Mathematical Foundations 1

Point-Set Concepts, Set and Measure Functions, Normed Linear Spaces,
and Integration

1.1 Set Notation and Operations

1.1.1 Sets and Set Inclusion

We may generally think of a set as a collection or grouping of items without
regard to structure or order. (Sets will be represented by capital letters, e.g.,
A, B, C, ....) An element is an item within or a member of a set. (Elements
are denoted by small case letters, e.g., a, b, ¢, ....) A set of sets will be termed
a class (script capital letters will denote a class of sets, e.g., #£,1,C,...); and a
set of classes will be called a family.

Let us define a space (denoted ) as a type of master or universal set—it is
the context in which discussions of sets occur. In this regard, an element of Q2
is a point w. To define a set X, let us write X = {x|thex's possess some
defining property}, that is, this reads “X is the set of all elements x such that
the x’s have some unique characteristic,” where “such that” is written “|.”

The set containing no elements is called the empty set (denoted ¢)—it is
a member of every set. What about the size of a set? A set may be finite (it is
either empty or consists of # elements, n a positive integer), infinite (e.g., the
set of positive integers), or countably infinite (its elements can be put into
one-to-one correspondence with the counting numbers).

We next look to inclusion symbols. Specifically, we first consider element
inclusion. Element x being a member of set X is symbolized as x € X. If x is
not a member of, say, set ¥, we write x¢ Y. Next comes set inclusion (a subset
notation). A set A is termed a subset of set B (denoted A C B) if B contains the
same elements that A does and possibly additional elements that are not found
in A. If A is not a subset of B, we write A € B. Actually, two cases are subsumed
in A C B: (1) either A C B (A is then called a proper subset of B, meaning that B
is a set that is larger than A; or (2) A =B (A and B contain exactly the same
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elements and thus are equal). More formally, A = B if and only if A C B and
B C A. If equality between sets A and B does not hold, we write A # B.

1.1.2 Set Algebra

Given sets A and B within £2, their union (denoted A U B) is the set of elements
thatare in A4, or in B, or in both A and B. Here, we are employing the inclusive or.
Symbolically, AUB = {x|x € A orx € B} (Figure 1.1a). The intersection of sets A
and B (denoted ANB) is the set of elements common to both A and B, that is,
ANB-={x|x € Aandx € B} (Figure 1.1b). The complement of a set A is the set
of elements within € that lie outside of A (denoted A’). Here, A’ = {x|x¢ A}
(Figure 1.1c).

If sets A and B do not intersect and thus have no elements in common, then
A and B are said to be disjoint or mutually exclusive and we write ANB = @.
The difference between sets A and B (denoted A — B) is the set of elements in
Abutnotin Bor A-B=ANB'. Thus, A-B={x|x € Aand x¢ B} (Figure 1.1d).
The symmetric difference between sets A and B (denoted AAB) is the

(@) (b) ©
Q Q Q
A/
A B A B
AUB ANB A’
(d) (®
Q Q
A B A B
A-B AAB

Figure 1.1 (a) Union of Aand B, (b) intersection of A and B, (c) complement of A, (d) difference
of A and B, and (e) symmetric difference of A and B.
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1.1 Set Notation and Operations | 3

union of their differences in reverse order or AAB=(A-B)UB-A) =
(ANB)U(BNA’) (Figure 1.1e).

A few essential properties of these set operations now follow. Specifically
for sets A, B, and C within £:

UNION

AUA=A,AUR=0Q,AU0=A

AUB=BUA (commutative property)
AUBUC)=(AUB)UC (associative property)
ACBifand onlyif AUB=B

INTERSECTION

ANA=AANQR=A,AND=0

ANB=BNA (commutative property)
ANBNC)=(ANB)NC (associative property)
ACBifand onlyif ANB=A

COMPLEMENT

A=A, Q2 =0,0=0Q
AUA =Q,ANA' =0
(AUB) =A'NB

, De Morgan’s laws
(AnB) =A'"UB

DIFFERENCE

SYMMETRIC DIFFERENCE

AAA=0,AAOD=A

A A B=BA A (commutative property)

AA (BA C)=(AA B)A C (associative property)
ANBAC)=(ANB)A (ANC)

DISTRIBUTIVE LAWS (connect the operations of union and intersection)

ANBUC)=(ANBUANC)
AUBNC)=(AUB)NAUCQC)
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If {A;,i=1,...,n} is any arbitrary finite class of sets, then the extension of the
union and intersection operations to this class can be written, respectively, as

U?: lAi and ﬁ?: 1Ai'

Hence, the union of a class of sets is the collection of elements belonging to at
least one of them; the intersection of a class of sets is the set of elements
common to all of them. In fact, given these notions, De Morgan’s laws may
be extended to

(U A) = N, AL and (N7, A) = U AL

Furthermore, if {A;,i=1,..,n}and {B;,j=1,...,m} are two finite classes of sets
with {Al} - {B]}, then

U?: 1Ai - iji le and ﬁjwi 1 Bj - ﬂ;l: 1Ai'

In addition, if {A;,i=1,2,...} represents a sequence of sets, then their union
and intersection appears as

Uio,A; and N2 A;

respectively.

1.2 Single-Valued Functions

Given two nonempty sets X and Y (which may or may not be equal), a single-
valued function or point-to-point mapping f: X — Y'is a rule or law of corres-
pondence that associates with point x € X a unique point y € Y. Here, y = flx) is
the image of x under rule f. While set X is called the domain of f(denoted D)),
the collection of those y’s that are the image of at least one x € X is called the
range of fand denoted R;. Clearly the range of fis a subset of Y (Figure 1.2a). If
RyC Y, then fis an into mapping. In addition, if R;= Y (i.e., every y € Yis the
image of at least one x € X or all the y’s are accounted for in the mapping
process), then f is termed an onto or surjective mapping. Moreover, f is
said to be one-to-one or injective if no y € Y is the image of more than one
x € X (i.e., x1 £ x, implies f(x1) # f (x2)). Finally, fis called bijective if it is both
one-to-one and onto or both surjective and injective. If the range of f consists of
but a single element, then fis termed a constant function.

Given a nonempty set X, if Y consists entirely of real numbers or Y = R, then
f X — Yis termed a real-valued function or mapping of a point x € X into
a unique real number y € R." Hence, the image of each point x € X is a real scalar

y=flx) € R.

1 A discussion of real numbers is offered in Section 1.3.

0003038343.3D 4 28/2/2017 12:01:46 PM



1.2 Single-Valued Functions |5

(a)
X
o f
X
X=Dy
(b)
X Y
f
f—l
X=Df= Rf*] Y=Rf=Df7[

Figure 1.2 (a) fis an into mapping and (b) f is one-to-one and onto.

For sets X and Y with set A C X, let fi: A — Y be a point-to-point mapping of
A into Y and f5: X — Y be a point-to-point mapping of X into Y. Then £ is said
to be a restriction of f; and f; is termed an extension of f; if and only if for each
x € A, filx) = o).

Let X3, X5, ..., X, represent a class of nonempty sets. The product set of X;,
X5, ..., X, (denoted X7 x X; x - - - x X,) is the set of all ordered n-tuples (xy, x5, ...,
x,,), where x; € X; for each i = 1, ..., n. Familiar particularizations of this defini-
tion are R' =R (the real line); R* =R x R is the two-dimensional coordinate
plane (made up of all ordered pairs (x;, x,), where both x; € R and x, € R);
and R"= RxRx---x R (the product is taken # times) depicts the collection
of ordered n-tuples of real numbers. In this regard, for fa point-to-point map-
ping of X into ¥, the subset Gy = {(x,y)|x € X,y =f(x) € Y} of X x Yis called the
graph of f.

If the point-to-point mapping f'is bijective ( fis one-to-one and onto), then
its single-valued inverse mapping f!:Y — X exists. Thus to each point
y € Y, there corresponds a unique inverse image point x € X such that
x=f"1(y) =f"1(f(x)) so that x is termed the inverse function of y. Here, the
domain Dy-1 of f ! is ¥, and its range Ry-1 is X. Clearly, f ~! must also be bijective
(Figure 1.2b).
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6| 1 Mathematical Foundations 1

1.3 Real and Extended Real Numbers

We noted in Section 1.2 that a function fis real valued if its range is the set of
real numbers. Let us now explore some of the salient features of real numbers—
properties that will be utilized later on.

The real number system may be characterized as a complete, ordered
field, where a field is a set F of elements together with the operations of
addition and multiplication. Moreover, both addition and multiplication
are associative and commutative, additive and multiplicative inverse and
identity elements exist, and multiplication distributes over addition. Set F
is ordered if there is a binary order relation “<” in F that satisfies the follow-
ing conditions:

1. For any elements x, y in F, either x <y, y<x, or x = y.
2. For any elements x, y, and zin F, if x <y and y < z, then x < z.

Now, if F is an ordered field, then the order relation must be connected to the
field operations according to the following conditions:

1. fx<y thenx+z<y+z
2. If x, y, and z is positive, then zx < zy.

Looking to the completeness property of the real number system, let us note
first that a set A (#£0) of real numbers is bounded above if there is a real num-
ber b (the upper bound for A) such that a < b for every a € A. The least upper
bound or supremum of A (denoted sup A) is a real number b such that (1)
a<b for every a € A; and (2) if a< c for everya € A, then b<c. So if b is
an upper bound for A such that no smaller element of A is also an upper bound
for A, then b is the least upper bound for A. In a similar vein, we can state that a
set A (#0) of real numbers is bounded below if there is a real number
b (the lower bound for A) such that b < a for every a € A. The greatest lower
bound or infimum of A (written inf A) is a real number b such that (1) b < a
for every a € A; and (2) if ¢ < a for every a € A, then ¢ < b. Hence, if b is a lower
bound for A such that no larger element of A is also alower bound for A, then b
is the greatest lower bound for A. Clearly the supremum and infimum for A
must be unique.

Armed with these considerations, we can state the completeness property as
every nonempty subset A of the ordered field F of real numbers which has an
upper bound in F has a least upper bound in F.

If we admit the elements {-oo0} and {+co} to our discussion of real numbers R,
then the extended real number system (denoted R*) consists of the set of real
numbers R together with +co, that is, R = RU{-c0} U{ +c0}.
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1.4 Metric Spaces |7
1.4 Metric Spaces

Given a space £2, a metric defined on £2 is an everywhere finite real-valued func-
tion y of ordered pairs (x, y) of points of Q or pi(x,y) : 2 x 2 — [0, +o0 ) satisfying
the following conditions:

1. For x € Q, u(x, x) = 0 (reflexitivity).

2. Forx, y € Q, u(x, y) =20 and u( x, y) =0 if and only if x = y.
3. Forx, y € 2, u(x, y) = p( y, x) (symmetry).

4. For x, 9, z € Q, u(x, y) < plx, z) + (z, y) (triangle inequality).

Here, u serves to define the distance between x and y. A metric space consists
of the space €2 and a metric y defined on 2. Hence, a metric space will be
denoted (2, p). For instance, if 2=R, then R is a metric space if
u(x,y) = |x-y| (the distance between points x and y on the real line). In addition,
if 2 =R”, then R" can be considered a metric space if

1

pxy) = [Z xi_yi|2‘| : (1.1)

i=1

where again u(x, y) is interpreted as the distance between x, y € R".

Suppose 2 is a metric space with metric 4 and X (#£6) is an arbitrary subset
of Q. If u is defined only for points in X, then (X, p) is also a metric space. Then
under this restriction on p, X is termed a subspace of Q.

The importance of a metric space is that it incorporates a concept of distance
(¢) that is applicable to the points within €. In addition, this distance function
will enable us to tackle issues concerning the convergence of sequences in £2 and
continuous functions defined on Q.

2 Equation (1.1) is actually a generalization of the absolute value function |x-y|. To see this, let us
define on R” a norm (denoted | - ||)—a function ||-|| : R" — [0, +c0 ) which assigns to each x € R"
some number ||x| such that

a. ||x|| =0and||x|| =0 if and only if x = 0;
b. ||x+y| <|*| + ||y (triangle inequality);
c. for a scalar ¢, ||cx|| = |c|||#|| (homogeneity); and

d. ‘Z:‘le,vyi‘ <|l#[||lyll (Cauchy—Schwarz inequality).

Then the distance between points x, y € R” induced by the norm “|| - ||” on R” is

-l = {Z |xl-—yl-|2] 12)

i=1

or Equation (1.1). So if £ = R" and y is given by (1.1), then R” is a metric space with metric (1.1).
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1.5 Limits of Sequences

Let X be a subset of R”. A sequence of points in X is a function whose domain is
the set of all positive integers / and whose range appears in X. If the value of the
function at n € I is x,, € X, then the range of the sequence will be denoted by
{%,} ={x1,%2,...} and interpreted as “the sequence of points xy, %, ... in X.”
(Note that the sequence of points {x,} mapped into X is not a subset of X.)
By deleting certain elements of the sequence {x,}, we obtain the subsequence
{%4},c;» where J is a subset of the positive integers.

A sequence {x,} in R” converges to a limit ¥ if and only if lim,
u(x,,%) = limy,_. » ||x,—%|| =0. (This is alternatively expressed as [lim,
X, =Xorx, — Xxasn— oo0.) That is, ¥ is the limit of {x,} if for each ¢ >0 there
exists an index value 7, such that #n> 7, implies |x,—%| <e. If we think of
the condition ||x, —X|| < £ as defining an open sphere of radius ¢ about X, then
we can say that {x,} converges to x if for each open sphere of radius ¢ > 0 cen-
tered on X, there exists an 7, such that x,, is within this open sphere for all n > 7,.
Hence, the said sphere contains all points of {x,,} from x;, on, that is, ¥ is the limit
of the sequence {x,;} in R" if, given & > 0, all but a finite number of terms of the
sequence are within ¢ of X.

A point x € R” is a limit (cluster) point of an infinite sequence {x;} if and only
if there exists an infinite subsequence {x } ., of {x4} that converges to X, that is,
there exists an infinite subsequence {x;} such that lim;_ ||xk/ -X | =0or
Xy, — xasj— oo. Stated alternatively, x is a limit point of {x;} if, given a 5> 0

and an index value &, there exists some k > k such that ||x; —&|| < & for infinitely
many terms of {x;}.

What is the distinction between the limit of a sequence and a limit point of a
sequence? To answer this question, we state the following:

a. x is a limit of a sequence {x;} in R" if, given a small and positive £ € R, all but a
finite number of terms of the sequence are within ¢ of .

b. & is a limit point of {x;} in R” if, given a real scalar & > 0 and given k, infinitely
many terms of the sequence are within ¢ of .

Thus, a sequence {x;} in R” may have a limit but no limit point. However, if a
convergent sequence {x;} in R” has infinitely many distinct points, then its limit
is a limit point of {x;}. Likewise, {x;} may possess a limit point but no limit. In
fact, if the sequence {x;} in R" has a limit point &, then there is a subsequence
{#%k }rex of {xi) that has & as a limit; but this does not necessarily mean that the
entire sequence {x;} converges to &.>

3 If % =n = constant for all k, then {x;} converges to the limit n. But since the range of this
sequence contains only a single point, it is evident that the sequence has no limit point. If x; = 1 /k,
then the sequence {x;} converges to a limit of zero, which is also a limit point. In addition,

if v =(- l)k, then the sequence {x;} has limit points at +1, but has no limit.
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1.5 Limits of Sequences |9

A sufficient condition that at least one limit point of an infinite sequence {x}
in R” exists is that {x;} is bounded, that is, there exists a scalar M € R such that
|||l < M for all k. In this regard, if an infinite sequence of points {x;} in R” is
bounded and it has only one limit point, then the sequence converges and
has as its limit that single limit point.

The preceding definition of the limit of the sequence {x,,} explicitly incorpo-
rated the actual limit X. If one does not know the actual value of ¥, then the fol-
lowing theorem enables us to prove that a sequence converges even if its actual
limit is unknown. To this end, we state first that a sequence is a Cauchy
sequence if for each £>0 there exists an index value N, such that
m, n> N, implies d(x,,%,) = || — x4 < £.* Second, R” is said to be complete
in that to every Cauchy sequence {x,,} defined on R” there corresponds a point x
such that lim,_. . x, = X. Given these concepts, we may now state the

Cauchy Convergence Criterion: Given that R” is complete, a sequence
{x,,} in R” converges to a limit x if and only if it is a Cauchy sequence, that
is, a necessary and sufficient condition for {x,} to be convergent in R” is
that d(x,,,x,) — 0asm,n— oo.

Hence, every convergent sequence on R” is a Cauchy sequence. The implica-
tion of this statement is that if the terms of a sequence approach a limit, then,
beyond some point, the distance between pairs of terms diminishes.

It should be evident from the preceding discussion that a complete metric
space is a metric space in which every Cauchy sequence converges, that is, the
space contains a point ¥ to which the sequence converges or lim,_. . %, = X.
In this regard, it should also be evident that the real line R is a complete metric
space as is R”.

We next define the limit superior and limit inferior of a sequence {x,;} of real
numbers as, respectively,

a. lim supx, = lim <supx,,,) and

n— oo n— o0 m>n

(1.3)

b. lim infx,= lim (mfxm)

n— o0 n— o0 m=n

Hence, the limit superior of the sequence {x,} is the largest number X such that
there is a subsequence of {x,} that converges to x—and no subsequence con-
verges to a higher value. Similarly, the limit inferior is the smallest limit attain-
able for some convergent subsequence of {x,}—and no subsequence converges
to a lower value. Looked at in another fashion, for, say, Equation (1.3a), a

4 That is, for € > 0 there exists a positive integer N,, such that m > N, implies d(x,,,%) < &/2; and
n = N/, implies d(x,,%) < ¢/2. Hence, both m, n > N/, imply, via the triangle inequality, that

A% %) S A(X, %) +d (%0, %) <5+ 5 =&
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10| 7 Mathematical Foundations 1

number ¥ is the limit superior of a sequence {x,} if (1) for every x <X, we have
x <x, for infinitely many #’s; and (2) for every x>Xx, we have x<x, for only
finitely many #’s. Generally speaking, when there are multiple points around
which the terms of a sequence tend to “pile up,” the limit superior and limit
inferior select the largest and smallest of these points, respectively.

We noted earlier that a sequence defined on a subset X of R” is a function whose
range is {x,,}. If this function is bounded, then its range {x,,} is bounded from both
above and below. In fact, if {x,} is a bounded sequence of real numbers, then
the limit superior and limit inferior both exist. It is also important to note that
lim,_. . %, exists if and only if the limit superior and limit inferior are equal.
We end this discussion of limits by mentioning that since any set of extended
real numbers has both a supremum and an infimum, it follows that every
sequence of extended real numbers has both a limit superior and a limit inferior.

1.6 Point-Set Theory

Let 6 be any positive scalar. A §-neighborhood of a point x, € R” or sphere of
radius § about x is the set 5(xp) = {x|||x —xo|| < 5,6 > 0}. A point & is an interior
point of a set X in R" if there exists a 5-neighborhood about x that contains only
points of X.

A set Xin R” is said to be open if, given any point xy € X, there exists a positive
scalar & such that §(x9) C X. Hence, X is open if it contains only interior points.
Moreover,

a. @, 8(xp), and R” are all open sets.
b. Any union of open sets in R” is open; and any finite intersection of open sets
in R” is open.

Let X be a set in R”. The complementary set of X, denoted X/, is the collection
of all points of R” lying outside of X. A point x € X’ is an exterior point of X in R”
if there exists a 5-neighborhood of ¥ that contains only points of X'. A point x is a
boundary point of a set X in R” if every &-neighborhood of ¥ encompasses
points in X and in X'.

A set X in R" is bounded if there exists a scalar M € R such that |jx|| <M
for all x € X. Stated alternatively, X is bounded if it has a finite dia-
meter d(X) =sup{||x-y||xy € X}.

A set X in R” has an open cover if there exist a collection {G;} of open
subsets from R” such that X C U;G. The open cover {G;} of X in R” is said to
contain a finite subcover if there are finitely many indices iy, ..., i, for
which X C UjmzlGi/.

A point ¥ is termed a point of closure of a set X in R” if every 5-neighborhood
of ¥ contains at least one point of X, that is, 5(X) N X # ¢. It is important to note
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1.6 Point-Set Theory | 11

that a point of closure of X need not be a member of X; however, every element
within X is also a point of closure of X. A subset X of R" is closed if every point of
closure of X is contained in X. The closure of a set X in R”, denoted X, is the set
of points of closure of X. Clearly, a set X in R” is closed if and only if X = X. A set
Xin R" has a closed cover if there exists a collection {G;} of closed subsets from
R" such that X C U,G.

Closely related to the concept of a point of closure of X is the notion of a limit
(cluster) point of a set X in R”. Specifically, ¥ is a limit point of X if each
d-neighborhood about ¥ contains at least one point of X different from ¥, that
is, points of X different from X tend to “pile up” at x. So if ¥ is a limit point of a set
X in R", then XN §(x) is an infinite set—every §-neighborhood of ¥ contains
infinitely many points of X. Moreover,

a. If X is a finite set in R”, then it has no limit point.

b. The limit point of X need not be an element of X.

c. The collection of all limit points of X in R” is called the derived set and will be
denoted X*.

Based on the preceding discussion, we can alternatively characterize a set X in
R" as closed if it contains each of its limit points or if X 4 C X.In addition, we can
equivalently state that the closure of a set X in R" is X together with its collection
of limit points or X =X UX 4 Furthermore,

a. 0, a single point, and R" are all closed sets.

b. Any finite union of closed sets in R” is closed; any intersection of closed sets
in R" is closed.

c. The closure of any set X in R” is the smallest closed set containing X.

d. A subset X in R" is closed if and only if its complementary set X’ is open.

e. A subset X in R” is closed if and only if X contains its boundary.

Let’s now briefly relate the concepts of a limit and a limit point of a sequence
in R” to some of the preceding point-set notions that we just developed. In par-
ticular, we shall take another look at the point of closure concept. To this end,
a limit point (as well as a limit) of a sequence {x;} in R” is a point of closure of
a set X in R” if X contains {x;}. Conversely, if X is a point of closure of a set X
in R”, then there exists a sequence {x;} in X (and hence also a subsequence
{xk}kd{ in X) such that x is a limit point of {x;} (and thus a limit of {xk}kd{).
Hence, the closure of X, X, consists of all limit points of convergent sequences
{x} from X.

Similarly, we note that a subset X in R” is closed if and only if every convergent
sequence of points {x;} from X has a limit in X, that is, X is closed if for {x;} in X,
limy_,  xx =% € X. Also, a set X in R" is bounded if every sequence of points {x;}
formed from X is bounded. In addition, if a set X in R” is both closed and
bounded, then it is termed compact. (Equivalently, a set X in R” is compact
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12| 1 Mathematical Foundations 1

if it has the finite intersection property: every finite subclass has a nonempty
intersection.) We mention briefly the following:

a. A closed subset of a compact set X in R” is compact.

b. The union of a finite number of compact sets in R” is compact; the inter-
section of any number of compact sets in R” is compact.

c. A set X in R” is compact if and only if it is closed and bounded.

d. Any finite set of points in R” is compact.

e. If X in R” is a set consisting of a convergent sequence {x;} and its limit
X = limg_, %1, then X is compact. Conversely, if X in R” is compact, every
sequence {x;} has a convergent subsequence {x;} . whose limit belongs
to X.

A set X in R” is locally compact if each of its points has a §-neighborhood

with compact closure, that is, for each x € X, §(x) is compact. In this regard,
any compact space is locally compact but not conversely, for example, R” is
locally compact but not compact.

1.7 Continuous Functions

For metric spaces X and Y with metrics d; and d,, respectively, let f X — Ybe a
point-to-point mapping of X into Y. fis said to be continuous at a point xy € X
if either

a. for any e>0 there exists a 6.>0 such that d;(x,x0)<8. implies
do(f(x),f (x0)) < &. (Note that the subscript on § means that “§ depends upon
the & chosen.”); or

b. for each e-neighborhood of flx,), &(fixo)), there exists a J.-neighborhood
about x, 8.(xp), such that f(5.(x0)) C &(f(x0)), that is, points “near” x, are
mapped by finto points “near” flx,).

In general, the point-to-point mapping ff X — Y is continuous on X if it is
continuous at each point of X.

Theorems 1.7.1 and 1.7.2 provide us with a set of necessary and sufficient con-
ditions for the continuity of a point-to-point mapping at a specific point xy € X
and at any arbitrary x € X, respectively. Specifically, we start with Theorem 1.7.1.

Theorem 1.7.1 (continuity in terms of convergent sequences). For metric
spaces X and Y, the point-to-point mapping f of X into Y is continuous at

xo € X if and only if x; — x( implies flx;) — flxo) for every subsequence {x;} in X.

Hence, fis a continuous mapping of X into Y'if it “sends convergent sequences in
X into convergent sequences in Y.” Next comes Theorem 1.7.2.
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Theorem 1.7.2 (continuity in terms of open (resp. closed) sets). For metric
spaces X and Y, let fbe a point-to-point mapping of X into Y. Then, (a) fis con-
tinuous if and only if f ~1(A) is open in X whenever set A is open in Y; and (b) fis
continuous if and only if f~1(A) is closed in X whenever A is closed in Y.

Thus, fis continuous if it “pulls open (resp. closed) sets back to open (resp.
closed) sets,” that is, the inverse images of open (resp. closed) sets are open (resp.
closed).

We next consider Theorem 1.7.3 which states that continuous mappings
preserve compactness. That is,

Theorem 1.7.3 For metric spaces X and Y, let f be a continuous point-to-point
mapping from X into Y. If A is a compact subset of X, then so is its range flA).

Next, let X be a subset of R”. A continuous point-to-point mapping g : R” — X
is termed a retraction mapping on R” if g(x) =x for all x € X. Here, X is
called a retraction of R”. If X is contained within an arbitrary subset A of R”
then g: A — X is a retraction of A onto X if g(x) =« for all x € X.

1.8 Operations on Sequences of Sets

Let {A;},i=1,2,..., represent a sequence of sets in a metric space X. If {4;} is
suchthat A; CA;,1,i=1,2,..., then {A;} is said to be a nondecreasing sequence
(if A; C A;, 1, then {A}} is said to be an expanding sequence). In addition, if {A;}
is such that A; D A;,+1,i=1,2,..., then {A;} is called a nonincreasing sequence
(if A;DA;41,i=1,2,..., then {A} is termed a contracting sequence).
A monotone sequence of sets is one which is either an expanding or contract-
ing sequence.

If the sequence {4;},i=1,2,..., in X is nondecreasing or nonincreasing, then
its limit exists and we have the following:

limA;= U2 | A; (if{A;}is nondecreasing);
1— 0

lim A;= N2, A; (if{A;}is nonincreasing).

n= oo
In addition, for any sequence of sets {4;},i=1,2,..., in X,
sup{A;} = U A;, inf{A;} = N2, Aj
with
sup (U2 A;) = sup{supA;,i=1,2,...},
inf (U2, A;) = inf {inf Aji=1,2,...};and
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sup (N2 A;) <inf{supA;i=1,2,..},
inf (N2, 4;) = sup{inf A,i=1,2,...}.

Let {A4;},i=1,2,..., again depict a sequence of sets in X.
Then there are subsets E; CA; of disjoint sets, with E;NE;=¢ for j#k,
such that

Uioz Ei= U;ZIAZ*.

We next consider the concepts of the limit superior and limit inferior of
a sequence of sets {A;},i=1,2,..., in a metric space X. To this end, the limit
superior of a sequence {A;} is defined as

lim supA; = N2 (U iAk)

1— 00
=(A1UAU-- )N (A3 UA3U--)N -
={x € X|x € A; for infinitely many i}.

Hence, lim sup A, is the set S of points such that, for every positive integer i,
there exists a positive integer k > i such that S € A; thus S consists of those
points that belong to A; for an infinite number of i values. Looked at in another
fashion, if x € §, then x is in all of Uy ;Ax. Hence, no matter how large of an i
value is chosen, you can find a k > i for which x is a member of A,;.
Similarly, the limit inferior of a sequence {4} is
llm iani = Uio:1 (mkziAk)

1— 00
= (A, NAyN---)U(A;NAzN---)U---
={x € X|x € A; for all but finitely many i}.

Thus, lim inf A; is the set I of points such that, for some positive integer i, I € A;
for all positive integers k > i; hence, I consists of those points that belong to A;
for all except a finite number of i values. Stated alternatively, if x € [, then x is an
element of N> ;Ax so that x € A; for k = i—x must be in / with only finitely many
exceptions, that is, for x € I, there is an index value such that x is in every A, in
the remaining portion of the limit.”

5 Alternative definitions of the limit superior and limit inferior of a sequence of sets are the
following. Again, let {A;} be a sequence of sets in a metric space X. Then

lim supA; = {x € X| lim inf d(x,A;) = O};
liminf A; = {x € X|d(x,A;) =0},

where d(x, A;) is the distance from x to A;.
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We note briefly that if {4;},i=1,2,..., is any sequence of sets in a metric
space X, then lim inf A; C lim sup A;. A sequence of sets {A;} is convergent
(or a subset A of X is the limit of {A4;}) if

limsupA;= liminfA;= limA;,=A.

Here, A is termed the limit set. In this vein, any monotone sequence of sets
{A;},i=1,2,..., is convergent.

1.9 Classes of Subsets of 2

1.9.1 Topological Space

We previously defined a metric space (£2, u) as consisting of the space 2 and a
metric p defined on Q. Let A£ denote the class of open sets in the metric space.
Then A satisfies the following conditions:

i 0,Q2¢e A
ii. IfA1,A,...,A, € A, then N!_,A; € A (the intersection of every finite class of
sets in A is itself a set in A4).
ili. If A, € Afor a € I, then Uye1A, € A (the union of every arbitrary class of sets
in A is itself a set in A).

Armed with properties (i)—(iii), let us generalize a metric space to that of a top-
ological space. That is, given a nonempty space £2 and a given class A of subsets
of 2 consisting of the “open sets” in £2, a class J of subsets of £2 is called a topol-
ogy on £ if (i)—(iii) hold. (Thus, the class of open sets £ determines the topology
in ©.) Hence, a topological space consists of £2 and a topology J on 2 and is
denoted (£2,-).

A subset A of a topological space (£2, J) is said to be (everywhere) dense if its
closure A equals (£,-). Hence, A is dense if and only if (a) A intersects every
nonempty set; or (b) the only open set disjoint from A is @.

1.9.2 o-Algebra of Sets and the Borel s-Algebra

A ring R is a nonempty class of subsets that contains @ and is closed under
the operations of union, intersection, and difference. A o-ring is a ring R that
is closed under countable unions and intersections, thatis, if A, € R,i=1, 2, ...,
then A=UP A, € Rand N2 A= (A- U, (A-A;)) €R.

Next, we can define a 6-algebra as a class of sets 2 that contains £ and is a
o-ring. More formally, for Q a given space, a o-algebra on £ is a family 3 of sub-
sets of Q that satisfies the following conditions:

i 2e3
ii. Ifaset A € 3, then its complement A’ € 3, where A’ =Q-A.
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iii. If {A;},,, €3, then U A; €3, that is, countable unions of sets in 7 are
also in 3.

Note that since 2 € 7, we must have Q' = @ € 3; with (U[’i 1A;)/ = ﬁ;’:lA;,
it follows that 2 is closed under countable intersections as well. Note also that if
{Ai};51 €3, then limi.A; €3, limisupA; €3, and lim;_, infA; € 3.
The pair (2, 2) is called a measurable space and the sets in 3 are termed
(2-) measurable sets.

Given a family € of subsets of £, there exists a smallest s-algebra ¢(€) on 2
that contains @, is contained in every o-algebra that contains €, and is unique.
Here, 6(@) is termed the 6-algebra generated by € and is specified as

o(C) = N{#,|#; ac-algebraonQ,C C #;}.

(For instance, if € = {E}, E C 2, then 6 (C) = {&J, E,E', 2}.) Now, if 2 = R” and Cis a
family of open sets in R”, then B” = 6(@) is called the Borel c-algebra on Q and
an element B € B” is called a Borel set. Hence, the Borel s-algebra on € is the
smallest o-algebra generated by all the open subsets of R”; and the class of Borel
sets B” in R" is the c-algebra generated by the open sets in R”. In fact, the class of
half-open intervals in R” generates the o-algebra B” of Borel sets in R”. Borel sets
also include all open and closed sets, all countable unions of closed sets, among
others.

Since o-algebras will be of paramount importance in our subsequent analysis
(especially in our review of the essentials of probability theory), let us consider
Example 1.1.

Example 1.1 To keep the analysis manageable, suppose 2 ={1,2,3,4}. Then
possibly, 2 = {0,{1,2},{3,4},€2}. Does 2 satisfy (i)—(iii) given earlier? If so, then
3 is a legitimate o-algebra. Specifically,

1. As constructed, @ € 2 and 2 € 3. Hence, (i) holds.

2. 0'=0,Q = 0{1,2} ={34},{34} ={1,2}. Clearly each of these subsets is a
member of 2 and thus (ii) is valid.

3. Since 7 contains four disjoint subsets, partition the index set I ={1,2,3,4}
into four disjoint subsets according to

L={ilA;=0}+# 0L ={ilA;={12}} # 0
L= {ilAi= {34} # 0, and L = {ilA;= Q} # 0.

Then
Uio: 1Ai = UA;
il

~(ya)u(ya)u(ya)u(ya)
ich ich icls icly

= u{12}u{34}uQe?
and thus 7 is a o-algebra on 2. B
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1.10 Set and Measure Functions

1.10.1 Set Functions

We previously defined the concept of a point-to-point function or mapping as a
rule fthat associates with a point x from a nonempty set X a unique point y = flx)
in a nonempty set Y, where X, a set of points, was called the domain of the func-
tion. Now, let’s consider a real-valued function whose domain is a class of sets,
that is, we have a function of sets rather than a function of points. In this regard,
consider a function y: € — R, where € is a nonempty class of sets and R* denotes
the set of extended real numbers. Thus y is a rule that associates with each set E
€ € a unique element u(E), which is either a real number or tco. Some
important types of set functions follow.
First, a set function yu: € — R* is said to be (finitely) additive if

i. u(@)=0; and
ii. for every finite collection Ey, E, ..., E,, of disjoint sets (E;N Ex = @, j # k) in €
such that U/_, E; € €, we have u (U} |E;) = Z?zl,u(Ei) ER".

Remember that the domain € of  is a finitely additive class of sets {E;, i = 1, ..., n}
and Z ) is defined in R*. (If 2 = R, € is the class of all finite intervals of
R, and 1fE is taken to be (a, b) or (a, b] or [a, b) or [a, b], then u(E) =b - a.)
It should be evident that a suitable domain of definition of an additive set

function y is a ring R since, if E; €R,i=1,...,n, then U?_, E; € R. So if € is a ring,
then the set function y: —R" is additive if and only if u(@) = 0 and, if E; and E; are
disjoint sets in €, then y(E;UEy) = u(E;) + u(Ex). In this regard, suppose u: € —
R* is an additive set function defined as a ring € with sets E;, Ex € €. Then

i. if E; C Ex and u(E)) is finite, then u(Ey - E;) = u(Ex) - u(E) 2 0;

ii. 1fE C Er and p(E)) is infinite, then u(E)) = u(Ey);

iii. if E C Ex and ,u(Ek) is finite, then u(E)) is finite; and
iv. if ,u(Ek) +00, then u(E;) # —oo.

Next, a set function u: € — R” is termed o-additive (or countably or com-
pletely additive) provided

i. the domain of u is a o-ring of sets C;
ii. u(@)=0; and
ili. for any disjoint sequence Ej, Es, ... of sets in € such that
U2, E; €€, we have

u(US L E;) Z,u )ER".

Here, the domain @ of y is a countably additive class of sets {E;; i =1, 2, ...} and
Z: . u(E;) € R* is defined in the extended real numbers. Clearly, a s-additive
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set function is also (finitely) additive, though the converse is not generally true.
However, if € is a finite class of sets, then the additivity of u: @ — R* implies
o-additivity.

A set function u: —R" is said to be o-finite if, for each set E € €, there is
a sequence of sets E; € €, i =1, 2, ..., such that E= U | E; and u(E;) < +oo for
all i. As this definition reveals, additivity is not a property of o-finite set func-
tions. For instance, consider the Borel o-algebra in R” that is generated by
the collection of all “cubes” of the form C=(ay,b1) x (a2,b2) % -+ x (ay,by),
with b;>a;i=1,..,n. Then, u(C)=[[/_,(bi-a;). Here, u is o-finite since
R*= U, (=)',

A set function u defined on € is nondecreasing if u(E;) > u(E;) whenever
E; C Ej it is nonincreasing if u(E) < u(E;) when E; C Ey; and it is said to be
monotone if it is either nondecreasing or nonincreasing. Now, if y is additive
and nondecreasing (resp. nonincreasing), then it is everywhere non-negative
(resp. nonpositive). In fact, the reverse implication holds, that is, if y is additive
and everywhere non-negative (resp. nonpositive), then it is also nondecreasing
(resp. nonincreasing).

1.10.2 Measure Functions

Let R* denote the set of non-negative real numbers together with +oo, that is,
R* ={x€R |x>0}. A measure function on a o-ring € is any non-negative
o-additive set function y: @ — R*. (For any subset A € € we assume that
—00 < p(A) < +00.) Note that since a measure function x4 on € is non-negative,
it must also be nondecreasing. A Borel measure is a measure function u on the
o-algebra B of Borel subsets of a given topological space (£2, J), that is,

u:B—1[0, +0).
A couple of important characteristics of measure functions are as follows:

i. If u is a measure function on € and if {E;, i = 1, 2, ...} is any sequence of sets
from @, then  is countably subadditive or 4 (U E;) < Zz H(Ei).

ii. If p is a measure function on € and if {E;, i = 1, 2, ...} is any sequence of sets
from € with y(Ulf’z 1El')< +00, then u(lim;_, o E;) = lim;_ « u(E;).

We next examine the continuity of set functions. To this end, suppose R is a
ring and the set function y: R — R is additive with p(A) > —co for all sets A € R:

i. pis continuous from below at A if lim;_, o, u(E;) = u(A) for every monotone
increasing sequence {E;} in R that converges to A.
ii. uis continuous from above at A if lim;_, o, u(E;) = u(A) for every monotone
decreasing sequence {£;} in R for which u(E;) < +oo for some i.
iii. pis continuous at A € R if it is continuous at A from both above and below.
Moreover, under the aforementioned assumptions, if
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iv. uis o-additive (and thus additive) on R, then y is continuous at A for all sets
AcR.

Given two classes € and 9 of subsets of 2, with € C 9, and set functions u:
€ — R" and ©: 9 — R respectively, 7 is termed an extension of y if, for all A
€ €, 7(A) = u(A); and p is called a restriction of 7 to €.

In later chapters, we shall be concerned with issues pertaining to the conver-
gence of sequences of random variables. To adequately address these issues, we
need to be able to define measures on countable unions and intersections of
“measurable sets.” To accomplish this task, we need to assume that the collec-
tion of measurable sets is a 6-algebra 7, that is, ? contains £2 and is a o-ring. This
requirement enables us to confine our analysis, for the most part, to “measure
spaces,” where a measure space is a triple (€2, 2, u) consisting of a space £2, a
c-algebra 7 on £ (a collection subsets of ), and u: 2 — R is a measure on 7.

1.10.3 Outer Measure Functions

Suppose € is the class of all subsets of a space €. Then x*: € — R is an outer
measure function on £ if

i u(9)=0;
ii. 4" is nondecreasing (i.e., for subsets E; C Ej, u(E;) < u(Ey)); and
iii. #* is countably subadditive—i.e., for any sequence {E;, i=1, 2, ...} of
subsets of £2,

0

p(URLE) <> p(E). (1.4)

i=1

In sum, u* is said to be non-negative, monotone, and countably subadditive.
We note that every measure on the class of all subsets of 2 is an outer measure
on £2; and, in defining an outer measure on £2, no “additivity” requirement was
in effect.

Given that u* is an outer measure on £2, a subset E is said to be measurable
with respect to ", or simply u*-measurable, if for every set A C £,

W (A) = (ANE) + 4" (ANE) (L5)

(given that A= (ANE)U(ANE")). Thus, a subset E of €2 is y*-measurable if it
partitions a set A C £2 into two subsets, ANE and AN E’, on which u™* is additive.
As this definition reveals, a set E is not innately measurable—its measurability
depends upon the outer measure employed. That is, to define the measurability
of a set E, we start with an arbitrary set A and we examine the effect of E on
the outer measure of A, u*(A). If E is measurable, then it is sufficiently
“well-behaved” in that it does not partition A in a way that compromises the
additivity of ", that is, if we partition A into ANE and ANE’, then the outer
measures of ANE and ANE’ add up correctly to y* (A).
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Since u* is countably subadditive, we have, from (1.4), u*(A)=
W(ANE)+u*(ANE') for all sets A, E € Q. Hence, E is y*-measurable if
and only if

p(A) 2 p (ANE) +p* (ANE)) (1.6)

for every set A € £. Since this inequality holds for any set A for which u* (4) =
+o00, it follows that a necessary and sufficient condition for E to be
u*-measurable is that u*(A) < +oo for every A € Q.

Some important properties of outer measures are the following:

i. If E € Q is pu*-measurable, then E is also y*-measurable.
ii. If u*(E) =0, then E € Q2 is measurable.
iii. Any finite union of p*-measurable sets in 2 is y"-measurable.
iv. If {€;,i=1, 2, ...} is a sequence of disjoint x*-measurable sets in Q and if

9= U7, Ej then for any set A € Q, y*(ANY) =Z},=1,u* (ANE)).

v. Any countable union of *-measurable sets in £ is y"-measurable.
vi. Any countable union of disjoint y*-measurable sets in £ is 4*-measurable.
vil. If {E;, i=1, 2, ...} is a sequence of disjoint y*-measurable sets in 2 and
if, for each n, G, = U;’zlEj, then, for each set A € Q, u*(ANG,)=

> K (ANE).

Why are outer measures important? Simply because they are useful for con-
structing measure functions. That is, given that the outer measure u* has as its
domain the class of all subsets of the space €2, a restriction of u* to a “smaller”
domain always generates a measure function. In this regard, suppose p* is an
outer measure function on £ and let £ be the class of y*-measurable sets. Then
& is a completely additive class (a o-algebra) and the restriction of 4™ to £ is a
measure function u.

An outer measure " is said to be regular if, for every subset A € £, there is a
1 -measurable set E D A such that y*(E) = u*(A). (Here, E is said to be a measur-
able cover for A.) Thus, an outer measure is regular if it effectuates measurable
sets in a manner that guarantees that every set A € Q has a measurable cover E.

Key properties of regular outer measures are the following:

i. If u* is a regular outer measure on 2 and {E;, i =1, 2, ...} is an increasing
sequence of sets, then u*(lim;_ o E;) = lim;_,  p* (E;).

ii. If 4™ is a regular outer measure on £ for which y* (£2) < +oo0, then a subset
E € Q is measurable if and only if p*(Q)=p"(QNE)+u* (RQNE)=
w*(E) +u*(E'). (This result follows from Equation (1.5) with A =, since
(1.5) must hold for any set A.)

Next, let 2 be a metric space. An outer measure x* on £2 is a metric outer
measure if 4" (0) = 0; u* is nondecreasing and countably subadditive; and p*
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is additive on separated sets (i.e., for subsets E and F in £ with d(E, F) >0,
W (EU F) = " E + u*(F)).° We note briefly the following:

i. If 4 is a metric outer measure, then any closed set is measurable.

ii. If 4" is a metric outer measure, then every Borel set is measurable (since the
class £ of u*-measurable sets contains the open sets, and thus contains B, the
class of Borel sets).

1.10.4 Complete Measure Functions

Given a measure function u: € — R", the class € of subsets of 2 is complete with
respect to u if E C F, F € €, and u(F) = 0 implies E € €. Now, if u: @ — R" is such
that € is complete with respect to u, then y is said to be complete. Hence, u is
complete if its domain contains all subsets of sets of measure zero, that is, every
subset of a set of measure zero is measurable.

For a measure space (£, 2, pt), the completion of 7, denoted 7., with respect
to a measure y on 7 involves all subsets A € Q such that there exist sets E, F € 3,
with EC A CF, and u(F-E) =0. The completion of y, y,, is defined on 7,
as pJA)=p. (E)=pF); it is the unique extension of u to 2. For
A€ ,u(A)=inf{u(F)|F € }ACF}=sup{u(E)|E€3ECA}.

The complete measure space (£2, 7., j1.) is thus the completion of (€2, 2, u). In
fact, (2, 2, u.) is the smallest complete measure space that contains (2, 2, u).

If a measure y is obtained by restricting an outer measure u* to &, the class of
sets of Q that are y"-measurable, then u is a complete measure. In fact, any
measure generated by an outer measure is complete.

1.10.5 Lebesgue Measure

In what follows, our discussion will focus in large part on a class L of open sets
(containing @) in £ = R. This will then facilitate our development of the Lebes-
gue integral.

Let us express the length of a bounded interval I (which may be open, closed,
or half-open) with endpoints a and b, a < b, as [(I) = b- a. Our objective herein is
to extend this “length” concept to arbitrary subsets of R, for example, for a sub-
set E C R, the notion of the “length of E” is simply its measure y(E). In particular,
we need to explore the concept of Lebesgue measure of a set E, u(E), and specify
the family of Lebesgue measurable sets. Our starting point is the concept of
Lebesgue outer measure.

6 For sets E,F € R", the distance between sets E, F is d(E,F) =inf{||x-y|||x € E,y € F}.
IfENF# @,d(E,F)=0.

0003038343.3D 21 28/2/2017 12:01:48 PM



22| 1 Mathematical Foundations 1

For each subset E C R, the Lebesgue outer measure y* (E) is defined as

u(E)= mf{ Z I[(I;)|{I;} is a sequence of open intervals with E C U}, I; }

i=1

What is the significance of this expression? Suppose E can be covered by
multiple sets of open intervals, where the union of each particular set of open
intervals contains E. Since the total length of any set of intervals can overesti-
mate the measure of E (it may contain points not in E), we need to take the
greatest lower bound of the lengths of the interval sets in order to isolate the
covering set whose length fits E as closely as possible and whose constituent
intervals do not overlap.

Given the discussion on outer measures in Section 1.10.3, it follows that
the key properties of Lebesgue outer measures are the following:

i. For every set EC R,0<u*(E) < +00.
ii. u* is nondecreasing.
ili. 4" is countably subadditive, that is, for any sequence {E;,i=1,2,...} of
subsets of R,

Ul 1E Zﬂ

iv. u* generalizes or extends the concept of “length” in that x*(I) = I(I).

How does the concept of Lebesgue outer measure translate to the notion of
Lebesgue measure itself? In order to transition from u* (E) to u(E), we need
an additional condition on E. Specifically, a set E C R is Lebesgue measurable
if for every set A CR,

' (A) =" (ANE) +u* (ANE). (1.5)

This requirement is not new (see the discussion underlying Equation (1.5) of
Section 1.10.3). As explained therein, if for every A the partition of A induced
by E (the sets ANE and ANE’) has outer measures that correctly add up to the
outer measure of A itself, then set E is “well-behaved” in that E does not
adversely impact or distort the outer measure of A when E is used to partition
A. The upshot of all this is that, under (1.5), 4 (E) yields p(E). That is, if E is
Lebesgue measurable, then the Lebesgue measure of E is defined to be its outer
measure u* (E) and simply written as u(E).

As far as the properties of Lebesgue measure u(E) are concerned, they mirror
those of u* (E) (see properties (i)—(iv)), but with one key exception—property
(iii) involving countable subadditivity is replaced by countable additivity: if
{E;,i=1,2,...} is a sequence of disjoint subsets of R, then

(i) ' (U2 L Er) Z,u
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How should the family of Lebesgue measurable sets (denoted M) be
defined? Clearly, we need to specify the largest family M of subsets of R for which
u: M— R" and properties (i), (ii), (iii)’, and (iv) hold. Hence, the family of
Lebesgue measurable sets /1 encompasses the collection of all open intervals
as well as all finite unions of intervals on the real line. Then for E € M, u(E), the
Lebesgue measure of E, is the total length of E when E is decomposed into the
union of a finite number of disjoint intervals.

We note in passing that @ and R are Lebesgue measurable with y (&) = 0 and
u(R) = +o0, respectively; open and closed intervals of real numbers are Lebes-
gue measurable; every open set and every closed set is Lebesgue measurable;
every Borel set (which includes countable sets, open and closed intervals, all
open sets and all closed sets) is Lebesgue measurable; any countable set of real
numbers has Lebesgue measure equal to zero; if E is Lebesgue measurable, then
so is E'; and if {E;,i=1,2,...} is a sequence of Lebesgue measurable sets, then
U2, E;and N2 E; are Lebesgue measurable sets.

Example 1.2 Let E=[a,b]CM with {x1,%0,%3} C[a,b],a<x; <x3<x3<D.
Consider the set A = E {x1,%3,x3 }. For the measure function p: M1 — R,

H(A) = p{[a,%1) U (%1,%2) U (x2,%3) U (x3,b] }
= pla,x1) + pu(x1,%0) + p(x0,%3) + p(x3,b]

=(x1—a)+ (xy—x1) + (w3 —x2) + (b—x3)=b-a=u(E). M

1.10.6 Measurable Functions

Let (X, ) and (Y, 9) be measurable spaces, where 9 is a s-algebra on X and is a
o-algebra on Y, respectively. A measurable function is a mapping f: X — Y such
that f~1(G) € 9 for every set G € §. Clearly, the measurability of f depends
upon 9 and § and not on the particular measures defined on these o-algebras.
As this definition indicates, measurable functions are defined in terms of inverse
images of sets. (Thus, measurable functions are mappings that occur between
measurable spaces in much the same way that continuous functions are map-
pings between topological spaces.) To elaborate on this notion, if £ £2 — G and
A€, letf1(A)={xecQ|f(x) €A} and call f "1 (A) the inverse image of set A
under rule f. (Note: f~1(A) contains all of the points in the domain 2 of f
mapped by finto A; it does not denote the inverse function of f.) Key properties
of the inverse image of A are the following:

i fUA)=(f"(A)) forall A € 6.
ii. IfA,B€ g, thenf Y(ANB)=f"YA)Nf1(B).
iii. If {Ac} C G, then f~1(UR 1 Ak) = UR 1 f 1 (Ax).
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In addition, if € is a collection of subsets of G, let f ~1(€) = {f ~1(A)|A € €}. In this
regard, if f 2—§ and € is a collection of subsets of §, then (a) for € a -algebra
on g, f (@) is a s-algebra on £; and (b) f ~1(2(€)) = 2(f~1(@)), (2, 2) a measur-
able space.

A measurable mapping g: X — Y on a measure space (2, 3, ;) is measure
preserving if (g (A)) = u(A) for all measurable sets A.

We previously termed the o-algebra generated by intervals (open, closed, half-
open) in R the Borel 5-algebra B. In this regard, if (€2, 2) is a measurable space,
the mapping f: £2 — R is 2-measurable if f ~}(B) € 2 for every Borel set B €R. In
fact, the collection of sets f ~1(B), where B is contained within the Borel subsets
of R, is a o-algebra on Q. In addition, if the collection € of Borel subsets of R
generates the Borel s-algebra, then f 2 — R is #-measurable if and only if
f71(@) C 3. Equivalently, the mapping f: £ — R is ?-measurable if and only if
the set {x € 2|f(x) <a} is measurable (i.e., it is a member of 3) for all a € R.
(Note: “<” can be replaced by “<, 2, >.”)

The indicator or characteristic function of a set A €  is defined as

1,x€A;
Xa(x)= { 0, x¢A. (1.7)

If A, B are two subsets of 2, then

Xars =mMin{ya,xp} =xa X5
Xaug =max{y X} =Xa +Xp—Xa Xpand
Xa=1-x4.
Moreover, if A;i=1,..,n,andB;,j=1,...,m, are subsets of 2 and X-=
n m
Zi: ik, and Y = Zj: JixBy then

n m
XY= Z inJ’i)(AimBj-

i=1j=1

In addition, if {4;}/_; and { B, }]Wi , are partitions of 2, then {4; ﬂBj}aHi]. isalsoa

partition of €2, and thus

n m
X+Y-= ZZ (xi +y,');(AmB/_.
i=1j=1
If 7 is a o-algebra on £, then @ and £ are members of 2. In addition,
with set A € 3, it follows that A’ € 2. Hence, 3,, ={0,A,A’,Q}, and thus
X4 is F-measurable if and only if A € 3. Note also that if X and Y are
Z-measurable functions on £, then X + Y, X-Y,X-Y, and ¢X(c a real scalar)
are all ?-measurable. Suppose Y(x)#0 for all x€Q. Then X/Y is also
Z-measurable.
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Suppose f:0Q2— R* is a measurable function with A={x|f(x)>0} and
B={x|f(x)<0}. If f* =f -y andf™ = —f x5, then the positive part of f is
defined as

f(x).f (x) 2 0;
0,f(x) <0;
and the negative part of fis defined as

-f(%).f (x) <0;
0,f(x) =0,

where f* andf~ are both positive functions on £2. With # a 5-algebra on 2 and
f is measurable, sets G=f"!({x[x>0})andH =f"({x[x<0}) are in the
o-algebra generated by  (denoted 7). Hence, f*,f~and | f| are all 3;-measur-
able. The upshot of this discussion is that an arbitrary measurable function
f can be written in a canonical way as the difference between two positive
measurable functions as f =f* —f~. In addition, |f|=f"* +f .

A function @: 2 — R defined on a measurable space (£2, ?) is a simple func-
tion if there are disjoint measurable sets Ay, ..., A4, and real scalars ¢y, ..., ¢,
such that

D= iy, (1.8)
i=1

Clearly, @ takes on finitely many, finite values c;,i = 1,...,n. Since simple func-
tions are measurable, any measurable function may be approximated by simple
functions. In fact, for f £ — R" a non-negative measurable function, there is a
monotone increasing sequence {®;} of simple functions that converges point-
wise to f.

Given a measure space (€2, 2, u), if 2 = U”_, A; and the sets A; are disjoint, then
these sets are said to form a (finite) dissection of Q. They are said to form an
F-dissection if A;€3,i=1,...,n. A function f 2 — R is termed Z-simple

if it can be expressed as f(x) = Z;;lci/l/Ai’ where the A/s, i=1,...,n, form an

fT =max{f(x),0} = {

= max{~f(x),0} = {

F-dissection of Q. Thus, flix) takes on a constant value c; on the set A;, given that
the A/s are disjoint subsets of 3.

A sequence of measurable functions {f,} from a measure space (22, 2, ) to
R« converges pointwise to a function f: 2 — R* if lim,,_, », f,,(x) = f (x) for every
x € . Moreover, fitself is measurable. A sequence {f,} converges pointwise
a.e.” to fif it converges pointwise to f except on a set M of measure zero.

7 A set of measure zero is a measurable set M such that p(M) = 0. A property or condition that
holds for all x € 2- M, where M is a set of measure zero, is said to hold almost everywhere
(abbreviated “a.e.”) or “except on a set of measure zero.” Note: a subset of a set of measure zero need
not be measurable; but if it is measurable, then it must have measure zero.
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If (2, 3, u) is a complete measure space and {f,} converges pointwise a.e. to f,
then fis measurable.

We note briefly that if the measurable space is (R", B”), a B”-measurable
function is termed a Borel-measurable function.

1.10.7 Lebesgue Measurable Functions

Suppose (X, D) and (Y, 9) are measurable spaces, with X and Y equipped with the
o-algebras © and 9, respectively. Then, as indicated in Section 1.10.6, the func-
tionf : X — Y is measurable if the anti-image of E under fis in ® for every E C 9,
that is, f "1(E) = {x € X|[f(x) €EE} € D for all E C §.

Let us now get a bit more specific. Suppose (R, £) and (R, B) are measurable
spaces, with £ the o-algebra of Lebesgue measurable sets and B the Borel
o-algebra on R. (Remember that B is the smallest o-algebra containing all the
open sets.) The function f: R — R is Lebesgue measurable if the anti-image
of B under fis a Lebesgue measurable subset of R for every Borel subset B of
R, that is, f7}(B)={x€R|f(x) €B} € £ for all B € B. (Clearly, the domain
and range of finvolve different o-algebras defined on the same set R.) In very
basic terms, for a bounded interval J, a function f : I — R is Lebesgue measurable
if, for every open set B C R, the anti-image f ~!(B) is measurable in 1.

An important alternative way of specifying a function that is Lebesgue meas-
urable is the following. If (X, £) is a measurable space, then f : X — R is Lebes-
gue measurable if and only if f "1 ([a, +0]) = {x € X|f(x) >a} € L foralla € R
(Figure 1.3). (Note: equivalent statements involve “>” being replaced by “ =" or
“<”or“<.)

To summarize: A function f between measurable spaces is measurable if
the anti-image of each measurable set is measurable. A function fis Lebesgue

f Figure 1.3 A measurable subset of £

/N

—

Measurable for all a € R
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measurable if and only if the anti-image of each of the sets [a, +o0] is a Lebesgue
measurable set.

We end this discussion by commenting that continuous functions, mono-
tone functions, step functions, and Riemann integrable functions are all
Lebesgue measurable. Moreover, if f,g:R— R are Lebesgue measurable
functions and ¢ € R, then ¢f,f + g,fg,|f| and |g|, and max{f,g} are all Lebesgue
measurable.

1.11 Normed Linear Spaces

1.11.1 Space of Bounded Real-Valued Functions

Given a nonempty set A, suppose that each pair of elements x, y € A can
be operated on, by a process called addition (“+”), to yield a new element
x+y =2z € A, where the operator “+” satisfies the following:

a. ¥ +y =y +«x (commutative law).

b. x + (¥ + 2) = (x + y) + z (associative law).

c. 0 € A such that x + 0 = x for every x € A (zero is the additive identity).
d. —x € A such that x + (-x) = 0 (-« is the additive inverse).

Suppose also that, for each real scalar « and for each element x € A, @ and x can
be operated on, by a process called scalar multiplication (“”), to yield a new

“wn»

element ax =y € A, where the operator “” satisfies the following:

a. alx+y)=ax+ay
distributive laws.
b. (a+pf)x=ax+px

c. (af)x=a(px) (associative law).

d. 1-x=x(1isthe multiplicative identity).

Now, if A is closed under the operations of addition and scalar multiplication,
then A (which can be viewed as an algebraic system) is termed a linear space
(or vector space). A nonempty subset C of a linear space A constitutes a
linear subspace of A if x + y is in C when x, y € C; and ax € C («a a real scalar)
when x € C. As was the case with A itself, 0 and —x are elements of C whenever
xc C.

In Section 1.4, we introduced the concept of a norm—a function that assigns
to each x within a space a real number ||x|| such that the properties of non-
negativity, homogeneity, and the triangle inequality hold. If the norm “||-||” is
defined on a linear space A, then A becomes a normed linear space. We also
noted in Section 1.4 that a normed linear space is a metric space with respect to
the metric d(x, y) = ||x-y|| induced by the norm (Equation (1.2)).
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We next consider the notion of a function space—a linear space whose ele-
ments are functions defined on some nonempty set X, with pointwise addition
and scalar multiplication satisfying the following:

a (f+g)x) =f(x) + g(x).
b. (af)(x) = of (x).
c. the zero element0 € X is the constant function “0” (1.9)

whose only value is the scalar 0.
d. (-f)*) = -f(*).

Consider now the set of all real-valued functions defined on X. Clearly, X is
a real linear space whose elements satisfy (1.9). If we separate out from X the
subset B of all bounded real-valued functions (f ¢ B is bounded if there exists
areal scalar M such that |f(x)| < M), then B is itself a linear space. In addition, if
we define on the elements of B the norm

£l = suplf (x)], (1.10)

then B is a metric space.

Suppose {f,;} is a sequence of real-valued functions defined on B and that,
for each x € B, {f,(x)} is a Cauchy sequence (to review, {f,(x)} is a Cauchy
sequence if for all >0 there exists an N,j; >0 such that for all m, n >
Ne/o [|fin(%) =fu(%)|| < €). Thus, B is complete in that, for each x € B and every
Cauchy sequence {f,} defined on B, there exists a well-defined continuous
limit function f(x) = lim,_ », f,,(x) so that {f,(x)} converges pointwise to f{x).
In fact, any normed space with the property that every Cauchy sequence defined
on it is convergent is complete.

The preceding discussion enables us to conclude that B constitutes an impor-
tant type of function space, namely, a Banach space—a complete normed linear
(metric) space. We next turn to another type of function space that is also a
Banach space.

1.11.2 Space of Bounded Continuous Real-Valued Functions

A key property that the elements of a function space can possess is continuity.
To explore this characteristic, let’s assume at the outset that the set of all real-
valued functions is defined on a metric space X. Furthermore, given B above
(as defined earlier, B is the subset of X containing all bounded real-valued
functions), let C(X) C B denote the set of all bounded continuous functions
defined on X.

It should thus be evident that

a. iff, gare continuous real-valued functions defined on X, then, pointwise, f + g
and af (a a real scalar) are also continuous;
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b. C(X) is a linear subspace of the linear (metric) space B; and
c. C(X) is a closed® subset of the linear (metric) space B.

But remember that B is a Banach space and, since a closed linear subspace of a
Banach space is also a Banach space, it follows that C(X), the set of all bounded
continuous real-valued functions defined on a metric space X with norm (1.10)
is a Banach space.

1.11.3 Some Classical Banach Spaces

1. Let R” denote the set of all vectors or ordered n-tuples x = (x1,%5,...,%,) of
real numbers. For elements x = (x,%5,...,%,) and y = (y1,¥2,...,¥,) in R, let
us define, coordinatewise, addition and scalar multiplication as

X+y= (%1 +Y1,% + Y25 o0 X + V)5

ax = (ax1,axy,...,ax,),a areal scalar,

respectively. In addition,, the zero (or null) element 0 = (0, 0, ..., 0) (also an
n-tuple) and —x = (-x1, —x3,..., —x,) are elements in R”. For any element
x € R", let us define the norm of x, ||x||, by

[l = (Z |in2> : (1.11)

(See Section 1.4 for a discussion of the properties of this norm.) Given (1.11),
it is evident that R” can be characterized as a normed linear (metric) space
(also called n-dimensional Euclidean space—since (1.11) is the Euclidean
norm). Moreover, it is complete with respect to the metric (1.2) and thus
amounts to a complete normed linear space or Banach space.

2. Let L’ (u) denote the set of all measurable functions f defined on a measure
space (£2, 2, u) and having the property that |f{x)|? is integrable, with p-norm

1, = ([reoan ) 1sp< voo (112)

Forp €1, +00),L?(u) is complete with respect to (1.12) and thus constitutes
a Banach space.

8 Supposefe€ Bwith f € C(X) (the closure of C(X)). Let d be the metric on X, with & > 0 given. Since

fisin C(X), there exists a function f in C(X) such that ||f - fo|| < ¢ implies |[f (x) —f (%0)| < € for eachx
€ X, where ¢ is proportional to e. With f, continuous at xo, there exists a 6 >0 such that
d(x,%0) = ||x—x0|| < 8¢ implies |f (x0) —fo(x0)| < €. Since ||x — x| < 5 implies that |f (x) —f (x0)| < €, we
see that f'is continuous at x (x, arbitrary). Hence, f € C(X) = C(X) so that C(X) must be closed
(Simmons, 1963, p. 83).
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3. Let H be an n-dimensional linear (vector) space with the inner product
norm defined by

el = (.2, (1.13)

where (x, x) is the inner product’® defined by
(x,x) = Z x>0 € H.
i=1

(A linear space equipped with an inner product is called an inner product
space.) Clearly, H is a normed linear space and is complete with respect to
the norm given by (1.13); it will be called a Hilbert space—a complete
normed inner product space. Although H is always a Banach space whose

norm is determined by an inner product (-,-) (ie., |[f]| = (f,)? for all f
in the space), the converse does not generally hold. So what is the essential
difference between a Banach space and a Hilbert space? The difference is in
the source of the norm, that is, for a Banach space, the norm is defined
directly as ||-||: B— [0, +o0) for all points «x, y (and scalar c) satisfying the
properties outlined earlier in footnote 2; and for a Hilbert space, the norm
is defined by an inner product (Equation (1.13)). The inner product is not
defined on a Banach space.

The ordered n-tuples (vectors) x,y€R" are said to be orthogonal if
(%,y) = ZZ Xiyi=0. Elements x and y within a Hilbert space (H) are orthogo-
nal if (x, ¥) = 0 and orthonormal if, in addition, ||x|| = ||y|| = 1. An orthonormal
set in H is a nonempty subset of H that consists of mutually orthogonal unit
vectors e;,i=1,2,.... (A unit vector e; has a “1” as its ith component and “0’s”
elsewhere.) That is, an orthonormal set is a non-empty subset {e;,i=1,2,...}
of H with the properties (1) (e;,¢;) =0,i#j; and (2) ||e;| =1 for all i.

An orthonormal sequence {e;,i =1,2,...} in H is complete if the only member
of H that is orthogonal to every e; is the null vector 0 (which contains all zero
components). (Stated alternatively, we cannot find a vector e such that {{e}, e} is
an orthonormal set that properly contains {e;i=1,2,...}.)

Suppose {ey, €, ..., €,} is a finite orthonormal set in H. If x is any vector in
H, then

2
LY e < [l

The inner product (x, x) satisfies the following conditions:

o

For x € H, (x,%) > 0 and (x,x) = 0 if and only if x = O (positive semidefiniteness).

. For x, y € H, (x,9) = (y,x) (symmetry).

For x, y € H, with a, b real scalars, ((ax; + bx3),y) = (ax1,y) + (bxy,y) (linear in its first argument).
. Forx, y € H, |(x,9)| < ||#|/||ly|| (Cauchy—Schwarz inequality).

Ao TP
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2. x= Z (x,€;)e; and
3. (x—zlil(x,e,-)ei,ej) =0 for each j.

An orthonormal basis for a Hilbert space (H) is a basis'® consisting of non-
zero orthonormal vectors. Such vectors are linearly independent and span H in
the sense that every element in H can be written as a linear combination of the
basis vectors. In fact, every Hilbert space contains a maximal orthonormal set
that serves as a basis.

Suppose in (1.12), we set p = 2. Then the class of real-valued square-integrable
functions

1

220 =111, = ([Pt ) < +o0 (112.1)

is a Hilbert space. In addition, if (€2, 3, u) is a measure space and the functions
f, g € L? (u), then the inner product of fand g is

(f.8)= Jfgdu: (1.14)
where |(f-g)[ < [If]lllg]|-

The space Lz(a, b), the collection of Borel measurable real-valued square
integrable functions fon (a, b) (i.e., fb 1463) \Zdt< +00), is a Hilbert space. For

this space, the inner product is ( f,g) = j f(¢)g(¢t)dt, and the assoc1ated norm
and metric are, respectively, |[f||2 = (f . [f(t)\zdt) and d(f,g) =

IIf -gll = (f If(&)-g(2)] dt) . (Here, the functions f, g are considered equal

if they differ on (a, b) only on a set of measure zero.)

1.12 Integration

Our approach in this section is to first define the integral of a non-negative
simple function. We then define the integral of a non-negative measurable

10 To review, a vector x € R” is a linear combination of the vectors x; € R",j = 1,...,m, if there
exists scalars 4;,j=1,...,m, such that x = Z/m: 1ij/, A set of vectors is linearly independent if the
trivial combination Ox; +--- + Ox, is the only linear combination of the x; which equals the null
vector. (The set of vectors {x/, j= 1,...,m} is said to be linearly dependent if there exists scalars
Aj,j=1,...,m, not all zero such that Z,m: l/l,vx,v =0.) The vectors x;,j = 1,...,m, span R" if every element

of R” can be written as a linear combination of the x;’s. Hence, the x/s constitute a spanning set
for R". A basis for R” is a linearly independent set of vectors from R” which spans R”. Thus, every
vector in R” can be expressed as a linear combination of the basis vectors.
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function via an approximation by simple functions. Next comes the definition
of the integral of a measurable function, followed by the specification of the
integral of a measurable function on a measurable set. In what follows, (2, 7,
u) is taken to be a measure space. However, if 2 = R admits the Borel 5-algebra,
3 is the o-algebra of Lebesgue measurable sets in R, and the measure
u:3—10, +o0] is given by u(E)=u*(E),E€ 3, then the integrals defined
below are also Lebesgue integrals. (Readers not familiar with the Lebesgue
integral are encouraged to read Appendix B to this chapter along with
Taylor (1973) before tackling this section.)

1.12.1 Integral of a Non-negative Simple Function

Recall (Section 1.10.5) that a non-negative simple function has the form

n
O (x)= ZCI'ZE‘_ (%),¢;20,i=1,...,n, (1.15)
i=1

where the indicator function yy. is defined as

( ) I,XEE,‘;
(X)) =
% 0,x€E,.

The integral of a non-negative simple function with respect to y is defined in

9

terms of the integral operator “|” as
J Qdu=Y_cu(E), (1.16)
Q i=1

where E;={x| 2 (x) = ci},J XEAp :J dp=u(E;) < +o0 and the sum on the
Q E

right-hand side of (1.16) is well defined since each of its terms is non-negative.
(It is important to note that since the specification of a simple function in
terms of indicator functions is not unique, this definition of the integral is inde-
pendent of the actual specification used.) For the simple function given in
Equation (1.15), suppose set A € 7 is measurable. Then the integral of a
non-negative simple function over a set A is defined as

J Qdu=>> cp(ENA). (1.16.1)
A i=1

As far as the essential properties of the integral operator “[” are concerned,
it is linear as well as order preserving on the class of non-negative simple

functions. That is, given two non-negative simple functions @ = Z;’flcl-)(&

and y = Z}i ldj XEp the simple function
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D +y= Z?=1ZZ1(Ci +d;)x,nrp and thus

J (9 +1//)d;4=J 0d,u+J wdu;(“J”islinear) (1.17)
Q Q Q

while, for @ >y,

J O du> J wdu. <“ J” is order preserving or monotonic) (1.18)
Q Q

1.12.2 Integral of a Non-negative Measurable Function Using
Simple Functions

Suppose the non-negative function f £ — R* is measurable. It was noted
in Section 1.10.5 that there exists a monotone increasing sequence {f;} of

simple functions that converge pointwise to f. Given that J fudy is defined
Q

for all #, and the said sequence is monotonic, it follows that the limit of

J frdu is an element of R*. Hence, we may define the operation of integration

Q

for non-negative measurable functions as
J fdu= lim J fudu. (1.19)
Q =)

Since J Jfdu may be finite or infinite in R*, we may conclude that a non-negative
Q
measurable function fis integrable with respect to a measure y if the limit in

(1.19) is finite. In addition, if f> 0 is measurable, then integration for non-
negative measurable functions over a set A is defined as

de,u:supj Ddu< +c0. (1.19.1)
A 0 JA

where the supremum is taken over all simple functions @ with 0 < @ <f.

1.12.3 Integral of a Measurable Function

Suppose the function f 2 — R" is measurable. Then, as indicated earlier in
Section 1.10.5, so are f, andf_. If f, andf_ are integrable with respect to y,
then f =f, —f_ itself is integrable with respect to ¢ and thus

[ =] 5| s (1.20)
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so that this expression defines integration for the class of integrable
measurable functions. Also, for set A € 3, fis integrable over a set A if

LIfIdu=JAf+ dﬂ+Lf_du< +00. (1.20.1)

1.12.4 Integral of a Measurable Function on a Measurable Set

Let set A € 3. Suppose J fxadp is defined (e.g., either fy4 is non-negative and

measurable, or fy, is measurable and integrable). Then

Lfdﬂ = Lf}mdu- (1.21)

Thus, fis integrable over a set A if fy 4 is integrable. (Note that if A € 2 and
u(A) =0, then f Q2 — R" is integrable over A with de,u =0.)
A

For a measure space (2, 3, u) and f 2 — R* an integrable function with
respect to y over £, some additional properties of the integral operator “[”
are the following:

i. For A and B disjoint sets in 3,

| = s+ | n.

UB A B

—

ii. |f] is integrable and U fd,u‘ :J | fldu.
Q Q
ili. For a constant ¢ € R, cf'is integrable and J cfdy = CJ fdu.
Q Q

iv. If f>0, then J fdu=0; but if f> 0 and deﬂ =0, then f=0 a.e.
Q
v. If ¢ Q — R* is integrable with respect to u over €, then if f=g ae,, it

follows that
| = e
Q Q

vi. If sets A, B € 2 with A C B and >0, then dey stdy.
A B
vii. Let p be the counting measure'! on Q= {1, 2, 3, ...} and define the

measurable function f: Q — R as f( ) = aj,j € Q2. Then

11 Let (£2, 3, v) be a measure space. The counting measure v on £2 is defined as v(A) = number
of elements in A € 2. This measure is finite if £ is a finite set; it is o-finite if £ is countable.
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[ sGrauntn=>"a;

Q j=1

This integral is well-defined if f> 0, or if the sum on the right-hand con-
verges absolutely. (If 2/021 |a,~| is convergent, then Z}il ]a1~| is termed
absolutely convergent.) In either instance we say that f is integrable
with respect to pu.
viii. A measurable function f is integrable on A € 2 if and only if |f] is
integrable on A.
ix. Iffisintegrable onset A € 3, ifgis measurable, and if |g| < f a.e.on 4, then g

is integrable on A and J gdu < J fau.
A A
x. If fis any function and for set A € 3, if u(A) =0, then J fdu=0.
A

1.12.5 Convergence of Sequences of Functions

Let (£2, 2, u) be a measure space. A sequence of functions { f,,}, where f,, : Q — R,
converges pointwise to a function f: Q — R* if lim,_, » fu(x) =f (x) for every
x € 0. Here f is termed a limiting function. The sequence {f,} converges
pointwise a.e. to fif it converges pointwise to fon £2-A, where A € Z is a
set of measure zero.

In this regard, let { f,,} be a sequence of functions that converges pointwise to a
limiting function f. When can we legitimately conclude that [, f,du converges
to |, fdu? Two conditions that guarantee the convergence of the integrals
Jo fudy are (1) the monotone convergence of the sequence {f,}; and (2) a uni-
form bound on {f,} by an integrable function.

To set the stage for a discussion of the first condition, let us define
a sequence of functions {f,}, where f,:Q2—R", as monotone
increasing if fi(x)<---<f,(x)<... for every x € Q. We then have Theorem
1.12.1.

Theorem 1.12.1 (Lebesgue) Monotone Convergence Theorem (MCT)

Let {f,,} be a monotone increasing sequence of non-negative measurable func-
tions f;, : 2 — [0, +oo] on a measure space (€2, 7, u) and let f : 2 — [0, +oo] be the
pointwise limit of {f,} or f(x) = lim,,_. » f,(x). Then

lim J fudy =J fd.

n— o0 e 0

(Note that if fis integrable on 2 (lim,. s [, fudpt < +00), this theorem posits the
convergence of the integrals [, fudu to [, fdu. If fis not integrable on £, then
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possibly f, is integrable for all # and [, f,du — +00 asn — +o0.) A consequence
of the MCT is Corollary 1.12.1.

Corollary 1.12.1 (corollary to the MCT). Let {f,}, f:£2— [0, +o], be a
sequence of non-negative measurable functions and set f = Z:o: Jn- Then

[ jau=>"]

n=19%
A generalization of the MCT is provided by Lemma 1.12.1.

Lemma 1.12.1 Fatou’s lemma

Let {f,} be a sequence of non-negative measurable functions f;, : 2 — [0,00] on a
measure space (£2, 2, u). Then

J (lim infﬁ,)dﬂs lim ii’lfj Jndp.
Q \n—® n— oo Q

As this lemma indicates, the limit of the integrals on the right-hand side of this
inequality is always at least as large as the integral of the limit function on the

left-hand side.
The second aforementioned condition is incorporated in Theorem 1.12.2.

Theorem 1.12.2 (Lebesgue) Dominated Convergence Theorem (DCT)

Let {f,,} be a sequence of integrable functions, where f,: 2 — R*, on a measure
space (£2, #, u) that converge pointwise to a limit function f: £2 — R*. If there is an
integrable function g : £ — [0, 0] such that |f,(x)| < g(x) for all x € 2 (and inde-
pendent of n), then fis integrable and

limendyzj fdu.

H— 00 0 0

We close this section with an additional useful Theorem 1.12.3.

Theorem 1.12.3 Let {A4,} be a sequence of disjoint measurable sets with
A=UX A, and let fbe a non-negative measurable function that is integrable

on each set A,. Then fis integrable on A if and only if Zm IJ fdu < +o0,
n= A,

so that

[ au=>"] san.

A n=1J4,
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