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1 Normed Spaces

Functional analysis is concerned with normed spaces and with operators between normed
spaces.

As an example we consider the initial value problem on I = [ty, ],

yl = f(tv y) ) y<t0) =Yo, (11)

with the right side f: I x R" — R". We transform (|1.1)) into the integral equation

ym=%+[f@mmw. (1.2)

We define an operator
t
T:C(IR") - C(I;R"), @wm=m+[f@mmw. (1.3)

Now ({1.2)) is equivalent to the operator equation
y="Ty. (1.4)

In this manner we have transformed our original problem into an equation whose unknown
variable is a function (in this case the function y), not a number nor a vector with finitely
many components. In this equation there appears a mapping (here T") between function
spaces (here C(I;R™)). Such mappings are usually called “operators”. The function
spaces are typically infinite-dimensional Banach or Hilbert spaces.

In the following we write K for R or C.

Definition 1.1 (Norm, normed space)

Let X be a vector space over K. A mapping || - || : X — [0,00) is called a norm on X, if
|z|]| =0 & r=0, (1.5)

laz|| = |af ||z foralaeK, ze X, (1.6)

le+yll <zl +llyll for allz,y € X. (1.7)

The pair (X, || - ||) is called a normed space. (Often, one just writes X.)

We repeat some basic notions from the first year analysis course. (See, for example, my
lecture notes.)

Let X be a normed space. A sequence (z,)nen in X is called convergent to the limit
r € X, written as

nh_g)lo Ty =T, (1.8)
if
lim ||z, —z||=0. (1.9)
n—oo



The sequence is called a Cauchy sequence, if for every € > 0 there exists an N € N
such that
|z, — x| <e, foralln,m > N. (1.10)

X is called complete, if every Cauchy sequence in X has a limit (which by the definition
above has to be an element of X. If X is complete, X is called a Banach space. For
r € X and € > 0 we call

B(z,e)={y:yeX, |ly—z| <e}, (1.11)
K(z,e)={y:ye X, |ly—=z| <e}, (1.12)

the open and closed e-ball around x, respectively. A subset O of X is called open in
X, if for every & € O there exists an € > 0 such that B(z,e) C O. A subset A of X is
called closed in X, if X'\ A is open in X, or equivalently, if for every convergent sequence
(Zn)nen in X whose elements x,, all belong to A, its limit also belongs to A. The closure

Y, the interior int (Y) and the boundary 9Y of a subset Y of X are given by

V= (] 4, my)= ] 0, oy =Y \int(¥). (1.13)
ADY oCcYy
A closed O open

A subspace U of the vector space X becomes itself a normed space, if we define the norm
on U to be the restriction of the given norm on X. If U is complete then U is closed in
X if X itself is complete, the converse also holds. The closure U of a subspace U of X
is also a subspace of X.

In the basic analysis lectures we have already encountered some Banach spaces. The
spaces (K", [/ -]|,), 1 <p < oo, are Banach spaces with

1
||, = (pr) , 1<p<oo, |z||l,= max |z]. (1.14)
=1

1<i<n

Let D be an arbitrary set. Then (B(D;K),| - ||.),

B(D;K) ={f|f:D —K, fbounded}, |[fl, = sup [f ()], (1.15)

is a Banach space. If moreover D is a compact metric space (for example, if D is a closed
and bounded subset of K"), then (C'(D;K),| -1..).

C(D;K)={f|f: D —=K, f stetig}, (1.16)

is a closed subspace of (B(D;K), || -||.,) and therefore itself a Banach space. If D is a
Lebesgue measurable subset of R™ (this is the case, for example, if D is open or closed),
then for 1 < p < oo the space LP(D;K) of functions which are Lebesgue integrable to the
p-th power, that is, those measurable functions for which

i1, = ([ |f<w)|”dw); < oo, (1.17)

becomes a Banach space for this norm |[| - [, if we “identify” functions which are equal
almost everywhere. (“Identify” means that we pass to the quotient space formed by
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equivalence classes of functions which are equal almost everywhere.) This is discussed in
detail in the course on measure and integration theory.

Sequence spaces. Let us set D = N. Then B(D;K) coincides with the space of all
bounded sequences, denoted as ¢>°(K),

(°(K) = {z: v = (zx)ken, zx € K, sup |z)| < oo}, |z, =sup|zkl. (1.18)
keN keN
Because this is a special case of ([1.15]), the space £>°(K) is a Banach space. Let us consider
the subsets

c¢(K) ={z: 2 = (x)ren is a convergent sequence in K}, (1.19)

co(K) = {x : = = (2x)ren converges to 0 in K} . (1.20)

Proposition 1.2 We have ¢y(K) C ¢(K) C ¢>°(K). Endowed with the supremum norm,
the spaces c¢y(K) are ¢(K) Banach spaces.

Proof: Exercise. It suffices to show that ¢(K) is a closed subspace of ¢>°(K), and that
¢o(K) is a closed subspace of ¢(K). O

Moreover, we consider the space ¢.(K) of all finite sequences,
ce(K) = {z : v = (2x)ren, there exists N € N with 2y =0 for all k > N} . (1.21)

The space ¢.(K) is a subspace of ¢(K); it is not closed in ¢o(K). Thus, it is not a Banach
space; we have (exercise)

o(K) = co(K) . (1.22)

Let & = (xy)ken be a sequence in K. We define

1
(I, = (Z !u!”) , 1<p<oo, (1.23)

k=1

and
P(K) ={z: 2= (2p)ren, 7 € K, |z]|, < 00}, (1.24)

the space of sequences which are summable to the p-th power.
Proposition 1.3 The space (¢(K), | -[,), 1 < p < oo, is a Banach space.

Proof: For = € ?(K) we have
Iz, =0 & Y |alf=0 & |wl=0foalk & z=0.
k=1

If z € *(K), a € K, then

o
loc]], = (Z \al‘k|”)
k=1

1
p

© O\
= [of (Z \xm) = lallz].
k=1
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In order to prove the triangle inequality, let x,y € ¢?(K). For arbitrary N € N we have

N 7 N 7 N »
<Z|xk+yk!p) < (Z’xk’p) + (Z ’yk’p) ,
k=1 k=1 k=1

this is just Minkowski’s inequality in KV. It follows that

N

> e+l < (l=ll, + llyll,)?,  for all N € N.
k=1

Passing to the limit N — oo yields

DLk ul” < (el + liyll,)P
k=1

SO
[+ yll, < [l=ll, + [yl -

Thus, ?(K) is a normed space. In order to show that it is complete, let (z™),en be a
Cauchy sequence in (?(K). Then for all k,n,m € N we have

[ee]
jap — 2P <Y | — 2P = |2 — 2™ p
7j=1

Therefore, (z})nen is a Cauchy sequence in K for all k. Since K is complete, there exists
xp = lim 2z, keN,.

n—00

For all k,n, m, N we have (Minkowski)

N . N . N .
p p p
(Zuzz—w) < (sz—xm”) N (ZI%?—@*?I”)
k=1 k=1

k=1

N 3
<l — 2™, + (Z oy — aszO|p> . (1.25)
k=1
Let € > 0 be arbitrary. We choose M large enough such that
[z" —2™||, <e, foralln,m> M. (1.26)
Next, for every N € N we choose m(NN) € N such that m(N) > M and

P

N
<Z ™) — x?:’|p> <e. (1.27)
k=1
We set m = m(N) in (1.25)). Then it follows from (|1.25) — (1.27)) that

N v
(Z |z} — x;O|P> <2, foralln> M and all N € N.
k=1
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Passing to the limit N — oo we obtain
2" — 2|, <2, foralln>M.

This implies 2 = (> — 2") + 2" € P(K) and 2" — 2z in #(K). O

Linear continuous mappings. Let X and Y be normed spaces. By definition, a
mapping f : X — Y is continuous on X if and only if

f(lim z,) = lim f(z,) (1.28)

n—oo n—oo

holds for all convergent sequences (2, )ey in X. From the analysis course we know that
the assertions

f71O) is open for every open set O C Y,
and

F7Y(A) is closed for every closed set A CY

both are equivalent to ((1.28)).

f is continuous at a point = € X, if (1.28)) holds for all sequences (x,,),en Which converge
to x.

Proposition 1.4 Let (X, |- |x), (Y, - |ly) be normed spaces, let T : X — Y be linear.
Then the following are equivalent:

(i) T is continuous on X.
(i1) T is continuous in 0.

(111) There exists a C' > 0 such that

|T(2)|ly <Cllzlly, foralzelX. (1.29)
w) T 1s Lipschitz continuous on X with Lipschitz constant C'.
P P

Proof: “(iii)=(iv)”: For all z,y € X we have

I7(z) =Ty = 1Tz = y)lly < Cllz = yllx-

“(iv)=-(1)=(ii)”: obvious.
“(ii)=-(iii)”: Contraposition. Assume that (iii) does not hold. We choose a sequence
(Zn)nen in X satisfying

1T (xn)lly > nllznl x - (1.30)
We set
1
Zn = Tn
nllzn |l x



this is possible, because z,, # 0 due to (1.30). It follows that z, — 0, but ||T(z,)[l, > 1
and therefore T'(z,) does not converge to 0. Consequently, (ii) does not hold. O

Not all linear mappings are continuous. Here is an example: the unit vectors {ey : k € N}
form a basis of ¢.(K). We define a linear mapping 7" : ¢.(K) — K by T'(ex) = k. Then we
have |lex||,, = 1 and |T'(ex)| = k, so (iii) in Proposition [1.4]is not satisfied.

In the following we will write ||z|| instead of ||z||x if it is obvious which norm is meant.
We will also write Tz instead of T'(x).

Definition 1.5 (Isomorphism)
Let X, Y be normed spaces. A mapping T : X — Y which is bijective, linear and continu-
ous is called an isomorphism between X and Y, if T~1, too, is continuous. If moreover

|Tx|| = ||z|| for all z € X, T is called an isometric isomorphism. X and Y are
called (isometrically) isomorphic, if there exists an (isometric) isomorphism between
X and Y. In this case we write X ~Y (X 2Y). O
Obviously we have (and the same for “=")

X~Y, Y7 = X~Z7. (1.31)

Let T : X — Y be an isomorphism. According to Proposition there exist constants
C4 and Cy such that

ITz| < Cillell, |zl = |77 T|| < Co||Tz|, forallz e X. (1.32)

If || - ||y and || - ||2 are two different norms on X, the identity mapping is an isomorphism
between (X, || - []1) and (X, || - ||2) if and only if there exist constants C; and C5 such that

x|l < Cillz|l2, ||z]la < Col|z||1, forall z € X. (1.33)

In this case the norms || - ||; und || - ||o are called equivalent.

We already know from the basic analysis course that on K™ all norms are equivalent. An
immediate generalization of this result is the following.

Proposition 1.6 Let X,Y be finite dimensional normed spaces with dim(X) = dim(Y').
Then X ~Y.

Proof: Let dim(X) = n, let {v1,...,v,} be a basis of X, let eq,. .., e, be the unit vectors
in K". We define

T:K'"— X, Tx:zn:xivi if x:ixiei.
i=1 i=1

One can verify immediately that
lllx = [[T]]

defines a norm on K"; T" then becomes an isometric isomorphism. For Y, we proceed
analogously. Then
X = (K- lx) = &Y - [ly) =Y.
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O

If X, Y are finite dimensional vector spaces with Y C X, Y # X then dim(Y') < dim(X),
and X und Y are not isomorphic, since bijective linear mappings leave the dimension

invariant. In the infinite dimensional case, the situation is not that simple. For example,
co(K) C ¢(K) and ¢o(K) # ¢(K), but we have

co(K) ~ ¢(K). (1.34)
Indeed, we claim that an isomorphism T : ¢(K) — ¢y(K) is given by
(Tz); = jlirilo zj, (To)p=xp_1— leIilo zj, k>2, (1.35)
and that the mapping S : ¢y(K) — ¢(K),
(SY)k = Yrr1 + 1, (1.36)

is the inverse of T'. One may compute directly that 7' o S and S o T are equal to the
identity on ¢o(K) and ¢(K) resp., and that ||Tz|| < 2||z|, as well as ||Sy|l., < 2|ly]|
hold for all z € ¢(K) and all y € ¢y(K).

Proposition 1.7 Let (X1, [|-][1),..., (Xm,[|-|lm) be normed spaces. On the product space

X=][Xi=Xix - xX, (1.37)

i=1

the expressions

n N\
o = mase o] ||x||p=<;||xi||f> , (139
1=

where x = (x1,...,2,) € X, define norms || - ||,, 1 < p < oco. All these norms are
equivalent. A sequence (x™)pen in X converges to an x = (x1,...,xy) € X if and only if
all component sequences (x}')nen converge to z;. X is complete if and only if all X; are
complete.

Proof: Exercise. O

Corollary 1.8 Let X be a normed space. The addition + : X x X — X and the scalar
multiplication - : K x X — X are continuous.

Proof:If z, — = and y, — y, then
0 < |[[(zn +yn) = (@ + Yl < llzn — 2l +[lyn —yl = 0.
If o, » @ and z,, — z, then

0 < flaman — az|| < fom| [zn — zl| + |an — af |z]] = 0.



Definition 1.9 (Space of operators, dual space)
Let XY be normed spaces. We define

L(X;Y)={T|T: X =Y, T is linear and continuous} . (1.39)

The space L(X;K) is called the dual space of X, denoted X*. The elements of X* are
called functionals. O

From linear algebra and analysis it is known that L(X;Y) is a vector space.

Proposition 1.10 (Operator norm)
Let X, Y be normed spaces. Then

Tx
IT) = sup 122l (1.40)
vex,az0 || 7|

defines a norm on L(X,Y), called the operator norm. We have

Tzl <||T| ||z], foralzeX, (1.41)
and
T = sup |Tzf[= sup [Tz, (1.42)
zeX, z)|<1 zeX, |z]|=1
as well as
IT]| =inf{C:C >0, ||Tz|| < C||z| for allz € X}. (1.43)

If Y is a Banach space, then so is L(X,Y).

Proof:Let T € L(X;Y), let C > 0 with ||[Tz|| < C||z| for all x € X. Dividing by ||z||
we see that ||T|| < C, so ||T|| € Ry, and as well as hold. From ([1.41)) we
obtain that
swp  |Tel < sup [Tl < 7.
zeX, lal|=1 zeX, ]| <1

Since 7]
x T
= Impl
||l |||

(1.42)) follows. We have
IT|=0 < |Tz[|=0forallze X & Tzr=0forallzeX <& T=0.

For a € K we get

|aT|| = sup [laTz| = |af sup [[Tz] = |af [T,

ll=l|=1 [[=[|=1
and for S,T € L(X;Y) we get

1S+ T = Sup |52 + Taf| < Sup 1Sz + Sup [T]| = [|S]| + |71 -
z||=1 z||=1 z||=1



Thus, the properties of a norm are satisfied. We now prove that L(X,Y") is complete. Let
(T}, )nen be a Cauchy sequence in L(X;Y). Since

1T = Tzl = (T = To) (@) < 1T = Tl |
the sequence (T,,x),en is a Cauchy sequence in Y for every x € X. Then (as Y is complete)
Tx = lim T,z
n—oc0
defines a mapping T : X =Y. Let 2,z € X, o, 8 € K, then
oTx + Tz = Oénh—{go T,x + Bnh_g)lo T,z = nli_g)lo(aTnx + 0T,z2)

= JLH;OTn(ax + Bz) =T(az + Bz).

Therefore, T' is linear. Since (as the norm is continuous)
[Tl = | im Tl = lim [Tl < sup [T, Dl
T is continuous. It remains to prove that ||7,, — T'|| — 0. Let ¢ > 0. We choose N € N
such that ||T,, — T,,|| < € for all n,m > N. For arbitrary = € X with ||z|| = 1 we get
(T = T)zll < (T = T)2l| + (T = Tl < [T = T[] + [[ T = Te][
Therefore, for n > N it follows, choosing m sufficiently large,
(T = Tz < 2,

and thus ||, — T|| < 2¢if n > N. O
Example 1.11

1. D compact metric space, X = C'(D; K) with the supremum norm, a € D, T, : X —
K, T,z = z(a). T, is linear, and |T,z| = |z(a)| < |||, with equality, if z is a
constant function. Therefore, T, is continuous, and ||7;|| = 1. The functional T, is
called the Dirac functional in a.

2. X = C([a,b];R) with the supremum norm, 7' : X — R,

Tas:/ab:r(t)dt.

T is linear,

= | [ () dt\ < (b o)l

with equality if = is constant. Therefore, T" is continuous and ||T'|| = b — a.

3. X = L'([a, b]; R) with the L' norm, T as before, then

[ st < [ wolar = o,

with equality if = is constant. Therefore, T" is continuous and ||7']| = 1.

Tx| =
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4. X as before, f € C([a,b;R), T: X —» R,

Tx:/ f)xz(t)dt

b b
| T| S/ [F@O] |(®)] dt < ||f||oo/ [x(®)dt = || Fll ]l -

T is linear, and

Therefore, T is continuous and [|T']| < || |- In order to prove that actually equality
holds, we choose t, € [a,b] with f(t,) = || f||, (if the maximum of the absolute value
is attained at a point where f is negative, we instead consider — f resp. —T'). Let
now ¢ > 0, ¢ < ||f|l.. We choose an interval I with ¢, € I C [a,b], so that
f(t) > ||fllo, — € holds for all ¢ € I, and set (|| denotes the length of I)

1 tel
r=—1;, so xz(t 11> ’
1] ! (t) = {0, sonst .

Then [|z|; =1 and

Ta| =

ﬂ /fwﬂﬁ [l - o) =1 -

It follows that ||T'|| > || f||,, — ¢ and therefore |T'|| = || f||

5. Let D = (0,1) x (0,1), k € L*(D;R). On X = L?((0,1); R) we want to define an
integral operator 7': X — X by

(T2)(s) = /0 k(s a(t) dt, s € (0,1).

Once we have proved that this integral is well defined, it is clear that 7' is linear.
We have (the integrals are well defined as a consequence of Fubini’s and Tonelli’s
theorem, the second inequality follows from Holder’s inequality)

1 1
Telfoion = [ ([ Honmwa) as< [ ([ o)) o
1 1
< [ ([ weopa) ([ wwpa) a
0 0 0
1 1
:||35||%2((0,1);R)/0 /0 k(s t)|* dtds.

Therefore, T' is continuous and
1,1 3
i< ([ [ s opads) = lws .
o Jo
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6. Let X,Y be normed spaces with dim(X) < co. Then every linear mapping 7" : X —
Y is continuous: Let {vy,...,v,} be a basis of X. Then for

n
x:inviEX, r; € K,
i=1
we have that

IT]| =

n
E ZEZ'TUZ'
=1

n n
<Y el [ Twil| < max [Twil] Y Jai -
1<i<n
i=1 i=1
Therefore,

n
< . ; :Z 1.
I71 < o Tl ol = 3l
P

7. Let T : R* — R™ be linear, let T(z) = Az for the matrix A € R™™. Via this
correspondence, we can identify the space L(R™;R™) with the space R(™™) of all
m X n-matrices. The operator norm then becomes a so-called matrix norm whose
explicit form depends on the choice of the norms in R™ and R™. Matrix norms
play an important role in the construction and analysis of numerical algorithms, in
particular in numerical linear algebra. O

Lemma 1.12 Let X,Y,Z be normed spaces, let T : X —Y and S :' Y — Z be linear
and continuous. Then SoT : X — Z s linear and continuous, and

1S o T < [ISIIT- (1.44)

Proof: For all z € X we have ||(SoT)x| < |[S||||T=] < [|[S|||T||||z]]. The assertion now
follows from Proposition |1.10 O

Seminorms and quotient spaces.

Definition 1.13 (Seminorm)
Let X be a vector space over K. A mapping p : X — [0,00) is called a seminorm on X,

if
plax) = |a| p(x) foralla €K, z € X, (1.45)
plx+y) <plz)+ply) foralzyelX. (1.46)

In this case, (X,p) is called a seminormed space.
Obviously,(1.45)) implies p(0) = 0, but p(xz) = 0 does not imply x = 0. Every norm is

a seminorm. If (Y,q) is a seminormed space, then every linear mapping 7' : X — Y
generates a seminorm on X by

p(x) = q(Tx). (1.47)
Here are some examples of seminorms:

X=R", p(z)= |z, (1.48)

X =B(D;K), a€eD, p(z)=|z(a)l, (1.49)

X = LN(0,1:R), pla) = /0 () dt] | (1.50)

X =CY[0,1;R), p(z) = [l - (1.51)

12



From linear algebra, we recall the concept of a quotient space. Let X be a vector space,
let U be a subspace of X. Then

r~yz & x—2zeU (1.52)
defines an equivalence relation on X. Let
2] ={z:2€ X,z ~y 2z} (1.53)
denote the equivalence class of € X. The quotient space X /U is defined by
X/U=A{[z] :xz € X}. (1.54)
With the addition and scalar multiplication on X /U defined by
[z] + [yl = [z +yl, alz] =[ax], (1.55)
X/U becomes a vector space, and the mapping
Q: X —X/U, Qx=]x], (1.56)

is linear and surjective. We have 0 = [z] = Qx if and only if z € U.
Proposition 1.14 (Quotient norm) Let U be a subspace of a normed space X .

(i) The formula
p([z]) = dist (z,U) = 12{5 |l — z|| (1.57)

defines a seminorm on X /U which satisfies
p([z]) < |lzl|, forallz e X. (1.58)
(i1) If U is closed, then p is a norm.
(111) If moreover X is a Banach space and U is closed, then (X /U, p) is a Banach space.
Proof: Part (i) is an exercise. Concerning (ii): Let
0= p(la]) = inf [z - .
There exists a sequence (2, )nen in U satisfying ||z — z,|| — 0, thus 2, — x and therefore

(if U is closed) x € U, so finally [z] = 0. Concerning (iii): We begin by proving: If
z,y € X, then there exists a § € [y] with

19— =l < 2p(ly — x]). (1.59)

We obtain such a g by first choosing a z € U with

ly —x — 2] < 2p(ly — z])
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and then setting § = y — z. Let now ([x,])nen be a Cauchy sequence in X/U. Passing to
a subsequence if necessary we may assume that

p([En] = [za]) <277,
We now choose according to (1.59)) an #; € [z1] and for n > 1 an &, € [z,] mit
120 = Zn1ll < 2p([2n] = [2n-1]) - (1.60)
Then for all n,p € N we have
P p
By — Full € ey = Fngall < 30227794 < gons2
s =1

Therefore, (Z,)neny is a Cauchy sequence in X. As X is complete, there exists x =
lim,en 2. From ([1.58)) it follows that

0 < p(lwn] = [2]) = p([2n] — [2]) < [|Z0n — 2]l =0,
so [z,] = [z] in X/U. O
Here is an example: X = C([0,1]), U ={z:x € X, (0) = 0}. We have
reovy & x(0) =y(0).

One directly checks that
p([z]) = |z(0)], X/U=R.

The mapping T': X/U — R, T([z]) = x(0), is an isometric isomorphism

Dense subsets. A subset A of a metric space (X, d) is called dense in X, if
A=X (1.61)

holds. If A is dense in (X, d) and B is dense in (A, dy4), then B is dense in (X, d).

Definition 1.15 (Separable space)
A metric space (X,d) is called separable if there exists a finite or countably infinite
subset A of X which is dense in X. O

Example: Q" is a dense subset of R"™, therefore R” is separable. Analogous for C".
Proposition 1.16 The space (C([a,b]; K), || - ||..) s separable.

Proof: By the approximation theorem of Weierstra”s, the set P of all polynomials is dense
in C([a, b]; K). Moreover, the set of all polynomials with rational coefficients is countable.

It is dense in P, and therefore in C([a, b]; K), too. O

Proposition 1.17 Let X be a normed space, let (x,)nen be a sequence in X with X =
span{x, : n € N}. Then X is separable.
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Proof: Exercise. O

Proposition 1.18 The space (?(K) is separable for 1 < p < oco. The space £ (K) is not
separable.

Proof: For p < oo we have ?(K) = span{e, : n € N}. The assertion then follows from
1.17, Let now p = co. For arbitrary M C N we define ™ € (*°(K) by

1 ke,
g 0, k¢ M.

If M,N C N with M # N, then ||z™ — 2V]||__ = 1. Therefore,
1
{B(z", 5) M CN}

is an uncountable set whose elements are disjoint open balls. If A is a dense subset of
¢>°(K), it has to be dense in each of those balls. Therefore A cannot be countable. O
Analogously it holds that, for D C R" open, the space (L?(D;K),|| -[,) is separable
for 1 < p < oo, but not separable for p = co. If p < co and moreover D is bounded,
this follows from the result that C'(D) is dense in (LP(D), | - [|,) and that (in analogy to

Proposition |1.16) the polynomials with rational coefficients form a dense subset of C'(D).
For D unbounded the claim follows from the representation

L’(D:K) = | ] L*(D N B,;K)

neN

with B, = {z : ||z, < n}.

Proposition 1.19 Let X be a normed space, Y a Banach space, U a dense subspace of X
and S : U — 'Y linear and continuous. Then there exists a unique linear and continuous
mapping T : X — Y with T|\U = S, and ||T|| = 5]

Proof: Given = € X, we choose a sequence in (z,),eny in U with x, — x and define
Tz = lim,,_,o Sx,. The limit exists since (x,),en and consequently (Sz,)nen are Cauchy
sequences, and since Y is complete. The assertions now follow directly from the definitions
and elementary properties of the operator norm and of convergent sequences; we do not
write down the details. O

Dual spaces. Let a normed space X be given. According to Proposition [1.10, the dual
space X* = L(X;K) is a Banach space.

Proposition 1.20 Let p,q € (1,00), let

1 1
St 1. (1.62)
Then
(PP(K))" =2 1(K). (1.63)
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Proof: We want to define an isometric isomorphism 7" : (4(K) — (¢*(K))* by
(T2)(y) = > wiyge, = €L(K), yer(K). (1.64)
k=1

By virtue of Holder’s inequality,

N N N v
>l yel < (ZICEkI") ' (ZI%I”) < [l 1yl -
k=1 k=1 k=1

Therefore, the series ), xy), converges absolutely, and

Q=

(T) ()] < Y lewyil < llll, N9,
k=1

Thus, (1.64) defines for any given x € ¢4(K) a linear continuous mapping 7'z : /#(K) — K
which satisfies
[Tz]] < =, - (1.65)

Therefore T' : (1(K) — (¢P(K))* is well-defined. It follows from that T is linear
and from that 7" is continuous. T is injective, as (Tx)(ex) = x, and consequently
Tz = 0 implies that z; = 0 for all k. We now prove that 7" is surjective. Let y* € (/(K))*
be arbitrary. We want to find an © = (zy)ren in ¢9(K) such that Tz = y*. Since
(T'z)(er) = xy, for such an z, we have to define

xp =1y"(ex) . (1.66)

Let y € c.(K),
N

y=> mer, weK, NeN, (1.67)

k=1
be given. We have

y'y) =y (Z yk€k> =D ey (en) = D yhan (1.68)

We choose
ye = |2k sign (z), 1<k <N. (1.69)
Then

q—1) _

P = |z |7 \zk|? = Ty

and it follows from (|1.68)) that

N N N 7 N 7
Z 2! = Z%yk =y (y) < [ly* [l lyll, = Iyl (Z |yk|p> = ||y (Z |$k|q) :
k=1 k=1 k=1 k=1

Thus,

1

(Z \xm) < Iyl (1.70)
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Passing to the limit N — oo yields x € ¢4(K) and
lzll, < Iyl (1.71)
From and it follows that
(Tz)(y) =y*(y), forally € c.(K).
We recall that c.(K) is dense in (¢7(K), || - [|,). It follows from Proposition m that

Tr=y". (1.72)

Therefore T is surjective, and from (1.65) and (1.71) we obtain that ||Tz|| = [|z||,. There-
fore, T is an isometric isomorphism. O

We mention some other results concerning the representation of dual spaces. We have
co(K)* = (H(K), MK)* = °(K). (1.73)
We do not present the proof here.
For function spaces, analogous results hold. For example, let D C R™ be open. Then
« 1 1
LP(D;K)y* = L1Y(D;K), 1<p<oo, —+4+-=1. (1.74)
p q

For the case p = 2, (1.74) is a consequence of a general result for Hilbert spaces, which
will be treated in the next chapter. We sketch the proof for arbitrary p € (1,00); its
general structure is the same as that for the sequence space ?(K). Setting

(Tz)(y) = /Da;(t)y(t) dt, xe€ LYD;K), ye€ LP(D;K), (1.75)

one obtains a linear continuous mapping 7' : LY(D;K) — LP(D;K)* with [|Tz|| = [|z].
Indeed, by virtue of Holder’s inequality,

q ( / 'y<t>lpdt)‘1’ = lell, ol (1.76)

y(t) = sign (a(t))|=(t)|"
we have |y(t)|P = |z(t)|? and therefore

i< [ il < ( [ oora)

and for

(T2)(y) = /D £(t)sign (x()|x(£)|7 dt = /D ()] dt

- (/D |gc(t)|qchf)é (/D |:c(t)\th);=HxHqHpr-

In order to prove that T is surjective, for a given y* € LP(D;K)* one constructs an
x € LY(D;K) satisfying Tz = y* by employing the Radon-Nikodym theorem from measure
and integration theory.
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One also has the result that
LY(D;K)* = L*(D;K). (1.77)

The representation theorem of Riesz states that, for compact sets D C R", the space
C(D;R)* is isometrically isomorphic to the space of all signed regular measures on the
Borel o-algebra on D. In particular, for every y* € C(D;R)* there exists a measure p
such that

Y (y) = /Dyd/vb- (1.78)

Definition 1.21 (Series in normed spaces)
Let X be a normed space, let (xy)ken be a sequence in X. If the sequence

Sp = Zazk (1.79)
k=1

of the partial sums converges to an element s € X, we say that the corresponding series
> e, @ converges, and we define

Zxk =s. (1.80)
k=1
The series y .-, xy is called absolutely convergent if
>l < o0 (1.81)
k=1
O

Because addition and scalar multiplication in normed spaces are continuous operations,
we have the rules

Z(ﬂkaryk):ZkarZyk, Zozxkzozzm, (1.82)
k=1 k=1 k=0 k=1 k=1

a € K. They are valid when the limits on the right side exist.

Proposition 1.22 Let X be a Banach space, assume that the series Y ;- Ty converges
absolutely. Then it also converges, and

00
D>
k=1

Moreover, every reordering of the series converges, and the limits are identical.

<> - (1.83)
k=1

Proof: Let

n
on = llaxl.
k=1
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For the partial sums defined in (|1.79) we have, if n > m,

n

[sn = sml| < Z |2kl = o0 — oml -

k=m+1

Since (o) is a Cauchy sequence in K, also (s,) is a Cauchy sequence in X, hence conver-
gent to some s € X. Due to ||s,|| < |o,/, (1.83]) follows from

o0
s = lim Jlsa]| < lim Jou| =[xl
n—oo n—oo 1

Let -
> E, Fr=1amp, m:N->N Dbijective,
k=1

be a reordering of > x; with the partial sums

n
5o = .
k=1

Let € > 0. We choose M large enough such that

oo

Sl <.

k=M+1

Next, we choose N such that N > M and «({1,...,N}) D {1,..., M}. Then we have
for all n > N

o

130 —sall < D Nl <,

k=M+1

therefore |5, — s,]| — 0. O
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2 Hilbert Spaces

Definition 2.1 (Scalar product)
Let X be a vector space over K. A mapping (-,-) : X x X — K is called a scalar product
on X, if

(x,z) >0, forallxz e X with x # 0, (2.1)

(x,y) = (y,x), foralzyeX, (2.2)

(ax + Py, z) = alx,2) + {y,z), foralzy z€ X and all o, B € K. (2.3)

(X, (-,-)) is called a prehilbert space. O

From ([2.2) and (2.3) we immediately obtain
(x,ay + Bz) =a(x,y) + B {(x,z), forallz,y,z€ X and all o, 3 € K. (2.4)

In the case K = R, a scalar product is nothing else than a symmetric positive definite
bilinear form.

Proposition 2.2 (Cauchy-Schwarz inequality, Hilbert space)
Let (X, (-,-)) be a prehilbert space. Then

]l = /(2 ) (2.5)
defines a norm on X which satisfies the Cauchy-Schwarz inequality
[z y) [ < lzllllyll,  forallz,y € X. (2.6)
If X is complete, then X is called a Hilbert space.
Proof: First, we prove . Let z,y € X with y # 0. For every a € K we have

0< (z+ay,z+ay) = (z,2) + alz,y) + @ (z,y) + |o|* (y,9) .

We set
I G
(v, y)
e ) @l L)
x7y 7y :I;7y
0<wm =2 (y,y) " (v, y)

and moreover

This proves (2.6). Now we show that the properties of a norm are satisfied. From ||z|| =0
it follows that (z,z) = 0 and therefore z = 0 because of ([2.1)). For a € K and z € X we
have

laz]* = {ox, az) = a@ (2, 2) = |af*||z]*.
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The triangle inequality holds since

lz +yll* = ll2]* + (2, ) + (s 2) + v < ll2l® + 202yl + vl

= (llzll + llyl)*-
(]
From (x,y) = (y,x) it follows that Re (z,y) = Re (y, x), and we have
lz +ylI* = [J2]* + 2Re (z,y) + [lyl|*, for all z,y € X. (2.7)

The Cauchy-Schwarz inequality directly implies (see the exercises) that the scalar product
(-,) : X x X — K is continuous.

Examples for Hilbert spaces:

X=K", (,9) =) =Tk, (2.8)
also -
X =0FK), (wy)=> =k, (2.9)
and
X =L*D;K), (x,y)= /D:c(t)ﬁdt, (2.10)

where D C R”™ is open. For the examples (2.9) and (2.10), it follows from Holder’s
inequality that the scalar product is well defined.

For these spaces, the norm defined in (2.5 is identical with those considered in the
previous chapter.

Proposition 2.3 (Parallelogram identity)
Let X be a prehilbert space. Then

lz +yll* + lo = yll* = 2(ll«l* + lylI*) . for all 2,y € X. (2.11)

Proof: A direct computation using definition ([2.5)) and the properties of a scalar product.
O

Similarly, one can compute directly that, in a prehilbert space, the scalar product can be
expressed by the norm. Namely,

1
(w.y) = 7(lz+l* =z —yl"), K=R, (2.12)

and

1 : , : ,
(w.y) = (e +yll* = llz = ylI* +ille + iy|* — illz —iyl*), K=C. (2.13)

These identities are called polarization identities.
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Let X be a normed space in which the parallelogram identity does not hold. Then
there cannot exist a scalar product which generates this norm according to . Using
this argument one can show (exercise) that (C(D;K), || - ||.,), D compact metric space, is
not a prehilbert space.

If (2.11)) holds in a given normed space X, one can prove that (2.12]) resp. (2.13) defines

a scalar product; thus, X then becomes a prehilbert space (we do not give the proof).

Proposition 2.4 (Projection)
Let X be a Hilbert space, let K C X nonempty, convex and closed. Then for every x € X
there exists a unique y € K with

lz = yll = inf Jla — 2| (2.14)

The association x +— y thus defines a mapping Px : X — K, called the projection on
K.

Proof: Let x € X, let (yn)nen be a sequence in K such that
Jim [l = yoll = inf flo —z|| = d.
With the aid of the parallelogram identity we get

2(/lz = yall* + llz = yull®) = 1122 = (yn + ) I* + N9 — y*,

SO
2
Yn + Ym
1Y = ymll* = 2(l2 = yull* + 12 — ym*) — 4 ||z — — (2.15)
As K is convex,
Yn + Ym
—— e K,
2
therefore
0 < [gn = ymll* < 2|2 = yal® + [l — ym|I*) — 4. (2.16)
Thus, (Yn)nen is a Cauchy sequence in X. As X is complete, there exists
y = lim y, . (2.17)

n—oo

Since K is closed, we have y € K. The continuity of the norm implies
|z —yll = lim ||z —y.| =d.
n—oo

Therefore we have proved the existence of a y satisfying (2.14). Let now § € K with
|| — g|| = d. Then as in (2.15)) we conclude that

v+ v+
Iy =917 =20k = o7+ o = 1) 4 o - LE2 | — e = - 222
<0, as we[(,
2
SOy =79. O
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Proposition 2.5 (Variational inequality)
Let X be a Hilbert space, K C X nonempty, convex and closed. Then for every x € X
there exists a unique y € K with

Re (x —y,z—y) <0, foralzekK, (2.18)

and we have y = Pgx.

Proof: Uniqueness: Let y, 7 € K be solutions of (2.18). Then

Adding these inequalities yields

and therefore y = 7. It remains to show that y = Pxx is a solution. Let z € K, t € [0, 1]
be arbitrary. Then (1 —t)Pgx +tz € K, so

|z — Pgz|]® < ||z — (1 — t)Pxx — tz|* = ||(x — Pxx) + t(Pgx — 2)||?
= ||z — Pxx|* 4+ 2Re (x — Pga,t(Pxx — 2)) + t*|| Pz — 2|*.

Dividing by ¢ gives
0 <2Re (v — Pgx, Pgx — 2) + t|| Pxx — z||*.

Passing to the limit ¢ — 0 yields the assertion. O
When K =R, (2.18]) becomes

(x —y,z—y) <0, forallzeK. (2.19)

Corollary 2.6 Let X be a Hilbert space, K C X nonempty, convex and closed. Then we
have
|Prx — Pzl < ||z —Z|, foralazzeX. (2.20)

Proof: Exercise. O

Corollary 2.7 Let X be a Hilbert space, U a closed subspace of X. Then Pyx is the
unique element y € U which satisfies

(x—y,z) =0, forallzeU. (2.21)
Proof: If z € U then also z + Pyz € U. Then (2.18)) implies
Re (x — Pyx,z) <0, forall ze U. (2.22)

Replacing z by —z we see that Re (z — Pyx, z) = 0; replacing z by iz yields
Im (x — Pyz,z) = 0, so (2.21)) holds. Conversely every y € U which satisfies (2.21]) also
solves the variational inequality (2.18)), since z —y € U for all z € U. O
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Definition 2.8 (Orthogonality)
Let X be a prehilbert space. If x,y € X satisfy

(z,y) =0, (2.23)

we say that x and y are orthogonal, and write x Ly. IfY C X, we define the orthogonal
complement Y+ of Y by

Yt={z:2€X, zly forallycY}. (2.24)

O

If x Ly then (Pythagoras)
Iz +yll* = ll=ll* + lyl*-

Lemma 2.9 Let X be a prehilbert space, Y C X. Then Y+ is a closed subspace of X
with Y+ NY = {0}.

Proof: This follows directly from the fact that the scalar product is bilinear, continuous
and definite. O

Proposition 2.10 Let X be a Hilbert space, U a closed subspace of X. Then the projec-
tion Py : X — U is linear and continuous, ker(Py) = UL, and

Pyi =id— Py. (2.25)

Proof: By Corollary 2.7 we have
(x — Pyx,z) =0, forallze X, zeU. (2.26)
Therefore + — Pyz € U+, For z,7 € X and o, B € K we have

OZPUQ?—FﬁPUQN?EU,
((ax + pz) — (aPyx + BPyz),2) =0, forall z €U,

so, again using Corollary [2.7],
Py(ax + BT) = aPyxr + fPy7.
From and Lemma it follows that
relUt & PyupeUt < Pyr=0.

For z € U+ we have
(x — (id — Py)zx,z) = (Pyzx,z) =0,

and because of x — Pyz € U+ we conclude that
(id — Py)x = Pyax.
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From ([2.25)) we immediately obtain
l2[* = |z — Pyz|® + [ Pyz|®

and therefore

[Pull =1, it U # {0}.

The mapping x — (Pyz,r — Pyz) yields an isometric isomorphism
X1 =@ =TS ,)-
We may X also interpret as a direct sum
X=UaU"

in the sense of linear algebra.

Lemma 2.11 Let X be a Hilbert space, Y C X. Then

Y+t =spanY . (2.27)
In particular, we have Y+ =Y if Y is a closed subspace.

Proof: Exercise. O

Proposition 2.12 (Riesz representation theorem)
Let X be a Hilbert space. Then for every x* € X* there exists a unique x € X satisfying

z*(z) = (z,x) , forallze X. (2.28)

The mapping J : X — X* defined by 15 biyjective, isometric and conjugate linear,
that s, _
J(ox + py) =aJ(z) + BJ(y) (2.29)

holds for all x,y € X and all o, 5 € K.

Proof: Formula (2.28) defines a linear functional z* : X — K. Since
2 () < llzll 2]l |2 ()] = [l=[I*,

we have z* € X*. Thus J is well-defined, conjugate linear and satisfies ||J(z)| = ||z||.
It remains to show that J is surjective. Let x* € X* with 2* # 0. We set U = ker(z*).
Since U # X, we get UL # {0}. We choose an x € U+ with z*(z) = 1. For arbitrary
z € X we have

z=z—x"2)x+2"(2)x, z—2"(2)relU.

This implies
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and therefore
= ()
¥ = — .
[ ]|?
O

For the Hilbert space X = L?(D;K), Proposition yields that for every functional
x* € X* there exists a unique function z € L*(D;K) such that

() = /D S(OF()dt, for all z € LX(D;K).

Let U be a closed subspace of a Hilbert space X with U # X. Then there exists z € X
satisfying
dist (z,U) = in[f} |l —z]| =1, |z]=1, (2.30)
ze

because every x € U+ with ||z|| = 1 has this property.
y

In a Banach space which is not a Hilbert space, the projection theorem in general does
not hold, not even when the convex set K is a subspace, and an x € X which satisfies
(2.30) need not exist. Instead, the following weaker result holds.

Lemma 2.13 Let X be a normed space, U a closed subspace of X with U # X. Then
there exists a sequence (Tp)nen tn X with

lim dist (z,,U) =1, |z,||=1 forallneN. (2.31)

n—oo
Proof: Let £ € X \ U, let (yn)nen be a sequence in U with
7L11_>IEO |Z — yn|| = dist (z,U) .
Since U is closed, we have that dist (Z,U) > 0. We define

‘%_yn

1Z — yall

For arbitrary z € U we have

o — 2 = =7 = (o + 7 — gull2) | = =——dist (7, )

Tn — 2| = 7= 11T — YUn T — Ynl||R = ——— - dist (T, s

17 = Yull S ~ S R T |
therefore
1 = ||x,|| > dist (z,,,U) > T ”dist (z,U) -1 for n — oc.
T — Yn
O

Corollary 2.14 Let X be a normed space with dim(X) = oco. Then the closed unit ball
K(0;1) ={r:2 € X, ||z[| < 1} is not compact.
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Proof: K(0;1) is a subset of X and thus a metric space. It therefore suffices to construct
a sequence (Zp)nen in K (0;1) which does not have a convergent subsequence. Let z; €
K(0;1) with ||z1]| = 1. Assume that xq,...,z, are already defined. Then choose z,;
according to Lemma such that ||z,41]| =1 and

1
dist (zp11,Uy) > 3 where U, =span{zy,...,x,}.

Then we have

||xn—:pm||2§, n#£m.

Therefore, (z,)neny has no convergent subsequence. O

If X has finite dimension, say dim(X) = n, then X ~ K" by Proposition . Thus we
have proved: In a normed space, the unit ball is compact if and only if the space
has finite dimension.

Definition 2.15 (Orthonormal basis)

Let X be a Hilbert space. A set S C X is called an orthonormal system in X, if
lle|| = 1 for alle € S and eLf for all e, f € S with e # f. An orthonormal system S
is called an orthonormal basis, if there does not exist an orthonormal system S with

ScSandS+#S. O

An orthonormal basis is also called a “complete orthonormal system”.

We know from linear algebra that every vector space has a basis. In an analogous manner
to that proof one can also prove that every Hilbert space has an orthonormal basis.

Proposition 2.16 Let X be a Hilbert space, X # {0}. Then X has orthonormal basis.
For every orthonormal system Sy there exists an orthonormal basis S with Sy C S.

Proof: The first assertion follows from the second, since X has an orthonormal system,;
namely, Sp = {x/||z||} is an orthonormal system whenever x € X, x # 0. Let now Sy be
an arbitrary orthonormal system. We consider the set

M={S:8D 5,5 is an orthonormal system} .
The set M is not empty, and the set inclusion defines a partial order “<” on M,
S1<85 & 5 CS;.

Let V be a completely ordered subset of M (that is, for arbitrary S;, Sy € V we have
Sl S SQ or 52 S Sl) Then
T=|Js

Sey

also is an element of M (because it follows from e, f € T that there exists an S € V such
that e, f € S, so |le|| = || f]| = 1 and (e, f) = 0). Therefore, T is an upper bound of V in
M. Consequently, every totally ordered subset of M has an upper bound. It now follows
from Zorn’s lemma that M possesses a maximal element S, that is, an element for which
there does not exist a S € M with S € S and S # S. Therefore, S is an orthonormal
basis. O
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Proposition 2.17 Let X be a separable Hilbert space with dim(X) = oo. Then every
orthonormal basis S has countably infinitely many elemente.

Proof: If S is an uncountable orthonormal basis, the space X cannot be separable, since
le — Il = v/2 holds for elements e, f € S with e # f (the reasoning is analogous to that
in the proof that ¢*°(K) is not separable). On the other hand, if S is a finite orthonormal
system, and x ¢ U = span (5), then

xr — Pyx
SU {—U }
|z — Pyl
is also an orthonormal system. Thus .S is not an orthonormal basis. O

Lemma 2.18 Let X be a Hilbert space, S C X an orthonormal system. Letey, ..., e, € S
and U = span{ey,...,e,}. Then

n

Pyx = Z (x,ex)er, forallx e X. (2.33)
k=1

Moreover, Bessel’s inequality
n

[ (2, ex) [P < ] (2.34)

k=1
holds.
Proof: Setting

y=) (z e e
k=1
we have y € U and
(x —y,e5) =(x,e5) = ) _(x,ex) (en ;) = (w,¢5) — (z,€;) =0.
k=1

Consequently, (z —y,z) = 0 for all z € U and therefore y = Pyx according to Corollary
2.7 Bessel’s inequality follows because of

| Poa|* = <Z (,ex) en, Y <$»€j>€j> = (z.ex) (. ¢5) (en, e5)

k=1 j=1 jk=1
n
=Dl en)l’
k=1
from the inequality ||Pyz| < ||z O

Corollary 2.19 Let X be a Hilbert space, S C X an orthonormal system, x € X. Then
the set
Sy ={e:e€S, (x,e) #0} (2.35)

is finite or countably infinite.
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Proof: Because of (2.34), for any given m € N there cannot exist more than m/||z|?
different e € S with | (x,e) | > 1/m. O

An orthonormal system S in X is linearly independent and therefore a vector space basis
of the subspace span (S) generated by S. Orthonormal systems and bases are important,
because one also can represent elements in the closure span (5), as limits of a series

Z T, ep)er, ex€S. (2.36)
k=1

One may extend an orthonormal system S to a vector space basis B of X (by the cor-
responding result from linear algebra) and thus represent every element of X as a finite
linear combination of elements of B. But such a basis B is uncountably infinite (as we
will see in the next chapter), and one cannot describe it in a “constructive” manner. For
this reason, vector space bases are unsuitable for the analysis of function spaces.

Proposition 2.20 Let X be a separable Hilbert space with dim(X) = oo, let S = {ey :
k € N} be an orthonormal system. Then there are equivalent

(i) S is an orthonormal basis.

(ii) S+ = {0}.
(111) X = span (5).

(iv) For all x € X we have

Z T, ex) (2.37)
k=1

(v) For all x € X there holds Parseval’s equality
Izl = |z en) I*- (2.38)
k=1

Proof: (i)=(ii): Let x € S, 2 # 0. Then

)

is an orthonormal system, so .S is not an orthonormal basis.
(ii)=-(iii): By Lemma [2.11]

span (S) = S+ = {0} =
(iii)=(iv): Let U,, = span{es,...,en}, Pm = Py,. Let x € X be arbitrary, let (x,)nen
be a sequence in span (S) with x,, — x, let (m,),en be a strictly increasing sequence in

N with z,, € U,,,,. Then we have

0 <z = Pn,z| <llz =zl =0,
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and since (||x — P,z||)nen is decreasing, it follows from Proposition that
0< lz =) (z,ex) exl| = l|lz — Pozl| = 0.

k=1

(iv)=(v): The partial sums s, = > _;_, (z, e)) e, satisty

n
lsall® = (50, 50) = Y [, en) .
k=1

Passing to the limit n — oo yields ([2.38)).
(v)=(i): If S is not an orthonormal basis, then there exists an x € X with ||z|| = 1 such
that S U {z} becomes an orthonormal system. For such an z, (2.38)) does not hold. O

From Proposition it follows immediately that in ¢*(K) the unit vectors e, form an
orthonormal basis S = {e;}, because span (S) = c.(K) and c.(K) is dense in ¢*(K).

The series in (2.37)) in general is not absolutely convergent. Example: For

1
Ty — E
we have z = (zx)ren € (2(K), but || (z,ex) exll2 = 7. Nevertheless, (2.38) shows that, in
the situation of Proposition the limit x does not depend on the order in which the
basis vectors are chosen.

When X is a nonseparable Hilbert space, one can prove an analogous characterization,
because for every x € X the scalar product (x,e) can be nonzero for at most countably
infinitely many elements e € S, due to Lemma [2.19

Proposition 2.21 Let X be a separable Hilbert space with dim(X) = co. Then
X = *(K). (2.39)

Proof: Let S = {e;, : kK € N} be an orthonormal basis of X. For given x € X we define a

sequence T'x by
(Tx)k:<x7€k> ’ reX.

Parseval’s equality implies that Tz € ¢*(K) and that ||Tz|s = ||z||x. Obviously, T is
linear and injective. We define R : ¢.(K) — X by

R(y>zzykek> 1fy:(y1>7ymaoa)
k=1

Then R is linear and continuous (even isometric). Therefore, by Proposition we can
uniquely extend R to a linear continuous mapping R : /*(K) — X. Let now y € /*(K),
let (y")nen be a sequence in ¢ (K) with y™ — y. Then y" = TRy" — TRy, so y = T Ry.
Thus T' is surjective. O
From Proposition [2.21] it follows that all separable Hilbert spaces of infinite dimension
are isometrically isomorphic. As a somewhat surprising consequence of this result we see

that
L*(D;K) = *(K),
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if D is an open subset of R”.

In L*((—m,7); C) we now consider the functions

1 .
ex(t) = \/—Q_We’kt, kel, (2.40)

It has been proved in the basic lecture on analysis that
S={ex:kelZ} (2.41)

is an orthonormal basis. Consequently we conclude from Proposition that for every
x € L*((—n,7); C) we have

1 T ~
T = chek, o = (T, ep) = E/ z(s)e s ds (2.42)

kEZ

where the limit has to be interpreted as a limit in L?. The series (2.42) is called the
Fourier series of z.
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3 The Principle of Uniform Boundedness

Many results of functional analysis rest on the following proposition.

Proposition 3.1 (Baire)
Let (X, d) be a complete metric space, let (Uy,)nen be a sequence of open subsets of X, let
U, be dense in X for alln € N. Then

D= (U, (3.1)
neN
is dense in X.
Proof: It suffices to show: if V' C X is open and not empty, then V N D # ). Let V be

open, V' # (). We choose 21 € U; NV (this is possible as U; is dense in X) and an e; > 0
such that

x1 € K(z1;61) CULNV . (3.2)
Assume that (x1,e1),..., (Tn_1,&,_1) are defined already. We choose
x, €Uy N B(xy_1560-1) (possible since U, is dense in X) (3.3)
and €, > 0 such that
Ty € K(xp;6,) CUNB(xy_1560-1), €n< %sn_l : (3.4)

Then
A(Tpy1,Tn) <0 <27"Mer d(zm, z,) <2-27"Mey for all m > n.

Therefore, (z,)nen is a Cauchy sequence. Let z = lim, o x,. We have K(z,;e,) C
K(x,_1;€,-1) for all n € N and therefore z,,, € K(x,;¢,) for all m > n. Since K(x,;¢e,)
is closed, it follows that = € K(x,;¢,) C V for all n. Consequently,

r€ () K(ne) C[\UanV=DNV.
neN neN
O

Definition 3.2 Let (X, d) be a metric space, M C X. M s called nowhere dense in
X, if int (M) =0 (that is, the closure of M has no interior points). O

A closed set A C X is nowhere dense in X if and only if its complement X \ A is open
and dense in X.

Corollary 3.3 Let (X,d) be a complete metric space, let (Ay)nen be a sequence of closed
and nowhere dense subsets of X. Then

X\ A (3.5)

neN

1s dense in X.

32



Proof: We apply Proposition [3.1] setting U, = X \ A,. 0

Proposition [3.1] and Corollary [3.3|imply in particular that D = N,U,, resp. X \ U, A,, are
nonempty. Thus, they provide a way to prove existence of certain objects. For example
one can show in this manner (see Werner p.139) that the set of all continuous but nowhere
differentiable functions forms a dense subset of (C([a, b)), | - ||..)-

We present another existence result.

Corollary 3.4 Let (X,d) be a complete metric space, let (A,)nen be a sequence of closed
subsets of X such that

X=]JA.. (3.6)

neN

Then there exists a k € N such that int (A;) # 0.

Proof: This is a direct consequence of Corollary [3.3] O

From Corollary one can conclude (exercise) for example that there does not exist a
Banach space which has a countably infinite vector space basis.

Subsets of X of the form

U M, , M, nowhere dense in X,

neN

are also called sets of first category in X. Subsets of X which are not of first category
are called of second category in X. When one uses this terminology, a complete metric
space is always of second category (in itself).

The statement of the following proposition is called the principle of uniform boundedness.

Proposition 3.5 (Banach-Steinhaus)
Let X be a Banach space, Y a normed space, let T C L(X;Y). Assume that

sup ||Tz|| < o0, forallz e X. (3.7)
TeT

Then
sup ||T|| < o©. (3.8)
TeT

Thus, if a family of linear and continuous operators is pointwise bounded, it is uniformly
bounded.
Proof: For n € N we define

A, ={z:ze€ X, sup||Tz|| <n}. (3.9)
TeT
A, is closed, since for fr(x) := ||Tz| we have
A= () f7([0,m]) -
TeT
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By assumption (3.7]) we have

X:UA,L.

neN

Due to Corollary we can choose a k € N such that int (Ay) # (0. Let zg € Ag, € > 0
with K (zg;e) C Ag. Let now z € X be arbitrary, x # 0, then

z:xo—l—aﬁef((:cg;e)CAk.
T

In addition, let T" € T be arbitrary. Then
|Tz|| = HT (M(z — IEQ)) H = MHTz — Txo| < MQk,
€ € €

and therefore ok
IT]| < —, forall T eT.
€
O

Definition 3.6 (Open Mapping) Let (X,dx), (Y,dy) be metric spaces. A mapping
T:X —Y is called open if T(U) is open in'Y for every open subset U of X. O

When the mapping T is open, the image of closed subset of X is not necessarily closed in
Y’; not even when T is linear (Example: exercise.)

Proposition 3.7 (Open mapping theorem)
Let X, Y be Banach spaces, T : X — Y linear and continuous. Then there are equivalent:

(1) T is open.
(11) There exists 6 > 0 such that B(0;0) C T'(B(0;1)).
(111) T is surjective.

Proof: “(i)=(ii)”: obvious.
“(ii)=-(i)": Let U be open in X, let y € T(U). We choose = € U such that Tz = y, and
e > 0 such that B(z;e) C U. Then

TWU) DT (B(x;e)) =Tx +T(B(0;¢)) D y+ B(0;0¢),

where 6 > 0 is chosen according to (ii). Then y € int (T(U)).
“(ii)=-(iii)”: As T is linear, it follows from (ii) that B(0;rd) C T'(B(0;r)) for all r > 0.
“(iii)=-(ii)”: Since T is surjective, we have

Y = | JT(B(0;n)).

neN

According to Corollary we choose a k € N such that int (T(B(0;k))) # 0. We set
V =T(B(0;k)). Let now y € V, € > 0 such that

B(y;e) C V.
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Since V' is symmetric (that is, z € V = —z € V), we see that B(—y;e) C V. Since V is
convex, it follows that

B(0;e) cV =T(B(0;k)) . (3.10)

It now suffices to show that
B(0;¢) C T(B(0;3k)), (3.11)

because then (ii) is satisfied for 0 = ¢/3k. By (3.10]), for every y € B(0;¢) we find an
x € B(0; k) such that ||y — Tx|| < e/2, so
2(y —Tx) € B(0;¢). (3.12)

Let now yo € B(0;¢) be given. We construct sequences (z;) in X, (y;) in Y by choosing
X0, Y1, L1, Y2, T2, ... such that

T; € B(O, k‘) y o Yjr1 = 2(@/] — Tl‘]) y Yjr1 € B(O,E—:) , J€N. (313)
It follows that 4 ' 4
2_(J+1)yj+1 = 2_]yj — T(Q_J.TJ) y ] € N,
therefore

! (Z 2‘%3') =90 = 2"y = w0 (3.14)
=0

’ur m — oo. Since
m

S 27| < 2k, (315

J=0

the series i 277z, is absolutely convergent, hence convergent (as X is a Banach space).

Let -
T = Z 2_jxj .
=0

Now ((3.14)) implies that Tz = yo, and (3.15)) implies that ||z|| < 2k < 3k. Thus (3.11]) is

proved. O

Corollary 3.8 Let X,Y be Banach spaces, T : X — Y linear, continuous and bijective.
Then T7':Y — X is linear and continuous.

Proof: That 7! is linear, is a result of linear algebra. It follows from Proposition

that 7' is open. Therefore, for every open U C X it follows that (T-1)~Y(U) = T(U) is
open. Thus, 77! is continuous. O

Let us consider the situation when a vector space X is endowed with two different norms

I [ly and || - [, so that

llz]|, < C|lz|,, forallze X, (3.16)
holds with a constant C' which does not depend on x. This means that | - ||, is weaker
than || - ||, in the sense that convergence w.r.t. || - ||, implies convergence w.r.t. || - ||;, but

not the other way round. (3.16) means that

wd (X[l = (X0 )

35



is continuous. We now conclude from Corollary [3.§8] that
wd s (X[ lh) = (G- 12)

is continuous, too, if (X, | -||,) and (X,| -|,) both are Banach spaces; in this case it
follows that both norms are equivalent, and

(X -1l = (X ) -

If (3.16)) holds, but the two norms are not equivalent, then at least one of the spaces
(X, ] - l;) and (X, || - |ly) is not complete. Example: X = C([a,b]). C([a,b]) is complete
for || - ||, = - ||, and for the L'-Norm we have

lzll, < (b= a)lzll ,

but these two norms are not equivalent (there exist sequences (z,)nen With ||z,[]; — 0,
but ||z,|,, - 0). Therefore (C([a,b]);|| - ||,) is not complete.

Corollary 3.9 Let XY be Banach spaces, T : X — Y linear and continuous, assume

that T(X) =Y and T(X) # Y. Then there exists y € Y such that ||x,| — oo holds for
every sequence (x,)nen in X which satisfies lim, oo Tx, = y.

Proof: Exercise. O

In the situation of Corollary problems arise if one wants to solve Tx = y for a given
y in a “stable” manner. The corollary implies that there exists a sequence (y,) in Y of
approximations ¥, of y, namely y,, — vy, for which ||z||,, — oo holds for the exact solutions
x, of the equation Tz = y,. We might want to use (x,) as a sequence of approximate
solutions of Tz = y; but they are worthless for large values of n.

The graph of a mapping 7' : X — Y is defined as
graph (T) = {(z,Tx) : z € X}. (3.17)

Proposition 3.10 (Closed graph theorem)
Let X, Y be Banach spaces, let T : X — 'Y be linear. Then there are equivalent:

(1) graph (T) is a closed subset of X x Y.

(11) T is continuous.

Proof: “(ii))=(1)": Let (z,,yn) be a sequence in graph (7') such that (z,,y,) — (z,y) €
X xY;theny, =Tx,, v, - x and Tz, — Tz, thus y = Tx.

“(i)=(i1)”: As T is linear, graph (7') is a closed subspace of X x Y and therefore a Banach
space. The projection Px|graph (T') : graph (T)) — X is linear, continuous and bijective.
By Proposition , it has a linear and continuous inverse ) : X — graph (7). It follos
that T'= Py o @) is continuous. O

This result is useful when one wants to prove that a given 7' is continuous; it says that it
suffices to prove that if x,, — = and Tx,, — y, then Tx = y. (Otherwise one has to prove
first that if x,, — x, then T'x,, converges to some y.)
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4 Extension, Reflexivity, Separation

Extension of functionals. We know so far that operators which are linear and continu-
ous on a dense subset of a normed space can be extended to a linear continuous operator
on the whole space while preserving its norm. The main result of this subsection (the
Hahn-Banach theorem) states that such an extension to the whole space is possible even
when starting from an arbitrary subspace.

Definition 4.1 (Sublinear functional)
Let X be a vector space. A mapping p: X — R is called sublinear if

plax) =ap(z), foralze X, a>0, (4.1)
plx+y) <plx)+ply), foralzyelX. (4.2)
O

Seminorms on X and linear mappings f : X — R are sublinear.

Definition 4.2 (Minkowski functional)
Let X be a vector space, let A C X. Then

1
Ma(z) =inf{t: t > 0, T2 € A} (4.3)

defines a mapping M : X — [0,00], it is called the Minkowski functional of A. If
Ma(z) < oo for all x € X, A is called absorbing. O

Let A be a subset of a normed space X, let 0 € int (A). Then A is absorbing, since %SB €A
for sufficiently large ¢. If for A we take the unit ball in X, we have Ma(z) = ||z

Lemma 4.3 Let X be a vector space, A C X convex and absorbing. Then the Minkowsksi
functional M4 is sublinear.

Proof: The property (4.1]) immediately follows from (4.3). Let now z,y € X, let € > 0.
We choose t, s > 0 such that

1 1
t<Ma(w)+e, o€, s<Mily)+e, _yeA.
S

Then we get, since A is convex,

Lyt L s
€T = — . — .
s Y T s Y T

so Ma(x +y) <t+s < My(z)+ Ma(y) + 2¢. As ¢ > 0 was arbitrary, the assertion
follows. O

Proposition 4.4 Let X be a vector space over R, p : X — R sublinear. Let U be a
subspace of X, let f: U — R be linear such that f(z) < p(x) for all x € U. Then there
exists a linear extension F : X — R of f on X which satisfies F(x) < p(z) for allz € X.
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Proof: We first consider the special case

X =span(UU{y}), yeX\U. (4.4)
Every x € X can be decomposed uniquely as
r=z+ay, ze€U,acR. (4.5)
We define F': X — R by
F(z)=f(z)+ar, ifz=z+ay, (4.6)
where r € R will be fixed later. F' is linear, and F'|U = f. The required inequality
F(z)=f(z)+ar <p(z+ay)=p(x), forallzeU, acR, (4.7)
holds for @ = 0 by assumption. For a > 0 it is equivalent to
rgp(eray)—f(z):p<£+y)_f<i>, (4.8)
Q@ o o
and for o < 0 it is equivalent to
pe PERODZIE (2 ) (2. (1.9
Q@ « o
Such an r exists if
sup(f(z) — p(z —y)) < inf(p(z +y) — f(2)) . (4.10)
zeU zeU

But for arbitrary 2,z € U we have

fR)+fE)=f(z+2) <p(z+2) <plz—y)+p(Z+y),
and therefore
f(z) —p(z—y) <p(Z+y)—f(2), foralzzelU.
From this, (4.10) immediately follows. Thus the proposition is proved for the special case
(4.4). To prove the claim in the general case we use Zorn’s lemma. We define the set

M ={(V,g) : V subspace, U CV C X, g:V = Rlinear, glU = f, g<pon V},
(4.11)
and endow M with the partial ordering

Vi,g1) < (Vayg2) & Vic Vo, goVi=ar.
We have (U, f) € M, so M # (). Let N be a completely ordered subset of M. We define

.= |J Vv (4.12)
(V,9)eN

and g, : Vi, — R by
g(x)=g(x), ifzeV, (V,g) eN. (4.13)
From the definition of A/ it now follows that ¢.(z) does not depend on the choice of (V] g),
that V, is a subspace and that g, is linear (we do not carry out the details). Therefore,
(Vi, g«) is an upper bound of N/ in M. By Zorn’s lemma, M possesses a maximal element
(V,g). We must have V = X; otherwise, by what we have proved for the special case, we
could construct a (V,§) € M such that V' = span (V U {y}), y € X \ V, contradicting
the maximality of (V] g). O
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Proposition 4.5 (Hahn-Banach)
Let X be a normed space over K, let U be a subspace of X, let u* € U*. Then there exists
an x* € X* satisfying x*|U = u* and ||z*|| = ||u*||.

Proof: We first consider the case K = R. We define p : X — [0, 00) by
p(x) = [Ju*|| - [l (4.14)

p is sublinear, and u*(z) < p(z) for all z € U. By Proposition |4.4] there exists a linear
functional z* : X — R such that z*(z) < p(z) for all z € X and z*|U = u*. We then
have for all z € X

v(x) < p(x) = o[- =}, =2"(z) = 27 (=) < p(=2) = "] - [l],

SO
2" (@) < [l ]l

Therefore, z* is continuous and ||z*|| < ||u*||. Since x* is an extension of u*, it follows
from the definition of the operator norm that ||z*|| > ||u*||.

Let now K = C. With Xz and Ug we denote the normed spaces X and U where we
restrict the scalar field to R (the norm remains the same), and set

up = Reu”.
Then uy, € Ug, [lugll < [lu]],

u*(z) = Reu(x) +ilmu*(z) = up(x) —iug(ix),

for all z € U, as Imu*(x) = —Rew*(iz). Let now 3, € X} be an extension of u}, such
that [|z5|| = [|uk||, as we already have constructed. This extension is R-linear. We set
¥ (z) = ap(z) —ixg(ix) . (4.15)

Then one may check that * : X — C is a C-linear extension of u*. For any given z € X
we now choose ¢ € C, |¢| = 1, such that |z*(x)| = ca*(z). Then

|27 ()| = ca™(x) = ™ (cx) = wg(cx) < o] -]l
therefore ||z*|| < ||u*|| and, with the same reasoning as above, ||z*|| = ||u*||. O

Corollary 4.6 Let X be a normed space, © € X with x # 0. Then there exists an
x* € X* such that ||z*|| = 1 and 2*(z) = ||z||.

Proof: Let U = span ({z}), let u* : U — K be defined by u*(az) = «a||z| where a € K is
arbitrary. Then |u*(ax)| = ||az||, so ||u*|| = 1. We choose z* € X* as an extension of u*
according to Proposition 4.5 0

Corollary 4.7 Let X be a normed space. Then

|z|| = max |z*(x)|, forallze X. (4.16)
r*EX*
flz*]I<1
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Proof: We have |z*(z)| < ||z*|| - ||z|| < ||z]], if ||z*|| < 1. Therefore, (4.16]) follows from
Corollary [4.6] 0

Corollary 4.8 Let X be a normed space, let U C X be a closed subspace. Let x € X
such that x ¢ U. Then there exists an x* € X* which satisfies x*|U = 0 and z*(x) # 0.

Proof: By Proposition X/U is a normed space, and we have [z] # 0. According to
Corollary |4.6| we choose a y* € (X/U)* with y*([z]) # 0, and define z* : X — K by

() =y ([2), zeX.

Then z* € X*, z*|U = 0 and x*(z) # 0. O.

Reflexivity. Let X be a normed space. The space X*™* = (X*)* is called the bidual
space of X. The association x — x**,

™ (x") = 2" (x), forall 2" e X7, (4.17)

yields, due to
2™ () < ] - [} (4.18)

an embedding
Jx : X — X (4.19)

(This embedding is called the “canonical” embedding of X into X**, since its definition
arises from the definition of X and X** in a very natural manner. In the same
manner, if Y C X, one calls the mapping j : Y — X defined by j(z) = x the canonical
embedding of Y into X.)

Lemma 4.9 The mapping Jx : X — X** defined by 15 linear and isometric.

Proof: For all x € X we obtain, using Corollary [4.7]

lellx = max o*(@)] = max |(Jxz)(@")] = | xallx-
[le*[I<1 fle*[I<1

O

The image Jx(X) is a subspace of X**. Since Jx is isometric and X** is a Banach space,
we have

X complete << Jx(X) complete < Jx(X) closed in X**.

If X is not complete, we may consider the closure Jx(X) of Jx(X) in X** as the “com-
pletion” of X.

Definition 4.10 (Reflexivity)
A Banach space X 1is called reflexive if Jx : X — X™* is surjective. O
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By Lemma |4.9| we then have
X =2 X", (4.20)

Conversely, in general it does not follow from (4.20)) that X is reflexive. There are examples
where X = X** but Jx(X) is a closed proper subspace of X**.

Every finite-dimensional Banach space X is reflexive, because in this case
dim(X™) = dim(X™*) = dim(X)
and therefore Jx is surjective since it is injective.

Proposition 4.11 FEvery Hilbert space X s reflezive.

Proof: Let J : X — X*, (Jy)(z) = (2,y), be the conjugate linear isometric isomorphism
coming from the Riesz representation theorem Let x** € X**. We define

' (y) =a=(Jy), yeX.

Then we have * € X™*. We set
x=J ",

Then for all y € X we get
= (Jy) = 2*(y) = (Jo)(y) = (y,z) = (z,y) = (Jy)(z).

Since J is surjective, ** = Jx(x) follows. O

Proposition 4.12 The spaces (P(K) are reflexive for 1 < p < co.

Proof: Let X = (?(K), let
T, : (1K) — P(K)", Ty:P(K)— (4(K)",
be the isometric isomorphisms from Proposition [I.20f Let z** € X** be given. We set
v =Ty (z"oT).

Then we have for all z* € X*

p(2) = (@ o T)(Ty 'a*) = (Tox)(Ty '2%) = Y an(Ty 2% ) = a*(x).

Analogously one proves that the space LP(D;K) is reflexive for 1 < p < oo.

Spaces with sup norms and with L' norms are usually not reflexive. As an example we
consider X = L'(D;K). We start from the isometric isomorphism

T:L®(D;K)— X", (Ty)(z) = /Dx(t)y(t) dt.
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If X were reflexive, for every x** € X** there would exist an x € X such that
2 (Ty) = (Ty)(z) = / z(t)y(t)dt, for all y € L>(D;K).
D

An equivalent statement is that for every y* € L>(D;K)* there exists an x € L'(D;K)
such that

v (y) = /D £(t)y(t) dt (4.21)
Let now D = (0,1), Ex = (1/k,1). We set

Ue={y:y € L*(D;K), y|(D\ E) =0}, U=|JUs.

Then U is a closed subspace of L*(D;K), and we have 1p ¢ U, because d(1p,U;) = 1
for all £ > 2. Therefore, by Corollary there exists a y* € L*(D;K) with

y"(1p) #0 (4.22)
and y*|U = 0. In particular,
y*(lg,) =0, forall k> 2. (4.23)

But for every x € L'(D;K) we have, according to the Lebesgue convergence theorem,

lim [ z(t)lg, (%) dt:/x(t)lD(t) dt . (4.24)

We see that (4.21)) — (4.23) cannot hold at the same time.

The spaces c¢y(K), ¢(K), (*(K), ¢>(K), C(D;K), L>(D;K) are not reflexive (we do not
prove this here).

Proposition 4.13 Let X be a Banach space, let U be subspace of X. If X 1is reflexive
and U is closed, then U 1is reflezive.

Proof: Let u** € U** be arbitrary. The formula
2 (z*) = u™(@*|U)
defines an z** € X**. Let z = Jy'(z**), then
¥ (x) = 2 (") = u™* («*|U) (4.25)

for all * € X*, and in particular z*(x) = 0 for all z* satisfying z*|U = 0. It follows
from Corollary that z € U. Let now u* € U* be arbitrary. We choose according to
Proposition an * € X* with 2*|U = w*. Then (4.25)) becomes

u'(z) = " (x) = u™(u"),
thus Jyx = u™*. O
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Proposition 4.14 Let X be a Banach space. The X 1is reflexive if and only if X* is
reflezive.

Proof: Let X be reflexive. We want to prove that Jy« : X* — X** is surjective. Let
¥ € X** be arbitrary. We set z* = ™" o Jx. Let now x** € X** be arbitrary, let
z = Jy'z**. Then

so ¥ = Jx«x*. Conversely, let X* be reflexive. By what we have just proved, X** is
reflexive. By Proposition .13} the closed subspace Jx (X)) of X** is reflexive and therefore
X, too. O

Proposition 4.15 Let X normed space, M C X. The following are equivalent:
(i) M is bounded.
(i1) x*(M) bounded in K for all x* € X*.

Proof: We apply Proposition (Banach-Steinhaus) to the subset 7 C L(X*;K) = X**
defined by
T =Jx(M).

Since Jx is an isometric isomorphism, (i) is equivalent to

sup || 7| < o©.
TeT

On the other hand, for every x* € X*
(M) ={z"(z) ;e e M} ={Tx": T eT}.

The assertion now immediately follows from Proposition [3.5 O

Separation of convex sets. Let z* : X — K be a linear continuous functional on a
normed space X, z* # 0. Its level sets

Hy,={r:ze X, 2"(x)=a}, ack, (4.26)
are called hyperplanes. Such hyperplanes separate X into two half-spaces

{z:ze X, 2*(z)<a} and {z:zxe€X, z"(x)>a}.

Proposition 4.16 (Separation)
Let X be a normed R-vector space, let K C X be open and convex, K # 0, let xg € X
with xo ¢ K. Then there exists an x* € X* which satisfies

z*(z) < x%(xo), forallzeK. (4.27)

O
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The inequality (4.27) means that K lies completely on one side of the hyperplane H,,
a = z*(xy).

Proof: We first consider the case where 0 € K. By Lemma[£.3] its Minkowski functional
M is sublinear. Let ¢ > 0 with K(0;¢) C K. Then ez/||z|| € K and therefore

1
My () < ngH , forallze X. (4.28)

Moreover we have ¢/t ¢ K for all ¢ < 1, thus
My (z0) > 1. (4.29)
For all z € K there exists a t < 1 with z/t € K, so
Mk(z) <1, forallze K. (4.30)
We define u* : span ({z¢}) — R by
u*(axg) = aMg(zg), a€R.
Then

u*(axg) = Mg(axg) >0, a>0,
u(axg) <0< Mg(azg), a<0.

Therefore, u* < M on span ({zo}). Let now z* : X — R, according to Proposition [£.4]
be a linear extension of u* with 2* < Mk on X. From (4.28) it follows that for all z € X

|27 (2)] = max{z"(x), 2" (—2)} < max{Mg(z), Mg (—)} < %IICL’H :

thus z* € X*. From (4.29) and (4.30)) it follows that

z*(z) < Mg(z) <1< Mg(zg) = 2" (z9), forallxe K.

So (¢.27) is proved. Thus, the proposition is proved for the case 0 € K. For the general
case, we choose T € K and set K = K —Z. Then 0 € K and 9 — ¢ K. Let 2* € X*
with 2*(z) < 2*(xo — ) for all z € K. Then we have for all z € K

() =2"(r — )+ 2"(Z) < 2"(xg — ) + 27 (T) = 2" (o) .
O

One may also formulate a separation result in the complex case. Formula (4.27) then
becomes dann
Rex*(z) < Rex*(zy), forallze K.

We omit a detailed presentation.

Proposition 4.17 (Separation of two convex sets)
Let X be a normed R-vector space, let K1, Ky C X be conver and nonempty, let Ky be
open and assume that Ky N Ky = (). Then there exists an x* € X* and an o € R such
that

¥ (r) < a < x(x9), forallxy € Ky, x5 € Ks. (4.31)
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Proof: We set
K:Kl—KQZ{JZl—ZL‘QZl’lGKl,ZEQEKQ}.

Then K is open (it follows from =z € K that © € Ky — xy C K for some zs € K5) and
0 ¢ K. We choose according to Proposition an z* € X* such that 2*(z) < 2*(0) =0
for all x € K. Then we get

x¥(xq) — x¥(xg) = 2™ (21 — x2) <0, forall z; € Ky, x9 € K,

and therefore
¥ (r) < a<z*(xg), forall 2y € Ky, 9 € Ko,

for every a € [supz*(K7),inf 2*(Ky)]. As K, is open and z* # 0, we get x*(z1) < « for
all z; € Ki; indeed, if 2*(z1) = « for some x; € K, then there would exist a 71 € K;
such that z*(Z;) > a. 0

Proposition 4.18 (Strict Separation)
Let X be a normed R-vector space, let K C X be closed and conver, K # (), let xg € X
such that xo ¢ K. Then there exists an ™ € X* and an o € R such that

z(z) <a<x*(x), foralzekK. (4.32)
a
Proof: Exercise. (Hint: For sufficiently small £ > 0 we have B(zg;e) N K = (.) O
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5 Compact subsets of C and LP

We want to find out which subsets of the spaces C(K;K) (K compact) and LP(§2; K) (2
open) are compact. We already know that the closed unit balls in these spaces are not
compact, as this is true only for finite-dimensional spaces.

Two notions of compactness.

Proposition 5.1
Let (X, d) be a metric space. Then there are equivalent:

(1) X is sequentially compact, that is, every sequence in X has a subsequence which
converges to some element of X.

(i1) Every open covering of X has a finite subcovering, that is: If (U;)ier is a family of
open subset of X such that
x=Ju,

iel
then there exists n € N and indices i1, ...,1, € I such that
xX=Ju,.
k=1
If (i) holds, we say that X is compact.
Proof: Omitted. O

A side remark: In general topological spaces, (i) and (ii) are not equivalent.

Corollary 5.2 Let X be a normed space, let F' be a compact subset of X. Then F 1is
closed and bounded.

Proof: Let (z,)nen be a sequence in F with x,, — a € X. By Proposition [5.1]i), for
some subsequence and some b € F' we have z,, — b. As z,, — a, we must have a = b.
This proves that F' is closed. If F' were unbounded, then there would exist a sequence
(Zn)nen in F with ||z,|| > n for all n € N. Such a sequence does not have a convergent
subsequence. Consequently, F' cannot be compact. O

Compact sets in the space of continuous functions. For a subset of C'(Q2;K) to
be compact, in addition to being closed and bounded, the following property must be
satisfied.

Definition 5.3 (Equicontinuity)
Let Q C R™. A subset F' of C(;K) is called equicontinuous, if for all x € Q and all
e > 0 there exists a 6 > 0 such that for all y €

le—yll<d = [f(z) = fy) <e forall feF.

(“It is possible to find a common & for all f € F7.) O
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Lemma 5.4 Let Q C R", FF C C(Q;K), assume that there exists an L such that

[f(2) = f)l < Llle —yll,  forallz,y €, feF. (5.1)

Then F' is equicontinuous.

Proof: Setting 0 = /L we see that F' has the property required in Definition |5.3] O

When F C C*(), it follows from the mean value theorem that ([5.1)) holds, if there exists
a C' > 0 such that

0,f(x)] <C, forallzeQ, feF, i=1,...n (5.2)

This criterion is often used to prove equicontinuity of a given set F' of continuous functions.

Proposition 5.5 (Arzela-Ascoli)
Let K C R™ be compact, let F C (C(K;K),| - |l)- Then there are equivalent

(i) F is relatively compact in C(K), that is, F is compact.

(i1) F is bounded and equicontinuous.

Proof: Omitted. O

Smoothing by convolution. We recall the definition of the convolution of two functions

f and g,

(f*9)y) = | [fla)gly —x)d. (5.3)
]Rn
It is defined for f,g € L'(R") and yields a function f x g € L'(R") with the properties
frg=gxf. |f=glly <Ifll;-llgll;- (5.4)

One can approximate a given function by smooth functions if one convolves it with suitable
functions. We define

. B exp(—%), t>0,

v: R R, ¢(t)_{0’ <0 (5.5)
V:R—=R, o) =v¢(1—r?), (5.6)
meRY SR, p(x) = ad(||z]). (5.7)

Here, o > 0 is chosen such that

/n m(z)de 1. (5.8)

For given ¢ > 0 we define the “standard mollifier”

1 T
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The functions 7. are radially symmetric (that is, they only depend upon ||z||), and have
the properties (as developed in integration theory)

ne € Cg°(R™),  supp (n:) = K(0;¢), mn->0, / Ne(x)de =1. (5.10)

For functions which are not defined on the whole of R we too want to consider convolution
with the standard mollifier.

Given f € L'(Q), we define f by setting f = f in Q and f = 0 outside of 2, and define
fe by

F@) = ()l = | flanly—a)de = /Q f@nely—x)de, forally € R". (5.11)
Since f¢ = f*n. =n. * f, we may represent f¢ as
£ = [ n@iv-ade== [ w(E)f-o i

- [ mE@iy-ed= [ BRCYTE

In the following, we no longer distinguish between f and f, and just write f for both
functions.

(5.12)

Lemma 5.6 Let Q2 C R™ be open and bounded, f € LP(Q), 1 < p < oco. Then f& = fxn.
satisfies

fee C*RY), supp (f7) €+ B(0se),  [f o) < 11l oy (5.13)

Proof: We have f € L'(Q) since © is bounded, and
= / f(@)n(y —x)dx, forall y € R". (5.14)
0

As n.(y — x) = 0 holds for ||y — x| > e, we get supp (f¢) C Q2+ B(0;¢). For all multi-
indices «, the functions x +— f(x)0*n.(y — ) are bounded (uniformly with respect to y)
by the integrable functions ||0°n.| |f|. By a result from integration theory, all partial
derivatives 0 f¢ exist in R™ and are continuous; thus we have f¢ € C*°(R"). Let now
y € €. In the case p > 1, we choose ¢ such that 217 + % = 1. It follows from Holder’s
inequality that

hSA

77wl =] [ ety —xdx\</\f (nely — )} (ne(y — ) do

/|f )P ne(y —Sﬁ)d13> \(/ ne(y —x)d:c)a.

i

g

<1
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Next, we see that for p > 1 (for p > 1 we use the estimate from the previous line)

[irwras [ [1r@pno-oded = [11@p [ w0 dyi
s%}ﬂwww.

By Co(R™) we denote the space of functions which are continuous on R™ and have compact
support.

O

Lemma 5.7 Let f € Co(R™). Then f¢ — f uniformly on R™ when € — 0.

Proof: For all y € R™ we have

)=t =| [ f@mnt=ode— 1) = | [ (@) - 1t — o) do
s/;m@—xMx-iﬁrﬂw—funszwp|ﬂa—f@n
le—yli<e oS l<e

Since f has compact support and therefore is uniformly continuous on R"”, the assertion
follows. O

Lemma 5.8 Let Q C R™ be open and bounded, let f € LP(), 1 < p < oo. Then f* — f
in LP(Q2) for e — 0.

Proof: Let 6 > 0. We choose g € Cy(R™) such that

If = gHLP(Q) <0
This is possible since Cy(R™) is dense in LP(2) (see the exercises). It follows that

If = f€||LP(Q) <|f- gHLP(Q) +llg — g€||LP(Q) +1lg° - fEHLP(Q)

(5.15)
<20+ |lg— gg”LP(Q) )

since

G —f=g%n—frn.=(g—f)F
and by Lemma

(g =)Mo < lg = Fllppo) <9
By Lemma we have g° — ¢ uniformly. Consequently,

limsup 1 = 1l < 25
e—0

As § > 0 was arbitrary, the assertion follows. O

Compactness in LP. We investigate the behaviour of

/Q|f($+h)—f(x)|pdx, h—0.
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Proposition 5.9 Let 2 C R" be open and bounded, let f € LP(2), 1 < p < co. Then

lim/ Flz+h) — ()P de =0, (5.16)
(Again we extend f by 0 outside of €2.)

Proof: We define (7,,f)(z) = f(z + h). Then

1t = @ do = lf = e
We estimate from above

|7nf = fllze) < mnf — T f v + 1m0 f — follze@) + 15— fllzr) -

Let v > 0. For € > 0 sufficiently small, the third and also the first term on the right side
are smaller than 7/3 for all A with ||h|| < e because of

|0 f = TSl er) = 1T (f = Ff)lze) < N FF = fllzr@rBoe) -

As f¢ is uniformly continuous on €2, for A sufficiently small the second term, too, is smaller
than /3. This proves the assertion. O

Proposition 5.10 (Fréchet-Riesz-Kolmogorov)
Let Q C R" be open and bounded, 1 < p < oo, let F' C (LP(S;K), |- ||,). Then there are
equivalent:

(i) F is relatively compact in LP(QY), that is, F is compact.
(i) F is bounded, and

lim sup/g|f(x+h)—f(x)|pdx20. (5.17)

h—0 feF

Condition (5.17]) means that the passage to the limit A — 0 is uniform with respect to F'.

Proof: Omitted. ]
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6 Weak Convergence

Closed and bounded subsets of a normed space X are guaranteed to be compact only if
X is finite-dimensional. When the space has infinite dimension, a closed and bounded
subset may or may not be compact, and not every bounded sequence has a subsequence
which converges in the norm of X.

In order to keep the result that every bounded sequence has a convergent subsequence,
one has to weaken the notion of convergence, so that more sequences are convergent in
the weaker sense.

Definition 6.1 (Weak convergence, weak star convergence)
Let X be a normed space. A sequence (x,)nen in X is called weakly convergent to an
re X, if

lim z*(z,) = 2*(x), forallx* € X*, (6.1)

n—oo

we write T, — x. A sequence (x})nen n X* is called weak star convergent to an
e X*, if
lim x(z) = z*(z), forallx e X, (6.2)

n—oo

. *
we write T, — T*. O

Let X be a normed space. If a sequence in X converges to an x in the sense of the norm,
we also say that it converges strongly to z.

If X is reflexive, weak and weak star convergence on X* coincide. If X has finite dimen-
sion, both coincide with strong convergence.

It follows immediately from the definition that every strongly convergent sequence is
weakly resp. weak star convergent.

For X = (?(K), 1 < p < 0o, we have X* = (9(K) where ¢ = p/(p—1). A sequence (2")en
in X thus converges weakly to an x € X if and only if

lim E TRy = E xRy, for all y € (4(K). (6.3)
n—oo
k=1

k=1

If in particular " = €™ (n-th unit vector), for p > 1 (thus ¢ < co) we have
: n, T _ q
nll_}f{.lo;ekyk nh_)rrolo Yy, =0, forall y € (4(K). (6.4)
Therefore, e* — 0 for p > 1, but on the other hand [[e"||, = 1 and thus e, does not

converge strongly to 0.

For p = 1 we also have (6.4)) for all y € ¢9(K), ¢ < oo, but for y = (—1,1,—1,...) € £*(K)
and the corresponding functional y* € X* we get

v = ety =ya = (-1)". (6.5)
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Therefore, (€"),en is not weakly convergent in ¢!(K).

In general it holds (exercise): If X is a Hilbert space, (x,)nen is sequence in X and z € X,
then x,, strongly converges to x if and only if x,, converges weakly to x and ||z, || converges
to ||z

As a further example we consider X = LP(D;K), 1 < p < co. We have X* = L(D;K),
qg=p/(p—1). A sequence (z,)ney in X converges weakly to an = € X if and only if

lim [ 2 (O)y(t) dt = / syt dt, for all y € LI(D;K).

For X = L*>°(D;K) we have X = L'(D;K)*, and a sequence (z,,),en in X converges weak
star to an x € X if and only if

lim [ x,(t)y(t)dt = / x(t)y(t)dt, forally € L*(D;K).

Lemma 6.2 Weak and weak star limits are uniquely determined.

Proof: Let 2% ™ x* and 2 = y*. Then

z*(z) = lim z)(x) =y*(z), foralxe X,

n—oo

and therefore z* = y*. If z,, — = and xz,, — vy, then

x*(z) = lim z*(z,) = 2" (y), forall z* € X*

n—00

and therefore x = y; otherwise, the separation theorem would imply that there exists an
x* € X* such that x*(z) # z*(y). O

Lemma 6.3 Let X be a normed space, let (z¥),en be a sequence in X* such that ¥, = x*,
x* € X*. Then
|z*|| < liminf ||z} . (6.6)
n—o0

If (xp)nen is a sequence in X such that x, — z, x € X, then
|z]| < liminf ||z, . (6.7)
n—oo
Proof: For all z € X we have
|z (@)| < [l =]l -

Therefore it follows from z* = z* that

|z*(z)| = lim |z} (z)] < lUminf(||2}] [|z]]) = (liminf Hx;H) |z||, forall z € X,
n—oo n— n—od
SO holds. For the proof of (6.7) we refer to the exercises. O

Let (€")nen be the sequence of the unit vectors in #(K), 1 < p < co. It was shown above

in (6.4) that

e" =0, 0< lim [e"||,=1.
n—oo
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Proposition 6.4 Let X be a normed space. Then every in X weakly convergent sequence
is bounded in X (w.r.t. the norm of X ). If moreover X is a Banach space, every in X*
weak star convergent sequence is bounded in X* (w.r.t. the norm of X*).

Proof: From z = x* it follows that |z%(z)| — |2*(z)| for all z € X, so

sup |z (z)] < 0o, forall z € X.
neN

The Banach-Steinhaus theorem (Proposition [3.5)) now implies

sup ||z || < oco.
neN

From z,, — z it follows that |2*(z,)| — |2*(z)| for all z* € X*, so

sup |z*(x,)| < oo, for all z* € X™.
neN
Proposition now implies

sup ||x,|| < oo
neN

O

Lemma 6.5 Let X be a normed space, let (x,)nen be a sequence in X such that x, — x
strongly in X, let (z%)nen be sequence in X* such that ¥ = z*. Then

lim ) (x,) = 2" (x). (6.8)

n—oo

If z, — x and x} — z* strongly, then also holds.

Proof: Es gilt

|27 (2) — a7, (2n)| < (27 = 27)(2)] + [l ]| [l = 2]
Now z* — x* implies |(z* — 2%)(z)| — 0, and since ||z*|| is bounded by Proposition ,
follows. The second assertion is proved analogously. O

If 2, — z and z*¥ = z*, in general it does not follow that z*(z,) — z*(x). Here is an
example: X = (2(R), X* = (*(R), 2, = €", 2}, = €". We have ¢” — 0 and e" = 0, but
(e" e") = 1.

Proposition 6.6 Let X be a normed space, K C X convex and closed, let (x,)nen be a
sequence in K with x, — x € X. Then we have x € K.

One says that K is weakly sequentially closed. Thus, convex closed subsets of a

normed space are weakly sequentially closed.

Proof: We consider the case K = R. Assume that = ¢ K. Then by the separation
theorem there exists an z* € X* such that

z*(x) > supz*(z) =: ¢ > a*(z,), forallmeN,
z€K

which contradicts z*(x,) — z*(z). In the case K = C one needs the complex version of
the separation theorem (which we did not discuss in Chapter 4). O
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Definition 6.7 (Weak sequential compactness)

Let X be a normed space. A subset M of X is called weakly sequentially compact
if every sequence in M has a weakly convergent subsequence whose limit is an element of
M. A subset M of X* is called weak star sequentially compact, if every sequence in
M has a weak star convergent subsequence whose limit is an element of M. O

Proposition 6.8 Let X be a separable normed space. Then the closed unit ball K(0;1)
i X* 1s weak star sequentially compact.

Proof: Let (z7),en be a sequence in K (0;1), so ||zf|| < 1 for alln € N. Let {z,,, : m € N}
be a dense subset of X. Since |z} (z,,)| < ||z, the sequences (x}(2,,))nen are bounded
in K for all m € N. Passing to a suitable subsequence (w.r.t. n) we want to achieve
that for all m € N the corresponding subsequences of (z(z,))nen converge. This
can be done with a “diagonalization” argument. First, we choose a sequence (1x1)ken
such that (x; (z1))ren converges. Next, we choose a subsequence (nx2)ren Of (Mk1)ken
such that (z7,,(72))ren converges. Using induction we correspondingly choose subse-
quences (ng,)ren for each m € N. The subsequence (ny)ren then has the property that
(7, (m))ren converges for all m € N. We set z; = z;, and look for a weak star limit

Nkk
of this subsequence of (z7).

We set Z = span {x,, : m € N} and define

2 Z =K, 2'(z)= lim z(2).

k—o0

This limit is well-defined, since every z € Z is a linear combination of the x,,. Moreover,
we have |z}(2)| < ||z], so |2*(2)| < ||z|| for all z € Z, and therefore z* is continuous on
Z and |z*|] < 1 holds. By Proposition [I.19| z* can be extended to an z* € X* with
|*|| < 1. Let now x € X be arbitrary. For all z € Z we have

|2 () = 25 (2)] < (" = 2p)(x = 2)| + |27(2) = 2 (2)| < 2 = 2] + [27(2) = % (2)]-

Let € > 0 be arbitrary. We choose a z € Z such that ||z — z|| < e (this is possible since
Z is dense in X) and an N > 0 such that |2*(2) — z;(2)| < e for all k > N. Then

|27 (2) — zp(7)] < 3¢
for all k > N. Consequently, z;(z) — 2*(x) when k — co. As z was arbitrary, z; — x*

follows. 0

Corollary 6.9 Let X be a separable normed space. Then every bounded sequence in X*
has a weak star convergent subsequence. O

When 1 < p < oo, the space LP(D) is isomorphic to the dual space of the separable
space LY(D), ¢ = p/(p — 1) < oco. Therefore, if (z,,)nen is a sequence in LP(D) such that
|zn]l, < C for all n € N, there exists a subsequence (z,, )ren and an z € LP(D) satisfying

im [, () dt = / 2Byt dt, for all y € LI(D). (6.9)

k—o0 D D
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As a further example we consider X = C([a, b]). Let (¢,)nen be a sequence in [a, b]. Then
$Z = (Stn s 5tn (l’) = x(tn) s

defines a sequence (z7)neny in X*. If (¢, Jken is a convergent subsequence with ¢, — ¢ €
[a, b], we have

x, (2) = x(tn,) = x(t) = 0¢(2), for all z € Cla,b].
It follows that a7, = 2* = §,. A generalization: If (i, )nen is a sequence of probability

measures on [a, b], it follows from Corollary that there exists a subsequence (fi, )ken
and a probability measure p such that

b b
tim [ () dyu, (1) = / 2(#)du(t), forall z € Cla,b].
— 00 a a
When X is not separable there may exist bounded sequences in X* which do not possess a
weak star convergent subsequence. As an example we consider X = L>(0,1). Let (£,,)nen
be a monotone decreasing sequence such that

en € (0,1), e, =0, 5:“ 0. (6.10)
We define | e
' (z) = 8_/ o(t)dt, =€ L®0,1). (6.11)
n Jo
We have x € X*, ||| = 1. Let « € L*°(0, 1) be defined by
x(t) = (=1)F, if epyy <t <ep. (6.12)
Then
1 ntl
e = = ([ a0ar+ @ - i-1)
n \Jo
1 et €n+l
—(—1) 4 — £)dt — 1)
1= [ a2y,
S0

2 () — (—1)"] < 25 0,
En

Therefore, the sequence (z7())nen does not converge. Since the same argument can be
applied to every subsequence (7} )nen (the function x has to be chosen correspondingly),
the sequence (z}),en does not possess a weak star convergent subsequence. If, however,
we view it as a sequence in X*, X = (C([0,1]), we obtain for all x € X

= [t - a0 < s ) 2(0)] 0,

€n 0<s<en

|77, (z) = 2(0)] =

n

therefore ¥ = dy.
Lemma 6.10 Let X be a normed space. If X* is separable, then so is X.
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Proof: Let {z} : n € N} be a dense subset of X*. According to the definition of the
operator norm we choose for every n € N an x,, € X such that

* 1 *
jzn(@a)l 2 Sllanlls lleall =1
Let Y =span{z, : n € N}. Let * € X* be arbitrary such that 2*|Y" = 0. It follows that
l2" = anll 2 |27 (2a) — an(za)l = len(za)l 2 Sllanll 2 S0l = llan = 27[) . (6.13)
Passing to the infimum w.r.t. n on both sides we see that ||z*[| = 0 and thus z* = 0.
From Corollary it follows that Y = X (if not, there would exist an x* # 0 such that

x*|Y = 0). Applying Proposition we conclude that X is separable. O

Proposition 6.11 Let X be a reflexive Banach space. Then the closed unit ball K(0;1)
i X 1s weakly sequentially compact.

Proof: Let (x,),en be a sequence in X such that ||z,| <1 for all n € N. We set

Y =span{z, : n € N}.

The space Y is separable by Proposition and reflexive by Proposition [£.13] Since
Y™ 2 Y, the bidual Y** is separable. Lemma [6.10| now implies that Y* is separable. The
sequence (Jyx,)nen in Y** is bounded in Y** and therefore has, according to Corollary
, a weak star convergent subsequence (Jyxp, )ken, assume that Jyz,, A y**. We set
x = J,'y**. For arbitrary z* € X* we get setting y* = 2*|Y € Y*

" (@n,) = ¥ (@n,) = (Jyan,)W*) =y (y") =y (z) = 2" ().
It follows that x,, — x. O

The converse of Proposition is valid, too. That is: If X is not reflexive, then K(0;1)
is not weakly sequentially compact. (We do not give the proof.)

Corollary 6.12 Let X be a reflexive Banach space. Then every bounded sequence in X
has a weakly convergent subsequence. O

There arises the question: What about weak star compactness in X* in the case where
X is neither separable nor reflexive 7

Proposition 6.13 (Alaoglu)
Let X be a normed space. Then the closed unit ball K(0;1) in X* is weak star compact.
O

In order to understand this, one needs a notion which is more general than that of a
metric space, because it turns out that in general there does not exist a metric on K(0;1)
for which the convergent sequences are just the weak star convergent sequences. This
more general notion is that of a topological space. In a topological space, one does not
axiomatize the metric (that is, the distance between two points), but rather the system
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of open sets. “Compact” then means the existence of a finite subcovering for every open
covering (see Chapter 5 for a precise definition). Here, we do not go further into this
subject.

We return to the approximation problem: let X be a normed space, K C X, xr € X. We
want to find a y € K such that

=yl = inf [l — =] (6.14)

Proposition 6.14 Let X be a reflexive Banach space, K C X convex, closed and nonempty.
Then for every x € X there exists a y € K such that

| =yl = inf [l — 2| (6.15)

Proof: Let (y,)nen be a sequence in K such that lim,, ., ||z — y,|| = inf.cx ||z — 2| =: d.
Since ||yn|| < ||z — yull + ||z||, the sequence (y,)nen is bounded and due to Corollary
therefore has a weakly convergent subsequence, assume that y,, — y, y € X. By
Proposition , K is weakly sequentially closed, thus y € K. Since moreover z — y,,, —
xr — vy, Lemma [6.3 implies that

|z — yl| < liminf ||z -y, [ =d,
k—o0

which proves (6.15]). O

Definition 6.15 (Strict convexity)
A normed space X is called strictly convez if for all x1,12 € X with ||z1] = ||22]| = 1

and x1 # x5 we have that

Hl(az1 +ao)| <1, (6.16)

2

O

Proposition 6.16 Let X be a normed space, K C X convex, x € X. If X is strictly
convez, then there exists at most one y € K such that

lz =yl = nf flz — 2| (6.17)

Proof: Let y, 7 € K be two different solutions (6.17)),
lz =yl = llz — gl = d.

We have d > 0 since otherwise y = y = z. We set

1 1 N
xlzc—l(m‘—y), xz:g(iﬂ'—y)a

in Definition [6.15l Then
1 1 1
Slr— =+l <1, ~@+i ek
Sz =sw+gl<1l, Sy+y) ek,
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which contradicts the minimality of y and . O

Vector spaces endowed with the p norm typically are strictly convex when 1 < p < oo
and not strictly convex for p =1 and p = oo (sup norm). This is true e.g. for K", 7(K),
LP(D;K), C(D;K). Since K", ¢?(K) and L?(D;K) are also reflexive for 1 < p < oo,
Propositions [6.14] and |6.16| imply that the approximation problem has a unique
solution in these spaces, for arbitrary closed convex sets K.

Conversely we have (no proof given here): If the approximation problem is uniquely
solvable for arbitrary closed convex subsets K of X, then X must be strictly convex and
reflexive.
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7 Sobolev Spaces

Sobolev spaces arise when one wants to work with complete function spaces endowed
with L” norms which take into account not only the function but also their derivatives.
In order to get there, however, one has to generalize the notion of a derivative.

Assume for the moment that f : C[a,b] — R is continuously differentiable. Let ¢ €
C°(a,b). Then

[ r@p@a=o] - [ foeod=- [ fod@d. @

We use (|7.1) as the starting point for the definition of the weak derivative. Let f, g €
L'(a,b). The function g is called a weak derivative of f on (a,b) if

b b
/ g(x)p(x)dx = —/ f(x)¢'(x)dx, for all p € C5°(a,b). (7.2)
Since g is, if it exists, uniquely determined by ((7.2), we call g “the” weak derivative of f
and denote it by f’, too.
As an example we consider f: [—1,1] = R, f(x) = |z|. We have

— /_11 f(x)¢'(x)dx = /0 zy' (x) de — /01 zy'(z) dx

-1

—wo| " - [ e w4 [ e

r=—1 -1

_ /_ " sign (2)o(z) d

1
for all ¢ € C§°(a,b). Therefore f has the weak derivative f’(z) = sign (z).

Let us make one further step and compute

—/_ sign ()¢’ (z) dwz/ ¢'(z) d:v—/o ¢'(z) dx = (p(0) — (1)) — (v(1) — »(0))

1 -1

= 2p(0).
(7.3)

This shows that f’ does not possess a weak derivative in the sense of ([7.2), because there
does not exist an integrable function ¢ such that

/ g(x)p(x)dx = 2p(0), for all p € C5°(a,b).

1

In order to interpret the right side as a derivative of the sign function, one has to further
generalize the notion of the derivative; this leads to the notion of a distribution and of a
distributional derivative. We will not discuss this.

In multidimensional space, one defines weak partial derivatives. Let 2 C R™ be open, let
f be continuously differentiable on §2. The rule for partial integration then says that the
function g = 0, f satisfies

/Qg(x)go(x) de = — /Q f(z)0ip(x)dx, for all p € C5°(Q). (7.4)
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Accordingly, g is called the weak i-th partial derivative of f in €2, if f is integrable and
(7.4) holds. For higher partial derivatives we use the notation 0%f with the multi-index
a=(ag,...,a,) € N,

Definition 7.1 (Weak derivative)
Let Q@ C R™ open, 1 < p < o0, let u € LP() and « be a multi-indexr. A w € LP(Q) is
called weak a-th derivative of u, if

/Qw(a:)w(x) dr = (—1) / u(x)0%p(x)dx, for all p € C3°(Q). (7.5)

Q

We denote it by 0“u. O

Definition 7.2 (Sobolev space)
Let QQ C R™ open. For k € N, 1 <p < oo we define
WEP(Q) = {v:v € LP(Q), 0%v € LP(Q) for all |a| < k}. (7.6)

O

The phrase “0%v € LP(€2)” means that the a-th weak derivative exists in the sense of
Definition [Z.1]

For k = 0, (7.6) means
WY (Q) = LP(Q). (7.7)

Proposition 7.3 Let Q C R" open, 1 < p < oo. The space W*P(Q) is a Banach space
when endowed with the norm

lollweioy = [ S lomlz | = [ / o@)Pde |, 1<p<oco,  (7.8)

laf<k | <k

ollyrmeiey = Y 1070, p=oc0. (7.9)

|la|<k

Proof: For p < oo, the triangle inequality follows from

p p
lu+ 0l = | D N0%u+a)E ] < | D oull, + [0°v],)”
ol <k lal<k
P P
<Al uln )+ D N0™lE | = lullyrsg) + 10l -
lal <k | <k

All other properties of the norm are immediate consequences of the definitions. Let now
(tn)nen be a Cauchy sequence in W*P(Q). Because of

H(‘?aun — 8aume < ||un - umHWkp(Q) ’
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the sequences (0%uy,)nen are Cauchy sequences in LP(Q2) for all |a| < k. Therefore there
exist functions u € LP(Q2), u, € LP(2) such that

Up = U,  O%Up — Ug (7.10)

in LP(Q2). Let p < 00, ¢ € C§°(Q2) be arbitrary, then

/Qu(:v)é?“gp(az) der = lim [ wu,(z)0%(x)dz = lim (—1)""/98”%(9&)90(3:) dx

(1)l /Qua(x)go(x) dr |

Therefore, for all || < k the functions u, satisfy the requirements in the definition of the
weak derivative of u, so 0%u exists and 9%u = u,, for all |a| < k. Therefore, u € WkP((Q).
The proof in the case p = oo is analogous. O

The norm in W*P(Q) is defined in such a way that we may easily embed W*?(Q) into a
product of L? spaces. We set

X=]] X, Xo=17(9). (7.11)
jof<k

Thus, an element v € X has the form v = (vq)jaj<k With v, € X, = LP(Q).
We endow X with the p-norm of the product,
lol% = D~ lvallo -
|la|<k

According to Proposition [1.7] X is a Banach space. Moreover, X is reflexive for 1 < p <
o0, because products of reflexive Banach spaces are again reflexive; X is separable for
1 < p < 00, because products of separable metric spaces are separable. We define

T:WH(Q) = X, (Tv), = 0. (7.12)

Lemma 7.4 We have
[Tv||x = [v]lwra), for allv e WHP(Q). (7.13)

T(W*P(Q)) is a closed subspace of X. For 1 < p < oo, W*P(Q) is reflexive and for
1 < p < oo itis separable.

Proof: The equality immediately follows from the definition of the two norms.
Since W*?(Q) is complete by Proposition , the space T(W*P(Q)), too, is complete and
therefore closed in X. Let now p < co. W"P(Q) is reflexive, since closed subspaces of
reflexive spaces are reflexive by Proposition |4.13] W*P(Q) is separable, since arbitrary
subsets of a separable metric space are separable (exercise). O

Lemma provides another way to prove that W*P(Q) is complete; one proves directly
that W*P(Q) is a closed subspace of X (and therefore complete, since X is complete).
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It then suffices to consider convergent (in LP(2)) sequences u,, — u, 0%u, — u, and to
prove, as in the final part of the proof of Proposition [7.3] that u, = d*u holds.

We recall the standard mollifier 7. : R” — R and the regularization

v =vx%xn., €>0. (7.14)

Lemma 7.5 Let Q,U C R"™ be open, assume that U CC Q. Let v € WHP(Q), p < oco.
Then for all € satisfying 0 < ¢ < dist (U, 9Q) we have that v¢ € C=(U) N WHFP(U), and
ve — v in WEP(U) for e — 0.

Proof: Let £ < dist (U, 0Q?). By Lemma [5.6] v* € C*(U). Moreover, for all y € U
0% ( / Iy n=(y — z)dr = (—1) / oon(y — x)v(x) de
= [ nly=0reta) e = (. + 0700,

Since 0°v € LP(£2), we obtain that 9*v° € LP(U) by Lemma [5.6] and that 9*v° — 0%v in
LP(U) by Lemma 5.8 O

(7.15)

In order that the first equality in ([7.15)) holds, one needs that ¢ < dist (U, 992); for U = 2
the assertion of the Lemma in general does not hold.

Proposition 7.6 Let Q C R" be open, let v € WFP(Q), 1 < p < oo. Then there exists a
sequence (Uy)nen in C(Q) NWHFP(Q) such that v, — v in WFP(Q).

Proof: We define
1 _
U ={z:2 € Q,dist (z,00) > 7 and |z| <j}, V,=Uj3\Ujsx1, j>1, (7.16)
and set Vy = Us. Then

o (v,
j=0

Let (B;)j>0 be a partition of unity for Q such that
0<B;<1, BeCe(V, 25]_1 (7.17)

Since v € W*?(Q), we have B;u € WH*P(Q) (see an exercise) and supp (8;v) C V;. Let
now 0 > 0 be arbitrary. We choose €; > 0 sufficiently small such that for

Wy = (511)) * e,
we have (by Lemma applied to §;v)
lw; = Bivllyrny < 27908, (7.18)
supp (w;) C W, = Uiy \U;, j>1, Wy:="Uys. (7.19)
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We set
o0
=0

By construction, on each W; only finitely many summands are different from zero. It
follows that w € C*°(£2), because each w; € C*(2) by Lemma . We then get

Zﬁg < Z Jw; — 5jv||wk,p(g) < 62270#1) =0
=0 =0

Since 0 > 0 was arbitrary, the assertion follows. O

lw = vl

Wk:p(Q)

Definition 7.7 Let Q C R™ be open, let 1 < p < oo, k € N. We define Wé’p(ﬂ) C
WhP(Q) by
Wy () = C5*(9),, (7.20)

where the closure is taken w.r.t. the norm of W*P(Q). O

WEP(Q) is a closed subspace of W*P(Q) and thus a Banach space, too (endowed with
the norm of W5?(Q)). WP() is a function space whose elements have zero values on
0f) in a certain “weak” sense. (From the outset, it is not clear that for a general element
v € WEP(Q) the assertion “v = 0 on Q" makes sense, because v is actually an equivalence

class of functions which may differ on a set of measure zero; but 92 usually has measure
0 as a subset of R".)

Definition 7.8 Let ) C R" be open. For k € N we define
H*(Q) = WH(Q),  H(Q) = Wy (Q). (7.21)

O

Proposition 7.9 Let Q C R" be open, k € N. Then H*(Q) and HY(Q)) are Hilbert spaces
with the scalar product

(U, V) i) = Z (0%, 0V) 120y = /80‘ 0%v(z) dz (7.22)

lor| <k || <k

and
HUHW‘W(Q) = <U>U>Hk(sz)a (S Hk(Q) (7.23)

Proof: The properties of the scalar product immediately follow from the corresponding
properties of the scalar product in L*(€2). Obviously (7.23)) holds, and H*(Q) is complete

by Proposition O

Lemma 7.10 Let 2 C R" be open, 1 < p < oo, 1/p+1/q=1. Let u € C(2). Then
for all h € R™ we have

| oG+ 1) = u@) de < [Vl 115 (7.24)
where again we set u = 0 outside of ().
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Proof: We set g(t) = u(x + th). We have

w(x +h) —u(z) =g(1) — g(0) = /0 g(t)dt = /0 (Vu(z +th),h) dt

and moreover, due to Holder’s inequality in K",

\u(x+h>—u(:c)|g/ |<Vu(x+th),h>|dt§/ IVu(e + th] ||h], dt
o 0 (7.25)
g/o [Vl + th)], de - |h]],.

In the case p = 1 we obtain (7.24)) by integrating over €. In the case p > 1 we estimate
as

/Q|u(x+h)—u(:c)|pd:c§/Q</01\|Vu(x+th)|]pdt-Hth)pd:c

1 1 p/q
s/ / |yvu(x+th)ugdt-</ 1th> da - |[h|]?
R™ JO 0
N————

=1
1
:/0 [ IVt + )l dede |
= [IVul[},q) - 1717,

note that the norm of the gradient of u on R™ remains unchanged when we translate every
vector by the vector th, and that Vu = 0 outside of €. O

Proposition 7.11 Let Q@ C R"™ be open, 1 < p < oo, let F' be a bounded subset of
Wy (Q). Then F is relatively compact in LP(Q).

Proof: Let (u,) be a sequence in F. According to the definition of W, ”(Q) we can find
a sequence (v,) in C§°(2) such that

S|

[vn — nllwir@) < = (7.26)

Thus, the sequence (v,,), too, is bounded in W?(Q2). Therefore, both (v,) and (Vv,) are
bounded in LP(?). Using Lemma we obtain

/Q |on (2 + ) = vn (@) de < [ Vo7 ) 1111 < ClIRIG
with a constant C' which does not depend on n. It follows that

lim Sup/ |on(x 4+ h) — v, (2)|Pdz = 0.
0

By the theorem of Fréchet-Riesz-Kolmogorov, (v,,) is relatively compact in LP(€2). There-
fore, there exists a u € LP(Q2) and a subsequence (v, ) such that v, — win LP(€2). Due to
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(7.26)) we also have u,, — u. As the sequence (u,) was arbitrary, F' is relatively compact
in LP(Q). O

The corresponding result for W1?(£2) may be deduced from Proposition , but this
requires some additional constructions. If 2 C R™ is open and bounded, and if 02 is
sufficiently smooth, one may construct, for an arbitrary given open and bounded set
V C R" with Q CC V, a linear and continuous extension operator

E:W(Q) = Wy (V)

satisfying (Eu)|Q2 = u for all u € W1P(Q). (See e.g. Evans, Partial Differential Equa-
tions.) Let now F be bounded in W'?(Q). Then E(F) is bounded in W,”(V). For
every sequence (u,) in W?(Q), the sequence (Fu,) has a subsequence which converges
to some w € LP(V) by Proposition In particular, the corresponding subsequence
(un,) converges to a u = w|2 € LP(Q). With this reasoning one proves the following
proposition.

Proposition 7.12 (Rellich)
Let Q C R™ be open and bounded, with sufficiently smooth boundary, let 1 < p < oo.

Assume that F is a bounded subset of W'P(Q2). Then F is relatively compact in LP(2).
O
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8 Compact operators

Definition 8.1 (Compact operator)

Let XY be Banach spaces. A linear mapping T : X — Y is called compact, or compact
operator if the image T(K(0;1)) of the closed unit ball K(0;1) is relatively compact in
Y. O

Since a linear mapping is continuous if and only if the image of the unit ball is bounded,
every compact operator is continuous. By

K(X;Y)={T:T € L(X;Y), T compact operator } (8.1)
we denote the set of all compact operators from X to Y and set
K(X)=K(X;X). (8.2)
By what we just said, K(X;Y) C L(X;Y).
Lemma 8.2 Let X,Y be Banach spaces, T : X — Y linear. Then there are equivalent:
(i) T is compact.
(i) T(B) is relatively compact in'Y for every bounded subset B C X.

(111) For every bounded sequence (,)nen in X, the sequence (Txy,)nen has a subsequence
which converges in 'Y .

Proof: “(i)=(ii)”: If T(K(0; 1)) is relatively compact, then so is T (K (0; R)) = RT(K(0;1))
for all R > 0. If B is bounded, so is T(B) C T(K(0; R)) for R sufficiently large. There-

fore, T'(B) is compact as a closed subset of the compact set T'(K0; R)).
“(ii)=-(iil)”: Immediate. “(iii)=-(i)”: Exercise. O

Compact operators map weakly convergent sequences to strongly convergent sequences.

Proposition 8.3 Let X,Y be Banach spaces, letT : X — 'Y be a compact linear operator.
let (x,) be a bounded sequence in X. Then:

(i) (Txp)nen has a subsequence which strongly converges in'Y .

(ii) From x,, — x € X it follows that Tx,, — Tx.

Proof: Exercise. O

As an example we consider
1
T:C[0,1] = C[0,1], (Tz)(t) = / k(s,t)z(s)ds, (8.3)
0

where £ : [0, 1] x [0, 1] — R is continuous. We have shown in an exercise that the image of
the unit ball in C'[0, 1] under 7' is relatively compact in C|0, 1]. Therefore, T" is compact.

As a second example we again consider the integral operator defined by
1
(Tz)(t) = / k(s,t)x(s)ds, (8.4)
0
this time as an operator from L*(0,1) to L*(0,1).
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Proposition 8.4 Let k € L*(Q2) mit Q = (0,1) x (0,1). Then defines a linear
continuous operator T : L*(0,1) — L*(0,1) satisfying ||T|| < 15l 120

Proof: For z € L?(0, 1) we obtain, using the Cauchy-Schwarz inequality in L?(0, 1),

1 1 9
T2 = / /k(s Pa(s) ds dt</ /|kst!2ds / ()2 ds ) di
//|k:st|2dsdt / z(s)|* ds

= [|kllF2(@) - el

SO
ITzlly < Ikl p2yllzlly,  for all z € LA(Q).

This yields the assertion. That the integrals are well-defined is a consequence of Fubini’s
theorem resp. its variants. 0O

Proposition 8.5 The operator T : L*(0,1) — L*(0,1) considered in Proposition is
compact.

Proof: Let x € L?(0,1) and h € R be arbitrary. We set k(s,t) = 0 and correspondingly
(T'z)(t) =0 for ¢t ¢ (0,1). Analogously as in the proof of Proposition |8.4] we obtain

/0 (Tx)(t +h) — (Tx)(t)|* dt = /0 /0 (k(s,t+h) — k(s,t)))z(s)ds i dt

1 1 1
S/ / |k:(s,t+h)—k‘(s,t)|2ds-/ lz(s) > ds dt (8.5)
01 01 0
:/ / (s, ¢+ h) — (s, ) ds dt - |2
0 0

Using Proposition applied to k in L?(2) we get that

1 1
lim/ / (s, t+ B — k(s, £)2ds dt = 0.
0

h—0 0

From (8.5) it follows that

lim sup / |(Tx)(t+h) — (Tx)(t \2dt<hm/ / |k(s,t+h) —k(s,t)[*dsdt =0.

The theorem of Fréchet-Riesz-Kolmogorov (Proposition [5.10) now implies that the image
of the unit ball, namely {Tx : ||z|» < 1}, is relatively compact in L*(0,1). O

As an immediate consequence of Proposition we obtain:
Corollary 8.6 Let T the operator considered in Proposz'tion let (xy)nen be a bounded
sequence in L*(0,1). Then the sequence (Tx,)nen has a subsequence which strongly con-

verges in L*(0,1). O
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As a third example we consider the embedding
I:WhH(Q) — LP(Q). (8.6)

It is compact by the result of Rellich (Proposition [7.12)). We obtain, again using Proposi-
tion , that every sequence which is bounded in the norm of W'?(€2) has a subsequence
which is strongly convergent in LP(€).

Let T € L(X;Y), let
dim(X) < oo, or dim(7(X)) < oco. (8.7)

Then T(K(0;1)) is a bounded subset of a finite-dimensional space and thus relatively
compact. Therefore, T is compact.

Lemma 8.7 Let X,Y,Z be Banach spaces, T € L(X;Y), S € L(Y;Z). If T or S is
compact, then S oT is compact.

Proof: Let (z,)nen be a bounded sequence in X. If T'is compact, the sequence (T'z,)nen
has a convergent subsequence (T2, )ren, and because S is continuous, the sequence
(S(Txp,))ken converges, too. If S is compact, the bounded sequence (T'z,)nen (T is
linear and continuous) gives rise to a convergent subsequence (S(7'z,, ))ken- O

Proposition 8.8 Let XY be Banach spaces. The space K(X;Y) is a closed subspace of
L(X;Y).

Proof: Let (7,,)men be a sequence in K(X;Y) with T, — T, T € L(X;Y). We want
to prove that T' is compact. Let (z,)neny be a bounded sequence in X let ||z,| < C for
all n € N. We choose a subsequence (2, )ren such that (7,2, )ren converges in Y for
all m € N. In order to achieve this we utilize a diagonalization argument like the one we
already carried out in the proof of Proposition . Next, we show that (T'z,, )ken is a
Cauchy sequence: for a given € > 0 we choose m € N such that ||T'—T,,|| < ¢, and K > 0
such that
| T, — Ty, || <e, forallk,j> K.

Then for all j,k > K we have
[T @0, — Tan, || < | T2n, — Tnton, | + | Tnn, — T, | + | Tn@n, — T, ||

< ||T - Tm” HxnkH + ||Tm$nk - menjH + HTm - TH ||$nj||
<Ce+e+Ce=(2C+1)e.

Thus, (Tz,, )ren is a Cauchy sequence and therefore convergent, since Y is complete. O

Corollary 8.9 Let X,Y be Banach spaces, let T : X — Y be linear and continuous,
assume that there exists a sequence (T,,)nen of linear continuous operators T,, : X — 'Y
such that

nh_)rgo T, —T|| =0, dim(T,(X)) <oo forallneN. (8.8)

Then T is compact.
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Proof: Every linear continuous operator, whose range is finite dimensional, is compact.
The assertion then follows directly from Proposition [8.8] O

There arises the question whether every compact operator T': X — Y between Banach
spaces X and Y can be obtained as the limit of a sequence (7},)nen of operators T,, : X —
Y with finite dimensional range. This is not the case. In 1973, P. Enflo has published a
counterexample.
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9 Adjoint Operators

Let X,Y be normed spaces, let T': X — Y be linear and continuous. For a given y* € Y*,
defines a linear continuous mapping 7*y* € X*. Obviously 7% : Y* — X* is linear.
Lemma 9.1 T* is continuous, and ||T*| = ||T|.

Proof: We have

sup [|T"y*|| = sup sup [(T"y")(z)| = sup sup [y*(Tz)| = sup [T| =T

ly <t ly*lI<1lzll<1 =<1 fly*[I<1 =<1
The next-to-last equality holds because of Corollary [4.7] O

Definition 9.2 (Adjoint Operator)
Let XY be normed spaces, let T € L(X;Y). The operator T* € L(Y*; X*) defined by
1s called the adjoint operator to T'. O

Lemma 9.3 The association T +— T* defines an isometric linear mapping from L(X;Y)
to L(Y™*; X™).

Proof: That T is linear is an immediate consequence of the definition; that it is isometric
follows from Lemma [9.1] O

The mapping T — T™ is not always surjective. (A counterexample can be found in the
book of D. Werner.)

As an example we consider the integral operator T : L?*(0,1) — L*(0, 1),

1
10 = [ Ksgs)ds, ke (0.1 x (0.1), 9.2
0
The adjoint operator T™* : L2(0,1)* — L?(0,1)* satisfies

(T*y")(&) = y™(T€) . (9.3)

According to the isometric isomorphism between L?(0,1)* and L?(0,1), see Chapter 1, y*
can be represented by a y € L?(0,1),

v (TE) = / (TE)()y(t) dt. (9.4)

It then follows that

() (€) = / (7€) (t)y(t) dt = / / (5, 1E(s) ds () i (9.5)
// (s, 0)y(t) dt &(s) ds (9.6)
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that is, x* = T*y* is represented by the function

1 1
x(s) = / k(s,t)y(t)dt, oder x(t) = / k(t,s)y(s)ds. (9.7)
0 0
We summarize: If T is defined by the kernel function “k = k(s,¢)” then 7™ has the kernel
function “k = k(t,s)”.

Applying Deﬁnitiontvvice7 we obtain for a given T' € L(X;Y") the linear and continuous
operator
T X" = Y™,

Lemma 9.4 Let X, Y be normed spaces, let T € L(X;Y). Then
T*oJx=JyoT. (9.8)

Proof: We have

(T o Jx)()](y") = [T (Jx2)](y") = [(Jxz) o T*|(y")

= (Jxz)(T"y")
= (T"y")(x) = y*(Tx) = [Jy (T2)|(y") =

[(Jy o T)(@)](y") -
a

Proposition 9.5 Let X,Y be Banach spaces, let T : X — Y be linear and continuous.
Then T is compact if and only if T is compact.

Proof: Let T' be compact. Then, the subset of Y defined by K = T'(K(0;1)) is compact.
Let now (y;)nen be a bounded sequence in Y*, let

lynlly- < M. (9.9)

We consider the sequence (y|K)nen in C(K). This sequence is bounded in C'(K) since

19n Koo = sup [y ()] < [[yplly-sup [[yl| < M sup [[y[| < oo. (9.10)
yeK yeK yeK
Moreover, for arbitrary y,y € K we have
Yn(¥) = yn (@] < lynlly lly = dlly < My — 3y - (9.11)

Therefore, (y!)nen is equicontinuous. It follows from the Arzela-Ascoli Theorem that
there exists a subsequence (y;; |K)reny which uniformly converges on K. It follows that

| Ty, — T yn, |l = sup |y, (Tx) -y, (Tx)| < Sup Y W) = U, (W) = (5, — vn)IK s
Yy

flzll<1

(9.12)
Therefore, (T*y;, )ren is a Cauchy sequence and thus convergent. This proves that 7™ is
compact. For the converse, assume that 7™ is compact. By what we have just proved,
T** is compact. By Lemma [8.7, 7% o Jx is compact. By Lemma[0.4] Jy o T is compact.
Let now (z,)nen be a bounded sequence in X. Then ((Jy o T)x,)nen has a convergent
subsequence, let (Jy o T)z,, — y** € Y**. Since Y is a Banach space, Jy (Y) is closed.
Thus, there exists a y € Y such that y** = Jyy. Since Jy is isometric, we get Tz, — y.
We have found a convergent subsequence of (2, ),en; by Lemma , T is compact. O
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Proposition 9.6 Let X,Y be normed spaces, let T : X — Y be linear and continuous.
Then
T(X) = (kerT7)°, (9.13)
where
(kerT*)° ={y:yeY,y"(y) =0 for all y* € ker T} . (9.14)

Proof: “C”: Let y € T(X), so y = Tz for some x € X. For arbitrary y* € ker T* we
get y*(y) = y*(Tx) = (T*y*)(z) = 0. Tt follows that T(X) C (ker T*)°. Since (ker T%)° is
closed, as one easily verifies, the assertion follows.

O LetyeY,y¢ m According to Corollary we choose a y* € Y* such that
y* = 0 on T(X) and y*(y) # 0. For all x € X we have 0 = y*(Tz) = (T*y*)(z), so
T*y* = 0 and thus y* € ker T*. Since y*(y) # 0, we obtain y ¢ (ker T%)°. O
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10 Complements, Factorization

We recall: if X is a normed space and U a closed subspace of X, then

—inf llzr — 2|l = inf |7 10.1
il = inf flo — 21| = it ] (10,1

defines a norm on X/U, and the quotient mapping
Q:X—=>X/U, Qz)=]|z], (10.2)
is linear and continuous and has norm [|@|| = 1 unless X = {0}.

Proposition 10.1 Let X, Y be normed spaces, U a closed subspace of X, letT' € L(X;Y)
with T|U = 0. Then there exists a unique T e L(X/U;Y) such that ToQ=T, and we
have ||T|| = ||T||. If in particular U = ker T, then T is injective.

Proof: We define
T:X/U—=Y, T(z])=T(z). (10.3)

T is well-defined since if & € [z] we have & — 2 € U, so

A direct computation shows that 7 is linear. Moreover,
IT()[| = [T (@) < [T l2]l,  for all # € [x],

therefore )
1T ([z])]] < jig[f:} 1T NIZ] = T N|=]]] -

Thus, ||| < ||T| and conversely
17N =T e QI < TRl = IT] -
If U =kerT, it follows from that
T(z])) =0 & zeU < [1]=0,
so ker T = 0. O

Corollary 10.2 Let X,Y be Banach spaces, T : X — Y linear and continuous, T(X)
closed. Then
X/kerT ~T(X), (10.4)

and the mapping T defined by T o Q = T is an isomorphism between X/ker T and T(X).
Proof: By Proposition [10.1, 7 : X/kerT — T(X) is bijective, linear and continuous.

Since Y is a Banach space and T'(X) is a closed subspace of Y, T(X) also is a Banach
space. From Corollary we obtain that T is continuous, too. O
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Corollary 10.3 Let X,Y be Banach spaces, let T : X — Y linear, continuous and
surjective. Then

X/kerT ~Y . (10.5)
Proof: This is an immediate consequence of Corollary O

Proposition 10.4 Let X, Y be normed spaces, let T : X — Y linear and continuous, let
T(X) closed in'Y. Then
(Y/T(X))" Z kerT™. (10.6)

Proof: Let z* € (Y/T(X))*. We set y* = z* o Q) where Q : Y — Y/T(X) is the
quotient mapping. We then have y* € Y* y* = 0 on T(X), therefore T*y* = 0 and
thus y* € ker T*. We define

I:(Y/T(X)" = kerT*, Izf=2z"0Q. (10.7)

The mapping I is linear and continuous and, applying Proposition [10.1|with (y*, z*, T'(X))
in place of (T,T,U), we get that |[Iz*| = ||z*| for all z*. Moreover, I is surjective: If
y* € ker T*, then y* o T' = 0, therefore y*|T(X) = 0, and we have y* = z* o ) = [z* for a
suitable z* € (Y/T(X))*. O

Definition 10.5 (Complement)
Let X be a vector space, U a subspace of X. A subspace V' of X is called an algebraic

complement of U if
unv={0}, U+V=X. (10.8)

If moreover X is a Banach space, and U and V' are closed, then V is called a complement
of U. We also say that X s the direct sum of U and V', written as

X=UaV. (10.9)

O

In linear algebra we have the following situation. Every subspace U of a vector space has
an algebraic complement V. Indeed, if (u;);cs is a basis of U, then by enlarging it with
suitable vectors (v;);e; we may obtain a basis of X;

V =span{v; : j € J}

then becomes an algebraic complement of U. Algebraic complements are not uniquely
determined (unless U = X or U = {0}), but for every algebraic complement V' the
quotient mapping @) : X — X/U yields a bijective linear mapping

QIV:V = X/U. (10.10)

Conversely, every subspace V' for which Q|V is bijective is an algebraic complement. In
this manner we obtain bijective linear mappings

UxX/U—-UxV =X, (10.11)
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the latter one defined by (u,v) — u 4+ v.

In functional analysis one is interested in decompositions X = U @&V where X, U and V
are Banach spaces.

When X is a Hilbert space, every closed subspace has a complement, namely U~+. If X is
only a Banach space, then there may exist closed subspaces which have no complement.
For example, C]0,1] does not have a complement in L>(0,1). (We do not prove this
here.)

Proposition 10.6 Let X be a Banach space, U a subspace of X with dim(U) < co. Then
U has a complement.

Proof: Let dim(U) = n, let {x1,...,2,} be a basis of U, let {uj,...,u}} be the corre-
sponding dual basis, that is, the basis of U* defined by

u; (w5) = 045 -

According to Proposition (Hahn-Banach) we choose extensions z; € X* of u} and
define

P:X-=U, Px:fo(x)xl (10.12)
i=1
P is linear and continuous, and therefore V' = ker P is a closed subspace of X. We now
prove that V' is a complement of U. If z € UNV, we have Pz = 0, thus 0 = z}(2) = u/(2)
for all + and therefore z = 0. Let now x € X be arbitrary. Then

x = Px+ (x — Px).
As Px; = x; for all j, it follows that P|U = id|U, so Po P = P,
P(x — Pr) = Px— PPx=0.
Therefore we have x — Pz € V and, since x was arbitrary, X =U + V. O

Definition 10.7 (Codimension)
Let X be a vector space, U a subspace of X. Then dim(X/U) is called the codimension
of U in X, written codim (U). O

Because of (|10.10) we obviously have
codim (U) = dim(V) (10.13)
for every complement V' of U.

Proposition 10.8 Let X be a Banach space, U a closed subspace of X with codim (U) <
oo. Then U has a complement.

Proof: Let V be an algebraic complement of U in X. Then we have dim(V') = codim (U) <
oo, therefore V is closed. O
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Proposition 10.9 Let X,Y be Banach spaces, let T : X — Y be linear and continuous,
let the codimension of T(X) in'Y be finite. Then T(X) is closed in'Y .

Proof: We first consider the case where is T' injective. Let codim (T'(X)) = n, let
Yi,- -, Yn € Y such that {[yi1],...,[ys]} is a basis of Y/T'(X). We define

S:K'xX—-Y, Sz T;v—{—Zalyl. (10.14)

S is linear and continuous. S is injective, since S(a, x) = 0 implies that

0=[S(a,2)] = Z ailyil ,

so a; = 0 for all ¢, thus Tx = 0 and therefore z = 0. S is surjective: Let y € Y. There
exist «; € K such that

:Zai[yi]’ SO [y—Zaiyi]:O, SO y—ZaiyieT(X).
i=1 i=1

i=1

Thus S is bijective. Using Corollary |3.8] - we see that S™! is continuous. Therefore T'(X) =

S({0} x X) = (S7") 7" ({0} x X) is closed. Let now T be arbitrary. We consider the
linear continuous mapping 7' : X/ ker T'— Y defined by T o@ =T. T is injective due to
Proposition m By what we just have proved, T(X) = T(X/ker T) is closed. O

Here are a few remarks concerning the general situation.

e In 1971, Lindenstrauss and Tzafriri have proved: A Banach space X possesses the
property that every closed subspace has a complement if and only if X is isomorphic
to a Hilbert space. (If moreover X is isometrically isomorphic to a Hilbert space,
the parallelogram identity holds and the norm is generated by a suitable scalar
product.)

e In 1993, Gowers and Maurey have found an example of a reflexive Banach space
X with the property that no closed subspace U has a complement (except those
subspaces which have finite dimension or finite codimension, see Proposition [10.6

and Proposition [10.9)).

76



11 Fredholm operators

Definition 11.1 (Fredholm operator)

Let X,Y be Banach spaces. A linear continuous operator T : X — Y 1is called a Fredholm
operator if dim(ker T') < oo and codim (T(X)) = dim(Y/T(X)) < co. If T is a Fredholm
operator, we define the index of T by

ind (T") = dim(ker T') — codim (T'(X)) . (11.1)

By F(X;Y) we denote the set of all Fredholm operators from X to Y; if X =Y we also
write F(X). O

In this chapter, I denotes the identity mapping in L(X).

When both X and Y have finite dimension, we have F(X;Y) = L(X;Y). Otherwise,
0¢ F(X;Y),and F(X;Y) is not a subspace of L(X;Y). If T € F(X;Y) and o € K with
a # 0, then o € F(X;Y). We always have I € F(X), ind (I) =0.

If X and Y have finite dimension, say dim(X) = n and dim(Y) = m, then n =
dim(ker T') + dim(7'(X)) and m = dim(7(X)) + codim (T'(X)), therefore ind (T') = n—m.
Thus, the index contains relevant information concerning 7" only in the infinite dimen-
sional case.

Lemma 11.2 Let X,Y be Banach spaces, T : X — Y a Fredholm operator. Then T(X)
15 closed.

Proof: This is a direct consequence of Proposition [10.9 O

Proposition 11.3 Let X be a Banach space, let S : X — X compact operator. Then
T =1-1S is a Fredholm operator.

Proof: First we note that I|kerT = S|kerT. Thus, I|kerT is a compact operator and
therefore dim(ker T') < co. We want to prove that 7'(X) is closed. According to Propo-
sition [10.6] let us choose a complement V' of ker T in X and consider T|V : V — T(X).
This mapping is injective, since V NkerT = {0}. It is surjective, because for every
y=Tx € T(X) we have x = v +u with v € V and Tu = 0, so Tv = T'z. Let us assume

(T|V)™':T(X) —V is not continuous. (11.2)

We will show that this leads to a contradiction. We choose a sequence (y,)nen in T'(X)
such that ||y,|| =1 and || T 1y,|| > n. For

Ty,
Uy = (11.3)
1T yn||
we have )
v €V, ol =1, ||[Tu] < - (11.4)
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Since S is compact, there exists a convergent subsequence (Sv,, Jken. Let Sv,, — v € X.
Then
Up, = SVp, + T, — v,

sov €V, ||v|| =1, Tv = 0 in contradiction to V Nker T' = {0}. Therefore, (11.2]) does not
hold. It follows that T'(X) and V' are isomorphic. As V' is complete, so is T'(X), therefore
T(X) is closed in X. Proposition now implies that

(X/T(X))" 2kerT* = ker(I — S*). (11.5)
By Proposition [9.5], S* is compact. By what we just have proved,
oo > dim(ker(I — S)) = dim((X/7T(X))") = dim(X/T(X)) = codim T'(X) .

O

Proposition 11.4 Let X be a Banach space, T € L(X). If |[T|| < 1 then I — T is
bijective, (I —T)™' € L(X) and

(I-17)" :iT’f. (11.6)

Proof: Exercise. O

Corollary 11.5 Let X,Y be Banach spaces, T € L(X;Y), T bijective. Let T e L(X;Y)
such that

- 1
T —T| < —=—. (11.7)
171
Then T is bijective and T~' € L(Y; X).
Proof: We have ) 3
T=T(I-TXT-T)), (11.8)

as one checks by performing the multiplications on the right side. From (11.7) it follows
that |T-YT —T)|| < ||T7 |IT — T|| < 1. The assertion now follows from Proposition
114 O

Proposition 11.6 Let X,Y be Banach spaces. The set F(X;Y') is an open subset of the
Banach space L(X;Y), and the mapping ind : F(X;Y) — Z is locally constant, that is,
for every T € F(X;Y) there exists an € > 0 such that

ind (S) =ind(T), forallS e F(X;Y) with ||S—T| <e. (11.9)
Proof:Let T : X — Y be a Fredholm operator. By Lemma [11.2] T(X) is closed.

According to Proposition [10.6{ and Proposition [10.8 we choose closed subspaces V' of X
and W of Y such that

kerTe&V =X, T(X)eW=Y. (11.10)
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We then have
dim(W) = codim (T'(X)) < 0o, codim (V) = dim(kerT) < cc. (11.11)

For arbitrary given S € L(X;Y") we define

S:VxW-=Y, Swuw)=Sv+uw, (11.12)
= max{|[v][, [[w[}. Obvi-

where V' x W is endowed with the maximum norm |[|(v,w)||

ously, S is linear and continuous. We have
(5 =T)(v,w) = (S = T)(v)
and therefore o
IS—=T|=1S-T]- (11.13)

From it follows that T'(V)) = T(X) and that T|V is injective. Therefore, T : V x
W — Y is linear, bijective and continuous. According to Corollary we choose € > 0
such that S : V xW — Y is bijective for all S € L(X;Y) satisfying ||S—T|| = ||S—T| < e.
Let now S be an arbitrary operator with this property. It follows from that

S(Vx{0)=SV), S0} xW)=W,

therefore
Y=SVxW)=5V)eW, codim(S(V)) < 0. (11.14)

Since S is bijective, S |V is injective, and thus
ker SNV ={0}.
Let now Z be a complement of ker S @ V in X,
kerSe Vo Z=X, (11.15)

then both ker S @ Z and ker T" are complements of V' in X, the latter because of ({11.10)).
They therefore have the same dimension,

dim(ker §) + dim(Z) = dim(ker T') < oo, dim(Z) < c0. (11.16)
From ([11.15) it moreover follows that S|(V & Z) is injective and
S(X)=S(Vez)=SV)®eS(Z). (11.17)

Adding on both sides a complement of S(X) in Y, we obtain

oo > codim (S(V)) = dim(S(Z)) + codim (S(X)) . (11.18)
Furthermore, by and (11.14)) we get, since S|Z is injective,
codim (7'(X)) = dim(W) = codim (S(V)) = dim(Z) + codim (S(X)) . (11.19)

From (|11.16]) and (11.19) we see that S is a Fredholm operator. Adding both equations
yields
dim(ker S) + codim (T'(X)) = dim(ker T') 4+ codim (S(X)),

thus ind (5) = ind (7). O
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Corollary 11.7 Let X,Y be Banach spaces, let T : [0,1] — F(X;Y) be continuous.
Then
t — ind (T'(t)) (11.20)

15 constant.

Proof: By Proposition [11.6, the mapping ind o 7" : [0, 1] — R is continuous. It must be
constant because the index has only integer values. O

A locally constant mapping is constant on connected subsets of its domain. Thus one

has the more general result that the index is constant on each connected component of
F(X;Y).

Corollary 11.8 Let X be a Banach space, S : X — X compact. Then

ind(I —S)=0. (11.21)

Proof: The operator T'(t) = I —tS is a Fredholm operator by Proposition 11.3L We have
ind (7°(0)) = ind ({) = 0, therefore 0 = ind (7'(1)) = ind ({ — S) by Corollary [11.7] 0

Let T': X — X be a Fredholm operator of index 0. Then we have dim(ker 7") = 0 if and
only if codim7'(X) = 0. Consequently,

T injective < T surjective. (11.22)

This is an important generalization of the corresponding result from linear algebra for
X =K".

We consider the equation
Tx =y, (11.23)

where y € X is given and z € X is to be determined.

The classical formulation of the above properties of Fredholm operators of index 0 is the
Fredholm alternative:

Either the equation (11.23) has a unique solution z € X for every given
y € X (this corresponds to ((11.22), the case dim(ker T") = 0),

or the homogeneous equation T'r = 0 has finitely many linearly independent
solutions, and for every given y € X the equation has a solution if
and only if y*(y) = 0 for all y* € kerT*. The maximal number of linearly
independent solutions of T'xr = 0 is equal to the maximal number of linearly
independent solutions of T*y* = 0. (This is the case dim(kerT") > 0.)

The second part of this alternative is based on the formulas
T(X)=(kerT")°, (Y/T(X))" = kerT"

from Proposition [9.6| and Proposition [10.4] and on the fact that T(X) = T/(X).
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12 The Spectrum

In linear algebra, a structure theory for linear mappings is developed. It is mainly based on
the notions of an eigenvalue and an eigenvector. We recall these notions: let 7" : K* — K"

be linear. If
Te=Mx, AeK, ze€K", x#0, (12.1)

then X is called an eigenvalue of T" and x is called an eigenvector for \.

A X € K is an eigenvalue of T : K* — K" if and only if the mapping AI — T is not
bijective. Instead of A1 — T, in the following we write

A=T.
The space L(X; X) of linear and continuous mappings from X to itself is denoted by
L(X).
In this and the following chapters we always assume that X # {0} (otherwise L(X) = {0}
and ||I]] =0.)

Definition 12.1 (Resolvent)
Let X be a Banach space, T € L(X). The subset

p(T)={X: A€ K, A\ =T is bijective} (12.2)
of K is called the resolvent set of T'. The mapping

R:p(T) = L(X), Ry=M\-T)", (12.3)
is called the resolvent of T'. O

The definition of R in ((12.3)) makes sense since (A —7T)~! is linear and continuous if A — T
is linear, continuous and bijective, see Corollary [3.8|

Proposition 12.2 Let X be a Banach space, T € L(X). The resolvent set p(T) is an
open subset of K. If Aoy € p(T) then

Ry=(A=T)"=> (o= M —=T)""* => (N — NREH (12.4)
k=0 k=0
for all A € K with
1
A= \o| < . 12.5
O TN (123
Proof: We obtain
Ao —T)1=MN—-T) N—-N]=A-T. (12.6)

by performing the multiplication on the left side. Because |[(A—=T)— (Ao —T)|| = |A— Ao,
it follows from ([12.5]) that the expression in brackets is invertible. Thus, A—T is invertible.
From ((12.6)) it moreover follows that

A=T)" === =N —-7)"
We replace the term in brackets with its series expansion according to (11.6)). This yields
(112.4)). O

81



Definition 12.3 (Spectrum, Point Spectrum)
Let X be a Banach space, T € L(X). The subset

o(T) =K\ p(T) ={N: A€ K, A\ = T is not bijective} (12.7)

is called the spectrum of T. FEvery \ € o(T) is called a spectral value of T. If A\ =T is
not injective, X is called an eigenvalue of T with the corresponding eigenspace ker(A —T)),
and each v € X with A\x = Tx and x # 0 s called an eigenvector for the eigenvalue .
The set

o,(T) ={X: X is an eigenvalue of T'} (12.8)

15 called the point spectrum of T. O

In the case X = K", the operator A — T is injective if and only if A\ — T" is bijective, we
then have o(T") = 0,(T"). If X is infinite dimensional, in general we have o (1) # 0,(T).

Definition 12.4 (Continuous Spectrum, Residual Spectrum)
Let X be a Banach space, T € L(X). The set

0o(T) = {\: A€ a(T), \ =T is injective, not surjective, and (A — T)(X) = X} (12.9)
is called the continuous spectrum of T', the subset

0.(T) = {\: X\ € o(T), \—=T is injective, not surjective, and (A — T)(X) # X} (12.10)
is called the residual spectrum of T'. O

By the definitions,
o(T)=0,(T)Uo.(T)Uo,.(T)

yields a disjoint partition of the spectrum.

As an example we consider the right shift

0, k=1,

T:(K)— P(K), (Tz),= {xk_l, k>1.

We have 0 € 0,(T) since T is injective and T'(¢*(K)) = {y : yy = 0} is a proper closed
subspace of £%(K). For

T:(K) = A(K), (Tz)= %m

we have 0 € o.(T) since T is injective and, because of (1/k)reny ¢ T((*(K)), is not
surjective, and has a dense range due to c.(K) C T(¢*(K)).

Proposition 12.5 Let X be a Banach space, T € L(X). The spectrum o(T') is compact,
and [N < ||T|| for all X € o(T'). In the case K = C, the spectrum o(T) is not empty.
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Proof:If "= 0 then o(T) = {0}. Let T' # 0. If |\| > ||T||, then it follows from

A—T =\ 1—1T 12.11
(1-57) (12.11)

and from Proposition that A € p(T). Therefore, o(T) is bounded by ||T|| and,
because of Proposition [12.2] closed in K und thus compact. Let now K = C. For an
arbitrary given ¢ € L(X)* we consider the function

fop(T) = C,  fA)=LUR)). (12.12)
Let Ag € p(T') be arbitrary. Corollary implies that

f) i (Mo — )RS, (12.13)
k=0

if A € B(Ao; 1/[|Ra,||). This means that f is represented by a power series which converges
in this open disc. Therefore, f is holomorphic on p(7T).

Let us now assume that o(T) = (), so p(T') = C. On the compact set B(0;2||T||), f is
bounded. For |A| > 2||T|| it follows from (12.11]) that

Ryi=(\-T)"'= % OOO G)k : (12.14)

k=

and moreover

_ _ 1T s
[ = 1e(RN)| = < WWHZ NG SQIWHW- (12.15)

Therefore, f is bounded on C. The theorem of Liouville (from complex analysis) implies
that f is constant on C. From it follows that f = 0. Since ¢ was arbitrary, we
have that ¢(Ry) = 0 for all £ € L(X)*. By the theorem of Hahn-Banach we see that
Ry, =0, a contradiction to the fact that R, is bijective. O

Let p be a polynomial,

n

p(z):chzj, z2eC.

J=0

For T' € L(X), X Banach space, we consider
T)=) ¢T. (12.16)
=0

We have p(T') € L(X). It turns out that in the complex case we can compute the spectrum
of p(T') from the spectrum of T'. First we need a lemma from algebra.

Lemma 12.6 Let X be a Banach space, let R, S, T € L(X).

(i) If RT =TS =1, then T has an inverse in L(X) and T"' = R=S.
(11) If ST has an inverse in L(X) and ST =TS, then S and T have inverses in L(X).
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Proof: We have S = (RT)S = R(TS) = R, so (i) follows. To prove (ii), we set ) =
(ST)™' € L(X) and get

S(TQ) = (ST)Q =1 = Q(ST) = Q(TS) = (QT)S .

By part (i), S has an inverse in L(X). Since we may interchange S and 7T, the same
applies to T. O

Proposition 12.7 (Spectral mapping theorem for polynomials)
Let X be a Banach space over C, T € L(X), p a polynomial. Then

o(p(T)) = pl(o(T)) = {p(\) : A € o(T)} (12.17)

Proof: Let n be the degree of p. For n = 0 we have p(z) = ¢o and p(T') = ¢!, o(T) = {co},

so (12.17) holds. Let n > 1.

“D7: Let A € o(T). Since A is a zero of the polynomial z — p(2z) — p(\), we have

p(z) =p(N) = (2 = Ng(2) = ¢(2)(z = A), 2€C,

for some polynomial g of degree n — 1. Consequently,
p(T) = p(A) = (T = N)g(T) = q(T)(T' = N)..

Since A € o(T), T — A does not have an inverse in L(X). By Lemma [12.6(ii), p(T") — p(A)
does not have an inverse in L(X), so p(A\) € o(p(T)).

“C”: Let A € o(p(T)). By the fundamental theorem of algebra, p — A has n zeroes {),},
and we can factorize

P -A=73(=A), PT)-A=13 T X)), 7A0. (12.18)

Since A € a(p(T)), the operator p(T') — A does not have an inverse in L(X). It follows
from (12.18)) that at least one of the operators 7' — \; does not have an inverse in L(X),
so A\; € o(T) for such a j. As p(\;) = A, we obtain A € p(o(T)). O

Definition 12.8 (Spectral radius)
Let X be a Banach space, T € L(X). The number

r(T) = sup |\ (12.19)

Aeo(T)
is called the spectral radius of T O
Because the spectrum is compact by Proposition[12.5] the supremum in (12.19) is actually

attained, so

T) = A 12.2
r(T) AE‘%J P (12.20)

unless the spectrum is empty.
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Proposition 12.9 Let X be a complex Banach space (that is, K = C), let T € L(X).
Then
T) = lir% VT = inlg VT (12.21)
ne ne

Proof: First, we show that r(7") < inf,cy {/||T"||. By Proposition |12.5, ¢(T) is not
empty. Let A € o(T). By the spectral mapping theorem (Proposition [12.7), A" € o(T™)
for all n € N. By Propositionapplied to T™ we get |[A"| < [|T™]|, so |A| < /|| T for
all n € N. Taking the maximum with respect to A € o(7T'), the assertion follows.

Next, we show that r(7') > limsup,,_,., ¥/||T™||. Let ¢ € L(X)* be arbitrary. We consider

fA) =Ry, Ri=MO-17)"
It |\ > |7 then

IR > Cy B

In the proof of Proposition we have seen that f : p(T') — C is a holomorphic function.
In particular, f is holomorphic in the domain G = {|A\| > r(T)}. By a result of complex
analysis, f has a unique Laurent expansion on (G. Since gives a Laurent expansion
of fin {|A| > ||T||}, the two expansions coincide. Therefore,

o0

(12.22)

is valid on GG. The elements of this series converge to 0,

k
0= lim 107 A7 lim ¢ TRTRY

Since ¢ was arbitrary,
ATFTE -0 in L(X).

The sequence (A™*T*);cx is bounded in the norm of L(X) according to Proposition ,
let

AT < M.
It follows that
[T|M5 < [A[MYE . Timsup [|T%]]Y% <[] (12.23)
k—oo

for all A € p(T). Passing to the limit |A\| — r(7T") yields

limsup || T%||'/* < r(T). (12.24)

k—o0

We thus have proved that
T) < inl{I VT < liminf /(|7 < limsup /|| T7] < r(T)
ne n—o0 Nn—00

as the two inequalities in the middle are satisfied for arbitrary sequences. From this,
(12.21]) immediately follows. O
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Proposition 12.10 Let X be a Banach space, S : X — X compact. If A € C s a
spectral value of S with X\ # 0, then X is an eigenvalue of S. The corresponding eigenspace
ker(A — S) has finite dimension. If dim(X) = oo then 0 is a spectral value of S.

Proof: Let A # 0. By Corollary , 1 — A\71S is a Fredholm operator of index 0, the
same holds for A — 5. If A is not eigenvalue of S, then A — S is injective and thus bijective,
according to . Therefore, A is not a spectral value of S. Since A — S is a Fredholm
operator, ker(A — S) has finite dimension.

If 0 € p(S), then S is bijective, linear and continuous, therefore S~! is continuous and
thus I = S™1S compact. This can only happen if dim(X) < oo. O

As an example, let S be the integral operator

(Sa)(t) = /0 k(s, ) (s) dz (12.25)

The equation Tx = (A — S)(z) = y becomes

Az (t) — /01 k(s,t)z(s)ds =y(t), te]0,1]. (12.26)

As we have seen, S is compact on L2(0,T) if k € L*((0,T) x (0,T)). We apply Proposition
and obtain that, for a given A # 0, the equation is uniquely solvable for
every y € L*(0,T) if and only if X is not eigenvalue of S, and that the space of its solutions
has finite dimension if A is an eigenvalue of S.

Proposition 12.11 Let X be a Banach space, S : X — X a compact linear operator.
Then the set
{A: A ea(S), |\ >¢e} (12.27)

is finite for every € > 0. (It may be empty.) The spectrum o(T) is a finite or countably
infinite set.

Proof: Let us assume that there exists a sequence (\,)nen of distinct spectral values of
S with |A,| > e. By Proposition [12.10} all those A, are eigenvalues of S. Let (2)nen be
a sequence of corresponding eigenvectors of S. As ), are distinct, by a result of linear
algebra the set {x, : n € N} is linearly independent. Setting

X, =span{xy,...,2,}

we have X,, C X,11, X,, # X,41 and S(X,,) C X, for all n € N. We choose y,, € X,
according to Lemma [2.13] with

||ynH = 17 dist (yTL?anl) Z

N —

Then vy, = ax, + z,_1 for some a € K and z,_1 € X,,_1. It follows that

)\nyn - Syn = )\n&xn + )\nznfl - OéS.Tn - SZn,1 = )\nznfl - SZn,1 € anl s
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so for all m € N mit m < n we get

1
1S Yn — SymH = ||)‘nyn — (SYm + AnYn — Syn)” = P‘nmyn - )\_<S?/m + A — SYn) H >

[\ S/
-~

EXn—l

N | ™

Therefore, (Sy,)nen does not have a convergent subsequence, a contradiction since S is
compact. This proves that the set (12.27)) is finite. Since o(7T) equals the countable union
of those sets for e = 1/n with n € N; it is at most countably infinite. O
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13 Spectral decomposition for compact normal oper-
ators on Hilbert space

We consider operators on Hilbert spaces.

Proposition 13.1 (Hilbert adjoint)
Let X, Y be Hilbert spaces and T € L(X;Y). Then

(, T*y)y = (Tx,y), forallze X, yeyY, (13.1)

defines a linear continuous operator T* :' Y — X, it is called the Hilbert adjoint of T. We
have
=T, [T =TI (13.2)
Moreover,
(T*y,z) = (y,Tx) , forallze X, yeY. (13.3)

Proof: Let y € Y. The mapping z — (T'z,y) is linear and continuous, because the scalar
product is linear in the first argument, and because

| (T, y) | < [Tyl (13.4)

holds for all x € X. It follows from the Riesz representation theorem (Proposition [2.12)
that (13.1)) specifies a unique element 7%y € X, so T* is a well-defined mapping. Taking

the complex conjugate in (13.1)), follows.
T* is linear since
(x, T*(ay + B2)) = (Tx,ay + B2) = a(Tx,y) + B{Tx,z) = a{x, T*y) + B (x,T*z)
= (z,aT"(y) + BT"(2)) -
Since

[ (2, Ty) | = | (T, y) | < | Tll|=[llly]l,

for all x € H, we have || T*y|| < ||T||||y||, so T* is continuous and satisfies || 77| < ||7|.
We have T™* =T because of

(y, T"x) = (T"y,z) = (y,Tx) .
Finally, we see that ||T'|| = ||T**|| < ||T*|| and therefore ||T*| = ||T||. 0

In Chapter 9, the adjoint of T' € L(X;Y") for Banach spaces X and Y has been defined as
an operator from Y* to X*. For the moment, let us denote this operator by 77 : Y* — X*.
It is related to the Hilbert adjoint T* : Y — X defined by through the duality
mappings Ry : X — X* and Ry : Y — Y* (they were denoted by “J” in the Riesz
theorem),

T :R)_(IOT/ORy.

Directly from the definitions we obtain the formulas
(S+T) =5"+T*, (o) =aTl*, (SoT)" =T"0S". (13.5)

The middle equation shows that, in the case K = C, the mapping 7"+ T is not linear,
but conjugate linear.
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Definition 13.2 Let X be a Hilbert space. An operator T € L(X) is called normal if
T*T =TT*, and hermitian (K = C) or self-adjoint (K =R), if T* =T. It is called
positive if (Tx,x) >0 for all x € X. O

Obviously, every hermitian or self-adjoint operator is normal.

Lemma 13.3 Let X,Y be Hilbert spaces, T € L(X;Y). Then T*T as well as TT* are
positive and hermitian resp. self-adjoint. Moreover,

17T = ||T°|I*. (13.6)

Proof: As (T*T)* = T*T** = T*T, T*T is hermitian resp. self-adjoint. Next, we have for
all v € X

0 < ||Ta||* = (T, Tx) = (T"Tw,x) < |T°T||=]|*.
This shows that T*T' is positive. Passing on both sides to the supremum with respect
to z on the unit sphere {||z]| = 1} we see that ||T]|> < ||T*T||. The reverse equality
holds, since ||T*T|| < || T*||IT|| = ||T||* according to Proposition [13.1] As T** = T, the
assertions concerning T7T* follow from those for T*T'. O

Proposition 13.4 Let X be a Hilbert space, T € L(X) normal. Then T" is normal, and

\T"|| = |T||", for alln € N. (13.7)
In the case K = C we have ||T|| = r(T). If moreover T is compact,
T|=rT)= A 13.8
7] = r(7) = max 1A (139
that is, there exists an eigenvalue X such that |T|| = |\l

Proof: Using induction one checks that (7")* = (77)"; the computation
(T™)* = (TT" YY" = (T"1)*T* = (T*)""\T* = (T*)"
yields the induction step. From this, for all n € N we obtain
(T T™ = (T*)"T™ = T™(T*)" = T(T™)* (13.9)

the middle equality follows by successively interchanging T" and 7™, which is possible since
T is normal. Therefore, T" is normal for all n € N. We now prove ([13.7)). For n = 2, this
follows from the computation, using Lemma [13.3]

172> = (T*) 2| = (T T)NT*T)"|| = |T°T||* = ||T*.
In order to perform the induction step n — n + 1, we estimate (using that 7" is normal)
717 = (7)) = 1717 = [T < 1T IT)m

so ||T||"™ < [T < ||T)|™* and therefore ||T||"™' = ||T""!||. In the case K = C it

follows from ((13.7)) and Proposition that
H(T) = T [T = T

That the spectral radius is equal to the maximum of the absolute values of the eigenvalues
follows from Proposition [12.10] O
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Lemma 13.5 Let X be a Hilbert space, T € L(X) normal. Then ||Tz| = ||T*z| for all
x € X, and therefore ker T' = ker T™*. Moreover,

Tz = \x & Tz = A\v. (13.10)

Consequently, X € C is an eigenvalue of T if and only if X is an eigenvalue of T*.

Proof: Since T' is normal, for all x € X we have
0= (T"Tx — TT*z,x) = (Tx,Tx) — (T*z, T*z) = |Tz|* — | T*z|* .
Because A — T', too, is normal, the second assertion follows from
ker(A —T) = ker((A — T)*) = ker(A — T™).
O
Lemma 13.6 Let X be a Hilbert space, T € L(X) normal. If Tx = \x, Ty = py and

A # u, then (x,y) = 0, that is, eigenvectors to different eigenvalues are orthogonal to each
other.

Proof: Using (13.10)), the assertion follows from the computation

Mz, y) = (Ar,y) = (Tx,y) = (2, T"y) = (x, 1y) = p(z,y) .
|

We now present the spectral decomposition theorem for compact normal operators in
Hilbert space. (Here we restrict ourselves to the case K = C). This generalizes the result
from finite dimensions that for every normal linear mapping 7' : C* — C" there exists an
orthonormal basis of C™ which consists of eigenvectors of T', so the matrix corresponding
to T with respect to this basis is diagonal.

Let T' € L(X) be a compact normal operator in a Hilbert space X. We set
Uy=ker(A=T), XeC. (13.11)

By P, : X — X we denote the orthogonal projection onto U,. Since (A — T)Tx =
T(A—T)x we have
T(Uy) Cc Uy, forall A eC, (13.12)

that is, T leaves invariant the subspace Uy. Let now E) be an orthonormal basis of Uj,
if A € C is an eigenvalue of T'; otherwise we set E) = (). We define

E=|]JE. (13.13)
A#£0

It follows from Propositions|12.10|and [12.11]that the eigenspaces U, are finite dimensional
for A # 0, and that T possesses at most countably infinitely many different nonzero
eigenvalues. Therefore, the set F is finite or countably infinite. Let

E={ee,...} ={e;:j€J} (13.14)
with J ={1,...,|J|}, resp. J =N and |J| = oc.
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Proposition 13.7 (Spectral decomposition)
Let X be a separable Hilbert space over K = C, let T' € L(X) be compact and normal.
Then the set Eq U E is an orthonormal basis of X, and

X = span (Ey) @ span (F), span(Ey) =kerT, span(F)=T(X). (13.15)

For all z € X we have

Tx = Z AP\t = Z A (z,e5)e;. (13.16)

Aeop(T) jeJ
In addition,
|IT]| = max |A]. (13.17)
Aeop(T)

Proof: The second equality in (13.15)) holds by definition of Ey. In order to prove that

Ey U E is an orthonormal basis (and thus the first equality in (13.15])), we set
V' = span (Ey U E)L .

According to the characterization of orthonormal bases in Proposition [2.20] it suffices to
prove that V equals the null space, V' = {0}.
First we show that T'(V) C V. Let z € V. For y € E\, A € C arbitrary, we get according
to Lemma [13.5]

(Tx,y> = <x>T*y> = <£E,)\y> = A <x7y> =0
by definition of V. It follows that Tz € (Ey U E)* and therefore Tz € V.
Next we show that T|V = 0. If this would not be true, T'|V has, according to Proposition
13.4] an eigenvalue p satisfying 0 # || T'|V|| = |p|. For a corresponding eigenvector z € V
we would have x € U, C V*, a contradiction to V NV+ = {0}. Therefore, T|V = 0.
Now, because of V' C kerT = Uy C V+ we obtain V = {0}. Therefore Fy U E is an
orthonormal basis of X. Consequently,

X =kerT® (kerT)*, (kerT)* =span(E).
According to Proposition M(iv)7 every x € X can be represented as
x:POx+Z<x,ej)ej.
jed
We have TRy = 0, since Py(X) = kerT, and Te; = \je;. This yields (13.16) as well as
the third equality in (13.15]). Finally, (13.17) was already obtained in Proposition (13.4l

O

The preceding proposition remains valid if H is not separable. In this case, every or-
thonormal basis of the eigenspace Uy = ker T is uncountable. For the proof one then
uses a more general version of the characterization result which is valid for arbitrary
(separable or nonseparable) Hilbert spaces.

We define an approximation 7, of T' by
T,x = Z Aj(z,€5) e (13.18)
j=1
for n < |J|; if |J]| is finite, we set T,, = T for n > |J|.
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Proposition 13.8 In the situation of Proposition |15.7 we have
IT = Tl = max A, (13.19)
>n
and ||T —T,|| — 0 as n — oo.

Proof: We have T,,e; = Aje; = Te; for j < n as well as T,e; = 0 for j > n. It follows
that

T'—T,=T on span{e;:j>n}.
ker(T' —1T,,) = ker(T') @ span{e; : j < n}

Consequently, T' — T;, has the spectral decomposition

(T—Tn):v:z}\j<x,ej)ej, reX.

ji>n
We thus have o,(T' — T,,) C 0,(T") U {0} and
max  |A| = max|}A|. (13.20)
Xeop(T—-T) j>n
This proves ((13.19)). Since {\ : XA € 0,(T"), |\| > €} is finite for all e > 0, (13.20]) converges
to zero for n — oo. O

We now construct a decomposition for an arbitrary (not necessarily normal) compact
operator T € L(X), where X is a Hilbert space.

From Lemma [13.3] we know that 7T™T is normal and positive. It is compact since T' is
compact. By Proposition [13.7] T*T has the spectral decomposition

(T*T)(x) = > vi (, ex) ex, (13.21)

where vy, are the nonzero eigenvalues of T*T" and {e;} is a corresponding system of or-
thonormal eigenvectors. Since T™T' is positive, we have

vV = <l/k6k, 6k> = <T*T€k,€k> >0
for all kK € K. The numbers

sk =k, kekK, (13.22)
are called singular values of T'. We define f, € X by
1
Sk

Proposition 13.9 (Singular value decomposition)

Let X be a Hilbert space, T € L(X) compact. Let ey, fr, € X and vg, s, > 0, k € K, be
defined by (13.21) — (15.25). Then { fi}rex is an orthonormal system in X, and for all
x € X we have

Tr = Z sk (T, ex) fr- (13.24)
keK
Moreover,
17| = max s . (13.25)
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Proof: According to Proposition [13.7],
X =ker(T*T) ®span (E), E={e;:keK}.
We claim that ker(7*T") = ker(7'). Indeed, ker(T") C ker(7*T), and if 7*T'z = 0 then
0= (I"Tz,x) = (Tx,Tz) = | Tz|?,
so Tx =0 and = € ker(T). It follows that
X = ker(T) @ span (E) .
Let again P, denote the projection onto ker(7'). Then for all x € X
x = Pyr+ Z (x,er) e
keK
by Proposition [2.20iv). Therefore, since T is linear and continuous,
Tr = T(Pox + Z (x,ex) ek> = Z (x,ex) Tep = Z sk (x,ex) fr-
keK keK keK
This proves . Next, we check that { fi}rex is an orthonormal system. This follows

from the computation

1 1
<fk7fm> - 8_2 <T€k)T€m> - V_k <T*T6kaem> - <6k76m> ’ k7m € K7
k

since {e}rex is an orthonormal system and T*Te, = vpe,. Finally, since ||[T*T| =
maxy v by Proposition [13.7], (13.25]) follows from the computation, using Lemma m,

2 - o 2 2
|T)° =TT = max vy = I]?g?sk = (I’?g?slg) .

O

Customarily, the nonzero singular values are arranged in decreasing order s; > s9 > ...
with multiplicity equal to the dimension of the corresponding eigenspace of T*T', which
has finite dimension as we know. In addition, one attaches zero singular values to the
vectors of an orthonormal basis of ker(7") to obtain an orthonormal basis of X. One may
also extend { fx }rex to an orthonormal basis of X.

For compact and normal operators T € L(H), it turns out that the singular values s; and
the eigenvalues \; are related by sp = |Agl.

The singular values are closely related to finite-rank approximations of arbitrary compact
operators T € L(X). Namely, T,, € L(X) defined by

Thx = Z sk (x,er) fr (13.26)
k=1
satisfies dim (7, (X)) =n if s, > 0. (For T' € L(X), one calls dim(7'(X)) the rank of T.)

We have
(T —T)(x) = sp iz ex) fr,

k>n
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and one may check that this yields the singular value decomposition of T — T,,. By
Proposition [13.9| we therefore get that

T —T,| = $ps1, lim [|[T—T,||=0. (13.27)
n—oo
This yields:

Corollary 13.10 Let X be a Hilbert space. FEvery compact operator T € L(X) can be
obtained as the limit of a sequence of finite-rank operators. O

We remark that the singular value decomposition of Proposition [13.9| can be extended to
the situation where 7" € L(X;Y") for Hilbert spaces X and Y. Corollary can then
be extended, too, to arbitrary compact operators between Hilbert spaces. For general
Banach spaces instead of Hilbert spaces, however, it does not hold; see the remark at the
end of the chapter on compact operators.

Another approximation property of the singular values is the following. We present it
without proof.

Proposition 13.11 Let H be a Hilbert space, T € L(H) compact. Then we have
s$p(T) = inf{||T — Q|| : Q € L(H),rank (Q) < n} (13.28)
for alln € N. (Here, s,(T) denotes the n-th singular value of T'.) O

Corollary 13.12 Let H be a Hilbert space, T, S € L(H) compact. Then
Snim—1(T 4+ 8) < 5p,(T) + 5 (S) (13.29)
for all n,m € N.

Proof: Let Q, R € L(H) with rank(Q)) < n and rank(R) < m be arbitrary. Then
rank (Q+ R)<n+m—-2<n+m-—1,
so by Proposition [13.11
Snem—1 (T +8) < (T +9) = (Q+ R < T = QI + |15 — Rl

Passing to the infimum with respect to () and R, the claim follows. O

Corollary 13.13 Let H be a Hilbert space, T,T € L(H) compact. Then

[$n(T) = su(T)| < T =T (13.30)
for all m € N.
Proof: We apply (13.29) with S =7 — T and m = 1. This yields

$n(T) < 50(T) + s1(T = T) < s,(T) + |T — T .

Interchanging the role of 7' and T completes the proof. O
This means that the singular values of compact operators T' are continuous functions of
T, considered as a mapping from L(H) — R. In contrast to that, the eigenvalues in
general do not have this property. This is one of the reasons why the singular value
decomposition is an important computational tool when one deals with linear problems

for general (not necessarily normal) operators, in the finite dimensional as well as in the
infinite dimensional case.
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