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1 Hilbert Spaces

1.1 Inner Product Spaces

Definition 1.1. A linear vector space X over scalar field C (or R) is called
Inner Product Space (ISP) if there exists a function < -,- >: X x X — C
(or R) having the following properties:

(i) <z,y>=<y,x> (or <zy>=<y,x>) VeyeX

(i) <AXr,y>=A<z,y> VYAeC (or R) Vz,ye X

(i) <zx+4y,z>=<wz,2>+<y,z> Vry,z€X

(v) <z,x>eR,:={teR: t>0}, <z,z>=0<z=0.

Function < -,- > is called inner (scalar) product. Properties (i)-(iv) are
called axioms of inner product.

The inner product generates a norm ||z|| = /< z,z > called the associ-
ated norm. So, any IPS is a normed space and thus a metric space with the
distance d(z,y) = /< x —y,x —y >.

ISP is called a Hilbert space if it is a Banach space with respect to the
associated norm.

1.2 Basic Facts about Inner Product

Let X be a ISP with the inner product < -, - > and the associated norm || - ||.
(i) Cauchy-Schwarz inequality

| <@y > < lzllyl
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with the equality if and only if z and y are linearly dependent.
(ii) < -,- > is continuous function from X x X to the corresponding scalar
field.
(iii) Parallelogram Law
lz + yll* + llz — ylI* = 2[|2]1* + 2y||* Y2,y € X.

In fact, Parallelogram Law is a sufficient and necessary condition for a norm
||z|| to be the associated norm for an inner product on X.

(iv) Polarisation Retrieving the inner product from the norm satisfying
Parallelogram Law:

1
<@y >= Z(Ilﬂf +yl? = llz —yll*)
for the real scalar field and
1 . ) ) .
<,y >= (lle+ ylI? +illz + ayl|* =l — yl|> — il — iyl]?)

for the complex scalar field.

1.3 Examples
1. Eucledian Space C™ (R") with the inner product

<z,y>= in@-, T = (21,%2,....Tn) = (z;),y = (y;) € C"(R").

i=1
It is a Hilbert space as any finite dimensional normed space is a Banach

space.
oo

2. Space ly := {x = (21,9, .o, Ty, ...) = (x;) 1 Y. |za]* < 00} It is a Hilbert
n=1
space with the inner product

o0
<zY>= Y T,

n=1

3. Lebesgue’s space Lo(F) consisting of all measurable functions f : £ —
C U {oo} such that [ |f]*dz < oo, where E is a measurable subset in R™. It
E

is an ISP for the inner product

<f,q >::/f§da:.
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The completeness of Ly(F) with respect to the associated norm is a particular
case of the Riesz-Fiesher theorem about completeness of Lebesgue’s Spaces
L,(E), see Integration course.

In fact we have much more general statement. Let (E, X, u) be an arbi-
trary measure space. Then Lo(FE, 3, i) is a Hilbert space. The important
example is the Lebesgue-Stieltjes measure given by u(A) = [ pdz, for any

A

measurable subset A C E, with a non-negative weight function p. The cor-
responding set is denoted Lo(FE,pdx). It is a Hilbert space with the inner
product

< fg >—E/f§du—E/f§pdw-

4.
Proposition 1.2. A closed subset of a Hilbert space is a Hilbert space.

Proof. 1t follows from the fact the closed subspace of a complete metric space
is a complete metric space. [

Let |E| < oo and

Ly(E) :={f € Ly(E) : %/fdx = 0}.

Indeed, Ly(E) is closed in Ly(E). So, Ly(E) is a proper closed subset in
Ly(E) therefore it is a Hilbert space itself with the inner product

<f,q >:/f§dx.

5. Bergman space: let D be the open unit disk in C equipped with area
measure. The subspace A%(ID) of Ly(ID) consisting of those holomorphic (in
D) functions which are in Lo(ID) is closed so it is a Hilbert space for the
Lo-inner product, see Qn 3 in Problem Sheets.

6. The Hardy space: Let Y, sometimes denoted by H?(T), be the space of all

o0

those f € Ly(—m, ) with the Fourier series of the form Y a,e™ (so a, =0
n=0

for all n < 0). Then Y is a closed subspace of Lo(—m,m). This example
appears in different, but equivalent, guise later.

3



7. Sobolev space H'(a,b). We say that u € H'(a,b) if and only if u € Ly(a, b)
and there exists a function v € Ly(a, b) such that

T

u(z) = A+ /v(y)dy (1.1)

a

for a.a. x €|a, b[ and for some constant A.
Just from the definition and properties of Lebesgue’s integral (explain
which properties should be used), it follows that u € C([a,b] and

T

u(z) —u(y) = /v(s)ds Va,y € |a,b].

Y

It is also easy to see that, given u € H'(a,b), there exists the only one
function v, satisfying identity (1.1). Indeed, if not, then we have

T

/(Ul(s) —vy(s))ds =0 Vz,y € [a,b].

y
Since, for a.a. €]a, b,

T+
1

(lsi_r}(l) % /(vl(s) — v9(5))ds = v1 () — vo(x).

r—0

Thus v; and vy belong to the same equivalence class.
If v is a continuous function, then

z+h

() = lim "Dy [y = o)
h

So, H'(a,b) contains C'([a,b]). Moreover, the above limit exists a.e. in |a, b|
even if v € Ly(a,b). In other words, functions v € H'(a,b) have the usual
derivative a.e. in Ja,b[. It makes sense to call v “weak” or “generalised”
derivative of u in |a, b| and use the classical notation letting v = u'.



H'(a,b) is a real Hilbert space with respect to the following inner product

b
<u,v>= /(uv + u'v')dx.

a

In order to show that one needs to prove that < -,- > satisfies all axioms
of IPS (which is obvious) and that H'(a,b) is complete with respect to the
associated norm, see Qn 4 in Problem Sheets.

1.4 Orthogonality

Let be X be an IPS with the inner product < -,- >. x is orthogonal to y if
< x,y > 0. Obviously, if z is orthogonal to y, then ||z + y||* = ||z||* + ||y||?
which is a version of the Pythagoras theorem.

Let Y C X. Then

Yh={zeX: <ry>=0VycY}
is the orthogonal compliment of Y in X.

Proposition 1.3. Let Y be a subset of IPS X. Then

(i) Y+ is a closed subspace of X.

(i) Y C Y+

(iii) IfY C Z C X, then Z+ C Y+,

(iv) (spanY)t =Y+

(v) IfY and Z are subsets of X such that X =Y + Z and Z C Y+, then
Yyt =172

Proof. Exercise. m

1.5 Closest Point Theorem

Theorem 1.4. Let C be a non-empty closed convex subset set of a Hilbert
space X . Let x € X. There ezists a unique point yo € Y such that ||z —yl|| >
lx — yol| for ally € C.

Proof. Let 6 := inf{||lx —y|| : y € C} > 0 and let y, €, n = 1,2,..., be a
minimising sequence, i.e., ||z — y,|| — 6 as n — oo. Let z, = z — y,. By
convexity of C, %(yn + ym) € C and so

1
|2n + Zm”2 = 4|z — §(ym + ?M)HQ > 407,
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According to Parallelogram Law
120 = 2zl = =ll2m + zall® + 2l|2m]|* + 2l zl* < 2l|2m]1* + 2] 20]* — 46 — 0

as m,n — oo. Hence vy, is a Cauchy sequence and so converges. The limit
yo belongs to C' as C' is closed, ||z — yo|| = d by continuity of the norm.

Uniqueness follows from Parallelogram Law in the same manner as above.

O

1.6 Projection Theorem

Theorem 1.5. Let Y be a closed subspace of a Hilbert space X. Then X =
YovYt

Proof. Certainly, Y N Y+ = {0}. Let us show that X =Y + Y1, Take any
x € X and note that Y is a non-empty and convex as well. Choose yy € Y
according to Theorem 1.4. We claim that x —yy € Y*. Indeed, forany y € Y
and any t € R, we have yy + ty € Y and by the definition of y,

o — z[* < llyo — =+ tyll> = llyo — 2| + 2tRe < yo — z,y > +t*[|y||.

So, 0 < 2tRe < yo—z,y > +t2||y||* for all t. Dividing the latter inequality by
positive ¢ and then passing ¢ to zero, we conclude that Re < yy —z,y >=0
for all y € Y. This completes the proof if X is a real Hilbert space.

If the scalar field is complex, we proceed as before with ¢ replaced by
it. O

Corollary 1.6. Let Y be a subspace of a Hilbert space X
(i) The following are equivalent:
(a) Y is closed in X,

(b) X =Y +Y+
(c) Y =Y+t
(ii)) Y+t =Y.

(iii) The following are equivalent:
(a) Y is dense in X,
(b) Y+ ={0}.

Proof. Exercise. You will need the Projection Theorem and also the facts
Proposition 1.3. 0



1.7 Projecting onto a closed subspace

Let Y be a closed subspace of a Hilbert space X.
Let Pyx = y, where x = y + z is the unique decomposition of z, with
y €Y and z € Y. Then, by Pythagoras Theorem,

l* = 1Pyal® + llz = Pya]* = [ Pral®

Hence the linear map Py : X — X is bounded, and of the norm at most
one. So, by definition Pyx is the closest point for = to Y and the required
minimum distance is simply |z||.

Here are some examples.
(a) Let X = Lo(—m, ), and Y be the space of all f € X such that f(t) =0
for a.a. t €]0,7[. Then Y+ is the space of all f € X such that f(t) = 0 for
a.a. t €l =m0, and Py f = fxj—ro[
(b) Let X € Lo(2, F,P) be a probability space, G be a sub-o-algebra of Y =
Ly(2,G,P). For an F-measurable random variable £, Py¢ is the conditional
expectation E(£|G) of & with respect to G.

2 Linear functionals and linear operators in
Hilbert spaces

2.1 Riesz Representation Theorem

Let X be a Hilbert space, X* is dual of X, i.e., consists of all linear (bounded)
functionals 2* € X*: X - F (R or C). X* is a Banach space with respect
to the norm ||z*||. = sup |z*(z)].
[l=]|<1
Obviously, y —< y,x > is a linear functional on X. By the Cauchy-
Schwarz inequality, | < y,z > | < |ly||/|z]| and thus it is bounded and

belongs to X*, i.e., 2*(y) =< y,z > and ||z*||. = ||z||. Converse is also true.

Theorem 2.1. Given x* € X*, there exists a unique x € X such that
*(y) =<y,x > forally €Y and ||z*| = ||z||.

Remark 2.2. In the case of real Hilbert spaces, the above statement means
that there exists an isometric isomorphism © : X — X* such that mx = x*
is equivalent to x*(y) =< y,x > for ally € X and ||z*||. = ||z||. So, spaces
X and x* are topologically equivalent, i.e., they are the same up isometric
1somorphism. It is notated as X* = X or even just X* = X.
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Proof. x* = 0, then x = 0. Now, assume that z* # 0. Let Y = Kerz*. It
is a closed subspace of X. By Theorem 1.5, X =Y @ Y*. Take non-zero
y+ € V1. Then, for any z € X, we have,

* 1
z—%EY:KerQ;*.
z*(y+)
Thus Lo
<z,yL>—%:0 Vz e X.
(y+)
So,
T* 1
=yt (j/ 2)
-]

Uniqueness is obvious.

The norm identity ||z*||« = ||z|| can be proven as follows. By the Cauchy-
Schwarz inequality, z*(y) =< y,z >< ||y||||z]| which implies ||z*|. < ||z]|.
On the other hand, z*(z) = ||z|*> < ||2*||||z|| and thus ||z| < [|z*||.. This
completes the proof. O

2.2 Weak convergence in Hilbert spaces

Definition 2.3. Let X be a Hilbert space and =™ € X, n = 1,2,..., be
a sequence and xr € X. 2 converges to x weakly in X (x™ — x) if
<2 y>s<ay> foranyy e X.

Proposition 2.4. The following are true:
(i) 2™ =z = 20—~ g;

(i) ™ — x and |2™] — ||z = 2™ — x;
(iii) ™ — x = 2™ is bounded;

(iv) 2™ — z = lirrlriicgf |z > [|=]].

Proof. (i) and (ii) is an easy exercise. (iii) will be proven later, see Banach-
Steinhaus Theorem. In order to prove (iv), note that there exists a subse-
quence (™) such that

A = liminf ||z = lim ||z)].
n—o00 k—oo
Thus we have

A= lim sup{< 20 y >: |y =1} > lim < 2™ y>=<z,y >
k—o0 k—o0
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for all |y|| = 1. Taking supremum in RHS, we complete our proof of (iv). [

Remark 2.5. The statement inverse to (i) in general in not true. Indeed, let
X = [2. Consider the sequence x™ with xl(n) =01if1#n and 2™ = 1. This
sequence converges weakly to zero. Indeed, for any ||y|| < oo, < 2™,y >=
Yn — 0 as n — oo. On the other hand, sequence does not converge since
|20 — 20| = /2 if # m. For the same reason, this sequence does not
contain a converging subsequence.

The statement below is a version of Bolzano-Weierstrass Lemma in infi-
nite dimensional Hilbert spaces. It is called the Sequential Weak Compact-
ness Theorem.

Theorem 2.6. Any bounded sequence of a Hilbert space contains a weakly
converging subsequence.

Proof. Let X be a Hilbert space and let (™ be a bounded sequence of X,
ie.,
M := sup ||z < oo.
n>1

The proof is based on the celebrated diagonal Cantor procedure. Let us de-
scribe it. Consider the sequence {< (™, (1) >}, cy. By the Cauchy-Schwarz
inequality, we have | < 2, 2 > | < M|[2™"|| and thus the abovesequence is
bounded. By Bolzano-Weiestrass Lemma, there exists a subsequence {n]1 }en

of natural numbers such that Jlg(r)lo < m("p,x(l) > exists. Then we consider
another bounded scalar sequence {< x("ﬂl'), 2? >},cy. By the above argu-
ments, there exists a subsequence {n?};cn of the sequence {n;} ey such that
lim < 2", 2® > exists and, of course, lim < 2, 21 > exists as well,
Jj—0o0 J—r00

since {z("))} is a subsequence of {z(™)}. Proceeding in the same way, we find

an infinite sequence of nested subsequences {n?}jeN, k=1,2,..., so that, for
any k, {n"} ey is a subsequence of {n}™'};en and

lim < 2| 2 >
j—oo
exists for all m = 1,2, .., k. Let y®*) = 2™, This subsequence of our original

sequence and morever

lim < y® 20 >
k—o00



exists for all m. Indeed, let us fix m arbitrarily, then {< y®, (™) >3, 18
a subsequence of the converging sequence {< 2" ), g (m) >3 0
So, we have, for any m,

<y — gy 2m ~_5
as k and 7 tend to infinity. This certainly implies
<y® —yD y>20  WyeY :=span({zM}2)) (2.1)

as k and j tend to infinity. Let us show that (2.1) is valid for any y € Y.
Indeed, for any y € Y and for any z € Y, we have

H<y® =y y—z> [ < <y® =y 2> |+ 2M]ly — 2.

Now, we can make the second term of RHS to be small by choosing z and
then the first term is going to be small for sufficiently big k& and j, see (2.1).

By the Projection Theorem, X =Y @ (Y)*. So, for any y € X, we have
y =2+ 2+ with 2 € Y and 2+ € (Y)* and thus

as k and 7 tend to infinity. So, for any y € X, there exists

lim < y®, y >

k—o0

and thus
lim < y®,y > = lim <y, y® >=:1(y).
k—oo k—oo

Obviously, [ is a linear functional on X. It is bounded since |I(y)| <
M]ly||. By Theorem 2.1, there exists x € X such that l(y) =< y,z >. So,

lim <y® y>=<yz>=<uzy>.

k—o0
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2.3 Adjoint operators in Hilbert spaces

Let X and Y be two Hilbert spaces and B(X,Y) be the Banach space of
linear (bounded) operators defined on X with values in Y.

Consider A € B(X,Y). Then z —< Az,y >y is a linear bounded func-
tional on X. By the Riesz Representation Theorem, the exists a unique
l(y) € X such that < Az,y >y=< z,l(y) >x. It is easy to see that
[l .Y — X is a linear operator which is denoted by A* and called adjoint
operator of A. So, we have by definition < Az,y >y=< x, A*y >x. The
following is easy to check.

(i) A* is unique.

(i) A* € B(Y, X).

(iif) [|A*[] = [|A]].

Indeed, (i) is obvious. For (ii), we let x = A*y and have || A*y||% < || AIIIA*y| x|lv|ly
and thus ||A*|| < ||A||. To get an opposite inequality, we let y = Az, which
gives (iii).

(iv) Let T € B(X,Y) and S € B(Y, Z). Then (ST)* = T*S* (Exercise).

(v) T e B(X,Y), then T** =T.

Indeed, we have

<Tz,y>y=<uz,T'y>x=<Try,z >y =<y, (T*)z >, =<T"z,y >y

forallz € X and all y € Y.
Consider several simple examples of ajoint operators.
(i) Let T be the following integral operator:

1

(Tf)(x) = / ke, ) f(y)dy

0

in spaces X = Y = L,(0,1;C), assuming for simplicity that the kernel
k :]0,1[*—]0, 1] is bounded measurable function. Then, by Tonelli’s theorem.

1 1

<1hg>= [ ( [ ) f)dy)gteis -

0 0

1 1

~ [ ([ Fagtarde) sty =< 1,779 >

0 0
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So,
(T*g)(x) = / E(y,z)g(y)dy.

(i) Let X =1? and R be the right-shift R(z,) = (0,21, xa,....). Then R* is
the left-shift L(z,) = (z2, x3, ...).

(iii) Let X = Ly(R) and h : R — C be a bounded measurable func-
tion. Define M (x) = h(z)f(x) (multiplication operator). M, € B(X) and
(Mh)* - ME'

2.4 Self-adjoint operators

T € B(X) = B(X, X) is called a self-adjoint operator if T* = T.

The above integral operator is self-adjoint if k(z,y) = k(y,x) for any
z,y €0, 1].

The statement below is about norm of an operator in a Hilbert space.

Lemma 2.7. Let X be a Hilbert space.
(i) LetT € B(X). Then

1T = sup{| < Tw,y > | : [[«f| = [lyll = 1}.
(i1) Let T € B(X) be self-adjoint. Then

|IT|| = sup < Tz,z>.
ll=ll=1

Proof. We start with (i). By the definition of the operator norm,

IT[| = sup || Tz[].

[lzf|=1

We also know that
2] = sup | < z,y > |.
llyll=1

Then
sup | < Tw,y > | =|Tz|.
llyll=1

The result follows.
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(ii): Now, we let K = sup | < Tz,z > | < ||T||. Given € > 0, one can
llz]|=1

find a pair  and y so that ||y|| = ||z|| = 1 and |T|| — ¢ < | < Tz,y > |.
Replacing y with e?y does not change ||y|| and | < T,y > | but one can
find 6 so that | < Tx,y > | = Re < Tz,y >. Then

A(||T)|—¢e) <4Re < Tx,y >=<T(x+y), (z+y) > — < T(z—y), (z—y) ><

< K(lz +yll + [z —yl]) <4K.
The required result follows. [

Proposition 2.8. Let X be a Hilbert space and let T € B(X). Then
(i) |T°T| = |7
(ii) If T is self-adjoint, | T?|| = ||T|*.

Proof. (i): We apply Lemma 2.7, noting that 77T is self-adjoint as well,

IT*T| = sup < |<T"Ta,2>|= sup |[Tz|? = |T|>
llzll=1 l|lz||=1

(i) is obvious. O

2.5 Further elementary properties of self-adjoint op-
erators

Let X,Y be Hilbert spaces, S,T € B(X,Y).
(i) (AS 4 uT)* = A\S* + uT™.
(i) Iy = Ix.
(iii) Assume 7" € B(X). Then T is invertible if and only if 7* is invertible
and in that case (T*)~! = (T~1)*.

(i) and (ii) are entirely elementary. With regards to (iii), assume that T
is invertible so that there exists S = T~! € B(X) such that ST =TS = Ix.
Then T*S* = S*I* = Iy = Ix. This says that 7™ has inverse, namely
S* — (Tfl)*'

The following results are similar to corresponding ones for dual operators,
but easier to work with.

Proposition 2.9. Let X,Y be Hilbert spaces and T € B(X,Y). Then
(i) Ker T = (Im T*)*;

(ii) Ker T* = (Im T)*;

(iii) (Ker T*)* = ImT.
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Proof. (i),(ii): the same as in finite-dimensional case. For (iii), use Corollary
1.6. [

Theorem 2.10. Let X be a Hilbert space, X =Y & Z, where Y and Z are
both closed subspace of X. Let P be the operator P(y + z) = y. Then the
following are equivalent:

(i) Z=Y";

(ii) P*=P;

(i) || P|| < 1. Moreover, for such a projector, |P|| =1 or P = 0.

Proof. Equivalence of (i) and (ii) as in finite dimensional case, so equivalence
with (iii) is the interesting fact here, see Problem sheets Qn. 11. [

2.6 Unitary Operators

An operator between Hilbert spaces is unitary if it isometric and surjective.

Proposition 2.11. Let T,U : X — Y be bounded linear operators between
Hilbert spaces.
(i) The following equivalent:
(a) T is isometric;
(b) <Tx, Ty >=<z,y > foralz,y € X;
(c) T*T = Iy.
(ii) The following is equivalent:
(a) U is unitary;
(b) UU =Ix and UU* = Iy;
(¢) U and U* are both isometric.

Proof. Exercise. ]

Here are some example of unitary operators:
(i) The left shift is unitary on I%(Z).
(ii) A multiplication operator M, is unitary on Lo if and only if |h| =1 a.e.
(iii) For measurable, non-negative g, the map f — g2 f is isometric from
Ly(R, gdt) to Lo(R). It is unitary if and only if g > 0 a.e.
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3 The Baire Category Theorem

3.1 Nowhere dense sets

Assume that M is a topological space, let us recall general topological no-
tions:

(i) G € M is dense if M = G

(ii) The interior of a subset S of M is

S®=U(Uopen:U C9).

Recall that M \ S = M \ S° and that, as a consequence, M \ S is dense
if and only if S° = 0.

Definition 3.1. A subset E of M is nowhere dense if (E)° = .

Lemma 3.2. The following are equivalent:
(i) E is nowhere dense:
(i) M\ E is dense;

(i1i) M \ E contains a dense open set.

Proof. Assume E is nowhere dense but M \ E is not dense. Then there exists
a closed set F such that M\ E C F C M. So, E D M \ F and thus we get
a contradiction. Implication (i) = (i¢) is proven and so is (i) = (7).

Now, assume that (i7) is true but there exists an non-empty open set O
such that (E)° D O. Then M\ (E)° C M\ O =F C M. Since F is close, a
contradiction follows and (iz) = (i).

Suppose that (ii7) is true, i.e., there exists an open set O C M \ E and
O = M. Then, since M \ O is closed and contains F, it contains E as well,
So, O is a subset of M\ E and thus M \ E is dense. (4ii) = (4i) is proven. [

As an example of a nowhere dense set, consider the Cantor set in [0, 1].
From the construction, it follows that the Cantor set is closed but does not
contain open subsets. Since the Cantor set has Lebesgue’s measure zero, one
may think that it is a necessary condition for a set to be nowhere dense. But
it is not true. Moreover, using a similar construction, one can find a closed
subset of [0, 1] that contains no open subsets and has measure equal to 1 — ¢
for any given 0 < € < 1.

It is worthy to notice that although @@ C R has zero measure but it is not
a nowhere dense set, since QQ is dense in R.
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3.2 The Baire Category Theorem

In what follows we need Cantor’s Nested Set Theorem.

Theorem 3.3. Let M be a complete metric space and let F1 O Fy, D ... be
decreasing sequence of non-empty closed sets with diam F,, — 0. Then (), F,
is a singleton {z}.

Proof. Pick z,, € F,. It is a Cauchy sequence, since, for n > m, d(x,, x,,) <
diam F},,. Let « = limx,,. Then = € [, F,, since all F), are closed. Diameter
condition implies the intersection is a singleton. O

Definition 3.4. A countable union of nowhere sets is said to be first category
or meager.

Theorem 3.5. Let M be a complete metric space. The following are true
and equivalent.

(A) A countable intersection of dense open subsets of M is dense.

(B) The compliment of a countable union of nowhere sets in M is dense.
(C) A countable union of nowhere dense sets in M has empty interior.

Proof. We starts with the proof of equivalence.

Assume that (A) is true. Now, let E, k = 1,2, ..., be nowhere dense sets.
We know that M \ E =: Oy is dense, see Lemma 3.2. So, sets Oy open and
Or = M. By (A),

M=()Or=[M\E)=M\|JE, C M\|JE, c M.

So, (A)=(B).

Now, assume that (B) is true. Consider open sets Ok, k = 1,2, ..., that
are dense in M. Consider also sets Ey, = M \ O. By Lemma 3.2, they are
nowhere dense. Then by (B)

M=M\|JE =M\ E) =()Ox

k

So, (B)= (A). Now, take sets Ej, that are nowhere dense. Suppose that there
exists a non-empty open set O C |J, Ex. Then, since M \ O is closed and by

(B), M\O =M\ O D M\, Ex = M. This cannot be true. So, (B)=(C).
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Now, assume that (C) is true. Take sets FEj, that are nowhere dense.
Assume that (B) is not true, i.e., there exists a proper closed subset F' of M
such that M \ |J Ey C F'. Therefore, M \ F = O C |J, Ej. Since O is open,
we get a contradiction. So, (C)=-(B) and the equivalence of (A), (B), (C) is
proven.

Now, let us prove that (A) is true. Pick open sets Oy, k = 1,2, ..., that
are dense in M. We need to show that (1), Oy = M. To this end, let us take
an arbitrary open set O. It is clear that it is enough to prove

(OrNO #9. (3.1)
k

We are going to argue by induction. Since Oy is dense, O, N O’ # () for each
k and for any open set 0. Indeed, one may assume that B(z;,r,) C ONO;
for some x; € X and 0 < r; < 1. Since B(x1,r1) N Oy # 0, we can find a
point x5 € X and 0 < 1y < min{r;,1/2} such that

B(l’z,?"g) C B(iCl,T'l) N 02 con 01 N OQ.

And so on. As a result, we have a sequence

B(a:n,rn) C B(mn,l,rn,l) N On cOon 01 N 02 n..N On

with 0 < r, <min{r,_1,1/n}. By Cantor’s Nested Set Theorem, applied to
F, = B(x,,r,), there exists a point € ONO;NO2N...NO,, for all n. Then
(3.1) follows. O

It is worthy to mention the following famous example: the subset of
C([0,1]) of functions which are differentiable at some point is nowhere dense
in C'([0, 1]), see web sources for proof. This says that in a strong and precise
sense ‘most’ real-valued continuous functions on [0, 1] are nowhere differen-
tiable.

4 Uniform Boundedness Theorem

4.1 Uniform Boundedness

Consider normed spaces X and Y and the space B(X,Y") of bounded (=con-
tinuous) linear maps from X to Y.
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Let £ C B(X,Y). We say that £ is point-wise bounded if for each x € X
there exists a constant M, such that ||Tz||y < M, for all T € £. We also
say &€ is uniformly bounded if there exists a constant M such that ||T]] <
M < oo for all T" € £. Obviously, uniform boundedness implies point-wise
boundedness. The converse is the famous Banach-Steinhaus Theorem on
Uniform Boundedness.

Theorem 4.1. Let X be a Banach space, Y be a normed space, € C B(X,Y)
be such that, for each x € X, sup ||Tz||y < oo. Then sup ||T|| < oco.
TeE TeE

Proof. Consider sets F,, = {x € X : ||[Tz|y < n,VT € £}. Since T is
continuous, F), is closed for each n. Obviously, X = |, F,, at least some
F,, is not nowhere dense, Theorem 3.5. Since F, is closed, F? # () and thus
there exists a non-empty ball B(zg,d) C F,. The latter means

sup ||Tx|ly <n VT €E&.
B(zo,9)

Therefore, letting z = z — xy, we find

sup [Tzl — [ Taolly < n
B(0,9)

for the same T and

sup | Tz|ly < 2n
B(0,5)

for the same T'. One easily to conclude that ||| <2n/d forall T € €. O

The given proof of UBT is tailored to this particular result. The following
Lemma synthesises the key ingredients, for potential use elsewhere.

Lemma 4.2. Let X be a Banach space. Let C' be a non-empty closed, convex
subset of X such that x € C implies —x € C and X = J,5,nC. Then C
contains a ball B(0,¢) for some ¢ > 0.

A proof of the lemma, and a derivation of UBT from it, is in fact Qn.15
on Problem Sheets.
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4.2 Corollaries of UBT

Corollary 4.3. Let X be a Hilbert space and ™ — x. Then sup ||z™| <
n>1
0.

Proof. Define T,, : X — C (or R) by T,,(y) =< y, 2™ >. It is easy to see
that ||T,|]| = ||#™]|. By assumptions, sup,>i| < 2™,y > | < oo for each
fixed y € X. The result follows from UBT. m

The following corollary of UBT is a good working example.

Corollary 4.4. Let X be a real or complex Hilbert space and £ be a subset
of B(X) such that sup | < Tx,y > | < oo for each x,y € X. Then there is a
TeE

constant C' such that |T|| < C < oo for all T € £.

Proof. Let us fix € X. Define K1, : X — C by Kr,(y) =<y, Tx >. We
know that ||Kp.|| = ||Tz| and

sup [Kr,(y)| <sup| < Tx,y > | < o0
TeE TeE

for each x,y € X. By UBT, there exists a constant M, such that

sup ||Tz|| < M, < oo
TeE
for each fixed x €. The result follows from UBT. O]

4.3 Strong convergence of operators

Theorem 4.5. Let X andY be Banach spaces and a sequence T,, € B(X,Y).

The following are equivalent:

(i) There exists T € B(X,Y) such that lim T, = Tx for all x € X (Strong
n—0o0

convergence of a sequence T, of operators to an operator T );
(ii) For each x € X, lim T,z ezists in Y;

n—o0

(1ii) There is a constant M and a dense subset Z of X such that
(a) T < M for all n,
(b) im T,z exists for each x € Z.
n—o0
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Proof. (i) = (ii) is obvious. To show (ii) = (i), we observe that by the
property of the limit, 7' : X — Y defined by T(x) = lim T,z, is a linear
n—oo

map. Since ||T.x|ly — ||Tz|ly and | Tz||y < sup ||Thz||y, we have ||[Tz|y <
n>1

sup | T |||z||x for all x € X. By UBT, sup ||T,|| < oo and [|T|| < sup||T,]|-

n>1 n>1 n>1

So, T' € B(X,Y).
(1) = (uii) and (i) = (4i7) follow from UBT, see the above arguments.
Now, assume (iii) is true. We are going to use the density arguments,
similar to those in the proof of Theorem 2.6. Indeed, take any z € X and
z € Z. Then we have

[Toz = Tnlly < [[(Tn = To)zlly + (T = T)(x = 2) ||y <

< (7w = To)2lly +2M ||z — 2[ly

Given x € X and ¢ > 0, we find z € Z such that 2M||z — z||y < &/2
and then a number N such that |[(T,, — T),)z|ly < €/2 for m,n > N. So,
(13i) = (i7). Moreover, in the same way as in the proof of (ii) = (7), we
show that ||T’|| < M. Uniqueness follows from the identity Tix — Tox = 0 for
any r € X. ]

4.4 Examples of strong convergence

1. Let L be the left-shift operator on {!. Then lim ||[L"z|; = 0 for each
n—oo

z €', but ||L"]| = 1 for any n and thus L™ does not converges to zero in
B(X). This shows that the strong convergence of operators in general does
not imply the uniform convergence of them.

2. Consider the shift operators 7}, (h € R") on X = L,(R"), where 1 <p <
00:
(T f(t) = f(t+h)  (f € Lp(R"), t € R").

Then Tj, — I strongly as h — 0, i.e.,

I£6+ 1) = 10l = ( [1£¢+0) - ropae)” 0 @)

Rn

as h — 0 for any f € X. This property is known as integral continuity of
functions from L,(R™). To see that it is true, consider a continuous function
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g that is equal to zero outside a bounded set B, of R™ (it is said that g
is compactly supported in R™). By Lebesgue’s theorem about dominated
convergence

/ gt + h) — g(B)Pdt — 0

as h — 0. Indeed, t — ¢(t) and t — g(t + h) are equal to zero in R" \ B for
some ball B and for any |h| < 1. So, |g(t + h) — g(t)|P < (2N)Pxp(t) for all
t € R" and |h| < 1, where N = supg. |g(t)|. Let us denoted by Z the set
of all continuous functions g with a compact support in RV (for each g € Z,
there exists a ball B, such that g =0 in R" \ B,). In fact, we have

Theorem 4.6. The set Z is dense in L,(R™) provided 1 < p < cc.

This will follow from the following statements:
Lemma 4.7. Let A C R" and o(z,A) = ;2£|x — z|. Then |o(z,A) —
oy, A)] < |z =yl

Proof. We have for z € A
Q(va> < |ZL‘—Z| < |"L‘_y|+ ’y—Z|,

which implies o(z, A) < |z — y| + o(y, A). Replacing x with y and y with z,
we complete the proof. [l

Lemma 4.8. Let 1 < p < oo and E be a bounded measurable set in R™.
Given € > 0, there exists a function g € Z such that || xg — g||r,m) < €.

Proof. Since E is bounded and measurable, there exist a closed set FF C F
and a bounded open set O O E such that |O\ F| < (¢/2)?. We let

o(z,R"\ O)
x, F) + o(z,R"\ O) =1

0<g(x):=
(z) ol
for x € R™. Obviously, g is continuous function in R". And

1
Ixe = gllpe <200\ F|r <e.

21



Now, the statement of Theorem 4.6 follows from the fact for any f &
L,(R™) and any € > 0, one can find finite number of disjoint bounded mea-
surable sets £ and numbers ¢; such that [[f — >, ¢;xg L&) < €, see
Integration course.

So, now (4.1) follows from Theorem 4.5, taking M = 1 (explain why).

3. Here, we are going to discuss the approximation of unity in L,(R"™) with
1 < p < oo by convolution. It is also called a mollification. We will see why

later.
Let f € L,(R") and g € L1(R™). Then the integral

(f % g)(s) = / g(s — )£ (t)dt = / F(s — t)g(t)dt

Rn

exists for a.a. s € R™ and thus defines a function which is itself in L,(R") and
satisfies ||g * fll, < || fllpllglli. Indeed, by Hélder inequality, for 1 < p < oo

with p = p/(p — 1) (p=1 is easy),

o= N1 < ( [1ots = 01e) " ( [ lats - 0llsopar)” <

1 1
<1l ( [ lots - nsoyPar)”
R
Hence, by Tonelli theorem,

g+ fIF < ngfp’/(/ig(s—t)uf(mpdt)ds:

R» Rn™

= ||9||fp//(/Ig(s—t)llf(t)|pds>dt: lalZ11F1IE.

R®  Rn
Let us fix non-negative g € Li(R"), with [ gdt = 1. In addition, we
R™

assume that g = 0 outside the unit ball B of R", centred at zero. Now,
define g;(t) = jg(jt). Then [ g;dt = 1 and ||guli = |lg|li = 1. Define
R

T, : X = L,(R") — X by T;(f) = g; * f. We wish to show that T; — I
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strongly as j — oo. Repeating more or less the same arguments as above,
we find

(95 ) = £6)1 = | [ as00(e = 5) = £(s))ae]

< ([ o017t —) - separ)”

and thus after application of Tonelli’s theorem

R’Il

g * f = flIh < (/gj(t)</\f(s —t) — f(s)|pds)dt.
Rn
Making the change of variable t = 7/j, we get
los £ = 13 < ([ o0 [ 1165 = 7/3) = s(s)pas) .
B R™

By integral continuity, given ¢ > 0, we can find N such that, for any |7| < 1,

IfC=7/3) = fO)lp <e

as j > N. Hence, ||g; * f — f||, <efor j > N.
It is worthy to know that if ¢ is a smooth function, for each n the convo-
lution g; * f has the same smoothness as function ¢ for any f € L,(R").

5 Open Mapping Theorem and its applica-
tions

Let f: X — Y, with X and Y any topological spaces. A map f is open if f
maps open sets onto open sets. Note that, for a bijective map f: X — Y,
the well-defined map f~!:Y — X is continuous if and only if f is open.

Lemma 5.1. Let X and Y be normed spaces and T : X — Y be linear. The
following are equivalent:

(i) T open,

(ii) T(Bx) open (Bx = Bx(0,1));

(iii) T(Bx) contains some non-empty ball By (0, )
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Proof. Exercise. O

Theorem 5.2. Let X and Y be Banach spaces and T' be a bounded linear
mapping of X onto Y. Then T is open.

Proof. Let Bx and By be the unit balls in X and Y.

Step 1 Here, we wish to show that if 7(X) = Y and X is normed, Y is
Banach, then T'(Bx) D By (0, ) for some positive €. Indeed, it is an exercise
to show that T'(By) is a non-empty closed convex set having the property:
y € T(Bx) implies —y € T(Bx). Since

T(X)=Y =|nT(Bx) €| JnT(Bx) C Y,

the statement follows from Lemma 4.2.

Step 2 Now, let us assume that 7" : X — Y is linear and continuous, X is
Banach and Y is normed, and T'(Bx) D By(0,¢) for some positive €. Our
aim is to show that there exists § > 0 such that T'(Bx) D By(0,9).

Let y € T(Bx), then by assumption we can find y; € T(Bx) such that
ly —yilly < /2. Since y —y; € By (0,2/2), then y — 1 € T(LBx) and thus
we can find y» € T'(3Bx) such that ||y —y1 — ys|ly < £/4. Proceeding in this
way, we find sequences y,, and x,, with the following properties:

1
— By, ,i=12,..

||?/ —h —Y2— . — yilly < 8/2i, yi=1w;, x; € 5i 1

Since ||z;||x < 5=+ and X is Banach, the sequence z, = Y x; converges to
i=1
z in X. Moreover, ||z,||x <>, 1/271 < 2. Hence, we have ||y — Tz,|ly <
£/2™ and passing to the limit we show y = Tz with z € 3Bx. This means
that T'(3Bx) D By(0,¢) So, we can take § = £/3.
Now, the result follows from the statement of Step 2 and Lemma 5.1, see
(ii). O

A direct corollary of OMT is the following theorem called Inverse Mapping
Theorem or Banach’s Isomorphism Theorem.

Theorem 5.3. Let X and Y be Banach spaces and T : X —'Y be a bounded
linear bijection. Then T~ is continuous.
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Now, our aim is to discuss applications of IMT for adjoint operators and
closed images. Recall that for 7' € B(X) (X is Hilbert space), the image T'X
will not in general be closed.

Theorem 5.4. Let X,Y be Hilbert spaces and T € B(X,Y). Then TX is
closed if and only of T*Y s closed.

Proof. Suppose that T*Y is closed in X. We let N := TX C Y. Define,
further, S : X — N by Sz = Tx for v € X. We know that there exists
the adjoint operator S* : N — X. By Proposition 2.9, since ImS = N =
(Ker S*)*, S* is injective. Let P:Y — N be a projection.

Let us prove that S*(Py) = T*(y) for y € Y. Indeed,

<Tx,y >y=< Sz,y >y=< Sz, Py >y=<1z,5"Py >x=<z,T 'y >x .

It follows from the above that: S*P =T%*, S*N =T*Y =: M, and S*n =T"n
for all n € N. So, we can introduce V : N — M by Vn = S*n for alln € N.
So, now V is a bijection, M, N are Banach spaces. By IMT, there exists
continuous V! : M — N. Just by simple properties of adjoint operators,
we get (V*)~! = (V-1)* € B(N, M).

Now, take any y € Y and any n € N, we know that there exists a unique
m € M such that n = V*m. So, we have

<n,y >y=<V'm,y >y=<V*m, Py >y=<m, V™" Py >x=

=< m,VPy>x=<m,S Py >x=< Sm, Py >y=
=< Sm,y >y=<Tm,y >y

fory € Y. Hence, n =Tm and N CTX. So, TX is closed in Y.
Converse can be proved by observation that 7% =T O]

Now, let X and Y be Banach spaces, T : X — Y be a mapping. The set
G(T) ={(z,y): z€ X,y="T(x)} is called the graph of T
Define the norm ||(z, y)||xxy on X xY in one of the following ways: either

l2]lx + llylly> or v/llzl% + lyll3, or max{{lz||x, [[ylly}. It is easy to see that

if T is continuous then G(T) is closed in X x Y. Inverse in general is not
true. However, we have (Closed Graph Theorem)

Theorem 5.5. Let T : X — Y s a linear mapping with closed graph. Then
T is continuous (bounded).
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Proof. By assumptions, G(T) itself is a Banach space as a closed subset of
a Banach space X x Y. Let us introduce two operators m(z,y) = = and
mo(z,y) =y. Obviously, m € B(X xY, X) and m € B(X xY,Y). Introduce
p = milamr) (p(z,Tz) = ). It is easy to see that operator p is one-to-one
and and onto. Moreover, it is a continuous operator. By IMT, there exists
p~! and it is a continuous operator. On the other hand, T'(z) = m(p~'x).

The result follows. O]

Let us discuss further applications of our main theorems.
1.

Proposition 5.6. Let X be a Hilbert space and let T : X — X be a linear
mapping. If < Tx,y >=< x,Ty > for all x and y then T is bounded (and
thus self-afoint).

Proof. Suppose that |z — x,| — 0 and || Tz, — z|| — 0. then for any y € X
we have

<z,y>=lim <Tx,,y>= lim <z, Ty >=<z,Ty >=<Tz,y>.

n—oo n—oo
So, z = Tz and thus G(T) is closed and, by CGT, T is bounded. ]

2. Let us discuss continuity of projection on a Banach space. Let X be
a Banach space, Y and Z be its closed subspaces such that X =Y & Z.
Define P : X — X by P(y + z) = y. Let us show that P is continuous.
Let [z, —z| — 0 and ||Pz, —y| — 0. We let y, = Pz, € Y, and
Zn = Xp —Yn € Z. Obviously, y € Y and 2, - 2 =2 —y € Zin X. By
uniqueness of decomposition, y = Pz. The result follows from CGT.

3. IMT has a simple application to a proof of equivalence norms.

Proposition 5.7. Let X be a Banach space with respect to two norms || - ||1
and || - ||2 and suppose that there exists a constant ¢ such that ||z||1 < c||z]|2
for all x € X. Then there exists a constant ¢’ such that ||z|ls < ||z]].

Proof. This is an immediate consequence of IMT, applied to the Identity
map id(X, || - |l2) = (X, || - |l1). This map is continuous by hypothesis and a
linear bijection. Hence, id~! is continuous too. [l

4. Now, consider a multiplicative operator on L;(R). Let h be a measurable
function such that fh € L;(R) for each f € L;(R) and consider M, : f — fh.
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Then M, is well defined as a map from L;(R) to itself. We claim that M,
has the closed graph and so, by CGT, is continuous.

To prove this assume f,, — f and f,h — g in Li(R). Then by passing to
a suitable subsequence, we may assume that that convergence occurs point-
wise a.e. But then f,h — fh a.e., so g = fh a.e. and thus g = M} f.

Boundedness of M, implies that there exists a constant K such that
[Ifhldz < K [|f|dx for all f € Li(R). We claim that there exists a
Lebesgue measure zero set N such that & is bounded on R\ N. Suppose this
fails. Then £ = {z : |h(z)| > 2K} is a non-zero measure set. This implies
that there exists n such that [N [—n,n]| # 0. Considering f = Xen[-nn]:
we get a contradiction.

Now, let us discuss how IMT and CGT conclusions can fail if not all the
conditions from them are met.

1. Consider the map T : X C [y — [; defined by

T(x;) = (j;)
with N
X={r=(z;)€h: Y |jr;| <oo}.

j=1
Obviously, X is a proper subset of I; since (1/52) € I; \ X. X is dense
(consider sequences with only finitely many non-zero coordinates) and thus
X is not complete with respect to [;-norm. Moreover, 7" is not bounded since
T(e™) = n. However, G(T) is closed in I; x I;, which can be verified directly
using coordinate convergence. Conclusion is that CGT does now works since
X is not a Banach space with [;-norm.

2. Define the operator T': X — C([0,1]) by Tf = f', where X is the
subspace C'([0,1]) of C([0,1]) consisting of those f for which f" € C([0,1]).
X is a proper dense subset of C([0,1]). The operator T is not bounded
as there exists a sequence (f,) in X such that ||f,|lc = 1 and ||f] || is
unbounded. Nonetheless, G(T') is closed in C([0,1]) x C([0,1]). Indeed, let
us g, — ¢ and g/, — G in C([0,1]). It is easy to see that limit functions
satisfy the following identity

t

g(t) — g(s) = / G(r)dr

S

for all s,t € [0,1]. This implies that G = f'.
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6 Spectral Theory in Hilbert Space

In this section always assume that the scalar field is C.

6.1 Main definitions

We start with some definition and results from B4.1 that we are going to use
in this course.

Definition 6.1. Let X be a complex Banach space and T € B(X). Spectrum
of T 1is the set

o(T):={AeC: (M —T) has no inverse in B(X)}.

It is known that o(7) is non-empty, closed set of C and if A € ¢(7T") then
A < 7]

Denote by 0,(T") the set of A € C such that Ker (\I —T") contains non-zero
vectors called eigenvectors belonging to the eigenvalue .

It is said A € C is an approximate eigenvalue if there exists a sequence
x, € X such that ||z,]| =1 and [|T'z,, — A\x,,|| — 0 as n — oco. The set of all
approximate eigenvalues is denoted by o0,,(T"). It is also known from B4.1
that

0,(T) € 00p(T) C o (). (6.1)

Proposition 6.2. Let X be a Banach space and S € B(X). Assume that
there exists a positive number § such that || Sz|| > d||z|| for all x € X. Then
S is injective and SX is closed. Moreover, if in addition, we assume that SX
is dense, then S is surjective and has inverse S™* € B(X), with ||[S™Y|| < 1/4.

The next statement is easy consequence of Proposition 2.9.

Proposition 6.3. Let X be a complex Hilbert space, T € B(X) and X € C.
Then

(i) M = T) =N —T*%;

(i) X — T is invertible if and only if X\I — T* is invertible;

(iii) Ker (A — T) = Im (A — T*)*;

(iv) Ker (A —T*)* =Tm (M —1T).

Let us consider an example on the last few results.
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Proposition 6.4. Let X be a complex Hilbert space and let T € B(X), T
is self-adjoint. Then il +T has an inverse (il +T)™' € B(X). Moreover,
(il +T)*(il —T) is unitary.

Proof. Let S =4l +T and R =il —T. We have
|Gl £T)z||* = 4i < Te,x >+ < T, Tz >Fi<z,Ter >+ < z,0 >=

IT]* + [l=]* > [l

Now, apply Proposition 6.2 with il + T in place of T (and § = 1) to get
S and R both injective and SX and RX closed. Moreover, S* = —R and
R* = —S. Then, by Proposition 2.9,

(SX): =KerS* =Ker R = {0}, (RX)* =KerR*=KerS = {0}.

So, both S and R are invertible.
Next we let U = S7'R. U is invertible and U~! = R~1S. We then have

U*=R (S = R(S) ' =SR™..
Since R and S and thus R~! and S~! commute, then, for example,
UU = (SRY)(S'R)=1.

The result follows. L]

6.2 Adjoints and spectra

Proposition 6.5. Let X be a Hilbert space, T € B(X), and A € C. Then
(i) X € o(T) if and only if X € o(T*);

(ii) If T is normal, i.e., TT* = T*T, then Ker (A — T) = Ker (A — T*);
(i1i) If T is self-adjoint then o,(T) € R. Figenvectors belonging to different
eigenvalues are orthogonal.

Proof. (i) come from Proposition 6.3. For (ii), we notice that \I — T" is
normal as well and that ||Sz|| = ||S*z|| for any € X provided S is normal.
(iii) is proved as in the finite dimensional case. ]

The next theorem can be deduced from the course B4.1 but let us give
an independent proof using the notion of weak convergence.
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Theorem 6.6. Let X be a Hilbert space and T € B(X). Then
o(T) = 0gp U aé(T*),
where X € ol (T*) if and only if X € o,(T*).

Proof. Assume that A € o(T"). Since 0,(T") C 0,,(T), we need to consider
only the case when Ker (A —T') = {0}, i.e., the operator AI — T is injective.
Then, there are only two options either Im (Al — T') is proper closed subset
of X or Im(AM —T) = X In the first case, by Proposition 6.3, see (iv),
Ker (\] — T*) C X and X is an eigenvalue of T*, i.e., A € 0,(T*) and thus
A € 0,(T"). In the second case, one find y € X \ Im (A —T') and a sequence
Yn € Im (A — T') such that y,, — y in X. Let y, = (A — T)z,. Let us show
that the sequence z,, is unbounded. Indeed, if it is bounded, there exists a
subsequence z,, weakly converging to x. Now, for any z € X, we have

< Ypyy 2 >=< (M =Ty, 2 >=< 0, M = T*)z > .
Passing to the limit as kK — oo, we show
<y, z>=<a, (M -T2z >=< (M —T)x,2 > .

The latter implies y € Im (A — T'), which is wrong, and thus sequence
x, is unbounded. Hence, there exists a subsequence ||z,,| — oo. Then,
taking 2, = 2, /[ |, we have (A — T)(z) | = g I/l nell — O with
|zn, || = 1, which means that A € g,,(T).

So, we have proven o(1) C 0,,(T) U o,(T*). The opposite inclusion is
easy, see (6.1) and Proposition 6.3 (i). O

Now, we can prove the following.

Theorem 6.7. Let X be a complex Hilbert space and T € B(X) be self-
adjoint. Then o(T) € R.

Proof. By the previous theorem and by Proposition 6.5, the spectrum of a
self-adjoint operator T' is reduced to o,,(T"). So, let A is an approximate
eigenvalue, i.e., there exists a sequence x, such that ||z,|| = 1 and |[(A —
T)x,|| — 0. Then

A=A=(\—= ) <z, 2, >=

=<Tx, — Ar,,x,>—<Tx, — Xxn,:cn >=
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=<Tx, — Aty x, > — < xp, T 2, — A1, >=
=<Tx, — Ar,,x, > — <z, T2, — A1, > 0.
O

We know that, for a self-adjoint operator, acting on a complex Hilbert
space, < Tz, z > is real. We also know that |A| < ||T|| for z € o(T") and that
|7 = sup{| < Tz,z > |: |lzf| = 1}.

Lemma 6.8. Let X be a complex Hilbert space and T' € B(T') be self-adjoint.
Assume that a unit vector xq satisfies the condition ||T| = | < Txo, o > |.

Then xq is an eigenvector of T' belonging to a eigenvalue A, i.e., Txy = Moo,
such that ||T|| = | Aol

Proof. Assume that < T'xg, xg > is non-negative. Pick any y € Y such that

< y,x9 > 0 and consider a vector x = (zg + ay)/+/1+ |a|?|ly]]? for any
a € C. Obviously, ||z]| = 1. Simple calculations show

<Tr,x>= (< Txo,x0 >+ < T, 0y >+ < T(ay),xo > +

1+ |af?|ly[]?
+Ha* < Ty,y >) =< Ty, 19 > +a < Txg,y > +a< Tag,y >+
+Ha* < Ty,y ><< Txo, 19 > .
The latter inequality implies < T'xg,y >= 0 (explain why).

Now, let Y = span {7y} and then X =Y @ Y~*. We have proven Tz €
(YJ')J' =Y. Hence, Txy = Aozo and < Ty, x9 >= Ao- ]

Proposition 6.9. Let X be a Hilbert space and U € B(X) be a unitary. If
A€ a(U), then |A| = 1.

Proof. We have proved that U is surjective isometry and U~! exists and
equal U*. Indeed, |A| < ||U]| = 1. Assume for contradiction that there exists
A with [A\| < 1 and Al — U is not invertible. Then A\l — U* is not invertible.
This implies that (A — U*)U = AU — I is not invertible either. This a
contradiction. O
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6.3 Example: spectra

1.Consider
T(a) = (e;/9)
on ly(N). Then o(T) = {k~': 1,2,..} U{0}.
2. Consider a complex Hilbert l5(Z) with inner product

< (o), (B) >= > oy,

j=—o00
Let U be given by Ua = 3 where §; = oj_;. Then U is unitary and
op(U) =0,  o(T)={A: [A[ =1},

see Problem sheet, Qn 22.
3. Let T be the operator on the complex Hilbert space Ly(0,1) given by

Tf(t) =tf(t).
Then T is self-adjoint and o(T") = [0, 1] and 0,(T) = 0.
4.

Definition 6.10. Let X be Y be two normed spaces. K € B(X,Y) is a
compact operator if, for any bounded set B € X, K(B) is a precompact set
inY. (Recall from Part A: a set IC of a metric space M is called precompact
set if any sequence of KC contains a subsequence converging in M ).

Simple examples:
(a) if dimY < oo, then any K € B(X,Y) is precompact.
(b) Let X =Y = Ly(0,1) and

Kf(t) ::/f(s)ds

for f € X. Now, let f; is a bounded sequence of X. We can select a
subsequence such that f; — f in X. Denoting by x; the characteristic
function of the interval ]0,¢[, we have (due to the weak convergence)

Kf (1) = / fim(8)xe(s)ds = / F(5)xe(s)ds = K £(1)
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for all 0 < ¢ < 1. On the other hand, the Cauchy-Schwarz inequality implies:

sup |K £, ()] < V| £ lx < sap | fillx < oo.
0<t<1 j

Then, the fact
1
18,0 - K0Pt -0
0

as m — oo follows from the Dominated Convergence Theorem.

Let K € B(X) be a compact operator in infinite dimensional space X.
Then 0 € o(K). Indeed, assume that there exists K~' € B(X). Let B be
the unit ball of X. Since K'(B) is bounded, the set B = K(K ' B) must
be precompact which is not true.

There are several nice properties of compact self-adjoint operators.

Proposition 6.11. Let K be a compact self-adjoint operator on a complex
Hilbert space X. If A € o(T) and X\ # 0, then A € 0,(K).

Proof. Since K is a self-adjoint, A\ is an approximate eigenvalue, i.e., there
exists a sequence z,, € X such that

lzall =1, ||Kzn — Aam|| — 0.

We know that there exists a subsequence z,, — z. Since K is compact
Kz,, — Kz in X (explain why) and thus (since A # 0) x,,, — x. Obviously,
lz|| =1, Kx — Az = 0. O

Theorem 6.12. Let K be a compact self-adjoint operator on a complex
Hilbert space X. Then there exists at least one eigenvector of K. Moreover,
this eigenvector belongs to an eigenvalue g of K satisfying || K| = |Xo|.

Proof. Without loss of generality, we may assume that K # 0. We know
that for any self-adjoint operator K

K| = sup{| < K2,z > [: [lzf =1},

see Lemma 2.7. Let a sequence z,, be such that ||z,|| =1 and | < Kz, z, >
| — ||K|. We also can find a subsequence z,,;, — zo with

1= liminf [z, || > [lzol,
J]—00
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see Proposition 2.4, and, since K is a compact operator, Kx,, — Ko and
thus < Ky, 2,, >—< Kxg,20 >= || K|| (explain why). Clearly, 2y # 0 and

in fact, ||zo|| = 1. If not, let 2’ = x0/||x0|| then ||2'|| =1 and
| < Ka',a' > | = e ”2||K|| < [l
which is wrong if ||z|| < 1. The result follows from Lemma 6.8. O

Theorem 6.13. Let K be a compact on a complex Hilbert space X. Let
0 > 0 and introduce the set

Y=span{zr € X : ||z|]| =1, Kz = Az, |\| > §}.
Then dim X < oo.

Proof. Assume for contradiction that for any n there exist linearly inde-
pendent vectors zy, Z3,...,x, such that z; # 0, Kx; = Ny, with |\ > 6,
i=1,2,...,n. Welet E, = span{xy,z,...,x,}. By construction, E, ; is a
proper subspace E,,.

Now, let y; = x1/||z1]|. Our aim is to show that there exists a sequence ys,
Y3,..., with the following properties: vy, € E,, ||y,|| = 1, and dist (y,, F,—1) >
1/2, n = 2,3, ... Indeed, by assumptions dist (z,, F,,—1) = a > 0. Obviously,
there exists x, € E,_; such that ||z, — z.|| < 2a. Since a = dist (z,, —

T, Ep_1), we can let y, = (x, — x.)/||zn — z.||. We then have ||y,| = 1,
Yn € E,, and dist (y,, E—1) = a/||zn, — .|| > 1/2. Notice that
1Y/ Anll < 1/6.

If we can show that sequence K (y,/\,) is not precompact, we get a contra-
diction.
So, we have

Zam“ K (yn/An) i)\iaixi/An = Yn + Zn,

j=1
where
n—1
Zn = ()\ /)\ )Oéil’i € En—l'
7j=1
For any n > m, z, — Yym — 2m € E,_1 and thus

||K(yn/>‘7"b) - K(ym/)‘m)n = Hyn + 2n = Yn — Zm” > 1/2'

So, there is no converging subsequence of K (y,,/A,). O
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7 Orthogonal sequences in Hilbert space

7.1 Orthonormal sequences

Let S be a non-empty set of vectors in an IPS X. Then

(i) S is orthogonal if z,y € S and = # y, then < z,y >= 0;

(ii) S is orthogonal if it orthogonal and in addition ||z|| =1 for all x € S.
An orthogonal set of non-zero vectors can be converted to orthonormal

set be replacing each member x by x/||z||.

Proposition 7.1. Let X be a Hilbert space, and let e,, n = 1,2,..., be an
orthonormal sequence in X. Then Y " | aye, converges in X if and only if
(o) € 12

Proof. Exerscise. O

Proposition 7.2. Let X be a Hilbert space, and let {e,} be an orthonormal
sequence X. Let x € X and Y = span{e,}.
(i) I — Sy < e > eall? = [0l — Sy | < yen > P
(i1) S 07 | < men, > |2 < ||z||? (Bessel’s inequality);
(iii) Y 07, < x,e, > e, = Pyx;
(iv) The following are equivalent:
(a) 37| < xye, > |* = |z||* (Parseval’s identity);
(b)) x =37, <x,e, > e,, where the series converges in the norm of X ;
(c)reY.

Proof. (i) Direct calculations.

(ii) Immediately follows from (i).

(iii) By proposition 7.1, series > °, < z,e, > e, converges. Let us
denote its sum by y. By definition of Y, y € Y. Since < 2 — y,e; >= 0 for
any j € N, one cam claim z =2 —y € Y. So, x = y + 2, where y € Y and
2z € Y and thus Py = y.

(iv) (a)<=(b) follows from (i), (b)=(c) is obvious, (¢)==-(b), since
=Y <mze,>e, €YENY. O

Given x € X, the converging series Y >, < z,e, > e, is called the
Fourier series of x.

Now, let us discuss several simple examples of orthonormal sequence in
Lo-spaces.
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1. Consider the space of all polynomials, and the sequence 1, ¢, t2,... and

use the Gram-Schmidt method to obtain orthonormal polynomials p,(t) of
1

degree n. For the inner product f,g >= [ fgdz, the resulting orthonormal
1
polynomials are, up to normalisation, the classical Legendre polynonials.

2. Let X = Ly(0,00;edt), so the inner product given by

< fg>= / F(g(t)etdr,
0

the orthonormal polynomials obtained by applying the Gram-Schmidt method
to 1, t, t%,... are the Laguerre polynomials L, (t).
3. For the inner product

< fog>= [ fO)gt)e " dt,
/

orthonormal polynomials are, up to normalisation, Hermite polynomial.
4. The last example is the Hilbert-Schmidt Theorem and its not easy.

Theorem 7.3. Let K be a compact self-adjoint operator in a complex Hilbert

space X . There exists an orthonormal sequence {e,}_;, N < 0o, consisting

of eigenvectors of K belonging to a non-zero eigenvalue X\, of K with the
following property. For any x € X, we have a unique representaion

N
r = E Cnen + ',
n=1

where ' € Ker K. If N = oo, then \, — 0 as k — oo.

Proof. As it follows from Theorem 6.13, the set of non-zero eigenvalues is
countable. We list them in the following order

A1l > A > o> Al >
Step 1 By Theorem 6.12, we know that
K|l = [M] = sup{| < Kz, 2> | [[z]] =1}

and there exists an eigenvector e; such that |le;|| = 1 and Ke; = Aje;.
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Step 2 Now, we argue by induction, assuming that there are eigenvectors
ey, €s,....e, such that |le;|| =1, Ke; = ), and < ej, e, >= 0 for j # m and
Jj,m =1,2,...,n, see Proposition 6.5, (iii). Moreover,

INj| =sup{| < Kz,z>|: [jz| =1, <z,ep, >=0,m=1,2,...,5 — 1}

Consider a closed subspace M,, = span{ey,es,...,e,}. Then z = M, &
M. Obviously, K is invariant with respect M, i.e., K(M,) C M,. Let us
show that M. is invariant with respect to K, i.e., K(My) C M=, as well.
Indeed, assume that there exists y € K(M21)\ M, then y = m+m' = Ku,
with z € Mt, m € M,, and m* € M}, Since M, is invariant with respect
to K, |m|*> =< Kz,m >=< x, Km >= 0 and thus y € M. If denote by
K, : Mt — M= the restriction of K to M,,, we can repeat arguments of Step
1 replacing X with M, and K with K,, and get e,,; € M with |e, 1] =1

and Ke, 1 = Kpeni1 = A\py16n—1 and
M| =sup{| < Kz, > |- e My, ||z =1} =

=sup{| < Kz,z>|: ||z]| =1, <z,e, >=0,m=1,2,...,n}.

Step 3 Here, we should consider two case. In the first case, after finite steps,
we get < Kz,z >=0 for all € M, for some ny. This implies that M, =
Ker K. Indeed, since K is self-adjoint, the identity < K(z +y),z +y >=0
for any z,y € MnL0 implies < Kxz,y >= 0 for the same z and y. Since K is
invariant with respect MnL0 ,one can let y = Kz and get Kz = 0 for x € ]\InLO .

In the second case, < Kz, x > is not identically equal to zero on M= for
all n. In this case, A, — 0. If not |A,| > ¢ for all n. Contradiction follows
from Theorem 6.13. Now, let M = span {e1, ea, ..., €, ...} and X = M & M+,
Our aim is to show that Ker K = M+. To this end, we first notice that K
is invariant with respect to M*. So, if € Ker K, then 0 =< Kz, e, >=<
z,Ke, >=\, < z,e, > for any n, and thus z € M+ and Ker K C M*. To
show converse, we first notice that if < K, >= 0 on M, then the opposite
inclusion is trivially true by repeating arguments of Step 2. Otherwise, we
have

0<|N=sup{| < Kz,z>|: ||z]| =1, 2 € M} <|\,| = 0.

Uniqueness is easy. O]
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7.2 Completeness

Definition 7.4. If an orthonormal sequence {e,} in a Hilbert space in X
satisfies X = span{ey,es,...,en, ...}, it is said to be a complete orthonormal
sequence or an orthonormal basis.

It is worthy to note that if {e;} is an orthonormal basis in X, then

o)
T = E <zTe;>e;
J=1

for any x € X, see Proposition 7.2.

Consider examples of complete orthogonal sequences.

1. The standard orthonormal set in Iy (easy to check).

2. The trigonometric orthonormal set {e, : n € Z} where e,(t) =
(2m)"2e™, where in Lo(—,7) (to be proved later).

3. The functions (%1)32" in A*(D) (see Problem sheet, Qn 25).

4.

Theorem 7.5. Let X be an infinite-dimensional Hilbert space. X is separa-
ble if and only if it has a complete orthonormal sequence.

Proof. Let X be separable and a set {z,} be dense in it. Without loss of
generality we may assume that z1, xs,...,x,, are linear independent for any n.
Then we can find a orthonormal sequence {e, } using Gram-Schmidt method.
So, x, € span{ey,es,...,e,}. This implies {e,} is an orthonormal basis in
X. Converse is obvious. ]

5. Now, we can give another version of Hilbert-Schmidt Theorem which
is very important in applications.

Theorem 7.6. Let K be a compact self-adjoint operator in a separable Hilbert
space X. There exists an orthonormal basis of X consisting of eigenvalues
of the operator K.

Proof. Our first remark is that Ker K is a separable Hilbert space itself. By
Theorem 7.5, there exists a orthonormal basis {e,} of Ker K" which consists
of eigenvectors belonging zero eigenvalue. Now, it remains to use Theorem
7.3. According to it, there exists an orthonormal sequence {e/'} consisting
of eigenvectors belonging to non-zero eigenvalues such that {e/,} U {el'} is
orthonormal basis in X. ]
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8 Classical Fourier Series

Given f € Ly(—m, ), consider the classical Fourier series of f

> fuett (8.1)

keZ

for —m <z < m with fy = [ f(x)e " dz.

Since the system {e***},c7 is orthogonal, series (8.1) can be re-written in

the form
Z < f,er > ey, (82)
ke

where e, (1) = \/L??e_““’" and < f,g >= [ fgdx. We can hope that this series

—T
converges in Ly(—m, 7).
Assume that f is 2m-periodic function on R and f € Ly(—m, 7). Let us
calculate the n'" partial sum of the Fourier series of a fixed function f is
given by

sn(@) = ) fe =

j=-—n
1 [ - 1j(x—t
:%/f(t)ge]( Vdt =
17 sin((n + %)(1: —u))

du =

Z% f(u)

—T

sin((z —u)/2)
1 /Tr (f(x+1t)+ f(x —t))sin(n+ 3)t

dt.
2 sin¢/2

By the Riemann-Lebesgue Lemma, part A, see also Qn 8 and Qn 19 for
an independent proof,

1 / (flz+1) + f(z —t))sin(n + 1)

T 2 sint/2

t
dt — 0

)

39



as n — oo for any positive 6. Therefore, the classical Fourier series (8.1)
converges at point x €| — m, «[, if and only if, for some § > 0, there exists

L[ (k0 4 f 1) sinn + e

im — -

n—soco T 2 sint/2
0

dt.

Moreover, the sum of the series is equal to the above limit.

Unfortunately, we need to put more assumptions on f if we wish conver-
gence of the series at least a.e. in | — m,«w[. It follows from the celebrated
Kolmogorov counter-example of f € Li(—m,m) whose the classical Fourier
series diverges a.e. in | —m, 7[.

Assume that our function f is Holder continuous at point z, i.e. there
exist numbers A > 0, 0 < a <1 and dg > 0 such that

|f(z+2) = f(@)| < Al2]*, [2] < do. (8.3)

Lemma 8.1. Let f be 2m-periodic and f € Ly(—m,m). Assume that condition
(8.3) holds at a point —m < x < . Then

Tim s, () = /(2).

Proof. We have

™

salo) = ) = |3 [LEEOESEZ DTNy o <141
where i
L [ (flx+t)+ fla—t))sin(n+ §)t
h= ’%/ 2 sint/2 dt‘ —0

5
for any 0 > 0 as n — oo (by the Riemann-Lebesgue Lemma) and

)

L [ (flz+t)+ flx—t))sin(n+ §)t
[2_‘%/ 2 sin¢/2 dt_f(x)’§J1+J2’
0
where 5
1 (f(x+ 1)+ flx —t) — 2f(x)) sin(n + )t
= ‘%/ 2 sint /2 dt‘
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and

|‘—/mdt—1.

sint/2

Let us show that Jy, — 0 as n — oo. Indeed,

é
1 in(n + 1)t
_/Mdt_lz
T

sint/2
0
2 s (n+ )t 1 / 1 1 1
SN 5
S e L (5 )t = K + K
7T/ t W/sm((nqL 3)") t/2  sint/2 e
0 0
Since the function -5 — =L is bounded in the interval ]0,d[, K — 0 as

t/2 sint/2
n — oo. In the integral K, we make the change of variables s = (n + 1/2)t

and find
(n+1/2)6

9 .
K= [ s
7 s

0

as n — 0o.
For J;, we have, assuming that ¢ < dy,

5
A t*
Jp < — dt
=T /sint/Q
0

Since t/7m <sint/2if0<t<m J; < 350‘. Passing to the limit as n — oo,
we find

A
limsup |s,(z) — f(z)] < —0°.
n—oo «
After taking the limit as 6 — 0, we complete the of the lemma. n

Theorem 8.2. The trigonometric sequence {ey}rez is orthonormal basis of
Lo(—m, 7).

Proof. We going to use standard density arguments. Consider a 2m-periodic
function f € X = Lo(—m,m) (and of course belonging to Li(—m,7) as well)

that is differentiable at any point s €] — 7, 7[. We have proved f(z) = > <
keZ
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f,er > ex(x) for any x €] —7, w[. On the other hand, by Proposition 6.5,(iii),
the series converges to Py f in Lo(—m, ), where ) = span{e, }. Clearly, this
series converges a.e. in | — 7, w| and thus Py f = f, i.e.,, f € ). Our theorem
will be proven if show that ) is dense.

Now, let f € Ly(—m, ) be arbitrary. Let f be a 27-periodic extension f
to the whole R. For example f(z) = f(z)if 2 €]—m, 7] and f(z) = f(z—2nk)
if v €)2nk—m, 2nk+7], k € Z. Let us take a cut-off bounded smooth function
@ > 0 such p(z) = 1if |z| < 57 and ¢(z) = 0 if || > 10m. We then let
h = fy in R. Obviously, h € Ly(R).

In our further arguments, we are going to use mollification described in
Subsection 4.4, see example 3. Take a differentiable non-negative function
g which is equal to zero if |z| > 1 and [ gdx = 1, let g,(t) = ng(tn) and

R

consider h,, = h * g,. It has been shown that h, — h in Ls(R). Moreover,
functions h,, are differentiable at each point of R. It remains to consider
hn(x), see definition of f. As it has been proven, h,, € ) and since

Hf - iLn||L2(—W7W) = Hf_ il’nHLQ(_ﬂ'Jr) = Hf@ - BHHLQ(—W,W) = ”h - BHHLQ(—WJT)

= ”h - hn”Lz(—ﬂ'Jr) < Hh - hnHLz(R) —0

as n — 00. ]
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