Real Analysis

Introduction Dr Nikolai Chernov'

In Calculus, a definite integral fab f(z)dz is computed by dividing the interval
I = [a,b] into small subintervals Iy,. .., I, and approximating
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Here |I;| denotes the length of /; and x; is any point in I;. The limit, as the lengths
of each I; approaches zero, gives the exact value of fab f(z)dx.

Examples: In mechanics, if f(x) is the density (mass per unit length) of a rod
[a, b] then f: f(x) dzx is the total mass of the rod. In probability theory, if f(z) is

the density of a 1D probability distribution then f: f(z) dz is the total probability
on the interval [a, b].

Similarly, a definite double integral [/ rJ(x,y)drdy over a rectangle
R = [ay,b1] X [ag, by is computed by partitioning R into small subrectangles
Ry, ..., R, , choosing any (x;,y;) € R; for i = 1,...,n , and approximating
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Here (z;,y;) is any point in R;. The limit, as the area of each R; approaches zero,
gives the exact value of [ f(z,y)dz dy

Examples: In mechanics, if f(z,y) is the density (mass per unit area) of a rect-
angular plate R, then ffR f(z,y) dz dy is the total mass of the plate. In probability,
if f(x,y) is the density of a 2D probability distribution, then [[, f(z,y) dzdy is
the total probability over the rectangle R.

!Formatting and illustrations by Michael Pogwizd.
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In the studies of probabilities, we often need to replace a 1D interval or 2D
rectangle with other objects that can be more complicated. So it becomes necessary
to generalize the notion of definite integral.

What is common between the above two examples? A function f has a domain
D (an interval or a rectangle) that can be divided into smaller pieces D;, and
each piece is measured by a positive number (its length or area), the smaller the
piece the smaller its measure. The measure of the whole domain D is the sum of
measures of its pieces:

w(D) =" (D)

where p denotes that measure (the length or area). The integral can then be
approximated by

Z f(z:) p(Dy)
i=1
where z; is a point in D;.

The purpose of Real Analysis is to develop a machinery (a theoretical appara-
tus) for integrating functions on arbitrary domains. We will generalize the “length
of a line interval” and the “area of a rectangle” to an abstract notion of a “mea-
sure of an arbitrary set”. And we will learn how to integrate functions on arbitrary
domains.

The following chart summarizes the basic goals and terms of Real Analysis:

1D 2D General
Interval 1 Rectangle R = Space X
Length Area = Measure g
Integral | Double Integral Lebesgue Integral
[Lfdr | [fyfeydedy || [y fd

The theory of (abstract) measures and Lebesgue integration provides a solid
foundation for modern Probability Theory. A good knowledge of Real Analysis is
an absolute must for anyone who plans to do research in Dynamical Systems or
Mathematical Physics.



Lebesgue measure in R and R?: basic constructions

DEFINITION 1.1. An interval I C R is a set of the form [a, b] or [a,b) or (a,b] or
(a,b), where a < b are real numbers. Its length is |[I| =b—a

e Including or excluding the endpoints of the interval does not affect its length.

e Notation: AW B always means disjoint union of two sets A and B i.e., such that
AN B = (. Furthermore, W2° A, always means the union of pairwise disjoint sets
Ay, i.e., such that A, N A, = 0 for all m # n.

Lemma 1.2. I[f I =w)_ I, then |I| = N |1,

Proof. It N = 2 and ¢ is the common endpoint of I; and Iy, then || 4 |I3]| =
(b—c)+ (c—a)=b—a=|I|. For N > 2 use induction. 0

DEFINITION 1.3. A (linear) elementary set is a finite union of disjoint intervals.
ie. J=wN_ I, The total length of Jis |J| = SN |I,|

e [, are not necessarily adjacent intervals, there may be gaps in between.

DEFINITION 1.4. A rectangle R C R? is a set of the form R = I, x I,, where
I, I, are intervals. The area of a rectangle is Area(R) = |[1| X |3

e We only consider rectangles with horizontal and vertical sides.

e Including or excluding the sides of the rectangles does not affect their areas.

Lemma 1.5. If R =wN_ R, then Area(R) = Y.V Arca(R,,).

Proof. For N = 2 the proof is a trivial calculation. For N > 2 we first need to
extend the sides of R,,’s so that they run completely across R (see Figure 1). This
causes partitioning of some of the R,’s into smaller rectangles, which can be done
one by one and using the already proved version of the lemma for N = 2. In the
end we get a partition of R by k1 > 1 vertical lines and ko > 1 horizontal lines (like
a grid). Now the proof is a simple calculation using Lemma 1.2.

O
R R Figure 1: A partition of a rectangle into
s smaller rectangles. Inner sides are extended

so that they run completely across R (top
to bottom and left to right).




DEFINITION 1.6. A (planar) elementary set is a finite union of disjoint rectan-
gles, i.e. B =W R;. The area of an elementary set is Area(B) = Y., Area(R;)

Theorem 1.7.

(a) The length of a linear elementary set does not depend on how it is partitioned
into disjoint intervals.

(b) The area of a planar elementary set does not depend on how it is partitioned
into disjoint rectangles.

Proof. We prove part (b). Let B = U1 R; and B = UJ"| R’ be two partitions of
an elementary set B into rectangles. Note that for each pair 4,5 the intersection
Rij = R;N R; is a rectangle (which maybe empty). Now by Lemma 1.5:

n

En: Area(R; Z Z Area(R;;) i Z Area(R;;) Z Area(RY).
i=1

=1 j=1 7j=1 =1

The easier part (a) is left as an exercise. 0

Corollary 1.8.
(a) If J =Wl J; is a finite union of disjoint linear elementary sets, then

|J] = ; | Ji|
(b) If B=W!,B; is a finite union of disjoint planar elementary sets, then
Area(B) = Y Area(B;)
i=1

Theorem 1.9. Finite unions, intersections and differences of elementary sets are

elementary sets.
Proof. A direct inspection. We omit details. 0
e A countable union of elementary sets is not necessarily an elementary set.

EXERCISE 1. Show that the open disk 22 + y? < 1 is a countable union of planar elementary
sets. Show that the closed disk 22 + 4% < 1 is a countable intersection of planar elementary sets.



DEeFINITION 1.10. A ring is a nonempty collection of subsets of a set X closed
under finite unions, intersections and differences.

DEFINITION 1.11. An algebra is a ring containing X itself.

EXAMPLE 1. Linear elementary sets J C R make a ring. Planar elementary sets B C R?
make a ring.

EXAMPLE 2. Linear elementary sets J C R do not make an algebra. If we consider all

finite unions of finite intervals and infinite intervals, then we will get an algebra. (An
infinite interval is a set [a, o) or (a,00) or (—o0,a] or (—oo, a), where a € R'. The real
line R! itself is also an infinite interval.)

Theorem 1.12.
(a) If a linear elementary set J is covered by intervals Iy, ..., I,

(i.e. JC UML), then |J| <> |
i=1

(b) If a planar elementary set B is covered by rectangles Ry, ..., R,
(i.e. B C U R;), then Area(B) < > Area(R;)
i=1

Proof. We prove (b). By Theorem 1.9, By = BN Ry and B; = BN (R; \ Uj_ | Ry)
are elementary sets. Obviously, B; C R;, hence Area(B;) < Area(R;). Since B; are
disjoint and B = W} B;, we have

Area(B) 13 ZArea(B,-) < ZArea(Ri).
i=1 i=1

The easier part (a) is left as an exercise.

[]

Next we generalize the concepts of length in R! and area in R%. This can be
done in parallel, as above, but for the sake of brevity we only do it for the 2D case
(i.e., for the area in R?). The conversion of all our definitions and theorems to the
simpler 1D case is left as an exercise.

For convenience, we want to avoid infinite areas at early stages of our construc-
tions. In this section we just fix a large finite rectangle X C R? and only consider
subsets A C X. Note that elementary sets B C X make an algebra (because X is
an elementary set).



DEFINITION 1.13. The outer measure of a set A C X is

u*(A) = inf { 2 Area(Ri)}

where the infimum is taken over all countable covers of A by rectangles.
(That is, such that A C U2, R;.)

o 1*(A) < Area(X) (we can use countable cover {X,0,0,...})
o 1*(B) < Area(B) (if B = W, R;, then we can use countable cover {Ry,...,Ry,,0,0,...})

X X

Figure 2: Visualization for calculating the outer measure of a set A in X

The following theorem is the first non-trivial fact of Real Analysis:
Theorem 1.14. For any elementary set B C X we have u*(B) = Area(B).

Proof. Suppose, by way of contradiction, that u*(B) < Area(B)

Let 6 = Area(B) — u*(B) > 0. There is a countable cover of B by rectangles
B C U2  R; such that 7, Area(R;) < Area(B) — §/2.

Lemma. For any rectangle R and any € > 0 there is an open covering rectangle R O R
such that Area(R'\ R) < ¢ and a closed subrectangle R C R such that Area(R\ R") < e.
Similar statements hold for elementary sets.

(Proof is a simple topology exercise and is omitted.)

Thus we can find a closed elementary subset B’ C B with Area(B’) >
Area(B) — 0/4. For each R; we can find an open covering rectangle R, D R; such
that Area(R.) < Area(R;) + 6/2°2. Now

Z Area(R}) < Z Area(R;) +6/4 < Area(B').
i=1 i=1

Since B’ is compact and covered by a countable union of open sets R;, there exists
a finite subcover, i.e., B’ C U | R} for some n < co. According to Theorem 1.12
>, Area(R!) > Area(B’), a contradiction. -



Theorem 1.15. If A; C A, then p*(Ay) < p*(As)

Proof. Any countable cover of A; by rectangles is also a cover for As. 0

Theorem 1.16. If A C |J;_, A;, then p*(A) < >0 u*(A;)
This property is called subadditivity.

Proof. We can combine countable covers of Ay,..., A, into one countable cover of
A. (Recall that a finite union of countable sets is countable.) 0
Theorem 1.17. If A C U2, A;, then p*(A) <372, w*(A;)
This property is called o-subadditivity.
Proof. We can combine countable covers of Ay, As, ... into one countable cover of
A. (Recall that a countable union of countable sets is countable.) 0

Corollary 1.18. If B C U2, B;, where B and all B;’s are elementary sets, then
Area(B) <Y 2, Area(B;).

Proof. Combine Theorem 1.17 and Theorem 1.14.

DEFINITION 1.19. The inner measure of a set A C X is
pe(A) = Area(X) — p*(A°)
where A¢ = X \ A is the complement of A.

Note: The inner measure can be thought as the 'opposite’ of the outer measure. The
following is a way to visualize it: Cover X \ A with a countable number of rectangles (as
with the outer measure). The complements of these rectangles are seen to be within A.

X X X X

= = =




Theorem 1.20. For any set A C X we have 0 < pu,(A) < p*(A) < Area(X).

Proof. The only non-trivial claim here is p.(A) < p*(A4) By Definition 1.19, this
is equivalent to Area(X) — pu*(A°) < p*(A) ie. p*(A)+ p*(A°) > Area(X).
This follows from Theorem 1.16. 0

DEFINITION 1.21. A set A C X is measurable iff pu.(A) = p*(A)

The Lebesgue measure is defined by m(A) = p.(A) = pu*(A )

Lemma 1.22. A set A C X is measurable if and only if
1 (A) + p(A%) = Area(X),

Proof. By Definition 1.19, the relation u.(A) = p*(A) is equivalent to Area(X) —
w* (A% = p*(A), which is the same as p*(A) + p*(A°) = Area(X). 0

e The symmetry above implies: A is measurable < A° is measurable

Theorem 1.23. Fvery elementary set B C X 1is measurable and its Lebesque
measure is equal to its area, i.e. m(B) = Area(B).

Proof. 1If B is an elementary set, then B¢ = X \ B is also an elementary set. Now
the result follows from Theorem 1.14, Corollary 1.8, and Lemma 1.22. 0

e An empty set is measurable and m(()) = 0

EXERCISE 2. Prove that every countable set A C X is measurable and m(A) = 0.
EXERCISE 3. Let A C X consist of points (z,y) such that either z or y is a rational number. Is

A measurable? What is its Lebesgue measure?

Lemma 1.24. For any two sets Ay, Ay C X (not necessarily measurable), we have

| (Ar) — " (A)] < w7 (A1AA,)

Proof. Recall that AjAAs = (A1 \ A2) U (A2 \ Ay).
By Theorem 1.16 and Theorem 1.15:
P (A1) < p (AN Az) + 17 (Ar\ Az) < p7(A2) + 1" (A1AA).
Similarly, p*(Az2) < p* (A1) + p*(A1AAs). 0



Theorem 1.25. (Approximation) A set A C X is measurable if and only if for
any € > 0 there exists an elementary set B. C X such that p*(AAB.) < e

Proof.  (See Figure 3 for visualization of theorem)

Note: In this case we also have |m(A) — Area(B;)| < € by Lemma 1.24

Suppose Ve >0 3B, C X (elementary set) s.t. p*(AAB.) <e¢
Since A°AB¢ = AAB., we have p*(A°AB¢) = u*(AAB;) <e

* 1.14 |« * 1.24 *
1 (A) — Area(B.)| "2 |17 (4) = p*(B.)| € p*(AAB.) <
Thus we have: |u*(A) — Area(B:)| <e and |pu*(A°) — Area(BfS)| < e
Using the triangle inequality, we get
1 (A) + i (A°) — Area(X)| < |u*(A) — Area(B.)| + " (A°) — Area(B)| < 2¢

Since this is true for any € > 0, we must have p*(A)+ p*(A°) = Area(X)
Lemma 1.22 now implies that A is a measurable set.

Let ¢ > 0

Let A C X be a measurable set. By Lemma 1.22, A€ is also measurable.
Choose a disjoint countable cover W52 R; D A so that >, Area(R;) < p*(A) + ¢
Choose a disjoint countable cover W32, R; D A° so that ), Area(R}) < p*(A°) +¢

Adding the two covers, we get:

i Area(R;) + iArea(R}) < W (A) 4+ p*(AC) + 2¢ 122 Area(X)+2e. (1)
i=1 j=1
Now IN > 0s.t. Y . yArea(R;) <e¢
Define B=UN R, , T = UpnR; (the “tail’) , §=U2 (BN R))
Note that #*(T) < Y.y Area(R) <c and AAB = (A\ B)U(B\ A)
It is easy to check that A\ BCT and B\ACS
To estimate p*(S) note that

X = (U2 Ri) U (U2, (R} \ B)),

Since all the sets in this formula are elementary sets, using o-subadditivity we get

> Area(R;) + )  Area(Rj\ B) > Area(X) (2)
i=1 J=1



Subtracting (2) from (1) yields

Z Area(R}) — ZArea(R} \ B) = Z Area(R; N B) < 2¢
j=1 j=1 j=1

which shows that p*(S5) < 2e. Therefore
w (AAB) < u*(T) + p*(S) < e+ 2e =3¢

Since ¢ is arbitrary, we conclude: 3B C X (elementary set) s.t. p*(AAB) <e
]

u*(AAE,,)<0.5 u*(AAE,,)<0.1 u*(AAE,,)<0.01
X X

Figure 3: Visualization for Theorem 1.25

Theorem 1.26. Finite unions, intersections and differences of measurable sets
are measurable.

Proof. Routine verification by approximation (Theorem 1.25).
Theorem 1.27. (Additivity) If Ai,..., A, are disjoint measurable sets, then
m (WL A;) = 371, m(4;).

Proof. Again, by approximation (Theorem 1.25).

Theorem 1.28. Countable unions and countable intersections of measurable sets
are measurable.

Proof. Let A= U, A; be a countable union of measurable sets A;, A, .. ..

Define A, = A; \ Uj;llAi, then A = W, Al is a disjoint union of sets that are
measurable by Theorem 1.26. Moreover,

S " m(A]) < p(4) < o0
=1
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so the series ) .2 m(A}) converges.

Let € > 0. Since A}, A, ... are disjoint sets whose total measure is finite, (their union
is a subset of X, which has finite area), we can choose N so that » . ym(A4;) <e.
If we denote T' = U;> y AL, then by Theorem 1.17

W) < 3 (A = 3 m(4) <.

i>N i>N

The set A° = UfilAi is measurable (by Theorem 1.26), so it can be approximated
by an elementary set B such that u*(A°AB;) < ¢. Now

pw(AAB.) < p*(A°AB.) + p*(T) < 2e.

Since € > 0 is arbitrary, the set A is measurable by Approximation (Theorem 1.25).

Finally, countable intersections are complements of countable unions. 0

EXERCISE 4. Prove that every open set A C X is measurable (hint: represent it by a countable
union of rectangles). Prove that every closed set is measurable, too.

Theorem 1.29. (c-additivity) If Ay, Ao, ... are disjoint measurable sets, then
m (W32, 4;) = 377 m(4)

Proof. Note that A = Wi°, A; is a measurable set by Theorem 1.28.
Thus by Theorem 1.17

m(4) = p*(4) < 3w (4) = 3 m(4,).
=1 1

On the other hand: Vn > 1 we have W} ;A; C A, therefore

S m(Ay) = m(w Ay = (W As) S (4) = m(A).
=1

This implies m(A) = > 72, m(4;), as claimed.

11



Theorem 1.30. (Continuity - I) Let Ay D Ay D --- D A, D --- be a se-
quence of measurable sets (called monotonically decreasing sequence). Then
lim,, oo m(A4,) = m(A), where A =N, A,

Proof. Let A, = A; \ Aj4q for all i > 1. Obviously, A, = AW (W2, A})
Hence by Theorem 1.29

m(4,) = m(4) + ) m(4)

Since the series converges, its tail tends to zero as n — co. 0

Theorem 1.31. (Continuity - II) Let Ay C Ay C --- C A, C -+ be a
sequence of measurable sets (called monotonically increasing sequence). Then
lim, oo m(A,) = m(A), where A =U A,

Proof. Let A} = A; and A} = A; \ A;_1 for all i > 2. Obviously, A = W2, A}
Hence by Theorem 1.29

n

m(A,) =) m(A4)) and m(A) =) m(4)
=1

=1

Now the sum of the series is the limit of its partial sums, thus m(A4,) — m(A). 0
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Lebesgue measure in R and R?: some extra facts

First we extend the Lebesgue measure from rectangle X to the entire plane R:

DEFINITION 2.1. A set A C R? is measurable if and only if AN X is measurable
for every rectangle X C R?. Its measure is

m(A) = lim m(ANX,),

n—00

where X,, = [—n,n] X [—n,n| is a growing sequence of rectangles.

e m(A) does not depend on the particular growing sequence of rectangles.

Alternative definition of Lebesgue measure in R2.

We can pave the plane R? with rectangles
Xij={(z,y):i<zx<i+l, j<y<j+1}

and define
m(A) => m(ANXy).

i?j

e m(A) does not depend on a particular pavement of R? by rectangles
e Most theorems proved in Section 1 on rectangle X also hold on entire R?

e m(A) may be infinite (i.e. m(A) = oo for some measurable sets A C R?)

Theorem 2.2. The Lebesque measure is translationally invariant.

i.e. if A C R? is measurable and a € R?, then the set
A+a={z+a:x € A}

is measurable and m(A + a) = m(A).

Proof. 1f R is a rectangle, then R+a is a rectangle, too, and Area(R+a) = Area(R),
so all our constructions are invariant under translations. 0

Lebesgue measure in R.

This can be constructed in R by using intervals (and their length) instead of
rectangles (and area). The Lebesgue measure in R is translationally invariant,
too, i.e. if A is a measurable set and a € R, then the set A+a={z+a: x € A}
is also measurable and m(A + a) = m(A).

13



Next we describe the collection of measurable sets in R and R2.

DEFINITION 2.3. Let X be a set. A g-algebra is an algebra of subsets of X closed
under countable unions and intersections.

The following lemma presents a minimal set of conditions that we need to verify
in order to show that a given collection of sets is a o-algebra:

Lemma 2.4. A non-empty collection M of subsets of X is a o-algebra if two
conditions hold:

(i) Ae M= A° € M, where A°= X \ A;
(11) Al,AQ,... € 93?:>Uf§1AZ Ei)ﬁ.

In other words, a o-algebra is any non-empty collection of subsets of X closed
under complementation and countable unions.

Proof. A straightforward verification. u

DEFINITION 2.5.
Measurable sets in R! make a o-algebra called Lebesgue o-algebra (over a line)
Measurable sets in R? make a o-algebra called Lebesgue o-algebra (over a plane)

Some examples of measurable sets.

Recall open sets in R and R? are measurable. Thus closed sets are also measurable.
Any countable intersection of open sets (called G in topology) is measurable.
Any countable union of closed sets (called F, in topology) is measurable.

In particular, the set of rational numbers in R is measurable. So is the set of
irrational numbers.

The above list of measurable sets is far from complete. The collection of measur-
able sets is very rich (as we will see shortly).

The following example (The Cantor set), is an example of a measurable set with
many interesting properties:

14



Cantor set.

An interesting example of a measurable set is the middle-third Cantor set C. It
is a subset of the unit interval [0,1] C R that has many useful properties. It is
constructed beginning with closed unit interval (Cy = [0, 1]), removing the middle
third open interval

Ci=GCo\ (53 =10,3]U[3,1],

373 3 37
then recursively removing the middle third intervals from each remaining closed
interval:

02 = Cl \ [(%, %) U (Z §>], etc.

909
This results in a decreasing sequence of sets Cy D C; D Cy D --- shown here:
Co |
Cl  — |
C:  — — — —
G m m m m m m m .
Ci nn 11 ifn 11 il 11 il 11

Conn o i i i

A general formula for the set C), is

-SG5

so that (), is a disjoint union of two copies of C,,_; compressed by factor %

The Cantor set is the limit of this procedure, it is defined by

C = lim C, =MNy2,C,

n—oo

We record the following properties of C),’s and C"
e At each step we remove open intervals, so each C,, is a closed set
e The Cantor set C' is a closed set (being an intersection of closed sets)

e Each (), is a linear elementary set (a finite union of intervals)

The length of C,, is decreased by factor 2 at each step: |C,| = 2|C,—|

The length of C,, is, by induction, |C,,| = (2)"

By Continuity-I (Theorem 1.30), m(C) = lim m(C,) = lim (3)" =0

n—o0 n—00

15



Theorem 2.6. If A C X is measurable and m(A) = 0, then every subset A’ C A
is measurable and m(A") = 0.

Proof. By Theorem 1.15, pu*(A") < p*(A) = m(A) = 0, hence p*(A’) = 0. Now by
Theorem 1.20, 0 < u,(A") < p*(A’)=0, hence p.(A’) = 0. -

Ternary description of the Cantor set.

The ternary number system has base 3 and uses three digits: 0, 1, and 2. Points
x € (0,1) are described in the ternary system by x = .didyds--- where d;’s are
ternary digits (0, 1, 2). For example,

5 = (.1000000 - - - )sernary L= (1111111 - )sernary
If z € (0, %), then d; =0; ifz e (%, %), then d; =1; ifx e (%, 1), then d; = 2.

To use this in construction of the Cantor set, Step 1 would be to remove all numbers
with d; = 1. Similarly, Step 2 would remove all the numbers with dy = 1, etc.
Repeating these steps this leads to the removal of all numbers x € (0,1) whose
ternary representation z = .dydsds - - - contains at least one 1.

Thus, the Cantor set C' consists exactly of the numbers z € (0,1) whose ternary
representation x = .dydyds - - - do not include 1’s, i.e., consist of 0’s and 2’s only.

Note: the number x = % does belong to the Cantor set, even though its ternary
representation (.1000000 - - )iernary given above contains a 1. Why? Because this
number has two ternary representations; the other (which has no 1’s) is

3 = (.0222222222 - - - Jsernary-

From this, the description of the Cantor set should be as follows: x € C'if and
only if  can be represented in the ternary system by a sequence of zeros and twos.

Which numbers z € (0,1) have multiple ternary representations? Only rational

numbers r = 3% where n > 1 and 1 < m < 3" — 1. These number have exactly

two ternary representations, one ends with zeros and the other ends with twos.

A question arises: how many numbers are in the Cantor set C'?7 Obviously, the
endpoints of the intervals making C), will remain in C. Those are rational numbers
T = Sﬂ where n > 1 and 1 < m < 3" — 1. But there are many more numbers in

n

C, as we will see later.
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Recall some basic definitions and facts from set theory:

Cardinality.

Two sets A and B have the same cardinality if there is a bijection ¢: A <> B
We write card(A) = card(B).

A set A has cardinality smaller than that of B, card(A) < card(B), if there is an
injection ¢: A — B but not vice versa.

e For finite sets A and B, the relation card(A) = card(B) holds if and only if they have
the same number of elements.

e ‘Same cardinality’ is an equivalence relations. Thus all sets of the same cardinality
make an (equivalence) class.

The following two theorems are cited without proof:

Theorem 2.7. For any two sets A and B there is either an injection A — B, or
an injection B — A, or both.

Theorem 2.8. (Cantor-Bernstein-Schroeder)

If there is an injection A — B and an injection B — A, then there is a bijection
A < B, i.e., card(A) = card(B).

e Thus, for any two sets A and B there are three possibilities:
card(A) = card(B) or card(A) > card(B) or card(A) < card(B)

e Recall: card(N) = card(Z) = card(Q) and card(N) < card(R)

Finite and countable cardinalities.

For a finite set A of n elements, we simply put card(A4) = n.
For the set of integers N, we put card(N) = X, (‘aleph-null’).
All countable sets have cardinality No. In particular: card(Z) = card(Q) = No.

e Any countable union of countable sets is countable.

Continuum.

The cardinality of R is denoted by € and is called continuum. Thus,
card(I) = € for any interval I C R of positive length.
card(R™) = € for every n > 1

Note that Ry < €
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Continuum hypothesis.

States that there is no set A such that Ny < card(A) < €. In particular, it implies
that every subset of R is either finite or countable or has the same cardinality
as R itself. The continuum hypothesis cannot be proved or disproved if one uses
standard mathematical axioms. Thus it may (or may not) be adopted as an inde-
pendent axiom. We do not assume it for the purposes of our course.

The Power set.
For any set A, the power set of A, denoted by 24, is the set of all subsets of A.
Note: if card(A) = n < oo, then card(24) = 2".

Theorem 2.9. (Cantor)
For any set A we have card(A) < card(24).

Proof. Tt is enough to show that no function f: A — 24 can be surjective. That is,
given a function f: A — 24, we need to prove the existence of at least one subset
B C A that B # f(a) for any a € A. Such a subset is given by the following
construction:

B={be A:b¢ f(b)}.

If B = f(a) for some a € A, then both relations a € B and a ¢ B would contradict
the definition of B. 0

Generalized continuum hypothesis.

States that for any set A there is no set B such that card(A4) < card(B) < card(24).
This implies that cardinalities make a simple sequence:

Ny (the set N and other countable sets),
N; (the set 2M),
N, (the set 22), etc.

This hypothesis cannot be proved or disproved either. We do not assume it for the
purposes of our course.
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Equivalence of R and 2.

The set 2" can be identified with the set of all infinite sequences of zeros and ones.
Indeed, for any subset A C N we construct a unique sequence ay, as, ... such that
a, =1ifn € Aand a, =0if n ¢ A. For example, the set of all even numbers is
represented by the sequence

{010101010101 ---}.
The set of all prime numbers is represented by the sequence

{111010100010 ---}.

On the other hand, the sequences of zeros and ones code real numbers in the
interval [0, 1], because every = € [0,1] has a binary representation z = .ajas. . .,
where a,,’s are zeros and ones. For example,

é§l = (11000000 U )binarY7 % = (01010101010 T )binary~

Thus the set 2 can be bijectively mapped onto [0, 1], hence it its cardinality is €.

EXERCISE 5. Let 4 denote the set of all open subsets U C R. Prove that card({) = €. Do the
same for open sets in R%. Hint: use a countable basis for the respective topology.

Cardinality of the Cantor set.

Recall that the Cantor set consists of numbers x € [0, 1] whose ternary represen-
tation x = 0.b1by . .. does not contain ones, i.e., it consists of zeros and twos only.
Thus the Cantor set can be bijectively mapped onto 2V, hence its cardinality is €.

Recall that the Cantor set has Lebesgue measure zero, m(C') = 0. This suggests
that the Cantor set is “tiny” or “slim”. But it has the same cardinality as R.

EXERCISE 6. Let £ denote the set of all Lebesgue measurable sets (in R). Prove that card(£) > €,
in fact card(£) = card(2¥). (Hint: use the Cantor set and the Cantor theorem).
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The collection of all measurable sets has the same cardinality as the collection of
all subsets of R. It is not clear yet if there are any non-measurable sets at all.

The following theorem states there exist such sets:

Theorem 2.10. There exists a non-measurable set V C R.

Proof. The set V is called Vitali set. Its construction is not so simple.

We say that two real numbers x,y € R are rationally equivalent if x —y € Q, i.e.,
they differ by a rational number. One can check directly that this is an equivalence
relation. Each equivalence class is countable and can be thought of as a “shifted
copy” of the set of rational numbers. The collection of the classes is uncountable,
its cardinality is €.

Each equivalence class is dense, so they all intersect the unit interval [0,1]. We
want to choose one (arbitrary) representative from each equivalence class in [0, 1].
The chosen numbers make a set (a subset of [0,1]). This is Vitali set, denoted by
V. Note that V' C [0, 1], and for each equivalence class C' C R the intersection VNC
consists of a single point. Note that for any x,y € V the difference x —y is irrational
(otherwise these two points would belong to the same class).

Next we argue that the Vitali set cannot be measurable. Let rq, 79, ... denote all
rational number in [—1,1]. From the construction of V' it follows that the translated
sets V; = V 4 r; are pairwise disjoint. Further note that

[07 1] C &ng% C [_1¢2]'

(To see the first inclusion, consider any real number = € [0,1] and let v be the
representative in V' for the equivalence class containing x; then x — v = r for some
rational number r € [—1,1].)

Now suppose V' is measurable. Its measure m(V') is a nonnegative real number.
All the “shifted” copies of V, i.e., the sets V; = V + r;, are measurable, too, and
their measure is the same as that of V, i.e., m(V;) = m(V'), due to the translation
invariance. This implies

m([0,1]) =1 <) m(V;) <3 =m([-1,2]).
=1

But the infinite sum in the middle can only be zero (if m(V) = 0) or infinity (if
m(V) > 0), a contradiction. 0
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The construction of the Vitali set V' looks simple enough, but it touches upon
a subtle and controversial issue in mathematical logic — Axiom of Choice. Indeed,
how can we choose exactly one representative from each equivalence class? Is there
arule? An algorithm? There are uncountably many classes out there, so no formal
procedure can handle all of them.

Axiom of Choice.

Asserts that such a selection is always possible. This principle does not follow
from other, standard logical axioms, so it has to be adopted as a separate one.
Axiom of Choice was formally introduced by Zermelo in 1904. Although originally
controversial, it is now used by most mathematicians without reservation, and it is
included in the standard form of axiomatic set theory. However, there are branches
of mathematics where the Axiom of Choice is avoided.

If we do not adopt the Axiom of Choice, there would be no way to construct
non-measurable sets or even prove their existence. Then we could just suppose
that all sets A C R are measurable...

For the purposes of this course we adopt the Axiom of Choice and hence admit
the existence of non-measurable sets.

Lebesgue measure in R*, k > 3.

We have constructed the Lebesgue measure in R and R?. Our construction easily
extends to R* for k¥ > 3. In R3, for example, the Lebesgue measure generalizes
volume, and instead of intervals or rectangles, we have to use rectangular boxes.
All the basic facts for the Lebesgue measure m remain valid in spaces R, k& > 3.

Interestingly, though, the are new examples of non-measurable sets in R? due
to the striking fact known as Banach—Tarski paradox:

Theorem 2.11. (Banach—Tarski)

Given a solid ball in R3, there exists a decomposition of the ball into a finite number
of non-overlapping pieces (i.e., subsets), which can then be put back together in
a different way to yield two identical copies of the original ball. The reassembly
process involves only moving the pieces around and rotating them, without changing

their shape or size.
| Y| p
- 1 ’ u y
2

Figure 4: Banach—Tarski paradox illustrated

ST
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The Banach—Tarski is often stated, colloquially, as “a pea can be chopped up
and reassembled into the Sun”.

Now suppose the Lebesgue measure m in R3 is not only translation invariant
but also rotation invariant (which is a reasonable assumption). Then if the above
pieces of the ball were all measurable, we would immediately arrive at a contra-
diction with the additivity of the measure, because the volume of the original ball
doubles after the reassembly.

To resolve the contradiction, we either have to assume that the Lebesgue mea-
sure in R? is not rotation invariant or admit that some of the above pieces of the
ball are not measurable. Thus the existence of non-measurable sets becomes a
more pressing issue in R? than it was in R.

For the purposes of this course we assume that the Lebesgue measure m is
rotation invariant in both R? and R3, though we will hardly need this.
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General measures

DEFINITION 3.1. A set X with a o-algebra 9 of its subsets is called a measurable
space. Sets A € 91 are said to be measurable.

ExaMPLE 3. For any set X, there are two trivial o-algebras. One is minimal, it consists
of the sets X and () only. The other is mazimal, it contains all the subsets of X. The
latter is denoted by 2X.

DEFINITION 3.2. Let (X, 901) be a measurable space. A measure is a function g,
defined on M, whose range is [0, oc] and which is o-additive. The latter means
that for any sequence of disjoint measurable sets Aq, As, ... € M we have

P52 An) = S (4w,

Note that We° A, € 9 because M is a o-algebra.
To avoid trivialities, we shall also assume that p(A) < oo for at least one A € M.
A measurable space with a measure is called a measure space.

Proposition 3.3. Let (X, 0, 1) be a measure space. Then

(a) u(@) = 0.

(b) For any finite collection of disjoint measurable sets Ai,..., A, € M and
A =4l A; we have p(A) =>"7  n(4;).

(c) For every measurable sets A C B we have u(A) < p(B).
Proof.

(a): Let A € M be such that pu(A) < co. Then the sets A1 = A, Ay =0, A3 =10,...
are disjoint and w22 ; A,, = A. By the o-additivity

1(A) = p(A) + p(0) + p(@) + -

which implies p()) = 0. Note: without assuming that 3A € M: u(A) < oo the claim
(a) is false: there exists a (trivial) measure p such that VA € M: p(A) = oo.

(b): Given Ay,..., A, € M, define A1 = Apy2 = --- = (), then by the o-additivity

we have

P Ay) = (W2 A) =) (A = (A
i=1 i=1
the last identity is based on the fact p(0) = 0 proven in (a).
(c): Due to (b) we have u(B) = u(A) + u(B\ A) and p(B\ A) > 0.
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EXERCISE 7. Let X = {1,2,3}. Construct all o-algebras of X.

Finite and countable spaces.

If X is finite or countable, we will always use the maximal o-algebra 2. In that
case for any measure p on (X, 2%)

A={z,m,. ) = p(A) = p({;}) +p({z)) + -

Thus any measure g on (X, 2%) is determined by its values p({x}) on one-point
sets {}, 2 € X. One-point sets are also called singletons.

Restriction of a measure.

Let E € 2 be a measurable set. One can check, by direct inspection, that the

collection
Mp={ANE: AecM}

is a o-algebra over E. Note that MM p C I, thus u(B) is defined for every B € M.
It is now easy to see that the restriction of i to 9 g is a measure.

Theorem 3.4. Let {9M,} be an arbitrary collection of o-algebras of a set X. Then
their intersection NM,, s a o-algebra of X as well.

Proof. Direct inspection. Note that the collection of o-algebras here may be finite,
countable, or uncountable; its cardinality is not essential. 0

Theorem 3.5. Let & be any collection of subsets of X. Then there exists a unique
o-algebra OM* DO & such that for any other o-algebra M O & we have M* C IMN.
(In other words, IMM* is the minimal o-algebra containing &.)

Proof. The o-algebra 9* is the intersection of all o-algebras containing &. 0

DEFINITION 3.6. We say that the minimal o-algebra 91* containing the given
collection & is generated by &. We also denote it by (& ).

EXERCISE 8. Let X = [0,1] and & consist of all one-point sets, i.e. & = {{z},z € X }. Describe
the o-algebra ().
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It is interesting to compare the notion of g-algebra with topology. The stan-
dard topology in R is not a o-algebra. On the other hand, the o-algebra in the
previous exercise is not a topology.

DEFINITION 3.7. Let X be a topological space. The o-algebra 9t generated by the
collection of all open subsets U C X is called the Borel g-algebra. Its members
are called Borel sets.

e We can take complements, so all closed sets are Borel sets.
e We can take countable intersections, so all Gs sets are Borel sets.

e We can take countable unions, so all F, sets are Borel sets.

EXAMPLE 4. In R, every countable set is Borel. The Cantor set is Borel. In fact,
virtually any set that can be precisely described is Borel. It is hard to find any specific
non-Borel set.

EXERCISE 9. Show that the Borel g-algebra in R is generated by the collection of all intervals
(r1,72) with rational endpoints 71,75 € Q.

Borel o-algebra in R.

It contains many more sets than just open, closed, Gy, and F, sets. If we take
countable unions of Gy sets, we will get new sets that are also Borel. If we take
countable intersections of F,, sets, we will get new sets that are also Borel. Then we
can take countable unions and countable intersections of those new sets, and get
some more new sets, all of which will be Borel, too. This process will never stop.
Its full description requires the so called transfinite recursion which is beyond the
scope of this course.

Recall that the collection of open sets in R has cardinality €. So does the col-
lection of closed sets. Constructing new sets by countable unions and intersections
will not increase the cardinality of the collection, so the collection of all Gy and F,
sets still has cardinality €. Further steps in the above process will not increase the
cardinality of the collection either. This leads to the following theorem (its formal
proof is omitted):

Theorem 3.8. The cardinality of the Borel o-algebra of R is € (i.e. continuum,).

EXERCISE 10. Show that every Borel set in R is Lebesgue measurable, but not vice versa.

EXERCISE 11. [Bonus| Does there exist an infinite o-algebra which has only countably many
members?
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DEFINITION 3.9. Let (X,9) be a measurable space. For any X € 9, define
pu(A) = oo if A is an infinite set, and pu(A) = card(A) if A is finite. Then p is
called counting measure.

DEFINITION 3.10. Let (X, 9) be a measurable space and x € X. The measure J,
defined by . p
I x e
0x(A) = { 0 else

is called the delta-measure or the Dirac measure (concentrated at x).

Theorem 3.11. (o-subadditivity) Let Ay, As, ... € M be measurable sets. Then

p(uz4) < i u(A:)

Proof. Define A} = A; and A, = A;\ (A1 U---UA;_;) for i > 2. Note the following:
e Al are disjoint sets;
e Al C A; for each i > 1; therefore p(A]) < u(A;) by Proposition 3.3(c);

o U A = UZ, 4]
Now . )
p(Uz2i4) = p(Ual) = 3 p(A)) < S )

i=1

]

Theorem 3.12. (Continuity - I) Let Ay D Ay D --- D A, D -+ be a sequence
of measurable sets, and j(A;) < oo. Then lim, o u(A,) = u(A), where A =
N, A,

Proof. Similar to Theorem 1.30. 0

Theorem 3.13. (Continuity - II) Let Ay C Ay C --- C A, C --- be a sequence of
measurable sets. Then lim,, o (Ay,) = u(A), where A = U2 | A,.

Proof. Similar to Theorem 1.31. 0

EXERCISE 12. Show that the assumption u(A;) < oo in Theorem 3.12 is indispensable. Hint:
consider the counting measure on N and take sets A, = {n,n+1,...}.
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In many cases o-algebras tend to be rather large, an explicit definition (or
description) of p(A) for all A € 9 is often an impossible task. It is common to
define p1(A) on a smaller collection of sets, €, and extend it to M (E) automatically
by referring to general theorems.

DEFINITION 3.14. A semi-algebra is a nonempty collection € of subsets of X
with two properties: (i) it is closed under intersections; i.e. if A, B € €, then
ANB € €; and (ii) if A € €, then A° = U, A;, where each A; € € and Ay, ..., A,
are pairwise disjoint subsets of X.

EXAMPLE 5. The collection of all finite and infinite intervals in R (cf. Example 2) make
a semi-algebra.

EXERCISE 13. Let X C R? be a rectangle. Verify that the collection of all subrectangles R C X
is a semi-algebra.

Theorem 3.15. (Extension) Let & be a semi-algebra of X. Let v be a function
on &, whose range is [0,00) and which is o-additive, i.e. for any A € € such that
A =WX A for some A; € €, we have pu(A) = > "7, uw(A;). Then there is a unique
measure (i on the o-algebra M (&) that agrees with v on €, i.e. u(A) = v(A) for
all A € €.

We accept this theorem without proof. Its proof is basically the repetition of
our construction of the Lebesgue measure in R2.

Corollary 3.16. Let X C R* be a rectangular box. There is a unique measure j
on the Borel o-algebra over X such that for every rectangular box R C X we have

pu(R) = Volume(R).

The following useful theorem is also given without proof:
Theorem 3.17. Let (X, M) be a measurable space and € a collection of subsets of

X that generates M, i.e. such that M(E) = M. Suppose two measures, 1 and o,
agree on €, i.e. p11(A) = po(A) for all A € €, and 1 (X) = pa(X). Then py = po.
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e For any measure space (X, 9, ) and a real number ¢ > 0 we can define a new measure
v on M by v(A) = cu(A) for all A € M. (The verification is straightforward.)

Theorem 3.18. Let p be a translation invariant measure defined on the Borel
o-algebra over R. Assume that p(I) < oo for at least one interval I # 0. Then
there exists a constant ¢ > 0 such that p(E) = cm(E) for every Borel set E; here
m s the Lebesgue measure.

Proof. Due to the translation invariance, all singletons have the same measure, i.e.,
p({x}) = u({y}) for all z,y € R. If, u({z}) > 0 for any (and then for all) z € R, then
the measure of every infinite set would be infinite, which contradicts the assumption
p(I) < oo. Thus all singletons have measure zero, hence for every a < b we have
pa,b) = p[a,b)) = p(a, b)) = p[a, ).

Now let u(I) < oo for a nonempty interval (a,b). Note that R = W92 (a +
n|I|,b+n|I|]. If u(I) =0, then u(R) =0, hence u(A) = 0-m(A) for any Borel set,
and the theorem follows with ¢ = 0.

If u(I) > 0, then p(R) = co. In this case we put ¢ = p(I)/||. Divide I into
k > 2 intervals {I;} of equal length. They also have equal p measure due to the
translation invariance, hence

w(L;) = p(I)/k = clI|/k = eI

Next for any interval J C R of length [J| = T[], we can represent J = W, J;
where |J;| = |I|/k and obtain

p(J) = mu(Jr) = me|h| = ¢ J].

Thus the measure ¢ 'y agrees with the Lebesgue measure on all intervals with
rational lengths. Lastly we use the result of Exercise 9 and Theorem 3.17. 0

EXERCISE 14. Extend this theorem to R?: show that if ;1 is a translation invariant measure
defined on the Borel o-algebra over R? such that u(R) < oo for at least one rectangle R # 0,
then there exists a constant ¢ > 0 such that u(FE) = cm(E) for every Borel set E C R2.

e The above fact remains valid in R¥:

Corollary 3.19. If i is a translation invariant measure defined on the Borel o-
algebra over R* such that u(R) < oo for at least one rectangular box R # (), then
there exists a constant ¢ > 0 such that u(E) = em(E) for every Borel set E C RF.
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Lastly, given a measure y on a o-algebra 91, it is often convenient to complete it
in the way we constructed the Lebesgue measure.

DEFINITION 3.20. A measure p on a measurable space (X, 9) is said to be com-
plete if every subset of any set of measure zero is measurable, i.e., if for any set
A € M such that u(A) = 0 and any subset B C A we have B € 9 (in this case
obviously u(B) = 0).

DEFINITION 3.21. Sets of measure zero are called null sets. Their complements
are called full measure sets.

o A set A is of full measure iff u(A€) = 0.

e It is incorrect to say that A is of full measure iff u(A) = p(X). (This statement is
true only if u(X) < 00.)

Theorem 3.22. (Completion) Let (X, 9, u) be a measure space. Then
M={AUE: Aec9M, E CN for some null set N}
is a o-algebra. For every B = AU E as above define i(B) = p(A). Then [ is

a complete measure on (X,9M). Moreover, if p* is_another complete measure that
agrees with v on M, then p* coincides with fi on M.

Proof. Basically, the proof goes by direct inspection.

DEFINITION 3.23. [ is called the completion of .

e The completion of the measure constructed in Corollary 3.16 is exactly the Lebesgue
measure on X C RF,

Corollary 3.24. For every Lebesgue measurable set A C R¥ there exists a Borel
measurable set B C R* and a Lebesque null set N C R* such that A= B U N.

e The union B U N can be easily made disjoint. Indeed, by Theorem 3.22 there is a
Borel null set Ny D N. Then we define By = B\ Ny and N; = (Ny N B)UN. Now
we have A = BUN = By W Ny, where By is a Borel set and N7 is a Lebesgue null set.
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Measurable functions

Recall: given two topological spaces X and Y, a function f: X — Y is said to be
continuous iff for any open set V' C Y its preimage f~'(V) C X is open, too.

e The preimage (also called inverse image) is defined by
ffV)y={zeX: f(x) e V}.

DEFINITION 4.1. Let (X,90%) be a measurable space and Y a topological space.
A function f: X — Y is said to be a measurable function iff for any open set
V C Y its preimage is measurable, i.e. f~1(V) € M.

e Most interesting functions for us are real-valued (R) and complex-valued (C).

Theorem 4.2. Let (X,9M) be a measurable space and Y, Z topological spaces. If
f: X — Y s measurable and g: Y — Z is continuous, then their composition
go f: X — Z is measurable.

Proof. For any open set V C Z the set g~ '(V) C Y is open, hence the set
Y9 (V) = (go f)~1(V) C X is measurable (i.e., belongs in 91). 0

Recall that in any topological space, the Borel o-algebra is generated by open sets.

DEFINITION 4.3. Let X,Y be topological spaces. A function f: X — Y is said to
be a Borel function iff for any open set V' C Y its preimage f~}(V) C X is a
Borel set.

Proposition 4.4. Continuous functions are Borel functions.

e There are many Borel functions that are not continuous.

DEFINITION 4.5. Given a subset A C X the function

1 ifzeAd
xa(@) = 0 else

is called the characteristic function of A (or the indicator of A).

EXERCISE 15. Prove that A € 9t if and only if x4 is measurable.

EXAMPLE 6. Let X = R with 91 being Borel o-algebra. The function f = xq (the indi-
cator of the set of rational numbers) is known as Dirichlet function. It is discontinuous
ar every point x € R. At the same time it is a Borel function.
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In fact, virtually every function that can be precisely described is Borel. It is
hard to find any specific non-Borel function.

Theorem 4.6. Let (X, M) be a measurable space and f: X — Y a function. Then
(a) 8={ECY: f"YE) €M} is aoc-algebra in Y;

(b) if Y is a topological space and f measurable, then f~Y(E) € MM for any Borel
set B CY;

(¢) If Y and Z are topological spaces, f: X — Y is measurable and g: Y — Z
is a Borel function, then go f: X — Z is measurable.

Proof.
First, note that set-theoretic operations are preserved under inverse functions. That
is, if f: X — Y is a function, then for any sets A, B € Y we have

fHAUB) = YA U fH(B)

fHANB) = fH(A) N fH(B)

FHANB) = T AN\ fU(B)
A0 = (1)

Similar identities hold for countable unions and intersections:

fﬁl(UroLozlAn) = Uzozlfil(An)
P An) = 0L 7 (A).
e Proof of (a): By direct inspection
A Ag,.. €6 = A, fHAg),...eMm
= [ Updn) = Unf ' (4n) €M
=  UpAd, €6.
Similarly,
Acd = flAem = flAY)=(f1A)em = A°ce.

Lastly we apply Lemma 2.4.

e Proof of (b): the collection & = {E C Y: f~1(E) € M} is a o-algebra (by (a))
and it contains all open sets. Hence it contains the Borel o-algebra.

e Proof of (c): for any open set V' C Z the set g~ (V) C Y is Borel, hence (by (b))
the set f~1(g71(V)) = (go f)~1(V) C X is measurable, i.e., belongs in M. 0
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DEFINITION 4.7. Extended real line, denoted by [—o0, o], is RU{oco} U{—o0}.
The topology in [—o0, o] is generated by standard open intervals (a,b) C R and
the following “infinite intervals”: (a, oo] and [—o0, b) for all a,b € R. Any function
f: X — [—00,00] is called an extended real-valued function.

Theorem 4.8. Let (X,9M) be a measurable space and f: X — [—o00,00]. Then f
is measurable iff f‘l([—oo,x)) is a measurable set for every r € R.

Proof. By Theorem 4.6(a) the collection & = {E C Y: f~Y(E) € M} is a o-
algebra containing all open infinite intervals [—o0o,x). Now we just need to check
that these intervals generate the Borel o-algebra in [—o0o, 0], i.e., applying countable
unions/intersections and complements produces all other open intervals in [—oo, x).

]

This is a routine exercise in topology.

EXERCISE 16. In the context of the previous theorem, prove that f is measurable iff 1 ([foo, x])
is a measurable set for every x € R.

EXERCISE 17. In the context of the previous theorem, prove that f is measurable iff f 1 ([foo, :E))
is a measurable set for every rational x € Q.

EXERCISE 18. Let (X,90) be a measurable space and f: X — [—00,00] and g: X — [—00, 0]
two measurable functions. Prove the following sets are measurable:

{z: fx) <g(x)}  and  {z: f(z) = g(2)}
EXERCISE 19. Show the following is a Borel function: f: R — R s.t.
1 fzeQ
f@) =Y 0 ifz¢Q

EXERCISE 20. Show the following is a Borel function: f: R — R s.t.

sin(1/xz) ifz#0
fla) = { 0 if =0

EXERCISE 21. Let f: R — R be a monotonically increasing function, i.e. f(z1) < f(z2) for
1 < xy. Show that f is a Borel function.
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Theorem 4.9. Let (X, M) be a measurable space and u: X — R and v: X — R
two functions. Then f = (u,v): X — R? is measurable if and only if both u and v
are measurable.

Proof.
If f is measurable, then for any open set V C R we have u=1(V) = f~1(VxR) €
M because V x R is open in R?. Similarly v=}(V) = f"}(R x V) € M

If v and v are measurable, then for any open intervals I,J C R we have
fHIxJ) =u Y I)nv~L(J) € M (as the intersection of two measurable sets). The
sets I x J generate the Borel o-algebra in R?, thus our result follows from Theorem

4.6(a). 0

Corollary 4.10. Let (X,9M) be a measurable space, u: X — R and v: X —
R two measurable functions, and ®: R> — R a continuous function. Then the
composition ®(u(x),v(z)): X — R is a measurable function. In particular, u+ v,
u — v, and uv are measurable functions.

Corollary 4.11. Let (X,9M) be a measurable space and u: X — R andv: X - R
two functions. Then f(z) = u(z) + iv(z) is a measurable function from X to C if
and only if both u(x) and v(z) are measurable functions.

Corollary 4.12. Let (X,9) be a measurable space and f: X — C and g: X — C
two measurable functions. Then |f|, f+g, f—g, and fg are measurable functions.

Theorem 4.13. (Polar factorization) Let (X,9) be a measurable space and
f: X — C a measurable function. Then f = g|f|, where g: X — C is a measurable
function such that |g| = 1.

Proof. The set E = f~1({0}) is measurable. Note that h(z) = z/|z| is a continuous
function from C\ {0} to C, thus the function h o f is measurable on X \ E. Define
g as follows: g=ho fon X\ FE and g=1on E. 0
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Arithmetic in the Extended Real Line [—o0, 00].

Arithmetic operations in [—o00, oo] are defined in an obvious way:
e a+ 00 = oo for any a € (—o0, 00,
® a+ (—o0) = —o0 for any a € [—00, 00),
e a- 00 = oo for every a € (0,00,
® a-00 = —00 for every a € [—00,0), etc.
The sum oo + (—o0) is not defined. Most importantly, we put

0-00=0

Limits in the Extended Real Line [—o0, c0].

The set [—o00, 0] is naturally ordered, any subset A C [—00,00] obviously has
inf A a sup A. The convergence of sequences in [—oo, o0] is defined by using its
topology. For any sequence {a,} in [—o00, c0] we naturally define liminf a,, and
lim sup a,,:

limsup a,, = inf{by, bo, ...}, b, = sup{an,, ani1,- ..} (4.1)
n—oo
(Here inf can be replaced with lim, because b; > by > --- is a monotonically

decreasing sequence, hence it has a limit.)

Proposition 4.14. For any sequence of numbers ay, as, ... € [—00,00] we have
(a) limsup,,_,(—a,) = —liminf, , a,.
(b) limsup,,_,.(a, + b,) < limsup,,_, . a, + limsup,,_, . by.
(¢) liminf, ,.o(a, + b,) > liminf,_, a, + liminf, . b,.
)

(d) lim, o0 a, exists if and only if limsup,,_, ., a, = liminf, . a,, in which case
lim,, o0 @y, equals to both limsup,,_, . a, and limint, . a,.
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Theorem 4.15. Let (X,9M) be a measurable space and f,: X — [—o0, 00| mea-
surable functions. Then

g =sup f, and h = limsup f,

n>1 n—oo

are measurable functions. (Similarly for inf f,, and liminf f,.)

Proof. For any ¢ € R we have
{z: g(z) > c} =Up{z: fu(x) > c},

hence ¢ is measurable (cf. Theorem 4.8 and Exercise 9). Similarly, inf f,, is a mea-
surable function. The function lim sup f, can be expressed as a combination of sup’s
and inf’s due to (4.1). O

Corollary 4.16. Let (X,9) be a measurable space and f,: X — [—00,00] mea-
surable functions. If the limit

g(x) = lim f,(x)

n—o0

exists for every x € X, then g is a measurable function.

Corollary 4.17. Let (X,9M) be a measurable space and f,g: X — [—00,00] are
measurable functions. Then

max{f(z),g(z)} ~ and  min{f(z),g(x)}

are measurable functions. Also,

fr(@) =max{f(z),0}  and  f(z)=—min{f(z),0}

are measurable functions.
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DEFINITION 4.18. The functions

fH(x) = max{f(z),0} and [ (z) = —min{f(z),0}

are called positive and negative parts of f, respectively.

e For any function f: X — [—o0, 00|

f=f=f and [fl=f"+[". (4.2)

Theorem 4.19. If f =g—h and g > 0, h > 0, then f+ < g and f~ < h.

Proof. If f(x) > 0 then

J@) =0<h@) and [*() = f(2) = g(x) - hiz) < g(a)
If f(z) <0 then

ffa)=0<g(x) and [~ (z)=—f(z)=h(z) - g(z) < h(z)

e In other words, f* and f~ are the “most economical” nonnegative functions whose
difference is the given function f.

DEFINITION 4.20. A function f: X — Y is a simple function iff its range f(X)
is finite.

Proposition 4.21. If s: X — R is a measurable simple function whose (distinct)
values are oy, . .., ay, then it can be represented by

n
S = E ;X A,
p=ll

where A; = s7*({a;}) are disjoint measurable sets such that X = W, A;.
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Theorem 4.22. Let (X,9M) be a measurable space and f: X — [0,00] a measur-
able function. Then there exist simple functions s, : X — R such that
0<s1<s<---<f

and s,(x) — f(x) as n — oo for every x € X.

Proof.
Special case: X = [0,00] and f(x) = z. Define simple functions by

n2" ] _1
Pn=> g XEj T X [n,cc]
j=1
where oy
E; = [3 - ,i)
2n 2n

Intuitively, we divide the interval [0,7) into small pieces so that each subinterval
[k, k 4+ 1) of length one is divided into 2" pieces, and treat the remaining infinite
interval [n, oo] as one piece. The total number of pieces is n2" + 1. The function ¢,
collapses each piece into its left endpoint. It is easy to check that Va € [0, o]

0<pi1(z) <o(x) <+ <, lim o, (z) = . (4.3)

n—o0

General case: we define simple functions by s, = ¢, o f. They are measurable
due to Theorem 4.6(c). They are simple because s,(X) C ¢,(X), which is a finite
set. For any = € X we rewrite (4.3) as follows:

0<01(f@) S palf@) <+ < fl@), lim palf(a)) = f()
Now replacing o, (f(x)) with s,(z) we get the desired:

0<si(@) < m@) << fl@),  lim sa(a) = f(@),
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Lebesgue integration of nonnegative functions

DEFINITION 5.1. Let (X, 9, 1) be a measure space and s: X — [0, 00) a nonneg-
ative measurable simple function represented by

SZZO%‘XAW (5.1)
i=1

Then we define the Lebesgue integral of s over X by
/ sdy = Z a; p(4;). (5.2)
= i=1

o It is possible that for some ¢ we have a;; = 0 and p(A;) = co. In this case we use the
rule 0- 0o = 0.

Proposition 5.2. The formula (5.2) in Definition 5.1 holds even if the values
Qaq,...,0q, are not distinct.

Proof. In (5.1) it is usually assumed that the values a, . .. , ay, are distinct. However,
if they are not, we can simply “lump together” the subsets A;’s on which s takes the
same values. For example, if a; = o; for some i # j, then

aip(Ai) + ajp(Aj) = ci(p(Ai) + p(Az)) = aip(Ai U Aj),

and note that s(z) = «; for all x € A;UA;. So we can replace the two terms a;(4;)
and a;i(A;) in (5.2) with one, a;p(A;UA;), and the sum (5.2) will have n — 1 terms
total. Repeating this lumping process, in less than n steps we will get a sum where
all the «a;’s are distinct. ]

DEFINITION 5.3. In the context of Definition 5.1, for any £ € 91 we define the
Lebesgue integral of s over E by

sdu = a; p(A; N E).
[ sdn=3Y antain )

=1

Alternatively, we can restrict the function s and measure p to E (as described in
Section 3) and define [}, s du as in Definition 5.1. These two definitions of [ sdu
agree (one can check via direct inspection).
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Proposition 5.4.
(a) [ysdp e [0,00] for any such s: X — [0, 00].
(b) If u(E)=0 then [,sdu=0.
(c) If s=c>0 is a constant function, then [, cdp=cu(E).
(d) [,0du=0 even if u(E)= oco.
(e) For any set A € 9 we have [y xadp = pu(A).

Proof. Direct inspection.

Lemma 5.5. Let s,t: X — [0,00) be two simple functions. Then

/(s+t)du=/sd,u+/tdu
B B B

n m m
Proof. Let s= 3 ajxa, t= > Bjxs, st. WA= B =X
i=1 j=1 ; =
Now denote FE;; =A;NB;NE (so E=W,;;FE;;). Note that
A;NE= L‘ijEi,j Bj NE = H’JiEi’j

On each E; ; we have s =a; and t=3; hence s+1t=q;+f;

Thus s + t is a simple function given by

s+t= Z(O&i + 5]‘))(}31-’]-

(2]
Therefore /E(S Ft)dp = Z(ai + B;) u(Ei )
i,J
— Z OéiM(Ez’,j) + Z BjU(EiJ)
i, Y]
— Z o Z ;L(Ei,j) + Z Bj Z /L(Ei,j)
i j J ‘

= ZaiM(Ai NE)+ ZﬂjM(Bj NE)

? J

:/sdu+/tdu
E E
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Corollary 5.6. If 0 < s <t are two simple functions, then fE sdp < fEtd,u.

Proof. The difference u =t — s is also a nonnegative simple function, hence

/td,u:/(s+u)d,u5':5/sdu+/udu2/sdu
E E E E E

This follows from Proposition 5.4(a) which states [pudu >0 0

DEFINITION 5.7. Let (X, 90, 1) be a measure space and f: X — [0, 00] a nonneg-
ative measurable function (possibly taking value +oc). Then for any E € I we
define the Lebesgue integral

/fd#ZSUP/Sd%
E s€Ly JE

where L;= {s: X — [0,00) measurable simple, 0 < s < f}

Note that Ly # () as it always contains the function s = 0.

EXERCISE 22. Verify that for simple functions, Definition 5.3 and Definition 5.7 agree.

Theorem 5.8. Basic properties of the Lebesgue integral

Let f,g: X — [0,00] be measurable functions and A, B, E € MM measurable sets.
(a) if f < g, then [, fdu < [ gdu;
(b) if AC B, then [, fdu < [, fdu;
(c) for any constant ¢ > 0 we have [, cfdp=c [, fdu;
(d) if u(E) =0, then [, fdu =0, even if f = oo;
(e) [pfdu= [y xufdp.
(f) if [ fdu < oo, then p{z: g(z) = oo} = 0.
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Proof.  Basic properties of the Lebesgue integral (Theorem 5.8)

(a) For any simple function s we have s€ Ly — s< f<g = sc€l,

(ie. Ly C Lg), this implies sup,cp, {[psdu} <super, {[ptdu}
Which, by Definition 5.7, is equivalent to [ fdu < [ gdu

(b) For any {Ak}}g:l: ALNACA.NB — M(Ak N A) < ,U,(Ak N B) (Vk)
For any s € Ly: [, sdp =311 ogpu(Ax N A) <30 (A N B) = [psdp
Since [, sdu < [psdu (vseLy) we conclude [, fdu< [5fdu

(c) eIfc=0: [,0-fdu=[,0du=0=0-[,fdu
oIf f=s5=>}_, apxa, (simple):
Jaefdu=>1_jcapu(AxMA) =cd i japu(AxNA) =cf, fdu
o If c#0 and f is not simple: s¢&€ L.y <= %s €Ly
Thus, [,cfdu=super,, {[ysdp} = SUPLser, {Lasdn}
= SUPlser, {efacsdu} =c SUPLser, {Jacsdu}
=c super, {[atdp} =cfy fdp

(d) Foranyse Ly: A,NECE = p(AyNE)=0 which gives us
Jesdn =30 axp(AxNE) =31 - 0=0

Thus, [i fdp=supsep, { [gsdu} =super, {0} =0

(e) (i) For s (simple): Xps =D f_j AkXAXE = D f_1 QkXALNE
thus, [y xesdp => 1 uu(AxNE) = [psdu
(li) Note that s € LXEf <> s=XgS (forsome3s¢c Ly)

Jyxefdp = sup,er, {fysdn} 2 supser, {fy xmddu}

0 SUPzer ¢ {Jp3du} = [pfdu

(f) First, note the set £ = {x: f(z) = co} = f~1({oc}) is measurable.
For any N > 0, we have f > Nxpg, thus by Parts (a) and (c)

Jx fdu> [y Nxgdp= Nu(E).

If u(E) > 0, then (because our N is arbitrary) we would have [, fdu = oc.
This contradiction proves (f).

[]
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EXERCISE 23. Let zp € X and p = d,, the é-measure. Assume that {xq} € 9. Show that for
every measurable function f: X — [0, 00] we have

/X fdu = f(zo).

EXERCISE 24. Let X = N and p the counting measure on the o-algebra 9t = 2V, Show that for
every function f: X — [0, 00] we have

/deu _ if(n)-

Theorem 5.9. Let (X, 0, 1) be a measure space and s: X — [0,00) a nonnega-
tive measurable simple function. Then

p(E) = /Esdﬂ

Proof. Let s =) _, agxa, forany Ee9M: o(E)=>7_, au(AxNE).

(1) @0) = S0y axu(Ar N 0) = S0 apu(0) = k; -0 =0

(ii) let E =wi2 ,E, where E,E, € M (vneN). Then
p(E) = 30( Wn=1 Em) = k=1 akH(Ak N Edi?:lEM)
= ZZ:1 O‘kﬂ( W1 (Ax N Em)) = 22:1 (ak‘ anozl pw(Ax N Em))
= -1 (22:1 app(Ag N Em)) = -1 (fEm Sdﬁ‘)

= E;S:l gD(Em) (i.e. ¢ is o-additive, and thus a measure)

1s a measure on IN.

Theorem 5.10. Lebesgue’s Monotone Convergence

Let (X,9M, 1) be a measure space and {f,} a sequence of meas. functions on X.

Suppose  (a) 0< fi(z) < fo(zx) <--- < oo foreveryx € X
(b)  fulz) = f(z) (n— o0) for every x € X

Then f is measurable and
/fndu%/fdu (n — oo)
X X

e This can be written as nh_)rglo Jx fadpn= [y nll_)HQlo fndp
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Proof.  Lebesgue’s Monotone Convergence (Theorem 5.10)

By Corollary 4.16, the limit function f is measurable, thus [ « [ dp exists.

By Theorem 5.8(a): [y fndu < [y fas1dp (since fr < fri1)

This means the integrals [ « fn dp make a monotonically increasing sequence. Thus

Jda € [0, 00]: /fnd,u—>a as m — oo
X

Next, we need to show: (i) a < [y fdp (i) a > [y fdu

(i) By Theorem 5.8(b): fo < f = [y fadu< [y fdp (>0
= a< [ fdu (i)
(ii) Let se Ly and 0 < c < 1.
Consider the sets E, ={z: f, > cs(z)} m=12,.)

(a) each E, is measurable (by Exercise 18)

(b) Forz e E,:  cs(z) < ful(x) < fori(x) = € Epyr (Yn>0)
= E,CEpy1 (vn>0)
= FCEyC.. (increasing sequence)
(c) We claim that X = U2 E,. Let z € X.
o f(x)=0 = s(x)=0, folx) =0 (>0 = z€E, (>0
o f(x) >0 = cs(z) < f(z) incee<1) = cs(z) < fu(z) (for some n)

= x € E,, (forsomen) = x € UzozlEn

5.8(b) 5.8(e)
(d) Foreachn>1: a> [y fodp > fEn frdp =" [x fuxe, du

> [yesxm,dp > [p csdp 5(e) cfg, sdu

= c QO(En) (where we denote ¢(En) = [ sdu)

By (a), (b), (¢), and Continuity-II (3.13):  @(En) = ¢(X) = [ sdp (n— )
multiplying both sides by a, we obtain > cp(Ey) — c¢fy sdu  (n— o)

Thus, o> c[ysdu (vseLy c<1) = a> [ysdp (vseLy)

— a> [y fdu (i)

By (i) and (ii), [y fadp —a= [y fdu (n— ) u
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Theorem 5.11. Additivity

Let (X, 90, 1) be a measure space and f,g: X — [0, 00| two nonnegative measurable
functions. Then
/(f+g)du=/ fdu+/ gdp.
X X X

Proof. Recall that for simple functions the additivity was proved in Lemma 5.5.
General functions f and g can be approximated by simple functions due to Theorem
4.22:

0<sp<sa<---<f, Sn = f

0<t1 <ty <---<g, th =g
Note that s, + t, is a simple function for each n > 1, and

0< (s14+1t1) < (s24+1t2) <---<(f+9), (8n+tn) = (f+9)

Now we have by Lebesgue’s Monotone Convergence Theorem

/(sn“‘tn)d/ﬁf):g)/sndﬂ“‘/tndlu
X X X

1 \ 3
/ (f+g)du=/ fdu+/ gdp
X X X
The additivity theorem is proved. =

Corollary 5.12. Linearity

Let (X, 0, 1) be a measure space; f,g: X — [0,00] two nonnegative measurable
functions; and c,d > 0 two nonnegative constants. Then

/}((Cerdg)du:c/dequd/ngﬂ.

Proof. Combine Theorem 5.11 with Theorem 5.8(c) -
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Theorem 5.13. Let (X, M, p) be a measure space and f,: X — [0, 00] a sequence
of nonnegative measurable functions on X and

flz) = i fo(z) for every z € X.
n=1

Then f is measurable and

/deuzg/)(fndu-

(That is, summation and integration “commute” for nonnegative functions.)

Proof. Denote gy = 27]:[:1 fn- By induction, Theorem 5.11 extends to finite sums,

N
gN dp = /fndu
Joaman=3 [,

Note that g1 < go <--- and gy — f as N — co. Now

0 N
fudu = lim /fnduz lim /gNduzf fdu

(the last identity follows from Lebesgue’s Monotone Convergence Theorem 5.10)

[]

Corollary 5.14. If a;; > 0 for alli,j =1,2,..., then

i=1 j=1 7j=1 i=1

Proof. Let (X, 9, u) = (N, 2, 1), where p is the counting measure.
For each ¢ > 1 define a function f;: N — [0,00) by fi(j) = aij (vjeN).
Then by Exercise 24 [ fidu =72, a;; Therefore

;;aij:;/ﬁlﬁdugg/ﬁ](;ﬁ) dNZ;;aij.

in the end we used the result of Exercise 24 once again.

]

e Without assumption a;; > 0 Corollary 5.14 fails. As we remember from calculus,
the sum of an infinite series may depend on the order in which its terms are added.
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Motivating example.Let
o (X,M, 1) a measure space
e f,: X — [0, 00] nonnegative measurable functions
o fu(x) = f(x), as n — oo, for every x € X (i.e., f, converge to f pointwise)

Here is a big question:

Is it true that [ f,du — [ fdp?

Suppose for example that X = [0, 1], 4 = m is the Lebesgue measure, and f(z) =
1, so that f[0,1] fdm = 1. Let ¢ > 0. The pointwise convergence means that for
every x € [0, 1] there is N, such that | f,,(z)— f(z)| < e for all n > N,. So if we wait
long enough, then the current value f,(x) will be almost equal to the limit value
f(z) = 1. Of course the waiting period N, depends on z € [0, 1], but the longer
we wait the more and more points = € [0, 1] will have the above property |f,(z) —
f(z)] < e. If we wait long enough, then those points will make an overwhelming
majority in [0,1], i.e., the set of points A = {z € [0,1]: |fu(z) — f(2)] < e} will
have measure m(A) > 1 — ¢ for sufficiently large n. And then

o fndm > /Afn dm > /A(l —e)dm = (1 —¢e)m(A) > (1 —¢)°.

Thus the limit value of the integral cannot be smaller than one:

n—00

lim inf frndm > 1= / fdm.
[0,1] [0,1]

But can it be larger than one? The answer is Yes!

Suppose, for example, f,(z) =1+ nX(0,1)- This function takes a constant value,
1, everywhere except a small open interval (0, %), on which its value is big (equal
to 1 +n). Then f[071] fndm = 2 for every n > 1, but the limit function is still
f(z) = 1 and its integral still equals 1. We can say that the “mass” of each
function f, equals 2, but only half of that “mass” reaches the limit function f; the
other half “escapes through holes” or “falls through cracks”. The role of “holes”
or “cracks” is played by the vanishing intervals (0, %)
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Theorem 5.15. Fatou’s Lemma

Let (X,9M, 1) be a measure space and f,: X — [0,00] a sequence of nonnegative
measurable functions on X. Then

/ (lim inf fn> dp < lim inf/ fndpu.
X n—ro0 n—oo X

Proof. Recall the definition of liminf (Equation 4.1)
liminf f, = 11_}111 9n, gn = inf{fnv Jn+1, }

n—oo

Note that g1 < go < ... is a monotonically increasing sequence, hence by Lebesgue
Monotone Convergence (Theorem 5.10):

lim gndp = / (lim gp)du = / (liminf f,,) du.
Also note that g, < f, for each n =1,2,..., hence

28 /gndus/ fodp
X X

== liminf/ gndugliminf/ fndu
X n—oo X

n—0o0

n—o0

414@ gn dp < lim inf /X fndp
X e

== (liminf f,,) dp < lim inf/ frdu
n—oo X

X n—oo

EXERCISE 25. Let E C X be such that u(E) > 0 and p(E€) > 0. Put f, = xg if n is odd and
fn=1—xg if n is even. What is the relevance of this example to Fatou’s lemma?

EXERCISE 26. Construct an example of a sequence of nonnegative measurable functions f,: X —
[0,00) such that f(z) = lim, o frn(x) exists pointwise, but

/ fdu< liminf/ fndu.
X n—oo X
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Theorem 5.16. Let (X, 9, u) be a measure space and f: X — [0,00] a nonneg-
ative measurable function on X . Then

p(E) = /Efdu

1s a measure on IN.

Furthermore, for every nonnegative measurable function g on X, we have

/ngsoz/ngdu

e The last identity allows us to write dp = f du, rather informally.

Proof.

First we prove that ¢ is a measure:

5.8(d)

(i) e0)=Jfpfdu =70
(ii) Let £ =w)2, E, for some E, E,, € M. Then

5.8(e)

o

e(E) = [pfdu =" [yxefdp =[x Xw.e.)fde
= (X xm)fdi = (X e ) du
LS foxmfdn "2 S [ fdp =0 e(E)

Next we prove that [ gdp = [ gf du

First suppose g =s =", ajx4, is a simple, then

512 & m
Jxsde 7= > cip(As) = ;az‘fAifdu
5.8(c m 5.8(e m
2 > [, 0f d 2 > [ xS di

s fX(iaiXAif) dp = [y sfdp

=1

Now let g > 0 be arbitrary measurable function. By Theorem 4.22, g can be ap-
proximated by simple functions

0§51§32S"'§ga Sp — G,

hence by Lebesgue’s Monotone Convergence Theorem

/snfdu:/snd¢—>/gd90.
X X X
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On the other hand, since f > 0, we have

0<s1f <sof <---<gf, snf — gf,

hence again by Lebesgue’s Monotone Convergence (Theorem 5.10)

/Xsnfdu%/ngdu-

/ngsoz/ngdu

proving the theorem. 0

Thus we conclude

Corollary 5.17. Let (X, 9, 1) be a measure space and f: X — [0,00] a nonneg-
atie measurable function on X . Then for every A, B €M, ANB =10

/Awfduz/Afdqu/deu-

Proof. Using the measure ¢(E) = [, fdu defined in Theorem 5.16

fA@de,u = (p(ALﬂB)
= (p(A) + (p(B) Since ¢ is a measure on (X, 90)

= [y fdu+ [ fdu 0

So far we have only used Lebesgue integral for nonnegative functions. In the
next section we define Lebesgue integral for general real-valued and complex-valued
functions.
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Lebesgue integration of real/complex valued functions

DEFINITION 6.1. We say that a measurable function f: X - R or f: X - C
is Lebesgue integrable if
/ |f] dp < 0.
X

The set of all integrable functions is denoted by L, (X).

e The function |f| is measurable due to Corollary 4.12.
e The above integral is defined since |f| > 0 its value is either a nonnegative finite
number or infinity.

Recall that for a real-valued function f: X — R we have f= f*— f~ and
|fl=f"+ f~ where f* >0and f~ > 0. This leads to the following:

Lemma 6.2. For any real-valued measurable function f: X — R

Jistdu= [ s [ 5dn

The left integral is finite if and only if both right integrals are finite:

/|f|d,u<oo — /f+du<oo and /f_du<oo.
X X X

DEFINITION 6.3. Let f: X — R be an integrable real-valued function. Then its
Lebesgue integral over any measurable set £ € 9 is defined by

/Efduz/Eﬁdu—/Efdu

Lemma 6.4. For any complex-valued measurable function f: X — C , denote by
u=Re(f) and v=Im(f) (such that f =wu+iv). Then

max{lul, [v]} < |f| < ful+ o]

Therefore, |f| is integrable if and only if both uw and v are integrable:

/|f|du<oo = /|u|d,u<oo and /|U|d,u<oo.
X X X
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DEFINITION 6.5. Let f: X — C be an integrable complex-valued function. Let
u = Re f and v = Im f be its real and imaginary parts (f = u + iv). Then the
Lebesgue integral of f over any measurable set £ € 90 is defined by

/fd,u:/ud,uvLi/vd,u
E E E

e In other words, we integrate the real part and the imaginary part separately:

Re/Efd,u:/ERefdu and Im/Efdu:/EImfdu. (6.1)

e The integral of a real-valued function is a (finite) real number.

e The integral of a complex-valued function is a (finite) complex number.

Two types of Lebesgue integrals?.

For nonnegative measurable functions f: X — [0, oo] we have defined the Lebesgue
integral [ + fdp twice: in Definition 5.3 and here in Definition 6.3. Do these
definitions agree? Not quite.

By Definition 5.3, the integral | « [ dp is always defined, though its value may be
finite or infinite. When its value is finite, then by Definition 6.3 (note that f = f+
in this case) f is integrable and its integral is the same as the one due to Definition
5.3. In this sense our definitions agree.

However, if the value of [ « J dp by Definition 5.3 is infinite, then by Definition 6.3
the function f is not integrable, so the integral [ « fdp is not defined. Thus
the new Definition 6.3 is just a restriction of the old Definition 5.3 to the category
of functions whose integral is finite.

This little disagreement will not cause us trouble. In fact, with the following
extension, Definition 6.3 will fully agree with Definition 5.3.

o1



Extension of Definition 6.3.

If one of the integrals [, f*du and [, f~ dp is infinite, but the other finite, the
formula in Definition 6.3 still can be applied. Precisely,

/Ef+du=oo, [Ef‘du<oo — /Efdu:oo

/Ef+du<oo, /Efduzoo = /Efdu:—oo

Occasionally this extension is used, and we will need it in Section 11.

Note though that if both integrals [, f*du and [, f~ dp are infinite, then the
formula in Definition 6.3 makes no sense, because oo — 0o is not defined.

and

Lemma 6.6. Let f € LL(X). If AN B = are disjoint measurable sets, then

Awaduz/Afdqu/deu-

Proof. We just need to break down all the three integral into Re f and Im f, and
then integrate the positive and negative parts separately applying Corollary 5'17'[]

Theorem 6.7. Linearity
Let f,qg € L}L(X) and o, 5 € C. Then

af + Bg)du =« fdu+p8 | gdu.
/X( ) /X /X
In particular, of + Bg € Li(X).

Proof.  Note: the proof is tricky!
First we show that af + (¢ is integrable. By standard triangle inequality

af + Byl <[l [f] + 18] l9]

therefore due to Theorem 5.8(a,c) and Theorem 5.11

/X!aerﬁg!duS\a\/le!du+!ﬂ\/Xlgldu<OO-
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Next it is enough to prove two facts:

/X(f+g)du=/xfdu+/xgdu (6.2)
| @ndu=a [ sau (6.3)

the combination of which readily implies our theorem.

First we prove (6.2). Since we integrate the real part and imaginary part separately,
and since Re (f + g) =Re f +Reg and Im(f + g) = Im f + Img, it will be enough to
treat real valued functions f,g: X — R only.

Next, it is tempting to break down each real-valued function into its positive and
negative parts. However, this will not work, because (f + g)* # fT + gt and

(f+9)~ # f~ + g, generally speaking.
We use a different trick. Denote h = f + g, then

W —h"=(f" =)+ —9g) = h'+f +g = +f"+g"
Now on each side of the last equation we have a sum of nonnegative functions, thus
we can use Theorem 5.11 to get

[owtaus [ rmap [ = [ waus [ rrans [ gt
X X X X X X

Rearranging these integrals gives

[ortau [ wau= [ frau- [ s [ grdu- [ g7 an
X X X X X X
Using Definition 6.3 gives

/hdu—/fdwr/gdu,

X X X

Now we prove (6.3). Suppose first that > 0 and f = f* — f~ is a real-valued
function. Then (af)™ = af™ and (af)” = af~, hence

. 4 _ _ 5.8:(c) + B -~ _
J@ndu= [ antan=[ @ a"*a [ oo [ di=a [ i
If « <0, then (af)t = —af™ and (af)” = —af™, hence

/X(af)du—/X(Ozf)+du—/x(af)_du >89 —Oz/Xf_dqua/Xﬁdu—a/deu

Thus we proved (6.3) for any real o and any real-valued function f. To handle
complex constants & = a + ib and complex-valued functions f = u + iv, note that

which proves (6.2).

af = (au — ) +i(av + bu),
hence by Definition 6.5

/X(af)duz/X(au—bv)dmi/x(ambu)du,

and now we can use the already proved linearity for real-valued functions.
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EXERCISE 27. Let f,g € L}L(X) be real-valued functions and f < g. Show that
/ fdp < / gdp.
b's b's

EXERCISE 28. Let f,: X — [0,00] be a sequence of measurable functions such that f; > fo >
- >0 and lim,, o0 fn(x) = f(x) for every z € X. Suppose f; € Lj,(X). Show that

lim fndp = / fdu.

Theorem 6.8. Integral triangle inequality

If fe L}L(X) 15 a real-valued or complex-valued function, then
[ san] < [ 1s1an
X X
Proof.

Note: The analogy with the triangle inequality is clear if we replace integration
with summation.

f: X — [—o0,00] is a real-valued function with possible infinite values.
Then | [y fdu| = | [y f*du~ [y f~dy

< UX ft du‘ + ‘fx I~ du‘ (triangle inequality in R)
< [x frdu+ [ [~ dp (f*>0and f~ > 0)
= fX(er + f7)dp (Additivity: Theorem 5.11)

=[x |fldn (Eq. (4.2))
f: X — C is a complex-valued function with finite values.
Then JxfdpeC = 30el0,2n) st. [y fdu=¢e"

Therefore ’fX fdu‘ = e_iefX fdu

= [xe ¥ fdu (
=Re fX e Ytdu (Because it is a real number)
(

fxfd”’

By Linearity, Theorem 6.7)

= [xRe(e7f)du (By Eq. (6.1))
< fX |f| dp (Because Re (z) < |z] for any z € C)
Note: in the last step we also used the result of Exercise 27. 0
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Theorem 6.9. Lebesgue’s Dominated Convergence

Let f,,: X — C be a sequence of measurable functions such that

lim f,(x) = f(x) Ve e X

n—oo

Suppose there exists g € L}, (X) such that
|fu(2)| < g(x) Vee X, YTn=1,2,...
e., the functions f,(x) are dominated by g(x). Then
(a) fe€ LX)
(b) limyosoe [y 1fo— fldp =0
() litnyr iy fudp = [y £

Proof.

(a) The limit f(x) of measurable functions f,(z) is measurable by Corollary 4.16.
By standard calculus rules we also have |f(z)| < g(x), hence

5.8(a)
/If ) dp < /Xg(w)du<oo
therefore f € LL(X )

(b) Similarly to Part (a), for every n > 0,
o= fI<fal +1fI<29 = |fa—fl€Lu(X)

Note also that
- ‘fn - f‘ 2 Oa

thus Fatou’s lemma will apply to these functions. We also have

lim (29 — |fo = fI) =29 — lim_|fn — f| = 29,

therefore
Jx29dp = [ limp00(29 — [ fn — f]) du
= [y iminf, o0 (29 — | fn — f]) du By Proposition 4.14(d)
<liminf, ;o0 [ (29 — [fn — f]) dpe By Fatou’s Lemma
= liminf,,_ oo (fX 2gdp — [y |fn — f] d,u) By Linearity, 6.7
= [y 2g9dp —limsup,, . [y [fo — fldp By Proposition 4.14(a).
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Canceling [ y 29 du gives

imsup [ |f, ~ fldn <0,
X

n—oo

Since this is a sequence of nonnegative numbers, this relation is only possible if

i [ 14, = fld =0

n—oo

(c) Using the linearity and the integral triangle inequality

o< |[ udu= [ sau 2| [ (fa=par] T [ | flau—o

where in the end we used Part (b).

Corollary 6.10. Let f € L,,(X) and let
E1 D E2 D) ooc

be a sequence of measurable sets such that p(E,) — 0 as n — oo. Then

fdu—0 as n — oo
En

Proof. Denote E = N9, E,. By Continuity-I (Theorem 3.12) we have

u(E) = lim u(Ep) =0

n—o0

Consider functions f,, = xg, f for all n > 1 By direct inspection

0 if t¢ FE

i o) = f(2): :{f(x) if 1€FE

Also note that |f,| < |f| € L}L(X ), hence by the Lebesgue Dominated Convergence

fdu5'8=(e)/ fndufbg/ 7y
X X

En

/fd;ﬁé?/ Odu+/fdu=o,
X X\E E

where the first integral is 0 - (X \ E) = 0, and the second is zero due to Theorem
5.8. 0

as n — oo, and
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Role of sets of measure zero (null sets)

Let (X, 9, 1) be a measure space and Y a topological space.

DEFINITION 7.1. Let P(x) be a property which a point z € X may or may not
have. We say that P holds almost everywhere (a.e.) on a set £ C X if there
exists N C X, u(N) = 0, such that P holds at every x € E'\ N.

DEFINITION 7.2. Given two measurable functions f,g: X — Y, we say that f = ¢
a.e. if p{z € X: f(x) # g(z)} =0.

e f = g a.e. is an equivalence relation.

DEFINITION 7.3. We say that a sequence of measurable functions f,,(x) converges
a.e. to a limit function f(z) if u{z € X: f.(z) » f(z)} = 0.

A general philosophy of Real Analysis is that sets of measure zero are negligible,
what happens in those sets is insignificant. In many instances null sets are handled
somewhat casually or ignored altogether.

Theorem 7.4. Let f,g: X — [—00,00] or f,g: X — C be two measurable func-
tions. If f = g a.e., then [, fdu = [, gdu for any E € M.

e In this theorem, either both integrals exist (= equal) or both fail to exist.
Proof. Denote N = {x: f(x) # g(x)}. By our assumption, u(N) = 0.

Case 1: f,g: X — [0,00] are nonnegative functions (with possible infinite values).
We decompose E as E = (E\ N)W (ENN). Note that u(ENN) < p(N) = 0.

Therefore
/fdﬁﬁ fdu+/ fdu
E E\N ENN

17
/gdu = / gdu+/ gdp.
E E\N ENN

The integrals over E \ N are equal because f = g on E\ N. The integrals over
E N N are both equal to zero, because pu(E N N) = 0; cf. Theorem 5.8(d).

ot

Case 2: f,g: X — [—00, 00| are real-valued functions (with possible infinite values).
By direct inspection, if f(z) = g(x), then f*(z) = g*(z) and f~(z) = g ().
Therefore f* = gt a.e. and f~ = g~ a.e. Now by Case 1

/Efdu=Lf*du—[Ef_du:/ngu—/Eg‘du:/Egdu.
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Case 3: f,g: X — C are complex-valued functions with finite values. Again, by
direct inspection, if f(x) = g(z), then Re f(z) = Reg(z) and Im f(z) = Img(x).
Therefore Re f = Img a.e. and Re f = Img a.e. Now by Case 2

/fdu—/Refd,u—i—i/ Imfdu—/Regdu—i—i/ Imgdu—/gdﬂ-
E E E E E E

e In plain words: a function f can be modified arbitrarily on a set of measure zero, and
this will not affect the value of its integral (over any set E).

]

Therefore, for the purpose of integration we do not even have to define a func-
tion f on the whole space X it is enough to define it on a set of full measure. We
will say that such functions are defined almost everywhere.

DEFINITION 7.5. Let (X, 9, 1) be a measure space and Y a topological space. We
say that a function f with values in Y is measurable and a.e. defined on X if
there exists N C X with p(NV) = 0, such that f is defined on X \ N and for every
open set V' C Y we have f~1(V)\ N € 9.

e The function f above may also be defined on N or on any part of N.

EXERCISE 29. Let f be a function as above. Fix a y € Y and define

2 Jfl@) i zeX\N
f(x){y if e N

Show that f : X — Y is measurable.

EXERCISE 30. Let f be a function as above and p a complete measure. Let g: X — Y be an
arbitrary (not necessarily measurable) function. Define

;o Jfl@) i zeX\N
f(@) = {g(x) it zeN

Show that f: X — Y is measurable.

Proposition 7.6.
(a) Let N1, Na,... be null sets. Then N = U2, N; is a null set.
(b) Let Ay, Ao, ... be full measure sets. Then A = N2, A; is a full measure set.
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Proof.  (Proposition 7.6)
(a) By the o-subadditivity (Theorem 3.11)

p(UzN) < Zu =S 0-0,

=1
hence u(N) = 0.

(b) Note that A are null sets. Now
(&
A0 = (N2, 4) = U, A
which is a null set due to Part (a). -

e If f1, fo,... are measurable and a.e. defined functions, then there exists a full measure
set A C X on which all of these functions are defined.

“Almost everywhere” principle.

The convergence theorems proven in Sections 5-6 can be extended to functions
defined a.e., and the assumptions made on those functions only need to hold a.e.
For example, in Lebesgue’s Monotone and Dominated Convergence Theorems we
only need to assume that f, — f a.e., |f,(2)| < g(z) a.e., etc. In Theorem 5.13,
we only need to assume that f(z) => " f.(z) a.e., etc.

Theorem 7.7. Let {f,} be a sequence of complex measurable functions defined

a.e. on X and -
Z/ | ful dis < o0
n=1 X

Then the series f(x) = ", fn(x) converges for a.e. x € X and
S [ tudu= [ fan
n=1“X X

Proof. For each n > 1 the function f,, is supposed to be defined on a full measure
set, call it S),. Then all these functions are defined on the intersection S = N2 .5y,

and S is a full measure set due to Proposition 7.6(b).

For each z € S denote ¢(x) = > 7, | fu(x)|. By Theorem 5.13 we have

> 5.13
/@dﬂz/ZIfndu = Z/Ifn\du<00-
o S n=1 n=179

(note: here we can integrate over X, instead of S, due to Theorem 7.4).
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According to Theorem 5.8(f), E = {x € S: p(x) < oo} is a full measure set. For
every x € E we have > 7 | | fn(2)] = ¢(2) < 00, in particular, the series Y 7 | fn(z)
converges absolutely. Therefore f(x) = > 77, fu(z) is well defined (and finite) for
each z € E. Also, f is measurable on F, as it is the limit of measurable functions
gn(@) =N | fu(x), as N — co. To summarize: f is a measurable function defined
almost everywhere.

Next, by the triangle inequality

)
z)| =
n=1

2)[ <Y fal2)] = p(x)
n=1

Since [y ¢ dp < oo, this implies f € L}L(X).

Now again we need functions gy(x) = Zi:[:l fn(x). By the triangle inequality

N
§2m|<2m =0
n=1

so gn’s are dominated by the integrable function ¢. Also note that

N 0
= fal@) = Y fulz) = f(@)
n=1 n=1

lgn ()] =

for all x € E.

Now by Lebesgue’s Dominated Convergence Theorem

i:l/andu_/andﬂ /XgNd,u—>/deM

as N — oo, proving the theorem.

Corollary 7.8. Borel-Cantelli Lemma

If B, € M and > 7, (Ey) < oo, then almost every x € X belongs to finitely
many of the sets F.

Proof. Just apply Theorem 7.7 to functions f, = xg, . 0

e The Borel-Cantelli Lemma consists of two parts. Above is the easier part. The harder
part involves probabilistic notion of independence (beyond the scope of this course).
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EXERCISE 31. In the above corollary, let A be the set of points which belong to infinitely many
of the sets Ej. Show that
A=, Ue,, Ex.

Use this fact to prove the corollary without any reference to integration. Hint: use Theorem
3.11.

DEFINITION 7.9. A sequence f, of functions X — C converges to a function
f: X — C uniformly on X if for any € > 0 there exists N > 0 such that for all
n >N

sup | fu(z) — f(2)] <e.

zeX

Equivalently, sup,cx | fn(z) — f(z)| = 0 as n — oo.

e Uniform convergence implies pointwise convergence, but not vice versa.

EXAMPLE 7. Let X = (0, 1). Functions f,(z) = 2™ converge, as n — 0o, to the function
f(z) = 0 pointwise, but not uniformly.

EXERCISE 32. Suppose u(X) < co. Let f, € L}L (X) be complex measurable functions uniformly
converging to a function f € Llll (X). Prove that

li ndu = du. 7.1
im [ fudu= [ fan (7.1)

n—oo

Show that the assumption u(X) < oo cannot be omitted, i.e., give an example of a sequence of
functions f,, € L}, (X) uniformly converging to a function f € L, (X) such that (7.1) fails.

DEFINITION 7.10. A sequence f, of functions X — C converges to a function
f: X — C in measure if for any € > 0 and § > 0 there exists N > 0 such that
forallm > N

ple € X |fulz) — f(2)] > €} <.
Equivalently, u{z € X: |f.(z) — f(z)| > €} — 0 as n — 0.

e Convergence in measure is, generally, weaker than the pointwise convergence.

EXERCISE 33. Suppose pu(X) < oo and f,, are measurable functions defined a.e. on X. Prove
that if f,, — f a.e. on X, then f,, — f in measure. What happens if u(X) = co?
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ExaMPLE 8. Amazing shrinking sliding rectangles
Suppose X = [0, 1] and m is the Lebesgue measure. Let f, = X

FREESON where k = [logy n]
2k ok
and j = n — 2F. The first nine terms of this sequence are

X1 X, Xt Xl X[31p X131 X2 Xo,lp Xi,1

24 84

The graphs of these functions are vertical rectangles of the same height (= 1) but de-

creasing widths (= 2%), and their bases keep moving (sliding) along the interval [0, 1],
from left to right, as n increases. The bases of these rectangles cover the interval [0, 1]
over and over again, infinitely many times.

This sequence converges to the zero function f = 0 in measure, because

m(z: {|fa(e) - £(2)| > €}) = 2ik Y R

but f,(z) has no limit, as n — oo for any point z € [0, 1].

EXERCISE 34. Prove that if f,, — f in measure, then there is a subsequence {f,, } of {f,} such
that f,, — f a.e. on X. Hint: use Corollary 7.8.

EXERCISE 35. [Bonus] Suppose f € L, (X). Prove that Ve > 0 36 > 0 such that [, |f|du < e
whenever pu(FE) < 4.

Our next general goal is to show that the values of the integrals for a function
f over different sets £ € 9 give plenty of information about f itself.

Theorem 7.11. Let (X, 9, ) be a measure space.

(a) If f: X — [0,00] is measurable, E € M, and [, fdp =0, then f =0 a.e.
on E;

(b) If f € Li(X) and [, fdp =0 for every E € M, then f =0 a.e. on X;

Proof. (a) We need to prove that u(S) = 0, where
S={recE: f(z)>0}=f10,0c])NE.
Note that S = Up>15,, where
Su={x € B: f(x) > 1/n} = 7 ((1/n, o)) N E

and S; C Sy C ---. Thus by Continuity-II (Theorem 3.13) we have p(S) =
limy, 00 p4(Sy). If u(S) > 0, then p(S,) > 0 for some n, and then

5.8(b) 5.8(a)
fdu > fdu > / Ldp =+ p(Sy) >0,
E Sh Shn
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a contradiction. Thus p(S5) = 0 as claimed.

(b) If f: X — C is a complex-valued function, then
/fd,u:O == /Refd,u—i—i/lmfd,u:O
E E E
== /Refdu—O and /Imfdu—O
E E

thus it is enough to prove the claim for real-valued functions f: X — R. Denote

'([0,00))
H((—00,0)

Since [ B, fdp =0 by our assumption, Part ( ) implies f = 0 a.e. on Fj. Similarly,
Jg, fdu = 0 by our assumption, then [y (—f)du = 0, and again Part (a) implies
f=0a.e. on Ey. Thus f=0a.e. on F1 UFEy = X.

Ey ={z: f(z)

>0} =
Ey ={z: f(z) <0}

f-
fr

O
Corollary 7.12. If f € L, (X) and
‘/ fdu’ =/ |fldp,
b'e X
then there exists a constant 0 € [0,27) such that f = €|f| a.e. on X.
Proof. Recall: in the proof of Theorem 6.8 we showed that 30 € [0, 27) such that
[ ran]= [ re( sy du< [ iridn
and mentioned that |f| — Re (e*ig f) > 0. Now due to our assumption
[ (11=re () du=0
X
thus ‘
|f| —Re (e_lef) =0 a.e.
This also implies that Im (e‘ief) =0 a.e. Therefore |f| =e f a.e. 0

63



EXERCISE 36.
(a) Let f: X — (0,00] and p(E) > 0. Show that [, fdu > 0.

(b) Let f,g € L},(X) be real-valued functions and f < g. Assuming x(X) > 0 show
/fw</gw
E E

DEFINITION 7.13. Let (X, 9, 1) be a measure space and f: X — C a measurable
function. The average value of f(z) over a set E € M is

%)Lfdu

provided the integral exists and u(FE) € (0, 00).

Lemma 7.14.

(a) If f: X — R is a real-valued function and m < f(x) < M for all x € E, then

(b) If f: X — C is a complez-valued function and f(z) € R for all x € E, where
R C C s a closed rectangular domain with horizontal and vertical sides, then

Agr(f) € R.

Proof.
(a) By Theorem 5.8(a), mu(E) < [ f(x)dp < Mu(E).
(b) just apply Part (a) to Re f and Im f separately. 0

Theorem 7.15. Let (X, 9, j1) be a measure space and ju(X) < oo. Let f € L, (X)
and S C C a closed set. Suppose for every E € MM with u(E) > 0 we have
Agp(f) € S. Then f(xz) € S a.e. on X.

Proof. For any closed rectangle R C C\ S let Eg = {z: f(z) € R} = f~}(R). If
pw(ERr) > 0, we would have Ag,(f) € R by Lemma 7.14(b), which contradicts our
assumption. Therefore u(ERr) = 0. Now every open set in the plane is a countable
union of some closed rectangles. In particular, C\ S = U$°, R;, hence

FUS) =R f (R = u(f SZ
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thus f(z) € S a.e.

Corollary 7.16. In particular, if fEfd,u i1s real-valued for every E, then f is
real-valued a.e. on X.
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Regularity of the Lebesgue measure

Theorem 8.1. For any measurable set E C R and any € > 0 there is an open
covering set V. O E and a closed subset D C E such that m(V \ D) < e. In

particular,
m(V\FE)<e and m(E\D)<e

Proof.

(i) Suppose first that F is bounded (i.e. E C I = [a,b] for some a < b).
Then m(FE) < oo and using the outer measure (Definition 1.13) we get

m(E) = u*(E) =inf ) |1
i=1

where the infimum is taken over all countable covers of E by intervals, i.e., such that
E C U2, I;. Thus for any € > 0 there exist covering intervals U2, I; D E such that

> Ll - m(E) < /2
=1

Extending I;’s slightly we can make them open and increase their total length by no
more than /2. More precisely, for each ¢ > 1 we find an open interval I D I; such
that |I!| — |I;| < e/27*1. Then we have E C U2, I/ and

I -m(E) <) |Li|l+e/2-m(E) <c
=1 i=1

The open set V' = U2, I/ covers E and has the desired property:
[e.9]
m(V\ E)=m(V) - m(E) < ) || - m(E) <¢
i=1

(ii) Let E be unbounded. Then we can represent R as a disjoint union of some
intervals, i.e., R = Wp2 I, Each set Ey = E'N I} is bounded and we can find an
open set Vi, D Ej, such that m(V} \ Ej) < ¢/2F. Now the set V = U2, Vi is open
and

m(V\E) <> m(Vi\ E) <e.
k=1

(iii) The set E¢ = R\ E is measurable, so due to (i)—(ii) there exists an open set
U D E¢ such that m(U \ E°) < e. Its complement D = U€ is a closed set, D C E,
and E\ D =U\ E¢, hence m(F \ D) =m(U \ E°) < e. -

In other words, any measurable set can be arbitrarily well approximated by open
sets ‘from outside’ and by closed sets ‘from inside’.
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The following exercise demonstrates that approximation by open sets ‘from
inside’” or by closed sets ‘from outside’ is a bad idea:

EXERCISE 37. Find examples of Lebesgue measurable sets E7, Fo C R such that
m(E;) < inf{m(A): E; C A, A closed}

m(Ez) > sup{m(V): V C Ey, V open}.

The next theorem uses compact sets instead of closed sets:

Theorem 8.2.

(i) For any measurable set E C R we have
m(E) =inf{m(V): ECV, V open} (8.1)

and
m(E) =sup{m(K): K C E, K compact} (8.2)

(i) If m(F) < oo, then for any € > 0 there exist an open covering set V O E
and a compact subset K C E such that m(V \ K) < e. In particular,

m(V\FE)<e and m(E\K)<e

Proof. Put R = U, I,,, where I,, = [—n,n].

(a) First suppose that m(E) = oco. Then (8.1) is trivial: for any open cover
V D E we have m(V) > m(E) = oco. To prove (8.2), we use Theorem 8.1
by which there exists a closed set D C E such that m(E \ D) < 1. In that
case m(D) > m(E) — 1 = oo, hence m(D) = oo. By standard Definition 2.1,
m(D) = lim, oo m(D N I,), hence sup, m(D N I,) = co. Each set DN I, C E is
compact, which proves (8.2).

(b) Now suppose that m(E) < co. Now claim (i) follows from the stronger claim
(ii), so it is enough to prove (ii). Due to Theorem 8.1, there exist an open covering
set V O E and a closed subset D C E such that m(V \ D) < /2. Since m(D) <
m(FE) < oo and m(D) = lim,,_,oo m(DNI,), we can find n > 1 such that m(DNI,) >
m(D) — ¢/2. Now the set K = D NI, is compact, K C E, and m(V \ K) =
m(V\D)+m(D\K) <e.

Lebesgue measurable sets may be very complicated and “ugly”, but the above
theorems say that they are “approximately open” and “approximately closed”.
Sets with finite measure are “approximately compact”.
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The following approximation is also useful:

Corollary 8.3. If m(F) < oo, then for every e > 0 there exist a finite union of
disjoint bounded intervals J = WN_ I, such that m(EAJ) < e.

Proof. Due to Theorem 8.2, for any € > 0 there exists an open set V' O E such
that m(V \ E) < /2. Any open set is a finite or countable union of disjoint open
intervals, thus V = w22 I,,. Note that m(V) = > >°, |I,,| < oo, i.e., this series
converges. Thus there is N > 1 such that >, v || < &/2. Set J = W), I,. Now

EAJ = (E\J)U(J\E)c (V\J)U(V\E),

hence
m(EAJ) <m(V\J)+m(V\E) <e.

Theorem 8.4. For every measurable set E € M
(a) there exists a Gs-set G such that E C G and m(G \ E) = 0;

(b) there ezists an F,-set F' such that F C E and m(E \ F') = 0.

Proof. Due to Theorem 8.1, there are open covering sets V,, D E and closed subsets
D,, C E such that m(V,, \ D) < 1/n. Put G =N, V,, and F = U2 | D,,. Clearly,
G is G5 and F is F;, and G D E D F. Also note that G\ F C V,, \ D,, for every
n > 1, hence m(G\ F) < m(V,,\ D,) < 1/n, thus m(G \ F') = 0. 0

Thus every measurable set is ‘almost’ G5 (and ‘almost’ F,,), up to a null set.

Regularity in R”.

All the above theorems and proofs extend, almost verbatim, to the Lebesgue mea-
sure m in R¥, k > 2. Instead of intervals, one needs to use rectangles in R2
rectangular boxes in R3, etc.

More generally, we can consider other measures in R¥:

DEFINITION 8.5. A measure p defined on a o-algebra 9 in R* is called a Borel
measure if it is defined on all Borel sets (i.e. 9t contains all the Borel sets).
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DEFINITION 8.6. A Borel measure p is said to be outer regular if
w(E) =inf{u(V): ECV, V open} VE € M.
A Borel measure p is said to be inner regular if
u(E) =sup{u(K): K C E, K compact} VE € M.

A Borel measure p is said to be regular if it is both outer regular and inner
regular.

For regular measures, the above approximation results hold true:

EXERCISE 38. Let f: R — [0,00] be a Borel function, f € L. (R), and consider the measure
p(E) = fE fdm, where m is the Lebesgue measure. Prove that p is regular. Hint: use the result
of Exercise 35.

Theorem 8.7. If u(E) < oo for any bounded set E C R¥, then the outer reqularity
and inner reqularity are equivalent.

Proof. Tt is basically a repetition of our arguments in the proofs of Theorem 8.1 and
Theorem 8.2, so we omit it. ]

EXERCISE 39. Show that the counting measure in R is inner regular, but not outer regular.
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Approximation of Lebesgue measurable functions

In the previous section we showed Lebesgue measurable sets can be arbitrar-
ily well approximated by open sets (‘from outside’) and by compact sets (‘from
inside’). In this section, we will approximate Lebesgue measurable functions arbi-
trarily well by step and continuous functions.

DEFINITION 9.1. A function f: R — C is Lebesgue measurable if for any open
set V' C C its preimage f~1(V) is a Lebesgue measurable set, i.e., belongs to the
Lebesgue o-algebra.

Previously, the term measurable functions was always understood in the sense
of Borel functions (see Definition 4.3). Now we have two types of measurable func-
tions — Borel measurable and Lebesgue measurable. Note that Borel measurable
functions are Lebesgue measurable, but not vice versa.

f:Borel = f: Lebesgue

DEFINITION 9.2. A function ¢: R — Cis called a step functionif o = Y7 | a;xy,
for some «a; € C and disjoint finite intervals I; € R.

Do not confuse step functions with simple functions. Every step function is
simple, but not vice versa. For example, Dirichlet function (Example 6) is a simple
function but not a step function.

Roughly speaking, simple functions have simple range (a finite set) but may
have arbitrarily complicated domains (a measurable set). Step functions have
simple range (a finite set) and simple domain (a finite set of intervals).

EXERCISE 40. Let s: [a,b] — R be a simple Lebesgue measurable function. Show that for every
e > 0 there is a step function ¢: [a,b] — R and a Lebesgue measurable set E C [a,b] such that
s(z) = ¢(z) on E and m([a,b] \ E) < e. Hint: use the regularity of m.

EXERCISE 41. Let f: [a,b] — R be a Lebesgue measurable function. Show that for every ¢ > 0
there is a step function g: [a,b] — R such that

m{z € [a,b]: |f(z) — g(z)| > e} <e.

Hint: use approximation by simple functions and then the previous exercise.

EXERCISE 42. Let f € LL (R). Prove that there is a sequence {g,} of step functions such that

lim /|f—gn\dm:O.
R

n—oo

Hint: use the previous exercise.
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DEFINITION 9.3. Let X be a topological space and f: X — C. The support of
f is defined by

supp f = {z € X: f(z) # 0}.

Also, C.(X) denotes the set of all continuous functions with compact support.

Theorem 9.4. (Lusin)
Let f: R — C be a Lebesque measurable function, A C R a Lebesque measurable
set with m(A) < oo such that f(x) =0 for all x ¢ A. Then

(a) For every € > 0 there exists a compact set K C A such that m(A\ K) < ¢
and the restriction of f to K is a continuous function.

(b) There ezists g € C.(R) such that m{xz: f(z) # g(z)} < e. Purthermore, we
may arrange it so that sup |g(z)| < sup|f(z)].

Proof.

We can assume that f: R — R, as otherwise we can deal with the real part and
imaginary part of f separately.

(a) Let Vi, Va,... C R denote all open intervals with rational endpoints.

By Theorem 8.2, 3 compact sets K, C f~1(V,,)NA and K/, C f~H{VSNA s.t.
m((f7 (Va) NA)\ Kn) < 3r and m((f7H(V) N A\ Ky) < gir

hence

m(A\ (K, UK))) <e/2"

Now define K = N2, (K, U K},). It is a compact set, K C A, and m(A\ K) <e¢

Let fx = f|x denote the restriction of f to K. Note that fr(V,,) = KN (R\ K7),
which is an open subset of K, hence fx is continuous.

(b) By Corollary 8.3, there exists a finite union of disjoint bounded open intervals
J =wN_, I, such that m(AAJ) < e. By the part (a), for each n = 1,..., N there
exists a compact subset K, C A,,: = AN I, such that m(A4, \ K,,) < ¢/N and the
restriction of f to K, is continuous.

Now we define g on each interval I,, = (ay,b,) as follows:
(i) g(z) = f(z) for all x € K,
(ii) g(an) = g(bn) =0

(iii) g(z) is extended linearly and continuously to the rest of I,
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We clarify the meaning of (iii). The set V' = I, \ K, is open so it is a finite
or countable union of disjoint open intervals I, ; = (an,bni), ¢ > 1, such that the
endpoints ay, i, by,; belong to K, U{a,}U{b,}, and on this union g is already defined.

Now we set

g(bni) — g(an;) (

bn,i — Qng

g((L‘) = g(an,i> + T — an,z’)~ Vr € In,i

Lastly, we set g(x) = 0 for all x € R\ J. One can verify by direct inspection that g
is now continuous on R and has compact support (i.e. g € C.(R)).

We now have
N
m{z: f(z) # g(x)} <m(A\J)+ > m(IL, \ Ky)
n=1
N
<m(AAT) + Y m(A,\ Ky) < 2,
n=1 D

Corollary 9.5. Assume that the hypotheses of Lusin’s theorem are satisfied and
that |f| < M. Then there is a sequence {g,} such that g, € C.(R) and |g,| < M
for each n > 1, and g,(x) — f(z) a.e.

Proof. By Lusin Theorem 9.4, for each n > 1 there exists g, € C.(R) such that
m(E,) <27 By ={z: f(z) £ gule)}.

Since Y7, m(E,) < 0o, the analogue of the Borel-Cantelli Lemma (Corollary 7.8)
implies that a.e. point € R belongs to finitely many E,’s. That is, for a.e. z € R
there exists N(x) such that x ¢ E,, for all n > N(x).

This implies g, (x) = f(x) for all n > N(z), in particular g,(z) = f(x). 0

DEFINITION 9.6. Let X be a topological space and f: X — R (or [—o0, o0]). We
say that f is lower semicontinuous if {z: f(z) > a} is open for every a € R. We
say that f is upper semicontinuous if {z: f(x) < a} is open for every a € R.
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Proposition 9.7. Simple properties of semicontinuous functions:
f is continuous < [ is both upper and lower semicontinuous.

)

b) If f is semicontinuous, then it is Borel.
) f is upper semicontinuous < — f is lower semicontinuous.
)

If f is upper (lower) semicontinuous and ¢ > 0, then cf is upper (lower)
SeEMICONLINUOUS.

(e) If f,g are upper (lower) semicontinuous, then f + g is upper (lower) semi-
continuous.

(f) If {fy} is a family of upper (lower) semicontinuous functions, then inf f,
(resp., sup f )is upper (lower) semicontinuous.

(g) V C X is open < xv is lower semicontinuous.
(h) A C X is closed < x4 is upper semicontinuous.

(i) If fn > 0 are lower semicontinuous, then y | f, is lower semicontinuous.

e Proof is straightforward, we leave it as an exercise.

EXERCISE 43. Prove that if f: X — R is upper (lower) semicontinuous and X is compact, then
f is bounded above (below) and attains its maximum (minimum).

Theorem 9.8. (Vitali-Caratheodory)

Let f: R — R be Lebesque integrable function (i.e. f € L'). Then for every e > 0
there exist functions u,v: R — R, u < f < v, where u is upper semicontinuous
and bounded above, v is lower semicontinuous and bounded below, and

/R(v—u)dm<e.
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Proof. Vitali-Caratheodory Theorem 9.8

First, assume f > 0. By Theorem 4.22, there exist simple functions 0 < 51 < 59 <
- converging to f pointwise. Then f = >">°,t,, where t, = s, — sp—1 (taking
to = 0) are nonnegative simple functions. Thus

f=Y " aixa, (9-1)
=1

where a; > 0 and A; C R are measurable sets (not necessarily disjoint).

We cam assume that m(A4;) < oo for each i, as otherwise we can partition A; into
countably many pieces A;; = A; N [j,j + 1), each of finite measure, and replace
a;x A, with Z]Oil aix4,; in (9.1).

Note that [, fdm =37 a;m(4;) < co.

By Theorem 8.2 there exist compact sets K; and open sets V; such that K; C A; C V;
and m(V; \ K;) < =5; Now we define

aiQZ

o] N
V= E o;xy, and u= ZaiXKi
i=1 i=1

where N is chosen so that

Z am(4;) <e

Then wu is upper semicontinuous, by Proposition 9.7 (e),(h), and bounded above, v
is lower semicontinuous, by Proposition 9.7 (g),(i), and bounded below (by zero).

Thus,

N [e'¢)
v—u= ZaiXVi\Ki + Z XV,
i=1

i=N+1
oo oo

< ZaiXVi\Ki + Z QiX A,
i=1 i=N+1

so that [p(v —u)dm < 2e.

In the general case, f = f* — f~, and we attach u; and v; to f* and us and v
to f~, as above, and put u = u; — v9 and v = v; — ug. Note that —wvg is upper

]

semicontinuous and —ug is lower semicontinuous (see Proposition 9.7 (c)).
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Corollary 9.9. Let f: R — R be a Lebesque measurable function. Then there exist
Borel functions g,h: R — R such that g(z) = h(z) a.e. and g(z) < f(zx) < h(zx)
for every x € X.

Proof. First, we prove the theorem for a function restricted on a finite interval.

Let N > 0 and let us restrict our function f onto the interval [-N, N].
For any M > 1, let

flx) it |f(z)] < M
fuw={ M it f@)>M
- M if f(x)<-M

be the function f truncated at levels M and —M. Since fj; is bounded on the finite
interval [—N, N, it is integrable.

By Vitali-Caratheodory Theorem 9.8, For all n > 1 there exist the respective func-
tions unr,, < far < var,, such that

/ (VM — Ump) dm < 1/n.
[_NvN]

Let ups = sup,, up,, and vy = infy, vasy,. Then upr < far < vy and

/ (vpr — upg) dm = 0.
[_NvN}

This implies ups = vpr a.e. on [—N, NJ, i.e., m(Eys) = 0, where
Ey ={z € [-N,N]: up(x) #vm(x)}.

Taking the limit as M — oo we obtain f = lim fy; in fact f(z) = fa(x) for all
M > My(z) (the sequence fas(x) “stabilizes” as M — o00).

Now define two Borel functions

gy = limsup uys and hy = liminf v,,.
M—o0 M—o0

By direct inspection, gy < f < hy on [—N,N]. Also, gn(x) = hy(z) for all
x € [-N,N]\UpEn, hence gn(z)=hy(z) a.e. on [-N,N].

Finally, we define g(z) = limsup gn(z) and h(x) = liminf hy(z) on the entire R. 0
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Theorem 9.10. (Egorov)

Let u(X) < oo and {f.} a sequence of complex measurable functions on X such
that lim,, . fn(z) = f(z) for a.e. © € X. Then for every e > 0 there is E C X
such that u(X \ E) < ¢ and f, — f uniformly on E.

Proof. For all i > 1 and k > 1 consider the “bad” set
Bix =A{z € X: [fi(z) = f(2)] = 1/k}.

Due to a.e. convergence, for each &k > 1 a.e. point can only belong to finitely many
of By, thus ,u(ﬂnzl Uisn Bi,k) = 0. By Continuity-I (Theorem 3.12) we have
M(Uz‘anz‘,k) —0asn— oo

Given € > 0, for each k£ > 1 there exists nj . > 1 such that ,u(UianﬁsBivk) < 5/2k

Let
B.=J U Bix

k>1i>ng.c

Note that

pn(Be) < ZN( U Bij) <e

k21 i>ng .

X\B:=B:=() () B

k>1i>ng .

and

i.e., for all z € B¢ we have |f;j(x)— f(z)| < 1/k for all i > ny, ., which means precisely
a uniform convergence on E = B¢. 0

Littlewood’s three principles of real analysis.

Littlewood stated three principles in his 1944 Lectures on the Theory of Functions.
They can be roughly expressed as follows:

e Every measurable set is nearly a finite union of intervals
e Every convergent sequence of functions is nearly uniformly convergent
e Every integrable function (of class LP) is nearly continuous

The first principle is given by Corollary 8.3. The second one by Egorov’s Theorem
(Theorem 9.10). The third one, by Lusin’s Theorem (Theorem 9.4)

(Another version will be given in Section 11).
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10

Lebesgue integral versus Riemann integral

Riemann integral (review).

Recall the definition of Riemann integral in calculus: given a function on a bounded
interval f: [a,b] — R, we consider all finite partitions I = W}, I; of I = [a,b] into
subintervals I; and denote A = {[;} and |A| = maxj<;<, |I;|. Now the Riemann
integral is defined by

n

/ f@)de = tim 3 f(o)|L,

|A]—=0 <
=1

where x; € I;, provided the (finite) limit exists and does not depend on the details
of the partitions A = {I;} and the choice of points z; € I;.

Pl TN
N\
pdl N
N\
P4l N

Figure 5: Riemann integration (top, blue) versus Lebesgue integration (bottom, red).

Both integrals, Riemann and Lebesgue, are designed to compute “the area under
the graph of the function”. In the Riemann integration, we divide the domain
of the function into small pieces and count the total area of the resulting vertical
strips. In the Lebesgue integration, we divide the range of the function into small
pieces and count the total area of the resulting horizontal strips.

Roughly speaking, these are different ways of counting money when you've got
a pile of paper bills of various denomination. One way is to add up the values of
all the bills, one by one...

Like “one dollar plus ten dollars, plus five dollars, plus another one, plus another five...”

This is the idea of Riemann integration.

Another way is to sort the bills according to their denomination first — singles
into one pile, fives into another, tens into another, etc., and then count the bills in
each pile separately and multiply the number of bills in each pile by their common
value. This is the idea of Lebesgue integration.

7



Riemann integral (Darboux’s definition).

A wuseful definition of Riemann integral is due to Darboux: for each partition
A = {I;} denote
M; = sup f(z) and  m; = inf f(z).

z€el; zel;

Now consider the “upper” and “lower” sums

J(A) = ZM1»|I¢| and  J(A) = Zm,-|[i|.
T g <J0)

Furthermore, for any two partitions A = {[;} and A’ = {[;} we have
J(A) < J(A") < J(A) < J(4A)

where A* = {I; N Ij'} is the refinement of both A and A’ (see the lemma below).
Therefore sup J (A) < igf J(A).
A

Now the Riemann integral is defined by

b
/ f(z)dx =sup J(A) = igf J(A),
a A
This only applies if the two terms are finite and equal. i.e.
sup J(A) = inf J(A) € R.
A A

Intuitively, the Riemann integral exists iff the upper an lower sums are finite and
can be made arbitrarily close to each other by choosing a fine enough partition.

Lemma 10.1. Suppose A = {I;} is a partition of the interval I and A* = {I}}
is a refinement of A, i.e., every interval I3 is a part of some interval I; (17 C I;).
Then

J(A) < JAY)  and  J(A) = T(AY).

Proof. Whenever I} C I;, we have

m; = inf f(x) < inf f(z) = m}k

z€l; zEl?
M; = sup f(z) > sup f(x) = M;
z€l; vel?

Multiplying by [I7| and summing up over j proves the lemma.
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Theorem 10.2. Let f: [a,b] — R. If the Riemann integral

j:/abf(x)dq:

exists, then f is Lebesgue integrable on [a,b] and its Lebesgue integral equals

fdm=7.

[a,b]

The converse is not true (see an example below).

Proof. Let A, denote a sequence of increasingly finer partitions of I = [a,b], for
example let A, = {I,,;}, 1 <i < 2", be the partition of I into 2" equal subintervals.

Note that each subinterval I, ; in a part of one of the longer subintervals I,,_1 ;, i.e.,
Ay is a refinement of A, 1. Denote M, ; = sup,c; , f(x) and m,; = inf,eq, , f(x).

Now define “upper” and “lower” functions f,, and in by

fo(z) = M,; and f (z)=mpn, Vo € I ;.

n

Note that

b B b
[ h@dr =@, ad [ @)= (a0,

Also note that

h>f>-->f and f <f <---<f
hence there exist limits

lim f,=f>f and lim f =f<f.

n—oo -

Now by Lebesgue’s Dominated Convergence Theorem

fdm = lim fodm = lim J(A,) = [ f(z)dx
[a,b] n—o0o [a,b] n—oo a
and )
fdm = lim f,dm= lim J flx)dx.
[a,b] =00 Ja,b] n—oo ( ) a ( )
Therefore
— / (F-fldm=0 — F— fldm =0
[a,b] - [a,b] -
(recall that f > f > f, hence f—i 0). Theorem 7.11(a) implies f(z) = f(z)
thus f(z) = f(z) = f(z) a.e. Now Theorem 7.4 implies
/ fdm = fdm = fdm
[a,b] [a,b]
so our theorem follows. 0
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EXAMPLE 9. Let f: [0,1] — R be the Dirichlet function (Example 6) restricted to the
interval [0, 1], i.e., f(x) = 1 for z rational and f(x) = 0 for « irrational. It is not Riemann
integrable because J(A) = 0 and J(A) = 1 for every partition A. On the other hand,
f is Lebesgue integrable and f[()’l] fdm = 0.

Theorem 10.3. (Riemann-Lebesgue)

/abf(x)dx

exists if and only iof f is bounded and almost everywhere continuous.

The Riemann integral

e See the proof on the next page.
e The last condition means that the set
E;={x € [a,b]: f is discontinuous at x}

has Lebesgue measure zero, i.e., m(Ey) = 0. The set E; may be complicated.

EXAMPLE 10. A modified Dirichlet function f: [0,1] — R is defined as follows: at
every irrational number z we set f(z) = 0 and at every rational number z = p/q, where
p/q is an irreducible fraction, we set f(x) = 1/g. This function is continuous at every
irrational number but discontinuous at every rational number. Thus E; = QN|0,1] is a
countable and dense set. This function meets the conditions of the above theorem, thus
its Riemann integral exists. In fact, fol f(z)dx =0.

RN

Figure 6: Modified Dirichlet function
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Proof. Riemann-Lebesgue Theorem 10.3

Suppose the Riemann integral exists.

If f was unbounded, then for each partition A there would be a subinterval I; C I
on which either M; = oo or m; = —oo. Hence either J(A) = 0o or J(A) = —o0,
which is impossible by the Darboux definition of the Riemann integral.

Next for each subinterval I’ C I define the oscillation of f on I' by

w(I') = sup f(z) — inf f(z).
xel’ zel

The oscillation of f at a point x € [ is defined by

wi(z) =limws(jz — e, +€]).

e—0

Note: f is continuous at z if and only if wy(z) = 0.

For each 6 > 0 denote
Es={x e l:ws(x)>6}.

The set of points where f is discontinuous is E = Us~oFs.

If m(E) > 0, then there exists a dp > 0 such that m(Es,) > 0. Now consider an
arbitrary partition A = {[;} of I. If intl; N E5, # 0, then M; —m; > dp. All
such subintervals I;’s cover Es,, hence their total length is > m(Ej,). This implies
J(A) — J(A) > dom(Ejs,) > 0.

Thus the upper sum J(A) and the lower sum J(A) cannot get arbitrarily close to
each other, contradicting the Darboux definition of the Riemann integral.

Suppose f is bounded, |f| < M, and a.e. continuous.

We use the sequence of partitions A, from the proof of Theorem 10.2. Suppose
z € [0,1] is not an endpoint of the intervals I,,; € A, (i.e., x # p/2? Vp,q € N),
and f is continuous at = (i.e. wy(x) =0). Then f(z) = f(x).

Therefore f = f a.e., hence

lim J(A,) :/ fdm = fdm = lim J(A,),
n—oo [a,b] [mb] - n—oo
which implies the existence of the Riemann integral. 0
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ExXAMPLE 11. The Dirichlet function is bounded, but discontinuous at every point.
Again we see that it is not Riemann integrable.

EXAMPLE 12. The function f: [0,1] — R defined by f(z) = 1/y/z is Lebesgue in-
tegrable, but it is unbounded hence not Riemann integrable. However, an improper
Riemann integral

1 1
/0 f(z)dx = lim f(z)dx

a—0t Jq

exists and is equal to the Lebesgue integral f[o 1 f(z)dm

EXAMPLE 13. The function f: [0,00) — R defined by f(z) = (—=1)"*!/n forn — 1 <

x<n,n=12 ... has a finite improper Riemann integral
0o A oo (_1)n+1
z)dr = lim x)dr = — < o0.
| t@a= tim [ f@yae= 30 =
n=1
But it is not Lebesgue integrable because

=1

[f(z)|dm = ) — =oo.
/[o,oo] nZ::l "

Improper Riemann integral vs Lebesgue integral.

The existence of an improper Riemann integral does not imply Lebesgue inte-
grability. More precisely, if f has a finite improper Riemann integral, then it is
Lebesgue integrable if and only if |f| has a finite improper Riemann integral. In
that case the Lebesgue integral is equal to the improper Riemann integral. (Note:
if f > 0, then the existence of an improper Riemann integral is equivalent to
Lebesgue integrability.)

EXERCISE 44. Find a function f(z) on [0, 1] such that the improper Riemann integral fol f(z)dx
exists (is finite), but f is not Lebesgue integrable.
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11

L? spaces

DEFINITION 11.1. Let (X,90, 1) be a measure space. For each p € (0, 00), LE(X)
denotes the set of functions f: X — C such that | f|? is integrable, i.e.

12(X) = {f: /X 1P du < oo}

e Note that |f(z)| € [0,00) for each x € X, thus |f(z)[P is well defined for every
0 < p < oo, and |f|P is a non-negative function.

e For p = 1, this definition agrees with our earlier Definition 6.1 of L, (X).

e The set L,(X) is actually a vector space with a norm, and we need certain tools to
introduce this norm.

DEFINITION 11.2. A function ¢: (a,b) — R, where —oo < a < b < 00 is said to
be convex if
o(pz + qy) < po(x) + qp(y) (11.1)

foralla<x<y<band p,g>0,p+qg=1.

e If the inequality in (11.1) is strict, we have a strictly convex function.

e Geometrically, this means that the secant line joining the points (z, ¢(x)) and (y, ¢(y))
lies above the graph of ¢ between 2 and 3. A parabola y = 2?2 is a good example.

ACCESS
VA

Convex function

Lemma 11.3. A function f: (a,b) — R is convex if and only if for any a < s <

t<u<b
p(t) —p(s) _ p(u) — ()
t—s - u—t

Proof. Geometrically, this is obvious. Algebraically, one can use (11.1) and set

u—1 t—s
r=3s, yYy=u, p= 4=
uU— S uU— S
Then t = px + qy. The rest is straightforward calculation. 0

o If p(x) is strictly convex, then the inequality in Lemma 11.3 is strict.
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Lemma 11.4. If ¢ is differentiable, then it is convex if and only if ¢’ is mono-
tonically increasing, i.e. ¢'(x) < ¢'(y) for all x < y.

Proof. This follows from the previous lemma.

o If the second derivative exists, then ¢ is convex if and only if ¢”(x) > 0.

Theorem 11.5. If ¢ is convex on (a,b), then it is continuous on (a,b).

Proof. We prove that f is continuous at any point ¢ € (a,b). Choose a; € (a,c) and
b1 € (¢,b). Then by Lemma 11.3 we have for any € > 0

ple) —plar) _ plete) - ple)
c—aj - €

which implies liminf, .+ ¢(z) > ¢(c). Similarly,

plete) = ple) _ plbr) — plc+e)

)

15 b —c—¢

which implies liminf, .+ ¢(z) < ¢(c). Hence lim,_,.+ p(z) = ¢(c). The left hand
limit is treated similarly.

O
e This is not true on closed intervals [a, b].

Theorem 11.6. (Jensen’s inequality)

Let (X,9, 1) be a measure space and u(X) = 1. Let f: X — (a,b) C R
be a Lebesgue integrable function, i.e., f € LL. Then for any convex function

¢: (a,b) = R we have
w(/}(fdpn) S/X(wOf)du.

Note: the cases a = —oco0 and b = 0o are not excluded.

e See the proof on the next page.

e A measure p on X such that pu(X) =1 is often called probability measure.

An important remark: the integral [ « (@ o f)dp here is understood in the “ex-

tended sense” (cf. Section 6). More precisely, the “negative” part of the integrand
belongs in L, (X), i.e.,

/ (po f) du< o, (see the proof below)
X
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but the positive part may not be in L (X), i.e., we can only claim that

/(¢Of)+du§oo,
X

which possibly takes value co (see an example below). Therefore the above integral

/X(SOOf)dMGiB/X(sOOdeu—/X(cpof)du

is either finite, or equal to oo (but not —oo).

EXAMPLE 14. Let X = (0, 1) and u be the Lebesgue measure on X; note that u(X) = 1.
Suppose f(z) = z and p(z) = 1/z. Note that f € L}L(X) and ¢ is convex on (0,1). Now
(po f)(z) = 1/x. The Riemann integral of this function

'l
/ —dz=Ihz|} =00
o T

is infinite (by elementary Calculus). Thus its Lebesgue integral is infinite, too (recall the
material in the end of Section 10).

Proof. Jensen’s inequality Theorem 11.6
First, note that

a:au(X)</ fdp<bu(X)="»b

(due to the result of Exercise 36(b) and the assumption p(X) = 1), hence

/ fdu € (a,b). (11.2)
Next, by Lemma 11.3 for any u € (¢,b)
se(at) t—s u—t

Therefore, for any s € (a,b) we have

p(s) > o(t) + B(s = 1)

(for s < t this follows from the definition of 5 in (11.3); for s > t this follows from
the middle inequality in (11.3), where u must be is replaced with s). Thus for any
reX

p(f(x)) = o(t) + B(f(x) —1). (11.4)

Note in particular that

(po f)” <let) +B(f =) < le@)] + BI(LF] + [¢]),
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hence
o nydu <o)+ 181( [ 191du-+1d) < oc,
X X

as we promised above.

Now we have two cases. First, if [\ (¢ o f)Tdu = oo, then [y (¢ o f)du = oo,
and Jensen’s inequality is trivial (a finite number < infinity).

Second, if [y (po f)T du < oo, then po f € LL(X). Now taking the integral of
(11.4) over X gives

/X(Wf—w(t)—/f(f—t))du>o.

hence by the linearity (Theorem 6.7) we get

o nduz e+ 5( [ fan-t) = o
X X
where the expression in the parentheses vanishes due to (11.2). 0

o If p(x) is strictly convex, then Jensen’s inequality turns into an equality if and only
if f is constant a.e.

EXAMPLE 15. Let ¢(z) = e”. Then we get

eJx fdu S/ ef du.
X

EXAMPLE 16. Let X = {1,2,...,n} and u({i}) = 1/n for every i = 1,...,n. Let

f@i) = Ina; for some aj,...,a, > 0 and again ¢(z) = e®. Then Jensen’s inequality
implies
(araz - - - an)t™ < Gt azF e an
n
(geometric mean is < arithmetic mean). More general: if u({i}) = p; for i = 1,...,n

and p1 + -+ pp, =1, then

al*ab? - - alr < pray + paag + -+ - + ppay,

(geometric weighted mean is < arithmetic weighted mean).

EXERCISE 45. Prove that the supremum of any collection of convex functions on (a, b) is convex
on (a,b) (assume that the supremum is finite). Prove that a pointwise limit of a sequence of
convex functions is convex.

EXERCISE 46. Let ¢ be convex on (a,b) and ¢ convex and nondecreasing on the range of .
Prove that ¢ o ¢ is convex on (a,b). For ¢ > 0, show that the convexity of logy implies the
convexity of ¢, but not vice versa.
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EXERCISE 47. Assume that ¢ is a continuous real function on (a,b) such that

w(x;y) < %w(x) +%s0(y)

for all x,y € (a,b). Prove that ¢ is convex. (The conclusion does not follow if continuity is
omitted from the hypotheses.)

DEerFINITION 11.7. If p,g > 1 and

1 1
__|__:1’
p q

then we say that p and ¢ are conjugate exponents.

e The most important case is p = q = 2.

e If p — 1, then ¢ — o0; thus p =1 and ¢ = oo are considered as conjugate exponents.

Theorem 11.8. Let (X, 9, u) be a measure space and f,g: X — [0, 00] measur-
able functions. Let p and q be conjugate exponents.
Then we have Holder inequality:

/ngdué {/Xf”du}l/p[/xquu}l/q

Equality holds here if and only if there exist o, 5 > 0, not both equal to 0, such
that af ()P = Bg(x)? a.e. (i.e., f(x)? and q(x)? are proportional to each other).

i [fro] " =[]

If A =0, then f = 0 a.e. (by Theorem 7.11a) and the case is trivial. Similarly, if
B =0, then g = 0 a.e., and the case is trivial.

Proof. Denote

If A= o0 and B > 0, then the Holder inequality is trivial, as its right hand side is
00. The same happens if B =00 and 4 > 0.

Thus we can assume that A € (0,00) and B € (0,00). Consider two functions:
F(r) = f(z)/A  and  G(x) = g(x)/B

(“normalized” versions of f and g). Note that

/deu:/ G9dp = 1.
X X
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It is enough to prove
/ FGdu <1, (11.5)
X

and then complete the proof of the Hélder inequality as follows:

/ngdMZAB/XFGd,ugAB: [/Xfpdﬂ]l/p[/xquur/q.

We are now proving (11.5). Note that F' < oo and G < oo a.e., due to Theorem
5.8(f).
The following calculus lemma is the key step:
Lemma. If F,G € [0,00) are two nonnegative real numbers, then
1 1

FG < ;Fp + an.
Proof of Lemma: If ' =0 or G = 0, the lemma is trivial. If F, G > 0, we can choose s,t € R
such that F' = ¢%/? and G = e¥/9. Since p(z) = e® is a convex function and % + % =1, we
have ,

erta < %es + %et.
In terms of F' and G, the above inequality is exactly what Lemma claims. O
Due to this lemma, we have for a.e. z € X

F(z)G(x) < %F(:U)p + %G(:L‘)q.

Integrating over X gives

FGdugl/de,u+1/quu—1+1—1
/X p X q X p q

proving (11.5). This completes the proof of the Holder inequality.

We now turn to the characterization of equality. First, suppose that o f (z)P = Bg(z)?
and, without loss of generality, § # 0. Then g(z) = ¢/9f(z)?/9, where ¢ = a/f.

Now
X X X

because % + é = 1. On the other hand,

o] (o] "= [ ] " f ] "o

again because % + % = 1. Hence the Hoélder inequality turns into an equality.

Now suppose that the Holder inequality turns into an equality. Then it follows from
our proof of the Holder inequality that we must have

F(z)G(z) = %F(az)p + %G(az)q a.e.

Now we look back into the proof of our lemma. Since p(z) = e” is a strictly convex

function, the equality in the lemma is only possible when s = ¢, i.e., e® = €/, i.e.,
FP = G4. Thus we have

F(z)? = G(x)? a.e.,
which implies that f(x)P and ¢(z)? are proportional to each other. 0
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Corollary 11.9. If p = q = 2, the Holder inequality is the Schwarz inequality:

[l =[f 4] (o]

Equality holds here if and only if there exist o, B > 0, not both equal to 0, such
that af (x) = Bg(x) a.e. (i.e., f(x) and q(x) are proportional to each other).

e If we replace integration with summation we obtain the familiar Cauchy-Schwarz
inequality from linear algebra:

(£ g) = [Zf,-girs r| (S| = e

where f = (f1, f2,...), & = (91, 92, .. .) are vectors and f - g is their inner product.

Theorem 11.10. Let (X, 9, 1) be a measure space and f,g: X — [0, 00] measur-
able functions. Let p > 1. Then we have Minkowski inequality:

foosra] " [fra] "]

o [fp=1, this is actually an equality.
o Ifp > 1, the equality holds if and only if there exist o, B > 0, not both equal to 0,
such that af () = Bg(x) a.e. (i.e., f(x) and q(z) are proportional to each other).

Proof. 1If p =1, we just use the linearity of Lebesgue integral (Theorem 5.11).

Assume p > 1. We can also assume that

/(f+g)pdu>0, / fPdu < o0, / ¢" dp < o0 (11.6)
X X X

as otherwise the Minkowski inequality is trivial.

Note that
(f+aff =f(f+ 9P +g(f+9P "
Due to the Hélder inequality

r 1/p 1/q
[otvartans | [ i | [ geaead
X lJ X X

r 1/p 1/q
/ g(f + 9P Hdp < / q° du} [/ (f +g) 11 du] :
X X X

and
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Also note that

11
, g~ = pra=p = (p—1)g=p

Adding the above two integral inequalities gives

/X(f+g)pdu§ ([/Xf”du]l/er [/Xgpdp,]l/p> [/X(Hg)pdu]l/q.

Now if the last factor is finite, we can just divide by it and get

forsoral "< o] "]

which is exactly the desired Minkowski inequality because 1 — % = -

So all we need is to check that
/ (f +9)Pdu < . (11.7)
X

The following simple lemma will do the job:

Lemma. If f,g € [0,00) are two nonnegative real numbers and p > 1, then

(f+g)1’ St
2 - 2
Proof of Lemma: If f =0 or g = 0, the lemma is trivial. If f,g > 0, the lemma follows from

the convexity of the function ¢(z) = P on the interval (0, c0). O

Now note that f(z) < oo and g(z) < oo a.e., due to Theorem 5.8(f). Thus due to
the above lemma, we have for a.e. z € X

(f(x) ;9@))17 < f(x)P ;g(fb‘)p

Integrating over X and using our assumptions (11.6) proves (11.7).

We now turn to the characterization of equality. First, suppose that af(z) = Bg(z)
and, without loss of generality, § # 0. Then g(z) = cf(x), where ¢ = a/f, and by
direct calculation we can verify that the Minkowski inequality turns into an equality.

Now suppose that the Minkowski inequality turns into an equality. The main step of
the above proof of the Minkowski inequality is application of the Hélder inequality
twice: once to the functions f and (f + ¢g)?~! and then once again to the functions
g and (f + ¢g)P~!. Then the equality requires

f? be proportional to (f 4 g)P~Da

and
g° be proportional to (f + g)(Pfl)q

We see clearly that f must be proportional to g, as claimed. 0
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e If we replace integration in the Minkowski inequality with summation, we obtain the
familiar triangle inequality for the p-norm of vectors in linear algebra:

1/p 1/p
<

Ie+gl, =[S ar] < [0 " S| = e+l

where f = (f1, f2,...) and g = (g1, g2, . . .) are vectors.

EXERCISE 48. Suppose (X ) = 1 and suppose f and g are two positive measurable functions on
X such that fg > 1. Prove that [ fdu- [, gdu>1.

EXERCISE 49. Suppose 4(X) =1 and h: X — [0, 00] is measurable. Denote A = [, hdu. Prove

that
\/1+A2§/ V1+hZ2dp <1+ A
X

EXERCISE 50. [Bonus| If m is Lebesgue measure on [0, 1] and if & is a continuous function on [0, 1]
such that h = f’, then the inequalities in the previous exercise have a geometric interpretation.
From this, conjecture (for general X) under what conditions on h equality can hold in either of
the above inequalities, and prove your conjecture.

DEFINITION 11.11. For a measurable function f: X — C and p > 0 we define the
“p-norm” of f by
» 1/p
1l = | [ 1P .
X

e Definition 11.1 can be now stated as Li(X) = {f: || f|l, < oo}

e If ;1 is the Lebesgue measure on R¥, we will simply write LP(R¥).

DEFINITION 11.12. A special case: N and p is a counting measure. Then functions
f: N — C can be regarded as complex-valued sequences £ = {¢,}. Then

oo 1/p
el = |3 6P|
n=1

and

= {&: [|€lly < oo}
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Theorem 11.13. [f1 < p < oo, then LL(X) is a complex vector space.

Proof. Given f,g € L},(X) and «, 8 € C we have, by the Minkowski inequality

r /
s + 8ol = [ | o7 + salrau] "

1/p
< / (‘Oé fl+1 Bg])p d,u} (By triangle inequality for complex numbers)
X

' 1/ 1/
< /X laf|P d,u} . + [/X |Bg|? d,u} : (By Minkowski inequality)

= la| | fllp + 18] lgllp < oo (By the linearity of the Lebesgue integral)

Thus LE,(X) is closed under additions and multiplications by scalars. 0

Next we investigate the case p = .

DEFINITION 11.14. Let f: X — [0,00] be measurable. A number s > 0 is an
essential upper bound for f if

pla: f(@) > s} =u(f~'(s,00]) =0

e The set of all essential upper bounds is either () or a closed infinite interval [S, 00).

DEFINITION 11.15. The smallest essential upper bound for a given function f is
called the essential supremum and denoted by ess-sup f. If f has no essential
upper bounds, we set ess-sup f = oo.

DEFINITION 11.16. The infinity-norm of a function f: X — C is defined by

[flloo = ess-sup [ f].

We also denote by
LX) = {f: [Ifllc < 00}

the space of essentially bounded functions.

e A special case: £°° denotes the space of bounded sequences.
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EXAMPLE 17. The Dirichlet function (Example 6) takes two values, 0 and 1. Its essential
supremum is zero, because the value 1 is taken on a null set.

EXERCISE 51. Let f,g: X — [0,00]. Show that ess-sup |f + g| < ess-sup |f| + ess-sup]|g|.

Theorem 11.17. L7® is a complex vector space.

Proof. laf 4 Bglloo = ess-sup |of + Byl
< ess-sup |af| + ess-sup |Bg|
— |a] ess-sup | f| + || ess-sup |
= laf [|flloc + 18] llglloc O

Theorem 11.18. (Hélder inequality for norms) Let p and q be complex conjugate
exponents, including the limiting cases p =1, g =00 and p =00, ¢ = 1. Then for
every f € LA (X) and g € L%(X) we have fg € L,(X) and

1fglly < 1f1l» llgllq
Proof. If 1 < p,q < oo, we can just apply Holder inequality to |f| and |g|.
Let p=o00 and ¢ = 1. Now

[f(@)g(@)] < | flloclg(x)]  forae zeX

hence

1f9llx Z/legldué Hflloo/Xlglduz [1f1loollglls-

The case p =1 and ¢ = oo is handled similarly.

O]
EXERCISE 52. When does one get equality in || fg|l1 < ||fleo llgll17?
Proposition 11.19. Let 1 < p < oco. Then for every f,g € L(X) we have
1f +all, < 171l + Mgl
e lefllp = lel 11l
Proof. See the proofs of Theorem 11.13 and Theorem 11.17. u
e Thus, |- ||, has two properties of a norm. But it is not a norm, see the next example.
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EXAMPLE 18. Let X = R and p be the Lebesgue measure. The Dirichlet function xq
(Example 6) satisfies ||xql|, = 0 for every p € [1, o0].

e ||- ||, is not a norm, as there may be nonzero functions 0 # f € LE(X) with || f]|, = 0.

Lemma 11.20. Let f: X — C be measurable. Then

dpe[l,o0): ||fll,=0 <= f=0 ae <<= Vpell,o]:|fll,=0.

Proof. Direct inspection. For p < oo apply Theorem 7.11(a). u

DEFINITION 11.21. Let V be a complex vector space and W C V' a linear subspace.
For two vectors vy, v9 € V we say that v; ~ vy iff vy1—ve € W. This is an equivalence

relation. Denote by
[v] ={vy €V:iv—v; € W}

the equivalence class containing v and
VIW ={[v]: veV}
the set of equivalence classes. Then V/W is a vector space with
[v] + [w] = [v+ w], clv] = [ev].

We call V/W the quotient space.

Lemma 11.22. Let (X, 9, 1) be a measure space and
N, ={f: X — C measurable, f=0 a.c}

Then Nu 18 a vector space.

Proof. Let f,g € N, and o € C. Then
{z: f+g9#0}C{z: f#0}U{z: g #0}
thus p({z: f+ ¢ #0}) =0, and so f + g € N,. We also have
{z:af #0} C{z: f#0}

hence af € N,,. 0
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DEFINITION 11.23. Let (X, 9, ) be a measure space and
N,={f: X — C measurable, f=0 a.e.}
For every 1 < p < oo we define the reduced /jﬁ(X ) space by

L2 = I2/N,.

e [1(X) is obtained from L%,(X) by identifying functions that coincide a.e.

Corollary 11.24. Let 1 <p < co. Then LE(X) is a vector space with norm || -||,.

EXERCISE 53. Suppose f: X — C is measurable and ||f||o > 0. Define

(D) = /X Pdu= I (0<p<oo)

and consider the set E = {p: ¢(p) < co}. Each of the following questions is graded as a separate
exercise. Question (¢) and (e) are bonus problems.

(a) Let r <p<sandrsée€ E. Prove that p € E. Thus F is a connected set.
(b) Prove that log ¢ is convex in the interior of £ and that ¢ is continuous on E.

(¢) Is E necessarily open? Closed? Can FE counsist of a single point? Can E be any connected
subset of (0, 00)?

(d) If r < p < s, prove that || f|l, < max([[f|, | f|ls). Show that this implies the inclusion
L(X)N L (X) C LE(X).

(e) Assume that || f||, < oo for some r < oo and prove that ||f|l, — [|f|lcc as p — 0.

Distance in a normed vector space.

Recall if V' is a vector space with norm || - ||, the distance (metric) on V' is defined
d(u,v) = |lu =],
DEFINITION 11.25. The space £7,(X) with norm || - [|, becomes a metric space.

We say that a sequence of functions f, converges to f in the LP norm (metric) if
| fr — fll, = 0 as n — oo.
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Proposition 11.26. Suppose f, fi, fo,... € LE(X) and f, — f in the LP norm.
Then f, — f in measure.

Types of convergence.

We have seen uniform convergence, pointwise convergence, convergence in measure,
and now — the convergence in the L norm (metric). For p < oo, it is stronger
than the convergence in measure, but generally a little weaker than pointwise
convergence. For p = oo, the convergence in the L°° norm is equivalent to the
uniform convergence a.e.

EXAMPLE 19. Recall the ‘Amazing shrinking sliding rectangles’ functions in Example 8.

This sequence converges to the zero function f = 0 in the L? norm for every p € (0, 00),
but it does not converge at any point x. Note also that this sequence does not converge
in the L norm.

DEFINITION 11.27. A metric is complete if every Cauchy sequence converges to
a limit. A vector space V' with norm || - || that induces a complete metric on it is
called Banach space.

e Reminder: a Cauchy sequence {a,} has the following property:
Ve > 0 3N > 1 such that Vm,n > N we have |a,, — a,,| < €

Theorem 11.28. Let 1 <p < oo. Then LF(X) is a Banach space.

Proof. We consider separately two cases:

Case I: 1 <p < .

Let {f,} be a Cauchy sequence in L}, (X). We need to find f € LI,(X) such that
fn — finthe LP norm. Example 19 warns us that the functions f,, need not converge
pointwise, hence we cannot construct f as a pointwise limit of f,,’s. Instead, we will
find a subsequence {f,,} that converges pointwise a.e., and then define f(x) to be
the pointwise limit of f,, (x).

Since {fn(x)} is a Cauchy sequence, for any k > 1 there exists n; > 1 such that for
all n/,n” > ny, we have || fr — forll, < 27%. We can assume that ny < ng < ---. The
subsequence fy, () has the following property: || fo,,, — fuellp <27".
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Define functions g = Zle |frisr — fni]- Note that 0 < g1 < go < ---, hence there
is the limit function g(x) defined by

[e.e]
o= = ol

=1

By Fatou’s Lemma

/ gP dp = / liminf ¢? dp < lim inf/ gr dp.
X X X

[ s = laul - Z s =S|

p
< [Z | frics — frs Hp] (By Proposition 11.19)
i=1

Now

k p
< [Z 2_1] <1 (By our choice of n;’s)
=1

Therefore [y gP dp < 1. According to Theorem 5.8(f), g(x) < oo a.e., thus the series
Yoo 1 (frigr — fny) converges absolutely a.e. We define the function f(x) by

f( f?’Ll +Z lez+1 fnz('f))

wherever the series converges (which happens a.e.) and set f(z) = 0 elsewhere.
Thus for a.e. z € X

k—1
) = i [ Fos(0) + 3 — )| = i o).
=1

In particular, f(x) is measurable.

Next we will show that f,, — f in the LP-metric and, in particular, f € L(X).

Let ¢ > 0. Since our sequence {f,} is Cauchy, there exists N. > 1 such that
Vm,n > N, we have ||f, — fml|l, < e. By Fatou’s Lemma for each m > N,

J U=l = [ timint |, — g d < limint [ 1oy fl?du < 2
X X k—o0 k—o0 X

In particular, f — f,, € LL(X) and hence f € LI,(X), because LI, (X) is a vector
space. We also have || f — fn||p < € for all m > N.. This means f, — f in the L?
metric.
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Case II: p = co.

Let {fn(z)} be a Cauchy sequence in L;°(X). Note that [|f|l is a bounded se-
quence, i.e., IM < oo such that ||f|cc < M for all n > 1. Define sets

A = {z: [ f(@)] > || frlloo}
and
By = {x: [fo(®) = fm(2)] > 1o = fmlloo}

All of these are null sets, thus their union is a null set:
E = (uzozlAk) U (uf,jn:le,n), wE)=0

For each z € X \ E we have |f,(x) — fm(2)| < ||fn — fmlloo, thus fr(x) is a Cauchy
sequence (of complex numbers), hence it has a limit.

Define f(x) = limp 00 frn(x) on X\ E and f(x) = 0 on E. Next, we have |f,(z)| < M
forallz € X \ Eand all n > 1, so [f(z)| < M for all x € X \ E. Thus f € L7°(X).

Finally, f,, — f converges is uniformly, thus || f,, — f|lcc = ess-sup (fn—f) = 0 (n > o)
n

Corollary 11.29. Let 1 < p < oco. If f, — f in the L1 (X) metric, then there is
a subsequence {f,, } such that f, — f a.e.

Proof. Since f, — f in the L,(X) metric, it is a Cauchy sequence, hence the proof
of Case I above applies. -

EXERCISE 54. Let u(X) = 1. Each of the following questions is graded as a separate exercise.
(a) Prove that ||f|l, < ||flls if 0 <r < s < 0.

(b) Under what condition does it happen that 0 < r < s < co and || f], = || f]ls < c0?

(c) Prove that L}, O Ly if 0 <r < s. If X = [0, 1] and m is the Lebesgue measure, show that
Ly, #L;,.

EXERCISE 55. [Bonus| For some measures, the relation r < s implies L" () C L*(u); for others,
the inclusion is reversed; and there are some for which L"(u) does not contain L°(u) if r # s.
Give examples of these situations, and find conditions on g under which these situations will
occur.

EXERCISE 56. (a) Show that fog Vasingdr < 75
(b) Show that [ [ 2% (1 —2)~5 dz]” < &.
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Next we approximate Lﬁ(X ) by simple functions and continuous functions.

DEFINITION 11.30. Simple functions with a finite-measure support are de-
fined as follows:

S ={s: X = C simple, measurable, pu(s#0) < oo}.

Lemma 11.31. Let s = Y ., a;xa, be a simple function. We can assume that
a; 0 forall1 <i<n. Let p < oco. Then we have

se€eLb(X) <<= seSf

Proof. Note that [ |f[Pdp =", |ai[Pu(A;). Then [y |f[Pdpu < oo if and only if
w(A;) < oo for every i = 1,...,n, which means exactly that s € S. 0

Theorem 11.32. S is dense in L%, (X) for every 1 < p < oo.

Proof.

First, let f: X — [0,00). Then by Theorem 4.22 there exist simple functions
S$p: X — R such that
0<s51<s<---<f

and s,(z) — f(z) as n — oo for every # € X. Since f € L} (X), we also have
sn € LL(X), hence s, € S by the above lemma. We also have |f — s,| — 0 as
n — 0o and |f — s, [P < |f|P € L},(X) for all n > 1. Thus by Lebesgue’s Dominated
Convergence theorem [y |f — sn|P dp — 0, hence || f — sy ||, — 0.

Second, let f: X — R. Then we approximate f+ and f~, separately, by simple
functions s, € S, as above.

Third, let f: X — C. Then we approximate Re f and Im f, separately, by simple
functions s, € S, as above. 0

e This is not true for p = oo (for example, let X =R and f(x) =1).
e Recall C(R) denotes the space of cont. functions f: R — C with compact support.

99



Theorem 11.33. C.(R) is dense in LP (R) for every 1 < p < oo.

Proof. Due to Theorem 11.32 it is enough to show that for any simple function s € S
and any ¢ > 0 there exists a continuous function g € C.(R) such that ||s — g, < .
By Lusin’s Theorem 9.4(b) there exists g € C.(R) such that

m{z: s(z) £ g(z)} <e

and
sup [g(x)| < sup [s(7)] =: Smax-
Therefore
Is =gl = [ Is—gPdu= [ s — 91" dp < s’
X {z: s(x)#g(z)}
Since € > 0 is arbitrary, the theorem is proved. 0

e This is not true for p = co (for example, let f(x) =1).

e We can say that the L}, (RR) space, for 1 < p < oo, is the completion (in the p-metric)
of the space C¢(R) of continuous functions with compact support.

e The previous statement is not true for p = oco.

e If we restrict our domain to a finite interval [a,b], then much simpler functions —
polynomials — can be used to approximate integrable functions. The set of polyno-
mials on [a, b] is dense in L, ([a,b]) for any 1 < p < co. Indeed, the above theorem
implies that the space of continuous functions C([a,b]) is dense in Lhy([a,b]), and
then Weierstrass approximation theorem ensures that polynomials are dense in
C([a,b]). More precisely, the Weierstrass theorem states that every continuous func-
tion on [a,b] can be uniformly approximated as closely as desired by a polynomial
function. This last theorem is not a part of our course, though.

e Recall that a step function p: R — C is defined by ¢ = > | a;xy, for some
a; € C and disjoint finite intervals I; C R.

Theorem 11.34. Step functions f: R — C are dense in L2 (R).

Proof. Due to Theorem 11.33 it is enough to show that for any continuous function
f € C.(R) with compact support and any € > 0 there exists a step function ¢ such
that || f —¢|lp < e. Let [-A, A] C R be a large finite interval containing the support
of f, ie, f(x) = 0 for |z| > A. Since f is continuous on the compact interval
[—A, A], it is uniformly continuous, hence for any & > 0 there exists § > 0 such that

lo" — 2| <6 = |f(2') — f(a")] <e.

Let A = {I;}", be a finite partition of [—A, A] into small intervals of length <
0 and let x; € I; be arbitrary points. We define the step function by ¢(z) =
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Yorq f(@i)xr, (z). Then |f(z) — p(z)] < € for all z € [-A, A], hence

I£ = el = [ 17 = ol due < 2027
Since € > 0 is arbitrary, the theorem is proved. o

e We can say that the L}, (R) space, for 1 < p < oo, is the completion (in the p-metric)
of the space of step functions.

e The previous statement is not true for p = oco.

e The above proof shows ||f — ¢||lec < € (i.e. cont. functions f € C.(R) with compact
support can be approximated arbitrarily well by step functions in the L metric).

Next we describe the completion of the space C.(R) of continuous functions with
compact support in the L* metric.

DEFINITION 11.35. A function f: R — Cis said to vanish at infinity if f(z) — 0
as |x| — oo. The space of continuous functions vanishing at infinity is denoted by

Co(R).

e We have C.(R) C Cy(R), but not vice versa.

Theorem 11.36. The completion of C.(R) in the L>-metric is Cy(R)
(modulo the identification of equivalent functions).

Proof. Let fi1, fa... € C.(R) be a Cauchy sequence (in the L* norm).

Due to Theorem 11.28 it converges to a limit function, f, — f € L*°. We will show
(i) f € Co(R);
(ii) every function f € Cy(R) is a limit of a sequence of functions f, € C.(R).

Proof of (i): For any continuous function g: R — C we have

sup |g| = ess-sup |g].

Therefore
sup | fn — fn| = ess-sup |fn — finl = [[fo — finll o

Thus {f,} is a Cauchy sequence with respect to the usual sup norm on R. Therefore
fn — f uniformly everywhere on R (not just a.e.). A uniform limit of continuous
functions is a continuous function, hence f € C(R). Now for any € > 0 there exist
n > 1 such that sup | f, — f| < e and A > 0 such that f,(z) =0 for all |z| > A. This
implies |f(x)| < e for all |x] > A. Thus f € Cy(R).
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Proof of (ii): For any function f € Cyp(R) and n > 1 define f,, as follows:

f(z) if z€[-n,n]

0 if |[z|>n+1

f(n) if z€(n,n+1)
—f(n) if z€(—n—-1,—n)

falx) =

In other words, f,(x) agrees with f(x) on the interval [—n,n|, is zero beyond the
slightly larger interval [-n — 1,n + 1], and is extended linearly and continuously to
the two small intervals [n,n 4 1] and [-n — 1, —n]. See Figure 7. Also note that

sup |fu(2)] < [f(n)]  and sup | fu(2)] < |f(=n)].
[n,n+1] [-n—1,—n]

Therefore
sup |fn — f| <2 sup |f(z)].

|lz|=n

Since f € Cp(R), we have sup |f(z)| — 0 as n — oo, thus f, — f in the L> norm.
|z|>n ]

Figure 7: The original function f € Cy (green, top panel) and the approximating

function f, € C. (blue, bottom panel
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EXERCISE 57. [Bonus| Suppose 1 < p < oo and f € L2 ((0, 00)) relative to the Lebesgue measure.
Define

1 x
F(:z:):;/ f()dt (0 <z < o0).
0
Prove Hardy’s inequality
p
1Elp < Z— 11/l
which shows that the mapping f — F carries L? ((0,00)) into LE,((0, c0)).

[Hint: assume first that f > 0 and f € C.((0,00)), i.e. the support of f is a finite closed interval
[a,b] C (0,00). Then use integration by parts:

A A
/Fp(x)dx:—p/ FPl2F (z)dx

where ¢ < a and A > b. Note that zF’ = f — F, and apply Hélder inequality to [ FP~! f dz.]
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12

Complex measures

The following simple fact will serve as a motivation for this section:

Lemma 12.1. Let py and po be measures on (X,9M), and ¢ > 0

(a) We can define the constant positve multiple of a measure v = cuy by
v(E)=c-m(F) VEeM
(b) We can define the sum of two measures p = pq + s by

p(E) = m(E) +p(E) VEeM

Proof. (a) By direct inspection (recall a remark made right before Theorem 3.18)

(b) Clearly, ;1(A) > 0 is a non-negative function on 9.
For any F = W2 | Ey:

W(E) = 1 (E) + p2(E) = pa(En) + Y p2(En)
n=1

n=1
= [ (En) + pa(En)] = p(En),
n=1 n=1

Thus, p is a o-additive function, which makes it a measure.

]

For part (b) above, the essential step for the proof was the rearranging of an
infinite sum of non-negative numbers. We remember from Calculus that an infinite
series of non-negative numbers either converges or diverges to infinity, and its sum
is independent of the order in which its terms are added. This principe applies to
more than one series due to Corollary 5.14.

® However, this does not hold for infinite series with real or complex values (Example 26)

Measures make a vector space?.

We see that we can add measures and multiply them by positive constants (scalars).
Thus the collection of measures on (X, M) is ‘almost’ a vector space, except we
cannot subtract measures or multiply them by negative scalars (at least not yet...).
Next we will extend the notion of measure and define compler measures that will
make a vector space.

Another motivation for complex measures.

Recall that given a measure p on (X,9%) and a measurable function f > 0 on X
we can define a measure v by v(E) = [, fdu for all E € M. (We write dv = f du
and call f the density of v) But what if f takes negative values, or even complex
values? Would such a definition of v give something like ‘complex measure’?

104



DEFINITION 12.2. A function A\: 9 — C is a complex measure if it is
o-additive.

i.e. for any countable collection of pairwise disjoint measurable sets {E;}5°,

N(Eh) Z)\

e The measures defined in earlier sections (denoted p) are called positive measures.

e Observe not every positive measure is a compler measure. This is because positive
measures can take infinite values and complex measures cannot.

e Observe that the convergence of the series in Definition 12.2 is now part of the
requirement (unlike positive measures, where the corresponding series could either
converge or diverge to infinity).

Reminder: o A complex series Y~ a, converges absolutely if > > |a,| < oo

o A series is absolutely convergent if and only if its sum is finite and
does not change after a rearrangement of its terms.

Lemma 12.3. The series Y~ A(E;) in Definition 12.2 must converge absolutely.

Proof. Indeed, the union of the sets F; is not changed if the subscripts are permuted,
0

thus every rearrangement of the above series must converge to the same value.

DEFINITION 12.4. A complex measure A on (X,90) is dominated by a positive
measure p if [A(E)| < p(E) for all E € M.

e Every complex measure has a dominating measure.

The smallest dominating measure can be constructed as follows:

DEFINITION 12.5. Let A be a complex measure on (X, 91). Define |A| on M by

N(B) = supzu

where the supremum is taken over all measurable partitions £/ = Wy2 | B,
Then |)| is called the total variation of \.

e The total variation |\| actually is a positive measure (see the next theorem).
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e If \ is a positive measure, then of course |[A| = A

Theorem 12.6. Let A be a complex measure on (X, 9N).

(a) The total variation |\| is a positive measure on (X,9M) and dominates A
IAE)] < M(E) vEem

(b) If u is a positive measure on (X, M) dominating \: |A[(E) < u(E) vEecm

Proof.  Noge: (a) and (b) imply [A(E)| < |A[(E) < p(E) vEem

Let F =w>2 | E,. First we show that

IA|(E Z IA|(E (12.1)
Let € > 0. We can find a partition F, = +m:1Enm of E,, such that
e o0
N(En) < o+ Y (M Eum)|
m=1

Adding these inequalities up gives

Zm )<e+ Z IA(Enm)| < € + |A|(E)

m,n=1

(because E' = W2, 1 Enm is a countable partition of E). Since € > 0 is arbitrary,
we get (12.1). Now we prove that

AI(E) < IN(E). (12.2)

For any € > 0 we can find a partition £/ = W/°_; A, such that

IA(E <5+Z\)\

Denote Eyy, = EnNAy,. Then AM(4,,) = Zoo_ A(Enm) and by the triangle inequality

IA|(E <E+ZZ|/\ nm!-e+ZZ!)\ nm\<g+2w

m=1n=1 n=1m=1

(because E, = W°_, E,, is a partition of E,). Since ¢ > 0 is arbitrary, we get
(12.2). Now (12.1) and (12.2) together imply that |A| is a o-additive. Thus Part

(a).

Wehave
(B —SupZM |<sup2u

the supremum is taken over all part1t10ns of £ € im into measurable subsets E,, 0
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Our next goal is to show that the total variation |A| is not only a positive mea-
sure, but a finite positive measure (i.e. |A[(X) < 00).

First we need a technical lemma about complex numbers:

Lemma 12.7. If z,...,2y € C, then there exists S C {1,..., N} such that:

> %Zw

kesS

Proof. We use polar representation for complex numbers: zj, = |2z;|el®*

For each 0 € [—m, 7], let S(A) denote the set of all k € {1,...,N} for which
cos(a — 6) > 0 (this condition means, geometrically, that the point 2 lies in the
half-plane determined by the normal direction #). Then

Z szei>Reszei

keS(0) keS(0) keS(0)
= Re Z |2, |el(@%=0)
keS(9)
= Z |2k | cos(ay, — 0)
keS(0)
N
= Z |2k cosT (g — 0): = g(0)
k=1
where we adopt notation cos™v: = max{0,cos~}. The last line defines g(6).

Now ¢(#) is a function on [—m, 7], and it is easy to see that g(6) is continuous.
Thus it takes a maximum at some point 6y. That maximum is at least as large as
the average of ¢g(#) over [—m, 7]. Thus we have

N
1 1
> oz 29(90)2%/ d9—Z|Zk:|/ cos (ak—9)d9=;2|zk|
- k=1

k€S (60)

the last identity is based on the following elementary fact:

™ T w/2
Vo / cos+(oz—9)d«9:/ cos+€d0:/ cosfdf =2

- —7/2
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Theorem 12.8.
If X is a complex measure on (X,9M), then |A| is a finite measure (ie. |N(X)<oo)

Proof. First we need certain preparations.

Suppose that some set E has |A|(E) = co. Put t = w(1 + |A(E)|). Note that ¢ is a
finite positive number. Since |\|(E) > t, there is a countable partition F = WE,, of
E such that 2°° | |\(E,,)| > t. Furthermore, >~ | [\(E,)| > t for some N > 1.

Apply Lemma 12.7 with z, = A(E,) to conclude that there is a subcollection S C
{1,..., N} such that

> AER)

nes

>*Z‘)‘ |>—

Consider the sets A = W,egF, and B = E'\ A. We have

= 1> AEn

nes

>—>1

and
IA(B)] = [AE) = MA)| = [A(A)] = [AE)] > % — [A(E)] = 1.

In other words, every set E with |A\|(E) = oo can be split into two subsets £ = AW B
such that |A(A)| > 1 and |A(B)| > 1. Since |A\|(E) = |A|(A) + |A\|(B), at least one of
|A|(A) and |A|(B) has to be infinite, and without loss of generality we can assume
that [\|(B) = oo.

We now turn to the main part of the proof. Suppose |A|(X) = co. Then we can
split X = A; & By so that |[A(A;)| > 1 and |A|[(B;1) = co. Then inductively we split
each Bj_; into two parts, Ay and By, such that |A(Ax)| > 1 and |A|(Bg) = oo. In
the end we get a countable sequence of disjoint sets Ay such that |A(Ag)| > 1 for all
k. Now for the set A = W, A; we have

= AMAy

k=1

where the series must converge absolutely by Lemma 12.3. But it cannot converge
absolutely because |A\(Ag)| > 1 for all k, a contradiction. 0

Remark: Observe that the range of A is bounded, since |[A(E)| < |A(E) < |A[(X)

i.e. All values of A lie in a closed disk D of radius R = |A\|(X)
ie. A(E)e D forall E € M.
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EXERCISE 58. Let (X, M, u) be a positive measure space. For f € LL define

:/fdu (VE € M)
E

Show: (a) pyf is a complex measure;
(b) |ug| = p)y), assuming that f is real-valued;
(c) lwsl = pis|, now for a general f € L, (X).

DEFINITION 12.9. Denote M(X, 9t) the set of all complex measures on (X, IN)
e For A\, \y € M(X,90) we define a measure A = \; + Ay by
AME) = AM(E) + A(A) vEem

e For \; € M(X,9) on (X,9M) and ¢ € C we define a measure A = cA; by
AME) =cA\(E) vEem

e [t is easy to check the \’s defined above are measures.

Theorem 12.10. M(X,9M) is a vector space with a norm ||p| = |w|(X)
Proof. The verification is routine.
To show that ||A|| = |A[(X) is a norm, we need to check the following:
o |[All = 0 implies A = 0. Indeed, |A(E)| < [A[(E) < [A|(X) =0 (VE €M)
o A =0 implies |A]| = 0. Indeed, |A[(X) =sup > |A(E,)| = 0 where X = WE,
o ]c)\\(X) = |¢||A|(X). Indeed, for all partitions X = WE),
[EAI(X) = sup Y _ [eA(En)| = sup |C| D IMER)| = [elsup Y IMER)| = [el|A[(X)
o [\ 4+ )\2\( ) < |AL[(X) 4+ [A2](X). Indeed, for all partitions X = WE,
A1+ Aol (X) = sup (A + A2) (En)|
= sup Z A1 (En) + A2(Ey)|
supZ\/h 2|+ A2 (En)|
sup » [ A1(En)|+ ) (B
n)
(X

IN TN

IA

sup ) _ | (E |+supZ|A2

= [A1l(X) + [A2|(X) 0
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EXERCISE 59. [Bonus] Prove that the space M(X,9) with the norm ||A|| is a Banach space
i.e. it is a complete metric space (every Cauchy sequence converges to a limit).

Hint: given a Cauchy sequence of complex measures {\,, } you need to construct the limit measure
p and prove that ||\, — Al = 0 as n — oc.

A particular class of complex measure consists of those taking real values
(positive or negative). Such measures are called signed measures or charges.

DEFINITION 12.11. Let A be a signed measure on (X,91) (i.e. a complex measure
with real values). Define

X =3(0A4X)  and A =3(A- )

These are called positive and negative variations of .

Proposition 12.12. ™ and A\~ are finite positive measures.

Proof. Since || is a finite measure (Theorem 12.8), it is a complex measure.

Thus AT and A~ are complex measures (being sums of complex measures).

Next, for every E € 9t we have |A(E)| < |A|(E), hence
NE) = LM+ A(E) 20 and A~ (E) = L(AI(E) - A(E)) >0

thus AT and A\~ are positive measures. 0

Corollary 12.13. FEvery signed measure j satisfies

A=At —A"  and A=At 4 AT

The first formula above is called Jordan decomposition of A:
A=AT =)\~

Every signed measure is the difference between two finite positive measures.

e We will prove AT and A\~ are minimal measures that satisfy Jordan decomposition.
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DEFINITION 12.14.

Let u be a positive measure and A a complex measure on (X, )
(a) A is concentrated on A € 9 if

ME)=ANENA) vEem

(b) Two complex measures \; and Ay are mutually singular (written A\; L \y)
if there exist disjoint subsets Ay, A5 C X s.t Ay is concentrated on A

and \s Is concentrated on A,.

(c) A is absolutely continuous with respect to p (written A\ < ) if

w(E)=0 = AE)=0 vEem

Note: The set A in (a) and the sets Ay, Ay in (b) are not unique.
A is concentrated on A if and only if
ECA=0) = XNFE)=0 veem
If A < pand p is concentrated on A, then A is concentrated on A as well.

Suppose that 0 # ¢ € C; then
i) N\ p <= cA<kyp
(ii) A is concentrated on A <= ¢\ is concentrated on A.
(iii) A\ L Ay <= JA: A isconc. on A and )\, is conc. on A°
EXAMPLE 20.
Let p be a positive measure on (X, ) and f € Lllt. Then the measure y ¢ defined by

pr(E) = / fdu (recall Exercise 58)
E

is absolutely continuous with respect to p, i.e. py < p.

Remark: We will see that any complex measure A < p is actually one of the
above type. (i.e. A = uy for some f € LL)

111



Proposition 12.15.

Let 11’s be positive measures and \’s complex measures on (X, )
(a) A is concentrated on A, then |\| is concentrated on A

If Ay L Ag, then |A\q| L |Ag

If Ay L pand Xy L pu, then A1+ Xy L

If i K poand Ay < i, then A+ X2 <

If A< p, then |\ < p

If \y < poand Ao L, then Ay L Xy

If X< pwand X Ly, then AX=20

Proof. Straightforward verification.

EXERCISE 60. Let p be a positive measure on (X,9) and f,g € L,,.
Define py and p, (as in Exercise 58). Prove the following:

(a) g is concentrated on A if and only if pu{z € A°: f(z) # 0} = 0;
(b) py L pg if and only if pu{z € X: f(x)g(x) # 0} = 0;
(c) if f =0, then Ly < f(zr)>0for p—ae zeX.

EXERCISE 61. Let A be a positive measure on (X, 1)
(a) Prove A is concentrated on A if and only if A\(4¢) =0

(b) Give a counterexample to this statement in the case of a complex measure A

DEFINITION 12.16. A positive measure p on (X, 9) is said to be o-finite if there
exists a countable sequence {X,,}°°; C M s.t. X =U, X, and u(X,) < oo v

e The sets X,, can be made disjoint (i.e. we may assume X = &5 ;X))
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Theorem 12.17. Lebesgue Decomposition

Let p be a positive o-finite measure and X\ a complex measure on (X, IMN).

Then there is a unique pair of complex measures A\, and \s such that
A=+ A

and Ny < 1 and \s L 1

Theorem 12.18. Radon-Nikodym

Let 1 be a positive o-finite measure and N\, < @ a compler measure absolutely
continuous with respect to p on (X, 9M).

Then there is a unique h € L,ll (up to p-equivalence) such that

M(E) = [ hau
E
(i.e. \a = pp) We can also write d\, = hdu, or h = d\, / du

Note: h is called the Radon-Nikodym derivative of \, w.r.t. .

Proof. Theorem 12.17 and Theorem 12.18

These two theorems will be proved together. First we address the uniqueness.

Uniqueness of Lebesgue Decomposition. Suppose (X, \,) is another pair of

measures satisfying the requirements. Then A\, + Ay = A, + AL, hence
A=A = A — AL

where X, — Ay < p and A\s — A, L p due to Proposition 12.15, parts (d) and (c),
respectively. Hence both differences are zero due to Proposition 12.15 (g).

Uniqueness of Radon-Nikodym derivative. Suppose h' € L}L is another func-
tion satisfying the requirements. Then VE € I

/E(h—h')duz/Ehdu—/Eh’du:Aa(E)—/\a(E):0

Hence h — h' = 0 a.e. due to Theorem 7.11 (b).
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Existence. First assume that p is a finite measure, i.e., u(X) < co. Then o = p+|A|
is a finite positive measure on X. Note that if o(F) = 0 for some E € 9, then
u(E) = 0 and |A|(E) = 0, implying A(E) = 0. Thus p and X are both absolutely
continuous with respect to o.

Now let X = AW Ay W ---W A, be a finite partition of X into measurable sets.
We denote this partition by P and define a function hp on X by

i.e., hp takes value A(A4;)/c(A4;) on A; (in the exceptional case where o(4;) = 0
we set hp = 0 on A;). Note that hp plays the role of a rough approximation to
the density of A w.r.t. 0. Note that 0 < |hp| < 1, because for each ¢ we have
IA(A)] < [AI(Ai) < o(Ai).

Further, we have

Also note that

)\
/X|hp\2d Z‘ ZM )] < M) < o0,

so the following upper bound is finite:

H:sup/ \hp|? do < co.
P Jx

Let another partition @Q = {By,..., By} of X be a refinement of P (i.e., every
Bj is contained in one of the A,-’s). It is important to note that

/ hohp do = )U(Bj) =Y A(A) A(A?) o(4;) :/ hphp do
A; BjCA; Ai) A; X
Therefore

/thPdaz/ (hp + (hg — hp)) (hp + (hg — hp)) do
X X

_/ yhpy2da+/ \hg — hp|* do
X X
+/ hP(FLQ—fLP)) d0'—|-/ Bp(hQ—hp)) do

(the above two integrals vanish due to the previous identity)

/yhp| da+/ |hg — hp|?* do
2/ \hp|? do
X
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Now for each n > 1 let P, be a partition of X such that

H—4n§/ \hp,|?do < H

Let @, be the refinement of the partitions P, ..., P, (obtained by taking intersec-
tions of the elements of Pp,..., P,). Then

H—4n§/ \hp, \2d0</ \hg,|?do < H

Note that @+ is a refinement of Q),,, thus

/ Iy s — hoy > do = / hgy > do — / hg. P do < 4

By the Schwarz inequality

1/2 1/2 1
/ |hQni1 — hq,ldo < U (M@ — hinzda] [/ da] < —+/o(X)
X X X 2n

Therefore

/){(Z 1hQui1 — hQn!) do = Z/X |hQuir — hg,ldo < /o (X) < oo
n=1 n=1

This implies that the series > 7, |hg, ., — hqg,| converges a.e. (with respect to o),
thus the series

h(z) = hg,(x) + Z hQn+1 — hq, (z)
converges absolutely at almost every point « € X. Its partial sum is hg, (), thus

h(z) = lim hq, (x)

n—oo

is defined a.e. with respect to the measure o.

Our next goal is to show that h is the density of A, i.e. A\(A) = [, hdo for any
A e M. Let R, denote the refinement of @,, and the two-set partition {A, X \ A}.
Then, as before,

1
hr —ho. |?do = hg |>do — ho |Pdo < —
X X X 4n

and by the Schwarz inequality

1/2 2
[ e~ tg.ldo < | [ 1nn, <o, Pao| | [ aa| < o vETE)
X X X 2n

Therefore
[ 1w, = g, do 0
A
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Now we have

)\(A):/hRn dU:/ hag.,, dU-l—/(hRn—hQn)dO'
A A A

Taking the limit n — co we get

[ nn. =)o) < [ e, ~ngulao o,
A A

thus

n—o0

AA) = lim [ hg,do
A

Applying Lebesgue Dominated Convergence Theorem gives

A(A) :/ lim hq, do = / hdo
A n—oo A
as desired. We will denote h = h,.

Similarly, we can find a function h, (again, defined a.e.) s.t. for any A € M:

w(A) = / hy do
A
Since p is a positive measure, we have h, > 0. Now define X and X; by
Xo={x: hy(x) =0 or not defined}
X1 = X5 ={z: hy(z) >0}
Then we define two complex measures A\, and Ag by
Aa(A) = AANXY)
As(A) = AMAN Xp)
for all A € M. Then it is clear that Ay + As = A and Ag L p.

It remains to show that A\, < p. We construct the density of A, as

if ze Xy
0 if € Xy

Then for any measurable set A C X; we have

)\a(A):)\(A):/Ah,\da:/Ahhuda:/Ahdu

which implies A\, < p.
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Last case: o-finite measures. It remains to extent our proof of existence to
o-finite measures p. Thus assume that X = W92, X, so that u(X,) < oo for each n.

Each X,, can be treated as a measurable space with o-algebra M, = {A €
M: A C X,,}. Then the restrictions of p and A\ to 9, will be a positive and a
complex measure on X,, respectively, we will denote them by u, and A,. Each pu,
is finite, so our proof applies and gives us decompositions

Xn = Xn,O W Xn,l
as above and
)\n = /\n,a + /\n,s

and a density hy, = d\, a/dp, on X,,.

We want to define two complex measures A, and As on X by

)\a(A) = i )\n,a(A N Xn) = i )\n(A N Xn,l) = i )\(A N Xn,l)

n=1 n=1 n=1

Ao(A) = i Ana(AN X,) = i An(AN X0) = i AAN X,0)

n=1 n=1 n=1

Note that for ¢ = 0,1 we have

D RMANX) <Y IAAN Xng) = A (AN 8X0) < A(X)

n=1 n=1

thus the above series converge absolutely and their values are within the bounded
disk of radius |A[(X). Hence the above definitions give us indeed two complex mea-
sures, A\, and .

The density h = d\,/dp simply coincides with the corresponding h,, on each X,

because - -
M) = AaA0X) =3 [ dien = [
=1/ ANX, A

n=1

and we have h € L}L because

/ B dy = 2/ il diin = 3 al (X) = Phal (X) < 00
X n=1 Xn n=1 []

e The existence is usually proved by referring to Riesz Representation Theorem. Our
proof is more elementary and constructive. It is modeled on the journal article:

Bradley, R. C. An Elementary Treatment of the Radon-Nikodym Derivative, Amer. Math. Monthly 96(5) (1989), 437-440.

Corollary 12.19. If A< p then X\ = hdu for some h e L.
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Extensions.

The Lebesgue Decomposition and the Radon-Nikodym theorem can be extended
to the case where both p and A\ are positive o-finite measures. But we cannot go
beyond o-finiteness, as the following exercise shows.

EXERCISE 62. Let X = [0,1], ¢ the Lebesgue measure on X, v the counting measure on X.
Show:

(a) v is not o-finite.
(b) v has no Lebesgue decomposition v, + v5 with respect to p.

(c) A Lebesgue-measurable function h: X — Cisin L} ifand only if A: = {z € X : h(x) # 0}
is countable, and Y, [(2)| < co. In this case [, hdv =3 g4 h(x) for all E.

< v but there is no h € such that = V.
d) p b h i h Lll, h that du = hd

Theorem 12.20. Characterization of absolute continuity

Let p be a positive measure and X a complex measure on (X,9M). TFAE:
(a) A<p
(b) Ve>0 30.>0 st pE)<d.= |NF)|<e wEcm

Proof. e The property (b) justifies the name absolute continuity.

e If ) is a positive but not finite measure, then (a), (b) are not equivalent
(see Example 21). Thus (b) should not be used as the definition

(b)=(a)| u(E)=0 = pu(E)<d: (>0 = [AE)|<e (ve>0 = AE)=0

(a)=-(b)| BWOC, suppose (b) is false. Then

Je>0: Yn>1: JE, e M: pE,) <27 and |A(Ey)| >¢ (thus [A\(E,) > ¢)

Put An=UX B A=A,

On the one hand, u(A,) < 32,27 = 27" and 4; > Ay D ---, implying
p(A) = limy, 00 1(Ap) =0

On the other hand, |A|(A) = lim,, o0 [A|(Ay) > limsup,,_, [A(Ey)| > €
This contradicts the assumption A < p, due to Proposition 12.15(e).
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EXAMPLE 21. Let X = (0,1), p be the Lebesgue measure, and A(E) = [, t~!dt. Then

A is an infinite positive measure and A\ < p, but the property (b) does not hold. Indeed,
just consider the sets F, = (%, 2)...

n’n

Theorem 12.21. Polar representation

Let \ be a complex measure on (X,9M). Then there is a measurable function
h: X — C such that |h| =1 and d\ = hd|\|.

Proof. Since A < |A| (Proposition 12.15 a), we have d\ = hd|A| for some h € L|1>\\'
All we need is to show that |h| = 1. It is enough to show that |h| = 1 a.e. with

respect to |A|, as then h can be redefined on the null set {z: |h(z)| # 1}.

(i) First we show that |h| > 1 a.e. For any 0 < r < 1 denote A, = {z: |h(z)| < r}.
For any partition A, = W>° | E, we have

D UINED) =)

n

[ | < Sl = i)
hence |A[(A4,) < r|A|(A,), which is only possible if A(A,) = 0. Lastly,

M ({z: |h(z) < 1}) = |)\|<UnA17%) <31 (Ak%) —0.

n

(ii) Second we show that |h| <1 a.e. For any E € 9t with |A[(E) > 0 we have

e L = ) = i <

i.e. all the |A|-averages of h are in the unit disk. Due to Theorem 7.15 all the values
h(z) are in the unit disk as well (i.e. |h(z)| <1 a.e.) -

Theorem 12.22. Let p be a positive measure on (X, 9).
Suppose g € L), and dX\ = gdu Then d|\| = |g|dp

Proof. Due to Polar representation, hd|\| = d\ = gdu for some measurable h such
that |h| = 1. This implies, for any bounded measurable f

/thdw:/ngdu

Now for any E € M let f = xgh, then

g —
\wm:/ﬂm:/hw:/@w.
E E E
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Thus d|\| = hgdu. Since |)| is a positive measure, hg > 0 a.e. w.r.t. u, hence
hg = hg| = [R| - 9| = |g]

a.e. w.r.t. p. This implies d|A| = |g| du, as claimed. 0

Theorem 12.23. Hahn decomposition

Let X be a real-valued measure on (X, ). Then there is a decomposition X = AWB
of the space X into two measurable parts A and B such that for any E € MM

MT(E) = XMNENA), A (E)=-XENB)
Proof. Due to Polar representation, d\ = hd|\|, where |h| = 1. Since X is real, it

follows that h is real (first, a.e., and therefore everywhere, by redefining on a null
set). Hence h = +1. Put

A={z: h(z) =1}, B ={z: h(z) = —1}

Since At = 1(|A| + A) and since

we have, for any E € 9,

A*(E):;/E(1+h)d>\]:/EmAhd|>\| _MENA).

Since A(E) = AME N A) + A(E N B) and since A = AT — A\, we conclude that
A7 (F) = —=\(E N B), as claimed. 0

Corollary 12.24. Let X be a real-valued measure on (X,9M). If X = A\ — Ay,
where \i and \y are positive measures, then A\; > A1 and Ao > \ ™.

Proof. Since A\ < A1, we have for any E € IM
AM(E)=AMENA) < M(ENA) < \(E)

Next, since \j — Ay = AT — A7, we have A\~ < \o. u

e Thus, in the Jordan decomposition the measures A* and A\~ are minimal.
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e The rest of this section is presented without proofs.
Let X and Y be vector spaces with norms and A: X — Y a linear mapping.
DEFINITION 12.25. The norm of A is

[All = sup{[[Az|]: x € X, [lz]| =1}
= sup{[|Az[|/[lz]|: z € X, = # 0}

We say that A is bounded if ||A|| < oco.

Theorem 12.26. The following conditions are equivalent:
(a) A is bounded;
(b) A is continuous on X ;

(c) A is continuous at some point x € X.

DEFINITION 12.27. In a special case, where Y = C, we deal with linear function-
als L: X — C and call

X* = {all bounded linear functionals L: X — C}

the dual space (to X). It is a vector space with norm ||L||.

Now consider L%(X) on a measure space (X,90, u) with 1 < p < oco. Let ¢
be the exponent conjugate to p, i.e., % + % = 1. Given a function g € LI (X), we
construct a linear functional ®,: LF(X) — C by

D,(f) = /X fgdu

It is bounded (by Holder inequality) and ||®,]| < ||g||, (here |/g||, denotes the norm
in the L1 (X) space).
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Theorem 12.28. Let i be a finite or o-finite measure and 1 < p < co. Then for

every bounded linear functional ®: Lﬁ(X) — C there exists a unique g € LZ(X)
(up to equivalence) such that

B(f) = /X fgdu Ve IR(X),

i.e. ® = ®,. Furthermore, ||®|| = ||gll,-

e In other words, the dual space LF(X)* can be identified with L?(X), they
are isometrically equivalent to each other.

e For 1 < p < oo, the theorem holds without o-finiteness.
e This theorem does not hold for p = 0o, see the next exercise.

EXERCISE 63. [Bonus| Let X = [0,1] and m the Lebesgue measure. Show that LS3(X)* D
Li (X)), but L (X)* # LL,(X) (in the sense g — ®,). (Hint: Use the following consequence of
the Hahn-Banach theorem: If X is a Banach space (i.e. a complete metric space, in which every
Cauchy sequence converges to a limit) and A C X is a closed subspace of X, with A # X, then
there exists f € X* with f # 0, and f(x) =0 for all z € A.)
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13

Differentiation of measures

Differentiation of functions.
A function f: R — C is differentiable at x € R and f'(z) = A

if the following limit exists:

g &R~ f@) _

h—0 h

Equivalently, we can rewrite this limit as

a—r—, b—r+ b—a

In the last version, it is essential that « < z < b, i.e., z € I = [a,b] and both a
and b converge to x, i.e., |I| — 0. So we can rewrite the above limit once again as

L@,
zel=[a,b], |I|—0 ||

In the epsilon-delta language, we can rewrite this as

Ve >0 di. > 0:

for every closed interval I = [a,b] C R s.t. z € I and m(I) < 6..

DEFINITION 13.1. Let p be a complex measure on R (with Borel o-algebra).
Then F(z) = p((—o0,z)) is called the distribution function of the measure .

e In this section, p will usually denote a complex measure.

e Reminder: m always denotes the Lebesgue measure on R (and on R¥).

Theorem 13.2. The following two conditions are equivalent:

(a) The distribution function F is differentiable at x € R and F'(z) = A;

(b) Ye > 0 3j. > 0: % — A| < € for every open interval I C R s.t. x € I,
m([) <6..

Proof. First we need to verify that both (a) and (b) imply p({z}) = 0. Then we
can easily relate the statement (b) to the above definition of differentiability (open
intervals can be replaced with closed ones and vice versa because p({z}) = 0). 0

Motivated by this we will define derivatives of measures in R¥.
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DEFINITION 13.3. Denote the open ball of radius r > 0 centered on x € R* by
B(z,r)={y eR*: |y —z| < r}
If 41 is a complex measure on R* (with Borel o-algebra), then we denote

1(B(z,))

(Qrp)(z) = m(B(z,r)

and define the symmetric derivative of y at = (if the limit exists) by

(Dp)() = lim(Qups) ()

EXERCISE 64. Let u be a complex Borel measure on R and assume that its symmetric derivative
(Dp)(z) exists at some xg € R. Does it follow that its distribution function F'(z) = p((—o0, z))
is differentiable at xo?

DEFINITION 13.4. If y is a complex measure on R* (with Borel o-algebra), then
the maximal function M: R* — [0, c0] defined by

(Mp)(x) = 0<S:1<POO(QT|/~L|)($) =S m

e Note that the numerator is bounded because |u|(B(z,7)) < |u|(R¥) < oo, while the
denominator grows to infinity as r — oo.

Lemma 13.5. The maximal function Mp is lower semicontinuous.
i.e. the set {x: Mu(zx) > a} is open for every a € R.
Proof. 1f u = 0, then (Mu)(x) = 0 (trivial case). If 4 # 0, then |u| > 0, so

(Mp)(x) > 0 for all z € R¥. Now for all a < 0 we have {z: Mu(z) > a} = R¥, an
open set. For a > 0, note that Mu(z) > a means

Ir>0,t>a: |u/(B(z,r)) =tm(B(z,1))

Now choose § > 0 such that (r + 0)F < ’%t Then for any y € B(x,d) we have
B(y,r+0) D B(z,r), so
1l (By,7+6)) > |l (Bx, ) = tm(B(w, 7)) = |

> am(B(y,r 4 6))

T

r—+0

k
| m(By,r+ )

hence (Mp)(y) > a for all y € B(x,9). 0
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ExaMPLE 22. The maximal function My is not necessarily upper semicontinuous. For
instance, let p be a uniform measure on the unit interval [0, 1], i.e., let j—ﬁl = X[0,1]- Then
(Mp)(z) =1forall 0 <z < 1and (Mp)(z) =% for =0 and 2 = 1.

Lemma 13.6. The Covering Lemma

Let W = UY. B(x;,1;) be a finite union of open balls in RE.
Then there is S C {1,2,..., N} such that

(a) the balls B(x;,1;), i € S, are disjoint;
(b) W C UiESB<xi7 37"1'),'
(¢) m(W) < 3*3,cgm(B(z, 1))

Proof. Order the balls by their size, so that ry > 19 > -+ > ry.

Put i; = 1, and discard all the balls intersecting B(z;,,r;,). Let B(zi,,ri,) be the
first (biggest) ball among the remaining ones (if there are any), and so on, as long
as possible. Then (a) is obvious.

To prove (b) note that all the balls discarded right after B(z;,,r;,) is selected and
before the next one, B(wz;,_,,7i,,), is selected are not larger than B(z;,,r,) and
intersect it, thus they lie within B(z;, ,3r;, ). That proves (b).

Finally, (c) follows from (b) since m(B(z,3r)) = 3*m(B(z,r)) for any ball B(x, r&]

(1) Order the balls by their radii (largest to smallest)

(2) Start with the largest ball and disregard any other balls intersecting it,
repeat using the next largest ball, etc. We obtain a set of disjoint balls.

(3) The balls formed with 3xradii on the selected balls form a covering of W
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Theorem 13.7. Let i be a complex measure on R*. Then Vz > 0

3¢l

m(Mp > z) <
where ||| = |ul(R).

e Roughly speaking, the maximal function cannot be large on a large set.

Proof. Fix z > 0 and let K C {Mp > z} be a compact set. For any z € K there
exists an open ball B(x) such that |u|(B(z)) > zm(B(x)). Since K C U,B(z),
there is a finite subcover, K C UﬁilB (z;). By the covering lemma, there is a disjoint
subcollection By, ..., Bjs such that

m(K) <3 m(B) < 23 jul8) < L jul
o =1

(at the last step we used the disjointness of the B;’s. Lastly, by the regularity of the
Lebesgue measure (Theorem 8.2),

3k
m(Mp>z)= sup m(K)<— |y
Kc{Mp>z} z

DEFINITION 13.8. Weak L! space is the space of measurable functions
Ly (R*) = {f: R* - C | zm{|f| > 2} is bounded on z € (0,00)}

The value
sup zm{|f| > z}

0<z<0

may be called the “weak L' norm” of f. (Though it is not a norm by any means.)

Proposition 13.9. For all f € L. (R*) and 2 > 0 we have m(|f| > 2) < 27| f|l1.
Thus L. (RF) C L, (RF).

EXERCISE 65. Prove this proposition.

EXAMPLE 23. There are functions in L}, (R¥) that are not in L}, (R¥). For k = 1, such
a function is f = 1/x. For k > 2, take f(z) = 1/||z||*.
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DEFINITION 13.10. For every f € LL (R*) define the maximal function
Mf: RF — [0, 00] by

1
Mf)(x) = sup ———= dm.
( f)( ) O<r<poo In(B(iL‘, T)) /B(m,r) |f|
Note that m(B(z,r)) = m(B(0,r)) does not depend on z.
e We have M f = Mpuy, if puy is defined by duy = f dm.

e According to Theorem 13.7, the ‘maximal function’ M induces an operator L (R¥) —
L%, (R¥). It is bounded in the sense that the weak L! norm of M f is < 3|/ f||;.

DEFINITION 13.11. If f € LL (R¥), then any point = € R* for which

1
lim ———— — f(2)| dm(y) =0
/B W) = S dmiy

0 m(B(z, )

is called a Lebesgue point of f.

e Roughly speaking, x is a Lebesgue point if f does not oscillate too much near z, in
an average sense.

e This definition depends on the representative of f in the equivalence class. That is,
changing f on a null set may affect its Lebesgue points.

Lemma 13.12. If f is continuous at x, then x is a Lebesque point of f.

Lemma 13.13. If x is a Lebesque point of f, then

(but the converse is not true).

EXERCISE 66. Let f € LL (R¥). Show that |f(x)| < (M f)(x) at every Lebesgue point z of f.
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EXERCISE 67. Let

0 if <0 or >1
fz) = .
1 if 0<z<l1

Is it possible to define f(0) and f(1) such that 0 and 1 become Lebesgue points of f?

EXERCISE 68. [Bonus| Construct a function f: R — R such that f(0) = 0 and 0 is a Lebesgue
point of f, but for every € > 0

m{z € R: |z| <e and |f(z)|>1} >0,

i.e. f is essentially discontinuous at 0.

Theorem 13.14. If f € L'(R¥), then almost every point x € R* is a Lebesque
point of f.

Proof. Define
1
BDE) = 25 o, VO~ @)

and put
(T'f)(z) = limsup(T f)(x)

r—0

We have to prove that T'f = 0 a.e. in RF.

Pick z > 0 and n > 1. Since C.(R¥) is dense in L} (R¥) (Theorem 11.33 extended
to R¥), there exists g € C.(R¥) such that ||f — g1 < 1/n. Put h=f —g.

Since g is continuous, T'g = 0. By triangle inequality

1
T < | [ inldm| +ne)
m(B(:c, 7’)) B(z,r)
Taking the limit » — 0 gives
Th < Mh+ |h|
Since T, f < T,.g + T, h, taking the limit » — 0 gives

Tf<Tg+Th<Mh+ |h|

Therefore
{Tf>2zy c{Mh >z} U{|h| > 2}

Now we have
m({Tf > 2z}) <m(Mh > z) + m(|h| > z)
k k
_ Ul bl _ 1

z z zZn

where we used Theorem 13.7, Proposition 13.9, and in the end — our assumption
|l < 1/n. Since € > 0 is arbitrary, we have m({T'f > 2z}) = 0 for any z > 0.
This implies T'f = 0 a.e. 0
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Theorem 13.15. Let i be a complex measure on R¥ such that < m. Then the
Radon-Nikodym derivative f = du/dm is almost everywhere equal to the symmetric
deriwative of u, i.e.

dp

-~ _D

dm
Equivalently, for any Borel set E C RF

m-a.e.

W(E) = /E (Dy) dma

Proof. Since f € L5 (R¥), Theorem 13.14 guarantees that a.e. z € R¥ is a Lebesgue
point of f, which means

r=0m(B(z,7)) /B(m,r) fd 11“~>0 m(B(z,r)) (Dp)(x)

Next we explore some other ways of computing symmetric derivatives.

DEFINITION 13.16. We say that Borel sets £; C R* shrink nicely to a point
x € RF if there exists a > 0 such that for some sequence of balls B(z,r;) with
r; — 0 we have

E; C B(z,r;)

and
m(E;) > am(B(z,r;)) Vi>1

(Note: it is not required that E;’s contain x.)

ExXAMPLE 24.

(a) Any sequence of intervals I; 5  in R such that m(7;) — 0 shrinks to = nicely

(b) Any sequence of balls or cubes in R¥ containing 2 and whose sizes converge to zero
shrinks nicely to x

(¢) The sequence of rectangles [—1, 1] x [—Z.%, Z%] does not shrink nicely to 0.
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Theorem 13.17. If x € R* is a Lebesgue point of f € L (R¥), then for any
sequence {E;} that shrinks nicely to x we have

/ fdm.
z—>oom

Proof. Applying the definition of nicely shrinking sets gives

mElEz [ 11w = sl dmiy)

< m /B(xﬂ) |f(y) — f(z)|dm(y) — 0

as 1 — 0o. Now

n@/&fdm /f d+()/(f f(x)) dm

The fist integral on the right hand side is simply equal to f(z), and the second one

converges to zero as ¢ — 00. 0

DEFINITION 13.18. Let E C R* be a measurable set and & € R*. Then

lim m(E N B(x,r))
r—0  m(B(z,r))

is called the metric density of F at z (if the limit exists).

e The metric density is a number in the interval [0, 1]. It shows how “solid” the set is
near the point z.

e If F is open, then its metric density is 1 at every point z € F.

e If I is a closed ball, then its metric density is 1 at every interior point z € intFE, it
is % at every boundary point € OF, and it is 0 at every outside point x € E°.

DEFINITION 13.19. Points x € R* where the given set E C R¥ has metric density
1 are called Lebesgue points of F.
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Theorem 13.20. For every measurable set E C R the metric density is 1 at a.e.
point © € E and 0 at a.e. point x € E°.

Proof. If m(E) < oo, then xg € L' and we use Theorem 13.14 along with Lemma
13.13. If u(E) = oo, we use the sequence of finite-measure subsets Ey = ENB(0, N)
that ‘exhaust’ ' as N — oo. 0

e Thus, every measurable set F is “solid” at almost every point x € E.

Corollary 13.21.
(a) If € > 0, then there is no measurable set E C R such that

m(ENI)
E<W<1—€

for every finite nontrivial interval I C R.
(b) If e > 0 and
m(ENI)
m(/)

for every finite nontrivial interval I C R, then m(E°) = 0.

> €

(¢c) If e > 0 and
m(ENI)
m(/)

for every finite nontrivial interval I C R, then m(E) = 0.

<1l-—¢
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14

Functions of bounded variation and absolute continuity

Let us recall the main fact in standard calculus:

Fundamental Theorem of Calculus (FTC).

e (Easy Part) If f: [a,b] — R is continuous and

F(z) = / () dt

then F'(z) = f(x) for all = € (a,b).

e (Hard Part) If F': [a,b] — R is continuously differentiable, then
F(z) - F(a) = / F(t) dt

for all z € [a, b].

Note that in both parts of the FTC the Riemannian integral is used.

Our goal is to extend this theorem to Lebesgue integrable functions.

Theorem 14.1. FTC in L' (the easy part)

If f € LL(R) and

Flz) = / fdm
(_Oovx]
for x € R, then F'(x) = f(x) at every Lebesgue point x of f.

Proof. Let §; — 0. Theorem 13.17 with E; = [z, z + ¢;] shows that the right-hand
derivative of F' exists at every Lebesgue point x of f and that it is equal to f(x). If
we set F; = [ — 0, x] instead, we obtain the same result for the left-hand derivative

of I at z. 0

Extending the hard part of the FTC to L! functions will take a considerable
effort. Let us formulate our goals first.
We want to find a class of functions f: [a,b] — R such that

flz) = fa) = [ ]f’ dm  Vx € [a,D] (FTC)

Obviously, f must be differentiable, at least almost everywhere. Furthermore, f’
must be integrable, i.e., we need f’ € L'([a,b]). But is this enough?
Answer: INo! See a striking counterexample below.
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Cantor function (a.k.a. “Devil’s staircase”). Recall page 15 : the middle-
third Cantor set C' C [0,1] was constructed by a recursive removal of open
intervals from [0, 1] where at each step we remove the middle-third open interval
from every closed intervals left at the previous step.

Now we define the Cantor function f: [0,1] — [0, 1] as follows. We set f(0) = 0
and f(1) = 1. On the middle-third open interval (3, 2) removed at the first step,
f(z) takes constant value % On the two middle-third open intervals removed at
the second step, it takes constant values }1 and %, respectively, etc.

Generally, at the n-th step we must remove 2"~! open intervals, each of length
32%. The Cantor function takes a constant value on each of those intervals,
and those values are set to 2’2;1 where ¢ = 1,...,2"! counts the open intervals

removed at the nth step, from left to right.

This defines the Cantor function on all the removed intervals, i.e., on [0,1] \ C.
Its graph is shown below. It is monotonically increasing and its values are binary
rational numbers 2%, with allm > 1 and 1 < k < 2™ — 1. These numbers make a
dense set in the interval [0,1]. Thus we can now define the Cantor function f on

the Cantor set C' itself by continuity. For every point x € C' we set

flx): = sup f(y) = inf
(@) ye[0,1\C, y<z ) y€[0,1N\C, y>z

These sup and inf coincide due to the denseness of the set f([0,1]\ C).

Summary: the Cantor function f: [0,1] — [0, 1] is continuous, monotonically in-
creasing (though not strictly). It is constant on every open interval in [0, 1]\ C, so
its derivative f’(x) is zero at every point x € [0,1] \ C. Since m(C') = 0, we have
f'(x) = 0 almost everywhere on [0, 1].

EXERCISE 69. Show that f(C) = [0, 1], i.e., the Cantor function f maps the Cantor set C' (which
is a null set!) onto the whole interval [0, 1].
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Figure 8: Cantor function (“Devil’s staircase”).

We now return to our goal: find a class of functions f: [a,b] — R such that

flz) = fla) = ffdm  Vz € a,b] (FTC)

[a,2]

The Cantor function f is continuous, differentiable almost everywhere, its deriva-
tive f’ is integrable, but (FTC) fails because

FO) = fO)=1£0= [ fdm

[0,1]

This example shows that (FTC) may fail on bad (anomalous) functions that ex-
perience ‘rapid growth on tiny sets’.

Next we define a class of continuous functions that do not have such a patho-
logical behavior.
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DEFINITION 14.2. A function f: [a,b] — C is said to be absolutely continuous
(AC) on an interval [a, b] if Ve > 0 36 > 0 such that if n € N and

(Oébﬁl); °ooog (arwﬁn)

are disjoint subintervals of [a, b], then

n

dBi-w)<s = Z\f(ﬁ,-)—f(ai)Ks.

=1

e Note: the set U ;(ay, 3;) is small (in the sense of Lebesgue measure), and absolute
continuity means that the total change of f on it must be small, too.

e If f is absolutely continuous, then f is continuous, even uniformly continuous.

e But the converse is not true: the Cantor function is continuous (and uniformly
continuous), but not absolutely continuous. This will be shown later; see a discussion
following Theorem 14.5.

Theorem 14.3. Suppose that f: [a,b] — C has the following properties:
(a) f(z) is differentiable at almost all x € |a, b]
(b) f € L'(la,b])
(¢) (FTC) holds

Then f must be absolutely continuous.

Proof. Let p = pgp be the complex measure defined by dp = f'dm. Then |y
is a finite positive measure and || < m. By Theorem 12.20, Ve > 0 3§ > 0:
m(FE) <0 = |p|(F) < e. Thus

[ pams [ am = (U ) <
(c,B1) U (,B84)

]

n

PCHEIICOIEDS
i=1

=1

Corollary 14.4. The function F(x) in Theorem 14.1 is absolutely continuous.

Our next big goal is to show that the converse is also true, i.e., any absolutely
continuous function f(z) has properties (a)—(c) of Theorem 14.3.
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Theorem 14.5. Let f: [a,b] — R be a continuous and monotonically increasing
function (not necessarily strictly). Then the following properties are equivalent:

(a) f is absolutely continuous
(b) f maps sets of measure zero into sets of measure zero;

(c) [ is differentiable a.e. on [a,b], f' € LL.([a,b]) and (FTC) holds.

Proof. We will show that (a)=-(b)=-(c).

(a)=(b)| Let E C [a,b] be a null set, i.e., m(E) = 0. We have to show that

m(f(E)) = 0. Without loss of generality, assume that a,b ¢ E.

Choose € > 0 and let § > 0 be as in Definition 14.2. Due to the regularity of the
Lebesgue measure (Theorem 8.1) there is an open cover V' O E such that m(V') < 4.
The open set V is a finite or countable union of disjoint intervals («;, 3;). Then
> (Bi — o) < 6 and our choice of § ensures that

> (F(Bi) — flaw)) < e
i
[Definition 14.2 was stated in terms of finite sums; thus the above bound holds for
every partial sum of the (possibly) infinite series; taking the limit gives the above

bound for the whole series.]
Since E C V, we have f(E) C f(V) C Ui[f(a), f(5i)]- Thus

w(FB) < ST(f(B:) — flaw)) <e

]

Since € > 0 is arbitrary, we have p* ( f (E)) = 0, and due to the completeness of the
Lebesgue measure m(f(E)) = 0 (in particular, f(E) is measurable).

(b)=-(c) | We want to define a finite positive measure p on [a,b] by
u(E) =m(f(E))

for any Lebesgue measurable set E C [a,b]. First of all, we need to make sure that
f(E) is a Lebesgue measurable set. Then we need to verify to check that u is a finite
positive measure. This will be done below, now let us finish the proof of (c).

Due to (b), m(E) = 0 implies u(E) = m(f(E)) = 0. Hence < m and by the
Radon-Nikodym theorem dy = hdm for some function h € L} ([a,b]). Thus

ﬂ@—f@%ﬂMﬂMﬂD—u@wD—[}hmn

Due to Theorem 14.1 we have f’(z) = h(x) for every Lebesgue point z of h, i.e.,
almost everywhere on [a,b]. So h can be replaced with f’ in the above formula.

(c)=(a) | Follows immediately from Corollary 14.4.
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It remains to verify that the formula

WE) =m(f(E))

indeed defines a finite positive measure on I = [a,b]. If it is a measure, then it is
finite, because u(I) = m(J) = f(b) — f(a) < oo, where J = f(I) = [f(a), f(b)].

Let the function f be strictly monotonically increasing. Then f: I — J is
a bijection, so the inverse function f~! is well defined. It is clearly continuous and
monotonically increasing. Thus images of Borel sets under f are preimages of Borel
sets under f~!, hence they are Borel sets. For any Lebesgue measurable set F C I
we have E' = F; U Ey where E; is a Borel set and Ejy is a null set (Corollary 3.24).
Thus f(F) = f(E1) U f(Ep) is the union of a Borel set f(E7) and a null set f(Ejy),
as m(f(Ep)) = 0 due to assumption (b). Thus f(E) is Lebesgue measurable.

Next we verify that p is a measure. If £ = W, F,, is a countable disjoint union
of Lebesgue measurable subsets of I, then f(E) = ¥, f(E,), and therefore

:U(E) = m(f(E)) = m(wnf(En)) = Zm(f(En)) = Z,U(En)

n

This completes Case 1. In the future we will only need to use Theorem 14.5 for
strictly increasing functions. But for the sake of completeness we outline the proof
for non-strictly increasing functions, too.

Let the function f be non-strictly increasing. Then it still maps I = [a, b]
onto J = [f(a), f(b)], but it is no longer one-to one. If f(z') = f(z") for some

x' < 2", then due to the monotonicity, f(x) = f(2') for all € [/, 2”]. Thus for each
y € J the preimage f~!(y) is either a single point or a closed interval I, = [, 8] C I.
Clearly, for y # y' we have I, N I,y = (), so those intervals are disjoint. Thus there
are at most countably many of them. Let N = {y € J: m(J;) > 0} denote the
countable set of points whose preimages are nontrivial intervals.

Now we show that f(F) C J is a Borel set for every Borel set E C I. Let
& = {E C I: f(F) is Borel}. We can verify that & is a o-algebra by Lemma
2.4. For its condition (i), note that f(E°) = [J\ f(E)] U N’ for some N' C N.
Since f(F) is Borel and N’ is countable, f(E°) is also Borel. For (ii), note that
f(UpEy) = Upf(Ey), so if each f(E,) is Borel, then f(U,E,) is Borel, too. Next
note that for any subinterval I’ C I the set f(I’) C J is a subinterval, hence Borel.
So & is a g-algebra containing all subintervals, hence it contains all Borel sets.

Next, f(E) C J is Lebesgue measurable for any Lebesgue measurable set £ C I
by exactly the same argument as in Case 1.

Lastly, we verify that u is a measure. If £ = W, F, is a countable disjoint union
of Lebesgue measurable subsets of I, then their images f(E,) can only intersect at
some points y € N, and those countably many points cannot affect the Lebesgue
measures of the sets f(E,), therefore

N(E) = m(f(E)) = m(Unf(En)) = Zm(f(En)) = ZM(En)

n
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Images of measurable sets under continuous monotonic functions. In
the previous proof, we carefully verified that f(E) was a Lebesgue measurable
set for any Lebesgue measurable £ C I. One may think that this fact is a
triviality. How can a nice continuous function map good (measurable) sets into
bad (non-measurable) sets?

This is not a triviality. Some continuous monotonically increasing functions actu-
ally map measurable sets into non-measurable sets. Let f be the Cantor function
(“Devil’s staircase”). Denote

N={£, n>1, 0<k<2"}

the set of binary rational numbers — these are the values of f on the open intervals
whose union is [0,1] \ C. Let A C [0, 1] be any non-measurable set. Then the set
Ag = A\ N is also non-measurable. Now B = f~!(Aj) € C. Since the Cantor
set C' is a null set and B is its subset, B is Lebesgue measurable. So we have
f(B) = Ao, where B is measurable and Ay is not.

In our proof that f(F) was a Lebesgue measurable set for any Lebesgue measur-
able E C I, the crucial element was assumption (b) saying that f maps null sets

into null sets. This assumption, of course, rules out the Cantor function.

As a side result of our discussion: Cantor function is not absolutely continuous.

e Possible exercise for the future: Let f: [0,1] — [0,1] be the Cantor function. Then
h(z) = f(z)4=x is a continuous strictly monotonically increasing function [0, 1] — [0, 2].
Show that
(a) h(C) has measure one (here C is the Cantor set)

(b) there exist measurable sets A C [0, 1] such that h(A) is not measurable

Next we extend our analysis to non-monotonic functions. This brings us to
functions of bounded variation.
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DEFINITION 14.6. The total variation function V.’ of a function f: [a,b] — C
is defined by

Ve =sup ) |f(t:) = f(tio)|
i=1
where the supremum is taken over all n and all ordered sequences
a=1g <t <tg < - <tlp1<tly=ux.

If V! < oo, then f is said to be of bounded variation on [a,b], denoted by
f € BV][a, b], and the value of V! is called the total variation of f over [a, b].

e V7 is non-decreasing in x.

e If f is monotonic, then V! = |f(z) — f(a)|.

e We have the additivity: V> = V.¢ + V? for every a < ¢ < b.

e For the Dirichlet function f = xg we have Vab = oo for all @ < b.

EXERCISE 70. Show that
(a) If f € C([a,b]), then V2 < [°|f'(z)| da

(b) If f € C([a,b]) is continuous on [a,d], differentiable on (a,b) and |f’(z)| is bounded on
(a,b), then f is of bounded variation on [a,b] (Hint: use the Mean Value Theorem)

EXERCISE 71. Let

xrcos T if 0<z<1
f(x)_{o if x=0
Show that Vj = cc.
EXERCISE 72. Let )
x°cos 7 if 0<z<1
f(x)_{o it ¢=0

Show that V! < oo, i.e., f is of bounded variation on [0, 1].

e A function f: [a,b] — C is of bounded variation if and only if Re f and Im f are of
bounded variation.
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Lemma 14.7. Suppose f(x): [a,b] — R is of bounded variation on [a,b]. Then
V4 fand V — f are non-decreasing.

Proof. For x < y we have
Vi Vo=V = f@) - fly) = Vi+fl@)<Vi+fy)

and
VY =VE=VE> fly) - fle) = V- fle) <V¥-f(y)

a a

Corollary 14.8. Let f: [a,b] — R be of bounded variation on |a,b|. Then there are
monotonically increasing functions u,v: [a,b] — R such that f = u—wv. Moreover,
u and v may be chosen strictly monotonically increasing.

Proof. Set u = $(V + f) and v = $(V — f). These functions are monotonically
increasing and f = u — v.

But u and v may not be strictly monotonically increasing, though. Then we can
replace them with, say, u + « and v + x, which are strictly monotonically increasing

]

and satisfy the same relation f = u — v.
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We now return to absolutely continuous functions.

EXERCISE 73. Let f, g be absolutely continuous on [a,b]. Show that
(a) f £ g are absolutely continuous on [a, b]
(b) fg is absolutely continuous on [a, b]

(c) if f(z) # 0 for all z € [a,b], then 1/f is absolutely continuous on [a, b]

Lemma 14.9. Suppose f(x) is absolutely continuous on [a,b]. Then
(a) f is of bounded variation on [a,b];

(b) V, V4 f, and V — f are absolutely continuous on [a,b].

Proof.
Let ¢ =1 and 6 > 0 as in Definition 14.2. For any [c,d] C [a,b] withd —c < ¢

we have V¢ < 1. Then we can divide [a,b] into N < 5% + 1 subintervals of length
< § and get VP < N.

Due to Exercise 73(a) it is enough to show that V' is AC, i.e., for any € > 0
thereisa ¢ > 0

n

Z(ﬁi —) <6 = i‘vaﬁi — p

i=1 i=1

<e€

in the notation of Definition 14.2. But

=Vl -V =Vl = SUPZ | f(tij+1) — f(tig)l
J

| Vaﬁi _ Vaai

where
ap =t <ti1 < <tip—1 <tin, =i

is a partition of («;, 8;). Note that

DD Mg~ tig) = D (B — o) <

(2

thus by Definition 14.2 applied to the given AC function f we have
ZZ |f(tij+1) — f(tig)| <e
i g

Taking the supremum gives a bound

n
Z ’ Vaﬁi —y
=1

<eg

which shows that V is AC.
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EXERCISE 74. A function f: [a,b] — C is said to be Lipschitz continuous if 3L > 0 such that
|f(xz) = f(y)] < Llz — y| for all z,y € [a,b]. Prove that if f is Lipschitz continuous, then f is
absolutely continuous and |f’| < L a.e. Conversely, if f is absolutely continuous and |f'| < L
a.e., then f is Lipschitz continuous (with that constant L).

Finally we are in a position to prove our main result:

Theorem 14.10. FTC in L' (the hard part)

A function f: |a,b] — C is absolutely continuous if and only if f is differentiable
for a.e. x € [a,b], f' € L'([a,b]), and (FTC) holds.

Proof. The “if” part was already proved in Theorem 14.3.

So let f be AC on [a,b]. It is enough to prove the claim for Re f and Im f separately,
so we can assume that f: [a,b] — R is real-valued.

According to Lemma 14.7 and Corollary 14.8
1 1
f=u—w, u:§(V—}—f+:1:), vzi(V—f—l—x)

is the difference between two strictly monotonically increasing functions, each of
which is AC due to Lemma 14.9 (note that f(x) = = is AC due to Exercise 74). Now
we apply Theorem 14.5 to u and v and get u',v" € L., ([a, b]) and

(@) — u(a) = /[1 Wdm  o(z) —v(a) = / o dm (14.1)

[a,x]

Therefore f' = u' — v € LL,([a,b]) and subtracting the second equation in (14.1)
from the first one gives (FTC). 0

EXERCISE 75. Let
{mzcos;; if 0<z<1

0 it =0
(a) Show that f(z) is differentiable at every point z € [0, 1] (including x = 0)
(b) Verify that f’(z) does not belong to L' (][0, 1])

Conclude that f is not absolutely continuous.
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The following theorem arrives at the hard part of the FTC from a different set of
hypotheses:

Theorem 14.11. FTC in L! (the hard part; alternative version)

Suppose f: [a,b] — C be differentiable at every point x € [a,b] and f' € L*([a,b]).
Then (FTC) holds.

e Note: the differentiability at every point x € [a, b] is essential.

e This theorem can be given without proof (its proof is in Rudin’s book).

EXERCISE 76. In Exercise 72 we showed that the following function had bounded variation:

2% cos Z if 0<z<1
o= {2

0 if =0
(a) Show that f(z) is differentiable at every point z € [0, 1] (including x = 0)
(b) Verify that f’(z) does belong to L'(]0,1])

Conclude that f is absolutely continuous.

EXERCISE 77. Let f: [a,b] — R be absolutely continuous. Prove that V7 < f[a 2] |f/|dm. For an
extra credit: is the equality always true?

EXERCISE 78. [Bonus|] Let f: [0,1] — R be absolutely continuous on [0, 1] for each ¢ > 0,
continuous at = 0, and of bounded variation on [0,1]. Prove that f is absolutely continuous
on [0,1]. (Note: you can use the “extra credit” part of the previous exercise only if you properly
finish it first.)
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Lastly we prove two important facts related to AC and BV functions.

Theorem 14.12. Lusin N property

Let f: [a,b] — R be absolutely continuous.
Then it maps sets of measure zero into sets of measure zero. That 1is,

VN Cla,b]: m(N)=0 = m(f(N)) =0

e The converse is not true, even if f is continuous and differentiable (Exercise 75).
e Theorem 14.12 does not extend to functions of bounded variation (Exercise 69).

Proof. Let N C [a,b] be a null set. Due to the regularity of the Lebesgue measure
(Theorem 8.1), Vo > 0 there is an open cover V' O N such that m(V) < §. The
open set V' is a finite or countable union of disjoint intervals (o, 3;). On each closed
interval [, B;] the continuous function f takes a minimum at some x; € [y, ;] and
a maximum at some y; € [, 5;]. Then

f(lew, Bi]) = [f (i), f (i)

and
F(N) C f(V) € Uif([os, Bi])

Now we have

m(f([m,@])) = f(y;) — f(z;) = [i,yi]
(Y4,

Let I; denote the interval between x; and y; (in whichever order they come). Since
f(yi) — f(x;) >0, we can simply write

)~ 1) =| [ fam| < [ \flam< [ if)dm
I; I; (ai,Bi)
Summing over ¢ gives

m(f(N)) <m(f(V)) < Zm<f([aia,8i])> < /V |f'] dm

Since |f'| € LL,([a,b]), we have by Theorem 12.20 that for any ¢ > 0 there exists
e > 0 such that [ |f'|dm < e whenever m(E) < §.. Thus for any ¢ > 0 we can
choose an open cover V' O N of measure m(V') < ¢., and that gives us m(f(N)) <e.
Since € > 0 is arbitrary, we have m(f(N)) =0. 0
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Theorem 14.13. Lebesgue monotone differentiation

Let f: [a,b] — R be monotonically increasing.
Then it is differentiable almost everywhere.

Furthermore, f(b) — f(a) > f[a’b] f dm.

e A strict inequality is possible (example: the Cantor function).

Proof. The proof is long but its steps are visually clear.
Dani derivatives. Let us define the following limits:
h) —
DT f(x) = limsup flzth) - fz)

h—0+ h

flz+h) - f(z)

(‘upper right’)

Dy f(x) = l}lm inf (‘lower right’)

—0+

>

D™ f(z) = limsup fle+h) = f(z)

(‘upper left’)

h—s0— h
D_f(z) = l}ln_1>('1)1lf fl+ hf)L — /@) (‘lower left”)

These are called Dani derivatives. They always exist, for any function, and take
values in [—o0,00]. Clearly, f'(x) exists if and only if

—00 < D f(z) = Dy f(x) = D™ f(x) = D_f(z) < o0

Obviously,
DY f(z) > Dyf(x), D™ f(z) > D_f(x). (14.2)

Actually, since our function f is increasing, then all of the Dani derivatives must be
non-negative, i.e., restricted to [0, oc].

Main claim. It will be enough to prove that
D_f(z) > D*f(z),  D*f(x) < oo (14.3)

for almost every point x € [a, b].
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Main claim = Theorem. If we prove the first inequality in (14.3) for any mono-
tonically increasing function f(x), then it will apply to the function g(x) = —f(—=z),
too. And it will give

D_g(-x) > D" g(~x)

for almost every z. It is easy to note that D_g(—x) = D4 f(x) and DVg(—z) =
D~ f(z); see the figure. Hence we get

Dy f(z) = D f(x)
for almost every x. Combining this with (14.3) and (14.2) gives
D_f(x) > D¥ f(x) > Dy f(x) > D™ f(z) = D—f(x)
which is only possible if all the Dani derivatives are equal:
D_f(x) = D" f(x) = Dy f(z) = D™ f(=)

The second bound in (14.3) ensures that they are all finite. So Theorem will be

proved once we establish (14.3). After a brief digression, the proof will be continue%
DEFINITION 14.14. Let f: [a,b] — R be a continuous function.

(a) A point z € [a,b] is said to be invisible from the right if there exists
x1 > x such that f(z) < f(x1).

(b) A point x € [a, b] is said to be invisible from the left if there exists z; < z
such that f(z) < f(z1).

Lemma 14.15.

(a) The set of all points invisible from the right is open, i.e., it is a union of
open intervals (aum, B,), and for each interval we have f(a,) < f(5,).

(b) The set of all points invisible from the left is open, i.e., it is a union of
open intervals (au, By), and for each interval we have f(c,) > f(5,).

Proof. The openness follows from the continuity of f. The relation f(c,) between
and f(3,) is easy to verify “by way of contradiction”. 0
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Proof. of Theorem 14.13 (continued). Our argument will be clearer if we assume first
that f is a continuous function. In the end we extend it to discontinuous functions.
We begin with the proof of the first inequality of (14.3).

First inequality in (14.3): Auxiliary claim. It is enough to show that for any
positive real numbers u < v we have

m(N,,) =0, Nyw ={z € [a,b]: D_f(z) <u<v< D" f(z)} (14.4)
as then taking the union of U,«, Ny, over all positive rationals u < v will give us

m({x S [a7 b] D,f(l‘) < D+f($)}) = rn(U0<u<v7 umEQNuv) =0

which is exactly the first inequality in (14.3).
The way (14.4) will be proved is that we will show that for any open interval
(e, B) C [a, b] we have
m(Ny, N (o, B)) <L (8- a) (14.5)

v

and then due to Corollary 13.21 (c) we will conclude that m(Ny,) = 0.

Proof of auxiliary claim (14.5).
If D_f(x) < u for some x € (o, 3), then there is a point z; < x such that

fla1) = f(x)

pra— <u = f(x1) —ux; > f(z) —ux

Therefore z is invisible from the left for the function g(x) = f(z) — ux. Due to
Lemma 14.15 (b), the set of such points inside (v, 3) is open and consists of open
intervals (o, By,) such that for each interval we have

flom) —uam = glan) = g(Bn) = f(Bn) — ubn
or equivalently
f(ﬁn) - f(Oén) < u(/@n - an)
Similarly, if D f(z) > v for some = € (ay, 3,), then there is a point x; > x such

that
fz1) — f(z)

I — >v = f() —vzr > f(z) —vz

Therefore z is invisible from the right for the function g(z) = f(x) — vz. Due to
Lemma 14.15 (a), the set of such points inside (o, 5,) is open and consists of open
intervals (i, Bnk) such that for each interval we have

F(Bnk) — vank = g(ank) < 9(Bnk) = f(Bnk) — vBnk

or equivalently

F(Buk) — flank) = v(Bak — ank)
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Clearly the set Ny, N(a, B) is covered by the intervals (o, Buk), and it follows from
our previous inequalities that

> Buk — ank) < 2D [F(Buk) — flovnn)]

n,k n,k

n

< % Z(ﬁn - an)

<y(B-q)
This implies (14.5), and hence m(V,,) = 0 and the first inequality of (14.3).
Second inequality in (14.3). Let N = {z € [a,b]: DT f(z) = co}. If x € N, then
for any C' > 0 there is a point x; > x such that

f(x1) = f(2)

r1T — T

IN

>C = f(xr1)—Cx1> f(zx)—Cx

Thus z is invisible from the right for the function g(x) = f(x) — Cz. Due to Lemma
14.15 (a), the set of such points is open and consists of open intervals (o, 8,) such
that for each interval we have

f(Bn) = Can = g(an) < g(Bn) = f(Bn) — CBn

or equivalently
f(Br) — flan) > C(Br — an)

Therefore, since N C Uy, (ay, 55,), we obtain
m(N) <> (8o —an) < &Y _[f(Ba) = Flan)] < & [f() — f(a)]

Since this is true for any C' > 0, we have m(N) = 0.

Discontinuous functions. Things get a little messy. First we note that discontinuous
monotonically increasing functions are not too bad. At least for any point x there exist
a left limit f(z—) = lim,_,,— f(y) and a right limit f(z+) = lim,_,,+ f(y). We also have
f(z=) < f(x) < f(z+). In the above argument we use g(z) = f(x)—cx for various constants
¢ > 0; this function also has a left limit and a right limit values at every point. It also satisfies
g9(z—) < g(x) < g(a+).

Now let f be either continuous or at least have a left limit and a right limit values at
every point  such that f(z—) < f(z) < f(a+). Then we redefine invisible points as follows:
A point z € [a,b] is invisible from the right if there exists x; > x such that f(z+) < f(z1).
A point z € [a,b] is invisible from the left if there exists x; <  such that f(z+) < f(z1).

Now in Lemma 14.15 (a) we replace f(ay,) < f(Bn) with f(an+) < f(Bn+). Similarly,
in Lemma 14.15 (b) we replace f(ay,) > f(8n) with f(an+) > f(Bn—). Then Lemma 14.15
extends to discontinuous functions of the above type.

The arguments in the previous two subsections extend to discontinuous functions as well,
with one minor adjustment: each point of the sets N,, and N is either inside of one of the
respective open intervals (au,, 8,) or on its boundary (i.e., it may coincide with either a, or
Br). All the measure estimates remain valid, though.
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Integral inequality. For each n > 1 define the following approximation to f’(x):

=n[f(z+3) — f(2)]

(if it happens that = + & > b, we just set f(z + 1): = f(b)).
Now we have g, — f’, as n — oo, almost everywhere on [a,b]. Since f is
increasing, we have g, > 0 and f’ > 0. Due to Fatou’s lemma

f'dm < lim inf/ gn, dm

[a,b] [a,b]

= liminfn [f(z+ 1) = f(z)] dm
[a.b]

:liminfn/ fdm—n/ fdm
[b,b—‘—%] [a,a—l—%]

The first term is equal to f(b) and the second term is > f(a), hence
[, 7 dm s 1)~ i)

This completes the long proof of Theorem 14.13... 0

Corollary 14.16. Every function f: [a,b] — C of bounded variation is differen-
tiable almost everywhere.

Proof. To differentiate f, we differentiate Re f and Im f separately, thus it is enough
to prove this corollary for real-valued functions. Now we just combine Corollary 14.8
with Theorem 14.13. 0
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15

Differentiable transformations

Linear transformations. From linear algebra, we know that any linear trans-
formation 7: R¥ — RF is defined by a k x k matrix, which we will denote by
A = (a;j). It takes a point (z1,...,7;) € R¥ to a point (y1,...,yx) € R* by the
rule y = Ax, where x = (xq,...,2)7 and y = (y1,...,y)" are column-vectors.
Note that the origin (0,...,0) is always mapped to itself.

More generally, a linear transformation with shift is defined by y = Ax + a, where
a is a fixed vector. Now the origin is shifted to a. If a = (0,...,0)%, then we get
the transformation without shift.

Proposition 15.1. Let T: R* — RF be a linear transformation, with or without
shift, defined by y = Ax + a. Then for any measurable set E C R* we have

m(T(E)) = cm(E)

where the scaling factor is ¢ = | det A.

Proof. From linear algebra, we know that the map T is a bijection if and only if the
matrix A is not singular, i.e., det A # 0. If it is singular, then 7" maps R into a
lower-dimensional subspace, hence m(7'(E)) = 0 for any set E C R*, so we get ¢ = 0.

If A is not singular, then the inverse map T~ ' is also linear and defined by
x = A~y + a;, where a; = —A~'a. Hence T~!: R*¥ — R is a continuous map.
Thus for every Borel set E C R¥ the set T(E) is Borel (Proposition 4.4).

We define a new measure y on the Borel o-algebra in R* by 1(E) = m(T(E)). Now
for any Borel set £ and any fixed vector b € R* we have

W(E+b)=m(T(E+b)) =m(AE+ Ab+a) =m(AE +a) =m(T(E)) = u(E)

(we used the translation invariance of the Lebesgue measure m). Hence the measure
i is also translation invariant. Due to Corollary 3.19 we have p = cm with some
constant ¢ > 0.

To find the value of ¢, it is enough to compute it as ¢ = % for one set E. If we
choose E to be the unit box, £ = {0 < z; <1,...,0 < 23 < 1}, then the calculation
is elementary (see Rudin’s book, Section 2.23) and gives ¢ = | det A|. 0

e Every linear transformation with det A = +1 preserves the Lebesgue measure. In
particular, every isometry (translation, rotation, reflection) preserves the Lebesgue
measure.

e We will denote points in R*¥ by 2 and occasionally by x when we need to use the
coordinates of x as a column-vector. Thus x and x will be interchangeable in our
formulas.
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DEFINITION 15.2. Let T: V — R* be a (nonlinear) transformation defined on an
open set V C R*. Its derivative T"(x) at a point x € V is a k x k matrix A that
satisfies . by T o

T b~ T(x) — Al _
h—0 ||

provided the limit exists. We will write 7"(z) = A.

0

Lemma 15.3. If the transformation T: V — R* is defined coordinate-wise, by k
functions of k variables

Y1 :fl(xlw"?xk)? °oog yk:fk(xla-“?xk)

then T'(x) is the matriz of their partial derivatives: A = (0f;/0x;).
Proof. Just use h = he; in Definition 15.2 and take the limit as h — 0; here e;
denotes the ith canonical basis vector in R¥. 0
Corollary 15.4. IfT: R* — R* is a linear transformation defined by y = Ax+a,

then its derivative is T'(x) = A at every point x € R”.

e Thus |det T"(z)| = | det A| is the factor by which the Lebesgue measure is multiplied
by a linear transformation.

DEFINITION 15.5. If T: V — RF is differentiable at x € V, then Jy(x) = det T"(z)
is called the Jacobian of T" at x.
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Theorem 15.6. Let T: V — RF be continuous on V and differentiable at x € V.

Then
m(T(B(z,1)))

5 m(B(z.r))

= |det T"(z)|

Proof. The formula in Definition 15.2 can be written as
T(x+h)-T(x)=Ah+gn,  |gull =o(/hl)
For all x +h € B(x,r) we have ||h|| < r and so
T(x+h)=T(x)+Ah+gn, |l =o(r)
Thus for any € > 0 there is r. > 0 such that for all » < r. we have
T(x+h)=T(x)+Ah+gn, |eu] <er

for all x +h € B(x,r).

Now suppose for a moment that the transformation 7' is linear. Then

T(x+h)=T(x)+ Ah (i.e., gn=0)

(15.1)

(15.2)

Suppose also that det A # 0. Then the image T'(B(x,r)) of the ball B(z,r) is
an ellipsoid centered on T'(x) (see the picture). More precisely, the boundary of
T(B(z,r)) is made by vectors T'(x) + Ah with Hh|| = r, i.e., by vectors T'(x) +y

with |A~ly|| = r. This means y? (AAT)"ly = r2. The matrlx AAT is symmetric
i basis of eigenvectors uy, ...
and posjtive eigenvalues, which vye/ . note by A -, A2. If y = cyug +- - - +cpuy,

ositive definite, hence it has an_orthe

, Uk

then the bove equation meap 25 oot 4 }2. This equation corresponds
igsoid inR&gwith § | yvolume is
/
m(T(B(, | }ﬁ< (2,7))| det Al

The

— A
above ellipsoid is centered (?n\T—(a;) ‘and its orientation in R¥ is determined by the

vectors uy, ..., u; (they define the directions of its axes).
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For nonlinear maps we have an additional term gy, in (15.1) whose norm is < er.
This means that the figure T(B(z,7)) has boundary that is within distance < er
from the boundary of the above ellipsoid. Thus E. C T(B(z,r)) C E!, where
E] and E are ellipsoids centered on T'(z) with the same directions of axes as the
above ellipsoid but with the semi-axes given by r(A; £ ¢),...,7(A\x £ ), where +
corresponds to E and — to E!. The Lebesgue measure of T'(B(x,r)) is bounded by

k
Cyr¥ H()" —e) < m(T(B(at, r))) < Cpr* H()" +e)

i=1 i=1

Therefore

ﬁ<1 B m(T(B(x,1)) _ ﬁ(l )

i1 )\1 m(B(x,r)) paie} )\z
Since € > 0 can be made arbitrarily small in the limit » — 0, we obtain the claim of
the theorem.

It remains to deal with the singular case det A = 0. Now the linear transfor-
mation (15.2) takes B(x,r) into a subspace of a lower dimension; more precisely -
into a lower dimensional ellipsoid centered on T'(z) whose dimensions (semi-axes)
are proportional to r. The nonlinear transformation (15.1) takes B(z, ) into a figure
which is in the er-neighborhood of that ellipsoid. It can be imagined as a thin plate
(‘pancake’) whose dimensions are proportional to r and whose ‘width’ (‘thickness’)
is proportional to er. Thus its volume is O(er). Dividing by m(B(xz,r)) = Cyr¥
and taking the limit » — 0 gives us zero, as claimed. 0

o QOur proof appeals to geometric intuition and requires some knowledge of linear
algebra. But it is not entirely rigorous — it hides some unpleasant technical details
that can be found in Rudin’s book (Lemma 7.23 and Theorem 7.24).
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e The following is a (global) change of variables rule:

Theorem 15.7. Let T: V — RF be continuous and differentiable at every point
x € V and one-to-one. Then for any measurable function f: R* — [0, +o0]

/ fdm:/(fOT)|detT’|dm
(V) v

We will prove a lemma first, and then prove the theorem.

Lemma 15.8. T" maps null sets into null sets.

Proof. Intuitively, the map T ‘expands’ the Lebesgue measure by a finite factor
| det T"(z)| at every point € V (by Theorem 15.6), so it should be impossible to
‘expand’ a set of measure zero into a set of positive measure.

Since T'(x) exists at every point x € V', we have

T h)-T
lim sup IT(x + b) ()l < 00 (15.3)
h—0 [l

For any m,n > 1 let V,,,, C V consist of points x € V' such that
[T(x+h) =T(x)| <m|h]  V|[h]|<1/n (15.4)

Due to (15.3), we have Up, Vi = V.

Let N C V be a null set. Then N,,,, = N NV, is also a null set. So for any
€ > 0 it can be covered by a countable union of balls B(x;,r;) such that z; € Ny,
and r; < 1/n in such a way that >, m(B(z;,7;)) < e. [To do this, first cover Np,
by an open set W of a very small measure < ¢, then partition W into countably
many boxes {R;} of a very small diameter < 1/n, then for each box R; find a point
z; € Npy.n N R; (if none exists, just remove R; from W), then set r; = diam R;. This
gives B(zi,r;) D R; and m(B(z;,7;)) < Cpym(R;). Hence

UZ'B(:L'Z‘,’I“i) ODW D Nm’n

and

Zm(B(xi,ri)) e Zm(Ri) < Cym(W) <e

where Cy > 0 is a constant depending only on the dimensionality k.

Now each ball B(xz;,r;) is mapped by T into a ball of radius < mr;, due to (15.4),
so its volume grows by a factor < m*. Thus T(Ny,n) will be covered by countable
many balls of total Lebesgue measure < mFe, hence m(T(N,,,)) < mPe. Since
€ > 0 is arbitrary, we actually have m(T'(N,,,,)) = 0, and taking the union over all
m,n > 1 gives m(T'(N)) = 0. 0
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Proof. (of Theorem 15.7). This is done in several steps.

Step 1. T maps Lebesgue measurable sets into Lebesgue measurable sets. (Note:
this does not simply follow from the continuity of T'; recall our discussion on page 138 .)

Indeed, let E C V be a Lebesgue measurable set. Due to regularity of
the Lebesgue measure (Theorem 8.4) there exists an F,-set F' C E such that
m(E \ F) = 0. Due to the continuity of 7', the image T'(F') is also an Fj-set, thus
it is Borel measurable. And the image T'(E \ F) is a null set due to Lemma 15.8.
Hence T'(E) is the union of a Borel set and a null set, hence it is Lebesgue measurable.

Step 2. Forn > 1,let V,, = {z € V: | T(z)|| < n}. Note that V,, is open, V;, C V,,11
and Up>1V,, = V. For each n > 1 we define a new measure on V' by

Nn(E) = m(T(E N Vn)) (15'5)

Why is it a measure? Because T'(E NV,,) is Lebesgue measurable due to Step 1,
and since T is one-to-one, u, is o-additive. Also u, is a finite measure because
pn(V) <m(B(0,n)) < oo (this was the reason for replacing V' temporarily by V,,).
Now py, < m by another application of Lemma 15.8. Thus due to Theorem 13.15

o (E) = [ (Dpo) i
E
Step 3. We claim that for all x € V,
(Dpn)(2) = | det T'() (15.6)
Indeed, V,, is open, hence B(z,r) C V,, for sufficiently small » > 0. Due to (15.5)
in(B(z,7)) = m(T(B(z, 1)
If we divide by m(B(z,r)) and refer to Theorem 15.6, we obtain (15.6).

Step 4. Thus we can write

m(T(EﬂVn))—/V XE]detT'|dm—/VXEmvn|detT’\dm

Taking the limit n — oo and applying the Lebesgue Monotone Convergence gives
m(T(E)) :/ xe|det T'| dm
\%
for every measurable set £ C V.

Step 5. Let A C R* be a Borel set. Since T is continuous, E = T71(A) is also a
Borel set and E C V. Note that T(F) = ANT(V) and xg = x4 oT. Thus

/ Xadm = m(ANT(V)) = m(T(E)) = / (xaoT)|detT'|dm  (15.7)
T(V) 1%
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Step 6. Next we extend (15.7) to Lebesgue measurable sets A C R*. First, if N
is a null set, then N C Ay for a Borel null set Ay. For A = Ay, the first integral
in (15.7) is zero, hence so is the second one, hence (xa, o T)|detT’| = 0 a.e. Now
XN < XAy, therefore (xny oT)|detT’| = 0 a.e. Thus

m(N N T(V)) = /

XNdm:/(XNoT)\detT’]dm (15.8)
T(V) 1%

(because both integrals are zero). Since every Lebesgue measurable set £ C R¥ is a
disjoint union, £ = AWN, of a Borel set A and a null set IV, and then xg = xa+Xxn-
Now adding (15.7) and (15.8) gives

/ o dm = / (xp o T)| det T'| dm (15.9)
(V) 1%

Step 7. Once we have (15.9), it is clear that

/ sdm:/(soT)\detT'Mm
T(V) v

for every simple function s > 0 on R¥. Another application of the Lebesgue Mono-

tone Convergence completes the proof of the theorem. 0

e We did not prove that f oT is a measurable function. In fact, this is not necessarily
true! What our proof does establish is that the product (foT') | det T”| is a measurable
function.

Corollary 15.9. Suppose that
(i) ¢: (a,b) = (a, B) is a monotonically increasing differentiable function such that

lim p(z)=a and lim ¢(x)=_7

r—a+ r—b—

(ii) f > 0 is a Lebesgue measurable function. Then

/ fdm = (fop)|¢|dm
(6] [t

Proof. 1f ¢ is strictly monotonically increasing, then it is one-to-one and the result
follows from Theorem 15.7 (we just set k = 1 and V = (a,b)). If ¢ is not strictly
monotonically increasing, then it is constant on some intervals. On those intervals
¢ = 0, so they do not affect the value of the second integral; thus they can be
collapsed and removed, after which ¢ becomes strictly monotonically increasing (we
omit the details of this “collapsing” procedure). 0
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e This corollary easily extends to integrable functions f € Ll (a,b) and monotonically
decreasing differentiable functions ¢: (a,b) — (a, ) such that

lim ¢(z) = and lim ¢p(z) =«

r—a+ r—b—

EXERCISE 79. Let f >0 and f € L'(R). Find
lim f(nx) dm(z)

EXERCISE 80. Let f,g: [a,b] — C be two AC functions. Prove the integration-by-parts formula

f'gdm = f(b)g(b) — f(a)g(a) — fg'dm
[a,b] [a,b]

EXERCISE 81. Let f >0 and f € L'([0,00)) and g(x): = 2xf(2?) for all z € [0,00). Show that

g € L*([0,00)) and
/ fdm = gdm
[0,00) [0,00)

EXERCISE 82. [Bonus| Let f: R — R be integrable, i.e., f € L. (R). Define a function g: R — R

by
B f(x—%) if x#0
g(z)_{o if & =0

/Rfdm:/Rgdm

Prove that g(—1/x) = g(z) and
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16

Product spaces

DEFINITION 16.1. Let X and Y be two sets. Its Cartesian product X x Y is
the set of all (ordered) pairs (z,y), withz € X andy €Y. If AC X and BC Y,
then the set A x B C X x Y is called a rectangle.

DEFINITION 16.2. Let (X,91) and (Y,91) be two measurable spaces. For every
A e Mand B € N the set A x B is called a measurable rectangle in X x Y.
Any finite union £ = R U Ry U---U R,, of disjoint measurable rectangles is called
an elementary set. The collection of elementary sets is denoted by £.

Proposition 16.3. £ is an algebra, i.e. finite unions, intersections, differences
and complements of elementary sets are elementary sets.

Proof. A straightforward verification. (Recall also Example 1.) 0

e Note: £ is not a o-algebra.

DEFINITION 16.4. We denote by 9t x M the (minimal) o-algebra in X x Y gen-
erated by elementary sets (equivalently, by measurable rectangles).

DEFINITION 16.5. Let E C X xY and x € X, y € Y. Then
E,={y:(z,y)€EE}CY

is called the z-section of E and
EV={d": (¢/,y) e E} C X

is called the y-section of F.
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Theorem 16.6. If E € M x N, then E, € N and EY € M for every x € X and
everyy € Y.

Proof. Let Q ={E C X xY: E, €N Vx € X}. We will show that
(a) Q contains all measurable rectangles
(b) Q is a o-algebra.

Then it will follow that Q D 9 x 9, because M x N is the minimal o-algebra
containing all measurable rectangles.

Proof of (a): if E = A x B is a measurable rectangle, then £, = B for x € A and
E, =0 forz ¢ A, so E, €9 in either case.

Proof of (b): First, if E € Q, then for every z € X we have E, € M, hence (E€), =
(E;)¢ €M, thus E° € Q. Second, if E; € Q and F = U;E;, then E, = U;(E;), € N,
thus £ € Q (o-additivity).

According to Lemma 2.4, Q) is a o-algebra. The proof for EY is similar. 0

DEFINITION 16.7. Let f: X x Y — Z be a function.
For every = € X, the function f, on Y is defined by f.(y) = f(z,v).
For every y € Y, the function f¥ on X is defined by f¥(x) = f(z,y).

(these can be regarded as sections of a function of two variables.)

Theorem 16.8. Let Z be a topological space and f: X XY — Z a measurable
function (with respect to the o-algebra 9 x N). Then

(i) fo is M-measurable on Y for each x € X;

(ii) fY is 9M-measurable on X for each y € Y;

Proof. Let V C Z be an open set. The measurability of f means that
Q=f'(V)={(z,y): flz,y) eV} eMxN
Note that for each z € X
Qo ={y: (z,9) €Q} ={y: fo(y) €V}

and by Theorem 16.6 we have @), € D1 thus f, is 9l-measurable. Similarly, f¥ is
M-measurable. 0
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DEFINITION 16.9. A monotone class M is a collection of sets with the following
properties:

(1) A; EM, AiCAi-l—l (221,2,> - Ug’ilAiEM;

e Note: o-algebras are monotone classes, but not vice versa.

EXAMPLE 25. Any finite collection of sets {41, ..., A, } makes a monotone class (check
it out!), but in order to be a o-algebra it must contain all their unions, intersections,
differences, complements, etc.

The following are analogues of Theorem 3.4 and Theorem 3.5:

Lemma 16.10. Let {M,} be an arbitrary collection of monotone classes of a set
X. Then their intersection Ny M, is a monotone class of X as well.

Proof. Direct inspection. Note that the collection of monotone classes here may be
finite, countable, or uncountable; its cardinality is not essential. 0

Lemma 16.11. Let F be any collection of subsets of X. Then there exists a unique
monotone class M* O F such that for any other monotone class M D F we have
M* C M. (In other words, M* is the minimal monotone class containing F.)

Proof. M* is the intersection of all monotone classes containing F.

]

Minimal monotone class containing all rectangles. It is easy to see that if
X C R is a finite interval, then the collection of all subintervals I C X (including
all open, closed, and semiopen intervals) is a monotone class. Similarly, if X C R?
is a rectangle, then the collection of all subrectangles R C X is a monotone class.
More generally, the collection of all measurable rectangles in X x Y defined above
is a monotone class.

Recall now that the collection of finite unions of subintervals I C X is an algebra;
cf. Example 2. It is not a monotone class. The minimal monotone class containing
all finite unions of intervals includes all G5 and all F, sets, in particular the Cantor
set C, so it is very rich.
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The minimal monotone class containing all finite unions of measurable rectan-
gles (i.e., all elementary sets) in X x Y is very rich:

Theorem 16.12. The minimal monotone class containing £, i.e., containing all
elementary sets in X XY 1s the entire o-algebra D x N.

Proof. Let & denote the minimal monotone class containing £. We claim that
(a) PLQRe® = P\Qeao,
(b) PLRe®d = PUQEe®G.
Indeed, for any set P C X x Y (measurable or not) let us denote
QP)={QC X xY:P\Qe®6, Q\Pec®, PUQ €< B}
One can verify, by direct inspection, that
(i) Qe QP) & PeQQ) (symmetry)
(ii) ©2(P) is a monotone class (since so is &)

Now fix P € £. Then £ C Q(P) (because £ is an algebra). Hence & C Q(P).

Now fix @ € &. Then Q € Q(P) for all P € £. By (i) we have P € Q(Q) for all
P € &£. Therefore £ C Q(Q), and then & C Q(Q). This proves our claims (a) and (b).

Note that & C 9 x N, because M x N is a monotone class. Thus if we show that
& is a o-algebra, it would imply that & = 9 x N, as desired. Next we check that
& is a o-algebra.

First, if Q € &, then Q° = (X xY)\ @ € & by the property (a) above. Second, if
P, e & and P = U;F;, then @, = PLU---UP, € & for every n > 1 by property
(b) above. Lastly, since @, C @Qn+1, the sets {@Q,} make a monotone sequence,
hence U,Q, € & because & is a monotone class. Thus P = U,Q, € & proving the
o-additivity of &. According to Lemma 2.4, & is a o-algebra. 0
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Our next goal is to construct the product of measures.

Theorem 16.13. Let (X, 9, u) and (Y, N, \) be two measure spaces with o-finite
positive measures p and \. Let Q) € 9 x M. Define

o(z) = MQx) for every x € X
Y(y) = (@)  foreveryy €Y

Then ¢ is MM-measurable, 1 is N-measurable, and

/XsOduzfywdk- (16.1)

A@mzﬂxaawwm

e Note that

and similarly
1(@) = [ xalw.y)duta)
X

Thus we can rewrite (16.1) as

/X</Y xq(z,y) d)\(y)> du(z) = /Y</X xo(x,y) du(x)) d\(y). (16.2)

Proof. Let Q2 denote the class of all Q € M x N for which the conclusion of the
theorem holds. We claim that ) has the following properties:

Every measurable rectangle belongs in (2

(a
(

b) If Q1 C Q2 C -+ and each @Q; € Q, then U;Q; € Q

(c) If {Q;} are disjoint members of €2, then W;Q; €

)
)
)
(d) If u(A) < oo and A(B) < 00, and if AXx B D Q1 D Q2 D --- for some Q; € Q,
then N;Q; € Q.

To prove (a) note that if @ = A x B is a measurable rectangle, then

MQz) = A(B)xa(z)  and  w(QY) = u(A)xs(y)

therefore each of the integrals in (16.1) equals p(A)A(B).

To prove (b), let ¢; and 1); be associated with @; in the way in which ¢ and
are associated with @. The continuity (Theorem 3.13) of x4 and A implies pointwise
convergence

pi(r) = (x) and  Yi(y) = Y(y)

as ¢ — oo, for every point x € X and y € Y. Also note that ¢; and ); are
monotonically increasing sequences of functions. Since they are assumed to satisfy
the conclusion of the theorem, (b) follows from the Lebesgue Monotone Convergence.
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The claim (c) is easy for finite disjoint unions, because the characteristic function
of the union is the sum of the characteristic functions of the sets. Now for countable
disjoint unions, (c) follows from (b).

The proof of (d) is like that of (b), except we use the Lebesgue Dominated
Convergence, which is legitimate since pu(A) < oo and A(B) < oo.

Now due to o-finiteness of 1 and A we have X = WX, with u(X,) < oo and
Y = wY,, with u(Y;,) < co. Define

an = Qm (Xn X Ym)

and let & be the class of all @ € M x N such that @y, € 2 for all m,n. Then (b)
and (d) show that & is a monotone class. Also, (a) and (c) show that £ C &. Now
Theorem 16.12 implies that & D 99t x 1.

Thus Qmn € §2 for every Q € MM x N and all m,n. Since Q = Wy, 1 Qmn, We
conclude from (c) that @ € Q. This completes the proof. 0

DEFINITION 16.14. Let (X, 9, 1) and (Y,M, A) be two measure spaces with o-
finite positive measures p and A\. Then we can define a measure, u x A, on 9 x N
by

(s x V@ = [

X

A(Q.) dp(z) = / (@YY dA(y).

Y
The measure p x A is called the product of the measures p and .

e The fact that p x A is indeed a measure (i.e., its o-additivity) follows immediately
from Theorem 5.13.

e Observe that p x X is also a g-finite positive measure.

e Now we can rewrite (16.2) as

/XXyXQ d(p x \) = /X </Y xo(z,y) d)\(y)) dpu()

~ [ ([ xotwmauta) ) axo. (16.3)

EXERCISE 83. Show that p x A is a unique measure on 9t x 91 such that
(1 x A)(A x B) = p(A)A(B)

for all measurable rectangles A x B in X x Y. (Hint: similar to the proof of Theorem 16.13.)
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17

Fubini Theorem

Theorem 17.1. Fubini

Let (X, M, u) and (Y, N, \) be two measure spaces with o-finite positive measures.
Let f be an (M x N)-measurable function on X x Y. Then

(a) Suppose 0 < f < co. Define, for each x € X andy € Y

o) = /Y Ly, )= /X 1 du

Then ¢ is M-measurable, 1 is N-measurable, and

fd(ux)\):/xgoduz/ywd)\. (17.1)

XxY

(b) Suppose f is complez-valued and

/ 0" dy < 00 where ©*(x) :/ | fe dX
b Y

Then f € L, x-
(c) Suppose f € L}LX/\. Then
fe €Ly forae x€X,
1
frerL, forae yevy,

o) = /Y fodre L,

D)= /X fdue I,

and the above equation (17.1) holds.

e Note that equation (17.1) can be written as

o paesn = [ ([ fenae ) due
:/Y</X f(x,y)du(x)) dA(y) (17.2)

(a double integral is represented by iterated integrals).

Corollary 17.2. Suppose f > 0. If one iterated integral in (17.2) exists, then all

the three integrals exist and are equal.
(For non-positive functions, this is not true, see Example 26 below.)

e The corollary is obtained by a combination of (b) and (c).
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Proof. We begin with (a).

Proof of (a). According to Theorem 16.8, f, and fY are measurable non-negative
functions, thus the definitions of ¢ and v are legitimate. The rest of the proof
consists of three steps:

Step 1: Indicator functions. Let @ € MM x N and f = xg. Then our target equation
(17.2) is exactly (16.3) obtained earlier.

Step 2: Simple functions. Suppose f = 22;1 anXQ, Wwith some o, > 0, where

QnE€MxMNand X x Y =w_ Q,. Then the conclusion is obtained due to Step 1
and the obvious linearity of (17.2)

Step 3: General functions. Given a measurable f > 0, there is an increasing sequence
of simple nonnegative functions {s,} converging to f pointwise (Theorem 4.22):

0<s1<s<-- and  sp(x,y) — f(z,y)

for every (z,y) € X x Y. If ¢, is associated with s, in the same way in which ¢ is
associated with f, then Step 2 implies

/gondu:/ Spd(p x A)
X XxY

The Lebesgue Monotone Convergence applied on (Y, 91, \) shows that
0<gi(x) <pox) <--- and  wu(z) = @(2)

for every x € X. Taking the limit n — oo and using Lebesgue Monotone Conver-
gence again, now on (X, 9, 1), gives the first equality in (17.2). The second one is
similar.

Proof of (b). Due to (a), we have

[ = [ ([ 100 dute) = [ o <o

This implies (b).

Proof of (c). It is enough to prove (c) for real-valued f, then the complex case
follows directly due to Definition 6.5 and (6.1).

If fe L}LX)\ is a real-valued function, then f = f™ — f—, where f* and f~ are
nonnegative integrable functions (Lemma 6.2). Let T be associated with f* in the
same way in which ¢ is associated with f. Then (a) implies

/widﬂz/ fEd(px A) < oo
X XxY
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hence = € Lj,. In particular, o (z) < oo for a.e. z € X. This can be rephrased as
(f%)s € L} for a.e. € X. Therefore

fo= (D)= ([T)e € L)
for a.e. x € X. This is the first claim in (c¢). The second one is similar.

Next, for a.e. x € X the above conclusions hold and by the linearity of the
Lebesgue integrals we have

o(z) = /Y fudp = /Y (F)edp— /Y (F ) di = o™ (@) — o~ (@)

thus ¢ € LL. This is the third claim in (c¢). The fourth one is similar.
Lastly, we can apply (17.1) to fT and f~ separately, based on the part (a) which
is already proven. This gives

/wdﬂz/¢+dﬂ/s0‘dﬂ
X X X

_ + _ - =
_/nyf d(p < N) /nyf d(p x ) /Xxyfd(uxk)

This is the first equation in (17.1). The second one is similar.
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It is instructive to see a few counterexamples that show that the assumptions
of Fubini’s theorem cannot be dispensed with.

ExaMPLE 26. Let X =Y = N and p = A be the counting measure. Then g x A is the
counting measure on X X Y (check this!). Define a function f(z,y) on X x Y as follows:
f(i,7) = ai; for i,j > 1, where

1 if 1=
Qi5 = —1 if = j +1
0 otherwise

The values of f, presented in a matrix form, are

Then we have

/. ( / f(:c,y)d/\(y)> o) = Y Yy =1

i

On the other hand,

L[ rendu) e = ¥ Sa; =0
Y \JX I
Incidentally, we found a sequence {a;;} of real numbers such that

2.2 ai A3 ay
i g jod
The reason why Fubini’s theorem does not apply here is that f ¢ L}M \-

See a Lebesgue-measure version of this example in Rudin, page 166.
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EXAMPLE 27. Let X =Y = [0,1]. Let p be the Lebesgue measure on [0,1] and A be
the counting measure on [0, 1]. Define a function f(x,y) on X X Y (the unit square) as

follows:
1 if z=y
flay) = { 0 otherwise

In other words, f is the characteristic function of the diagonal. Then we have

/X </Y f(z,y) d)\(y)) ) =1

because the inner integral is equal to 1 for every x € X.

On the other hand,
/Y(/X fe.y) de)) d\(y) =0

because the inner integral is equal to 0 for every y € Y.
The reason why Fubini’s theorem does not apply is that A is not a o-finite measure.

e Note that in the above example the function f is 9T x 91 measurable. Indeed, the
diagonal D = {x = y} can be obtained as

D = nglQn

where @), is the union of small squares placed along the diagonal:

e In the above two examples, Fubini’s theorem failed because either the function f or
one of the measures © and A\ were “too big”. A more sophisticated example can be
constructed where the measures and the function are “small”. More precisely, in that
example p(X) = A(Y) = 1 and f only takes values 0 and 1. In that example the
iterated integrals in (17.2) exist but are different. The reason why Fubini’s theorem
fails is that f happens to be not measurable with respect to the product o-algebra
M x M. But this example is too complicated to discuss in class; see Rudin, page 167.
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EXERCISE 84. Let a,, > 0forn=1,2,..., and for ¢t > 0 let
N(t)=#{n:a, >t}

Prove that

gan:/oooN(t)dt

EXERCISE 85. [Bonus| Generalize the previous exercise as follows. Let ¢: [0,00) — [0,00) be an
increasing locally absolutely continuous function (the latter means that ¢ is AC on every finite
interval) such that ¢(0) = 0. Find a formula for Y7, ¢(a,) in terms of N (t).

EXERCISE 86. Let f € L([0,1]) and f > 0. Show that

Y fy)
[ g

is finite for a.e. x € [0,1] and, as a function of z, integrable with respect to the Lebesgue measure
on [0, 1].

EXERCISE 87. Use Fubini’s theorem and the relation

1 oo
f:/ e ®tdt for x>0
€ 0

to prove that

Completeness of the product measure. The measure p x A is not necessarily
complete. In fact, in most cases it is not complete.

Indeed, suppose that there is a non-empty null set A C X and a non-measurable
set B C Y. Then a simple application of Theorem 16.6 shows that A x B is not
measurable. On the other hand, A x B is a subset of a null set, A x Y.

A particularly interesting example is X =Y = R and u = A = m the Lebesgue
measure. By the above argument the product measure m x m on R? is not com-
plete, thus it is not the Lebesgue measure on R2. It turns out, however, that the
completion of m x m is the Lebesgue measure on R?, see below.
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Theorem 17.3. Let my, denote the Lebesque measure on RE. Then the completion
of mg X my is the Lebesque measure mg.;.

Proof. Let B, and 9, denote the Borel and Lebesgue o-algebras in R¥, respectively.
Note that B C M. The theorem is proved in five steps.

Step 1: B,y C B x %t(c M X zmt). Indeed, B4 is generated by open sets in
R**t in particular by open rectangular boxes, each of which is in B x 9B;.

Step 2: m,;; and mg X m; coincide on B¢ ;. Indeed, these two measures agree on
rectangles, then we can apply either Theorem 3.17 or Corollary 3.19.

Step 3: Byt = B x B;. The inclusion “C” was proved in Step 1. For the other
inclusion “D” it is enough to show that

AeB,, BeB, = AxBe¢ Bty (17.3)

because the sets A x B generate Bs x B;. So we need to prove (17.3). If A € B,
and B € B; are open, then A x B is open, hence it is in B,,;. Now fix an open se
B € B, and consider

G, ={ACR’: Ax Be By}

It is a o-algebra in R® containing open sets, hence & O B,. This means A x B €
By provided A € B, and B is open. Next fix A € B, and consider

&, ={BCR'": Ax BcBy}

It is a o-algebra in R? containing open sets, hence &) D B;. Thismeans AXB € B¢
provided A € B, and B € ‘B;.

Step 4: M, x My C Msyy. Let £ € M, and F € M. By Theorem 8.4, there are
A,B € B, such that BC E C A and mg;(A\ B) =0. Then

BxRICExR Cc AxR
On the other hand, due to Steps 2 and 3
m,((A x RY)\ (B x R')) = mgi((A\ B) x R') = (m, x my)((4\ B) xR
=my(A\ B) m(R") =0-00=0
Since my_; is complete, we have E x R! € M, ;. Similarly, R® x F € M ;. Thus
ExF=(ExRYN(R®x F) € Myyy
Since these sets ' x F' generate Mg x M, Step 4 is proved.

Step 5: m,; and mg X my coincide on M x M;. Indeed, let Q € M x DMy C My
(due to Step 4). By Theorem 8.4, there are A, B € Byy C My x M, (due to Step
1) such that B € Q C A and mg4(A\ B) = 0. Therefore (ms; x m¢)(A\ B) =0
due to Step 2. As a result, (ms x m;)(Q \ B) = 0 thus

(m, x my)(Q) = (my x my)(B) 'L myy4(B) = my4(Q)

This completes the proof of Step 5.
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Next we look into measurable functions on complete measure spaces.

Lemma 17.4. Let (X,DM, u) a measure space and (X, M, 1) be its completion. If
fis an MM-measurable function, then there exists an 9M-measurable function g such
that f = g a.e. with respect to p, i.e., {f # g} C N with u(N) = 0.

Proof. Tt suffices to do this for non-negative functions f > 0. In that case, due to
Theorem 4.22, there are simple 9t-measurable functions

0=59<s51<89<:-- and Sp = f

Therefore

F= (sn—sn1) =) cixs,
i=1

n=1

for some ¢; > 0 and E; € 9. Due to Theorem 3.22 there are sets A;, N; € 9 such
that A; C E; C A;UN; and p(N;) = 0. Now we define g = Y ;2| ¢;ixa, and complete
the proof because {f # g} C U2 N;, which is a null set. 0

Lemma 17.5. Let (X, M, u) and (Y, N, \) be two measure spaces with complete
o-finite positive measures. Let h be an (9 x N)-measurable function on X xY
such that h = 0 a.e. with respect to p1 x \. Then for p-almost every x € X we
have h,(y) = 0 a.e. on'Y (in particular, h, is M-measurable for p-almost every
x € X ). A similar statement holds for hY.

Proof. Denote
P ={(z,y) € X xY: h(z,y) # 0}

It is assumed that (u x \)(P) = 0. Thus there exists @ € 9 x N such that P C Q
and (¢ x A)(@) = 0. By Theorem 16.13

[ M@ di = ux 0@ =0 (17.4)

Now let N = {x € X: \(Q) > 0}. It follows from (17.4) that p(N) = 0.
For every = ¢ N we have the following:

(i) MQz) =0

(ii) Since P, C )y and A is a complete measure, we have that A\(P,;) = 0, too.
Moreover, all subsets of P, belong in 91

(iii) As a result, hy is 9t-measurable and hy =0 a.e. on Y

This completes the proof of the lemma.
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The following is a version of the Fubini theorem for complete measure spaces.
In particular, it applies to the Lebesgue measures on R¥.

Theorem 17.6. Let (X, 0, ) and (Y, M, \) be two measure spaces with complete

o-finite positive measures. Let f be an (M x N)-measurable function on X x Y.
Then

(a) f. is M-measurable for almost every x € X
(b) fY is 9M-measurable for almost every y € Y

All the other conclusions of the standard Fubini theorem hold.

Proof. Due to Lemma 17.4, we have
f=g9+h
where
(i) g is (9 x DN)-measurable
(ii) h =0 a.e. with respect to g x A

Note that f; = gz + hy and fY = g¥ + hY.

Now the standard Fubini Theorem 17.1 applies to g. And Lemma 17.5 shows
that f, = g, a.e. on Y for p-almost all x € X. Similarly, f¥ = ¢¥ a.e. on X for
A-almost all y € Y. u

EXERCISE 88. Let E be a Lebesgue measurable subset of R2. Suppose that for a.e. x € R the
set B, = {y € R: (z,y) € E} has Lebesgue measure zero. Prove that for a.e. y € R the set
EY = {x € R: (z,y) € E} has Lebesgue measure zero. Compute my(FE).
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18

Convolution and layer-cake integration

DEFINITION 18.1. Let f,g € L. (R) be two Lebesgue integrable functions. Then
their convolution h = f * g is defined by

h(z) = / f(z — 1) g(t) dm(t) (18.1)

(whenever the integral exists).

Lemma 18.2. We have fxg= g * [, i.e., convolution is a symmetric operation.

Proof. Applying the change of variable ¢(t) = x — ¢t and Corollary 15.9 gives
[ 1 =0ty dm) = [ 50t~ dmo)
(wherever one integral exists, so does the other, and they are equal). 0

e For every = € R, the function f(x —t) can be represented as f o ¢, where ¢(t) =
x —t. By the change-of-variable rule (Corollary 15.9) we have f(z —t) € LL,(R)
and [, f(x —t)dm(t) = [, fdm. Thus in (18.1) we integrate the product of two
integrable functions.

e It is not always true that if f,g € L. (R) then fg € L'(R). For example, consider
f=g= x_l/QX[O’l], then f,g € L*(R) but fg ¢ L'(R). Thus the existence of the
integral in (18.1) is not guaranteed for any = € R; actually this fact is far from

obvious.
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Theorem 18.3. Let f,g € L*(R). Then
/ |f(z—1)g(t)|dm(t) < oo

for almost every x € R, thus h(x) in (18.1) exists for almost every x € R. More-
over, h € L*(R) and we have the following Young inequality:

121l < 1 fllllgll (18.2)

Proof. Due to Lemma 17.4, there exist Borel functions fo and gy such that fo = f
a.e. and gg = g a.e. The integral (18.1) is unchanged if we replace f by fo and g by
go- S0 we may assume, to begin with, that f and g are Borel functions.

Define a function F on R? by

F(z,y) = f(z —y) g(y)

It is a Borel function because F = (f o ¢) - (g o ), where p(z,y) = z — y and
Y (z,y) =y are obviously Borel functions.
Note that

[ ([ 1@l ane) ) ant) = [ o)1 ( [ 156l dne) ) dng)

The inner integral is
[ V@ =l dmie) = [ 171dm = 1]

due to the translation invariance of the Lebesgue measure. Therefore

L ([ 17 slam) ) dme) = 111 ol << (18.3)

Thus by Fubini Theorem 17.1 (b) we have F' € L*(R?) and the clause (c) of the same
theorem implies that h(z) exists for almost every z € R and h € L'(R). Finally,

\\hwwl—érhdm§/</ e ) o) dimy )>dm(x>
= [( [ 15~ ) gl am(e)) din) = 1511 Lol

due to (18.3). 0

o If we assume that f,g > 0, then [|h||1 = ||f|1]lg]1-

174



EXERCISE 89. Suppose f € L'(R) and g € LP(R) for some 1 < p < co. Show that f x g exists at
a.e. € Rand f*g € LP(R), and prove that

1 gllp < 1 fll1llgllp-

Hints: the case p = oo is simple and can be treated separately. If p < oo, then use Holder
inequality and argue as in the proof of the previous theorem.

EXERCISE 90. Let f € L'(R) and

g(z) Z/Rf(y) e~ @Y dm(y).

Show that g € LP(R), for all 1 < p < oo, and estimate ||g||, in terms of ||f||1. You can use the
following standard fact: [*°_e™* da = /7.

EXERCISE 91. [Bonus] Let E = [1,00) and f € L2 (E). Also assume that f > 0 a.e. and define

o(z) = /E £(y) e==¥ dm(y).

Show that g € L'(E) and
lglh < cllfl2

for some ¢ < 1. Estimate the minimal value of ¢ the best you can.
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DEFINITION 18.4. Let (X, 9, 1) be a measure space with a o-finite positive mea-
sure pu. Let f: X — [0, 00] be a measurable function. Then

9(t) = p{f >t} = p({z € X: f(z) > t})

is called the distribution function of f.

e In probability theory, where p(X) = 1, the distribution function is defined slightly
differently, as F'(t) = u{f < t}. Thus F(t) =1 — g(t).

e The distribution function g(¢) is monotonically decreasing (though not necessarily
strictly). Thus it is a Borel measurable function.

Theorem 18.5. Let f and p be as above. Suppose ¢ [0,00] — [0, 00| is a mono-
tonic increasing function that is absolutely continuous on every finite interval [0, T]
and satisfies o(0) = 0 and lim;_,o ¢(t) = @(00). Then

[ o= [ ur>newa (18.4)

e Special case: if p(t) = t, we obtain a useful formula

/deu—/ooou{f>t}dt,

which is sometimes given as a definition of the Lebesgue integral. This formula is
known as layer-cake integration.

Figure 9: Layer Cake integration.
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Proof. (of Theorem 18.5) Let
E = {(z,t) € X x[0,00]: f(x) >t}

denote the region “under the graph” of f(x).

First we check that F is u x m measurable. Indeed, if f is simple, then F is
just a finite union of measurable rectangles. In general, we can approximate f by a
sequence of simple functions (recall Theorem 4.22)

0<s1<sp<---<f, sn — f

Now each s, corresponds to a measurable set F, and we have F = U, >1FE,, thus I/
is measurable.
Now let B! = {z € X: (z,t) € E} denote the t-section of E. Then

ot) = u{f > t} = p(B) = /X i dps = /X x5 (@ 1) dp(z)

The right hand side of (18.4) is therefore

/OOO W(E")¢ () dt = /Ooo ¢'(t) </X xz(z,t) dﬂ(x)> dt

Due to the Fubini theorem, part (a), we can interchange the order of integration:

[0 ( [ st )a= [ ([T xeeopo ) du)

Now xr(7,t) = X[o,f(x))(t) and by Theorem 14.5

/ X[0.7(x)) (1) () dt = / ¢'(t)dt = p(t) — (0) = (f(2))
0 0

Therefore the right hand side of (18.4) becomes [y (¢ o f)du, as desired. 0

EXERCISE 92. Let f: R — R be Lebesgue measurable.

(a) Prove that the set
A={(z,y) eR* | y < f(2)}

is Lebesgue measurable (in the two-dimensional sense)
(b) Let f > 0. Is it always true that fR f dm equals the Lebesgue measure of A?
(c) Prove that {(z,y) € R? | y = f(x)} is a null set.

EXERCISE 93. [Bonus] Let f: R? — R be such that f, is Borel-measurable for every z € R and
fY is continuous for every y € R. Prove that f is Borel-measurable. (See hint on p. 176 in

Rudin’s book.)
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DEFINITION 18.6. For every Lebesgue measurable function f: R¥ — C define the
maximal function M f: R* — [0, o] by

1
(Mf)e) = s s /B I

whenever the integral exists.

e Barlier we defined this function only for f € L'(R¥), and in that case we proved
Mf € L, (R¥).

Theorem 18.7. If f € LY(R¥) and M f € L*(R¥), then f =0 a.e.

Proof. Indeed, if [;.|f]dm > 0, then there is bounded region E C R* such that
J5 |fldm > 0. Now

1
(Mf)(z) > 0<S;1<poo m(B(z,r)) /EmB(x,r) 1| con

and this gives us (M f)(x) > ¢|z|~* for some ¢ > 0 and all sufficiently large |z|. Tt is
a calculus exercise to see that the function |z|~* has infinite Riemann integral over
the set Xgm p(o,r) for any 7 > 0. Thus, for any bounded region E' C R*, the function
]w\*kak\  is not integrable on R¥. -

e The situation in the LP spaces with p > 1 is different:

Theorem 18.8. [Hardy-Littlewood|
Let 1 <p<oo. If f € LP(R¥), then M f € LP(RF).

Can be given without proof. The proof is in Rudin’s book.
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