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Preface

In the fall of 2010, I taught an introductory one-quarter course on graduate
real analysis, focusing in particular on the basics of measure and integration
theory, both in Euclidean spaces and in abstract measure spaces. This text
is based on my lecture notes of that course, which are also available online
on my blog terrytao.wordpress.com, together with some supplementary
material, such as a section on problem solving strategies in real analysis
(Section [2T]) which evolved from discussions with my students.

This text is intended to form a prequel to my graduate text [Ta2010]
(henceforth referred to as An epsilon of room, Vol. I), which is an introduc-
tion to the analysis of Hilbert and Banach spaces (such as LP and Sobolev
spaces), point-set topology, and related topics such as Fourier analysis and
the theory of distributions; together, they serve as a text for a complete
first-year graduate course in real analysis.

The approach to measure theory here is inspired by the text [StSk2005],
which was used as a secondary text in my course. In particular, the first half
of the course is devoted almost exclusively to measure theory on Euclidean
spaces R? (starting with the more elementary Jordan-Riemann-Darboux
theory, and only then moving on to the more sophisticated Lebesgue theory),
deferring the abstract aspects of measure theory to the second half of the
course. I found that this approach strengthened the student’s intuition in the
early stages of the course, and helped provide motivation for more abstract
constructions, such as Carathéodory’s general construction of a measure
from an outer measure.

Most of the material here is self-contained, assuming only an undergrad-
uate knowledge in real analysis (and in particular, on the Heine-Borel the-
orem, which we will use as the foundation for our construction of Lebesgue
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measure); a secondary real analysis text can be used in conjunction with
this one, but it is not strictly necessary. A small number of exercises, how-
ever, will require some knowledge of point-set topology or of set-theoretic
concepts such as cardinals and ordinals.

A large number of exercises are interspersed throughout the text, and it
is intended that the reader perform a significant fraction of these exercises
while going through the text. Indeed, many of the key results and examples
in the subject will in fact be presented through the exercises. In my own
course, I used the exercises as the basis for the examination questions, and
indicated this well in advance, to encourage the students to attempt as many
of the exercises as they could as preparation for the exams.

The core material is contained in Chapter [Il and already comprises a
full quarter’s worth of material. Section21]is a much more informal section
than the rest of the book, focusing on describing problem solving strategies,
either specific to real analysis exercises, or more generally, applicable to a
wider set of mathematical problems; this section evolved from various dis-
cussions with students throughout the course. The remaining three sections
in Chapter 2] are optional topics, which require understanding most of the
material in Chapter [Il as a prerequisite (although Section can be read
after completing Section [[.4]).

Notation

For reasons of space, we will not be able to define every single mathematical
term that we use in this book. If a term is italicised for reasons other than
emphasis or for definition, then it denotes a standard mathematical object,
result, or concept, which can be easily looked up in any number of references.
(In the blog version of the book, many of these terms were linked to their
Wikipedia pages, or other on-line reference pages.)

Given a subset E of a space X, the indicator function 1 : X — R is
defined by setting 1g(z) equal to 1 for € E and equal to 0 for x ¢ E.

For any natural number d, we refer to the vector space

Rd ::{(wl,...,md):xl,...,xdeR}

as (d-dimensional) Euclidean space. A vector (z1,...,z4) in R? has length
(21, 2a)| 1= (2f + .+ 2)V
and two vectors (z1,...,24), (Y1, -..,yq) have dot product

(@1,....za) - (W15 ¥d) = T1y1 + - .. + TaYa.



Notation xi

The estended non-negative real axis [0,400] is the non-negative real
axis [0, +00) := {z € R:x > 0} with an additional element adjointed to it,
which we label +o00; we will need to work with this system because many sets
(e.g. RY) will have infinite measure. Of course, +00 is not a real number,
but we think of it as an extended real number. We extend the addition,
multiplication, and order structures on [0, +00) to [0, +00] by declaring

+00+ =12+ 00 = 400
for all € [0, +o00],
+o0o-x =2 +00 =400
for all non-zero x € (0, +00],
4+00-0=0-400 =0,

and
x < 400 for all x € [0, +00).

Most of the laws of algebra for addition, multiplication, and order continue
to hold in this extended number system; for instance, addition and multi-
plication are commutative and associative, with the latter distributing over
the former, and an order relation x < y is preserved under addition or mul-
tiplication of both sides of that relation by the same quantity. However, we
caution that the laws of cancellation do not apply once some of the vari-
ables are allowed to be infinite; for instance, we cannot deduce x = y from
+00+x = +0oo+y or from +00-x = +oo-y. This is related to the fact that
the forms +o0o — +00 and 400/ 4 oo are indeterminate (one cannot assign
a value to them without breaking many of the rules of algebra). A general
rule of thumb is that if one wishes to use cancellation (or proxies for cancel-
lation, such as subtraction or division), this is only safe if one can guarantee
that all quantities involved are finite (and in the case of multiplicative can-
cellation, the quantity being cancelled also needs to be non-zero, of course).
However, as long as one avoids using cancellation and works exclusively with
non-negative quantities, there is little danger in working in the extended real
number system.

We note also that once one adopts the convention +o0c-0=0-400c =0,
then multiplication becomes upward continuous (in the sense that when-
ever x, € [0,+00] increases to x € [0,4o00], and y,, € [0,+00] increases to
y € [0, +00], then z,y, increases to zy) but not downward continuous (e.g.
1/n — 0 but 1/n- 400 4 0-400). This asymmetry will ultimately cause
us to define integration from below rather than from above, which leads
to other asymmetries (e.g. the monotone convergence theorem (Theorem
[LZ443]) applies for monotone increasing functions, but not necessarily for
monotone decreasing ones).
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Remark 0.0.1. Note that there is a tradeoff here: if one wants to keep as
many useful laws of algebra as one can, then one can add in infinity, or have
negative numbers, but it is difficult to have both at the same time. Because
of this tradeoff, we will see two overlapping types of measure and integration
theory: the non-negative theory, which involves quantities taking values in
[0, +00], and the absolutely integrable theory, which involves quantities tak-
ing values in (—o0,400) or C. For instance, the fundamental convergence
theorem for the former theory is the monotone convergence theorem (The-
orem [[LZ.43)), while the fundamental convergence theorem for the latter is
the dominated convergence theorem (Theorem [[.4Z.48). Both branches of
the theory are important, and both will be covered in later notes.

One important feature of the extended non-negative real axis is that
all sums are convergent: given any sequence z1,xs,... € [0,400], we can
always form the sum

Zazn € [0, +o0]
n=1

as the limit of the partial sums Zi:/:l Zn, which may be either finite or
infinite. An equivalent definition of this infinite sum is as the supremum of

all finite subsums:
o0
g Ty = sup g T
n=1 FCN,F finite ,,cp

Motivated by this, given any collection (z4)aeca of numbers z, € [0, 400
indexed by an arbitrary set A (finite or infinite, countable or uncountable),
we can define the sum ) . 4 o by the formula

(0.1) Z T = sup Z Ty

aeA FCA,F finite ocp

Note from this definition that one can relabel the collection in an arbitrary
fashion without affecting the sum; more precisely, given any bijection ¢ :
B — A, one has the change of variables formula

(0.2) D Ta =D To)

a€cA peB

Note that when dealing with signed sums, the above rearrangement iden-
tity can fail when the series is not absolutely convergent (cf. the Riemann
rearrangement theorem).

Exercise 0.0.1. If (z4)aeca is a collection of numbers x, € [0,400] such
that ) .4 2a < 00, show that z, = 0 for all but at most countably many
a € A, even if A itself is uncountable.
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We will rely frequently on the following basic fact (a special case of the
Fubini-Tonelli theorem, Corollary [[L7.23)):

Theorem 0.0.2 (Tonelli’s theorem for series). Let (Zy,m)n,meN be a doubly
infinite sequence of extended non-negative reals xy, m, € [0, +00]. Then

0o 0o 0o 00
§ Tnm = § § Tnm = § § Tn,m-

(n,m)eN?2 n=1m=1 m=1n=1

Informally, Tonelli’s theorem asserts that we may rearrange infinite series
with impunity as long as all summands are non-negative.

Proof. We shall just show the equality of the first and second expressions;
the equality of the first and third is proven similarly.

We first show that
[o@) [o@)
Do wmm <) D Tum
(n7m)EN2 n=1m=1

Let F be any finite subset of N2. Then F C {1,...,N} x {1,...,N} for
some finite N, and thus (by the non-negativity of the x, )

Z Inm < Z Tnm-
(n,m)eF (n,m)e{l,...,.N}x{1,...,.N}
The right-hand side can be rearranged as
N N
> 2 Toms
n=1m=1

which is clearly at most > 2 | > | x,, n, (again by non-negativity of z, ).

This gives
Z Ln,m < Z Z Ln,m

(n,m)eF n=1m=1
for any finite subset F' of N2, and the claim then follows from (..

It remains to show the reverse inequality
o0 o
PID DL DR
n=1m=1 (n,m)eN?2
It suffices to show that
N oo
2 2 Tnm< Y, Tnm
n=1m=1 (n,m)eN?2

for each finite N.



xiv Preface

Fix N. Aseach Y °_ | &y is the limit of 2%21 Zn,m, the left-hand side
is the limit of S  S™M_ 4 as M — oco. Thus it suffices to show that

N M
Z Z Tnm < Z Lnm

n=1m=1 (n,m)eN?2

for each finite M. But the left-hand side is Z(n,m)e{l,...,N}x{l,...,M} Tnm,
and the claim follows. O

Remark 0.0.3. Note how important it was that the x,, ,,, were non-negative
in the above argument. In the signed case, one needs an additional assump-
tion of absolute summability of z,,, on N? before one is permitted to in-
terchange sums; this is Fubini’s theorem for series, which we will encounter
later in this text. Without absolute summability or non-negativity hypothe-
ses, the theorem can fail (consider, for instance, the case when x,, ,, equals
+1 when n = m, —1 when n = m + 1, and 0 otherwise).

Exercise 0.0.2 (Tonelli’s theorem for series over arbitrary sets). Let A, B
be sets (possibly infinite or uncountable), and (2 m)nea,men be a doubly
infinite sequence of extended non-negative reals z,, ,,, € [0, +00] indexed by
A and B. Show that

Do wam=D ) @nm= ), ) dnm

(n,m)€AXB neAmeB meBneA

(Hint: Although not strictly necessary, you may find it convenient to first
establish the fact that if Zne A Tp is finite, then x,, is non-zero for at most
countably many n.)

Next, we recall the azxiom of choice, which we shall be assuming through-
out the text:

Axiom 0.0.4 (Axiom of choice). Let (Eq)aca be a family of non-empty
sets By, indexed by an index set A. Then we can find a family (zq)aca of
elements xo of Ey, indexed by the same set A.

This axiom is trivial when A is a singleton set, and from mathematical
induction one can also prove it without difficulty when A is finite. However,
when A is infinite, one cannot deduce this axiom from the other axioms of
set theory, but must explicitly add it to the list of axioms. We isolate the
countable case as a particularly useful corollary (though one which is strictly
weaker than the full axiom of choice):

Corollary 0.0.5 (Axiom of countable choice). Let Ey, Fa, E3,... be a se-
quence of non-empty sets. Then one can find a sequence x1,x2, ... such that
Ty € B, foralln=1,2,3,....
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Remark 0.0.6. The question of how much of real analysis still survives
when one is not permitted to use the axiom of choice is a delicate one,
involving a fair amount of logic and descriptive set theory to answer. We
will not discuss these matters in this text. We will, however, note a theorem
of Godel [Go1938| that states that any statement that can be phrased in
the first-order language of Peano arithmetic, and which is proven with the
axiom of choice, can also be proven without the axiom of choice. So, roughly
speaking, Godel’s theorem tells us that for any “finitary” application of real
analysis (which includes most of the “practical” applications of the subject),
it is safe to use the axiom of choice; it is only when asking questions about
“infinitary” objects that are beyond the scope of Peano arithmetic that one
can encounter statements that are provable using the axiom of choice, but
are not provable without it.
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2 1. Measure theory

1.1. Prologue: The problem of measure

One of the most fundamental concepts in Euclidean geometry is that of
the measure m(FE) of a solid body F in one or more dimensions. In one,
two, and three dimensions, we refer to this measure as the length, area,
or volume of E, respectively. In the classical approach to geometry, the
measure of a body was often computed by partitioning that body into finitely
many components, moving around each component by a rigid motion (e.g.
a translation or rotation), and then reassembling those components to form
a simpler body which presumably has the same area. One could also obtain
lower and upper bounds on the measure of a body by computing the measure
of some inscribed or circumscribed body; this ancient idea goes all the way
back to the work of Archimedes at least. Such arguments can be justified by
an appeal to geometric intuition, or simply by postulating the existence of a
measure m(E) that can be assigned to all solid bodies E, and which obeys
a collection of geometrically reasonable axioms. Omne can also justify the
concept of measure on “physical” or “reductionistic” grounds, viewing the
measure of a macroscopic body as the sum of the measures of its microscopic
components.

With the advent of analytic geometry, however, Euclidean geometry be-
came reinterpreted as the study of Cartesian products R? of the real line
R. Using this analytic foundation rather than the classical geometrical one,
it was no longer intuitively obvious how to define the measure m(FE) of a
generaﬂ subset F of R%; we will refer to this (somewhat vaguely defined)
problem of writing down the “correct” definition of measure as the problem
of measure.

To see why this problem exists at all, let us try to formalise some of the
intuition for measure discussed earlier. The physical intuition of defining the
measure of a body F to be the sum of the measure of its component “atoms”
runs into an immediate problem: a typical solid body would consist of an
infinite (and uncountable) number of points, each of which has a measure
of zero; and the product oo - 0 is indeterminate. To make matters worse,
two bodies that have exactly the same number of points, need not have the
same measure. For instance, in one dimension, the intervals A := [0, 1] and
B :=[0,2] are in one-to-one correspondence (using the bijection = — 2x
from A to B), but of course B is twice as long as A. So one can disassemble
A into an uncountable number of points and reassemble them to form a set
of twice the length.

10ne can also pose the problem of measure on domains other than Euclidean space, such as
a Riemannian manifold, but we will focus on the Euclidean case here for simplicity, and refer to
any text on Riemannian geometry for a treatment of integration on manifolds.
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Of course, one can point to the infinite (and uncountable) number of
components in this disassembly as being the cause of this breakdown of
intuition, and restrict attention to just finite partitions. But one still runs
into trouble here for a number of reasons, the most striking of which is the
Banach-Tarski paradoz, which shows that the unit ball B := {(z,y,z2) €
R? : 22 + ¢y? + 2% < 1} in three dimensiond can be disassembled into a
finite number of pieces (in fact, just five pieces suffice), which can then be
reassembled (after translating and rotating each of the pieces) to form two
disjoint copies of the ball B.

Here, the problem is that the pieces used in this decomposition are highly
pathological in nature; among other things, their construction requires use of
the aziom of choice. (This is in fact necessary; there are models of set theory
without the axiom of choice in which the Banach-Tarski paradox does not
occur, thanks to a famous theorem of Solovay [S01970].) Such pathological
sets almost never come up in practical applications of mathematics. Because
of this, the standard solution to the problem of measure has been to abandon
the goal of measuring every subset E of R?, and instead to settle for only
measuring a certain subclass of “non-pathological” subsets of R%, which are
then referred to as the measurable sets. The problem of measure then divides
into several subproblems:

(i) What does it mean for a subset E of R? to be measurable?
(ii) If a set F is measurable, how does one define its measure?

(iii) What nice properties or axioms does measure (or the concept of
measurability) obey?

(iv) Are “ordinary” sets such as cubes, balls, polyhedra, etc., measur-
able?

(v) Does the measure of an “ordinary” set equal the “naive geometric
measure” of such sets? (For example, is the measure of an a x b
rectangle equal to ab?)

These questions are somewhat open-ended in formulation, and there is
no unique answer to them; in particular, one can expand the class of mea-
surable sets at the expense of losing one or more nice properties of measure
in the process (e.g. finite or countable additivity, translation invariance, or
rotation invariance). However, there are two basic answers which, between
them, suffice for most applications. The first is the concept of Jordan mea-
sure (or Jordan content) of a Jordan measurable set, which is a concept
closely related to that of the Riemann integral (or Darboux integral). This

2The paradox only works in three dimensions and higher, for reasons having to do with
the group-theoretic property of amenability; see §2.2 of An epsilon of room, Vol. I for further
discussion.



4 1. Measure theory

concept is elementary enough to be systematically studied in an undergrad-
uate analysis course, and suffices for measuring most of the “ordinary” sets
(e.g. the area under the graph of a continuous function) in many branches
of mathematics. However, when one turns to the type of sets that arise in
analysis, and in particular, those sets that arise as limits (in various senses)
of other sets, it turns out that the Jordan concept of measurability is not
quite adequate, and must be extended to the more general notion of Lebesgue
measurability, with the corresponding notion of Lebesgue measure that ex-
tends Jordan measure. With the Lebesgue theory (which can be viewed
as a completion of the Jordan-Darboux-Riemann theory), one keeps almost
all of the desirable properties of Jordan measure, but with the crucial ad-
ditional property that many features of the Lebesgue theory are preserved
under limits (as exemplified in the fundamental convergence theorems of
the Lebesgue theory, such as the monotone convergence theorem (Theorem
[LZ443) and the dominated convergence theorem (Theorem [[L4.4]]), which do
not hold in the Jordan-Darboux-Riemann setting). As such, they are par-
ticularly well suitedﬁ for applications in analysis, where limits of functions
or sets arise all the time.

In later sections, we will formally define Lebesgue measure and the
Lebesgue integral, as well as the more general concept of an abstract measure
space and the associated integration operation. In the rest of the current
section, we will discuss the more elementary concepts of Jordan measure
and the Riemann integral. This material will eventually be superceded by
the more powerful theory to be treated in later sections; but it will serve as
motivation for that later material, as well as providing some continuity with
the treatment of measure and integration in undergraduate analysis courses.

1.1.1. Elementary measure. Before we discuss Jordan measure, we dis-
cuss the even simpler notion of elementary measure, which allows one to
measure a very simple class of sets, namely the elementary sets (finite unions
of boxes).

Definition 1.1.1 (Intervals, boxes, elementary sets). An interval is a subset
of R of the form [a,b] :={z € R:a <z <b}, [a,b) :={xr € R:a <z <b},
(a,b] .= {x € R :a < x < b}, or (a,b) ;== {r € R:a < x < b},
where a < b are real numbers. We define the length@ |I| of an interval
I = [a,b],[a,b), (a,b],(a,b) to be |I| := b—a. A bor in R? is a Cartesian
product B := I3 x...xI; of d intervals I, . . ., I; (not necessarily of the same

3There are other ways to extend Jordan measure and the Riemann integral (see for instance
Exercise [[L6.54] or Section [[L73]), but the Lebesgue approach handles limits and rearrangement
better than the other alternatives, and so has become the standard approach in analysis; it is also
particularly well suited for providing the rigorous foundations of probability theory, as discussed
in Section 2.3

4Note we allow degenerate intervals of zero length.
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length), thus for instance, an interval is a one-dimensional box. The volume
|B| of such a box B is defined as |B| := |I1]| X ... X |I4|. An elementary set
is any subset of R? which is the union of a finite number of boxes.

Exercise 1.1.1 (Boolean closure). Show that if £, F C R? are elementary
sets, then the union F U F', the intersection £ N F', and the set theoretic
difference E\F := {z € E : z ¢ F'}, and the symmetric difference EAF :=
(E\F) U (F\E) are also elementary. If z € R? show that the translate
E+z:={y+x:y € FE} is also an elementary set.

We now give each elementary set a measure.

Lemma 1.1.2 (Measure of an elementary set). Let E C R? be an elemen-
tary set.

(i) E can be expressed as the finite union of disjoint bozes.

(ii) If E is partitioned as the finite union B1U. ..U By of disjoint bozes,
then the quantity m(E) := |B1| + ...+ |By| is independent of the
partition. In other words, given any other partition By U...U By,
of E, one has |Bi|+ ...+ |By| = |B|+ ...+ B}/

We refer to m(E) as the elementary measure of E. (We occasionally write
m(E) as m*(E) to emphasise the d-dimensional nature of the measure.)
Thus, for example, the elementary measure of (1,2)U[3,6] is (2—1)+(6—3) =
4.

Proof. We first prove (i) in the one-dimensional case d = 1. Given any
finite collection of intervals Iy, . . ., I, one can place the 2k endpoints of these
intervals in increasing order (discarding repetitions). Looking at the open
intervals between these endpoints, together with the endpoints themselves
(viewed as intervals of length zero), we see that there exists a finite collection
of disjoint intervals Ji,..., Ji such that each of the I,...,I; are a union
of some subcollection of the Ji, ..., Ji. This already gives (i) when d = 1.
To prove the higher dimensional case, we express E as the union By, ..., By
of boxes B; = I;1 X ... X I;4q. For each j = 1,...,d, we use the one-
dimensional argument to express I j,..., I} ; as the union of subcollections
of a collection Jy j, .. ., Jk.;, j of disjoint intervals. Taking Cartesian products,
we can express the Bi,..., By as finite unions of boxes J;; 1 X ... X J;, 4,
where 1 < 4; < k} for all 1 < j < d. Such boxes are all disjoint, and the
claim follows.

To prove (ii) we use a discretisation argument. Observe (exercise!) that
for any interval I, the length of I can be recovered by the limiting formula

1

1
NI N2

1= Jim 5
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where %Z :={% :n € Z} and #A denotes the cardinality of a finite set A.
Taking Cartesian products, we see that

1 1
B| = lim —#(Bn —2¢
1Bl = Jim a#(BNGZY

for any box B, and in particular, that

1 1,
Denoting the right-hand side as m(E), we obtain the claim (ii). O

Exercise 1.1.2. Give an alternate proof of Lemmal[l.T.2(ii) by showing that
any two partitions of F into boxes admit a mutual refinement into boxes
that arise from taking Cartesian products of elements from finite collections
of disjoint intervals.

Remark 1.1.3. One might be tempted now to define the measure m(E) of
an arbitrary set £ C R? by the formula

- 1 1, 4

(1.1) m(E) := A}gnoo W#(E N NZ ),

since this worked well for elementary sets. However, this definition is not
particularly satisfactory for a number of reasons. First, one can concoct
examples in which the limit does not exist (Exercise!). Even when the
limit does exist, this concept does not obey reasonable properties such as
translation invariance. For instance, if d = 1 and E := QN 0,1] := {z €
Q : 0 <z <1}, then this definition would give E a measure of 1, but would
give the translate E++V2:= {:E—I—\/§ cx € Q;0 < x <1} ameasure of zero.
Nevertheless, the formula (L) will be valid for all Jordan measurable sets
(see Exercise [LT.13)). It also makes precise an important intuition, namely
that the continuous concept of measure can be Viewedﬁ as a limit of the
discrete concept of (normalised) cardinality.

From the definitions, it is clear that m(F) is a non-negative real number
for every elementary set F, and that

m(EUF) =m(E)+ m(F)
whenever F and F' are disjoint elementary sets. We refer to the latter
property as finite additivity; by induction it also implies that
m(EvU...UEL) =m(E1) + ...+ m(Ey)
5 Another way to obtain continuous measure as the limit of discrete measure is via Monte
Carlo integration, although in order to rigorously introduce the probability theory needed to set

up Monte Carlo integration properly, one already needs to develop a large part of measure theory,
so this perspective, while intuitive, is not suitable for foundational purposes.
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whenever F7, ..., E} are disjoint elementary sets. We also have the obvious
degenerate case

m(0) = 0.

Finally, elementary measure clearly extends the notion of volume, in the
sense that

m(B) = |B|

for all boxes B.

From non-negativity and finite additivity (and Exercise [[T.]) we con-
clude the monotonicity property

m(E) < m(F)

whenever ' C F' are nested elementary sets. From this and finite additivity
(and Exercise [[L.T.1]) we easily obtain the finite subadditivity property

m(EUF) <m(E)+ m(F)

whenever E, F' are elementary sets (not necessarily disjoint); by induction
one then has

whenever E1, ..., Ej are elementary sets (not necessarily disjoint).

It is also clear from the definition that we have the translation invariance
m(E + z) = m(FE)

for all elementary sets F and z € R%.

These properties in fact define elementary measure up to normalisation:

Exercise 1.1.3 (Uniqueness of elementary measure). Let d > 1. Let
m': £(R?Y) — R* be a map from the collection £(R?) of elementary subsets
of R to the non-negative reals that obeys the non-negativity, finite additiv-
ity, and translation invariance properties. Show that there exists a constant
c € R* such that m/(E) = em(E) for all elementary sets E. In particular,
if we impose the additional normalisation m’([0,1)?) = 1, then m/ = m.
(Hint: Set ¢ := m’([0,1)9), and then compute m/([0,2)?) for any positive
integer n.)

Exercise 1.1.4. Let di,dy > 1, and let E; ¢ R%, Ey € R% be elementary
sets. Show that F; x Ey C RUT% is elementary, and m#+%(E; x Fy) =
m¥ (E1) x m®(Ey).
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1.1.2. Jordan measure. We now have a satisfactory notion of measure
for elementary sets. But of course, the elementary sets are a very restrictive
class of sets, far too small for most applications. For instance, a solid triangle
or disk in the plane will not be elementary, or even a rotated box. On the
other hand, as essentially observed long ago by Archimedes, such sets E can
be approximated from within and without by elementary sets A C ¥ C B,
and the inscribing elementary set A and the circumscribing elementary set
B can be used to give lower and upper bounds on the putative measure of E.
As one makes the approximating sets A, B increasingly fine, one can hope
that these two bounds eventually match. This gives rise to the following
definitions.

Definition 1.1.4 (Jordan measure). Let F C R? be a bounded set.
e The Jordan inner measure m, (;)(E) of E is defined as

my () (E) = sup m(A).
ACE,A elementary

e The Jordan outer measure m*™\)(E) of E is defined as

m*>N(E) = inf m(DB).
BDE,B elementary
o Ifm, y(FE)= m*()(E), then we say that E is Jordan measurable,
and call m(E) :=m, ;) (E) = m*)(E) the Jordan measure of E.
As before, we write m(E) as m?(E) when we wish to emphasise
the dimension d.

By convention, we do not consider unbounded sets to be Jordan measurable
(they will be deemed to have infinite Jordan outer measure).

Jordan measurable sets are those sets which are “almost elementary”
with respect to Jordan outer measure. More precisely, we have

Exercise 1.1.5 (Characterisation of Jordan measurability). Let F C RY
be bounded. Show that the following are equivalent:

(1) E is Jordan measurable.

(2) For every € > 0, there exist elementary sets A C E C B such that
m(B\A) < e.

(3) For every € > 0, there exists an elementary set A such that
m*>)(AAE) < e.

As one corollary of this exercise, we see that every elementary set E
is Jordan measurable, and that Jordan measure and elementary measure
coincide for such sets; this justifies the use of m(F) to denote both. In
particular, we still have m(()) = 0.
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Jordan measurability also inherits many of the properties of elementary
measure:

Exercise 1.1.6. Let E, F' C R? be Jordan measurable sets.

(1) (Boolean closure) Show that EU F, ENF, E\F, and EAF are
Jordan measurable.

(2) (Non-negativity) m(E) > 0.

(3) (Finite additivity) If E, F' are disjoint, then m(E U F) = m(FE) +

(4) (Monotonicity) If E C F', then m(E) < m(F).

(5) (Finite subadditivity) m(E U F) < m(E) + m(F).

(6) (Translation invariance) For any = € R% FE + z is Jordan measur-
able, and m(E + z) = m(E).

Now we give some examples of Jordan measurable sets:

Exercise 1.1.7 (Regions under graphs are Jordan measurable). Let B be
a closed box in R%, and let f: B — R be a continuous function.

(1) Show that the graph {(z, f(x)) : * € B} ¢ R%"! is Jordan mea-
surable in R%*! with Jordan measure zero. (Hint: On a compact
metric space, continuous functions are uniformly continuous.)

(2) Show that the set {(z,t): 2z € B;0 <t < f(x)} ¢ R is Jordan
measurable.
Exercise 1.1.8. Let A, B, C be three points in R?.

(1) Show that the solid triangle with vertices A, B,C is Jordan mea-
surable.

(2) Show that the Jordan measure of the solid triangle is equal to
/(B — A) A (C — A)|, where |(a,b) A (¢, d)| == |ad — bc].

(Hint: It may help to first do the case when one of the edges, say AB, is
horizontal.)

Exercise 1.1.9. Show that every compact convex polytope@ in R% is Jordan
measurable.

Exercise 1.1.10.

(1) Show that all open and closed Euclidean balls B(z,r) := {y € R? :
ly — x| <r}, B(x,r) :={y € R?: |y — x| < r} in R? are Jordan
measurable, with Jordan measure ¢gr¢ for some constant ¢g > 0
depending only on d.

6A closed convex polytope is a subset of R% formed by intersecting together finitely many
closed half-spaces of the form {x € R%: z-v < ¢}, where v € R%, ¢ € R, and - denotes the usual
dot product on R%. A compact convez polytope is a closed convex polytope which is also bounded.
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(2) Establish the crude bounds

2 \¢ d
— < g <29
(ﬂ) ==

. a2 .
(An exact formula for ¢4 is ¢y = éwd, where wy 1= % is the volume of

the unit sphere S%~! ¢ R? and T is the Gamma function, but we will not
derive this formula here.)

Exercise 1.1.11. This exercise assumes familiarity with linear algebra. Let
L: RY — R be a linear transformation.

(1) Show that there exists a non-negative real number D such that
m(L(E)) = Dm(E) for every elementary set E (note from previous
exercises that L(FE) is Jordan measurable). (Hint: Apply Exercise
I3 to the map E — m(L(E)).)

(2) Show that if E is Jordan measurable, then L(F) is also, and
m(L(E)) = Dm(E).

(3) Show that D = |det L|. (Hint: Work first with the case when L is
an elementary transformation, using Gaussian elimination. Alter-
natively, work with the cases when L is a diagonal transformation
or an orthogonal transformation, using the unit ball in the latter
case, and use the polar decomposition.)

Exercise 1.1.12. Define a Jordan null set to be a Jordan measurable set of
Jordan measure zero. Show that any subset of a Jordan null set is a Jordan
null set.

Exercise 1.1.13. Show that (ILT)) holds for all Jordan measurable £ C R

Exercise 1.1.14 (Metric entropy formulation of Jordan measurability).
Define a dyadic cube to be a half-open box of the form

[il z'1+1) [id id+1)

aon? X X5

2n’  2n 2n’  2n

for some integers n,i1,...,iq. Let E C R? be a bounded set. For each
integer n, let £,(F,2™") denote the number of dyadic cubes of sidelength
27" that are contained in F, and let £*(FE,2™") be the number of dyadic
cubedd of sidelength 27" that intersect £. Show that F is Jordan measurable
if and only if

lim 279 (EX(E,27") — £,(E,27™)) =0,

n—o0

in which case one has
m(E) = lim 27", (F,27") = lim 2”& (E,27™).

n—oo n—oo

"This quantity could be called the (dyadic) metric entropy of E at scale 27 ™.
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Exercise 1.1.15 (Uniqueness of Jordan measure). Let d>1. Let m’: J(R%)
— R™ be a map from the collection J (Rd) of Jordan-measurable subsets of
R? to the non-negative reals that obeys the non-negativity, finite additiv-
ity, and translation invariance properties. Show that there exists a constant
¢ € R such that m/(E) = ¢m(E) for all Jordan measurable sets F. In
particular, if we impose the additional normalisation m’([0,1)%) = 1, then
m' = m.

Exercise 1.1.16. Let dq,ds > 1, and let E; ¢ R%, Ey ¢ R% be Jordan
measurable sets. Show that E; x Ey ¢ R4142 i Jordan measurable, and
mi+e(E x By) = m¥ (Ey) x m®(Ey).

Exercise 1.1.17. Let P, Q be two polytopes in R%. Suppose that P can be
partitioned into finitely many sub-polytopes P4, ..., P, which, after being
rotated and translated, form new polytopes Q1, ..., Q, which are an almost
disjoint cover of @), which means that Q = Q1 U ... U @,, and for any
1 <i<j<n,Q; and Q; only intersect at the boundary (i.e. the interior of
Qi is disjoint from the interior of @j). Conclude that P and @ have the same
Jordan measure. The converse statement is true in one and two dimensions
d = 1,2 (this is the Bolyai-Gerwien theorem), but false in higher dimensions
(this was Dehn’s negative answer [Del901] to Hilbert’s third problem).

The above exercises give a fairly large class of Jordan measurable sets.
However, not every subset of R? is Jordan measurable. First of all, the
unbounded sets are not Jordan measurable, by construction. But there are
also bounded sets that are not Jordan measurable:

Exercise 1.1.18. Let £ C R be a bounded set.

(1) Show that E and the closure E of E have the same Jordan outer
measure.

(2) Show that E and the interior E° of E have the same Jordan inner
measure.

(3) Show that E is Jordan measurable if and only if the topological
boundary OF of E has Jordan outer measure zero.

(4) Show that the bullet-riddled square [0,1]*\Q?, and set of bullets
[0, 1]2NQ?, both have Jordan inner measure zero and Jordan outer
measure one. In particular, both sets are not Jordan measurable.

Informally, any set with a lot of “holes”, or a very “fractal” boundary,
is unlikely to be Jordan measurable. In order to measure such sets we will
need to develop Lebesgue measure, which is done in the next set of notes.

Exercise 1.1.19 (Carathéodory type property). Let E C R? be a bounded
set, and let I C R? be an elementary set. Show that m*/)(E) =
m*>(ENF) +m*)(E\F).
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1.1.3. Connection with the Riemann integral. To conclude this sec-
tion, we briefly discuss the relationship between Jordan measure and the
Riemann integral (or the equivalent Darbouz integral). For simplicity we
will only discuss the classical one-dimensional Riemann integral on an in-
terval [a, b], though one can extend the Riemann theory without much dif-
ficulty to higher-dimensional integrals on Jordan measurable sets. (In later
sections, this Riemann integral will be superceded by the Lebesgue integral.)

Definition 1.1.5 (Riemann integrability). Let [a,b] be an interval of pos-
itive length, and let f: [a,b] — R be a function. A tagged partition P =

((xo, 1, .., n), (x7,...,2})) of [a,b] is a finite sequence of real numbers
a =9 < ] < ... <xy = b, together with additional numbers z;_; <
x; < x; for each ¢ =1,...,n. We abbreviate x; — x;_1 as dx;. The quantity

A(P) = sup;<;<,, 0z; will be called the norm of the tagged partition. The
Riemann sum R(f,P) of f with respect to the tagged partition P is defined
as

=1

We say that f is Riemann integrable on [a,b] if there exists a real number,
denoted ff f(z) dz and referred to as the Riemann integral of f on [a,b],

for which we have

b
/f(x) dr = lim R(f,P)

A(P)—0
by which we mean that for every ¢ > 0 there exists § > 0 such that |R(f, P)—
f; f(z) dz| < e for every tagged partition P with A(P) < 4.

If [a, b] is an interval of zero length, we adopt the convention that every
function f: [a,b] — R is Riemann integrable, with a Riemann integral of
ZEero.

Note that unbounded functions cannot be Riemann integrable (why?).

The above definition, while geometrically natural, can be awkward to
use in practice. A more convenient formulation of the Riemann integral can
be formulated using some additional machinery.

Exercise 1.1.20 (Piecewise constant functions). Let [a,b] be an interval.
A piecewise constant function f: [a,b] — R is a function for which there
exists a partition of [a, b] into finitely many intervals Iy, ..., I, such that f
is equal to a constant ¢; on each of the intervals I;. If f is piecewise constant,

show that the expression
n

> el

i=1
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is independent of the choice of partition used to demonstrate the piecewise
constant nature of f. We will denote this quantity by p.c. ff f(x) dx, and
refer to it as the piecewise constant integral of f on |a,b].

Exercise 1.1.21 (Basic properties of the piecewise constant integral). Let
[a, b] be an interval, and let f, g: [a,b] — R be piecewise constant functions.
Establish the following statements:

(1) (Linearity) For any real number ¢, ¢f and f + g are piecewise con-
stant, with p.c. ff cf(z) de = ¢ p.c. fff(:n) dx and p.c. f;f(:z:) +
g(z) dx = p.c. fabf(x) dx + p.c. f;g(az) dzx.

(2) (Monotonicity) If f < g pointwise (i.e. f(z) < g(x) for all z €
[a,b]), then p.c. f; f(z) dz < p.c. f;g(x) dz.

(3) (Indicator) If E is an elementary subset of [a,b], then the in-
dicator function 1g: [a,b] — R (defined by setting lgp(z) := 1
when z € E and 1g(z) := 0 otherwise) is piecewise constant, and
p.c. f; 1g(z) de = m(E).

Definition 1.1.6 (Darboux integral). Let [a, b] be an interval, and f: [a, b] —
R be a bounded function. The lower Darbouz integral f;f(a:) dz of f on
[a, b] is defined as o

b b
/ f(x) dz = sup p.c./ g(z) dz,

g<f, plecewise constant

where ¢ ranges over all piecewise constant functions that are pointwise
bounded above by f. (The hypothesis that f is bounded ensures that the
supremum is over a non-empty set.) Similarly, we define the upper Darboux

integral f; f(z) dx of f on [a,b] by the formula

b b

/ f(z) dzx = ~inf p.c./ h(z) dx.
a h>f, plecewlse constant a

Clearly, f; flx) dx < f_abf(a:) dz. 1If these two quantities are equal, we

say that f is Darbouz integrable, and refer to this quantity as the Darboux

integral of f on [a,b)].

Note that the upper and lower Darboux integrals are related by the
reflection identity

/ab—f(:n) do = —£f(:n) da.

Exercise 1.1.22. Let [a,b] be an interval, and f: [a,b] — R be a bounded
function. Show that f is Riemann integrable if and only if it is Darboux
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integrable, in which case the Riemann integral and Darboux integrals are
equal.

Exercise 1.1.23. Show that any continuous function f: [a,b] — R is Rie-
mann integrable. More generally, show that any bounded, piecewise contin-
uousd function f:[a,b] — R is Riemann integrable.

Now we connect the Riemann integral to Jordan measure in two ways.
First, we connect the Riemann integral to one-dimensional Jordan measure:

Exercise 1.1.24 (Basic properties of the Riemann integral). Let [a,b] be
an interval, and let f,g: [a,b] — R be Riemann integrable. Establish the
following statements:

(1) (Linearity) For any real number ¢, cf and f + g are Riemann inte-
grable, with ff cf(z) do = c- fabf(x) dx and fabf(x) +g(z) dx =
fabf(x) dx + fabg(x) dx.

(2) (Monotonicity) If f <g pointwise (i.e. f(z) < g(x) for all x € [a, b)),
then f; f(x) de < fabg(a:) dzx.

(3) (Indicator) If E is a Jordan measurable of [a,b], then the indica-
tor function 1g: [a,b] — R (defined by setting 1g(z) := 1 when
x € E and 1g(x) := 0 otherwise) is Riemann integrable, and
ff 1g(z) de = m(E).

Finally, show that these properties uniquely define the Riemann integral, in
the sense that the functional f +— f; f(x) dx is the only map from the space
of Riemann integrable functions on [a,b] to R which obeys all three of the
above properties.

Next, we connect the integral to two-dimensional Jordan measure:

Exercise 1.1.25 (Area interpretation of the Riemann integral). Let [a, b]
be an interval, and let f: [a,b] — R be a bounded function. Show that f
is Riemann integrable if and only if the sets Ey := {(z,t) : x € [a,b];0 <
t < f(z)} and E_ = {(z,t) : © € [a,b]; f(x) <t < 0} are both Jordan
measurable in R?, in which case one has

b
/ f(x) de = m?(E,) —m*(E.),

where m? denotes two-dimensional Jordan measure. (Hint: First establish
this in the case when f is non-negative.)

8 A function f: [a,b] — R is piecewise continuous if one can partition [a, b] into finitely many
intervals, such that f is continuous on each interval.
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Exercise 1.1.26. Extend the definition of the Riemann and Darboux inte-
grals to higher dimensions, in such a way that analogues of all the previous
results hold.

1.2. Lebesgue measure

In Section [T we recalled the classical theory of Jordan measure on Eu-
clidean spaces R®. This theory proceeded in the following stages:

(i) First, one defined the notion of a box B and its volume |B]|.

(ii) Using this, one defined the notion of an elementary set E (a finite
union of boxes), and defines the elementary measure m(FE) of such
sets.

(iii) From this, one defined the inner and Jordan outer measures
m*V(J)(E),m*’(J)(E) of an arbitrary bounded set £ c R% If
those measures match, we say that E is Jordan measurable, and
call m(E) = m, (5)(E) = m*)(E) the Jordan measure of E.

As long as one is lucky enough to only have to deal with Jordan mea-
surable sets, the theory of Jordan measure works well enough. However, as
noted previously, not all sets are Jordan measurable, even if one restricts
attention to bounded sets. In fact, we shall see later in these notes that there
even exist bounded open sets, or compact sets, which are not Jordan mea-
surable, so the Jordan theory does not cover many classes of sets of interest.
Another class that it fails to cover is countable unions or intersections of
sets that are already known to be measurable:

Exercise 1.2.1. Show that the countable union |J;”; E; or countable in-
tersection ﬂflozl E, of Jordan measurable sets E1, Fs,... C R need not be
Jordan measurable, even when bounded.

This creates problems with Riemann integrability (which, as we saw in
Section [Tl was closely related to Jordan measure) and pointwise limits:

Exercise 1.2.2. Give an example of a sequence of uniformly bounded, Rie-
mann 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 inte-
grable. What happens if we replace pointwise convergence with uniform
convergence?

These issues can be rectified by using a more powerful notion of measure
than Jordan measure, namely Lebesgue measure. To define this measure, we
first tinker with the notion of the Jordan outer measure

m*>)(E) = inf m(B)
BOE;B elementary
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of a set E C R% (we adopt the convention that m*(/))(E) = 400 if E is
unbounded, thus m*(/) now takes values in the extended non-negative reals
[0, +00], whose properties we will briefly review below). Observe from the
finite additivity and subadditivity of elementary measure that we can also
write the Jordan outer measure as

m*(E) = inf |B1| + ...+ |Bul,
B1U...UB,DE;Bs,..., B, boxes

i.e., the Jordan outer measure is the infimal cost required to cover F by a
finite union of boxes. (The natural number k is allowed to vary freely in
the above infimum.) We now modify this by replacing the finite union of

boxes by a countable union of boxes, leading to the Lebesgue outer measureﬁ
m*(E) of E:

[e.9]

m*(E) := inf > " |Bul,

U2, BnDE;B1,Bs,... boxes 1 —

thus the Lebesgue outer measure is the infimal cost required to cover £ by
a countable union of boxes. Note that the countable sum Y > | |B,| may be
infinite, and so the Lebesgue outer measure m*(E) could well equal +o00.

Clearly, we always have m*(E) < m*(/)(E) (since we can always pad out
a finite union of boxes into an infinite union by adding an infinite number
of empty boxes). But m*(FE) can be a lot smaller:

Example 1.2.1. Let £ = {x1,29,23,...} C R? be a countable set. We
know that the Jordan outer measure of E' can be quite large; for instance,
in one dimension, m*(/)(Q) is infinite, and m*)(Q N [-R,R]) =
m*)([-R,R]) = 2R since Q N [-R, R] has [—R, R] as its closure (see
Exercise [LT.I8). On the other hand, all countable sets E have Lebesgue
outer measure zero. Indeed, one simply covers F by the degenerate boxes
{z1},{x2},... of sidelength and volume zero.

Alternatively, if one does not like degenerate boxes, one can cover each
xn, by a cube B,, of sidelength £/2" (say) for some arbitrary ¢ > 0, leading
to a total cost of > °° | (e/2™)4, which converges to Cye? for some absolute
constant Cy. As e can be arbitrarily small, we see that the Lebesgue outer
measure must be zero. We will refer to this type of trick as the £/2™ trick;
it will be used many more times in this text.

From this example we see, in particular, that a set may be unbounded
while still having Lebesgue outer measure zero, in contrast to Jordan outer
measure.

9Lebesgue outer measure is also denoted m.(E) in some texts.
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As we shall see in Section [[.7] Lebesgue outer measure (also known as
Lebesgue exterior measure) is a special case of a more general concept known
as an outer measure.

In analogy with the Jordan theory, we would also like to define a concept
of “Lebesgue inner measure” to complement that of outer measure. Here,
there is an asymmetry (which ultimately arises from the fact that elemen-
tary measure is subadditive rather than superadditive): one does not gain
any increase in power in the Jordan inner measure by replacing finite unions
of boxes with countable ones. But one can get a sort of Lebesgue inner mea-
sure by taking complements; see Exercise This leads to one possible
definition for Lebesgue measurability, namely the Carathéodory criterion for
Lebesgue measurability; see Exercise [L2.171 However, this is not the most
intuitive formulation of this concept to work with, and we will instead use a
different (but logically equivalent) definition of Lebesgue measurability. The
starting point is the observation (see Exercise [[I.13) that Jordan measur-
able sets can be efficiently contained in elementary sets, with an error that
has small Jordan outer measure. In a similar vein, we will define Lebesgue
measurable sets to be sets that can be efficiently contained in open sets,
with an error that has small Lebesgue outer measure:

Definition 1.2.2 (Lebesgue measurability). A set E ¢ R? is said to be
Lebesgue measurable if, for every € > 0, there exists an open set U C R?
containing F such that m*(U\FE) < e. If E is Lebesgue measurable, we refer
to m(FE) := m*(F) as the Lebesgue measure of E (note that this quantity
may be equal to +00). We also write m(E) as m%(E) when we wish to
emphasise the dimension d.

Remark 1.2.3. The intuition that measurable sets are almost open is also
known as Littlewood’s first principle, this principle is a triviality with our
current choice of definitions, though less so if one uses other, equivalent, def-
initions of Lebesgue measurability. See Section for a further discussion
of Littlewood’s principles.

As we shall see later, Lebesgue measure extends Jordan measure, in
the sense that every Jordan measurable set is Lebesgue measurable, and
the Lebesgue measure and Jordan measure of a Jordan measurable set are
always equal. We will also see a few other equivalent descriptions of the
concept of Lebesgue measurability.

In the notes below we will establish the basic properties of Lebesgue mea-
sure. Broadly speaking, this concept obeys all the intuitive properties one
would ask of measure, so long as one restricts attention to countable opera-
tions rather than uncountable ones, and as long as one restricts attention to
Lebesgue measurable sets. The latter is not a serious restriction in practice,
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as almost every set one actually encounters in analysis will be measurable
(the main exceptions being some pathological sets that are constructed using
the axiom of choice). In the next set of notes we will use Lebesgue mea-
sure to set up the Lebesgue integral, which extends the Riemann integral
in the same way that Lebesgue measure extends Jordan measure; and the
many pleasant properties of Lebesgue measure will be reflected in analogous
pleasant properties of the Lebesgue integral (most notably the convergence
theorems).

We will treat all dimensions d = 1,2, ... equally here, but for the pur-
poses of drawing pictures, we recommend to the reader that one sets d equal
to 2. However, for this topic at least, no additional mathematical difficulties
will be encountered in the higher-dimensional case (though of course there
are significant visual difficulties once d exceeds 3).

1.2.1. Properties of Lebesgue outer measure. We begin by studying
the Lebesgue outer measure m*, which was defined earlier, and takes values
in the extended non-negative real axis [0, +oc]. We first record three easy
properties of Lebesgue outer measure, which we will use repeatedly in the
sequel without further comment:

Exercise 1.2.3 (The outer measure axioms).
(i) (Empty set) m*(0) = 0.
(ii) (Monotonicity) If E C F C R, then m*(E) < m*(F).
(iii) (Countable subadditivity) If E1, Es,... C R? is a countable se-
quence of sets, then m*((J;", En) < > .07y m*(Ey). (Hint: Use
the axiom of countable choice, Tonelli’s theorem for series, and the

£/2" trick used previously to show that countable sets have outer
measure zero.)

Note that countable subadditivity, when combined with the empty set
axiom, gives as a corollary the finite subadditivity property

m*(El U... UEk) < m*(E1) + ... —I—m*(Ek)

for any k£ > 0. These subadditivity properties will be useful in establishing
upper bounds on Lebesgue outer measure. Establishing lower bounds will
often be a bit trickier. (More generally, when dealing with a quantity that
is defined using an infimum, it is usually easier to obtain upper bounds on
that quantity than lower bounds, because the former requires one to bound
just one element of the infimum, whereas the latter requires one to bound
all elements.)

Remark 1.2.4. Later on in this text, when we study abstract measure the-
ory on a general set X, we will define the concept of an outer measure on
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X, which is an assigment E +— m*(E) of element of [0,400] to arbitrary
subsets E of a space X that obeys the above three axioms of the empty set,
monotonicity, and countable subadditivity; thus Lebesgue outer measure is
a model example of an abstract outer measure. On the other hand (and
somewhat confusingly), Jordan outer measure will not be an abstract outer
measure (even after adopting the convention that unbounded sets have Jor-
dan outer measure +00): it obeys the empty set and monotonicity axioms,
but is only finitely subadditive rather than countably subadditive. (For in-
stance, the rationals Q have infinite Jordan outer measure, despite being
the countable union of points, each of which have a Jordan outer measure
of zero.) Thus we already see a major benefit of allowing countable unions
of boxes in the definition of Lebesgue outer measure, in contrast to the fi-
nite unions of boxes in the definition of Jordan outer measure, in that finite
subadditivity is upgraded to countable subadditivity.

Of course, one cannot hope to upgrade countable subadditivity to un-
countable subadditivity: R? is an uncountable union of points, each of which
has Lebesgue outer measure zero, but (as we shall shortly see), R? has infi-
nite Lebesgue outer measure.

It is natural to ask whether Lebesgue outer measure has the finite addi-
tivity property, that is to say that m*(E U F) = m*(E) + m*(F) whenever
E,F c R? are disjoint. The answer to this question is somewhat subtle: as
we shall see later, we have finite additivity (and even countable additivity)
when all sets involved are Lebesgue measurable, but that finite additivity
(and hence also countable additivity) can break down in the non-measurable
case. The difficulty here (which, incidentally, also appears in the theory of
Jordan outer measure) is that if £ and F' are sufficiently “entangled” with
each other, it is not always possible to take a countable cover of E U F' by
boxes and split the total volume of that cover into separate covers of E
and F without some duplication. However, we can at least recover finite
additivity if the sets F, I’ are separated by some positive distance:

Lemma 1.2.5 (Finite additivity for separated sets). Let E, F C R? be such
that dist(E, F') > 0, where

dist(E, F) :=inf{|lz —y| :x € E,y € F}
is the distancd between E and F. Then m*(EUF)=m*(E)+m*(F).
Proof. From subadditivity one has m*(E U F) < m*(E) + m*(F), so it

suffices to prove the other direction m*(E) + m*(F) < m*(E U F'). This is
trivial if £ U F' has infinite Lebesgue outer measure, so we may assume that

10Recall from the preface that we use the usual Euclidean metric |(x1,...,%q)|] :=

,/m%—l—...—l—xﬁ on RY.
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it has finite Lebesgue outer measure (and then the same is true for E and
F', by monotonicity).

We use the standard “give yourself an epsilon of room” trick (see Section
2.7 of An epsilon of room, Vol I.). Let ¢ > 0. By definition of Lebesgue
outer measure, we can cover FUF by a countable family Bj, Bo, ... of boxes
such that

o0

> |Bpl <m*(EUF) +e.

n=1
Suppose it was the case that each box intersected at most one of E and
F. Then we could divide this family into two subfamilies B{, Bj,... and
BY, By, BY, ..., the first of which covered E, and the second of which covered
F'. From definition of Lebesgue outer measure, we have

oo
m*(E) <Y |By|
n=1
and
[e.e]
m*(F) <> |Byl;
n=1
summing, we obtain
oo
m*(E) +m*(F) <) [Byl
n=1

and thus
m*(E)+m*(F) <m*(EUF)+e.
Since ¢ was arbitrary, this gives m*(E) + m*(F) < m*(E U F) as required.

Of course, it is quite possible for some of the boxes B,, to intersect both
F and F, particularly if the boxes are big, in which case the above argument
does not work because that box would be double-counted. However, observe
that given any r > 0, one can always partition a large box B, into a finite
number of smaller boxes, each of which has diamete at most r, with the
total volume of these sub-boxes equal to the volume of the original box.
Applying this observation to each of the boxes B,,, we see that given any
r > 0, we may assume without loss of generality that the boxes By, B, ...
covering U F' have diameter at most r. In particular, we may assume that
all such boxes have diameter strictly less than dist(E, F'). Once we do this,
then it is no longer possible for any box to intersect both £ and F', and then
the previous argument now applies. O

M1 The diameter of a set B is defined as sup{|z — y| : =,y € B}.
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In general, disjoint sets F, F' need not have a positive separation from
each other (e.g. F =[0,1) and F' = [1,2]). But the situation improves when
E, F are closed, and at least one of E, F' is compact:

Exercise 1.2.4. Let E, F C R be disjoint closed sets, with at least one of
E, F being compact. Show that dist(E, F') > 0. Give a counterexample to
show that this claim fails when the compactness hypothesis is dropped.

We already know that countable sets have Lebesgue outer measure zero.
Now we start computing the outer measure of some other sets. We begin
with elementary sets:

Lemma 1.2.6 (Outer measure of elementary sets). Let E be an elementary
set. Then the Lebesgue outer measure m*(E) of E is equal to the elementary
measure m(E) of E: m*(E) = m(E).

Remark 1.2.7. Since countable sets have zero outer measure, we note that
we have managed to give a proof of Cantor’s theorem that R? is uncountable.
Of course, much quicker proofs of this theorem are available. However, this
observation shows that the proof this lemma must somehow use some crucial
fact about the real line which is not true for countable subfields of R, such
as the rationals Q. In the proof we give here, the key fact about the real line
we use is the Heine-Borel theorem, which ultimately exploits the important
fact that the reals are complete. In the one-dimensional case d = 1, it is also
possible to exploit the fact that the reals are connected as a substitute for
completeness (note that proper subfields of the reals are neither connected
nor complete).

Proof. We already know that m*(E) < m*()(E) = m(E), so it suffices to
show that m(E) < m*(E).

We first establish this in the case when the elementary set E is closed.
As the elementary set F is also bounded, this allows us to use the powerful
Heine-Borel theorem, which asserts that every open cover of E has a finite
subcover (or in other words, E is compact).

Again, we use the epsilon of room strategy. Let € > 0 be arbitrary, then

we can find a countable family Bi, Bo, ... of boxes that cover FE,
o0
Ec | B,
n=1

and such that -
> |Bnl <m*(E) +e.
n=1

We would like to use the Heine-Borel theorem, but the boxes B,, need not
be open. But this is not a serious problem, as one can spend another epsilon
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to enlarge the boxes to be open. More precisely, for each box B, one can
find an open box B], containing B, such that |B}| < |B,|+¢/2" (say). The
B, still cover E, and we have

STIBL < S (1Bal +¢/27) = (Y |Bal) + & < m*(E) + 2e.
n=1 n=1 n=1

As the B], are open, we may apply the Heine-Borel theorem and conclude
that

N
Ec|JB,
n=1
for some finite V. Using the finite subadditivity of elementary measure, we
conclude that

N
m(E) <Y |By|
n=1

and thus
m(E) <m*(E) + 2e.

Since € > 0 was arbitrary, the claim follows.

Now we consider the case when the elementary F is not closed. Then
we can write E as the finite union @ U ... U @ of disjoint boxes, which
need not be closed. But, similarly to before, we can use the epsilon of room
strategy: for every ¢ > 0 and every 1 < j < k, one can find a closed sub-box
@ of Q; such that |Q| > |Q;| —¢/k (say); then E contains the finite union
of @) U...UQ) disjoint closed boxes, which is a closed elementary set. By
the previous discussion and the finite additivity of elementary measure, we
have

m* (QLU...UQ,) =m

Applying by monotonicity of Lebesgue outer measure, we conclude that
m*(E) > m(F) —«¢
for every € > 0. Since € > 0 was arbitrary, the claim follows. O
The above lemma allows us to compute the Lebesgue outer measure of
a finite union of boxes. From this and monotonicity we conclude that the

Lebesgue outer measure of any set is bounded below by its Jordan inner
measure. As it is also bounded above by the Jordan outer measure, we have

(1.2) e (E) < m*(E) < m*(E)

for every E C R,
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Remark 1.2.8. We are now able to explain why not every bounded open set
or compact set is Jordan measurable. Consider the countable set QN [0, 1],
which we enumerate as {q1,q2,¢3,...}, let € > 0 be a small number, and

consider the set
o

U= — /2" an +¢/2").
n=1
This is the union of open sets and is thus open. On the other hand, by
countable subadditivity, one has

m*(U) < 225/2” = 2¢.
n=1

Finally, as U is dense in [0, 1] (i.e. U contains [0, 1]), we have
m*>(U) = m>(T) > m*D([0,1]) = 1.

For € small enough (e.g. € := 1/3), we see that the Lebesgue outer measure
and Jordan outer measure of U disagree. Using (.2), we conclude that the
bounded open set U is not Jordan measurable. This in turn implies that
the complement of U in, say, [—2, 2], is also not Jordan measurable, despite
being a compact set.

Now we turn to countable unions of boxes. It is convenient to introduce
the following notion: two boxes are almost disjoint if their interiors are
disjoint, thus, for instance, [0, 1] and [1, 2] are almost disjoint. As a box has
the same elementary measure as its interior, we see that the finite additivity

property
(1.3) m(B1U...UBy) = |Bi| +...+ |By

holds for almost disjoint boxes Bi, ..., Bk, and not just for disjoint boxes.
This (and Lemma [[L2.6]) has the following consequence:

Lemma 1.2.9 (Outer measure of countable unions of almost disjoint boxes).
Let E = J,2 | By be a countable union of almost disjoint boxes By, Ba, .. ..
Then

[e.e]

m*(E) = 3 |Bal.

n=1
Thus, for instance, R? itself has an infinite outer measure.

Proof. From countable subadditivity and Lemma [[.2.6] we have

[e.e]

m*(E) <Y m*(By) =Y |Bul,
n=1

n=1
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so it suffices to show that
o0
> " |Bn| < m*(E).
n=1

But for each natural number N, F contains the elementary set B1U...UBy,
so by monotonicity and Lemma [[.2.6]

m*(E) >m*(B1U...UBpy)
:'m(BlU...UBN)

and thus by (I3]), one has
N

> Bl < m*(E).
n=1

Letting N — oo we obtain the claim. O

Remark 1.2.10. The above lemma has the following immediate corollary:
if £ =2y Bn = U,—; Bj, can be decomposed in two different ways as
the countable union of almost disjoint boxes, then Y 7 | |Bn| = > -2 | Bl
Although this statement is intuitively obvious and does not explicitly use the
concepts of Lebesgue outer measure or Lebesgue measure, it is remarkably
difficult to prove this statement rigorously without essentially using one of
these two concepts. (Try it!)

Exercise 1.2.5. Show that if a set £ C R¢ is expressible as the countable
union of almost disjoint boxes, then the Lebesgue outer measure of E is
equal to the Jordan inner measure: m*(E) = m, (;)(£), where we extend
the definition of Jordan inner measure to unbounded sets in the obvious
manner.

Not every set can be expressed as the countable union of almost disjoint
boxes (consider for instance the irrationals R\Q, which contain no boxes
other than the singleton sets). However, there is an important class of sets
of this form, namely the open sets:

Lemma 1.2.11. Let E C R? be an open set. Then E can be expressed as
the countable union of almost disjoint boxes (and, in fact, as the countable
union of almost disjoint closed cubes).

Proof. We will use the dyadic mesh structure of the Euclidean space RY,
which is a convenient tool for “discretising” certain aspects of real analysis.

Define a closed dyadic cube to be a cube @ of the form

11 11+ 1 g tq+1
Q: | X an’  on
2n 2n 2nt 2n
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for some integers n, i1, ..., 4. To avoid some technical issues we shall restrict
attention here to “small” cubes of sidelength at most 1, thus we restrict n
to the non-negative integers, and we will completely ignore “large” cubes of
sidelength greater than one. Observe that the closed dyadic cubes of a fixed
sidelength 27" are almost disjoint, and cover all of R%. Also observe that
each dyadic cube of sidelength 27™ is contained in exactly one “parent” cube
of sidelength 27" *! (which, conversely, has 2¢ “children” of sidelength 27),
giving the dyadic cubes a structure analogous to that of a binary tree (or
more precisely, an infinite forest of 2%-ary trees). As a consequence of these
facts, we also obtain the important dyadic nesting property: given any two
closed dyadic cubes (possibly of different sidelength), either they are almost
disjoint, or one of them is contained in the other.

If F is open, and x € E, then by definition there is an open ball centered
at x that is contained in F, and it is easy to conclude that there is also a
closed dyadic cube containing x that is contained in E. Thus, if we let Q
be the collection of all the dyadic cubes @ that are contained in E, we see
that the union (Joeo @ of all these cubes is exactly equal to E.

As there are only countably many dyadic cubes, Q is at most countable.
But we are not done yet, because these cubes are not almost disjoint (for
instance, any cube @ in Q will of course overlap with its child cubes). But
we can deal with this by exploiting the dyadic nesting property. Let OF
denote those cubes in O which are maximal with respect to set inclusion,
which means that they are not contained in any other cube in Q. From the
nesting property (and the fact that we have capped the maximum size of
our cubes) we see that every cube in Q is contained in exactly one maximal
cube in Q*, and that any two such maximal cubes in Q* are almost disjoint.
Thus, we see that F is the union £ = UQe o+ @ of almost disjoint cubes. As
Q* is at most countable, the claim follows (adding empty boxes if necessary
to pad out the cardinality). O

We now have a formula for the Lebesgue outer measure of any open set:
it is exactly equal to the Jordan inner measure of that set, or of the total
volume of any partitioning of that set into almost disjoint boxes. Finally,
we have a formula for the Lebesgue outer measure of an arbitrary set:

Lemma 1.2.12 (Outer regularity). Let E C R? be an arbitrary set. Then
one has

m(B) = ECU,llrflfopenm (O)-

Proof. From monotonicity one trivially has

m*(E) < inf m*(U)
ECUU open
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so it suffices to show that

inf m*(U) < m*(E).
ECUU open

This is trivial for m*(E) infinite, so we may assume that m*(E) is finite.

Let € > 0. By definition of outer measure, there exists a countable family
Bi, Bo, ... of boxes covering F such that

o0
> |Bnl <m*(E) +e.
n=1
We use the £/2™ trick again. We can enlarge each of these boxes B,, to an

open box By, such that |Bj,| < |By|+ ¢/2". Then the set | J,_, B}, being a
union of open sets, is itself open, and contains F; and

oo o
Z |Bl| <m*(E) +e+ 25/2" =m*(E) + 2.
n=1 n=1

By countable subadditivity, this implies that

m*(U Bl) <m*(E) + 2¢
n=1

and thus
inf m*(U) <m*(E) + 2¢.
ECU,U open
As € > 0 was arbitrary, we obtain the claim. O

Exercise 1.2.6. Give an example to show that the reverse statement

m*(F) = sup m*(U)
UCE,U open

is false. (For the corrected version of this statement, see Exercise [2.17)

1.2.2. Lebesgue measurability. We now define the notion of a Lebesgue
measurable set as one which can be efficiently contained in open sets in the
sense of Definition [[L2.2] and set out their basic properties.

First, we show that there are plenty of Lebesgue measurable sets.
Lemma 1.2.13 (Existence of Lebesgue measurable sets).

(i) Every open set is Lebesgue measurable.
(ii) Ewvery closed set is Lebesque measurable.

(iii) Ewvery set of Lebesgue outer measure zero is measurable. (Such sets
are called null sets.)

(iv) The empty set () is Lebesgue measurable.

(v) If E C R% is Lebesgue measurable, then so is its complement R4\ E.
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(vi) If E1, Eo, B3, ... C RY are a sequence of Lebesque measurable sets,
then the union | J,- | Ey is Lebesgue measurable.

(vii) If E1, By, E3,... C R? are a sequence of Lebesque measurable sets,
then the intersection (\,—, En is Lebesgue measurable.

Proof. Claim (i) is obvious from definition, as are Claims (iii) and (iv).

To prove Claim (vi), we use the £/2" trick. Let ¢ > 0 be arbitrary.
By hypothesis, each F, is contained in an open set U, whose difference
U,\E, has Lebesgue outer measure at most £/2". By countable subaddi-
tivity, this implies that |J,2, Ey is contained in |J;2 , Uy, and the differ-
ence (U2, Un)\ (U, En) has Lebesgue outer measure at most €. The set
U,~1 Un, being a union of open sets, is itself open, and the claim follows.

Now we establish Claim (ii). Every closed set E is the countable union
of closed and bounded sets (by intersecting E with, say, the closed balls
B(0,n) of radius n for n = 1,2,3,...), so by (vi), it suffices to verify the
claim when E is closed and bounded, hence compact by the Heine-Borel

theorem. Note that the boundedness of E implies that m*(F) is finite.

Let ¢ > 0. By outer regularity (Lemma [[L2.12)), we can find an open
set U containing E such that m*(U) < m*(E) + e. It suffices to show that
m*(U\E) < e.

The set U\FE is open, and so by Lemma [[LZT1] is the countable union
U,Z, Qn of almost disjoint closed cubes. By Lemma [[L29, m*(U\E) =
Y02 1 1Qnl. So it will suffice to show that ij:l |Qr| < e for every finite N.

The set UnN:1 @y is a finite union of closed cubes and is thus closed. It
is disjoint from the compact set E, so by Exercise [L.2.4] followed by Lemma
[1.2.5] one has

N N
m*(BU | Qu) = m*(B) +m*(| ] Qu).
n=1 n=1

By monotonicity, the left-hand side is at most m*(U), which is in turn at
most m*(E) + ¢. Since m*(E) is finite, we may cancel it and conclude that
m*(UnN:1 Qn) < g, as required.

Next, we establish Claim (v). If E is Lebesgue measurable, then for
every n we can find an open set U, containing E such that m*(U,\E) <
1/n. Letting F,, be the complement of U,, we conclude that the comple-
ment R\ E of E contains all of the F,, and that m*((R}\E)\F,) < 1/n.
If we let F := |J>°, Fj,, then R¥\E contains F, and from monotonicity
m*((R\E)\F) = 0, thus RY\E is the union of F and a set of Lebesgue
outer measure zero. But F' is in turn the union of countably many closed
sets F,. The claim now follows from (ii), (iii), (iv).
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Finally, Claim (vii) follows from (v), (vi), and de Morgan’s laws

(N o) = U B (| Ba)e = ) ES

acEA aEA aEA aEA

(which work for infinite unions and intersections without any difficulty). O

Informally, the above lemma asserts (among other things) that if one
starts with such basic subsets of R% as open or closed sets and then takes
at most countably many Boolean operations, one will always end up with
a Lebesgue measurable set. This is already enough to ensure that the ma-
jority of sets that one actually encounters in real analysis will be Lebesgue
measurable. (Nevertheless, using the axiom of choice one can construct sets
that are not Lebesgue measurable; we will see an example of this later. As
a consequence, we cannot generalise the countable closure properties here
to uncountable closure properties.)

Remark 1.2.14. The properties (iv), (v), (vi) of Lemma [[.2.13] assert that
the collection of Lebesgue measurable subsets of R? form a o-algebra, which
is a strengthening of the more classical concept of a Boolean algebra. We
will study abstract o-algebras in more detail in Section [[.4l

Note how Lemma[[.2.13]is significantly stronger than the counterpart for
Jordan measurability (Exercise [[L1.0), in particular, by allowing countably
many Boolean operations instead of just finitely many. This is one of the
main reasons why we use Lebesgue measure instead of Jordan measure.

Exercise 1.2.7 (Criteria for measurability). Let £ C RY Show that the
following are equivalent:

(i) E is Lebesgue measurable.
(ii) (Outer approximation by open) For every ¢ > 0, one can contain
E in an open set U with m*(U\FE) < e.

(iii) (Almost open) For every € > 0, one can find an open set U such
that m*(UAE) < e. (In other words, E differs from an open set
by a set of outer measure at most ¢.)

(iv) (Inner approximation by closed) For every ¢ > 0, one can find a
closed set F' contained in E with m*(E\F) < e.

(v) (Almost closed) For every e > 0, one can find a closed set F' such
that m*(FAE) < e. (In other words, E differs from a closed set
by a set of outer measure at most ¢.)

(vi) (Almost measurable) For every ¢ > 0, one can find a Lebesgue
measurable set E. such that m*(E.AE) < e. (In other words, E
differs from a measurable set by a set of outer measure at most ¢.)
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(Hint: Some of these deductions are either trivial or very easy. To deduce (i)
from (vi), use the £/2" trick to show that E is contained in a Lebesgue mea-
surable set E! with m*(ELAFE) < ¢, and then take countable intersections
to show that E differs from a Lebesgue measurable set by a null set.)

Exercise 1.2.8. Show that every Jordan measurable set is Lebesgue mea-
surable.

Exercise 1.2.9 (Middle thirds Cantor set). Let Iy := [0,1] be the unit
interval, let I; :=[0,1/3]U[2/3, 1] be Iy with the interior of the middle third
interval removed, let I := [0,1/9]U[2/9,1/3]U[2/3,7/9]U[8/9, 1] be I; with
the interior of the middle third of each of the two intervals of I removed,
and so forth. More formally, write

I = U Z - al 3171]

ai,...,an€{0,2} =1 i= 1

Let C := (2, I, be the intersection of all the elementary sets I,. Show
that C is compact, uncountable, and a null set.

Exercise 1.2.10. (This exercise presumes some familiarity with point-set
topology.) Show that the half-open interval [0, 1) cannot be expressed as the
countable union of disjoint closed intervals. (Hint: It is easy to prevent [0, 1)
from being expressed as the finite union of disjoint closed intervals. Next,
assume for the sake of contradiction that [0, 1) is the union of infinitely many
closed intervals, and conclude that [0,1) is homeomorphic to the middle
thirds Cantor set, which is absurd. It is also possible to proceed using
the Baire category theorem (§1.7 of An epsilon of room, Vol. 1.) For an
additional challenge, show that [0,1) cannot be expressed as the countable
union of disjoint closed sets.

Now we look at the Lebesgue measure m(E) of a Lebesgue measurable
set E, which is defined to equal its Lebesgue outer measure m*(E). If E
is Jordan measurable, we see from ([2]) that the Lebesgue measure and
the Jordan measure of E coincide, thus Lebesgue measure extends Jordan
measure. This justifies the use of the notation m(E) to denote both Lebesgue
measure of a Lebesgue measurable set, and Jordan measure of a Jordan
measurable set (as well as elementary measure of an elementary set).

Lebesgue measure obeys significantly better properties than Lebesgue
outer measure, when restricted to Lebesgue measurable sets:

Lemma 1.2.15 (The measure axioms).

(i) (Empty set) m(0) = 0.
(ii) (Countable additivity) If E1, Fa, ... C R is a countable sequence of
disjoint Lebesque measurable sets, then m(| ;2| En)=> "1 m(Ey).
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Proof. The first claim is trivial, so we focus on the second. We deal with
an easy case when all of the F, are compact. By repeated use of Lemma
[1.2.5] and Exercise [[.2.4] we have

N N
m(|J En) =) m(Ey).
n=1 n=1
Using monotonicity, we conclude that
00 N
m(|J En) =D m(Ey).
n=1 n=1

(We can use m instead of m* throughout this argument, thanks to Lemma
[L2.13). Sending N — oo we obtain

m(|J E.) =D m(Ey).

On the other hand, from countable subadditivity one has

m(|J En) <> m(En),
n=1 n=1

and the claim follows.

Next, we handle the case when the F,, are bounded but not necessarily
compact. We use the /2" trick. Let € > 0. Applying Exercise [[2.7, we
know that each F, is the union of a compact set K, and a set of outer
measure at most €/2". Thus

m(E,) < m(K,)+¢e/2"

and hence . .
> m(En) < (O m(Ka)) +e.
n=1 n=1

Finally, from the compact case of this lemma we already know that

m(| ) Kn) =) m(Ky)
n=1 n=1

while from monotonicity
o0 o
n=1 n=1

Putting all of this together we see that
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for every € > 0, while from countable subadditivity we have

m( ) En) <) m(En).
n=1 n=1

The claim follows.

Finally, we handle the case when the FE,, are not assumed to be bounded
or closed. Here, the basic idea is to decompose each FE, as a countable
disjoint union of bounded Lebesgue measurable sets. First, decompose R?
as the countable disjoint union R% = [ J>°_, A,, of bounded measurable sets

m=1
Ay for instance, one could take the annuli A, := {x € RY : m — 1 <
|x|] < m}. Then each E, is the countable disjoint union of the bounded
measurable sets F, N A,, for m = 1,2,..., and thus
o0
m(Ey) = m(En N Ap)
m=1

by the previous arguments. In a similar vein, (J;2; E, is the countable
disjoint union of the bounded measurable sets E, N A,, for n,m =1,2,...,
and thus

m(|J E) =)D m(E.nAp),
n=1 n=1m=1
and the claim follows. O

From Lemma one of course can conclude finite additivity,
m(EyU...UEg) =m(EL) + ...+ m(Eg),

whenever Ei,...,E;, C R? are Lebesgue measurable sets. We also have
another important result:

Exercise 1.2.11 (Monotone convergence theorem for measurable sets).

(i) (Upward monotone convergence) Let F1 C FEy C ... C R™ be
a countable non-decreasing sequence of Lebesgue measurable sets.
Show that m({J,~; En) = limy, 00 m(Ey). (Hint: Express J;~, Ey,
as the countable union of the lacunae E,\ " En.)

(ii) (Downward monotone convergence) Let R? D E; D Ey O ... be
a countable non-increasing sequence of Lebesgue measurable sets.
If at least one of the m(E,) is finite, show that m(,_, En) =
limy, 00 m(Ey).

(iii) Give a counterexample to show that in the hypothesis that at least
one of the m(FE),,) is finite in the downward monotone convergence
theorem cannot be dropped.
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Exercise 1.2.12. Show that any map E — m(FE) from Lebesgue mea-
surable sets to elements of [0,+o0c] that obeys the above empty set and
countable additivity axioms will also obey the monotonicity and countable
subadditivity axioms from Exercise [[.2.3] when restricted to Lebesgue mea-
surable sets of course.

Exercise 1.2.13. We say that a sequence E,, of sets in R? converges point-
wise to another set E in R? if the indicator functions 1, converge pointwise
to 1.

(i) Show that if the E, are all Lebesgue measurable, and converge
pointwise to E, then F is Lebesgue measurable also. (Hint: Use the
identity 1g(z) = liminf, _, 15, (z) or 1g(z) = limsup,,_, 1z, ()
to write E in terms of countable unions and intersections of the

(ii) (Dominated convergence theorem) Suppose that the E,, are all con-
tained in another Lebesgue measurable set F' of finite measure.
Show that m(FE,,) converges to m(E). (Hint: Use the upward and
downward monotone convergence theorems, Exercise [L2.111)

(iii) Give a counterexample to show that the dominated convergence
theorem fails if the F,, are not contained in a set of finite measure,
even if we assume that the m(E,,) are all uniformly bounded.

In later sections we will generalise the monotone and dominated con-
vergence theorems to measurable functions instead of measurable sets; see
Theorem [[.4.43] and Theorem [1.4.4§

Exercise 1.2.14. Let E ¢ R? Show that F is contained in a Lebesgue
measurable set of measure exactly equal to m*(E).

Exercise 1.2.15 (Inner regularity). Let £ C R? be Lebesgue measurable.
Show that
m(E) = sup m(K).
KCE,K compact

Remark 1.2.16. The inner and outer regularity properties of measure can
be used to define the concept of a Radon measure (see §1.10 of An epsilon
of room, Vol. ).

Exercise 1.2.16 (Criteria for finite measure). Let £ C R?. Show that the
following are equivalent:

(i) E is Lebesgue measurable with finite measure.

(ii) (Outer approximation by open) For every ¢ > 0, one can contain
E in an open set U of finite measure with m*(U\E) < ¢.
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(iii) (Almost open bounded) E differs from a bounded open set by a
set of arbitrarily small Lebesgue outer measure. (In other words,
for every € > 0 there exists a bounded open set U such that
m*(EAU) <e.)

(iv) (Inner approximation by compact) For every € > 0, one can find a
compact set F' contained in E with m*(E\F) < e.

(v) (Almost compact) E differs from a compact set by a set of arbi-
trarily small Lebesgue outer measure.

(vi) (Almost bounded measurable) E differs from a bounded Lebesgue
measurable set by a set of arbitrarily small Lebesgue outer measure.

(vii) (Almost finite measure) E differs from a Lebesgue measurable set
with finite measure by a set of arbitrarily small Lebesgue outer
measure.

(viii) (Almost elementary) E differs from an elementary set by a set of
arbitrarily small Lebesgue outer measure.

(ix) (Almost dyadically elementary) For every € > 0, there exists an
integer n and a finite union F of closed dyadic cubes of sidelength
27" such that m*(EFAF) <e.

One can interpret the equivalence of (i) and (ix) in the above exercise
as asserting that Lebesgue measurable sets are those which look (locally)
“pixelated” at sufficiently fine scales. This will be formalised in later sections
with the Lebesgue differentiation theorem (Exercise [[L6.24)).

Exercise 1.2.17 (Carathéodory criterion, one direction). Let £ C R
Show that the following are equivalent:
(i) E is Lebesgue measurable.
(ii) For every elementary set A, one has m(A) = m*(ANE)+m*(A\E).
(iii) For every box B, one has |B| = m*(BNE) + m*(B\E).

Exercise 1.2.18 (Inner measure). Let £ C R? be a bounded set. Define
the Lebesgue inner measure m,(F) of E by the formula

m«(E) :=m(A) — m*(A\E)
for any elementary set A containing F.

(i) Show that this definition is well defined, i.e., that if A, A" are two
elementary sets containing E, then m(A) — m*(A\E) is equal to
m(A") —m*(A\E).

(ii) Show that m.(E) < m*(E), and that equality holds if and only if
FE is Lebesgue measurable.
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Define a G5 set to be a countable intersection (-, U,, of open sets, and
an F,, set to be a countable union | J;7 , F, of closed sets.

Exercise 1.2.19. Let E C R% Show that the following are equivalent:

(i) E is Lebesgue measurable.
(ii) E is a Gs set with a null set removed.

(iii) E is the union of a F; set and a null set.

Remark 1.2.17. From the above exercises, we see that when describing
what it means for a set to be Lebesgue measurable, there is a tradeoff
between the type of approximation one is willing to bear, and the type
of things one can say about the approximation. If one is only willing to
approximate to within a null set, then one can only say that a measurable
set is approximated by a Gs or a F, set, which is a fairly weak amount of
structure. If one is willing to add on an epsilon of error (as measured in the
Lebesgue outer measure), one can make a measurable set open; dually, if
one is willing to take away an epsilon of error, one can make a measurable
set closed. Finally, if one is willing to both add and subtract an epsilon of
error, then one can make a measurable set (of finite measure) elementary,
or even a finite union of dyadic cubes.

Exercise 1.2.20 (Translation invariance). If E C R? is Lebesgue measur-
able, show that E + z is Lebesgue measurable for any = € R?, and that
m(E +x) =m(E).

Exercise 1.2.21 (Change of variables). If E ¢ R? is Lebesgue measurable,
and T: R? — R? is a linear transformation, show that T(E) is Lebesgue
measurable, and that m(T(E)) = | det T|m(E). We caution that if T: R? —
R? is a linear map to a space R of strictly smaller dimension than R,
then T'(E) need not be Lebesgue measurable; see Exercise

Exercise 1.2.22. Let d,d’ > 1 be natural numbers.
(i) If E c R% and F ¢ R¥, show that
(™) (B x F) < (m®)* (B)(m® ) (F),
where (m?)* denotes d-dimensional Lebesgue measure, etc.

(ii) Let E ¢ RY, F c R¥ be Lebesgue measurable sets. Show that E x
F ¢ R is Lebesgue measurable, with m4t% (E x F) = m%(E) -
m (F). (Note that we allow E or F to have infinite measure, and so
one may have to divide into cases or take advantage of the monotone
convergence theorem for Lebesgue measure, Exercise [L2Z11])

Exercise 1.2.23 (Uniqueness of Lebesgue measure). Show that Lebesgue
measure E — m(FE) is the only map from Lebesgue measurable sets to
[0, +00] that obeys the following axioms:
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(i) (Empty set) m(0) = 0.
(ii) (Countable additivity) If Ey, Fs, ... C R%is a countable sequence of
disjoint Lebesgue measurable sets, then m(|U,~ | En)=> " m(Ey).

(iii) (Translation invariance) If F is Lebesgue measurable and z € R,
then m(E + x) = m(E).
(iv) (Normalisation) m([0, 1]¢) = 1.

Hint: First show that m must match elementary measure on elementary
sets, then show that m is bounded by outer measure.

Exercise 1.2.24 (Lebesgue measure as the completion of elementary mea-
sure). The purpose of the following exercise is to indicate how Lebesgue
measure can be viewed as a metric completion of elementary measure in
some sense. To avoid some technicalities we will not work in all of R%, but
in some fixed elementary set A (e.g. A = [0,1]%).

(i) Let 24 := {E : E C A} be the power set of A. We say that two
sets B, F € 24 are equivalent if EAF is a null set. Show that this
is a equivalence relation.

(ii) Let 24/ ~ be the set of equivalence classes [E] := {F € 24 : E ~
F} of 24 with respect to the above equivalence relation. Define a
distance d: 24/ ~ x24/ ~— R between two equivalence classes
[E], [E'] by defining d([E],[E']) := m*(EAE’). Show that this
distance is well defined (in the sense that m(EAE') = m(FAF")
whenever [E] = [F] and [E'] = [F’]) and gives 24/ ~ the structure
of a complete metric space.

(iii) Let & C 24 be the elementary subsets of A, and let £ C 24 be the
Lebesgue measurable subsets of A. Show that £/ ~ is the closure
of £/ ~ with respect to the metric defined above. In particular,
L/ ~ is a complete metric space that contains £/ ~ as a dense
subset; in other words, £/ ~ is a metric completion of £/ ~.

(iv) Show that Lebesgue measure m: £ — R descends to a continuous
function m: £/ ~— R™, which by abuse of notation we shall still
call m. Show that m: £/ ~— R™ is the unique continuous exten-
sion of the analogous elementary measure function m: £/ ~— R™*
to L/ ~.

For a further discussion of how measures can be viewed as completions of
elementary measures, see §2.1 of An epsilon of room, Vol. L

Exercise 1.2.25. Define a continuously differentiable curve in R? to be
a set of the form {v(t) : a < t < b} where [a,b] is a closed interval and
7v: [a,b] — R% is a continuously differentiable function.
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(i) If d > 2, show that every continuously differentiable curve has
Lebesgue measure zero. (Why is the condition d > 2 necessary?)

(ii) Conclude that if d > 2, then the unit cube [0, 1]¢ cannot be covered
by countably many continuously differentiable curves.

We remark that if the curve is only assumed to be continuous, rather than
continuously differentiable, then these claims fail, thanks to the existence of
space-filling curves.

1.2.3. Non-measurable sets. In the previous section we have set out a
rich theory of Lebesgue measure, which enjoys many nice properties when
applied to Lebesgue measurable sets.

Thus far, we have not ruled out the possibility that every single set is
Lebesgue measurable. There is good reason for this: A famous theorem of
Solovay [S01970] asserts that, if one is willing to drop the axiom of choice,
there exist models of set theory in which all subsets of R% are measurable.
So any demonstration of the existence of non-measurable sets must use the
axiom of choice in some essential way.

That said, we can give an informal (and highly non-rigorous) motivation
as to why non-measurable sets should exist, using intuition from probability
theory rather than from set theory. The starting point is the observation
that Lebesgue sets of finite measure (and, in particular, bounded Lebesgue
sets) have to be “almost elementary”, in the sense of Exercise So
all we need to do to build a non-measurable set is to exhibit a bounded set
which is not almost elementary. Intuitively, we want to build a set which
has oscillatory structure even at arbitrarily fine scales.

We will non-rigorously do this as follows. We will work inside the unit
interval [0, 1]. For each z € [0, 1], we imagine that we flip a coin to give either
heads or tails (with an independent coin flip for each z), and let E C [0, 1]
be the set of all the = € [0, 1] for which the coin flip came up heads. We
suppose for contradiction that F is Lebesgue measurable. Intuitively, since
each z had a 50% chance of being heads, F should occupy about “half”
of [0, 1]; applying the law of large numbers (see e.g. [Ta2009, §1.4]) in an
extremely non-rigorous fashion, we thus expect m(E) to equal 1/2.

Moreover, given any subinterval [a,b] of [0, 1], the same reasoning leads
us to expect that E N [a,b] should occupy about half of [a, b], so that m(E N
[a,b]) should be [[a,b]|/2. More generally, given any elementary set F' in
[0, 1], we should have m(E N F) = m(F')/2. This makes it very hard for
FE to be approximated by an elementary set; indeed, a little algebra then
shows that m(EAF) = 1/2 for any elementary F C [0,1]. Thus FE is not
Lebesgue measurable.
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Unfortunately, the above argument is terribly non-rigorous for a number
of reasons, not the least of which is that it uses an uncountable number of
coin flips, and the rigorous probabilistic theory that one would have to use to
model such a system of random variables is too weal] to be able to assign
meaningful probabilities to such events as “FE is Lebesgue measurable”. So
we now turn to more rigorous arguments that establish the existence of
non-measurable sets. The arguments will be fairly simple, but the sets
constructed are somewhat artificial in nature.

Proposition 1.2.18. There exists a subset E C [0, 1] which is not Lebesgue
measurable.

Proof. We use the fact that the rationals Q are an additive subgroup of
the reals R, and so partition the reals R into disjoint cosets x + Q. This
creates a quotient group R/Q := {z + Q : = € R}. Each coset C of R/Q
is dense in R, and so has a non-empty intersection with [0,1]. Applying
the axiom of choice, we may thus find an element xc € C' N[0, 1] for each
C € R/Q. We then let E := {z¢ : C € R/Q} be the collection of all these
coset representatives. By construction, E C [0, 1].

Let y be any element of [0, 1]. Then it must lie in some coset C of R/Q,
and thus differs from x¢ by some rational number in [—1, 1]. In other words,
we have

(1.4) 0,1c |J (E+a.
qEQﬁ[—l,l}
On the other hand, we clearly have
(1.5) U E+9cl-12.
qEQﬂ[—l,l]

Also, the different translates F + ¢ are disjoint, because F contains only one
element from each coset of Q.

We claim that FE is not Lebesgue measurable. To see this, suppose for
contradiction that E was Lebesgue measurable. Then the translates F + g
would also be Lebesgue measurable. By countable additivity, we thus have

m( ) E+q)= Y. mE+q),
qeQN[—1,1] qeQN[—1,1]
and thus by translation invariance and (I.4)), (LH)
1< > m(E)<s.

q€QN[-1,1]

12For some further discussion of this point, see [Ta2009] §1.10].
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On the other hand, the sum } cqn_1 1 m(E) is either zero (if m(E) = 0)
or infinite (if m(F) > 0), leading to the desired contradiction. O

Exercise 1.2.26 (Outer measure is not finitely additive). Show that there
exists disjoint bounded subsets E, F' of the real line such that m*(E U F') #
m*(E) + m*(F). (Hint: Show that the set constructed in the proof of the
above proposition has positive outer measure.)

Exercise 1.2.27 (Projections of measurable sets need not be measurable).
Let 7: R? — R be the coordinate projection 7(x,%) := z. Show that there
exists a measurable subset E of R? such that 7(E) is not measurable.

Remark 1.2.19. The above discussion shows that, in the presence of the
axiom of choice, one cannot hope to extend Lebesgue measure to arbitrary
subsets of R while retaining both the countable additivity and the trans-
lation invariance properties. If one drops the translation invariant require-
ment, then this question concerns the theory of measurable cardinals, and
is not decidable from the standard ZFC axioms. On the other hand, one
can construct finitely additive translation invariant extensions of Lebesgue
measure to the power set of R by use of the Hahn-Banach theorem (§1.5 of
An epsilon of room, Vol. I) to extend the integration functional, though we
will not do so here.

1.3. The Lebesgue integral

In Section [[.2] we defined the Lebesgue measure m(E) of a Lebesgue mea-
surable set £ C R? and set out the basic properties of this measure. In
this set of notes, we use Lebesgue measure to define the Lebesgue integral

fx) dzx
Rd

of functions f: R? — C U {oo}. Just as not every set can be measured by
Lebesgue measure, not every function can be integrated by the Lebesgue
integral; the function will need to be Lebesgue measurable. Furthermore,
the function will either need to be unsigned (taking values on [0, +oc]), or
absolutely integrable.

To motivate the Lebesgue integral, let us first briefly review two simpler
integration concepts. The first is that of an infinite summation

)
> en
n=1

of a sequence of numbers c,, which can be viewed as a discrete analogue
of the Lebesgue integral. Actually, there are two overlapping, but different,
notions of summation that we wish to recall here. The first is that of the
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unsigned infinite sum, when the ¢, lie in the extended non-negative real
axis [0, 4+00]. In this case, the infinite sum can be defined as the limit of the
partial sums

00 N
(1.6) n;cn = ]&@m;cn

or equivalently as a supremum of arbitrary finite partial sums:

[ee]
(1.7) ch = sup ch.

n=1 AcN, A finite ,c4
The unsigned infinite sum Y 7 ¢, always exists, but its value may be infi-
nite, even when each term is individually finite (consider e.g. > 7 | 1).

The second notion of a summation is the absolutely summable infinite
sum, in which the ¢, lie in the complex plane C and obey the absolute
summability condition

oo
Z en| < o0,
n=1

where the left-hand side is of course an unsigned infinite sum. When this
occurs, one can show that the partial sums 25:1 ¢, converge to a limit,
and we can then define the infinite sum by the same formula (L6) as in the
unsigned case, though now the sum takes values in C rather than [0, +oc].
The absolute summability condition confers a number of useful properties
that are not obeyed by sums that are merely conditionally convergent; most
notably, the value of an absolutely convergent sum is unchanged if one re-
arranges the terms in the series in an arbitrary fashion. Note also that the
absolutely summable infinite sums can be defined in terms of the unsigned
infinite sums by taking advantage of the formulae

Y en=() Re(en)) +i() Im(en))
n=1 n=1 n=1

for complex absolutely summable ¢,, and
(o] (o] o]
D= =) e
n=1 n=1 n=1

for real absolutely summable c,, where ¢} := max(c,,0) and ¢, :=
max(—cy, 0) are the (magnitudes of the) positive and negative parts of ¢,,.
In an analogous spirit, we will first define an unsigned Lebesgue integral
Jra f(z) dz of (measurable) unsigned functions f: R — [0, +00], and then
use that to define the absolutely convergent Lebesgue integral fRd f(x) dx of
absolutely integrable functions f: R? — CU{oc}. (In contrast to absolutely
summable series, which cannot have any infinite terms, absolutely integrable
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functions will be allowed to occasionally become infinite. However, as we
will see, this can only happen on a set of Lebesgue measure zero.)

To define the unsigned Lebesgue integral, we now turn to another more
basic notion of integration, namely the fab f(z) dx of a Riemann integrable
function f: [a,b] — R. Recall from Section [[I] that this integral is equal to
the lower Darbouz integral

b b b
/ f(z) :/ f(z) dx = sup p.c./ g(x) dz.
a Ja_ g9<f;g piecewise constant a

(It is also equal to the upper Darboux integral; but much as the theory
of Lebesgue measure is easiest to define by relying solely on outer measure
and not on inner measure, the theory of the unsigned Lebesgue integral is
easiest to define by relying solely on lower integrals rather than upper ones;
the upper integral is somewhat problematic when dealing with “improper”
integrals of functions that are unbounded or are supported on sets of infinite
measure.) Compare this formula also with (L7]). The integral p.c. fab g(x) dx
is a piecewise constant integral, formed by breaking up the piecewise con-
stant functions g, h into finite linear combinations of indicator functions 1y
of intervals I, and then measuring the length of each interval.

It turns out that virtually the same definition allows us to define a lower
Lebesgue integral [gaf(x) dz of any unsigned function f: R? — [0, +o0],
simply by replacing intervals with the more general class of Lebesgue mea-
surable sets (and thus replacing piecewise constant functions with the more
general class of simple functions). If the function is Lebesgue measurable (a
concept that we will define presently), then we refer to the lower Lebesgue
integral simply as the Lebesgue integral. As we shall see, it obeys all the basic
properties one expects of an integral, such as monotonicity and additivity;
in subsequent notes we will also see that it behaves quite well with respect
to limits, as we shall see by establishing the two basic convergence theorems
of the unsigned Lebesgue integral, namely Fatou’s lemma (Corollary [[.4.46))
and the monotone convergence theorem (Theorem [[.4.43)).

Once we have the theory of the unsigned Lebesgue integral, we will then
be able to define the absolutely convergent Lebesgue integral, similarly to
how the absolutely convergent infinite sum can be defined using the unsigned
infinite sum. This integral also obeys all the basic properties one expects,
such as linearity and compatibility with the more classical Riemann integral;
in subsequent notes we will see that it also obeys a fundamentally important
convergence theorem, the dominated convergence theorem (Theorem [[L1.4]]).
This convergence theorem makes the Lebesgue integral (and its abstract
generalisations to other measure spaces than R?) particularly suitable for
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analysis, as well as allied fields that rely heavily on limits of functions, such
as PDE, probability, and ergodic theory.

Remark 1.3.1. This is not the only route to setting up the unsigned and
absolutely convergent Lebesgue integrals. For instance, one can proceed
with the unsigned integral but then making an auxiliary stop at integration
of functions that are bounded and are supported on a set of finite mea-
sure, before going to the absolutely convergent Lebesgue integral; see e.g.
[StSk2005|]. Another approach (which will not be discussed here) is to take
the metric completion of the Riemann integral with respect to the L! metric.

The Lebesgue integral and Lebesgue measure can be viewed as comple-
tions of the Riemann integral and Jordan measure, respectively. This means
three things. First, the Lebesgue theory extends the Riemann theory: every
Jordan measurable set is Lebesgue measurable, and every Riemann inte-
grable function is Lebesgue measurable, with the measures and integrals
from the two theories being compatible. Conversely, the Lebesgue theory
can be approrimated by the Riemann theory; as we saw in Section [[2] ev-
ery Lebesgue measurable set can be approximated (in various senses) by
simpler sets, such as open sets or elementary sets, and in a similar fashion,
Lebesgue measurable functions can be approximated by nicer functions, such
as Riemann integrable or continuous functions. Finally, the Lebesgue the-
ory is complete in various ways; this is formalised in §1.3 of An epsilon of
room, Vol. I, but the convergence theorems mentioned above already hint
at this completeness. A related fact, known as FEgorov’s theorem, asserts
that a pointwise converging sequence of functions can be approximated as a
(locally) uniformly converging sequence of functions. The facts listed here
are manifestations of Littlewood’s three principles of real analysis (Section
[L35), which capture much of the essence of the Lebesgue theory.

1.3.1. Integration of simple functions. Much as the Riemann integral
was set up by first using the integral for piecewise constant functions, the
Lebesgue integral is set up using the integral for simple functions.

Definition 1.3.2 (Simple function). A (complex-valued) simple function
f: R% — C is a finite linear combination

(1.8) fZCllEl—f—...—f-cklEk
of indicator functions 1p, of Lebesgue measurable sets E; C R? for i =
1,...,k, where £ > 0 is a natural number and c¢q,...,¢; € C are com-

plex numbers. An unsigned simple function f: R% — [0, +00], is defined
similarly, but with the ¢; taking values in [0, +o0] rather than C.

It is clear from construction that the space Simp(R?) of complex-valued
simple functions forms a complex vector space, and Simp(R?) is also closed
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under pointwise product f,g — fg and complex conjugation f — f.
In short, Simp(RY) is a commutative x-algebra. Meanwhile, the space
Simp™ (R?) of unsigned simple functions is a [0, +o0c]-module; it is closed
under addition, and under scalar multiplication by elements in [0, +-o00].

In this definition, we did not require the E1, ..., E to be disjoint. How-
ever, it is easy enough to arrange this, basically by exploiting Venn diagrams
(or, to use fancier language, finite Boolean algebras). Indeed, any k subsets
Ei, ..., E; of R partition R? into 2* disjoint sets, each of which is an inter-
section of E; or the complement R\ E; for i = 1, ...,k (and in particular, is
measurable). The (complex or unsigned) simple function is constant on each
of these sets, and so can easily be decomposed as a linear combination of the
indicator function of these sets. One easy consequence of this is that if f is
a complex-valued simple function, then its absolute value |f|: x — |f(x)| is
an unsigned simple function.

It is geometrically intuitive that we should define the integral [gq1p(z)dz
of an indicator function of a measurable set E to equal m(E):

/ 1g(z) de = m(E).
Rd

Using this and applying the laws of integration formally, we are led to pro-
pose the following definition for the integral of an unsigned simple function:

Definition 1.3.3 (Integral of a unsigned simple function). If f = c11g, +
...+ ¢xlp, is an unsigned simple function, the integral Simp [ga f(z) dx is
defined by the formula

Simp f(z) dz = com(Er) + ... + cpm(Ey),
Rd
thus Simp [ga f(2) dz will take values in [0, +oc].

However, one has to actually check that this definition is well defined,
in the sense that different representations

f=calp +...+alg, :c/llEi +...+c§€,1E;€/

of a function as a finite unsigned combination of indicator functions of mea-
surable sets will give the same value for the integral Simp fRd f(x) dx. This
is the purpose of the following lemma:s:

Lemma 1.3.4 (Well-definedness of simple integral). Let k, k" > 0 be natural
numbers, ci,...,Ck, ¢}, ..., ¢ € [0,400], and let Ey,...,E, E,...,E}, C
R? be Lebesque measurable sets such that the identity

(19) 011E1+"'+Ck1Ek:6/11E1+"'+C;c’1E1’€,
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holds identically on R®. Then one has
com(Ey) + ...+ em(Ey) = m(EY) + ...+ com(Ey).

Proof. Again, we use a Venn diagram argument. The k+k' sets E1, ..., Ey,
Ei,...,E}, partition R into 2K+ disjoint sets, each of which is an inter-
section of some of the Ey, ..., Ey, E},..., E}, and their complements. We
throw away any sets that are empty, leaving us with a partition of R? into
m non-empty disjoint sets Aj,..., A, for some 0 < m < 2Kk As the
Ei,...,Ey, E, ..., E}, are Lebesgue measurable, the Ay,..., Ay, are too.
By construction, each of the E, ..., Ex, El, ..., Ep arise as unions of some
of the Aq,..., A,,, thus we can write
Ei= 4
JjeJ;
and
/
o U Aj/
el

foralli=1,...,kand i =1,... k', and some subsets J;, J), C {1,...,m}.
By finite additivity of Lebesgue measure, we thus have

m(E;) = m(A;)
jedi
and

m(Ey) = Y m(4;)

je,

Thus, our objective is now to show that

k K’
(1.10) Zci Z m(A;) = ch, Z m(A;).
=1

i=1 jeJ; i = JeJ,

To obtain this, we fix 1 < j < m and evaluate (LY) at a point z in the
non-empty set A;. At such a point, 1g,(x) is equal to 1y,(j), and similarly
1 is equal to 1 (j). From (L3) we conclude that

k‘l

Zcilji(j) = Z C;'/lJZf, (.7)

i=1 i'=1

Multiplying this by m(A;) and then summing over all j = 1,...,m we obtain

(LI0). 0

We now make some important definitions that we will use repeatedly in
this text:
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Definition 1.3.5 (Almost everywhere and support). A property P(x) of
a point x € R? is said to hold (Lebesgue) almost everywhere in R?, or for
(Lebesgue) almost every point x € RY, if the set of z € RY for which P(x)
fails has Lebesgue measure zero (i.e. P is true outside of a null set). We
usually omit the prefix Lebesgue, and often abbreviate “almost everywhere”
or “almost every” as a.e.

Two functions f,g: R? — Z into an arbitrary range Z are said to agree
almost everywhere if one has f(x) = g(x) for almost every z € R

The support of a function f: R — C or f: R — [0, +00] is defined to
be the set {z € R%: f(z) # 0} where f is non-zero.

Note that if P(z) holds for almost every x, and P(z) implies Q(z), then
Q(x) holds for almost every z. Also, if Pj(x), Py(x),... are an at most
countable family of properties, each of which individually holds for almost
every x, then they will simultaneously be true for almost every x, because
the countable union of null sets is still a null set. Because of these properties,
one can (as a rule of thumb) treat the almost universal quantifier “for almost
every” as if it was the truly universal quantifier “for every”, as long as one
is only concatenating at most countably many properties together, and as
long as one never specialises the free variable x to a null set. Observe also
that the property of agreeing almost everywhere is an equivalence relation,
which we will refer to as almost everywhere equivalence.

In An epsilon of room, Vol. I, we will also see the notion of the closed
support of a function f: R — C, defined as the closure of the support.

The following properties of the simple unsigned integral are easily ob-
tained from the definitions:

Exercise 1.3.1 (Basic properties of the simple unsigned integral). Let
f.g: R* = [0, +00] be simple unsigned functions.

(i) (Unsigned linearity) We have
Simp/ f(z) 4+ g(x) de = Simp f(x) dx
R R

+Simp/ g(x) dz
Rd
and
Simp/ cf(x) dr = ¢ x Simp f(z) dx
R4 Rd

for all ¢ € [0, +o0].

(ii) (Finiteness) We have Simp [gq f(x) dz < oo if and only if f is finite
almost everywhere, and its support has finite measure.
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(iii) (Vanishing) We have Simp [gq f(x) dz = 0 if and only if f is zero
almost everywhere.

(iv) (Equivalence) If f and g agree almost everywhere, then we have
Simp [ga f(z) do = Simp [pa g(z) dx.

(v) (Monotonicity) If f(z) < g(x) for almost every € RY, then
Simp [ga f(z) do < Simp [za g(x) dz.

(vi) (Compatibility with Lebesgue measure) For any Lebesgue measur-
able E, one has Simp [gq 1g(z) dz = m(E).

Furthermore, show that the simple unsigned integral f — Simp fRd f(z) dzx
is the only map from the space Simp™(R?) of unsigned simple functions to
[0, +00] that obeys all of the above properties.

We can now define an absolutely convergent counterpart to the simple
unsigned integral. This integral will soon be superceded by the absolutely
Lebesgue integral, but we give it here as motivation for the more general
notion of integration.

Definition 1.3.6 (Absolutely convergent simple integral). A complex-valued
simple function f: R% — C is said to be absolutely integrable of

Simp/ |f(z)] dz < oo.
Rd

If f is absolutely integrable, the integral Simp fRd f(x) dx is defined for real
signed f by the formula

Simp /Rd f(x) dx := Simp /Rd f+(z) dx — Simp /Rd f-(z) dz

where fi(z) := max(f(z),0) and f_(z) := max(—f(x),0) (note that these
are unsigned simple functions that are pointwise dominated by |f| and thus
have finite integral), and for complex-valued f by the formula'

Simp f(z) dox = Simp/ Re f(z) dx
R4 R4
—|—iSimp/ Im f(z) dx.
Rd

Note from the preceding exercise that a complex-valued simple func-
tion f is absolutely integrable if and only if it has finite measure support
(since finiteness almost everywhere is automatic). In particular, the space

13Strictly speaking, this is an abuse of notation as we have now defined the simple integral
Simp fRd three different times, for unsigned, real signed, and complex-valued simple functions,
but one easily verifies that these three definitions agree with each other on their common domains
of definition, so it is safe to use a single notation for all three.
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Simp?* (R?) of absolutely integrable simple functions is closed under addi-
tion and scalar multiplication by complex numbers, and is thus a complex
vector space.

The properties of the unsigned simple integral then can be used to deduce
analogous properties for the complex-valued integral:

Exercise 1.3.2 (Basic properties of the complex-valued simple integral).
Let f,g: RY — C be absolutely integrable simple functions.

(i) (*-linearity) We have
Simp/ flz)+g(x) de = Simp/ f(z) dx
R4 R4
—|—Simp/ g(z) dx
Rd
and

(1.11) Simp/ cf(z) de =c x Simp/ f(x) dzx
Rd Rd

for all ¢ € C. Also, we have

Simp f(x) dv = Simp f(z) dx.
R4 R4

(ii) (Equivalence) If f and g agree almost everywhere, then we have
Simp [ga f(z) do = Simp [pa g(z) dx.

(iii) (Compatibility with Lebesgue measure) For any Lebesgue measur-
able E, one has Simp [pa 1g(z) dz = m(E).

(Hints: Work out the real-valued counterpart of the linearity property first.
To establish (ILT1]), treat the cases ¢ > 0,c = 0,¢ = —1 separately. To deal
with the additivity for real functions f, g, start with the identity

frg=U+9)+-(f+9)-=(+-/1-)+(9+—9-)
and then rearrange the second inequality so that no subtraction appears.)
Furthermore, show that the complex-valued simple integral

= Simp/ f(x) dx
Rd

is the only map from the space Simp®*(R¢) of absolutely integrable simple
functions to C that obeys all of the above properties.

We now comment further on the fact that (simple) functions that agree
almost everywhere, have the same integral. We can view this as an asser-
tion that integration is a noise-tolerant operation: One can have “noise” or
“errors” in a function f(x) on a null set, and this will not affect the final
value of the integral. Indeed, once one has this noise tolerance, one can even



1.3. The Lebesgue integral 47

integrate functions f that are not defined everywhere on R?, but merely de-
fined almost everywhere on RY (i.e. f is defined on some set R4\ N where N
is a null set), simply by extending f to all of R¢ in some arbitrary fashion
(e.g. by setting f equal to zero on N). This is extremely convenient for
analysis, as there are many natural functions (e.g. % in one dimension,
or # for various a > 0 in higher dimensions) that are only defined almost
everywhere instead of everywhere (often due to “division by zero” problems
when a denominator vanishes). While such functions cannot be evaluated
at certain singular points, they can still be integrated (provided they obey
some integrability condition, of course, such as absolute integrability), and
so one can still perform a large portion of analysis on such functions.

In fact, in the subfield of analysis known as functional analysis, it is
convenient to abstract the notion of an almost everywhere defined function
somewhat, by replacing any such function f with the equivalence class of
almost everywhere defined functions that are equal to f almost everywhere.
Such classes are then no longer functions in the standard set-theoretic sense
(they do not map each point in the domain to a unique point in the range,
since points in R? have measure zero), but the properties of various func-
tion spaces improve when one does this (various semi-norms become norms,
various topologies become Hausdorff, and so forth). See §1.3 of An epsilon
of room, Vol. I for further discussion.

Remark 1.3.7. The “Lebesgue philosophy” that one is willing to lose con-
trol on sets of measure zero is a perspective that distinguishes Lebesgue-type
analysis from other types of analysis, most notably that of descriptive set
theory, which is also interested in studying subsets of R, but can give com-
pletely different structural classifications to a pair of sets that agree almost
everywhere. This loss of control on null sets is the price one has to pay for
gaining access to the powerful tool of the Lebesgue integral; if one needs to
control a function at absolutely every point, and not just almost every point,
then one often needs to use tools other than integration theory (unless one
has some regularity on the function, such as continuity, that lets one pass
from almost everywhere true statements to everywhere true statements).

1.3.2. Measurable functions. Much as the piecewise constant integral
can be completed to the Riemann integral, the unsigned simple integral can
be completed to the unsigned Lebesgue integral, by extending the class of
unsigned simple functions to the larger class of unsigned Lebesgue measur-
able functions. One of the shortest ways to define this class is as follows:

Definition 1.3.8 (Unsigned measurable function). An unsigned function
f: R? — [0, +00] is unsigned Lebesgue measurable, or measurable for short,
if it is the pointwise limit of unsigned simple functions, i.e., if there exists
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a sequence fi1, f2, f3,...: R? — [0, 400] of unsigned simple functions such
that f,(z) — f(x) for every z € R

This particular definition is not always the most tractable. Fortunately,
it has many equivalent forms:

Lemma 1.3.9 (Equivalent notions of measurability). Let f: R? — [0, +o0]
be an unsigned function. Then the following are equivalent:

(i) f is unsigned Lebesgue measurable.

(ii) f is the pointwise limit of unsigned simple functions f, (thus the
limit 1imy, o0 frn(2) exists and is equal to f(z) for all x € RY).

(iii) f is the pointwise almost everywhere limit of unsigned simple func-
tions fn (thus the limit lim, o fn(x) exists and is equal to f(x)
for almost every x € RY).

(iv) f is the supremum f(x) = sup,, fn(z) of an increasing sequence
0 < f1 < fo <... of unsigned simple functions f,, each of which
are bounded with finite measure support.

(v) For every A € [0,+00], the set {x € R% : f(x) > A} is Lebesgue
measurable.

(vi) For every \ € [0,+oc], the set {x € R : f(x) > A} is Lebesgue
measurable.

(vii) For every A € [0,400], the set {x € RY: f(z) < A} is Lebesgue
measurable.

(viii) For every A € [0,400], the set {x € R? : f(z) < A} is Lebesgue
measurable.

(ix) For every interval I C [0,+00), the set f~1(I) :={x € R%: f(x) €
I} is Lebesgue measurable.

(x) For every (relatively) open set U C [0,+0c0), the set f~H(U) =
{z € RY: f(z) € U} is Lebesque measurable.

(xi) For every (relatively) closed set K C [0,+0oc), the set f~1(K) :=
{zx € R?: f(x) € K} is Lebesgue measurable.

Proof. (i) and (ii) are equivalent by definition. (ii) clearly implies (iii). As
every monotone sequence in [0, 4+o00| converges, (iv) implies (ii). Now we
show that (iii) implies (v). If f is the pointwise almost everywhere limit of
fn, then for almost every z € R? one has

Jlw) = lim_ fo(z) =lmsup fo(z) = Inf sup fo(z).
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This implies that, for any A, the set {z € R?: f(x) > A} is equal to

1
U ﬂ{xGRd: sup fo(z) > A+ —}
n>N M
M>0N>0 2

outside of a set of measure zero; this set in turn is equal to

U N UreR: fu@>r+ 1)

M>0N>0n>N
outside of a set of measure zero. But as each f, is an unsigned simple
function, the sets {x € R? : f,(¥) > A+ 4;} are Lebesgue measurable.
Since countable unions or countable intersections of Lebesgue measurable
sets are Lebesgue measurable, and modifying a Lebesgue measurable set on
a null set produces another Lebesgue measurable set, we obtain (v).

To obtain the equivalence of (v) and (vi), observe that

{zeR*: fz) =N} = (] {zeR%:f(x)>)\}
NeQt:N <

for XA € (0,+400] and
{zeR: fz)>A = |J {zeR?:f@)=)\}

NeQFN>A
for A € [0, +00), where Q" := QN [0, +00] are the non-negative rationals.
The claim then easily follows from the countable nature of QT (treating the
extreme cases A = 0, +00 separately if necessary). A similar argument lets
one deduce (v) or (vi) from (ix).

The equivalence of (v), (vi) with (vii), (viii) comes from the observation
that {z € R?: f(x) < A} is the complement of {z € R?: f(z) > A}, and
{z € R?: f(z) < \} is the complement of {x € R%: f(x) > A}. A similar
argument shows that (x) and (xi) are equivalent.

By expressing an interval as the intersection of two half-intervals, we see
that (ix) follows from (v)—(viii), and so all of (v)—(ix) are now shown to be
equivalent.

Clearly (x) implies (vii), and hence (v)—(ix). Conversely, because every
open set in [0, +00) is the union of countably many open intervals in [0, +00),
(ix) implies (x).

The only remaining task is to show that (v)—(xi) implies (iv). Let f
obey (v)—(xi). For each positive integer n, we let f,(x) be defined to be
the largest integer multiple of 27" that is less than or equal to min(f(x),n)
when |z| < n, with f,(z) := 0 for |z| > n. From construction it is easy
to see that the f,: R? — [0, 4-00] are increasing and have f as their supre-
mum. Furthermore, each f, takes on only finitely many values, and for each
non-zero value c it attains, the set f(c) takes the form f~'(I.)Nn{zr € R%:
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|z| < n} for some interval or ray I., and is thus measurable. As a conse-
quence, f, is a simple function, and by construction it is bounded and has
finite measure support. The claim follows. ([

With these equivalent formulations, we can now generate plenty of mea-
surable functions:

Exercise 1.3.3.

(i) Show that every continuous function f: R% — [0, +-0c] is measur-
able.

(ii) Show that every unsigned simple function is measurable.

(iii) Show that the supremum, infimum, limit superior, or limit inferior
of unsigned measurable functions is unsigned measurable.

(iv) Show that an unsigned function that is equal almost everywhere to
an unsigned measurable function, is itself measurable.

(v) Show that if a sequence f,, of unsigned measurable functions con-
verges pointwise almost everywhere to an unsigned limit f, then f
is also measurable.

(vi) If f: R? — [0, +oo] is measurable and ¢: [0, +oo] — [0, 4o0] is
continuous, show that ¢ o f: R? — [0, +00] is measurable.

(vii) If f, g are unsigned measurable functions, show that f + g and fg
are measurable.

In view of Exercise [[.3.3|(iv), one can define the concept of measurability
for an unsigned function that is only defined almost everywhere on R¢,
rather than everywhere on R%, by extending that function arbitrarily to the
null set where it is currently undefined.

Exercise 1.3.4. Let f: R? — [0, +-00]. Show that f is a bounded unsigned
measurable function if and only if f is the uniform limit of bounded simple
functions.

Exercise 1.3.5. Show that an unsigned function f: R¢ — [0,40c] is a
simple function if and only if it is measurable and takes on at most finitely
many values.

Exercise 1.3.6. Let f: R — [0, +oc] be an unsigned measurable function.
Show that the region {(z,t) € RYx R : 0 < t < f(x)} is a measurable
subset of R9*!. (There is a converse to this statement, but we will wait
until Exercise to prove it, once we have the Fubini-Tonelli theorem
(Corollary [[L7.23]) available to us.)
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Remark 1.3.10. Lemma [[3.9 tells us that if f: R — [0, 4-00] is measur-
able, then f~!(E) is Lebesgue measurable for many classes of sets E. How-
ever, we caution that it is not necessarily the case that f~1(E) is Lebesgue
measurable if ' is Lebesgue measurable. To see this, we let C be the Cantor
set

C:= {Z a;377 : a; € {0,2} for all 5}
j=1
and let f: R — [0, +0oc] be the function defined by setting

f(z) = i 2b;377
j=1

whenever z € [0, 1] is not a terminating binary decimal, and so has a unique
binary expansion z = 7%, b;27J for some b; € {0,1}, and f(x) := 0
otherwise. We thus see that f takes values in C, and is bijective on the
set A of non-terminating decimals in [0,1]. Using Lemma [[L3.9] it is not
difficult to show that f is measurable. On the other hand, by modifying the
construction from the previous notes, we can find a subset F' of A which is
non-measurable. If we set F := f(F'), then E is a subset of the null set C
and is thus itself a null set; but f~'(E) = F is non-measurable, and so the
inverse image of a Lebesgue measurable set by a measurable function need
not remain Lebesgue measurable.

However, we will later see that it is still true that f~!(E) is Lebesgue
measurable if F has a slightly stronger measurability property than Lebesgue
measurability, namely Borel measurability; see Exercise [[4.29(iii).

Now we can define the concept of a complex-valued measurable function.
As discussed earlier, it will be convenient to allow for such functions to
only be defined almost everywhere, rather than everywhere, to allow for the
possibility that the function becomes singular or otherwise undefined on a
null set.

Definition 1.3.11 (Complex measurability). An almost everywhere defined
complex-valued function f: R? — C is Lebesque measurable, or measurable
for short, if it is the pointwise almost everywhere limit of complex-valued
simple functions.

As before, there are several equivalent definitions:

Exercise 1.3.7. Let f: R? — C be an almost everywhere defined complex-
valued function. Then the following are equivalent:
(i) f is measurable.

(ii) f is the pointwise almost everywhere limit of complex-valued simple
functions.
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(iii) The
Im( f

magnitudes of the) positive and negative parts of Re(f) and
are unsigned measurable functions.

~—

(iv)

v) f~Y(U) is Lebesgue measurable for every open set U C C.
(v) f~Y(K) is Lebesgue measurable for every closed set K C C.

From the above exercise, we see that the notion of complex-valued mea-
surability and unsigned measurability are compatible when applied to a
function that takes values in [0, 4+00) = [0, 4+00] N C everywhere (or almost
everywhere).

Exercise 1.3.8.

(i) Show that every continuous function f: R? — C is measurable.
(ii) Show that a function f: R? — C is simple if and only if it is
measurable and takes on at most finitely many values.
(iii) Show that a complex-valued function that is equal almost every-
where to an measurable function, is itself measurable.

(iv) Show that if a sequence f,, of complex-valued measurable functions
converges pointwise almost everywhere to an complex-valued limit
f, then f is also measurable.

(v) If f: R? — C is measurable and ¢: C — C is continuous, show
that ¢ o f: R — C is measurable.

(vi) If f, g are measurable functions, show that f 4 g and fg are mea-
surable.

Exercise 1.3.9. Let f: [a,b] — R be a Riemann integrable function. Show
that if one extends f to all of R by defining f(x) = 0 for x ¢ [a,b], then f
is measurable.

1.3.3. Unsigned Lebesgue integrals. We are now ready to integrate un-
signed measurable functions. We begin with the notion of the lower unsigned
Lebesgue integral, which can be defined for arbitrary unsigned functions (not
necessarily measurable):

Definition 1.3.12 (Lower unsigned Lebesgue integral). Let f: R — [0, +00]
be an unsigned function (not necessarily measurable). We define the lower
unsigned Lebesgue integral fRd f(x) dz to be the quantity

f(z) dx = sup Simp/ g(x) dz
JRA 0<g<f;g simple Rd

where g ranges over all unsigned simple functions g: R? — [0, +o0] that are
pointwise bounded by f.
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One can also define the upper unsigned Lebesgue integral

/ f(z) dx := inf Simp/ h(z) dz,
Rd h>f;h simple R4

but we will use this integral much more rarely. Note that both integrals take
values in [0, +00], and that the upper Lebesgue integral is always at least as
large as the lower Lebesgue integral.

In the definition of the lower unsigned Lebesgue integral, g is required to
be bounded by f pointwise everywhere, but it is easy to see that one could
also require g to just be bounded by f pointwise almost everywhere without
affecting the value of the integral, since the simple integral is not affected
by modifications on sets of measure zero.

The following properties of the lower Lebesgue integral are easy to es-
tablish:

Exercise 1.3.10 (Basic properties of the lower Lebesgue integral). Let
f,9: R4 — [0, +00] be unsigned functions (not necessarily measurable).

(i) (Compatibility with the simple integral) If f is simple, then we have
@f(:c) dz = fRdf(a:) dx = Simp fRd f(x) dx.
(ii) (Monotonicity) If f < g pointwise almost everywhere, then we have
@f(:n) dzr < @g(:n) dz and [guf(x) de < [Rag(x) da.
(iii) (Homogeneity) If ¢ € [0,400), then [gacf(z) dz = c[gaf(z) dz.
(The claim unfortunately fails for ¢ = +o00, but this is somewhat
tricky to show.)

(iv) (Equivalence) If f, g agree almost everywhere, then fRd f(x) de =
@g(m) dx and Ef(a:) de = Eg(a;) dx.
(v) (Superadditivity) @f(x) +g(z) dx > @f(x) dz —|—@g($) dz.
(vi) (Subadditivity of upper integral) Ef(a:) +g(z) dx < Tmf(a:) dx+
Eg(:v) dx.
(vii) (Divisibility) For any measurable set E, one has [puf(z) dz =
Jraf @)1E(@) o+ [gaf (2)1ge p(@) da. -
(viii) (Horizontal truncation) As n — oo, [gqmin(f(z),n) dz converges
to @f(x) dx.
(ix) (Vertical truncation) As n — oo, [gaf(#)lz<, dz converges to

Jraf(x) dz. Hint: From Exercise L2ZTTl one has m(E N {x : |z| <
n}) — m(FE) for any measurable set E.
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(x) (Reflection) If f 4 ¢ is a simple function that is bounded with
finite measure support (i.e. it is absolutely integrable), then we have

Simp [ga f(2) + g(2) dv = [gaf(z) dz + [gag(z) dz.

Do the horizontal and vertical truncation properties hold if the lower
Lebesgue integral is replaced with the upper Lebesgue integral?

Now we restrict attention to measurable functions.

Definition 1.3.13 (Unsigned Lebesgue integral). If f: R? — [0, 4o0] is
measurable, we define the unsigned Lebesgue integral fRd f(z) dz of f to
equal the lower unsigned Lebesgue integral [gqf(x) dz. (For non-measurable
functions, we leave the unsigned Lebesguei_ntegral undefined.)

One nice feature of measurable functions is that the lower and upper
Lebesgue integrals can match, if one also assumes some boundedness:

Exercise 1.3.11. Let f: R? — [0, +00] be measurable, bounded, and van-
ishing outside of a set of finite measure. Show that the lower and upper
Lebesgue integrals of f agree. (Hint: Use Exercise [[34l) There is a con-
verse to this statement, but we will defer it to later notes. What happens
if f is allowed to be unbounded, or is not supported inside a set of finite
measure?

This gives an important corollary:

Corollary 1.3.14 (Finite additivity of the Lebesgue integral). Let f,g: R?
— [0,+00] be measurable. Then [gaf(x) + g(x) de = [ga f(x) do +

fRd g(z) dz.

Proof. From the horizontal truncation property and a limiting argument,
we may assume that f, g are bounded. From the vertical truncation property
and another limiting argument, we may assume that f, g are supported
inside a bounded set. From Exercise [[.L3.11] we now see that the lower and
upper Lebesgue integrals of f, g, and f + g agree. The claim now follows
by combining the superadditivity of the lower Lebesgue integral with the
subadditivity of the upper Lebesgue integral. ([

In the next section we will improve this finite additivity property for the
unsigned Lebesgue integral further, to countable additivity; this property is
also known as the monotone convergence theorem (Theorem [[Z4.43).

Exercise 1.3.12 (Upper Lebesgue integral and outer Lebesgue measure).
Show that for any set E C R, Elg(x) dx = m*(E). Conclude that
the upper and lower Lebesgue integrals are not necessarily additive if no
measurability hypotheses are assumed.
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Exercise 1.3.13 (Area interpretation of integral). If f: R? — [0, +oo] is
measurable, show that fRd f(z) dx is equal to the d+1-dimensional Lebesgue
measure of the region {(z,t) € R x R: 0 <t < f(z)}. (This can be used
as an alternate, and more geometrically intuitive, definition of the unsigned
Lebesgue integral; it is a more convenient formulation for establishing the
basic convergence theorems, but not quite as convenient for establishing
basic properties such as additivity.) (Hint: Use Exercise [.2.22])

Exercise 1.3.14 (Uniqueness of the Lebesgue integral). Show that the
Lebesgue integral f — fRd f(x) dz is the only map from measurable un-
signed functions f: RY — [0, +-00] to [0, +-00] that obeys the following prop-
erties for measurable f,g: R — [0, +-o0]:

(i) (Compatibility with the simple integral) If f is simple, then we have
Jra f(x) dz = Simp fRd ) dx.

(ii) (Finite add1t1v1ty Jra f(@) +9(x) doe = [ga f(zx) dz+ [gag(z) dz.
(iii) (Horizontal truncation) As n — 00, [gamin(f(z),n) dz converges
to fRd ) dz.
(iv) (Vertical truncation) As n — 00, [ga f(#)lz<n dx converges to
Jra f(2) dz
Exercise 1.3.15 (Translation invariance). Let f: RY — [0, +oc] be mea-
surable. Show that [Ru f(z 4+ y) dz = [z4 f(z) dx for any y € R%.

Exercise 1.3.16 (Linear change of variables). Let f: R% — [0, +o00] be
measurable, and let T: R — R be an invertible linear transformation.
Show that [pa f(T'(z)) doe = |detT| [za f(x) dx, or equivalently, that

Jra [(T) dz = |dctT| Jra f(z) da.

Exercise 1.3.17 (Compatibility with the Riemann integral). Let f: [a,b] —
[0, +00] be Riemann integrable. If we extend f to R by declaring f to equal
zero outside of [a,b], show that [ f(z) dz = f; f(z) dx

We record a basic inequality, known as Markov’s inequality, that asserts
that the Lebesgue integral of an unsigned measurable function controls how
often that function can be large:

Lemma 1.3.15 (Markov’s inequality). Let f: R? — [0, +00] be measurable.
Then for any 0 < X\ < oo, one has

m({zeRe: f(z) > \}) < 1\/ f(x) dx.

Proof. We have the trivial pointwise inequality

Mizerdp@)>a) < f(2).
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From the definition of the lower Lebesgue integral, we conclude that

m({x € RY flx) > A} < / f(x) dz,
Rd
and the claim follows. O

By sending A to infinity or to zero, we obtain the following important
corollary:

Exercise 1.3.18. Let f: R? — [0, +00] be measurable.

(i) Show that if [z, f(z) do < oo, then f is finite almost everywhere.
Give a counterexample to show that the converse statement is false.

(ii) Show that fRd ) dx = 0 if and only if f is zero almost every-
where.

Remark 1.3.16. The use of the integral fRd ) dz to control the distri-
bution of f is known as the first moment method One can also control this
distribution using higher moments such as [ga|f(2)|P dx for various values
of p, or exponential moments such as fRd etf(@) dz or the Fourier moments
fRd ef(®) dy for various values of ¢; such moment methods are fundamental
to probability theory.

1.3.4. Absolute integrability. Having set out the theory of the unsigned
Lebesgue integral, we can now define the absolutely convergent Lebesgue
integral.

Definition 1.3.17 (Absolute integrability). An almost everywhere defined
measurable function f: R¢ — C is said to be absolutely integrable if the
unsigned integral

s = [ 1)l da

is finite. We refer to this quantity ||f||1ge) as the LY(RY) norm of f,
and use L'(R?) or L'(R? — C) to denote the space of absolutely inte-
grable functions. If f is real-valued and absolutely integrable, we define the
Lebesgue integral fRd ) dz by the formula

(1.12) " f(z) dx := /Rd fi(x) do — /Rd f-(z) dx

where f := max(f,0), f— := max(—f,0) are the magnitudes of the positive
and negative components of f (note that the two unsigned integrals on the
right-hand side are finite, as f4, f_ are pointwise dominated by |f|). If f is
complex—valued and absolutely integrable, we define the Lebesgue integral
Jra f(x) dz by the formula

- f(z) dx = /RdRef(x) dw—l—i/RdImf(x) dx
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where the two integrals on the right are interpreted as real-valued absolutely
integrable Lebesgue integrals. It is easy to see that the unsigned, real-
valued, and complex-valued Lebesgue integrals defined in this manner are
compatible on their common domains of definition.

Note from construction that the absolutely integrable Lebesgue integral
extends the absolutely integrable simple integral, which is now redundant
and will not be needed any further in the sequel.

Remark 1.3.18. One can attempt to define integrals for non-absolutely-
integrable functions, analogous to the improper integrals fooo f(z) dx =

limp_co fOR f(x) dx or the principal value integrals p.v. [* f(z) dz =

limp 00 fFR f(x) dx one sees in the classical one-dimensional Riemannian
theory. While one can certainly generate any number of such extensions of
the Lebesgue integral concept, such extensions tend to be poorly behaved
with respect to various important operations, such as change of variables or
exchanging limits and integrals, so it is usually not worthwhile to try to set
up a systematic theory for such non-absolutely-integrable integrals that is
anywhere near as complete as the absolutely integrable theory, and instead
deal with such exotic integrals on an ad hoc basis.

From the pointwise triangle inequality | f(z) +g(z)| < |f(z)|+]g9(z)|, we
conclude the L! triangle inequality

(1.13) 1f+gllrwey < N fllorwey + N9l L1 (e

for any almost everywhere defined measurable f,g: R — C. It is also easy
to see that
HCfHLl(Rd) = ’CH\fHLl(Rd)

for any complex number c. As such, we see that Ll(Rd — C) is a complex
vector space. (The L! norm is then a seminorm on this space; see §1.3 of
An epsilon of room, Vol. I.) From Exercise [[[3.18 we make the important
observation that a function f € L'(R? — C) has zero L' norm, £l 21 (ge) =
0, if and only if f is zero almost everywhere.

Given two functions f,g € L'(R? — C), we can define the L' distance
dri(f,g) between them by the formula

dra(f,9) = 1f = 9l (may:
Thanks to (LI3]), this distance obeys almost all the axioms of a metric on
L'(RY), with one exception: it is possible for two different functions f, g €
L'(R? — C) to have a zero L' distance, if they agree almost everywhere.
As such, dy: is only a semi-metric (also known as a pseudo-metric) rather
than a metric. However, if one adopts the convention that any two functions
that agree almost everywhere are considered equivalent (or more formally,
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one works in the quotient space of L'(R%) by the equivalence relation of
almost everywhere agreement, which by abuse of notation is also denoted
LY(R%)), then one recovers a genuine metric. (Later on, we will establish
the important fact that this metric makes the (quotient space) L'(RY) a
complete metric space, a fact known as the L' Riesz-Fischer theorem; this
completeness is one of the main reasons we spend so much effort setting up
Lebesgue integration theory in the first place.)

The linearity properties of the unsigned integral induce analogous lin-
earity properties of the absolutely convergent Lebesgue integral:

Exercise 1.3.19 (Integration is linear). Show that the integration
[+ Jga f(z) dz is a (complex) linear operation from L'(R?) to C. In
other words, show that

f@) +g@) de= [ fa) do+ / o(x) da
Rd Rd Rd

/Rdcf(x) dfc:c/Rdf(:E) dz

for all absolutely integrable f,g: R — C and complex numbers c. Also,

establish the identity
| T@ o= [ fa) d
R4 R4

which makes integration not just a linear operation, but a *-linear operation.

Exercise 1.3.20. Show that Exercises [.3.15}, [L3.16] and [.3.17 also hold
for complex-valued, absolutely integrable functions rather than for unsigned
measurable functions.

and

Exercise 1.3.21 (Absolute summability is a special case of absolute inte-
grability). Let (c¢p)nez be a doubly infinite sequence of complex numbers,
and let f: R — C be the function

2) =Y enljpnin) (@) = co)
neZ
where |z] is the greatest integer less than x. Show that f is absolutely
integrable if and only if the series )", . ¢, is absolutely convergent, in which
case one has [, f(x) de =" .z n.

We can localise the absolutely convergent integral to any measurable
subset E of R?. Indeed, if f: E — C is a function, we say that f is measur-
able (resp. absolutely integrable) if its extension f:R% — C is measurable
(resp. absolutely integrable), where f(x) is deﬁned to equal f ( ) whenz € E
and zero otherwise, and then we define [, f(x) dz := [gu f(z) dz. Thus,
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for instance, the absolutely integrable analogue of Exercise [L3.17 tells us
that

/ Sy dr= [ ) do
a [a,b]

for any Riemann-integrable f: [a,b] — C.

Exercise 1.3.22. If E, I are disjoint measurable subsets of R%, and f: EU
I — C is absolutely integrable, show that

/ @ de= [ f@)ip() do
E FEUF
and

/Ef(:c) dx+/Ff(:c) do= [ f@)dn

We will study the properties of the absolutely convergent Lebesgue in-
tegral in more detail in later notes, as a special case of the more general
Lebesgue integration theory on abstract measure spaces. For now, we record
one very basic inequality:

Lemma 1.3.19 (Triangle inequality). Let f € L'(R? — C). Then

'/Rdf("’”) dx| S/Rd|f(a:)| dx.

Proof. If f is real-valued, then |f| = f+ + f— and the claim is obvious from
(LI2). When f is complex-valued, one cannot argue quite so simply; a naive
mimicking of the real-valued argument would lose a factor of 2, giving the

inferior bound
I/ f(z) dz| §2/ |f(x)] da.
Rd Rd

To do better, we exploit the phase rotation invariance properties of the
absolute value operation and of the integral, as follows. Note that for any
complex number z, one can write |z| as ze? for some real 6. In particular,

we have
’/Rd f(x) dz| :ew/Rdf(:E) dx:/Rdewf(:E) dx
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for some real §. Taking real parts of both sides, we obtain
[ £ dol = [ Re(ef(a)) da.
Rd Rd
Since Re(e® f(x)) < e f(z)| = | f(2)|, we obtain the claim. O

1.3.5. Littlewood’s three principles. Littlewood’s three principles are
informal heuristics that convey much of the basic intuition behind the mea-
sure theory of Lebesgue. Briefly, the three principles are as follows:

(i) Every (measurable) set is nearly a finite sum of intervals;
(ii) Every (absolutely integrable) function is nearly continuous; and

(iii) Every (pointwise) convergent sequence of functions is nearly uni-
formly convergent.

Various manifestations of the first principle were given in Exercise [L2.7]
and Exercise Now we turn to the second principle. Define a step
function to be a finite linear combination of indicator functions 1g of boxes
B.

Theorem 1.3.20 (Approximation of L' functions). Let f € L'(R%) and
e>0.

(i) There exists an absolutely integrable simple function g such that
1f = 9gllprmay <e.
(ii) There exists a step function g such that ||f — gll1 ey < €.

(iii) There exists a continuous, compactly supported g such that ||f —
QHLl(Rd) <e.

To put things another way, the absolutely integrable simple functions,
the step functions, and the continuous, compactly supported functions are all
dense subsets of L'(R?) with respect to the L!(R?) (semi-)metric. In §1.13
of An epsilon of room, Vol. I, it is shown that a similar statement holds if one
replaces continuous, compactly supported functions with smooth, compactly
supported functions, also known as test functions; this is an important fact
for the theory of distributions.

Proof. We begin with part (i). When f is unsigned, we see from the def-
inition of the lower Lebesgue integral that there exists an unsigned simple
function g such that g < f (so, in particular, g is absolutely integrable) and

/Rdgm d:rz/Rdf(rr) dr — ¢,

which by linearity implies that |f — gll;1gey < €. This gives (i) when
f is unsigned. The case when f is real-valued then follows by splitting f
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into positive and negative parts (and adjusting € as necessary), and the case
when f is complex-valued then follows by splitting f into real and imaginary
parts (and adjusting € yet again).

To establish part (ii), we see from (i) and the triangle inequality in
L' that it suffices to show this when f is an absolutely integrable simple
function. By linearity (and more applications of the triangle inequality),
it then suffices to show this when f = 1g is the indicator function of a
measurable set £ C R? of finite measure. But then, by Exercise (LZ10),
such a set can be approximated (up to an error of measure at most €) by an
elementary set, and the claim follows.

To establish part (iii), we see from (ii) and the argument from the pre-
ceding paragraph that it suffices to show this when f = 1 is the indicator
function of a box. But one can then establish the claim by direct construc-
tion. Indeed, if one makes a slightly larger box F' that contains the closure of
F in its interior, but has a volume at most £ more than that of E, then one
can directly construct a piecewise linear continuous function g supported
on F' that equals 1 on E (e.g. one can set g(z) = max(1 — Rdist(z, F),0)
for some sufficiently large R; one may also invoke Urysohn’s lemma, see
§1.10 of An epsilon of room, Vol. I). It is then clear from construction that
1f = gllL1(may < € as required. O

This is not the only way to make Littlewood’s second principle manifest;
we return to this point shortly. For now, we turn to Littlewood’s third
principle. We recall three basic ways in which a sequence f,: R? — C of
functions can converge to a limit f: R% — C:

(i) (Pointwise convergence) f,(z) — f(z) for every x € R

(ii) (Pointwise almost everywhere convergence) f,(x) — f(z) for al-
most every z € R

(iii) (Uniform convergence) For every ¢ > 0, there exists N such that
|fn(z) — f(x)] <eforallm > N and all z € R

Uniform convergence implies pointwise convergence, which in turn im-
plies pointwise almost everywhere convergence.

We now add a fourth mode of convergence, that is weaker than uniform
convergence but stronger than pointwise convergence:

Definition 1.3.21 (Locally uniform convergence). A sequence of functions
fn: R4 — C converges locally uniformly to a limit f: R4 — C if, for every
bounded subset E of R, f,, converges uniformly to f on E. In other words,
for every bounded E ¢ R® and every € > 0, there exists N > 0 such that
|fn(x) — f(x)] <eforallm > N and z € E.
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Remark 1.3.22. At least as far as R? is concerned, an equivalent definition
of local uniform convergence is: f,, converges locally uniformly to f if, for
every point o € RY, there exists an open neighbourhood U of x( such that
fn converges uniformly to f on U. The equivalence of the two definitions
is immediate from the Heine-Borel theorem. More generally, the adverb
“locally” in mathematics is usually used in this fashion; a property P is said
to hold locally on some domain X if, for every point zy in that domain,
there is an open neighbourhood of zg in X on which P holds.

One should caution, though, that on domains on which the Heine-Borel
theorem does not hold, the bounded-set notion of local uniform conver-
gence is not equivalent to the open-set notion of local uniform convergence
(though, for locally compact spaces, one can recover equivalence if one re-
places “bounded” by “compact”).

Example 1.3.23. The functions z — x/n on R for n = 1,2,... converge
locally uniformly (and hence pointwise) to zero on R, but do not converge
uniformly.

Example 1.3.24. The partial sums ZZ’LVZO xn—T,L of the Taylor series e =
> ‘% converges to e* locally uniformly (and hence pointwise) on R, but
not uniformly.

Example 1.3.25. The functions f,(z) := -=1,5¢ for n = 1,2,... (with the
convention that f,(0) = 0) converge pointwise everywhere to zero, but do
not converge locally uniformly.

From the preceding example, we see that pointwise convergence (either
everywhere or almost everywhere) is a weaker concept than local uniform
convergence. Nevertheless, a remarkable theorem of Egorov, which demon-
strates Littlewood’s third principle, asserts that one can recover local uni-
form convergence as long as one is willing to delete a set of small measure:

Theorem 1.3.26 (Egorov’s theorem). Let f,: RY — C be a sequence of
measurable functions that converge pointwise almost everywhere to another
function f: R* — C, and lete > 0. Then there exists a Lebesque measurable
set A of measure at most €, such that f, converges locally uniformly to f
outside of A.

Note that Example demonstrates that the exceptional set A in
Egorov’s theorem cannot be taken to have zero measure, at least if one
uses the bounded-set definition of local uniform convergence from Definition
L3271 (If one instead takes the “open neighbourhood” definition, then the
sequence in Example does converge locally uniformly on R\{0} in the
open neighbourhood sense, even if it does not do so in the bounded-set sense.
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On a domain such as R%\ A, bounded-set locally uniform convergence implies
open-neighbourhood locally uniform convergence, but not conversely.)

Proof. By modifying f, and f on a set of measure zero (that can be ab-
sorbed into A at the end of the argument) we may assume that f, converges
pointwise everywhere to f, thus for every z € R? and m > 0 there exists
N > 0 such that |fy(x) — f(z)] < 1/m for all n > N. We can rewrite this
fact set-theoretically as

oo
ﬂ EN,m = @
N=0
for each m, where
Enm = {x € R |fu(z) — f(x)] > 1/m for some n > N}.

It is clear that the Ey ,, are Lebesgue measurable, and are decreasing in N.
Applying downward monotone convergence (Exercise[[LZ.I1Jii)) we conclude
that, for any radius R > 0, one has

lim m(Enm, N B(0,R)) =0.
N—o00

(The restriction to the ball B(0,R) is necessary, because the downward
monotone convergence property only works when the sets involved have
finite measure.) In particular, for any m > 1, we can find N,, such that

€
m(Enm N B(0,m)) < om

for all N > N,,.

Now let A :=Jo>_; EN,,.m N B(0,m). Then A is Lebesgue measurable,
and by countable subadditivity, m(A) < e. By construction, we have

[fu(z) = f(2)] <1/m
whenever m > 1, € RA\A, |z| < m, and n > N,,. In particular, we see
for any ball B(0, mg) with an integer radius, f,, converges uniformly to f on

B(0,mq)\A. Since every bounded set is contained in such a ball, the claim
follows. O

Remark 1.3.27. Unfortunately, one cannot in general upgrade local uni-
form convergence to uniform convergence in Egorov’s theorem. A basic
example here is the moving bump example, f, := 1}, ,11) on R, which “es-
capes to horizontal infinity”. This sequence converges pointwise (and locally
uniformly) to the zero function f = 0. However, for any 0 < ¢ < 1 and any
n, we have |f,(x) — f(x)| > € on a set of measure 1, namely on the interval
[n,n + 1]. Thus, if one wanted f,, to converge uniformly to f outside of a
set A, then that set A has to contain a set of measure 1. In fact, it must
contain the intervals [n,n + 1] for all sufficiently large n and must therefore
have infinite measure.
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However, if all the f, and f were supported on a fized set E of finite
measure (e.g. on a ball B(0,R)), then the above “escape to horizontal
infinity” cannot occur, it is easy to see from the above argument that one
can recover uniform convergence (and not just locally uniform convergence)
outside of a set of arbitrarily small measure.

We now use Theorem [[.3.20] to give another version of Littlewood’s sec-
ond principle, known as Lusin’s theorem:

Theorem 1.3.28 (Lusin’s theorem). Let f: R? — C be absolutely inte-
grable, and let € > 0. Then there exists a Lebesque measurable set E C R?
of measure at most € such that the restriction of f to the complementary set
RI\E is continuous on that set.

A word of caution: This theorem does not imply that the unrestricted
function f is continuous on R\ E. For instance, the absolutely integrable
function 1g: R — C is nowhere continuous, so is certainly not continuous
on R\F for any F of finite measure; but on the other hand, if one deletes
the measure zero set F := Q from the reals, then the restriction of f to
R\F is identically zero and thus continuous.

Proof. By Theorem [[.3.20 for any n > 1 one can find a continuous, com-
pactly supported function f, such that ||f — full 1 (may < €/4" (say). By
Markov’s inequality (Lemma [[L3.15]), that implies that |f(z) — fn(x)| <
1/2"=1 for all z outside of a Lebesgue measurable set E,, of measure at most
g/2"*1 Letting E := U>2 | Ey, we conclude that E is Lebesgue measurable
with measure at most £/2, and f,, converges uniformly to f outside of E.
But the uniform limit of continuous functions is continuous, and the same
is true for local uniform limits (because continuity is itself a local property).
We conclude that the restriction f to R\ E is continuous, as required. [J

Exercise 1.3.23. Show that the hypothesis that f is absolutely integrable
in Lusin’s theorem can be relaxed to being locally absolutely integrable (i.e.
absolutely integrable on every bounded set), and then relaxed further to that
of being measurable (but still finite everywhere or almost everywhere). (To
achieve the latter goal, one can replace f locally with a horizontal truncation
J1f1<n; alternatively, one can replace f with a bounded variant, such as

)
7

Exercise 1.3.24. Show that a function f: R? — C is measurable if and

only if it is the pointwise almost everywhere limit of continuous functions
fn: RT = C. (Hint: If f: R? — C is measurable and n > 1, show that
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there exists a continuous function f,: R — C for which the set {z €
B(0,n) : |f(z) — fu(x)| > 1/n} has measure at most 3. You may find
Exercise below to be useful for this.) Use this (and Egorov’s theorem,
Theorem [[.3.20]) to give an alternate proof of Lusin’s theorem for arbitrary
measurable functions.

Remark 1.3.29. This is a trivial but important remark: when dealing with
unsigned measurable functions such as f: R? — [0, +-00], then Lusin’s the-
orem does not apply directly because f could be infinite on a set of positive
measure, which is clearly in contradiction with the conclusion of Lusin’s
theorem (unless one allows the continuous function to also take values in
the extended non-negative reals [0, +00] with the extended topology). How-
ever, if one knows already that f is almost everywhere finite (which is, for
instance, the case when f is absolutely integrable), then Lusin’s theorem
applies (since one can simply zero out f on the null set where it is infinite,
and add that null set to the exceptional set of Lusin’s theorem).

Remark 1.3.30. By combining Lusin’s theorem with inner regularity (Ex-
ercise [[2.T7]) and the Tietze extension theorem (see §1.10 of An epsilon of
room, Vol. I), one can conclude that every measurable function f: R — C
agrees (outside of a set of arbitrarily small measure) with a continuous func-
tion g: R? — C.

Exercise 1.3.25 (Littlewood-like principles). The following facts are not,
strictly speaking, instances of any of Littlewood’s three principles, but are
in a similar spirit.

(i) (Absolutely integrable functions almost have bounded support) Let
f: R? — C be an absolutely integrable function, and let £ > 0.
Show that there exists a ball B(0, R) outside of which f has an L!
norm of at most &, or in other words, that fRd\B(O,R) |f(x)| dx <e.

(ii) (Measurable functions are almost locally bounded) Let f: R¢ — C
be a measurable function, and let € > 0. Show that there exists a
measurable set £ C R? of measure at most ¢ outside of which f
is locally bounded, or in other words, that for every R > 0 there
exists M < oo such that |f(z)] < M for all z € B(0, R)\E.

As with Remark [[329] it is important in the second part of the exercise
that f is known to be finite everywhere (or at least almost everywhere); the
result would of course fail if f was, say, unsigned but took the value +o0o on
a set of positive measure.
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1.4. Abstract measure spaces

Thus far, we have only focused on measure and integration theory in the
context of Euclidean spaces RY. Now, we will work in a more abstract
and general setting, in which the Euclidean space R? is replaced by a more
general space X.

It turns out that in order to properly define measure and integration on
a general space X, it is not enough to just specify the set X. One also needs
to specify two additional pieces of data:

(i) A collection B of subsets of X that one is allowed to measure; and

(ii) The measure u(E) € [0,+00] one assigns to each measurable set
E e B.

For instance, Lebesgue measure theory covers the case when X is a
Euclidean space R?, B is the collection B = L[R%] of all Lebesgue measurable
subsets of R, and u(E) is the Lebesgue measure p(E) = m(FE) of E.

The collection B has to obey a number of axioms (e.g. being closed with
respect to countable unions) that make it a o-algebra, which is a stronger
variant of the more well-known concept of a Boolean algebra. Similarly,
the measure ;1 has to obey a number of axioms (most notably, a countable
additivity axiom) in order to obtain a measure and integration theory com-
parable to the Lebesgue theory on Fuclidean spaces. When all these axioms
are satisfied, the triple (X, B, u) is known as a measure space. These play
much the same role in abstract measure theory that metric spaces or topo-
logical spaces play in abstract point-set topology, or that vector spaces play
in abstract linear algebra.

On any measure space, one can set up the unsigned and absolutely con-
vergent integrals in almost exactly the same way as was done in the previous
notes for the Lebesgue integral on Euclidean spaces, although the approxi-
mation theorems are largely unavailable at this level of generality due to the
lack of such concepts as “elementary set” or “continuous function” for an
abstract measure space. On the other hand, one does have the fundamental
convergence theorems for the subject, namely Fatou’s lemma, the mono-
tone convergence theorem and the dominated convergence theorem, and we
present these results here.

One question that will not be addressed much in this section is how
one actually constructs interesting examples of measures. We will return to
this issue in Section [[.7] (although one of the most powerful tools for such
constructions, namely the Riesz representation theorem, will not be covered
here, but instead in §1.10 of An epsilon of room, Vol. I).
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1.4.1. Boolean algebras. We begin by recalling the concept of a Boolean
algebra.

Definition 1.4.1 (Boolean algebras). Let X be a set. A (concrete) Boolean
algebra on X is a collection B of X which obeys the following properties:

(i) (Empty set) 0 € B.

(ii) (Complement) If E € B, then the complement E€ := X\ E also lies
in B.

(iii) (Finite unions) If E, F' € B, then EU F € B.

We sometimes say that E is B-measurable, or measurable with respect to B,
if £ e B.

Given two Boolean algebras B, B’ on X, we say that B’ is finer than, a
sub-algebra of, or a refinement of B, or that B is coarser than or a coarsening

of B',ift BCH.

We have chosen a “minimalist” definition of a Boolean algebra, in which
one is only assumed to be closed under two of the basic Boolean operations,
namely complement and finite union. However, by using the laws of Boolean
algebra (such as de Morgan’s laws), it is easy to see that a Boolean algebra is
also closed under other Boolean algebra operations such as intersection £ N
F| set differerence E\ F', and symmetric difference EAF. So one could have
placed these additional closure properties inside the definition of a Boolean
algebra without any loss of generality. However, when we are verifying that
a given collection B of sets is indeed a Boolean algebra, it is convenient to
have as minimal a set of axioms as possible.

Remark 1.4.2. One can also consider abstract Boolean algebras B, which
do not necessarily live in an ambient domain X, but for which one has a
collection of abstract Boolean operations such as meet A and join V instead
of the concrete operations of intersection N and union U. We will not take
this abstract perspective here, but see §2.3 of An epsilon of room, Vol. I for
some further discussion of the relationship between concrete and abstract
Boolean algebras, which is codified by Stone’s theorem.

Example 1.4.3 (Trivial and discrete algebra). Given any set X, the coars-
est Boolean algebra is the trivial algebra {(), X}, in which the only measur-
able sets are the empty set and the whole set. The finest Boolean algebra is
the discrete algebra 2% := {E : E C X}, in which every set is measurable.
All other Boolean algebras are intermediate between these two extremes:
finer than the trivial algebra, but coarser than the discrete one.
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Exercise 1.4.1 (Elementary algebra). Let £[R¢] be the collection of those
sets E C R? that are either elementary sets, or co-elementary sets (i.e. the

complement of an elementary set). Show that £[R?] is a Boolean algebra.
We will call this algebra the elementary Boolean algebra of RY.

Example 1.4.4 (Jordan algebra). Let J[R9] be the collection of subsets
of R? that are either Jordan measurable or co-Jordan measurable (i.e. the

complement of a Jordan measurable set). Then J[R9] is a Boolean alge-
bra that is finer than the elementary algebra. We refer to this algebra as
the Jordan algebra on R (but caution that there is a completely different
concept of a Jordan algebra in abstract algebra.)

Example 1.4.5 (Lebesgue algebra). Let £[R?] be the collection of Lebesgue
measurable subsets of RY. Then £[R9] is a Boolean algebra that is finer than
the Jordan algebra; we refer to this as the Lebesgue algebra on RY.

Example 1.4.6 (Null algebra). Let N'(R%) be the collection of subsets of R%
that are either Lebesgue null sets or Lebesgue co-null sets (the complement
of null sets). Then N (RY) is a Boolean algebra that is coarser than the
Lebesgue algebra; we refer to it as the null algebra on R%.

Exercise 1.4.2 (Restriction). Let B be a Boolean algebra on a set X,
and let Y be a subset of X (not necessarily B-measurable). Show that the
restriction B |y:={ENY : E € B} of BtoY is a Boolean algebra on Y. If
Y is B-measurable, show that

Bly=Bn2¥={ECY:EcB]}.

Example 1.4.7 (Atomic algebra). Let X be partitioned into a union X =
Uger Aa of disjoint sets A, which we refer to as atoms. Then this partition
generates a Boolean algebra A((Aq)acr), defined as the collection of all the
sets E of the form E = (J,c; Aa for some J C I, ie., A((Aa)aer) is the
collection of all sets that can be represented as the union of one or more
atoms. This is easily verified to be a Boolean algebra, and we refer to it as
the atomic algebra with atoms (Aq)aer. The trivial algebra corresponds to
the trivial partition X = X into a single atom; at the other extreme, the
discrete algebra corresponds to the discrete partition X = (J . {z} into
singleton atoms. More generally, note that finer (resp. coarser) partitions
lead to finer (resp. coarser) atomic algebra. In this definition, we permit
some of the atoms in the partition to be empty; but it is clear that empty
atoms have no impact on the final atomic algebra, and so without loss of
generality one can delete all empty atoms and assume that all atoms are
non-empty if one wishes.

Example 1.4.8 (Dyadic algebras). Let n be an integer. The dyadic algebra
D,,(R%) at scale 27" in R% is defined to be the atomic algebra generated by
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the half-open dyadic cubes

[z’l z'1—|—1> [z’d z'd—|—1>

an? S X5

2n’  2n 2n’  2n

of length 27" (see Exercise [LT.14]). These are Boolean algebras which are
increasing in n: Dy, +1 O D,,. Draw a diagram to indicate how these algebras
sit in relation to the elementary, Jordan, and Lebesgue, null, discrete, and
trivial algebras.

Remark 1.4.9. The dyadic algebras are analogous to the finite resolution
one has on modern computer monitors, which subdivide space into square
pixels. A low resolution monitor (in which each pixel has a large size) can
only resolve a very small set of “blocky” images, as opposed to the larger
class of images that can be resolved by a finer resolution monitor.

Exercise 1.4.3. Show that the non-empty atoms of an atomic algebra are
determined up to relabeling. More precisely, show that if X = J,c; 4o =
Uger AL, are two partitions of X into non-empty atoms A,, A/,, then
A((Aa)aer) = A((AL))wer) if and only if there exists a bijection ¢: I — I’
such that A;j(a) = A, forall o € I.

While many Boolean algebras are atomic, many are not, as the following
two exercises indicate.

Exercise 1.4.4. Show that every finite Boolean algebra is an atomic al-
gebra. (A Boolean algebra B is finite if its cardinality is finite, i.e., there
are only finitely many measurable sets.) Conclude that every finite Boolean
algebra has a cardinality of the form 2" for some natural number n. From
this exercise and Exercise [[4.3] we see that there is a one-to-one correspon-
dence between finite Boolean algebras on X and finite partitions of X into
non-empty sets (up to relabeling).

Exercise 1.4.5. Show that the elementary, Jordan, Lebesgue, and null
algebras are not atomic algebras. (Hint: Argue by contradiction. If these
algebras were atomic, what must the atoms be?)

Now we describe some further ways to generate Boolean algebras.

Exercise 1.4.6 (Intersection of algebras). Let (B, )qer be a family of Boolean
algebras on a set X, indexed by a (possibly infinite or uncountable) label set

I. Show that the intersection A c;Ba = [\yes Ba of these algebras is still

a Boolean algebra, and is the finest Boolean algebra that is coarser than all

B,. (If I is empty, we adopt the convention that A, ;B is the discrete

algebra.)

Definition 1.4.10 (Generation of algebras). Let F be any family of sets in
X. We define (F)poo to be the intersection of all the Boolean algebras that
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contain F, which is again a Boolean algebra by Exercise[l.4.6l Equivalently,
(F)bool is the coarsest Boolean algebra that contains F. We say that (F)peol
is the Boolean algebra generated by F.

Example 1.4.11. F is a Boolean algebra if and only if (F)pe0 = F; thus
each Boolean algebra is generated by itself.

Exercise 1.4.7. Show that the elementary algebra £(R?) is generated by
the collection of boxes in RY.

Exercise 1.4.8. Let n be a natural number. Show that if F is a finite
collection of n sets, then (F)poo1 is a finite Boolean algebra of cardinality
at most 22" (in particular, finite sets generate finite algebras). Give an
example to show that this bound is best possible. (Hint: For the latter, it
may be convenient to use a discrete ambient space such as the discrete cube
X ={0,1}")

The Boolean algebra (F)poo can be described explicitly in terms of F
as follows:

Exercise 1.4.9 (Recursive description of a generated Boolean algebra). Let
F be a collection of sets in a set X. Define the sets Fy, F1, Fa, . .. recursively
as follows:

(i) Fo:=F.

(ii) For each n > 1, we define F,, to be the collection of all sets that

either the union of a finite number of sets in F,_; (including the
empty union (}), or the complement of such a union.

Show that <]:>bool = U?LO:O Fn.

1.4.2. o-algebras and measurable spaces. In order to obtain a measure
and integration theory that can cope well with limits, the finite union axiom
of a Boolean algebra is insufficient, and must be improved to a countable
union axiom:

Definition 1.4.12 (Sigma algebras). Let X be a set. A o-algebra on X is
a collection B of X which obeys the following properties:

(i) (Empty set) 0 € B.
(ii) (Complement) If E € B, then the complement E€ := X\ E also lies
in B.
(iii) (Countable unions) If Eq, Es, ... € B, then ;- | E, € B.

We refer to the pair (X, B) of a set X together with a o-algebra on that set
as a measurable space.
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Remark 1.4.13. The prefix o usually denotes “countable union”. Other
instances of this prefix include a o-compact topological space (a countable
union of compact sets), a o-finite measure space (a countable union of sets
of finite measure), or F, set (a countable union of closed sets) for other
instances of this prefix.

From de Morgan’s law (which is just as valid for infinite unions and
intersections as it is for finite ones), we see that o-algebras are closed under
countable intersections as well as countable unions.

By padding a finite union into a countable union by using the empty
set, we see that every o-algebra is automatically a Boolean algebra. Thus,
we automatically inherit the notion of being measurable with respect to a
o-algebra, or of one g-algebra being coarser or finer than another.

Exercise 1.4.10. Show that all atomic algebras are o-algebras. In partic-
ular, the discrete algebra and trivial algebra are o-algebras, as are the finite
algebras and the dyadic algebras on FKuclidean spaces.

Exercise 1.4.11. Show that the Lebesgue and null algebras are o-algebras,
but the elementary and Jordan algebras are not.

Exercise 1.4.12. Show that any restriction B |y of a o-algebra B to a
subspace Y of X (as defined in Exercise [[[4.2) is again a o-algebra on the
subspace Y.

There is an exact analogue of Exercise [[L4.6]

Exercise 1.4.13 (Intersection of o-algebras). Show that the intersection
Neocr Ba := Naer Ba of an arbitrary (and possibly infinite or uncountable)
number of o-algebras B, is again a c-algebra, and is the finest o-algebra
that is coarser than all of the B,.

Similarly, we have a notion of generation:

Definition 1.4.14 (Generation of o-algebras). Let F be any family of sets
in X. We define (F) to be the intersection of all the o-algebras that con-
tain F, which is again a o-algebra by Exercise [[4.13l Equivalently, (F) is
the coarsest o-algebra that contains F. We say that (F) is the o-algebra
generated by F.

Since every o-algebra is a Boolean algebra, we have the trivial inclusion
<]:>bool C <]:>

However, equality need not hold; it only holds if and only if (F)pee is & o-

algebra. For instance, if F is the collection of all boxes in R%, then (F)pool is

the elementary algebra (Exercise [L4.7), but (F) cannot equal this algebra,
as it is not a o-algebra.
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Remark 1.4.15. From the definitions, it is clear that we have the following
principle, somewhat analogous to the principle of mathematical induction:
if F is a family of sets in X, and P(E) is a property of sets £ C X which
obeys the following axioms:

(i) P(0) is true.

(ii) P(E) is true for all £ € F.

(iii) If P(E) is true for some E C X, then P(X\E) is true also.

(iv) If Ey,Es,... C X are such that P(FE,) is true for all n, then
P(Uy2, Ey) is true also.

Then one can conclude that P(FE) is true for all £ € (F). Indeed, the
set of all E for which P(E) holds is a o-algebra that contains F, whence
the claim. This principle is particularly useful for establishing properties of
Borel measurable sets (see below).

We now turn to an important example of a g-algebra:

Definition 1.4.16 (Borel o-algebra). Let X be a metric space, or more
generally a topological space. The Borel o-algebra B[X] of X is defined to
be the o-algebra generated by the open subsets of X. Elements of B[X] will
be called Borel measurable.

Thus, for instance, the Borel o-algebra contains the open sets, the closed
sets (which are complements of open sets), the countable unions of closed
sets (known as Fj, sets), the countable intersections of open sets (known as
Gy sets), the countable intersections of F, sets, and so forth.

In R?, every open set is Lebesgue measurable, and so we see that the
Borel g-algebra is coarser than the Lebesgue o-algebra. We will shortly see,
though, that the two o-algebras are not equal.

We defined the Borel o-algebra to be generated by the open sets. How-
ever, they are also generated by several other sets:

Exercise 1.4.14. Show that the Borel o-algebra B[RY] of a Euclidean set
is generated by any of the following collections of sets:
(i) The open subsets of R

(ii) The closed subsets of RY.

(iii) The compact subsets of R

(iv) The open balls of RA.

(v) The boxes in R

)

(vi) The elementary sets in R,
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(Hint: To show that two families F, F’ of sets generate the same o-algebra,
it suffices to show that every o-algebra that contains F, contains F’ also,
and conversely.)

There is an analogue of Exercise [[4.9] which illustrates the extent
to which a generated o-algebra is “larger” than the analogous generated
Boolean algebra:

Exercise 1.4.15 (Recursive description of a generated o-algebra). (This
exercise requires familiarity with the theory of ordinals, which is reviewed in
§2.4 of An epsilon of room, Vol. I Recall that we are assuming the axiom
of choice throughout this text.) Let F be a collection of sets in a set X,
and let w; be the first uncountable ordinal. Define the sets F, for every
countable ordinal o € wq via transfinite induction as follows:

(i) Fo:=F.
(ii) For each countable successor ordinal v = 5 + 1, we define F, to
be the collection of all sets that either the union of an at most

countable number of sets in F,,_; (including the empty union (),
or the complement of such a union.

(iii) For each countable limit ordinal a = supg., 3, we define F, :=
Uﬁ<a ‘FB‘
Show that (F) = F

acwy Y o

Remark 1.4.17. The first uncountable ordinal w; will make several further
cameo appearances here and in An epsilon of room, Vol. I, for instance,
by generating counterexamples to various plausible statements in point-set
topology. In the case when F is the collection of open sets in a topological
space, so that (F), then the sets F, are essentially the Borel hierarchy
(which starts at the open and closed sets, then moves on to the F, and Gy
sets, and so forth); these play an important role in descriptive set theory.

Exercise 1.4.16. (This exercise requires familiarity with the theory of car-
dinals.) Let F be an infinite family of subsets of X of cardinality x (thus ~
is an infinite cardinal). Show that (F) has cardinality at most ™. (Hint:
Use Exercise[[ZI5l) In particular, show that the Borel o-algebra B[R] has
cardinality at most ¢ := 280,

Conclude that there exist Jordan measurable (and hence Lebesgue mea-
surable) subsets of R? which are not Borel measurable. (Hint: How many
subsets of the Cantor set are there?) Use this to place the Borel o-algebra
on the diagram that you drew for Exercise [L4.8

Remark 1.4.18. Despite this demonstration that not all Lebesgue mea-
surable subsets are Borel measurable, it is remarkably difficult (though not
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impossible) to exhibit a specific set that is not Borel measurable. Indeed, a
large majority of the explicitly constructible sets that one actually encoun-
ters in practice tend to be Borel measurable, and one can view the property
of Borel measurability intuitively as a kind of “constructibility” property.
(Indeed, as a very crude first approximation, one can view the Borel mea-
surable sets as those sets of “countable descriptive complexity”; in contrast,
sets of finite descriptive complexity tend to be Jordan measurable (assuming
they are bounded, of course).

Exercise 1.4.17. Let E, F be Borel measurable subsets of R% , R%, re-
spectively. Show that E x F is a Borel measurable subset of R4+ ( Hint:
First establish this in the case when F' is a box, by using Remark [LZ.15l To
obtain the general case, apply Remark yet again.)

The above exercise has a partial converse:

Exercise 1.4.18. Let F be a Borel measurable subset of R%11d2,

(i) Show that for any x; € R%, the slice {xg € R% : (11,22) € E} is
a Borel measurable subset of R%. Similarly, show that for every
ry € R%, the slice {1 € R : (21, 22) € E} is a Borel measurable
subset of R%.

(ii) Give a counterexample to show that this claim is not true if “Borel”
is replaced with “Lebesgue” throughout. (Hint: The Cartesian
product of any set with a point is a null set, even if the first set
was not measurable.)

Exercise 1.4.19. Show that the Lebesgue o-algebra on R¢ is generated by
the union of the Borel o-algebra and the null o-algebra.

1.4.3. Countably additive measures and measure spaces. Having
set out the concept of a o-algebra a measurable space, we now endow these
structures with a measure.

We begin with the finitely additive theory, although this theory is too
weak for our purposes and will soon be supplanted by the countably additive
theory.

Definition 1.4.19 (Finitely additive measure). Let B be a Boolean algebra
on a space X. An (unsigned) finitely additive measure p on B is a map
w: B — [0,400] that obeys the following axioms:

(i) (Empty set) u(0) = 0.
(ii) (Finite additivity) Whenever E, F' € B are disjoint, then u(EUF') =
u(E) + p(F).
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Remark 1.4.20. The empty set axiom is needed in order to rule out the
degenerate situation in which every set (including the empty set) has infinite
measure.

Example 1.4.21. Lebesgue measure m is a finitely additive measure on
the Lebesgue o-algebra, and hence on all sub-algebras (such as the null al-
gebra, the Jordan algebra, or the elementary algebra). In particular, Jordan
measure and elementary measure are finitely additive (adopting the con-
vention that co-Jordan measurable sets have infinite Jordan measure, and
co-elementary sets have infinite elementary measure).

On the other hand, as we saw in previous notes, Lebesgue outer measure
is not finitely additive on the discrete algebra, and Jordan outer measure is
not finitely additive on the Lebesgue algebra.

Example 1.4.22 (Dirac measure). Let * € X and B be an arbitrary
Boolean algebra on X. Then the Dirac measure . at x, defined by set-
ting 0,(F) := 1g(z), is finitely additive.

Example 1.4.23 (Zero measure). The zero measure 0: E +— 0 is a finitely
additive measure on any Boolean algebra.

Example 1.4.24 (Linear combinations of measures). If B is a Boolean
algebra on X, and p,v: B — [0,+00] are finitely additive measures on B,
then p +v: E — pu(E)+ v(E) is also a finitely additive measure, as is
cp: E — ¢ x p(E) for any ¢ € [0,400]. Thus, for instance, the sum of
Lebesgue measure and a Dirac measure is also a finitely additive measure
on the Lebesgue algebra (or on any of its sub-algebras).

Example 1.4.25 (Restriction of a measure). If 5 is a Boolean algebra on
X, p: B — [0,+00] is a finitely additive measure, and Y is a B-measurable
subset of X, then the restriction p |y : B |y— [0, +0oc] of B to Y, defined
by setting p |y (E) := pu(E) whenever E € B |y (i.e. f E€ Band ECY),
is also a finitely additive measure.

Example 1.4.26 (Counting measure). If B is a Boolean algebra on X, then
the function #: B — [0, +00] defined by setting #(F) to be the cardinality
of F if E is finite, and #(F) := +oo if E is infinite, is a finitely additive
measure, known as counting measure.

As with our definition of Boolean algebras and o-algebras, we adopted
a “minimalist” definition so that the axioms are easy to verify. But they
imply several further useful properties:

Exercise 1.4.20. Let p: B — [0,400] be a finitely additive measure on a
Boolean o-algebra B. Establish the following facts:
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(i) (Monotonicity) If E, F' are B-measurable and F C F, then u(E) <

u(F).

(ii) (Finite additivity) If &k is a natural number, and Ei, ..., E}, are B-
measurable and disjoint, then p(E1U. . .UEy) = pu(E1)+. . .+u(Ey).

(iii) (Finite subadditivity) If k£ is a natural number, and Ey,. .., Ej are
B-measurable, then u(Ey U...UEg) < pu(Ey) + ...+ p(Ey).

(iv) (Inclusion-exclusion for two sets) If E, F' are B-measurable, then
WEUF)+ p(ENF) = pu(E) + p(F).

(Caution: Remember that the cancellation law a +c=b+c¢ = a =10
does not hold in [0, +o0] if ¢ is infinite, and so the use of cancellation (or
subtraction) should be avoided if possible.)

One can characterise measures completely for any finite algebra:

Exercise 1.4.21. Let B be a finite Boolean algebra, generated by a finite
family Ay, ..., Ax of non-empty atoms. Show that for every finitely additive

measure 4 on B there exists ¢y, ..., ¢, € [0, +00] such that
WE) = Y o
1<j<k:A;CE

Equivalently, if z; is a point in A; for each 1 < j <k, then

k
p=2_ i,
=1

Furthermore, show that the cy, ..., c¢; are uniquely determined by p.

This is about the limit of what one can say about finitely additive mea-
sures at this level of generality. We now specialise to the countably additive
measures on o-algebras.

Definition 1.4.27 (Countably additive measure). Let (X, B) be a measur-
able space. An (unsigned) countably additive measure p on B, or measure
for short, is a map u: B — [0, +00] that obeys the following axioms:

(i) (Empty set) u(0) = 0.
(ii) (Countable additivity) Whenever E1, Es, ... € B are a countable se-
quence of disjoint measurable sets, then (o2 En)=> oo t(Ey).

n

A triplet (X, B, i), where (X, B) is a measurable space and p: B — [0, +00]
is a countably additive measure, is known as a measure space.

Note the distinction between a measure space and a measurable space.
The latter has the capability to be equipped with a measure, but the former
is actually equipped with a measure.
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Example 1.4.28. Lebesgue measure is a countably additive measure on the
Lebesgue o-algebra, and hence on every sub-o-algebra (such as the Borel o-
algebra).

Example 1.4.29. The Dirac measures from Exercise [[.4.22] are countably
additive, as is counting measure.

Example 1.4.30. Any restriction of a countably additive measure to a
measurable subspace is again countably additive.

Exercise 1.4.22 (Countable combinations of measures). Let (X, B) be a
measurable space.

(i) If p is a countably additive measure on B, and ¢ € [0,+0c], then
cp is also countably additive.

(ii) If g, pa,. .. are a sequence of countably additive measures on B,
then the sum Y 00 py : E — Y 07 puy(E) is also a countably
additive measure.

Note that countable additivity measures are necessarily finitely additive
(by padding out a finite union into a countable union using the empty set),
and so countably additive measures inherit all the properties of finitely ad-
ditive properties, such as monotonicity and finite subadditivity. But one
also has additional properties:

Exercise 1.4.23. Let (X, B, ;) be a measure space.

(i) (Countable subadditivity) If Ey, Es, ... are B-measurable, then we
have p(UpZy En) < 32001 H(ER).
(ii) (Upwards monotone convergence) If £} C E5 C . .. are B-measurable,

then
o
m U1 En) = lim pu(En) = sup p(En).
n=
(iii) (Downwards monotone convergence) If £y D Ey D ... are B-

measurable, and p(E,) < oo for at least one n, then

oo

u(ﬂl Eyp) = lim p(E,) = inf u(Ey).
n=

Show that the downward monotone convergence claim can fail if the hy-

pothesis that u(E,) < oo for at least one n is dropped. (Hint: Mimic the

solution to Exercise [L2.T11)

Exercise 1.4.24 (Dominated convergence for sets). Let (X, B, i) be a mea-
sure space. Let Fq, Es, ... be a sequence of B-measurable sets that converge
to another set E, in the sense that 1g, converges pointwise to 1g.
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(i) Show that E is also B-measurable.

(ii) If there exists a B-measurable set F' of finite measure (i.e. u(F) <
oo) that contains all of the E,, show that lim, o p(Ey) = u(E).
(Hint: Apply downward monotonicity to the sets (J,,- y(EnAE).)

(iii) Show that the previous part of this exercise can fail if the hypothesis
that all the F,, are contained in a set of finite measure is omitted.

Exercise 1.4.25. Let X be an at most countable set with the discrete
o-algebra. Show that every measure p on this measurable space can be
uniquely represented in the form

= Zcmém

zeX

u(E) = Z Cx

zeE

for some ¢, € [0, +0o0], thus

for all EC X. (This claim fails in the uncountable case, although showing
this is slightly tricky.)

A useful technical property, enjoyed by some measure spaces, is that of
completeness:

Definition 1.4.31 (Completeness). A null set of a measure space (X, B, i)
is defined to be a B-measurable set of measure zero. A sub-null set is any
subset of a null set. A measure space is said to be complete if every sub-null
set is a null set.

Thus, for instance, the Lebesgue measure space (RY, L[R%],m) is com-
plete, but the Borel measure space (R, B[R], m) is not (as can be seen
from the solution to Exercise [L4.1G]).

Completion is a convenient property to have in some cases, particularly
when dealing with properties that hold almost everywhere. Fortunately, it
is fairly easy to modify any measure space to be complete:

Exercise 1.4.26 (Completion). Let (X,B,u) be a measure space. Show
that there exists a unique refinement (X,B,%), known as the completion
of (X, B, ), which is the coarsest refinement of (X, B, u) that is complete.
Furthermore, show that B consists precisely of those sets that differ from a
B-measurable set by a B-subnull set.

Exercise 1.4.27. Show that the Lebesgue measure space (R?, L[R%],m) is
the completion of the Borel measure space (R?, B[RY],m).

Exercise 1.4.28 (Approximation by an algebra). Let A be a Boolean al-
gebra on X, and let u be a measure on (A).
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(i) If u(X) < oo, show that for every E € (A) and € > 0 there exists
F € A such that u(EAF) < e.

(i) More generally, if X = |J;2, A, for some Aj, As,... € A with
1(Ay) < oo for all n, E € (A) has finite measure, and € > 0, show
that there exists F' € A such that u(EAF) < e.

1.4.4. Measurable functions, and integration on a measure space.
Now we are ready to define integration on measure spaces. We first need the
notion of a measurable function, which is analogous to that of a continuous
function in topology. Recall that a function f: X — Y between two topo-
logical spaces X,Y is continuous if the inverse image f~'(U) of any open
set is open. In a similar spirit, we have

Definition 1.4.32. Let (X, B) be a measurable space, and let f: X —
[0,4+00] or f: X — C be an unsigned or complex-valued function. We say
that f is measurable if f~1(U) is B-measurable for every open subset U of
[0, 4+00] or C.

From Lemma[[.3.9] we see that this generalises the notion of a Lebesgue
measurable function.

Exercise 1.4.29. Let (X, B) be a measurable space.

(i) Show that a function f: X — [0, 4+o00] is measurable if and only if
the level sets {x € X : f(xz) > A} are B-measurable.

(ii) Show that an indicator function 1z of a set £ C X is measurable
if and only if F itself is B-measurable.

(iii) Show that a function f: X — [0,4o00] or f: X — C is measurable
if and only if f~!(E) is B-measurable for every Borel-measurable
subset E of [0, +oc] or C.

(iv) Show that a function f: X — C is measurable if and only if its
real and imaginary parts are measurable.

(v) Show that a function f: X — R is measurable if and only if the
magnitudes f; := max(f,0), f— := max(—f,0) of its positive and
negative parts are measurable.

(vi) If f,,: X — [0, +00] are a sequence of measurable functions that
converge pointwise to a limit f: X — [0, +00], then show that f is
also measurable. Obtain the same claim if [0, +o0] is replaced by

C.

(vii) If f: X — [0,4o00] is measurable and ¢: [0,4+00] — [0,400] is
continuous, show that ¢ o f is measurable. Obtain the same claim
if [0, 4+00] is replaced by C.
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(viii) Show that the sum or product of two measurable functions in
[0, +00] or C is still measurable.

Remark 1.4.33. One can also view measurable functions in a more category
theoretic fashion. Define measurable morphism or measurable map f from
one measurable space (X, B) to another (Y,C) to be a function f: X — Y
with the property that f~!(E) is B-measurable for every C-measurable set
E. Then a measurable function f: X — [0,+o0] or f: X — C is the same
thing as a measurable morphism from X to [0, +o00] or C, where the latter
is equipped with the Borel o-algebra. Also, one g-algebra B on a space X
is coarser than another B’ precisely when the identity map idx: X — X
is a measurable morphism from (X, B’) to (X, B). The main advantage of
adopting this viewpoint is that it is obvious that the composition of mea-
surable morphisms is again a measurable morphism. This is important in
those fields of mathematics, such as ergodic theory (discussed in [Ta2009]),
in which one frequently wishes to compose measurable transformations (and
in particular, to compose a transformation 7": (X, B) — (X, B) with itself
repeatedly); but it will not play a major role in this text.

Measurable functions are particularly easy to describe on atomic spaces:

Exercise 1.4.30. Let (X, B) be a measurable space that is atomic, thus
B = A((Aa)aer) for some partition X = (J,c; Ao of X into disjoint non-
empty atoms. Show that a function f: X — [0,+o00] or f: X — C is
measurable if and only if it is constant on each atom, or equivalently if one
has a representation of the form

[ = anlAa

acl

for some constants ¢, in [0, +00] or in C as appropriate. Furthermore, the
Cq are uniquely determined by f.

Exercise 1.4.31 (Egorov’s theorem). Let (X, B, 1) be a finite measure space
(so u(X) < 00), and let f,,: X — C be a sequence of measurable functions
that converge pointwise almost everywhere to a limit f: X — C, and let
¢ > 0. Show that there exists a measurable set E of measure at most ¢ such
that f, converges uniformly to f outside of E. Give an example to show
that the claim can fail when the measure yu is not finite.

In Section [L3] we defined first a simple integral, then an unsigned in-
tegral, and then finally an absolutely convergent integral. We perform the
same three stages here. We begin with the simple integral:

Definition 1.4.34 (Integral of simple functions). An (unsigned) simple
function f: X — [0,+00] on a measurable space (X, B) is a measurable
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function that takes on finitely many values ai,...,ar. We then define the
simple integral Simp [ f du by the formula

k

Simp /X Fp=Y"agn(f (o).

J=1

In order to set out the basic properties of the simple integral, the fol-
lowing preliminary result is handy:

Exercise 1.4.32. Let f: X — [0, +00] be a simple function on a measurable
space (X, B), and suppose that there are disjoint measurable sets E1, ..., E,
such that f is supported on F1 U...UE,, and equals ¢; on each F; for some
¢ € [0,400]. Show that

Simp/ fdu= chu(Ej).
X =

Now we can deduce the following properties of the simple integral. As
with the Lebesgue theory, we say that a property P(z) of an element z € X
of a measure space (X, B, ) holds p-almost everywhere if it holds outside
of a sub-null set.

Exercise 1.4.33 (Basic properties of the simple integral). Let (X, B, 1) be
a measure space, and let f,g: X — [0,400] be simple functions.

(i) (Monotonicity) If f <g pointwise, then Simp [y f dpu <Simp [ g dp.
(ii) (Compatibility with measure) For every B-measurable set E, we
have Simp [y 1p dp = pu(E).
(iii) (Homogeneity) For every ¢ € [0,+0oc], one has Simp [y cf du =
c X Simprf dpu.
(iv) (Finite additivity) Simp [ (f+g) dp=Simp [ f du+Simp [y g dp.
(cf. Exercise [[LT.21)
(v) (Insensitivity to refinement) If (X, B', i//) is a refinement of (X, B, i)
(which means that B’ is a o-algebra containing B, and p : B —
[0, 400] is the restriction of u': B — [0, +oc] to B), then we have
Simp [ f dp = Simp [ f dp’.
(vi) (Almost everywhere equivalence) If f(z) = g(z) for p-almost every
x € X, then Simp [ f dp = Simp [ g dp.
(vii) (Finiteness) Simp [y f dpu < oo if and only if f is finite almost
everywhere, and is supported on a set of finite measure.
(viii) (Vanishing) Simp [ f dp = 0 if and only if f is zero almost every-
where.
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Exercise 1.4.34 (Inclusion-exclusion principle). Let (X, B, i) be a measure
space, and let Aq,..., A, be B-measurable sets of finite measure. Show that

(Un)-, 500
i=1 JC{l,...,n}:J;ﬁ@ ieJ

(Hint: Compute Simp [ (1 — []i;(1 — 14,)) dp in two different ways.)

Remark 1.4.35. The simple integral could also be defined on finitely addi-
tive measure spaces, rather than countably additive ones, and all the above
properties would still apply. However, on a finitely additive measure space
one would have difficulty extending the integral beyond simple functions, as
we will now do.

From the simple integral, we can now define the unsigned integral, in
analogy to the way the unsigned Lebesgue integral was constructed in Sec-

tion [1.3.3

Definition 1.4.36. Let (X,B,u) be a measure space, and let f: X —
[0, +00] be measurable. Then we define the unsigned integral | xf duof f
by the formula

(1.14) / fdu:= sup Simp/ g dpu.
X X

0<g<f;g simple
Clearly, this definition generalises Definition [[3.13l Indeed, if f: R —
[0, +00] is Lebesgue measurable, then [pq4 f(z) dz = [ga f dm.
We record some easy properties of this integral:

Exercise 1.4.35 (Easy properties of the unsigned integral). Let (X, B, u)
be a measure space, and let f,g: X — [0, 400] be measurable.

(i) (Almost everywhere equivalence) If f = ¢ p-almost everywhere,
then fo dp = fXg dp

(ii) (Monotonicity) If f < g p-almost everywhere, then [, f du <
Jx 9 dp.

(iii) (Homogeneity) We have [y cf du = ¢ [y f du for every ¢ € [0, +oc].

(iv) (Superadditivity) We have [y (f +g) du> [y f du+ [y g dp.

(v) (Compatibility with the simple integral) If f is simple, then we have
fo dp = Simprf du.

(vi) (Markov’s inequality) For any 0 < A < oo, one has

ple e X f@) 22 < 5 [ fan

In particular, if [y f du < oo, then the sets {x € X : f(z) > A}
have finite measure for each A > 0.
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(vii) (Finiteness) If [y f du < oo, then f() is finite for py-almost every
x.

(viii) (Vanishing) If [ f dp =0, then f(z) is zero for p-almost every x.
(ix) (Vertical truncation) We have lim, . [y min(f,n) du = [y f dp.
(

X
(x) (Horizontal truncation) If By C Ey C ... is an increasing sequence
of B-measurable sets, then

7}1_>r1010/)(f1En dM:/XﬂUi"—lEn dys.

(xi) (Restriction) If Y is a measurable subset of X, then [ fly du =
Jy f Iy du ly, where f |y:Y — [0,400] is the restriction of
f: X — [0,400] to Y, and the restriction p |y was defined in
Example [LZ28 We will often abbreviate [, f |y du |y (by slight
abuse of notation) as fy f du.

As before, one of the key properties of this integral is its additivity:

Theorem 1.4.37. Let (X,B,u) be a measure space, and let f,g: X —
[0, +00] be measurable. Then

/X(f+g)du=/deﬂ+/ngu-

Proof. In view of superadditivity, it suffices to establish the subadditivity

property
/(f+g)du§/fdu+/gdu
X X X

We establish this in stages. We first deal with the case when p is a finite
measure (which means that p(X) < oo) and f,g are bounded. Pick an
e > 0, and let f. be f rounded down to the nearest integer multiple of ¢,
and let f° be f rounded up to the nearest integer multiple. Clearly, we have
the pointwise bounds

fe(@) < fz) < fo(2)
and
fo(x) = fe(z) <e.

Since f is bounded, f. and f¢ are simple. Similarly, define g., g°. We then
have the pointwise bound

fHg < fF4+g° < fo+ge + 2,



84 1. Measure theory

hence by Exercise [[.4.35 and the properties of the simple integral,
/ f+gdu§/ fe+9-+2edu
X X

:Simp/ fe+9-+2edp
X

= Simp/ fe du+ Simp/ ge dp + 2ep(X).
X X

From (I.I4)) we conclude that

/Xf—l-ngS/deujL/ng,u—l—Qs,u(X).

Letting & — 0 and using the assumption that p(X) is finite, we obtain the
claim.

Now we continue to assume that p is a finite measure, but now we do
not assume that f, g are bounded. Then for any natural number n, we can
use the previous case to deduce that

/ min(f, n) + min(g, n) du < / min(f, n) dp + / min(g, n) dp.

Since min(f + g,n) < min(f,n) + min(g,n), we conclude that

/ min(f + g,n) / min(f,n du—i—/ min(g,n) du.

Taking limits as n — oo using vertical truncation, we obtain the claim.

Finally, we no longer assume that p is of finite measure, and also do not
require f, g to be bounded. If either fX f du or fX g dy is infinite, then by
monotonicity, [ « J+g dupis infinite as well, and the claim follows; so we may
assume that [ ~ f dp and | + 9 dp are both finite. By Markov’s inequality
(Exercise [[.4.35(vi)), we conclude that for each natural number n, the set
E,:={zeX: f(z)>1i}U{z e X:g(x)> 1L} has finite measure. These
sets are increasing in n, and f,g, f + g are supported on |J 2 ; Ep, and so
by horizontal truncation

/(f+g) duznlgngo/(f+g)1En dp.
X X

From the previous case, we have

/(f+g)1En duﬁ/ flE, du+/ 9lg, du.
X X X

Letting n — oo and using horizontal truncation we obtain the claim. O

Exercise 1.4.36 (Linearity in p). Let (X, B, u) be a measure space, and
let f: X — [0, +00] be measurable.

(i) Show that [y f d(cp) =cx [y f du for every c € [0, 400].
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(ii) If pq, po, ... are a sequence of measures on B, show that

/degunzgfxfdun-

Exercise 1.4.37 (Change of variables formula). Let (X, B, 1) be a measure
space, and let ¢: X — Y be a measurable morphism (as defined in Remark
[[Z433) from (X, B) to another measurable space (Y,C). Define the pushfor-
ward ¢ypu: C — [0, 400] of p by ¢ by the formula ¢, u(E) := u(¢~(E)).

(i) Show that ¢, is a measure on C, so that (Y,C, ¢.u) is a measure
space.

(ii) If f: Y — [0,400] is measurable, show that [i, f dp.p = [ (f o
) dp.

(Hint: The quickest proof here is via the monotone convergence theorem

(Theorem [[L4.43)) below, but it is also possible to prove the exercise without
this theorem.)

Exercise 1.4.38. Let T: R? — R? be an invertible linear transformation,
and let m be Lebesgue measure on R%. Show that T,m = Me—ltTlm, where
the pushforward T,m of m was defined in Exercise [[.4.37

Exercise 1.4.39 (Sums as integrals). Let X be an arbitrary set (with the
discrete o-algebra), let # be counting measure (see Exercise [[4.26)), and
let f: X — [0,+00] be an arbitrary unsigned function. Show that f is

measurable with
/X fag=Y f@).

zeX

Once one has the unsigned integral, one can define the absolutely con-
vergent integral exactly as in the Lebesgue case:

Definition 1.4.38 (Absolutely convergent integral). Let (X, B, 1) be a mea-
sure space. A measurable function f: X — C is said to be absolutely inte-
grable if the unsigned integral

1 lres == / £l du
X

is finite, and use L' (X, B, ), L'(X), or L' () to denote the space of abso-
lutely integrable functions. If f is real-valued and absolutely integrable, we
define the integral [ [ du by the formula

/deu:—/xf+du—/Xf—du
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where f, := max(f,0), f— := max(—f,0) are the magnitudes of the posi-
tive and negative components of f. If f is complex-valued and absolutely
integrable, we define the integral [, f du by the formula

/deu::/XRefd,u—i—i/XImfdu

where the two integrals on the right are interpreted as real-valued integrals.
It is easy to see that the unsigned, real-valued, and complex-valued inte-
grals defined in this manner are compatible on their common domains of
definition.

Clearly, this definition generalises the Definition [[.3.17

We record some of the key facts about the absolutely convergent integral:
Exercise 1.4.40. Let (X, B, 1) be a measure space.

(i) Show that L'(X, B, u) is a complex vector space.

(ii) Show that the integration map f — [y f du is a complex-linear
map from L'(X, B, u) to C.

(iii) Establish the triangle inequality ||f +gll 71 < [[f o) + 9l ()
and the homogeneity property |[cf||11 () = [cll|fl[L1 () for all f,g €
LY(X,B,p) and ¢ € C.

(iv) Show that if f,g € L'(X,B, u) are such that f(x) = g(x) for p-
almost every x € X, then [y f du= [y g dp.

(v) If f € LY(X,B, i), and (X, B, i) is a refinement of (X, B, 1), then
feLNX,B,W), and [ f di/ = [y f dp. (Hint: It is easy to
get one inequality. To get the other inequality, first work in the
case when f is both bounded and has finite measure support (i.e.
is both vertically and horizontally truncated).)

vi) Show that if f € L' (X, B, 1), then 1,y = 0 if and only if f is

K LY(n)
zero p-almost everywhere.
(vii) If Y C X is B-measurable and f € LY(X,B,u), then f |y€

LYY,B ly,p ly) and [, f Iy dp ly= [y fly dp. As before,
by abuse of notation we write fY f du for fy fly duly.

1.4.5. The convergence theorems. Let (X, B, u) be a measure space,
and let fi, fo,...: X — [0,+00] be a sequence of measurable functions.
Suppose that as n — oo, f,(x) converges pointwise either everywhere, or -
almost everywhere, to a measurable limit f. A basic question in the subject
is to determine the conditions under which such pointwise convergence would
imply convergence of the integral:

/andu—?>/xfdu.
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To put it another way: When can we ensure that one can interchange inte-
grals and limits,

lim [ f, du= / m f, du?
There are certainly some cases in which one can safely do this:

Exercise 1.4.41 (Uniform convergence on a finite measure space). Suppose
that (X,B,u) is a finite measure space (so u(X) < oo), and fp,: X —
[0, +00] (resp. fn: X — C) are a sequence of unsigned measurable functions
(resp. absolutely integrable functions) that converge uniformly to a limit f.
Show that fX fn dp converges to fX f du.

However, there are also cases in which one cannot interchange limits
and integrals, even when the f, are unsigned. We give the three classic
examples, all of “moving bump” type, though the way in which the bump
moves varies from example to example:

Example 1.4.39 (Escape to horizontal infinity). Let X be the real line with
Lebesgue measure, and let f, := 1j, ,41]. Then f, converges pointwise to
f:=0,but [§ fu(z) dz =1 does not converge to [ f(x) dz = 0. Somehow,
all the mass in the f, has escaped by moving off to infinity in a horizontal
direction, leaving none behind for the pointwise limit f.

Example 1.4.40 (Escape to width infinity). Let X be the real line with
Lebesgue measure, and let f,, := %1[0,71]- Then f, now converges uniformly
to f := 0, but [ fu(z) dz = 1 still does not converge to [ f(x) dz =
0. Exercise [L441] would prevent this from happening if all the f,, were
supported in a single set of finite measure, but the increasingly wide nature
of the support of the f, prevents this from happening.

Example 1.4.41 (Escape to vertical infinity). Let X be the unit interval
[0,1] with Lebesgue measure (restricted from R), and let f, := nl[ 1 2.

Now, we have finite measure, and f, converges pointwise to f, but no
uniform convergence. And again, f[o 1 fn(z) dx = 1 is not converging to

f[o 1 f(x) de = 0. This time, the mass has escaped vertically, through the
increasingly large values of fi,.

Remark 1.4.42. From the perspective of time-frequency analysis (or per-
haps more accurately, space-frequency analysis), these three escapes are
analogous (though not quite identical) to escape to spatial infinity, escape
to zero frequency, and escape to infinite frequency respectively, thus describ-
ing the three different ways in which phase space fails to be compact (if one
excises the zero frequency as being singular).
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However, once one shuts down these avenues of escape to infinity, it
turns out that one can recover convergence of the integral. There are two
major ways to accomplish this. One is to enforce monotonicity, which pre-
vents each f,, from abandoning the location where the mass of the preceding
f1,---, fn_1 was concentrated and which thus shuts down the above three
escape scenarios. More precisely, we have the monotone convergence theo-
rem:

Theorem 1.4.43 (Monotone convergence theorem). Let (X, B, 1) be a mea-
sure space, and let 0 < f1 < fo < ... be a monotone non-decreasing sequence
of unsigned measurable functions on X. Then we have

s [ o= [l g

Note that in the special case when each f, is an indicator function
fn = 1g,, this theorem collapses to the upwards monotone convergence
property (Exercise [[4.23[ii)). Conversely, the upwards monotone conver-
gence property will play a key role in the proof of this theorem.

Proof. Write f := lim, o fr = sup,, fn, then f: X — [0, +00] is measur-
able. Since the f, are non-decreasing to f, we see from monotonicity that
| « Jn dp are non-decreasing and bounded above by | [ du, which gives

the bound
tiw [ fodn< [ 5 dp.

It remains to establish the reverse inequality
[ sns ti [ g
X n—o0 X

By definition, it suffices to show that

/gdué lim/fndﬂ,
X n—oo X

whenever g is a simple function that is bounded pointwise by f. By vertical
truncation we may assume without loss of generality that ¢ also is finite
everywhere, then we can write

k
9= Z cily,
i=1
for some 0 < ¢; < 0o and some disjoint B-measurable sets A1, ..., Ay, thus

k
/ g dyu = ZCiM(Ai)-
X i=1
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Let 0 < € < 1 be arbitrary. Then we have
£(@) = sup fula) > (1= )y
for all x € A;. Thus, if we define the sets
Aip i ={z €A fo(z) > (1—¢)c}

then the A;, increase to A; and are measurable. By upwards monotonicity
of measure, we conclude that

lim M(Ai,n) = M(Az)

n—oo

On the other hand, observe the pointwise bound

k
fo= > (1 =c)eida,,

i=1
for any n; integrating this, we obtain

k
[ iz =93 cnlan).
X i=1

Taking limits as n — oo, we obtain

k
lim [ fodu>(1—¢ cip(Aq);
Jm [ (16 3 canl)
sending € — 0 we then obtain the claim. O

Remark 1.4.44. It is easy to see that the result still holds if the mono-
tonicity f, < fn+1 only holds almost everywhere rather than everywhere.

This has a number of important corollaries. First, we can generalise
(part of) Tonelli’s theorem for exchanging sums (see Theorem [(.0.2)):

Corollary 1.4.45 (Tonelli’s theorem for sums and integrals). Let (X, B, )
be a measure space, and let fi, fa,...: X — [0,+00] be a sequence of un-
signed measurable functions. Then one has

/?<§:1fn du—nil/xfn dps.

Proof. Apply the monotone convergence theorem (Theorem [[.4.43)) to the
. N
partial sums Fy =" fn. O

Exercise 1.4.42. Give an example to show that this corollary can fail if the
fn are assumed to be absolutely integrable rather than unsigned measurable,
even if the sum )7 | f,,(z) is absolutely convergent for each . (Hint: Think
about the three escapes to infinity.)
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Exercise 1.4.43 (Borel-Cantelli lemma). Let (X, B, 1) be a measure space,
and let 1, Es, F3, ... be a sequence of B-measurable sets such that

Z p(En) < o0
n=1

Show that almost every « € X is contained in at most finitely many of the
E, (i.e. {n e N:z € E,} is finite for almost every = € X). (Hint: Apply
Tonelli’s theorem to the indicator functions 1, .)

Exercise 1.4.44.

(i) Give an alternate proof of the Borel-Cantelli lemma (Exercise[[.4.43))
that does not go through any of the convergence theorems, but in-
stead exploits the more basic properties of measure from Exercise
423l

(ii) Give a counterexample that shows that the Borel-Cantelli lemma
can fail if the condition Y > | p(E,) < oo is relaxed to limy, o0 pt(Ep)
= 0.

Second, when one does not have monotonicity, one can at least obtain
an important inequality, known as Fatou’s lemma:

Corollary 1.4.46 (Fatou’s lemma). Let (X, B, ) be a measure space, and
let f1, fa,...: X — [0, +00] be a sequence of unsigned measurable functions.
Then

/ liminf f, du < hm 1nf/ fn du.
X

n—o0

Proof. Write Fy := inf,, >y f, for each V. Then the Fiy are measurable and
non-decreasing, and hence by the monotone convergence theorem (Theorem

.4.43)

/supFN d,u:sup/FN dpt.
X N>0 N>0JX

By definition of lim inf, we have supy.qFfn = liminf, ,» f,. By mono-
tonicity, we have [ Fy du < [y fn dp for all n > N, and thus

<
/XFN d”—nl?zfv/xf" d.

Hence we have

/ liminf f,, du < sup inf / fn dp.
X

n—o0 N>0 n>

The claim then follows by another appeal to the definition of the lim inferior.
O
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Remark 1.4.47. Informally, Fatou’s lemma tells us that when taking the
pointwise limit of unsigned functions f,, that mass | « fn du can be de-
stroyed in the limit (as was the case in the three key moving bump examples),
but it cannot be created in the limit. Of course the unsigned hypothesis is
necessary here (consider for instance multiplying any of the moving bump
examples by —1). While this lemma was stated only for pointwise limits,
the same general principle (that mass can be destroyed, but not created,
by the process of taking limits) tends to hold for other “weak” notions of
convergence. See §1.9 of An epsilon of room, Vol. I, for some examples of
this.

Finally, we give the other major way to shut down loss of mass via escape
to infinity, which is to dominate all of the functions involved by an absolutely
convergent one. This result is known as the dominated convergence theorem:

Theorem 1.4.48 (Dominated convergence theorem). Let (X,B,u) be a
measure space, and let fi, fa,...: X — C be a sequence of measurable
functions that converge pointwise p-almost everywhere to a measurable limit
f: X — C. Suppose that there is an unsigned absolutely integrable function
G: X — [0,400] such that |fy| are pointwise p-almost everywhere bounded
by G for each n. Then we have

lim fn du :/ f du.

From the moving bump examples we see that this statement fails if there
is no absolutely integrable dominating function G. The reader is encouraged
to see why, in each of the moving bump examples, no such dominating
function exists, without appealing to the above theorem. Note also that
when each of the f, is an indicator function f, = 1g,, the dominated
convergence theorem collapses to Exercise

Proof. By modifying f,, f on a null set, we may assume without loss of
generality that the f,, converge to f pointwise everywhere rather than u-
almost everywhere, and similarly we can assume that |f,, are bounded by G
pointwise everywhere rather than p-almost everywhere.

By taking real and imaginary parts we may assume without loss of gen-
erality that f,, f are real, thus —G < f,, < G pointwise. Of course, this
implies that —G < f < G is pointwise also.

If we apply Fatou’s lemma (Corollary [[L4.40]) to the unsigned functions
fn + G, we see that

/f+Gdu§liminf/ fn+ G dp,
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which on subtracting the finite quantity [ v G du gives

/ fdu < liminf/ fn dp.
X n—oo X

Similarly, if we apply that lemma to the unsigned functions G — f,, we
obtain

/G—fd,ugliminf G — fn du;
X n—oo X

negating this inequality and then cancelling [ G dp again we conclude that

limsup/ fn du §/ f du.
n—o00 X X

The claim then follows by combining these inequalities. ([l

Remark 1.4.49. We deduced the dominated convergence theorem from
Fatou’s lemma, and Fatou’s lemma from the monotone convergence theorem.
However, one can obtain these theorems in a different order, depending on
one’s taste, as they are so closely related. For instance, in [StSk2005], the
logic is somewhat different; one first obtains the slightly simpler bounded
convergence theorem, which is the dominated convergence theorem under the
assumption that the functions are uniformly bounded and all supported on
a single set of finite measure, and then uses that to deduce Fatou’s lemma,
which in turn is used to deduce the monotone convergence theorem; and
then the horizontal and vertical truncation properties are used to extend
the bounded convergence theorem to the dominated convergence theorem.
It is instructive to view a couple different derivations of these key theorems
to get more of an intuitive understanding as to how they work.

Exercise 1.4.45. Under the hypotheses of the dominated convergence the-
orem (Theorem [[L4.48)), establish also that || f, — f||;1 — 0 as n — oc.

Exercise 1.4.46 (Almost dominated convergence). Let (X, B, 1) be a mea-
sure space, and let fi, fo,...: X — C be a sequence of measurable func-
tions that converge pointwise p-almost everywhere to a measurable limit
f: X — C. Suppose that there is an unsigned absolutely integrable func-
tion G, g1,92,...: X — [0,+00] such that the |f,| are pointwise p-almost
everywhere bounded by G + g,, and that fX gn dp — 0 as n — oco. Show

that
lim/fndu—/fd,u.

Exercise 1.4.47 (Defect version of Fatou’s lemma). Let (X,B,u) be a
measure space, and let fi, fo,...: X — [0,+00] be a sequence of unsigned
absolutely integrable functions that converges pointwise to an absolutely
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integrable limit f. Show that

/an dﬂ—/xf di— 1 — Full g — 0

as n — oo. (Hint: Apply the dominated convergence theorem (Theorem
[LZ4])) to min(f,, f).) Informally, this result (first established in [BrLi1983])
tells us that the gap between the left and right-hand sides of Fatou’s lemma
can be measured by the quantity ||f — ful £1(.)-

Exercise 1.4.48. Let (X, B, ) be a measure space, and let g: X — [0, +00]
be measurable. Show that the function p,: B — [0,400] defined by the

formula
pg(E) ;:/ lpg du = / g du
X E

is a measure. (Such measures are studied in greater detail in §1.2 of An
epsilon of room, Vol. I.)

The monotone convergence theorem is, in some sense, a defining property
of the unsigned integral, as the following exercise illustrates.

Exercise 1.4.49 (Characterisation of the unsigned integral). Let (X, B) be
a measurable space, and let I: f — I(f) be a map from the space U (X, B)
of unsigned measurable functions f: X — [0, +00] to [0, 4+00] that obeys the
following axioms:

(i) (Homogeneity) For every f € U(X,B) and ¢ € [0,+0o0], one has
I(cf) = cl(f).

(ii) (Finite additivity) For every f,g € U(X,B), one has I(f + g) =
I(f) + 1(9)-

(iii) (Monotone convergence) If 0 < f; < fo < ... are a non-decreasing
sequence of unsigned measurable functions, then I(lim, o fn) =

Then there exists a unique measure p on (X, B) such that I(f) = [, f du
for all f € U(X,B). Furthermore, i is given by the formula p(E) := I(1g)
for all B-measurable sets F.

Exercise 1.4.50. Let (X, B, u) be a finite measure space (i.e. u(X) < 00),
and let f: X — R be a bounded function. Suppose that u is complete (see
Definition [L43T]). Suppose that the upper integral

/ fdu:= inf / g du
X 9>fig simple Jx

and lower integral

/ fdu:= sup / h du
J_x h<f;h simple /X
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agree. Show that f is measurable. (This is a converse to Exercise [L3.11])

We will continue to see the monotone convergence theorem, Fatou’s
lemma, and the dominated convergence theorem appear throughout the rest
of this text (and in An epsilon of room, Vol. I).

1.5. Modes of convergence

If one has a sequence x1, x2, x3, . . . € R of real numbers x,,, it is unambiguous
what it means for that sequence to converge to a limit € R; it means that
for every € > 0, there exists an N such that |z, — x| < ¢ for all n > N.
Similarly, for a sequence z1, 29, 23, ... € C of complex numbers z,, converging
to a limit z € C.

More generally, if one has a sequence vy, V9, vs, ... of d-dimensional vec-
tors v, in a real vector space R? or complex vector space C?, it is also
unambiguous what it means for that sequence to converge to a limit v € R
or v € C% it means that for every ¢ > 0, there exists an N such that

|vp—vl|| < e for alln > N. Here, the norm ||v|| of a vector v = (v, ..., v(4)
can be chosen to be the Euclidean norm ||v||9 := (Z;-lzl(v(j))Q)l/Q, the supre-

mum norm [[v|eo = Sup;<j<4 |v0)|, or any other number of norms, but for
the purposes of convergence, these norms are all equivalent; a sequence
of vectors converges in the Euclidean norm if and only if it converges in
the supremum norm, and similarly for any other two norms on the finite-
dimensional space R or C?.

If, however, one has a sequence fi, fo, f3,... of functions f,: X — R or
fn: X — C on a common domain X, and a putative limit f: X — R or
f: X — C, there can now be many different ways in which the sequence
fn may or may not converge to the limit f. (One could also consider con-
vergence of functions f,: X,, — C on different domains X,,, but we will
not discuss this issue at all here.) This is in contrast to the situation with
scalars x, or z, (which corresponds to the case when X is a single point)
or vectors vy, (which corresponds to the case when X is a finite set such as
{1,...,d}). Once X becomes infinite, the functions f, acquire an infinite
number of degrees of freedom, and this allows them to approach f in any
number of inequivalent ways.

What different types of convergence are there? As an undergraduate,
one learns of the following two basic modes of convergence:

(i) We say that f, converges to f pointwise if, for every x € X, f,(x)
converges to f(z). In other words, for every ¢ > 0 and x € X, there
exists N (which depends on both € and x) such that | f,,(z)— f(z)| <
€ whenever n > N.
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(ii) We say that f, converges to f uniformly if, for every € > 0, there
exists IV such that for every n > N, |fn(z) — f(z)| < e for every
x € X. The difference between uniform convergence and pointwise
convergence is that with the former, the time N at which f,(z)
must be permanently e-close to f(z) is not permitted to depend on
x, but must instead be chosen uniformly in z.

Uniform convergence implies pointwise convergence, but not conversely.
A typical example: the functions f,: R — R defined by f,(z) = z/n
converge pointwise to the zero function f(z) := 0, but not uniformly.

However, pointwise and uniform convergence are only two of dozens of
many other modes of convergence that are of importance in analysis. We
will not attempt to exhaustively enumerate these modes here (but see §1.9 of
An epsilon of room, Vol. I). We will, however, discuss some of the modes of
convergence that arise from measure theory, when the domain X is equipped
with the structure of a measure space (X, B, ), and the functions f,, (and
their limit f) are measurable with respect to this space. In this context, we
have some additional modes of convergence:

(i) We say that f,, converges to f pointwise almost everywhere if, for
(p-)almost everywhere = € X, f,(x) converges to f(z).

(ii) We say that f,, converges to f uniformly almost everywhere, essen-
tially uniformly, or in L* norm if, for every € > 0, there exists N
such that for every n > N, |fn(z) — f(z)| < € for p-almost every
reX.

(iii) We say that f,, converges to f almost uniformly if, for every € > 0,
there exists an exceptional set E € B of measure u(E) < ¢ such
that f, converges uniformly to f on the complement of E.

(iv) We say that f, converges to f in L' norm if the quantity || f, —
ey = Jx [fa(z) = f(@)] du converges to 0 as n — oo.

(v) We say that f, converges to f in measure if, for every ¢ > 0, the
measures u({z € X : |fu(z) — f(z)] > €}) converge to zero as
n — oo.

Observe that each of these five modes of convergence is unaffected if one
modifies f, or f on a set of measure zero. In contrast, the pointwise and
uniform modes of convergence can be affected if one modifies f,, or f even
on a single point. The L' and L> modes of convergence are special cases
of the LP mode of convergence, which is discussed in §1.3 of An epsilon of
room, Vol. I

Remark 1.5.1. In the context of probability theory (see Section 2.3]), in
which f,, and f are interpreted as random variables, convergence in L' norm
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is often referred to as conwvergence in mean, pointwise convergence almost
everywhere is often referred to as almost sure convergence, and convergence
in measure is often referred to as convergence in probability.

Exercise 1.5.1 (Linearity of convergence). Let (X,B,u) be a measure
space, let f,,gn: X — C be sequences of measurable functions, and let
f,9: X — C be measurable functions.

(i) Show that f, converges to f along one of the above seven modes
of convergence if and only if | f, — f| converges to 0 along the same
mode.

(ii) If f, converges to f along one of the above seven modes of con-
vergence, and g, converges to g along the same mode, show that
fn + gn converges to f + g along the same mode, and that cf,
converges to cf along the same mode for any ¢ € C.

(iii) (Squeeze test) If f,, converges to 0 along one of the above seven
modes, and |g,| < f, pointwise for each n, show that g, converges
to 0 along the same mode.

We have some easy implications between modes:

Exercise 1.5.2 (Easy implications). Let (X, B, ) be a measure space, and
let fr,: X = C and f: X — C be measurable functions.

(i) If f,, converges to f uniformly, then f, converges to f pointwise.

(ii) If f,, converges to f uniformly, then f, converges to f in L° norm.
Conversely, if f,, converges to f in L norm, then f, converges to
f uniformly outside of a null set (i.e. there exists a null set E such
that the restriction f, |x\g of fn to the complement of E' converges
to the restriction f | x\ g of f).

(iii) If f,, converges to f in L°° norm, then f, converges to f almost
uniformly.

(iv) If f,, converges to f almost uniformly, then f,, converges to f point-
wise almost everywhere.

(v) If f,, converges to f pointwise, then f, converges to f pointwise
almost everywhere.

(vi) If f, converges to f in L' norm, then f, converges to f in measure.

(vii) If f,, converges to f almost uniformly, then f,, converges to f in
measure.

The reader is encouraged to draw a diagram that summarises the logical
implications between the seven modes of convergence that the above exercise
describes.
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We give four key examples that distinguish between these modes, in the
case when X is the real line R with Lebesgue measure. The first three of
these examples were already introduced in Section [[4] but the fourth is
new, and also important.

Example 1.5.2 (Escape to horizontal infinity). Let f, := 1y, 4. Then
fn converges to zero pointwise (and thus, pointwise almost everywhere), but
not uniformly in L® norm, almost uniformly in L' norm, or in measure.

Example 1.5.3 (Escape to width infinity). Let f, := %1[0771]. Then f,, con-
verges to zero uniformly (and thus, pointwise, pointwise almost everywhere,
in L norm, almost uniformly, and in measure), but not in L! norm.

- Then f,

converges to zero pointwise (and thus, pointwise almost everywhere) and
almost uniformly (and hence in measure), but not uniformly, in L* norm,
or in L' norm.

Example 1.5.4 (Escape to vertical infinity). Let f, := nl

12
n’n

Example 1.5.5 (Typewriter sequence). Let f,, be defined by the formula

fn = 1[11721c n72k+1]

2k 2k

whenever k > 0 and 28 < n < 2k+1 Thisisa sequence of indicator functions
of intervals of decreasing length, marching across the unit interval [0, 1] over
and over again. Then f,, converges to zero in measure and in L' norm, but
not pointwise almost everywhere (and hence also not pointwise, not almost
uniformly, nor in L° norm, nor uniformly).

Remark 1.5.6. The L* norm || f[|e(,) of a measurable function f: X —
C is defined to the infimum of all the quantities M € [0,+o00] that are
essential upper bounds for f in the sense that |f(x)| < M for almost every
z. Then f, converges to f in L® norm if and only if || fn — f|[zee(u) — 0 as
n — oo. The L™ and L! norms are part of the larger family of LP norms,
studied in §1.3 of An epsilon of room, Vol. I

One particular advantage of L' convergence is that, in the case when
the f, are absolutely integrable, it implies convergence of the integrals,

/andu—>/deu,

as one sees from the triangle inequality. Unfortunately, none of the other
modes of convergence automatically imply this convergence of the integral,
as the above examples show.

The purpose of these notes is to compare these modes of convergence
with each other. Unfortunately, the relationship between these modes is
not particularly simple; unlike the situation with pointwise and uniform
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convergence, one cannot simply rank these modes in a linear order from
strongest to weakest. This is ultimately because the different modes react
in different ways to the three “escape to infinity” scenarios described above,
as well as to the “typewriter” behaviour when a single set is “overwritten”
many times. On the other hand, if one imposes some additional assumptions
to shut down one or more of these escape to infinity scenarios, such as a finite
measure hypothesis ©(X) < oo or a uniform integrability hypothesis, then
one can obtain some additional implications between the different modes.

1.5.1. Uniqueness. Throughout these notes, (X, B, 1) denotes a measure
space. We abbreviate “u-almost everywhere” as “almost everywhere”
throughout.

Even though the modes of convergence all differ from each other, they
are all compatible in the sense that they never disagree about which function
f a sequence of functions f,, converges to, outside of a set of measure zero.
More precisely:

Proposition 1.5.7. Let f,: X — C be a sequence of measurable functions,
and let f,g: X — C be two additional measurable functions. Suppose that
fn converges to f along one of the seven modes of convergence defined above,
and f, converges to g along another of the seven modes of convergence (or
perhaps the same mode of convergence as for f). Then f and g agree almost
everywhere.

Note that the conclusion is the best one can hope for in the case of the
last five modes of convergence, since as remarked earlier, these modes of
convergence are unaffected if one modifies f or g on a set of measure zero.

Proof. In view of Exercise [L5.2] we may assume that f, converges to f
either pointwise almost everywhere, or in measure, and similarly that f,
converges to g either pointwise almost everywhere, or in measure.

Suppose first that f,, converges to both f and ¢ pointwise almost ev-
erywhere. Then by Exercise [[.5.1l 0 converges to f — g pointwise almost
everywhere, which clearly implies that f — g is zero almost everywhere, and
the claim follows. A similar argument applies if f,, converges to both f and
g in measure.

By symmetry, the only remaining case that needs to be considered is
when f, converges to f pointwise almost everywhere, and f, converges to g
in measure. We need to show that f = g almost everywhere. It suffices to
show that for every ¢ > 0, that |f(z) — g(z)| < € for almost every z, as the
claim then follows by setting e = 1/m for m = 1,2,3, ... and using the fact
that the countable union of null sets is again a null set.
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Fixe > 0,andlet A :={z € X : |f(x)—g(x)| > e}. This is a measurable
set; our task is to show that it has measure zero. Suppose for contradiction
that u(A) > 0. We consider the sets

Ay ={x € A:|fo(zx) — f(z)| <e/2 for all n > N}.

These are measurable sets that are increasing in N. As f,, converges to f
almost everywhere, we see that almost every = € A belongs to at least one
of the Ay, thus Ux_; An is equal to A outside of a null set. In particular,

n(J An) > 0.
N=1

Applying monotone convergence for sets, we conclude that
w(AN) >0

for some finite N; but by the triangle inequality, we have |f,,(z) —g(x)| > €/2
for all x € Ay and all n > N. As a consequence, f, cannot converge in
measure to g, which gives the desired contradiction. O

1.5.2. The case of a step function. One way to appreciate the distinc-
tions between the above modes of convergence is to focus on the case when
f =0, and when each of the f, is a step function, by which we mean a con-
stant multiple f,, = A,1g, of a measurable set E,. For simplicity we will
assume that the A, > 0 are positive reals, and that the F,, have a positive
measure p(Ey,) > 0. We also assume the A,, exhibit one of two modes of
behaviour: either the A, converge to zero, or else they are bounded away
from zero (i.e. there exists ¢ > 0 such that A, > ¢ for every n). It is easy
to see that if a sequence A, does not converge to zero, then it has a subse-
quence that is bounded away from zero, so it does not cause too much loss
of generality to restrict to one of these two cases.

Given such a sequence f,, = A,1lp, of step functions, we now ask, for
each of the seven modes of convergence, what it means for this sequence to
converge to zero along that mode. It turns out that the answer to the ques-
tion is controlled more or less completely by the following three quantities:

(i) The height A, of the n!® function f,;
(i) The width u(E,) of the n'* function f,; and
(iii) The N tail support E%, = U,>n En of the sequence f1, fa, f3, . . ..

Indeed, we have:

Exercise 1.5.3 (Convergence for step functions). Let the notation and
assumptions be as above. Establish the following claims:

(i) fn converges uniformly to zero if and only if 4,, — 0 as n — oc.
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(ii) fn converges in L norm to zero if and only if 4,, — 0 as n — oo.

(iii) f,, converges almost uniformly to zero if and only if 4, — 0 as
n — 00, or pu(Ey) — 0as N — oo.

(iv) fn converges pointwise to zero if and only if A, — 0 as n — oo, or
Ny=1 £y =0.

(v) fn converges pointwise almost everywhere to zero if and only if
A, = 0asn— oo, or [y, Exy is a null set.

(vi) fn converges in measure to zero if and only if 4,, — 0 as n — oo,
or u(Ey,) — 0 as n — oo.

(vii) f, converges in L! norm if and only if A,u(E,) — 0 as n — oo.

To put it more informally: When the height goes to zero, then one
has convergence to zero in all modes except possibly for L' convergence,
which requires that the product of the height and the width goes to zero.
If instead, the height is bounded away from zero and the width is positive,
then we never have uniform or L*° convergence, but we have convergence in
measure if the width goes to zero, we have almost uniform convergence if the
tail support (which has larger measure than the width) has measure that
goes to zero, we have pointwise almost everywhere convergence if the tail
support shrinks to a null set, and pointwise convergence if the tail support
shrinks to the empty set.

It is instructive to compare this exercise with Exercise [[5.2] or with the
four examples given in the introduction. In particular:

(i) In the escape to horizontal infinity scenario, the height and width
do not shrink to zero, but the tail set shrinks to the empty set
(while remaining of infinite measure throughout).

(ii) In the escape to width infinity scenario, the height goes to zero, but
the width (and tail support) go to infinity, causing the L' norm to
stay bounded away from zero.

(iii) In the escape to vertical infinity, the height goes to infinity, but the
width (and tail support) go to zero (or the empty set), causing the
L' norm to stay bounded away from zero.

(iv) In the typewriter example, the width goes to zero, but the height
and the tail support stay fixed (and thus bounded away from zero).

Remark 1.5.8. The monotone convergence theorem (Theorem [[L4.43]) can
also be specialised to this case. Observe that the f, = A,1g, are monotone
increasing if and only if A,, < A, 41 and F,, C E, 41 for each n. In such cases,
observe that the f,, converge pointwise to f := Alg, where A := lim,,_.o A,
and E := |J;2 | E,. The monotone convergence theorem then asserts that
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App(En) — Au(E) as n — oo, which is a consequence of the monotone
convergence theorem u(E,) — p(F) for sets.

1.5.3. Finite measure spaces. The situation simplifies somewhat if the
space X has finite measure (and in particular, in the case when (X, B, i) is a
probability space, see Section 2.3)). This shuts down two of the four examples
(namely, escape to horizontal infinity or width infinity) and creates a few
more equivalences. Indeed, from Egorov’s theorem (Exercise[[L4.31]), we now
have

Theorem 1.5.9 (Egorov’s theorem, again). Let X have finite measure, and
let fr,: X = C and f: X — C be measurable functions. Then f, converges
to f pointwise almost everywhere if and only if f, converges to f almost
uniformly.

Note that when one specialises to step functions using Exercise [[.5.3]
then Egorov’s theorem collapses to the downward monotone convergence
property for sets (Exercise [L4.23((iii)).

Another nice feature of the finite measure case is that L° convergence
implies L' convergence:

Exercise 1.5.4. Let X have finite measure, and let f,: X — Cand f: X —
C be measurable functions. Show that if f,, converges to f in L* norm,
then f,, also converges to f in L' norm.

1.5.4. Fast convergence. The typewriter example shows that L' conver-
gence is not strong enough to force almost uniform or pointwise almost
everywhere convergence. However, this can be rectified if one assumes that
the L' convergence is sufficiently fast:

Exercise 1.5.5 (Fast L' convergence). Suppose that f,,f: X — C are
measurable functions such that > | || fn — fll 11, < 00; thus, not only do
the quantities || fo — f||1(,) g0 to zero (which would mean L' convergence),
but they converge in an absolutely summable fashion.

(i) Show that f, converges pointwise almost everywhere to f.

(ii) Show that f, converges almost uniformly to f.

(Hint: If you have trouble getting started, try working first in the special
case in which f,, = A,1g, are step functions and f = 0 and use Exercise
[L53lin order to gain some intuition. The second part of the exercise implies
the first, but the first is a little easier to prove and may thus serve as a useful
warmup. The /2" trick may come in handy for the second part.)

As a corollary, we see that L' convergence implies almost uniform or
pointwise almost everywhere convergence if we are allowed to pass to a
subsequence:
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Corollary 1.5.10. Suppose that fr,: X — C are a sequence of measurable
functions that converge in L' norm to a limit f. Then there exists a sub-
sequence fn, that converges almost uniformly (and hence, pointwise almost
everywhere) to f (while remaining convergent in L' norm, of course).

Proof. Since || f,— fll11(,) — 0asn — oo, we can select n; < ng <nz < ...
such that || fn; — fll£1 () < 277 (say). This is enough for the previous exercise
to apply. O

Actually, one can strengthen this corollary a bit by relaxing L' conver-
gence to convergence in measure:

Exercise 1.5.6. Suppose that f,: X — C are a sequence of measur-
able functions that converge in measure to a limit f. Then there ex-
ists a subsequence f,; that converges almost uniformly (and hence, point-
wise almost everywhere) to f. (Hint: Choose the n; so that the sets
{x € X :|fn;(z) — f(z)| > 1/j} have a suitably small measure.)

It is instructive to see how this subsequence is extracted in the case of
the typewriter sequence. In general, one can view the operation of passing
to a subsequence as being able to eliminate “typewriter” situations in which
the tail support is much larger than the width.

Exercise 1.5.7. Let (X, B, 1) be a measure space, let f,: X — C be a
sequence of measurable functions converging pointwise almost everywhere as
n — 0o to a measurable limit f: X — C, and for each n, let f;, ,,: X — Cbe
a sequence of measurable functions converging pointwise almost everywhere
as m — oo (keeping n fixed) to f,.

i) If p is finite, show that there exists a sequence mi,ma,... suc
i) If u(X) is finite, show that th ist h
that fy m, converges pointwise almost everywhere to f.

(ii) Show the same claim is true if, instead of assuming that p(X) is
finite, we merely assume that X is o-finite, i.e., it is the countable
union of sets of finite measure.

(The claim can fail if X is not o-finite. A counterexample is if X = NN
with counting measure, f, and f are identically zero for all n € N, and f,,
is the indicator function of the space of all sequences (a;);en € NN with
an > m.)

Exercise 1.5.8. Let f,,: X — C be a sequence of measurable functions,
and let f: X — C be another measurable function. Show that the following
are equivalent:

(i) fn converges in measure to f.

(ii) Every subsequence f,; of the f,, has a further subsequence f, ;, that
converges almost uniformly to f.
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1.5.5. Domination and uniform integrability. Now we turn to the re-
verse question, of whether almost uniform convergence, pointwise almost ev-
erywhere convergence, or convergence in measure can imply L' convergence.
The escape to vertical and width infinity examples shows that, without any
further hypotheses, the answer to this question is no. However, one can do
better if one places some domination hypotheses on the f, that shut down
both of these escape routes.

We say that a sequence f,: X — C is dominated if there exists an
absolutely integrable function g: X — C such that |f,(z)| < g(x) for all n
and almost every x. For instance, if X has finite measure and the f,, are
uniformly bounded, then they are dominated. Observe that the sequences
in the vertical and width escape to infinity examples are not dominated
(why?).

The dominated convergence theorem (Theorem [[LZ:48]) then asserts that
if f,, converges to f pointwise almost everywhere, then it necessarily con-
verges to f in L' norm (and hence also in measure). Here is a variant:

Exercise 1.5.9. Suppose that f,: X — C are a dominated sequence of
measurable functions, and let f: X — C be another measurable function.
Show that f,, converges in L' norm to f if and only if f, converges in
measure to f. (Hint: One way to establish the “if” direction is to first show
that every subsequence of the f, has a further subsequence that converges
in L' to f, using Exercise and the dominated convergence theorem
(Theorem [[L4.48)). Alternatively, use monotone convergence to find a set £
of finite measure such that fX\E g dyp, and hence fX\E fn dp and fX\E f du,

are small.)

There is a more general notion than domination, known as uniform
integrability, which serves as a substitute for domination in many (but not
all) contexts.

Definition 1.5.11 (Uniform integrability). A sequence f,,: X — C of abso-
lutely integrable functions is said to be uniformly integrable if the following
three statements hold:

(i) (Uniform bound on L' norm) One has

sup || fullpr) = Sup/ | ful dp < +o00.
n n X

(ii) (No escape to vertical infinity) One has

n

sup/ | fnl dp — 0 as M — 4o0.
|fnl>M
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(iii) (No escape to width infinity) One has

n

sup/ |fn| du — 0 as § — 0.
|fnl<o

Remark 1.5.12. It is instructive to understand uniform integrability in the
step function case f, = Aplg,. The uniform bound on the L' norm then
asserts that A, u(F,) stays bounded. The lack of escape to vertical infinity
means that along any subsequence for which A, — oo, A,u(E,) must go
to zero. Similarly, the lack of escape to width infinity means that along any
subsequence for which A4,, — 0, A,u(E,) must go to zero.

Exercise 1.5.10. (i) Show that if f is an absolutely integrable func-
tion, then the constant sequence f,, = f is uniformly integrable.
(Hint: Use the monotone convergence theorem.)

(ii) Show that every dominated sequence of measurable functions is
uniformly integrable.

(iii) Give an example of a sequence that is uniformly integrable but not
dominated.

In the case of a finite measure space, there is no escape to width infinity,
and the criterion for uniform integrability simplifies to just that of excluding
vertical infinity:

Exercise 1.5.11. Suppose that X has finite measure, and let f,: X — C
be a sequence of measurable functions. Show that f, is uniformly integrable
if and only if sup,, flfn|>M |fnl dp — 0 as M — 4o0.

Exercise 1.5.12 (Uniform LP bound on finite measure implies uniform
integrability). Suppose that X has finite measure, let 1 < p < oo, and
suppose that f,: X — C is a sequence of measurable functions such that
sup,, [x [fn|? di < oo. Show that the sequence f, is uniformly integrable.

Exercise 1.5.13. Let f,,: X — C be a uniformly integrable sequence of
functions. Show that for every € > 0 there exists a § > 0 such that

/ |fn| dﬂgg
E

whenever n > 1 and E is a measurable set with u(FE) <.

Exercise 1.5.14. This exercise is a partial converse to Exercise [[.5. 13l Let
X be a probability space, and let f,: X — C be a sequence of absolutely
integrable functions with sup,, || fn|/1 < co. Suppose that for every € > 0
there exists a § > 0 such that

/|fn\ du < e
E
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whenever n > 1 and FE is a measurable set with pu(FE) < §. Show that the
sequence f,, is uniformly integrable.

The dominated convergence theorem (Theorem [[LZ.4]) does not have an
analogue in the uniformly integrable setting:

Exercise 1.5.15. Give an example of a sequence f, of uniformly integrable
functions that converge pointwise almost everywhere to zero, but do not
converge almost uniformly, in measure, or in L' norm.

However, one does have an analogue of Exercise [[.L5.9

Theorem 1.5.13 (Uniformly integrable convergence in measure). Let f,,: X
— C be a uniformly integrable sequence of functions, and let f: X — C be
another function. Then f, converges in L' norm to f if and only if f,
converges to f in measure.

Proof. The “only if” part follows from Exercise [[5.2], so we establish the
“if” part.
By uniform integrability, there exists a finite A > 0 such that

/ |[fnl dp < A
X
for all n. By Exercise [[.5.0] there is a subsequence of the f, that converges
pointwise almost everywhere to f. Applying Fatou’s lemma
(Corollary [[L4.46)), we conclude that
/ fl du < A,
X

thus f is absolutely integrable.

Now let £ > 0 be arbitrary. By uniform integrability, one can find § > 0
such that

(1.15) [ inlduse
[fnl<O

for all n. By monotone convergence, and decreasing J if necessary, we may
say the same for f, thus

(1.16) /m fldu<e.

Let 0 < k < §/2 be another small quantity (that can depend on A, ¢, d)
that we will choose a bit later. From (LI5), (II6) and the hypothesis
Kk < /2 we have

/ |fn| d/" <e
| fn—Fl<rs| f1<0/2
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and

/ fldu<e
| fn—fl<w;|fI<d/2

and hence by the triangle inequality

(1.17) | = fal dps < 2.

/fn—f<f-’~;|f§5/2
Finally, from Markov’s inequality (Exercise [[4.35(vi)) we have

munV@N>wﬂ>s§%

and thus

/ = hldpses on
|fn—F1<r;|f|>6/2

In particular, by shrinking x further if necessary we see that

/‘ = ful du<e
[ fn—fl<ws;|f|>6/2

and hence by (LIT)
(1.18) [ u-nldiss
| fn—fl<w

for all n.

Meanwhile, since f,, converges in measure to f, we know that there exists
an N (depending on k) such that

w(lfo(@) = flz)| 2 k) <k
for all n > N. Applying Exercise [[5.13] we conclude (making x smaller if

necessary) that
/ |fn| dp <e
|fn_f‘2’€

/ |fldp<e
‘fn_f‘sz
and hence by the triangle inequality

/ ‘f - fn‘ dp < 2e
‘fn_f‘zﬁ
for all n > N. Combining this with (I.I8]) we conclude that

nn—fmwnzjyf—nww§5e

and

for all n > N, and so f, converges to f in L' norm as desired. O
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Finally, we recall two results from the previous notes for unsigned func-
tions.

Exercise 1.5.16 (Monotone convergence theorem). Suppose that f,: X —
[0, +00) are measurable, monotone non-decreasing in n and are such that
sup,, fX fn du < 0co. Show that f, converges in L' norm to sup,, f,. (Note
that sup,, f, can be infinite on a null set, but the definition of L' convergence
can be easily modified to accommodate this.)

Exercise 1.5.17 (Defect version of Fatou’s lemma). Suppose that f,: X —
[0,+00) are measurable, are such that sup,, [y fn dp < oo, and converge
pointwise almost everywhere to some measurable limit f: X — [0, 400).
Show that f,, converges in L' norm to f if and only if S « Jn dp converges
to [ [ dp. Informally, we see that in the unsigned, bounded mass case,
pointwise convergence implies L' norm convergence if and only if there is
no loss of mass.

Exercise 1.5.18. Suppose that f,: X — C are a dominated sequence of
measurable functions, and let f: X — C be another measurable function.
Show that f,, converges pointwise almost everywhere to f if and only if f,
converges almost uniformly to f.

Exercise 1.5.19. Let X be a probability space (see Section[2.3). Given any
real-valued measurable function f: X — R, we define the cumulative dis-
tribution function F: R — [0,1] of f to be the function F'(\) := p({x € X :
f(z) < A}). Given another sequence f,: X — R of real-valued measurable
functions, we say that f,, converges in distribution to f if the cumulative
distribution function F,, () of f,, converges pointwise to the cumulative dis-
tribution function F'(A) of f at all A € R for which F is continuous.

(i) Show that if f,, converges to f in any of the seven senses discussed
above (uniformly, essentially uniformly, almost uniformly point-
wise, pointwise almost everywhere, in L', or in measure), then it
converges in distribution to f.

(ii) Give an example in which f, converges to f in distribution, but
not in any of the above seven senses.

(iii) Show that convergence in distribution is not linear, in the sense
that if f, converges to f in distribution, and g, converges to g,
then f, + g, need not converge to f + g.

(iv) Show that a sequence f, can converge in distribution to two differ-
ent limits f, g, which are not equal almost everywhere.

Convergence in distribution (not to be confused with convergence in the
sense of distributions, which is studied in §1.13 of An epsilon of room, Vol.
I, is commonly used in probability; but, as the above exercise demonstrates,
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it is quite a weak notion of convergence, lacking many of the properties of
the modes of convergence discussed here.

1.6. Differentiation theorems

Let [a, b] be a compact interval of positive length (thus —oco < a < b < 4+00).
Recall that a function F': [a,b] — R is said to be differentiable at a point
x € [a,b] if the limit

F(y) — F(x)
y—ra;y€la,b]\{z} y—x

exists. In that case, we call F'(x) the strong derivative, classical derivative,
or just derivative for short, of F' at x. We say that F is everywhere differen-
tiable, or differentiable for short, if it is differentiable at all points x € [a, b],
and differentiable almost everywhere if it is differentiable at almost every
point = € [a,b]. If F is differentiable everywhere and its derivative F’ is
continuous, then we say that F is continuously differentiable.

(1.19) Fl(z) =

Remark 1.6.1. In §1.13 of An epsilon of room, Vol. I, the notion of a weak
derivative or distributional derivative is introduced. This type of derivative
can be applied to a much rougher class of functions and is in many ways
more suitable than the classical derivative for doing “Lebesgue” type anal-
ysis (i.e. analysis centered around the Lebesgue integral, and in particular,
allowing functions to be uncontrolled, infinite, or even undefined on sets of
measure zero). However, for now we will stick with the classical approach
to differentiation.

Exercise 1.6.1. If F': [a,b] — R is everywhere differentiable, show that F
is continuous and F’ is measurable. If F' is almost everywhere differentiable,
show that the (almost everywhere defined) function F” is measurable (i.e. it
is equal to an everywhere defined measurable function on [a, b] outside of a
null set), but give an example to demonstrate that F' need not be continuous.

Exercise 1.6.2. Give an example of a function F': [a,b] — R which is ev-
erywhere differentiable, but not continuously differentiable. (Hint: Choose
an I’ that vanishes quickly at some point, say at the origin 0, but which also
oscillates rapidly near that point.)

In single-variable calculus, the operations of integration and differenti-
ation are connected by a number of basic theorems, starting with Rolle’s
theorem.

Theorem 1.6.2 (Rolle’s theorem). Let [a,b] be a compact interval of pos-
itive length, and let F': [a,b] — R be a differentiable function such that
F(a) = F(b). Then there exists x € (a,b) such that F'(z) = 0.
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Proof. By subtracting a constant from F (which does not affect differen-
tiability or the derivative) we may assume that F(a) = F(b) = 0. If F
is identically zero, then the claim is trivial, so assume that F' is non-zero
somewhere. By replacing F' with —F if necessary, we may assume that F
is positive somewhere, thus sup,c(, ) F(z) > 0. On the other hand, as F
is continuous and [a, b] is compact, F' must attain its maximum somewhere,
thus there exists € [a, b] such that F(z) > F(y) for all y € [a,b]. Then
F(z) must be positive and so = cannot equal either a or b, and thus must
lie in the interior. From the right limit of (II9) we see that F’'(x) < 0,
while from the left limit we have F'(x) > 0. Thus F’'(z) = 0 and the claim
follows. O

Remark 1.6.3. Observe that the same proof also works if F' is only differ-
entiable in the interior (a,b) of the interval [a, b], so long as it is continuous
all the way up to the boundary of [a, b].

Exercise 1.6.3. Give an example to show that Rolle’s theorem can fail if f
is merely assumed to be almost everywhere differentiable, even if one adds
the additional hypothesis that f is continuous. This example illustrates
that everywhere differentiability is a significantly stronger property than
almost everywhere differentiability. We will see further evidence of this fact
later in these notes; there are many theorems that assert in their conclusion
that a function is almost everywhere differentiable, but few that manage to
conclude everywhere differentiability.

Remark 1.6.4. It is important to note that Rolle’s theorem only works
in the real scalar case when F' is real-valued, as it relies heavily on the
least upper bound property for the domain R. If, for instance, we consider
complex-valued scalar functions F': [a, b] — C, then the theorem can fail; for
instance, the function F: [0,1] — C defined by F(z) := ¢*™ — 1 vanishes
at both endpoints and is differentiable, but its derivative F’(z) = 27ie?™™@
is never zero. (Rolle’s theorem does imply that the real and imaginary
parts of the derivative F’ both vanish somewhere, but the problem is that
they don’t simultaneously vanish at the same point.) Similar remarks can
be made about functions taking values in a finite-dimensional vector space,
such as R".

One can easily amplify Rolle’s theorem to the mean value theorem:

Corollary 1.6.5 (Mean value theorem). Let [a,b] be a compact interval of
positive length, and let F': [a,b] — R be a differentiable function. Then there

exists x € (a,b) such that F'(x) = Eb)—F(a)

b—a :



110 1. Measure theory

Proof. Apply Rolle’s theorem to the function
F(b) — F(a)
b—a
Remark 1.6.6. As Rolle’s theorem is only applicable to real scalar-valued

functions, the more general mean value theorem is also only applicable to
such functions.

x— F(x) — (z —a). O

Exercise 1.6.4 (Uniqueness of antiderivatives up to constants). Let [a, b] be
a compact interval of positive length, and let F': [a,b] — R and G: [a, b] —
R be differentiable functions. Show that F'(x) = G'(x) for every x € [a, b]
if and only if F(x) = G(x) + C for some constant C' € R and all x € [a, b].

We can use the mean value theorem to deduce one of the fundamental
theorems of calculus:

Theorem 1.6.7 (Second fundamental theorem of calculus). Let F': [a, b] —
R be a differentiable function, such that F' is Riemann integrable. Then the
Riemann integral fab F'(x) dx of F' is equal to F(b)—F(a). In particular, we
have ff F'(z) de = F(b) — F(a) whenever F is continuously differentiable.

Proof. Let ¢ > 0. By the definition of Riemann integrability, there exists
a finite partition a = tg < t1 < ... < t; = b such that

k b
S PGt - [ Pz
j=1 .

for every choice of t} € [t;_1,1;].
Fix this partition. From the mean value theorem, for each 1 < j < k
one can find ¢ € [t;_1,t;] such that

FI(t5)(t5 — tj—1) = F(tj) — F(tj-1)

and thus by the telescoping series

b
IW@—Fij/FMNSa

Since € > 0 was arbitrary, the claim follows. ([

Remark 1.6.8. Even though the mean value theorem only holds for real
scalar functions, the fundamental theorem of calculus holds for complex
or vector-valued functions, as one can simply apply that theorem to each
component of that function separately.

Of course, we also have the other half of the fundamental theorem of
calculus:
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Theorem 1.6.9 (First fundamental theorem of calculus). Let [a,b] be a
compact interval of positive length. Let f: [a,b] — C be a contmuous func—
tion, and let F: [a,b] — C be the indefinite integral F(x) = [* f(t)

Then F s differentiable on [a,b], with derivative F'(x ) = f( ) for all
x € [a,b]. In particular, F is continuously differentiable.

Proof. It suffices to show that
F(z+h)— F(z)

1 =
i h /@)
for all € [a,b), and
. F(x+h)—-F(x)
1 =
B0~ h /(@)
for all z € (a,b]. After a Change of variables, we can write
h
Fla+ / f(z + ht)

for any = € [a,b) and any sufﬁmently small h > 0, or any = € (a,b] and
any sufficiently small h < 0. As f is continuous, the function t — f(z + ht)
converges uniformly to f(x) on [0,1] as h — 0 (keeping = ﬁxed) As the
interval [0, 1] is bounded, fol f(x+ht) dt thus converges to fo x)dt = f(x),
and the claim follows. O

Corollary 1.6.10 (Differentiation theorem for continuous functions). Let
f:[a,b] = C be a continuous function on a compact interval. Then we have

for all x € [a,b),

for all x € (a,b], and thus
‘m 1
h—0+ 2h [x—h,z+h]

for all x € (a,b).

In these notes we explore the question of the extent to which these the-
orems continue to hold when the differentiability or integrability conditions
on the various functions F, F’, f are relaxed. Among the results proven in
this section are:

(i) The Lebesgue differentiation theorem, which, roughly speaking, as-
serts that Corollary [[.6.10] continues to hold for almost every x if
f is merely absolutely integrable, rather than continuous.
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(ii) A number of differentiation theorems, which assert, for instance,
that monotone, Lipschitz, or bounded variation functions in one
dimension are almost everywhere differentiable.

(iii) The second fundamental theorem of calculus for absolutely contin-
uous functions.

1.6.1. The Lebesgue differentiation theorem in one dimension.
The main objective of this section is to show

Theorem 1.6.11 (Lebesgue differentiation theorem, one-dimensional case).
Let f: R — C be an absolutely integrable function, and let F': R — C be the
definite integral F(x) := f[—oo . f@t) dt. Then F is continuous and almost

everywhere differentiable, and F'(x) = f(x) for almost every x € R.

This can be viewed as a variant of Corollary [LG6.10} the hypotheses are
weaker because f is only assumed to be absolutely integrable, rather than
continuous (and can live on the entire real line, and not just on a compact
interval); but the conclusion is weaker too, because F' is only found to be al-
most everywhere differentiable, rather than everywhere differentiable. (But
such a relaxation of the conclusion is necessary at this level of generality;
consider for instance the example when f = 1j9 ;.)

The continuity is an easy exercise:

Exercise 1.6.5. Let f: R — C be an absolutely integrable function, and
let F': R — C be the definite integral F(z) := f[_oo 2] f(t) dt. Show that F'
is continuous.

The main difficulty is to show that F'(z) = f(x) for almost every z € R.
This will follow from

Theorem 1.6.12 (Lebesgue differentiation theorem, second formulation).
Let f: R — C be an absolutely integrable function. Then

1
1.20 lim — t) dt =
(1.20) Jm g [ @ g
for almost every x € R, and

1
1.21 lim — t) dt =
(1.21) g [ i@ @ s

for almost every x € R.

Exercise 1.6.6. Show that Theorem [[.6.11] follows from Theorem
We will just prove the first fact (L20); the second fact (L2I]) is similar

(or can be deduced from (20 by replacing f with the reflected function



1.6. Differentiation theorems 113

We are taking f to be complex valued, but it is clear from taking real
and imaginary parts that it suffices to prove the claim when f is real-valued,
and we shall thus assume this for the rest of the argument.

The conclusion (L20) we want to prove is a convergence theorem—an
assertion that for all functions f in a given class (in this case, the class
of absolutely integrable functions f: R — R), a certain sequence of linear
expressions T, f (in this case, the right averages Tj, f(z) = % f[m,erh] ft) dt)
converge in some sense (in this case, pointwise almost everywhere) to a
specified limit (in this case, f). There is a general and very useful argument
to prove such convergence theorems, known as the density argument. This
argument requires two ingredients, which we state informally as follows:

(i) A verification of the convergence result for some “dense subclass” of
“nice” functions f, such as continuous functions, smooth functions,
simple functions, etc. By “dense”, we mean that a general function
f in the original class can be approximated to arbitrary accuracy
in a suitable sense by a function in the nice subclass.

(ii) A quantitative estimate that upper bounds the maximal fluctuation
of the linear expressions T} f in terms of the “size” of the function
f (where the precise definition of “size” depends on the nature of
the approximation in the first ingredient).

Once one has these two ingredients, it is usually not too hard to put them
together to obtain the desired convergence theorem for general functions f
(not just those in the dense subclass). We illustrate this with a simple
example:

Proposition 1.6.13 (Translation is continuous in L'). Let f: R — C be
an absolutely integrable function, and for each h € R?, let f: RY — C be
the shifted function

fn(@) := f(z = h).

Then fy, converges in L' norm to f as h — 0, thus

i [ \fula) - fa)] de =0,

Proof. We first verify this claim for a dense subclass of f, namely the func-
tions f which are continuous and compactly supported (i.e. they vanish
outside of a compact set). Such functions are continuous, and thus f con-
verges uniformly to f as h — 0. Furthermore, as f is compactly supported,
the support of f, — f stays uniformly bounded for A in a bounded set. From
this we see that f}, also converges to f in L' norm as required.
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Next, we observe the quantitative estimate

(122 |t = s@ldo<z2 [ 1f(a)] da

Rd
for any h € R®. This follows easily from the triangle inequality

|t = f@lde< [ i@l det [ 1f@)] do

together with the translation invariance of the Lebesgue integral:

| n@ldr= [ it de

Now we put the two ingredients together. Let f: R? — C be absolutely
integrable, and let € > 0 be arbitrary. Applying Littlewood’s second prin-
ciple (Theorem [[.3.20((iii)) to the absolutely integrable function F’, we can
find a continuous, compactly supported function ¢g: R%* — C such that

/ |f(z) —g(x)] de < e.
R4

Applying (I.22), we conclude that

/ (F = gnla) — (f — g)(@)] da < 2,
Rd

which we rearrange as

6= 0001 = = ) d < 2

By the dense subclass result, we also know that

/ lgn(x) — g(z)| dz < ¢
Rd

for all h sufficiently close to zero. From the triangle inequality, we conclude
that

[ 1)~ )] do < 32
RA
for all h sufficiently close to zero, and the claim follows. O

Remark 1.6.14. In the above application of the density argument, we
proved the required quantitative estimate directly for all functions f in the
original class of functions. However, it is also possible to use the density
argument a second time and initially verify the quantitative estimate just
for functions f in a nice subclass (e.g. continuous functions of compact
support). In many cases, one can then extend that estimate to the general
case by using tools such as Fatou’s lemma (Corollary [[L4.46]), which are
particularly suited for showing that upper bound estimates are preserved
with respect to limits.
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Exercise 1.6.7. Let f: RY — C, g: R? — C be Lebesgue measurable
functions such that f is absolutely integrable and ¢ is essentially bounded
(i.e. bounded outside of a null set). Show that the convolution f+g: R* — C
defined by the formula

fro@ = [ 1w dy

is well defined (in the sense that the integrand on the right-hand side is
absolutely integrable) and that f x g is a bounded, continuous function.

The above exercise is illustrative of a more general intuition, which is
that convolutions tend to be smoothing in nature; the convolution f * g of
two functions is usually at least as regular as, and often more regular than,
either of the two factors f, g.

This smoothing phenomenon gives rise to an important fact, namely the
Steinhaus theorem:

Exercise 1.6.8 (Steinhaus theorem). Let E C R? be a Lebesgue measur-
able set of positive measure. Show that the set £ — F:={z—y:z,y € E}
contains an open neighbourhood of the origin. (Hint: Reduce to the case
when FE' is bounded, and then apply the previous exercise to the convolution
lgp*1_pg, where —FE :={—y:y € E}.)

Exercise 1.6.9. A homomorphism f: R® — C is a map with the property
that f(x +vy) = f(z)+ f(y) for all 2,y € R%

(i) Show that all measurable homomorphisms are continuous. (Hint:
For any disk D centered at the origin in the complex plane, show
that f~!(z + D) has positive measure for at least one z € C, and
then use the Steinhaus theorem from the previous exercise.)

e Show that f is a measurable homomorphism if and only if it takes

the form f(z1,...,24) = x121+... 424924 for all x1,...,24 € R and
some complex coefficients 21, ..., zq. (Hint: First establish this for
rational x1, ..., x4, and then use the previous part of this exercise.)

(ii) (For readers familiar with Zorn’s lemma, see §2.4 of An epsilon of
room, Vol. I.) Show that there exist homomorphisms f: RY — C
which are not of the form in the previous exercise. (Hint: View
R? (or C) as a vector space over the rationals Q, and use the
fact (from Zorn’s lemma) that every vector space—even an infinite-
dimensional one—has at least one basis.) This gives an alternate
construction of a non-measurable set to that given in previous
notes.

Remark 1.6.15. One drawback to the density argument is it gives con-
vergence results which are qualitative rather than quantitative—there is
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no explicit bound on the rate of convergence. For instance, in Proposi-
tion [L6I3] we know that for any e > 0, there exists § > 0 such that
Jra |fu(x) = f(z)] dv < e whenever |h| < 6, but we do not know exactly
how § depends on ¢ and f. Actually, the proof does eventually give such
a bound, but it depends on “how measurable” the function f is, or more
precisely how “easy” it is to approximate f by a “nice” function. To il-
lustrate this issue, let’s work in one dimension and consider the function
f(z) == sin(Nx)lpax(z), where N > 1 is a large integer. On the one hand,
f is bounded in the L' norm uniformly in N: [ |f(z)| dz < 27 (indeed,
the left-hand side is equal to 2). On the other hand, it is not hard to see
that [g [fr/n(z) — f(z)| dz > ¢ for some absolute constant ¢ > 0. Thus,
if one force [g |fn(x) — f(x)] dx to drop below ¢, one has to make h at
most /N from the origin. Making N large, we thus see that the rate of
convergence of [p |fn(x) — f(x)| dx to zero can be arbitrarily slow, even
though f is bounded in L'. The problem is that as N gets large, it becomes
increasingly difficult to approximate f well by a “nice” function, by which
we mean a uniformly continuous function with a reasonable modulus of con-
tinuity, due to the increasingly oscillatory nature of f. See [Ta2008| §1.4]
for some further discussion of this issue, and what quantitative substitutes
are available for such qualitative results.

Now we return to the Lebesgue differentiation theorem, and apply the
density argument. The dense subclass result is already contained in Corol-
lary [L6.10, which asserts that (I20) holds for all continuous functions f.
The quantitative estimate we will need is the following special case of the
Hardy-Littlewood maximal inequality:

Lemma 1.6.16 (One-sided Hardy-Littlewood maximal inequality). Let f:
R — C be an absolutely integrable function, and let X > 0. Then

m({zeR: wp;[ CEEVE /!f!dt

h>0

We will prove this lemma shortly, but let us first see how this, combined
with the dense subclass result, will give the Lebesgue differentiation theorem.
Let f: R — C be absolutely integrable, and let £, A > 0 be arbitrary. Then
by Littlewood’s second principle, we can find a function g: R — C which is
continuous and compactly supported, with

/Wf o) do <.

Applying the one-sided Hardy-Littlewood maximal inequality, we conclude
that

>| ™

muxeR:wpl/ F(8) — g(t)] dt > A}) <
[z,z+h]

h>0
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In a similar spirit, from Markov’s inequality (Lemma [[3.15]) we have
5
m({z € R:|f(z) —g(2)] 2 A}) < 1.

By subadditivity, we conclude that for all x € R outside of a set E of
measure at most 2/, one has both

(1.23) - F(H) = g(®)] dt < A
[x,z+h]

and

(1.24) |f(x) —g(z)] < A

for all A > 0.

Now let x € R\E. From the dense subclass result (Corollary [L6.10)
applied to the continuous function g, we have

1
i L et de-g@) < a
[,2-+h]

whenever h is sufficiently close to z. Combining this with (L23)), (I.24)), and
the triangle inequality, we conclude that

1
Y RCE SN CIEE

for all h sufficiently close to zero. In particular, we have

1
limsup|—/ f@) dt — f(x)] < 3A
h—0 [z,x+h]

for all x outside of a set of measure 2¢/\. Keeping A fixed and sending ¢ to
zero, we conclude that

nmsupﬁ/ F(t) dt — f(2)] < 3\
h—0 [x,z+h]

for almost every x € R. If we then let A\ go to zero along a countable
sequence (e.g. A\ :=1/n forn=1,2,...), we conclude that

limsup\l/[ +h}f(t) dt — f(z)| =0

h—0
for almost every x € R, and the claim follows.

The only remaining task is to establish the one-sided Hardy-Littlewood
maximal inequality. We will do so by using the rising sun lemma:

Lemma 1.6.17 (Rising sun lemma). Let [a,b] be a compact interval, and
let F': [a,b] — R be a continuous function. Then one can find an at most
countable family of disjoint non-empty open intervals I, = (an,by) in [a,b]
with the following properties:
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(i) For each n, either F(ay) = F(by), or else a, = a and F(b,) >
F(ay).

(ii) If x € [a,b] does not lie in any of the intervals I, then one must
have F(y) < F(z) for allx <y <b.

Remark 1.6.18. To explain the name “rising sun lemma”, imagine the
graph {(z, F(x)) : © € [a,b]} of F' as depicting a hilly landscape, with the
sun shining horizontally from the rightward infinity (+o0,0) (or rising from
the east, if you will). Those x for which F(y) < F(x) are the locations
on the landscape which are illuminated by the sun. The intervals I,, then
represent the portions of the landscape that are in shadow. The reader is
encouraged to draw a pictur to illustrate this perspective.

This lemma is proven using the following basic fact:

Exercise 1.6.10. Show that any open subset U of R can be written as
the union of at most countably many disjoint non-empty open intervals,
whose endpoints lie outside of U. (Hint: First show that every x in U is
contained in a maximal open subinterval (a,b) of U, and that these maximal
open subintervals are disjoint, with each such interval containing at least one
rational number.)

Proof. (Proof of rising sun lemma) Let U be the set of all z € (a,b) such
that F(y) > F(x) for at least one x < y < b. As F is continuous, U is open,
and so U is the union of at most countably many disjoint non-empty open
intervals I,, = (ap, by), with the endpoints ay, b, lying outside of U.

The second conclusion of the rising sun lemma is clear from construction,
so it suffices to establish the first. Suppose first that I,, = (ay, by,) is such that
an # a. As the endpoint a, does not lie in U, we must have F(y) < F'(ay)
for all a, < y < b; similarly, we have F(y) < F(by,) for all b, < y < b.
In particular, we have F(b,) < F(ay,). By the continuity of F, it will then
suffice to show that F'(b,) > F(t) for all a, <t < by,.

Suppose for contradiction that there was a,, < t < b, with F'(b,,) < F(t).
Let A :={s € [t,b] : F(s) > F(t)}, then A is a closed set that contains ¢
but not b. Set t. := sup(A), then t, € [t,b) C [, C U, and thus there
exists t, <y < b such that F(y) > F(t.). Since F(t.) > F(t) > F(b,), and
F(b,) > F(z) for all b, < z < b, we see that y cannot exceed by, and thus
lies in A, but this contradicts the fact that ¢, is the supremum of A.

The case when a, = a is similar and is left to the reader; the only
difference is that we can no longer assert that F'(y) < F(a,) for all a,, <
y < b, and so do not have the upper bound F'(b,) < F(ay). O

14 Author’s note: I have deliberately omitted including such pictures in the text, as I feel that
it is far more instructive and useful for the reader to directly create a personalised visual aid for
these results.
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Now we can prove the one-sided Hardy-Littlewood maximal inequality.
By upwards monotonicity, it will suffice to show that

1

m({relab]: s O ESVES YRV
B0zt hclat] B it

for any compact interval [a, b]. By modifying A by an epsilon, we may replace

the non-strict inequality here with strict inequality:

(1.25)

1
mieelatls s o[ jpelasap <5 [ ) a
h>0;[z,z+h]C[a,b] h [z,x+h]
Fix [a,b]. We apply the rising sun lemma to the function F': [a,b] - R
defined as

F(x) ::/[ ] lf()| dt — (x — a)A.

By Corollary [[L6.5] F' is continuous, and so we can find an at most countable
sequence of intervals I,, = (an,b,) with the properties given by the rising
sun lemma. From the second property of that lemma, we observe that

1
{z €a,b]: sup [f()] dt > A} € (T,
h>0;[z,z+h]C|a,b] h [x,z+h] n
since the property 3 f[x o] |f(t)] dt > X can be rearranged as F(z + h) >

F(x). By countable additivity, we may thus upper bound the left-hand side
of (L28) by >, (bn — ay). On the other hand, since F(b,) — F(ay,) > 0, we
have

/1 @) dt = Abn — an)

> (bn —an) < %Z/l 1£(t)] dt.

n

and thus

As the I, are disjoint intervals in I, we may apply monotone convergence
and monotonicity to conclude that

Z/j \f(tﬂdts/[b} 1F(8)| dt,

and the claim follows.

Exercise 1.6.11 (Two-sided Hardy-Littlewood maximal inequality). Let
f: R — C be an absolutely integrable function, and let A > 0. Show that

m({zeR: zg,ﬂ/!f ()] dt > A}) < /!f (0)) dt,

where the supremum ranges over all intervals I of positive length that con-
tain x.
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Exercise 1.6.12 (Rising sun inequality). Let f: R — R be an absolutely
integrable function, and let f*: R — R be the one-sided signed Hardy-
Littlewood maximal function

f*(z) :=sup ! ft) dt.

h>0 h [x,z+h]

Establish the rising sun inequality

(@ > [ ) do
x:f*(z)>A
for all real A (note here that we permit A to be zero or negative), and show
that this inequality implies Lemma (Hint: First do the A = 0 case,
by invoking the rising sun lemma.) See [Ta2009, §2.9] for some further
discussion of inequalities of this type, and applications to ergodic theory
(and in particular, the mazimal ergodic theorem,).

Exercise 1.6.13. Show that the left- and right-hand sides in Lemma [[.6.16]
are in fact equal. (Hint: One may first wish to try this in the case when f
has compact support, in which case one can apply the rising sun lemma to
a sufficiently large interval containing the support of f.)

1.6.2. The Lebesgue differentiation theorem in higher dimensions.
Now we extend the Lebesgue differentiation theorem to higher dimensions.
Theorem [[.6.17] does not have an obvious high-dimensional analogue, but
Theorem does:

Theorem 1.6.19 (Lebesgue differentiation theorem in general dimension).
Let f: R* — C be an absolutely integrable function. Then for almost every
z € R, one has

(1.26) lim ———— /B W) = )l dy =0

r—0m(B(x,r))

and

| 1 o
liy /B L) dy= 1@,

where B(z,r) := {y € RY: |x —y| < r} is the open ball of radius r centered
at .

From the triangle inequality we see that
1 / 1
— = fydy—fva—/ fy) — f(x) dy
(B Jon W Y I N B @) Sy T IO

1
< m /B(:c,r) |f(y) — f(=)] dy,
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so we see that the first conclusion of Theorem implies the second. A
point z for which (L26]) holds is called a Lebesgue point of f; thus, for an
absolutely integrable function f, almost every point in R? will be a Lebesgue
point for R%.

Exercise 1.6.14. Call a function f: R — C locally integrable if, for every
z € RY, there exists an open neighbourhood of = on which f is absolutely
integrable.

(i) Show that f is locally integrable if and only if fB(o,r) |f(z)] dx < o0
for all r > 0.

(ii) Show that Theorem [[L6.T9 implies a generalisation of itself in which
the condition of absolute integrability of f is weakened to local
integrability.

Exercise 1.6.15. For each h > 0, let E}, be a subset of B(0,h) with the
property that m(Eyp) > em(B(0, h)) for some ¢ > 0 independent of h. Show
that if f: RY — C is locally integrable, and z is a Lebesgue point of f, then

o -
limy / L, W = @)

h—0 m(Eh)
Conclude that Theorem implies Theorem

To prove Theorem [[L6.19] we use the density argument. The dense
subclass case is easy:

Exercise 1.6.16. Show that Theorem [[.6.T9 holds whenever f is continu-
ous.

The quantitative estimate needed is the following;:
Theorem 1.6.20 (Hardy-Littlewood maximal inequality). Let f: R — C
be an absolutely integrable function, and let A > 0. Then

Cq
[ wlarzm <5 [sora

4. su -
m({z e R ‘7’>%)) (B

for some constant Cy > 0 depending only on d.

Remark 1.6.21. The expression sup, m fB(x,r) |f(y)] dy > A} is

known as the Hardy-Littlewood mazimal function of f, and is often denoted
M f(z). It is an important function in the field of (real-variable) harmonic
analysis.

Exercise 1.6.17. Use the density argument to show that Theorem [1.6.20]
implies Theorem [[LG.T9
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In the one-dimensional case, this estimate was established via the rising
sun lemma. Unfortunately, that lemma relied heavily on the ordered nature
of R, and does not have an obvious analogue in higher dimensions. Instead,
we will use the following covering lemma. Given an open ball B = B(x,r)
in R? and a real number ¢ > 0, we write cB := B(x, cr) for the ball with the
same center as B, but ¢ times the radius. (Note that this is slightly different
from the set c¢- B := {cy : y € B}—why?) Note that |cB| = c?|B| for any
open ball B ¢ R% and any ¢ > 0.

Lemma 1.6.22 (Vitali-type covering lemma). Let Bi,..., B, be a finite
collection of open balls in R (not necessarily disjoint). Then there exists a

subcollection BY, ..., B), of disjoint balls in this collection, such that
n m

(1.27) UBicls3B;
i=1 j=1

In particular, by finite subadditivity,
n m
m(| ) Bi) <3%) m(Bj).
i=1 j=1

Proof. We use a greedy algorithm argument, selecting the balls B/ to be
as large as possible while remaining disjoint. More precisely, we run the
following algorithm:

Step 0. Initialise m = 0 (so that, initially, there are no balls Bj,..., B}, in
the desired collection).

Step 1. Consider all the balls B; that do not already intersect one of the
Bi,...,Bj, (so, initially, all of the balls By, ..., B, will be consid-
ered). If there are no such balls, STOP. Otherwise, go on to Step
2.

Step 2. Locate the largest ball B; that does not already intersect one of
the Bj,...,B,. (If there are multiple largest balls with exactly
the same radius, break the tie arbitrarily.) Add this ball to the col-
lection B, ..., By, by setting B, | := B; and then incrementing
m to m + 1. Then return to Step 1.

Note that at each iteration of this algorithm, the number of available balls
amongst the By,..., B, drops by at least one (since each ball selected
certainly intersects itself and so cannot be selected again). So this algo-
rithm terminates in finite time. It is also clear from construction that the
Bj,...,B], are a subcollection of the By, ..., B, consisting of disjoint balls.
So the only task remaining is to verify that (L27) holds at the completion
of the algorithm, i.e., to show that each ball B; in the original collection is
covered by the triples 3B;- of the subcollection.



1.6. Differentiation theorems 123

For this, we argue as follows. Take any ball B; in the original collection.
Because the algorithm only halts when there are no more balls that are

disjoint from the Bj,..., By, the ball B; must intersect at least one of the
balls B} in the subcollection. Let B} be the first ball with this property, thus
B, is disjoint from By, ..., B}_;, but intersects B}. Because B} was chosen

to be the largest amongst all balls that did not intersect By, ... ,B;_l, we
conclude that the radius of B; cannot exceed that of B}. From the triangle
inequality, this implies that B; C 3B}7 and the claim follows. O

Exercise 1.6.18. Technically speaking, the above algorithmic argument
was not phrased in the standard language of formal mathematical deduction,
because in that language, any mathematical object (such as the natural
number m) can only be defined once, and not redefined multiple times as is
done in most algorithms. Rewrite the above argument in a way that avoids
redefining any variable. (Hint: Introduce a “time” variable ¢, and recursively
construct families B} 4, ..., By, ; of balls that represent the outcome of the
above algorithm after t iterations (or t, iterations, if the algorithm halted at
some previous time t, < t). For this particular algorithm, there are also more
ad hoc approaches that exploit the relatively simple nature of the algorithm
to allow for a less notationally complicated construction.) More generally,
it is possible to use this time parameter trick to convert any construction
involving a provably terminating algorithm into a construction that does not
redefine any variable. (It is, however, dangerous to work with any algorithm
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that has an infinite run time, unless one has a suitably strong convergence
result for the algorithm that allows one to take limits, either in the classical
sense or in the more general sense of jumping to limit ordinals; in the latter
case, one needs to use transfinite induction in order to ensure that the use
of such algorithms is rigorous; see §2.4 of An epsilon of room, Vol. I.)

Remark 1.6.23. The actual Vitali covering lemma [Vil908] is slightly
different than this one, but we will not need it here. Actually, there is a
family of related covering lemmas which are useful for a variety of tasks in
harmonic analysis; see, for instance, [deG1981] for further discussion.

Now we can prove the Hardy-Littlewood inequality, which we will do
with the constant Cj; := 3%. It suffices to verify the claim with strict in-
equality,

4. gy _
m({z € R*: T>;5 m(Ba)

as the non-strict case then follows by perturbing A slightly and then taking
limits.

Cq
[ fwlas>n <5 sl

Fix f and A. By inner regularity, it suffices to show that

d
m(i) < 5 [ I a

whenever K is a compact set that is contained in

d . 1
(reR s s [ @l

By construction, for every x € K, there exists an open ball B(x,r) such
that

(1.28) FW)] dy > A

1
m(B(‘Tv T’)) /B(x,r)

By compactness of K, we can cover K by a finite number By, ..., B, of such
balls. Applying the Vitali-type covering lemma, we can find a subcollection
Bi,..., B, of disjoint balls such that

m(| ) Bi) 37> m(Bj).
i=1 j=1
By (L.28), on each ball B} we have

miB)) <5 [ 15w dy

J
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summing in j and using the disjointness of the B;- we conclude that

B;) < — dy.
U8 < [Vl dy

Since the By, ..., B, cover K, we obtain Theorem [[.6.20] as desired.

Exercise 1.6.19. Improve the constant 3¢ in the Hardy-Littlewood max-
imal inequality to 2¢. (Hint: Observe that with the construction used to
prove the Vitali covering lemma, the centers of the balls B; are contained
in Jj, 2B} and not just in (Jj2, 3B}. To exploit this observation one may
need to ﬁrst create an epsilon of room, as the centers are not by themselves
sufficient to cover the required set.)

Remark 1.6.24. The optimal value of Cy is not known in general, although
a fairly recent result of Melas [Me2003] gives the surprising conclusion that

the optimal value of C7 is Cj = 11+‘/_ = 1.56.... It is known that C; grows
at most linearly in d, thanks to a result of Stem and Stromberg [StSt1983],
but it is not known if Cy; is bounded in d or grows as d — co.

Exercise 1.6.20 (Dyadic maximal inequality). If f: R? — C is an abso-
lutely integrable function, establish the dyadic Hardy-Littlewood maximal
inequality

m({weRdzigg,Q,/|f ) dy > \}) < /|f )| dt

where the supremum ranges over all dyadic cubes @ that contain x. (Hint:
The nesting property of dyadic cubes will be useful when it comes to the
covering lemma stage of the argument, much as it was in Exercise [LT.14l)

Exercise 1.6.21 (Besicovich covering lemma in one dimension). Let
Ii,..., I, be a finite family of open intervals in R (not necessarily disjoint).
Show that there exist a subfamily I1,..., I}, of intervals such that:

(1) Uiy In = ULy -
(ii) Each point 2 € R is contained in at most two of the I/,.

(Hint: First refine the family of intervals so that no interval I; is contained
in the union of the the other intervals. At that point, show that it is no
longer possible for a point to be contained in three of the intervals.) There
is a variant of this lemma that holds in higher dimensions, known as the
Besicovitch covering lemma.

Exercise 1.6.22. Let u be a Borel measure (i.e., a countably additive mea-
sure on the Borel o-algebra) on R, such that 0 < u(I) < oo for every
interval I of positive length. Assume that p is inner regular, in the sense
that 4i(E) = supgcp, compact #(K) for every Borel measurable set E. (As
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it turns out, from the theory of Radon measures, all locally finite Borel mea-
sures have this property, but we will not prove this here; see §1.10 of An
epsilon of room, Vol. I.) Establish the Hardy-Littlewood maximal inequality

p({z € R:sup—— /|f )| du(y) > A}) < /|f )| du(y

z€l M

for any absolutely integrable function f € L'(u), where the supremum
ranges over all open intervals I that contain x. Note that this essentially
generalises Exercise [L6.11l in which p is replaced by Lebesgue measure.
(Hint: Repeat the proof of the usual Hardy-Littlewood maximal inequality,
but use the Besicovich covering lemma in place of the Vitali-type covering
lemma. Why do we need the former lemma here instead of the latter?)

Exercise 1.6.23 (Cousin’s theorem). Prove Cousin’s theorem: given any
function d: [a,b] — (0,400) on a compact interval [a, b] of positive length,
there exists a partition a =tg < t; < ... <t = b with k > 1, together with
real numbers t;- € [tj—1,tj] foreach 1 < j < kand t; —tj_1 < (5(15;). (Hint:
Use the Heine-Borel theorem, which asserts that any open cover of [a, b] has
a finite subcover, followed by the Besicovitch covering lemma.) This theo-
rem is useful in a variety of applications related to the second fundamental
theorem of calculus, as we shall see below. The positive function ¢ is known
as a gauge function.

Now we turn to consequences of the Lebesgue differentiation theorem.
Given a Lebesgue measurable set £ C R call a point z € R? a point
of density for F if % — 1 as r — 0. Thus, for instance, if £ =
[—1,1]\{0}, then every point in (—1,1) (including the boundary point 0) is
a point of density for F, but the endpoints —1,1 (as well as the exterior of
E) are not points of density. One can think of a point of density as being an
“almost interior” point of F; it is not necessarily the case that one can fit
a small ball B(x,r) centered at z inside of E, but one can fit most of that
small ball inside F.

Exercise 1.6.24. If E ¢ R? is Lebesgue measurable, show that almost
every point in F is a point of density for F, and almost every point in the
complement of F is not a point of density for FE.

Exercise 1.6.25. Let E C R? be a measurable set of positive measure, and
let € > 0.

(i) Using Exercise [0 and Exercise [[L6.24] show that there exists
a cube @ C Rd of positive sidelength such that m(E N Q) >

(1—2)m(Q).
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(ii) Give an alternate proof of the above claim that avoids the Lebesgue
differentiation theorem. (Hint: Reduce to the case when FE is
bounded, then approximate E by an almost disjoint union of cubes.)

(iii) Use the above result to give an alternate proof of the Steinhaus
theorem (Exercise [L6.8).

Of course, one can replace cubes here by other comparable shapes, such
as balls. (Indeed, a good principle to adopt in analysis is that cubes and
balls are “equivalent up to constants”, in that a cube of some sidelength can
be contained in a ball of comparable radius, and vice versa. This type of
mental equivalence is analogous to, though not identical with, the famous
dictum that a topologist cannot distinguish a doughnut from a coffee cup.)

Exercise 1.6.26.

(i) Give an example of a compact set & C R of positive measure such
that m(K NI) < |I] for every interval I of positive length. (Hint:
First construct an open dense subset of [0,1] of measure strictly
less than 1.)

(ii) Give an example of a measurable set £ C R such that 0 < m(E N
I) < |I] for every interval I of positive length. (Hint: First work in
a bounded interval, such as (—1,2). The complement of the set K
in the first example is the union of at most countably many open
intervals, thanks to Exercise Now fill in these open intervals
and iterate.)

Exercise 1.6.27 (Approximations to the identity). Define a good kernel

to be a measurable function P: R — RT which is non-negative, radial
(which means that there is a function P: [0,4+00) — R* such that P(z) =
P(|z])), radially non-increasing (so that P is a non-increasing function), and
has total mass [p. P(x) d equal to 1. The functions Pi(x) := tidP(%) for
t > 0 are then said to be a good family of approzimations to the identity.

(i) Show that the heat kerneldld Pi(x) := m6_|x‘2/4t2

kernels Pi(x) := cdm are good families of approxima-

and Poisson

tions to the identity, if the constant ¢4 > 0 is chosen correctly (in
fact one has ¢g = I'((d 4+ 1)/2)/x(4*1/2 but you are not required
to establish this).

15Different texts have slightly different notions of what a good kernel is; the “right” class of
kernels to consider depends to some extent on what type of convergence results one is interested
in (e.g., almost everywhere convergence, convergence in L' or L> norm, etc.), and on what
hypotheses one wishes to place on the original function f.

16Note that we have modified the usual formulation of the heat kernel by replacing t with t2
in order to make it conform to the notational conventions used in this exercise.
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(i)

(iii)

Show that if P is a good kernel, then

o0
Cqg < Z 2dn]5(2n) <Cy
n=—oo
for some constants 0 < ¢4 < Cy depending only on d. (Hint:
Compare P with such “horizontal wedding cake” functions as

S ne oo Lon-ijg)<an P(27).)
Establish the quantitative upper bound

\/Rd f(y)Pi(z —y) dy SCésup ’/ . y)l dy

r>0
for any absolutely integrable function f and some constant C’, > 0
depending only on d.

Show that if f: R% — C is absolutely integrable and x is a Lebesgue
point of f, then the convolution

f* Pz /f VPi(z —y) dy

converges to f(x) as t — 0. (Hint: Split f(y) as the sum of f(x)
and f(y) — f(x).) In particular, f * P, converges pointwise almost
everywhere to f.

1.6.3. Almost everywhere differentiability. As we see in undergradu-
ate real analysis, not every continuous function f: R — R is differentiable,
with the standard example being the absolute value function f(z) := |z|,
which is continuous not differentiable at the origin x = 0. Of course, this
function is still almost everywhere differentiable. With a bit more effort, one
can construct continuous functions that are in fact nowhere differentiable:

Exercise 1.6.28 (Weierstrass function). Let F': R — R be the function

(i)
(i)
(iii)

= Z 47" sin(8" 7).
n=1

Show that F'is well defined (in the sense that the series is absolutely
convergent) and that F' is a bounded continuous function.

Show that for every 8-dyadic interval | 8;1, J;;l] with n > 1, one has

|F(j+1) F(g_n)| > ¢4~ for some absolute constant ¢ > 0.

Show that F' is not differentiable at any point = € R. (Hint: Argue
by contradiction and use the previous part of this exercise.) Note
that it is not enough to formally differentiate the series term by
term and observe that the resulting series is divergent—why not?
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The difficulty here is that a continuous function can still contain a large
amount of oscillation, which can lead to breakdown of differentiability. How-
ever, if one can somehow limit the amount of oscillation present, then one
can often recover a fair bit of differentiability. For instance, we have

Theorem 1.6.25 (Monotone differentiation theorem). Any function F':
R — R which is monotone (either monotone non-decreasing or monotone
non-increasing) is differentiable almost everywhere.

Exercise 1.6.29. Show that every monotone function is measurable.

To prove this theorem, we just treat the case when F' is monotone non-
decreasing, as the non-increasing case is similar (and can be deduced from
the non-decreasing case by replacing F' with —F).

We also first focus on the case when F' is continuous, as this allows us
to use the rising sun lemma. To understand the differentiability of F, we
introduce the four Dini derivatives of F' at x:

i

. . . N . F h)—F
(i) The upper right derivative D+ F(x) := lim sup;,_,o+ w

ii) The lower right derivative D F(x) := liminf,_,o+
0

F(z+h)—F(z)
h ’
. . . F(z+h)—F(z
(iii) The upper left derivative D~ F(x) := limsup;,_,o- %;
. . . . _ o . F(z+h)—F(x
(iv) The lower right derivative D~ F(z) := liminf;_,- %

Regardless of whether F' is differentiable or not (or even whether F' is con-
tinuous or not), the four Dini derivatives always exist and take values in
the extended real line [—00,00]. (If F is only defined on an interval [a, b],
rather than on the endpoints, then some of the Dini derivatives may not
exist at the endpoints, but this is a measure zero set and will not impact
our analysis.)

Exercise 1.6.30. If I is monotone, show that the four Dini derivatives of F’
are measurable. (Hint: The main difficulty is to reformulate the derivatives
so that h ranges over a countable set rather than an uncountable one.)

A function F is differentiable at = precisely when the four derivatives
are equal and finite:

(1.29) D+F(x) = DTF(z) = D-F(z) = D"F(z) € (—o00, +00).
We also have the trivial inequalities

D F(z) < D¥F(x); D”F(z) < D~F(x).
If F' is non-decreasing, all these quantities are non-negative, thus

0<DVYF(z) < D¥F(z); 0<D”F(z) < D-F(z).
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The one-sided Hardy-Littlewood maximal inequality has an analogue in
this setting:

Lemma 1.6.26 (One-sided Hardy-Littlewood inequality). Let F': [a,b] —
R be a continuous monotone non-decreasing function, and let A > 0. Then
we have

m({z € [a,b] : DTF(z) > \}) < w;

and similarly, for the other three Dini derivatives of F'.

If F' is not assumed to be continuous, then we have the weaker inequality

m({z € [a,b] : DYF(z) > \}) < CM

for some absolute constant C' > 0.

Remark 1.6.27. Note that if one naively applies the fundamental theo-
rems of calculus, one can formally see that the first part of Lemma [1.6.20] is
equivalent to Lemma We cannot, however, use this argument rigor-
ously because we have not established the necessary fundamental theorems
of calculus to do this. Nevertheless, we can borrow the proof of Lemma
[1.6.16] without difficulty to use here, and this is exactly what we will do.

Proof. We just prove the continuous case and leave the discontinuous case
as an exercise.

It suffices to prove the claim for D¥F; by reflection (replacing F(z)
with —F(—z), and [a, b] with [—b, —a]), the same argument works for D~ F,
and then this trivially implies the same inequalities for D™ F and D~ F. By
modifying A by an epsilon, and dropping the endpoints from [a,b] as they
have measure zero, it suffices to show that
F(b) — F(a)

By :

We may apply the rising sun lemma (Lemma [[.6.17)) to the continuous
function G(z) := F(x) — Ax. This gives us an at most countable family of
intervals I, = (an,by) in (a,b), such that G(b,) > G(ay) for each n, and
such that G(y) < G(x) whenever a < x < y < b and « lies outside of all of
the I,,.

~ Observe that if x € (a,b), and G(y) < G(z) for all z < y < b, then
D*+F(z) < A. Thus we see that the set {x € (a,b) : DYF(z) > A} is
contained in the union of the I,,, and so by countable additivity,

m({z € (a,b) : DVF(x) > A}) <) by — an.

m({z € (a,b) : DYF(x) > \}) <

But we can rearrange the inequality G(b,) < G(ay,) as b, —a, < w.

From telescoping series and the monotone nature of ¥ we have ) F(b,) —
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F(ay) < F(b) — F(a) (this is easiest to prove by first working with a finite
subcollection of the intervals (ay,by), and then taking suprema), and the
claim follows.

The discontinuous case is left as an exercise. O

Exercise 1.6.31. Prove Lemma in the discontinuous case. (Hint:
The rising sun lemma is no longer available, but one can use either the
Vitali-type covering lemma (which will give C' = 3) or the Besicovitch lemma
(which will give C' = 2), by modifying the proof of Theorem

Exercise 1.6.32. Let p be a finite Borel measure on R. Show that
1 C
{z e R:sup —pu(fz —r,z+7]) =AY < —u(R)
r>0 2r A
for any A > 0 and some absolute constant C' > 0.

Sending A — oo in the above lemma (cf. Exercise[[.L3.18]), and then send-
ing [a,b] to R, we conclude as a corollary that all the four Dini derivatives
of a continuous monotone non-decreasing function are finite almost every-
where. So to prove Theorem for continuous monotone non-decreasing
functions, it suffices to show that (I.29) holds for almost every z. In view
of the trivial inequalities, it suffices to show that D, F(x) < D_F(x) and
D_F(z) < Dy F(x) for almost every z. We will just show the first inequal-
ity, as the second follows by replacing F with its reflection z — —F(—z). It
will suffice to show that for every pair 0 < r < R of real numbers, the set

E=E.p:={zreR:D{F(z)>R>r>D_F(x)}

is a null set, since by letting R, range over rationals with R > r > 0 and
taking countable unions, we would conclude that the set {x € R : D F(x) >
D_F(z)} is a null set (recall that the Dini derivatives are all non-negative
when F is non-decreasing), and the claim follows.

Clearly FE is a measurable set. To prove that it is null, we will establish
the following estimate:

Lemma 1.6.28 (F has density less than one). For any interval [a,b] and
any 0 <7 < R, one has m(E, g N la,b]) < 5|b—al.

Indeed, this lemma implies that F has no points of density, which by
Exercise [[L6.24] forces F to be a null set.

Proof. We begin by applying the rising sun lemma to the function G(x) :=
re + F(—z) on [—b, —a]; the large number of negative signs present here is
needed in order to properly deal with the lower left Dini derivative D_F.
This gives an at most countable family of disjoint intervals —1I,, = (—b,, —ay,)
in (—b, —a), such that G(—ay,) > G(—by) for all n, and such that G(—z) <
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G(—y) whenever —x < —y < —a and —x € (—b, —a) lies outside of all of the
—1I,,. Observe that if z € (a,b), and G(—z) < G(—y) for all —z < —y < —a,
then D_F(x) > r. Thus we see that E, p is contained inside the union of
the intervals I,, = (an, by). On the other hand, from the first part of Lemma
we have
F(bp) — F(an)

7 .
But we can rearrange the inequality G(—a,) < G(—by,) as F(b,) — F(a,) <
r(by, — an). From countable additivity, one thus has

m(EyrRr) < %an — Q.

m(Er,R N (aru bn)) <

But the (ay, b,) are disjoint inside (a, b), so from countable additivity again,
we have ) b, —a, < b— a, and the claim follows. O

Remark 1.6.29. Note that if F' was not assumed to be continuous, then
one would lose a factor of C' here from the second part of Lemma [[.6.26] and
one would then be unable to prevent DT F from being up to C times as large
as D_F. So sometimes, even when all one is seeking is a qualitative result
such as differentiability, it is still important to keep track of constants. (But
this is the exception rather than the rule: for a large portion of arguments
in analysis, the constants are not terribly important.)

This concludes the proof of Theorem in the continuous monotone
non-decreasing case. Now we work on removing the continuity hypothesis
(which was needed in order to make the rising sun lemma work properly).
If we naively try to run the density argument as we did in previous sec-
tions, then (for once) the argument does not work very well, as the space
of continuous monotone functions are not sufficiently dense in the space of
all monotone functions in the relevant sense (which, in this case, is in the
total variation sense, which is what is needed to invoke such tools as Lemma
[.6.261). To bridge this gap, we have to supplement the continuous mono-
tone functions with another class of monotone functions, known as the jump
functions.

Definition 1.6.30 (Jump function). A basic jump function J is a function

of the form
0 when z < x,

J(x) =< 6 when z = xg,

1 when z > =z,
for some real numbers zop € R and 0 < 6 < 1; we call zg the point of
discontinuity for J and 6 the fraction. Observe that such functions are
monotone non-decreasing, but have a discontinuity at one point. A jump
function is any absolutely convergent combination of basic jump functions,
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i.e., a function of the form F' = ) ¢,J,, where n ranges over an at most
countable set, each J, is a basic jump function, and the ¢, are positive reals
with ) ¢, < oco. If there are only finitely many n involved, we say that F
is a piecewise constant jump function.

Thus, for instance, if ¢1,¢s,¢s, ... is any enumeration of the rationals,
then Y 72 1 27" 11y ooy is a jump function.

Clearly, all jump functions are monotone non-decreasing. From the ab-
solute convergence of the ¢, we see that every jump function is the uniform
limit of piecewise constant jump functions, for instance, Y oo | ¢pJ, is the
uniform limit of 2521 cndn. One consequence of this is that the points
of discontinuity of a jump function ) 7, ¢,J, are precisely those of the
individual summands ¢, J,, i.e., of the points x,, where each J,, jumps.

The key fact is that these functions, together with the continuous mono-
tone functions, essentially generate all monotone functions, at least in the
bounded case:

Lemma 1.6.31 (Continuous-singular decomposition for monotone func-
tions). Let F': R — R be a monotone non-decreasing function.

(i) The only discontinuities of F' are jump discontinuities. More pre-
cisely, if x is a point where F is discontinuous, then the limits
lim,_,,- F(y) and lim,_,,+ F(y) both ewist, but are unequal, with
lim,,_,,- F(y) < lim,_,+ F(y).

(ii) There are at most countably many discontinuities of F'.

(iii) If F' is bounded, then F can be expressed as the sum of a continuous
monotone non-decreasing function F. and a jump function F,.

Remark 1.6.32. This decomposition is part of the more general Lebesgue
decomposition, discussed in §1.2 of An epsilon of room, Vol. I

Proof. By monotonicity, the limits F_(z) := lim,_,,- F(y) and F*(z) :=
lim,_, .+ F(y) always exist, with F_(z) < F(x) < Fy(z) for all z. This gives
().

By (i), whenever there is a discontinuity x« of F', there is at least one
rational number g, strictly between F_(x) and F(z), and from monotonic-
ity, each rational number can be assigned to at most one discontinuity. This
gives (ii).

Now we prove (iii). Let A be the set of discontinuities of F', thus A is at
most countable. For each x € A, we define the jump ¢, := Fiy () — F_(z) >

0, and the fraction 0, := % € [0,1]. Thus

Fi(x) = F_(x) 4+ ¢, and F(z) = F_(x) + 0xc,.
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Note that ¢, is the measure of the interval (F_(z), F4(z)). By mono-
tonicity, these intervals are disjoint; by the boundedness of F', their union is
bounded. By countable additivity, we thus have ) _, ¢, < 0o, and so if we
let J, be the basic jump function with point of discontinuity z and fraction

0., then the function
Fyy = Z Crdy

€A
is a jump function.
As discussed previously, G is discontinuous only at A, and for each x € A
one easily checks that

(Fpp)+(2) = (Fpp)— (@) + ¢z and Fpp(z) = (Fpp)—(z) + Oucy

where (Fpp)—(z) = limy_,,— Fpp(y), and (Fpp)+ () = limy .+ Fpp(y). We
thus see that the difference F.. := F' — F}, is continuous. The only remaining
task is to verify that F. is monotone non-decreasing, thus we need

Fpp(b) — Fpp(a) < F(b) — F(a)

for all a < b. But the left-hand side can be rewritten as ZacEAﬂ[a,b] Czp. As
each ¢, is the measure of the interval (F_(z), Fy(x)), and these intervals
for z € AN |a,b] are disjoint and lie in (F'(a), F'(b)), the claim follows from
countable additivity. ([l

Exercise 1.6.33. Show that the decomposition of a bounded monotone
non-decreasing function F' into continuous F, and jump components [},
given by the above lemma is unique.

Exercise 1.6.34. Find a suitable generalisation of the notion of a jump
function that allows one to extend the above decomposition to unbounded
monotone functions, and then prove this extension. (Hint: The notion to
shoot for here is that of a “local jump function”.)

Now we can finish the proof of Theorem As noted previously, it
suffices to prove the claim for monotone non-decreasing functions. As differ-
entiability is a local condition, we can easily reduce to the case of bounded
monotone non-decreasing functions, since to test differentiability of a mono-
tone non-decreasing function F' in any compact interval [a, b] we may replace
F by the bounded monotone non-decreasing function max(min(F, F'(b)),
F(a)) with no change in the differentiability in [a,b] (except perhaps at
the endpoints a, b, but these form a set of measure zero). As we have al-
ready proven the claim for continuous functions, it suffices by Lemma [[.6.3T]
(and linearity of the derivative) to verify the claim for jump functions.

Now, finally, we are able to use the density argument, using the piecewise
constant jump functions as the dense subclass, and using the second part of
Lemma [I.6.26] for the quantitative estimate; fortunately for us, the density



1.6. Differentiation theorems 135

argument does not particularly care that there is a loss of a constant factor
in this estimate.

For piecewise constant jump functions, the claim is clear (indeed, the
derivative exists and is zero outside of finitely many discontinuities). Now
we run the density argument. Let F' be a bounded jump function, and let
€ > 0 and A > 0 be arbitrary. As every jump function is the uniform limit
of piecewise constant jump functions, we can find a piecewise constant jump
function F; such that |F(z) — F.(z)| < ¢ for all z. Indeed, by taking F.
to be a partial sum of the basic jump functions that make up F, we can
ensure that F' — F; is also a monotone non-decreasing function. Applying
the second part of Lemma [[.6.26] we have

(z€R:DF(F - F)(x) > \} < %
for some absolute constant C', and similarly for the other four Dini deriva-
tives. Thus, outside of a set of measure at most 8Ce/\, all of the Dini
derivatives of F' — F are less than . Since F! is almost everywhere dif-
ferentiable, we conclude that outside of a set of measure at most 8Ce/\,
all the Dini derivatives of F(x) lie within X of F!(x), and in particular, are
finite and lie within 2\ of each other. Sending € to zero (holding A fixed),
we conclude that for almost every x, the Dini derivatives of F' are finite and
lie within 2\ of each other. If we then send A to zero, we see that for almost

every x, the Dini derivatives of F' agree with each other and are finite, and
the claim follows. This concludes the proof of Theorem [[.G.23]

Just as the integration theory of unsigned functions can be used to de-
velop the integration theory of the absolutely convergent functions (see Sec-
tion [[L3.4]), the differentiation theory of monotone functions can be used to
develop a parallel differentiation theory for the class of functions of bounded
variation:

Definition 1.6.33 (Bounded variation). Let F': R — R be a function.
The total variation || F||zyw) (or |||y for short) of F is defined to be the
supremum

|Flrvw) = sup 3 |F(x:) = Flwin)
ro<..

<Tp i=1

where the supremum ranges over all finite increasing sequences x, . . ., £, of
real numbers with n > 0; this is a quantity in [0, +00]. We say that F' has
bounded variation (on R) if ||[F'||py(g) is finite. (In this case, || F[|ry(gr) is
often written as || F'|| gy (r) or just || F|[pv.)
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Given any interval [a,b], we define the total variation || F'[|7y((q,4) of F
on [a,b] as
n

1Fllrv(asy == sup > |F(xi) = F(wi)];

a<z0<...<Tn<b i—1
thus the definition is the same, but the points =z, ..., z, are restricted to lie

in [a,b]. Thus, for instance, ||F|7v®) = SUpy_yo0 [[Fll7v (=N n))- We say
that a function F' has bounded variation on [a,b] if ||F| gy ((q,) is finite.

Exercise 1.6.35. If F': R — R is a monotone function, show that
| E v (fap)) = [F(b) — F(a)]

for any interval [a, b], and that F' has bounded variation on R if and only if
it is bounded.

Exercise 1.6.36. For any functions F,G: R — R, establish the triangle
property ||[F'+G|rvm) < | Fllrvw) + |Gllrv®) and the homogeneity prop-
erty ||cF|lrv®) = ||| Fll7v®) for any ¢ € R. Also, show that ||F|l7y = 0
if and only if F' is constant.

Exercise 1.6.37. If F: R — R is a function, show that ||F||py () +
I E v () = I Fl7v ((ja,e) Whenever a <b < c.

Exercise 1.6.38.

(i) Show that every function f: R— R of bounded variation is bounded,
and that the limits lim, 4 f(z) and lim,_,_ f(z), are well de-

fined.
(ii) Give a counterexample of a bounded, continuous, compactly sup-
ported function f that is not of bounded variation.

Exercise 1.6.39. Let f: R — R be an absolutely integrable function, and
let F: R — R be the indefinite integral F(z) := f[—oo,x} f(z). Show that F
is of bounded variation, and that ||F'||ry(®r) = [|fl|L1(m)- (Hint: The upper
bound [|[F|l7v®) < [|fllz1(m) is relatively easy to establish. To obtain the
lower bound, use the density argument.)

Much as an absolutely integrable function can be expressed as the dif-
ference of its positive and negative parts, a bounded variation function can
be expressed as the difference of two bounded monotone functions:

Proposition 1.6.34. A function F': R — R is of bounded variation if and
only if it is the difference of two bounded monotone functions.

Proof. It is clear from Exercises [[.L6.35 [[.6.36] that the difference of two
bounded monotone functions is bounded. Now define the positive variation
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FT: R — R of F by the formula
n

(1.30) Fr(z):=  sup Y max(F(zip1) — F(2:),0).

20<...<xn<x i—1
It is clear from construction that this is a monotone increasing function,
taking values between 0 and || F'[|7y/(r), and is thus bounded. To conclude
the proposition, it suffices to (by writing F' = Fy — (Fy — F_) to show that
F, — F'is non-decreasing, or in other words, to show that

F*(b) > F'(a) + F(b) — F(a).

If F'(b)—F'(a) is negative, then this is clear from the monotone non-decreasing
nature of F*, so assume that F(b) — F(a) > 0. But then the claim fol-
lows because any sequence of real numbers o < ... < x, < a can be
extended by one or two elements by adding a and b, thus increasing the sum
SUD, <. <, Yo max(F(z;) — F(zit1),0) by at least F(b) — F(a). O

Exercise 1.6.40. Let F': R — R be of bounded variation. Define the
positive variation F* by (L30), and the negative variation F~ by

n

F~(z):=  sup Z max(—F(z;41) + F(z;),0).
ro<...<xn<zx i—1

Establish the identities
F(z) = F(—00) + F*(z) — F~(x),

HFHTV[a,b} = F+(b) - F+(a) + Fﬁ(b) - Fﬁ(a)a
and
IF |7y = F¥(+00) + F~ (+00)
for every interval [a,b], where F(—o00) := lim;—_o F(z), Ft(+00) :=
lim, o0 F(z), and F~(+00) := lim;— 100 £~ (z). (Hint: The main diffi-
culty comes from the fact that a partition zg < ... < z,, < x that is good for
FT need not be good for F~, and vice versa. However, this can be fixed by

taking a good partition for F'* and a good partition for '~ and combining
them together into a common refinement.)

From Proposition [[.6.34] and Theorem [[.6.25] we immediately obtain

Corollary 1.6.35 (BV differentiation theorem). Every bounded variation
function is differentiable almost everywhere.

Exercise 1.6.41. Call a function locally of bounded variation if it is of
bounded variation on every compact interval [a, b]. Show that every function
that is locally of bounded variation is differentiable almost everywhere.
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Exercise 1.6.42 (Lipschitz differentiation theorem, one-dimensional case).
A function f: R — R is said to be Lipschitz continuous if there exists a
constant C' > 0 such that |f(z) — f(y)| < Clz — y| for all z,y € R; the
smallest C' with this property is known as the Lipschitz constant of f. Show
that every Lipschitz continuous function F' is locally of bounded variation,
and hence differentiable almost everywhere. Furthermore, show that the
derivative F’, when it exists, is bounded in magnitude by the Lipschitz
constant of F'.

Remark 1.6.36. The same result is true in higher dimensions, and is known
as the Rademacher differentiation theorem, but we will defer the proof of this
theorem to Section 2.2] when we have the powerful tool of the Fubini-Tonelli
theorem (Corollary [L7.23)) available, that is particularly useful for deducing
higher-dimensional results in analysis from lower-dimensional ones.

Exercise 1.6.43. A function f: R — R is said to be convex if one has
f(I=t)z+ty) < (1—t)f(x)+tf(y) for all z < y and 0 < ¢ < 1. Show that
if f is convex, then it is continuous and almost everywhere differentiable, and
its derivative f’ is equal almost everywhere to a monotone non-decreasing
function, and so is itself almost everywhere differentiable. (Hint: Drawing
the graph of f, together with a number of chords and tangent lines, is likely
to be very helpful in providing visual intuition.) Thus we see that in some
sense, convex functions are “almost everywhere twice differentiable”. Similar
claims also hold for concave functions, of course.

1.6.4. The second fundamental theorem of calculus. We are now fi-
nally ready to attack the second fundamental theorem of calculus in the
cases where F' is not assumed to be continuously differentiable. We begin
with the case when F': [a,b] — R is monotone non-decreasing. From Theo-
rem (extending F' to the rest of the real line if needed), this implies
that F' is differentiable almost everywhere in [a, b], so F” is defined a.e.; from
monotonicity we see that F” is non-negative whenever it is defined. Also,
an easy modification of Exercise [L6.1] shows that F’ is measurable.

One half of the second fundamental theorem is easy:
Proposition 1.6.37 (Upper bound for second fundamental theorem). Let

F: [a,b] — R be monotone non-decreasing (so that, as discussed above, F’
is defined almost everywhere, is unsigned, and is measurable). Then

F'(z) de < F(b) — F(a).
[a.b]

In particular, F' is absolutely integrable.

Proof. It is convenient to extend F' to all of R by declaring F'(z) := F(b)
for z > b and F(z) := F(a) for z < a, then F' is now a bounded monotone
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function on R, and F” vanishes outside of [a,b]. As F' is almost everywhere
differentiable, the Newton quotients

fol) = F(x+ 11/77)1— F(z)

converge pointwise almost everywhere to F’. Applying Fatou’s lemma
(Corollary [[L4.46]), we conclude that

F'(z) dr < lim inf/ Flet1/n) = Flx) dx.
[a,b] n=0 Jiq 4 1/n

The right-hand side can be rearranged as

lim inf n / F(y) dy _/ F(z) dx
n—00 [a+1/n,b+1/n] [a,b]

which can be rearranged further as

liminfn / F(z) dx —/ F(z)dx | .
n—o00 [b,b+1/n] [a,a+1/n]

Since F is equal to F'(b) for the first integral and is at least F'(a) for the
second integral, this expression is at most

< linginfn(F(b)/n — F(a)/n) = F(b) — F(a)
and the claim follows. O

Exercise 1.6.44. Show that any function of bounded variation has an (al-
most everywhere defined) derivative that is absolutely integrable.

In the Lipschitz case, one can do better:

Exercise 1.6.45 (Second fundamental theorem for Lipschitz functions).
Let F: [a,b] — R be Lipschitz continuous. Show that f[a,b} F'(z) do =
F(b) — F(a). (Hint: Argue as in the proof of Proposition [L6.37, but use
the dominated convergence theorem (Theorem [[L4.48)) in place of Fatou’s

lemma (Corollary [L4.46).)

Exercise 1.6.46 (Integration by parts formula). Let F,G: [a,b] — R be
Lipschitz continuous functions. Show that

/[ | F@GE) dr = FOG0) - F)6()

— F(z2)G' () dx.
[a,b]

(Hint: First show that the product of two Lipschitz continuous functions on
[a, b] is again Lipschitz continuous.)
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Now we return to the monotone case. Inspired by the Lipschitz case,
one may hope to recover equality in Proposition [L6.37 for such functions
F. However, there is an important obstruction to this, which is that all the
variation of F' may be concentrated in a set of measure zero, and thus unde-
tectable by the Lebesgue integral of F”. This is most obvious in the case of a
discontinuous monotone function, such as the (appropriately named) Heav-
iside function F':= 1 4); it is clear that F’ vanishes almost everywhere,
but F(b) — F(a) is not equal to f[a,b] F'(x) dz if b and a lie on opposite
sides of the discontinuity at 0. In fact, the same problem arises for all jump
functions:

Exercise 1.6.47. Show that if F' is a jump function, then F’ vanishes al-
most everywhere. (Hint: Use the density argument, starting from piecewise
constant jump functions and using Proposition [L6.37 as the quantitative
estimate.)

One may hope that jump functions—in which all the fluctuation is con-
centrated in a countable set—are the only obstruction to the second fun-
damental theorem of calculus holding for monotone functions, and that as
long as one restricts attention to continuous monotone functions, that one
can recover the second fundamental theorem. However, this is still not true,
because it is possible for all the fluctuation to now be concentrated, not in
a countable collection of jump discontinuities, but instead in an uncount-
able set of zero measure, such as the middle thirds Cantor set (Exercise
[[29). This can be illustrated by the key counterexample of the Cantor
function, also known as the Dewvil’s staircase function. The construction of
this function is detailed in the exercise below.

Exercise 1.6.48 (Cantor function). Define the functions Fpy, F1, F,. .. :
[0,1] — R recursively as follows:

1. Set Fy(z) := x for all z € [0, 1].

2. For each n = 1,2, ... in turn, define
$F,-1(32) if x €[0,1/3],
Fo(z):=14 3 if x € (1/3,2/3),
T +1F, (32 —2) ifze[2/3,1]

(i) Graph Fy, Fy, F», and F3 (preferably on a single graph).

(ii) Show that for each n =0,1,..., F,, is a continuous monotone non-
decreasing function with F,(0) = 0 and F,, (1) = 1. (Hint: Induct
on n.)
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(iii) Show that for each n = 0,1,..., one has |Fp41(z) — Fp(z)] <277
for each x € [0,1]. Conclude that the F,, converge uniformly to a
limit F': [0,1] — R. This limit is known as the Cantor function.

(iv) Show that the Cantor function F' is continuous and monotone non-
decreasing, with F'(0) =0 and F (1) = 1.

(v) Show that if x € [0, 1] lies outside the middle thirds Cantor set
(Exercise [[.2.9)), then F is constant in a neighbourhood of z, and
in particular, F'(x) = 0. Conclude that f[OJ] Flx)dr=0#1=
F(1) — F(0), so that the second fundamental theorem of calculus
fails for this function.

(vi) Show that F(} )" a,37")=> 1" 427" for any digits a1, as,...€
{0,2}. Thus the Cantor function, in some sense, converts base three

expansions to base two expansions.

(vii) Let I =[Y>7, %,3" | % + 7] be one of the intervals used in the
™ cover I, of C' (see Exercise [L29), thus n > 0 and ay,...,a, €
{0,2}. Show that I is an interval of length 37", but F(I) is an

interval of length 27",

(viii) Show that F' is not differentiable at any element of the Cantor set
C.

Remark 1.6.38. This example shows that the classical derivative F”(x) :=
limy, _0:n0 w of a function has some defects; it cannot “see” some
of the variation of a continuous monotone function such as the Cantor func-
tion. In §1.13 of An epsilon of room, Vol. I, this will be rectified by intro-
ducing the concept of the weak derivative of a function, which despite the
name, is more able than the strong derivative to detect this type of singular
variation behaviour. (We will also encounter in Section the Lebesgue-
Stieltjes integral, which is another (closely related) way to capture all of
the variation of a monotone function, and which is related to the classical
derivative via the Lebesgue-Radon-Nikodym theorem; see §1.2 of An epsilon
of room, Vol. I)

In view of this counterexample, we see that we need to add an additional
hypothesis to the continuous monotone non-increasing function F before
we can recover the second fundamental theorem. One such hypothesis is
absolute continuity. To motivate this definition, let us recall two existing
definitions:

(i) A function F': R — R is continuous if, for every € > 0 and 29 € R,
there exists a § > 0 such that |F(b) — F(a)| < ¢ whenever (a,b) is
an interval of length at most § that contains x.
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(ii) A function F': R — R is uniformly continuous if, for every ¢ > 0,
there exists a > 0 such that |F(b) — F(a)| < & whenever (a,b) is
an interval of length at most §.

Definition 1.6.39. A function F': R — R is said to be absolutely continu-
ous if, for every € > 0, there exists a § > O such that 3 7, [F(bj)—F(a;)| < ¢
whenever (a1,b1), ..., (an,by) is a finite collection of disjoint intervals of to-
tal length >°7_) b; — a; at most d.

We define absolute continuity for a function F': [a,b] — R defined on
an interval [a, b] similarly, with the only difference being that the intervals
[aj,b;] are of course now required to lie in the domain [a, b] of F'.

The following exercise places absolute continuity in relation to other
regularity properties:

Exercise 1.6.49.

(i) Show that every absolutely continuous function is uniformly con-
tinuous and therefore continuous.

(ii) Show that every absolutely continuous function is of bounded vari-
ation on every compact interval [a,b|. (Hint: First show this is
true for any sufficiently small interval.) In particular (by Exercise
[L6AT]), absolutely continuous functions are differentiable almost
everywhere.

(iii) Show that every Lipschitz continuous function is absolutely contin-
uous.

(iv) Show that the function x — /z is absolutely continuous, but not
Lipschitz continuous, on the interval [0, 1].

(v) Show that the Cantor function from Exercise [[L6.48 is continuous,
monotone, and uniformly continuous, but not absolutely continu-
ous, on [0, 1].

(vi) If f: R — R is absolutely integrable, show that the indefinite
integral F(z) := f[_oo ] f(y) dy is absolutely continuous, and that
F is differentiable almost everywhere with F’(z) = f(x) for almost
every .

(vii) Show that the sum or product of two absolutely continuous func-
tions on an interval [a,b] remains absolutely continuous. What
happens if we work on R instead of on [a, b]?

Exercise 1.6.50.

(i) Show that absolutely continuous functions map null sets to null
sets, i.e., if F': R — R is absolutely continuous and FE is a null set,
then F(E) := {F(x): x € E} is also a null set.
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(ii) Show that the Cantor function does not have this property.

For absolutely continuous functions, we can recover the second funda-
mental theorem of calculus:

Theorem 1.6.40 (Second fundamental theorem for absolutely continuous
functions). Let F': [a,b] — R be absolutely continuous. Then f[a b F'(x) dx
= F(b) — F(a).

Proof. Our main tool here will be Cousin’s theorem (Exercise [[L6.23).

By Exercise[[.6.44] F’ is absolutely integrable. By Exercise [[5.10, F” is
thus uniformly integrable. Now let ¢ > 0. By Exercise [L5.13] we can find
> 0 such that [, |[F'(z)| dz < ¢ whenever U C [a, b] is a measurable set of
measure at most x. (Here we adopt the convention that F” vanishes outside
of [a,b].) By making x small enough, we may also assume from absolute
continuity that >°%_; [F(b;) — F(a;)| < € whenever (a1,b1), ..., (an,by) is a
finite collection of disjoint intervals of total length Z?Zl bj — a; at most k.

Let E C [a, b] be the set of points x where F' is not differentiable, together
with the endpoints a, b, as well as the points where x is not a Lebesgue point
of F’; thus F is a null set. By outer regularity (or the definition of outer
measure) we can find an open set U containing E of measure m(U) < k. In
particular, [, |F'(z)| dz < e.

Now define a gauge function §: [a,b] — (0, +00) as follows.

(i) If z € E, we define §(z) > 0 to be a small enough number such
that the open interval (x — d(x),x 4 6(x)) lies in U.

(ii) If z € E, then F is differentiable at x and z is a Lebesgue point
of F/. We let §(x) > 0 be a small enough number such that
|F(y)—F(z)—(y—z)F'(z)| < ely—x| holds whenever |y—z| < §(z),
and such that |ﬁ J; F'(y) dy—F'(x)| < e whenever I is an interval
containing x of length at most d(x); such a 6(z) exists by the defi-
nition of differentiability, and of Lebesgue point. We rewrite these
properties using big-O notation[] as F(y)— F(z) = (y—x)F'(z)+
Olely — al) and [, F'(y) dy = |[|F'(x) + O(e|]).

Applying Cousin’s theorem, we can find a partition a =t < t; < ... < tp =
b with k > 1, together with real numbers t} € [t;_1,¢;] for each 1 < j <k
and tj — tj_l S 5(t;)

17In this notation, we use O(X) to denote a quantity Y whose magnitude |Y| is at most
CX for some absolute constant C. This notation is convenient for managing error terms when
it is not important to keep track of the exact value of constants such as C, due to such rules as
O(X)+ O(X) = O(X).
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We can express F'(b) — F(a) as a telescoping series

k
F(b) ~ F(a) = Y F(tj) — F(tj—).
j=1

To estimate the size of this sum, let us first consider those j for which
t; € E. Then, by construction, the intervals (¢;_1,;) are disjoint in U. By
construction of x, we thus have

> IF(t) — F(t;1)| <e
jtiEE
and thus
S F(t;) — F(tj1) = O(e).
j:t;fGE'
Next, we consider those j for which ¢7 ¢ E. By construction, for those j we
have

F(t;) = F(t7) = (t; — ) F'(t7) + O(elt; — £51)

and

F(t7) = F(tj—1) = (] — tj—) F'(t7) + O(elt] — tj-1])
and thus

F(t;) = F(tj—1) = (t; — tj-) F'(t]) + O(elt; — ;).
On the other hand, from construction again we have
/ F'(y) dy = (t; — tj—1)F'(t;) + O(elt; — tj-1l)

[tj—1:t5]
and thus

F(t) ~ Flty1) = [ F(o) dy+Ofelt; — ti-a)).

[ti—1:t5]
Summing in j, we conclude that
> F(t) - F(t) = [ o) dy+ 00~ ),
jit3¢E S
where S is the union of all the [t;_1,¢;] with ¢; ¢ E. By construction, this

set is contained in [a,b] and contains [a,b]\U. Since [, |F'(z)| dz < e, we
conclude that

/SF/(y) dy :/[ ’ F'(y) dy + O(e).
Putting everything together, we conclude that
F(b) — F(a) = / F'(y) dy + O(e) + O(elb — al).
[a,b]

Since € > 0 was arbitrary, the claim follows. O
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Combining this result with Exercise[[.6.49] we obtain a satisfactory clas-
sification of the absolutely continuous functions:

Exercise 1.6.51. Show that a function F': [a,b] — R is absolutely con-
tinuous if and only if it takes the form F(z) = f[a Y (y) dy + C for some
absolutely integrable f: [a,b] — R and a constant C.

Exercise 1.6.52 (Compatibility of the strong and weak derivatives in the
absolutely continuous case). Let F': [a,b] — R be an absolutely continu-
ous function, and let ¢: [a,b] — R be a continuously differentiable func-
tion supported in a compact subset of (a,b). Show that f[a,b} F'¢(z) dx =

_f[a,b] F¢'(x) dx.

Inspecting the proof of Theorem [L6.40] we see that the absolute conti-
nuity was used primarily in two ways: first, to ensure the almost everywhere
existence, and then to control an exceptional null set . It turns out that
one can achieve the latter control by making a different hypothesis, namely
that the function F' is everywhere differentiable rather than merely almost
everywhere differentiable. More precisely, we have

Proposition 1.6.41 (Second fundamental theorem of calculus, again). Let
[a,b] be a compact interval of positive length, let F': [a,b] — R be a differ-
entiable function, such that F' is absolutely integrable. Then the Lebesque
integral f[a,b} F'(x) dx of F' is equal to F(b) — F(a).

Proof. This will be similar to the proof of Theorem [[L6.40, the one main
new twist being that we need several open sets U instead of just one. Let
E C [a, b] be the set of points x which are not Lebesgue points of F’, together
with the endpoints a,b. This is a null set. Let € > 0, and then let K > 0 be a
small enough number such that [;; |F’(z)| dz < e whenever U is measurable
with m(U) < k. We can also ensure that x < €.

For every natural number m = 1,2, ... we can find an open set U,, con-
taining E of measure m(U,,) <x/4™. In particular, we see that m({J,-_; Un,)
< k and thus ono v |F(z)] do < e.

m=1+~Ym

Now define a gauge function §: [a,b] — (0, +00) as follows.

(i) If z € E, we define §(z) > 0 to be a small enough number such
that the open interval (x — §(z),z + 6(x)) lies in U,,, where m is
the first natural number such that |F'(z)| < 2™, and also small
enough such that |F(y) — F(x) — (y — 2)F'(x)| < ely — 2| holds
whenever |y — x| < §(z). (Here we crucially use the everywhere
differentiability to ensure that f’(z) exists and is finite here.)
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(ii) If z ¢ E, we let 6(x) > 0 be a small enough number such that
|F(y)—F(z)— (y z)F' (z )] <z-:|y x| holds whenever |y—z| < §(z),
and such that |2 m J; F'(y) dy—F'(x)| < e whenever I is an interval
containing x of length at most d(z), exactly as in the proof of

Theorem [1.6.40]

Applying Cousin’s theorem, we can find a partition a =ty < t1 < ... <t =
b with k > 1, together with real numbers ¢} € [t;_1,t;] for each 1 <j<k
and tj — tjfl < 5(t;k)

As before, we express F'(b) — F(a) as a telescoping series

2
=Y F(tj) = F(tj).
i=1

For the contributions of those j with ¢} ¢ E, we argue exactly as in the
proof of Theorem [[L6.40] to conclude eventually that

> F(t) - Flti) = [ Fw) dy+ 00— ),
jit3¢E S
where S is the union of all [t;_1,t;] with t; ¢ E. Since

/ |F'(z)| dz < / |F'(z)| dx < e,
[a,b]\S U1 Um

m=1

/F/(y) dy:/ F'(y) dy 4 O(e).
S [a,b]

Now we turn to those j with t; € E. By construction, we have
F(t;) = F(tj—1) = (t; — tj—)F'(t]) + O(elt; — ;1))

for these intervals, and so

Y Flty) = F(t1) = (Y (t; — t;-1) F'(£)) + O(e(b — a)).

we thus have

jiti€E jits€E
Next, for each j we have F'(t7) < 2™ and [tj_1,t;] C Uy, for some natural
number m = 1,2, ..., by construction. By countable additivity, we conclude
that

(D (t—tj-1) Z 2" m(Un) < i 2™e /4™ = O(e).
m=1

Sk
j.tjEE

Putting all this together, we again have
F(b) — F(a) = / F'(y) dy + O(e) + O(elb — al).
[a,b]

Since € > 0 was arbitrary, the claim follows. O
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Remark 1.6.42. The above proposition is yet another illustration of how
the property of everywhere differentiability is significantly better than that
of almost everywhere differentiability. In practice, though, the above propo-
sition is not as useful as one might initially think, because there are very few
methods that establish the everywhere differentiability of a function that do
not also establish continuous differentiability (or at least Riemann integra-
bility of the derivative), at which point one could just use Theorem [[.6.7]
instead.

Exercise 1.6.53. Let F': [—1,1] — R be the function defined by setting
F(z) := 2?sin(Z) when z is non-zero, and F(0) := 0. Show that F' is
everywhere differentiable, but the deriative F” is not absolutely integrable,
and so the second fundamental theorem of calculus does not apply in this
case (at least if we interpret f[a,b] F'(z) dx using the absolutely convergent

Lebesgue integral). See, however, the next exercise.

Exercise 1.6.54 (Henstock-Kurzweil integral). Let [a,b] be a compact in-
terval of positive length. We say that a function f: [a,b] — R is Henstock-
Kurzweil integrable with integral L € R if for every € > 0 there exists a
gauge function J: [a,b] — (0, +00) such that one has

k

1> FEt —tj1) LI <e
j=1
whenever £ > 1 and a =ty <t; < ... <ty =0bandt],...,t; are such that

t7 € [tj—1,tj] and [t; —tj_1| < 0(t]) for every 1 < j < k. When this occurs,
we call L the Henstock-Kurzweil integral of f and write it as f[a b f(z) dx.

(i) Show that if a function is Henstock-Kurzweil integrable, it has a
unique Henstock-Kurzweil integral. (Hint: Use Cousin’s theorem.)

(ii) Show that if a function is Riemann integrable, then it is Henstock-
Kurzweil integrable, and the Henstock-Kurzweil integral
f[a . f(x) dz is equal to the Riemann integral ff f(x) dz.

(iii) Show that if a function f: [a,b] — R is everywhere defined, ev-
erywhere finite, and is absolutely integrable, then it is Henstock-
Kurzweil integrable, and the Henstock-Kurzweil integral
f[a,b] f(z) dx is equal to the Lebesgue integral f[a,b] f(z) dx. (Hint:
This is a variant of the proof of Theorem or Proposition
L.6.411)

(iv) Show that if F': [a,b] — R is everywhere differentiable, then F” is
Henstock-Kurzweil integrable, and the Henstock-Kurzweil integral
f[a,b] F'(x) dz is equal to F(b) — F(a). (Hint: This is a variant of
the proof of Theorem or Proposition [L6.411)
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(v) Explain why the above results give an alternate proof of Exercise

[[.6.4] and of Proposition [[L6.41]

Remark 1.6.43. As the above exercise indicates, the Henstock-Kurzweil
integral (also known as the Denjoy integral or Perron integral) extends the
Riemann integral and the absolutely convergent Lebesgue integral, at least
as long as one restricts attention to functions that are defined and are finite
everywhere (in contrast to the Lebesgue integral, which is willing to tolerate
functions being infinite or undefined so long as this only occurs on a null
set). It is the notion of integration that is most naturally associated with
the fundamental theorem of calculus for everywhere differentiable functions,
as seen in part (iv) of the above exercise; it can also be used as a unified
framework for all the proofs in this section that invoked Cousin’s theorem.
The Henstock-Kurzweil integral can also integrate some (highly oscillatory)
functions that the Lebesgue integral cannot, such as the derivative F’ of the
function F' appearing in Exercise [[.6.53] This is analogous to how condi-
tional summation limpy_s 22[:1 a, can sum conditionally convergent series
Yol an, even if they are not absolutely integrable. However, in as much as
conditional summation is not always well behaved with respect to rearrange-
ment, the Henstock-Kurzweil integral does not always react well to changes
of variable; also, due to its reliance on the order structure of the real line
R, it is difficult to extend the Henstock-Kurzweil integral to more general
spaces, such as the Euclidean space R, or to abstract measure spaces.

1.7. Outer measures, pre-measures, and product measures

In this text so far, we have focused primarily on one specific example of a
countably additive measure, namely Lebesgue measure. This measure was
constructed from a more primitive concept of Lebesgue outer measure, which
in turn was constructed from the even more primitive concept of elementary
measure.

It turns out that both of these constructions can be abstracted. In this
section, we will give the Carathéodory extension theorem, which constructs
a countably additive measure from any abstract outer measure; this gener-
alises the construction of Lebesgue measure from Lebesgue outer measure.
One can in turn construct outer measures from another concept known as a
pre-measure, of which elementary measure is a typical example.

With these tools, one can start constructing many more measures, such
as Lebesgue-Stieltjes measures, product measures, and Hausdorff measures.
With a little more effort, one can also establish the Kolmogorov extension
theorem, which allows one to construct a variety of measures on infinite-
dimensional spaces, and is of particular importance in the foundations of
probability theory, as it allows one to set up probability spaces associated
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to both discrete and continuous random processes, even if they have infinite
length.

The most important result about product measure, beyond the fact that
it exists, is that one can use it to evaluate iterated integrals, and to inter-
change their order, provided that the integrand is either unsigned or abso-
lutely integrable. This fact is known as the Fubini-Tonelli theorem, and is
an absolutely indispensable tool for computing integrals, and for deducing
higher-dimensional results from lower-dimensional ones.

In this section we will, however, omit a very important way to construct
measures, namely the Riesz representation theorem, which is discussed in
§1.10 of An epsilon of room, Vol. I

1.7.1. Outer measures and the Carathéodory extension theorem.
We begin with the abstract concept of an outer measure.

Definition 1.7.1 (Abstract outer measure). Let X be a set. An abstract
outer measure (or outer measure for short) is a map p*: 2% — [0, +oo] that
assigns an unsigned extended real number p*(E) € [0,+00] to every set
FE C X which obeys the following axioms:

(i) (Empty set) u*(0) = 0.
(ii) (Monotonicity) If £ C F, then p*(E) < p*(F).
(iii) (Countable subadditivity) If Fj, Ea,... C X is a countable se-
quence of subsets of X, then p*(IJ;2; En) < > 00 1 (En).

Outer measures are also known as ezterior measures.

Thus, for instance, Lebesgue outer measure m* is an outer measure
(see Exercise [LZ3). On the other hand, Jordan outer measure m*™() is
only finitely subadditive rather than countably subadditive and thus is not,
strictly speaking, an outer measure; for this reason this concept is often
referred to as Jordan outer content rather than Jordan outer measure.

Note that outer measures are weaker than measures in that they are
merely countably subadditive, rather than countably additive. On the other
hand, they are able to measure all subsets of X, whereas measures can only
measure a o-algebra of measurable sets.

In Definition [L22] we used Lebesgue outer measure together with the
notion of an open set to define the concept of Lebesgue measurability. This
definition is not available in our more abstract setting, as we do not necessar-
ily have the notion of an open set. An alternative definition of measurability
was put forth in Exercise[[L2Z.17, but this still required the notion of a box or
an elementary set, which is still not available in this setting. Nevertheless,
we can modify that definition to give an abstract definition of measurability:
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Definition 1.7.2 (Carathéodory measurability). Let p* be an outer mea-
sure on a set X. A set E C X is said to be Carathéodory measurable with
respect to u* if one has

W (A) = (AN B) + 1" (A\E)
for every set A C X.

Exercise 1.7.1 (Null sets are Carathéodory measurable). Suppose that E
is a null set for an outer measure p* (i.e. p*(E) = 0). Show that F is
Carathéodory measurable with respect to u*.

Exercise 1.7.2 (Compatibility with Lebesgue measurability). Show that
a set £ C R% is Carathéodory measurable with respect to Lebesgue outer
measurable if and only if it is Lebesgue measurable. (Hint: One direction
follows from Exercise[L2.17l For the other direction, first verify simple cases,
such as when F is a box, or when E or A are bounded.)

The construction of Lebesgue measure can then be abstracted as follows:

Theorem 1.7.3 (Carathéodory extension theorem). Let u*: 2% — [0, 4]
be an outer measure on a set X, let B be the collection of all subsets of X
that are Carathéodory measurable with respect to p*, and let p: B — [0, +00]
be the restriction of u* to B (thus p(E) := p*(E) whenever E € B). Then
B is a 0-algebra, and p is a measure.

Proof. We begin with the o-algebra property. It is easy to see that the
empty set lies in B, and that the complement of a set in B lies in B also.
Next, we verify that B is closed under finite unions (which will make B a
Boolean algebra). Let E, F' € B, and let A C X be arbitrary. By definition,
it suffices to show that

(1.31) WH(A) = 1(AN (EU F)) + 1" (A\(E U F)).
To simplify the notation, we partition A into the four disjoint sets
Ao == A\(FUF),
A= (A\F)NE,
Ap1 = (A\E)N F,
A1 :=ANENF

(the reader may wish to draw a Venn diagram here to understand the nature
of these sets). Thus (L31]) becomes

(1.32) ,U,*(AO() @] A01 @] Al() @] All) = M*(A01 U A10 U All) + ,u*(A()()).
On the other hand, from the Carathéodory measurability of E, one has
p*(Aoo U Agr U A1g U A11) = p*(Ago U A1) + p* (Ao U A1)
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and
W (Agpn UAgU Apr) = ' (Aor) + (Ao U Anr)

while from the Carathéodory measurability of F' one has
p*(Aoo U A1) = p*(Aoo) + 1 (Aor);

putting these identities together we obtain (I.32). (Note that no subtraction
is employed here, and so the arguments still work when some sets have
infinite outer measure.)

Now we verify that B is a o-algebra. As it is already a Boolean algebra,
it suffices (see Exercise [[L7.3] below) to verify that B is closed with respect
to countable disjoint unions. Thus, let Fq, Fo,... be a disjoint sequence of
Carathéodory-measurable sets, and let A be arbitrary. We wish to show
that

1w (A) = 1 (AN EBa) + n5(A\ | Ea)

In view of subadditivity, it suffices to show that

pr(A) > (A0 | B+ pt(A\ | En)

For any N > 1, Uf:;l E,, is Carathéodory measurable (as B is a Boolean
algebra), and so

N N
pr(4) = (AN | Ea) + (AN | En)

n=1 n=1

By monotonicity, u*(A\UY_, En) > p*(A\U>>, E,). Taking limits as N —
oo, it thus suffices to show that

[e'S) N
* < : *
m (Aanzlen) < Jlim p (Aﬂanle,J
But by the Carathéodory measurability of ngl E,, we have

N+1 N N
“(An | En) =p (A0 | En) + #* (AN Ex i\ | En)

for any N > 0, and thus on iteration

hm,u AOUE :i,u AOEN+1\UE
N=0 n=1

n=1
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On the other hand, from countable subadditivity one has

[e%S) [e'e) N
wAn ) B < 3 wt(An By | Ea)
n=1 N=0 n=1

and the claim follows.

Finally, we show that p is a measure. It is clear that () = 0, so it
suffices to establish countable additivity, thus we need to show that

p( En) =) u(En)
n=1 n=1

whenever Fq, Es, ... are Carathéodory-measurable and disjoint. By subad-
ditivity it suffices to show that

n=1 n=1

By monotonicity it suffices to show that

N N
i ( U Ey) = Z 1 (En)
n=1 n=1

for any finite N. But from the Carathéodory measurability of Uivzl E,, one
has

N+1 N
p (| Bn) = (| En) + 1" (Enta)
n=1 n=1
for any N > 0, and the claim follows from induction. O

Exercise 1.7.3. Let B be a Boolean algebra on a set X. Show that B
is a o-algebra if and only if it is closed under countable disjoint unions,
which means that | J7”; E,, € B whenever Ey, Ey, E3, ... € B are a countable
sequence of disjoint sets in B.

Remark 1.7.4. Note that the above theorem, combined with Exercise [.7.2]
gives a slightly alternate way to construct Lebesgue measure from Lebesgue
outer measure than the construction given in Section This is arguably
a more efficient way to proceed, but is also less geometrically intuitive than
the approach taken in Section

Remark 1.7.5. From Exercise [[.7.I] we see that the measure p constructed
by the Carathéodory extension theorem is automatically complete (see Def-
inition [Z3T]).

Remark 1.7.6. In §1.15 of An epsilon of room, Vol. I an important exam-
ple of a measure constructed by Carathéodory’s theorem is given, namely
the d-dimensional Hausdorff measure H® on R™ that is good for measuring
the size of d-dimensional subsets of R™.
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1.7.2. Pre-measures. In previous notes, we saw that finitely additive
measures, such as elementary measure or Jordan measure, could be extended
to a countably additive measure, namely Lebesgue measure. It is natural
to ask whether this property is true in general. In other words, given a
finitely additive measure pg: By — [0, +00] on a Boolean algebra By, is it
possible to find a g-algebra B refining By, and a countably additive measure
p: B — [0, 400] that extends pp?

There is an obvious necessary condition in order for pg to have a count-
ably additive extension, namely that pg already has to be countably additive
within By. More precisely, suppose that 1, Fo, E3,... € By were disjoint
sets such that their union (J72 ; E, was also in By. (Note that this latter
property is not automatic as By is merely a Boolean algebra rather than a
o-algebra.) Then, in order for up to be extendible to a countably additive
measure, it is clearly necessary that

fo( U Ep) = ZMO(EH)-
n=1 n=1

Using the Carathéodory extension theorem, we can show that this nec-
essary condition is also sufficient. More precisely, we have

Definition 1.7.7 (Pre-measure). A pre-measure on a Boolean algebra By
is a finitely additive measure pg: By — [0,400] with the property that
po(Uny En) = > 02y to(Ey) whenever Ey, Ea, E3, ... € By are disjoint sets
such that |J;2 | E,, is in By.

Exercise 1.7.4.

(i) Show that the requirement that g is finitely additive can be relaxed
to the condition that () = 0 without affecting the definition of
a pre-measure.

(i) Show that the condition po(Up—y En) = Y ney po(En) can be re-
laxed to po(Ur—y En) < > roy po(Er) without affecting the defini-
tion of a pre-measure.

(iii) On the other hand, give an example to show that if one performs
both of the above two relaxations at once, one starts admitting
objects o that are not pre-measures.

Exercise 1.7.5. Without using the theory of Lebesgue measure, show that
elementary measure (on the elementary Boolean algebra) is a pre-measure.
(Hint: Use Lemma Note that one has to also deal with co-elementary
sets as well as elementary sets in the elementary Boolean algebra.)

Exercise 1.7.6. Construct a finitely additive measure pg: By — [0, +00]
that is not a pre-measure. (Hint: Take X to be the natural numbers, take
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By = 2N to be the discrete algebra, and define jo separately for finite and
infinite sets.)

Theorem 1.7.8 (Hahn-Kolmogorov theorem). Every pre-measure o : By —
[0, +00] on a Boolean algebra By in X can be extended to a countably additive
measure fi: B — [0, +0o0].

Proof. We mimic the construction of Lebesgue measure from elementary
measure. Namely, for any set F C X, define the outer measure pu*(E) of E
to be the quantity

pr(E) = inf{z po(En): E C U E,.; E, € By for all n}.
n=1

n=1

It is easy to verify (cf. Exercise[[L2.3)) that p* is indeed an outer measure. Let
B be the collection of all sets ¥ C X that are Carathéodory measurable with
respect to u*, and let p be the restriction of u* to B. By the Carathéodory
extension theorem, B is a o-algebra and p is a countably additive measure.

It remains to show that B contains By and that p extends p. Thus, let
E € By; we need to show that F is Carathéodory measurable with respect
to p* and that p*(E) = po(E). To prove the first claim, let A C X be
arbitrary. We need to show that

i (4) = p*(ANE) + 1 (A\E);
by subadditivity, it suffices to show that
W (4) = p"(ANE) + i (A\E).

We may assume that p*(A) is finite, since the claim is trivial otherwise.

Fix € > 0. By definition of u*, one can find Fy, Es, ... € By covering A
such that

> no(Bn) < 1*(A) +
n=1

The sets E, N E lie in By and cover AN E and thus

WANE) <Y (BN E).

n=1

Similarly, we have
WHAE) <3 po(E\E).
n=1

Meanwhile, from finite additivity we have

to(En N E) + po(En\E) = po(En).
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Combining all of these estimates, we obtain
P (ANE) + p (A\E) < p*(4) + ¢
since € > 0 was arbitrary, the claim follows.

Finally, we have to show that u*(F) = po(E). Since E covers itself, we
certainly have p*(E) < uo(E). To show the converse inequality, it suffices
to show that

> o(En) > po(E)
n=1

whenever Fq, FEa,... € By cover E. By replacing each F, with the smaller
set En\ Y| Em (which still lies in By, and still covers E), we may assume
without loss of generality (thanks to the monotonicity of pg) that the FE,
are disjoint. Similarly, by replacing each E,, with the smaller set E,, N E we
may assume without loss of generality that the union of the E, is exactly
equal to E. But then the claim follows from the hypothesis that g is a

pre-measure (and not merely a finitely additive measure). (]

Let us call the measure p constructed in the above proof the Hahn-
Kolmogorov extension of the pre-measure pg. Thus, for instance, from Ex-
ercise [[.7.2] the Hahn-Kolmogorov extension of elementary measure (with
the convention that co-elementary sets have infinite elementary measure) is
Lebesgue measure. This is not quite the unique extension of g to a count-
ably additive measure, though. For instance, one could restrict Lebesgue
measure to the Borel o-algebra, and this would still be a countably additive
extension of elementary measure. However, the extension is unique within
its own o-algebra:

Exercise 1.7.7. Let pg: By — [0,+0o0] be a pre-measure, let u: B —
[0, 400] be the Hahn-Kolmogorov extension of pg, and let p/: B/ — [0, +o0]
be another countably additive extension of ug. Suppose also that pg is o-
finite, which means that one can express the whole space X as the countable
union of sets Ey, Ea, ... € By for which uo(E,) < oo for all n. Show that u
and p/ agree on their common domain of definition. In other words, show
that u(F) = p/(E) for all E € BNB'. (Hint: First show that p/(E) < u*(E)
for all E € B'.)

Exercise 1.7.8. The purpose of this exercise is to show that the o-finite
hypothesis in Exercise [[.7.7] cannot be removed. Let A be the collection of
all subsets in R that can be expressed as finite unions of half-open intervals
[a,b). Let po: A — [0,4+00] be the function such that ug(E) = 4oo for
non-empty F and po(0) = 0.

(i) Show that pg is a pre-measure.
(ii) Show that (A) is the Borel o-algebra B[R].



156 1. Measure theory

(iii) Show that the Hahn-Kolmogorov extension p: B[R] — [0, +o0] of
1o assigns an infinite measure to any non-empty Borel set.

(iv) Show that counting measure # (or more generally, c# for any ¢ €
(0, +00]) is another extension of ;o on B[R].

Exercise 1.7.9. Let ug: By — [0,+00] be a pre-measure which is o-finite
(thus X is the countable union of sets in By of finite up-measure), and let
w: B — [0,4+00] be the Hahn-Kolmogorov extension of 1.

(i) Show that if E' € B, then there exists F' € (Bp) containing E such
that u(F\E) = 0 (thus F consists of the union of £ and a null
set). Furthermore, show that F' can be chosen to be a countable
intersection I’ = ﬂflo:l F,, of sets F},, each of which is a countable
union F,, = {J,7_ Fm of sets F, ;,, in By.

(ii) If E' € B has finite measure (i.e. u(E) < 00), and € > 0, show that
there exists F' € By such that u(EAF) <e.

(iii) Conversely, if E is a set such that for every ¢ > 0 there exists
F € By such that pu*(EAF) < ¢, show that E € B.

1.7.3. Lebesgue-Stieltjes measure. Now we use the Hahn-Kolmogorov
extension theorem to construct a variety of measures. We begin with
Lebesgue-Stieltjes measure.

Theorem 1.7.9 (Existence of Lebesgue-Stieltjes measure). Let F: R - R
be a monotone non-decreasing function, and define the left and right limits

F_(z) = 7SJI£F(ZJ), Fy(z) = inf F(y);

thus one has F_(z) < F(x) < Fy(x) for all x. Let B[R] be the Borel o-
algebra on R. Then there exists a unique Borel measure pup: B[R] — [0, +0o0]
such that

(1.33) pr([a,b]) = Fy(b) — F_(a), pr([a, b)) = F_(b) — F_(a),
pr((a,b]) = Fy(b) — Fy(a), pr((a, b)) = F-(b) — Fi(a),

for all —oco < b < a < o0, and

(1.34) ur({a}) = Fo(a) - F_(a)

for alla € R.

Proof. (Sketch) For this proof, we will deviate from our previous nota-
tional conventions, and allow intervals to be unbounded, thus, in particular,
including the half-infinite intervals [a, +00), (a, +00), (=00, a], (—o0, a) and
the doubly infinite interval (—oo, +00) as intervals.

Define the F-volume |I|f € [0, 4+00] of any interval I, adopting the obvi-
ous conventions that F_(+00) = sup,cg F'(y) and F(—o0) = infyer F(y),
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and also adopting the convention that the empty interval () has zero F-
volume, || = 0. Note that F_(+00) could equal +00 and Fy(—o0) could
equal —oo, but in all circumstances the F-volume |I|r is well defined and
takes values in [0, +o0], after adopting the obvious conventions to evaluate
expressions such as +oo — (—o0).

A somewhat tedious case check (Exercise!) gives the additivity property
[TUJ|p=I|r+|J|F

whenever I, J are disjoint intervals that share a common endpoint. As a
corollary, we see that if an interval I is partitioned into finitely many disjoint
sub-intervals I, ..., Iy, we have |I| = |I1]| + ... + |Ix].

Let By be the Boolean algebra generated by the (possibly infinite) inter-
vals, then By consists of those sets that can be expressed as a finite union of
intervals. (This is slightly larger than the elementary algebra, as it allows
for half-infinite intervals such as [0, +00), whereas the elementary algebra
does not.) We can define a measure po on this algebra by declaring

po(E) = Llrp+ ...+ | Ik|r

whenever £ = I; U ... U [} is the disjoint union of finitely many intervals.
One can check (Exercise!) that this measure is well defined (in the sense that
it gives a unique value to ug(E) for each E € Byp) and is finitely additive.
We now claim that pg is a pre-measure; thus we suppose that £ = By is the
disjoint union of countably many sets E1, Es,... € By, and wish to show
that

wo(B) = po(En).
n=1

By splitting up E into intervals and then intersecting each of the E,, with
these intervals and using finite additivity, we may assume that F is a single
interval. By splitting up the E, into their component intervals and using
finite additivity, we may assume that the F, are also individual intervals.
By subadditivity, it suffices to show that

o
po(E) <> po(En).
n=1
By the definition of po(E), one can check that
(1.35) uo(E) = sup pio(K)
KCFE

where K ranges over all compact intervals contained in E (Exercise!). Thus,
it suffices to show that

po(K) <> po(Ey)
n=1
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for each compact sub-interval K of E. In a similar spirit, one can show that
E,) = inf E
to(En) UglEn po(En)

where U ranges over all open intervals containing E,, (Exercise!). Using the
/2" trick, it thus suffices to show that

po(K) < po(Un)

whenever U, is an open interval containing FE,. But by the Heine-Borel
theorem, one can cover K by a finite number Ur]y=1 U, of the U,, hence by
finite subadditivity

N
po(K) < po(Un)
n=1

and the claim follows.

As g is now verified to be a pre-measure, we may use the Hahn-
Kolmogorov extension theorem to extend it to a countably additive measure
1 on a g-algebra B that contains By. In particular, B contains all the ele-
mentary sets and hence (by Exercise [[L4.14)) contains the Borel o-algebra.
Restricting p to the Borel o-algebra we obtain the existence claim.

Finally, we establish uniqueness. If y’ is another Borel measure with
the stated properties, then p/(K) = |K|p for every compact interval K, and
hence by (L38) and upward monotone convergence, one has p/(I) = |I|r for
every interval (including the unbounded ones). This implies that p’ agrees
with ug on By, and thus (by Exercise [L7.7 noting that g is o-finite) agrees
with © on Borel measurable sets. O

Exercise 1.7.10. Verify the claims marked “Exercise!” in the above proof.

The measure up given by the above theorem is known as the Lebesgue-
Stieltjes measure pp of F. (In some texts, this measure is only defined when
F' is right-continuous, or equivalently if F' = F.)

Exercise 1.7.11. Define a Radon measure on R to be a Borel measure p
obeying the following additional properties:
(i) (Local finiteness) u(K) < oo for every compact K.
(ii) (Inner regularity) One has u(E) = subgcp x compact 4(K) for
every Borel set E.
(iii) (Outer regularity) One has p(E) = infy5eu open p(U) for every
Borel set E.

Show that for every monotone function F': R — R, the Lebesgue-Stieltjes
measure ur is a Radon measure on R; conversely, if ¢ is a Radon measure
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on R, show that there exists a monotone function F': R — R such that
B=pE.

Radon measures are studied in more detail in §1.10 of An epsilon of
room, Vol. L

Exercise 1.7.12 (Near uniqueness). If F, F’ : R — R are monotone non-
decreasing functions, show that up = pp if and only if there exists a con-
stant C' € R such that F (z) = F/ () + C and F_(z) = F’ () 4 C for all
x € R. Note that this implies that the value of F' at its points of discon-
tinuity are irrelevant for the purposes of determining the Lebesgue-Stieltjes
measure pp; in particular, pp = pp, = pp_.

In the special case when Fy(—o00) = 0 and F_(400) = 1, then up is a
probability measure, and Fy (x) = pp((—o0,z]) is known as the cumulative
distribution function of up.

Now we give some examples of Lebesgue-Stieltjes measure.

Exercise 1.7.13 (Lebesgue-Stieltjes measure, absolutely continuous case).

(i) If F: R — R is the identity function F'(x) = x, show that up is
equal to Lebesgue measure m.

(ii) If F: R — R is monotone non-decreasing and absolutely continu-
ous (which, in particular, implies that F’ exists and is absolutely
integrable, show that pur = mpg in the sense of Exercise [[.4.48],
thus

pr(E) = /EF/(a?) dx

for any Borel measurable F, and

[ 1@ dur(e) = | f@)F(a) da
R R
for any unsigned Borel measurable f: R — [0, +o0].

In view of the above exercise, the integral fR f dur is often abbreviated
fR f dF; and referred to as the Lebesgue-Stieltjes integral of f with respect
to F'. In particular, observe the identity

/ dF = Fy(b) — F_(a)
.8

for any monotone non-decreasing F': R — R and any —oo < b < a < +0o0,
which can be viewed as yet another formulation of the fundamental theorem
of calculus.

Exercise 1.7.14 (Lebesgue-Stieltjes measure, pure point case).
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(i) If H: R — Ris the Heaviside function H := 1 o), show that ppy
is equal to the Dirac measure dp at the origin (defined in Example
L4.22).

(ii) f F =3, cnJy is a jump function (as defined in Definition [C6.30),
show that pp is equal to the linear combination Y ¢,0,, of delta
functions (as defined in Exercise [[4:22), where x,, is the point of
discontinuity for the basic jump function J,.

Exercise 1.7.15 (Lebesgue-Stieltjes measure, singular continuous case).

(i) If F: R — R is a monotone non-decreasing function, show that F
is continuous if and only if up({z}) =0 for all z € R.

(ii) If F' is the Cantor function (defined in Exercise [[L6.48]), show that
up is a probability measure supported on the middle-thirds Can-
tor set (see Exercise [LZ9)) in the sense that up(R\C) = 0. The
measure pp is known as Cantor measure.

(iii) If pp is Cantor measure, establish the self-similarity properties
w(3 - E) = $pu(E) and (i - E+ 2) = Ju(E) for every Borel-
measurable E C [0,1], where + - E:= {1z :2 € E}.

Exercise 1.7.16 (Connection with Riemann-Stieltjes integral). Let F': R —
R be monotone non-decreasing, let [a,b] be a compact interval, and let
f: [a,b] — R be continuous. Suppose that F' is continuous at the endpoints
a,b of the interval. Show that for every £ > 0 there exists § > 0 such that

n
1> FE)FE) = F(tia) = [ fdF|<e
i—1 [a,b]
whenever a =ty < t; < ... < ty, =band t] € [t;_1,¢] for 1 < i < n are
such that sup;<;«, [ti — ti—1| < 0. In the language of the Riemann-Stieltjes
integral, this result asserts that the Lebesgue-Stieltjes integral extends the
Riemann-Stieltjes integral.

Exercise 1.7.17 (Integration by parts formula). Let F,G: R — R be
monotone non-decreasing and continuous. Show that

/ FdG=— | GdF+FOb)Gb) - F(a)Gla)
[a,b] [a,b]

for any compact interval [a,b]. (Hint: Use Exercise [[.16l) This formula
can be partially extended to the case when one or both of F,G have dis-
continuities, but care must be taken when F' and G are simultaneously
discontinuous at the same location.
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1.7.4. Product measure. Given two sets X and Y, one can form their
Cartesian product X x Y = {(z,y) : « € X,y € Y}. This set is naturally
equipped with the coordinate projection maps 7x: X XY — X and my : X X
Y — Y defined by setting nx(z,y) := x and 7y (x,y) := y. One can
certainly take Cartesian products X; x ... x X of more than two sets,
or even take an infinite product ], 4 X, but for simplicity we will only
discuss the theory for products of two sets for now.

Now suppose that (X,Bx) and (Y, By) are measurable spaces. Then
we can still form the Cartesian product X x Y and the projection maps
x: X XY — X and nmy: X XY — Y. But now we can also form the
pullback o-algebras

mx(Bx) = {r(E): E€Bx}={ExY :F € Bx}
and

5 (By) = {my (E) : E€ By} ={X x F: F € By}.
We then define the product o-algebra Bx x By to be the o-algebra generated
by the union of these two o-algebras:

Bx x By := <7T§((Bx) U7T1*/(By)>.
This definition has several equivalent formulations:

Exercise 1.7.18. Let (X, Bx) and (Y, By) be measurable spaces.

(i) Show that Bx x By is the o-algebra generated by the sets E'x F' with
E € Bx,Y € By. In other words, Bx x By is the coarsest o-algebra
on X x Y with the property that the product of a Bx-measurable
set and a By-measurable set is always Bx x By measurable.

(ii) Show that By x By is the coarsest o-algebra on X x Y that makes
the projection maps mx,my both measurable morphisms (see Re-

mark [[L4.33)).

(iii) If E € Bx x By, show that the sets E, :={y € Y : (z,y) € E} lie
in By for every x € X, and similarly that the sets EY := {z € X :
(z,y) € E} lie in Bx for every y € Y.

(iv) If f: X xY — [0, +00] is measurable (with respect to Bx x By),
show that the function f, : y — f(x,y) is By-measurable for every
x € X, and similarly that the function fY : z — f(x,y) is Bx-
measurable for every y € Y.

(v) If E € Bx x By, show that the slices E, := {y € Y : (z,y) € E}
lie in a countably generated o-algebra. In other words, show that
there exists an at most countable collection A = Ap of sets (which
can depend on E) such that {E, : x € X} C (A). Conclude, in
particular, that the number of distinct slices F, is at most ¢, the
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cardinality of the continuum. (The last part of this exercise is only
suitable for students who are comfortable with cardinal arithmetic.)

Exercise 1.7.19.

(i) Show that the product of two trivial o-algebras (on two different
spaces X,Y’) is again trivial.
(ii) Show that the product of two atomic o-algebras is again atomic.
(iii) Show that the product of two finite o-algebras is again finite.

(iv) Show that the product of two Borel o-algebras (on two Euclidean
spaces Rd,Rd/ with d,d’ > 1) is again the Borel o-algebra (on
R? x RY = R4+,

(v) Show that the product of two Lebesgue o-algebras (on two Eu-
clidean spaces R%, R? with d,d’ > 1) is not the Lebesgue o-algebra.
(Hint: Argue by contradiction and use Exercise [L7.18](iii).)

(vi) However, show that the Lebesgue o-algebra on R is the comple-
tion (see Exercise[[.Z.26]) of the product of the Lebesgue o-algebras
of R and R? with respect to d+d’-dimensional Lebesgue measure.

(vii) This part of the exercise is only for students who are comfortable
with cardinal arithmetic. Give an example to show that the product
of two discrete o-algebras is not necessarily discrete.

(viii) On the other hand, show that the product of two discrete o-algebras
2X 2Y is again a discrete o-algebra if at least one of the domains
X,Y is at most countably infinite.

Now suppose we have two measure spaces (X, By, ux) and (Y, By, uy).
Given that we can multiply together the sets X and Y to form a product
set X x Y, and can multiply the o-algebras Bx and By together to form a
product o-algebra Bx x By, it is natural to expect that we can multiply the
two measures puy: Bx — [0, +o00] and py : By — [0, +00] to form a product
measure px X py: Bx X By — [0,400]. In view of the “base times height
formula” that one learns in elementary school, one expects to have

(1.36) px X py (B x F) = px (E)py (F)
whenever F € By and F € By.
To construct this measure, it is convenient to make the assumption that

both spaces are o-finite:

Definition 1.7.10 (o-finite). A measure space (X, B, u) is o-finite if X can
be expressed as the countable union of sets of finite measure.

Thus, for instance, R? with Lebesgue measure is o-finite, as R? can be
expressed as the union of (for instance) the balls B(0,n) for n =1,2,3, ...,
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each of which has finite measure. On the other hand, R? with counting
measure is not o-finite (why?). But most measure spaces that one actually
encounters in analysis (including, clearly, all probability spaces) are o-finite.
It is possible to partially extend the theory of product spaces to the non-o-
finite setting, but there are a number of very delicate technical issues that
arise and so we will not discuss such extensions here.

As long as we restrict attention to the o-finite case, product measure
always exists and is unique:

Proposition 1.7.11 (Existence and uniqueness of product measure). Let
(X,Bx,px) and (Y, By, puy) be o-finite measure spaces. Then there exists
a unique measure pux X py on Bx X By that obeys ux x py(E x F) =
pux (E)puy (F) whenever E € Bx and F € By.

Proof. We first show existence. Inspired by the fact that Lebesgue measure
is the Hahn-Kolmogorov completion of elementary (pre-)measure, we shall
first construct an “elementary product pre-measure” that we will then apply
Theorem [[L7.§] to.

Let By be the collection of all finite unions
S:=(E1 x F1)U...U(E x F)

of Cartesian products of Bx-measurable sets E1, ..., E), and By-measurable
sets F1,..., Fx. (One can think of such sets as being somewhat analogous
to elementary sets in Euclidean space, although the analogy is not perfectly
exact.) It is not difficult to verify that this is a Boolean algebra (though it is
not, in general, a o-algebra). Also, any set in By can be easily decomposed
into a disjoint union of product sets F1 X F1,..., Ex X F}, of Bx-measurable
sets and By-measurable sets (cf. Exercise [L1.2]). We then define the quan-
tity po(S) associated such a disjoint union S by the formula

K
po(S) =Y px (Ej)py (Fj)
j=1

whenever S is the disjoint union of products Fy X Fi,..., By X F} of Bx-
measurable sets and By-measurable sets. One can show that this definition
does not depend on exactly how S is decomposed, and gives a finitely addi-
tive measure po: By — [0, +00] (cf. Exercise [LT.2).

Now we show that g is a pre-measure. It suffices to show that if S €
By is the countable disjoint union of sets Si,Ss,... € By, then ug(S) =
22021 p(Sn)-

Splitting .S up into disjoint product sets, and restricting the .S, to each of
these product sets in turn, we may assume without loss of generality (using
the finite additivity of ug) that S = E x F for some E € Bx and F € By.
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In a similar spirit, by breaking each .S,, up into component product sets and
using finite additivity again, we may assume without loss of generality that
each S, takes the form S,, = E,, x F, for some F,, € Bx and F, € By. By
definition of ug, our objective is now to show that

px (B)py (F) = px (En)py (F).
n=1

To do this, first observe from construction that we have the pointwise iden-

tity
1g Z g, (2)1F, (y

forall z € X and y € Y. We fix x € X, and integrate this identity in y
(noting that both sides are measurable and unsigned) to conclude that

/YlE( V1p(y) duy (y /ZlEn )1, (y) duy (y)-

The left-hand side simplifies to 1g(x)uy (F). To compute the right-hand
side, we use the monotone convergence theorem (Theorem [[L4.43) to inter-
change the summation and integration, and soon see that the right-hand
side is 7, 1g, (z)py (Fy,), thus

lg(x)py (F) = Z 1g, (z)py (Fr)
n=1

for all . Both sides are measurable and unsigned in x, so we may integrate
in X and conclude that

/1E( iy (F dMX—/ZlEn z)py (Fn) dpx (x).

The left-hand side here is px(E)py (F). Using monotone convergence as
before, the right-hand side simplifies to -7 ; ux (En)uy (F,), and the claim
follows.

Now that we have established that pg is a pre-measure, we may apply
Theorem [[L.'7.8 to extend this measure to a countably additive measure px X
puy on a o-algebra containing By. By Exercise [LTI8(ii), pux x py is a
countably additive measure on By x By, and as it extends ug, it will obey
(L36). Finally, to show uniqueness, observe from finite additivity that any
measure pux X py on Bx x By that obeys (L36]) must extend pg, and so
uniqueness follows from Exercise [[.7.7 O

Remark 1.7.12. When X, Y are not both o-finite, then one can still con-
struct at least one product measure, but it will, in general, not be unique.
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This makes the theory much more subtle, and we will not discuss it in this
text.

Example 1.7.13. From Exercise [[2.22] we see that the product m¢ x
m? of the Lebesgue measures m¢, m? on (R? L[RY) and (R4 L[R?]),
respectively, will agree with Lebesgue measure mtd on the product space
L[RY] x LIRY], which as noted in Exercise is a subalgebra of £[R4+7].
After taking the completion m? x m? of this product measure, one obtains
the full Lebesgue measure matd’,

Exercise 1.7.20. Let (X, Bx), (Y, By) be measurable spaces.

(i) Show that the product of two Dirac measures on (X, Bx), (Y, By)
is a Dirac measure on (X x Y, Bx x By).

(ii) If X,Y are at most countable, show that the product of the two
counting measures on (X, Bx), (Y, By) is the counting measure on
(X X Y,BX X By)

Exercise 1.7.21 (Associativity of product). Let (X, Bx, ux), (Y, By, py),
(Z,Bz, pz) be o-finite sets. We may identify the Cartesian products (X X
Y) x Z and X x (Y x Z) with each other in the obvious manner. If we do
so, show that (Bx X By) x Bz = Bx x (By x Bz) and (ux X py) X pz =
px X (py X piz).

Now we integrate using this product measure. We will need the following
technical lemma. Define a monotone class in X is a collection B of subsets
of X with the following two closure properties:

(i) If By C By C ... are a countable increasing sequence of sets in B,
then ;2 E,, € B.

(ii) If £y D E3 D ... are a countable decreasing sequence of sets in B,
then 2, E, € B.

Lemma 1.7.14 (Monotone class lemma). Let A be a Boolean algebra on
X. Then (A) is the smallest monotone class that contains A.

Proof. Let B be the intersection of all the monotone classes that contain
A. Since (A) is clearly one such class, B is a subset of (A4). Our task is then
to show that B contains (A).

Tt is also clear that B is a monotone class that contains A. By replacing
all the elements of B with their complements, we see that B is necessarily
closed under complements.

For any E € A, consider the set Cg of all sets F' € B such that F\F,
E\F, FNE, and X\(EUF) all lie in B. It is clear that Cr contains A,
since B is a monotone class, we see that Cg is also. By definition of B, we
conclude that Cg = B for all F € A.
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Next, let D be the set of all E € B such that F\FE, E\F, F N E, and
X\(EUF) all lie in B for all F € B. By the previous discussion, we see
that D contains A. One also easily verifies that D is a monotone class.
By definition of B, we conclude that D = B. Since B is also closed under
complements, this implies that B is closed with respect to finite unions.
Since this class also contains A, which contains (), we conclude that B is a
Boolean algebra. Since B is also closed under increasing countable unions,
we conclude that it is closed under arbitrary countable unions, and is thus
a o-algebra. As it contains A, it must also contain (A). O

Theorem 1.7.15 (Tonelli’s theorem, incomplete version). Let (X, Bx, jx)
and (Y, By, py) be o-finite measure spaces, and let f: X xY — [0, +o0] be
measurable with respect to Bx x By. Then:

(i) The functions = — fy f(z,) duy(y) and y > [ f(z,5) dux(2)
(which are well defined, thanks to Ezercise [LTI8) are measurable
with respect to Bx and By, respectively.

(ii) We have
/ f(z,y) dux x py(z,y)
XxY
:/ (/ f(z,y) dupy (y)) dux(x)
x Jy
= / (/ f(,y) dux(x)) dpy (y).
y Jx

Proof. By writing the o-finite space X as an increasing union X = (J;7 ; X,
of finite measure sets, we see from several applications of the monotone
convergence theorem (Theorem [[L4.43]) that it suffices to prove the claims
with X replaced by X,,. Thus we may assume without loss of generality
that X has finite measure. Similarly we may assume Y has finite measure.
Note from (L.36) that this implies that X x Y has finite measure also.

Every unsigned measurable function is the increasing limit of unsigned
simple functions. By several applications of the monotone convergence the-
orem (Theorem [[LZ.43)), we thus see that it suffices to verify the claim when
f is a simple function. By linearity, it then suffices to verify the claim when
f is an indicator function, thus f = 1g for some S € Bx x By.

Let C be the set of all S € Bx x By for which the claims hold. From
the repeated applications of the monotone convergence theorem (Theorem
[[.4.43)) and the downward monotone convergence theorem (which is available
in this finite measure setting) we see that C is a monotone class.

By direct computation (using (L36])), we see that C contains as an el-
ement any product S = E x F with £ € Bx and F € By. By finite
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additivity, we conclude that C also contains as an element a disjoint finite
union S = Fy x 3 U...UE, x F}, of such products. This implies that C also
contains the Boolean algebra By in the proof of Proposition [L7.11] as such
sets can always be expressed as the disjoint finite union of Cartesian prod-
ucts of measurable sets. Applying the monotone class lemma, we conclude
that C contains (By) = Bx X By, and the claim follows. O

Remark 1.7.16. Note that Tonelli’s theorem for sums (Theorem [0.0.2)) is
a special case of the above result when px, uy are counting measure. In a
similar spirit, Corollary is the special case when just one of ux, puy is
counting measure.

Corollary 1.7.17. Let (X,Bx,ux) and (Y,By,uy) be o-finite measure
spaces, and let B € Bx X By be a null set with respect to ux x py . Then for
wx-almost every x € X, the set E, :={y € Y : (x,y) € E} is a py-null set;
and similarly, for py -almost everyy € Y, the set EY .= {z € X : (z,y) € E}
s a px-null set.

Proof. Applying the Tonelli theorem to the indicator function 1z, we con-
clude that

0_/X(/Y 1g(z,y) duy (y)) dux(z) _/Y(/X 1g(z,y) dux(z)) duy (y)
and thus
0= [ (B dux(@) = [ px(EY) duy o)

and the claim follows. O

With this corollary, we can extend Tonelli’s theorem to the completion
(X xXY,Bx x By, ux x upy) of the product space (X xY, Bx x By, ux X uy),
as constructed in Exercise But we can easily extend the Tonelli
theorem to this context:

Theorem 1.7.18 (Tonelli’s theorem, complete version). Let (X, Bx, iux)
and (Y, By, uy) be complete o-finite measure spaces, and let f: X XY —
[0, +00] be measurable with respect to Bx x By . Then:

(i) For ux-almost every x € X, the function y — f(x,y) is By-
measurable, and in particular, [ f(z,y) duy(y) exists. Further-
more, the (ux-almost everywhere defined) map x — [, f(x,y) dupy
1s Bx-measurable.

(ii) For py-almost every y € Y, the function © — f(x,y) is Bx-
measurable, and in particular, [y f(x,y) dux(x) exists. Further-
more, the (uy -almost everywhere defined) map y — [y f(x,y) dux
is By -measurable.
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(iii) We have

/X ) dix iy (.9) = /X ( /Y f(.) dy () dpx (@)
(1.37) X

- / ( / F(y) duy (4)) dyux ().
X JY

Proof. From Exercise every measurable set in By x By is equal to
a measurable set in Bx x By outside of a ux x py-null set. This implies
that the Bx x By-measurable function f agrees with a By x By-measurable
function f outside of a px X py-null set E (as can be seen by expressing
f as the limit of simple functions). From Corollary [[L7.I7, we see that for
px-almost every x € X, the function y — f(x,y) agrees with y — f(z,y)
outside of a py-null set (and is, in particular, measurable, as (Y, By, uy) is
complete); and similarly for py-almost every y € Y, the function z — f(z,y)
agrees with = — f (z,y) outside of a px-null set and is measurable, and the
claim follows. O

Specialising to the case when f is an indicator function f = 1g, we
conclude

Corollary 1.7.19 (Tonelli’s theorem for sets). Let (X,Bx,ux) and
(Y, By, uy) be complete o-finite measure spaces, and let E € Bx X By.
Then:

(i) For px-almost every x € X, the set E; :={y €Y : (z,y) € E} lies
in By, and the (ux-almost everywhere defined) map x — py (Ey)
1s Bx-measurable.

(ii) For py-almost everyy € Y, the set EY :={x € X : (z,y) € E} lies
in Bx, and the (uy-almost everywhere defined) map y — pux (EY)
18 By -measurable.

(iii) We have
(1.38) X v (E) = /X iy () dux ()

- / i (BY) dpix ().
X

Exercise 1.7.22. The goal of this exercise is to demonstrate that Tonelli’s
theorem can fail if the o-finite hypothesis is removed, and also that product
measure need not be unique. Let X is the unit interval [0, 1] with Lebesgue
measure m (and the Lebesgue o-algebra £([0,1])) and Y is the unit interval
[0,1] with counting measure (and the discrete o-algebra 2[01) 4. Let f :=
1x be the indicator function of the diagonal E := {(x,z) : x € [0,1]}.

(i) Show that f is measurable in the product o-algebra.
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(ii) Show that [y ([} f(x,y) d#(y))dm(x) = 1.

(iii) Show that fy(fX f(x,y) dm(zx))d#(y) =

(iv) Show that there is more than one measure  on £([0,1]) x 2101 with
the property that u(E x F) = m(E)#(F) for all E € £([0,1]) and
F e 201, (Hint: Use the two different ways to perform a double
integral to create two different measures.)

Remark 1.7.20. If f is not assumed to be measurable in the product space
(or its completion), then of course the expression [, f(z,y) dux X py (,y)
does not make sense. Furthermore, in this case the remaining two expres-
sions in (L37) may become different as well (in some models of set theory,
at least), even when X and Y are finite measure. For instance, let us as-
sume the continuum hypothesis, which implies that the unit interval [0, 1]
can be placed in one-to-one correspondence with the first uncountable ordi-
nal wi. Let < be the ordering of [0, 1] that is associated to this ordinal, let
E :={(x,y) € [0,1]> : # < y}, and let f := 1g. Then, for any y € [0, 1],
there are at most countably many z such that z < y, and so f[[)’” flx,y) dz
exists and is equal to zero for every y. On the other hand, for every x € [0, 1],
one has x < y for all but countably many y € [0, 1], and so f[o,l] fx,y) dy
exists and is equal to one for every y, and so the last two expressions in
(L37) exist but are unequal. (In particular, Tonelli’s theorem implies that
E cannot be a Lebesgue measurable subset of [0,1]2.) Thus we see that
measurability in the product space is an important hypothesis. (There do,
however, exist models of set theory (with the axiom of choice) in which such
counterexamples cannot be constructed, at least in the case when X and Y
are the unit interval with Lebesgue measure.)

Tonelli’s theorem is for the unsigned integral, but it leads to an im-
portant analogue for the absolutely convergent integral, known as Fubini’s
theorem:

Theorem 1.7.21 (Fubini’s theorem). Let (X, Bx,ux) and (Y, By, uy) be
complete o-finite measure spaces, and let f: X xY — C be absolutely inte-
grable with respect to Bx x By . Then:

(i) For px-almost every x € X, the function y — f(x,y) is absolutely
integrable with respect to py, and in particular, [, f(x,y) dpy (y)
exists. Furthermore, the (ux-almost everywhere defined) map x
fY z,y) duy (y) is absolutely integrable with respect to pux.

(ii) For uy-almost every y € Y, the function x — f(x,y) is absolutely
integrable with respect to px, and in particular, [y f(z,y) dpx(x)
erists. Furthermore, the (wy-almost everywhere defined) map y
Jx f(z,y) dux(x) is absolutely integrable with respect to py .
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(iii) We have
/ f (o) dix v (. ) = / ( / F (@) duy () dpx ()
XxY X JY
- / ( / F(.) dyy () dpx ().
X JY

Proof. By taking real and imaginary parts we may assume that f is real;
by taking positive and negative parts we may assume that f is unsigned.
But then the claim follows from Tonelli’s theorem; note from (L37) that
Jx(Jy f(z,y) duy(y)) dux(x) is finite, and so [y f(x,y) duy(y) < oo for
px-almost every x € X, and similarly [ f(x,y) dux(x) < oo for py-almost
every y € Y. O

Exercise 1.7.23. Give an example of a Borel measurable function f: [0, 1]?
— R such that the integrals f[o 1 f(z,y) dy and f[o 1 f(z,y) dx exist and

are absolutely integrable for all z € [0,1] and y € [0, 1], respectively, and

that f[O,l}(f[O,l} f(x,y) dy) dz and f[o,l}(f[o,l] f(x,y) dy) dz exist and are
absolutely integrable, but such that

| fewapdet [ ([ ey

[0,1] J[0,1] [0,1] J[0,1]

are unequal. (Hint: Adapt the example from Remark [0.0.3]) Thus we
see that Fubini’s theorem fails when one drops the hypothesis that f is
absolutely integrable with respect to the product space.

Remark 1.7.22. Despite the failure of Tonelli’s theorem in the o-finite
setting, it is possible to (carefully) extend Fubini’s theorem to the non-o-
finite setting, as the absolute integrability hypotheses, when combined with
Markov’s inequality (Exercise [L4.35(vi)), can provide a substitute for the
o-finite property. However, we will not do so here, and indeed I would
recommend proceeding with extreme caution when performing any sort of
interchange of integrals or invoking of product measure when one is not in
the o-finite setting.

Informally, Fubini’s theorem allows one to always interchange the order
of two integrals, as long as the integrand is absolutely integrable in the
product space (or its completion). In particular, specialising to Lebesgue
measure, we have

/Rd+d,f(xvy) d(z,y) = /Rd(/Rd’ f(z,y) dy) dx—/Rd/( - f(z,y) dx) dy

whenever f: R¥% — C is absolutely integrable. In view of this, we often
write dzdy (or dydz) for d(z,y).
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By combining Fubini’s theorem with Tonelli’s theorem, we can recast
the absolute integrability hypothesis:

Corollary 1.7.23 (Fubini-Tonelli theorem). Let (X, Bx, ux) and (Y, By, py)
be complete o-finite measure spaces, and let f: X x Y — C be measurable
with respect to Bx x By . If

/ ( / (@, 9)] duy (4)) dux(z) < oo
X JY

(note the left-hand side always exists, by Tonelli’s theorem), then f is abso-
lutely integrable with respect to Bx X By, and in particular, the conclusions
of Fubini’s theorem hold. Similarly, if we use [y ([ |f(z,y)| dux(x)) duy (y)

instead of [ (fy |f(x.y)| dpry) dpx.

The Fubini-Tonelli theorem is an indispensable tool for computing inte-
grals. We give some basic examples below:

Exercise 1.7.24 (Area interpretation of integral). Let (X, B, u) be a o-
finite measure space, and let R be equipped with Lebesgue measure m and
the Borel o-algebra B[R]. Show that if f: X — [0, +00] is measurable if and
only if the set {(z,t) € X xR :0 <t < f(x)} is measurable in B x B[R], in
which case we have

(nxm)({(z,8) € X xR:0<t< f(a /f du(z

Similarly, if we replace {(z,t) € X x R:0<t < f(z)} by {(z,t) € X xR :
0<t<f(z)}

Exercise 1.7.25 (Distribution formula). Let (X, B, i) be a o-finite measure
space, and let f: X — [0, +00] be measurable. Show that

/ f () dy(x) = / u({z € X : fz) > A}) dA
X [0,400]

(Note that the integrand on the right-hand side is monotone and thus
Lebesgue measurable.) Show that this identity continues to hold if we re-
place {z € X : f(x) > A} by {z € X : f(x) > A}

Exercise 1.7.26 (Approximations to the identity). Let P: R* = R* be a
good kernel (see Exercise [[L6.27), and let Py(x) := tldP(%) be the associated
rescaled functions. Show that if f: R? — C is absolutely integrable, that
f* P, converges in L' norm to f ast — 0. (Hint: Use the density argument.
You will need an upper bound on || f* P|| 11 (g4) which can be obtained using
Tonelli’s theorem.)
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2.1. Problem solving strategies

The purpose of this section is to list (in no particular order) a number of
common problem solving strategies for attacking real analysis exercises such
as that presented in this text. Some of these strategies are specific to real
analysis type problems, but others are quite general and would be applicable
to other mathematical exercises.

2.1.1. Split up equalities into inequalities. If one has to show that
two numerical quantities X and Y are equal, try proving that X <Y and
Y < X separately. Often one of these will be very easy, and the other one
harder; but the easy direction may still provide some clue as to what needs
to be done to establish the other direction. Exercise [[T.6(iii) is a typical
problem in which this strategy can be applied.

In a similar spirit, to show that two sets E and F' are equal, try proving
that E C F and F C E. See, for instance, the proof of Lemma [[.2.11] for a
simple example of this.

2.1.2. Give yourself an epsilon of room. If one has to show that X <
Y, try proving that X <Y + ¢ for any ¢ > 0. (This trick combines well
with §21.11) See, for instance, Lemma [[L2.5] for an example of this.

In a similar spirit:

e If one needs to show that a quantity X vanishes, try showing that
|X| < e for every € > 0. (Exercise [[2.19 is a simple application of
this strategy.)

e If one wishes to show that two functions f, g agree almost every-
where, try showing first that |f(z) — g(x)| < € holds for almost
every x, or even just outside of a set of measure at most ¢, for any
given € > 0. (See, for instance, the proof of Proposition [.5.7] for
an example of this.)

e If one wants to show that a sequence x,, of real numbers converges
to zero, try showing that limsup,,_, . |z,| < ¢ for every e > 0. (The
proof of the Lebesgue differentiation theorem, Theorem [[L6.12 is
in this spirit.)

Don’t be too focused on getting all of your error terms adding up to
exactly €; usually, as long as the final error bound consists of terms that can
all be made as small as one wishes by choosing parameters in a suitable way,
that is enough. For instance, an error term such as 10¢ is certainly OK, or
even more complicated expressions such as 10e/§ + 44 if one has the ability
to choose d as small as one wishes, and then after ¢ is chosen, one can then
also set € as small as one wishes (in a manner that can depend on §).
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One caveat: For finite z, and any € > 0, it is true that x + ¢ > = and
x — e < x, but this statement is not true when z is equal to +oo (or —o0).
So remember to exercise some care with the epsilon of room trick when some
quantities are infinite.

See also §2.7 of An epsilon of room, Vol. I.

2.1.3. Decompose (or approximate) a rough or general object into
(or by) a smoother or simpler one. If one has to prove something about
an unbounded (or infinite measure) set, consider proving it for bounded (or
finite measure) sets first if this looks easier.

In a similar spirit:

e If one has to prove something about a measurable set, try proving
it for open, closed, compact, bounded, or elementary sets first.

e If one has to prove something about a measurable function, try
proving it for functions that are continuous, bounded, compactly
supported, simple, absolutely integrable, etc.

e If one has to prove something about an infinite sum or sequence,
try proving it first for finite truncations of that sum or sequence
(but try to get all the bounds independent of the number of terms
in that truncation, so that you can still pass to the limit!).

e If one has to prove something about a complex-valued function, try
it for real-valued functions first.

e If one has to prove something about a real-valued function, try it
for unsigned functions first.

e If one has to prove something about a simple function, try it for
indicator functions first.

In order to pass back to the general case from these special cases, one
will have to somehow decompose the general object into a combination of
special ones, or approximate general objects by special ones (or as a limit
of a sequence of special objects). In the latter case, one may need an ep-
silon of room (§2.1.2)), and some sort of limiting analysis may be needed to
deal with the errors in the approximation (it is not always enough to just
“pass to the limit”, as one has to justify that the desirable properties of the
approximating object are preserved in the limit). Littlewood’s principles
(Section [[3.5) and their variants are often useful for thus purpose.

Note: One should not do this blindly, as one might then be loading on
a bunch of distracting but ultimately useless hypotheses that end up being
a lot less help than one might hope. But they should be kept in mind as
something to try if one starts having thoughts such as “Gee, it would be nice
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at this point if I could assume that f is continuous / real-valued / simple /
unsigned / etc.”.

In the more quantitative areas of analysis and PDE, one sees a common
variant of the above technique, namely the method of a priori estimates.
Here, one needs to prove an estimate or inequality for all functions in a
large, rough class (e.g. all rough solutions to a PDE). One can often then
first prove this inequality in a much smaller (but still “dense”) class of “nice”
functions, so that there is little difficulty justifying the various manipulations
(e.g. exchanging integrals, sums, or limits, or integrating by parts) that one
wishes to perform. Once one obtains these a priori estimates, one can then
often take some sort of limiting argument to recover the general case.

2.1.4. If one needs to flip an upper bound to a lower bound or vice
versa, look for a way to take reflections or complements. Sometimes
one needs a lower bound for some quantity, but only has techniques that
give upper bounds. In some cases, though, one can “reflect” an upper bound
into a lower bound (or vice versa) by replacing a set E contained in some
space X with its complement X\ E, or a function f with its negation —f (or
perhaps subtracting f from some dominating function F' to obtain F' — f).
This trick works best when the objects being reflected are contained in some
sort of “bounded”, “finite measure”, or “absolutely integrable” container, so
that one avoids having the dangerous situation of having to subtract infinite
quantities from each other.

A typical example of this is when one deduces downward monotone
convergence for sets from upward monotone convergence for sets (Exercise

L2.17).

2.1.5. Uncountable unions can sometimes be replaced by count-
able or finite unions. Uncountable unions are not well-behaved in mea-
sure theory; for instance, an uncountable union of null sets need not be a null
set (or even a measurable set). (On the other hand, the uncountable union
of open sets remains open; this can often be important to know.) However,
in many cases one can replace an uncountable union by a countable one.
For instance, if one needs to prove a statement for all € > 0, then there
are an uncountable number of €’s one needs to check, which may threaten
measurability; but in many cases it is enough to only work with a countable
sequence of €’s, such as the numbers 1/m for m = 1,2,3,.... (Exercise
relies heavily on this trick.)

In a similar spirit, given a real parameter A, this parameter initially
ranges over uncountably many values, but in some cases one can get away
with only working with a countable set of such values, such as the rationals.
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In a similar spirit, rather than work with all boxes (of which there are un-
countably many), one might work with the dyadic boxes (of which there are
only countably many; also, they obey nicer nesting properties than general
boxes and so are often desirable to work with in any event).

If you are working on a compact set, then one can often replace even
uncountable unions with finite ones, so long as one is working with open sets.
(The proof of Theorem is a good example of this strategy.) When
this option is available, it is often worth spending an epsilon of measure (or
whatever other resource is available to spend) to make one’s sets open, just
so that one can take advantage of compactness.

2.1.6. If it is difficult to work globally, work locally instead. A
domain such as Euclidean space R? has infinite measure, and this creates a
number of technical difficulties when trying to do measure theory directly on
such spaces. Sometimes it is best to work more locally, for instance, working
on a large ball B(0, R) or even a small ball such as B(z,¢) first, and then
figuring out how to patch things together later. Compactness (or the closely
related property of total boundedness) is often useful for patching together
small balls to cover a large ball. Patching together large balls into the whole
space tends to work well when the properties one is trying to establish are
local in nature (such as continuity, or pointwise convergence) or behave well
with respect to countable unions. For instance, to prove that a sequence of
functions f,, converges pointwise almost everywhere to f on R?, it suffices
to verify this pointwise almost everywhere convergence on the ball B(0, R)
for every R > 0 (which one can take to be an integer to get countability; see
§2.1.5). The application of vertical truncation (as done, for instance, in the
proof of Corollary [[3.14]) is an instance of this idea.

2.1.7. Be willing to throw away an exceptional set. The “Lebesgue
philosophy” to measure theory is that null sets are often “irrelevant”, and
so one should be very willing to cut out a set of measure zero on which bad
things are happening (e.g. a function is undefined or infinite, a sequence
of functions is not converging, etc.). One should also be only slightly less
willing to throw away sets of positive but small measure, e.g., sets of measure
at most €. If such sets can be made arbitrarily small in measure, this is often
almost as good as just throwing away a null set.

Many things in measure theory improve after throwing away a small set.
The most notable examples of this are Egorov’s theorem (Theorem [[.3.26))
and Lusin’s theorem (Theorem [[L3.28); see also Exercise for some
other examples of this idea.
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It is also common to see a similar trickl of throwing away most of a
sequence and working with a subsequence instead. See §2.1.17] below.

2.1.8. Draw pictures and try to build counterexamples. Measure
theory, particularly on Euclidean spaces, has a significant geometric aspect
to it, and you should be exploiting your geometric intuition. Drawing pic-
tures and graphs of all the objects being studied is a good way to start.
These pictures need not be completely realistic; they should be just compli-
cated enough to hint at the complexities of the problem, but not more. For
instance, usually one- or two-dimensional pictures suffice for understanding
problems in R%; drawing intricate 3D (or 4D, etc.) pictures does not often
make things simpler. To indicate that a function is not continuous, one or
two discontinuities or oscillations might suffice; make it too ornate and it
becomes less clear what to do about that function. One should view these
pictures as providing a “cartoon sketch” of the situation, which exaggerates
key features and downplays others, rather than a photorealistic image of the
situation; too much detail or accuracy in a picture may be a waste of time,
or otherwise counterproductive.

A common mistake is to try to draw a picture in which both the hy-
potheses and conclusion of the problem hold. This is actually not all that
useful, as it often does not reveal the causal relationship between the for-
mer and the latter. One should try instead to draw a picture in which the
hypotheses hold but for which the conclusion does not—in other words, a
counterexample to the problem. Of course, you should be expected to fail
at this task, given that the statement of the problem is presumably true.
However, the way in which your picture fails to accomplish this task is often
very instructive, and can reveal vital clues as to how the solution to the
problem is supposed to proceed.

I have deliberately avoided drawing pictures in this book. This is not
because I feel that pictures are not useful—far from it—but because I have
found that it is far more informative for a reader to draw his or her own
pictures of a given mathematical situation, rather than rely on the author’s
images (except in situations where the geometric situation is particularly
complicated or subtle), as such pictures will naturally be adapted to the
reader’s mindset rather than the author’s. Besides, the process of actually
drawing the picture is at least as instructive as the picture itself.

2.1.9. Try simpler cases first. This advice of course extends well beyond
measure theory, but if one is completely stuck on a problem, try making the

IThis trick can also be interpreted as “throwing away a small set”, but to understand what
“small” means in this context, one needs the language of ultrafilters, which will not be discussed
here; see [Ta2008| §1.5] for a discussion.
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problem simpler (while still capturing at least one of the difficulties of the
problem that you cannot currently resolve). For instance, if faced with a
problem in R%, try the one-dimensional case d = 1 first. Faced with a
problem about a general measurable function f, try a simpler case first,
such as an indicator function f = 1g. Faced with a problem about a general
measurable set, try an elementary set first. Faced with a problem about
a sequence of functions, try a monotone sequence of functions first, and so
forth. (Note that this trick overlaps quite a bit with §2.1.3])

The problem should not be made so simple that it becomes trivial, as
this doesn’t really gain you any new insight about the original problem;
instead, one should try to keep the “essential” difficulties of the problem
while throwing away those aspects that you think are less important (but
are still serving to add to the overall difficulty level).

On the other hand, if the simplified problem is unexpectedly easy, but
one cannot extend the methods to the general case (or somehow leverage
the simplified case to the general case, as in §2.1.3), this is an indication
that the true difficulty lies elsewhere. For instance, if a problem involving
general functions could be solved easily for monotone functions, but one
cannot then extend that argument to the general case, this suggests that
the true enemy is oscillation, and perhaps one should try another simple
case in which the function is allowed to be highly oscillatory (but perhaps
simple in other ways, e.g., bounded with compact support).

2.1.10. Abstract away any information that you believe or suspect
to be irrelevant. Sometimes one is faced with an embarrassment of riches
when it comes to what choice of technique to use on a problem; there are
so many different facts that one knows about the problem, and so many
different pieces of theory that one could apply, that one doesn’t quite know
where to begin.

When this happens, abstraction can be a vital tool to clear away some
of the conceptual clutter. Here, one wants to “forget” part of the setting
that the problem is phrased in, and only keep the part that seems to be
most relevant to the hypotheses and conclusions of the problem (and thus,
presumably, to the solution as well).

For instance, if one is working in a problem that is set in Euclidean space
R?, but the hypotheses and conclusions only involve measure-theoretic con-
cepts (e.g. measurability, integrability, measure, etc.) rather than topo-
logical structure, metric structure, etc., then it may be worthwhile to try
abstracting the problem to the more general setting of an abstract measure
space, thus forgetting that one was initially working in R%. The point of do-
ing this is that it cuts down on the number of possible ways to start attacking
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the problem. For instance, facts such as outer regularity (every measurable
set can be approximated from above by an open set) do not hold in abstract
measure spaces (which do not even have a meaningful notion of an open
set), and so presumably will not play a role in the solution; similarly, for
any facts involving boxes. Instead, one should be trying to use general facts
about measure, such as countable additivity, which are not specific to R

Remark 2.1.1. It is worth noting that sometimes this abstraction method
does not always work; for instance, when viewed as a measure space, R?
is not completely arbitrary, but does have one or two features that dis-
tinguish it from a generic measure space, most notably the fact that it is
o-finite. So, even if the hypotheses and conclusion of a problem about R is
purely measure-theoretic in nature, one may still need to use some measure-
theoretic facts specific to R?. Here, it becomes useful to know a little bit
about the classification of measure spaces to have some intuition as to how
“generic” a measure space such as R? really is. This intuition is hard to
convey at this level of the subject, but in general, measure spaces form a
very “non-rigid” category, with very few invariants, and so it is largely true
that one measure space usually behaves much the same as any other.

Another example of abstraction: Suppose that a problem involves a
large number of sets (e.g. FE, and F},) and their measures, but that the
conclusion of the problem only involves the measures m(E,,), m(F,) of the
sets, rather than the sets themselves. Then one can try to abstract the sets
out of the problem, by trying to write down every single relationship between
the numerical quantities m(FE,), m(F,) that one can easily deduce from
the given hypotheses (together with basic properties of measure, such as
monotonicity or countable additivity). One can then rename these quantities
(e.g. an :=m(E,) and b, := m(F,)) to “forget” that these quantities arose
from a measure-theoretic context, and then work with a purely numerical
problem, in which one is starting with hypotheses on some sequences a,, b,
of numbers and trying to deduce a conclusion about such sequences. Such a
problem is often easier to solve than the original problem due to the simpler
context. Sometimes, this simplified problem will end up being false, but the
counterexample will often be instructive, either in indicating the need to
add an additional hypothesis connecting the a,,b,, or to indicate that one
cannot work at this level of abstraction, but must introduce some additional
concrete ingredient.

Note that this trick is in many ways the antithesis of §2.1.9] because by
passing to a special case, one often makes the problem more concrete, with
more things that one is now able to start trying. However, the two tricks can
work together. One particularly useful “advanced move” in mathematical
problem solving is to first abstract the problem to a more general one, and
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then consider a special case of that more abstract problem which is not
directly related to the original one, but is somehow simpler than the original
while still capturing some of the essence of the difficulty. Attacking this
alternate problem can then lead to some indirect but important ways to
make progress on the original problem.

2.1.11. Exploit Zeno’s paradox: a single epsilon can be cut up
into countably many sub-epsilons. A particularly useful fact in measure
theory is that one can cut up a single epsilon into countably many pieces,
for instance, by using the geometric series identity

e=¢/24¢e/d+e/8+...;

this observation arguably goes all the way back to Zeno. As such, even if one
only has an epsilon of room budgeted for a problem, one can still use this
budget to do a countably infinite number of things. This fact underlies many
of the countable additivity and subadditivity properties in measure theory,
and also makes the ability to approximate rough objects by smoother ones to
be useful even when countably many rough objects need to be approximated.
(Exercise [[L2.3 is a typical example in which this trick is used.)

In general, one should be alert to this sort of trick when one has to
spend an epsilon or so on an infinite number of objects. If one was forced
to spend the same epsilon on each object, one would soon end up with an
unacceptable loss; but if one can get away with using a different epsilon each
time, then Zeno’s trick comes in very handy.

2.1.12. If you expand your way to a double sum, a double integral,
a sum of an integral, or an integral of a sum, try interchanging the
two operations. Or, to put it another way: “The Fubini-Tonelli theorem
(Corollary [[L7.23)) is your friend”. Provided that one is either in the unsigned
or absolutely convergent worlds, this theorem allows you to interchange sums
and integrals with each other. In many cases, a double sum or integral that
is difficult to sum in one direction can become easier to sum (or at least to
upper bound, which is often all that one needs in analysis). In fact, if in
the course of expanding an expression, you encounter such a double sum or
integral, you should reflexively try interchanging the operations to see if the
resulting expression looks any simpler.

Note that in some cases the parameters in the summation may be
constrained, and one may have to take a little care to sum it properly.
For instance,

(2.1) S amn

n=—oo m=n
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interchanges (assuming that the ay ,, are either unsigned or absolutely con-
vergent) to
[ee] m
> D ama
m=—00 N=—00
(why? try plotting the set of pairs (m,n) that appear in both). If one is
having trouble interchanging constrained sums or integrals, one solution is

to re-express the constraint using indicator functions. For instance, one can
rewrite the constrained sum (2.]]) as the unconstrained sum

00 00
g g 1m2nam,n

n=—00 m=—0o0

(extending the domain of a,,, if necessary), at which point interchanging
the summations is easily accomplished.

The following point is obvious, but bears mentioning explicitly: While
the interchanging sums/integrals trick can be very powerful, one should
not apply it twice in a row to the same double sum or double operation,
unless one is doing something genuinely non-trivial in between those two
applications. So, after one exchanges a sum or integral, the next move
should be something other than another exchange (unless one is dealing
with a triple or higher sum or integral).

A related move (not so commonly used in measure theory, but occur-
ring in other areas of analysis, particularly those involving the geometry of
Euclidean spaces) is to merge two sums or integrals into a single sum or
integral over the product space, in order to use some additional feature of
the product space (e.g. rotation symmetry) that is not readily visible in
the factor spaces. The classic example of this trick is the evaluation of the
gaussian integral ffooo e da by squaring it, rewriting that square as the

xT

two-dimensional gaussian integral fRZ e~y dxdy, and then switching to

polar coordinates.

2.1.13. Pointwise control, uniform control, and integrated (aver-
age) control are all partially convertible to each other. There are
three main ways to control functions (or sequences of functions, etc.) in
analysis. First, there is pointwise control, in which one can control the func-
tion at every point (or almost every point), but in a non-uniform way. Then
there is uniform control, where one can control the function in the same
way at most points (possibly throwing out a set of zero measure, or small
measure). Finally, there is integrated control (or control “on the average”),
in which one controls the integral of a function, rather than the pointwise
values of that function.
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It is important to realise that control of one type can often be par-
tially converted to another type. Simple examples include the deduction of
pointwise convergence from uniform convergence, or integrating a pointwise
bound f(z) < g(z) to obtain an integrated bound [ f < [g. Of course,
these conversions are not reversible and thus lose some information; not ev-
ery pointwise convergent sequence is uniformly convergent, and an integral
bound does not imply a pointwise bound. However, one can partially re-
verse such implications if one is willing to throw away an exceptional set
(§2.1.7). For instance, Egorov’s theorem (Theorem [[.3.26) lets one convert
pointwise convergence to (local) uniform convergence after throwing away
an exceptional set, and Markov’s inequality (Exercise [[435(vi)) lets one
convert integral bounds to pointwise bounds, again after throwing away an
exceptional set.

2.1.14. If the conclusion and hypotheses look particularly close to
each other, just expand out all the definitions and follow your nose.
This trick is particularly useful when building the most basic foundations of a
theory. Here, one may not need to experiment too much with generalisations,
abstractions, or special cases, or try to marshall a lot of possibly relevant
facts about the objects being studied; sometimes, all one has to do is go
back to first principles, write out all the definitions with their epsilons and
deltas, and start plugging away at the problem.

Knowing when to just follow one’s nose, and when to instead look for
a more high-level approach to a problem, can require some judgement or
experience. A direct approach tends to work best when the conclusion and
hypothesis already look quite similar to each other (e.g. they both state that
a certain set or family of sets is measurable, or they both state that a certain
function or family of functions is continuous, etc.). But when the conclusion
looks quite different from the hypotheses (e.g. the conclusion is some sort of
integral identity, and the hypotheses involve measurability or convergence
properties), then one may need to use more sophisticated tools than what
one can eagsily get from using first principles.

2.1.15. Don’t worry too much about exactly what ¢ (or J, or N,
etc.) needs to be. It can usually be chosen or tweaked later if
necessary. Often in the middle of an argument, you will want to use some
fact that involves a parameter, such as e, that you are completely free to
choose (subject of course to reasonable constraints, such as requiring € to
be positive). For instance, you may have a measurable set and decide to
approximate it from above by an open set of at most € more measure. But
it may not be obvious exactly what value to give this parameter ¢; you have
so many choices available that you don’t know which one to pick!
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In many cases, one can postpone thinking about this problem by leaving
¢ undetermined for now, and continuing on with one’s argument, which
will gradually start being decorated with €’s all over the place. At some
point, one will need £ to do something (and, in the particular case of ¢,
“doing something” almost always means “being small enough”), e.g., one
may need 3ne to be less than §, where n, § are some other positive quantities
in one’s problem that do not depend on . At this point, one could now
set € to be whatever is needed to get past this step in the argument, e.g.,
one could set € to equal §/4n. But perhaps one still wishes to retain the
freedom to set € because it might come in handy later. In that case, one
sets aside the requirement “3ne < 6”7 and keeps going. Perhaps a bit later
on, one might need ¢ to do something else; for instance, one might also need
5¢ < 27™. Once one has compiled the complete “wish list” of everything
one wishes one’s parameters to do, then one can finally make the decision of
what value to set those parameters equal to. For instance, if the above two
inequalities are the only inequalities required of €, one can choose € equal to
min(d/4n,27"/5). This may be a choice of € which was not obvious at the
start of the argument, but becomes so as the argument progresses.

There is however one big caveat when adopting this “choose parameters
later” approach, which is that one needs to avoid a circular dependence of
constants. For instance, it is perfectly fine to have two arbitrary parameters
¢ and ¢ floating around unspecified for most of the argument, until at some
point you realise that you need € to be smaller than §, and so one chooses
e accordingly (e.g. one sets it to equal §/2). Or, perhaps instead one needs
d to be smaller than &, and so sets 0 equal to €/2. One can execute either
of these two choices separately, but of course one cannot perform them
simultaneously; this sets up an inconsistent circular dependency in which
€ needs to be defined after § is chosen, and ¢ can only be chosen after ¢
is fixed. So, if one is going to delay choosing a parameter such as € until
later, it becomes important to mentally keep track of what objects in one’s
argument depend on e, and which ones are independent of . One can
choose ¢ in terms of the latter quantities, but one usually cannot do so in
terms of the former quantities (unless one takes the care to show that the
interlinked constraints between the quantities are still consistent, and thus
simultaneously satisfiable).

2.1.16. Once one has started to lose some constants, don’t be hes-
itant to lose some more. Many techniques in analysis end up giving
inequalities that are inefficient by a constant factor. For instance, any ar-
gument involving dyadic decomposition and powers of two tends to involve
losses of factors of 2. When arguing using balls in Euclidean space, one
sometimes loses factors involving the volume of the unit ball (although this
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factor often cancels itself out if one tracks it more carefully). And so forth.
However, in many cases these constant factors end up being of little impor-
tance: an upper bound of 2¢ or 100¢ is often just as good as an upper bound
of € for the purposes of analysis (cf. §2.1.15). So it is often best not to in-
vest too much energy in carefully computing and optimising these constants;
giving these constants a symbol such as C, and not worrying about their
exact value, is often the simplest approach. (One can also use asymptotic
notation, such as O(), which is very convenient to use once you know how
it works.)

Now there are some cases in which one really does not want to lose any
constants at all. For instance, if one is using §2.1.1] to prove that X =Y,
it is not enough to show that X < 2Y and Y < 2X; one really needs
to show X <Y and Y < X without losing any constants. (But proving
X <(1+e)YandY < (1+4¢)X is OK, by §2.1.21) But once one has already
performed one step that loses a constant, there is little further to be lost
by losing more; there can be a big difference between X <Y and X < 2Y,
but there is little difference in practice between X < 2Y and X < 100Y, at
least for the purposes of mathematical analysis. At that stage, one should
put oneself in the mental mode of thought where “constants don’t matter”,
which can lead to some simplifications. For instance, if one has to estimate
a sum X + Y of two positive quantities, one can start using such estimates
as

max(X,Y) < X +Y <2max(X,Y),

which says that, up to a factor of 2, X +Y is the same thing as max(X,Y).
In some cases the latter is easier to work with (e.g. max(X,Y)™ is equal to
max (X", Y"™), whereas the formula for (X + Y)" is messier).

2.1.17. One can often pass to a subsequence to improve the con-
vergence properties. In real analysis, one often ends up possessing a se-
quence of objects, such as a sequence of functions f,, which may converge
in some rather slow or weak fashion to a limit f. Often, one can improve
the convergence of this sequence by passing to a subsequence. For instance:

e In a metric space, if a sequence x,, converges to a limit x, then one
can find a subsequence z,; which converges quickly to the same
limit «; for instance, one can ensure that d(zy,,z) < 277 (or one
can replace 277 with any other positive expression depending on j).
In particular, one can make Z;’;l d(xp,,x) and Z;’;l d(Tnjs Tny )
absolutely convergent, which is sometimes useful.

e A sequence of functions that converges in L' norm or in measure
can be refined to a subsequence that converges pointwise almost
everywhere as well.
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e A sequence in a (sequentially) compact space may not converge at
all, but some subsequence of it will always converge.

e The pigeonhole principle: A sequence which takes only finitely
many values has a subsequence that is constant. More generally,
a sequence which lives in the union of finitely many sets has a
subsequence that lives in just one of these sets.

Often, the subsequence is good enough for one’s applications, and there
are also a number of ways to get back from a subsequence to the original
sequence, such as:

e In a metric space, if you know that z,, is a Cauchy sequence, and
some subsequence of z,, already converges to x, then this drags the
entire sequence with it, i.e., x,, converges to = also.

e The Urysohn subsequence principle: In a topological space, if ev-
ery subsequence of a sequence x, itself has a subsequence that
converges to a limit z, then the entire sequence converges to x.

2.1.18. A real limit can be viewed as a meeting of the limit su-
perior and limit inferior. A sequence x, of real numbers does not nec-
essarily have a limit lim, .z, but the limit superior limsup,,_,. &n =
inf y sup,,~ y ©» and the limit inferior liminf,, o 2, = supy inf, >Nz, al-
ways exist (though they may be infinite), and can be easily defined in terms
of infima and suprema. Because of this, it is often convenient to work with
the lim sup and lim inf instead of a limit. For instance, to show that a limit
lim,, 00 T, exists, it suffices to show that

limsup z, <liminfx, + ¢
n—00 n—o0
for all € > 0. In a similar spirit, to show that a sequence x,, of real numbers
converges to zero, it suffices to show that

limsup |z,| <€
n—o0
for all € > 0. It can be more convenient to work with lim sups and lim
infs instead of limits because one does not need to worry about the issue of
whether the limit exists or not, and many tools (notably Fatou’s lemma and
its relatives) still work in this setting. One should, however, be cautious that
lim sups and lim infs tend to have only one half of the linearity properties
that limits do; for instance, lim sups are subadditive but not necessarily
additive, while lim infs are superadditive but not necessarily additive.

The proof of the monotone differentiation theorem (Theorem [[6.25)
given in the text relies quite heavily on this strategy.
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2.2. The Rademacher differentiation theorem

The Fubini-Tonelli theorem (Corollary [7.23)) is often used in extending
lower-dimensional results to higher-dimensional ones. We illustrate this by
extending the one-dimensional Lipschitz differentiation theorem (Exercise
[L6.42) to higher dimensions, obtaining the Rademacher differentiation the-
orem.

We first recall some higher-dimensional definitions:

Definition 2.2.1 (Lipschitz continuity). A function f: X — Y from one
metric space (X, dx) to another (Y, dy) is said to be Lipschitz continuous if
there exists a constant C' > 0 such that dy (f(z), f(2')) < Cdx(z,2’) for all
z,2' € X. (In the applications of this section, X will be R¢ and Y will be
R, with the usual metrics.)

Exercise 2.2.1. Show that Lipschitz continuous functions are uniformly
continuous, and hence continuous. Then give an example of a uniformly
continuous function f: [0,1] — [0, 1] that is not Lipschitz continuous.

Definition 2.2.2 (Differentiability). Let f: R? — R be a function, and let
zo € R%. For any v € R%, we say that f is directionally differentiable at
in the direction v if the limit

Dyf(zg) = lim f(zo + hv) — f(x0)
h—0;heR\{0} h
exists, in which case we call D, f(xq) the directional derivative of f at g in
this direction. If v = e; is one of the standard basis vectors ey, ..., eq of R?,
we write D, f(zo) as g—{i(azo), and refer to this as the partial derivative of f
at o in the e; direction.

We say that f is totally differentiable at x( if there exists a vector
V f(zo) € R? with the property that

lim f(xzo +h) — f(zo) — h-Vf(zo)
h—0;h—R4\ {0} |h|

=0,

where v - w is the usual dot product on R%. We refer to V f(x¢) (if it exists)
as the gradient of f at xo.

Remark 2.2.3. From the viewpoint of differential geometry, it is better
to work not with the gradient vector Vf(z¢) € RY, but rather with the
derivative covector df (xg): RY — R given by df (2¢): v — V f(x0) - v. This
is because one can then define the notion of total differentiability without
any mention of the Euclidean dot product, which allows one to extend this
notion to other manifolds in which there is no Euclidean (or more generally,
Riemannian) structure. However, as we are working exclusively in Euclidean
space for this application, this distinction will not be important for us.
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Total differentiability implies directional and partial differentiability, but
not conversely, as the following three exercises demonstrate.

Exercise 2.2.2 (Total differentiability implies directional and partial dif-
ferentiability). Show that if f: R — R is totally differentiable at g, then
it is directionally differentiable at xo in each direction v € R?, and one has
the formula

(2.2) Dy f(xo) = v -V f(20).

In particular, the partial derivatives g—é f(xo) exist fori =1,...,d and
_(9F of

(2.3) Vf(xg) = <6 1( 0)s ...,a$d(x0)>.

Exercise 2.2.3 (Continuous partial differentiability implies total differen-
tiability). Let f: R? — R be such that the partial derivatives 8f R? - R
exist everywhere and are continuous. Then show that f is totally differen-
tiable everywhere, which in particular, implies that the gradient is given by
the formula ([2.3]) and the directional derivatives are given by (2.2]).

Exercise 2.2.4 (Directional differentiability does not imply total differen-
tiability). Let f: R? — R be defined by setting f(0,0) := 0 and f(x1,z2) :=

ﬁfgz for (z1,72) € R?\{(0,0)}. Show that the directional derivatives
T1Tr

D, f(x) exist for all z,v € R? (so in particular, the partial derivatives exist),
but that f is not totally differentiable at the origin (0, 0).

Now we can state the Rademacher differentiation theorem.

Theorem 2.2.4 (Rademacher differentiation theorem). Let f: R — R be
Lipschitz continuous. Then f is totally differentiable at xg for almost every
xo € RA.

Note that the d = 1 case of this theorem is Exercise [.6.42] and indeed
we will use the one-dimensional theorem to imply the higher-dimensional
one, though there will be some technical issues due to the gap between
directional and total differentiability.

Proof. The strategy here is to first aim for the more modest goal of direc-
tional differentiability, and then find a way to link the directional derivatives
together to get total differentiability.

Let v,z € R%. As f is continuous, we see that in order for the direc-
tional derivative

o ot ) f)
Dy f(xo) := hﬁo}fgﬁ\m} h
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to exist, it suffices to let h range in the dense subset Q\{0} of R\{0} for
the purposes of determing whether the limit exists. In particular, D, f(x¢)
exists if and only if

lmsup T FADZI@O) _ e Fl@o i) = flzo)

h—0;heQ\{0} h h—0;heQ\{0} h

From this we easily conclude that for each direction v € R?, the set
E, = {x9 € RY: D, f(x0) does not exist}

is Lebesgue measurable in R? (indeed, it is even Borel measurable). A
similar argument reveals that D, f is a measurable function outside of F,.
From the Lipschitz nature of f, we see that D, f is also a bounded function.

Now we claim that F, is a null set for each v. For v = 0 E, is clearly
empty, so we may assume v # 0. Applying an invertible linear transforma-
tion to map v to e; (noting that such transformations will map Lipschitz
functions to Lispchitz functions, and null sets to null sets) we may assume
without loss of generality that v is the basis vector e;. Thus our task is now
to show that g—afl(:c) exists for almost every z € R,

We now split R% as R x R4, For each zp € R and yo € R%!, we see
from the definitions that g—{l(ﬂ?o, Yyo) exists if and only if the one-dimensional
function = — f(z,yo) is differentiable at xy. But this function is Lipschitz
continuous (this is inherited from the Lipschitz continuity of f), and so we
see that for each fixed yp € R4™!, the set E% := {9 € R : (v0,0) € E} is
a null set in R. Applying Tonelli’s theorem for sets (Corollary [L7.19), we
conclude that F is a null set as required.

We would like to now conclude that |J,cga Ev is a null set, but there
are uncountably many v’s, so this is not directly possible. However, as
Q? is rational, we can at least assert that E := UveQd E, is a null set. In
particular, for almost every zg € R%, f is directionally differentiable in every
rational direction v € Q¢.

Now we perform an important trick, in which we interpret the directional
derivative D, f as a weak derivative. We already know that D, f is almost
everywhere defined, bounded and measurable. Now let g: R — R be
any function that is compactly supported and Lipschitz continuous. We
investigate the integral

Dy f(x)g(x) da.
Rd

This integral is absolutely convergent since D, f(z) is bounded and measur-
able, and g(z) is continuous and compactly supported, hence bounded. We
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expand this out as

Rd h—0;heR\{0} h
Note (from the Lipschitz nature of f) that the expression w g(z)

is bounded uniformly in h and z, and is also uniformly compactly supported
in z for h in a bounded set. We may thus apply the dominated convergence
theorem (Theorem [[L4.48)) to pull the limit out of the integral to obtain

f(z 4+ hv) — f(z)
hﬁ\O;hlgéi\{O} R h 9() dz.

Now, from translation invariance of the Lebesgue integral (Exercise [L3.15)
we have

/ f(x+ hv)g(x) doe = / f(x)g(x — hv) dx
RA Rd

and so (by the linearity of the Lebesgue integral) we may rearrange the
previous expression as

lim / f(x)g(x — ) = 9(x) dx.

h—0;R€R\{0} JRd h

Now, as ¢ is Lipschitz, we know that M is uniformly bounded

and converges pointwise almost everywhere to D_,g(x) as h — 0. We may
thus apply the dominated convergence theorem again and end up with the
integration by parts formula

(2.4) Dyf(2)g(z) da = / F(@)D_vg(x) da

R

This formula moves the directional derivative operator D, from f over to
g. At present, this does not look like much of an advantage, because g is
the same sort of function that f is. However, the key point is that we can
choose g to be whatever we please, whereas f is fixed. In particular, we can
choose g to be a compactly supported, continuously differentiable function
(such functions are Lipschitz from the fundamental theorem of calculus, as
their derivatives are bounded). By Exercise [2.2.3] one has D_,g = —v - Vg
for such functions, and so

Duf@)g(e) de = | f(a)(v- Va)(x) de.

The right-hand side is linear in v, and so the left-hand side must be linear
in v also. In particular, if v = (v1,...,v4), then we have

Rd

Rd

d
D, f(x)g(z) dx = jz:;vj /Rd De, f(z)g(w) dz
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If we define the gradient candidate function

V@) i= (Daf(@)-o Deaf (@) = (5 @), o5 @)

(note that this function is well defined almost everywhere, even though we
don’t know yet whether f is totally differentiable almost everywhere), we
thus have

/ (Duf —v-Vf)(2)g(x) dz =0
Rd

for all compactly supported, continuously differentiable g. This implies (see
Exercise 2.2.5] below) that F, := D, f — v - V f vanishes almost everywhere,
thus (by countable subadditivity) we have

(2.5) D, f(z0) = v -V f(x0)

for almost every zo € R% and every v € Q4.

Let 9 be such that (ZF) holds for all v € QY. We claim that this
forces f to be totally differentiable at xg, which would give the claim. Let
F: R? — R? be the modified function

F(h) == f(zo+h) — f(zo) — h -V [f(x0).
Our objective is to show that

li F(h)|/|h| = 0.
oo g [PV

On the other hand, we have F'(0) = 0, F' is Lipschitz, and from (2.1) we see
that D,F(0) = 0 for every v € Q%.

Let ¢ > 0, and suppose that h € R%\{0}. Then we can write h = ru
where 7 := |h| and u := h/|h| lies on the unit sphere. This u need not lie
in Q?, but we can approximate it by some vector v € Q¢ with |u — v| < e.
Furthermore, by the total boundedness of the unit sphere, we can make v
lie in a finite subset V. of Q¢ that only depends on ¢ (and on d).

Since D,F(0) = 0 for all v € V., we see (by making |h| small enough
depending on V) that we have

|F(rv) — F(0)

| <e
r

for all v € V, and thus
|F(rv)| < er.
On the other hand, from the Lipschitz nature of F', we have
|F(ru) — F(rv)| < Crju —v| < Cre
where C is the Lipschitz constant of F'. As h = ru, we conclude that

|F(h)| < (C+ 1)re.
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In other words, we have shown that
[F(R)|/Ih] < (C + 1)e

whenever |h| is sufficiently small depending on . Letting ¢ — 0, we obtain
the claim. O

Exercise 2.2.5. Let F': R? — R be a locally integrable function with the
property that fRd F(x)g(x) dv = 0 whenever ¢ is a compactly supported,
continuously differentiable function. Show that F' is zero almost everywhere.
(Hint: If not, use the Lebesgue differentiation theorem to find a Lebesgue
point zp of F for which F(zg) # 0, then pick a g which is supported in a
sufficiently small neighbourhood of z.)

2.3. Probability spaces

In this section we isolate an important special type of measure space, namely
a probability space. As the name suggests, these spaces are of fundamental
importance in the foundations of probability, although it should be empha-
sised that probability theory should not be viewed as the study of probability
spaces, as these are merely models for the true objects of study of that the-
ory, namely the behaviour of random events and random variables. This
text will, however, not be focused on applications to probability theory.

Definition 2.3.1 (Probability space). A probability space is a measure space
(Q,F,P) of total measure 1: P(Q2) = 1. The measure P is known as a
probability measure.

Note the change of notation: whereas measure spaces are traditionally
denoted by symbols such as (X, B, 1), probability spaces are traditionally
denoted by symbols such as (2, F,P). Of course, such notational changes
have no impact on the underlying mathematical formalism, but they reflect
the different cultures of measure theory and probability theory. In particu-
lar, the various components €2, F, P carry the following interpretations in
probability theory, that are absent in other applications of measure theory:

(i) The space 2 is known as the sample space, and is interpreted as
the set of all possible states w € ) that a random system could be
in.

(ii) The o-algebra F is known as the event space, and is interpreted as
the set of all possible events E € F that one can measure.

(iii) The measure P(F) of an event is known as the probability of that
event.

The various axioms of a probability space then formalise the foundational
axioms of probability, as set out by Kolmogorov.
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Example 2.3.2 (Normalised measure). Given any measure space (X, B, i)
with 0 < p(X) < 400, the space (X, B, ﬁu) is a probability space. For
instance, if ) is a non-empty finite set with the discrete o-algebra 2 and
the counting measure #, then the normalised counting measure ﬁ# is a
probability measure (known as the (discrete) uniform probability measure
on ), and (£2,2%, ﬁ#) is a probability space. In probability theory, this
probability space models the act of drawing an element of the discrete set
Q uniformly at random.

Similarly, if @ C R? is a Lebesgue measurable set of positive finite
Lebesgue measure, 0 < m(Q) < oo, then (Q, LR |q, ﬁm lo) is a
probability space. The probability measure mLQ)m lo is known as the (con-
tinuous) uniform probability measure on 2. In probability theory, this prob-
ability spaces models the act of drawing an element of the continuous set (2

uniformly at random.

Example 2.3.3 (Discrete and continuous probability measures). If Q is
a (possibly infinite) non-empty set with the discrete o-algebra 2%, and if
(Pw)weq are a collection of real numbers in [0,1] with ) _qp, = 1, then
the probability measure P defined by P := 3" ¢ pudw, or in other words,

P(E):= > pu,

weE

is indeed a probability measure, and (2, 28 P) is a probability space. The
function w — p,, is known as the (discrete) probability distribution of the
state variable w.

Similarly, if Q is a Lebesgue measurable subset of R of positive (and
possibly infinite) measure, and f: Q — [0,400] is a Lebesgue measurable
function on © (where of course we restrict the Lebesgue measure space on
R? to Q in the usual fashion) with [, f(z) dz = 1, then (€2, L[RY] |, P) is
a probability space, where P := my is the measure

P(E) :—/QlE(ac)f(x) dx = /Ef(x) dx.

The function f is known as the (continuous) probability density of the state
variable w. (This density is not quite unique, since one can modify it on a
set of probability zero, but it is well defined up to this ambiguity. See §1.2
of An epsilon of room, Vol. I for further discussion.)

Exercise 2.3.1 (No translation-invariant random integer). Show that there
is no probability measure P on the integers Z with the discrete o-algebra 2%
with the translation-invariance property P(E + n) = P(FE) for every event
E € 2% and every integer n.
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Exercise 2.3.2 (No translation-invariant random real). Show that there is
no probability measure P on the reals R with the Lebesgue o-algebra L[R)]
with the translation-invariance property P(E + z) = P(F) for every event
E € L|R] and every real x.

Many concepts in measure theory are of importance in probability the-
ory, although the terminology is changed to reflect the different perspective
on the subject. For instance, the notion of a property holding almost every-
where is now replaced with that of a property holding almost surely. A mea-
surable function is now referred to as a random variable and is often denoted
by symbols such as X, and the integral of that function on the probability
space (if the random variable is unsigned or absolutely convergent) is known
as the expectation of that random variable, and is denoted E(X). Thus, for
instance, the Borel-Cantelli lemma (Exercise [L4.43]) now reads as follows:
Given any sequence E1, Es, Es, ... of events such that Y > | P(E,) < oo, it
is almost surely true that at most finitely many of these events hold. In a
similar spirit, Markov’s inequality (Exercise [[Z4.35|vi)) becomes the asser-
tion that P(X > \) < %EX for any non-negative random variable X and
any 0 < A < oo.

2.4. Infinite product spaces and the Kolmogorov extension
theorem

In Section [[.7.4 we considered the product of two sets, measurable spaces, or
(o-finite) measure spaces. We now consider how to generalise this concept
to products of more than two such spaces. The axioms of set theory allow
us to form a Cartesian product X := [] .4 Xa of any family (X4 )aea of
sets indexed by another set A, which consists of the space of all tuples x4 =
(Za)aca indexed by A, for which z, € X, for all « € A. This concept allows
for a succinct formulation of the aziom of choice (Axiom [0L0.4]), namely that
an arbitrary Cartesian product of non-empty sets remains non-empty.

For any 8 € A, we have the coordinate projection maps mg: X4 —
X3 defined by m3((2a)aca) := x3. More generally, given any B C A, we
define the partial projections mg: X4 — Xp to the partial product space
XB = [laeg Xa by m8((ZTa)aca) := (Za)aep. More generally still, given
two subsets C' C B C A, we have the partial sub-projections m¢.g: Xp —
Xc¢ defined by 7o p((%a)acB) = (Za)acc. These partial subprojections
obey the composition law n7p. comcep:=npepforal DCcCCBCA
(and thus form a very simple example of a category).

As before, given any o-algebra Bg on Xg, we can pull it back by 7g to
create a o-algebra

w5 (Bg) := {5 (Ep) : Eg € Bg}
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on X 4. One easily verifies that this is indeed a o-algebra. Informally, WE(BQ)
describes those sets (or “events”, if one is thinking in probabilistic terms)
that depend only on the xg coordinate of the state x4 = (%a)aca, and
whose dependence on x3 is Bg-measurable. We can then define the product
o-algebra

I1 85 = (J 75(Bs)).

BeA BeA

We have a generalisation of Exercise [L7.18

Exercise 2.4.1. Let ((X4,Ba))aca be a family of measurable spaces. For
any B C A, write Bp := [[ 4 Bs-

(1) Show that B4 is the coarsest o-algebra on X 4 that makes the pro-
jection maps mg measurable morphisms for all 8 € A.

(2) Show that for each B C A, that 7p is a measurable morphism from
(X4,B4) to (Xp, Bp).

(3) If E in B4, show that there exists an at most countable set B C A
and a set Ep € Bp such that E4 = 7r]§1(EB). Informally, this as-
serts that a measurable event can only depend on at most countably
many of the coefficients.

(4) If f: Xa — [0,+00] is Ba-measurable, show that there exists
an at most countable set B € A and a Bp-measurable function
fB: Xp — [0,+00] such that f = fgomp.

(5) If A is at most countable, show that B4 is the o-algebra generated
by the sets [[5c4 £ with Eg € Bg for all 8 € A.

(6) On the other hand, show that if A is uncountable and the B, are
all non-trivial, show that B4 is not the o-algebra generated by sets

7Y IfBC A, E € By,and x4 g € X4\ g, show that theset E, . . p:=
\ \ A\B>
{zp € Xp : (vB,z2\B) € E} lies in Bp, where we identify Xp x
X a\p with X4 in the obvious manner.

(8) If BC A, f: Xa — [0, +00] is Ba-measurable, and x4\ g € X a\p;
show that the function fz,, ;B : 2 = f(zp,za\p) is Bp-measur-
able.
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Now we consider the problem of constructing a measure p4 on the prod-
uct space X4. Any such measure pug will induce pushforward measures
i = (mB)«pa on Xp (introduced in Exercise [L4.37T), thus

18(Eg) = pa(r;' (Ep))

for all Ep € Bp. These measures obey the compatibility relation

(2.6) (TowB)«ktB = pic
whenever C' C B C A, as can be easily seen by chasing the definitions.

One can then ask whether one can reconstruct 4 from just the projec-
tions pp to finite subsets B. This is possible in the important special case
when the pp (and hence p4) are probability measures, provided one im-
poses an additional inner reqularity hypothesis on the measures up. More
precisely:

Definition 2.4.1 (Inner regularity). A (metrisable) inner regular measure
space (X, B, i, d) is a measure space (X, B, ) equipped with a metric d such
that:

(1) Every compact set is measurable; and

(2) One has u(E) = supgcp i compact #(K) for all measurable E.

We say that u is inner reqular if it is associated to an inner regular measure
space.

Thus, for instance, Lebesgue measure is inner regular, as are Dirac mea-
sures and counting measures. Indeed, most measures that one actually en-
counters in applications will be inner regular. For instance, any finite Borel
measure on R? (or more generally, on a locally compact, o-compact space)
is inner regular, as is any Radon measure; see §1.10 of An epsilon of room,

Vol. I

Remark 2.4.2. One can generalise the concept of an inner regular measure
space to one which is given by a topology rather than a metric; Kolmogorov’s
extension theorem still holds in this more general setting, but requires Ty-
chonoff’s theorem, which is discussed in §1.8 of An epsilon of room, Vol.
1. However, some minimal regularity hypotheses of a topological nature are
needed to make the Kolmogorov extension theorem work, although this is
usually not a severe restriction in practice.

Theorem 2.4.3 (Kolmogorov extension theorem). Let ((Xa,Ba), Fa)aca
be a family of measurable spaces (Xq,By), equipped with a topology F.
For each finite B C A, let up be an inner regular probability measure on
Bp := [l ep Ba with the product topology Fp := [],cpFa, obeying the
compatibility condition (2.6]) whenever C C B C A are two nested finite
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subsets of A. Then there exists a unique probability measure pa on Ba with
the property that (7g)«pua = pp for all finite B C A.

Proof. Our main tool here will be the Hahn-Kolmogorov extension theorem
for pre-measures (Theorem [[L7.])), combined with the Heine-Borel theorem.

Let By be the set of all subsets of X4 that are of the form wgl(EB) for
some finite B C A and some Ep € Bg. One easily verifies that this is a
Boolean algebra that is contained in B4. We define a function pg: By —
[0, +00] by setting

po(E) = pp(Ep)
whenever E takes the form 75'(Ep) for some finite B C A and Ep €
Bp. Note that a set F € By may have two different representations F =
75 (Ep) = ng (Ep) for some finite B, B’ C A, but then one must have

Ep = mepup(Epup) and Ep = mppup (Epup), where Epup =
mpup (F). Applying ([26]), we see that

pwB(EB) = ppup (EBup’)
and

pp (Ep) = ppup (Epup’)
and thus pp(Ep) = up/(Ep). This shows that uo(F) is well defined. As
the pp are probability measures, we see that puo(X4) = 1.

It is not difficult to see that g is finitely additive. We now claim that
1o is a pre-measure. In other words, we claim that if F € By is the disjoint
countable union E = | J;2 | E,, of sets E,, € By, then po(E) = > 2 po(Ey).

For each N > 1, let Fy := E\ Uizvzl Ex. Then the Fy lie in By, are
decreasing, and are such that (\y_; Fy = (. By finite additivity (and the
finiteness of (), we see that it suffices to show that limy_,~ po(Fn) = 0.

Suppose this is not the case, then there exists € > 0 such that po(Fn) > €
for all N. As each Fy lies in By, we have Fy = ngl\r(GN) for some finite
sets By C A and some Bp,-measurable sets Gy. By enlarging each By as
necessary we may assume that the By are increasing in N. The decreasing
nature of the Fy then gives the inclusions

GN+1 C Ty by, (GN)-
By inner regularity, one can find a compact subset K of each G such that
By (KN) > ppy (Gr) —e/2VH,

Now, if we set
N

-1
Ky = Tr ey (EN)s
N'=1
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then we see that each Ky is compact and

pey (KN) > ppy (Gy) —e/2V > e —c/2V.

In particular, the sets K are non-empty. By construction, we also have the
inclusions
/ -1 !/
Ky C 7TBN<_BN+1(KN)
and thus the sets Hy := n5 (K) are decreasing in N. On the other hand,
By \BN
since these sets are contained in Fi, we have (\y_; Hyv = 0.

By the axiom of choice, we can select an element zny € Hy from Hy
for each N. Observe that for any Ny, that TBy, (zn) will lie in the compact
set K ],Vo whenever N > Ny. Applying the Heine-Borel theorem repeatedly,
we may thus find a subsequence xy, ,, of the xy for m = 1,2,... such
that g, (v, ,,) converges; then we can find a further subsequence xy,,, of
that subsequence such that 7p,(2n,,,), and more generally obtain nested
subsequences xy;,, for m = 1,2,... and j = 1,2,... such that for each
Jj=1,2,..., the sequence m + 7p,(zn;,,) converges.

Now we use the diagonalisation trick. Consider the sequence zy,,,, =
(Ym,a)aca for m = 1,2,.... By construction, we see that for each j,
7B, (TN,,,,) converges to a limit as m — oo. This implies that for each
a € U721 Bjs Ym,a converges to a limit yo as m — oo. As K is closed, we
see that (Ya)aen; € Kj for each j. Now, if we extend y, arbitrarily from
a € ;2 Bj to a € A, then the point y := (ya)aea lies in Hj for each j. But
this contradicts the fact that (\y_; Hy = 0. This contradiction completes
the proof that pg is a pre-measure.

If we then let p be the Hahn-Kolmogorov extension of g, one easily

verifies that p obeys all the required properties, and the uniqueness follows
from Exercise [L7.7 O

The Kolmogorov extension theorem is a fundamental tool in the foun-
dations of probability theory, as it allows one to construct a probability
space to hold a variety of random processes (X;)ier, both in the discrete
case (when the set of times 7" is something like the integers Z) and in the
continuous case (when the set of times T' is something like R). In particu-
lar, it can be used to rigorously construct a process for Brownian motion,
known as the Wiener process. We will, however, not focus on this topic,
which can be found in many graduate probability texts. But we will give
one common special case of the Kolmogorov extension theorem, which is to
construct product probability measures:
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Theorem 2.4.4 (Existence of product measures). Let A be an arbitrary
set. For each o € A, let (Xo, Ba, 1) be a probability space in which X, is
a locally compact, o-compact metric space, with B, being its Borel o-algebra
(i.e. the o-algebra generated by the open sets). Then there exists a unique

probability measure pa = [[oeatta on (Xa,Ba) == ([Ioca Xa> [[oca Ba)

with the property that
:U’A(H Ea) - H Ma(Ea)
a€cA acA

whenever E, € B, for each o € A, and one has E, = X, for all but finitely
many of the a.

Proof. We apply the Kolmogorov extension theorem to the finite product
measures pp = [[,ep Mo for finite B C A, which can be constructed using
the machinery in Section [[.7.4l These are Borel probability measures on
a locally compact, o-compact space and are thus inner regular (see §1.10
of An epsilon of room, Vol. I). The compatibility condition (2.0 can be
verified from the uniqueness properties of finite product measures. O

Remark 2.4.5. This result can also be obtained from the Riesz represen-
tation theorem, which is covered in §1.10 of An epsilon of room, Vol. L

Example 2.4.6 (Bernoulli cube). Let A := N, and for each o € A, let
(Xa, Ba, tta) be the two-element set X, = {0,1} with the discrete metric
(and thus discrete o-algebra) and the uniform probability measure p,. Then
Theorem [2.4.4] gives a probability measure p on the infinite discrete cube
X4 :={0,1}N, known as the (uniform) Bernoulli measure on this cube. The
coordinate functions m,: X4 — {0, 1} can then be interpreted as a countable
sequence of random variables taking values in {0,1}. From the properties
of product measure one can easily check that these random variables are
uniformly distributed on {0,1} and are jointly independent@. Informally,
Bernoulli measure allows one to model an infinite number of “coin flips”.
One can replace the natural numbers here by any other index set, and have
a similar construction.

Example 2.4.7 (Continuous cube). We repeat the previous example, but
replace {0,1} with the unit interval [0, 1] (with the usual metric, the Borel
o-algebra, and the uniform probability measure). This gives a probability
measure on the infinite continuous cube [0, 1]N, and the coordinate functions
To: XA — [0,1] can now be interpreted as jointly independent random
variables, each having the uniform distribution on [0, 1].

2A family of random variables (Yu)aca is said to be jointly independent if one has
P(AycpYa € Ea) = [Iaep P(Ya € Eq) for every finite subset B of A and every collection
E, of measurable sets in the range of Y.
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Example 2.4.8 (Independent gaussians). We repeat the previous example,
but now replace [0,1] with R (with the usual metric, and the Borel o-
algebra), and the normal probability distribution du, = #e‘xz/ 2 dx (thus
,U/oc(E) — fE \/%_ﬂ—e—:ﬂ/2
space that supports a countable sequence of jointly independent gaussian
random variables 7.

dz for every Borel set E). This gives a probability
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