Chapter 6

Differentiation of Measures and
Functions

This chapter is concerned with the differentiation theory of Radon measures. In the first
two sections we introduce the Radon measures and discuss two covering theorems, the
main technical tools in differentiation theory. The Vitali’s covering theorem applies to the
Lebesgue measure, while the more sophisticated Besicovitch’s covering theorem applies to
Radon measures. In Section 3 we prove a version of Radon-Nikodym theorem for Radon
measures. It differs from the version in Chapter 5 for now there is a good description of
the Radon-Nikodym derivative. As application we deduce Lebsegue-Besicovitch differen-
tiation theorem in Section 4. Next we study the differentiability properties of functions in
R. First, we show how to relate increasing functions and Radon measures on the real line
in Section 5. In Section 6 the concept of functions of bounded variations and absolutely
continuous functions are recalled. The former is identified to be those integrable functions
whose weak derivatives are signed Radon measures and the latter are those whose weak
derivatives are integrable functions.

6.1 Radon Measures

Recall that Riesz representation theorem asserts that for a positive linear functional A
on the space C.(X) where X is a locally compact Hausdorff space, there exists an Borel
outer measure A satisfying

Af= [ fan

for all f € C.(X). We used to call A the Riesz measure associated to A. Furthermore, A
enjoys the following regularity properties:

(a) A(E) =inf {\G): E CG, G open} for every E C R".

1
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(b) A(E) =sup{\MK): K C E, K compact} for every A-measurable E C R".
Now, an outer measure y in R” is called a Radon measure if

(a) It is Borel regular, that is, for every A C R", there is a Borel set B, A C B, such
that u(A) = u(B), and

(b) it is finite on compact sets.

Given a Borel measure i, we define

AF= [dn fecux).

When g is finite on compact sets, A is a well-defined positive functional on C.(X). By
Riesz representation theorem there is an outer Borel measure A satisfying

/fdA:/fdu, Vf e C.(RM).

For every compact set K sitting inside an open set GG, there exists a continuous function f
compactly supported in GG, equals to 1 in K and bounded between 0 and 1. Plugging such
functions in the relation above and passing limit by Lebsegue’s dominated convergence
theorem, we see that A\ and p coincide on open sets. Consequently, they are the same on
all Borel sets. Now, let A be an arbitrary set in R". By Borel regularity, there is a Borel
set B containing A such that p(B) = pu(A). Therefore,

p(A) = pu(B)
= A(B)
> ANA) .
On the other hand, by the regularity property of the Riesz measure, for every A and
e > 0, there is an open set G containing A such that A\(A) + & > A(G). Therefore,
AMA)+e > MNG)
= @)
> pn(A),

which implies A(A) > p(A). Summing up, we have proved that every Radon measure is
a Riesz measure in R™.

6.2 Covering Theorems

In the following a non-degenerate closed ball means B, (z) = {y € R" : |y — 2| < r for
some x € R™ and r > 0. We will use B to denote a non-degenerate closed ball.
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Theorem 6.1 (Vitali’s Covering Theorem). Let F be a collection of non-degenerate
closed balls whose diameters are bounded uniformly. There exists a countable subcollection
F' of F consisting of disjoint balls such that

Usc U B
f

BeF!

where B is the “5 times” of B.

The “5 times” of B,(x) is Bs,(7). Note that the uniform boundedness condition on
the diameters cannot be removed. Take R and F = {[—a, a] : @ >/}, no such F’ can be
found.

Proof. Assume that all balls in F are confined to a bounded set. For each n > 1, we
decompose F into F,, according to the diameter of the balls: B belongs to F, if and only
if its diameter falls in (27"p, 27" p|, where p is a bound on the diameter of the balls in
F. Since F; is bounded, there is an upper bound on the number of disjoint balls in F;
that can be chosen. Beginning from a single ball, we can add more and more disjoint
balls to obtain a largest collection ] which contains finitely many disjoint balls from F;.
Next we consider F; after excluding those intersect some ball from F;. Repeating the
same reasoning we obtain a maximal finite collection F7, of disjoint balls. In this way F,
are selected for all n > 1. Then

F=JF .

is a subcollection of F consisting of countable, pairwise disjoint balls. Moreover, for any
B € F,, either B intersects some ball in F/ or it intersects some ball from F/ ,m < n—1.
Letting 7 and r; be the respective radii of B and the ball B(z) it intersects, B is contained
in B,, 2.(2). We have

ri+2r < ri+ on 1
< r+2x 2%
< rm+2x 2%
< b5rp.
We conclude that B
B

Y

When F is not confined to a bounded set, we decompose it as a disjoint union

clJB
P

k
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To pick F] we first select a maximal finite collection from Fj ;. Next consider those balls
in Fj o disjoint from this maximal finite collection and pick a maximal finite collection.
By repeating this procedure we end up with a countable, maximal collection of balls from
F called F|. Next we select F, by a similar procedure making sure that the balls now
are disjoint from F/ ;1 < m < n — 1. Then F’, the union of all these F,, satisfies our
requirement. ]

Corollary 6.2. Let A be a set in R™ and F a family of nondegenerate, closed balls with
uniformly bounded diameters that covers A in the following sense: For each x € A, there
1s a sequence of balls centered at x with radii going to 0 from F. For every open set G
containing A, there is a countable subfamily F' consisting of disjoint balls from F such
that

UBca,
=
and

cr (A\QE) =0.

Proof. Assume first that A is bounded. By the outer regularity of the Lebesgue measure,
we can fix an open set G C G containing A such that £"(G;) < (1 +¢0)L"(A) where g
satisfies

1
951+2€0—5—ne(0,1).

Let

Fi={B(x): v €A, Bx)eF, Blx) C G} .

Applying Vitali’s covering theorem, there are pairwise disjoint balls By, k& > 1, from F;
that satisfy
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We have

c <A \ UE)

k

IN
[

3
R
«
—
-
=

= LG~ Y LB

k
< (1+e0)L™(A) — 5%5" (U Bk)
S (e —2)L(A)

We can fix a large m so that
Ln (A\ U Ek) <0L"(A) .
k=1

Next choose an open set G5 C (G; containing

such that
LM(Gy) < (1+¢e0)L"(Ag)

with the same gq specified before. Let

Fo={B(x): €Ay, Bx) € F, Bla)NBy=¢, k=1,---,m, B(x) C G} .

Since U}cnzlgk is closed, every point in A, belongs to some ball in F,. We have
Ay C UE .
Fa

Repeat the argument to (Aj, Gi2) instead of (A,G1) we obtain finitely many pairwise
disjoint balls from F, B,,11,--- , B; such that

cr <A2\ U §k> < 0L (Ay) .

k=m+1
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In other words,
!
Lr (A\ U Ek) < 0°LM(A) .
k=1

Repeating this argument, we come up with a countable, pairwise disjoint balls from F
such that

p
Lr (A \ UE) < liminf £" (A\ U §k>
k k=1

< liminf6?L"(A)

p—0o0

= 0.

In general, for an unbounded A, let
R,={n<|z| <n+1}, An:AﬂRn, n>1,
and Ap = A() B1(0) and apply the previous result to each A,, n > 0. Note that

U{x:|x|:n}ﬂA

is a null set.

O

Vitali’s covering theorem is effective for the Lebesgue measure. Unfortunately, for an
arbitrary Radon measure, there may be no relation between the measure of the “5 times”
of a ball to the measure of the ball. In this case, we need a more powerful covering result.

Theorem 6.3 (Besicovitch’s Covering Theorem). Let F be a collection of nondegen-
erate closed balls whose diameters are uniformly bounded and let A be the set consisting
of the centers of these balls. There exists finitely many subcollections Fi,...,Fn of F in
which each Fj is composed of countably many disjoint balls such that

ACLAJUE.

7=1 .7:j
The number N depends only on the dimension n.

Corollary 6.4. Let p be a Borel measure and A a set in R™ with p(A) < co. Let F a
family of nondegenerate, closed balls with uniformly bounded diameters that covers A in
the following sense: For each x € A, there is a sequence of balls centered at x with radii
going to O from F. For every open set G containing A, there is a countable subfamily F'

from F such that
UE caG,
k
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and

“(A\EJE) —=0.

The proof of Corollary 6.4 is very much like that of Corollary 6.2 where the only
difference is to replace Vitali’s theorem by Besicovitch’s theorem. We refer to [EG] for
the details.

6.3 Radon-Nikodym Derivatives

Let p and v be two Radon measures on R”. We define the lower and upper derivatives of
v with respect to p by

VB
Do) = { T n(Be(e) > 0, ¥ >0
00, (B, (x)) =0, some r > 0.
and
—v(Br)
Dv(x) = 11}_13(1) M(ET; u(Br(z)) >0, Vr >0

00, w(B,(z)) =0, some r > 0.

Here D, v and D,v are functions from R™ to [0, oc].

Lemma 6.5. Let p and v be Radon measures on R"™. For every set A and o € (0,00),

(a) AC {z:D,v(zx) < a} implies that v(A) < au(A).

1

(b) AcC {z:D,v(z) > a} implies that v(A) > au(A).

Proof. We only prove (a). Assume first that A is bounded. For € > 0, we pick an open
G containing A. For each z € A there is a sequence of closed balls B in G centering at
with radius less than 1 and going down to 0 such that v(B) < (a+¢)u(B). The collection
of all these balls from a covering of A. Applying Corollary 6.4 to v, there is a countable

subcollection consisting of disjoint closed balls, Ej,j > 1, such that v(A\ Uj Ej) =0. It
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follows that

IN

(o +e)u(G )

Taking infimum over all G, by the regularity property of u we get v(A) < (a+ )u(A)
which implies the desired result after letting £ go to 0. When A is unbounded, apply the
previous proof to AN B,(0) and then let n go to oo. O

The technique of proof of this lemma is standard and you should understand it well.

Remark 6.1. When p is the Lebsegue measure and v << £", Lemma 6.5 can be proved
by Corollary 6.2 instead of Corollary 6.4. In other words, Besicovitch’s covering theorem
could be replaced by Vitali’s covering theorem in this special case. See exercise.

Theorem 6.6. Let p and v be Radon measures on R™. Then

(i) The Borel set {x : D,v(z) = oo} is p-null.
(ii) The Borel set {x : D,v(x) < Dyv(z) < oo} is p-null.
Note that D, v(z) > D, v(r), Vz, and D,v(x) > 0 from definition.

Proof. For afixed k, {z : |z| <k, D,v(z) = oo} iscontained in {z : |z| < k, D,v(z) > a}
for all @ > 0. By Lemma 6.5(ii),

p({z:|z| <k, Dyw(z)=o00}) < ly ({z:|z| <k, Dyv(z) > a})

IN

which tends to 0 as @ — o0.
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Next, for 0 < @ < 3, let A(e,8) = {z: |z] <k, Dv(z) << <Dyw(x)<oc}.
By Lemma 6.5,
v(Ala, B)) < ap(Ale, ), Bu(Ale, B)) < v(A(a, B))
which forces p(A(a, 5)) = 0. Observing that

{x | <k Quy(x) <Eu”(x) < OO} = UA(oz,B) ;
a,B

which a < 8 run over all rational numbers, we conclude that
p({z:|z| <k, Dw(r)<Dyw(zr)<oco})=0.
O

This theorem shows that Euu = D, v < oo except on a p-measure zero set N where
N =1{JR,

I={z:Dw(zx)=00} , R={x: D, v(r) < D,v(z) < oo} .
To make the derivative well-defined everywhere, we set

Dv(z) =D,v(z), x€R"\ N
= 00, x € N.

Proposition 6.7. Let i and v be Radon measures on R". Then D,v is p-measurable.

Proof. We claim that = ,LL(ET(J?)) is upper semicontinuous. Let x, — x. For a fixed
e > 0, B,(z,) is contained in B,,.(z) for all large n. It follows that

M(Er(xn)) C /‘L(F’I‘-F&('r) )

and
m H’(Er(xn)) S M(§r+a($>) :

n—o0

Now, letting ¢ — 0, by the monotone convergence theorem

Tim pu(B,(2)) < p(B:(2)) .

which means that x — u(B,(z)) is upper semicontinuous. Similarly one can show that

x +— v(B,(x)) is upper semicontinuous. For x € R" \ N, noting that u(B,(z)) > 0 for all
r, we can fix a sequence r, — 0 to get

D,v(z) = lim

Since N is a p-measurable null set where D,,v = 0o, we conclude that D, v is yu-measurable.
O
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We have the following version of Radon-Nikodym theorem. Comparing with the
Radon-Nikodym theorem we proved in Chapter 5, the main difference is that we have
a more concrete description of the Radon-Nikodym derivative here.

Theorem 6.8 (Radon-Nikodym Theorem). Let p and v be Radon measures on R™
satisfying v < . For every u-measurable A,

wm:Aqu

Proof. Assume that A is bounded. We first claim that A is p-measurable implies that A
is v-measurable too. For, as p is a Radon measure, we can find a Borel set (in fact, a
Gs-set) Ay, A C Ay, such that pu(A; \ A) =0. As p> v, v(A; \ A) = 0. Using the fact
that every v-null set is v-measurable, A = A; \ (A; \ A) is v-measurable.

Consider the “exceptional sets”
I:{x:EHV:oo},
Z ={x:D,v =0}, and
R:{JZZQ“V<EHV<OO}.

We know that (1) = p(R) = 0 from Lemma 6.5 and Theorem 6.6 respectively. Although
1(Z) may not vanish, v(Z) = 0 by Lemma 6.5 too.

For a pu-measurable A, let
Apn={z€A:t" < Dw(z) <t"'}, melZ,

where ¢ > 1 is fixed. We have

A\ JAncTuZUR

Therefore,
(0] =0 o - Toian

since v(I) = v(R) = 0 by u(I) = p(R) = 0 and v < u. Note that A and A, are
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p-measurable implies that they are also v-measurable. We have

Letting ¢t | 1,
v(A) < / D,vdpu.
A

On the other hand,

—00

v

1 oo
n Zthz/(Am) (use A, C{z:t" < D,v(r)} and Lemma 6.5.)

1 00
Z;/AmDuydu

1
= ? Dul/dﬂ
UAm

1
:—/Duudu (use A\UAmCIUZURand
tJa ~
/Duydu:/D#ydu:/Duudu:O)
I R z

v(A) > /Dﬂyd,u.
A

Vv

Letting ¢ 11,
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Finally, when A is unbounded, apply the above result to A N B,(0) and then let
n — 00. 0

Remark 6.2. From Remark 6.1 we see that when p is the Lebesgue measure, the proof
of the Radon-Nikodym theorem can be based on Vitali’s covering theorem and is inde-
pendent of Besicovitch’s covering theorem.

In Theorem 6.9, the measure v is absolutely continuous with respect to . More gen-
erally, for two unrelated Radon measures we have

Theorem 6.9. Let p and v be two Radon measures on R™. There exists a Borel set
A* CR™, u(R™\ A*) =0, such that by setting

Vae = V] gs and Ve = VLRn\A* ,

we have vo < pand vy L p. Moreover, D,vs =0 p-a.e. so that D,v = D,v,. p-a.e.

The measures v,. and v, are Radon. Recall that this decomposition is called the
Lebesgue decomposition of v with respect to p. We learnt it in Chapter 5, but here we
give a second proof which contains the additional information D,v, = 0.

Proof. Let
E={ACR": uy(R*"\ A) =0, Ais a Borel set}.

We claim there exists an A* € £ such that
v(A*) <v(A), VAeC&.
For, let Ay € & satisfy
v(Ag) < irgf v(A) + %
and A* = () Ag. Clearly, A* € £ and v(A*) < v(A).

Define v,. and v, as in the theorem. Clearly, v, L pu. To show v,. < u, note that
E=(ENA*)U(E\A"). As v,(E\ A*) = 0 by definition, it suffices to assume that
E C A* and check p(E) = 0 implies that v,.(E) = 0. Suppose on the contrary there is
some F; C A* such that pu(E;) = 0 but v,.(E;) > 0. Find a Borel set E,, Ey C Es, such
that p(Ey) = 0 and vee(E2) = vae(Ey) > 0. The set A*\ Ey € € but

Vae(A™\ E2) = Voe(A”) — vae(E2)
< Vge(AY)
= irglf v(A"),

contradiction holds. Hence v,. < p.
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To show that D,vs = 0 p-ae., let E = {x : D,v; > a} where a > 0 is fixed. By
Lemma 6.5 we have vs(E N A*) > au(E N A*). As vs(A*) = 0, we have u(E N A*) =0,
but then pu(E) = p(E N A*) + p(EN (R™\ A*) =0, that is, D,vs = 0 p-a.e.. It follows
that D,v = D, V4 + D,vs = D,ve. = 0 p-ae.. ]

6.4 Lebesgue Points

Theorem 6.10 (Lebesgue’s Differentiation Theorem). Let o be a Radon measure
on R™. For f € L}, .(u),

lim ———— / fdp = f(),

r—0 /'L

for p-a.e. x.

This result is due to Lebesgue for i = £! and the general case is due to Besicovitch.
It is also called Lebesgue-Besicovitch differentiation theorem.

Proof. Clearly it is sufficient to prove the theorem by assuming f > 0 and f € L'(R").
Define a positive linear functional A be

Ap = /sOfdm ¢ € Ce(R") .

By Riesz representation theorem, there is a Radon measure v satisfying

/sodV—/sOfdu-

v(E) = /fd,u, E p-measurable .
E

By a routine argument,

By Theorem 6.6,

: 1 =D, v(x
lg% m E\(J})f(?/) du(y) = Dyv(z),

for p-a.e. x. As v << u, by Theorem 6.8,
= / fdu = /DMV dp, E p-measurable |
E E
hence f = D,v p-a.e.. Combining these we get the theorem. O]

The corollary gives a stronger result.
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Corollary 6.11. Let f € L} (u) where p is a Radon measure. There erxists a set L of

loc

full measure such that for every x € L, f(x) is finite and

1
lim ——— — dp = 0.
Al I

Proof. Order all rational numbers in a sequence {g;} and apply Theorem 6.10 to each
9; = |f — 4| to get
1

o / ) gl duty) = 15) sl Ve g N, (6.1)

as v — 0 where y(N;) = 0. Letting N = |_J Nj, u(N) = 0 and (6.1) holds for all = ¢ N.
j=1
Given € > 0 and = ¢ N such that f(x) is finite, pick ¢; such that |f(z) — ¢;| <e. We
have
1

(B, (7)) W(B(x)) J5, @

1

b /B = 1@ )
1

- / )~ gl o) + g = 1)

By (6.1), for £ > 0, we can find some ry such that for all r € (0, rg),

1
m/&(z)’f@) —qj| du(y) <e.

[ 1) = r@) dut) < ——— [ [7(0) - g duty)
Br(x)

Therefore, we have
.
[ f@)] duly) < 2.
u(Br(z)) JB, ()
]

A point x at which this corollary holds is called a Lebesgue point for the function f
and the set of all Lebesgue points forms the Lebesgue set of f. It is implicitly assumed
that the function is finite at a Lebesgue point. Moreover, the Lebesgue point depends on
the pointwise definition of f and therefore is not a concept attached to f as an equivalence
class. Every point of continuity of f is a Lebesgue point, but the converse may be not
true. It is not hard to construct Lebesgue points at which the function is discontinuous.

So far we have been considering taking the average of a function over balls. Now we
consider taking average over other sets. Let {E;} be a sequence of y-measurable sets. We
call it shrinks regularly to x if there is B, (), r; — 0, such that

aM<E]) > /"L(E'f’j (.l’)), Ej - E’f'j (ZL’),
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for some a > 0 (depending on x).

Corollary 6.12. Let {E;} shrink regularly to x, a Lebesgue point of f € Lj,.(R™). Then
lim —— / Fdp=f
j—o0 M
Proof. By Corollary 6.11,
Ml du <0t / = f()] di
Sa——/ 7~ ()] du
w(Br, () JB, (@)
—0asr; — 0.
]

Let E be a set in R". A point x € R" is called a point of density a of E if

o AE O T, (2)

o aB)

exists and is equal to a.

Corollary 6.13. Let E be pu-measurable. Every Lebesgue point of xg is a point of density
1. Thus the density is 1 for p-a.e. v € E.

Proof. Let f = xg € L}, (1) and x a Lebesgue point of f. We have

ENB,(x 1
MENB(z) / xmdi — vp(x) =1,
1(By(x)) u(Br(2)) JB, (@)
as r — 0. Every Lebesgue point has density one. O]

Note that for = lying outside E, applying the same argument to R \ E, we conclude
that for p-a.e. points lying out £ their density are equal to 0.

6.5 Measures and Distribution Functions

In this section general results obtained in the previous sections are applied to functions on
the real line. In particular, we will establish the differentiability of functions of bounded
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variations and prove the fundamental theorem of calculus for absolutely continuous func-
tions. Since many results have been known from undergraduate real analysis, we will be
sketchy here or there.

There is a close relationship between Radon measures and monotone functions in R,
and similarly for signed Radon measures and functions of bounded variation.

Let p be a finite Radon measure on R. Its distribution function is given by

f(x) = p((=o0, 7)).

(In some texts, u(oo, x] is used instead, but the difference is insignificant.) It is readily
checked that f satisfies the following properties:

(a) f is increasing,
(b) f is left continuous, i.e., limy, f(y) = f(x),

(¢) f(=o0)= lim f(z) =0,

T—r—00

(d) f(oo) = lim f(z) < oc.

T—r—00

Conversely, we have

Proposition 6.14. Let f be a function on R satisfying (a)-(d). There exists a unique
finite Radon measure p such that f is the distribution function of L.

Here we sketch a proof based on the Riemann-Stieltjes integral.

Let P be a partition of the real line and consider the Riemann-Stieltjes sum for a
function ¢ in C.(R).

> oz (f (@) = flay),

where z; € [z;,2j41] and P : -+ < x; < xj11 < Tj41 < ---, is the partition. It is not
hard to show that as || P|| = sup;[z;41 — ;| — 0, these sums tend to a definite number
called the Riemann-Stieltjes integral of ¢, denoted by

/godf.

From the definition, it is clear the Riemann-Stieltjes integral is a positive linear functional
on C.(R). By Riesz representation theorem, there exists a Radon measure p such that

/s@dfz/sodu-
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By suitably choosing ¢, one can deduce f(x) = u((—o00,x)), that is, F' is the distribution
function for p.

Let 111 be another Radon measure satisfying f(x) = u1((—o0, x)). From p((—o0, z)) =
p((—o0,x)) one deduces i ((z,y)) = u((z,y)), Vo <y, and uy coincides with p.

As an application of the connection between measures and functions we prove the
almost everywhere differentiability of monotone functions. First of all, we recall that
every monotone function defined on an interval has at most countably many discontinuity
points which are jumps. Therefore, by redefining the functions at these points, one obtains
a left continuous monotone function which is equal to the original function except possibly
at a countable set.

Proposition 6.15. Every monotone function on [a, b] is differentiable almost everywhere.

Proof. Let fy be increasing on [a,b]. Extend it to be constant below a and beyond b so
that it is increasing on R. Call the extension f. By the remark above we may assume
f is left continuous. Moreover, by subtracting it by a constant, we may assume that it
satisfies (a)-(d) above.

Let p be the finite Radon measure taking f as its distribution function. We have the
Lebesgue decomposition p = fi4.+ 15 with respect to the Lebesgue measure. By Theorem
6.9 Dy = Diptge, Dps = 0 on a set of full measure F;. Note that we have dropped the
subscript £!. By Corollary 6.12,

. /Lac([ZL‘,I’+5)) . 1 D,uac 1
1 AN D 7 — lim = d
61~I>r(l) ) 51*1;1(1) ) [z,2+8) D[t £

Diige
= oo @

for x in a set of full measure F,. For = € E,

mw < 2lim
6—0 ) 5—0 20

= 0.

Therefore, for x € Fy N Fjy,
p[z,x+6))  Dp

= = Do)
Using the relation u([z,z +§)) = f(x +0) — f(x), we conclude that
d* D
dxf(”’) - Dgl(x), reENE, .
On the other hand, by a similar argument we can show that
af Dy

7 (@) = 5 ()

on a set of full measure. The desired result follows. O
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Proposition 6.16. Let f be the distribution function of the finite Radon measure .
Then

/¢mﬁ:—/wm,v¢GQ@wmﬂm. (6.2)

Conversely, suppose that (6.2) holds for some integrable function f and finite Radon
measure . Then f admits a representative which is increasing and f—+c is the distribution
function of u for some constant c.

When p << L', du = f'dL'. Hence (6.2) may be interpreted as the “weak derivative”
of f is the measure pu.

Proof. Looking at a sequence of partitions with length ¢ going to 0, we have
/@d,u = /SOdf
= lim Z O(@pg1) (f (Trg1) — f(xn))
k
= —lim (gp(:ka) — SD(SBk))f(xk’)
k
= — liH(l) ; © () f(@n) (Tpgr — i)

= —/¢’fd£1.

Conversely, let g be the distribution function of x. By what we just proved, (6.2) holds
when f is replaced by g. It follows that

/ J(f—g)du=0, Ve CR)NC'(R) .

Let x and y be two Lebesgue points of f satisfying x < y. For a small 6 > 0, let ¢ be
the continuous function which is equal to 1 on [z,y], 0 outside [z — J,y] and linear in
between. By approximation it is legal for a test function. As a result,

R R LT
5|5 [ (5 -gci=o0.

Letting 6 — 0, we get f(x) — g(z) = f(y) — g(y), so g = f + ¢ for some constant ¢. [

6.6 BYV Functions and AC Functions
Recall that a function f on [a, b] is of bounded variation if there is some M such that

Z ‘f(l‘jﬂ) - f(xj)| <M
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for all partitions P : a = 2y < 21 < -+ < ,, < Tpy1 = b of [a,b]. Every monotone,
real-valued function on [a, b] is of bounded variation. For a function of bounded variation,
its total variation (function) 7% is a function on [a, b] given by

Ty(z) = sup{Z]f(xjH) —flzj)|: a=z9g <21 < - <Tppg =2 0N [a,x]}.
j=1

The total variation function is increasing and of bounded variation. As a result,

fzI%(Terf) and le%(Tf_f)

are also increasing. The decomposition f = fs — f; is called the Jordan decomposition of
f.

Theorem 6.17. Every function f of bounded variation on [a,b] is differentiable almost
everywhere. Furthermore, there is a signed Radon measure p such that

/gp’fdﬁl = —/gpd,u , Vo€ Cula,b) N C(a,b). (6.3)

Conversely, let f € L'a,b] and p a signed Radon measure u satisfy (6.3). Then f has a
representative in BV |a, b].

Proof. Let f = fy — fi be the Jordan decomposition of f. We extend f; and f; so that
they are constant on (—oo, a] and [b,00) and let f = f— f;. By modifying these functions
on a null set we may also assume that they are left continuous. Let p; and pus be the
finite Radon measures associated to f1 — fi(a) and fs — fo(a) respectively. From (6.2) we
see that

/s@’fdﬁlz—/sodu, Vo e C.R)NCYR) , p=pz—qu,

holds.

Conversely, let 1 = ps — pq be the Jordan decomposition of the Radon signed measure
w. we extend gy, o, 1 to R by setting py(E) = pui(E N a,b]) , ete. Let f; and fo be the
distribution functions of p; and py respectively. Then

/ S = (o f))AL =0, Vi€ Culab] .

implies f = fo — f1 + ¢ for some ¢ almost everywhere, see the proof of Proposition 6.16
for details. O

This theorem characterizes BV-functions as those integrable functions whose weak
derivatives are Radon measures. In the following we pursue the further question: What
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are those BV-functions whose associated Radon measures are absolutely continuous with
respect to the Lebesgue measure? The answer turns out simple; they are precisely the
absolutely continuous functions. Traditionally this class of functions is characterized as
those functions for which the fundamental theorem of calculus holds.

A function f on [a,b] is called absolutely continuous if for every € > 0, there exists a
0 such that

Z |f(zks1) — f(z)] <e,  whenever Z |1 — x| <6
k

k

where I}, = [xy, x41] are intervals in [a, b] with mutually disjoint interior. The number of
these intervals could be countable. An absolutely continuous function must be of bounded
variation, but the converse is not always true.

Set Tt be the total variation function of f. It can be shown that T} is absolutely
continuous if f is absolutely continuous. As a result, both f, = %(Tf + f) and f; =
(T — f) are increasing and absolutely continuous.

Let f € BV]a,b]. Letting f = fo — f1 be its Jordan decomposition, we extend f, fi
and fy to R by setting them to be constants on (—oo,a) and (b, 00) respectively. Let
1= fo — pty where puq and psy take f; and fo as their respective distribution functions. We
will assume this in the following proof.

Theorem 6.18. Let f € BVa,b|. The following statements are equivalent:

(a) f is absolutely continuous on [a,b].

(b) The associated Radon measure p is absolutely continuous with respect to the
Lebesgue measure.

(c) [ exists a.e., belongs to L'[a,b] and

f(x) = fla) + / e, Ve e la),
holds.

Proof. We can assume that f is increasing. The general case follows from the Jordan
decomposition.

(a) = (b). After the extension f is absolutely continuous on R. For ¢ > 0, there is some

6 > 0 such that
Z | f(bx) — flar)| <e,
k
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whenever (ay, b;)’s are pairwise disjoint and

Z(bk —ak) <9 .

k

Now, let E be a null set in Lebesgue measure. For § > 0, there are intervals (¢, di) whose
union covers E and satisfies ) _, (cx —di) < 0. We can find pariwise disjoint (ag, by), k > 1,

such that
U@k, br) = (ex, di).-
k k
We have
Z(bk — ak) < Z(Ck — dk) < 6.
k k
Therefore,

u(E) < (ijck,dk>
()

= Zu a, br,)

< Z ax))

k
< €,

whence F is also p-null.

(b) = (c). From (6.2),

/gp/fﬁl = —/cpf’dﬁl, Vo € C.(R) N CHR).

Let z,y,x < y, be two Lebesgue points of f in (a,b). As in the proof of Proposition 6.16
we deduce from this identity
y
x) + / fldct .

It follows that f is continuous and one can take © = a and y any point in [a, ].

(c)= (a) Let us show that for every integrable function g,

G(x)z/ gdLl',
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is absolutely continuous on [a,b]. Recall the absolute continuity of Lebsegue integral:
Letting g € L'{a, b], for every € > 0, there exists some ¢ such that

/gdﬁ1 <, whenever E is measurable and £'(E) < 6.
E

Taking E' = |J; I; where [; are disjoint intervals, we have
LYE) =Y LYI) = |ojn — ] <6,
J J

which implies

[ 98! = 3 (6las) = Glay)l <=

so G is absolutely continuous on [a, b].

]

Comments on Chapter 6. We follow [EG] closely in this chapter except on the def-
inition of the Radon measure. If you google for Radon measure, you will find there are
different definitons. Here we use one that is consistent with our terminology in the last
semester. Aside from the clarification of Radon measure there are very few changes. I do
not copy some of the proofs. Please look up 1.5-1.7 in [EG]. The proof of Besicovitch’s
covering theorem is left out. You may google for more on this theorem.

There is another version of Vitali’s covering theorem where the collection of balls is a
finite one. Then the number 5 can be replaced by 3, see exercise and [R1].

Lebesgue points and sets were introduced by Lebesgue in the study of Fourier series. A
celebrated theorem of his asserts that the Cesaro sums of the Fourier series of a Lebesgue
integrable function converge to the function at every Lebesgue point. Look up chapter 5
of [HS] for a proof.

Reflections on the definition of Lebesgue points. As pointed out already, Lebesgue
points vary from representatives of the same L'-function. In the following we let [f] denote
the equivalence class of functions to which f, a pointwisely defined function, belongs. For
instance, consider f to be the constant function 1 and fz the function which is equal to
1 except on the Lebesgue null set E, where it is assigned to some values not equal to 1.
Let L£(f) be the Lebesgue set of f. We have £(f) = R" and L(fg) = R™\ E. So the
concept of Lebesgue points is not intrinsic. It is possible to obtain an intrinsic definition
of a Lebesgue point. Indeed, a point x is called an intrinsic Lebesgue point of a locally
integrable function [f] in L*(p) if there exists some ¢ € R such that

. 1 B
lim B0 /B,.(@ |f(y) = cldu(y) =0,
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where f is any representative of [f]. It is clear that the value ¢, whenever exists, is the
same for all representatives. Corollary 6.12 tells us that all intrinsic Lebesgue points form
a set of full measure. Let us call it the intrinsic Lebesgue set of [f], denoted by L([f]).
With this at our disposal, given [f] € L'(u), we define its precise representation f, to
be, for z € L([f]), set f,(x) equal to the value ¢ as in the above limit; and, for ¢ L([f]),
set fp(r) = oo. (You may also set it to be 0 so that f is finite everywhere.) Clearly,
f» € [f] and L(f,) = L([f]). The precise representation of a locally integrable function
has the nice property that f,(z) is finite if and only if

1

i o )~ H@ldu) =0, vF <]

Furthermore, the precise representation has the maximal property, namely, for any rep-
resentative f of [f], £(f) C L(f,). An interesting question is, given a null set E, is there
some [f] € L (1) so that L([f]) = R"\ E? I don’t know the answer even when p = £!

loc

and F is Borel.

One may find a detailed discussion on BV- and AC-functions in Royden’s Real Analysis
which is assumed to be covered in the undergraduate real analysis. Our treatment on these
functions differs from those in Royden’s and [R1] so that its extension to higher dimensions
becomes apparent. We have restricted things to a bound interval [a, b] in order to compare
with the old results. In general one can define BV (R) and AC(R). The Sobolev space
H'(R™) consists of all L'-functions whose weak derivatives f; defined via

/ 722 g — / Fepdl™,
61’k

are also in L'(R™). Tt reduces to AC(R) when n = 1. On the other hand, BV (R")
consists of all L'-functions whose weak derivatives are Radon measures. It reduces to
BV (R) when n = 1. The definition is essentially the same as the relation in (6.3), see
chapter 5 in [EG] for a detailed treatment.



