REAL ANALYSIS
TOPIC 35 - MEASURE (DRAFT)

PAUL L. BAILEY

1. EXTENDED REAL NUMBERS

Recall that the extended real numbers consist of the real numbers together with
two symbols for plus and minus infinity:

R =RU {#+o00}.
We write oo for +-00. We order the set R by defining —0o < x < oo for all z € R. Tt
then makes sense to write R = [—00, 00]. When this set is endowed with the order

topology, it is homeomorphic to [0, 1].
We will use the following facts regarding extended real numbers without further
comment.

e Every nonempty subset of R has a supremum and an infimum in R.
e Every monotone sequence in R has a limit in R.
e Every series of nonnegative real terms converges in R.
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2. SET FUNCTIONS

We are interested in functions which associate an extended real number to each
set in a collection of sets. This will allow us to generalize the notion of the length
of an interval.

Let X be a set and let € C X. A set function on C is a function

v:€—R.
A set function may have one or more of the following properties, assuming that
C is closed under the appropriate unions (finite or countable unions).

e Monotone: for Cy,Cs € C with Cy C Oy,
7(C1) < 4(Ca).
Additive: for C1,Cy € Cwith C1NCy =&
Y(C1U Ca) = 7(Ch) +7(C).
Finitely additive: for C4,...,C, € € with C; N C; = @ for i # j,

V(UL Ci) = Zv(@)-

o Countably additive: for each sequence (C,,) in € with C;NC; = @ for i # j,

7 10 Z'y

Subadditive: for Cq,Cs € C,
’}/(Ol U CQ) S ’}/(01) + ’7(02).
Finitely subadditive: for Cq,...,C, € C,

z IC 27

Countably additive: for each sequence (C),) in C,

(U2, Cy) < Z Y(C.
i=1

It is clear that additive implies finitely additive, by induction. Also, subaddi-
tive implies finitely subadditive. Also, countably additive implies additive, and
countably subadditive implies subadditive.

Proposition 1. Let A be an algebra of subsets of a set X, and let v : A — [0, 00].
If v is additive, then -y is monotone and subadditive.

Proof. Suppose that v is additive.

First we show that + is monotone. Let Aj, Ay € A with Ay C As. Then
B = Ay N\ A1 = Ay N A € A. By additivity, v(Az2) = v(41 U B) = v(A1) + ~(B),
and since v(B) is nonnegative, v(Az2) > v(A41). Thus v is subadditive.

Next we show that « is subadditive. Let A;, Ay € A. Let B = A1 N Ay. Now
AjUAy = (A; N B)UBU (A3~ B) = (A; N B°) U BU (A3 N BY) € A. These sets
are disjoint, so y(A4; U A3) = v(A1 ~ B) +v(B) + v(42 \ B). O
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Proposition 2. Let A be a o-algebra of subsets of a set X, and let v : A — [0, 00].
If v is countably additive, then 7y is countably subadditive.

Proof. Suppose that « is countably additive. Note that this implies that ~ is addi-
tive, and hence monotone.

Let (A,) be a sequence in A. Set By = Ay, and for n > 2, set B, = A, ~
(U?:_llAi). Then (B,,) is a sequence of disjoint sets with US2 B, = U A,,. Also,
B, C A, for all n, and by monotonicity, v(By,) < v(A.). Thus,

Y(UpZi1An) = v(UpZ By = Z Y(By) < Z Y(An).
n=1 n=1

O

Proposition 3. Let A be a o-algebra of subsets of a set X, and let v : A — [0, 00].
If v is additive and countably subadditive, then v is countably additive.

Proof. Suppose that ~ is additive and countably subadditive. Then + is monotone.
Let (Ay) be a sequence of disjoint sets in A. By subadditivity, y(U2;4; <
o2, Ai, so we wish to see that > o A; < (U2, A;.
By additivity and monotonicity, Y ., v(A4;) = y(Urv(A4;) < v(U52,v(A;). So,
for all n, " | v(A;) is bounded above by (U2,v(A;). This inequality survives
the limit, so

;7(141‘) = nh_{goZ;“Y(Ai) < (U2 (4i).

3. MEASURES

Definition 1. Let X be a set and let € be a o-algebra of subsets of X. A measure
on € is a function u : € — R such that

(M1) p(E)>0forall E € &;

(M2) (@) - 0;

(M3) (E,) disjoint sequence in & implies u(USZ,E,) =Y 00 u(Ey).
A measure space is a triple (X, €, u), where X is a set, £ is a o-algebra of subsets
of X, and p is a measure on X.

Proposition 4. Let o be a measure on a o-algebra € of subsets of a set X. Then
s

(a) Additive

(b) Subadditive

(¢) Monotone

(d) Countably additive

(e) Countably subadditive
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Theorem 1 (Monotone Convergence Theorem). Let i be a measure on a o-algebra
& of subsets of a set X, and let (E,) be a monotone sequence in E. Then
(a) If (E,) is expanding, then limy, oo n(Ey) = p(limy, oo Fy).
(b) If (E,) is contracting, then lim, o p(Ey) = p(lim, o0 Ey), provided that
there exists a set A € & with Ey C A and u(A) < oo.

Proof. (a) Suppose (E,) is expanding. Then lim,,_, o, E, = US>, E,.
Set B = @ and forn > 1, set F,, = E, ~ E,,_1. Since E,_1 C E,, we have

M(Fn> = M(En) - M(Enfl)-
Then (F},) is a sequence of disjoint sets, and US2 ; F;, = U2, E,,. However, notice
that

S uF) = 3 (B — p(Bi 1) = p(En) — p(Bo) = p(En),
=1 i=1

as this is a telescoping sum. Thus

Zlu(Fn) = nlgr;O;u(Fi) = lim p(E,).

n—oo

So,

U(nlggo En) = m(Unty En) = p(UpZ F) = Z u(Fn) = nlggo 1(En).
n=1

(b) Suppose that (E,) is contracting. Then lim, o0 Ey = N2 Ey,.

We assume FE; is contained in a set of finite measure; let us call it Ej.

Set I, = E, \ Ept1. We claim that

U?Lolen = El AN ﬁzozlEn.

Each F,, is a subset of F,,, and F,, C E,. Thus the left hand side is contain in the
right hand side. On the other hand, if € E; ~ NS E,,, then z ¢ Ej; for some
k. If we take the smallest such k, we have x € Fy, = Ej, \ Eg11, s0 x € Us2 F),.

Now (F},) is a sequence of disjoint sets, and p(F,) = p(E,) — p(Ent1). So,
Doy W(E) = 300 1(En) — i(Ent1) = p(E1) — p(Ep1), and in the limit,

w(E1) — Nz Bn) = p(Er ~ R, By)
= u(UpZ1Fn)

> u(Fy)
= lim p(Ey) — lim pi(Epqq)

n—roo n—oo

= p(Er) = lim p(Ey).
It follows that lim, . uw(E,) = p(NS,). O

n=1



4. LENGTHS OF SETS

We define what it means to be the length of an interval, of and open sets, and
of a bounded closed set. We will use this to define Lebesgue measure in the real
numbers, which generalizes length.

Definition 2. Let A C R be nonempty and connected. The length of A is
L(A) =sup A — inf A.

The types of connected sets are the empty set, singleton sets, and intervals. The
length of the empty set is not defined. The length of a singleton is zero. The length
of [a,b) is b — a.

Recall that an open set is a union of countably many disjoint open intervals.
This is what allows the next definition.

Definition 3. Let G C R be open. Define the length of G, denoted ¢(G), to be the
sum of the length of the disjoint components of G.

Recall that the smallest closed interval of a set A is sci(A4) = [inf A, sup A].

Definition 4. Let F' C R be bounded and closed, and let J = sci(F"). Define the
length of F', denoted £(F), to be £(J) — £(J \ F').

Proposition 5. Let J be a collection of pairwise disjoint subintervals of an interval
J. Then the sum of the lengths of the intervals in J is bounded above by the length
of J:

> oIy <o),

I€d
Proof. First assume that J is finite, say J = {I1,...,I,}. Let ay = inf I}, and
by = sup I. Let a = inf J and b = sup J. Then

a<a; <b<ap<by<---<a, <b, <D

Thus
(b—bn)+(an—bn,1)+'~+(a2—b1)+(a1—a) ZO,
which implies that £(.J) > >, _; £(I)).
Next, suppose that J = {I; | k¥ € N} is an infinite countable collection of intervals.
Then for every partial sum, Y ,_, £(I;) < £(J). The sequence of partial sums is a
bounded nondecreasing sequence, so it converges; thus

> UI) = lim Y (1) < ().
k=1

keN
g

Proposition 6. Let U and V be bounded open sets such that V. C U. Then
V) <LU).

Proof. Each of these open sets is a union of countably many components, which
are open intervals. So, let {U, | @ € A} be the collection of components of U,
where « ranges over some indexing set A. Each component of V' is contained in a
component of U; let {V,, g | 5 € By} denote the set of components of V' which are
contained in U,. Now, by Proposition 5,

V)= > tVap) <> UUs) = L(U).

a€A BEB, «
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Corollary 1. Let U be an open set. If G is the collection of all bounded open sets
containing U, then {(U) = inf{{(G) | G € G}.

Proof. First, note that U € G, so £(U) > inf{¢(G) | G € §}. However, if G € G,
then U C G, so £(U) < ¢(G) by Proposition 6; thus ¢(U) < inf{{(G) | G € G}.
Thus ((U) = inf{{(G) | G € G}. O
Lemma 1. Let A,B,C C R be intervals such that A = BUC. Then {(A) <
LB)UL(C).

Proof. Let a; = inf A, as = supA, by = inf B, b = supB, ¢; = infC, and
cg = supC. Either by = a1 or ¢; = aq, so, without loss of generality, assume

ayp = bl.
If C C B, then ¢(A) = 4(B) < {(B) + ¢(C), so we may assume that ¢z = ag.

If by < c1, then 2t e isin A but not in BUC. So we see that by > ¢;. Thus

l(A)=az—ar=co—b1 <ca—bi+(ba—c1) = (c2—c1) + (ba—b1) = £(C) +{(B).
(]

Lemma 2. Let J be a bounded open interval, and let J be a countable collection of
open intervals such that J = UJ. Then £(J) <) ;4 0(1).

Proof. Let a = infJ and b = supJ so that J = (a,b). For each ¢ € R with
h—
0<e< ?a’ let F. = [a+€/2,b—€/2]. Then J is an open cover of F,, and F, is

compact, so J has a finite subcover, say C C J with F, C UC.
We claim that £(F.) < Y -ce £(C). Since € is finite, this follows from Lemma 1,
and induction.

Now
() =UF)+e< Y C+e<d ) +e
cee I€d
Since this is true for all € > 0, we have £(J) < ;.5 €(1). O

Lemma 3. Let U be a bounded open set, and let I be a countable collection of open
intervals such that U = UJ. Then £(U) <34 4(I).

Proof. We know that U is the union of countably many disjoint open intervals.
Let {J, | @ € A} be the collection of components of U, where o ranges over the
indexing set A. Then U = UyecaJy.

Each of the intervals in J is contained in exactly one of the J,, and the union
of the intervals from J in J, equals J,. Let {I, 3 | 8 € By} be the collection of
intervals from J which are contained in J,, where 8 ranges over the indexing set
B,. Then J, = Ugep,Ia,3- By Lemma 2,

LU)Y =D 0 Ja) <Y D Uap) =D UI).

acA a€A BEB, Ied
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Proposition 7. Let U be a bounded open set, and let G be a countable collection
of open sets such that U = UG. Then L(U) < 356 UG).

Proof. Each of the open sets in G is a union of disjoint open intervals. Let J be the
collection of open intervals in any of the sets in G. Then } ;5 4(1) < > ;6 4(G),
with equality if and only if no two of the sets in G share a common component.

Thus, by Lemma 3
()< S un < Y ua).
Ied Ge§
(]

Proposition 8. Let F' be a bounded closed set contained in an open interval I.
Then
LINF)=4(I)—LF).

Proof. Let I = (a,b), c=1inf F', and d = sup F. Since F' is closed and contained in
I,a<c<d<hb.
Let G = [e, d]\F. By definition, £(F) = (d—c¢)—£(G), so that £(G) = d—c—L(F).
Now I ~\ F is the open set which is the disjoint union of G, (a,c), and (d,b).
Thus

LINF) = (G)+(c—a)+(b—d) = d—c—l(F)+c—a+b—d = b—a—L(F) = {(I)—L(F).
(]

Proposition 9. Let F' and E be two bounded closed sets such that F C E. Then
UF) <UE).

Proof. Let I be an open interval which properly contains E. Let U = I ~ F' and
V =1~ E. By Proposition 8, {(U) = ¢(I) — {(F) and £(V) = ((I) — ¢(E).

Since F' C E, we see that V C U. Thus, by Proposition 6, £(V) < £(U); that is,
UI)—L(E) <{L(I)—{F). Thus {(F) < UE). O
Corollary 2. Let E be a bounded closed set. If F is the collection of all closed sets
contained in E, then ((E) = sup{{(F') | F' € F}.

Proof. Since E € F, {(E) < sup{{(F) | F € F}. On the other hand, if F € &, then
F CE,s0{(F)>{F). Thus {(E) > {{(F) | F € F}. O

Proposition 10. Let F' be a bounded closed set and let G be a bounded open set,
with F C G. Then {(F) < {(G).

Proof. Let I be an open interval containing G. Then I = GU(I\F'). By Proposition
7 and Proposition 8,

UI) <UG)+LINF)=UG)+ L) —F),
whence, ((F') < {(G). O
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Theorem 2. Let G be a bounded open set, and let F be the collection of all closed
sets contained in G. Then ((G) = sup{{(F) | F € F}.

Proof. If F € ¥, then ¢(G) > ¢(F) by Proposition 10, so {(G) > sup{{(F) | F € F}.

Let € > 0.

We know that G is a disjoint union of countably many open intervals. If G
has finitely many components, let n € N denote the number of components, and let
I,...,I, be the components. If G has infinitely many components, let {I) | k € N}
be the collection of components; then ¢(G) = > "7, ¢(I}), which converges. Thus

there exists n € N such that /(G) — >, _, ¢(Ix) < % Thus (U2, Ix) < <

2
by —
Let Iy, = (ag,by). Let 6 = min{f, kTak}, and let Fj, = [ax + Ok, br — 0i].+
n

Let F' = Ug—1nF}. Since F is a union of finitely many closed sets, F is itself closed.
Clearly, F C G,so F € F.
We see that £(F) = > 1, (b, — ap — 26;) > £(Up_, Iy) — % So

€ €
HG) = HUpesTt) + AU 1) < (HF) + ) + 5
that is, £(G) < L(F) + €.
So, for every € > 0, there exists F' € JF such that ¢{(G) < ¢(F)+ e. Thus
Q) <sup{{(F) | F € F}. O

Theorem 3. Let F' be a bounded closed set, and let G be the collection of all open
sets which contain F. Then ((F) = inf{{(G) | G € G}.

Proof. It G € G, then £(F) < £(G) by Proposition 10, so £(F) < inf{{(G) | G € G}.

Let € > 0.

Let I be an open interval which contains F, and set U = I . F'. Then U is open,
and by Theorem 2, £(U) is the supremum of the lengths of closed sets contained in
U. Thus, there is a closed set K C U such that {(U) —¢(K) <e. Let G =1\ K,
so that G is an open set which contains F', and

UG)=LI)—UK)<lI)—lU)+e=LI)—(L(I~F)+e=LUF)+e

Thus, for each € > 0, there exists an open set G containing F' such that ¢(G) <
0(F) + €, which shows that ¢(F) > inf{/(G) | G € G}. O



5. LEBESGUE MEASURE

Definition 5. Let A C R be bounded.
The outer measure of A is

w*(A) = inf{x € R | x = ¢(G) for some open set G C R such that A C G}.
The inner measure of A is
ps(A) = sup{z € R | z = {(K) for some compact set K C R such that K C A}.

We say that A is measurable if p*(A) = p.(A). If A is measurable, the Lebesgue
measure of A is

n(A) = p*(A) = p(A).
We given a direct proof of the following fact to demonstrate the sort of proof
technique we have available. An alternate proof of the following appears later.

Proposition 11. Let K C R be compact. Then
UK) = 1 (K).

Proof. Recall that £(K) = sup K — inf K — {(sci(K) \ K).

Let G = sci(K) ~ K. Then G is a union of countably many disjoint open
intervals, which are its components. We will argue the case that G has infinitely
many components, the situation for finitely many being a simple change of notation.

Let G1,Ga, ... be the components of G. Then there exist real numbers a,,, b, € R
such that G,, = (an, by,), for n € N.

by, —

Let € > 0. Set 6, = mln{2n, a4
1 1
tha'tZz 16 <GZ’L 12n_6(2 271)

Let U = (inf K — e,sup K +¢€). Let U, = U ~ U, F,,. Then U, is an open set,
and K C U,. We have

"1 and let F,, = [a, — 6,,b, + 0,]. Note

= 1
L(U,) = (sup K —inf K+2¢) Z (bp—an,+26,) < sup K —inf K+€(U?:1Gi)+26(3—27).
=1

Take the limit as n — oo;
w(K) < 1i_>m U, <sup K — inf K + ¢(G) 4 6e = £(K) + 6e.

Since this is true for every € > 0,
w(K) < U(K).
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Proposition 12. Let A C R be bounded. Then p.(A) < p*(A).

Proof. Let & denote the collection of closed sets contained in A, and G the collection
of open sets containing A.
If FeFand G € G, then F C A C G, s0 {(F) < {(G), by a previous proposition.
So,
wi(A) =sup{l(F) | F € F} <inf{{(G) | G € G} = u*(A).
O

Proposition 13 (Measurability of Open Sets). Let U C R be bounded and open.
Then U is measurable, and pu(U) = ¢(U).

Proof. Let G be the collection of open sets that contain U. Then U € G, so
LU) > inf{l(G) | G € G}.

On the other hand, if G is an open set which contains U, then ¢(U) < ¢(G); thus
LU) <inf{l(G) | G € G}.

The result follows. (]

Proposition 14 (Measurability of Closed Sets). Let K C R be bounded and closed.
Then K is measurable, and u(K) = ¢(K).

Proof. Let F be the collection of closed sets contained in K. Then K € JF, so
UK) <sup{{(F) | F € F}.
On the other hand, if F is a closed set which contained in K, then ¢(K) > ¢(F);
thus
UK)>sup{l(F) | F € F}.
The result follows. O

Proposition 15 (Monotonicity of Outer and Inner Measure). Let A, B C R be
bounded, with A C B. Then

(a) p*(A) < p*(B)

(b) . (A) < ps(B)

Proof. We'll discuss (a) and then (b), even though they are analogous. We will
use the following: if X C Y C R, then inf X > inf Y, and sup X <sup?.

(a) Let U denote the set of all open sets which contains A, and let V denote the
set of all open sets which contain B. Since A C B, every open set containing B
also contains A, so V C U. Therefore, {{(V) |V € V} Cc {{(U) | U € U}. It follows
that

p'(A) =inf{(V) |V eV} <inf{{(U) |U € U} = u*(B).

(b) Let & denote the set of all closed sets which contained in A, and let F denote
the set of all closed sets which contained B. Since A C B, every closed set contained
in A is also contained in B, so &€ C F. Therefore, {{(E) | E € £} C {{(F) | F € F}.
It follows that

p (A) =sup{l(E) | E € €} <sup{{(F) | F € F} = u*(B).
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Proposition 16 (Measurability of Sets of Outer Measure Zero). Let A C R be
bounded with u*(A) = 0. Then A is measurable, with u(A) = 0.

Proof. We know that 0 < p,(4) < p*(A) = 0. Thus p.(A) =0, so p*(A) = p.(A),
and Ais measurable, which u(A) = p*(A4) = 0. O

Proposition 17 (Measurability of Countable Sets). Let A C R be bounded and
countable. Then A is measurable, and u(A) = 0.

Proof. Let € > 0.

Suppose A is finite, and let A = {a1,...,a,}. Let U = Ul (a1 —¢/2n, a;+€¢/2n).
Then A C U, and {(U) <Y1, % =¢,80 l(A) <e.

Suppose A is infinite, and let A be the image of the sequence (a;). Let U =

U, (a; — ﬁ,ai + ﬁ) Then A C U, and {(U) < Y22, 2% =¢€,50 {(A) <e.
In either case, u*(A) < ¢(U) < ¢, and since € is arbitrary, u*(A) = 0. Thus A is
measurable, and pu(A) = 0. O

Proposition 18 (Countable Subadditivity of Outer Measure). Let C be a countable
collection of sets whose union is bounded. Then

prue) < > pt(0).
cec

Proof. The result is immediate if the series on the right diverges; thus we assume
that it converges.
Let € = {C1,Cy,...}. If € happens to be finite, let Cy, = & for k > |C|.

For each i € N there exists an open set G; D C; such that ((G;) < p*(C;) + ;,
and let G = U2, ¢(G;). Then, by subadditivity of lengths of open sets,

UG) <D UG < (R m(C) +e

Now UC C G, so p*(UC) < U(G) < Y cee m*(C) + ¢, and since this is true of all
€ > 0, the result follows. (I
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Proposition 19 (Finite Additivity of Measure for Closed Sets). Let F be a finite
collection of nonempty bounded disjoint closed sets. Then

p(UF) = > pu(F).
Feg
Proof. The result is immediate if the series on the right diverges; thus we assume
that it converges.

‘We have shown that for open and closed sets, length equals outer measure equals
inner measure. So, we can use these interchangeably, to emphasize our point of view
in a given instance.

By Proposition 18, we see that p*(UF) < 3 pcq p*(F). We wish to show the
reverse inequality. It suffices to assume that F contains two sets, as the finite case
will follow by induction.

Let F} and Fy be bounded closed sets. We wish to show that u(F; U Fy) >
w(Fy) + pu(Fy). Since Fy and Fy are compact, there exist disjoint open sets U; D F
and Uy D F5.

Let € > 0, and let G be an open set such that £(G) — p(Fy U F) < e. Let
G1=U1 NG and Gy = U3 NG. Then G7 and G, are disjoint open sets contained
in G whose union contains Fy U Fy, and £(G1 U G3) < 4(G) < p*(F1 U Fy) + €.
Therefore

1(Fr) + p(Fe) < u(Gh) + p(Ga) < u(G) < p* (FLUFy) +e.
Since this is true for all € > 0, we conclude that
p(F1) + p(F) < p(Fr U F).
The result follows. ([l
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Proposition 20 (Reverse Subadditivity for Disjoint Closed Sets). Let € be a count-
able collection of disjoint sets whose union is bounded. Then

,U* Ue Z ,u*
cec

Proof. First, suppose that € is finite. Then C = {C4,...,C,} for some distinct
disjoint sets Cy. For each k, let F}, C Cy, be a closed set such that p.(Ck)—€(F)) <

€ m

o Then Y 7_, 0(Fy) > >0, us(Cr) + €.
Let F' = U, Fy; then by Proposition 19, ((F) = Y7 _, ((F}).
Let C = U}_,Cy; then F is a closed set contained in C, so {(F) < p.(C).
Putting this together,

(€)= 1a(C) > £(F) = 3" (F) > 3" a(C) + ¢
k=1 k=1
Since this is true for every € > 0, the result follows in the finite case.

Now assume that € is countably infinite, and let € = {C} | k € N}, where the
C}, are distinct. By Proposition 15 and the finite case,

Mo (Uk; 1074:) > [l Uk; 1Ck Z/’L* Ck

This is true for all n € N, so taking the limit as n — oo,

Hosx Uk 1Cn) Z,u* (Ck)-
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Proposition 21 (Countable Additivity of Measure). Let 8 be a countable collection
of disjoint measurable sets. Then US is measurable, and

p(US) = > u(S).
Ses
Proof. By Proposition 12, p,(US) < p*(US).
By Proposition 18, p*(U8) < 3 ¢cg 1*(S).
By Proposition 20, p.(U8) > 3" g p«(S).
Since the sets in 8 are measurable, Y ¢ g () = D gcg 1*(S).
Combine these to get

w(US) < 30 () = 3 p(S) < pua(US) < r(US).

Ses Se8
The result follows. O

Corollary 3. If a closed set F is contained in an open set G, then u(G) = u(F) +
w(G N F).

Proof. Since G\ F is open, G\ F' is measurable. The result follows from Proposition
21. O

Corollary 4. If an open set G is contained in a closed set F, then u(F) = u(G) +
wF~G).

Proof. Since F\G is open, F'\.G is measurable. The result follows from Proposition
21. O

Corollary 5. If F is a closed set contained in a closed interval [a,b], then [a, b\ F
is measurable and p(la,b) N F) = (b—a) — u(F).

Proof. Let G = (a,b) \ F. Then G is open, and thus measurable.

If {a,b} C F, then [a,b] <~ F = G is open, and thus measurable.

Otherwise, if a € F, then [a,b] N~ F = G U {b} is the union of measurable sets,
and thus measurable.

Otherwise, if b € F, then [a,b] ~ F = G U {a} is the union of measurable sets,
and thus measurable.

Otherwise, [a,b] ~ F = G U {a,b} is the union of measurable sets, and thus
measurable.

The result follows from additivity. O
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Proposition 22. Let A C R be bounded. Then A is measurable if and only if for
every € > 0 there exists a bounded open set G O A and a bounded closed set F C A
such that p(G) — p(F) < e.

Proof. We use the fact that if B is open or closed, we have ¢{(B) = u(B).
Suppose that A is measurable, and let € > 0. There exists a closed set F' C A such

that p.(A) —0(F) < % There exists an open set G D A such that ((G) — u*(A4) <

%. Adding these inequalities, and using the fact that u.(A) = u*(A), we get
H(G) — u(F) < e

Conversely, suppose that for every e > 0 there exists a closed set F C A and
an open set G D A such that u(G) — p(F). Thus let ¢, G, and F be as stated.
We have We see that p(F) < p.(A) < p*(A) < p(G). Thus, pe(A4) + € > p*(A4).
Since this is true for all € > 0, we see that u.(A) > p*(A). But we always have
i (A) < p*(A), so px(A) = p*(A); therefore, A is measurable. d

Proposition 23. Let 8§ be a finite collection of measurable sets. Then US is mea-
surable.

Proof. We may assume that 8§ contains two sets; the finite case follows by induction.
Thus let 8§ = {S1, 52}, and let € > 0. By Proposition 22, for k = 1,2, there
exist closed sets Fy, C Sk and open sets G D Sk, such that u(Gy) — u(Fy) < %

Let S = 5; USQ, G =G UGy and F = F, U F5. Clearly, FcScaG. AlSO,
G\FC(Gl\Fl)U(GQ\FQ).

Now
w(G)=p(F) = p(GNF) < p(GisFr)+p(GoFe) = p(Gr)—p(Fr)+u(Ge)—p(F) < e
By Proposition 22, S is measurable. (]

Proposition 24. Let A C [a,b]. Then
§*(4) + pa((a,b] < A) = b—a.

Proof. Let B = [a,b] ~ A. We wish to show that p*(A) 4+ u.(B) = b — a.

Let € > 0.

There exists an open set G D A such that ((G) — u*(A) <e. Let F' = [a,b] N G.
Then F' is closed, and F' C B. Thus

pe(B) > U(F)>b—a—L(G)>b—a—p*(A) —e
that is, p*(A) 4+ p«(B) + € > b—a. Since this is true for all € > 0, p*(A) + p.(B) >
b—a.

To obtain the reverse inequality, realize that there exists a closed set ¥ C B
such that p.(B) — ¢(F) < e. Clearly A C [a,b] \ F, so by Proposition 5 u,(4) <
w(la,b] N F) =b—a—L(F).

Let § > 0 and let G = (a — 6/2,b+ §/2) N~ F. Then G is an open set which
contains A, so

pH(A) < UG) = (b—a+0) —L(F),
whence p*(A) + ¢(F) < b—a+ J. Since this is true for all 6 > 0, we have
p*(A) + ¢(F) < b— a, whence
W(A) + 1 (B) < g (A) + L(F) + e < b—ate.
Since this is true for all € > 0, we have p*(A) + p*(B) < b—a. O
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Corollary 6. Let A C [a,b]. Then A is measurable if and only if
p(A) +p(la, o] N A) =b —a.

Corollary 7. Let A C [a,b]. Then A is measurable if and only if [a,b] ~ A is
measurable.
Proof. We prove both corollaries here.

Let B = [a,b] \ A. Then [a,b] ~ B = A. Thus, by Proposition 24,

p(A) +p(B) =b—a and p"(B)+ p(A) =b—a,

S0 1*(A) — 1a(A) = u*(B) — pua(B).

Now A is measurable if and only if the left hand side is zero, which is true if and

only if the right hand side is zero, which is true if and only if B is measurable.
Suppose A is measurable. Then so is B, and by Proposition 21, we have

1 (A) + w7 (la, b] N A) = p(A) + u(B) = p(AU B) = p(la,b]) = b — a.
On the other hand, suppose p*(A) + p*(B) = b — a. Combine this Proposition
24 to obtain p.(B) = p*(B), so B is measurable. Hence, A is measurable. O

Proposition 25. Let I be an open interval and let A C I. Then p*(A)+p (INA) =
().

Proof. This is the same as Proposition 24, except the ambient interval is open
rather than closed.
Using Proposition 24, we have

(A + pa((a,0) ~ A) < 5 (4) + (bl ~ 4) = b—a.

Let C = {a,b} ~ A. Then [a,b] ~ A = ((a,b) ~ A) U C, and this is a disjoint
union. Thus
interval instead of a closed one. O

Proposition 26. Let § be a finite collection of bounded measurable sets. Then
NsesS is measurable.

Corollary 8. Let S and T be measurable sets. Then T ~\ S is measurable. Fur-
thermore, if S C T, then w(T . S) = u(T) — p(S).

Proposition 27. Let § be a countable collection of measurable sets. Then US is
measurable.

Proposition 28. Let § be a countable collection of measurable sets. Then NS is
measurable.

Theorem 4 (Caratheodory Condition). Let S be a bounded subset of R. Then S
is measurable if and only if, for every bounded A C R, we have

1H(A) = W (ANS) + (AN S°).

Theorem 5. The collection of all measurable sets is a o-algebra.
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