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Abstract

This is a preliminary version of introductory lecture notes for Advanced Analy-
sis. It does not claim any originality. It is mainly based on Serge Lang’s books
Real and Functional Analysis and Undergraduate Analysis. I also have
added some more discussion of the linear algebra concepts. There will be no
proofs in many cases where they can be found in Lang’s Real and Functional
Analysis or other standard Analysis textbooks. I would like to thank the stu-
dents of this course for their helpful comments and remarks.



Chapter 1

Topological Spaces

In this chapter we discuss basics of topological spaces aimed at the application
to normed vector spaces and metric spaces. For each set S we let | S| denote the
cardinality of S, i. e. the equivalence class of S under bijections of sets.

1.1. Definition. Let X be a set. A topology on X is a collection 7 of subsets
of X, called the open sets such that

TOPL: 0, X €T

TOP2: U,V eT =UnNVeT

TOP3: U; € T for i € I (I any index set) = U;c;U; € T.

(X,T) or just X is called topological space. Note that TOP2 implies that all

finite intersections of open sets are open.

If x € U € T then U is an open neighborhood of x. A neighborhood of x is any
subset of X containing an open neighborhood of . Note that U € 7 <= U is
neighborhood of each of its points. (If U is open then it is open neighborhood
and thus neighborhood of each of its points. If U is neighborhood of each of its
points then it contains an open neighborhood in U of each of its points. Thus
U is the union of those open neighborhoods contained in U, and thus open by
TOP3.)

1.2. Example. On X any set let 7 := {0, X }.

1.3. Example. On X any set let 7 := {U C X}. This is called the discrete
topology.



We need some preparation for the most important examples of topological spaces
we will consider.

1.4. Example. On X = R define U € 7 <= Vz € U 3J open interval in R
such that J C U. This is the ordinary topology on R.

1.5. Definition. A real vector space is a set E with two operations: wvector
addition +Ex E — E, (v,w) — v+w, and multiplication by scalars Rx E — E,
(a,v) — av such that for all u,v,w € E and a,b € R:

VSIL: (u+v)+w=u+ (v+w)

VS2: 0 F:04+v =0

VS3: Yve Fdwe F:v+w=0

VS4d: v+w=w+wv

VS5: 1v = v, (ab)v = a(bw), (a + b)v = av + bv, a(v + w) = av + aw

1.6. Definition. A subspace of a vector space E is a nonempty subset F' such
that vwe F—=v+weFandve FlaceR= aveF.

Note that the zero vector is in a subspace F' because v € F for some v € E.
Thus (—1)v = —v € F and thus v + (—v) =0 € F.

Complex vector spaces are defined in the same way with the scalars R replaced

by the complex numbers C.

1.7. Example. Given a set S and a vector space F, the set of all maps
f:S — E is a vector space with addition and multiplication by scalars defined
pointwise, i. e. (f + g)(z) := f(z) + g(z) and (af)(x) := af(z). VSI-VS5
immediately following from the corresponding laws in E. The zero-element is

the map, which is constant 0.
1.8. Definition. A normed vector space is a vector space E with a map
Eszw—z|eR

such that

NVSIL: |z >0and |z =0<=2 =0

NVS2: For c € R, z € E, we have |cz| = |c||z]
NVS3: For z,y € E we have |z +y| < |z| + |y|

Complex normed vector spaces are defined in the same way with ¢ € C in NVS2
and |c| denoting the absolute value of a complex number. If E is a normed
vector space and F' C F is a subspace of the vector space E then the norm on
FE restricts to a norm on F. In this case subspace means this normed vector
space.



1.9. Example. Given a normed vector space F, v € E and r > 0 a real
number let
B.(v):={x € E:|zr—v|<r}

be the ball of radius r and center v. Define U € T <= Vz € U Ir > 0: B, (v) C
U. This collection 7 satisfies TOP1-3 above. To see X € 7 you can take any
r>0. UV eTletxreUNV. Then Jr; > 0 such that B, (,) C U and
Jre > 0 such that B,, C V. Then

By, () N By, (x) = Buin(ry,ry)(x) CUNV.

Thus TOP2 holds. If U; € 7 and x € U;c;U; then x € U; for some i € I, so
Ir > 0 such that B,.(z) C U; C U;je;U;. Thus TOP3 holds.

1.10. Remark. Open balls are open. To see this just note that
Br—\x—yl(x) - Br(y)

for y € F and x € B,.(y). An open ball with center z and radius ¢ is also called

an e-neighborhood of z.
1.11. Definition. (i) A sequence {z,} in E is Cauchy if Ve > 0 IN such that
m,n >N = |z, —z,| <e.

(ii) A sequence {z,} converges to x € E (Notation: z,, — ) if Ye > 0 IN such
that
n>N= |z, —z| <e.

R™ with the Euclidean norm

|z = [(z1,...,2n)| =

2] = (21, -, 2n)

is a complex normed vector space.

We now give two constructions of new normed vector spaces from old ones. First
note that for any vector space F and set S the set of functions f: S — F is a

vector space by pointwise addition and multiplication by scalars:

(f+9)(@):=fx) +g(x) € E and (cf)(z):=cf(z) e E



The axioms VS1-VS5 hold because they hold pointwise. The 0-element is the
function, which is constant 0.

1.12. Example. Let S be a set and F' a normed vector space. A function
f:S8 — Fis bounded if 3C > 0 such that |f(x)| < C for all z € S. Then

flls = |IfIl := sup | f(z)] € R
€S
defines a norm (the supremum norm) on
B(S,F):={f:S — F bounded}.

To see this we show that B(S, F) is a subspace of the vector space of all func-
tions S — F and |[|.||s satisfies NVS1-NVS3. Obvious 0 € B(S, F) and ¢ € R
(or C) and f € B(S,F) implies ¢f € B(S,F) and ||cf|| = sup,cg |cf(z)] =

lc|sup,eg | f(2)] = |¢| ||f]]. Moreover for z € S we have

I(f +9)(@)| = |f (@) + g(@)] < [f (@) + [g(@)] < (|1 + llgll;

and thus f 4+ ¢g € B(S, F) and by taking the supremum over z in the equation
above

1+ gll < 1A+ Tlgll-

A sequence of functions {f,, : S — F} is uniformly Cauchy on S if it is Cauchy
with respect to the supremum-norm, thus Ve > 0 3N such that

m,n>N=||f, — ]| <e.
Similarly we say {f,} converges uniformly to f if € > 0 3N such that

n>N=||f.— fl| <e.
1.13. Example. Let E := {f : [0,1] — R continuous} and for f € F let

1
111 ::/O |f(2)|da.

Then F is a subspace of the vector space of all functions [0, 1] — R. It is known
from previous analysis classes that E is a subspace. NVS2 and NVS3 follow from
standard properties of the integral: ||cf||; = fol lef(x)|dz = |¢| fol |f(z)|dx =

el [1fllx and [|f = gl = [y |f(@)+g(@)] < [y (|f@)|+]g(@)))da = [5 |f(@)|da~+
fol lg(x)|dz = ||f|]1+]]g]|l1- Of course ||f|]1 > 0. Note that also | f| is continuous.



If f# 0 then Jc € [0,1] such that |f(z) # 0. So there exists § > 0 such that
|f(z)] > e for |z —c| < § and x € [0,1], and € > 0. Thus

1
1
/ f(2)|dz > ~6¢ > 0.
0 2
This proves NVS1.
We need to recall the definition of metric spaces.

1.14. Definition. Let X be a set. A function d: X x X — R is a metric and
(X, d) a metric space if the following holds for all z,y, z € X:

DIS1: d(z,y) > 0, and d(z,y) =0 <=2 =y

DIS2: d(z,y) = d(y,x)

DIS3: d(z,2) < d(z,y) + d(y, 2)

Notions of Cauchy sequence and convergence are defined in metric spaces as in
normed vector spaces. A metric space is complete if every Cauchy sequence in

X converges to a point of X. Each normed vector space defines a metric space
by

d(z,y) := |z —yl.
Obviously NVS1 implies DIS1. Also d(z,y) = |z —y| = |(-1)| [z —y| = |ly—=z| =
d(y, z) thus DIS2 holds, and DIS3 follows

A, z) = e =zl =le —y+y—z[ < |w—yl+ ]y — 2] = dz,y) + d(y, 2).
A complete normed vector space is called a Banach space.

1.15. Definition. Let 7,7’ be topologies on a set X. If 7 C 7’ then 7T is
coarser than 7 and 7" is finer than 7.

For each space X the topology {0, X} is the coarset and the discrete topology
is the finest.

1.16. Proposition. 7 C 7' <= Ve e U e T U’ € T’ such that x € U' C U.

Proof. =>: Choose U’ =U. <=: Given U € T, for each « € U choose U, € T’
such that € U, C U. Then

U=U,eyU, €T
by TOP3 for 7. R

1.17. Proposition. Two norms |.|1 and |.|]2 on a vector space E give rise to
the same topology <= 3C1,Cy > 0 such that

Cilz|y < |z|e < Colzly.



(The two norms are called equivalent in this case.)

Proof. Let 7; be the topologies induced by |.|; and let Bi(z) denote the cor-
responding balls. Let U € 73 and z € U. Then there exists r > 0 such that
Bl(x) C U. Now let y € B2 (z), so |y — z| < rCy = Cily — 2|1 <rCy =
ly— x|y <r. Thus z € B (x) C B}(z), and Ty C 75 follows from the previous
proposition. Another application of this proposition proves 7o C 7;. B

Note that for equivalent norms convergence and Cauchy properties are the same.

Given (X,7) let F := {X \U : U € T}. Then the collection F satisfies the
following

CL1: 0, X € F

CL2: V; € F fori € I and I any index set then U;c;V; € F
CL3U,VEF—=UUVEF

This follows directly from de’Morgan’s laws. The very same argument also

shows:

Conversely, given a collection F of subsets of X satisfying CL1-CL3 then 7 :=
{X\V :V € F} defines a topology on X.

Let X be a topological space and S C X. Then x € X is adherent to S if every
neighborhood of x contains a point of S. Also x € 05 :<=> every neighborhood
of x contains points of S and of X \ S, S is the boundary of S. Note that S
is closed <= S D IS (Proof. =>: X \ S is open. Suppose z € 95\ S. Then
every neighborhood of z contains a point of S and = € X \ S, which contradicts
X\ S open. <=: Let z € X\ S. Then x ¢ 0S5 because S D 9S. Thus there

exists a neighborhood of  not containing a point of S, and X \ S is open.)
S := S UadS is the closure of S and is closed.

S C X is dense if S = X. Note that this condition is equivalent to the following:
For each x € X, every neighborhood of = contains a point of S (Exercise).

1.18. Definition. Let X be a topological space and S C X. Define a topology
on S by V C S open <= JU C X open such that V = U NS. This topology
is the induced topology. The topological space S with the induced topology is

also called a subspace of X.

1.19. Example. Let S :=[0,1) C R =: X and R has the ordinary topology.
Let U = (%,2), which is open in R. Then U NS = (3,1] C S is open in S but
not open in X.



Let S C X be open. Then U C S is open in the induced topology <— U C X
is open. (Proof. =>: Let V' C X open such that U = V' N S, which is open in
X. <:Let U C S beopenin X. Then U = UN S is open in the induced

topology.)

1.20. Definition. Let 7 be a topology on X. Then a subset B C 7 is a base
for the topology T if each U € 7T is a union of elements of B.

A base satisfies the following properties:

Bl: 2 € X = 3B € B such that x € B.
B2: B,B’ € Band x € BN B’. Then there exists B” € B such that x € B” C
BN B.

B1 follows because X is a union of base sets. For B2 let x € BN B’ € T, and

write B N B’ as a union of base sets.

Conversely if B is a collection of subsets of X satisfying B1 and B2. Then we can
define the topology generated by B by U € T :<=> U is a union of elements of
B. To prove e. g. TOP2 consider U,V € T and let t e UNV. Thenx € B C U
and x € V C V for base sets B, B’. Thus xt € BN B’ C UNV. Then find B
according to B2 such that x € BY C BN B’. Then write U NV as the union of
the BY.

1.21. Example. If E is a normed vector space or metric space then B :=
{By(v) : v € E,r > 0} is a base for the topology of E. Note that » > 0 could
be replaced by r € Q and r > 0.

1.22. Definition. Let X,Y be topological spaces. A map f : X — Y is
continuous if f~1(V) C X is open for all V C Y open.

This can be equivalently stated by closed sets. In metric spaces the definition
is equivalent to the usual ed-definition respectively the the condition that f

commutes with limits on sequences.

A map f: X — Y with continuous inverse is a homeomorphism or topological

isomorphism.

Let X be a set and {Y;}i € I be a collection of topological spaces. Let W =
{fi : X = Y;} be a collection of functions. Then the collection

B :={U : U is finite intersection of sets fi_l(Ui) for open U; C Y;}.

is the base of a topology on X, called the weak topology determined by VW. B2



is satisfied by construction because an intersection of two base sets is again a

finite intersection of sets of the form fi_l(Ui) and thus a base set.

1.23. Example. Let {X;};cr be a family of topological spaces. Then X :=
Hie[ X, (this is the set of maps from I into U;erX; such that ¢ maps into
X;) has the product topology defined as the weak topology determined by the
projections

i X — X;

mapping (z;) to z; € X;. Thus aset U C X is open <= Vo € U Jiy,...i, €
and open sets U;,,U;,,...,U;, such that x € U;, x ... x U;, X H#Zk X, cU
(the order of the factors got changed to have reasonable notation). Note that
sets of the last form HieUi where U; = X for almost all ¢ and U, is open in Xj,
are a base of the product topology. Also note that in the case I finite a subset
UcC Xy x...x X, is open if and only if for each x = (z1,...,z,) € U there
exist open sets U; C X; such that z; € U; fori=1,...,nand Uy x...xU, C U.

1.24. Subexample. (a) Let X; = R for I = {1,...,n}. Then the product
topology on R™ is the topology induced from the norm |z| = max(z;). In fact
the base is given by products of open sets in R. Note that (U1 x Uz)N (V] x Va) =
(U1 NnVy) x (UaNV3).

(b) Let E; be normed vector spaces with norms |.|; for i = 1,2. So E;, E2 have
topologies defined from the norms, and F; x E5 has the product topology. But
E; x Es is a vector space with addition of vectors defined by (v, ve)+(wy, we) :=
(v1 + w1, v2 +ws) for v; € E; and i = 1,2, and a(vy,v2) = (avy, ave). Moreover,
[(v1,v2)| := max(|v1]1, |v2]2) defines a norm on E; x FEs, which induces the

product topology (Homework Problem 6)

1.25. Definition. Let X be a set. A collection of subsets S,, @ € A any index
set, is called a covering of X if UycaS, = X. It is an open covering if X is a
topological space and all X, are open. A subcovering is a collection {Sg}gen
with B C A. A finite subcovering is of the form {S,,,...,Sa, }

1.26. Definition. A topological space X is compact :<=> every open covering

has a finite subcovering.

1.27. Proposition. [ : X — Y continuous, X compact = f(X) C Y
compact. B

1.28. Proposition. A closed subspace of a compact space is compact. B

The proofs of the above statements can be taken word by word from the corre-



sponding ones for metric spaces as they can be found e. g. Rudin’s Principles of

Mathematical Analysis.

A topological space X is Hausdorff if for all z,y € X with z Ay 3 U,V € T
such that r e Uy e Vand UNV = 0.

1.29. Example. Each metric space is Hausdorff because d(z,y) = r > 0 for
x # y, and thus B, /o(x) N B, 2(y) = 0.

1.30. Proposition. A compact subspace of a Hausdorff space is closed.

Proof. Let z € X\ S. For y € S find open Uy, V, such that U, NV, = 0
and z € Uy,y € V,,. Then the open covering {V, },cs has a finite subcovering
Voo, Vy b Thenz € Uy, N...U,, €T and Uy, N... Uy, C X\ S, which
thus is open and S is closed. W

1.31. Definition. A topological space X is sequentially compact if every
sequence {x,} in X has an accumulation point in X (i. e. 3 ¢ € X such that for
every open neighborhood of ¢ there exist infinitely many n such that x, € U
<= {x,} has a subsequence contained in U).

1.32. Remarks. (a) X is sequentially compact <= every infinite S C X
has a point of accumulation in X (Here ¢ € X is a point of accumulation of
S C X if for every open neighborhood U of ¢, |U N S| is infinite). Proof: =
Choose a sequence in S with distinct terms, which has an accumulation point
c¢in X. Then c is also a point of accumulation of S in X. «<=: If a sequence
{zn} in X has only finitely many different terms then for some N, zn =: ¢
has x,, = zyfor infinitely many n and c is accumulation point of the sequence.
If the sequence has infinitely many terms then let S be the set of its terms
and a point of accumulation of S is an accumulation point of the sequence.
(Warning: points of accumulation in topological spaces in our sense are often

called w-accumulation points in the literature)
1.33. Proposition. compact = sequentially compact.

Proof. Suppose S C X is infinite with no point of accumulation in X but X
compact. Then Vx € X 3 open U, > z such that |U, N S| is finite. Then
{Us:}zex is an open covering of X with finite subcovering U,,,...,U,, }, and
S = (U U...NU,, ) NS is finite, which is a contradiction. W

1.34. Definition. A subset S C X of a metric space X is totally bounded
<= Vr > 0 3 a finite number of balls of radius r covering S.

10



1.35. Examples. (a) A totally bounded metric space (X,d) is bounded: Let
r = 1 and let X be covered by n balls of radius 1 with centers {z1,...,z,}.
Let d := max; ; d(z;,x;). Then the diameter of X is < d + 2 by the triangle
inequality. (diam(X) := sup, ,cy d(,y)).

(b) A bounded subset of R™ is totally bounded. In fact the closure of this set is
closed and bounded and thus compact by the known theorem (see also below),
But then the next result shows that S is totally bounded.

(¢) An infinite discrete metric space (d(z,y) = 1 if  # y and d(z,y) = 0 if
x = y) is bounded but not totally bounded. It is not posssible to cover X by
finitely many balls of radius %

(d) Let S; C 1! be the unit sphere from homework problem 2, (b), which is
complete as a closed subspace of a complete space (see the homework problem).
Then S; is bounded but not totally bounded. In fact, if S; were also totally
bounded it would be a compact metric space by the theorem below, which it is

not by the solution of the homework problem.

1.36. Theorem. Let X be a metric space and S C X. Then the following are
equivalent:

(i) S is compact.

(ii) S is sequentially compact.

(iii) S is complete and totally bounded.

Of course the last theorem applies to subsets of normed vector spaces, which is

the usual setting for us.

Proof. (i) = (ii) is the previous proposition. (ii) = (iii): Let S be sequen-
tially compact and {z,} be Cauchy in S. So the sequence {z,} in S has an
accumulation point v in S. Recall that a Cauchy-sequence {z,} with a subse-
quence {z,, } converging to v € S, converges to v € S: Given € > 0 let N be
such that |z, — 2,,| < § for n,m > N and let K be such that |z, —v| <e for
k > K. Choose k such that n; > N. Then for n > N we have

|zy, — | < |zp — Tpy | + |20, — 2] <e.

Thus S is complete. Suppose S is not totally bounded. Let » > 0 be such
that S cannot be covered by any finite set of balls of radius r. Let z; € S
and B; the open ball of radius r and center z;. Since S is not contained in By
(otherwise By alone would cover S) there exists zo € S, xo ¢ By. Let By,..., B,
be balls of radius r and center xy,...,z, such that z;y11 ¢ By U...U By for
k=1,...,n—1. Then we can find 2,11 ¢ By U...U B, and define B, 11
the ball of radius r with center x,41. Let v be a point of accumulation of

11



{zn}. Then there exist k& > m positive integers such that |z, —v| < § and
| — v| < 5, which implies |2}, — 2,,| < 7, or @} € B,y,, which contradicts the
construction of the sequence of balls. (Remark: We can use notation |.| instead
of metric notation because of Homework Problem 3.) (iii) = (i): Suppose
the open covering {U;} of S has no finite subcovering. We know S is covered
by a finite number of closed balls of radius % So there exists at least one of
those balls Cy of radius % such that C7 NS is not covered by any finite number
of the U; (otherwise collect open sets necessary for all the balls to cover S by
finitely many U;). Let ©; € C1 N S. Suppose we have constructed a sequence
of closed balls C1,Cs,...C, with radius of C,, equal to 2%, CpoNChr_y # 0,
and x, € C, NS such that C;, NS is not covered by a finite number of sets
U;. Note that S can be covered by a finite number of balls of radius ﬁ and
so can S N C),. Then there has to be a closed ball C),; of radius 2% such
that C,, 1 NS cannot be covered by finitely many U; and C,, N Cp, 1 # 0. Let
Znt1 € Cry1NS. Then {z,} is a Cauchy sequence in the complete space S and
thus converges to z € S. (Note that |z, — p—1] < 2,%3 for all n > 4. Thus for
m>n>4 ey, —Tnl < |Tm — Tmo1|+ - [Tt — 20| < Q,R%Jr...Jrzn%Q <
2%3 Yoo 2% = 2%4, which can be made arbitrarily small for m sufficiently
large, because we choose N and m > n > N for a given ¢ > 0.) But = € U,
and U;, D C,, for all n sufficiently large. (Use that there is a ball of radius § > 0
with center x contained in U;, and that the z,, for large n are all contained in
the ball with half radius, and the diameter of C,, will be less than a quarter of
this radius for n large.) But those C,, then are covered by just a single U,

which is a contradiction.

1.37. Definition. A subset of a topological space is relatively compact if its

closure is compact.

1.38. Corollary. Let S be a subset of a complete normed vector space. Then

S totally bounded = S is relatively compact.

Proof. S is complete. (Closed subsets of complete metric spaces are complete
because the limit of a Cauchy sequence in the subset exists in the ambient
space and by completeness already lies in the subset.) Let r > 0 and S C
Uy B,j2(x;). Then S C U, B, o) = Uiy B, j2(x;) C U, By (;) and thus
S is totally bounded. Thus S is compact by the previous theorem and S is

relatively compact. H

Now it easy to prove that for metric spaces X,Y and compact subsets S C X
and T C Y that S x T C X x Y is compact. In fact, for a sequence {z, =

12



(Znyyn)} in S x T one can first find a subsequence {z,,} converging to a € S
and then a subsequence {ymk} converging to b € T such that the corresponding
subsequence {z,, } converges to some point (a,b) € S x T'. By induction it
follows from this that finite products of compact metric spaces are compact.
In particular any cube I C R™ with I := [—a,a] for some a > 0 is compact.
(Note that to show compactness of I we can use that every sequence in I has
a monotonic subsequence, which thus converges by the completeness axiom for
R.) This leads to the following famous result:

1.39. Theorem. A subset S of R™ is compact if and only if it is closed and
bounded.

Proof. <—: S C I™ for some I = [—a,a], a > 0, and thus is closed subset of
a compact space and thus compact. =>: S is closed because R" is Hausdorff
(like any other metric space). If it is not bounded construct a sequence {z,}
in S such that VM 3 N such that |z,|] > M for n > N. Then {z,} has no
convergent subsequence, and thus the sequence has no accumulation point in S.
[ |

1.40. Corollary. All norms on R™ are equivalent.

Proof. Let ||z|| := maz|z;| be the supremum norm and |.| be any norm. Let
e; =(0,...,0,1,0,...,0) be the i-th unit vector in R™ such that z = >""" | z;e;.
Then

|z < Jafles] + .. fanllen] < Cll2ll,

where C' :=n max(|e;]). Tt follows that
llzl = lyll < |z =y < Cllz —yl|.

Thus the function |.| : R® — R is continuous with respect to ||.|| on R™ (and
the usual absolute value metric on R. Note that in ||| — |y|| the inner |.| are

the norm on R™ while the outer |.| is the absolute value on R.) Now consider
S = o e R flzfl = 1},

which is closed and bounded and thus compact. So the restriction of |.| to Sy
has a minimum taken at some vector v € S;. Thus for all x € R™:

\$\>
—— 1>
Teni| 2 10

which implies
o] [|z|] < |=].

13



So we get
vl [[z]| < || < Cll=]],

which proves that the two norms are equivalent. H.

1.41. Definition. The elements v, ..., v, of some vector space E are linearly

independent if

MU+ A2+ ...+ A0, =0= A1 =X=...= )\, =0
for all A1,..., A\, € R (respectively € C in the case of a complex vector space).
Note that if vy,...,v, are linearly dependent then the equation above has a

nontrivial solution. If e. g. Ay = 0 then

Ao An
V] = ——VUg — — — v,
A1 A
and vy is a linear combination of the elements vs, ..., v,.

1.42. Definition. The vector space E has dimension n if there are n linearly
independent vectors, but any n + 1 vectors are linearly dependent. The vector
space F is infinite dimensional if for every positive integer n there exist n linearly

independent vectors.

1.43. Remark. Let F have dimension n and let vy,...,v, be n linearly
independent vectors. For each w € E then we can find scalars A1, ..., A\,41, not
all 0, such that

AU+ AU + Appiw = 0.

Because A,41 # 0 (otherwise the elements vy,...,v, would not be linearly
independent),
T
w = E v, 0y = —
1:1 Y T )\n+1

Note that this presentation is unique because of the linear independence. We say
that the elements vy, . .., v, span the vector space E and form an algebraic basis.
Of course there are many possible bases of a vector space. Also, given a subset
S of a vector space E call lin(S) :={v=>_, \iv; : v; € V, \; scalars and r >
0 integer} the subspace generated or spanned by S. This applies in particular

to S ={v1,...v,} a finite set of vectors.

1.44. Definition. A map f: F — F between vector spaces E, F is linear if

fAv1 + Agv2) = A1 f(v1) + Ao f(v2)
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for all vi,vo € E and scalars A\, \o. If f is one-to-one onto then f is an

isomorphism of vector spaces.

Note that for f linear, f(0) = f(0-v) = 0- f(v) = 0 because 0-v = 0 in all vector
spaces. (0-v = (0+0)v = 0-v40-v by VS5, and now subtract 0-v on both sides.)
Also note that compositions of linear maps are linear: (f o g)(Av1 + Aave) =
f(Arg(v1) +A29(v2))) = A (f(g(v1)) + A2 f(g(v2)) = A(fog)(vi) +Az(f o g)(v2).
Note that linear maps f map subspaces to subspaces, and f(lin(S)) = lin(f(S)).

1.45. Example. Linear maps R? — R? are all represented in the form R? 3
x +— Az € R?, where A is a 2 x 2-matrix with entries in the scalars. For example
multiplication with a diagonal matrix maps the first basis vector e; = (1,0) to
ae; and the second basis vector e = (0,1) to bes. It maps a circle with center

0 onto an ellipse with center 0.

1.46. Theorem. Given a real vector space E and a basis v1,...,v, then the

mapping
n
v = Z)\ﬂ}z — ()\1,...,)\n) eR"
i=1

defines an isomorphism of vector spaces E — R™.

Proof. The map is easily seen to be linear, and is well-defined because vy, ..., v,

is a basis, and has the inverse map

()\17---;)\n)'_>z>\ivi7 |
=1

It follows that the previous results on compactness and equivalence of norms
apply in any finite dimensional vector space. Use that a norm |.| on a vector
space E of dimension n induces a norm |.|p on R™ by defining for z € R",
|z|g = |f(z)|, where f : R" — E is a vector space isomorphism. Conversely

each norm on R” (and isomorphism with F) defines a norm on E.

1.47. Proposition. Fach finite dimensional subspace of a vector space E is

closed.

Proof. Let FF C E be a finite dimensional subspace. Then all norm functions
on I’ are equivalent, and R™ is complete thus F' is complete in any norm. But
a complete subset of a metric space is closed (A sequence {x,} in a complete
subset of a metric space X, which converges in X, is a Cauchy sequence in X
and thus in S, and so the limit is in S.) W
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1.48. Definition. A topological space X is locally compact :<=> every point
has a compact neighborhood.

1.49. Examples. (a) R™ is locally compact because each point has a compact
ball neighborhood. Thus each finite dimensional vector space is locally compact.

(b) A normed vector space is locally compact <= the closed unit ball {z € E :
|x| < 1} is compact. Proof. =—: Suppose E is locally compact and = € E.
Then z has a compact neighborhood, which will contain a closed ball neigh-
borhood. This closed ball is compact as a closed subset of a compact space.
Then by translation and multiplication by a positive scalar we can map this
ball continuously onto the unit ball. Because continuous images of compact sets
are compact, the unit ball is compact. <—=: The closed unit ball with center a
point x is compact (being a translate of the unit ball), and thus = has a compact
neighborhood.

1.50. Corollary (F. Riesz) A normed vector space is locally compact if and

only if it is finite dimensional.

Proof. <: This is Examples (a) above. =>: Let B C E be the compact unit
ball. By the theorem above we can cover B by a finite number of open balls
of radius % with centers vq,...,v,. Let F' := lin{vy,...v,} be the subspace
generated by {v1,...,v,}. Claim. F = E. F C E has finite dimension and
thus is closed in E. Let w € E and w ¢ F and d(w,F) = inf,er v — w|.
Consider r > 0 such that for C := B,.(w) we have CNF # 0, e. g. r = |w — vy].

Then d(w, F) = infy,epnc |[v — w|. (This is clear because |[v — w| > r for all

w ¢ C.) Because F'NC is a closed subset of a compact space it is compact, and

the continuous function C N F 3 v — |v — w| € R attains a minimum on F at

some w # z € F. Because z — w # 0, we have \j:ZI € B and can find some 1
such that
w—z <1:>| | | |<|w—z\
— | < = w—z— |lw— z|v;
lw—z | "2 ! 2

But z + |w — z|v; € F, and so by the choice of z, the left hand side of the last

inequality is > |w — z|, which is a contradiction. H
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Chapter 2

Banach Spaces

For normed vector spaces F, F' let
L(E,F):={)\: E — F linear and continuous},

which is a vector space by pointwise addition, and using that the sums and
multiples by scalars of linear maps are linear, and similarly for continuous maps.
We want to define a norm on L(E, F').

2.1. Proposition. A linear map A : E — F is continuous <= 3 C' > 0 such
that
[A(z)| < Claf

forallx € E.

Proof. <=: If C exists then
(A(@) = Ay = [AMz —y)| < Clz =y,

and so for given ¢ > 0 we can choose uniformly on E, 6 := ¢/C. =>: X\ is
in particular continuous at 0, and so there exists § > 0 such that |z| < § =
[A(z)| < 1. Hence for each 0 # x € E we get

|‘r‘
because |($7‘ || < (i IhU.S by N V 82.

1
IA@)| < 5lz] = Cla|

for all z # 0 with C :=1/6. But the inequality holds trivially for x = 0. B
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The number C' > is a bound for A. Define |A] € R to be the greatest lower
bound of all numbers C' > 0 such that [A(x)| < C|z| for all z € E. Note that
for a general map F — F' this infimum might not exist (if no such number C
exists). It does exist for all continuous linear maps, which therefore are also
called bounded. Careful: The notion of boundedness of a linear map is not the

usual notion of boundedness of a map into a metric space.

2.2. Examples. (a) Let E be a finite dimensional vector space with basis
€1,...,€en. Then each linear map A : F — F for F' a normed vector space is
bounded. In fact we can assume that the norm on E is given by |z| = max|z;|
for x = 31" | x;e;. (This is the usual maximum norm on R™ transported to F
using the standard isomorphism between E and R™ defined by the basis.)

Then .
(@) < fwillf(es)] < Clal,
i=1
where C' := nmaxi<i<n |f(e;)|. Thus for E finite dimensional L(E, F)) is the

space of linear maps.

(b) Let E = F = R™ with basis ej,...,e, and A : R® — R™. Then A is

represented by multiplication with an n X n real matrix. Let R™ be considered

as a normed vector space with {'-norm |z| := Y"1, |z;| for x = (z1,...,2,) =
St we;. Note that A(e;) is the i-th column of the matrix A. Then |A| :=
|A| = max; |[A(e;)| is a matriz norm on the space L(R™,R") = R’ . In fact

A@)] = A (wied)| = [ 2o wid(e)] < 32, |wal [Mei)| < || max; [Aei)], so [A] <
max;|A(e;)|. But |e;] = 1 and so |A(e;)| < |A| implies |\| > maz;|\(e;)|. Note
that all norms on L(E, F) are equivalent for a finite dimensional vector space
E.

(¢) Let I = Ig : E — E be the identity map I(z) := « for all z € E. Then
I(z)| = |z| for all z € E and thus |\| = 1.

2.3. Proposition.
(Al = sup [A(z)],

z€S(E)
where S(E) :={x € E : |x| = 1} is the unit sphere in E, and
LE,F)3XA—|N€eR
defines a norm on L(E,F) satisfying

o Al < [ul [A|
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forXe€ L(E,F) and u € L(F,G), where E, F,G are all normed vector spaces.

Proof. By definition |A| = inf{C > 0 :V z € E,|\(z)| < C|z|}. Because for
x #£ 0,
IMz)| < Clz| <= A (””) <c,

||
we have that || is the greatest lower bound of all upper bounds of {|A\(z)| : z €
S(E)}, and thus the supremum of this set by the definition of the supremum.
Now |A] > 0, and |A| = O implies that A vanishes on S(E) thus by linearity
at all x # 0, and because A(0) = 0, for all z € F, and thus NVS1 holds. If
A, A2 € L(E, F) and a € R then for all z € S(F)

[(A1 + A2) (@) = [M (@) + Aa(2)] < M (@) + [Aa(@)] <[] + [ Aal,

and since |A\1 + Ag| is the least upper bound of all |\ (z) + Aa(z)| for € S(F)
we get NVS3
A1 4+ M| < Mg + [ A2l

Also |aA] = sup,cg(p) [aA(@)] = |a|sup,egg) [A(@)] = a| [A] implies NVS2.
Finally, composition induces a map

L(E,F) x L(F,G) — L(E,G),

because compositions of continuous maps are continuous, and compositions of

linear maps are linear, and

(o N (@) < [pA@))] < [ul[A@)] < A |p] ||,

and so |poA| < |u| || because |po| is the smallest number satisfying |poA(x)| <
Clz| for all z € E. L.

2.4. Proposition. If F is complete then L(E, F) is complete.

Proof. Let {\,} be a Cauchy sequence in L(E, F). Then for x € E, {\,(z)}
is a Cauchy sequence in F, which converges to a vector denoted A\(z) € F.
This defines a map A : F — F, which is linear: Fix xi,2z9 € E and a1, as
scalars. Then for each € > 0 there exists a positive integer n such that |\(a1z1 +
CLQJ?Q) — CL1>\(?L’1) — ag)\(l‘g)‘ = |)\(a1x1 + GQ.TQ) — )\n(alxl + a2$2) + al)\n(xl) +
a2>\n(l‘2)—a1/\($1)—ag/\($2)| < |/\(a1x1+a2x2)—)\n(alx1+a2x2)|+|a1||/\(x1)—
An(x1)| + |az]|A(z2) — An(x2)] < e. Because this is true for each ¢ > 0 it
follows that A is linear. (Note that we can assume aj,as # 0, and first find
Ni, N3, N3 such that for n > Ny : [Maiz1 + asz2) — Ap(a121 + azxo)| < £, for

n > No: [May) — An(x1)] < and for n > N3 : [A(z2) — Ap(z2)] < 3|22|.

_e
3las|’
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Then we can find n > max(N7, N2, N3) such that all three inequalities hold.)
Note that for m,n, A, — Ay, € L(E, F) and the inequality

An] = Al < [An = Am| <&

for m,n > N shows that {|\,|} is a Cauchy sequence of real numbers, which
has a limit C' := lim |\, |. From {),,} Cauchy it follows that for each £ > 0 there
exist N such that for all m,n > N and for all x € E we have | A, () — A (z)] <
[Am — Aml|z] < €lz|. So, if we let m — oo we get |\, (z) — AM(x)| < €lz| for
all z. Then we calculate [A(z)| < |A(x) — Ap(z)| + | An(2)| < elz| 4+ M) |2] <
(e+ | An])|z] < (C +2¢)|z| for n sufficiently large, using |A,| — C. Because this
holds for each € > 0 we get that A is bounded and |A| < C. Now for z € S(F)
we have |z| = 1 and thus from |\, (z) — A(z)| < e for all z € S(E) we get also

A= Anl= sup |Ax) — Au(z)] <e,
z€S(E)

and thus |\, — A| — 0. This implies A,, = A forn — oo in L(E,F). &

Recall that a complete normed vector space is called a Banach space. Thus we
have proved: F Banach = L(F, F') Banach.

2.5. Definition. Let E, F, G be vector spaces. A map ¢ : £ X F' — G such
that for each z € E the map F' 5 y — ¢(z,y) € G is linear, and for each y € F'
the map F 5 z +— ¢(z,y) € G is linear, is called bilinear.

2.6. Example. Let £ = F = R” and G = R. Given an n X n)— matrix A
the map R” x R® — R defined by (z,y) — 27 Ay, where z is seen as a column
vector such that zT is the corresponding row vector, is bilinear. In analysis
those matrices A appear as matrices of second order partial derivatives. We will

see other examples soon when we discuss Hilbert spaces.

Note that ¢(0,y) = ¢(x,0) = 0 for all x € F and y € F follows from the

linearity as in the case of linear maps.

The set of bilinear maps is a vector space (as a set of maps into a vector space).
As with linear maps, a bilinear map ¢ is continuous <= there exists C' > 0 such
that |@(z,y)| < C|z| |y|, where E x F has the norm |(z,y)| := maz(|z|, |y|).
Proof. <=: Let (zo,90) € £ x F. Then [p(z,y) — ¢(z0,y0)| = |o(z,y) —
@(x0,y) + ¢(z0,y) — (20, 40)| < |p(2,y) — p(z0, y)| + |¢(20,y) — (0, %0)| =
lo(x =0, y)|+|e(z0, y—yo| < Clz—20| ly|+C|zo| |y —yo|, we can conclude that
for |(z,z0) — (y,v0)| = [(x — %0,y — Yo)| < 0, s0 | — x| < & and |y — yo| < I,
and thus |y| < [yo| + 6 that [o(z,y) — ©(z0,50)] < C(dlyol + 0% + |20ld) =
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3C(Jyo| + |zo| + 8), which can be made arbitrarily small for § small enough.
Thus ¢ is continuous at (zg,yo). =>: Use the continuity of ¢ at 0 to find § > 0
such that max(|z|,|y]) < 6 = |p(z,y)| < 1. Thus for all 0 # = € E and

0#y e F we get
ox ¢
o (Gl <
|| [yl

which implies |¢(z,y)| < 3x|||y| and thus we can take C' := -5. The greatest
lower bound of such C' defines a norm ¢ — |p| on the space L(E,F;G) of

bilinear continuous maps E x F' — G, and is equal to

o] = sup oz, y)l-
(z,y)€S(E)XS(F)

This follows from bilinearity using the very same arguments as in the case of
linear maps. Similarly, if G is complete it follows that L(E, F'; G) is complete:
Given a Cauchy sequence {p,} in L(F,F;G) and = € E, y € F consider the
Cauchy sequence {p,(z,y)} in G to construct a function ¢ : E x F — G.
Bilinearity of this map then is proved just as in the case of linear maps, but
now for each argument z and y. The rest of the argument, showing that ¢
is continuous and ¢,, — ¢ in the norm on L(F, F'; G), follows very much the
argument that L(E, F) is complete for F' complete.

2.7. Example. The evaluation map x : L(E,F)x E — F, x(A\, x) := A(x) is in
L(L(E, F), E; F) and has norm 1 because |x| = sup( »)es(r(g,r) xs(E) A @) =
SUP\es(L(E,F)) SWPzes(r) IN@)] = supyecs(L(g,Fy) |Al = 1 by the definition of the
unit sphere in L(E, F).

An element of L(E, E) is an endomorphism or operator. An element u € L(E, F)
is invertible if there exists v € L(F,FE) such that uov = Ir and vou =
Ig. The set of invertible elements of L(FE,F) is denoted Lis(E,F) and its
elements are called toplinear isomorphisms, Lis(E, E) =: Laut(E) is the set of
toplinear automorphisms. A norm-preserving isomorphism u between Banach

spaces E, F', i. e. |u(z)| = |z| for all x € E, is a Banach isomorphism or isometry.

2.8. Proposition. There exists a natural toplinear isomorphism:
L(E,L(F,G)) — L(E, F;G))
Proof. For A € L(E, L(F,G)) define ¢ € L(E, F;G) by
ea(z,y) = AMz)(y).
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In fact, @, is bilinear: for example in the first argument, @) (a1z1 + asze,y) =
Marzy + asz2)(y) = (a1 A(w1) + a\(22))(y) = a1 A(x1)(y) + as\(z2)(y) =
a1px(z1,y) + aspa(xa,y). Also

loa(@, y)| = [A@) )] < [AM@)] Tyl < [A] =] Jyl.

Thus @, is bounded and || < |A|. This last inequality also shows that the map-
ping A\ — () is continuous. Linearity of A — ¢, follows because for a1, as scalars
and A1, Ay € L(E, L(F,G)) we have: ©a,x;+a22, (T, Y) = (a1 A1 + a2)2) () (y) =
a1A1(2)(y) + a2z (x)(y) = a1px, (2, y) + azpx, (7,y) = (a1x, +a2¢r,)(x,y) for
all x € E and y € F', which means @, x; +asx, = 019, + 2@, -

Conversely, for ¢ € L(E, F;G) define A\, € L(E, L(F,G)) by

Ap(2)(y) = p(z,y)

The linearity of A, follows because for all y € F', A, (a121+a222)(y) = p(arz1+
asTa,y) = a1p(x1,Y) + agp(r2,y) = a1, (21)(y) + a2y (22)(y) = (a1 Ay (21) +
asAy(x2))(y). Note that also for each x € E the map A,(x) : F — G is linear:
Ap(2)(b1y1 +bay2) = o(z, biyr +bay2) = bip(z, y1) +bap(,y2) = bi A, (2)(y1) +
baA,(2)(y2). Now for the linear map A, (z) : F' — G we have:

Ao (@) (W) = [z, y)| < (] [z])]yl-

This shows that for each x € E the linear map A,(x) is bounded. The last
inequality, by the very definition of |[A,(z)|, also shows that |As(x)| < |¢| |z],
and thus the map A, : E — L(F,G) is bounded. Note that until now we
only proved that ¢ — A, actually is a map L(E,F;G) — L(E, L(F,G)). Now
the last inequality also say |A,| < |¢| by definition of |A,|. But the equation
[As| < || also shows the continuity of ¢ — A,. Linearity is a simple calculation:
Aarprtasps = Q1 Ap, +a2),, for all ar, as scalars and @1, 92 € L(E, F; G). This
is easily calculated by application to x and then to y, and follows from the
definition of the vector space structure on L(E, F; G).

Finally note that A\ — ¢, and ¢ — A, are inverse to each other, which means
Apy = A and g5, = . Note that this is from the very definitions, e. g.
Aoy (@) (W) = oa(z,y) = A(z)(y) forallz € Eandy € F. A

The above result says that the map A — ¢, is an element of
Lis(L(E, L(F, G)), L(E, F; G)).

2.9. Definition. If Fy,..., E, are vector spaces, a multilinear map

p:Ey x...xE, = F,
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is a map, which is linear in each variable.

As above, a multilinear map ¢ for Fy,..., E,, F' normed vector spaces is con-
tinuous (here Fy x ... x E, has the product topology, which is induced from

the norm |(x1,...,%,)| = max; |z;|) is continuous <= 3C > 0 such that

o1,y xn)| < Ol |22 .- - 2]

The following is immediate by induction from the previous propositions:

2.10. Proposition. There is a natural isomorphism:
L(Ey,L(Es,...,L(E,,F)...)) > L(Ey,...,E,; F),
and if F is complete then all these spaces are Banach spaces.

2.11. Definition. Let F’ := L(E,R) for a real normed vector space, respec-
tively E' := L(E, C) for a complex normed vector space, be the dual space of E
or the space of functionals on E.

Note that these are Banach spaces, even though F might not be a Banach
space. In the finite dimensional case functionals are used as coordinates. For
example the functionals A; : R® — R defined by \;(z1,...,2,) = z; for i =
1,...,n can be used to characterize elements of R™: = = y <= \;(z) = \;(y)
for i = 1,...,n. Note that by linearity this is equivalent to \;(z) = 0 for
i=1,...,n — = = 0. In fact, the linear map defined by e; — \; defines
an isomorphism R™ — (R™)’. In particular in the general case, E and E’ are
isomorphic, with the isomorphism depending on a choice of basis. In infinite
dimensions functionals are equally important but it is more difficult to prove a

corresponding result.
We will need some set-theoretic preliminaries.

Recall that an ordering on a set S is a relation z < y among some elements
of S such that (i) x <z, (ii) v <yand y < = = =y, and (ili) z < y and
y<z=x <z Ifforall z,y €S it is true that z < y or y < z (i. e. any two
elements are comparable) then the ordering is called a total ordering. An upper
bound of T C S, S an ordered set, is an element b € S such that x < b for all
x € T. The set S is inductively ordered if every nonempty totally ordered subset
has an upper bound. An element m € S such that x € S,x > m =z =m is
mazximal element of S. Also note that each subset of an ordered set is ordered

by restriction of the relation.
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2.12. Zorn’s Lemma. If S # 0 is inductively ordered then there exists a

mazximal element in S. A
As a warm-up we first give an algebraic application.

2.13. Definition. Let E be a vector space. A subset B C FE is called a
(Hamel) basis of E if each x € E can be written uniquely as a finite linear
combination of elements of B, i. e. for each © € E there exist finitely many
elements vy,...,v, € B and scalars cq,...,c,. such that z = 22:1 c;v; in a

unique way.

It follows that the set B is linearly independent in the sense that every finite
subset of it is linearly independent. (If a finite subset would be linearly depen-
dent then 0 could be written as a linear combination in two different ways.)

More precisely, B is a basis of F <= B is linearly independent and lin(B) = E.
2.14. Proposition. Each vector space E has a basis.

Proof. Let S be the set of linearly independent subsets of E' with ordering given
by inclusion. Let T' C S be a totally ordered. Then the set D := Uyer A is also
linearly independent. In fact, if D is linearly dependent consider vy, ...,v, € D
and scalars ¢;, i = 1,...,n such that > ¢;v; = 0. Now each v; is contained in
one of the sets A; € T'. Since T is totally ordered, A; C A; or A; C A; Thus by
induction one of the collection of finite sets { Ay, ..., A} contains all the others.
Let A be this set so that v; € A for all 4. Since A is linearly independent, all
¢; are 0. Thus D is linearly independent hence an element of S, and an upper
bound of T by definition. By Zorn’s lemma S contains a maximal element
B, which is linearly independent by definition. Let F := lin(B). If F is a
proper subspace of E then we can find v € E, v ¢ F. Then BU {v} is linearly
independent. (If B U {v} is linearly dependent then {v,v1,...,v,} is linearly
dependent, and we could write v as a linear combination of vy,...,v, € B and
thus v € F, which is a contradiction.) Thus E = F, and B is a basis. B.

2.15. Hahn-Banach theorem. Let E be a real vector space with subspace
F. Let A € F' = L(F,R). Then X can be extended to some element \* € B/ =
L(E,R) with the same norm, i. e. \*|F = X and |\*| = |)|.

Proof. If |[A] = 0 then A = 0 is extended to \* = 0 norm-preserving. So we can
assume |A| # 0. If F' = F then there is nothing to prove. So we can assume
that F' C E is a proper inclusion. It suffices to extend ﬁ € F' to A* € &
such that |[A*| = 1. Then \* := |A\|]A* € E’ extends \ because the restriction
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to F is |)\|ﬁ = X and |[A\*| = |\ |A*| = |A]. So we can assume that |A\| = 1.
Let v € E\F. Then F+Rv = {z+tv:z € F,t € R} D F is a proper
inclusion and every element in F'4 Rv has a unique representation in this form.
(If © + tv = 2’ + t'v with z,2’ € F and t,t' € R then z — 2’ = (¢’ — t)v. If
x # ' then t #t' and (¢t — t')v € F implies v € F which is a contradiction to
our assumption. Thus z = 2’ and then ¢t = ¢'.) Now for a real number a € R
the map \* : F + Rv — R defined by

A (z+tv) := Az) + ta

is linear: A*(z+tv+a'+t'v) = Ma+2')+ (t+t")a = (A(z) +ta) + (A (2)+t/a =
A (z + tv) + X (2 + t'v) and X (e(x + tv)) = X (cx + (ct)v) = A(cx) + (ct)a =
c(A(x) 4+ ta) = eN*(z + tv).

Claim: a can be chosen such that A* is bounded by 1. (This suffices because
[A*| > |A| is clear because A* extends.) Proof. |A\*| = 1 < |X\*(z + tv)| =
[AN(z) + ta| < |x +tv| for all z € F and t € R. For ¢t # 0 (otherwise there is
nothing to prove) this is equivalent to [t(A(7z) + a)| < [t(+@ + v)| and so by
division by |¢t| and noticing that %x runs through all elements of F' if x runs
through all elements of F' (F' is a vector space) we have to find a such that for
ally e F

A(y) +al <|y+o|€R,

which is equivalent to (a € Bj,1,(=A(y)) C R)):
—AY) =y + ol <a<=Ay) + [y + 0l

forall y € F.

So it suffices to show that the interval [—-A(y) — |y + v], =A(y) + |y + v|] is
nonempty. Now for all y,z € F, Ay) — A(2) < |A(y) — A (2)] = |[AMy — 2)| <
ly—z = [(y+v) = (z+0)| < ly+vl+|z+v] = —A(2) = |z+v] < —A(y) + |y +ol.
Now for y = z we get the inequality we need.

To conclude the proof we need a method to extend this process in an infinite
dimensional setting. This is precisely what Zorn’s lemma is giving us. Consider
the set of pairs (G,\*) with FF C G C E, G a subspace of F , and \* € G’
satisfying A*|F' = A and [A*| = |A|. Order such pairs by (G1,A1) < (G2, A\2)
if G1 is a subspace of GGo and Ag is an extension of A\;. Claim. This defines
an inductive ordering. Proof. Given a totally ordered set of pairs {G;, A\;} let
G := U;G;. Then G is a subspace: If x1,22 € G then z; € G; and z2 € G and
because G; C G; or G; C G; we can assume that both are in Gj, so all linear
combinations ¢1x1 +caxo € G; C G. Now we define \* € G’ as follows: If x € G
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then = € G; for some 4, so we can define \*(z) = X\;(z). This does not depend
on ¢ because if also x € G; then G; C G or G; C G; and A\; and \; agree on
G; N G,. Thus (G, \*) is an upper bound of the family {G;,\;)}. By Zorn’s
lemma there exists a maximal element, which we denote also (G, A*), of the set
of all pairs. Then G = E because otherwise G # E and we can find v € E\ G
and apply the procedure of the first part of the theorem to extend to G + Ruw,

which would contradict maximality. H.

2.16. Remark. Note that if C' > 0 is any bound for A then because |\*| =
[A| < C, C is also a bound for A*. Thus A extends such that bounds of A are
bounds of A\*.

2.17. Corollary. The Hahn-Banach theorem also holds for complex normed

vector spaces.

Proof. Given A € L(E,C) for E a complex normed space and F C E a complex
subspace. Let ¢ := Re(\) and ¢ := Im(\). Then for all v € F: A\(iv) = iA(v) =
i(p(v) + 1p(v)) = ip(v) —Y(v) = p(iv) + ip(iv). Thus by comparing the real
parts we get ¥(v) = —p(iv). We use this to extend A. Let ¢’ be a real extension
of p to E, and define
N (v) = ¢/ (v) — g/ (iv)

for v € E. Then ) is an extension of A and is complex linear because for all
veL:

N (iv) = ¢'(iv) — i/ (—v) = i(¢'(v) — ig/(iv)) = iX'(v).
Now for each v € E there exists o € R such that |\ (v)| = e'*N (v) = N (e'*v) =
Re(N(ci™)) = @/(€%0) = |¢/(e0)] < |¢/| [ei®o] = || [o], which shows
[N < |¢|, and |¢'| < |N| because |Re(z)| < |z| for each complex number.
The same argument works for A and ¢, and thus |N| = |¢'| = |¢| = |A]. B

2.18. Corollary. If E is a normed vector space and 0 # v € E then there
exists A € E' such that A\(v) # 0.

Proof. In the real case apply the Hahn-Banach theorem to F' = Rv with A(v) = a
and 0 # a € R, and extend to E. The complex case is similar. Bl

For each normed vector space E the dual E’ is a Banach space, and so is the
double dual E" := L(E',R) respectively L(E’,C). The normed space E and its
double dual are naturally related.

2.19. Proposition. The natural map E > x — f, € E” = (E') defined

by fz(A) := A(x) is an injective linear map, which is norm preserving, i. e.

26



|z| = |fz| for allz € E.

Proof.  faimitaszs(N) = Aa121 + a2x2) = a1 A(z1) + agA(z2) = a1 fe, (N) +
aa fz, (A\) shows that x — f, is linear. To see f, € (E’)" we need linearity in
A, which is obvious, and the continuity of f,. Now continuity of both f, and
x — fp follows from |f,(N)] = [AM2)] < [N || = |fe| < |x|. Let A € E’
be a functional with A(x) = |2| and |A| = 1. This exists by the Hahn-Banach
theorem by extending the function from Rz to E. Then |f,(\)| = |A(z)| = |z| <
|fz] |Al = |fz| implies |fz| = |#|. This shows that = — f, is norm preserving
and injective (fy = 0 = |fz| = |z| = 0 = = = 0. Note that this argument

always shows: norm-preserving implies injective ).l

2.20. Linear Extension theorem. Let E be a normed vector space, F a
subspace. Then the closure F C E is a subspace. If G is a complete normed
vector space and A\ : F' — G is a continuous linear map then there exists a

unique continuous linear extension X : F' — G, and |\| = |)|.

Proof. If z,y € F then there exist sequences {x,} and {y,} in F such that
z, — x and y, — y. Then z, +vy, — = +y, and for a scalar ¢, cx,, — cx. Thus
F is a nonempty (0 € F) subset of E, closed with respect to vector addition and
multiplication by scalars, and thus is a subspace of E. Because the continuity
of X implies A\(z) = lim A(z,,) = lim A\(z,,), uniqueness is clear if existence is
shown. Let & € F with z = lim«,, and x,, € F. Then

Axn) = Mzm) = [M@n = 2m)| < Clzg — 2],

and {\(z,)} is a Cauchy sequence in G with limit denoted A(z) € G. If also
x = limz] with 2}, € F then |z, — z),| — 0 and thus |[A(z,) — \(z),)| =
Az, —21)| < Clay, — )| shows that lim A(x,,) = lim A(z},). Now for y € F let
{yn} be such that y,, — y. Then we know that x,,+y, — x+y, and for a scalar c,
cx, — cx. Thus Az +y) = im (2, +y,) = lim A(z,,) +1im A(y,) = M(x)+A(y),
and A(cz) = lim A(cx,) = lim(cA(z,)) = climA(z,) = cA(z). Thus X is a
linear extension of \. Now |.| : G — R and |.| : E — R are continuous and
thus commute with limits. This implies [A(x)| = |Hm A(z,,)| = lim [A(z,)] <
Al lim |z,| = |A| [lima,| = |A| |2] for all x € F. Thus [A| < |A|, and [A| > ||
is obvious because A extends A\. W

2.21. Definition. A completion of a normed vector space E is a pair (F, 1)
with F' a Banach space and ¢ : E — F' a continuous linear (injective) map such
that ¢(F) is dense in F and |¢(z)| = |z| for all z € E.

We will let (F, ) denote a fixed chosen extension, and this is justified because
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of the following

2.22. Proposition. If (F, 1) is another completion then there exists a unique
A € Lis(E, F) such that ¥ = X o .

Proof. The map o~ : p(E) — ¢(E) C F is continuous and linear, and thus
by the linear extension theorem, extends to a unique continuous linear map
A : E — F in a norm-preserving way. (Note that ¢ norm-preserving implies
that ¢! is continuous: |y| = |¢(z)| = |z| = |¢ 1 (y)] if ¢(x) = y.) Similarly,
the continuous linear map ¢ o¢~! : (E) — ¢(E) C F extends to pu: F — E.
Then oA = Iz and Ao u = Ip because both maps are extensions of the
corresponding identity map and are uniquely determined because of denseness
and continuity (compare the uniqueness argument in the proof of the linear
extension theorem). Also |A(z)| = |z| for all z € E because \ extends 1o ¢!,

which are both norm preserving. H.
2.23. Completion theorem. Each normed vector space has a completion.

First Proof. E" is complete because the normed space of scalars is complete,
and the map = — f, as above embeds F into E” in a norm-preserving way.
Thus the closure of the image of this map {f; : * € E} in E” is a completion.
|

Second Proof. Let S be the set of Cauchy sequences in E. Then S is a vector
space. A null sequence in E is a sequence, which converges to 0. The set of null
sequences forms a subspace of S. Define two Cauchy sequences ¢ = {z,} and
17 = {yn} to be equivalent if there exists a null sequence a@ = {a, } such that
& =1+ «. This is an equivalence relation on S: (i) & is equivalent to £ by the
sequence, which is constant 0, (ii) if « is a null sequence then —a is also a null
sequence and n = £ — «, thus & equivalent to n implies i equivalent to &, (iii) if
a, O are null sequences then also a + (3 is a null sequence, and thus £ = n + «
and 7 = p+ 3 implies ¢ = p+ (B4 «), which shows transitivity. Let & denote the
equivalence class of £&. Then the set of equivalence classes of Cauchy sequences
in E will be denoted E, and is a vector space by defining £é+7 := & + 7, and for a
scalar ¢, c£ := c€. (This is the factor space or quotient vector space of the vector
space of all Cauchy sequences by the subspace of all null sequences.) That this is
well-defined follows easily. If e. g. € = &' then £ —¢’ is a null sequence «, and thus
E+n=¢+n+aand £ +n=¢ +n Nowif ¢ = {x,} and n = {y,} are Cauchy
sequences in E, which are equivalent then y,, = z,, + a,, for some null sequence

a ={a,}and so |z,|—|an| < |yn| < |Tn|+|an| with |a,| — 0, and thus lim |z, | =
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lim |y,|. So we can define || := lim |z,,| and this does not depend on the choice
of representative in the equivalence class, and defines a norm on E. Note that
|| = 0 means that £ is a null sequence and thus is the O-vector in E. NVS2
and NVS3 are easy to deduce from the corresponding properties in E and the
properties of the limit. Now let ¢ : E — E be defined by o(x) is the equivalence
class of the constant sequence {z,z,...}. Then ¢ is linear and preserves norm
by definition. Claim: ¢(E) is a dense subspace of E. Proof: If £ is represented
by the Cauchy sequence & = {x,,} and {¢(x,)} is the corresponding sequence in
E then & = limp(x,) <= £ —¢(x,) — 0 forn — o0 in E <> [ — ¢(z,)] — 0,
where ¢ is the equivalence class of the Cauchy sequence {z,,} and ¢(x,) is the
equivalence class of the constant sequence {z,,, Ty, ...}. Now | —¢(z,,)| for each
n is defined by lim,, o0 [Tm — ©(Tn)m| = liMy— oo [Tm — 5|, which will have
limit 0 for n — oo because {z,} is a Cauchy sequence. This shows that ¢(F)
is dense in E, and the Claim is proven. Finally let {£,} be a Cauchy sequence
in E. For each n there exists z,, € F such that [£, — ¢(7,)| < 1/n because of
denseness. Then from |z, — | = |0(Xn — Tm)| = [p(Tn) — p(zm)] < |o(zn) —
Enl+ 1€ —Eml +1€,, — 0(xm)| we deduce that {z,} =: £ is a Cauchy sequence in
E. Now let £ > 0 be given. Then |, — &| < [€,, — ¢(xn)| + |p(zn) — €| < 2¢ for
n sufficiently large (the second term gets small by the argument given above).
Thus F is complete. H.

2.24. Remarks. (a) The second proof is more direct and can be easily modified
to the case of metric spaces. The elements of the completion are again defined
by equivalence classes of Cauchy sequences with the equivalence relation defined
by {z,} is equivalent to {y,} if d(z,,yn) — 0 for n — oo. The arguments then
are very similar, and it follows that each metric space has a unique completion,
which is a complete metric space with a distance preserving map of the given
metric space into the completion. (Distance preserving implies both continuous
and injective.)

(b) It is also possible to define a completion of a vector space E with seminorm o,
and construct the space from Cauchy sequences as in the Second Proof above. In
this case the vector space will not embed into the completion E but we will get a
map j : E — E with kernel the subspace {z € E: j(z) =0} = Ey = {z : 0(x) =
0}. The completion in this space is just the completion of the normed vector
space E/Ey := {x+Ey : ¢ € E} with addition (z+ Ep)+ (y+ Eo) := (z+y)+ Ep
and c(z + Ey) := cx + Ey and |z + Ey| := o(x), which is well-defined because
o(xg) =0 for all g € Ey. See also homework problem 12.
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(c) Note that it follows that the closure of the image of E in E” under the
natural map is toplinear isomorphic to the space of equivalence classes of Cauchy
sequences in E constructed in the Second Proof of the Completion theorem.
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Chapter 3

Hilbert Spaces

Throughout we assume that the scalars are in C, even though the real case
typically appears as a special case. A map between L between complex vector
spaces is R-linear if L(z +y) = L(z) + L(y) and L(ax) = aL(z) for all « € R
and x € E. Following the standard practice we will often write Lz for L(z) in

the case of a linear map L.

3.1. Definition. For vector spaces F,F an R-linear map L : £ — F is
antilinear if L is R-linear and L(ax) = aL(z) for z,y € E and « € C.

3.2. Example. The trivial example is the the map L : C — C defined by
L(a) =a.

3.3. Definition. Let E be a vector space. A sesquilinear form or scalar product
on F is amap F x E — C denoted (z,y) — (z,y), which is linear in the first

variable and antilinear in its second variable, so that (z,y1+y2) = (z, y1)+(z, y2)

and (z,ay) = @(z,y). The form is hermitian if (x,y) = (y,z) for all z,y € E.
The form is positive if (x,x) > 0 for all x € E. The form is positive definite if
it is positive and (x,z) > 0 for = # 0.

Throughout we assume that (, ) is positive hermitian but not necessarily def-
inite. We will use that a sesquilinear form is in particular R-bilinear. Note that
(v,w) + (w,v) = (v,w) + (v,w) = 2Re(v, w) while (v, w) — (w,v) = 2iIm{v, w).

3.4. Example. Let £ = C™ with the hermitian positive definite form
n
(wy) =Y 2,
i=1
for x = (x1,...,2,) and y = (Y1, - - Yn)-
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3.5. Definition. v € F is perpendicular or orthogonal to w € E if (v,w) = 0,
Notation: v L w. For S C E the set S+ :={v € E: (v,w) =0 for all w € S} is
a subspace of £: 0 € S+, and v1,v2 € S+ = (v, w) = 0 and (vy, w) = 0 for all
w € S = (v1 +v2,w) = (v, w) + (vg,w) = 0 for all w € S. Thus vy +vg € S*.
If v € St and ¢ € C then {cv,w) = c¢(v,w) = 0 and thus cv € St. We also
write v L S for v € S*+. Also note that S+ = (lin(S))* because (v,w) = 0
for all w € S if and only if (v,c;v1 + ...cpv,) = 0 for all ¢1,...,¢, € C and
v1,...,U, € S. For given sets 51,5y C E we write S; L Sy if s; L S5 for all
s; €8, fori# 4,14, € {1,2}.

Let Ey := E* be the null space of the hermitian product.
3.6. Proposition. If w € E such that (w,w) =0 then w € Ejy.

Proof. For t € R consider 0 < (v+tw, v +tw) = (v,v) + 2tRe(v, w) + ¢ (w, w) =
(v,v) + 2tRe(v,w). Suppose that Re{v,w) # 0 then for |t| large with sign
opposite to Re(v,w) we get (v,v) + 2tRe{v,w) < 0, which is a contradic-
tion. Thus Re(v,w) = 0 for all v € E. This implies also Re(iv,w) = 0
for all v € E = Im(v,w) = 0 for all v € E (The last implication follows
from Re(iv,w) + ilm(iv,w) = (iv,w) = i(v,w) = (Re(v,w) + iIlm(v,w)) =
—Im(v, w) + iRe(v, w).) It follows (v,w) =0 for allv € E. K

Let |v] :== y/(v,v) be the length or norm of v. Because of the last result

|v] =0 < v € Ey.

3.7. Schwarz Inequality. For all v,w € E we have

(v, w)] < Jof fwl

Proof. For o := (w,w) = |w|*> =@ >0 and 3 := —(v,w) € C calculate:
0 < {aw + fw, av + pw) = (aw, aw) + (Bw, av) + (aw, fw) + (Bw, fw)
= aa(v,v) + Balw,v) + aB{v,w) + BB(w,w) by substitution we get

0 < Jw|*|v|* = 2Jw]* (v, w)(v, w) + [w]* (v, w)(v, w)
2.

= |w]*|v]* = Jw|*[{v, w)
If |w| = 0 then w € Ey and (v, w) = 0 and the inequality is obvious. If |w| # 0
we can divide by |w|? > 0 and take square roots. W

8. Remark. Note that the Schwarz inequality for C"* with the usual hermi-
tian metric is the special case p = 2 of the Holder inequality from homework
problem 10.

3.9. Proposition. The function E > v — |v| € R is a seminorm on E, and is
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called the L?-norm respectively L?-seminorm.

Proof. |v| > 0 by definition, and |av| = \/{av, av) = \/a@(v,v) = |a|y/(v,v) =
|| [v]. The triangle inequality follows from Schwarz inequality: |v + w|? =
(v +w,v+w) = (v,0) + (w,v) + (v,w) + (w,w) = |[v]* + 2Re(v,w) + |w|* <
[0 + 2/(v, w)] + [w < o + 20| [w] + [wf = (o] + [w])?, where we use
that Re(a) < |a| = \/W Taking square roots gives the triangle
lnequahty. ]

3.10. Remarks. (a) The topology of the vector space with the hermitian form
(', ) is defined from the balls defined from the corresponding seminorm (which
is a norm if the form is definite) B,(v) = {w € E : |lw — v| < r} in the usual
way by defining U C F to be open if for each v € U there exists > 0 such that
B,.(v) C U. This topology is not Hausdorff if |.| is not definite. Note that in
this case each ball B,.(0) contains the subspace Fj.

(b) The Schwarz inequality shows that the maps F > 2 — (z,y) € C for y € E,
and F 3 y — (z,y) € C for x € E, are both continuous maps. This has
some interesting small consequences. For example, for each set S C FE, the
subspace S* is closed: If {z,,} is a sequence in St converging to x € E then
(x,y) = lim(x,,y) =0 for all y € S, and thus z € S*.

3.11. Definitions. A vector w € E is a unit vector if |w| = 1. If |v| # 0
then v/|v| is a unit vector. Also if w € E with |w| # 0 and v € E then there
exists a unique ¢ € C such that v — cw L w because: (v — cw,w) = 0 <
(v, w) — {cw,w) = 0 = (v,w) = c(w,w) < ¢ = 220 Then c is called the

(w,w,)

Fourier coefficient of v with respect to w. Let vy,...,v, such that v; ¢ Ey for
all 4 and v; L v; for all ¢ # j. Let ¢; be the Fourier coefficient with respect
to v;. Then (v —c1v1 — ... — ¢cpun) L vy for all k = 1,...,n. This follows
from (v — civ1 — ... — CpUn, VE) = (U — VK, VE) = (V,0%) — ci(vk, V) = 0, for
k=1,...,n

3.12. Example. For a < b let E = C|[a, b] be the space of continuous complex-

valued functions on [a, b] with positive definite hermitian product

b
>=/fwwm

(Note that the definiteness follows from the continuity of the functions.) Let

= 0 and b = 2r. Then the functions x; € FE defined by xi(t) := e™**
for k € Z are pairwise perpendicular: For k # (¢ this follows from (xx,xe) =
fozw k=0t g — 174) [e?E=012m = 0, and |xx|? = (X, X&) = fo% dt = 27 # 0.
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Then the k-th Fourier coefficient of f is ¢ (f) = <;jzx;:> =L 027r f(t)et*tdt € C.

Note that for each number N, f—zjkvziN cr Xk is perpendicular to x _n, ..., XN-

3.13. Theorem. (a) Pythagoras theorem. If u | w then |u + w|> =
Juf® + fw]?.

(b) Parallelogram Law. For u,w € E: |u+ w|? + |u — w|* = 2|u|? + 2|w]|?.

Proof. (a) [ut+w|? = (u+w, u+w) = (u, u)+{(u, w)+{w, u)+{w, w) = |u|>+|w?,
because u L w <= {u,w) = 0 <= (w,u) = (u,w) = 0.

(b) Ju+w* + |u—w|? = (u+w,u+w) + (u—w,u—w) = 2{u,u) + 2{(w,w) =
|u|? 4+ |w|? because the mixed products cancel by sign. B

The example above suggests to consider the following generalization:

3.14. Definitions. Let {v;}ic; be a family of elements of F such that
|v;] # 0 for all 4. For each finite subfamily {v;,,...,v;, } consider the space
lin{v;,,...,v;, } generated by this subfamily, which is the vector space of all
linear combinations v = c1v;; + ...+ cpv;, for all complex coefficients ¢; € C.
Then the space F' = lin{v;} is the union of all those subspaces and is the space
generated by the family {v;}. The family {v;} is total in E if the closure of F'
in Fis F.

3.15. Definitions. The family {v;} is orthogonal if v; L v; for all 4,5 € I,
i # j and |v;] # 0 for all 4. The family is orthonormal if |v;| = 1 for all ¢ € I.
Given an orthogonal family, an orthonormal family is constructed by dividing
each element by its norm. A total orthonormal family is a Hilbert basis, or

sometimes also only called orthonormal basis.

An orthogonal family is linearly independent because 2?21 a;v; = 0 (any finite
set of indices from I actually) then <Z§L:1 o, (vj, vg) = ag(vk, vk) = 0 and thus
ar = 0 for all K =1,...,n. Note that this is not an orthonormal basis in the
algebraic sense because not every vector is a finite linear combination of elements
of the Hilbert basis. (The family {xx} in the example above is orthogonal and
can be normalized by ey := \/%7)@)

In the following we will also write ¢ for elements of a given subset of I (in

order to avoid double indices).

3.16. Proposition. Let {v;} be an orthogonal family in E, x € E and ¢; be the

Fourier coefficient of x with respect to v;. Let {a;} be any family of numbers.
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Then

<

n n
€r — E Cr UL Tr — E AUk
k=1 k=1

Proof. (z — Zzzl cvk) L v for ¢ = 1,...n. Hence from Pythagoras theorem
|z = >y arvil® = o — 300 epvn + Y0y (e — ap)ur? = |z — 300, cponl® +
IS oy (er —ag)vp]® > |z = > cpvl>. A

3.17. Remark. The previous result shows that the Fourier coefficients deter-

mine best approximations of x by linear combinations in all finite dimensional
subspaces lin{v,...,v,} (here {1,...,n} can be replaced by any finite subset

of I) with respect to the seminorm.

3.18. Definition. A pre-Hilbert space is a vector space with a positive definite
hermitian form. A Hilbert space is a pre-Hilbert space, which is complete with

respect to the corresponding norm.

3.19. Examples. (a) C[a, b] with product defined above is a pre-Hilbert space.
It is not a Hilbert space: Without restriction assume ¢ = 0 and b = 1. Consider
the sequence of functions {f,} in C[0, 1] defined by f,,(t) =0 for t < 1 — L and
f(t) =1fort > 1, and linearly interpolating in between, i. e. f,,(t) = %4 (1—%.
Then for m < n it can be calculated that |f,, — fu|> — 0 for min(n,m) — oco.
(For m < n calculate ff__in (n—m)t—i(n— m))2 dt =

(n—m)? f;__i (t—1)%dt = (n—m)? f__i u?du = M(# — %), or consider
the areas that are computed for n,m large.) It follows that {f,} is Cauchy
sequence. But {f,} does not converge in C[0,1] because a limit function is the

step function f(t) =0 for ¢t < 3 and f(t) =1 for t > 3.

(b) Let £2 be the vector space of complex sequences such that > 7 | |a,|? con-

verges. Then a positive definite hermitian product can be defined by

(a,b) = i anbn
n=1

for a = {a,} and b = {b,}. This is well-defined because by taking the limit in
Holder’s inequality we get

0o 0o 1/2 0o 1/2
S o < (2 w) (Dw)
n=1 n=1 n=1

Then |a| = |al2 = (30, \an|2)1/2 is just the norm on £2 as defined in homework
problem 12, where it is also shown that ¢2 is complete with respect to this norm.
£2 is the prototype of Hilbert space with countable basis, as we will see shortly.
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3.20. Remarks. (a) If a positive hermitian form is given on a vector space
E, which is not definite, then a pre-Hilbert space is defined by E/E, with the
induced form: (z + Eo,y + Eo) := (z,y).

(b) If S is a subset of a Hilbert space then S NS+ C {0}. In fact v € S and
v L S imply (v,v) = 0 and thus v = 0 because of definiteness. In a space with

positive hermitian form it is always true that S NS+ C Ey.

3.21. Lemma. For F a closed subspace of a Hilbert space E and © € E let

a :=inf cp |z —y|. Then there exists an element yo € F such that a = |z — yol.

Proof. Let {y,} be a sequence in F such that |y, — 2| — a for n — oo. Then

{yn} is a Cauchy sequence. In fact, by the parallelogram law with u = y,, —x and

V=Ym—2,and 80 u—v = Yp —Ym and u+v = Yy, + Yy — 22 = 2(%(yn—|—ym)—x)

and thus (using % (y, + ym) € F and the definition of the number a) it follows:
1

|yn_ym|2 = 2|yn_x|2+2|ym_x|2_4‘i(yn+ym)_$|2 S 2|yn_$|2+2|ym_x‘2_4a27

which — 0 for min(n,m) — oco. Because E is complete y,, — yo and yg € F

because F' is closed. B

3.22. Proposition. Let F be a closed subspace of the Hilbert space E with
F # E. Then there exists 0 # z € E such that z L F.

Proof. Let x € E'\ F and yy € F with |z — yo| = infycr |y — 2| by the previous
lemma. Let z := x — yo, which is # 0 because yo € F and z ¢ F. For arbitrary
y € F and a € C we have |z — yo|? < |z — yo + ay|? because yo — ay € F and
Yo is chosen such that |z — yo| is minimal. Then |z — yo + ay|? — |z — yo|? > 0,
and by expanding the left hand side

aly, z) +a(z,y) + aaly, y) > 0.
Let o :=t(z,y) with ¢ < 0. Then @ = t(y, z) and the above inequality becomes
2t/(y, 2)|* + £ {y, 2)|*(y, ) = 0,
or equivalently, after division by ¢:
(2+tly*)[{y, 2)* < 0.
Now let t — 0 to get |(y, 2)|?> < 0 and thus (y,z) =0 forally € F. B

3.23. Corollary. Fach Hilbert space E # {0} has a Hilbert basis.
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Proof. Let S be the set of all non-empty orthogonal families in E. For F; € S,
1 = 1,2, define F; < Fp if F; C Fo. This defines an inductive ordering on
S: If T is a totally ordered subset of S then the union UF of all F € T is an
upper bound because it is again an element of S. Let B be a maximal element
of S, and let F be the subspace of E generated by B, i. e. F :=lin{v : v € B}.
Claim: F = E. Proof. Suppose that F # E = 30# 2z € E:z 1L F by
the proposition. But then the inclusion B U {z} D B is proper, and B is not

maximal. l.

For a subspace F' of a vector space E with a positive hermitian form we have by
definition (v,w) =0forallv € F and w € F+, and so v € (F+)* = F++. This
proves that F' C F+1 always holds. Also F* is closed because (z,,,y) = 0 for all
n implies lim(x,,,y) = (limz,,,) = 0. In a pre-Hilbert space also F N F+ = {0}
because v € F N F+ = (v,v) = 0 = v = 0. Now for closed subspaces of

Hilbert spaces an even stronger statement can be proved.

3.24. Corollary. If F is a closed subspace of a Hilbert space E then E =
F+Ft and F*+ = F.

Proof. If y, € F and z, € F* then {y, + 2,} is Cauchy <= {y,,} is Cauchy
and {z,} is Cauchy. This follows by the Pythagorean theorem:

|(Yn + 2n) = (Ym + Zm)|2 = |(Yn — Ym) + (2n — Zm)|2 = |yn — ym|2 + |20 — Zm‘Q-

So if {y, + z,} converges in E then it is Cauchy in both F and F*, and
thus converges to a limit in F + F% (recall that F* is closed too.). Hence
F+Ftisclosed. f F+Ft # Ethen 30# w € E:w L (F+ F1). Then
w L F <= w e Ftbutalsow L Ft (or w € F*), and so (w,w) = 0,
which contradicts the definiteness of ( , ). Now recall that F'N F+ = {0}. So
we can write each x € E uniquely as ¢+ = y + z with y € F and z € F*+. (If
alsox =y +2 theny -y =2—2 ¢ FNFt andsoy = ¢ and z = 2.)
Now if x € F*+ C E is written as y + z with y € F and z € F* then
0= (x,2) =(y+2,2) = (y,2) + (2, 2) = (2,2) => z = 0 because the form on E
is definite. This shows F-+ C F, and with the observation above F++ = F. B

3.25. Definition. For a closed subspace F' of a Hilbert space E we let P =
Prp : E — FE or F denote the orthogonal projection defined by P(z) := y if
r=y+ 2z withy € F and z € F1. Because |z|? = |y|? + |2|? it follows that
ly| = |P(z)| < |z|, and thus P is continuous with norm < 1. Note that Pz € F
and x — Px L F for each x € E.

3.26. Theorem. Let E be a Hilbert space with a sequence {F;};en of closed
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subspaces such that F; L F; if i # j. Let F :=1in(U; F;) = {x1+ ...+ 2, 1 2; €
F;,n finite}. Then every element of F has a unique expression as a convergent

series
N

(oo}

ng r; = lim g i, x; € Fj,
Pt N — 00 4
1=

=1
with x; = P;(x) where P, = P, : E — F; is the orthogonal projection on F; for
all v € N. Moreover, for any choice of elements y; € F; we have

n n
CU—ZPNC T — Zyz .
i=1 i=1

<

Proof. Note that (z — Y | P;x) is perpendicular to Fi,...,F, (and thus to
Fi+...4+ F,): Forv; € Fj, j € {1,...,n} we have (z — > 1 | Px,vj) =
(z,vj) =Y i (Pix,v;) = (z,v;) — (Pjz, vj) because Pz L v; for i # j, and now
z = (x — Pjx) + Pjx with Pjz € F; and © — Pjz L F; implies that (z,v;) =
(Pjz,v;). Thus because >, (Pi(z) —y;) € F, the theorem of Pythagoras gives

n n
T — Z Yi T — Z Pz
i=1 i=1

and the inequality follows. Now each xz € F' can be written as 1 + ... + =,
with z; € F;. Then Pix = 27:1 Pz; = Pix; = x;. Thus we have z = ) .~ | Px

for each = € F, where the sum is actually finite for each = but the length of

2 2

n

> (Piz—ys)

i=1

2
= +

9

the sum will depend on z. Next for each x € F there is a sequence {y;} in F
converging to z. Now z = lim,(y;) = lim; 377, Pj(y:) = >_;2, lim; Pj(yi) =
Z;‘;l P;(lim; y;) = Z;; Pjx. The change of summation and limit is justified
because Pjy; — Pjx for i — oo is uniform in j because |P;y; — Pjx| < |Pj||y; —
z| < |y; — z|. Now if z = >"7°, x; is any representation of x € F as a series of
elements in F; then P,(z) = P, (> o, i) = > i) Paxi = x,, because Pyz; =0
for n # i and P,x, = x, by definition of the projections. B

3.27. Remarks. (a) The theorem shows that the approximations Y ., P,z of
x € F are best approzimations of x € F in the subspaces Fy + ...+ F, C F.

(b) The family {F;} is called an orthogonal decomposition of F (respectively E
if F = E).

(c) Note that the above theorem in particular applies to closed subspaces F; :=
Cu; for a given orthonormal family of vectors {v;} (recall that finite dimensional
subspaces are closed). In this case P;(x) = (x, v;)v; because (x—P;(x)) L F; <
(z — Pi(z)) L v;, which holds by the definition of Fourier coefficients.
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3.28. Theorem. (a) Parseval identity Let a Hilbert space E have a denu-
merable Hilbert basis {v;}. Then every element can be written uniquely as a

convergent series
S
T = § ApUn,
n=1

where a,, is the Fourier coefficient of x with respect to v,. Moreover || =
Do lan]?.
(b) Bessel inequality If {v,} is any orthonormal system in a Hilbert space E,

and a, 1s the Fourier coefficient of x with respect to v,, then
o0
> lanf* < a2l
n=1

Proof. (a) follows immediately from the previous theorem with £ = F and
considering previous remarks (c). The equation |z[* = >°°7 | |a,|? follows from
r =) apv, by using the theorem of Pythagoras on the partial sums and
noticing |vn| = 1. For (b) consider E = F + F~ and let o = Pz + (z — Px)
where P is the orthogonal projection on F. Then |z| > |Px|, and now apply
(a) to P(z) € F. A,

3.29. Theorem. Let E1, FEs be two Hilbert spaces with Hilbert bases of the
same cardinality (there is a bijection between the two Hilbert bases). Then E;

and Eo are Hilbert space isomorphic, i. e. there is an isometry from Ey to Es.

In the midterm problem 2 it will be shown that the hermitian product of a
Hilbert space is determined by the norm. It follows from this that an isometry
¢ : By — FE5 between Hilbert spaces actually preserves the products, i. e.

(o(@),0(y)) = (2,y) for all z,y € By

Proof. 1f {v,, } and {w, } are denumerable Hilbert bases of E; and E; respectively
then the result follows immediately by mapping Y oo | anv, to > oo | apw,. In
general let {v;}ie; and {w;}ie; be the Hilbert bases. Let Fy := lin{v;} and
Fy := lin{w;}. The map v; — w; for each i € I extends uniquely to a linear
isomorphism F; — Fy (This follows because the elements of {v;} are linearly
independent and thus each z € F} can be written uniquely as a finite linear
combination of v;. The inverse isomorphism F, — Fj is constructed simi-
larly from w; — v;.) Because of orthonormality, by the theorem of Pythago-
ras, | Yo avil? = Yo |ail? = | >, a;w;]?, and the extension is norm-

preserving. Now consider the linear continuous map F; — 5 C Fy = Ey. This
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extends uniquely and norm-preserving to a linear map F; = F; — E». Similarly

the inverse map is constructed. W

3.30. Remark. The result above shows that Hilbert spaces behave very similar
to finite dimensional vector spaces. In particular, Hilbert spaces with denumer-
able Hilbert basis are all isomorphic to the Hilbert space 2 of square summable
complex sequences. This type of representation is at the heart of the different

representations used in quantum mechanics.

3.31. Example. Consider the subspace of C[0, 27|, which is generated by the
functions xx, k € Z. Note that this is actually a subspace of the vector space of
periodic continuous functions on [0, 27]. Then the abstract completion of this
normed vector space is a Hilbert space because the hermitian product can easily
be extended to the closure using the linear extension theorem. The resulting

Hilbert space is isomorphic to £2.

Note that in general E is not isomorphic to E’ for infinite dimensional vector
spaces (because e. g. F could be not complete while E’ is always a Banach space).
If F is a Hilbert space we always have the following, which implies in particular
that the isometric embedding £ — E” is always an isometric isomorphism for
Hilbert spaces. (A Banach E space is called reflexive if the natural embedding
E — E" is surjective. Thus the result below implies that Hilbert spaces are

reflexive.)

3.32. Theorem. For every y € E the map A\, defined by A\y(x) = (z,y) € C
is a functional, and E 3 y — X\, € E' is a norm-preserving antilinear isomor-

phism.

Proof. Ay is obviously a linear map E — C. Because |\, (z)| < [(z,y)| < |z]|y]
by Schwarz inequality, it follows that A, is bounded and |A\,| < |y|. But for
y # 0, )‘”(Wyl) = |y|, so the supremum over |A,(z)| over z € S(E) is |y,
and |Ay| = |y|. Thus y — A, is norm-preserving and antilinear because (,) is
antilinear in the second variable, i. e. Aoy = @),. Because y — A, is norm-
preserving it is injective. So it suffices to show that it is surjective. Let 0 # A €
E’' and let F := ker(\) = {z € E : A\(z) = 0} C E the kernel subspace. Note
that this is a closed subspace because ker(\) = A71({0}), {0} C E is a closed
subset, and A is continuous. Because F' # E(<= A # 0) there exists 0 £ z € E
such that z L F. Claim: There exists a € C such that A(z) = (x, az) for all
x € E. (This proves the theorem because then A\, = A) Proof. We find « from

(z,az) = \(z) &= a = (AZ(ZZ% If now for z € E we write z = x — 3\\82 + iggz
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with 2 — 22 ¢ F (because Mz — 22 2) = A(z) — X\ (2) = 0) we get (z, az) =

N )A(Z) \ ) A(2) A(z)
(2 —382) + 382, 222 = \z). @
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Chapter 4

Integration

The general idea of Lebesgue integration developed historically from the study
of the validity of the formula
o0 o0
/ lim f,(z)dz = lim fn(z)dx

— —
oo M n—oo [

for a sequence {f,} of nonuniformly convergent but integrable functions, and
the wish to have available a satisfactory theory of integration for unbounded
functions. This leads to general ideas of measure theory and modern integration
theory. The Lebesgue measure is a generalization of the idea of length. General

measures are e. g. important in the study of probability theory.

For X C A we often write €x(A) and X — A instead of X \ A, or just €A if X

is understood, following usual conventions in measure theory.

Recall that for a mapping of sets f : X — Y and subsets A C B C X respec-
tively A’ C B’ C Y the following holds:

(1) f(A) C f(B) CY, (2) f(ANB) C f(A) N f(B),

(3) fLAUB) = f(A)U f(B), (4) f~1(A") C f7H(B') C X,

(5) fTHA N B) = fHA) N fTHB), (6) fTHAUB) = fHA) U fH(B)),
(7) fH(ey A") = €x(f~1(A")). Note the difference between (2) and (5).
Recall that a set is denumerable if and only if there is a one-to-one correspon-

dence between the set and N.

4.1. Definition. A o-algebra on a set X # () is a collection M of subsets of X
satisfying:

o-Algl: e M
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o-Alg2: A e M = €xA € M, and {A,}nen a sequence of of elements
Ap e M=

GAneM

n=1

It follows that €x0 = X € M and if {A,, }nen is a sequence of sets with A, € M
then €A,, € M for all n € N and so:

ﬁAn: ﬁCQAn:QGQAneM.
n=1 n=1 n=1

By choosing A,, = 0 for almost all n, the above assertions about unions and
intersections of course also apply to finite collections. Also note that if A, B € M
also A—B=ANEB € M.

4.2. Definition. A pair (X, M) with M a o-algebra on X is called a measur-
able space, and the elements of M are called its measurable sets.

4.3. Proposition. A collection M of subsets of X is a o-algebra if and only if
0 e M, M is closed under taking arbitrary complements, finite intersections,
and such that for each sequence { A, } of disjoint elements of M also UA,, € M.

Proof. Because
JAn=410(A2— AU (43— (A UA)U...
n=1

the assumptions about disjoint unions and complements implies the assumption
about general unions. Note that taking complements in X, together with finite
intersections, show that the complements in the above union are in M (see the
argument above). W

4.4. Definition. An algebra of subsets of X is a collection A satisfying:

ALGl: e A
ALG2: ABe A=— ANB,AUB,A—Bc A.

4.5. Proposition. For each collection S of subsets of X there exists a smallest
o-algebra M = 87 in X, which contains S. This is the o-algebra generated by
S.

Proof. The collection of all subsets of X (the power set of X) is a o-algebra.
Because the intersection of o-algebras in X is a o-algebra in X the intersection
of all g-algebras in X containing S is the o-algebra, which we are looking for.
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(Let T # 0 be the set of all o-algebras containing S. Then € 7 for all 7 € T,
s0 0 € NrerT =: M. Alsoif A € M then €A € T for all 7 € T, and thus
CA e M. If {A,} is a sequence of subsets of X with A4,, € M for all n then
A, € T for all 7 € T, and thus U2, A,, € 7 for all 7 € T, which implies
U A4, € M. Finally S C 7 foreach 7 € T,andso M D S.) &

4.6. Examples. (a) If X is a topological space let 7 be the collection of all
open sets. Then o(7) D 7 is the algebra of Borel sets. Every denumerable
intersection of open sets and every denumerable union of closed sets is a Borel
set. Moreover, the Borel algebra on R is generated by the sets (a, c0) for a € R.

In fact,

a,00) = [ (o~ ~,o0)

n=1

(=00, a) = €la, )
(a,b) = (—o00,b) N (a,0)
[a,b] = [a,00) — (b, 00)
Similarly the sets [a, 00) for a € R generate the Borel algebra.

(b) Let f: X — Y be a map for (X, M) a measurable space. N :=
{ScY:f1(S) e M}. Then N is a o-algebra on Y: f~1(0) =0 so D e N,
and f71(€yS) = €xf1(S), 50 S € N <= f1S) e M = &xf1(9) €
M = &y (S) € N. Similarly if 4, € N for n € N then f~1(4,) e M =
fHUA,) = (UfF~Y(A,)) € M = UA, € N. The o-algebra N is called the
direct image of M under f and is denoted f.(M).

(¢)Let Y C X for (X, M) a measurable space. Then My :={ANY : A € M} is
a o-algebra on Y, which is induced by M on Y, and so (Y, My ) is a measurable
space. (This follows essentially from the distributive properties of the algebra
of sets: (UA,)NY =U(A,NY).)

4.7. Definition. A map f : X — Y with (X, M) and (Y,N) measurable
spaces is measurable if B€ N = f~1(B) € M (<= N C f.(M)).

In this language f.(M) could also be defined to be the largest o-algebra for

which f is measurable.

4.8. Proposition. (a) If f : X — Y is measurable and g : Y — Z is measurable
then go f : X — Z is measurable.
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(b) Let f : X — Y be a map from a measured space into a topological space,
with the o-algebra on Y the Borel algebra. Then f is measurable <= for every
open V. CY the set f~1(Y) C X is measurable.

Proof. (a) If A is measurable subset of Z then g='(A) C Y is measurable
and so f~ (g7 (4) = (go f)"'(A) C X is measurable. (b) The o-algebra
foM) = {S Cc Y : f71(S) C X is measurable} contains the open sets by
assumption. Because the Borel algebra is the smallest o-algebra containing the

open sets, f.(M) also contains the Borel algebra. Thus f is measurable. B

Equivalently, a map from a measurable space into a topological space (with the
Borel algebra, as will be always assumed from now on) is measurable if and only
if inverse images of closed sets are measurable. Note that if f : X — Y is a map
between measurable spaces both given by Borel algebras, then f continuous
implies [ measurable. The converse is not true in general, see the following
Example (b). Also, for a measurable map f: X — Y into a topological space,
Y (ue,U,) = N2 U, is measurable for any sequence U, of open sets, and
also the preimage of a countable intersection of closed sets is measurable.

4.9. Examples. (a) Let J = (a,b] C R and f : X — R measurable. Then

oo

(a,0) = | [a—&—%,b]

n=N
for N sufficiently large, and thus f~!(J) is measurable. Because the Borel
algebra is generated by sets [a, 00) for a € R it follows that a mapping f from

a measurable space (X, M) into R is measurable if and only if f~1[a,00) is

measurable for all a € R. Also, if f is measurable then

{z: flx)=a} ={2: f(z) 2 a} N{z: f(2) < a}
is measurable.

(b) Let fr, : X — R, X ametric space, be defined by f,,(z¢) =1 and f,(x) =0
for x # wmp, which certainly is not continuous. But this map is measurable
because f;'(U) =0 if 1 ¢ U and 0 ¢ U, f,'(U) = X — {xo} if 0 € U but
1 ¢ U (and this set is measurable because it is countable intersection of balls
with center ), and f;'(U) = X if both 0 and 1 are in U.

4.10. Proposition. Letg: X — Y and h: X — Z be maps from a measurable
space X into topological spaces Y, Z. Let f = (g,h) : X =Y x Z be defined by
f(@) = (g9(x),h(z)), and Y x Z be equipped with the product topology. Then:
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(a) f measurable => g, h measurable.

(b) Assume that every open set in' Y X Z is a countable union of open sets
VXW withV CY open and W C Z open. Then g and h measurable = f
measurable.

Proof. (a) The projections py : Y x Z — Y and pz : Y x Z — Z are continuous
and thus measurable. So the compositions ¢ = py o f and h = pz o f are

measurable. (b) For open sets V,W in Y, Z we have
FHV xW) =g H(V)nh™ (W),

and thus f~1(V x W) is measurable. So the result follows because countable

unions of measurable sets are measurable. .

4.11. Example. The topological assumption in (b) is satisfied for topological
spaces with a countable base of the topology. Those spaces are called separable.
For example a metric space with a countable dense subset is separable because
we can take for the bases the set of balls with center in the dense subset and
rational radii. Note that if Bx respectively By are bases for the topology on
X respectively Y then By x By is a basis for the topology on X x Y. Finite
dimensional normed vector spaces, or Hilbert spaces with a denumerable Hilbert
basis (also called separable Hilbert spaces in the literature) are examples of
separable topological spaces. (In a Hilbert space with denumerable Hilbert
basis, every element has a unique representation as a series in the Hilbert basis,
thus can be approximated by partial sums with coefficients in Q 4+:Q C C, and

the set of these elements is countable.)

4.12. Corollary. f: X — C is measurable <= Re(f) : X — R and Im(f) :
X — R are measurable.

4.13. Proposition. (a) Let f be a measurable map from a measurable space
X into a normed vector space E. Then |f|: X — R is measurable.

(b) The set of measurable functions from a measurable space X into a a fi-
nite dimensional vector space (or more generally into a separable normed vector
space) is a vector space E.

(¢) The set of measurable functions X — C is a vector space and fg is measur-

able for measurable functions f and g.

Proof. (a) follows from |.| : E — R continuous. (b) follows from (b) of the
previous proposition and continuity of the addition map F x F — E and mul-
tiplication by scalars K x £ — with K = R respectively C for the case of
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real respectively complex vector spaces. (c) follows from the continuity of the

product C x C — C. We always use that continuous implies measurable. B

4.14. Theorem. Let f be a map from a measurable space X into a metric
space Y. If there exists a sequence {fn,} of measurable mappings fr, : X =Y

such that lim, .« fn(z) = f(z) (pointwise limit) then f is measurable.

Proof. Let U C'Y open and z € f~1(U). Because limy_, fi(z) = f(z), for k
sufficiently large fi(z) € U and thus z € f, '(U). Thus for each m,

e Y o).

k=m

(If v € f~1(U) pick k > m large enough such that = € f,'(U).) Thus

DL

e N U HH).
1k=m

m

Now suppose that A is closed and for all positive integers m,
o0
ze |J KA.
k=m

Thus for each m there exists k > m such that f(x) € A, and thus a subsequence
of f,(x) is completely contained in A, and thus converges to a point in A. But
the subsequence and f,,(z) have the same limit and thus f(z) € A. This shows
that for A closed -

N U @ c .

m=1k=m

Let V C Y be open. For each positive integer n let
1
A, ={yeY :d(y,eV) > H} cy,

where d is the metric on Y. Then A, is closed because it is the preimage of the
closed set [1,00) under the continuous map Y 3 y — d(y,€V) € R (see e. g.
Lang, II, §5, Exercise 6). Similarly let

1
Vi ::{yEY:d(y,QZV)>E}CY,

which is open being preimage of the open set (%, o0) under a continuous map.
Obviously
V. C A,
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and thus . .
v=JAa =W
n=1 n=1

(Note the following: A, C U, V,, follows because d(y, €V) > L > L and thus
y € A, = y € Va,. The first equality holds because V open = €V closed,
and thus for y € V we have d(y, €V) > 0, and so for some n, d(y, €V) > %, and
y € V,. Also V,, C V for all n, because y € €V = d(y,€V) = 0. ) Thus there
are the inclusions

[o ol SN o)

Fo=Urrtas N uUst@an sy N U s,
n=1

n=1m=1k=m n=1m=1k=m

because for all k and n: f; '(A,) D fi '(V). On the other hand:

ro=UsrtvwmeU N Uit
n=1 n=1m=1k=m
Because set equality follows, we see that f~!(V) is a countable union of a
countable intersection of a countable union of the measurable sets f, *(V;,), and
thus f~1(V) is measurable. This shows that f is measurable. H.

The previous result can be stated briefly as: Pointwise limits of measurable

functions into metric spaces are measurable.

4.15. Example. Let f: X — R be a pointwise limit of measurable functions.
Then f~1(J) C X is measurable for J = (¢,00) or J = [t,00), and t € R.

4.16. Definition. A map f from a measurable space X into a set Z is simple if
f(X) C Z is a finite set, and for each v € Z the set f~1({v}) C X is measurable.

Thus for a simple map f : X — Z, X = U2, X, is a disjoint union with X;
measurable, and f maps X; tov; € Z for i = 1,...,m. The set of simple maps
X — FE for E a Banach space, is a vector space, because the set of values of
f+ g and cf is finite if both f and g only take finitely many values, ¢ a scalar.
Also, if v € Z then (f + g)~!(v) is the union, over all v1,v2 € Z such that
v = v + vg, of the sets f~1(v1) N g~1(vq), which thus is measurable, because
f~Y(v1) respectively g~!(v2) can be nonempty for only finitely many values.
Note that simple maps into measurable spaces Z are measurable because for

each measurable set B C Z

1By = U o),

vEB
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and the union is finite because f~!({v}) is nonempty for only finitely many
v € Z. Note that for a simple real-valued function f, also |f| is simple (because
a union of two measurable sets is measurable). It follows that also max(f, g) =
1(f+g+|f — g|) is simple for simple f, g.

The proof of the following theorem contains the basic intuition for the Lebesgue
integral versus the Riemann integral. Note that the subdivision or partitioning
happens in the codomain of the function, and not in the domain like in the

theory of the Riemann integral.

4.17. Theorem. A map f from a measurable space into a finite dimensional

vector space is measurable if and only if it is a pointwise limit of simple maps.

Proof. < follows from the previous theorem. =: Using the result about maps
into products it follows that we can assume £ = R and f : X — R. For each
positive integer n > 1 cut [—n, n| into disjoint intervals of equal length %(SO there
are N = 2n? subintervals), denoted Jy, ..., Jy where each Ji, has the form [a, b)
for a < b real numbers, k =1,...,N. Let Jy;1:={t €eR:t>nort< —n}.
Then

A = f7H )

are disjoint measurable sets with union X, k =1,..., N+1. Define ¢, : X — R
by setting ¥, (Ay) :=infa, f for k=1,...,N (i. e. ¢, is constant on A with
value infu, f). Now Ayy1 = BUB with B = {z € X : f(z) > n} and
B'={z € X : f(x) < —n}. Define ¢,,(B) = n and 9,,(B’) = —n. Then {¢,}
is a sequence of simple functions, which converges pointwise to f: In fact given
2z € X and € > 0. Note that if f(z) € Ji for some k = 1,..., N and a given
n, then |infa, f — f(z)| < + because inf4, f is the infimum over those values
fly) fory € A, = f,;l(Jk) and thus for all these y, f(y) € Jx. Thus for all n

sufficiently large, because we can assume that ¢, (x) = inf4, f for z € A, we
get [Yn(z) — f(z)| < 5 <e. M.

4.18. Remark. Let f : X — R>( be a nonnegative real valued measurable
map. Then f is poinwise limit of an increasing sequence of simple maps. Proof.
The functions v, defined above are all < f by construction (here we need
f > 0 because otherwise v,, > f on B’ possibly nonempty, and the v, will
be decreasing on the negative part). Note that the maximum of two simple

functions is a simple function. Thus if

O = max(y, ..., 0,)

for all n, then {¢,} is an an increasing sequence of simple maps with limit f.
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4.19. Definition. Let [0, 00] = [0,00) U{oco} be the ordered set with the usual
ordering of real numbers in [0, c0) and a < oo for all a € [0, 00). Define addition
and multiplication in [0, oo] by extending the usual multiplication and addition
of real numbers by co-0=0-00=0,00-a =a-00 =00 forall 0 < a < oo,
and co +a = a+ 0o = oo for 0 < a < 0o. Then associativity, distributivity and
commutativity holds for these operations on [0, c0]. (Note that the cancellation
law is not satisfied!). By defining neighborhoods of co to be sets of the form
(a,00] for 0 < a < 0o, convergence in [0, 0] can be defined in the obvious way.
Then the sum of a sequence of elements in [0, co] can be viewed to converge to
a number < 0 or to oo. Also continuity of maps into [0, 00] is defined in the

obvious way.

4.20. Definition. Let (X, M) be a measurable space. A positive measure on
M (or on X) is a map
M —[0,00]

such that (@) =0 and if {A4,,} is any sequence of mutually disjoint measur-

able sets then
H (U An) = ZM(An)»
n=1 n=1

ie. pis countably additive. For A € M, u(A) € [0,00] is the measure or u-
measure of A. The triple (X, M, u) is called a measured space. Often we only
write X if M and p are understood.

4.21. Examples. (a) Let ¢ € X. Define u(A) =1 if 29 € A, otherwise define
p(A) = 0. This defines a measure on the o-algebra of all subsets of X, which is

called the Dirac measure with respect to xq.

(b) Define u(A) = |A| = number of elements in A if A is finite, and define
p(A) = oo if the set is infinite. This is again a measure on the o-algebra of all

subsets of X, and is called the counting measure.

4.22. Proposition. (a) A C B = u(A) < u(B)

(b) If {A,} is an increasing sequence of measurable sets and A = UL, A, then

u(A) = lim p(A,).

n— o0

(¢c) For an arbitrary sequence of measurable sets {A,}
oo o
1 (U An> <> pu(An).
n=1 n=1
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Proof. (a) Additivity holds with respect to finite unions because we can take
almost all A, to be empty. Thus with B = AU (B — A) we get u(B) =
w(A) + u(B — A) > p(A) because of positivity. For (b) let

A=A1U(Ay— AU (A3 — A)U. ..U (Aps1 — An) U ...

be the corresponding disjoint union then with Ay := () we get

N
) = Jim, D il = ) = i p(Ax),
which shows the result. (Note that we use finite additivity under the limit.) For
(c) note that by (a)

p(A1U Ag) = p(Ar) + p(A2 — A1) < p(Ar) + p(As)
and by induction
AU .. UA,) <p(A) 4+ ..o+ p(An).

Since A; U UA,, is an increasing sequence by taking limit and (b) we get the
result. W

4.23. Proposition. p: M — [0,00] is a measure if and only if u(0) =0, p is
finitely additive, and for each increasing sequence {A,} of measurable sets with
union A, we have pu(A) = lim,_ . u(Ay).

Proof. =—: follows immediately from the previous theorem. <=: Countable
additivity for a family {A,} of disjoint measurable sets follows by applying the
assumption to the increasing sequence of sets B, = A; U...U A, using finite
additivity under the limit. H.

4.24. Proposition. If {A,} is a decreasing sequence of measurable sets

Ap+1 C Ay, and if some A, has finite measure, then

p([) An) = lim p(An)
n=1
Proof. Let A := N9 A,. Without restriction we can assume that A; has

finite measure. (Note that u(B) > p(A) if B D A. So the sequence p(A,)
might start with terms co. But by assumption it will become a sequence of real
numbers at some point. Just relabel the sets correspondingly.) Consider the
ascending sequence Ay — A,, with union A; — A. Then for each n, u(A; — A,) =
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/L(Al) - /J'(An) Thus we get :U’(Al) = limy, oo M(Al - An) + limy, oo N(An)
because we know that the first limit exists. Then by the previous results we get
p(AL) = p(Ar = A) + lim p(An) = p(Ar) — p(A) + lim p(4,).  ®
4.25. Remark. The result can be wrong if we do not assume p(A,) is finite

for some n. In fact let A,, = [n,00). Then u(A,,) = co for all n but NS, A, =0
and thus p(NS,A,) = u(d) = 0.

4.26. Definition. A property of elements of X is said to hold almost ev-
erywhere or for almost all x € X if there exists a set S of measure zero, i.
e. u(S) = 0, such that the property holds for all x € X — S. This is often
abbreviated a.e. or u-a.e. to emphasize the dependence on the measure.

4.27. Example. Let f: X — R. Then f > 0a.e.if f(z) >0forallz € X -5
and p(S) = 0.

4.28. Definition. (a) A partition of a set A with p(A) < oo is a finite sequence
{A;}i=1,. r of measurable disjoint sets with A = U]_; A,.

(b) A map f from a measured space (X, M, ) into a Banach space E is a step
map if there exists a set A C X with u(A) < co and a partition of A such that
f(z) =0 for all z € X — A and f(A;) has just one element for ¢ = 1,...,7.
Then f is also called step with respect to the partition of A.

The set of all step maps from X to E is denoted St(p, E) or St(u) if E is
understood.

4.29. Remark. For each subset A C X let x4 : X — R be the characteristic
function on A, i. e. xa(z) = 1if x € A and xa(z) = 0if z ¢ A. Then a
function, which is step with respect to a partition {4;};=1, ., of disjoint sets is

r
§ CiXA;,
=1

where u(A;) <occande¢; € Efori=1,...,r.

of the form

4.30. Proposition. St(u, E) is a vector space, and f € St(u, E) = |f| €
St(u, E). Also, f,g € St(u,C) = fg € St(u,C).

Proof. If {A;} and {B;} are two partitions of a set A then {A4; N B;} is also a
partition. Also, if f(z) =0 for x € X — A and g(x) = 0 for x € X — B then
A U B has finite measure, and there is a partition of A U B such that f,g are
step with respect to this partition of AU B. This shows that St(u, E) is a vector
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space. The last claim follows using the same idea. If f is step with respect to

some partition then |f| is step with respect to the same partition. W

4.31. Remark. The vector space St(u, F) can also be described as the vector
space of all maps Y _; ¢;xa, with A; sets of finite measure (but not necessarily

disjoint), and ¢; € E. This is obvious from the previous proposition.

4.32. Definition. A mapping f from a measured space X into a Banach space
FE is u-measurable if it is the pointwise limit of a sequence of step maps almost
everywhere, 1. e. there exists a set Z C X, u(Z) = 0 and a sequence {p,} with
©n € St(u, E) such that ¢, (z) — f(x) for all x € X — Z. The sequence {¢,} is

called an approximating sequence for f.

If f: X — FE is p-measurable, F C FE is a subspace such that f(A) C F
then the induced map f|A : A — F is py-measurable: If {¢,} is a sequence in
St(u, F), which converges a.e. to f then {p,|A} is a sequence of step mappings
defined on A with values in E. Replace the constant values ¢; of ¢, on the
set AN A; of the partition given for , by some element d; € F such that
|infyep d(y, ¢;) — d;i| < L. The resulting sequence {t,,} will be in St(y, F) and
approximate f|A: A — F. Also, if g : E — F is a continuous map between
Banach spaces then g o f is u-measurable (use {g o ¢, } for the approximating

sequence.

4.33. Proposition. (a) The set of u-measurable maps from X to E is a vector
space.

(b)If f: X - E and g : X — F are p-measurable maps into Banach spaces
E F, andifm: ExF — G is a continuous bilinear map of Banach spaces then
their m-product mo (f,g) : X — G is p-measurable.

(¢) If f : X — E is p-measurable then |f|: X — R is u-measurable.

(d) If f,g9: X — C are u-measurable then fg: X — C is u-measurable.

(e) If f is p-measurable and f(x) # 0 for all x then % is p-measurable.

Proof. (a) Suppose that Z; and Z, are p-zero sets and {¢, } respectively ¢}
are sequences in St(u, E) with limits f respectively g. Then Zy U Z, is a pu-
zero set, and {y, + ¥, } is a sequence in St(u, E'), which converges to f + g
on X — (Z; U Z,). Obviously cf is p-measurable if f is p-measurable and c
is a scalar. (b) Using a common refinement we see that if ¢ € St(u, F) and
1 € St(p, F') then m(p,v) € St(u, G). Thus, with approximating sequences
and notation similar to (a), m(¢n,¥y) is a sequence in St(u, G) converging
to m(f,g) on X — (Zy U Zy). (c) and (d) are proved in the same way using
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the corresponding statement for step maps. (e) If {¢,} is a sequence of step
maps converging pointwise to f on a set then {1, } defined by 1, (x) := %@) if
wn(x) # 0 and ¥, (z) = 0 otherwise, is a a sequence of step functions converging
pointwise to % on this set (Note that if {¢,} is step with respect to a partition
{A;} of a set A of finite measure then {x : ¢, () = 0} is a union of X — A and

sets A;. Thus ¢, is step with respect to the same partition.) H.

4.34. Definition. A measurable subset Y of X is called o-finite if it is count-
able union of sets of finite measure. We also say that u is o-finite on Y. We say

1 is o-finite if it is o-finite on X.

4.35. Proposition. Suppose that f : X — E is p-measurable. Then
(a) f(x) =0 for x outside a countable union of sets of finite measure.

(b) There exists a set Z with u(Z) =0 such that f(X — Z) C D, where D C E

is countable (i. e. the image of X — Z is contained in separable subspace of E).

Proof. (a) For an approximating sequence of step maps {p, } for f, let for each
n, {An} be the set with p(A,) < co and ¢,, = 0 outside A,,. Let A := U2, A,
which is a countable union of sets of finite measure. If z ¢ A then = ¢ A, for
all n and thus @, (x) = 0 for all n. Thus f(z) = 0. For the proof of (b) define
D C FE to be the set of all values in an approximating sequence of f. This is
a countable set. Let Z be the set with u(Z) = 0 for which the approximating
sequence is pointwise converging to f. Then f(X — Z) C D because each f(x)
for x € X — Z is contained in a ball of radius ¢ with center ¢ for some ¢ € D
(Just find n sufficiently large such that |f(x) — @, (2)| < €, and let ¢ := p,(x).)
[ |

The following result tries to clarify the relation between measurable and p-
measurable. Recall that we have already proved that a map f from a measurable
set X into a finite dimensional vector space is measurable if and only if it is
pointwise limit of a sequence of simple maps. The subtle difference between
simple maps and step maps comes from the finite measure of the partition sets,
on which the function is not 0. In fact a simple map is a step map if f~1(v) is
a set of finite measure for each v # 0. On the other hand a step map is always
a simple map. Thus because a py-measurable map f : X — FE is pointwise limit
a.e. of a sequence of simple maps it’s restriction to X — Z for a set of mesaure
0 will be measurable. Note that on a set of finite measure simple maps are step
maps, and so measurable implies p-measurable. This distinction is visible in
the quite difficult proof of the following theorem.
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4.36. Technical Theorem. Let f : X — FE be a mapping from a measured
space into a Banach space. Then the following two conditions are equivalent:
(i) f(x) = 0 outside a o-finite subset of X, and there exists a set Z C X with
w(Z) =0, and a countable set D C E such that f|(X — Z) is measurable, and
f(X-2Z)cD.

(i) f is pu-measurable, i.e. is a pointwise limit a.e. of a sequence of step maps.

Proof. (ii) = (i) has been shown above. Conversely, assume (i). Replace X by
a o-finite subset outside of which f(z) = 0. So we can assume that X = U | X},
with X}, disjoint (inductively make them disjoint if they are not to begin with)
and p(Xy) < oo for k =1,2,.... If we can show that f|X}, is y-measurable for all
k, then for each k can find a sequence of step maps {(pg-k)}j:m,_“ on Xy, which
converge a.e. to f|Xx. Then we can define ¢, := <p7(1k) on Xy fork=1,...,n
and ¢, (z) =0 for x ¢ X; U...U Xy. Each ¢, is a step map, and the sequence
{¢n} converges a.e. to f. Thus we only have to show that f : X — E is pu-
measurable for a set X of finite measure. Note that for E a finite dimensional
vector space we know this by the considerations above. It remains to show that
the assumption of finite dimensionality can be replaced by the assumption that
the image is contained in a separable subspace of E. This turns out to be quite
difficult (Don’t worry if you let lost...!) Let D = {vx} be a countable subset
of E such that D O f(X). For each positive integer n let By, (vi) be the ball
of radius 1/n centered at vg. Then the union of these balls for £k = 1,2,...
covers f(X). In fact, if z € f(X) then z = lim z,, where {z,} is a sequence in
D. Thus given ¢ > 0 we know that |z — z;| < ¢ for all i > N. If we choose
£ < 1 we will find some i > N such that |z — z| < L. But z; is some vy € D,
so 2 € By, (vx) for this k. So, for each n, we have f(X) C U2, By/p(vk),
and thus X = U352, f~ Y(Bi/n(vj)). Now {U§:131/n(0j)}k:1,2,... is an increasing
sequence of ﬁmte measure sets (here is where we need our main assumption
of measurability of the function f) and thus u(U5_, f~1(By/n(v;)) — p(X) for
k — oo, in particular for k large u(X) — p(Us_, =1 (B1/n(v;))) < 37. This
implies

k
U ' Biynw) =X -,

=1

<.

for some set Y, := X — U¥_, f~1(By,(v;)) with pu(Y,) < 3= because by defini-
tion X =Y, U (U?Zlf’l(Bl/n(vk))) is a disjoint union of the two sets, giving
the relation

Cw

“H(Biyn(vr))) + (V).
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Then let Z,, :=Y, UY,11 U...so that u(Z,) < %%1, and Z, D Zp41 D ... 18

a decreasing sequence. On X —Y,, = U¥_, f~1(By,(v;)) find a step function
¢n such that |f(z) — ¢n(x)| < . Define inductively ¢, (x) = vy for all z €
S7H(Bijn(v1)), enl(x) = vy for all z € f~1(By/,(v2) — Bi/n(v1)), and so on
(recall that complements of measurable sets in measurable sets are measurable
for each o-algebra). Let ¢,(x) = @,(x) for v € X — Z, € X —Y,, and
Yn(x) =0 for x € Z,,. Then 1, is a step function, and 1, (z) converges to f(x)

except possibly on the set N5 Z,,, which has measure 0. .

4.37. Remarks. (a) The sequence of step maps constructed in the previous
proof converges uniformly outside a set of arbitrarily small measure. (Outside
of Z, we can approximate f by ¥y, for m > n and [t (z) — f(z)| < & for all
x ¢ Z,, and so the approximation is uniform on X — Z,,.)

(b) If w is o-finite and f is complex-valued then f is p-measurable if and only

if there exists a subset Z of p-measure 0 outside of which f is measurable.

(¢) The sets Z,, have to be introduced at the end of the proof to achieve con-
vergence outside of a fized set of measure 0. The ¢, are all all %—close to f
outside of Y,, but we need a procedure to find one fized set of measure zero for
all n simultaneously. This can’t be U72 Y, because all we can say is that the
measure of this set is < 1. T hope this explains a little the technical construction

in the proof.

(d) If we are in a reasonable setting then the condition on o-finiteness and
countable denseness hold automatically. Think about mappings from a o-finite
set into C or a finite dimensional vector space or a separable Hilbert space. Then
the statement to have in mind is: p-measurability is equivalent to measurability

outside of a set of p-measure 0.

4.38. Proposition. Let {f,} be a sequence of u-measurable functions converg-

ing a.e. to a map f. Then f is u-measurable.

Proof. This follows from the previous theorem. In fact if applied to each function
frn. we know that (i) is satisfied for each f,. From this we want to deduce that
(i) holds for f, and thus f is p-measurable by (ii). Because each f,, vanishes
outside of a o-finite set, also f vanishes outside of a union of a countable union
of o-finite sets and a set of measure 0, and so f vanishes outside of a o-finite
set. If {f,} converges pointwise to f outside of Zy with u(Zy) = 0, and each
fn is measurable outside of a set Z,, with u(Z,,) = 0 then f,, is pointwise limit
of the sequence of measurable functions outside of Z = U2 (Z,, which is a
set of measure 0. Finally the condition f(X — Z) C D for a countable set D
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follows, because a denumerable union of sets W, with D, D W, for each k
and Dy countable is also contained in the closure of a countable set. In fact, if
{Dy} is a sequence of denumerable sets in a metric space then U, Dy, D D,,
for all n, and thus U, Dy, D U2, D,,, and since the left hand side is closed it
contains also U2 | D,,. Thus U Dy = U, D,, because the other inclusion is
obvious by D,, C D,, for all n. This applies in particular to D;, countable with
DD fu(X = Z), and f(X = Z) C Upfe(X — 2). ®

We are now ready to define the integral for step maps. Given amap f: X — F,
which is step with respect to a partition {4;};=1 .., of a finite measure set

AC X let

.....

/X fdui= Y (A F(A) € B

be the integral of the step map (note that u(A;) € [0,00) and f(A;) € FE and the
product is multiplication by scalars in a vector space). If B C X is measurable
and f is a step map on X let fp := fxp. If f is step with respect to {4;} then
fB is step with respect to the partition {B N A;} of BN A (which has finite

measure), and define
/fdu :=/ fBdp.
B X

If p is fixed then dp will often be omitted from the notation.

4.39. Theorem. The map

[+ sty — E.

1s well-defined and linear, and satisfies the following properties:

(i) If A, B are disjoint then [, o f= [, f+ [z f

(i) fE=Rand f < g then [f < [g, and if A C B and f > 0 then
Jaf<Jpt

(iti) | [ fdu| < [y [fldp < || fl|n(A), where || f|| is the supremum norm, which

will be infinite in the case that [ is not bounded.

Proof. If {B;}j=1,.. s is another partition of A then f is step with respect to
the partition {A; N B;}, and > °_; u(A; N B;) f(A;) = u(Ai) f(A;) and similarly
ST (A 0B F(By) = u(By)f(By). Thus S0y Y20 ju(Aq 1 By)f(A) =
> i1 2i—1 (A N By) f(B;) shows that each partition gives rise to the same
integral. (Note that if A, N B; # 0 then f(A;) = f(Bj).) Linearity follows
easily from this. In fact, we can assume that two given step maps f and g

are step with respect to a common partition, and so f = >\, f(4;)xa, and
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9 =121 9(Ai)xa,. Thus [ f+g =377 u(A)(f(A) +9(A) = [+ [g
Also for ¢ a scalar, (¢f)(A;) = ¢f(A;) and the result is obvious. But now (i)
follows because faup = fa + fp. (ii) follows from [ f > 0 if f > 0, which
is clear by the very definition using positivity of the measure. To see (iii) just
assume f is step with respect to {A;}, so that | [, fdu| = |>°7_; u(A:) f(4:)] <
STy (AN (A0)] = [y |fldu and then

ST (A (A0)] < ma F(A)] S0y (Ag) = [|]l(A).

4.40. Proposition. Let E be a Banach space with norm |.|. Then the function

st B)> £ [ 1= [Il= 7l e R
is a seminorm, called the L'-seminorm.

Proof. ||f||1 > 0 is immediate from the definition or (ii) above with |f| > 0.
The triangle inequality follows on a common partition of f and g from the
triangle inequality for the norm on E: [ |f+g| = > i, u(A:)|f(A;) +9(4)| <
2ima AN (L (AN + 19 (A1) = 325y (AL (Ao + 325y u(Ai)lg(Ai)] =
J1f1+ [lgl. [lefl = el [ |f] is a special case of (i) above. B

The estimate (iii) in the theorem above says that [ : St(u, E) — E is continuous

with respect to |.| on E and the seminorm |[|.||; on St(p, E). Our approach to
integration will extend the integral to a large class of functions using the ideas
of completion and linear extension from Chapter 2. Recall that the completion
of a vector space with seminorm is the Banach space of equivalence classes of
Cauchy sequences in the vector space by the following equivalence relation: two
Cauchy sequences are equivalent if they differ by a sequence converging to 0 (in
the seminorm). Let L' (x) be the completion resulting from St(u) with respect
to the L'-seminorm. Then the natural map St(u) — L!(u) maps all step maps
f with ||f||1 = 0 to 0 (because those are equivalent to the step function, which
is identically zero). (See also the remark following the completion theorem
in Chapter 2). Because the completion is a normed vector space we cannot
see functions with trivial L'-norm. The next step is to construct a space of
functions, which can be considered more directly as a seminorm completion of
St(u). If every L'-Cauchy sequence of step maps would converge pointwise the
limit would be a measurable function, and the space of these functions would
naturally provide the candidate for the completion. (Recall that a sequence
{fn} of step maps is L'-Cauchy if ||f, — fm|l1 — 0 for min(n,m) — o0.)
Unfortunately this is not the case and we need the following constructions.

4.41. Definition. Let £!(u) = £! be the set of mappings f : X — E such that
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there exists an L'-Cauchy-sequence of step mappings, which converges pointwise

a.e. to f. Such a sequence will said to approzimate f € £'.
4.42. Proposition. £'(u) is a vector space, which contains St(u).

Proof. Constant sequences are L'-Cauchy and so the inclusion is clear. If {f,}
respectively {g,} are L'-Cauchy sequences converging a.e. pointwise to f re-
spectively g then {f,+g,} respectively cf,, are L!-Cauchy sequences converging
pointwise a.e. to f 4 g respectively cf, c a scalar. In fact, if Z; respectively Z,
are sets with p(Zy) = p(Z,) = 0 and f,,(z) — f(x) respectively g,(z) — g(z)
for all x € X — Z; respectively « € X — Z, then f,(x)+ gn(z) — f(z)+g(x) on
X —(ZyUZy),and pu(Zy U Zy) < u(Zy) + n(Zy) = 0. Also cfy(x) — cf(z) for
x € X —Zy. Moreover ||(fo+gn) = (fm+9m)llt < |[fn—fmlli+[lgn —gmll1 — 0
and ||cfr — cfmll1 = l¢| || fa = fimll1 — 0 for min(n,m) — oco. W

In the following, please pay special attention to the difference between a.e. and
outside of a set of arbitrarily small measure. If a property holds a.e. it holds
outside of a set of arbitrarily small measure but the converse is not necessarily
true. Our goal is to extend | from St(u) to £'(x) by choosing a

4.43. Fundamental lemma of integration. Each L'-Cauchy sequence {f,}
of step maps has a subsequence which converges pointwise a.e. and satisfies the
following: for each € > 0 there exists a set Z with u(Z) < € such that this

subsequence converges uniformly on X — Z.

Proof. For each positive integer k there exists a positive integer N such that
n,m > N, = ||fm — fulh < 2%,9 Let gy := fn,, choosing the N inductively
increasing. Then for all m > n we have ||gm — gnll1 < 53=. Claim: The
series g1(x) + Y peq (Gr+1(2) — gr(x)) = limy o0 gn41(x) converges absolutely
for all  to some element in E, and the convergence is uniformly except on
a set of arbitrarily small measure. Proof of Claim. Define Y,, := {z € X :
|gn+1(z) — gn(z)| > Qn} Because gn+1 — gn € St(u) we know that g,+1 — gn
vanishes outside of a set of finite measure and takes only finitely many values
whose inverse images are measurable. It follows that the sets Y,, are measurable.

Because 5t < [gnt1 — gn| We get on Y,

1
on Yn n n_
Jhl >_/Y2n_/|g+1 ol < 5

and p(Y,) < 5. Let Z, := Y, UY,41 U.... Then pu(Z,) < 32, & =
£ ;’iO%:z%Q:QWl faod¢Z,orxeX—Z,=n2, (X-Y,) then k >
n = |gr+1(x) — gr(x)| < 55 and thus 3727 (ge+1(x) — gr(x)) is absolutely and
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uniformly convergent for x ¢ Z,,. Note that we talk about absolute convergence
of a series here, which of course implies convergence. Thus for € > 0 we can
find n such that 5= < e, then u(Z,) < ¢, and {g,,} converges absolutely and
uniformly on X — Z,,. Finally let Zy := N2, Z, so that u(Zy) =0. If z ¢ Z,
orx € X —Zy =U(X — Z,) then z ¢ Z, for some n. For those x the series
converges. This proves that the subsequence converges pointwise a.e. B

4.44. Remark. Convergence of a sequence always implies absolute convergence
by the triangle inequality if we define absolute convergence by |a,| — |a| for
an, — a. So don’t get confused by Lang’s statement about absolute convergence
of the subsequence. Of course if the convergence of a sequence of functions {f,}
is uniform then the convergence of {|f,|} is also uniform, again by the triangle
inequality. For series this is different: Convergence of a series of course does not
imply absolute convergence of the series. But absolute convergence of a series

is very different from absolute convergence of its sequence of partial sums.

4.45. Main lemma. Suppose that {g,} and {h,} are L*-Cauchy sequences of
step mappings from X to E converging pointwise a.e. to the same map. Then
lim fX Jn and lim fX hy, exist and are equal. Moreover, the sequence {g, — hn}

is an L'-null sequence, i. e. {g,} and {hy,} are equivalent.

Proof. Because | [ gn — [ gm| < [ |90 — gm| = ||gn — gm||1 it follows that { [ g,,}
is a Cauchy sequence in F, which converges since F is complete, and similarly
for { [ hy,}. So we know that the limits of the integrals exist. Let f,, := gn — hn.
Because [[(gn — hn) — (gm — hm)llt < |lgn — gmllt + |[hn — Bull1, {fn} is L'-
Cauchy, and converges a.e. to 0. (If g, — ¢ pointwise on X — Z; and h, — g
pointwise on X — Z;, with u(Z;) = u(Zn) = 0, then for x € X — (Z, U Z)
with p(Zy U Zp) = 0 we have [fn ()] = |gn(z) — hn(z)| = [(gn(z) — g(z)) —
(hn(z) — g(z))| < |gn(z) — g(x)| + |hn(x) — g(z)| — 0.) Let € > 0. Then IN
such that m,n > N = ||f, — fm|l1 < €. Let A be a set with u(A) finite
and fy(z) =0 forz € X —A. Then n > N = [, |ful = [eulfo — [N <
fx |fn — fnl = |Ifn — fnlli < &. By the fundamental lemma there exists
Z C A such that u(Z) < T
corresponding subsequence of {f,} converges to 0 uniformly on A — Z. Then

and a subsequence of {n} such that the
for n in the subsequence we conclude that [ 4_y |fnl < € (using uniformity, the

properties of the integral and pu(A — Z) < u(A) < o0). Also for large n in the

subsequence we have

/Ifnlé/ |fn—fN|+/ nl < 11— Il + u(2)] vl < 2
Z Z Z

60



Thus

annl=/X\fn|=/Z|fn|+/AiZ|fn|+/¢A|fn|<2s+s+e=4a.

This proves the lemma because we have || f,,||1 — 0 on the subsequence implies
the same for the whole sequence because it is L'-Cauchy (||fm|l1 < ||fall1 +
[|frn = fnll1), and thus also for the original sequences:

o= [mi=1 [ £ < [0l =15dn—0.

From the Main lemma we get immediately the following extension of [ from

St(u) to £'():

4.46. Corollary. The map f € £'(n) — [y fdu = [y f:=1lim [y fodu, where
{fn} is any approxzimating sequence of step maps with pointwise a.e. limit f,
is well-defined. Elements of £' are thus called integrable maps.

The map £! > f fo is linear. In fact, if {f,} respectively {g,} are
approximating sequences for f respectively g then {f,, +¢,} is an approximating
sequence for f + g € £! and {cf,} is an approximating sequence for cf € £!.
Thus linearity follows from the properties of the limit.

4.47. Lemma. If f € £ with approzimating sequence {f,} then |f| € £ with

approzimating sequence {|f,|}, and thus

/lel=lim/X|fn\=limenH1.

Proof. The pointwise a.e. convergence |f,| — |f] follows from the triangle
inequality for the norm in E: ||f,| — |f|| < |fn — f] holds for x € X — Z and
w(Z) = 0. The triangle inequality in F and positivity of the integral for step

maps also implies:

1 1l = [l ||1Z/Xl\fnl—ImeZ/X\fn—fm\:an—fmlh,

thus {|f.|} is an L'-Cauchy sequence.. B

Note that if {f,,} is an approximating sequence of step maps for f then {f,} also
L'-converges to f. To see this use that {|fn, — fi|}m=1.2,.. is an approximating
sequence for |f, — f|. Given € > 0 there exists N such that n,m > N implies
||fn = fmlli = [|fn — fm| <e. Then for n > N:

= Al = [ Vo= f1= Jim_ [ 15 ful <
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which proves ||f,, — f|]1 — 0 for n — oc.

4.48. Theorem. The map
815 - il i= [ 1flde =t € R
X

is a well-defined and defines a seminorm such that £' is complete (i. e. L'-

Cauchy sequences converge).

Proof. Well-definedness follows from the previous lemma, and the seminorm
properties follow from the corresponding ones for the seminorm on St(u) and
the properties of limits using approximating sequences of step mappings. We
show L'-completeness: Let {f,} be a Cauchy sequence in £'. For each n find
gn € St(u) such that || fn, — gnll1 < % Then ||gn — gmll1 < [lgn — fallt +[fn —
fmll1 + | fm — gm||1 shows that {g,} is L'-Cauchy. By the fundamental lemma
of integration, for a subsequence of {n} the corresponding subsequence of {g, }
converges pointwise a.e. to f € £, and for n in the subsequence ||f, — f||1 <
[1fn — gnlli + llgn — fll1 < 2¢ for n sufficiently large in the subsequence. Hence
the subsequence is L!-convergent to f. Thus the sequence {f,} also is L!-
convergent to f. (Recall form Chapter 1 the fact that if a subsequence of a
Cauchy sequence in a metric space converges then the sequence itself converges

and to the same limit.) Wl

4.49. Remark. (a) Note that the seminorm ||.|[; on £! is not a norm in
general because there can be functions with ||f||; = 0, which are not 0 (just
consider a constant sequence of step maps, which is nonzero only on a set of

measure 0). Thus we have the linear map of complete vector spaces:
. al 1
v L (n) = L (),

which to f € £! associates the equivalence class of an approximating L*-Cauchy
sequence with ||v(f)|l1 = [|f|l1- This map usually has the nontrivial ker-
nel of maps f € £! with ||f||; = 0 (note that [|.|[; is a norm on L!(u) so
£l = l[v(H)]l1 = 0 < v(f) = 0). The integral [ : St(u) — E extends to
a continuous map L!(u) by the linear extension theorem from Chapter 2 (con-
tinuity is just the statement | [ f| < [|f|[1). The above result show that the
integral can also be lifted to a continuous map £!(u) — E.

(b) Special attention has to be paid throughout to the type of convergence. If

{fn}is L'-convergent to f then [[| fulli = f[l1] < [Ifa—=flli = Os0 [ |fu] = [1f]
holds, and also [ f, — [ f because
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|ffn_ff| = ‘f(fn_f” < f|fn_f| = |[fn — f[l1. This means integral and

limit can be interchanged. In the following there will be a subtle and detailed
study of this if we do not haven given convergence in L'-seminorm but various
pointwise conditions are given as assumption. But note that we apply 4.50 (ix)

because f is not necessarily a step function.

4.50. Proposition. (i) If f =g a.c. and f € £ theng e £', and [ f = [y g
and |If1ls = llglh.

(ii) If f € £ then 3 g € £' measurable such that f = g a.e.

(i) f € £1(u, B) = |f] € £, R)

(iv) f,g € £4(u,R) = sup(f,g),inf(f,g) € £'(u,R), in particular 0 < f+ :=
sup(f,0) € £ and 0 > f~ := —inf(f,0) € £, where f = fT — f_

(v) If A C X is measurable then f € £'(n) = fa = fxa € £1(p)

(vi) If A, B C X are measurable and ANB =0 then [, o f= [,f+ [5]-
(vii) If E=R and f < g a.e. then [ f < [g.

(viii) If f >0 and A C B then [, f < [5 [.

(59 | f2 Fd < [ |fldge < Lf11(A), where [Lf1] = sup e |/(@)] € [0,00] -

Proof. (i): An L'-Cauchy sequence approximating f pointwise a.e. will also
approximate g pointwise a.e. and thus g € £'. Because the integrals and L'-
norms are defined by integrals over X of approximating £'-Cauchy sequences
the rest of (i) is immediate. (ii): An approximating £'-Cauchy converges to
f outside of a set Z of measure 0. If we redefine the approximating sequence
on Z by the value 0 on Z then the pointwise limit of the redefined sequence
of step functions is a measurable function and equal to f outside of Z. (iii)
has been shown in 4.47. (iv) follows from (iii) and the formulas sup(f,g) =
5(f + g+ |f — gl) respectively inf(f,g) = 5(f +g—[f —gl) (v): Let {en} be
an approximating £!-Cauchy sequence for f then {¢, 4} converges a.e. to fa,

and is £'-Cauchy because

/m,A—wm,As/ 0n — @l = € — @l
X X

and thus {¢, 4} is an approximating sequence for f4. Then (vi) follows from
faus = faU fp. (vii) follows by linearity from the corresponding statement
for g = 0 a.e. To see this replace an approximating sequence of step functions
{on} by {sup(¢n,0)}. (viii) follows from (vii) with f4 < fp. Finally the first
inequality in (ix) follows by continuity from the corresponding inequality for
approximating step mappings, and the second inequality follows by (vii) and
Ifl < [IfIl and [, dp = [y xadp = p(A). Actually this argument does not
apply if ||f]| = oo or u(A) = co. But ||f||u(A) = oo if u(A) > 0 and the
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inequality holds because [, f € R. In the case ||f|| = co and p(A) = 0 we have
[|f]|1(A) = 0. But in this case we can choose an approximating sequence for
fxa, which is 0 outside of A. Thus the sequence of their integrals is constant 0
and so their limit, which is [, f. B

Note that if A is measurable and p(A) < oo then x4 is measurable because the
constant sequence x4 is an Ll—Cauchy sequence of step maps converging to x 4.
See also 4.54 below.

Note the abuse of notation in (b) below where (g, h) appears as two very different

mathematical objects.

4.51. Proposition. (a) Let A\ € L(E, F) for Banach spaces E,F. Then the
map f +— Xo f isin L(LY(u, E), £ (u, F)), and

)\(/deu):/x/\ofdu.

(b) Given g € £(u, E) and h € £ (u, F) then f := (g,h) € £Y(u, E x F) (s0
(f(x) = (g(x), h(z)) for all z € X ), and the map

L (p, B) x &4, F) 3 (9,h) — f € £'(u, E x F)
s a bilinear toplinear mapping of Banach spaces, i. e. an element in
Lis(SH (B, p) x £ (p, F), £ (1, E x F)).

Moreover [ f=([g,[h).

Proof. (a) follows from the corresponding statement for step mappings by ap-
proximation and continuity. For (b), in order to see that (g,h) — f is a linear
mapping with the claimed properties approximate each by £'-Cauchy sequences
of step mappings and consider the corresponding sequence {(@y,,%,)} of step
mappings in St(u, F) which will be an approximating sequence for f. Linearity
and the property about the integral follows by approximation and continuity.
The inverse map is defined by using the linear projections pp : E X F — E
and pr : E x F — F inducing linear mappings of £!-spaces by (a) such that
pe([y fdp) = [y pE o fdu with pp o f = g, correspondingly for F. Details of
the proof are cumbersome and will be deferred to an exercise. B

4.52. Examples. The previous proposition applies in particular to C = R xR,
in which case we have [(g+ih) = [ g+ i [ h for real functions g, h. Note that
a sequence of complex step functions approximates g + ¢h if and only if the real
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part of the sequence approximates g and the imaginary part approximates h.

Similarly the result applies to R™ by induction.

4.53. Lemma. Let f € £(u) and ¢ > 0. Then the set
Se=8:(f) ={x e X :|f(x)] > ¢}

has finite measure, and f vanishes outside a o-finite set.

Proof. Tt follows from the fundamental lemma of integration that there exists
a set Z with pu(Z) < e and a subsequence of an approximating £!'-Cauchy
sequence, denoted {y,}, which converges uniformly to f on X — Z. Thus
lon(z)| > & for @ € Sc — Z. Thus S. — Z C |pn|7'[§,00) and the set on the
right has finite measure. Thus S. — Z and so also S. has finite measure. By
applying this to ¢ = 4, k = 1,2, ... we see that that |f(z)| > 0 on a countable
union of sets of finite measure, and thus f(z) = 0 outside a o-countable set. B

4.54. Example. If A C X and y4 € £! then p(A) = u(S

measure.

(x4)) has finite

1
2

The following result extends the fundamental lemma of integration from step

maps to integrable functions.

4.55. Theorem. Suppose {f,} is a Cauchy sequence in the semi-normed space
£ and {f.} is L'-convergent to f € £'. Then there exists a subsequence of
{fn}, which converges to [ a.e., such that for each € > 0 there exists Z C X
with u(Z) < e such that the convergence is uniform on X — Z.

Proof. {fn,—f}is L*-Cauchy sequence of functions in £!, which is L!-convergent
to 0. So assume without restriction that { f,,} is an L'-Cauchy sequence, which is
L'-convergent to 0. Thus ||f,||1 — 0 for n — co. So by selecting a subsequence
we can assume that || f,|[1 < 537

Let Yy, := {z € X : |fu(2)| > 5} C X. Then

1 1
i) < [ 1Rl < [ 1l < g
Yn X

which implies p(Y,) < 5. Let Z, := Y, UY,41 U.... Then pu(Z,) < 5t=. If
¢ Zporxe X —(Y,UY,11U...)=(X-Y,)N(X —Y,41)N... then for
k>n,z &Y, and thus |fr(z)| < 5. Thus {fx} converges to 0 uniformly on
X — Z,, and the measure of Z,, can be made arbitrarily small. If Z =N3>, Z,
then p(Z) =0 and f, — 0 pointwise on X — Z. B
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Note that the function f in the assumptions of the last theorem always exists

because we know that £! is complete with respect to the L!-seminorm, see 4.48.
4.56. Corollary. For f € £ ||f]1 =0<= f=0 a.e.

Proof. ==: Suppose ||f||1 = 0. Then the sequence {0,0, ...} is L'-convergent
to f, and by 4.55 a subsequence converges to f pointwise a.e., so f = 0 a.e.
<=:Let f =0 for z ¢ Z with u(Z) = 0. Then

1= [ i+ [ i=p@ini+ [ o=o

because even if || f|| = co we have u(Z)||f||=0. B

4.57. Corollary. The kernel of v : £Y(u) — L'(u) is the space of maps
f € £Y(p) such that f =0 a.e.

Proof. Let f € ker(y) then y(f) = 0 in L*(p) thus ||v(f)|l1 = |||l = 0 thus
f =0a.e. Conversely, if f =0 a.e. then ||f||1 = [|7(f)||1 = 0 and thus v(f) =0
in L'(u) because ||.|| is a norm on L'(p). Thus ||f|]1 = 0 and so v(f) = 0 in
L'(p). A

Define two maps f,g : X — E equivalent if f = g a.e. Thus L'(u), the norm
completion of £' under the L'-norm, is the quotient of £!(x) by the kernel of
.

4.58. Corollary. Let {f,} be a Cauchy sequence in £' converging to f a.e.

Then f € £' and the convergence is also in the L'-seminorm.

Proof. We already know that {f,} is L'-convergent to some g € £! because £!
is complete in the L'-seminorm. By the previous theorem then a subsequence
converges a.e. to g. Because this subsequence also converges a.e. to f it follows
that f = g a.e. Thus f € £ and is also L!-limit of {f,} by the previous
theorem. W

4.59. Monotone convergence theorem. Let {f,} be an increasing respec-
tively decreasing sequence of real valued functions in £' such that the sequence
of integrals {fX fndu} is a sequence of real numbers, which is bounded from
above respectively below. Then {f,} is L'-Cauchy, and is both L'- and a.e.

convergent to some function f € £'.

Proof. Suppose that {f,} is increasing, i. e. f, < fp41 foralln =1,2,.... Let
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o = supy, [y fr- Then n > m implies

o= fulb= [ = tm) = [ £~ [fnza= [ 4

which implies that {f,} is L'-Cauchy because o — [ f,, — 0 for m — co. By
4.55. a subsequence converges a.e. (L!-convergence holds because L!'-Cauchy
implies L!-convergence by completeness), and because {f,} is increasing {f,}
itself converges a.e. (Recall the very important property of monotonic real
sequences, which is applied here pointwise a.e.: Suppose {a, } is a real sequence
and a,, — a for £ — oco. Given € > 0 there exists K such that k¥ > K implies
a—ay, < e. Butthen for all n > ny, it follows a—a,,, < a—a, < ¢, thus a,, — a.)
Then by 4.58 the convergence is also in L'-seminorm. For the decreasing case
replace f, by —f,.l

Recall from 4.49 (b) that L'-convergence implies that limit and integral can
be interchanged. The slogan of the monotonic convergence theorem is:
If the sequence of integrals of an increasing sequence of functions is bounded
from above then the sequence is L'-Cauchy and thus converges to an integrable

function a.e. and limit and integral can be interchanged.

4.60. Corollary. Let {f,} be a sequence of real valued functions in £'. Suppose
30 < g € £! such that |f,| < g for all n. Then sup(f,),inf(f,) € £ and

sup( [ £) < [suplh)  and [nf(r) < int([ £.)

Proof. The sequence g, := sup(fi,...,fn) € £! is pointwise bounded by g
because f, < |fn] < g. Because [ g exists and the integral is monotonic also
{[ gn} is an increasing bounded sequence bounded from above by [g. By
4.59. {gn} converges a.e. to limg, = sup f, € £!. To get the estimate use
[sup(f) = [lim(g,) = lim [(gn) > [ gn > [ f» using that {g,} is increasing
and g, > f,, for all n. Thus sup [ f, < [sup(f,). The proof for inf is similar,
using h,, = inf(f1,..., fn). B

4.61. Definition. For a real valued sequence of functions { f,,} define

liminf(f,) := lim inf f,,

k—oon>k

which is a real-valued function if the limits exist. If {f,} converges pointwise
then liminf(f,) = lim(f,). If the limit or liminf exist a.e. the resulting func-
tions will still be denoted lim(f,,) or liminf(f,) (define the functions 0 where

limit or lim inf do not exist).
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4.62. Fatou’s lemma. Let {f,} be a sequence of nonnegative functions (f, >
0) in £'. Suppose that 0 < liminf(||f,||1) € R exists. Then liminf(f,(x)) evists
a.e., liminf(f,) € £ and

/ lim inf(f,,)dp < liminf/ frndp = liminf (|| fn]l1)-
X b

Proof. Apply the monotone convergence theorem 4.59. first for fixed k to
the decreasing sequence gy, := inf(fx, fet1,-- -, fktm) Now {gm} converges to
inf,> fn, and for j =1,2,...,m we have by monotonicity of the integral:

/inf(fkvfk+1a---7fk+m) S/fk+j-

Also, 0 < [ g, so the assumption of the monotone convergence theorem is
satisfied. Thus lim,,—,oc gm = infp>p fr € £! for all n, and using the previous

inequality,

/inf fn:/ lim g, = lim /gm: lim /inf(fkafk+17~--7fk+m> <
n>k m— o0 m— 00 m—oo

< im0, e =t [ 5
Now hy := inf,>r fr < fi is an increasing sequence of integrable functions
and [ hy < [ fx. For a subsequence of {k} such that [ fx = [|fx| converges
to liminf || fx||1 € R the assumption of the monotone convergence theorem is
satisfied. Because the corresponding subsequence of {hj} also converges to
liminf f,, we get liminf f,, € £! and thus liminf(f,,(x)) exists in R for almost
all z. Finally by letting £ in this subsequence go to co we get from the monotone

convergence theorem and the previous lemma:

/liminffn :/ lim hp = lim /hk = lim /inf fn §liminf/fn
k—oo k—oo k—oo n>k
This proves Fatou’s lemma. W

Fatou’s lemma applies in particular in the case when {f,} actually is pointwise

convergent a.e. and {||f,||1} is bounded proving that in this case lim f,, € £

4.63. Dominated convergence theorem. Let {f,} with f, € £'. Suppose
that there exists g € £ such that |f,| < g for alln. If f, — f a.e. then f € £!

and {f.} is also L*-convergent to f so that in particular

lim / fo = / lim f,,
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Proof. Consider the sequence {gx} of nonnegative functions defined by g; :=
SUP,, >k [fn — fml|- This is a decreasing sequence of real valued functions.
Because | f,, — fm| < 2g two applications of 4.60 show that g, € £'. Because g >
0 and thus [ g > 0 the sequence {g;} converges a.e. and lim [ g, = [ lim gs.
But gp — 0 a.e. because f,, — f a.e. and |fr, — fiul < |fu — fl+|fm — | =0
a.e. for min(n,m) — oo (in other words convergence at a point implies Cauchy

at that point). Thus [ gx — 0 for k — oo, and for n,m > k we have

o= ulls= [V = dnl < [ sw 15—l = [

n,m>k

and the right hand side converges to 0 for £ — oo. Thus {f,} is L'-Cauchy and
by 4.58, f € £! and {f,} is L'-convergent to f. B

The slogan of the dominated convergence theorem is: If the norms of
a sequence of integrable functions are pointwise bounded by some real-valued
integrable function and if an a.e. limit exists then the sequence is L'-Cauchy,

so f is integrable and limit and integral can be changed.

4.64. Corollary. Suppose that f is p-measurable. Then the following holds:
(i) feLi(p) = |fl € £ (1. R).
(ii) If 3g € £4(u, R) such that |f| < g then f € £1(p).

Proof. (i) = has been shown in 4.47. (i) <= follows from (ii) with g = | f|. Let
{¢n} be a sequence of step maps converging a.e. to f. After possibly changing
f, g and the ¢, on a set of measure 0 we can assume that ¢, converges to f
and g is measurable. Define maps h,, by h,(x) = ¢, (z) if |p,(z)| < 2¢(x) and
hn(z) = 0 if |@n(x)] > 2¢(x). The set S, = {x € X : 2g(x) — |on(z)] > 0}
is measurable and so h,, € £!(u) for each n because h,, is a step map. (We
multiply a step map by a characteristic function of a measurable set, which we
saw is integrable in 4.50 (v).) Because |f| < g also {h, } converges pointwise to
f and |h,| < 2g. Thus f € £1(u) by the dominated convergence theorem. B

4.65. Corollary. Let f, € £(u) and f, — f a.e. If 3C € R such that
|| fullt < C for alln then f € £ (u) and ||f]]1 < C.

Proof. Because f,, is p-measurable for each n it follows from 4.38 that f is
p-measurable. Also |f| = lim |f,| a.e. by the triangle inequality and the special
case of Fatou’s lemma proves |f| € £'. By the previous corollary it follows that
feLtu). B

4.66. Example. Consider a sequence of functions f, : R — R such that
fo(x) =1 for € [n,n+ 1] and f,(z) = 0 otherwise. Then f, — 0 pointwise
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everywhere because for each € R we have f,(z) = 0 for n > z but using a
usual measure we can have ||f,||1 = 1 for all n thus f,, is not L'-convergent to
0. Note that {f,} is also not L'-Cauchy. So notice that no conclusion about

L'-convergence is made in 4.65.

4.67. Corollary. (i) If f € £'(u, E) and g is a bounded and measurable real

or complex-valued function then fg € L.

(ii) More generally, if ¢ : E X F — G is a continuous bilinear map of Banach
spaces, and f € £ (u) and g is a bounded p-measurable function of X into F
then o (f,g): X — G is in £ (1)

Proof. (i) Choose an approximating sequence of step maps {p,} for f. Using
4.17 find a sequence of simple maps {,} converging pointwise to g. Then
{en¥n} is a sequence of step maps converging pointwise a.e. to fg (This is
because (¢nthy)(z) = 0 if ¢, (z) = 0 so outside of a set of finite measure. Also
for each n, p,1, takes only finitely many values and {z : ¢, (z)¥,(x) = b}
is the union of all sets ¢, 1(b1) N1, (ba) over all by, by such that b = byby,
but there are only finitely many possibilities. So the sets (¢, ) t({b}) are
measurable). By changing f and g on sets of measure 0 we can assume that the
convergence is pointwise everywhere (give f and the approximating sequence
the values 0 on that set of measure 0, which thus is measurable, where we do
not know convergence of the approximating sequences.) If |g(z)| < C for all
x then |fg| < C|f|. Because |f| € £! it follows from 4.64 (ii) that fg € £!.
(Alternatively we can assume that |¢,| < 2|f| and then apply the dominated
convergence theorem.) The above proof is easily modified to prove (ii). The

details will be an exercise.

4.68. Corollary. If {f,} is a sequence of p-integrable maps such that
S fX | fnldp converges then Y07 | fn(x) converges pointwise a.e. to the p-

/deu=§/xfndu

Proof. Apply the dominated convergence theorem to the sequence of partial

integrable function f, and

sums and use g(z) := lim, o0 Y | f&(x)| for the assumption. The fact that
integral and limit can be changed follows from the L!-convergence in the domi-
nated convergence theorem. Note that g is integrable by the monotone conver-
gence theorem: In fact g, := Y ;_, | fx| is an increasing sequence of integrable
functions, and the sequence of integrals [ >"7_ |fi| = Y p_; J |fx| is bounded

by 22pzy il ®
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4.69. Example. A standard example of the situation above is given by {A,} a
sequence of disjoint measurable sets with union X. If f,, : X — F is a sequence
of functions, integrable over A, and 0 outside of A,, then f = > f,, exists
a.e. and is integrable, under the assumption that the series > > [ < fnl =
S f A, | fn] converges. Alternatively given f: X — E we can define f, =
fxa, and often prove integrability of f by showing convergence of the sequence

of integrals.

4.70. Corollary. For each integrable f and € > 0 there exists a set A C X of

finite measure such that
[ sau= [ gdul <=
X A

Proof. Because f is a.e. limit of a sequence of step maps we can change f on
a set of measure 0 such that f vanishes outside a countable union of sets A,
of finite measure. Consider the increasing sequence B,, := A; U...U A,,. For
the estimate of the integral we can assume that X = U2, A, because f = 0

outside of this union. Now we can calculate:

vt [ ra=1 [ i< [ i [ 10 v,

Now |f|(1 — xB,) is an decreasing sequence of integrable functions, bounded
below by 0 and converging pointwise to the function 0 for n — oco. Thus by
the monotone convergence theorem the sequence of integrals converges to 0 for
n — o0o. So for n large enough and A = B,, we can assume the right side of the

inequality to be < ¢. B

4.71. Theorem. Assume f is integrable and S is a closed subset of E. Suppose

that for all measurable sets A C X of finite measure # 0 we have

)
—— | fduesS.
1(A) Ja
If0 € S or X is o-finite then f(x) € S for almost all x.

Proof. If X is not o-finite by integrability we can assume that f = 0 outside of a
o-finite set. But in this case by assumption 0 € S and we only have to consider
f on the o-finite set where f is possibly non-zero. If we can prove the result
for sets with u(X) < oo then it will follow because countable unions of sets of
measure 0 have measure 0. Let D C E be a countable set with f(X) C D, see
4.36.(Note that f is y-measurable because it is a.e. pointwise limit of a sequence

of step maps, ignore a set of measure 0 in X where this does not hold.) Consider
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v € DN(E—-S) and r a positive rational number such that B,.(v) C E—S. Let
A = A(v,r) be the set of z € X such that f(x) € B,(v). Then A has measure
0. Indeed, if pu(A) > 0 then 0 < u(A) < co and

1 1 1 1
|M/Afdﬂ_vlz‘m/fd“_m/vdu|Sm/A|f—U|du<r,

which contradicts ﬁ [ fdu € S. Hence pu(A) = 0. But the set of all z such
that f(x) ¢ S is in the union of the sets A(v,r) over all v € D and r a positive
rational number. This follows from D — S D f(X)—S. B

4.72. Corollaries. (i) If f € £'(u) and [, fdu = 0 for every measurable set
A of finite measure then f =0 a.e.

(i) If f € &Y(u, E) and g € St(u,R) then fg € £'(u, E) and if Jx fodp =0
for all g € St(u) then f(z) =0 a.e.

(iii) If f € £'(u) and b > 0, and if | [, fdu| < bu(A) for all sets A of finite

measure then |f(x)| <b a.e.

(iv) If E is a Hilbert space and f € £'(u, E) such that [ (f,g)dp =0 for all
g € St(u, E) then f =0 a.e.

(v) If E is a Hilbert space and f € £(u, E). For f € E and e a unit vector
let let fo = (f,e) be the Fourier coefficient. Let b > 0. Suppose that for each
unit vector e and each set of finite measure A we have | [, fedp| < bu(A). Then
[f(2)] <b ae.

Proof. (i): Take S = {0} in 4.71. (ii): We can apply (i) because for all
characteristic functions x4 € St(i,R). (iii): Let S := {v € E : |v| < b} =
By(0) C E the closed ball in E of radius b. and apply 4.71., by assumption
|ﬁ J4 fdu| < b and thus ﬁ J4 fdp € S for all A of finite measure. (iv)
Because we can assume f(X) C D for D C E countable we can replace E by
the subspace of E generated by D. This is a separable Hilbert space. Let e be a
unit vector in a Hilbert basis and A a measurable set of finite measure. The step
map ey 4 is bounded and measurable. If f. = (f,e) is the Fourier coefficient of
f with respect to e then 0 = [ (f,exa)du = [, fedp. Thus fo = 0 a.e. for alle,
and thus because f = > 7, fney, for a Hilbert basis {e,, } and Fourier coefficients
frn, which implies f = 0 a.e. (take the union of the sets for which f,, # 0, which
is a set of measure 0). (v): Asin 4.71 assume that E is separable and p(X) < oco.
Let v € E with |v| > b and 7 > 0 such that B,.(v) N By(0) = @ (we can choose
ro= MZ_I’). Let A:={z € X : f(z) € B.(v)} and e :== %. Let z € A. Then

[v]

@) = ol = (F(@), ) = ol = (F(@)s 1) = (0, 2) = (F(@) = v, ) thus the
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Schwarz inequality implies | fe(z)—|v|| < |f(z)—v| < r thus fe(z) € B.(Jv|) C R.
Using our assumption we know from the proof of 4.71 in the case (iii) that
u(A) = 0. Because the set where |f(x)| > b is countable union of sets of the
form A the result follows. B

Recall that a collection A of subsets of X is an algebra of sets if ) € A and
A BeA=— AUB,ANB,A—Be A.

4.73. Definition. A measure on A is a function p : A — [0, 00] with u(0) =0,
and if {A} is a sequence of disjoint sets in A such that A = U2 ; Ay, € A then
p(A) = S72, u(Ag) (p is countably additive. Note that all our measures are

positive.)

Let Z be the collection of finite disjoint unions of bounded intervals of the real
numbers. Then 7 is an algebra of sets. We want to prove that the usual length
function [ defines a measure on Z. Certainly [ is additive with respect to finite

unions of sets.

4.74. Theorem. Let {f,} be a sequence of non-negative functions on a closed
bounded interval I, monotonically decreasing to 0. Assume that each f, is a

step function with respect to some interval. Then the sequence of usual integrals

/1 fn(x)dx

of step maps

decreases to 0.

Proof. Note that the claim is trivial in the case that the convergence is uniform.
Our proof will precisely use the fact that the set of points where the convergence
is not uniform can be covered by a set of arbitrarily small length. Consider for
each n the endpoints of the intervals on which f,, is constant. This is a finite
set, and thus the union of these sets over all n is countable. Cover the set by a
sequence of open intervals {Jj} such that Y 7, I(Jx) < e. (Choose n such that
=1 < ¢ and intervals Jj, of lengths 51 then 5= Y77 ) o = =) Let U :=
UJg. For each x ¢ U all functions f,, are constant in a neighborhood of = and so
there exists n,, € N and some open neighborhood V,, of = such that f,,(t) < ¢ for
allt € V, and m > ng,. The collection {Jg, V; }r=12
of the compact set I, so we find a finite subcovering {Ji,, ..., Jik., Vays- -+, Vao b
Let N := max(ng,, Nayy .-, Nz, ). I n > N then f,(t) <eforallt €V, U...U
Vz.. Thus if C is a constant with f; < C and thus f,, < C for all n (recall that
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step functions are bounded) then

/f”(z)dx < / fn(x)dz —|—/ fa(z)de < Ce+1(I)c. R
I Ty U U, Vi U. UV,

4.75. Corollary. The length function ! :Z — [0,00) C [0,00] is a measure.

Proof. Let {A,} be a collection of disjoint sets in Z such that 4 := U2, A, € 7.
Let By, := A1U...UA,. Then {xa—xa, } = {xa—B, } is a decreasing sequence of
step maps defined on some closed bounded interval I O A, converging pointwise

to 0. Thus the sequence of integrals decreases to 0: [(xa — xB,) — 0 or
2ok H(AR) = p(Bp) = [ xB, = [xa = p(A). B

The existence of the Lebesgue integral on R is now a consequence of the follow-
ing abstract theorem and our previous general constructions. Recall that the
o-algebra generated by a collection of subsets of X is the smallest o-algebra

containing this collection.

4.76. Theorem (Hahn). Let p be a measure on an algebra A of subsets of X,
and assume that X is denumerable union of sets of A. Then pu can be extended
to a measure on the o-algebra M generated by A such that for all Y € M:

n=1
with the infimum taken over all sequences {A,} in A such that UA, DY. If X

is countable union of sets in A of finite measure then the extension is unique.
We will not prove Hahn’s theorem. See Lang Theorem VI, 7.1. for the proof.

Let A be an algebra of subsets of X with a measure u such that all sets in A
have finite measure. Then X is called o-finite with respect to A if X is countable
union of elements of A. Define a function p*; N — [0, 00] on the o-algebra of
all subsets of X by p*(Y) :=inf Y 7, u(A,), with the infimum taken over all
sequences {A, } of elements of A whose union contains Y (u* is what is called an
outer measure. It satisfies the usual properties of a measure except o-additivity
is replaced by p*(UB,) < Y.0° , u*(By) for any sequence of elements in N,
see Lang Lemma VI, 7.2). We will need the following consequence of Hahn’s
theorem:

4.77. Corollary. Let A be a measured algebra of sets of finite measure such
that X is o-finite with respect to A. Then a subset Z C X has p*-measure 0
if and only if for each € > 0 there exists a sequence {A,} in A with UA, D Z
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such that >0 w(A,) < e. If (X, M, p) is measured and A as above generates

M, then the same is true for the p-measure and measurable sets Z.

Proof. The assertion for the outer measure is clear by the very definition of
the outer measure. In the case that (X, M, p) is measured the assertion follows
for measurable Z by Hahn’s theorem because the measure on 4 has a unique
extension to M to the measure by the outer measure defined from the measure
on A. N

For the existence of the Lebesgue measure on R” we need to develop a theory

of product measures and integration on product spaces.

Let X, Y be sets with sets of algebras A, B. Let A x B be the collection of finite
disjoint unions of rectangles with respect to A and B, i. e. sets A x B with
Ae Aand B € B.

4.78. Lemma. A X B is an algebra of sets in X X Y.

Proof. O € A x B is clear. From the set equalities (draw Venn diagrams)
(A1 x By) N (Ag x By) = (A1 N Ag) x (B1 N By)
and
(A1 X By) — (A2 X By) = ((A1 — A3) X B1) U ((A1 N A2) x (By — By))

it follows that P,Q € A x B then PN Q and P — @ are in A x B. Then also
PuQ=(P-Q UQ € A x Bbecause (P — Q)N Q = (. Because disjoint
unions of disjoint unions of rectangles are disjoint unions of rectangles the result
follows. W

For each algebra of sets A on a set X let let A? denote the o-algebra generated
by A.

4.79. Lemma. For A, B algebras of sets in X, Y we have
(A7 x B%)? = (Ax B)? =: A B,

so equivalently

A7 @ B% = (AxB)’.
Proof. Ax B C A° x B C A% ® B? is clear. For each B € B consider the

o-algebra in X x B generated by all sets Ax B for A € A. Using X xB C X xY
this collection is contained in (A x B)?, or (A x B)? D A% x {B} for all B € B.
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But then for each A € A” it follows that {A} x B C (A x B)? and thus
A% x B? C (A x B)?. This implies A7 @ B C (Ax B)?. B

4.80. Lemma. Let M, N be o-algebras on X,Y .

(i) Let Q € M QRN and forz € X let Q, == {y € Y : (z,y) € Q}. Then
Q: eN.

(ii) Let f : X XY — Z be a M ® N -measurable map into a topological space
Z. Then for each x € X the map f, : Y — Z defined by f.(y) = f(z,y) is

N -measurable.

Proof. (i): Let S :={Q e MQN : Q, e Nforallz € X} D{AxB:A¢c
M,B € N} because (Ax B), = Bifx € Aand (Ax B), =0ifx ¢ A. Tt
suffices to show that S is a o-algebra then S = M ® N by minimality proves
(i). First, X XY € S because (X x Y), =Y € N for each z € X. If
Q@ € S then €Q € S because (€Q), = €(Q,) (because: y € (€Q), < (z,y) €
CQ <= (z,y) ¢ Q <= y ¢ Q, <> y € €(Q,)). Similarly, if Q,P € S then
(PNQ)y =P.NQ, e N = PNQeS. If {Q,} is a sequence in S then
(UQn)z = U(Qn)s € N and thus UQ, € S. This shows that S is a o-algebra.
(ii): If V C Z is open then (f1(V)), ={y €Y : (z,y) € f1(V)} = f;1 (V) e
S because fH(V)e MaN. R

For a subalgebra of sets A of a g-algebra M with all sets in A of finite measure
we say that f is a step map with respect to A if f = 0 outside some A € A and
there is a partition {A1,..., A, } of A consisting of elements of A such that f is
step with respect to this partition.

In the following assume that (X, M, ) and (Y, N, v) are o-finite, and A respec-
tively B are algebras of sets of finite measure contained in M respectively N.

We want to define iterated integrals.

If f is step with respect to A x B then for each x € X the map f, is step
on Y with respect to B: If f = vxyaxp for v € F and A € A, B € B then
fe =v(xaxB)z = vxa(x)xp and f.(y) = vxa(z)xs(y), so the result follows by
linearity. Thus for z € X we can first consider fY fzdv, which for f = vxaxp
becomes vxa(x)u(B). If f is step with respect to A x B then z — fy fudv is
step with respect to 4 and can be integrated with the notation being given by
one of the following:

/X{/fa:du}d,u /du /fwdu//fxydu e //fdudu
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It is clear that on step maps the order of integration can be reversed because

//XAdeVd,u:/J'(A)V(B)://XAdeﬂdV
X JY Y JX

we can deduce this by linearity (each single integral is linear and composition

from

of linear maps is linear).

4.81. Theorem. Given (X, M, u) and (Y,N,v), both o-finite measured spaces.
Then there exists a unique measure @ v on M QN such that for all sets A, B

of finite measure in M and N we have:

(1 ® v)(A x B) = u(A)v(B).

Proof. Hahn’s theorem applies if we can show that u x v : A x B — [0,00)
defined by (u x v)(A x B) = pu(A)v(B) is a measure, where A respectively B
are the subalgebras of sets of finite measure of M respectively N. (o-finiteness
then implies that M @ N’ = (A x B)?.) The interesting point is countable
additivity. Let {Q.} be increasing in A4 x B with union Q € A x B. Let
fn == Xq,- Then {f,} is increasing to f = x¢. Also for each z € X, {(fn)s} is
increasing to f,. By monotone convergence with respect to v we have for each
x that the sequence of real numbers [, (f,).dv is increasing to [, fodv (you
changed integral and limit!). Then by applying monotone convergence with
respect to p we have that the sequence of real numbers [ x fY frndvdp converges

to [ ¥ fY fdvdu. Reinterpreting this in terms of measures proves the claim. B

The existence of the Lebesgue-measure and integral on RP follows from the
previous theorem because R is o-finite with respect to the the algebra of disjoint
unions of bounded intervals. We also know that the measure of rectangles is
the product of the lengths of its sides. The o-algebra on the product space is
generated by rectangles and thus is the Borel algebra of RP (because each open

set is a countable union of iterated rectangles).

In the following we want to show that Lebesgue integrals on R? can be calcu-
lated from iterated integrals as known in Riemann integration. This is Fubini’s
theorem. We assume throughout that X respectively Y are o-finite with respect
to the subalgebras A respectively B of finite measure subsets of X respectively
Y.

4.82. Lemma. If Z C X xY has (u®v)(Z) =0 then v(Z,) =0 for u-almost
all x.
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Proof. Forn € Nlet S, = {z € X : v(Z;) > 1}, and S = US, (these
are the bad guys). We will show that S is contained in a set of u-measure 0.
Let € > 0. By the Corollary of Hahn’s theorem 4.77 we can find a sequence
of rectangles {R;} with URy, D Z such that Y~ (u x v)(Ry) < 5. Then
Zy C U Rip. Consider T, :={z € X : L <Y v(Ry,)}. Then S, C T,
and T,, is measurable. [We can write T;, as a countable union of the sets of x
such that Zi\;l V(Ry ) > % — % But then v(Ry ) = fY XR;., and we have
seen before that x — fY fzdv is step with respect to A if f is step with respect
to A x B. This proves the measurability of T;,.] By monotone convergence we

also know that x — >~ v(Ry,,) is integrable and

1 1 > =
— (T :/ fduﬁ/ v(Bi,z)dp = /VRk,x dp
n( ) i TZ( ) ;Tn (Rk,z)

n k=1

oo oo €
<3 [ B =3 xR < o

k=1
Thus p(T,) < 5. Thus S is contained in the set UT;, of measure < e. Because
this holds for each € > 0 we get u(S) = 0. But if v(Z;) > 0 then x € S, for

some n and so z € S. Thus v(Z,) = 0 outside of a set of p-measure 0. H.

4.83. Example. Suppose f € £ (u® v, E) and g = f outside of a set Z with
(L ®v)(Z) = 0. Then for each x € X we have f, = g, except for y € Y such
that (z,y) € Z <= y € Z,. By the lemma there exists S C X with u(S) =0
such that v(Z,) = 0 if z ¢ S. Thus for each x ¢ S we conclude that f, = g,
holds v-a.e. Thus f, € £}(v) <= g, € £}(v), and so the integrals with respect

to v are equal.

For the proof of Fubini’s theorem we need one more technical lemma. For the

proofs we refer to Lang, Theorem 6.3. and Corollary 6.4.

4.84. Lemma. Let A be a generating subalgebra of a o-algebra M of a set X
such that X is o-finite with respect to A (in particular the elements of A have
finite measure).

(i) Then the space St(A) = St(A, E) of step mappings with respect to A with
values in E (i. e. the step map vanishes outside some element of A and the
partition is with elements from A) is dense in £'(u, E).

(ii) If f € &4(n) and [, fdp =0 for all A€ A then f =0 a.e.

4.85. Fubini’s Theorem, Part I Let f € £'(u®@ v, E). Then for p-almost
all x we have f, € £ (v, E). Moreover, the map X 3 x — [, fodv € E for
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p-almost all x and arbitrarily otherwise, is in £'(u, E), and

| sawen) = [ [ paviua).

In fact for each Banach space E there is a norm preserving isomorphism of
Banach spaces:
LYp@v,E) — L' (n, L' (v, B)),

defined by L*(p @ v,E) > f — (X > x — f, € L'(v,E)), where we have

identified functions with their images in the Banach space completions.

Proof. By the lemma we can find a sequence {p,, } of step mappings with respect
to A x B, which converges to f in the L'-seminorm and a.e. on X x Y. Let
Z C X XY be such that {¢,} converges pointwise to f outside of Z and
(L ®v)(Z) = 0. We want to show first that f, is integrable for fixed z a.e.
For this we construct an explicit L'-Cauchy sequence converging to f, a.e. The
idea is to use 4.82 to find S C X with p(S) = 0 such that v(Z,) =0 for x ¢ S.
Now if z ¢ S then {p, .} converges pointwise to f, on Y — Z,. For each n the
map @, : x +— @, is a step map from X to St(B). Indeed, ¢, is a step map
with respect to B, and for v € E from (vxaxp)z = vxa(@)xs = (vxB)xa(x)
we see by using linearity that ®,, is a step map with respect to .A. Thus we see
that ®,, € St(A, St(B)). Note that the vector space St(B) has the L!-seminorm,
denoted |.|y. Claim: {®,} is an L'-Cauchy sequence. This is immediate from

@0 — Dol = /X 1B, — Byt — /X /Y o) — Pl y)dv(y)duz) =

= ||¢n — ¥mll1 — 0 for min(n,m) — oo.

Here ||.|[; on the left hand side of the equation is the L'-norm on £!(u, St(B)),
|.|1 is the restriction of the ||.||;-norm from £!(v, E) to St(B), and ||.||; on the
right hand side of the equations is the L'-norm on £(u ®@ v, E).

It follows from the fundamental lemma of integration that we can assume, pos-
sibly going over to a subsequence, that for fixed z, outside of a set T' C X
with p(T) = 0, we have that {®,(r) = pn .} is a pointwise Cauchy sequence
in St(B) C £}(v). [Note that the fundamental lemma actually has been stated
only for Banach space valued functions. It is easy to check that the proof also
works in the seminormed case. Alternatively one can compose with the natural
map £!'(v) — L'(v) and apply the fundamental lemma for the Banach space
L'(v).] Because the norm on St(B) is also the L'-norm it follows that for each
fixed x ¢ T the sequence {®,(z) = ¢, .} is L'-Cauchy with respect to v. If
x ¢ SUT then {¢,.(y) € E} converges to f,(y) for v-almost all y € Y. So at
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this point we have found for fixed 2 ¢ SUT the L!(v)-Cauchy sequence of step
maps {¢, . }, which converges pointwise v-a.e. to f,. By the definition of £!(v)
it follows f, € £'(v), {¢n.} is L'-convergent to f,, and from the very defini-
tion of the integral, { [}, ¢n dv} converges to [, fodv, all for fixed x ¢ (SUT).
Here is the main point again: By construction, pointwise convergence of
the sequence {®,} at x is L' (v)-convergence of {¢n z}.

Next consider the map ¥,, : X — E,z — fY ¢@n,odv. This is a step map
with respect to A being the composition of ®,, and the linear integration map
Jydv : £(v) — E. A similar argument as above applies to see that {¥,} is
L'-Cauchy in £ (u):

-,

du(x)

/ ((Pn,w Pm, w)dV
Y

du(z) //|§0nw Om.z| dvdp(z) =

=/ 0n — ol d(p ® ).
XxY

For all © ¢ SUT we know that {U,,(z)} is a sequence in E converging to ¥(z) =
[y fzdv. Because {¥,} is also L*(p)-Cauchy, by letting n — oo, we get that
Jx Jy enedvdu(z) converges to [ [y fedvdpu(z). But <pn is a step-map with
respect to A x B and thus [, Undp = [y [ onedvdu(z) = [y, end(p@v).
This proves the claimed equality of the integrals by lettmg n — 00. Then the left
hand integral converges to | ¥ fY fzdvdp(z) while the right hand side converges
to [,y fdlp@v).

The statement about the norm-preserving isomorphism follows by applying the
above to |f| and checking with the definitions of the norms. Wl

If we apply Fubini’s theorem to the characteristic function of a measurable
subset of X XY we get

4.86. Corollary. Let Q C X XY be measurable with finite measure. Then

/ xXQd(n®v) //XQ 2dvdp(z).
XXY

We have shown that the map = — [, (xq).dv is p-measurable. Note that this
implies measurable after changing on a set of measure zero. It is in fact true
that this map is measurable on the nose but it requires work to show this, see
Lang, VI, Exercise 11. Recall that y-measurability is weaker than integrability.
The assumption of Fubini’s Theorem, Part I, is integrability of the function
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on the product, and we conclude integrability of the partial functions. In the
following the assumption of integrability in Fubini’s theorem will be replaced
by (1 ® v)-measurability and existence of the partial integrals.

4.87. Lemma. If f: X XY — FE is u ® v-measurable then f, is p-measurable
for almost all x € X.

Proof. Let Z C X xY such that f|(X — Z) is measurable and f(X —Z) C D for
D C FE countable. By 4.82 for almost all z € X we have u(Z;) = 0 and by 4.80
(ii) fz|(Y — Z,) is measurable and so v-measurable by the Technical Theorem
4.36. .

4.88. Fubini’s Theorem, Part II Suppose that f : X XY — E is u-
measurable. Assume that for almost all x € X the map f, is in £(v) and the
map defined by T +— fy |foldv for almost all x and arbitrarily otherwise, is in

LY (). Then f € £ (u® v, E) and the conclusions of Fubini’s Theorem, Part
I, apply.

Proof. Recall that by the Corollary 4.64 of the dominated convergence theorem
it suffices to prove that |f| € £!(u ® v,R). So assume without restriction that
f is a real-valued function with values in [0, 00) and satisfies the assumptions.
After possibly changing f on a set of measure 0 we know that there exists an
increasing sequence of simple nonnegative functions converging to f pointwise.
Using the o-finiteness of X X Y, just like in the proof of the Technical theorem,
we can assume that each ¢, vanishes outside of a set of finite measure and thus
is a step map. Now for each x, {¢, .} is increasing to f,. For those z with
fr € £' and ©n,z p-measurable it follows for n — oo that fY ©n,zdV is increasing
and convergent to fy fzdv, just by the very definition of fY fzdv and monotone
convergence. By 4.86 and monotone convergence again we conclude that the
sequence { [y y @nd(p®v) = [ [ ¢nadvdu(z)} is increasing and convergent
to [ x fY fedvdu(z). We can apply monotone convergence once more to see that
feget. m
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