Hilbert spaces

September 3, 2014

1 Introduction

In linear algebra one of the main notions is the concept of a vector space. Geometry
on finite dimensional vector spaces is called Euclidean geometry and is based on the
concept of inner product spaces which brings notions of orthogonality, distance etc.

This semester we will attempt to study linear algebra in infinite dimensions. This
will bring a lot of new features that cannot be seen in finite dimensions such as the
concept of continuity of linear operators (not all linear operators are continuous), com-
pletness and some new metric properties (the relation between closed and compact sets
is more delicate than in finite dimensions).

Recall a well-known theorem from finite dimensions:

Theorem 1.1. Let A be a real symmetric n X n matriz. Then there is an orthonormal
basis {e1, eq, ..., en} of R™ consisting of eigenvectors of A, i.e.,

Aej:)\jej, j:1,2,...,n.
Hence if v = Y"1, aje;, then Az = Y"1 | Ajage;.

One of our main goals this semester will be to establish an analogue of this statement
for infinite dimensional spaces. See section 5.7 for more.

2 Inner product and normed linear spaces

Unless said specifically otherwise all scalars will be assumed to be complez (in C) unless
stated specifically as real (in R).

Definition 2.1. Let X be a vector space over C. If there exists a function (.,.) :
X x X — C such that

o (z,z) >0 and (z,z) =0 if and only if x = 0.
o (x+y,2) = (r,2) +(y,2)
o (\r,y)=AMz,y), AeC



o (7,y) = (y, 1),
then (X, (.,.)) is called a inner product space (i.p.s.).

Examples: 1. C", x = (x1,22,...,2,), ¥y = (Y1, Y2, - - -, Yn) € C" and

<$, y> = Z TiY;-
i=1

2. 2 ={x = (v1,29,23,...) € C®: > 7 |2;]* < 0o} with inner product

<$, y> = Z TiY;-
i=1

3. M,(C) the space of all n x n matrices with complex entries with inner product
(A,B) =tr(B*A), B*=BT.
4. C[0,1] ={f :[0,1] — C: f is continuous on [0, 1]} with
1
() = | Fa)yda,
0
5. C'0,1] = {f : [0,1] — C: f is continuously differentiable on [0, 1]} with

(f. ) = /0 F(2)9(a) di + /0 )7 de.

Definition 2.2. Let (X, {(.,.)) be an i.p.s. Then for x € X we define

o]l = v/ ().

The function |.|| : X — [0,00) is called a norm. It gives the notion of length of a
vector x.

Recall that if z,y € R", then ||z|| = \/2? + 23 + - -+ + 22 and

(z,9)
vl T

Then there exists a unique 6 € [0, 7] such that cos = % The number 6 is called
an angle between vectors x and y.

Is there an analogue of this in any i.p.s ?

Lemma 2.1. (Cauchy-Schwartz inequality) Let (X, (.,.)) be any i.p.s. Then
[z, < ll=llllyll,  forallz,y e X.

Furthermore the equality holds if and only if vectors x,y are linearly dependent.
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Proof. We may assume that y # 0 and |ly]| = 1. Indeed, the Cauchy-Schwartz
inequality holds when y = 0. If y # 0 then z = y/||y|| has length 1. So if |[(x, 2)| < ||z|
holds then

from which [(z,y)| < ||z||||y|| follows.
Assume therefore that [Jy|| = 1. We look at ||z — (x,y)y]|*.

lz =z, )yl = (z—(o,y)y, 2 — (,9)y) = (2,2) — (2, (z,9)y) -
= (& yy,2) + (=, 9)y, (2, 9)y) =
= |l2l® = (@, y){(z. y) = (@, y){y, 2) + (2, 9) (2. y) =
= [l=l* = [{z, )" (2.1)
From this ||z||* — [{x,y)|> > 0, since the lefthand side is nonnegative.

Equality holds if and only if ||z — (z,y)y||* = 0, i.e., z — (z,y)y = 0. So vector z is
a scalar multiple of y and therefore x,y are linearly dependent.

Lemma 2.2. Let (X, (.,.)) be an i.p.s. Then ||z| = \/{x,z) satisfies
o ||z|| > 0, with equality if and only if x =0,
o ||azx| = |af||z|| for all x € X and o € C,
o ||z +y| < x|+ |yl (triangle inequality).

Proof. The first two are a simple exercises. The triangle inequality holds, since using
Cauchy-Schwartz:

lz+yl? = (z+y,z+y) = (z,z)+ (z,y) + {y,2) + (y,9)
= |lz]* + ly|I*> + 2Re (z,y)
<l + 2/l lyl + yll? = (=l + llyl)?. (2.2)

Lemma 2.3. Let (X, (.,.)) be an i.p.s. Then
e (Pythagoras theorem) If (z,y) =0, then ||z + y||* = ||=[|* + ||ly||*.
e (Parallelogram law) For all z,y € X : ||z +y|* + ||z — y||*> = 2(||z|* + ||ly|*).

e (Polarization identity) For all v,y € X :
(r,y) = {||56 +yll* = llz —yl* +illz +iyl|* — ille — ayl*} -

Proof. Exercise, homework.
Definition 2.3. Let X be a vectors space with a function ||.|| : X — R such that

o ||z|| >0, with equality if and only if x =0,
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o ||az| = |al||z]| for allz € X and o € C,

o [z +y|l <lz| + |lyll (triangle inequality).
The (X, ||.|]) is called a linear normed space (I.n.s) and function ||.|| is called a norm.

Corollary 2.4. Lemma 2.2 implies that any inner product space (X, (.,.)) is also a

normed linear space with norm
]| = v/ (2, z).

Other examples: 1. C" with norm

2]l = max [],
1<i<n

n
lally =) Jail.
i=1

Oor norm

2. C0, 1] with norms

1 1/p
1flle = max | F(2)]. Hfl!p=</0 |f(x)|pdx) C<pes

0<z<1

Notice that the norm ||.||; comes from an inner product:

= ([ \f(x)|2dw)l/2 . \/ [ s = VT

3. P for 1 < p < oo, where

fp:{l‘=($1,$2,$3,...):xi E(Cand Z|x1|p<oo}

i=1
o 1/p
|z, = (leilp> :
i=1

0° ={x = (21,29, 23,...) : x; € C and sup |z;| < o0},
ieN

and

One can also define (> by

with
[2]|oo = sup [].
ieN

Notice that when p = 2 the ¢2? is and i.p.s. Also 7 C (7 for p < q.

Question: When does the norm arise from an inner product? Given n.l.s (X, ||.||)
does there exists (.,.) an inner product such that ||z|* = (x, z).

Claim: A necessary and sufficient condition is that the parallelogram law (Lemma2.3)
holds for all x,y € X:

Iz +yl1* + llz = ylI* = 2(]l2* + [ly*).



3 Metric space structure of normed linear spaces

Consider a normed linear space (X, |.||). Then

d(z,y) = ||z =yl

is a metric on X, hence X is a metric space! Hence we can talk about continuity of
functions on X.

Exercise: Show that
e 1z +— ||z| is continuous map X — R,
e (z,y) — x4y is a continuous map X x X — X,
e (A, z)+— Azr is a continuous map R x X — X,

e if in addition X is an i.p.s then (x,y) — (z,y) is a continuous map X x X — C.

Note. Recall that convergence on a metric space is defined as follows. If (z,) is a
sequence on X, we say that x,, — x (sequence converges to z) if

lim d(z,,z) = lim ||z, —z| = 0.
n—oo n—oo

We say that a sequence (x,,) is Cauchy if

lim d(zp,z,) = lim |z, —z,| =0.
n,m—00 n,m—00

Recall also that every convergent sequence is Cauchy, the reverse is also true if
(X,d) is a complete metric space.

3.1 Closed, open and compact sets on (X, |.||)

Again this is a review from the 3rd year metric spaces course. Let (X,||.||) by any
inner product space.

Definition 3.1. Set 2 C X is called open if for every x € Q) there is € > 0 such that
B.(z) ={y € X;lly —z| <e} C L
Definition 3.2. Set F C X 1is called closed if
Q=X\F=F°

1S open.



Fact: Set F' is closed if and only if for every convergent sequence (z,) C F' we have
that

r =limz, € F.

(We say that F' contains all it limit points.)

Definition 3.3. Set K C X is called compact if for any sequence (z,) C K there is a
subsequence (,, ) such that

lim z,, exists and belongs to the set K.
k—o0

Recall that:
e Compact set are closed
e whenever dim X < oo closed balls
B.(v) ={y € X;|lz —y| <r}
are compact

e When dim X = oo closed balls B, (x) are never compact (last exercise on sheet
2).

Example. This example shows that whether or not a set is closed depends on the
considered norm. Let W be a set consisting of these continuous functions:

falz) =nz, on[0,1/n] falz) =1, on [1/n,1],

for n = 1,2,3,.... Then W is a closed set on the space (C[0,1],].||s) but not on
(C10 2L {[-1)-

Indeed, on (C[0,1],].][1) we have that f, — f, where f is a constant function
1¢W.

1 1/n 9
||fn—f||1=/0 |fn(1:)—1|dx:/0 [fale) = 1lde < = = 0.

Definition 3.4. Let A C X, where X is vector space. In what follows we will denote
by lin(A) the linear span of A:

i=1

N
lin(A) = {Z a;x;; for a; € C and x; € A} )

The set lin(A) is the smallest subspace of X containing A.



Definition 3.5. Let A C X, where X is a n.l.s. The closure of A denoted by A is the
smallest closed set in X containing A. It can be shown that

A= () F

ACF, Fclosed

and
A= {x € X;there is a sequence (x,) C A such that x, — z}.
Examples: X = (C[0,1],].]|«)- Let
A={2";n=0,1,2,...}.
Then lin(A) is the set of all polynomials on [0, 1]:

lin(A) = {z”: a;x'; a; € C} :

=0

What is lin(A)? Answer: Weierstrass theorem.

lin(A) = €0, 1].

3.2 Orthogonality in inner product spaces

In this subsection X will be any inner product space. Recall first the well-known
Gram-Schmidt ortogonalization process.

If {y1,92,...,yn} C X are N linearly independent vectors from X, then we can
find vectors {z1, z,...,xy} that are orthogonal ((z;,z;) =0 for i # j) and

lin({y1,y2,...,yn}) =lin({z1, xo, ..., xn}).

These vectors are defined inductively by

rr = Y,
T
Tog = y2—<y2,x1>w,
N-1 N
N = yN—Z@/N,iUi)W-
i=1 Li

If required these vectors can be made orthonormal (unit length) by taking z; =
i=1,2,...,N.



Definition 3.6. A family (x4)aca C X (A is a set of indices, typically a finite set or
N) in an i.p.s. space X is called orthonormal family if

i <$a,$ﬁ> =0, if a # B,

o (ry,24) =1, for alla € A.

Examples: In (2 - the space of all square sumable sequences the family (e, )nen is
othonormal. Here

e, =(0,0,...,1,0,0,...), where 1 appears on the n-th position.

The space (C0,1],]|.|l2) has an ON family (e™*),en.

Lemma 3.1. (Bessel’s inequality) Let X by any i.p.s. and (e;)Y, be a finite ON family.
Then

N
Z\ z,e))? < |z|)?, for all x € X.
=1

The equality holds if and only if x € lin({e1,ea,...,en}). Then

N

xr = Z(L@)Gi-

=1

Proof. Clearly:

N 2 N N
0 < x—Z(m,ei)ei = <x—z<x ei>ei,x—z<x 6J>6]>
i=1 1 j 1
N N
= al? =) (wed(@e) — > (z,e;) (@ es) + Z z, ez, e;) (e, €;).
=1 7=1 i,0=1

= l=l* - Z {2, )]
i=1

using the orthogonality of e;. From this the claim follows. It also follows that the
equality holds if and only if




3.3 Hilbert and Banach spaces

We may ask a legitimate question whether the Bessel’s inequality holds even if the ON
family (e;) is infinite. If so, what is the sum

[e.e]

Z(m, eiye; 7

i=1
It is fairly easy to check that the sequence (sy) if partial sums

N

Sy = Z<I, ei)e;, is Cauchy, i.e.,
i=1
lim |[|s, — sm| = 0.
,M—00

But, if a metric space is not complete it is not true that every Cauchy sequence is
convergent. This leads us to define:

Definition 3.7. Let (X,|.||) be a normed linear space. We call (X,|.|]) a Banach
space, if (X, d) with metric d(x,y) = ||z — y|| is a complete metric space.
Simalarly, an inner product space that is a Banach space is called the Hilbert space.

If follows that in a Hilbert space the sum

[e.9]

Z(x, ei)e;

=1

is a well defined element for any .

Examples: 1. R", C" with usual inner product are Hilbert spaces

2. R", C" with ||.||, norm 1 < p < oo are Banach spaces
3. P, 1 <p < oo are Banach spaces, p = 2 is a Hilbert space

4. (€C10,1],-ll,) is not a Banach space 1 < p < oo, but when p = oo it is a Banach
space.

The reason why (C10, 1], ||.||,) is not a Banach space p < oo is simple. Consider a
sequence (f,,) if continuous functions defined by

falx) = 0 on|0,1/2), folz) =n(z —1/2) on[1/2,1/2+1/n),
folz) = 1, on[1/241/n,1].

This is a Cauchy sequence in (C]0,1],].|[,), p < oo (check it!) but it limit is a
discontinuous function f(x) =0 on [0,1/2] and f(x) = 1 elsewhere. Hence f ¢ C|0, 1]
and the space is not complete.

An important and interesting question is when a subspace of a Banach space is
itself a Banach space. The complete answer provides the following lemma.

9



Lemma 3.2. Let (X, ||.||) be a Banach space and M C M its subspace. Then (M, |.]])
is a Banach space if and only if M is a closed subset of X.

Proof. Suppose that M is closed. Let (z,) be a Cauchy sequence in M. It follows that
(x,,) is also a Cauchy sequence in X. As X is complete there is x € X such that

|zn — 2| = 0, as n — 00.

Point x is a limit point of set M (since there is a sequence from M converging to it).
But M is a closed set, i.e., it contains all its limit points - in particular it contains x.
Hence x, — z in M and so (M, ||.||) is a Banach space.

Conversely, if (M, ||.||) is a Banach space and z, — x be a convergent sequence of
points z,, € M with limit x € X, then (x,) is a Cauchy sequence in M. Hence by the
assumption, there is y € M such that x,, — y in M. Clearly, y = x, hence x € M and
so the set M is closed.

3.4 Completion of a normed linear space

As we have seen, a very important space (C[0,1],].][,), p < oo we used in examples
is not a Banach space. Is is therefore a legitimate question to ask whether this can
be “fixed” somehow. To formulate this question mathematically, we ask whether for
any n.L.s (X, ||.||) one can find a Banach space (X, ||.||.) such that X C X is a (dense)
subspace and

llz|| = ||z« for all z € X.

This is indeed the case, the abstract construction if such completion can be found
below.

Theorem 3.3. Let (X, |.||) be a normed linear space. Then there exists a Banach
space (X, ||.]|s) (called completion of X ) such that

e XCX
o X = X, where is closure is taken w.r.t ||.||. norm in X
o ||z = [|z|. forallz € X.

Proof. The construction of the completion is somewhat standard and you may have
seen it before in different context. The idea of constructing X is the following:
Consider first a set U of all Cauchy sequences in X:

U={v=(x,),; x, € X and the sequence (z,) is Cachy in X.}

We say two sequences v = (x,,)22, and w = (y,,)°, from U are equivalent v ~ w if
and only if

lim x, —y, = 0.
n—oo
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Clearly, this is an equivalence relation and it allows us to define
X =U/ ~= {set of equivalence classes in U under ~}.

We denote the equivalence class of a sequence v = (2,,)°%; by [v]. To make X a vector
space we define

I+ [wl = [(zn+wa)l,  forv=(2.);2; andw = (yn)nZ,
alv] = [(az,)], for a scalar a. (3.3)

One needs to verify that this definition is independent of particular choice of represen-
tatives u and v.
To make X a normed linear space we put

[e.e]

I[olll« = lim [lz, ||, where v = (zn);%;.
n—oo

Again this definition is independent of particular choice of v from the equivalence class
[v].

We want to this about X as being a subset of X. We can make it so, by identifying
an element x € X with and equivalence class [(z,z,z,...)] € X. Clearly,

]l = [ll(z, 2, ]l

Note also that X is a dense set in X. To see this consider any [v] € X. Let v = (2,)°2,.
Then one can see that
|zn — [v]]]s = 0 as n — 00.

So [v] can be approximated by sequence from the subset X.

Finally we note that (X, |I-]l+) is a Banach space. Indeed, let ([v,])22, be a Cauchy
sequence in X, i.e.,

i ] = ol = 0.

Fix an integer n € N. We have that v, = ('), is a Cauchy sequence in X. It is

therefore possible to find an index k = k(n) such that
1
|Zm — Zr@ || < =, for all m > k(n).
n

Consider now a sequence y, = Tpm), n = 1,2,3,.... We claim that this is a Cauchy
sequence in X, hence [(y,)] € X. Moreover one can check that

Ifon] = [(wa)lll« = 0, asn — oo

It follows that [(y,)] is the limit point of the Cauchy sequence ([v,])22 ;.
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Definition 3.8. For any 1 < p < oo we will denote by L*(0,1) the Banach space that
is the completion of the normed linear space

(€10, 1], [1-11p)-

Note: (for students who had measure theory). Equivalently one can define the space
LP(0,1) as

1
LP(0,1) = {f :1]0,1] — C; function f is measurable and / |f(z)|P do < oo},
0

i = ([ 15 ar) v

Here we use the Lebesgue integral (which is a generalization of the Riemann integral).
In this definition we also consider two functions f,g : [0,1] — C to be the same if

fol |f — g|Pdz = 0.

The space L>(0,1) is defined as

with norm

L*>(0,1) ={f:[0,1] — C; function f is measurable and essentially bounded},

with norm
[ flloo = ess sup,eo1|f(2)].

(If you did not have the measure theory, imagine here f to be just bounded and its
norm defined as the supremum of |f(x)]).

As an observation we note that the space C]0,1] is a proper closed subspace of
L>(0,1) w.r.t the norm ||.||co-

3.5 Equivalence of norms

As we have seen before, in many cases such as on R" or C" we had a choice of which
norm to use. It did not mattered much however, as it had no effect on convergence
of sequences, sets being open or closed, etc. On the other hand we know that if we
consider the space (C[0,1],].||,) for different p the spaces are substantially different,
p = oo is a Banach space, p < oo is not; also certain sequences convergent for some
value of p do not converge for the other values.

It turn out that this is connected with the notion of equivalence of norms.

Definition 3.9. Let X be a vector space with two norms ||.||1 and ||.||2. We say these
two norms are equivalent if there is number C' > 0 such that

C_1H9€H1 <lz||2 < C||z||, for all x € X.
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Lemma 3.4. If the norms ||.|[1 and ||.||2 are equivalent on X, then
Ty = x wr.t || if and only if Ty = x w.r.t |2

Corollary 3.5. If two norms ||.||1 and ||.||2 are equivalent on X, they generate the same
topology on X, that is set that are open(closed) w.r.t one norm are also open(closed)
w.r.t the other norm. Also,

(X, ||.]1) is a Banach space if and only if (X, ||.||2) is a Banach space.
Examples: 1. All norms on R™ or C" are equivalent (see below).
2. The norms ||.||, on C0, 1] are not equivalent for different values of p (prove it!).

Theorem 3.6. Let X be finite dimensional vector space. Then all norms on X are
equivalent.

Proof. Let dim X = n and find a basis (eq, es,...,e,) for X. Let us consider the norm
n
i i
Z||eo = max |z for x = x'e;.
o = e [2', >t
1=

Let ||.|| be ANY other norm on X. We claim that [|z]] < Cy||z]|w, for Cy =
n (maxi<;<n ||e;]]). Indeed, by triangle inequality (for x = > | z'e;):

n n
< Uesll < : < : .
e < D1l < (gmas e ) D 1o < ) el
1= 1=

Furthermore we claim that there is C' > 0 such that
|2]| 0o < Cllz| for all z € X. (3.4)

If (3.4) is true, then indeed ||.|| and ||.||o are equivalent. From this it follows that all
norms on X must be equivalent. To see (3.4) consider the set

S={reX; ||lz]lo =1}
This set is compact, as it is closed and it is a subset of the set
B={reX;|z]e <1}

which is compact by to following argument:
Set B is a continuous image of the compact set

{('Ilaan s 73371) € (Cn7 |IZ| S ]_}
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by a map (21, Z2,...,&,) > Y0y i€

Having this we see that

T

T
bt =t > ) e

since =i— € 8. If we prove that o = infyes lly|]| > 0 we are done as (3.4) follows.
We prove it by contradiction. Assume that o = 0. It follows that there is a sequence
(yn) C S such that

] =

9nlloe =1, and |9l — 0.

As the set S is compact (see above), there is a subsequence (y,,, ) such that

Ynp, =Y ES wrt ||, ie., klim |Yn, — Ylloo = 0.
—00

But, we already now that ||y, —y| < Col|yn, — ¥l|eo, hence y,, =y w.r.t ||| as well.
It follows that

lyll = lim [jy, || =0, ie, —y=0.
—00
But this is impossible, as y =0 ¢ S! So we have a contradiction.
Corollary 3.7.
e Any two norms on finite dimensional vector space are equivalent
o Any normed linear space (X, ||.||) such that dim X < oo is a Banach space

o Any subspace Y C X of a n.l.s X such that dim'Y < oo is closed.

4 Geometry of Hilbert spaces

4.1 Orthogonal projection

Let H be a Hilbert space and M C H its closed subspace. We are looking for a function
P : H — M with the following properties (we set Q = I — P):

e v =Pxr+Qux

e PrlQu, ie. (Pr,Qz) =0

o [|zl* = |1 Pz|* + [|Qz]?

o [|Qx| = dist(x, M) = inf e ||z — y|

Such function (if exists) is called an orthogonal projection onto M.
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Case 1: dim M < oo.

In this case we can construct P directly. Take any ON basis {ej, e, ..., e,} for M
(use G-S to achieve this). We claim that the function

n

Px = Z(m, ei)e;

i=1

does the job! To see this we first establish the following:
Claim: ||z — Pzf| = [lz = 37 (z, es)ei|| = infyenr Iz =y

Indeed:

ylélM ||$ y” al,azl,.r.l.,an,G(C

n
Xr — E a,;€;
i=1

= <x—zaiei,x—2aiei> - (45)

n
r — E ;€
=1

i=1 =1
n n n
= (z,x) — Z@(x, i) — ZCM% e;) + Z a;a5 (e, e;)
=1 =1 4,7=1

= |z —2Red ailw.e) + Y ol
=1 i=1

We note that
i — (z,e)|* = |ai]* — 2 Re @(, e5) + (2, )],

hence

2 n n
= [zl + ) las = {a e =D e el (4.6)
i=1 i=1

n
Tr — E a,;€;
i=1

It follows that (4.6) is minimized when «; = (z,¢;), for all i = 1,2,... n.
The fact that P satisfies the other properties can be easily checked. For example:

(Qu,e;) = (v — Px,ej) = <x — Z(x,ei>ei,ej> = (z,e;) — Z(x,ej><ei,ej) =0

i=1 ij=1
hence Qx_Le; for all j = 1,2,...,n. From this QuL Pz as Px is a linear combination

of vectors e;.

Exercise: Find .
min / |2® — a — br — c2®| dz.
1

a,b,ceR
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Hint of a solution: Denote by M = {all polynomials of degree < 2}. Then

1
min / l2® — a — bx — cz®|dx = inf ||2® — g||
a,b,ceR 1 geM

where the norm ||.|| is defined using the standard inner product:

(f.g) = / Il d

Hence the minimum is equal to ||z3 — P(2?)||, where P is the orthogonal projection
onto M. It remains to find and orthonomal basis of M and the problem is solved.

Case 2: dim M is arbitrary (finite or infinite).
Definition 4.1. For any v € H we define
vt ={y € H;{z,y) = 0}
and for any subset A C H we define
At ={yc H;(x,y) =0 for all v € A}.
Note that A N A+ = {0}. We claim that
Proposition 4.1. At is a closed subspace of H.
Proof. Clearly,

At = ﬂxl.

z€EA

Hence if we prove that ot is a closed subspace of H we are done, as any intersection
of subspaces is a subspace and any intersection of closed sets is again a closed set. We
leave it to the reader that 2 is a subspace. To see it is closed we consider a convergent
sequence (Y, )neny C o+ such that y, — y. We want to see that y € . We know that
(Yn, ) = 0, hence
0 = lim (y,,z) = (lim y,,x) = (y, ).
n—oo n—oo

From this y € o+.

Remark. Notice that the function ) defined is a map Q : H — M*.

Definition 4.2. Let X be a vector space and C' C X. We say the set C' is convex if
for any two points x,y € C we have that

ter+(1—tyeC  forall0<t<1.

16



Examples:

e Subspaces are convex sets

e In anls By(0) = {x;||z]| <1} and By(0) = {z;||z|] < 1} are convex.
e If C is convex then also the set C' —z = {y — x;y € C} is convex.

Theorem 4.2. Let C be a nonempty close and convex set in a Hilbert space H. Then
C' contains a unique element of smallest norm, that is there exists unique xo € C such
that

llzoll < |||, forall x € C.

Proof. For any z,y € C using parallelogram law we know that

<ol B

I3
2 2

2 x oy 2 y
H53+3 +3

As C'is convex, § + & € C, hence

2

r Yy
lw =l = 20l + Iyl? 4|5 +5
< 2llz)* + llyll*] - 407, (4.7)
where by 6 we denote
d = inf ||z
zeC
It follows that if there are two points z,y € C such that § = ||z|| = ||y||, then

necessary by (4.7):
|z — y||* < 2[6° + 6°] — 46° = 0.

From this # = y. This show uniqueness.

For existence, consider a sequence of points (y,)neny C C such that |ly,| — ¢ as
n — oo. We claim this sequence is Cauchy. Indeed, by (4.7) we see that

1y =yl < 2lllynll* + llym[?] — 46 =0 asm,n — oo.

Hence there is y € C such that y = lim,,_,« ||yn||. It follows that ||y|| = lim, e ||Yn]] =
J.

Corollary 4.3. Let E be a nonempty closed convex set in a Hilbert space H and let
yo ¢ E. Then there exists unique xo € E such that

1o = woll = inf Jlz —yol-

Proof. Apply the previous theorem to the set C' = E — yy. Note that C' is a nonempty
closed convex set.
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Theorem 4.4. (On orthogonal projection) Let M be a closed subspace of a Hilbert
space H. Then the following holds:

(i) Every x € H has a unique decomposition v = Px + Qx where Px € M and
Qr € M+.

(ii) Px is the nearest point to x on M and Qz is the nearest point to x on M*.
(iii) The mappings P: H — M and Q : H — M~ are linear.
(iv) llz))* = [|[Pz|* + || Q.
The mappings P and Q are called orthogonal projections onto M (M=), respectively.
Proof. Uniqueness: Suppose that x = 2/ + ¢ = 2" + 3", where 2/, 2" € M and
y',y" € M+. Then
MBSL’/—JJ”:y”—y/EMJ‘.
But M N M+ = {0}, hence 2/ — 2" = ¢’ —y' = 0. From this 2/ = 2" and ¥ = y” so
uniqueness follows.
Existence: Choose any x € H. Note that M is a closed nonempty convex set, hence
by Corollary 4.3 there exists a unique point zy such that
— = dist(x, M) = inf ||z —y|.
|z = wol| = dist(z, M) = inf [|lz - y]
We denote by Pz this point zq, i.e., we set Pr = xy. Clearly, P : H — M. Let
Qr = x — Px. We claim that
Qr e M+, ie., (Qr,y) =0 forally € M.

Indeed, consider any y € M such that ||y|| = 1. Then for any a € C:

1Qz]* = |z —Pz|® < |lz — Pz — ay|* = (Qz — ay, Qz — ay)
= | Qz|* — @(Qx,y) — aly, Qx) + |a|*. Hence:

Take a = (Qz,y). We get that
0 < —|(Qz, y)I*.
Hence (Qx,y) =0, or Qv € M*.

To see that P, are linear we consider any z,y € H and «, 8 € C. We know that
r=Px+ Qx, y=Py+ Qy and ax + Sy = P(ax + By) + Q(ax + Py). This gives

a(Pr+ Q) + f(Py + Qy) = Plax + By) + Q(ax + fy),
or
M > P(ax + fy) — aPr — BPy = aQz + fQy — Q(ax + By) € M*.

Again, using the fact that M N M+ = {0} we see that P(az + By) — aPz — Py =
aQz + fQy — Q(ax + By) = 0 from which linearity follows.
The remaining parts of the theorem are easy to show and are left to the reader.
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Corollary 4.5. If M is a closed subspace and M # H, then there is y # 0 such that
(x,y) =0, for all x € M.

Hence the subspace M+ contains at least one nonzero vector.

Proof. Since M # H there is x € H \ M. Consider Qx € M*. As Qv = x — Px we
see that Qx # 0, since x ¢ M but Px € M. So y = Qx is the nonzero vector we were
looking for.

4.2 Orthogonal projection on an infinite dimensional subspace

In this section we consider the following specific situation. Let (e,)n,en be an infinite
ON family from a Hilbert space H and let

M = Tn({en}izy).

By previous section we know that there exists orthogonal projection P : H — M. We
ask the following question:

Is it true that Px = 2 (x,e,)en

n=1

To answer this question we need to deal with several issues. First we look at infinite
sums in a Hilbert (or Banach) spaces.

Definition 4.3. An infinite sequence (x,)nen C H in a Hilbert space is said to be
summoable if the sequence of partial sums

N
SN = E Tn
n=1

converges to an element x € H. In this case we write:

oo
n=1

Remark. Sequence (x,)neny C H is summable if and only if the sequence (sy)yen is
Cauchy.

Lemma 4.6. (Extension of Pythagoras theorem) Let (u,,)nen be an orthogonal sequence
in a Hilbert space H ((un,unm) =0 for n # m). Then sequence (up)nen is summable if

and only if
Sl < o
n=1

In this case

2 [
=) {lual®
n=1

[es)
D> tn
n=1
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Proof. If sy = ZnNzl Uy, then

N 2 N N N
lsw —sulP = | > un :< Dt D “m>: > ()
n=M+1 n=M+1 m=M+1 n,m=M+41
N
= Z [ |12
n=M+1

9
n=1

It follows that (sy) is a Cauchy sequence if and only if the sum ) |
In that case, let = >~ u,. Since ||sy — z| — 0 we see that

|u,||? is finite.

N
2 1 2 _ 1 2
lz|* = lim [sy] —ngr;oz;IIMI ~
o

Here we used previously derived formula for ||sy — sp/||* with M = 0.

Now we are ready to answer the question posed at the beginning of this section.

Lemma 4.7. (Extension of Bessel’s inequality) Let (ep)nen be an ON family in a
Hilbert space H and set

M = lin({en}52;).
Then for a any x € H

(i) ) e en) <l

(11) Sequence ((z,en)e,), is summable and its sum is

e}

Pz = Z(w, €n)En,

n=1
where P : H — M 1is the orthogonal projection of H onto M.

(111) Equality holds in (i) if and only if x € M. In this case

r = Z(w, €n)en.

n=1

Proof. (i) For any integer N, Bessel’s inequality (Lemma 3.1) implies that

N
D faen)? <|lz|?,  forall z € H.

n=1
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Taking the limit N — oo we obtain
D laen)? <|lz|®,  forall z € H.
(#7) By Lemma 4.6 applied to u,, = (z, e,)e, we know that ((x,e,)e,)22, is summable

if and only if
Z | = Z Iz, en)enl® = (@, en)?
n=1

But we know that thls holds by ( ). Hence

N 00
lim (x,en)e, = Z(:L‘, €n)en
N—o0

n=1 n=1

exists and belongs to M as M is closed. Let
y=x— Z(x, €n)en
n=1

and note that for all e,, we have:

N
<y7 em) = <33, €m> - < lim <37a en>6n> €m>
N—o0 !

N

= <x,em>—N1LnéOZ<x,en><en,em>:<x,em>—<x,em>:o. (4.9)

It follows that
(y,z) =0, for all z € lin({e,}02 ),

hence also
(y,z) =0, for all z € M =lin({e,}32).

This implies that y € M~*. So we can write

r = Z(m, €n)en +, where: Z(x, enen € M and y € M~
n=1 n=1

Hence by part (i) of Theorem 4.4 we see that Qz = y and

o0

Pz = Z(m, €n)en.

n=1

(7i1) The second part of Lemma 4.6 implies that

1Pz]* = lexenenll —Z!xen :

so if equality holds in (7) then ||Pz||* = ||z||* from which ||Qz|* = ||z||*> — || Pz|]* =
It follows that Qz = 0, hence x = Pz. But Pz € M, hence z € M.
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Definition 4.4. In a Hilbert space H if there is an ON sequence (e,)nen Such that
H = lin({en}7,),
then the sequence (e,)nen 1S called an orthonormal (ON) basis of H.
Note: In this case .
Z T, en)en, for all x € H,
n=1
by the previous lemma.

Definition 4.5. In a Hilbert space H an ON family (uq)aca C H is called a maximal
ON family f
(x,ua) =0, foralac A = x=0.

Theorem 4.8. Let (e,)nen be an ON sequence of vectors in a Hilbert space H. Then
the following statements are equivalent:

(1) (en)nen is mazimal ON family.
(1)) H = lin({e,}2,).

(111) (Parseval’s equality) Z (z,e,) > = ||z||* for all x € H.

n=1

(iv) Z(x, en) (Y, en) = (x,y) for all z,y € H.

Proof. (i) = (i1) Suppose that H # lin({e,}>2,). Then there is u € M=+, |Jul| = 1.
Hence we have that
(u,e,) =0, forallneN,

but u # 0, hence the family (e, ),en is not maximal - contradiction.
(1) = (¢i1) Lemma 4.7.

(7i1) = (iv) Polarization identity.

(1v) = (i4i) Trivial, set = = y.

i1i1) = (1) If (én)nen is not maximal, then there is u # 0 such that (u,e,) = 0 for all

(i
n. But by (iii)
lull® =) [{u,e) P =0,
n=1

hence u = 0 which is a contradiction.
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Example 1: L?(0,27) = C|0, 27| with inner product (f, g) = 027r fgdz. Then

{ 1 sinnx cosnz }
V 27T’ ﬁ ’ ﬁ n=1
is an ON sequence.

Theorem 4.9. This family is mazimal.

Theorem 4.10. (Stone-Weierstrass) Let X C R™ be compact and A C C(X,R) (or
C(X,C)) be an algebra of functions, that is

fLge A = af+pBgcA, f.g € A.

If A contains constant functions and separates points, that is

Vo,ye X, w#y Ife A flz)# f(y),
then A= C(X,R) (or A= C(X,C)).

Proof of Theorem 4.9. The linear span of ON family is the set of all trigonometric
polynomials:

N
A ={ay+ Z(an cosnx + by, sinnx); a,, b, are scalars and N an integer}.

n=1

Using Stone-Weierstrass we get that
A= C0,2n], w.r.t. ||.|[cc norm.

Since
C[0,2x] = L*(0, 27) w.r.t. |||z norm

and ||.|l2 < CJ|.|lc we get that
A= L*0,27) w.r.t. ||.]]2 norm.

This shows maximality of the ON family.

Example 2: (? with ON basis (e,)nen, Where e, = (0,0,...,1,0,...) with 1 on the
n-th position.

Definition 4.6. A Hilbert space H is called separable if there exists a countable basis
of H, that is there are vectors ri,r9,73,... from H such that

H= l’i’n{?"l,TQ,’l"g, PN }

Theorem 4.11. Every separable Hilbert space is isomorphic to (2.
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Proof. Indeed, if H is a separable Hilbert space one can find (using Gram-Schmidt ON
process) a countable ON basis {u, us, us, ...} of H. Then the map

reH =  ((z,wm), (z,u), (z,u3),...) €L
is the sought isomorphism.

Example 3 (Nonseparable Hilbert space): The space of almost periodic functions
AP(R) is defined as a completion of the space X:

N
X = {Z cjus,(t); ¢; € Cand s; € R} ,
n=1

where '
uy(t) = e, for s,t € R.

Then (ug)ser is an ON family w.r.t the inner product

(fog) = lim —— [ [)g®)dt,  for f.g€ X. (4.10)

FEzercises: 1. Show that (4.10) defines an inner product on X.

2. Show that (us)ser is an uncountable ON family w.r.t this inner product.
Example 4: Periodic functions f : R — C with period 27 (f(t + 27) = f(¢) for all
t € R). Alternatively, we can think about these functions as functions S* — C, where
St ={z € C;|z| = 1}. Indeed, F : S* - C <= [ : R — C, 2r-periodic, via

F(e") = f(t).
Pure harmonics are called the functions e, (t) = ™ n € Z (F,(z) = 2"). Let

N
X =lin{e,;n € Z} =1 Z cne™: ¢, € C}.
n=—N

Then X is an i.p.s.(not complete !) with inner product
.9 =5 [ S5
7g - 27T . g N

The completion of X is called L%(S') - the Hilbert space of square summable inte-
grable functions. Hence (e, )nez is an ON basis for L?(S').
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5 Linear functionals and operators.

5.1 Dual of an inner product space and Riesz representation
theorem

Definition 5.1. Let H be an inner product space. A linear map L : H — C is called
a linear functional.
If in addition L is continuous, we say that L belongs to the dual of H (denoted by
H*). Hence
H*={L:H — C; L is linear and continuous}.

Example: For any y € H consider L, : H — C to be defined by
L,z = (z,y).
Note that L, € H*.

Theorem 5.1. (Riesz representation theorem) Let H be a Hilbert space. For any
L € H* there exists a unique y € H such that

Lz = (z,y), forall z € H.
Proof. If L = 0 we just take y = 0. If L # 0 then the set
M=Ker L={xe€ H;Lv =0} # H

is a closed subspace of H not equal to the whole space. Hence by Corollary 4.5 there
exists z € H, ||z|| = 1 such that 2 € M*.
Consider any z € H and set

u=(Lx)z — (Lz)x.
Clearly, Lu = 0, hence u € M. It follows that
0= (u,2z) = ((Lx)z — (Lz)z,2) = Lx(z,z) — Lz(z, 2).

But (z,z) = 1, hence o
Lz = Lz(x,z) = (x, Lz z).

Hence choosing y = Lz z does the job.
Uniqueness: Suppose that there are y;,yo € H such that

Lz = (z,y1) = (z,y9), for all x € H.
Clearly this means that

(x,y2 —y1) =0, for all x € H.
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In particular, if z = yo — y; we get that ||yo — 31||* = 0. Hence y; = ».

We notice that the Riesz representation theorem implies that the dual H* can be
identified with H via the map

AN:H— H" defined by: y = L.

The map A is 1-1 (by uniqueness part of Theorem 5.1) and onto (by the existence part
of Theorem 5.1). Moreover A is conjugate linear, i.e.:

o T'(y1 +y2) =Ty1 + Ty,
o T'(ay) =aTy

We can also define an inner product on H* via

<Ly17 Ly2> = <y27 yl)‘

Check for yourself that this makes H* a Hilbert space. Moreover,
Lyl = lAyll = l[yll,  forally e H,
hence the map A is an isometry.

Proposition 5.2. Let H be a Hilbert space and L, : H — C the linear functional
x> (x,y). Then
ILyll = sup |Lyz| = sup [(z,y)].
llz)<1 =<1
Proof. Let S = sup <1 [{(z,y)|. Since [|L,| = ||ly|| it suffices to show that S = [|y||.
Indeed,

S = sup |(z,y)| < sup Iyl = 1lyll,

=<1 [zl <

by Cauchy-Schwartz. On the other hand,

S — sup |{z )] > \<ﬁy>\ — iyl

]| <1

5.2 Bounded linear maps
The Proposition 5.2 motivates the following generalization to linear maps.

Definition 5.2. A linear map L : X —'Y between two n.l.s (X, ||.||x) and (Y,|.|ly) is
said to be bounded if the number

ILl| = sup |[Lz(ly

ll=llx <1

is finite. The number |L|| is called the operator norm of L.
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Remark. If we denote by B,(a) = {x : || — a|| < r} the closed ball of radius r with
centre at a, then L is bounded if

L(B1(0)) C Bg(0), where R = ||L]].

Lemma 5.3. Let L : X — Y be a linear map between n.l.s. Then the following
statements are equivalent:

(1) L is bounded

(i1) L is continuous

iii) L is continuous at a point in X .
i) L i 4 ta point in X

Proof. (i) = (ii). We have:

|21 — o] < || L]|||21 — 22|

r1 — T2
Lxi — Lxoll = | L(xy — x = ||L | ———
|Las — L] = | L(e1 — 22)] H (Hxl_@”)\

Hence if z,, — = in X (i.e. ||z, — x| — 0), then
| Lz, — Lz| < ||L||||zn — x| — 0, as n — 00.

This shows that L is continuous at z for all z € X.
(17) = (¢it). Trivial.

(7i1) = (i). Suppose that L is continuous at xy € X, i.e., for all € > 0 there is 6 > 0
such that
|lx — x| <0 = | Lx — Lag| <e.

Hence if ||z|| < d, then
|Lz|| = || L(zo + x) — Lag|| < €.
It follows that for any « € X, [|z|| < 1 we have that ||$z|| < §, so by the previous line
shLall = IL(52)] <.

Hence 5
ILz| < § for all ||z]] < 1.

So L is bounded and its operator norm is at most %.

We introduce the following notation. By £(X,Y’) we denote the set of all bounded
linear operators from n.l.s. X to Y. Hence:

L(X,)Y)={L:X —Y; Lis abounded and linear operator from X — Y'}.
We denote by £(X) = L(X, X). Notice that
X*=L(X,C).
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Proposition 5.4. £(X,Y) is a normed linear space with norm

JLIl = swp | Lall,  for L€ £(X,Y).

ll=]I<1

Proof. Exercise.

Proposition 5.5. If X is a n.l.s and Y a Banach space, then L(X,Y) is a Banach
space.

Proof. Exercise.

Corollary 5.6. For any n.l.s X, the dual X* = L(X,C) is a Banach space.

Examples: 1. £(C",C™) = M,, ,(C) where M,,,(C) is the set of all m x n complex
matrices. Indeed, every matrix A € M,, ,(C) corresponds to one linear operator C* —
C™ defined by

z = Az, where z is the column vector with n entries.

Using Cauchy-Schwartz inequality one can show that

1/2
[Azl2 < (ZI%F) 1212,

1,J

1/2
|A]l < (Z\%‘F) :
i

2. Shift operators on #; 1 < p < oo. For x = (x1,x9,23,...) € (P we define the
left-shift Sz by

hence

St = (x9, 23,24, ...)

and the right-shift Rz by
Rx = (0,21, 29,23, T,...).

Clearly,
1/p 0o 1/p
s, = (St ) (Shent) <t
n=1
So, [|S|| < 1. Since ||Ses|| = |lei|| = 1 = ||e2]| it follows that ||.S|| = 1. Similarly,
|R|| = 1, in fact R is an isometry, i.e., ||Rz|| = ||z| for all z € . Also S is not 1-1

but is onto, R is 1-1 but not onto.

3. Integral operators. Let X = (C0,1],||.||,) and K be a continuous function of 2
variables, i.e., K € C([0,1] x [0,1]). Consider

= /1 K(s,t)f(t)dt, for all s € [0,1].
0
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Clearly, T': X — X is linear. What is its norm ¢

Tf(s)] < /OIIK(S»t)IIf(t)Idt < (/OIIK(S,t)Idt) [ flloc-

ISl = s 7563 <sup A |Kst\dt> £

p = 00.

Hence

s€[0,1]
If follows that )
17 < sup [ 1KGs.0) .

s€[0,1] Jo

Ezercise:  Prove that ||T|| = supygp fol | K (s,t)| dt.

p=1
Tf(s) < / K (s, )] (0)] dt,

IT 1l < / / K (s, )|/ (1) i ds = / (/ \K(s,wrds) (@) dt
(tZ}é‘i] / |Kst|ds) / () dt = (é}éﬁ] / |K<s,t>|ds> 1l

If follows that

hence

17| < Sup/ K (s,1)] ds.

tel0,1

Ezercise:  Prove that [|T'|| = sup,ep ) fo |K (s,t)| ds.

TF(s)? < (/ K (s, )| (1 |dt) /|Kst|dt></\f )[2dt,

by the Cauchy-Schwartz inequality. Hence

p=2.

1/2

1 1/2 1 pl
|rTfH2=(/O !Tf<s)\2d8) s(/ O\K<s,t>12dsdt) 1l

If follows that
1 1 1/2
||T||g<//yK(s,t)|2dsdt) |
o Jo

. . 1 rl 2 1/2 .
Exercise: Find T such that ||T| < <f0 Jo 1K (s,t)?ds dt) , showing that here we
do not have always equality.
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5.3 Extensions of linear operators

In the last example - integral operators we defined them on the space X = (C|0, 1], ||.||,)-
The problem with this space is that for p < oo it is not a Banach space. Therefore it
is a natural thing to ask if we can instead consider them on the LP(0,1) space (which
was defined as a completion of continuous function w.r.t ||.||, norm). This is indeed
the case

Proposition 5.7. Let (X, ||.||) be a n.l.s and (Y, ||.|]) a Banach space. Suppose that
M C X is a subspace such that M = X. Let T € L(M,Y). Then there exists a unique

operator T € L(X,Y) such that
(i) Tx =Tz for allz € M
(i) T[] = [T
The operator T is called the extension operator of T onto X.

Proof. Uniqueness. Suppose there are two such operators, say 11,7, € L(X,Y) such
that
Tix =Tr =Tz, for all x € M.

Consider S = T} — T5. Then Sx = 0 for all x € M. However, since S is continuous
and M is a dense subset of X it follows that Sz = 0 for all x € M. Hence S = 0 and
T, =Ts.

Ezistence. We need to define T. Take any x € X. Then there exists and sequence
(Tp)nen C M such that x,, — x. We define

Tx = lim Tz,.
n—oo

To see this is well defined we need to show that (Tx,),eny C M is a Cauchy (hence
convergent - Y is a Banach space) sequence. Indeed,

Tz, — Txp| = |T(xn — Taw)|| < [|T||||2n — zml| = 0, as m,n — Q.

It is also prudent to check that Tz does not depend on the choice of sequence (z,,)pen C
M, but that trivial. We also note that

| Tl = Yim [T, < |T) Yin flaa]] = 7]

This show that ||T|| < ||T||. The opposite inequality is trivial as the norm of 7" must
be at least as large as that of T', since T' is the extension of T

Remark. Applying this theorem the the case of integral operators, we see that M =
C[0,1] and X =Y = L?(0,1). It follows that the integral operator

w@zzK@wmﬁ

extends to £(LP(0,1)), with norm estimates being same as in the Example 3 of the
previous section.
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What if the M is not dense in the whole space? Does there exist and extension
operator? As we shall see, the answer is yes, but the operator might not be unique.

Proposition 5.8. Let (X, ||.||) be a n.l.s and (Y,||.||) e Banach space. Suppose that
M C X is a closed subspace of X. Let T € L(M,Y"). Then there exists an operator
T € L(X,Y) such that

(i) Tx =Tz for allz € M
(i) |T[ = [T
The operator T is called the extension operator of T onto X.

Proof. (Only for the case X =Y is a Hilbert space). The general proof is complicated
and uses Zorn’s lemma (axiom of choice). We well therefore establish only Hilbert
space version of it.

Since X is a Hilbert space, it can be written as X = M @ M~*. Let P: X — M be
the orthogonal projection. We define

Tz = T(Px), for all x € X.
Clearly, Tz =Tz on M as Pz =2 on M. Also
| Tz = IT(P)|| < | TPl < [T[|]],
as ||Pzx|| < ||x| for all z € X. Hence ||7N“|| < ||T||. The opposite inequality is again

trivial.

5.4 Uniform boundedness principle

Theorem 5.9. (Banach-Steinhaus) Let (X, |.||) be a Banach space and (Y, ||.||) a
normed linear space. Assume that

{Ty; a € A}
is a collection of bounded linear operators from L(X,Y). Then either
(i) supaeq [Tall < oo, or
(11) supyea || Taz|| = 0o for all x belonging to a dense subset of X.
We present this theorem without proof.

Corollary 5.10. (Pointwise convergence of Fourier series). For anyt € R the Fourier

series
o0

Z <f7 ein.>€int7

n=—oo

i1s divergent for f from a dense subset of continuous function.
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Proof. For simplicity let us choose the point ¢ = 0. Consider the Banach space
X = (C[—m, 7], ||-|lc). For each N we denote ny Ty f the partial sum of the Fourier

series
N N

TN - Z <f7 €n>em0 = Z <fa 671)'

n=—N n=—N
Here e, (t) = e™. We see that

Tnf = Z / Ft)e ™dt = — / > et at.

\n\<N |n\<N

We denote by Dy(t) = > 1< e~ A simple calculation (it is a sum of geometric

series) shows that
sin(N + $)t

D) = —51 t/2

Therefore
A1 < o [ 15ONDsoNa: < (5 [ 100l ) 171

It follows that Ty € £(X,C) and
1 s
Il < 57 [ 1Dt

Exercise. Show that ||T|| = 5= /7 [Dny(t)|dt. (See the assignment sheet).
We will show that ||Ty| — oo as N — oo. Indeed,

L[ 1 ["sin(N +1/2)t
I Tn |l = 2—/ | Dy (t)|dt > _/ Mdt’
T J—x ™ Jo t/2

using the fact that Dy is an even function and that |sinx| < |z| for all . Using the
substitution s = (N + 1/2)t we get:

2/(N+1/2)”]sms| / |s1ns| 2 & 1/’7€7r
- s> =) = | sin s|ds
T Jo Z —Dn us ; k (k—1)x
N
4 1
=3 Z z — 00 as N — oo.
k=0
Hence supyey ||Tn]| = 0o. Therefore, using Banach-Steinhaus theorem we see that
N
sup | Tw fl| = sup | > (f,en)| = o0,
NeN N |y

for f is some dense subset of C|—m,7|. Hence for such f the Fourier series does not
converge.
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5.5 Adjoint operators.

Let X,Y be any n.l.s. and T € £(X,Y). Then for any L € Y* the composition L°T
belongs to X*. We call this mapping an adjoint operator.

Definition 5.3. For T' € L(X,Y') the linear map
T Y* —» X*

defined by
"L =L°T

15 called the adjoint of T.
Lemma 5.11. 7" € L(Y*, X*) and ||T| = ||T||*.
Proof. The fact that T™ is linear is trivial. We check boundedness of T™.

[T°L| = sup |T"La| = sup [|L(Tz)] < HLHlsup [Tl = [[LIT,

lell<1 el <1 |z]|<1
for all L € Y*. Hence ||[T*| < ||T|.
The reverse direction relies on the following fact:
|lz|| = sup |Lz|, for all x € X.

Lex~,|IL|I<1

Showing this in a Hilbert space is trivial, the Banach case is considerably harder.
Taking this for granted we see that

[Tzl = sup [LTz[= sup ||T"La| < sup [[T*L|[lx]| = |[T7[|]z]]
Lev+,|Lj<1 Lev+,|z]<1 i<t

for all x € X. This implies that ||T'| < ||T7]].

Examples. 1. Hilbert space adjoints (most important example). If T € £(H), where
H is a Hilbert space, then apriori adjoint is an operator on L(H*). However, by Riesz
representation theorem we know that H and H* are isomorphic via the map

AN:H— H”, y = Ly,

where (Ly)z = (z,y) for all z € X. In this case it is therefore possible to this about
T* as an operator on L(H), not just L(H*). Let us work out what is this operator.
Choose any y € H. Then L, € H*, and T™ Ly is a linear operator

x> (Tz,y).

By Riesz theorem there exists a unique € H such that (T'x,y) = (x, z). This element
z represents the linear map T* Ly and so we put 7%z = y. So T* € L(H) is defined by
the property:

(Tr,y) = (x, T"y), for all x,y € H. (5.11)
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2. H = C". In this case L(C") = M,(C) - the set of all n x n complex matrices.
Given a matrix A € M, (C) let us compute its adjoint matrix defined by (5.11). We
are looking for a matrix A* such that

(Az,y) = (z, A"y).

We observe that (x,y) = 7’ x, hence

—T

. _ =T —T
(Az,y) =7 Az = (T Ax)T = 2T ATy =7TA y = (A y,z) = (x, A y).

We see that ,

A=A

3. Shift operators on £2. Recall that for x = (x1, 2, x3,...) € £? we defined
St = (x9,x3, T4, ... ), to the the left shift

and
Rx = (0,21, 22, ...), to the the right shift.

What are their adjoints? A simple computation gives us for z,y € %

(Sz,y) =Y (S2)nln = an+1yn anyn T = Zmn Ry). = (z, Ry).
n=1
It follows that S* = R, and similarly R* = S.

4. Integral operators. Recall that these operators on L?*(0,1) are defined by

- /01 K (s, ) (), dt

for a reasonable function K. What is T* 7

Tt~ | T ()gle)ds = / 1 / K(s. 1) £ (gt ds =
- /01 F) (/OIK(s,t)@ds) dt = /01 f(t)/olmg(s)dsdt = (f,T"g),

where: )
= / K(t,s)g(t)ds
0

We see that T™ is also an integral operator, with kernel:

K*(s,t) = K(t,s).

Definition 5.4. Let H be a Hilbert space and T € L(H). We say that T is self-adjoint
ifT*=T
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5.6 Compact, finite rank and Hilbert-Schmidt operators

A well-known theorem from linear algebra is saying that for a complex n x n matrix

A such that A* = A" there exists an ON basis of C” consisting of eigenvectors of A.
We are interested in generalizing this theorem to infinite dimensional Hilbert spaces.

Let H be a Hilbert space and T" € L(H) a self-adjoint operator. Following the
argument in the previous paragraph, we ask whether it is true that there exists an ON
basis of H consisting of eigenvectors (or eigenfunctions) of 77 A simple example shows
that this in such generality is false.

Example. Let H = L*(0,1) and Tf(z) = xf(x). Clearly, T is linear and bounded,

since . .
\T2 = / 22| f(2) P < / (@) Pde = ||z

So ||T]| < 1. Also T is self-adjoint. Indeed,

1 1 1
Tfg)= [ Tf(z)g(z)dr = g(z)dz = dx = (f,Tg).
Tt.9) = [ T = [ af@alie = [ )o@ = (1.79)

Finally, we us find eigenfunctions of 7. We need,

Tf(x)=xzf(x)=\f(x), for some A € C.

But (z — A)f(z) = 0 meas that f = 0 everywhere (except possibly the point z = \).
Hence || f|l2 = 0, so f is not an eigenfunction. This proves that 7" has no eigenfunction,
in particular it follows that H does not have ON basis consisting of eigenfunctions of
T.

It turns out that the missing ingredient for the statement to be true is that T is
self-adjoint and compact. In what follows we define what this means.

Definition 5.5. Let XY be n.l.s and T € L(X,Y). We say that the operator T is
compact if the set

T(B(0,1)) = {Tw; ||=]| <1}
is compact in' Y. We denote by K(X,Y') the set of all comact operators from X to'Y.

Examples: 1. Finite rank operators. We say that 7' € L(X,Y) is a finite rank

operator if
dim T(X) = dim({Tz; z € X}) < oc.

Indeed, if T" is a finite rank operator, then 7'(B(0,1)) is a closed bounded set in a
finite dimensional vector space T'(H). Hence this set is compact.

Corollary 5.12. L(X,Y) = K(X,Y), provided either X orY are finite dimensional,
as in such case any bounded linear operator is of finite rank.
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2. Identity. Consider Iz = x on £(X). Then I is compact if and only if the set

I(B(0,1)) = {x; ||z|| <1} = B(0,1) is compact.
However, the closed unit ball is compact if and only if dim X < oo.
3. Integral operators on L?(0,1). This will be shown a bit later.
Proposition 5.13. Let X,Y be a n.l.s and T € L(X,Y). Then

(1) T is compact if and only if for every bounded sequence (x,) C X the sequence
(Tx,) CY has a convergent subsequence.

(1)) K(X,Y) is a subspace of L(X,Y).
(11i) If also S € L(Y,Z) and either T or S is compact, then T°S is in K(X,Z).

Proof. Exercise.

If X =Y is a Hilbert space another class of operators can be defined.

Definition 5.6. Let H be Hilbert space and T € L(H). We say that the operator T is
a Hilbert-Schmidt operator (HS) if for some ON basis (e,) of H the number

D |ITen| < oo.
n

If that happens, we denote by ||T'||gs the Hilbert-Schmidt norm of T defined by

ITlls = [ I Teal

Note that this definition leaves open the question whether the number ||T||gg de-
pends on the choice of ON basis for H. We settle this question now.

Lemma 5.14. 1. T is HS operator if and only of T* is an HS operator and
1T s = [T || rs-

2. If (en) and (uy,) are two ON basis of H, then

Do lTeal? =Y I Tunl
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Proof. We do the following calculation. Each Te, can be expanded in the ON basis
(um):
Te, = Z<T€"’ U ) Uy, -

If follows that

ITeal® =Y (Ten, um)l”

Hence
D Tenl? = 32 3 Tens ) = 303 ew Tl = 32 3 HT ol

Now we recognize that > |[(T*u,, e,)|* is just ||T*u,,||* by Parseval’s equality (The-

orem 4.8). Hence
DolTenl® = 1T unl

From this (i) follows by choosing e, = w,, proving that >~ | Te,||* = >, [[T*e, ||
For (ii) we see that

DoITeall? = 1T unll® = D I Tunl

Examples: 1. Integral operators on L?*(0,1). Consider

_ /01 K(s,)f () dt

We have liberty to choose ON basis of L?(0, 1) hence let us take (e, )nez, where e, (t) =
e*™ . Then

Te,(s / K(s, )™ dt = (K, e_p), where: K,(t) = K(s,t).
It follows that

1
| Tea? = / (K, o) 2ds,
0

hence

1T = 3 ITea2 = / (Z\Ks,en ) 5

neZ nez

by exchanging the sum and integral. However again by Parseval’s equality we recognize
that >, [(Ks, e_n)|* = || K||*. This gives

1 1 1
1T = / | K, |%ds = / / K (s. )| 2dids.
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Hence

1 1
1T s = \// / |K (s,t)|2dtds.
0 0

2. Operators of finite rank. Let T' € L(H) be of finite rank. Then T is a HS operator.

Indeed, We claim that since T'(H) is finite dimensional it is closed and hence we
can write H = Ker T* @ T(H). This can be seen by proving that Ker T* = T'(H)*.
To see this consider any x € Ker T*. Then 7%z = 0, hence for any y € H:

0=(T"z,y) = (z,Ty).

So x1Ty for all y, hence x L T(H) from which z € T(H)* follows. Conversely, if
z € T(H)", then
0= (x,Ty) = (T"x,y),

for all y € H. So T*z = 0.

Having this, we may pick ON basis of H as follows. Since dim T(H) = k < o0
we find any ON basis {ej, es,...,ex} of T(H) and a basis { f, }nea of Ker T*. Putting
these two together gives us an ON basis of H. It follows that

k
IT1s = 17" s = Z ITell® + Y1 full® = D 1T el
i=1

neA

as 1™ f, = 0 for all n. However we now see that the sum of the right-hand side is a
finite sum of real numbers, so it is itself a real number (finite). This gives that the HS
norms of 7" and T™ operators are finite.

Lemma 5.15. Let H be a Hilbert space and T € L(H) a HS operator. Then
17N < 1Tl s

Proof. We can write T'x as

Tx = Z(Tm, €n)en, SO

n

|1 T||* = Z (T, en)enll” = Z! (Tz,ea)l? =) o, Trea)l* < Y eI T el

If follows that
1/2
[Tz| < (ZIIT*%W) ]| = 1T msllzll = [T zs|]]-
From this ||T|| < [|T||us-
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Proposition 5.16. Let X be a n.l.s and Y a Banach space. Then K(X,Y) is a closed
subspace of L(X,Y).

Hence, for any sequence of operators (T,)nen C K(X,Y) such that T, — T €
L(X,)Y) (ie., |T, —T| — 0) we have that T € K(X,Y).

Proof. The proof is a classical diagonalization argument. We have to show that for
any bounded sequence (x,) C X, ||z,|| <1 the sequence (T'xz,) C Y has a convergent
subsequence.

Let us use first the fact that T} is compact. It follows that one can find indices
ni < ny < mny < ...such that (T1z,1)ien is convergent. Now we use compactness of
T. Let ni < nj < nj < ... be a subset of {ng,nj,n},...} such that (Tha,2)ien is

convergent. We proceed inductively and define indices nz , 1,7 € N. Now we set
m; =n 1=1,2,3,....

Obviously, for each j =1,2,3,... the sequence

Ti%my, TjTmy, T Ty, TjTm,, - - is convergent,
as m; < my < mz < ... (with exception of first few terms) is a subsequence of
n] < nd <n} < ... for which (zjng’)ieN converges. Consider now the sequence

T%, Ty, Ty, Ty, ..

We want to prove this sequence is Cauchy. Choose any £ > 0. We find an index j such
that |7; — T'|| < /3. Using the convergence of (T, )ien we see that there is N > 0
such that for all k,l > N

[ Tm, — Tjwm, || <e/3.

It follows that for all k,1 > N
1Tz, = T, || < (T = Tj)@m | + | Tjwm, — Tizm, || + (T = T)m, |
<|T =Tl + | Tiwm, — Tjam, || + 1T, =TIl <e/3+¢/3+¢/3=¢.
So, the sequence is Cauchy and since Y is a Banach space it converges.

Proposition 5.17. Let H be Hilbert space and T € L(H) a HS operator. Then T is
compact.

Proof. We know that

Tz = Z(Tm, €n)en.
n=1
Consider i
TFe = Z(Tx, €n)en, for k=1,2,3,....
n=1
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Clearly each T* is a finite rank (hence compact) operator, since
TH(H) C lin{ey, e, ..., ex}.

If we prove that |T — T*|| — 0 we are done, as by Proposition 5.16 T is compact.
Indeed, for any x € H

(T = TH)a|* = | Z Tz, en)en| = Z KT, en)en||* = Z [, Ten)|* <

n=k+1 n=k+1 n=k+1

(fj ||T*enu2) ol

k=n+1
Hence

o 1/2
|7 —T%|| < ( > HT*enH?) —0 ask— oo,

k=n+1

We now look at a special class of operators called diagonal operators. These are
the operators whose eigenvectors form an ON basis of appropriate Hilbert space.

Definition 5.7. Let H be a Hilbert space and T' € L(H) a bounded operator. Let (ey,)
be an ON basis of H. We say that T is diagonal with respect to the ON basis (e,) if

Te, = \én, for alln € N,
and (\,) C C.

Proposition 5.18. Let H be Hilbert space, (e,) an ON basis of H and T : H — H a
linear operator such that

Te, = \,en, for alln € N,
and (A\,) C C. Then

(1) T is bounded if and only if sup, || < 00. Also ||T|| = sup,, |\u|. (see the last
exercise sheet)

(i1) T is compact if and only if |A\,| — 0. (see Proposition 5.19)
(iii) T is HS if | T|lus = /D, |An|? < o0
(iv) T is of finite rank if and only if only finitely many numbers \,, are nonzero.

Proposition 5.19. Let H be Hilbert space and T € L(H) be a diagonal operator w.r.t
ON basis (e,) (Ten, = Apen). Then T is compact of and only if

lim |A,| = 0.
n—oo
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Proof. Assume first that |\,| — 0. We prove that T" is compact. Since

i (x,en)en, it follows that: Tx = i (x,e,)Te, = Z)\ T, e,)e
n=1

n=1
Consider .
Thy = Z AT, €n)en.
n=1
Each of these operators is of finite rank (hence compact) as T*(H) C lin{ey, e, ..., ex}.

It remains to show that |7 — T%|| — 0. Clearly,

o oo
(T — Tk z)* < Z An(, en)e = Z Az, endenll? = Z Anl?[(, en)]? <
n=k+1 k+1 n=k+1
2 o 2 o 2
(suphal) 3 Kemen? < (suplul) S lovend = (supll) el
n>k - n>k — n>k
n=k+1 n=1
Hence
T — T < <Sup|/\n|> — 0, as k — o00.
n>k
Conversely, assume that 7" is compact, but there is a subsequence [|Te,, || = [An,| >

e > 0. Then using compactness of 1" we see that there is a convergent subsequence of
the sequence (T'e,, )ren Which we denote by (Tenkl)leN (notice the double index). Let
y = limy_, Tenk If follows that

lyll = Tim [[Ten, || > &

On the other hand, let us expand T*y into a Fourier series. We see by Parseval’s

equality that
1Tyl =Y KT y,en)l = [y, Ten)l,
n=1 n=1

hence (y, Te,) — 0. In particular (y, Tenkl) — 0 asl — oco. But

lyl* = (y,y) = lim (y, Tey, ) =0,

which is a contradiction as ||y|| > e.

5.7 Spectral theorem for compact self-adjoint operators.

In this final section we show that compact self-adjoint operators are diagonal w.r.t some
ON basis (consisting of eigenvectors of the operator). Let us note here, that there are
diagonal operators that are neither compact nor self-adjoint, hence being compact and
self-adjoint is a sufficient condition for being diagonal, but not necessary.
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Theorem 5.20. (Spectral theorem) Let H be a Hilbert space and T € L(H) a compact,
self-adjoint operator on H. Then there exist an ON basis on H, which we denote by
(en) such that

Te, = Anen, for all n and some A, € R.

It follows that T is a diagonal operator w.r.t (e,). Moreover, for all x € H:
Tr = Z AT, en)en.

We split the proof into small steps, each formulated as a lemma.

Lemma 5.21. Let T € L(H) a self-adjoint operators and N\ # p its two nonzero
eigenvalues, i.e., there are f,g € H, f # 0, g # 0 such that

Tf=A, Tg=png
Then
(1) A, v are real numbers
(i1) f,g are orthogonal, i.e. {f,g) =0.
Proof. We have the following:

Mf,g9) = Mf9)=(Tf,g9)=(f,Tg) = (f,ng) = &f,9)

Hence

Let us choose first A = p and f = g. Then this gives us that (A — MN{f, f) =0, from
which we get that A = A, as f # 0. So A is real (same argument works for x). Having
this in mind, if A\, u are different we see that

from which (f, g) = 0 follows as X\ # p.
Lemma 5.22. If T is self adjoint (T = T*) then

1T = sup [(Tz,z)]. (5.12)

ll=[=1
Proof. We denote by m the sup

m = sup |[(Tx,x)|. (5.13)
[lz]l=1

We expand (T'(z £ y),z £ y).
(T(xty)zty) = (Tw,x)+(Tyy)+(Te,y) + (Ty,x) =
= (Tx,z) + (Ty,y) + 2Re (Tz,y). (5.14)
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After we take the difference we obtain:
ARe (T, y) = (T(x +y),z +y) = (T(x —y),z —y).
By (5.13): |[{T(z £y),z £ )| < mlx+ y||*. Hence:
4Re (Tz,y)| < m(|lz +ylI* + |z — y]I*) = 2m(||=[* + [|ly]})?,

the last equality follows from the parallelogram law. We claim this must also hold
without "Re”. Indeed, (T'z,y) can be written as e®|(Tx, y)|. If follows that

(T2, y)] = e (T, y) = (T(e ), y)

Now, since (T'(e"%x), y) is real we can use the previous estimate to get

(Ty)| = (T 2),y) < T (el + [yl?) = F(l2l> + Iy]).

We apply this to y = ”M”Tx. We get

m
ITzlllzll < 5 (l2]° + ll]*) = mll]

This yields || Tz|| < mlz||, or ||T|| < m. On the other hand proving that m < ||T]| is
trivial (Cauchy-Schwartz inequality).

Lemma 5.23. If T is self adjoint (T' = T*) and compact then either ||T|| or —||T|| is
an eigenvalue of T'.

Proof. 1t follows from (5.12) that there is a sequence of unit vectors so that
[{(Tan, 2n)| = (I T1]-

Since (T'xy,x,) is real (as T is self-adjoint) we can remove the absolute value and
assume that for a subsequence

(Txy, x,) — L, where L=4|T|.
Now,

| Tz, — anH2 = (Tz, — Lz,,Tx, — Lx,) = ||Txn||2 —2L(Tx,, x,) + L2||xn||2
< 207 —2L(Txp,x,) — 0 asn — oo. (5.15)

Since T' is compact, there is a subsequence (which for convenience we will denote again
(x,)) such that Tz, — y. By (5.15) this implies that Lz, — y. So we see that
LTz, — Ty but also LTz, — Ly, hence Ty = Ly. This means y is an eigenvector,
provided y # 0. Note however, that

lyll = tim || L, | = |L] > 0
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Lemma 5.24. If M is a closed subspace and T(M) C M, then T*(M*) C M*.

Proof. Indeed, it is enough to show that (T*x,y) = 0 for all y € M, provided z € M.
But

(T*z,y) = (z,Ty)
Here Ty € T(M) C M and z € M+, hence this inner product is indeed zero.

Lemma 5.25. If T is self adjoint (T = T*) and compact then the set of nonzero
eigenvalues is either finite, or an infinite sequence with limit zero.

Proof. If the set of eigenvalues is infinite and not tending to zero, then there is § > 0
and many distinct eigenvalues A, so that |A,| > d. If (e,) is the sequence of associated
unit vectors, then

|Ten — Tem|® = [ Anen — Amemll* = [Anl? + [Am]* > 26°.
This contradicts the assumption that 7" is compact.

Proposition 5.26. Let T' be a compact, self-adjoint operator on a Hilbert space H.
Then there is a finite or infinite sequence of eigenvectors of T with corresponding
eigenvalues A\, # 0 such that

Tx = Z AT, en)en, for all x € H.

If follows that the Hilbert space H has an ON basis consisting of eigenvectors of T'.

Proof. By Lemma 5.23 the number A\, = £||T|| is an eigenvalue of T'. If A\; = 0 there
is nothing else to do, else let e; be a unit length eigenvector corresponding to \;. Let
Ho = lin {el}L, i.e. Hso is the orthogonal complement of linear span of e;.

By Lemma 5.24 T(Hz) C Hs, hence Ty = T‘Hz is a compact self-adjoint operator
on Hy. Let Ay = £||T3|| is an eigenvalue of Ty (hence of T') with eigenvector es.

Inductively, we produce a sequence ey, es, ... of ON eigenvectors of T" so that for
each n: H, = lin{ey,eq,...,e,} and T,, =T 4, 1s a compact, self-adjoint operator on
H, and A\, = £||T,]| is an eigenvalue of T,, (an(TiL hence also of T').

This construction stops if for some n: T, = 0, then for all z € H:

n—1

x — Z(x, ej)ej € Hy,

j=1
which implies that

n—1
Tx = Z iz, e;)e;, since T, = 0.
j=1

Or, if T, # 0 for all n € N, then we denote by y, the difference

n—1

Yp =T — Z(x, e;)ej € Hy.

Jj=1
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By the theorem of Pythagoras
n—1
1217 = llyall® + > [, e) -
j=1

Hence ||ly,|| < ||z]|. Also
[ Tynll = 1 Taynll < [Aulllz]] — 0,

since |A,| = 0 by Lemma 5.25. Hence

n—1
T (:E—Z(@",@}@) —0  asn— oo.

Jj=1

From this the claim follows.
To see that H has an ON basis consisting of eigenvectors we need to take all vectors
(e;) we found above. Let

T =lin{ey, ea,... }.

Since Tz = > A\ (z,e,)e, it follows that T € T. It also implies that if z € T+, then
Tz =0, ie z € Ker T. This means that Ker T'= T*. Let (v,,) be any ON basis of
Ker T. All v, vectors are eigenvectors (for eigenvalue zero). It follows that

{e1,€9,... } U{v,}

is an ON basis of H consisting of eigenvectors of T
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