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I Inner product spaces

1 Inner product spaces

1.1 Inner product

Let us first review the definition of a vector space.

Definition 1.1 (Field). A field is a set F, containing at least two elements (referred to as scalars), on
which two operations + and - (called addition and multiplication, respectively) are defined so that for
each pair of elements a,b € F there are unique elements a+ b and a - b (often written ab) in F' for which
the following conditions hold for all elements a,b,c € F':

(i) (Commutativity of addition) a +b="5b+ a
(ii) (Associativity of addition) (a +b) +c=a+ (b+ ¢)
(iii) (Existence of an additive identity) There is an element O € F', called zero, such that a + 0 = a.
(iv) (Existence of additive inverses) For each a, there is an element —a € F such that a + (—a) = 0.
(v) (Commutativity of multiplication) ab = ba
(vi) (Associativity of multiplication) (a -b)-c=a- (b- ¢)
(vii) (Distributivity) (a +b)-c=a-c+b-canda-(b+c)=a-b+a-c
(viii) (Existence of a multiplicative identity) There is an element 1 € F, suchthat1 # 0anda-1 = a.
(ix) (Existence of multiplicative inverses) If a. # 0, then there is an element a~' € F such that

a-a =1

Sets of rational numbers @, set of real numbers R and set of complex numbers C are all
fields. However, set of integers Z is not a field.

Definition 1.2 (Vector space). A vector space over a field F' is a nonempty set V., whose elements are
referred to as vectors, together with two operations: addition (denoted by +) and scalar multiplication
(denoted by juxtaposition). Furthermore, the following properties must be satisfied:

(1) (Associativity of addition) For all vectors u,v,w € V

ut (v+w)=(ut+v)+w

(2) (Commutativity of addition) For all vectors u,v € V

ut+v=v+u

(3) (Existence of a zero) There is a vector 0 € V with the property that

O+u=u+0=u for allvectors u € V

(4) (Existence of additive inverses) For each vector u € V, there is a vector in V, denoted by —u,
with the property that
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1.1 Inner product

(5) (Properties of scalar multiplication) For all scalars a,b € F and for all vectors u,v € V,

alu+v) = au+av
(a+bu = au+bv
(ab)u = a(bu)
lu = u

- Classical examples of vector spaces:

(1) Set of all functions from a field F' to F' is a vector space over F' (with the usual operations of
addition and scalar multiplication of functions).

(2) The set M, ,(F') of all m x n matrices with entries in a field F’ is a vector space over F' (under
usual matrix addition and scalar multiplication).

(3) The set of all ordered n-tuples whose components lie in a field F, is a vector space over F' (with
addition and scalar multiplication defined componentwise). Well-known example: R™.

(4) The set of all infinite sequences with members from a field F' is a vector space over F' (with
addition and scalar multiplication defined componentwise). Other examples of sequence spaces
that often appear are:

— set ¢ of all sequences of complex numbers that converge to zero
— set *° of all bounded complex sequences

— (for a positive integer p) set ¢ of all complex sequences {s,,} for which
[o.9]
Z |sn|P < o0
n=1

If another function (called inner product) can be defined on a vector space, many more interesting
things can be said about the space. In this chapter, we will consider only vector spaces V' over the fields
F=RorF=C.

Definition 1.3 (Inner product). An inner product on V is a function (-,-) : V. x V. — F with the
following properties:

(1) (Positive definiteness) For allv € V
(v,v) >0 and (v,v) =0 & v=0
(2) (Conjugate symmetry)

<u7 1)) = W?

where bar denotes complex conjugate. For F' = R this simply means the symmetry (u,v) = (v, u).
(3) (Linearity in first coordinate) For all u,v € V andr,s € F
(ru+ sv,w) = r{u,w) + s(v, w)

A real or complex vector space V which has an inner product is called a real (complex) inner product
space.

- 1. A vector subspace S of an inner product space V' is also an inner product space under
the restriction of the inner product of V' to S. (HW(lp): Prove it.)
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1.1 Inner product

2. The quantity (v, v) is always real, even if V' is a complex vector space. (HW(1p): Prove it.)

3. If FF = R, then the inner product is linear in both coordinates, that is, it is bilinear. If ' = C,
then it is sesquilinear, which means that it is linear in the first coordinate and conjugate linear
in the second coordinate:

(w,ru + sv) = (ru+ sv,w) = 7(u, w) + 5(v, w) = T7(w, u) + 5(w, v).

- We present several examples of inner product spaces.

(1) n-dimensional Euclidean space: the vector space R™ with the standard inner product
((r1y ooy rn), (81,25 8n)) = 71181+ -+ + Tpsp.

(2) n-dimensional unitary space: the vector space C™ with the standard inner product
((r1i,...ymn), (S1,..,7n)) = 7151 + -+ + TnSn.

(3) The vector space C'a, b] of all continuous complex-valued functions on the closed interval [a, b]
with the inner product

b P
(f,9) :/ f(x)g(x) dx.

(4) The vector space 22 of all real (or complex) sequences {s;,} which are ”square summable”, that

1S,
o)
Z ‘Sn‘Q < o0,
n=0

under the inner product
oo
({sn}, {tn}) = Z Sntn.
n=0

The sum on the right-hand side converges as we can see by rearranging the inequality 0 < (|s,| —
|ta])? to get

1 1
|3ntn‘ < i‘SnP + 5“/71’2-

(HW(1p): Verify that ¢? is an inner product space.
Lemma 1.4. IfV is an inner product space and (u, x) = (v,z) for all x € V, then u = v.

Proof. HW(1p). O

Definition 1.5 (Linear operator). Let V' be a vector space over a field F. A functionT : V — V isa
linear operator if
T(ru+ sv) = rT(u) + sT(v)

for all scalars r,s € F and vectors u,v € V. The set of of all linear operators on V is denoted by

L(V).

Theorem 1.6. Let V be an inner product space and let T € L(V'). Then
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1.2 Norm and distance

(1) (Tv,w) =0 forallv,w eV = T=0
(2) If V is a complex inner product space, then
(Tv,v) =0 forallveV = T=0

but this does not hold in general for real inner product spaces.

Proof. (1) HW(1p)
(2) Forr € Fandx,y € V letv = rz + y. Then

0 = (T(rz+vy),rr+y)
= |r|*(Ta,z) + (Ty,y) + r{Tz,y) + 7Ty, z)
= r(Tx,y) +7(Ty,x).

Setting » = 1 and r = 17, respectively, gives
(Tz,y)+ (Ty,z) =0 and (Tz,y) — (Ty,xz) = 0.

These two equations imply that (Tx,y) = 0 for all ,y € V and from part (1) we conclude that
T = 0. For the last statement, the linear operator T rotating by 90 degrees in the real R? plane
has the property that (T'v,v) = 0 forany v € V.

1.2 Norm and distance

Definition 1.7 (Norm). If'V is an inner product space, the norm of v € V is defined by

[o]l = v/ (v, v).

A vector v is a unit vector if |v|| = 1.

Theorem 1.8 (Properties of the norm).
(1) ||v|| > 0and ||v|| = 0 if and only if v = 0.
(2) Forallt € Fandv €V, |ro| =|r||v].
(3) (Cauchy-Schwarz inequality)
[(w, )] < lull v} Yu,veV
with equality if and only if one of u and v is a scalar multiple of the other.

(4) (Triangle inequality)
lutol <lull + v Vu,veV

with equality if and only if one of w and v is a scalar multiple of the other.

(5) Forall u,v,z €V,
lu =l < lu—=|+ |z — vl
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1.2 Norm and distance

(6) Forall u,v €V,
el = ol | < flu—wvl

(7) (Parallelogram law)
lu )2+ u = of* = 2[ul® +2[]0[* woveV.
Proof.  (3) If either u or v is zero the result follows, so we can assume that u,v # 0. Then for any
scalarr € F,

0 < flu—rof?
= (u—rv,u—1V)
= (u,u) —T{u,v) — r[{v,u) — 7(v,v)]

Choosing 7 = (v, u)/(v,v) makes the value in the square brackets equal to 0 and so

|(u, v)[?
[l

(v, u) (u, v)

(v,0)

which is equivalent to the Cauchy-Schwarz inequality. Furthermore, equality holds if and only if
|u — rv||?> = 0, that is, if and only if u — rv = 0, which means that u and v are scalar multiple of
one another.

0 < (u,u) - = ull* ~

(4) From the Cauchy-Schwarz inequality,

lu+v]? = (u+v,u+0)

(u,uy + (u,v) + (v,u) + (v,v)
[l + 2[ful| [Jo]| + [[o]*
([l + lol)?

IN

from which the triangle inequality follows. HW(1p): Prove the statement about equality.
(6) HW(lp)
(7) HW(2p)
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1.3 Orthogonality

Any vector space V' together with a function || - || : V' — R that satisfies properties (1), (2) and (4) of
Theorem 1.8, is called a normed linear space and the function || - || is called a norm. Thus, any inner
product space is a normed linear space.

The inner product on V' can be recovered from the norm. In other words, knowing the length of all
vectors in V' is equivalent to knowing all inner product of vectors in V.

Theorem 1.9 (Polarization identities).
(1) If V is a real inner product space, then

(u,v) = 7 (Il +vl* = fu = v]|?).

> =

(2) If V is a complex inner product space, then

1 1. , .
(uyv) = 5 (ol = = o) + i (hu+ vl = = iv]?)

Definition 1.10 (Distance). Let V' be an inner product space. The distance d(u,v) between any two
vectors w and v in'V is
d(u,v) = [[u— ol

Theorem 1.11 (Properties of distance).

(1) d(u,v) > 0and d(u,v) = 0ifand only if u = v

(2) (Symmetry) d(u,v) = d(v,u)

(3) (Triangle inequality) d(u,v) < d(u,w) + d(w,v)

Any nonempty set V with a function d : V' x V — R that satisfies the properties of theorem 1.11,

is called a metric space and the function d is called a metric on V. Therefore, we have the following
relation between various spaces:

inner product spaces C normed spaces C metric spaces.
1.3 Orthogonality

Definition 1.12 (Orthogonality). Let V' be inner product space.
(1) Two vectors u,v € V are orthogonal, written v L v, if (u,v) = 0.

(2) Two subsets X, Y C V are orthogonal, written X L Y, if (x,y) = 0 for every pair of v € X
andy €Y.

(3) The orthogonal complement of a subset X C V is the set
Xt={veV|vlX}.

Here, v 1. X means {v} 1 X.

Theorem 1.13. Let V' be an inner product space.
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1.3 Orthogonality

(1) The orthogonal complement X of any subset X C V is a subspace of V.
(2) For any subspace S of V,
Snst={0}.
Definition 1.14 (Sum of subspaces). Let .S and T’ be subspaces of V.. The sum S + T is defined by
S+T={u+v| ueS veT}

More generally, the sum of any collection {S;}ick of subspaces is the set of all finite sums of vectors

from the union | J S;:
ZSZ‘: {81—1—---4—8”} 8; € U Sz}

€K €K
Definition 1.15 (Direct sum). A vector space V' is the direct sum of a family {S; }ick of subspaces of

V., written
V= @ Sia
€K
if the following hold:
(1) (Sum)V is the sum of the family: V = 3.1 S;
(2) (Independence)
Sin [ >8] =10}
J#
Definition 1.16 (Orthogonal direct sum). An inner product space V' is the orthogonal direct sum of
subspaces S and T, written V =S © T, if
V=S&T, SLT.

More generally, V is the orthogonal direct sum of subspaces S1, ..., Sy, written V. =51 ® --- ® Sy, if

Vle@EBSn, SlJ_ijOI‘Z#]

Theorem 1.17. Let V' be an inner product space. The following are equivalent:
(1) V=SoT
2) V=Se&TandT = S+

Proof. IfV = S ®T, then by definition T C S-. However, if v € S, then v = s+t where s € S and
t € T. Then s is orthogonal to both ¢ and v and so s is orthogonal to itself, which implies that s = 0 and
sov € T. Hence, T = S*. The converse is obvious. O

Definition 1.18 (Orthogonal set). A nonempty set O = {u; | i € K} of vectors in an inner product
space is said to be an orthogonal set if u; 1 u; for all i # j € K. If, in addition, each vector u; is a
unit vector, then O is called an orthonormal set.

Theorem 1.19 (Orthogonality implies linear independence). An orthogonal set of nonzero vectors in
V' is linearly independent.
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Proof. If O = {u; | i € K} is an orthogonal set of nonzero vectors and

riur + -+ rpu, =0

1.3 Orthogonality

then

0:<r1u1—|—---+rnun,uk>:rk<uk,uk), k‘Zl,...,’I’L
andsorp = 0forall k =1,...,n. Hence, O is linearly independent. ]
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1.3 Orthogonality

Our next goal is to transform a set of vectors into an orthonormal set. If we already have an orthogonal
set, it is simple to transform it into an orthonormal set by normalizing every vector v in the set:

v

U= 7.
V]l

To transform a set into an orthogonal one, Gram-Schmidt orthogonalization is used.

Theorem 1.20 (Gram-Schmidt augmentation). Let V be an inner product space and let O =
{u1,...,un} be an orthogonal set of vectors in V. If v does not belong to the span of O, denoted
by Span {uy, ..., uy,}, then there is a nonzero u € V for which {uy, ..., un,u} is orthogonal and

Span {uy,...,up,u} = Span{uy, ..., u,,v}.

In particular,

" 0 lfuZ =0
U=v— iU, where 1; = (i) -

Proof. 1t is sufficient to check that the vector u given by the formula in the theorem is orthogonal to all
u;,t=1,...,n. O

Theorem 1.21 (Gram-Schmidt orthogonalization process). Let {vi, v, ...} be a sequence of vectors
in an inner product space V. Define a sequence {uy,us, ...} by repeated application of Gram-Schmidt
augmentation, that is

Uy = v
k—1 .
0 ifu; =0
U = Ui — Zm,mu where 1y ; = { (Vg ,ui) iful' £0 k=2,3,... (1.1)
i=1 (wi,uq) v

Then {uy,us, ...} is an orthogonal sequence with the property
Span {uy,ua,...,u,} = Span{vi,va,...,vn} forall n > 0.

Also, u, = 0 if and only if v, € Span{vy,...,vk_1}.

Proof. The statement will be proved if we prove: For every n € N the following statements hold
(@) u; L ujforanyi#je€{1,2,...,n}
(b) Span{ui,usg,...,un} = Span{vy,ve,..., v}
(¢) up = 0ifandonly if v, € Span{vy,...,vp—_1}.

This can be proved by induction, noticing that it is trivially true for n = 1 and that if it is true for n, we
need to show the statement for n + 1 by confirming that

(@) u; L upyq foranyi € {1,2,...,n}
(b*) Span {ui,ua,...,ups1} = Span{ui,ua, ..., Uy, Vnt1}

(¢’) up41 = 0if and only if v,41 € Span{uy, ..., u,}.

July 16, 2019 11 Karel Svadlenka



1.3 Orthogonality

But if v, 41 & Span {ui,...,u,} then (a’) and (b’) immediately follow from the Gram-Schmidt aug-
mentation process, where we augment the set {uy, ..., u,} by the vector v,1. Hence we have to only
check what happens if v,+1 € Span {uy, ..., u,}, which means that there are a; € F such that

n
Up41 = g Qi U;.
i=1

Computing the inner products

< > B 0 if U; = 0
Un+1, W) = ai<Ui7ui> if wu; ?é 0’

we see that a; = 7,41,; When u; # 0 (if u; = 0 then a; can be any scalar). It now follows from (1.1)
that u,4+1 = 0 and (c’) is proved. ]

- Consider the inner product space R[z] of real polynomials, with inner product defined by
1
) ala)) = [ pl)te) da.
-1

Applying the Gram-Schmidt process to the sequence {1, z, x2, 23, ...} yields
ui(z) = 1

1
d
ug(z) = x— w 1=
fil dx
1 2 L3
d d 1
ug(z) = 532—]711:6 x'l_lex R B
[, dx [ a%dx 3
3 fil 23 dx fil zt dx f 1T z)dx 5 1 5 3
ug(xr) = z°— 3 11— = '<£L'—):CL'—CL',
[, dx [ a%dx fil(xz - 3)2 dx 3 5

and so on. The polynomials in this sequence are the Legendre polynomials.

The Gram-Schmidt process applied to a real or complex matrix leads to the factorization of
the matrix into a product of a matrix with orthogonal columns and an upper triangular matrix.

Forn < m, let us take a m xn matrix A = (vy | ve | -+ | v,) with columns v;. The Gram-Schmidt
process applied to these columns gives orthogonal vectors (uy | ug | - -+ | up) for which
Span{uy,us,...,up} = Span {vi,ve,... ,vi} forall k <n.

Writing (1.1) in matrix terms,

1 21 ... Tnal
1 ceo Tp2
(vi oo | - [on) = (u1fuz| - |un) . ;
1
Normalizing the columns of the first matrix on the right-hand side by a; = ||u;|| or a; = 1 if u; = 0,
we get
aip aire1l ... Q1Tp1
a9 <. A2Tp2
(v | - Jon) = (] 22 § ,
Q an
R
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1.3 Orthogonality

and so A = QR, where the columns of () are orthonormal (in the sense that some columns may be
zero vectors - if the vectors vy, . . . , v, are linearly independent, then columns of () are nonzero) and R
is upper triangular matrix with positive entries on the main diagonal.

If m = n and A is nonsingular, then (@ is unitary, that is, it satisfies Q*Q = QQ* = I (for real
matrices, the word “orthogonal” is used, and it means Q7Q = QQT = I). On the other hand, if
the columns of A are not linearly independent, we can adjust the factorization so that () is replaced
by a unitary matrix without zero columns. Namely, if a column wu;/a; is zero, then we may replace
this column by any vector as long as we replace the (i, 7)-entry a; in R by 0. Therefore, we can take
nonzero columns of (), extend to an orthonormal basis for the span of the columns of () and replace
the zero columns of ) by the additional members of this orthonormal basis. In this way, @ is replaced
by a unitary matrix ()’, and R is replaced by an upper triangular matrix R’ that has nonnegative entires
on the main diagonal.

Theorem 1.22 (Q)R-factorization). Let A € M, »(F'), where F = C or F' = R. There exists a
matrix QQ € Moy, »(F) with orthonormal columns and an upper triangular matrix R € My, (F) with
nonnegative real entries on the main diagonal for which

A=QR called QR-factorization.

Moreover, if m = n, then Q) is unitary (orthogonal). If A is nonsingular, then R can be chosen to have
positive entries on the main diagonal, in which case the factors Q) and R are unique. If A is real, then
Q and R may be taken to be real.

Proof. We have already justified all statements above except the following two:

e Uniqueness for nonsingular A: Assume QR = ()1 Ry, then
Q7'Q=RR™!

and the right side is upper triangular with nonzero entries on the main diagonal and the left-hand
side is unitary. But an upper triangular matrix with positive entries on the main diagonal is unitary
if and only if it is the identity matrix (HW(2p): prove it), and so Q1 = Q and R; = R.

e (), R are real for A real: All computations of the () R-factorization take place in the real field.

We mention two important applications of () R-factorization:

(1) Solving system of linear equations Az = b: We can rewrite the system as (Q Rx = b, and since
Q! = Q*, we have
Rx = Q"b.

This is an upper triangular system, which can be easily solved back by substitution, that is, starting
from the bottom and working up. This approach is effective when we need to solve several systems
with the same matrix but different right-hand sides.

(2) Finding approximate values of eigenvalues: For a n x n matrix A define a sequence of matrices
by the following algorithm:

1. Set Ay = A.
2. Let Ay = QR be the () R-factorization of Ag and let A1 = RpQo.
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1.4 Bases and projections

3. Once Ay has been defined, let A, = Q. Ry, be the () R-factorization of Ay and let A =
R Q.

Then Ay, is unitarily (orthogonally) similar to A, since
Qr-14kQf—1 = Qr—1(Rk-1Qk-1)Q)_1 = Qr-1Rp—1 = Ap1.

For complex matrices it can be shown that under certain conditions (such as when the eigenvalues
of A have distinct norms), the sequence Ay, converges entry-wise to an upper triangular matrix U,
which therefore has the eigenvalues of A on its main diagonal (HW(3p): prove it). Results can be
obtained in the real case as well.

1.4 Bases and projections

Definition 1.23.

e A maximal orthonormal set in an inner product space V' is called a Hilbert basis for V.
o A maximal linearly independent set of vectors in a vector space V' is called a Hamel basis of V.

e A orthonormal basis means an orthonormal Hamel basis.

A member of a collection of sets is said to be maximal if it cannot be expanded to another member by
addition of an element.

Theorem 1.24. An orthonormal basis is a Hilbert basis.
Proof. HW(2p) O
The converse is not in general true but holds for finite-dimensional spaces.

Theorem 1.25. Let V' be an inner product space. A finite subset B = {ui,...,ux} of V is an or-
thonormal (Hamel) basis for V' if and only if it is a Hilbert basis for V.

Proof. In view of the previous theorem, we need to show only one implication. If B is a finite maximal
orthonormal set and B C C, where C is linearly independent, then we may apply Gram-Schmidt process
to extend B to a strictly larger orthonormal set, a contradiction to the maximality of . O

We show a counterexample to the statement of the theorem in infinitely dimensional space
V =2 Let
M ={e;=1(0,...,0,1,0,...) | i=1,2,...},

where e; has a 1 in the ¢-th coordinate and 0’s elsewhere. Clearly, M is an orthonormal set. Moreover,
it is maximal because if v = {z,,} € ¢? has the property that v | M, then

x; = (v,e;) =0 Vi,

and so v = 0. Hence no nonzero vector v ¢ M is orthogonal to M. This shows that M is a Hilbert
basis for the inner product space £2.

On the other hand, the vector space S = Span M is the subspace of all sequences in ¢ that have finite
support, that is, have only finite number of nonzero terms. Since S # £2, we see that M is not a Hamel
basis for the vector space 2.
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1.4 Bases and projections

If we have a set of vectors O = {uy,...,u,} C V, we can ask how to best approximate a given
vector v from the vector space V' by these vectors.

e If Ois a basis of V, we can exactly write
UV =T1Ul + c TpUn,
where r1, ..., 7, can be obtained by solving a system of n linear equations.

e If O is an orthonormal basis of V', we can again exactly write
U =T1UL A+ Trln,

but now 71, ..., r, are obtained without any effort from the formula r; = (v, u;), which follows
by taking inner product of both sides in the expansion for v.

o If O is just an orthonormal set (not necessarily a basis), we can still adopt the approach in the last
case to write

U= (v,ur)ur + -+ + (U, Up ).

This approximation of v is called the Fourier expansion of v and (v,u;) are called Fourier
coefficients of v with respect to O.

Theorem 1.26. Let O = {uy,...,uy,} be an orthonormal subset of an inner product space V' and let
S = Span O. Then the vector
U= (v,ur)uy + -+ + (v, up)up

has the following properties:
(1) v is the unique vector s € S for which (v —s) L S.

(2) v is the best approximation to v from within S, that is, v is the unique vector in S that is closest
to v in the sense
lv =] < |Jv—s]| Vs €S, s #0.

(3) Bessel’s inequality holds:
[0 < floll  YveV.
Proof. For part (1), since
(v ="1,u;) = (v,u;) — (U,u;) =0,
it follows that v — o € S+. Moreover, if v — s € S+ for some s € S, then s — 9 € S and
s—0=(v—-70)—(v—s) €St

and so s = 7.
For part (2), if s is any element in .S, then v — © € S* implies that (v — ©) L (¥ — s) and so

lo=sl* = o =T +7 = s||* = [lo = 0)* + |7 — s>

Hence, ||v — s|| is smallest if and only if s = v and the smallest value is ||[v — ]|
HW(2p): prove part (3). ]
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1.4 Bases and projections

Theorem 1.27 (Projection theorem). If S is a finite dimensional subspace of an inner product space
V, then
V=S0S8t and  dim(V)=dim(S)+ dim(S" ).

In particular, if v € V then
v=0+(v—-7)€SOS

where U is the Fourier expansion of v with respect to an orthonormal basis of S.

Proof. We know that v — 5 € S+, and so V = S + S+. However, since SN S+ = {0}, we have
V=S6S8" O

In this example we will show that the projection theorem does not in general hold for in-
finitely dimensional subspaces. It actually holds for an infinitely dimensional subspace if the subspace
is complete, which is a property we will define later.

To find such a counterexample, take V' = ¢2 and S be the subspace spanned by the vectors

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

where 1 is in the i-th coordinate and 0’s elsewhere. If z = {z,,} € S+, then 2; = (x,¢;) = 0 forall i
and so x = 0. Therefore, S+ = {0} but S ® S+ = § # (2.

Theorem 1.28. Let S be a finite dimensional subspace of an inner product space V. Then
(1) S+t =5

(2) If X C V and dim(Span X) < oo, then X+ = Span X.

Proof. We will prove (1) and leave (2) as HW(2p).

It is clear that S C S11 because S L S+. On the other hand, if v € S+, then the projection theorem
implies that v = s + s’, where s € S and s’ € S*. Then s’ is orthogonal both to s and to v and so s’ is
orthogonal to itself. Hence, s’ = 0and v = s € S, so Sstlcs. ]

Theorem 1.29 (Characterization of orthonormal bases). Let O = {uq,...,u,} be an orthonormal
subset of an inner product space V and let S = Span O. Then the following statements are equivalent:

(1) O is an orthonormal basis for V.
(2) (Span O)* = {0}.
(3) Every vector is equal to its Fourier expansion, that is, v = v forallv € V.

(4) Bessel’s identity holds:
ol =llvll  VveV.

(5) Parseval’s identity /olds:

o~

(v,w) = [v]o - [W]o,

where [0]o - [W]o = (v,ur1)(w,u1) + - + (v, up ) (W, ug)

is the standard dot product in ™.
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1.5 Riesz representation theorem

Proof.

(1) = (2) : If there is some nonzero v € (Span O)*, then O U {HZ—”} is orthonormal and so O is not
maximal.

(2) = (1) : If O is not maximal, there is an orthonormal set P for which © C ‘P. Then any nonzero
ve P\ Oisin (Span O)*.

HW (3p): prove the remaining implications.

1.5 Riesz representation theorem

Definition 1.30. A function o : V. — W on complex vector spaces V, W is called conjugate linear if
it is additive:
U(Ul +v2) :O'(U1)+U(U2) v, €V

and satisfies
o(rv) =To(v) VreC, YoeV.

A conjugate isomorphism is a bijective conjugate linear map.

An example of a linear functional on a inner product space V' is the inner product (-, z) : V. — F
with a fixed vector z, that is,

<'7$>(U) - <’U,CC>.
Then the linear map 7 : V' — V* defined by

is conjugate linear. Moreover, since (-,z) = (-,y) implies z = y, it follows that 7 is injective and
therefore a conjugate isomorphism (since V is finite-dimensional).

- We review the definition of several terms from above:
e Amap f: X — Y isinjective if f(x1) = f(x2) implies 1 = x5 for all 1,29 € X.
e Amap f: X — Y is surjective if for every y € Y there is z € X such that f(z) = y.
e A map is bijective if it is both injective and surjective.

e The dual space V* to a vector space V is the set of all linear functionals f : V — F.

Theorem 1.31 (Riesz representation theorem). Let V' be a finite-dimensional inner product space.
(1) The map T : V — V* defined by
m(z) = (-, 2)
is a conjugate isomorphism. In particular, for each f € V*, there exists a unique vector x € V.

forwhich f = (-, x), that is,
f) = (v, x) Yv e V.

We call x the Riesz vector for f and denote it by Ry.
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1.5 Riesz representation theorem

(2) The map R : V* — V defined by
R(f) = Ry

is also a conjugate isomorphism, being the inverse of 7. We call it the Riesz map.

Proof.

(1) We prove that 7 is surjective. If f = 0, then Ry = 0, so let us assume that f # 0. Then
K = Ker(f) has codimension 1 and so

V =Spanw e K forw e K.
Letting z = aw for a € F, we require that
f(v) = (v, aw)
and since this clearly holds for any v € K, it is sufficient to show that it holds for v = w, that is,

fw) = (w, aw) = a@{w, w).

Thus, a = f(w)/||w]||? and -
f(w)

I w2

(2) We have

(v, Rrpysg) = (rf+sg)(v)
rf(v) + sg(v)

= <v,?Rf) + <U,§Rg>
(v,TRf +35Ry)

forall v € V and so
er+sg == ?Rf + gRg

O]

- If V. =R", then Ry = (f(e1),..., f(en)), where (e1, ..., e,) is the standard basis of R"™.
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2 Metric spaces

2 Metric spaces

2.1 Introduction

In this chapter we will prepare for investigating convergence properties in infinite dimensional inner
product spaces. For this, the notion of a metric, which we have already defined in Definition 1.10, will
be important. A metric space is not an algebraic structure but is rather meant to model the abstract
properties of distance.

Definition 2.1. A metric space is a pair (M, d), where M is a nonempty set and d : M x M — R is
a real-valued function, called a metric on M, with the following properties.

(1) (Positive definiteness) For all x,y € M, d(x,y) > 0 and d(z,y) = 0 if and only if x = y.

(2) (Symmetry) d(x,y) = d(y,x) Vz,y € M.

(3) (Triangle inequality) d(x,y) < d(z,z) +d(z,y) Vz,y,z € M.

(1) Any nonempty set M is a metric space under the discrete metric

|0 ifzx=y
(2) The set R™ is a metric space under the Euclidean metric defined for z = (z1,...,z,) and

y:(ylv"‘7yn)by

d(l’, y) = \/($1 - y1)2 +ooet (xn - yn)Q'

One can define different metrics on the set R", for example,
d1($7y) = “Tl - 11/1‘ +--+ |$n - yn‘a
which makes it a different metric space.

(3) The set C" is a metric space under the unitary metric

d(z,y) = Vl]x1 — 12+ + |z — gl

(4) The set C|[a, b] of all real-valued (or complex-valued) continuous functions on [a, b] is a metric
space under the metric

d(f,g) = sup |f(z)— g(z)|.

z€la,b]

We refer to this metric as the sup metric.

(5) The set C|[a, b] of all real-valued (or complex-valued) continuous functions on [a, b] is a metric
space under the metric

b
d(f.g) = / (@) — g(a)| d.

(6) Next example is on a metric space of sequences. We will denote sequences by boldface italic
letters, as in & = {x,}. The set /3 of all bounded sequences of real numbers is a metric space
under the metric defined by

d(:l:, y) = sup |‘Tn - yn‘
n

The set 2 of all bounded complex sequences, with the same metric, is also a metric space. As is
customary, we will usually denote both of these spaces by £°°.

July 16, 2019 19 Karel Svadlenka



2.2 Open and closed sets

(6) Forp > 1, let ¢P be the set of all sequences x = {x,,} of real (or complex) numbers for which

[e.9]
Z |z [P < oo.
n=1

[e%e} 1/10
(|, = (}:Ixnw> -
n=1

Then #? is a metric space under the metric

0 1/p
M&y%ﬂ@—MM=<§]%—%#> :
n=1

The proof of the fact that /P is a metric, is left as an exercise (HW, see Problems). Here we
introduce two important inequalities related to this metric.
Holder’s inequality: Let p, ¢ > 1 satisfy

We define the p-norm of x by

S4-=1
P q

If x € (P and y € £9, then the product sequence xy = {x,y,} is in ¢! and

lzylls < [[lpllyllq,
that is,

0o o) 1/p 0 1/l1
n=1 n=1 n=1

A special case with p = g = 2 is the Cauchy-Schwarz inequality

00 00 00
n=1 n=1 n=1

Minkowski’s inequality: For p > 1, if ¢,y € (P, then the sum « + y = {x,, + y,, } is in /7 and

Iz +yllp < llllp + [Yllp,
00 l/p 00 l/p 00 1/17
(Z rxn+yn|p) < (Z\M) + (Z ryn|p) :
n=1 n=1 n=1

2.2 Open and closed sets

that is,

Definition 2.2. First, we define the notion of open and closed ball that will be used to define open and
closed sets. Let M be a metric space. Let xo € M and let r be a positive real number.

Open ball: B(zg,r) ={x e M | d(x,z9) <1}
Closed ball: B(zo,r) ={zx € M| d(z,x¢) <71}
Sphere: S(zo,r)={x € M| d(z,xo) =1}

A subset S of a metric space M is said to be open if each point of S is the center of an open ball that is
contained completely in S. More specifically, S is open if for all x € S, there exists an r > 0 such that
B(xz,r) C S.

A set'T' C M is closed if its complement T in M is open.
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2.3 Convergence in a metric space

It is easy to show that an open ball is an open set and a closed ball is a closed set (HW(1p): prove it).
If x € M, we refer to any open set S containing = as an open neighborhood of x. Then a set is open if
and only if it contains an open neighborhood of each of its points.

- In the metric space R with the usual Euclidean metric, the open balls are the open intervals
B(zg,r) = (xg — ryx0 + 1)
and the closed balls are the closed intervals

B(xo,r) = [0 — 7,0 + 7]

However, the “’clopen” interval (a, b] is neither open nor closed.

Theorem 2.3. The collection O of all open subsets of a metric space M has the following properties:

(1) e O, M cO
(2) If S, T € Othen SNT € O
(3) If {S;i|i € K} is any collection of open sets, then | J;.; S; € O

These three properties form the basis for an axiom system that is designed to generalize notions such
as convergence and continuity.

Definition 2.4. Let X be a nonempty set. A collection O of subsets of X is called a topology for X if
it has the following properties:

(1) V0, Xec0O
(2) If S, T€Othen SNT € O
(3) If {S;|i € K} is any collection of sets in O, then | J;c;c S; € O

We refer to subsets in O as open sets and the pair (X, Q) as a topological space.

Theorem 2.3 says that open sets in a metric space, as defined above, form a topology for M. This
topology is called the topology induced by the metric. Topological spaces are the most general setting
in which we can define concepts such as convergence and continuity. However, in this lecture we will
work only with topologies induced by a metric, and thus we will phrase all statements directly in terms
of the metric.

2.3 Convergence in a metric space

Definition 2.5. A sequence in a metric space M converges to x € M, written {x,} — x, if

lim d(z,,z) = 0.

n—oo

Equivalently, {x,} — x if for any € > 0, there exists an N > 0 such that
n>N = d(xn, ) <e,

or equivalently,
n>N = xn € B(x,€).

x is called the limit of the sequence {x,}.
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2.4 The closure of a set

In the following theorem we characterize closed sets (and therefore also open sets), using conver-
gence.

Theorem 2.6. Let M be a metric space. A subset S C M is closed if and only if whenever {z,} is
a sequence in S and {x,} — x, then x € S. In loose terms, a subset S is closed if it is closed under
taking of sequential limits.

Proof. Suppose that S is closed and let {z,,} — x, where x,, € S for all n. Suppose that z ¢ S. Then
since x € S¢ and S is open, there exists an € > 0 for which x € B(x, ) C S°. But this implies that

B(z,e) N{z,} =0,

which contradicts the fact that {x,,} — x. Hence, z € S.

Conversely, suppose that .S is closed under the taking of limits. We show that S¢is open. Let z € S and
suppose to the contrary that no open ball about z is contained in S¢. Consider the open balls B(x, %)
for all n > 1. Since none of these balls is contained in S¢, for each n, there is an z,, € S N B(z, %) It
is clear that {x,,} — x and so x € S. But z cannot be in both S and S¢. This contradiction implies that
5S¢ is open. Thus, S is closed. O

2.4 The closure of a set

Definition 2.7. Let S be any subset of a metric space M. The closure of S, denoted by cl(S), is the
smallest closed set containing S.

Since the entire space M is closed and since the intersection of any collection of closed sets is closed
(HW(2p): prove it), the closure of any set .S does exist and is the intersection of all closed sets containing
S. The following definition characterizes the closure in another way.

Definition 2.8. Let S be a nonempty subset of a metric space M. An element x € M is said to be a
limit point, or accumulation point, of S if every open ball centered at x meets S at a point other than
x itself. Let us denote the set of all limit points of S by S'.

The following theorem tells us about the relation between limit points and closures. We will not
prove it here since the proof is similar to that presented in Calculus classes.
Theorem 2.9. Let S be a nonempty subset of a metric space M.
(1) = € S" if and only if there is a sequence {xy,} in S for which x,, # x for all n and {z,} — x.
(2) S is closed if and only if S’ C S, i.e., if and only if it contains all of its limits points.
(3) cl(S)=SuUs".

(4) x € cl(S) if and only if there is a sequence {x,,} in S for which {x,} — x.

2.5 Dense subsets

The concept of density is meant to convey the idea of a subset S C M being “arbitrarily close” to
every point in M.
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2.5 Dense subsets

Definition 2.10. A subset S of a metric space is dense in M if cI(S) = M. A metric space is said to
be separable if it contains a countable dense subset.

Thus, a subset S of M is dense if every open ball about any point x € M contains at least one
point of S. Every metric space contains a dense subset but the question is if there is dense subset that is
countable.

(1) The real line R is separable, since the rational numbers Q form a countable dense subset. Simi-
larly, R™ is separable.

(2) The complex plane C is separable, as is C" for any n € N.
(3) A discrete metric space is separable if and only if it is countable. (HW(2p): prove it)

(4) The space £*° is not separable. To see this, consider the set S of all binary sequences
S={{zn}| 2z, =0o0r1 foralli}.

This set is in one-to-one correspondence with the set of all subsets of N and so is uncountable.
Now, each sequence in S is certainly bounded and so lies in £°°. Moreover, if x # y for two
sequences x, y € S, then the two sequences must differ in at least one position and so d(x, y) = 1.

in other words, we have a subset S of ¢°° that is uncountable and for which the distance be-
tween any two distinct elements is 1. This implies that the balls in the uncountable collection
{B(s, %) | s € S} are mutually disjoint. Hence, no countable set can meet every ball, which
implies that no countable set can be dense in ¢*°.

(5) The metric spaces #? are separable for p > 1. The set S of all sequences of the form

s = (QI7'7QTL7O7"')

for all n > 0, where the g;’s are rational, is a countable set. Let us show that it is dense in /7. Any

x € /P satisfies
o0
Z |z [P < oo.
n=1

Hence, for any € > 0, there exists an /N such that

[e.9]

3 Jal < g

n=N+1

Since the rational numbers are dense in IR, we can find rational numbers ¢;, for which

9

|:L‘¢—qi|p<ﬁ, i=1,...,N.
Hence, if s = (¢1,...,4qn,0,...), then
P - P S p_ % ¢
e = Solen P+ D el < G4 g =e

which shows that there is an element of S arbitrarily close to any element of /. Thus S is dense
in /P and so /P is separable.
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2.6 Continuity

2.6 Continuity

In this section we define the notion of continuity of functions, which extends the notion of continuity
of functions of several real variables.

Definition 2.11. Let f : M — M’ be a function from the metric space (M, d) to another metric space
(M',d"). We say that f is continuous at xo € M if for any € > 0, there is § > 0 such that

dx,zo) < = d'(f(z), f(xg)) < e

or, equivalently,

f(B(z0,0)) € B(f(z0),¢).

A function is continuous (on M) if it is continuous at every point xo of M.

Next, we look at the relation between the notions of convergence and continuity (corresponding to
sequential definition of continuity for functions of several variables).

Theorem 2.12. A function f : M — M’ is continuous if and only if whenever {x,,} is a sequence in
M that converges to xo € M, then the sequence { f(xy,,)} converges to f(x), in short,

Proof.

e Suppose first that f is continuous at z( and let x,, — x¢. Then, given ¢ > 0, there is 6 > 0 such
that
f(B(z0,6)) € B(f(x0),¢)-

Since now x,, — xo, there exists NV > 0 such that z,, € B(x, d) forn > N and so
n>N = f(zn) € B(f(%0),¢)

Thus, f(z,) — f(x0).

e Conversely, suppose that x,, — xo implies f(x,) — f(z0). We employ the proof by contradiction
and assume that f is not continuous at z¢. Then there exists an € > 0 such that for all § > 0

f(B(x0,6)) € B(f(x0),¢).

Hence, for all n > 0,

f(B(zo,3)) € B(f(x0),¢),
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2.7 Completeness

and so we may construct a sequence {x,, } by choosing each term x,, with the property that

Tn € B(an %)7 but f(xn> ¢ B(f(l’o),z’f).

This means that x,, — x but f(x,) does not converge to f(zp). This contradiction implies that
f must be continuous at z.

O
The following theorem says that distance is a continuous function.
Theorem 2.13. Let (M, d) be a metric space. Then
Tp —x and Yy, =Y = d(Zn, Yn) — d(z,y).
Proof. HW(2p) 0

2.7 Completeness

Definition 2.14. A sequence {x,} in a metric space M is a Cauchy sequence if for any € > 0 there
exists N > 0 for which
n,m>N = d(x,,z,) <ec.

The notion of Cauchy sequence is defined for functions on R in Calculus classes, where we learnt
that convergence of a sequence is equivalent to its being a Cauchy sequence. However, in general metric
spaces this is not true:

e It is easily shown using triangle inequality that any convergent sequence is a Cauchy sequence.

e When the converse holds (i.e., when any Cauchy sequence is convergent), the space M is called
complete. The property of completeness plays a major role in the theory of inner product spaces.
Complete inner product spaces are then called Hilbert spaces.

Definition 2.15. Let M be a metric space.

(1) M is said to be complete if every Cauchy sequence in M converges to an element in M.

(2) A subspace S of M is complete if it is complete as a metric space.

Theorem 2.16. Let M be a metric space.
(1) Any complete subspace of M is closed.

(2) If M is complete, then a subspace S of M is complete if and only if it is closed.

Proof. (1) Assume that S is a complete subspace of M. Let {z,} be a sequence in S for which
xn, — x € M. Then {x,} is a Cauchy sequence in S and since S is complete, {x,,} must
converge to an element of S. Hence, S is closed.
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2.7 Completeness

(2) In view of part (1), we need to only prove that if S is closed and {x,,} is a Cauchy sequence in
S, then {z,} converges in S. Since {z,} is also a Cauchy sequence in the complete space M, it
must converge to some x € M. But since S is closed, we have z € S. Hence, S is complete.

O]

(1) It is well-known from Calculus classes, though the proof is not simple, that the metric spaces
R,R™, C, C™ are complete. Let us prove that R™ is complete provided we know that R is complete.
Suppose {z}} is a Cauchy sequence in R"™, where

rp = (Tr,1s - Thon)-

Thus,

n
d(mk,xm)z = Z(az;“ — xm7i)2 —0 as k,m — 00,
i=1
and so, for each coordinate position %,

(SUk,i - xm,i)z < d(xkyxm)z — 0,

which shows that the sequences {x ; }x—=1,2, .. of i-th coordinates are all Cauchy sequences in RR.
Since R is complete, we must have

Tgi — Yi as k — oo.

Ify = (y1,...,yn), then
n

d(ﬂ?k,y)2 = Z(xkﬂ- — y¢)2 —0 as k — oo,
i=1

and so x,, = y € R™. This proves that R" is complete.

(2) The metric space (Cla, b], d) of all real-valued (or complex-valued) continuous functions on [a, b]
with the metric

d(f,g) = sup |f(z)—g(z)]

z€[a,b]
is complete. To see this, we first observe that the limit with respect to d is the uniform limit on
[a, b], that is d(f,, f) — 0 if and only if { f,,} converges uniformly to f, in other words, for any
e > 0, there is N > 0 for which

n>N = |fulz)— f(x)] <e for all x € [a, b].
Now let { f,,} be a Cauchy sequence in (Cla, b], d). Thus, for any € > 0, there is N for which
m,n>N = |fu(z)— fm(x)] <e forall = € [a, b]. (2.1)

This implies that, for each x € [a,b], the sequence { f(z,)} is a Cauchy sequence of real (or
complex) numbers and so it converges. We can therefore define a function f on [a, b] by

fl@) = lm fu(2).
Letting m — oo in (2.1), we get
n>N = |fu(z)— f(z)|<e forall x € [a, b].

Thus, {f,} converges to f uniformly. It is well known that the uniform limit of continuous
functions is continuous and so f € Cla, b]. Thus (C|a, b], d) is complete.
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2.7 Completeness

(3) The metric space (C|a, b], d1) of all real-valued (or complex-valued) continuous functions on [a, b]
with the metric

b
d(f.g) = / (@) - g(x)|da

is not complete. For convenience, we take [a, b] = [0, 1] and consider the sequence of functions

0 if z € [0, 3]
fal@) =S nz—2 ifzelsi+3].
1 ifx €[5+ +,1]
1
fal)
0 y ata |

One can show that the sequence { f,,} is Cauchy but does not converge in (C|0, 1], d;) (HW(3p))
because the limit function is discontinuous.

(4) The metric space ¢ is complete. To see this, suppose that {x,} is a Cauchy sequence in £,
where
Ty = (Tn1,Zn2,...).

Then, for each coordinate position i, we have

| — Tmi| < sup | j — Zm ;| =0 as m,n — oo. 2.2)
J

Hence, for each 4, the sequence {z,, ;} of i-th coordinates is a Cauchy sequence in R (or in C).
Since R (or C) is complete, we have

Tni — Yi as n — oo

for some y; for each coordinate position . We want to show that y = {y;} € ¢*° and that x,, — y.
Letting m — oo in (2.2) gives

sup |zn,; — yj| = 0 asn — oo (2.3)
J

and so, for some n,
|zn; —y;| <1 for all 7,

and so
lyj| < 14 |zp ] for all j.

But since x,, € £, it is a bounded sequence and therefore so is {y;}. Thatis, y = {y;} € £*°.
Moreover, since (2.3) implies that x,, — y, we see that £*° is complete.

(5) The metric space ¢? is complete. To prove this, let {z,,} be a Cauchy sequence in /¥, where

Ty = (Tn1, Tn2, .. ).
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2.7 Completeness

Then, for each coordinate position ¢, we have

o0
| — TmlP < Z | — Tm |’ = d(@n, zm)? =0 as m,n — oo,
j=1

which shows that for each i, the sequence {xy, ;} of i-th coordinates is a Cauchy sequence in R
(or in C).Since R (or C) is complete, we have

Tni — Yi as n — oo

for some y; for each coordinate position i. We want to show that y = {y;} € ¢? and that x,, — y.
To this end, observe that for any € > 0, there is NV for which

T

nm>N = Z\xn,i—xmﬂpge for all » > 0.

i=1
Now let m — oo to get
-
n>N = Z|xn7i—yi]p§£ for all » > 0.
i=1
Letting » — oo, we get for any n > N

[e.o]

Z ’xn,i - yz’|p <g,

i=1
which implies that {x,,} —y € ¢P and so y € ¢P. In addition, x,, — y.
Not all metric spaces are complete but there is a method to make them complete if they are not. In

order to define this completion process exactly, let us first recall the notion of isometry, which is, roughly
speaking, a function preserving distances.

Definition 2.17. Let (M, d) and (M',d") be metric spaces. A function f : M — M’ is called and
isometry if
d(f(z), f(y)) = d(z,y)  forallz,y € M.

If f : M — M’ is a bijective isometry from M to M', we say that M and M' are isometric.

Theorem 2.18. Ler f : (M,d) — (M’,d’) be an isometry. Then
(1) f isinjective
(2) f is continuous

(3) f~1: f(M) — M is also an isometry and hence also continuous.

Proof (1) We just observe that
fl@)=fly) < d(f(=),f¥)=0 & dzy)=0 < z=y
(2) Let z, — x in M. Then
d'(f(wn), f(2)) = d(zn,x) >0 asn— o0

and so f(x,) — f(z), which proves that f is continuous.
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(3) We have
d(fH(f (@), FH (W) = da,y) = d'(f(=), f(y)),

andso f~!: f(M) — M is an isometry.

O]

Theorem 2.19. Let (M, d) be any metric space. Then there is a complete metric space (M',d') and
an isometry T : M — 7(M) C M’ for which 7(M) is dense in M'. The metric space (M',d') is called
a completion of (M, d). Moreover, (M',d') is unique, up to bijective isometry.

For the details of the proof, see [1], p. 316. Here, we give only a very rough outline of it:

1. Define M’ as the set of equivalence classes of Cauchy sequences in M, i.e., one element of M’ is
the whole class of Cauchy sequences in M which converge to the same limit.

2. Define d’ on M’ as follows: d'(z,y) = limy, o d(zp, yn ), where z,, — x and y,, — y.

3. Theisometry 7 is defined by 7(x) = equivalence class containing the constant sequence z, z, x, . . ..
Show that 7(M) is dense in M’.

4. Prove that (M’',d’) is complete.

5. Show that (M’ d’) is unique by constructing the bijective isometry between M’ and any other
metric space that fulfills the conditions of the theorem.
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3 Hilbert spaces

In this section, we will use our knowledge from the previous section on metric spaces and extend
the theorems that we proved in the first section for finite dimensional inner product spaces (especially,
Fourier approximation and Riesz representation theorem) to infinite dimensional inner product spaces.

In the following we will study the so-called Hilbert spaces, which are inner product spaces that are
complete under the metric induced by the inner product, that is, the metric

d(z,y) = |z —y| = iz —y,z —y).

In case an inner product space is not complete, one can construct its completion just as for any metric

space.

Theorem 3.1. Let V be an inner product space. Then there exists a Hilbert space H and an isometry
7 :V — H for which TV is dense in H. Moreover, H is unique up to isometric isomorphism.

ey

2

One of the most important Hilbert spaces is the space £2. The inner product is defined by

(9]
n=1

The metric induced by this inner product is

. 1/2
d(x,y) = |lz —y2 = (Z |z — an2>
n=1

which agrees with the definition of the metric space ¢? we gave earlier, that is, the metric in the
previous example is induced by this inner product. As we saw there, this inner product space is
complete and so it is a Hilbert space. In fact, it is the prototype of all Hilbert spaces, introduced
by David Hilbert in 1912, even before the axiomatic definition of Hilbert space was given by John
von Neumann in 1927.

The other metric spaces /7 (p # 2), with distance given by

o) 1/p
d(@,y) = [lz - yl, = (len —m”) 3.1

n=1

are not even inner product spaces. More specifically, there is no inner product whose induced
metric is given by (3.1). To see this, observe that any norm that comes from an inner product must
satisfy the parallelogram law

e+ yll* + | — yl* = 2]|=[* + 2]ly]*.

But the norm in (3.1) does not satisfy this law. For example, take = (1,1,0,...) and y =
(1,-1,0,...). Then

le+yl,=2, lz—yll,=2 |lzll, =27, |yll,=2"".

Thus, the left side of the parallelogram law is 8 and the right side is 4-22/? which equals 8 if and
only if p = 2.

July 16, 2019 30 Karel Svadlenka



3.1 Infinite series

(3) Another example of a Hilbert space is L?(a, b), which is the space of all measurable real-valued
functions that are square integrable on the interval (a, b):

L*(a,b) = {f :(a,b) - R| /ab(f(x))Qd:K oo}.

Its metric and norm follow from the inner product defined by
b
(9) = [ f)go)
a

Theorem 3.2.
(1) Any complete subspace of an inner product space is closed.
(2) A subspace of a Hilbert space is a Hilbert space if and only if it is closed.

(3) Any finite-dimensional subspace of an inner product space is closed and complete.

Proof. Parts (1) and (2) are the same as in Theorem 2.16, so let us prove that a finite-dimensional
subspace S of an inner product space V' is closed. Suppose that {x,,} is a sequence in S, z,, — x and

x ¢ S.Let B={b1,...,by} be an orthonormal Hamel basis for S . The Fourier expansion
m
S = Z <ZL‘, bl> bl
i=1

in S has the property that z — s # 0 but
(x —s,bj) = (x,b;) — (s,b;) = 0.

Thus, if we write y = = — s and y, = x,, — s € S, the sequence {y, }, which is in .S, converges to a
vector y that is orthogonal to .S. But this is impossible, because ¥,, | y implies that

2 2
lyn =yl = llyall® + llyl* = lyl* # 0.

This proves that S is closed.

To see that any finite-dimensional subspace .S of an inner product space is complete, let us embed .S (as
an inner product space in its own right) in its completion S’. Then S (or rather an isometric copy of .S)
is a finite-dimensional subspace of a complete inner product space S’ and as such it is closed. However,
S is dense in S” and so S = S’, which shows that S is complete. O

3.1 Infinite series
Since an inner product space allows both addition of vectors and convergence of sequences, we can
define the concept of infinite sums, or infinite series.
Definition 3.3. Let V be an inner product space. The n-th partial sum of the sequence {xy} inV is
Sp =21+ -+ .
If the sequence { sy} of partial sums converges to a vector s € V, that is, if

|sn —s|| = 0 as m— oo,
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then we say that the series y_ x,, converges fo s and write
oo
Z Ty = S.
n=1
Furthermore, a series Y xy, is said to be absolutely convergent if the series Y - | ||x|| converges.

The key relationship between convergence and absolute convergence is given in the next theorem.
Note that completeness is required to guarantee that absolute convergence implies convergence.

Theorem 3.4. Let V be an inner product space. Then 'V is complete if and only if absolute convergence
of a series implies convergence.

Proof. Suppose that V' is complete and that ) ||z || < co. Then the sequence {s,,} of partial sums is a
Cauchy sequence, for if n > m, we have

n n
[$n — smll = Z TE|| < Z |k — 0.
k=m+1 k=m+1

Hence, the sequence {s,,} converges, that is, the series » |, x} converges.

Conversely, suppose that absolute convergence implies convergence and let {x,, } be a Cauchy sequence
in V. We wish to show that this sequence converges. Since {xy,} is a Cauchy sequence, for each k > 0,
there exists an N with the property that

.. 1
i,j 2 Np = i — 25l < o

Clearly, we can choose N; < Ny < - - -, in which case

1
HxNk+l _xNkH < ok’

and so
o 00 1
Z HxNk--;—l - xNkH < Z 27 < oQ.
k=1 k=1

Thus, according to hypothesis, the series

oo
Z (:UNk+1 - xNk)

k=1

converges. But this is a telescoping series, whose n-th partial sum is

ITNpp1 — TNy

and so the subsequence {x, } converges. Since any Cauchy sequence that has a convergent subsequence
must itself converge, the sequence {z} converges and so V' is complete. U

- Let us show two counterexamples for spaces that are not complete.
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(1) Take (Q,]-]), i.e., the rationals with absolute value as distance. This space is not complete since
the closure of QQ is R. The goal is to find a series of rational numbers which absolutely converges to
a rational number but converges to an irrational number. To this end, look at the Taylor expansion

of v/1 + x about z = O:

Vitzr=14+az+a?+azaz®+---,

which converges for x € [—1, 1]. The coefficients a,, are rational numbers and they have alternat-
ing signs (positive for n odd and negative for n even) as can be readily confirmed by computing
the derivatives of (1 + :1:)1/2. Setting x = —1, we get

0=1—-a1+ax—az+--- = Z|an|:1,
so the series ) _ a,, converges absolutely. On the other hand, setting z = 1,

\[2=1+a1+a2+a3+~- = Zan:\/i—lg(@.

(2) Take the space of complex polynomials on the unit circle with sup norm. Then the series

o0 n

x
n=0 2"

is a series of polynomial terms and converges absolutely. Indeed, |z| = 1, hence ) [2"/2"| =

>>1/2™ = 2, which is a (constant) polynomial. However, the series itself does not converge

because > 2" /2" = 72— is not a polynomial.

3.2 Best approximation

Suppose that V' is an inner product space and that S is a subset of V. It is of considerable interest
to be able to find, for any « € V| a vector in S that is closest to = in the metric induced by the inner
product, should such a vector exist. This is the approximation problem for V. Suppose that x € V and
let

0 = inf ||z — 5.
sesS

By the definition of infimum, there is a sequence {s,, } for which
Op = ||z — sp|| = 0.

Let us see what we can learn about this sequence. First, if we let y;, = = — s, then according to the
parallelogram law,

2 2 2 2
o+ w30+ g = 5% =2 (el + 1)

or )
Yk T Yj

5 3.2)

2 2 2
o = w51% = 2 (Ilgell® + 1y 2) — 4

Now, if the set S is convex, that is, if
r,yeS = re+(l-rjyes forall 0<r<1

(in words, S contains the line segment between any two of its points), then (s; + s;) /2 € S and so
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3.2 Best approximation

Thus, (3.2) gives
Iy = vl <2 (el + s l”) =462 >0 as k,j — oo

Hence, if S is convex, then the sequence {y,} = {x — s,} is a Cauchy sequence and therefore so is

{sn}.

If we also require that S be complete, then the Cauchy sequence {s,,} converges to a vector Z € S
and by the continuity of the norm, we must have ||z — Z|| = § . We summarize our findings in the
following theorem.

Theorem 3.5. Let V' be an inner product space and let S be a complete convex subset of V. Then for
any x € V, there exists a unique T € S for which

|z —z[| = inf ||z — s
seS

The vector X is called the best approximation to x in S.

Proof. Only the uniqueness remains to be established. Suppose that
lo =3l =6 = ||z —2/||.
Then, by the parallelogram law,
lE-2|* = (z—a) - @~ )|
= 2z —Z|*+ 2|z — x’H2 — |2z -z - x’H2

7+
2

= 2z —z|*+2 |z — :U'H2 —4 Hx -

< 2024252 —-46%2=0

andsoz = 2. O
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Since any subspace S of an inner product space V' is convex, Theorem 3.5 applies to complete
subspaces. However, in this case, we can say more.

Theorem 3.6. Let V be an inner product space and let S be a complete subspace of V. Then for any
x € V, the best approximation to x in S is the unique vector ' € S for whichx — 2’ L S.
Proof. Suppose that x — 2’ 1 S, where 2/ € S. Then for any s € S, we have z — 2’ | s — 2/ and so
2 2 2 2
lz = sI* = |lo = 2'[]” +[]a" = s[|” > [z — 2/

Hence 2/ = 7 is the best approximation to z in S.
Now we need only show that x — T | S, where Z is the best approximation to z in S. For any s € S,
we have

H:Jc—7’s||2 (x —rs,x —rs)

= |zl =7z, 5) = r(s, ) + 75|

TR
=l + ol | -7~
" al?

_ T 2 s 2 ,r_<‘7378> F_(a:,s) _‘(a},8>’2
= ol +1o1” \bP)( !MQ) EE

2 2
2 2 (z,5) (2, 5)]
— + — _
2]+ |Is[|” |r EE EE
Now, this is smallest when
ECY)
IIs]?”
in which case 2. 5) ‘2
T8
2z = ros)|* = [|l=f|* = =5
sl
Replacing = by x — ¥ gives
a2
o =& = ros]? = o - 37 - 22
s

But 7 is the best approximation to z in S and since Z—rgs € S we must have ||z — & — ros|® > ||z—Z]?
Hence,
[{z —,5)|

N =2
Is]|2
or equivalently,
(x—72,8)=0

Hence,z — 7z L S. O

According to Theorem 3.6, if .S is a complete subspace of an inner product space V, then for any
r € V, we may write
r=2+ (v —72),

where 7 € S and z —7 € S*. Hence, V = S+ S+ and since SN.S+ = {0}, we alsohave V = S® S+.
This is the projection theorem for arbitrary inner product spaces.
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Theorem 3.7 (The projection theorem). If S is a complete subspace of an inner product space V, then
V=S50S
In particular, if S is a closed subspace of a Hilbert space H, then

H=S8oS".

Theorem 3.8. Let S, T and T’ be subspaces of an inner product space V.
(1) If V=SOTthenT = S+ .
2) IfSOT=SO0T thenT =T".

Proof. f V. = S ®T, then T C S+ by definition of orthogonal direct sum. On the other hand, if
z € St thenz = s+t forsome s € Sandt € T. Hence,

0= (z,5) = (s,s)+ (t,s) = (s,5)

and so s = 0, implying that z = t € T. Thus, S+ C T.. Part (2) follows from part (1). O
Let us denote the closure of the span of a set S of vectors by cspan(5) .

Theorem 3.9. Let H be a Hilbert space.
(1) If A is a subset of H, then cspan(A) = AL
(2) If S is a subspace of H, then cl(S) = S+t

(3) If K is a closed subspace of H, then K=K+t

Proof. We leave it as HW(3p) to show that [cspan(A)]* = A'l. Hence
H = cspan(A) ® [espan(A)]T = cspan(A4) ® AL,

But since A~ is closed, we also have
H = AJ_ ® AJ'J',

and so by Theorem 3.8, cspan(A) = AL, The rest follows easily from part (1). O

In the problems, we provide an example of a closed subspace K of an inner product space V' for
which K # K. Hence, we cannot drop the requirement that I be a Hilbert space in Theorem 3.9.

Corollary 3.10. If A is a subset of a Hilbert space H, then span(A) is dense in H if and only if
At ={0}.

Proof. As in the previous proof,
H = cspan(A4) ® A+

and so A+ = {0} if and only if H = cspan(A). O
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We recall Hilbert basis for a Hilbert space H is a maximal orthonormal set in H. Zorn’s lemma can
be used to show that any nontrivial Hilbert space has a Hilbert basis. Moreover, as we will show later,
any two Hilbert bases for a Hilbert space have the same cardinality.

Since an orthonormal set O is maximal if and only if O+ = {0}, Corollary 3.10 gives the following
characterization of Hilbert bases.

Theorem 3.11. Let O be an orthonormal subset of a Hilbert space H. The following are equivalent:

(1) O is a Hilbert basis.
2) 0+ ={0}.
(3) O is a total subset of H, that is, cspan(O) = H.

Part (3) of this theorem says that a subset of a Hilbert space is a Hilbert basis if and only if it is a total
orthonormal set.

3.3 Fourier expansions

Our next goal is to find an explicit expression for the best approximation to any vector x from within
a closed subspace .S of a Hilbert space /. We will divide our investigations into three cases, depending
on whether .S has finite, countably infinite, or uncountable dimension.

3.3.1 The finite-dimensional case

Suppose that O = {uq,...,uy,} is an orthonormal set in a Hilbert space H. Recall that the Fourier
expansion of any x € H, with respect to O, is given by
n
T= Z <$a uk> Uk
k=1

where (z, uy) is the Fourier coefficient of = with respect to u. Observe that
<.T} -, uk) = <.T},’U,k> - <‘/f7 uk> =0,

and so x — Z L span(Q). Thus, according to Theorem 3.6, the Fourier expansion 7 is the best approxi-
mation to x in span(Q). Moreover, since x — * L Z, we have

I1Z1% = llz )1 = llz = 21> < l|=]1?,

and so
2] < ||

with equality if and only if = Z, which happens if and only if z € span(O).

Theorem 3.12. Let O = {uy,...,uy} be a finite orthonormal set in a Hilbert space H. For any
x € H, the Fourier expansion T of x is the best approximation to x in span (QO). We also have Bessel’s
inequality

1Z[ < ll=|

or equivalently,
n

[, ui) | < ] (3.3)
k=1
with equality if and only if x € span(O).
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3.3.2 The countably infinite-dimensional case

In the countably infinite case, we will be dealing with infinite sums and so questions of convergence
will arise. Thus, we begin with the following.

Theorem 3.13. Let O = {uy,us,...} be a countably infinite orthonormal set in a Hilbert space H.
The series

oo
> rpug (3.4)
k=1
converges in H if and only if the series
o
> frel? (3.5)
k=1

converges in R. If these series converge, then they converge unconditionally (that is, any series formed
by rearranging the order of the terms also converges). Finally, if the series (3.4) converges, then

oo 2 oo

2
> ]| = Il
k=1 k=1

Proof. Denote the partial sums of the first series by s,, and the partial sums of the second series by p;,.
Then form < n

2 n

= > Irel* = Ipn— Dl

k=m-+1

n
E TrUk

k=m+1

|80 — SmH2 =

Hence {s,} is a Cauchy sequence in H if and only if {p,} is a Cauchy sequence in R. Since both H
and R are complete, {s,,} converges if and only if {p,,} converges.

If the series (3.5) converges, then it converges absolutely and hence unconditionally. We use the fact
that a real series converges unconditionally if and only if it converges absolutely. But if (3.5) converges
unconditionally, then so does (3.4). The last part of the theorem follows from the continuity of the
norm. O

Now let O = {uj,us, ...} be a countably infinite orthonormal set in H. The Fourier expansion of
a vector z € H is defined to be the sum

F= (z,u)u. (3.6)
k=

1

To see that this sum converges, observe that for any n > 0, (3.3) gives

n
> e w)” < Jlz)?,
k=1

and so

o0
D e un)* < e,
k=1

which shows that the series on the left converges. Hence, according to Theorem 3.13 the Fourier expan-
sion (3.6) converges unconditionally. Moreover, since the inner product is continuous,

(x — Z,ux) = (x,ur) — (T,ux) =0,
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and so  — 7 € [span(OQ)]* = [cspan(O)]*. Hence, 7 is the best approximation to z in cspan(O).
Finally, since z — Z | Z, we again have

1ZI* = [lz))* = llz — ZII* < [z,
and so
1Z] < ||zl

with equality if and only if = Z, which happens if and only if z € cspan(Q). Thus, the following
analog of Theorem 3.12 holds.

Theorem 3.14. Let O = {uy,us, ...} be a countably infinite orthonormal set in a Hilbert space H.
For any x € H, the Fourier expansion

)
T = Z<xauk> Uk

k=1

of x converges unconditionally and is the best approximation to x in cspan(Q).
We also have Bessel’s inequality
1zl < =,

or equivalently,

oo
2

> lwu)? <l

k=1

).

with equality if and only if x € cspan(QO

3.3.3 The uncountably infinite-dimensional case

To discuss the case of an arbitrary orthonormal set O = {uy, | k € K}, we need to review the concept
of the sum of an arbitrary number of terms, since usual series are defined only for countable number of
terms.

Definition 3.15. Ler K = {x | k € K} be an arbitrary family of vectors in an inner product space V.

The sum g x is said to converge to a vector x € V and we write
keK

Tr = E T
keK

if for any € > 0, there exists a finite set S C K for which

S

keT

T D S, T finite = <e.

The function
S — Z T, S finite

is a called a net in V' and the above definition is referred to as the net definition of convergence.
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Theorem 3.16. Let K = {xy | k € K} be an arbitrary family of vectors in an inner product space V.

If the sum
D

keK

converges, then at most a countable number of terms xj, can be nonzero.

Theorem 3.17. Let KK = {xy. | k € K} be an arbitrary family of vectors in an inner product space V.

(1) If the sum )",y x), converges, then for any € > 0, there exists a finite set I C K such that

S

keJ

JNI=0,Jfinite = <e

(2) IfV is a Hilbert space, then the converse of (1) also holds.

Theorem 3.18. Ler O = {uy | k € K} be an arbitrary orthonormal family of vectors in a Hilbert

space H. The two series
2
E TLUL and g |7k |
keK keK

converge or diverge together. If these series converge, then

2
2
> rhur| =) Il

keK keK

Proof. The first series converges if and only if for every € > 0, there exists a finite set / C K such that

Z TEUk

keJ

2

JNI=40,J finite = < e

or equivalently,
JNI=0,J finite = |rp|* < €
keJ

and this is precisely what it means for the second series to converge. O

The following is a useful characterization of arbitrary sums of nonnegative real terms.
Theorem 3.19. Let {ry | k € K} be a collection of nonnegative real numbers. Then
Z Tk = sup Z Tk.

ke K JQK,JﬁnitekeK

The following theorem explains the compatibility of the net version and usual version of definition
of convergence.

Theorem 3.20. Let H be a Hilbert space. If xi, € H, then the following are equivalent:
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(1) > keN+ Tk converges to x in the sense of nets

(2) Z,;“;l x), converges unconditionally to x

Let us now think about Fourier expansions. Let O = {uy | kK € K} be an arbitrary orthonormal set in
a Hilbert space H. Given any x € H, we may apply Theorem 3.12 to all finite subsets of O, to deduce
that

sup Y |(w,up) [P < [laff?
JCK, J finite keJ

and so Theorem 3.19 tells us that the sum

> [ u)?

keK

converges. Hence, according to Theorem 3.18 , the Fourier expansion

7= Z (@, ug) ug

keK

of x also converges and

1207 =D 1w, )

keK

Note that, according to Theorem 3.16, Z is a countably infinite sum of terms of the form (z, u) uj and
so is in cspan(O).
The continuity of infinite sums with respect to the inner product implies that

<£C - /.T\, uk> = <x7uk> - </'T\’ uk> =0

and so z—7 € [span(O)]* = [cspan(O)]*. Hence, Theorem 3.5 tells us that Z is the best approximation
to z in cspan(0). Finally, since # — T L 7, we again have ||Z]|?> = ||z|? — ||= — Z||* < ||z||? and so

120 < [l

with equality if and only if x = Z, which happens if and only if € cspan(O). Thus, we arrive at the
most general form of a key theorem about Hilbert spaces.

Theorem 3.21. Let O = {uy, | k € K} be an orthonormal family of vectors in a Hilbert space H. For
any x € H, the Fourier expansion

= Z (@, ug) ug

keK

of x converges in H and is the unique best approximation to x in cspan(Q). Moreover, we have Bessel’s
inequality
12| < [z,

or, equivalently,

> e ) < Jlalf?

keK

with equality if and only if x € cspan(O).
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3.4 Characterization of Hilbert spaces

Since by Theorem 3.11 an orthonormal set O = {uy, | k € K} in a Hilbert space H is a Hilbert basis
if and only if cspan(Q) = H, the last theorem then leads to the following characterization of Hilbert
bases.

Theorem 3.22. Let O = {uy | k € K} be an orthonormal family in a Hilbert space H. The following
are equivalent:

(1) O is a Hilbert basis (a maximal orthonormal set)

(2) O+ = {0}

(3) O is total (that is, cspan(O) = H)

(4) x =7 forall x € H

(5) Equality holds in Bessel’s inequality for all x € H, that is,
]l = Iz

(6) forall x € H Parseval’s identity

(z,y) = (T, )
holds for all x,y € H, that is,

<{E,y> - Z <1’,’U,k> <y7uk>

keK

Proof. Parts (1), (2) and (3) are equivalent by Theorem 3.11. Part (4) implies part (3), since T €
cspan(Q), and (3) implies (4) since the unique best approximation of any x € cspan(O) is itself and
so x = . Parts (3) and (5) are equivalent by Theorem 3.21. Parseval’s identity follows from part (4).
Finally, Parseval’s identity for y = x implies that equality holds in Bessel’s inequality. O

We now wish to show that all Hilbert bases for a Hilbert space H have the same cardinality and so
we can define the Hilbert dimension of H to be that cardinality.

Theorem 3.23. All Hilbert bases for a Hilbert space H have the same cardinality. This cardinality is
called the Hilbert dimension of H, which we denote by hdim(H ).

Proof. If H has a finite Hilbert basis, then that set is also a Hamel basis and so all finite Hilbert bases
have size dim(H ). Suppose next that B = {b;, | k € K} and C = {c¢; | j € J} are infinite Hilbert bases
for H. Then for each by, we have

b= (b cj) 5,

J€Jx
where Jj; is the countable set {j | (b, c;) # 0}. Moreover, since no ¢; can be orthogonal to every by,
we have |, Ji, = J. Thus, since each J;, is countable, we have

U

keK

/| = < Ro| K| = [K].

By symmetry, we also have |K| < |J| and so the Schroder-Bernstein theorem implies that |J| =
K. O
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3.4 Characterization of Hilbert spaces

In order to give a characterization of Hilbert spaces, let K be any nonempty set and let

E%K):{f:K%(C‘ Zf(k:)|2<oo}.

keK

The functions in ¢(K) are referred to as square summable functions. We can also define a real version
of this set by replacing C by R. We define an inner product on /2(K) by

(Fo9) = S F(k)g(R).
keK

The proof that £2(K) is a Hilbert space is quite similar to the proof that /> = ¢2(N) is a Hilbert space:
HW(4p). If we define §;, € ¢2(K) by

. 1 ifj=k
5k(]):5k,j:{ 0 lf:;#k‘ )

then the collection
O={0;|keK}

is a Hilbert basis for £2(K), of cardinality |K|. To see this, observe that

(6:,6;) = > 6i(k)6;(k) = 6i 5,

keK

and so O is orthonormal. Moreover, if f € ¢(?(K), then f(k) # 0 for only a countable number of
k € K, say {ki1, ka,...}. If we define f’ by

F =" f (ki) S,
=1

then f' € cspan(Q) and f/(j) = f(j) for all j € K, which implies that f = f’. This shows that
??(K) = cspan(©) and so O is a total orthonormal set, that is, a Hilbert basis for £?(K).

Now let H be a Hilbert space, with Hilbert basis B = {uy | k € K'}. We define amap ¢ : H —
(%(K) as follows. Since B is a Hilbert basis, any = € H has the form

x = Z (T, up) ug.
keK
Since the series on the right converges, Theorem 3.18 implies that
2
> e u)]
keK
converges. Hence, another application of Theorem 3.18 implies that the following series converges:

$x) = > (x,ug) 6.

keK

It follows that ¢ is linear and it is not hard to see that it is also bijective. Notice that ¢ (uy) = 0y and so
¢ takes the Hilbert basis B for H to the Hilbert basis O for £?(K).

Notice also that

2

= ||=]*

lé(@)I? = (¢(a), dla)) = 3 I, ur)[* =

keK

Z (@, ug) ug

keK

and so ¢ is an isometric isomorphism. We have proved the following theorem.
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3.5 The Riesz representation theorem

Theorem 3.24. If H is a Hilbert space of Hilbert dimension k and if K is any set of cardinality k,
then H is isometrically isomorphic to (*(K).

- For finite cardinality N the only Hilbert space is the space FV (RY or CV) with the usual
Euclidean inner product. For cardinality Ro, we have the space #2(N) = ¢2, the sequence space, and
for cardinality N1, we have the Lebesgue space L?(R) or L?(a, b) of square integrable functions.

3.5 The Riesz representation theorem

Not all linear functionals on a Hilbert space have the form “take the inner product with.., > as in the
finite-dimensional case. To see this, observe that if y € H, then the function

fy(x) = (z,y)

is certainly a linear functional on H. However, it has a special property. In particular, the Cauchy-
Schwarz inequality gives, for all x € H

[fy(@)] = [z, )] < ll=llllyll

or, forall z # 0

1£,(@)
L < .

Noticing that equality holds if x = y, we have

oy (@)

= [lyll

This prompts us to make the following definition, which we do for linear transformations between
Hilbert spaces.

Definition 3.25. Let 7 : Hy — Hs be a linear transformation from Hy to Ho. Then T is said to be

bounded if
7]

< 0.

If the supremum on the left is finite, we denote it by ||T|| and call it the norm of 7.

- Take the linear functional (check that it is really linear)

f:c(o,n]) =R defined by fle) = /7T o(x) sinz dz,
0

where C([0, 7]) is equipped with the sup norm. To find the norm of f, we estimate

o)l < /O o) sinda < s Jo(o) /0 sinz dz = 2| ¢llo(on).
xe|0,m

Thus we can say that || f|| < 2 and f is bounded. Moreover, taking the constant function po(x) = 1,

we discover o
[f (o)l _ Jo sinazdx

leoll — 1 7

which implies that in fact || f|| = 2.
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3.5 The Riesz representation theorem

Of course, if f : H — F'is a bounded linear functional on H, then

171 = sup L)

The set of all bounded linear functionals on a Hilbert space H is called the continuous dual space, or
conjugate space, of H and denoted by H*. Note that this differs from the algebraic dual of H, which is
the set of all linear functionals on H. In the finite-dimensional case, however, since all linear functionals
are bounded (HW(3p): prove it), the two concepts agree. Unfortunately, there is no universal agreement
on the notation for the algebraic dual versus the continuous dual.

The following theorem gives some simple reformulations of the definition of norm.

Theorem 3.26. Let 7 : Hy — Hos be a bounded linear transformation. Then
(1) ||I7ll = sup|g=1 7|l

(2) |7l = supjzy <1 72|

(3) |I7|| = inf{c € R| ||7z|| < ¢||z|| forall x € H}
Proof. HW(3p) O
The following theorem explains the importance of bounded linear transformations.

Theorem 3.27. Let 7 : Hy — Hs be a linear transformation. The following are equivalent:

(1) T is bounded
(2) T is continuous at any point o € H

(3) T is continuous.

Proof. Suppose that 7 is bounded. Then
Iz — Tol| = |17 (2 — @) || < |7 |z — zo]| = 0

as * — xg. Hence, 7 is continuous at xg. Thus, (1) implies (2). If (2) holds, then for any y € H, we
have
|7z — Tyl = |7 (x —y + 20) — 7 (z0)|| = O

as r — y, since 7 is continuous at zg and x — y + zg — zg as y — x. Hence, 7 is continuous at any
y € H and (3) holds. Finally, suppose that (3) holds. Thus, 7 is continuous at 0 and so there exists a
0 > 0 such that

[zl <6 = flrafl < 1.

In particular,

el 1
HxH =0= <<
el =3
andso el 1 frall 1
TIOX T
=1=||oz|| =0 = < - = < -.
el =t = o foal =37 ]l =3
Thus, 7 is bounded. O
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3.5 The Riesz representation theorem

Now we can state and prove the Riesz representation theorem.

Theorem 3.28 (The Riesz representation theorem). Let H be a Hilbert space. For any bounded linear
Sfunctional f on H, there is a unique zy € H such that

f(x) = (2, 20)

forall x € H. Moreover,

2ol = 171

Proof. If f = 0, we may take zy = 0, so let us assume that f # 0. Hence, K = ker(f) # H and since
f is continuous, K is closed. Thus H = K ® K. Now, the first isomorphism theorem, applied to the
linear functional f : H — F implies that H/K ~ F (as vector spaces). In addition, H/K ~ K= and
so K+ ~ F. In particular, dim (K*) = 1.
For any z € K, we have

xe K= f(x)=0=(z,2).

Since dim (KL) = 1, all we need to do is to find 0 # z € K for which
f(z) = (z,2)

for then f(rz) = rf(2) = r(z,2) = (rz, z) for all r € F, showing that f(z) = (z,2) forx € K+ as
well.
Butif 0 # z € K+, then

i),
(2,2)

has this property, as can be easily checked. The fact that ||zg|| = || f|| has already been established. ]

zZ20 —
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4 Fourier series

4 Fourier series
In this section, we will introduce the Fourier series of a function in L?(—, ). These Fourier series

are obtained by constructing a special orthonormal basis for the Hilbert space L?(—, 7), which consists
of trigonometric functions.

Definition 4.1. Let \ be Lebesgue measure on [—m, wt]. We write dx for d\(x). The space L*(—m, )
consists of equivalence classes of measurable functions f : [—m, 7| — C such that

| 1@ <.

—T

T 1/2
1l ) = ( / | f(x)]Qda:> |

The norm is defined by

(1) The usual convention is that we write f € L?(—m,m) and remember that this means that the
equivalence class [f] corresponding to f belongs to L?(—m, 7). Since functions in the same
equivalence class have the same integral, there is no ambiguity in the convention as long as we
deal only with integrals. However we should avoid notation like [f] (z¢) for a specified point z
because we can change the value of a representative for a class [f] on a set of measure zero (a
point {xo} has measure zero) without changing the class.

(2) It may seem artificial to consider the interval [—, 7] in the definition. However, this is natural
due to the fact that trigonometric functions sin x, cos x are 2mw-periodic. We thus have two options:
Either consider the functions sin x, cos = on the interval [—, ] or any other interval of length 27,
or consider an interval [0, ¢] of a general length ¢ and the ¢-periodic functions sin 27“30, cos 27”35
One option can be obtained by an appropriate scaling from the other, so we are free to choose the

first option, where the formulas become a little simpler.

Theorem 4.2. The space L?>(—m, ) is a Hilbert space (that is, a complete inner product space) with
inner product given by

(f,9) = _ﬂ f(x)g(z) dx.

From now on, we will sometimes denote the space L?(—m, ) by the symbol H. For every n € Z
we define functions in H by

1
en(z) = e for x € [—m, 7.

Ver

Our goal will be to prove the following statement.

Theorem 4.3. The system {ey}, .y is an orthonormal basis in H.

First note that {e”}nEZ is an orthonormal system in H (HW(2p): prove it). The idea of the proof
that this system is a basis is to take the Fourier series

Z<f7 en)en (),

neL

July 16, 2019 47 Karel Svadlenka



4.1 Computation of Fourier series

and its partial sums
N

sn(@) = Y (Foenden(a),

n=—N
and show that ||sy — fl|z2(—r,x) = 0 as N — oo, that s,

™

lim sy (x) — f(x)|* dz = 0.

N—oo J_ o

The proof of this fact will be the topic to follow but first let us look at the properties of Fourier series
more specifically.

4.1 Computation of Fourier series

Here we consider only real-valued functions that are 27-periodic. A function f(z) defined on R is
called a periodic function if there exists a number 7" > 0 such that
flz+T) = f(z) Vz € R.

The smallest number 7" for which the above relation holds is called the period of f.

Lemma 4.4. If f is T-periodic continuous function, then

/a e = /0 " i) de

Proof. Consider the function

It is clear that
Fl(x)=f(x+T)— f(x) =0 Vz € R,

since f is T-periodic. Thus, F'(x) is a constant function and F'(a) = faa+T f(x)dx = fOT f(z)de =
F(0). O

Definition 4.5. Let
fi@), fa(@), ..., fal2), ...

be a sequence of functions defined on some interval I C R.

e We say that this sequence is convergent (or pointwise convergent) to a function f(x) on I if for
each fixed point x € I the number sequence { f,(x)} converges to the number f(x).

e The sequence of functions { f,, } is said to be uniformly convergent to a function f(x) on I if for
each € > 0 there exists a number N depending on € only, such that

|fu(z) — f(x)| <€ forall n> N. and z €.

e For a given sequence of functions { f,,} the series

n=1

is convergent on I 1o s(x), if the sequence of partial sums {sn(x)} converges pointwise to s(x)
on I, where

sn(z) = fi(z) + fo(z) + ... + fn(2).
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4.1 Computation of Fourier series

o [fthe sequence {sn(x)} is uniformly convergent to s(x) then we say that the series y - | fn(x)
is uniformly convergent.

Lemma 4.6. If the functions

fi@), fa(x), ..., fal2), ...

are continuous on an interval [a,b] and the series y .- | fn(x) is uniformly convergent on [a,b], then
the sum of the series s(x) is a continuous function on |a, b|. Moreover the series obtained term by term
integration of this series is also convergent and

. b
S [ fwie= [ s

Lemma 4.7 (Weierstrass Theorem). If the functions

fi(x), fa(x), ..., fulz),...

are continuous on an interval [a, b]
|fn(z)| < an, Vzelab,n=12...

and the series y . | a, is convergent then the series y .- | fn(x) is uniformly convergent to some
function that is continuous on [a, b] .

The following statement is deduced from Theorem 4.2 and holds for L?(—m, 1) considered as space
of either real-valued or complex-valued functions.

Lemma 4.8. The system

1 1 1 1 }
cos x, — sin x, — cos 2z, sin 2z, ...
{sz O S R

is an orthonormal basis in L*(—, ).
Proof. HW(3p) ]

Now, the natural question is which functions f(x) have trigonometric series expansion

o
= ?0 + Z an cos(nz) + by, sin(nz)),
n=1
and if so, how to compute the coefficients ag, a1, ..., an, ..., b1, b2, ...7 If we prove Lemma 4.8, we will

immediately know that for a function f € L?(—m, ), the coefficients are given by the inner products
an = (f(z), ﬁ cosnx), b, = (f(x), ﬁ sinnx), though we cannot say whether these coefficients are
unique. The following theorem shows this fact without using Lemma 4.8 but under stronger assumptions

on f.
Theorem 4.9. Suppose that f is 27w-periodic function and

ao
=3 + Z:l an cos(nx) + by, sin(nz)), 4.1)
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4.1 Computation of Fourier series

where the series is converges uniformly on the real axis. Then

1 s
an, = — f(z)cos(nz)dr, n=0,1,2...
™ —T
1 (/" .
by = — f(x)sin(nz)de, n=1,2...
0

—Tr

In the proof, we will use the following result:

Lemma 4.10.
/7T s lfm =n
/Tr sin(me) sin(nx) dxr = { g ZZ ; Z

/ﬂ cos(mz)sin(nx)dr = 0.

—T

Proof. First consider the case m # n. Then

cos(mzx) cos(nz) = % [cos(m + n)x + cos(m — n)x],

SO

/ cos(mzx) cos(nx)dr = 2/ cos(m+n)xd:r+2/ cos(m — n)z dx

—T —Tr
g 1 g

= 0.

- 2(m — n) -

On the other hand, if m = n,

s 1 s
/ cos®(nx) do = 2/ [1 4 cos(2nz)] dx = .
For the second equation, we use the formula

sin(mz) sin(nx) = % [cos(m — n)x — cos(m + n)z],

and calculate in a similar way.
The last equation can be obtained from a symmetry argument, i.e., sin is an odd function and cos is an
even function, hence their product is odd and the interval on (—7, 7) becomes zero. O

Proof of Theorem 4.9. Multiply cos(mx) to (4.1) and integrate over (—, 7) to obtain

f( ) cos(mx) dx

/ cos(mx de‘+/ Zan cos(nz) cos(mx dm+/ Zb sin(nx) cos(mx) dx
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4.1 Computation of Fourier series

Since we assume the series converges uniformly, we can exchange the order of integration and (infinite)
summation and apply the previous lemma to find

i f(z) cos(mz) dx

™

= cos(mzx) dx + Zan/ cos(nz) cos(mx) dx + Zb / sin(nz) cos(mx) dx

2 /. -

= G,

n=1

which proves the formula for a,, form = 0,1, 2, . ... The proof of the formula for b,, is analogous. [

- Find the Fourier series corresponding to the function f(z) given on [—, 7| by

[ m+z, xe[-m0]
f(I)_{W—x, ze0,n]

assuming that it exists and converges uniformly.

We calculate

1 [ 2 [T 2 21"
apg = — f(x)dx:/ (7T—l’)dl‘:|:ﬂ'l'—x:| =2r—7m=m
T J)_r T Jo us 2 ]y
2 ™ ™ 2 T
an, = / (m — x) cos(nzx) dr = 2/ cos(nx)dx — — / x cos(nz) dz
T Jo 0 T Jo
2 (™ (1 . ' 2. . .2 [T
= _7T/0 x <n sm(nm)) dr = —%[1: sin(nx)|§ + ”77/0 sin(nx) dx
2 [ 1 21 1 2 .
= E |:_n COS(nCC):| . = E |:n — E COS(TLTI’):| = % (]. — (—1) ) .

Thus a,, = 0 if n is an even number, and a,, = n%? if n is an odd number. The Fourier series is

f(z) = g + = Z (2kzi1)2 cos(2k — 1)x.
1

T
k=

However, we have not yet enough knowledge to justify that we can really write ”=" in the above

formula. We will confirm later that it is true because f is continuous.

1

1 1
- Using Fourier series find the value of the sum 1 + 3 + ) + =) +...
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4.2 Convergence of Fourier series

4.2 Convergence of Fourier series

First let us state two results on Fourier series: Bessel’s inequality and Riemann-Lebesgue lemma. We
have proved in Theorem 3.14 that Bessel’s inequality holds for any orthonormal set in a Hilbert space.
Applying this general result to the orthonormal sets we have here, we obtain the following two results.

Proposition 4.11 (Bessel’s inequality 1). Let

oo
a :
30 + E (an, cosnz + by, sin nx) (4.2)

n=1

be the Fourier series of a function f € L?(—m, ). Then the following Bessel’s inequality holds:

2 il g
Q
7T§0+7T2(ai+b%) < fQ(x) dx = ||f||%2(77r,7r)'

n=1

Proposition 4.12 (Bessel’s inequality 2). Let

> cnen() (4.3)

nez
be the Fourier series of a function f € L?(—m, ), where e,(x) = ﬁeim. Then the following Bessel’s
inequality holds:
s
Sleal < [ 15@) P de = 1712 r
neZ -

Riemann-Lebesgue lemma says that the Fourier coefficients decrease to zero. We give two versions
of this lemma with different assumptions and different proofs.

Theorem 4.13 (Riemann-Lebesgue lemma 1). If f(x) is a continuous function on R with Fourier
series (4.2), then

lim a, = lim b, = 0.
n—0o0 n—oo

Proof. This follows immediately from Bessel’s inequality but we give another proof that does not rely
on it. Since cos & = — cos(a + 7) we have

Ty, = :T f(z)cos(nz)dx = — _T; f(z) cos [(w + %) n} dx.

Making the change of variables y = x + 7 and using Lemma 4.4 we obtain

_7; f(z)cos(nz)dx = — /::i f (y - %) cos(ny)dy = — /_7; f (y - %) cos(ny) dy.

Hence we have

2rla,| = 2 ‘ () cos(nx) dx

= ‘/_: {f(x) —f (:c — %)} cos(nz) dz

[l (=) o
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4.2 Convergence of Fourier series

The function f is continuous on [—, 7] thus it is uniformly continuous on [—m,7]. Therefore, the
integral in the right hand side tends to zero as n — oo. So a,, — 0 as n — oco. The proof for b, is
similar. ]

Notice that the following theorem has weaker assumptions than being an element of L?(—, 7).
Indeed, L?(—m, 7) is a strict subset of L!(—, ) as, for example, the function f(z) = |z|~/2 shows.

Theorem 4.14 (Riemann-Lebesgue lemma 2). Suppose f € L'(—n, 7) with Fourier series (4.3). Then
¢n, —> 0asn — +oo.

Proof. Assume first that f € L?(—m, 7). From Bessel’s inequality we have

2
Z |C7l| < HfH%Q(fw,ﬂ) < 0.

neL

Thus } s \cn|2 is convergent and ¢,, — 0 as n — +o0.
Now let f € L!(—m, ), and for each N € N define

_J fl@), if[f(z)| <N
fN(x)_{O, if | f(z)| > N.

Then fy € L?(—m, 7),and |f(z) — fn(z)] — 0as N — oo foralmost all z in [—7, 7r]. But |f — fn| <
| f1, so by the dominated convergence theorem we get
™

lim |f(z) — fn(x)| dz = 0.

N—oo J_,

The idea of the proof is to use the linearity of Fourier coefficients to write

en(f) = en(f = fN) +en(fN)

and estimate each of the two terms on the right-hand side separately. Here we use the symbol ¢, (g) for
the Fourier coefficients of function g.

Let £ > 0. Choose N large enough so that

[ 150 - in@lde <[5,

and then choose Ny such that |c, (fn)| < €/2 for |n| > Ny (by the first part of the proof, applied to
fn)- Then
1 s

= | @) = dve)l de <

len (f = )| < ;

and therefore
len (O < len (f = fN)| +en (fN)l <& for [n| > No.

This proves the theorem. O

Next, let us look at pointwise convergence of Fourier series. For N € N, the N’th Dirichlet kernel
is given by the partial series
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4.2 Convergence of Fourier series

for t € R. The function t — e is periodic with period 2, so the same is true of Dy. Moreover, Dy is
continuous. We have that

N i
S int = i Z i e NPT ift ¢ 2nZ
2 2N +1, ift € 277

Recalling de Moivre’s formula, we have cos§ = 3 (¥ + e7) and sin 6 = & (e? — e=*). Therefore
sin(N—s—%)t .
DN(t) = 27 sin %t , ift ¢ 2L
20+l ift € 27

which shows that D is an even function (meaning Dy (—t) = Dy (t) for all ¢). From the definition of

Dy we have
™

Dy (t)dt = 2/7r Dy(t)dt = 1. (4.4)
0

The importance of the Dirichlet kernel lies in the fact that its convolution with f gives the N’th partial
sum of the Fourier series of f. Indeed,

N
sy(z) = g cnen(x) =5 g emye”w dy
n=—N n=

1 (7 o
- L[S sy
T ph=—N

= " Dntz— ) i) dy 4.5)

—T

Theorem 4.15. Given f € L'(—x, ), let f be its extension to a 2r-periodic function on R . Suppose
x € Rand s € C are such that the function

fle+y) +f(x—y)—2s

9(y) = ;

for y € (0,00)

is integrable on an interval (0, 0] for some 6 > 0. Then the Fourier series of [ is convergent at x with

SUmy o Cnén () =5

Proof. Note that the assumption that g is mtegrable on (0 é] for some § > 0 implies that g is integrable
over any interval (0, a| for any a > § because |g(y s ([f@+y)|+ |f(@z—y)|+2|s|) fory € [6,al.

Since Dy is 27 -periodic, (4.5) gives

T

sy(z)= [ Dn)f(z+y)dy.

—T

Since the Lebesgue integral is invariant under the transformation y — —y and since Dy is an even
function, we get

T 0
sy (@) = /0 D) (e +y) dy+ | Dn@)f (@ +y) dy

—T

— /WDN(y)f(a:—l—y) dy+/ﬂDN(—y)f(x—y) dy
0 0
_ /ODN<y>(f<m+y>+f<x—y>>dy-
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4.2 Convergence of Fourier series

By (4.4) we can write s = 2s [ Dn(y) dy, and therefore
sw@)=s = [ Da) (@t + o=y =25) dy

- ;ﬂ/oﬂsin((N—i—é) y) 9(y)

yy
SlIl§

on (0, 7], we can define a function h in L!(—m,7) by setting h(y) = g(y)ﬁ for y € (0,4] and
2
h(y) = 0 for y € [—m,0]. Then also
1 i 1 i
h(y)ez¥ and h = h(y)e 2Y
vz W)= v

belong to L!(—m, ), so by Riemann-Lebesgue lemma 4.14 we have c_x (h1) — 0 and cy (hg) — 0
for N — oco. Using that sin @ = 2 (¢ — e~") we obtain

— dy
sin ¥

Since g is integrable on an interval (0, §] with § > 0 and y — is bounded, and therefore integrable

hi(y) =

sy (x) —s= ;ﬂ/oﬂsin (N+ 1) y) h(y)dy = c—n (h1) — e (h2) .

Hence sy () — s when N — o0, as claimed. O
Definition 4.16. A function f defined on an interval (a,b) is piecewise continuous if there is a finite

set of points a = tog < t; < ---tx_1 < tx, = b such that f is continuous at x € (a,b)\ {t1,...,tx_1}
and the limits

fti+) = _}%m>0f<ti+€> (right limit)
ft=) = i f (t; —e)  (left limit)

exist and are finite foralli =0,...,k —landall j=1,... k

In particular only the values f(a+) and f(b—) are known. Note that if we want to extend f to a
periodic function f on R we must define

Fla=) = f(b=) and  F(b+) == flat).

This applies in particular when we start with a piecewise continuous function on (—, 7) and we con-
sider its 27 -periodic extension f to R .

Corollary 4.17. Suppose f is a 2w -periodic function on R which is piecewise continuous on (—7, ),
with points of discontinuity to,t1, ..., 1ty as in the above definition. Assume f has derivatives from left
and right at the point x € R, in the sense that

flet+e) - flat)

I (e+) = 8_1%1?>0 € (4.6)
Py = g SO TG @

both exist and are finite. Then the Fourier series of f converges at the point x and has sum

s= 5 () + £ ().

If (4.6) and (4.7) exist and are finite, and f is continuous at x, then the Fourier series of f is convergent
with sum f (x).
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Proof. Since f is continuous and bounded on each of the intervals (—m,t1), (t1,t2), ..., (tk—1,7), its
restriction to [, 7] is a function in L'(—m, 7). We want to apply Theorem 4.15, where we denote f
both the function in L!(—m, ) and its 27-periodic extension. Take s = 3 (f (z+) + f (z—)). Then g
from Theorem 4.15 is

ety —flt) fla-y - fl-)
) )

9(y) =

By the assumption on f we have

1- — / / _
im g(e) = [ (a4) + () <00
This shows that g is piecewise continuous, and therefore integrable, on an interval (0, §] for some § > 0.
The claim of the Corollary follows from Theorem 4.15. 0

In the following, let us investigate under which conditions Fourier series converges uniformly.

Definition 4.18. A function f on (a,b) is piecewise C if f and its derivative f' are piecewise con-
tinuous. We assume that the finite set of points a = tg < t1 < ---tx_1 < tp = b at which there are
discontinuities is the same for f and f’.

For example, the function f(z) = |z| defined on (—m, ) is piecewise C. In fact f is continuous
everywhere, and f’ has a discontinuity at 0. Another example of piecewise C'! function is the Heaviside
function H (x), which is discontinuous at x = 0.

Note that if f is piecewise C'! on (—, 7) then its 27-periodic extension to R is piecewise C! on any
open interval.
Moreover, since the Fourier coefficients are defined by integrals, and since the (Lebesgue) integral
does not depend on values of f at a finite number of points, we can assign arbitrary values to
f(to), ..., f(tx); their choice will not affect the Fourier coefficients.

Lemma 4.19. Let f be a continuous 2m-periodic function on R which is piecewise C* on [—, ).
Then ¢y, (') = incy(f) foralln € Z.

Proof. Since f’ is piecewise continuous on [—m, 7], it is integrable, so ¢, (f’) is well-defined. Since f
is continuous on [—r, 7|, partial integration works in the usual form on [—7, 7], in the sense that we do
not split up [—, 7] at points ¢1, . .., tx_1 (this would give additional terms). So we get the claim from

en (f/) — \/]é? B f’(x)e*i”’”dzzr

= [V%f(x)e_m”‘} :r + \/12? /_7; inf(x)e " dg
= incp(f).
O

Theorem 4.20. Let f be a continuous 27-periodic function on R which is piecewise C' on [—, 7).
Then the Fourier series of f is uniformly convergent on R with sum f.

July 16, 2019 56 Karel Svadlenka



4.2 Convergence of Fourier series

Proof. Lemma 4.19 implies that

D lealH = lco(HI+ D lealH+ D lemn(f)]

nez neN neN
= oD+ 3+ fen (7)] + 3 e ()]
neN neN

Since f is piecewise continuous, it is in L?(—m, 7). Then Y,y % [c, (f')] is the inner-product in

12(N) of the sequences {%}neN and {|c, (f') |},,e (this last one is in [*(N) by Bessel’s inequality
applied to f’). It follows " - L |¢, (f’)| < oo and similarly for 3°, . 2 |c— (f’)|. Then the series

neN n
> nen len(f)] is convergent, and it follows that } ¢ (f)en() is uniformly convergent. Its limit
must be f by the last assertion in Corollary 4.17. O

Finally, we prove Theorem 4.3, which said

The system {en}, 5 is an orthonormal basis in H.

Proof. Recall that C§°((—, 7)) is dense in L?(—m, 7). Then it is enough to prove that

C3°((—m,m)) C span{ey | n € Z}.

Let f € Cg°((—m,m)), and let {5} ;o be the sequence of partial sums of the Fourier series of f. Then
sy € span{e, | n € Z}. Extend f to a 2w-periodic function f on R. Note that f will be continuous
and piecewise C''. Theorem 4.20 implies that sy — f — 0 uniformly on R as N — oo. Restriction to
(—m, ) gives that sy — f — 0 uniformly as N — oo.
Let ¢ > 0. Choose Ny such that for N > Ny we have |sy(z) — f(2)| < ¢/v2r forall x € (—m, 7).
Then .
low = 71z = [ lswlo) = f@) do <
—T

for all N > Ny. This shows |[sy — f||;2 — 0as N — oco. The claim of the theorem is proved. O

- Theorem 4.3 implies that for any f € L?(—n,7) the following identity (Parseval’s identity)

holds: _
Slen)f = [ 1f@P do

nez -
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4.3 Solving the heat equation

We consider the problem

w = a*ugy, x € (0,0),t>0 (4.8)
u(z,0) = f(x), x € [0,/] (4.9)
u(0,t) = u(l,t) =0, t>0. (4.10)

We assume that the solution of the problem has the form
u(x,t) = X(x)T'(t),
where X (x) and T'(t) are nonzero functions. Substituting into (4.8) we get
X(2)T'(t) = a®> X" (2)T(t).
Dividing both sides of the last equality by a2 X (x)T(t) we obtain

T'(t) _ X"(x)
2T() - X(2) 1D

Since the left hand side of (4.11) depends only on ¢ and the right hand side depend only on x each side
of this equality can only be equal to some constant. Thus

') _ X"(x)

2T~ X (@) = —), A = constant
or
T'(t) = —M\a®T(t) (4.12)
X" (x) + XX (z) = 0. (4.13)
It follows from (4.10) that
X(0)=X()=0. (4.14)

So we have to find the values of A for which the equation (4.13) has nonzero solution which satisfies
(4.14). The values of A for which (4.13) has nonzero solution satisfying (4.14) are called eigenvalues of
the problem (4.13)-(4.14), and the corresponding solutions eigenfunctions.

e When A = 0, the equation has a general solution
X(z) = Az + B.
This function satisfies (4.14) just for A = B = 0. Thus A = 0 is not an eigenvalue.
e If A < 0 then general solution of (4.13) has the form
X(x) = CreVIT 4 Che=VIAIZ,

It is easy to see that this function satisfies (4.14) just when C; = Cy = 0. So (4.13), (4.14) has no
negative eigenvalues.

e If A > 0 then the general solution of (4.13) has the form
X (x) = Cy cos(VAz) + Cysin(V\x).
Substituting into (4.14) we obtain

X(0)=C, =0, X(£)=Cysin(vVA) = 0.
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The second equality holds for v\l = nm,n = +1,+2, . ... Thus the numbers

n?n?

)\n: 2

n=12...
are eigenvalues of the problem (4.13), (4.14) and the functions

Xp(x) = sin (%x) , n=12...

are the corresponding eigenfunctions.
It is easy to see that the general solution of (4.12) for A = \,, has the form

To(t) = Dne_CLZ)‘"t, n=12....

Hence foreachn = 1, 2, .. ., the function e~a*Ant gin (%x) satisfies (4.8), (4.10). Since the equation
(4.13) is a linear equation for each N

N
un(z,t) = Z Dye~ Mt gin (n%z/‘) ,
n=1

where D,,,n = 1,..., N are arbitrary constants also satisfies (4.8), (4.10). Next we try to satisfy the
initial condition (4.9):

N(z,0) = iD” sin (n%x) = f(x).
n=1

We see that the solution of the problem (4.8) - (4.10) has this form just when the initial function is linear
combination of functions

k2m?
siny/ A, ....,sin /A, A = i

Let us consider the series

u(z,t) = i Dne*a%‘"t sin (%x) . 4.15)
n=1

Let us note thatif Y 7, |Dj,| < oo, then this series is uniformly convergent on [—¢, ¢] x [0, T], VT > 0.
The function u(x,t) defined by (4.15) satisfies the boundary conditions (4.10) since each term of the
series satisfies these conditions. It follows from (4.15) that u(z, t) satisfies the initial condition (4.9)

f(x) =u(z,0) = iDn sin (%x)
n=1

if and only if
2 [t . o/nm
D, = f, = 6/0 f(z)sin (Tx) dx.

However, this is possible only if the coefficients of cos in the Fourier series of the function f are all zero.
This happens if f is an odd function. Hence, the idea is to extend the function f in an odd way to the
interval [—/, /] and then take its 2¢-periodic extension. If f(0) = 0 as in the following theorem then this
kind of extension is possible and if, moreover, f(¢) = 0 and f is continuous on (0, ¢), then the extended
function is continuous on R.
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Theorem 4.21. If f(x) is continuous on [0,¢], f'(x) is piecewise continuous on [0,¢], and f(0) =

f (&) =0, then the function
o > —a2)\nt . nm
t) = ngl fne sin <7 a:) (4.16)

satisfies (4.8)-(4.10).

Proof. Since f is piecewise smooth, by Theorem 4.20 the series

> 1l
n=1

is convergent. Thus Weierstrass M -test implies that the function u(z, t) is continuous on [0, £] x [0, c0).
Denoting the n-th term of the series 4.16 for u by u,,, let us show that the series

Ouy, >, 9%uy,
; o (1:t)  and nZIW(x,t)

are convergent uniformly for ¢t > tg,x € [0, ¢], where ¢ is an arbitrary positive number. Continuity of
f on [0, ¢] implies boundedness of the sequence { f,,}. So there exists M > 0 so that

|fn] < M, n=12,....

Thus for each ¢ > ¢y and = € [0, ¢] we have

8un 7T2 aznzﬁzt nm _ a?n2x2
. 2 to

B (x,t) — fna® 2 Usin (733) < Min®e 22 ,
where M, = Ma2T KQ , and

82un n2772 a2n2x2 . ni M aZn2x2

—an.mT ¢+ 2 1 -2 n. T ¢,
z,t)| = |—fh—5—€ € “sin (—x) <n‘—e 2 .

Ox? (z,) In 02 1 - a2

It is easy to see that the series
2.2 2

_afnw®,
Ene ez 0

is convergent. Therefore due to Weierstrass M -test the function u(z,t) defined by (4.16) is a solution
of the problem (4.8)-(4.10). ]

e Uniqueness of solution holds for the heat equation, so the above obtained solution is the unique
solution.

o The following types of problems can be solved in a similar way (see Problems).
— Heat equation with source term: u; = auz, + h(z,t).
— Heat equation with inhomogeneous boundary conditions u(0,¢) = A, u(¢,t) = B.

- Heat equation with Neumann boundary conditions: u4(0,t) = u, (E t) =

- Fourier series find applications in many other fields, besides differential equations. For a
short explanation on applications to Weierstrass approximation theorem, number theory, derivation of
isoperimetric inequality, ergodic theory and complex analysis, refer to the notes [2].
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