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Chapter 22
The Fundamental Theorem of Calculus

In this chapter I address one of the most important properties of the Lebesgue integral. Given an
integrable function f : [a,b] — R, we can form its indefinite integral F(z) = [ f(t)dt for z € [a,b]. Two
questions immediately present themselves. (i) Can we expect to have the derivative F’ of F equal to f?
(ii) Can we identify which functions F' will appear as indefinite integrals? Reasonably satisfactory answers
may be found for both of these questions: F’ = f almost everywhere (222E) and indefinite integrals are the
absolutely continuous functions (225E). In the course of dealing with them, we need to develop a variety
of techniques which lead to many striking results both in the theory of Lebesgue measure and in other,
apparently unrelated, topics in real analysis.

The first step is ‘Vitali’s theorem’ (§221), a remarkable argument — it is more a method than a theorem —
which uses the geometric nature of the real line to extract disjoint subfamilies from collections of intervals.
It is the foundation stone not only of the results in §222 but of all geometric measure theory, that is, measure
theory on spaces with a geometric structure. I use it here to show that monotonic functions are differentiable
almost everywhere (222A). Following this, Fatou’s Lemma and Lebesgue’s Dominated Convergence Theorem
are enough to show that the derivative of an indefinite integral is almost everywhere equal to the integrand.
We find that some innocent-looking manipulations of this fact take us surprisingly far; I present these in
§223.

I begin the second half of the chapter with a discussion of functions ‘of bounded variation’, that is, ex-
pressible as the difference of bounded monotonic functions (§224). This is one of the least measure-theoretic
sections in the volume; only in 2241 and 224J are measure and integration even mentioned. But this material
is needed for Chapter 28 as well as for the next section, and is also one of the basic topics of twentieth-century
real analysis. §225 deals with the characterization of indefinite integrals as the ‘absolutely continuous’ func-
tions. In fact this is now quite easy; it helps to call on Vitali’s theorem again, but everything else is a
straightforward application of methods previously used. The second half of the section introduces some new
ideas in an attempt to give a deeper intuition into the essential nature of absolutely continuous functions.
6226 returns to functions of bounded variation and their decomposition into ‘saltus’ and ‘absolutely contin-
uous’ and ‘singular’ parts, the first two being relatively manageable and the last looking something like the
Cantor function.

Version of 2.6.03
221 Vitali’s theorem in R

I give the first theorem of this chapter a section to itself. It occupies a position between measure theory
and geometry (it is, indeed, one of the fundamental results of ‘geometric measure theory’), and its proof
involves both the measure and the geometry of the real line.

221A Vitali’s theorem Let A be a bounded subset of R and Z a family of non-singleton closed intervals
in R such that every point of A belongs to arbitrarily short members of Z. Then there is a countable set
To C Z such that (i) Zp is disjoint, that is, I NI’ = @ for all distinct I, I’ € Zy (ii) u(A\ UZo) = 0, where u
is Lebesgue measure on R.

proof (a) If there is a finite disjoint set Zy C Z such that A C |JZy (including the possibility that A = Zy =
(), we can stop. So let us suppose henceforth that there is no such Zy.
Let p* be Lebesgue outer measure on R. Suppose that |z| < M for every z € A, and set

T'={I:1€T,IC[-M,M]}
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2 The Fundamental Theorem of Calculus 221A

(b) In this case, if Zy is any finite disjoint subset of Z’, there is a J € Z’ which is disjoint from any
member of Zy. I Take z € A\|JZy. Now there is a 6 > 0 such that [z — 9, z + J] does not meet any member
of 7y, and as || < M we can suppose that [x — d,x + 0] C [-M, M]. Let J be a member of Z, containing
x, and of length at most §; then J € Z" and JN{JZy = 0. Q

(c) We can now choose a sequence (v, )nen of real numbers and a disjoint sequence (Ip,)nen in Z’ induc-
tively, as follows. Given (I;),<, (if n = 0, this is the empty sequence, with no members), with I; € Z’ for
each j <n,and I; NI, =0 for j < k < mn, set

To={1:1€T',I1NI; =0 for every j < n}.
We know from (b) that J,, # (. Set
o =sup{pl : I € J,};

then 0 < v, < 2M. We may therefore choose a set I,, € 7, such that ul, > %’yn, and this continues the
induction.

(e) Because the I,, are disjoint Lebesgue measurable subsets of [—M, M], we have
Dm0 <2507 g iy < 4AM < oo,

and lim, o0 v, = 0. Now define I/, to be the closed interval with the same midpoint as I,, but five times
the length, so that it projects past each end of I,, by at least ,. I claim that, for any n,

AC UJ<nI UUJ>n J*

P? Suppose, if possible, otherwise. Take any x belonging to A\ (UJ<n I; U Uj>n j) Let 6 > 0 be such
that

[x = 0,2+ 6] C [-M,M\U,, I;
and let J € Z be such that
x€JClx—0d,z+ 0]
Then
wd >0 = lim, 00 Yin;

let m be the least integer greater than or equal to n such that ~,, < pJ. In this case J cannot belong to
Jm, 80 there must be some k < m such that J NI # (), because certainly J € Z’. By the choice of 6, k
cannot be less than n, son < k < m, and ~, > pJ. In this case, the distance from « to the nearest endpoint
of I is at most pJ < 4. But the ends of I project beyond the ends of I, by at least i, so x € I}; which
contradicts the choice of z. XQ

(f) Tt follows that
1 (ANU o ) < p(Ujs, 1)) < 3002, nlf <5352, wlj.
As
Z;’io pl; < 2M < oo,
we must have

limy, 00 (A '\ Uj<n I;) =0,

and
WA\ Ujen15) = 1w (A\Ujen £y) < infrenp™(A\ U, 1;) = 0.
Thus in this case we may set Zp = {I, : n € N} to obtain a countable disjoint family in Z with
mw(A\UZo) = 0.

221B Remarks (a) I have expressed this theorem in the form ‘there is a countable set Zy C Z such that
" in an attempt to find a concise way of expressing the three possibilities
(i) A =17 =0, so that we must take Zy = (J;
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221Ye Vitali’s theorem in R 3

(ii) there are disjoint Io,...,I, € Z such that A C Iy U...U I,, so that we can take Zy =
{Io, e ,In};
(iii) there is a disjoint sequence (I,)nen in Z such that u(A\ U, ey In) = 0, so that we can
take Zg = {I,, : n € N}.
Of course many applications, like the proof of 221A itself, will use forms of these three alternatives.

(b) The actual theorem here, as stated, will be used in the next section. But quite as important as the
statement of the theorem is the principle of its proof. The I,, are chosen ‘greedily’, that is, when we come
to choose I, we look at the family 7, of possible intervals, given the choices Iy,... ,I,_1 already made,
and choose an I,, € J, which is ‘about’ as big as it could be. The supremum of the possibilities for ur,
iS 7y,; but since we do not know that there is any I € 7, such that ul = ~,, we must settle for a little
less. I follow the standard formula in taking pl,, > %fyn, but of course I could have taken ul, > %’yn, or
wl, > (1 —27™)~,, if that had helped later on. The remarkable thing is that this works; we can choose the
I,, without foresight and without considering their interrelationships (for that matter, without examining
the set A) beyond the minimal requirement that I, N I; = 0 for j < n, and even this arbitrary and casual
procedure yields a suitable sequence.

(c) I have stated the theorem in terms of bounded sets A and closed intervals, which is adequate for
our needs, but very small changes in the proof suffice to deal with arbitrary (non-singleton) intervals, and
another refinement handles unbounded sets A. (See 221Ya.)

221X Basic exercises (a) Let a € ]0,1[. Suppose, in part (c) of the proof of 221A, we take ul, > av,
for each n € N, rather than ul,, > %’yn. What will be the appropriate constant to take in place of 5 in
defining the sets I} of part (e)?

221Y Further exercises (a) Let A be a subset of R and Z a family of non-singleton intervals in R
such that every point of A belongs to arbitrarily short members of Z. Show that there is a countable
disjoint set Zy C Z such that A\ (JZy is Lebesgue negligible. (Hint: apply 221A to the sets ANn,n + 1],
{I:1€1Z,IC]|n,n+1[}, writing I for the closed interval with the same endpoints as I.)

(b) Let J be any family of non-singleton intervals in R. Show that | J J is Lebesgue measurable. (Hint:
apply (a) to A =JJ and the family Z of non-singleton subintervals of members of J.)

(c) Let (X, p) be a metric space, A a subset of X, and Z a family of closed balls of non-zero radius in X
such that every point of A belongs to arbitrarily small members of Z. (I say here that a set is a ‘closed ball
of non-zero radius’ if it is expressible in the form B(z,d) = {y : p(y,x) < §} where z € X and § > 0. Of
course it is possible for such a ball to be a singleton {z}.) Show that either A can be covered by a finite
disjoint family in Z or there is a disjoint sequence (B(zy,, 0n))nen in Z such that

A C Upen B(@m, 6m) UU,psp, B(m, 56m) for every n € N

or there is a disjoint sequence (B(y,,dp))nen in Z such that inf, ey d, > 0.

(d) Give an example of a family Z of open intervals such that every point of R belongs to arbitrarily
small members of Z, but if (I,)nen is any disjoint sequence in Z, and for each n € N we write I/, for
the closed interval with the same centre as I, and ten times the length, then there is an n such that

]07 1[ g Um<n Im U UmZn [7/71

(e)(i) Show that if 7 is a finite family of intervals in R there are Zy, Z; C T such that |J(ZoUZ;) = UZ
and both Zy and Z; are disjoint families. (Hint: induce on #(Z).) (ii) Suppose that Z is a family of non-
singleton intervals, of length at most 1, covering a bounded set A C R, and that ¢ > 0. Show that there
is a disjoint subfamily Zo of Z such that p*(A\ UZy) < $u*A + €. (Hint: replacing each member of Z by
a slightly longer one with rational endpoints, reduce to the case in which Z is countable and thence to the

case in which Z is finite; now use (i).) (iii) Use (ii) to prove Vitali’s theorem. (I learnt this argument from
J.Aldaz.)

D.H.FREMLIN



4 The Fundamental Theorem of Calculus 221 Notes

221 Notes and comments I have headed this section ‘Vitali’s theorem in R’ because there is an -
dimensional version, which will appear in Chapter 26 below. There is an anomaly in the position of this
theorem. It is an indispensable element of the proofs of some of the most important theorems in measure
theory; on the other hand, the ideas involved in its own proof are not used elsewhere in the elementary
theory. I have therefore myself sometimes omitted the proof when teaching this material, and would not
reproach any student who left it to one side for the moment. At some stage, of course, any measure theorist
must master the method, not just for the sake of completeness, but in order to gain an intuition for possible
variations. I must emphasize that it is the principle of the proof, rather than its details, which is important,
because there are innumerable forms of ‘Vitali’s theorem’. (I offer some variations in the exercises here and
in §261 below, and there are many others which are important in more advanced work; one will appear in
8472 in Volume 4.) This principle is, I suppose, that
(i) we choose the I,, greedily, according to some more or less natural criterion applicable to
each I,, as we come to choose it, without attempting to look ahead;
(ii) we prove that their sizes tend to zero, even though we seemed to do nothing to ensure that
they would (but note the shift from Z to Z’ in part (a) of the proof of 221A, which is exactly
what is needed to make this step work);
(iii) we check that for a suitable definition of I;,, enlarging I,,, we shall have A C |, _,, Im U
U, n 15 for every n, while Y0 pul!, < oo.
In a way, we have to count ourselves lucky every time this works. The reason for studying as many variations
as possible of a technique of this kind is to learn to guess when we might be lucky.

Version of 20.11.03/18.10.04

222 Differentiating an indefinite integral

I come now to the first of the two questions mentioned in the introduction to this chapter: if f is an

integrable function on [a,b], what is % f; f?7 It turns out that this derivative exists and is equal to f

almost everywhere (222E). The argument is based on a striking property of monotonic functions: they are
differentiable almost everywhere (222A), and we can bound the integrals of their derivatives (222C).

222A Theorem Let I C R be an interval and f : I — R a monotonic function. Then f is differentiable
almost everywhere in [.

Remark If I seem to be speaking of a measure on R without naming it, as here, I mean Lebesgue measure.
proof As usual, write p* for Lebesgue outer measure on R, y for Lebesgue measure.

(a) To begin with (down to the end of (c) below), let us suppose that f is non-decreasing and I is a
bounded open interval on which f is bounded; say | f(x)| < M for « € I. For any closed subinterval J = [a, b]
of I, write f*(J) for the open interval |f(a), f(b)[. For x € I, write

Df(x) =limsup,_ 4 (f(z +h) = f(«)), Df(x)=liminfyo 5 (f(x+h) = f(2)),

allowing the value oo in both cases. Then f is differentiable at z iff D f(z) = Df(z) € R. Because surely
Df(xz) > Df(x) > 0, f will be differentiable at z iff Df(x) is finite and Df(x) < Df(x).
I therefore have to show that the sets

{z:xel Df(z)=0c0}, {z:zel, Df(x)> Df(z)}

are negligible.

(b) Let us take A = {z : 2 € I, Df(x) = oo} first. Fix an integer m > 1 for the moment, and set

Ap ={z:x €I, Df(x)>m} D A.

Let Z be the family of non-trivial closed intervals [a,b] C I such that f(b) — f(a) > m(b — a); then
wf*(J) > mud for every J € Z. If x € A,,, then for any § > 0 we have an h with 0 < |h| < ¢ and
(f(z+h) — f(z)) > m, so that

(©) 2004 D. H. Fremlin
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222B Differentiating an indefinite integral 5

[xt,x+hl€eZith>0, [x+hx]elifh<0;

thus every member of A, belongs to arbitrarily small intervals in Z. By Vitali’s theorem (221A), there is
a countable disjoint set Zy C Z such that p(A\ UZo) = 0. Now, because f is non-decreasing, (f*(J))sez,
is disjoint, and all the f*(J) are included in [-M, M], so > ;.7 pf*(J) < 2M and >_ ;.7 pJ < 2M/m.
Because A, \ UZy is negligible,

. X 2M
WAL A, < e
As m is arbitrary, p*A = 0 and A is negligible.
(c) Now consider B={z:z €I, l_)f(x) > Df(x)}. For ¢, ¢ € Q with 0 < ¢ < ¢/, set
qu’ = {.’E HEARS Iv Qf(x) < q, Ef(l') > q/}
Fix such ¢, ¢’ for the moment, and write v = p*B,,. Take any € > 0, and let G be an open set including
B,y such that pG < v + € (134Fa). Let J be the set of non-trivial closed intervals [a,b] C I N G such
that f(b) — f(a) < q(b— a); this time pf*(J) < guJ for J € J. Then every member of By, is included in
arbitrarily small members of 7, so there is a countable disjoint Jy C J such that By \ U Jo is negligible.

Let L be the set of endpoints of members of Jy; then L is a countable union of doubleton sets, so is countable,
therefore negligible. Set

C = Byy NUI\ L;
then p*C = . Let Z be the set of non-trivial closed intervals J = [a, b] such that (i) J is included in one of
the members of Jy (ii) f(b) — f(a) > ¢'(b — a); now pf*(J) > ¢'pJ for every J € Z. Once again, because
every member of C' is an interior point of some member of Jy, every point of C' belongs to arbitrarily small

members of Z; so there is a countable disjoint Zg C Z such that p(C \ JZy) = 0.
As in (b) above,

v¢ < ¢'wUZo) = Z[ezo q'pl < ZIGIO pf(I) = M(UIGIO (1))
On the other hand,

w(UJ )= ()< ) wl=aqulJR)

JeJo JeJo JeJo
<quJI) < anG <q(v+e).

But Ujez, £*(I) €U ey [7(J), because every member of 7 is included in a member of Jo, so v¢" < q(y+¢)
and v < €q/(¢' — q). As € is arbitrary, v = 0.

Thus every By is negligible. Consequently B = |J By is negligible.

4,9'€Q,0<q<q’

(d) This deals with the case of a bounded open interval on which f is bounded and non-decreasing. Still
for non-decreasing f, but for an arbitrary interval I, observe that K = {(q,¢') : ¢, ¢ € INQ, ¢ < ¢'} is
countable and that I\ U(q,q/)eK lg, ¢'[ has at most two points (the endpoints of I, if any), so is negligible. If
we write S for the set of points of I at which f is not differentiable, then from (a)-(c) we see that SN]q,q'|
is negligible for every (q,q¢’) € K, so that SN U(qu/)eK lg, ¢'[ is negligible and S is negligible.

(e) Thus we are done if f is non-decreasing. For non-increasing f, apply the above to —f, which is
differentiable at exactly the same points as f.

222B Remarks (a) I note that in the above argument I am using such formulae as > ;7 pf*(J). This
is because Vitali’s theorem leaves it open whether the families Zy will be finite or infinite. The sum must be
interpreted along the lines laid down in 112Bd in Volume 1; generally, ), -, ax, where K is an arbitrary
set and every aj, > 0, is to be SUDLc k is finite 2_ker, @k» With the convention that ), .y ax = 0. Now, in this
context, if (X, 3, ) is a measure space, K is a countable set, and (Ey)reck is a family in X,

M(UkeK Ey) < ZkeK i,

with equality if (Ej)rck is disjoint. P If K = (), this is trivial. Otherwise, let n — k, : N = K be a
surjection, and set

D.H.FREMLIN



6 The Fundamental Theorem of Calculus 222B

Kﬂ = {kl : Z § n}’ Gn = Uign Eki = UkEKn, Ek
for each n € N. Then (G,,)nen is a non-decreasing sequence with union £ = (J, . x Ek, 50

pE =limy, 00 pGrn = sup, ey pGn;

and

uGHp < Zk‘GKn pEy < ZkeK nEj

for every n, so pE < )7, i pBy. If the Ey are disjoint, then uG,, is precisely ZkeKn wEy for each n; but
as (K, )nen Is a non-decreasing sequence of sets with union K, every finite subset of K is included in some
K,, and

ZkeK uEy = sup, ey ZkeKn pE, = sup, ey pGr = HE,
as required. Q

(b) Some readers will prefer to re-index sets regularly, so that all the sums they need to look at will be
of the form > ", or Y ;= . In effect, that is what I did in Volume 1, in the proof of 114Da/115Da, when
showing that Lebesgue outer measure is indeed an outer measure. The disadvantage of this procedure in
the context of 222A is that we must continually check that it doesn’t matter whether we have a finite or
infinite sum at any particular moment. I believe that it is worth taking the trouble to learn the technique
sketched here, because it very frequently happens that we wish to consider unions of sets indexed by sets
other than N and {0,... ,n}.

(c) Of course the argument above can be shortened if you know a tiny bit more about countable sets
an I have explicitly stated so far. But note that the value assigned to ay, must not depend on whic
than I h licitly stated so far. But note that the val igned t reK t not d d hich

enumeration (ky)nen we pick on.

222C Lemma Suppose that ¢ < b in R, and that F : [a,b] — R is a non-decreasing function. Then
f; F’ exists and is at most F(b) — F(a).
Remark I discussed integration over subsets at length in §131 and §214. For measurable subsets, which
are sufficient for our needs in this chapter, we have a simple description: if (X, ¥, ) is a measure space,
E € ¥ and f is a real-valued function, then [ gl = Ik f if the latter integral exists, where dom f =
(ENndom f)U (X \ E) and f(z) = f(z)if z € ENdom f, 0 if z € X \ E (apply 131Fa to f). It follows at
once that if now F € X and F C E, [, f = [, [ x xF.

I write [ f to mean f[a@[ f, which (because [a, z[ is measurable) can be dealt with as described above.

Note that, as long as we are dealing with Lebesgue measure, so that [a, 2]\ Ja, z[ = {a, x} is negligible, there

is no need to distinguish between f[a 2]’ f]a o f[a Nt f]a o5 for other measures on R we may need to take

more care. I use half-open intervals to make it obvious that f; f+ f;’ f= f: fif a <z <y, because
fxxlayl=fxxla,z[ + fxx[z,y].

proof (a) The result is trivial if @ = b; let us suppose that a < b. By 222A, F’ is defined almost everywhere

in [a, b].

(b) For each n € N, define a simple function g, : [a,b[ — R as follows. For 0 < k < 2", set anx, =
a+27"k(b—a), byy =a+2""(k+1)(b — a), Ink = [ank,bnk[. For each x € [a,b], take that k < 2™ such
that z € I, and set

9n(%) = 2= (F (b)) — Flang))
for x € I,,x, so that g, gives the slope of the chord of the graph of F' defined by the endpoints of I,,5. Then
I g0 = 0 F(bar) — Flam) = F(b) — Fla).
(c) On the other hand, if we set
C={z:x€la,b], F'(z) exists},

MEASURE THEORY



222D Differentiating an indefinite integral 7

then [a,b] \ C is negligible, by 222A, and F’(z) = lim,,—o gn () for every z € C. P Let € > 0. Then there
is a 0 > 0 such that z + h € [a,b] and |F(z + h) — F(x)) — hE'(z)| < €|h| whenever |h| <. Let n € N be
such that 27™(b— a) < §. Let k < 2™ be such that © € I,;,. Then

T <an <a<bu<a+0,  gu(@) = 1 (Flbak) = Flan)):
Now we have
271,
|90 (@) = F'(@)] = |y (F(buk) = Flani)) = F'(2)
271

= 7 |F(bnk) = Flank) = (bnk — ank) F' (2)]
< %(|F(bnk) — F(z) = (bnk — 2)F'(z)|
+|F(x) = F(ank) — (& — an) F'(z)])

271,
< E(dbnk — x|+ €|z —ank|) =€

And this is true whenever 27™ < ¢, that is, for all n large enough. As € is arbitrary, F'(x) = lim, o0 gn(2).
Q

(d) Thus g, — F’ almost everywhere in [a, b]. By Fatou’s Lemma,
fab I = fab liminf,, .o g, < liminf,, . fab In = lim,, o0 fab gn = F(b) — F(a),

as required.
Remark There is a generalization of this result in 2241.

222D Lemma Suppose that a < b in R, and that f, g are real-valued functions, both integrable over
[a,b], such that [ f = [ g for every a € [a,b]. Then f = g almost everywhere in [a, b).
proof The point is that

b b
fEf:fanXE:fagxxE:ng

for any measurable set E C [a, b][.
P (i) If £ = [¢,d] where a < ¢ < d < b, then

d c d c
fEf:fa fﬁfaf:fagifag:ng'
(i) If E = [a,b[N G for some open set G C R, then for each n € N set
K,={k:keZ, |kl <4™ [27"k,27"(k+ 1)[ C G},
Hy =Upeg, 277k, 27" (k + 1)[ N [a, b];

then (H,)nen is a non-decreasing sequence of measurable sets with union E, so f X xE = lim,, o0 f X xHp,
and (by Lebesgue’s Dominated Convergence Theorem, because |f X xHy| < |f| almost everywhere for every
n, and | f| is integrable)

fEf:hmn%ooan f

At the same time, each H,, is a finite disjoint union of half-open intervals in [a, b[, so

fH,,L f =2 kex, f[2—"k,2—”(k+1)[ﬁ[a,b[ f=2rex. f[2—nk,2—”(k+1)[ﬂ[a,b[g = fH 9>

and
Jo9 =0 [y 9=l [y £ = [ S

(iii) For general measurable FE C [a,b[, we can choose for each n € N an open set G,, 2 FE such that
uG, < pE + 27" (134Fa). Set G, = G, En = [a,b[N G, for each n,

m<n

D.H.FREMLIN



8 The Fundamental Theorem of Calculus 222D

F = [a,b[NNpen Gn = Nnen [N Gl = Npen En-
Then F C F' and
pF <inf,enypG, = pFE,
so F'\ E is negligible and f x x(F\ E) is zero almost everywhere; consequently fF\E f=0and fF f= fE -
On the other hand,
fx xF =lim, o0 f X XEn,

so by Lebesgue’s Dominated Convergence Theorem again

fEf = fFf = hmn—)oofEn f
Similarly

ng = limy, o0 fEn g.

But by part (ii) we have [, g= [, f for every n,so [, g= [, f, as required. Q
By 131Hb, f = g almost everywhere in [a, b, and therefore almost everywhere in [a, b].

222E Theorem Suppose that a < b in R and that f is a real-valued function which is integrable over
[a,b]. Then F(z) = [ f exists in R for every « € [a,b], and the derivative F’(z) exists and is equal to f()
for almost every z € [a, b].

proof (a) For most of this proof (down to the end of (¢) below) I suppose that f is non-negative. In this
case,

Fly)=F@)+ [ f> F(x)
whenever a < & < y < b; thus F' is non-decreasing and therefore differentiable almost everywhere in [a, b],
by 222A.

By 222C we know also that [ F’ exists and is less than or equal to F(z) — F(a) = F(z) for every
x € [a,b].

(b) Now suppose, in addition, that f is bounded; say 0 < f(t) < M for every ¢t € dom f. Then M — f is
integrable over [a, b]; let G be its indefinite integral, so that G(z) = M (z — a) — F(z) for every x € [a,b].
Applying (a) to M — f and G, we have fam G’ < G(z) for every = € [a,b]; but of course G = M — F’, so
M(z—a)— [T F < M(z —a) — F(z), that is, [ F' > F(z) for every x € [a,b]. Thus ["F' = [* f for
every z € [a,b]. Now 222D tells us that F' = f almost everywhere in [a, b].

(c) Thus for bounded, non-negative f we are done. For unbounded f, let (f,)nen be a non-decreasing
sequence of non-negative simple functions converging to f almost everywhere in [a, ], and let (F),)nen be
the corresponding indefinite integrals. Then for any n and any x, y with a < x <y < b, we have

Fly) = F(a)= ["f> [" fo = Fuly) - Fala),

so that F'(z) > F)(z) for any = € ]a, b[ where both are defined, and F’(z) > f,(x) for almost every x € [a, b].
This is true for every n, so F’ > f almost everywhere, and F’ — f > 0 almost everywhere. On the other
hand, as noted in (a),

S F < E@) - Fla) = [ f.
o f: F' — f <0. It follows that F' =, . f (that is, that F’ = f almost everywhere in [a, b])(122Rd).

(d) This completes the proof for non-negative f. For general f, we can express f as f1 — fo where f,
fo are non-negative integrable functions; now F = F; — F, where F}, F5 are the corresponding indefinite
integrals, so F' =, F| — F) =ae f1 — fo, and F' =, f.

222F Corollary Suppose that f is any real-valued function which is integrable over R, and set F'(z) =
ffoo f for every x € R. Then F'(x) exists and is equal to f(z) for almost every = € R.

proof For each n € N, set

MEASURE THEORY



*222] Differentiating an indefinite integral 9

for x € [-n,n]. Then F)(z) = f(z) for almost every z € [—n,n|. But F(z) = F(—n) + F,(x) for every
x € [-n,n], so F'(z) exists and is equal to F},(x) for every x € ]—n,n[ for which F)(z) is defined; and
F'(xz) = f(x) for almost every x € [-n,n]. As n is arbitrary, F' =, f.

222G Corollary Suppose that E C R is a measurable set and that f is a real-valued function which
is integrable over E. Set F(z) = fEﬂ]—oo o f for z € R. Then F'(z) = f(z) for almost every z € E, and
F'(z) =0 for almost every x € R\ E.

proof Apply 222F to f, where f(z) = f(x) for x € ENndom f and f(z) = 0 for z € R\ E, so that
F(z) = [*_ [ for every z € R.

222H The result that % ff f = f(z) for almost every x is satisfying, but is no substitute for the more
elementary result that this equality is valid at any point at which f is continuous.

Proposition Suppose that ¢ < b in R and that f is a real-valued function which is integrable over [a, b].
Set F(z) = [ f for @ € [a,b]. Then F'(z) exists and is equal to f(z) at any point z € dom(f) N]a,b[ at
which f is continuous.

proof Set ¢ = f(x). Let e > 0. Let 6 > 0 be such that § < min(b— z,2 — a) and |f(¢t) — ¢| < € whenever
tedomfand |t —z| <. Ifax<y<axz+d, then

F(y)—-F 1 1
|%—c|:y:|fjf_c| Syf_xfmy|f_c| <e.
Similarly, if x — 0 <y < x,
Fly)—F(z) _ N Lo
PO gy = Lo - <[5 - el <e
As € is arbitrary,
Fly)=F(z) _

F'(z) =limy_,, i

as required.

2221 Complex-valued functions So far in this section, I have taken every f to be real-valued. The
extension to complex-valued f is just a matter of applying the above results to the real and imaginary parts
of f. Specifically, we have the following.

(a) If a < bin R and f is a complex-valued function which is integrable over [a,b], then F(z) = [ f
is defined in C for every = € [a,b], and its derivative F’(x) exists and is equal to f(x) for almost every
x € [a, b]; moreover, F'(x) = f(x) whenever x € dom(f) NJa,b[ and f is continuous at x.

(b) If f is a complex-valued function which is integrable over R, and F(z) = ffoo f for each z € R, then
F' exists and is equal to f almost everywhere in R.

(c) If E C R is a measurable set and f is a complex-valued function which is integrable over F, and
F(z) = fEﬂ]foo o J for each z € R, then F'(z) = f(z) for almost every x € E and F'(z) = 0 for almost
every z € R\ E.

*222J The Denjoy-Young-Saks theorem The next result will not be used, on present plans, anywhere
in this treatise. It is however a classical part of the real analysis for which this volume is supposed to be
a foundation, and while the argument requires a certain sophistication it is not really a large step from
Lebesgue’s theorem 222A. I must begin with some notation.

Definition Let f be any real function, and A C R its domain. Write
At ={z:z € A )z, z+6NA%#Qfor every § > 0},

D.H.FREMLIN



10 The Fundamental Theorem of Calculus *222]J

A-={z:2zc A [x—dz[NA#D for every § > 0}.

Set
(DF f)(z) = lim SUDye Ay 1a 7f(y;:£(x) = inf550SUPye A poy<ats L(y;:i(x) )
(DY f)(z) = liminfyea yya % = SUPssq infyea,pcy<ats 7f(y;:£(m)
for z € At, and
(D~ f)(x) = imsup,c 4 ypa 7]0(?!;:;;(@ = infs>0SUPyeca o—s<y<a 710(1/;:];@) ;
(D™ f)(x) =liminf e 4 y1s 7f(y;:£(x) = Sup;ssg infyecae—s<y<a 7f(y;:£(w)

for € A~ all defined in [—o0,00]. (These are the four Dini derivates of f. You will also see D, d,
D~, d~ used in place of my DT, Dt, D~ and D)

Note that we surely have (D1 f)(z) < (D" f)(x) for every x € A*, while (D™ f)(z) < (D~ f)(z) for every
& € A~. The ordinary derivative f'(z) is defined and equal to ¢ € R iff («) & belongs to some open interval
included in 4 () (D" f)(x) = (D" f)(z) = (D~ f)(x) = (D~ f)(x) =c.

*222K Lemma For A C R, define A* and A~ as in 222J. Then A\ A* and A\ A~ are countable,
therefore negligible.

proof We have
A\A*:quQ{xxGA,$<q; Am]x’q] :Q)}

But for any ¢ € Q there can be at most one z € A such that = < ¢ and ]z, ¢] does not meet 4, so A\ A" is
a countable union of finite sets and is countable. Similarly,

A\jr:qu(@{x:xeA,q<x,Aﬁ[q,l‘[:@}

is countable.

*222L Theorem Let f be any real function, and A its domain. Then for almost every € A
either all four Dini derivates of f at x are defined, finite and equal
or (D* f)(z) = (D™ f)(x) is finite, (D" f)() = —o0 and (D~ f)() = o0
or (D f)(z) = (D~ f)(z) is finite, (D" f)(z) = oo and (D~ f)(x) = —oc0
or (D* f)(z) = (D™ f)(z) = o0 and (D" f)(z) = (D~ f)(x) = —oc.

proof!(a)(i) Suppose that n € N and ¢ € Q are such that
Bgn={z:2€ A, <q, f(s) > [(x) - nly - 2)} for every y € A [z,q]}

is not empty. Set Bq, = sup Egyn, € |—00, ¢, agn = inf Ey,, € [—00, Bgn] and Iy, = |agn, Bgnl; now for z € Iy,
set fon(z) = nf{f(y) + ny : y € AN[z,q]}. Note that if x € Ey, \ {agn, Bgn} then fon(z) = f(z) + nz is
finite; also fy, is non-decreasing, therefore finite everywhere in Iy, and of course fy,(x) < f(z) + nz for
every x € AN Iyy,.

Set Fyn = By Ndom fo,, C Iy, and ggn(x) = fyn(z) — nz for z € I,; then g,y is differentiable at every
point of Fy,,, while g4, (x) < f(x) for z € AN Iy, and ggn(z) = f(z) for € Ey, N Iy

(ii) Take z € F, N F,,,. Then z € I, N A* N A~ so the Dini derivates (D* f)(z) and (D~ f)(z) are
defined in [—o0, 0o, while ggn(z) = f(x).

+ !
(@) (D7 f)(x) = ggn(z). P
1T am indebted to P.Klinger Monteiro for pointing out a blunder in the original version of this proof.
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*222L Differentiating an indefinite integral 11

Dt = inf Ify)=f(z) < inf fy)—f(z)
(DFf)x) =sup  nf e S s v

=su inf 9an () =gan(®) _ v (.

6>Igy€Eqnﬁ]x,x+6] y—x gqn( )
(because x € E‘;Fn)

= sup inf YW —gan(@)
0<8< Bgn —x YE]T,T+6] y—x

< sup inf Yan (y)—f(z)

T 0<6<Bgn—a yEANT,ZHS] YT

< sup inf )= f(x)

- 0<6<Bgn—2 yeAN]z,x+4] y—x
(because gqn(y) < f(y) for y € ANIy,)

. fW—=f=) _ 1+
< f =2 -2 = (D .
—f;li%yeA%ﬁm] y—x L)) Q

(B) (D™ f)(z) = gy (). P

- : fW)-fl=) _ . f@)—f(y)
D™ f)(x) = inf sup ~— —=——~ = inf sup =~ ————=L
( /@) >0yeAnfe—sa] Y72 0>0yeanfz—sa] *7Y

e i wp  @=IW)

T 0<d<z—agn yEAN[z—3d,z| =y
< it sup ~ Jan(@)9an(y)
0<5<x—aqn yGAﬂ[mffs,m[ =y
(because gqgn(y) < f(y) fory € AN Ign)

< inf sup 9an (Y)—Gqn () — g;n(gj)
0<d<z—0agn y€lz—8,z[ Yy—x

— inf sup Gan (Y)—Ggn ()
6>0 yEE g N[z—d,z] y—z

(because x € Eq_n)

fy)—f(=)

= inf sup el e
6>0 yEEnN[z—3d,x[ y—z

<inf  sup M = (D f)(z). Q

T 6>0 yeEAN[z—3d,z] y—z

() Putting these together, we see that if z € F;n N Fq;L then (DT f)(z) = (D~ f)(z) = Gon () is
finite.

(iii) Conventionally setting F, = 0 if E, is empty, the last sentence is true for all ¢ € Q and n € N.
Now we know that A\ A" is negligible (222K), as are Fy,, \ F,},,, Fyn \ F,,, and I, \dom f/,, (222A), whenever
g€ Qandn e N._ So H=(A\AT)U quQ,neN((Eqn_\ Fun) U (Fyn \ (I:_';;L N Fq_n))) is negligible.~ And if
x € A\ H and (Dt f(z)) > —oo, then (D' f)(z) = (D" f)(z) e R. P As A\ A" C H, x € A*. Let
n € N be such that (DT f)(x) > —n. Then there is a § > 0 such that % > —n whenever y € A and
r <y<ax+d. Let ¢ € Q be such that x < ¢ <z + ¢; then fly) > f(z) —n(ly —x) whenever y € AN [z, q],
and z € Ey, \ H. So x € Fy \ H C F, N F,. So (ii) above tells us that (DT f)(z) = (D~ f)(z) = g,,(x)
is finite. Q
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12 The Fundamental Theorem of Calculus *222L

(b) Thus for almost every z € A,
either (D f)(x) = —oo or (DT f)(z) = (D f)(x) € R.

Applying (a) toz — f(—z): —A >R,z — —f(z): A - Rand 2 — —f(—z) : —A — R, we see that, for
almost every = € A,

either (D~ f)(x) = oo or (D~ f)(x) = (Dt f)(z) € R,
either (DT f)(z) = 0o or (DT f)(z) = (D™ f)(z) € R,

either (D~ f)(z) = —o0 or (D™ f)(x) = (D* f)(x) € R.
For almost every « € A, therefore,
(D*f)(@) > —00 = (D™ f)(z) < 00 = (DT f)(x) < o0
and in this case (D1 f)(z) = (D~ f)(x) is finite; similarly,
(D™ f)(@) > —00 == (Dt f)(z) <o <= (D f)(z) = (D*f)(z) €R.
Thus we have

either (DT f)(x) = (D~ f)(z) is finite or (D f)(z) = —oc and (D~ f)(x) = oo,

either (D~ f)(z) = (DT f)(z) is finite or (D~ f)(z) = —oo and (Dt f)(z) = oco.
These two dichotomies lead to four possibilities; and since
(D*f)(@) = (D f)() is finite, (D~ f)(x) = (D* f)(x) is finite
together imply that
(D7) < (D flz) = (LF ) < (D )@) = (D)),

this can happen only when all four derivates are equal and finite, so we have the four cases listed in the
statement of the theorem.

222X Basic exercises >(a) Let F : [0,1] — [0, 1] be the Cantor function (134H). Show that fol F' =
0 < F(1) — F(0).

>(b) Suppose that a < bin R and that h is a real-valued function such that ff h exists and is non-negative
whenever a < z <y < b. Show that h > 0 almost everywhere in [a, b].

>(c) Suppose that a < b in R and that f, g are integrable complex-valued functions on [a, b] such that
[Zf=[7gforevery x € [a,b]. Show that f = g almost everywhere in [a, b].

>(d) Suppose that a < b in R and that f is a real-valued function which is integrable over [a, b]. Show
that the indefinite integral = — faz f is continuous.

222Y Further exercises (a) Let (F},),en be a sequence of non-negative, non-decreasing functions on
[0,1] such that F(z) =" F,() is finite for every x € [0,1]. Show that Y " F(x) = F'(x) for almost
every x € [0,1]. (Hint: take (ng)ren such that 322 ) F(1) — Gi(1) < oo, where Gy = 3 7% Fjj, and set
H(z) = >, F(z) — Gg(x). Observe that Y oo, F'(z) — G} (z) < H'(x) whenever all the derivatives are
defined, so that F’ = limy_,, G}, almost everywhere.)

(b) Let F : [0,1] — R be a continuous non-decreasing function. (i) Show that if ¢ € R then C' = {(z,y) :
x,y € [0,1], F(y) — F(x) = ¢} is connected. (Hint: A set A C R" is connected if there is no continuous
surjection h : A — {0,1}. Show that if h : C — {0,1} is continuous then it is of the form (z,y) — hq(z)
for some continuous function hs.) (ii) Now suppose that F(0) =0, F(1) =1 and that G : [0,1] — [0,1] is a
second continuous non-decreasing function with G(0) = 0, G(1) = 1. Show that for any n > 1 there are z,
y € ]0,1] such that F(y) — F(z) = G(y) — G(z) =

1
ol
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223A Lebesgue’s density theorems 13

(c) Let f, g be non-negative integrable functions on R, and n > 1. Show that there are u < v in [—00, 00|
v v
such that [ f=21[fand [[g=1[g.

(d) Let f: R — R be measurable. Show that H = dom f’ is a measurable set and that f’ is a measurable
function.

(e) Suppose that A € B C R, f : B — R is a function and f4 = flA. Show that (i) if z € A*, as
defined in 222J, then (D f)(z) < (D* fa)(z) < (Dt fa)(z) < (DT f)(x) (ii) if 2 € A~ then (D™ f)(z) <
(D™ fa)(x) < (D~ fa)(z) < (D™ f)(2).

(f) Construct a Borel measurable function f : [0,1] — {—1,0,1} such that each of the four possibilities
described in Theorem 222L occurs on a set of measure i.

222 Notes and comments I have relegated to an exercise (222Xd) the fundamental fact that an indefinite
integral x — fax f is always continuous; this is not strictly speaking needed in this section, and a much
stronger result is given in 225E. There is also much more to be said about monotonic functions, to which I
will return in §224. What we need here is the fact that they are differentiable almost everywhere (222A),
which I prove by applying Vitali’s theorem three times, once in part (b) of the proof and twice in part (c).
Following this, the arguments of 222C-222E form a fine series of exercises in the central ideas of Volume
1, using the concept of integration over a (measurable) subset, Fatou’s Lemma (part (d) of the proof of
222C), Lebesgue’s Dominated Convergence Theorem (parts (ii) and (iii) of the proof of 222D) and the
approximation of Lebesgue measurable sets by open sets (part (iii) of the proof of 222D). Of course knowing
that % ff f = f(z) almost everywhere is not at all the same thing as knowing that this holds for any
particular x, and when we come to differentiate any particular indefinite integral we generally turn to 222H
first; the point of 222E is that it applies to wildly discontinuous functions, for which more primitive methods
give no information at all.

Version of 9.9.04

223 Lebesgue’s density theorems

I now turn to a group of results which may be thought of as corollaries of Theorem 222E, but which also
have a vigorous life of their own, including the possibility of significant generalizations which will be treated
in Chapter 26. The idea is that any measurable function f on R is almost everywhere ‘continuous’ in a
variety of very weak senses; for almost every x, the value f(z) is determined by the behaviour of f near x,
in the sense that f(y) = f(z) for ‘most’ y near x. I should perhaps say that while I recommend this work as
a preparation for Chapter 26, and I also rely on it in Chapter 28, I shall not refer to it again in the present
chapter, so that readers in a hurry to characterize indefinite integrals may proceed directly to §224.

223A Lebesgue’s Density Theorem: integral form Let I be an interval in R, and let f be a
real-valued function which is integrable over I. Then

+h
_Iﬁ%h/ _lﬁ%h/ f_hwﬁ f
for almost every = € I.
proof Setting F'(x fm] 00,2 f, we know from 222G that
— ) — Tim L _
f(@) = (&) =l L (Fla 1) - l,ggh/

= lim — (F() F(zx—h) —hm/ f

hl0 h hi0 h
N +h
= lﬁgﬁ(F(x—i—h) —F(z—h))= l}grolﬁ/x_h f
for almost every = € I.

(© 1995 D. H. Fremlin
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14 The Fundamental Theorem of Calculus 223B

223B Corollary Let E C R be a measurable set. Then

limy, o %M(E N[z — h,z+ h]) =1 for almost every x € E,

limy, o ip(Eﬁ [x — h,x + h]) = 0 for almost every z € R\ E.

proof Take n € N. Applying 223A to f = x(E N[—n,n]), we see that
. 1 rz+h . 1
hmhw ?hfw—h f = hmhw EM(E M [1‘ — h,l‘ + h])

whenever x € |—n,n[ and either limit exists, so that

limy, 0 i,u(E N[z — h,z+ h]) =1 for almost every z € EN[—n,n],

limy, | iu(E N[z — h,z + h]) = 0 for almost every = € [-n,n] \ E.
As n is arbitrary, we have the result.

Remark For a measurable set £ C R, a point x such that limy g iu(E N[z — h,z + h]) = 1 is sometimes
called a density point of F.

223C Corollary Let f be a measurable real-valued function defined almost everywhere in R. Then for
almost every x € R,

. 1
limpo o-p{y 1y € dom f, [y — x| <h, |f(y) = f(2)] < €} =1,

. 1
hth,O%/J{y ry€dom f, ly —z| < h, |f(y) — f(z)] > €} =
for every € > 0.

proof For ¢, ¢’ € Q, set
Dyy ={z:x edomf, ¢ < f(x) <q'},

so that Dy, is measurable,
. 1
Coq ={z : 2 € Dy, limy %u(qu/ N[z —h,z+ h]) =1},

so that Dyq \ Cgq is negligible, by 223B; now set

C =dom f\U, seq(Dgg \ Coq'),

so that C' is conegligible. If € C' and € > 0, then there are ¢, ¢ € Q such that f(z) —e < ¢ < f(z) < ¢ <
f(z) + ¢, so that x belongs to Dy, and therefore to Cyqr, and now

liminf 22 pufy <y € dom f (Vo — hoa 4], |f(y) — f(x)] < e}
. 1
> hr}rllilonfﬁy(qu/ N[z —h,z+h]) =1,
0
. 1
limp, o o-p{y 1y € dom f N [z — h,w + B, | f(y) = f(2)] < e} = 1.
It follows at once that

Lm0 oy -y € dom f N [z — b2+ B, [£(y) = f(2)] > ¢} =0

MEASURE THEORY



223Ea Lebesgue’s density theorems 15
for almost every x; but since € is arbitrary, this is also true of %e, so in fact

limigo o efy <y € dom f (1 = by + B, f(y) = f(@)] > ¢} =0

for almost every .

223D Theorem Let I be an interval in R, and let f be a real-valued function which is integrable over
I. Then

limngo o [ 1£(y) = f(@)ldy = 0

xT

for almost every = € I.

proof (a) Suppose first that I is a bounded open interval ]a,b[. For each ¢ € Q, set g,(x) = |f(x) — ¢l for
x € I Ndom f; then g is integrable over I, and

. 1 z+h
limpyo 5, 9 = 9q(2)
for almost every x € I, by 223A. Setting

. 1 pz+h
E;={z:zelIndomf, hmhwﬁf L 9a = 9q(2)},

r—

we have I\ E, negligible, so I \ E is negligible, where F = ﬂqu E,. Now

limygo 5 [ £ () = fl)ldy =0

for every z € E. P Take x € E and € > 0. Then there is a ¢ € Q such that |f(z) — ¢| <€, so that
[f(y) = F@)] <[f(y) —al + e=gq(y) +€

for every y € I Ndom f, and

x+h

x+h
. 1 . 1
hmsupﬁ/ If(y) — fz)|dy < hmsup%/ 9q(y) + edy
h10 z—h h10 z—h

=€+ gq(z) < 2e.

As € is arbitrary,

limp o ﬁijhh |f(y) = f(z)|dy =0,

x
as required. Q

(b) If I is an unbounded open interval, apply (a) to the intervals I, = I N]—n,n[ to see that the limit
is zero almost everywhere in every I, and therefore on I. If I is an arbitrary interval, note that it differs
by at most two points from an open interval, and that since we are looking only for something to happen
almost everywhere we can ignore these points.

Remark The set
. 1 pz+h
{z : 2 € dom f, limy, o %fxih |f(y) — f(z)|dy = 0}

is sometimes called the Lebesgue set of f.

223E Complex-valued functions I have expressed the results above in terms of real-valued functions,
this being the most natural vehicle for the ideas. However there are applications of great importance in
which the functions involved are complex-valued, so I spell out the relevant statements here. In all cases
the proof is elementary, being nothing more than applying the corresponding result (223A, 223C or 223D)
to the real and imaginary parts of the function f.

(a) Let I be an interval in R, and let f be a complex-valued function which is integrable over I. Then

D.H.FREMLIN



16 The Fundamental Theorem of Calculus 223Ea

x+h x x+h
f(yc):liml f:liml f:limi/ f
o

rloh [, rlOh J 4 hl0 2h
for almost every = € I.

(b) Let f be a measurable complex-valued function defined almost everywhere in R. Then for almost
every ¢ € R,

. 1
limpo p{y 1y € dom f, [y — x| < h, |f(y) = f(z)] = €} =0
for every € > 0.

(c) Let I be an interval in R, and let f be a complex-valued function which is integrable over I. Then

limo 5 75 1) = F()ldy = 0

for almost every x € I.

223X Basic exercises >(a) Let E C [0,1] be a measurable set for which there is an o > 0 such that
w(E NJa,b]) > a(b— a) whenever 0 < a < b < 1. Show that pE = 1.

(b) Let A C R be any set. Show that limy, o i,u*(A N[z — h,x + h]) = 1 for almost every x € A. (Hint:
apply 223B to a measurable envelope E of A.)

(c) Let E, F C R be measurable sets, and x € R a point which is a density point of both. Show that x
is a density point of E N F.

(d) Let E C R be a non-negligible measurable set. Show that for any n € N there is a 6 > 0 such that
ﬂign E + z; is non-empty whenever xo, ... ,z, € R are such that |z; — 2;| < 4§ for all 4, j < n. (Hint: find
a non-trivial interval I such that u(ENI) > A5ul.)

(e) Let f be any real-valued function defined almost everywhere in R. Show that limy g iu* {y:yc¢€
dom f, |y — x| < h, |f(y) — f(z)| < €} =1 for almost every z € R. (Hint: use the argument of 223C, but
with 223Xb in place of 223B.)

>(f ) Let I be an interval in R, and let f be a real-valued function which is integrable over I. Show that
limpyo + warh |f(y) — f(z)|dy = 0 for almost every = € I.

(g) Let E, F C R be measurable sets, and suppose that F' is bounded and of non-zero measure. Let
2 € R be such that limyjo 5-u(E N[z — b,z + A]) = 1. Show that limyo w — 1. (Hint: it helps
to know that u(hF) = huF (134Ya, 263A). Show that if F' C [-M, M|, then

(BN [z —hM,z+hM]) < 145 (1 - HECEERED) )

2hM“ huF

(Compare 223Ya.)

(h) Let f be a real-valued function which is integrable over R, and E be the Lebesgue set of f. Show
that limy, o o o ngh |f(t) = c|dt = |f(x) — ¢| for every z € F and ¢ € R.

(i) Let f be an integrable real-valued function defined almost everywhere in R. Let 2 € dom f be such

that lim,,_, — f;+11//: |f(y) — f(z)] = 0. Show that z belongs to the Lebesgue set of f.

(j) Let f be an integrable real-valued function defined almost everywhere in R, and z any point of the
Lebesgue set of f. Show that for every € > 0 there is a § > 0 such that whenever [ is a non-trivial interval

and z € I C [z — 0,z + ¢], then |f(z _7flf‘
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223 Notes Lebesgue’s density theorems 17

223Y Further exercises (a) Let E, FF C R be measurable sets, and suppose that 0 < puF < co. Let
2 € R be such that limj o i,u(E N [xr — h,z + h]) = 1. Show that

. EN hF
hmhu] 711( h(z; )) =1.

(Hint: apply 223Xg to sets of the form F'N[—M, M].)

(b) Let ¥ be the family of measurable sets G C R such that every point of G is a density point of G. (i)
Show that ¥ is a topology on R. (Hint: take G C T. By 215B(iv) there is a countable Gy C G such that
w(G\UGo) =0 for every G € G. Show that

UG C (o limsupy, o5 1(UGo N [& — b,z + h]) > 0},

so that p(UG \ UGo) = 0.) (ii) Show that a function f : R — R is measurable iff it is T-continuous at
almost every z € R. (T is the density topology on R. See 414P in Volume 4.)

(c) Show that if f : [a,b] — R is bounded and continuous for the density topology on R, then f(z) =
L[ f for every x € ]a,b.

(d) Show that a function f : R — R is continuous for the density topology at z € R iff limj ﬁ,u*{y :
ye€lxr—h,x+h],|f(y) — f(x)] > €} =0 for every € > 0.

p(y,A)
ly—=|
(Take p(y, ) = co.) Show that if A is porous at every = € A then A is negligible.

(e) A set A C R is porous at a point z € R if limsup,_,, > 0, where p(y, A) = infeeca |y — al.

(f) For a measurable set E C R write int*E for the set of its density points. Show that if F, F' C R are
measurable then (i) int*(E N F) = int*E Nint*F (ii) int*E C int*F iff p(F\ F) =0 (iii) p(FAInt*E) =0
(iv) int*(int*E) = int*E (v) for every compact set K C int*E there is a compact set L C K U E such that
K Cint*L.

(g) Let f be an integrable real-valued function defined almost everywhere in R, and x any point of the
Lebesgue set of f. Show that for every e > 0 there is a 6 > 0 such that |f(z) [g— [ f x g| < € [ g whenever
g : R — [0,00[ is such that g is non-decreasing on |—oo,z], non-increasing on [z,oc0[ and zero outside

[x — 8,2 + 6]. (Hint: express g as a limit almost everywhere of functions of the form 9(@) i xlai, b,

n+1
where x —d <ap<...<a, <z <b, <...<bg<z+94.)

(h) For each integrable real-valued function f defined almost everywhere in R, let E; be the Lebesgue
set of f. Show that Ey N E, C Ef,4, By C Ejy| for all integrable f, g.

(i) Let E C R be a non-negligible measurable set. Show that 0 belongs to the interior of E—F = {z—y : x,
y € E}.

223 Notes and comments The results of this section can be thought of as saying that a measurable
function is in some sense ‘almost continuous’; indeed, 223YDb is an attempt to make this notion precise. For
an integrable function we have stronger results, of which the furthest-reaching seems to be 223D /223Ec.

There are r-dimensional versions of all these theorems, using balls centered on x in place of intervals
[x — h,z + h]; T give these in 261C-261E. A new idea is needed for the r-dimensional version of Lebesgue’s
density theorem (261C), but the rest of the generalization is straightforward. A less natural, and less
important, extension, also in §261, involves functions defined on non-measurable sets (compare 223Xb-
223Xe).
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18 The Fundamental Theorem of Calculus

Version of 29.9.04

224 Functions of bounded variation

I turn now to the second of the two problems to which this chapter is devoted: the identification of those
real functions which are indefinite integrals. I take the opportunity to offer a brief introduction to the theory
of functions of bounded variation, which are interesting in themselves and will be important in Chapter 28.
I give the basic characterization of these functions as differences of monotonic functions (224D), with a
representative sample of their elementary properties.

224 A Definition Let f be a real-valued function and D a subset of R. T define Varp(f), the (total)
variation of f on D, as follows. If D Ndom f = @, Varp(f) = 0. Otherwise, Varp(f) is
sup{>_i", |f(a;) — f(ai—1)| : ag,a1,... ,an, € DNdom f, ag < a1 < ... < ap},

allowing Varp(f) = oco. If Varp(f) is finite, we say that f is of bounded variation on D. If the context
seems clear, I may write Var f for Vargom r(f), and say that f is simply ‘of bounded variation’ if this is
finite.

224B Remarks (a) In the present chapter, we shall virtually exclusively be concerned with the case in
which D is a bounded closed interval included in dom f. The general formulation will be useful for some
technical questions arising in Chapter 28; but if it makes you more comfortable, you will lose nothing by
supposing for the moment that D is an interval.

(b) Clearly

Varp(f) = Varpndom ¢(f) = Var(f[D)
for all D, f.

224C Proposition (a) If f, g are two real-valued functions and D C R, then
Varp(f + g) < Varp(f) + Varp(g).

(b) If f is a real-valued function, D C R and ¢ € R then Varp(cf) = |¢| Varp(f).
(c) If f is a real-valued function, D C R and = € R then

VarD(f) > VarDﬂ]foo,z](f) + VarDﬂ[a:,oo[(f)v

with equality if z € D Ndom f.

(d) If f is a real-valued function and D C D’ C R then Varp(f) < Varp/ (f).

(e) If f is a real-valued function and D C R, then |f(z) — f(y)| < Varp(f) for all z, y € D Ndom f; so if
f is of bounded variation on D then f is bounded on D Ndom f and (if D Ndom f # ()

SUPye prdom £ |f (W) < |f ()] + Varp(f)

for every z € DN dom f.

(f) If f is a monotonic real-valued function and D C R meets dom f, then

Va’rD(f) = SUPgzeDpndom f f(if) - infoDﬂdomf f(il')

proof (a) If D Ndom(f + g) = @ this is trivial, because Varp(f) and Varp(g) are surely non-negative.
Otherwise, if ag < ... < a, in D Ndom(f + g), then

n

M+ 9 @) = (fF+9)(ai)] <Y 1f(ai) = flaia)| + Z lg(ai) — g(ai—1)|

i=1 i=1
< Varp(f) + Varp(g);
as ag, . .. ,a, are arbitrary, Varp(f + ¢g) < Varp(f) + Varp(g).

(© 1997 D. H. Fremlin
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224C Functions of bounded variation 19

(b)
Yz lef)(ai) = (ef)(ain)l = el 322 [ f(ai) = f(ai-)]

whenever ag < ... < a, in D Ndom f.

(c)(d) If either D N]—o0,z] Ndom f or D N [z,00[Ndom f is empty, this is trivial. If ag < ... < ay, in
DnN]—oo,z]Ndom f, by < ... < b, in DN[z,o0[Ndom f, then

m n m+n+1
> If(ai) = Flaic)| + D 1F:) = Fhim)l < [£(a:) = flaima)]
i=1 j=1 i=1

< Varp(f),

if we write a; = b;_p_1 form+1<i<m+n-+1. So
VarDﬂ]—oo,m] (f) + Va'rDﬂ[x,oo[(f) < VarD(f)'

(ii) Now suppose that x € DNdom f. If ag < ... < a, in DNdom f, and ag < = < ay, let k be such
that x € [ag—1, ax]; then

n

k—1
Z f(ai) = flaia)| < Z f(ai) = flai-)| + |f(2) — flak-1)]

+1f(ar) = F@)+ D |f(a:) = flai))

i=k+1
< VarDﬂ]—oo,x](f) + VarDﬁ[a:,oo[(f)

(counting empty sums S0_,, Yoyt 88 0). If o < ag then Y77 [f(a;) — flai—1)| < Varpnjgo(f); if
x> ap then 37" | f(a;) — f(ai—1)| < Varpaj—ooq)(f). Thus

S 1f(ai) = flaio1)] < Varpay oo o) (f) + Varpaje oo (f)
in all cases; as ag, . .. ,a, are arbitrary,
VarD(f) < VarDﬂ]—oo,ac](f) + VarDﬁ[x,oo[(f)'

So the two sides are equal.
(d) is trivial.
(e) f z, y € DNdom f and = < y then

|f (@) = f(y)l = [f(y) = f(z)] < Varp(f)
by the definition of Varp; and the same is true if y < z. So of course |f(y)| < |f(z)| + Varp(f).

(f) If f is non-decreasing, then
Varp(f) = sup{z |f(a;) = flai—1)| : ap,a1,... ,an, € DNdom f, ag < a1 < ... < ap}
i=1

= Sup{Zf(ai) — f(ai—1) 1 ap,a1,... ,ap € DNdom f, ag < a1 < ... < ay}
i=1

=sup{f(b) — f(a) :a, be DNdom f, a < b}

= sup f(b)— inf  f(a).

beDNdom f a€DNdom f

If f is non-increasing then
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20 The Fundamental Theorem of Calculus 224C

Varp(f) = sup{z |f(a;) — flai—1)| : ag,a1,... ,an € DNdom f, ag < a1 < ... <ap}
i=1

sup{Zf(ai_l) — f(a;) : ap,a1,... ,ap € DNdom f, ag < a1 < ... < ayp}
i=1

=sup{f(a) — f(b) :a, b€ DNdom f, a < b}
= sup f(a)— inf  f(b).

a€DNdom f beDNdom f

224D Theorem For any real-valued function f and any set D C R, the following are equiveridical:
(i) there are two bounded non-decreasing functions fi, fo : R — R such that f = f; — fo on DNdom f;
(ii) f is of bounded variation on D;
(iii) there are bounded non-decreasing functions fi, fo : R — R such that f = f; — fo on D Ndom f
and Varp(f) = Var f; + Var fo.

proof (i)=(ii) If f : R — R is bounded and non-decreasing, then Var f = sup,cp f(z) — infyer f(x) is

finite. So if f agrees on D Ndom f with f; — fy where f; and fs are bounded and non-decreasing, then

Varp(f) = Varpadom f(f) < Varpndom £(f1) + Varpndom f(f2)
< Var f; + Var f3 < oo,
using (a), (b) and (d) of 224C.

(ii)=(iii) Suppose that f is of bounded variation on D. Set D’ = D Ndom f. If D" = () we can take
both f; to be the zero function, so henceforth suppose that D" # (). Write

9(x) = Varpnj—oc 41 (f)
for x € D'. Then g1 = g+ f and g» = g — f are both non-decreasing. P If a, b € D’ and a < b, then
9(b) = g(a) + Varpnp)(f) = g(a) + [f(b) = f(a)l.
So
91(b) — g1(a) = g(b) — g(a) + f(b) — f(a),  g2(b) — g2(a) = g(b) — g(a) — f(b) + f(a)
are both non-negative. Q
Now there are non-decreasing functions hi, hs : R = R, extending g1, g2 respectively, such that Var h; =

Var g; for both j. B f is bounded on D, by 224Ce, and g is bounded just because Varp(f) < oo, so that
g; is bounded. Set ¢; = inf,cp/ gj(x) and

hj(z) = sup({e;} U{g;(y) sy € D',y < x})
for every x € R; this works. Q Observe that for x € D',
hi(z) + ha(x) = g1(2) + g2(x) = g(2) + f(2) + g(x) — f(z) = 29(x),
hi(x) = ho(x) = 2f ().
Now, because g1 and go are non-decreasing,

Sup,ep 91(%) + Supyepr 92(2) = sup,eps 91(2) + g2() = 2sup,epr 9(),

infrepr g1(z) +infzepr g2(z) = infrepr g1(z) + g2(z) = 2infrepr g(x) > 0.
But this means that

Var hy + Var hy = Var gy + Vargs = 2Varg < 2Varp(f),

using 224Cf three times. So if we set f;(z) = $h;(z) for j € {1,2} and z € R, we shall have non-decreasing

functions such that
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224G Functions of bounded variation 21

fi(x) = fo(x) = f(x) for x € D', Var fi + Var fo = %Varhl +%Varh2 < Varp(f).

Since we surely also have
Varp(f) < Varp(f1) + Varp(fz) < Var fi + Var fs,
we see that Varp(f) = Var fi + Var f5, and (iii) is true.

(iii)=-(i) is trivial.
224E Corollary Let f be a real-valued function and D any subset of R. If f is of bounded variation on
D, then
limxia VarDm]a,x](f) = 1imx¢a Varpm[wﬂ[(f) =0

for every a € R, and

limg_y _ oo VarDﬂ]—oo,a](f) = limg 00 VarDﬂ[a,oo[(f) = 0.

proof (a) Consider first the case in which D = dom f = R and f is a bounded non-decreasing function.
Then

VarDﬂ]a,z](f) = SUPycla,zx] f(x) - f(y) = f($) - infy>a f(y) = f(l’) - hmyia f(y)7

so of course

limg o Varpaje 21 (f) = limgpq f(2) — limy 4 f(y) = 0.

In the same way

limg1q Var paz,a[(f) = limypa f(y) — limga f(2) =0,
limg oo VarDﬂ]—oo,a] (f) = limg s oo f(a) - liIny—>—oo f(y) =0,
limg 00 Var pja,eo[(f) = limy 00 f(y) — limg 00 f(a) = 0.

(b) For the general case, define fi, fo from f and D as in 224D. Then for every interval I we have

Varpns(f) < Varp(f1) + Vary(fa),
so the results for f follow from those for f; and f> as established in part (a) of the proof.

224F Corollary Let f be a real-valued function of bounded variation on [a,b], where a < b. If dom f
meets every interval ]a,a + d] with 6 > 0, then

limycdom fitla f(t)
is defined in R. If dom f meets [b — d,b[ for every 6 > 0, then

lirntedom fit1b f(t)
is defined in R.

proof Let fi, fo : R — R be non-decreasing functions such that f = f; — f5 on [a,b] N dom f. Then
hmtedom firtla f(t) = limtw f1 (t) — limwa fg (t) = inft>a fl (t) — inft>a fg (t),

limsedom f,e16 f(t) = limyy f1(2) — limeps f2(t) = supyoy, f1(t) — sup,y, f2(2).
224G Corollary Let f, g be real functions and D a subset of R. If f and g are of bounded variation on
D;sois f xg.

proof (a) The point is that there are non-negative bounded non-decreasing functions fi, fa : R — R such
that f = f1 — fo on D Ndom f. P We know that there are bounded non-decreasing hi, ho such that
f=h1—hyon DNdom f. Set ; = inf,ecg h;(x) for i =1, 2,
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22 The Fundamental Theorem of Calculus 224G

Bl = max(’yl - Y2, 0)7 BQ = max('yg - M, 0)7

fi=hi—m+B1, fo=hi—y+ P
this works. Q

(b) Now taking similar functions g1, g2 such that g = g1 — g» on D Ndom g, we have

fxg=fixg—foxgi—fixge+f2xge

everywhere in DNdom(f x g) = DNdom fNdom g; but all the f; x g; are bounded non-decreasing functions,
so of bounded variation, and f x g must be of bounded variation on D.

224H Proposition Let f : D — R be a function of bounded variation, where D C R. Then f is
continuous at all except countably many points of D.

proof For n > 1 set
A, ={z:x2 €D, forevery § >0 thereisayec DNz —Jz+ I
such that | f(y) — f(z)| > 1 }.

Then #(A4,) < nVar f. P? Otherwise, we can find distinct zg,... ,zx € A, with kK +1 > nVar f.

Order these so that zg < 1 < ... < . Set § = %minlgigk x; — x;—1 > 0. For each i, there is a

Yi € DN [w; — 6,z; + 6] such that |f(y;) — f(z;)| > L. Take a}, y] to be ;, y; in order, so that z} < y}. Now

I T N T S A T

and
Var f > Yo [Fh) = F@h)] = Xig £ () = f(@)] = (k4 1) > Var f,

which is impossible. XQ
It follows that A = |J,,c An is countable, being a countable union of finite sets. But A is exactly the set
of points of D at which f is not continuous.

2241 Theorem Let I C R be an interval, and f : I — R a function of bounded variation. Then f is
differentiable almost everywhere in I, and f’ is integrable over I, with

171 < Varg ().

proof (a) Let f; and fa be non-decreasing functions such that f = f; — f2 everywhere in I (224D). Then
f1 and fo are differentiable almost everywhere (222A). At any point of I except possibly its endpoints, if
any, f will be differentiable if f; and f> are, so f'(z) is defined for almost every z € I.

(b) Set F(x) = Varn)—oos] f for z € R. If , y € I and = < y, then
F(y) — F(x) = Varp, , f > |f(y) — f(2)],

by 224Cc; so F'(z) > |f'(x)| whenever z is an interior point of I and both derivatives exist, which is almost
everywhere. So [, |f'| < [, F'. Butifa, be I and a <,

fabFISF(b)—F(a)SF(b)SVarf.

Now I is expressible as | J,,cy[@n, bn] Where a1 < an < by, < by for every n. So

/|f’|§/F’:/F’><XI
I I
:/supF’ X X[@n, bn] :sup/F' X X[an, bn]

neN neN
(by B.Levi’s theorem)
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bn
:sup/ F' < Var/(f).

neN

n

224J The next result is not needed in this chapter, but is one of the most useful properties of functions
of bounded variation, and will be used repeatedly in Chapter 28.

Proposition Let f, g be real-valued functions defined on subsets of R, and suppose that g is integrable
over an interval [a,b], where a < b, and f is of bounded variation on ]a, b[ and defined almost everywhere in
Ja,b[. Then f x g is integrable over [a, b], and

b c
[ £xal < (im | 1f@)]+ Vanau(£) s | [ gl

rz€dom f,xTb c€la,b]

proof (a) By 224F, | = limgcdom f,o16 f(2) is defined. Write M = |I| + Varjq((f). Note that if y is any
point of dom f Na,b],

W < 1f @)+ 1f(z) = fW)] < |f(@)] + Varjap (f) = M

as z T bin dom f, so | f(y)] < M. Moreover, f is measurable on ]a, b, because there are bounded monotonic
functions f1, f2 : R = R such that f = f; — f2 everywhere in |a,b[ N dom f. So f x g is measurable and
dominated by M|g|, and is integrable over ]a, b[ or [a, b].

(b) For n € N, k < 2" set apr = a+27"k(b— a), and for 1 < k < 2™ choose z,; € dom f N]an k-1, Gnk]-
Define f, : ]a,b] — R by setting f,(z) = f(zn) if 1 < k < 2" and x € Jap k—1,0nk]. Then f(z) =
lim;, 00 frn(x) whenever & € Ja,b[ N dom f and f is continuous at x, which must be almost everywhere
(224H). Note next that all the f,, are measurable, and that they are uniformly bounded, in modulus, by M.
So {fn x g : n € N} is dominated by the integrable function M|g|, and Lebesgue’s Dominated Convergence
Theorem tells us that

f;fxg:hmnﬁoofabfn X g.

(c) Fix n € N for the moment. Set K = sup.c(, 4| [; gl (Note that K is finite because ¢ — [*g is
continuous.) Then

b 2" Ank
o X g| = faXg
|/a | |; An k—1 |
2" ank An k—1
= F(xne)( - )
|§ Tnk /a 9 /a 9 ‘
2" —1 Ank b
|3 (Faa) = f@nas)) [ g+ fanz) [ o

k=1
2" —1

b Ank
< |f(@n2n) 9|+ f(@n 1) = f@nk) g
enall [ ol + 3 nsr) = szl [
< (|f($n’2n)| + Vaf]a’b[(f))K — MK
as n — 00.
(d) Now

b . b
[ Fxgl=lim, oo | [ fn x 9] < MK,

as required.
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224K Complex-valued functions So far I have taken all functions to be real-valued. This is adequate
for the needs of the present chapter, but in Chapter 28 we shall need to look at complex-valued functions of
bounded variation, and I should perhaps spell out the (elementary) adaptations involved in the extension
to the complex case.

(a) Let D be a subset of R and f a complex-valued function. The variation of f on D, Varp(f), is zero
if DNdom f = (), and otherwise is
sup{z:?:1 |f(aj) — flaj—1)] 1 a0 <a1 <...<a,in DNdom f},

allowing oco. If Varp(f) is finite, we say that f is of bounded variation on D.

(b) Just as in the real case, a complex-valued function of bounded variation must be bounded, and

Varp(f + g) < Varp(f) + Varp(g),
Varp(cf) = |e| Varp(f),

Varp(f) > Varpn)—ce,o] (f) + Varpaje, oo (f)
for every = € R, with equality if x € D Ndom f,
Varp(f) < Varp/(f) whenever D C D’;

the arguments of 224C go through unchanged.

(c) A complex-valued function is of bounded variation iff its real and imaginary parts are both of bounded
variation (because

max(Varp(Re f), Varp(Zm f)) < Varp(f) < Varp(Re f) + Varp(Zm f).)

So a complex-valued function f is of bounded variation on D iff there are bounded non-decreasing functions

fisooo, fa: R = Rsuch that f = f1 — fo+ifs —ify on D (224D).

(d) Let f be a complex-valued function and D any subset of R. If f is of bounded variation on D, then
limg o Varpnjq,21(f) = limgta Varpapz,q(f) =0
for every a € R, and
limg oo Varpaj—oo,q) (f) = limy 00 Varpaja,eof(f) = 0.
(Apply 224E to the real and imaginary parts of f.)
(e) Let f be a complex-valued function of bounded variation on [a,b], where a < b. If dom f meets every

interval |a,a + d] with 6 > 0, then lim;cdom ¢} f(t) is defined in C. If dom f meets [b — §, b for every 6 > 0,
then limyedom f,i45 f(t) is defined in C. (Apply 224F to the real and imaginary parts of f.)

(f) Let f, g be complex functions and D a subset of R. If f and g are of bounded variation on D, so is
f xg. (For f x g is expressible as a linear combination of the four products Re f X Reg,... ,Zm f X Zmg,
to each of which we can apply 224G.)

(g) Let I C R be an interval, and f : I — C a function of bounded variation. Then f is differentiable
almost everywhere in I, and [ |f’| < Varz(f). (As 2241.)

(h) Let f and g be complex-valued functions defined on subsets of R, and suppose that g is integrable
over an interval [a, b], where a < b, and f is of bounded variation on ]a, b and defined almost everywhere in
Ja,b[. Then f x g is integrable over [a, b], and

b c
| / fxgl < ( dim |f(@)] + Varu(f)) sup | / q

z€dom f,xz1b c€la,b]

(The argument of 224J applies virtually unchanged.)
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. . o1 .
224X Basic exercises >(a) Set f(z) = z? sin — for z # 0, f(0) = 0. Show that f : R — R is

differentiable everywhere and uniformly continuous, but is not of bounded variation on any non-trivial
interval containing 0.

(b) Give an example of a non-negative function g : [0,1] — [0,1], of bounded variation, such that /g is
not of bounded variation.

(c) Show that if f is any real-valued function defined on a subset of R, there is a function f:R >R,
extending f, such that Var f = Var f. Under what circumstances is f unique?

(d) Let f: D — R be a function of bounded variation, where D C R is a non-empty set. Show that if
infyep |f(z)| > 0 then 1/f is of bounded variation.

(e) Let f:[a,b] = R be a continuous function, where a < b in R. Show that if ¢ < Var f then there is a
§ > Osuch that .- | |f(a;)—f(a;—1)| > ¢ whenever a = ag < ay < ... <a, =band maxi<;<, a;—a;—1 < 0.

(f) Let (fn)nen be a sequence of real functions, and set f(x) = lim,_ fn(x) whenever the limit is
defined. Show that Var f < liminf, .., Var f,.

(g) Let f be a real-valued function which is integrable over an interval [a,b] C R. Set F(z) = [ f for

x € [a,b]. Show that Var F' = f; |f|. (Hint: start by checking that Var F' < [ |f|; for the reverse inequality,
consider the case f > 0 first.)

(h) Show that if f is a real-valued function defined on a non-empty set D C R, then
Var f = sup{|>;_,(=1)*(f(a;) — f(ai—1))] 1 ap < a1 <...<a, in D}.

(i) Let f be a real-valued function which is integrable over a bounded interval [a,b] C R. Show that

b n i a;
fa | :sup{|z:i:1(—1)'faii1 fl:a=ay<a; <ax <...<a,="hb}
(Hint: put 224Xg and 224Xh together.)
(j) Let f and g be real-valued functions defined on subsets of R, and suppose that g is integrable over an

interval [a, b], where a < b, and f is of bounded variation on ]a, b[ and defined almost everywhere in ]a, b].
Show that

b , b
|fa fx gl < (limgedom f,24a | f(2)] + Varyq p((f)) SuPeepa ) |fc gl

(k) Suppose that D C R and f : D — R is a function. Show that f is expressible as a difference of
non-decreasing functions iff Varpna,p)(f) is finite whenever a < b in D.

(1) Suppose that D C R and that f : D — R is a continuous function of bounded variation. Show that f
is expressible as the difference of two continuous non-decreasing functions.

(m) Suppose that D C R and that f : D — R is a function of bounded variation which is continuous
on the right, that is, whenever z € D and € > 0 there is a 6 > 0 such that |f(t) — f(z)| < e for every
t € DN [z,z+ J]. Show that f is expressible as the difference of two non-decreasing functions which are
continuous on the right.

224Y Further exercises (a) Show that if f is any complex-valued function defined on a subset of R,
there is a function f : R — C, extending f, such that Var f = Var f. Under what circumstances is f unique?

(b) Let D be any non-empty subset of R, and let V be the space of functions f : D — R of bounded
variation. For f € V set

1£1l = sup{f (to)| + 3232y [£ () = f(tia)| 10 < ... < tn € D}

Show that (i) || || is a norm on V (ii) V is complete under || || (iii) ||f % g|| < || f]lllg]| for all f, g € V, so that
V is a Banach algebra.
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26 The Fundamental Theorem of Calculus 224Yc

(c) Let f : R — R be a function of bounded variation. Show that there is a sequence (f,)nen of
differentiable functions such that lim, o fn(z) = f(z) for every z € R, lim, o [|fn — f] = 0, and
Var(f,) < Var(f) for every n € N. (Hint: start with non-decreasing f.)

(d) For any partially ordered set X and any function f : X — R, say that Varx(f) = 0if X = 0 and
otherwise

Varx (f) = sup{> ., |f(a;) — f(ai—1)| : ag,a1,... ,an € X, a0 < a1 < ... <ap}.

State and prove results in this framework generalizing 224D and 224Yb. (Hints: f will be ‘non-decreasing’
it f(x) < f(y) whenever z < y; interpret |—oo, x| as {y : y < z}.)

(e) Let (X,p) be a metric space and f : [a,b] — X a function, where a < b in R. Set Vary, ;(f) =
sup{> 1, p(f(ai), f(ai-1)) : a < ag < ... < an < b}. (i) Show that Vary, 4 (f) = Var, ¢ (f) + Vary ) (f)
for every ¢ € [a,b]. (ii) Show that if Vary, ;(f) is finite then f is continuous at all but countably many
points of [a,b]. (iii) Show that if X is complete and Varp,)(f) < oo then limy, f(t) is defined for every
x € ]a,b]. (iv) Show that if X is complete then Varp,y)(f) is finite iff f is expressible as a composition gh,
where h : [a,b] — R is non-decreasing and g : R — X is 1-Lipschitz, that is, p(g(c), g(d)) < |c — d| for all ¢,
deR.

(f) Let U be a normed space and a < b in R. For functions f : [a,b] — U define Vary;(f) as
in 224Ye, using the standard metric p(z,y) = |z — y|| for #, y € U. (i) Show that Vary, ;(f +g) <
Var, 5 (f) + Varp,p)(g), Varpp(cf) = || Vary, 5 (f) for all f, g :[a,b] — U and all ¢ € R. (ii) Show that if
V' is another normed space and 7" : U — V' is a bounded linear operator then Vary, ;(T'f) < || T'|| Var(qy (f)
for every f:[a,b] = U.

(g) Let f:[0,1] — R be a continuous function. For y € R set h(y) = #(f~1[{y}]) if this is finite, co
otherwise. Show that (if we allow co as a value of the integral) Vary ,(f) = | h. (Hint: for n € N, i < 2"
set cp; = sup{f(z) — f(y) : z,y € 274,27 (i + D]}, hni(y) = 1 if y € f[[2774,27"(i + 1)[], O otherwise.
Show that ¢,; = [ By, limy, oo Zflal Cni = Var f, lim,, Zf;al hni = h.) (See also 226Yc.)

(h) Let v be any Lebesgue-Stieltjes measure on R, I C R an interval (which may be either open or closed,
bounded or unbounded), and D C I a non-empty set. Let V be the space of functions of bounded variation
from D to R, and || || the norm of 224Yb on V. Let g : D — R be a function such that f[a pnp 9 dv exists

whenever a < bin I, and K = sup,, jes < | f[a pjnp 9 dv|. Show that | [ fxgdv| < K| f]|| for every f € V.

(i) Explain how to apply 224Yh with D = N to obtain Abel’s theorem that the product of a monotonic
sequence converging to 0 with a series which has bounded partial sums is summable.

(j) Suppose that I C R is an interval, and that (A, )nen is a sequence of sets covering I. Let f: T — R
be continuous. Show that Var f < Y7 Vary, f. (Hint: reduce to the case of closed sets A, ; use Baire’s
theorem (4A2Ma).)

(k) Let f : D — R be a function, where D C R. Show that the following are equiveridical: («)
lim;, 00 f(¢r) is defined for every montonic sequence (t,)nen in D; (8) for every e > 0 there is a function
g : D — R of bounded variation such that |f(t) — g(t)| < € for every ¢t € D.

224 Notes and comments I have taken the ideas above rather farther than we need immediately; for the
present chapter, it is enough to consider the case in which D = dom f = [a, b] for some interval [a,b] C R.
The extension to functions with irregular domains will be useful in Chapter 28, and the extension to irregular
sets D, while not important to us here, is of some interest — for instance, taking D = N, we obtain the notion
of ‘sequence of bounded variation’, which is surely relevant to problems of convergence and summability.
The central result of the section is of course the fact that a function of bounded variation can be expressed
as the difference of monotonic functions (224D); indeed, one of the objects of the concept is to characterize
the linear span of the monotonic functions. Nearly everything else here can be derived as easy consequences
of this, as in 224E-224G. In 2241 and 224Xg we go a little deeper, and indeed some measure theory appears;
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225C Absolutely continuous functions 27

this is where the ideas here begin to connect with the real business of this chapter, to be continued in the
next section. Another result which is easy enough in itself, but contains the germs of important ideas, is
224Y¢g.

In 224YDb I mention a natural development in functional analysis, and in 224Yd-224Yf I suggest further
wide-ranging generalizations.

Version of 16.8.15

225 Absolutely continuous functions

We are now ready for a full characterization of the functions that can appear as indefinite integrals
(225E, 225Xf). The essential idea is that of ‘absolute continuity’ (225B). In the second half of the section
(225G-225N) T describe some of the relationships between this concept and those we have already seen.

225A Absolute continuity of the indefinite integral I begin with an easy fundamental result from
general measure theory.

Theorem Let (X, 3, 1) be any measure space and f an integrable real-valued function defined on a coneg-
ligible subset of X. Then for any € > 0 there are a measurable set E of finite measure and a real number
6 > 0 such that [}, |f| < e whenever F € ¥ and pu(FNE) <4.

proof There is a non-decreasing sequence (g,)nen of non-negative simple functions such that |f| =,.e.
lim;, o0 gn and [ |f| = lim, o0 [ gn. Take n € N such that [g, > [|f| — 2e. Let M > 0, E € ¥ be such
that uF < oo and g, < MxE;set § =¢/2M. If F € ¥ and pu(F N E) <4, then

1
Jo9n= [ gnx XF < Mu(FNE) < 3¢

consequently

Jelfl = [on+ [o1fl —gn <se+ [1fl—gn <e.

225B Absolutely continuous functions on R: Definition If [a,d] is a non-empty closed interval in
R and f : [a,b] — R is a function, we say that f is absolutely continuous if for every ¢ > 0 there is
a 0 > 0 such that Z?:1|f(bi) — f(a;)| < € whenever a < a; < by <ag <by<...<a, <b, <band
Z?:l bl — a; S 0.

Remark The phrase ‘absolutely continuous’ is used in various senses in measure theory, closely related (if
you look at them in the right way) but not identical; you will need to keep the context of each definition in
clear focus.

225C Proposition Let [a, ] be a non-empty closed interval in R.

(a) If f : [a,b] — R is absolutely continuous, it is uniformly continuous.

(b) If f : [a,b] — R is absolutely continuous it is of bounded variation on [a, b], so is differentiable almost
everywhere in [a, b], and its derivative is integrable over [a, b].

(¢) If f, g : [a,b] — R are absolutely continuous, so are f + g and cf, for every ¢ € R.

(d) If f, g : [a,b] — R are absolutely continuous so is f X g.

(e) If g : [a,b] — [c,d] and f : [c,d] — R are absolutely continuous, and ¢ is non-decreasing, then the
composition fg: [a,b] — R is absolutely continuous.

proof (a) Let € > 0. Then there is a § > 0 such that >_. ;| f(b;) — f(a;)| < € whenever a < a; < b < ap <
by <...<a, <b,<band ) b —a; <d; but of course now |f(y) — f(z)| < e whenever z, y € [a,b] and
|x —y| < d. As € is arbitrary, f is uniformly continuous.

(b) Let 6 > 0 be such that >, |f(b;) — f(a;)| <1 whenever a < a; <b; <as <by<...<a, <b,<b
and Y7 bi—a; <60. lfa<c=co<er <... <y <d<min(b,c+96), then Y71 |f(es) — f(eim1)| < 1, s0

(© 1996 D. H. Fremlin
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28 The Fundamental Theorem of Calculus 225C

Var. q(f) < 1; accordingly (inducing on k, using 224Cc for the inductive step) Var(, min(a+ks0)(f) < k for
every k, and

Var(q)(f) < [(b—a)/d] < oo
It follows that f’ is integrable, by 2241.
(c)(i) Let € > 0. Then there are 41, d2 > 0 such that

S f(be) — flai)| < ge

whenever @ <a; <b; <ay<by<...<a, <b, <band Y | b —a; <4,

i lg(b:) — glan)] < 5

whenever a < a; <b; <apy <by<...<a, <b,<band > . b —a; <d. Set §=min(d;,d2) > 0, and
suppose that a < a; <b; <as <by <...<a, <b, <band Y, b, —a; <J. Then

Yim (4 9)0) = (f +9)(ai)] < iy [(bi) = flai)| + 3252y l9(bi) — g(ai)| < e

As € is arbitrary, f + ¢ is absolutely continuous.

(ii) Let € > 0. Then there is a 6 > 0 such that
Z?:l ‘f(b ) (al) — 1—:‘6‘
whenever a < a1 <b; <ay <by <...<a, <b, <band Zi:l b; —a; < 8. Now

it (ef)(bi) = (ef)(as)] < €
whenever a < a1 < by <ays <by < ...<a, <b, <band Z?Zl b; —a; < 9. As e is arbitrary, cf is
absolutely continuous.

(d) By either (a) or (b), f and g are bounded; set M = sup ¢, |f(2)|, M’ = sup,ejq 4 l9(2)]. Let
€ > 0. Then there are 1, d > 0 such that
Yo 1f(b) = fla;)] < € whenever a < a3 < by < ag < by < ... <a, <b, <band
Ez 1 b; —a; <41,
Yo lg(bi) — g(ai)] < € whenever a < a3 < by < az < by < ...
Zz 1 b — a; < (52
Set § = min(dy,d2) > 0 and suppose that a <a; <b; <...<b, <band >, b; —a; <. Then

< b, < b and

IN
S
=

Z | f(bi flai)g(as)| = Z| (ai))g(bi) + f(ai)(g(b:) — g(a:))|
< Z |f(bi) = flai)llg(bi)| + [ f (ai)llg(bi) — g(ai)|

<Z|f flai)|M' + Mlg(b;) — g(as)|

< EM/ + Me=e(M+ M").
As € is arbitrary, f X g is absolutely continuous.
(e) Let € > 0. Then there is a § > 0 such that >, |f(d;) — f(¢;)] < € whenever ¢ < ¢ <dy < ... <
en <dp < dand Y, d;i —¢; <8 and there is an n > 0 such that > ., [g(b;) — g(a;)| < § whenever
a<a <b §...§an§bn§band2?:1 —a; <. Nowsupposethata<a1 <bh <...<aq,<

b, < band Y I, b —a; < 1. Because g is non-decreasing, we have ¢ < g(a;) < ... < g(b,) < d and
Yo g(bi) —gla;) < 8,80 >0 | f(g(b;)) — f(9(ai))] < € as € is arbitrary, fg is absolutely continuous.

225D Lemma Let [a, b] be a non-empty closed interval in R and f : [a,b] — R an absolutely continuous
function which has zero derivative almost everywhere in [a,b]. Then f is constant on [a, b].
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225E Absolutely continuous functions 29

proof Let z € [a,b], € > 0. Let § > 0 be such that Z?zl |f(b;) — f(a;)| < € whenever a < a; < by <ag <
by <...<a, <b, <band Z?zlbifai <. Set A={t:a<t<uz f/(t) exists = 0}; then pA = x — q,
writing p for Lebesgue measure. Let Z be the set of non-empty non-singleton closed intervals [c,d] C [a, ]
such that |f(d) — f(c)| < e(d — ¢); then every member of A belongs to arbitrarily short members of Z. By
Vitali’s theorem (221A), there is a countable disjoint family Zo C Z such that u(A\ |JZy) = 0, that is,

r—a=puUZo) => ez, 1l
Now there is a finite Z; C Z; such that
WUT) = Sypeg, i > —a—6.

If 7y = 0, then z < a+ 0 and |f(z) — f(a)] < e. Otherwise, express Z; as {[co,do], - ,[cn,dn]}, where
a<c<dy<ca<di <...<ep<d, <z. Then

(co—a)+ 320 (ci — dica) + (@ — dn) = p([a, 2] \UT1) <,
o

[f(eo) = fla)| + 32311 [f(e) = fdima)| + [ f (@) — f(dn)| <.
On the other hand, |f(d;) — f(¢)| < e(d; — ¢;) for each i, so

Dico lf(di) = fle)l < 3o di — i < e(x — a).

Putting these together,

|f(z) = fa)] < [f(co) = fla)l + | f(do) — flco)l + [f(er) — f(do)| + ..

= |f(co) = f(a)| + Z |f(ci) = f(di-1)]

n

1 f (@) = fldn) + D> 1f(di) = f(ei)

i=0
<etelx—a)=€¢l+z—a).

As € is arbitrary, f(z) = f(a). As x is arbitrary, f is constant.

225E Theorem Let [a, )] be a non-empty closed interval in R and F : [a,b] — R a function. Then the
following are equiveridical:

(i) there is an integrable real-valued function f such that F(z) = F(a) + [ f for every z € [a,b];

(ii) [¥ F exists and is equal to F(x) — F(a) for every x € [a, b];

(iii) F is absolutely continuous.

Remark Here, and for the rest of the section (except in 2250a), integrals will be taken with respect to
Lebesgue measure on R.

proof (i)=-(iii) Assume (i). Let € > 0. By 225A, there is a 0 > 0 such that [}, |f] < e whenever H C [a, )]
and pH < §, writing p for Lebesgue measure as usual. Now suppose that a < a1 < b; <ag <by < ... <
an <b, <band >, b; —a; <4. Consider H = U1§i§n [ai, b;[. Then pH < § and

S 1F0:) — Fla) = Sy iy /1S S [, 1= [ulfl <
As € is arbitrary, F' is absolutely continuous.

(iii)=(ii) If F is absolutely continuous, then it is of bounded variation (225Cb), so fab F’ exists (224I).
Set G(z) = [ F' for z € [a,b]; then G’ =, F' (222E) and G is absolutely continuous (by (i)=-(iii) just
proved). Accordingly G — F' is absolutely continuous (225Cc) and is differentiable, with zero derivative,
almost everywhere. It follows that G — F' must be constant (225D). But as G(a) = 0, G = F — F(a); just
as required by (ii).

(ii)=(i) is trivial.
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225F Integration by parts As an application of this result, I give a justification of a familiar formula.

Theorem Let f be a real-valued function which is integrable over an interval [a,b] C R, and ¢ : [a,b] — R
an absolutely continuous function. Suppose that F is an indefinite integral of f, so that F(z) — F(a) = [ f
for & € [a,b]. Then

[V 1 x g=F®)gb) - Fla)gla) - ['Fxg'.

proof Set h = F'xg. Because F is absolutely continuous (225E), so is h (225Cd). Consequently h(b)—h(a) =
f; R, by (iii)=(ii) of 225E. But i’ = F' x g+ F x ¢’ wherever F’ and ¢’ are defined, which is almost
everywhere, and F' =, f, by 222E again; so b’ =,.. f X g+ F x ¢’. Finally, g and F are continuous,
therefore measurable, and bounded, while f and ¢’ are integrable (using 225E yet again), so f x g and F X ¢’
are integrable, and

F(b)g(b) - Fla)g(a) = h(v) — h(a) = [0 = [/ fx g+ [[ Fx g,

as required.

225G I come now to a group of results at a rather deeper level than most of the work of this chapter,
being closer to the ideas of Chapter 26.

Proposition Let [a,b] be a non-empty closed interval in R and f : [a,b] — R an absolutely continuous
function.

(a) f[A] is negligible for every negligible set A C R.

(b) f[E] is measurable for every measurable set E C R.

proof (a) Let € > 0. Then there is a § > 0 such that Y ., |f(b;) — f(a;)| < € whenever a < a3 <by... <
an < b, <band Y. | b, —a; < 8. Now there is a sequence (Ij)ren of closed intervals, covering A, with
> reo il < 6. For each m € N, let F,, be [a,b] N Uy<,, Ie- Then uf[F,] < e. P F, must be expressible
as UKn[ci,di] where n <manda <cy <dyp <...<c¢, <d, <b. For each i < n choose x;, y; such that
¢ <y, y; < d; and
f(@i) = mingepe, a1 f(2),  f(yi) = maxeepe, a, f(2);
such exist because f is continuous (225Ca), so is bounded and attains its bounds on [c;,d;]. Set a; =
min(x;,y;), by = max(x;,y;), so that ¢; < a; < b; < d;. Then
Yo bi —ai <30 o di — ¢ = pFn < p(Ugen Ik) <6,

SO

But (f[Fin])men is a non-decreasing sequence covering f[A], so
1 fIA] < (Upen f1Em]) = suppen pf [Fin] < €.
As e is arbitrary, f[A] is negligible, as claimed.
(b) By 134FD, there is a sequence (F,)nen of closed subsets of E N [a,b] such that lim, . puF, =
w(E N a,b]). For each n, F,, is closed and bounded, therefore compact (2A2F); as f is continuous, f[F,]

is compact (2A2EDb), therefore closed (2A2F, in the other direction) and measurable (114G). Next, setting
A = ENla,b\,,cn Fn, A is negligible, so f[A] is negligible, by (a) here, therefore measurable. Consequently

fIE) = fIEO[a,0]] = flUnen o U Al = Upen f1Fa] U f1A]

is measurable, as claimed.
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225H Semi-continuous functions In preparation for the last main result of this section, I give a
general result concerning measurable real-valued functions on subsets of R. It will be convenient here, for
once, to consider functions taking values in [—oo,00]. If D C R", a function g : D — [—00, 0] is lower
semi-continuous if {z : g(x) > u} is an open subset of D (for the subspace topology, see 2A3C) for every
u € [—00,00]. Any lower semi-continuous function is Borel measurable, therefore Lebesgue measurable
(121B-121D). Now we have the following result.

2251 Proposition Suppose that 7 > 1 and that f is a real-valued function, defined on a subset D of R",
which is integrable over D. Then for any € > 0 there is a lower semi-continuous function g : R” — [—00, o0]
such that g(x) > f(z) for every x € D and fD g is defined and not greater than e + fD I

Remarks This is a result of great general importance, so I give it in a fairly general form; but for the
present chapter all we need is the case r = 1, D = [a, b] where a < b.

proof (a) We can enumerate Q as (¢n)nen. By 225A, there is a § > 0 such that [, |f| < i€ whenever
upF < §, where up is the subspace measure on D, so that upF = p*F, the outer Lebesgue measure of F',
for every F' € ¥p, the domain of up (214A-214B). For each n € N, set

9),

_ o—n—1_: €
Op =2 mln(71+2\qn\7
%e and ZZOZO 0, < 9. For each n € N, let F,, C R" be a Lebesgue measurable
> g,} = DN E,, and choose an open set G, 2 E, N B(0,n) such that uG, <
34Fa), writing B(0,n) for the ball {z : ||z|| < n}. For z € R", set

so that Y07 ) ,]qn| <
set such that {z : f(x)
N(En N B(07 n)) + 5” (1

g(x) =sup{q, : x € G, },

allowing —oo as sup () and oo as the supremum of a set with no upper bound in R.
(b) Now check the properties of g.

(i) g is lower semi-continuous. P If u € [—o0, 00|, then

{z:g(x) >u} =U{Gn : ¢n > u}

is a union of open sets, therefore open. Q

(ii) g(x) > f(z) for every x € D. P If z € D and 5 > 0, there is an n € N such that ||z| < n and
f(z) —n<gn < f(x);now z € E, C Gy, s0 g(x) > qn > f(x) —n. As n is arbitrary, g(x) > f(z). Q

(iii) Consider the functions hy, he : D — ]—o00, 00| defined by setting

(@) = |f(@) if e € DA (G \ En).

neN
= 0 for other z € D,

ha@) = 3 lul (G \ ) (@) for every € D.
n=0

Setting F' = J,,en Gn \ En,
pF <3007 0 1(Gr \ Ep) <0,

SO

St = fpnplf1 < ge

by the choice of §. As for hy, we have (by B.Levi’s theorem)

S o) 1
fD ho =320 0 lanlup(D NG\ Fn) < 32070 lan|i(Gn \ Fr) < 3¢

— because this is finite, ha(z) < oo for almost every x € D. Thus [, hy + hy <e.
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(iv) The point is that g < f + hy + he everywhere in D. P Take any x € D. If n € N and z € G,
then either x € F,,, in which case

f(@) + h(z) + ha(z) = f(2) = gn,

or z € G, \ E,, in which case
f(@) + M(z) + ha(z) = f(2) + |F(2)] + lgn] = gn.
Thus
f(@) + h(z) 4+ ha(z) = sup{gn : x € Gn} 2 g(z). Q
So g < f + h1 + hs everywhere in D.
(v) Putting (iii) and (iv) together,
Joas [of+hithe<et [ f,

as required.

225J We need some results on Borel measurable sets and functions which are of independent interest.
Theorem Let D be a subset of R and f : D — R any function. Then
E ={x:2 € D, f is continuous at x}
is relatively Borel measurable in D, and
F ={z:x € D, f is differentiable at z}
is Borel measurable in R; moreover, f’ : F — R is Borel measurable.
proof (a) For k € N set
Gr={la,b[:a,beR, |f(z) — f(y)| <27F for all z, y € DN]a,b[}.

Then Gy = |J G is an open set, so Eg = [, G is a Borel set. But E' = DN Ep, so E is a relatively Borel
subset of D.

(b) (i) I should perhaps say at once that when interpreting the formula f'(z) = limy,_o(f(xz+h)—f(z))/h,
I insist on the restrictive definition

0 = limy, o L@HN=1@)
if
for every € > 0 there is a 6 > 0 such that w is defined and
|f(x+h)—f(a:)
h
So f'(x) can be defined only if there is some § > 0 such that the whole interval [z — §, x + §] lies within the
domain D of f.

(ii) For p, q, ¢ € Q and k € N set

—a| < e whenever 0 < |h] < 4.

H(k.p,a.d)={z:2 € Enlq,d[, |fly) — f(x) — p(y — )| <27 *|y — 2| for every y € ]q,¢[}
if ]¢,¢'[ € D

= () otherwise.

Then H(k,p,q,q¢') = ENlq,¢[NH(k,p,q,¢"). PIfx € ENlq,¢[NH(k,p,q,q) there is a sequence (,)nen
in H(k,p,q,q") converging to z. Because f is continuous at z,

() = (@) = ply = 2)] = lim_|f() = F(@a) = ply — o)

<27% lim 27%|y — 2, | = 27|y — 2
n—oo
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for every y € |q,q'[, so that x € H(k,p,q,q"). Q Consequently H(k,p,q,q") is a Borel set. I There is a
Borel set Ey such that E = Ey N D, by (a), so that if |¢,¢'[ C D then

H(k,p,q.q') = ENlq.q'[NH(k,p,q,q') = Eo N]q.¢'[ N H(k,p,q,q")
is Borel. Otherwise, of course, H(k,p,q,q’) is Borel because it is empty. Q
(iii) Now
F=MyenUpg.qeq (k0 0, q).

P () Suppose x € F, that is, f/(x) is defined; say f’(z) = a. Take any k € N. Then there are p € Q,
§ > 0 such that |p —a] < 27% 1Y and [z — §,2 + 6] C D and |w —al < 27571 whenever 0 <
|h] < &; now take ¢ € QN [z — 4,2, ¢ € QN]z,x + ¢] and see that x € H(k,p,q,q'). As z is arbitrary,
FCMienUpggeoH K pa:q). (B) I 2 € NyenUpg.qgeq H (K P ¢, ¢'), then for each k € N choose py, g,
q). € Qsuchthat z € H(k,pg,qx,q;,). Eh #0, z+h € ]qi, q;,[ then |wfpk| < 27F. But this means,
first, that |p,—p;| < 27427 for every k, [ (since surely there is some h # 0 such that z+h € |qx, ¢, [Na, 4)[),
so that (pr)ren is a Cauchy sequence, with limit a say; and, second, that |w —a| <27% +|a— pyl
whenever h # 0 and x + h € |gk, g},[, so that f’(z) is defined and equal to a. Q

(iv) Because Q is countable, all the unions | H(k,p,q,q') are Borel sets, so F also is.

?,q,q' €Q
(V) Now enumerate Q3 as <(pl7QHq;)>Z€N7 and set H]/CZ = H(kapia qi, q'i) \ U]<z H(k7p]7QJ? q;) for each
k, i € N. Every H;, is Borel measurable, (H},);cn is disjoint, and
Uien Hyi = Uien H(k, pis g3, q7) 2 F

for each k. Note that |f'(z) — p| < 27% whenever x € F'N H(k,p,q,q'), so if we set fi.(x) = p; for every
x € Hj, we shall have a Borel measurable function fi such that |f(z) — fx(x)] < 27% for every x € F.
Accordingly f’ = limy_,o fix[F is Borel measurable.

225K Proposition Let [a,b] be a non-empty closed interval in R, and f : [a,b] — R a function. Set
F ={z: 2 € ]a,b[, f'(x) is defined}. Then f is absolutely continuous iff (i) f is continuous (ii) f’ is
integrable over F' (iii) f[[a,b] \ F] is negligible.
proof (a) Suppose first that f is absolutely continuous. Then f is surely continuous (225Ca) and f’ is
integrable over [a,b], therefore over F' (225E); also [a,b] \ F is negligible, so f[[a,b] \ F] is negligible, by
225G.

(b) So now suppose that f satisfies the conditions. Set f*(x) = |f/(z)| for z € F, 0 for x € [a,b] \ F.
Then f(b) < f(a) + [} f*.

P (i) Because F is a Borel set and f’ is a Borel measurable function (225J), f* is measurable. Let € > 0.
Let G be an open subset of R such that f[[a,b] \ F] C G and puG < € (134Fa again). Let g : R — [0, o0
be a lower semi-continuous function such that f*(x) < g(z) for every x € [a, ] and f(fg < f: f*+ e (2251).
Consider

A={z:a<e<b u((f(a), f(@)]\G) < 2e(z—a)+ [ g},
interpreting [f(a), f(z)] as @ if f(z) < f(a). Then a € A C [a,b], so ¢ = sup A is defined and belongs to
[a,b].

Because f is continuous, the function = — u([f(a), f(2)] \ G) is continuous; also = + 2e(z —a) + [ g is
certainly continuous, so ¢ € A.

(ii) 2 If c € F, so that f*(c) = |f’(c)|, then there is a § > 0 such that

a<c—0<c+d6d<b,

g(x) > g(c) —e > |f'(c)] — € whenever |z —¢| <,

‘L:f(c) _ f’(c)| < € whenever |30 - C| <.

r—cC
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Consider x = ¢+ . Then ¢ < z < b and

(@), 7))\ G) < ul(f(a). F(@]\ C) + |f(x) - £(0)
e(c—a) / ez — o)+ 17O —

<2¢(c—a) / e(x —c) /(g+e)

(because g(t) > |f'(c)| — € whenever ¢ <t < x)

x

—2(e-a)+ [ g,

a

so x € A; but ¢ is supposed to be an upper bound of A. X
Thus ¢ € [a,b] \ F.

(iii) ? Now suppose, if possible, that ¢ < b. We know that f(c) € G, so there is an 1 > 0 such that
[f(c) —n, f(c) + 1] C G; now there is a § > 0 such that |f(z) — f(¢)| < n whenever x € [a,b] and |z — | < 4.
Set = min(c + d,b); then ¢ < x < b and [f(c), f(x)] C G, so

u(lf (@), F@)]\ G) = u([f(a), (@] \G) < 2e(c—a) + [Tg<2e(x—a)+ [ g
and once again x € A, even though =z > sup 4. X
(iv) We conclude that ¢ = b, so that b € A. But this means that

f(0) = fla) < p([f(a), F(O)]) < p(lf(a), FO)\ G) + nG
b b
< 2¢(b —|—/g+e<2e a) + /f*+e+e

e(1+b—a)+ /f

As e is arbitrary, f(b) — f(a) < fa f*, as claimed. Q

(c) Similarly, or applying (b) to —f, f(a) — f(b) < [ f*, so that [f(b) — f(a)| < [ f*.

Of course the argument applies equally to any subinterval of [a,b], so |f(d) — f(c)| < fj f* whenever
a<c<d<b Nowlet € >0. By 225A once more, there is a § > 0 such that fE f* < e whenever E C [a, ]
and pFE < §. Suppose that a < a; <b; <...<a, <b, <band E?Zl b; —a; < 4. Then

n n bi * *
Zi:l |f(bZ) - f(a”L)| S Zi:l fai f = fUi<n[ai1bi] f S €.
So f is absolutely continuous, as claimed.

225L Corollary Let [a,b] be a non-empty closed interval in R. Let f : [a,b] — R be a continuous
function which is differentiable on the open interval ]a, b[. If its derivative f’ is integrable over [a,b], then f

is absolutely continuous, and f(b) f f.

proof f[[a,b]\ F]={f(a), f(b)} is surely negligible, so f is absolutely continuous, by 225K; consequently
b
f) = fla) = [, f', by 225E.

225M Corollary Let [a, b] be a non-empty closed interval in R, and f : [a,b] — R a continuous function.
Then f is absolutely continuous iff it is continuous and of bounded variation and f[A] is negligible for every
negligible A C [a, b].
proof (a) Suppose that f is absolutely continuous. By 225C(a-b) it is continuous and of bounded variation,
and by 225G we have f[A] negligible for every negligible A C [a, b].

(b) So now suppose that f satisfies the conditions. Set F = {z : = € ]a,b[, f'(x) is defined}. By 2241
once more, [a,b] \ F is negligible, so f[[a,b] \ F] is negligible. Moreover, also by 2241, f’ is integrable over
[a,b] or F. So the conditions of 225K are satisfied and f is absolutely continuous.
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225N The Cantor function I should mention the standard example of a continuous function of bounded
variation which is not absolutely continuous. Let C' C [0, 1] be the Cantor set (134G). Recall that the ‘Cantor
function’ is a non-decreasing continuous function f : [0,1] — [0, 1] such that f/(z) is defined and equal to
zero for every x € [0,1]\ C, but f(0) =0 < 1= f(1) (134H). Of course f is of bounded variation and not
absolutely continuous. C' is negligible and f[C] = [0,1] is not. If x € C, then for every n € N there is an
interval of length 37", containing =, on which f increases by 27"; so f cannot be differentiable at x, and
the set F' = dom f’ of 225K is precisely [0,1] \ C, so that f[[0,1]\ F] = [0,1].

2250 Complex-valued functions As usual, I spell out the results above in the forms applicable to
complex-valued functions.

(a) Let (X, X, 1) be any measure space and f an integrable complex-valued function defined on a coneg-
ligible subset of X. Then for any € > 0 there are a measurable set F of finite measure and a real number
6 > 0 such that [, |f| < e whenever F € ¥ and pu(F N E) <4. (Apply 225A to |f].)

(b) If [a,b] is a non-empty closed interval in R and f : [a,b] — C is a function, we say that f is
absolutely continuous if for every € > 0 there is a § > 0 such that > ., |f(b;) — f(a;)| < € whenever
a<a; <b;<ay<by<...<a, <b, <band 2?21 b; — a; < 0. Observe that f is absolutely continuous
iff its real and imaginary parts are both absolutely continuous.

(c) Let [a,b] be a non-empty closed interval in R.
(i) If f : [a,b] — C is absolutely continuous it is of bounded variation on [a,b], so is differentiable
almost everywhere in [a, b], and its derivative is integrable over [a, b].
(ii) If £, g : [a,b] — C are absolutely continuous, so are f + g and (f, for any ¢ € C, and f X g.
(iii) If g : [a,b] — [c,d] is monotonic and absolutely continuous, and f : [¢,d] — C is absolutely
continuous, then fg : [a,b] — C is absolutely continuous.

(d) Let [a,b] be a non-empty closed interval in R and F': [a,b] — C a function. Then the following are
equiveridical:
(i) there is an integrable complex-valued function f such that F(z) = F(a) 4+ [ f for every x € [a, b];
(ii) [ F’ exists and is equal to F(z) — F(a) for every = € [a, b];
(iii) F is absolutely continuous.
(Apply 225E to the real and imaginary parts of F.)

(e) Let f be an integrable complex-valued function on an interval [a,b] C R, and ¢ : [a,b] — C an
absolutely continuous function. Set F(z) = [ f for € [a,b]. Then

b b
[, fxg=F(b)gb)—Fla)gla)— [ Fxg.
(Apply 225F to the real and imaginary parts of f and g.)
(f) Let f be a continuous complex-valued function on a closed interval [a,b] C R, and suppose that f is

differentiable at every point of the open interval ]a,b[, with f’ integrable over [a,b]. Then f is absolutely
continuous. (Apply 225L to the real and imaginary parts of f.)

(g) For a result corresponding to 225M, see 264Yp.

225X Basic exercises (a) Show directly from the definition in 225B (without appealing to 225E) that
any absolutely continuous real-valued function on a closed interval [a,b] is expressible as the difference of
non-decreasing absolutely continuous functions.

(b) Show directly from the definition in 225B and the Mean Value Theorem (without appealing to 225K)
that if a function f is continuous on a closed interval [a, b], differentiable on the open interval ]a, b[, and has
bounded derivative in Ja, b[, then f is absolutely continuous, so that f(z) = f(a)+ [ f' for every z € [a,b).

(c) Show that if f : [a,b] — R is absolutely continuous, then Var f = f: |f'|. (Hint: put 2241 and 225E
together.)
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(d) Let g : R — R be a non-decreasing function which is absolutely continuous on every bounded interval;
let pg be the associated Lebesgue-Stieltjes measure (114Xa), and ¥, its domain. Show that fE g = pgE for
any E € ¥4, if we allow oo as a value of the integral. (Hint: start with intervals E.)

(e) Let g : [a,b] — R be a non- decreasing absolutely continuous function, and f:lgla),g(d)] - R a
continuous function. Show that fg(b) f flg t)dt. (Hint: set F(x f( yf, G = Fg and

consider f G’ (t)dt. See also 263J.)

(f) Suppose that I C R is any non-trivial interval (bounded or unbounded, open, closed or half-open, but
not empty or a singleton), and f : I — R a function. Show that f is absolutely continuous on every closed

bounded subinterval of I iff there is a function g such that f: g = f(b) — f(a) whenever a < b in I, and in
this case g is integrable iff f is of bounded variation on I.

1 lna:

(g) Show that f —
anox for0<z<1)

= Zoo,liz- (Hint: use 225F to find fol z"Inzdr, and recall that - =
n—= n xT

(h)(i) Show that fol tedt is finite for every a > —1. (i) Show that [~ t®e~'dt is ﬁnite for every a € R.
(Hint: show that there is an M such that t* < Me'/? for ¢ > 1.) (iii) Show that I'(a) = [t te~tdt is
defined for every a > 0. (iv) Show that I'(a + 1) = aI'(a) for every a > 0. (v) Show that I'(n+1) =n! for
every n € N.

(T is of course the gamma function.)

(i) Show that if b > 0 then [ ub=le=v/2qy = 20=2/21(4). (Hint: consider f(t) = t(b=2/2e7t,
g(u) = u?/2 in 225Xe.)

(j) Suppose that f, g are lower semi-continuous functions, defined on subsets of R”, and taking values in
]—00,00]. (i) Show that f+g, fAgand fVg are lower semi-continuous, and that af is lower semi-continuous
for every @ > 0. (ii) Show that if f and g are non-negative, then f x g is lower semi-continuous. (iii) Show
that if f is non-negative and ¢ is continuous, then f X g is lower semi-continuous. (iv) Show that if f is
non-decreasing then the composition fg is lower semi-continuous.

(k) Let A be a non-empty family of lower semi-continuous functions defined on subsets of R” and taking
values in [—o0o0,00]. Set g(z) = sup{f(z) : f € A, x € dom f} for x € D = [J;c 4 dom f. Show that g is
lower semi-continuous.

(1) Let f: [a,b] — R be an absolutely continuous function, where a < b. (i) Show that |f]| : [a,b] — R is
absolutely continuous. (ii) Show that gf is absolutely continuous whenever g : f[[a,b]] — R is absolutely
continuous and ¢’ is bounded. (iii) Show that if g : [a, b] — R is absolutely continuous and inf, ¢4 4 [g(2)| > 0
then f/g is absolutely continuous.

(m) Suppose that f : [a,b] — R is continuous, and differentiable at all but countably many points of
[a, b]. Show that f is absolutely continuous iff it is of bounded variation.

(n) Let f:[0,00] —> C be a function which is absolutely continuous on [0, a] for every a € [0, co[ and has
Laplace transform F(s fo e~%% f(z)dx defined on {s: Res > S}. Suppose also that lim, . e~ 5% f(x) =
0. Show that f’ has Laplace transform sF(s) — f(0) defined whenever Res > S. (Hint: show that

—sT __ _[* i —st
fx)esr — £(0) = [ 2 (F(t)e™"")dt

for every z > 0.)

225Y Further exercises (a) Show that the composition of two absolutely continuous functions need
not be absolutely continuous. (Hint: 224XDb.)
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(b) Let f : [a,b] — R be a continuous function, where a < b. Set G = {x : x € ]a,b[, y € ]z, b] such that
f(z) < f(y)}. Show that G is open and is expressible as a disjoint union of intervals ]c, d[ where f(c) < f(d).
Use this to prove 225D without calling on Vitali’s theorem.

(c) Let f : [a,b] = R be a function of bounded variation and v > 0. Show that there is an absolutely
continuous function g : [a,b] — R such that |¢’(z)| < v wherever the derivative is defined and {x : = €
[a,b], f(z) # g(x)} has measure at most %Var f- (Hint: reduce to the case of non-decreasing f. Apply
225YDb to the function 2 — f(z) — ya and show that yuG < Var f. Set g(z) = f(z) for z € ]a,b[\ G.)

(d) Let f: R — R be a function which is absolutely continuous on every bounded interval. Show that
Var f < & Var f' + [ |f].

(e) Let f be a non-negative measurable real-valued function defined on a subset D of R", where r > 1.
Show that for any € > 0 there is a lower semi-continuous function g : R” — [—00, o0] such that g(z) > f(z)
for every z € D and [, g— f <e

. Show that

(f) Let f be a measurable real-valued function defined on a subset D of R", where 1
f(z) for every

r
for any € > 0 there is a lower semi-continuous function g : R"” — [—00, 00| such that g(x)
x€Dand p{z:x e D, g(x) > f(x)} <e (Hint: 134Yd, 134FDb.)

>
2

(g)(i) Show that if f is a Lebesgue measurable real function then all its Dini derivates are Lebesgue
measurable. (ii) Show that if f is a Borel measurable real function then all its Dini derivates are Borel
measurable.

225 Notes and comments There is a good deal more to say about absolutely continuous functions; I
will return to the topic in the next section and in Chapter 26. I shall rarely make direct use of the results
from 225H on in their full strengths, but it seems to me that this kind of investigation is necessary for any
clear picture of the relationships between such concepts as absolute continuity and bounded variation. Of
course, in order to apply these results, we do need a store of simple kinds of absolutely continuous function,
differentiable functions with bounded derivative forming the most important class (225Xb). A larger family
of the same kind is the class of ‘Lipschitz’ functions (262Bc).

The definition of ‘absolutely continuous function’ is ordinarily set out for closed bounded intervals, as in
225B. The point is that for other intervals the simplest generalizations of this formulation do not seem quite
appropriate. In 225Xf I try to suggest the kind of demands one might make on functions defined on other
types of interval.

I should remark that the real prize is still not quite within our grasp. I have been able to give a
reasonably satisfactory formulation of simple integration by parts (225F), at least for bounded intervals —
a further limiting process is necessary to deal with unbounded intervals. But a companion method from
advanced calculus, integration by substitution, remains elusive. The best I think we can do at this point is
225Xe, which insists on a continuous integrand f. It is the case that the result is valid for general integrable
f, but there are some further subtleties to be mastered on the way; the necessary ideas are given in the
much more general results 235A and 263D below, and applied to the one-dimensional case in 263J.

On the way to the characterization of absolutely continuous functions in 225K, I find myself calling on one
of the fundamental relationships between Lebesgue measure and the topology of R” (2251). The technique
here can be adapted to give many variations of the result; see 225Ye-225Yf. If you have not seen semi-
continuous functions before, 225Xj-225Xk give a partial idea of their properties. In 225J I give a fragment
of ‘descriptive set theory’, the study of the kinds of set which can arise from the formulae of analysis. These
ideas too will re-surface elsewhere (compare 225Yg and also the proof of 262M below) and will be of great
importance in Volumes 4 and 5.
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226 The Lebesgue decomposition of a function of bounded variation

I end this chapter with some notes on a method of analysing a general function of bounded variation
which may help to give a picture of what such functions can be, though (apart from 226A) it is hardly
needed in this volume.

226A Sums over arbitrary index sets To get a full picture of this fragment of real analysis, a bit
of preparation will be helpful. This concerns the notion of a sum over an arbitrary index set, which I have
rather been skirting around so far.

(a) If I is any set and (a;);cs any family in [0, co], we set
> ier @i = sup{) ;. a; - K is a finite subset of I},
with the convention that ), ;a; = 0. (See 112Bd, 222Ba.) For general a; € [-00, o], we can set

_ + -
Zie[ a; = Zie[ a; — Zie[ a;
if this is defined in [—o0, 00], that is, at least one of Zie[ a;", Zie] a; is finite, where a™ = max(a, 0) and
a” = max(—a,0) for each a. If )7, a; is defined and finite, we say that (a;);c; is summable.

(b) Since this is a book on measure theory, I will immediately describe the relationship between this
kind of summability and an appropriate notion of integration. For any set I, we have the corresponding
‘counting measure’ p on I (112Bd). Every subset of I is measurable, so every family (a;);er of real numbers
is a measurable real-valued function on I. A subset of I has finite measure iff it is finite; so a real-valued
function f on I is ‘simple’ if K = {i: f(i) # 0} is finite. In this case,

f fdp = ZiGK f@) = Zie] f(@)

as defined in part (a). The measure p is semi-finite (211Nc) so a non-negative function f is integrable iff
[f= SUDP, K <0 fK f is finite (213B); but of course this supremum is precisely

sup{>_,c i f(i) : K C I is finite} = 37, ; f(4).

Now a general function f : I — R is integrable iff it is measurable and [ |f|du < oo, that is, iff >, [f(i)| <
00, and in this case

ffdﬂ = ff+dﬂ— ff_dﬂ =2 ier fO)T = ies F()™ = Xies £(0),

writing f*(i) = f(i)T for each i. Thus we have

Zie[ a; = fI a;p(di),

and the standard rules under which we allow oo as the value of an integral (133A, 135F) match well with
the interpretations in (a) above.

(c) Accordingly, and unsurprisingly, the operation of summation is a linear operation on the linear space
of summable families of real numbers.

I observe here that this notion of summability is ‘absolute’; a family (a;);cs is summable iff it is absolutely
summable. This is necessary because it must also be ‘unconditional’; we have no structure on an arbitrary
set I to guide us to take the sum in any particular order. See 226Xa. In particular, I distinguish between
‘> nen @n’, which in this book will always be interpreted as in 226A above, and ‘Y7 ja,’ which (if it

makes a difference) should be interpreted as limy, o >0 an. So, for instance, Y ° (r_ler)l = In2, while

D neN (;i)ln is undefined. Of course Y " (@, = >, oy an Whenever the latter is defined in [—oco, oc].

(d) There is another, and very important, approach to the sum described here. If (a;);cr is an (absolutely)
summable family of real numbers, then for every € > 0 there is a finite X' C I such that >, x |as| < e. B

This is nothing but a special case of 225A; there is a set K with uK < oo such that fl\K la;|n(di) < e, but
(©) 2000 D. H. Fremlin
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fI\K ‘a2|‘LL(dZ) = ZiEI\K |a1| Q

(Of course there are ‘direct’ proofs of this result from the definition in (a), not mentioning measures or
integrals. But I think you will see that they rely on the same idea as that in the proof of 225A.) Consequently,
for any family (a;);cr of real numbers and any s € R, the following are equiveridical:

(1) Xierai =s:
(ii) for every € > 0 there is a finite K C I such that |s — 3, ; a;| < € whenever J is finite and
KCJCl.
P (i)=(ii) Take K such that >, x |ai| < e If K € J C I, then
s = 2ies ail = ‘EiGI\J ai| < ZieI\K la;| <.

(ii)=(i) Let € > 0, and let K C I be as described in (ii). If J C I\ K is any finite set, then set
Jy={i:ieJ a >0}, Jy=J\ Ji. We have

Slail=1 > ai— > ai

ieJ i€eJiUK icJoUK
<|s-— E a;| +|s — E a;| < 2e.
i€J UK i€ UK

As J is arbitrary, >,y x |ai| < 2¢ and

Yierlail <D 0ick lail + 2 < oo
Accordingly 3, a; is well-defined in R. Also

Is = serail <ls—2cxail + |ZieI\K ai| < e+ ZieI\K |a;] < 3e.

As € is arbitrary, ). ; a; = s, as required. Q
In this way, we express ) ;. a; directly as a limit; we could write it as
Dier @i = lmperr 3o i @i,

on the understanding that we look at finite sets K in the right-hand formula.

(e) Yet another approach is through the following fact. If 7, _;|a;| < oo, then for any § > 0 the set
{i : |a;| > 6} is finite, indeed can have at most $ 3, .; |a;| members; consequently
J={ira; #0} = U,enli : lai| > 277}

is countable (1A1F). If J is finite, then of course ), ; a; = >, ; a; reduces to a finite sum. Otherwise, we
can enumerate J as (j,)nen, and we shall have

Doier @i =D iey @i = limy oo ZZ:O ajp, = ZZO:O jy,

(using (d) to reduce the sum . ; a; to a limit of finite sums). Conversely, if (a;);cr is such that there is
a countably infinite J C {i : a; # 0} enumerated as (jn)nen, and if 37 la;, | < oo, then Y7, a; will be

Z’ZO:O ajn °
(f) It will be useful later to have a fragment of general theory. Let I and J be sets and (a;;)icr,jes a
family in [0, 00]. Then
Z(i,j)e]x] QAij = ZiGI(ZjGJ aij) = Zje](ziel aij).

P (i) If 32 jerxs@ij > u, then there is a finite set M C I x J such that 3 -y ai; > u. Now
K={i:(i,j)e M} and L ={j: (4,j) € M} are finite, so

ZZ% 2 ZZ@U > ZZ“Z’J’

i€l jeJ i€K jeJ i€K jeL

(because > ¢ ;aij > > ey aij for every i)
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= Z Q5 > Z Q5 > Uu.

(i) €K XL (id)EM

As u is arbitrary, YD ier @i = g jyerxs @ij- () I D 2cr >0 cyaij > u > 0, there is a non-empty
finite set K C I such that 37, >, ;aij > u. Let € €]0,1] be such that 37, x> . yaij > u+ ¢, and set

§=-———. For each i € K set v; = min(u + 1,3

#(K) aij) —(5; then

jeJ
e+2i€K% = ZieKmin(u+ l,szJaij) > min(qul,ZieK ZjEJaij) > U+ €,

SO Y ick Vi >u. Foreachi € K, v < ZjeJ a;;, so there is a finite L; C J such that ZjeLq; ai; > v;. Set
M ={(i,j) :i € K, j € L;}, so that M is a finite subset of I x .J; then

Z(i,j)e]x] aij = Z(i,j)EM Qij =D ek ZjeLi Wij 2 D ek Vi > U

Aswuisarbitrary, 30 ery s @ij = ;e 2 ey @iy and these two sums are equal. (iii) Similarly, 3, /7.y aij =

ZjeJ Dicr Gij- Q

226B Saltus functions Now we are ready for a special type of function of bounded variation on R.
Suppose that ¢ < b in R.

(a) A (real) saltus function on [a,b] is a function F : [a,b] — R expressible in the form
F(J") = Ete[a,a:[ ut + Ete[a,x] Ut
for z € [a,b], where (u¢)te[a,b], (Vt)tefa,) are real-valued families such that 3,1, o [ue] and 3,0, 4 [ve| are
finite.
(b) For any function F : [a,b] — R we can write
F(zt) =limy, F(y) if € [a,b] and the limit exists,

F(z™) = limyp, F(y) if « € ]a,b] and the limit exists.

(I hope that this will not lead to confusion with the alternative interpretation of 1 as max(x,0).) Observe
that if F' is a saltus function, as defined in (b), with associated families (ut);c[q,p; and (vs)iefq,5), then
ve = F(a), v, = F(z) — F(z™) for € |a,b] and u, = F(a*) — F(z) for x € [a,b]. P Let € > 0. As
remarked in 226Ad, there is a finite K C [a, b] such that

Dtefapi Ul + X icpan i vl S €

Given z € [a, b], let 6 > 0 be such that [z — §, z + ] contains no point of K except perhaps z. In this case,
if max(a,z — ¢) <y < x, we must have

[F(y) = (F(z) —wa)l =] D wt Y vl

tely,z| t€ly,x|
= Z ug| + Z lvg| < e,
t€fa,b[\K tefa,b\ K

while if x < y < min(b, z + J) we shall have

[F(y) = (F(2) +us)l =] Y wet Y v

t€lw,y| t€]z,y]
< D lwl+ Y ml<e
t€la,b[\K t€la,b]\ K

As € is arbitrary, we get F(z7) = F(z) — v, (if 2 > a) and F(z27) = F(z) + u, (if x <b). Q
It follows that F is continuous at x € ]a, b[ iff u, = v, = 0, while F is continuous at a iff u, = 0 and F is
continuous at b iff v, = 0. In particular, {z : x € [a,b], F is not continuous at z} is countable (see 226Ae).
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(c) If F' is a saltus function defined on [a, b], with associated families (u¢)icja,pf and (v)ie(a,p), then F' is
of bounded variation on [a, b], and

Var(q 4 (F) < 3 scanp el + 2ieja [ve]-
Plfa<xz<y<b, then
F(y) = F(z) = ug + >y (we +v1) + vy,
SO
IF(y) = F(@)| < Xpepy vl + 2iepey lvel-
Ifa<ag<a; <...<a, <b, then

SOIF(a) = Flam) <> (>0 Jwl+ > |ul)
P =1

telai—1,ai| t€la;—1,a;]

|ue| + Z |vel.

t€la,b] t€]a,b]

Consequently
Var 5 (F) < 3o el + 2 iepap vl <00 Q

(d) The inequality in (c) is actually an equality. To see this, note first that if a < x < y < b, then
Varp, ,(F) > |ug| + [vy|. P I noted in (b) that u, = lim;, F'(t) — F(z) and v, = F(y) — limsy, F(t). So,
given € > 0, we can find ¢, t2 such that z < t; <t3; < y and

|F(t1) — F(2)] > |ug| —e,  |F(y) — F(t2)] > |vy| — €.
Now
Varp, ,|(F) = |[F(t1) — F(2)| + [F(t2) — F(t)| + [F(y) — F(t2)| = [ua| + |vy| — 2e.

As € is arbitrary, we have the result. Q
Now, given a < tg < t; < ... <t, < b, we must have

Var,, b] ) > Z Vary, 4

(using 224Cc)

n
> Z ‘ut1171| + ‘Uti|'
=1

As tg, ... ,t, are arbitrary,
Varg ) (F) = Zte[mb[ |ue| + Zte]mb] vt

as required.

(e) Because a saltus function is of bounded variation ((c) above), it is differentiable almost everywhere
(2241). In fact its derivative is zero almost everywhere. P Let F' : [a,b] — R be a saltus function, with
associated families (u¢)iciap[, (Ve)tc[a,p)- Let € > 0. Let K C [a,b] be a finite set such that

Ete[a,b[\K |ue] + Zte[a,b]\x lue] <e.
Set
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up =uy if t € [a,b[N K,

0ift € fa, b\ K,

vp = if t € K,
=0ift € [a,b]\ K,

uy = uy — uy for t € [a, b,

vy = v, — vy for t € [a,b].

Let G, H be the saltus functions corresponding to (uj)ic(ap)s (Vi)telab) @a0d (Uf)icla,p (Vf)ie[a,p), SO that
F =G+ H. Then G'(t) = 0 for every ¢t € Ja,b[ \ K, since ]a,b[ \ K comprises a finite number of open
intervals on each of which G is constant. So G’ =0 a.e. and F/ =, . H’. On the other hand,

b
S, [H') < Varge) (H) = Ciepapn el + Xeejapnx 10l <€,
using 2241 and (d) above. So
[hE = [P <

As € is arbitrary, f; |F'| =0 and F’ =0 a.e., as claimed. Q

226C The Lebesgue decomposition of a function of bounded variation Take a, b € R with a < b.

(a) If F : [a,b] — R is non-decreasing, set v, = 0, v; = F(t) — F(t7) for t € |a,b], uy = F(t*) — F(t)
for t € [a,b], defining F(¢tT), F(t7) as in 226Bb. Then all the v;, u; are non-negative, and if a < tg < t; <
... <ty < b, then

S o, 4 vi) = S (B () — F(t)) < F(b) - F(a).
Accordingly Zte[a,b[ u; and Zte[a,b] vy are both finite. Let F, be the corresponding saltus function, as
defined in 226Ba, so that

Fy(z) = F(a®) = F(a) + X iqp0(F(tT) = F(t7)) + F(z) — F(27)
ifa<z<b Ifa<z<y<bthen
Fply) — Fp(x) = Fa™) = F(z) + Y (F(t") = F(t"))+ F(y) — F(y~)
t€]z,yl
< F(y) — F(z)
because if v =ty) <t; < ... <t, <tp+1 =y then

n

F(a®) = F(a) + ) _(F(tF) = F(t7)) + Fy) = F(y)

- n+1
= F(y) - F(z) - Z(F(t{) — F(t{,)) < F(y) - F(a).

Accordingly both F, and F, = F' — F}, are non-decreasing. Also, because
Fy(a) =0 =1,,

F,(t) = F,(t7)=v, = F(t)— F(t™) for t € |a,b],

F,(t") = Fy(t) =uy = F(tT) — F(t) for ¢ € [a,b],

we shall have
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F.(t) = F.(tT) for t € [a, ],

and F, is continuous.
Clearly this expression of F' = F},+ F, as the sum of a saltus function and a continuous function is unique,
except that we can freely add a constant to one if we subtract it from the other.

(b) Still taking F' : [a,b] — R to be non-decreasing, we know that F”’ is integrable (222C); moreover,
F' =, F/, by 226Be. Set F,.(z) = F(a) + [ F’ for each € [a,b]. We have

Fac(y) - Fac(l') = fmy Fc/ < Fc(y) - Fc(.’L‘)

for a < x <y < b (222C again), so F.; = F, — F,. is still non-decreasing; F,. is continuous (225A), so Fis
is continuous; F! . =, F' =a. F. (222E), so F/, =0 a.e.

Again, the expression of F, = F,. + F,s as the sum of an absolutely continuous function and a function
with zero derivative almost everywhere is unique, except for the possibility of moving a constant from one
to the other, because two absolutely continuous functions whose derivatives are equal almost everywhere
must differ by a constant (225D).

(c) Putting all these together: if F' : [a,b] — R is any non-decreasing function, it is expressible as
F, + Fuc + F.s, where F}, is a saltus function, F,. is absolutely continuous, and Fis is continuous and
differentiable, with zero derivative, almost everywhere; all three components are non-decreasing; and the
expression is unique if we say that F,.(a) = F(a) and Fp(a) = Fes(a) = 0.

The Cantor function f : [0,1] — [0,1] (134H) is continuous and f’ = 0 a.e. (134Hb), so fp = fac =0
and f = fos. Setting g(z) = 1(z + f(2)) for z € [0,1], as in 134], we get g,(z) = 0, gac(z) = % and
Ges(z) = %f(x)

(d) Now suppose that F : [a,b] — R is of bounded variation. Then it is expressible as a difference
G — H of non-decreasing functions (224D). So writing F, = G, — H), etc., we can express F' as a sum
F, + Fos + F,c, where F}, is a saltus function, F. is absolutely continuous, F¢, is continuous, F!l, =0 ae.,
Foe(a) = F(a) and Fes(a) = Fp(a) = 0. Under these conditions the expression is unique, because (for
instance) F,(t1) — F,(t) = F(tT) — F(t) for t € [a,b[, while F.. =, (F — Fp) =ac. F'.

This is a Lebesgue decomposition of the function F. (I have to say ‘a’ Lebesgue decomposition because
of course the assignments Fy.(a) = F(a), F,(a) = Fes(a) = 0 are arbitrary.) I will call F), the saltus part
of F.

226D Complex functions The modifications needed to deal with complex functions are elementary.

(a) If I is any set and (a;),es is a family of complex numbers, then the following are equiveridical:
(1) Xojer lag] < oo
(ii) there is an s € C such that for every e > 0 there is a finite K’ C I such that |s—_
whenever J is finite and K C J C I.
In this case

jeJ a;| <e

s = Zjel Re(aj) + iZjeI Im(a;) = fl a;pu(dj),

where y is counting measure on I, and we write s = > ., a;.

(b) If a < b in R, a complex saltus function on [a, b] is a function F : [a,b] — C expressible in the form

F(I) = Zte[a,x[ ut + Zte[a,w] Ut

for x € [a,b], where (u¢)te(a,b], (Vt)tefa,n) are complex-valued families such that 3, ¢, [ue] and 32 ¢, 4 [ve]
are finite; that is, if the real and imaginary parts of F' are saltus functions. In this case F' is continuous
except at countably many points and differentiable, with zero derivative, almost everywhere in [a, b], and

uy = limy), F(t) — F(z) for every z € [a, b],
vy = limy, F(x) — F(t) for every z € ]a, b]
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(apply the results of 226B to the real and imaginary parts of F'). F is of bounded variation, and its variation

1S

Varq ) (F) = Ete[a,b[ |ue| + Zte]a,b] |ve]
(repeat the arguments of 226Bc-d).

(c) If F :[a,b] — C is a function of bounded variation, where a < b in R, it is uniquely expressible as
F = F, + F¢s + Fy, where F), is a saltus function, F,. is absolutely continuous, F¢, is continuous and has
zero derivative almost everywhere, and F,.(a) = F(a), Fp(a) = Fes(a) = 0. (Apply 226C to the real and
imaginary parts of F'.)

226E As an elementary exercise in the language of 226A, I interpolate a version of a theorem of B.Levi
which is sometimes useful.

Proposition Let (X, X, ) be a measure space, I a countable set, and (f;);cr a family of u-integrable real-
or complex-valued functions such that Y, ; [ |fildu is finite. Then f(z) = >, fi(x) is defined almost

everywhere and [ fdu =", ; [ fidp.

proof If I is finite this is elementary. Otherwise, since there must be a bijection between I and N, we
may take it that I = N. Setting g, = > ., |fi| for each n, we have a non-decreasing sequence (gn)nen of
integrable functions such that [ g, <>,y [ | fi] for every n, so that g = sup,,cy gn is integrable, by B.Levi’s
theorem as stated in 123A. In particular, g is finite almost everywhere. Now if x € X is such that g(z) is
defined and finite, > .. ; [fi(z)| < g(z) for every finite J C N, so >, |fi(x)| and ),y fi(z) are defined.
In this case, of course, >,y fi(z) = limy o0 > i fi(x). But |37 o fil <ae. g for each n, so Lebesgue’s
Dominated Convergence Theorem tells us that

f ZieN fi = limy, oo f Z?:() fi =limy 00 Z?zo f fi= ZiEN f fi-

226X Basic exercises >(a) Suppose that I and J are sets and that (a;);cs is a summable family of
real numbers. (i) Show that if f : J — I is injective then (as(;));es is summable. (ii) Show that if g : I — J
is any function, then }-.c; >7;c —1((;}) @ is defined and equal to 3, ; a;.

>(b) A step-function on an interval [a,d] is a function F' such that, for suitable to,... ,t, with a =
tg <...<t, =b, Fis constant on each interval |t;_1,t;[. Show that F : [a,b] — R is a saltus function iff
for every € > 0 there is a step-function G : [a,b] — R such that Varj, ,(F — G) < e.

(c) Let F, G be real-valued functions of bounded variation defined on an interval [a,b] C R. Show that,

in the language of 226C,
(F+G)p=F,+Gp, (F+G).=F.+0G,,

(F + G)cs == ch + Gcsa (F + G)ac = Fac + Gac-

>(d) Let F' be a real-valued function of bounded variation on an interval [a,b] C R. Show that, in the
language of 226C,

Var[aﬁb] (F) = Var[aﬁb] (Fp) + Var[aﬁb] (Fc) = Var[a)b] (Fp) + Var[a’b} (ch) + Var[a,b} (Fac)-

(e) Let F be a real-valued function of bounded variation on an interval [a,b] € R. Show that F is
absolutely continuous iff Varp, p)(F) = f: |[F'|.

(f) Consider the function g of 1341/226Cc. Show that ¢! : [0,1] — [0,1] is differentiable almost
everywhere in [0, 1], and find p{z : (¢7')'(z) < a} for each a € R.

>(g)(i) Show that a continuous bijection f : [0,1] — [0,1] is either strictly increasing or strictly de-
creasing, and that its inverse is continuous. (i) Show that if f : [0,1] — [0,1] is a continuous bijection,
then f/ = 0 a.e. in [0,1] iff there is a conegligible set E C [0, 1] such that f[E] is negligible, and that in
this case f~! has the same property. (iii) Construct a function satisfying the conditions of (ii). (Hint: try
F=>2",2"""1f, where each f, is a variation on the Cantor function.) (iv) Repeat (iii) with f = f~'.
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226Y Further exercises (a) Show that a set I is countable iff there is a summable family (a;);es of
non-zero real numbers.

(b) Explain modifications which might be appropriate in the description of the Lebesgue decomposition
of a function of bounded variation if we wish to consider functions on open or half-open intervals, including
unbounded intervals.

(c) Suppose that F : [a,b] — R is a function of bounded variation, and set h(y) = #(F~'[{y}]) for y € R.
Show that [ h = Var, ;(F.), where F, is the ‘continuous part’ of F' as defined in 226Ca/226Cd.

(d) Suppose that a < b in R, and that F' : [a,b] — R is a function of bounded variation; let F), be its
saltus part. Show that |F(b) — F'(a)| < uF[[a,b]] 4 Var(, ) Fp, where u is Lebesgue measure on R.

226 Notes and comments In 2321 and 232Yh below I will revisit these ideas, linking them to a decom-
position of the Lebesgue-Stieltjes measure corresponding to a non-decreasing real function, and thence to
more general measures. All this work is peripheral to the main concerns of this volume, but I think it is
illuminating, and certainly it is part of the basic knowledge assumed of anyone working in real analysis.
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