VII. Differentiation of Lebesgue Integrals on the Line, 395-410

DOI: 10.3792/euclid/9781429799997-7

from

Basic Real Analysis
Digital Second Edition

Anthony W. Knapp

Full Book DOI: 10.3792/euclid/9781429799997
ISBN: 978-1-4297-9999-7

BASIC

REAL ANALYSIS
Digital Second Edition

Anthony W. Knapp
|

Distributed by Project Euclid.

For copyright information, see the following page.


https://doi.org/10.3792/euclid/9781429799997
https://doi.org/10.3792/euclid/9781429799997-7

Anthony W. Knapp

81 Upper Sheep Pasture Road

East Setauket, N.Y. 11733-1729, U.S.A.

Email to: aknapp@math.stonybrook.edu
Homepage: www.math.stonybrook.edu/~aknapp

Title: Basic Real Analysis, with an appendix “Elementary Complex Analysis”
Cover: An instance of the Rising Sun Lemma in Section VII.1.

Mathematics Subject Classification (2010): 28-01, 26-01, 42-01, 54-01, 34-01, 30-01, 32-01.

First Edition, ISBN-13 978-0-8176-3250-2
(©2005 Anthony W. Knapp
Published by Birkhéduser Boston

Digital Second Edition, not to be sold, no ISBN
©2016 Anthony W. Knapp
Published by the author

All rights reserved. This file is a digital second edition of the above named book. The text, images,
and other data contained in this file, which is in portable document format (PDF), are proprietary to
the author, and the author retains all rights, including copyright, in them. The use in this file of trade
names, trademarks, service marks, and similar items, even if they are not identified as such, is not
to be taken as an expression of opinion as to whether or not they are subject to proprietary rights.

All rights to print media for the first edition of this book have been licensed to Birkhaduser Boston,
c/o Springer Science+Business Media Inc., 233 Spring Street, New York, NY 10013, USA, and
this organization and its successor licensees may have certain rights concerning print media for the
digital second edition. The author has retained all rights worldwide concerning digital media for
both the first edition and the digital second edition.

The file is made available for limited noncommercial use for purposes of education, scholarship, and
research, and for these purposes only, or for fair use as understood in the United States copyright law.
Users may freely download this file for their own use and may store it, post it online, and transmit it
digitally for purposes of education, scholarship, and research. They may not convert it from PDF to
any other format (e.g., EPUB), they may not edit it, and they may not do reverse engineering with it.
In transmitting the file to others or posting it online, users must charge no fee, nor may they include
the file in any collection of files for which a fee is charged. Any exception to these rules requires
written permission from the author.

Except as provided by fair use provisions of the United States copyright law, no extracts or quotations
from this file may be used that do not consist of whole pages unless permission has been granted by
the author (and by Birkhéuser Boston if appropriate).

The permission granted for use of the whole file and the prohibition against charging fees extend to
any partial file that contains only whole pages from this file, except that the copyright notice on this
page must be included in any partial file that does not consist exclusively of the front cover page.
Such a partial file shall not be included in any derivative work unless permission has been granted
by the author (and by Birkhduser Boston if appropriate).

Inquiries concerning print copies of either edition should be directed to Springer Science+Business
Media Inc.



CHAPTER VII

Differentiation of Lebesgue Integrals on the Line

Abstract. This chapter concerns the Fundamental Theorem of Calculus for the Lebesgue integral,
viewed from Lebesgue’s perspective but slightly updated.

Section 1 contains Lebesgue’s main tool, a theorem saying that monotone functions on the line
are differentiable almost everywhere. A relatively easy consequence is Fubini’s theorem that an
absolutely convergent series of monotone increasing functions may be differentiated term by term.
The result that the indefinite integral [ f(¢) dt of a locally integrable function f is differentiable
almost everywhere with derivative f follows readily.

Section 2 addresses the converse question of what functions F have the property for a particular f
that the integral |, ab f(t)dt canbe evaluated as F'(b) — F (a) for alla and b. The development involves
a decomposition theorem for monotone increasing functions and a corresponding decomposition
theorem for Stieltjes measures. The answer to the converse question when f > 0 and F' = f
almost everywhere is that F is “absolutely continuous” in a sense defined in the section.

1. Differentiation of Monotone Functions

The generalization of the Fundamental Theorem of Calculus to the Lebesgue
integral was the crowning achievement of Lebesgue’s book. We have already
stated and proved a particular result in that direction as Corollary 6.40, using a
more recent method that is of continual applicability in analysis. The statement
of the part of the Fundamental Theorem in that corollary is that fux f@)dt is
differentiable almost everywhere with derivative f(x) if f is a Borel function on
the line that is integrable on every bounded interval.

In this chapter we shall develop that and allied results using something closer to
Lebesgue’s original method. These allied results are chiefly of historical interest,
no longer being of great importance as analytic tools. However, their beauty
is undeniable and by itself justifies their inclusion in this book. In addition,
these allied results motivate some results in Chapter IX, particularly the Radon—
Nikodym Theorem, that might seem strange indeed if the historical background
were omitted.

The starting point is the almost-everywhere differentiability of monotone func-
tions on the line, given in Theorem 7.2 below. Since monotone functions include
the distribution functions of Stieltjes measures, this differentiability shows at
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396 VII. Differentiation of Lebesgue Integrals on the Line

once that functions of the form fax f(t)dt with f > 0 are differentiable almost
everywhere, and then we are well on our way toward a more traditional proof of the
Fundamental Theorem for the Lebesgue integral. The advantage of starting with
all monotone functions is that one can address at the same time the differentiability
of all distribution functions of Stieltjes measures, not just those of measures
f () dt. From this fact one can attack the question of how close the derivative
f(¢) isto determining the function of which itis the derivative almost everywhere.
This is the second aspect of the traditional Fundamental Theorem of Calculus as
in Theorem 1.32: for the case of continuous f, any two functions with derivative
f everywhere on an interval differ by a constant.

There is a certain formal similarity between the theory of differentiation of
monotone functions and the theory of the Hardy—Littlewood Maximal Theorem
as in Chapter VI. Wiener’s Covering Lemma captured the geometric core of the
theorem in Chapter VI, and another covering lemma captures the geometric core
here. This is the Rising Sun Lemma, which will be given as Lemma 7.1.

By way of preliminaries, any open subset U of R! is uniquely the union of
countably many disjoint open intervals, the open interval containing a point x in
U being the union of all connected subsets of U containing x. These sets give
the required decomposition of U by Propositions 2.48 and 2.51. An open subset
of an interval (a, b) is necessarily open in R!, and hence it too is uniquely the
countable union of disjoint open intervals.

Lemma 7.1 (Rising Sun Lemma).! Let g : [a, b] — R be continuous, and
define

E = {x € (a, b) | there exists & € (a, b) with& > x and g(§) > g(x)}.

The set E is open in (a, b). If E is written as the disjoint union of open intervals
with endpoints a; and by, then g(ax) < g(by) for each k.

a L by b
FIGURE 7.1. Rising Sun Lemma. Graph showing three open intervals
produced by the lemma.

1Some authors call this result Riesz’s Lemma.



1. Differentiation of Monotone Functions 397

REMARK. The Rising Sun Lemma is so named because of the situation in
Figure 7.1. The sun rises in the east, viewed as the direction of the positive x
axis. It casts shadows within the graph of g, and the content of the lemma is the
nature of those shadows. Although the conclusion of the lemma is that g(a;) <
g(by) for all k, the reader can observe in the figure that g(a;) = g(by) for the
open intervals that are shown. This observation is valid in general except possibly
when a; = a, but the observation is not needed in the proof of Theorem 7.2 below.

PROOF. If xog € E and & € (a, b) have £ > xg and g(§) > g(xp), then every x
in (a, &) with |g(x) — g(xg)| < %(g(é) — g(xp)) lies in E. Hence E is open.

Let E be the disjoint union of intervals (a, by). Fix attention on one such
interval (ay, by). We make critical use of the fact that the point b is not in E. If
Xp satisfies a; < x9 < by, we prove that g(xg) < g(by). Once we do so, we can
let xo decrease to a; and use continuity to obtain the assertion g(ay) < g(by) of
the lemma.

Arguing by contradiction, suppose that g(xg) > g(by). Since xq is in E,
there exists x; > xo with g(x;) > g(xo). If x; > by, then the inequality
g(x1) > g(xg) > g(by) forces by to be in E. Since by is not in E, we conclude
that x; < bg. The set of all x with x; < x < b and g(x) > g(x;) is closed,
bounded, and nonempty, and we let x; be its largest element, so that x, < by.

Since g(xz) > g(x1) > g(xo) > g(by), we must have x; < by; in fact,
xp = by would yield the contradiction g(by) > g(by). From ay < xo < xp < by
and (ai, by) C E, we see that x, is in E. Hence there is some & > x, with
g(&) > g(xp). Then the conditions g(§) > g(by) and by ¢ E together force £ to
be < b;. So x, < & < b with g(§) > g(x1), in contradiction to the maximality
of x,. This contradiction allows us to conclude that g(x¢) < g(by), and the proof
is complete. (]

Theorem 7.2 (Lebesgue). If F is a monotone increasing function on an
interval, then F is differentiable almost everywhere in this sense: the set where
F fails to be differentiable is a Lebesgue measurable set of Lebesgue measure 0.
In addition, if the definition of F’ is extended so that F'(x) = 0 at every point
where F is not differentiable, then F’ is Lebesgue measurable.

REMARK. Recall that any monotone increasing function F can have only
countably many discontinuities, and these are all given by jumps. In other words,
F has, at each point x, left and right limits F(x—) and F(x+), and the only
possible discontinuities occur when one or both of the equalities F'(x—) = F(x)
and F(x) = F(x+) fail.

PROOF. The second statement is a consequence of the first. In fact, if E is
the Lebesgue measurable set of measure 0 where F is nondifferentiable and if B
is a Borel set of measure O containing E, then the sequence of Borel functions
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G,(x) = I/Ln(F (x + 1/n) — F(x)) converges everywhere on B¢ to a function
G. If G is extended to the domain of F by defining it to be 0 on B, then G is a
Borel function that equals F’ except on a subset of B, and hence F’ is Lebesgue
measurable.

Let us come to the conclusion about differentiability. Possibly by taking the
union of countably many sets, we may assume that the domain of F' is a bounded
interval [a, b]. Fora < x < b, define

Uy (x) = limsup 3 (F(x +h) — F(x))
hl0

and L.(x)= llrﬁbnf 5 (F(x +h) — F(x)),
Ui(x) = limsup 1 (F (x 4+ h) — F (x))
ht0
and L;(x) =lim inf%(F(x +h) — F(x)).
h10
We shall prove that
Ur(x) < +o0
and Ur(x) = Li(x)

almost everywhere. If the latter inequality is applied to —F (—x), we obtain also
Ui(x) < L,(x)

almosteverywhere. Putting these inequalities together, we have U; (x) < L,(x) <
U,(x) < L;(x) < U;(x) almost everywhere, and equality must hold throughout,
almosteverywhere. The points where equality holds throughout and also U, (x) <
400 are the points where F is differentiable, and hence the two inequalities
U,(x) < +oc and U, (x) < L;(x) prove the theorem.

For most of the proof, we shall assume that F is continuous. At the end we
return and show how to modify the proof to handle discontinuous F. First we
consider the inequality U, (x) < +o00o. The subset E of (a, b) where this inequality
fails is, for each positive integer n, contained in the set where U, (x) > n. If

F() - F(x) .

U,(x) > n, then — > n for some & > x. Thatis, g(§) > g(x) for
the continuous function g(x) = F(x) — nx. In the notation of Lemma 7.1, E is
covered by a system of disjoint open intervals (ay, by) such that g(ay) < g(by)
for each such interval. Thus n(by — ar) < F(by) — F(ay) for each. Summing
onk gives n ), (bx —ar) < Y, (F(bx) — F(ax)) < F(b) — F(a). Thus the
exceptional set E can be covered by a system of open intervals of total measure
< % (F(b)—F(a)). Since n is arbitrary, Proposition 5.39 shows that E is Lebesgue
measurable of Lebesgue measure 0.



1. Differentiation of Monotone Functions 399

Next we prove that U, (x) < L;(x) almost everywhereon (a, ). If 0 < p < ¢
are rational numbers, we prove that the set £, where

Li(x) <p<q<U)

has Lebesgue measure 0. The countable union of such sets is the exceptional set
in question, and thus we will have proved that the exceptional set has measure 0.
F() - F(x)
BT
hence with p& — F(§) < px — F(x). Define g(z) = pz + F(—z) for z in
[-b,—a]. If y = —x and n = —§, then pn + F(—n) > py + F(—y) and
hence g(n) > g(y) with n > y. Applying Lemma 7.1 to g on the interval
[—b, —a], we obtain a disjoint system of open intervals (—b;, —a;) covering the
set of y’s where L;(—y) < p and having g(—b;) < g(—a;) in each case. Thus
—pb; + F(b;) < —pa; + F(a;). In other words, the set of x’s where L;(x) < p
is covered by a disjoint system of open intervals (a;, b;) such that

If L;(x) < p, then there exists & € (a, b) with £ < x and

>

F(b;) — F(a;) < p(b; — a;) (%)

for each such interval. Applying the lemmato g,(x) = F(x) —gx on the interval
[ai, b;], we obtain a disjoint system of open intervals (g;;, b;;) indexed by j and
having g,(a;;) < g,(b;;). Thus (*) and

q(bij — aij) < F(bij) — F(a;j) ()

hold in each case. Summing (xx*) over j, we obtain

J

q Z (bij —aij) < Z (F(bij) — F(a;;)) < F(b) — F(a;) < p(b; —a;). (T)
J

Summing this inequality over i and dividing by g gives

m(Epg) <Y (bij — aij) < (p/q)(b — a).
i,J

If we repeat this argument with [a;;, b;;] in place of [a, b], we obtain intervals
(@ijuv, bijuy) and an inequality

m(Epg) < Y (bijuv — @iju) < (/@) Y, (bij — aij) < (p/q)*(b — a).

i,ju,v i,j

Iteration gives m(E,;) < (p/q)" (b — a) for every n, and therefore m(E,;) = 0.
This completes the proof in the case that F' is continuous.
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If F is possibly discontinuous, we modify Lemma 7.1 and the present proof
as follows. Each function g that arises has right and left limits g(x+) and g(x—)
at each point x, and we let G(x) be the largest of g(x—), g(x), and g(x+).
A modified Lemma 7.1 says that the set of x in (a, ) for which there is some
& € (a,b) with& > x and g(§) > G(x) is an open set whose component intervals
(ar, by) have g(ar+) < G(by) for each k. Going over the proof of Lemma 7.1
carefully and changing g to G as necessary, we obtain a proof of the modified
Lemma 7.1.

The modifications necessary to the present proof are as follows. In the proof
that U,(x) < +oo almost everywhere, the set E is to be taken to be the set
where F is continuous and this inequality fails. The inequality that results from
applying the modified Lemma 7.1 is n(by — ax) < F(by+) — F(ax+), and this
inequality can be summed on k without any further change. Similarly in the proof
that U, (x) < L;(x) almost everywhere, the set E,, is to be taken to be the set
where F is continuous and L;(x) < p < g < U,(x). Inequality (x) becomes
F(b;—)— F(a;+) < p(b; —a;). When we consider the interval [a;, b;], the value
of F(b;+) is not relevant, and the value of F (b;) can be adjusted to equal F (b; —)
for purposes of understanding F between a; and b;. With that understanding,
inequality (xx) becomes q(b;; — a;;) < F(b;j+) — F(a;j+), and step (}) is
replaced by

gy (bij—aij) <Y (F(bij+) = F(aij+)) < F(bi—) = F(ai+) < p(bi —a).
J J

The two inequalities at the ends have come about from (%) and (), and the critical
observation is that the convention F(b;) = F(b;—) makes the middle inequality
hold. The rest of the argument proceeds as in the case that F is continuous, and
then the theorem is completely proved. (|

Theorem 7.3 (Fubini’s theorem on the differentiation of series of monotone
functions). If F = )  F, is an absolutely convergent sequence of monotone
increasing functions on [a, b], then F'(x) = Z;ozl F, (x) almost everywhere.

PROOF. Without loss of generality, we may assume that F,(a) = 0 for all n.
Then F,(x) > O for all n» and x. Possibly by lumping terms, we may assume
also that F(b) — Y ;_, Fx(b) <27". Since F(x) — Y ;_, Fi(x) is a monotone
increasing function that is O for x = a, we have

0<F() =) F@)=<2" (*)
k=1

fora < x < b. The decomposition F(x) = Y ;_; Fx(x) + (Yo, Fr(x))
exhibits F as the sum of n + 1 monotone increasing functions, and thus we have
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ZZ:] F;(x) < F’(x) at all points where all the derivatives exist. In view of
Theorem 7.2, this inequality holds almost everywhere. Consequently

0<) Fx<F® ()
k=1

almost everywhere. Now consider the series

o0

G =Y (F(x) - Xn:Fk(x)).
k=1

n=1

Then

N n e’}
0<G@) Y. (F(x) _ ZFk(x)) < Y 2r=2V
k=1

n=1 n=N+1

Thus G satisfies the same kind of inequality that F did in (x), and we can conclude
that G satisfies the analog of (), namely

0=Y (Fo =Y Fw)=6w.
n=1 k=1

The right side is finite almost everywhere by Theorem 7.2, and thus the individual
terms F'(x) — Y ;_, F/(x) of the series tend to O almost everywhere. This
completes the proof. 0

From Theorems 7.2 and 7.3, we can derive the first part of Lebesgue’s form of
the Fundamental Theorem of Calculus. This same result was stated as Corollary
6.40 and was proved in Chapter VI by using the Hardy-Littlewood Maximal
Theorem.

Corollary 7.4 (first part of Lebesgue’s form of the Fundamental Theorem of
Calculus). If f is integrable on every bounded subset of R', then [ f(y)dy is
differentiable almost everywhere and

d X
e / f@®)dt = f(x) almost everywhere.
X Ja

PROOF. Itis enough to prove the theorem for functions vanishing off an interval
[a, b]. Let A be the set of all Borel sets E C [a, b] such that % fax Ig(t)dt =
Ig(x) almost everywhere. Then A contains the elementary sets within [a, b],
and A is closed under complements within [a, b]. If {E,} is an increasing
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sequence of sets in A with Ey = @ and with union E, let us write I =
> > (g, — Ig, ,). This is a series of nonnegative functions. Putting F (x) =
fax Ig(t)dt and F,(x) = f; (Ig,(t) — Ig, ,(t)) dt and applying Corollary 5.27,
weobtain F(x) = > 1| F,(x). Then Theorem7.3 gives F'(x) =) o, F,(x) =
limy Y0 Fr(x) = limy Y0, (g, (x) = Ig, , (x)) = limy Iz, (x) = I(x)
almost everywhere. Thus E is in A, and A is closed under increasing count-
able unions. Since A is closed under complements as well, A is closed under
decreasing countable intersections. Then the Monotone Class Lemma (Lemma
5.43) shows that A contains all Borel sets.

Now consider the set F of all integrable Borel functions f for which the
almost-everywhere equality % f; f(@®)dt = f(x) holds. We have just seen that
F contains all indicator functions of Borel subsets of [a, b]. By linearity, F
contains all nonnegative simple functions vanishing off [a, b]. Let f > 0 be an
integrable function on [a, b], and let {s, } be an increasing sequence of nonnegative
simple functions with pointwise limit f. The functions s, are in F. Put sy = 0,
andlet F(x) = [ f(t)dtand F,(x) = [ (s,(t) —s,—1 (1)) dt. Since s, > 5,1,
each F), is monotone increasing. Corollary 5.27 shows that F'(x) = thozl F,(x),
and Theorem 7.3 then shows that F/(x) = Z;’f’:] F)(x) = limy Zflvzl F)(x) =
limy Zﬁ’:l (s (x) — sy—1(x)) = limy s, (x) = f(x) almost everywhere. Thus F
contains all nonnegative integrable Borel functions, and by linearity it contains
all integrable Borel functions. O

2. Absolute Continuity, Singular Measures, and Lebesgue Decomposition

In this section we address questions about the Lebesgue integral raised by the
second part of the Fundamental Theorem of Calculus in Theorem 1.32. For
continuous integrands f, the result is a kind of uniqueness statement, asserting
that any function with derivative f differs from fax f(t) dt by a constant function.
From a practical point of view, this is the really important part of the theorem for
calculus, since it provides a technique for evaluating definite integrals: find any
function whose derivative is the given function, evaluate it at the endpoints, and
subtract the results. With the Lebesgue integral and equality of derivatives only
almost everywhere, the uniqueness result is not as sharp. The practical aspect of
a uniqueness theorem is largely lost, and the resulting theory ends up having to
be appreciated only as an end in itself. We begin at the following point.

Proposition 7.5. Every monotone increasing function on R! is uniquely the
sum of an indefinite integral G(x) = fox f()dt, where f > 0 is integrable
on every bounded interval, and a monotone increasing function H such that
H’(x) = 0 almost everywhere.
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PROOF. Let F be a given monotone increasing function on R!. If F =
G + H with G as in the statement of the proposition and with H'(x) = 0
almost everywhere, Corollary 7.4 shows that we must have f = F’. This proves
uniqueness.

For existence we take f = F’. Regard & as a positive number tending to 0
through some sequence, so that #~'(F (¢t + h) — F(t)) tends to f(¢) for almost
every t. If a < b, then

PF(t+h) —F@r) , 1 " L
[ =g [ w5 [roa

1 b+h 1 a+h
= — F@)dt — — F(t)dt.
h/h (1) h/a (t)

The right side tends to F(b) — F(a) if a and b are points of continuity of F.
By Fatou’s Lemma (Theorem 5.29), fab f@)dt < F(b) — F(a) if a and b are
points of continuity of F. The points of continuity of F are dense, and thus for
general a and b, we can find sequences of points of continuity decreasing to a
and increasing to b. Passing to the limit, we obtain

b
/ f()dt < F(b—) — F(a+) < F(b) — F(a) ()

for all @ and . Hence f is integrable. With G(x) as in the statement of the
proposition, (x) gives G(b) —G(a) < F(b)— F(a). Equivalently, F (a) —G(a) <
F(b) — G(b). Thus the function H(x) = F(x) — G(x) is monotone increasing
with F = G + H. Since F and G have derivative f almost everywhere, H has
derivative 0 almost everywhere. O

Thus we want to identify all monotone increasing functions with derivative zero
almost everywhere. The first step is to see that the question of discontinuities of
a monotone function can be completely eliminated from the problem.

Proposition 7.6. Let ¢ be a real number. If {x,} is a sequence in [a, b] and if
{c,} and {d,} are sequences of positive real numbers with Y ¢, finite and ) _ d,
finite, then the function

Fxy=c+ Y et Y dy

n with n with
Xp <X Xp <X

is a monotone increasing function on [a, b] with F’(x) = 0 almost everywhere.
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PROOF. The function F is certainly monotone increasing. It is the convergent
sum of the constant function ¢ and monotone increasing functions of the form

0 for x < x,,
F,(x) =1 ¢, for x = x,,
¢y +d, for x > x,,

and the function F,, has derivative 0 except at the point x,,. Thus the proposition
follows immediately from Theorem 7.3. ([l

A monotone increasing function on the line whose restriction to every closed
bounded interval is of the form in Proposition 7.6 is called a saltus function; the
name comes from the Latin word for “jump.” Since R! is the countable union
of closed bounded intervals, it follows from Proposition 7.6 that every saltus
function has derivative 0 almost everywhere.

Proposition 7.7. Any monotone increasing function F on R! is uniquely the
sum F = G + S of a continuous monotone increasing function G with G(0) = 0
and a saltus function S.

PROOF. For existence, it is enough to obtain the decomposition without
insisting on the normalization G(0) = 0, since the sum of a saltus function
and a constant is a saltus function. Let x¢ be a point of continuity of F, and
enumerate the points of discontinuity of F as x,,, n > 1. For each n > 1, define
¢y = F(x,) — F(x,—)and d, = F(x,+) — F(x,). Let S be the saltus function

ZXofxn <xCn Tt stxn _— if x > xo,

- Zx<x,,§xo Cn — foxnfxo dy if x < xo,

andput G = F —S. Then G is continuous everywhere. To see that G is monotone
increasing, leta < b be points of continuity of F and S. We start from the equality
Sx,+) — S(x,—) = F(x,+) — F(x,—) and sum for x, witha < x, < b to
obtain

Sx) = {

Sy —S@ =Y (SCt) — S—))

a<x,<b

= > (Fut) — F(x,—)

a<x,<b

F(b) — F(a).

Hence F(a) — S(a) < F(b) — S(b), and we conclude that G(a) < G(b) at
all points of continuity @ < b of F and S. These points are dense, and G
is continuous everywhere. Hence G(a) < G(b) whenever a < b, and G is
monotone increasing. This proves existence. Uniqueness follows from the fact
that S(b—) — S(a+) = Za<x,,<b (F (x,+) — F(x,—)) whenever a < b, and the
proof is complete. U

IA



2. Absolute Continuity, Singular Measures, and Lebesgue Decomposition 405

Consequently we need to understand the continuous monotone increasing
functions F on the line with F’(x) = 0 almost everywhere. The Cantor function
for the standard Cantor set, constructed as in Section VI8, is an example. For
such a function, F — F(0) satisfies the defining properties of the distribution
function of a Stieltjes measure p on R!. The continuity of F is equivalent to the
fact that ju contains no point masses. The following property isolates the meaning
of having derivative zero almost everywhere.

Proposition 7.8. Suppose that u is a Stieltjes measure with no point masses.
If the distribution function F of u has F’(x) = 0 at every point of a Borel set E,
then w(E) = 0.

REMARK. The proof will use the Rising Sun Lemma (Lemma 7.1). Problem 3
at the end of the chapter asks for an alternative proof by means of Wiener’s
Covering Lemma (Lemma 6.41). A proof using Wiener’s Covering Lemma does
not make use of the continuity of F', and therefore it is not necessary to assume
in the proposition that 2 has no point masses.

PROOF. We may confine our attention to an interval [a, b], taking E to be a
subset of [a, b]. Since u has no point masses, we may discard a and b from E.
Fix a positive integer n. For every point x in E, we have F’'(x) < % Therefore
to each such x, we can associate some & > x with £ in (a, b) such that

FE) - Fx) 1

£ —x n’

This inequality says that % E—F(&) > %x — F(x), hence that the continuous
function g with g(x) = %x — F(x) has g(§) > g(x). The Rising Sun Lemma
(Lemma 7.1) applies and shows that E is covered by countably many disjoint
open intervals (a, by) with g(ay) < g(by). Thus 2 a; — F(a) < L by — F(by)
for each k. Adding, we obtain

W(E) <Y (@, b)) =Y Fb) — Fla)) < 23" (e —a) < 2(b —a).
k k k

Since n is arbitrary, w(E) = 0. O

Again consider a continuous monotone function F with derivative zero almost
everywhere. The function F' — F(0) is the distribution function of some Stieltjes
measure i with no point masses, and Proposition 7.8 shows that there is a Borel
set E such that u(E) = 0 and m(E€) = 0, where m is Lebesgue measure. In
other words, p is concentrated completely on the set E¢ of Lebesgue measure 0.
A Stieltjes measure p for which there is a Borel set F with w(F¢) = 0 and
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m(F) = 0 is called a singular Stieltjes measure or a “Stieltjes measure singular
with respect to Lebesgue measure.” If also it contains no point masses, it is said to
be continuous singular. The Stieltjes measure associated to the Cantor function
for the standard Cantor set is an example. We can summarize matters either in
terms of decompositions of monotone functions or in terms of decompositions of
Stieltjes measures. The result in the case of monotone functions is a first answer
to the question of uniqueness in the Fundamental Theorem of Calculus for the
Lebesgue integral; the result in the case of Stieltjes measures gives the Lebesgue
decomposition of Stieltjes measures.

Theorem 7.9. Every monotone increasing function F on R! decomposes
uniquely as the sum F = G + H + S, where G is the indefinite integral G(x) =
fox f(t)dt of a function f > 0 integrable on every bounded interval, H is the
distribution function of a continuous singular measure, and S is a saltus function.
The function f is the derivative of F.

PROOF. Proposition 7.7 allows us to write /' = P + § uniquely, where §
is a saltus function and P is continuous and monotone increasing with P(0) =
0. Proposition 7.5 says that P = G + H uniquely, where G is an indefinite
integral G(x) = fox f(¢) dt and H is monotone increasing with H'(x) = 0 almost
everywhere. The function f can be taken as the derivative of F'. The function
H has H(0) = 0 and is continuous because P and G have these properties, and
therefore H is the distribution function of a Stieltjes measure 1 containing no
point masses. Since H'(x) = 0 almost everywhere, Proposition 7.8 shows that
W is singular. (|

Corollary 7.10 (Lebesgue decomposition). Every Stieltjes measure ; decom-
poses uniquely as the sum p = fdx + pes + (g, where f > 0 is a function
integrable on every bounded interval, u., is a continuous singular measure, and
g 18 a countable sum of point masses such that the sum of the weights on any
bounded interval is finite.

PROOF. This follows by applying Theorem 7.9 to the distribution function
of u. O

The final question that we address in this section is how to recognize the
particular monotone function G(x) = fox f () dt from among all the monotone
functions F = G + H + S described in Theorem 7.9.

Proposition 7.11. With m denoting Lebesgue measure, the following condi-
tions on a Stieltjes measure p, are equivalent:

(a) g is of the form p, = f dx for some function f > 0 that is integrable
on every bounded interval,
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(b) for each bounded interval [a, b] and number € > 0, there exists a number
& > 0 such that u,(E) < € whenever E is a Borel subset of [a, b] with
m(E) <6,

(c) ma(E) =0 whenever E is a Borel subset of R! with m(E) = 0.

REMARK. A Stieltjes measure p, satisfying the equivalent conditions in this
proposition is said to be absolutely continuous or “absolutely continuous with
respect to Lebesgue measure.” From any of these defining conditions, we see
right away that an absolutely continuous measure contains no point masses.

PROOF. Corollary 5.24 shows immediately that (a) implies (b). To see that (b)
implies (), let E be a Borel set E inR! withm(E) = 0. Applying (b)to EN[a, b]
gives uq(E N [a, b]) < € for every positive €, and hence u,(E N [a, b]) = 0.
Since [a, b] is arbitrary and pu, is completely additive, u,(E) = 0.

To see that (c) implies (a), we appeal to Corollary 7.10 to decompose u,
according to the Lebesgue decomposition as

Ma = fdx + thes + Ua,s (*)

where (. is continuous singular and w4 is discrete. The measures (s and gy
have the property that there is a Borel set E with m(E) = 0 such that p.(E€) =
wa(E€) = 0. Condition (c) shows that u,(F) = 0. Evaluating (x) at E, we
obtain 0 = u,(E) = 0 4+ ues(E) + wg(E). Therefore pes(E) = pnqg(E) = 0.
Since e (E€) = uq(E€) = 0 also, we must have u.; = g = 0, and then (x)
shows that u, = f dx. ([l

In Chapter IX the implication (c) implies (a) will be generalized to a result in
abstract measure theory known as the Radon—-Nikodym Theorem. Meanwhile, it
is conditions (b) and (c) that we can translate into a condition on the corresponding
distribution function, and then we shall have our second and final answer to the
question of uniqueness in the Fundamental Theorem of Calculus for the Lebesgue
integral. A monotone increasing function F on the line is said to be absolutely
continuous if for each bounded interval [a, b] and number € > 0, there exists a
8 > 0 such that on any countable disjoint union [ J, (ax, bx) of intervals within
[a, b] having total length < 8, the variation ), (F(bx) — F(ax)) of F on that
union of intervals is < e.

Proposition 7.12. A Stieltjes measure is absolutely continuous if and only if
its distribution function is absolutely continuous.

PROOF. Let u be a Stieltjes measure with distribution function F. Suppose
that w is absolutely continuous. Fix an interval [a, b], let € > 0 be given, and
choose 6 > 0 by (b) in Proposition 7.11 such that m(E) < § implies w(E) < €.
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If the set A = J, (ak, by) is a countable disjoint union of intervals within [a, b]
having total length < §, then m(A) < &, and hence u(A) < €. Therefore
D (F(by) — F(ax)) = Y, k((bx — ax)) = (A) < €, and we conclude that F
is absolutely continuous.

Conversely suppose that F is absolutely continuous, and suppose that E is a
Borel set with m(E) = 0. Fix an interval [a, b], and let ¢ > 0O be given. By
absolute continuity of F, there exists a § > 0 such that on any countable disjoint
union | J, (ak, by) of intervals within [a, b] having total length < §, the variation
> « (F(br) — F(ay)) of F on that union of intervals is < €. With § defined in
this way, we can find a countable disjoint union of intervals _J, (ax, bx) covering
E N[a, b] and having total length < &. Then w(E N[a, b]) < u( Uk (a, bk)) =
Y x ((ak, br)) = >, ((F(br)—F (ax)) < €. Sincee isarbitrary, u(EN[a, b]) =
0. Since [a, b] is arbitrary, w(E) = 0. Therefore u satisfies (c) in Proposition
7.11 and is absolutely continuous. (|

Corollary 7.13 (second part of Lebesgue’s form of the Fundamental Theorem
of Calculus). Let F be a monotone increasing function on R!, and let f be its
almost-everywhere derivative. Then fab f@)dt = F(b) — F(a) whenevera < b
if and only if F is absolutely continuous.

PROOF. By Theorem 7.9 we can write F(x) = f(f f@®)dt + H(x) + S(x),
where H is the distribution function of a continuous singular measure and S is a
saltus function. For a < b, we then have

b
F(b) — F(a) = / f@®dt + (H(b) — H(a)) + (S(b) — S(a)).

If F(b)— F(a) = fab f () dt whenever a < b, then the monotonicity of H and S
forces H and S to be constant functions, say with H (0) + S(0) = c. Substituting,
we see that F (x) = [ f(t)dt+cforall x. The function [, f () dt is absolutely
continuous by Proposition 7.12, and the additive constant ¢ does not hurt matters.
Thus F is absolutely continuous.

Conversely if F is absolutely continuous, then it is continuous, and its mono-
tonicity forces F — F(0) to be a distribution function of some Stieltjes measure
w. Proposition 7.12 shows that the measure p is absolutely continuous, and
Proposition 7.11 shows that p is of the form u = g dx. Therefore F'(x) — F(0) =
fox g(t)dt. By Corollary 7.4, ¢ = F' = f almost everywhere. Hence

F(b) — F(a) = [’ g(t)dt = [ f(t) dt whenever a < b. O

3. Problems

1. In the Rising Sun Lemma (Lemma 7.1), show that g(ax) = g(bx) if ax # a.
Give an example of a continuous g for which one of the intervals (ax, by) has
ar = a and g(ax) < g(by).
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Let m be Lebesgue measure. Does there exist a Lebesgue measurable set E such
thatm(ENI) = %m(l ) for every bounded interval /? Why or why not?

Prove Proposition 7.8 using Wiener’s Covering Lemma (Lemma 6.41) instead
of the Rising Sun Lemma (Lemma 7.1).

Find all continuous monotone increasing functions on R! with derivative 0 at all
but countably many points.

Cantor sets within [0, 1] were introduced in Section I1.9. Each is associated to
a sequence {r,},>1 of numbers with 0 < r, < 1, the standard Cantor set being
obtained when r, = 1/3 for every n. Section VI.8 showed how to associate a
distribution function to the standard Cantor set, and in similar fashion one can
associate a distribution function to any Cantor set. Let C be a Cantor set, let
F be the associated distribution function, and let u be the associated Stieltjes
measure. The Lebesgue measure of C is the number P = ]_[202 1 (I =ry). Prove
that

(a) pissingularif P =0,

(b) w is absolutely continuous if P > 0, being of the form P~ o (x)dx.

Problems 6-7 concern the Lebesgue set of an integrable function f on an interval
[a, b]. This s the set where % fax | f(#)— f(x)| dt exists and equals 0. Many almost-
everywhere convergence results involving f are valid at every point of the Lebesgue

set.

Such results may be regarded as relatively straightforward consequences of

Corollary 7.4. Conversely an almost-everywhere convergence theorem that fails to
hold at some point of the Lebesgue set might well be expected to involve some new
idea.

6.

For f integrable on [a, b], prove that almost every point of (a, b) is in the
Lebesgue set of f by showing that the Lebesgue set of f is the same as the set
where % fax | f(@) —r|dt #|f(x)— r| for some rational r.

The Fejér kernel, which was defined in Section 1.10 and studied further in
Section V1.7, is the periodic function defined for ¢ in [—m, 7] by Ky (t) =
1 1—cos(N+1)t

N it Let f be integrable on [—m, 7], regard f as periodic, and let x

be in the Lebesgue set of f. Prove that limy (Ky * f)(x) = f(x) by following

these steps:

(a) Check that the estimates Ky (f) < N 4+ 1 and Ky (¢) < ¢/(Nt?) are valid
for all N and for |t| < 7.

(b) Check that the problem is to show that f\llfﬂ Kn@®|f(x — 1) — f(x)|dt
tends to 0 as N tends to infinity.

(c) Break the integral in (b) into pieces where |f| < 1/N, where 2-1/N <
lt] < 2%/N for 1 <k <logy(N¥*), and where 1/N'/* < |¢t| < . Using
the better of the bounds in (a) in each piece, prove the statement that (b) says
needs to be shown.
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Problems 8—12 concern singular Stieltjes measures, which for notational convenience
we assume are continuous singular. In all these problems it is assumed that u is a
continuous singular measure and m is Lebesgue measure. Among other things these
problems prove that the indefinite integral of x has derivative O almost everywhere
with respect to Lebesgue measure, i.e., % fox du(t) = 0 a.e. [dx], with the tools of
Chapter VI and without Theorem 7.2.

8. If e > 0is given, prove by considering m 4 p that there exists an open set U in
R! such that u(U) < € and m(U¢) = 0.

9. If U is an open subset of R! and v is a Stieltjes measure with v(U) = 0, prove
that lim, o (2h)"'v((x — h, x +h)) =0 forall x in U.

10. Let v be any finite Stieltjes measure, and define

v¥(x) = sup k) " ((x — h, x + h)).
h>0
Prove for each £ > 0 thatm{x | v*(x) > £} < Sv(R')/¢ by imitating the proof
of Theorem 6.38.

11. For the singular measure s, assume that (R!) is finite. Let € > 0 be given,
and choose an open set U as in Problem 8. Define Stieltjes measures 1 and uo
by u1(A) = u(ANU) and pur(A) = w(A — U). Use Problem 9 to prove that
limy o (2h)_1/1,2((x —h,x+h)) =0a.e. [dx], and use Problem 10 to prove for
all £ > 0 that

m{x | limsup (2h) ' w1 ((x — b, x +h)) > £} < 5¢/&.
hl0

12. Deduce from Problem 11 that limy, o (Zh)_lu((x —h,x+h)) =0ae.[dx]. By
reviewing the proof of Corollary 6.40, show how the argument in Problems 8-11
can be adjusted to yield the better conclusion that % fg du(t) =0ae. [dx].





