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In math, we are first taught to solve simple equations like 22 — 22 + 4 = 0 for a certain number z, but in
real world applications, we must now solve for some function f satisfying an equation

L(f)=0 (1)

where £ is some operator on functions. This is usually difficult, and many times a solution does not exist.
However, we can find approximate solutions, say

L(f)=1/2
L(f)=1/4
L(f)=1/8

and approximate the solution as

f= lim f, (2)

n—oo

Given that this limit exists, we can usually define f pointwise using a point-wise limit
f(z) = lim f,(z) for all x (3)
n—oo

but the function in total is very ugly and not Riemann integrable. The classic non-Riemann integrable
function is the
1 ifzeR\Q

0 ifreQ @)

f(@) = xmo(z) = {
Since Q is countable, we can enumerate Q = {g,}>>; and define the sequence of functions

fn =1- X{q; i (33) (5)

that start off with the constant function 1 and then "removes" points in Q, setting their image to 0. It is
clear that since we are removing points, every function in the sequence has an integral (from 0 to 1) of 1,
and therefore the integral of f should also be 1.

1 1 1 1
/ frndr =1 = / fdx = / lim f,dr = lim fndx (6)

What is crucial for mathematicians to work with is the capability to take the limit from inside the integral
to outside the integral. The problem is that f is not a Riemann integral function.

Definition 0.1 (Riemann Integrable Function)

Given a function f : [0,1] — R, let us consider some partition of [0,1] into intervals P =
{Io,I1,...,In}, then, for each I € P, we can take the supremum M; = sup,; f(z) and infimum
my = inf,e; f(x) and bound f by the upper and lower Riemann sums.

1
Smilt < [ fdz <Y i (7)
IeP 0 IeP
where |I| is the length of interval I. If we take all possible partitions, the bound should still hold.
1
m:sup{ZmIM}g/ fdxginf{ZMIM}:M (8)
P Crep 0 Pt rer

and if the lower bound is equal to the upper bound m = M, then the integral is this number and f is
considered Riemann integrable.
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Now since Q is dense in R, for every interval I in every partition P will have m; = 0 and M; = 1 for
the Riemann function, meaning that the lower bound will always be 0 and the upper bound will always
be 1. So, fol Xr\@(z) can take on any value in [0, 1], which isn’t helpful. The fact that we can’t integrate
this really simple function is a problem. For nice functions, we can partition it so that the base of each
Riemann rectangle is a nice interval, while the base of the Riemann function is an "interval with holes." The
problem really boils down to measuring what the "length" of this set is. So the problem with the Riemann
integral isn’t the integral itself, but the fact that we can’t give a meaningful size to the set R \ Q. Now
mathematicians in the 19th century thought that as long as we solve this problem, we should be good to go,
but Banach and Tarski proved that there exists sets that cannot be measured with their famous paradox,
which says that you can take any set P, disassemble it into a finite set of pieces, and rearrange it (under
isometry and translations) so that it has a different size than the original P. So, we have to exclude some
sets that are not measurable. The collection of sets that we can measure is called the o-algebra.

Exercise 0.1 (Tao 1.2.2)

Give an example of a sequence of uniformly bounded, Riemann integrable functions f,, : [0,1] — R
for n = 1,2,... that converge pointwise to a bounded function f : [0,1] — R that is not Riemann
integrable. What happens if we replace pointwise convergence with uniform convergence?

Solution. The only non-Riemann integrable function that we know of is the Riemann function, so let’s
a try to construct such a limit with this. Enumerate the rationals Q = {qg; }ren. Now, consider the
function

9)

)1 ifred{q,. .., qm}
f(x)_{() if else

Then, f,— > xo pointwise.
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1 Jordan Measure

We would like to generalize the concepts of size, which are specified as length/area/volume depending on
the dimension of the space we live in. The most intuitive notion of size are those of segments, rectangles,
and boxes, and these are the simplest forms of sets that we will work with.

Such that for “simple” sets A where we know what the area is, the outer measure of A should coincide with
the area of A. Let’s first start by defining what a “simple” set is.

Definition 1.1 (Box)

An box E C R" is defined recursively as follows.
1. An interval I C R is one of the sets (a,b),[a,b), (a,b], [a,b] for a,b € R.
2. Forn>1,anbox E CR"is E =1, x ... x I, for intervals I, ..., I}.

Definition 1.2 (Size of a Box)

The size of a box E =11 x ... x I, C R™ is defined as follows.
1. The length of an interval [ is ¢(I) := b — a.
2. The size of E is |E| =[]\, (b; — a;).

Now we can combine these to get an elementary set.

Definition 1.3 (Elementary Set)

An elementary set is a set £ C R"™ that is a finite union of boxes.

We would like to have some nice properties of these elementary sets.

Lemma 1.1 (Boolean Closure of Elementary Sets)

Given two elementary sets E, F' C R",
1. EUF is elementary.
2. ENF is elementary.
3. E\ F is elementary.

Proof.

Lemma 1.2 (Disjoint Finite Union of Elementary Sets)

Let E C R™ be an elementary set. Then, E can be expressed as a finite union of disjoint boxes.

Proof.

Definition 1.4 (Elementary Measure)

The elementary measure of an elementary set £ C R™ is defined as the sum of the sizes of each box
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in a partition:
k
m(E) =Y |By| (10)
i=1

We claim that this sum is invariant depending on the partition, and hence, well defined.

Proof.

This elementary measure clearly extends the notion of size, since
m(B) = s(B) (11)

whenever B is elementary. Furthermore, we can deduce finite additivity and nonnegativity. These are really
trivial but we state them as theorems to establish a pattern.

Lemma 1.3 (Fundamental Properties of Elementary Measure)

The elementary measure satisfies the following.
1. Nonnegativity. For any elementary set E, m(E) > 0.
2. Finite Additivity Given Fy, ..., E, are disjoint elementary sets,

m(E1U...UEy) =m(E1) +...+m(Ey) (12)
3. Monotonicity. Given elementary sets & C F', we have
m(E) < m(F) (13)
4. Finite Subadditivity. Let Ey, ..., E, be any elementary sets (not necessarily disjoint). Then
m(E1U...UE,) <m(Ey)+...+m(E,) (14)

5. Translation Invariance. For x € R™ and elementary set £ C R™,

m(E) = m(x + E) (15)

It turns out that these properties uniquely determine an elementary measure.

Theorem 1.4 (Uniqueness of Elementary Measure)

1.1 Jordan Measure

Now, we define the outer and inner measure, which are defined for all subsets of R".

Definition 1.5 (Jordan Outer, Inner Measure)

Let £ C R™.
1. The Jordan inner measure is defined

my(E) = sup m(A) (16)

ACE,A elementary

2. The Jordan outer measure is defined

m(E) = inf m(B) (17)

BDE,B elementary

6/ [119]



Measure Theory Muchang Bahng Fall 2025

Note that if F is unbounded, then there exists no elementary set that is a superset of E, and so the
infimum of such a set is +00 conventionally.

This is where our first big leap in construction comes in. Before, we have defined elementary boxes, which
are pretty much guaranteed to have a well-defined elementary measure. Here, we begin with a function on
the power set of R™, and then we will filter the power set to those subsets that behave nicely.

Definition 1.6 (Jordan Measurable Set, Jordan Measure)

Let E C R™ be bounded[] If m.(E) = m*(E), then E is said to be Jordan-measurable, and we
define
m(E) = m«(E) =m"(E) (18)

as the Jordan measure of F.

%Note that by convention, we don’t consider unbounded sets to be Jordan measurable.

Note first of all that Jordan measure is a generalization of elementary measure, since if E' is elementary, then
we can set A = E = B to achieve these bounds. Furthermore, by monotonicity, we can never get past them,
and will always have

m(A) <m(E) <m(B) (19)

where m is the elementary measure. So, we can overload the notation and just write m to denote elementary
and Jordan measure. Second, note that the Jordan measure shares the same properties.

Lemma 1.5 (Boolean Closure of Jordan Measurable Sets)

Given two Jordan-measurable sets F, F' C R",
1. FUF is elementary.
2. ENF is elementary.
3. E\ F is elementary.

Proof.

The properties of the Jordan measure parallel those of elementary measure.

Theorem 1.6 (Fundamental Properties of Jordan Measure)

The elementary measure satisfies the following.
1. Nonnegativity. For any elementary set E, m(E) > 0.
2. Finite Additivity Given E1, ..., E, are disjoint elementary sets,

m(E1U...UEL) =m(E1) +...+m(Ey) (20)
3. Monotonicity. Given elementary sets E C F', we have
m(E) < m(F) (21)
4. Finite Subadditivity. Let En, ..., E, be any elementary sets (not necessarily disjoint). Then
m(E1U...UE,) <m(E1)+...+ m(E,) (22)
5. Translation Invariance. For x € R™ and elementary set £ C R™,

m(E) = m(z + E) (23)
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Proof.

Jordan measurable sets are sets that are “almost” elementary, but a few sets already come to mind that are
not Jordan measurable.

Example 1.1 (Rationals in Unit Interval)

QnN0,1] is not Jordan measurable.

It may be hard to tell directly whether something is Jordan measurable. This is where the “Cauchy criterion”
of Jordan measurable sets comes in.

Theorem 1.7 (Equivalent Notions)

E is Jordan measurable iff Ve > 0, 3 elementary sets A C E C B s.t. m(B\ A) <e.

Proof.

Note how the previous lemma is very similar to [this theorem on Riemann integrability]

Example 1.2 (Regions Under Graphs are Jordan Measurable)

Example 1.3 (Triangle is Jordan Measurable)

Example 1.4 (Compact Convex Polytopes are Jordan Measurable)

Example 1.5 (Open and Closed Balls in Euclidean Space are Jordan Measurable)

Example 1.6 (Subsets of Jordan Null Sets have 0 Jordan Measure)

Theorem 1.8 (Uniqueness of Jordan Measure)

Theorem 1.9 (Topological Approximations of Jordan Measurable Sets)

Let E C R” be a bounded set. Then,
1. E and its closure E have the same Jordan outer measure.
2. FE and its interior E° have the same Jordan outer measure.
3. FE is Jordan measurable iff the topological boundary OF has Jordan outer measure 0.
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Proof.

Example 1.7 (Bullet Riddled Square)

Show that both sets have a Jordan inner measure 0 and Jordan outer measure 1.
1. [0, 1]2 \ Q2.
2. 10, 1]2 N Q2.

Finally, a little teaser theorem.

Theorem 1.10 (Caratheodory Property)

Let E C R™ be a bounded set, and F' C R™ be an elementary set. Show that
m*(E)=m"(ENF)+m*(E\F) (24)

where m* is the Jordan outer measure.

Proof.

1.2 Riemann Integration

Now, we connect the Riemann integral to the Jordan measure.

Theorem 1.11 (Jordan Measure with Riemann Integral)

If E C [a,b] is Jordan measurable, then the indicator function 1g is Riemann integrable, and

/b 1 dz = m(E) (25)
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2 Lebesgue Measure

We will see that
1. Borel = measurable.
2. Countable = measure 0 —> measurable.

But none of the reverse implications follow. For example, the Cantor set is measure 0 but uncountable.
There is a subset of Cantor set that is measurable but not Borel. The Vitali set is not even measurable at
all.

We have seen that there are some common sets that are not Jordan measurable, but a bigger problem is
that countable unions and intersections aren’t.

Example 2.1 (Countable Union/Intersection of Jordan Measurable Sets are Not J.M.)

We show a few counterexamples.
1. Countable Union. Take N = {n}>2 ;. Each point n has Jordan measure 0, but their union is
unbounded so it isn’t Jordan measurable.
2. Bounded Countable Union. Maybe we can fix this by considering bounded unions. But consider
E =Qn[0,1]. By density of rationals,

m(E)=0#1=m*(E) (26)
3. Intersection. Consider the Cantor set C, which is bounded, but again

m.«(C)=0#£1=m*(C) (27)

This motivates the definition of a o-algebra.

Definition 2.1 (o-Algebra)

A o-algebra on a set X is a collection of subsets of X satisfying the following:
1. Contains Empty and Full Set. §, X € A.
2. Closed Under Countable Unions. A, € A for all n € N implies |J,, 4,, € A.
3. Closed Under Complements. Aec A — A°ec A.
4. Closed Under Countable Intersections[’] A, € A for all n € N implies ), A, € A.

®This is actually a consequence of the previous properties. We can utilize the fact that N2, Ax = X \ Ug2 | A,

In some applications, we can just ignore some of these sets as “pathological.” But for Riemann integrability,
we are integrating over Jordan measurable sets (closed and bounded intervals). It turns out that it is really
important that we can at least guarantee that countable unions and intersections of Jordan measurable
sets are measurable. If we don’t, then not even uniform convergence—an extremely strong property—can
preserve continuity, differentiability, and integrability of a sequence of functions.

A o-algebra is similar to the topology 7 of topological space. Both A and 7 require () and X to be in it. The
three differences are that (i) 7 does not allow compelmentation, (ii) 7 allows any (even uncountable) union
of sets (condition is strengthened), and (iii) 7 allows only finite intersection of sets (condition is weakened).
Now in order to construct o-algebras, the following theorems are useful since they allow us to construct
o-algebras from other o-algebras. It turns out that the intersection of o-algebras is a o-algebra, but not for
unions.
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Theorem 2.1

Let {Ax} be a family of o-algebras of X. Then, NAy is also a o-algebra of X.

Proof. Clearly, (), X is in NAy. To prove complementation,
Ae(Ar = A€ A Vk = A€ A Vk = A° e[| Ax (28)
To prove countable union, let {A;};c; be some countable family of subsets in NAg. Then,

Aje( VAV € = A; e A VRV = [ JA; € Ak = | J4; €A (29)

This allows us to easily prove the following theorem, which just establishes the existence of o-algebras.

Theorem 2.2

Let F C 2% be a collection of subsets of X. Then there exists a unique smallest o-algebra o(F')
containing F'. o(F') is called the o-algebra generated by F'.

Proof. Let us denote M as the set of all possible o-algebras B of X. M is nonempty since it contains
2%, Then, the intersection
M B (30)

BeM

is the unique smallest o-algebra.

2.1 Lebesgue Outer Measure

Therefore, we would like the collection of our measurable sets to be a o-algebra. To do this, we tinker
around with the definition of the Jordan measure. Note that by definition, the Jordan outer measure can be
equivalently written as

m*(S) == inf{m(FE) | S C E, E elementary} (31)
k

= inf { > IBil
i=1

Note that the finite number of boxes k are allowed to vary over all naturals. To define the Lebesgue measure,
we change the finite to countable.

k
S C U B, B; boxes, k € N} (32)

i=1

Definition 2.2 (Lebesgue Outer Measure)

Given any set £ C R", the Lebesgue outer measure is a map

m* : 28" [0, 400), m*(E) = inf {Z | B |
k=1

EC [j Bk} (33)
k=1

It’s a hard definition, but a natural one, since we're taking all these boxes and trying to make them as
snug as possible to define the outer measure of an arbitrary set. We first first check that this is indeed
a generalization of Jordan measure, in the sense that if E is Jordan measurable, then its Lebesgue outer
measure is the same as its Jordan measure.
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Theorem 2.3 (Lebesgue Outer Measure Coincides with Interval Length)

m* satisfies the property that for any interval I C R, m*(I) = |I|.

Proof. Let’s first consider the case when I is closed. Let I = [a,b]. Then, we know from definition that

m*(I) := inf { Snl|1c Ik} (34)
k=1 k=1

where I, = [an, b,]. We wish to show that the above quantity equals b — a.
1. m*(I) < b— a. This is pretty easy since we can just set the cover to consist of the single interval
I, and since m*(I) must be the infimum of it, then we must have m*(I) < b — a. A technicality
is that we must strictly use countable covers, but in this case, we can just fix € > 0 and see

I = [avb]v Iy = [b 2k7b+ ] (35)
In this case the sums of lengths of all I, ... is ¢/2 < ¢, and so
Iy <b—a+e Ve > 0 (36)

2. Proving m*(I) > b — a is harder. In here, we use the “e of room” trick. Take any ¢ > 0. Then
there exists a cover {Ij}y s.t.

o0

i = by —a (37)
k=1

k=1

All we wish to show that the RHS > b — a, but we can’t really manipulate the infinite sum. This
is where we use the fact that [a,b] is compactﬂ, and so we can take a finite subcover {I,}7_;.
Therefore,

I)+€ZZbkj—akj (38)
j=1

Now we can rearrange this: set the ay;’s to be increasing, and for simplicity let’s reindex them
to a;,b;. Then, it must be the case that a; < a.

(a) Consider (a1, b1). If by > b, we are done.

(b) Otherwise, b, € (ag, bg) If by > b, then

bo—as+bi—ay1 >by—a; >b—a (39)
(¢) If not, then we keep going until we get to (an,by,). If b, > b, then

b, —aQy +bp_1—ap_1+...+by—a1 >b, —a; >b—a (40)

%since it’s closed and bounded

The proof may be a bit unfamiliar since we have used two tricks.

1. Geometric Sequence of € Trick. To account for countable collections, we set € to be decreasing geomet-
rically so that the series converges to e.
o0
€
= o (41)
n=1

2. € of Room Trick. This trick is used often when you need an opposite inequality that isn’t as obvious,
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and it can only be used for inequalities involving a supremum or infimum.
inf{S} >« (42)
By using the definition of sup/inf as the least upper/lower bound, we can scooch over by an € to find
an element in s € S that does satisfy the inequality
inf{S}+e>s>z (43)
and since € was arbitrary, we are done.
It is clear that the Lebesgue outer measure is always less than the Jordan outer measure.
m*(E) < m (B) (44)

When are these different?

Example 2.2 (Lebesgue Outer Measure Much Smaller than Jordan Outer Measure)

Consider Q.
1. The Jordan outer measure is oo since it is unbounded.
2. However, any countable set of R has Lebesgue outer measure 0. Just enumerate F = {x1,...}.
Then, we set I, = (zx — 57,2k + 5% ). Then,

o) =e (45)

What about the inner measure? It turns out that we don’t get much if we replace the finite to countable in
the Jordan inner measure.

Lemma 2.4 (Axiomatic Properties of Lebesgue Outer Measure)

The Lebesgue outer measure satisfies the following.
1. Null Empty Set. m*(0) = 0.
2. Monotonicity. Given sets E C F' C R", we have

m*(E) < m* (F) (46)

3. Countable Subadditivity. For any countable collection of subsets {Ey} of R?,

m(LnJEn) < zn:m*(En) (47)

Proof. The first two properties are trivial. For the third, let’s start by writing out the definition for
the outer measure for each F,,.

m*(E,) = inf { Z |B,(€")| ’ E, C U B}i”), B](C") boxes} (48)
k=1 k=1

Somehow, we want to sum these values over all n and prove that this is greater than the measure of
the union. The first realization should be that for a fixed cover {B,gn)}k of E,, the collection

{B,(Cn)}n,k covers UE” (49)

This gives us a clue as to comparing the collection of covers of each E,,, with the cover of UE,,. There
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is no straightforward way to do this[%so we want to try and fiz these collections. We can do this with
the € of room trick. For each E,,, we can find a cover {B,(Cn)}k s.t.

* € - 'n
(B g 2 3 1B B (50)
Then, we can take the infinite sum.
o0 € o0 (o) ( )
S (e g) 2 S5 = (U ) 1)

where the final inequality follows from the fact that {B,gn)}mk is a cover of U, F,, and so it must be
greater than the infimum of all possible covers. All monotonic series converge in [0, +00], so we can

“take out” the € term to get
e+ Y mt (B 2w (U ) (52)
n=1 n

which holds for all € > 0, and so we are done.

%On one side, we have the sum of a countable number of infimums of some sets, and on the other hand, we have the
infimum of the unions of all of these sets.

Theorem 2.5 (Translation Invariance of Lebesgue Outer Measure)

m™ is translation invariant. That is, for any £ C R"™,

m*(E) =m*(E + a), E+a={zr+acR"|acE} (53)

Proof. This is straightforward and requires no tricks. Note that
{By} is a countable cover of E <= {Bj + a} is a countable cover of E +a (54)

It is also clear that
|B| = |B +a (55)

for any box B C R"™, so the sets of sizes that we are taking the infimum over is exactly the same
between the two.

The final property claims that we can always drop an outer-measure 0 set and it won’t affect the outer
measure of the original set. Therefore, when talking about measurability of intervals, we don’t have to worry
about endpoints, or even whether it is missing a countable number of elements from it!

Lemma 2.6 (Sets of Outer Measure 0 Doesn’t Affect Outer Measure)

Suppose m*(E) = 0 and A is any set.
1. Adding a set of outer measure 0 doesn’t affect the outer measure.

m*(AUE) =m"(A) (56)
2. Excising a set of outer measure 0 doesn’t affect the outer measure.

m*(A\ E) =m*(A4) (57)
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Proof. Listed.
1. We have

m* (AUE) =m*((AUE) N E) +m* (AU E) N E°) <m*(A) < m*(A) (58)

=0 CA

But AUE D A, so m*(AU E) = m*(A).
2. Note that m*(A4\ E) < m*(A) by monotonicity. Also, by subadditivity

m*(A) <m*(A\ E)+m*(E) =m"(A\ E) (59)
——

=0

Lemma 2.7 (Finite Additivity for Outer Measure)

Let A and B be bounded sets for which there is an « > 0 such that |a — b > « for all a € A, b € B.
Prove that m*(AU B) = m*(A4) + m*(B)[7]

%This is a slightly weaker version of Tao Lemma 1.2.5.

Proof. The ideas is that if we have some cover {I} of AU B, then either Ij only intersects A (and thus
contributes to covering A only), only intersects B, or intersects both A and B (and thus also covers
some non-essential interval of length «). Since A, B are bounded, m*(A), m*(B) < 4+o00. We wish to
show that

m*(A) +m*(B) <m"(AUB) <= m"(A)+m*"(B) <m*(AUB)+e¢ Ye>0 (60)

By setting € = §, we can force the covering to consist of intervals that can intersect only A and B, but

not both. If such an interval I did, then it would contain a set of measure > «, so

m(l) > a = ié([k)zm(AUB)—Foz (61)
k=1

Therefore, we can partition all such covers to cover A and B, respectively, meaning

m*(AU B) + % >3 0n) + S 6T = m*(A) +m*(B) (62)

Therefore we can invoke this in special cases where [one set may be compact and another may be closed|

2.2 Measurable Sets

The next step is to take the outer measure and define Lebesgue measurable sets. The problem is that—unlike
the Jordan measure—we don’t have the inner measure to work with. This turns out to be not much of a
problem, since through Littlewood’s first prz'ncz'pleﬂ we can define measurability as being well-approximated
by an open set.

Definition 2.3 (Lebesgue Measurable Set)

A set E C R? is Lebesgue measurable if for every set A C R”,
m*(A) =m*(ANE)+m*(AN E°) (63)

10ne of the major themes in measure theory, where we say that measurable sets are well-approximated by open and closed
sets.
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which is known as Carathéodory’s criterion. Colloquially, no matter how nasty a subset A is, E should
be nice enough that we can cut F into two pieces C' and D.

Note that due to countable subadditivity, we are guaranteed to have <. Therefore, it suffices to prove only
for >. The sets with which this inequality is strict is not measurable, and the measurable sets specifically
satisfy equality for countable sets. So what kind of sets are measurable?

Example 2.3 (Outer Measure 0 Sets are Lebesgue Measurable)

For any outer measure m* on X, F C X with m*(E) = 0 implies that E is m*-measurable. Take any
A. Then (ANE)C E and (AN E°) C A. So by monotonicity,

m (AN E)+m*(ANE®) <m*(E) +m*(4) = m*(4) (64)

and this by definition means that E is measurable.

We could continue with more examples, but our main priority is to show that this family of Lebesgue
measurable sets is indeed a o-algebra, and it covers much more than Jordan measurable sets. The path to
prove that countable unions are measurable is a long one, and we’ll a lot of lemmas.

Lemma 2.8 (Complements of Measurable Sets are Measurable)

If F is measurable, then so is E°.

Proof. The definition is symmetric in both £ and E°.

Using unions and complements, we can prove that intersections and set differences of measurable sets are
measurable.

Lemma 2.9 (Finite Intersections of Measurable Sets are Measurable)

If Fy,..., B, is measurable, then so is N}_; F.

Proof. By induction, it suffices to prove for n = 2. We have

EyNEy = (ES U ES)® (65)

Lemma 2.10 (Set Differences of Measurable Sets are Measurable)

If Ey, Es is measurable, then so is F; \ Es.

Proof. We have
Ei\E;=E NES (66)

Lemma 2.11 (Excision Property)

If E C R™ is measurable with m*(E) < 400, and E C F for arbitrary set F', then

m*(F\ E)=m*(F) —m*(E) (67)
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Proof. By measurability of F, we can see

m*(F) = m*(F N E) +m*(F N E°) (68)
=m*(E) +m*(F \ E) (69)

This excision property combined with the fact that outer measure 0 sets are always measurable gives us the
property of completenessP| That is, given measurable sets A C B C C with m*(A) = m*(C), B must be
measurable. This basically says that if you a set that is squeezed in between two measurable sets of equal
measure, then the middle set will also be measurable.

Lemma 2.12 (Finite Unions are Measurable)

A finite union of measurable sets is measurable.

Proof. This proof is basically applying set theory laws, and there’s not much more to that. It suffices
to prove for Fq, F5, and the rest follows by induction. Fix any A. Then

m*(A) =m* (AN E;) +m* (AN EY) (70)
=m*"(ANEy) +m* (AN E{ N Ey) + m* (AN Ef) N ES) (71)

Now we apply the identity (AN EY) N ES = AN (Ey U E3)°, so the third term can be changed
=m*(ANE;) +m*((ANE{) N Ey) + m* (AN (E1 U E2)°) (72)

Then we apply the identity (ANE)U(ANEfNEs) = AN(E1UE,), so we can apply finite subadditivity
on the first two terms to get

>m* (AN (E1UEy)) +m* (AN (Ey U Ep)°) (73)

which proves that F; U E5 is measurable.

So we have proved that the set of all measurable sets is closed under finite unions. By definition it works
for finite intersections. This makes it into an algebra, but we want to upgrade this to a o-algebra by proving
closure under countable unions. We first prove a lemma.

Lemma 2.13 (Finite Additivity of Outer Measure for Measurable Sets)

Suppose A is any set, {Ex}}_, disjoint and measurableﬂ Then,

m*(Aﬂ(OEk)) _gm*(AﬂEk) (74)

k=1

In particular,
n n
we (U ) = X m e (75)
k=1 k=1

“Note that while outer measure isn’t finitely additive for arbitrary sets, it is finitely additive for measurable sets.

?Nothing to do with completeness in the sense of real numbers or metric spaces.
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Proof. It should be clear that we prove by induction, and intuitively, this disjointness should be essential
for canceling out some measure terms. n =1 is trivial. This takes a bit of fiddling around with where
we should start, but if we just look at the LHS, we can try and use Carathéodory, by setting the
arbitrary set to be B = AN (UgEx) and writing m*(B) = m*(BN E,) + m* (BN ES).

we(an(Ue)) = ((an () ) oo ((an (Us)) o) o

= m*(AN E,) +m* <Am (UEk)) (77)

k=1

= im*(AﬁEk) (78)

k=1

But note that by disjointness, we have

n

(Am(UEk))mEn:AmEn, <A0<91Ek)>”E5:Aﬁ(b1Ek) (79)

k=1 k=1

by the induction hypothesis. B Here is a wrong proof that does an incorrect form of induction. I first
assumed that we can just work with a family of two sets E7, Es, so I started deriving something like
this:

m*(A) = m*(A M (E1 U EQ)) + m*(A n (El U EQ)C) (80)
— m* (AN Ey) U (AN Ey) +m*(A\ E1) N (A\ Es)) (81)

>0
Z m*((A N El) U (A N EQ)) (82)

Note that the E}’s being disjoint means that they are pairwise disjoint, and so it is not sufficient to
prove for only E7, Fs. So don’t do this.

Theorem 2.14 (Countable Unions are Measurable)

Suppose E7, Es, ... are a countable collection of measurable sets. Then, E' = U72, Ej; is measurable.

Proof. They key is to look at disjoint sets. WLOG, one can assume E; are disjoint. Indeed, we can

define new sets )
E! =FE,\ ( U Ej) (83)

j=1

that are measurable, with UE!, = UE,. Now, fix any set A. Define sets F,, = Uiy Ej. Then,
m*(A) = m*(ANF,) + m*(ANES). Then, FS D E° = m*(ANFES) > m*(AN E°). Since we have
established from the previous lemma that outer measure on disjoint measurable sets satisfies finite
additivity, we can write

m* (AN F,) —m*(U(AﬂEj)> =Y m'(ANE) (84)

Then,

m*(A) > zn:m*(AﬂEj) +m* (AN E°) (85)
j=1
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for every n, therefore also with co. But by countable subadditivity of the outer measure,

im*(AﬂEj)zm*(AﬂE) (86)

j=1

If follows that m*(A4) > m*(ANE) +m*(AN E°).

Proof. In class. We first prove this lemma, which is more general (arbitrary intersections than finite?).
Suppose A is any set, E; disjoint and measurable. Then,

u*(Aﬂ(U )> Zn:u ANE)) (87)

Jj=1

By induction, n = 1 is true. Then,

M*(AH(OE))_M<(AH(Q ) mE) <(AD(OE]))HE°> (88)

W(ANE,) + (An(L_j )) (89)
_ Z (AN E) (90)

by the induction hypothesis.
They key is to look at disjoint sets. WLOG, one can assume E; are disjoint. Indeed, we can define

new sets N
E! =FE,\ ( U Ej> (91)
j=1
that are measurable, with UE!, = UE,. Now, fix any set A. Define sets F,, = Ui_,E;j. Then,
w(A) = p(ANF,) + (AN FS). Then, Ff D B¢ = p*(ANFS) > p*(AnN E°). Through the
previous lemma, we have

w(ANF,) (0 ANEj) > Zn:,u ANEj) (92)
Then,
p(A) = Zu*(A NE;) +p" (AN E°) (93)

for every n, therefore also with co. But

iu*(AﬂEj)zu*(AﬁE) (94)

j=1

If follows that p*(A) > p*(ANE) + p* (AN E°).

Corollary 2.15 (Measurable Sets form a o-Algebra)

The set of all Lebesgue measurable sets of R™ form a o-algebra.
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Proof. Listed.
1. ( is measurable since it has outer measure 0.
2. R™ is measurable since for any set A C R™,

m*(A) = m* (ANR™) + m* (AN (R™)°) = m*(A) (95)

3. We proved closure under complements.
4. We just proved closure under countable union.

Now that we have established that Lebesgue measurable sets form a o-algebra, let’s give some examples.

Theorem 2.16 (Intervals are Measurable)

All intervals I C R are measurable.

Proof. Tt suffices to prove that every raya (a,+00) is measurable, since every interval is a countable
union/intersection of such rays. We simply prove using Carathéodoryﬂ so we wish to show that for
any set A C R,

m*(A) > m* (AN (a,+00)) + m* (AN (—o0,a]) = m*(A") + m*(A") (96)

Again, the fact that we have to prove this nontrivial part of the inequality reminds us of using the ¢ of
room trick. Let us {I;}72, is a countable cover of A s.t.

“(A) +€> ié([k) (97)

We can take this cover and create two smaller covers, covering A’ and A”.
{I,; =1 N A/}k, {IH = I N A”}k (98)

Since these are valid covers, by definition it must be bounded below by the outer measures.
> UL = m"(4), Zé (1) = m*(A") (99)
k=1

Now all that remains is to connect the sums together. For each k, we have £(I},) = £(I},) + £(1}/), and
since both series converge in [0, 4+00], we can indeed sum them up as limits to get

o0

> ur) + i ie (Ih) + ¢(I7)) ie (100)
k=1 k=1 k=1

k=1

Putting the bounds together gives

m*(A") +m*(A") < Z V4> UL =) 6 <mt(A) +e (101)
k=1 k=1 k=1

Since this is true for every € > 0, we are done.

“WLOG a ¢ A (since we can take the point out without affecting outer measure). TBD: Do we need this assumption
really?

Note again that this € of room trick is used so that we can fixz some open cover that acts as a middle ground
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between the inequalities that we are trying to prove. Then as we let ¢ — 0, we are done.

Example 2.4 (Cantor Set is Measurable)

Let us define
Co = [0,1], C,=10,1/3]U[2/3,1],... (102)

Basically, we take our every middle third of each subinterval. So C} is the union of 2* intervals of size
3k, Note that Cx C Ck_1. Now define the Cantor set as

C:=()Ck (103)
k=1

The Cantor set is measurable since it is a countable intersection of closed sets, which are measurable.

Theorem 2.17 (Translations of Sets are Measurable)

If E C R™ is measurable, then for any a € R”, E+a = {z +a € R" | x € E} is measurable.

Proof. We again use Carathéodory. Let A C R™ by any set. Then by translation invariance of outer
measure, we have

m*(A) =m*(A —a) (104)
=m"((A—a)NE)+m"((A—a)NE°) (105)
=m"(AN(E+a)) + m" (AN (E+x)°) (106)

and so F + a is measurable.

Now we talk about how Lebesgue measurable sets interact with other common sets, such as open and closed
sets in a topology.

Theorem 2.18 (Regularity Definitions of Lebesgue Measurable Set)

The following are equivalent in R,

1. E is Lebesgue measurable.
Outer Approximately Open. Ye > 0, 3 open set O D E s.t. m(O\ E) < e.
Inner Approzimately Closed. Ve > 0, 3 closed set F C E s.t. m*(E\ F) <e.
Outer Ezactly Gs. 3 a Gs set G s.t. E C G and m*(G\ E) = 0.
Inner Exactly F,. 3 a F, set Fs.t. F C Eand m*(E\ F) =0.

Gk

Proof. Listed.

1. (2) = (1). Then for every k € N, we can find Oy D F s.t. m*(O \ E) < 1/k. Define the Gs
set G =N ;0. Then, (G\ E) C (Ox \ E) for all k = m*(G\ E) < 1/k for all k. Therefore
m*(G\ E)=0,and E =G\ (G\ E) is measurable.

2. (1) = (2). Assume m*(E) < +oo. Find a cover {I;}72 s.t. > poy €(Ix) < m*(E) + €. Call

O = Ugl}. Since E is measurable, m*(O \ E) = m*(0) — m*(E) < >, {(Ix) — m*(E) < ¢

(1) <= (3). Straightforward with argument above.

4. (1) < (4). Generally, we use the fact that E measurable iff E° measurable. Find O > E°
open, with m*(O \ E¢) <e. Then F = O°is closed, F C E, and m*(E\ F) <.

5. (1) <= (5). Same argument as (1) < (4).

@

Depending on the context, it is helpful to use one definition over another when proving measurability. Just
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remember that the Carathéodory definition is the most general, since it doesn’t even assume a topology on
a space, and that is the definition that we will use by default.

This next theorem is a different flavor of Littlewood’s first principle. It tells us that we can use a finite union
of intervals that “symmetrically” approximates measurable sets on the real line.

Theorem 2.19 (Measurable Sets can be Approximated by Borel Sets)

Suppose E is measurable, with m*(E) < +oo. For every € > 0, there exists a finite number of intervals
{Ik}p—; st if O = Up_ I, then

m*(O\E)+m"(E\O) <e¢ (107)

Proof. In here, we use the outer approximately open definition of measurable sets. Since every open
set can be written as a countable union of open intervald”} we can find a collection of open intervals

{Ik}ZO:1 s.t.

(108)

o0 . €
ECU::kL_JlIk, m*(U\ B) < 3

The major thing to do now is to reduce the countable union into a finite union. Note that we can just

take any subcollection of the Ij’s, and we are guaranteed that their union O will satisfy

m*(O\ E) <m(U\ E) < (109)

N ™

The problem is that we don’t want to take too small of a collection so that the other difference is too
big. To do this, we can just select the tail of the series: Find ns.t. Y > . ¢(Ix) < €/2 where WLOG,
Ij; are disjoint. Define O = U}_, 1. Then, we have

m*(O\ ) <m(U\ E) < 3 (110)
m*(E\ 0) <m(U \ 0) < i (1) gg (111)
k=n+1

%since R™ is second countable

This symmetry in difference induced me to use the inner approximately closed definition in addition. My
idea was to just find a closed set F' s.t. F' C E C U, but there is no straightforward way of finding one finite
collection of intervals O.

Example 2.5 (idk where to put this)

One should note that in particular, if E is m*-measurable and A is any set disjoint from FE, then we
must have

m (AUE)=m"((AUE)NE)+m*((AUE)N E°) (112)
=m*(E)+m*(A) (113)

which solves a bit of the theorem on measures.

2.3 Measures

Now by restricting our outer measure to measurable sets, we get our measure.
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Definition 2.4 (Lebesgue Measure)

The restriction the Lebesgue outer measure m* to the set of all measurable sets A, is called the
Lebesgue measure

m=m"

M (114)

Note that for outer measures, they satisfy both countable subadditivity and finite additivity. With measures,
we get the best of both worlds: countable subadditivity.

Lemma 2.20 (Axiomatic Properties of Lebesgue Measure)

The Lebesgue measure satisfies the following.
1. Null Empty Set. m(0) = 0.
2. Countable Additivity. For all countable collections { Ay }¢° , of pairwise disjoint subsets Ay, €

o |i| A = gjlmmk) (115)

“Remember that we are allowed to take countable unions inside our o-algebra, so this makes sense.

Proof. Listed.
1. Null Empty Set. Since this is true for outer measure m*.
2. Countable Additivity. m(UE;) =3, m(E;). < is trivial by countable subadditivity of the outer
measure. For >, note that for every n € N,

m( QE) > m< QEJ) = _:m(Ej) (116)

where the inequality comes from monotonicity and the equality comes from finite additivity of
the outer measure. Now take n — oo.

Unlike the outer measure, monotonicity is not an axiomatic property because of two independent reasons,
both sufficient. First, the Lebesgue outer measure suffices. Second, it is actually a direct consequence of the
two axiomatic properties.

Lemma 2.21 (Translation Invariance of Lebesgue Measure)

The Lebesgue measure is translation invariant.

Proof. We know that translations of Lebesgue measurable sets are also Lebesgue measurable, and the
Lebesgue outer measure is translation invariant.

Now we provide some “continuity” properties of the Lebesgue measure.

Theorem 2.22 (Continuity From Below)

If Ay c Ay C A3 C ..., then
oo
m< U Ak) = lim m(Ay) (117)
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Proof. First, note that the limit on the RHS is defined, since m(Ayg) is nondecreasing and so must
converge in [0, +oc]. But why does this limit equal to the left hand side? The only property that makes
sense to work with is countable additivity, so we should define the disjoint collection

By =A), Bp=A;\ A1 (118)

Then, it becomes straightforward

o (1) =m( 05) (Construction)

k=1 k=1
= Z m(Bg) (Countable Additivity)
k=1
= nhﬁngo Z:l m(By) (Definition of Series)
= lim m( U Bk) (Finite Additivity)
k=1
= nlbnéo m(Ag) (119)

Proof. Old proof. We can see that

m( G Ak> = m(Al) + im(Bk) (120)
k=1 k=2

=m(A;) + klirr;CkZﬂm(Bk) (121)
= lim m(A3 UByU...By) = lim m(Ag) (122)
k—o00 k—00

Now a similar theorem, but with a little twist to it.

Theorem 2.23 (Continuity from Above)

If Ay D Ay D A3 D ..., then

m< ﬁ Ak) = lim m(Ay) (123)

if m(A;) < oo.

Proof. First, note that the m(A;) < +o00 is a necessary condition, since if we take A = [k, 00) on the
real number line, then we have N2, A, = (), but the limit of the measure is co. We did not have this
problem for continuity from below.

24/[119]




Measure Theory Muchang Bahng Fall 2025

Well we can define By, = Ay \ Ag41 and write N7 | Ap = Ay \ Up2 | By, which means that
m( N Ak) = m(A1 U Bk) (124)
k=1 k=1

= m(Ay) —m ( g Bk) (Excision)

=m(4y) — Z m(By) (Countable Additivity)
k=1
=m(A4;) — nh_)IIolo ’; m(By) (Definition of Series)
= lim_ <m(A1) = m(Bk)> (125)
k=1
= lim m<A1 \ U Bk.> (Excision)
n—oo
k=1
= 7}1—{20 m(A,) (126)

Now the first line uses the fact that if A C B, then m(B\ A) + m(A4) = m(B), and with the further
assumption that m(A) < oo, we can subtract on both sides like we do with regular arithmetic.

We will see two applications of continuity from above.

Example 2.6 (Cantor Set has Measure 0)

The Cantor set has measure 0. We can see that it is the intersection of all C}’s which are nested
Ck D Ci41 and m(Cy) = m([0,1]) = 1. Therefore, by continuity from above,

s k
m( N Ck) = lim m(Cy) = lim 2 _y (127)

k— 3k
k=1 o

It is also closed as an intersection of closed sets. It is also uncountable, since we can just do it using
a tradic system and see that the Cantor set are all reals with infinite triadic representation of digits 0
and 2. Then create a bijection with binary represenation of reals. Here’s a new way I learned. Suppose
C' is countable, so enumerate it: c¢q,cs,.... Pick one interval I; in Cy that doesn’t contain c¢;. Then,
pick Iy C I; N Cs s.t. it doesn’t contain cs. Keep going, and we get

L DI, DI3D... (128)

By nested intervals lemma, these are closed, bounded, and nested, which is nonempty. So we’ve found
a point not in the Cantor set, contradicting the fact that we have enumerated it.

Colloquially, if I give you a bunch of sets so that their total measure if finite, then no point will be hit by an
infinite number of the sets.
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Lemma 2.24 (Borel-Cantelli)

Suppose {E}}72, are measurable, with >, m(E})) < +oco. Then,

oo 0

m(limsup Ey,) = m< O U Ek> =0 (129)

k=n

That is, all x € R belonging to an infinite number of Ej, has measure 0.

Proof. Let’s consider the E}’s. How can I make a decreasing set of them? We can set
B, = B (130)
k=n

As n increases, the tail grows smaller. Notice that B, D Byy1 and B has finite measure since by
countable subadditivity[?]

m(By) = m< U Ek> < m(Ey) < o0 (131)
k=1 k=1

Therefore, we can derive

m< ﬂ U Ek) = nhﬁrr;c) ( U Ek) (Continuity from Above)
k=n

n=1k=n

= nlggo ; m(Ey) (Countable Additivity)
) (132)

because the tail of series converging to a finite value must tend to 0. Note that for the last step, we
could have used countable subadditivity as well. B When proving this for the first time, it may not
be clear whether to use continuity from above or below. I also tried invoking continuity from below by
constructing the sets

An = () Ex (133)
k=n

which is increasing since as n increases, I am intersecting less sets at the tail. However, if we invoke
continuity of measure, we get

m<n©1 kﬁnEk) = m(n[_j1 An) = lim m(A,) = nan;Om(kﬁnEk) (134)

However, this is the liminf of these sets—i.e. the set of points that are missing in only a finite number
of sets—and the limit on the RHS doesn’t provide us with more information (other than that it’s finite,
but this is weaker than the union being finite).

%not countable additivity!

Example 2.7 (Practice Problem)

Let
E={ze|0,1]: ‘l‘ - B‘ < ¢ 3 for infinitely many p, ¢ € N} (135)
q

26/ [119]



Measure Theory Muchang Bahng Fall 2025

We wish to show that this set has measure 0. Let

By, ={ze[0,1]: ‘x - g‘ <q¢ 3 (136)

Then, letting & — (p, ¢) be some bijective map, we have

E= ﬁ U Ex (137)

n=1k>n

Well each

m(Ep,) <2¢7°... = Zm(Ep,q) < +00 (138)

p,q

So by Borel-Cantelli, m(E) = 0.

Definition 2.5 (Almost Everywhere)

Given a measure space (X, A,m), a subset A € A is said to be a m-null set if m(A) = 0. If some
property holds for all points x € X except on a null set, then we say that the property holds almost
everywhere.

Example 2.8 (Rational Function)

The function f(z) = \/% is less than oo almost everywhere.
x

2.4 Nonmeasurable Sets

Lemma 2.25 (Quotienting over Countable Set Implies Lebesgue Measure 0)

Suppose E is measurable, bounded, and there exists a countably infinite, bounded set A s.t. {E4+m}mea
are disjoint. Then, m(E) = 0.

Proof. Consider U,,ca{E + m}. It is bounded, so its measure is finite. Also, by countable additivity
and translation invariance, we get

400 >m( U {E—i—m}) =Y mE+m)=Y_ m(E) (139)

meA meA meA

Since A is infinite, we must have m(E) = 0.

Recall that we say z is rationally equivalent to y if x —y € Q. This is an equivalence relation on R, giving
us a quotient set of an uncountable number of classes. A choice set for this equivalence relation is a set
containing exactly one element from each classE] We can do this on any E C R.

Lemma 2.26 (Properties of Choice Sets)

If Cg is any choice set on such E, then
1. Va,y € Cg,if x —y € Q, then for all A € Q, {m + Cg}mea are disjoint.

3This assumes axiom of choice.
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2. Vz € FE, there exists y € Cg s.t. z —y € Q.

Theorem 2.27 (Every Set of Positive Outer Measure Contains Nonmeasurable Set)

Any set E C R"™ of positive outer measure contains a nonmeasurable set.

Proof. WLOG, let E be bounded[’] Let C'r be any choice set. Suppose Cg is measurable. Let b be
such that E C [—b,b]. Let A = QN [—2b,2b]. Consider the disjoint family of sets {Cg + A}rca. Also,

Ec | J{Ce+A} (140)
AEA

Indeed, Vz € E, there exists y € Cg s.t. © —y € Q and in A by definition of A and E C [-b,b]. By the
lemma, m(Cg) = 0. But also,

m*(E) <> m(Cg+ ) =0 (141)

AEA =m(Cg)

which is a contradiction, so C'g is not measurable.

¢Otherwise, just take a bounded subset.

Definition 2.6 (Cantor-Lebesgue Function, Devil’s Staircase)

The Cantor-Lebesgue function ¢ : [0,1] — R is defined as such.
1. Let us define Oy = [0,1]\ C’kﬂ which is an open set. So Oy, consists of 2% — 1 open intervals I; (j
indexed from left to right). For Oy, we define ¢(z) = j/2%, where j is the number of the interval
I;, indexed left to right. This defines ¢ on O = U2, 0, = [0,1]\ C.
2. On C, let us define ¢(z) := inf,>, yeo o(2).

8/8
778
6/8
5/8
4/8
3/8
2/8

1/8

9 209 39 49 59 &9 19 89 99

Figure 1: Plot

(', defined as before when constructing the Cantor set.
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Theorem 2.28 (Properties of Cantor-Lebesgue Function)

¢ is a nondecreasing, continuous function s.t. ¢'(z) =0 for all x € O and m(0) = 1.

Proof. Listed.
1. Increasing. ¢ is increasing on each Oy, and so on O. Then, it is also increasing on C by definition.
2. Continuity. If x € C, it lies between 2 intervals of Oy, for any k. The difference in function values
between 2 neighboring intervals of Oy, is 27%, so ¢ is continuous.
3. Derivative. The derivative is 0 because it is constant around an interval.

Theorem 2.29 (Pathological Strictly Increasing Devil’s Staircase)

Define 9 (z) = ¢(z) + x. Then,
1. 9 is continuous and strictly increasing.
2. 7 maps C into a set of positive measure.
3. 1 maps some subset of C' into a nonmeasurable set.

Proof. Listed.

1. Continuity is from sum of continuous functions, and strictly increasing since ¢ is nondecreasing
and x is strictly increasing.

2. We know that ¢([0,1]) = [0,2] and m((O)) = 1, where for each interval I, C O, m(¢(I;)) =
¢(I;). Therefore, m(y(C)) = 1.

3. Since 1 is strictly increasing, there exists a continuous inverse ¢~!. Find Z C (C) that is
nonmeasurable, which we can do from the previous theorem. Then, there exists £ C C s.t.
Y(E) = Z, and E is not Borel since if it were, then Z would be Borel, too.

2.5 Exercises

Exercise 2.1 (Royden 2.1)

Let m be a set function defined for all sets in a o-algebra A with values in [0,00]. Assume m is
countably additive over countable disjoint collections of sets in A. Prove that if A and B are two sets
in A with A C B, then m(A) < m(B). This property is called monotonicity.

Solution. This is simply a manipulation of definition.
m(B) =m(BNA)U(B\A)=m(BnNA)+m(B\ A) =m(A)+m(B\A) >m(A) (142)

B Therefore, by upgrading countable subadditivity to countable additivity, we get the monotonicity
property for free.

Exercise 2.2 (Royden 2.2)

Let m be a set function defined for all sets in a o-algebra A with values in [0,00]. Assume m is
countably additive over countable disjoint collections of sets in 4. Prove that if there is a set A in the
collection A for which m(A4) < oo, then m(f)) = 0.
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Solution. By countable additivity,
m(A) = m<A u U @) =m(A) + Zm(@) < 400 (143)
i=1 i=1

In order for the series to be finite, m(#) = 0. M Therefore, the finite subadditivity condition is not
needed in most cases where there exists some set of finite measure.

Exercise 2.3 (Royden 2.3)

Let m be a set function defined for all sets in a o-algebra A with values in [0, co]. Assume m is countably
additive over countable disjoint collections of sets in A. Let {Ej}72, be a countable collection of sets
in A. Prove that m(Uy—, Ex) < > pey m(Ex).

Solution. The idea is to manually make the Fj’s disjoint. Let us set

k—1
El=E, Ey=E\E, .. E=E\|JE (144)

i=1
Then, E}s are pairwise disjoint, so

m(p £ = U £) - S (B} < gjlmwk) (145)

k=1 k=1

Exercise 2.4 (Royden 2.4)

A set function ¢, defined on all subsets of R, is defined as follows. Define ¢(E) to be oo if E has
infinitely many members and ¢(E) to be equal to the number of elements in E if E is finite; define
¢(@) = 0. Show that ¢ is a countably additive and translation invariant set function. This set function
is called the counting measure.

Exercise 2.5 (Royden 2.5)

By using properties of outer measure, prove that the interval [0, 1] is not countable.

Solution. If [0,1] was countable, its measure would be 0. W

Exercise 2.6 (Royden 2.6)

Let A be the set of irrational numbers in the interval [0,1]. Prove that m*(A) = 1.

Solution. But we know that m*(Q) = 0 since rationals are countable, then by invoking excision, we get
m*(4) = m*([0,1]) = m*(@) =1 -0 =1 (146)

B I tried proving this directly, but it turns out to be quite hard[7]

“https://math.stackexchange.com/questions/3122008 /direct-proof-that-the-irrationals-on-0-1-have-measure-1
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Exercise 2.7 (Royden 2.7)

A set of real numbers is said to be a G5 set provided it is the intersection of a countable collection of
open sets. Show that for any bounded set E, there is a G set G for which

E C G and m*(G) = m*(E).

Solution. E is bounded so m(E) < +oo. Let’s write the definition

m(E) = inf { ié([k): Ac Ulk} (147)
k=1 k

WLOG, we can let I be open, and we know that UIj is open as well. Perhaps we can construct a
decreasing sequence of these open sets that converge onto m(E), which is finite. For each n € N, we
can find a cover (I, 1) satisfying

1
m(E) < m(Lkan,k) <m(E)+ (148)
——
O’!L
where the first inequality comes from monotonicity and the second comes from the € of room trick.
Now let

G=()0n (149)

B Note that this applies to general sets and not just measurable ones, so for every set, we can always
outer-approximate it (in terms of measure) with open sets and Gs-sets.

Exercise 2.8 (Royden 2.8)

Let B be the set of rational numbers in the interval [0, 1], and let {I}}}_; be a finite collection of open
intervals that covers B. Prove that >_;_, m*(I}) > 1.

Solution. The idea is to take advantage of the finiteness of the summation. WLOG, we can assume
that {I = (ak,bx)} is sorted in increasing order of ag. Then, the following must be true.
1. a1 < 0. If not, then 0 & Ulk.

2. ag41 < b for k =1,...,n — 1. If not, then there exists some k s.t. by < apy1. By density of
rationals, there exists some ¢ € Q s.t. by < ¢ < agy1 < agy2 ..., and so {Ix} cannot cover q.
3. b, > 1.

Therefore, since this is a finite sum, we can rearrange
Zm*(fk) :Zbk — ak (150)
k=1 k=1
= bn —(an — bnfl) — ... ((12 — bl) —aq (151)

>0

>by—a; > 1 (152)

Exercise 2.9 (Royden 2.9)

Prove that if m*(A) = 0, then m*(A U B) = m*(B).
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Solution. > is already proven by monotonicity. For <, we can use finite subadditivity (which follows
from countable subadditivity) to get

m* (AU B) < m*(A) + m*(B) = m*(B) (153)

B Therefore, adding or subtracting subsets of outer measure 0 does not affect the outer measure of
any set. This will come in useful for making proofs more convenient.

Exercise 2.10 (Royden 2.10)

Let A and B be bounded sets for which there is an o > 0 such that |[a —b| > a for all a € A, b € B.
Prove that m*(AU B) = m*(A) + m*(B).

Solution. Proven in Lemma [2.7]

Exercise 2.11 (Royden 2.11)

Prove that if a o-algebra of subsets of R contains intervals of the form (a,c0), then it contains all
intervals.

Solution. From countable union, it also contains all intervals of the form

[a, +00) = U (x,400) (154)

r>a,2€Q

Then, it also contains all intervals of the form (—oo, a), (—o0, a]. By intersection, it contains all intervals
of form (a,b), [a,b), (a,b], [a,b].

Exercise 2.12 (Royden 2.12)

Show that every interval is a Borel set.

Solution. From the same logic as Exercise [2.11

Exercise 2.13 (Royden 2.13)

Show that
1. the translate of an F, set is also F,,
2. the translate of a G set is also Gg, and
3. the translate of a set of measure zero also has measure zero.

Exercise 2.14 (Royden 2.14)

Show that if a set E has positive outer measure, then there is a bounded subset of E that also has
positive outer measure.

Solution. The idea is to consider such a subset of E. If it has 0 outer measure, we can make it bigger,
and eventually as we fill up F, it must be positive. However, we are strictly talking about outer
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measure, and F may not be measurable, so we can’t use continuity of measure yet. Define
E,=En(—n,n) (155)

Then U, F,, = E and E,, are increasing and so m(F,,) must converge in the extended real number line.
1. If it converges to some finite o > 0, then we can finda N € Ns.t. n > N = m(E,) > a—e > 0.
2. If it converges to 400, then we can find a N € Ns.t. n > N = m(FE,) > K for all K € N.

Exercise 2.15 (Royden 2.15)

Show that if F has finite measure and € > 0, then E is the disjoint union of a finite number of
measurable sets, each of which has measure at most e.

Solution. By definition, we have

m*(F) = inf { if(]k)} < 400 (156)
k=1

There are two cases.

1. If E is bounded, then F C (—N,N). Choose M so large that % < ¢, and divide F into

the disjoint sets E,, = [m,m + 1) N E. Each E,,—as the intersection of measurable sets—is
measurable, and by monotonicity, we have

m (EN[m,m+1)) <m*(jm,m+1)) <e (157)
2. If E is unbounded, then
m*(E) = inf { > é(Ik)} =a (158)
k=1

This is finite, so for some § > 0, we can find a cover {Iy}j s.t.

oo

Z((Ik) <a+6 (159)
k=1

Since this series is finite, it converges and so the tail must tend to 0.
oo [ee]
m*< U Ik) <Y UI) <e (160)
k=n k=n

The rest of the intervals are bounded, so we can just use case 1.

Exercise 2.16 (Royden 2.16)

Complete the proof of Theorem 11 by showing that measurability is equivalent to (iii) and also equiv-
alent to (iv).

Solution. We show the following.
1. Measurability — (iii). If E is measurable, then E° is measurable. Then from (i), 3 open O D E°
s.t. m*(O\ E°) < e. But this implies that

m(O\ E°) =m(ONE)=m(E\O0° <e¢ (161)
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where O¢ is closed.
2. (ii) — (iv). Let G =N, 0, be a Gs-set. Then,

o:m*(ﬁon\EC>:m*([ﬂon]nE> (162)
- (E\ {ﬂ()}) (163)
—m <E\ LQ,O_ZD (164)

F,-set

The converses of each statement can be proven almost identically. B I found out that the biggest leap
was the identity (in blue), but the following diagram helps.

0

E* E

Figure 2: The shaded rectangle can be represented as the difference O \ E€ or E \ O°.

Exercise 2.17 (Royden 2.17)

Show that a set F is measurable if and only if for each € > 0, there is a closed set F' and open set O
for which F C E C O and m*(O\ F) < e.

Solution. We prove bidirectionally.
1. (—=). If E is measurable, then choose F, O s.t.

m*(E\ F) < g,m*(O\E) <§ — m*(O\F) <m*(O\E)+m*(E\F)<e  (165)

2. (+).

Exercise 2.18 (Royden 2.18)

Let E have finite outer measure. Show that there is an F, set F' and a G5 set G such that

F CECGand m*(F)=m"(E) =m"(G).

Exercise 2.19 (Royden 2.19)

Let E have finite outer measure. Show that if F is not measurable, then there is an open set O
containing F that has finite outer measure and for which

m*(O\ E) > m*(0) — m*(E).

Solution.
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Exercise 2.20 (Royden 2.20)

(Lebesgue) Let E have finite outer measure. Show that F is measurable if and only if for each open,
bounded interval (a,b),
b—a=m"((a,b) N E) +m*((a,b) \ E).

Solution. Since -
= inf { > (I } < 400, (166)
k=1

there exists a covering {I; = (ax, bg)}r of E s.t.

m*(E) +e> Y (b — ax) (167)
k=1
= im*((ak,bk)ﬁE)—&-m*((ak,bk)\E) (168)
k=1
:im*((ak,bk)ﬂE)+im*((ak7bk)\E) (169)
k=1 k=1
m*< [j (ak, by mE) —|—m*< U (ak, br) \E) (170)
k=1 k=1
=m"(E)+m"(O\ E) (171)

which implies € > m*(O \ E), which is equivalent to E being measurable.

Exercise 2.21 (Royden 2.21)

Use property (ii) of Theorem 11 as the primitive definition of a measurable set and prove that the
union of two measurable sets is measurable. Then do the same for property (iv).

Exercise 2.22 (Royden 2.22)

For any set A, define m**(A) € [0, oo] by
m**(A) = inf{m*(0) | O 2 A, O open}.

*%

How is this set function m** related to outer measure m*?

Solution. We claim that they are equal.
1. By monotonicity, A C O = m*(A) < m*(0), and taking the infimum over O gives m*(A) <
m**(A).
2. Note that every open set can be represented as a countable pairwise-disjoint union of open inter-
vals, so by countable subadditivity,

m*(0) = m*( [j (ak, by ) Zf ar, b)) = m™(A) <m*(A) (172)
k=1
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Exercise 2.23 (Royden 2.23)

For any set A, define m***(A) € [0, o] by
m*™*(A) = sup{m*(F) | F C A, F closed}.

*%

How is this set function m*** related to outer measure m*?

Solution. By monotonicity,

FCA = m"(F) <m*(4) = m**(A) < m*(A) (173)

Exercise 2.24 (Royden 2.24)

Show that if F; and E5 are measurable, then

m(E1 U E2) +m(Ey N Ey) = m(Er) + m(Es).

Solution. We know that Fy U Ey = (E1 \ E3) U (E2 \ E1) U (E; N Ey), and so by finite additivity,
By adding m(E; N E3) and grouping, we get

m(E1 @] EQ) + m(E1 N Eg) = m(E1 \ EQ) + m(E1 n Ez) +m(E2 \El) + m(E1 N EQ) (175)

m(E) m(Es)

Exercise 2.25 (Royden 2.25)

Show that the assumption that m(By) < oo is necessary in part (ii) of the theorem regarding continuity
of measure.

Exercise 2.26 (Royden 2.26)

Let {Ex}72 ; be a countable disjoint collection of measurable sets. Prove that for any set A,

m* (Aﬂ G Ek> = im*(AﬂEk).
k=1

k=1

Solution. We know that for all n € N,

ém*(AﬂEk) =m* <Am Lnj Ek) (kq (AN Ey) ) (176)

k=1
—————
By
The B,, are an increasing sequence of sets, so by continuity from below,

o0 n

(L_J LnJ A“Ek)—,}lj;om<U(AﬁEk)> (177)

k=1 k=1
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So by taking the limit as n — oo,

im*(AﬁEk) = lim m*( O(AﬁE;J) (178)

k=1 e k=1
= m*(g IQI(AmEk)) (179)
= m*(kf_jl(AmEk)> (180)

Solution. We know from countable subadditivity that

m* (A N [j Ek> < im*(A N Ey) (181)
k=1 k=1
(182)

Now,
m* (Am U Ek.) > m* (A nUY Ek> = m* (AN Ey) (183)
k=1 k=1 k=1

So by taking n — 400, we are done.

Exercise 2.27 (Royden 2.27)

Let M’ be any o-algebra of subsets of R and m’ a set function on M’ which takes values in [0, oc], is
countably additive, and such that m’(0) = 0.
1. Show that m/ is finitely additive, monotone, countably monotone, and possesses the excision
property.
2. Show that m’ possesses the same continuity properties as Lebesgue measure.

Exercise 2.28 (Royden 2.28)

Show that continuity of measure together with finite additivity of measure implies countable additivity
of measure.

Solution. This was basically my solution for Exercise Let {E}32, be a sequence of sets. Then,
m being finitely additive implies that

m*( U Ek) - ,:Z;m(E’“) (184)

k=1
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But now define B,, = U}_, E};, which is increasing, and so by continuity of measure from below,

o () =m( () -
)

k=1 n=1
= nlgréo m(By (186)
= lim m( U Ek) (187)
n

= nh_)rrgo Z m(Ek) (188)
k=1

= m(E) (189)

k=1

Exercise 2.29 (Royden 2.29)

Listed.
1. Show that rational equivalence defines an equivalence relation on any set.
2. Explicitly find a choice set for the rational equivalence relation on Q.
3. Define two numbers to be irrationally equivalent provided their difference is irrational. Is this an
equivalence relation on R? Is this an equivalence relation on Q7

Exercise 2.30 (Royden 2.30)

Show that any choice set for the rational equivalence relation on a set of positive outer measure must
be uncountably infinite.

Exercise 2.31 (Royden 2.31)

Justify the assertion in the proof of Vitali’s Theorem that it suffices to consider the case that E is
bounded.

Exercise 2.32 (Royden 2.32)

Does Lemma[2.25" remain true if A is allowed to be finite or to be uncountably infinite? Does it remain
true if A is allowed to be unbounded?

%Originally Royden 4th Edition Lemma 11

Solution. Listed.
1. Finite? No. Let E = (0,1) and A = {0,1,2}. Therefore, the infinite part is essential since it
makes things harder to overlap.
2. Uncountably infinite? Yes, since we can just find a countably infinite subcollection from it.
3. A unbounded? No. Let E = (0,1) and A = Z. Then, {E + z}.¢z are disjoint but m(E) = 1. If
it was unbounded, then we can just give as much space for £ + A\ to roam around.
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Exercise 2.33 (Royden 2.33)

Let E be a nonmeasurable set of finite outer measure. Show that there is a G5 set G that contains F
for which
m*(E) = m*(G), while m*(G\ E) > 0.

Solution. Note from Exercise that we can outer-approximate any set with a Gs-set. Therefore,
choose such a set G D E which satisfies

m*(G) —m*(E) =0 (190)

If E was measurable, then by excision property, m*(G \ E) = 0, but E is not measurable, so we must
have m*(G \ E) > 0.

Exercise 2.34 (Royden 2.34)

Show that there is a continuous, strictly increasing function on the interval [0, 1] that maps a set of
positive measure onto a set of measure zero.

Exercise 2.35 (Royden 2.35)

Let f be an increasing function on the open interval I. For xy € I show that f is continuous at
zo if and only if there are sequences {a,} and {b,} in I such that for each n, a, < zy < b,, and

hrnn—»oo[f(bn) - f(an)] =0.

Exercise 2.36 (Royden 2.36)

Show that if f is any increasing function on [0, 1] that agrees with the Cantor-Lebesgue function ¢ on
the complement of the Cantor set, then f = ¢ on all of [0, 1].

Exercise 2.37 (Royden 2.37)

Let f be a continuous function defined on E. Is it true that f~!(A) is always measurable if A is
measurable?

Exercise 2.38 (Royden 2.38)

Let the function f : [a,b] — R be Lipschitz, that is, there is a constant ¢ > 0 such that for all
u,v € [a,b], |f(u) — f(v)] < cJu —v|. Show that f maps a set of measure zero onto a set of measure
zero. Show that f maps an F, set onto an F, set. Conclude that f maps a measurable set to a
measurable set.

Exercise 2.39 (Royden 2.39)

Let F be the subset of [0, 1] constructed in the same manner as the Cantor set except that each of the
intervals removed at the nth deletion stage has length a3™™ with 0 < o < 1. Show that F' is a closed
set, [0,1] \ F dense in [0, 1], and m(F) =1 — a. Such a set F' is called a generalized Cantor set.

39/[119]



Measure Theory Muchang Bahng Fall 2025

Exercise 2.40 (Royden 2.40)

Show that there is an open set of real numbers that, contrary to intuition, has a boundary of positive
measure. (Hint: Consider the complement of the generalized Cantor set of the preceding problem.)

Exercise 2.41 (Royden 2.41)

A nonempty subset X of R is called perfect provided it is closed and each neighborhood of any point
in X contains infinitely many points of X. Show that the Cantor set is perfect. (Hint: The endpoints
of all of the subintervals occurring in the Cantor construction belong to C.)

Exercise 2.42 (Royden 2.42)

Prove that every perfect subset X of R is uncountable. (Hint: If X is countable, construct a descending
sequence of bounded, closed subsets of X whose intersection is empty.)

Exercise 2.43 (Royden 2.43)

Use the preceding two problems to provide another proof of the uncountability of the Cantor set.

Exercise 2.44 (Royden 2.44)

A subset A of R is said to be nowhere dense in R provided that for every open set O has an open
subset that is disjoint from A. Show that the Cantor set is nowhere dense in R.

Exercise 2.45 (Royden 2.45)

Show that a strictly increasing function that is defined on an interval has a continuous inverse.

Exercise 2.46 (Royden 2.46)

Let f be a continuous function and B be a Borel set. Show that f~!(B) is a Borel set. (Hint: The
collection of sets E for which f~!(FE) is Borel is a o-algebra containing the open sets.)

Exercise 2.47 (Royden 2.47)

Use the preceding two problems to show that a continuous strictly increasing function that is defined
on an interval maps Borel sets to Borel sets.

Exercise 2.48 (Math 631 Fall 2025, Midterm Exercise 1)

Define a set £ C [0, 1] to be all points such that in their decimal expansion the 10th digit (corresponding
to 10719 value) is equal to 4, and the 100th digit is equal to 5. Show that E is measurable and find
m(E).
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Solution. There is just a finite set of real numbers where the ambiguity of the decimal expansion affects
the definition of set E: for example, 0.0000000004000... = 0.00000000039999... - but finite number of
points does not affect that measurability or Lebesgue measure of a set. We can adopt the convention
that whenever we can use 4 on 10th place and 5 on the 100th place, we do. With this convention, the
set of points with 4 on the 10th decimal place is a set of 10° disjoint closed intervals I of size 10710,
These intervals correspond to the 10° choices of all possible digits in the larger position values. We
further insist that 5 stands on the 100th place, then in each I there are 1089 closed intervals of size
107199 where this is true. The number 103? corresponds to all possible choices of digits at 89 positions
from 11th to 99th. So, there is a total of

10 x 10%° = 10 (191)

disjoint intervals of size 1071%°. This set is measurable as a finite union of intervals. The Lebesgue
measure of such set is 0.01 by additivity of the Lebesgue measure.

Exercise 2.49 (Math 631 Fall 2025, Final Exam Exercise 3)

Let B}, C (0,1) be measurable sets. Is it true that there exists a subsequence Ej; such that m(N;Ey;) >
0 if (a) limsupm(Ey) = 1, (b) liminf m(Ey) > 3/47

Solution. (a) Yes. Choose a subsequence k; such that Z;’;l(l —m(Ey;)) < 1. This can be achieved,
for example, if we require that 1 —m(Ey;) < 273, This is equivalent to

o0

Zm(Egj) <1 (192)

This implies by countable subadditivity that m(UjZ, Ef ) < 1, and since N; Ey, = (U2, B} )¢, we get
m(ﬂjEk].) > 0.

(b) No. Let Ej be all numbers without digits 1 and 2 at the kth position in their decimal expansion.
Then m(Ey) = 4/5 for every k. On the other hand, for any k;,

m(N)-,Ex,) = (4/5)” =0 (193)

as J — oo.
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3 Lebesgue Integration

Remember that Riemann integration is characterized by the approximation of step functions, which are the
"building blocks" of Riemann integrable functions. To define the Lebesgue integral, we will start off with
simple functions—which are a generalization of step functions. A function will be Lebesgue integrable if it
can be approximated by these simple functions in some appropriate way. There are parallels between how
we construct the Riemann and Lebesgue integral, namely that we can define the upper and lower integrals
as the infimums and supremums of some set. However—while we were able to do this in “one shot” for the
Riemann integral, the Lebesgue integral requires us to take intermediate steps. There are two ways that we
can construct the Lebesgue integral.

1. We define the integral for simple functions ¢ over finite measure. Since simple functions are made up
of a linear combination of indicators, which are themselves bounded, the finite measure locks in the
property that [ ¢ will be bounded. This allows us to take the integral of simple functions that have
real-valued coefficients—both positive and negative—but is inherently limiting as we can’t define the
integral over infinite measures. With this, we can define the integral of bounded measurable functions
using the lower and upper integrals. This is similar to the construction of the Riemann integral.
Furthermore, if we want to define the general integral, we have to now restrict what we have built up
into the nonnegative case—a bit unnatural.

2. We first define the integral for nonnegative simple functions ¢ over any measure. We are sacrificing
the ability to integrate negative simple functions early on, but this doesn’t matter since we will split
functions into a positive and negative part anyways. The true advantage of doing this is that we
gain the ability to define integrals for infinite measures. This allows us to define for positive (possibly
unbounded) measurable functions, and finally when we define the general Lebesgue integral, we deal
with the oo — 0o problem by defining it only if at least one of the positive or negative integrals are
finite.

I personally think the second way is superior, since in the end we can define integrals over infinite measure.
Furthermore, since we are only working with positive functions, we only need to define the lower integral
rather than checking to see if the lower and upper integrals coincide.

One thing to keep in mind is that if f is integrable, then it is necessary that it be measurable.This is
unlike Riemann integration, where there may be discontinuous functions that are Riemann integrable. So
measurability is a must for integrability.

As we redefine these integrals over and over (sort of like method overriding), we really want to preserve three
properties of the integral.

1. Linearity.

[+t =af 145 [ (194)

2. Monotonicity

fég:$/Ef§/Eg (195)

3. Additivity.
A, B disjoint, measurable, and E = AUB — / f= / f +/ f (196)
E A B

Finally, we will address the problem of swapping limits with the big theorems of measure theory. It turns
out all the convergence theorems are dependent on Egorov.
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3.1 Simple Functions

Definition 3.1 (Lebesgue Integral for Simple Functions)

Suppose ¢ =Y ¢, arxk, : E CR — R with a; € R.
1. If m(E) < +o00, then we can define the integral which is guaranteed to be a finite number.

[ o= aum(En) (197)
E k=1

2. If ar, > 0, we define the integral which lives in R U {+00}[]

/ ¢:=Y_ axm(Ey) (198)
E k=1

This is well defined for any representation of gzﬂ

%As we have stated before, we could also define the Lebesgue integral of simple functions by letting aj takes values in R.
But then, we might have a case where E = AUB, with m(A) = +oo,m(B) = +oo,and ¢ = x4 —2xp — fE ¢ = co—00.
To prevent this from happening, some authors add the assumption that m(E) < +o0, and I cover this case to make it as
comprehensive as possible.

bWe need this since the coefficients need not be unique. For example, we can write 1 - X[0,1] +1-X[0.5,1) = 1" X[0,0.5] T
2 X[0.5,1]- If the E;’s are disjoint, then this decomposition is unique and is called the standard representation of ¢.

Proof. Tt is clear that the two definitions coincide if m(F) < 400 and ay > 0 is true; it is the same
formula.

For bounded functions, we will temporarily focus on the first definition, and for general functions, we rely
on the second definition.

Theorem 3.1 (Axiomatic Properties of Lebesgue Integral for Simple Functions)

Suppose ¢,1 : E C R — R are simple with m(E) < +o00. Then, the following properties hold.

1. Linearity. For o, 8 € R,
/(a¢+6¢):a/¢+5/w (199)
E E E

¢§¢=>[E¢§/E¢ (200)

3. Additivity. If A, B are disjoint, measurable, and £ = A U B, then

/E¢>:/A¢>+/B¢> (201)
Proof. Listed.

1. We can subdivide sets s.t. ¢ and 1) can be rewritten using the same finite family of sets Ay.

2. We can use (1) to rewrite
Jo=fo=[w=o=0 (202)

>0Vz

2. Monotonicity.

3. Trivial by definition of simple functions.
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Example 3.1 (Step Function as Simple Function)

For a,b € R, with a < b, let f : [a,b] — R be a step function. That is, there exists a partition
a=2x9 <z <...<x,=>0and constants cy,ca,...,¢, € Rs.t. f(x) =¢; for all z € (x;_1,x;) and
each i = 1,...,n. Then, f is equal to the following simple function, taken over all open intervals and
the points z; at the boundary of each interval.

i=1 j=0

If we ignore the behavior of f on the partition points x;’s, then f agrees almost everywhere with the
simple function

Z CiX(m,_l,mi) (204)
=1

3.2 Bounded Measurable Functions over Finite Measure

This allows for the most direct comparison to the Riemann integral.

Definition 3.2 (Lower, Upper Lebesgue Integral)

Let f: E C R — R measurable, bounded, and m(E) < +o0.
1. Then, the upper and lower Lebesgue integrals are defined

Lf = inf { / ¢ ‘ F<6.0 simple}, Lf =sup { / 6 ‘ o< f.é simple} (205)

2. If the upper and lower Lebesgue integrals are equal, then f is said to be Lebesgue integrable,
and the Lebesgue integral of f is their common value.

The definition is exactly the same form as that of [Riemann integrationl notably that f must be bounded
and we define integrability as the equivalence of the upper and lower integrals. The fact that m(FE) is finite
is realized implicitly with partitions, though in this sense it’s more similar to the Riemann-Stieltjes integral.
From this, it’s pretty easy to intuit that the Lebesgue integral agrees with the Riemann integral for step
functions. Let ¢1,...,¢, € [0,00) and a = zg < 1 < ... < x, = b be a partition. Let f : [a,b] — [0, 00] be
a step function taking the value ¢; on the interval (z;_1,x;) for ¢ = 1,...,n. Then the Riemann integral of
f is simply

n
/f(:lc) dx = Z ekl — x| (206)
i=1
The Lebesgue integral is
n n n
/ fa =Sl r,e))+ 3 Fauda}) = 3 exlas — 2] (207)
i=1 j=0 i=1
which agrees with the Riemann integral. In the Riemann integral, we write dx to indicate the variable that
is being integrated over, but in the Lebesgue integral, we write du, the measure which we are integrating
over. We make this more rigorous in the following theorem.

Theorem 3.2 (Lebesgue is More General than Riemann)

If f:[a,b] — R is Riemann integrable, then it is Lebesgue integrable, and the Riemann and Lebesgue
integrals are equal.
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Proof. The important detail that people miss is that for a function f to be Riemann integrable, it
is necessary [that it is bounded and defined on a closed, bounded intervall Recall that f is Riemann
integrable if

sup L(P, f) =inf U(P, f) (208)
P P

for a partition P. But for any L(P, f) (or U(P, f)), there exist simple ¢ (or ¢) s.t

| o=rp. (Lw=waﬁ> (209)

sup L(P, f) < Lf <Lf <infU(P, f) (210)
P

So,

where the first and third inequalities we just showed, and the middle inequality Lf < Lf comes from
monotonicity. So if the inf = sup, then Lf = Lf has nowhere to go.

However, the converse is not true.

Example 3.2 (Lebesgue Integrable but Not Riemann Integrable)

Consider the simple function (consisting of one characteristic function) Xon[o,1]- QnNJ0,1] is a Lebesgue
measurable set of R, and we have xqno,1] = 0, so its Lebesgue integral is given by the above definition:

Axmmmﬂ=LA@ﬂmJD=0 (211)

Lemma 3.3 (Masking)

Let f: E C R — R be measurable, bounded with m(E) < +00, and A C E measurable. Then,

/fm—/f (212)

Proof.

Theorem 3.4 (Axiomatic Properties for Bounded Measurable Functions over Finite Mea-
sure)

Suppose f,g : E C R — R are bounded and measurable with m(E) < +oo. Then, the following

properties hold.
/E(af+ﬂg)=a/Ef+B/Eg (213)

1. Linearity. For o, 8 € R,
fﬁg:/fé/g (214)
E E

3. Additivity. If A C E is measurable B = A\ E, then

Lf=AfﬁLf (215)

2. Monotonicity.
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Proof. Listed.
1. For scalar multiplication, we just use a¢, @) in the simple function approximation. Now for the
sums of functions, we can see that

fswl,gswz=>f+gsw1+w2=>/(f+g)§/f+/g (216)
fZT/)thwQ=>f+921/11+1/12:>/(f+9)2/f+/9 (217)
(218)

and by taking the limit as the simple functions approach f, g, we get equality.

3. We can define f1 = f-xa,fo = f-xB. fi1,f2 are measurable and bounded (as the product of
measurable functions) implying that

éf=équﬁg:Lﬁ+éb:ﬂymm+éfwB:Af+Lf (219)

where the final equality follows from the lemma.

Corollary 3.5 (Integral Triangle Inequality)

Suppose f: E C R — R is bounded and measurable. Then

yéﬂséu (220

Proof. We know —|f| < f < |f|. By monotonicity, we have

[-in<[1< [ (221)

3.2.1 Conditions for Integrability

Remember that [continuous functions are Riemann integrable] There is indeed an analogous result between
measurable functions and Lebesgue-integrable functions, and actually, there is a if and only if condition!
First, we will need a lemma.

Lemma 3.6

Suppose f is bounded, and there exists measurable sequences of functions ¢,,, 1, s.t.
Yn(z) < f(x) <n(z) Ve e E (222)

and

n—-+oo E

Then, there exists ¢, — f and 1, — [ a.e.

Proof. Define

On(z) = max{e1(x), ..., du(@)},  Pn(2) = min{¢(2),...,vYa(2)} (224)
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We still have ¢, (z) < f(x) < ¢n(z) for all n and for all z. Also, ¢, () is increasing, 1, (z) is decreasing.
Now define

¢*(x) = lim Gu(x),  ¥(x) = lim Pn(x) (225)
Observe that
/(zﬂn—qgn)g/(wn—qbn):>/(1ﬁn—<$n)—>0asn—>oo (226)

Also,
/ (4" (z) — ¢ (¢)) dz < / W@ - ) (227)

for all n. Therefore, .
/(W‘(I) —¢7(2)) =0 = ¢¥*(2) = ¢"(2) ae. (228)

And so f(x), which is sandwiched between ¢* and ¢*, must be equal a.e. We didn’t assume that f
was measurable, but these 1, ¢, is measurable by assumption.

Theorem 3.7 (Condition of Lebesgue Integrability)

Let f be bounded on measurable set E of finite measure. Then f is Lebesgue integrable iff f is
measurable[]

“We can think of the boundedness of m(E) and f basically locking in finiteness.

Proof. Bidirectional.
1. (—). We want to show that f is measurable. Recall that for bounded functions, we defined
Lebesgue integrals with Lf and Lf. Therefore, we can find simple ¢,,, ¥, s.t. ¢, < f < 4, and
[0 — [ én < 1/n. Now we are exactly in the setting of the lemma, and so by the lemma, we
can find measurable ¢, (z) — f a.e. (in fact, ¢ will be simple). Since the limit of measurable
functions is measurable, f is measurable.
2. (+). We prove that Vn, 3 a simple ¢, ¥, s.t. ¢, < f <, and ¢, — ¢, < 1/n. Then,

Lf-Lf< /wn - /% < %m(E) (229)

So take n — oo.

This is a very reasonable criterion, and you can’t really hope for more then Lebesgue measurability.

3.2.2 Convergence of Integrals

The next theorem is sort of like transferring convergence of functions to that of integrals. This results
shouldn’t be surprisingly since uniform convergence is so strong.

Theorem 3.8 (Uniform Convergence Implies Convergence of Integrals)

Suppose f, are bounded, measurable, and f,, — f uniformly on E with m(E) < +oo. Then,

/E oo /E f (230)
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Proof. Since f is bounded, there exists N € N s.t. || fy — flloo < 1. Then, by reverse triangle inequality
(M), Ifllco < llfNlloo + 1. Also, f is measurable as the limit of fy. Given € > 0, find Ny s.t. Vn > Ny,

nn—ﬂusném=$|/f—/hzﬂéu—ﬁ»

Naturally we might see if this results holds with weaker assumptions. Unfortunately, this is not true for
pointwise convergence.

€

< [1f=rl < o mE = (280

Example 3.3 (Integrals Don’t Converge Under Pointwise Convergence)

Let fn(z) =n-X[0,1/n)(2), 50 fu(x) = 0 a.e. in [0,1] but [ f,(x) =1 for all n € N.

But not all hope is lost. This is where the key theorems of measure theory comes in. The following theorem
is more general, since uniform convergence implies uniformly bounded, but it isn’t used in practice as much
(according to Kiselev).

Theorem 3.9 (Bounded Convergence Theorem)

Suppose f,, are measurable, uniformly bounded[?] Suppose f, — f pointwise on E, with m(E) < co.

Then,
/Efn—>/Ef (232)

“fnllooc <M < o0

Proof. The idea is to use Egorov to split the domain into F' and E\ F. Over F, we can then use the
fact that f,, — f uniformly, and over E'\ F, we can control the non-uniformness with a small measure
f is bounded because f,, are uniformly bounded, and it is measurable since it’s a limit of measurable
functions. Fix € > 0. by Egoroff, 3 closed F' C E s.t. f, — f uniformly on F, and m(E \ F) < %

Then, e
TR

s4u<m=ﬁv—m+éwu—m (233)

For the first term, 3N € N s.t. if n > N, then |f,(z) — f(z)] < sm < 5 forall z € F. For the

< 5. Therefore, the whole expression < § + § =e.

_€_

second term, we can bound this by 2M - ;77

However, this assumption is still too strong for convergence and is therefore not used much in practice unlike
other theorems (e.g. monotone convergence theorem and dominated convergence theorem). One nice part is
that it works for unbounded functions, which is good since working with bounded functions is not the most
natural assumption to have in practice. This is why we will step back and reconstruct the Lebesgue integral
using positive—and possibly unbounded—simple functions (1st definition).

3.3 Positive Measurable Functions

The next natural step to generalize Lebesgue integral is to look at unbounded functions and/or infinite
measures. In order to do this, we must start off by stepping back into only nonnegative functions first.
Unlike Riemann integration and Lebesgue integration of signed bounded functions, which looks at both the
supremum and infimum of integrals of simple functions, Lebesgue integration of positive only looks at the
supremum, given that f is nonnegative, so for all these f, the Lebesgue integral always exists.
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Definition 3.3 (Lebesgue Integral for Positive Functions)

Let f: E C R — R be measurable, with f > 0.
1. The Lebesgue integral of f is defined

/ f =sup {/ h ‘ 0 < h < f, h measurable, bounded} (234)
E E
= sup {/ 10 ‘ 0<op< f, ¢ simple} (235)
E

and always exists.
2. f is Lebesgue integrable if

/ f < +o0 (236)
E

Proof. The only thing to show is that it suffices to check for simple functions only, so all we have to do
is check the latter form.

Lemma 3.10 (Masking)

Let f: E C R — R be measurable and positive, and A C F measurable. Then,

./Ef'XA:/Af (237)

Proof.

Theorem 3.11 (Axiomatic Properties of Lebesgue Integral for Positive Functions)

Suppose nonnegative f,g: E C R — R are measurable. Then,
1. Linearity. For all a, 8 > 0[]

[ar+s=a 145 (238)
E
2. Monotonicity.

f<o— [1< ]9 (239)
3. Additivity. If A, B are disjoint with £ = AU B, then

/Ef:/Af+/Bf (240)

%Note that we have > 0 since we are dealing with positive functions!

Proof. Listed.
1. We can easily show [« f = a [ f simply by multiplying the simple functions ¢ by «. For integrals
of sums of functions, we show the following.
(a) [f+[g<[(f+g). Since given simple ¢1, ¢ with ¢1 < f,¢s < g, we have 1+ s < [+,
and so by taking the supremum, we have the bound.
() [f+ [g> [(f+g). Suppose h is simple s.t. 0 <h < f +g. Deﬁne{ﬂ

¢ :=min{h, [}, k:=h-—t (241)
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Note that ¢, k are both measurable. Furthermore, ¢ is at most h (which is simple) and so is
bounded, and k is also bounded since it is bounded h minus some nonnegative ¢ that is at
most h. Therefore, we invoke our previous definition of the Lebesgue integral for bounded

functions to get ‘ _
/k+/€:/h (242)

Since ¢ < f and k = h — ¢ < g, by monotonicity we have [k < [g and [¢ < [ f.
Substituting this in gives

/hé/er/gﬂ/(f+g)=s%p/h§/f+/g (243)

2. Direct.
3.

%Intuitively, we are trying to split the f + g into £ and k, such that £ +k=h < f + g.

Corollary 3.12 (Integral Triangle Inequality)

Suppose f: E C R — R be positive and integrable. Then,

’[Ef‘ < [ (244)

Proof. Since f >0, f = |f|.

Lemma 3.13 (Chebyshev)

Suppose f: ECR — R, f >0, and f is measurable. Then for all & > 0[]

m(fz e B| f(z) > a}) < - /E f (245)

%In probability, this refers to a bound on the variance of a random variable, but in analysis, it seems to be a more
general result of the bounds of form [ |f|P.

Proof. Let us call the set on the LHS E,. Then, F, is measurable and define ¢(x) = axg, (x). Then,
¢(x) < f(x), and so

/ ;> / 6 = am(Ea) (246)

Theorem 3.14 (Vanishing Integral iff a.e. Vanishing Nonnegative Function)

Suppose f > 0 on E. Then,
/fz() < f=0ae onFE (247)
E

Proof. We prove bidirectionally.
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1. (—). By Chebyshev, we see that

mi{e € Bl f@ = 1np<n [ £ =0 (248)

En

for all n € N. But {x € E| f(z) > 0} = US2, E,. By countable additivity, m({x € E | f(x) >
0}) =0.

2. (+). Since f =0 a.e., any 0 < ¢ < f—¢ simple—will satisfy m({z € E | ¢(z) = 0}) =0, but it
will never get off 0. Therefore, [, ¢ = 0.

Theorem 3.15 (Integrable Functions can be Infinite on at Most 0 Measure Set)

If f is integrable on E, then f(z) < 400 a.e. on FE.

Proof. By Chebyshev,
m({z € B | f(2) 2 n}) <

 —

f (249)

1
n

As n — oo, the LHS is bounded above by all € > 0.

D)

mife € 1 a) =) =m( (] Bu) (250)

Il
-

n

3.3.1 Convergence of Integrals

Lemma 3.16 (Fatou’s Lemma)

Let f,, > 0 be measurable, and it converges to f. Then,

/liminffn < liminf/ I, /f Sliminf/ fn (251)
E E E E

Proof. Here is a proof that doesn’t require MCT. The idea is that we want to use bounded convergence
theorem to do the work for us. The f,,’s are all measurable already, but we are missing two things.
First, the measure of the total space may not be finite. Second we don’t have a uniformly bounded
sequence of functions. We can solve both of these by appealing to the definition of the integral.

It suffices to show that if A is any bounded measurable function of finite support s.t. 0 < h < f, then

n—oo

/ h <liminf | f, (252)
E E

since taking the supremum w.r.t. h gives the result. The h being bounded gives us a start, so let it be
bounded by M. As for the finite measure, we know that h has finite support, so define

Eo={x € E|h(x) #0} (253)

and we have m(Ep) < +00. Now we must construct a sequence of uniformly bounded functions. Define
the measurable functions
hy = min{h, f,,} (254)

Since 0 < h,, < M on Ey and h,, = 0 on E \ Ey, we know that h,, is uniformly bounded on E,. For
each x € F, we know that

hz) < f(z), fo(z) = f(2) = hn(z) = h(z) (255)
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So we actually know what the (h,) converges to. Therefore, we finally invoke BCT
lim h = lim / h = / h (256)
n—oo n—oo EO E

Now we use the fact that h,, < f,, on E to show that fE hn < [} fn, and by taking the liminf,

/h: lim [ h, =liminf h <hm1nf/ fn (257)
E

n— oo E n— oo n—oo

Proof. Define gy(x) = inf;>y fj(x). Note that gi(z) < fi(x) by definition, and gy(x) is increasing.
Since by definition limg_,oo gi(z) = liminf fi(z), by MCT,

lim / Ik :/liminf T (258)

k—o0 E
But since [ gi < [ fi for all k,
lim inf / fe = / liminf fj (259)

Example 3.4

Note that equality does not have to hold in Fatou. For example, take f,(z) = X[nn+1](2)-

We know that the integral doesn’t behave well under weak kinds of convergence, e.g. pointwise or a.e. The
following theorem gives us a slightly stronger assumption.

Theorem 3.17 (Monotone Convergene Theorem (MCT))

Given a nondecreasing sequence of nonnegative measurable functions f1 < fo < fs <...: ECR —
[0, +00], its limit lim,, o f, always existsﬂ is measurable, and
/ lim fk = lim / fk (260)
E k—oo k—oo J g

%since for every z € E, fn(z) is a monotonic sequence in [0, +o00], which is Iguaranteed to converge}

Proof. By Fatou,
/ f <liminf / fu (261)
JE JE

For each index n, f, < f a.e. on E, so by monotonicity of integration, we have

[ s[5 —imsw [ 1< [ (262)

So combining the two inequalities give

/ f=1tm [ f (263)

n—roo

Proof. Set the RHS lim,, .o [ fn = @ (could be infinity) and let lim, o fn = f. f(z) > fn(z) for all
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z,n,s0 [ f>ca. Consider 0 < ¢ < f, ¢ simple. Take 0 < ¢ < IE] and define

En ={z| fu(z) = co(x)} (264)

Then, the E,, are increasing and U2 E,, = EE] Observe that

/En fu> c/En¢> (265)

Suppose that ¢(z) = 221:1 arXr, (x). Then,

M M
/ o= Zakm(Fk NE, — Zakm(Fk) = / @ as n — +00 (266)
En k=1 k=1 E
Therefore, by taking the limit of as n — 0o, we get
lim [ f,> c/ ¢ VYe<1l = also true for c =1 (267)

Since ¢ < f is arbitrary, just take the supremum over all ¢ and we get lim, o0 [ fn > [ f.

2We introduce the ¢ because we can then claim that the union of E,, is E.
bThis may not be true is ¢ = 1.

Here is a variant of MCT.

Lemma 3.18 (Levi’s Lemma)

Suppose f, > 0 is increasing and fE fn < M for all n. Then,
1. f(z) = lim,— 0 fn(z) is integrable, and
2. [f<M.

Proof. By MCT, [ fn — [, [-

The huge problem with Riemann integrals is that this theorem doesn’t hold, but it is the case for Lebesgue
integration. In practice, the MCT is not as useful, but the following is.

3.4 Lebesgue Integral for Signed Functions

Definition 3.4 (Lebesgue Integral for Signed Functions)

Given measurable f : F C R — R U {+o0}, we define f* = max{0, f}, f~ = max{—f,0}, with
e
1. The Lebesgue integral of f is defined

[r=[r-[r (268)

given that at least one of these integrals is finite. If one is infinite and the other is finite, then we
can call it infinite. If we have both infinite integrals, then the integral doesn’t exist.
2. f is Lebesgue integrable if its Lebesgue integral is defined and

/ |f] < +o0 (269)
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It is easy to see that this is equivalent to f* and f~ being Lebesgue integrable.

If T, f~ are Lebesgue integrable, then it can only be =00 on a set of measure 0, so it generally won’t affect
anything. Also, there is a difference between the existence of the integral and a function being Riemann-
integrable.

Lemma 3.19 (Masking)

Let f: E C R — R be measurable and A C E measurable. Then,

/Ef'XA:/Af (270)

Proof.

Theorem 3.20 (Axiomatic Properties of Lebesgue Integral for Signed Functions)

Suppose f,g: E C R — R are measurable. Then,

1. Linearity. For all o, 8 € R,
/E(Oéf+ﬂg)=a/f+6/g (271)

fég:/fﬁ/g (272)

3. Additivity. If A, B are disjoint with £ = AU B, then

/Ef=/Af+/Bf (273)

Proof. Listed. As always, linearity is nontrivial.
1. For scalar multiplication, we divide into 2 cases.
(a) > 0. Then, (af)T =afT and (af)” =af ™, so

Jen=[art = [ar=a [ (274)

(b) a < 0. Then, (af)* = —af" and (af)” = af", so

/(af)=/—af—+/af+=a(/f+—/f—)=a/f (275)

2. For addition, note that |f + g| < |f| + |g], so it is integrable. So

Jt+a=[urar- [t+o (276)

2. Monotonicity.

Now observe that

(f+o)" —(f+9 =f+g=f"+g"—f -9 (277)

(f+a) +f +g = +9) +f +g" (278)

Since it is nonnegative, our previous properties of linearity holds, and then we can just rearrange.
3.
4.
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Corollary 3.21 (Integral Triangle Inequality)

We have . .
IR (279)

Therefore, f is Lebesgue integrable iff | f| is Lebesgue integrable.

Proof. We prove bidirectionally.
1. Since |f| = f* + f~, [ is also Lebesgue integrable if

/Ifl dp < o0 (280)

’/fdu‘ < [ 151au (281)

since by triangle inequality, we have

2. fl=f"+7".

Note the difference of this theorem compared to the [triangle inequality for Riemann integrals, For Riemann
integrals, we only have a one-way implication—that absolute Riemann integrability implies Riemann inte-
grability. However, absolute Lebesgue integrability and Lebesgue integrability are the same, and this is just
a consequence of the definition of [Lebesgue integrability]

The final two properties have no counterpart in Riemann integration. They are nice consequences that endow
the Lebesgue integral with similar properties as improper Riemann integration.

Theorem 3.22 (Countable Additivity of Integration)

Let f be integrable over E and {E,}52; a disjoint countable collection of measurable subsets of E

whose union is £. Then -
f=> [ s (282)

Proof. Let n be a natural number. Define f,, = f - x,, where x,, is the characteristic function of the
measurable set |J;_, Ex. Then f, is a measurable function on E and

|fnl < |f on E.

Observe that {f,} — f pointwise on E. Thus, by the Lebesgue Dominated Convergence Theorem,

/ f=Jim [ 7.

On the other hand, since {E,,}52, is disjoint, it follows from the additivity over domains property of

the integral that for each n,
fn = f
Thus

= =i (S| =2
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Theorem 3.23 (Continuity of Integration)

Let f be integrable over E.
1. If {E,,}$2, is an ascending countable collection of measurable subsets of E, then

/ f= lim /- (283)
Ufle En n—oo E
2. If {E,}22, is a descending countable collection of measurable subsets of E, then
/ f = lim f- (284)
ngI E n—oo E

3.4.1 Integral Convergence

Theorem 3.24 (Dominated Convergence Theorem)

Let (f,) be a sequence of measurable functions on E. Suppose that there is a function ¢ that is
integrable over E and dominates (f,,) on E in the sense that

|ful <gon E Vn (285)

Then, if f,, — f pointwise a.e. on F, then f is integrable over E and

lim /E fu = /E / (286)

Proof. Since f, is dominated by integrable g, each f,, is integrable. Also, it must follow that f is also
dominated by g, and so f is also integrable. We would like to use Fatou’s lemma, but these f,, are not
positive. This is easy, since we can define the sequence

(9= fadns  g—fo—9—f (287)

where each g — f, > g — |fn]| > 0. Therefore, applying Fatou,

/ g—f= [ liminf(g — f,) < hm 1nf/ (9—fn) (288)
JE

E n—oo

Expanding it gives

[Eg—[Efs/E —hmmf/ fo = f>11£s;p/fn (289)

Now apply this same logic to the sequence (g + f,)n and we get

[ r<tmine [ 1, (200)

which completes the proof.

We can slightly generalize this by taking a sequence of functions g,, that dominates f,.
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Theorem 3.25 (Generalized Dominated Convergence Theorem)

Let measurable f,, — f a.e. Suppose there exists a sequence of nonnegative measurable (g,,) s.t. g, — ¢
a.e. and g, dominates f,, in that

Then,
lim g:/gﬂ lim/f:/f (292)
n—roo E E n—oo E E

Proof. Tt is the same proof, but by replacing the sequences with (g, — fn)n and (g + fn)n-

The dominated convergence theorem is used most heavily in analysis.

3.5 Uniformly Integrable Families

Lemma 3.26 (Decomposition of Finite Measure Set into § Pieces)

Let E be measurable with m(E) < +o0o0. Then V§ > 0, E is the disjoint union of a finite collection of
sets, each of which has measure less than §.

Proof. If E is bounded, then say it is in [—m, m], and divide it into subintervals each < §. If not, then
by continuity of measure from above,

lim m(E\ [-n,n]) =m(0) =0 (293)

n—oo

Therefore, we can choose N € N s.t. m(E \ [-N, N]) < 4, and for the rest of the pieces, just partition
the bounded set £ N N.

Great, so now we have established another condition for integrability, but we would like to do better. The
following theorem gives an almost equivalent condition of integrability. This is a weird definition, so let’s try
to break it down. Colloquially, we are saying that by taking any A C E with small measure, the integral is
also guaranteed to be small. That is, there are no weird sets A that have small measure m(A4) < § but f i
stays large.

Theorem 3.27 (Conditions for Integrability)

Let f be measurable on E.
1. If f is integrable over E, then Ve > 0, 30 > 0 s.t. if VA C E is measurable with m(A) < 4, then

/ 1] < e (294)
A

2. If m(E) < 400, then the converse holds.

Proof. We prove bidirectionally.

1. (=). The idea is that first, if f is bounded, then the result is trivial since we can choose § = 7,
where M is bounded. If it isn’t bounded, we would like to perhaps decompose it into a bounded
part that we can control, plus an unbounded part, but with a small integral. To do this, we can
by definition of the integral, choose a measurable bounded 0 < h < f s.t. its integral is arbitrarily
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close to f, say

/Ef—/Eh<§ (295)

Therefore, we have essentially bounded the integral of the unbounded portion of f. So, if there

exists measurable A C E s.t. m(A) < 557, then

/Af—/Ahz/Af—hS/Ef—h:/Ef—[Eh<§ (296)

_€

Therefore, assuming that h is bounded by M, we can choose § = 577

and finally get

to bound the integral of h,

€

. .
<[ h+i< S myi= 2
/Af_/A +ySgy Mtg=c (297)
A

2. (+). For e = 1, let us choose dy > 0 such that for all A C E with m(A) < §, we have

/Alf\ <1 (298)

Now using the lemma, let’s find a finite partition of sets {Ej }7_;, each with measure < dy. Since
m(Ex) < dp, we have

/Ekf<1:>,;fzkf<N (299)

and by additivity of integration, we have jE f < N,andsoif 0 < h < f is a measurable function
of finite support, then [ ph < N. Therefore, the supremum of all integrals of h must be finite,
and so f is integrable.

2Otherwise, we want to choose a nice approximation fe s.t. 0 < fe < |f], fE [fl — fE fe < § Maybe take
fe = min{f,n}, which is bounded, and by MCT, we can prove it.

Now we state the family analogue of integrability.

Definition 3.5 (Uniformly Integrable)

A family .Z of measurable functions is uniformly integrable (u.i.) over E—also called equi-
integrable—iff Ve > 0, 36 > 0 s.t.

AgE,m(A)<5:>/f<e VfeZ (300)
A

Example 3.5 (Finite Family of Integrable Functions is UI)

A finite family of integrable functions {f1,..., f,} is always uniformly integrable, since we can take
0 = mini<;<,{d;}, which will satisfy the first theorem.

Example 3.6 (Dominated Family of Integrable Function is UI)

Fix some integrable g, and consider the uniformly integrable family

F ={f[fl < g} (301)
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g integrable means that Ve > 0, 30 > 0 s.t.
ACE,m(A)<6:>/g<e (302)
A

But [ f < [|fl| < [gforall fe.Z, and we are done.
There is a second proof I thought of, but this is incorrect. Here is goes: By DCT, f is integrable, so
Ve > 0,36 > 0 s.t.

ACE,m(A)<5:>/f<e (303)
A

However, we still haven’t removed the dependency on f, and since f may be infinite, we can’t just take
the minimum either. So this leads nowhere.

But not every function in a uniformly integrable family is integrable due to the extra awkward m(E) < +oo
assumption.

Example 3.7 (Family of Integrable Functions May not be UI)

Even if all functions are integrable, the family may not be.

1. Consider
{fn =1 X[0,1/n] }nen (304)
Take € > 1/2 over E = [—1,1].
2. Consider
{fo = min{Je| L n}} (305)

which is not Ul

This is useful for showing convergence of integrals.

Lemma 3.28 (Limit of U.I. Functions is Integrable)

Assume m(FE) < +ooﬂ Let {f, : E — R} be wi. over E and f, — f a.e. on E. Then, f is integrable.

%This is to avoid the awkward assumption above.

Proof. Tt is similar to the proof for e¢-§ criterion. Fix ¢ > 1. By definition of u.i., we can find
corresponding d. Now split / into finite union of disjoint E;. This is where we need the finite measure
assumption from.

N
E=||E  m(E)<d (306)

Then, [, |fa] = Z;\le ij |fn] < N, so N is independent of n. By Fatou,

Il
-

/ If] < 1iminf/ |fnl <N (307)
E n— oo JE

The following convergence theorem gives the same conclusion in MCT or DCT, but under weaker assump-
tions, though now we must assue that the measure of the whole set is finite. This is in fact why Vitali is
such a popular theorem in probability.

59/[119]



Measure Theory Muchang Bahng Fall 2025

Theorem 3.29 (Vitali Convergence Theorem)

Assume m(E) < 4o00. Let {f,, : E — R} be ui. over E and f, — f a.e. on E. Then,

li n = 308
m [ 1 /Ef (308)

n—oo

Proof. Fix € > 0, and we wish to show that
i [ 1f—f1=0 (309)
n—oo E

Fix € > 0 (by definition of wi.) s.t. if m(A) <4, [, |fa] < §. By Fatou, [, [f| < §. Now by Egorov,
since m(E) < +oo, f, — f a.e. We can find some set Ey s.t. m(Ep) < ¢ and f,, — f uniformly on
E\ Ep.

Choose N s.t. if n > N,

|fulz) — fz)] < Vr € E\ Ey (310)

€
3m(E)
Then, if n > N,

/Elfan/EO Ifnf|+/E\Eo o f] (311)
We know

1. For the first term, we know that the measure is small, so we use uniform integrability.

/Eo|f"_f|</Eo|f”|+/Eo|f|<§+§ (312)

2. For the second term, we know that at each point, |f,, — f| is bounded by ﬁ We use uniform

3m(
convergence to bound it.

L e 1< gy i) (313)

Note that the proof of the previous lemma tells us that f is integrable only if [|f,| < C and f, — [ a.e.
Equality does not hold under weaker conditions, since

fa(@) = nxp,1/m)(2), fr = 0 ace. (314)
but [ f, =1 and [ f=0. So this is why we need integrability.

What is great about Vitali is that this conclusion is essentially “sharp.” Let’s make this more rigorous.

Theorem 3.30

If m(E) < +00, h, > 0 is integrable, and h,, — 0 a.e. on E, then

lim hn, =0 <= (hy,) is uniformly integrable over E (315)

n—oo E

Proof. For the backwards implication, this is Vitali. For the forward implication, fix ¢ > 0. Choose
N € N large s.t.

/ h,<e Vn>N (316)
E

Note that {hy,...,h,} is a finite family, which we showed was u.i. So by definition 3§ > 0 s.t. if

60/ [119]



Measure Theory Muchang Bahng Fall 2025

m(A) <4,
/hn<e Yne{l,...,N} (317)
A

But f A hy, < € is also true for n > N 4 1. So essentially, we have combined a finite family with an
infinite family to get one large u.i. family.

So we need the uniformly integrability condition for Vitali. We might ask if m(E) < +oco can be taken out,
but in general it cannot. It is necessary because you can consider f,,(r) = X[n,n+1)(z) with £ = R. So a
natural question is to ask: what should we add in order to replace m(E) < +oo?

Lemma 3.31

Suppose f is integrable over set E. Then Ve > 0, 3Ey C E with m(Ep) < 400 s.t.

/ [fl <e (318)
E\Eq

Colloquially, the integral should be “concentrated” over a finite measure set, even if the space is infinite.

Proof. We again approximate by bounded functions. By definition of integrability, 3¢ bounded, with
compact support (since integral is finite), s.t.

0<g<lfl /Elfl—/Eg<e (319)

Then, just take Ey = supp(g), and split the integral to write the inequality as

/ |f|+/ |f|—/g|<e — fl<e (320)
JE\Eq Eo E E\Eo
—_———

>0 since 0<g<|f|

This lemma tells you that if you have even 1 integrable function, you can find that the integral is concentrated
around a set of finite measure. But this is for 1 function only, and we want to do it for a sequence of functions.

Definition 3.6 (Tight)

A family .Z of measurable functions on F is tight over E if Ve > 0, 3Ey C E with m(Ey) < +o0 s.t.

[ ifi<e ves (321)
E\Eo

This is a more general condition since if m(F) < 400, then we can just take Ey = E and it is automatically
tight. Therefore, we can replace the finite measure assumption with tightness.

Theorem 3.32 (Generalized Vitali Convergence Theorem)

Let (f,) be a sequence of functions on E that is u.i. and tight, with f,, — f a.e. on E.

n— oo

li n — 5 li n — -
m [ /f ngr;o[EIf fl=0 (322)
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Proof. Fix € > 0. By tightness, 3Fy C E with m(Ep) < 400 s.t.
/ fal << WneN (323)
E\FEo 4

By Fatou, [ B\ Eo |f| < §- Now combine both inequalities and triangle inequality to get

€
Lol t1< [ sleim < g (324)

Now m(Ep) < 400 and (f,) is u.i. on Ey. By VCT, IN € N s.t.
n>N = [ |fo—fl<=< (325)
FEo 2

Now combine and to get

€

€
Jmti= [t M sl< g g (326)

Note that the first term | F\Eo | fn. — f| has an infinite measure, though the integral itself is small. The
second is over a finite measure set, which we can use VCT.

But this is not a complete generalization, since in VCT we don’t assume f,, is integrable, but generalized
VCT assumes uniform integrability.

3.6 Riemann vs Lebesgue Integrability

In here, we want to discuss the precise relationships between Riemann and Lebesgue integration. We have
already established that [Lebesgue integration is a generalization of Riemann integrationl The unexpected
part is that ¢mproper Riemann integrability does mot imply Lebesgue integrablity, nor does the converse
implication hold.

Example 3.8 (Improperly Riemann Integrable, but Not Lebesgue Integrable)

From we have shown that sinc is improperly Riemann integrable over R since

/+°° sin() _ (327

X

— 00

However, it is not Lebesgue integrable.

Example 3.9 (Lebesgue Integrable, but Not Improperly Riemann Integrable)

For this, just consider the Dirichlet function

1 ifzeQn]o,1]

328
0 if else (328)

f:[0,400) = R, f(x) :{

This is Lebesgue integrable, with integral 0, while the improper Riemann integral is undefined.

This is quite unexpected, especially since the Lebesgue integral satisfies [continuity of integrationl, which
naturally covers improper integral, is built into the definition. So what is the problem? It turns out that is
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merely a matter of how we defined Riemann integrability. Informally,
1. A function f is Riemann integrable if [ f < +oo.
2. A function f is Lebesgue integrable if [ |f| < +o0.

Therefore, Riemann integrability is analogous to (conditional) convergence while Lebesgue integrability is
analogous to absolute convergence. If we wanted a fairer comparison, we would want to say that being
absolutely Riemann integrable is more similar to being Lebesgue integrable.

fla) = =2

1

T

™ 4 67 —6mr —4m 27 2w 47 61

sin(z)

Figure 3: In the example above, we can see f(z) = converging due to the positive and negative parts

sin(.x)

canceling out, but the improper Riemann integral of | ’ will diverge since it f is not absolutely integrable.

It is important to see that the conditions for Riemann integrability is more strict, but Riemann integrability
and the existence of the Riemann integral are pretty much equivalent.

f (improperly) Riemann integrable < ’/f‘ < 400 (329)

However, we want to distinguish Lebesgue integrability and the existence of the Lebesgue integral. That is,
only one direction holds, and a Lebesgue integral may exist even if a function is not Lebesgue integrable.

f Lebesgue integrable <= /|f\ < 400 = ‘/f‘ < 400 (330)

Theorem 3.33 (Conditions of Lebesgue Integrability from Improper Riemann Integrabil-
ity)

If f is improperly Riemann integrable over an interval [a,w), and [ |f| < 400, then f is Lebesgue
integrable over [a,w).

Proof.

This following theorem on Riemmann integrability is much more restrictive, while for above, measurable
functions can be very wild.

Theorem 3.34 (Characterization of Riemann Integrability)

f is Riemann integrable on [a, b] if the set of its discontinuities has measure 0.

Proof. Not stated. In book.
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3.7 Exercises

Exercise 3.1 (Royden 4.1)

Show that, in the above Dirichlet function example, {f,} fails to converge to f uniformly on [0, 1].

Exercise 3.2 (Royden 4.2)

A partition P’ of [a, ] is called a refinement of a partition P provided each partition point of P is also
a partition point of P’. For a bounded function f on [a, ], show that under refinement lower Darboux
sums increase and upper Darboux sums decrease.

Exercise 3.3 (Royden 4.3)

Use the preceding problem to show that for a bounded function on a closed, bounded interval, each
lower Darboux sum is no greater than each upper Darboux sum. From this conclude that the lower
Riemann integral is no greater than the upper Riemann integral.

Exercise 3.4 (Royden 4.4)

Suppose the bounded function f on [a, b] is Riemann integrable over [a, b]. Show that there is a sequence
{P,} of partitions of [a, ] for which lim,,_,[U(f, P,) — L(f, P,)] = 0.

Exercise 3.5 (Royden 4.5)

Let f be a bounded function on [a, b]. Suppose there is a sequence {P,,} of partitions of [a,b] for which
lim,, o [U(f, Pn) — L(f, P,)] = 0. Show that f is Riemann integrable over [a, b].

Exercise 3.6 (Royden 4.6)

Use the preceding problem to show that since a continuous function f on a closed, bounded interval
[a, b] is uniformly continuous on [a, b], it is Riemann integrable over [a, b].

Exercise 3.7 (Royden 4.7)

Let f be an increasing real-valued function on [0,1]. For a natural number n, define P, to be the
partition of [0, 1] into n subintervals of length 1/n. Show that U(f, B,) — L(f, P,) < 1/n[f(1) — f(0)].
Use Problem 5 to show that f is Riemann integrable over [0, 1].

Exercise 3.8 (Royden 4.8)

Let {fn} be a sequence of bounded functions that converges uniformly to f on the closed, bounded
interval [a, b]. If each f,, is Riemann integrable over [a, b], show that f also is Riemann integrable over

[a,b]. Is it true that
b b
lim / fn = / f?
n—oo a a

64/ [119]



Measure Theory Muchang Bahng Fall 2025

Exercise 3.9 (Royden 4.9)

Let E have measure zero. Show that if f is a bounded function on E, then f is measurable and

Jzf=0.

Solution. For any measurable set S in the codomain of f,
m(f~1(S)) <m(E) =0 = f~'(S) is measurable (331)

Also,
/EfS/EIfIS/EMzM-m(E)zo (332)

Exercise 3.10 (Royden 4.10)

Let f be a bounded measurable function on a set of finite measure E. For a measurable subset A of
E, show that [, f = [, f-xa-

Exercise 3.11 (Royden 4.11)

Does the Bounded Convergence Theorem hold for the Riemann integral?

Solution. No, look at sequence of functions pointwise converging to Dirichlet function on [0,1]. They
are uniformly bounded by 1.

Exercise 3.12 (Royden 4.12)

Let f be a bounded measurable function on a set of finite measure £. Assume g is bounded and f =g
a.e. on E. Show that [, f = [.g.

Solution. Let f = gon F C E. Then,

/Ef=/Ff+ E\Ff=/Ff:/Fg=/Fg+/E\Fg:/Eg (333)
5

0

where the labeled integrals equal 0 from Exercise [3.9

Exercise 3.13 (Royden 4.13)

Does the Bounded Convergence Theorem hold if m(E) < oo but we drop the assumption that the
sequence {|f,|} is uniformly bounded on E?

Solution. No, consider the triangle function defined on [0,1/n] as f(0) =0, f(1/2n) = 2n, f(1/n) =0,
and everything linearly interpolated.
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Exercise 3.14 (Royden 4.14)

Show that Proposition 8 is a special case of the Bounded Convergence Theorem.

Solution. It suffices to prove that f,, — f uniformly implies f,, is uniformly bounded. Ve > 0, 3N € N
S.t.
n>N = |f(z) — fu(z)]<e Vzx€EE (334)

So set € > 1 and then N* s.t.
nZN*|f7fn|<1 e ‘fn|<|f|+1 (335)

So f, is uniformly bounded by Mpy~. The rest of the functions are bounded by My, ..., My+_1, so
take the uniform bound
M = max{My,...,My+} (336)

Exercise 3.15 (Royden 4.15)

Verify the assertions in the last Remark of this section.

Exercise 3.16 (Royden 4.16)

Let f be a nonnegative bounded measurable function on a set of finite measure E. Assume || gl =0
Show that f =0 a.e. on F.

Solution. Assume f # 0 a.e. on E, so call this set Fy C E. Then,

/EfszUH/E\EUfz [ 1 (337)

Now we must prove 0 < | o f- Define
E,={z € E: f(x)>1/n} (338)

Then, E, is ascending, and by continuity of measure from below,

n—00

m(Ey) = m(UEn> = lim m(E,) (339)

n

So ¥ > 0, we can choose N € N s.t.

m(Ep\ En) <0, f(z)> % on Ey (340)
which implies
1 1
/Eo f N /E’N f " s/E'o\EN f - En f = Nm(EN) = N(m(EU) - 5) >0 (341)

Exercise 3.17 (Royden 4.17)

Let E be a set of measure zero and define f = oo on FE. Show that jE f=0.
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Solution. We know that

/ f =sup {/ ¢o:dp<h,¢ simple} (342)
JE E

But for every ¢, it is simple and therefore bounded by Mg, and so

[ o= [ M= p-mim) =0 (343)

So the supremum must be 0.

Exercise 3.18 (Royden 4.18)

Show that the integral of a bounded measurable function of finite support is properly defined.

Exercise 3.19 (Royden 4.19)

For a number «, define f(z) = 2* for 0 < z <1, and f(0) = 0. Compute fol I

Exercise 3.20 (Royden 4.20)

Let {f.} be a sequence of nonnegative measurable functions that converges to f pointwise on E. Let
M > 0 be such that [}, f,, < M for all n. Show that [, f < M. Verify that this property is equivalent
to the statement of Fatou’s Lemma.

Exercise 3.21 (Royden 4.21)

Let the function f be nonnegative and integrable over F and € > 0.
1. Show there is a simple function 17 on F that has finite support, 0 <7 < f on F and fE lf—n| <e.
2. If E is a closed, bounded interval, show there is a step function h on E that has finite support
and [, |f —h| <e.

Solution. Listed.
1. f > 0 on E, integrable and so measurable. By SAT, 3 increasing sequence of simply functions
¢n — f. By MCT,

lim On = / f (344)
n—oo E E
So for € > 0, choose N € N s.t.

n>N = /f—/(bn<e (345)
E E
Set n = ¢n. Then,
poal=ron = | [roa= [1r-n<e (346)
E JE
2. If FE is closed and bounded, then Vé > 0, by Lusin’s there exists continuous g on closed set F' s.t.
m(E\F)j, f=gonF (347)

f is continuous on F' and so it Riemann integrable = 3 step function ¢ s.t.

(f)-5< o<
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By EVT, f is bounded by M, so
/ lfl<M-m(E\F)—0 (349)
E\F

So, set ¢ =0 on E\ F and

Jir=a=[1r- ¢>+/\ f|+/E\F|¢> (350)
N

<é/2 <e/2 =0

B For the second part, I was thinking of Dini’s.

Exercise 3.22 (Royden 4.22)

Let {f.} be a sequence of nonnegative measurable functions on R that converges pointwise on R to f
and f be integrable over R. Show that

if f= lim f,,, then f = lim fn for any measurable set E.
R

n—oo n—oo

Exercise 3.23 (Royden 4.23)

Let {a,} be a sequence of nonnegative real numbers. Define the function f on E = [1,00) by setting
f(x) =an ifn <z <n+1. Show that [, f =3

nl

Solution. Let f, = > ;_, ax. Then, f, is increasing, and f, — f. By MCT,

/f— lim fn— hm Zak m([k, k+1)) = Zak (351)

n— o0
k=1

Exercise 3.24 (Royden 4.24)

Let f be a nonnegative measurable function on F.
1. Show there is an increasing sequence {p,} of nonnegative simple functions on E, each of finite
support, which converges pointwise on E to f.
2. Show that [}, f = sup{ [, ¢ | ¢ simple, of finite support and 0 < ¢ < f on E}.

Solution. Listed.
1. By SAT, 3 increasing sequence of ¢, simply on F s.t. ¢, — f. Since f > 0, we can assume
¢n = 0 if negative, which is still simple. For finite support, let’s restrict each ¢, to be on
E, = EN[—n,n], and let ¢, = 0 elsewhere. This still preserves nonnegativity and ¢,, — f.

2. By monotonicity,
Vi, ¥ / ;> / bn — / £ > sup / p (352)
FE E E E

f = lim (bn = lim sup/ o < sup/ On (353)
n E

n—oo N—00 L>p

By MCT,

where the final inequality follows from the limsup being a monotonically decreasing sequence as
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we are taking the supremum over a more restrictive class of functions.
B . Fatou is not a bad choice for 2, but we see that it leads nowhere since the inequality is in the

wrong direction.
/E f< lim inf /E fn = inf { /E .fn} (354)

Exercise 3.25 (Royden 4.25)

Let {f.} be a sequence of nonnegative measurable functions on E that converges pointwise on F to f.
Suppose f, < f on E for each n. Show that

lim fn:/ f
n—oo @ E

Solution. By monotonicity,

fzfn:»/Efz/Efn:»/EfZIimfup/Efn (355)

By Fatou,

lim inf n 356
/Ef§ im in /Ef (356)

By combining these inequalities we are done.

Exercise 3.26 (Royden 4.26)

Show that the Monotone Convergence Theorem may not hold for decreasing sequences of functions.

Exercise 3.27 (Royden 4.27)

Prove the following generalization of Fatou’s Lemma: If {f,} is a sequence of nonnegative measurable

functions on E, then
/ liminf f, < liminf / fn-
E E

Solution. Let g, = fk>n fr which is measurable and increasing. By MCT,

ot = fLo= tim [ gt 5 (357
But
/ gf fr =sup { /h: h measurable, bounded, finite support, h < / fk} (358)
Ek2n k>n
= igf sup { /h: h measurable, bounded, finite support, h < fk} (359)

= inf/ fx (360)
E

k>n
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Exercise 3.28 (Royden 4.28)

Let f be integrable over E' and C a measurable subset of E. Show that fc f= fE fxc-

Exercise 3.29 (Royden 4.29)

For a measurable function f on [1,00) which is bounded on bounded sets, define a,, = f:“ f for each
natural number n. Is it true that f is integrable over [1, c0) if and only if the series Y | a, converges?
Is it true that f is integrable over [1,00) if and only if the series 7 | a,, converges absolutely?

Exercise 3.30 (Royden 4.30)

Let g be a nonnegative integrable function over E and suppose {f,} is a sequence of measurable
functions on E such that for each n, |f,| < g a.e. on E. Show that

/ liminf f,, < lim inf/ fn <lim sup/ fn < / lim sup f,,.
E E E E

Exercise 3.31 (Royden 4.31)

Let f be a measurable function on F which can be expressed as f = g + h on E, where g is finite and
integrable over E and h is nonnegative on E. Define [ gl = / g9t / g h- Show that this is properly
defined in the sense that it is independent of the particular choice of finite integrable function g and
nonnegative function h whose sum is f.

Exercise 3.32 (Royden 4.32)

Prove the General Lebesgue Dominated Convergence Theorem by following the proof of the Lebesgue
Dominated Convergence Theorem, but replacing the sequences {g — f,} and {g + f.}, respectively, by

{gn - fn} and {gn + fn}

Solution. For all n, we have |f,| < g, and f, = f, gn — g a.e. on E. So, |f| < g pointwise a.e. on E.
Therefore, for all n we have

lfn=fl<gn+g (361)
pointwise a.e. on E. Now apply Fatou to the nonnegative function g,, + g — |f, — f| to get

lim inf (gn"‘g_'fn_f')Z/liminf(gn+g_|fn_f|):2/g (362)
n—oo o F n—oo E
The LHS equals
timint [ (gn+g-1fa = 1)=2 [ g~ tmsup [ |f,~f (363)
n—oo @ E n—00 E

since limy, o0 g Gn = / 5 g- Substituting and applying the integral comparison test gives

/E(fn_f)‘zhminf [Ef”_f’ZO = nlinio‘/Ef”_f’:O (364)

n—roo

0 > lim sup

n—roo

and by linearity, we can take the [ i [ out.
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Exercise 3.33 (Royden 4.33)

Let {f.} be a sequence of integrable functions on E for which f,, — f a.e. on E and f is integrable
over E. Show that [, |f — fu| — 0 if and only if lim, o [ |ful = [z |f]. (Hint: Use the General
Lebesgue Dominated Convergence Theorem.)

Solution. We prove bidirectionally.
1. (—=). Ve> 0, 3N € N s.t.

nzN:»/\f—fn\« (365)

— < [1r=l= [U- 10| [1n- [15

— Jim [ 15.1= 11 (367)

(366)

2. (). Suppose lim, o [5 [fn| = [ |f|. Then, for all n € N,
tim [ (] +15) =2 [ 1f <o (365)
Since |fn — f| < |ful + |f] on E for all n and |f — f,| — 0 a.e. on E, we have
ti [ 1f = ful =0

by the general Lebesgue DCT.
B  One wrong way I turned for the second part was that I use the wrong dominated bound f,, < |f,|,
so by GDCT,

lim [ fo=f (369)

n—oo

But this doesn’t lead anywhere.

Exercise 3.34 (Royden 4.34)

Let f be a nonnegative measurable function on R. Show that

o= [
/_::f = /Rf-xm,n] (370)
fn

Solution. We know

See that 0 < f, < f, so by MCT,

/f— hm/ n = hm/f X[=n,n] = hm/ I (371)
n—oo n—oo n—oo n
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Exercise 3.35 (Royden 4.35)

Let f be a real-valued function of two variables (z,y) that is defined on the square Q = {(x,y) | 0 <
x < 1,0 <y <1} and is a measurable function of x for each fixed value of y. Suppose for each fixed
value of z, lim,_,o f(z,y) = f(x) and that for all y, we have |f(z,y)| < g(z), where g is integrable over
[0,1]. Show that

Jim /Olf(x,y)dx:/olf(x)dx.

y—0

Also show that if the function f(x,y) is continuous in y for each x, then

h(y) = / flx,y)da

is a continuous function of y.

Exercise 3.36 (Royden 4.36)

Let f be a real-valued function of two variables (z,y) that is defined on the square Q = {(x,y) | 0 <
x < 1,0 <y < 1} and is a measurable function of x for each fixed value of y. For each (z,y) € Q let
the partial derivative df /0y exist. Suppose there is a function g that is integrable over [0, 1] and such

that 5
L )| < o) or il (a11) € @
Prove that

! 1
diy [/0 f(x,y)d:n] = /0 %(x,y)dw for all y € [0,1].

Exercise 3.37 (Royden 4.37)

Let f be a integrable function on E. Show that for each € > 0, there is a natural number N for which
if n > N, then ‘fE f‘ < ¢ where E, = {x € E | |z| > n}.

Solution. Since f is integrable, [, |f| < +o0. Note
E,={x€E: |z| >n} (372)
is decreasing, so by continuity of integrals,

nlggo/"f=/nm 1 (373)

n=1-""

But N, E, = 0, so this term is 0. By definition of the limit, Ve > 0, 3N € N s.t.
n>N:>‘/ f’<e (374)

B . Note that
1. continuity of measure is not necessary here, since it is manifested by the continuity of the integral.
2. T was also thinking of using Chebyshev to bound the integral using the measure of F,, which gets
smaller, but writing out

m({e € B: @) > a}) < - [E f (375)

doesn’t really lead anywhere since it is a lower bound on the integral.
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Exercise 3.38 (Royden 4.38)

For each of the two functions f on [1,00) defined below, show that lim,, fln f exists while f is not
integrable over [1,00). Does this contradict the continuity of integration?

1. Define f(z) = (=1)"/n, forn <z <n+ 1.

2. Define f(x) = (sinz)/z for 1 < z < oo.

Exercise 3.39 (Royden 4.39)

Prove the theorem regarding the continuity of integration.

Exercise 3.40 (Royden 4.40)

Let f be integrable over R. Show that the function F' defined by
F(x):/ fforallz e R

is properly defined and continuous. Is it necessarily Lipschitz?

Exercise 3.41 (Royden 4.41)

Show that Proposition 25 is false if & = R.

Exercise 3.42 (Royden 4.42)

Show that Theorem 26 is false without the assumption that the h,’s are nonnegative.

Exercise 3.43 (Royden 4.43)

Let the sequences of functions {h,,} and {g,} be uniformly integrable over E. Show that for any a and
B, the sequence of linear combinations {a.f,, + 8¢, } also is uniformly integrable over E.

Exercise 3.44 (Royden 4.44)

Let f be integrable over R and ¢ > 0. Establish the following three approximation properties.
1. There is a simple function  on R which has finite support and fR |f —n| < e (Hint: First verify
this if f is nonnegative.|
2. There is a step function s on R which vanishes outside a closed, bounded interval and [ [f—s| < e.
(Hint: Apply part (i) and Problem 18 of Chapter 3.)
3. There is a continuous function g on R which vanishes outside a bounded set and jR lf —g] <e

Exercise 3.45 (Royden 4.45)

Let f be integrable over E. Define f to be the extension of f to all of R obtained by setting f =0
outside of E. Show that f is integrable over R and [, f = [; f. Use this and part (i) and (iii) of the
preceding problem to show that for € > 0, there is a simple function  on E and a continuous function
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g on E for which [, |f —n| <eand [,|f—g| <e

Exercise 3.46 (Royden 4.46)

(Riemann-Lebesgue) Let f be integrable over (—oo,00). Show that

oo

lim f(z)cosnxdr = 0.
n—oo J_

(Hint: First show this for f is a step function that vanishes outside a closed, bounded interval and then
use the approximation property (ii) of Problem 44.)

Exercise 3.47 (Royden 4.47)

Let f be integrable over (—oo, 00).
1. Show that for each ¢,

/_O:O f(z)dx = /_Z flz+t)dx.

2. Let g be a bounded measurable function on R. Show that

oo

lim [ g(z) - [f(z) = f(z +1)] = 0.

t—0 o

(Hint: First show this, using uniform continuity of f on R, if f is continuous and vanishes outside a
bounded set. Then use the approximation property (iii) of Problem 44.)

Exercise 3.48 (Royden 4.48)

Let f be integrable over E and g be a bounded measurable function on E. Show that f - g is integrable
over E.

Exercise 3.49 (Royden 4.49)

Let f be integrable over R. Show that the following four assertions are equivalent:
1. f=0a.eonR.
2. fR fg = 0 for every bounded measurable function g on R.
3. f 4 f =0 for every measurable set A.
4. [, f =0 for every open set O.

Exercise 3.50 (Royden 4.50)

Let F be a family of functions, each of which is integrable over E. Show that F is uniformly integrable
over E if and only if for each € > 0, there is a > 0 such that for each f € F,

J=

if A C F is measurable and m(A) < 4, then
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Exercise 3.51 (Royden 4.51)

Let F be a family of functions, each of which is integrable over E. Show that F is uniformly integrable
over E if and only if for each € > 0, there is a 6 > 0 such that for all f € F,

if U is open and m(ENU) < §, then / |f] <e.
ENU

Exercise 3.52 (Royden 4.52)

1. Let F be the family of functions f on [0,1], each of which is integrable over [0,1] and has
fol |f| <1. Is F uniformly integrable over [0,1]7

2. Let F be the family of functions f on [0, 1], each of which is continuous on [0,1] and has |f| <1
on [0,1]. Is F uniformly integrable over [0, 1]?

3. Let F be the family of functions f on [0,1], each of which is integrable over [0,1] and has
f: |f| <b—a for all [a,b] C [0,1]. Is F uniformly integrable over [0, 1]?

Exercise 3.53 (Math 631 Fall 2025, Midterm Exercise 2)

Compute
i [ PSR/ (376)
n—oo Jp x(l + aj2)
Solution. Observe that n "
lim —sin— =1 (377)
n—oo I n
for every x € R. Thus the limit above is equal to 1/(1 + 2?) for every x. Moreover,
‘ﬁsinf‘ <1 (378)
r n

for all z,n since |siny| < |y| for all y. Therefore, if we denote f,(z) = %,

fa(x) = f(x) =1/(1+2?) pointwise as n — oo, and |f,,(x)| < f(x) for all z,n. But f(x) is integrable.

Recall that for a non-negative f,
/ fdz = sup/gdgc7 (379)
R g

where sup is taken over all bounded g of finite support such that 0 < g < f. We can take as test
functions fr(x) = f(x)x|=r,r] Where xg denotes the characteristic function of the set £. Note that
any test function g < fgr for large enough R. Letting R — oo, we find that

then we have

/fdm: lim /_IZ fdx (380)

R—o0

=tan"'(R) — tan ' (—R) = 7. (381)

Exercise 3.54 (Math 631 Fall 2025, Midterm Exercise 3)

Is {2“} _1<a<oo uniformly integrable on [0, 1]?
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Solution. No. Take e = 1. Suppose that there exists § > 0 such that if m(E) < §, then [, |f|dz <1
for every f in the given family. Note that

odr = ——(§/2)*T1, 2
| arde = =602 (382)
Once § is fixed, we can always find a close enough to —1 so that

%H(m)a“ > 1 (383)

Contradiction.

Exercise 3.55 (Math 631 Fall 2025, Final Exam Exercise 5)

Construct a function f(z) > 0 that is finite a.e., but f is not integrable on any subinterval of [0, 1].

Solution. Consider g(x) = >, 27*|z—rg|71/2, where ;. is a sequence enumerating all rational numbers
in [0,1]. Then

gl <2 27% < o0, (384)
k

since each |z — | function is integrable and its L' norm over [0,1] does not exceed 2 by a simple
estimate. Therefore, g is finite a.e. Now take f(x) = g(z)2. On one hand, clearly f(x) is finite a.e.

since g is. On the other hand, for any k, we have
fx) > 27|z — 7|7t (385)

(simply ignore all other positive terms in the sum when squaring). This implies that f is not integrable
on any subinterval of [0, 1].
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4 Convergence

Definition 4.1 (Convergence in Measure)

Let (f) be a sequence of measurable and ﬁniteﬂ a.e. f, — f in measure if for every n > 0,
Tt m({x | |fale) — f@)] > n}) =0 (356)

Colloquially, the set over which f,, and f differ too much is small.

“We add finite condition since we avoid dealing with 400 — oco.

So we have 3 types of convergence: uniform convergence, a.e. convergence, and now convergence in measure.
Now we want to relate this convergence to the ones we already have.

Theorem 4.1

Suppose F is measurable, m(E) < +oo, and f, — f a.e. in E (assume f, all measurable). Then ,
fn — [ in measure.

Proof. Observe that if f,, — f uniformly, then it converges in measure, because given some 1 > 0, 3N
S.t.

{z [ |ful) = @) >n} =10 (387)

by definition. It doesn’t go to 0; it is 0. You can guess why we started with this, because now we can
directly use Egorov’s theorem. Fix any € > 0. Find Fy C FE s.t. m(E \ Ep) < €, and f,, — f uniformly
on Ey. It follows that for all > 0,

m({z | [fn(z) = f(z)] >n}) <e (388)
for all n > N(n). Since this is true for every e > 0, so this implies
Tim m({a | |fa(@) = £(2)] > n}) = 0 (359)

for every n > 0.

A few remarks. First, if the measure of E is infinite, this need not be true. Consider f,(z) = X[n,n411(%).
Then, this converges to 0 pointwise, but it does not converge to 0 in measure. There is always a measure
1 set where f is 1. Where the proof breaks down is in Egorov’s theorem, since it does not work when
m(E) = +oo.

The second remark is that the converse is not true. Consider [0, 1] and the sequence of functions

X[0,1/2]> X[1/2,1]5 X[0,1/4]> X[1/4,1/2]> X[1/2,3/4]> - - - (390)

Then f, — 0 in measure since the size shrinks at the rate of 27". However, it doesn’t converge a.e. since
for any point = € [0, 1], the function will be 1 eventually as we hit the subinterval containing x, like “waves.”
So fn(z) diverges for all z € [0,1]. So indeed, convergence in measure is the weakest type of convergence.

Here is a sort-of converse.

Theorem 4.2 (Riesz)

Suppose f,, — f in measure. Then, there exists a subsequence f,, — f a.e.
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Proof. For every k, find nj s.t. for all n > ny,

m({x [ |fa(x) = f(z)] > 1/k}) <27F (391)
Ey
Then,
> m(Ey) < 400 (392)
k=1

By Borel-Cantelli, the set of all x’s that are in infinitely many Ej have measure 0. So, almost every-
where, z is only in a finite number of Ej. So for a.e., z, there exists N(z) s.t. « € Ej, for all k > N(x).
This means

o () = f@)] < 1/K (393)
for all k > N(z). Therefore, f, (z) = f(z) for a.e. x.

In the example above, we can just skip the functions that evaluate x to 1.

Practically, proving convergence in measure is still pretty good since we can pass in a subsequence that
converges a.e. Here is a corollary.

Corollary 4.3

Let f,, > 0, integrable on E. Then,

lim / frndx =0 <= f,, = 0 in measure (394)

n—-+oo E

frn are tight and uniformly integrable.

Proof. We prove bidirectionally.
1. (). Tight, uniformly integrable is true be definition. Also, f,, — 0 in measure by Chebyshev.

m({z | fal) > n}) < / fode (395)

2. (+) For the opposite, we use the previous theorem. Find f,,, s.t. that it converges to 0 a.e., and
then use Vitali’s convergence theorem.

In general, if f,, — 0 in measure, it doesn’t mean that the integral will go to 0 since you can take larger and
larger bumps. So we need extra assumptions.

4.1 Exercises

Exercise 4.1 (Math 631 Fall 2025, Final Exam Exercise 1)

). Does f,, converge in measure? a.e.? uniformly? Does there

Let fr() = 1755+ defined on £ = (0,1
)| < g(z) for all n?

exist integrable g(x) such that |f, (x

Solution. For each z, fn,(x) — 0 as n — oo, so fp(x) converges a.e. and in measure since a.e.
convergence implies convergence in measure. Observe that

n(1 +n2z*) — nwdn?z3
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The numerator is equal to zero if n — 3n3z* = 0; the only root on (0,1) is z = 3~1/4p=1/2 This

suggests that we should look at f,,(z) for  ~ n~'/2 to get an idea of its maximal value. Indeed,
1
fa(n™V2) = Snl/2, (397)

and so f, does not converge to 0 uniformly (and can’t converge to anything else due to pointwise
convergence to zero). Also, given z close to zero, set n = |5 |. Then

1 z, 1 1 1

falz) > %IL%J > 5+ 53] _E)ZZ_g' (398)

So if & is sufficiently small, then f,(z) > ;-. This estimate implies that g(z) > ;- for all sufficiently
small z, and so cannot be integrable.
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5 Differentiation

Definition 5.1 (Divided Difference, Average Value)

Let f be integrable over closed and bounded [a,b]. Extend f to take value f(b) on (b,b+ 1]. For
0 < h <1, we define
1. the divided difference function as

flz+h) - f(z)

Diffh f = h

(399)

2. the average value function as

x+h
Avi f(o) = / f(x) (400)

Note this important property, which we can think of as a finite version of the fundamental theorem of
calculus.

Lemma 5.1 (Finite Version of Fundamental Theorem of Calculus)

We first establish that given integrable f over closed, bounded interval [a, b], we extend f to equal f(b)
on (b,b+ 1]. Then for 0 < h < 1, define

h o 1 xz+h
Diff, f = M Avif(a) = 5 /x f(2) (401)
Then, for all a <u < v < b,

/ " Diffy f = Avi £(v) — Ava f(u) (402)

Proof. We see by employing a change of basis and the integral properties,

/a Difr, f fath) - J@) h]z — /(@) (403)
i [ taem g [ @ (404)
[ re-1 [ 1w (405)
[ swer [Trw-1 [Tro-i [ @
[Tk [T e (407)
= Avy f(v) — Avy f(u) (408)

Now, we will establish differentiation and culminate in the fundamental theorem of calculus. We first focus on
monotone functions, which has two nice properties. First, they can be discontinuous on at most a countable
set, and second, they are differentiable a.e.ﬁ Therefore, the difference of two increasing functions in an open
interval is also differentiable a.e. The class of functions of bounded variation are such functions that can be
decomposed as this difference, and we call this the Jordan decomposition.

4Note that we gained differentiability by strengthening our assumption for a countable set to a measure 0 set.
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Note that the finite version of the fundamental theorem of calculus applies for integrable functions. We
would like a formula that looks more like

b
/ f(2) = £(6) — f(a) (409)

In order to do this, we first have to define the derivative.

Definition 5.2 (Dini Derivative)

For function f : E C R — R and an interior point x € E°, we define the upper and lower Dini
derivatives as
fle+t)— f(z)

Df(z) = lim sup "2, Df(z) == lim inf fla+t) - fz)

(410)
h=00<|t|<h t h—00<[t|<h t

If Df(z) = Df(z) < +00, then this value is the Dini derivative of f at z, denoted f’(z), and we say
that f is differentiable at x.

So given the punctured neighborhood (x — h,z + h) \ {z}, you can think of the upper derivative as the
“maximum slope,” and the lower derivative as the “minimum slope.’

Note that as h goes to 0, the first is nondecreasing and the second is nonincreasing, and clearly

Df(x) < Df(x) (411)

Example 5.1 (Derivative of Riemann Function)

Consider the Riemann function xg. Then
1. To compute the upper derivative, consider when x is a rational. Then no matter how small we
set h, there will always be a rational and an irrational in (v — h,x + h) \ {z}.

_ 0o if
Dyg = fre@ (412)
+oo fzeQ

2. To compute the lower derivative, consider when x is a rational. Then no matter how small we
set h, there will always be a rational and an irrational in (x — h,x + h) \ {z}.

— -0 ifzeQ
D = 413
Xe {0 if 2 € Q° (413)

Great, so we have defined the derivative, and now we want to try and show something like

b
lim Diff, f = lim Avy f(b) — Avy, f(a) (414)
h—07+

h—0t J,

If f is continuous, then we can show that the RHS is f(b) — f(a). If f is absolutely continuous, then we can
show that the LHS becomes ff f.

5.1 Monotone Functions

Monotone functions are a nice class of functions to study for differentiation and for constructing more general
measures.

5Kiselev told me that while he always thinks of integrals as Lebesgue integrals, he often just thinks of the derivative as the
limit rather than the limit of supremums/infimums.
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Theorem 5.2 (Monotone Functions has At Most Countable Discontinuities)

Suppose f is monotone, increasing on [a, b]. Then, the set of discontinuities of f at most countable.

Proof. The idea is to show that the one-sided limits must exist by monotonicity, and one this is true,
we can create intervals in the codomain for which there is a jump. Let x; be any point of discontinuity.
Note that

lim f(z) =sup{f(z)|a <z <y} (415)
lim+ f(z) =inf{f(z) | xx <z < b} (416)

both exist by monotonicity, but since there is a discontinuity, we have

Ly = lim f(z) < lim f(x)= L (417)

Z*}Ik Cl)*}l‘k

Then, LZ — L, is a jump of f at xj. These intervals [L,, LI] are disjoint due to monotonicity, and
each interval contains a rational number. So there can only be at most countable intervals[7

“We can detour to a slight generalization for not necessarily monotone functions. Recall that a point z is a discontinuity
of the first kind of f(z) if both one-sided limits exist. Then, the set of discontinuities of the first kind is countable. Idea
of the proof. Look at some jump discontinuity and record the jump 1 > 0. Then, find § > 0 s.t. if 0 < y — xz < 4, then
|f(ac) — limy_m+ f(y)| < %. Then look at the rectangle on the graph associated with each jump. Because the limits
exist, you can pick the rectangles so small that they are completely disjoint. Look at picture.

The following is a sort-of reverse statement.

Theorem 5.3 (Construction of Monotone Functions with Countable Discontinuities)

For any countable set C' C (a,b) (where the interval doesn’t need to be bounded), there exists mono-
tonically increasing f with a jump at each x € C and continuous at every z ¢ C.

Proof. Let x1,xs,... be C, and define

flay=">_ 2" (418)

z<z,xeC

The sum is increasing and convergent (since it’s dominated by geometric series). f also has a jump of
27k at every zy.
Now we prove continuity. Suppose x ¢ C. Take N € N. Find dy > 0 s.t.

x1,%2,..., N &€ (x — 0N,z + ON) (419)

which is possible since this is a finite set. The remaining sum can only add up to 2%, and so
f(.l? + 5]\[) — f(l‘ — 6]\/) < 2-N,

Therefore, this is quite nice, since we can characterize the continuity of monotone functions. But we state
even a stronger theorem on the differentiability of monotone functions.
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Definition 5.3 (Vitali Covering)

A collection F of closed, bounded, nondegenerate intervals is said to cover a set F in the sense of
Vitali if for each z € E and € > 0, there is an interval I in F that contains x and has ¢(I) < e.

In essence, I just think of the set of e-balls around each z € FE for e = %, and then just take the union of each
covering for all n € N. Note that we don’t assume that F is measurable. It is easy to see that a Vitali set
can be uncountable (all subintervals of [0, 1]) and even countable (all subintervals with rational endpoints).
Nevertheless, we can still select a finite set of intervals that almost covers F.

Lemma 5.4 (Vitali Covering Lemma)

Suppose m*(F) < +oo and F covers E in Vitali sense. Then, Ve > 0, 3 a disjoint finite collection
I, 15, ..., I, of intervals from F s.t.

m* (E \ g Ik> <e (420)

Proof. This proof is very intuitive since given a set, take a bunch of big balls to cover it until you can’t
fit in a big ball without intersecting a smaller ball. Then, between the “gaps,” choose a smaller ball
to fill them in, and you can keep doing this (since it is a Vitali cover) until you can make the cover
arbitrarily tight.
Since m*(E) < 400, by definition 3 open O s.t. E C O, m(0O) < +0o0. WLOG we can assume that all
intervals in F lie in O
Note two things.

1. If I, I,,...,I, are disjoint and belong to O, then > ;_, ¢(I}) < oo since it is less than the

measure of O which is finite.
2. Second, if we have finite collection {I;}}_, € F , define

Fo={IeF|In|J =0} (421)
k=1
Then every x € E'\ |J;_, I lies in some I € F,.
The ideal is to define I, ..., I, € F s.t. they are disjiont and

E\Lnjfkc G 5I; Vn (422)

k=1 k=n-+1

where 51 means that we keep the center of the interval fixed and scale it up by 5 times. If we do that,
then Ve > 0, find n s.t. 3277 1 £(Ix) < €/5. Take I,..., I, as our intervals

oo

m* <E\ CJ 1k> < ) UBI) <€ (423)
k=1

k=n-+1

So it remains to select these intervals Iy, ..., I,. We will do this inductively.
1. I; be any interval in F s.t.
1
(1) > = sup (1) (424)
2 reF
2. Once I, ..., I, have been selected, we select I,,11 from F,, s.t.

1
{(Iny1) > 5 sup £(I) (425)
2 reF,

So these intervals are clearly disjoint from the ones that we have selected earlier. So it remains
to show Suppose € E\ Up_,I. Then, 3] € F,, s.t. z € I.
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Suppose I € F,, for all m > n. This is impossible since by construction, ¢(I,,) > $¢(I). This

contradicts > ¢(I,,) is finite. Therefore, Im s.t. I € F,,—1 but I ¢ F,,. This implies that I N I,,, #
(while the intersection with the previous ones were empty). But then, I C 51,,, since ¢(1,,) > %E(I )EI

“We can just discard any interval that it not Vitali in O and keep only those intervals in O such that it would still be
in a Vitali cover. Indeed, we can discard all I C F s.t. I ¢ O. Given z € E,z € O, so d(z,0¢) >0 foralle > 0,3 € F
s.t. U(I) < e xz €I, ICO (just take £(I), < min(e, d(z,0°))). So even remaining intervals cover E in Vitali sense.

bThe 5 is needed since we have 1/2. So we are taking the midpoint 3/4 of the interval [1/2,1] C [0, 1], which should
be blown up by 5.

Lemma 5.5 (MVT Inequality Generalization)

Let f be an increasing function on closed, bounded interval [a,b]. Then, for each o > 0,

m*({z € (a,b): Df(x) > a}) < —[f(b) - f(a)] (426)

and? _
m*({z € (a,b): Df(z) =0}) =0 (427)

%This is sort of like Chebyshev’s inequality applied to the derivative of f, if you think about it, assuming you know
the fundamental theorem of calculus.

Proof. The general idea is to take this set and construct a Vitali cover for it. Then, using Vitali’s
covering lemma, we can reduce it to a finite disjoint union of intervals, which is better to work with.
Fix a > 0, define E, = {z | Df(z) > a}. Take any o/ < «, any ¢ > 0. Consider all intervals
[e,d] C [a,b] s.t. f(d) — f(c) > /(d — ¢). This collection covers F, in Vitali sense. Since no matter
how small h is, we can find ¢ so that this ratio term is bigger than «'.

Now, we can use the covering lemma to find a finite disjoint collection {[cg,dr]}p_; s.t. m*(E \
Up_, ek, di]) < e. Then,

m*(E) <) (dr —cx) + ¢ (428)
k=1

by subadditivity of outer measure. Using the inequality,

n

< 137 () — Flen)) +e (429)
k=1
But f is monotone, so
< S(0) ~ Fla)) +e (430)

This is true for all o’ < « for all € > 0, proving the first claim. The second part follows since it is an
intersection of all sets for a = n for all n € N, which go to 0.

Theorem 5.6 (Lebesgue’s Theorem)

Let f be a monotone function over some bounded domain.
1. If f is monotone over (a,b), then it is differentiable a.e[%|
2. If f is monotone over [a, b], then f’ is integrable over [a, b], and

b
/ £ <o) - f(a)H (431)

%This is actually known as Lebesgue’s theorem in the book, but the two results are used together too often for me to
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separate them.

bNote that the integral f: f is independent of the values taken by f at the endpoints. On the other hand, the
right-hand side of this equality holds for the extension of any increasing extension of f on the open bounded interval
(a,b) to its closure [a, b].

Proof. WLOG, (a,b) is boundedﬂ Consider the countable family of sets

Eop={z|Df(z) >a>pB>Df(z),a,BcQ} (432)
Note that if the derivatives aren’t equal, we can always squeeze 2 rationals in, so
(2| Df@) > Df@)} € | Fup (433)
a,B€Q

We want to prove that m*(E, ) =0 Va, . Let’s find O open s.t. E, g C O and m(0O) < m*(E) +e,
where we will denote ' = I, g.

Consider all intervals [¢,d] C O s.t. f(d) — f(c) < B(d — ¢). Since we know D f(x) < j3, these intervals
cover E in Vitali sense. So you find a disjoint subcollections [cg, di] for k =1,...,n s.t.

( LiJ Chy di) > (434)

Observe that

Z Ck < BZ k— Ck (435)
k=1
< B(m (E) +e) (436)
On the other hand, we can apply the previous lemma to E N [cg, dk] to get
1

m*(E N ek, dy]) < a(f(dk) — flcx)) (437)
and so
m*(B) <+ 37 (f(de) ~ fler) +e (438)
k=1
< g m*(E)+¢)+e, Ve>0 (439)

So, m*(E) < gm*(E), where g < 1. Therefore m*(E) = 0.

For the second part, the idea is to try to approximate this with a sequence of finite differences using the
identity above. Since f is increasing on [a, b+ 1], it is measurable, and Diff, /,, f(z) is also measurable.
Since monotone functions are differentiable a.e., f is differentiable a.e., and so f'(z) < 400 a.e. Now

construct the sequence of functions

Note that they are nonnegative due to monotonicity of f, and by definition of the derivative they
converge pointwise to f. By Fatou,

b b b
/ < liminf/ fn= liminf{/ Diffl/nf} (441)

By Lemma we can see that

b b+1/n at+l/n at+1l/n
J e R A S (UR Y UE ORI
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where the last inequality also follows by monotonicity. Therefore, take the limsup of both sides.

o { [ it £} < 0) - @ (443)

n

and we are done.

“Otherwise, we can always split it into a countable union of bounded intervals.

Great, so we have established some condition of when f’ can be integrated, and proven one side of the
equality. But being differentiable doesn’t imply that fundamental theorem of calculus holds. So integrating
the derivative won’t get you back these functions (think of step functions or the examples below). So we will
have to specify a class of functions such that this holds.

Example 5.2 (Strict Inequality)

This inequality is strict for the Cantor Lebesgue function.

Example 5.3 (Continuous but not Monotone)

Note that we do need the monotonicity assumption since if it isn’t, then we can’t infer that f’ is
integrable over [a,b]. Consider the function

~Ja?sin(1/2?) if0<az<1
fla) = {0 0 (444)

Then, f’ is not integrable over [0, 1] since

()22 sin (i) - %(jos (%) (445)

2 x

5.2 Functions of Bounded Variation

Definition 5.4 (Total Variation)

Let f:[a,b] = R and P = {xo,21,..., 2} be a partition of [a,b]. The variation of f w.r.t. P is

k
V(f, Py = |f (i) = flai)] (446)
i=1
The total variation of f is defined
TV(f) =sup{V(f, P): P partition of[a,b]} (447)
P

Definition 5.5 (Bounded Variation)

A function f : [a,b] — R is said to be of bounded variation if

TV(f) < 400 (448)
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Example 5.4 (Increasing Functions are of Bounded Variation)

Let f : [a,b] — R be increasing. Then f is of bounded variation since with respect to any partition
P ={xg,...,zx},

k

k
V(£ P) =D 1F @) = fia)| = D7 f(@s) = flaima) = £(0) = f(a) (449)

i=1

Example 5.5 (Lipschitz Functions are of Bounded Variation)

Let f be Lipschitz on [a, b], where ¢ is the Lipschitz constant satisfying
|f(u) — f(v)| < cju— o] for all u,v € [a,b] (450)

Then, f is of bounded variation since

k k

V(£.P) = Y If@) — flaen) <Y a— a1 = clb—a) (451)

i=1 =1

Example 5.6 (Not Bounded Variation)

Define f:[0,1] = R as

zeos(m/2z) if0<z<1
_ 452
/(@) {O ifx=0 (452)
Then, consider the partition
1 1 1 11
Pn: = 777777%"77’771: 4
=0 a3t =H (453)
Then,
1 1
V(f,Pn):1+§+...+ﬁ (454)
which diverges, and hence f is not of bounded variation.
Definition 5.6 (Total Variation Function)
For any f : [a,b] — R that is of bounded variation, the total variation function is defined
T — Tv(f[ax]) (455)

Lemma 5.7 (Construction of Jordan Decomposition)

Let f : [a,b] — R be of bounded variation. Then, f has the following explicit expression as the
difference of two increasing functions on [a, b].

f@)=[f@) +TV(fla.e))] = TV(fia,2) (456)

Any such decomposition is known as the Jordan decomposition.
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Proof. Note that the total varGiation function is always real-valued and increasing on [a,b]. If P
is a partition of [a,b] and P’ is a refinement by adjoining = to P, then we know that V(fia4, P) =
V(fia,2)> P1) + V(fizp), P2), where Pi, Py are partitions of [a, z], [z, b] respectively.

TV(fia0) = TV(fiaal) + TV(fzp)) (457)

Therefore,
a<z<y<b = TV(fla,y) = TV(fa,ue]) = TV(flz,y) = 0 (458)

So we proved increasing. Now if we take the crudest partition P = {x,y} of z,y, then

f@) = f) <1fW) = fF@)| =V (fiew P) < TV(faw) = TV(fiay) — TV(fiaa) (459)

So, for all such a <z <y < b,

J) + TV(fla,u) < f(¥) + TV(flay) (460)

It turns out that there is a converse, and so we can characterize this decomposition exactly with functions
of total variation.

Theorem 5.8 (Jordan’s Theorem)

A function f : [a,b] — R is of bounded variation if and only if it is the difference of two increasing
functions on [a, b].

Proof. We already proved one direction. Now assume that f = g — h for some g, h increasing. Then,
for any partition P = {zo,..., 2} of [a,}],

V(f, P) = \f(fl?z‘) - f(wifl)‘ (461)

-

@,
Il
_

[
™=

lg(w:) — g(zi—1)] + [~(zi-1) — h(z:)]| (462)

~.

k

l9(x:) — glaim)| + > [h(xio1) — h(z;)] (463)

M=

,;1 i:l
= [9(2i) — g(wi—1)] + Z[h(fﬂi) — h(wi-1)] (464)
= [g(b) — g(a)] + [A(b) — N(a)]. (465)

Corollary 5.9

If f:[a,b] — R is of bounded variation, then it is differentiable a.e. on (a,b), and f’ is integrable over
[a, b].

Proof. Use the Jordan decomposition f = g — h and use Lebesgue’s theorem on each monotonic g — h.
Now by linearity, the derivative and integral are preserved.
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5.3 Absolutely Continuous Functions

Recall that uniformly continuous functions f : £ — R means that for ¢ > 0, we can find a § > 0 that does
not depend on x € E. We now introduce a much stronger version.

Definition 5.7 (Absolutely Continuous Function)

A function f : [a,b] — R is absolutely continuous if ¥e > 0, 3§ > 0 s.t. for every finite disjoint
collection {(a,bx)}7_, of open intervals in (a,b),

Zbrak«;:»z]fbk flap)| < e (466)
k=1 k=1

Note that if n = 1, then absolute continuity equals uniform continuity. The converse, however, isn’t even
true for monotonic functions.

Example 5.7 (Cantor Lebesgue)

The Cantor Lebesgue function is increasing and continuous on [0, 1], but it is not absolutely continuous.

We now present the following classification.

Lipschitz = AC = Bounded Variation (467)

Theorem 5.10 (Lipschitz Functions are AC)

Lipschitz functions are absolutely continuous.

Proof.

Example 5.8 (Absolutely Continuous but Not Lipschitz)

f(x) = /x is AC over [0,1].

Theorem 5.11 (AC Functions are of Bounded Variation)

Let f be AC on [a,b]. Then, f is the difference of increasing AC functions, and so is of bounded
variation.

Proof. By Jordan’s theorem, finding such a Jordan decomposition implies that it is bounded variation.

Finally, what does it take for a continuous function to be AC? We present an equivalent condition.

Theorem 5.12 (Continuity + UI = AC)

Let f : [a,b] — R be continuous. Then f is AC on [a,b] if and only if the family {Diff}, f}o<n<i is
uniformly integrable over [a, b].

Proof.
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5.4 Fundamental Theorem of Calculus

Theorem 5.13 (Second Fundamental Theorem of Calculus)

Suppose f is AC on closed and bounded [a, b]. Then f is differentiable a.e. on (a,b), and f’ is integrable
on [a,b], and

b
/ = 1) - f(a) (468)

Proof. f is AC, so it is of bounded variation from Theorem Therefore we can represent it as
the difference f = g — h of monotonic functions. By Lebesgue’s Theorem f' exists a.e. and is
integrable. We know that since f is integrable, the finite version of the fundamental theorem of calculus
holds

b
/ Diffy, f = Avy, f(b) — Avy, f(a) (469)

a

We want to take the limit as h — 07, so we will consider the sequential limit as n — +oo for h = 1/n.
Since f is AC, it is continuous, so the RHS converges to f(b) — f(a). As for the LHS, we know from
Theorem that f AC iff the family of divided differences are uniformly integrable, and so by Vitali

Convergence Theorem,
b b b
lim {/ Diffl/nf} :/ lim Diffl/nfz/ f (470)
n—oo a a n—oo a

where the last equality follows from the fact that the derivative exists and so Diffty/, f — f.

This is a very nice result since it connects the derivative and the integral. But not that this is an implication
in one direction.

Example 5.9

Show example of when the theorem holds but f is not AC.

However, we can make a stronger statement of the fundamental theorem of calculus to get an equivalent
formulation of absolute continuity.

Theorem 5.14 (Fundamental Theorem of Calculus of Absolutely Continuous Functions)

fis AC on [a,b] if and only if it is an indefinite integral, i.e. if it is of the form

f@) = 1@+ [ gly)dy Vocla (a71)
for some integrable g.
Proof. We prove bidirectionally.
1. (=). We can do
[ 1=t@-f@ voeay (472)

since if f is AC on [a,b], then f is AC on [a, x].
2. (+-) We just need to prove that the antiderivative is absolutely continuous. Take {(a,br)}}_,
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disjoint. We estimate the total variation,

> 1F (k) — flar)] (473)

k=1

and try to make this small if the measure of the unions of the intervals is small. Just using the
definition that f is the antiderivative, the sum can be bounded by

n n by d
ISEVOIEDS / lgldr = / ol (474)

ag,br)

using the triangle inequality, and then using additivity. The rest is just e-0 language. Ve > 0,
39 > 0 s.t.

m(| J(an,br)) <8 = D |1f(bk) — flar)| <€ (475)

k=1

This is true since g is integrable, and whenever the measure of the region that you are integrating
on is less than §, your integral will be less than e. So 36 > 0 s.t. for all measurable F,

m(E)<d§ = /E|g|da:<e (476)

This is just the definition of integrability. This implies that

n

Z|ak —bg| <6 = Z|f(bk) — flak)| <€ (477)

k=1 k=1

Note that we are using the bounded

Lemma 5.15 (Vanishing Integral over All Subintervals Implies Vanishing Function)

Let f be integrable over [a, b], with
T2
/ fde=0 Yy a2) C [a,0) (478)
Jxy

Then, f =0 a.e. [a,b].

Proof. Note that if we add the constraint that f > 0, then this is true. But the potential problem is
that f might change signs, which may cancel out. So starting from the assumption, we know that for
any open O,

/ fdx=0 VYO open (479)
o

Since G sets can be written as a decreasing sequence of open sets, by continuity of measure, we can
write

/ fdz=0 VG Gjs (480)
G

Since any measurable set E' can be written as E = G \ Ey with m(Ey) = 0, we have

/ fdz =0 VE measurable (481)
E
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Solet Et ={z € [a,b] | f(z) >0} and E~ = {z € [a,b] | f(z) < 0}. So we have the first equalities

0/;f/a.bf (483)

So this means that f© = f~ =0 a.e.

Corollary 5.16 (First Fundamental Theorem of Calculus)

Let f be integrable over bounded, closed interval [a,b]. Then,

% [/j fdt} = f(z) fora.e. z€ (a,b) (484)

So basically, the derivative of the antiderivative is the function itself.

Proof. Since F(z) := [ f is an indefinite integral, F(z) is AC from the fundamental theorem of AC
functions, so its derivative must exist a.e. with F” integrable. So we need to compare F’ and f. For
any (x1,22) C [a,b] by linearity, we have

/:[F’—f]=/:F’—/:f (485)

The integral of the first term from the 2nd fundamental theorem is F(z2) — F(x1), since it is AC. For
the second term, we know that F' = f; fdt, so can can split it

P - Fa) - |t [ f=0 (486)
Lk
F(x2) F(z1)

So this is true for any open interval in [a, b]. Then by invoking the previous lemma, f = F” a.e.

Another corollary is for monotone functions, and how we can determine whether they are AC or not.

Corollary 5.17 (AC of Monotone Functions)

Let f be monotone on [a,b]. Then f is AC if and only if

b
/ [ de = f(b) — f(a) (487)

If we have montone function, note that derivative should exist a.e., and the derivative is integrable for
monotone functions. Note that in the previous corollary, we need to check for all € [a, b], but in here,
we only need to check at the endpoints a and b.

Proof. Bidirectional.
1. (=).
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2. (+). Let = € [a,b]. We know from assumption—Dby rearranging the terms—that

b
0= / £ = (F) — f(a) (488)

But by additivity of the integral, we have

-/ U@ - @)+ [ 7 () - 1) (489)

But we know that WLOG, f is increasing. If f is increasing, then we know that both integrals
should be positive, since the only type of discontinuities can be jump discontinuities.

T b
/ = (f() — f(a) + / = (F) — () (490)

This is the end of absolutely continuous functions.

5.5 Convex Functions

Definition 5.8 (Convex Function)

¢ is convex on (a,b) C R if Vzq,22 € (a,b), VX € [0, 1], the linear interpolation

e(Az1 + (1 = Nwz) < Ap(z1) + (1 = A)p(2) (491)

Note that if we have 2 = Azy + (1 — A)za, then A = J2=% and so the definition can be rewritten as

To9 — T r — T

p(z) <

o(r1) +
To — 11 Ty — 11

o(z2) Vz € [z1,20] (492)

Note that the two fraction coefficients add up to 1. So we can write

= (1) + ———p(a) £ ——p(@1) + ————p(az) Vo € (a1,32) (493)
To — X1 To — X1 T2 — I1 T2 — T1
and rearranging, we get
To — X r — X
_ - - 494
P (p(z) = p(21)) P (p(z2) — o()) (494)
Cancel out the common denominator to get
@(x) - Sp(xl) < @(1'2) - ‘P(x) (= (x171.2) (495)

xr — I - XTo — X

This is an if and only if derivation, so this is an equivalent.

Theorem 5.18

If o is differentiable on (a,b) with ¢’ increaseing, then ¢ is convex.

Proof. Note that the LHS = ¢'(¢1), RHS = ¢’(¢2). Therefore,

¢'(c1) < ¢'(ea) (496)
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Example 5.10

aP for p > 1 is convex on (0,00). Also, e** for o > 1 is convex on R.

Lemma 5.19 (Chorded Slope Lemma)

Let ¢ be convex on (a,b), with 1 < & < x5 belonging to a,b. Then,

p(@) —p(r1) _ plz2) —p(r1) _ pl2) = p(2)

= < (497)
T — I To — I Ty — X

Proof. Note that we can just write the second term as an interpolation of the first and third terms.

plaz) —pler) _ @) o) x—o1 | plra) = (@) 22— (498)
X9 — I r — I To — X1 To — T T2 — T1

Theorem 5.20

Let ¢ be convex on (a,b). Then ¢ has left and right derivatives at each point = € (a,b). Moreover, if
u < v on (a,b), then

¢'(u”) < ¢'(uh) < w <¢'(v7) <@ (vT) (499)

Proof. From lemma, ¢(u™) exists since % is monotonically incraesing in w. It is also bounded
e(v)—p(u)
u

from above by £=="2. So ¢'(u™) exists.

Corollary 5.21

If ¢ is convex on [a, b], then ¢ is Lipschitz, i.e.

lo(z) —p(y)] < M(z —y) Va,y € [a,b], M = max{|¢'(a™)[,|¢'(b7)[} (500)

which hence implies that ¢ is AC, and hence differentiable a.e.

This is quite nice, because we don’t make any assumption on regularity for convex functions. But this
tells us that not only is it continuous, but also Lipschitz. Since every Lipschitz function is also absolutely
continuous, then convex functions are also absolutely continuous, and hence differentiable a.e.

Theorem 5.22

Suppose ¢ is convex on [a,b]. Then, ¢ is differentiable except on at most a countable set, and ¢’ is
increasing.

Proof. Consider ¢(x7), p(zT). They are increasing in = by the previous theorem. For monotone
functions, we know that they can be discontinuous only on at most countable set. So, these functions
@' (x7), ' (xT) are continuous except on perhaps at a countable set@ Let us denote it as C. Let us
consider g € [a,b] \ C, and take a sequence z,, = xo, with x,, > 9. Then,

p(@n) = p(z0) _ "

¢'(29) < ¢'(ag) < <¢'(z,) (501)
Tp — X0
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where ¢/ () — ¢'(z5) as n — +o0, since xq € [a,b] \ C. So, ¢'(z5) = ¢'(z§) = ¢ is differentiable

at xg.

%Considering jumps.

Definition 5.9 (Supporting Line)

Let ¢ be a convex. A supporting line at (xq, ¢(x0)) is a lower function
Ux) = a(z — x0) + ©(x0) (502)

satisfying ¢(z) > £(z) for all .

5l gty |- y=0
— =2
6 +
2 +
4 +
1 5|
| / | xT | | x
-2 2 -2 2
(a) Absolute value function with linear bounds (b) Quadratic function with horizontal bound

Figure 4: Basic mathematical functions with linear bounds through the origin

Note that there can be multiple supporting lines.

Theorem 5.23 (Jensen’s Inequality)

suppose ¢ is convex on R, with f, ¢ o f integrable. Then,

@( / 1 fdx) </ o (a) d (503)

Proof. This first proof is good intuitively, but not a neat proof. This is like the definition of convexity,
but in a “continuous appearance.” Note that we can think of these as Riemann sums,

‘P(ZfiAmz) < Zijww(fi)ﬁl‘i (504)

and then you can pass through the limit to get the integral version. But this is a good intuition.

Proof. The second proof is neater. Set o = fol fdx. Choose k between ¢'(a™),¢’(a*). Then, the line
Lz) = k(z — a) + ¢(a) (505)
is supporting for ¢, so p(z) > £(z). Also, p(f(x)) > £(f(x)). Integrate

/0.1 o(f(z))dx > /01 (w+gp(a)) dx = cp(/ol fdx) (506)
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On [a, b], we have to normalize f,

o(5 [1@) <55 [ (507

5.6 Exercises

Exercise 5.1 (Math 631 Fall 2025, Final Exam Exercise 2)

We say that f € C*[0,1], 0 < o < 1, if sup, 4y & yefap] %

on [0,1]. Does it imply that f € C*[0,1] for some « > 07?

< 00. Let f be absolutely continuous

Solution. No. Take f(z) such that f(0) =0 and f'(z) = m. Then f' is integrable, and
* 1 o 1 1
= —— _ay= Cdr= 508
/@ /0 y(logy=12" /logafl 27 loga! (508)

is absolutely continuous. Since for every a > 0, logz™! < £~ for all sufficiently small z, f is not in
C*[0,1] for any « > 0.
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6 Lp Spaces

Suppose FE is measurable, and f is measurable on E. Then, define

1/p
||f|p:=( / |f|p)  1<p<too (509)

This tells us more about the properties of the function, and how it may blow up or how its singularities
might behave.

For p = 0o, we can define it as the maximum of the function (since by EVT). In general, we can define
| flloo == esssup|f(z)| = inf{M | |f(z)] < M a.e. x} (510)
The functions in L? don’t really satisfy the norm property that || f|| =0 <= f =0, so we can just consider

equivalence classes of functions. For the subadditivity of the norm, checking for p = 1 is the easiest, and
also to some extend p = co.

Definition 6.1 (Lp Space)

Given 1 < p < +00, define LP(E) to be the vector space of all f measurable on E s.t. [, |f|P < +ooc.

Proof. We first prove that it is a linear space. Since
[f+gl” < 2°(F 17 + 1gl?) (511)

so f+geLPif f,ge LP.

Theorem 6.1 (Young’s Inequality)

Suppose 1 < p < 400, with g = p%l, ie. % + % =1. Let a,b > 0. Then
X
ab< L 4= (512)
p q

Proof. Let the exponential function be y = zP~!. Then, we get x = yp%l. The proof is similar to if
the function intersects the upper side of the rectangle.

Y

: o

(0,0) “

Figure 5: Rectangle with exponentially increasing curve and shaded regions
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We can see that the blue region has area

a ap
/O 2P dr = " (513)
We see that the red region has area A,
b It g
A< 1 dy = = — 514
< /0 yrT dy T, (514)

Theorem 6.2 (Holder)

Let E be measurable, 1 <p <00, ¢ = %. Suppose f € LP,g € L4. Then, f,g € L'(E), and

[ 1#91ds < £l (515)

In fact, this is sharp. If f # 0, then (note that this is the dual vector of f)
Fr(@) = | fIl, Psen(f ()| f ()P~ € LT (516)

with

19l =1, [ 157 do= 1l (517)
Proof. If p =1 ,or p = oo, then this can be proven by monotonicity. If 1 < p < oo, then assume that
I fll, = llgllg = 1, since by linearity, we can just normalize them by multiplying them by a constant.

Not it suffices to prove that the integral < 1. Then, by Young’s inequality,

x)|P x)|?

fa)gte)] < LOE . 1) (518)

and by integrating over E, since the RHS is integrable (it is also bounded?), we get

1 1
[ f@g@ldr< 5 =1 (519)

Finally,
1712 = [ £GP / (@)D dz = | f]|7 / f@)Pdr=1 (520)

Corollary 6.3 (Cauchy-Schwartz)

If p = g = 2, then we get Cauchy Schwartz.

Theorem 6.4 (Minkowski)

If f,g € LP, then f 4 g € LP, and we get

1f+ gl < 1Fllp + llgllg (521)
This is the third condition for a norm. For p = 1, +00, this is immediate. Given h € LP, define
h* = || fIl,"Psgn(h) [hlP~ (522)
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Then, from the previous theorem,

I+l = [ T+a)s+9) do (523)
= [ 107 ars [ o+ (524)
< fllp I +9)"llg +llgllp 10 +9) g (525)
1 1
The following is an easy way to check that .% is equi-integrable.
Corollary 6.5
let . be a family of functions s.t.
/|f\de < toNfeF (526)
Then .# is equi-integrable.
Proof. Let A be ameasurable, m(A) < §. Then
1/p 1/q
/ |f| de < (/ f|p) ( / 1q) < MYPm(A) < m/Pst/a (527)
A A JA

Given any € > 0, we can choose § > 0 s.t. [ |f|dx < eif m(A) < 4.

Corollary 6.6

more restrictive in a finite measure set.

Assume F has finite measure. Then, LP* C LP2 for any 1 < p; < ps < +00. So a higher exponent is

Proof. A simple application of Holder’s inequality.

LMWS(LUWMYW3

(528)

In infinite measures, there are two ways that this can fail: singularities or tails. Either because it blows up,

or it doesn’t decay fast enough to be in LP. x~%.

6.1 Nov 3

Example 6.1

Consider f,,(z) in LP[0,1], with

fm(x) == XII(V") (I) : 2n/p’ I]En) = [(k — 1)2771, k’27n]

Note that || fin|lze = 1, but || fin, — fmellze > % So there are no limit points in f,,.

(529)
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Definition 6.2 (Dual Vector)

Suppose X is a Banach space. Then £ : X — R is called a linear bounded functional on X if
L(af +Bg) =aLlf+BLg, VfgeX (530)

and

ILOI< LN Ve X (531)

Whenever you want to prove that an integral is bounded, then you use Holder.

Example 6.2

Let X = LP(FE). Then
p

Lf 3:/fgd35a QGquCI:E (532)

is a linear bounded functional (by Holder).

L* is not separable (as in there is no dense countable subset).

Theorem 6.7

Given a Banach space X, the space of all linear bounded functionals on X is a linear space with norm

£l = sup [L(f)] (533)

rexlrii<t

This space is called dual to X, denoted X*.

Proof. Just check that the sum, scalar multiplication is still a linear functional. Then for norm, just
use triangle inequality.

We would like to prove that (LP)* = L%, which we will do later. Now we’ll define a different form of
convergence. The regular pointwise convergence is known as strong convergence.

Definition 6.3 (Weak Convergence)

We say f, — f, i.e. converges weakly on X if

L(fn) = L(f), VLe X" (534)

Example 6.3

Let fn(z) as before, and fix g € L]0, 1]. Then, by Holder,

<\ fmllze - g XI,i")HLq — 0, asm — 400 (535)

\ / g (@)gl) do

since
/()|g|pda:—>0asn—>—|—oo (536)
1

by DCT, since I\ = [(k —1)27", k27"].
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So if we know that (L?)* = L%, we could conclude f,, — 0.

Lemma 6.8

Suppose L1, Lo € X*. Suppose Y is a dense subset of X. If £L; = L5 on Y, then £, = L.

Proof. Take any g € X. Find f € Y s.t. ||f — gllx <e. Then,

|£19 — Lag| < |L19 — Laf| + |Lof — Lof|+|Laf — Lag] (537)
=0
< (1L lx + (L2 )e (538)

Lemma 6.9

Let E C R be measurable, 1 < p < +o00. Suppose g € L*(E) and

e

< M| fllp, VYf € LP simple (539)

Thena g S qu HngI S M.

Proof. Consider 400 > p > 1. Consider a sequence of simple ¢, s.t. ¢, — |g| a.e., with 0 < ¢,, < |g].
Then, it suffices to show that

/ onl?de < M, ¥n (540)

since we can just invoke Fatou’s lemma. Define simple f,, = sgn(g)|¢,|?"t. Note f, € LP (simple
functions). Then

/ ol da < / 0+ fudz < M| fulp, (541)
E E

where

- 1/p
Vully = ( [1oalrr dw) — gull2’? (542)

q—1 .
S0 lgalls* = llpally < M. Since g(1— 1) =1 = 1.

Theorem 6.10

Let [a, b] be a finite interval, with 1 < p < +o00. Suppose L is a linear bounded functional on L?([a, b]).
Then 3g € L9([a,b]) s.t. Lf = [ fgdz.

Proof. Suppose p > 1. Define ¢(z) = L(X[o,s))- We claim that ¢ is AC. Take [ay, bx]j_, disjoint in
[a,b]. We have

> 1o(be) — dlax)] (543)
k=1
Given € > 0, we want to show that 36 > 0 s.t.
Yol —ar| <6 = > |é(br) — dlax)| < € (544)
k=1 k=1
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But

n

S I6(be) — dlar)| = £ (Z sen(6(be) — qs(ak))x[ak,bk}) (545)
k=1

k=1

1
< LI A1l (546)

- ||£||*(§nj<bk - m)”p (547)

k=1

Take & = (7£7-)"

So now that we have proved that ¢ is AC, we are almost in a position to use the lemma we proved before.
Then, 3g € L' s.t. ¢(x) = f; g(t) dt by fundamental theorem of calculus. Given ay x|c,q, we have

d
£(Xe) = 0(d) — 6(c) = / o(t) dtjjA (548)

So Lf and [ gf dz coincide on step functions, and step functions are a dense set in L. We have

‘/gfdx

By the lemma, g € L7, with [|g]l; < ||£]|+-

< £ Nlp (549)

Note that this is not true on L. Indeed (L1)* = L*° (this is easier to prove), but (L>°)* # L. But it is hard
to construct a counterexample, and people use the Banach extension theorem to define such counterexamples.

Theorem 6.11 (Riesz Representation Theorem)

Let £ C R be measurable, 1 < p < 4o00. Suppose L is a bounded linear functional on LP. Then
dg € L9 s.t.

() = [E afdz, |alls = lC]. (550)

The dual of continuous functions is Steljes measures.

Now let’s talk about weak convergence. This gives you some sort of compactness of a unit ball in X* with
respect to the norm, which is basically sort of like weak convergence.

Theorem 6.12 (Helley)

Lt X be a Banach space, separable. Suppose L, € X* satisty ||L,|. < M for all n. Then, Iny, s.t.

L, (f) = L(f), VfeX (551)

Proof. Let (f,)52; be a countable dense subset in X. Then, {£,f1}32, is 7 = 3 subsequence 1,
s.t. Ls, . f1 = a1. Also, we can choose a sz ,, subsequence of s1 ., s.t. L, mfo — a2, and so in sy,
S.t.

Ls . fi—a;, V1<j<I (552)

Select ny = Si. Then, L, f; = a; for all j. Given any g € X, consider

|£nk2-q - ‘anlg| < |£nkzg - ‘anlfl + |‘C’nk2f - Enkl f| + ‘Ensz - Enklg| (553)
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Fix € > 0, choose f s.t.

e A
17 = ol < g T Tl (554)

Then, ki, k2, large so middle term < £.

So this is what people mean by a unit ball in L? is weakly compact.

6.2 Exercises

Exercise 6.1 (Math 631 Fall 2025, Final Exam Exercise 6)

Define ¢y to be a space of all sequences x = 1, %9, ..., Ty, ... that converge to zero, with the norm
||z|| = sup,, |zn|. Prove that cq is a Banach space and find its dual.

Solution. Suppose that ™ is a Cauchy sequence in ¢g. Then each component z]" is also a Cauchy
sequence of real numbers, and converges to some y,,. It is not hard to see that y,, is a bounded sequence:
take € = 1 and find N such that |2 — 2"V ||o < 1if m > N. Then also ||y — 2V ||s < 1, and so y € [*°.
Let us now show that y € ¢y. Fix € > 0. Find N such that ||y — 2"V || < €/2. Next, since 2V € ¢,
find M such that |2| < ¢/2 for all m > M. Then for every m > M,

m
Y| < lym — ol + o] < e (555)

Hence y € ¢g. This proves ¢g is a Banach space.
Take any sequence a, in Iy, then it defines a bounded linear functional A on ¢ defined by A(z) =
> oo | apTy. Note that ||A]| = |ja|;i: we can just take sequences 27" that take value 1 if a,, > 0 and -1
if ap, <0forn=1,..,m. Then ||| =1, and

> anal — |lalln (556)
n=1

as m — oo by Lebesgue dominated convergence theorem. On the other hand, let A be any bounded
linear functional on ¢q. For every n, take e™ € ¢ such that e} = dy; (1if j =n and 0if j # n). Set
an, = A(epn). By taking 2™ before equal to +1 depending on the sign of a,, for the first m positions,

we find that .
Aa™) =Y lan| < Al (557)

n=1
for every m. Therefore, a,, € I! and then it is not hard to see |A|| = ||al|;. Hence the dual space of cg

can be identified with /1.

Exercise 6.2 (Math 631 Fall 2025, Final Exam Exercise 7)

Let h be continuous function periodic on R with period one, and assume fol h(z)dr = 0. Define
fn(x) = h(nz). Show that for any finite interval [a,d], f, — 0 in LP[a,b], 1 < p < 0.

Solution. Since step functions are dense in LP[a,b], it suffices to prove that for any a < ¢ < d < b,
fcd h(nz)dx — 0 as n — oco. But

d nd
/ h(nz)dz = n=! / h(y)dy < 2l en=" — 0 (558)

1

as n — o0o. Here we used that periodic continuous function must be bounded, and integrated over all
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full periods included into [nc, nd] getting zero from these parts since h is mean zero.
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7 Measure

Now we generalize to abstract measure spaces. Recall how we constructed the Lebesgue measure: (1) We
took a set function ¢ that assigns lengths to all intervals in R. (2) We have used this length to define the
Lebesgue outer measure as an outer approximation of these intervals. (3) We then use the outer measure to
define measurable sets with Caratheodory’s criterion, which states that measurable sets should split any set
nicely into measurable sets. (4) We verify that the collection of all measurable sets is a o-algebra. (5) We
define the Lebesgue measure as the restriction of the Lebesgue outer measure to the collection of mesaurable
sets. This is called the Caratheodory construction of Lebesgue measure, and we can generalize this to an
abstract space X under certain conditions.

First, we want all measurable sets to be a g-algebra, which defines all the well-behaved sets.

Definition 7.1 (Measurable Space)

A measurable space is a tuple (X, M) consisting of a set X with a o-algebra of subsets of X.
Elements of M are called measurable sets.

Definition 7.2 (Measure, Measure Space)

A measure p on a measurable space (X, M) is a set function u : M — [0, +00] satisfying the following.
1. Null empty set. u(0) = 0.
2. Countable Additivity. For all countable collections { Ay }72 ; of pairwise disjoin subsets Ay, C 2%,

M<Q1 Ak) = gM(Ak) (559)

9Disjointness is clearly important since if it wasn’t, then p(A) = p(A U A) = 2u(A), which is absurd.

Example 7.1 (Measure Spaces)

The following are all valid measure spaces.
1. (R, £, m), where L is the set of all Lebesgue-measurable sets.
2. (R, B, m), where B is the set of all Borel-measurable sets.
3. (X,2%,7), where n(E) is the cardinality of the set. This is called the counting measure.
4. (X,2%,4,,) where 29 € X and §,,(E) = 1 if 29 € FE and 0 if else. This is called the Dirac
measure.

From just this definition, we can restore all of our familiar properties.

Theorem 7.1 (Axiomatic Properties of Measure)

Let (X, M, 1) be a measure space.
1. Finite Additivity. For any finite disjoint collection {Ej}7_, of measurable sets,

n

(Us) - éuwm (560)

k=1

2. Monotonicity. If A C B are both measurable sets, then

u(A) < pu(B) (561)
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3. FEzcision. If A C B are both measurable sets and p(A) < 400, then

w(B\ A) = u(B) — p(A) (562)

4. Countable Monotonicity. For any countable collection {E}}32 , of measurable sets that covers a
measurable set F,

u(E) < 3 u(Ey) (563)
k=1

Proof. Listed.
1. Finite Additivity.
2. Monotonicity. Let B\ A := BN A°. Then, since A and B\ A are disjoint, we have

p(B) = p(AU(B\ A)) = u(A) +pu(B\ A) > p(A) (564)

3. Fxcision.
4. Countable Monotonicity. We again try to divide this union into disjoint sets. Let A} = AN A;,
and let By = A} with

i—1
B = A\ | 4] (565)
j=1
Since B;’s are disjoint with B; C A;, we can use the first property to get

o0

p(A) =Y u(Bi) <> p(A) (566)
=1

i=1 %

Theorem 7.2 (Continuity of Measure)

Let (X, M, u) be a measure space.
1. Continuity from Below. If {A}}7°, is an ascending sequence of measurable sets, then

A = lim A
o) = i (567)

2. Continuity from Above. If { B, }%2 , is a descending sequence of measurable sets and p(B) < 400,
then

u (1) = fim i) (565)

k=1

Proof. Listeed.
1. Continuity from Below. With the fact that u(Ay) must be nondecreasing, we can use real analysis
and see that it is bounded by oo, meaning that it must have a limit. But why does this limit
equal to the left hand side? We can see that

(U e) =t + 3 ) (569)
k=1 k=2

= p(Ay) + lim ,;”(Bk) (570)
= lim pu(A; UByU...Bg) = lim u(Ag) (571)
k—o00 k—o0
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where Bk = Ak \ Akfl.

2. Continuity from Above. The u(A;) < oo is a necessary condition, since if we take Ay = [k, o0) on
the real number line, then we have N2 ; A = 0, but the limit of the measure is co. Well we can
define By, = Ay, \ A1 and write N2, Ay = Ay \ U2 By, which means that

M(fi Ak) =p <A1 \ kf_jl Bk) (572)
— u(A) — u( G Bk> (573)
k=1

— (A1) = " u(By) (574)

k=1
K
= n(Ay) = lim > p(By) (575)
k

= Jim_ (1) —_i (s ) (576)

K
=t (4 U s = g ) 70

Now the first line uses the fact that if A C B, then pu(B\ A) + u(A) = pu(B), and with the further
assumption that u(A) < oo, we can subtract on both sides like we do with regular arithmetic.

Definition 7.3 (Almost Everywhere)

For a measure space (X, M, ) and a measurable subset F of X, we say that a property P holds almost
everywhere on F if it holds for all E'\ Ey for some measurable subset Fy where p(Fy) = 0.

Lemma 7.3 (Borel-Cantelli Lemma)

Let (X, M, 1) be a measure space and {E}}72, be a countable collection of measurable sets for which
21?;1 p(Ex) < 4o00. Then,

p(limsup Ey,) = M( ﬂ U Ek) =0 (578)
k n=1k>n

That is, almost all x € X belong to at most a finite number of the Ej’s.

Proof. By continuity of p from above and countable monotonicity of p,
oo (oo}
(U [N 8]) =t (U B < im S ue) =0 (579)
n=1%“k>n k>n k=n

since the series converges.

Now here comes the new part.
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Definition 7.4 (Finite, o-Finite Measures and Measurable Sets)

Let (X, M, i) be a measure space.
1. The measure p is finite if pu(X) < 4oo0.
2. The measure p is o-finite if X is the union of a countable collection of measurable sets, each of
which has finite measure.
Let E be a measurable set.
1. E is of finite measure if p(E) < +o0.
2. FE is o-finite if F is the union of a countable collection of measurable sets, each of which has
finite measure.
Finiteness implies o-finiteness.

Example 7.2

Listed.
1. The Lebesgue measure on [0, 1] is a finite measure.
2. The Lebesgue measure on R is a o-finite measure.
3. The counting measure on an uncountable set is not o-finite.

Definition 7.5 (Complete Metric Spaces)

A measure space (X, M, ) is complete if M contains all subsets of sets of measure 0.

Example 7.3

Listed.
1. (R, L, m) is complete.
2. (R,B,m) is complete since we shows that the Cantor set (a Borel set of Lebesgue measure 0),
contains a subset that is not Borel.

Theorem 7.4 (Every Measure Space can be Completed)

Let (X, M, u) be a measure space. Define My to be the collection of subsets F of X of the form
E = AU B where

1. BeM,

2. A C C for some C € M for which p(C) = 0[]
For such a set E, define uo(E) = u(B). Then, M, is a o-algebra that contains M, pg is a measure
that extends u, and (X, My, o) is a complete measure space.

%So we are basically splitting E into a measure 0 part C' and everything else B.

Proof.
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7.1 Signed Measures

Lemma 7.5 (Sums and Positive Multiples of Measures are Measures)

If py and pe are two measures defined on the same measurable space (X, M), then for «, 5 > 0, the
following is a measure as well.

p3(E) = o (E) + B - pa(E) (580)

Proof.

Note that we can’t always define differences of such measures
V(E) = 1 (E) — pa(E) (581)

since v may not always be nonnegative. Furthermore, it may not even be defined if 1 (E) — pu2(E) = 0o — 0.

Definition 7.6 (Signed Measure)

A signed measure v on the measurable space (X, M) is a function v : M — [—00, +00] satisfying
1. Well-Defined. v assumes at most one of the values +o0o0, —oco.
2. Null Empty Set. v(0) =0
3. Countable Additivity. For any countable collection {Ey}7° ; of disjoint measurable sets,

y< fj Ek) = iy(Ek) (582)

k=1 k=1

where the series Y, v(E},) converges absolutely if v( Uy, Ey) is finite.

Definition 7.7 (Positive, Negative, Null Sets)

Let v be a signed measure on (X, M) and A € M.
1. Ais positive w.r.t. v if for all measurable E C A, v(E)
2. A is negative w.r.t. v if for all measurable E C B, v(E)
3. Ais null w.r.t. v if for all measurable E C B, v(E) = 0[]

0.

>
<0.

2By monotoncity of measure, a set is null if and only if it has measure 0.

Lemma 7.6 (Hahn’s Lemma)

Let v be a signed measure on (X, M) and E a measurable set for which 0 < v(E) < +o00. Then, there
is a measurable subset A C F that is positive and of positive measure.

Theorem 7.7 (Hahn Decomposition Theorem)

Let v be a signed measure on the measurable space (X, M). Then, there is a positive set A and a
negative set B, both with respect to v, for which

X=AUB (583)

That is, we can always decompose X into a positive and negative measure parts, and this is called the
Hahn decomposition of X w.r.t. v[7]

%Note that this may not be unique, since if AU B is a Hahn decomposition, then by excising a null set E from A and
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adding to B, (A\ E)U (B U E) is also a Hahn decomposition.

Therefore, the measure of v+ (F) = v(E N A) and v~ (F) = —v(E N B). This decomposition is nice since we
know that the positive parts and the negative parts are “nicely separated.” Let’s formalize this notion.

Definition 7.8 (Mutually Singular Measures)

Two measures vy, vy are said to be mutually singular, denoted vy L v, if X = AU B with v1(A) =
1%5) (B) =0.

Theorem 7.8 (Jordan Decomposition Theorem)

Let v be a signed measure on the measurable space (X, M). Then, there is a unique pair of mutually
singular measures v, v~ on (X, M) for which

v=vt —u~ (584)

called the Jordan decomposition, with v*, v~ called the positive and negative parts of v. Since v
assumes at most one of the values 00, either v, v~ must be finite.

Proof. We have already proven the first part as

vi(E)=v(ENA), v (E)=-v(ENB) (585)

Example 7.4

Let f: R — R be a function that is Lebesgue integrable over R, and define

v(E) ::/Efdm (586)

Then, from the countable additivity of integration, v is a signed measure on the measurable space
(R, £). Define
A={zeR| f(z) >0}, B={zeR]| f(z) <0} (587)

and

vH(E) = . fdm, v (E)=- /BmE fdm (588)

Then, A, B is a Hahn decomposition of R w.r.t. the signed measure v. Moreover, v = vT = v~ is a
Jordan decomposition of v.

7.2 Carathéodory Construction of Measurable Sets

Definition 7.9 (Outer Measure)

Given a space X, an outer measure is a function pu* : 2% — [0, +oo] satisfying either the two
properties.
1. Null Empty Set. p*(0) = 0.
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2. Countable Monotonicity. For arbitrary subset A, By, Bs, ..

el

AcC [j By = w(A) < iN(Bk) (589)
k=1 k=1

Theorem 7.9 (Construction of Outer Measure)

Let S be a collection of subsets in X and u: S — [0, +00] be a set functions. Define p*(@) = 0 and
p(E) = inf { > wE): Ec| Ek} (590)
k=1 k

where the infimum of an empty set is +0o. Then, the set function p* : 2% — [0, +oc] is an outer
measure called the outer measure induced by .

Proof.

Definition 7.10 (Carathéodory’s criterion)

Given outer measure p* on X, a set £ C X is called pu*-measurable if for every set A C X,

W(ANE) + p (AN E°) = m*(A) (591)

Theorem 7.10 (Measurable Sets is a 0-Algebra)

Let p* be an outer measure on 2%. Then, the collection M of sets that are measurable w.r.t. p*, also
called p*-measurable, is a o-algebra. If & is the restriction of p* to M, then (X, M,n) is a complete
measure space.

Proof. Tt is clear that complements are measurable by symmetricity of Carathéodory’s criterion. The
processes of proving this is identical to that of Lebesgue measure: first prove that finite union of
measurable sets is measurable. Then show that for any A C X and a finite disjoint collection {Ej}7_;,

we have . .
w* (Am LL-JlEkD :;u*(AﬂEk) (592)

Finally, we prove that union of countable collection of measurable sets is measurable, where one direction
is easy and the other is done by using the previous proposition and taking n — oc.

Definition 7.11 (Carathéodory Measure)

Let S be a collection of subsets of X, pu: S — [0, 4+00] a set function, and p* the outer measure induced
by p. The measure 1 that is the restriction of u* to the o-algebra M of u*-measurable sets is called
the Carathéodory measure induced by pu.

Recall the regularity properties of Lebesgue measurable sets. That is, £ C R is measurable iff there exists a
Gs-set G s.t. E C G and m*(G \ E) = 0. The following is a generalization of this.
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Theorem 7.11 (Regularity of p*-measurable Sets)

Let p: S — [0,+00] be a set function defined on a collection S of subsets of a set X and @ : M —
[0, 4+00], the Carathéodory measure induced by p. Let E be a subset of X for which pu*(E) < +oc.
Then, there is a subset A C X for which

A€ S, ECA u'(E)=pu'(A) (593)
Furthermore, if E' and seach set in S is p*-measurable, then so is A, and

f(A\E) =0 (504)

Proof.

We can also generalize this further by introducing a increasing, continuous function F': R — R and defining

the outer measure to be
oo

AA) =inf (F(bj) — F(ay)) (595)

7.3 Premeasures

Note that given a set function u over S, its Carathéodory extension 1z need not agree with p for sets in S.
We would like to find adequate assumptions such that @ is an extension of p.

Definition 7.12 (Premeasure)

Let § be a collection of subsets of X and p : & — [0,+00] a set function. Then, p is called a
premeasure if

1. p is finitely additive,

2. p is countably monotone,

3. if p € S, then pu(0) = 0.

Theorem 7.12 (Premeasure Condition for Carathéodory Measure)

Let S € 2% and p: S — [0, +00] a set function. In order for the Carathéodory measure induced by p
be an extension of p, it is necessary that p is a premeasure.

Proof.

So being a premeasure is a necessary but not sufficient condition, but if we impose on S a finer set-theoretic
structure, this necessary condition is also sufficient.

Definition 7.13 (Closure Under Relative Complements)

A collection S C 2% is said to be closed w.r.t. the formation of relative complements provided

A BeS = A\BeS (596)
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Theorem 7.13 (Premeasure over Set Closured Under Relative Complements Induces
Carathéodory Extension)

Let p: S — [0, 4+00] be a premeasure on S that is closed w.r.t. the formation of relative complements.
Then, the Carathéodory measure 7 : M — [0,400] induced by p is an extension of u, called the
Carathéodory extension of p.

Proof.

However, a number of natural premeasures such as the premeasure length defined on the collection of bounded
intervals of reals numbers, are defined on collections of sets that are not closed w.r.t. relative complements.
So we consider alternate conditions for extending measures.

Definition 7.14 (Semiring)

A nonempty collection § of subsets of a set X is a semiring if
1. Closure under finite intersections.

A BeS = AnBeS (597)

2. Disjoint decomposition of relative complements.
ABeS = A\B=| |G (598)
k=1

for some collection C}, € S.

Theorem 7.14 (Carathéodory-Hahn Theorem)

Let p: S — [0,+00] be a premeasures on a semiring S of subsets of X.
1. Then, the Carathéodory measure i induced by p is an extension of p.
2. Furthermore, if u is o-finite, then so is @, and 7 is the unique measure on the o-algebra of
p*-measurable sets that extends p.

7.4 Product Measure

Before, we saw how we can construct measures using Carathéodory construction. We will consider how
to create product measures, which will be an extension of a set functions using the Carathéodory-Hahn
theorem.

Definition 7.15 (Measurable Rectangle)

Let (X, A, u), (Y,B,v) be two measure spaces. Consider the product space X xY. If A € A B € B,
then the set A x B is called a measurable rectangle.
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Lemma 7.15

Let {Ar x Bi}?2, be a countable disjoint collection of measurable rectangles whose union is also a
measurable rectangle A x B. Then,

p(A) x v(B) =Y pu(Ax) x v(By) (599)
k=1

Proof.

We want to set up the conditions to invoke the Carathéodory-Hahn theorem. This naturally leads to the
following.

Theorem 7.16

Let R be the collection of measurable rectangles in X x Y and for a measurable rectangle A x B, define
AMA x B) = p(A) -v(B) (600)

Then, R is a semiring and A : R — [0, 4+00] is a premeasure.

Proof.

Definition 7.16 (Product Measure)

Let (X, A, u), (Y,B,v) be two measure spaces, R the collection of measurable rectangles contained in
X x Y, and X the premeasure defined on R by

AMA x B) = pu(A) - v(B) (601)

for all A x B € R. Then, the product measure A\ = u X v is the Carathéodory extension of
A: R — [0,400] defined on the o-algebra of (u x v)*-measurable subsets of X x Y.

7.5 Stieltjes Construction of Measure

Let R™ be the continuum and R"™ be the Borel o-algebra, defined as the o-algebra generated by the open
sets of R™.

Example 7.5 (Stieltjes Measure Function)

Measures on (R, R) are defined by giving a Stieltjes measure function with the following properties:
1. F is nondecreasing
2. F is right continuous:
lim F(y) = F(x) (602)

ylx

Theorem 7.17

Associated with each Stieltjes measure function F' there is a unique measure p on (R, R) with
((a,b]) = F(b) — F(a) (603)

When F(z) = x, then the resulting measure is called the Lebesgue measure.
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This is quite a hard proof, but we outline the construction of this measure on R. First, we would like to
define a "nice" set of half-open half-closed intervals, which we show is a semialgebra S. We can easily define
a measure p on this semialgebra. We can extend this semialgebra to an algebra S, along with a proper
extension 7 that is a unique measure on S.

Definition 7.17 (Semialgebra, Algebra)

A collection S of sets is said to be a semialgebra if

1. it is closed under intersection

2. If S € S, then S¢ is a finite disjoint union of sets in S
A collection A of subsets is said to be an algebra if

1. it is closed under union

2. it is closed under complementation

3. the first two imply that it is closed under intersection
We can see that a set that is a g-algebra = it is an algebra.

Here is an example of a semialgebra, which we will utilize in building a measure on R™.

Example 7.6

Let Sy be the empty set plus all sets of the form

(a1,b1] X ... x (ag,bg] C R? (604)
where —oco < a; < b; < +00. &y is a semialgebra since
(Tt 1) o (TT.221) = TTmactat ), mingot 2 (60%)

and ...

Now, we show that we can extend this semialgebra to an algebra.

Lemma 7.18

If S is a semialgebra, then S = {finite disjoint unions of sets in S} is an algebra, called the algebra
generated by S.

Proof.

Example 7.7

Given R and its semialgebra S;, then S; consists of the empty set and all sets of the form

LJ(ai7 b;] where — oo < a; < b; < +00 (606)
i=1

Now as for extending our measure function to S, we can simply use the properties. Note that since since an
algebra is constructed from finite disjoint unions of a semialgebra, given that the finite collection {A4;}7 ;
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all reside in S and are disjoint, then their disjoint union must be in S and must be measurable, defined as

u<|_|A) - Z u(As) (607)

Definition 7.18 (o-finite measure)

Given a measure on an algebra A, i is said to be o-finite if there is a sequence of sets Ay, A, ... € A

Theorem 7.19

Let S be a semialgebra and let p defined on S have u(f) = 0. Suppose
1. if S € § is a finite disjoint union of sets {S;};, then

u(S) = 3" u(S:) (608)
2. f §'is a countably infinite disjoint union of sets {5;}32,, then

p(S) < 3 () (609)

Then, p has a unique extension fi that is a measure on S, the algebra generated by S. If i is o-finite,
then there is a unique extension v that is a measure on o(S) (the smallest o-algebra containing S).
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8 Integration

8.1 Radon-Nikodym Theorem

Let (X, M) be a measure space. For measure p on (X, M) and f a nonnegative function on X that is
measurable w.r.t. M, define the set function v on M by

v(E) ::/Efd,u (610)

Then, by additivity of integration and by MCT, this is indeed a measure.

Definition 8.1 (Absolutely Continuous Measures)

On a given measurable space (X, M), a measure v is said to be absolutely continuous w.r.t. the
measure y if for all £ € M,
wE)=0 = v(E)=0 (611)

So therefore, p acts as an upper bound of v over 0 measure sets.

Theorem 8.1

Let (X, M, u) be a measure space and v a finite easure on the measurable space (X, M). Then v is
absolutely continuous w.r.t. p iff for each € > 0, 3§ > 0 s.t. for all £ € M,

wE)<d = v(E) <e (612)

Theorem 8.2 (Radon-Nikodym Theorem)

Let (X, M, ) be a o-finite measure space and v a o-finite measure defined on the measurable space
(X, M) that is absolutely continuous w.r.t. u. Then there is a nonnegative function f on X—called
the Radon-Nikodym derivative—that is measurable w.r.t. M for which

WE:Afw (613)

for all E € M. Furthermore, f is unique in the sense that if g is any nonnegative measurable function
on X that also has this property, then g = f p-a.e.

Proof.

Corollary 8.3

Let (X, M, u) be a o-finite measure space and v a finite signed measure on the measurable space
(X, M) that is AC w.r.t. p, then there is a function f that is integrable over X w.r.t. u, and

wmzéfw (614)

for all £ € M.
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Theorem 8.4 (Lebesgue Decomposition Theorem)

Let (X, M, 1) be a o-finite measure space and v a o-finite measure on the measurable space (X, M).
Then there is a measure vy on M, singular w.r.t. u, and a measure 1 on M—AC w.r.t. y—for which
v = 1y + 1. The measures vy, v are unique.

Proof.

8.2 Fubini’s and Tonelli’s Theorem
Theorem 8.5 (Fubini’s Theorem)

Let (X, A, 1), (Y, B,v) be two measure spaces and v be complete. Let f be integrable over X XY w.r.t.
to the product measure p x v. Then for almost all x € X, the a-section of f, f(z,-), is integrable over

Y with respect to v, and
/Xxyfd(uxv / [/fxydv( >]du<) (615)

Theorem 8.6 (Tonelli’s Theorem)

Let (X, A, u), (Y,B,v) be two measure spaces and v be complete.Let f be a nonnegative (u x v)-
measurable function on X x Y. Then,

1. For almost all € X, the a-section of f, f(z,-), is v-measurable.

2. The function defined almost everywhere on x by

xH/yf(w,y) dv(y) (616)

is pu-measurable.
3. Finally,

/Xxyfd(/in/ /foydu( )]du() (617)

8.3 Exercises

Exercise 8.1 (Math 631 Fall 2025, Final Exam Exercise 4)

Let A=[-1,1] x [-1,1]. Let f(x,y) = W (when x =0 or y = 0 we set f(x,y) =0). Prove that
the iterated integrals ex1st and are equal:

/ /fzydxdy—/ /fxydy (618)

but the double integral [, f(z,y)dxdy does not exist.

Solution. Note that f is odd with respect to both x and y. Therefore

o1 1
/ﬁlf(x,y)dz - [ )y =0 (619)
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for all y and x respectively. Hence both iterated integrals are zero. Now passing to polar coordinates,

we have that |f(r,0)| = “327229‘ Therefore, for every € > 0,

Uorm/2 o 1
/ |f(z,y)|dxdy 2/ / o erder > c/ rtdr. (620)
A € 0 €

r2

Since ['r~ldr diverges as € — 0, f is not integrable over A.
€
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