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NOTATIONS
N the set positive integers;
R field of real numbers;

C field of complex numbers;

RECOMMENDED TEXTS

The following books (amongst many others) could be recommended as a complementary reading
for this course:

1. L. DEBNATH, P. MIKUSINSKI, Introduction to Hilbert spaces with applications. Second edition.
Academic Press, Inc., San Diego, CA, 1999. xx+551 pp.

2. B. RYNNE, M. YOUNGSON, Linear functional analysis. Springer Undergraduate Mathematics
Series. Springer-Verlag London, Ltd., London, 2000. x+273 pp.

3. V. Hurson, J. Pym, M. CLouUD, Applications of functional analysis and operator theory.
Second edition. Mathematics in Science and Engineering, 200. Elsevier B. V., Amsterdam, 2005.
xiv+426 pp.

The text of this Lecture Notes follows closely the content of the first chapters of [1] and the
Russian textbook:

V. A. TRENOCGIN, Functional analysis. (Russian) “Nauka”, Moscow, 1980. 496 pp.
Unfortunately there is no English translation of this book.
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1 LINEAR VECTOR SPACES

1 Linear vector spaces

1.1 Linear vector spaces

Definition 1.1. By a linear vector space over an algebraic field F we mean a nonempty
set X equipped with two operations:

addition (z,y) — = + y from X x X into X,
scalar multiplication (A, x) — Az from F x X into X
such that the following axioms are satisfied for every z,y,z € X and A\, u € F:
rT+Yy=y+x;
(r+y)+z=2+ (y+2);
there exists an element 0 € X, called zero, such that z + 0 = z;

Alpz) = (Ap);
(A4 p)x = Az + pax;
Mz +y) = Ax + Ay;
(A8) 1z = x, where 1 € F is the identity in F;
Elements of X are called vectors (or sometimes elements); elements of F are called scalars
(or sometimes numbers).

)
(42)
(43)
(A4) there exists an element —z € X, called opposite of x, such that z + (—z) = 0;
(45)
(AG)
(A7)

Remark 1.2. In this course we mostly consider the case when F = R and sometimes the
case F = C. If F = R then X is called real vector space or simply vector space. If F = C
then X is called complex vector space. In what follows, if we do not refer to a specific field
then we always assume that F = R. On the other hand, if F = C then we always explicitly
mention this.

Exercise 1.3. (i) Prove that for every z,y € X there exist a vector z € X, such that
T+ z=y;

(77) Prove that 0z = 0 (where on the left 0 is the scalar and on the right 0 is the zero
vector).

Remark 1.4. In what follows we use 0 to denote both the scalar 0 and the zero vector, this
will not cause any confusion.

Example 1.5. The set {0} is a (trivial) linear vector space. The scalar fields R and C are
the simplest nontrivial linear vector spaces.

Example 1.6. (CLASSICAL VECTOR SPACES) The spaces
R" = {(x1,...,zn) | x1,...,2n € R},
C" ={(z1,...,2n) | 21,...,2, € C},

are classical examples of linear vector spaces. They are studied in details in MAC211
Vector Spaces.
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1.2 Linear combinations and linear dependence 1 LINEAR VECTOR SPACES

Example 1.7. (FUNCTION SPACES) Let Q be an arbitrary nonempty subset of R™. Denote
by L(£2) the set of all functions from €2 into R. Let x,y € L(Q2) be functions and A € R a
scalar. Define the addition and scalar multiplication in the natural pointwise way:

(@ +y)(t) = z(t) +y(1),
(Ax)(t) :== Az(t).
Then L(2) becomes a linear vector space. Note that elements (vectors) of L(£2) are func-

tions from 2 into R. Linear vector spaces whose elements are functions are often called
function spaces.

In what follows we mostly consider the cases when (2 is an interval [a, b] of the real line,
or ) = R. Further examples of function spaces include:

C(€2) — the space of all continuous real-valued functions on €;
C*(£2) — the space of all k—times continuously differentiable real-valued functions on ;
P () — the space of all real polynomials on 2, of degree non greater then m;
P(£2) — the space of all real polynomials on 2.
Other examples of function spaces will be introduced later.

Exercise 1.8. Verify that the set L(2) with the natural pointwise addition and scalar
multiplication indeed satisfies axioms (Al — A8).

Example 1.9. (SPACES OF SEQUENCES) Denote by [ the set of all (infinite) sequences
of real numbers. Let x = (z1,29,...),y = (y1,Y2,...) € | are sequences and A € R is a
scalar. Define the addition and scalar multiplication in the natural way:

IL‘+y: ($1+y17x2+92>---)7
Ax = (Axy, Axg, . .. ).

Then [ becomes a linear vector space. Note that elements (vectors) of [ are sequences.
Linear vector spaces whose elements are sequences are often called spaces of sequences.
Further examples of function spaces include:

lo — the space of all bounded sequences of real numbers;
l. — the space of all convergent sequences of real numbers;
Other examples of spaces of sequences will be introduced later.

Exercise 1.10. Verify that the set L(€2) with the natural pointwise addition and scalar
multiplication indeed satisfies axioms (Al — A8).

1.2 Linear combinations and linear dependence

Definition 1.11. Let X be a linear vector space and x1,...,x; € X vectors. For given
scalars A1, ..., Ay € IF, the vector A\jx1+-- -+ A\pxy is called a linear combination of vectors
T1,...,x. The set of all linear combinations

{)\1[E1 + -+ >\k37k|)\1, .. /\k S ]F}
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1.3 Linear subspaces 1 LINEAR VECTOR SPACES

is called (linear) span of vectors x1, ...,z and denoted span{xy, ..., zx}.

Definition 1.12. Let X be a linear vector space. Vectors z1,...,x; € X are called linearly
independent if for any A\y,..., A\, € F

AMxy 4+ N =0 — A== =0.
Otherwise, x1, ...,z € X are called linearly dependent.
Example 1.13. Vectors z; = (1,0,0), 25 = (0,1,0), z3 = (0,0, 1) are linearly independent
in R3. Vectors 1 = (1,1,0), zo = (1,—1,0), z3 = (1,0, 0) are linearly dependent in R?, to
see this take Ay =1, Ay =1, A\ = —2.
Example 1.14. Vectors x,(t) = sin?(t), 25(t) = cos?(t), x3(t) = 1 are linearly dependent
in C([0,7]). To see this take \y =1, Ay =1, A3 = —1.
Exercise 1.15. Vectors z1(t) = 1, xo(t) = cos(2t), x3(t) = cos?(t) are linearly dependent
in C([0,7]).
Hint. Use trigonometric identity cos(2t) = 2 cos?(t) — 1.
Exercise 1.16. Vectors z;(t) = 1, xo(t) = t, x3(t) = t* are linearly independent in P(R).

Hint. Quadratic equation A; + Aot + A3t> = 0 has no more then two real roots unless

Al =X =XA3=0.

1.3 Linear subspaces

Definition 1.17. Let X be a linear vector space and L a subset of X. L is a linear subspace
of X if
for every x,y € L and A € F one has \x € L and x + y € L.

Remark 1.18. It is easy to see that if L C X is a linear subspace of X then L is a linear
vector space itself, with induced from X operations of addition and scalar multiplications.

Exercise 1.19. Fix A € R. Let My := {z € R¥| 2y + 25 + x3 = A}. For which value(s)
of A the set M is a linear subspace of R3 ?

Example 1.20. The spaces P([a,b]), C*([a,b]), C([a,b]) are linear subspaces of L([a,b]).
In fact, for any integers k > [ > 0 we have the following sequence of embedded linear
subspaces:

P([a,0]) € C*([a,0]) € C'([a,]) € L([a,b]).
Example 1.21. The set M := {z € C([a,b]) |z(a) = 0,z(b) = 1} is not a linear subspace

of C([a,b]). To see this, simply observe that 0 ¢ M, so M is not a linear vector space,
although M C C(|a, b]).

Example 1.22. The space [, is a linear subspace of the space .

Exercise 1.23. Fix A € R. Let M4 be the set of all sequences of real number which
converge to A. Thus M, C I (explain why!). For which value(s) of A the set M, is a
linear subspace of l,, 7
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1.4 Dimension 1 LINEAR VECTOR SPACES

1.4 Dimension

Definition 1.24. Let X be a linear vector space. We say that X has dimension n € N
and write dim X = n if:

i) there exists n linearly independent vectors 1, ..., z, € X;
i1) every n + 1 vectors 41, ..., Yn, Ynt1 € X are linearly dependent.

Remark 1.25. Properties (i) and (ii) together mean that X = span({zy,...,z,}).

Example 1.26. The space R" has dimension n. Indeed, it is known that R™ admits a
basis {e1,...,e,} so that:

i) vectors ey, ..., e, are linearly independent;

i1) every vector y € R" is represented as a linear combination of basis vectors.
This means that dim(R") = n.

Exercise 1.27. Show that the space P, (R) of all real polynomials of degree non greater
then m has dimension m.

Definition 1.28. Let X be a linear vector space. We say that X has infinite dimension
and write dim X = oo if for every £ € N there exists k£ linearly independent vectors
T1,..., 0 € X,

Example 1.29. The space [, is infinite dimensional. To see this, define
e; :=(1,0,0,0,0,...),

e; = (0,1,0,0,0,...),
es = (0,0,1,0,0,...),

It is easy to see that for every k € N vectors ey, ..., ex € [, are linearly independent.
Exercise 1.30. Prove that the space of all polynomials P([a, b]) is infinite dimensional.
Hint. Show that for all £ € N vectors

o (t) =1, xzo(t) =t, ..., xp(t) =t

are linearly independent in P([a,b]). To do this, use Fundamental Theorem of Algebra
about the roots of polynomials of degree k.

Exercise 1.31. Use previous exercise to conclude that the space C([a,b]) and the spaces
C*([a, b]) are infinite dimensional.
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2 NORMED SPACES

2 Normed spaces

2.1 Normed spaces

Definition 2.1. Let X be a linear vector space. A norm on X is a function || - || : X —
[0, 400) such that the following azioms are satisfied for all x,y € X and \ € F:

(N1) ||z|| = 0 implies = = 0.
(N2)  [|Az]] = [Afl]];
(N3) |z +y| < |zl +|lyl| (triangle inequality).

A normed space is a pair (X, || - ||), where X is a linear vector space and || - || is a norm on

X.

Remark 2.2. For x € X, the number ||z|| is called the norm of ||z| and has a geometrical
meaning of the ”length” of the vector x.

Exercise 2.3. Let X be a normed space with the norm || - ||. Prove that for any z,y € X
the following useful inequality holds:

(2.1) ezl =Nyl < llz = yll-
Example 2.4. The function ||z| := /]z1]2 + -+ + |z,|? defines the Fuclidean norm on
R™.

Example 2.5. It is possible to define different norms on the same linear vector space. For
instance, for p € [1,00) the function

lzllp := &/ laafP + - - + [zal?

defines a norm on R™, which is often called p-norm. Indeed, axioms (N1) and (N2) for |||,
are obvious, while the triangle inequality (N3) is nothing else but Minkowski’s inequality',
which states that for every x,y € R" one has

n 1/p n 1/p n 1/p
(2.2) (Z |z, +y,~|p> < (Z |xi|p> + (Z |yi|p) .
=1 =1 1=1

Observe, that the Euclidean norm on R" is just a particular case of the p-norm with p = 2.
Exercise 2.6. Prove that the function

|]| s := max{|z1], ..., |za|}
defines a norm on R™. This norm is often called infinity norm.

Notation 2.7. For p € [I,00], R} denotes the space R" equipped with the norm || - [|,.
However if p = 2 then the subscript is often omitted.

'Minkowski’s inequality was proved in Analysis 2.

5 December 11, 2008



2.2 Spaces C([a,b]) and C*([a,b]) 2 NORMED SPACES

2.2 Spaces C([a,b]) and C*([a, b))

Let C([a,b]) be the space of all continuous functions on the closed interval [a,b]. The
function

2.3 0o 1= t
2:3) el = ma o)

defines a norm on the space C([a,b]). Indeed, every continuous function on the closed
interval [a, b] attains its maximum (this is Weierstrass Theorem from Analysis). Therefore,
||| is well defined and nonnegative for every = € C([a,b]). Verification of axioms (N1)
and (N2) of the norm is elementary. To verify (N3) observe that

[2(t) +y@)] < |z@®)] + |y(t)] < mnax |z(t)| + max (@] (t € [a,b]).
Hence

17 4 ylloo = max [2(t) + y(t)] < max |2(t)] + max [y(t)| = [[z][c + [[yloc,
t€la,b] t€la,b] t€la,b]

which proves the triangle inequality (N3).

Notation 2.8. In what follows C(][a, b]) always denotes the normed space of all continuous
functions on the closed interval [a, b], with the norm || - || .

For k € N, let C*([a,b]) be the space of all k—times continuously differentiable functions
on the closed interval [a,b]. The function

24 o 1= ] + "] 4+ () (¢
2 ol = e 0)] + s [0 ++ a9 0)

defines a norm on C*([a, b]).

Exercise 2.9. Verify, that the function [| - [|cc 1 indeed satisfies axioms of the norm (N1 —
N3).

Notation 2.10. In what follows C*([a, b]) always denotes the normed space of all k—times
continuously differentiable functions on the closed interval [a, b], with the norm || + ||oc &-

Exercise 2.11. Let C(R) be the space of all continuous functions on the real line. Explain
why
]| := max | (2)]

does not define a norm on C(R).

Hint. Is this norm finite for every x € C'(R) 7

Exercise 2.12. Let C*([a,b]) be the space of all continuously differentiable functions on
the interval [a, b]. Explain why
]| = max|a’(t)]

does not define a norm on C*([a, b]).

Hint. Check property (N1) of the norm.
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2.3 Spaces [, 2 NORMED SPACES

2.3 Spaces [,

Definition 2.13. Denote by [,, for p > 1, the space of all sequences x = (z1,23,...) of

real numbers, such that
00 1/p
lall, = (Z |:cz-|p) < 0.
i=1

To prove that [, is a normed space we will need a version of Minkowski’s inequality for
infinite sequences.

Lemma 2.14. (MINKOWSKI INEQUALITY FOR SEQUENCES) Let p > 1. For all x,y € 1,
one has

0 1/p o 1/p 0o 1/p
(2-5) <Z|$z +yz’|p> < <Z|Iz|p> + (sz’p) :

i=1 =1

Proof. Let z,y € [, and let n € N. In the right hand side of the Minkowski’s inequality
for finite sums (2.2), we can replace n by any integer m > n, so

n 1/p m 1/p m 1/p
(zmy@-w) s(Z\mp) +(z|yirp) |
=1 =1 =1

Passing to the limit as m — oo in the above inequality, we conclude that

n 1/p 00 1/p 0 1/p
<Z‘xi+yi’p> < (Z\x#’) + (Z’yz’p) :
i=1 i=1 i=1

Since n in the left hand side of the above inequality is arbitrary, we conclude that the series
in left hand side converges (as the series with nonnegative terms and uniformly bounded
partial sums). Passing to the limit as n — oo we obtain (2.5). O

Remark 2.15. Minkowski’s inequality for sequences can be rewritten simply as

12+ yllp < ll2llp + [1yllp-

Proposition 2.16. (I,, | - ||,) is a normed space.

Proof. To prove that (I, || - ||,) is a normed space we first need to show that [, is a linear
vector space. Since [, C [, it is enough to verify that [, is a linear subspace of [, that is:

z,y € l, and A € R implies that Az € [, and x +y € [,,.

Further, we need to show that || - ||, satisfies axioms of the norm (N1 — N3).
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2.3 Spaces [, 2 NORMED SPACES

Assume that z,y € [, and A € R. We first observe that
Az, = M|zl < oo,

which shows that Az € [, and also proves (N2). Further, from Minkowski’s inequality (2.5)
we conclude that
12+ yllp < ll2llp + [[yllp,

which shows that  +y € [, and also proves (N3). Finally, axiom (N1) of the norm is
obvious. This completes the proof. ]

Definition 2.17. Denote by [, the normed space of all bounded sequences x = (z1, z3, ... )
of real numbers, with the norm
[2]lo := max |z;].
1€N

Exercise 2.18. Verify that (I, | - ||o) is a normed space.

Notation 2.19. To simplify the notations, in what follows [, always denotes the normed
space (I, || - [lp) (p € [1,00]).

Exercise 2.20. Show that if p # ¢ then [, # [,.

Hint. Consider the sequence x = 1/k® (k € N). For which values of a > 0 the sequence
(x)) belongs to I, ?

Exercise* 2.21. Let p,q € [1,00] and p < ¢. Prove that
L, C 1,

Definition 2.22. Let p € [1,00]. The conjugate to p is the number p’ such that

(2.6) =1

1 1
p p

We agree that if p =1 then p’ = 0o, and if p = oo then p’ = 1.

Lemma 2.23. (HOLDER INEQUALITY FOR SEQUENCES?) Let p € [1,400]. Let x € I, and
y € ly, where p' is the conjugate to p. Then

o

(2.7) Dl < lzllpliylly-

i=1

Exercise 2.24. Derive Holder’s inequality for sequences from Holder’s inequality for finite
sums in a way, similar to the proof of Lemma 2.14.

2Hélder’s inequality for finite sums was proved in Analysis 2
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24 Spaces Z,([a,b]) 2 NORMED SPACES

2.4 Spaces Z,([a,])

Definition 2.25. Denote by .Z,([a,b]), for p > 1, the space of all continuous functions

x @ [a,b] — R with the norm
b 1/p
el i= ([ et i) <o,

where the integral in the right hand side is understood in the Riemann sense.

To prove that .Z,([a,b]) is a normed space we will need a version of Minkowski’s in-
equality for Riemann integrals.

Lemma 2.26. (MINKOWSKI INEQUALITY FOR RIEMANN INTEGRALS®) Let p > 1. For
all continuous function x,y : [a,b] — R one has

ey |(/ le(t) + (o) ) " (/ (o) ) . (/ P ) "

Remark 2.27. Integral Minkowski’s inequality can be rewritten as

[z +yllp < llzllp + [[Yllp-

Proposition 2.28. (.Z,([a,b]), ] - |l,) is a normed space.

Proof. To verify that || - ||, is indeed a norm observe that if z(¢) is continuous function on
la,b] then |z(t)[? is also continuous, and hence, Riemann integrable on [a,b]. Therefore,
|z||, is well defined, moreover it is nonnegative for every = € C([a,b]). Verification of
axioms (N1) and (N2) is elementary and is left as an exercise, while the triangle inequality
(N3) is nothing else but Minkowski’s inequality for integrals [

Remark 2.29. Observe that .Z,([a, b]) contains the same collection of function as C([a, b)),
however the norms in .Z,([a, b]) and C(]a, b]) are different.

Remark 2.30. The space C([a, b]) with the usual norm ||+ ||« can be interpreted as £ ([a, b])
if we consider the maximum norm || - ||, as the "limit” of integral p-norms when p — oo.
Such interpretation will be further justified later in this course.

Lemma 2.31. (HOLDER INEQUALITY FOR INTEGRALS!) Let p > 1. Let v € %4,([a,b])
and y € Zy([a,b]), where p’ is the conjugate to p. Then

(2.9) / [y ()] dt < |lz[lpl[yllp-

Exercise* 2.32. Let p,q € [1,00] and p < g. Prove that
Zy([a,0]) C Z([a, 0]).
Hint. Use Holder’s inequality for integrals.

3Minkowski’s inequality for integrals was proved in Analysis 2
4Hslder’s inequality for integrals was proved in Analysis 2

9 December 11, 2008
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3 Analysis in Normed spaces

3.1 Convergence in normed spaces

Definition 3.1. Let (X, || - ||) be a normed space and (x,) C X be a sequence of vectors
in X. We say that the sequence (z,) converges to a vector z € X and write

lmx, =2 or z,—=z
n—oo
if
lim ||z, — 2| =0.

n—oo

In other words, this means that for every ¢ > 0 there exists N = N(¢) € N such that for
all integers n > N one has
|zn — || <e.

Remark 3.2. The limit of a convergent sequence is unique. Indeed, assume that (z,)
converges to x € X and y € X. Then using the triangle inequality we obtain

Iz =yl = Iz = 2n) + (20 =Y < |20 = 2]l + |20 =yl = 0.

Since the right hand side gets arbitrary small, we conclude that ||z — y|| = 0 and hence
T =y.
Exercise 3.3. Let (X, || - ||) be a normed space, (x,), (y,) C X sequences of vectors in X

and (A\,) C F a sequence of scalars. Prove the following properties of convergent sequences:
(1) if z, — x and A\, — A then \,x, — Az;
(17) if x,, — x and y, — y then x, +y, — = +v.
(2ii) if x, — x then ||z,| — ||z]

Hint. To prove (iii), use (2.1).

Example 3.4. (CONVERGENCE IN C'([a,b])) According to Definition 3.1, a sequence
(xn) C C([a, b]) converges to x € C([a,b]) if

|zn — Z||o — 0.

This means that for every € > 0 there exists N = N(g) € N such that for all integers
n > N one has
|2 — 2||oo = max |z, (t) — z(t)] < e.
te(a,b)
Thus convergence in C([a, b]) coincides with the uniform convergence which is studied Anal-
ysis. For this reason, the norm |||l = maxicpy |2(t)| is often called uniform convergence
norm.
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3.2 Cauchy sequences 3 ANALYSIS IN NORMED SPACES

Exercise 3.5. Let x,(t) := nt". Show that:
(i) The sequence (z,) converges to x(t) = in C([0,1/2]);
(i7) The sequence (x,) has no limit in C([0, 1]).

Hint. To prove (i7), use Exercise 3.3 (ii7).

Example 3.6. (RELATION BETWEEN CONVERGENCES IN C/([a,b]) AND .Z,([a,b]) Con-
sider a sequence of continuous functions z, : [a,b0] — R (n € N). Thus (z,,) C C([a,?b])
and (z,) C Z,([a,b]). Assume that x,, — x in C([a,b]). Then

fon =l = </ () =t |pdt) pﬁ(tgl[afg!xn()—x(t)\p(b—a))l/p

= (b—a)'?||z, — x|l — 0.

Thus, we proved that if a sequence (z,,) converges to x in C([a,b]) then for every p € [1,00)
the sequence (x,,) converges to the same limit x in £,([a,b]).

Exercise 3.7. Consider the sequence

(3.1 nlty = { LS

Clearly (z,) C C([0,7]) and (z,) C Z,([0,7]) for any p > 1. Prove that z, — 0 in
2Z,([0,7]) for any p > 1, but (z,,) has no limit in C([0, 7]). This shows, in particular, that
convergence in .Z,([0,7]) does not imply converges in C([0, 7]).

Exercise* 3.8. Let p > ¢ > 1. Construct an example of a sequence (x,) which converges
to zero in .Z,([0, w]) but does not have a limit in .Z,([0, 7]).

Hint. Consider sequences of the form y,(t) := A,z,(t), where x,(t) are functions from
(3.1) and A,, > 0, then determine appropriate coefficients Ay.

Exercise™ 3.9. (RELATION BETWEEN CONVERGENCES IN [; AND [.,) Consider a se-
quence (z,,) C l;. Prove that if (z,,) converges to x in [y then (x,) converges to the same
limit z in {,

Construct an example of a sequence (z,,) which converges to zero in [, but does not
have a limit in [;.

3.2 Cauchy sequences

Definition 3.10. Let (X, || - ||) be a normed space and (x,) C X be a sequence of vectors
in X. We say that (z,,) is a Cauchy sequence if for every € > 0 there exists a positive
integer N = N(e) € N such that for all positive integers n > N and m > N one has

|zn — zm|| <e.
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3.3 Bounded sets 3 ANALYSIS IN NORMED SPACES

Exercise 3.11. Show that if (x,) C X is a Cauchy sequence then the sequence of norms
(llzx]l) € R is a Cauchy sequence of real numbers. Give an example, showing that the
opposite is not true.

Theorem 3.12. Let (X,|| - ||) be a normed space and (x,) C X be a sequence. If the
sequence (x,) converges then (x,) is a Cauchy sequence.

Proof. Let x :=lim, ., x,. Fix € > 0. Then, according to Definition 3.1,
(AN e N)(Vn e N)[(n > N) = (||lz, — z|| < g)]
Let m,n > N. By the triangle inequality (N3) we obtain
[2n = Tl < llzn — 2l + llzm — 2] <e.

Therefore (z,,) is a Cauchy sequence. O

Exercise 3.13. Show that the sequence z,(t) := sin(nt) (n € N) is not a Cauchy sequence
in C([0,7]). Conclude from this that (x,) has no limit in C([0,7]). (This shows, in
particular, that the converse to Exercise 3.3 (4i7) is not true.)

3.3 Bounded sets

Definition 3.14. Let (X, || - ||) be a normed space. We define:

Br(z) :=={y € X|||ly — z|| < R} — open ball of radius R > 0, centered at = € X;
Br(z) :=={y € X||ly — z|| < R} — closed ball of radius R > 0, centered at z € X;
Sr(z) :={y € X|||ly — z|| = R} — sphere of radius R > 0, centered at x € X.

Exercise 3.15. Draw a picture of By (0), B1(0), S1(0) in: (R2,[|-[l2); (R, [|-]l1); (R, || ||so)-
Exercise 3.16. Try to illustrate how B;(0) looks like in: C/([0, 1]); -Z,([0, 1]).

Definition 3.17. Let (X, || -||) be a normed space and M C X a nonempty subset of X.
We say that the set M is bounded in X if there exists R > 0 such that M C Bg(0). In
other words, this means that there exists R > 0 such that ||z|| < R, for every x € M. If a
set M is not bounded then it is said to be unbounded.

Theorem 3.18. Let (X, || - ||) be a normed space and (x,) C X be a sequence. If the
sequence (x,) converges then (x,) is bounded.

Proof. Let x := lim,,_,o @,,. By the triangle inequality (N3) we have

[2nll = (0 = 2) + 2] < [lzn — ]| + ||z
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Note that the sequence of real numbers (||x, — x||) converges to zero. It is known from
Analysis that every convergent sequence of real numbers is bounded. Hence the sequence
of real numbers (||z, — x||) is bounded, that is there exists C' > 0 such that

(Vn € N)[||z, — z|| < C].
Therefore by the triangle inequality
(Vn € N)[[lzn]l < llon — 2l + llzf < C+ 2],
which means that (z,) C Beyjz(0) and hence () is bounded. O

Example 3.19. The converse to Theorem 3.18 in generally is not true in normed spaces.
To see this consider the sequence z,(t) := sin(nt) (n € N) in C([0,x]). The sequence (x,,)
has no limit in C([0, 7]). However, ||z,||- = 1, so (x,) is bounded in C([0, x])!

3.4 Open and closed sets

Definition 3.20. Let (X, || - ||) be a normed space and M C X a nonempty subset of
X. We say that the set M is open in X if for every x € M there exists R > 0 such that
Br(z) C M. A subset M is closed if its complement is open, that is if X\ M is open.

Remark 3.21. There are sets which are neither open nor closed. For instance, the interval
[0,1) C R is neither open nor closed in R!

Example 3.22. Open ball Bg(z) in a normed space X is an open set. Closed ball Bg(x)
and sphere Sg(z) are closed sets.

Example 3.23. For a given function = € C([a, b]), the following set are open in C([a,b]) :

{y € C([a,b]) |y(t) < z(t) forall tE€ |a,b|},
(

(
{y € C(la,b]) |y(t) > x(t) forall te€ [a,b]},
{y € Clla, b)) [|ly(®)] < x(t) forall € la,b]},
{y € C([a,b]) | |y(t)| > =(t) forall ¢ € [a,b]}.
The following sets are closed in C([a, b])

{y € C([a,b]) | y(t) < x(t) forall te€ a,bl},

{y € C([a,b]) | y(t) > x(t) forall t € [a,bl},
{y € C([a,b]) | ly(t) t) forall te€la,b]},
{y € C([a,b]) | |ly(¢)| > x(t) for all t € [a,b]}.

<z
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Theorem 3.24. (PROPERTIES OF OPEN AND CLOSED SETS)
(1) The union of any collection of open sets is open.
(12) The intersection of a finite number of open sets is open.
(1ii) The union of a finite number of closed sets is closed.
(1v) The intersection of any collection of closed sets is closed.
(v) The empty set and the whole space are both open and closed.

Proof. Prove these properties as an exercise (see also Analysis 3). [

Theorem 3.25. Let (X, ||-||) be a normed space and M C X a nonempty subset of X. M
15 closed if and only if every convergent sequence of elements in M has its limit in M, that
18

(x,) C M and x, — x implies = € M.

Proof. Let M be a closed subset of X and (x,) C X a sequence in X such that z, — z.
Suppose that = ¢ M. Since M is closed, X'\ M is open. Then there exists € > 0 such that
B.(z) € X\ M. On the other hand, since x,, — = we have ||z, —z|| < ¢ for all large n € N.
But (x,) C M! This contradictions shows that z € M.

Now suppose that
(x,) CM and x, — x implies x€ M.

If M is not closed then X'\ M is not open. Thus there exists x € X\ M such that every
ball B.(z) contains elements of M. Thus, we can find (z,,) C M such that z, € By, ().
But then z,, — z and according to our assumption, x € M. Therefore M must be a closed
set! O

3.5 Closure. Dense sets

Definition 3.26. Let (X, || -||) be a normed space and M C X a nonempty subset of X.
The closure of the set M is the of limits of all convergent sequences of elements of M, i.e.

clM = {x € X|there exists (x,) C M such that z, — x}.

Remark 3.27. It is clear that if a set M is closed then ¢IM = M. One can show that the
closure of a set M is the "smallest” closed set which contains M.

Example 3.28. Let X = R. Then ¢l(0,1) = [0,1] and clQ = R.

Definition 3.29. Let (X, || - ||) be a normed space and M C X a nonempty subset of X.
The set M is dense in X if clM = X.

Example 3.30. The set of rationals Q is dense in R.

Example 3.31. (WEIERTRASS THEOREM) The Weierstrass theorem says that every con-
tinuous function on an interval [a, b] can be uniformly approximated by polynomials. This
can be interpreted as follows: the space of polynomials P([a,b]) is dense in C([a,b]).
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3.6 Compact sets

Definition 3.32. Let (X, || - ||) be a normed space and M C X a nonempty subset of
X. The set M is compact if every sequence (x,) C M contain a subsequence (x,, ) which
converges in M, that is x,, — x € M.

Example 3.33. Every bounded and closed subset of R" is compact. In particular, the
closed unit ball in RV is compact.

Theorem 3.34. Let (X, || - ||) be a normed space and M C X a nonempty subset of X. If
M is compact then M s bounded and closed.

Proof. Suppose (z,) € M and z, — z. Since M is compact, (z,) contain a convergent
subsequence z,,, such that z,, — y € M. On the other hand, we have z,, — x. Thus
x =1y and x € M. By Theorem 3.25 we conclude that M is closed.

Assume that M is unbounded. Then for every m € N there exists z,, € M such that
|Tm|| = m. In such a way, we constructed a sequence (z,,) C M which is unbounded.
Clearly, (x,,) can not contain a convergent subsequence (cf. Theorem 3.18). Hence M is
not compact. O]

Example 3.35. (THE UNIT BALL IN C([0,1]) 1S NON cOMPACT) Consider the sequence
x,(t) :==t" (n € N). Clearly (x,) C C([0,1]) and ||z,|| = 1, so (x,) belongs to the closed
unit ball B;(0) < C([0,1]). Since convergence in C([0,1]) coincides with the uniform
convergence, we conclude that the sequence (z,) does not have a convergent subsequence
in C([0,1]). Therefore, the unit ball in C([0, 1]) is not compact.

Theorem 3.36. A normed space X is infinite dimensional if and only if the closed unit
ball in X is not compact.

Proof. A special case of this theorem will be proved later. For the full proof see, e.g.
[1,2]. O

Equivalent norms®

Definition 3.37. Let (X, || -|/1) and (X || - ||2) be normed spaces. The norms || - ||; and || - ||2 are
called equivalent if there exist o, 3 € R, 8 > a > 0, such that for all z € X one has

(3.2) allzfly < llzll2 < B2
Exercise 3.38. Show that the following norms on R? are equivalent:

lzlls = Ja1| + lw2l,  llalla = VIer? + a2l ol = max{lz1], [e2]}  (z = (21,22) € R?).

>Optional
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Theorem 3.39. Let (X, - ||1) and (X, || -||2) be normed spaces. The norms || - |1 and || - ||2 on
X are equivalent if and only if for any sequence (x,) C X and any x € X one has

|lzp —2)1 =0 <= |lzn —z|]2 — 0.

Proof. See [2,Theorem 1.3.11]. O

Remark 3.40. The above theorem tells that two norms on the same linear vector space are equiv-
alent if they define the same convergence, and therefor the same classes of convergent sequences,
Cauchy sequences, open and closed sets, compact sets etc. Effectively, this means that Analysis
in normed spaces with equivalent norms is essentially identical.

Example 3.41. Exercises 3.7 and 3.8 show that the norms of C([a,b]) and Z,(]a,b]), and of
Zp(la, b)) and Z,([a,b]) with p # g, are not equivalent.

Theorem 3.42. Let X be a finite dimensional linear vector space. Then any two norms on X
are equivalent.

Proof. See [2,Theorem 1.3.13]. O

Remark 3.43. The above theorem tells that Analysis in finite dimensional spaces essentially does
not depend on the choice of a particular norm.
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4 BANACH SPACES

4 Banach spaces

4.1 Completeness property and Banach spaces

Recall that every convergent sequence in a normed space is a Cauchy sequence, see Theorem
3.12. The converse is not true, in general.

Example 4.1. Let P([0, 1]) be the normed space of polynomials on [0, 1] with the norm
7)o = max;epo [#(t)]. Define
Hom1tt+l r
{Bn()— + —|—i_|_...+m7

for n € N. Then (x,,) is a Cauchy sequence in P([0, 1]), but it does not converge in P([0, 1])
because its pointwise limit is the exponential function x(¢) = e, which not a polynomial.

Definition 4.2. Let (X, || - ||) be a normed space. We say that X is complete if every
Cauchy sequence (x,) C X converges to the limit in X. A complete normed space is called
Banach space.

Remark 4.3. According to the above example, the space P([0, 1]) is not complete.

Example 4.4. (R} 1S A BANACH SPACE) It is proved in Analysis that a sequence in R"
converges if and only if it is a Cauchy sequence. This means that the spaces R} are Banach
spaces, for all p € [1, o00].

Theorem 4.5. [, is a Banach space.
Proof. We give the proof for 1 < p < co. Let (x,) be a Cauchy sequence in [,, and denote
T = (Xn1s Xn2s---)-

Then for any € > 0 there exists N € N such that for all integers m,n > N one has

(4.1) > Xk = Xol? < €.
b1

This implies that for every fixed k£ € N and for every € > 0 there exists Ny € N such that
for all integers m,n > Ny one has

’Xm,k - Xn,k’ < €.

But this means that for every fixed k& € N the sequence of real numbers (x,x) is a Cauchy
sequence in R and thus converges to a limit in R. Denote

Xk 1= thn,k and X = <X17X27"')'
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We are going to show that x € [, and that z,, converges to x in [,.
Indeed, by letting m — oo in (4.1), for every integer n > Ny we obtain

(4.2) S Ik = Xal? < <.
k=1

Since
o0
Z ’XNo,k‘p < o0,
k=1

by Minkowski’s inequality we have
o0 1/p 00 1/]7
(Z |Xk\p> = D (xwl = xevoul + !XNo,kDp)
k=1 k=

1

00 1/p 00 1/p
< (D el - |XNo,k|)p> + (Z |XNo,k|p)
k=1 k=1
<

[e.e] l/p [ee) l/p
Z Xk — XNo,kz|p) + <Z |XNo,k|p> < 00.
k=1 k=1

This proves that x € [,. Moreover, since € > 0 is arbitrary small, (4.2) implies that

00 1/p
lim || X — Xn]|, = lim (Z Xk — XNo,k\”> =0,

k=1
which means that x, — x in [,. ]
Exercise 4.6. Prove that [, is a Banach space.

Theorem 4.7. C([a,b]) is a Banach space.

Proof. Let (x,) be a Cauchy sequence in C([a,b]). Then for any £ > 0 there exists N € N
such that for all integers m,n > N one has

|Tn — Tl < €,
or, in in other words, for all ¢ € [a, b] one has
(4.3) |z, (t) — 2 (b)] < €.

This, in particular, implies that for every fixed ¢ € [a, b] the sequence (x,(t)) is a Cauchy
sequence of real numbers and therefore (x,,(t)) converges in R. Denote the limit of (z,(t))
by x(t), so

z(t) := lim z,,(¢) (t € [a,b]).
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We are going to show that x € C([a,b]) and that z,, converges to x in C([a,b]).
Indeed, by letting m — oo in (4.3), for all integers n > N and all ¢ € [a, b] we obtain

(4.4) |z, (t) — z(t)] < e.

Let ty € [a, b]. Since zy is continuous on [a, b], there exists § > 0 such that for all s € [a, ]
such that |s — 5] < d one has

lzn(s) —xzn(to)| < e.
Then

lz(s) — x(to)| < lx(s) —an(8)|+ |xn(s) — xn(to)| + |xn(to) — :UN(tO)J < 3e,

J/ N J/ N

-~ -~ -~

<e <e <e

which proves continuity of z. Finally, (4.4) implies that for all integers n > N we have
[2n — 2]l < e,

which means that z,, — z in C([a, b]). O

Theorem 4.8. Z,([a,b]) is not complete.

Proof. We present the proof for p = 2. Consider the sequence of continuous functions

(xn) C Z([—1,1]), defined by

1, tel-1,—1/n],
xp(t):=<¢ nt te[-1/n,1/n],
1, tel[l/n,1].

It is clear that |z, (t)| < 1 for all ¢ € [—1,1] and hence |z, (t) —2,,(t)] < 2 forall t € [—1,1].
Therefore, we compute

1 1/n ]
||xm—mm||2:/ |xm(t)—xn(t)|2dt§4/ dt = — — 0.
-1 —1/n n
Hence, (z,) is a Cauchy sequence in %5 ([—1, 1]). However, the ”limit” function
-1, te[-1,0),
x(t) = 0 t=0,
1, te(0,1].
is discontinuous and does not belong to the space % ([—1,1]). O

Exercise 4.9. Show that .Z,([a, b]) is incomplete for any p € [1, c0).
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4.2 Series in Banach spaces

Definition 4.10. Let (X, || - ||) be a normed space and (z;) C X be a sequence. A series
k=1
is called convergent in X if the sequence of partial sums
S, =z +xTo+---+x,
converges in X, that is there exists x € X such that
|Sn, — x| — 0.
In this case we write

oo
E T = X.
k=1

If the series of norms of the sequence (z,) converges, that is

o0
> el < o0
k=1

then the series >~ | xy, is called absolutely convergent in X.

Theorem 4.11. A normed space X is complete if and only if every absolute convergent
series in X converges in X.

Proof. Suppose X is complete. Let (z,) C X and > 7~ | ||| < co. We will show that
Sp =21+ + 2,

is a Cauchy sequence in X. Indeed, let ¢ > 0 and N € N be such that

o0

> ol < e

k=N+1

Then for every integer m > n > N, by the triangle inequality we have

m 0o
1Sm = Sull = l[Znsr + -+ zmll < D Nl < D lawll <&
k=n+1 k=N+1

This proves that (.S,) is a Cauchy sequence in X. Since X is complete, (.S,) converges in
X. This means that the series > -, ,, converges in X.
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Assume now that X is a normed space in which every absolutely convergent series
converges. We will show that X is complete. Indeed, let (z,,) be a Cauchy sequence in X.
Then for every k € N there exists a Ny € N such that for all integers m,n > N, one has

[Zm — 2n| < 2‘%

and moreover, without loss of generality we may assume that the sequence N, is strictly
increasing. Note that the series

o
Z(xNk+l - xNk)

k=1
are absolutely convergent, as

o oo
Dy, —anll <D 278 < oo
k=1 k=1

Therefore the series Y, (zn,,, — Zn,) converges in X, and hence the sequence
TN, =N + (TN, —2Ny) + o+ (TN, — TN, y)
converges to an element x € X. Consequently,
[z = 2l <z —2n |l + lon, — 2] =0,
because (z,) is a Cauchy sequence. O

Example 4.12. The series

[e.9]

tk

Kl
k=1

converges and absolute converges in Banach space C([0,1]), moreover

00 tk .
Zgze'
k=1

Note that the same series converges absolutely in P([0,1]), but does not converge in
P([0,1]) (see Example 4.1). This shows, in particular, that P([0, 1]) is not complete.

4.3 Completion of a normed space

It turns out that it is always possible to enlarge an incomplete normed space to a Banach
space. Such a procedure is known as a completion of a normed space.
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Definition 4.13. Let (X, | - ||) be a normed space. A normed space (X, | - |.) is called a
completion of (X, || -]) if:
(a) There exists a one-to-one mapping ¢ : X — X such that

O(Ax + py) = A0(x) + ud(y), forall z,y € Xand A\, u € F,

(0) [lz[| = [[@(z)]| for all z € X,
(¢) ®(X) is dense in X;
(d) X is complete, i.e. X is a Banach space.

Example 4.14. The space C([0,1]) is a completion of the space P([0,1]). As the map
® : P([0,1]) — C([0,1]) we simply take the identity map, defined as

O(x) = x.

Remark 4.15. Given a normed space (X, | - ||), a completion of X can be always formally
constructed as the spaces of equivalence classes of Cauchy sequences of elements of X with
an induced norm. See [2] for further details.

4.4 Banach spaces L,([a,b])

According to Example 4.8, the spaces .Z,([a, b]) are not complete. We are going to define
spaces Ly ([a,b]), the completion of .Z,([a, b]).

Definition 4.16. Let A be a subset of the real interval [a,b]. We say that A is a set of
measure zero, and write mesA = 0, if for every € > 0 there exists a finite or countable
collection of intervals {[a;, b;] C [a,b]|i € T}, where Z := {1,2,3...N} or Z := N, such
that:

i) A C Ujezlas, bil;
1) Yeabi — ) < e

Example 4.17. Every finite or countable subset of the real line has measure zero. In
particular, the set of rational numbers Q has measure zero.

Exercise 4.18. Show that a finite or countable union of sets of measure zero has measure
Zero.

Definition 4.19. Let z,y : [a,b] — R be measurable® functions. We say that that the
function z is equivalent to function y, and write x ~ y, if

mes{t € [a,b]|z(t) # y(t)} = 0.

SDefinition of measurable functions was discussed in the Measure and Probability unit.
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Example 4.20. The Dirichlet function D : [a,b] — R,

[ 1, tela,bNQ,
D(t) -{0’ tela,b)N(R\Q)

is equivalent to the zero function y(t) = 0.

The equivalence of functions defines an equivalence relation on the set of measurable
functions, i.e. for any measurable functions z,y, z : [a,b] — R:

(a) x ~ z;

(b) x ~ y implies y ~ x;

(¢) x ~y and y ~ z implies = ~ z.
Given a measurable function z : [a,b] — R, we denote by [z] the equivalence class of all
measurable functions which are equivalent to x, that is

[z] :=={y : [a,0] = R|y ~ x}.

Let L([a, b]) denotes the set of all equivalence classes of measurable functions on the interval
la,b]. Given [z],[y] € L([a,b]) and A € R, we define operations on L([a, b]) by:

]+ ) =le+yl, Al =[]

With these operations L([a, b]) becomes a linear vector space.
Remark 4.21. In what follows, when it does not cause a confusion, we write x instead of
[z], assuming that x is a representative of its own equivalence class [z].

The Lebesgue spaces Ly([a, b]) are defined as linear subspaces of L([a, b]) which consist
of the equivalences classes of measurable functions on [a, b] of the finite || - ||, norm. The
precise definition is as follows.

Definition 4.22. For p € [1,00), the space L,([a,b]) is the set of equivalence classes of
p-integrable measurable functions, that is

L ([a,B]) = {xemab ) el = (/ (e |pdt) <oo}

where the integral is understood in the Lebesgue sense.

The space Loo([a,b]) is the set of equivalence classes of essentially bounded measurable
functions, that is

Ly ([a,b]) = {x € L([a,b]) | ||7]|co := ess sup |z(t)] < oo} :

t€la,b]

"Definition of the Lebesgue integral was discussed in the Measure and Probability unit. An importnat

property of the Lebesgue integral is that = ~ y implies f: x( f y(t)dt, so the value of the Lebesgue
integral does not depend on the choice of a particular representatwe of an equivalence class.

23 December 11, 2008



4.4 Banach spaces Ly([a,b]) 4 BANACH SPACES

where the essential supremum, denoted esssup, (of the equivalence class) of a measurable
function z is defined by
ess sup |z(t)| := inf sup |y(t)].
te[a,b] YE[z] tefa,b)

Example 4.23. For example, the function x : [0, 1] — R defined by

[ n, t=1/n,
x(t) '_{ 0, t+1/n,

is essentially bounded, and thus x € L ([0, 1]). In fact z ~ 0 and ||z« = 0.

Exercise 4.24. Show that L,([0,1]) # L,([0, 1]) if p # q.

Hint. Consider the function z(t) = t*. For which values of o < 0 the function = belongs
to L,([0,1]) 7

Exercise* 4.25. Let p,q € [1,00] and p < g. Prove that
Ly([a, b]) € Ly([a, b])-
Theorem 4.26. L,([a,b]) is a Banach space, for every p € [1, c0].

Proof. 1t is easy to see that Ly([a,b]) is a linear subspace of L([a, b]) and that || -||, defines a norm
on L,([a,b]), so Ly([a,b]) is a normed space. The proof of the completeness of L,(|[a, b]) requires
some advanced facts from Measure theory and Lebesgue integration. We omit the details. O

Remark 4.27. For p € [1,00), the space L,([a,b]) is a completion of the space .Z,([a, b]).
As the one-to-one map ® : .%,([a,b]) — L,([a,b]) we take

Note also that C([a,b]) can be considered as a closed subspace of L. ([a, b]) if we identify
continuous functions with their equivalence classes.

One can prove that Lebesgue integrable functions satisfy the Holder inequality.

Lemma 4.28. (HOLDER INEQUALITY IN L,([a,b])) Let x € L,(|a,b]) and y € L, (|a,b]),
where p' is the conjugate® to p. Then

b
(4.5) / [z()y@)|dt < [z, llyll, -

8See (2.6).
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5 Hilbert spaces

5.1 Inner product spaces

Definition 5.1. Let H be a real linear vector space. An inner product on H is a function
(-,-) : Hx H — R such that the following axioms are satisfied for all z,y, z € H and A € R:

(H1) (z,y) = (y,z);

(H2) (z+y,2) = (z,2) + {y, 2);

(H3) (Az,y) = Mz, y);

(H4) (z,z) >0 and (z,z) =0 if and only if x = 0.
A real inner product space is a pair (H, (-, -)), where H is a linear vector space and (-, ) is
an inner product on H.

Remark 5.2. An inner product on complex linear vector spaces is defined differently. In
what follows we consider only real inner product spaces and omit the word real if there is
no ambiguity.

Remark 5.3. Inner product spaces are sometimes also called prehilbert spaces.
Exercise 5.4. Prove from the axioms of an inner product that for any z,y,z € H and
A, it € R one has:

i) (2. My + piz) = A, y) + pla, 2)

i) (x+y,x+y) = (r,2) + 2z, y) + (¥, y)-

Theorem 5.5. (CAUCHY-SCHWARTZ INEQUALITY) Let (H, (-,-)) be an inner product
space. Then for all x,y € H one has

[z, 9)| < V@, 2)/ (Y, ).

Proof. In the case y = 0 the inequality is obvious, so we assume that y # 0. Observe that
for a« € R we have

(5.1) 0 < (z+ay,z+ay) = (z,7) + 2a{z,y) + *(y,y).
Set
SR Y )
- {v)

and multiply (5.1) by (y,y). Then we obtain

0 < (z,2)(y,y) — 2(z,y)* + (z,9)" = (x, 2)(y,y) — (z,9),

and hence
(z,y)? < (z,2)(y, y).

Thus the assertion follows. O]
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The next theorem shows, in particular, that every inner product space is a normed
space.

Theorem 5.6. (NORM ON INNER PRODUCT SPACES) Let (H, (-,-)) be an inner product
space. Then the function
]| == v/ (2, )
defines a norm on H. In particular, every inner product space is a normed space.
Proof. Axioms (N1) and (N2) of the norm follow immediately from (H4) and (H3). To

get the triangle inequality (/N3), observe that for every z,y € H, using Exercise 5.4 (i7)
and Cauchy—-Schwartz inequality we obtain

lz+yll> = (@ +y,z+y) = [|=> +2(z,y) + lylI> < =]+ 2llz][ly]l + y]1* = (=] + [ly])?,
so the assertion follows. O

Remark 5.7. In what follows, we always assume that an inner product space (H, (-,-)) is
equipped with the standard norm ||z|| := \/(z, x).

Remark 5.8. In view of Theorem 5.6, the Cauchy—Schwartz inequality can be written as

(=, y)| < lllllyll

Exercise* 5.9. Let (H, (-,-)) be an inner product space and x,y € H. Prove that

(z,y)| = ||=||||y|l = x = ay for some o € R.
Theorem 5.10. (PARALLELOGRAM IDENTITY) Let (H, (-,-)) be an inner product space
and || - || the standard norm generated by the inner product. Then for every x,y € H one
has
2+ yll* + llz = ylI* = 2|z ]* + [ly[I*)-

Proof. For every x,y € H one has

lz + yl* = (= +y.2 +y) = |2]* + 2z, ) + [yl

lo =yl = (z =y, 2 —y) = |2]* = 2z, ) + [ly||*
Adding the above two identities, we obtain the required parallelogram identity. [

Remarkably, a norm satisfies the parallelogram identity if and and only if it is generated
by an inner product, as the following exercise shows.

Exercise* 5.11. (POLARIZATION IDENTITY) Let (X, || - ||) be a normed space. Assume
that the norm || - || satisfies the parallelogram identity, that is for every x,y € X one has

2+ yll* + llz = ylI* = 2|z ]* + [ly[I*)-
Prove that the following polarization identity
1
(w.y) =7 (le+yll* = llz = y[°)
defines a scalar product on X, and therefore X is an inner product space.

Hint. Verify the axioms of the scalar product.
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Examples of inner product spaces. We show that the normed spaces RY, I, %5([a, b])
and Ls([a, b]) are in fact inner product spaces.

Example 5.12. (INNER PRODUCT ON RY) For x,y € RY, the function

n
= E XTiYi
i=1

defines an inner product on R7. The corresponding norm is given by

2l = v/, ) = | DLl = - [l2
i=1
Example 5.13. (INNER PRODUCT ON l3) For z,y € [y, the function

o
= E TiYi
i=1

defines an inner product on ls. The corresponding norm is given by

o]l = v/, ) = EJM%%Wb

Note that in view of the Cauchy—Schwartz inequality,
[(z, )] < l=ll[lyll < oo,

so the series in the definition of the inner product indeed converges.

Example 5.14. (INNER PRODUCT ON %([a,b])) For x,y € %([a, b)), the function

(e,4) = / e(t)y(t)dt

defines an inner product on %([a, b]). The corresponding norm is given by

2l = v/ (2, 2) = IwPﬁ—H

Example 5.15. (INNER PRODUCT ON Ls([a,b])) For z,y € Ly([a,b]), the function
b
(@) = [ altyterat
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defines an inner product on Ly([a,b]). The corresponding norm is given by

2]l = v/ (2, 2) Ix )Pdt = | -|

Note that in view of the Cauchy—Schwartz inequality,
[(z, )] < ll=ll[lyll < oo,
so the integral in the definition of the inner product indeed converges.

Exercise 5.16. Verify the axioms of the inner product for defined above inner products
on RY, Iy, Ly([a,b]).

Exercise* 5.17. Show that if p # 2 then the spaces R}, [, L,([a,b]) do not satisfy the
parallelogram identity, and therefore, are not inner product spaces.

Geometrical meaning of the inner product. Consider the space R3. Let
x = (x1,22), e:= (1,0).

Then
(z,e) x1

lzllllell /23 + 23

the cosine of the angle between vectors x and e. Notice, in particular, that if (x,e) = 0 then
cos(x, e) = 0, so the vectors x and e are orthogonal in that case.

= cos(z, e),

Generally, given two vectors  and y in an abstract inner product space H, the quantity

(z,y)
||y

can be interpreted as the cosine of the angle between x and y. In this sense, the inner product

encodes a geometrical information about the angle between two vectors. We will explore this
geometrical meaning of the inner product in the next sections.

5.2 Hilbert spaces. Orthogonal and orthonormal systems

Definition 5.18. Let (H, (-,-)) be an inner product space and || - || the standard norm
generated by the inner product. We say that H is a Hilbert space if H is complete with
respect to the norm || - ||.

Example 5.19. Spaces R}, Iy, Ly([a,b]) are Hilbert spaces. The space %([a,b]) is an
inner product space which is not a Hilbert spaces (because it is not complete).

Definition 5.20. Let (H, (-, -)) be a Hilbert space and x,y € H. We say that z is orthogonal
to y if
(x,y) =0.
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Example 5.21. Vectors ¢; = (1,0,0,0,...) and es = (0,1,0,0,...) are orthogonal in l,.
Vectors z(t) = 1, y(t) = sin(t) are orthogonal in Lo([—m, 7]), but are not orthogonal in
Ly([0,1]).

Definition 5.22. Let (H, (-, -)) be a Hilbert space and S C H a subset of H. We say that
S is an orthogonal system in H if 0 € S and

r,y€S and x#y — (x,y) =0.
We say that S is an orthonormal system in H if S is an orthogonal system and, in addition,
resS — ||| = 1.

Remark 5.23. Let S C H be an orthogonal system. Note that if x € S then

-

is an orthonormal system, generated by S. In other words, every orthogonal system can
be normalized into an orthonormal system.

X

]l

Hence

Remark 5.24. If S = (ex)ken is a sequence of vectors in H then instead of the term system
we use the word sequence.

Example 5.25. (STANDARD ORTHONORMAL SEQUENCE IN [y) The sequence (ex)ren C lo,
where

e; :=(1,0,0,0,0,...),

es :=(0,1,0,0,0,...),

es = (0,0,1,0,0,...),

is an orthonormal sequence in [, which is often called the standard orthonormal sequence.

Example 5.26. (TRIGONOMETRIC ORTHONORMAL SEQUENCE IN Ly[(—m,7])) The se-
quence
1 cos(t) sin(t) cos(2t) sin(2t) cos(kt) sin(kt)
\/%7 ﬁ Y ﬁ Y ﬁ Y ﬁ )ttt \/E ) ﬁ P
is an important example of an orthonormal sequence in Lo[(—m, 7]), which is called trigono-
metric orthonormal sequence.

Theorem 5.27. Let (H, (-,-)) be a Hilbert space and S C H an orthogonal system in
H. Then S s a linearly independent system, that is for any xq,...,x, € S and any
Ay -y Am € R one has
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Proof. Assume that \jx1 + --- + \,x,, = 0. Then a direct computation shows that

Xm: 0, \iz;) = 'm <Zm:/\xl,)\xz> Z|,\|2||x,||2
——

We conclude that \; =--- = \,, = 0. O

Remark 5.28. In particular, this implies that if a Hilbert space H admits an orthogonal
sequence then H is infinite dimensional.

Apparently, the converse to the above theorem is not true, that is a linearly independent
system in a Hilbert space may not be orthogonal, as it is shown by the following example.

Example 5.29. In L?([—1, 1]), consider the sequence of vectors
1ot 2, otk

It is easy to verify that vectors in the sequence are linearly independent (see Exercise 1.30).
However, for every k € N we obtain

1 1
/ thtF 2t = / 22t £ 0,
-1 -1

so the sequence is not orthogonal, moreover, it contains infinitely many different nonorthog-
onal pairs of vectors. Note however that for every k € N one has

1 1
/ thtFtar = / 2k de = 0.
-1 -1

Gram—Schmidt orthogonalisation process. Given a linearly independent sequence
of vectors in a Hilbert space one can always construct an associated orthogonal sequence
of vector using the so-called Gram—Schmidt orthogonalisation process.

Theorem 5.30. (GRAM—SCHMIDT ORTHOGONALISATION) Let (H, (-, -)) be a Hilbert space
and (zg)keny C H a linearly independent sequence of vectors in H. Then the sequence of
vectors

€1 = I,
e = Ty — Ayer, where Ay = <x2’€;>,
el
€ = Tk~ Z Aki€i,  where Ay = <ﬁk’||e;>a
— €;

1s an orthogonal sequence in H.
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Proof. A direct computation shows that (eg)ren is indeed an orthogonal sequence in H,
that is

(1) for every k € N one has ||ex]| # 0, and
(1) for every k,l € N, k # [ one has (e, e;) = 0.

Verify this as an exercise! ]

Exercise 5.31. In L?([—1, 1]), consider a linearly independent sequence of vectors
T S L

Then, using Gram—Schmidt orthogonalisation process, we obtain the first three terms of
the corresponding orthogonal sequence as follows:
er = 1
[t taat
.
[ 12dt
CLead Lt .

1
€3 = tQ—)\31.1—)\32.t:t2——, as )\31—1———, 32 S
3 a3 0T e

€y = t— )\21.1 :t, as )\21 = y

Example 5.32. (LEGENDRE POLYNOMIALS) Continuing the Gram—Schmidt orthogonal-
isation process, one can show that the orthogonal sequence in L?([—1,1]), generated by
the linearly independent sequence

Lot % ., th
can be expressed (up to normalization) in the form of the Legendre Polynomials:

B(t) = 1

1 d¥ o,

Legendgre polynomials is an example of a polynomial orthonormal sequence in Lo([—1,1]).

5.3 Fourier series

Definition 5.33. Let (H, (-,-)) be a Hilbert space and (e;)reny C H an orthonormal se-
quence in H. Given a vector x € Hl, the number

o = (r,ex)  (kEN)

is called k—th Fourier coefficient of x (with respect to the orthonormal sequence (ex)gen),

and the series
o0
E Qe
k=1

is called Fourier series of x (with respect to the orthonormal sequence (e)ren)-
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Example 5.34. Consider the orthonormal trigonometric sequence in Lo([—m, 7])

1
e = —,
0 V2T
sin(kt
€1 = ( ) (IC < N),

S

cos(kt)
€ = ﬁ

(k €N),

Let 2 = cos?(t). By a direct computation (taking into account that sin(kt) are odd and
cos®(t) and cos(kt) are even functions) we obtain the Fourier coefficients of x as:

T 1 V2
ag = / cos?(t) —— dt = ver
- Ver 2
Qo1 = / cos?(t) sin(kt) dt =0 forall k € N,

0y — /7r cos? (1) cos(t) 7
ay = /7r cos?(t) cos(2t) dt = g,

T kt
o = / Cos2(t)COS( )dt:[) for all £k =3,4,5,....

I

S

Thus the Fourier series of x given by the (finite) series:

Vor T

9 € + 762.

The classical trigonometric formula
2 cos?(t) = cos(2t) + 1
confirms that in this example the Fourier series of x actually coincides with x, that is

V2
Tr = 27T60 + geg.

Convergence of Fourier series. Given an orthonormal sequence (e C H, we are
k)keN )

going to answer two fundamental questions concerning the Fourier series of a vector x € H

with respect to (ex)ren:

(Q1 ) When Fourier series of x € H converges in H, that is there exists a vector S, € H

such that
o0
Soo = Zakek ?
k=1
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(Q2) If Fourier series of x € H converges in H, when the sum S, of the series coincides
with z, that is
r=25,"

In order to answer (Q1) and (Q2) we need to prove several preliminary results.
Theorem 5.35. (PYTHAGORAS THEOREM) Let (H, (-,-)) be a Hilbert space and
{x1,29,..., 2} CH
a finite orthogonal system in H. Then

m

> a

k=1

(5.2)

2 m
= > llzl®.
k=1

Proof. We proceed by induction.
Let m = 2. Then

oy + @al|* = llza|* + 2 {21, @2) +Hl@al* = 2 [* + |22l
——

=0

Next, assume that (5.2) holds for m = k. Then for m = k + 1 we obtain

J/

I+ 2 +aeal® = (el + -+ lael®) + 2 {21 + - + 2 20) 2w |

=0
= llall®+ - el + lzasal

Thus the assertion follows. O]

Theorem 5.36. (BESSEL IDENTITY AND INEQUALITY) Let (H, (-,-)) be a Hilbert space
and

{e1,€9,..., e, CH

be a finite orthonormal system in H. Given x € H, let

m
ar = (x,ex) and szg Qe
k=1

Then
(5.3) |z = Sll® = llzlI” = > af,
k=1
and
(5.4) > ai < .
k=1
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Proof. By Pythagoras Theorem we obtain

m 2 m m
ISmll? = > aner|| =D llawesl® =D _ai.
k=1 k=1 k=1
Then
le =Sl = 2l = 22, S} + 1Sul® = ] =23 < Zakek> +2 o
k=1 k=1 k=1

m

m m
= Ha:||2—2Zozk Z b=zl =2} o+ ) o
k=1 = k=1 k=1
m
= Jal? =) of,
k=1

which proves the identity (5.3). Next, we simply rewrite (5.3) as

:ak

> ai =zl = |Sul® < llzl?,
—1 N——
>0
which establishes the inequality (5.4). O

We are now in a position to answer question ((Q1).

Theorem 5.37. (CONVERGENCE OF FOURIER SERIES) Let (H, (-,-)) be a Hilbert space
and (ex)keny C H an orthonormal sequence. Then for any x € H the Fourier series of

00
E A€
k=1

converges in H, that is there exists So, € H such that

00
SOO = E QLCL.
k=1

Moreover,

(5.5) 151 =Y ait < Jlalf?.
k=1

Proof. To prove the convergence of the Fourier series of x it is sufficient to show that the
sequence of partial sums
m
Sm =Y _ agey
k=1
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is a Cauchy sequence in H.

Observe that the real sequence of partial sums

is monotone increasing and, by Bessel Inequality, is bounded above by ||z||?, that is
om < 2%

Therefore, (0,,) converges and, in particular (o,,) is a Cauchy sequence of real numbers.
Hence for all m,n € N such that m > n, using Pythagoras Theorem, we obtain

m
E Qe
k=n

Thus (.S,,) is a Cauchy sequence in H and therefore (.S,,,) converges in H to a vector S., € H:

2 m

= g Ozizam—an—>0.

k=n

Hskz_'SEHQ::

m—00

Se := lim 5, = Zakek.
k=1
Further, passing to the limit as m — oo in the Bessel inequality (5.4), we conclude that

oo
151 =~ ait < fllf?.
k=1

The proof is completed. O

To answer the question (Q)2), we introduce the following definition.

Definition 5.38. Let (H, (-, -)) be a Hilbert space. We say that an orthonormal sequence
(ex)ken C H is complete if for every x € H the Fourier series of = converges to z, that is

Tr = Zakek.
k=1
Remark 5.39. It follows from (5.5) that if
r = Z ALCL
k=1
then
(5.6) 2] =) ai,
k=1

so Bessel inequality becomes an identity if the orthonormal sequence is complete.
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Remark 5.40. A complete orthonormal sequence is also called an orthonormal basis in H.

Exercise™ 5.41. Show that the standard orthonormal sequence in ls, which was defined
in Exercise 5.25, is complete.

Not every orthonormal sequence is complete, as the following example shows.
Example 5.42. In Ly([—m,7]), consider an orthonormal sequence

exlt) = Sir\l/(;t) (k € N).

Let x(t) = 1. Then
ap = / L.sin(kt) dt = 0,

—Tr

and hence Fourier series of z do not converge to x. In fact, we have
o0
S = E arer =0 # x.
k=1

Verification of the completeness of an orthonormal sequences is often complicated. We
state without proofs that:

e Trigonometric orthonormal sequence in Lo([—m,m]), as defined in Exercise 5.26, is
complete

e Legendre orthonormal sequence in Ly([—1,1]), as defined in Exercise 5.32, is complete

The proofs of the completeness as well as other examples of complete orthonormal sequences
are beyond the scope of this course.

5.4 Separable Hilbert spaces

Definition 5.43. Let (H, (-, -)) be a Hilbert space. We say H is separable if dimH = oo
and H admits a complete orthonormal sequence.

Example 5.44. Spaces [y and Ls([a, b]) are separable.

Theorem 5.45. The unit ball in a separable Hilbert space in not compact.

Proof. Consider an orthonormal sequence (e,,) C H. Let n,m € N and n # m. Then
len = emll* = lleall” = 2(en, em) + llem|* = 2.

Hence (e,) does not contain any Cauchy subsequence and therefore (e,,) does not contain
any convergent subsequence. Since (e,) C Bq(0), this means that B;(0) is not compact. [
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Isomorphism of separable Hilbert spaces. Let (H, (-, -)) be a separable Hilbert space
with a complete orthonormal sequence (ex) C H. Then every z € H is represented as the
sum of its Fourier series: .
r = Z A€l .
k=1

Denote by « the sequence of the Fourier coefficients of x:
a:=(a, g, ..., ...).

From (5.6) we know that
lz]* = ai.
k=1

Therefore, the sequence of Fourier coefficients o can be considered as an element of the

space [y, moreover
- 1/2
levll2 = <Z ai) = |l=l-
k=1

In other words, to every x € H corresponds an element o € Iy, the sequence of Fourier
coefficients of x.

On the other hand, given an arbitrary sequence o € ly, we can consider the Fourier
series of the form

[e.e]
T = E ager € H,
k=1

and moreover, ||z|| = |la||s by Bessel’s inequality. So, to every a € Iy corresponds an
element x € H, the Fourier series with the sequence of coefficients a.

In such a way, we established a one-to—one correspondence between H and I5:
H>Dz < acl.
Moreover,
]| = lla][2-

Such a correspondence is called an isomorphism between the Hilbert spaces H and [y, and
the above argument shows that every separable Hilbert space is isomorphic to the Hilbert
space ls.
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