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Preface

This is a multipurpose text. When taken in full, including the “starred” sec-
tions, it is a graduate course covering differentiation on normed spaces and
integration with respect to complex and vector-valued measures. The starred
sections may be omitted without loss of continuity, however, for a junior or
senior course. One also has the option of limiting all to E™, or taking Riemann
integration before Lebesgue theory (we call it the “limited approach”). The
proofs and definitions are so chosen that they are as simple in the general case
as in the more special cases. In a nutshell, the basic ideas of measure theory
are given in Chapter 7, §§1 and 2. Not much more is needed for the “limited
approach.”

In Chapter 6 (Differentiation), we have endeavored to present a modern
theory, without losing contact with the classical terminology and notation.
(Otherwise, the student is unable to read classical texts after having been
taught the “elegant” modern theory.) This is why we prefer to define derivatives
as in classical analysis, i.e., as numbers or vectors, not as linear mappings. The
latter are used to define a modern version of differentials.

In Chapter 9, we single out those calculus topics (e.g., improper integrals)
that are best treated in the context of Lebesgue theory.

Our principle is to keep the exposition more general whenever the general
case can be handled as simply as the special ones (the degree of the desired
specialization is left to the instructor). Often this even simplifies matters—
for example, by considering normed spaces instead of E™ only, one avoids
cumbersome coordinate techniques. Doing so also makes the text more flexible.

Publisher’s Notes

Text passages in blue are hyperlinks to other parts of the text.
Several annotations are used throughout this book:
* This symbol marks material that can be omitted at first reading.

=> This symbol marks exercises that are of particular importance.



About the Author

Elias Zakon was born in Russia under the czar in 1908, and he was swept
along in the turbulence of the great events of twentieth-century Europe.

Zakon studied mathematics and law in Germany and Poland, and later he
joined his father’s law practice in Poland. Fleeing the approach of the German
Army in 1941, he took his family to Barnaul, Siberia, where, with the rest of
the populace, they endured five years of hardship. The Leningrad Institute of
Technology was also evacuated to Barnaul upon the siege of Leningrad, and
there Zakon met the mathematician I. P. Natanson; with Natanson’s encour-
agement, Zakon again took up his studies and research in mathematics.

Zakon and his family spent the years from 1946 to 1949 in a refugee camp
in Salzburg, Austria, where he taught himself Hebrew, one of the six or seven
languages in which he became fluent. In 1949, he took his family to the newly
created state of Israel and he taught at the Technion in Haifa until 1956. In
Israel he published his first research papers in logic and analysis.

Throughout his life, Zakon maintained a love of music, art, politics, history,
law, and especially chess; it was in Israel that he achieved the rank of chess
master.

In 1956, Zakon moved to Canada. As a research fellow at the University of
Toronto, he worked with Abraham Robinson. In 1957, he joined the mathemat-
ics faculty at the University of Windsor, where the first degrees in the newly
established Honours program in Mathematics were awarded in 1960. While
at Windsor, he continued publishing his research results in logic and analysis.
In this post-McCarthy era, he often had as his house-guest the prolific and
eccentric mathematician Paul Erd6s, who was then banned from the United
States for his political views. Erd6s would speak at the University of Windsor,
where mathematicians from the University of Michigan and other American
universities would gather to hear him and to discuss mathematics.

While at Windsor, Zakon developed three volumes on mathematical analysis,
which were bound and distributed to students. His goal was to introduce
rigorous material as early as possible; later courses could then rely on this
material. We are publishing here the latest complete version of the last of
these volumes, which was used in a two-semester class required of all Honours
Mathematics students at Windsor.



Chapter 6

Differentiation on E™ and Other
Normed Linear Spaces

81. Directional and Partial Derivatives

In Chapter 5 we considered functions f: E' — E of one real variable.

Now we take up functions f: E/ — E where both E’ and E are normed

spaces.t

The scalar field of both is always assumed the same: E' or C (the complex
field). The case E = E* is excluded here; thus all is assumed finite.

We mostly use arrowed letters p, q, . . ., T, i, Z for vectors in the domain space
E’, and nonarrowed letters for those in E and for scalars.

As before, we adopt the convention that f is defined on all of E’, with
f(&) = 0 if not defined otherwise.
Note that, if 7 € E’, one can express any point & € E’ as

T =p+tu,
with t € E' and 4 a unit vector. For if & # P, set
£ = |7 — p| and @ = %(ffﬁ);
and if ¥ = p, set t =0, and any 4 will do. We often use the notation

=AZ=F-p=td (teE' t,deck)

<y

First of all, we generalize Definition 1 in Chapter 5, §1.
Definition 1.

Given f: E' — F and p,i@ € E' (@ # 0), we define the directional
derivative of f along @ (or u-directed derivative of f) at p’ by

1) D2 f(7) = lim 115 + ) — (7)),

1 We now presuppose §§9-12 of Chapter 3, including the “starred” parts.
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if this limit exists in E (finite).
We also define the i -directed derived function,

Daf: E' — E,
as follows. For any p € E’,

{ lim S[f (5 + £) — F(5)] if this limit exists,

0 otherwise.

Thus Dz f is always defined, but the name derivative is used only if the
limit (1) exists (finite). If it exists for each p in a set B C E’, we call Dz f (in
classical notation 0f/0u) the @-directed derivative of f on B.

Note that, as ¢ — 0, Z tends to § over the line & = p' + td. Thus Dz f(p)
can be treated as a relative limit over that line. Observe that it depends on
both the direction and the length of @. Indeed, we have the following result.

Corollary 1. Gwen f: E' — E, 4 # 0, and a scalar s =+ 0, we have
Dsﬁf = SDﬂ.'.f

Moreover, Dgz f(P) is a genuine derivative iff Dg f(p) is.
Proof. Set ¢t = s in (1) to get

$Daf () = lim £[7(7 +0si0) — [(7)] = Dz f(7). O

In particular, taking s = 1/|@|, we have

: : =1 and D,jf = éDsaf

Thus all reduces to the case Dz f, where v = st is a unit vector. This device,

called normalization, is often used, but actually it does not simplify matters.
If B/ = E™ (C™), then f is a function of n scalar variables z (k=1,...,n)

and E’ has the n basic unit vectors €. This example leads us to the following

definition.

Definition 2.

If in formula (1), E' = E™ (C™) and @ = €}, for a fixed k < n, we call
Dy f the partially derived function for f, with respect to xj, denoted

Sy

|st] =

£l

of
Dy f or D

§1. Directional and Partial Derivatives 3

and the limit (1) is called the partial derivative of f at p, with respect to
xr, denoted

9 -

Dy.f(p), or B f()

of

or —— .
’ a.Tk F=p

If it exists for all p € B, we call Dy f the partial derivative (briefly,
partial) of f on B, with respect to xy.
In any case, the derived functions Dif (k= 1,...,n) are always de-
fined on all of E™ (C™).
If B' = E3 (C®), we often write z,y, z for 21, x5, 23, and
of of of 2
—, =—, =— for D k=1,2,3).
81‘ ) 8y ) az or kf ( ) ) )

Note 1. If E' = E*', scalars are also “vectors,” and D1 f coincides with f’
as defined in Chapter 5, §1 (except where f/ = +00). Explain!

Note 2. As we have observed, the #-directed derivative (1) is obtained by
keeping ¥ on the line ¥ = p + ti.

If @ = €}, the line is parallel to the kth axis; so all coordinates of ¥, except
2, remain fived (z; = p;, i # k), and f behaves like a function of one variable,
. Thus we can compute Dy f by the usual rules of differentiation, treating
all x; (i # k) as constants and zj, as the only variable.

For example, let f(x,y) = 22y. Then

of

_ _ or _ e
oz = D1/ (@) = 2wy and 5= D f(a,y) = 2"

Note 3. More generally, given 7 and @ # 0, set
h(t) = f(§ +tid), teE.
Then h(0) = f(p); so

Da () = lim *[F(7+ 1)  f(7)
i (0 = h(0)
T -0
= 1(0)

if the limit exists. Thus all reduces to a function h of one real variable.

For functions f: E' — E, the existence of a finite derivative (“differentia-
bility”) at p implies continuity at p (Theorem 1 of Chapter 5, §1). But in the
general case, f: E' — E, this may fail even if Dgf(p) exists for all @ # 0.

2 Similarly in the case E' = E2 (C?).
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Examples.
(a) Define f: E? — E! by

Ltgy
4 + y2 ’

f(x,y): f(070):0'

Fix a unit vector @ = (u1,uz) in E2. Let § = (0,0). To find Dz f(p), use
the h of Note 3:

o N N tuu .
h(t) = f(p +td) = f(td) = f(tur, tug) = m if up #0,
1+ u3

and h = 0 if us = 0. Hence
w2
Dz f(p) =1 (0) = 171 if uy # 0,
2

and h/(0) = 0 if ug = 0. Thus Dg(0) exists for all @. Yet f is discontin-
uous at 0 (see Problem 9 in Chapter 4, §3).

(b) Let

z+y ifzy=0,

f(rc,y):{

Then f(z,y) = = on the z-axis; so D1 f(0,0) = 1.

Similarly, Do f(0,0) = 1. Thus both partials exist at 0.

Yet f is discontinuous at 0 (even relatively so) over any line y = ax
(a # 0). For on that line, f(z,y) = 1 if (x,y) # (0,0); so f(z,y) — 1;
but f(0,0)=0+0=0.

Thus continuity at 0 fails. (But see Theorem 1 below!)

1 otherwise.

Hence, if differentiability is to imply continuity, it must be defined in a
stronger manner. We do it in §3. For now, we prove only some theorems on
partial and directional derivatives, based on those of Chapter 5.

Theorem 1. If f: E' — E has a u-directed derivative at p € E’, then f is
relatively continuous at p over the line

F=p+ti (0#dekE).

Proof. Set h(t) = f(p + tii), t € BL.
By Note 3, our assumption implies that i (a function on E*) is differentiable
at 0.

By Theorem 1 in Chapter 5, §1, then, A is continuous at 0; so

lim A(t) = h(0) = f(P),

§1. Directional and Partial Derivatives 5

ie.,

lim (55 + tii) = f(p).
But this means that f(Z) — f(p) as & — p over the line & = p + ti, for, on
that line, ¥ = p + tu.

Thus, indeed, f is relatively continuous at 7, as stated. [

Note that we actually used the substitution & = p + t@. This is admissi-
ble since the dependence between = and t is one-to-tone (Corollary 2(iii) of
Chapter 4, §2). Why?

Theorem 2. Let E' 5@ =§—p, @ #£0.

If f: E' — E is relatively continuous on the segment I = L[p,q] and has a

@ -directed derivative on I — Q (Q countable), then

2) If(q) = f(D)| < sup[Daf(Z)], Zel-Q.

Proof. Set again h(t) = f(p + tu) and g(t) = p + tu.

Then h = f o g, and g is continuous on E*. (Why?)

As f is relatively continuous on I = L[p,q], so is h = f o g on the interval
J =10,1] C E* (cf. Chapter 4, §8, Example (1)).

Now fix tg € J. If Zg = p+ to € I — @, our assumptions imply the
existence of

Da f(Fo) = lim ~[f(Zo + 1) — f(Zo)

t—0 t

R TP LS . R
= lim g[f(Pthou + i) — f(P'+ tow)]

= lim %[h(to +1t) — h(to)]
= h'(ty). (Explain!)

This can fail for at most a countable set Q' of points ¢y € J (those for which
f(] S Q)
Thus h is differentiable on J — Q'; and so, by Corollary 1 in Chapter 5, §4,

|h(1) = R(0)| < sup |h'(t)] = sup |Dgf(7)].
teJ—qQ’ Fel-Q

Now as h(1) = f(F + @) = f(¢) and h(0) = f(p), formula (2) follows. [
Theorem 3. If in Theorem 2, E = E' and if f has a i@ -directed derivative at
least on the open line segment L(P,q), then

®3) (@) = fP) = Da f(Zo)

for some Ty € L(P,q).
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The proof is as in Theorem 2, based on Corollary 3 in Chapter 5, §2 (instead
of Corollary 1 in Chapter 5, §4).
Theorems 2 and 3 are often used in “normalized” form, as follows.

Corollary 2. If in Theorems 2 and 3, we set
1
r=ul=1|7-p|#0and ¥ = ~u,
r

then formulas (2) and (3) can be written as

(2" |f(@) = (D) < 1§ —pl sup D5 f(Z)], Ze€l-Q,
and
3) (@) — f®) = |q —p| Dz f(Zo)

—

for some Ty € L(P,q)
For by Corollary 1,

Dgf =rDsf =7 —p|Dsf;
so (2') and (3') follow.

Problems on Directional and Partial Derivatives

1. Complete all missing details in the proof of Theorems 1 to 3 and Corol-
laries 1 and 2.

2. Complete all details in Examples (a) and (b). Find Dy f(p) and Ds f(p)
also for p' # 0. Do Example (b) in two ways: (i) use Note 3; (ii) use
Definition 2 only.

3. In Examples (a) and (b) describe Dz f: E? — E'. Compute it for
u=(1,1)=p.

In (b), show that f has no directional derivatives Dz f(p)) except if
4 || €1 or 4 || €2. Give two proofs: (i) use Theorem 1; (ii) use definitions
only.

4. Prove that if f: E™ (C™) — E has a zero partial derivative, Dy f = 0,
on a convex set A, then f(#) does not depend on zy, for Z € A. (Use
Theorems 1 and 2.)

5. Describe D, f and Dyf on the various parts of E2?, and discuss the
relative continuity of f over lines through 0, given that f(x,y) equals:

. Ty . . .
(i) ﬂ—Jrgﬂ’ (ii) the integral part of = + y;
o TY 1 . ® —y?

(iii) p + xsin J (iv) xy$2 T2

(v) sin(y cos z); (vi) z¥.

§1. Directional and Partial Derivatives 7

(Set f = 0 wherever the formula makes no sense.)

=-6. Prove that if f: B/ — E! has a local maximum or minimum at p’ € E’,
then Dz f(p) = 0 for every vector @ # 0 in E'.
[Hint: Use Note 3, then Corollary 1 in Chapter 5, §2.]

7. State and prove the Finite Increments Law (Theorem 1 of Chapter 5,
§4) for directional derivatives.
[Hint: Imitate Theorem 2 using two auxiliary functions, h and k.|

8. State and prove Theorems 4 and 5 of Chapter 5, §1, for directional
derivatives.

82. Linear Maps and Functionals. Matrices

For an adequate definition of differentiability, we need the notion of a linear
map. Below, E', E”, and E denote normed spaces over the same scalar field,
E'or C.

Definition 1.

A function f: E/ — E is a linear map if and only if for all ¥,y € E’ and
scalars a, b

(1) f(aZ +by) = af (Z) + bf (¥);
equivalently, iff for all such Z, ¥, and a
f@+7) = f(z) + f(y) and f(aZ) = af(¥). (Verify!)

If E = E’, such a map is also called a linear operator.
If the range space F is the scalar field of E', (i.e., E* or C,) the linear
map f is also called a (real or complex) linear functional on E'.

Note 1. Induction extends formula (1) to any “linear combinations”:

2) f(i aifi) = iaif(fi)

for all #; € E' and scalars a;.
Briefly: A linear map f preserves linear combinations.

Note 2. Taking a = b =0 in (1), we obtain f(0) = 0 if f is linear.
Examples.
(a) Let £/ = E" (C™). Fix a vector ¥ = (v1,...,v,) in E’ and set
V¥ ekFE) f@)=2 0
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(inner product; see Chapter 3, §§1-3 and §9).

Then
f(aZ +by) = (a

where Uy is the conjugate of the complex number vy.
By Theorem 3 in Chapter 4, §3, f is continuous (a polynomiall).

Moreover, f(F) = Z -7 is a scalar (in E' or C). Thus the range of f
lies in the scalar field of E'; so f is a linear functional on E’.

Let I = [0,1]. Let E’ be the set of all functions u: I — E that are of
class CD> (Chapter 5, §6) on I, hence bounded there (Theorem 2 of
Chapter 4, §8).

As in Example (C) in Chapter 3, §10, E’ is a normed linear space, with
norm

[[ul| = sup [u(z)].
zel

Here each function u € E’ is treated as a single “point” in E’. The
distance between two such points, u and v, equals ||u — v||, by definition.

Now define a map D on E’ by setting D(u) = «’ (derivative of u on
I). As every u € E' is of class CD>, so is u’.

Thus D(u) = v’ € E', and so D: E' — E’ is a linear operator. (Its
linearity follows from Theorem 4 in Chapter 5, §1.)
Let again I = [0, 1]. Let E" be the set of all functions u: I — E that are
bounded and have antiderivatives (Chapter 5, §5) on I. With norm ||u||
as in Example (b), E’ is a normed linear space.

Now define ¢: E/ — E by

b(u) = /u

with [u as in Chapter 5, §5. (Recall that fol u is an element of E if
u: I — E.) By Corollary 1 in Chapter 5, §5, ¢ is a linear map of E’ into

§2. Linear Maps and Functionals. Matrices 9

E. (Why?)
(d) The zero map f =0 on E' is always linear. (Why?)

Theorem 1. A linear map f: E' — E is continuous (even uniformly so) on
all of E' iff it is continuous at 0; equivalently, iff there is a real ¢ > 0 such that

(VZeE) |f(@)] <z
(We call this property linear boundedness.)

Proof. Assume that f is continuous at 0. Then, given € > 0, there is § > 0
such that

(@) = fO) = 1f(@)] <e
whenever |7 — 0| = || < 4.

Now, for any Z # 0, we surely have

0T
—|=-<d
‘2lf|
Hence
- 0%
wa 20 |r(55)| <=
|Z|
or, by linearity,
—_— 7)| <
sl @I<e,
ie.,
2
@) < X1zl
By Note 2, this also holds if # = 0.
Thus, taking ¢ = 2¢/0, we obtain
(3) (VZ e E") f(&) <¢Z| (linear boundedness).

Now assume (3). Then
(Vg€ E) |f@ 7)< —7l;
or, by linearity,
(4) V&, geE) |f(@) - f@) <dd -7l

Hence f is uniformly continuous (given ¢ > 0, take § = ¢/¢). This, in turn,
implies continuity at 0; so all conditions are equivalent, as claimed. [

1 This is the so-called uniform Lipschitz condition.
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A linear map need not be continuous.? But, for E" and C", we have the
following result.
Theorem 2.

(1) Any linear map on E™ or C™ is uniformly continuous.

(ii) Pvery linear functional on E™ (C™) has the form

(@) =% -0 (dot product)
for some unique vector ¥ € E™ (C™), dependent on f only.

Proof. Suppose f: E™ — F is linear; so f preserves linear combinations.
But every & € E™ is such a combination,

z= Exké’k (Theorem 2 in Chapter 3, §§1-3).
k=1

Thus, by Note 1,
f(@) = f(z xké'k) =Y anf (@)

k=1 k=1
Here the function values f(€};) are fixed vectors in the range space E, say,

f(@r) =v; € E,
so that
(5) F@) = anf(@) =) wxve, vk €E.

k=1

k=1

Thus f is a polynomial in n real variables x, hence continuous (even uniformly
so, by Theorem 1).

In particular, if E = E' (i.e., f is a linear functional) then all vy, in (5) are
real numbers; so they form a vector

U= (v1,...,v;) in E™,
and (5) can be written as
f(@) =z 7.
The vector ¥ is unique. For suppose there are two vectors, @ and ¥, such that
(VZeE™ f@)=%-7=2-4.
Then
(VZeE™ Z-(U—u)=0.

2 See Problem 2(ii) below.
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By Problem 10 of Chapter 3, §§1-3, this yields ¢ — @ = 0, or ¢ = @. This
completes the proof for £ = E™.

It is analogous for C™; only in (ii) the vy are complez and one has to replace
them by their conjugates vy, when forming the vector ¢ to obtain f(¥) = & - .
Thus all is proved. O

Note 3. Formula (5) shows that a linear map f: E™ (C") — E is uniquely
determined by the n function values v, = f(€).
If further £ = E™ (C™), the vectors vy, are m-tuples of scalars,

Vi = (Ullm . .,’Umk).

We often write such vectors vertically, as the n “columns” in an array of m
“rows” and n “columns”:

V11 V12 ... Uin

V21 V22 N Von
(6)

Uml Um2 ... Umn

Formally, (6) is a double sequence of mn terms, called an m x n matriz. We
denote it by [f] = (vi), where for £k =1,2,...,n,

f(€r) =vk = (Viks -+ Umk)-

Thus linear maps f: E™ — E™ (or f: C™ — C™) correspond one-to-one to
their matrices [f].
The easy proof of Corollaries 1 to 3 below is left to the reader.

Corollary 1. If f,g: E' — E are linear, so is
h=af +bg

for any scalars a,b.
If further E' = E™ (C™) and E = E™ (C™), with [f] = (vik) and [9] = (wik),
then

[h] = (avi + bw;y,).

Corollary 2. A map f: E™ (C™) — E is linear iff
f(@) = Z VkLk,
k=1

where v, = f(€%).

Hint: For the “if,” use Corollary 1. For the “only if,” use formula (5) above.
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Corollary 3. If f: E' — E” and g: E” — E are linear, so is the composite
h=gof.

Our next theorem deals with the matriz of the composite linear map go f.
Theorem 3. Let f: E' — E” and g: E" — E be linear, with

E' = E"(C™), E' = E™(C™), and E = E" (C").
If [f} = (Uzk) and [g] = (w]'i), then
[h] = [g o f] = (zjx),

where

m
(7) Zik =Y wivik, J=1,2...,m k=12 n
i=1

Proof. Denote the basic unit vectors in E’ by

ey el
those in E” by

€y em,
and those in E by

€1, . s Ep

Then for £k =1,2,...,n,

m T
f((f;c) =V = Zvike;’ and h(e;c) — Z Zjke;
=1

i=1
and for i =1,... m,
gel) = wyie;.
j=1
Also,
ek = 9( ) =g (Y- vt ) =S vialel) = 3 va (Y wies )
=1 =1 =1 Jj=1
Thus

m

( E wjz-vik) ej.
i=1

But the representation in terms of the e; is unique (Theorem 2 in Chapter 3,
§81-3), so, equating coefficients, we get (7). O

hek) =D znej =y
=1

=1
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Note 4. Observe that z;; is obtained, so to say, by “dot-multiplying” the
jth row of [g] (an r x m matrix) by the kth column of [f] (an m x n matrix).
It is natural to set
[l [f]=lg° f],
or
(wji) (vir) = (zjk),
with z; as in (7).
Caution. Matrix multiplication, so defined, is not commutative.
Definition 2.
The set of all continuous linear maps f: E' — E (for fixed E' and E) is
denoted L(F', E).
If E = FE', we write L(E) instead.
For each f in L(E', E), we define its norm by

Ifll = sup [f(&)].°
Fl<1

Note that || f|] < +oo, by Theorem 1.

Theorem 4. L(E', E) is a normed linear space under the norm defined above
and under the usual operations on functions, as in Corollary 1.

Proof. Corollary 1 easily implies that L(E’, E) is a vector space. We now
show that || - || is a genuine norm.

The triangle law,

1+ gll < W11+ llgll,

follows exactly as in Example (C) of Chapter 3, §10. (Verify!)

Also, by Problem 5 in Chapter 2, §§8-9, sup |af(Z)| = |a|sup |f(Z)|. Hence
llafll = |al||f]| for any scalar a.

As noted above, 0 < || f]| < +o0.

It remains to show that || f|| = 0 iff f is the zero map. If

IfIl = sup |f(Z)] =0,
71<1
then |f(%)| = 0 when |#| < 1. Hence, if & # 0,
z 1
L) = = f@) =0
(@) = 7/@
As f(0) = 0, we have f(&) =0 for all ¥ € E'.
Thus || f|| = 0 implies f = 0, and the converse is clear. Thus all is proved. 0O

3 Equivalently, || f]| = SUPz 5 |f(Z)]/|Z]; see Note 5 below.
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Note 5. A similar proof, via f(%) and properties of lub, shows that

11l = sup\ |*|
and
(v e EY) [f(@)] < £
It also follows that || f|| is the least real ¢ such that
(VT € ) |f(@) <7l

Verify. (See Problem 3'.)
As in any normed space, we define distances in L(E’, E) by

p(f,9) =IIf =gl

making it a metric space; so we may speak of convergence, limits, etc., in it.
Corollary 4. If f € L(E',E") and g € L(E", E), then

llg o fII < llgll I £1-
Proof. By Note 5,
(V& e E) |g(f@) < llgll @] < gl 11 1Z].

Hence .
wa 20 [CDE) <o,
and so .
I 11 sup '(9‘3:% —llgo . O

Problems on Linear Maps and Matrices

1. Verify Note 1 and the equivalence of the two statements in Definition 1.

2. In Examples (b) and (c) show that
fn = [ (uniformly) on I iff ||f,, — f]| — 0,
ie., fn— fin E'.
[Hint: Use Theorem 1 in Chapter 4, §2.]
Hence deduce the following.

(i) If E is complete, then the map ¢ in Example (c) is continuous.
[Hint: Use Theorem 2 of Chapter 5, §9, and Theorem 1 in Chapter 4, §12.]

(ii) The map D of Example (b) is not continuous.
[Hint: Use Problem 3 in Chapter 5, §9.]
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3. Prove Corollaries 1 to 3.
3’. Show that
" R f(&
171 = sup [£@)] = sup |£(@)] = sup L,
|#|<1 #|=1 z25 |7l

[Hint: From linearity of f deduce that |f(Z)| > |f(cz)| if |¢| < 1. Hence one may
disregard vectors of length < 1 when computing sup | f(Z)|. Why?]

. Find the matrices [f], [g], [h], [k], and the defining formulas for the

linear maps f: E2 = E', g: E® = E* h: E* - E? k: B! — E3 if
(i) f(e1) =3, f(€2) =-2
(i) g(€1) = (1,0,-2,4), g(&2) = (0,2, -1,1), g(€3) = (0,1,0, =1);
(iii) h(e1) = (2, ) h(€2) = (0,=2), h(€3) = (1,0), h(€4) = (=1,1);
) k(

(iv) k(1) = (0,1,-1).

. In Problem 4, use Note 4 to find the product matrices [k] [f], [9] [K],

[f][h], and [h] [g]. Hence obtain the defining formulas for ko f, g o k,
foh,and hog.

. For m x n matrices (with m and n fixed) define addition and multipli-

cation by scalars as follows:
alf] + blg] = [af + bg] if f,g € L(E™, E™) (or L(C™,C™)).

Show that these matrices form a vector space over E! (or C).

. With matrix addition as in Problem 6, and multiplication as in Note 4,

show that all n x n matrices form a noncommutative ring with unity,
i.e., satisfy the field axioms (Chapter 2, §§1-4) except the commutativity
of multiplication and existence of multiplicative inverses (give counterex-
amples!).

Which is the “unity” matrix?

. Let f: E' — E be linear. Prove the following statements.

(i) The derivative Dz f(p) exists and equals f(@) for every p, 4 € E’
(@ #0);
(i) f is relatively continuous on any line in E’ (use Theorem 1 in §1);

(iii) f carries any such line into a line in E.

. Let g: E” — E be linear. Prove that if some f: E' — E’ has a -

directed derivative at p € E’, so has h = gof, and Dzh(p) = g(Dg f(P)).
[Hint: Use Problem 8.]
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10. A set A in a vector space V (A C V) is said to be linear (or a linear
subspace of V) iff aZ + by € A for any ¥,y € A and any scalars a, b.
Prove the following.

(i) Any such A is itself a vector space.
(ii) If f: B’ — E is a linear map and A is linear in E’ (respectively,
in F), sois f[A] in E (respectively, so is f~1[A] in E').

11. A set A in a vector space V is called the span of aset B C A (A = sp(B))
iff A consists of all linear combinations of vectors from B. We then also
say that B spans A.

Prove the following:
(i) A =sp(B) is the smallest linear subspace of V' that contains B.

(it) If f: V — E is linear and A = sp(B), then f[A] =sp(f[B]) in E.

12. A set B = {¥1,Z2,...,Z,} in a vector space V is called a basis iff each
v € V has a unique representation as

~
;T
1

n
—

v =
1=

for some scalars a;. If so, the number n of the vectors in B is called the
dimension of V', and V is said to be n-dimensional. Examples of such
spaces are E™ and C™ (the €}, form a basis!).

(i) Show that B is a basis iff it spans V (see Problem 11) and its
elements &; are linearly independent, i.e.,

n
E a;Z; = 0 iff all a; vanish.
i=1

(ii) If E’ is finite-dimensional, all linear maps on E’ are uniformly
continuous. (See also Problems 3 and 4 of §6.)

13. Prove that if f: B! — E is continuous and (Vx,y € E')
fla+y) = flx)+ fy),
then f is linear; so, by Corollary 2, f(z) = va where v = f(1).
[Hint: Show that f(az) = af(z); first for a = 1,2,... (note: ne =z +z+--- 4z,

n terms); then for rational a = m/n; then for a = 0 and a = —1. Any a € E' is a
limit of rationals; so use continuity and Theorem 1 in Chapter 4, §2.]

§3. Differentiable Functions

As we know, a function f: B! — E (on E!) is differentiable at p € E! iff, with
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Af = f(x) = f(p) and Az =z —p,

f'(p) = lim % exists  (finite).

T—p

Setting Ax =z —p=1t, Af = f(p+1¢) — f(p), and f'(p) = v, we may write
this equation as

lim|— — v‘ =0,
t—0
or
(1) lim | f(p+ 1) — £(p) — vt| = 0.

t—0 ‘t‘

Now define a map ¢: E* — E by ¢(t) = tv, v = f'(p) € E.
Then ¢ is linear and continuous, i.e., ¢ € L(E!, E); so by Corollary 2 in §2,
we may express (1) as follows: there is a map ¢ € L(E', E) such that

We adopt this as a definition in the general case, f: £/ — E, as well.
Definition 1.

A function f: E' — E (where E' and E are normed spaces over the same
scalar field) is said to be differentiable at a point p € E’ iff there is a map

¢ € L(E',E)
such that 1
lim —|Af — ()| = 0;
70 |t ]
that is,
) lim ﬁmm 0) ~ 1) - 6(0)] = 0.

As we show below, ¢ is unique (for a fixed p), if it exists.
We call ¢ the differential of f at p, briefly denoted df. As it depends
on P, we also write df (7;t) for df(t) and df (7; - ) for df.

Some authors write f/(p) for df(p; ) and call it the derivative at p, but
we shall not do this (see Preface). Following M. Spivak, however, we shall use
“If1(P)]” for its matriz, as follows.

Definition 2.
If ' = E"(C") and E = E™(C™), and f: E' — E is differentiable at
7, we set

[F'(0)] = [df (B -)]
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and call it the Jacobian matriz of f at p.

Note 1. In Chapter 5, §6, we did not define df as a mapping. However, if
E’' = E', the function value

df (p;t) = vt = f'(p) Az

is as in Chapter 5, §6.
Also, [f'(p)] is a 1 x 1 matrix with single term f’(p). (Why?) This motivated
Definition 2.

Theorem 1 (uniqueness of df). If f: E' — E is differentiable at p, then the
map ¢ described in Definition 1 is unique (dependent on f and P’ only).

Proof. Suppose there is another linear map g: E’ — E such that
.1 L , - . -
(3) Iim —[f(F+1) = f(P) —g(t)] = lim =[Af—g(t)] =0.
F0 |t | i
Let h = ¢ — g. By Corollary 1 in §2, h is linear.
Also, by the triangle law,
W) = 16() = g(E)| < |AF = (@) + |AF = g(

Hence, dividing by |¢],

!

i

t [ 1 P B

()| = 3 WO < AT = oE) 4 18F - o(E)L
’ It It It It]

By (3) and (2), the right side expressions tend to 0 as i — 0. Thus

—

lim h(tT) =0.
t—0 |t|

This remains valid also if # — 0 over any line through 0, so that ¢ /|t | remains
constant, say t /|t | = @, where @ is an arbitrary (but fixed) unit vector.
Then

—

o(5)-n

is constant; so it can tend to 0 only if it equals 0, so k(@) = 0 for any unit
vector 4.

Since any £ € E' can be written as & = |Z| @, linearity yields
(@) = |Z| h(d) = 0.

Thus h = ¢ — g = 0 on E’, and so ¢ = g after all, proving the uniqueness
of . O
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Theorem 2. If f is differentiable at p, then
(1) f is continuous at p;

(i) for any 4 # 0, f has the @-directed derivative
D f(p) = df (p; @)

Proof. By assumption, formula (2) holds for ¢ = df (p; ).

Thus, given € > 0, there is § > 0 such that, setting Af = f(F+1) — f(P),
we have

1 - -
(4) W\Aff¢(t)|<swhenever0<\t|<5;
or, by the triangle law,
(5) IAfI < |AF = o) +16(E)| < elf | + o), 0<[E] <6
Now, by Definition 1, ¢ is linear and continuous; so

lim [(f)] = [¢(0)| = 0.
t —0

Thus, making  — 0 in (5), with ¢ fixed, we get
lim |Af] = 0.
t—0

As T is just another notation for AZ = Z — 7, this proves assertion (1).
Next, fix any @ # 0 in E’, and substitute ¢@ for ¢ in (4).
In other words, t is a real variable, 0 < t < §/|i|, so that § = t# satisfies
0<|t] <.
Multiplying by ||, we use the linearity of ¢ to get
el > % B ¢(iU)’ _ ‘g 7¢(m‘ _ ‘f(p+tut) — @)

— o(a)|.
As € is arbitrary, we have
., N PO _,
¢(@) = lim ;[f(P +ti) — f(P)]-

But this is simply Dz f(p), by Definition 1 in §1.

Thus Dy £(5) = 6(3) = df (7 ), proving (). O]

Note 2. If E/ = E™ (C™), Theorem 2(ii) shows that if f is differentiable at
P, it has the n partials

Dif(p) =df(p;€r), k=1,....,n
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But the converse fails: the existence of the Dy f() does not even imply con-
tinuity, let alone differentiability (see §1). Moreover, we have the following
result.

Corollary 1. If E' = E" (C™) and if f: E' — E is differentiable at p, then

n

(6) Zwkf Z
k=1

where t = (t1y.estn).

Proof. By definition, ¢ = df(p; - ) is a linear map for a fixed p.
If ' = E™ or C™, we may use formula (3) of §2, replacing f and & by ¢
and ¢, and get

o) = df (7 kadf 736x) = >t Dif ()
k=1

by Note 2. [

Note 3. In classical notation, one writes Azy, or dzy, for ¢ in (6). Thus,
omitting  and ', formula (6) is often written as

of of of
!
(6") df = go-dor+ g -deat o+ oo dan.
In particular, if n = 3, we write x,y, z for x1, x2, x3. This yields
of of of ..
1 - —
(6") df = p dx 8 dy + == Ee

(a familiar calculus formula).

Note 4. If the range space E in Corollary 1 is E! (C), then the Dy f(p)
form an n-tuple of scalars, i.e., a vector in E™ (C™).

In case f: E™ — E', we denote it by

n
= Z ExDr f(P)
k=1
In case f: C™ — C, we replace the Dy f(p) by their conjugates Dy, f(p)) and set

n
p) =Y ExDif(

k=1

The vector Vf(p) is called the gradient of f (“grad f”) at p.
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From (6) we obtain

(7 df (7;6) =Y txDpf(P) =T - Vf(P)

(dot product of £ by V£(p)), provided f: E" — E' (or f: C™ — C) is differ-

entiable at p.

This leads us to the following result.

Corollary 2. A function f: E™ — E' (or f: C™ — C) is differentiable at P

iff

(®) li
£

for some U € E™ (C™).
In this case, necessarily @ =V f(P) and T - T = df (7;1), T € E™(C™).
Proof. If f is differentiable at p/, we may set ¢ = df (p; -) and ¢ = V f(p).
Then by (7),

[

= fF+E) — f() ~1 -7

= 0
It

LE

o(f)=df(Fit) =t - @

so by Definition 1, (8) results.

Conversely, if some ¥ satisfies (8), set ¢(¢) = ¢ - #. Then (8) implies (2),
and ¢ is linear and continuous.

Thus by definition, f is differentiable at p; so (7) holds.

Also, qz5 is a linear functional on E™ (C™). By Theorem 2(ii) in §2, the ¢ in
¢(t) =1 -7 is unique, as is ¢.

Thus by (7), ¥ = Vf(p) necessarily. O

Corollary 3 (law of the mean). If f: E™ — E* (real) is relatively continuous
on a closed segment LD, ], p # ¢, and differentiable on L(P,q), then

9) (@) — f() = (7 —p) - VI(@o)
for some Ty € L(P,q).
Proof. Let
N D I
r=1q—pl, ¥=_(q—-p), and rV = (¢ - p)

By (7) and Theorem 2(ii),
D5 f(Z) = df (Z;0) = v - Vf(Z)
for # € L(p, ¢). Thus by formula (3') of Corollary 2 in §1,
(@) = fP) =rDy f(Zo) =rv -V [(Zo) = (7 —P)- Vf(Zo)

for some ¥y € L(p,q). O
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As we know, the mere existence of partials does not imply differentiability.
But the existence of continuous partials does. Indeed, we have the following
theorem.

Theorem 3. Let E' = E" (C™).

If f: E' — E has the partial derivatives Dif (k = 1,...,n) on all of an
open set A C E', and if the Dyf are continuous at some p € A, then f is
differentiable at p.

Proof. With p as above, let
G(F) = txDpf(p) with# = " tyéx € E.
k=1 k=1

Then ¢ is continuous (a polynomial!) and linear (Corollary 2 in §2).
Thus by Definition 1, it remains to show that

1 -
lim —|Af —¢(t)] = 0;
F—0 |t ]
that is,
N O P N _
(10) lim —|f(5+1) = f(7) = >_ tsDif(F)| = 0.
Ted |t] Pt

To do this, fix € > 0. As A is open and the Dy f are continuous at p' € A,
there is a 6 > 0 such that G5(d) C A and simultaneously (explain this!)

S o - €
(V& € Gp(9)) \ij(x)kaf(p)|<E, E=1,...,n.
Hence for any set I C G(9)

(11) sup | Dy f(Z) = Dif(P)| < (Why?)

S|m

Now fix any £ € E’, 0 < |I'| < 8, and let §, = P,

k
p_‘k:ﬁ+zt’le’la k:17"'7n'
i=1

Then

— —

n
pn:P"‘Ztiﬂi:ﬁ"‘ﬂ

| — Pr_1l = |t], and all P}, lie in Gz(5), for

k k
Ztiei = Z It:|* < zn: ] = |£] <,
i=1 i i=1

|ﬁk *ﬁ| =
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as required.

As Gp(9) is conver (Chapter 4, §9), the segments I, = L[p),_;, p);] all lie in
Gp(0) C A; and by assumption, f has all partials there.

Hence by Theorem 1 in §1, f is relatively continuous on all Ij.

All this also applies to the functions g, defined by

(12) (V@€ E) gu(@)=f(&) —axDef(P), k=1...,n

(Why?) Here
Dygi(Z) = Dy f(Z) — Di f(P)-
(Why?)
Thus by Corollary 2 in §1, and (11) above,
9k (D) — gk (Pr—1)| < [Pk — Pr—1| sup [Dy f(Z) — Dif ()]

x€ly,

—

€
< =t < = fE
n

€
n
since
P — Pl = [te@il < IF1,
by construction.
Combine with (12), recalling that the kth coordinates zy, for p), and p)_q,

differ by ty; so we obtain

9k (Pr) — 9k Pre—)| = [F (D) — f(Dr_1) — te Di f ()]
(13) £ -

IN
|
=

Also,

f(F+1)— f(P) = Af (see above).
Thus

A7 = S 0D )| =[S - ) - 0D @)
k=1

<n-—|t| =¢lf].
As ¢ is arbitrary, (10) follows, and all is proved. O

Theorem 4. If f: E" — E™ (or f: C™ — C™) is differentiable at p, with
f= " 1, fm), then [f'(P)] is an m x n matriz,

(14) [F(D)] = [Dufi(P)], i=1,....m, k=1,...,n.
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Proof. By definition, [f’(p)] is the matrix of the linear map ¢ = df (p; -),

(b = (¢17 ey ¢m) Here
£)=> tDif(p)
k=1

by Corollary 1.
As f = (f1,-.., fm), we can compute Dy, f(p) componentwise by Theorem 5
of Chapter 5, §1, and Note 2 in §1 to get

Dkf(ﬁ) = (Dkfl(ﬁ)7 X -7Dk’fm(ﬁ))
:ie:ijz(ﬁ)7 k:1727"'7n7
=1

where the €] are the basic vectors in E™ (C™). (Recall that the € are the
basic vectors in E™ (C™).)
Thus

m

o(f)=>_eioi(t).

=1
Also,
m n
ZTRZF Dyfi(p) =Y _ei Y txDifi(P
i= =1 k=1

The uniqueness of the decomposition (Theorem 2 in Chapter 3, §§1-3) now
yields

If here § = &}, then #; = 1, while t; =0 for j # k. Thus we obtain
¢1(€k):Dkfz(ﬁ), i=1,...,m,k=1,...,n

Hence
¢(€k) - (vlkn V2ky - -y Umk)7

where

vik = ¢i(€x) = Di.[3(P).

But by Note 3 of §2, vig, ..., Vmi (written vertically) is the kth column of

the m x n matrix [¢] = [f/(p)]. Thus formula (14) results indeed. O

In conclusion, let us stress again that while Dz f(p) is a constant, for a fixed
P, df (7 - ) is a mapping
¢ € L(E"E),

especially “tailored” for p'.
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The reader should carefully study at least the “arrowed” problems below.

Problems on Differentiable Functions

1. Complete the missing details in the proofs of this section.
2. Verify Note 1. Describe [f'(7)] for f: E' — E™, too. Give examples.
=3. A map f: E' — FE is said to satisfy a Lipschitz condition (L) of order
a>0at piff
(30>0) 3K € BY) (Vi € G5(9)) |f(@) — f(P)] < K|Z —p|*.
Prove the following.

(i) This implies continuity at p (but not conversely; see Problem 7 in
Chapter 5, §1).

(ii) L of order > 1 implies differentiability at p, with df(p;-) = 0
on E'.

(iii) Differentiability at p’ implies L of order 1 (apply Theorem 1 in §2
to ¢ = df).

(iv) If f and g are differentiable at 7, then

Af||Ag| = 0.
A7 ‘\ [ 1Ag]

4. For the functions of Problem 5 in §1, find those 7 at which f is differ-
entiable. Find

VD), df(P; ), and [f'(p)].
[Hint: Use Theorem 3 and Corollary 1.]
=-5. Prove the following statements.
(i) If f: E' — E is constant on an open globe G C E’, it is differen-
tiable at each p' € G, and df (p, -) =0 on E’.

(i) If the latter holds for each p € G — @ (Q countable), then f is
constant on G (even on G) provided f is relatively continuous
there.

[Hint: Given p, ¢ € G, use Theorem 2 in §1 to get f(p) = f(q).]

6. Do Problem 5 in case G is any open polygon-connected set in E'. (See
Chapter 4, §9.)

=>7. Prove the following.
(i) If f,g: E' — E are differentiable at p, so is

h=af +bg,
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=8.

10.

11.

. Let f: B/ — E™(C™), f = (f1,...
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for any scalars a,b (if f and g are scalar valued, a and b may be
vectors); moreover,

d(af + bg) = adf + bdyg,
ie.,
dh(p;t) = adf (55 F) + bdg(F;t), T € E'.
(i) In case f,g: E™ — E' or C™ — C, deduce also that

Vh(p) = aVf(p) +bVg(p).
Prove that if f,g: E' — E'(C) are differentiable at 77, then so are

h:gfandk:?

(the latter, if f(p)) # 0). Moreover, with a = f(p) and b = g(p), show
that

(i) dh =adg+ bdf and

(ii) dk = (adg — bdf)/a?.
If further E' = E™ (C™), verify that
(iii) VAh(p) = aVg(p) + bV f(P) and
(iv) V(D) = (aVg(p) — bV f(p))/a®.

Prove (i) and (ii) for vector-valued g, too.
[Hints: (i) Set ¢ = adg + bdf, with a and b as above. Verify that

Ah = (&) = g(F)(AS — df (D)) + f(F)(Ag — dg(1)) + (Af)(Ag).
Use Problem 3(iv) and Definition 1.
(ii) Let F(f') = 1/f(¥). Show that dF = —df /a®. Then apply (i) to gF.]
, fm). Prove that
(i) f is linear iff all its m components f are;

(ii) f is differentiable at p’ iff all fj are, and then df = (dfy, ..
Hence if f is complex, df = dfe + @ - dfim.

o dfm).

Prove the following statements.
(i) If f € L(E',E) then f is differentiable on E’, and df (p; -) = f,
peEEFR.
(ii) Such is any first-degree monomial, hence any sum of such mono-
mials.

Any rational function is differentiable in its domain.
[Hint: Use Problems 10(ii), 7, and 8. Proceed as in Theorem 3 in Chapter 4, §3.]
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12.

13.

14.

15.

*16.

17.

Do Problem 8(i) in case g is only continuous at p, and f(p) = 0. Find
dh.

Do Problem 8(i) for dot products h = f - g of functions f,g: E/ —
E™(C™).
Prove the following.
(i) If ¢ € L(E™, E') or ¢ € L(C™, C), then ||¢|| = |¥], with 7 as in §2,
Theorem 2(ii).

(ii) If f: E® — E* (f: C™ — C1) is differentiable at 7, then
ldf (75 )l = [VFD)]-

Moreover, in case f: E" — E!,

V@) = Daf(p) if il =1
and -
Ny gl 0 — P)
VI = Daf(F) when i = b
thus

VI ()] = mex Da f(7).

[Hints: Use the equality case in Theorem 4(c’) of Chapter 3, §§1-3. Use formula (7),
Corollary 2, and Theorem 2(ii).]
Show that Theorem 3 holds even if
(i) Dy f is discontinuous at 7, and
(ii) f has partials on A — @ only (Q countable, p’ ¢ @), provided f is
continuous on A in each of the last n — 1 variables.

[Hint: For k = 1, formula (13) still results by definition of D f, if a suitable § has
been chosen. |

Show that Theorem 3 and Problem 15 apply also to any f: B/ — E
where E’ is n-dimensional with basis {@1,...,7,} (see Problem 12 in
§2) if we write Dy f for Dy, f.

[Hints: Assume |d| = 1, 1 < k < n (if not, replace @}, by @y /|tdy|; show that this
yields another basis). Modify the proof so that the p, are still in G(d). Caution:
The standard norm of E™ does not apply here.]

Let fy: B! — E!' be differentiable at pp (k = 1,...,n). For ¥ =
(z1,...,m,) € E™, set
F(#) =" fular) and G(F) = [ [ fulan)-
k=1 k=1
Show that F' and G are differentiable at p = (p1,...,pn). Express

VF(p) and VG(p) in terms of the f; (py).
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[Hint: In order to use Problems 7 and 8, replace the fj, by suitable functions defined
on E™. For VG(p), “imitate” Problem 6 in Chapter 5, §1.]

84. The Chain Rule. The Cauchy Invariant Rule

To generalize the chain rule (Chapter 5, §1), we consider the composite h = go f
of two functions, f: E' — E” and g: E” — E, with E', E”, and E as before.

Theorem 1 (chain rule). If
fiE —-E" andg: E' - FE
are differentiable at P’ and § = f(P), respectively, then
h=gof
is differentiable at P, and
1) dh(p; -) = dg(q; -) o df (P -).

Briefly: “The differential of the composite is the composite of differentials.”

Proof. Let U =df(p; -), V =dg(q; -), and ¢ =V o U.

As U and V are linear continuous maps, so is ¢. We must show that ¢ =
dh(p; -). B

Here it is more convenient to write Az or & — p for the “¢” of Definition 1
in §3. For brevity, we set (with ¢ = f(p))

() w(@) = Ah—6(AF) = h(7) — h(p) — 6(F — ), T € E
3) u(¥) = U(AZ) = (&) - f(p) -U(E -p), T€E,
(4) v(y) = V(AY) =9(§) —9(@) - V(i —q), §eE"
Then what we have to prove (see Definition 1 in §3) reduces to

o) i, 2L g

iy | — P

while the assumed existence of df (p; -) = U and dg(q; -) = V can be ex-
pressed as

(5) im “E)
i |2 — P
and
. () . .
5" lim —=—= =0, ¢=/f(p
o 74 |§ = 4 7
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From (2) and (3), recalling that h
w(@) = g(f(7)) = 9(q) - V(U(f -p))
9(f(%)) = 9(q) = V(f(Z) = f(D) — u(Z)).
Using (4), with ¥ = f(Z), and the linearity of V', we rewrite (6) as
w(T) = g(f(%)) — 9(q) = V(f(Z) = f(P)) - V(u(Z))
= o(f(T)) + V(u(7)).

(Verify!) Thus the desired formula (5) will be proved if we show that

ofand ¢ =V oU, we obtain

(6)

(6') i L)
g-p |7 —p

and

(6") im 2@ _
i—p |T — P

JLACICI) . V( @)
by Corollary 2 in Chapter 4, §2. (Why?)
Similarly, (5”) implies (6”) by substituting ¢ = f(&), since
|f(Z) = f(P)| < K|Z — ]
by Problem 3(iii) in §3. (Explain!) Thus all is proved. O
Note 1 (Cauchy invariant rule). Under the same assumptions, we also have
(7) dh(p;t) = dg(; 5)

if §=df(p;t), t € E.
For with U and V' as above,

Thus if
we have

proving (7).
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Note 2. If
E =E"(C™), E"=E™(C™),and E = E" (C")

then by Theorem 3 of §2 and Definition 2 in §3, we can write (1) in matriz
form,

(') = [g' (@] (D)],

resembling Theorem 3 in Chapter 5, §1 (with f and g interchanged). Moreover,
we have the following theorem.

Theorem 2. With all as in Theorem 1, let
E/ — En (Cn) E// — Em (C77L)

and
f = (flvu-:f'm)-
Then

th Zng Dkfz )

or, in classical notation,

(®) 8—xk :Z 9D FiF), k=1,2....n.

i—1 Iy,

Proof. Fix any basic vector € in E’ and set
§=df(ps€k), 5= (s1,....5m) € E".
As f is differentiable at 7, so are its components f; (Problem 9 in §3), and
s; = dfi(P; €x) = Dy fi(P)

by Theorem 2(ii) in §3. Using also Corollary 1 in §3, we get

9(3; %) = Z&ng ZDkfI (@)
But as § = df(p; €), formula (7) yields
dg(q; §) = dh(p; €x) = Drh(p)
by Theorem 2(ii) in §3. Thus the result follows. [

Note 3. Theorem 2 is often called the chain rule for functions of several
variables. It yields Theorem 3 in Chapter 5, §1, if m =n = 1.
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In classical calculus one often speaks of derivatives and differentials of vari-
ables y = f(x1,...,x,) rather than those of mappings. Thus Theorem 2 is
stated as follows.

Letu=g(y1,...,ym) be differentiable. If, in turn, each
Yi = fi(xl7 LR a':l“’n,)

is differentiable for i = 1,...,m, then u is also differentiable as a com-
posite function of the n variables xy, and (“simplifying” formula (8)) we
have

26“ O }_19 . .n

!
®) Dy: Dy’

8zk
It is understood that the partials

0 0y;
T and 22 are taken at some pEE,
al'k 8$k

while the Ou/dy; are at ¢ = f(p), where f = (f1,..., fm). This “variable”
notation is convenient in computations, but may cause ambiguities (see the
next example).

Example.

Let u = g(x,y, z), where z depends on x and y:
z = fs(z,y).
Set fi(z,y) ==, f2(x,y) =y, f = (f1, f2, f3), and h =g o f; so
h(z,y) = g(x,y, 2).

By (8),
ou 8u8w+8u 8y+8u 0z
dr Oz Oz Oy Oz 0z Oz’
Here
0z _ of _ 9y _
9= Om =1 and 8‘%70’

for fo does not depend on x. Thus we obtain

o ou_du , o0
dr  Ox 0z Ox
(Question: Is (9u/9z) (0z/0z) = 07)
The trouble with (9) is that the variable © “poses” as both g and h.
On the left, it is h; on the right, it is g.
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To avoid this, our method is to differentiate well-defined mappings, not
“variables.” Thus in (9), we have the maps

g: B> - E and f: E? - E3,
with f1, f2, f3 as indicated. Then if h = g o f, Theorem 2 states (9)
unambiguously as
D1h(p) = D19(q) + D3g(q) - D1 f (),
where p € E? and

7= f(p) = (p1,p2, f3(P)).
(Why?) In classical notation,
oh _dg | 09 Oy
dr — dr ' 9z dx
(avoiding the “paradox” of (9)).

Nonetheless, with due caution, one may use the “variable” notation where
convenient. The reader should practice both (see the Problems).

Note 4. The Cauchy rule (7), in “variable” notation, turns into

= du " ou
1 =N Ty =S 2 day,
(10) du > o dy Z i dxy,
=1 k=1
where dzy, = t;, and dy; = df;(5;1).
Indeed, by Corollary 1 in §3,

) = kah( -t and dg(q; § Zng

Now, in (7),
§: (Sla"'v‘STﬂ) :df(ﬁat)a
so by Problem 9 in §3,
Rewriting all in the “variable” notation, we obtain (10).

The “advantage” of (10) is that du has the same form, independently of
whether u is treated as a function of the xp or of the y; (hence the name
“invariant” rule). However, one must remember the meaning of dzy and dy;,
which are quite different.

The “invariance” also fails completely for differentials of higher order (§5).

The advantages of the “variable” notation vanish unless one is able to “trans-
late” it into precise formulas.
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Further Problems on Differentiable Functions

1. For E = E" (C") prove Theorem 2 directly.
[Hint: Find
Dyh;(@), j=1,...,m

from Theorem 4 of §3, and Theorem 3 of §2. Verify that
»
Dyh(F Z e;Dphy(F) and Dig(q) = €;Dig;(q),

where the e; are the basic unit vectors in E”. Proceed.]

2. Let g($7y7z) =Uu,r = fl(,r? 0)7 Y= f2(rv 9)7 z = f3(rv 9)7 and
f=(h,fa f3): B> > E°.
Assuming differentiability, verify (using “variables”) that
_ Ou ou Ou ,  Ou ou
du=—drx+ —dy+ —dz d — df
B TR TR TR T

by computing derivatives from (8"). Then do all in the mapping notation
for H=go f, dH(p;1).

3. For the specific functions f, g, h, and k of Problems 4 and 5 of §2, set
up and solve problems analogous to Problem 2, using
(@) kof;  (b)gok;  (c) foh;  (d) hog.
4. For the functions of Problem 5 in §1, find the formulas for df (p; i ). At
which p’ does df (p; - ) exist in each given case? Describe it for a chosen p'.

5. From Theorem 2, with E = E* (C), find
Z Drg(q@)V fr(D)-

6. Use Theorem 1 for a new solution of Problem 7 in §3 with £ = E! (C).
[Hint: Define F on E’ and G on E? (C?) by
F(@) = (f(Z),9(2)) and G(¥) = ay1 + bys.

Then h = af + bg = G o F. (Why?) Use Problems 9 and 10(ii) of §3. Do all in
“variable” notation, too.]

7. Use Theorem 1 for a new proof of the “only if” in Problem 9 in §3.
[Hint: Set f; = go f, where g(¥) = z; (the ith “projection map”) is a monomial.
Verify!]

8. Do Problem 8(i) in §3 for the case E' = E? (C?), with

f(#) =21 and g(¥) = 2.
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10.

11.

12.

13.
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(Simplify!) Then do the general case as in Problem 6 above, with
G(J) = y1ye.

. Use Theorem 2 for a new proof of Theorem 4 in Chapter 5, §1. (Proceed

as in Problems 6 and 8, with E’ = E', so that D1k = h'.) Do it in the
“variable” notation, too.

Under proper differentiability assumptions, use formula (8') to express
the partials of u if

(i) w=g(z,y), = f(r)h(0), y = r+ h(0) + 0 (r);
(il) u=g(r,0), r = flx+ (), 0 = f(xf(y));

(iil) u = g(z¥,y?, 2*1Y).

Then redo all in the “mapping” terminology, too.

Let the map g: E' — E! be differentiable on E'. Find |VA(p)| if

h=go fand

() £@) = ap 7 € B

k=1

(i) £(7) = |#2 & € B".
(Euler’s theorem.) A map f: E® — E* (or C™ — C) is called homoge-
neous of degree m on G iff

(Vte E1(0) f(tZ)=1t"f(&)

when &, t& € G. Prove the following statements.

(i) If so, and f is differentiable at p’ € G (an open globe), then

P V() =mf(p).
*(ii) Conversely, if the latter holds for all ' € G and if 0 ¢ G, then f is
homogeneous of degree m on G.
(iii) What if 0 € G?

[Hints: (i) Let g(t) = f(tp). Find ¢’(1). (iii) Take f(z,y) = #2y? if x < 0, f = 0 if
x>0, G=Go(l)]

Try Problem 12 for f: E' — E, replacing p - V f(p) by df (7;p).

14. With all as in Theorem 1, prove the following.

(i) If B' = B' and § = f'(p) # 0, then /'(p) = Dig(q).

(ii) If @ and ¥ are nonzero in E’ and ai + b7 # 0 for some scalars a, b,
then

Dag i f(P) = aDg f(P) + bDy f (D).
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(iii) If f is differentiable on a globe Gz, and @ # 0 in £/, then
D f(F) = Jim Dz (p).

[Hints: Use Theorem 2(ii) from §3 and Note 1.]
15. Use Theorem 2 to find the partially derived functions of f, if
(i) f(z,y,2) = (sin(zy/2))";
(ii) f(z,y) = log:,;‘tarl(y/:r)‘.
(Set f = 0 wherever undefined.)

85. Repeated Differentiation. Taylor’s Theorem

In §1 we defined i -directed derived functions, Dg f for any f: E' — E and any
@+0in E.

Thus given a sequence {@;} C E' — {0}, we can first form Dy, f, then
Dz,(Dg, f) (the @a-directed derived function of Dz, f), then the @3-directed
derived function of Dz, (Dgz, f), and so on. We call all functions so formed the
higher-order directional derived functions of f.

If at each step the limit postulated in Definition 1 of §1 exists for all p’ in a
set B C E', we call them the higher-order directional derivatives of f (on B).

If all @; are basic unit vectors in E™ (C™), we say “partial” instead of “di-
rectional.”

We also define DL f = Dz f and

(1) D§117724..17kf:D’Ek(Dgrﬁlzmﬁk_lf)v k:2737"'7
and call Dgﬂzmﬁkf a directional derived function of order k. (Some authors
denote it by D o o f.)
If all @; equal i, we write Dgf instead.
For partially derived functions, we simplify this notation, writing 12 ... for
€1€5 ... and omitting the “k” in D* (except in classical notation):
0% f o%f
Disf=D%_ = Diuf=D2%_ f=—2 etec.
12f EEN 92, 01y’ 1nf 3PS 027 etc
We also set D2 f = f for any vector 4.
Example.
(A) Define f: E? — E! by
wy(z? —y?)

F0.0=0. fly) =" T



36

Then

of

y(a* +42%y* — y*)
- D -
oz 1f($7y) (1'2 +y2)2 ’
whence D1 f(0,y) = —y if y # 0; and also

D; £(0,0) = lim

z—0

f(:L',O) — f(0,0)

=0. ify!
- 0. (Verify!)

Thus D; f(0,y) = —y always, and so D12f(0,y) = —1; D12f(0,0) = —
Similarly,

x(rt — da?y? — yt)
DQf(xay) = (x2 + y2)2

if z # 0 and D5 f(0,0) = 0. Thus (Vz) D2 f(x,0) =z and so

DQlf(ZL‘,O) =1 and D21f(0,0) =1 7& D12f(0,0) = —1.
The previous example shows that we may well have D1af # Da; f, or more
generally, D?w f# Dfm f. However, we obtain the following theorem.
the derivatives

Theorem 1. Given nonzero vectors @ and v in E’, suppose f: E' — E has

Dﬁf: Dﬁf? and D127.'17f
on an open set A C E'.

If D%_f is continuous at some p € A, then the derivative D2 f(p) also
exists and equals D2 f (7).

Proof. By Corollary 1 in §1, all reduces to the case |@| =1 = |¢]. (Why?)

Given € > 0, fix § > 0 so small that G = G(d) C A and simultaneously

(2) sup | Dz f(%) —
reG

(by the continuity of D2 f at p).

uv )

Now (Vs,t € E') define H;: E' — E by

Dizf(p)l < e

Hy(s) = Dy f(p' + tu + sU).
Let

08
)
2°2
If s,t € I, the point & = '+ ti + s¥ is in G5(0) C A, since
L Y B
[~ 5 = |t + 5] < § +

uv
1.
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Thus by assumption, the derivative D2 f(j) exists. Also,

1
!/ _ : . _
Hi(s) = Jim < [Hi(s + As) — Hi(s)
1
= lim —[Dgzf(Z+ As-vU) — Dz f(Z)].
A, 7 Pal (@ + As-0) = Daf(@)
But the last limit is D2 f(¥), by definition. Thus, setting

hi(s) = Hy(s) — sD35 £ (P),
we get

hi(s) = H{(s) — D3 f(P)

= D35 f(&) — Dz f ().
We see that h, is differentiable on I, and by (2),

sup |hy(s)| < sup |D35 f(&) — D3 f(P)| < ¢
sel reG

for all t € I. Hence by Corollary 1 of Chapter 5, §4,

|he(s) — he(0) < ISISUI;IhQ(U)\ < lsle.
A4S
But by definition,

he(s) = Da f(F + tii + s¥) — sD2%; f(7)
and

Thus

(3) (Dt (5 +tid + 1) — D (5 + tid)
for all s,t € 1.

he(0) = Dy f (5 + t7).

— D3 f(D) < |sle
Next, set

Gs(t) = f(p+tu + sU) — f(P + tu)
and

gs(t) = Gs(t) — st - Dz f(P).

As before, one finds that (Vs € I) g is differentiable on I and that

g.(t) = Dg f(p + tid + sU) — Dy f(§ + tit) — sD%; f(P)
for s,t € I. (Verify!)

Hence by (3),

sup |g;(£)] < [sle.
tel
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Again, by Corollary 1 of Chapter 5, §4,

‘gs(t) - gs(0)| S ‘St|8,

or by the definition of g, (assuming s,¢ € I — {0} and dividing by st),
1 . N ~ N . . 1 . . .
SO+t +50) = (7 + )] = D f(F) = [+ 50) = fD)]| < e
(Verify!) Making s — 0 (with ¢ fixed), we get, by the definition of Dj f,
1 R | _ 2 gy
;Dif(P +tu) — EDﬂf(P) —Dgsf(p)| <e

whenever 0 < [t| < /2.
As € is arbitrary, we have

, .1 L ,
D25 f(F) = lim —[D, f (7 + ti@) — Dy f (7).
But by definition, this limit is the derivative D2 f(5). Thus all is proved. O

Note 1. By induction, the theorem extends to derivatives of order > 2.
Thus the derivative D% f is independent of the order in which the ;

U1tho... U
follow each other if it exists and is continuous on an open set A C E’, along

with appropriate derivatives of order < k.
If ' = E™(C™), this applies to partials as a special case.
For E™ and C" only, we also formulate the following definition.
Definition 1.
Let E' = E™(C™). We say that f: B/ — E is m times differentiable at
p € E'iff f and all its partials of order < m are differentiable at p.

If this holds for all p in a set B C E’, we say that f is m times
differentiable on B.

If, in addition, all partials of order m are continuous at p (on B), we
say that f is of class CD™, or continuously differentiable m times there,
and write f € CD™ at p (on B).

Finally, if this holds for all natural m, we write f € CD* at p’ (on B,
respectively).

Definition 2.

Given the space E' = E™ (C™), the function f: E’ — FE, and a point
p € E’', we define the mappings

dmf(ﬁ7)7 m:1727"'7
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from E' to E by setting for every = (t1,...,t,)
d'f(;T) =Y Dif(P) - ti,
i=1
(4) ErE;E) =Y > Dii f(B) - tit;,
d3f(ﬁ§ 7?) = Z ZZD”kf(ﬁ) - tit;t,, and so on.

We call d™ f(p; -) the mth differential (or differential of order m) of f at p.
By our conventions, it is always defined on E™ (C™) as are the partially derived
functions involved.

If f is differentiable at 7 (but not otherwise), then d*f(7;t) = df(7;t)
by Corollary 1 in §3; d' f(p; - ) is linear and continuous (why?) but need not
satisfy Definition 1 in §3.

In classical notation, we write dx; for ¢;; e.g.,

&’ f = ZZ OF e,
X al',al'J ‘ a

j=1i=1

Note 2. Classical analysis tends to define differentials as above in terms of
partials. Formula (4) for d” f is often written symbolically:

0 ) P m B
) d ff(axldm%—amdxg—i- +axndacn) fom=12...

Indeed, raising the bracketed expression to the mth “power” as in algebra
(removing brackets, without collecting “similar” terms) and then “multiplying”
by f, we obtain sums that agree with (4). (Of course, this is not genuine
multiplication but only a convenient memorizing device.)

Example.
(B) Define f: E2 — E' by
f(z,y) = zsiny.
Take any p = (z,y) € E2. Then

D f(z,y) =siny and Dy f(z,y) = x cosy;
Diaf(z,y) = Do f(z,y) = cosy,
D11 f(z,y) =0, and Das f(z,y) = —xsiny;
D f(x,y) = Duaf(z,y) = Dia1f(x,y) = Da11 f(z,y) =0,
Dogy f(z,y) = Daraf(x,y) = Dizaf(z,y) = —siny, and
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Dasaf(z,y) = —z cosy; etc.

As is easily seen, f has continuous partials of all orders; so f € C D> on
all of E2. Also,

df (93 1) = t: D1 f(P) + t2 D2 f (D)
=ty siny + tax cosy.

In classical notation,

df =d'f = fd +a—f
:smyd:n+xcosydy,
92
2 f o°f 0% f
df— d +2 a8d:cdy+a2dy

=2 cosydxdy — xsiny dy?;
& f = —3sinyda dy® — x cosy dy*;
and so on. (Verify!)

We can now extend Taylor’s theorem (Theorem 1 in Chapter 5, §6) to the
case E' = E™ (C™).

Theorem 2 (Taylor). Let @ =% —p #0 in E' = E™ (C").
If f: E' — E is m + 1 times differentiable on the line segment
I=L[p 7 CE

then .

@)= 10) = 32 S0 + o
with
(6) Rl € iy K € B,
and
(6") 0< K < sup "+ f(5; ).

Proof. Define g: B! — E' and h: E' = Eby g(t)=p +tii and h= fog.
As E' = E™ (C™), we may consider the components of g,

gu(t) = pr + tug, k <n.

Clearly, gy, is differentiable, g; (t) = u.
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By assumption, so is f on I = L[p, Z]. Thus, by the chain rule, h = fog is
differentiable on the interval J = [0,1] C E*; for, by definition,

p+td € Llp,z) iff t € [0,1].
By Theorem 2 in §4,

(7) W(t) = Dpf(p +tii) - up = df (5 + tii; i), te.J.
k=1
(Explain!)
By assumption (and Definition 1), the Dy f are differentiable on I. Hence,
by (7), h' is differentiable on J. Reapplying Theorem 2 in §4, we obtain

n n

R(t) = Z Z Dy f(P + tid) - upuy

j=1k=1
=d?f(p + ti; i), te
By induction, h is m + 1 times differentiable on J, and
(8) ROW) =dif(p +ti;a@), ted, i=1,2,...,m+1.

The differentiability of A" (i < m) implies its continuity on J = [0, 1].

Thus h satisfies Theorem 1 of Chapter 5, §6 (with z =1, p =0, and Q = 0);
hence
m h(i)(())
h(1) = h(0) =)
i=1

KW'L
(m+ 1)1’

Ko < sup [ (1),
teJ

. + R77l7
7!
) \Ron| < K, € E,

By construction,

0
h(1) = f(F + @) = f(Z) and h(0) = [ (p).
Thus using (8) also, we see that (9) implies (6), indeed. O

Note 3. Formula (3’) of Chapter 5, §6, combined with (8), also yields
' / h(erl _t)m dt
m!

= / L ) - (1 )™ i,

R'm
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Corollary 1 (the Lagrange form of R,,). If E = E' in Theorem 2, then
1

10 Ry = ——— d"* (54

(10) o )

for some § € L(p, ).

Proof. Here the function h defined in the proof of Theorem 2 is real; so The-
orem 1’ and formula (3") of Chapter 5, §6 apply. This yields (10). Explain! O

Corollary 2. If f: E™(C™) — E is m times differentiable at p' and if 4 # 0
(7,4 € E™(C™)), then the derivative D' f(D) exists and equals d™ f (D’ @).

This follows as in the proof of Theorem 2 (with ¢ = 0). For by definition,

D () = lim * £+ si) ~ f(7)
_ limé [h(s) — h(0)]
= 1'(0) = df (p’; @)
by (7). Induction yields
D f(p) = h™(0) = d™ (p; @)
by (8). (See Problem 3.)

Example.
(C) Continuing Example (B), fix
p= (17 0)?
thus replace (x,y) by (1,0) there. Instead, write (z,y) for & in Theorem 2.
Then
t=7Z—-p=(x-1y);
S0

uy =z —1=dzr and us = y = dy,
and we obtain
df (ps @) = D1f(1,0) - (z — 1) + D2 f(1,0) -y
= (sin0) - (x — 1)+ (1 -cos0) -y
=y;
d*f(9;@) = D11 f(1,0) - (z = 1)* + 2 D12 f(1,0) - (x — L)y
+ Do f(1,0) -
=(0)-(z —1)>+2(cos0) - (x — 1)y — (1 -sin0) - y*
=2(z — 1)y;
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and for all § = (s1,s2) € I,
d’f(5;@) = D1 f(s1,82) - (x = 1)° + 3 Diiaf(s1,52) - (x — 1)%y
(10") +3Digaf(s1,52) - (& — 1)y* + Dagaf(s1,52) - ¢
= —3sinsy - (x — 1)y? — 51 cos sy - 3°.

Hence by (6) and Corollary 1 (with m = 2), noting that f(p) = f(1,0) =
0, we get
T,yY) = -sin
a1 fz,y) y
=y+(z—1)y+ Ro,

where for some § € I,

1
Ry = gd?’f@'7 0) == [73sin52 (z— l)y2 — 51 COS 89 - yg}
As § € L(p, &), where p = (1,0) and & = (z,y), s1 is between 1 and x;

|s1| < max(|z|,1) < |=| + 1.
Finally, since |sinsz| < 1 and | cos sz| < 1, we obtain
1
[Rol < 5 Bl =11+ (o] + 1) lyl] v

This bounds the maximum error that arises if we use (11) to express x siny
as a second-degree polynomial in (z — 1) and y. (See also Problem 4 and
Note 4 below.)

Note 4. Formula (6), briefly

Af = Z ) + Ra,
i=1

il

generalizes formula (2) in Chapter 5, §6.
As in Chapter 5, §6, we set

Pal®) = f(5) + 3 5 d' 5 — )
i=1 "

and call P, the mth Taylor polynomial for f about p, treating it as a function
of n variables z, with & = (z1,...,zy).
When expanded as in Example (C), formula (6) expresses f(Z) in powers of

up =T —pr, k=1,...,n,

plus the remainder term R,,.
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If f € CD* on some Gy and if R,,, — 0 as m — oo, we can express f(Z) as
a convergent power series

m—r o0

o . I N N
f@) = lim Pn(&) = f(7)+ Y = d'f(7;& —P).
il
We then say that f admits a Taylor series about p, on Gp.

Problems on Repeated Differentiation and Taylor Expansions

1. Complete all details in the proof of Theorem 1. What is the motivation
for introducing the auxiliary functions h; and g5 in this particular way?

2. Is symbolic “multiplication” in Note 2 always commutative? (See Ex-
ample (A).) Why was it possible to collect “similar” terms

o?f 02 f
dz dy and dyd
oz Jy vay an Oy Ox yar
in Example (B)? Using (5), find the general formula for d®f. Expand it!

3. Carry out the induction in Theorem 2 and Corollary 2. (Use a suitable
notation for subscripts: kiks ... instead of jk....)

4. Do Example (C) with m = 3 (instead of m = 2) and with p’ = (0,0).
Show that R,, — 0, i.e., f admits a Taylor series about p.
Do it in the following two ways.
(i) Use Theorem 2.

(ii) Expand siny as in Problem 6(a) in Chapter 5, §6, and then mul-
tiply termwise by .

Give an estimate for Rj3.

5. Use Theorem 2 to expand the following functions in powers of x — 3 and
y + 2 ezactly (choosing m so that R,, = 0).
(i) flz,y) = 2zy> = 3y° + y2® — 2%
(ii) f(z,y) = 2* — 23y? + 22y — 1;
(iii) f(z,y) = 2%y — axy® — 2.

6. For the functions of Problem 15 in §4, give their Taylor expansions up

to Ry, with
i
7= 1,—.1)
5o (T

()

in case (i) and

in (ii). Bound Rs.
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7.

=10.

11.

(Generalized Taylor theorem.) Let @ = & — 5 # 0 in E’ (E' need not
be E™ or C™); let I = L[p, Z]. Prove the following statement:

If f: ' — E and the derived functions D% f (i < m) are relatively
continuous on I and have @-directed derivatives on I —Q (Q countable),
then formula (6) and Note 3 hold, with d' f(p; @) replaced by D% f(p).
[Hint: Proceed as in Theorem 2 without using the chain rule or any partials or
components. Instead of (8), prove that h(¥)(t) = DLf(p+td) on J—-Q', Q' =

g7 'Ql]
(i) Modify Problem 7 by setting

Thus expand f(Z) in powers of |Z — p].
(ii) Deduce Theorem 2 from Problem 7, using Corollary 2.

. Given f: E?(C?) — E, f € CD™ on an open set A, and § € A, prove

that (Vi € E2(C?))
d'f(5;i) = N wluy ? Dy, ok f(8), 1<i<m,
fa) =3 (1) ulud? D1 f6)

j=0
where the (;) are binomial coefficients, and in the jth term,
ki=hy=- =k =2

and
kjpr ==k =1.

Then restate formula (6) for n = 2.
[Hint: Use induction, as in the binomial theorem.]

Given p € B/ = E" (C™) and f: E' — E, prove that f € CD! at § iff
f is differentiable at p" and

(Ye>0) (30> 0) (Vi € G5(0)) d f(p: ) —d f(&; )l <e,

with norm || || as in Definition 2 in §2. (Does it apply?)
[Hint: If f € CD*', use Theorem 2 in §3. For the converse, verify that

e > |d f(p;t) —d' f(& 1) =

S Dk f(B) = Dif (@)t
k=1

if ¥ € Gy(d) and |£| < 1. Take £ = &, to prove continuity of Dy, f at {.]
Prove the following.
(i) If ¢: E™ — E™ is linear and [¢] = (v;), then

Il? < Jvikl*.
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(ii) If f: E™ — E™ is differentiable at p, then

ldr @ I < 3 D

i,k

(iii) Hence find a new converse proof in Problem 10 for f: E™ — E™.

Consider f: C™ — C™, too.
[Hints: (i) By the Cauchy-Schwarz inequality, |¢(Z)|? < |Z|? ik lvir|?2. (Why?)
(ii) Use part (i) and Theorem 4 in §3.]
12. (i) Find d?u for the functions of Problem 10 in §4, in the “variable”
and “mapping” notations.
(ii) Do it also for

—1
2

u=fl.y.2) = (@ +y° + 2%
and show that Dy1f + Daof + Dssf = 0.
(iii) Does the latter hold for u = arctan %?
13. Let u = g(x,y), x = rcosf, y = rsinf (passage to polars).

Using “variables” and then the “mappings” notation, prove that if g
is differentiable, then

. Ou u u
(i) o = 0059a +Sm98_y and
ou 1 Ou
. 2 (=
(ii) |Vg(z,y)|” = (6T> + (r 69>

Fu ou
orof’ or?’ 002

14. Let f,g: E' — E' be of class CD? on E'. Verify (in “variable” notation,
t00) the following statements.

(i) Dyi1h = a?Daygh if a € E' (fixed) and
h(z,y) = flax +y) + 9(y — ax).
(i) 22D11h(z,y) 4 22y Dioh(z,y) + y2Dash(z,y) = 0 if
o =21(2) +o(2)
(iii) Dyh - Dayh = Doh - Dyyh if
h(z,y) = g(f(z) +y).

(iii) Assuming g € CD?, express as in (i).

Find D1sh, too.
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15. Assume E' = E"(C™) and E” = E™(C™). Let f: E' — E” and
g: B — E be twice differentiable at p € E' and ¢ = f(p) € E”,
respectively, and set h = g o f.

Show that h is twice differentiable at p, and

Eh(p; 1) = d°g(3: 3) + dg(; 7),
where t € E', § = df(5;t), and 7 = (v1,...,vm) € E” satisfies
v =d* fi(p;t), i=1,...,m.

Thus the second differential is not invariant in the sense of Note 4 in §4.
[Hint: Show that
Drth(p) = > Dijg(§) Dy fi(F) Dif5 (7 +Zng(fl Dy fi(P)-
j=1li=1 i=1
Proceed.]
16. Continuing Problem 15, prove the invariant rule:
d"h(p;T) = d"g(q; 8),

if f is a first-degree polynomial and g is r times differentiable at .
[Hint: Here all higher-order partials of f vanish. Use induction.]

§6. Determinants. Jacobians. Bijective Linear Operators

We assume the reader to be familiar with elements of linear algebra. Thus we
only briefly recall some definitions and well-known rules.

Definition 1.
Given a linear operator ¢: E™ — E™ (or ¢: C" — C™), with matrix
@] = (vi), ,k=1,....n

we define the determinant of [¢] by

U1 V12 ... Vln
V21 V22 ... U2p
det[¢] = det(vy) = .
(1)
Un1 Un2 e Unn

= Z(—l)A’Ulklvgkz N Unkn7
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where the sum is over all ordered n-tuples (k1,. .., ky) of distinct integers
k; (1 <k; <n), and
‘o 0 if [T, (km —k;) > 0 and
1 if Hj<m(lcm —k;) <0.

Recall (Problem 12 in §2) that a set B = {¥/1,72,...,7,} in a vector space
FE is a basis iff
(i) B spans E, i.e., each ¥ € E has the form

n

U= E aﬂ?i

i=1
for some scalars a;, and
(ii) this representation is unique.

The latter is true iff the ¥; are independent, i.e.,

Zaif;’i =0<a;=0,i=1,...,n
i=1
If E has a basis of n vectors, we call E n-dimensional (e.g., E™ and C™).
Determinants and bases satisfy the following rules.
(a) Multiplication rule. If ¢,g: E™ — E™ (or C™ — C™) are linear, then

det[g] - det[¢] = det([g] [¢]) = detg o )]
(see §2, Theorem 3 and Note 4).
(b) If ¢(¥) = Z (identity map), then [¢] = (vix), where
0 ifi+# k and
Vik =
1 ifi=k;
hence det[¢] = 1. (Why?) See also the Problems.

(¢) An n-dimensional space E is spanned by a set of n vectors iff they are
independent. If so, each basis consists of exactly n vectors.

Definition 2.
For any function f: E™ — E™ (or f: C™ — C™), we define the f-induced
Jacobian map Jg: E" — E' (J;: C™ — C) by setting
J¢(Z) = det(vig),
where v;, = Dkfl(f), reElR" (Cn), and f = (f17 .. ,fn)

The determinant

J5(p) = det(Dy.fi(P))
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is called the Jacobian of f at p.
By our conventions, it is always defined, as are the functions Dy, f;.

Explicitly, J¢(p) is the determinant of the right-side matrix in formula (14)
in §3. Briefly,

By Definition 2 and Note 2 in §5,
J5(P) = det[d' f(7; -)]-
If f is differentiable at p,

J5(P) = det[f"(7)].

Note 1. More generally, given any functions v;,: E' — E(C), we can
define a map f: E' — E* (C) by

F(@) = det(vig(7));

briefly f = det(vix), i,k =1,...,n.

We then call f a functional determinant.

If B/ = E™ (C™) then f is a function of n variables, since ¥ = (z1, T2, ..., Tp)-
If all v;;, are continuous or differentiable at some p' € E’, so is f; for by (1), f
is a finite sum of functions of the form

(_1)>\Uik‘1 Vikg « + + Viky, s

and each of these is continuous or differentiable if the v;;, are (see Problems 7
and 8 in §3).

Note 2. Hence the Jacobian map Jy is continuous or differentiable at p if
all the partially derived functions Dy f; (i,k <n) are.

If, in addition, J¢(p) # O, then Jy # 0 on some globe about p’. (Apply
Problem 7 in Chapter 4, §2, to |J¢|.)

In classical notation, one writes

8(f17~~:fn) 8(y177yn)

or

Az, ..., Tn) Az, ..., Tn)

for J¢(Z). Here (y1,...,9yn) = f(21,...,2n).

The remarks made in §4 apply to this “variable” notation too. The chain
rule easily yields the following corollary.
Corollary 1. If f: E™ — E™ and g: E™ — E" (or f,g: C" — C™) are
differentiable at p' and § = f(p), respectively, and if

h=gof,
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then

(i) In(D) = J4(q) - J¢(P) = det(zir),

where

zik = Drphi(p), i,k=1,...,n;

or, setting
(Uts s tn) = 9y, sy and
W) = F(@1, - 20) (“variables™),
we have
0 Ce,Up Nut,. .. un) Y1, Yn
(11) (u17 , U ) _ (ul (22 ) . (yl Y ) :det(zzk),
O(z1,. .., %) Oty yyn) O(T1,...,20)
where
zzk—gg;, iLWwk=1,...,n

Proof. By Note 2 in §4,

Thus by rule (a) above,
det[l'(p)] = det[g'(q)] - det[f"(7)],
In(@) = Jy(q) - T 5 (D)

Also, if [W/(P)] = (zir), Definition 2 yields z;; = Dyh;(p).
This proves (i), hence (ii) also. O

In practice, Jacobians mostly occur when a change of variables is made.
For instance, in £?, we may pass from Cartesian coordinates (x,%) to another
system (u,v) such that

x = f1(u,v) and y = fa(u,v).
We then set f = (f1, f2) and obtain f: E? — E?,
Jp =det(Dyfi), k,i=1,2.

Example (passage to polar coordinates).
Let x = fi(r,0) = rcosf and y = fo(r,0) = rsind.
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Then using the “variable” notation, we obtain J¢(r, ) as

ou O
ANz,y) |or 00| _

a(r,0) dy Oy
ar 00

cos) —rsinf
sinf  rcosf

=rcos? 0 +rsin’0 =r.
Thus here J¢(r,6) = r for all r,6 € E'; J; is independent of 6.

We now concentrate on one-to-one (invertible) functions.

Theorem 1. For a linear map ¢: E™ — E™ (or ¢: C™ — C™), the following
are equivalent:

(i) ¢ is one-to-one;

(i) the column vectors U1,...,0, of the matriz [¢] are independent;
(iii) ¢ is onto E™ (C™);

(iv) det[g] #

Proof. Assume (i) and let

3

v =0.

bl

=1
To deduce (ii), we must show that all ¢; vanish.
Now, by Note 3 in §2, U, = ¢(€}); so by linearity,

_':(_]'

I
o
x>
<

=~
Il
—

implies
n
qb (E Ck5k> =0.
k=1
As ¢ is one-to-one, it can vanish at 0 only. Thus
n
Z Ck gk = 6
k=1
Hence by Theorem 2 in Chapter 3, §§1-3, ¢, =0,k =1,...

Next, assume (ii); so, by rule (c) above, {¥1,...,
Thus each ¥ € E™ (C™) has the form

,n, and (ii) follows.
Upn} is a basis.
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where

n
z= Zaké'k (uniquely).
k

Hence (ii) implies both (iii) and (i). (Why?)
Now assume (iii). Then each § € E™ (C™) has the form § = ¢(&), where

n
Z= E wkgka
k=1

by Theorem 2 in Chapter 3, §§1-3. Hence again

n n
T=> wkp(Ek) =Y wxil;
k=1 k=1

so the ¥y span all of E™ (C™). By rule (c) above, this implies (ii), hence (i),
too. Thus (i), (ii), and (iil) are equivalent.
Also, by rules (a) and (b), we have
det[@] - det[p™!] = det[po '] =1

if ¢ is one-to-one (for pop~1 is the identity map). Hence det[¢] # 0 if (i) holds.
For the converse, suppose ¢ is not one-to-one. Then by (ii), the ¢} are not
independent. Thus one of them is a linear combination of the others, say,

n
’171 = E akﬁk.
k

=2

But by linear algebra (Problem 13(iii)), det[¢] does not change if ¥y is re-
placed by
171 — Z akﬁk = 6
k=2

Thus det[¢] = 0 (one column turning to 0). This completes the proof. [

Note 3. Maps that are both onto and one-to-one are called bijective. Such
is ¢ in Theorem 1. This means that the equation

(@) =7
has a unique solution
T =0 (7)

for each §. Componentwise, by Theorem 1, the equations

n
E LTrVik = Yi, i:17"'7n7
k=1
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have a unique solution for the zy, iff det(vy) # 0.
Corollary 2. If ¢ € L(E',E) is bijective, with E' and E complete, then
¢l e L(E,E".
Proof for £ = E™ (C").! The notation ¢ € L(E', E) means that ¢: B/ — E
is linear and continuous.

As ¢ is bijective, $71: E — E’ is linear (Problem 12).

If E=E™(C™), it is continuous, too (Theorem 2 in §2).

Thus ¢~ € L(E,E'). O

Note. The case E = E™ (C™) suffices for an undergraduate course. (The

beginner is advised to omit the “starred” §8.) Corollary 2 and Theorem 2
below, however, are valid in the general case. So is Theorem 1 in §7.

Theorem 2. Let E, E' and ¢ be as in Corollary 2. Set
1
—1 _
o7 =,
Then any map 6 € L(E',E) with |0 — ¢|| < € is one-to-one, and 67" is

uniformly continuous.

Proof. By Corollary 2, ¢! € L(E, E'), so ||¢~!| is defined and > 0 (for ¢~*
is not the zero map, being one-to-one).
Thus we may set

1 1
e = R 10} = —.
o 1=z
Clearly ¥ = ¢~ 1(%) if ¥ = ¢(F). Also,
1 1.
e~ @)l < 1]
by Note 5 in §2. Hence
7] > elo™ ()],
ie.,
(2) |6(Z)] = ||

forall ¥ € E' and i € E.
Now suppose ¢ € L(E',E) and |6 — ¢|| =0 < e.
Obviously, 8§ = ¢ — (¢ — ), and by Note 5 in §2,

[(¢ =) (@) < ll¢ - 0ll 7| = o|].

1 See *§8 for the general case.
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Thus for every Z € F’,
0(Z)] = |¢(@)] — (¢ — 0)(Z)]
(3) 2 [o(&)] — olZ|
z (e — o)l
by (2). Therefore, given § # 7 in E’ and setting & = § — 7 # 0, we obtain
(4) 10(p) — 0(7)| = [6(F — )| = |0(Z)] = (¢ — 0)|Z] > 0

(since o < ¢).
We see that p # 7 implies 0(p)) # 6(7); so 6 is one-to-one, indeed.

— =

Also, setting 0(Z) = 7 and ¥ = 071(Z) in (3), we get
2] = (e =)0~ (2)];
that is,
(5) 071 (2)] < (e — o)

for all 7 in the range of 6 (domain of 671).
Thus 6~! is linearly bounded (by Theorem 1 in §2), hence uniformly con-
tinuous, as claimed. [J

Corollary 3. If E' = E = E™(C") in Theorem 2 above, then for given ¢ and
0 >0, there always is &' > 0 such that

0 — ol <& implies |01 — 67| < 6.
In other words, the transformation ¢ — ¢~ is continuous on L(E), E =
E7L (C'ﬂ).
Proof. First, since B/ = E = E™(C"), 6 is bijective by Theorem 1(iii), so
0~ e L(E).
As before, set ||0 — ¢|| =0 < e.
By Note 5 in §2, formula (5) above implies that

1
01 < .
E—0

Also,
pto(@—¢)odt=¢p"t —p7!
(see Problem 11).
Hence by Corollary 4 in §2, recalling that ||¢~1| = 1/, we get

1071 =7 I < Nl I - 10— @Il - [lo~"]| < - —0aso—0. [

o)
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Problems on Bijective Linear Maps and Jacobians
1. (i) Can a functional determinant f = det(v;) (see Note 1) be contin-
uous or differentiable even if the functions v;; are not?
(if) Must a Jacobian map J¢ be continuous or differentiable if f is?
Give proofs or counterexamples.

=2. Prove rule (b) on determinants. More generally, show that if f(Z) = &
on an open set A C E™ (C™), then Jy =1 on A.
3. Let f: E" - E" (or C" = C™), f=(f1,---, [n)-
Suppose each fi depends on xy only, i.e.,

Te(@) = fu(¥) if 2 = yi,

regardless of the other coordinates z;,y;. Prove that J¢ = [[}_, D fx.
[Hint: Show that Dy f; = 0 if ¢ # k.]

4. In Corollary 1, show that
In(@) = [ Defe(@) - J4(@)
k=1

if f also has the property specified in Problem 3. Then do all in “vari-
ables,” with yr = yx(xy) instead of f.

5. Let E' = E' in Note 1. Prove that if all the v;;, are differentiable at p,
then f’(p) is the sum of n determinants, each arising from det(v;), by
replacing the terms of one column by their derivatives.

[Hint: Use Problem 6 in Chapter 5, §1.]

6. Do Problem 5 for partials of f, with E/ = E™ (C™), and for directionals
Dz f, in any normed space E’. (First, prove formulas analogous to
Problem 6 in Chapter 5, §1; use Note 3 in §1.) Finally, do it for the
differential, df (p; - ).

7. In Note 1 of §4, express the matrices in terms of partials (see Theorem 4
in §3). Invent a “variable” notation for such matrices, imitating Jaco-
bians (Corollary 3).

8. (i) Show that

722‘:3:3 = —rsina
if

r =rcosf,

y = rsinf sina, and

Z =TcCcos«

FIGURE 27
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10.

11.

12.

13.
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(This transformation is passage to polars in E3; see Figure 27,
where r = OP, <X0OA = 6, and <AOP = «.)

(ii) What if z = rcos, y = rsinf, and z = z remains unchanged
(passage to cylindric coordinates)?

(iii) Same for x = e" cosf, y = e”"sinf, and z = z.

. Is f = (f1, f2): E* — E? one-to-one or bijective, and is Jy # 0, if

(i) fi(z,y) = e¥cosy and fa(x,y) = ¥ siny;
(il) fi(z,y) =2 —y* and fo(z,y) = 2xy?
Define f: E® — E3 (or C® — C3) by

o T
f@) = S
A= {

3
Z T # —1}
k=1
and f = 0 on —A. Prove the following.

(i) f is one-to-one on A (find f~11).

1
i) Jp(¥) = ———.
(i) J5(7) 01y o)

(iii) Describe —A geometrically.

on

Given any sets A, Band maps f,g: A - E' h: E' — E,and k: B — A,
prove that

(i) (f£g)ok=fokEgok, and

(ii) ho(f+g)=ho f+hogif his linear.
Use these distributive laws to verify that

970 (608 =g — 07!

in Corollary 3.
[Hint: First verify the associativity of mapping composition.]
Prove that if ¢: E/ — E is linear and one-to-one, so is ¢~ ': B — E',
where E” = ¢[E].
Let ¥'1,...,7, be the column vectors in det[¢]. Prove that det[¢] turns
into

(i) c-det[g@] if one of the ¥} is multiplied by a scalar ¢;

(ii) —det[¢], if any two of the U are interchanged (consider A in for-
mula (1)).
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Furthermore, show that
(iii) det[¢] does not change if some Ty, is replaced by Uy + cv; (i # k);

(iv) det[p] = 0 if some 7y, is 0, or if two of the ¥y, are the same.

87. Inverse and Implicit Functions. Open and Closed Maps

I. “If f € CD' at 7, then f resembles a linear map (namely df) at p.”

=

Pursuing this basic idea, we first make precise our notion of “f € CD' at p'.

Definition 1.

Amap f: E' — Eis continuously differentiable, or of class CD' (written
f € CDY), at i iff the following statement is true:

Given any ¢ > 0, there is § > 0 such that f is differentiable on the
globe G = Gz(9), with

df (& -) — df(7: - )|| < forall ¥ € G.}

By Problem 10 in §5, this definition agrees with Definition 1 of §5, but is no
longer limited to the case E' = E™ (C™). See also Problems 1 and 2 below.
We now obtain the following result.
Theorem 1. Let E' and E be complete. If f: E' — E is of class CD' at
and if df (p; - ) is bijective (§6), then f is one-to-one on some globe G = Gy(d).
Thus f “locally” resembles df (p; - ) in this respect.
Proof. Set ¢ = df(p; -) and

_ 1
o=l ==
€
(cf. Theorem 2 of §6).
By Definition 1, fix § > 0 so that for ¥ € G = Gy(J).
. 1
Idr(: ) — 6l < =
Then by Note 5 in §2,
_ 1
(1) (V7 Q) (Vi € BY) |df (@) - o()| < el
Now fix any 7,5 € G, 7 # §, and set @ = 7 — § # 0. Again, by Note 5 in
82,
~ - _ - _ 1o
i =17 (@) < ¢~ llo(@)] = lo(@)];

1'We can always make G closed by reducing 4.
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0
©) 0 <eld| < |p(a)|.

By convexity, G 2 I = L[5,7], so (1) holds for ¥ € I, & = §+ti, 0 <t < 1.
Noting this, set
h(t) = f(5 +td) —to(@), teE".

Then for 0 <t <1,

(Verify!) Thus by (1) and (2),

sup [I(t)] = sup |df(5 + tit; @) — ()
0<t<1 0<t<1
1
< S [al < 5 16(@)]

(Explain!) Now, by Corollary 1 in Chapter 5, §4,

A1) = HO)| < (1=0) - sup W (8)] < 3l6(@)].

As h(0) = f(3) and
h(1) = (5 + 1) = o(d) = f(7) — (@),

we obtain (even if ¥ = §)

—
=
|
m

jo
Sy

Il
=L

I
Q!
NG

() 1)~ 1) — 6@ < o)

But by the triangle law,

Thus
4 7 | > L1o(@)] > Leli| = 2elf — &
(4) [f(7) = f(3)] > §\¢(u)| > §E|u| —557"—3|

by (2).
Hence f(¥) # f(5) whenever ¥ # 5 in G; so f is one-to-one on G, as
claimed. O

Corollary 1. Under the assumptions of Theorem 1, the maps f and f~1 (the
inverse of f restricted to G) are uniformly continuous on G and f[G], respec-
tively.
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Proof. By (3),
S o _ 1.2
F(F) — £(5) < Jo(@)] + 1o(@)
< [2¢(i0)]
<2|[¢|| ||
=2|¢| |IF - 5] (7,5€Qq).
This implies uniform continuity for f. (Why?)
Next, let g = f~' on H = f[G).
If #,§ € H, let ¥ = g(¥) and § = ¢(7); so 7,5 € G, with ¥ = f(¥) and
¥ = f(5). Hence by (4),

—

Lo ] -
|7 — gl = 5elg(@) — 9(@)];
proving all for g, too. O

Again, f resembles ¢ which is uniformly continuous, along with ¢—1.

I1. We introduce the following definition.
Definition 2.

A map f: (S,p) = (T,p) is closed (open) on D C S iff, for any X C D
the set f[X] is closed (open) in T" whenever X is so in S.

Note that continuous maps have such a property for inverse images (Prob-
lem 15 in Chapter 4, §2).

Corollary 2. Under the assumptions of Theorem 1, f is closed on G, and so

the set f|G] is closed in E.
Similarly for the map =1 on f[G].
Proof for E' = £ = E"(C") (for the general case, see Problem 6). Given
any closed X C G, we must show that f[X] is closed in E.
Now, as G is closed and bounded, it is compact (Theorem 4 of Chapter 4, §6).
So also is X (Theorem 1 in Chapter 4, §6), and so is f[X] (Theorem 1 of
Chapter 4, §8).
By Theorem 2 in Chapter 4, §6, f[X] is closed, as required. [
For the rest of this section, we shall set £/ = E = E™ (C™).

Theorem 2. If E' = E = E™(C™) in Theorem 1, with other assumptions
unchanged, then f is open on the globe G = Gz(8), with § sufficiently small.?

We first prove the following lemma.

2 Thus formula (1) still holds for € = 1/||¢~ ||, ¢ = df (7; - ).
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Lemma. f[G] contains a globe Gg(o) where § = f(P).
Proof. Indeed, let
= 165
a= e,

where ¢ and € are as in the proof of Theorem 1. (We continue the notation
and formulas of that proof.)

Fix any ¢ € Gg(a); so
L 1
€—ql <a= 155.
Set h =|f — ¢ on E’. As f is uniformly continuous on G, so is h.
Now, G is compact in E™ (C™); so Theorem 2(ii) in Chapter 4, §8, yields a
point ¥ € G such that

(6) h(7) = min h[G].
We claim that 7 is in G (the interior of G).
Otherwise, |7 — p| = ¢; for by (4),

20 = 26 = el — ] < |f() ~ £(7)]
(M) <|F(7) & + |2 - 1)
= h(7) + h(7).

—~ o~

But
h(p) =¢=fP) =¢—ql < a
and so (7) yields
h(p) < a < h(F),

contrary to the minimality of h(7) (see (6)). Thus |F — p| cannot equal 0.

We obtain |77 — p| < §, so 7 € Gz(6) = G and f(7) € f[G]. We shall now
show that ¢ = f(7).

To this end, we set & = & — f() and prove that 7 = 0. Let

=67\ (@),

where
as before. Then

With 7 as above, fix some

S=r+td (0<t<1)
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with ¢ so small that § € G also. Then by formula (3),
o S S 1.

11(8) — F(F) — o(ei)| < 5t

also,
|f(7) =&+ ¢tu)| = (1 — 1) |v] = (1 = t)A(r)
by our choice of ¥, 4 and h. Hence by the triangle law,
1
hE) = 1£(3) — 2 < (1= 5¢)h(P).

(Verify!)

As 0 < t < 1, this implies h(7) = 0 (otherwise, h(§) < h(F), violating (6)).
Thus, indeed,

ie.,

¢=f(r) € fIG] for ¥ €@.
But & was an arbitrary point of Gz(«). Hence
Gg(o) € f1G],
proving the lemma. O

Proof of Theorem 2. The lemma shows that f() is in the interior of f[G]
if g, f, df(p; -), and ¢ are as in Theorem 1.

But Definition 1 implies that here f € CD?! on all of G (see Problem 1).

Also, df (Z; -) is bijective for any & € G by our choice of G and Theorems 1
and 2 in §6.

Thus f maps all & € G onto interior points of f[G]; i.e., f maps any open
set X C G onto an open f[X], as required. [

Note 1. A map
[ (S p) = (T, p)

onto
is both open and closed (“clopen”) iff f~1 is continuous—see Problem 15(iv)(v)
in Chapter 4, §2, interchanging f and f~!.
Thus ¢ = df(p; -) in Theorem 1 is “clopen” on all of E’.
Again, f locally resembles df (p; - ).

III. The Inverse Function Theorem. We now further pursue these ideas.
Theorem 3 (inverse functions). Under the assumptions of Theorem 2, let g
be the inverse of fa (f restricted to G = Gz(9)).

Then g € CD' on f[G] and dg(§; -) is the inverse of df(F; ) whenever
©=ygy), T eqG.
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Briefly: “The differential of the inverse is the inverse of the differential.”
Proof. Fix any ¢ € f[G] and & = ¢(¥); so ¥ = f(Z) and & € G. Let
U = df(3; ).

As noted above, U is bijective for every & € G by Theorems 1 and 2 in §6;
so we may set V = U 1. We must show that V = dg(7/; - ).

To do this, give i an arbitrary (variable) increment Ay, so small that ¢+ Ay
stays in f[G] (an open set by Theorem 2).

As g and fg are one-to-one, Ay uniquely determines

AF = g(§ + AY) — (i) = ¢,
and vice versa:
A = f(@ +1) - f(@).
Here Ay and ¢ are the mutually corresponding increments of § = f (Z) and
# = g(¢). By continuity, 7 — 0 iff i’ — 0.3

AsU = df(@: ),
Jim oI 1)~ 1)~ U@ =0
or
. 1 -
) lim, (P (7)) =0,
F0 |t ]
where
©) F(E) = 17 +8)~ F0) - U@,

V(E(@) = V(ag) -
= V(Ag) ~ o5+ A7) — 93]}
that is,
(10)  alal A7) - o) - van) = VL ard

Now, formula (4), with ¥ = #, § =& +1, and @ =t , shows that

3 This change of variables is admissible as the map & <— A% is one-to-one (Corollary 2
in Chapter 4, §2).
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ie., |Ay| > %€|f| Hence by (8),

VEE) _ VEE)] _ 2

A

1 - 2 1 - o ~
V(TF(t ))’ <= ||V|| =|F({t) —0ast —0.
It € It

Since ¢ — 0 as Aj — 0 (change of variables!), the expression (10) tends to
0as Ay — 0.

By definition, then, g is differentiable at 7, with dg(7/; -) =V = U~L.

Moreover, Corollary 3 in §6, applies here. Thus

(Vo' >0) (36" >0) |[U-W| <&'= |Ut-W1 <4

Taking here U~! = dg(/) and W~ = dg(§ + A¥), we see that g € CD* near
y. This completes the proof. [

Note 2. If E' = E = E™(C™), the bijectivity of ¢ = df(p; -) is equiva-
lent to

det[¢] = det['(7)] # 0

(Theorem 1 of §6).

In this case, the fact that f is one-to-one on G = G(J) means, componentwise
(see Note 3 in §6), that the system of n equations

fi(@) = fz1, ., xn) =y, i=1,...,n,
has a unique solution for the n unknowns xj, as long as
(W1, yn) = 7 € fIG].
Theorem 3 shows that this solution has the form
e =gry), k=1,...,n,

where the g, are of class C D! on f[G] provided the f; are of class C' D! near
and det [f'(p)] # 0. Here

det[f'(p)] = J¢(P),
as in §6.
Thus again f “locally” resembles a linear map, ¢ = df (p; - ).

IV. The Implicit Function Theorem. Generalizing, we now ask, what

about solving n equations in n + m unknowns x1,...,Zn, Y1, ...,Yn? Say, we
want to solve
(11) Ty s,y Um) =0, E=1,2,...,n,

for the first n unknowns (or variables) xy, thus expressing them as

mk:Hk(ylv'-'7ym)7 kzlw"a”v
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with Hy: E™ — El or H,: C™ — C.
Let us set Z = (x1,...,2n), ¥ = (Y1,---,Ym), and
(Z,9) = (T1y-+ -, Tny Y1y« -, Ym)
so that (Z,¢) € E"t™ (C™t™).
Thus the system of equations (11) simplifies to
(&, 9) =0, k=1,...,n,
or
f(@.9) =0,
where f = (f1,..., fn) is @ map of E"T™ (C™t™) into E™ (C™); f is a function
of n 4+ m wvariables, but it has n components fi; i.e.,
f(&.9)=f(z1, - s Tn, Y15+, Ym)
is a vector in E™ (C™).
Theorem 4 (implicit functions). Let E' = E"™™ (C™™™), E = E™ (C™), and
let f: E' — E be of class CD' near
(0,4) = (P15, Pns @1, - gm), P EE"(CY), € E™(C™).
Let [¢] be the n x n matriz
(Dife(p,q), Jk=1,...,n
If det[¢] # 0 and if f(P,q) = 0, then there are open sets
PCE"(C") and Q C E™ (C™),
with p € P and ¢ € Q, for which there is a unique map
H:Q—P
with =
fH(H),§) =0
for all § € Q; furthermore, H € CD" on Q.
Thus & = H(¥) is a solution of (11) in vector form.
Proof. With the above notation, set
F(,9)=(f(@,9),9), F:E —FE.
Then .
F(p,q) = (f(0.q),q) = (0,9),

since f(p,q) = 0.
As f € OD! near (7,q), so is F' (verify componentwise via Problem 9(ii) in
83 and Definition 1 of §5).
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By Theorem 4, §3, det[F’(p, ¢)] = det[¢] # 0 (explain!).
Thus Theorem 1 above shows that F' is one-to-one on some globe G about
(. q)-
Clearly G contains an open interval about (p,q). We denote it by P x @
where o € P, § € Q; P is open in E™ (C™) and @ is open in E™ (C™).4
By Theorem 3, Fpyxg (F restricted to P x Q) has an inverse
g: A+— P xQ,

onto

where A = F[P x Q] is open in E' (Theorem 2), and g € CD' on A. Let

the map v = (g1,...,9») comprise the first n components of g (exactly as f
comprises the first n components of F).
Then

—

9(Z,7) = (u(Z,7),9)
exactly as F(%,7) = (f(Z,7),7). Also, u: A — P is of class CD! on A4, as g
is (explain!).

Now set
H(y) = u(0,9);

here ¢ € @, while

(0,9) € A=FI[P xQ),
for F' preserves y (the last m coordinates). Also set

—

a(Z,y) =7.

Then f = ao F (why?), and

0 d
H(y) =
y;

As uw € OD!, all Qu/dy; are continuous (Definition 1 in §5); hence so are the
OH/0y;. Thus by Theorem 3 in §3, H € CD! on Q.

4 This can be made more precise using the theory of product spaces (Chapter 4, *§11).
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Finally, H is unique for the given P, @; for

(@ 9)=0

Thus f(Z,7) =0 implies & = H(¥); so H(7) is the only solution for #. [

Note 3. H is said to be implicitly defined by the equation f(Z,y) = 0. In
this sense we say that H(¥) is an implicit function, given by f(Z,7) = 0.

Similarly, under suitable assumptions, f(Z,¥) = 0 defines ¢ as a function
of Z.

Note 4. While H is unique for a given
neighborhood P x Q of (9, ), another im-
plicit function may result if PxQ or (7, )
is changed.

Y

For example, let

fla,y)=a®+y> - 25

(a polynomial; hence f € CD! on all of
E?). Geometrically, 22 + 32 — 25 = 0 de-
scribes a circle.

Solving for z, we get @ = ++/25 — y2. Thus we have two functions:

FIGURE 28

Hi(y) = +1/25 — y?

and
Hs(y) = —/25 — 2.

If P x @ is in the upper part of the circle, the resulting function is H;. Other-
wise, it is Ha. See Figure 28.

V. Implicit Differentiation. Theorem 4 only states the existence (and
uniqueness) of a solution, but does not show how to find it, in general.

The knowledge itself that H € C D' exists, however, enables us to use its
derivative or partials and compute it by implicit differentiation, known from
calculus.”

5 For more on implicit differentiation, see §10.
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Examples.
(a) Let f(x,y) = 22 +y? — 25 = 0, as above.
This time treating y as an implicit function of x,y = H(z), and writing
y' for H'(x), we differentiate both sides of 2% + y? — 25 = 0 with respect
to z, using the chain rule for the term y? = [H(z)]%.
This yields 2z 4+ 2yy’ = 0, whence y' = —z/y.
Actually (see Note 4), two functions are involved: y = 41/25 — 22; but
both satisfy 22 + y? — 25 = 0; so the result 3’ = —x/y applies to both.
Of course, this method is possible only if the derivative 3’ is known to
exist. This is why Theorem 4 is important.
(b) Let
flr,y,2) =2+ 92 +22-1=0, x,9,2¢€ E.
Again f satisfies Theorem 4 for suitable z, y, and z.
Setting z = H(z,y), differentiate the equation f(z,y,z) = 0 partially
with respect to x and y. From the resulting two equations, obtain %

Oz
and 5

Problems on Inverse and Implicit
Functions, Open and Closed Maps

1. Discuss: In Definition 1, G can equivalently be replaced by G = Gy(9)
(an open globe).

2. Prove that if the set D is open (closed) in (S, p), then the map f: S — T
is open (closed, respectively) on D iff fp (f restricted to D) has this
property as a map of D into f[D].

[Hint: Use Theorem 4 in Chapter 3, §12.]

3. Complete the missing details in the proofs of Theorems 1-4.

3’ Verify footnotes 2 and 3.

4. Show that a map f: E/ — E may fail to be one-to-one on all of E’ even
if f satisfies Theorem 1 near every p € E’. Nonetheless, show that this
cannot occur if B/ = F = E1.

[Hints: For the first part, take B/ = C, f(z+1iy) = e®(cosy+isiny). For the second,
use Theorem 1 in Chapter 5, §2.]

4’. (i) For maps f: E! — FE!, prove that the existence of a bijective
df (p; -) is equivalent to f’(p) # 0.

(ii) Let
f(z) = 2+ 2sin %, f(0) =0.

Show that f’(0) # 0, and f € CD! near any p # 0; yet f is not
one-to-one near 0. What is wrong?
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10.

11.

12.

13
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. Show that a map f: E® (C") — E"(C"), f € CD!, may be bijective

even if det[f’(7)] = 0 at some 7, but then f~! cannot be differentiable
at ¢ = f(p).

[Hint: For the first clause, take f(x) = 23, p = 0; for the second, note that if f~!
is differentiable at ¢, then Note 2 in §4 implies that det[df(7; -)] - det[df =1 (q; - )] =
1 #0, since fo f~! is the identity map.]

. Prove Corollary 2 for the general case of complete E’ and E.

[Outline: Given a closed X C G, take any convergent sequence {7, } C f[X]. By
Problem 8 in Chapter 4, §8, f~1(¢,,) = @n is a Cauchy sequence in X (why?). By
the completeness of E/, (3% € X) &, — & (Theorem 4 of Chapter 3, §16). Infer
that limy,, = f(Z) € f[X], so f[X] is closed.]

. Prove that “the composite of two open (closed) maps is open (closed).”

State the theorem precisely. Prove it also for the uniform Lipschitz
property.

. Prove in detail that f: (S, p) — (T, p') is open on D C S iff f maps the

interior of D into that of f[D]; that is, f[D°] C (f[D])°.

. Verify by examples that f may be:

(i) closed but not open;
(ii) open but not closed.

[Hints: (i) Consider f = constant. (ii) Define f: E2 — E! by f(z,y) = = and let
1
D:{(wyy)EEz(y:a v >0}
x

use Theorem 4(iii) in Chapter 3, §16 and continuity to show that D is closed in
E?, but f[D] = (0,+0c0) is not closed in E'. However, f is open on all of E? by
Problem 8. (Verify!)]
Continuing Problem 9(ii), define f: E* — E* (or C"™ — C) by f(Z) =
xy for a fixed k < n (the “kth projection map”). Show that f is open,
but not closed, on E™ (C™).

(i) In Example (a), take (p,q) = (5,0) or (=5,0). Are the conditions

of Theorem 4 satisfied? Do the conclusions hold?
(ii) Verify Example (b).

(i) Treating z as a function of z and y, given implicitly by

flr,y,2) =22 + 22> —y2=0, f:E*>—= E',

discuss the choices of P and ) that satisfy Theorem 4. Find g—;

Oz
and T

(ii) Do the same for f(z,y,z) =e*™* —1 = 0.

. Given f: E"(C"™) — E™(C™), n > m, prove that if f € CD! on a
globe G, f cannot be one-to-one.
[Hint for f: B2 — E': If, say, D1 f # 0 on G, set F(z,y) = (f(z,v),v).]
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14.

15.

16.

17.

18.

Suppose that f satisfies Theorem 1 for every p’ in an open set A C F’,
and is one-to-one on A (cf. Problem 4). Let g = f,* (vestrict f to A
and take its inverse). Show that f and g are open and of class C D! on
A and f[A], respectively.
Given ¢ € E and a scalar ¢ # 0, define Ty : E — E (“translation by 07)
and M.: E — E (“dilation by ¢”), by setting
T3(Z) =2 + 7 and M. (%) = c.
Prove the following.
(i) Ty and Tﬁ_l(: T_7) are bijective, continuous, and “clopen” on E;
so also are M. and M. (= M .).
(ii) Similarly for the Lipschitz property on E.
(iii) If G = G¢(0) C E, then T [G] = Gg45(0), and M.[G] = Gez(|cd)).
(iv) If f: B/ — F is linear, and ¥ = f(p) for some p € E’, then
Tyof=foT;and Mcof = foM] where T; and M are the
corresponding maps on E’. If, further, f is continuous at g, it is
continuous on all of E’.
[Hint for (iv): Fix any £ € E'. Set ¢ = f(Z —p), g=Tzo f oTzf),if. Verify
that g = f, Téif(f) = p, and g is continuous at .
Show that if f: B/ — FE is linear and if f[G*] is open in E for some
G* = Gy(9) C E/, then
(i) f is open on all of E;
(ii) f is onto E.

[Hints: (i) By Problem 8, it suffices to show that the set f[G] is open, for any globe
G (why?). First take G = G5(0). Then use Problems 7 and 15(i)(iv), with suitable
¥ and c.

(ii) To prove E = f[E'], fix any § € E. As f = G(9) is open, it contains a globe
G’ = G (r). For small ¢, cf € G’ C f[E’]. Hence § € f[E'] (Problem 10 in §2).]
Continuing Problem 16, show that if f is also one-to-one on G*, then

f: B +— E,
onto

feL(EE), f"Y € L(E,E"), fis clopen on E', and f~! is so on E.
[Hints: To prove that f is one-to-one on E’, let f(Z) = f(&') = ¥ for some ¥, %’ € E'.
Show that
(3e,e>0) cf € G(e) C fIG5(0)] and f(cZ+p) = f(cZ'+7) € f[Gp(9)] = FIG™].
Deduce that ¢Z + p = c¢&’ + p and & = #’. Then use Problem 15(v) in Chapter 4,
§2, and Note 1.]

A map
f(S,p) <= (T, p)

onto
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is said to be bicontinuous, or a homeomorphism, (from S onto T') iff
both f and f~! are continuous. Assuming this, prove the following.

(i) zp, = pin S iff f(z,) — f(p) in T;

(ii) A is closed (open, compact, perfect) in S iff f[A] is so in T}

(iii) B=Ain S iff f[B] = f[A] in T}

(iv) B= A% in S iff f[B] = (f[A])° in T}

(v) Aisdensein B (i.e., AC BC ACS)in (S, p) iff f[A] is dense in

fIBIC (T, p).

[Hint: Use Theorem 1 of Chapter 4, §2, and Theorem 4 in Chapter 3, §16, for closed
sets; see also Note 1.]

19. Given A, B C E, ¥ € FE and a scalar c, set
A+ ={F+0|FecA}landcA={cZ | T A}
Assuming ¢ # 0, prove that
(i) A is closed (open, compact, perfect) in E iff cA + ¢ is;
(ii) B=Aiff cB+ ¥ = cA+ v;
(ili) B= A% iff cB+ ¥ = (cA+ ©)";
(iv) A is dense in B iff cA+ ¥ is dense in ¢B + ©.
[Hint: Apply Problem 18 to the maps T and M. of Problem 15, noting that A+v =
Tz[A] and cA = M.[A].]
20. Prove Theorem 2, for a reduced 4, assuming that only one of E’ and E
is E™ (C™), and the other is just complete.
[Hint: If, say, E = E™ (C™), then f[G] is compact (being closed and bounded), and so
is G = f~1[f[G]]. (Why?) Thus the Lemma works out as before, i.e., f[G] 2 Gz(c).
Now use the continuity of f to obtain a globe G’ = Gz(6’) € G such that

fIG'] C Gg(a). Let g = fal, further restricted to Gg(a). Apply Problem 15(v) in
Chapter 4, §2, to g, with S = Gz(a), T = E' ]

*§8. Baire Categories. More on Linear Maps

We pause to outline the theory of so-called sets of Category I or Category II,
as introduced by Baire. It is one of the most powerful tools in higher analysis.
Below, (S, p) is a metric space.
Definition 1.
A set A C (S, p) is said to be nowhere dense (in S) iff its closure A has
no interior points (i.e., contains no globes): (A4)° = (.
Equivalently, the set A is nowhere dense iff every open set G* # 0 in
S contains a globe G disjoint from A. (Why?)
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Definition 2.
A set A C (S, p) is meagre, or of Category I (in S), iff

A= GAm

n=1

for some sequence of nowhere dense sets A,,.
Otherwise, A is said to be nonmeagre or of Category II.
A is residual iff — A is meagre, but A is not.

Examples.
(a) 0 is nowhere dense.
(b) Any finite set in a normed space E is nowhere dense.
(c) The set N of all naturals in E'! is nowhere dense.
(d) So also is Cantor’s set P (Problem 17 in Chapter 3, §14); indeed, P is
closed (P = P) and has no interior points (verify!), so (P)? = P% = ().

(e) The set R of all rationals in E! is meagre; for it is countable (see Chap-
ter 1, §9), hence a countable union of nowhere dense singletons {r,},
rn € R. But R is not nowhere dense; it is even dense in E', since R = E!
(see Definition 2, in Chapter 3, §14). Thus a meagre set need not be
nowhere dense. (But all nowhere dense sets are meagre—why?)

Examples (¢) and (d) show that a nowhere dense set may be infinite (even
uncountable). Yet, sometimes nowhere dense sets are treated as “small” or
“negligible,” in comparison with other sets. Most important is the following
theorem.

Theorem 1 (Baire). In a complete metric space (S, p), every open set G* # )
is nonmeagre. Hence the entire space S is residual.

Proof. Seeking a contradiction, suppose G* is meagre, i.e.,

G* = D A,
n=1

for some nowhere dense sets A,,. Now, as A; is nowhere dense, G* contains a
closed globe

G1 =G, (61) C —A;.

Again, as As is nowhere dense, G contains a globe

_ [ 1
Gy = GZ2(52) C —Ay, with 0 < s < 551
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By induction, we obtain a contracting sequence of closed globes

1
G =G, (0), With 0< 8, < 5281 0.

As S is complete, so are the G,, (Theorem 5 in Chapter 3, §17). Thus, by
Cantor’s theorem (Theorem 5 of Chapter 4, §6), there is

o0
pE ﬂ G-
n=1

As G* D G, we have p € G*. But, as G,, C —A,,, we also have (Vn) p & Ay;
hence

n=1

(the desired contradiction!). O

We shall need a lemma based on Problems 15 and 19 in §7. (Review them!)
Lemma. Let f € L(E',E), E' complete. Let G = Gg(1) be the unit globe in

E'. If f]G] (closure of f|G] in E) contains a globe Gy = Go(r) C E, then
Go C fIG].

Note. Recall that we “arrow” only vectors from E’ (e.g., 0), but not those
from F (e.g., 0).

Proof of lemma. Let A = f[G] NGy C Gy. We claim that A is dense in

Go; i.e., Gy C A. Indeed, by assumption, any ¢ € Gy is in f[G]. Thus by
Theorem 3 in Chapter 3, §16, any G meets f[G] NGy = A if ¢ € G. Hence

(Vg€ Go) q€A,
ie., Gy C A4, as claimed.
Now fix any g € Gp = Go(r) and areal ¢ (0 < ¢ < 1). As A is dense in Gy,
ANGy,(cr) # 0
solet g1 € ANGy,(cr) C f[G]. Then
lqn — qo] < er,  qo € Gy, (cr).

As 1 € f[G], we can fix some p; € G = Go(1), with f(p;) = ¢1. Also, by
Problems 19(iv) and 15(iii) in §7, cA + ¢ is dense in ¢Go + q1 = Gy, (cr). But
qo € Gy, (cr). Thus

an(CQ’I‘) n (CA + Q1) # ®§

so let g2 € Gy (¢*r) N (cA+ q1), 50 qo € Gy, (c?r), ete.
Inductively, we fix for each n > 1 some ¢, € Gy, (c"r), with

qn € Cn_lA + qn-1,
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Gn — Qn_1 € " LA.
As A C f[Gy(1)], linearity yields
0 — dn—1 € fl"'Go(1)] = f[Go(c" )], n>1L

Thus for each n > 1, there is p,, € Go(c"™1), (i.e., |F,| < ¢"~!) such that
f(0,) =an — gn—1. Now, as |[p,| <" tand 0 <c<1,

o0
D 17l < +oo;
1

so by the completeness of E’, >, converges in E’ (Theorem 1 in Chapter 4,
§13). Let = o P; then

1) = Yo = i r(3o5)
k=1 k=1

> f@y) for f € L(E',E).

lim
n—oo
k=1

But f(p) = qx — qk—1 (k > 1), and f(p;) = q1; so

Z FO) =a+ > (ar—ar-1) = agn.
k=1

k=2

Thus

ie.,

But g9 = f(p); so
vl )]

1 Note that g, — qo, since gn € G, (c™r) implies |gn — go| < c¢*r — 0,as 0 < c < 1.
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As qo € Go(r) was arbitrary, we have

< sfea()]

or by linearity,
Go(r(1 —¢)) € flGo(1)] = f[G].
This holds for any ¢ € (0,1). Hence
£1612 | Golr(1 ) = Golr). ~ (Verify)
0<c<1

Thus all is proved. O

We can now establish an important result due to S. Banach.

Theorem 2 (Banach). Let f € L(E',E), with E' complete. Then f[E'] is
meagre in E or f[E'] = E, according to whether f[Gz(1)] is or is not nowhere
dense.?

Proof. If f[Go(1)] is nowhere dense in E, so also is f[Go(n)], n > 0. (Verify
by Problems 15 and 19 in §7.) But then

flE] = f[U Go<n)} — | 71Gs(n)]
n=1 n=1

is a countable union of nowhere dense sets, hence meagre, by definition.

Now suppose f[G5(1)] is not nowhere dense; so f[G5(1)] contains some
Gy(r) € E. We may assume q € f[G5(1)] (if not, replace ¢ by a close point
from f[G(1)]). Then q = f(p) for some p' € G(1). The latter implies

| =] = |7 = p(#,0) < 1;
S0
G_5(1) € G5(2).
Also, as f[G§(1)] 2 G4(r), translation by —q = f(—p) yields

FlGg(D] + F(=p) 2 Gy(r) —q = Go(r),

ie.,

Go(r) € fIG-5(1)] € fIG5(2)]-
Hence f[G5(1)] 2 Go(4r) (why?); so, by the Lemma

(1) 71G5(0] 2 Go(5r) in B.

2 Of course, if E is meagre, so is f[E’] in both cases.
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This implies f[Gg(2n)] 2 Go(nr), and so
FIEN 2 | Go(nr) = E,
n=1

i.e., f[E'] = E, as required. Thus the theorem is proved. O

Theorem 3 (Open map principle). Let f € L(E', E), with E' and E complete.
Then the map f is open on E' iff f[E'] = E, i.e., iff f is onto E.

Proof. If f[E'] = E, then by Theorem 1, f[E'] is nonmeagre in E, as is E
itself. Thus by Theorem 2, f[G(1)] is not nowhere dense, and (1) follows as
before. Hence by Problems 15(iii) and 19 in §7, f[G5] 2 some G, whenever
q = f(p). (Why?) Therefore, Gz € A C E’ implies

G € flGp] C f1A];
i.e., f maps any interior point € A into such a point of f[A]. By Problem 8
in §7, f is open on E’.

Conversely, if so, then f[E’] is an open set # () in F, a complete space; so by
Theorems 1 and 2, f[E’] is nonmeagre and equals E. (See also Problem 16(ii)
ing7) O

Note 1. Theorem 3 holds even if f is not one-to-one.

Note 2. If in Theorem 3, however, f is bijective, it is open on E’, and
so f7 € L(E,E’') by Note 1 in §7. (This is the promised general proof of
Corollary 2 in §6.)

Theorem 4 (Banach-Steinhaus uniform boundedness principle). Let E’ be
complete. Let N be a family of maps f € L(E', E) such that

(2) (Ve € E') Bke EY) (VfeN) |f@)| <k

(“N is bounded at each T.”)
Then N is “norm-bounded,” i.e.,

(3K e B (VfeN) |fl <K,

with || || as in §2.

Proof. It suffices to show that A is “uniformly” bounded on some globe,
®3) (BceB") 3G =Gy(r) (VfeN) (VT €G) |f(T) <ec
For then |Z — p| < r implies
2> [f(Z) — f(O)] = | (& = P)I,
or (setting & —p' =ry) |y| < 1 implies

(FEN) 1@< (why?);



76 Chapter 6. Differentiation on E™ and Other Normed Linear Spaces

so
(f €N) Il = sup 1) < >,
|71<1 r
Thus, seeking a contradiction, suppose (3) fails and assume its negation:
(1) (Ve BY) (VG =Gy(r)) Bf €N) (37 € G =G5(r) |f(@)] >c.
Then for ¢ = 1, we can fix some f; € A and Gz, (r1) such that 0 < ry <1 and
|f1(Z1)] > 1.

By the continuity of the norm | |, we can choose 1 so small that

(V& € Gz, (r)) [f(@)] > 1.
Again by (4), we fix fo € N and T2 € Gg, (r1) such that |f2| > 2 on some globe
GQQ(TQ) g G:i’l (7"1)7

with 0 < 73 < 1/2. Inductively, we thus form a contracting sequence of closed
globes

—_— 1
Gz, (), 0<ry,<—,
n
and a sequence {f,} C N, such that
(Vn) |faul >non Gz, (r,) CE".

As E' is complete, so are the closed globes Gz, (r,) C E'. Also, 0 < r, <
1/n — 0. Thus by Cantor’s theorem (Theorem 5 of Chapter 4, §6), there is

Zo € ﬂm

n=1
As Zq is in each Gz, (ry), we have
(Vn)  [fu(Zo)] > n;

so N is not bounded at &, contrary to (2). This contradiction completes the
proof. [

Note 3. Complete normed spaces are also called Banach spaces.

Problems on Baire Categories and Linear Maps

1. Verify the equivalence of the various formulations in Definition 1. Dis-
cuss: A is nowhere dense iff it is not dense in any open set # (.

2. Verify Examples (a) to (e). Show that Cantor’s set P is uncountable.
[Hint: Each p € P corresponds to a “ternary fraction,” p = >°° | 2, /3", also written

0.x1,22,...,Zn,..., where z, = 0 or z,, = 2 according to whether p is to the left,
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10.

or to the right, of the nearest “removed” open interval of length 1/3™. Imitate the
proof of Theorem 3 in Chapter 1, §9, for uncountability. See also Chapter 1, §9,
Problem 2(ii).]

. Complete the missing details in the proof of Theorems 1 to 4.

. Prove the following.

(i) If B C A and A is nowhere dense or meagre, so is B.

(if) If B C A and B is nonmeagre, so is A.
[Hint: Assume A is meagre and use (i)).]

(iii) Any finite union of nowhere dense sets is nowhere dense. Disprove
it for infinite unions.

(iv) Any countable union of meagre sets is meagre.

. Prove that in a discrete space (S, p), only () is meagre.

[Hint: Use Problem 8 in Chapter 3, §17, Example 7 in Chapter 3, §12, and our
present Theorem 1.]

. Use Theorem 1 to give a new proof for the existence of irrationals in E*.

[Hint: The rationals R are a meagre set, while E! is not.]

. What is wrong about this “proof” that every closed set F' # 0 in a

complete space (S, p) is residual: “By Theorem 5 of Chapter 3, §17, F
is complete as a subspace. Thus by Theorem 1, F' is residual.” Give
counterexamples!

. We call K a Gs-set and write K € G iff K = (), G, for some open

sets Gp,.3

(i) Prove that if K is a Gs-set, and if K is dense in a complete metric
space (S, p), i.e., K = S, then K is residual in S.
[Hint: Let F,, = —Gy. Verify that (Vn) Gy, is dense in S, and F, is nowhere
dense. Deduce that —K = — (G, = |J F» is meagre. Use Theorem 1.]

(ii) Infer that R (the rationals) is not a Gs-set in E! (cf. Example (c)).

. Show that, in a complete metric space (5, p), a meagre set A cannot

have interior points.
[Hint: Otherwise, A would obtain a globe G. Use Theorem 1 and Problem 4(ii).]

(i) A singleton {p} C (S, p) is nowhere dense if S clusters at p; oth-
erwise, it is nonmeagre in S (being a globe, and not a union of
nowhere dense sets).

(if) If A C S clusters at each p € A, any countable set B C A is
meagre in S.

3 Such is any closed set A=A C (S, p) (see Problem 20 in Chapter 3, §16).
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11.

12.

13.

14.
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(i) Show that if @ # A € G5 (see Problem 8) in a complete space (S, p),
and A clusters at each p € A, then A is uncountable.

(ii) Prove that any nonempty perfect set (Chapter 3, §14) in a complete
space is uncountable.

(iii) How about R (the rationals) in E' and in R as a subspace of E1?
What is wrong?

[Hints: (i) The subspace (4, p) is complete (why?); so A is nonmeagre in A, by
Problem 8. Use Problem 10(ii). (ii) Use Footnote 3.]

If G is open in (S, p), then G — G is nowhere dense in S.

[Hint: G — G =GN (=G) is closed; so
G-G)0=G-)°=GCn-a)°=9

by Problem 15 in Chapter 3, §12 and Problem 15 in Chapter 3, §16.]

(“Simplified” uniform boundedness theorem.) Let f,: (S,p) — (T, p')
be continuous for n = 1,2,..., with S complete. If { f,,(z)} is a bounded
sequence in T for each z € S, then {f,} is uniformly bounded on some
open G # (:

(VpeT) (3k) (Vn) (Vz €G) p(p, ful2)) <k
[Outline: Fix p € T and (Vn) set
Fo={z €8] (Ym)n>p(p fm(x)}

Use the continuity of f, and of p’ to show that Fy, is closed in S, and S = J;—, Fn.
By Theorem 1, S is nonmeagre; so at least one Fy, is not nowhere dense—call it F,
so (F)? = FY # (. Set G = F° and show that G is as required.]

Let fn: (S,p) — (T,p') be continuous for n = 1,2,... Show that if
fn — f (pointwise) on S, then f is continuous on S — @, with @) meagre
in S.

[Outline: (Vk, m) let

oo
1
A = U {z €5 |7 Fn@), fn@) > -
m=n
By the continuity of p’, fn and fm, Agm, is open in S. (Why?) So by Problem 12,

Use_1(Akm — Akm) is meagre for k =1,2,....
Also, as fn — fon S, Noo_y Agm = 0. (Verify!) Thus

oo oo
(Vk) m m - U (Akm - Akm)~
m=1 m=1
(Why?) Hence the set @ = Up>; Noo_; Akm is meagre in S.
Moreover, S — Q = N5, UsS_;(—Akm)° by Problem 16 in Chapter 3, §16.
Deduce that if p € S — Q, then

(Ve >0) 3mo) 3Gp) (Yn,m >mo) (Y € Go) p (fm(z), fn(z)) <e.
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Keeping m fixed, let n — oo to get
(Ve >0) 3mo) 3Gp) (Ym > mo) (V€ Gp) p'(fm(2), f(2)) <e.

Now modify the proof of Theorem 2 of Chapter 4, §12, to show that this implies the
continuity of f at each p € S — Q]

89. Local Extrema. Maxima and Minima

We say that f: E' — E' has a local mazimum (minimum) at p € E' iff f(p)
is the largest (least) value of f on some globe G about P’; more precisely, iff
(V& eG) Af=[f(Z)—f(p)<0(>0).

We speak of an improper extremum if we only have Af < 0 (> 0) on G. In
any case, all depends on the sign of Af.

From Problem 6 in §1, recall the following necessary condition.
Theorem 1. If f: E' — E' has a local extremum at p’ then Dg f(p) = 0 for
all@ #0 in E'.

In the case E' = E™ (C™), this means that d* f(p; -) =0 on E'.

(Recall that d*f(p;¢) = > p_, Dif(P)tx. It vanishes if the Dy f(7) do.)

Note 1. This condition is only necessary, not sufficient. For example, if
f(x,y) = zy, then d* f(0; -) = 0; yet f has no extremum at 0. (Verify!)

Sufficient conditions were given in Theorem 2 of §5, for £/ = E*. We now
take up E' = E2.
Theorem 2. Let f: E? — E' be of class CD? on a globe G = Gz(6). Suppose
d' f(p; -) =0 on E*. Set A= Dy f(p), B = Di2f(p), and C = Doz f(p).

Then the following statements are true.

(i) If AC > B2, f has a mazimum or minimum at p, according to whether

A<0orA>0.
(ii) If AC < B2, f has no extremum at .

The case AC' = B is unresolved.
Proof. Let 7 € G andﬁzi’fﬁ#ﬁ‘.
As d*f(p; -) = 0, Theorem 2 in §5, yields

AF = @) - f() = Ry = 3 S(5:0),

with & € L(p, %) C G (see Corollary 1 of §5). As f € CD?, we have Diof =
Dy f on G (Theorem 1 in §5). Thus by formula (4) in §5,

(1) Af= %de(é'; u) = %[an(s”)u% + 2D19 f(3)urug + Doz f(5)ul).
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Now, as the partials involved are continuous, we can choose G = Gy(9) so
small that the sign of expression (1) will not change if § is replaced by p. Then
the crucial sign of Af on G coincides with that of

(2) D = Au? 4 2Buyuy + Cu3

(with A, B, and C as stated in the theorem).
From (2) we obtain, by elementary algebra,

(3) AD = (Auy + Buy)? + (AC — B?)u},
(3" CD = (Cuy + Buz)? + (AC — B?)u3.

Clearly, if AC > B2, the right-side expression in (3) is > 0; so AD > 0,
i.e., D has the same sign as A.

Hence if A < 0, we also have Af < 0 on G, and f has a maximum at p. If
A >0, then Af >0, and f has a minimum at p’.

Now let AC < B2. We claim that no matter how small G = Gz(d), Af
changes sign as Z varies in G, and so f has no extremum at 7.

Indeed, we have & = p' + @, @ = (u1,u2) # 0. If up = 0, (3) shows that D
and Af have the same sign as A (A #0).

But if us # 0 and u; = —Buz/A (assuming A # 0), then D and Af have
the sign opposite to that of A; and Z is still in G if usy is small enough (how
small?).

One proceeds similarly if C' # 0 (interchange A and C, and use (3').

Finally, if A = C = 0, then by (2), D = 2Bujus and B # 0 (since AC' < B?).
Again D and Af change sign as ujus does; so f has no extremum at . Thus
all is proved. [

Briefly, the proof utilizes the fact that the trinomial (2) is sign-changing iff
its discriminant B2 — AC is positive, i.e., } g g } < 0.

Note 2. Functions f: C — E' (of one complex variable) are likewise cov-
ered by Theorem 2 if one treats them as functions on E? (of two real variables).

Functions of n variables. Here we must rely on the algebraic theory of so-
called symmetric quadratic forms, i.e., polynomials P: E® — E' of the form

n n

P(u) = Zzaijuiuj7
j=11i=1
where @ = (s, ... ,un) € E™ and a;; = a;; € E*.

We take for granted a theorem due to J. J. Sylvester (see S. Perlis, Theory
of Matrices, 1952, p. 197), which may be stated as follows.
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Let P: E™ — E' be a symmetric quadratic form,

P(’lj) = Z Z aijuiuj.

j=1i=1

(i) P >0 onall of E"— {6} iff the following n determinants Ay are positive:

ail aig ... alk
asy a2 ... asg

(4) Ay = . k=1,2,...,n.
a1 ag2 Ak

(ii) We have P <0 on E™ — {0} iff (~1)¥Ap >0 for k=1,2,... ,n.

Now we can extend Theorem 2 to the case f: E™ — E'. (This will also
cover f: C" — E* treated as f: E?® — E'.) The proof resembles that of
Theorem 2.

Theorem 3. Let f: E™ — E' be of class CD? on some G = G(6). Suppose
df(p; -) = 0 on E™. Define the Ay, as in (4), with a;; = Dy; f(P), 1,5,k < n.
Then the following statements hold.

(i) f has a local minimum at P if A >0 fork=1,2,... n.

(ii) f has a local mazimum at § if (~1)F Ay, >0 for k=1,... ,n.

(iii) f has no extremum at P if the expression

n n

P(’l_l:) = Z Z aijuiuj

j=1i=1

is > 0 for some @ € E™ and < 0 for others (i.e., P changes sign on E™).

Proof. Let again # € G, i = Z — j # 0, and use Taylor’s theorem to obtain

() AF= @)~ @) = Ra = 3 f(50) = 35 Dy (Suiuy,
j=1i=1
with § € L(Z,p).

As f € CD?, the partials D;; f are continuous on G. Thus we can make G so
small that the sign of the last double sum does not change if § is replaced by p.
Hence the sign of Af on G is the same as that of P(%) = Z;L:1 S aijusug,
with the a;; as stated in the theorem.

The quadratic form P is symmetric since a;; = aj; by Theorem 1 in §5.
Thus by Sylvester’s theorem stated above, one easily obtains our assertions (i)
and (ii). Indeed, they are immediate from clauses (i) and (ii) of that theorem.
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Now, for (iii), suppose P(@) > 0 > P(7), i.e.,

n n n
ZZai]-uiuj >0> ZZaijij for some @,7 € E™ — {0}.

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

If here @ and ¥ are replaced by t@ and t¥' (¢ # 0), then w;u; and v;v; turn
into tQuiuj and t2v1;vj, respectively. Hence

P(tit) = *P(@) > 0 > t*P(¥) = P(t7).
Now, for any t € (0,40/|i]|), the point £ = p + tu lies on the @-directed line
through p, inside G = G(). (Why?) Similarly for the point ' =p+tv.
Hence for such & and &', Taylor’s theorem again yields formulas analogous

to (5) for some § € L(p,%) and &' € L(p,7’) lying on the same two lines. It
again follows that for small 6,

F@) = f(p) > 0> f(&) - f(D),

just as P(@) > 0 > P(7).
Thus Af changes sign on Gy(0), and (iii) is proved. O

Note 3. Still unresolved are cases in which P(@) vanishes for some @ # 0,
without changing its sign; e.g., P(@) = (u1 +uz +u3)?> =0 for @ = (1,1, -2).
Then the answer depends on higher-order terms of the Taylor formula. In par-
ticular, if d* f(; -) = d2f(p; -) = 0 on E™, then Af = Ry = %dgf(ﬁ; ), etc.

Note 4. The largest or least value of f on a set A (sometimes called the
absolute maximum or minimum) may occur at some noninterior (e.g., bound-
ary) point p € A, and then fails to be among the local extrema (where, by
definition, a globe Gy C A is presupposed). Thus to find absolute extrema, one
must also explore the behaviour of f at noninterior points of A.

By Theorem 1, local extrema can occur only at so-called critical points p),
i.e., those at which all directional derivatives vanish (or fail to exist, in which
case Dz f(p) = 0 by convention).

In practice, to find such points in E™ (C™), one equates the partials Dy, f
(k < n) to 0. Then one uses Theorems 2 and 3 or other considerations to
determine whether an extremum really exists.

Examples.
(A) Find the largest value of
f(z,y) =sinx + siny — sin(z + y)

on the set A C E? bounded by the lines x =0, y = 0 and x + y = 27.
We have

D f(z,y) = cosx — cos(x + y) and Dy f(z,y) = cosy — cos(z + y).
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Inside the triangle A, both partials vanish only at the point (2?"7 2?") at

which f = %\/3 On the boundary of A (i.e., on the lines z =0, y =0
and z+y = 2x), f = 0. Thus even without using Theorem 2, it is evident
that f attains its largest value,
2m 27 3
222y 23
f( 373 ) 2 V3
at this unique critical point.
Find the largest and the least value of
flz,y, 2) = a®2? + b2y? + 222 — (az?® + by? + ¢2?)2,

on the condition that x> + y> + 22 =1 and a > b > ¢ > 0.

As 22 =1 — 2% — y2, we can eliminate z from f(z,y,2) and replace f
by F: E?> - E.:
F(z,y) = (a® = ¢*)a® + (° = *)y® + ¢ — [(a— )2’ + (b — c)y® + .

(Explain!) For F, we seek the extrema on the disc G = Go(1) C E?,
where x? + y? < 1 (so as not to violate the condition 2% + y2 + 22 = 1).

Equating to 0 the two partials
D F(z,y) =2z(a — c){(a+¢) — 2[(a — )z + (b — c)y* + J*} = 0,
DaP(e,y) = 2y(b— ) {(b+ ) — 2l(a — )a® + (b— c)y® + cJ} = 0
and solving this system of equations, we find these critical points in-
side G:

(1) 2=y =0 (F =0

(2) 2=0,y=+2"3 (F =

(3) z=+2"%,y=0(
(Verify!)

Now, for the boundary of G, i.e., the circle 22 4+ y? = 1, repeat this
process: substitute y2 = 1 — x? in the formula for F(z,y), thus reducing
it to

h(z) = (a® — b*)2® + b* + [(a — b)a* + b]?,
on the interval [-1,1] C E'. In (—1,1) the derivative

B (x) = 2(a — b)z(1 — 22?)

h: E' - E*,

vanishes only when
(4) x=0(h=0), and
(5) x=%2"37 (h=L(a—1b)?).
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Finally, at the endpoints of [—1, 1], we have
(6) z==%1 (h=0).
Comparing the resulting function values in all six cases, we conclude
that the least of them is 0, while the largest is %(a —¢)2. These are the

desired least and largest values of f, subject to the conditions stated.
They are attained, respectively, at the points

(0,0,+1), (0,41,0), (£1,0,0), and (+£272,0,+2732).

Again, the use of Theorems 2 and 3 was redundant.! However, we
suggest as an exercise that the reader test the critical points of F' by
using Theorem 2.

Caution. Theorems 1 to 3 apply to functions of independent variables only.
In Example (B), z, y, z were made interdependent by the imposed equation
2=

(which geometrically limits all to the surface of G5(1) in E®), so that one of
them, z, could be eliminated. Only then can Theorems 1 to 3 be used.

Problems on Maxima and Minima

1. Verify Note 1.
1’. Complete the missing details in the proof of Theorems 2 and 3.

2. Verify Examples (A) and (B). Supplement Example (A) by applying
Theorem 2.
3. Test f for extrema in E2 if f(x,y) is

2 2

oy
~ 4L 0 0):
2p+2q (p>0,qg>0);

2 2
T Y
———(p>0,qg>0);
op ag P> 0 0>0)
(ii) y* + 2%
(iv) y? + 23
4. (i) Find the maximum volume of an interval A C E? (see Chapter 3,
§7) whose edge lengths x, y, z have a prescribed sum: z+y+z = a.

(i) Do the same in E* and in E™; show that A is a cube.

I Indeed, by Theorem 2(ii) in Chapter 4, §8, absolute extrema must exist here, as all is
limited to the compact sphere, 22 + y? + 22 = 1.
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(iii) Hence deduce that

1 n
Yxiwy T, < - ;l’k (x> 0),

i.e., the geometric mean of n nonnegative numbers is < their arith-
metic mean.

5. Find the minimum value for the sum f(z,y,z,t) =2 +y+ 2+t of four
positive numbers on the condition that zyzt = c¢* (constant).
[Answer: € =y =z =1t = ¢; fmax = 4c.]

6. Among all triangles inscribed in a circle of radius R, find the one of
maximum area.

[Hint: Connect the vertices with the center. Let z,y,z be the angles at the center.
Show that the area of the triangle = %Rz (sinz+siny+sin z), with z = 27— (z+y).]

7. Among all intervals A C E? inscribed in the ellipsoid

1.2 y2 22

a2 b2
find the one of largest volume.

) 20 26 2¢
[Answer: the edge lengths are T T \/g]

8. Let P, = (a;.b;), i = 1,2,3, be 3 points in E? forming a triangle in
which one angle (say, £P;) is > 27/3.
Find a point P = (x,y) for which the sum of the distances,

3
PP+ PP+ PPy => \/(zx—a:)>+ (y—b;)?,
=1

is the least possible.
[Outline: Let f(z,y) = 33 /(@ — a;)2 + (y — b;)2.

Show that f has no partial derivatives at Py, Py, or P3 (and so P;, P2, and P3 are
critical points at which an extremum may occur), while at other points P, partials
do exist but never vanish simultaneously, so that there are no other critical points.

Indeed, prove that Dy f(P) = 0 = Dy f(P) would imply that

3 3
Zcost% =0= Zsin&i,
i=1 1

where 0; is the angle between PP; and the z-axis; hence
sin(0; — 02) = sin(f2 — 03) = sin(f3 — 01) (why?),

and so 01 — 02 = 0 — 03 = 03 — 01 = 27/3, contrary to £P; > 27/3. (Why?)
From geometric considerations, conclude that f has an absolute minimum at Pj.
(This shows that one cannot disregard points at which f has no partials.)]
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9.

10.

11.

12.
13.
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Continuing Problem 8, show that if none of L Py, £P,, and £P5 is >
27r/3, then f attains its least value at some P (inside the triangle) such
that L PyPPy = {P,PP; = {PsPP, = 27/3.
[Hint: Verify that D1 f =0 = D> f at P.
Use the law of cosines to show that Py Py > PPy+%PP1 and PLP3 > PP+ 3PP
Adding, obtain P1P3 + PiPy > PP; + PP>+ PPs, ie., f(P1) > f(P). Similarly,
f(P2) > f(P) and f(P3) > f(P).

Combining with Problem 8, obtain the result.]

In a circle of radius R inscribe a polygon with n + 1 sides of maximum
area.

[Outline: Let z1,z2,...,Zn+1 be the central angles subtended by the sides of the

polygon. Then its area A is
n+1

1
~R? sin xy,

with @p1 =27 — > p_; @k. (Why?) Thus all reduces to maximizing
n n
flz1,...,zn) = Zsinmk +sin<27r - Zxk>,
k=1 k=1
on the condition that 0 <z and Y )_; z < 27 (Why?)
These inequalities define a bounded set D C E™ (called a simplez). Equating all
partials of f to 0, show that the only critical point interior to D is & = (z1,... ,2n),

with zp = Tf—fl, k < n (implying that z,41 = 712—:1, too). For that T, we get

f(&) = (n+ Dsin[2n/(n + 1)].

This value must be compared with the “boundary” values of f, on the “faces” of the
simplex D (see Note 4).

Do this by induction. For n = 2, Problem 6 shows that f(Z) is indeed the largest
when all 2 equal nz—_:l Now let D,, be the “face” of D, where z, = 0. On that face,
treat f as a function of only n — 1 variables, z1,... ,xp—1.

By the inductive hypothesis, the largest value of f on D,, is nsin(27/n). Similarly
for the other “faces.” As msin(2n/n) < (n + 1)sin2r/(n + 1), the induction is
complete.

Thus, the area A is the largest when the polygon is regular, for which

]

1 2
A= 5R2(n+1)smn:1

Among all triangles of a prescribed perimeter 2p, find the one of maxi-
mum area.
[Hint: Maximize p(p — z)(p — y)(p — z) on the condition that z + y + 2z = 2p.]

Among all triangles of area A, find the one of smallest perimeter.

Find the shortest distance from a given point p' € E™ to a given plane
4 - = ¢ (Chapter 3, §§4-6). Answer:
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[Hint: First do it in E3, writing (z,y, 2) for ]

§10. More on Implicit Differentiation. Conditional Extrema

I. Implicit differentiation was sketched in §7. Under suitable assumptions
(Theorem 4 in §7), one can differentiate a given system of equations,

(1) gr(xy, ... k=1,2,...,n,

treating the x; as implicit functions of the y; without seeking an explicit solu-
tion of the form

s Tny Y1y - - - 7y'm,) = 07

) y'm,) .

This yields a new system of equations from which the partials D;H; =
can be found directly.

T = Hj(yh e
O0x;
dys
We now supplement Theorem 4 in §7 (review it!) by showing that this new
system is linear in the partials involved and that its determinant is # 0. Thus
in general, it is simpler to solve than (1).
As in Part IV of §7, we set

(f,g) = (xlv"' s Ty Y1y - 7y'm,) andgz (glv'” 7g’n,)7

replacing the f of §7 by ¢g. Then equations (1) simplify to
(2) 9(&,5) =0,
where g: E"T™ — E™ (or g: C"T™ — C™).

Theorem 1 (implicit differentiation). Adopt all assumptions of Theorem 4 in

87, replacing f by g and setting H = (Hy, ..., Hy,),
Dige(p,q) = ajk, j<n+m, k<n.

Then for each i =1,... ,m, we have n linear equations,

n
() Y apDiHi(@) = —aniip, k <n,
j=1

with
det(ajk) # 0,
that uniquely determine the partials D;H;(q) for j =1,2,... n.
Proof. As usual, extend the map H: @ — P of Theorem 4 in §7 to H: E™ —
E™ (or C™ — C™) by setting H =0 on —Q.
Also, define o: E™ — E"T™ (C™ — C™T™) by

()  o(y) = (H©),¥) = (HL(H), -, Hn(§), 1, - -

(. k < n),

sYm), G € ET(CT).
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Then o is differentiable at ¢ € @, as are its n + m components. (Why?)
Since & = H(¥) is a solution of (2), equations (1) and (2) become identities
when Z is replaced by H(y). Also, o(q) = (H(q),q) = (P, q) since H(7) = p.
Moreover,

9(0(y)) = g(H(y), ) = 0 for § € Q;

ie., 90026011 Q.

Now, by assumption, g € CD! at (7, q); so the chain rule (Theorem 2 in
§4) applies, with f, p, ¢, n, and m replaced by o, ¢, (p,q), m, and n + m,
respectively.

Ash=goo =0 on Q, an open set, the partials of i vanish on Q. So by
Theorem 2 of §4, writing o; for the jth component of o,

n+m

(5) 0= Djg(p,q) - Dioj(q), i<m.

=1

By (4), 0 = Hj lf] < n, and O'j(g) = Y; lf] =n+14. Thus DiO'j = Di]{j?
j < n; but for j > n, we have Djo; = 11if j = n +4, and D;o; = 0 otherwise.
Hence by (5),

n
j=1
As g=1(g1,...,9n), each of these vector equations splits into n scalar ones:
6)  0=> Dig(F,q) DiH;(q) + Dnrigr(7,q), i<m, k<n.

With D;gi(p, §) = aji, this yields (3), where det(a;,) = det(D;gx (7, 7)) # 0,
by hypothesis (see Theorem 4 in §7).
Thus all is proved. [

Note 1. By continuity (Note 1 in §6), we have det(D;gx(Z,¥)) # 0 for all
(Z,7) in a sufficiently small neighborhood of (7, ¢). Thus Theorem 1 holds also
with (P, ¢) replaced by such (Z,y). In practice, one does not have to memorize
(3), but one obtains it by implicitly differentiating equations (1).

II. We shall now apply Theorem 1 to the theory of conditional extrema.
Definition 1.
We say that f: E"™™ — El has alocal conditional maximum (minimum)

at p € E"™ with constraints

g=1(g1,---,92) =0
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(g: Em™™ — E™) iff in some neighborhood G of p’ we have
Af=f@) - fF)<0 (>0, respectively)
for all Z € G for which g(&) = 0.

In §9 (Example (B) and Problems), we found such conditional extrema by
using the constraint equations ¢ = 0 to eliminate some variables and thus
reduce all to finding the unconditional extrema of a function of fewer (inde-
pendent) variables.

Often, however, such elimination is cumbersome since it involves solving a
system (1) of possibly nonlinear equations. It is here that implicit differentia-
tion (based on Theorem 1) is useful.

Lagrange invented a method (known as that of multipliers) for finding the
critical points at which such extrema may exist; to wit, we have the following:

Given f: E"t™ — Bl set

(7 F=f+ crgr,

k=1

where the constants ¢y, are to be determined and g are as above.

Then find the partials D;F (j < n 4 m) and solve the system of 2n + m
equations
(8) D;F(@) =0, j<n+m, and gi(Z)=0, k<n,
for the 2n 4+ m “unknowns” z; (j < n+m) and ¢, (k < n), the ¢, originating
from (7).

Any ¥ satisfying (8), with the ¢x so determined is a critical point (still to
be tested). The method is based on Theorem 2 below, where we again write
(7, q) for p and (Z,¥) for & (we call it “double notation”).

Theorem 2 (Lagrange multipliers). Suppose f: E™t™ — E' is differen-
tiable at

(57(7) = (p17~" sPnsqis - - 7Qm)
and has a local extremum at (D, q) subject to the constraints
g = (917"' 7gn) :67
with g as in Theorem 1, g: E"™™ — E™. Then
n
(9) chD]gk(ﬁ7§):7D]j(ﬁvq)7 ]:1727 7TL+TTL,1
k=1

for certain multipliers ¢y, (determined by the first n equations in (9)).

1 That is, D; F(p,q) = 0, with F as in (7).
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Proof. These n equations admit a unique solution for the cj, as they are
linear, and

det(Dgu(F, @) # 0 (j,k < n)

by hypothesis. With the ¢ so determined, (9) holds for 7 < n. It remains to
prove (9) for n < j <n+m.
Now, since f has a conditional extremum at (,q) as stated, we have

(10) f(@9)—f,q) <0 (or =20)

for all (Z,7) € P x Q with g(Z,%) = 0, provided we make the neighborhood
P x @ small enough.

Define H and o as in the previous proof (see (4)); so & = H(Y) is equivalent
to g(#,7) = 0 for (Z,7) € P x Q.

Then, for all such (Z,¥), with & = H(¥), we surely have ¢g(Z,¥) = 0 and
also

F(@,9) = f(H@), §) = f(o(F))-
Set h = foo, h: E™ — E'. Then (10) reduces to
hMy) —h(g) <0 (or >0) foralljeq@.

This means that h has an unconditional extremum at ¢, an interior point of
. Thus, by Theorem 1 in §9,

Dih(7) =0, i=1,...,m.

Hence, applying the chain rule (Theorem 2 of §4) to h = f o o, we get, much
as in the previous proof,

n+m
0=">" D;f(F.q)Dio;(q)
(11) =
= D;f(#,q)DiH; () + Dnyif(7.7), i<m.
j=1
(Verify!)

Next, as g by hypothesis satisfies Theorem 1, we get equations (3) or equiv-
alently (6). Multiplying (6) by ¢, adding and combining with (11), we obtain
n n
S DifF D+ ekDjge(F. 7)) DiH;(q)
j=1 k=1

n
k=1
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(Verify!) But the square-bracketed expression is 0; for we chose the ¢ so as to
satisfy (9) for j < n. Thus all simplifies to

chDn—H'gk(ﬁvq‘):7Dn+if(ﬁ7(f)7 7':1527 , M.
k=1

Hence (9) holds for n < j < n + m, too, and all is proved. O

Remarks. Lagrange’s method has the advantage that all variables (the zy
and y;) are treated equally, without singling out the dependent ones. Thus in
applications, one uses only F, i.e., f and g (not H).

One can also write Z = (21,... , Tntm) for (Z,7) = (X1, , Tn, Y1, -+ s Ym)
(the “double” notation was good for the proof only).

On the other hand, one still must solve equations (8).

Theorem 2 yields only a necessary condition (9) for extrema with constraints.
There also are various sufficient conditions, but mostly one uses geometric and
other considerations instead (as we did in §9). Therefore, we limit ourselves to
one proposition (using “single” notation this time).

Theorem 3 (sufficient conditions). Let

F:f+zckgk7

k=1
with f: Ent™ — B g: E"™™ — E", and ¢, as in Theorem 2.
Then [ has a mazimum (minimum) at p = (p1,... ,Pn+m) (with constraints

g=(g1,...,gn) = 0) whenever F does. (A fortiori, this is the case if F' has
an unconditional extremum at p.)

Proof. Suppose F has a maximum at 7, with constraints ¢ = 0. Then
0> F(&) - F(p) = (&) = f(B) + D _ cx [9x(&) — g (D)
k=1
for those # near j (including & = p) for which g(#) = 0.
But for such &, g (%) = g1 (P) = 0, ¢ [g1(Z) — gx(P)] = 0, and so

0> F(Z) - F(p) = f(Z) - f()

Hence f has a maximum at p/, with constraints as stated.
Similarly, AF = Af in case F has a conditional minimum at p. O

Example 1.

Find the local extrema of

fl@yzt)=z+y+z+t
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on the condition that
g(l?, Y, Z7t) = l?th - a4 = 07

with @ > 0 and z,y,2,t > 0. (Note that inequalities do not count as
“constraints” in the sense of Theorems 2 and 3.) Here one can simply
eliminate ¢t = a*/(2yz), but it is still easier to use Lagrange’s method.

Set F(x,y,2,t) = x +y+ 2+t + cxyzt. (We drop a* since it will
anyway disappear in differentiation.) Equations (8) then read

0=1+cyst =14 cxzt =1+ cayt =1+ cxyz, ayzt—a*=0.

Solving for z,z,t and ¢, we get ¢ = —a ™

Thus F(z,y,2,t) = v +y+ 2+t —zyzt/a®, and the only critical point
is p = (a,a,a,a). (Verify!)

,x=y=2z=1t=a.

By Theorem 3, one can now explore the sign of F'(Z) — F(p), where
Z = (z,y,2,t). For ¥ near p, it agrees with the sign of d>F(7; -). (See
proof of Theorem 2 in §9.) We shall do it below, using yet another device,
to be explained now.

Elimination of dependent differentials. If all partials of F' vanish at p’
(e.g., if p satisfies (9)), then d*F(p; -) = 0 on E"*™ (briefly dF = 0).

Conversely, if d' f(p; -) = 0 on a globe Gy, for some function f on n inde-
pendent variables, then

Dkf(ﬁ):07 k:1727-"7n7

since d* f(; -) (a polynomial!) vanishes at infinitely many points if its coeffi-
cients Dy f(p) vanish. (The latter fails, however, if the variables are interde-
pendent.)

Thus, instead of working with the partials, one can equate to 0 the differen-
tial dF or df. Using the “variable” notation and the invariance of df (Note 4
in §4), one then writes dz, dy, ... for the “differentials” of dependent and inde-
pendent variables alike, and tries to eliminate the differentials of the dependent
variables. We now redo Example 1 using this method.

Example 2.

With f and ¢g as in Example 1, we treat ¢t as the dependent variable,
i.e., an implicit function of z,y, z,

t=a"/(zyz) = H(z,y,2),
and differentiate the identity xyzt — a* = 0 to obtain

0 = yztdr + xztdy + xyt dz + zyz dt;
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SO
d d d
(12) at=—t(=+ 4 5.
x Y z
Substituting this value of dt in df = dx+dy+dz+dt = 0 (the equation
for critical points), we eliminate dt and find:

t t t
(17—)dx+(17—)dy+(17—)d250.
T y z
As x,y, z are independent variables, this identity implies that the co-
efficients of dz, dy, and dz must vanish, as pointed out above. Thus

t t t
l-—=1--=1--=0.
x Y z
Hence x =y = z =t = a. (Why?) Thus again, the only critical point is
P = (a,a,a,a).
Now, returning to Lagrange’s method, we use formula (5) in §5 to
compute

2
(13) d*F = —Z(de dy + dv dz + dz dt + dx dt + dy dz + dy dt).
a

(Verify!)

We shall show that this expression is sign-constant (if zyzt = a*), near
the critical point p. Indeed, setting * =y = z =t = a in (12), we get
dt = —(dz + dy + dz), and (13) turns into

2
[dady + do dz + dy dz — (dz + dy + dz)2]

T a
1

= —[da® + dy? + d2° + (dx + dy + dz)*] = *F.
a

This expression is > 0 (for dz, dy, and dz are not all 0). Thus f has
a local conditional minimum at p = (a, a,a, a).

Caution; here we cannot infer that f(p) is the least value of f under
the imposed conditions: z,y, z > 0 and zyzt = a*.

The simplification due to the Cauchy invariant rule (Note 4 in §4)
makes the use of the “variable” notation attractive, though caution is

mandatory.

Note 2. When using Theorem 2, it suffices to ascertain that some n equa-
tions from (9) admit a solution for the cy; for then, renumbering the equations,
one can achieve that these become the first n equations, as was assumed. This
means that the n x (n 4+ m) matrix (D;gx (7, ¢)) must be of rank n, i.e., con-
tains an n x n-submatriz (obtained by deleting some columns), with a nonzero
determinant.
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In the Problems we often use r, s,t,... for Lagrange multipliers.

Further Problems on Maxima and Minima

1. Fill in all details in Examples 1 and 2 and the proofs of all theorems in
this section.

2. Redo Example (B) in §9 by Lagrange’s method.
[Hint: Set F(z,y,2) = f(z,y,2) — r(@® + 4> +2%), g(z,y,2) = &® + > + 27 — L.

Compare the values of f at all critical points.?]
3. An ellipsoid
2 2 2
x y z
—+5+5=1
a? b 2

is cut by a plane ux + vy + wz = 0. Find the semiaxes of the section-
ellipse, i.e., the extrema of

PP =f(z,y.2)) =" +y*+2°

under the constraints g = (¢1,92) = 0, where
B 1 B 22 2 22 .
g1(z,y, 2) = ur + vy +wz and ga(z,y, 2) = ) + 2 + 2
Assume that a > b > ¢ > 0 and that not all u,v,w = 0.
[Outline: By Note 2, explore the rank of the matrix

(14) (m/a2 y/b? 2/52)‘

u v

(Why this particular matrix?)
Seeking a contradiction, suppose all its 2 X 2 determinants vanish at all points of
the section-ellipse. Then the upper and lower entries in (14) are proportional (why?);
so z2/a? +y2/b? + 22 /c? = 0 (a contradiction!).
Next, set
F(z,y,2) = 2 +y* + 22 +r(72 L2

o o 0—2) + 2s(uz + vy + wz).

Equate dF to 0:
rT ry rz
(15) x+a—2+su:0, y+b—2+sv:0, z+c—2+sw:0.
Multiplying by z,y, 2z, respectively, adding, and combining with g = 6, obtain r =
—p?; so, by (15), for a,b,c # p,

—sua? —svb? —swc

T VT ey FTa_ 2

2

Find s,x,y, 2, then compare the p-values at critical points.]

2 This suffices here, since the equation g = 0 defines a compact set S; see §9.
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4. Find the least and the largest values of the quadratic form
F@) =Y anwize  (an = ar:)
k=

on the condition that g(%) = |Z|2 —1=0 (f,g: E® — E1).

[Outline: Let F(&) = f(&) — t(z2 + 23 + ...+ 22). Equating dF to 0, obtain
(a11 —t)z1 +a12x2 4+ ...+ a1pn zn =0,

(16) a21 1 + (a2 —t)xz2 + ... + agp xn =0,

an1 1+ an222 + ...+ (@nn —t) zn = 0.

Using Theorem 1(iv) in §6, derive the so-called characteristic equation of f,

ay; —t a2 ain
17 a2 aze —t ... asn -0
- 9
an1 a2n coo apn — 1

of degree n in t. If t is one of its n roots (known to be real®), then equations (16)

admit a nonzero solution for & = (z1,...,xy); by replacing & by Z/|Z| if necessary,
Z satisfies also the constraint equation g(Z) = |Z|?> — 1 = 0. (Explain!) Thus each
root ¢ of (17) yields a critical point ¢ = (z1,... ,xn).

Now, to find f(Z¢), multiply the kth equation in (16) by xk, k = 1,... ,n, and
add to get

n n
0= Z aikzizkftZzi :f(i"t)ft.
k=1

i k=1

Hence f(Z¢) =t.

Thus the values of f at the critical points &+ are simply the roots of (17). The
largest (smallest) root is also the largest (least) value of f on S = {Z € E™ | |Z| = 1}.
(Explain!)]

5. Use the method of Problem 4 to find the semiaxes of

(i) the quadric curve in E2, centered at 0, given by Z?,k:l AR Ty =
1; and

(ii) the quadric surface Z?.k:l a;rizy = 1 in B3, centered at 0.

Assume a;, = ap;.
[Hint: Explore the extrema of f(#) = |Z|? on the condition that

9(F) = aipwiwg —1=0)]

6. Using Lagrange’s method, redo Problems 4, 5, 6, 7, 11, 12, and 13 of §9.
7. In E2, find the shortest distance from § to the parabola y? = 2(z + a).

3See S. Perlis, Theory of Matrices, Reading, Mass., 1952, Theorem 9-25.
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8.
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In E3, find the shortest distance from 0 to the intersection line of two
planes given by the formulas @ - ¥ = a and v - £ = b with @ and ¥
different from 0. (Rewrite all in coordinate form!)

. In E", find the largest value of |@- Z] if |Z| = 1. Use Lagrange’s method.
*10.

(Hadamard’s theorem.) If A = det(z;) (¢, k < n), then

n
A< [ 17,
=1

where f7 = (l‘il,l‘iQ, . ,LL‘Z'").
[Hints: Set a; = |#;|. Treat A as a function of n? variables. Using Lagrange’s
method, prove that, under the n constraints |fl\2 — af = 0, A cannot have an

extremum unless A% = det(y;z), with y;x = 0 (if i # k) and y;; = a?.]

Chapter 7
Volume and Measure

Our intuitive idea of “volume” is rather vague. We just tend to assume that
“bodies” in space (i.e., in E3) somehow have numerically expressed “volumes,”
but it remains unclear which sets in £3 are “bodies” and how volume is defined.

We also intuitively assume that volumes behave “additively.” That is, if a
body is split into disjoint parts, then the volume of the whole equals the sum of
the volumes of the parts. Similarly for “areas” in E2. In elementary calculus,
that is often just taken for granted.

The famous mathematician Henri Lebesgue (1875-1941) extended the idea
of “volume” to a large, strictly defined family of sets in E™, called Lebesgue-
measurable sets, thus giving rise to what is called measure theory. Its basic idea
remains that of additivity, precisely formulated and proved. Modern theory has
still more generalized these ideas. In this text, we have so far defined “volumes”
for intervals in £ only. Thus it is natural to take intervals as our starting point.
This will also lead to the important idea of a semiring of sets and its extension:
a ring of sets.

81. More on Intervals in E™. Semirings of Sets

I. As a prologue, we turn to intervals in E™ (Chapter 3, §7).
Theorem 1. If A and B are intervals in E™, then
(i) AN B is an interval (O counts as an interval);
(ii) A — B is the union of finitely many disjoint intervals (but need not be an

interval itself).

Proof. The easy proof for E' is left to the reader.
An interval in E? is the cross-product of two line intervals.
Let
A=XxY and B=X'xY’,

where X, Y, X, and Y/ are intervals in E'. Then (see Figure 29)
ANB=(XxY)N(X'xY')=(XNX')x (Y NY')
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and
A-B=[(X-X")xYJU[XNX)x (Y =Y
see Problem 8 in Chapter 1, §§1-3. X B
As the theorem holds in E*, T
XNX andY NY’ v
ANB |YnY'
are intervals in E', while ’
X-Y andY -V’ l 3 v
X - X' /
are finite unions of disjoint line intervals. L XnX ¢
(In Figure 29 they are just intervals, but A X
FIGURE 29

in general they are not.)

It easily follows that A N B is an interval in £?, while A — B splits into
finitely many such intervals. (Verify!) Thus the theorem holds in E2.

Finally, for £, use induction. An interval in E™ is the cross-product of an
interval in £”~! by a line interval. Thus if the theorem holds in E"~1, the
same argument shows that it holds in E™, too. (Verify!)

This completes the inductive proof. [

Actually, Theorem 1 applies to many other families of sets (not necessarily
intervals or sets in E™). We now give such families a name.
Definition 1.
A family C of arbitrary sets is called a semiring iff
(i) ® € C (0 is a member), and

(ii) for any sets A and B from C, we have AN B € C, while A— B is the
union of finitely many disjoint sets from C.

Briefly: C is a semiring iff it satisfies Theorem 1.

Note that here C is not just a set, but a whole family of sets. Recall (Chap-
ter 1, §81-3) that a set family (family of sets) is a set M whose members are
other sets. If A is a member of M, we call A an M-set and write A € M (not
AC M).

Sometimes we use index notation:
M=A{X;|iel},

briefly
M ={X;},

where the X; are M-sets distinguished from each other by the subscripts 7
varying over some index set I.
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A set family M = {X;} and its union
U
are said to be disjoint iff
X; N X; =0 whenever ¢ # j.
Notation:
U X; (disjoint).

In our case, A € C means that A is a C-set (a member of the semiring C).
The formula
(VA,BeC) AnBecC

means that the intersection of two C-sets in a C-set itself.
Henceforth, we will often speak of semirings C in general. In particular, this
will apply to the case C = {intervals}. Always keep this case in mind!

Note 1. By Theorem 1, the intervals in E™ form a semiring. So also do
the half-open and the half-closed intervals separately (same proof!), but not
the open (or closed) ones. (Why?)

Caution. The union and difference of two C-sets need not be a C-set. To
remedy this, we now enlarge C.

Definition 2.
We say that a set A (from C or not) is C-simple and write
Aec,
iff A is a finite union of disjoint C-sets (such as A — B in Theorem 1).
Thus C. is the family of all C-simple sets.

Every C-set is also a C.-set, i.e., a C- ]
simple one. (Why?) Briefly:

cccel j

If C is the set of all intervals, a C-simple
set may look as in Figure 30. FIGURE 30

Theorem 2. IfC is a semiring, and if A and B are C-simple, so also are
ANB, A— B, and AUB.
In symbols,

(VA,BeC)) AnBeC.,, A—BeC., and AUB€C..
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We give a proof outline and suggest the proof as an exercise. Before at-
tempting it, the reader should thoroughly review the laws and problems of
Chapter 1, §51-3.

(1) To prove AN B € C., let

A= U A; (disjoint) and B = U By, (disjoint),
i=1 k=1

with A;, By € C. Verify that

HC:

U (A; N By,) (disjoint),

and so ANB e C..
(2) Next prove that A— B e Cif A€ C), and B €C.

Indeed, if
A= U A; (disjoint),
i=1
then
A-B=|JA; - B=|]J(A: - B) (disjoint).
i=1 i=1

Verify and use Definition 2.
(3) Prove that
(VA,BeC) A-Becl,

we suggest the following argument.

Let

B=|JBs BrecC.
k=1
Then
A-B=A-|JB:= ﬂ (A— By)
k=1 k=1

by duality laws. But A — By, is C-simple by step (2). Hence so is

Ds

A-B=()(A- By

k

1

by step (1) plus induction.
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(4) To prove AU B € C., verify that
AUB=AU(B-A),
where B — A € C.,, by (3).
Note 2. By induction, Theorem 2 extends to any finite number of Cl-sets.

It is a kind of “closure law.”

We thus briefly say that C is closed under finite unions, intersections, and
set differences. Any (nonempty) set family with these properties is called a set
ring (see also §3).

Thus Theorem 2 states that if C is a semiring, then C. is a ring.

Caution. An infinite union of C-simple sets need not be C-simple. Yet we
may consider such unions, as we do next.

In Corollary 1 below, C. may be replaced by any set ring M.

Corollary 1. If {A,} is a finite or infinite sequence of sets from a semiring
C (or from a ring M such as Cl), then there is a disjoint sequence of C-simple
sets (or M-sets) B, C A,, such that

Proof. Let By = A; and forn=1,2,...,

n
Bn+1 = An+1 - U Ak’7 Ak ecC.
k=1
By Theorem 2, the B,, are C-simple (as are A, and [J;_; Ax). Show that
they are disjoint (assume the opposite and find a contradiction) and verify that
UA, =UBn: If 2 € JA,, take the least n for which zz € A,. Then n > 1

and
n—1

IeAnf UAk;:B7L7
orn=1landx € A1 =B;. O

Note 3. In Corollary 1, B, € C., i.e., B,, = U;’;"l Ch; for some disjoint sets

C; € C. Thus
U=UQen

n i=1

is also a countable disjoint union of C-sets.

II. Recall that the volume of intervals is additive (Problem 9 in Chapter 3,
§7). That is, if A € C is split into finitely many disjoint subintervals, then vA
(the volume of A) equals the sum of the volumes of the parts.
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We shall need the following lemma

Lemma 1. Let X, Xo,
disjoint, then

U X; CY €C implies Z’UXZ' <Y: and

1
Zm p

ii) U X; C U Y;
i=1

m P
with Yy, € C) implies ZUXZ' < ZUYk.
k=1

i=1

i=1 k=1
Proof. (i) By Theorem 2, the set
m
Y- X
i=1
is C-simple; so

for some disjoint intervals C;. Hence

Y =JX:uJCj (all disjoint).
Thus by additivity,

m

vY = ZUX +ZUC >Z’UX1,

as claimed.

(ii) By set theory (Problem 9 in Chapter 1, §§1-3)

X; C

C=

Yy
k=1
implies
p p
X, = X; N UYk: U (X; NYy).
k=1

If it happens that the Yj are mutually disjoint also, so certainly are the
smaller intervals X; N Yy; so by additivity,

p

vX; = Z ’U(Xi N Yk)

k=1

Hence
X, € C (intervals in E™). If the X; are mutually
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. Semirings of Sets

Z ZZ (X;NYy) :i{iv)( mYk].
=1 =1 k=1

k=1%i=1
But by (i),

E v(X; NYy) <Yy (why?)
i=1
SO

m P
Sexs Y
i=1 k=1
as required.

If, however, the Y are not disjoint, Corollary 1 yields

U Y. = U By, (disjoint),
with

M

Yi 2 By = | J Ci; (disjoint), C; €C
j=1

mi

Z kaj S UYk.
j=1
As

qu

P P P mg

U = U Be=J U Cx; (disjoint),
k=1 k= k=1j=1
all reduces to the previous disjoint case. [J

Corollary 2. Let A € C, (C = intervals in E™). If

A= UX (disjoint) = O
i=1

(disjoint)
with X;, Yy € C, then

=1

m P
PO ity

k=1
(Use part (ii) of the lemma twice.)

Thus we can (and do) unambiguously define vA to be either of these sums

103
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Problems on Intervals and Semirings

1. Complete the proof of Theorem 1 and Note 1.
1’. Prove Theorem 2 in detail.

2. Fill in the details in the proof of Corollary 1.
2’. Prove Corollary 2.

3. Show that, in the definition of a semiring, the condition ) € C is equiv-
alent to C # 0.
[Hint: Consider 0 =A—-A =2, A; (A,A; €C) to get 0 = A; €C]
4. Given a set S, show that the following are semirings or rings.
(a) C ={all subsets of S };
(b) C = {all finite subsets of S };

(@ C={0}
(d) € = {0 and all singletons in S }.
Disprove it for C = {§ and all two-point sets in S}, S = {1,2,3,...}.
In (a)—(c), show that C, = C. Disprove it for (d).
5. Show that the cubes in E™ (n > 1) do not form a semiring.

6. Using Corollary 2 and the definition thereafter, show that volume is
additive for C-simple sets. That is,
if A=|]JA: (disjoint) then vA = vA; (A A; €Cl).
i=1 i=1
7. Prove the lemma for C-simple sets.
[Hint: Use Problem 6 and argue as before.]

8. Prove that if C is a semiring, then C. (C-simple sets) = Cs, the family of
all finite unions of C-sets (disjoint or not).
[Hint: Use Theorem 2.]

82. C,-Sets. Countable Additivity. Permutable Series

We now want to further extend the definition of volume by considering count-
able unions of intervals, called C,-sets (C being the semiring of all intervals
in E™).

We also ask, if A is split into countably many such sets, does additivity still
hold? This is called countable additivity or o-additivity (the o is used whenever
countable unions are involved).

We need two lemmas in addition to that of §1.
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Lemma 1. If B is a nonempty interval in E™, then given € > 0, there is an
open interval C' and a closed one A such that

ACBCC

and
vC —e <vB <vA+e.

Proof. Let the endpoints of B be
a=(a1,...,an)and b= (by,...,b,).

For each natural number 4, consider the open interval C;, with endpoints

1 1 1 1 1 1
(alf—dagf—,,...,an*—,) and <b1+—,7b2+—,,...,bn+—_>.
7 1 1 1 7 7

Then B C C; and

vcizlf[l[bkﬁ(ak;)]:

Making 7 — oo, we get

e}

n
=1

k

ilggovCi = kli[l(bk —ag) =vB.

(Why?) Hence by the sequential limit definition, given € > 0, there is a natural
i such that
vC; —vB < ¢,

or
vC; —e < vB.

As C; is open and D B, it is the desired interval C.
Similarly, one finds the closed interval A C B. (Verify!) O

Lemma 2. Any open set G C E™ is a countable union of open cubes Ay and
also a disjoint countable union of half-open intervals.
(See also Problem 2 below.)
Proof. If G = 0, take all Ay = 0.
If G # 0, every point p € G has a cubic neighborhood
Cp CG,

centered at p (Problem 3 in Chapter 3, §12). By slightly shrinking this Cp,
one can make its endpoints rational, with p still in it (but not necessarily its
center), and make C}, open, half-open, or closed, as desired. (Explain!)
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Choose such a cube C), for every p € G; so
Gc .
peG
But by construction, G' contains all Cp, so that

¢=J G

peG

Moreover, because the coordinates of the endpoints of all C}, are rational,
the set of ordered pairs of endpoints of the C), is countable, and thus, while the
set of all p € G is uncountable, the set of distinct C), is countable. Thus one
can put the family of all C), in a sequence and rename it {Ax}:

o e
k=1

If, further, the Ay are half-open, we can use Corollary 1 and Note 3, both
from §1, to make the union disjoint (half-open intervals form a semiring!). O

Now let C, be the family of all possible countable unions of intervals in E™,
such as G in Lemma 2 (we use Cs for all finite unions). Thus A € C, means
that A is a C,-set, i.e.,

for some sequence of intervals {A;}. Such are all open sets in E", but there
also are many other C,-sets.

We can always make the sequence {4;} infinite (add null sets or repeat a
term!).

By Corollary 1 and Note 3 of §1, we can decompose any C,-set A into count-
ably many disjoint intervals. This can be done in many ways. However, we
have the following result.

Theorem 1. If

A= U A; (disjoint) = U By, (disjoint)
i=1 k=1

for some intervals A;, By in E™, then

ZUA —Zka

i=1

! Recall that a positive series always has a (possibly infinite) sum.
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Thus we can (and do) unambiguously define either of these sums to be the
volume vA of the C,-set A.

Proof. We shall use the Heine-Borel theorem (Problem 10 in Chapter 4, §6;
review it!).
Seeking a contradiction, let (say)

S0, in particular,

there is an integer m for which

m o0

2 oAi> ) vy
We fix that m and set

m (e o]
2= vA; =) vB>0.
i=1 k=1
Dropping “empties” (if any), we assume A; # () and By # 0.
Then Lemma 1 yields open intervals Yy 2 By, with
€
’UB]C>’UY]C72fk, k=1,2,...,

and closed ones X; C A;, with

vX; + £ > vA;;
m

SO
:ZvAivaB Z(in+i) Z(vaf —)
i=1 k=1 i=1 m k=1
i i vYy + 2e.
Thus ) )

m o0
(1) Zin > Zva.
i=1 k=1
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(Explain in detail!)
Now, as
XicAicA=JBcJVe
k=1 k=1
each of the closed intervals X; is covered by the open sets Y.
By the Heine-Borel theorem, i, X; is already covered by a finite number

of the Y, say,
m P
UxicUn
i=1 k=1

The X; are disjoint, for even the larger sets A; are. Thus by Lemma 1(ii) in §1,

m P oo
Z'UXi < ZUYk < ZUka
=1 = k=1

k=1
contrary to (1). This contradiction completes the proof. [
Corollary 1. If
A= U By, (disjoint)
k=1

for some intervals By, then
[e o]
vA = Z ’UBk.
k=1

Indeed, this is simply the definition of vA contained in Theorem 1.

Note 1. In particular, Corollary 1 holds if A is an interval itself. We express
this by saying that the volume of intervals is o-additive or countably additive.
This also shows that our previous definition of volume (for intervals) agrees
with the definition contained in Theorem 1 (for C,-sets).

Note 2. As all open sets are C,-sets (Lemma 2), volume is now defined for
any open set A C E™ (in particular, for A = E™).

Corollary 2. If A;, By are intervals in E™, with

D A; C [j By,
i1 =1

then provided the A; are mutually disjoint,

o0

(2) E:UA4§§§§UBk

i=1 k=1
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The proof is as in Theorem 1 (but the By need not be disjoint here).
Corollary 3 (“o-subadditivity”? of the volume). If

AC G By,
k=1

where A € C, and the By are intervals in E™, then

vA S i’uBk.

k=1

Proof. Set

A= Ai (disjoint), A; €C,

i=1

and use Corollary 2. O

Corollary 4 (“monotonicity”?). If A, B € C,, with
AC B,

then
vA <vB.

(“Larger sets have larger volumes.”)
This is simply Corollary 3, with | J, By = B.
Corollary 5. The volume of all of E™ is co (we write 0o for +00).
Proof. We have A C E™ for any interval A.
Thus, by Corollary 4, vA < vE™.
As vA can be chosen arbitrarily large, vE™ must be infinite. [
Corollary 6. For any countable set A C E™, vA = 0. In particular, v)) = 0.

Proof. First let A = {a} be a singleton. Then we may treat A as a degenerate
interval [a,a]. As all its edge lengths are 0, we have vA = 0.
Next, if A = {ay,as, ...} is a countable set, then

A=Hak:
k

SO

vA = Z v{ag} =0
k
by Corollary 1.

2 This notion is treated in more detail in §5.
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Finally, () is the degenerate open interval (a,a); so vd =0. O

Note 3. Actually, all these propositions hold also if all sets involved are
C,-sets, not just intervals (split each C,-set into disjoint intervals!).

Permutable Series. Since c-additivity involves countable sums, it appears
useful to generalize the notion of a series.

We say that a series of constants,

E Ap,,

is permutable iff it has a definite (possibly infinite) sum obeying the general
commutative law:

Given any one—one map
ontq

u: N+—— N

(N = the naturals), we have
D an=)
n n

where u, = u(n).
(Such are all positive and all absolutely convergent series in a complete space
E; see Chapter 4, §13.) If the series is permutable, the sum does not depend

on the choice of the map u.

Thus, given any u: N &g (where J is a countable index set) and a set

{a;|icJ}CE

(where E is E* or a normed space), we can define

oo
§ a; = E Ay,
n=1

icJ
if >, Qu, is permutable.

In particular, if
J=NxN

(a countable set, by Theorem 1 in Chapter 1, §9), we call
S
ieJ

a double series, denoted by symbols like

Zakn (k,m € N).
n,k
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Note that

> lail

icJ

is always defined (being a positive series).

If
Z |a;| < oo,

ieJ
we say that >, ;a; converges absolutely.
For a positive series, we obtain the following result.
Theorem 2.
(i) All positive series in E* are permutable.
(ii) For positive double series in E*, we have

0 S =3 (i o) = i(m e,

n,k=1 n=1 k=1

Proof. (i) Let

oo m
5 = Zan and s, = Zan (an > 0).
n=1 n=1

Then clearly
Sm+41 = Sm T Gm41 > Sm;
ie., {sm}T, and so

s= lim s,, =supsm,
m—00 m

by Theorem 3 in Chapter 3, §15.
Hence s certainly does not exceed the lub of all possible sums of the form

2 ai
i€l
where 1 is a finite subset of N (the partial sums s, are among them). Thus
(4) s<supy i,
i€l
over all finite sets I C N.

On the other hand, every such ). ; a; is exceeded by, or equals, some s,.
Hence in (4), the reverse inequality holds, too, and so

5= supZai.

el
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But sup ;. ;a; clearly does not depend on any arrangement of the a;.
Therefore, the series > a,, is permutable, and assertion (i) is proved.

Assertion (ii) follows similarly by considering sums of the form . ; as,
where [ is a finite subset of N x N, and showing that the lub of such sums
equals each of the three expressions in (3). We leave it to the reader. O

A similar formula holds for absolutely convergent series (see Problems).

Problems on C,-Sets, o-Additivity, and Permutable Series
1. Fill in the missing details in the proofs of this section.
1’. Prove Note 3.
2. Show that every open set A # () in E™ is a countable union of disjoint
half-open cubes.

[Outline: For each natural m, show that E™ is split into such cubes of edge length
2~™ by the hyperplanes
Gp= —— i=0,+1,42,...; k=1,2...,n,
277l

and that the family C,, of such cubes is countable.

For m > 1, let Cpy1,Ch2, ... be the sequence of those cubes from Cp, (if any)
that lie in A but not in any cube Cj; with s <m.

As Ais open, x € A iff x € some Ciy;5.]

3. Prove that any open set A C E' is a countable union of disjoint (possibly
infinite) open intervals.
[Hint: By Lemma 2, A = {J,,(an,bn). If, say, (a1,b1) overlaps with some (am,bm),
replace both by their union. Continue inductively.]

4. Prove that C, is closed under finite intersections and countable unions.
(i) Find A, B € C, such that A — B ¢ C,.
(ii) Show that C, is not a semiring.
[Hint: Try A = E', B = R (the rationals).]

Note. In the following problems, J is countably infinite, a; € E (E complete).

6. Prove that
Z la;| < oo
=

iff for every € > 0, there is a finite set

FcJ (F#£0)
such that
Z |(IZ| <e
iel

for every finite I C J — F.
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onto

[Outline: By Theorem 2, fix u: N +— J with
oo
D lail =D lau,|-
i€J n=1

By Cauchy’s criterion,

oo
Z |G, | < 00

n=1

(Ve>0) 3g) (vn>m>q) Y law,l<e
k=m

Let F = {u1,... ,uq}. If I is as above,

Hn>m>q) {um,...,un} 2 I;

SO

n
Dolail < D7 law,| <el
k=m

i€l

. Prove that if

Z la;| < oo,

=
then for every € > 0, there is a finite ' C J (F # () such that
Su- Y
ieJ ieK

for each finite K D F (K C J).
[Hint: Proceed as in Problem 6, with ] = K — F and ¢ so large that

<e

Zai— Zai < 15 and Zai < la]
ieJ i€EF 2 i1€EF 2
. Show that if -
J = U I,, (disjoint),
n=1
then -
Z la;| = Z by, where b,, = Z |a;].
ieJ n=1 i€l
(Use Problem &' below.)
. Show that

ZM#”?ZWH

icd ieF
over all finite sets FF C J (F # ().
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[Hint: Argue as in Theorem 2.]

. Show that if § # I C J, then

Do lail < lail-

i€l ieJ
[Hint: Use Problem 8’ and Corollary 2 of Chapter 2, §§8-9.]

Continuing Problem 8, prove that if

o0
Z|ai| :an < 00,
n=1

ieJ
then
o0
Eai = ch with ¢, = Z a;.
ied n=1 i€l,
[Outline: By Problem 9,
(vn) > Jail < oo;

i€y

Cn = E ag

i€y,

SO

and

M8
$

3
1
—

converge absolutely.
Fix € and F as in Problem 7. Choose the largest ¢ € N with

FNlg#0
(why does it exist?), and fix any n > ¢q. By Problem 7, (Vk < n)

(Vk <n) (3 finite F, | J 2 F, 2 FN1y)

Ck
1

1
(V finite Hk‘IkQHkQFk) <§E.

E a; —
i€ Hy,

n
k=

(Explain!) Let

n
K = | Hg;
k=1
S0
n
Eckfzai <e
k=1 i€J
and K D F. By Problem 7,
Zai—Zai < e.

ieK ieJ

11.
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Deduce
< 2e.

n
e Ya
k=1

i€J

Let n — oo; then € — 0.]

(Double series.) Prove that if one of the expressions
(o) oo o0 oo oo

> fensh 35(lenel). 35 (Slews)
n,k=1 n=1 “k=1 k=1 ‘n=1

is finite, so are the other two, and
S e = z(z ) - z(z )
n,k n k k n

with all series involved absolutely convergent.
[Hint: Use Problems 8 and 10, with J = N x N,

I, ={(n,k) € J| k=1,2,...} for each n;

S0
o0 (oo}

by, = Z lank| and ¢, = Za”k'
k=1 k=1

Thus obtain

Z ank = Z Z Ank-
n,k n k

Similarly,

Zank = Z Zan,k']
n,k kE n

§3. More on Set Families!

Lebesgue extended his theory far beyond C,-sets. For a deeper insight, we shall
consider set families in more detail, starting with set rings. First, we rephrase
and supplement our former definition of that notion, given in §1.

Definition 1.

A family M of subsets of a set S is a ring or set ring (in S) iff
(i) € M, i.e., the empty set is a member; and
(il) M is closed under finite unions and differences:

VX, YeM) XuYeMand X —-Y € M.

! For a limited approach (see the preface), this topic may be omitted.
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(For intersections, see Theorem 1 below.)

If M is also closed under countable unions, we call it a o-ring (in S).
Then

oo

U X; e M

i=1
whenever

X, e Mfori=1,2,....

If S itself is a member of a ring (o-ring) M, we call M a set field
(o-field), or a set algebra (o-algebra), in S.

Note that S is only a member of M, S € M, not to be confused with
M itself.

The family of all subsets of S (the so-called power set of S) is denoted by
25 or P(S).
Examples.
(a) In any set S, 2° is a o-field. (Why?)

(b) The family {0}, consisting of @) alone, is a o-ring; {0, S} is a o-field in S.
(Why?)

(¢) The family of all finite (countable) subsets of S is a ring (o-ring) in S.

(d) For any semiring C, C, is a ring (Theorem 2 in §1). Not so for C,
(Problem 5 in §2).

Theorem 1. Any set ring is closed under finite intersections.
A o-ring is closed under countable intersections.

Proof. Let M be a o-ring (the proof for rings is similar).
Given a sequence {4, } C M, we must show that (), A, € M.

Let
U=UAW

By Definition 1,
UeMand U — A, e M,

as M is closed under these operations. Hence

YW - 4,) e M

n

and

U-Jw -4, em,
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or, by duality,
U - (U - 4,)] €M,

n
ie.,

ﬂAﬂeAL m|

Corollary 1. Any set ring (field, o-ring, o-field) is also a semiring.
Indeed, by Theorem 1 and Definition 1, if M is a ring, then § € M and

(VA,BeM) AnBeMand A—Be M.

Here we may treat A — B as (A — B) U, a union of two disjoint M-sets. Thus
M has all properties of a semiring.

Similarly for o-rings, fields, etc.

In §1 we saw that any semiring C can be enlarged to become a ring, C.. More
generally, we obtain the following result.

Theorem 2. For any set family M in a space S (M C 2°), there is a unique
“smallest” set ring R such that

RoOM
(“smallest” in the sense that

RCR
for any other ring R' with R' 2 M ).

The R of Theorem 2 is called the ring generated by M. Similarly for o-rings,
fields, and o-fields in S.

Proof. We give the proof for o-fields; it is similar in the other cases.

There surely are o-fields in S that contain M; e.g., take 2%. Let {R;} be
the family of all possible o-fields in S such that R; O M. Let

R =R
We shall show that this R is the required “smallest” o-field containing M.
Indeed, by assumption,
MC(Ri=R.
We now verify the o-field properties for R.

(1) We have that
(VZ) 0e R;and S € R;



118 Chapter 7. Volume and Measure

(for R; is a o-field, by assumption). Hence
he(Ri=R.
Similarly, § € R. Thus
0,5 eR.
(2) Suppose
X, Y eR=(R

Then X,Y are in every R;, and sois X — Y. Hence X — Y is in
(Ri=R.
i

Thus R is closed under differences.
(3) Take any sequence

{A} SR =R

Then all A, are in each R;. |J,, An is in each R;; so
UAn eR.

Thus R is closed under countable unions.
We see that R is indeed a o-field in S, with M C R. As R is the intersection
of all R; (i.e., all o-fields D M), we have

so R is the smallest of such o-fields.
It is unique; for if R is another such o-field, then

RCR CR
(as both R and R’ are “smallest”); so
R=R. O

Note 1. This proof also shows that the intersection of any family {R;} of
o-fields is a o-field. Similarly for o-rings, fields, and rings.

Corollary 2. The ring R generated by a semiring C coincides with
Cs = {all finite unions of C-sets}

and with
C! = {disjoint finite unions of C-sets}.
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Proof. By Theorem 2 in §1, C, is a ring O C; and
C.CC;CR
(for R is closed under finite unions, being a ring 2 C).
Moreover, as R is the smallest ring O C, we have
RCC,CC CR.
Hence
R =C. =Cs,
as claimed. [

It is much harder to characterize the o-ring generated by a semiring. The
following characterization proves useful in theory and as an exercise.?

Theorem 3. The o-ring R generated by a semiring C coincides with the small-
est set family D such that

(i) D2C;
(ii) D is closed under countable disjoint unions;
(i) J — X € D whenever X € D, J €C, and X C J.
Proof. We give a proof outline, leaving the details to the reader.

(1) The existence of a smallest such D follows as in Theorem 2. Verify!
(2) Writing briefly AB for AN B and A’ for —A, prove that

(A—B)C =A—-(AC'"UBCQ).
(3) For each I € D, set
Dr={AcD|Al €D, A—1¢€Dj.

Then prove that if I € C, the set family Dy has the properties (i)—(iii) specified
in the theorem. (Use the set identity (2) for property (iii).)
Hence by the minimality of D, D C D;. Therefore,

(VAeD) (VIeC) Al€eDand A—1€D.
(4) Using this, show that D; satisfies (i)-(iii) for any I € D.

Deduce
D C Dy;

so D is closed under finite intersections and differences.

Combining with property (ii), show that D is a o-ring (see Problem 12
below).

2Tt may be deferred until Chapter 8, §8, though.



120 Chapter 7. Volume and Measure

By its minimality, D is the smallest o-ring D C (for any other such o-ring
clearly satisfies (i)—(iii)).
Thus D =R, as claimed. 0O
Definition 2.
Given a set family M, we define (following Hausdorff)
(a) M, = {all countable unions of M-sets} (cf. C, in §2);
(b) Ms = {all countable intersections of M-sets}.

We use Mg and M, for similar notions, with “countable” replaced by

“finite.”
Clearly,
My ODMsOM
and
Ms DO MygODM
Why?

Note 2. Observe that M is closed under finite (countable) unions iff
M=M; (M=M,).
Verify! Interpret M = My (M = M, ) similarly.
In conclusion, we generalize Theorem 1 in §1.

Definition 3.
The product

M3 N
of two set families M and A is the family of all sets of the form
A x B,
with A € M and B e N.
(The dot in X is to stress that M x A is not really a Cartesian product.)
Theorem 4. If M and N are semirings, so is M x N.

The proof runs along the same lines as that of Theorem 1 in §1, via the set
identities
(X xYV)N (X' xY')=(XnX')x (Y NY)

and
(X xY)—(X'xY)=[(X-X)xY|JU[(XNX')x (Y -Y")].
The details are left to the reader.

Note 3. As every ring is a semiring (Corollary 1), the product of two rings
(fields, o-rings, o-fields) is a semiring. However, see Problem 6 below.
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Problems on Set Families
1. Verify Examples (a), (b), and (c).
1’. Prove Theorem 1 for rings.

2. Show that in Definition 1 “p € M” may be replaced by “M # 0.”
[Hint: = A— A]

=3. Prove that M is a field (o-field) iff M # 0, M is closed under finite
(countable) unions, and
VAeM) —AeM.
[Hint: A~ B=—(—AUB); § = —0)]
4. Prove Theorem 2 for set fields.
*4’. Does Note 1 apply to semirings?
5. Prove Note 2.
5’. Prove Theorem 3 in detail.

6. Prove Theorem 4 and show that the product M x N of two rings need
not be a ring.
[Hint: Let S = E' and M = N = 25. Take A, B as in Theorem 1 of §1. Verify that
A—BgMxN]
=7. Let R, R’ be the rings (o-rings, fields, o-fields) generated by M and N,
respectively. Prove the following.
(i) f M C N, then R C R/

(i)  MCN CR, then R =R

(iif) If
M = {open intervals in E"}
and
N = {all open sets in E™},
then R =R/

[Hint: Use Lemma 2 in §2 for (iii). Use the minimality of R and R'.]
8. Is any of the following a semiring, ring, o-ring, field, or o-field? Why?
(a) All infinite intervals in E1L.
(b) All open sets in a metric space (5, p).
) All closed sets in (S, p).
) All “clopen” sets in (.S, p).
) {X €2%| —X finite}.
f) {X €25 | —X countable}.

(c
(d
(
(

[§]
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=9.

=10.

11.
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Prove that for any sequence {A,} in a ring R, there is

(a) an ezpanding sequence {B,} C R such that
(Vn) Bp,2A,

U B, = U A,; and
(b) a contracting sequence C,, C A,,, with
() Cn =()An-
(The latter holds in semirings, t0o0.)
[Hint: Set B, = U;L A, Cp = ﬂ’f Ag.]
The symmetric difference, A A\ B, of two sets is defined
AANB=(A-B)U(B-A).

and

Inductively, we also set

1
N A=A
k=1

and
n+1 n
A A = <A Ak) A Apga.
k=1 k=1
Show that symmetric differences
(i) are commutative,
(ii) are associative, and
(iii) satisfy the distributive law:
(AAB)NC=(ANC)A(BNC).
[Hint for (ii): Set A’ = —A, A— B = ANB’. Expand (AA B) AC into an expression
symmetric with respect to A, B, and C']
Prove that M is a ring iff
(i) 0 e M;
(ii) (VA,Be M) AAB € M and ANB € M (see Problem 10);
equivalently,
(i) AABeMand AUB € M.

[Hint: Verify that
AUB=(AAB)A(ANB)

and
A—-B=(AUB)AB,

12.

13.

14.

15.

16.
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while
ANB=(AUB)A(AAB)]

Show that a set family M # () is a o-ring iff one of the following condi-
tions holds.

(a) M is closed under countable unions and proper differences (X —Y
with X D Y);

(b) M is closed under countable disjoint unions, proper differences,
and finite intersections; or

(c) M is closed under countable unions and symmetric differences (see
Problem 10).

[Hints: (a) X —Y = (X UY) —Y, a proper difference.
(b) X =Y =X — (X NY) reduces any difference to a proper one; then
XUY =(X-Y)U(Y —X)U(XNY)
shows that M is closed under all finite unions; so M is a ring. Now use Corollary 1

in §1 for countable unions.
(¢) Use Problem 11.]

From Problem 10, treating /A as addition and N as multiplication, show
that any set ring M is an algebraic ring with unity, i.e., satisfies the six
field axioms (Chapter 2, §§1-4), except V(b) (existence of multiplicative
inverses).

A set family H is said to be hereditary iff
VX eH) (VY CX) YeH.

Prove the following.

(a) For every family M C 29 there is a “smallest” hereditary ring
H DO M (H is said to be generated by M). Similarly for o-rings,
fields, and o-fields.

(b) The hereditary o-ring generated by M consists of those sets which
can be covered by countably many M-sets.

Prove that the field (o-field) in S, generated by a ring (o-ring) R, con-
sists exactly of all R-sets and their complements in S.

Show that the ring R generated by a set family C # ) consists of all sets
of the form
n
AN Ay
k=1
(see Problem 10), where each Aj, € Cq4 (finite intersection of C-sets).

[Outline: By Problem 11, R must contain the family (call it M) of all such A}'_; Ay.
(Why?) It remains to show that M is a ring D C.
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Write A+ B for AA B and AB for AN B; so each M-set is a “sum” of finitely
many “products”
AjAg - Ap.

By algebra, the “sum” and “product” of two such “polynomials” is such a polynomial
itself. Thus
VX, YeM) XAYand XNY € M.

Now use Problem 11.]

17. Use Problem 16 to obtain a new proof of Theorem 2 in §1 and Corollary 2
in the present section.
[Hints: For semirings, C = C4. (Why?) Thus in Problem 16, Ay € C.
Also,
(YVA,BEC) AAB=(A-B)U(B—A)
where A — B and B — A are finite disjoint unions of C-sets. (Why?)
Deduce that A A B € C, and, by induction,

él A €CL;
so R CC, CR. (Why?)]
18. Given a set A and a set family M, let
AnNM
be the family of all sets AN X, with X € M; similarly,
NUM=A)={allsets Y U (X — A), with Y e N/, X € M}, etc.
Show that if M generates the ring R, then A M M generates the ring
R'=AAR.

Similarly for o-rings, fields, o-fields.
[Hint for rings: Prove the following.
(i) AAR is a ring.
(i) M C R U (R = A), with R’ as above.
(i) RY (R = A) is a ring (call it ).
(iv) By (i), RC N, s0 AAR C AAN C R’
(V) AARDO R (for AANR D ARM).
Hence R' = ANR.]

84. Set Functions. Additivity. Continuity

I. The letter “v” in vA may be treated as a certain function symbol that assigns
a numerical value (called “volume”) to the set A. So far we have defined such
“volumes” for all intervals, then for C-simple sets, and even for C,-sets in E".
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Mathematically this means that the volume function v has been defined first
on C (the intervals), then on C, (C-simple sets), and finally on C,.

Thus we have a function v which assigns values (“volumes”) not just to
single points, as ordinary “point functions” do, but to whole sets, each set
being treated as one thing.

In other words, the domain of the function v is not just a set of points, but
a set family (C, CL, or Cy).

The “volumes” assigned to such sets are the function values (for C and Cl-sets
they are real numbers; for C,-sets they may reach +o00). This is symbolized by

v:C— E!

or
v: Ce = B
more precisely,
v: Cy — [0, 00],

since volume is nonnegative.

It is natural to call v a set function (as opposed to ordinary point functions).
As we shall see, there are many other set functions. The function values need
not be real; they may be complex numbers or vectors. This agrees with our

general definition of a function as a certain set of ordered pairs (Definition 3
in Chapter 1, §§4-7); e.g.,

(A B C -
"Z\vd wB wC - )"
Here the domain consists of certain sets A, B,C,.... This leads us to the
following definition.

Definition 1.

A set function is a mapping
stM—=FE

whose domain is a set family M.

The range space E is assumed to be E', E*, C (the complex field), E™,
or another normed space. Thus s may be real, extended real, complex,
or vector valued.

To each set X € M, the function s assigns a unique function value
denoted s(X) or sX (which is an element of the range space E).

We say that s is finite on a set family N' C M iff
VX eN) |sX]|< oo

briefly, |s| < co on N. (This is automatic if s is complex or vector valued.)
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We call s semifinite if at least one of +co is excluded as function value,
e.g., if s >0 on M;ie.,
s: M — [0, 00].
(The symbol oo stands for +oo throughout.)

Definition 2.
A set function
ssM—=FE

is called additive (or finitely additive) on N' C M iff for any finite disjoint
union | J,, Ag, we have

ZSAk = S(UAk)’
k k
provided (J,, Ai and all the A, are N -sets.

If this also holds for countable disjoint unions, s is called o-additive
(or countably additive or completely additive) on N.

If N = M here, we simply say that s is additive (o-additive, respec-
tively).

Note 1. As |J Ay is independent of the order of the Ay, o-additivity pre-
supposes and implies that the series

Z SAk

is permutable (§2) for any disjoint sequence
{4} CN.

(The partial sums do exist, by our conventions (2*) in Chapter 4, §4.)
The set functions in the examples below are additive; v is even o-additive
(Corollary 1 in §2).
Examples (b)—(d) show that set functions may arise from ordinary “point
functions.”
Examples.
(a) The volume function v: C — E' on C (= intervals in E"), discussed
above, is called the Lebesgue premeasure (in E™).
(b) Let M = {all finite intervals I C E'}.
Given f: E' — E, set

(VI S M) sl = Vf[j],

the total variation of f on the closure of I (Chapter 5, §7).
Then s: M — [0, 00] is additive by Theorem 1 of Chapter 5, §7.
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(c) Let M and f be as in Example (b).
Suppose f has an antiderivative (Chapter 5, §5) on E'. For each
interval X with endpoints a,b € E! (a <b), set

sX:/abf.

This yields a set function s: M — E (real, complex, or vector valued),
additive by Corollary 6 in Chapter 5, §5.

(d) Let C = {all finite intervals in E'}.
Suppose
a:B'— E!
has finite one-sided limits
a(p+) and a(p—)
at each p € E*. The Lebesgue—Stieltjes (LS) function
Sq:C— EV
(important for Lebesgue—Stieltjes integration) is defined as follows.
Set s4 = 0. For nonwvoid intervals, including [a, a] = {a}, set
= a(b+) —ala—),
Sﬂ(av = O((b+) - Oé(a,+)7
sala,b) = a(b—) — a(a—), and
sala,b) = a(b—) — ala+).

For the properties of s, see Problem 7 ff., below.

Sala,

0
0

(e) Let mX be the mass concentrated in the part X of the physical space S.
Then m is a nonnegative set function defined on

2% = {all subsets X C S} (§3).

If instead mX were the electric load of X, then m would be sign
changing.

II. The rest of this section is redundant for a “limited approach.”
Lemmas. Let s: M — E be additive on NN C M. Let

A,BeN, ACB.

Then we have the following.
(1) If |sA] < oo and B— A € N, then

s(B — A) = sB — sA (“subtractivity”).



128 Chapter 7. Volume and Measure

(2) If D e N, then s =0 provided |sX| < co for at least one X € N.
(3) If NV is a semiring, then sA = +oo implies |sB| = co. Hence
|sB| < 00 = |sA| < .
If further s is semifinite then
SA =+00 = sB =+o00
(same sign).
Proof.
(1) As B2 A, we have
B = (B — A)U A (disjoint);
so by additivity,
sB=s(B—A)+ sA.
If |sA] < oo, we may transpose to get
sB—sA=s(B—-A),
as claimed.
(2) Hence
H=s(X-X)=sX—-sX=0
if X,0 €N, and |sX]| < cc.
(3) If V is a semiring, then
B-A= CJ Ay (disjoint)
k=1
for some N-sets Ay; so
B=AU LTLJ Ay, (disjoint).
k=1
By additivity,
sB=sA+ i SsAg;
k=1
so by our conventions,
|sA] = 00 = [sB| = .

If, further, s is semifinite, one of +o00 is excluded. Thus sA and sB, if
infinite, must have the same sign. This completes the proof. O
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In §§1 and 2, we showed how to extend the notion of volume from intervals
to a larger set family, preserving additivity. We now generalize this idea.

Theorem 1. If
s:C—FE

is additive on C, an arbitrary semiring, there is a unique set function
5:Cs = F,

additive on Cs, with § =s on C, i.e.,

5X =sX for X eC.

We call 5 the additive extension of s to Cs = C, (Corollary 2 in §3).
Proof. If s > 0 (s: C — [0,00]), proceed as in Lemma 1 and Corollary 2, all
of §1.
The general proof (which may be omitted or deferred) is as follows.
Each X € C/ has the form
X = J X; (disjoint), X;€C.
i=1

Thus if 5 is to be additive, the only way to define it is to set

m
i=1

This already makes 5 unique, provided we show that

m

Z SXZ‘

i=1

does not depend on the particular decomposition

X:O&
i=1

(otherwise, all is ambiguous).
Then take any other decomposition

n

X = | Y& (disjoint), Yy €C.

k=1
Additivity implies
(Vi, k’) sX; = ZS(XZ n Yk) and sYy, = ZS(XZ n Yk)
k=1 =1
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(Verify!) Hence

m

n
Z sX; = Z S(Xl N Yk) = Z sYy.
i k=1

i=1 ik

Thus, indeed, it does not matter which particular decomposition we choose,
and our definition of § is unambiguous.
If X € C, we may choose (say)

1
X=X, Xxi=X;
i=1
S0
5X =s5X; =sX;
i.e., § = s on C, as required.
Finally, for the additivity of s, let
A= U By, (disjoint), A, By € C..
k=1
Here we may set
ni
By = | Cwi (disjoint), Ci; € C.
i=1
Then

A= UCki (disjoint);
ki

so by our definition of 3,
m ng m
A= Y s =30 (s ) = 3 st
ki k=1 Vi=1 k=1
as required. O

Continuity. We write X,, /* X to mean that

X = E_le”

and {X,}1, ie.,
Xnan-Fh n:1727""

Similarly, X, \ X iff

o0
X = ﬂ X,
n=1
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and {X,}, i.e,
XnQXnJrh n:1,2,....

In both cases, we set
X = lim X,.
n— o0
This suggests the following definition.
Definition 3.
A set function s: M — E is said to be
(i) left continuous (on M) iff
sX = lim sX,

n—o0
whenever X,, /X and X, X,, € M;

(ii) right continuous iff

sX = lim sX,

n—o0

whenever X,, \, X, with X, X,, € M and [sX;| < oco.

Thus in case (i),

oo
lim sX, =s U X,
n—oo

n=1

if all X,, and J,—, X,, are M-sets.
In case (ii),

oo
lim sX, =s ﬂ Xn
n— oo

n=1

if all X,, and (N, X,, are in M, and |sX1| < oo.

Note 2. The last restriction applies to right continuity only. (We choose
simply to exclude from consideration sequences {X,}], with [sX;| = oo; see
Problem 4.)

Theorem 2. Ifs: C — E is o-additive and semifinite on C, a semiring, then
s is both left and right continuous (briefly, continuous).

Proof. We sketch the proof for rings; for semirings, see Problem 1.
Left continuity. Let X,, /* X with X,,, X € C and

oo
X = U X,.
n=1

If sX,, = £oo for some n, then (Lemma 3)

sX = sX;, = +oo for m > n,
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since X O X,,, 2 X,; so
limsX,, = oo = sX,

as claimed.
Thus assume all sX,, finite; so sf) = 0, by Lemma, 2.
Set Xo = 0. As is easily seen,

0o
X = U Xn = U Xn Xn 1 (dZSjOlnt)v

and
(Vn) X, — Xn,—1€C (aring).

Also,

Vm>n) Xpn= (Xn — Xn—1) (disjoint).

Cs

n=1

(Verify!) Thus by additivity,

m
SXm - Z S(Xn - Xn—1)7

n=1

and by the assumed o-additivity,

oo S
sX =s U (Xn - Xn—l) = ZS(XTL - Xn—l)
n=1

n=1
m
= %gnoon; s(Xp — Xpo1) = W%gnoo sXom,
as claimed.
Right continuity. Let X,, \( X with X, X,, € C,
o0
X =) Xu,
n=1
and
|sX1| < 0.

As X C X,, € X1, Lemma 3 yields that
(Vn) |sXn| < oo

and [sX| < oco.
As

o0
X = ﬂ Xy,
k=1
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we have

(Vn) Xp=XU (J (Xp-1— Xx) (disjoint).
k=n-+1

(Verify!) Thus by o-additivity,

(Vn) sX,=sX+ Z (Xg—1 — Xi),
k=n+1

with [sX| < oo, |sX,| < 0o (see above).
Hence the sum

[oo]

> s(Xko1 = Xp) = sX,, — sX
k=n+1

is finite. Therefore, it tends to 0 as n — oo (being the “remainder term” of a
convergent series). Thus n — oo yields

oo
nli_)n;Q sX, = sX +lim Z s(Xp—1 — Xi) = sX,
k=n-+1

as claimed. O

Problems on Set Functions

1. Prove Theorem 2 in detail for semirings.

[Hint: We know that

Mn
Xp = Xn—1 = | Y (disjoint)
=1

for some Y,,; € C, so
Mp

§(Xn - anl) = ZSYniv
i=1

with § as in Theorem 1.]

. Let s be additive on M, a ring. Prove that s is also o-additive provided

s is either
(i) left continuous, or

(ii) finite on M and right-continuous at 0; i.e.,
lim sX, =0

n—oo

when X, \, 0 (X,, € M).

[Hint: Let
A= UA (disjoint), A, An € M.
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Set N
Xp=J Ak, Yo =A—- X,
k=1

Verify that X,,Y, € M, X;, /A, Yy, \(0.

In case (i),

sA =limsX, = Z sAg.
k=1

(Why?)

For (ii), use the Y]
Let

M = {all intervals in the rational field R C E'}.

Let

sX=b—a
if a, b are the endpoints of X € M (a,b € R, a <b). Prove that
(i) M is a semiring;
(ii) s is continuous;
(iii) s is additive but not o-additive; thus Problem 2 fails for semirings.

[Hint: R is countable. Thus each X € M is a countable union of singletons {z} =
[z, z]; hence sX = 0 if s were o-additive.]

. Let N = {naturals}. Let

M = {all finite subsets of N and their complements in N}.
If X € M, let sX =0 if X is finite, and sX = oo otherwise. Show that
(i) M is a set field;
(ii) s is right continuous and additive, but not o-additive.
Thus Problem 2(ii) fails if s is not finite.

Let
C = {finite and infinite intervals in E'}.

If a, b are the endpoints of an interval X (a,b € E*, a < b), set

{ b—a, a<b,
sX =
0, a=b.
Show that s is o-additive on C, a semiring.
Let
Xn = (n,0);

s0 sX, =00 —n=o00 and X,, \ 0. (Verify!) Yet
lim sX,, = co # s0.
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Does this contradict Theorem 27

. Fill in the missing proof details in Theorem 1.

. Let s be additive on M. Prove the following.

(i) If M is a ring or semiring, so is
N={X e M ||sX| < oo}
it N #£ 0.

(if) If M is generated by a set family C, with |s| < co on C, then
|s| < co on M.
[Hint: Use Problem 16 in §3.]

. (Lebesgue-Stieltjes set functions.) Let a and s, be as in Example (d).

Prove the following.

(i) 8o >0 on Ciff af on E* (see Theorem 2 in Chapter 4, §5).
(i1) sa{p} = salp,p] = 0 iff @ is continuous at p.
(iii) sq is additive.
[Hint: If
A= O A; (disjoint),

i=1

the intervals A;_1, A; must be adjacent. For two such intervals, consider all
cases like
(a,b] U (b, 0), [a,b) U [b,d], ete.

Then use induction on n.|

(iv) If o is right continuous at a and b, then
Sa(a,b] = a(b) — a(b).
If «v is continuous at a and b, then
Sala, b = sq(a,b] = sala,b) = sq(a,b).

(v) If at on E*, then s, satisfies Lemma 1 and Corollary 2 in §1
(same proof), as well as Lemma 1, Theorem 1, Corollaries 1-4,
and Note 3 in §2 (everything except Corollaries 5 and 6).

[Hint: Use (i) and (iii). For Lemma 1 in §2, take first a half-open B = (a, b]; use
the definition of a right-side limit along with Theorems 1 and 2 in Chapter 4,
85, to prove

(Ve>0) (3e>b) 0<alc—)—alb+) <s

then set C' = (a,c). Similarly for B = [a,b), etc. and for the closed interval
ACB]

(vi) If a(x) = z then s, = v, the volume (or length) function in E*.
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8. Construct LS set functions (Example (d)), with a? (see Problem 7(v)),
so that
() 5al0,1] # 5al1, 2]
(i) soE! =1 (after extending s, to C,-sets in E');
(ii") soE' = c for a fixed ¢ € (0, 00);
(iii) so{0} =1 and s4[0,1] > 54(0, 1].

Describe s, if a(z) = [z] (the integral part of z).
[Hint: See Figure 16 in Chapter 4, §1.]

9. For an arbitrary o: E' — E', define 0,: C — E! by
oala,b] = o4 (a,b] = o4[a,b) = o4(a,b) = a(b) — ala)

(the original Stieltjes method). Prove that o, is additive but not o-
additive unless « is continuous (for Theorem 2 fails).

85. Nonnegative Set Functions. Premeasures. Outer Measures

We now concentrate on nonnegative set functions
m: M — [0, ]

(we mostly denote them by m or u). Such functions have the advantage that

o0
Z mX,
n=1

exists and is permutable (Theorem 2 in §2) for any sets X,, € M, since mX,, >
0. Several important notions apply to such functions (only). They “mimic”
861 and 2.

Definition 1.

A set function
m: M — [0, ]

is said to be
(i) monotone (on M) iff
mX <mY

whenever
X CY and XY € M;
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(ii) (finitely) subadditive (on M) iff for any finite union
U Yk7
k=1
we have
(1) mX < Z mYy,
k=1
whenever X,Y, € M and

n
X C U Y%, (disjoint or not);
k=1

(iii) o-subadditive (on M) iff (1) holds for countable unions, too.

Recall that {Y} is called a covering of X iff

XgUYk.
k

We call it an M-covering of X if all Y}, are M-sets. We now obtain the following
corollary.

Corollary 1. Subadditivity implies monotonicity.
Take n =1 in formula (1).

Corollary 2. Ifm:C — [0,00] is additive (c-additive) on C, a semiring, then
m is also subadditive (o-subadditive, respectively), hence monotone, on C.

The proof is a mere repetition of the argument used in Lemma 1 in §1.
Taking n = 1 in formula (ii) there, we obtain finite subadditivity.

For o-subadditivity, one only has to use countable unions instead of finite
ones.

Note 1. The converse fails: subadditivity does not imply additivity.
Note 2. Of course, Corollary 2 applies to rings, too (see Corollary 1 in §3).
Definition 2.
A premeasures is a set function
p: C — [0, 00
such that
() € C and ud = 0.

(C may, but need not, be a semiring.)
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A premeasure space is a triple
(S,C. ),
where C is a family of subsets of S (briefly, C C 2%) and
p: C — [0, 00]
is a premeasure. In this case, C-sets are also called basic sets.

It
AC (B,

with B, € C, the sequence {B,} is called a basic covering of A, and
D _nBn
n

is a basic covering value of A; {B,} may be finite or infinite.

Examples.
(a) The volume function v on C (= intervals in E™) is a premeasure, as v > 0
and vf = 0. (E™,C,v) is the Lebesgue premeasure space.

(b) The LS set function s, is a premeasure if a1 (see Problem 7 in §4). We
call it the a-induced Lebesque—Stieltjes (LS) premeasure in E*.
We now develop a method for constructing o-subadditive premeasures. (This
is a first step toward achieving o-additivity; see §4.)
Definition 3.

For any premeasure space (5,C, u), we define the p-induced outer measure
m* on 2% (= all subsets of S) by setting, for each A C S,

(2) mrA = inf{z uBy,

Ac|JBu, Ba GC},

i.e., m*A (called the outer measure of A) is the glb of all basic covering
values of A.
If p = v, m* is called the Lebesgue outer measure in E".

Note 3. If A has no basic coverings, we set m*A = co. More generally, we
make the convention that inf () = +oco.

Note 4. By the properties of the glb, we have
(VACS) 0<m"A.
If A eC, then {A} is a basic covering; so
m*A < pA.
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In particular, m*@ = ud = 0.
Theorem 1.' The set function m* so defined is o-subadditive on 25.

Proof. Given
AclJAncs,

we must show that
m*A < Z m*A,.
n

This is trivial if m*A,, = oo for some n. Thus assume
(Vn) m*4, < oo
and fix ¢ > 0.
By Note 3, each A, has a basic covering
{Bnk}, k=1,2,...

(otherwise, m*A,, = o0). By properties of the glb, we can choose the B
so that .
(Vn) ZHBnk <m*A, + o

k

(Explain from (2)). The sets By, (for all n and all k) form a countable basic
covering of all A, hence of A. Thus by Definition 3,

n
* * E *
A< S (Subu) < X (md,+ ) < Yma, e
n k n
As ¢ is arbitrary, we can let € — 0 to obtain the desired result. O

Note 5. In view of Theorem 1, we now generalize the notion of an outer
measure in S to mean any o-subadditive premeasure defined on all of 25,

By Note 4, m* < g on C, not m* = pu in general. However, we obtain the
following result.

Theorem 2. With m* as in Definition 3, we have m* = pu on C iff u is
o-subadditive on C. Hence, in this case, m* is an extension of p.

Proof. Suppose p is o-subadditive and fix any A € C. By Note 4,
m*A < pA.

We shall show that
A <m*A,

1 Theorems 1-3 are redundant for a “limited approach” (see the preface). Pass to Chap-
ter 8, §1.
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too, and hence pA = m*A.
Now, as A € C, A surely has basic coverings, e.g., {A}. Take any basic
covering:
AC|JBn, BnecC
n

As p is o-subadditive,
PA <> pBy.

n

Thus A does not exceed any basic covering values of A; so it cannot exceed
their glb, m*A. Hence p = m*, indeed.

Conversely, if 4 = m* on C, then the o-subadditivity of m* (Theorem 1)
implies that of 4 (on C). Thus all is proved. O

Note 6. If, in (2), we allow only finite basic coverings, then the p-induced
set function is called the p-induced outer content, c¢*. It is only finitely subad-
ditive, in general.

In particular, if u = v (Lebesgue premeasure), we speak of the Jordan outer
content in E™. (It is superseded by Lebesgue theory but still occurs in courses
on Riemann integration.)

We add two more definitions related to the notion of coverings.
Definition 4.

A set function s: M — E (M C 2%) is called o-finite iff every X € M
can be covered by a sequence of M-sets X,,, with

[sXn] <00 (Vn).

Any set A C S which can be so covered is said to be o-finite with
respect to s (briefly, (s) o-finite).
If the whole space S can be so covered, we say that s is totally o-finite.
For example, the Lebesgue premeasure v on E" is totally o-finite.
Definition 5.

A set function s: M — E* is said to be regular with respect to a set
family A (briefly, A-regular) iff for each A € M,

(3) sA=inf{sX |AC X, X € A};
that is, sA is the glb of all sX, with A C X and X € A.

These notions are important for our later work. At present, we prove only
one theorem involving Definitions 3 and 5.
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Theorem 3. For any premeasure space (S,C, i), the u-induced outer measure

m* is A-regular whenever

C, CAC25.
Thus in this case,

(4) (VACS) m*A=inf{m"X |ACX, X € A}.

Proof. As m* is monotone, m*A is surely a lower bound of
{m*'X|ACX, XeA}
We must show that there is no greater lower bound.
This is trivial if m*A = oc.

Thus let m*A < oo; so A has basic coverings (Note 3). Now fix any ¢ > 0.
By formula (2), there is a basic covering {B,,} C C such that

AgUBn

and
mrA+e> ZuBn > Zm*Bn > m*UBn,
n n n

(m* is o-subadditive!)

Let
X = U B,.
Then X is in C,, hence in A, and A C X. Also,
m*A+e>m*X.
Thus m*A + € is not a lower bound of
{mM*" X |ACX, X e A}
This proves (4). O

Problems on Premeasures and Related Topics

1. Fill in the missing details in the proofs, notes, and examples of this
section.

2. Describe m* on 2% induced by a premeasure p: C — E* such that each
of the following hold.

(a) C={S,0}, uS=1.
(b) € ={S,0, and all singletons}; uS = oo, pu{z} = 1.
(c) C as in (b), with S uncountable; ©S = 1, and pX = 0 otherwise.
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(d) € = {all proper subsets of S}; pX =1 when § C X C S; uh = 0.
3. Show that the premeasures
v': C" = [0, 0]

induce one and the same (Lebesgue) outer measure m* in E", with
v = v (volume, as in §2):

(a) C’ = {open intervals};

(b) C" = {half-open intervals};
(c
(d
(e) C'= {open sets};

(f) ¢’ = {half-open cubes}.

C'= {closed intervals};

)
)
) €
)

[Hints: (a) Let m’ be the v’-induced outer measure; let C = {all intervals}. As
C'CC,m'A>m*A. (Why?) Also,

(Ve>0) (3{Br} CC) AC UBk and E”Bk <m*A+e.
k

(Why?) By Lemma 1 in §2,
(3{C,} CC) By CCh and vBy + Qik > ' Cy.

Deduce that m*A > m/A, m* = m/. Similarly for (b) and (¢). For (d), use
Corollary 1 and Note 3 in §1. For (e), use Lemma 2 in §2. For (f), use Problem 2
in §2.]

3’. Do Problem 3(a)—(c), with m* replaced by the Jordan outer content c*
(Note 6).

4. Do Problem 3, with v and m* replaced by the LS premeasure and outer
measure. (Use Problem 7 in §4.)

5. Show that a set A C E™ is bounded iff its outer Jordan content is finite.
6. Find a set A C E' such that
(i) its Lebesgue outer measure is 0 (m*A = 0), while its Jordan outer
content ¢*A = oo;
(if) m*A =0, ¢c*A =1 (see Corollary 6 in §2).

7. Let
M1, p2: C— [0,00]
be two premeasures in S and let mj and mj be the outer measures
induced by them.
Prove that if mj = mj on C, then m} = m} on all of 2°.

§5. Nonnegative Set Functions. Premeasures. Outer Measures 143

8. With the notation of Definition 3 and Note 6, prove the following.
(i) f AC B C S and m*B = 0, then m*A = 0; similarly for ¢*.

[Hint: Use monotonicity.]
(if) The set family
{XCS|c"A=0}
is a hereditary set ring, i.e., a ring R such that
(VBeR)(VACB) AcR.
(iii) The set family
{X TS |m*X =0}
is a hereditary o-ring.
(iv) So also is
H = {those X C S that have basic coverings};

thus H is the hereditary o-ring generated by C (see Problem 14
in §3).

9. Continuing Problem 8(iv), prove that if y is o-finite (Definition 4), so is
m* when restricted to H.
Show, moreover, that if C is a semiring, then each X € H has a basic
covering {Y, }, with m*Y,, < co and with all Y,, disjoint.
[Hint: Show that

HC8

oo
for some sets By € C, with uB,; < oco. Then use Note 4 in §5 and Corollary 1
of §1.]
10. Show that if
s:C— E*

is o-finite and additive on C, a semiring, then the o-ring R generated
by C equals the o-ring R’ generated by
C'={XeC||sX]| < oo}
(cf. Problem 6 in §4).
[Hint: By o-finiteness,
(VX €C) (3{An} CC|[sAn| <o0) X CJAn;
SO

X={JXn4,), XnAa,ec.

n

(Use Lemma 3 in §4.)
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11.

12.

=*13.

14.

Chapter 7. Volume and Measure

Thus (VX € C) X is a countable union of C’-sets; so C C R’. Deduce R C R'.
Proceed.]

With all as in Theorem 3, prove that if A has basic coverings, then

(3BeAs) ACBand m*A=m"B.

[Hint: By formula (4),
1
(VReN)(3X, € A|AC X,) m*A<mX, <m"A+ —.
n
(Explain!) Set

oo
B= m Xn € As.
n=1

Proceed. For Ag, see Definition 2(b) in §3.]

Let (S,C, p) and m* be as in Definition 3. Show that if C is a o-field in
S, then

(VACS)(3BeC) ACBand m"A=puB.

[Hint: Use Problem 11 and Note 3.]

Show that if
s:C—FE

is o-finite and o-additive on C, a semiring, then s has at most one o-
additive extension to the o-ring R generated by C.
(Note that s is automatically o-finite if it is finite, e.g., complex or
vector valued.)
[Outline: Let
s’ s R—E

be two o-additive extensions of s. By Problem 10, R is also generated by
C'={XeC||sX]| < oc}.

Now set

R*={XeR|sX =5"X}.

Show that R* satisfies properties (i)—(iii) of Theorem 3 in §3, with C replaced by C’;
so R =R*]
Let m} (n =1,2,...) be outer measures in S such that

VXCS) (Vn) mpX<m; X

Set

p' = lim m).
n—00 :

Show that p* is an outer measure in S (see Note 5).
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15.

16.
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An outer measure m* in a metric space (S5,p) is said to have the
Carathéodory property (CP) iff

m*(XUY)>m*X +m"Y
whenever p(X,Y) > 0, where
p(X,Y) =inf{p(z,y) |z € X,y € Y}.

For such m*, prove that
we (Ue) = S xi
k k

if {X..} € 2% and
p(Xi, Xi) >0 (i # k).

[Hint: For finite unions, use the CP, subadditivity, and induction. Deduce that
n oo
(Vn) Zm*Xk <m* U Xk
k=1 k=1

Let n — co. Proceed.]

Let (S,C, 1) and m* be as in Definition 3, with p a metric for S. Let p,
be the restriction of p to the family C,, of all X € C of diameter

1
dX < —.
n

Let m} be the p,-induced outer measure in S.
Prove that
(i) {m:}1 as in Problem 14;
(ii) the outer measure

p' = lim m}
n—oo

has the CP (see Problem 15), and
w* > m* on 2.
[Outline: Let p(X,Y) >e >0 (X,Y C95).
If for some n, X UY has no basic covering from C,,, then
PHXUY) > mi(X UY) =00 > u*X + ',
and the CP follows. (Explain!)

Thus assume

1 oo
(¥n> =) (VK) BBur€Cr) XUY C |J Bure
€ k=1
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One can choose the B, so that
oo
Z uBpr <myp(XUY)+e.
k=1

(Why?) As

1
dBpr < — <,
n

some B, cover X only, others Y only. (Why?) Deduce that
oo
1 * * *
(Vn > 7) mLX +mAY <3 pnBup <mA(XUY) 4 e
€
k=1

Let € — 0 and then n — oco.
Also, m* < m} < p*. (Why?)]

Continuing Problem 16, suppose that
(Ve >0) (Vn,k) (VB €C) (IBnr €Cy)

B C U By and uB +¢ > Z,uBnk.
k=1 k=1

Show that

m = lim = ",
n—oo

so m* itself has the CP.
[Hints: It suffices to prove that m*A > p* A if m* A < co. (Why?)
Now, given € > 0, A has a covering

{B:}CC

such that
m*A+e > Z /J,B,i.

(Why?) By assumption,

(@

oo
A c .
(¥n) Bi C | Bpy €Cn and puBi + - > > uBjy
k=1

k

Il
-

Deduce that
m*A+e > ZuBi > Z(Z“B;k - §> = ZMB;,C —e>mpA—e.
i=1 k=1 ik
Let € — 0; then n — 0.

Using Problem 17, show that the Lebesgue and Lebesgue—Stieltjes outer
measures have the CP.
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§6. Measure Spaces. More on Outer Measures!

I. In §5, we considered premeasure spaces, stressing mainly the idea of o-
subadditivity (Note 5 in §5). Now we shall emphasize o-additivity.

Definition 1.
A premeasure
m: M — [0, ]

is called a measure (in S) iff M is a o-ring (in S), and m is o-additive
on M.
If so, the system

(S, M,m)

is called a measure space; mX is called the measure of X € M; M-sets
are called m-measurable sets.

Note that m is nonnegative and ml = 0, as m is a premeasure (Definition 2
in §5).
Corollary 1. Measures are o-additive, o-subadditive, monotone, and contin-
UouUS.
Proof. Use Corollary 2 in §5 and Theorem 2 in §4, noting that M is a o-
ring. O

Corollary 2. In any measure space (S, M,m), the union and intersection of
any sequence of m-measurable sets is m-measurable itself. So also is X —Y if
X, Y e M.

This is obvious since M is a o-ring.
As measures and other premeasures are understood to be > 0, we often write

m: M — E*
for
m: M — [0, o0
We also briefly say “measurable” for “m-measurable.”
Note that ) € M, but not always S € M.

Examples.

(a) The volume of intervals in E™ is a o-additive premeasure, but not a
measure since its domain (the intervals) is not a o-ring.

(b) Let M = 25, Define
(VX CS) mX=0.

1 Sections 6-12 are not needed for a “limited approach.” (Pass to Chapter 8, §1.)
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Then m is trivially a measure (the zero-measure). Here each set X C S
is measurable, with mX = 0.

(c) Let again M = 2%. Let mX be the number of elements in X, if finite,
and mX = oo otherwise.
Then m is a measure (“counting measure”). Verify!

(d) Let M = 25. Fix some p € S. Let
1 ifpeX
mX = { 0 otierwis’e.
Then m is a measure (it describes a “unit mass” concentrated at p).
(e) A probability space is a measure space (S, M,m), with
S e Mand mS=1.

In probability theory, measurable sets are called events; mX is called the
probability of X, often denoted by pX or similar symbols.

In Examples (b), (¢), and (d),
M = 2% (all subsets of S).

More often, however,

M £ 25,

i.e., there are nonmeasurable sets X C S for which mX is not defined.

Of special interest are sets X € M, with mX = 0, and their subsets. We
call them m-null or null sets. One would like them to be measurable, but this
is not always the case for subsets of X.

This leads us to the following definition.
Definition 2.

A measure m : M — E* is called complete iff all null sets (subsets of sets
of measure zero) are measurable.

We now develop a general method for constructing complete measures.

II. From §5 (Note 5) recall that an outer measure in S is a o-subadditive
premeasure defined on all of 2° (even if it is not derived via Definition 3 in §5).2
In Examples (b), (c), and (d), m is both a measure and an outer measure.
(Why?)
An outer measure
m*: 2% — B

2 Some authors consider outer measures on smaller domains; we shall not do so.
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need not be additive; but consider this fact:
Any set A C S splits S into two parts: A itself and — A.
Tt also splits any other set X into X N A and X — A; indeed,
X =(XNAU(X —A) (disjoint).

We want to single out those sets A for which m* behaves “additively,” i.e.,
so that

m*X =m*(X NA)+m"(X — A).
This motivates our next definition.

Definition 3.

Given an outer measure m*: 25 — E* and a set A C S, we say that A is
m*-measurable iff all sets X C S are split “additively” by A; that is,

(1) VXCS) mX=m*"(XNA)+m"(X-A).
As is easily seen (see Problem 1), this is equivalent to
(2) VXCA) (VY C—-4) m"(XUY)=m"X +m"Y.

The family of all m*-measurable sets is usually denoted by M*. The
system (S, M*, m*) is called an outer measure space.

Note 1. Definition 3 applies to outer measures only. For measures, “m-
measurable” means simply “member of the domain of m” (Definition 1).

Note 2. In (1) and (2), we may equivalently replace the equality sign (=)
by (>). Indeed, X is covered by

(X NAX— A},

and X UY is covered by {X,Y}; so the reverse inequality (<) anyway holds,
by subadditivity.
Our main objective is to prove the following fundamental theorem.

Theorem 1. In any outer measure space
(S, M*,m"),

the family M* of all m*-measurable sets is a o-field in S, and m™*, when re-
stricted to M*, is a complete measure (denoted by m and called the m*-induced
measure; so m* =m on M*).

We split the proof into several steps (lemmas).
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Lemma 1. M* is closed under complementation:
VAeM*) —AeM”.
Indeed, the measurability criterion (2) is same for A and —A alike.

Lemma 2. ) and S are M*-sets. So are all sets of outer measure 0.

Proof. Let m*A = 0. To prove A € M*, use (2) and Note 2.
Thus take any X C A and Y C —A. Then by monotonicity,

m' X <m*A=0

and
m'Y <m*(XUY).

Thus
m'X +mY =0+m'Y <m"(XUY),

as required.
In particular, as m*0 = 0,  is m*-measurable ( € M*).
So is S (the complement of ()) by Lemma 1. O

Lemma 3. M* is closed under finite unions:

(VA,Be M*) AUuBe M.

Proof. This time we shall use formula (1). By Note 2, it suffices to show that
VXCS) m'X>m*(XN(AUB))+m*(X — (AUB)).
Fix any X C S; as A € M*, we have
(3) m*X =m* (X NA)+m"(X - A).
Similarly, as B € M*, we have (replacing X by X — A in (1))
@ m (X —-—A)=m"((X-—A)NB)+m"(X —A-B)
=m*(XN-ANB)+m"(X - (AUB)),

since

X-A=Xn-A

and
X-A-B=X-(AUB).

Combining (4) with (3), we get
(5) m*X =m*(XNA) +m" (XN-ANB)+m"(X — (AU B)).
Now verify that
(XNAUKXN-ANB)2>2 XN(AUB).
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As m is subadditive, this yields
m" (X NA)+m*(XN-ANB)>m"(XN(AUB)).
Combining with (5), we get
m*X >m*(XN(AUB))+m*(X - (AU B)),
so that AU B € M*, indeed. O

Induction extends Lemma 3 to all finite unions of M*-sets.
Note that by Problem 3 in §3, M* is a set field, hence surely a ring. Thus
Corollary 1 in §1 applies to it. (We use it below.)

Lemma 4. Let
Xk;gAkgSa k:071727"'7

with all Ay pairwise disjoint.
Let Ay, € M* for k > 1. (Ap and the X need not be M*-sets.) Then

k=0 k=0
Proof. We start with two sets, Ag and Aq; so
A e M*, AgnAy =0, Xg C Ag, and X; C A;.

As AgnN Ay =0, we have Ag C —A;; hence also Xy C —A;.
Since Ay € M*, we use formula (2), with

X:XlgAlandY:Xog—A,

to obtain
m*(Xo @] X1) =m* Xy +m*X;.

Thus (6) holds for two sets.
Induction now easily yields

v Swexe—a () < ()

k=0 k=0

by monotonicity of m*. Now let n — oo and pass to the limit to get

im*Xk < m*([j Xk).
k=0 k=0

As |J Xy is covered by the Xy, the o-subadditivity of m* yields the reverse
inequality as well. Thus (6) is proved. O
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Proof of Theorem 1. As we noted, M* is a field. To show that it is also
closed under countable unions (a o-field), let

U=J A4 AreM.
k=1
We have to prove that U € M*; or by (2) and Note 2,
(7) (VX CU) (VY C-U) m*(XUY)>m"'X +m"Y.

We may safely assume that the Ay, are disjoint. (If not, replace them by disjoint
sets By, € M*, as in Corollary 1 of §1.)
To prove (7), fix any X CU and Y C —U, and let

X =X NAp C A,

Ap = —U, and Xy =Y, satisfying all assumptions of Lemma 4. Thus by (6),
writing the first term separately, we have

(8) m* (YU U Xk) :m*YJrEm*Xk.
k=1 k=1

But

(XnAp) =Xn|JA=XnU=X
1 k=1

(@
(@

Xp =

k=1 k

(as X C U). Also, by o-subadditivity,
> om X =m* | Xp =m*X.

Therefore, (8) implies (7); so M* is a o-field.
Moreover, m* is o-additive on M*, as follows from Lemma 4 by taking

X =A, e M*, Ay = 0.

Thus m™* acts as a measure on M*.

By Lemma 2, m* is complete; for if X is “null” (X C A and m*A = 0), then
m*X =0; so X € M*, as required.

Thus all is proved. [J

We thus have a standard method for constructing measures: From a pre-
measure
w:C — E*

in .S, we obtain the p-induced outer measure

m*: 2% = E* (§5);
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this, in turn, induces a complete measure
m: M* — E*.
But we need more: We want m to be an eztension of pu, i.e.,
m =g onC,

with C C M* (meaning that all C-sets are m*-measurable). We now explore
this question.

Lemma 5. Let (S,C,u) and m* be as in Definition 3 of §5. Then for a set
A C S to be m*-measurable, it suffices that

9) m*X >m*(XNA)+m"(x —A) forall X €C.

Proof. Assume (9). We must show that (9) holds for any X C S, even not a
C-set.

This is trivial if m*X = oco. Thus assume m*X < oo and fix any ¢ > 0.

By Note 3 in §5, X must have a basic covering {B,,} C C so that

X C U B,
and
(10) m'X +e> Z,MBn > Zm*Bn.
(Explain!)

Now, as X C |J B, we have
xXnAc|JB.nA=JB.nA).

Similarly,
X-A=Xn-AcC|JB,-A).
Hence, as m* is o-subadditive and monotone, we get
L XA (X =) < (U na) +m (s - 1)
. <Y [m*(BaNA) +m* (B, — A)].

But by assumption, (9) holds for any C-set, hence for each B,,. Thus
m* (B, NA)+m* (B, — A) <m*B,,
and (11) yields
m* (X NA)+m*(X — A) <> [m*(ByNA)+m* (B, — A)] <> m"B,.
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Therefore, by (10),
m (X NA) +m*" (X —-A) <m"X +e.
Making e — 0, we prove (10) for any X C S, so that A € M*, as required. O

Theorem 2. Let the premeasure
w: C— E*

be o-additive on C, a semiring in S. Let m* be the p-induced outer measure,
and
m: M* — E*
be the m*-induced measure. Then
(i) C S M* and
(ii) p=m*=m onC.
Thus m is a o-additive extension of u (called its Lebesgue extension) to M*.
Proof. By Corollary 2 in §5, p is also o-subadditive on the semiring C. Thus
by Theorem 2 in §5, p = m* on C.
To prove that C C M*, we fix A € C and show that A satisfies (9), so that
Ae M*.
Thus take any X € C. As C is a semiring, X N A € C and
X-A= U Ay (disjoint)
k=1

for some sets Ay € C. Hence

m (X NA) +m (X — A) =m" (X NA)+m" | A
(12) L
<m*(XNA)+ Zm*Ak.
k=1
As
X =(XNA)U(X - A) = (X nA)ul A (disjoint),

the additivity of p and the equality © = m* on C yield

m*X =m*(XNA)+ Zm*Ak.
k=1

Hence by (12),
m' X >m* (X NA) +m*(X — A);

so by Lemma 5, A € M*, as required.
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Also, by definition, m = m* on M*, hence on C. Thus
puw=m*=monC,
as claimed. [

Note 3. In particular, Theorem 2 applies if
w: M — E*

is a measure (so that C = M is even a o-ring).
Thus any such u can be extended to a complete measure m (its Lebesgue
extension) on a o-field
M* DM
via the p-induced outer measure (call it p* this time), with
uw*=m=pon M.

Moreover,

M DOMDM,
(see Note 2 in §3); so u* is M-regular and M*-regular (Theorem 3 of §5).

Note 4. A reapplication of this process to m does not change m (Prob-
lem 16).

Problems on Measures and Outer Measures

1. Show that formulas (1) and (2) are equivalent.
[Hints: (i) Assume (1) and let X C A, Y C —A.
As X in (1) is arbitrary, we may replace it by X UY. Simplifying, obtain (2) on
noting that X NA=X, XN—-A=0,YNA=0,andY N—-A=Y.
(ii) Assume (2). Take any X and substitute X N A and X — A for X and Y in (2).]

2. Given an outer measure space (S, M*, m*) and A C S, set
AAM ={ANX | X e M}
(all sets of the form AN X with X € M*).

Prove that A M M* is a o-field in A, and m* is o-additive on it.
[Hint: Use Lemma 4, with X;, = AN A, € A M*]

3. Prove Lemmas 1 and 2, using formula (1).
3’. Prove Corollary 1.

4. Verify Examples (b), (c), and (d). Why is m an outer measure as well?
[Hint: Use Corollary 2 in §5.]

5. Fill in all details (induction, etc.) in the proofs of this section.
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6. Verify that m™* is an outer measure and describe M* under each of the
following conditions.

(a) mA=1if0c ACS; m*d=0.
(b) mA=1if0C AcCS; m*S=2m*D=0.

(¢) m*A=0if A C S is countable; m*A = 1 otherwise (S is uncount-

able).
(d) S =N (naturals); m*A = 1if A is infinite; m*A = 27 if A has
n elements.

7. Prove the following.

(i) An outer measure m* is M*-regular (Definition 5 in §5) iff
(VACS)(3BeM*) ACBand m"A=mB.

B is called a measurable cover of A.
[Hint: If
m*A=inf{mX |AC X € M*},

then
1
(Vn) (3Xn e M*) ACX, and mX, <m*A+ —.
n

Set B =2, Xn.]
(if) If m* is as in Definition 3 of §5, with C C M*, then m* is M*-

regular.

8. Show that if m* is M*-regular (Problem 7), it is left continuous.
[Hints: Let {A,}1; let By, be a measurable cover of A, ; set

oo
Cn= () Bx
k=n

Verify that {Cn}1, Bn 2 Cp 2 Ap, and mC,, = m* A,,.
By the left continuity of m (Theorem 2 in §4),

limm*A, =limmC, =m G Cp >m* [j Ap.
n=1 n=1
Prove the reverse inequality as well.]
9. Continuing Problems 6-8, verify the following.
(i) In 6(a), with S = N, m* is M*-regular, but not right continuous.
Hint: Take A, = {x € N |z > n}.
(i1) In 6(b), with S = N, m* is neither M*-regular nor left continuous.

(iii) In 6(d), m* is not M*-regular; yet it is left continuous. (Thus
Problem 8 is not a necessary condition.)
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10. In Problem 2, let n* be the restriction of m* to 24. Prove the following.
(a) m* is an outer measure in A.
(b) AR M* C N* = {n*-measurable sets}.

() AAM* = N*if A e M*, or if m* is M*-regular (see Problem 7)
and finite.

(d) n* is N*-regular if m* is M*-regular.
11. Show that if m* is M*-regular and finite, then A C S is m*-
measurable iff
mS =m*A+m*(—A).
[Hint: Assume the latter. By Problem 7,
(VX CS)(3BeM*, BDX) m*X =mbB;

)
m*A=m"(ANB)+m*(A - B).

Similarly for —A. Deduce that
m*(ANB)+m*(A— B) +m*(B—A)+m*(—A— B) =mS =mB + m(—B);

hence
m*X =mB>m*"(BNA)+m*(B—A)>m*(XNA)+m"(X —A),

so A e M*]

12. Using Problem 15 in §5, prove that if m* has the CP then each open set
G C S isin M*.
[Outline: Show that

VXCG VY C—-G) m*(XUY)>m*X +m"Y,
assuming m*X < co. (Why?) Set

Do ={ze X |p(z,~G) > 1}

and
1 1
Dy = X| —— <plz-G)<=% E>1
k {QEG ’k+1_P($ ) k} 2

Prove that

oo
(1) x=J Dx

k=0
and
(ii) p(Dy;, Diy2) > 0;

so by Problem 15 in §5,

oo oo oo
Z m* Dy, = m* U Dy, <m* U D, =m*X < oo.

n=0 n=0 n=0
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Similarly,
oo
Z m*Daopy1 <m*X < co.
n=0
Hence
oo
Z m* Dy, < oo;
n=0

SO

n—oo

oo
lim Z m* Dy = 0.
k=n

(Why?) Thus

o0
(Ve>0) (3n) > m'Dyp<e
k=n
Also,
[eS] n—1 [eS)
X:UDk: DkUUDIm
k=0 k=0 k=n
S0
n—1 0o n—1
m*X <m* |J D+ > m " Dpy <m* | Dy +e.
k=0 k=n k=0
Adding m*Y on both sides, get
n—1
(iif) m*X +m*Y <m* | Dp +m*Y +e.
k=0
Moreover,
n—1
p( U Dk,Y) >0,
k=0
for Y C —G and
1
Dy, —G) > ——.
PPk, =G) 2 + 1
Hence by the CP,
n—1 n—1
m'Y + > m*Dy =m’ (YU U Dk> <m*(Y UX).
k=0 k=0

(Why?) Combining with (iii), obtain
m*X +m*Y <m (X UY)+e.

Now let € — 0.]

Show that if m: M — E* is a measure, there is P € M, with
mP = max{mX | X € M}.

[Hint: Let
k=sup{mX | X € M}
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=*14.

=*15.

in E*. As k > 0, there is a sequence r, S k, rn, < k. (If k = oo, set r, = n; if
k<oo,rp=Fk— %) By lub properties,

Vn) (3Xn €M) 1 <mX, <k,

with {X,}1 (Problem 9 in §3). Set

Show that
mP = lim mX, =k.]
n— o0

Given a measure m: M — E*| let
M = {all sets of the form X U Z where X € M and Z is m-null}.

Prove that M is a o-ring D M.
[Hint: To prove that

(VA,BEM) A—BecM,

suppose first A € M and B is “null,” i.e., BCU € M, mU = 0.
Show that
A-B=XUZ,
with X =A—-Ue€Mand Z=ANU — B m-null (Z is shaded in Figure 31).
Next, if A,B € M, let A = XU Z,
B = X'U Z', where X,X' € M and
Z, 7' are m-null. Hence

A

A-B=(XUZ)-B
—(X-B)U(Z-B)
= (X -B)UZ",

where
7" =272-B
is m-null. Also, B = X’ U Z’ implies

X-B=X-X)-2Z M,
Ficure 31
by the first part of the proof.

Deduce that
A-B=(X-BUZ"eM

(after checking closure under unions).]
Continuing Problem 14, define m: M — E* by setting mA = mX
whenever A = X UZ, with X € M and Z m-null. (Show that mA does
not depend on the particular representation of A as X U Z.)

Prove the following.

(i) m is a complete measure (called the completion of m), with m = m

on M.
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(ii) m is the least complete extension of m; that is, if n: N' — E* is
another complete measure, with M C N and n = m on M, then

MC N and n=m on M.
(iii) m = m iff m is complete.

*16. Show that if m: M* — E* is induced by an M™-regular outer measure
u*, then m equals its Lebesgue extension m’ and completion 7 (see
Problem 15).

[Hint: By Definition 3 in §5, m induces an outer measure m*. By Theorem 3 in §5,
m'A=inf{mX |ACX e M} =p*A
(for p* is M*-regular).

As m* = p*, we get m’ = m. Also, m = m, by Problem 15(iii).]

*17. Prove that if a measure p: M — E* is o-finite (Definition 4 in §5), with
S € M, then its Lebesgue extension m: M* — E* equals its completion
I (see Problem 15).
[Outline: It suffices to prove M* C M. (Why?)
To start with, let A € M*, mA < co. By Problem 12 in §5,

(3BeM) ACBand m*"A=mA=mB < oo;

so
m(B —A) =mB—mA=0.

Also,
(FHeM) B—ACH and pH =m(B— A) =0.

Thus B — A is p-null; so B— A € M. (Why?) Deduce that
A=B—(B—-A) M.
Thus M contains any A € M* with mA < co. Use the o-finiteness of u to show

(Vo€ M*) (3{An} CM*) mA, <ooand X =|JAn € M]

n

§7. Topologies. Borel Sets. Borel Measures

I. Our theory of set families leads quite naturally to a generalization of metric
spaces. As we know, in any such space (S, p), there is a family G of open sets,
and a family F of all closed sets. In Chapter 3, §12, we derived the following
two properties.

(i) G is closed under any (even uncountable) unions and under finite inter-
sections (Chapter 3, §12, Theorem 2). Moreover,

PeGand Seq.
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(ii) F has these properties, with “unions” and “intersections” interchanged
(Chapter 3, §12, Theorem 3). Moreover, by definition,

Ae Fiff —Aeg.

Now, quite often, it is not so important to have distances (i.e., a metric)
defined in S, but rather to single out two set families, G and F, with proper-
ties (i) and (ii), in a suitable manner. For examples, see Problems 1 to 4 below.
Once G and F are given, one does not need a metric to define such notions as
continuity, limits, etc. (See Problems 2 and 3.) This leads us to the following
definition.

Definition 1.

A topology for a set S is any set family G C 25, with properties (i).

The pair (S,G) then is called a topological space. If confusion is un-
likely, we simply write S for (5,G).

G-sets are called open sets; their complements form the family F
(called cotopology) of all closed sets in S; F satisfies (ii) (the proof is
as in Theorem 3 of Chapter 3, §12).

Any metric space may be treated as a topological one (with G defined as in
Chapter 3, §12), but the converse is not true. Thus (S,G) is more general.

Note 1. By Problem 15 in Chapter 4, §2, a map
f:(S.p) = (T,p)

is continuous iff f~1[B] is open in S whenever B is open in T.

We adopt this as a definition, for topological spaces S, T.

Many other notions (neighborhoods, limits, etc.) carry over from metric
spaces by simply treating G, as “an open set containing p.” (See Problem 3.)

Note 2. By (i), G is surely closed under countable unions. Thus by Note 2
in §3,

g - go-
Also, G = G4 and
Fs=F=F.
but not
G=Gsor F=F,
in general.

G and F need not be rings or o-rings (closure fails for differences). But by
Theorem 2 in §3, G and F can be “embedded” in a smallest o-ring. We name
it in the following definition.
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Definition 2.

The o-ring B generated by a topology G in S is called the Borel field in
S. (Itisa o-field, as S € G C B.)

Equivalently, B is the least o-ring 2 F. (Why?)

B-sets are called Borel sets in (S, G).

As B is closed under countable unions and intersections, we have not only
B2Gand BD F,

but also
B ;) g67 B ;) ]:07 B ;) g(So [i~e~7 (gé)aL B ;) ]:057 ete.

Note that
Gss = Gs, Foo = Fo, etc. (Why?)

II. Special notions apply to measures in metric and topological spaces.
Definition 3.
A measure m: M — E* in (S, G) is called topological iff G C M, i.e., all

open sets are measurable; m is a Borel measure iff M = B.

Note 3. If G C M (a o-ring), then also B C M since B is, by definition,
the least o-ring O G.

Thus m is topological iff B C M (hence surely F C M, Gs C M, F, C M,
etc.).

It also follows that any topological measure can be restricted to B to obtain
a Borel measure, called its Borel restriction.

Definition 4.

A measure m: M — E* in (S,G) is called regular iff it is regular with
respect to M N G, the measurable open sets; i.e.,

VAeM) mA=inf{(mX | ACX e MNG}.
If m is topological (G € M), this simplifies to
(1) mA =inf{mX | AC X € G},
i.e., m is G-regular (Definition 5 in §5).

Definition 5.

A measure m is strongly regular iff for any A € M and € > 0, there is an
open set G € M and a closed set F' € M such that

(2) FCACG, withm(A—F) <eand m(G—A) <¢;

§7. Topologies. Borel Sets. Borel Measures 163

thus A can be “approximated” by open supersets and closed subsets, both
measurable. As is easily seen, this implies regularity.
A kind of converse is given by the following theorem.

Theorem 1. If a measure m: M — E* in (S,G) is reqular and o-finite (see
Definition 4 in §5), with S € M, then m is also strongly reqular.
Proof. Fix ¢ > 0 and let mA < oco.

By regularity,
mA=inf{mX | ACX e MnG};

so there is a set X € M NG (measurable and open), with
ACX and mX <mA+e.
Then
m(X —A) =mX —mA <e,

and X is the open set G required in (2).
If, however, mA = oo, use o-finiteness to obtain

2e
k=1

for some sets X € M, mXj < oo; so

A= JAnXy).
k

Put
A =ANX, e M.

(Why?) Then
A=A,
k

and
mAr < mXy < oo.
Now, by what was proved above, for each Ay there is an open measurable
Gy D Ag, with

e
m(Gk — Ak) < 2_k

Set
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Then G € M NG and G D A. Moreover,
G-A=]JG,—JAr S| J(Gk — Ap).

(Verify!) Thus by o-subadditivity,
gy
m(G - A) gzk:m(Gk—Ak) <;§:g,

as required.
To find also the closed set F', consider

—A=S—-AeM.
As shown above, there is an open measurable set G’ O —A, with
e>m(G — (=A)) =m(G'NA) =m(A - (=G")).

Then
F=-G CA

is the desired closed set, with m(A — F) <e. O

Theorem 2. If m: M — E* is a strongly reqular measure in (S,G), then for
any A € M, there are measurable sets H € F, and K € Gs such that

(3) HCACK andm(A—H)=0=m(K — A);
hence

mA =mH = mK.

Proof. Let A € M. By strong regularity, given ¢, = 1/n, one finds measur-
able sets
GpoeGand F, e F, n=1,2,...,

such that
F,CACG,
and
1 1
(4) m(A—F,) < —and m(G, —A)<—, n=1,2,....
n n
Let

H= O F, and K = ﬁ G
n=1

n=1
Then H K € M, H € F,, K € G5, and
HCACK.
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Also, F,, CH and G,, D K.

Hence
A-HCA-F,and K-ACG, — A;
so by (4),
1 1
m(A—H) <= — 0and m(K —A) < = — 0.
n n
Finally,

mA=m(A—-H)+mH =mH,

and similarly mA = mK.
Thus all is proved. [

Problems on Topologies, Borel Sets, and Regular Measures
1. Show that G is a topology in S (in (a)—(c), describe B also), given
(a) G =2%
(b) G={0,5};
(¢) G = {0 and all sets in S, containing a fixed point p}; or
(d) S = E*; G consists of all possible unions of sets of the form (a,b),

(a,00], and [—o0,b), with a,b € E*.

2. (S, p) is called a pseudometric space (and p is a pseudometric) iff the
metric laws (i)-(iii) of Chapter 3, §11 hold, but (i’) is weakened to
plz,z) =0
(so that p(x,y) may be 0 even if x # y).

(a) Define “globes,” “interiors,” and “open sets” (i.e., G) as in Chap-
ter 3, §12; then show that G is a topology for S.
(b) Let S = E? and
p(2,9) = |o1 — 1,
where T = (z1,22) and § = (y1, y2). Show that p is a pseudometric

but not a metric (the Hausdorff properly fails!).

3. Define “neighborhood,” “interior,” “cluster point,” “closure,” and
“function limit” for topological spaces. Specify some notions (e.g., “di-
ameter,” “uniform continuity”) that do not carry over (they involve
distances).

4. In a topological space (5, G), define
=6, 6"'=G G* =G, ...
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and
FO=F, F' =Fq, F? = Fos, F* = Foso, et

(Give an inductive definition.) Then prove by induction that
(a) " C B, F* C B;
(b) gt cgr, Frot C Py
(c) VX CS)XeFriff —X € g™
(d) VX, YeF") XNY € F*, X UY € F"; same for G;
(e) (VXeg) VYeF )X -YeG"andY — X € F™.

[Hint: X - Y =X N-Y
5. For metric and pseudometric spaces (see Problem 2) prove that
Frc gttt and g C P

(cf. Problem 4).
[Hint for F C Gs: Let F € F. Set

.= Y ()

pEF

Sle]
(Vn) F Q Gn € g

Hence

FC()Gn€Gs.
n

Also,
(Gn=F=F
n
by Theorem 3 in Chapter 3, §16. Hence deduce that
(VFeF) Fegs,
so F C Gs; hence G C F, by Problem 4(c). Now use induction.]
6. If m is as in Definition 5, then prove the following.
(i) m is regular.
(ii) (VAe M) mA=sup{mX |ADX e MNF}.

(iii) The latter implies strong regularity if m < co and S € M.

7. Let p: B — E* be a Borel measure in a metric space (S, p). Set
(VACS) n"A=inf{uX | AC X € G}.
Prove that
(i) »* is an outer measure in S

(ii) n* = pon G;
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(iii) the n*-induced measure, n: N* — E*| is topological (so B C N*);
(iv) n > pon B;
(v) VACS) (3H € Gs) ACH and pH = n*A.
[Hints: (iii) Using Problem 15 in §5 and Problem 12 in §6, let
1 1
p(X,Y)>e>0, U= wLeJxGw(Eg) V= ygycy(ia).
Verify that U,V €G, UD X, VDY, UNV = 0.
By the definition of n*,
(3G€g) GOXUY andn*G<n*(XUY)+e;
also, X CGNU and Y C GNV. Thus by (ii),
n*X <pu(GNU)and n*Y < u(GNV).
Hence
n* X4+n"Y < p(GNU)+p(GNV) = pu((GNU)J(GNV)) < pG =n"G < n*(XUY)+e.

Let € — 0 to get the CP: n*X +n*Y <n*(X UY).
(iv) We have (VA € B)

nA=n"A=inf{uX | AC X € G} >inf{uX | AC X € B} = pA.

(Why?)
(v) Use the hint to Problem 11 in §5.]

. From Problem 7 with m = pu, prove that if

ACGeg,

with mG < oo and A € B, then mA = nA.
[Hint: A, G, and (G — A) € B. By Problem 7(iii), B C N* and n is additive on B;
so by Problem 7(ii)(iv),

nA=nG—n(G—A) <mG—m(G—A) =mA <nA.

Thus mA = nA. Explain all!]

. Let m, n, and n* be as in Problems 7 and 8. Suppose

S = Loj Gnv
n=1

with G,, € G and mG,, < oo (this is called o°-finiteness).
Prove that

(i) m =n on B, and

(ii) m and n are strongly regular.
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[Hints: Fix A € B. Show that
A= U Ay (disjoint)

for some Borel sets A, C Gy (use Corollary 1 in §1). By Problem 8, mA, = nA,
since

An CGrn g

and mG, < co. Now use o-additivity to find mA = nA.
(ii) Use G-regularity, part (i), and Theorem 1.]

10. Continuing Problems 8 and 9, show that n is the Lebesgue extension of
m (see Theorem 2 in §6 and Note 3 in §6).
Thus every o-finite Borel measure m in (S, p) and its Lebesgue ex-
tension are strongly regular.
[Hint: m induces an outer measure m*, with m* = m on B. It suffices to show that
m* =n* on 25, (Why?)
So let A C S. By Problem 7(v),

(3HeB) ACH andn*"A=mH =m"H.

Also,
(AK eB) AC K and m"A =mK

(Problem 12 in §5). Deduce that
n*A<nHNK)=m(HNK)<mH=n"A

and
n*A=m(HNK)=m"Al]

§8. Lebesgue Measure

‘We shall now consider the most important example of a measure in E”, due to
Lebesgue. This measure generalizes the notion of volume and assigns “volumes”
to a large set family, the “Lebesgue measurable” sets, so that “volume” becomes
a complete topological measure. For “bodies” in E?, this measure agrees with
our intuitive idea of “volume.”

We start with the volume function v: C — E' (“Lebesgue premeasure”)
on the semiring C of all intervals in E™ (§1). As we saw in §§5 and 6, this
premeasure induces an outer measure m* on all subsets of E™; and m*, in
turn, induces a measure m on the o-field M* of m*-measurable sets. These
sets are, by definition, the Lebesgue-measurable (briefly L-measurable) sets; m*
and m so defined are the (n-dimensional) Lebesgue outer measure and Lebesgue
measure.
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Theorem 1. Lebesgue premeasure v is o-additive on C, the intervals in E™.
Hence the latter are Lebesque measurable (C € M*), and the volume of each
interval equals its Lebesgue measure:

v=m*=m onC.

This follows by Corollary 1 in §2 and Theorem 2 of §6.

Note 1. As M™* is a o-field (§6), it is closed under countable unions, count-
able intersections, and differences. Thus

C C M* implies C, C M*;
i.e., any countable union of intervals is L-measurable. Also, E™ € M*.
Corollary 1. Any countable set A C E™ is L-measurable, with mA = 0.
The proof is as in Corollary 6 of §2.
Corollary 2. The Lebesgue measure of E™ is co.
Prove as in Corollary 5 of §2.

Examples.
(a) Let
R = {rationals in E'}.

Then R is countable (Corollary 3 of Chapter 1, §9); so mR = 0 by Corol-
lary 1. Similarly for R" (rational points in E™).

(b) The measure of an interval with endpoints a, b in E* is its length, b — a.
Let
R, = {all rationals in [a, b]};

so mR, = 0. As [a,b] and R, are in M* (a o-field), so is
[a,b] = Ro,
the irrationals in [a,b]. By Lemma 1 in §4, if b > a, then
m([a,b] — Ro) = m([a,b]) — mR, = m([a,b]) =b—a>0=mR,.

This shows again that the irrationals form a “larger” set than the rationals
(cf. Theorem 3 of Chapter 1, §9).

(¢) There are uncountable sets of measure zero (see Problems 8 and 10 below).

Theorem 2. Lebesgue measure in E™ is complete, topological, and totally o-
finite. That is,

(1) all null sets (subsets of sets of measure zero) are L-measurable;

(ii) so are all open sets (M™* 2D G), hence all Borel sets (M* D B); in partic-
ular, M* 2 F, M* D Gs, M* D F,, M* D Fss, etc.;
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(iii) each A € M* is a countable union of disjoint sets of finite measure.

Proof. (i) This follows by Theorem 1 in §6.

(ii) By Lemma 2 in §2, each open set is in C,, hence in M* (Note 1). Thus
M* DO G. But by definition, the Borel field B is the least o-ring 2O G. Hence
M* D B*.

(iii) As E™ is open, it is a countable union of disjoint half-open intervals,

E" = U Ay (disjoint),
k=1

with mAjy, < co (Lemma 2 in §2). Hence
(VACE") Ac|JA

SO
A= (AN Ay) (disjoint).
k

If, further, A € M*, then AN Ay € M*, and
m(A ﬂAk) < mA; < . (Why7) O

Note 2. More generally, a o-finite set A € M in a measure space (S, M, i)
is a countable union of disjoint sets of finite measure (Corollary 1 of §1).

Note 3. Not all L-measurable sets are Borel sets. On the other hand, not
all sets in E™ are L-measurable (see Problems 6 and 9 below.)

Theorem 3.
(a) Lebesgue outer measure m* in E™ is G-reqular; that is,
(1) (VACE"™) m*A=inf{mX | AC X € G}
(G = open sets in E™).
(b) Lebesgue measure m is strongly regular (Definition 5 and Theorems 1

and 2, all in §7).

Proof. By definition, m*A is the glb of all basic covering values of A. Thus
given ¢ > 0, there is a basic covering { B} C C of nonempty sets By, such that

1
(2) AC UBk and m*A + € > ;UB;C.

(Why? What if m*A = co?)
Now, by Lemma 1 in §2, fix for each By, an open interval Cj, O By such that

3

’UCk — W < ’UBk.
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Then (2) yields
" 1 € 1
mA—‘—a&‘ZZ(UCk—W):Z’UCk—gE,
k k

so by o-subadditivity,
3) mUCkSZmC’kzz:kagm*AJrs.
k k k

Let
X =[Gy
k

Then X is open (as the Cf are). Also, A C X, and by (3),
mX <m*A+e.

Thus, indeed, m*A is the glb of all mX, A C X € G, proving (a).

In particular, if A € M*, (1) shows that m is regular (for m*A = mA).
Also, by Theorem 2, m is o-finite, and E™ € M*; so (b) follows by Theorem 1
ing§7. O
Definition.

Given A C E" and p € E™, let p+ A or A+ p denote the set of all points
of the form

z+p, T€A
We call A + p the translate of A by p.

Theorem 4. Lebesgue outer measure m* and Lebesgue measure m in E™ are
translation invariant. That s,

(i) VACE") (Vpe E") m*"A=m*(A+p);
(ii) of A is L-measurable, so is A+ p, and mA = m(A + p).
See also Problem 7 in §10.
Proof. (i) If A is an interval with endpoints @ and b, then A+ p is the interval
with endpoints @ + p and b+ p. (Verify!)
Hence the edge lengths of A and A + p are the same,
b, =by —ar, = (b +pr) — (ar +pr), k=1,2,... n
Thus
mA =vA = Hék =m(A+Dp);
k=1

so the theorem holds for intervals.
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In the general case, m* A is the glb of all basic covering values of A. But a
basic covering consists of intervals that, when translated by p, cover A+ p and
retain the same volumes, as was shown above.

Hence any covering value for A is also one for A + p, and conversely (since
A, in turn, is a translate of A+ p by —p).

Thus the basic covering values of A and of A+ p are the same, with one and
the same glb. Hence

m*A=m"(A+p),

as claimed.
(ii) Now let A € M*. We must show that
A+pe M,
i.e., that

VXCA+p) VY C—(A+p) m'X+m'Y =m"(XUY).

Thus fix X CA+pandY C —(A+p).
As is easily seen, X —p C A and Y — p C —A (translate all by —p). Since
A e M*, we get

m*(X —p)+m* (Y —p) =m" (X UY) —p).
(Why?) But by (i), m*X = m*(X — p), m*Y = m*(Y — p), and
m(XUY)=m"(XUY)-p).

Hence
m'X +m'Y =m*(XUY),

and so A+ p € M*.
Now, as m* = m on M*, (i) yields mA = m(A + p), proving (ii) also. O

Problems on Lebesgue Measure
1. Fill in all details in the proof of Theorems 3 and 4.
1’. Prove Note 2.
2. From Theorem 3 deduce that
(VACE™) (3BeGs) ACBand m"A=mB.
[Hint: See the hint to Problem 7 in §5.]
3. Review Problem 3 in §5.

4. Consider all translates
R+p (peEY
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of
R = {rationals in E'}.

Prove the following.

(i) Any two such translates are either disjoint or identical.
(ii) Each R+ p contains at least one element of [0, 1].

[Hint for (ii): Fix a rational y € (—p,1 —p),s00<y+p<1l. Theny+p€ R+ p,
and y +p € [0,1]]
5. Continuing Problem 4, choose one element ¢ € [0,1] from each R + p.
Let @ be the set of all ¢ so chosen.
Call a translate of Q, @ + 7, “good” iff r € R and |r| < 1. Let U be
the union of all “good” translates of Q.
Prove the following.

a) There are only countably many “good” @ + r.

(
(b) All of them lie in [—1,2].

(¢) Any two of them are either disjoint or identical.

(d) [0,1] CU C[~1,2]; hence 1 < m*U < 3.

[Hint for (c): Suppose
ye(@Q+r)N(@Q+r).

Then
y=q+r=q¢ +7r" (¢, €Q, r,r' € R);

soq=q + (r' —r), with (r' —r) € R.
Thus ¢ € R+ ¢ and ¢ =0+ ¢’ € R+ ¢'. Deduce that ¢ = ¢’ and r = r’; hence
Q+r=Q+r']
6. Show that @ in Problem 5 is not L-measurable.
[Hint: Otherwise, by Theorem 4, each @ + r is L-measurable, with m(Q +r) = mQ.
By 5(a)(c), U is a countable disjoint union of “good” translates.
Deduce that mU = 0 if mQ = 0, or mU = oo, contrary to 5(d).]

7. Show that if f: S — T is continuous, then f~![X] is a Borel set in S
whenever X € Bin T.
[Hint: Using Note 1 in §7, show that

R={XCT|flX]€BinS}
is a o-ring in T'. As B is the least o-ring O G, R O B (the Borel field in T

8. Prove that every degenerate interval in E™ has Lebesgue measure 0,
even if it is uncountable. Give an example in E2. Prove uncountability.
[Hint: Take @ = (0,0), b = (0,1). Define f: E' — E? by f(z) = (0,z). Show that f
is one-to-one and that [a, b] is the f-image of [0,1]. Use Problem 2 of Chapter 1, §9.]
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10.

11.

12.

*13.

14.

15.
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. Show that not all L-measurable sets are Borel sets in E™.

[Hint for E2: With [a,b] and f as in Problem 8, show that f is continuous (use the
sequential criterion). As m[a,b] = 0, all subsets of [a,b] are in M* (Theorem 2(i)),
hence in B if we assume M* = B. But then by Problem 7, the same would apply to
subsets of [0, 1], contrary to Problem 6.

Give a similar proof for E” (n > 1).
Note: In E', too, B # M*, but a different proof is necessary. We omit it.]

Show that Cantor’s set P (Problem 17 in Chapter 3, §14) has Lebesgue
measure zero, even though it is uncountable.
[Outline: Let

U=1[0,1 - P;

so U is the union of open intervals removed from [0, 1]. Show that
1 o= /2\n
mU = — (7) =1
2205
n=1

and use Lemma 1 in §4.]

Let pu: B — E* be the Borel restriction of Lebesgue measure m in E™
(§7). Prove that

(i) p in incomplete;

(ii) m is the Lebesgue extension (*and completion, as in Problem 15
of §6) of p.

[Hints: (i) By Problem 9, some p-null sets are not in B. (ii) See the proof (end) of
Theorem 2 in §9 (the next section).]

Prove the following.
(i) All intervals in E™ are Borel sets.

(ii) The o-ring generated by any one of the families C or C’ in
Problem 3 of §5 coincides with the Borel field in E™.

[Hints: (i) Any interval arises from a closed one by dropping some “faces” (degenerate
closed intervals). (ii) Use Lemma 2 from §2 and Problem 7 of §3.]

Show that if a measure m’: M’ — E* in E™ agrees on intervals with
Lebesgue measure m: M* — E*, then the following are true.

(i) m' =m on B, the Borel field in E".
ii) If m’ is also complete, then m’ = m on M*.
(ii) plete,

[Hint: (i) Use Problem 13 of §5 and Problem 12 above.]

Show that globes of equal radius have the same Lebesgue measure.
[Hint: Use Theorem 4.]

Let f: E™ — E™, with
f(@)=cz

(0 < ¢ < o).
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16.

17.

18.

*19.

Prove the following.
(i) (VA C E™) m*f[A] = "m*A (m* = Lebesgue outer measure).
(i) A e M*iff f[A] € M*.

[Hint: If, say, A = (@,b], then f[A] = (ca,cb]. (Why?) Proceed as in Theorem 4,
using f~! also.]

From Problems 14 and 15 show that
(i) mGper) =™ - mGp(r);
(ii) mGp(r) = mGp(r);

(i) mGp(r) = a-ml, where I is the cube inscribed in G5(r) and
1 n
a= (5\/ﬁ) -mGg(1).
[Hints: (i) f[Gg(r)] = Gg(er). (ii) Prove that

mGp < mGp < c"mGp

ife>1. Let ¢ — 1]

Given a < bin El, let {r,} be the sequence of all rationals in A = [a, b].
Set (Vn)

b—a
and ) 1

G = (ansbn) = (@,0) 01 (7 = 3005 T + 500 )
Let -
P=A-{]Gn
n=1

Prove the following.
() S0y 60 = 40— a) = 3ma.
(i) P is closed; P° =0, yet mP > 0.
(iii) The Gy, can be made disjoint (see Problem 3 in §2), with mP still

> 0.
(iv) Conmstruct such a P C A (P = P, P° = () of prescribed measure
mP =¢e>0.

Find an open set G C E', with mG < mG < .
[Hint: G = Uy~ Gn with G, as in Problem 17.]

If AC E™ is open and convez, then mA = mA.
[Hint: Let first 0 € A. Argue as in Problem 16.]
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89. Lebesgue—Stieltjes Measures

Let
a: E' — E1

be a nondecreasing function (at). Consider the Lebesgue—Stieltjes set function
So (Example (d) in §4).
As we noted in Problem 7 of §4, s, > 0 when «7; for then

Sa(a,b) = a(b—) — ala+) > 0.

Similarly for other intervals. Also, § € C and s,0 = 0 by definition.

Thus s, is a premeasure on C (finite intervals in E'), called the a-induced
Lebesgue—Stieltjes (LS) premeasure in E1.

The outer measure m? induced by s, (§5) is called the a-induced LS outer
measure; its restriction to the family M of m} -measurable (or LS-measurable)
sets is the a-induced LS measure on E', denoted my,.

Recall that, by our definitions, premeasures, outer measures, and measures
are all nonnegative.

Note 1. No generality is lost by assuming that « is right continuous (if not,
replace it by the right-continuous function 51, with 3(z) = a(z+)). Similarly,
one achieves left continuity by setting 3(z) = a(z—).

Note 2. If « is right continuous, one often restricts s, to the family C* of
all half-open intervals (for motivation, see Problem 7(iv) in §4). This does not
affect m}, or m, (Problem 3’ in §5), and simplifies the proof of additivity

Sa(a,b] + sa(b, c] = a(b) — ala) + alc) — a(b) = alc) — a(a) = sala, ).

Recall that both C and C* are semirings (Note 1 in §1).

Theorem 1. The LS premeasure s, is o-additive on the semiring C of all
finite intervals in E'.

Hence (by Theorem 2 in §6) all such intervals are LS-measurable (C C M),
and

MaA = 5, A

for any such interval A.

Proof. As is easily seen, s, is additive (Problem 7 of §4).
It also satisfies Lemma 1 of §1 and Lemma 1 in §2 (Problem 7(v) in §4).
The proof of o-additivity is then quite analogous to that of Theorem 1 of §2;
we omit its repetition.
The rest is immediate by Theorem 2 of §6. O
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Similarly, the proofs of Theorems 2 and 3 (but not 4) of §8 carry over to
LS measures. Thus LS measures are complete, topological, totally o-finite and
strongly reqular.

As in §8, it follows that singletons and countable sets are measurable, but
their LS measure need not be 0 (Problem 8(iii) in §4).

Also, E' € M}, but m,E! may be finite (Problem 8(ii)(ii’) in §4).

Since the proofs are the same as in §8, we omit them.

Note, however, the following facts.

(i) For singletons, mo{p} = 0 iff a is continuous at p (Problem 7(ii) in §4).

(ii) Hence
mqla, b] = mq(a, b = myla, b) = my(a,b) = a(b) — ala)
iff o is continuous at a and b (Problem 7(iv) in §4).
(iii) LS measures need not be translation invariant (Problem 8(i) of §4).
(iv) If a(x) = 2 on E', then m¥ = m* (= Lebesgue outer measure in £1).
Thus Lebesgue measure is a special case of LS measure.

The latter is a kind of “weighted length.” Imagine that mass is distributed

along the line, with a(z) equal to the mass of
(7007 27] .

For simplicity, assume that « is right-continuous (cf. Notes 1 and 2). Then the
mass of (a,b] is

a(b) — ala),
and p is a “point mass” iff

mae{p} > 0.

Our next theorem shows that LS measures practically exhaust all topological
measures in E' of any importance. We shall use Notes 1 and 2 above.

*Theorem 2. Let m: M — E* be a topological measure in E*, finite on C*
(half-open intervals). Then there is an LS measure m, such that

Mo =M
on the Borel field B in E*.
If m is also complete, then mq, = m on all of M.
Proof. Define a as follows:
m(0,z] if x>0,
a(r) = .
—m(z,0] ifz<0.

Clearly, o on E'. Also, the right continuity of m (Theorem 2 of §4) implies
that of . (Verify!)
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Thus « induces an LS measure m,,, with
mea(a,b] = sa(a,b] = a(b) — a(a)

(Problem 7(iv) in §4). We claim that m, = m on B.

First, consider any (a,b] € C*. If 0 < a < b, then

m(a, bl = m(0,0] — m(0,a] = a(b) — a(a) = mq(a, b].
Similarly in the cases a < 0 < b and a <b < 0. Thus
me = m (finite) on C*.
By Problem 13 in §5,
me =m on B,

the o-ring generated by C* (Problem 12 of §8). Thus m and m,, have the same
restriction to B (call it ).

Now, by Note 3 in §6, ;4 induces an outer measure pu*.

As B D CZ, both p* and m}, are B-regular, by Theorem 3 in §5. Thus

(VACEY) mi(A)=inf{uX | AC X € B} = " A,

[e3

ie.,, m} = p*, and so m, is the restriction of both m}, and p* to measurable
sets. Hence my,, is the Lebesgue extension of u, by definition.

By Problem 17 in §6, m,, = @ is the “least” complete extension of p. Thus

if m is complete, it is an extension of mg; so m = m, on M, as claimed. 0O

Problems on Lebesgue—Stieltjes Measures

1. Do Problems 7 and 8 in §4 and Problem 3’ in §5, if not done before.

2. Prove in detail Theorems 1 to 3 in §8 for LS measures and outer mea-
sures.

3. Do Problem 2 in §8 for LS-outer measures in E'.

4. Prove that f: E' — (S, p) is right (left) continuous at p iff
Jim f(zn) = f(p) as @0 \ep (20 /' p)-

[Hint: Modify the proof of Theorem 1 in Chapter 4, §2.]

5. Fill in all proof details in Theorem 2.
[Hint: Use Problem 4.]

6. In Problem 8(iv) of §4, describe m}, and M.
7. Show that if & = ¢ (constant) on an open interval I C E* then

(VACT) mi(A)=0.

[e3

Disprove it for nonopen intervals I (give a counterexample).

8.

*9.
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Let m': M — E* be a topological, translation-invariant measure in E',
with m/(0,1] = ¢ < co. Prove the following.

(i) m’ = ¢cm on the Borel field B. (Here m: M* — E* is Lebesgue
measure in E1.)

*(ii) If m/ is also complete, then m’ = em on M*.

(iii) If 0 < ¢ < oo, some set @ C [0,1] is not m/-measurable.

*(iv) If M" = B, then em is the completion of m’ (Problem 15 in §6).

[Outline: (i) By additivity and translation invariance,
m’(0,7] = cm(0, 7]

for rational

(first take r = n, then r = %, then r =

%)
§

By right continuity (Theorem 2 in §4), prove it for real » > 0 (take rationals

i ON\(T).
By translation, m’ = em on half-open intervals. Proceed as in Problem 13 of §8.
(iii) See Problems 4 to 6 in §8. Note that, by Theorem 2, one may assume
m’ = mq (a translation-invariant LS measure). As mq = e¢m on half-open intervals,
Lemma 2 in §2 yields mq = ¢m on G (open sets). Use G-regularity to prove m?, =
em* and MY, = M* ]

(LS measures in E™.) Let
C* = {half-open intervals in E"}.
For any map G: E™ — E' and any (a,b] € C*, set

ALG(a,b] = Gz, . ..
- G(l‘l, e

7$k717bk7xk’+17 e 7xn)

S L1y Qs Tht1s -+ 5 Tp), 1<k <n.
Given a: E™ — E1, set
50(@,b] = A1(As(--- (Ana(a, b)) ---)).
For example, in E2,
sa(a,b] = a(bi, b2) — (b, az) — [a(ar, by) — alar, az)].

Show that s, is additive on C*. Check that the order in which the Ay
are applied is immaterial. Set up a formula for s, in E°.
[Hint: First take two disjoint intervals

(a,q) U (p,b] = (a,b],

as in Figure 2 in Chapter 3, §7. Then use induction, as in Problem 9 of Chapter 3, §7.]
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*10. If s, in Problem 9 is nonnegative, and « is right continuous in each
variable x separately, we call a a distribution function, and s, is called
the a-induced LS premeasure in E™; the LS outer measure m, and
measure

Mo : My, — E*
in E™ (obtained from s, as shown in §§5 and 6) are said to be induced
by a.
For s, m?,, and m, so defined, redo Problems 1-3 above.

*§10. Vitali Coverings

Lebesgue measure m leads to an interesting analogue of the Heine-Borel the-
orem. Below, m* is Lebesgue outer measure in E™. We start with some
definitions.

Definition 1.

A sequence {I;} of sets in a metric space (S, p) converges to a point p

(I — p) iff
pE m Iy,
k=1

and
lim dI; =0,
k—o0

where dI;, = diameter of I}.

Definition 2.

A family K of nonempty sets in (S, p) is a Vitali covering (V -covering)
of a set A C (S,p) iff for each p € A there is a sequence {I,} C K, with
[k — P.

We then also say that IC covers A in the Vitali sense (V-sense).

Theorem 1 (Vitali). If a set K of nondegenerate cubes (or globes) in E™
covers A in the V-sense, then

m*(A— Ulk) =0
k

for some disjoint sequence {I;} C K.

Proof. We give the proof for cubes (it is similar for globes).

First, suppose A C I° for some open cube I°. Then A is also covered in the
V-sense by the subfamily K° C K of those cubes that lie in I°. (Why?) We also
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assume that A ¢ |JI; for any disjoint finite sequence {I;} C K (otherwise, all
is trivial). Finally , we assume that all cubes in K are closed; for other kinds
of cubes, the theorem then easily follows (see Problem 3 below).

We claim that

h
(1) (V disjoint cubes Iy, ..., I € K°) (3T € K°) IN U I; =0.
j=1

Indeed, as
h
A¢ 1,
j=1
there is some

h
peAd- L.

=1

By assumption, all I; are closed; so

is open. Hence there is a globe
h
Gy(0) - I
j=1

As K° is a V-covering, it contains a sequence I; — p, dI; — 0; so there is
I =1, € K° with p € I and dI < 6. Therefore,

h
1CG(0) c—J 1
j=1
SO

h
IﬂUIj:Q),
j=1

as claimed.
Now, using induction, suppose we have already fixed k disjoint cubes I; in
K°. By (1), there are cubes I € K° with

k
IﬂUIj=®.
=1
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Let ;. be the lub of their diameters. As all I € K€ lie in I°,

k
6k:sup{dI'I€IC°, Ig—Ulj}§d10<oo.

=1

Hence by properties of the lub, we find a cube Iy € K° such that

k
nc-Uun
and dl 41 > 16, =

In this way, taking k = 1,2,..., we select a disjoint sequence {I;} C K°
with dlg4q1 > %5k for all k. We shall show that

7ﬁ(A—LJQ):O
k=1
in four steps.

(I) Let ¢; be the edge length of Iy; so dI = £iy/n. (Why?)
Enclose each I in a cube J; with the

same center and with edge length e
(471 + 1) C.
Then L
_ _ <>
(Vzelr) (Vi & Jr) N g
2) p(,9) > 2nly > 20/n
=2dl; > 6k_1.

(See Figure 32, where n = 2.) Also, or
k

mdy = (4n + 1)" miy.

(IT) As the Iy, lic in I°, the o-additivity of m yieldsF1GURE 32
o0 oo
ijk = (471 + 1)” Zm[k
k=1 k=1

o0
=(@n+1)"m| ) Ik
k=1
< (dn+1)"mlI° < oo.

Thus the series > m.Jy, converges; so its “remainder” tends to 0:

Tlglolc kZka =0.
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Also, mJ; — 0. But by definition,
Ok < 2dIyy1 < 2dJpy1 = 2v/n (mJei)V™  (n fixed).
Hence lim d; = 0, too.
k—oo

(III) Now, seeking a contradiction, suppose
oo
m*<A— U Ik) > 0.
k=1
Then as

oo
Jim, 3 mJe =0,
=r

there is r such that

mGJkSika<m*(A7 G]k)
k=r k=r

k=1

Hence
A-J g
k=1 k=r

(Why?) Thus there is

ﬁGAA—-LJ‘h
k=1

not in

U 7

k=r
so that
(3) (Vk>r) p#Jr, pEA andpe — | J I C— | Ik

k=1 k=r
As

- U Ik: S g7
k=1
we find (as before) a cube K € K° such that p € K and

KHLTJIk:@.

k=1

183
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Also, as d; — 0, we have §; < dK for large k. But by our choice of the g, this
implies

k
KnlJI; #0
j=1
for large k (why?), whereas
Kn U I]' = (Z),
j=1

as shown above.
Thus there is a least k > r, call it ¢, such that

KnlI,#0,

and 0, < dK < §q_1.

By (3)a ﬁ ¢ JQ' AS
KnlI, #0,

let z € KNI, Since z,p € K,
p(%,p) < dK < d4-1.
But as 2 € I; and p & Ji, we have
p(Z,p) > 6g-1

by (2).

This contradiction proves the theorem for bounded sets A.

(IV) If A is not bounded, use Lemma 2 in §2 to find a sequence {K;} of
disjoint half-open intervals with

Jki=E"2A
Let
Ai=ANK;,
where K¢ is the open interval with the same endpoints; so mK; = mK? and
m(K; — K?) =0.
Set

Z = G(Ki*Kf);

=1

somZ =0 and

*810. Vitali Coverings 185

(Why?) As A, = AN K?, we have

C8

(4) mUK" AN(E"-Z)=A—-Z.

i=1

Clearly, each A; is covered in the V-sense by those K-cubes that lie in K.
Thus as shown above,

(Vi) m* (A - U.rij) =0

for disjoint cubes I;; C K?. That is,
U I;; UZ; O Ay,
J

where

Zi=Ai - J 1
i

and mZ; = 0. Hence by (4),

UUJUUUZ DUA A7,

=1 3
J

Rearranging the I;; in a single sequence {Ij;}, we complete the proof. O

so that

Theorem 2. Ifm*A < oo in Theorem 1, then for every e > 0 there is a finite
disjoint sequence {I.} C K such that

m*<A7 U[k> < Ee.

k
Proof. Fix ¢ > 0. As m*A < oo, the G-regularity of m* (Theorem 3 of §8)
yields an open G 2 A such that

mG < m*A+e.

Clearly, A is covered in the V-sense by the subfamily K¢ of those K-sets that
lie in G. Thus by Theorem 1,

m*(A—UIk> —0
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for a disjoint sequence {I;} C K°. Also,

UIk g G7

and so

Zmlk :mUIk < mG < .

Thus > mlj, converges; so
oo
Z mly < e
k=r

for large r.
On the other hand,

A—O[kg (A—
k=1

s

00
Ik) U U 1.
k=1 k=r

Hence
T o0 o0 o0
7ﬁ(A—LJ@>gnf(A—LJ@>+nfL}@go+§:mu<e,
k=1 k=1 k=r k=r

as required. O

As an application, we obtain the following important theorem.

Theorem 3 (Lebesgue). If f: E' — E' is monotone, it is differentiable al-
most everywhere (“a.e.”), i.e., on E' — Z for some Z of Lebesque measure
zero.

We sketch the proof in a few steps (lemmas). These lemmas anticipate a
more general approach to be taken in §12, with the notation in the following
definition.

Definition 3.

Let m = Lebesgue measure and
K = {all cubes I C E™ with mI > 0}.

Let
s: M — 0,00, M DK,

be another measure in E”, finite on K.
For any natural » > 0, and p € E™, we set

I _ 1
m@):nﬁ{i—'pelek;dl<—}
ml r
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and
1 — 1
h.(p) = sup{s— ‘ pelek, dI < 7};
ml r
furthermore, we denote
Ds(p) = sup g,(p) and Ds(p) = irgf hy (D).

Clearly, {g-}1, {h+}, and
0 < Ds= lim g, < lim h, = Ds
T—00 r—>00
at each p € E™. (Why?)
We also write J(Ds > i) for
{z € J | Ds(%) > i},

J(Ds = a) for
{2 J| Ds(@) = a),

etc.

Lemma 1. With the above notation, 0 < Ds < Ds < oo a.e. on E™.

Proof Outline. Fix any open set J C E™, with m.J < oo and sJ < oo (e.g., an
open cube in K).
Fori=1,2,... set
Ai = J(ES > Z)

and
— I
&:{IGKPQJ;i—>*.
ml
Verify that KC; is a V-covering of A;; so there is a disjoint sequence {I} C K;,

with
nﬁ(Ai—Ljnjzzo
Unco

and

Hence (cf. Problem 3 below)

m*AiSmUIk=ZmIk§ %Zs[k=%5U1k§ %7 i=1,2,....

It follows that
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(Why?) But

ﬁ A; = J(Ds = o).
i=1

(Why?) This implies that
m*J(Ds = 00) = 0,

and so Ds < oo on J, except for a null set.

But by Lemma 2 in §2, all of E™ is a countable union of such sets .J (open
cubes). Thus Ds < oo on E™ — Z, where Z is a countable union of null sets:

mZ = 0.
As 0 < Ds < Ds on all of E™, we have

0<Ds<Ds<oo ae. on E",
as claimed. 0
Lemma 2. With the same notation, Ds = Ds a.e. on E™.
Proof Outline. With J as in the previous proof, let
H = J(Ds > Ds).
Then H is a countable union of sets

Hyy = J(Ds > v >u> Ds)

over rational u,v. Thus it suffices to show that all such H,, are m-null.

Let @ be one of them; so @ C J and
m*Q <mJ < oo.
Hence given € > 0, there is an open set G C J with G 2 @ and
mG < m*Q +e.
(Why?) We fix this G and set

K:{IEK‘IQG, £<u}.
ml

By the definition of Ds, K is a V-covering of @ (verify!); so by Problem 3,

m* (Q n UJ;;) —m*Q
for a disjoint sequence

ek, Jnca
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Let o
¢=Ur
k=1
(an open set), and Q, = QN G’; so
m*Q = m*Q, < mG* <mG <m*Q +e¢.

(Explain!)
Next, let

IC’:{IEK‘IQG’, £>v}
m
It is a V-covering of @, (why?); so
m*(Qo - UI,;) =0
for a disjoint sequence {I;} € K'. Verify that
u-(m"Q+¢) >u-mG’:u-ZmI§
> Zs[ﬁ = sG’
> z:sI,'c
21%2:7711,,2:v-mLJI,’C
zv-m*(QoﬂUI,'c) =v-m*Q,=v-m*Q.

Thus
Ve>0) u-(M'Q+¢e)>v-m*Q.

Making € — 0, we get
u-m*Q >v-m*Q.

As u < v, m*A must be 0. This is the desired result. O

Proof of Theorem 3. To fix ideas, let f1.
Let s = my be the f-induced LS measure in E' (§9) so that

slp, 2] = f(x+) = f(p-)-

189

By Lemmas 1 and 2, it suffices to show that f is differentiable at every p € E*,

with
Ds(p) = Ds(p) # co.

Fix any such p and set
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Then f is continuous at p; for otherwise,

Jf(p+) — f(p—) >0,

whence
Ds(p) = oo.

(Why?) Also, by Definition 3, given € > 0, there is a natural r such that

q—¢e<gr(p) <he(p) <g+te.

x € Gﬁp(%).

Let

If x > p, then
AZL‘ =r—p= m[pny

and by continuity,
Af = f(z) = fp) < fla+) = fp)
= f(z+) = f(p—) = sp, 2]
< Az - he(p) < Az(q+¢).
Also, if > y > p, then

Af = fly+) — f(p—) = slp.y] = Ay - g:(p) > Ay(q —e),
where
Ay=y—p=mlpyl
Making y 7 z, with = fixed, we get
(g—e)Az < Af < (¢+¢e)Az.
Similarly in the case z < p.
Thus with € — 0, we obtain
A

o) =tm L =g #oe D

Problems on Vitali Coverings

1. Prove Theorem 1 for globes, filling in all details.
[Hint: Use Problem 16 in §8.]

=-2. Show that any (even uncountable) union of globes or nondegenerate
cubes J; C E™ is L-measurable.
[Hint: Include in K each globe (cube) that lies in some J;. Then Theorem 1 represents
U Ji as a countable union plus a null set.]
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3. Supplement Theorem 1 by proving that
m*(a-J1) =0

m*Azm*(AﬂUI,‘j);

and

here I° = interior of I.
4. Fill in all proof details in Lemmas 1 and 2. Do it also for K = {globes}.

5. Given mZ = 0 and ¢ > 0, prove that there are open globes

G, C E",
with -
zc|JaG;
k=1
and

oo
Z mGy, < €.
k=1

[Hint: Use Problem 3(f) in §5 and Problem 16(iii) from §8.]
6. Do Problem 3 in §5 for
(i) " = {open globes}, and
(if) C" = {all globes in E"}.

[Hints for (i): Let m’ = outer measure induced by v': C’ — E'. From Problem 3(e)
in §5, show that
(VACE"™) m'A>m*A.

To prove m’ A < m*A also, fix e > 0 and an open set G D A with
m*A+¢e > mG (Theorem 3 of §8).
Globes inside G cover A in the V-sense (why?); so
ACZU UGk (disjoint)
for some globes G, and null set Z. With G} as in Problem 5,

m/'A < Z(mGk +mG;) <mG+e <m*A+ 2]

tQ 1o . . .
7. Suppose f: E* &3 E™ is an isomelry, i.e., satisfies

[f(x) = f(@)| = |z —y| forz,yekE"
Prove that
(i) VAC E™) m*A=m*f[A], and
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(i) A€ M*iff f[A] € M*.

[Hints: If A is a globe of radius r, so is f[A] (verify!); thus Problems 14 and 16 in §8
apply. In the general case, argue as in Theorem 4 of §8, replacing intervals by globes
(see Problem 6). Note that f~! is an isometry, too.]

. From Problem 7 infer that Lebesgue measure in E™ is rotation invariant.

(A rotation about p is an isometry f such that f(p) = p.)

. A V-covering K of A C E"™ is called normal iff

(i) (VI € K)0<ml=mlI° and

(i) for every p € A, there is some ¢ € (0,00) and a sequence
Iy —p ({1} €K)

such that

(VE) (3cube Ji D Ii) c-m I, > mdy.

(We then say that p and {I} are normal; specifically, c-normal.)

Prove Theorems 1 and 2 for any normal K.
[Hints: By Problem 21 of Chapter 3, §16, dI = dI.
First, suppose K is uniformly normal, i.e., all p € A are c-normal for the same c.

In the general case, let
A;={z € A|zisinormal}, i=1,2,...;

so K is uniform for A;. Verify that A; & A.
Then select, step by step, as in Theorem 1, a disjoint sequence {I;,} C K and
naturals n; < ng < --- <n; < --- such that

(Vi) m” (Ai — [J I;C) < %

k=1
Let
oo
U= I
k=1
Then |
(Vi) m*(A; —U) < =
7
and

A —U A-U.
(Why?) Thus by Problems 7 and 8 in §6,

1
m*(A—-U) < lim = =0]

1—00 1

9. A V-covering K" of E™ is called universal iff

(i) (VIeK")0<ml=mI°< oo, and
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10.

11.

(ii) whenever a subfamily K C K" covers a set A C E™ in the V-sense,
we have
m*(a-J1) =0
for a disjoint sequence
{I;} C K.
Show the following.
(a) K* C M*.

(b) Lemmas 1 and 2 are true with K replaced by any universal K . (In
this case, write D*s and D" s for the analogues of Ds and Ds.)

(c) Ds=D*s=D"s = Ds a..

[Hints: (a) By (i), I = T minus a null set Z C T — I°.
(c) Argue as in Lemma 2, but set

Q=J(D*s>u>v> Ds)

IC:{IGE*

I
rca, s—>v}
mi

to prove a.e. that D*s < Ds; similarly for Ds < D*s.
Throughout assume that s: M’ — E* (M’ D KUK ") is a measure in E™, finite

on KUK"]
Continuing Problems 8 and 9, verify that

(a) K = {nondegenerate cubes} is a normal and universal V-covering

of E™;

(b) so also is K~ = {all globes in E™};

(c) C = {nondegenerate intervals} is normal.
Note that C is not universal.!

Continuing Definition 3, we call ¢ a derivate of s, and write ¢ ~ Ds(p), iff

for some sequence Ij, — P, with I, € K.
Set
Dy ={qe E" | q~ Ds(p)}

and prove that

Ds(p) = min Dy and Ds(p) = max Dj.

1 See M. E. Munroe, Measure and Integration, Addison-Wesley (1971), pp. 173-175.
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12. Let £* be a normal V-covering of E™ (see Problem 8). Given a measure
s in E", finite on K* UK, write

q~ D*s(p)
iff

for some normal sequence I, — p, with I, € K*.

Set
Dy ={qe E" | ¢~ D"s(p)},
and then
D*s(p) = inf Dy and D" s(p) = sup D;.
Prove that

. —
Ds=D*s=D s= Ds a.e.on E".
[Hint: E™ = J;2, E;, where

E; ={z € E™ | T is i-normal}.

On each E;, K* is uniformly normal. To prove Ds = D*s a.e. on E;, “imitate”
Problem 9(c). Proceed.]

*811. Generalized Measures. Absolute Continuity

I. We now return to general set functions s: M — E, with E as in Definition 1
of §4.
Definition 1.

A set function s: M — FE is a generalized measure in a set S, and
(S, M, s) is a generalized measure space, iff s is o-additive and semifi-
nite (i.e., s # 400 or s # —o00) on M, a o-ring in S, and sf) = 0.

We call s a signed measure iff E C E* (i.e., s is real or extended real);
if s > 0 then s is a measure; s may also be complex (E = C) or vector
valued.

Definition 2.
Given a set function s: M — E, we define its total variation
vs: M — [0, 00]

by
VAeM) vA= supz [s X,
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taking the sup over all countable disjoint subfamilies {X;} C M with
U; X: C A

Note 1. If M is a o-ring, we may equivalently require that

Jxi=4

with {X;} a disjoint sequence in M (add the term X, = A — |J; X; if neces-
sary).!
Corollary 1. If s and vs are as in Definition 2, then
(i) vs is monotone on M, and
(ii) |sA| < vsA for every A e M.
Proof. For (i), let A C B, A, B € M. Take any disjoint sequence {X;} C M,
with
U&QAQB
By definition,
Z |SX1‘ S ’USB.

i
Thus v, B is an upper bound of all such sums, with (J X; C A. Hence
v A = lubz |sX;| < vsB,
proving (i).
To prove (ii), just let {X;} consist of A alone. O

Theorem 1. If s: M — E is a generalized measure, then vs is a measure

on M.

Proof. By definition, vs > 0 on M, a o-ring, and vs@ = 0. (Why?) It remains
to prove o-additivity.
Thus let
A= U A, (disjoint),

with A4, A,, € M. To show that
VA = Z Vs Ap,

take any M-partition {X;} of A. Then
(Vi) X;=X;nA=X;nJA, = JXinA,) (disjoint).

n

1 Any such {X;} is called an M-partition of A (Chapter 8, §1); it may consist of A alone.
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Similarly,

so by definition,
(vn) Z |3(An N X1)| <Ay,

Hence as

Xi = J(X; N 4,),

n

we get

s|JAn N X3)

n

23

i ln

< Z Is(A, N X3)| < ZUSA,L.
n,i n

As {X;} was an arbitrary M-partition of A,

v A = supz [sX;] < szAn.

It remains to show that

> s(An N X))

Z |sX;| = Z

n

Z vs A, < v A.

This is trivial if v;A = oo.
Thus let vsA < 0o. Then

(vn) UsAn S USA < 00

by Corollary 1(i). Now fix &€ > 0. By properties of lub, each A, has an M-
partition,
An = Uanm
k

such that .
Ve Ap — o < Z |s X k|-
k

All X, combined (for all n and k) form an M-partition of A. Thus by defini-

tion,
vsA > ZZ |3Xnk| > Z(vsAn - 2%) > szAn —&.
n k n n

With € — 0, we get
Z UsAn < UsAv
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as required. 0O

Definition 3.

Given
ssM— FEandt: M' - E' 2

we say that s is
(i) t-continuous (written s < t) iff
X =0=[sX|=0 (X ¢cM);

(i) absolutely t-continuous (or absolutely continuous with respect to
t) iff
nX - 0= sX — 0,
ie.,
(Ve>0) (F36>0) VX eM) nX<di= [sX]|<e¢;
(iii) t-finite iff

nX <oo= [sX| <00 (XeM).

Corollary 2. If two set functions s,u: M — E are t-continuous (absolutely
t-continuous) so are s & u, and so is ks for any k from the scalar field of E.3

The proof is left to the reader. (Use Definition 3(i)(ii), quantified formula.)

Theorem 2. Let s: M — E andt: M’ — E'.
(i) If s < t, then vy < t.

(ii) If, in addition, s and t are generalized measures and vs is t-finite, then
both vs and s are absolutely t-continuous.

(iii) vs K t implies s K t (which is obvious).
Proof. Fix A € M and any disjoint sequence X; € M, with
U&QA
If ;A = 0, then (Corollary 1)
(Vi) vX;=0;

2 For the rest of this section, we assume that M and M’ satisfy X € M whenever X € M’
and v X < oo.
31f E = E*, we assume k € E'. If s is scalar valued, k may be a vector in E.
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so by the t-continuity of s, |sX;| = 0, and hence ) |sX;| = 0. As this holds for
any such sum, we also have

v A = supz |sX;] =0

whenever v; A = 0. This proves assertion (i).
Now, let s and ¢ be as in (ii); so v, and v; are measures by Theorem 1.
Suppose v, is not absolutely ¢t-continuous. Then

(Fe>0) (V6>0) X eM) vX <dand v X >e.

(Why?) Taking
o, =277,

fix (Vn) a set X,, € M’, with
1 X, < 27" and v, X,, > €.
Let - -
Vo= J Xpand Y = () Vs
k=n n=1

so0Y,Y, e M, Y, \\Y, and

o0 o0
vV, <3 uXy <y 27k <2l

k=n k=n
Thus by Theorem 2 in §4 (right continuity),

wY = lim vY, < lim 27" =0.
n—oo n—oo

Hence by the ¢-continuity of vs (see (1)),
vY =0<e.
On the other hand, as Y,, 2 X,,, we have
Vs Yy > Vs Xy > €.
Also, v,Y,, < 217" implies v,Y;, < oo (v is t-finite). Hence

’USY = lim ’UsYn, Z g,

n—oo

a contradiction. Thus v is absolutely t-continuous.
So is s; for by Corollary 1(ii), we have

Ve>0)(F6>0) (VX e M) uX <d= [sX|<v,X <¥,

proving (ii). O
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Note 2. Absolute t-continuity always implies t-continuity.*

II. Special notions apply to signed measures. First of all, we have the following
definition.

Definition 4.

A set A C S in a signed measure space (S, M, s) is called positive (nega-
tie) iff sX >0 (sX <0, respectively) whenever

ADX, X e M.
We set
MT ={X € M| X is positive}

and
M™ ={X € M| X is negative}.

The easy proof of Lemmas 1 and 2 is left to the reader.
Lemma 1. In any signed measure space, M™ and M~ are o-rings.
Lemma 2. If s,t are signed measures on M, then
(i) sois ks (k€ EY);
(ii) so also are s £t, provided s ort is finite on M.
Note 3. Lemma 2 applies to generalized measures s,t: M — E as well.

Lemma 3. Let s: M — E* be a signed measure. Let A € M, 0 < sA < 0.
Then A has a subset Q € M™T such that

0<sA<sQ < oo.

Proof. If A € M*, take Q = A.
Otherwise, A has subsets of negative measure. Let then ny be the least
natural for which there is a set A; € M, with

1
Ai CAand sA; < ——.
ny

(why does such n; exist?); then
s(A—A4;) >sA>0.

Now, if A— A; € M™, take Q = A — A;. If not, let ny be the least natural
for which there is Ay € M, with

1
A2 g A—Al and 8142 < ——.
ng

4For if v, X = 0, then v;X < § for any § > 0. Thus Definition 3(ii) implies (Ve > 0)

|sX| < &; hence |sX| = 0.
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Again, if

is positive, put

Q=4-JA
i=1
If not, let n3 be the least natural for which there is A3 € M, with
2
A3 CA— U A;
i=1
and
1
5143 < ——.
ns3

Continuing, we either find the desired @) at some step or obtain a sequence
{Ar} € M such that

k
1
(1) (VEEN) sAp<——and Ay CA-J A
Tk i=1

(so the Ay, are disjoint). In the latter case, let

Q=A4-J A4
k=1
S0
A=QU U Ay (disjoint),
k=1
and

sQ + ZSAk = sA.
k

As |sA| < oo (by assumption), > sAy converges. By (1), then,
1
Z — < Z(—sAk) < 0.
PR
Therefore,

lim — =0,
k—o0 N
ie.,

lim ng = oo.
k—o00
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Also, as sA < 0 and sA > 0, we have
stsAstAk > sA > 0.

Now, given € > 0, choose k so large that

N 1
£ 1
As
k
QcA-J4,
=1

our definition of the nj implies that @ can have no subsets X € M, with

sX < —e<— .
nkfl

(Why?) As € is arbitrary, @ has no subsets of negative measure.
Thus Q € M™, Q C A, and

0 < sA<sQ < oo,
as required. O

The following theorem is named after the mathematician Hans Hahn.

Theorem 3 (Hahn decomposition theorem). In any signed measure space
(S, M, s), there is a positive set P C S whose complement is negative. More-
over, P or —P can be chosen from M, according to whether s # oo or s # —o0
on M.

If S € M, both P and —P can be made s-measurable:

PeM' and —P e M™.
Proof. By definition, s is semifinite; so s # oo or s # —oo on M; say, s # +o0.
As M* is a o-ring (Lemma 1), the restriction of s to M™ is a measure, with
0<s< >
on M™. Thus by Problem 13 in §6, we fix a set P € M™ such that
sP=max{sX | X € M1} < cc.

By Lemma 3, sP = maxsX, even on all of M.

It remains to show that —P is negative. Suppose it is not. Then —P has a
subset Y € M, with sY > 0; so

YNP=0and YUP € M.



202 Chapter 7. Volume and Measure
By additivity,
s(YUP)=sY +sP > sP,

contrary to the maximality of sP. This contradiction settles the case s # +oc.

In case s # —oo, consider —s, which by Lemma 2 is likewise a signed mea-
sure, with —s # +o00. By what was proved above, there is a set P’ € M that
is positive for —s (hence negative for s), and whose complement is positive for
s.

Finally, if S € M, then P € M implies
S—P=—-PecM;
so both P and —P are in M. Thus all is proved. O

Note 4. The set P in Theorem 3 is not unique. However, if P’ € MT is
another such set, then

s(P—P)=0=s(P —P),
i.e., any two such sets can differ by a set of measure 0 only. Indeed,
P-P CPandP-P C-P;
so s(P — P’) is both > 0 and < 0. Thus s(P — P’) = 0. Similarly for P’ — P.

Theorem 4 (Jordan decomposition). FEvery signed measure s: M — E* is
the difference of two measures,

-5~ (sT,s7 >0),
with st or s~ bounded on M.

Proof. Suppose s # +oco on M. Then by Theorem 3, there is a set P € M™T
such that —P is negative and sP < co. Now define, for all sets A € M,

(2) sTA=5(ANP) and s"A=—s(A—P).
By additivity,
sA=3s(ANP)+s(A—P)=sTA— s A;
50 s = sT — s~ on M, as required. Moreover,
sTA=5s(ANP)>0,
since AN P C P and P is positive. Similarly,
sTA=-s(A—-P) >0,

since A— P C —P and —P is negative. Thus s*,s~ >0 on M, a o-ring.
The o-additivity of sT and s~ easily follows from that of s (we leave the
proof to the reader). Thus s™ and s~ are measures.
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Finally, by (2),
sTA=5(ANP)<sP <

for all A € M (for
sP =max{sX | X € M};

see the proof of Theorem 3). Thus s™ is bounded, and all is proved.
The case s # —oo is similar. O

Note 5. For any set X C A (X € M), we have
sX=sTX -5 X<stX <stA,
for st and s~ are > 0 and monotone. Thus sTA is an upper bound of
{sX|AD X e M}.

By (2), this bound is reached when X = AN P; so it is a mazimum. Similarly
for s7; thus

(3) stA=max{sX|ADX eM}and s”A=max{-sX | AD X € M}.
Note 6. The decomposition is not unique, for we also have
s=(st+m)—(s7+m)

for any finite measure m on M. However, it becomes unique if we add condition
(3). When so defined, s™ and s~ are called the Jordan components of s.

Note 7. Formula (2) shows that
(—s)T =s" and (—s)” =s*.
Corollary 3. With s, s*, and s~ as in (3), we have the following.
(i) vs = st +s7; hence if s is a measure (s~ = 0), then
s=vs=5".

(i) vs is finite (t-finite, t-continuous, absolutely t-continuous) iff st and s~
are, i.e., iff s is.

Proof. We give only an outline here.
(i) Take any M-partition
A =X (disjoint).

Setting
m=s"+ s,

verify that
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and
D IsXi| <Y mX; =m| X = mA.

Thus mA is an upper bound of sums

> lsXil.
This bound is reached when X1 = ANP, Xo =A— P (P as in (2)).

(ii) Use Theorem 2, Corollary 2, and Definition 3. Note that vy > |s|, sT,
and s—. O

Corollary 4. A t-finite signed measure s is absolutely t-continuous iff it is
t-continuous.

In particular, this applies to finite measures.
Corollary 4 follows from Theorem 2 and Note 2, by Corollary 3.

III. If E = E™(C™), the function
s:M—=E
has n real (complex) components

S1y++- 58n;

as defined in Chapter 4, §3. As in Theorem 2 of Chapter 4, §3, one easily
obtains the following.

Theorem 5. A set function s: M — E™(C™) is t-continuous (absolutely t-
continuous, additive, o-additive) iff its n components are. Hence a complex
set function s is t-continuous (etc.) iff its real and imaginary parts are.

For o-additivity, one can argue as follows. Let

A= U A; (disjoint),

i=1
with A, A; € M. Use Theorem 2 in Chapter 3, §15, with p = sA and
Tm = Z SAi7
i=1

to get pr = spA, and

m
xmk:E sKA;, k=1,...,n.
i=1
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Theorem 6. A generalized measure s: M — E™ (C™) is t-continuous iff it is
absolutely t-continuous. It is always bounded on M, as is vs.

Proof. As s: M — E™ is o-additive, so is each of its components s, by
Theorem 5. Thus each sy, is a finite (real) signed measure, with

— ot —
Sk =8, — S,

as in Theorem 4. Here the measures s} and s, are both finite (as s is).
Thus by Problem 13 in §6, they are bounded, say, sz < K and s, < K3 on
M. Hence by Corollaries 1 and 3,

[si] < v = s + 85 < K1 + Ko;

that is, vs, is bounded on M (k =1,2,...,n). Hence so are s and vy, for
ls| Svs <> g,
k

(see Problem 4(iii)).

Now, as vy is finite, it is certainly t-finite. Thus by Theorem 2 and Note 2,
s is t-continuous iff it is absolutely ¢t-continuous.

This settles the case E = E™, hence also E = C = E?. The case E = C" is
analogous. [

IV. Completion of a Generalized Measure. From Problems 14 and 15 of §6,
recall that every measure m has a completion . A similar construction, which
we now describe, applies to generalized measures s: M — E.

Given such an s, let M be the family of all sets X U Z, where X € M and
Z is vs-null, i.e., Z C U for some U € M, v;U = 0 (note that vy is a measure
here, by Theorem 2). That is,

M={XUZ|XeM, ZCU, UecM, v,U=0}.
We now define 5: M — E by setting
SA =sX

whenever A = X U Z, with X and Z as above.

As in Problems 14 and 15 of §6, it follows that M is a o-ring O M, and
that 5 is a o-additive extension of s, hence a generalized measure. We call §
the completion of s. It is complete in the sense that M contains all v,-null sets
(but it may miss some subsets of X with sX =0). If s > 0 (a measure), then
s = vg; so our present definitions agree with Problem 15 in §6. We use these
ideas in the following part.
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V. Signed Lebesgue—Stieltjes (LS) Measures. Motived by Theorem 3 in
Chapter 5, §7, we shall say that a function

a: E' - E!
is of bounded variation on E' iff
a=g—h,

with g1 and k1 on all of E'.
Then g and h induce two LS measures m, and my, in EL.
Let p1y and py, be their restrictions to the Borel field B in E'. Then

O = g —
is finite for sets X € B inside any finite interval I C E' (as py and py, are finite
on intervals).

By Lemma 2, ¢}, is a signed measure on the B-sets in I. Moreover, o, does
not depend on the particular choice of gt and hT (¢ — h = &) on I. For if also
a=u—v (ut, v}) on El, set

U;! = Hu — Ho-
Then for any (z,y] C I,
ol (z,y] = a(y+) — alz+) = ok (x,y]  (verify!);

so by Problem 13 in §5, ¢/, = o}, on B-sets in I.
Thus o}, is uniquely determined by . Its completion

53

Saq =

is the a-induced Lebesque—Stieltjes (LS) signed measure in I.
If further p4 or puy, is finite on all of B, the same process defines a signed LS
measure in all of E.

Problems on Generalized Measures
1. Complete the proofs of Theorems 1, 4, and 5.
1’. Do it also for the lemmas and Corollary 3.
2. Verify the following.
(i) In Definition 2, one can equivalently replace “countable {X;}” by
“finite {X;}.”
(i) If M is a ring, Note 1 holds for finite sequences {X,}.

(iii) If s: M — F is additive on M, a semiring, so is vs.
[Hint: Use Theorem 1 from §4.]
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3. For any set functions s,t on M, prove that
(i) Vjs] = Vs, and
(ii) vst < avy, provided st is defined and
a = sup{|sX| | X € M}.

4. Given s,t: M — E, show that
(1) vste < vs + vy
(if) vgs = |k|vs (k as in Corollary 2); and
(i) if £ = E™ (C™) and

n
s = E Sk€k,
k=1
then

n
Vs, S Vs S E Usk-
k=1

[Hints: (i) If
AD UXi (disjoint),

with A;, X; € M, verify that
[(s + ) X;] < |sXi| + |tX5],
Z [(s +1)X;| <vsA+viA, etc;

(ii) is analogous.
(iii) Use (ii) and (i), with |eg| = 1.]

5. If g1, h1, and o = g — h on E', can one define the signed LS measure
Sa by simply setting s, = mg — my, (assuming my, < 00)?
[Hint: the domains of my and m;, may be different. Give an example. How about
taking their intersection?]

6. Find an LS measure m,, such that « is continuous and one-to-one, but
Mg is not m-finite (m = Lebesgue measure).
[Hint: Take

23

T T#0,

a(z) =9 |z

z =0,

and

A:n@1<n,n+ %]]

7. Construct complex and vector-valued LS measures s, : M — E™ (C™)
in BL.
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8. Show that if s: M — E™(C™) is additive and bounded on M, a ring,

SO 1S vs.
[Hint: By Problem 4(iii), reduce all to the real case.

Use Problem 2. Given a finite disjoint sequence {X;} C M, let Ut (U~) be the
union of those X; for which sX; > 0 (sX; < 0, respectively). Show that

Zin =sUt —sU™ < 2supls| < o0.]

. For any s: M — E* and A € M, set

sTA=sup{sX | AD X € M}

and
sTA=sup{-sX|AD X e M}.

Prove that if s is additive and bounded on M, a ring, so are s and s~
furthermore,

1
st = i(v‘, +s) >0,
1
sT = =(vs—s) >0,
2
s=s"—s7, and
Vg = st + s
[Hints: Use Problem 8. Set
s = =(vs + )

Then (VX e M | X C A)

2sX = sA+sX —s(A—X) <sA+ (|sX]|+]s(A - X)]|)
< sA+vsA=25A.

Deduce that st A < s’A.
To prove also that s’A < st A, let € > 0. By Problems 2 and 8, fix {X;} C M,
with

n
A= X; (disjoint)
i=1

and
n
vsA—e < Z [s X
i=1
Show that
n
QS/A—E=U3A+SA—ESSU+—SU7+SUX1' =2sUt
i=1
and

2sTA>2sUT >25'A—¢]
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10.

11.

Let
K = {compact sets in a topological space (S, G)}

(adopt Theorem 2 in Chapter 4, §7, as a definition). Given
ssM—E, MC25,
we call s compact reqular (CR) iff

Ve>0) (VAeM) (FFekK)(IGeqg)
FFGeM, FCACG, and v;G — e <v,A <v,F +e.

Prove the following.
(i) If s,t: M — E are CR, so are s £¢ and ks (k as in Corollary 2).

(ii) If s is additive and CR on M, a semiring, so is its extension to the
ring Mg (Theorem 1 in §4 and Theorem 4 of §3).

(iii) If £ = E™(C") and vy < oo on M, a ring, then s is CR iff its
components s are, or in the case E = E', iff sT and s~ are
(see Problem 9).

[Hint for (iii): Use (i) and Problem 4(iii). Consider vs(G — F).]

(Aleksandrov.) Show that if s: M — E is CR (see Problem 10) and
additive on M, a ring in a topological space S, and if vs < co on M,
then vs and s are o-additive, and vs has a unique o-additive extension
U5 to the o-ring N generated by M.

The latter holds for s, too, if S € M and E = E™ (C").

[Proof outline: The o-additivity of vs results as in Theorem 1 of §2 (first check
Lemma 1 in §1 for vy).
For the o-additivity of s, let

o0
A= U A; (disjoint), A, A; € M,
i=1

then

r—1

sA — ZSA,L

i=1

0o
< szAi — 0
i=r

as r — oo, for
oo

szAi = vs [j A < 0.

i=1 i=1
(Explain!) Now, Theorem 2 of §6 extends vs to a measure on a o-field
M*DON DM

(use the minimality of N'). Its restriction to N is the desired ©s (unique by
Problem 15 in §6).
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A similar proof holds for s, too, if s: M — [0,00). The case s : M — E™ (C")
results via Theorem 5 and Problem 10(iii) provided S € M; for then by Corollary 1,
v5S < co ensures the finiteness of vs, sT, and s~ even on N

12. Do Problem 11 for semirings M.
[Hint: Use Problem 10(ii).]

*812. Differentiation of Set Functions

In the proof of Theorem 3 in §10 and the lemmas of that section, we saw the
connection between quotients of the form

Af _ f()~ ()

Ax r—p

and those of the form
sl

Ma
where m is Lebesgue measure and s is another suitable measure. With this in
mind, we now use quotients sI/ml for forming derivatives of set functions.
Below, m is Lebesgue measure in E™;

K = {nondegenerate cubes}.

Definition 1.

Assume the set function
ssM = E (M DK)
in E™ and that ¢ € E.
(i) We say that ¢ is the derivative of s at a point p € E™ iff

for all sequences {I;,} C K, with I, — p (see Definition 1 in §10),
Notation:

qzd@):j%d@.

If, in addition, |¢| < oo, we say that s is differentiable at p.
It
. sl
q= lim —
k—oo mly,
for at least one such sequence I, — p, we call ¢ a derivate of s at p

and write
q~ Ds(p).
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If §'(p) exists, it is the unique derivate of s at p.

(ii) In case E is E* or E', we admit infinite derivates and derivatives.
For any set function

st M — E*
(measure or not) with
M DK,
we also define
Ds(p) and Ds(p)

exactly as in Definition 3 of §10.

Equivalently, Ds(p) is the least and Ds(p) is the largest derivate
of s at p (Problem 11 in §10). This shows that if E = E* or E = E*,
derivates exist at every p.

Note 1. Hence ¢ = /(p) in E* iff
g = Ds(p) = Ds(p)-

Note 2. We treat Ds, Ds, and s’ as functions on points of E®. Thus they
are point functions, even though s is a set function.

The easy proofs of Theorems 1 and 2 (with K and M’ D K as above) are
left to the reader.

Theorem 1. If s,t: M'" — E are differentiable at p, so are s £t and ks for
any scalar k. (If s,t are scalar valued, k may be a vector.) Moreover,

(s+t) =5 £t and (ks) = ks’ at p.
(See also Problem 7.)

Theorem 2. A set function s: M' — E" (C") is differentiable at p iff its
components si, S, ..., S, are; and then

,

/ / / = ! =

s'=(s],...,s) = E €;s; atp.
i=1

In particular, for complex functions,

!
im

7 . _
S =8,t+1"8 at p.

The process described in Definition 1 will be called Lebesgue differentiation
or K-differentiation, as opposed to “Q-differentiation,” defined next.!

1 We follow some ideas by E. Munroe here.
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Definition 2.

Let p* be a G-regular (§5) outer measure in a metric space (S, p); re-
call that

G = {all open sets in S}.
Let pu: M — E* be the p*-induced (§6) measure in S.
A countable (two-indexed) set family
Q={U}TM (i,n=1,2,...)
is called a network in S (with respect to p and p) iff
(i*) the space

oo
S=J Ui (disjoint), i=1,2,...,
n=1
with
0<ulUl <oo, in=12..;
(ii*) each Uit! is a subset of some U} (the Ul decrease as i increases);
(iii*) for each p € S, there is a sequence

with I, — p; that is,
pE ﬂ p
k=1
and dI, — 0 (dI = diameter of I}, in (S, p)).

Now, given any set function
ssM —E (M 2Q),

we define derivatives, derivates (also Ds and Ds if £ C E*), and differentia-
bility exactly as in Definition 1, replacing K by €, and Lebesgue measure m
by p.

Note that these derivates and derivatives depend not only on p and p but
also on the choice of 2. To stress this, one might write s, , and D, s for s" and
Ds, respectively. Mostly, however, no confusion is caused by simply writing s’
and Ds (and we shall do so).

A network for E™ is suggested in the “hint” to Problem 2 of §2. See also
Note 3.

2 Thus for each fized i, the U}, are disjoint. Also, u is o-finite, and S € M.

*§12. Differentiation of Set Functions 213

Theorems 1 and 2 carry over to Q-differentiation, with the same proofs. We
shall also need a substitute for the Vitali theorem (Theorem 1 of §10). It is
quite simple.

Definition 3.

Let Q be as in Definition 2. A set family N/ C Q is called an Q-covering
of AC (S,p)iff
Ac| N,

where |JN is defined to be |y X.

Theorem 3. Let N be an Q-covering of A C S. Then there is a disjoint
sequence

{I,} SN
with
Ac| I
k
so that
u*(AA—LJh) =0
k
and

/L*A:,u*(AﬂUIk).
k

Proof. As N'C Q, N consists of some of the U!. For each i, let
Ni={U.eN|n=1,...},

i.e., N'* consists of all UL € N with that particular index i.

Now, by Definition 2(i*)(ii*), any two U{ are either disjoint, or one contains
the other. (Why?) Thus to construct {1}, start with all the (disjoint) A!-sets
(if N1 # 0). Then add those U2 € N2 that are not subsets of any set from N
and hence are disjoint from such sets. Next, add those U2 € A/® that are not
subsets of any set chosen from N or A2, and so on.

All U so chosen form a disjoint subfamily KL C N that covers all of A, as

Ac| N =k
(Why?)
K is countable (as €2 is); so we can put it in a sequence {Ij}, with

AC UIk (disjoint),
k

as required. [
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We can now prove our main result for K- and Q-differentiation alike.
Theorem 4.
(i) Ifs: M' — E*(E", C") is a generalized measure in E™, finite on K, then
s is differentiable a.e. on E™ (under Lebesgue measure m).

(ii) Similarly for Q-differentiation in (S, p), provided s is finite on Q and
regular.’

Proof. Via components and the Jordan decomposition (Theorem 4 of §11),

all reduces to the case where s is a measure (> 0). Then the proof for K-
differentiation is as in Lemmas 1 and 2 in §10. (Verify!)

For Q-differentiation, the proof of Lemma 1 in §10 still works, with IC-
coverings replaced by §2-coverings.

In the proof of Lemma 2, after choosing rationals v > wu, we choose @,
G 2 Q, the Q-covering

K:{IGQ'IQG, 8—I<u}
wl

of @, and the sequence {I;} C K, as before. (In selecting G, we use the
G-regularity of p*; the I need not be cubes here, of course.)

Then, however, instead of forming the set @),, we use the regularity of s to
select an open set G/ € M’ with

GIQUII@QQ
k

and
SG/—ES SUIk S Zsfk.

The set family
I
IC’:{IGQ'IQG’, S—>v}
ul
is then an Q-covering of @ (why?); so we find a disjoint sequence {I;,} C K’

with
Qclyncaca

and obtain

u~(,u*Q+E)Zu-,uGZU-Z;LIkEZsIkZSG’—EZZsI;Q—e

21}~Z;LI{€—ezv-uUI{C—eZwu*Q—s.
k

3 A signed measure s is called regular iff sT and s~ are regular (Definition 4 in §7). A
complex measure s is regular iff s;e and siy are. Finally, s: M’ — E" (C") is regular iff all
its components s; are.
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Thus
Ve>0) u-(WQ+e)>v-u'Q —e.
The rest is as in Lemma 2 of §10. [
Note 3. If u* = m*, K-derivatives equal Q-derivatives a.e. for a regular s

(Problem 6). One may use  in E™, thus avoiding Theorem 1 of §10 (Prob-
lem 13).

Problems on Differentiation of Set Functions

1. Complete the proofs of Theorems 1 to 4 in detail. Verify Note 1.

2. Verify that the hint for Problem 2 in §2 describes a network for E™ (see
Note 3).

3. Show that the measure p in Definition 2 is necessarily topological.
[Hint: Any G € G is a countable union of Q-sets. Why?]
4. (i) Show that the derivates of s at p form exactly the set Dj of all
cluster points of sequences sl /mly with I, — p and {I} C K.
Do the same considering sequences sli/uly with I, — p and
{I} CQ.

(ii) Do Problem 11 in §10 for Q-differentiation. Must s be regular
here?

5. Verify that if
(VI€Q) ul=npl°

then Theorem 4 holds for )-differentiation even if s is not regular.
[Hint: The proof of Lemma 2 of §10 holds unchanged.]

6. Prove Note 3 assuming that (i) s is regular, or (ii) (VI € Q) ul = pul°
(see Problem 5).
[Hint: Imitate Problem 9(b) in §10 and the “Q” part in the proof of Theorem 4.]

7. Prove for K- and Q-differentiation that if
s=t+u (s,t,u: M — E*)
and if u is differentiable at p, then Ds = Dt v’ and Ds = Dt 4+’ at p.

8. In Theorem 4 show that Ds = Ds a.e. even if s is not finite on all of
K ().
[Hint: For s > 0, Lemma 1 in §10, still holds. For signed measures, use Problem 7,
noting that s or s~ is finite, hence differentiable a.e.]

9. Prove that if f and s = my are as in the proof of Theorem 3 in §10,
then s and f are differentiable at the same points in E', and s’ = f’
there.
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10.

11.

12.
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[Hint: Use Note 1, Definition 1, and Chapter 5, §1, Problem 9, considering one-sided
derivatives, f| and f’ ]

Given a universal V-covering K (see Problem 9 in §10), develop K-
differentiation as in Definition 1, replacing K by K and writing s'*,
D*s, ... for s', Ds, etc.

Extend Theorems 1- 4 and Problem 7 to K -differentiation. Under the

assumptions of Theorem 4, show that s = s’ a.e. on E™ (use Problem 9
in §10).
Given a normal V-covering K* of E™ (Problem 8 in §10), develop K£*-
differentiation along the lines of Problem 12 in §10 (admitting normal
sequences {I;} only). Do the same questions as in Problem 10, for
K*-differentiation.

Describe what changes if, in Problem 11, we drop the normality restric-
tion on sequences I, — P (call it strong K*-differentiation; write D**s,
s ete.).
Show that
D*s<D*s<D's<D s

on E™, and so the existence of s**

implies that of s'*.
However the proof of Lemmas 1 and 2 in §10 fails for D**s and D" s
(at what step?). So does the proof of Theorem 4. What about Theo-

rems 1 and 27

Chapter 8
Measurable Functions. Integration

81. Elementary and Measurable Functions

From set functions, we now return to point functions
[2 8= (T.0)

whose domain Dy consists of points of a set S. The range space T will mostly
be E, ie., EY, E*, C, E", or another normed space. We assume f(z) = 0
unless defined otherwise. (In a general metric space T', we may take some fixed
element ¢ for 0.) Thus Dy is all of S, always.

We also adopt a convenient notation for sets:

“A(P)” for “{z € A| P(x)}.”

Thus
A(f #a)={z € A| f(z) #a
Alf=g)={zc Al f(x)=y
Alf>g) ={zcAlf(x)>yg

H

(@)},

(z)}, ete.

Definition 1.
A measurable space is a set S # () together with a set ring M of subsets
of S, denoted (S, M).

Henceforth, (S, M) is fixed.

Definition 2.

An M-partition of a set A is a countable set family P = {4;} such that
A= U A; (disjoint),

with A, A; € M. ‘

We briefly say “the partition A = J 4;.”

1P may be finite; it may even consist of A alone.
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An M-partition P’ = {By;} is a refinement of P = {A;} (or P’ refines
P, or P is finer than P) iff

k

i.e., each By is contained in some A;.
The intersection P’ A P" of P’ = {A;} and P” = {By} is understood
to be the family of all sets of the form

A0 By, i k=1,2,....
It is an M-partition that refines both P’ and P".

Definition 3.

A map (function) f: S — T is elementary, or M-elementary, on a set
A € M iff there is an M-partition P = {A;} of A such that f is constant
(f = a;) on each A4;.

If P={A,..., A} is finite, we say that f is simple, or M-simple,
on A.

If the A; are intervals in E™, we call f a step function; it is a simple
step function if P is finite.?

The function values a; are elements of T (possibly vectors). They may be
infinite if 7= E*. Any simple map is also elementary, of course.
Definition 4.
A map f: S — (T,p) is said to be measurable (or M-measurable) on a
set A in (S, M) iff
f= lim f, (pointwise) on A
m—>o0
for some sequence of functions f,,: S — T, all elementary on A. (See
Chapter 4, §12 for “pointwise.”)

Note 1. This implies A € M, as follows from Definitions 2 and 3. (Why?)
Corollary 1. If f: S — (T,p) is elementary on A, it is measurable on A.
Proof. Set f,, = f, m = 1,2,..., in Definition 4. Then clearly f,, — f
on A. O

Corollary 2. If f is simple, elementary, or measurable on A in (S, M), it
has the same property on any subset B C A with B € M.

2 Only simple step functions are needed for a “limited approach.” (One may proceed from
here to §4, treating m as an additive premeasure.)
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Proof. Let f be simple on A;so f =a; on A;, i =1,2,...,n, for some finite
M-partition, 4 = |J_; A;.
If AD B e M, then

{BNA;Y, i=1,2...n,

is a finite M-partition of B (why?), and f = a; on BN A;; so f is simple on B.
For elementary maps, use countable partitions.
Now let f be measurable on A, i.e.,

m—0o0
for some elementary maps f,, on A. As shown above, the f,, are elementary
on B, too, and f,, — f on B; so f is measurable on B. [
Corollary 3. If f is elementary or measurable on each of the (countably
many) sets Ay in (S, M), it has the same property on their union A = J,, Ay.

Proof. Let f be elementary on each A,, (so 4, € M by Note 1).
By Corollary 1 of Chapter 7, §1,

A=JA,=JBn

for some disjoint sets B,, C A,, (B, € M).
By Corollary 2, f is elementary on each B,; i.e., constant on sets of some
M-partition {B,;} of B;.
All B,,; combined (for all n and all 7) form an M-partition of A,
A= UBn = UBnl
n n,i

As f is constant on each B,;, it is elementary on A.

For measurable functions f, slightly modify the method used in Corol-
lary 2. O

Corollary 4. If f: S — (T,p') is measurable on A in (S, M), so is the com-
posite map go f, provided g: T — (U, p") 1is relatively continuous on f[A].

Proof. By assumption,

f= lim f,, (pointwise)
m— o0

for some elementary maps f,,, on A.
Hence by the continuity of g,

9(fm(2)) = g(f (@),

ie., go fm — go f (pointwise) on A.
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Moreover, all g o f,, are elementary on A (for g o f,, is constant on any
partition set, if f, is).
Thus g o f is measurable on A, as claimed. O

Theorem 1. If the maps f,g,h: S — E' (C) are simple, elementary, or mea-
surable on A in (S, M), so are f £g, fh, |f|* (for real a # 0) and f/h (if
h#0 on A).

Similarly for vector-valued f and g and scalar-valued h.

Proof. First, let f and g be elementary on A. Then there are two M-

partitions,
A=JAi =B,

such that f =a; on A; and g = by, on By, say.
The sets A; N By, (for all i and k) then form a new M-partition of A (why?),
such that both f and g are constant on each A; N By, (why?); hence so is f +g.
Thus f £ g is elementary on A. Similarly for simple functions.
Next, let f and g be measurable on A; so

f=1lm f,, and g = lim g,,, (pointwise) on A

for some elementary maps fy., gm.
By what was shown above, f,,, & g,, is elementary for each m. Also,

fm £ gm — [ £ g (pointwise) on A.

Thus f 4 g is measurable on A.
The rest of the theorem follows quite similarly. O

If the range space is E™ (or C™), then f has n real (complex) components
fis-++ fn, as in Chapter 4, §3 (Part II). This yields the following theorem.
Theorem 2. A function f: S — E™(C™) is simple, elementary, or measur-
able on a set A in (S, M) iff all its n component functions f1, fa,..., fn are.
Proof. For simplicity, consider f: S — E2, f = (f1, f2)-

If f; and fy are simple or elementary on A then (exactly as in Theorem 1),
one can achieve that both are constant on sets A; N By of one and the same
Me-partition of A. Hence f = (f1, f2), too, is constant on each A; N By, as
required.

Conversely, let
f=¢ = (ai;,b;) on C;

A:UQ.

Then by definition, f; = a; and fo = b; on Cj; so both are elementary (or
simple) on A.

for some M-partition
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In the general case (E™ or C"™), the proof is analogous.

For measurable functions, the proof reduces to limits of elementary maps
(using Theorem 2 of Chapter 3, §15). The details are left to the reader. O

Note 2. As C = E?, a complex function f : S — C is simple, elementary,
or measurable on A iff its real and imaginary parts are.

By Definition 4, a measurable function is a pointwise limit of elementary
maps. However, if M is a o-ring, one can make the limit uniform. Indeed, we
have the following theorem.

Theorem 3. If M is ao-ring, and f: S — (T, p') is M-measurable on A, then

f= li_I)n gm (uniformly) on A

for some finite elementary maps gu,-

Thus given € > 0, there is a finite elementary map g such that p'(f,g) < e
on A3

The proof will be given in §2 for " = E*. The general case is sketched in
Problem 7 of §2. Meanwhile, we take the theorem for granted and use it below.

Theorem 4. If M is a o-ring in S, if
fm — [ (pointwise) on A
(fm: S — (T, p"), and if all fn, are M-measurable on A, so also is f.*

Briefly: A pointwise limit of measurable maps is measurable (unlike contin-
uous maps; cf. Chapter 4, §12).

Proof. By the second clause of Theorem 3, each f,, is uniformly approximated
by some elementary map g,, on A, so that, takinge =1/m, m=1,2,...,

1
(1) 0 (fn(2), gm () < p. for all z € A and all m.

Fixing such a g, for each m, we show that g,, — f (pointwise) on A, as
required in Definition 4.
Indeed, fix any 2 € A. By assumption, f,,(z) — f(x). Hence, given ¢ > 0,

(3k) (vm > k) P (f(@), fnla)) < 6.

Take k so large that, in addition,

Vm>k) ~<o
m

3 We briefly write p’(f, g) for sup,cg p'(f(2), g(2)).
4 The theorem holds also for T' = E*, with p/ as in Problem 5 of Chapter 3, §11.
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Then by the triangle law and by (1), we obtain for m > k that
P (f(@), gm (@) < p'(f(@), fm(2)) + 0/ (frm(2), g ()
<40+ E < 20.
m

As § is arbitrary, this implies p'(f(z), gm(x)) — 0, i.e., gm(z) — f(x) for
any (fixed) = € A, thus proving the measurability of f. O

Note 3. If
M = B (= Borel field in 5),

we often say “Borel measurable” for M-measurable. If
M = {Lebesgue measurable sets in E"},

we say “Lebesque (L) measurable” instead. Similarly for “Lebesque—Stieltjes
(LS) measurable.”

Problems on Measurable and
Elementary Functions in (S, M)
1. Fill in all proof details in Corollaries 2 and 3 and Theorems 1 and 2.
2. Show that P’ M P” is as stated at the end of Definition 2.
3. Given AC S and f, fin: S = (T,p), m=1,2,..., let
H=A(fo 1)

and

A = A0 (s ) < 3.

n
Prove that

oo oo oo

O H7=1U 1 A

n=1k=1m=k
(ii) H € M if all A,,, are in M and M is a o-ring.
[Hint: « € H iff
Why?]
3’. Do Problem 3 for T'= E* and f = 00 on H.
[Hint: If f = 400, Amn = A(fm >n).]
=4. Let f: S — T be M-elementary on A, with M a o-ring in S. Show the
following.

(1) A(f=a) € M, A(f #a) € M.
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=T.

(ii) If T'= E*, then
A(f <a), A(f > a), A(f > a), and A(f > a)
are in M, too.
(iii) (VB CT) An f~1[B] € M.

[Hint: If

and f = a; on A;, then A(f = a) is the countable union of those A; for which a; = a.]

. Do Problem 4(i) for measurable f.

[Hint: If f = lim f, for elementary maps fm, then
H=A(f=a)=A(fm —a).
Express H as in Problem 3, with
1
Amn = A(hm < ;)a

where hy, = p'(fm,a) is elementary. (Why?) Then use Problems 4(ii) and 3(ii).]

. Given f,g9: S — (T,p'), let h=p'(f,9), ie.,

h(z) = p'(f(2),9(z)).

Prove that if f and g are elementary, simple, or measurable on A, so
is h.
[Hint: Argue as in Theorem 1. Use Theorem 4 in Chapter 3, §15.]

A set B C (T, p') is called separable (in T) iff B C D (closure of D) for
a countable set D C T.

Prove that if f: S — T is M-measurable on A, then f[A] is separable
inT.
[Hint: f = lim fn, for elementary maps fpm; say,

fm=amion Ap € M, i=1,2,....

Let D consist of all ami (m,i = 1,2,...
Verify that

); so D is countable (why?) and D C T.

(Vy € flA]) Bz € A) y= f(z) = lim fm(2),

with fm(z) € D. Hence
(vye flA) yeD,

by Theorem 3 of Chapter 3, §16.]

. Continuing Problem 7, prove that if B C D and D = {q1, o, ...}, then

(Vn) BC G@(%)
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[Hint: If pe B C D, any Gp(%) contains some ¢; € D; so

o (p,ai) < % or p € Gy, (%)
Thus N
wpeB) pe |Gy (%)]

=1
9. Prove Corollaries 2 and 3 and Theorems 1 and 2, assuming that M is a
semiring only.

10. Do Problem 4 for M-simple maps, assuming that M is a ring only.

§2. Measurability of Extended-Real Functions

Henceforth we presuppose a measurable space (S, M), where M is a o-ring in
S. Our aim is to prove the following basic theorem, which is often used as a
definition, for extended-real functions f: S — E*.

Theorem 1. A function f: S — E* is measurable on a set A € M iff it
satisfies one of the following equivalent conditions (hence all of them):

(i*) (Va € E*) A(f > a) e M; (ii*) (Va € E*) A(f > a) € M;
(iii*) (Va € E*) A(f <a) € M; (iv") Vae E*) A(f <a) e M.
We first prove the equivalence of these conditions by showing that (i*) =
(ii*) = (iii*) = (iv*) = (i*), closing the “circle.”
(i*) = (ii*). Assume (i*). If a = —o0,
A(f>a)=AeM
by assumption. If a = 400,

A(f 2 a)= A(f = 00) = () A(f > n) € M

n=1

by (i*). And if a € E?,

A(f > a) = ﬁA(f>a—%).

n=1
(Verify!) By (i*),
1
A(f >aq— E) e M,

so A(f > a) € M (a o-ring!).
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(ii*) = (iii*). For (ii*) and A € M imply
Alf <a)=A—A(f >a) e M.

(iii*) = (iv*). If a € B,

A<f<a+%)€/\/t.

DX

A(f <a) =

n=1

What if a = £o0?

(iv*) = (i*). Indeed, (iv*) and A € M imply

A(f >a)=A—A(f <a) e M.

Thus, indeed, each of (i*) to (iv*) implies the others. To finish, we need two
lemmas that are of interest in their own right.
Lemma 1. If the maps fm: S — E* (m = 1,2,...) satisfy conditions (i*)-
(iv*), so also do the functions

SUp frn, f fr, T frn, and lim fy,,
defined pointwise, i.e.,
(sup fm)(m) = sup fm(x)v

and similarly for the others.

Proof. Let f =sup f,,. Then
A(f <a)= ) A(fm <a). (Why?)

But by assumption,
A(fm <a)eM
(fm satisfies (iv*)). Hence A(f < a) € M (for M is a o-ring).
Thus sup f,, satisfies (i*)—(iv*).
So does inf f,,; for

A(lnffm > (l) = A(f'm > a) e M.

1

DY

(Explain!)
So also do lim f,, and lim f,,; for by definition,

h_mfm = Sup gk,
k
where

m>k
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satisfies (i*)—(iv*), as was shown above; hence so does sup g = lim f,,,.
Similarly for lim f,,. O

Lemma 2. If f satisfies (i*)-(iv*), then
f= liin fm (uniformly) on A
for some sequence of finite functions fp,, all M-elementary on A.
Moreover, if f > 0 on A, the f,, can be made nonnegative, with { f;, }1 on A.
Proof. Let H = A(f = +0), K = A(f = —0), and

m

form=1,2,... and k =0,£1,42,... ,%n,....
By (i")-(iv*),

H = A(f = +00) = A(f > +0) € M,

K e M, and
k-1 k
= <X - A )

A= A(F <5 2)nA(f < 4 ) eM

Now define
(V m) fm = _ on Amka

fm =mon H, and f,, = —m on K. Then each f,, is finite and elementary on
A since

(Vm) A=HUKU U Apr (disjoint)

k=—o0

and f,, is constant on H, K, and A,,.
We now show that f,, — f (uniformly) on H, K, and

J= Loj A,

k=—o00
hence on A.

Indeed, on H we have
lim f,, = limm = +o00 = f,
and the limit is uniform since the f,, are constant on H.
Similarly,
fm=—-m— —oco=fonK.

Finally, on A,,r we have

(k—1)2m<f<k2™
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and f,, = (k—1)27™; hence
|fon — fl<k2™™ —(k—1)27™" =27

Thus
lfm = fl<27™ =0

on each Ak, hence on

J = fj A

k=—o00
By Theorem 1 of Chapter 4, §12, it follows that f, — f (uniformly) on J.
Thus, indeed, f,, — f (uniformly) on A.

If, further, f > 0 on A, then K = 0 and A, = 0 for k¥ < 0. Moreover,
on passage from m to m + 1, each A, (k > 0) splits into two sets. On one,
fm+1 = fm; on the other, fmi1 > fin. (Why?)

Thus 0 < f,, /' f (uniformly) on A, and all is proved. O

Proof of Theorem 1. If f is measurable on A, then by definition, f = lim f,,
(pointwise) for some elementary maps f,, on A.

By Problem 4(ii) in §1, all f,, satisfy (i*)—(iv*). Thus so does f by Lemma 1,
for here f = lim f,,, = imf,,.

The converse follows by Lemma 2. This completes the proof. [

Note 1. Lemmas 1 and 2 prove Theorems 3 and 4 of §1, for f: S — E*.
By using also Theorem 2 in §1, one easily extends this to f: S — E™(C™).
Verify!

Corollary 1. If f: S — E* is measurable on A, then
Vae E*) A(f=a) e M and A(f # a) € M.
Indeed,
A(f=a)=A(f>a)NA(f <a) e M

and

A(f#£a)=A— A(f =a) e M.
Corollary 2. If f: S — (T,p') is measurable on A in (S, M), then
AN fGl e M
for every globe G = Gy(0) in (T, p').
Proof. Define h: S — E' by
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Then h is measurable on A by Problem 6 in §1. Thus by Theorem 1,
A(h < §) e M.
But as is easily seen,
Ah < 6) = {z € A J(f(x),) < 6} = AN Gy (6)]
Hence the result. O

Definition.

Given f,g: S — E*, we define the maps fV gand f Agon S by
(f Vg)(x) = max{f(z),g(z)}

and
(f Ag)(@) = min{f(z),9(z)};
similarly for fV gV h, f AgAh, etc.

We also set
ff=fvoand f-=—fVvo0.

Clearly, fT >0and f~ >0on S. Also, f = f* — f~ and |f| = fT + f~.
(Why?) We now obtain the following theorem.

Theorem 2. If the functions f,g: S — E* are simple, elementary, or mea-
surable on A, so also are f+g, fg, fVg, fAg, fT, f=, and |f|* (a #0).

Proof. If f and g are finite, this follows by Theorem 1 of §1 on verifying that

FVg=5(f+a+1f—g)

and 1
Ing=5(f+g=1f—4l)

on S. (Check it!)
Otherwise, consider

A(f = +00), A(f = —o0), A(g = +0o0), and A(g = —0).

By Theorem 1, these are M-sets; hence so is their union U.

On each of them fV g and f Ag equal f or g; so by Corollary 3 in §1, fV g
and f A g have the desired properties on U. So also have fT = f Vv 0 and
= =—-fVO0 (take g = 0).

We claim that the maps f 4+ ¢ and fg are simple (hence elementary and
measurable) on each of the four sets mentioned above, hence on U.

For example, on A(f = +00),

f £ g = +oo (constant)
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by our conventions (2*) in Chapter 4, §4. For fg, split A(f = +00) into three
sets A1, As, A3 € M, with g > 0 on A;, g < 0 on Ay, and g = 0 on As; so
fg =400 on A1, fg=—00 on As, and fg =0 on As. Hence fg is simple on
A(f = +0).

For | f|*, use U = A(|f] = o0). Again, the theorem holds on U, and also on
A-U, since f and g are finite on A—U € M. Thus it holdson A = (A-U)UU,
by Corollary 3 in §1. [

Note 2. Induction extends Theorem 2 to any finite number of functions.

Note 3. Combining Theorem 2 with f = f* — f~, we see that f: S — E*
is simple (elementary, measurable) iff f* and f~ are. We also obtain the
following result.

Theorem 3. If the functions f,g: S — Ex are measurable on A € M, then
A(f>g) e M, A(f <g) e M, A(f =g) e M, and A(f # g) € M.
(See Problem 4 below.)

Further Problems on Measurable Functions in (S, M)

1. In Theorem 1, give the details in proving the equivalence of (i*)—(iv*).
2. Prove Note 1.

2'. Prove that f = fT — f~ and |f|=fT+ f.

3. Complete the proof of Theorem 2, in detail.

=>4. Prove Theorem 3.
[Hint: By our conventions, A(f > g) = A(f —g > 0) even if g or f is +oo for
some z € A. (Verify all cases!) By Theorems 1 and 2, A(f —g > 0) € M; so
A(f>g) e M, and A(f <g) =A— A(f > g) € M. Proceed.]

5. Show that the measurability of |f| does not imply that of f.
[Hint: Let f =1on Q and f = —1 on A — Q for some Q ¢ M (Q C A); e.g., use Q
of Problem 6 in Chapter 7, §8.]
=6. Show that a function f > 0 is measurable on A iff f,,, ~ f (pointwise)
on A for some finite simple maps f,, >0, {fn}1.

[Hint: Modify the proof of Lemma 2, setting Hy, = A(f > m) and fi, = m on Hpy,
and defining the A,,j for 1 < k < m2™ only.]

=>7. Prove Theorem 3 in §1.
[Outline: By Problems 7 and 8 in §1, there are g; € T such that

twm g1 U ca(2).
=1
Set
Api = AN 1 [qu (%)} eM

by Corollary 2; so p/(f(z),qi) < % on Ay;.
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10.
11.

12.
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By Corollary 1 in Chapter 7, §1,

(o) oo
A= U Api = U B (disjoint)
=1 i=1

for some sets By; € M, Bp; C Ap;. Now define g, = g; on By; so p/(f, gn) < % on
each By, hence on A. By Theorem 1 in Chapter 4, §12, g, — f (uniformly) on A.]

. Prove that f: S — E' is M-measurable on A iff AN f~1[B] € M for

every Borel set B (equivalently, for every open set B) in E'. (In the
case f: S — E*, add: “and for B = {£00}.”)
[Outline: Let
R={XCE'|Anf'[X] e M}
Show that R is a o-ring in El.
Now, by Theorem 1, if f is measurable on A, R contains all open intervals; for
AN f(a,b)] = A(f > a) N A(f < b).
Then by Lemma 2 of Chapter 7, §2, R O G, hence R O B. (Why?)

Conversely, if so,

(a,0) ER = AN fY(a,0)] € M = A(f > a) € M]]

. Do Problem 8 for f: S — E™.

Hint: If f = (f1,...,fn) and B = (a,b) C E", with @ = (a1,...
(b1,...,bn), show that

Jan) and b =

)=

FHBI = () £k b))

k=1

Apply Problem 8 to each f: S — E! and use Theorem 2 in §1. Proceed as in
Problem 8.]

Do Problem 8 for f: S — C", treating C™ as E?".
Prove that f: S — (T, p') is measurable on A in (S, M) iff
(i) AN f~YG] € M for every open globe G C T, and
(i1) f[A] is separable in T' (Problem 7 in §1).
[Hint: If so, proceed as in Problem 7 (without assuming measurability of f) to show

that f = lim g,, for some elementary maps g, on A. For the converse, use Problem 7
in §1 and Corollary 2 in §2.]

(i) Show that if all of T is separable (Problem 7 in §1), there is a
sequence of globes G C T such that each nonempty open set
B C T is the union of some of these Gy.

(ii) Show that E™ and C™ are separable.

Hints: (i) Use the Gy, (L) of Problem 8 in 1, putting them in one sequence.
i

n

(ii) Take D = R™ C E™ in Problem 7 of §1.]
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13. Do Problem 11 with “globe G C T” replaced by “Borel set B C T.”
[Hints: Treat f as f: A — T’, T' = f[A], noting that
ANf Bl =AnfBNT.

By Problem 12, if B # () is open in T, then BN T’ is a countable union of “globes”
GqNT" in (T,p'); see Theorem 4 in Chapter 3, §12. Proceed as in Problem 8,
replacing E! by T

14. A map g: (T,p') — (U, p") is said to be of Baire class 0 (g € Bg) on
D C T iff g is relatively continuous on D. Inductively, g is of Baire
class n (g € By, n > 1) iff g = lim g,,, (pointwise) on D for some maps
gm € Bp_1. Show by induction that Corollary 4 in §1 holds also if
g € B, on f[A] for some n.

§3. Measurable Functions in (S, M, m)

I. Henceforth we shall presuppose not just a measurable space (§1) but a mea-
sure space (S, M, m), where m: M — E* is a measure on a o-ring M C 2°.

We saw in Chapter 7 that one could often neglect sets of Lebesgue measure
zero on E"—if a property held everywhere except on a set of Lebesgue measure
zero, we said it held “almost everywhere.” The following definition generalizes
this usage.

Definition 1.

We say that a property P(x) holds for almost all x € A (with respect to
the measure m) or almost everywhere (a.e.(m)) on A iff it holds on A —Q
for some Q € M with m@Q = 0.

Thus we write
fn— f (a.e.) or f=1limf, (a.e.(m)) on A

iff f,, — f (pointwise) on A — Q, mQ = 0. Of course, “pointwise” implies
“a.e.” (take @Q = ), but the converse fails.
Definition 2.
We say that f: S — (T, p) is almost measurable on A iff A € M and f
is M-measurable on A — @, m@Q = 0.
We then also say that f is m-measurable (m being the measure in-
volved) as opposed to M-measurable.
Observe that we may assume @@ C A here (replace @ by AN Q).

*Note 1. If m is a generalized measure (Chapter 7, §11), replace m@ = 0
by v,,Q = 0 (v, = total variation of m) in Definitions 1 and 2 and in the
following proofs.
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Corollary 1. If the functions
fn:S_>(T7pl)7 n:1727"'7
are m-measurable on A, and if

fn = f (a.e(m))
on A, then f is m-measurable on A.

Proof. By assumption, f, — f (pointwise) on A — Qo, mQo = 0. Also, f, is
M-measurable on

A—Qn, mQr,=0, n=12,....

(The @, need not be the same.)
Let
Q= Qn
n=0
50

n=0
By Corollary 2 in §1, all f,, are M-measurable on A — @ (why?), and f, — f
(pointwise) on A — Q,as A—Q C A — Q.

Thus by Theorem 4 in §1, f is M-measurable on A — Q. As m@ = 0, this
is the desired result. [J

Corollary 2. If f =g (a.e. (m)) on A and f is m-measurable on A, so is g.
Proof. By assumption, f =g on A — @, and f is M-measurable on A — @2,
with mQ; = mQ- = 0.

Let @ =Q1UQ2. Then m@Q =0and g= f on A— Q. (Why?)

By Corollary 2 of §1, f is M-measurable on A — ). Hence so is g, as
claimed. 0O

Corollary 3. If f: S — (T,p') is m-measurable on A, then
f= lim f, (uniformly) on A —Q (m@Q =0),
n—0oQ

for some maps [y, all elementary on A — Q.

(Compare Corollary 3 with Theorem 3 in §1).

Quite similarly all other propositions of §1 carry over to almost measurable
(i.e., m-measurable) functions. Note, however, that the term “measurable” in
881 and 2 always meant “M-measurable.” This implies m-measurability (take
Q@ =0), but the converse fails. (See Note 2, however.)

We still obtain the following result.
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Corollary 4. If the functions
fan:S—=E* (n=1,2,...)
are m-measurable on a set A, so also are
Sup fn, inf fn, im f,, and lim f,.
(Use Lemma 1 of §2).
Similarly, Theorem 2 in §2 carries over to m-measurable functions.

Note 2. If m is complete (such as Lebesgue measure and LS measures) then,
for f: S — E*(E", C"), m- and M-measurability coincide (see Problem 3
below).

II. Measurability and Continuity. To study the connection between these
notions, we first state two lemmas, often treated as definitions.

Lemma 1. A map f: S — E"(C™) is M-measurable on A iff
Anf=lBleM
for each Borel set (equivalently, open set) B in E™ (C™).
See Problems 8-10 in §2 for a sketch of the proof.

Lemma 2. A map f: (S, p) — (T, p') is relatively continuous on A C S iff for
any open set B C (T, p'), the set AN f~1[B] is open in (A, p) as a subspace of
(S, p)-

(This holds also with “open” replaced by “closed.”)

Proof. By Chapter 4, §1, footnote 4, f is relatively continuous on A iff its
restriction to A (call it g: A — T) is continuous in the ordinary sense.

Now, by Problem 15(iv)(v) in Chapter 4, §2, with S replaced by A, this
means that g~1[B] is open (closed) in (A, p) when B is so in (T, p'). But

g '[Bl={ze Al f(z) e B} =An f7'[B].
(Why?) Hence the result follows. O

Theorem 1. Let m: M — E* be a topological measure in (S,p). If f: S —
E" (C™) is relatively continuous on a set A € M, it is M-measurable on A.

Proof. Let B be open in E™ (C™). By Lemma 2,
AN B
is open in (A, p). Hence by Theorem 4 of Chapter 3, §12,
Anf~ B =AnU

for some open set U in (S, p).



234 Chapter 8. Measurable Functions. Integration

Now, by assumption, A is in M. So is U, as M is topological (M D G).
Hence
ANf Bl =ANU e M

for any open B C E™ (C™). The result follows by Lemma 1. O
Note 3. The converse fails. For example, the Dirichlet function (Exam-

ple (c) in Chapter 4, §1) is L-measurable (even simple) but discontinuous ev-
erywhere.

Note 4. Lemma 1 and Theorem 1 hold for a map f: S — (T,p), too,
provided f[A] is separable, i.e.,
fl[AlcD
for a countable set D C T (cf. Problem 11 in §2).

*II1. For strongly regular measures (Definition 5 in Chapter 7, §7), we obtain
the following theorem.

*Theorem 2 (Luzin). Letm: M — E* be a strongly reqular measure in (S, p).
Let f: S — (T,p") be m-measurable on A.
Then given € > 0, there is a closed set F C A (F € M) such that

m(A—-F)<e
and f is relatively continuous on F.
(Note that if T'= E*, p is as in Problem 5 of Chapter 3, §11.)
Proof.! By assumption, f is M-measurable on a set
H=A-Q, mQ =0;

so by Problem 7 in §1, f[H] is separable in T. We may safely assume that f is
M-measurable on S and that all of T' is separable. (If not, replace S and 7' by
H and f[H], restricting f to H, and m to M-sets inside H; see also Problems 7
and 8 below.)

Then by Problem 12 of §2, we can fix globes G, G5, ... in T such that

(1)  each open set B # 0 in T is the union of a subsequence of {Gy}.
Now let € > 0, and set
Sp=SNft Gk = fHG, k=1,2,....

By Corollary 2 in §2, S, € M. As m is strongly regular, we find for each S
an open set
Uk 2 Sk,

L For a simpler proof, in the case mA < oo, see Problem 10 below.
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with Uy, € M and

€
Let By = Uy, — Sk, D =J,, Br; so D € M and
€ 1
(2) mDSZmBkSZWSEE
k k
and
(2) Up — B = S, = [ 1[Gyl

As D = Bg, we have
(Vk) Br—D=Byn(-D)=0.
Hence by (2),
(Vk) f7HGKIN(=D) = (Ux — Bi) N (=D)
= UrN(=D)) — (BxN(=D)) =UpN(=D).
Combining this with (1), we have, for each open set B =J; G, in T,

@  'B0ED) =Us 60 (D) = Uk 0 (D)

Since the Uy, are open in S (by construction), the set (3) is open in S — D
as a subspace of S. By Lemma 2, then, f is relatively continuous on S — D, or
rather on

H-D=A-Q-D

(since we actually substituted S for H in the course of the proof). As m@Q =0
and mD < ie by (2),

m(H — D) <mA — %e.
Finally, as m is strongly regular and H — D € M, there is a closed M-set
FCH-DCA
such that .
m(H—-D—-F)< €
Since f is relatively continuous on H — D, it is surely so on F'. Moreover,
A-F=(A-(H-D)U(H—-D-F);

SO
(A~ F) < m(A~(H - D)) +m(H~D~F) < Je 4 e=c.
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This completes the proof. [

*Lemma 3. Given [a,b] C E' and disjoint closed sets A, B C (S, p), there
always is a continuous map g: S — [a,b] such that g = a on A and g = b
on B.
Proof. f A=Qor B=0,set g=bor g=aon all of S.

If, however, A and B are both nonempty, set
(b—a)p(z, A)
gz)=a+ ——r——.

(@) =0t A + o, B)

As A is closed, p(z, A) = 0 iff x € A (Problem 15 in Chapter 3, §14); similarly
for B. Thus p(z, A) + p(z, B) # 0.

Also, g=aon A, g=bon B,anda<g<bonS.

For continuity, see Chapter 4, §8, Example (e¢). O

*Lemma 4 (Tietze). If f: (S, p) = E* is relatively continuous on a closed set
F C S, there is a function g: S — E* such that g = f on F,

inf g[S] = inf f[F], sup g[S] = sup f[F],
and g is continuous on all of S.

(We assume E* metrized as in Problem 5 of Chapter 3, §11. If | f| < oo, the
standard metric in E' may be used.)

Proof Outline. First, assume inf f[F] = 0 and sup f[F] = 1. Set

sr(r=)=rr o]

p=r(r>2)=rar 2]

As Fis closed in S, so are A and B by Lemma 2. (Why?)

As BN A =0, Lemma 3 yields a continuous map g;: S — [0, %], with g1 =0
on A, and g; = % on B. Set fi = f—g1 on F;so|f1] < %, and f; is continuous
on F.

Applying the same steps to fi (with suitable sets Ay, By C F), find a con-
tinuous map gz, with 0 < gy < % . 15 on S. Then fo = f1 — g2 is continuous,
and 0 < fo < (3)* on F.

Continuing, obtain two sequences {g,} and {f,} of real functions such that
each g, is continuous on S,
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and f, = fn_1 — gn is defined and continuous on F', with
2\ "
0< f, < <7)
< fa < 3

there (f() = f)
We claim that

o
9= Zgn
n=1

is the desired map.

Indeed, the series converges uniformly on S (Theorem 3 of Chapter 4, §12).
As all g,, are continuous, so is g (Theorem 2 in Chapter 4, §12). Also,

n 2\ "
_ < (Z
r-Saf=(5) -0
k=1
on F (why?); so f = g on F. Moreover,

0<m<o<d S(2) “1ons.
n=1

Hence inf g[S] = 0 and sup g[S] = 1, as required.

Now assume
inf f[F]=a <sup f[F]=b (a,b€ E").

Set
flz) —a
b—a
so that inf h[F] = 0 and sup h[F] = 1. (Why?)
As shown above, there is a continuous map gg on S, with
f—a
b—a
on F, inf go[S] = 0, and sup go[S] = 1. Set

h(z) =

go=h=

a+(b—a)go =g

Then g is the required function. (Verify!)

Finally, if a,b € E* (a < b), all reduces to the bounded case by considering
H(z) = arctan f(z). O

*Theorem 3 (Fréchet). Let m: M — E* be a strongly regular measure in
(S,p). If f+ S — E*(E™, C™) is m-measurable on A, then

f= lim fi (a.e.(m)) on A
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for some sequence of maps f; continuous on S. (We assume E* to be metrized
as in Lemma 4.)

Proof. We consider f: S — E* (the other cases reduce to E' via components).

Taking ¢ = % (i = 1,2,...) in Theorem 2, we obtain for each i a closed

M-set F; C A such that

m(A*FZ) < 1
(2

and f is relatively continuous on each F;. We may assume that F; C Fj;q (if
not, replace F; by U;;Zl Fy).

Now, Lemma 4 yields for each i a continuous map f;: S — E* such that
fi = f on F;. We complete the proof by showing that f; — f (pointwise) on

the set -
B=|JF
i=1

and that m(A — B) = 0.
Indeed, fix any & € B. Then z € F; for some i = ig, hence also for i > ig
(since {F;}1). As f; = f on Fj, we have

(Vi>do) fi(z)=f(z),
and so fi(z) = f(z) for z € B. As F; C B, we get

| =

m(A — B) <m(A—F) <

~

for all i. Hence m(A — B) =0, and all is proved. O

Problems on Measurable Functions in (S, M, m)

1. Fill in all proof details in Corollaries 1 to 4.
1. Verify Notes 3 and 4.

2. Prove Theorems 1 and 2 in §1 and Theorem 2 in §2, for almost measur-
able functions.

3. Prove Note 2.
[Hint: If f: S — E* is M-measurable on B = A — Q (mQ = 0, Q C A), then
A=BUQ and
(Va€ E*) A(f>a)=B(f>a)UQ(f > a).

Here B(f > a) € M by Theorem 1 in §2, and Q(f > a) € M if m is complete. For
f: S — E™(C™), use Theorem 2 of §1.]

*4. Show that if m is complete and f: S — (T, p') is m-measurable on A
with f[A] separable in 7', then f is M-measurable on A.
[Hint: Use Problem 13 in §2.]
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*5.

*9.
10.

11.

Prove Theorem 1 for f: S — (T,p'), assuming that f[A] is separable
inT.

. Given f, — f (a.e.) on A, prove that f,, — g (a.e.) on Aiff f =g (a.e.)

on A.

. Given A € M in (S, M, m), let m4 be the restriction of m to

Ma={XeM|XCA}L
Prove that
(i) (A, M4, m4) is a measure space (called a subspace of (S, M, m));

(ii) if m is complete, topological, o-finite or (strongly) regular, so
is my.

(i) Show thatif D C K C (T, p’), then the closure of D in the subspace
(K,p') is KND, where D is the closure of D in (T, o).
[Hint: Use Problem 11 in Chapter 3, §16.]

(ii) Prove that if B C K and if B is separable in (7 p'), it is so
in (K,p').
[Hint: Use Problem 7 from §1.]

Fill in all proof details in Lemma 4.

Simplify the proof of Theorem 2 for the case mA < oco.
[Outline: (i) First, let f be elementary, with f = a; on A; € M, A = J; A;
(disjoint), >~ mA; = mA < oco.
Given € > 0,
- 1

dn) mA— mA; < —e.

@n) Somai<y
Each A; has a closed subset F; € M with m(A; — F;) < €/2n. (Why?) Now use
Problem 17 in Chapter 4, §8, and set F' = (JI__, F;.

(ii) If f is M-measurable on H = A — Q, m@ = 0, then by Theorem 3 in §1,
fn — [ (uniformly) on H for some elementary maps f,. By (i), each f, is relatively
continuous on a closed M-set Fy, C H, with mH — mF,, < £/2"; so all f, are
relatively continuous on F' = (>, Fy,. Show that F is the required set.]

Given fn,: S — (T,p'), n=1,2,..., we say that
(i) fn — f almost uniformly on A C S iff

(Vo6>0) (3DeM|mD<6) fo— f (uniformly) on A— D;
(i1) fn — f in measure on A iff

(Vé,0 >0) (3k) (YVn>k) (3D, € M| mD,, <9)
o' (fsfn) <o on A—D,.
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Prove the following.
(a) fn — f (uniformly) implies f,, — f (almost uniformly), and the
latter implies both f,, — f (in measure) and f,, — f (a.e.).

(b) Given f, — f (almost uniformly), we have f,, — g (almost uni-
formly) iff f =g (a.e.); similarly for convergence in measure.

(¢) If f and f,, are M-measurable on A, then f, — f in measure on
A iff
(Vo >0)  lim mA(p'(f. f2) > 0) = 0.

12. Assuming that f,: S — (T, p’) is m-measurable on A forn =1,2,...,
that mA < oo, and that f, — f (a.e.) on A, prove the following.

(i) Lebesgue’s theorem: f,, — f (in measure) on A (see Problem 11).
(ii) Egorov’s theorem: f, — f (almost uniformly) on A.

[Outline: (i) fn and f are M-measurable on H = A — Q, m@ = 0 (Corollary 1),
with fr, — f (pointwise) on H. For all 4, k, set

= 1
Hik) = () H(p(f, ) < 7) € M

by Problem 6 in §1. Show that (V&) H;(k) / H; hence

lim mH;(k) = mH = mA < oo;

17— 00
so

(V6> 0) (VK) Gin) m(A— Hyy (k) < o5,

proving (i), since
1
E on Hik (k) =A-— (A — Hik (k))
(ii) Continuing, set (Vk) Dy = H;, (k) and

(Yn>ip) p(fa f) <

oo oo
D=A- () De=|J(A-Dy).
k=1 k=1
Deduce that D € M and
oo oo 5
mD <> m(A—H, (k) <Y o5 =0
k=1 k=1

Now, from the definition of the H;(k), show that f, — f (uniformly) on A — D,
proving (ii).]

13. Disprove the converse to Problem 12(i).
[Outline: Assume that A = [0,1); for all 0 < k and all 0 < i < 2k set

cei—1 i
gn@)=q LT =TS0
0 otherwise.
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Put the g; in a single sequence by
fok i = Gik-
Show that f, — 0 in L measure on A, yet for no z € A does fn(z) converge as
14. Prove that if f: S — (T, p’) is m-measurable on A and g: T — (U, p") is
relatively continuous on f[A], then go f: S — (U, p”) is m-measurable

on A.
[Hint: Use Corollary 4 in §1.]

84. Integration of Elementary Functions

In Chapter 5, integration was treated as antidifferentiation. Now we adopt
another, measure-theoretical approach.

Lebesgue’s original theory was based on Lebesgue measure (Chapter 7, §8).
The more general modern treatment develops the integral for functions f: S —
E in an arbitrary measure space. Henceforth, (S, M, m) is fixed, and the range
space E is E', E*, C, E™, or another complete normed space. Recall that
in such a space, ), |a;] < oo implies that > a; converges and is permutable
(Chapter 7, §2).

We start with elementary maps, including simple maps as a special case.

Definition 1.

Let f: S — E be elementary on A € M; so f = a; on A; for some
M-partition

1

A= U A; (disjoint).

(Note that there may be many such partitions.)
We say that f is integrable (with respect to m), or m-integrable, on

A iff
Z|ai|mAi < 00.

(The notation “|a;| mA;” always makes sense by our conventions (2*) in
Chapter 4, §4.) If m is Lebesgue measure, then we say that f is Lebesgue
integrable, or L-integrable.

We then define fA f, the m-integral of f on A, by

(1) /Afz/Afdm:ZaimAi.

L For a “limited approach,” use finite M-partitions and M-simple maps, treating m as
an additive premeasure on M, a ring.
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(The notation “dm” is used to specify the measure m.)
The “classical” notation for [, fdmis [, f(z) dm(z).

Note 1. The assumption

Z la;| mA; < oo
implies
(Vi) |a;|mA; < oo;
so a; = 0 if mA; = 0o, and mA; = 0 if |a;| = co. Thus by our conventions, all
“bad” terms a; mA; vanish. Hence the sum in (1) makes sense and is finite.

Note 2. This sum is also independent of the particular choice of {A;}. For
if { B} is another M-partition of A, with f = b, on By, say, then f = a; = by,
on A; N By, whenever A; N By # 0. Also,

(Vi) A; =[J(Ain By) (disjoint);
k

SO
(\V/Z) aimAi = Eai m(AZ ﬂBk),
k

and hence (see Theorem 2 of Chapter 7, §2, and Problem 11 there)
Zai mA; = Z Zai m(A; N By) = Z Z b, m(A; N By) = Z b mBy.
(Explain!)

This makes our definition (1) unambiguous and allows us to choose any
M-partition {A;}, with f constant on each A;, when forming integrals (1).

Corollary 1. Let f: S — E be elementary and integrable on A € M. Then
the following statements are true.

(i) |f] < oo a.e. on A2

(ii) f and |f] are elementary and integrable on any M-set B C A, and

[l Lin< [

(iii) The set B = A(f # 0) is o-finite (Definition 4 in Chapter 7, §5), and
[7=],0
Ja B

2 That is, on A — @ for some Q € M, with mQ = 0.
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(iv) If f = a (constant) on A,

/Af:a-mA.

) [41fl=014ff f =0 a.e. on A

(vi) If mQ =0, then
=

(so we may neglect sets of measure 0 in integrals).

(vil) For any k in the scalar field of E, kf is elementary and integrable, and

/Akf:k/Af.

Note that if f is scalar valued, k may be a vector. If £ = E*, we assume
k€ EL
Proof.

(i) By Note 1, |f| = |a;| = co only on those A; with mA; = 0. Let Q be the
union of all such 4;. Then mQ = 0 and |f| < co on A — @, proving (i).

(ii) If {A;} is an M-partition of A, {BN A;} is one for B. (Verify!) We have
f=a; and |f| = |a;| on BN A; C A;.
Also,
Z la;| m(BNA;) < Z la;| mA; < oco.
(Why?) Thus f and |f| are elementary and integrable on B, and (ii)
easily follows by formula (1).
(iii) By Note 1, f =0 on A; if mA; = co. Thus f # 0 on A; only if mA; < oo.
Let {4;, } be the subsequence of those A; on which f # 0; so
(Vk) mA,;, <.

Also,
B=A(f #0) =4, € M (o-finite!).
k

By (ii), f is elementary and integrable on B. Also,

/ f = Zaﬂ« mAika
B k
while

/Af:ZaimAi.
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These sums differ only by terms with a; = 0. Thus (iii) follows.
The proof of (iv)—(vii) is left to the reader. O

Note 3. If f: S — E* is elementary and sign-constant on A, we also al-
low that
/ f= ZaimAi = 4o00.
A i

Thus here fA f exists even if f is not integrable. Apart from claims of inte-
grability and o-finiteness, Corollary 1(ii)—(vii) hold for such f, with the same
proofs.

Example.

Let m be Lebesgue measure in E!. Define f = 1 on R (rationals) and
f=0o0n E! — R; see Chapter 4, §1, Example (c). Let 4 = [0,1].

By Corollary 1 in Chapter 7, §8, ANR € M* and m(ANR) = 0. Also,
A—Re M*.

Thus {AN R, A — R} is an M*-partition of A, with f =1on ANR
and f =0on A — R.

Hence f is elementary and integrable on A, and

/ f=1-mANR)+0-m(A—R)=0.
A
Thus f is L-integrable (even though it is nowhere continuous).

Theorem 1 (additivity).

(i) If f: S — E is elementary and integrable or elementary and nonnegative
on A€ M, then

@) /Afzzkj [

for any M-partition {By} of A.
(ii) If f is elementary and integrable on each set By of a finite M-partition

A= UBk,
k

it is elementary and integrable on all of A, and (2) holds again.

Proof. (i) If f is elementary and integrable or elementary and nonnegative on
A =, By, it is surely so on each By, by Corollary 2 of §1 and Corollary 1(ii)
above.
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Thus for each k, we can fix an M-partition By, = |J, A, with f constant
(f = ak;) on A, 0 =1,2,.... Then

a=Un=UU
k k i

is an M-partition of A into the disjoint sets Ay; € M.

Now, by definition,
/ f=) animAy
By,

i
and

/Af:%;akimz‘lm :;(Xi:akimAki) :Zk:/ka

by rules for double series. This proves formula (2).
(ii) If f is elementary and integrable on By (k = 1,...,n), then with the
same notation, we have

Z |ag:| mAR; < oo
i

(by integrability); hence

n
Z Z |ag:| mAR; < oo.

k=1
This means, however, that f is elementary and integrable on A, and so clause
(ii) follows. O
Caution. Clause (ii) fails if the partition {By} is infinite.
Theorem 2.

(i) If f,g: S — E* are elementary and nonnegative on A, then

/A(f+g):/Af+/Ag-

(ii) If f,g: S — E are elementary and integrable on A, so is f £ g, and

/A(fig)=/Afi/Ag~

Proof. Arguing as in the proof of Theorem 1 of §1, we can make f and g
constant on sets of one and the same M-partition of A, say, f = a; and g = b;
on A; € M; so

ftg=a;£b;on A;, i=1,2,....
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In case (i), f,g > 0; so integrability is irrelevant by Note 3, and formula (1)
yields

A(f+g)22(ai+bi)mAi:;aimAiJerimAi:/Aer/Ag.

i

In (ii), we similarly obtain

(Why?) Thus f + g is elementary and integrable on A. As before, we also get

Juxa=[ 1]

simply by rules for addition of convergent series. (Verify!) O
Note 4. As we know, the characteristic function Cp of a set B C S is

defined
Ci() {1, r € B,
€Tr) =
b 0, z€S—B.
If g: S — E is elementary on A, so that
g=a;on A;, 1,2,...,

for some M-partition

A=A,

g= ZaiCA, on A.

then

(This sum always exists for disjoint sets A;. Why?) We shall often use this
notation.

If m is Lebesgue measure in E!, y
the integral

/Ag:zi:aimAi

has a simple geometric interpretation;
see Figure 33. Let A = [a,b] C EY; ‘
let g be bounded and nonnegative on ‘
E'. Each product a; mA; is the area ol
of a rectangle with base A; and al- FIGURE 33
titude a;. (We assume the A; to be
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intervals here.) The total area,
[ 9= ama,
A i

can be treated as an approximation to the area under some curve y = f(z),
where f is approximated by g (Theorem 3 in §1). Integration historically arose
from such approximations.

Integration of elementary extended-real functions. Note 3 can be extended
to sign-changing functions as follows.

Definition 2.

If
on
A={J4a (4em,
we set
3 ==
3) Jr=[r= ]
with
f+ =fv0>0and f~ =(—f)V0>0;
see §2.

By Theorem 2 in §2, f* and f~ are elementary and nonnegative on A; so

./Af+ and/Aff

are defined by Note 3, and so is

o=l

by our conventions (2*) in Chapter 4, §4.
We shall have use for formula (3), even if

JRARN K=

then we say that fAf is unorthodox and equate it to 400, by convention;
cf. Chapter 4, §4. (Other integrals are called orthodoz.) Thus for elementary
and (extended) real functions, [, f is always defined. (We further develop this
idea in §5.)
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Note 5. With f as above, we clearly have
fT=af and f~ =a; on A,

where
aj = max(a;,0) and a; = max(—a;,0).
Thus
f+ = CL,?» . mAZ and / f_ == CL; 'mAi7
[r-% S
so that

(4) [r=[ =] 5=t ma =Y e ma.

If fA ff < oo or fA f~ < oo, we can subtract the two series termuwise
(Problem 14 of Chapter 4, §13) to obtain

/j E a; mA—ZalmA
+_ 4 —

for af —a; = a;. Thus formulas (3) and (4) agree with our previous definitions.>

Problems on Integration of Elementary Functions
1. Verify Note 2.
1. Prove Corollary 1(iv)—(vii).

2. Prove that [, f =0 if mA =0or f =0 on A. Disprove the converse
by examples.

3. Find a primitive F for f = Cr in our example. Show that

Fdm = F(1) — F(0).
[0,1]

4. Fill in the proof details in Theorem 2.

[Hint: Use comparison test for series.]

=>5. Show that if f and g are elementary and nonnegative with f > ¢ on

A, then
/ f= / g=0.
A A
[Hint: As in Theorem 2, let

f:EaiCAi andg:ZbiCAl.
i i
Then f > g > 0 implies a; > b; > 0.]

3 For a “limited approach,” pass from here to §9.
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=-6. Prove that if f and g are elementary and (extended) real on A, then
/ f+g) = / [+ / 9
provided

) [4 for [, g is finite, or
(i) [4f, [49,and [, f£ [, g are all orthodoz.
[Outline: As in Theorem 2, let

f= X:aiC’A1 and g = Zbicsz

so
ftg=a; £b; on A;.

‘/Af’<oo,

then by Problem 14 in Chapter 4, §13, and formula (4), > a; mA; converges ab-
solutely; so its termwise addition to any other series does not affect the absolute
convergence or divergence of the latter, i.e., the finiteness or infiniteness of its posi-
tive and negative parts. For example,

Z(ai + bl‘)+ mAi =00
i

Now, if

iff
ij'mAizoo
Thus if
/gziocu
A
then
[ta=[a=to=[ s[4
A A A A
If both

/Af,/Agiioo,

Theorem 2(ii) applies. In the orthodox infinite case, a similar proof works on noting
that either the positive or the negative parts of both series are finite if

IRSK

7. Show that if f is elementary and nonnegative on A and

/f>p€E*7
A

is orthodox, too. (Verify!)]
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then there is an elementary and nonnegative map g on A such that

g=0on A(f =

[Hints: Let

and

0), and

/AfZ/Ag>p,

f>gon A—A(f=0).

B = A(f = )

C=A-B;

so B,C € M (Corollary 2 in §2). For all n > 0, define

and

gn =non B

gn:<17%>fonc;

SO gn is elementary and nonnegative on A and

By Theorem 1 and Corollary

f>gnon A—A(f=0). (Why?)

1(iv

)(vid),

/gn—/gn /gn—/ / 171>f:n.m3+(1—%>/cf.
WLImeAgn:Af+Af:Af>p;

Deduce that

SO

Take g = gn for that n.]

orthodox.

3n) /Ag" >p.

. Show that if £ = E*, Theorem 1(i) holds also if [, f is infinite but

(i) Prove that if f is elementary and integrable on A, so is —f, and

/.

s

(ii) Show that this holds also if f is elementary and (extended) real
is orthodoz.

and fAf
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85. Integration of Extended-Real Functions
We shall now define integrals for arbitrary functions f: S — E* in a measure
space (S, M,m).! We start with the case f > 0.

Definition 1.
Given f > 0 on A € M, we define the upper and lower integrals,

Jand [,

of f on A (with respect to m) by

(1) / /fdm mf/h

over all elementary maps h > f on A, and

(1) ZAf =1Afdm= sgp/Ag

over all elementary and nonnegative maps g < f on A.
If f is not nonnegative, we use f* = fvO0and f~ = (—f) V0 (§2),

and set
T T L o
ZAf:lAfdm:ZAﬁ—/Af’-

By our conventions, these expressions are always defined. The integral
TAf (or iAf) is called orthodoz iff it does not have the form co — oo in
(1), e.g., if f >0 (e, f~ =0), orif [, f < oo. An unorthodox integral
equals +00.

We often write [ for T and call it simply the integral (of f), even if

7Af #lAf'Q

“Classical” notation is [, f(x)dm(z).

I Those who wish to consider measurable maps only should take Theorem 3 earlier.
2 There is good reason for identifying “integral” with “upper integral.”
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Definition 2.

The function f is called integrable (or m-integrable, or Lebesgue integrable,
with respect to m) on A, iff

/Afdm—/Afdm;éioo.

The process described above is called (abstract) Lebesgue integration as op-
posed to Riemann integration (B. Riemann, 1826-1866). The latter deals with
bounded functions only and allows h and g in (1’) and (1”) to be simple step
functions only (see §9). It is inferior to Lebesgue theory.

The values of

/Afdm and/ fdm
LA

depend on m. If m is Lebesgue measure, we speak of Lebesgue integrals, in the
stricter sense. If m is Lebesgue-Stieltjes measure, we speak of LS-integrals,
and so on.

Note 1. If f is elementary and (extended) real, our present definition of

/.

agrees with that of §4. For if f > 0, f itself is the least of all elementary and
nonnegative functions

h>f

and the greatest of all elementary and nonnegative functions
g<f.

Thus by Problem 5 in §4,

.Af:*ﬁ;?./;’m;?fﬁg’
fo=]s=]7

If, however, f # 0, this follows by Definition 2 in §4. This also shows that for
elementary and (extended) real maps,

7,4 f= / ) f always.

ie.,

(See also Theorem 3.)
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Note 2. By Definition 1,

1 e 7Af always.

For if f > 0, then for any elementary and nonnegative maps g, h with

g<f<h

Jo=
lAf:sgp/Ag

is a lower bound of all such fA h, and so

ZAfgglb/Ah:YAf.

In the general formula (1), too,
[i<] 1
LA A

Lf* < 7Af+ and ZAf’ < 7Af<

Theorem 1. For any functions f,g: S — E* and any set A € M, we have
the following results.?

(a) If f = a (constant) on A, then

(b) If f=0 on A or mA =0, then

(¢) If f > g on A, then

/Af 27A9 and Af ZZAQ-

3 Note that integrability is redundant here and in Theorem 2.

we have

by Problem 5 in §4. Thus

since

—
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(d) If f >0 on A, then (c) First, let
f>g>0o0n A

/Af 20 and /Af =0 Take any elementary and nonnegative map H > f on A. Then H > g as
T well; so by definition,
Similarly if f <0 on A.

(e) If 0 < p < o0, then /g—}llgfg/h</H
N _ Thus o
/pf P andlApf—plAf- s /AfS/AH

") We h
(") We have for any such H. Hence also

/.
Jin=-[ s [ cn--] s e [n=] s

if one of the integrals involved in each case is orthodox. Otherwise, Similarly,

o i [z / g

[ en=sc=[ fona [ -py=co=[ 1. L, L,

A J A J oA A
if f>g2>0.
(£) If f=0on A and In the general case, f > g implies
ADB, BeM,
fr>g"and f~ <g . (Why?)

then

Thus by what was proved above,

/Af>/3fand/Af>/Bf. 7Af 27 and/ IS </

(g) We have
- - - Hence
p _ _
Tl el <] 1 T f el e
(but not ie.
. _ _
'ZAf 71A|f| /AfZ/Ag‘
in general). Similarly, one obtains
(h) IffEOOnAandTAf:()(orfSOandef=0),thenf:O /f2/9~
a.e. on A. N —A —A

(d) It is clear that (c) implies (d).
Proof. We prove only some of the above, leaving the rest to the reader.
) ) o (e) Let 0 < p < oo and suppose f > 0 on A. Take any elementary and
(a) This following by Corollary 1(iv) in §4. nonnegative map

(b) Use (a) and Corollary 1(v) in §4. h> fon A.
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By Corollary 1(vii) and Note 3 of §4,

/ ph=p / h
A A
for any such h. Hence

7Apf:1%f/Aph:i%fp/Ah:ijf.
lApf=pZAf~

The general case reduces to the case f > 0 by formula (1).

Similarly,

(¢’) Assertion (e’) follows from (1) since
(=Nr=f =H =1,
and —(z —y) =y —x if x — y is orthodoz. (Why?)
(f) Take any elementary and nonnegative map
h>f>0on A

By Corollary 1(ii) and Note 3 of §4,

/ h > / h
B A
for any such h. Hence

73]‘:i%f/jgh§i%fAh:7Aj'.

Similarly for [.
(g) This follows from (c) and (¢’) since =f < | f| implies

/AIf\Z/AfZZAf
7A|f| > 7A(*f) > flAf > 77Af- 0

For (h) and later work, we need the following lemmas.

and
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Lemma 1. Let f: S — E* and A € M. Then the following are true.

(i) If
/ f<qeFE",
A
there is an elementary and (extended) real map
h>fonA,
with
/ h <q.
A
(i) If
/ f>peFE"
A

there is an elementary and (extended) real map

g < fonA,

[oor
A

moreover, g can be made elementary and nonnegative if f > 0 on A.

with

Proof. If f > 0, this is immediate by Definition 1 and the properties of glb
and lub.

If, however, f # 0, and if

q>/Af:/Af+—ZAfi

00 > / F. (Why?)
A

Thus there are u,v € E* such that ¢ = u + v and

Og/f+<u<oo
A

f/Af_<v.

To see why this is so, choose u so close to TAf+ that

q—U>—ZAf’

our conventions yield

and
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and set v = q — u.
As the lemma holds for positive functions, we find elementary and nonneg-
ative maps h’' and h”, with

W= fr o< f

/h'<u<ooand/h”>—u
A A

Let h =1 — h”. Then
h>fr—f" =1,
and by Problem 6 in §4,

/hz/h'f/ n’ <for / B is ﬁnite!).
A A A A

/h>u+v:q,
A

and clause (i) is proved in full.
Clause (ii) follows from (i) by Theorem 1(e’) if

(Verify!) For the case fAf = 00, see Problem 3. O

Hence

Note 3. The preceding lemma shows that formulas (1’) and (1) hold (and
might be used as definitions) even for sign-changing f, g, and h.

Lemma 2. If f: S — E* and A € M, there are M-measurable maps g and
h, with
g< f<honA,

7Af:7Ah andlAf:ZAg.

We can take g,h >0 if f >0 on A.

Proof. If o
[ 1=
A

the constant map h = oo satisfies the statement of the theorem.

If B
foo</ f < oo,

A

such that
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let

1
QTL:/ f+_7 n:1727"~;
A n

Qn_>/ [ < an.
A

By Lemma 1, for each n there is an elementary and (extended) real (hence
measurable) map h,, > f on A, with

In > /Ahn 27Af-

h=infh, > f.

SO

Let

By Lemma 1 in §2, h is M-measurable on A. Also,

(Vn) qn > /Ahn 27Ah 27Af

by Theorem 1(c). Hence

SO

as required.
Finally, if

the same proof works with ¢, = —n. (Verify!)
Similarly, one finds a measurable map g < f, with

I

Proof of Theorem 1(h). If f > 0, choose h > f as in Lemma 2. Let
1
D= A(h>0) and A, = A(h > 5),

SO

D= [j A, (why?),

n=1
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and D, A,, € M by Theorem 1 of §2. Also,

T T2 )t

Thus (Vn) mA, = 0. Hence

mD:mUAn:mA(h>O):O;

n=1

s00< f<h<0(ie., f=0) ae. on A.
The case f < 0 reduces to (—f) > 0. O

Corollary 1. If

[ 1n1< s

then |f| < oo a.e. on A, and A(f # 0) is o-finite.

Proof. By Lemma 1, fix an elementary and nonnegative h > | f| with

/h<oo
A

(so h is elementary and integrable).
Now, by Corollary 1(i)-(iii) in §4, our assertions apply to h, hence certainly
to f. O

Theorem 2 (additivity). Given f: S — E* and an M-partition P = {B,}
of A € M, we have

) (@) 7Af=;73"f and (b) Lf=; | s

provided

T ([ e
2 A

is orthodox, or P is finite.
Hence if f is integrable on each of finitely many disjoint M-sets B,,, it is

S0 on
A={]B,,

and formulas (2)(a)(b) apply.

41t suffices that f be integrable on A (apply the same proof to f+ and f).
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Proof. Assume first f > 0 on A. Then by Theorem 1(f), if one of

so is T 4> and all is trivial. Thus assume all [, f are finite.
Then for any € > 0 and n € N, there is an elementary and nonnegative map

hy > f on B, with
/ hn </ f+in.
B, B, 2

(Why?) Now define h: A— E* by h=h, on B,, n=1,2,....
Clearly, h is elementary and nonnegative on each B,,, hence on A (Corollary 3
in §1), and A > f on A. Thus by Theorem 1 of §4,

[ = m=S(f, )= ], r+e

Making € — 0, we get
ED S I
[o=2],,

[ =], 0

take any elementary and nonnegative map H > f on A. Then again,

fr=x [ n=x] 1

As this holds for any such H, we also have

rwn-s ],

This proves formula (a) for f > 0. The proof of (b) is quite similar.

If f# 0, we have B -
/Af:/Afth*,

where by the first part of the proof,

7Af+ - ;7an+ and lAf_ - ;/Bn ™

To prove also
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K

is orthodox, one of these sums must be finite, and so their difference may be
rearranged to yield

[o=2([,r ], r)-=],*

—Dn

If

proving (a). Similarly for (b).

This rearrangement works also if P is finite (i.e., the sums have a finite
number of terms). For, then, all reduces to commutativity and associativity of
addition, and our conventions (2*) of Chapter 4, §4. Thus all is proved. O

Corollary 2. If mQ =0 (Q € M), then for Ae M

7AQf B 7Af an lA—Qf - lAf.

For by Theorem 2,

7Af N 7AQf - 7Ame7

/AmeZO

where

by Theorem 1(b).
Corollary 3. If

is orthodox, so is

whenever AD X, X € M.

For if . o
/ f+7/ f_,/ f+,0r/ f~ is finite,
A a S, Joa

it remains so also when A is reduced to X (see Theorem 1(f)). Hence orthodoxy
follows by formula (1).
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Note 4. Given f: S — E*, we can define two additive (by Theorem 2) set
functions 5 and s by setting for X € M

§X:7Xfand§X:/ f.
X

They are called, respectively, the upper and lower indefinite integrals of f, also

denoted by o
/ f and / f

By Theorem 2 and Corollary 3, if

K

is orthodox, then § is o-additive (and semifinite) when restricted to M-sets
X C A. Also,

(or 37 and sy).

sh=s0=0

by Theorem 1(b).

Such set functions are called signed measures (see Chapter 7, §11). In par-
ticular, if f > 0 on S, § and s are o-additive and nonnegative on all of M,
hence measures on M.

Theorem 3. If f: S — E* is m-measurable (Definition 2 in §3) on A, then

Jo=ls

Proof. First, let f > 0 on A. By Corollary 2, we may assume that f is
M-measurable on A (drop a set of measure zero). Now fix ¢ > 0.

Let Ag = A(f =0), Ase = A(f = 0), and
Ay =A((l+e)" < f<(@+e)"), n=0,£1,+2,....
Clearly, these are disjoint M-sets (Theorem 1 of §2), and

A=A)UA U G Ap.

Thus, setting
0 on Ap,
g=14 on Ay, and
(I+e)" onAd, (n=0,£1,+2,...)
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and

h=(1+¢)gon A,
we obtain two elementary and nonnegative maps, with

g<f<honA (Why?)

o1

By Note 1,

Now, if [, g = oo, then

yields

[ =]
J_ A
[ =] r=c
A LA

If, however, ng<oo, then

/Ah:/A(l—Fe)g:(l—O—e)/Ag<oo;

so g and h are elementary and integrable on A. Thus by Theorem 2(ii) in §4,

./Ah_‘/;,g:_/;‘(h_g):/A((1+€)g—g):s/ﬁ;g.

Moreover, g < f < h implies

/Ags/Afs/Afs/Ah
'7Af—1Af <[n-[aze]q

As € is arbitrary, all is proved for f > 0.

The case f # 0 now follows by formula (1), since f* and f~ are M-
measurable (Theorem 2 in §2). O

SO
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Problems on Integration of Extended-Real Functions
1. Using the formulas in (1) and our conventions, verify that
(i) [ f = +ooiff [, fT =o0;
f f:ooiﬁf f+ =o0; and

(i)
D) [, f = —oo iff [ f~ =ooand [, ft < oo.
)
)

(iii
(iv) Derive a condition similar to (iii) for f f=—o0.

(v) Review Problem 6 of Chapter 4, §4.

2. Fill in the missing proof details in Theorems 1 to 3 and Lemmas 1 and 2.

3. Prove that 1ff f = oo, there is an elementary and (extended) real map

g < fonA, Wltthg_
[Outline: By Problem 1, we have

=

As Lemmas 1 and 2 surely hold for nonnegative functions, fix a measurable F < f+

(F > 0), with
/AF:lAer:oo.

Arguing as in Theorem 3, find an elementary and nonnegative map g < F', with

(1+6)/Ag:/AF:oo;

so [,g=c0oand 0 < g< F < fF on A
Let
AL =AF >0 eM

and

(Theorem 1 in §2). On A,

while on Ag, g = F = 0; so

//ug:.//\g:oo(why?).

Now redefine g = —oo on Ag (only). Show that g is then the required function.]
4. For any f: S — E*, prove the following.
) If TAf < 00, then f < oo a.e. on A.
(b) If iAf is orthodox and > —oo, then f > —oo a.e. on A.
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[Hint: Use Problem 1 and apply Corollary 1 to f*; thus prove (a). Then for (b), use (i) If [ ,|f] < oo and [ ,|g| < oo, then
Theorem 1(¢').] o - -
=5. For any f,g: S — E*, prove that ‘/ f_/glg/ If — gl
) TAf+TAg Z TA(f+9): and 4 4 4
) J (F+a)=[ f+ 9 it |[ 9 <. and -
[Hint: Suppose that o . . ’/ f- / s /A‘f — 9l
/Af * /Ag < /A(f ). [Hint: Use Problems 5 and 6.]
Then there are numbers — — 8. Show that any signed measure 5 (Note 4) is the difference of two mea-
u > /Af and v > /Ag» sures: Sy =5Spp —Sf_.

with o
wtvs [ (F+9).
A
(Why?) Thus Lemma 1 yields elementary and (extended) real maps F' > f and §6' Integrable Functions. Convergence Theorems
G > g such that

w >7 F and v >7 G. I. Some important theorems apply to integrable functions.
4 Theorem 1 (linearity of the integral). If f,g: S — E* are integrable on a set
As f+ g < F+ G on A, Theorem 1(c) of §5 and Problem 6 of §4 show that Ae Min (5«7/\/17771)7 50 is
/ (f+9) < /F+G) /F+/Ac<u+v, pf+ag

1
contrary to fOT' any p,q € E*, and

“+“S/A(f+g)' /pf+qg /f+tJ/g,

in particular,

Similarly prove clause (ii).]

6. Continuing Problem 5, prove that

/A(f+g)Z'/Af+lAgzlA(f+g)ZlAf+lAg’ /A(fig):/Afi/Ag

Proof. By Problem 5 in §5,

provided uAg‘ < 00.

[Hint for the second inequality: We may assume that / f +/ g > / (f + g) > / (f + g) > / f +/ qg.
_ — J A A A J_A LA LA
/ (f+g)<ooand/ f> —o0.
A A (Here
(Why?) Apply Problems 5 and 4(a) to - _
— / [ / f / g, and / g
A L A A

[ (+9+ .
are finite by integrability; so all is orthodox.)
As

7. Prove the following. — . —
() Talfl <ociff —oo< [ f<Tf<oc. /.- 1 e [ o= 1 J

Use Theorem 1(e’).]
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the inequalities turn into equalities, so that

‘Af+Ag=/Jf+m=l;U+m~

Using also Theorem 1(e)(¢’) from §5, we obtain the desired result for any

pg€e EY. O

Theorem 2. A function f: S — E* is integrable on A in (S, M, m) iff

(1) it is m-measurable on A, and
(ii) TAf (equivalently TA\fD is finite.

Proof. If these conditions hold, f is integrable on A by Theorem 3 of §5.

Conversely, let o
[ i=] 122
A J oA

Using Lemma 2 in §5, fix measurable maps g and h (g < f < h) on A, with

fi = o7

By Theorem 3 in §5, g and h are integrable on A; so by Theorem 1,

0= [ [0

Ja-n=o

and so by Theorem 1(h) of §5, h — f = 0 a.e. on A.
Hence f is almost measurable on A, and

/f#im

by assumption. From formula (1), we then get

/f+and/f < o0,
Jini=[urer=[ 1+ [ 1 <s

by Theorem 1 and by Theorem 2 of §2. Thus all is proved. O

As

we get

and hence
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Simultaneously, we also obtain the following corollary.

Corollary 1. A function f: S — E* is integrable on A iff f+ and f~ are
Corollary 2. If f,g: S — E* are integrable on A, so also are

fvg fAg |fl, and kf for k€ B,

/Akf:k/Af.

For products fg, this holds if f or g is bounded. In fact, we have the following

with

Exercise!

theorem.

Theorem 3 (weighted law of the mean). Let f be m-measurable and bounded
on A. Set

p = inf f[A] and q = sup f[A].

Then if g is m-integrable on A, so is fg, and

/Aflg\:C/A\gl

If, further, f also has the Darbouz property on A (Chapter 4, §9), then

for some ¢ € [p, q].

¢ = f(xzg) for some xo € A.

Proof. By assumption,

3kecEY |f|<k

< [ 1al <t [ 1ol =0
/Afly\=C/A\g|=0-

on A. Hence if/ lgl =0,

Cf

so any ¢ € [p, q| yields

If, however, [, |g| # 0, the number

()

Moreover, as f and g are m-measurable on A, so is fg; and as

\/mkw/mwm7
A A

is the required constant.
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fg is integrable on A by Theorem 2.

Finally, if f has the Darboux property and if p < ¢ < ¢ (with p, g as above),
then

flz) <c< fly)

for some z,y € A (why?); hence by the Darboux property, f(xo) = ¢ for some
xo € A.

If, however,
c <inf f[A] = p,
then
(f=0o)lgl =0
and

[ =0lal= [ rial=c [ 1ol =0 (why2);

so by Theorem 1(h) in §5, f —c¢ =0 a.e. on A. Then surely f(z¢) = ¢ for some
xo € A (except the trivial case mA = 0). This also implies ¢ € f[A] € [p, q].
Proceed similarly in the case ¢ > ¢q. O

Corollary 3. If f is integrable on A € M, it is so on any BC A (B € M).
Proof. Apply Theorem 1(f) in §5, and Theorem 3 of §5, to f™ and f~. O

II. Convergence Theorems. If f,, — f on A (pointwise, a.e., or uniformly),

does it follow that .
[ [ 12
A A

To give some answers, we need a lemma.

Lemma 1. If f >0 on A€ M and if

/ f>peFE",
A

there is an elementary and nonnegative map g on A such that

/g>p7
A

and g < f on A except only at those x € A (if any) at which

f(x) =g(x) =0.
(We then briefly write g C f on A.)
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Proof. By Lemma 1 in §5, there is an elementary and nonnegative map G < f

on A, with
[i=]c=»
LA A

For the rest, proceed as in Problem 7 of §4, replacing f by G there. [
Theorem 4 (monotone convergence). If0 < f, 2 f (a.e.) on A€ M, i.e.,

0 S fn S fn+1 (vn)v
and f, — f (a.e.) on A, then

7Afn /‘ 7.4 f

Proof for M-measurable f, and f on A.! By Corollary 2 in §5, we may
assume that f,,  f (pointwise) on A (otherwise, drop a null set).
By Theorem 1(c) of §5, 0 < f,, * f implies

OSAhSAﬁ

lm [ f, < / f.
The limit, call it p, exists in E*, as {[, f}1. It remains to show that

and so

p>7Af—1Af-

/;f:Z;ﬁ

by the assumed measurability of f; see Theorem 3 in §5.)

Then Lemma 1 yields an elementary and nonnegative map g C f on A, with

v< [0
A

(We know that

Suppose

Let

1 For the general case, see Problem 5.
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Then A, € M and

oo

Ay /A= An.

n=1

For if f(z) = 0, then = € A;, and if f(z) > 0, then f(z) > g(x), so that
fn(z) > g(z) for large n; hence z € A,

By Note 4 in §5, the set function s = [ g is a measure, hence continuous by
Theorem 2 in Chapter 7, §4. Thus

/gzsA: lim sA, = lim g.
Ja

n—oo n—oo A
n

But as g < f,, on A,, we have

[ o] t< ]
JAn Ay, JA
/g:lim/ gglim/fn:p7
A A, A

contrary to p < fA g. This contradiction completes the proof. [J

Hence

Lemma 2 (Fatou). If f, >0 on Ae M (n=1,2,...), then
/ lim f,, Shﬂ/ fn:
A A

= inf f%. =1,2,...;
Gn lgzlnfk, n=1,

Proof. Let

S0 fn > gn >0 and {g,}T on A. Thus by Theorem 4,
/ hmgn:hm/ gn:hﬂ/ 9n Shﬂ/ In-
A A A A

lim g,, =supg, = sup inf fi = lim f,.
n— 00 n n k>n -

[ g, = [ timg, <tim [ 7.
A A A

But

Hence

as claimed. [
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Theorem 5 (dominated convergence). Let f,: S — E be m-measurable on
AeM(n=1,2,...). Let

fn— f (a.e.) on A.

Then
lim / |fn—fl=0,
n—o0 A

provided that there is a map g: S — E' such that
[o<w
A

(Yn) |fal < g ae on A.

and

Proof. Neglecting null sets, we may assume that
on A and f, — f (pointwise) on A; so |f| < g and

Ifo = IS | ful +1f] < 29

on A. As |f| < oo, we have

|fn*f|%0

on A. Hence, setting
hy =29 — |fu — fI 20,
we get

2¢g = lim h, =limh,.

n—oo

We may also assume that g is measurable on A. (If not, replace it by a mea-

surable G > g, with
/ G :/ g < 00,
A A

by Lemma 2 in §5.) Then all
hn =29 — | fn — f|

are measurable (even integrable) on A.
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Thus by Lemma 2,

‘/AZg:‘/Aliﬂhnﬁhim/A(Qg*Un*fD
:n_m</Azg+/A(—|fn—f|>)
:/142g+1i_m<*/A‘fn*f‘)
:/A2Q—E/A|fn—f|-

(See Problems 5 and 8 in Chapter 2, §13.)
Canceling [, 2g (finite!), we have

0<~Tm [ 1 -1
A
Hence

ozm//‘lfn—flzh_méwfnff|zo,

as |fn — f| > 0. This yields

0=Tm [ |fo = f1=1tim [ 1fu = fl=1im [ 15,11,

as required. O

Note 1. Theorem 5 holds also for complex and vector-valued functions (for
| fr — f] 18 real).

In the extended-real case, Theorems 1(g) in §5 and Theorems 1 and 2 in §6

yield
[/ ‘ —f‘ ISR
e

Moreover, f is integrable on A, being measurable (why?), with

/A\fIS/Ag<OO~

For complex and vector-valued functions, this will follow from §7. Observe that
Theorem 5, unlike Theorem 4, requires the m-measurability of the f,,.

i.e.,

§6. Integrable Functions. Convergence

Theorems

Note 2. Theorem 5 fails if there is no “dominating”

gz|fn|with/g<oo7
A

even if f and the f,, are integrable.

Example.

Let m be Lebesgue measure in A = E', f =0, and
1 on [n,n+1],
fn = {

0 elsewhere.

Thenfn%fandefnzl;so

lim
n—oo

The trouble is that any

fn—laéO—/Af.

g2fn (n=12,...)

would have to be > 1 on B =

[1,00); so

/g>/gfl mB = oo,

instead of [, g < oc.
This example also shows

that f, — f alone does not imply

Ah%Aﬁ

Theorem 6 (absolute continuity of the integral). Given f: S — E with

[ <=

and € > 0, there is § > 0 such that

whenever
mX <6

7X|f\<€

(ADX, X eM).

Proof. By Lemma 2 in §5, fix h > |f|, measurable on A, with

/Ah:

7A|f\ < 00

275
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Neglecting a null set, we assume that |h| < co on A (Corollary 1 of §5). Now,

(Vn) set

hz), xe€ A, =A(h<n),
gn(z) =
0, x € —A,.

Then g, < n and g, is measurable on A. (Why?)
Also, gn, > 0 and g, — h (pointwise) on A.
For let € > 0, fix € A, and find k& > h(z). Then

(Vn>k) h(z)<nand g,(z) = h(zx).

So
Vn>k) |gn(z)—h(z)=0<e.

Clearly, g, < h. Hence by Theorem 5

lim / |h — gn| = 0.
n—oo A

Thus we can fix n so large that

/A(hfgn) < %s.

_ &
T o

For that n, let

and take any X C A (X € M), with mX <.
As g, < n (see above), Theorem 1(c) in §5 yields

" 1
/gng/(n):n~mX<n5:—e.
Jx X 2

Hence as |f| < h and

/}((h—gn)S_A(h—gn)<%g

(Theorem 1(f) of §5), we obtain

N 11
/lﬂg/h:/wwyu+/gn<f+fﬁw,
X X X X 2 2

as required. [
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Problems on Integrability and Convergence Theorems

1. Fill in the missing details in the proofs of this section.

2. (i) Show that if f: S — E* is bounded and m-measurable on A, with
mA < oo, then f is m-integrable on A (Theorem 2) and

Af:omA

where inf f[A] < ¢ < sup f[A].
(ii) Prove that if f also has the Darboux property on A, then

(Fzo€ A) c¢= f(x).
[Hint: Take g = 1 in Theorem 3.]

(iii) What results if A = [a,b] and m = Lebesgue measure?

3. Prove Theorem 4 assuming that the f,, are measurable on A and that

(3k) /Afk > —00

instead of f, > 0.
[Hint: As {fn}1, show that

(Vn > k) /Afn>foo.

If
@3n) /A fn = o0,

/Aleim/Afn:oo.

(V> K) \/Af

then

Otherwise,

< 00;

S0 fn is integrable. (Why?) By Corollary 1 in §5, assume |fn| < co. (Why?) Apply
Theorem 4 to hy = fn — fi (n > k), considering two cases:

/h<ooand/h:oo.]
A A

4. Show that if f, ~ f (pointwise) on A € M, there are M-measurable
maps F,, > f, and F > f on A, with F,, /' F (pointwise) on A, such

that . L
/F:/ f and /Fn :/ fn-
A A A A
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[Hint: By Lemma 2 of §5, fix measurable maps h > f and hy,, > fn with the same
integrals. Let
F, = inf =1,2,...
n k}gn(h/\ hi), n=1,2,...,
and F' = sup,, F;, < h. (Why?) Proceed.]

5. For A € M and any (even nonmeasurable) functions f, f,: S — E¥,
prove the following.

(i) If f, /' f (a.e.) on A, then
[ 0]

(3n) 7 fn > —o0.

A

provided

(i) If f, \¢ f (a.e.) on A, then

1 N l K

(3n) lfn<oo.

A

provided

[Hint: Replace f, fn by F, Fy, as in Problem 4. Then apply Problem 3 to Fy; thus
obtain (i). For (ii), use (i) and Theorem 1(¢’) in §5. (All is orthodoz; why?)]

6. Show by examples that

(i) the conditions

/fn>—ooand/ fn <00
J A J A

in Problem 5 are essential; and
(ii) Problem 5(i) fails for lower integrals. What about 5(ii)?

[Hints: (i) Let A = (0,1) C E', m = Lebesgue measure, f, = —oc on (0, %), fn=1
elsewhere.

(i) Let M = {E',0}, mE' =1, mb =0, f, = 1 on (—n,n), f, = 0 elsewhere.
If f=1o0on A= E! then f, — f, but not

ZA fn ZA !
Explain!]

7. Given f,: S — E* and A € M, let

gn = inf frand hy, =sup fr, (n=1,2,...).
k>n k>n
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Prove that
(1) TAli_mfn < li_mTAfn provided (3n) TAgn > —o0; and

(ii) iAEfn < EiAfn provided (In) [ hn < oo.
[Hint: Apply Problem 5 to g, and hy.]

(iii) Give examples for which

7Ahﬂfn #@YAJ”” and / Tim f,, # E/ fu.
(See Note 2). - -

8 Let f, >0on Ae Mand f,, > f (a.e.)on A. Let AD X, X €¢ M.

Prove the following.
(i) If
[ 5o [ 5
A A

(ii) This fails for sign-changing fy,.

then

[Hints: If (i) fails, then

i [ po< [ gortm [ g> [ i
X X X X
Find a subsequence of
{/ fn} or {/ fn}
X A-X
contradicting Lemma 2.
(ii) Let m = Lebesgue measure; A = (0,1), X = (0, %),

on (0, 551,

N
fn= —n  on (1—%,1).]

=9. (i) Show that if f and g are m-measurable and nonnegative on A, then

(Va,b>0) /A(aerbg)za/Aerb/Ag.

(ii) If, in adldition7 fA f<ooor ng < 00, this formula holds for any
a,be E.

[Hint: Proceed as in Theorem 1.]
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=10. If pick, step by step, naturals

o0
f:an, ng<ng < - <ng < ---
n=1 and sets Dy, € M such that (Vk)

with all f,, measurable and nonnegative on A, then mDy < 2—F

_ - and
/Afi,;l/Afn. P (Fry ) <27F

A — Dy. (Explain!) Let
[Hint: Apply Theorem 4 to the maps on k- (Explain!) Le

n En= | | Dy,
=S fe St Yo
k=1

E, < 2= (Why?) Show that
Use Problem 9.] mEnp (Why?) Show tha

11. If (Vn) (Vk>mn) p'(fo, f) <277
> on A — E,. Use Problem 11 in §3.]
=Y [ 1nl<o ) 1 |
1A (ii) For maps f,: S — E and g: S — E' deduce that if

and the f,, are m-measurable on A, then fn— f
e in measure on A and
Z |frn| < o0 (a.e.) on A
n=1 (Vn) |ful <g (ae.) on A,
and f =Y ", f, is m-integrable on A, with then
|fl < g (ae.) on A.

[Hint: Let g = 2%, |f|. By Problem 10, 13. Continuing Problem 12(ii), let

Agiiﬂlfn|:q<w; fo = f

in measure on A € M (f,: S — E) and

s0 g < oo (a.e.) on A. (Why?) Apply Theorem 5 and Note 1 to the maps (Vn) |ful < g (ae.) on A
n| = b b
gn = Z s with o
k=1
/ g < oQ.
note that |gn| < g.] J A
12. (Convergence in measure; see Problem 11(ii) of §3). Prove that _
(i) Prove Riesz’ theorem: If f,, — f in measure on A C S, there is a lim / |fo = fl=0.
subsequence {f,,} such that f,, — f (almost uniformly), hence e A
(a.e.), on A. Does . .
[Outline: Taking °
o) =06, =27, Afn - Af'
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[Outline: From Corollary 1 of §5, infer that g = 0 on A — C, where
oo
C = | Cx (disjoint),

k=1

mC} < co. (We may assume g M-measurable on A. Why?) Also,

oo
00 > g=/ g+/g=0+ / g;
/A A-C c ,; C

so the series converges. Hence

(Ve>0) (3p) /A9—6<é/ck9:/11m

where

r
H:UCkEM
k=1

and mH < co. As |fn — f| < 2g (a.e.), we get

1) ZA‘fn—f|§/A‘fn—f|S/H|fn—f\+/;‘7H2g<7H\fn_f|+2€.

(Explain!)
As mH < oo, we can fix o > 0 with

o-mH <e.
Also, by Theorem 6, fix ¢ such that

2/g<6
p'e

whenever A D X, X € M and mX < 4.
As fn — f in measure on H, we find M-sets D,, C H such that

(Yn>ng) mD, <§¢

and
|fn — fl<oon A, = H— Dy.

(We may use the standard metric, as |f| and |fn| < oo a.e. Why?) Thus from (1),
we get

[an=sis [ g+

= [ gmns [ s

n n

<[ Au-si4ze
A,
<o-mH+ 3e < 4e

for n > ng. (Explain!) Hence

lim/A|fnff\:0.
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14.

See also Problem 7 in §5 and Note 1 of §6 (for measurable functions) as regards

lim 7,4 fn'

Do Problem 12 in §3 (Lebesgue-Egorov theorems) for 7' = E, assuming
(Vn) |fal < g (a.e)on A,

/ g < oo
A
(instead of mA < 00).

[Hint: With H;(k) as before, it suffices that

with

lim m(A — H;(k)) =0.
17— 00
(Why?) Verify that

~vYn) o' (fn, f) = |fn — fl <29 (a.e.) on A,

and

(Vi k) A—H;(k)C A(2g > %) UQ (mQ =0).

Infer that
(Vi, k) m(A— H;(k)) < co.

Now, as (Vk) H;(k) \(0 (why?), right continuity applies.]

87. Integration of Complex and Vector-Valued Functions

I. First we consider functions f: S — E™(C™).
natural (and easy) to define integration “componentwise” as follows.

For such functions, it is
1

Definition 1.

(1)

A function f: S — E™ is said to be integrable on A € M iff its n (real)
components, fi,..., fn, are. In this case, we define

/Af—/Afdm—(/Afl,/Af%.‘.,/Afn)—kilek-/Afk,

where the €j, are basic unit vectors (as in Chapter 3, §§1-3, Theorem 2).

1 As before, we presuppose an arbitrary (but fixed) measure space (S, M, m).
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In particular, a complex function f is integrable on A iff its real and
imaginary parts (fre and fin) are. Then we also say that [, f ewists.?
By (1), we have

@) /Af:(/Afre,/Afim) = [ i [ S

If f: S — C™ we use (1), with complex components fj.

With this definition, integration of functions f: S — E™ (C™) reduces to
that of fr: S — E!(C), and one easily obtains the same theorems as in §§4-6,
as far as they make sense for vectors.

Theorem 1. A function f: S — E™(C") is integrable on A € M iff it is
m-measurable on A and [, |f] < oc.

(Alternate definition!)

Proof. Assume the range space is E".

By our definition, if f is integrable on A, then its components fj are. Thus
by Theorem 2 and Corollary 1, both in §6, for £ = 1,2,... ,n, the functions
f,j and f, are m-measurable; furthermore,

/;f,j#iooand//;f,:#ioo.

This implies

m>/4f:+/4f;:A(f;+f;):/A|fk|, k=1,2,...,n.

Since |f| is m-measurable by Problem 14 in §3 (| - | is a continuous mapping
from E™ to E'), and

1=

n
> et
k=1

n n

< lewl 1l =1,
k=1 k=1

we get

/A|fs/Ai|fk|:i/A|fk|<oo.

Conversely, if f satisfies

|f] < oo
A

/Afk

2 For vector-valued functions, too, this phrase means integrability.

then
(V&)

< 00.
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Also, the fj are m-measurable if f is (see Problem 2 in §3). Hence the f;, are
integrable on A (by Theorem 2 of §6), and so is f.

The proof for C™ is analogous. [

Similarly for other theorems (see Problems 1 to 4 below). We have already
noted that Theorem 5 of §6 holds for complex and vector-valued functions. So
does Theorem 6 in §6. We prove another such proposition (Lemma 1) below.

IT. Next we consider the general case, f: S — E (E complete). We now adopt
Theorem 1 as a definition. (It agrees with Definition 1 of §4. Verify!) Even
if E = E*, we always assume |f| < oo a.e.; thus, dropping a null set, we can
make f finite and use the standard metric on E.

First, we take up the case mA < oc.

Lemma 1. If f,, — [ (uniformly) on A (mA < o0), then

/A\fn—f\—m.

Proof. By assumption,
(Ve>0) (3k) (Vn>k) |fn—[fl<eon A4
SO
(VYn>k) / \fn*f\ﬁ/(s)=s~mA<oo.
A A
As ¢ is arbitrary, the result follows. O

Our goal is to prove results on linearity (Theorem 2) and additivity (Theo-
rem 3) for general E; for a “limited approach,” see Problem 2 for E = E™ (C™).

*Lemma 2. If
/ [f] < oo (mA < oo)
A

and
f= ILm fn (uniformly) on A —Q (m@Q = 0)

for some elementary maps fn on A, then all but finitely many f, are elementary
and integrable on A, and

lim / fn

n—00 A

exists in E; further, the latter limit does not depend on the sequence {f,}.

Proof. By Lemma 1,

(Ve >0) (3q) (Vn,k > g) /A\fnff\<€and /A|fnffk|<s.
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(The latter can be achieved since

dm [ 1= nl = [ 1<)

Now, as

Problem 7 in §5 yields

(vn > k) AVAgAW*ﬂ+AVstAm<m

Thus f, is elementary and integrable for n > k, as claimed. Also, by Theorem 2
and Corollary 1(ii), both in §4,
=| [t
A

Thus {[ 4 fn} is a Cauchy sequence. As E' is complete,

(Vn,k>q)

—/Afk

;Lm—nm&

lim /A e~

exists in F, as asserted.
Finally, suppose g, — f (uniformly) on A — @ for some other elementary
and integrable maps g,. By what was shown above, lim [ 4 9n exists, and

tin [ g, ~tim [ £, = |ton [ (9.~ )

by Lemma 1, as g, — f, — 0 (uniformly) on A. Thus
hm/ 9n :hm/ fnv
A A

This leads us to the following definition.
*Definition 2.
If f: S — E is integrable on A € M (mA < c0), we set

/ /fdm* lim /fn

for any elementary and integrable maps f,, such that f,, — f (uniformly)
on A—Q, mQ =0.

§lim/|gn—fn—0|:()
A

and all is proved. [

31Indeed, fn, — fr — fn — f (uniformly) on A as k — oo; so Lemma 1 applies.
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Indeed, such maps ezist by Theorem 3 of §1, and Lemma 2 excludes ambi-
guity.

*Note 1. If f itself is elementary and integrable, Definition 2 agrees with
that of §4. For, choosing f, = f (n =1,2,...), we get

IREIR:

*Note 2. We may neglect sets on which f = 0, along with null sets. For
if f=0onA—B (A2 B, Be& M), we may choose f, =0on A— B in
Definition 2. Then

/Af=1im/Af}l=lim/Bfn=/Bf-

Thus we now define
[r=]s
A B

even if mA = oo, provided f =0 on A — B, i.e.,
f=fCponA

(Cp = characteristic function of B), with A O B, B € M, and mB < cc.
If such a B exists, we say that f has m-finite support in A.

*Note 3. By Corollary 1 in §5,

/A\f\<oo

implies that A(f # 0) is o-finite. Neglecting A(f = 0), we may assume that

(the latter as in §4).

A={JB,, mB, < oo, and {B,}1

(if not, replace B, by Jp_, Bx); so B, 7 A.

*Lemma 3. Let ¢: S — E be integrable on A. Let B, /* A, mB, < oo,
and set

fa=0Cgp,, n=12....
Then f, — ¢ (pointwise) on A, all f, are integrable on A, and

lim fn
n—oo A

exists in E. Furthermore, this limit does not depend on the choice of {B,,}.

Proof. Fix any z € A. As B, A= B,,

(3no) (Vn>ng) =€ B,.
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By assumption, f,, = ¢ on B,,. Thus
(Vn>no) fulz) =d(2);

80 fn — ¢ (pointwise) on A.
Moreover, f, = ¢ Cp, is m-measurable on A (as ¢ and Cp, are); and

|fn| = ‘¢| Cg,

[l < [ 16 <o,

Thus all f,, are integrable on A.
As f, =0on A— B,, (mB < ),

/Afn

is defined. Since f, — ¢ (pointwise) and |f,| < |¢| on A, Theorem 5 in §6,

with g = |¢|, yields
[ 10~ 60
A

The rest is as in Lemma 2, with our present Theorem 2 below (assuming m-
finite support of f and g), replacing Theorem 2 of §4. Thus all is proved. O

implies

*Definition 3.
If ¢: S — F is integrable on A € M, we set

/¢= vdm =t [ 1.
A A

n—oo

with the f,, as in Lemma 3 (even if ¢ has no m-finite support).

Theorem 2 (linearity). If f,g9:S — E are integrable on A € M, so is

pf+ag
for any scalars p,q. Moreover,

/pf+qg /f+q/

Furthermore if f and g are scalar valued, p and ¢ may be vectors in E.

*Proof. For the moment, f, g denotes mappings with m-finite support in A.
Integrability is clear since pf + qg is measurable on A (as f and g are), and

[pf +agl < Ipl|f1+lal gl
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[ vt al < 1ol [ 171 +1al [ 1ol <o

Now, as noted above, assume that
f=fCp, and g=gCp,
for some By, By C A (mBy +mBy < o). Let B = By U Bs; so
f=9=pf+q9=00n A-B;

yields

additionally,

/ /f/ /97 and/ pf+a9) = /B(pf+qg)~

Also, mB < 005 so by Definition 2,

/szlim/Bfnand /Bg:hm/Bgn

for some elementary and integrable maps
fn — f (uniformly) and ¢, — ¢ (uniformly) on B — @, m@ = 0.
Thus
Pfn + qg9n — pf + qg (uniformly) on B — Q.
But by Theorem 2 and Corollary 1(vii), both of §4 (for elementary and inte-

grable maps),
/(pfnJrqgn):p/ fnJrq/ .-
B B B
Hence

/A (pf +4q9) = /B (pf +qg) = lim /B (pfn + agn)

:1im(p/Bfn+q/Bgn>:p/Berq/Bg:p/Af+Q/A9

This proves the statement of the theorem, provided f and g have m-finite
support in A. For the general case, we now resume the notation f,g,... for
any functions, and extend the result to any integrable functions.

Using Definition 3, we set

)
A= B, {Bu}1, mB, < 0,
n=1
and
fn:chn7gn:chn,7 TL:1,2,....
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Then by definition,

/fz lim fn and /gz lim Ins

p/4f+qu:n1L%O(pAfn+QAgn)-

As fn, gn have m-finite supports, the first part of the proof yields

p/ fn+Q/gn:/(pfn+qgn)~
A A A
Thus as claimed,

p/Aerq/Ag:lim/A(pfnJrqgn):/A(prrqg)- O

Similarly, one extends Corollary 1(ii)(iii)(v) of §4 first to maps with m-finite
support, and then to all integrable maps. The other parts of that corollary
need no new proof. (Why?)

Theorem 3 (additivity).

(i) If f: S — E is integrable on each of n disjoint M-sets Ay, it is so on
their union

and so

A= A,
k=1
and
f= I
(ii) This holds for countable unions, too, if f is integrable on all of A.

*Proof. Let f have m-finite support: f = fCp on A, mB < oo. Then
[r=[rma [ 5=/ 1
A B A By

By, =AyNB, k=12...,n.

where

By Definition 2, fix elementary and integrable maps f; (on A) and a set Q
(m@Q = 0) such that f; — f (uniformly) on B — Q@ (hence also on By, —Q), with

/f:/f:_lim fi and/ f = lim fi, k=1,2,...,n.
A B 1—>00 B Ak 11— 00 Bk
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As the f; are elementary and integrable, Theorem 1 in §4 yields

/Afi_/Bfi_kil/kai_i/Akfi.
Hence

f=tim [ fi=lim fi= (,nm / fl-) - ;
/A i—oo /g z%oc; By Z i—00 J 4, ; Ay

k=1

Thus clause (i) holds for maps with m-finite support. For other functions,
(i) now follows quite similarly, from Definition 3. (Verify!)
As for (ii), let f be integrable on

A= U Ay, (disjoint), Ap € M.
k=1

In this case, set g, = f Cp,, where B, = J;_, Ar, n=1,2,.... By clause (i),
we have

3) /Ag”:/feng":,i/kag":é/@f’

since g, = f on each Ay C B,.
Also, as is easily seen, |g,| < |f| on A and ¢, — f (pointwise) on A (proof
as in Lemma 3). Thus by Theorem 5 in §6,

/Algn—f|—>0
/Ag7r/Af‘= /A(gnff)'S/A\gnffI?
Af:nIE&Ag”’

and the result follows by (3). O

we obtain

Problems on Integration of Complex
and Vector-Valued Functions

1. Prove Corollary 1(iii)—(vii) in §4 componentwise for integrable maps
f18 = E™(CM).
2. Prove Theorems 2 and 3 componentwise for E = E™ (C™).

2’. Do it for Corollary 3 in §6.
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[ 1<

/|fk|<oo, k=1,...,n.
A

3. Prove Theorem 1 with

replaced by

4. Prove that if f: S — E™ (C™) is integrable on A, so is | f|. Disprove the
converse.

5. Disprove Lemma 1 for mA = oo.
*6. Complete the proof of Lemma 3.
*7. Complete the proof of Theorem 3.
*8. Do Problem 1 and 2’ for f: S — F.

*9. Prove formula (1) from definitions of Part II of this section.

=-10. Show that
‘/ f‘ g/ £l
A A

for integrable maps f: S — E. See also Problem 14.
[Hint: If mA < oo, use Corollary 1(ii) of §4 and Lemma 1. If mA = oo, “imitate”
the proof of Lemma 3.]

11. Do Problem 11 in §6 for f,: S — E. Do it componentwise for £ =
En (Cn).

12. Show that if f,g: S — E' (C) are integrable on A, then*

‘/AngS/AfIZ-/AgIQ.

In what case does equality hold? Deduce Theorem 4(c’) in Chapter 3,
§61-3, from this result.

[Hint: Argue as in that theorem. Consider the case

1 — =
(Bter) /A\f tg] = 0.

13. Show that if f: S — E'(C) is integrable on A and

]/Af]:/Am,

(HeceC) cf=|f] ae onA.

then

4 One may assume that S |f|? and N |g|? are finite (otherwise, all is trivial).
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[Hint: Let a = fA f. The case a = 0 is trivial. If a # 0, let

el an
c="—; |¢|]=1; ca=]al
a

Let r = (¢f)re. Show that r < |cf| = |f],

[A= Ler=[or< fn=1[ 1]
Joun= [ = [ e

(cf)re = |cf| (a.e.), and cf = |cf| = |f| a.e. on A.]
14. Do Problem 10 for £ = C using the method of Problem 13.

15. Show that if f: S — FE is integrable on A, it is integrable on each M-set
B C A. If, in addition,
fo=0
B

for all such B, show that f =0 a.e. on A. Prove it for E = E™ first.
[Hint for E = E*: A= A(f > 0) U A(f <0). Use Theorems 1(h) and 2 from §5.]

16. In Problem 15, show that
s = / f
is a o-additive set function on
Ma={XeM|XCA}
(Note 4 in §5); s is called the indefinite integral of f in A.

88. Product Measures. Iterated Integrals
Let (X, M, m) and (Y, N, n) be measure spaces, with X € M and Y € N. Let
C be the family of all “rectangles,” i.e., sets

A X B,

with A € M, Be N, mA < co, and nB < oo.
Define a premeasure s: C — E! by

s(Ax B)=mA-nB, AxBeC.
Let p* be the s-induced outer measure in X x Y and
p: P*— E*

the p*-induced measure (“product measure,” p = m X n) on the o-field P* of
all p*-measurable sets in X x Y (Chapter 7, §§5-6).
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We consider functions f: X x Y — E* (extended-real).

I. We begin with some definitions.
Definitions.

(1) Given a function f: X — Y — E* (of two variables z,y), let f, or f(z, -)
denote the function on Y given by

fa(y) = f(z,y);
it arises from f by fixing x.
Similarly, f¥ or f(-,y) is given by f¥(z) = f(x,y).
(2) Define g: X — E* by

@) = [ fa.yim,

/X/dendm:/xgdm,

/de(x)/yf(a:,y)dn(y).

This is called the iterated integral of f on Y and X, in this order.
Similarly,

and set

also written

) = [ v am

/y/xfdmdn:/yhdn.

Note that by the rules of §5, these integrals are always defined.

and

(3) With f,g,h as above, we say that f is a Fubini map or has the Fubini
properties (after the mathematician Fubini) iff

(a) g is m-measurable on X and h is n-measurable on Y

(b) fz is n-measurable on Y for almost all z (ie., for x € X — Q,
m@Q = 0); f¥ is m-measurable on X for y € Y — Q’, nQ’ = 0; and

(c) the iterated integrals above satisfy

[ fravin= [ ponsn=

(the main point).
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For monotone sequences
fe: X xY > E* (k=1,2,...),
we now obtain the following lemma.

Lemma 1. If 0 < fi & f (pointwise) on X XY and if each fi has Fubini
property (a), (b), or (c), then f has the same property.

Proof. For k=1,2,..., set

%mzﬂnw»m
and

hi(y) = /ka(ny) dm.

By assumption,
pointwise on Y. Thus by Theorem 4 in §6,

Aﬁmdﬂlﬁ@dw,

ie., gr /g (pointwise) on X, with ¢ as in Definition 2.
Again, by Theorem 4 of §6,

/gkdm/‘/gdm;
X X

/X/yfdndm:khf;o/x/yfkdndm,
, J
foo 7

Hence f satisfies (c) if all fi do.
Next, let fi have property (b); so (Vk) fr(x,-) is n-measurable on Y if
x€X —Qr (mQ =0). Let

or by Definition 2,

Similarly for

and

Q=Jaw

k=1
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so m@Q = 0, and all fi(x, -) are n-measurable on Y, for z € X — Q. Hence
so is
f(-rv ) = lim fk(xv )
k—o0
Similarly for f(-,y). Thus f satisfies (b).
Property (a) follows from g, — ¢g and hy — h. O

Using Problems 9 and 10 from §6, the reader will also easily verify the fol-
lowing lemma.

Lemma 2.

(1) If f1 and f2 are nonnegative, p-measurable Fubini maps, so is afi; + bfa
fora,b> 0.

(ii) If, in addition,
/ fldp<ooor/ fadp < o0,
X XY XxY

then fi1 — fo is a Fubini map, too.

Lemma 3. Let f =32, f; (pointwise), with f; >0 on X X Y.
(i) If all f; are p-measurable Fubini maps, so is f.

(ii) If the f; have Fubini properties (a) and (b), then

/;(/dendm:i/;(/yfidndm
/Y/demdnzi/y/xfidmdn.

II. By Theorem 4 of Chapter 7, §3, the family C (see above) is a semiring,
being the product of two rings,

and

{Ae M|mA < oo} and {BeN |nB < co}.

(Verify!) Thus using Theorem 2 in Chapter 7, §6, we now show that p is an
extension of s: C — E1.

Theorem 1. The product premeasure s is o-additive on the semiring C. Hence
(i) CCP* andp=s<oo onC, and

(ii) the characteristic function Cp of any set D € C is a Fubini map.
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Proof. Let D =AXx B€C(;so
Cp(z,y) = Ca(z) - Cp(y).

(Why?) Thus for a fized z, Cp(z, -) is just a multiple of the N-simple map
C'p, hence n-measurable on Y. Also,

g(a:)z/yC’D(a;-)dn:CA(a:)~/YC’Bdn:CA(x)~nB;

so g = C4 -nB is M-simple on X, with

//Candm:/gdm:nB/ Cadm =nB-mA = sD.
xJy X X

Similarly for Cp(-,y), and

h(y) = /XC’D(-,y) dm.

Thus Cp has Fubini properties (a) and (b), and for every D € C

(1) //Candm://Cdedn:sD.
xJy vy Jx

To prove o-additivity, let

D= U D, (disjoint), D; € C;
i=1
S0
Cp=Y Cbp,.
i=1

(Why?) As shown above, each Cp, has Fubini properties (a) and (b); so by (1)
and Lemma 3,

sD://C dndm = //C ,dndm = sD;,
xJy P ; xJy " ;

as required.
Assertion (i) now follows by Theorem 2 in Chapter 7, §6. Hence

sD =pD = Cp dp;
XxY

so by formula (1), Cp also has Fubini property (c), and all is proved. O

Next, let P be the o-ring generated by the semiring C (so C C P C P*).
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Lemma 4. P is the least set family R such that
(i) R2C;
(ii) R is closed under countable disjoint unions; and

(i) H—-DeRifDeR and DC H, H €C.

This is simply Theorem 3 in Chapter 7, §3, with changed notation.
Lemma 5. If D € P (o-generated by C), then Cp is a Fubini map.

Proof. Let R be the family of all D € P such that Cp is a Fubini map. We
shall show that R satisfies (i)—(iii) of Lemma 4, and so P C R.

(i) By Theorem 1, each Cp (D € C) is a Fubini map; so each D € C is in R.
(ii) Let
D = D; (disjoint), D; € R.

i=1

Then
Cp = Z Cp,,
i=1

and each Cp, is a Fubini map. Hence so is Cp by Lemma 3. Thus D € R,
proving (ii).

(iii) We must show that Cy_p is a Fubini map if Cp is and if D C H, H € C.
Now, D C H implies

Cy_p=0Cy—Cp.
(Why?) Also, by Theorem 1, H € C implies

/ Cydp=pH = sH < oo,
XxY

and Cp is a Fubini map. So is Cp by assumption. So also is
CHfD = CH - CD
by Lemma 2(ii). Thus H — D € R, proving (iii).
By Lemma 4, then, P C R. Hence (VD € P) Cp is a Fubini map. O

We can now establish one of the main theorems, due to Fubini.

Theorem 2 (Fubini I). Suppose f: X XY — E* is P—measurable on X XY
(P as above) rom. Then f is a Fubini map if either

(i) f>00n X xY, or
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/Xxy‘f'df* [ [intandm, or [ [ 1f1dman

is finite.!

(ii) one of

In both cases,

(2) /X/dendm:/y/demdn:/Xxyfdp.

Proof. First, let

f=>aiCp, (ai>0, D;€P),
i=1

i.e., f is P-elementary, hence certainly p-measurable. (Why?) By Lemmas 5
and 2, each a;Cp, is a Fubini map. Hence so is f (Lemma 3). Formula (2) is
simply Fubini property (c).

Now take any P-measurable f > 0. By Lemma 2 in §2,

f=lim fron X xXY
k—o0

for some sequence { f;}1 of P-elementary maps, fi > 0. As shown above, each
f& is a Fubini map. Hence so is f by Lemma 1. This settles case (i).

Next, assume (ii). As f is P-measurable, so are fT, f_, and |f| (Theorem 2
in §2). As they are nonnegative, they are Fubini maps by case (i).

Sois f = fT — f~ by Lemma 2(ii), since f* < |f| implies

/ fHdp < oo
XxXY

by our assumption (ii). (The three integrals are equal, as | f| is a Fubini map.)
Thus all is proved. [

III. We now want to replace P by P* in Lemma 5 and Theorem 2. This works
only under certain o-finiteness conditions, as shown below.

Lemma 6. Let D € P* be o-finite, i.e.,
o0
D = | J D; (disjoint)
i=1
for some D; € P*, with pD; < oo (i =1,2,...).2

! Note the use of absolute values; without them, Theorem 2 fails (see Problem 5').
2 See Note 2 in Chapter 7, §8.
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Then there is a K € P such that p(K — D) =0 and D C K.

Proof. As P is a o-ring containing C, it also contains C,. Thus by Theorem 3
of Chapter 7, §5, p* is P-regular.
For the rest, proceed as in Theorems 1 and 2 in Chapter 7, §7. O

Lemma 7. If D € P* is o-finite (Lemma 6), then Cp is a Fubini map.
Proof. By Lemma 6,

3KeP) p(K—D)=0, DCK.
Let @ = K — D, so pQ =0, and Cg = Cg — Cp; that is, Cp = Cx — Cg and
/ Cqdp =pQ =0.
XxY
As K € P, Ck is a Fubini map. Thus by Lemma 2(ii), all reduces to proving

the same for Cg.
Now, as pQ = 0, @ is certainly o-finite; so by Lemma 6,

(3ZeP) QCZ pZ=pQ=0.

Again Oy is a Fubini map; so

//Czdndm:/ Czdp=pZ =0.
Jx Jy XxY

As Q C Z, we have Cg < Uz, and so

/;./chd"’dm:/X[/YCQ(%~)dn} dm

S/[/C’Z(x,~)dn}dm:/ Cyzdp=0.
x LJy XxY
Similarly,

(1) /Y/XCQdmdn:/Y{/).(C’Q(-,y)dm} dn =0,

Thus setting

(@) = [ Colo ) dn and hiy) = [ Co(-.y)dm,

/gdmz()z/hdn.
X Y

Hence by Theorem 1(h) in §5, g =0 a.e.on X, and h=0a.e.onY. So g and h
are “almost” measurable (Definition 2 of §3); i.e., Co has Fubini property (a).

R

we have
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Similarly, one establishes (b), and (3) yields Fubini property (c), since

//Candmzf/CQdmdnz/ Cqdp =0,
xJy Yy JX XxY

as required. [J

Theorem 3 (Fubini II). Suppose f: X xY — E* is P*-measurable® on X XY
and satisfies condition (i) or (ii) of Theorem 2.

Then f is a Fubini map, provided f has o-finite support, i.e., f vanishes
outside some o-finite set H C X x Y.

Proof. First, let
f = ZaiCDi (ai >0, D; € P*),
i=1

with f =0 on —H (as above).

As f =a; # 0 on A;, we must have D; C H; so all D; are o-finite. (Why?)
Thus by Lemma 7, each Cp, is a Fubini map, and so is f. (Why?)

If f is P*-measurable and nonnegative, and f = 0 on —H, we can proceed
as in Theorem 2, making all fi, vanish on —H. Then the f; and f are Fubini
maps by what was shown above.

Finally, in case (ii), f = 0 on —H implies

fr=f=1fl=0on-H.

Thus f*, f~, and f are Fubini maps by part (i) and the argument of Theo-
rem 2. O

Note 1. The o-finite support is automatic if f is p-integrable (Corollary 1
in §5), or if p or both m and n are o-finite (see Problem 3). The condition is
also redundant if f is P-measurable (Theorem 2; see also Problem 4).

Note 2. By induction, our definitions and Theorems 2 and 3 extend to any
finite number ¢ of measure spaces

(Xi7Mi7mi)7 1=1,...,q.

One writes
pP=m1 X M2

if ¢ =2 and sets

My X Mg X -+ X Mgy1 = (M1 X -+ X Mg) X Mgy1.

3 Or, equivalently, p-measurable (Note 2 in §3), as p is complete (Theorem 1 of Chap-
ter 7, §6).
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Theorems 2 and 3 with similar assumptions then state that the order of inte-
grations is immaterial.

Note 3. Lebesgue measure in E? can be treated as the product of ¢ one-
dimensional measures. Similarly for LS product measures (but this method is
less general than that described in Problems 9 and 10 of Chapter 7, §9).

IV. Theorems 2(ii) and 3(ii) hold also for functions
[ X XY — E"(C")

if Definitions 2 and 3 are modified as follows (so that they make sense for such
maps): In Definition 2, set

@) = [ fodn

if f, is n-integrable on Y, and g(z) = 0 otherwise. Similarly for h(y). In
Definition 3, replace “measurable” by “integrable.”
For the proof of the theorems, apply Theorems 2(i) and 3(i) to |f|. This

yields
[ [inaman=[ [ istanan= [ isia

Hence if one of these integrals is finite, f is p-integrable on X x Y, and so are
its ¢ components. The result then follows on noting that f is a Fubini map
(in the modified sense) iff its components are. (Verify!) See also Problem 12
below.

V. In conclusion, note that integrals of the form

/ fdp (DePY)
D

reduce to

/ f-Cpdp.
XxY

Thus it suffices to consider integrals over X x Y.

Problems on Product Measures and Fubini Theorems
1. Prove Lemmas 2 and 3.
1’. Show that {4 € M | mA < oo} is a set ring.
2. Fill in all proof details in Theorems 1 to 3.

2’. Do the same for Lemmas 5 to 7.
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3. Prove that if m and n are o-finite, so is p = m xn. Disprove the converse
by an example.
[Hint: (U; A7) x (U, B;) = U, ; (Ai x B;). Verify!]
4. Prove the following.
(i) Each D € P (as in the text) is (p) o-finite.
(ii) All P-measurable maps f: X x Y — E* have o-finite support.

[Hints: (i) Use Problem 14(b) from Chapter 7, §3. (ii) Use (i) for P-elementary and
nonnegative maps first.|

5. (i) Find D € P* and = € X such that Cp(z, -) is not n-measurable
on Y. Does this contradict Lemma, 77
[Hint: Let m = n = Lebesgue measure in E'; D = {z} x Q, with Q non-
measurable.]

(i) Which C-sets have nonzero measure if X = Y = E', m* is as in

Problem 2(b) of Chapter 7, §5 (with S = X), and n is Lebesgue
measure?

5. Let m = n = Lebesgue measure in [0,1] = X =Y. Let

1 1
PR U (k—HE] and
0 elsewhere.
Let -
F@oy) =D [fr(@) = frar(@)] fr(y);
k=1

the series converges. (Why?) Show that

() (Vk) [y fr=1;

(i) [y Jy fdndm =1#0= [, [ fdmdn.
What is wrong? Is f P-measurable?

[Hint: Explore
//|f\dndm.]
xJy

6. Let X =Y = [0, 1], m as in Example (c) of Chapter 7, §6, (S = X) and
n = Lebesgue measure in Y.

(i) Show that p =m X n is a topological measure under the standard
metric in £2.

(ii) Prove that D = {(z,y) € X XY |z =y} € P*.
(iii) Describe C.

[Hints: (i) Any subinterval of X x Y is in P*; (ii) D is closed. Verify!]
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7. Continuing Problem 6, let f = Cp. (the “graph” of f). Prove that
(i) Show that (i) H € P* and

/Y/dendm:()#lz/y/xfdmdn. pH:/dem

What is wrong? (= “the area under f”);

[Hint: D is not o-finite; for if (ii) G € P* and pG = 0.
oo [Hints: (i) First take f = Cp, and elementary and nonnegative maps. Then use
D= U D;, Lemma 2 in §2 (last clause). Fix elementary and nonnegative maps fi  f, assuming
i=1 fr < f (if not, replace fj by (1 — %)fk) Let

at least one D; is uncountable and has no finite basic covering values (why?),
so p*D; = 00.]

(ii) Compute p*{(z,0) |z € X} and p*{(0,y) | y € Y'}.

Hy, ={(z,9) |0 <y < fr(2)}.
Show that Hj, * H € P*.

(ii) Set
8. Show that D € P* is o-finite iff ¢zy) =y = f(2).
0o Using Corollary 4 of §1, show that ¢ is p-measurable on E?; so G = E?(¢ = 0) € P*.
D C U D; (disjgint) Dropping a null set (Lemma 6), assume G € P. By Problem 9(ii),

i=1

¢ (Vo e EY) / Ce(x, - )dn =nGy =0,
for some sets D; € C. Y
[Hint: First let p*D < oco. Use Corollary 1 from Chapter 7, §1.] as Gz = {f(x)}, a singleton.]

9. Given DeP,ac X,and beY, let Y 11. Let
Do={yeY|(a,y)eD}y b [, y) = d1(x)d2(y).
and D, Prove that if ¢, is m-integrable on X and ¢9 is n-integrable on Y, then
- ‘ f is p-integrable on X x Y and
Db ={z € X |(x,b) € D}. 3 .
: dp = / : / .
(See Figure 34 for X =Y = E')) 5 . X /XXYf g X(Zﬁ1 Y¢2
.Prove that FIGURE 34 *12. Prove Theorem 3(ii) for f: X xY — E (E complete).
(1) D, € N7 Db e M; [Outline: If f is P*-simple, use Lemma 7 above and Theorem 2 in §7.
(11) CD(CL, .):CDavnDa:/ CD(av .)dnv me:/ CD(vb)dm it )
Y X f:ZakCDk7 Dy, € P,
[Hint: Let k=1
R={Ze€P|Zs e N}. let
k
Show that R is a o-ring O C. Hence R O P; D € R; Dy € N. Similarly for Db Hy = U D;
=10. Let m = n = Lebesgue measure in E' = X =Y. Let f: E' — [0,00) =t
be m-measurable on X. Let and fr = fCp,, so the fi are P*-simple (hence Fubini maps), and fx — f (point-
) wise) on X x Y, with |fx| < |f| and
H={(z,y) € E°|0<y < f(a)}
[ <o

and XxY

G = {(:L, y) € E? | Yy = f(:E, y)} (by assumption). Now use Theorem 5 from §6.
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Let now f be P*-measurable; so
f= lim fi (uniformly)
k—oo

for some P*-elementary maps g (Theorem 3 in §1). By assumption, f = fCyx (H
o-finite); so we may assume g, = grCpy. Then as shown above, all g; are Fubini
maps. So is f by Lemma 1 in §7 (verify!), provided H C D for some D € C.

In the general case, by Problem 8,

HC UDi (disjoint), D; € C.
[3

Let H; = H N D;. By the previous step, each fCp, is a Fubini map; so is
k
fr=>_fCn,
i=1
(why?), hence so is f = klim [k, by Theorem 5 of §6. (Verify!)]
— 00
13. Let m = Lebesgue measure in E', p = Lebesgue measure in E*, X =

(0, 00), and
V={ye b [y =1}

Given T € E* — {0}, let

r=|Z/anda=—- €Y.

z
r7
Call r and u the polar coordinates of & # 0.
IfDCY, set
n*D=s-p{rujaeD, 0<r<1}.

Show that n* is an outer measure in Y'; so it induces a measure n in Y.
Then prove that

fdp= / =L dm(r) / f(ra)dn(a)
o8 X Y
if f is p-measurable and nonnegative on E*.
[Hint: Start with f = Ca,
A={ru|ueH, a<r<b},

for some open set H C'Y (subspace of E®). Next, let A € B (Borel set in Y'); then
A C P*. Then let f be p-elementary, and so on.]

89. Riemann Integration. Stieltjes Integrals

I. In this section, C is the family of all intervals in E”, and m is an additive
finite premeasure on C (or Cs), such as the wvolume function v (Chapter 7,

§1-2).
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By a C-partition of A € C (or A € Cs), we mean a finite family
P = {Az} ccC
such that
A= UAi (disjoint).

As we noted in §5, the Riemann integral,

R/Af:R/Afdm,

of f: E™ — E' can be defined as its Lebesgue counterpart,

/Af,

with elementary maps replaced by simple step functions (“C-simple” maps.)
Equivalently, one can use the following construction, due to J. G. Darboux.

Definitions.
(a) Given f: E™ — E* and a C-partition
P: {Al,... ,Aq}

of A, we define the lower and upper Darboux sums, S and S, of f over
P (with respect to m) by

(1  S(f,P)= ZmAi -inf f[A;] and S(f,P) = ZmAi -sup fA;].!

i=1 i=1

(b) The lower and upper Riemann integrals (“R-integrals”) of f on A (with
respect to m) are

RlAf - RlAfdm N s171)p§(f,77) and

R/ f= R/ fdm =inf S(f,P),2
A A P
where the “inf” and “sup” are taken over all C-partitions P of A.

(¢) We say that f is Riemann-integrable (“R-integrable”) with respect to m
on A iff f is bounded on A and

R/Af:R7Af.

12 These expressions exist in E* (Chapter 4, §4, (2*)).
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We then set

R/Af_RlAf_R7Afdm_R/Afdm

and call it the Riemann integral (“R-integral”) of f on A. “Classical”
notation:

R/A f(@)dm(z).

If A=[a,b] C E', we also write

R/abf:R/abf(z)dm(w)

instead.
If m is Lebesgue measure (or premeasure) in E', we write “dz” for
“dm(x).”
For Lebesgue integrals, we replace “R” by “L,” or we simply omit “R.”
If f is R-integrable on A, we also say that

R

exists (note that this implies the boundedness of f); note that

RZAf and R7Af

are always defined in E*.

Below, we always restrict f to a fixed A € C (or A € C); P, P, P", P*,
and Py denote C-partitions of A.
We now obtain the following result for any additive m: C — [0, 00).

Corollary 1. If P refines P’ (§1), then
S(f,P') < 8(f,P) < S(f,P) < S(f,P).
Proof. Let P’ = {A;}, P = {Bi}, and
(Vi) A =B
k

By additivity,

k
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Also, B C A; implies
f[Bik] € flAils
sup f[Bix] < sup f[A;]; and

So setting
a; = inf f[A;] and by, = inf f[Byy],
we get
S(f,P') = Z a;mA; = Z Z a;mBy,
<Y bixmBix = S(f,P).
ik
Similarly,
S(f.P") < S(f,P),
and

is obvious from (1). O
Corollary 2. For any P’ and P",
S(f,P') < S(f,P").

R l e R7Af~

Proof. Let P =P’ NP” (see §1). As P refines both P’ and P”, Corollary 1
yields

Hence

S(f,P) <S(f,P) < S(f,P) < S(f,P").

Thus, indeed, no lower sum S(f, P') exceeds any upper sum S(f,P").
Hence also
supS(f,P") <inf S(f,P"),
73/ ’))//

R Z RE R7Af,

ie.,

as claimed. O
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Lemma 1. A map f: A — E' is R-integrable iff f is bounded and, moreover,
(3) (Ve>0) (3P) S(f,P)—-S(f.P)<e

Proof. By formulas (1) and (2),

ﬂﬂP)SR/;fSijfﬁg
nfgonf s

rf r=rf 1
A A
so f is R-integrable.

Conversely, if so, definitions (b) and (c) imply the existence of P’ and P”
such that

Hence (3) implies

<e.

As ¢ is arbitrary, we get

1
SUP) >R [ -3
A 2
and
_ 1
S(f,P") < R/ f+ze
A 2
Let P refine both P’ and P”. Then by Corollary 1,
E(fv P) - ﬁ(fv P) S g(.ﬂ PU) - §(f7 P/)

<(R/Af+%e)—(R/Af—%e):e,

Lemma 2. Let f be C-simple; say, f = a; on A; for some C-partition P* =
{A;} of A (we then write
f=>aiCa,

as required. O

on A; see Note 4 of §4).
Then

(4) R/ f=R Af=§(f,P*)=§ ZamA
LA

Hence any finite C-simple function is R-integrable, with RfA 1 asin (4).
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Proof. Given any C-partition P = { By} of A, consider
P AP ={A4;N By}
As f =a; on A; N By, (even on all of A;),
= inf f[A; N By] = sup f[A4; N Bg).

Also,
A= U(AZ N By) (disjoint)

and

(Vi) A =|J(A N By);

k

S0

mA; = Zm(Ai N By)

k

and

ZZai (A;NBy) = ZaimAizi(fvp*)

for any such P.
Hence also

ZalmA —supS P R/ I

Similarly for RTAf. This proves (4).
If, further, f is finite, it is bounded (by max |a;|) since there are only finitely
many a;; so f is R-integrable on A, and all is proved. [

Note 1. Thus S and S are integrals of C-simple maps, and definition (b)
can be restated:

R/ f:supR/gandR/ f:infR/h7
J oA g A A h A

taking the sup and inf over all C-simple maps g, h with
g< f<honA.

(Verify by properties of glb and lub!)

Therefore, we can now develop R-integration as in §§4-5, replacing elemen-
tary maps by C-simple maps, with S = E™. In particular, Problem 5 in §5
works out as before.

Hence linearity (Theorem 1 of §6) follows, with the same proof. One also
obtains additivity (limited to C-partitions). Moreover, the R-integrability of f
and ¢ implies that of fg, f Vg, f Ag, and |f]. (See the Problems.)
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Theorem 1. If f; — f (uniformly) on A and if the f; are R-integrable on A,
so also is f. Moreover,

lim R/ |f— fil =0 and vlimR/ fizR/ f
71— 00 A 71— 00 A A

Proof. Asall f; are bounded (definition (c)), so is f, by Problem 10 of Chap-
ter 4, §12.

Now, given € > 0, fix k£ such that
Vi>k) |f-fil < ﬁ on A.
Verify that
(Vi>k) (YP) |S(f—fi,P)l <eand [S(f - fi,P)| <&
fix one such f; and choose a P such that
S(fi,P) = S(fi,P) <e,
which one can do by Lemma 1. Then for this P,
S(f,P)—S(f,P) < 3e.
(Why?) By Lemma 1, then, f is R-integrable on A.

Finally,
A A

SR/A|f*fi|
T EEL

for all 4 > k. Hence the second clause of our theorem follows, too. [J

Corollary 3. If f: E' — E' is bounded and regulated (Chapter 5, §10) on
A = [a,b], then f is R-integrable on A.

In particular, this applies if f is monotone, or of bounded variation, or
relatively continuous, or a step function, on A.
Proof. By Lemma 2, this applies to C-simple maps.

Now, let f be regulated (e.g., of the kind specified above).

Then by Lemma 2 of Chapter 5, §10,

f=lim ¢g; (uniformly)
71— 00

for finite C-simple g;.
Thus f is R-integrable on A by Theorem 1. O
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I1. Henceforth, we assume that m is a measure on a o-ring M 2O C in E",
with m < oo on C. (For a reader who took the “limited approach,” it is now
time to consider §§4-6 in full.) The measure m may, but need not, be Lebesgue
measure in E™.

Theorem 2. If f: E™ — E' is R-integrable on A € C, it is also Lebesgue
integrable (with respect to m as above) on A, and

tfs=rfr
Ja A
Proof. Given a C-partition P = {A4;} of A, define the C-simple maps
g=> a;Ca, and h = b;Cy,

with
a; = inf f[A;] and b; = sup f[A;].

Then g < f < h on A with

§(f,77):ZaimAi:L/Ag
and

S(f,P) :Zbi"LAi =L/ h.
i A

By Theorem 1(c) in §5,

As this holds for any P, we get

(5) RlAf:sgpﬁ(f,P) < LlAfSL/Af:infg(ﬁ?’) [ .

RZAf—R7Af.

Thus these inequalities become equations:

R/;‘f—lAf—Zlf—R/;‘f-

But by assumption,
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Also, by definition (c), f is bounded on A4; so |f| < K < oo on A. Hence

‘/f‘ /\f|<K mA < 003
Z;f—/?f¢iw,

i.e., f is Lebesgue integrable, and
rfs=nfr
A A

Note 2. The converse fails. For example, as shown in the example in §4,
f = Cgr (R = rationals) is L-integrable on A = [0, 1].

Yet f is not R-integrable.

For C-partitions involve intervals containing both rationals (on which f = 1)
and irrationals (on which f = 0). Thus for any P,

S(f,P)=0and S(f,P)=1-mA=1.

Thus

as claimed. [O

(Why?) So
f=inf S(f,P) =
R/ (f,P)=1,

RlAf_();éR/Af.

Note 3. By Theorem 1, any R [ 4 [ is also a Lebesgue integral. Thus the
rules of §§5-6 apply to R-integrals, provided that the functions involved are
R-integrable. For a deeper study, we need a few more ideas.

while

Definitions (continued).

(d) The mesh |P| of a C-partition P = {Ay,...
diagonals dA;:

,Ag} is the largest of the

|P| = max{dA,,dAs, ... ,dA,}.

Note 4. For any A € C, there is a sequence of C-partitions Py, such that
(i) each Pyyq refines P, and

(ii) limk_mc ‘Pk| =0.

3 This also shows that an R-integral, when one exists, is always finite.

§9. Riemann Integration. Stieltjes Integrals 315

To construct such a sequence, bisect the edges of A so as to obtain 2" subinter-
vals of diagonal %dA (Chapter 3, §7). Repeat this with each of the subintervals,
and so on. Then

dA
Lemma 3. Let f: A — E! be bounded. Let {Py} satisfy (i) of Note 4. If
P, ={A%, ... ,Af;k}, put

K

gr =) Cayinf f[Af]

i=1

and

qk
hi =y Cyrsup f[Af].

i=1
Then the functions
g=supgx and h = iréfhk
k

are Lebesgue integrable on A,* and

(6) Ag=gg§mpws&/jSBylfsg&§MPw=/h.

A

Proof. As in Theorem 2, we obtain g < f < hy on A with

/ gr = S(f, Pr)
A

/ hr = g(f7 Pr).
A

Since Pr41 refines Py, it also easily follows that

and

(7) 9 < gr1 Ssupgy =g < f <h=infhy <hpyr < e
k

(Verify!)
Thus {g,}1 and {h}!, and so

g=supgr = lim gx and h = inf hy = lim hy.
k k—o00 k k—o00
Also, as f is bounded,
(3K € EY |f| <K on A.

4 Integrability is with respect to the measure m mentioned above.



316 Chapter 8. Measurable Functions. Integration

The definition of g and hj then implies
(VE) [gel < K and [hi| < K (why?),
with
/A(K):K~mA<oo.

The gi and hy are measurable (even simple) on A, with g, — g and hy — h.
Thus by Theorem 5 and Note 1, both from §6, g and h are Lebesgue inte-

grable,® with
/gf hm gk and /h— hm hk

/Agkzﬁ(ﬁm) SRZAf
/Ahk =S(f,Pr) > R7Af,

passage to the limit in equalities yields (6). Thus the lemma is proved. O

and

Lemma 4. With all as in Lemma 3, let B be the union of the boundaries of
all intervals from all Py,. Let |Px| — 0. Then we have the following.

(i) If f is continuous at p € A, then h(p) = g(p).
(ii) The converse holds if p € A — B.
Proof. For each k, p is in one of the intervals in Py; call it Ay,.
If pe A— B, pis an interior point of Ayp; so there is a globe
Gp((sk) g Akp~
Also, by the definition of g and hy,
gi(p) = inf f[Akp) and hy, = sup f[Ag,].
(Why?)
Now fix € > 0. If g(p) = h(p), then
0="h(p) —g(p) = lim [Ax(p) — gr(p)l;
SO
(k) |he(p)
As Gp(0r) € App, we get

(Vo€ Gp(dr)  |f(x) = F(p)| < sup flAry] —inf f[Akp] <&,

— gi(p)| = sup f[Akp] — inf f[Ay,] <e.

5 Integrability is with respect to the measure m mentioned above.
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proving continuity (clause (ii)).
For (i), given € > 0, choose § > 0 so that

(Va,y € ANGy(9)) [f(z) - fy)l <e

Because
(V6 >0) (ko) (VE> ko) [Pel <0

for k > ko, Agp € Gp(9). Deduce that
(VE>ko) |he(p) —gr(p) <e. O

Note 5. The Lebesgue measure of B in Lemma 4 is zero; for B consists of
countably many “faces” (degenerate intervals), each of measure zero.

Theorem 3. A map f: A — E' is R-integrable on A (with m = Lebesgue
measure) iff [ is bounded on A and continuous on A — Q for some Q with
m@ = 0.

Note that relative continuity on A — @ is not enough—take f = Cg of
Note 2.

Proof. If these conditions hold, choose {Py} as in Lemma 4.
Then by the assumed continuity, g = h on A — Q, m@Q = 0.

Thus
fo=
A A
(Corollary 2 in §5).

Hence by formula (6), f is R-integrable on A.
Conversely, if so, use Lemma 1 with
coq ko1
URREREAREE
to get for each k some Py such that
S(.Py) —S(f,Pe) < 7 =0,

By Corollary 1, this will still hold if we refine each Py, step by step, so as to
achieve properties (i) and (ii) of Note 4 as well. Then Lemmas 3 and 4 apply.
As

formula (6) shows that

/g: lim S(f,Px) = lim g(f,Pk):/h.
A k—o00 k—o0

A
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As h and g are integrable on A,

Jo=a=[n-[q=0

Also h — g > 0; so by Theorem 1(h) in §5, h = g on A — Q', mQ’" = 0 (under
Lebesgue measure). Hence by Lemma 4, f is continuous on

A-Q - B,
with mB = 0 (Note 5).
Let Q = Q" U B. Then mQ@ = 0 and
A-Q=A-Q - B;
so f is continuous on A — @. This completes the proof. [

Note 6. The first part of the proof does not involve B and thus works even
if m is not the Lebesgue measure. The second part requires that mB = 0.

Theorem 3 shows that R-integrals are limited to a.e. continuous functions
and hence are less flexible than L-integrals: Fewer functions are R-integrable,
and convergence theorems (§6, Theorems 4 and 5) fail unless R [ 4 [ exists.

ITI. Functions f: E™ — E* (C®). For such functions, R-integrals are defined
componentwise (see §7). Thus f = (f1,..., fs) is R-integrable on A iff all f

(k < s) are, and then
R/f: é,R/f,.
A kz::l PR

A complex function f is R-integrable iff f,. and fi, are, and then

RAf:R//‘fre+iRAfirrl.

Via components, Theorems 1 to 3, Corollaries 3 and 4, additivity, linearity,
etc., apply.

IV. Stieltjes Integrals. Riemann used Lebesgue premeasure v only. But as we
saw, his method admits other premeasures, too.

Thus in E', we may let m be the LS premeasure s, or the LS measure m.,
where af (Chapter 7, §5, Example (b), and Chapter 7, §9).

Then
R / fdm
A

is called the Riemann—Stieltjes (RS) integral of f with respect to cv, also written

b
R/ fda or R [ f(z)da(zx)
A

a
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(the latter if A = [a,b]); f and « are called the integrand and integrator,
respectively.
If a(z) = z, m, becomes the Lebesgue measure, and

R / £(2) da(z)

turns into

R/ f(z) de.

Our theory still remains valid; only Theorem 3 now reads as follows.

Corollary 4. If f is bounded and a.e. continuous on A = [a,b] (under an

LS measure my,) then
b
R / fda

exists. The converse holds if a is continuous on A.

For by Notes 5 and 6, the “only if” in Theorem 3 holds if m,B = 0. Here
B consists of countably many endpoints of partition subintervals. But (see
Chapter 7, §9) ma{p} = 0 if « is continuous at p. Thus the later implies
maB = 0.

RS-integration has been used in many fields (e.g., probability theory, physics,
etc.), but it is superseded by LS-integration, i.e., Lebesgue integration with
respect to m,, which is fully covered by the general theory of §§1-8.

Actually, Stieltjes himself used somewhat different definitions (see Prob-
lems 10-13), which amount to applying the set function o, of Problem 9 in
Chapter 7, §4, instead of s, or m,. We reserve the name “Stieltjes integrals,”

denoted .
S / fda,

for such integrals, and “RS-integrals” for those based on m, or s, (this termi-
nology is not standard).

Observe that o, need not be > 0. Thus for the first time, we encounter
integration with respect to sign-changing set functions. A much more general
theory is presented in §10 (see Problem 10 there).

Problems on Riemann and Stieltjes Integrals

1. Replacing “M” by “C,” and “elementary and integrable” or “elemen-
tary and nonnegative” by “C-simple,” prove Corollary 1(ii)(iv)(vii) and
Theorems 1(i) and 2(ii), all in §4, and do Problem 5-7 in §4, for R-
integrals.

2. Verify Note 1.
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2’
. Do the following for R-integrals.
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Do Problems 5-7 in §5 for R-integrals.

(i) Prove Theorems 1(a)—(g) and 2, both in §5 (C-partitions only).
(ii) Prove Theorem 1 and Corollaries 1 and 2, all in §6.

(iii) Show that definition (b) can be replaced by formulas analogous to
formulas (1), (1), and (1) of Definition 1 in §5.

[Hint: Use Problems 1 and 2’.]

. Fill in all details in the proof of Theorem 1, Lemmas 3 and 4, and

Corollary 4.

. For f,g: E™ — E* (C*), via components, prove the following.

(i) Theorems 1-3 and
(if) additivity and linearity of R-integrals.
Do also Problem 13 in §7 for R-integrals.

. Prove that if f: A — E*(C*®) is bounded and a.e. continuous on A, then

R/AIfIZ‘R/Af’-

For m = Lebesgue measure, do it assuming R-integrability only.

. Prove that if f,g: A — E' are R-integrable, then

(i) sois f2, and
(ii) sois fg.
[Hints: (i) Use Lemma 1. Let h = |f| < K < oo on A. Verify that
(inf h[A;])? = inf f2[A;] and (sup h[A;])? = sup f2[A;];

SO

sup f2[A;] — inf f2[A;] = (sup h[A;] + inf h[A;]) (sup h[A;] — inf h[A;])
< (sup h[A;] — inf h[A;]) 2K.
(ii) Use L
fo= 71 +9)° = (f =97

(iii) For m = Lebesgue measure, do it using Theorem 3.]

. Prove that if m = the volume function v (or LS function s, for a contin-

uous «), then in formulas (1) and (2), one may replace A; by A4; (closure
[Hint: Show that here mA = mA,

R/Af:R/Zf,

and additivity works even if the A; have some common “faces” (only their interiors
being disjoint).]

§9. Riemann Integration. Stieltjes Integrals 321

9.

10.

11.

(Riemann sums.) Instead of S and S, Riemann used sums

S(f,P) = Zf(wi)dmAi,

where m = v (see Problem 8) and x; is arbitrarily chosen from A;.
For a bounded f, prove that

r= R/ fdm
A
exists on A = [a, b] iff for every € > 0, there is P, such that
IS(f,P)—rl <e
for every refinement
P ={A;}

of P. and any choice of z; € 4;.
[Hint: Show that by Problem 8, this is equivalent to formula (3).]

Replacing m by the o, of Problem 9 of Chapter 7, §4, write S(f, P, )
for S(f,P) in Problem 9, treating Problem 9 as a definition of the

Stieltjes integral,
b b
S/ fda (orS/ fda,,).

Here f,a: E' — E' (monotone or not; even f,a: E* — C will do).
Prove that if a: E' — E' is continuous and o, then

b b
S/ fda:R/ fda,

(Integration by parts.) Continuing Problem 10, prove that

the RS-integral.

S| fda
exists iff .
S [ adf
does, and then
b b
S| fda+S | adf =K,

where
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12.

13.

Chapter 8. Measurable Functions. Integration

[Hints: Take any C-partition P = {4;} of [a, b], with
Ai = [yi-1, 94,
say. For any x; € A;, verify that

S(f,P,a) = Zf(xz} [a(ys) — alyi-1)

=" fla) olys) = > flai) alyio1)

and
K=Y flz)a) =Y fl@i1)e(yi)

Deduce that

K-S(f,P,a)

here P’ results by combining the partition points x; and y;, so it refines P.
Now, if Sf: adf exists, fix P. as in Problem 9 and show that

b
‘KfS(f,'P,a)fS/ adf‘ <e

whenever P refines Pe.|

If a: B! — E! is of class CD" on [a, b] and if

S/abfda

exists (see Problem 10), it equals

R/ab f(x)d(z)dz

[Hints: Set ¢ = fa', P = {A;}, 4; = [ai—1,a;]. Then
=D f@) o' (@) (a: = ai-1),
and (Corollary 3 in Chapter 5, §2)

S(f,Pya) =Y f(@i) [a(ai) — alaim1)] = Y f(@i) o/ (@), ai € Ai

As f is bounded and o’ is uniformly continuous on [a, b] (why?), deduce that

z; € 4;,

(Ve > 0) (3Pe) (VP refining Pe)

S S ! S S ’ !
[5(6.P) = S Poa)| < e and [s(7P.) =5 [ fdal < e

Proceed. Use Problem 9.]

(Laws of the mean.) Let f,g,a: E! — EY; p < f < qon A = [a,b];

p,q € E'. Prove the following.

(i) If ot and if
b
S/ fda

=S(a, P, f) =Y al@) [f (@) —f(y)]l—Y_ al@i—1) [f(yi)—f(@i-1)];
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exists, then (3¢ € [p, q]) such that

b
S/ fda=clad) - ala)].

R/abfda

exists, then (3¢ € [p, q]) such that

Similarly, if

b
R/ fdo = cla(b+) — ala—))].

(i) If f also has the Darboux property on A, then ¢ = f(z) for some
xg € A.

(ii) If « is continuous, and f1 on A, then
b b
s [ fda=15®)at) - f@a@] - 5 [ ads
exists, and (3z € A) such that

b
S/fda— S/da+f S/da
= f(a)[a(z) — a(a)] + f(b) [a(b) — a(2)].
(ii") If g is continuous and f1 on A, then (3z € A) such that

x)dez =p- R/ x)dr+q- R/

If £, replace f by —f. (See also Corollary 5 in Chapter 9, §1.)
[Hints: (i) As af, we get

R f()

b
pla(d) — a(a)] < S’/ fda < qa(b) —ala)].

(Why?) Now argue as in §6, Theorem 3 and Problem 2.

(ii) Use Problem 11, and apply (i) to [ adf.

(ii") By Theorem 2 of Chapter 5, §1O g has a primitive 3 € CD'. Apply Prob-
lem 12 to 5 [ fdg.]

§10. Integration in Generalized Measure Spaces

Let (S, M, s) be a generalized measure space. By Note 1 in §3, a map f is
s-measurable iff it is vs-measurable. This naturally leads us to the following
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definition.

Definition 1.
A map f: S — F is s-integrable on a set A iff it is vs-integrable on A.
(Recall that vs, the total variation of s, is a measure.)

Note 1. Here the range spaces of f and s are assumed complete and such
that f(z)sA is defined for x € S and A € M. Thus if s is vector valued, f
must be scalar valued, and vice versa. Later, if a factor p occurs, it must be
such that p f(z) sA is defined, i.e., at least two of p, f(z), and sA are scalars.

Note 2. If s is a measure (> 0), then vs = st = s (Corollary 3 in Chapter 7,
§11); so our present definition agrees with the previous ones (as in Theorem 1
of §7).

Lemma 1. If m' and m" are measures, with m’ > m/'" on M, then

[ g1t = [ 1fldm”

forall Ae M and any f: S — E.

Proof. First, take any elementary and nonnegative map g > | f|,
g= ZCA,ai on A.
i

Then (§4)

/ gdm' = Zai m'A; > Zai m"A; :/ gdm/.
A A

Hence by Definition 1 in §5,

/|f|dm’= inf /gdm'z inf gdm":/ | £ dm”,
A 9=If1JA 9=|f1J A A

as claimed. [

Lemma 2.
(i) If s: M — E"(C™) with s = (s1,...,5n), and if f is s-integrable on
A€ M, then [ is sk-integrable on A for k=1,2,... n.
(ii) If s is a signed measure and f is s-integrable on A, then f is integrable
on A with respect to both sT and s~ (with s* and s~ as in formula (3)
in Chapter 7, §11).
Note 3. The converse statements hold if f is M-measurable on A.
Proof.
(i) If s = (s1,...,sp), then (Problem 4 of Chapter 7, §11)

Vs > Vs, k=1,...,n.
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Hence by Definition 1 and Lemma 1, the s-integrability of f implies

oo>/\f\dvsz/\f\dvsk.
A A

Also, f is vs-measurable, i.e., M-measurable on A — @, with
0 :USQ > vst > 0.
Thus f is sg-integrable on A, k =1,... ,n, as claimed.

(ii) If s = sT — s7, then by Theorem 4 in Chapter 7, §11, and Corollary 3
there, s™ and s~ are measures (> 0) and vs = s + s7, so that both

vy > st =wyy and vy > 57 = v, .

Thus the desired result follows exactly as in part (i) of the proof. [

We leave Note 3 as an exercise.
Definition 2.
If f is s-integrable on A € M, we set
(i) in the case s: M — E*,

/Ade:/Ade+7/Afd8_7

with sT and s~ as in formula (3) of Chapter 7, §11;
(ii) in the case s: M — E™(C™),

Afds—égkAfdsk,

with €}, as in Theorem 2 of Chapter 3, §§1-3;
(ifi) if s: M — C,

/Afds:/Afdsre—i-i-/Afdsim.

(See also Problems 2 and 3.)

Note 4. If s is a measure, then
s=5" = 5.0 =51

and
0=s" = sim = s2;

1 By choosing st and s~ as in formula (3) of Chapter 7, §11, we avoid ambiguity.
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so Definition 2 agrees with our previous definitions. Similarly for s: M —
E™(C™).

Below, s, t, and u are generalized measures on M as in Definition 2, while
fyg: S — E are functions, with E a complete normed space, as in Note 1.

Theorem 1. The linearity, additivity, and o-additivity properties (as in §7,
Theorems 2 and 3) also apply to integrals

| tas,
A
with s as in Definition 2.

Proof. (i) Linearity: Let f,g: S — E be s-integrable on A € M. Let p, ¢ be
suitable constants (see Note 1).

If s is a signed measure, then by Lemma 2(ii) and Definitions 1 and 2, f is
integrable with respect to v, s, and s~. As these are measures, Theorem 2
in §7 shows that pf + qg is integrable with respect to vy, s, and s~, and by
Definition 2,

s = st — s
/A(prrqg)d /A(pf+qg)d /A(prrqg)d

:p/fds++q/gds+—p/fdsf—q/gdsf
A A A A
:p/fds—i-q/gds.

A A

Thus linearity holds for signed measures. Via components, it now follows
for s: M — E™ (C™) as well. Verify!
(i) Additivity and o-additivity follow in a similar manner. O

Corollary 1. Assume f is s-integrable on A, with s as in Definition 2.
(i) If f is constant (f = c) on A, we have

/ fds=c-sA.
A

f = Z a; CAi
for an M-partition {A;} of A, then

/fds:ZaisAi and/|f\ds:Z|ai\sA,;
A i A i

(both series absolutely convergent).

(i) If
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(iii) |f] < oo a.e. on A.2
(iv) [41fldvs =0 iff f =0 a.e. on A.
(v) The set A(f #0) is (vs) o-finite (Definition 4 in Chapter 7, §5).
(vi) [ufds= [, o fdsifv;Q=0o0rf=00nQ (QeM).
(vil) f is s-integrable on any M-set B C A.
Proof.

(i) If s = sT — s~ is a signed measure, we have by Definition 2 that

/Afds:/Afdﬁ—/Afds-:c(s+A—s—A):c~sA,

as required.
For s: M — E™ (C™), the result now follows via components. (Verify!)

(ii) As f =a; on A;, clause (i) yields
/ fds=a;sA;, 1=1,2,....
A

Hence by o-additivity,

/Afds:Z/Aifds:ZaisAi,

as claimed.

Clauses (iii), (iv), and (v) follow by Corollary 1 in §5 and Theorem 1(b)(h)
there, as vs is a measure; (vi) is proved as §5, Corollary 2. We leave (vii) as an
exercise. [

Theorem 2 (dominated convergence). If
f = lim f; (pointwise)
1—> 00

on A—Q (vsQ = 0) and if each f; is s-integrable on A, so is f, and
/ fds= lim fids,
A 1—>00 A

Vi) [fil<g
for some map g with ngdvs < 00.

all provided that

Proof. If s is a measure, this follows by Theorem 5 in §6. Thus as v, is a
measure, f is vs-integrable (hence s-integrable) on A, as asserted.

2 That is, on A — Q, vsQ = 0.
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Next, if s = sT — 57 is a signed measure, Lemma 2 shows that f and the f;
are sT and s~ -integrable as well, with

/|fi|ds+s/ |fi|dvss/gdvs<oo;
A A A
/mmﬁ
A

As s and s~ are measures, Theorem 5 of §6 yields

/Afds:/Afds+f/Afds_=lim</Afids+f/Afids_):lim/Afids.

Thus all is proved for signed measures.
In the case s: M — E"™(C™), the result now easily follows by Defini-
tion 2(ii)(iii) via components. O

similarly for

Theorem 3 (uniform convergence). If f; — f (uniformly) on A —Q (vsA <
00, vsQ = 0), and if each f; is s-integrable on A, so is f, and

/ fds = lim fids.
A A

i—»00
Proof. Argue as in Theorem 2, replacing §6, Theorem 5, by §7, Lemma 1. O

Our next theorem shows that integrals behave linearly with respect to mea-
sures.

Theorem 4. Let t,u: M — E*(E™, C"), with v; < oo on M,% and let
s =pt+qu
for finite constants p and q. Then the following statements are true.
(a) Ift and u are generalized measures, so is s.

(b) If, further, f is M-measurable on a set A and is both t- and u-integrable
on A, it is also s-integrable on A, and

/Afds=p/Afdt+q/Afdu.

Proof. We consider only assertion (b) for s =t + u; the rest is easy.
First, let f be M-elementary on A. By Corollary 1(ii), we set

/fdtzZaitAiand/fduzzaiuAi.
A i A l-

30r |t| < oo; see Theorem 6 in Chapter 7, §11. The restriction is redundant if t: M —
E’H/ (C'VL).
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Also, by integrability,

oo>/|f|dvt:Z|ai\vtAi andoo>/ \f|dvu:Z|ai\vuAi.
A A i

Now, by Problem 4 in Chapter 7, §11,
Vs = Uppu < Vg + Vuj

SO

JREETES S
SZ\ai|(vtAi+vuA1;):/ \f|dvt+/ | dv, < occ.
P A A

As f is also M-measurable (even elementary), it is s-integrable on A (by Def-
inition 1), and

/Afds=¥aisAi=;a,~(tAi+uAi)=/Afdt+/Afdu,

as claimed.
Next, suppose f is M-measurable on A and v, A < oco. By assumption,
v A < 00, t00; 80
Ve A < v A+ v, A < oo

Now, by Theorem 3 in §1,

f = lim f; (uniformly)

1— 00

for some M-elementary maps f; on A. By Lemma 2 in §7, for large 7, the f;
are integrable with respect to both v; and v, on A. By what was shown above,
they are also s-integrable, with

/A fuds = /A fudt + /A frdu.

With ¢ — oo, Theorem 3 yields the result.

Finally, let v, A = oco. By Corollary 1(v), we may assume (as in Lemma 3
of §7) that A; & A, with v,4; < oo, and v;4; < oo (since v; < oo, by
assumption). Set

fi=fCa, — f (pointwise)
on A, with |f;| <|f|. (Why?)

As fi=fon A; and f; =0on A— A, all f; are both ¢- and u-integrable on
A (for f is). Since v;A; < oo and v, A; < 0o, the f; are also s-integrable (as
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shown above), with

AfidszAifidsz/,‘41fidt+/Alfiduz/Afidt+/Afidu'

With ¢ — oo, Theorem 2 now yields the result.

To complete the proof of (b), it suffices to consider, along similar lines, the
case s = pt (or s = qu). We leave this to the reader.

For (a), see Chapter 7, §11. O

Theorem 5. If f is s-integrable on A, so is |f|, and

‘/Afds S/Alfldvs.

Proof. By Definition 1, and Theorem 1 of §1, f and |f| are M-measurable on

A—Q, vsQ =0, and
/ |f|dvs < o0;
A

The desired inequality is immediate by Corollary 1(ii) if f is elementary.

so |f| is s-integrable on A.
Next, exactly as in Theorem 4, one obtains it for the case vsA < oo, and
then for vsA = co. We omit the details. [

Definition 3.
We write
“ds = gdt in A”

or

“s = /gdt in A”?

iff g is t-integrable on A, and

SX:/gdt
Jx
for ADX, X e M.

We then call s the indefinite integral of g in A. (fxgdt may be
interpreted as in Problems 2-4 below.)

Lemma 3. If A€ M and
ds = gdt in A,

then
dvs = |g| dvy in A.
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Proof. By assumption, g and |g| are v;-integrable on X, and

sX:/gdt
X

for A D X, X € M. We must show that

vst/ lg| dvy
X
for such X.

This is easy if ¢ = ¢ (constant) on X. For by definition,
vs X = s%p; |s X,
over all M-partitions P = {X;} of X. As
sX; = / gdt =c-tX;,
X

we have

v X = s%pz le| [tX5| = || s%pz [tX;:| = |c| v X;
i i

SO

’USX:/ lg] dvy.
P

Thus all is proved for constant g.
Hence by o-additivity, the lemma holds for M-elementary maps g. (Why?)
In the general case, g is t-integrable on X, hence M-measurable and finite
on X —Q, v;Q = 0. By Corollary 1(iii), we may assume ¢ finite and measurable
on X; so
g = lim gj (uniformly)
k—oo

on X for some M-elementary maps g, all integrable on X, with respect to vy

(and t).
5 = /gk dt

Let
in X. By what we just proved for elementary and integrable maps,

vst:/|gk|dvt, k=1,2,....
X

Now, if 1, X < oo, Theorem 3 yields

/ lg| dvy = lim / lgk| dve = lim vs, X = vsX
X k—o00 X k—o0
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(see Problem 6). Thus all is proved if v, X < oo.
If, however, v; X = oo, argue as in Theorem 4 (the last step), using the left
continuity of vy and of
/ |g| dve.

Theorem 6 (change of measure). If f is s-integrable on A € M, with

Verify! O

ds = gdt in A,

then (subject to Note 1) fg is t-integrable on A and

/Afds:/Afgdt.

(Note the formal substitution of “gdt” for “ds.”)

Proof. The proof is easy if f is constant or elementary on A (use Corol-
lary 1(ii)). We leave this case to the reader, and next we assume ¢ is bounded
and v; A < oo.

By s-integrability, f is M-measurable and finite on A — @, with

Ozst:/ |g‘d’l}t
Q

by Lemma 3. Hence 0 = g = fg on Q — Z, v4Z = 0. Therefore,

/Qfgdt:():/Qfds

for vs@ = 0. Thus we may neglect () and assume that f is finite and M-
measurable on A.
As ds = g dt, Definition 3 and Lemma 3 yield

vsA :/ lg| dvy < 0.
A
Also (Theorem 3 in Chapter 8, §1),
f= lim fr (uniformly)
k—o0

for elementary maps fi, all vs-integrable on A (Lemma 2 in §7). As g is
bounded, we get on A

fg= lim frg (uniformly).
k—o00
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Moreover, as the theorem holds for elementary and integrable maps, frg is
t-integrable on A, and

/fdeZ/fkgdt7 k=1,2,....
A A

Since vsA < oo and v;A < oo, Theorem 3 shows that fg is t-integrable on

A, and
/fds: lim/fkds: lim/fkgdt:/fgdt~
A k—oo J 4 k—oo J 4 A

Thus all is proved if v; A < oo and g is bounded on A.

In the general case, we again drop a null set to make f and ¢ finite and
M-measurable on A. By Corollary 1(v), we may again assume A; /' A, with
v A < oo (Vi).

Now for i =1,2,... set

g on Al <),
’ 0 elsewhere.
Then each g; is bounded,
gi — g (pointwise),
and

lgil <19l
on A. We also set f; = fCa,; so f; — f (pointwise) and |f;| < |f| on A. Then

/Afids:/AifidS:/Aifigidt:/Afigidt

(Why?) Since |f;g:] < |fg| and fig; — fg, the result follows by Theorem 2. O

Problems on Generalized Integration
Recall that in this section E is assumed to be a complete normed space.
1. Fill in the missing details in the proofs of this section. Prove Note 3.

2. Treat Corollary 1(ii) as a definition of

/Afds

for s: M — E and elementary and integrable f, even if E # E™(C™).
Hence deduce Corollary 1(i)(vi) for this more general case.

3. Using Lemma 2 in §7, with m = v,, s: M — E, construct

/Afds
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as in Definition 2 of §7 for the case vsA # oco. Show that this agrees
with Problem 2 if f is elementary and integrable. Then prove linearity
for functions with vs-finite support as in §7.

. Define

/:4de (s: M= E)

also for vy A = 0.
[Hint: Set m = vs in Lemma 3 of §7.]

. Prove Theorems 1 to 3 for the general case, s: M — E (see Problem 4).

[Hint: Argue as in §7.]

. From Problems 2-4, deduce Definition 2 as a theorem in the case E =

En (Cn).

. Let s,8.: M — E (k=1,2,...) be any set functions. Let A € M and

My={XeM|XCA}
Prove that if
(VX € My) klim spX = sX,
—00

then

lim vs, A = vsA,
k—o0

provided lim vy, exists.

k—oo
[Hint: Using Problem 2 in Chapter 7, §11, fix a finite disjoint sequence {X;} C M 4.
Then

zi: IsXil = Zl: m lsxXal = R Xz: I3 Xl < im_ sy A

Infer that
vsA < lim wvs, A.
k—oo

Also,

(Ve >0) 3ko) (VE>ko) D |spXil <D [sXi| +2 <vsA+e.
i i

Proceed.]

. Let (X, M,m) and (Y,N,n) be two generalized measure spaces (X €

M, Y € N) such that mn is defined (Note 1). Set
C={AxB|AeM, BEN, v, A< oo, v,B < oo}

and s(A x B) =mA-nB for Ax B eC.
Define a Fubini map as in §8, Part IV, dropping, however, fXXY fdp
from Fubini property (c¢) temporarily.
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10.

Then prove Theorem 1 in §8, including formula (1), for Fubini maps
so modified.
[Hint: For o-additivity, use our present Theorem 2 twice. Omit P*.]

. Continuing Problem 7, let P be the o-ring generated by C in X x Y.

Prove that (VD € P) Cp is a Fubini map (as modified).

[Outline: Proceed as in Lemma 5 of §8. For step (ii), use Theorem 2 in §10 twice.]

. Further continuing Problems 7 and 8, define

(VD eP) pD://Candm.
xJy

Show that p is a generalized measure, with p = s on C, and that

(VDeP) pD= Cpdp,

XxY

with the following convention: If X x Y ¢ P, we set

[ o= f 1o

whenever H € P, f is p-integrable on H, and f =0 on —H.
Verify that this is unambiguous, i.e.,

/}‘(Xdep

so defined is independent of the choice of H.

Finally, let P be the completion of p (Chapter 7, §6, Problem 15); let
P* be its domain.

Develop the rest of Fubini theory “imitating” Problem 12 in §8.
Signed Lebesque—Stieltjes (LS) measures in E' are defined as shown in

Chapter 7, §11, Part V. Using the notation of that section, prove the
following;:

(i) Given a Borel-Stieltjes measure o in an interval I C E' (or an
LS measure s, = 0%, in I), there are two monotone functions gt
and At (o = g — h) such that

my = st and my, = s,
both satisfying formula (3) of Chapter 7, §11, inside I.

(i) If f is s,-integrable on A C I, then

/Afdsa=/Afdmg*/Afdmh

for any g1 and ht (finite) such that a = g — h.
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[Hints: (i) Define s& and s5 by formula (3) of Chapter 7, §11. Then arguing as in
Theorem 2 in Chapter 7, §9, find g1 and hT with my = si and mp = sq .
(ii) First let A = (a,b] C I, then A € B. Proceed.]

*811. The Radon—Nikodym Theorem. Lebesgue Decomposition

I. As you know, the indefinite integral

/fdm

is a generalized measure. We now seek conditions under which a given gener-
alized measure p can be represented as

u=/fdm

for some f (to be found). We start with two lemmas.

Lemma 1. Let m,pu: M — [0,00) be finite measures in S. Suppose S € M,
wS >0 (ie., p#0) and p is m-continuous (Chapter 7, §11).
Then there is 6 > 0 and a set P € M such that mP > 0 and

VXeM) pX>6-m(XnNP).
Proof. Asm < oo and uS > 0, there is § > 0 such that
wS —6-mS > 0.

Fix such a § and define a signed measure (Lemma 2 of Chapter 7, §11)

O =p— dm,
so that
(1) VY eM) @Y =uY —4§-mY;
hence

&S =puS—0-mS>0.
By Theorem 3 in Chapter 7, §11 (Hahn decomposition), there is a ®-positive
set P € M with a $-negative complement —P =S — P € M.
Clearly, mP > 0; for if mP = 0, the m~continuity of x4 would imply uP = 0,
hence
OP=uP —3§-mP =0,

contrary to ®P > ¢S5 > 0.
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Also, P DY and Y € M implies Y > 0; so by (1),
0<puY —4§-mY.
Taking Y = X N P, we get
0-m(XNP)<u(XNP)<pX,
as required. O

Lemma 2. With m, p, and S as in Lemma 1, let H be the set of all maps
g: S — E*, M-measurable and nonnegative on S, such that

/gdeuX
X

for every set X from M.
Then there is f € ‘H with

fdm:max/gdm.
s 9eH Jg

Proof. H is not empty; e.g., g = 0 is in H. We now show that
(2) (Vg,h € ) gV h=max(g,h) €H.

Indeed, g V h is > 0 and M-measurable on S, as g and h are.
Now, given X € M, let Y = X (g > h) and Z = X (g < h). Dropping “dm”
for brevity, we have

[avm=[@vm+ [@vm=[ o+ [ n<uw+uz=px,

proving (2).
Let

kzsup/gdmeE*.
geEH J S

Proceeding as in Problem 13 of Chapter 7, §6, and using (2), one easily finds
a sequence {g,}7T, gn € M, such that

lim Gn dm = k.
s

n— 00

(Verify!) Set
f= lim g,.
n— 00

(It exists since {g,,}1.) By Theorem 4 in §6,

k= lim/gn:/f.
n—o0 S S
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Also, f is M-measurable and > 0 on S, as all g, are; and if X € M, then

(Vn) /n%léuXﬁ
X
hence

n—

/f*k*mm/g7
geEH

/ f =max / g < pS < oo.
S geEH
This completes the proof. [

/f—hm gn < puX.

Thus f € H and

ie.,

Note 1. As u < 0o and f > 0, Corollary 1 in §5 shows that f can be made
finite on all of S. Also, f is m-integrable on S.

Theorem 1 (Radon-Nikodym). If (S, M, m) is a o-finite measure space, if
S e M, and if
w: M — E™(C")

is a generalized m-continuous measure, then

= / fdm on M
for at least one map
f: S% E’,L (C"L)’
M-measurable on S.
Moreover, if h is another such map, then mS(f #h) =0

The last part of Theorem 1 means that f is “essentially unique.” We call f
the Radon—Nikodym (RN) derivative of u, with respect to m.

Proof. Via components (Theorem 5 in Chapter 7, §11), all reduces to the case
wi M — B
Then Theorem 4 (Jordan decomposition) in Chapter 7, §11, yields

po=pt—p,

where p™ and p~ are finite measures (> 0), both m-continuous (Corollary 3
from Chapter 7, §11). Therefore, all reduces to the case 0 < pu < 0.

Suppose first that m, too, is finite. Then if p = 0, just take f = 0.
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If, however, 1S > 0, take f € H as in Lemma 2 and Note 1; f is nonnegative,
bounded, and M-measurable on S,

/fSu<m,

fdm k*sup/gdm.
s

geH

and

We claim that f is the required map.

Indeed, let
V=u*/fwu

so v is a finite m-continuous measure (> 0) on M. (Why?) We must show
that v = 0.

Seeking a contradiction, suppose vS > 0. Then by Lemma 1, there are
P € M and 6§ > 0 such that mP > 0 and

VXeM) vX>6-m(XNP).

Now let
g=/f+0¢-Cp;

so g is M-measurable and > 0. Also,
VX eM) /gz/f+5/ C’p:/f+6-m(XﬂP)
X X X X
S/f+1/(XﬂP)
X
S/f—ﬁ-l/X:,uX
X

by our choice of § and v. Thus g € H. On the other hand,

/gz/f+6/Cp=k+5mP>k,
s s s

k = sup / g.
geH J S
This proves that [ f = p, indeed.
Now suppose there is another map h € ‘H with

p= [ hdm= [ gam o

contrary to
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SO

/(f—h)dm:O.
(Why?) Let
Y =8(f>h)and Z = S(f < h);

s0 Y, Z € M (Theorem 3 of §2) and f — h is sign-constant on Y and Z. Also,
by construction,

/(ffh)dm=0:/(ffh)dm.
Y z
Thus by Theorem 1(h) in §5, f—h =0 a.e.onY, on Z, and hence on S = YUZ;
that is,
mS(f # h) =0.
Thus all is proved for the case mS < oco.
Next, let m be o-finite:

S = Sk (disjoint)
k=1

for some sets S € M with mSy < co.

By what was shown above, on each Sy there is an M-measurable map f > 0
such that

[ fdm=px
X
for all M-sets X C Sy.. Fixing such an f for each k, define f: S — E' by
f:fk onSk, k=1,2,....
Then (Corollary 3 in §1) f is M-measurable and > 0 on S.
Taking any X € M, set X = X NSg. Then

o0
X = | Xx (disjoint)
k=1

and X € M. Also,
(VEk) / fdm = fedm = pXy.
Xy, Xy,
Thus by c-additivity (Theorem 2 in §5),

/fdm:Z/ fdm:Z,LLXkZ/LX<OO (u is finite!).
X k=17 Xk k

Thus f is as required, and its “uniqueness” follows as before. [

*§11. The Radon—Nikodym Theorem. Lebesgue Decomposition 341

Note 2. By Definition 3 in §10, we may write
“dll — fdm77

“/fdm://L”

Note 3. Using Definition 2 in §10 and an easy “componentwise” proof, one
shows that Theorem 1 holds also with m replaced by a generalized measure s.
The formulas

for

u:/fdmande(f;éh)ZO

then are replaced by

uz/fds and vsS(f # h) = 0.

II. Theorem 1 requires p to be m-continuous (u < m). We want to generalize
Theorem 1 so as to lift this restriction. First, we introduce a new concept.

Definition.

Given two set functions s,t: M — E (M C 2%), we say that s is ¢-
singular (s L t) iff there is a set P € M such that v, P = 0 and

(3) VXeM|XC-P) sX=0.
(We then briefly say “s resides in P.”)
For generalized measures, this means that
VX eM) sX=sXnP).
Why?
Corollary 1. If the generalized measures s,u: M — E are t-singular, so is

ks for any scalar k (if s is scalar valued, k may be a vector).
So also are s &+ u, provided t is additive.

(Exercise! See Problem 3 below.)

Corollary 2. If a generalized measure s: M — E is t-continuous (s < t) and
also t-singular (s L t), then s =0 on M.

Proof. As s L t, formula (3) holds for some P € M, v,P = 0. Hence for all
X eM,
s(X—=P)=0(for X —PC-P)

and
u(XNP)=0 (for XNPCP).



342 Chapter 8. Measurable Functions. Integration

As s < t, we also have s(X N P) = 0 by Definition 3(i) in Chapter 7, §11. Thus
by additivity,
sX =s(XNP)+s(X —-P)=0,

as claimed. [

Theorem 2 (Lebesgue decomposition). Let s,t: M — E be generalized mea-
sures.

If vs is t-finite (Definition 3(iii) in Chapter 7, §11), there are generalized
measures s',s": M — E such that

s’ < tands” Lt
and
s=s+5".
Proof. Let vy be the restriction of vg to
M, ={X eM|uvX =0}

As v is a measure (Theorem 1 of Chapter 7, §11), so is vy (for M is a o-ring;
verify!).
Thus by Problem 13 in Chapter 7, §6, we fix P € My, with

vsP = v P = max{v, X | X € My}.
As P € My, we have v, P = 0; hence
|sP| < vsP < oo

(for v is t-finite).
Now define s’, s, v/, and v” by setting, for each X € M,

(4) §X =s(X — P);
(5) "X =s(XNP)
(6) v'X =vy(X — P);
(7) V"X = v (X NP).

As s and vy are c-additive, so are s, s”, v/, and v”. (Verify!) Thus
s',s": M — E are generalized measures, while v' and v” are measures (> 0).
We have

VXeM) sX=s(X—-P)+s(XNP)=5X+5"X;

i.e.,
! "
s=8 +s5".

Similarly one obtains v, = v' +v".
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Also, by (5), since X N P =0,
—PDOXand X e M = 5s"X =0,

while v, P = 0 (see above). Thus s” is t-singular, residing in P.

To prove s’ < t, it suffices to show that ' < ¢ (for by (4) and (6), v'X =0
implies |s'X| = 0).

Assume the opposite. Then

@AY eM) vuY =0

(i.e., Y € My), but
0< VY =0vs(Y — P).

So by additivity,
vs(Y UP) =vsP+vs(Y — P) > v P,
with Y U P € My, contrary to
vsP = max{vs X | X € Mo}.
This contradiction completes the proof. [

Note 4. The set function s” in Theorem 2 is bounded on M. Indeed, s L ¢
yields a set P € M such that

VXeM) ' (X-P)=0;
and v, P = 0 implies vs P < oo. (Why?) Hence
S'X=8"(XNP)+s'(X-P)=s"(XNP).
As s = s’ + 5", we have
Is"| < I8 4[] < vs +vgr;

SO
8" X| = |s"(X N P)| < vsP + vy P.

But vy P = 0 by t-continuity (Theorem 2 of Chapter 7, §11). Thus |s"]| <
vsP < 00 on M.

Note 5. The Lebesgue decomposition s = s’ + s” in Theorem 2 is unique.
For if also
v < tandu” Lt

and
v =s=5+5",

then with P as in Problem 3, (VX € M)
(8) S(XNP)+s"(XNP)=d(XNP)+u"(XNP)
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and v (X N P) =0. But
S(XNP)=0=4(XNP)
by t-continuity; so (8) reduces to
'(XNP)=u"(XNP),
or "X =u"X (for s and u” reside in P). Thus s” ="’ on M.
By Note 4, we may cancel s” and u” in
s+ =u +u’
to obtain s’ = v’ also.

Note 6. If E = E™ (C™), the t-finiteness of v, in Theorem 2 is redundant,
for vy is even bounded (Theorem 6 in Chapter 7, §11).
We now obtain the desired generalization of Theorem 1.

Corollary 3. If (S, M,m) is a o-finite measure space (S € M), then for any
generalized measure
w: M — E™(C"),
there is a unique m-singular generalized measure
st M — E™(C™)
and a (“essentially” unique) map
f:S—=E"(C"),

M-measurable and m-integrable on S, with
/L:/fdm—i—s”‘

(Note 3 applies here.)

Proof. By Theorem 2 and Note 5, 4 = s’ + s for some (unique) generalized
measures s',s”: M — E" (C"), with ' < m and s” L m.

Now use Theorem 1 to represent s’ as [ f dm, with f as stated. This yields
the result. [0

Problems on Radon—Nikodym
Derivatives and Lebesgue Decomposition

1. Fill in all proof details in Lemma 2 and Theorem 1.

2. Verify the statement following formula (3). Also prove the following:
(i) If P € M along with —P € M, then s L ¢ implies t L s;
(ii) s Ltiff vs Lt
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3. Prove Corollary 1.

[Hints: Here M is a o-ring. Suppose s and u reside in P’ and P”, respectively, and
viP' =0 =v:P". Let P =P UP"” € M. Verify that v; P = 0 (use Problem 8 in
Chapter 7, §11). Then show that both s and w reside in P.]

4. Show that if s: M — E* is a signed measure in S € M, then s 1L s~
and s~ L sT.

5. Fill in all details in the proof of Theorem 2. Also prove the following:

(i) ' and vy are absolutely t-continuous.
[Hint: Use Theorem 2 in Chapter 7, §11.]

(il) vs = vy + vgr, ver Lt
(iii) If s is a measure (> 0), so are s’ and s”.

6. Verify Note 3 for Theorem 1 and Corollary 3. State and prove both
generalized propositions precisely.

*§12. Integration and Differentiation

I. We shall now link RN-derivatives (§11) to those of Chapter 7, §12.
Below, we use the notation of Definition 3 in Chapter 7, §10 and Definition 1
of Chapter 7, §12. (Review them!) In particular,

m: M* — E*

is Lebesgue measure in E™ (presupposed in such terms as “a.e.,” etc.); s is an
arbitrary set function. For convenience, we set

s'(p) =0

/dem:m

unless defined otherwise; thus s’ and | + [ exist always.

and

We start with several lemmas that go back to Lebesgue.
Lemma 1. With the notation of Definition 3 of Chapter 7, §10, the functions
Ds, Ds, and s’
are Lebesgue measurable on E™ for any set function
st M — E* (M 2K).

Proof. By definition,
Ds(p) = inf hr(p),
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where
sl
(p) = 2 lrekr
h(D) sup{mI ‘ € ICP}
and

, _ 1
]C%:{[elc‘ﬁe], dI<—}, r=1,2,....
T

As is easily seen (verifyl!),
1) E"(h, > a) = | IeE’a<£ ar <l qepr
T - m]7 r ) .

The right-side union is Lebesgue measurable by Problem 2 in Chapter 7, §10.
Thus by Theorem 1 of §2, the function h,. is measurable on E™ forr =1,2,...,
and so is

Ds = irf}f hy

by Lemma 1 of §2 and Definition 3 in Chapter 7, §10. Similarly for Ds.
Hence by Corollary 1 in §2, the set

A= E"(Ds = Ds)

is measurable. As s’ = Ds on A, s’ is measurable on A and also on —A (by
convention, s’ = 0 on —A), hence on all of E™*. O

Lemma 2. With the same notation, let s: M’ — E* (M’ 2 K) be a reqular
measure in E™. Let A€ M* and B € M’ with AC B, and a € E'.
If
Ds>a on A,
then
a-mA < sB.

Proof. Fix ¢ > 0. By regularity (Definition 4 in Chapter 7, §7), there is an
open set G O B, with
sB+¢€ > sG.

Now let
ICSZ{IGK|I§G, SIZ(a—E)mI}.

As Ds > a, the definition of Ds implies that K¢ is a Vitali covering of A.
(Verify!)
Thus Theorem 1 in Chapter 7, §10, yields a disjoint sequence {I;} C K¢,

with
m(A . U1k> —0
k
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and

mASm(AfUIk) +mUIk :0+mUIk :Zmlk.
k

UIkQGand sB+¢>sG

(by our choice of K¢ and G), we obtain
sB+525UIk=ZsIk > (afs)ZmIk > (a—e)mA.
k k k

Thus
(a—e)mA < sB+e.

Making € — 0, we obtain the result. [

Lemma 3. If
t=s+u,

with s, t,u: M' = E* and M’ D K, and if u is differentiable at a point p € E™,
then

Dt =Ds+ and Dt = Ds+u' at p.

The proof, from definitions, is left to the reader (Chapter 7, §12, Problem 7).
Lemma 4. Any m-continuous measure s: M* — E' is strongly regular.

Proof. By Corollary 3 of Chapter 7, §11, v, = s < oo (s is finite!). Thus vy is
certainly m-finite.

Hence by Theorem 2 in Chapter 7, §11, s is absolutely m-continuous. So
given € > 0, there is 6 > 0 such that

VX e M |mX <) sX <e.

Now, let A € M*. By the strong regularity of Lebesgue measure m (Chap-
ter 7, §8, Theorem 3(b)), there is an open set G 2O A and a closed F' C A such
that

m(A — F) <6 and m(G — A) < 4.
Thus by our choice of 0,
s(A—F) <eand s(G—A) <e,

as required. [



348

Chapter 8. Measurable Functions. Integration
Lemma 5. Let s,s; (k ) be finite m-continuous measures, with
sk /s or s N\ s on M*.

If the sy are a.e. differentiable, then
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As
Dty > Dt > 0
(see above), we get
- o, B
Ds =Ds = klgrolo B @-¢ lim Dty =0= lim Dt; a.e.on E".
k—o00 k—o00
Proof. Let first sp ~s. Set Now, as t;, = s — si and as the s are differentiable, Lemma 3 yields
g =8 — Sk Dt = Ds — s}, and Dt;, = Ds — s}, a.e.
By Corollary 2 in Chapter 7, §11, all t; are m-continuous, hence strongly reg- Thus
ular (Lemma 4). Also, ¢, N\, 0 (since s;  s). Hence kli—{go(Ds —§}) =0 = lim(Ds — s}),
til >t >0 .
ie.,
for each cube I; and the definition of Dt;, implies that

Ds = lim s, = Ds a.e.
i _ k— o0
Dty > Dtyi1 > Dtgpyq 2> 0. This settles the case s; 7 s.
As {Etk}¢, lim Dty, exists (pointwise). Now set In the case s; N\ s, one only has to set t; = s — s and proceed as before.
koo L (Verify!) O
A, :E"( lim Dt; > —), r=1,2,....
k—oo T
By Lemma 1 (and Lemma 1 in §2), A, € M*. Since

Lemma 6. Given A € M*, mA < oo, let

s = /C’A dm
— — 1
Dty > lim Dt; > —
ke B on M*. Then s is a.e. differentiable, and

on A,, Lemma 2 yields

1

—mA, <tpA,.

r

As t; \( 0, we have

s’ =Cy4 a.e. on E™.

(Ca = characteristic function of A.)
-mA, < lim t; A, =0.
T k—00

Proof.! First, let A be open and let p € A.
Then A contains some Gj(§) and hence also all cubes I € K with dI < §
and p € 1.
Thus Thus for such I € K,
mA,. =0, r=1,2,....
Also, as is easily seen, sl = /ICA dm = /1(1) dm = ml;
E(l‘ Dty > 0 DE lim Dy, > - GA ben
" lim k>>: ”<1m k_—>: . T
k—o0 et k—o00 r —1 i =1= CA(ﬁ), pe A.
ml
and . Hence by Definition 1 of Chapter 7, §12,
mUJa-=o 5'(5) = 1=Ca(p)
i 5 L o
Hence ifpe A;ie, s =Cy on A.
lim Dt;, <0 a.e.
k—o00

! Differentiability follows by Theorem 4 of Chapter 7, §12, but we obtain it anyway.
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We claim that
Ds=s =0 ae. on—A.

s:/CAdm

is a finite (why?) m-continuous measure on M*. By Lemma 4, s is strongly
regular. Also, as sI > 0 for any I € K, we certainly have

To prove it, note that

Ds> Ds > 0.
(Why?) Now let
(2) B=E"(Ds>0)=|]JB,,
r=1
where
— 1
(3) BT:E"(DSE—)7 r=1,2,....
T

We have to show that m(B — A) = 0.
Suppose
m(B — A) > 0.
Then by (2), we must have m(B, — A) > 0 for at least one B,; we fix this B,.
Also, by (3),
— 1
Ds>—-onB,— A
r
(even on all of B,). Thus by Lemma 2,
1
(4) 0<—m(BT—A)§s(BT—A):/ Cadm.
r B,—A

But this is impossible. Indeed, as C4 = 0 on —A (hence on B, — A), the
integral in (4) cannot be > 0. This refutes the assumption m(B — A) > 0; so
by (2), -

m(E™(Ds > 0) — A) = 0;

i.e.,

Ds=0=Ds ae.on—A
We see that

s =0=C4 ae on—A,
and

s§=1=Cs onA,

proving the lemma for open sets A.
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Now take any A € M*, mA < co. As Lebesgue measure is regular (Chap-
ter 7, §8, Theorem 3(b)), we find for each k € N an open set Gj, D A, with

1
m(Gk — A) < E and Gy D Gk+1.

Let
S — /Cgk dm.

Then sj, N\, s on M* (see Problem 5(ii) in §6). Also, by what was shown above,
the s, are differentiable, with s}, = Cg, a.e.
Hence by Lemma 5,

Ds=Ds = lim Cg, = Cx (a.c.).
k—o0
The lemma is proved. [

Theorem 1. Let f: E™ — E* (E", C") be m-integrable, at least on each cube
in E™. Then the set function
s = /fdm

is differentiable, with ' = f, a.e. on E™.2

Thus s’ is the RN-derivative of s with respect to Lebesgue measure m
(Theorem 1 in §11).

Proof. As E" is a countable union of cubes (Lemma 2 in Chapter 7, §2), it
suffices to show that s’ = f a.e. on each open cube J, with s differentiable
a.e. on J.

Thus fix such a J # () and restrict s and m to

Moy={XeM"|XCJ}
This does not affect s’ on J; for as J is open, any sequence of cubes

Iy —ped

s= [

is a generalized measure in J; for My is a o-ring (verify!), and f is integrable
on J. Also, m is strongly regular, and s is m-continuous.

terminates inside J anyway.
When so restricted,

2 Recall that J [ is always defined by our convention.
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First, suppose f is Mg-simple on J, say,

q
f=Y aiCa,
i=1

say, with 0 < a; < 00, A; € M*, and

q
J= U A; (disjoint).

i=1

s—/f—gai/C’Ai.

Hence by Lemma 6 above and by Theorem 1 in Chapter 7, §12, s is differen-
tiable a.e. (as each [ Cy, is), and

s = Ea </CA,.,)/ = ia Ca, = f (ae.),

=1

Then

as required.

The general case reduces (via components and the formula f = f™ — f7) to
the case f > 0, with f measurable (even integrable) on J.

By Problem 6 in §2, then, we have f  f for some simple maps f > 0. Let

Sk:/fk on Mo, k=1,2,....

Then all s and s = ff are finite measures and s ' s, by Theorem 4 in §6.
Also, by what was shown above, each sy, is differentiable a.c. on J, with s, = fi
(a.e.). Thus as in Lemma 5,

Ds=Ds=s = klim s, =lim f, = f (a.e.) on J,
L —» 00

with s = f # +o0 (a.e.), as f is integrable on J. Thus all is proved. O

II. So far we have considered Lebesgue (K) differentiation. However, our re-
sults easily extend to Q-differentiation (Definition 2 in Chapter 7, §12).

The proof is even simpler. Thus in Lemma 1, the union in formula (1)
is countable (as K is replaced by the countable set family (2); hence it is
p-measurable. In Lemma 2, the use of the Vitali theorem is replaced by
Theorem 3 in Chapter 7, §12. Otherwise, one only has to replace Lebesgue
measure m by p on M. Once the lemmas are established (reread the proofs!),
we obtain the following.
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Theorem 2. Let S, p, Q, and p: M — E* be as in Definition 2 of Chapter
7,812. Let f: S — E* (E", C") be p-integrable on each A € M with pA < .

Then the set function
s= [ tan

is Q-differentiable, with s’ = f, (a.e.) on S.

Proof. Recall that S is a countable union of sets U € Q with 0 < pU! < oo.
As p* is G-regular, each U} lies in an open set J: € M with

pJi < pUl 4 €l < oo.

Also, f is p-measurable (even integrable) on Ji. Dropping a null set, assume
that f is M-measurable on J = J!.
From here, proceed exactly as in Theorem 1, replacing m by p. O

Both theorems combined yield the following result.

Corollary 1. If s: M' — E*(E", C") is an m-continuous and m-finite gen-
eralized measure in E™, then s is K-differentiable a.c. on E™, and ds = s' dm
(see Definition 3 in §10) in any A € M* (mA < 00).3

Similarly for Q-differentiation.

Proof. Given A € M* (mA < o), there is an open set J O A such that
mJ < mA+e < oo.
As before, restrict s and m to
Moy={XecM | XCJ}

Then by assumption, s is finite and m-continuous on My (a o-ring); so by

Theorem 1 in §11,
s = /fdm

on M, for some m-integrable map f on J.
Hence by our present Theorem 1, s is differentiable, with s’ = f a.e. on J,

and so
s:/f:/s’on./\/lo.

This implies ds = s’ dm in A.
For Q-differentiation, use Theorem 2. [

3 The restriction mA < oo is redundant if s is finite.
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Corollary 2 (change of measure). Let s be as in Corollary 1. Subject to Note 1
in §10, if f is s-integrable on A € M* (mA < o0),* then fs' is m-integrable

on A and
/fds:/fs’dm.
A A

Similarly for Q-derivatives, with m replaced by p.
Proof. By Corollary 1, ds = s'dm in A. Thus Theorem 6 of §10 yields the
result. 0

Note 1. In particular, Corollary 2 applies to m-continuous signed LS mea-
sures s = s, in B! (see end of §11). If A = [a,b], then s, is surely finite on
so-measurable subsets of A; so Corollaries 1 and 2 show that

/Afdsa:/Afs;dm:/Afo/dm7

since s/, = /. (See Problem 9 in Chapter 7, §12.)

Note 2. Moreover, s = s, (see Note 1) is absolutely m-continuous iff « is
absolutely continuous in the stronger sense (Problem 2 in Chapter 4, §8).

Indeed, assuming the latter, fix ¢ > 0 and choose ¢ as in Definition 3 of
Chapter 7, §11. Then if mX < 4, we have

X C UIk (disjoint)

for some intervals I, = (ay, by, with

o> Zm[k = Z(bk - ak).

[sX] < Z [sk| < e.

5

Hence

(Why?) Similarly for the converse.

Problems on Differentiation and Related Topics
1. Fill in all proof details in this section. Verify footnote 4 and Note 2.
2. Given a measure s: M’ — E* (M’ D K), prove that

(i) s is topological;

(ii) its Borel restriction o is strongly regular; and

(iii) Ds, Ds, and s’ do not change if s or m are restricted to the
Borel field B in E™; neither does this affect the propositions on
K-differentiation proved here.

4 The restriction mA < oo is redundant if s is finite.
5 Note that s{a} = 0 if s is m-continuous.
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[Hints: (i) Use Lemma 2 of Chapter 7, §2. (ii) Use also Problem 10 in Chapter 7,
§7. (iii) All depends on K.]

3. What analogues to 2(i)(iii) apply to Q-differentiation in E™? In (S, p)?
4. (i) Show that any m-singular measure s in E”, finite on K, has a zero
derivative (a.e.).
(if) For Q-derivatives, prove that this holds if s is also regular.

[Hint for (i): By Problem 2, we may assume s regular (if not, replace it by o).
Suppose
mE"(Ds >0)>a>0

and find a contradiction to Lemma 2.]

5. Give another proof for Theorem 4 in Chapter 7, §12.
[Hint: Fix an open cube J € K. By Problem 2(iii), restrict s and m to

Mo={X€e€B|XCJ}

to make them finite. Apply Corollary 2 in §11 to s. Then use Problem 4, Theorem 1
of the present section, and Theorem 1 of Chapter 7, §12.

For -differentiation, assume s regular; argue as in Corollary 1, using Corollary 2
of §11.]

6. Prove that if .
F(x):L/ fdm (a<z<b)S
with f: B! — E* (E™, C™) m-integrable on A = [a,b], then F is differ-

entiable, with F/ = f, a.e. on A.
[Hint: Via components, reduce all to the case f > 0, F't on A.

Let
s:/fdm

on M*. Let t = mp be the F-induced LS measure. Show that s =t on intervals in
A;so s’ =t = F' a.e. on A (Problem 9 in Chapter 7, §11). Use Theorem 1.]

SHere L [ fdm = f[a,m] f dm; m =Lebesgue measure.



Chapter 9

Calculus Using Lebesgue Theory

81. L-Integrals and Antiderivatives

I. Lebesgue theory makes it possible to strengthen many calculus theorems.
We shall start with functions on E', f: E' — E. (A reader who has omit-
ted the “starred” part of Chapter 8, §7, will have to set £ = E*(E™, C™)
throughout.)

By L-integrals of such functions, we mean integrals with respect to Lebesgue
measure m in E'. Notation:

L./a.bf:L/abf(x)da::L.

L/buf:fL abf.

For Riemann integrals, we replace “L” by “R.” We compare such integrals
with antiderivatives (Chapter 5, §5), denoted

K/H'bf,

L f=1L I
[a.0] (a,b)

f
[a,b]

and

without the “L” or “R.” Note that

etc., since m{a} = m{b} = 0 here.

Theorem 1. Let f: E' — E be L-integrable on A = [a,b]. Set

H(:J:):L/mf7 z e A
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Then the following are true.

(i) The function f is the derivative of H at any p € A at which f is finite
and continuous. (At a and b, continuity and derivatives may be one-sided
from within.)

(ii) The function H is absolutely continuous on A;' hence Vy[A] < 00.23

Proof. (i) Let p € (a,b], ¢ = f(p) # +oo. Let f be left continuous at p; so,
given ¢ > 0, we can fix ¢ € (a,p) such that

|f(@) —ql <& for z € (c,p).

Then
waeten) [o[u-of<z 174
<[ @=cmlsgl=<(p-a).
But
v o=t -1
L/:q:q(p—w% and
vf = y-rf s
= H(p) — H(x).
Thus
|H(p) — H(z) —q(p —2)| <e(p—x);
N wfq <e (e<z<p).
Hence

f(p) =q= lim A H' (p).

If f is right continuous at p € [a,b), a similar formula results for H, (p). This
proves clause (i).

L This is true even in the stronger sense, as in Problem 2 of Chapter 5, §8, or in §2 (neaxt
to this).

2 Recall that Vi [A] is the total variation of H on A (Chapter 5, §§7-8).

3 Part (ii) is true even if f is not L-integrable, only L fab |f| < oo is needed.
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(ii) Let € > 0 be given. Then Theorem 6 in Chapter 8, §6, yields a § > 0
such that

&) ‘L/Xf‘SL/X\fKE

whenever
mX <dand AD X, X € M.

Here we may set
T

X = | J A; (disjoint)
i=1
for some intervals

so that

mX = ZmAi = Z(bl —a;) < 0.

Then (1) implies that

>1 [ 11 :ZL/AZ IE Z‘L/bf’ = S (b) ~ H(e).

Thus
ST IHb) - Hia)| < <
whenever
Z(lh — ai) <4
and

AD U(a“bi) (disjoint).

(This is what we call “absolute continuity in the stronger sense.”) By Problem 2
in Chapter 5, §8, this implies “absolute continuity” in the sense of Chapter 5,
§8, hence Vi [A] < oco. O

Note 1. The converse to (i) fails: the differentiability of H at p does not
imply the continuity of its derivative f at p (Problem 6 in Chapter 5, §2).

Note 2. If f is continuous on A — Q (Q countable), Theorem 1 shows that
H is a primitive (antiderivative): H = [ f on A.* Recall that “Q) countable”
implies m@ = 0, but not conversely. Observe that we may always assume

a,be Q.

4 See Definition 1 in Chapter 5, §5.
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We can now prove a generalized version of the so-called fundamental theorem
of calculus, widely used for computing integrals via antiderivatives.

Theorem 2. If f: E' — E has a primitive F on A = [a,b], and if f is bounded
on A — P for some P with mP =0, then f is L-integrable on A, and

(2) L/msz(x)fF(a) for all x € A.

Proof. By Definition 1 of Chapter 5, §5, F' is relatively continuous and finite
on A = [a,b], hence bounded on A (Theorem 2 in Chapter 4, §8).

It is also differentiable, with F” = f, on A — Q for a countable set Q C A,
with a,b € Q. We fix this @ along with P.

As we deal with A only, we surely may redefine F' and f on —A:
F(a) ifz<a,
Fo={ po |
F@®) ifz>0b,
and f = 0 on —A. Then f is bounded on —P, while F' is bounded and
continuous on E', and F/ = f on —Q;so F = [ f on E'®
Also, forn =1,2,... and t € E!, set

B 1 _ F(t+1/n) - F(1)
Then
fo—=F =f on-0Q;
ie., fo — f (a.e.) on El (as mQ = 0).
By (3), each f,, is bounded and continuous (as F' is). Thus by Theorem 1

of Chapter 8, §3, I/ and all f,, are m-measurable on A (even on E'). So is f
by Corollary 1 of Chapter 8, §3.

Moreover, by boundedness, F' and f, are L-integrable on finite intervals. So
is f. For example, let

[f] <K <ooonA— P;
as mP =0,

Jin< [ =K ma<e

proving integrability. Now, as
1
F= /f on any interval [t,t + f},
n

5 See Definition 1 from Chapter 5, §5.
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Corollary 1 in Chapter 5, §4 yields

e [e(2)-rol<

Hence
a0l = | (14 ) = F)| < K

ie., |fn| < K for all n.
Thus f and f, satisfy Theorem 5 of Chapter 8, §6, with ¢ = K. By Note 1

there,
x T
lim L/ fn:L/ I
n—oo [, Ja

In the next lemma, we show that also

which will complete the proof. [

Lemma 1. Given a finite continuous F: E' — E and given f, as in (3),
we have

n—roo

(4) lim L/z fn=F(z)—F(a) foralxeE".

Proof. As before, F' and f, are bounded, continuous, and L-integrable on any
[a,z] or [z,a]. Fixing a, let

T
H(x):L/ F, zekE.
By Theorem 1 and Note 2, H = [ F also in the sense of Chapter 5, §5, with

F = H' (derivative of H) on E*.
Hence by Definition 2 the same section,

/:F:H(x)*H(a):H(I)fozL/azF;

L/ZF:/EF,
L/uxfn(t)dtzn/:F<t+%)dt—n/:F(t)dt

b+1/n T
:n/ Pt) dt—n/ F(t) dt.

a+1/n

and so
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/F(t +1/n) dt

by Theorem 2 in Chapter 5, §5, with ¢g(t) =t + 1/n.) Thus by additivity,

T z+1/n T z+1/n a+1l/n
L/ fn:n/ an/ an/ an/ F.
a a+1/n a x a

n/HwF:ggi%;ﬁ@_uﬂw:ﬂﬂ

(We computed

But

~—

Similarly,

n—oo

a+1l/n
lim n/ F = F(a).

This combined with (5) proves (4), and hence Theorem 2, too. O

We also have the following corollary.

Corollary 1. If f: Et — E* (E", C") is R-integrable on A = [a,b], then

/f L/f F(z) - Fla),

provided F is primitive to f on A.

This follows from Theorem 2 by Definition (¢) and Theorem 2 of Chap-
ter 8, §9.

(6) (Va € A)

Caution. Formulas (2) and (6) may fail if f is unbounded, or if F' is not
a primitive in the sense of Definition 1 of Chapter 5, §5: We need F' = f
on A—Q, Q countable (m@ = 0 is not enough!). Even R-integrability (which
makes f bounded and a.e. continuous) does not suffice if

re [

Corollary 2. If f is relatively continuous and finite on A = [a,b] and has a
bounded derivative on A — Q (Q countable), then f' is L-integrable on A and

For examples, see Problems 2-5.

(7) L/mf'zf(x) — f(a) foraze A.

This is simply Theorem 2 with F, f, P replaced by f, f’, Q, respectively.

6 We assumed that F = E* (E™, C™) since R-integrals were defined for that case only.
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Corollary 3. If in Theorem 2 the primitive

F:/f
is exact on some B C A, then

d xr
8 =— L B.
(®) f@) =g L[ 1 ae

(Recall that L F(z) is classical notation for F’(z).)
Proof. By (2), this holds on B C A if F’ = f there. O

I1. Note that under the assumptions of Theorem 2,

L/:sz(z)fF(a):/:f.

Thus all laws governing the primitive [ f apply to L [ f. For example, Theo-
rem 2 of Chapter 5, §5, yields the following corollary.

Corollary 4 (change of variable). Let g: E' — E' be relatively continuous on
A = [a,b] and have a bounded derivative on A — Q (Q countable).

Suppose that f: E' — E (real or not) has a primitive on g[A], evact on
glA — Q], and that f is bounded on g[A — Q).

Then f is L-integrable on g[A], the function
(fog)d

mM=Lfﬂww

For this and other applications of primitives, see Problem 9. However, often
a direct approach is stronger (though not simpler), as we illustrate next.

is L-integrable on A, and

b
(9) L/fM@m’

where p = g(a) and g = g(b).

Lemma 2 (Bonnet). Suppose f: E' — E' is > 0 and monotonically decreas-
ing on A = [a,b]. Then, if g: EY — E' is L-integrable on A, so also is fg,
and

(10) /fg—

Proof. The L-integrability of fg follows by Theorem 3 in Chapter 8, §6, as f is
monotone and bounded, hence even R-integrable (Corollary 3 in Chapter 8, §9).

/ g for some c € A.
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Using this and Lemma 1 of the same section, fix for each n a C-partition

Pn={An} (E=12,...,q,)
of A so that

dn

Pn) = Z Wni mAm;,
i=1

(11) (Vn) —>S(f,Pn) - S(f

2\*—‘

where we have set
Wpi = sup f[Ap;] —inf f[Ay].

Consider any such P = {A;},i=1,...,¢ (we drop the “n” for brevity). If
A; = [a;—1, a;i], then since f],

w; = f(ai-1) = fai) =2 |f(z) — flai-1)], =€ A
Under Lebesgue measure (Problem 8 of Chapter 8, §9), we may set
A; = lai—1,ai]  (V4)
and still get

L[ ro- _Zq:f(am)L/;‘_’g(w)dw
+ ZL/ [f(x

(Verify!) Here ap = a and a4 = b.

(12)
flai—1)] g(z) dx.

Now, set

and rewrite the first sum (call it r or r,,) as

q

Zf ai—1)[G(a;) — G(ai-1)]

=1
= 3" Ga) [Flar) — flar)] + G) Fagr),
=1
(13) r—ZG )w; + G(b) f(ag-1),

because f(a;—1) — f(a;) = w; and G(a) =0
Now, by Theorem 1 (with H, f replaced by G,g), G is continuous on A =
[a,b]; so G attains a largest value K and a least value k on A.
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As fl and f > 0 on A, we have
w; > 0 and f(ag—1) > 0.
Thus, replacing G(b) and G(ai) by K (or k) in (13) and noting that

sz = - flag-1),
we obtain
kf(a) <r < Kf(a);
more fully, with £ = min G[A4] and K = max G[A],
(14) (Vn) kf(a) <r, < Kf(a).
Next, let s (or rather s,) be the second sum in (12). Noting that
w; > |f(x) = fai-1)|,

suppose first that |g| < B (bounded) on A.
Then for all n,

dn

dn
B
A< L i B) = B i MAn; < — — 0 (by (11)).
\s\_;:jl/(w )= BY wnimAu < — 0 (by (11))

ni i=1
But by (12),

L/Afgzrn—l—sn (Vn).

L/ fg= lim r,,
A n—oo

(a) < L/Afg < Kf(a).

As s, — 0,
and so by (14),

By continuity, f(a)G(z) takes on the intermediate value L [, fg at some

c € A; so .
L /A f9 = f(a)Gle) = f(a)L / 0

—L/:f.

The passage to an unbounded g is achieved by the so-called truncation
method described in Problems 12 and 13. (Verify!) O

since

Thus all is proved for a bounded g.
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Corollary 5 (second law of the mean). Let f: E* — E!' be monotone on
A =la,b]. Then if g: E' — E* is L-integrable on A, so also is fg, and

b c b
(15) L/ fg:f(a)L/ g+f(b)L/g for some c € A.

Proof. If, say, f| on A, set

h(z) = f(z) = f(b).
Then h > 0 and h) on A; so by Lemma 2,

b c
/gh:h(a)L/g for some c € A.

As

this easily implies (15).
If f1, apply this result to —f to obtain (15) again. O

Note 3. We may restate (15) as

b c b
(Jece A L/ fg:pL/ g+qL/ g,
provided either

(i) ftand p < fla+) < f(b—) < g, or
(ii) fland p > f(a+) > f(b=) > q.
This statement slightly strengthens (15).
To prove clause (i), redefine
f(a) =pand f(b) =q.

Then still f1; so (15) applies and yields the desired result. Similarly for (ii).
For a continuous g, see also Problem 13(ii’) in Chapter 8, §9, based on Stieltjes
theory.

III. We now give a useful analogue to the notion of a primitive.
Definition.

A map F: E' = E is called an L-primitive or an indefinite L-integral of
f: E*— E,on A= [a,b] iff f is L-integrable on A and

(16) F@ﬂ:c+L/%f

for all x € A and some fixed finite ¢ € E.
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F=L/f GMFz/})

F(x):L/f(x)dx on A.

Notation:

or

By (16), all L-primitives of f on A differ by finite constants only.

If E = E*(E™, C™), one can use this concept to lift the boundedness re-
striction on f in Theorem 2 and the corollaries of this section. The proof will
be given in §2. However, for comparison, we state the main theorems already
now.

*Theorem 3. Let
F:L/f on A =la,b]
for some f: E* — E* (E", C™).
Then F' is differentiable, with
F'=f a.e on A.

In classical notation,

(17) f(z) = % L /96 f(&)dt  for almost all z € A.

A proof was sketched in Problem 6 of Chapter 8, §12. (It is brief but requires
more “starred” material than used in §2.)

*Theorem 4. Let F': E' — E" (C") be differentiable on A = [a,b] (at a and
b differentiability may be one sided). Let F' = f be L-integrable on A.
Then

(18) L/If:F(x)—F(a) for all x € A.

Problems on L-Integrals and Antiderivatives

1. Fill in proof details in Theorems 1 and 2, Lemma 1, and Corollaries 1-3.
1’. Verify Note 2.
2. Let F' be Cantor’s function (Problem 6 in Chapter 4, §5). Let

G =JGu
ki

(Ggi as in that problem). So [0,1] — G = P (Cantor’s set); mP = 0
(Problem 10 in Chapter 7, §8).
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Show that F is differentiable (F' = 0) on G. By Theorems 2 and 3

of Chapter 8, §9,
1 1
R/ F/:L/ F':L/F/:O
0 Jo a

exists, yet F'(1) — F(0)=1—-0#0.
Does this contradict Corollary 1?7 Is F' a genuine antiderivative of f?
If not, find one.

3. Let
{ 0 on[0,3), and

1 on [% 1].

1
R/ F'=0
0

F(1)—F0)=1-0=1.

Show that

exists, yet

What is wrong?

[Hint: A genuine primitive of F” (call it ¢) has to be relatively continuous on [0, 1];
find ¢ and show that ¢(1) — ¢(0) = 0.]

4. What is wrong with the following computations?
1

. 2 dx 1
(1)L/_1 2= 2

1
dz 1
(i) L/ — = 1n|x|‘ = 0. Is there a primitive on the whole
-1 —1
interval?
[Hint: See hint to Problem 3.]

=—1.
—1

1
(iii) How about L/ [Lﬂdx (cf. examples (a) and (b) of Chap-
-1
ter 5, §5)7
5. Let
— 22 cog & —
F(z) = z° cos pex F)=1

Prove the following:
(i) F is differentiable on A = [0, 1].
(if) f = F' is bounded on any [a,b] C (0, 1), but not on A.
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(iii) Let
[ 2 1
=4/ ——— and b, = fi =1,2,....
Qn, n+ 1 a1 n \/% orn ) 4y
Show that
AD U [an, by] (disjoint)
n=1
and
2
n
L=
an 2n
SO

b oo
1
L/ f= L/ [z - =00,
a UnZylan,bn] nz::l 2n

and f = F’ is not L-integrable on A.
What is wrong? Is there a contradiction to Theorem 27

6. Consider both
sinx
(a) f(z)=

f(0) =1, and

)
T

1—e "
0 =1

(b) f(z) =

In each case, show that f is continuous on A = [0, 1] and

RAfgl

exists, yet it does not “work out” via primitives. What is wrong? Does
a primitive exist?
To use Corollary 1, first expand sinz and e~ in a Taylor series and

find the series for
1
by Theorem 3 of Chapter 5, §9.
Find
R / f
A

approzimately, to within 1/10, using the remainder term of the series to
estimate accuracy.

[Hint: Primitives exist, by Theorem 2 of Chapter 5, §11, even though they are none
of the known “calculus functions.”]
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7. Take A, G,, = (an,b,), and P (mP > 0) as in Problem 17(iii) of Chap-

ter 7, §8.
Define F' =0 on P and
1
(bn = an)(x — an)(x — bn)
Prove that F' has a bounded derivative f, yet f is not R-integrable on
A; so Theorem 2 applies, but Corollary 1 does not.

F(z) = (z — an)?(z — b, )?sin

ife & P.

[Hints: If p ¢ P, compute F’(p) as in calculus.
If p € P and © — p+ over A — P, then x is always in some (an,bn), p < an < z.
(Why?) Deduce that Az =z —p >z — an and

AF
‘— < (x—an)(b—a)? < |Az|(b—a)?;
Az

so F! (p) = 0. (What if z — p+ over P?) Similarly, show that F/ =0 on P.

Prove however that F’(z) oscillates from 1 to —1 as x — an+ or © — by —, hence
also as ¢ — p € P (why?); so F’ is discontinuous on all of P, with mP > 0. Now
use Theorem 3 in Chapter 8, §9.]

CIf

QCA=a,b
and m@Q = 0, find a continuous map g: A — E', g > 0, g1, with
g =+oco on Q.
[Hints: By Theorem 2 of Chapter 7, §8, fix (Vn) an open Gy, O Q, with
mG, < 27",

Set
gn(z) = m(Gn N [a,z])
and
9=2_ on
n=1

on A; > gn converges uniformly on A. (Why?)
By Problem 4 in Chapter 7, §9, and Theorem 2 of Chapter 7, §4, each g, (hence
g) is continuous. (Why?) If [p,z] C Gp, show that

gn(z) = gn(p) + (z —p),

SO

Agn _
Ax
and
Ag kad Agn
— = — 00.
Ax nz::l Ax oo
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9. (i) Prove Corollary 4.

(ii) State and prove earlier analogues for Corollary 5 of Chapter 5, §5,
and Theorems 3 and 4 from Chapter 5, §10.

[Hint for (i): For primitives, this is Problem 3 in Chapter 5, §5. As g[Q] is countable
(Problem 2 in Chapter 1, §9) and f is bounded on

glA] — g[Q] € g[A - @],
f satisfies Theorem 2 on g[A], with P = ¢[Q)], while (f o g) ¢’ satisfies it on A.]
=-10. Show that if h: E* — E* is L-integrable on A = [a, b], and

(Va € A) L/ h=0,

then h =0 a.e. on A.
[Hints: Let K = A(h > 0) and H = A — K, with, say, nK =& > 0.
Then by Corollary 1 in Chapter 7, §1 and Definition 2 of Chapter 7, §5,

HC U By, (disjoint)

n

for some intervals By, C A, with

ZmBn<mH+6:mH+mK:mA.

n

(Why?) Set B =J,, Bn; so

/thszn}mo

n

(for L [ h = 0 on intervals By). Thus
[ on=[n-[n=o
A—-B A B

A-BCA-H=K,

But B D H; so

where h > 0, even though m(A — B) > 0. (Why?)
Hence find a contradiction to Theorem 1(h) of Chapter 8, §5. Similarly, disprove
that mA(h < 0) =¢e > 0.]

=11. Let F't on A = [a,b], |F| < oo, with derived function F’ = f. Taking
Theorem 3 from Chapter 7, §10, for granted, prove that

L/meF(x)fF(a), x e A

[Hints: With f, as in (3), F and f, are bounded on A and measurable by Theorem 1
of Chapter 8, §2. (Why?) Deduce that f, — f (a.e.) on A. Argue as in Lemma 1
using Fatou’s lemma (Chapter 8, §6, Lemma 2).]
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12. (“Truncation.”) Prove that if g: S — E is m-integrable on A € M
in a measure space (S, M,m), then for any € > 0, there is a bounded,
M-measurable and integrable on A map go: S — E such that

/ lg — goldm < e.
A

[Outline: Redefine ¢ = 0 on a null set, to make g M-measurable on A. Then for
n=12,... set

) g on A(lg] <n), and
gn 0 elsewhere.

(The function gy is called the nth truncate of g.)
Each gn is bounded and M-measurable on A (why?), and

/ lg|dm < oo
A

by integrability. Also, |gn| < |g| and gn — g (pointwise) on A. (Why?)
Now use Theorem 5 from Chapter 8, §6, to show that one of the g, may serve as
the desired go.]

13. Fill in all proof details in Lemma 2. Prove it for unbounded g.
[Hints: By Problem 12, fix a bounded go (|go| < B), with

L/ | | < 1 €

9= 9o SN o
A 2 f(a) — f(b)
Verify that

qn

sl €3 [ wnidd <30 [ wailaol + 30 [ wnil -~ ad
i=17Ani 7 JAni i Y Ani

<BY wumdu+ Y [ @)= 1®)lo - g0l

< %Jr/A[f(a)ff(b)] 19— go| < 1 +%€_

n

For all n > 2/e, we get [sp| < %8 + %6 = e. Hence s, — 0. Now finish as in the
text.]

14. Show that Theorem 4 fails if F' is not differentiable at some p € A.
[Hint: See Problems 2 and 3.]

82. More on L-Integrals and Absolute Continuity

I. In this section, we presuppose the “starred” §10 in Chapter 7. First, how-
ever, we add some new ideas that do not require any starred material. The
notation is as in §1.
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Definition 1.
Given F: E' = E,p € E', and q € E, we write
q~ DF(p)
and call ¢ an F'-derivate at p iff
F - F
Vi P = F0)
k—o0 Tk — P

for at least one sequence zy, — p (zx # p).*
If F has a derivative at p, it is the only F-derivate at p; otherwise,
there may be many derivates at p (finite or not).

Such derivates must exist if E = E! (E*). Indeed, given any p € E!, let
m:p+l%n
k
let
go= TOR W)y,
Tk —P
By the compactness of E* (Chapter 4, §6, example (d)), {yx} must have a
subsequence {y, } with a limit ¢ € E* (e.g., take ¢ = lim y,), and so ¢ ~ DF(p).
We also obtain the following lemma.

Lemma 1. If F: E' — E* has no negative derivates on A — Q, where A =
[a,b] and mQ = 0, and if no derivate of F on A equals —oo, then F'1 on A.

Proof. First, suppose F' has no negative derivates on A at all. Fix ¢ > 0
and set
G(z) = F(z) + ex.

Seeking a contradiction, suppose a < p < ¢ < b, yet G(q) < G(p). Then if

1
r= §(p+q)7

one of the intervals [p,r] and [r, q] (call it [p1, ¢1]) satisfies G(q1) < G(p1).
Let

1
ry = §(p1 +q1).

Again, one of [p1,r1] and [r1,q1] (call it [pe, g2]) satisfies G(g2) < G(p2). Let

1
Ty = 5(102 +q2),
and so on.

1 “DF(p)” stands for “an F-derivate at p.”
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Thus obtain contracting intervals [p,, ¢,], with
Glgn) <G(pn), n=12,....
Now, by Theorem 5 of Chapter 4, §6, let

Po € [ )[Pn: dnl-
n=1

Then set z, = ¢, if G(g,) < G(p,), and z,, = p,, otherwise. Then

G(mn) - G(po) <
In — Po

0

and x, — p,. By the compactness of E*, fix a subsequence

G(-Tnk) - G(po)

xnk — Po

—c€e E",

say. Then ¢ < 0 is a G-derivate at p, € A.

But this is impossible; for by our choice of G and our assumption, all
derivates of G are > 0. (Why?)
This contradiction shows that a < p < ¢ < b implies G(p) < G(q), i.e.,

F(p) +ep < F(q) + egq.

Making ¢ — 0, we obtain F(p) < F(q) when a <p < ¢ <b,i.e., FT on A.
Now, for the general case, let @ be the set of all p € A that have at least
one DF(p) < 0; so m@ = 0.
Let g be as in Problem 8 of §1; so ¢’ = oo on Q. Given £ > 0, set

G=F+egg.
As g1, we have
opes C@=CE) | Fa)=Fo)
T—p T—p

Hence DG(p) > 0if p € Q.

If, however, p € @, then ¢'(p) = oo implies DG(p) > 0. (Why?) Thus all
DG (p) are > 0; so by what was proved above, G1 on A. It follows, as before,
that F'1 on A, also. The lemma is proved. [J

We now proceed to prove Theorems 3 and 4 of §1. To do this, we shall need
only one “starred” theorem (Theorem 3 of Chapter 7, §10).

Proof of Theorem 3 of §1. (1) First, let f be bounded:
|f|< K on A

§2. More on L-Integrals and Absolute Continuity 375

Via components and by Corollary 1 of Chapter 8, §6, all reduces to the real
positive case f >0 on A. (Explain!)
Then (Theorem 1(f) of Chapter 8, §5) a < 2 < y < b implies

LffgLff,

ie., F(z) < F(y); so Ft and F/ > 0 on A.
Now, by Theorem 3 of Chapter 7, §10, F' is a.e. differentiable on A. Thus
exactly as in Theorem 2 in §1, we set

fpy = FOEm) = FO o

1
n

Since all f,, are m-measurable on A (why?), so is F’. Moreover, as |f| < K,
we obtain (as in Lemma 1 of §1)

z+1/n
|nmbn@/ QgWEZK

n

Thus by Theorem 5 from Chapter 8, §6 (with g = K),

e e[

(Lemma 1 of §1). Hence

L/I(Fuf):o, z € A,

and so (Problem 10 in §1) F' = f (a.e.) as claimed.
(2) If f is not bounded, we still can reduce all to the case f > 0, f: E* — E*,
so that 1 and F' > 0 on A.

If so, we use “truncation”: Forn =1,2,..., set

[ f onA(f<n), and
In = 0 elsewhere.

Then (see Problem 12 in §1) the g, are L-measurable and bounded, hence L-
integrable on A, with g, — f and

0<gn<f
on A. By the first part of the proof, then,

d

—L/ gn =gn ae.on A, n=12....
de  J,
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Also, set (Vn)
Fu@) =L [ (f =) 20

so F,, is monotone (1) on A. (Why?)
Thus by Theorem 3 in Chapter 7, §10, each F,, has a derivative at almost
every © € A,

F(z) = % (L/ f- L/ gn) = F'(z) — gn(z) >0 ae. on A
Making n — oo and recalling that g, — f on A, we obtain
F'(z)— f(x) >0 a.e. on A.

Thus -
L/ (F' - f)>0.

But as F'1 (see above), Problem 11 of §1 yields

L/‘I:EF’SF(z)fF(a):L/:f;

L/:(F'—f):L/:F’—L/jfgo.

Combining, we get

SO

(Vo e A) L/ (F'—f)=0;
so by Problem 10 of §1, F/ = f a.e. on A, as required. [

Proof of Theorem 4 of §1. Via components, all again reduces to a real f.2
Let (Vn)
_{f on A(f <n),
=0 on A(f >mn);

so gn — f (pointwise), g, < f, gn < n, and [gn| < [f].

This makes each g, L-integrable on A. Thus as before, by Theorem 5 of
Chapter 8, §6,

(1) limL/”gn:L/”f, z € A

n—o0
Now, set

Fo(z) = F(z) — L/: n.

2 Not f > 0, though, since Corollary 1 in Chapter 8, §6, does not apply to differentiation.
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Then by Theorem 3 of §1 (already proved),
d

Fl(z)=F'(z) - %L/zgn = f(z) —gn(z) >0 a.e.on A

(since g, < f).
Thus F,, has solely nonnegative derivates on A — @ (mQ@Q = 0). Also, as

gn < n, we get
1 xr
L/ gn <1,
r—p a

AF">£,
Axr — Az

even if z < p. (Why?) Hence

as

Thus none of the F,-derivates on A can be —oo.
By Lemma 1, then, F), is monotone (1) on A; so F,(z) > F,(a), i.e.,

F@) =L [ g2 P~ 1 [ 9= Fla),

a a

or
z

F(x)fF(a)ZL//gm reA n=12....

a

Hence by (1),
F(x)—F(a)zL/ f, xzeA

For the reverse inequality, apply the same formula to —f. Thus we obtain the
desired result:

(2) F(x):F(a)—i-L/f forze A. O
Note 1. Formula (2) is equivalent to F' = L [ f on A (see the last part of
§1). For if (2) holds, then
Fa)=c+L [ 1,

with ¢ = F(a); so F = L [ f by definition.
Conversely, if

F(ac):c—O—L/:f,

set © = a to find ¢ = F(a).
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II. Absolute continuity redefined.
Definition 2.

A map f: E' — E is absolutely continuous on an interval I C E' iff for
every € > 0, there is § > 0 such that

T

Z(bi — a;) < & implies Z [f(bi) = flai)] <€
i=1

i=1
for any disjoint intervals (a;, b;), with a;,b; € I.

2

From now on, this replaces the “weaker” definition given in Chapter 5, §8.

The reader will easily verify the next three “routine” propositions.

Theorem 1. If f,g,h: E' — E*(C) are absolutely continuous on A = [a,b],
s0 are

f+g, hf, and|f].
So also is f/h if
(3e>0) |h|>eon A

All this also holds if f,g: E* — E are vector valued and h is scalar valued.
Finally, if E C E*, then
fvg, fAg f* and f~
are absolutely continuous along with f and g.

Corollary 1. A function F: E' — E™ (C™) is absolutely continuous on A =
[a,b] iff all its components Fy, ..., F, are.

Hence a complex function F: E' — C is absolutely continuous iff its real
and imaginary parts, Fre and Fi,, are.

Corollary 2. If f: E* — E is absolutely continuous on A = [a,b], it is
bounded, is uniformly continuous, and has bounded variation, Vi[a,b] < oo,
all on A.

Lemma 2. If F: E! — E"(C") is of bounded variation on A = [a,b], then
(i) F is a.e. differentiable on A, and
(ii) F’ is L-integrable on A.
Proof. Via components (Theorem 4 of Chapter 5, §7), all reduces to the real
case, F: E' — E1.
Then since Vp[A] < oo, we have
F=g—h

for some nondecreasing g and h (Theorem 3 in Chapter 5, §7).
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Now, by Theorem 3 from Chapter 7, §10, g and h are a.e. differentiable on
A. Hence so is
g—h=F.

Moreover, g’ > 0 and ' > 0 since g1 and ht.
Thus for the L-integrability of F”, proceed as in Problem 11 in §1, i.e., show
that F” is measurable on A and that

b b b
L/ F’:L/ g’—L/ n

is finite. This yields the result. [

Theorem 2 (Lebesgue). If F: EY — E"(C") is absolutely continuous on
A = [a,b], then the following are true:

(i*) F is a.e. differentiable, and F' is L-integrable, on A.

(ii*) If, in addition, F' =0 a.e. on A, then F is constant on A.

Proof. Assertion (i*) is immediate from Lemma 2, since any absolutely con-

tinuous function is of bounded variation by Corollary 2.
(ii*) Now let F' =0 a.e. on A. Fix any

B=la,cJCA

and let Z consist of all p € B at which the derivative F' = 0.
Given € > 0, let K be the set of all closed intervals [p, z], p < z, such that

AF| | F(z) — F(p)
Ax’_‘

<e.
-p
By assumption,
AF
lim — =0 €z
lim (p € 2),
and m(B—Z2)=0; B=[a,c] € M*. If p€ Z, and x — p is small enough, then
AF -
Azl S©

ie., [p,x] € K.
It easily follows that K covers Z in the Vitali sense (verify!); so for any
6 > 0, Theorem 2 of Chapter 7, §10 yields disjoint intervals

I, = [pr,xz1] € K, I, € B,

with

q
m*(Z— Ulk) <6,
k=1
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m(B — LqJ Ik> <4
k=1
(for m(B — Z) = 0). But

L:J U[pkwk

qg—1

= [a,p) U |J ok prr1) Ulwg, e (f 2x < pre < 2p41);
k=1

hence also

S
q q-1
(3) m<BfUIk> (1 —a) +Z Pr+1 — i) + (¢ — 2q) <.
k=1 k=1
Now, as F' is absolutely continuous, we can choose ¢ > 0 so that (3) implies

q—1

(4) [F(p1) = F(a)l + Y [F(prs1) —

k=1

Fep)| +|F(c) = Fag)| <e.

But I, € K also implies
|F(zx) — F(pr)| < e(zr —pr) = € - mly.

Hence
q

Z[F x

k=1

q
] <£Zm[;C <e-mB=¢(c—p).
k=1

Combining with (4), we get
|F(c) — F(a)] <e(l4+c—a) = 0ase—0;
so F(c) = F(a). As ¢ € A was arbitrary, F is constant on A, as claimed. O
Note 2. This shows that Cantor’s function (Problem 6 of Chapter 4, §5) is
not absolutely continuous, even though it is continuous and monotone, hence
of bounded variation on [0,1]. Indeed (see Problem 2 in §1), it has a zero

derivative a.e. on [0, 1] but is not constant there. Thus absolute continuity, as
now defined, differs from its “weak” counterpart (Chapter 5, §8).

Theorem 3. A map F: E' — E'(C") is absolutely continuous on A =
[a, 0] uff

F=1L on A
&
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for some function f;3 and then
F(a:):F(a)+L/ f, zeA

Briefly: Absolutely continuous maps are exactly all L-primitives.

Proof. If F = L [ f, then by Theorem 1 of §1, F' is absolutely continuous on
A, and by Note 1,

F(x):F(a)—&-L/.xf, xz e A

Conversely, if F' is absolutely continuous, then by Theorem 2, it is a.e. dif-
ferentiable and F’ = f is L-integrable (all on A). Let

—L/ f, reA

Then H, too, is absolutely continuous and so is ' — H. Also, by Theorem 3
of §1,
H=f=F,

and so
(F—H) =0 ae.on A.

By Theorem 2, F — H =¢; i.e.,

F(z) =c+ H(z) :c+L/ £
and so F'=L [ f on A, as claimed. O
Corollary 3. If f,F: E* — E* (E", C™), we have

F= L/f

on an interval I C EY iff F is absolutely continuous on I and F' = f a.e. on I.
(Use Problem 3 in §1 and Theorem 3.)

Note 3. This (or Theorem 3) could serve as a definition. Comparing ordi-
nary primitives
r=

F:L/ﬁ

3 Such as F’, the derived function of F.

with L-primitives
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we see that the former require F to be just relatively continuous but allow only
a countable “exceptional” set @), while the latter require absolute continuity
but allow @ to even be uncountable, provided m@Q = 0.

The simplest and “strongest” kind of absolutely continuous functions are
so-called Lipschitz maps (see Problem 6). See also Problems 7 and 10.

ITII. We conclude with another important idea, due to Lebesgue.
Definition 3.
We call p € E' a Lebesgue point (“L-point”) of f: B! — E iff
(i) f is L-integrable on some G,(0);
(ii) ¢ = f(p) is finite; and
(i) lim — L/z|f—q\ 0.
P

T=p X — P

The Lebesgue set of f consists of all such p.

Corollary 4. Let

F=L/f on A =la,b].
If p € A is an L-point of f, then f(p) is the derivative of F' at p (but the
converse fails).

Proof. By assumption,
F(z) :c+L/ f, xeGp9),
P
and

1
|Az|

xr 1 x
[ r-a) < gt [ 1r-al =0
v Az Jp
as x — p. (Here ¢ = f(p) and Az =z —p.)
Thus with z — p, we get
‘F(w)fF(p)_q):
r—=p

mimeAzf_w_pM
:ﬁ'L/:f—L/:(q)‘»o,

Corollary 5. Let f: E* — E™(C™). Then p is an L-point of f iff it is an
L-point for each of the n components, f1,..., fn, of f.

as required. O

(Exercisel!)
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Theorem 4. If f: E'* — E*(E", C") is L-integrable on A = [a,b], then
almost all p € A are Lebesgue points of f.
Note that this strengthens Theorem 3 of §1.

Proof. By Corollary 5, we need only consider the case f: E* — E*.
For any r € E', |f — | is L-integrable on A; so by Theorem 3 of §1, setting

F,(z) :L/' =,
we get
(5) Fl(p) = lim —L/” 1 =7l = () 7]
p

T—p ‘x — p‘

for almost all p € A.
Now, for each r, let A, be the set of those p € A for which (5) fails; so
mA, = 0. Let {r;} be the sequence of all rationals in E'. Let

Q=J A4, U{ab}UA,,
k=1

where
A = A(|f] = 00);

so m@ = 0. (Why?)
To finish, we show that all p € A — Q are L-points of f. Indeed, fix any
p€A—Q and any £ > 0. Let ¢ = f(p). Fix a rational  such that

3

—r<
lg — 7] 3

Then
1F=rl=1f =dll <[(f=r) = (F=@)| =la—r[ <5 onA-As.

Hence as mAo = 0, we have

N e AR B O

Since

p¢Q2(JA,,
k
formula (5) applies. So there is 6 > 0 such that |z — p| < § implies

KﬁL/p f *rl> —1f(p) ~ ]

<£
3
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we get

Hence
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fp) =7l =lg—r| < =,

3
1 @ 1 @
L f=r<{{—=L][ [f=rl)—la—rl|+]a—r|
lz —pl "/, |z —p| " Jp
LS, E_ %
3 3 3

v 2e
L if=r< -l
p

Combining with (6), we have

1 * e 2
— I —ql<i+T =
P /p [f—d<g+5=¢

whenever |z — p| < §. Thus

1 x
1m“———L/\f—M:Q
P

2=p [z —pl

as required. O

=6.

Problems on L-Integrals and Absolute Continuity

. Fill in all details in the proof of Lemma 1 and of Theorems 3 and 4

from §1.

. Prove Theorem 1 and Corollaries 1, 2, and 5.
. Disprove the converse to Corollary 4. (Give an example!)

. Show that if F': E! — FE is L-integrable on A = [a, b] and continuous at

p € A, then p is an L-point of F'.
[Hint: Use the €, definition of continuity.]

. Complete all proof details for Lemma 2, Theorems 3 and 4, and Corol-

lary 3.

. Let F =1 on R (= rationals) and F = 0 on E' — R (Dirichlet function).

Show that F has exactly three derivates (0, 400, and —o0) at every
p € B

We say that F'is a Lipschitz map, or has the uniform Lipschitz property
on A, iff

(K e B") (Va,y€ A) |F(z) - F(y)| < K|z —yl.
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Prove the following:
(i) Any such F is absolutely continuous on A = [a, b].
(ii) If all derivates of f satisfy
|IDf(z)| <k <oo, x€A=]a,b,

then f is a Lipschitz map on A.

. Let g: E' — B! and f: E' — E (real or not) be absolutely continuous

on A = [a,b] and g[A], respectively.
Prove that h = f o g is absolutely continuous on A, provided that
either f is as in Problem 6, or g is strictly monotone on A.

. Prove that if F: E' — E' is absolutely continuous on A = [a,b], if

Q C A, and if m@Q = 0, then m*F[Q] = 0 (m = Lebesgue measure).
[Outline: We may assume Q C (a,b). (Why?)
Fix € > 0 and take ¢ as in Definition 2. As m is regular, there is an open G,

QCGC(ab),

with mG < §. By Lemma 2 of Chapter 7, §2,

G =

s

Iy, (disjoint)

k=1

for some I, = (ag, bx].
Let up, = inf F[I}], vy, = sup F[I4]; so
FlIk] C [uk, vi]
and
m*F[I] < v — ug.
Also,
D bk —ag) =D mlp =mG < 4.
From Definition 2, show that

[eS]

S e —w) <e

c=1

ES

(first consider partial sums). As
FIQ] C FIG] €| FlIl,
k

get
m Q] <Y m F[Ix] =) (vp —ug) <& —0]
3

k
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9.

=10.

11.
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Show that if F' is as in Problem 8 and if
=la,b] 2 B, Be M*
(L-measurable sets), then
F[B] € M".

(“F preserves M*-sets.”)
[Outline: (i) If B is closed, it is compact, and so is F[B] (Theorems 1 and 4 of
Chapter 4, §6).

(ii) If B € Fo, then

B=|JBi, Bi€F;

so by (i),
FIB] =|JFIBi] € Fo C M.

(iii) If B € M*, then by Theorem 2 of Chapter 7, §8,
(3K eF,) KCB, m(B-K)=0.
Now use Problem 8, with @ = B — K]

(Change of variable.) Suppose g: E! — E' is absolutely continuous and
one-to-one on A = [a,b], while f: E' — E*(E", C") is L-integrable
on g[A].

Prove that (f o g) g’ is L-integrable on A and

L/ab(fog)g’=L/qu,

where p = g(a) and ¢ = ¢(b).
[Hints: Let F =L [ f and H=Fogon A.

By Theorems 2 and 3 and Problem 7 (end), F' and H are absolutely continuous
on g[A] and A, respectively; and H’ is L-integrable on A. So by Theorem 3,

H=t1[m=1[(fons,

as H = (fog)g ae on Al

Setting f(z) = 0 if not defined otherwise, find the intervals (if any) on
which f is absolutely continuous if f(z) is defined by

(a) sinz;
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(f) xsin(1l/z);

(g) x%sinz~2 (Problem 5 in §1);

(h) Va3 -sin(1/z) (verify that |f'(z)] < 2 +277).
[Hint: Use Problems 6 and 7.]

§3. Improper (Cauchy) Integrals

Cauchy extended R-integration to unbounded sets and functions as follows.
Given f: E' — F and assuming that the right-hand side R-integrals and
limits exist, define (first for unbounded sets, then for unbounded functions)

[ /mf:a}i“éoR/a :
(i) /;f=/(ma]f=wgrgooR 1.

If both N .
/0 f and /_Oof
/:: f= /(700,0) T /[0-,00) 4

[a, b], i.e., unbounded on

exist, define

Now, suppose f is unbounded near some p € A =
ANG-,

for every deleted globe G-, about p (such points p are called singularities).
Then (again assuming existence of the R-integrals and limits), we define

(1) in case of a singularity p = a,

b b
/f:/ f:hmR/f;
at (a,b] r—a+ N

i gt R/ f,

a la,b) z—=b—

/apifand /pj—f

(2) if p =10, then

(3) ifa <p<bandif
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b p— P b
[r=[ s+[s+] 2
a a p p+
D
[i=] s
P [p.p]

is necessary if RS- or LS-integrals are used.!

Finally, if A contains several singularities, it must be split into subintervals,
each with at most one endpoint singularity; and fab f is split accordingly.?

We call all such integrals improper or Cauchy (C) integrals. A C-integral is
said to converge iff it exists and is finite.

This theory is greatly enriched if in the above definitions, one replaces R-
integrals by Lebesgue integrals, using Lebesgue or LS measure in E'. (This
makes sense even when a Lebesgue integral (proper) does exist; see Theorem 1.)
Below, m shall denote such a measure unless stated otherwise.

exist, then

The term

C-integrals with respect to m will be denoted by

C/ fdm, C f, etc

[a;b)

C/f(:r) dm(z) or C/f(:r) dx

(the latter if m is Lebesgue measure). We omit the “C” if confusion with proper
integrals [ f is unlikely.

“Classical” notation:

Note 1. C-integrals are limits of integrals, not integrals proper. Yet they
may equal the latter (Theorem 1 below) and then may be used to compute
them.

Caution. “Singularities” in [a,b] may affect the primitive used in compu-
tations (cf. Problem 4 in §1). Then [a, b] must be split (see above), and C’f(f f
splits accordingly. (Additivity applies to C-integrals; see Problem 9, below.)
Examples.

(A) The integral

1/2
L
-1

I For RS- and LS-integrals, we may well have f: f#0, f[a b f# f(a b) f, ete.
2 This also applies if an infinite interval has an inside singularity.
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has a singularity at 0. By Theorem 1 below,® we get

12 gy 0~ da 12 gz
Lf == =t 2
.oz iz 0L T

=t (-
(B) We have
o[t
1/2 T
Hence

(C) The integral

389

1
1>+ lim (72+7>=oo+oo:oo.
T

x—0+

1
= lim (—7 " 2) =
T—00 T

2.

has no singularities (consider deleted globes about 0).
F(z) = |z| exists (example (b) in Chapter 5, §5); so

L/l‘i
1 x

|d1:: \x\‘i =

In the rest of this section, we state our theorems mainly for

CLwﬁ

but they apply, with similar proofs, to

0/ rool i

The measure m is as explained above.
Theorem 1. Let A = [a,), f: E* — E (E complete).

(i) If f >0 on A, then

exists (< 00) and equals

C/aoofdm
/Afdm.4

31t applies to finite intervals A, too.

4 That is, the proper integral.

etc.

The primitive
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(ii) The map f is m-integrable on A iff

C/:O\fl<oo

and [ is m-measurable on A; then again,

C/aoofdm:/Afdm.

Proof. (i) Let f > 0 on A. By the rules of Chapter 8, §5, [, f is always
defined for such f; so we may set

F(z) :/zfdm, z>a.

Then by Theorem 1(f) in Chapter 8, §5, F'1 on A4; for a < x <y implies

=/:fs/ayf:F(y>

Now, by the properties of monotone limits,

lim F(z) = lim / f= C/ f
Tr—r00 Tr—>00 a
exists in E*; so by Theorem 1 of Chapter 4, §2, it can be found by making x
Tun over some Sequence Ty — 0o, say, rp = k.
Thus set
Akz[a,k], k=1,2,....

Then {Ay}1 and
UAk = A= [a,00),

ie, Ay S A.
Moreover, by Note 4 in Chapter 8, §5, the set function s = [ f is o-additive
and semifinite (> 0). Thus by Theorem 2 of Chapter 7, §4 (left continuity)

f—hm/f 0/ /,

¢ [T1n= [ \fldm
c/f\f|<oo

(1) /fdm— hm

proving (i).
(ii) By clause (i),

exists, as |f| > 0. Hence
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plus measurability amounts to integrability (Theorem 2 of Chapter 8, §6).

¢ [ in<x

implies the convergence of C [ f (see Corollary 1 below). Thus as

Moreover,

xT
lim f
r—r0o0 a
exists, we proceed exactly as before (here s = [ f is finite), proving (ii) also. [
Note 2. If E C E*, formula (1) results even if f is not m-measurable.’

Note 3. While f cannot be integrable unless | f| is (Corollary 2 of Chapter 8,
§6), it can happen that
C / f

¢ [1fl=o

(this is called conditional convergence). A case in point is
> sinx
C / dx;
0 x

Thus C-integrals may be finite where proper integrals are oo or fail to exist (a
great advantage!). Yet they are deficient in other respects (see Problem 9(c)).

For our next theorem, we need the previously “starred” Theorem 2 in Chap-
ter 4, §2. (Review it!) As we shall see, C-integrals resemble infinite series.

Theorem 2 (Cauchy criterion). Let A = [a,00), f: E' — E, E complete.

Suppose
/ fdm

exists for each x € A. (This is automatic if E C E*; see Chapter 8, §5.)

Then -
C / f

converges iff for every e > 0, there is b € A such that

(2) [ sam

converges even if

see Problem 8.

< e wheneverb<v<zx< 00,6

5 This is true provided fA fdm is finite or orthodoz, so that s = [ f is semifinite.
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b
/ fdm‘ < 00.

Proof. By additivity (Chapter 8, §5, Theorem 2; Chapter 8, §7, Theorem 3),

/:f:/avar/jf

ifa <v<z<oo (Incase E C E*, this holds even if f is not integrable; see
Theorem 2, of Chapter 8, §5.)
C / f

Now, if
T
r= lim / fdm # too.
"L‘—)OO. a

and

2)

converges, let

Then for any € > 0, there is some

bela,0)=A

/:fdm—r

(Why may we use the standard metric here?)

such that
1
< 58 for x > b.

Taking x = b, we get (2'). Also, if a < b < v <z, we have

/ fdm—r
Vfd <1
T — ; m 55.

Hence by the triangle law, (2) follows also. Thus this b satisfies (2).

<1
=€
2

and

Conversely, suppose such a b exists for every given € > 0. Fixing b, we thus
have (2) and (2’). Now, with A = [a,00), define F': A — F by

/ fdm,

c j— lim F(z)

a Tr—r00

SO

6 Here and later, for LS integrals, replace f: by f(%I] and fbw by f(b 2]
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if this limit exists. By (2),
|F(x)| =

/abfdm‘+ /bfdm‘+5

fdm‘ <

/bzfdm‘<

if # > b. Thus F is finite on [b,00), and so we may again use the standard
metric

p(F(x), F(v)) = |F(z) = F(v)] =

fdm‘ <e

[[ron- [ o

C/ fdmzle F(z) # o0

if x,v > b. The existence of

now follows by Theorem 2 of Chapter 4, §2. (We shall henceforth presuppose
this “starred” theorem.)
Thus all is proved. O

Corollary 1. Under the same assumptions as in Theorem 2, the conver-

gence of -

¢ [ ifldm
C/:O fdm.
[a< [

(Theorem 1(g) of Chapter 8, §5, and Problem 10 in Chapter 8, §7).
Note 4. We say that C' [ f converges absolutely iff C' [ |f| converges.

implies that of

Indeed,

Corollary 2 (comparison test). If |f| < |g| a.e. on A = [a,00) for some

f,g: EY = E, then
c[Tise[

c/f\m
c[ i

For as |f], |g| > 0, Theorem 1 reduces all to Theorem 1(c) of Chapter 8, §5.

so the convergence of

implies that of
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Note 5. As we see, absolutely convergent C-integrals coincide with proper

(finite) Lebesgue integrals of nonnegative or m-measurable maps. For condi-
tional (i.e., nonabsolute) convergence, see Problems 6-9, 13, and 14.

Iterated C-Integrals. Let the product space X x Y of Chapter 8, §8 be
E' x E' = E?,

and let p = m x n, where m and n are Lebesgue measure or LS measures in
E'. Let
A =a,b], B=c,d],and D = A x B.

/B/Afdmdnz/y/XfC’dedn
/Cd/abfdmdn

d b
/ f(z,y) dm(z) dn(y).

Then the integral

is also written
or

”

As usual, we write “dz” for “dm(z)” if m is Lebesgue measure in E'; similarly

for n.
We now define

C / h / h fdndm = lim / b(dlggo / " ) dn(y)) dm(z)
—c [7 [ faant) dma),

provided the limits and integrals involved exist.

3)

If the integral (3) is finite, we say that it converges. Again, convergence
is absolute if it holds also with f replaced by |f|, and conditional otherwise.
Similar definitions apply to

00 (e} b 00
C’/ / fdmdn, C’/ / fdndm, etc.

Theorem 3. Let f: E? — E* be p-measurable on E* (p,m,n as above). Then
we have the following.

(i*) The Cauchy integrals

C/ / | f| dndm andC/ / |f|dmdn
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exist (< 00), and both equal

[ i1

(ii*) If one of these three integrals is finite, then

C’/ / fdndm andC/ / fdmdn

converge, and both equal

fdp.
E2

(Similarly for Cf:o ffoo fdndm, etc.)

Proof. As m and n are o-finite (finite on intervals!), f surely has o-finite
support.

As |f| > 0, clause (i*) easily follows from our present Theorem 1(i) and
Theorem 3(i) of Chapter 8, §8.

Similarly, clause (ii*) follows from Theorem 3(ii) of the same section. [

Theorem 4 (passage to polars). Let p = Lebesque measure in E2. Suppose
f: E* = E* is p-measurable on E?. Set

F(r,0) = f(rcosf,rsin®), r>0.
Then

00 00 00 2
(a) C/ / fdzdy:C/ rdT/ Fdf, and
—00 J —00 0 0
oo oo oo w/2
(b) C/ / fdxdy:C/ rdr/ Fdb,
o Jo 0 0

provided f is nonnegative or p-integrable on E? (for (a)) or on (0,00) x (0, 00)
(for (b)).7
Proof Outline. First let f = Cp, with D a “curved rectangle”

{(T,@)‘T1<T§T2, 91<0§92}

for some 71 < ro in X = (0,00) and 6; < 62 in Y = [0,27). By elementary
geometry (or calculus), the area

1
pD = 5(r5 —r1)(62 — 61)
(the difference between two circular sectors).

7 Hence the integrals in (a) and (b) can also be treated as proper integrals.
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For f = Cp, formulas (a) and (b) easily follow from
pD = L/ CD dp.
B2

(Verify!) Now, curved rectangles behave like half-open intervals
(T177’2] X (91702]

in E2, since Theorem 1 in Chapter 7, §1, and Lemma 2 of Chapter 7, §2, apply
with the same proof. Thus they form a semiring generating the Borel field
in E2.

Hence show (as in Chapter 8, §8) that Theorem 4 holds for f = Cp (D € B).
Then take D € M*. Next let f be elementary and nonnegative, and so on, as
in Theorems 2 and 3 in Chapter 8, §8. [

Examples (continued).

(D) Let

J= L/ e~ dr;

JO
SO
J? = (C / —a? dx) (C / eV’ dy)
0
- c/ / @*+9) dg dy.  (Why?)
0 0

Set

flay) = e 0

in Theorem 4(b). Then F(r,0) = e~ hence

:C/ rdr (/ief"ZdH)
0 0

o 2 T 1 o~ 1
=C e dr = = -2 —t’ = .
‘/0 re r B) 47T€ 471'

(Here we computed
/ re™" dr

by substituting 72 = t.) Thus

o0 . o0 . 1 1
(4) c/ e dy = L/ e de = /-1 = =7
) o 4" 2
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Problems on Cauchy Integrals

1. Fill in all proof details in Theorems 1-3. Verify also at least some of the
cases other than [ f. Check the validity for LS-integrals (footnote 6).

2. Prove Theorem 4 in detail.
2’. Verify Notes 2 and 3 and examples (A)—(D).
3. Assuming a > 0, verify the following:

<1 > 1
(i) / —e tdt < / e tdt ==,
1t 1 €

[Hint: Use Corollary 2.]

.. e, €
(i) /1 e %dt = ot
(iii) / ot — 1.
0 a
° b
. —at _: o
(iv) /0 e~ “sinbtdt = prawsE

4. Verify the following:

(1) / / e dydx = / ;eﬂ” dr < - (comzerges7 by 3(i)).

(i) / / zydydx>/ / ﬂ”ydydz—/ %(1—€7m)d1‘2
/1 ;fe )d:r—

Does this contradict formula (4) in the text, or Problem 5, which follows?

5. Let f(z,y) = e *Y and

1
g(z) = L/ e dy;
0

so g(0) = 1. (Why?)
(i) Is g R-integrable on A =1[0,1]7? Is f so on A x A?
(ii) Find g(z) using Corollary 1 in §1.

(iii) Find the value of

11 1
R/ / e_zydyd.r:R/ g
o Jo Jo

to within 1/10.
[Hint: Reduce it to Problem 6(b) in §1.]
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=6. Let f,g: E' — E* be m-measurable on A = [a,b), b < co. Prove the
following:

(i) If
b— b—
C ft<ooorC 7 < oo,

a a

then C f:_ f exists and equals

b— b—
C ff-c f- :/ f dm (proper).
A

a a

(ii) If fa}k f converges conditionally only, then

b— b—
fr= f7 =400

a a

(iii) In case C’f:_ |f] < oo, we have

b—
c/ 9] = oo

iff Cf;_ lg| = oo; also,

CAFUim=OlFficékg

if C’f:f g exists (finite or not).
=-T7. Suppose f: B! — E* is m-integrable and sign-constant on each
An:[an7an+1)7 n=12,...,

but changes sign from A,, to A,11, with

U A, = [a,0)
n=1
and {a,}1 fixed.
Prove that if
/ fdm‘ N O
An

as n — oo, then
o0
C / f
a
converges.

[Hint: Use Problem 10 in Chapter 4, §13.]
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=8. Let .
f@) == f0)=1
x
Prove that o
C f(z)dz

0

converges conditionally only.
[Hints: Use Problem 7. Show that

C/Ooo\fl:L/(Om)lf\:L/waJ“:L/owf—:oo,]

=9. (Additivity.) Given f: E! — E (E complete) and a < b < ¢ < o0,
suppose that

/:fdm;é:too

(proper) exists for each = € [a, ¢). Prove the following:

(a) C’f:_ f and C’ff+ f converge.

( C) If
b
converges, so does

C/:_f:C/ab_]H—C/bc_f.

(¢) Countable additivity does not necessarily hold for C-integrals.
[Hint: Use Problem 8 suitably splitting [0, c0).]

10. (Refined comparison test.) Given f,g: E' — E (E complete) and b <
00, prove the following:

(i) If for some a < b and k € E*,
|f| < [kgl on [a,b)

b— b—
/ lg| < oo implies / |f] < oo
a a

(i) Such a,k € E! do exist if
PGl

im 5 < oo
t=b—|g(t)]

then

exists.



400 Chapter 9. Calculus Using Lebesgue Theory §3. Improper (Cauchy) Integrals 401

(iii) If this limit is not zero, then Then C [~ f(z) g(z) dx converges.
[Outline: Set

b b
/ |g|<ooiﬁ/ 1£] < oc. o= ["n

so |G| < K on A. By Lemma 2 of §1, fg is L-integrable on each [u,v] C A, and

o . b
> —00.
(Similarly in the case of [ with a > —oc.) (e ¢ o)) such that

11. Prove that

5 /oo e [ 9| = s o] = 110 (60 - G| < 2550,
1 < oo iff p<—1; “ “
11 Now, by (a),
(if) / Pt < ooiff p> —1; (Ve>0) Bk e A) (Vu>k) \f(u)|<ﬁ;
O-:o SO
(iii) / tP dt = oo. (Vo >u>k) ‘L/ fg‘ <e.
0+ u
12. Use Problems 10 and 11 to test for convergence of the following: Now use Theorem 2.
Now extend this to g: E* — E™ (C™).]
> 13/2 gt
(a /0 112 =-14. Do Problem 13, replacing assumptions (a) and (c) by
© gt (a') f is monotone and bounded on [a,00) = A, and
b —_— 0o
(®) /1 V1 +¢2 (<) C [ g(x)dx converges.
(C) o P(t) dt [Hint: If f1, say, set ¢ = tlggo f(t) and F=q— f;so
o Q)
(Q, P polynomials of degree s and r, s > r; Q # 0 for t > a); fg=a9-Fg.
1- Apply Problem 13 to
(d) _a -
0 /1T — %’ C/ F(z)g(z)dz.]
) ,
P .
() /O+t Int dt; 15. Use Problems 13 and 14 to test the convergence of the following:
B a tP sint dt.
at Psintd
() i’ 0
0 [Hint: The integral converges iff p < 0.]
iy
£l *° cost
(g) / tan® ¢ dt. (b) —dt.
0+ o+ Vit
X v cost
=-13. (The Abel-Dirichlet test.) Given f,g: E! — E!, suppose that [Hint: Integrate /u NG dt by parts; then let » — 0 and v — oo/]
(a) fl, with flggo fit)=0; (© /°° cost dL.
(b) g is L-measurable on A = [a, 00);® and o
(c) 3K e EY) VzeA) |L['g|<K. (d) / sin ¢2 dt.
0

I — Hint: Substitute t2 = u; then us .
8 And hence L-integrable on each [u,v] C A, by (c). [Hin ubstitute u; then use (a).]



402 Chapter 9. Calculus Using Lebesgue Theory

16. The Cauchy principal value (CPV) of C ffooo f(t)dt is defined by

(CPV) / T [ jwa

z—o0 [

(if it exists). Prove the following:

(i) If C [ f(t)dt exists, so does (CPV) [ f, and the two are equal.
Disprove the converse.

[Hint: Take f(t) = sign(t)//]t]]

(ii) Do the same for

e [t ([ [L0)

p being the only singularity in (a, b).

84. Convergence of Parametrized Integrals and Functions

I. We now consider C-integrals of the form
¢ [ sty dm(o),

where m is Lebesgue or LS measure in E'. Here the variable u, called a param-
eter, remains fized in the process of integration; but the end result depends on
u, of course.

We assume f: E? — E (E complete) even if not stated explicitly. As before,
we give our definitions and theorems for the case

oo}
c / .
The other cases (C ffoo, Cf:f, etc.) are analogous; they are treated in Prob-
lems 2 and 3. We assume
a,b,c,z,t,u,v € E

throughout, and write “dt” for “dm(t)” iff m is Lebesgue measure.
If

C/Oo f(t,u) dm(t)
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converges for each u in a set B C E',! we can define a map F: B — E by
o0 x
Flu) = C / F(tu) dm(t) = Tim / F(t ) dm(D).
a Tr—r00 a
This means that

(1) (WVueB) (Ve>0) (3b>a) (Vz>b)

/ ft,u)dm(t) — F(u)| < g,
a
so |F| < co on B.
Here b depends on both e and u (convergence is “pointwise”). However, it

may occur that one and the same b fits all u € B, so that b depends on ¢ alone.
We then say that

C’/OO ft,u)dm(t)
converges uniformly on B (i.e., for u € B), and write
F(u) = C’/oO f(t,uw) dm(t) (uniformly) on B.
Explicitly, this means that

(2) (Ve>0)(Fb>a) (VueB) (Va>b)

/”” ft,u)dm(t) — F(u)| < e.

Clearly, this implies (1), but not conversely. We now obtain the following.

Theorem 1 (Cauchy criterion). Suppose

xT
[ stwdm
a
exists forx > a andu € B C EL. (This is automatic if E C E*; see Chapter 8,

§5.)
Then

c / £t w) dm(t)
converges uniformly on B iff for every € > 0, there is b > a such that
3) (Yo, € [b,00)) (Vu € B) ’/ Pt dm(t)' <2

and

/:] ft,u) dm(t)' < 00.

I This statement shall imply that f; f(t,u)dm(t) # too exists for x > a, u € B.
2 For LS-integrals, replace f: by f(m.v] here and in the proof below.
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Proof. The necessity of (3) follows as in Theorem 2 of §3. (Verify!)

To prove sufficiency, suppose the desired b exists for every € > 0. Then for
each (fized) u € B,

C'/OO f(t,u) dm(t)

satisfies Theorem 2 of §3. Hence

T—00

(4) F(u) = lim / F(t,u)dm(t) # oo

exists for every u € B (pointwise). Now, from (3), writing briefly [ f for
J F(t,u) dmf(t), we obtain

[

f‘ <e
forallu e B and all x > v > b.
Making x — oo (with v and v temporarily fixed), we have by (4) that

%) P - [ )<
whenever v > b.

But by our assumption, b depends on € alone (not on u). Thus unfixing u,
we see that (5) establishes the uniform convergence of

|

Corollary 1. Under the assumptions of Theorem 1,

C/OC f(t,u) dm(t)

converges uniformly on B if

c/ F(t,w)| dm(t)

as required.? [

does.

Indeed,

/ff\sfuke.

3 Note that Theorem 1 essentially depends on the assumed completeness of E.
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Corollary 2 (comparison test). Let f: E? — E and M: E*> — E* satisfy
Lf(t u)] < M(t,u)

foru€ BC E' and t > a.
Then

c / f(t,u)| dm(t)
converges uniformly on B if
c/ M, u) dm(?)

does.

Indeed, Theorem 1 applies, with

/:f‘g/:M<s.

Hence we have the following corollary.
Corollary 3 (“M-test”). Let f: E2 — E and M : E' — E* satisfy
|f(t,u)] < M(t)

forue B C E' and t > a. Suppose
c/ M(t) dm(t)

c/ F(t,0)| dm(?)

converges (uniformly) on B. So does

C’/OO f(t,u)dm(t)

converges. Then

by Corollary 1.

Proof. Set
h(t,u) = M(t) > |f(t,u)|-

Then Corollary 2 applies (with M replaced by h there). Indeed, the conver-

gence of
C/th/M

is trivially “uniform” for u € B, since M does not depend on u at all. [J
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Note 1. Observe also that, if h(t,u) does not depend on u, then the (point-
wise) and (uniform) convergence of C [ h are trivially equivalent.
We also have the following result.

Corollary 4. Suppose
C/ f(t,u)dm(t)

converges (pointwise) on B C E. Then this convergence is uniform iff

e’}

lim C f(t,u) dm(t) =0 (uniformly) on B,

V—00
i.e., iff

Ve>0) (3b>a) (Vue B) (Yvo>D) ‘C’/Oof(tu)dm(t)‘ <e.

The proof (based on Theorem 1) is left to the reader, along with that of the
following corollary.

Corollary 5. Suppose

b
/ f(t,u)dm(t) # £oo
exists for each uw € B C E*.

Then -
c / F(tu) dm(t)

converges (uniformly) on B iff

C/b f(t,u) dm(t)

does.

IT. The Abel-Dirichlet tests for uniform convergence of series (Problems 9
and 11 in Chapter 4, §13) have various analogues for C-integrals. We give two
of them, using the second law of the mean (Corollary 5 in §1).

First, however, we generalize our definitions, “unstarring” some ideas of
Chapter 4, §11. Specifically, given

H: E*> - E (E complete),

we say that H(x,y) converges to F(y), uniformly on B, as v — q (¢ € E*),
and write

lim H(z,y) = F(y) (uniformly) on B

T—q
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iff we have
6) (Ve>0) (3G~ (VyeB) (VaeGy) [H(z,y)—F(y)| <e;

hence |F'| < oo on B.
If here ¢ = oo, the deleted globe G-, has the form (b, c0). Thus if

H(z,u) = /I f(t,u)dt,

(6) turns into (2) as a special case. If (6) holds with “(3G-,)” and “(Vy € B)”
interchanged, as in (1), convergence is pointwise only.

As in Chapter 8, §8, we denote by f(-,y), or f¥, the function of = alone
(on E1) given by

fUx) = fla,y).
Similarly,
fo(y) = f(z,y).

Of course, we may replace f(z,y) by f(t,u) or H(t,u), etc.
We use Lebesgue measure in Theorems 2 and 3 below.

Theorem 2. Assume f,g: E?> — E' satisfy
(i) C [F g(t,u)dt converges (uniformly) on B;
(ii) each g" (u € B) is L-measurable on A = [a, 00);
(iii) each f* (u € B) is monotone (| or?1) on A;* and
(iv) |f| < K € E! (bounded) on A x B.
Then -
C/ ft,u) g(t,u)dt

converges uniformly on B.

Proof. Given e > 0, use assumption (i) and Theorem 1 to choose b > a so that

xr 8
7 L tu)dt| < —
™ o[ st < .
written briefly as
e €
L u P
‘ /U TS

for all w € B and x > v > b, with K as in (iv).

4 Briefly: “f(t,u) is monotone in t, and g(t,u) is measurable in t (t € A).” It should be
well noted that all f* and g% are functions of t on E.
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Hence by (ii), each ¢* (u € B) is L-integrable on any interval [v,z] C A,
with & > v > b. Thus given such u and [v, z], we can use (iii) and Corollary 5
from §1 to find that

L[ r = [ e ron g

for some ¢ € [v, z].
Combining with (7) and using (iv), we easily obtain

‘L/m f(t,u) g(t,u) dt‘ <e

whenever u € B and = > v > b. (Verify!)
Our assertion now follows by Theorem 1. [

Theorem 3 (Abel-Dirichlet test). Let f,g: E? — E* satisfy

(a) tlgrolo f(t,u) =0 (uniformly) for u € B;

(b) each f* (u € B) is nonincreasing (1) on A = [0,00);

(c) each g* (u € B) is L-measurable on A; and

(d) (3K € EBY) (Vo€ A) (Yue B) |L [’ g(t,u)dt| < K.
Then -

C’/ ft,u)g(t,u)dt

converges uniformly on B.

Proof Outline. Argue as in Problem 13 of §3, replacing Theorem 2 in §3 by
Theorem 1 of the present section.
By Lemma 2 in §1, obtain

T
L / ftg"
v

foru e Band x> v > a.
Then use assumption (a) to fix k so that

[f(tu)] <

< K f(v,u)

ﬂ@p[w

£
2K
fort>kandue B. O

Note 2. Via components, Theorems 2 and 3 extend to the case g: E? —
En (Cn).

Note 3. While Corollaries 2 and 3 apply to absolute convergence only,
Theorems 2 and 3 cover conditional convergence, too (a great advantage!). The
theorems also apply if f or g is independent of u (see Note 1). This supersedes
Problems 13 and 14 in §3.
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Examples.
(A) The integral

> sint
/ in udt
0 t

converges uniformly on Bs = [d,00) if d > 0, and pointwise on B = [0, 00).
Indeed, we can use Theorem 3, with

g(t,u) = sintu
and

Fltw) =, FO.0) =1,

say. Then the limit

is trivially uniform for u € By, as f is independent of u. Thus assumption
(a) is satisfied. So is (d) because

T 1 Tu
/ sintudt’ = ‘f/ sian@‘ <
0 U Jo

(Explain!) The rest is easy.

- 2.

SN

Note that Theorem 2 fails here since assumption (i) is not satisfied.
(B) The integral
1
/ —e Msinat dt
o ¢

converges uniformly on B = [0, 00). It does so absolutely on Bs = [d, 00),

if 6 > 0.
Here we shall use Theorem 2 (though Theorem 3 works, too). Set
flt,u) =e
and .
g(t,u) = snlat’ g9(0,u) = a.
Then

/000 g(t,u)dt

converges (substitute z = at in Problem 8 or 15 in §3). Convergence is
trivially uniform, by Note 1. Thus assumption (i) holds, and so do the
other assumptions. Hence the result.

For absolute convergence on By, use Corollary 3 with

M(t) = e %,
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so M > |fgl.
Note that, quite similarly, one treats C-integrals of the form

/ €7t"9(t)dt7/ e Pug(t) dt, etc.,

/a Tt

In fact, Theorem 2 states (roughly) that the uniform convergence of
C [ g implies that of C [ fg, provided f is monotone (in ¢) and bounded.

provided

converges (a > 0).

ITI. We conclude with some theorems on uniform convergence of functions
H: E? = E (see (6)). In Theorem 4, m is again an LS (or Lebesgue) measure
in E'; the deleted globe G, is fixed.

Theorem 4. Suppose
lim H(z,y) = F(y) (uniformly)®
T—q
fory € B C E'. Then we have the following:
(i) If all Hy (z € G%) are continuous® or m-measurable on B, so also is F.

(ii) The same applies to m-integrability on B, provided mB < oo; and then

r—q

(8) lim/|Hz—F|:0;
B

hence
(&) lim Hm:/ F:/(lim Hz)
z—q | B B \z—¢

Formula (8') is known as the rule of passage to the limit under the integral
Stgn.

Proof. (i) Fix a sequence x — ¢ (v in the deleted globe GZ,)), and set
Hy,=H,, (k=12,...).

The uniform convergence
H(z,y) = F(y)

5 Pointwise or a.e. convergence suffices for m-measurability in clause (i).
6 Here and in Theorem 5, as functions of y: Hy(y) = H(x,y). Continuity may be relative
or uniform.
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is preserved as z runs over that sequence (see Problem 4). Hence if all Hy, are
continuous or measurable, so is F' (Theorem 2 in Chapter 4, §12 and Theorem 4
in Chapter 8, §1). Thus clause (i) is proved.

(ii) Now let all H, be m-integrable on B; let

mB < oo.

Then the Hj are m-measurable on B, and so is F', by (i). Also, by (6),
(Ve >0) (3Goy) (Va € Goy) / \H, — F| < / (€) = emB < oo,
B B

proving (8). Moreover, as

/|Hm—F|<oo7
B

H, — F is m-integrable on B, and so is

F=H,— (H, - F).

/BHF/BFF /B<HI—F>\3/B|HFFH0,

as  — ¢, by (8). Thus (8') is proved, too. O

Hence

Quite similarly (keeping E complete and using sequences), we obtain the
following result.

Theorem 5. Suppose that

(i) all H, (x € G*,)) are continuous and finite on a finite interval B C E*,
and differentiable on B — Q, for a fized countable set Q;

(ii) lim H(z,yo) # oo exists for some yo € B; and
T—q

(iii) lim Do H (x,y) = f(y) (uniformly) exists on B — Q.
T—q

Then f, so defined, has a primitive F on B, exact on B — Q (so F' = [ on
B — Q); moreover,

F(y) = liin H(z,y) (uniformly) fory € B.
T—y
Outline of proof. Note that

d
Do H(2,y) = d—sz(y)-

Use Theorem 1 of Chapter 5, §9, with F,, = H, , z, = ¢. U

Note 4. If x — ¢ over a path P (clustering at ¢), one must replace G4
and GZ, by PNG-4 and PNGZ, in (6) and in Theorems 4 and 5.
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1.
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Problems on Uniform Convergence
of Functions and C-Integrals

. Fill in all proof details in Theorems 1-5, Corollaries 4 and 5, and exam-

ples (A) and (B).
Using (6), prove that
;11)1(11 H(z,y) (uniformly)
exists on B C E' iff
(Ve>0) (3G-y) Vye€ B) (Vz,2' € G~;) |H(z,y) — H(z',y)| <e.

Assume E complete and |H| < oo on G4 X B.
[Hint: “Imitate” the proof of Theorem 1, using Theorem 2 of Chapter 4, §2.]

. State formulas analogous to (1) and (2) for [*_, f:f, and f;_

. State and prove Theorems 1 to 3 and Corollaries 1 to 3 for

a b— b
/ , / , and / .
—00 a a-+
In Theorems 2 and 3 explore absolute convergence for
b— b
/ and / .
a a+

Do at least some of the cases involved.
[Hint: Use Theorem 1 of §3 and Problem 1/, if already solved.]

. Prove that

lim H(z,y) = F(y) (uniformly)

r—q

on B iff
lim H(z,, -)=F (uniformly)

n—00

on B for all sequences x, — q (X, # q).
[Hint: “Imitate” Theorem 1 in Chapter 4, §2. Use Definition 1 of Chapter 4, §12.]

. Prove that if

lim H(z,y) = F(y) (uniformly)

T—q

on A and on B, then this convergence holds on A U B. Hence deduce
similar propositions on C-integrals.

. Show that the integrals listed below violate Corollary 4 and hence do not

converge uniformly on P = (0,0)" though proper L-integrals exist for

" Here and below, § > 0 is arbitrarily small.
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each u € P. Thus show that Theorem 1(ii) does not apply to uniform
convergence.

boudt
W [

1 U2 7t2
(wlﬁﬂmwﬁ

Lt — u2
(c) A+ _(tg + u2)2) dt.

[Hint for (b): To disprove uniform convergence, fix any €,v > 0. Then

/“ u? —t2 db— v Hl
o (t2 +u2)2 T2 2 v
as u — 0. Thusifv<i7

v ’LLZ*tQ 1
JueP ————dt> — > e
(3u ) /0 (t2 + u?)? 2v ]

7. Using Corollaries 3 to 5, show that the following integrals converge (uni-
formly) on U (as listed) but only pointwise on P (for the latter, proceed
as in Problem 6). Specify P and M(t) in each case where they are not
given.

(a) /OOO e~ dt; U = [5,00); P = (0,0).

[Hint: Set M (t) = e=%¢ for t > 1 (Corollaries 3 and 5).]

(b) / e "t costdt (a > 0); U = [J,00).
0

() /1 11t U =[5, 00).
0

+

(<) /0+ t“"(Int)" dt; U = [6, 00).

1
(d) / tTsintdt; U =10,6],0 <6 <2; P=1[5,2); M(t) =179,
0+
[Hint: Fix v so small that

sint
t

v 1 /v dt
/ t~"sintdt > —/ — 00.]
0 2 0 tu—1

(Vt € (0,v))

>

N | =

Then, if u — 2,
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10.

11.

12.

13.

=14.

. In example (A), disprove uniform convergence on P =

Chapter 9. Calculus Using Lebesgue Theory

(0, 00).
[Hint: Proceed as in Problem 6.]

. Do example (B) using Theorem 3 and Corollary 5. Disprove uniform

convergence on B.

Show that

> sintu
costdt
o+ t

converges uniformly on any closed interval U, with +1 ¢ U.
[Hint: Transform into

1 .
5/0+ = {sin[(u + 1)) + sin[(u — 1)t} dt.]

Show that -
/ t sint® sin tu dt
0

converges (uniformly) on any finite interval U.
[Hint: Integrate

y
/ t sint3 sin tu dt
x

by parts twice. Then let y — oo and  — 0.

Show that
/ o . cost
e M ——dt
0+ e

converges (uniformly) for u > 0.
[Hints: For ¢ — 0+, use M(t) =t~ ®. For t — oo, use example (B) and Theorem 2.]

Prove that
* costu
dt
ta
0+

converges (uniformly) for u > § > 0, but (pointwise) for u > 0.
[Hint: Use Theorem 3 with g(t,u) = costu and

T
[ o
0

° costu _  cos z
/ —dt = w1t / dz — oo
v t vu z

if v=1/u and u — 0. Use Corollary 4.]
Given A, B C E! (mA < o0) and f: E? — E, suppose that
(i) each f(z, -)

on B; and

(i) each f(-.y

(0<a<l)

(0<a<1)

‘ sin xu

u

For v > 0,

= fy (z € A) is relatively (or uniformly) continuous

) = fY (y € B) is m-integrable on A.
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=15.

Set
F(y) = /Af(w,y) dm(z), ye€B.
Then show that F is relatively (or uniformly) continuous on B.
[Hint: We have
(Ve e A) (Ve>0) (Vyo € B) (36> 0) (Vy € BN Gy, (9))
1) = P < [ 1) = f@w)ldm(a) < [ (=) dm =<,

Similarly for uniform continuity.]
Suppose that

a) C [ f(t,y) dm(t) =

(b) each f(x

(c) each f(-,y)

x> a.

F(y) (uniformly) on B = [b,d] C E1;

,) = fm (z > a) is relatively continuous on B; and

Y (y € B) is m-integrable on every [a,z] C E1,

Then show that F' is relatively continuous, hence integrable, on B and
that
/ F = lim Hz,
Tr—r00
where .
Hiz) = [ fty)dm(o).

(Passage to the limit under the [-sign.)
[Hint: Use Problem 14 and Theorem 4; note that

C/OO ft,y)dm(t) = Tlem H(z,y) (uniformly).]
o :
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Abel-Dirichlet test
for convergence of improper integrals,
400
for uniform convergence of parametrized
C-integrals, 408
Absolute
extrema, 82
maxima, 82
minima, 82
Absolute continuity of the integral, 275
Absolute convergence of improper inte-

grals, 393
Absolutely continuous functions on E!,
378

and L-integrals, 380

Absolutely continuous with respect to a set

function t, 197
Additive extensions of set functions, 129
Additive set functions, 126, 126
Additivity of the integral, 260, 290
Additivity of volume
countable, 104
of intervals, 101
o-additivity, 104
Almost everywhere (a.e.), 231
convergence of functions, 231
Almost measurable functions, 231, 231
Almost uniform convergence of functions,
239
Egorov’s theorem, 240, 283
Antiderivatives, 357
and L-integrals, 357
and R-integrals, 362
change of variable in, 363
primitives, 359

Baire categories (of sets), 70
sets of Category I, 71
sets of Category II, 71
Baire’s theorem, 71
Banach spaces, 76

integration of functions with values in,
285-291, 305
open map principle, 75
uniform boundedness principle, 75
Banach-Steinhaus uniform boundedness
principle, 75
Basic covering of a set, 138
Basic covering value of a set, 138
Basis of a vector space, 16
Bicontinuous maps, 70
Bijective
functions, 52
linear maps, 53
Borel
fields, 162
measurable functions, 222
measures, 162
restrictions of measures, 162
sets, 162
Boundedness, linear, 9

Co-sets, 104
volume of, 107
C-simple sets, 99
Cl, family of C-simple sets, 99
C-integrals, see Improper integrals
parametrized, 402; see also Parametrized
C-integrals
Cantor’s set, 76
Carathéodory property (CP), 145, 146, 157
Cauchy criterion
for convergence of improper integrals,
391
for uniform convergence of parametrized
C-integrals, 403
Cauchy integrals (C-integrals), see Im-
proper integrals
parametrized, 402; see also Parametrized
C-integrals
Cauchy principal value (CPV), 402
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Chain rule
classical notation for, 31
for differentiable functions, 28
on E™ and C™, 30
Change of measure in generalized integrals,
332
Change of variable
in antiderivatives, 363
in Lebesgue integration, 386
Characteristic functions, 246
Clopen maps, 61
Closed maps, 59
Closed sets in topologies, 161
Compact regular (CR) set functions on
topological spaces, 209
Comparison test
for improper integrals, 393, 399
for uniform convergence of parametrized
C-integrals,405
Complete measures, 148
Complete normed spaces, see Banach
spaces
Completions of measures, 159
completions of generalized measures, 205
Completely additive set functions, see o-
additive set functions
Continuous
functions between topological spaces,
161
linear map, 13
set functions, 131, 147
with respect to a set function ¢ (¢-
continuous), 197
Continuously differentiable functions, 38,
57
Convergence of functions
almost everywhere, 231
almost uniform, 239
Egorov’s theorem, 240, 283
in measure, 239, 280
Lebesgue’s theorem, 240, 283
Riesz’ theorem, 280
Convergence of improper integrals, 388
absolute, 393
Cauchy criterion for, 391
comparison test for, 393, 399
conditional, 391
Abel-Dirichlet test for, 400
Convergent sequences of sets, 180
Countably-additive set functions, see o-
additive set functions

Index

Coverings of sets, 137

basic, 138

M-coverings of a set, 137

Q-coverings of a set, 213

Vitali, 180; see also Vitali coverings
CP, the Carathéodory property, 145
Critical points, 82

Darboux sums (upper and lower), 307
Decompositions

Lebesgue, 342

of generalized measures, 344
Derivates

of point functions, 373

of set functions (D(p), D(p)), 187
Derivatives

directional, see Directional derivatives

of set functions, 210

Radon-Nikodym, 338, 351

partial, see Partial derivatives
Determinants

functional, 49

of matrices, 47, 96
Differentiable functions, 17

and directional derivatives, 19

chain rule for, 28

continuously, 38, 57

differentials of, 17

and partial derivatives, 19, 22

in a normed space, 17

m times differentiable, 38
Differentiable set functions, 210
Differentials, 17

chain rule for, 28

of functions in a normed space, 17

of order m, 39
Differentiation of set functions, 210-216

K-differentiation, 211

Lebesgue differentiation, 211, 351

Q-differentiation, 211, 353
Directional derivatives, 1

differentiable functions and, 19

Finite Increments Law for, 7

higher order, 35

of linear maps, 15
Discriminant of a quadratic polynomial, 80
Disjoint set families, 99
Dominated convergence theorem, 273, 327
Dot products, linear functionals on E™ and

C™ as, 10

Double series, 110, 115

Index

En
intervals in, 97
volume of open sets in, 108
Elementary functions, 218
integrable, 241
integrals of, 241
integration of, 241-250
Euler’s theorem for homogeneous func-
tions, 34
Extended-real functions
integration of, 251-267; see also Integra-
tion of extended-real functions
integrable, 252
lower integrals of, 251
upper integrals of, 251
Extremum, extrema
absolute, 82
conditional, 88
local, 79, 89

Fatou’s lemma, 272
Fields of sets, 116
generated by a set family, 117
Finite Increments Law for directional
derivatives 7
Finite set functions, 125
Finite with respect to a set function t (¢-
finite), 197
Finitely additive set functions, 126, 126
Fréchet’s theorem, 237
Fubini
map, 294
theorem, 298, 301, 305, 334
Functional determinants, 49
Functionals, linear, see Linear functionals
Functions. See also Maps
bijective, 52
continuous, 161
differentiable, see Differentiable func-
tions
homeomorphisms, 70
homogeneous, 34
implicit function theorem, 64
inverse function theorem, 61
partially derived, 2
Fundamental theorem of calculus, 360

Generalized integration, 323fF.
change of measure, 332
dominated convergence theorem, 327
Fubini property in, 334
indefinite integrals in, 330
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Generalized measure spaces, 194
integration in, 323ff.
Generalized measures, 194
completion of, 205
decomposition of, 344
signed measures, 194, 199
Gradient of a function, 20

Hadamard’s theorem, 96

Hahn decomposition theorem, 201

Hereditary set families, 123

Homeomorphisms, 70

Homogeneous functions, 34
Euler’s theorem for, 34

Implicit
differentiation, 66, 87
function theorem, 64
Improper integrals, 388
absolute convergence of, 393
Cauchy criterion for, 391
Cauchy principal value (CPV) of, 402
comparison test for, 393, 399
conditional convergence of, 391
Abel-Dirichelet test for convergence of,
400
iterated, 394
convergence of, 388
singularities of, 387
Indefinite integrals, 263, 293, 330
indefinite L-integrals, 366
Independence, linear, 16
Inner products representing linear func-
tionals on E™ and C", 10
Integrable functions
elementary, 241
extended-real, 252
with values in complete normed spaces,
285
Riemann, 307, 317
Integrals
Cauchy (C-integrals), 388; see also Im-
proper integrals
in generalized measure spaces, 323ff.
indefinite, 263, 293, 330
improper, 388; see also Improper inte-
grals
iterated, 294
Lebesgue, 357
Lebesgue integrals and Riemann inte-
grals, 313
lower, 251
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of elementary functions, 241
orthodox, 247
parametrized C-integrals, 402; see also
Parametrized C-integrals
Riemann (R-integrals), 308ff.; see also
Riemann integrals
Riemann-Stieltjes, 318
Stieltjes, 319, 321f.
unorthodox, 247
upper, 251
with respect to Lebesgue measure (L-
integrals), 357
Integration
absolute continuity of the integral, 275
additivity of the integral, 260, 290
by parts, 321
dominated convergence theorem, 273,
327
Fatou’s lemma, 272
in generalized measure spaces, 323ff.
of elementary functions, 241-250
of extended-real functions, 251-267
of functions with values in Banach
spaces, 285-291, 305
linearity of the integral, 267, 288
monotone convergence theorem, 271
weighted law of the mean, 269
Intervals in E™, 97
additivity of volume of, 101
simple step functions on, 218
step functions on, 218
Inverse function theorem, 61
Iterated integrals, 294
iterated improper integrals, 394
Fubini map, 294
Fubini theorem, 298, 301, 305, 334

Jacobian matrix, 18

Jacobians, 49

Jordan components, 203

Jordan decompositions, 202
Jordan components, 203

Jordan outer content, 140

K (the set of all cubes in E™), 186, 210

L-measurable, see Lebesgue-measurable.
L-integrable, see Lebesgue-integrable.
L-integrals, 357
and absolutely continuous functions, 380
indefinite, 366
L-primitive, 366

Index

Lagrange form of the remainder in Taylor’s
Theorem, 42
Lagrange multipliers, 89
Lebesgue
decompositions, 342
extensions, 154, 168
Lebesgue-integrable functions, 241
Lebesgue-measurable functions, 222
Lebesgue-measurable sets, 168
measure, 168-175
outer measure, 138
nonmeasurable sets under Lebesgue
measure, 173
points of functions, 382
premeasure, 126, 138, 168
premeasure space, 138
sets of functions, 382
Lebesgue—Stieltjes
measurable functions, 222
measures, 176
measures in E™, 179
outer measures, 146, 176
premeasures, 176
set functions, 127, 135, 176
signed Lebesgue-Stieltjes measures, 206,
335
Left-continuous set functions, 131
Linear boundedness, 9
Linear functionals, 7
on E™ and C™ as dot products, 10
Linear independence, 16
Linear maps, 7
as a normed linear space, 13
bijective, 53
bounded, 9
continuous, 9, 13
directional derivatives of, 15
matrix representation of composite, 12
matrix representation of, 11
norm of, 13
uniformly continuous on E™ or C", 10
Linear operator, 7
Linear subspaces of a vector space, 16
Linearity of the integral
of extended-real functions, 267
of functions with values in Banach
spaces, 288
Lipschitz condition, 25, 384
uniform, 9
Local
extremum, extrema, 79, 89
maximum, maxima, 79

Index

minimum, minimima, 79
Lower

Darboux sums, 307

integrals, 251

Riemann integrals, 308
LS, see Lebesgue—Stieltjes.
Luzin’s theorem, 234

M-test for uniform convergence of param-
etrized C-integrals, 405
Maps. See also Functions
bicontinuous, 70
clopen, 61
closed, 59
linear, see Linear maps
open, 59
open map principle, 75
Matrix, matrices
as elements of a vector space, 15
determinants of, 47, 96
Jacobian, 18
n X n matrices as a noncommutative ring
with identity, 15
of composite linear maps, 12
representation of a linear map, 11
Maximum, maxima
absolute, 82
conditional, 88
local, 79
Meagre sets, 71
Measurable covers of sets, 156
Measurable functions
almost, 231
Borel, 222
Fréchet’s theorem, 237
Lebesgue (L), 222
Lebesgue—Stieltjes (LS), 222
Luzin’s theorem, 234
M-measurable functions, 218
m-measurable functions, 231
Tietze’s theorem, 236
Measurable sets, 147
nonmeasurable sets under Lebesgue
measure, 173
outer, 149
Measurable spaces, 217
Measure spaces, 147
almost measurable functions on sets in,
231
probability spaces as, 148
topological, 162
Measures, 147, 194. See also Set functions
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Borel restrictions of, 162
as extensions of premeasures, 154
Borel, 162
complete, 148
completions of, 159
constructed from outer measures, 152
generalized, 194
Lebesgue, 168-175
Lebesgue extensions, 154
Lebesgue—Stieltjes, 176
Lebesgue—Stieltjes measures in E™, 179
outer, 138, 139; see also Outer measures
product, 293
regular, 162
rotation-invariant, 192
signed, 194, 199
signed Lebesgue-Stieltjes, 206, 335
strongly regular, 162
totally o-finite, 169
translation-invariant, 171
Metric spaces
as topological spaces, 161
networks of sets in, 212
Minimum, minima
absolute, 82
conditional, 88
local, 79
Monotone convergence theorem, 271
Monotone set functions, 136, 117

Networks of sets in metric spaces, 212

Nonmeasurable sets under Lebesgue mea-
sure, 173

Norm of a linear map, 13

Normal Vitali coverings, 192

Nowhere-dense sets, 70

Q-coverings of a set, 213
Q-differentiation, 211
and Radon-Nikodym derivative, 353
Open map principle, 75
Open maps, 59
Open sets
in topologies, 161
volume of, 108
Operator, linear, 7
Orthodox integrals, 247
Outer content, 140
Jordan, 140
Outer measurable sets, 149

Outer measure spaces, 149
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Outer measures, 138, 139
Carathéodory property (CP), 145
constructing measures from, 152
Lebesgue outer measure, 138, 146, 176
Lebesgue—Stieltjes, 146
outer measurable sets, 149
regular, 155, 156

P(S), the power set of S, 116
Parametrized C-integrals, 402
Abel-Dirichlet test for uniform conver-
gence of, 408
Cauchy criterion for uniform conver-
gence of, 403
comparison test for uniform convergence
of, 405
M-test for uniform convergence of, 405
Partial derivatives, 3
differentiable functions and, 19, 22
higher order, 35
Partially derived function, 2
Partitions of sets, 195, 217
elementary functions on, 218
refinements of, 218, 308
simple functions on, 218
Permutable series, 110
Polar coordinates, 46, 50, 55, 306, 395
Positive series, 111
Power set P(S), 116
Premeasures, 137, 147
measures as extensions of, 154
induced outer measures from, 138
Lebesgue, 126, 138, 168
Lebesgue—Stieltjes, 176
Premeasure spaces, 138
Lebesgue, 138
Primitives, see Antiderivatives
Probability spaces, 148
Product measures, 293
Products of set families, 120
Pseudometric spaces, 165
Pseudometrics, 165

Quadratic forms, symmetric, 80

R-integrals, see Riemann integrals
Radon—-Nikodym derivatives, 338

and Lebesgue differentiation, 351

and Q-differentiation, 353
Radon-Nikodym theorem, 338
Refinements of partitions of sets, 218, 308

Index

Regular measures, 162
Regular set functions, 140

compact, 209

outer measures as, 155, 156
Regulated functions, 312
Residual sets, 71
Riemann-integrable functions, 307, 317
Riemann integrals, 308ff.

Darboux sums (lower and upper), 307

Lebesgue integrals and, 313

lower, 307

regulated functions, 312

Riemann sums, 321

upper, 307
Riemann sums, 321
Riemann-—Stieltjes integrals, 318
Right-continuous set functions, 131
Ring

n X n matrices as a noncommutative ring

with identity, 15

Rings of sets, 101, 115

generated by a set family, 117
Rotation-invariant measures, 192

o-additive set functions, 126, 147
o-additivity of volume, 104
o-algebras of sets, 116. See also o-field
o-fields of sets, 116

Borel fields, 162

generated by a set family M, 117
o-finite set functions, 140

totally, 140, 169
o-rings of sets, 116, 147

Borel fields, 162

generated by a semiring, 119

generated by a set family, 117
o-subadditive set functions, 137, 147
oO-finiteness, 167
Semifinite set functions, 126
Semirings of sets, 98
Separable sets, 223
Series

double, 110, 115

permutable, 110

positive, 111
Sets

Borel, 162

Cos, 104

C-simple, 99

Cantor’s set, 76

convergent sequences of, 180

Index

families of, see Set families
Lebesgue-measurable, 168
meagre, 71
measurable, 147
nonmeagre, 71
nowhere dense, 70
of Category I, 71
of Category II, 71
outer measurable, 149
partitions of, 195
residual, 71
rings of, 101, 115
o-algebras of, 116
o-fields of, 116
o-rings of, 116
semirings of, 98
separable, 223
symmetric difference of, 122
Vitali coverings of, 180
volume of, see Volume
Set algebras, 116. See also Set fields.
Set families, 98
set algebras, 116
C-simple sets C., 99
disjoint, 99
fields, 116
hereditary, 123
products of, 120
rings, 101, 115
o-algebras, 116
o-fields, 116
o-rings, 116
semirings, 98
Set fields, 116
generated by a set family, 117
Set functions, 125
absolutely continuous with respect
to a set function ¢ (absolutely ¢-
continuous), 197
additive, 126, 137
additive extension of, 129
compact regular (CR) set functions on
topological spaces, 209
continuous, 131, 147
continuous with respect to a set function
t (t-continuous), 197
derivates of (D(p), D(p)), 187
derivatives of, 210
differentiable, 210
finite, 125
finite with respect to a set function ¢ (¢-
finite), 197
finitely additive, 126, 126
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generalized measures, 194

Lebesgue premeasure, 126

Lebesgue—Stieltjes, 127, 135, 176

left-continuous, 131

monotone, 136, 147

outer measures, 138; see also Outer mea-
sures

premeasures, 137

regular, 140, 155

right-continuous, 131

rotation-invariant, 192

o-additive, 126

o-finite, 140

o-subadditive, 137

semifinite, 126

signed measures, 194, 199

signed Lebesgue—Stieltjes measures, 206,
335

singular with respect to a set function ¢
(t-singular), 341

total variation of, 194

totally o-finite, 140, 169

translation-invariant, 171

volume of sets, see Volume

Set rings, 101, 115
generated by a set family, 117

Signed Lebesgue—Stieltjes measure spaces,

206
induced by a function of bounded varia-
tion, 206

integration in, 335
Signed measure spaces, 194, 199
Hahn decomposition theorem, 201
Jordan components, 203
Jordan decompositions, 202
negative sets in, 199
positive sets in, 199
Simple functions, 218
simple step functions, 218
Singular with respect to a set function ¢
(t-singular), 341
Singularities of improper integrals, 387
Span of vectors in a vector space, 16
Step functions, 218
simple, 218
Stieltjes integrals, 319, 321ff.
integration by parts, 321
laws of the mean, 322
Strongly regular measures, 162, 234, 237,
347
Sylvester’s theorem, 80

Symmetric difference of sets, 122
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Symmetric quadratic forms, 80 of sets, 125
Sylvester’s theorem, 80 o-subadditivity of, 109
Taylor polynomial, 43 Weighted law of the mean, 269

Taylor’s Theorem, 40
generalized, 45
Lagrange form of remainder, 42
Taylor polynomial, 43
Tietze’s theorem, 236
Topological measure spaces, 162
Topological spaces, 161
compact regular (CR) set functions on,
209
continuous functions between, 161
metric spaces as, 161
pseudometric spaces as, 165
Topologies, 161
closed sets in, 161
open sets in, 161
Total variation of set functions, 194
Totally o-finite set functions, 140, 169
Translation-invariant set functions, 171

Uniform boundedness principle of Banach
and Steinhaus, 75

Uniformly normal Vitali coverings, 192
Universal Vitali coverings, 192
Unorthodox integrals, 247
Upper

Darboux sums, 307

integrals, 251

Riemann integrals, 307

V-coverings, see Vitali coverings
Vectors
span of a set of, 16
Vector spaces
basis of, 16
dimension of, 16
linear subspaces of, 16
matrices as elements of, 15
span of vectors in, 16
Vitali coverings, 180
normal, 192
uniformly normal, 192
universal, 192
Volume
additivity of volume of intervals, 101
monotinicity of, 109
of Cy-sets in E™, 107
of open sets in E™, 108
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