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1. NOTATION AND PREREQUISITES

We denote by R and R the real numbers and extended real numbers (i.e. including +00) respectively.
We also let N ={1,2,3,...} denote the natural numbers and Q the rational numbers.

Let X denote a non-empty set. For a function f : X — R the word positive means in its non-strict
sense, so f is positive if f > 0 on X. Likewise the words increasing and decreasing is in the non-strict
sense.

By definition we put

0 (xo0) =0,

but of-course care always has to be taken with algebraic operations involving infinity.

We will use the following notation for set operations. Suppose A, B are sets, then A U B denotes the
union of A and B, AN B denotes their intersection and A \ B the difference, i.e. the set of all points
in A which does not belong to B. In case we work with subsets of some fixed space X we also use the
notation A€ for the set X \ A. For families of sets {A;};cr we write U;cA; for their union, and N;erA4;
for the intersection. In case I = N we also use the notation U$2; A;,N32; A;. We denote the set of all
subsets of X by P(X). When it comes to sequences of points (sets/functions) we will often just write
that “z,, is a sequence” rather than “{z,},cn is a sequence”.

Sums of real numbers {a; };er, where I is at most countable will be denoted by

S

iel

In case I = {1,2,...,n} or I = N we also use the notation

n oo
Z a; and Z a; respectively.
i=1 i=1

For two functions f,g : X — R we write f < g if f(z) < g(x) for all z € X. If A C R then supA
and infA denotes the supremum and infimum of A respectively. Furthermore we introduce the following
notation:

o (fAg)(x) =min{f(z),g9(x)}, (fVg)(x) = max{f(z),g(x)},

e We more generally also define for a family of functions { f;}:cr

(V fi)@) =sup{fi(x) zi € I}, (/\ fi)(z) = inf{fi(w) ;i € I},

i€l icl

and in case I = N we also write
(V f2)(@) =sup{fu(@) :n €N}, (N fu)(@) = nf{fn(z) : n € N},
n=1 n=1

o ff=fV0,f~=—fVOsothat f=f"—f"and |f|=f"+[",
e if a sequence f, of functions from X to R converges pointwise to the function f, and if f,
is increasing (in its non-strict sense), then we write f,  f. Similarly we write f, N\, f for

decreasing convergence.

(Note that inequalities involving V,A by definition reduces directly to pointwise statements about
min, max of real numbers.)

The choice of notation V, A similar to U, N is of-course no coincidence. Indeed if we by x4 denote the
characteristic function of A, then

XAV XB = Xaup and x4 A XB = XAnB-

Some further simple properties of V, A, which are direct consequences of the corresponding statements
for real numbers since they are pointwise statements, are as follows
2



Lemma 1.1. Suppose f,g,h are real-valued functions on some fixed set X. Then the following
identities holds:

(2) f==3(f1- 1)

(b) f*=350f1+5),

) FV(gAR)=(fVg A(fVh
(d) FAlgVh)=(fAg)V(FAh
) )—h
) )—h

2

),
)

fvg=(+h)V(g+h
frhg=(f+h)A(g+h

)

(c
d
(e
(f

Exercise 1.1. Prove Lemma 1.1.

\

1.1. Metric Spaces. We assume that the reader is familiar with metric spaces. A pair (X, p) where X
is a non-empty set and p : X x X — [0, 00) such that for all z,y,z € X

e p(z,y) = p(y, z),

o p(z,y) < p(z,2) + p(2,9),

e p(z,y) =0if and only if z =y,
is called a metric space, and p is called a metric on X. We denote the open ball with radius » > 0 and
center x by

B(z,r) ={y € X : p(z,y) <r},

and the sphere with radius r > 0 and center x by

S(z,r)={y € X :p(z,y) =r}.

Note that we always have that B(x,r) is open, S(z,r) is closed and 0B(x,r) C S(x,r) but there are
situations when these are not the same (e.g. in X = N we have B(1,1) = {1} so 0B(1,1) = 0, but
S(L,1) = {2}).

The space (X, p) is said to be complete if every Cauchy sequence x1,x2,x3,... in X, i.e. such that
given € > 0 there is N such that p(x,, z,,) < € for all n,m > N, is convergent to some z (i.e. p(Tn,x) <€
for all n > N).

The space (X, p) is said to be compact if there for any open cover of X by open sets {O; }ier (i-e.
such that X = U,;c70;) is a finite subcover (that is a finite subset J C I such that X = U;c;0;). This
is equivalent to the condition that any sequence x,, of points in X has a convergent subsequence.

Given two metric spaces (X, px) and (Y, py) then we say that f: X — Y is continuous at x € X if
for every € > 0 there is d, > 0 such that

py (f(z), f(y)) < e for all y € X such that px(z,y) < J.

In case f is continuous at every point of X, then we say that f is continuous on X. If furthermore we
can choose 6, independently of z, then we say that f is uniformly continuous on X.

1.2. Normed spaces, Banach spaces. A pair (V,||-||) where V is a real vector space and ||z|| € [0, c0)
for all z € V such that

o ||kx| = |k|||z| for all k e R and = € V,
o llz+yll <zl +llyll for all z,y €V,
e ||z|| =0 if and only if x =0,
is called a normed linear (or vector) space, and || - || is called a norm on V. A norm induces a metric by
pla,y) = [z =yl
If (V, p) is complete, then (V|| - ||) (or simply V) is called a Banach space.

A continuous (or bounded) linear functional on a normed real vector space V is a real-valued linear
function F': V' — R such that there is a constant C' such that

|F(v)| < Clv|] forallveV.
One usually introduces a norm on these functionals as
[|F|| = inf{C : |[F(v)| < C||v|| forallveV}.

It is not hard to verify that these themselves forms a vector space called the dual space of V.
This space is furthermore always a Banach space.
3



2. MOTIVATION

e The concept of area goes back a long time, and this is in some sense the starting point of
integration theory.

e The principles of integration were formulated independently by Isaac Newton and Gottfried
Leibniz in the late 17th century, through the fundamental theorem of calculus.

e Probably the first definition that a modern mathematician would say comes close to a rigorous
definition seems to go back to Cauchy (Lécons sur le calcul infinitesmal, p.81), who defined
an integral which he “proved” to be well defined for continuous functions on closed bounded
intervals of the real line.

e In the 19:th century Fourier wrote his famous book Théorie analytique de la chaleur (The Ana-
lytic Theory of Heat), where the representation of very general functions using infinite trigono-
metric series were discussed.

e Now the natural question arose. If we can represent a function using Fourier series, then we
could also consider any convergent Fourier series to be a function. But as it turned out such a
function may not always be so well behaved, and naive definitions of integrals would not do!

e Riemann introduced the first rigorous definition of an integral, and it is usually good enough in
situations when we do explicit calculations.

e But it is unfortunately not enough when we need to deal with limiting processes.

E.g. Suppose f(z) =Y o2 (ay, cos(nz) + by, sin(nz)) (Fourier series):
when do we have that f(x) is integrable and when can we say that

b o b
/ f(z)dz = Z / (an, cos(nzx) + by, sin(nx))dz?
a n—ova

Note that if we define
k

fe(@) = (an cos(nz) + by sin(na)),
n=0

then clearly (if the Fourier series converges) fx(x) — f(x) pointwise, and also clearly

b k b
/ fi(@) = Z/ (an cos(nx) + by, sin(nx))dx
a n=172

for any reasonable definition of the integral since the sum is finite.
Hence the question is equivalent to whether

b b
/ f(x)dz = lem fr(z)da.

a
For Riemanns definition it is hard to prove such convergence results. A simple example to explain the
problem is given by the Dirichlet function f, which is the characteristic function of the set of rational
points in [0, 1]. Since the rationals are countable we see that there is an increasing sequence f,, such that
fn is zero apart from n points where it is 1, and f,, ' f everywhere on [0, 1]. Clearly fol fn(x)dz =0 in
Riemann’s sense, but f is not Riemann integrable.

2.1. Ways to define a more general integral. There are several ways to define a generalization of
the Riemann integral, but there are two that are mainstream (and they are more or less equivalent):

e Lebesgue’s approach, starting with generalizing length which gives rise to measure theory, and
then define the integral using this.

e Daniell’'s approach starting with the Riemann integral for say the continuous functions and
extending this directly to a larger class of functions.

Here we will begin by developing measure theory, but the integration theory section is developed for
the Daniell approach, mainly because this offers no essential extra difficulties and is a bit more general.
As it turns out it is not actually much more general, but as a byproduct one get for instance the Riesz
representation theorem for linear functionals on the space of continuous functions almost for free.

We do however not only want one-dimensional integrals, but want a theory which can be used to cover
situations such as higher dimensional integrals, integrals on curves and surfaces. Furthermore measure
theory is the foundation of modern probability theory as introduced by Kolmogorov. Therefore we will
use an axiomatic approach, which is relevant in all the above cases.
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3. SOME GENERAL ADVICE

Integration theory is a technical subject. Indeed nothing else should be expected since we are dealing
with a subject where simpler natural definitions such as the one by Riemann fails. There are a few
general tips that I find worthwhile to write down already here. It is probably a good idea to go through
them quickly now and come back to them later.

We will later define measure spaces (X, M, 1) where X is a set, M a suitable collection of subsets of
X (called a o-algebra) and p a measure which is a positive function on M with suitable properties.

Very often when we want to prove a statement regarding measures a good approach is the following:
Let @ denote the set of all subsets of M which satisfies the statement. Maybe a large class is easily seen
to belong to @ (for instance maybe all intervals if we work on the real line). Show that the class @ is
closed under suitable algebraic operations (unions and complementation typically), and finally that it is
closed under monotone limits of sequences of sets. Then this typically forces ® to be the whole set M.

Later when we define integrals a similar approach is often reasonable: Let ® denote the set of all func-
tions satisfying the statement. Prove that it contains many elements (often so called elementary/simple
functions but it could be continuous functions or something else). Often the last step makes it sufficient
to prove that ® is closed under monotone limits, which can often be done through one of the limit
theorems we will treat later, but on occasion one could also in analogy with the above need to prove that
® is closed under suitable algebraic operations (typically that ® is a vector lattice, or at-least a vector
space). Again this will typically force ® to contain all integrable functions

Finally it is as always important to think about special cases and examples. However, as stated
above, the Lebesgue theory is all about generalizing the earlier definitions to include cases where these
fails. Therefore it is important not to think of to simple cases. Often it is enough to consider sets
and functions on the real line, but choose somewhat nasty such. One example being for instance the
intersection between the rational numbers and intervals for instance, and the associated Dirichlet function
which is zero in all irrational numbers and one in the rational ones. Other important sets to keep in
mind are Cantor type sets (see example 5.23 below).

4. ALGEBRAS OF SETS AND LATTICES OF FUNCTIONS

4.1. Vector lattices.

Definition 4.1 (Lattice/Vector Lattice). Let X be a set.
e We say that a collection £ of functions from X to R is a lattice (for min, max) if for all
f,g€ L wehave fAge Land fVgeL,
o We say that a collection of functions H from X to R is a vector lattice if it is a lattice
and a linear space (i.e. af +bg € H if a,b € R and f,g € H).

\ J

In these notes lattices/vector lattices will always be with respect to pointwise max/min. Notice that
any vector lattice satisfies 0 € H, so for any h € H we have in particular h*,h™, |h| € H. We actually
have a converse to this.

e N\

Proposition 4.2. If H is a vector space of real-valued functions then the following are equivalent
(a) H is a vector lattice,

(b) |h| € H for every h € H,
(c) h™ € H for every h € H,
(d) h= € H for every h € H.

Proof. This is a simple consequence of Lemma 1.1, because if for instance (b) holds, then by Lemma
1.1 (a) and (b) we see that h™,h~ also belongs to H, due to that H is a vector space. Furthermore
fVg=(f—g)T +gaccording to Lemma 1.1 part (e) (applied to h = —g), and hence for any f,g in H
also f Vg in H, and likewise we may treat f A g. ]

Example 4.3. If K is a compact metric space and H = C(K) denotes the set of all continuous
real-valued functions, then H is a vector lattice of bounded functions.




4.2. Algebras, c—algebras and Monotone Classes.

r

Definition 4.4. Let X be a non-empty set. If 4 C P(X) is a non-empty family which is closed
under finite unions and complements, i.e.

(A1) Ay, Ay, Ay e A= UF_ | Aj € A,

(A2) Ac A= A e A,

then A is called an algebra of sets.

e Note that if A is an algebra then X = AU A° and () = X° belongs to A.
e Since ﬂ;‘”f:l A= (UleAg)c we see that algebras are also closed under finite intersections. Indeed

one could equally well have replaced unions by intersections in the definition of algebras.
e Since A\ B= AN B° weseethat A\Be Aif ABe A

Definition 4.5. If M C P(X) is an algebra which is closed under countable unions, then M is
called a o—algebra.

Since N2, A; = (U;‘;lAﬁ)c we see that o—algebras are also closed under countable intersections.

Definition 4.6. A family ® C P(X) which is closed under countable increasing unions and
countable decreasing intersections is called a monotone class in X.

Le. ® is a monotone class if &y C By C E3 C ..., where each E; € ®, implies that U2, E; € ® and

D1 D Dy D D3 D ..., where each D; in @, implies that N2, D; € ®.

The set P(X) itself is of-course an example of an algebra, a o —algebra and a monotone class. Algebras

and o-algebras are very fundamental concepts for measure theory, and a good understanding of them is
crucial for the future understanding of the material below.

,

~

Exercise 4.1. Prove that an algebra A is a o-algebra if and only if it is closed under monotone
increasing limits. In particular A is a o-algebra if and only if it is a monotone class.

Exercise 4.2. Let X be a set and let M denote the set of all subsets E of X such that either F
or E° is at most countable. Prove that M is a o-algebra.

Exercise 4.3. Suppose A is an algebra of sets in X, and let £ C X be any set. Show that the
collection

A ={ANE:Ac A}
is an algebra (called the induced algebra) of sets in E. Prove that in case A is also a o-algebra
then so is Ag.

Exercise 4.4. Let {A4;};c1 be any collection of algebras on the set X. Show that the intersection
A =N A; is also an algebra. Also prove the corresponding result for o-algebras and monotone
classes.

Exercise 4.5. Suppose £ is any family of subsets of the set X.
(a) Show that there is a smallest algebra A(E) containing all sets in £. This is called the
algebra generated by &.
(b) Show that there is a smallest o-algebra M(E) containing all sets in €. This is called the
o-algebra generated by £.
(¢) Show that there is a smallest monotone class ®(€) containing all sets in £. This is called
the monotone class generated by &.

(Hint: P(X) is an algebra/o-algebra/monotone class containing £. Now use the previous ezer-
cise.)




Exercise 4.6. Prove that if A is an algebra which is closed under countable disjoint unions, then A
is a o-algebra. (Hint: Given a sequence of sets Ey, Eo, E3, ... in A look at Ay = FE1, Ay = Ex\ Ey,
oy Ap =B, \UIZ[Ej,..)

Definition 4.7 (Borel sets). Given a metric space (X, p) the Borel o-algebra Bx is the smallest
o-algebra containing all open sets.

Lemma 4.8 (Monotone Class Lemma). If A is an algebra, then M(A) = ®(A).

Proof. Clearly ®(A) C M(A) since o-algebras are monotone classes. So we only need to prove that
®(A) is a o-algebra. To do so fix E € ®(A) and define

Op={Fec®(A): F\E,E\F and ENF are in ®(A)}.

®p is for each F a monotone class, and F' € @ if and only if £ € ®p. Furthermore if F € A, then
A C ®p since A is an algebra. Hence we see that ®(A) C &g for every E € A. Since this implies that
any F' € ®(A) also belongs to ®g in case E € A we see that any E € A belongs to ®r, and hence
®(A) C @p for any F' € ®(A). Hence for any E, F € ®(A) E\ F, F\ E and ENF belongs to ®(A). So
®(A) is an algebra and a monotone class, which proves that it is a o-algebra. O

'e N

Lemma 4.9. Suppose A is an algebra on X and A; € A for allt € I ={1,2,...,n}. If we for
each subset J C I define

cJ(ﬂAz)\ U4,

ieJ igJ
then we have that the sets Cy all belong to A, they are disjoint and

Proof. If J; # Jy, then there must be at least one ¢ which belongs to one but not the other. Without
loss assume that ¢ € J;. Then C; C A; and C;, C A{, and hence they are disjoint. That they all
belong to A is obvious since there are only a finite number of operations and all sets A; belongs to A by
assumption.

Finally if z € A; then let J, denote the set of all j such that x € A;. Clearly i € J, and x € Nje, A;
but x ¢ Ujgj, A; 50z € Cy, . O

'e N

Proposition 4.10. If € is a collection of subsets of X such that

e fek&,
o ifA/Bec& then ANB €€,
o if A€ & then A€ is a finite disjoint union of elements in .

Then every element in the algebra A(E) can be written as a finite disjoint union of elements in &.

Proof. Let A denote the collection of all finite disjoint unions of elements in £. We need to prove that
A is an algebra, i.e. closed under taking finite unions and complements.

To prove that A is closed under taking unions it is clearly enough to prove that the union of any finite
family of sets Aq, Ag,..., A, in £ also lies in A (even if they are not disjoint). We do this by induction
over n. For n = 1 there is of-course nothing to prove. Suppose now that

AjUAU---UA,_1 = UBja
j=1
7



where the family B1, Bs,. .., By, is disjoint in £. Then let A5, = Uj,_,C}, where the ), are disjoint in £.
Then we have

AjUAU---UA, 1UA, = A, UUB NAS) =

=1

HCE

OBka

and the last is a disjoint union of sets in €.
To prove that A is closed under taking complements, if Ay, As, ..., A, € £ with A%, = U‘j]gl BJ,, where
the BJ, are disjoint elements in £, then

( LnJ Am) = ﬁ Lj BJ = U (B{l n B%z N---N B%") ,
m m=t 1< jin < I
1<m<n

which belongs to A.
O

4.3. Algebras versus vector lattices. Later when we define integrals we start with a vector lattice
‘H that we will call elementary functions. The most important case is the case of so called simple
functions related to an algebra of sets .A. We need to understand these simple functions in detail.

's B

Definition 4.11. Let A be an algebra of subsets of X, and let H 4 denote the linear span of all
characteristic functions y 4 for A € A. Le.

n

Ha = {ZaiXAi L a1,02,...,0n ER,Al,AQ,...,An E A} a
i=1

Then the functions in ‘H 4 are called simple functions over A.

First of all note that if
n
¢ = Z aiX A;
i=1

is a simple function, then of-course the representation on the right hand side is not unique. When we
wish to define an integral of such later we of-course only want this to depend on ¢ and not the particular
representation of ¢.

If we apply Lemma 4.9 (using the notation from that lemma) we have with ¢y =

= cixc,

JCI

e 4 that

so we can always make a refinement to get a case where the sets C; are disjoint. Also note that ¢ is
a simple function if and only if ¢ takes a finite number of different non-zero values by, bo, ..., b; and
By, = ¢~ 1(b;) € A for each b; as well as ¢~1(0) € A. The set ¢~1(0) may be empty, i.e. the value 0 is
never attained, or ¢~1(0) = X which corresponds to that ¢ is identically 0. Then

k
¢ = Z biXBbi .
i=1
Indeed for all b; we have

By, = |J ¢
{J:C,] :bj}
This is called the canonical representation of ¢.

[ Proposition 4.12. The set H 4 is a vector lattice.

Proof. Obviously H is a vector space, hence it is, according to Proposition 4.2, enough to prove that
|¢| € H for each ¢ € H. But using the notation from above, if

k
(b = Z biXBbi
i=1

8



is the canonical representation of ¢, then

k
|¢| = Z |bi|XBb,i
i=1
which clearly belong to H by definition. O

5. MEASURES

5.1. Measures.

Definition 5.1. Let X be a non-empty set and let M be a o—algebra on X. A measure on M
(or X when M is understood from the context) is a function p: M — [0, 0] such that

(u1) p(@) =0,
(12) For any (pairwise) disjoint collection of sets {£;}32; in M we have

(U5, Ej) = ZM(EJ‘)-

The property (u2) is called countable additivity, and it essentially captures both the linearity and
limiting properties of measures. The triple (X, M, 1) is called a measure space. Note that countable
additivity implies finite additivity, since §) € M.

Some standard terminology concerning (X, M, u):

The sets in M are called u— measurable or simply measurable,

w is called finite if p(X) < oo,

p is called o—finite if X = U2, E; where u(Ej) < oo for each j.

A property which holds apart from a set of p—measure 0 is said to hold
p—almost everywhere (p—a.e.).

Example 5.2. Most examples of measure spaces of interest requires work to “construct”. Here
are a few that are important and simple however.

Let M = P(X) and let  be a point in X. Define p(E) =1 if x € E and 0 otherwise. Then p is
a measure called the dirac measure at x and is often denoted by 9.

Let M = P(X) and define u(E) =number of points in E (infinite if there are infinitely many).
This is the so called counting measure on F.

A more general example which contains the two above as special cases is given if we let M = P(X),
let f(x) be a positive function on X and define

k
w(E) = sup{Zf(mj) X1, Ta,... 2 € B}
j=1

Exercise 5.1. Show that if M is a o-algebra on X, p; is a measure on M and ¢; € [0,00) for
eachi=1,2,...,n, then Z?:l c; b 1s also a measure on M.

Exercise 5.2. Suppose (X, M, p1) is a measure space, and let E € M. Define p|g : M — [0, o0]
by

ulp(A) = u(ANE) for all A e M.
Prove that p|g is a measure. This is called the restriction of u to E. (Note that one could
also consider this as a measure on the induced o-algebra Mg in a natural way. Formally this is
of-course not the same, but the choice makes little difference in practice.)

Exercise 5.3. Suppose (X, M, ) is a measure space. Show that for any E,F' € M we have
w(E) +p(F) = w(EUF) + n(ENF).




Theorem 5.3. Let (X, M, pu) be a measure space.
(a) If A,B € M and A C B then u(A) < ,u(B)
() 17 By € M Jor i = L2,y then (U721 ) < %, (5.
(c) IfE; e M for j=1,2,... and E; C Eg C ..., then (U, E;) = lim; o p(Ej),
(d) If E; € M for j = 1,2,... and E; D E2 D ... and p(Er) < oo, then u(N2,E;) =
lim; oo 1(E).

Proof. We prove (a),(b) and (c) and leave (d) as an exercise. (a) follows since B = AU (B \ A) and the
union is disjoint, so p(B) = p(A) + u(B\ A) > u(A).

To prove (b) define Ay = E; and forn > 2 A, = E, \ U E Then the sets A,, C E,, are disjoint
and U?_; A; = U?_, E; for each n (including n = oo). Hence by part (a) we get

MU Ey) = plU32 Ag) = D p(Ay) < D ulEy)

To prove (c) note that with the above notation

o0

p(UL Ey) = p(U Zu

= Jim D)
j=1
= lim p(Uf_,45) = lim p(En).
O

The first property is called monotonicity, the second subadditivity and the two last continuity
from below and above respectively.

Note that the assumption p(F1) < oo in (d) can not be dropped. For instance if we on N let u be the
counting measure and E; = {n > j}, then each u(Ej;) = oo, but N2, E; = 0.

r

Exercise 5.4. Prove Theorem 5.3 (d).

Exercise 5.5. Suppose £ satisfies the assumptions of Proposition 4.10. Assume that ;2 and 7 are
two finite measures on M(E). Prove that if pu(A) = n(A) for all A € £, then this also holds for
all A e M(E) (i.e. w=mn). (Hint: Use the result of Proposition 4.10 together with the monotone
class lemma and continuity of measures.)

5.2. Complete measures. A measure p is said to be complete if for every set A such that there is a
measurable set B with the property that A C B and p(B) = 0, then A is itself measurable.
Theorem 5.4. If (X, M, u) is a measure space and we let M consist of all sets A € P(X) such
that there are E,F € M with E C A, A\ E C F and u(F) = 0, then M is a o—algebra which
contains M.
Furthermore if we define

i(A) = u(E),
where E is as in the definition above, then i is a measure on M such that u(A) = m(A) for all
AeM.

We call the measure space (X, M, i) the completion of (X, M, p).

Exercise 5.6. Prove Theorem 5.4.
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5.3. Outer measures.
Outer measures are mainly important as a tool to construct measures, but they do have some interest
in themselves as-well.

-

Definition 5.5. Let X be a non-empty set. A function p* : P(X) — [0, cc] such that
(w1) p*(0) =0,
(1*2) p*(A) <p*(B)if AC B,
(1*3) w* (U5 Ey) < 3752, 1 (Ej),

is called an outer measure on X.

In particular p* is monotone ((1*2)) and countably subadditive ((1*3)).

Definition 5.6. If p* is an outer measure on X, then A C X is called p*—measurable if
(1) 4 (B) = u* (AN E) + 1 (4° N B)
holds for all sets £ C X.

Remark 5.7. Note that
p(E) < p (AN E) + p (AN E)

always holds by subadditivity, so we only need to check the reverse inequality
p(E) z W (ANE) + p*(A°N E).

Also note that in case p*(E) = oo this holds trivially.

It is not so easy to motivate why this is the right definition other than that it gives a good theory.
Exercise 5.8 will later explain it a bit through the concept of inner measure.

What we can say is that in case there is some o-algebra M such that p* restricted to M is a measure,
then if E € M equation (1) must of-course hold for every set A € M by additivity.

In case of Dirac and counting measures (which are actually outer measures since they are measures
on all sets) all sets are measurable, but this is VERY RARE.

The following theorem due to Caratheodory is one of the most fundamental results regarding outer
measures.

Theorem 5.8. If u* is an outer measure on X then the set M of all u*—measurable sets forms
a o—algebra. Furthermore the restriction p = p*|apm is a complete measure on M.

Proof. Below E C X is an arbitrary set throughout. First of all note that in case A C X satisfies
w*(A) =0, then we have

(B0 A) 4+ 1 (B0 A%) < p*(A) + 1 (B) = ()

by monotonicity, and hence A € M. In particular ) € M. It is also clear that M is closed under
complementation due to the symmetry of the definition.
Suppose now that A, B € M, then if we use equation (1) first for A and then for B we get

pi(E) = p"(ENA)+ p* (BN A
=p"(ENANB)+p (ENANBS) +u"(ENA°NB) + u*(ENA°N B°).
But AUB = (AN B)U (AN B°) U (A°N B), so by subadditivity we get
W (ENANB)+u*(ENANBS)+p* (ENA°NB) > " (EN(AUB)),
and hence (since A°N B¢ = (AU B)°)
W (E) = 5" (EN (AU B)) + 1" (EN (AU BY).
So M is an algebra. Furthermore p* is finitely additive on M, because if AN B = (), then

p(AUB) = p*((AUB)NA) + p*((AU B) N A%) = p"(A) + 1" (B).



Finally we only need to prove that M is closed under countable disjoint unions, and that p* is
countably additive on such to complete the proof. So assume now that A, As, As,... is a disjoint
sequence of sets in M, and let B,, = U?:1Aj7 B = U‘J?';lAj. Then

w(ENB,)=p (ENB,NA,)+u (ENB,NAS)
— (BN A) + " (B0 Byy),
so by induction we have p*(E N By,) = Z?Zl w*(ENA,). Therefore

pi(E) =Y p(ENA)+p (EN B
j=1

> | UEnAy) | + @B
j=1

— (ENB) + ' (BN B) > (B,

Hence all the inequalities above must be equalities, which proves that B € M. If we let E = B above
we also see that p* is countably additive on M. (Il

5.4. Construction of outer measures.

Definition 5.9. A class of subsets K of a set X is called a sequential covering class if ) € K and
for every set A C X there is a sequence FE,, of sets in I such that

AC G E,.
n=1

Of-course it is necessary and sufficient that X C US2, E,, above for some sequence E, in K for this
to be a sequential covering class.

-

Theorem 5.10. Let K be a sequential covering class on X, and let X : K — [0,00] be such that
A(0) = 0. For every set A C X define:

w*(A) inf{i)\(En) B, ek, [j E,D A}.

n=1

Then p* is an outer measure on X.

The assumption that K is a sequential covering class guarantees that there actually is something to
take the above infimum over for any subset A of X, so p* is well defined.

Proof. The only thing that is not trivial to check is the countable subadditivity. To do so let A,, be a
sequence of sets. We need to prove that

w <U An) < Zu*(An).
n=1 n=1

To do so notice that by definition, for a given € > 0 we may for each n choose a sequence E}’ of sets in
K such that

A, c | Ex,
k=1
and
D OMER) < (An) + o
k=1
Hence

A S DD AED <3 (A e

n,k=1 n=1

12



When constructing outer measures one usually starts with some sequential covering class on which one
has decided what the measure should be. For instance if we want to generalize length on the real line,
then the class of all intervals (a,b) would be a natural choice, and we would then put A((a,b)) =b — a.
But for the above construction to be helpful one would need to make sure of two things:

e the value is preserved in the sense that p*(F) = A\(E) for any E € K,
e the sets in K are p*-measurable.

To deal with the first question many books starts from the assumption that A\ is a pre-measure on an
algebra K:

r

Definition 5.11. If £ is an algebra and A : K — [0, oo] is such that
e \(0) =0,
o for any countable disjoint sequence of sets E1, Ea, Fs, ... in K such that also US2 | E,, € K
we have

UL En) = 3 AER),

then A is called a pre-measure on K

\ J

One downside of this approach is that one needs quite a bit of control on both the set I and the
function A. For instance the open intervals does not form an algebra on R (one can build an algebra
from half-open intervals however). The following definition of a pre-outer measure is more flexible.

r

Definition 5.12. Suppose K is a sequential covering class, and that A : K — [0,00]. Then we
call A a pre-outer measure on K if A(()) = 0 and if for every E € K and every covering of F by a
countable union U7, E; of sets in K we have

AE) < Y NE).

The following theorem is an immediate consequence of the definition of p* from A.

Theorem 5.13. If )\ is a pre-outer measure on K, then the outer measure u* constructed from
A, KC satisfies that
w(E) = XE) for all E € K.

It is not difficult to show in the case of length on R with C consisting of open intervals (including the
empty set) that this gives us a pre-outer measure.

Theorem 5.14. Suppose that K is an algebra, and X is a finitely additive pre-outer measure on
KC. If we define u* as above, then all sets in K are p*-measurable with

w*(A) = A(A) for all A € K.

Remark 5.15. The conditions in the theorem above are automatically fulfilled if X is a pre-measure on

K.

Proof. The stated equality is a special case of the preceding theorem, so we only need to prove that all

sets in K are measurable. Suppose now that A € K and E C X is arbitrary. Choose a covering U2, A4;

of E by sets in K. Then since A; N A and A; N A€ all belong to K (since K is an algebra) we see that
pH(ENA) <D AMANA),

i=1

PH(EN A%< AA; N A%,

0

Il
—

K3
Since A is assumed to be additive we get

AA; N A) + A(A4; NA°) = A(4;),
13



and hence

pw(ENA) +p"(ENA°) < i A(4;).

Since p*(E) by definition is the infimum of sums of the form on the right hand side we see that

p(E) z p*(ENA) + p* (BN AS).

Exercise 5.7. In case K = P(X), then X is a pre-outer measure if and only if it is an outer
measure.

Exercise 5.8. Suppose that pg is a finite pre-measure on some algebra A on X (i.e. po(X) < 00).
Let p* denote the outer measure constructed from g and A as above, and define the inner measure
s on X by

o (A) = pio(X) — pr* (A%,
Prove that a set F is measurable (in the sense of equation (1)) if and only if p*(E) = p.(E).

5.5. Metric outer measures.

Suppose now that (X, p) is a metric space. The o—algebra generated by all closed sets (or equivalently
all open sets) is called the Borel o-algebra, and we will denote it by B = Bx.

We also define for a point € X and sets A, B C X

p(z, B) = inf{p(z,y) : y € B},
p(A, B) = inf{p(z,y): x € A,y € B}.

Definition 5.16. An outer measure p* on a metric space (X, p) is called a metric outer measure
if for any sets A, B C X we have

p(A4,B) > 0= p*(AU B) = " (A) + u*(B).

Theorem 5.17. If u* is a metric outer measure on (X, p), then every Borel set is p*—measurable.

Proof. Since the set of p*—measurable sets is a o—algebra it is enough to prove that all the closed sets
are measurable. So let F' be a closed set, and A any set with u*(A) < co. We need to prove that

1(A) > W (ANF) + p* (AN FO).

(Note that if u*(A) = oo this inequality is trivially satisfied, and the reverse inequality is also always
satisfied by subadditivity.)
The first step is to prove that there is a sequence of sets E,, C AN F° such that

p(En, F) = 1/n,

and
lim p*(E,) = p* (AN F°).

n—oo
Once we have this it is easy to complete the proof using the definition of metric outer measures.
To prove the existence of F,, define

E,={z€ ANF°:p(z,F) >1/n}.

We will prove that these E,, satisfies the above. (Note that AN F°¢ C F© which is open). Clearly E,, is an
increasing sequence of sets, so p*(E,,) is an increasing sequence of real numbers which all are bounded
from above by pu*(AN F°). It is also easy to see that AN F° = U2, E,, (using that F' is closed). It is
now enough to show that u*(Ea,) — pu*(AN F°) as n — co. Define the sets

Gn = En+1 \ En
14



and note that

ANF® = By, U ( U Gk> = Ep, U (U sz) Y <UG2k+1>'
k=n

k=2n k=n
Hence
e (Bsn) < 0 (AN FS) < i (o) + 30 4 (Gor) + 3 1" (o).
k=n k=n
Now we use (which is the main point of the construction)
1 1 1

p(Gar, Gagr2) > 0.

> — =
“2%k+1 2k+2 (2k+1)(2k+2)

Since Fa, D UJZ| Gay, we get (using that p* is a metric outer measure)

S 1 (Gar) = 1 (U, Gk < (B
k=1
Hence
> 1w (Gax)
k=1
is convergent. A similar argument will show that
o0
> 1 (Garga)
k=1
is convergent. Therefore, since this implies that Y po  u*(Gak) + >opep ¥ (Gokt1) — 0 as n — oo,

together with the above this proves the statement. O

Now we come to the construction of metric outer measures, and we will need some assumptions on
our sequential covering class K. We define the diameter of the set A

d(A) = sup{p(z,y) : z,y € A}, d(0) = 0.

Theorem 5.18. Assume that K is a sequential covering class on X such that for each n the set
K,={AeK:d(A) <1/n}

is also a sequential covering class. Furthermore assume that A : KK — [0, 00] with A(0) = 0.
For each n we define (in accordance with the previous section) the outer measures

wr (A) = inf {i M Ey) : By € Ky, G Er D A} .

k=1 k=1
Then
pn (A) < piygq(A)
holds for any subset A of X. If we furthermore define

po(A) = lim pir (A),

then pg is a metric outer measure.

L J

Proof. Since K, D Ky41 we see that u,(A) < pr ;1 (A) holds for any A C X.

To prove that p is an outer measure is easy using that all p are.

To prove that it is a metric outer measure, assume that p(A, B) > 1/n for all n > ng (if p(4, B) > 0,
then there clearly is such ng). Let € > 0. For each n we may then cover AU B with sets E} € K,, such
that

pn(AUB) +e > AEp).
k=1
Since d(E}}) < 1/n for each k we see that each E} can intersect at most one of A and B. From this it
follows that
1o(AU B) = pg(A) + p5(B).
(Indeed this follows also for . for each n > ng). O
15



One may ask when the definition of ©* given in section 1:

= inf{i)\(En) :E, ek, G E,D A}
n=1

n=1

gives the same measure as pg. In general this is not true. For this to hold one also needs assumptions
on A:

r

Theorem 5.19. Assume that for each set E € IC, € > 0 and n € N there is a sequence Ey, € IC,,
such that

EC U Ey,
k=1
and -
> AEr) S AEB) +e.
k=1
Then p* = pg.

Proof. Clearly p*(A) < uf(A) for all sets A by construction. By assumption, for any A C X there is a
sequence F; in K such that

p(A) +2/2> ) NE;)

j=1

Also by assumption each F; can be covered by sets Ej from /C,, such that

J
Z)\E < AEj) + 2J+1

Hence
]
22 AE) =520 (AED - 575) —5
j=1 j=1k=1
(oo}
=D ME
J.k=1
Hence
pr(A) > pp(A) —e.
Since € and n are arbitrary the proof is done. O

's B

Exercise 5.9 (Lebesgue measure on RY). Call a set R a rectangle in RY if there are numbers
a; <b;,i=1,2,..., N, such that

R = {xGRN:aigwi < b foralli:1,2,...,N}.
Let K be the set of all rectangles including ), and define
/\(R) = (bl — al)(bg — ag) s (bN — CLN).
Also put A(@) = 0. Show that with the notation from above
1= pg,
and it is a metric outer measure. The restriction of u* to the p*-measurable sets, which we denote
by M, is called the N—dimensional Lebesgue measure, and we denote it by my (or simply m

when N is understood from the context).
In particular every Borel set is mpy-measurable, and (using the notation from above)

mN(R) = (bl — al)(bz — CLQ) e (bN — GN)
for every rectangle R C RY.

16



Example 5.20 (Hausdorff measure). This time we let I consist of all balls (including the empty
set)

B(a,r) ={z € RN : |z —a| < r}.
Define, for s € (0, 00)

As(B(a,r)) =r®.

The pair A, K satisfies the hypothesis of theorem 5.18, but not 5.19 in general. The measure p
constructed above using these is called the s—dimensional Hausdorff measure and is often denoted
He. (It is instructive to look at the case N =2 and s = 1 and try to visualize what this measure
is for a curve in the plane.) There is an important point here as-well. In metric spaces balls
have a central role, and unless we are in one dimension it is not so easy to build algebras around
these as it is for rectangles. Therefore it is often better not to rely to heavily on the concept of
pre-measures.

17




5.6. Regularity and Invariance of Lebesgue measure.

,

Theorem 5.21 (Regularity of my). Let E € M,,, . Then
my(E) =inf{myU): ECU, U open}
=sup{mn(K): K C E, K compact}.

Theorem 5.22 (Invariance of my). If E € My, , then for every s € RY
my({z+s:x € E}) =mpy(E),

and for every t € R
my({tz : x € E}) = |t|Nmn(E).

Example 5.23. Before looking at the next exercise here are two situations to look out for, even
on the real line. Suppose we let A denote the set of all rational numbers in [0, 1]. Let furthermore
m denote Lebesgue measure restricted to [0, 1]. Since A is countable we clearly have m(A) = 0.
Indeed, suppose € > 0 and we enumerate the points in A as qq, ¢1, qo, . - ., then we may put

o0
€ €
0= (&~ govm s+ 7))
1=0

Then A C O where O is open, and we have

oo
m(0) <Y
i=0
Also K =0,1] \ O is compact, and m(K) > 1 —e.
Note that an open subset on the real line is always a finite or countable union of disjoint intervals,
whereas nothing of the sort is true for compact sets.
Another case to consider is the Smith—Volterra—Cantor set (similar to the classical Cantor middle
third set) which is constructed as follows. (The below material is taken from the Wikipedia page
”Smith-Volterra-Cantor set” which contains some nice graphics as-well.)
In the first step we remove the middle 1/4 from [0, 1] so the remaining set is

pofi]

The following steps consist of removing subintervals of width 1/2%" from the middle of each of the
2n — 1 remaining intervals. So for the second step the intervals (5/32,7/32) and (25/32,27/32)

are removed, leaving
0 3107 303 3] o[
' 32 32’8 8’ 32 3277

Continuing indefinitely with this removal, the Smith—Volterra—Cantor set is then the set of points
that are never removed. Since a set of measure

| o

7 = Eo

DN
S

— 2 1 1 1 1
Lpm ittt T

is removed from [0, 1] we see that this set has measure 1/2.

Exercise 5.10 (*). Prove Theorems 5.21 and 5.22.

18



Example 5.24 (Non-measurable set). Here we will give an example of a set N C R which is not
Lebesgue measurable. More precisely we will prove that there is no map u : P(R) — [0, o] such
that

(1) p(Us2 E;) =02, u(E;) for all disjoint sequences E; C R,

(2) p{y:y—z € E}) = w(E) for all E C R and all z € R,

(3) u([0,1)) = 1.
I.e. there is no countably additive translation invariant function p generalizing length to all
subsets of R. Note that the construction below depends on the axiom of choice (indeed if one
removes the axiom of choice it is consistent with the other axioms of set theory to assume that
all subsets of R are Lebesgue measurable).
To prove this we define the equivalence relation on [0, 1) by

x~yifx—yeqQ,

where Q denotes the rational numbers. Let N C [0,1) contain exactly one element from each
equivalence class (axiom of choice). Also let R =QnN [0,1] and put

N, ={z+r:z2e Nn[0,1-r)}U{z+r—1:ze Nn[l—r,1)} forr € R.

Tt is easy to see using (2) and (3) above that u(N,.) = p(N) for each r, and by construction these
forms a countable family of pairwise disjoint sets. Hence

1= u([0,1)) = 3" (M) = 3 (V).
reR reR

However there is only two possibilities for the last sum. Either p(N) = 0, in which case we get
the sum 0, or x(N) > 0 in which case we get the sum co. In either case this gives a contradiction.

Exercise 5.11 (**). Let F': R — R be increasing and right continuous. Let
K ={(a,b]: —co <a<b<oo}U{0}.
Let
Ar((a,b]) = F(b) — F(a) and A\g(0) = 0.
Prove that Ag is a pre-outer measure, that it satisfies the assumptions of Theorem 5.19 and hence
that the outer measure pj, constructed from Ar and K satisfies

pp((a,0])) = F(b) — F(a),
for all (a,b] € K. The measure p1, which is the restriction of }, to the puj-measurable sets (which
then includes all the Borel sets) is called the Lebesgue-Steltjes measure. Prove also that

pr((a, b)) = F(b™) — F(a),
where F(b™) = limy_p o<p F'(2).

6. INTEGRALS

In this section we will outline the fundamentals of the definitions and properties of the integral from
the Daniell point of view. The case when we start from a measure space (X, M, 1) is however the most
important, so we start with some basic notions about simple functions and measurability of functions

defined on such a space.
We will here restrict attention to extended real-valued functions, i.e. functions
f:X = R=[-00,).
R is given the usual topology, i.e. we say that a set O is open if:

e for every x € O NR there is some r > 0 such that the ball B(z,r) is contained in O,
e if 0o € O then there is some T € R such that (T, 00] C O,
e if —oo0 € O then there is some T € R such that [—o00,T) C O.
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6.1. Measurable functions in the measure space context. B
We say that f: X — R is (M-)measurable if for every open set O C R the set f~1(0) € M.

Exercise 6.1. Show that for any function f: X — R the set
{ACR: f71(A) e M}

forms a o-algebra in R.

Hence f is measurable if and only if f~*(O) € M for every Borel set O C R. It also follows that in
case the family of sets A generates the Borel o—algebra (i.e. all sets in A are Borel sets, and the smallest
o—algebra containing all of them is the Borel o—algebra) then f is measurable iff f=1(0) € M for every
Borel set O € A.

In particular f is measurable iff f~!((a, oc]) is measurable for every a € R, or similarly iff f =1 ([—o0,a))
is measurable for every a € R.

The set of measurable functions can quite easily be proved to be closed under many operations:

Theorem 6.1. (a) If f,g: X — R are measurable then
f+ g is measurable.
(b) If f,g: X — R are measurable and a € R then
af, fVgand fNg

are measurable,
(¢) If fn : X — R are measurable for all n € N then so are

sup fn, inf f,, limsup f,, liminf f,.
n n n—oo n—00

L J

The reason for the assumption of real values in (a) is simply because the sum f 4+ ¢ is not defined at
points where one of the functions is oo and the other —oo. In case there are no such points then the
result still holds for extended real-valued functions.

Proof. Let us prove two of these and leave the rest as an exercise. Suppose f, g are measurable, then
(f+9) (a,00) ={x € X : f(z)+g(z) >a} = U({x eX:flx)>a—qgtn{zre X :g(x)>q}).
q€Q

The right hand side of this is measurable, since each set in the countable union is measurable by assump-
tion.
If we look at a sequence g,, of measurable functions we have instead

(Sl;pgn)*l((avoo]) ={reX: sgbpgn(x) >a}l=|J{z € X :gu(x) > a}.

n=1

Again the right hand side is measurable since it is a countable union of measurable sets. O

' p

Exercise 6.2. Prove the remaining cases of Theorem 6.1.

Exercise 6.3. Suppose f,g: X — R are measurable and define the set
A={z e X: f(x) =00,9(x) = —o0}U{r € X : f(x) = —00, g(x) = o0}.
If we let h(z) = f(z) 4+ g(x) for all x € A and h(z) = 0 otherwise prove that h is measurable.

Exercise 6.4. Give an example of an uncountable family {f;};c; of measurable functions for
which the supremum is not measurable. (Hint: Look at X = R with Lebesgue measure m. You
may use the result that there is a non-measurable set E C R without proof.)
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6.2. Simple functions.
A function which can be written on the form

n
¢ = Z ;X A;
=1

where each a; € R and A; € M is called a measurable simple function (so in particular it has values
in R). We denote the set of all such by H .

Recall that according to Proposition 4.12 the set of measurable simple functions is a vector lattice
(w.r.t. max/min).

If we furthermore can choose the sets A; such that p(A4;) < oo for every i then we say that ¢ is an
integrable simple function. We denote the set of all such by H,,.

e N

Exercise 6.5. Prove that the set H, of all integrable simple functions is a vector lattice.

Proposition 6.2. A function f : X — R is measurable if and only if it is the pointwise limit of
a sequence of simple functions. This sequence can be chosen to be increasing in case f > 0.

In case the measure space (X, M, ) is o-finite, then these can even be chosen to be integrable
simple functions.

\

Proof. Suppose f > 0, then for each n define the functions
Soif Sl < flo) < ok, i=1,2,...,n2"

fu(z) = { n i f(z) > n.

In case f is not positive we may simply choose f,F — f* and f, — f~ pointwise, then f, — f~
converges to f pointwise.

Finally, in case X is o-finite we can always choose an increasing sequence of sets FE,, of measurable
sets with finite measure such that U5 ; £, = X and multiply our given sequence f, with xg, . O

6.3. The integral of simple functions in the measure space context. For an integrable simple
functions we know what we want the integral to be:

1,(6) = / b= Y a4,

Exercise 6.6. Prove that the value I,,(¢) does not depend on the particular representation of ¢ of
the form ¢ = Z?:1 a;xa,, and that I,, : H,, — R is linear and monotone in the sense that if ¢ < ¢
then [ ¢du < [dp. (Hint: gwen two representations use Lemma 4.9 to get a representation
which is a refinement of both in the natural sense.)

Exercise 6.7. Let X = N, M = P(N) and p be counting measure. Describe the integrable
simple functions and the integral I,, for such.

Lemma 6.3. In case ¢, is a decreasing sequence of integrable simple functions such that ¢, \ 0
then I,,(¢n) — 0.

\

Proof. Let € > 0. Put A, = {z € X : ¢(z) > ¢}. By assumption we have that N2 ;4,, = 0 and
(A1) < o0o. Let M =sup{¢1(z) :x € X} and E = {x € X : ¢1(x) > 0}. The fact that ¢; is a positive
integrable simple function implies that M € [0, 00) and that u(E) < oo. Since the sequence is decreasing
we get

én <exe+ Mxa,-

Hence by monotonicity and linearity we get

0< Iu¢n < €I;LXE + MIHXATI, = S,U(E) + M,LL(AH)'
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Since e > 0 is arbitrary and u(A,) — 0 as n — 0 by continuity from above for measures we get the
result. O

6.4. The Daniell integral. Here we will work with the Daniell integral, which is a bit more general
than the Lebesgue approach. This choice is due to that it gives some definite advantages later without
actually offering any extra difficulties in the proofs.

For the rest of this section we assume that X is a set and H a fixed vector lattice of
bounded real valued functions on X.

-

Definition 6.4. A function [ : H — R which is:

e Linear: I(af +bg) = al(f)+bl(g) for all a,b € R, f,g € H,

e Positive: For all h € H with h > 0 we have I(h) > 0,

e Order Continuous: For all sequences h,, € H with h,, \, 0 we have I(h,) — 0,
will be called an elementary integral (or Daniell integral) on H. We will usually write ITh = I(h).
We call the triple (X, H, ) an integration space.

Example 6.5. The most important case for us is when we start with a measure space (X, M, u).
Then we let H = H,, denote the integrable simple functions, which we know forms a vector lattice,
and for a function f € H we let

17 =10 = | fan

Then it follows from our earlier results that (X, %, I,) is an integration space.

Example 6.6. Let R denote a closed and bounded rectangle in RY, and let # = C(R) denote
the set of all continuous real valued functions on R. Then # is a vector lattice, and if we let I f
denote the Riemann integral of f, then I is an elementary integral on #H. (This is so because
if a sequence f,, of continuous functions decreases to 0, then the convergence is automatically
uniform.)

This example offers a different approach to define the Lebesgue integral in RY.

Note that we have the following:

o h<k= Th<Ik, because 0 < I(k —h) = Ik — Ih.

o —Ih™ <Ih<Iht <Ilh|and —ThT < —Th < Th~ < I|h|.
In particular we have the triangle inequality:

e |Ih| < I|h|.

For the rest of this section I is an elementary integral on the set of elementary functions
H. We will now extend the definition of the integral in two steps.

( N

Definition 6.7.

Lt = {f : X = R : there is a sequence h,, € H such that h, 7 f and sup Ih, < oo}.
n

For f € LT we define
If =sup{Ih:heH,h<f}

\ J

Clearly H C LV since we may for f € H choose h, = f for each n in the definition above, and also
clearly the definition of I still is consistent with the original value of I on H by monotonicity. Note that
a function in £1 does not need to be positive, but they are always bounded from below by some function
in H, and hence bounded from below by some constant.

Remark 6.8. Note that in case we work in the context of a measure space (X, M, p) with the integrable
simple functions as our elementary functions, then every function in LT is measurable, since it is a
pointwise limit of a sequence of measurable functions.
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Lemma 6.9. If h,, is a sequence in H, h, / f and k € H satisfies k < f then Ik < lim,, oo Lhy,.
In particular Th, 7 1f.

Proof. Note that (k — h,)" \,0 and (k — h, )" € H. Hence
I(k — hy) < I(k— hp)t N\ 0.

For the last part note that by definition for any ¢ > 0 there is k € H with k& < f such that Ik > If — .
Now Ih, / «a such that a > Ik gives the result. O

'e N

Theorem 6.10. L7 is a positive cone (i.e. af +bg € LT for all a,b € [0,00) and f,g € LT) and
a lattice (but not a vector lattice).
Furthermore:

(a) I(af +bg) =alf+blg holds for all f,g € LT and a,b € [0,0).

(b) fELT, f>0=1f>0.

(c) If fn is a sequence in LT such that f, / f, then either If, / oo or f € LT and

Ifn /If.
(d) If fn is a sequence in LT such that fr, \ 0, then If, \, 0.

\ J

Proof. That L7 is a positive cone and a lattice is easy to verify (just look at ahy, + bk, by V kp, b Ak,
where h,, /' f and k, * ¢), and also (a) and (b) follows more or less immediately from the definition.

To prove (c), for each n we choose a sequence h};, € H such that Al 7 f, as m — oo. Now define
gn = hLVhZV---Vh € H. Clearly g, is increasing, and since hf, < g, < f, for all i < n it follows
that g, * f, and also, by Lemma 6.9, we have Ig,, A If. Since Ig, < If, < If we get the desired
conclusion.

To prove (d) assume that f,, \, 0, let £ > 0 be fixed and choose hy € H such that hy < f; and If; <
IThy +€/2 and hy < hy /\f2 such that [(hl /\fg) < Ih2+5/4. Now note that I(hl /\fg)+](h1 \/fg) =1h +If2
and h1 \ f2 < fl, SO

Tho+e/4>I(hi A fo)=Thi+Ifo—I(h1V fo) >Thi+1fy—1f1 >1fs—¢/2.
So
Ihg Z IfQ — (6/2 +E/4)
Inductively choose hy, < hy,—1 A f, and Thy, > I(hp—1 A fr) — /2™, Then one gets
Thy > Ifn =Y /2 > 1f, —e.
j=1

Now since h,, \, 0 we have by definition that Ih, N\, 0 and hence I f,, \, 0 since ¢ is arbitrary.

(We should remark here that some care has to be taken when proving part (d). It would be tempting
to try to use (c) on f; — f, for instance, but note that £ is not a vector space, so we can not use
subtraction.) O

We now further will extend the definition of I.

Definition 6.11. We let £ denote the set of all extended real-valued functions f such that for
every € > 0 there are h,g € LT such that —h < f < gand I(h+g) <e.

Proposition 6.12. A function f belongs to L if and only if there are decreasing sequences hy,, gn €
LT and a € R such that

o —h, < f<gy, foralln,

o —Th, M« and Ig, \ .

\ J

Proof. If h,, g, are as in the statement, then we have Ig,, + Ih,, = Ig, — (—Ih,) “\, 0, and hence we see
the sufficiency.

Conversely, if we for each n may choose g/, h. such that —h!, < f < g/ and I(h), +g,,) < 1/n
then we may define h,, = A7_;h} and g, = A}_,g;. It is easy to see that —h;, < —h, < f <g, <g

9

/

= n
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for each n, so in particular 0 < I(g, + h,) < 1/n. Clearly Ig, is decreasing to some «, and since
—TIhy, = Ig, — I(gn + hyn) we get that —Ih,, (which is increasing) also converges to a. O

We now define for any f € £
If = a,
where « is as in Proposition 6.12.

We have LT C L because if f € L, then we may choose g, = f for all n, and by definition there
is a sequence h,, € H such that —h, ~ f. Note that I is well defined on £ since if h,g € LT are
such that —h < f < g and h,, g, are sequences as in the proposition, then g + h,, > 0, and hence
I(g+ hy) =Ig+1Ih, >0, or equivalently —Th,, < Ig. Similarly —Th < Ig,,. Taking limits we hence see
that indeed —Ih < o < Ig, so there can be at most one such value a. Finally we note that if f € £ then

If =sup{—Ih:he LY, ~h< fy=inf{lg:gec LT, f<g}.

The set of integrable functions £ forms a vector space as long as we handle the points where the
functions might be oo in an appropriate way. What we need is the concept of a null set:

Definition 6.13. We say that a set A C X is a (I—) null set if there is a function f € £ such
that f >0on X, f > 1on A and If = 0. A property which holds apart from a null set is said
to hold (I-)almost everywhere (a.e.).

Clearly the above definition is equivalent to that x4 € £ with x4 = 0, since 0 < x4 < f. The
definition is equivalent to that for each € > 0 there is 0 < g € £ such that g > 1 on A and Ig < e. It is
furthermore easy to verify that a countable union of null sets is itself a null set (look at f,/2").

r

Exercise 6.8. In case we work in the context of a measure space (X, M, u), show that A is
I,-null if and only if there is a set B D A in M such that p(B) = 0. (In general A need not be
measurable, but if u is complete, then it is measurable with measure zero.)

We also have the following characterization.

Lemma 6.14. A set A C X is a null set if and only if for every e > 0 there is an increasing
sequence hy, € H with hy, >0 on X, lim,_yoo hyy, > 1 on A and Th, < e for all n.

\ J

Proof. By definition, if A is a null set, then there is f € £ such that f > 0on X, f >1on Aand If =0.
Now by definition there is g € LT such that f < g and Ig < If +¢ = &. Again by definition there is
h, € H such that h, g, and (by looking at h, V 0 if necessary instead) we may assume h,, > 0. This
gives the desired sequence.

Conversely assume that we for each m choose an increasing sequence h]' with A" > 0 on X,
lim, 0o A > 1 on A and Ih!* < 1/m. This sequence A" 7 g, as n — oo where by definition
now g, € L and g, > 0on X, g, > 1 0on A and Ig,, < 1/m. Now look at hy, = g1 Aga A...Agp. This
sequence of functions in LT satisfies h, > 0 on X, h, > 1 on A and Ih,, < Ig, < 1/n. Furthermore h,
is decreasing to some function f. Since ITh, \,0 and 0 < f < h,, we see that f € L and If = 0 as we
wanted. O

Remark 6.15. In case we work in the context of a measure space (X, M, u) with the set of integrable
simple functions as our elementary functions, then we see that for any element f € L there are elements
h,g € L such that h < f < g, both h and g are measurable and h = g p-a.e. To see this note that if
we choose hy,, g, as in Proposition 6.12, then h, \, —h and g, \, g with the stated properties, because
gn + hy is decreasing with I(g, + hy) N\ 0.

In case p is complete then in particular f is measurable. In this context we will also write

L) ={f €L:fis M-measurable}.

In particular L' (u) and L are equal if pu is complete, and in either case any function f € L can be
modified on a set of measure zero to become an element in L (u).
We also define

/fdu = I,f for all f € L'(p).
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Lemma 6.16. (a) If f € L then the set {x € X : |f(z)| = oo} is a null set. Furthermore if
feL andu:X — R differs from f on at most a null set, then v € £ and If = Tu.
(b) If f > 0 belongs to L and If =0, then {x € X : f(x) > 0} is a null set.
(¢) If f,, > 0 is a decreasing sequence in L and I f, \, 0, then f, \ 0 a.e.

Proof. (a): There are h,g € LT such that —h < f < g, and hence
{zeX:|f(x))=c}Cc{recX : ht(z)=o0c}U{z € X :g"(2) =0}

Therefore it is enough to prove that A = {x € X : k(z) = oo} is a null set for every positive function
k € £*. But now the function k/n € LV is infinite on A for each n, and since I(k/n) = 21k \, 0 this
shows that A is a null set, because we have 0 < x4 < k/n for each n.

Since for the null set A = {z € X : u(z) # f(x)} we have ooxa € L we see that (with the notation
from above) —h — coxa < u < g+ ooxa, and hence we easily get from the definition that v € £ with
the same integral as f.

(b): It is enough to prove that A; = {z € X : f(x) > 1/j} is a null set for each j. Now by definition
of the integral there is a sequence of functions g, € L' such that f < g, and Ig, decreases to zero. But
for each j we have x4, < jgn, and I(jg,) decreases to zero. Therefore I(xa,) = 0 by definition.

(c): By definition of £ we may for each n choose g, € LT with f, < g, and Ig, < If, +1/n. Let
9y, = Nj—19;- Then f, < g, < g, and gj, is a decreasing sequence in LT. Since g;, decreases to a function
g with 0 < g < g/, we see that g € £ and Ig = 0. Therefore {x € X : g(z) # 0} is a null set, and by
construction it contains the set of points where the limit of f, is non-zero. O

What the above lemma says in particular is that how we interpret for instance a sum of two functions
f 4+ ¢ in L on the set where the functions are +0o does not make any difference for the integral. For
this reason one can allow integrable functions to be defined only on a subset of X whose complement is
a null set. With this at hand we can now formulate the following theorem, where we now use the above
in the interpretation of the statement about linear combinations of functions in L.

Theorem 6.17. L is a vector lattice. Furthermore I : L — R satisfies:
(a) For all a,b € R and f,g € L we have I(af +bg) = alf + blg.
(b) fEL f>0=1If>0.
(c) For any sequence f, (0 in L we have I f, \ 0.

Proof. We note that if fi,fo € £, and h;,g; € L1 satisfies —h; < f; < g; and I(h; + g;) < €/2,
then —(hy + ha) < fi+ fo < g1+ g2 and I(hy + has + g1 + g2) < ¢, and hence f; + fo € L. Also
—(hi Aha) < f1V fa < g1Vga, and I((h1 Ah) + (g1 V g2)) < I((h1 + g1) + (he + g2)) < &, because
(h1 Aha)+ (g1 Vg2) < ht+ g1+ ha+ ga (since h; + g; > 0). If on the other hand f € Land —h < f <g
with I(h + g) < g, then for a > 0 we have —ah < af < ag and I(ah + ag) = al(h+ g) < ae. For a <0
we get ag < af < —ah instead, and I(—ag — ah) = —al(h + g) < —ae. From these statements it indeed
follows easily that £ is a vector lattice and that I as defined on £ is linear, so (a) is proved. (Note that
all inequalities and sums are meant a.e. above).

(b) is obvious and the proof of (c) is similar to the proof of part (d) of Theorem 6.10, where we instead
of choosing functions h,, € H choose functions h,, such that —h, € L*. O

Exercise 6.9. Let X = N, M = P(N) and u be counting measure. Describe £!(u) and the
integral I,, in this context.
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Exercise 6.10 (Integration over subsets). Let (X, M, u) be a measure space. Given E € M
then we may define integrals with respect to u over E by the formula

/Efdu:/fxEdu,

where we interpret fxg as 0 on E° regardless of the value of f there. We could alternatively let
(see Exercise 5.2 for the definition of y|g

)
[Efduz/fdulE.

Show that these two definitions gives the same value for any function f € £(p).

7. CONVERGENCE THEOREMS

Theorem 7.1 (Monotone Convergence Theorem). If f, € L, f, > 0 and f, 7 f a.e., then
either I f, > o0 or f € L withIf, "1f.

Proof. Without loss of generality we may assume that the convergence is everywhere. Assume that
If, /1C < 0. Let

kv = fi,ke=fa—f1,.. s kn = fn— fam1
so that each k; > 0 and
ki+ko+...+ky= fn
Hence Y7 | k, = f, and each k, € L, k,, > 0. For each n we may now choose h!,, g, € LT such that
0< —hj, <kn <g,
and
I(hy, +g5) < /2"

(Because if h!! € LT satisfies —h!! < k,, then h], = )/ N0 € LT also satisfies —h!, = (—h!)" < k,, since
kn, >0.) Then

hn:Zh; eLt andgn:Zg;- eLh.
j=1 j=1

Furthermore
—hn < fro < gny I(hy+gn) <eand —Ih, <If, <Ig,.

Now g, /g € LT for some g € LT, and —h,, is also increasing. By theorem 6.10 we get that Ig,  Ig,
where by construction C < Ig < C' + €. But also —Ih,, is increasing to some real number « such that
a > C — g, and hence there is some N such that —Ihy > C — 2e. But now —hy < f < g and
I(g + hn) < 3e. This gives the result. O

Theorem 7.2 (Beppo-Levi). Suppose f; € L satisfies f; > 0 a.e. for each i € N. Then either
lim,, s o0 I(ZZ‘L:1 fi)=o0cor f= 221 fi € L and

1(f) = S 1(f).
i=1

Proof. Apply the monotone convergence theorem to the sequence g, = > 1, f;. O

Theorem 7.3 (Fatou’s Lemma). If f,, € L, f, >0 and f, — [ pointwise a.e. on X, then either
liminf, o If, =00 or f € L with liminf, .. I[f, > If.
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Proof. Without loss assume that the convergence is everywhere. Assume liminf, o If, < oo. Let
gn = Nj2,, fj- Then g, < fp, gn is increasing and g,, /* f pointwise on X. Furthermore note that since
0< fn— /\é\[:nfj € L and I(f, — /\;V:nfj) < I(fn) < co we see by monotone convergence that f, — gn
belongs to £, and hence by linearity so does g,,. If we again apply the monotone convergence theorem,

then we have Ig, / If, and hence since Ig, < If, for every n we get the result. O

Theorem 7.4 (Dominated Convergence Theorem). If f,, € L, f, — f pointwise a.e. on X and
|fnl < g €L ae foralln, then f €L and If, — If.

Proof. Without loss we may assume that the convergence and inequalities holds everywhere. Since
g+ fn > 0 we get by Fatou’s lemma

liminf I'(g + f,,) = Ig+ liminf I f, > I(g+ f) = Ig+ If,
n—oo n—oo

and hence
liminf I f, > If.
n—oo
But we also have g — f,, > 0, and if we apply Fatou’s lemma again we get in a similar manner
liminf I(g — f,) = Ig —limsupIf, > Ig —If,
n—oo n—00

and hence
limsupIf, <If.

n—oo

Exercise 7.1. Suppose 1 € £ and f, is a sequence in £ which converges uniformly to f. Prove
that also f € £ and If, — If. Give an example for R with Lebesgue measure m = m; of a
sequence of positive functions f,, in £'(m) which converges uniformly to 0 but [ f,du = 1 for
each n. (The assumption 1 € £ corresponds to that the set X has finite measure, so in particular

1¢ LY (m).)

Exercise 7.2. On (0,1) with Lebesgue measure m, show that the sequence

n 0<z<l/n,

f"(x):{ 0 1I/n<z<1
satisfies that f,, — 0 pointwise but
/fndm =1.

(So the boundedness assumption |f,| < g can not be dropped in the dominated convergence
theorem.)

Exercise 7.3. Suppose we have two integration spaces (X, Hi, [1) and (X, Ha, I5) over the same
space X, and use L;, Cl‘-" to denote the corresponding classes of integrable functions.

Prove that in case Hq; C £2~+ with I1h = Ioh for all h € Hq, then £, C Lo with I1 f = I f for all
f € L1, by completing the following steps:

(1) If h € ,CT then there is h,, / h, where h,, € H1 and I1h,, = I1h, < C for all n. Hence
h € £F and I h, = I3h, / Ish = I;h by Theorem 6.10 (c).
(2) If f € £; then there is by assumption non-increasing sequences hy,, g, € L] with —h,, <
f < gn as in the definition of the space £;. Since these functions belongs to £5 with the
same value of the integrals, we see that by definition f € Lo with I1 f = Io f.
(In particular in case Hy C E; and Ho C Ef with equality of the integrals, then L1 = Lo and the

integrals coincide, so in particular we could start from different lattices and still end up with the
same integration spaces in the end.)
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8. TWO THEOREMS OF STONE

8.1. Stone’s theorem. Here we will look at a special case of Stone’s theorem which relates the general
Daniell integral to the Lebesgue approach. We will only treat the case when the constant function 1 € L,
which corresponds to that X has finite measure. This can be very much generalized, but some assumption
about “measurability” of X is needed for the result to hold. (Indeed the assumption can be replaced by
that (LA R)V k€ L for all b,k € £, but we will not enter into further discussion on this topic here.)

So assume now that 1 € £. We define the following class of sets on X

M={ACX:xa€L}

Then M is a o—algebra. For instance X € M is the same as the assumption that 1 € £, and § € M is
the same as 0 € £. That it is closed under complementation and countable unions follows easily from the
fact that £ is a vector lattice and monotone convergence respectively. We now also define the measure

wfor Ae M as
n(A) = Ixa.

It again follows more or less immediately by definition that this indeed is a measure on M. Also note
that this measure is complete.

Theorem 8.1 (Stone). £ = L(u1) and

If = #f:/fd,uforallfeﬁ.

Proof. As noted above (X, M, ) is a measure space, and furthermore any p—integrable simple function
f is in L, because the latter space is a vector space. By linearity it also follows immediately that
If = [ fdu holds for any such function. Furthermore we know that any function in £!(x) may be
written as a difference of monotone limits of such functions, and hence it is clear that £!(u) C £ and
that If = [ fdu holds for all f € L(u).

The more difficult direction is to prove that £ C £(u). To prove this inclusion we note that it is
enough to prove that any f € £ with f > 0 belongs to £ (), since any function in £ can be written as
the difference of two such functions and £'(p) is a vector space. So we fix such f. First of all we note
that for any a € R the set

E={reX: f(z)>a}

is p—measurable, i.e. xg € L. To see this note that the functions f — a € £ and hence all the functions
gn =1An(f—a)T € L. But it is clear that g, / xg and hence we get the statement by the dominated
convergence theorem. Now for any pair of integers k,n we define the sets

Ei,={xeX: f(x)>k27"},

and the functions
22n

fa=2"" Z XEk n+
k=1

Then we have

0 if f(z)=0
falz) = 22277 if 227277 < f(x) < 220+D2—n
on if f(z)>2n

Hence we see that all f,, € L£(u), since these are u—integrable simple functions. Furthermore we see
that f, /' f. Since we have

/fndu=lfnflf<oo

we may apply the monotone convergence theorem (for £!(1)) to see that f € £(u) and that

/fdu:If.

This proves the theorem. O
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Exercise 8.1. Let R be a closed bounded rectangle in RN and H = C(R) as before and let I f
be the Riemann integral of f for f € . Show that the measure p given from Stone’s theorem
above coincides with the Lebesgue measure restricted to R. (Hint: Use exercise 7.3).

8.2. Iterated integrals and the Fubini-Stone theorem. For this subsection we let (X, Ix,Hx),
(Y, Iy, Hy) and (W, Iy, Hw) be three integration spaces where furthermore W = X x Y. We will
write Lx, Ly, Ly for the corresponding spaces of integrable functions. The Fubini-Stone theorem states
conditions to ensure that we can compute Iy as an iterated integral

wa(l',y) = IY(IXf(x’y))’

in the sense that the function Ix f(x,y) is defined for a.e. fixed y, and hence is a function of y which
we may possibly integrate with respect to Iy. (Of-course the roles of X and Y can be interchanged
typically.) Obviously for anything like this to be true Iy, must be appropriately connected to Ix and
Iy.

e N

Theorem 8.2 (Fubini-Stone). With the notation from above, suppose we for every h € Hy have
(a) h(z,y) € Lx for a.e. yeY,
(b) IXh(‘T7y) € £Y7
(c) Iwh(z,y) = Iy (Ixh(z,y)).

In that case (a),(b) and (c) also holds for all h € Ly .

Proof. Let ® denote the set of all functions in Ly, for which (a),(b) and (¢) holds. By assumption
Hw C ® and we want to prove that ® = Lyy. We first note that due to linearity in all arguments
® is a vector space. Second of all, suppose ¢, is an increasing sequence of functions in ® such that
On S € Ly. If we put g,(y) = Ixon(z,y), then g, is an increasing sequence in Ly by assumption,
which converges to some element g € Ly by the monotone convergence theorem. Applying the monotone
convergence theorem we get

IW¢n — IW¢7
Ixon(z,y) = Ixo(z,y) for ae. y €Y
IY(Iqun(Jj, Z/)) = Ian — IYg

(The a.e. part in the second line above is apart form the set of all y € Y for which (a) fails to hold for
some n, which is by assumption a countable union of null sets, and hence itself a null set.) In particular
we see that E?}V C ®. Using linearity we see that also ® is closed under bounded decreasing limits.

Suppose finally that f is a function in Ly,. Then there are decreasing sequences h,,, g, € /J‘JV such
that —h,, < f < g, and Iy (h, + g,) < 1/n. First of all this implies that h,, + g, has a limit which
belongs to ® and

However this implies that we must have Ix (hy(2z,y) 4+ gn(z,y)) — 0 for a.e. y € Y. Hence for all y apart
from these we must have that f(z,y) € Lx, since —Ixh,(x,y) < Ix f(z,y) < Ixgn(x,y) holds for all y.
This also shows that Ix f(x,y) belongs to Ly, and the theorem follows. O

r

Exercise 8.2. Let X and Y be two closed and bounded rectangles in RY and RM respectively.
Furthermore let W = X x Y, which then can be regarded as a rectangle in RV*M in a natural way.
Also let Hyx,Hy and Hy denote the set of continuous functions on X,Y and W respectively.
Show that the assumptions in the Fubini-Stone theorem is satisfied if Ix,Iy and Iy are the
Riemann integral of the functions in Hx,H, and Hw respectively. (Results about the Riemann
integral in higher dimensions from advanced calculus can be used without proof.) In this example
condition (a) in the Fubini-Stone theorem is satisfied everywhere for the elements in Hyy, but is
the same true for all elements in Ly ?
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9. DIFFERENT TYPES OF CONVERGENCE

In this section we let (X, M, 1) be a measure space.

Let f, be a sequence of measurable functions on X. We know what it means that f,, converges to f
pointwise a.e. on X, but there are a few other important concepts of convergence as-well. Indeed just
having a.e. convergence says very little in regards to integrals as the following example explains.

e ~

Example 9.1. If we define on [0, 1] with Lebesgue measure f,, = nx(0,1/x), then f,, converges to

0 everywhere pointwise, but we still have fol fndm =1 for each n.

On the other hand if we put
n

fn= mX(O,l/n]
we have that f,, converges to 0 pointwise and fol fndm = 1/1n(n), which converges to 0. However
note that if f,, < g for each n, then we would have g(z) at-least as big as something comparable to
—1/(zIn(z)), which is not integrable on [0, 1], and hence we can not have dominated convergence
here.

Definition 9.2. We say that a sequence of a.e. real valued functions f, converges to f
o in LY(p) if
i [ 1f = fuld =0,
n—oo

e in measure if for every € > 0 we have
im p({z : |fn(x) - f(z)] = €}) =0,
n—oo

e almost uniformly if there for every ¢ > 0 is a set E C X such that u(E°) < € and f,
converges to f uniformly on FE.

Remark 9.3. It is implicitly assumed in the definition for L(u) convergence that the functions f, and
f belongs to L' (). Also note that in either of the cases f is automatically also a.e. real valued.

Example 9.4. If we have a sequence f,, which converges to f a.e. on X and we have dominated
convergence in the sense that |f,| < g, where g € L(u), then according to the dominated
convergence theorem, since |f,, — f| converges to 0 a.e. and we have |f,, — f| < 2¢ a.e.,

/|fn—f|d,u—>0asn—)oo7

i.e. f, — fin £Y(u). Note however that, as we gave an example of above, it is possible to have
convergence in £! even if no such g exists.

Exercise 9.1. Prove that in case f,, — f in measure and also f,, — g in measure then we must
have f = g p-a.e. (i.e. the limit is unique up to null sets).

Remark 9.5. We will prove in theorem 9.6 below that in case f, — f either in L'(u) or almost
uniformly, then it also converges in measure. So in particular if a sequence for instance converges to say
f in measure and to g almost uniformly, then f =g a.e.

Exercise 9.2. Prove that || f||1 = [ |f|du satisfies the following for all k € R and f,g € £ (u):

o [[Eflly = [Elfll1,
o [If +glli < Ifll + llgll,
e ||fll1 =0 if and only if f =0 a.e.
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Theorem 9.6. Suppose the functions fy, f are p-a.e. real valued

(a) If fn converges to f in measure, then there is a subsequence which converges to f almost
uniformly.

(b) If f,, converges to f in L(u), then f, converges to f in measure.

(¢c) If fn converges to f almost uniformly, then it converges also a.e. and in measure.

\

Proof. (a): Since
{re X [fu(@) = fm(@)| 2 e} C{z e X :[fulz) — f(2)] 2 &/2} U{z € X : [fm(x) — f(2)| = ¢/2}

we see that we for each positive integer k£ we may choose ny so that

1 ({x € X i |fn,(x) = fin(z)| > ;}) < 2% for all m > ny,.

We may furthermore choose these so that n; <ns <mng < ---. If we let
1
B = {2 € X 1£uu) ~ funs @12 3}
and
F,, = Ul?;mEkv

then for all k > j > m and all z € X \ F,,, we have

k k L 1

[ foy (@) = Fr @) = D (Fnr (@) = Frir @) D |(Fni (@) = i (@) < o S gmet
I=j I=j I=j

Hence f,, converges to some function f uniformly on X \ F,,, for each m. By exercise 9.1 it is clear that
we must indeed have f = f on X \ F,,, for each m (because if a sequence converges in measure on X,
then so it does on any measurable subset of X trivially). But we also have

oo

1
w(Fp) < Z,u(Ek)gzmi_l%Oasm%oo.

k=m
(b): Since
102~ Fldn = el € X+ (o)~ F@)] 2 ),

we see that p({x € X : |fn(z) — f(z)| > €}) must go to zero as n — oo for each fixed € > 0, since the
integral on the left hand side does so.

(¢): Let for each n € N F,, be a set such that u(F,) < 1/n and such that f, converges uniformly
to f in X \ F,,. Then in particular f,, converges pointwise to f in X \ N, F,, and N2, F, has
measure zero, so f, converges to f a.e. Also for € > 0 choose n such that € > 1/n and N such that
|fm — f] £ 1/n on X \ F,, for all m > N (which is possible due to the uniform convergence). Then
{r € X : |fm(z) = f(z)] > 1/n} C F, for all m > N, and from this we easily get convergence in
measure. t

Theorem 9.7 (Egoroff). If u(X) < co and f,, — f a.e., where the functions f,, f are p-a.e. real
valued, then f, converges to f almost uniformly.

Proof. We may without loss assume that f and f,, are everywhere real-valued. For n,k € N let

o0

EF =) {xeX;|fm(a;)f(x)|<ll€}{xeX;|fm(a;)f(x)|<]1€foraumzn}.

m=n

Then EX C E%_,. Since f, converges to f a.e. their union E¥ = U2, EF satisfies p(X \ E¥) = 0. Since
this implies that lim,, ., (X \ EF) = 0 (by continuity from above for measures) there are for a given
€ > 0 integers ny such that

u(X\E§)<2%ifnan.
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If we let ' =%, EX then
X\ F) =p (RS (X\EL)) <) uX\EF) <e.
k=1

Since F C E¥ it follows that |f,(z) — f(z)| < 1/k for any n > ny, and hence the series converges
uniformly on F. O

( N

Example 9.8. Let for each n € N and k € N such that 1 < k < 2"

Yk = X[(k=1)/27,k/27]-
The set of pairs (n, k) of this form is a subset of N2, and hence we may enumerate the above
double sequence as ¢1, ¢, @3, ... It is easy to see that this sequence converges to 0 in measure
and in £ on [0,1] (with Lebesgue measure). However note that for any point z € [0,1] there
are arbitrarily large ¢ such that ¢;(x) = 1, and hence it does not converge to 0 a.e. But we may
easily choose a subsequence, e.g. 1, 1, which converges to 0 a.e. This sequence also converges to
0 almost uniformly.

Exercise 9.3. On R with Lebesgue measure, give an example of a sequence f,, > 0 which
converges to 0 everywhere, but which does not converge to 0 in measure.

Exercise 9.4 (*). We say that a sequence of a.e. real-valued functions f,, on a measure space
(X, M, 1) is Cauchy in measure if

lim p({z e X :|fu(x) = fm(z)| 2 €}) =0

n,M—00

for all € > 0. Prove that if f,, is Cauchy in measure, then there is a function f which is a.e.
real-valued and such that f,, — f in measure. (Hint: adapt the proof of part (a) of Theorem 9.6.)

Exercise 9.5 (**). Let (X, M,u) be a measure space. A family {fi}ie; C L£}(n) is called
uniformly integrable if for every € > 0 there is 6 > 0 such that

/ fid,u‘ < ¢ forall E € M with u(E) <é.
E

Prove that:

(a) If I is finite, then any family {f;}ie; C £!(u) is uniformly integrable.
(b) If fr, — fin £(u) then {f,}nen is uniformly integrable.

10. PRODUCT MEASURES

Now we fix two measure spaces (X, M, ) and (Y, N, 7). A set of the form A X B where A € M and
B € N is called a measurable rectangle in X x Y. Let K denote the set of all such measurable rectangles,
including the empty set. Clearly K is a sequential covering class, since X x Y belongs to it. If we are
given any families of sets A; C X and B; CY fori=1,2,...,n then

[(Ai x B;) = (N, Ai) x (N}, By).
i=1
Hence K is closed under finite intersections. If we let A4 denote the collection of all finite disjoint unions
of members from K, then A is an algebra due to Proposition 4.10.
Let M ® N denote the so called product o—algebra which is the smallest c—algebra containing all
rectangles. We now wish to introduce a measure u x n on M ® N such that

wxn(Ax B)=u(A)n(B) forallAe M,BeN.
Now let A : K — [0, 00] be defined as
A(A % B) = p(A)(B)

for a rectangle A x B € K (A(0) = 0).
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[ Lemma 10.1. The function X is a pre-outer measure on K.

Proof. The only non-trivial thing we need to prove is that if A x B C U2, A4; x B; for A, A4, € M,

B, B; € N, then
< Zu(A
To do so note that -
XaxB(,y) = xa(@)xs(y) < Xux, 4,8, (2,9) ZXA z)xB, (y

Hence if we first fix y € Y we get

=/><A(93)><B( /(ZXA )d“( )

- Z/XAi (@)xB, (y)du(z) = ZMA

To be precise, Beppo-Levi’s theorem that we used (as we have developed the material) might not actually
be applicable in case Yo xa,(z)xs, (v) is not a limit of functions in £'(x) (which may happen in case
(X, M, 1) is not o-finite). However if this happens, then by definition this would have to imply that
there is A; such that u(A;) = oo and y € B;, in which case the stated inequality holds trivially. Now we
can do a similar argument with y:

p(An(B) = [ Aatnt) < [ (Zu )dm )

3 / A8, ) d) = 3 A8

O
We define the outer measure on X x Y
7 (E) = inf {Z MA; x By): E | J(4i x B;), A; x B; € /c} .
i=1 i=1
Since A is a pre-outer measure we know that
(A x B) = MA x B) = u(A)n(B).
[ Lemma 10.2. The sets in M @ N are 7*-measurable. ]

Proof. 1t is enough to prove that A x B is measurable for each measurable rectangle. For a given set
E C X xY with 7*(F) < oo and € > 0 we may choose a cover E C U2, A; x B; of measurable rectangles

such that
T (E)+e> ) u(Ai)n(Bi).

A€ x B€) to get

S if]e

Now we use that (A x B)® = (A° x B) U (A x B°)
EN(AxB)C (G(Ai x Bi)> N(AxB) = D((A,» N A) x (B; N B)),
EN(Ax B)® = E:% ((A° x B)U (A x B°)U (Zi x B%))
= (EN(A°x B))U(EN (A x BY))U (EN (A° x B°)
C G((Ai NA®) x (B;NB))U G((Ai NA)x (B;NB%))U G((Ai N A°) x (B; N BY)).
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Hence

7 (EN(Ax B))+7"(EN(Ax B)°)

< Z 1((A; 0 A)n(B; N B))

+ Z (A; N AYn(B; N B) + pu(A; N A)n(B; N BY) + u(A; N A%)n(B; N B))

= Z n(Bi N B) + p(A:)n(Bi N B%) = u(A:)n(B;)
i=1
<m (E) +e.
Since € > 0 is arbitrary it follows by definition that A x B is m*-measurable. O

Definition 10.3. The restriction of 7* to the o-algebra M ®@ A/, which we denote p x 7, is called
the product measure of y and 7:

pxn =1 pmeN-

Remark 10.4. Typically this measure is not complete (i.e. there are typically T*-measurable sets which
does not belong to M @ N ). The reason for this choice is that we want sections

EV={zeX:(z,y) e E},E,={yeY :(z,y) € E}
to be measurable for a measurable set E.

Now we want to get the Fubini theorem for measure spaces. We already have the Fubini-Stone
theorem, which takes us quite a bit on the way, but there is a problem to be addressed. For the product
measure above, for I to be a sequential covering class in general we need to allow sets of the form
A x B where A and B might have infinite measure. If we want to define a suitable integration space of
elementary functions and apply the Fubini-Stone theorem this of-course does not work, since then we
need a finite value of the integral. Therefore we from now on assume that X and Y are o-finite (indeed,
as we will see in Exercise 10.1 the theorem fails to hold otherwise).

Lemma 10.5. Suppose that X and Y are o-finite, then the set K' of all rectangles A x B with

w(A) < 0o and n(B) < oo is a sequential covering class. If we define

= mf{z )\(Az X Bz) FE C U Ai X BiaAi X Bz E IC/}
] i=1
then 7' = 7*.

\

Proof. If we choose increasing sequences X,, and Y,, in M and A respectively with finite measures and
such that X = US2 1 X, and Y = U2V, then X x Y = U2, X,, x Y, and hence K’ is a sequential
covering class.

To see that 7’ = 7*, then note that since the infimum is taken over a smaller set we always have
7/(E) > n*(E). The proof that 7’ is a pre-outer measure such that all rectangles in K" are measurable
goes trough word by word as for K above. Hence we see that

/(A x B) = 7" (A x B)
holds for all A x B € K'.

Suppose now that £ C X,, XY, for some n. Then for any cover of E by sets in K, say £ C U, A, X B;
we may look at the cover E C (A; N X,,) x (B; NY,,), and see that

i)\(Ai Z (AN X,) x (B;NYy)).

Since the sets (4; N X,,) x (B; NY,,) belongs to K’ we see by definition that we get 7/(E) < 7*(F) in
this case.
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Finally for general E with 7*(E) < oo and € > 0 choose A x B € K with 7*(E) > u(A)n(B) —e. Since
AXxB=U,(ANX,) x (BNY,) we see that indeed A x B is n’-measurable. But due to continuity
from below for measures we then get, since 7' (AN X,) x (BNY,)) =7*((ANX,) x (BNY,)) for each
n, that

7'(A x B) = 7" (A x B).
Hence
m'(E) < 7" (Ax B) <7m*(E) +e.
(]

Now let W = X x Y. To apply the Fubini-Stone theorem to this context let Hy denote the set of all
functions of the form

h(z,y) = ZCiXAixBi(iU»y) where ¢; € R, A; x B; € K'.
i=1
For each fixed y € Y we have h(-,y) € £ () since it is then an integrable simple function (x a,x 5, (z,y) =
XA; (I)XBi (y))

-

~

Lemma 10.6. The set Hy is a vector lattice of bounded functions, and the function

Iwh(w,y) = Tw (Y _ cixaixn,) = Y cip(Ai)n(Bs)
=1 =1

is a Daniell integral on Hy (in particular the value does not depend on the particular represen-
tation of h). Furthermore for any h(z,y) € Hw as above we have

/h(x,y)du xn(z,y) = Zci/XAixBi (2, y)dp > n
=1

= > cAin(By) = / ( / > cixa, (@, (y)du(x)> an(y).

. J

Proof. Note that Hy precisely consists of the A-simple functions, and according to Proposition 4.12 we
know that they form a vector lattice.

The stated equalities are simple consequences of linearity, and since Iy = I,,x, on Hy it is also clear
that it is a Daniell integral on Hyy . O

Due to the above lemma we see that the Fubini-Stone theorem applies and we get:

Theorem 10.7 (Fubini). Assume that (X, M, u) and (Y,N,n) are o-finite. If f € L (n x 1)
then for a.e. y € Y the function f(-,y) belongs to L'(n) and [ f(z,-)du(z) belongs to L'(n).

Furthermore
/fdu xn = / (/ f(%y)du(w)) dn(y).

[ tanxn= | ( / f(w)dn(y)) dp(z).

Fubini’s student Tonelli also made the following addition to the theorem.

Similarly

Theorem 10.8 (Tonelli). Suppose (X, M,u) and (Y,N,n) are o-finite measure spaces and f :
X XY — [0,00] is p X n-measurable. If

/ (/f(x,y)du(x)) dn(y) < oo,

(One can of-course interchange the roles of X and Y above.)
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Proof. Let f, / f where each f, € L*(u x 1) is positive (indeed we know that we may even choose f,
to be integrable simple functions). Then

/fndu xn = / (/ fn(%y)du(w)) dn(y) //(/ f(:my)du(fr)) dn(y) < oo,

which follows by applying the monotone convergence theorem twice. But this implies immediately by
the monotone convergence theorem that f € £*(u x 1), and hence Fubini’s theorem is applicable. O

Remark 10.9. Tonelli’s theorem can be used in connection with Fubini’s theorem in the following way:
given a measurable function f: X XY — R, show that

/(/f(%y)ldu(w)) dn(y) < oo,

to draw the conclusion that |f|, and hence f, lies in L' (u x 1)
It should be remarked that there are a few things to be careful with:

e The assumption of o-finiteness is necessary (see Exercise 10.1).

e The assumption that f > 0 in Tonelli’s theorem is necessary (see Ezxercise 10.2).

e The assumption that [ is u X n-measurable is necessary. There are cases where a function f(z,y)
may be non-measurable on X x Y but satisfies that for each fixed x f(x,-) is measurable as a
function on'Y', and for each fixed y f(-,y) is measurable as a function on X.

Exercise 10.1. Let X = [0,1] with p Lebesgue measure restricted to X, and Y = [0, 1] with
counting measure 7 (so 1 is not o-finite). Let E = {(z,z) : ¢ € [0,1]} C X x Y. Prove that, using
the notation from above, 7*(E) = co but

/ (/ xE(x,y)dﬂ(w)> dn(y) =0,
/ (/XE(x,y)dn(ﬂc)> du(y) = 1.

Exercise 10.2. Let X =Y = N with g = n counting measure. Let furthermore f(m,n) =1 if
m =n, f(m,n) =—1if m =n+1 and f(m,n) = 0 otherwise. Prove that [ |f|du x n = oo but
J(f fdu)dn and [([ fdn)dp are both finite but unequal.

Exercise 10.3 (*). As stated above the measure p x 7 is typically not complete. Find (in a
book) and state a version of Fubini’s theorem for the completion of p x 1.

Exercise 10.4 (Cavalieri’s Principle **). Show that if (X, M, ) is a measure space, then for
any positive measurable function f and any ¢ € (0, 00) we have

/fqdu = q/ooo t u({x € X : f(x) > t})dt.

(The last integral is with respect to Lebesgue measure on (0,00). An interesting remark is that in
case we take ¢ = 1, then the function u({z € X : f(z) > t}) is decreasing, and hence the integral
would make sense even from the Riemann point of view. This is actually a different approach to
define the integral from a measure pu. Sometimes Cavalieri’s principle is also called the bathtub
principle.)
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11. SIGNED MEASURES AND DIFFERENTIATION

11.1. Signed Measures.

r

Definition 11.1. If M is a o—algebra on X and v : M — (—o00,00] or v : M — [—00,00) is
such that

e v(() =0,

o if Ay, Ay, As,... € M are pairwise disjoint, then v(U2; A;) = >, v(A;),

then v is called a signed measure on M.

Example 11.2. Suppose (X, M, 1) is a measure space (u > 0) and that f € £!(u), then
(2) v(A) :/ fdp = /fXAd,u for A e M,
A

is a signed measure on M.
If uy and po are two (positive) measures on M, where at-least one is finite then
(3) V(A) = p1(A) — p2(A)  for Ae M,

is a signed measure on M.

Exercise 11.1. Prove that v as defined by equations (2) and (3) are signed measures.

In this section we assume henceforth that v is a signed measure on M.

Definition 11.3. A set £ € M is called positive for v if for any subset A C F which belongs to
M we have v(A) > 0. Similarly we define a set E to be negative for v if v(A) <0 for all A C E,
and null if v(4) =0 for all A C E.

Exercise 11.2. Prove that if { B, };en is a sequence of negative sets for v, then the union U2, B;
is also negative for v. (The corresponding result for positive sets is of-course also true.)

Exercise 11.3. Prove that if £ C F and |[v(F)| < oo, then also |v(E)| < oco.(Hint: Use that
v(F)=v(E)+v(F\FE).)

Theorem 11.4 (Hahn Decomposition). There is a decomposition X = ETUE™ where ETNE™ =
0 and ET and E~ are positive and negative for v respectively. Furthermore these are unique up
to null-sets.

\

Proof. The uniqueness up to null sets is easy to prove and left to the reader. We assume without loss
that v takes values in (—o0, 00]. Define

B =inf{v(E): E C X is negative for v}.

First of all note that —oco < 8 < oo (this is why we assume that v takes values in (—oo, oc]). Then there
is some sequence {B;} en of negative sets such that v(B;) — 8 as n — oo. The union B = U2, B; is
itself also a negative set, and we have v(B) < v(By) for each j. Hence v(B) = .

We shall now prove that A = B¢ is a positive set, which will complete the proof, since we may then
put ET = A and £~ = B. If this set is not positive then by definition there is some subset Fy C A with
v(Ep) < 0. But Ey can not be a negative set, because then v(B U Ey) < 8 with BU E a negative set,
which contradicts the definition of 3. Therefore Fy contains a set Fj such that v(F;) > 0. We let my
be the smallest positive integer such that there is such a set with v(E7) > 1/my. Since |v(Ep)| < oo we
have that |v(E1)| < oo (by the previous exercise). Since

Z/(EO \ El) = V(Eo) — I/(El) < Z/(EO) — mil < 0,
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we may apply the same argument to Fy \ E; and choose a smallest integer moy for which there is a set
E; C Eg\ Eq and v(E3) > 1/my. We may continue this construction to get a sequence of numbers my,
and subsets Ej C EO\U;?;% E; with v(Ey) > 1/my,. By construction these sets are in particular mutually
disjoint, and hence

(o)

V(U2 Ey) =Y w(E;) < oo

j=1
Since v(E;) > 1/m; this in particular means that 1/m; — 0 as j — oo. But then it follows that for any
measurable subset F' C Fyp = Ey \ U2, E; we have

v(F) <

Hence v(F') <0 for all such F, and therefore Fj is a negative set with

—0as k — oo.
mk—l

v(Fy) = v(Ey) — Z v(Ey) < v(Ep) < 0.
j=1
As for Ey above we see that this gives a contradiction to the definition of 5 and B. O

Definition 11.5. Suppose that both pu and v are signed measures on M, then we say that u and
v are mutually singular, written u L v, if X = EUF where ENF = () and E and F are null-sets
for p and v respectively.

Theorem 11.6 (Jordan Decomposition). There are unique positive measures v+ and v— on M
such that v =vT — v~ and v+ Lv™.

Indeed it is easy to see that
vt =v|gr andv™ = —v|p-,
where E* is a Hahn decomposition for v. We also introduce the total variation
l=v"+v7,

which is a positive measure on M. Note that |v(E)| < |v|(E), but in general we do not have equality.
Many concepts for a signed measure will by definition be done through the measures v+, v~ and |v| :
o Li(v) =LYV,
o for f € L' (v) we define [ fdv = [ fdvt — [ fdv—,
o We say that v is (o-)finite if |v| is (o-)finite.

Exercise 11.4. Prove that v* as given above indeed satisfies the statement of the Jordan de-
composition theorem. Also prove that in case

v=uv — 1y,

where vy, vy are positive measures, then v+ < vy and v~ < vs.

Exercise 11.5. Let v be a signed measure on (X, M). Prove the following for every B € M:
(a) vT(B) =sup{v(A): Ae M, A C B},
(b) [v[(B) = sup{v(A1) — v(A2) : A1, A2 € M, B = A1 U Az, A1 N Az =},
(¢) If v is o-finite then |v|(B) = sup{ [ fdv : f € L' (Jv]),|f| < 1}.

Definition 11.7. Suppose that g and v are signed measures on M. We say that v is absolutely
continuous with respect to p, written v < p if v(F) = 0 for any E such that |u|(E) = 0.

Exercise 11.6. Prove that v < |v| and that v < p if and only if |v| < |u|.
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Exercise 11.7 (*). Prove that in case p and v are signed measures on M such that v < p and
such that |v|(E) < oo for all sets E with |u|(E) < oo, then for any € > 0 there is § > 0 such that
[V|(E) < ¢ for any E € M with |u|(E) < 6. (Hint: Assume this is not true, then there is e >0
and a sequence Ey, s.t. |p|(E,) < 1/2" and [v|(E,) > €. Let E =Ny, (U52, Ej), and show that
H(E) = 0 but [v](E) > c.)

Exercise 11.8. Prove that in case f € £!(u) where u is a measure, then the measure v defined
by

V(E)=/Efdu=/fxEdu-

is a signed measure which is absolutely continuous with respect to p.

11.2. The Radon-Nikodym Theorem and Lebesgue Decomposition.

-

Theorem 11.8 (Radon-Nikodym). If u is a (positive) o—finite measure on M and v is a signed
o—finite measure on M such that v < u, then there is a (a.e. unique) measurable function
f=fT — f~ such that at least one of the functions f* is integrable with respect to p and

V(E):/Efdu for all E € M.

\

Remark 11.9. The reason for the fact that we can not take f € L () is simply because we may have
|V|(X) = oco. The integral should of-course be interpreted as +oo in those cases that correspond to sets
E with v(E) = +o00. Note also that there is either a lower or an upper bound on v, since either v (E)
or v (E) is finite, and we have —v~ (E) < v(E) < v (E) for all E. That is why we can take one of the
functions fT or f~ integrable.

Proof. We first reduce the problem to the case when u, v are finite. Let X be the union of the disjoint
measurable sets X; with finite y- and |v|-measure, which is easily seen to be possible. Suppose the
theorem holds for each subset X,, so that there are functions f,, such that

v(ENX,)= / fndp
BENX,

holds for all measurable sets E C X. Then if we define f(x) = f,(z) if z € X,,, which makes sense since
the sets are disjoint, then we get for every set E with |v|(E) < oco:

,;/men | Fldp = ; V(ENX,)=[v|(E) < cc.

Hence it is easy to see that f is p-integrable on E, and that f has the desired properties. We furthermore
may reduce to the case that v is positive, since we may otherwise treat v and v~ separately.
As for the uniqueness part, if f, g are two different functions satisfying the theorem, then

/Egdu=/Efdu

holds for every FE, and this implies that the functions are equal a.e. (Simply choose for instance E =
{r € X : f(z) — g(x) > 1/n} to see that it must have measure zero ...).

Now we shall prove the existence in the case of finite positive measures which finishes the proof. To
this end let ® denote the set of all positive functions g for which

/ gdu <v(E) forall E e M.
E

Let furthermore

a:sup{/gdu:gefb}.
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Then there is a sequence g, in ® such that [g,du — a as n — oo. Let h, = Vi_,g5. If we for a
fixed n define the sets E; = {z € X : hy(z) = ¢g1(x)} and then inductively E; = {z € X : h,(z) =
gi(x)}\ Uf;llEj, then by construction the sets E; are disjoint, and for any E we get

/ hndp = Z/ g;dp <Y _v(EN E;) = v(E).
E j=17/ENE; =1

Therefore we see that also each h,, € ® and this is an increasing sequence. Hence h,, /* h, and by the
monotone convergence theorem h € ® with
/ hdy = a.

Since h € L£!(11) we may assume that it is finite-valued everywhere. If we now consider the measure 7
defined by

w(E) = v(E) = [ han

then by construction this is a positive measure, and the proof will be finished if we prove that n = 0.
Suppose this is not the case. Define the signed measures

1
Nn =1 — —H.
n

Let A,, U B,, be a Hahn decomposition of X w.r.t. n,, and put
Ay = UZOZIATH By = ﬂzolen.
Since By C B, for each n we have
1
0 < n(Bo) < —u(By) = 0 as n — co.
n

Hence n(By) = 0, and since  # 0 and Ag N By =0, Ag U By = X we must have n(A4g) > 0. Therefore,
since 7 is absolutely continuous with respect to ;1 we must also have u(Ag) > 0, and by continuity from
below for measures this implies that u(A,) > 0 for some n. Hence

1
—uw(ENA,) <n(ENA, =v(ENA,) —/ fdu.
n ENA,

If we now define g = h + x4, /n, then we see that g € ®, but this contradicts the definition of « since

/gdu:/hdu+u(An)/n>a.

O
The function f is usually called the Radon-Nikodym derivative of v with respect to p and written
dv
a7t
i

Exercise 11.9. Prove that in case p and v are positive measures on M and v < p, then we have

Ogﬁgla.e.
dp

Theorem 11.10 (Lebesgue decomposition). Let v be a o— finite signed measure on M and p a
o—finite positive measure on M. Then there are unique o— finite signed measures p, A on M such
that

ALlp, p<Kpandv=XA+np.

. J

Proof. As in the proof of the Radon-Nikodym theorem this is reduced to the case of finite positive
measures, and the uniqueness is easy. Since v < p + v, and even v < p + v there is some measurable
function f: X — [0, 1] such that

v(E) = /E fd(u+ ),

for all £ € M.
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Let
A={zeX: f(z)=1}, B=X\A
Then

y(A):/Adu—i—/Adu:u(A)+u(A).

Since v(A) < oo it follows that u(A) = 0. Now define A(E) = v(E N A), and p(E) = v(E) — A(F) =
v(E N B). Then it only remains to prove that p < p. So suppose u(E) = 0, then we have

/ dv = fdv,
ENB ENB

/ (1—f)dv =0.
ENB
Since 1 — f > 0 in B it follows that v(E N B) = p(E) = 0. O

or what amounts to the same thing

11.3. Differentiation with respect to a doubling measure in a metric space. In this section
we shall work in the context of a metric space (X, p). We assume that p is a (non-zero) Borel measure
on X. (The reader who feels uncomfortable with this level of generality may below assume that X = R"
and that p is Lebesgue measure.) We will use the notation

B(z,r)={ye X : p(z,y) <r}, Sz,r)={ye X :px,y)=r}

Note in particular that B(x,r) is an open ball and S(z,r) a closed sphere. Also note that dB(x,r) C
S(x,7), but there are cases where this is not an equality. For instance if we look at X = N with the
usual distance, then B(1,1) = {1} so that the boundary is empty, but S(1,1) = {2}. First we need a
covering theorem, which is a geometric rather than a measure-theoretic result. The result is true in any
separable metric space.

-

Theorem 11.11 (Vitali covering theorem). Let (X, p) be a separable metric space, and let
{Blayyry) 5 € J}
be an arbitrary collection of balls in X such that
R =sup{r;:j€ J} < oc.
Then there exists a (at most) countable subcollection
{B(zj,rj):jeJ}, J cCJ
of balls from the original collection which are disjoint and satisfy

U B(l‘j,’l‘j) C U B($j,57“j).

jeJ jeJ’

Proof. For j =1,2,3,... let
) R R

Let Jj be an arbitrary maximal subcollection of pairwise disjoint elements from the family
{B(Jﬁj,’l“j) 1 j € Jl}

Clearly this must be a countable set since X is separable. Assume now that we have chosen Ji, J5, ..., J/_,
then we let J! be a maximal subcollection of pairwise disjoint sets in

i—1
{j € J;: B(zj,rj) N B(xg, ) =0 for all k € U J;L}

n=1
By construction there is for each j € J; some k € UZ:1 J;, such that B(xy,r) N B(z;,r;) # 0. Since
R R
2r; < Y e 25 < 4ry,
we see that B(zj,r;) C B(zy, 5ri). Hence if we put J' = J;2 | J/, the theorem follows. O
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Definition 11.12. We say that the measure p satisfies a doubling condition if there is a constant
C\, such that for all z € X and all 7 > 0

0 < p(B(z,2r)) < Cup(B(z,7)) < oo.

The constant C), is called a doubling constant for s.

In particular this is satisfied for Lebesgue measure in RY with the constant C,, = 2V. Since the
proofs of the theorems in this section is essentially unchanged (if we add some simplifying assumptions)
for the more general case we have decided to treat it here, because it is of importance in many recent
developments of analysis in metric spaces, where such doubling conditions are often of crucial importance.

Remark 11.13. It should be remarked, although outside the scope of these notes, that not every metric
space can have a (non-zero) doubling measure on it. Indeed, for complete spaces, such a measure exists
if and only if the metric space is doubling, which by definition means that there is a constant C' such
that any ball of radius 2r in X can be covered by C' balls of radius .

We also assume the following for simplicity:

For the rest of this section (X, p) is a metric space, and p a doubling measure with doubling
constant C,,. We will also assume that X is separable, and p(S(z,r)) =0 for all z,r.

The first assumption is actually redundant in this situation, because the condition that all balls have
strictly positive and finite measure will force X to be separable. The second assumption may however
fail even if there is a doubling measure on X, but most interesting examples would satisfy this.

We introduce the notation

1

for averages over balls.
Exercise 11.10 (**). Prove that for any f € £!(u) the function g(z,7) = A, f(x) is (jointly)
continuous in (z,r). (Hint: Prove first that if x,, — x and r, — r then u(B(zp,rs)) — w(B(x,r)).
Note also that we use u(S(x,r)) =0 here.)

Exercise 11.11 (**). Prove that if X is a separable metric space, and p is a Borel measure
on X for which every open ball has finite measure, then for any f € £'(u) and € > 0 there is
an integrable continuous function g on X such that [ |f — g|du < e. (Hint: Consider the class
H C C(X) of continuous functions on X with bounded support (i.e. which are zero outside some
ball), then these forms a vector lattice. The integral 1,9 = [ gdp for these is an elementary
integral. If we start from (X,H,1I,) as our integration space, then we get a space L, which
contains H. Prove that for any open ball B C X we have xg € LT, and use this to prove that
indeed L' (1) C L.)

Definition 11.14. The function
Mf(x) = sup A | f|(z)

r>0
is called the Hardy-Littlewood maximal function.

Theorem 11.15. There is a constant Cyy such that for all a > 0

il € X : M) > a)) < 2 [ |fld

Proof. Let E, = {x € X : Mf(x) > a}. For each z € E, we can choose r, such that A, |f|(z) > a
by continuity of the function A,|f|(z). By the Vitali covering theorem there is a sequence of points
Z1,T2,Z3,...such that the balls B(x1,74,), B(x2,7%,), B(23,745), . .. are disjoint,
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and such that B(x1,57s,), B(z2,57%,), B(xs,5ry,), . .. covers E,. Hence

N(Ea) < Z N(B(xm 5Trn))

Exercise 11.12. Prove that if ¢ is continuous on X, then lim, _,q+ A, g(z) = g(z).

T we have q

B B ET) /B@,T) fau= @)

Theorem 11.16 (Lebesgue differentiation theorem). Suppose f € L1(u), then for almost every

So the theorem says in particular that the Radon-Nikodym derivative of

u(E) = [ fdn

with respect to u is given by

1
lim ——-— / fdp.
r—0 /J(B(LU, ’I“)) B(z,r)

Proof. Let € > 0. We may choose a continuous function g such that

[15=gldu <=

Then
lim sup [Arf(2) = f(2)]
= limsup |4, (f = g)(z) + (Arg = 9)(2) + (g = f)(=)]
S M(f—9)(@) +0+[f —gl(z).
So if we put
Eq ={z € X :limsup|A,f(z) — f(x)] > a}, Fo={zeX:|f(z)—g(z)>a},
r—0
then
E, CF,pU{ze X :M(f-g)(z)>a/2}.
But
a
SHFap2) < /Fa/z |f —gldp <e,
so by Theorem 11.15 we have
n(B,) < 22 4 2O

Since € > 0 is arbitrary this implies that j(£,) = 0 for all @ > 0. But for all x ¢ Uj2, Ey/,, we have

lim, 0 A, f(z) = f(x) and hence the theorem is proved.
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Corollary 11.17. Suppose f € L' (). Then for almost every x € X we have

) 1 _
liny s /B W) = S@lduty) =0

The set of points for which lim,_,q m fB(x " |f — f(z)|du = 0 is called the Lebesgue set of f.

Proof. For each rational number ¢ put g,(y) = |f(y) — ¢|. Then according to the above theorem we have

. 1 — ola
liny s /B L 0a0)du) = 0n(2)

on a set D, such that pu(Dg) = 0. This is the same as saying that

1
limi/ fy) —qldu(y) = |f(z) — q| for all x € D,,.
P (B o,y T T AW =T q

Let £ = NgeqDy (ie. B¢ = UyepDy which has measure zero). Then we may for any x € E and € > 0
choose ¢ € @ such that |f(x) — g| < e, and hence |f(y) — f(x)] < |f(y) — q| + €. Therefore

1

lim (B 1) /B(m) |f(y) — f(@)|du(y) <|f(z) —ql+¢e < 2e.

Since € > 0 is arbitrary the statement follows. O

11.4. The one-dimensional case. Here we will simply state without proof some results about the
one-dimensional case, when X C R equiped with Lebesgue measure m.

e N

Definition 11.18 (Functions of bounded variation on the real line). Suppose F : [a,b] — R, then
we define the total variation T : [a,b] — [0, 00] of F over [a, b]:

k
Tp(x)zsup{Z|F(xj)—F(xj1)|:a:x0 <y <...<xk:x}.
i=1

If Tp(b) is finite, then F is said to be of bounded variation on [a, b], written F' € BV ([a, b]).
We also define similarly for F': R — R the total variation T : R — R by

k
Tr(z) =sup{Z|F(a:j) —F(zj_1)|: —c0o<zp<z1 < ...< g :x},
i1

and if
Tr(oo) := lim Tp(z) < 0o

Tr—00

then we say that F' € BV (R).

Exercise 11.13. If F' € BV ([a,b]) (or BV (R)) then we may write
F=(Tp+F)/2—(Tr — F)/2.
Prove that the functions (Tr + F)/2 and (Tr — F')/2 are both increasing.

Lemma 11.19. If F : [a,b] — R is increasing and we define G(x) = lim,_,,+ F(y), then G is
increasing and right continuous. Furthermore:

(a) The set of points where F' and G are discontinuous is at most countable,
(b) F and G are differentiable a.e. and F' = G’ a.e.

We also introduce the space NBV(R) to denote the set of all functions in BV (R) which are right
continuous with lim,_, o, F(z) = 0.
Then we have the following characterization of finite signed measures on R.
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Theorem 11.20. If pp is a finite signed measure on the Borel sets in R and we define F(x) =
pr((—o0,x]), then F € NBV (R).
Conversely if F € NBV (R), then there is a unique measure pup such that

F(x) = pr((=00,z]).

Definition 11.21 (Absolutely continuous functions). A function f : [a,b] — R is said to be
absolutely continuous if for any € > 0 there is § > 0 such that

k
Z|f(bi) — fla)| <e

whenever {(a;,b;)} is a finite collection of disjoint subintervals of [a, b] with Zle |b; — a;] < 6.

\ J

One can fairly easily prove that any absolutely continuous function is of bounded variation, and that
it can be decomposed as a difference of two increasing functions which are also absolutely continuous.
Finally we have the following version of the fundamental theorem of calculus for the Lebesgue integral:

Theorem 11.22. For F : [a,b] — R the following are equivalent:
(a) F is absolutely continuous on [a,b].
(b) F(z) — F(a) = [ f(t)dt for some f € LY (m|(y)-
(c) F is differentiable a.e.on [a,b], F' € L (m|a ) and F(z) — F(a) = [ F'(t)dt.

Remark 11.23. As a side remark not quite related to differentiation is that a bounded function
f :la,b] = R is Riemann integrable if and only if it is continuous m-a.e.

12. LP-SPACES(*)

12.1. Measurable functions.

As usual we let (X, M, 1) denote a fixed measure space (> 0). In this section we will by a measurable
function f mean an extended real valued function f defined on X\ A where u(A) = 0 and f is measurable
as a function on X \ A. We also will write f = g to mean that they are equal almost everywhere with
respect to g on X (i.e. everything “a.e.” in this section). Note in particular that with these conventions
the integrable functions forms a vector space.

e ~

Definition 12.1 (LP-norm). For 1 < p < co we define for a measurable function f

1/p
Moty = ( [ 1span) ™

flloe = inf {& € [0, 00] : p({z : [f(2)| > a}) = 0}
This is usually called the essential supremum of |f|, and it means that a.e. |f| <||f||oo-

We also define

\

Remark 12.2. The fact that || - || s not defined through an integral, but the rest of the LP-norms are
indicates that they behave somewhat differently. For instance in a metric space setting one can prove that
continuous functions are dense in LP(u) for p € [1,00), but if for instance the measure of every open set
is non-zero, then the continuous functions forms a closed subspace of LP (1) and the L -norm restricted
to these is the same as the supremum-norm (simply because if we change a continuous function on a set
of measure zero it can not be continuous any more).

Definition 12.3 (LP-space). We define for 1 < p < oco:
LP(p) = {f : || fllp < oo}

The space LP(u) is the set of equivalence classes of functions equal p-a.e.
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The reason for this definition is simply that the “norm” ||-|| is only a semi-norm on £? since it does not
distinguish between functions which are equal almost everywhere. We however always think of elements
in LP(p) as functions defined almost everywhere. We then have that || - ||, is a norm on LP(u) for each
p, i.e.:

(a) ||f]lp > 0 with equality if and only if f =0 a.e.,
(b) [k fllp = [Ell|f]]p for all k € R and f € LP(p),

(©) [lf +gllp < I fllp + llgllp for all f,g € LP ().

In particular we see that LP(u) is a vector space. The triangle inequality is in this setting usually called
Minkowski’s inequality, and will be discussed below.

[ Exercise 12.1 (*). Prove that || - ||, satisfies (a) and (b) above.

For a given p € [1,00] we introduce the dual exponent ¢ € [1,00] (also commonly denoted p’) such

that
11
p q
In case p = 1 then we interpret this as that ¢ = oo and vice versa. Note that p is then the dual exponent

of q. Below p, ¢ will always denote the dual exponents to each other.

's A

1.

Exercise 12.2 (*). Suppose 1 < p < co. Prove that
1
tYP < Zt 4+ (1—1/p) for all t € (0, 00).
p

(Hint: look at the derivative of f(t) =t"P —t/p — (1 —1/p).)

Theorem 12.4 (Holder’s inequality). If 1 < p < oo and f € LP(u), g € L9(u) then fg € L*(p)
and

Fglh < 11 llpllgllq-

L J

Proof. The case p =1 and p = oo are easy and left to the reader. We now assume that 1 < p < co. Also
the inequality is trivially satisfied unless || f||, > 0 and ||g||; > 0, which we henceforth assume.
Note that of a,b > 0 then

1(af)(bg)llx = abllfgllr,  llaflpllbglly = abllflI5lgllq
and hence we may assume that

1fllp = llglly = 1.
Now we re-write the function |f(z)g(z)| as follows:

z)|P 1/p
F@g@)] = (£ (@)Y (la(@)|)e = (|£(@) )2 (Jg(a) )~ r = ('f (@) ) 9@,

Now we invoke the inequality from the above exercise with ¢t = | f(z)[?/]|g(x)|? to get

() = (5 (B ) oS

1 1 11
/Ifg\dué f/lf\”du+f/|g\qdu:f+f:1.
P q P q

Exercise 12.3. Prove the p = 1-case of Holder’s inequality.

Hence

Theorem 12.5 (Minkowski’s inequality). If 1 < p < oo and f,g € LP(u) then
Lf +gllp < [1£1lp + lgllp-
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Proof. The result is trivial if || f + g||, = 0, so we assume that it is strictly positive. Note that
[f +gl” < (If1+1gDIf + 9P,
so by Holder’s inequality and the equality (p — 1)g = p we get
/If +glPdp < / IS+ gl dp+ / lgllf + 9P~ dp

<A1l 1L + 9P~ + Nl 15+ 97,
1/q
=1+l ([ 17-407)

Hence

1-1/q
0V + gl = ( / |f+g|”) < 11 + lgll-

Theorem 12.6 (Riesz-Fischer). The space LP(u) is a Banach space.

Recall that this simply means that LP(u) as a metric space is complete. IL.e. if fy is a sequence in
L?(u) such that

[|fn — frllp = 0 as n, k — oo,
then there is a function f € LP(u) such that

llf = fxllp = 0 as k — oo.

Proof. Suppose fi is a Cauchy sequence in LP(u). Suppose we prove that fi is then also Cauchy
in measure, then we know (according to Exercise 9.4) that there is some subsequence fr, and some
function f such that fi, — f a.e. We may then apply Fatou’s lemma to conclude that

/\flpduﬁliminf/Ifkj Pdp.
Jj—o0

The right hand side must be finite since || fx, ||, < ||fx;, — fillp + |l fi|l, holds for all [, and since the first
expression on the right hand side is assumed to go towards zero as k;,! goes to infinity there must be a
bound on the integrals. Applying Fatou’s lemma again gives us

/\f—fk|p§11]n_1>£f/|fkj — ful?.

Since by asumption there is for any € > 0 an N € N such that
/|fk]. — fe|Pdp < e for all kj, k> N,
we see that indeed
/|f—fk|pdu§€forallk:2N.
So it only remains to prove that fj is Cauchy in measure. To do so let for £ > 0
ES,={z € X :|fu(x) - fi@)l” > e} = {z € X : | fu(z) = fi()] = /7).
Then since | fr, — f;|? > €Xps, We must have M(Ef,k) — 0 as k,j — oo, which finishes the proof. O

12.2. Linear functionals on LP. By Holders inequality we have that for any g € L9(u) the linear
functional

Fy(f) r=/fgdu
satisfies
[yl = inf{C : |[Fy(f)| < C[|fll, forall f € LP(u)} < [|gllq-

We actually have ||F,|| = ||g||4 (see Exercise 12.5).
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Exercise 12.4. Prove that if a measurable function f on X belongs to LP(u) (1 < p < 00) then
[fllp =" sup

/ Jgdu
9€Li(n),llgllg=1

Prove also that in case X is o-finite, then the result holds also for p = oco. (Hint: consider

the function g = sgn(f)\f|p_1\|f||;p/q where the sign function sgn(x) is 0 if © = 0 and z/|x|
otherwise.)
In case X is o-finite then indeed a measurable function f belongs to LP(u) if and only if

/fgdu‘ < 00.

sup
geL(p),llgllg=1

Exercise 12.5. Prove that F}, is a continuous linear functional on LP(u) for each g € L9(p), and
prove that || Fy|| = ||g|l; (in case ¢ = co we assume that X is o-finite for the last equality).

For o-finite spaces we also have a converse:

Theorem 12.7. Suppose (X, M, p) is o-finite, and 1 < p < co. Then every continuous linear
functional F' on LP(u) is of the form Fy for some unique element g € L(u).

Note that the result above is false for p = co.

Exercise 12.6. Prove that in case Theorem 12.7 holds for every finite measure space (X, M, )
then it follows that it also holds for every o-finite X. (Hint: Write X as a countable increasing
union of measurable sets X,, with finite measure. Let g, be the corresponding function from the
theorem defined on X,,. Show that if n < m then g, = gm in X,, so that we may define g = g,
on X,, which gives a measurable function on X. Then apply the monotone convergence theorem
a couple of times to draw the necessary conclusions.)

Proof. The uniqueness is clear, and by the above exercise what remains is to prove the existence of g for
a given functional F in case u(X) < oo. Let

v(E) = F(xg).

This is then well defined and by linearity and continuity it is easy to see that it indeed is a signed (finite)
measure on X (note that if £y C Fa C E3 C -+ and E = U2, F;, then xg, — Xxg in LP(u) by monotone
convergence for any p € [1,00) but typically NOT for p = oco). Furthermore by definition of the space
L? we must have that p(E) = 0 gives F(xg) = 0 (since F' must give the same value for all functions
equal a.e.). Therefore v is absolutely continuous with respect to p, and hence of the form

V(E)z/Egd,u.

Note that by linearity we must have

(4) F(h) = | ghd

for all integrable simple functions on X. Suppose now that h is a bounded measurable function. Then
there is a sequence of simple functions h,, converging pointwise to h such that |h,| < ||h||o and therefore
we may apply the dominated convergence theorem to conclude that

/ hngdp — / hgdy,

and by our assumptions , since F is continuous, F'(h,) — F(h) (because again by dominated convergence
h,, converges to h in LP(u)). Therefore equation (4) holds for all bounded measurable functions h. Now
for a given f € LP(u) let

fn(z) = |f($)\Sgn(g(m))X{xex;v(zngn}~
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Then || fnllp < |Ifllp, and therefore
[FCf)L S NEN fully < IEHLAN-

Since f,g > 0 and converges pointwise to |fg| we may apply Fatou’s lemma and we get

[ 191d < timint [ fugdn = timint P(5,) < |11

If we use the result of Exercise 12.4 we see that this implies that indeed g € L(u). To finish the proof
it is enough to note that for any h € LP(u) there is a sequence of bounded functions h,, € LP(u) which
converges to h in LP(u), and by Holder’s inequality this implies that indeed

1hng = hglly < [[hn = hlipligllq,

which shows that indeed we have

F(h) = /hgdu for all h € LP(u).

Exercise 12.7. Let 1 < p; < py < 00. Give an example of a function f on (0, 00) with Lebesgue
measure such that f € LP(u) if and only if p1 < p < pa. (Hint: Consider a function of the form
f(x) =z logz|® for suitable a,b.)

13. CONTINUOUS FUNCTIONS ON A COMPACT SPACE(**)

Here we will look at a special case of the Riesz representation theorem. We will only look at continuous
functions on compact metric spaces, and just as for Stone’s theorem this can be generalized. There are
versions for locally compact Hausdorff spaces as-well.

So we will now let (K, p) denote a compact metric space (e.g. a closed bounded subset of RY). Given
a function f: K — R we define the supremum norm :

[f1ls = sup{[f(2)] : = € K}

Exercise 13.1 (**). Prove that || - ||s is a norm on C(K) and that f, — f in this norm is the
same as uniform convergence.

Lemma 13.1. If (K, p) is a compact metric space, then it is separable (i.e. it contains a countable
dense subset).

\

Proof. To see this, for each n the balls {B(x,1/n)},ecx obviously is an open cover of K, and hence it
has a finite subcover B(zY,1/n),..., B(zy, ,1/n). The collection of all #7 is countable, and if we relabel
them in a suitable way to x1,x2, ... it is easy to see that we have a countable dense subset of K. U

Lemma 13.2. If (K, p) is a compact metric space, then it is second countable (i.e. there is a
countable collection of balls B(xy,r,) such that any open set is a union of elements from this
collection).

Proof. If O is open, then by definition this means that for every x € O there is a ball B(z,r) C O.
Now we may choose one of our points x,, from the previous lemma and a rational number g, such that
|z — x| < ¢n < 1/3. Then it follows that x € B(xy,qn) C B(z,r) C O. Hence the countable collection
B(xy,q) with 1,22, x3, ... countable and dense and ¢ rational satisfies the statement. [l

Theorem 13.3 (Dini). Suppose f, is a sequence of functions in C'(K) such that f, \, 0 pointwise
on K. Then the convergence is uniform (i.e. || fnlls N\ 0).
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Proof. Given € > 0, what we need to prove is that there is N such that f, < e for all n > N. To do so
look at the sets B,, = {z € K : f,(x) < e}. By continuity these sets are open and clearly cover K, since
for any z € K there is an N such that fy(z) < & by assumption. Hence for any & > 0 there is a finite
subcover of K by such sets. However, we also have since f, is decreasing that the sets B,, are increasing.
Hence there must be some N such that K C B, for all n > N. This is exactly the statement that f,, < e
for all n > N as was to be proved. O

Theorem 13.4 (Riesz). Suppose I : C(K) — R is positive and linear, then I is automatically
order-continuous and there is a unique finite Borel measure p such that

I(f):/fdu for all f € C(K).

What we say in the theorem is that if I is linear and If > 0 for all f > 0 in C(K), then we
automatically have for any sequence f,, \( 0 in C(K) that If, — 0. Hence I is an elementary integral
on C(K), which is an elementary lattice as noted earlier.

Proof. To prove that I is order-continuous let f,, \ 0 in C(K). By Dini’s theorem for any £ > 0 there
is NV such that f,, < e for all n > N. Note that positivity and linearity gives that I is monotone in the

sense that if f < g then I'f < Ig (since we may look at g — f which is positive). Hence
If, <Ie=¢€ll foralln>N.

Since € > 0 is arbitrary we see that we have I f,, — 0.

By Stone’s theorem this means that I = I,, for some measure y, which is finite since p(K) = I1. To
prove that this is a Borel measure (i.e. that all Borel sets are measurable), then it is enough to prove
that open sets are u—measurable (because we know that the py—measurable sets forms a c—algebra, and
hence if this o—algebra contains the open sets it must also by definition contain all Borel sets). But we
saw above that any open set O is a countable union of open balls. So it is by the same type of argument
enough to prove that all open balls are y—measurable. But given an open ball B(z,r) then the functions
fn defined below can easily be proved to belong to C(K):

1 ly—z| <r—1/n
faly)i=q nlr=ly—zf) r=1/n<|y—z[<r
0 ly — x| >r

These functions satisfies f, ,/* XB(a,r)- So we have that xp(,,») € LT as defined before. Hence B(x,r) is
p—measurable by definition and the proof is done. O

Since any continuous linear functional F' on C'(K) can be written on the form F = IT — I~ we can
prove the following result using the above:

r

Theorem 13.5 (Riesz). Given a continuous linear functional F on C(K) there is a unique finite
signed Borel measure p such that

F(f) = | sau
holds for all f € C(K). Furthermore p is positive if and only if F(f) > 0 for every positive f in
C(K). Also
IEN = llell = |l (K).

\ J

That is, the continuous linear functionals on C'(K) and the finite signed Borel measures are in 1 — 1
correspondence.

Exercise 13.2 (**). Prove Theorem 13.5.
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14. RECOMMENDED TEXTBOOKS

The main recommended extra source for the course is:

e R. Bass: Real Analysis for Graduate Students. A book that is modern and inexpensive (cheap to
buy and also downloadable from the authors web page). It however works only from the Lebesgue
point of view.

14.1. Lebesgue-type of treatment.

e G.B. Folland: Real Analysis. This text has been used as the course text for integration theory at
MAI for a long time and is highly recommended. It contains much more than just integration
theory, and this course would roughly correspond to chapter 1-3+6.1-6.2. Unfortunately it is
unreasonably expensive theses days, and therefore I have decided to switch to the above book,
which for this course seems to be just as good.

e W. Rudin: Real and Complex Analysis. Again this is a very much used text world-wide, and
contains a lot of interesting material apart from integration theory. However it relies very much
on the Riesz representation theorem rather than outer measures to show existence of for instance
Lebesgue measure.

e A. Friedman: Foundations of Modern Analysis. This is a very good, short and inexpensive book,
which takes the reader quickly to the main points. Indeed this is the book I learned integration
theory from to begin with. It also contains a lot of other material on functional analysis, and is
highly recommended.It does not treat the Riesz representation theorem though.

e T. Tao: An Introduction to Measure Theory. Although I am not so familiar with this book it
seems like a very good text for self-study with much motivation. It is also freely downloadable via
the authors home page.

14.2. Danijell-type treatment (or both).

e G.S. Shilov and B.E. Gurevich: Integral, Measure and Derivative. A very nice text which works
from the Daniell point of view.

e A.E. Taylor: General Theory of Functions and Integration. A book which covers both approaches
to integration, and perhaps the one that would be most suitable if you want a book that covers
essentially everything in these notes.

e H. Federer: Geometric Measure Theory. A very comprehensive book, but quite challenging to read.
It treats both alternatives to integration theory (in chapter 2). This is the standard reference work
also for deeper material on “lower-dimensional” measures, covering theorems, differentiation...,
but I would not regard it as very suitable for this course since it is not easy!
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