.

(aa) We compute directly from the definition of f that
f(x) = g(z) + Ah(z) = g(z) and f(y) = g(y) + Ah(y) = Ah(y). Since
g(x) # Ah(y), we deduce that f(z) # f(y).

(ab) From part aa, f(z) = g(x) # 0 by assumption.
(ac) Again from part aa, f(x) = Ah(y) # 0 since A, h(y) # 0.

(a) So, we have found a function f € A, which satisfies f(z) # f(y),

f(z) # 0 and f(y) # 0. However, this contradicts our original assumption.
As a result of this h(x) = h(y). Next, we consider the function f, = g + h.
Then, fo(z) = g(x) + h(z) and f2(y) = g(y) + h(y) = h(z). Since g(z) # 0,
fo(z) # fo(y). Additionally, since h(x) = h(y) # 0, fo(x) # 0 and fa(y) # 0.
Once again, this derives a contradiction to our original assumption. For the
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case where g(y) # 0, a similar argument to the above once again establishes
a contradiction. Hence, there exists f € A such that f(x) # f(y), f(z) #0

and f(y) # 0.

Our next step is to prove the following:

To show: (b) If 2,y € X such that x # y and a,b € R, then there exists
f € A such that f(z) = a and f(y) = 0.

(b) Assume that x,y € X such that z # y. Assume that a,b € R. Then,
from part a, there exists f € A such that f(z) # f(y), f(z) # 0 and

f(y) # 0. We claim that a function of the form p = af + 3f? does the
trick, where o, 5 € R. Note that since f € A and A is a subalgebra, p € A
from the definition of p. Since we want p(z) = a and p(y) = b, this is
equivalent to solving the matrix equation below:

(G o) (5) = (5)

The determinant of the 2 X 2 matrix on the LHS is

F@U WP = fWf @) = f(@)f)(f(y) = f(x)). Since f(z) # f(y),
f(z) # 0 and f(y) # 0, the determinant is not equal to zero. As a result, we

can solve for a, 8 € R by multiplying on the left by the inverse. Therefore,
we have p = af + 8f? € A with p(x) = a and p(y) = b as required.

Now we can finally embark on the proof of Stone-Weierstrass for locally
compact Hausdorff spaces.

To show: (¢) A = Ctso(X,R).

(c) Since A is a subalgebra of Ctso(X,R), A C Ctso(X,R). So, it suffices to
prove that Ctso(X,R) C A. Assume that f € Ctso(X,R) and that € € R..
Suppose that z,y € X such that  # y. Then, from part b, there exists

fzy € A such that f, () = f(x) and f,,(y) = f(y). Now, note that the
function D, : X = R, D, ,(2) = |fs4(2) — f(2)| is a continuous function.
Hence, the particular preimage below is an open subset of X:

Dy y((=00,6) = {2 € X | |foy(2) — f(2)] <€}

We will denote this open set by U, ,. Note that x € U, , by definition. Its
complement X\U,, is a closed subset of X. Since X is locally compact, we
deduce that X\U,, is also locally compact. However, we can prove the
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stronger statement that X\U,, is compact.
To show: (ca) X\U,, is compact.

(ca) Since f € Ctso(X,R) and f,, € A, f — fo,y € Ctso(X,R). This means
that f — f,, is a function which vanishes at infinity. So, given € € R,
there exists a compact subset K C X such that for all z ¢ K,

|f(2) = foy(2)] < e Asaresult, for all z € X\K, |f(z) — f.y(2)| <€ Due
to the definition of U, ,, X\K C U,,. The contrapositive of this statement
is that X\U,, C K. Since X\U,, is a closed subset of the compact set K,
X \Um must be a compact subset of K C X consequently.

(¢) Analogously to the proof of the original Stone-Weierstrass theorem, fix
a point x; € X. Consider the set
L={U,, CX|zeX\Uy,y}

Then, L is an open cover of X\U,, ,. Since X\U,, , is compact, there exists
Zg,...,x, € X such that

X\U-Tlvy = U Uxi,y'
=2

Now, we let g, = max{fs, y» frays---» fony}. Then, g, € Ctso(X,R) and for
some arbitrary s € X, there exists k € {1,...,n} such that s € U,, ,. Due
to the definition of the open sets Uy, ,, f(s) — g,(s) < e for all s,y € X. To
establish the other bound, let

Vy=UsyNUzyN - NUy, 4.
Then, y € V,, by definition and since X\U,, , is compact for all
ie{l,...,n}, X\V, must also be compact because
XAV = (X\Uzyy) U - U (X\Uz, ).
The open sets in {V, | z € X\V,} form an open cover of X\V, and so, there
exists Vy,,...,V,,, such that
X\Vy =V, U UV,

Now set ¢ = min{gy,, Gy,,- -, Gy, }- Then, g € A and for all s € X,
f(s) — g(s) < e, revealing that f(s) —e < g(s). Also, there exists
j€{l,...,m} such that s € V}, or s € V, and as a result,
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9(s) < gy;(s) < f(5) + e

Hence, |f(s) — g(s)| < € for all s € X. This reveals that f € A. Therefore,
Ctso(X,R) C A and as a result, A = Ctso(X,R).
[l

As alluded to in many parts of the above proof, the classic version of the
Stone-Weierstrass theorem can be proved in a very similar manner.
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Chapter 6

Differential Equations and
Linear Semigroups

6.1 The Matrix Exponential

The main content of this chapter relies on a working knowledge of the
matriz exponential (or the exponential of a bounded linear operator). In
this section, we will define the exponential of a bounded linear operator and
study some of its properties. The main reference for the next two sections
is [DM21].

Definition 6.1.1. Let 7': V — V be a bounded linear operator. That is,
let T'€ B(V;V). Then, the exponential of T" is defined as the following
operator:

exp(T) = o
1=0

The operator T denotes the composition of T" with itself i times.

With the given definition, we immediately run into a problem. How do we
know that exp(7) € B(V;V)? It is not obvious that the above series
converges. Our first main result is to prove that exp(7') converges
absolutely in B(V; V). The following lemma is key to our argument:

Lemma 6.1.1. Let V be a Banach space and a,, =y ., u, be a sequence
i Vo with the property that the corresponding series

m
> lunll
n=0
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converges in R as m — oco. Then, Y u, converges. A series which has
the property above is called absolutely convergent.

Proof. Assume that V' is a Banach space and {a,,} is the sequence of partial
sums in V defined as above for all m € Z~y. Suppose that the sequence is
absolutely convergent. Then, the sequence """ ||u,| converges as m — oo.

This means that the sequence b,, = > - ||u,]| is a Cauchy sequence in R.
Take € € Ryg. Then, there exists N € Zq such that for all m >m' > N,

m m’ m
b — Ul = 1D Ml = Ml =1 D Nuall] < €.
n=0 n=0 n=m'/+1

To see that the sequence {a,,} converges in V', we observe that for all
m>m,

m m’
|@m — an|| = qun - ZunH
n=0 n=0

Hence, the sequence of partial sums {a,,} converges in V.

The above lemma tells us that if we want to prove a certain sequence
converges in a Banach space V', we can prove that the norms of each
element in the sequence converges in R instead (which proves that the
sequence is absolutely convergent). Unsurprisingly, this is the strategy we
will use to prove our first main result of the exponential. The next
ingredient for our proof concerns the composition of bounded linear
operators.

Lemma 6.1.2. Let U,V,W be normed vector spaces and S : V — W,
T :U — V be bounded linear operators. Then, S oT is also a bounded
linear operator satisfying ||.S o T|| < ||S|||T]|-
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Proof. Assume that U, V, W are normed vector spaces. Assume that
S:V —=>WandT:U — V are bounded linear operators.

To show: (a) [|S o T < [IS]T]

(a) This follows from a quick computation:

[SoTl = sup [[(SoT)(u)lw

ullv=1

= sup [|S(T(u))|lw

ullv=1

< sup [|S|[[[T(w)]v

ullo=1

= [ISTHIT-

Hence, S o T is a bounded linear operator, with [|.S o T'|| < [|S||||T|-

Now we are ready for the proof of our first main result.

Theorem 6.1.3. Let V' be a Banach space and T : V — V be a bounded
linear operator. Then, the exponential of T

oo

exp(T) =) L

il
i=0
converges absolutely in B(V; V).

Proof. Assume that V' is a Banach space and T' € B(V; V). Since V is a
Banach space, B(V;V) is also a Banach space. From if we want to
prove that the sequence

m

Ti
am:ZF

i=0
in B(V;V) is absolutely convergent, it suffices to prove that the sequence

=Y 1=
i=0 i=0

converges in R. However, by [6.1.2] the operator T* € B(V; V) for all
i € Z>o with ||T"| < ||T|]*. Note that T° = idy (the identity operator on
V). Therefore, in R,
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T -~ 1T
b= 3 < SO e
i=0 i=0

as m — 0o. An alternative method of deducing convergence of this
sequence would be to use the comparison and ratio tests. Therefore, the
sequence {b,,} converges in R, revealing that the sequence {a,,} converges
absolutely in B(V; V).

O

A final application of finally reveals that exp(7T) is convergent and so,
exp(T) € B(V;V). Recall that this was a consequence of the uniform
boundedness principle (in particular, theorem (4.1.4)).

Despite the fact that we are predominantly concerned with infinite
dimensional normed vector spaces in these notes, we will revert to
discussing finite dimensional normed vector spaces, in order to better
understand the specific concept of the matrix exponential - the exponential
map when applied to matrices, which denote linear
operators/transformations over a finite dimensional vector space.

The next lemma reveals that it is pointless to discuss different norms on a
finite dimensional normed vector space.

Lemma 6.1.4. Let V' be a finite dimensional vector space V. Let
I=lla, [|—=|lo be two different norms on V. Then, they are Lipschitz
equivalent. Alternatively, this means that there exists real numbers
0 < ¢ < ¢y such that

allella < llzlls < collzfa-

Proof. Assume that V' is a finite dimensional vector space. Assume that
I=|las [|—1l» are two different norms on V. Suppose that {vy,...,v,} is a
basis for V. Since Lipschitz equivalence of norms is an equivalence relation,
it suffices to prove that any norm on V', which we will denote by ||—||, is
Lipschitz equivalent to the norm ||—||;, which is defined by

=l :V =K

n n
Hzaivi\h = Zlail.
=1 =1
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We will proceed in two distinct steps:

To show: (a) ||—|| is uniformly continuous when V' is equipped with the
norm ||—||;.

(a) Assume that € € R.y. Set 6 = ¢/C, where
C =sup{||lvi]| | 7 € {1,...,n}} so that ||x — 2'||; < J. Using the basis of V,
set

n

n
T = E a;v; and ' = g b;v;.
=1

=1

Using the reverse triangle inequality on K, we deduce that

Nzl = 2"l < flz — 2|
n
= > (a; — bl
=1

n
< Z\ai —b||lvi]l  (Linearity of norm)
i=1

< Ci]ai — by
i—1

= Cllz = 2|1y
€
<C—
C
=e
Hence, the function ||—|| is uniformly continuous from (V, ||—|1) to (K, |—|).
From our construction of V' with the induced topology from |—||;, it must

be homeomorphic to R"”. Consequently, the set

W={veV ||l =1}

is compact because the closed unit ball in R” is closed and bounded and
thus, compact. The extreme value theorem, then tells us that the
continuous function ||—|| attains it supremum and infimum on W. So, there
exists v,w € V such that

[o]l = Cy = inf{[[o]| | [lofly = 1}
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and

lwll = Co = sup{[Jo]| | [lvfly = 1},

Since, ||v]]; = ||w|1 = 1 by definition, v, w # 0. So, Cy,Cy # 0 and for all
yeV.

Cillylly < llyll < Callyllr-

Note that this follows if ||y|[y =1 or y = 0. If |ly||s > 1, we can multiply by
1/||ly|]x to reduce to the previous case. This completes the proof.

]

Next, we will use the above lemma to prove that bounded operators from a
finite dimensional vector space must be bounded.

Lemma 6.1.5. Let (V,||—||v) and (W, ||—|lw) be normed vector spaces with
V' finite dimensional. Then, any linear transformation T': V. — W 1s
bounded.

Proof. Assume that (V,|—||v) and (W, ||—|/w) are normed vector spaces
with V finite dimensional. By [6.1.4] we can assume that |[|—|lv = ||—|x
since a linear transformation 7': V' — W is bounded with respect to ||—||v
if and only if it is bounded to any Lipschitz equivalent norm. Let
{vi,...,v,} be a basis for V. Set x = > | a;v;. Then,

I1Tzllw = 11 aT(v:)lw
1=1

< D llaT(w:) w
i=1

= > laillT(v) lw
=1

< Ol

where C' = sup;cqy oy |7(vi) lw. Hence, T is bounded.

The final piece of the puzzle in describing the matrix exponential in its
most familiar form is the following theorem:
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Theorem 6.1.6. Let (V) ||—||v) be a finite dimensional normed vector
space. Then, V' must be complete.

Proof. Assume that (V,||—||v) is a finite dimensional normed vector space.
By dividing or multiplying by the appropriate constants, we observe that
every Cauchy or convergent sequence with respect to the norm ||—||y is also
Cauchy or convergent with respect to any other Lipschitz equivalent norm
on V. Therefore, we can set ||—||y = ||—]1-

Let {v1,...,v,} be a basis for V and {z,,} denote a Cauchy sequence in V.
Suppose that @, = Y 1| a;mv;.

To show: (a) The sequence {z,,} converges with respect to the ||—||; norm.

(a) Assume that € € R.. Since {z,,} is Cauchy, there exists N € Z-( such
that for all m,m’ > N,

| — zmr|l1 < e
However, we can expand the LHS to get

n

n
HZ(%m — Qi )ill1 = Z|ai,m Qi | < €
i=1

i=1
So, for all 7 € {1,...,n},
|@jm — ajm| < €

since every summand is non-negative. Thus, the sequence {a;,} converges
since R is complete. Denote the limit by a; and define

n
Tr = E a;v;.
=1

We will show that the sequence {x,,} converges to z. Since {a;,}
converges to a;, there exists N; € Z~ such that for all m > N,
lajm — aj| < €/n. Take P =max{Ny,...,N,}. Then, for all m > P,
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n
|2 — [l = I|Z(ai,m — a;)vil
=1

n

= Z|ai,m - ai‘
i=1

)

< n(

== €.

S|

Therefore, the sequence {z,,} converges to z. So, V must be complete. [

Now we will summarise what the last three lemmas tell us about the matrix
exponential. Let V' be a finite dimensional vector space with dimV =n
and A € B(V V). Since V is a Banach space from [6.1.6, B(V V) is also a
Banach space. Since V is finite dimensional, A can be expressed as an x n
matrix. Furthermore, from [6.1.5] A is bounded, which means that from

I3
exp(4) = %

=0
converges absolutely in B(V; V). So, exp(A) is well-defined for all
A € M« (K) because every matrix A € M, «,(K) defines a bounded
operator on V.

We will now prove various properties of the exponential. We will relax the
assumption that V is finite dimensional. First, we require some technical
results. The first one is familiar in the context of real analysis.

Lemma 6.1.7 (Rearrangement). Let V' be a Banach space and v, € V
such that the sequence of partial sums {>""_v,} converges absolutely. Let
J Lo — Zxq be a bijection. Then, the rearranged sequence {d ", Vim)}
converges absolutely and

Z Up = Z ’Uj(n).
n=0 n=0

Proof. Assume that V' is a Banach space and v,, € V' such that the
sequence {) " v,} converges absolutely. Since the sequence is absolutely
convergent, the sequence of partial sums in R
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m
> vl
n=0

must converge. Now assume that j : Z>o — Z> is a bijection. Then, the
rearranged sequence in R

> vl
n=0

converges to the same limit as the previous sequence. By [6.1.1], we know
that the sequence of rearranged partial sums {) " ;¢ } converges in V.
It suffices to show that >~ [ vjm) = D o Un-

To show: (a) D7 o Vjtn) = P pep Un-

(a) Let Ly, = > v, and Ry, = Y v 0j(m). We will demonstrate that

n=0
lim,, so0|| L — Rim|| = 0. Keeping this in mind, assume € € Ry.

Set Sp, = > ,llvn|| in R. By absolute convergence, {S,,} is a convergent
sequence and thus, Cauchy. Hence, we can find Ny € Z~q such that for all
m,m’ > Ny,

€
S — S| < =.
| <

This ensures that the “tail” of the series ) - |lv,|| is bounded because

m’ ¢
D lvill = 8w = 85, < 5

, 2
i=m+1
and consequently, for all B C Z>¢\{0,..., N1},

Dl < 5

ieB
Now, we have to bound the “front” of this series. Let
Ny = max{;71(0),...,77'(N1)} and in the usual fashion,
N = max{Ny, No}. Then, for all m > N, j,, € {0,..., N1} because
m > Na. Setting A = {57(0),...,7 '(N1)}, we argue as follows:
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n=0 n=0
Ny m m
=Y vt D =D Vi
n=0 n=N1+1 n=0
m m
= E VjG0) E ;U E V()
i€A TL:N1+1 n=0
m
= § : Un — E , Uj(i)
n=N;+1 i€{0,...mH\A

Since the sets {N; + 1,...,m} and j({0,...,m}\A) are both finite sets,
which are disjoint from {0,..., Ny}, we deduce that

m

1m = Bl = > Moall = D2 vl
n=N;+1 i€{0,...mHN\A
- € . €
2 2

= €.

Hence, lim,, o0 || L — Ri|| = 0 and subsequently,
Dm0 Un = D0l Vi(n)- 0

We can refine the above lemma slightly to the case where j : Z>g — Z>¢ is
surjective with the preimage j~!(n) is finite for all n € Z>g. The statement
we are concerned with is the following:

Lemma 6.1.8. Let V' be a Banach space and v, € V such that the sequence
of partial sums {d"_ v, } converges absolutely. Let j : Zso — Z> be a
surjective map such that the preimage j~'(n) is finite for all n € Zsy.

Then, the sequence of partial sums

m

2.2 v
n=0 i€j~*(n)

[e.e]

converges absolutely and 3 7% (3 ici1(m) Vi) = D opep Un-

Proof. Assume that V' is a Banach space and v,, € V' such that the sequence
of partial sums {d " v, } converges absolutely. Assume that j : Z>og — Zxg
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be a surjective map such that the preimage j~'(n) is finite for all n € Zs,.

We will enumerate all the positive integers in Z>( according to their image
under j. Let

Z Card(j7 (a)).

a<j(i)

where Card refers to cardinality. In the case where the elements in the
preimage j~'(j(7)) are arranged in ascending order contains 3(i) elements
strictly less than i, we define J(i) = «(i) + (7). Since J is an enumeration
of Z>g, the previous lemma tells us that the sequence of partial sums
{0 s v} converges absolutely to > v,. The trick here is to realise
that the sequence

{ZZ%

n=0 7,63
is a subsequence of {d°" vy} Therefore, it must converge to the same
limit. [
Here is the main property of the exponential map.

Theorem 6.1.9. Let V be a Banach space and S,T € B(V;V). Then, if
ST =TS (we mean composition), then exp(S) exp(T') = exp(S +T).

Proof. Assume that V' is a Banach space and S, T € B(V; V). Assume that
ST =TS. Due to the commutativity of S and T, one can show by
induction on n that the usual binomial formula holds:

(S+T)" = i (ZL) Sr=iT,

=0
Let {a,,} be the sequence of partial sums defined by

m

1
U =Y (S +1)".

n=0

Using our expression for (S + T')", we can write a,, as
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o
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a

We can expand the expression exp(S) exp(7") is a similar manner in order
to obtain

exp(S) exp(T) = Tim [(3 —57)(> ~ 7]

k—o0 n! n:
n=0 n=0
L1

1 § a\( b
_klggo bo(a!S )(b'T)

By taking the limit of the sequence a,, as m — oo and setting

1 al b
)(mb::ais 5{T7

we deduce the following expressions:

exp(S+1T) = n}grréo Z Xop and exp(S)exp(T) = nlli?)o Z Xop-

a+b<m a,b<m

We want to show that the two expressions are equal. This is equivalent to
rearranging the terms in one of the infinite sums to obtain the other. The
previous lemmas provide us with a method for dealing with this.

Define f : Z>g : Z>op X Z>( to be the enumeration defined by

f(0) =(0,0), (1) = (0,1), f(2) = (1,0), f(3) = (0,2), f(4) = (1,1), f(5) = (2,0),. ..
Take f(i) = (a;, b;). Then, the sum below
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[e.e]

> lsle

1=0

converges because it is the limit of a sequence of partial sums which
contains the convergent subsequence

1 1
PR Falk

a+b<m

An increasing sequence with a convergent subsequence is bounded and
therefore, convergent. Hence, the series y .- Xy(;) converges absolutely
because

k

k

1 a;
> IX50l < Z;IISII 1 IITIIb
1=0

i=0
In order to apply the previous lemma, we let Oy C ©; C ... be any strictly

ascending chain of non-empty finite sets in Z>( X Z>o with
Ui 0, = ZZO X ZZO‘ Define j: ZZO — ZZO by

j(a) = nf{i | f(a) € ©:}.

Note that f is surjective by construction. Hence, from the previous lemma,
the series

Z > Xf(z

n=0 jej—1(n

converges absolutely to Y >  Xy¢;). The trick here is that we can take
alternatively:

@gm:{(a,b)EZZOXZZMaSm,bSm}

and

@2m+1:{(a,b)EZZOXZZO|a+b§m+1}.

This definition provides the required ascending chain of subsets
©p C O; C.... So, we can apply our argument above to deduce that
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exp(S+7T) = h_r)n Z Xap

a+b<m

= lim E Xa b
m—00 ’
a<m,b<m

= exp(S) exp(T).

We note the following useful consequences of |6.1.9;

Corollary 6.1.10. Let V' be a Banach space. Then,
1. exp(0) = idy.

2. If a, B €T, then for all S € B(V;V),
exp(aS) exp(5S) = exp((a + 5)S).

3. The map exp(S) is invertible, with inverse exp(—>5).

6.2 Logarithms

It is well-known that on the appropriate domain in R, the logarithm
function can be defined as an inverse to the exponential map. After the
analysis of the matrix exponential conducted in the previous section, a
natural question to ask is whether one can define the logarithm of a
bounded linear operator on a Banach space. It turns out that just like the
ordinary logarithm in R, one can do this in an appropriate radius of
convergence. The first result of this section is key to describing the
construction of the logarithm.

Lemma 6.2.1. Let V be a Banach space and T' € B(V; V). If |T]| < 1,
then (I —T)~' is a bounded linear operator on V with the expression

(I-T)"'= iT

Note that I is the identity operator on B(V;V).

Proof. Assume that V' is a Banach space and T' € B(V; V). Assume that
|T|| < 1. Then, since V' is a Banach space, B(V; V) is also a Banach space.
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Our first task is to establish the convergence of the sum Y ;o T".
To show: (a) The sum Y ° 7" converges.

(a) We already know that for all j € Zso, ||T7]| < ||T|]’. In light of |6.1.1} we
observe that the sequence of partial sums in R, defined by

an =) |T <Y IITI
1=0 =0

converges as m — 0o because ||T']| < 1. The term a,, is bounded above by a
geometric series. Hence, from [6.1.1} the sum ) .~ T converges in B(V; V).

Part (a) tells us further that Y .-, 7" is a bounded linear operator on V. It
remains to determine the equation we are after. Let S = > 7° T" and
S =i, T for all i € Zsy.

To show: (b) S(I-T)=(I-T)S =1.

(b) We compute directly that

Sl =T) =T +TH+---+T™) (I -T)
=1-T""

Notice that (I —T)S,, also evaluates to the same expression, by a similar
computation. Taking the limit as m — oo, we deduce that

S(I —T)= (I —T)S = I, hence revealing that S = (I —T)~".

We want to apply the lemma we just proved to the exponential of a
bounded operator exp(T'), where 7' € B(V; V') with V' a Banach space.
However, the lemma tells us that this can only be done in a certain
radius of convergence. In order to define the logarithm, consider the
operator I —exp(7T") € B(V; V). Suppose that ||T’|| < log2. Then,
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oo

Tz'
1T —exp(T)|| = 1T =) L

1=0

0 .
TZ

=Dl
i=1

o )

17"

<2

i=1

= exp(||T]]) =1
<1 since ||T]| < log?2.

Hence, applies, provided that the bounded operator 7' is in the subset
W where

W ={TeBV;V)||T| < log2}.

Thus, (I — (I —exp(T)))™ = (exp(T))! is a bounded linear operator for
all T'e W. Thus, we can define the logarithm log : U — W by

o

log(T) = (exp(T)) " = S (I — exp(T)).

i=0
Here, U is the set

U={T e BV;V)| I -exp(T)]| < 1}.

Explicitly, the map I — exp needs to be restricted to a map from W to U,
in order to define log(T") as a consequence of in the first place.

Returning to the situation in we can do the following computation to
establish a quick bound for the norm of (I —T)~%:

(7 =T)" = IIZTiII



Thus, we have the following corollary:

Corollary 6.2.2. Let V be a Banach space and T € B(V; V). If |T| < 1,
then (I —T)™' exists as a bounded linear operator on 'V, whose norm
satisfies the following inequality:

=) <@—Tih"

Applying the above corollary to I —exp : W — U, we deduce that

[log(T)]| < (1 = [T — exp(T)]}) ™"

6.3 Solutions to ODEs

The problem of determining the existence and uniqueness of solutions to an
ordinary differential equation has been very thoroughly studied, alongside
iterative methods to construct such solutions. Picard’s theorem guarantees
the existence and uniqueness of a solution to an ODE over the real numbers
within some closed interval (provided that the ODE satisfies a particular
condition). The main result of this section reveals that Picard’s theorem
can be extended to Lipschitz continuous ODEs in Banach spaces. Before we
prove this, we require a few definitions and Banach’s fixed point theorem,
which plays a major role in the proof which follows. Incidentally, Banach’s
fixed point theorem also plays a large role in the proof of Picard’s theorem.

Definition 6.3.1. Let X be a Banach space. Then, the map g : X — X is
a Lipschitz continuous map if it satisfies the Lipschitz condition:
there exists L € Ry, such that for all z,y € X,

lg(z) — g(y)l| < Lljz —yl|.

Definition 6.3.2. Let (X, d) be a metric space. Then, the map g: X — X
is called a contraction mapping if there exists A € (0, 1) such that for all
z,y € X,

d(g(z),9(y)) < Ad(x,y).

A is called the contraction factor of g.

As stated before, the major theorem we require here is Banach’s fixed point
theorem. We prove this below:
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Theorem 6.3.1 (Banach Fixed Point Theorem). Let (X,d) be a complete
metric space and f: X — X be a contraction mapping with contraction
factor X € (0,1). Then, f has a unique fized point. Moreover, if xy € X is
arbitrary, then the sequence {f"(xo)} converges to the fixed point.

Proof. Assume that (X, d) is a complete metric space and f: X — X is a
contraction mapping. First we will show that a fixed point of f must be
unique.

To show: (a) If z € X such that f(z) =z, then x is unique.

(a) Assume that p,q € X are fixed points of f such that p # ¢ and
consequently, d(p,q) > 0. Then, since f is a contraction mapping,

d(f(p), f(q)) < Md(p,q) < d(p,q).

This contradicts the fact that d(f(p), f(¢)) = d(p, q) and that d(p,q) > 0.
Therefore, the fixed point of f must be unique.

Now we will prove the existence of a fixed point x € X of f.
To show: (b) There exists z € X such that f(z) = x.

(b) Assume that z € X and let a,, = f"(x) (composing f n times). Since f
is a contraction mapping, we can prove via induction on n that

d(f"(x), ["(y)) < A'd(z,y)
for all z,y € X.

To show: (ba) The sequence {a, }nez., is Cauchy.

(ba) Fix n € Z>o. Assume that ¢ € Ro. Pick N € Z-( such that

)\n
1—-A

d(f(z),x) <e.

Then, for all m >n > N,
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d(am, an) < d(am, am-1) + -+ d(any1,a,)
(fm 1( F@), f77H @) + -+ d(f (f (), [ (2))
(A" A+ A f (), )

m—1
x) Z N
< \d(f Z N
)\TL

T 1o
< €.

IN

d(f(x),x)

Hence, the sequence {a,} is Cauchy.

(b) Since {a,} is Cauchy and X is a complete metric space, {a,} must
converge. Suppose that it converges to a € X. It remains to show that a is
a fixed point of f. We argue as follows

fla) = f(lim ay)
= f(hm f"(a))
= lim f( "(a))
= hm " (a)

n—00
= Q.

Therefore, f has a fixed point a € X. n

The ODE we will consider in the next result is termed the Cauchy
problem. If X is a Banach space, T € X and g : X — X satisfies the
Lipschitz condition, then the Cauchy problem is the ODE

%x(t) = g(z(t)) with z(0) = 7.

The next result states that the Cauchy problem does have a unique solution.

Theorem 6.3.2. Let X be a Banach space. Let g : X — X be a Lipschitz
continuous map. Then, for all T € X, the Cauchy problem has a unique
solution t — x(t), defined for all t € R.
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Proof. Assume that X is a Banach space and that g : X — X is a Lipschitz
continuous map. First, we fix T" € Ry and consider the Banach space
Cts([0,T], X), not with the usual norm, but equipped with the equivalent
norm below:

lwlly = sup e [w(®)].
te[0,T)

Here, L € Roo. A function = : [0,7] — X is a solution to the Cauchy
problem if and only if x is a fixed point of the Picard operator

O (w)(t) :E—i-/o g(w(s)) ds

where ¢ € [0,77].

To show: (a) The Picard operator ® is a contraction with respect to the
equivalent norm introduced on Cts([0,77], X).

(a) Assume that u,v € Cts([0,7],X). Then, set 6 = ||u — v||+. So, for all
s € [0,T], we have

[u(s) —v(s)l| < sup [lu(s) —v(s)]
s€[0,T]
= * sup e lu(s) — v(s)|
s€[0,T7]

— 5€2Ls

Utilising the properties of integrals and the Lipschitz continuity of g, we
deduce that for all ¢ € [0, T7,
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Therefore, by taking the supremum of both sides over ¢ € [0, T], we find
that

J 1
I9() = ()l < § = flu— vl
Thus, ® : Cts([0,T], X) — Cts([0,T], X) is a contraction mapping with
contraction factor 1/2.

Now, we can apply the Banach fixed point theorem (6.3.1)) in order to
obtain the existence of a fixed point for ®. That is, there exists
x € Cts(]0,T], X) such that

z(t) = E—l—/o g(z(s)) ds

for all t € [0, T]. As a result, = becomes the unique solution to the Cauchy
problem on the interval [0,7]. Observe finally that by similar arguments
(“reversing time” ), one can construct a unique solution on any time interval
of the form [—T,0]. This proves the assertion. O

Presented below are two methods of iteratively constructing an
approximate solution to the Cauchy problem. For both of these methods,
let h € Ry (step size) and define ¢; = jh for all j € Zs(. For the initial
condition, we take z(tg) = z(0) = 7.
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1. The more familiar of the two methods is the forward Euler
approximation, which is more commonly known as the Euler
method. The values of the approximate solutions at each ¢; are
inductively defined as follows:

r(tj1) = (t;) + hE(z(t5))

2. The second method is called backward Euler approximation. The
values of the approximate solutions are defined instead as

w(tjr1) = x(t;) + hF(2(tj11))-

In general, a backwards Euler approximation is harder to compute
than its forwards counterpart, since we have to solve an implicit
equation for z(¢;41) when applying the method. However, the upshot
here is that backwards Euler approximations often have much better
stability and convergence properties.

6.4 Motivating Semigroups

One of the most familiar differential equations is

Z—f = Ar withz(0) =7

where A : R” — R” is a linear operator. The solution to such an equation is
well-known:
z(t) = 7

where

= (tA)*
O
k=0
Note that the above series is absolutely convergent for every ¢ € R. This
solution is valid for every bounded linear operator A on an arbitrary
Banach space X. The important properties of the exponential map in the
solution are

1. e" = I, which is just the identity map.

2. For all T € X, the map z(t) = €47 is continuous.
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3. esetd = elstA,

The last property is particularly important; it is called the semigroup
property. In a nutshell, the theory of linear semigroups studies the
correspondence between a linear operator A and its exponential e/, where
t € R>p. When A is bounded, its exponential can be computed via the
aforementioned convergent series. On the other hand, if we are given a
family of exponentials e*4, one can recover A as the limit

etd— T
A= lim
t—0+ t

Remarkably, there are important cases where the operators e/ are all

bounded, whereas A itself is an unbounded operator. These scenarios form
the breeding grounds for the most interesting applications of semigroup
theory, which are pertinent to the analysis of parabolic and hyperbolic
PDEs.

Here are some first examples of the exponential map:

Example 6.4.1. If A: R" — R" can be represented by a diagonal matrix
D = diag[\1, ..., \], then e is computed by exponentiating the diagonal.
Indeed, we find that e'* can be represented by the matrix

P = diag[e™, ... e,

ey

If the matrix of A is not diagonal but is diagonalisable (the eigenvalues of A
are all distinct), then one has to diagonalise the matrix first so that

A = PDP!. In this case, e = Pe!P P~1. If the matrix of A is not
diagonalisable at all, we will first have to reduce the matrix to its Jordan
canonical form. So, there exists U € GL,(R) such that A = UJU . Then,
we use the fact that J can be decomposed as the sum D + N, where D is a
diagonal matrix and N is nilpotent. Then,

etA — UetDetNUfl.

We use the power series expansion to compute e'”. Since N is nilpotent,
there exists j € Zq such that N7 = 0. As a consequence, €' is reduced to
a finite sum, thus guaranteeing the existence of the operator V. As an

example of the most complicated case, let

-2 1 4
A=|-5 2 5
-1 1 3



Then, A = UJU™!, where

1 0 7
U= 1 15
1 0 -2
and
2 1
J = 2
—1

is the Jordan canonical form of A. We decompose J = D + N, where
D = diag[2,2,—1] and

010
N=10 00
000

is nilpotent, with N2 = 0. Next, we compute

e
oD — o2t
ot
and
eN =T+ Nt
1 0 ¢t 0
= 1 +10 0 O
1 0 0O
1 ¢
= 1
1

Putting all of the pieces together, we find that
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Example 6.4.2. Recall that [! is the Banach space of all sequences of
complex numbers x = (x1, Ta,...) with norm

oo
Izl = Jal.
k=1

If we are given a sequence of complex numbers {\;}, we can define the
linear operator

Ax = ()\1[171, )\2.1'2, )\31‘3, Ce )

Therefore, the exponential operators are

tA:=(6ﬂ1$1¢¥M

e To,...).

An interesting point here is that [|A|| = sup,cz_,|Ax| might be infinite, but
||| = supyez., [€™*] can be bounded for all ¢ € Rx.

Assume that the real part of all eigenvalues Ay is uniformly bounded. That
is, there exists w € R such that Re(A\;) < w for all k € Z~. Then,

|6t>\k| _ |€tRe()\k)’ < etw

for all t € R>g. This shows that e'4 is a bounded operator, whereas A may
not necessarily be a bounded operator itself. For example, if we define the
sequence {\;} such that \;, = 1 + ki for all k € Z-, and define A : [* — [!

as above, then

[A] = sup [Ax] = oo,
k€Z>0

but for all t € Rzo,
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le ]| = sup || < e,
k€Z>o

In the theory of linear semigroups, one considers two main problems.

1. Given a semigroup of linear operators {S; | t € R>¢}, find an operator
A such that S, = e*4. A is called a generator for the semigroup.

2. Given a linear operator A, construct its semigroup {e4 | t € Rxo}
and study its properties.

We will begin our study of semigroup theory from the perspective of the
first point.

6.5 Properties of Semigroups

We will now define semigroups.

Definition 6.5.1. Let X be a Banach space A strongly continuous
semigroup of linear operators on X is a family of linear operators

{StIX%XltERZQ}
such that the following properties are satisfied:
1. Each S; is a bounded linear operator.

2. For all s,t € R, S; 0S5 = Si+s where o denotes composition of
operators. This is the semigroup property.

3. Sp = I (the identity operator).
4. For all v € X, the map t — Syu is continuous from [0, c0) to X.
Definition 6.5.2. Let X be a Banach space and

S:{StZX%X“fERZ()}

be a strongly continuous semigroup of linear operators. Then, S is a
semigroup of type w if the bounded linear operators S; satisfy the bounds

1Sl < e
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for all ¢ € R5¢. If w = 0, then S is called a contractive semigroup. In
this case, ||S;]] < 1 and for all t € Rs¢ and u,v € X,

[Siu = Sevl| < flu — vl
hence the adjective “contractive”.
Definition 6.5.3. Let X be a Banach space and

S={S:X = X|teRsg}

be a strongly continuous semigroup of linear operators. The operator
A: X — X defined by

S — u
Au = lim =
t—0+ t

is called the generator of the semigroup S. It is not too difficult to
show that A is a linear operator. The domain of A is

Siu — u

Dom(A) ={ue X | tlﬁi%q+ exists}.

For a given u € X, we regard the map u(t) = S;u as the solution to a linear
ODE

d

s
In the context of ODEs, we are given the solution u(¢) and then tasked
with the problem of finding the operator A (i.e. finding the equation).

(t) = Au(t) with u(0) = .

Here are some elementary properties of the semigroup S and its generator
A.

Theorem 6.5.1. Let X be a Banach space and S = {S; | t € R>¢} be a
strongly continuous semigroup of linear operators and let A be its generator.
Assume that w € Dom(A). Then, for all t € Rsq, Syu € Dom(A) and
ASyu = S;Au. Furthermore, the map u(t) = Syu is continuously
differentiable and provides a solution to the Cauchy problem.

Proof. Assume that X is a Banach space and S is the semigroup defined
above. Assume that A is the generator of S. Assume that @ € Dom(A).

To show: (a) For all t € Rx, Siu € Dom(A).
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(b) For all t € RZ(]? AStﬂ = StAﬂ
(a) Assume that ¢ € R>g. Then, we compute that

. S.Sa—Su . Se.u-—Sa
hm _— 111’11 B —

s—0+ S s—0+ S
. SiSgu — Siu
= lim ——
s—0+ S
. Su—u
=9, lim =2
s—0+ S

Since the limit we started with exists, we deduce that S;u € Dom(A) for all
t e RZO'

(b) Note that

. SSmu— Siu
lim —————
s—0+ S
SO, AStH = StAﬂ for all t € Rzo.

To show: (¢) The map u(t) is continuously differentiable.

(c) We will attempt to compute the left and right derivatives of S;u for all
t € R>. First, the right derivative is computed as

C Sei—Sa . S.Syu— S
hm —_— = hm —_—

h—0+ h h—0+ h
. Syt —
= 5% hligljt h

The left derivative is more difficult to compute. We argue as follows:

lim (2250 ) — i (2O g
h—0-+ h h—0+ h
. Spu —u _ _ _
= h&}&[&%(% — Au) + (Si_pAu — S; Au)]
(Spu — )

= [So-n lim | — AT)) + lim (S, AT — ;A7)

h
hll)lglJr(St_hAu — S, An)
= 0.
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The two calculations together reveals that %(Sﬂ) = S, Au = AS;u. Hence,
the map u(t) = Syu is differentiable and satisfies the Cauchy problem. Since
Au € X, the map t — S;(An) is continuous from [0, 00) to X. Combining
this with the derivative result above, we deduce that the map u(t) = S;u
must be continuously differentiable. O

The next result states important properties of generators of semigroups.

Theorem 6.5.2. Let X be a Banach space and {S; : X — X |t € Rso} be
a semigroup, with generator A: X — X. Then, Dom(A) is a dense subset
of X and A is closed. That is, the graph of A

I'A) ={(z,Az) |re X} C X x X
15 a closed subset of X x X.

Proof. Assume that X is a Banach space and {S; | t € R>¢} is a semigroup
with generator A : X — X. To prove the first statement, note that
Dom(A) C X. It suffices to prove the reverse inclusion.

To show: (a) X C Dom(A).

(a) Assume that u € X. For all € € R, consider

U= 1/ Squ ds.
0

€

Observe that the limit

.1 [
lim — Ssu ds = u.
e—0t € 0

This is due to the fundamental theorem of calculus. Since Dom(A) is a
vector space, it remains to show that

eU, = / Ssu ds € Dom(A)
0

for all e € Rog. But, for all 0 < h < ¢,
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. SpeUe—elUe 0 1
i S 4 s s
. 1
:hlgg)hﬁ 0 Shystt = Ssu ds
1 [feth 1
hi>r(1)1+(h/h Ssu ds — h/o Ssu ds)
= 1i ! €+h5 d ! eS d ! eS d ! hS d
_hi)%l+(ﬁ 6 U S+E : suds — : suds — o i su ds)
' 1 e+h 1 h
:hlgg+(ﬁ/€ Ssu ds—ﬁ/o Ssu ds)
= S.u—u.

Therefore, €U, € Dom(A) and so, U, defines a sequence in Dom(A), which

converges to u. Thus, X C Dom(A), revealing that Dom(A) is a dense
subset of X.

To see that the graph I'(A) is closed, let {(uy, vi) }rez., be a sequence of
points in I'(A) such that vy = Auy for all k € Z~o. Assume that u;, — u
and v, — v for some u,v € X.

To show: (b) u € Dom(A) and Au = v.

(b) Since ux € Dom(A) for all k € Z-,

. Spuk — ug
lim ——

= Aup = vg.
h—0t h

Integration yields

h
Shuk — U = / —Stuk dt = / StAuk dt.
0

Taking the limit as k — 0o, we obtain

h d h
Spu —u = / — S, Au dt = / Syv dt.
o dt 0

Now, we divide both sides by h and take the limit as h — 0 to obtain

1 b
= lim —/ Siv dt = Sgv = v.
0

m
h—0t h h—0+ h
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Therefore, u € Dom(A) and v = Au by definition.

So, (u,v) € T'(A) and consequently, I'(A) is a closed subset of X x X. Ergo,
A is a closed operator. O

6.6 Resolvent Operators

The next two sections of this chapter are dedicated to exploring whether we
there is always an associated semigroup to an operator A : Dom(A) — X.
An important link between semigroups and their generators is the resolvent.
We will first informally discuss why this is so.

Consider the typical “flow” equation a semigroup must satisfy

d _
Eu(t) = Au(t), u(0) =1u.

Recall that the Cauchy problem can be solved iteratively and
approximately by the backward Euler approximation. To enact this, we fix
a time step h € R and solve the following equation for u:

u(t+ h) = u(t) + Au(t + h).
Rearranging this, we obtain for all u(t) € X,

u(t +h) = (I —hA)  u(t).

The expression (I — hA)~! is reminiscent of the operators studied in
Chapter 5. It is called the backwards Euler operator and is denoted by
E, . Now, there are two ways to proceed from here, in order to obtain the
solution wu(t).

First, one could take a limit of backwards Euler approximations. By setting
the time step h = 7/n for some fixed 7 > 0 and n € Z-( and iterating the
approximation procedure n times, we obtain

ur)~E;,

Now, we fix 7 and let n — oco. Then,

O---OE_

T/n

— (-4
n

u(r) = lim (I — ZA)™"7.
n—o0 n
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The second method is to again fix a time step h € Roy and set A = 1/h.
Define the operator

A)\IX—>X

u s A(I —hA) .

We interpret A u as the value of A computed at the point F, u, which is
very close to u. Luckily, for h € Ry small enough, Ay = A, is a
well-defined bounded linear operator. Hence, we can apply the exponential
map to tAjy:

= (tAy)k
exp(tA,) = Z( k;\) :
k=0 ’

Then, we finally define u(t) = limy_,o exp(tA,)u. See Bressan [AB10] for
an example of this method in action.

Now, we will define the resolvent operator.

Definition 6.6.1. Let A be a linear operator on a Banach space X. If
A € p(A) (the resolvent set of A), then the resolvent operator
Ry : X — X is defined by Ryu = (A — A) u.

Notice that the resolvent operator is related to the backward Euler operator
by ARy = E . Recall that if A € p(A), then R\ must be a bounded,
bijective operator on X. Moreover, its inverse is also a bounded linear
operator (check the start of Section 5.2 for the argument).

Since we are interested in the existence of semigroups, it is reasonable to
assume that A is a closed operator in light of [6.5.2] By the closed graph
theorem , A must be continuous and hence, Ry = (A — A)~! must
also be continuous, for all A € p(A). Furthermore, if u € Dom(A), then we
have AR u = RyAu. This is because if {S;}+er., is the semigroup
associated with A, then B
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Siu — u

RAAUJ = R/\( lim

t—0t+ t

Siu — u

)
= lim R)( ) (Continuity)
t—0t

. R)\Stu — R)\U
= hm —_—

t—0+ t
— lim StR)\U — R>\u
t—0t

= AR)\U

(Ry and S; commute)

To see that Ry and S; commute for all ¢ € R5¢ and A € p(A), it suffices to
note that the identity operator I : X — X and A both commute with S;.
In the next lemma, we will prove a few more identities about the resolvent
operator.

Lemma 6.6.1. Let X be a Banach space and A : X — X be a closed linear
operator. If X\, € p(A), then Ry — R, = (u — A\)R\R,, and R\R, = R,R).

Proof. Assume that X is a Banach space and A : X — X is a closed linear
operator. Assume that A\, i € p(A). Then, for all u € X,

v = Ryu— R,u € Dom(A) (we are implicitly using the fact that Dom(A) is
dense in X here). Now, observe that

(M — Ay = (N — A)[(M — A — (ul — A)Hu
=u— (N — A)(ul — A u
=u— (N —pl +pl — A)(ul — A)
= (=Nl — A) .

Applying R to both sides then gives the desired result. So,
Ryu — Ryu = (u — A)RyR,u. Now, we can rearrange this identity to show
that

Ryu— Ryu  Ryu— Ryu

RyR,u =
Mt =X A—p

= RMRAU.
O]

The most important theorem of this section gives an integral formula for
the resolvent operator.
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Theorem 6.6.2. Let {S;}ier., be a semigroup of type w and A: X — X
be its generator (X is a Banach space). Then, for all A > w, X € p(A),

Ryu = / e S dt
0

and

1
<
IR =

Proof. Assume that X is a Banach space and {S;};cr., is a semigroup of
type w on X. Assume that A : X — X is its generator. Then, for all
t € Rxg, ||Si|| < e™. Thus, the integral above is absolutely convergent. We
compute for all A > w
| etswar < [ e sl d
0 0

:/ et(w_)‘)||u|| dt
0

Ll
= ull.
w—A\

We can safely define
Ryu :/ e~ S,u dt.
0

The above calculation reveals that Ry is a bounded linear operator, with
norm ||Ry|| < 1/(A —w). We will now show that Ry = R,.

To show: (a) For all u € X, (\I — A)Ryu = u.

(a) Assume that u € X. Then, a direct computation reveals that for all
h E ]1%>07

~ _ 1 oo
SLRau — Ryu _ _/ e_)‘t(SH-hu — Syu) dt
h h Jo
1 [ '
_ E/O ( —A(t—h) _ e M) Spu dt — —/O e MM Sy dt.
Mo oo Ahorh
_ e / e—AtStu dt — 6_ e_AtStu dt.
h 0 0



Taking the limit as h — oo, we find that

Sh]%,\u — é,\u
m —
h—o0 h

Therefore, Ryu € Dom(A) and so, ARyu = ARyu — u for all u € X.
Rearranging yields (A — A)Ryu = u.

= )\PZ,\u —u.

We have demonstrated that AI — A is surjective for all A > w from part (a).

Now, we will show that it is injective.
To show: (b) The operator AI — A is injective.

(b) First, we need a preliminary result. If u € Dom(A), then

AR\u = A/ e MSu dt
0
= / e MAS,u dt
0

:/ eiAtStAU dt
0
== I:E)\AU
Now, suppose that (A — A)u = (M — A)v for some u,v € X. Then,
Ryu, R\v € Dom(A) and so, by using part (a) and the above identity,

u= (M — A)Ryu (Part (a))

= MPRyu — ARyu

= MRyu — RyAu

= R\(M — A)u

— R\(M — A)v  (By assumption)
= (M — ARy

=v (Part (a)).

Therefore, \I — A is an injective operator.

Hence, A\I — A is a bijective operator for all A > w. Therefore, A € p(A) and

as a result, Ry = (A\] — A)~' = R,.
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How do we interpret this formula? One way is to view the resolvent
operators R, as the Laplace transform of the semigroup. With h € R+,
write h = 1/\. We can derive the backward Euler approximation as

oo —t/h

oo
Eyu=Eju=ARy= ) / e S dt = / Syu dt.
0 0
In order to ensure that the integral is convergent, we require h < w™!,
where S is a semigroup of type w.

6.7 Existence and uniqueness of semigroups

Now, we are ready to tackle one of the main theorems pertaining to
semigroups. The question we want to answer is given an operator
A: Dom(A) — X, when does there exist a semigroup generated by A?

Theorem 6.7.1 (Existence and uniqueness of a semigroup). Let X be a
Banach space and A : X — X be a linear operator. Let w € R>q. Then, the
following statements are equivalent:

1. A is the generator of a unique semigroup of linear operators {Si}ier.,
of type w.

2. A is a closed, densely defined operator. For all A > w, X\ € p(A) and

1
M—A) < —.
[T = 4)) < —
Proof. Assume that X is a Banach space and A : X — X is a linear
operator. Assume that w € R>(. From the previous results, we have already
shown that the first statement implies the second, up to uniqueness of the
semigroup. Hence, we will show that A must generate a unique semigroup.

To show: (a) If {S;}ier., and {Si}ier., are two semigroups of bounded
linear operators generated by A, then for all £ € R>q, S; = 5.

(a) Assume that u € Dom(A). Then, S,_,Ssu € Dom(A) for all s,t € Rxg.
First, we evaluate the following expression
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di[‘st—sgsu] = lim St_s_hss+hu - St—SSsU
S

h—0t ~ h ~ ~ ~
— lim Stfsths#»hu - Stfsthsu + Stfsthsu - Stfsssu
N h—07+ h
. St—s—th—‘rhu - St—s—thu St—s—hssu - St—sSsu
= lim lim
h—0t+ h h—0t h

= S;_s(ASsu) — AS,_,S,u.

The reason why we care about this expression is because

3 t g
StU—StU—/ [St SS U] ds

/ [S;_s(ASsu) — AS,_,Squ] ds
0.

This is because for all u € Dom(A), S;_,(AS, u) = AS; +Ssu. Now, since
Dom/(A) is dense in X, we conclude that S; = St for all t € R>p on X.
Hence, the semigroup generated by A must be unique.

Now, we will show that statement 2 implies statement 1. This is the more
difficult direction. Assume that A is closed, Dom(A) = X, A € p(A) for all
A > w (with w € R5p) and

1
M—-A)Y < ——.
[T = 4) ) < +—

To show: (b) A is the generator of a semigroup of type w.

(b) From our assumption, the resolvent operator Ry = (A — A)™!
well-defined for all A > w. Hence, we can define the following bounded
linear operator:

Ayu = =+ N Ryu = —AX\ — A)Ryu + N Ryu = MRy u.

It is bounded because A is bounded via and Ry is a bounded linear
operator by assumption. Note that by writing h = 1/\, we can write

Ayu= A(I — hA)™' = A(E; u).

Since A, is bounded for all A > w, we can consider its exponential map:
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tAy _ =\t - (>‘2t)le§
er=¢e kZ:OT

Let us establish an upper bound for the norm of e*4x:

= (At)FRE
e ) = fle™ > - =—=21l

—~ Kl
e DR
<e kzzg %l
= exp(—\t + Nt|| Ry]|)
< exp(=At + \*t/(A —w))
Awt
A—w)

= exp(

In particular, when A > 2w, |[e!|| < e**. The point of defining the
bounded operators A, is encapsulated in the following parts of the proof:

To show: (ba) For all u € Dom(A), limy_,o, Ayu = Au.
(bb) For all u € X, limy_,, Ayu = Au.
(ba) Assume that u € Dom(A). Then,

AR u —u = ARyu — (Al — A)Ryu = ARyu = R)Au.

So, the standard argument shows that

AR u = ul| = [| Ry Aull
[ Rl Aull

1
[ Aul|

A—w
—0as A — oo.

A

IA

This reveals that limy ., AR u = u. Applying A to both sides and noting
that A is a continuous linear operator (by , we find that

lim Ayu = lim MAR\u = Au.
A—00 A—00
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(bb) Now assume that v € X. Utilising the fact that A is densely defined
(Dom(A) = X), there exists a sequence {u,} in Dom(A) such that u, — v
as n — 0o. Now, there exists N € Z-( such that for all n > N,

|lu, — v|| < €/2. Now, we argue as follows:

AR v — v|| < |IARAv — ARy || + || ARAU, — wn || + |Jtn — ||
€
= [|ARA(v — up) || + || ARy — up|| + 5

€
< ARAM[v = unll + [ARxun — unl| + 5

2
€ €
< ARyl = + [[ARAwn — unl| + =.
2 2
Taking the limit as A\ — oo, we find that
. ) A € €
Ah_{gOH/\RW - < /\h_{go(m§ + 5) =€

Hence, limy_,,, ARyv = v. Applying the operator A, we find that
limy_, Ayv = Av.

Our next claim is that the family of uniformly bounded operators e*4»

converges to a linear operator, called S;. In order to see this, we will take
A, 1t > 2w and estimate the difference et4» — et4x,

For all u € X, we have

td
6tA/\u _ €tA”’LL — _[e(tfs)AueSA,\u] ds
o ds

t
= / (Ay — Au)e(t_s)A”eSA*u ds.
0

Now, we take the norm of both sides to get

t
et — M| < / 1Ay — Ayl [l [ ds
0
t
= / | Axu — A ul[eX =92 ds
0
= te*!|| Ayu — ALul|.

Using the result proved in part (bb), we can take the limit as A, u — oo to
obtain for all u € X
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lim sup||eu — e ru|| < te® lim sup||Ayu — Aul| = 0.
A, =00 A, pp—+00

Therefore, for all £ € R>g and u € X, the below limit is well-defined

Sy = lim e .
A—00

We will show that {S;}icr., is a strongly continuous semigroup of type w.
To show: (bc) For all s, € Rsg and u € X, SpSsu = Sy su.
(bd) For all t € Ry and u € X, ||Si] < e™.

(bc) Assume that s,t € R>g and u € X. Then, by the definition,

SpSsu = /\lim exp(tAy) exp(sAy)u
—00
= lim exp((t + s)Ax)u
A—00

= StJrSu.

This proves the semigroup property.

(bd) We will compute an upper bound for ||Sul:

Spull = || lim_ e ul|
A—00

= lim |||
A—00

< Timsup||e"[]|u
A—00

< lim etAw/(A—w) ||U||
A—00

= e"Jluf.

Thus, taking the supremum over all v € X such that ||u|| < 1, we find that
||S¢|| < e'. So, the semigroup must be of type w.

Now, it remains to prove that A generates the semigroup {St}teRZO. Let B

be the operator which generates {S;}er.,. Then, we must show that
A = B. We will proceed in three steps:
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To show: (be) Dom(A) C Dom(B).
(bf) For all w € Dom(A), Bu = Au.
(bg) Dom(B) C Dom(A).

(be) Assume that u € Dom(A). Then, for all A > w, we must have

t
etA*u—u:/ s A\ ds.
0

The triangle inequality tells us that

e Ayu — SoAul < [l [l A — Aul] + ¢4 Au — 5, Aul.

So, as A — oo, the RHS approaches 0 because limy_.o, Ayu = Au and
lim) 00 € u = Syu. Thus, when A — oo,

t
lim (e u — u) = Syu —u = / SsAu ds
A—00 0

for all t € R>g and w € Dom(A). This is equivalent to showing that the
limit

o Siu—u

lim
t—0+ t

exists. Thus, u € Dom(B) and Dom(A) C Dom(B).

(bf) Expanding the definition of Bu, we find that

Siu — u

Bu = lim
h—0Tt t

t
= lim 1 S Au ds
h—0+ T Jq

= Au.

This means that Au = Bu for all u € Dom(A).

(bg) Now choose A > w. Then, the operators A\I — A : Dom(A) — X and
M — B : Dom(B) — X are both injective and surjective. By using the
previous two parts of the proof, we note that the restriction

(M = B)|pom(a)y = M — A. The restricted map must be surjective. The
point here is that the operator A\I — B cannot be extended to any domain
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strictly larger than Dom(A), due to the surjectivity. So,
Dom(A) = Dom(B) as required. This finally completes the proof.
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Chapter 7

Sobolev Spaces

7.1 Introducing weak derivatives

Sobolev spaces are an important tool in the study of partial differential
equations. The leitmotif of this section is to not look for strong solutions of
partial differential equations, but rather so-called weak solutions, which will
be defined later. It turns out that weak solutions to PDEs are contained in
appropriate Sobolev spaces. Thus, they are more suitable to the study of
PDEs than C™ functions for all n € Z~y or Holder continuous functions.

There are several important ideas which need to be fleshed out. The first of
these is the concept of test functions. Here is the first definition of the
section:

Definition 7.1.1. Let 2 C R" be an open subset of R". Then, define C2°
to be the space of smooth functions f : {2 — R which are compactly
supported. That is, for all f € C2°(Q2), the support

supp(f) ={z € Q| f(x) # 0}
is a compact subset of 2. Functions in C¢° are called test functions.
Test functions provide a segue into the definition of a weak derivative. The

reason for this is the integration by parts formula. Let zq,...,x, be
coordinates for R™. If Q C R™ is open, u € C*(Q) and ¢ € C°(Q), then

¢ ou
/Quﬁxi dx——/gamiqbdx

for all i € {1,...,n}. In short, since ¢ has compact support in €2, it must
vanish at the boundary 0f).
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Note that if u € C*¥(Q2) for some k € Z~, we have the following more
general identity for all i € {1,... n}:

0% oFu

—de=(-1)" | =—¢d
The next definition we will make pertains to locally integrable functions.

Definition 7.1.2. Let Q C R" be an open set. We define L}, () to be the
space of locally integrable functions on Q. That is, if f € L; (Q), then
f is a Lebesgue measurable function from €2 to R which is (Lebesgue)

integrable when restricted to every compact subset K C €.

For example, the functions e®,log|x| and |z|~'/? are all in L}, (R), whereas
x71 ¢ L} _(R). On the other hand, if Q = (0, 00), then z* € L} () for all
ke Z.

The most important point here is that a locally integrable function

f € L},.() determines the linear functional

Ay C2(Q) >R

[

p = | f(@)p(x) dm(z).

Q
It is linear due to the properties of Lebesgue integration. Now, we need
some extra notation. Let o = (aq, as, ..., a,) be an n-tuple of non-negative

integer numbers. The tuple « is commonly known as a multi-index. Its
length is given by |a| = > | ;. The point is that each multi-index
corresponds to a partial differential operator of order |a|:

olal
O Dun
Now we are ready to define distributions.
Definition 7.1.3. Let 2 C R"™ be an open set. A distribution is a linear

functional A : C2°(22) — R such that for all compact subsets K C (2, there
exists Ni € Z>o and Ck € R such that for all ¢ € C2° such that

supp(¢) C K,

Df =

[A(D)] < Crlloll o
Here, we have for all N € Z>,

[$ller = sup{D6(z) | |a] < N}.
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It should be stressed here that both Nx and Cx depend on the compact
subset K.

Definition 7.1.4. If there exists an integer N € Z~ independent o K such
that the above definition holds (with the constant Ck still depending on
K), then the distribution has finite order. The smallest such integer N is
the order of the distribution.

We already know one example of a distribution.

Example 7.1.1. Let Q C R" be an open set. Let f € L}, (). Then, as
discussed before, f induces the linear functional

Ay C¥(Q) >R

o / f(@)p(x) dm(z).

We claim that this is a distribution. Suppose that ¢ € C°(€2) such that
supp(¢) C K C Q, where K is a compact subset of 2. Then,

A0 = | / fé da

=|/Kf¢>dx|

< suplo(a) [ f dal

< suplo(a) /K f] de
< Cléllco.

where C' = [ w|f] dr and N = 0, regardless of the choice of compact subset
K. Therefore, Ay is a distribution of order zero.

The set of all distributions of €2 is a vector space, as the next lemma
demonstrates.

Lemma 7.1.1. Let Q) C R™. Then, the set of all distributions on ) forms a
R-vector space.
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Proof. Assume that Q@ C R™. Let D(f2) denote the set of all distributions
on 2. We will show that D(S2) is closed under addition and scalar
multiplication.

To show: (a) If A, ® € D(Q), then A + & € D(Q).
(b) If A € D(?) and o € R, then aA € D(Q).

(a) Assume that A, ® € D(Q). Then, for all compact subsets K C €2, there
exists Ck, Dk € Ryg and Mg, Nk € Z>( such that for all ¢ € C2°(Q2) with

supp(p) C K,

IAp)] < Crllellore and [@(p)] < Dicllpllomic -

Now observe that

[(A+@)(p)| = [A(p) + 2(p)|
< [A(p)] + [2(p)]
< Ckll¢llerx + Drllellonw
< (Ck + Di)llellcre-

Here, Px = max(Cg, Dk ). This shows that A + ® € D(2).

(b) Now assume that o € R. Then,

(@M)(p)] = |al[Alp)]
< la|Crkll@ll e -

Thus, oA € D(Q).

Therefore, D(£2) is a R-vector space.
[l

Interestingly, there is more to the vector space D(2) which meets the eye.
It is tied to the idea that while an arbitrary function f may not admit a
classical derivative, for a distribution A, a “derivative” can always be
defined. It turns out that D(€2) is also closed under the partial differential
operator D®. We will prove this statement below.
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Theorem 7.1.2. Let Q C R"™ be an open set. Let A : C(2) — R be a
distribution and o a multi-index. Define the map

D*A(¢) = (=1)*IA(D"¢).
Then, D*A s itself a distribution.
Proof. Assume that 0 C R" is an open set. Assume that A € D(Q2) and
a=(ay,...,q,) is a multi-index. Assume that D*A is defined as above.
From its definition, D*A must be a linear functional. Assume that K C )

is a compact set and ¢ € C°(Q), with supp(¢) C K. Now, we argue as
follows:

ID*A(p)| = |(=1)*A(D*p)]
= [A(D%p)|
< Ckl||[ D%l o
< Ckllellovi+ior-

So, D*A must be a distribution.
]

The reason for the above definition of D* is that if Ay : C2°(Q) — R is the
linear functional associated with f € L}, (Q), then for all ¢ € C°(Q) with
supp(¢) contained in some compact subset of

D*As(9) = (=1)*IA;(D0)
(—1)a|/fDa¢ dx

- / D fé d
Q
= Apas(9).

With all of this in mind, we have now reached the definition of a weak
derivative.

Definition 7.1.5. Let Q C R” be an open set and f € L} (). Let
a = (ai,...,a,) be a multi-index and Ay be the linear functional
associated with f. If there exists a function g € L}, () such that
D*Ay = A, or equivalently
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[ 1026 do=(-1"' [ g6 s

for all ¢ € C°(Q2), then g is called the weak a-th derivative of f.

We will now prove some basic properties of weak derivatives and then
discuss a few selected examples. The first result demonstrates that weak
derivatives are unique, up to a set of Lebesgue measure zero.

Lemma 7.1.3. Let Q C R" be an open set and f € L} (). Then, if the

loc
weak derivative of f exists, it is unique almost everywhere.

Proof. Assume that Q C R" is an open set and f € L, (2). Suppose that
g,g € L (Q) such that for all ¢ € C°(Q),

loc
a _ || _ | ~
/Qfl) ¢ dr =(—1) /ngbdx—( 1) /Qggbdx

for some multi-index o = (a, ..., ;). Rearranging the above equation, we

find that for all ¢ € C°(Q),

‘A@—gwdxza

This is enough to demonstrate that g(x) = g(z) for almost all z € Q2. O
Weak derivative also satisfy a nice convergence property, as depicted below.

Lemma 7.1.4. Let Q C R" be an open set and {u,} be a sequence in
L} .(Q) such that each u, has an a-th weak derivative D%u,, (here,
a=(ag,...,an) is a multi-index). Then, if u, — u and D%u, — v, in
L .(Q), then vy, = D%u.

loc

Proof. Assume that 2 C R" is open and {u,} is a sequence in Lj,.(Q).
Assume that u, — u and D*u,, — v, in L}, (). Then, we compute for
every test function ¢ € C°(Q),

/Uagb dx :/ lim D%u,¢ dx
Q 0 n—oo
= lim | D%u,¢ dx

n—oo Q

= lim (—1)""'/unDa¢ dz
Q

n—oo

= (—1)|a|/uD°‘¢ da.
Q
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Therefore, v, = Du.

Now, we will cover some examples of weak derivatives.

Example 7.1.2. Set {2 =R and consider the function

f(z) = {O’ Te=0"cn ®).

x, if x > 0.

What is the first weak derivative of f7? Suppose that ¢ € C>°(R). Then, we
use integration by parts to compute that

DWAs(p) = —Af(D

/f D(1>
—/0 v/ () da

/ ¢(x) dx  (Integration by parts)
/ H(x

So, we can conclude that the first weak derivative of the function f(x) is
the Heaviside step function H(z).

Now, observe that H(z) € Lj,.(R). What is the first weak derivative of
H(z)? Again, we can use the definition to calculate

/H ) dx
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Note that d(z) is the Dirac delta function. In fact, this does not constitute
a weak derivative of H(x). Intuitively, this is because the Dirac delta
function is not actually a function. To see why rigorously, suppose that for
some function g € L] (R) that for all p € C°(R),

loc

Then, the dominated convergence theorem tells us that

h
lim/ lg(x)| dz = 0.
—h

h—0

Choose € € Ry so that ffélg(x)\ dx < 1/2. Let n: R — [0, 1] be a smooth
function with n(0) = 1 and supp(n) C [—¢, €]. Then,

1= (0)

This is a contradiction.

The next example highlights the difference between a weak derivative and
the classical notion of the derivative.

Example 7.1.3. Let f denote the function
0, if z € Q,
flz) = . .
2 4+ sinx, otherwise.

By definition f is discontinuous at every point x € R. So, it is not
differentiable at any point. However, f does have a first weak derivative. In
particular, since m(Q) = 0, we can disregard the behaviour of f on Q and
thus, we have

197



DWAs(p) = — /f(:v)gp’(x) de = — /(2+sina:)g0/(3:) dr = /cosx o(r) d.

So, cosx constitutes the first weak derivative of f(x).

7.2 Mollifications

The primary use of mollifications is to approximate general functions with
smooth functions. They can be likened to the role of bump functions and
partitions of unity in differential geometry.

Definition 7.2.1. Denote by J : R” — R the standard mollifier on R":
J(z) = C, exp(—w%l) if |z| < 1,
0 otherwise.

Here the constant (), is a normalisation constant, ensuring that
Jon J(2) dz = 1.
Definition 7.2.2. For all ¢ € R, we also define

1 x

€ e

Some properties of the standard mollifier and its rescaled variants include:
for all € € R.g, J. € C°(R") with supp(Je) = {z € R" | |z| < €} and

/ Jo(z) dv = 1.

Below, we define the mollification of a locally integrable function f:

Definition 7.2.3. Let 2 C R" be an open set and f € L} (). For all

loc

€ € R, the mollification of f is defined to be the function

fo(@) = Ju(z) * f(z) = / L) dy

Note that due to the properties of J. and f, the above convolution is
well-defined at all points in the subset

Q. ={x € Q| B(z,e) CQ}.
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As with any newly defined mathematical object, we will prove some
properties mollifications satisfy. In the process, the properties of
mollifications will highlight why they are suitable for approximating general
functions.

Theorem 7.2.1 (Properties of Mollifiers). Let Q C R™ be an open set and
fe€LL.(Q). Let € € Reog. Then,

1. fee C(9.).

2. lim¢_,o fe = f for almost all x € ().

3. If f 1is continuous, then f. — f uniformly on compact subsets of ().
4. If pe[l,00) and f € L} (), then fo — f in L} (Q).

Proof. Assume that Q C R" is an open set and f € L (). Assume that

To show: (a) f. € C*(£.).

(b) lim._,o fo = f for almost all x € Q.

(c) If f is continuous, then f. — f uniformly on compact subsets of €.
(d) If pe [1,00) and f € L] (), then fo — f in L} (Q).

(a) Assume that {ey,...,e,} is the standard basis for R". Assume that

r€Q and i€ {1,...,n}. Fix h € Ry small enough so that = + he; € (..
Using the definition of f., we compute the following quotient:

ff(w+h€}i)—fe(l°):l/ (Je(x + he; — y) — oz — ) F(y) dy

:—/’)% EEROTY) ) by dy.

€ €

Since the closed ball B(z,¢€) is contained in 2 by definition,
f € LY(B(z,€)). This is because each Q. is open in R™. Now, since J is
smooth, we have the following limit as h — 0:

i 7 (TG gy 12

h—0 h € € €0x; €

)
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From the previous equation, we can take the limit as h — 0 of both sides to
obtain

Of. 10J x—
o= [ e

€ G.CI:Z €

1 0J x—vy
- [ aman s

€

aJ,
= € o d ‘
/Bm 5o, @ =9 (W) dy

By iterating the above argument, we can demonstrate that for all
multi-indices «, the partial derivative D f, exists and is continuous from its
integral definition. This is enough to show that f. € Q..

(b) We will invoke the Lebesgue differentiation theorem, which
demonstrates that for almost all z € €, we have

= [f(z) = [ ()]
= lim A, [ f(y) — f ()]

. 1
- lﬂ%m/}g(xvr)\ﬂy) — f(z)] dy.

Now, let x € €2 be a point such that the above identity holds. Then, we
argue as follows:

1£.(2) r/ (— 9)f(y) dy — f()]

r/“ (e -y ()dy—/B(x’e)Je(:r—y)f(x)dyl

J(x — — f(x)] d
< # el ~ @)
<o L TS = f@) dy

C
e / ) = f@ldy (©eRu)

— 0 (Lebesgue differentiation theorem)
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as € = 0. Note that the second equality in the above working is due to the
normalisation of J.. This demonstrates that f. — f for almost all z € €.

(c) Assume that f is continuous and K C ) be a compact subset. Choose
0 € R small enough so that the compact neighbourhood
Ks={x e R" | d(z,K) <}

which contains K is still contained in 2. Since f is continuous, it must be
uniformly continuous on the compact set Ks. This means that for all
e € Ry and = € K, there exists 0 € Ry such that if |y — 2| < J, then

y € K5 and [f(x) = f(y)] < e

By applying a similar computation to part (b), we have

() — f(@)] = / T — 9)f () dy — f(2)
= |/QJe(fv—y)f(y) dy—/Je(x—y)f(fL‘) dy|

Q

< / (e — 9)[f(y) — F@)]] dy <e.

We carefully note that in the last line, we used uniform continuity on the

compact set Ks. Since x € K was arbitrary, we obtain uniform convergence
fe(x) = f(z) for all z € K.

(d) Assume that p € [1,00) and f € L} (). Construct Ky in the same way

loc

as before. The claim is that for all € € (0, p),

[ fellzrrey < [1f 1 Lr(s)
Define ¢ = p/(p — 1). Then, for all z € K, Hélder’s inequality tells us that
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|—|/u) —y)f(y) dy

< / Tz — )W) dy
B(z,€)

p

- / ) T = )]
J(x—y)dy) 7 J.(x — P
<( /B )T /B =l )

= (/ Je(x —y)|f ()P dy)% (Normalisation of J.).
B(z,e€)

D=

(Holder’s inequality)

Therefore, we have

1ol oy = /K ()] da

< [, Ao dy)ds
- [ 1ty |p/“)J<x—>dx>d

p J(x —vy)dx)d
1w </B L) o) dy
[ 1sp a

= HfHL”(Ka)'

Now, we use the fact that continuous functions are dense in L? in order to
choose a continuous function g € Cts(Ks,R) such that for all 6 € R,
|.f — gllze(rs) < 6. Combining this with the above result, we find that

[ fe = Fllzey < M1 fe = gelloy + 19 — gllzocry + 119 — fllzex)
= If — 9llerxs) + 19e — 9llrr) + 119 — fllorx)
<+ 11ge = gllLr(z) + 0.

Since g is continuous, we can use the results in parts (b) and (c) to deduce
that |gc — g| — 0 uniformly on the compact set K. This means that if we
take the limit ¢ — 0,
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limsup|| fe — f|l o) < 20.

e—0

Since 0 € Ry was arbitrary, we deduce that f. — f in LP(K). Since this
holds for all compact subsets K C Q, we deduce that f. — f in L} ().

loc

[
Here is a corollary of the above theorem

Corollary 7.2.2. Let Q CR" be an open set and f € L}, () such that for
all p € CF(Q),

/ foé da = 0.
Q
Then, f(xz) =0 for almost all x € S.

Proof. Assume that Q C R™ is an open set and f € Lj,.(Q2) such that for all
¢ € C(Q),

/ fodx =0.
0
Take ¢(y) = Je(z — y) for some € € R.y. Then, using [7.2.1} we deduce that

for almost all z € ),

f(@) = lim .(z)

= lim Je(x —y)f(y) dy
e—0 B(z,e)
= lim i Je(x —y)f(y) dy

The third equality in the above working is due to the fact that supp(J.) C Q
for an appropriate choice of € € Ryg. So, f(z) = 0 for almost all = € .
O

Now we return to thinking about weak derivatives. Another very nice
property of mollifications is that since they are test functions, they end up
commuting with weak derivatives.
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Theorem 7.2.3. Let € € Ry and Q. C € such that

Q. ={z Q| B(x,e) CQ}.
Let f € L} () such that its weak derivative D*f is defined for some

loc
multi-index . Then, for all x € Q,

D¥(J.x f) = J.x Df.

Proof. Assume that € € R.(. Then, for all z € ()., the function

o(y) = Je(z —y) € C2(2). We write Dg and Dy to distinguish between
differentiation with respect to the variables z and y respectively. Therefore,
we compute directly that

Hence, for all x € €.,

D(J.x f) = Jex D f.

The fact that weak derivatives commute with mollifications gives us a
method to relate weak derivatives with the classical notion of the
derivative. The below example provides a glimpse into why this is true.

Lemma 7.2.4. Let Q C R" be an open connected set and u € L, (£2).
Suppose that for almost all x € Q) that the first order weak derivatives
D,u(z) =0 foralli e {1,...,n}, then u is equal to a constant function
almost everywhere.
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Proof. Assume that 0 C R" is an open connected set and u € L}, (). The
mollified function u. = J. * u € C°(€2.) whose weak derivatives D, u,
vanish on €, as a consequence of Hence, u. must be a constant

function on each connected component of €)..

Interestingly, even if 2 is connected, €2, is not necessarily connected.
However, this is not a problem. Consider any two points x,y € €. Since €2
is connected, there exists a polygonal path I' which joins x and y and lies
entirely in €. Define

d = mind(z,09Q).
zel’

Then, for all € € (0,9), I is contained in the set 2. (because it can never
extend out of Q). So, x and y are in the same connected component of €2..
So, u(z) = u(y) for all z,y € Q.

Finally, set @ = lim._,o u.. Since u, is constant for an appropriately small

e € R.( as outlined above, u must also be a constant function on €2.
However, we also know from that @(z) = u(z) for almost all z € €.
This completes the proof. n

A direct application of the above lemma is for the following theorem:

Theorem 7.2.5. Let QQ C R be an open interval. Assume that u : Q2 — R
has a weak derivative v € L'(Q). Then, there exists an absolutely
continuous function u such that for almost all x € Q, u = u and

. a(r+h) —a()
o) -y H =0

Proof. Assume that €2 is an open interval in R. Assume that v : 2 — R and
v are defined as above. Set

ie) = utan) + [ oly) dy

)
Here, x( is a Lebesgue point of u. By definition u is absolutely continuous
and
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Calw+h)—alz) . ulwo) + [2 u(y) dy —ulzo) — [ v(y) dy
lim = lim o
h—0 h h—0 h

_}lli%h/

Now, assume that € € R.y. Consider the mollifications u. and v.. Then,
these function are smooth and for all z € €2, we have

we(z) = ue(xo) + / “uy) dy.

zo
because u, has weak derivative v, by [7.2.3] Now, as € — 0, the RHS must
converge to u(x) for all z € Q) by definition. However, the LHS converges to
u(zx) for every Lebesgue point of w. This is a consequence of . Hence,
t(x) = u(x) for almost all = € Q. O

7.3 Properties of Sobolev spaces

Before we arrive at the definition of a Sobolev space, there are a few
definitions from measure theory that we will highlight briefly.

Definition 7.3.1. Let f : R"™ — R be a measurable function. The function
f is called summable if
/ |f| dx < 0.

It is called locally summable if for all open balls B(x,r) C R",

|f]]-B(:c,r)| dr = / |f| dxr < oo.
R™ B(z,r)

Here, 1p(,,) is the characteristic function associated with the open ball
B(x,r). The integrals above are with respect to Lebesgue measure on R".

Definition 7.3.2. Let f : R"™ — R be a measurable function. The
essential supremum of f is defined by

ess sup f = inf{a € R| f(z) < a for almost all z € R"}.
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There are a multitude of alternative ways of defining the essential
supremum. The one above originates from Bressan [AB10]. For instance,

1. esssup f =inf{fa e R | (f — a) ' ((—o0,0)) is conull.}
2. esssup f =inf{a € R| (f —a)7'([0,00)) is null.}
3. esssup f =inf{a e R | m({x e R" | f(z) > a}) =0}

In particular, the third alternative definition can be found in Evans [LE9S].
It is not too hard to show that all these definitions are equivalent.

Now, we can properly state the definition of a Sobolev space.

Definition 7.3.3. Let Q@ C R™. Let p € [1,00] and k € Z>(. The Sobolev
space W#P(Q) is the space of all locally summable functions f: Q — R
such that for all multi-indices o with |a| < k, the weak derivative D f
exists and belongs to LP(2).

Recalling the norm on the space LP(Q2) for all p € [1, o0], we can define the
following norms on various Sobolev spaces as follows:

lullwes = (3 / Doup dz)? (p € [1,00))

o<k

|| wllyyeoe = Z ess sup|D%u|

o<k e

By using the norms on LP(£2), it is not too difficult to show that the above
norms are actually norms. We will show later that with the norms above,

the Sobolev spaces W*P are actually Banach spaces for all p € [1, 0o] and
k€ ZZO'

There are a few more definitions which need to be ironed out before we
proceed.

Definition 7.3.4. Let Q CR™ p € [1,00| and k € Z~(. The subspace
WEP(Q) € WHEP(Q) is the closure of C2°(Q) in WH?(Q). Alternatively,
u € WeP(Q) if and only if there exists a sequence of functions {u,} in
C(Q) such that

lim ||u — wy||yer = 0.
n—oo
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One can interpret Wi?(Q) as the closed subspace of all functions
f € WkP(Q) such that for all multi-indices o such that |a| < k — 1,
D*u = 0 on the boundary 0f2.

Definition 7.3.5. Let (0 C R™. An open set U is compactly contained
in Q if its closure U is a compact subset of ).

Definition 7.3.6. Let Q CR" p € [1,00] and k € Z~(. Denote by V[/IIZCP(Q)
the space of functions which are locally in W*?. That is, the functions
w:Q— R e WFP(Q) must satisfy the following property: If U is an open

loc
set compactly contained in €2, then the restriction u|y € WP(U).

Interestingly, just like LP spaces, the case where p = 2 is particularly special.

Definition 7.3.7. Let Q@ C R™ and p € [1, 00]. The Hilbert-Sobolev
space is defined by H*(Q2) = W*2(Q). It is equipped with the inner product

U, V) gk = D%uD%v dx
o =Y [

la] <k
Similarly, we define HE(Q) = W% (Q).

Now we will prove that Sobolev spaces are Banach spaces and Hilbert
spaces in the case where p = 2.

Theorem 7.3.1. Let Q CR", p € [1,00] and k € Z~y. Then, W*P(Q) is a
Banach space, WiP(Q) is a closed subspace of W*P(Q) and hence, a
Banach space and H*(QY) and HE(Q) are Hilbert spaces.

Proof. Assume that Q@ CR" p € [1,00] and k € Z~.

To show: (a) WHP(Q) is a vector space.

(b) The function ||—||y+» defines a norm on W*P().

(c) WHP(Q) is a Banach space.

(d) WIP(Q) is a Banach space.

(a) Assume that f,g € W*P(Q) and \, u € R. Then, the linear combination

Af 4+ pg is a locally summable function because f and g are both locally
summable. Using the linearity of D, the weak derivatives must satisfy

DY\f + pg) = AD%u + pD%v.
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Since LP(2) is a vector space, D*(A\f + ug) € LP(Q2) for all |o| < k. Hence,
WHP(Q) is a vector space.

(b) Using the linearity of D* and the definition of ||—||yyx.», we find that for
all p € [1,00) and u € W*P(Q),

Nullwrr = (> /QID“(Au)V’ da) /P

| <k

=(> /Q IADulP d)'/?

lal<k

— (AP Y [ 1Dl do

laf<k

Y /Q]D“u]p )/

| <k

= [Alllullws-
A similar computation works for p = co. Secondly, note again by the
definition of ||—||yx.p,

|wllwre > ||u|lr >0

with equality holding if and only if © = 0. Finally, to see that the triangle
inequality holds in the case where p € [1, 00),

lu+ vllwes = () 1D+ Dl[f,)"/”

<k

< (Z(HDauHLp + ||DaUHLp)p)1/p (Minkowski)
oo <k

< (DIl )7+ (D 1 D[7) P
lor| <k lo| <k

= l[ullwsr + llv]lwss-

For the case where p = oo, the computation is similar:
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lu+ oo = Z ess sup|D%(u + v)|
o<k e

= D ID%u+ D]l
la| <k

< Z (I1D“u|| L + [|[D%v]|1=) (Minkowski)
lal <k

= |Jullwree + [|v]|whoe.

So, WF?(€) is a normed vector space for all k € Z~q and p € [1, .

(c) Assume that {u,}nez., is a Cauchy sequence in W*?(Q). Then, for all
multi-indices « such that |a| < k, the sequence of weak derivatives { D%u,,}
is Cauchy in L?(€2), due to[7.1.4] Since LP(Q) is a Banach space, the
sequence {D%u,, } must converge to some function u, € LP(2). Similarly,
there exists u € LP(£2) such that

| un — ullyyrs — 0.
By [7.1.4, D*u = u,. Thus, W*P?(Q) is a Banach space.

(d) By definition, WJ™(Q) is a closed subspace of W#?(Q) (it is the closure
of C°(€2)). Since W*?(1) is complete, W5 () is also complete and thus,
a Banach space.

Finally, in the special case where p = 2, parts (c) and (d) show that H*(£2)
and HEY(Q) are Hilbert spaces with the inner product

U, V) e = D*uD% dzx.
o =3 [

o <k

Let us look at some examples of Sobolev spaces. First, we need a result
from measure theory.

Lemma 7.3.2. Let (X, A, 1) be a finite measure space and p,q € Z~q such
that 1 <p < q<oo. Then, LUX, A, n) C LP(X, A, p).
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Proof. Assume that (X, A, 1) is a finite measure space and p, q € Z~ such
that 1 < p < ¢ < co. Assume that f € LY(X, A, u). Then, by Holder’s
inequality, we have

S du= [1s7- 1

< (flaprr awyrn [ ayorie otden
= ([ 171 i) o

< 00.

Therefore, f € LP(X, A, ). Note that Hélder’s inequality can also prove
the converse in a similar vein.

Example 7.3.1. Let Q = (a,b) C R be an open interval, p € [1, co0] and

k = 1. By definition, the Sobolev space W'?((a, b)) consists of all locally
summable functions f : (a,b) — R whose first order weak derivatives all
exist (for all multi-indices a such that || < 1) and are in L?((a,b)). From
the above result, L?((a,b)) € L'((a,b)). Hence, the functions in W1?((a, b))
are almost everywhere equal to absolutely continuous functions, whose
derivatives are in L”((a,b)).

Example 7.3.2. Let Q = B(0,1) € R™ be the open ball centred at the
origin, with radius 1. Consider the following function for all v € R, and
0<|z|<1

w(z) = |z|™7 = Zx w/2

Observe that u € C*(Q\{0}). with derivative

ou —YZ;
- ! 7/2 1 _ l
o 2 $22i Zm = zp

for all i € {1,...,n}. Note that the gradient Vu has norm given by

_ 1/2 8
|VU/ ’ Z|8IZ |,T|'Y+1‘
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The point of the above computation is that on the open set Q\{0}, u does
have weak derivatives of all orders - they are exactly the classical
derivatives. The question is: when does the above formula for d,,u (the
partial derivatives of u) define the weak derivatives of u over the entire
domain €07

Assume that ¢ € C°(Q2) and € € R.y. We begin by using an integration by
parts to deduce that

/ U0y, ¢ dx = / ugrt dS — / Oy, u¢p dx
Q—B(0,¢) A(Q—B(0,e)) Q—B(0,¢)

= / ugr' dS — Oy, up dz.
|x|=€ e<|z|<1

Here, v = (v!, ..., ") is the inwards pointing normal on the boundary

|z| = €. Note that ¢ vanishes when |z| = 1 by definition. When v+ 1 < n,
|Vu(x)| € L'(Q2). In this particular case, we can bound the first term as
follows

| ugr’ dS| < / lugr’| dS

|x|=e |z|=€

< 1612~ /| | as
< 1612 / e dS
|x|=e

= [[pllpe™

— 0

as € — 0. Therefore, in the limit € — 0, we have

/u@xiqﬁ dr = —/ O, up dz
Q Q

provided that v < n — 1. Furthermore, |Vu(z)| € LP(Q2) whenever
(v +1)p < n. Therefore, we can conclude that u € W?(Q) if v < (n —p)/p.

We will now proceed to derive further basic properties of Sobolev spaces.
The next result is motivated by the following question: Can we estimate the
norm of a function in a Sobolev space by the norm of its weak derivatives?

212



It turns out that according to [ABI0], that this is a deep question. The
Poincaré inequality provides a small step towards answering the question.

Lemma 7.3.3 (Poincaré Inequality). Let Q@ C R™ be an open set which
satisfies the inclusion Q C (a,b) x R*™! for some a,b € R. Then, for all
u e H}(Q),

[ull 2 < 2(b = a)|| D, ufl 2.

Proof. From the definition of H}(Q) = W2(Q), it suffices to prove the
inequality in the case where u is a test function. Assume first that

u € C°(92). Extend u to the entire space R" by setting u(x) = 0 whenever
x ¢ Q. The notation here is that © = (x,2’), with 2’ = (zo,...,z,). Since
u(z) is a test function, it must vanish when z; = a. So,

1
u?(xy, 2) :/ 2u0,, u(t, 2') dt.

Arguing with integration by parts, we have

Jull% = / W2(z) de

b
:/ / u?(zy,2') doy da’
Rr—1 Jq
b T
= / / 1- (/ 2ud, u(t, z') dt) dzy da’
Rr—1 Jq a

T b
= / ([ml/ 2u0,, u(t, x) dt]’ — / 212u0,, u(t, 2') dxy) da’
Rr—1 a a
b
/ / (b — x1)2ud,, u(t, ') dry da’
Rr=1 Ja

<2(b— a)/ u||Oyy u| dz
Rn
< 2(b — a)||ul|12]|0z,u|| L2 (Cauchy-Schwarz)

Dividing both sides by ||u||r2 gives the desired result in the case where
u e Cx(Q).

Now suppose that f € H}(€). Then, there exists a sequence of functions
fn € C°(R2) such that ||f, — f|lz2 — 0. So,
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£l = lim Iz

< lim 2(b — @)|0s, fall 22
n—oo

2<b - a)||8m1f||L2‘

Therefore, || f|lr2 < 2(b— a)|| Dy, f||zz. This completes the proof.

With Sobolev spaces, we can proceed to derive more properties of weak
derivatives. Let o« = (avq, ..., ) and 5= (B4, ..., B,) be multi-indices.
Then, we can define an order on multi-indices - we say that § < a/if 8; < o
for alli € {1,...,n}. We also define for multi-indices

o L o)
(5) N H Bil(a; — ;)

Lemma 7.3.4. Let Q C R"™ be an open set, p € [1,00] and |a] < k. Let
u € WkP(Q). Then,

whenever 3 < a.

1. The restriction of u to any open subset Q' C Q is contained in the
space WFP(QY).

2. For all multi-indices o, B such that |a| < k, D € Whlalr(Q).
Moreover, if |a| + |8] < k, then D*(DPu) = DP (D) = D> Fu.

3. Ifn € C*(Q), then nu € W*P(Q). Furthermore, the weak derivative is
given by the Leibnitz formula

D% (nu) =Y (g) DPyD By,

B

4. There exists a constant C € Rsq depending on Q and on ||n||cx (but
not on u) such that ||nullwrr) < Cllullwrrq).-

5. Let ¥ C R™ be an open set and ¢ : ) — Q be a C* diffeomorphism
with a uniformly bounded inverse. Then the composite

uo € WkP(QY).
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6. There exists a constant D € Ry depending on ' and on ||¢|cx (but
not on u) such that ||u o @llwrry < Dlullwesq).

Proof. Assume that € is an open subset of R™, p € [1,00] and || < k.
Assume that u € W"?(€2). Then, the first statement follows from the
definition of a Sobolev space.

To prove the second statement, we will use the definition of the weak
derivative. Since u € W*P(Q2), we have for all test functions ¢ € C°(Q),

/QUD% dr = (—1)la|/QDau¢ dz.

where « is a multi-index satisfying |a| < k. Assume that [ is another
multi-index such that |a| 4 |8] < k. Then, D¢ € C>(2) and

/ DuDP¢ dx = (—1) / uD*Pp da
Q Q
_ (—1)lal+at+is /(Da+ﬁu)¢ dr
Q

= (=118 /(D‘”ﬁuw dz.

This demonstrates that D* € W*=12l(Q) because |8] < k — |a].
Furthermore, the above equation reveals that D*™Au is the 5 order weak
derivative of D%. So, D¥(Du) = D?(D“u) = D*Pu.

For the third statement, assume that € C*(2). Then, from [7.2.1] there
exists a sequence {u.} of smooth functions such that u, — u as ¢ — 0. The
key point here is that smooth functions satisfy the Leibnitz formula. So, for
all € € Ry,

D*(nu) = Z <g> DPnD* Py,

B<a
Therefore, for every test function ¢ € C2°(£2), we must have the following
equation:

/Q(nue)Dagzﬁ dr = (—1)""/9D°‘(77u6)¢ dx
=S (- (g) /Q (DPnD*Pu)¢ d.

BLla
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Of course, |a| < k. Taking the limit as € — 0, we deduce that

/Q (nu)D°¢ dz =Y (—1) (g) /Q (DPnD*Pu)¢ du.

BLa

This subsequently demonstrates the Leibnitz rule for functions in W*?():

D (nu) =" (g) DPypDby,

B<a

For the next statement, observe that the derivatives of n are bounded so
that for all |B| < k,

ID%nllze < lInllon.

So, we bound as follows:

Inullfy sy = D 1D ()17

la|<k

-y ||Z( )0l

la|<k BLa

( | DPnD*Pu|1»)P  (Minkowski)
|a\<k ,8<a

)
¥ M( )il ulr
)i

( 1ol )7 |
|a\<k B<a

<l

where C'is a constant which depends on ||7||%,, and Q. Taking the p root
of both sides gives the desired bound.

For the last two statements, we will give a proof by strong induction.
Assume that Q' C R™ is an open set and ¢ : ' — Q be a C*
diffeomorphism, with a uniformly bounded inverse. For the base case,
assume that £ = 0. Then, there are no weak derivatives to worry about and
as a result, the composite u o ¢ : ' — R must be in W%P(Q)'). Also,
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[ o pllwor@yll < [lellco@yllullwonr -

Now, assume that the statements are true for all k£ € {0,...,m — 1}. Take
the mollification u. = J; * u. Then, by the chain rule,

n

Dy, (uco @) (@) = D (Dauc)(p(x)) D,y (2)

j=1
where ¢ = (p1,¢92,...,¢,) and i € {1,...,n}. So, if u € W™P(Q), then as
e — 0,

HD%(U o (p)HWm—l,p(Q/) S C/HVUHWm—l,p(Q)HQDHCm(Q/) (Chaln Rule)
< Dljullwmr@)-

where D is a constant which depends on €' and ||¢||cm. This completes the
induction.

]

7.4 Approximations and Extensions

The next theorem is very powerful. Just like how smooth functions are
dense in the space of continuous functions, they are also dense in Sobolev
spaces! The following proof makes use of a smooth partition of unity, a
fundamental tool in differential geometry.

Theorem 7.4.1. Let Q C R™ be an open set and u € WHP(Q) with

p € [1,00) and k € Zsq. Then, C>(Q) = WrP(Q).

Proof. Assume that Q C R™ be an open set. Assume that u € W*?(Q) with
p € [1,00) and k € Z>o. Consider the locally finite open covering {V;};ecz.,.
defined by

Vlz{:neQ|d(a:,GQ)>%}

1 1
_ Q| —— 0) < —
Vi={x € |j+1<d(9c,8)<j_ }

where j € Z>o. Define {n, }nez., to be a partition of unity subordinate to
the above cover. Observe that for all j € Z~q nju € W*P(Q), from the
previous theorem. Due to the construction of the partition of unity,
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supp(nju) C Vj.

Now consider the mollifications J. * (n;u) for all e € Ry and j € Zg. Since
mollifications commute with weak derivatives (see[7.2.3)), we have for all
multi-indices « such that |o| < k,

lig D*(J * (1)) = liny J, D (ny0) = D™ (1)

By construction, each 7; has compact support. So, the convergence above
occurs in LP(€2). Thus, for all j € Z~, we can find €¢; € R such that

||77ju = Je; * (UjU)Hkap(Q) <e2k
With this, we can now define the smooth function u* € C*°(Q)

ut = Z Je, * (n;u).
j=1

It is smooth because each summand is smooth (see . Luckily, we do
not have to worry about the convergence of u*. It is pointwise convergent
because every compact set K C () intersects finitely many V;. When we
restrict uf to K, the above sum therefore has only finitely many non-zero
terms, establishing pointwise convergence.

Now let

1
Ql/n = {$ e | d(x,@Q) > E}
Since ), n;(x) =1 (partition of unity), we find that for all n > 1

o0

1 = ullwroi, .y = 1 e () = wllwrno, )
j=1
n—+2

7=1

n+2

< ZHJej * (nju) — njullwer )

J=1
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Therefore,

[|uf — ullwrr) = supluf — u||Wk’p(Ql/n) s €
n>1

Therefore, the set of smooth functions C*°(2) is dense in W*P(Q).
[l

We will use the above result to prove a regularity theorem which describes
the connection between weak and classical derivatives of a function in an
appropriate Sobolev space.

Theorem 7.4.2. Let () C R™ denote the following open set

Q={zx=(r1,2) eR" | 2’ = (wq,...,2,) € Q and a(z) <z < f(2')}

where Q' C R™™ is an open set. Let u € WH1(Q). Then, there exists a
function @ such that for almost all x € Q, u(x) = u(x). Moreover for almost
all ' €  C R, the map x1 — u(zy,2') is absolutely continuous with
deriwative equal to D, u almost everywhere.

Note that we say “almost everywhere”, we mean with respect to the usual
Lebesgue measure.

Proof. Assume that Q = (a(2), f(z')) x Q' as explained above. Assume
that u € WH(Q). Using[7.4.1] there exists a sequence {u,} in C*() such
that Hun — UHWLl(Q) < 27",

Define the functions f,g: 2 — R by

f(x) = |u(z |+Zlun+1 ) = un()]

and

9(@) = [Dg,ua ()| + Z‘Dmunﬂ = Dy un()].
By the triangle inequality, we have

||Un — un—l—lHlel(Q) S Hun - UHWll(Q) + ||Un+1 — UHWll(Q) < 2—n+1‘

From the definition of the W norm, we therefore find that f,g € L'(Q)
and that f and g are absolutely convergent for almost all z € €). Thus, they

219



must converge pointwise almost everywhere. Furthermore, we have the
following bounds for all n € Z~y and z € €2

|un(2)| < f(2) and | Dy, up (2)] < g().

Now since f and g are integrable over €2, Fubini’s theorem tells us that
there exists a null set N C €’ such that for all 2’ € Q'\ N,

B(=') B(z")
/ f(x1,2") dzy < 0o and / g(zy,2") dxy < o0,
a(z’) a(z’)

Take a point 2’ € Q'\N. Choose a point y; € (a(z’), 5(z")) where the
pointwise convergence u,(y1,2") — u(y1,2’) holds. Since u,, is smooth, we
have for all a(z') < x1 < B(z')

1
Un(z1,2') = un(y1, ') +/ Dy un(s,2') ds.
Y1

Now consider the limit as n — 0o. Observe that since |D,, u,(z)| < g(x)
and g is integrable, we can use the dominated convergence theorem to show
that

1 1
lim w,(y1,2") +/ Dy un(s,2') ds = u(y., ') + lim Dy un (s, 2') ds
n—oo Y1 n—oo Y1

= u(yy, 2') +/ lim D, uy,(s,z") ds

xr1
= u(yy, o) + Dy, u(s,2') ds.

Y1
Now, we can define

a(xy,2") = u(yy, o) —|—/ D, u(s, 2 ds.
Y1

The RHS is an absolutely continuous function of the variable x;. But, the
LHS satisfies for almost all z; € [a(z’), B(2')],

w(xy,2') = 711220 Up(z1,2") = u(zy, ).
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In the next section of the chapter, we will explore various embeddings of
Sobolev spaces. An important technique towards this goal is that under
certain circumstances, a function u € W?(Q), where Q C R"™ can be
extended to a function Fu € WH?(R"). Again, the proof of this statement
relies on a partition of unity.

Theorem 7.4.3. Let Q@ C Q C R" be bounded open sets, with Q containing
Q. Assume that 00 € C'. Then, there exists a bounded linear operator

E :W'?(Q) — WY (R™) and a constant C' € Rq such that Fu(z) = u(x)
for almost all z € Q, Fu(z) =0 for all z € Q and

| Bullwir@ny < Cllullwieq

Proof. Assume that  and Q are the open sets defined as above. Assume
that 9Q € C! (a C! boundary). We will first prove the statement for the
case where

Q={(x1,...,2,) € R" | 2, > 0}.
Int this case we can define E* : W1P(Q) — WLP(R") by

Eﬁ(u)(xl, ey Tp) = ul|x |, o,y L Ty,

Intuitively, we can extend the definition of u by reflection to the other half
of the plane. To see that this map is well-defined, observe that

D, E*u = D,u for all i € {2,3,...,n}. For the case where i = 1, observe
first that on the half-plane €2,

DzlEﬁu(wl, ooy y) = Dyul(zy, ..o xy)

On the other half-plane, we have for all z; > 0 and x5, ...,z, € R,

Dy Efu(—zy,...,2,) = =Dy u(zy, ..., 2,).

This shows that the weak derivatives of Efu all exist and are in LP(R").
Hence, the map E* : WLP(Q) — WLP(R") is well-defined. It can also be
verified that it is linear and satisfies
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B ullwrngeny = (D 11D Exul]p n))

la|<1
— (3 / |D® Bru(a)|? d)?
la]<1
Z |DaEﬁ )P dx)l/p
la|<1
<> / 12D Efu(z) [P dx)'/P
|| <1

=2 Z/|Da (z)|P dz)'/?
la|<1

= 2|[ullwreq)-

This establishes the result for the half-plane. To handle ‘the general case,
we proceed with the following construction. For all x € €, we choose an
open ball B(x,r,) such that

1. If x € Q, then B(x,r,) C Q.

2. If x € 09, then B(z,r,) C Q.

3. There exists a C! bijection, with a C* inverse

. : B(0,1) = B(x,r,)

which maps the “upper half ball”

BT0,1)={y=(y,.--.y) | D v <1y >0}

=1

to the set B(z,r,) N Q. For a sufficiently small r, > 0, the existence
of ¢, follows from the assumption that  has a C* boundary.

Now since 2 is bounded, its closure € is compact. Hence, there exists a
finite cover {B(z;,7;)}Y, of Q@ C Q. Let ; : B(0,1) — B(x;,7;) be the
corresponding bijections. We also define {n;}&; to be a partition of unity
subordinate to this cover. Then, for all x € ,
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u(e) = Y mw)ul)

Now, we partition the indices {1,2,..., N} =Z U J, where for all i € Z,
x; € Q and for all i € J, x; € 9. Observe that for all i« € J, we have

niu € WP (B(xs,7:) N Q) and (niu) o p; € WHP(BT(0,1)).
Applying the operator E*, we find that

E*[(niu) o ;] € WHP(B(0,1)) and E*[(niu) o ;] 0 ;' € WP (B(x;,7m5) N ).

Now, we can sum together all the extensions in order to define the operator
E :W'?(Q) — WH?(R") by

Bu=7) nu+ ) Elu)oep]oe!
i€l eJ
This operator is bounded and linear because E is a finite sum of bounded,
linear operators. Moreover, the support supp(Eu) C Uf\il B(x;,1;) C Q.
O

7.5 The embedding theorems of Sobolev
spaces

It is emphasised in Bressan [ABI0] that in applications to partial
differential equations or the calculus of variations, it is important to
understand the degree of regularity exhibited by functions u € W*?(R"?).
The first embedding theorem we will prove is attributed to Morrey. First,
we need to understand the concept of Holder continuity.

Definition 7.5.1. Let Q@ C R™ be an open set and v € (0,1]. A function
f: € — R is Holder continuous with exponent ~ if there exists C' € R+
such that for all x,y € €,

[f(@) = f(y)] < Cla =yl
The notation C%7(Q) is the space of all bounded Holder continuous
functions on . It is a normed vector space, equipped with the norm

f@)—fly
| fllcon (@) = sup|f(z)] + sup M
z€Q eyeQaty T —y|7
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Like Sobolev spaces, Holder spaces can be extended to functions with
Holder continuous partial derivatives up to order k. This is encapsulated in
the following more general definition below.

Definition 7.5.2. For all k € Zsg, define C*7(Q) to be the space of all
continuous functions with Holder continuous partial derivatives up to order
k. This is a normed vector space when equipped with the following norm:

Ifllrioy = > (supD*f(z))) + S ( sup D f(x) — D*f(y)]

xr — i
o<k €N o=k z,y€Qx#y | y|

).

Note that in the above definition D refers to a partial derivative, not a
weak derivative. Since D is a continuous operator for all multi-indices «,
Holder spaces turn out to be Banach spaces, as exemplified by the following
theorem:

Theorem 7.5.1. Let Q2 C R™ be an open set. Let k € Z>¢ and v € (0, 1].
Then, C*7(Q) is a Banach space.

Proof. Assume that ) is an open subset of R™. Assume that v € (0, 1] and
k € Zso. Suppose that the sequence {f,,} in C*7(Q) is Cauchy. Then, for
all z € Q, the sequence {f,,(z)} is a Cauchy sequence in R and thus,
uniformly converges to f(z). Since derivative operators are continuous, the
sequence {D*f,,} is also Cauchy and hence, by the same argument, the
sequence {D*f,(x)} in R converges to D f(x) uniformly on Q. This is
enough to show that the expression (which appears in the norm for C*7(Q))

> (sup| D* () — D*f(2)])
o<k e

tends to 0 as m — oco. Now, it suffices to show that the second summand in
the Holder space norm also converges. This amounts to showing that

i S p 127U = D@ = DU = W)

m—00 |Oé|:k‘ z,y€,z#y |x - y|’Y

) = 0.

Since the sequence {f,,} is Cauchy, we have

lim Z( sup |Da(fm_fn)($)_Da<fm_fn)(y)‘

min—00 S ' yeQ.arty |z —yp

) = 0.

Thus, for all € € Ry, there exists an index N € Z- such that for all
m,n > N,
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|Da(fm - fn>(‘r) B Da(fm - fn)(y)|

sup <e
T,y €QxFY |z —y|
Fix m and let n — oo. This shows that for all m > N,
D*(f,, — — D*(f —
DU = D@ = D= DO _,
z,y€Q,x#y |z —y[

Taking the limit as m — 0 the gives us the desired result.

]

Before we dive into the proof of various embedding theorems pertaining to
Sobolev spaces, we will highlight the general approach towards such results.
The goal is to show that the Sobolev space W*P(€) lies in some other
Banach space X.

1. We first specialise to the case where u € C*(2) N W*?(Q). In this

step, we prove that u € X for some Banach space X and that there
exists a constant C' € Ry which depends on k,p and €2, but not on u
such that for all u € C*(Q) N W*P(Q),

lullx < Cllullwrr @)

. Since C*(Q) is dense in W*?(Q), for all u € W*P(Q), we can find a
sequence {u,} of smooth functions such that ||u — w,||wkr) — 0 as
n — o0o. Using the bound in step 1, this reveals that

lim sup||tn, — w, [ x < limsup C||um — wy|lwery = 0.
m,n— o0 m,n—00

Thus, {u,} is also a Cauchy sequence in the space X. Since X was
assumed to be a Banach space, u,, — u for some u € X. Expanding
the definition of the norm W*?(2), we conclude that @(z) = u(x) for
almost all x € €2. The conclusion here is that, up to a modification on
a null set N C Q, each function u € W"P(Q) is also contained in X.

To see how this above proof template works, we will now delve into our first
embedding theorem. Once again, the result is attributed to Morrey. The
first step is to prove Morrey’s inequality.

Lemma 7.5.2. Letn <p < oo and set v=1— % > 0. Then, there exists a
constant C' € Ry, which depends only on p and n such that for all
u € CHR™) N WP(R"),
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||UHCO’”(R") < CHUHWLP(RTL)-

The proof that we will give for Morrey’s inequality originates from [LE9S],
rather than [ABI0].

Proof. Assume that n < p <ooand y=1— % > (. Assume that
u € CHR™) N WP(R™). Take a ball B(x,r) C R".

To show: (a) There exists a constant C' € R, which depends on n, such
that

| I Vu(y)|
m(B(z.1) /B@,r)’ () —ul ”"“C/B(m y— a1 Y

(a) Take a point w € 9B(0,1). Then observe that for all 0 < r < s,

lu(z + sw) — u(x)| = |/ iu(x + tw) dt|
. dt
= \/ Vu(x + tw)w dt| (Chain Rule)
0
< / |Vu(z + tw)||w]| dt
0

=/ |Vu(z + tw)| dt.
0

By integrating over the boundary 0B(0,1), we have

/ lu(x + sw) — u(z)| dS < / / |Vu(z + tw)| dSdt
dB(0,1) 0 JoB(0,1)

S tn

= / / |Vu(z + tw)|

o JaB(,) t

The above integral has a radial component, which constitutes the integral
over t, and an angular component, which is the integral over 0B(0,1). This
suggests that we use general polar coordinates to simplify the RHS. If we
let y = x 4 tw so that ¢t = |z — y|, we obtain (keep in mind that the
corresponding Jacobian is proportional to ")

—1
— dSdt.
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/ |u<x+sw)—u(x)\d5§/ Vel
aB(0,1) Bla,s) |7 — y|"

[ L,
B(z,r) |‘T - y|n

Now if we multiply by s ! and integrate both sides from 0 to r with
respect to s. We finally obtain

Vu(y
[ —uiay< [y
B(z,r) (z,r) |ZL’ - |
This gives the intermediate result we are after.

Now, we tackle the first summand of the Holder norm. Using part (a), we
compute that for z € R”

1 / 1
u(z)| < ———— u(z) —u(y dy—l——/ u(y)| dy
’ ( )| m(B(x,l)) B(x,1)| ( ) ( )’ m(B(m,l)) B(x,1)| ( )‘
Vu
<C |—(yn>_|1 dy + C||lul|zr(B1)) (Part (a))
B(z,r) |.I’ - y|
1 _
<a(f IVuly)l dy)l/p(/Rn e WY+ Clule

S CHUHWLP(R”)

p(” 1) < n and as a result,

1
(r—1)/p
</]R" |I — y|p(n—l)/(p—1) dy) < Q.

Now, if we take the supremum over both sides, we deduce the inequality
sup,epn |U(2)| < Cllul[wrr@ny for some constant C' € Ry.

since

Finally, we will bound the second summand in the Holder norm. Assume
that z,y € R". Set r = |z — y| and W = B(x,r) N B(y,r). Note that

1 1
ule) = u2)| < /W ula) —u(2)| d= + /W Ju(y) — u(2)] d=.

Again, we can use part (a) to deduce that
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1 C
—m(W) /W|u(x) —u(z)| dz < —m(B(x,T)) /B(m)|u(a:) —u(z)| dz
C Yu(y) [P dy)/P
<c(f [t an'( |

B(z,r)

1
|x — Z‘p(”_l)/(p_l)
1
<o / Vuly)? dy) 7 ( / S
o) B(a) TP/ G)

- C?ﬁl_% HVUHLP(RH).

dz)(pfl)/p

The second inequality combines Holder’s inequality and the bound in part
(a). The third inequality follows from the fact that the integral is done over
the ball B(x,r). Note that the same result can be found by simply
replacing « with y. Thus, an upper bound for the quantity |u(x) — u(y)| is

[u(z) = uly)| < Cr' =7 |Vl zogny = Cle = yI' =% ||Vl ogan)

Now, we have

u(x) — u(y
el oo gy = sup 142 =40
ety |r—y| P
S OHVUHL;)(Rn)

for some constant C' € R., which depends on p and n.

Executing the second step in the “proof template”, we arrive at the
required embedding theorem.

Theorem 7.5.3. Let Q C R" be a bounded open set with C' boundary. Let
n<p<ooandy=1—=2>0. Then, every function f € WLP(Q) is almost

eveywhere equal to another function f € C%(Q). Moreover, there exists a
constant C' € Rwq such that for all f € WIP(Q),

1 flloor < Il fllwro-

Proof. Assume that €2 is the open set defined as above. Assume that n,p,~y
are defined as above. Define

Q={zeR"|d(z,Q) <1}.
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Using [7.4.3] we deduce the existence of a bounded extension operator
E:Wh(Q) — WHP(R") which sends f € W'?(Q) to Ef € W'(R")

whose support is contained in €2.

Now, we use the fact that C'(R") is dense in W!?(R") in order to find a
sequence of functions {g,} in C*(R"™) such that g, — Ef as n — co.
Morrey’s inequality (see [7.5.2)) tells us that

hmsupHgm - gnHCOW < ClimSUpHgm - gnHleP =0

m,n—00 m,n—00

because every convergent sequence is Cauchy. Interestingly, this shows that
{gn} is a Cauchy sequence in the Holder space C*7(R"). Since C%7(R") is
a Banach space, the sequence {g,,} must converge uniformly to a function
g € C*(R") for x € R™

Since g, — Ef in WHP(R"), g(z) = (Ef)(x) for almost all z € R™. From
the definition of £, we must have g(x) = f(z) for almost all x € 2. The
bound follows from the fact that £ is a bounded linear operator and

Morrey’s inequality ([7.5.2)). O

Before we proceed, we will highlight a particularly important consequence
of Morrey’s inequality. If  C R™ is a bounded open set with C! boundary
and p > n, then for all w € WHr(Q) C C%7(£2), we must have

we) = w@) < Clo =y 5[ Vula)p a2,
B(x,|ly—=|)
for all x,y € €. This was found during the proof of Morrey’s inequality. We
will use this bound to demonstrate a differentiability property of the
Sobolev space W?(Q).

Theorem 7.5.4. Let Q C R™ be a bounded open set with C' boundary and
u € Wl’p(Q) for some p > n. Then, u is differentiable for almost all x € )

loc
and its classical gradient is equal to its weak gradient

Vu= (Dgu,...,D, u).

Proof. Assume that  is defined as above. Assume that u € W,-?(Q) for

loc

some p > n. Then, its weak derivatives D, u € L} (Q) for all

loc

i € {l,...,n}. Hence, the weak gradient Vu is also in L} ().

loc

We begin by applying the Lebesgue differentiation theorem to deduce that
for almost all z € €2,
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1
lim—/ Vu(z) — Vu(z)|? dz = 0.
B o )

Take a point x € ) such that the above limit holds. Then, define
w(y) = uly) — u(z) - Vu(z)(y — ) € W2 ().

Then, we bound the quantity |w(y) — w(z)| by using the estimate found in
the proof of Morrey’s inequality:

jw(y) —w(z)| = |w(y)|
= |u(y) — u(z) — Vu(z)(y — )]
= [Vu(z)z — u(x) — (Vu(z)y — u(y))]
<Clz - y|1—2(/ IVu(z) — Vu(z)[P dz)'/P.
B(z,|ly—=|)

Dividing both sides by |y — x| and then taking the limit as |y — x| — 0, we
find that

wly) —w@)| _
ly—z|—»0 |y — x|

due to our choice of z € ). Thus, from the definition of w, we conclude

that u is differentiable at x in the classical sense and its classical gradient

coincides with the weak gradient Vu(x) for almost all z € 2.

]

The next result we will prove is the Gagliardo-Nirenberg inequality, which is
valid in the regime 1 < p < n. First, we will make some useful remarks.

We define the Sobolev conjugate of p to be

p* = np sothati*zl—l.
n—p p p n
Secondly, we need to keep in mind the following application of the
generalised Holder inequality. Once again let 2 C R" belopen. Let
Gis- -y gno1 € LY(Q). Then, for alli € {1,...,n—1}, g/ " € L" (). By
the generalised Holder inequaltiy, we have

n—1 B n—1 1 n—1 e
R e (P (1
=1 i=1 i=1
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Now, we will proceed to prove our second embedding theorem:

Lemma 7.5.5. Let p,n € Ry such that 1 < p < n. Then, there exists a
constant C' € Ry, which depends only on p and n such that for all

fewhr(RY),
£l 2oe @y < ClIV fllLo@n)-

Proof. Assume that p,n € Ry such that 1 < p < n. Utilising the density of
smooth functions in W1?(R"), it suffices to prove the above inequality for
the special case where f € C'2°(R™). Using the fact that f is a test function,
we have for all i € {1,...,n} and z = (21,...,2,) € R"

f(z) = /_x Dy f(x1,... 8., xy,) ds;.

Thus, we have a preliminary bound on |f(z)|:

]f(m)|:|/ Dzif(xl,...,si,...,xn)ds,-|g/ Dy f(z1, .50 2)| dsi.

The point here is that this holds for all i € {1,...,n}. So, taking both sides
to the power of n, we obtain

|f(x)|n§H/ Dy (1,55, 0)]| dsi
i=1Y/ 00

So,

o0

i=1 V-

o0

Now, we integrate over R with respect to the variable x;. In this case, the
first integral in the product does not depend on x;. So, our inequality
becomes

/Oo|f(x)|n"1 doy < (/_Z]Dmlf! dsy) 7 /OO ﬁ(/_Z|Dxif($1,...,si, x| ds) T dan,

We can iterate the above method by integrating with respect to the
remaining n — 1 variables. We obtain
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Iflnldwéf[ / / Do f day .. diy)7s

Vf| dx)n—T1

\

Therefore,

([ 1 s < [ vsas
R™ R™

which proves the result for the case where p =1 and p* =n/(n —1). Of
course, this holds for f € WP(R™) since C2°(R") is a dense subset.

Now assume that 1 < p < n and that f € W'P(R") once again. Let us
apply the special case above to the function g = |f|? for some 3 € R,.
Then, we must have

([ IfI*1 do) = < | |Vf% de (Special Case)
R R

BIFIFHVf| d
R”

< B( : ’f’p(’f:l) dﬂﬁ)%l( 5 \VfIP da:)% (Holder)

If we select 5 =p(n —1)/(n — p), then we have

pn__p-1) np _
n—1 p—1 n—op

Making this substitution, our inequality reduces to

([ If]7" da)™5 <

R’Il

P dn)T ([ VP da)
Rn

Now it suffices for us to note that

Hence, by dividing both sides by ( [p.|f*" dx)%, we deduce that
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([ 1o anF < p[ Vo an

as required.
m

Recall that if Q C R” is bounded, then L?(Q) C LP (Q) for all ¢ € [1, p*].
Now, we can establish our next embedding theorem.

Theorem 7.5.6. Let Q C R" denote a bounded open set with C' boundary
and let 1 <p <n. Then, for all g € [1,p*] (recall that p* = np/(n —p)),
there exists a constant C € Rsq such that for all f € WHP(Q),

I fllzoy < Cll fllwrr)-

Proof. The proof is very similar to the first embedding theorem. Again, let

Q={zeR"|d(z,Q) <1}.
Using we deduce the existence of a bounded extension operator
E:WhP(Q) — WHP(R™) which sends f € WHP(Q) to Ef € WHP(R")
whose support is contained in €2.

Now apply the Gagliardo-Nirenberg inequality to £ f in order to deduce the
existence of constants C, Cy, C3 € R+ such that

£z < Cull flle (@) (L7(Q) € L7 ()
< C2HEfHLP*(]R")
< Cs||fllwir) (Gagliardo-Nirenberg).

So far, we have established embeddings for the space W'?(Q), where

p < oo. We would like to push this agenda forwards and describe
embeddings for the Sobolev space W"?(Q) for all k € Z~o. We will be
making extensive use of [7.5.2l and [7.5.5] First, we will make the necessary
definitions.

Definition 7.5.3. Let Q C R" be a bounded open set with C'' boundary.
Let u € W"*P(Q). Then, the net smoothness of u is defined by k — .
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Define m € Z-o and 7 € [0, 1) to be the integer part and fractional part
of k — % respectively. That is, in the usual notation,

m:Lk‘—%J andvz{k:—g}.

Definition 7.5.4. Let X and Y be Banach spaces, with norms ||—||x and
||—|ly respectively. We say that X is continuously embedded in Y if
X CY and there exists a constant C' such that for all u € X,

Jully < Cllullx.

The next theorem reveals a whole class of general Sobolev embeddings.

Theorem 7.5.7 (General Sobolev Embeddings). Let @ C R™ be a bounded
open set with C* boundary. Consider the space W*P(Q) and set

n n
m=|k——] and y={k — —}.
=2l and y = {k =}

Then,

1. If k=% <0, then WkP(Q) C L9(Q) where

S_l(ﬁ—k).

np
LI(Q2) for all1 < g < 0.

1 1
qa p
2. If k=2 =0, then Wkr(Q) C
3. Ifm >0 and v >0, then WHP(Q2) C C™7(Q).

4. If m>1 and v =0, then for all ' € [0, 1), we have the inclusion
Whe(Q) C C™ 17 (Q).

Before we state the proof below, it should be emphasised that the
statement W*P(Q) C C™7(2) means that for all u € W*P(Q), there exists
a function @ € C"™7(Q) such that for almost all x € Q, u(z) = u(z).
Furthermore, there exists a constant C' € R.q, which depends on k, p, m,~,
but not on u, such that

[ullema @) < Cllil[wrrq)-

In other words, the above equation implies a continuous embedding.
Similar statement apply for the other inclusions.
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Proof. We will first prove statement 1. So, assume that the net smoothness
k— % < 0. Assume that u € WHP(Q). From the definition of a Sobolev
space, D*u € LP(Q) for all multi-indices « such that |a| < k. Now, we can
apply the Gagliardo-Nirenberg inequality to find that for all multi-indices S
with [8] <k —1,

ID%ull 1o+ () < CIVD ull o) < Cllullwrae-

Therefore, DPu € LP"(Q2) for all 3 satisfying |3] < k — 1. So,
u € WE1P7(Q). Recall that

1 1 1

P p n

The main point in the proof is that we can iterate the above argument. Set
p1=p" and p; = pj_; for all j € Z- so that

1 1 1 1 1 1 1 g

— =—-———and — = ——=—-—=,

pr p N pj Pj-1 m p N
In order to iterate the above argument, we will apply the
Gagliardo-Nirenberg inequality k£ times in order to obtain the following
chain of inclusions:

WkP(Q) C WFPH Q) C . CWHFIPI(Q) C - C WOP(Q).
Therefore, u € WOPk(Q) = LP+(2). This completes the proof of statement 1.
In order to prove statement 2, assume that kp = n. Using the same
argument as above, we find that if u € W*P(Q), then

u € WHPE=1(Q) = WH(Q) C W ¢(Q)
for all € € (0,n]. Note that py_1 = n because

1 1 k-1 1 k-1 1

= — =N
P P mnp  kp  kp
Utilising the Gagliardo-Nirenberg inequality one more time, we find that
u e Wh¢(Q) C L), where

n(n —e) n? —en
q: =
n—(n—e) €

Since € € (0,n] was arbitrary, we find that statement 2 is true for all
q € [1,00).
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To prove statement 3, assume that m > 0 and v > 0. Assume that

u € WFP(Q). Choose j € Z~ to be the smallest integer such that p; > n.
Then, u € WHP(Q2) C W*=92i(Q), which means that for all multi-indices
with || <k —j — 1, we can apply to deduce that

Du € W5 (Q) C C%(Q)

where

n no .
y=1—-—=1——+47.
Dj p

The important point here which motivates our choice of j € Z- is that
v € (0,1] and

b= k(e ) = (k= = 1)+,

n

So, 7 is the fractional part of & — > and k£ — j — 1 is the integer part of
k — 2. Now since D*u € C®7(Q) where |a] < k — j — 1, we deduce that

p .
u € C*7=17(Q), which completes the proof of the third statement (with
m=k—j—1).

To see that the fourth and final statement holds, assume that

j =mn/p € Zsy. Assume that u € W*P(Q). Then, the Gagliardo-Nirenberg
inequality, as depicted in statement 2, can be used to show that for all
multi-indices a with |a| < j —1,

D € WFEIP(Q) C WH(Q)
for all ¢ € [1,00). This is a result of statement 2. Now, Morrey’s inequality
gives

D% C WhH(Q) € ¢4 (Q)

and u € 771174 (Q). Since ¢ € [1,00) was arbitrary, we deduce statement
4.
0

7.6 Rellich-Kondrachov Theorem

As the title suggests, the main result of this section is the
Rellich-Kondrachov theorem, which is yet another embedding theorem of
Sobolev spaces. However, the statement of this theorem is actually a
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compact embedding - we will clear this up later.

First, we will make a preliminary observation with the purpose of
motivating the theorem. Suppose that {2 C R™ is a bounded open set with
C! boundary. Observe that if p > n, then

n n n
m=|l1—-—]=0andy={l—-—-}=1——->0.
(1= y={1-2} ’

By (in particular, the third statement), we have the inclusion
Whr(Q) C C%(Q), revealing that for all w € WP(Q), u is Holder
continuous. More specifically, if {u, }mez., is a bounded sequence in
W1P(Q), then each function u,, must be equicontinuous and uniformly
bounded, due to the norm on C%7(£2). From the corollary of [4.3.6] we can
extract a subsequence {u,,;} which converges uniformly to a continuous
function u on 2. Now, since €2 is bounded, we must have

| %m; — u||La) — 0 for all ¢ € [1,00]. Thus, the embedding

WhP(Q) C L(R) is compact for all p > n and ¢q € [1, c0].

Definition 7.6.1. Let X and Y be Banach spaces. We say that X is
compactly embedded in Y if X C Y and the canonical inclusion map
t: X — Y is a compact linear operator. We use the notation X CC Y to
denote the statement “X is compactly embedded in Y.

The Rellich-Kondrachov theorem focuses on the case where p < n. We will
now state this important theorem below:

Theorem 7.6.1 (Rellich-Kondrachov). Let Q C R" be a bounded open set
with C* boundary. Suppose that 1 < p < mn. The for all ¢ € [1,p*), where
p* = 5, we have the compact embedding Whr(Q) cc LI1(Q).

Proof. Assume that Q C R™ is a bounded open set with C! boundary.
Assume that 1 < p < n and p* is defined as above. Assume that ¢ € [1, p*).
The theorem tells us that we can assume that every function

u € WP(Q) is defined over all R" and vanishes outside a fixed bounded

open set () C R".

Let {tm }mez-, be a bounded sequence in WP((2). Then, since ¢ < p* and
Q) is bounded, we have the following upper bound:
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[ llzo@n) = ltmll o) (support contained in Q)
< Cllumll @ (since L1(@) € 17" (©))
< C'lumllwro@ (Gagliardo-Nirenberg)

Here, C,C" € Ry are constants. The main message from the above
reasoning is that the sequence {u,,} is uniformly bounded in L4(€2) and
that WP (Q) C L4(R), due to the above bound.

Now assume that ¢ € R.g. Consider the mollified sequence {uy,}, where
us, = Je * u,,. These functions are all supported inside (2.

To show: (a) [Juf, — tml| 4@y — 0 as e = 0. This convergence is uniform
with respect to m.

(a) Using the fact that smooth functions are dense in W'?(Q) (s (see , it
suffices to demonstrate the bound in the case where u,, € C*>(Q). Usmg
the definition of a mollification, we argue as follows:

(&) — () = /B ) )]

:/B< Tl =) = () dy = e

d
= [ T gyt ety ) dy

= —e/ J(y)(/ V(um(x — €ty)) -y dt) dy (Chain Rule)
(v:€) 0

If we integrate both sides with respect to = € €, we obtain

[t = watonas<e [ [ (Ve — cty))] dt) dy d

Setting z = x — ety, the inequality simplifies even further to obtain

/|u ) — um(z )|d:v<e/|Vum )| dz.
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Using [7.4.1} we conclude that the above estimate also holds for
u, € WHP(Q). Hence,

[ur, — Um“Ll(Q) < €||Vum||L1((z) < EC”um”WLP(Q)

for some constant C' € R~o. This proves the statement in part (a).
For the next argument, we will utilise an interpolation inequality (see
[LE9S, p. 623]). Select § € (0,1) such that

1 1

-=0-1)+(1-0)  —.

q p*
Then, we must have

H%—wm@=%MM%wMWMW

1-6
< ey = w11 gy 1o = 0|20

S C()Ee.

The constant Cy € Rs is independent of m. The LP" norm is bounded
above by a constant, due to the Gagliardo-Nirenberg inequality once again

(7.5.5). Now fix 6 € R-( and choose € € R small enough so that

m_

. o
[, = Ul oy < Coe® < 5
To see that the sequence {us, }mez., is equicontinuous, we observe that

5] < A elloe [[uml| 2 < C

and

|V, | < IV Jell o lftm [ 1 < Co.

Here, the constants C; and Cy depend on €, but are independent of m. The
above bounds originate once again from Hélder’s inequality, with p = 1 and
q = 0.

Now, we can exploit this finding and use the Arzela-Ascoli theorem (4.3.6)

to obtain a subsequence {ufn]} which converges uniformly in €2 to a
continuous function u. Hence, by the triangle inequality
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thUPHUmj - umkHLq(Q) < thUP(Humj - ufnjHLq(Q) + Hufnj - UHLq(Q)
J,k—o0 j,k—00

Hll = v, oy + 155, = tm [l oey)
< 6.

Now, we finish off the proof with a diagonalisation argument. Using the
above bound, we can find an infinite set of indices I; such that the
subsequence {u,, }mer, satisfies for all £,m € I,

lim sup||we — || Lag) < 27

£m—o0
By induction, we can repeat this argument and construct an infinite set of
indices I; C I;_; for all j € Z+( such that for all £, m € I;

lim sup||us — U, || ag) < 277,

£,m—00
Then, we choose a strictly increasing sequence of integers {m,} such that
m; € I; for all j € Z-o. The subsequence {u,,, } must satisfy

lim sup||tp,, — U, ||La@) = 0
J,k—00
due to the fact that I; C I;_; for all j € Zsg. So, {u, } is a Cauchy
sequence, which then converges to some limit u € L9(2). This is enough to
show that WP(Q) CcC LI(Q).
0

To top off the entire chapter, we will look at an application of [7.6.1], which
is also referred to as Poincaré’s inequality.

Lemma 7.6.2. Let Q C R” be a bounded, connected and open set with C*
boundary. Let p € [1,00]. Then, there exists a constant C' € Rq such that
for all u € LP(Q),

1
l|lu — —/u dzx|| ey < C||VullLeo)-
m(Q) Jo () ()
Proof. Assume that 2 C R™ is a bounded, connected and open set with C*
boundary. Assume that p € [1, 00]. Suppose for the sake of contradiction
that such a constant C' € R.( does not exist. Then, there exists a sequence
of functions u;, € W1?(Q) such that
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: /
Uy — —— U dx Lr(Q) > k V’Lbk Lr(Q
| ORA ey > kI Vur| o)

for all k& € Z~q. Define the sequence

uk—ﬁfguk dz

lur = ey Jo wr dzllire)”

Uk

Note that the sequence {v;} in the Sobolev space W'P(Q) must satisfy

L/vk dz = 0, [l oy = 1
m(Q) Q

and for all k € Z-g and i € {1,...,n},

| Dol oy = ( / Dy 0p(2)P d)
[9]

< / V()P d)

= [|[Vur| o)

< V|| e o)

=l = ey Jo wk dzllege)
1

<

The Rellich-Kondrachov theorem (7.6.1)) tells us that W'?(Q) ccC LP(Q).
Since {v;} is a bounded sequence in W?(£2), there exists a subsequence
{vk,} which converges uniformly in LP(£2) to some continuous function

v e LP(Q). We also have Vu, — 0 in LP(€2). By |[7.1.4] the zero function is
the weak gradient of the limit function v and as a result,

1 1
— dr = lim —— dx = 0.
o e =l o=

Because Vv = 0 € LP(Q2), it must be constant on the connected set {2 and
subsequently, v(z) = 0 for almost all = € €, since its average value is 0.
But, this contradicts the fact that

vl zr (@) = ]}LIgOHUkHLP(Q) =1.
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Chapter 8

Applications to PDEs

8.1 Second order elliptic equations

As a fitting end to all of the theory developed in the previous chapters, we
will apply the theory in order to understand partial differential equations.
In particular, we will be looking at second order linear partial differential
equations. As we will see later, we will be looking at three different types of
PDEs.

Below is a summary of the main results we will be using to analyse PDEs.

1. Rellich-Kondrachov Theorem ([7.6.1|)
2. Lax-Milgram Theorem (|3.6.3))

3. Characterisation of semigroups
4. Hilbert-Schmidt Theorem (/5.3.3))

5. The Fredholm alternative

Let 2 C R” be a bounded open set and a¥, b, c : Q — R be measurable
functions (with respect to Lebesgue measure on R™). Then, we define the
operator L by

n

Lu:—Z( T)Ug, )y —i—Zb’ Jug, + c(z)u.

3,j=1

The boundary value problem that we are most concerned with is
Lu = f for all x € Q and u = 0 for all z € 0N. (8.1)
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Here, f € L*(2). In order to study the existence and uniqueness of
solutions to this boundary value problem, we need to make some tighter
assumptions. First, we will assume that the coefficients of the differential
operator L satisfy

a’ =d" b’ c e L®(Q).
The next definition is essentially the namesake of this section’s title.

Definition 8.1.1. Let L be the partial differential operator defined as
above. The operator L is called uniformly elliptic in € if there exists a
constant 6 € R such that for all x € Q and £ € R",

n

> ai(@)gg; > 0)¢.

i,j=1

Here is another way of reinterpreting the above definition. Define the
matrix A(z) = (a(z)) € Mux,(R). Since a” = a’* for all 4,5 € {1,...,n},
A(x) must be a symmetric matrix, with real eigenvalues. The above
equation shows that A(z) is a strictly positive definite matrix, whose
smallest eigenvalue is greater than or equal to 6.

Example 8.1.1. Assume that €2 C R" is a bounded open set. Consider the
following boundary value problem:

—Aut+u=f €,
u=0 =z €.

Here, Au= Y7 | Uy, is the Laplacian. The operator —Auw is uniformly
elliptic because firstly, the matrix A(x) = I,, (the n x n identity matrix)
and secondly, if we select § € (0, 1], then for all £ = (§,...,§,) € R™,

Z a’(z)&¢&; = Z 05665 = [€]? > 01¢]%.

1,j=1 i,j=1

At the moment, it is not clear why we require this definition. This will be
elucidated in the later results. Moreover, we do not expect to have a
classical solution a priori - a function u € C*(Q2) which satisfies and the
boundary conditions at every point in 2. So, how can we study solutions to
B.IP Following the theme of the previous chapter, we will study weak
solutions instead.
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Definition 8.1.2. Consider the boundary value problem [8.1 A weak
solution of is a function u € HY(Q) = W, () such that for all
v € Hy(Q),

n

/(Z a Uy, Vg, + Z bty v + cuv) do = / fv dx.
Q

i,j=1 i=1 Q

Before we proceed, let us analyse the above definition in more detail. First
of all, why do we want v € H(2)? Recall that H}(Q) is defined as the
closure of C°(€) in H'(2) - a closed subspace of H'(§2) such that for all
multi-indices « such that |a] <0, D*u = 0 on the boundary 0f2. This is
equivalent to saying that u = 0 on 9. Hence, setting u € HJ ()
incorporates the boundary condition of

The second mystery here is the first summand on the LHS. To see where
this originates from, consider the equation

/Q (Lu)o dz = /Q fo da.

Now expand the RHS to get

/Luvdﬂv—/ Z () g, ) U+Zb’ T)ug,v + c(z)uv dx

z]l

/ Z auy,) vd:)s+/2biuxiv+cuvda:
Q=1

7,7=1

:_E auxl aQ—/CL uxzvx]dx /E bluxv%—cuvdx
Q Q

Z]l =1

/ Z AUy, Vg, + szux v+ cuv) dz (since v € Hy(Q)).
Q

4,7=1

The point here is that since v € Hj (), the boundary term [a"u,,v]sq,
which appears as the result of an integration by parts, must vanish.

It is reasonable to ask whether we can deal with non-homogeneous
boundary value problems, such as

Lu = f for all z € Q and u = g for all x € 09Q2.
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where g € H'(§2). Fortunately, we can make the substitution @ = u — g in
order to reduce the above problem to the case

Another alternative method of expressing the concept of a weak solution is
to define the following bilinear form on the Hilbert space H}():

Blu,v] = /(Z a7 Uy, Vs, + Z bug,v + cuv) dx
Q=1 i=1
A function u € HZ () is a weak solution of [8.1]if for all v € HZ(9),
Blu,v] = (f,v)r2. This is a useful reformulation of the concept of a weak
solution, due to the Lax-Milgram theorem (|3.6.3)).

The first step towards the existence and uniqueness of uniformly elliptic
PDEs is to show that the equation has a unique solution.

Lemma 8.1.1. Let Q C R" be a bounded open set. Then, for all f € L*(9),
the BVP has a unique weak solution u € H(Q2). Moreover, the map
f = u from L*(Q) to Hy(Q) is a compact linear operator.

Proof. Assume that (2 C R” is a bounded open set. We first apply the
Rellich-Kondrachov theorem to deduce that Hj(Q2) CcC L*(Q). This
means that the canonical embedding ¢ : HJ(2) — L*(2) is a compact linear
operator.

As a result, the adjoint operator ¢* : L?(2) — H}(€) must also be a
compact linear operator. Here, we have implicitly used the Riesz
representation theorem (3.3.1)) to deduce that [L?(Q)]* = L?(Q) and
[Ho ()] = H; ().

Assume that f € L?(Q). Then, from the definition of the adjoint operator,
we have for all v € H} (),

(fo)ym = (f,w)re = (f,v) 2.

From the definition of a weak solution, we deduce that /*f € H}(Q) is the
unique weak solution to [8.1.1} O

Now, we will press on towards a greater generalisation. Consider the
following elliptic boundary value problem:

(8.2)

Lou:f ,IGQ,
u=0 x €.
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Here, the differential operator Ly contains only second order terms:

n

Lou = — Z(aij(a:)uxi)xj.

1,j=1

In the case of [8.2] a weak solution is a function u € H3($) such that for all
ve Hi(©),

Bafuv) = [ 37 s, do = (o) = 0. 0)n.

1,j=1

Theorem 8.1.2. Let QQ C R"™ be a bounded open set. Assume that Lg is the
operator defined in[8.9 Assume further that Lo is uniformly elliptic. Then,
for all f € L*(Q), the BVP[8.4 has a unique weak solution u € H}(Q).
Furthermore, its corresponding operator Ly' : L?(Q0) — H(SY), which sends
f to w is a compact linear operator.

Proof. Assume that 2 C R” is a bounded open set. Assume that Lg is a
uniformly elliptic differential operator, defined as in[8.2] In order to show
that has a unique solution, we will demonstrate that the bilinear form
By : H}(Q2) x H}(Q2) — R satisfies the conditions of the Lax-Milgram
theorem ([3.6.3]).

To show: (a) By is a continuous functional.
(b) By is a positive definite functional.
(a) To see that By is continuous, we argue as follows:

| Bofu, v]| = |/ S @y, dal
Q-

ij=1

n
< Z /|aijumivxj| dx
Q

ij=1

n
< > lla e lu,

ij=1
< Cllullm{[v]l g

pellve [l (Holder)
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for some constant C' € R-. This inequality is enough to show that By is a
continuous functional.

(b) Here, we will use the fact that €2 is bounded, alongside the Poincaré
inequality, in order to deduce the existence of a constant x € R-( such that
for all u € H (),

Julfi0) < 5 [ [Vl da.

Here is where the uniform elliptic assumption on Ly comes into play. For all
u e Hi(Q),

Bylu, u] = / Z augu,, dr > /
Q

ij=1 @

HZui de = (9/|Vu\2 dx.
i=1 Q

Now, we can combine the two inequalities to obtain

lalpey = 3 / D*uf? du

laf<1

= | |u|? do + /|u$l|2 dx
/ 2 J,
gy + / S Ju,
=1

= HUH%%Q) + HVUH%?(Q)
< (k+ 1)HVUH%Q(Q) (First inequality)
k+1
0

2 dx

<

Bylu,u] (Second inequality)

So, Bolu,u] > HL_HHUH%{HQ) for all u € Hg(€2). This is enough to show that
By is positive definite.

Combining parts (a) and (b), we can apply the Lax-Milgram theorem

in order to deduce that for all f € H}(Q), there exists a unique
element u € H} () such that for all v € H}(Q), Bolu,v] = (f,v)m ).

Moreover, we also have the bound ||u/| z1(q) < /B_leHHl(Q) for some

B € Ryp. This is enough to demonstrate that the following operator is
continuous:

247



A Hi(Q) — Hy(Q)

fu
Now set f = *f € HL(Q), where f € L*(Q) and ¢ : H}(Q) — L*(Q) is the
compact canonical embedding. Then, for all v € H} (),

Bolu, v] = (" f,v) o) = (f,0) 12(0)-
Thus, u qualifies as a weak solution to [8.2]

Finally, to see that Ly : f +— u is a compact operator, note that it can be
written as the following composite:

LX(Q) —— HNQ) —2 H}(Q).

The first operator * is compact, whereas A is continuous. Hence,
Lyt = A ot* must also be a compact operator.

The next result provides us with more properties about the solution
operator L.

Lemma 8.1.3. Let Q2 C R” be a bounded, open set. Then, the linear
operator Ly* : L*(Q) — L?*(Q) is compact, injective and self-adjoint. Thus,
L*(Q) has an orthonormal basis {¢x }rez.,, consisting of eigenfunctions of
Ly*. Suppose that Ny, is the corresponding eigenvalue of ¢y. Then, A\ > 0
for all k € Z~qy and limyg_,oo A\, = 0.

Proof. Assume that Ly* : L2(Q2) — HZ(Q) is the solution operator defined
in[8.1.2 To see that L' : L2(Q) — L?(Q) is compact, note that it is the
composite Ly ' : L2(Q) — H(Q) followed by the inclusion

v HY Q) — L*(9), which is also compact.

To show: (a) Ly' is injective.

(b) Ly is self-adjoint.

(a) Assume that f € ker L' C L2(Q2). Then, Ly'f = 0. Since Ly'f is a
weak solution to we must have for all v € H}(Q)

Bo[Lg ' f,v] = (f, V) r2(0) = /va dr = 0.
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Notably, the above equation holds for all v € C°(2). Therefore, f(z) =0
for almost all x € Q. This demonstrates that ker L;' = {0} and that Ly is
injective.

(b) To see that Ly' is self-adjoint, assume that f,g € L*(Q) and that
u=Ly'f and v = Ly'g. Then, u,v € H}(Q) and

<Lalfag>L2(Q) = /(Lglf)g dz

Q

:/ugda:
Q

= Bo[u, v]

n
= / E a”uxifuxj dx
Q.

ij=1

:/vadx

= (f, Ly'g).

Hence, Ly' must be self-adjoint.

Combining parts (a) and (b), we find that L;' is compact and self-adjoint.
By the Hilbert-Schmidt theorem (5.3.3), L?(£2) has a countable
orthonormal basis of eigenvectors of L ! which we will denote by
{dk}kez-,- Let Ay € C denote the eigenvalue corresponding to ¢y. Since
Ly Lis compact, we must have limj_,. A\, = 0.

Finally, observe that for all & € Z+

1 = (G, P 12(0) = BolLg ' Ok, O] = Bo[Mer, du)-

Since By is bilinear, we therefore have

1

- BO [¢k7 ¢k]
due to the fact that By is positive definite. n

Ak >0

Now that we have studied the special case [8.2] we want to move onto the
more general BVP in[B.1] As the following example demonstrates, we will
need to tread carefully because the loosening of assumptions required to go

from [8.2] to means that is no longer valid.

249



Example 8.1.2. Assume that = (0,7) C R. Consider the operator

Lu = —uy, — 4u. This operator is uniformly elliptic in a similar vein to
However, the corresponding bilinear form B : Hj(Q) x Hj(Q) — R,
defined by

™
Blu,v] = / Uy ¥y — duv dx
0
is not positive definite. For example, if we take u = v = sinx, we find that

T 3
Blu, ul :/ cos’x — 4sin*z dr = —g.
0

Now observe that if we take f(z) = sin(2z) € L*(f2), we find that the
boundary value problem

—Uyy —4du =sin2z z € (0,m),
u(x) =0 xe€{0,7}.

has no weak solutions. If we take v(z) = sin 2z, then for all u € HZ (),

Blu,v] = / Uz —4uv dr = / (2u, cos 2x—4usin 2x) dv = 0 # (f,v) 12((0,x))-
0 0

Now, we will proceed to analyse [8.1] We will restate the BVP below for
convenience.

Lu=Loyu+ Lyu=f x¢e(,
u=0 =z €.

Here, L is the second order differential operator

n

Lou = — Z(aij(x)uxi)xj.

3,j=1

and L, is the differential operator which contains the rest of the terms:

Liu = Z b (2)uy, + c(x)u.
i=1

A function u € H}(Q) is a solution to the BVP if and only if for all
v e HN D),

Bylu,v] = (f, U>L2(Q) — (Lyu, U>L2(Q)-
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The above equality is from the definition of a weak solution. Hence, the
above equality is true if and only if u = Ly'(f — Lyu). This can be
rewritten in the form (I + K)u = g, where g = Ly'f and Ku = Ly Lyu.
Now, observe that L; is a bounded linear operator and L Lis compact from
So, K must be a compact operator and consequently, the Fredholm
alternative applies. We now have the following two scenarios:

1. In the first case, ker({ + K) = {0} and the equation ( + K)u = ¢ has
exactly one unique solution in Hj(Q) for all g € H}(Q).

2. In the second case, ker(I + K) # {0} and the equation (/ + K)u =0
has a non-trivial solution in HJ ().

The second situation is equivalent to saying that u € Hj(Q) is a weak
solution to the homogeneous boundary value problem

{Lu =Lou+Liu=0 z€q, (8.3)

u=0 xz €.
Following through with the first case, we can now confidently state when

has a unique solution. The proof is a consequence of the above
application of the Fredholm alternative.

Theorem 8.1.4. Let Q) C R™ be a bounded open set and let L denote the
differential operator in the BVP . Suppose that a’,b', c € L>°(Q) and L
is uniformly elliptic. Then, the BVP[8.1] has a unique solution for all

f € L*Q) if and only if the homogeneous BVP has u(x) =0 as the only
solution.

8.2 Parabolic PDEs

Once again, let {2 C R™ denote a bounded open set and let L be the
operator in [8.1] We will also assume that L is uniformly elliptic,
a = a’* € WH*(Q) and b, c € L>(Q).

Below is the parabolic BVP that we will analyse in this section:

et Lu=0 t>0,z€Q,
u(t,x) =0 t >0,z € 09, (8.4)
u(0,z) = g(z) x € Q.
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By defining A = —L, we can rewrite the above BVP as a Cauchy problem
in L?(Q):

d

prih Au, u(0) =g

Here, Dom(A) = {u € H}(Q) | Lu € L*(Q)}. Alternatively, v € Dom(A) if
u is a solution to 8.1 for some f € L*(Q).

The main goal of this section is to construct solutions to [8.4] using
semigroup theory. As in the previous section, we will start with some extra
assumptions first.

Theorem 8.2.1. Let Q2 C R"™ be a bounded open set and the operator L be
defined as in[8.4 Suppose that the bilinear form B : H}(Q) x H(Q) — R
corresponding to L

n

Blu,v] = /(Z a?ug, vy, + Z by, v + cuv) d
Q

ij=1 i=1
is positive definite. Then, the operator A = —L generates a contractive
semigroup {St}iez., of linear operators on L*(Q).

Proof. From [6.7.1], we have to demonstrate that the operator
A L*(Q2) — L*(Q) satisfies the following properties:

To show: (a) The set Dom(A) is dense in L*(Q).
(b) The graph of A is closed.

(c) For all A > 0, A € p(A) and

1
-1
YSSEEY
(a) Assume that ¢ € C°(Q2). Then, by definition Ly € L*(2) since  is
bounded. So, ¢ € Dom(A), suggesting that C'°(Q2) C Dom(A). Since
C>(Q) is dense in L*(Q2), Dom(A) must also be dense in L*(12).

(b) Assume that B is positive definite. Since it is also continuous, as

|Blu,v]| < Cllul| g ol|vll g o) for some constant C' € Ry, we can apply the
Lax-Milgram theorem (3.6.3)) to deduce that for all f € L*(Q), there exists
a unique solution u € H}(Q) such that for all v € Hj (),
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B[u7 U] - <f7 U>L2(Q)'
Moreover, the map L~! which sends f to u is a bounded linear operator

from L*(Q) to L*(Q).

Suppose that I'(A) denotes the graph of A. We now observe that since
A = —L, the pair (u, f) € L?(Q) x L3(Q2) is in T'(A) if and only if
(—f,u) € T(L'). Note that since L™! is continuous (as it is bounded),
['(L~1) must be closed. Therefore, I'(A) must also be closed.

(c) Assume that A € R.q. It suffices to show that the operator A\l — A has a
bounded inverse with operator norm [[(AI — A)7Y| < 1/A. This is
equivalent to the statement that for all f € L?(2), the BVP

M+ Lu=f x€f,
u=0 x€df,

has a weak solution u € Hj(Q) which satisfies ||u|z2() < || fllz2¢)/A (note
that u = (A — A)~1f).

Since B is positive definite and continuous, the Lax-Milgram theorem tells
us that there exists a unique u € H}(2) such that for all v € H} (),

(A, v)p2@) + Blu, v] = (f,v) 2@
If we set u = v, we deduce that for all v € H} (),

Mol 2@ + Blv,v] = (f,v)r2) < [1f 2@l 22

by the Cauchy-Schwarz inequality. Since B is positive definite, Blv,v] > 0
for all v € Hy (). Therefore, A||u||12() < || f]l12(0) and consequently,

_ 1
lull 2@y = A = A) 7 fllza) < SIFllz2)-

So, by the definition of the operator norm, we must have

A=A < sup (M = A) 7 iz <
||fHL2(Q):1

>

This also reveals that A\ € p(A). By combining all parts of the proof and
using [6.7.1], we find that A = —L must generate a contractive
semigroup. L]
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As with the elliptic BVPs, the next logical question we will explore is
whether the solutions to [8.4] form an orthonormal basis of L?(2) (whether
the Hilbert-Schmidt theorem applies). We will return to the scenario in
where we have an orthonormal basis {¢y }rez., consisting of
eigenfunctions of the compact, self-adjoint operator Ly'. Since

Lyt o = Moy for all k € Zo, we must have ¢, € Dom(Lg) because

1
Lodr = — o
0Pk " O

Define py = i > 0. Note that pp — oo as k — 0o. Now define

u(t) = e Mgy,

The point of this definition is that u(t) satisfies the following Cauchy
problem:

W = —Loult) ul0) = 61

Notice that if we apply the previous theorem to Lo, then in tandem with
the operator —L, must generate a contractive semigroup {S; }ez.,-
Recall from that the semigroup generated by —Lg must be unique.
Therefore, S,¢, = e *'¢,. Extending by linearity, we also have

N N
St(Z Crr) = Z cre M gy
k=1 k=1

Using the fact that {¢;} is an orthonormal basis for L?(f2), we must have
for all g € L*(2) and for all ¢t € Ry that

o0

Sig = Z(% br) L2 € M Py (8.5)

k=1

The above equation is the subject of our next result.

Lemma 8.2.2. Assume that Ly is the operator in[8.2. The for all
g € L3(2), the formula defines a map

g+ (0,00) = L*(Q)
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The map @y is continuous for all t € (0,00) and continuously differentiable
for allt € Ryy. Moreover, u(t) = e "¢y, € Dom(Lg) C H}(Q) for all
t € Ryg and

d
Eu(t) = Lou(t).

Proof. Assume that g € L*(2). To see that

Sig = Z@, D) r2()e " Py
k=1
is uniformly convergent for ¢ € R>q, observe that for all ¢ € R>o,

Z|€ “kt gv ¢k L2(Q Z Qbk L2(Q) (,Uk; > O)

= ||g||L2(Q) (Bessel’s Inequality)

< Q.

Since the coefficients converge, we deduce that the series representation of
Sig must converge uniformly for ¢ € R>y. Furthermore, all of the partial
sums are continuous functions with respect to t. This confirms that the
map t — Sg is also continuous.

Our next claim is that for all ¢ > 0, S;g € Dom(Lg) C H}(Q), even if

g & H} (). Similarly to the previous argument, a function u = Y, ¢y is
in Dom(Lyg) if and only if °, ciuz < co. If we set ¢x(t) = e (g, ¢p) 120
we have the bound

oo oo
D (enm)® < sup (e )Y (g, dr)iag) = sup (e H)? ZHglle
k=1 k€20 k=1 k€Z>0 k=1

Define the function f(¢) = Ce™*, where ¢ > 0. It attains its global
maximum when ¢ = 1/t and f(1/t) = 1/et. Therefore,

o0

S (eum? < slglfam, < oo

k=1
This demonstrates that the series defining Lou(t) is convergent and thus,
u(t) € Dom(Lyg) for each t > 0.
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Finally, we can differentiate the series in term by term. One should find
that the series of derivatives is also convergent. This completes the proof.
m

Now, we will extend in order to remove the assumption that B is
positive definite. In order to illustrate the motivation behind what
proceeds, we will return to the finite dimensional case. Let L € M, ., (R)
and consider the following linear ODE

%x(t) = —La(t).

If L is positive definite (that is, for all z € R", (Lz,z) > 0), then —L must
generate a contractive semigroup. Observe also that the Euclidean norm of
a solution does not increase with time ¢ because

d 5 d

pr z(t)|* = 2<£x(t),x(t)) =2(—Lz,z) <0.
Now, let L € M,,«,(R) be an arbitrary matrix. Then, there exists v € Rx
so that L + I is positive definite and thus, generates a contractive
semigroup. In this case, if x(t) = e *£x(0) is a solution to the linear ODE
above, we can write —L = v — (L +~v/I) and obtain

ja(t)] = e (0)] = [N~ EFDNw(0)] = e FTD 12 (0)] < |2(0)].
Hence, the operator —L must generate a semigroup of type ~.

Now, we will transfer the above reasoning to the case where L is a
uniformly elliptic operator in [8.1] and the corresponding bilinear form

Blu, v] is not necessarily positive definite. The following lemma is required
to carry out the first step.

Lemma 8.2.3. Let the operator L be uniformly elliptic with
a’ bc e L®(Q). Then, there exists constants a, 3,7y > 0 such that for all
u,v € Ho(Q),

| Blu, vl < allull g [vllz: and Bllullz < Blu, u) + llul|Z-.

Proof. Assume that u,v € H}(Q2). The first inequality can be shown
directly from the definition of B and Hoélder’s inequality as follows:
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=1

n
Blu,v]| = |/ a Uy, vy, + Zbiumv + cuv))|
i,j=1

< Z o] ootk || 2 v, 2 + leb’llmIIU:czIILzIIvIIm

2,7=1
+lell e |ull 22 [|v] 22 (HOldef)

< allul[g o]l ar-

For the second inequality, we will use the fact that L is uniformly elliptic
and the inequality

0 1
< —a®+ —b%
ab_2a +29b

We then obtain

%2:‘9/i“92n dx

/ Z a”uy,uy, du (Uniformly Elliptic)

1,7=1

= Blu,u] — /szuxujtcu ) dx

< Blu, u] + leb"HLwlluﬁ

= 1

< Blu, u] + (Z sz, 17

n
i=1

cellullze + llellzelullz:

12+ Z 16 e Nl Z2) + llellzoe lullZ2-

So, for all u € H}(Q),

12 = Cllullz:

0 — )
Blu,u] > §;Huzi

for some constant C' € R.g. So, we can take f =6/2 and vy =C +6/2 in
order to deduce the second inequality.

O
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Taking the constant v from the above lemma, we define

Lyu = Lu+~u and B,[u,v] = Blu,v] + v(u, v) 12(q)-
So, our parabolic PDE can be written as

ou

— = —L u+yu.

ot T
The lemma reveals that B, is positive definite and therefore, the operator
A, = —L, generates a contractive semigroup, which we will call

{S] |t € Rs¢}. Therefore A= —L = ~I — L., must generate a semigroup of
type v by using the same analysis as the finite dimensional case.

The above arguments culminate in the following theorem:

Theorem 8.2.4. Let Q0 C R"™ be a bounded open set and the operator L be
defined as in[8.4 Then, the operator A = —L generates a semigroup
{Si}tez., of linear operators on L*(9).

After constructing a semigroup {S;}scr.,, one lingering thought is when the
function ¢t — S;f provides a solution to the BVP [8.4] In the case where
L =Ly (in[8.2), we can use to deduce that for all g € L*(2), the map

t — S;g is a C' map (continuously differentiable). Furthermore,
u(t) = e "¢y, € Dom(Lg) and satisfies the required differential equation

Eu(t) = Lou(t)
for all t € R>g. Recall that this works because of [8.5]

A similar result can be established for the more general elliptic operator L,
but this requires more work.

8.3 Hyperbolic PDEs

The final type of BVP that we will study is a linear hyperbolic BVP of the
following form:

%—FLDUZO teR,x e,
u(t,z) =0 teR,xze i, (8.6)
u(0,2) = f(2), 2(0,2) = g(x) x €
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Here, we have the usual assumptions. As a recap, 2 C R” is a bounded
open set, f,g € L*(Q), Ly is the second order uniformly elliptic operator

Lou=— Y (a"(z)ug,)a,
ij=1
with a” = a/* € Wh(Q) for all 4,7 € {1,...,n}. By[8.1.3and [8.2.2, we
find that L?(Q2) admits an orthonormal basis {¢y }rez., such that for all
k € Z~o, ¢ € Dom(Lgy) and Lo¢y = prpor where limy_, o0 pt — 00.

Our strategy for dealing with [8.6] is to rewrite it as a first order system.
Define v = du/0t. Then, our hyperbolic BVP can be rewritten in the
product space X = H}(Q) x L*(Q) as

£0-(5 90 = (o-()

Using the eigenfunctions ¢y, we will construct a semigroup of solutions.
First consider the special case where f = a,¢, and g = by for some
k € Z~o with ag, b, € R. An explicit solution is

u(t) = a(t)¢r and v(t) = a'(t) oy

where the coefficient a(t) must satisfy

a’(t) + pra(t) = 0,a(0) = ay and a'(0) = by.

Fortunately, the above ODE admits a nice solution:

a(t) = ay cos(y/1gt) + \;),Z_k sin(y/pt).

Substitution then yields the identities of u(t) and v(¢), in terms of the
following matrix equation:

(10 (_ o Gl ()
v(t) — /i sin(y/pt)  cos(\/pxt) br

The map t — (u(t),v(t)) is a continuously differentiable map from R to X,
which satisfies [8.6] Of course, we can extend this further to arbitrary

f,g € L*(Q) via linearity and the fact that {¢;} is an orthonormal basis of
L*(9).

With the above analysis, we are finally able to describe the solutions of [8.6]
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Theorem 8.3.1. Let f,g € L*(Q) as in|8.6| and X = H}(Q) x L*(Q). For
all t € R, define the map Sy : X — X by

(1) =30 (Lt st (e,

Then, {Si}ier is a strongly continuous semigroup of bounded linear
operators on X. Moreover, each S; is an isometry with respect to the norm

1
1w, 0)llx = (Bolu, u] + [[v[|72(0)) 2

Proof. Suppose that v € H}(Q2), v € L*(Q) and ||(u, v)|x is defined as
above. Recall from that By is a strictly positive definite bilinear form,
which means that there exists a constant 8 € R, such that for all

u € Hy(Q), Bolu,u] = Bl|ullFn -

Now consider the standard product norm on X, defined by

1
1 0) ez = (lullzi o) + JvllZ2)2.

Due to the fact that By is positive definite, both norms must be (Lipschitz)
equivalent norms on X.

Now let f =377 ardp and g =Y 1o, brdx be elements of L*(Q2). Then, a
direct computation yields

Bolf, f] = (Lof, ez = Y (inadn, axde) = > pa
k=1 k=1
and

9l = (9.9) 2260 Zb2

This suggests that (f,g) € X if and only if the quantities Y -, ppai and
o, b? are both finite.

Now a tedious calculation reveals that for all ¢ € R,
15 (£) 1 = S manto? + 3t
k=1 k=1
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Recalling the preliminary computation done before the statement of this
theorem, we have

ay(t) = cos(y/fxt)ay + sin(y/fxt)

N/

and

br(t) = ay,(t) = —/pu sin(y/pxt)ag + cos(y/puxt).

Conveniently, if (f,g) € X, then for all ¢t € R, the series define S; must be
convergent because

15: (1)1 = 3= mman(tf + 3l

is convergent. Substituting the expressions for a(t) and bg(t), we discover

that
i ()i =1(])

So, for all t € R, each S; : X — X is an isometry.

It remains to demonstrate that {S;},cr satisfies the properties of a strongly
continuous semigroup. When ¢ = 0, ax(t) = ag, bi(t) = by and

+()-()

The defining semigroup property

ANE f
StSs (g) - St-l—s (g)

for all s, € R follows from a long calculation. It remains to show that the
map t — S;(f, g) is continuous from R to X, for all f,g € L*(Q2). However,
we observe that for all m € Zq, the map

> e (s ¢k>L2(Q)¢k>
b S (Z;n:ﬁg’ k) L2(0) P

is continuous because each component function is a linear combination of
trigonometric functions in the variable ¢, which is continuous. Taking the
limit of the above maps as m — oo then gives us the desired conclusion
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that ¢ — S;(f, g) is continuous from R to X because the convergence is
uniform (holds for all ¢t € R).
O

A consequence of the fact that the map ¢ — Si(f, g) is continuous is that
lu(t) = fllar@ — 0 and [[v(t) — g|/z2() — 0 as t — 0 where

u(t) f)
=9 .
(o) =5 (3
The reason for this is because for all t € R, S; is an isometry as determined
by the theorem above. Thus, the initial conditions in are all satisfied.

Moreover, u(t) € H3 () for all ¢ € R, by definition of X, unveiling that the
boundary conditions of [8.6) are also satisfied.
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Chapter 9
Epilogue

This chapter concludes the notes on functional analysis and the close
reading of [AB10] with a few comments. These notes were constructed over
a span of 2 years, due to university coursework and research taking priority.
Although I have learnt a lot about functional analysis, these notes
ultimately reflect one person’s view on the subject (Bressan). There are
still many aspects of functional analysis I want to learn as a result. In order
to obtain a more holistic grasp of the material, it was necessary to consult
multiple references on the subject (see the bibliography). I highly
recommend using multiple references to supplement a close reading of a
particular text.

I wrote these notes with the intent of conveying the theory in a clear and
comprehensible manner. Simply copying the notes in [AB10] is not
conducive to learning the theory because it is not an active way of thinking
about what was written or read. It is important to fill in crucial details in
the proofs (see for a concrete example). In this way, it forced me to
think more conscientiously about what the result is trying to tell me.

One weakness of these notes is that it does not contain any completed
exercises from [AB10] or any of the other references. Once I take this
subject at university, as well as the closely related subjects on partial
differential equations, I will tackle a wide variety of exercises in order to
further internalise the material. I emphasise that it is important to do
exercises when learning any mathematics subject.

I intend to do more close readings of texts that I am interested in. However,

there are plenty of higher priority tasks to deal with first! I will update
these notes once I find mistakes or better methods of explaining the theory.
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