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Preface for Students

You are about to immerse yourself in serious mathematics, with an emphasis on
attaining a deep understanding of the definitions, theorems, and proofs related to
measure, integration, and real analysis. This book aims to guide you to the wonders
of this subject.

You cannot read mathematics the way you read a novel. If you zip through a page
in less than an hour, you are probably going too fast. When you encounter the phrase
as you should verify, you should indeed do the verification, which will usually require
some writing on your part. When steps are left out, you need to supply the missing
pieces. You should ponder and internalize each definition. For each theorem, you
should seek examples to show why each hypothesis is necessary.

Working on the exercises should be your main mode of learning after you have
read a section. Discussions and joint work with other students may be especially
effective. Active learning promotes long-term understanding much better than passive
learning. Thus you will benefit considerably from struggling with an exercise and
eventually coming up with a solution, perhaps working with other students. Finding
and reading a solution on the internet will likely lead to little learning.

As a visual aid, definitions are in yellow boxes and theorems are in blue boxes.
Each theorem has a descriptive name. The electronic version of this manuscript has
links in blue.

Please check the website below for additional information about the book. Your
suggestions for improvements and corrections to this preliminary edition are most
welcome (send to measure@axler.net). If even a comma is wrong, then I want
to know about it and fix it.

You should download from the website below the document titled Supplement
for Measure, Integration & Real Analysis. That supplement can serve as a useful
reference and review of the undergraduate real analysis that will be used in this book.

Best wishes for success and enjoyment in learning measure, integration, and real
analysis!

Sheldon Axler

Mathematics Department

San Francisco State University
San Francisco, CA 94132, USA

website: measure.axler.net
e-mail: measurelRaxler.net
Twitter: RAxlerLinear
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Chapter
1

Riemann Integration

This brief chapter reviews Riemann integration. Riemann integration uses rectangles
to approximate areas under graphs. This chapter begins by carefully presenting
the definitions leading to the Riemann integral. The big result in the first section
states that a continuous real-valued function on a closed bounded interval is Riemann
integrable. The proof depends upon the theorem that continuous functions on closed
bounded intervals are uniformly continuous.

The second section of this chapter focuses on several deficiencies of Riemann
integration. As we will see, Riemann integration does not do everything we would
like an integral to do. These deficiencies will provide motivation in future chapters
for the development of measures and integration with respect to measures.

e N

\_ /
Digital sculpture of Bernhard Riemann (1826—1866),

whose method of integration is taught in calculus courses.
©Doris Fiebig
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2 Chapter 1 Riemann Integration

1A Review: Riemann Integral

We begin with a few definitions needed before we can get to the definition of the
Riemann integral. Let R denote the complete ordered field of real numbers.

(1 .1 Definition partition w

Suppose a,b € R with a < b. A partition of [a,b] is a finite list of the form
Xo, X1, - - - , Xn, Where

a=x)<x1<---<x, =0

We use a partition xg, X1, . .., X of [a,b] to think of [a,b] as a union of closed
subintervals, as follows:

[a,b] = [xo,x1] U [x1, 2] U+ - U [x—1, ]

The next definition introduces clean notation for the infimum and supremum of
the values of a function on some subset of its domain.

(1 .2 Definition notation for infimum and supremum of a function w

If f is a real-valued function and A is a subset of the domain of f, then

i&}ff =inf{f(x):x € A} and sgpf: sup{f(x):x € A}.

The lower and upper Riemann sums, which we now define, approximate the
area under the graph of a nonnegative function (or, more generally, the signed area
corresponding to a real-valued function).

-

1.3 Definition lower and upper Riemann sums

~N

Suppose f: [a,b] — R is a bounded function and P is a partition X, ..., Xy
of [a,b]. The lower Riemann sum L(f,P,[a,b]) and the upper Riemann sum
U(f, P, [a,b]) are defined by

n

L(f,P,[a,b]) =) (xj—xj1) inf f

=i [xj-1, %]
and "
U(f,P,la,b]) =y (xj—xj—1) sup f.
j=1 [xj-1,j]
\_ J

Our intuition suggests that for a partition with only a small gap between consecu-
tive points, the lower Riemann sum should be a bit less than the area under the graph,
and the upper Riemann sum should be a bit more than the area under the graph.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 1A Review: Riemann Integral 3

The pictures in the next example help convey the idea of these approximations.
The base of the jth rectangle has length x; — x;_; and has height : inf | f for the
Xj-1,%j
lower Riemann sum and height sup f for the upper Riemann sum.
[xj-1,%]]

1.4 Example lower and upper Riemann sums

Define f: [0,1] — Rby f(x) = x2. Let P, denote the partition 0, £ o n, .1
of [0,1].
1t 1+
The two figures here show /]
the graph of f in red. The /
infimum of this function f
is attained at the left end-
point of each subinterval
[%, L1; the supremum is
attained at the right end-
R N
L(x?, Pyg, [0,1]) is the U(x?, Pig, [0,1]) is the
sum of the areas of these sum of the areas of these
rectangles. rectangles.

For the partition P, we have x; — xj_1 = % foreachj=1,...,n. Thus

15 G-1)2%2 22 —-3n+1
L(x% P,,[0,1]) = - Y U n2) —
j=1

6n?
and 5
U(x2, Py, 0,1]) 111];]2 — 2’“;%
as you should verify [use the formula1l 44 +9 + --- +n? = w].

The next result states that adjoining more points to a partition increases the lower
Riemann sum and decreases the upper Riemann sum.

(1 .5 inequalities with Riemann sums \

Suppose f: [a,b] — R is a bounded function and P, P’ are partitions of [a, ]
such that the list defining P is a sublist of the list defining P’. Then

L(f, P,[a,b]) < L(f, P', [a,b]) < U(f, P, [a,b]) < U(f, P, a,b]).

Proof  To prove the first inequality, suppose P is the partition xg, . .., x,, and P’ is the
partition x{y, . .., x} of [a,b]. Foreachj =1,...,n, there existk € {0,...,N — 1}
and a positive integer m such that x; 1 = x; < x3, 4 < -+ < x;, = x;. We have

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



4 Chapter 1 Riemann Integration

(xj—xjq) inf f= Zxk+z xllc+i—1)[ inf f

[xj-1, %] xj-1, %]

ngE

S (x1,<+z xk+z 1) inf f

[xk+z 1/ xk+z]

I
—

The inequality above implies that L(f, P, [a,b]) < L(f, P’, [a,b]).

The middle inequality in this result follows from the observation that the infimum
of each set of real numbers is less than or equal to the supremum of that set.

The proof of the last inequality in this result is similar to the proof of the first
inequality and is left to the reader.

The following result states that if the function is fixed, then each lower Riemann
sum is less than or equal to each upper Riemann sum.

ﬁ .6 lower Riemann sums < upper Riemann sums \

Suppose f: [a,b] — R is a bounded function and P, P’ are partitions of [a, b].
Then
L(f, P,[a,b]) < U(f, P', [a,b]).

Proof Let P” be the partition of [a, b] obtained by merging the lists that define P
and P’. Then

< L(f,P",[a,b])
< Uu(f, P [a,b])
< U(f, P, [a,b]),

where all three inequalities above come from 1.5.

We have been working with lower and upper Riemann sums. Now we define the
lower and upper Riemann integrals.

(

1.7 Definition lower and upper Riemann integrals

N

Suppose f: [a,b] — R is a bounded function. The lower Riemann integral
L(f, [a,b]) and the upper Riemann integral U(f, [a, b]) of f are defined by

L(f, [a,b]) = sup L(f, P, [a, b])

and

U(f, [a,b]) = infU(f, P, [a, b]),

where the supremum and infimum above are taken over all partitions P of [a, b].

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 1A Review: Riemann Integral 5

In the definition above, we take the supremum (over all partitions) of the lower
Riemann sums because adjoining more points to a partition increases the lower
Riemann sum (by 1.5) and should provide a more accurate estimate of the area under
the graph. Similarly, in the definition above, we take the infimum (over all partitions)
of the upper Riemann sums because adjoining more points to a partition decreases
the upper Riemann sum (by 1.5) and should provide a more accurate estimate of the
area under the graph.

Our first result about the lower and upper Riemann integrals is an easy inequality.

(1 .8 lower Riemann integral < upper Riemann integral w

Suppose f: [a,b] — R is a bounded function. Then

L(f, la,b]) < U(f, [a, b]).

Proof The desired inequality follows from the definitions and 1.6.

The lower Riemann integral and the upper Riemann integral can both be reasonably
considered to be the area under the graph of a function. Which one should we use?
The pictures in Example 1.4 suggest that these two quantities are the same for the
function in that example; we will soon verify this suspicion. However, as we will see
in the next section, there are functions for which the lower Riemann integral does not
equal the upper Riemann integral.

Instead of choosing between the lower Riemann integral and the upper Riemann
integral, the standard procedure in Riemann integration is to consider only functions
for which those two quantities are equal. This decision has the huge advantage of
making the Riemann integral behave as we wish with respect to the sum of two
functions (see Exercise 5 in this section).

e

N

.9 Definition Riemann integrable; Riemann integral

e A bounded function on a closed bounded interval is called Riemann
integrable if its lower Riemann integral equals its upper Riemann integral.

b
e If f: [a,b] — R is Riemann integrable, then the Riemann integral / fis
a
defined by

/abf = L(f,[a,b]) = U(f,[a,b]).

\_ J

Let Z denote the set of integers and ZT denote the set of positive integers.

1.10 Example computing a Riemann integral
Define f: [0,1] — R by f(x) = x2. Then

2n24+3n+1 1 212 —3n+1
1mMN< inf ——— = - = - <L 1
- T S T

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



6 Chapter 1 Riemann Integration

where the two inequalities above come from Example 1.4 and the two equalities
easily follow from dividing the numerators and denominators of both fractions above
by n?.

The paragraph above shows that
U(f,[0,1)) < § < L(£,[0,1]). When
combined with 1.8, this shows that
L(f,[0,1]) = U(f,[0,1]) = }. Thus

f is Riemann integrable and

[}

Now we come to a key result about Riemann integration. Uniform continuity
provides the major tool that makes the proof work.

Our definition of Riemann
integration is actually the small
modification of Riemann’s definition
that was proposed by Gaston
Darboux (1842-1917).

ﬁ .11 continuous functions are Riemann integrable w

Every continuous real-valued function on each closed bounded interval is
Riemann integrable.

Proof Suppose a,b € R witha < band f: [a,b] — R is a continuous function
(thus f is bounded and is uniformly continuous). Let ¢ > 0. Because f is uniformly
continuous, there exists 6 > 0 such that

1.12 |f(s) — f(t)] < eforalls,t € [a,b] with |[s —t] < 4.

Let n € Z* be such that hn;“ < 6.
Let P be the equally-spaced partition a = xq, X1, ..., x, = b of [a, b] with
b—a
n

x]' - x]',l =
foreachj=1,...,n. Then
U(f, [a,b]) — L(f, [a,b]) < U(f, P, [a,b]) — L(f, P, [a,b])

b—a &
= sup f— inf f
n ];([le,xj] [xj-1, %] )

< (b—a)e,

where the first equality follows from the definitions of U(f, [a,b]) and L(f, [a, b])
and the last inequality follows from 1.12.

We have shown that U(f, [a,b]) — L(f,[a,b]) < (b —a)e for all ¢ > 0. Thus
1.8 implies that L(f, [a,b]) = U(f, [a,b]). Hence f is Riemann integrable.

An alternative notation for | ab fis [ ﬂb f(x) dx. Here x is a dummy variable, so
we could also write f ab f(t) dt or use another variable. This notation becomes useful

when we want to write something like fol x? dx instead of using function notation.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 1A Review: Riemann Integral 7
The next result gives a frequently-used estimate for a Riemann integral.
(1 .13 bounds on Riemann integral )
Suppose f: [a,b] — R is Riemann integrable. Then
(—a)1nff</f< b—a)sup f
N o J

Proof Let P be the trivial partition a = x(, x; = b. Then

b
(b—a) inf f = L(£,P, [0,b]) < L(f,[ab)) = [ f.

[a, b]

proving the first inequality in the result.

The second inequality in the result is proved similarly and is left to the reader.

EXERCISES 1A

1 Suppose f: [a,b] — R is a bounded function such that

L(f, P, [a,b]) = U(f, P, [a,b])

for some partition P of [a, b]. Prove that f is a constant function on [a, b].

2 Supposea < s <t <b.Define f: [a,b] — Rby

f<x):{1 ifs <x<t,

0 otherwise.

Prove that f is Riemann integrable on [a, b] and that | ab f=t—s.

3 Suppose f: [a,b] — R is a bounded function. Prove that f is Riemann inte-
grable if and only if for each ¢ > 0, there exists a partition P of [a,b] such

that
U(f,P,[a,b]) = L(f, P, [a,b]) <&

4 Suppose f,g: [a,b] — R are bounded functions. Prove that

L(f,[a,b]) + L(g, [a,b]) < L(f +g,[a,b])

and

U(f + g [a,b]) < U(f,[a,b]) + U(g, [a,b]).

5 Suppose f,g: [a,b] — R are Riemann integrable. Prove that f + ¢ is Riemann

integrable on [a, b] and

/(f+g /f+/g

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler
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Chapter 1 Riemann Integration

Suppose f: [a,b] — R is Riemann integrable. Prove that the function — f is
Riemann integrable on [a, b] and

[en=-[r

Suppose f: [a,b] — R is Riemann integrable. Suppose g: [4,b] — Ris a
function such that g(x) = f(x) for all except finitely many x € [a, b]. Prove
that g is Riemann integrable on [a, b] and

b b
fos=]
a a
Suppose f: [a,b] — R is a bounded function. For n € Z™, let P, denote the
partition that divides [a, b] into 2" intervals of equal size. Prove that

L(f, la,b]) = lim L(, Py, [a,b]) and U(f, [a,b]) = lim U(f, Py, a,b]).

Suppose f: [a,b] — R is Riemann integrable. Prove that

[ = Jim Y fla 50,
]

Suppose f: [a,b] — R is Riemann integrable. Prove that if c,d € R and
a < c < d <b,then f is Riemann integrable on [c, d].

[To say that f is Riemann integrable on [C, d] means that f with its domain
restricted to [c,d] is Riemann integrable.)

Suppose f: [a,b] — R is a bounded function and ¢ € (a,b). Prove that f is
Riemann integrable on [a, b] if and only if f is Riemann integrable on [4, c| and
f is Riemann integrable on [c, b]. Furthermore, prove that if these conditions

hold, then ) ,
L[]

Suppose f: [a,b] — R is Riemann integrable. Define F: [a, b] — R by
0 ift=a,
t
/ f ifte (ab)].
a
Prove that F is continuous on [g, b].

Suppose f: [4,b] — R is Riemann integrable. Prove that |f| is Riemann

integrable and that
b b
[ol= [
a a

Suppose f: [a,b] — R is an increasing function, meaning that c,d € [a, b] with
¢ < dimplies f(c) < f(d). Prove that f is Riemann integrable on [a, b].

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 1B Riemann Integral is Not Good Enough 9

1B Riemann Integral is Not Good Enough

The Riemann integral works well enough to be taught to millions of calculus students
around the world each year. However, the Riemann integral has several deficiencies.
In this section, we will discuss the following three issues:

e Riemann integration does not handle functions with many discontinuities;
e Riemann integration does not handle unbounded functions;
e Riemann integration does not work well with limits.

In Chapter 2, we will start to construct a theory to remedy these problems.
We begin with the following example of a function that is not Riemann integrable.

1.14 Example a function that is not Riemann integrable
Define f: [0,1] — R by

1 if x is rational,
flx) = L
0 if x is irrational.

If [a,b] C [0,1] with a < b, then

inf f=0 and supf =1

[a,0] [a,b]
because [a, b] contains an irrational number and contains a rational number. Thus
L(f,P,[0,1]) = 0 and U(f, P,[0,1]) = 1 for every partition P of [0,1]. Hence
L(f,[0,1]) = 0 and U(f,[0,1]) = 1. Because L(f,[0,1]) # U(f,[0,1]), we
conclude that f is not Riemann integrable.

This example is disturbing because (as we will see later), there are far fewer

rational numbers than irrational numbers. Thus f should, in some sense, have
integral 0. However, the Riemann integral of f is not defined.

Trying to apply the definition of the Riemann integral to unbounded functions
would lead to undesirable results, as shown in the next example.

1.15 Example Riemann integration does not work with unbounded functions

Define f: [0,1] — R by

>-<

1 ifo<x<1,
0 ifx =0.

If xg, X1, ..., X, is a partition of [0, 1], then sup f = co. Thus if we tried to apply
[x(]/ xl]
the definition of the upper Riemann sum to f, we would have U(f, P, [0,1]) = oo
for every partition P of [0, 1].
However, we should consider the area under the graph of f to be 2, not oo, because

hm/f—hmz 2/a) = 2.

al0
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10 Chapter 1 Riemann Integration

Calculus courses deal with the previous example by defining fol % dx to be

lim, o f ; % dx. If using this approach and

then we would define fol ftobe

1/2 b
lim + lim .
al0 Ja f b1 J1/2 f

However, the idea of taking Riemann integrals over subdomains and then taking
limits can fail with more complicated functions, as shown in the next example.
1.16 Example area seems to make sense, but Riemann integral is not defined

Let 71,77, ... be a sequence that includes each rational number in (0, 1) exactly
once and that includes no other numbers. For k € Z¥, define f: [0,1] — R by

1
VX1

0 if x < rp.

if x > ryg,

fr(x) =

Define f: [0,1] — [0, o] by

floy =y 8,
k=1

Because every nonempty open subinterval of [0, 1] contains a rational number, the
function f is unbounded on every such subinterval. Thus the Riemann integral of f
is undefined on every subinterval of [0, 1] with more than one element.

However, the area under the graph of each fy is less than 2. The formula defining
f then shows that we should expect the area under the graph of f to be less than 2
rather than undefined.

The next example shows that the pointwise limit of a sequence of Riemann
integrable functions bounded by 1 need not be Riemann integrable.

1.17 Example Riemann integration does not work well with pointwise limits

Let r1,73,... be a sequence that includes each rational number in [0, 1] exactly
once and that includes no other numbers. For k € Z, define f;: [0,1] — R by

1 ifxe{r,...,n},

fr(x) =

0 otherwise.
Then each f is Riemann integrable and fol fr =0, as you should verify.
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Section 1B Riemann Integral is Not Good Enough 11

Define f: [0,1] — R by

1 if x is rational,
flx) = L
0 if x is irrational.

Clearly
klim fr(x) = f(x) foreachx € [0,1].
— 00
However, f is not Riemann integrable (see Example 1.14) even though f is the
pointwise limit of a sequence of integrable functions bounded by 1.

Because analysis relies heavily upon limits, a good theory of integration should
allow for interchange of limits and integrals, at least when the functions are appropri-
ately bounded. Thus the previous example points out a serious deficiency in Riemann
integration.

Now we come to a positive result, but as we will see, even this result indicates that
Riemann integration has some problems.

s

1.18 interchanging Riemann integral and limit )

Suppose a,b, M € R with a < b. Suppose f1, fo, ... is a sequence of Riemann
integrable functions on [a, b] such that

k()| <M

forall k € Z" and all x € [a,b]. Suppose limy ., fx(x) exists for each
x € [a,b]. Define f: [a,b] — R by

f®) = Jim filx).

If f is Riemann integrable on [a, b], then

[r=tm [ )

The result above suffers from two problems. The first problem is the undesirable
hypothesis that the limit function f is Riemann integrable. Ideally, that property
would follow from the other hypotheses, but Example 1.17 shows that we must
explicitly include the assumption that f is Riemann integrable.

The second problem with the result
above is that it does not seem to have a
reasonable proof using just the tools of
Riemann integration. Thus a proof of the
result above will not be given here. A
proof of a stronger result will be given
later, using the tools of measure theory that we will develop starting with the next
chapter.

\_

The lack of a good Riemann-
integration-based proof of the result
above indicates that Riemann
integration is not the ideal theory of
integration.
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12 Chapter 1 Riemann Integration

We have not discussed differentiation (but we will do so in Chapter 4). However,
you should recall from your calculus class the following version of the Fundamental
Theorem of Calculus: if f is differentiable on an open interval containing [a, b] and
f' is continuous on [a, b], then

F6) -~ f@) = [ .

Note the hypothesis above that f’ is continuous on [a,b]. It would be nice not to
have that hypothesis. However, that hypothesis (or something close to it) is needed
because there exist functions f that are differentiable everywhere on an open interval
containing [, b] but f’ is not Riemann integrable on [4, b]. In other words, if we use
Riemann integration, then the right side of the equation above need not make sense
even if f’ is defined everywhere.

EXERCISES 1B

1 Define f: [0,1] — R as follows:

o

if a is irrational,

fla) =

NI

if a is rational and 7 is the smallest positive integer
such that a = 7% for some integer 1.

1
Show that f is Riemann integrable and compute / f.
0

2 Suppose f: [a,b] — R is a bounded function. Prove that f is Riemann inte-
grable if and only if

L(—f,la,b]) = —L(f, [a, b]).

3 Give an example of bounded functions f, g: [0,1] — R such that
L(f +¢[0,1]) # L(f,[0,1]) + L(g [0, 1])

and
Uu(f +g,[0,1]) # U(f,[0,1]) + U(g, [0,1]).

4 Give an example of a sequence of continuous real-valued functions fi, f, ...
on [0,1] and a continuous real-valued function f on [0, 1] such that

f(x) = lim fi(x)
k—o0
for each x € [0, 1] but

[ 5 # pm [ 5

{1 if x is rational,

5 Show that

lim ( lim (cos(jtx))™) =

j—r00 \k—rc0 0 if x is irrational

for every x € R.
[This example is due to Henri Lebesgue.]
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Chapter
2

Measures

The last section of the previous chapter discusses several deficiencies of Riemann
integration. To remedy those deficiencies, in this chapter we will extend the notion of
the length of an interval to a larger collection of subsets of R. This will lead us to
measures and then in the next chapter to integration with respect to measures.

We begin this chapter by investigating outer measure, which looks promising but
fails to have a crucial property. That failure leads us to c-algebras and measurable
spaces. Then we define measures in an abstract context that can be applied to settings
more general than R. Next, we will construct Lebesgue measure on R as our desired
extension of the notion of the length of an interval.

a N

\_ %

Fifth-century AD Roman ceiling mosaic in what is now a UNESCO World Heritage
site in Ravenna, Italy. Giuseppe Vitali, who in 1905 proved result 2.17 in this chapter,
was born and grew up in Ravenna, where he might have seen this mosaic. Could the
memory of the translation-invariant feature of this mosaic have suggested to Vitali
the translation invariance that is the heart of his proof of 2.17?
CC-BY-SA Petar MiloSevi¢
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14 Chapter2 Measures

2A OQuter Measure on R

Motivation and Definition of Outer Measure

The Riemann integral arises from approximating the area under the graph of a function
by sums of the areas of approximating rectangles. These rectangles have heights that
approximate the values of the function on subintervals of the function’s domain. The
width of each approximating rectangle is the length of the corresponding subinterval.
This length is the term x; — x;_1 in the definitions of the lower and upper Riemann
sums (see 1.3).

To extend integration to a larger class of functions than the Riemann integrable
functions, we will write the domain of a function as the union of subsets more
complicated than the subintervals used in Riemann integration. We will need to
assign a size to each of those subsets, where the size is an extension of the length of
intervals.

For example, we expect the size of the set (1,3) U (7,10) to be 5 (because the
first interval has length 2, the second interval has length 3, and 2 4+ 3 = 5).

Assigning a size to subsets of R that are more complicated than unions of open
intervals becomes a nontrivial task. This chapter focuses on that task and its extension
to other contexts. In the next chapter, we will see how to use the ideas developed in
this chapter to create a rich theory of integration.

We begin by giving the expected definition of the length of an open interval, along
with a notation for that length.

(2.1 Definition length of open interval; ((I) )
The length £(I) of an open interval I is defined by
b—a ifI=(ab)forsomeab e Rwitha < b,
0 if [ =,
(1) =

o0 if | = (—o0,a) or [ = (a,00) for some a € R,
o0 if [ = (—o0,00).

\ J

Suppose A C R. The size of A should be at most the sum of the lengths of a
sequence of open intervals whose union contains A. Taking the infimum of all such
sums gives a reasonable definition of the size of A, denoted |A| and called the outer
measure of A.

(2.2 Definition outer measure; | A| A
The outer measure |A| of a set A C R is defined by
|A| = inf{ Y U(Iy) : Iy, I, . . . are open intervals such that A C | J Ik}.
\ - =
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Section 2A  Outer Measure on R 15

The definition of outer measure involves an infinite sum. The infinite sum
Y i1 tx of a sequence t1, 1y, ... of elements of [0, c0] is defined to be oo if some
ty = oco. Otherwise, } ;7 ; ty is defined to be the limit of the increasing sequence
t1,t1 + tp, t1 + to + t3,. .. of partial sums; thus

o0 n
k:Zli’k = nlgl;l()kzzltk.

2.3 Example finite sets have outer measure 0

Suppose A = {ay,...,a,} is a finite set of real numbers. Suppose ¢ > 0. Define
a sequence Iy, I, . . . of open intervals by

L (ap —e,ar+¢) ifk <n,
7o if k > n.

Then Iy, I, ... is a sequence of open intervals whose union contains A. Clearly
Yreq {(Ix) = 2en. Hence |A| < 2en. Because ¢ is an arbitrary positive number, this
implies that |A| = 0.

Good Properties of Outer Measure

Outer measure has several nice properties that will be discussed in this subsection.
We begin with a result that improves upon the example above.

(2.4 countable sets have outer measure 0O \

LEvery countable subset of R has outer measure 0. J

Proof Suppose A = {ay,4as,...}is acountable subset of R. Lete > 0. Fork € Z,
let

& &
Ik = (Elk— ?,ak—k?).

Then Iy, I, . . . is a sequence of open intervals whose union contains A. Because
[e9)
Y O(I) = 2e,
k=1

we have |A| < 2¢. Because ¢ is an arbitrary positive number, this implies that
|A| = 0.

The result above along with the result that the set Q of rational numbers is
countable implies that Q has outer measure 0. We will soon show that there are far
fewer rational numbers than real numbers (see 2.16). Thus the equation Q| = 0
indicates that outer measure has a good property that we want any reasonable notion
of size to possess.
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16 Chapter2 Measures

The next result shows that outer measure does the right thing with respect to set
inclusion.

(2.5 outer measure preserves order w

LSuppose A and B are subsets of R with A C B. Then |A| < |B|. J

Proof Suppose I1, I, ... is a sequence of open intervals whose union contains B.
Then the union of this sequence of open intervals also contains A. Hence

Al < Y ATy,
k=1

Taking the infimum over all sequences of open intervals whose union contains B, we
have |A| < |B|.

We expect that the size of a subset of R should not change if the set is shifted to
the right or to the left. The next definition will allow us to be more precise.

(2.6 Definition translation; t + A w

Ift € Rand A C R, then the translation t + A is defined by

t+A={t+a:aec A}.

If t > 0, then t + A is obtained by moving the set A to the right ¢ units on the real
line; if £ < 0, then ¢ + A is obtained by moving the set A to the left |¢| units.

Translation does not change the length of an open interval. Specifically, if f € R
and a,b € [—00,00], then t + (a,b) = (t+a,t+b) and thus {(t + (a,b)) =

¢((a,b)). Here we are using the standard convention that t + (—c0) = —oco and
t+ o0 = o0.

The next result states that translation invariance carries over to outer measure.
( 2.7 outer measure is translation invariant w
LSupposetERandACR. Then |f + A| = |A]. J

Proof Suppose I, I, . .. is a sequence of open intervals whose union contains A.
Then t + I;,t + I, . .. is a sequence of open intervals whose union contains ¢ + A.
Thus

[e9) [e9)

[t+ Al <Y (t+ ) =Y ().
k=1 k=1
Taking the infimum of the last term over all sequences I, I, . . . of open intervals
whose union contains A, we have |t + A| < |A.
To get the inequality in the other direction, note that A = —t 4 (t + A). Thus
applying the inequality from the previous paragraph, with A replaced by t + A and ¢
replaced by —t, we have |A| = |-t + (t+ A)| < |t + A|. Hence |t + A| = |A|.
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Section 2A  Outer Measure on R 17

The union of the intervals (1,4) and (3, 5) is the interval (1,5). Thus

(14U (3,5) < £((1,4) +£((3,5))
because the left side of the inequality above equals 4 and the right side equals 5. The
direction of the inequality above is explained by noting that the interval (3,4), which
is the intersection of (1,4) and (3,5), has its length counted twice on the right side
of the inequality above.

The example of the paragraph above should provide intuition for the direction of
the inequality in the next result. The property of satisfying the inequality in the result
below is called countable subadditivity because it applies to sequences of subsets.

¢ N

2.8 countable subadditivity of outer measure

Suppose A1, Ay, ... is a sequence of subsets of R. Then

o ©
‘U Ak‘ < ) 1Akl
k=1 k=1
\_ J
Proof If |Ag| = oo for some k € Z, then the inequality above clearly holds. Thus
assume |Ay| < coforallk € Z*.

Lete > 0. Foreach k € Z™, let Iix, Io, ... be a sequence of open intervals
whose union contains A such that

ad €
Y (Iig) < o + |Agl.
i=1

Thus

[1e
agk

2.9 UIjg) < e+ Z|Ak|

k 1 =

1j

The doubly-indexed collection of open intervals {Ij,k : j,k € Z} can be rearranged
into a sequence of open intervals whose union contains |J;~; Ay as follows, where
in step k (start with k = 2, then k = 3,4, 5, ...) we adjoin the k — 1 intervals whose
indices add up to k:

L, hip, b, iz oo, I3p, a3, I3p, Is1, Iis, o4, 133,142, 15,0, - - - -
~ N——r
2 3 4 5 sum of the two indices is 6

Inequality 2.9 shows that the sum of the lengths of the intervals listed above is less
than or equal to & + Y2 ;| Ag|. Thus |U; Ax| < &+ ;| Ak|. Because ¢ is an
arbitrary positive number, this implies that |U}>; Ax| < Yo 4] Axl-
Countable subadditivity implies finite subadditivity, meaning that
|AjU - UA, <A1+ + A4

forall Ay,..., A, C R, because we can take A, = @ for k > nin 2.8.
The finite and countable subadditivity of outer measure, as proved above, add to
our list of nice properties enjoyed by outer measure.
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18 Chapter2 Measures

Outer Measure of Closed Bounded Interval

One more good property of outer measure that we should prove is that if a < b,
then the outer measure of the closed interval [a, b] is b — a. Indeed, if € > 0, then
(a—¢,b+¢),D,D,...is asequence of open intervals whose union contains [a, b].
Thus |[a,b]| < b — a + 2¢. Because this inequality holds for all ¢ > 0, we conclude
that

[[a,b]] <b—a.

Is the inequality in the other direction obviously true to you? If so, think again,
because a proof of the inequality in the other direction requires that the completeness
of R is used in some form. For example, suppose that R was a countable set (which
is not true, as we will soon see, but the uncountability of R is not obvious). Then we
would have |[a, b]| = 0 (by 2.4). Thus something deeper than you might suspect is
going on with the ingredients needed to prove that |[a,b]| > b — a.

The following definition will be useful when we prove that |[a,b]| > b — a.

s

2.10 Definition open cover

\

Suppose A C R.

e A collection C of open subsets of R is called an open cover of A if A is
contained in the union of all the sets in C.

e An open cover C of A is said to have a finite subcover if A is contained in
\_ the union of some finite list of sets in C. )

211 Example open covers and finite subcovers

e The collection {(k,k+2) : k € Z*} is an open cover of [2,5] because
[2,5] C UgZ;(k, k4 2). This open cover has a finite subcover because [2,5] C
(1,3)U(2,4)U(3,5)U(4,6).

e The collection {(k,k +2) : k € Z*} is an open cover of [2,00) because
[2,00] C Ugzq(k,k+2). This open cover does not have a finite subcover
because there do not exist finitely many sets of the form (k, k + 2) whose union
contains [2, 00).

e The collection {(0,2 — 1) : k € Z*} is an open cover of (1,2) because
(1,2) € Up24(0,2— 1). This open cover does not have a finite subcover

because there do not exist finitely many sets of the form (0,2 — %) whose union
contains (1,2).

The next result will be our major tool in the proof that |[a, b]| > b — a. Although
we need only the result as stated, be sure to see Exercise 4 in this section, which
when combined with the next result gives a characterization of the closed bounded
subsets of R. Note that the following proof uses the completeness property of the real
numbers (by asserting that the supremum of a certain nonempty bounded set exists).
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(2.1 2 Heine—Borel Theorem \

@Very open cover of a closed bounded subset of R has a finite subcover. J

Proof Suppose F is a closed bounded
subset of R and C is an open cover of F.
We need to show that there exist finitely
many sets Gi,...,G, € C such that
FCGU---UGy.

First we consider the case where F = [a, b] for some a,b € R with a < b. Thus
C is an open cover of [a, b]. Let

D = {d € [a,b] : [a,d] has a finite subcover from C}.
Note that a € D (because a € G for some G € C). Thus D is not the empty set. Let

To provide visual clues, we usually
denote closed sets by F and open
sets by G.

s =supD.

Thus s € [a,b]. Hence there exists an open set G € C such thats € G. Leté > 0
be such that (s — 6,5 +J) C G. Because s = sup D, there existd € (s — 6, s] and
n€Zvand Gy,...,G, € C such that

[a,d] C G U---UGy.

Now

[a,d]CGUGU---UG, foralld € [s,s+ ).
Thus d’ € D forall d’ € [s,s + &) N [a, b]. This implies that s = b. Hence b € D
(use the definitions of D and s to verify this), completing the proof in the case where
F =a,b)].

Now suppose F is an arbitrary closed bounded subset of R and that C is an open
cover of F. Leta,b € R be such that F C [a,b]. Now C U {R \ F} is an open cover
of R and hence is an open cover of [, b] (here R \ F denotes the set complement of
F in R). By our first case, there exist Gy, ..., G, € C such that

[a,b] C GiU---UG, U (R\F).
Thus
FC G U UGy,

completing the proof.

f \ Saint-Affrique, the small
town in southern France
where Emile Borel
(1871-1956) was born.
Borel first stated and
proved what we call the
Heine—Borel Theorem in
1895. Earlier, Eduard
Heine (1821-1881) and
others had used similar
results.

k j CC-BY-SA Fagairolles 34
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20 Chapter 2 Measures

Now we can prove that closed intervals have the expected outer measure.

( 2.13 outer measure of a closed interval W

LSuppose a,b € R, witha < b. Then |[a,b]| = b — a. J

Proof  See the first paragraph of this subsection for the proof that |[a, b]| < b — a.

To prove the inequality in the other direction, suppose Iy, I, . . . is a sequence of
open intervals such that [a, b] C ;24 Ix. By the Heine-Borel Theorem (2.12), there
exists n € Z such that

2.14 [a,b] C HU---UI,.

We will now prove by induction on # that the inclusion above implies that

1=

2.15 (L) > b—a.

,‘N
Il

1

This will then imply that ) ;2 ; ¢
that |[a,b]| > b —a.

To get started with our induction, note that 2.14 clearly implies 2.15 if n = 1.
Now for the induction step: Suppose 7 > 1 and 2.14 implies 2.15 for all choices of
a,b € Rwitha < b. Suppose I, ..., I, I,, 11 are open intervals such that

—

Iy) > Y}, £(I) > b— a, completing the proof

[0,b] C LU Ul ULy

Thus b is in at least one of the intervals I, ..., I, I, 1. By relabeling, we can
assume that b € I,,11. Suppose I, 11 = (¢, d). If c < a, then ¢(I,11) > b — a and
there is nothing further to prove; thus we can assume thata < ¢ < b < d, as shown
in the figure below.

Lt

Hence (‘Alice was beginning to get very tired )

[a,c] CLU---UI,. of sitting by her sister on the bank,
and of having nothing to do: once or
twice she had peeped into the book
her sister was reading, but it had no

By our induction hypothesis, we have
Yi_14(Ix) > ¢ —a. Thus

n+1 pictures or conversations in it, “and

Z (L) > (c—a)+ 0(L41) what is the use of a book,” thought

k=1 Alice “without pictures or
=(c—a)+(d—c) conversation?”

—opening paragraph of Alice’s
Adventures in Wonderland, by Lewis
>b—a, \Carroll )

completing the proof.
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The previous result has the following important corollary. You may be familiar
with Georg Cantor’s (1845—-1918) original proof of the next result. The proof using
outer measure that is presented here gives an interesting alternative to Cantor’s proof.

(2.1 6 nontrivial intervals are uncountable w

LEvery interval in R that contains at least two distinct elements is uncountable. )

Proof  Suppose I is an interval that contains a,b € R with a < b. Then
1] 2 [la,bl] =b—a >0,

where the first inequality above holds because outer measure preserves order (see 2.5)
and the equality above comes from 2.13. Because every countable subset of R has
outer measure 0 (see 2.4), we can conclude that I is uncountable.

Outer Measure is Not Additive

We have had several results giving nice
properties of outer measure. Now we
come to an unpleasant property of outer
measure.

If outer measure were a perfect way to
assign a size as an extension of the lengths
of intervals, then the outer measure of the
union of two disjoint sets would equal the
sum of the outer measures of the two sets. Sadly, the next result states that outer
measure does not have this property.

In the next section, we will begin the process of getting around the next result,
which will lead us to measure theory.

(0uter measure led to the proof )
above that R is uncountable. This
application of outer measure to
prove a result that seems
unconnected with outer measure is
an indication that outer measure has
\serious mathematical value. )

( 2.17 nonadditivity of outer measure W

There exist disjoint subsets A and B of R such that

|AUB| # || + BI.

Proof Fora € [—1,1], let  be the set of numbers in [—1, 1] that differ from a by a
rational number. In other words,

i={ce[-1,1:a—ceQ}.

Ifa,b € [-1,1] and & Nb # @, then
@ = b. (Proof: Suppose there exists d €
aNb. Thena —d and b — d are rational
numbers; subtracting, we conclude that
a — b is a rational number. The equation
a—c=(a—Db)+ (b—c)now implies that if ¢ € [—1,1], then a — ¢ is a rational
number if and only if b — ¢ is a rational number. In other words, 4 = b.)

Think of d as the equivalence class
of a under the equivalence relation
that declares a,c € [—1,1] 1o be
equivalent if a — ¢ € Q.
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Clearly a € @ foreacha € [-1,1]. Thus [-1,1] = ] 4
ac[-1,1]

Let V be a set that contains exactly one

. .. . This step involves the Axiom o
element in each of the distinct sets in P f

Choice, as discussed after this proof.
{a:ae[-1,1]}. The set V arises by choosing one
element from each equivalence
In other words, for every a € [—1,1], the \ class.
set V N 4 has exactly one element.
Let 71,7, ... be a sequence of distinct rational numbers such that

[—2,2]NQ = {ry,r2,...}.

Then

[ee]
1,1 c e+ V),
k=1
where the set inclusion above holds because if @ € [—1,1], then letting v be the
unique element of V N4, we have a — v € Q, which implies thata = r, + v €
. + V for some k € Z7.
The set inclusion above, the order preserving property of outer measure (2.5), and
the countable subadditivity of outer measure (2.8) imply

=11 < Yl + V1.

k=1
We know that |[—1,1]| = 2 (from 2.13). The translation invariance of outer measure
(2.7) thus allows us to rewrite the inequality above as
e
2< Y VI
k=1

Thus [V] > 0.

Note that the sets 71 + V,r, + V, ... are disjoint. (Proof: Suppose there exists
te (rj+ V)N (rg+V). Thent = rj + v1 = r + vy for some vy, v2 € V, which
implies thatv; —vy =1, —1; € Q. Our construction of V' now implies that v = vy,
which implies that 7; = ry, which implies that j = k.)

Letn € Z™. Clearly

Lnj (re+V) C[-33]
k=1

because V' C [—1,1] and each ry € [—2,2]. The set inclusion above implies that

n
2.18 ’U(rk—i-V)‘ <6.
k=1
However
n n
2.19 Y ne+V|=)Y [V[=n|V|
k=1 k=1
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Now 2.18 and 2.19 suggest that we choose € Z™ such that n|V| > 6. Thus

C-=

2.20

n
(ne+ V)| < Yl +VI.
k=1

k=1

If we had |A U B| = |A| + | B| for all disjoint subsets A, B of R, then by induction

on n we would have

n n
U Ak‘ = 2 | Ag| for all disjoint subsets Aq,..., A, of R.
k=1 k=1

However, 2.20 tells us that no sucﬁ result holds. Thus there exist disjoint subsets
A, B of R such that |A U B| # |A| + |B.

The Axiom of Choice, which belongs to set theory, states that if £ is a set whose
elements are disjoint sets, then there exists a set D that contains exactly one element
in each set that is an element of £. We used the Axiom of Choice to construct the set
D that was used in the last proof.

A small minority of mathematicians objects to the use of the Axiom of Choice.
Thus we will keep track of where we need to use it. Even if you do not like to use the
Axiom of Choice, the previous result warns us away from trying to prove that outer
measure is additive (any such proof would need to contradict the Axiom of Choice,
which is consistent with the standard axioms of set theory).

EXERCISES 2A

1 Prove that if A and B are subsets of R and |B| = 0, then |A U B| = |A|.

2 Suppose A C Randt € R. LettA = {ta:a € A}. Prove that [tA| = |t]||A].
[Assume that 0 - oo is defined to be 0.]

3 Provethatif A,B C Rand |A| < oo, then |[B\ A| > |B| — |A].

4 Suppose F is a subset of R with the property that every open cover of F has a
finite subcover. Prove that F is closed and bounded.

5 Suppose A is a set of closed subsets of R such that (g 4 F = @. Prove that if A
contains at least one bounded set, then there existn € ZT and Fy,..., F, € A
suchthat [FN---NF, = Q.

6 Provethatifa,b € Randa < b, then
|(a,0)| = [[a,D)| = |(a,b]| =b—a.
7 Suppose a, b, ¢, d are real numbers with a < b and ¢ < d. Prove that
|(a,b) U (c,d)| = (b—a)+ (d —c) ifand only if (a,b) N (c,d) = @.
8 Provethatif A C Randt > 0,then |A| = |[AN(—t, )|+ |AN (R\ (=t 1))|.

9 Prove that |A| = tlim |AN (=t t)| forall A C R.
— 00
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Prove that |[0,1] \ Q| = 1.

Prove thatif Iy, I, . .. is a disjoint sequence of open intervals, then

U s = X e
k=1 k=1

Suppose r1, 12, . .. is a sequence that contains every rational number. Let

(a)
(b)

(©)

F:R\ G(T’k—lk,rk—f—lk).
1 2 2

Show that F is a closed subset of R.

Prove that if [ is an interval contained in F, then I contains at most one
element.

Prove that |F| = oo.

Suppose € > 0. Prove that there exists a subset F of [0, 1] such that F is closed,
every element of F is an irrational number, and |F| > 1 —¢.

Consider the following figure, which is drawn accurately to scale.

(a)

(b)
(©
(d)
(e)

®

2 5 8 11 14 17 20

Show that the right triangle whose vertices are (0,0), (20,0), and (20,9)
has area 90.

[We have not defined area yet, but just use the elementary formulas for the
areas of triangles and rectangles that you learned long ago.]

Show that the yellow (lower) right triangle has area 27.5.

Show that the red rectangle has area 45.

Show that the blue (upper) right triangle has area 18.

Add the results of parts (b), (c), and (d), showing that the area of the colored
region is 90.5.

Seeing the figure above, most people expect that parts (a) and (e) will have
the same result. Yet in part (a) we found area 90, and in part (e) we found
area 90.5. Explain why these results differ.

[You may be tempted to think that what we have here is a two-dimensional
example similar to the result about the nonadditivity of outer measure
(2.17). However, genuine examples of nonadditivity require much more
complicated sets than in this example.]
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2B Measurable Spaces and Functions

The last result in the previous section showed that outer measure is not additive.
Could this disappointing result perhaps be fixed by using some notion other than
outer measure for the size of a subset of R? The next result answers this question by
showing that there does not exist a notion of size, called the Greek letter mu (¢) in
the result below, that has all the desirable properties.

Property (c) in the result below is called countable additivity. Countable additivity
is a highly desirable property because we want to be able to prove theorems about
limits (the heart of analysis!), which requires countable additivity.

-

2.21 nonexistence of extension of length to all subsets of R

>

There does not exist a function y with all the following properties:

(a) p is afunction from the set of subsets of R to [0, o0];

(b) u(I) = ¢(I) for every open interval I of R;
o ©

() u ( U Ak) = Z u(Ay) for every disjoint sequence A1, Ay, . .. of subsets
k=1

k=1
of R;

\(d) u(t+A) = pu(A) forevery A C Randevery t € R.
Proof  Suppose that there exists a func-
tion y with all the properties listed in the
statement of this result.

Observe that #(®) = 0, as follows
from (b) because the empty set is an open interval with length 0.

If AC B CR,then u(A) < pu(B), as follows from (c) because we can write B
as the union of the disjoint sequence A, B\ A,@, @, ... ; thus

We will show that u has all the
properties of outer measure that
were used in the proof of 2.17.

p(B) = p(A) + u(BNA) + 040+ = u(A) + p(B\ A) = u(A).

If a,b € R witha < b, then (a,b) C [a,b] C (a—¢,b+¢) for every € > 0.
Thus b —a < u([a,b]) < b —a + 2¢ for every € > 0. Hence p([a,b]) = b —a.

If Ay, Ay, ... is asequence of subsets of R, then A1, As \ A1, A3\ (A1 UA3),...
is a disjoint sequence of subsets of R whose union is ;> ; Ay. Thus

V(GAk) :V<A1U(A2\A1)U(As\(A1UA2))U~--)
k=1
= u(A1) +u(A2\ A1) + u(As\ (AU Ap)) + -
= iV(Ak),
k=1

where the second equality follows from the countable additivity of .
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We have shown that y has all the properties of outer measure that were used
in the proof of 2.17. Repeating the proof of 2.17, we see that there exist disjoint
subsets A, B of R such that /(A U B) # u(A) + u(B). Thus the disjoint sequence
A,B, 0,0, ...does not satisfy the countable additivity property required by (c). This
contradiction completes the proof.

c-Algebras

The last result shows that we need to give up one of the desirable properties in our
goal of extending the notion of size from intervals to more general subsets of R. We
cannot give up 2.21(b) because the size of an interval needs to be its length. We
cannot give up 2.21(c) because countable additivity is needed to prove theorems
about limits. We cannot give up 2.21(d) because a size that is not translation invariant
does not satisfy our intuitive notion of size as a generalization of length.

Thus we are forced to relax the requirement in 2.21(a) that the size is defined for
all subsets of R. Experience shows that to have a viable theory that allows for taking
limits, the collection of subsets for which the size is defined should be closed under
complementation and closed under countable unions. Thus we make the following
definition.

(2.22 Definition c-algebra

N

Suppose X is a set and S is a set of subsets of X. Then S is called a o-algebra
on X if the following three conditions are satisfied:

e 0es;
e if E€ S,then X\ E € S;

(o]
e if Eq, Ey, ... is a sequence of elements of S, then U E. e S.
k=1
G _J
Make sure you verify that the examples in all three bullet points below are indeed
o-algebras. The verification is obvious for the first two bullet points. For the third
bullet point, you need to use the result that the countable union of countable sets
is countable (see the proof of 2.8 for an example of how a doubly-indexed list can
be converted to a singly-indexed sequence). The exercises contain some additional
examples of c-algebras.

2.23 Example o-algebras
e Suppose X is a set. Then clearly {@, X} is a o-algebra on X.
e Suppose X is a set. Then clearly the set of all subsets of X is a o-algebra on X.

e Suppose X is a set. Then the set of all subsets E of X such that E is countable or
X\ E is countable is a o-algebra on X.
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Now we come to some easy but important properties of c-algebras.

(

2.24 g-algebras are closed under countable intersection

Suppose S is a c-algebra on a set X. Then
(a) XeS;
(b) if D,E€ S,then DUE € Sand DNE € Sand D\ E € S;

o
(c) if Eq, Ey, ... 1is a sequence of elements of S, then ﬂ E, €S.

k=1
\_ J
Proof Because @ € S and X = X \ @, the first two bullet points in the definition

of o-algebra (2.22) imply that X € S, proving (a).

Suppose D, E € S. Then D U E is the union of the sequence D, E, D, @, ... of
elements of S. Thus the third bullet point in the definition of o-algebra (2.22) implies

that DUE € S.
De Morgan’s Laws tell us that

X\ (DNE) = (X\D)U(X\E).

If D, E € S, then the right side of the equation above is in S; hence X \ (DNE) € S;
thus the complement in X of X \ (D N E) is in S; in other words, DN E € S.
Because D\ E = DN (X \ E), we see that if D,E € S, then D\ E € S,
completing the proof of (b).
Finally, suppose Eq, E, ... is a sequence of elements of S. De Morgan’s Laws
tell us that

X\ E= U X\ E).
k=1 k=1

The right side of the equation above is in S. Hence the left side is in S, which implies
that X \ (X \ Ny~ Ex) € S. In other words, N> 1 Ex € S, proving (c).

The word measurable is used in the terminology introduced below because in
the next section we will introduce a size function, called a measure, defined on
measurable sets.

[

2.25 Definition measurable space; measurable set

N

e A measurable space is an ordered pair (X, S), where X is a set and S is a
o-algebra on X.

e Anelement of S is called an S-measurable set, or just a measurable set if S
is clear from the context.
g J

For example, if X = R and S is the set of all subsets of R that are countable or
have a countable complement, then the set of rational numbers is S-measurable but
the set of positive real numbers is not S-measurable.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



28 Chapter 2 Measures

Borel Subsets of R

The next result guarantees that there is a smallest o-algebra on a set X containing a
given set A of subsets of X.

( 2.26 smallest c-algebra containing a collection of subsets w

Suppose X is a set and A is a set of subsets of X. Then the intersection of all
o-algebras on X that contain A is a o-algebra on X.

Proof There is at least one o-algebra on X that contains .4 because the o-algebra
consisting of all subsets of X contains .A.

Let S be the intersection of all o-algebras on X that contain A. Then @ € S
because @ is an element of each o-algebra on X that contains .A.

Suppose E € S. Thus E is in every -algebra on X that contains A. Thus X \ E
is in every c-algebra on X that contains .A. Hence X \ E € S.

Suppose Eq, E, ... is a sequence of elements of S. Thus each Ej is in every o-
algebra on X that contains A. Thus (3> ; Ej is in every o-algebra on X that contains
A. Hence ;2 Ex € S, which completes the proof that S is a o-algebra on X.

Using the terminology smallest for the intersection of all o-algebras that contain
a set A of subsets of X makes sense because the intersection of those o-algebras is
contained in every o-algebra that contains A.

2.27 Example smallest o-algebra

e Suppose X is a set and A is the set of subsets of X that consist of exactly one
element:

A={{x}:xe X}
Then the smallest -algebra on X containing A is the set of all subsets E of X

such that E is countable or X \ E is countable, as you should verify.

e Suppose A = {(0,1),(0,00)}. Then the smallest o-algebra on R containing
Ais{®,(0,1),(0,00), (—00,0] U1, 00),(—00,0],[1,00),(—00,1),R}, as you
should verify.

Now we come to a crucial definition.

(2.28 Definition Borel set w

A Borel set (also called a Borel subset of R) is an element of the smallest
o-algebra on R containing all open subsets of R.

We have defined the Borel subsets of R to be the smallest ¢-algebra on R contain-
ing all the open subsets of R. We could have defined the Borel subsets of R to be the
smallest o-algebra on R containing all the open intervals (because every open subset
of R is the union of a sequence of open intervals).
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2.29 Example Borel sets

e Every closed subset of R is a Borel set because every closed subset of R is the
complement of an open subset of R.

e Every countable subset of R is a Borel set because if B = {x1,xy,...}, then
B = U2, {xx}, which is a Borel set because each {x; } is a closed set.

e Every half-open interval [a,b) (where a,b € R) is a Borel set because [a,b) =
Mg (a — %'b)-

e If f: R — Ris a function, then the set of points at which f is continuous is the
intersection of a sequence of open sets (see Exercise 12 in this section) and thus
is a Borel set.

The intersection of every sequence of open subsets of R is a Borel set. However,
the set of all such intersections is not the set of Borel sets (because it is not closed
under countable unions). The set of all countable unions of countable intersections
of open subsets of R is also not the set of Borel sets (because it is not closed under
countable intersections). And so on ad infinitum—there is no concrete procedure for
constructing the collection of Borel sets.

We will see later that there exist subsets of R that are not Borel sets. However, any
subset of R that you can write down in a concrete fashion will be a Borel set.

Inverse Images

The next definition will be used frequently in the rest of this chapter.

(2.30 Definition inverse image; f~'(A)

[

If f: X — Y is a function and A C Y, then the set f~!(A) is defined by

FYA) = {xe X: f(x) € A

2.31 Example inverse images

Suppose f: [0,47] — R is defined by f(x) = sin x. Then

F71((0,00)) = (0, ) U (277,37),
= [0, 7] U 271, 37t] U {47},

as you should verify.
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Inverse images have good algebraic properties, as is shown in the next two results.

>

-

2.32 algebra of inverse images

Suppose f: X — Y is a function. Then

(@ fYY\A)=X\f1(A)forevery ACY;

®) f Y (UacaA) = Uaeca f(A) for every set A of subsets of Y;
\(C) F Y NacaA) = Naca f 1 (A) for every set A of subsets of Y.

Proof Suppose A C Y. For x € X we have
xefHY\A) < f(x)eY\A
— f(x)¢ A
= xgf(4)
— xe X\ flA).
Thus f~1(Y\ A) = X\ f1(A), which proves (a).
To prove (b), suppose A is a set of subsets of Y. Then

xefl(JA) < fx)e | 4

AcA AcA
<= f(x) € Aforsome A € A

> xc f1(A)forsome A € A

= xe |J 4

AeA

Thus f~1(Ugea A) = Uaca f~1(A), which proves (b).
Part (c) is proved in the same fashion as (b), with unions replaced by intersections
and for some replaced by for every.

(2.33 inverse image of a composition )
Suppose f: X — Y and g: Y — W are functions. Then
(g0 /)7H(A) =1 (g7(4))

\for every A C W. )

Proof Suppose A C W. For x € X we have
x€(gof) H(A) &= (gof)(x) € A = g(f(x)) €
— fx)eg (A)
= x€fl(g7H(A).
Thus (g0 )~ (A) = f(g7'(A)).
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Measurable Functions

The next definition tells us which real-valued functions behave reasonably with
respect to a o-algebra on their domain.

(

2.34 Definition measurable function

N

Suppose (X,S) is a measurable space. A function f: X — R is called
S-measurable (or just measurable if S is clear from the context) if

fi(B)es

\for every Borel set B C R.

2.35 Example measurable functions
o If S = {®, X}, then the only S-measurable functions from X to R are the
constant functions.

e If S is the set of all subsets of X, then every function from X to R is S-
measurable.

e If S = {®@,(—00,0),[0,00),R} (which is a s-algebra on R), then a function
f: R — R is S-measurable if and only if f is constant on (—o0,0) and f is
constant on [0, 00).

Another class of examples comes from characteristic functions, which are defined
below. The Greek letter chi () is traditionally used to denote a characteristic function.

(s )

2.36 Definition characteristic function; x

Suppose E is a subset of a set X. The characteristic function of E is the function

Xp: X — R defined by
) = 1 ifx €E,
e N0 ifx ¢ E.

- J

The set X that contains E is not explicitly included in the notation x . because X will
always be clear from the context.

2.37 Example inverse image with respect to a characteristic function

Suppose (X, S) is a measurable space, E C X, and B C R. Then

E if0 ¢ Band 1 € B,
X\E if0€Bandl ¢ B,
X if0 € Band1 € B,
) if0¢ Band1 ¢ B.

x; '(B) =

Thus we see that . is an S-measurable function if and only if E € S.
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The definition of an S-measurable
function requires that the inverse im-
age of every Borel subset of R be in
S. The next result shows that to ver- -1 _ .
ify that a function is S-measurable, f ((a,oo)) {x € X f(x) > a}.
we can check the inverse images of
a much smaller collection of subsets

Note that if f: X — R is a function and
a € R, then

of R.
f2.38 condition for measurable function h
Suppose (X, S) is a measurable space and f: X — R is a function such that
f((a,00)) €8
forall 2 € R. Then f is an S-measurable function. )

Proof Let
T={ACR:f1A)eS).

We want to show that every Borel subset of R is in 7. To do this, we will first show
that 7 is a o-algebra on R.

Certainly @ € T, because f (@) =D € S.

If A€ T,then f 1(A) € S; hence

FRNA) =X\ f(A) €S

by 2.32(a), and thus R \ A € T . In other words, 7 is closed under complementation.
If A, Ay, ... € T, then f~1(A1), f1(A),... € S; hence

o0 o
A UA)=UfMages
k=1 k=1
by 2.32(b), and thus U2 ; Ax € T. In other words, 7 is closed under countable
unions. Thus 7 is a o-algebra on R.

By hypothesis, T contains {(a,00) : a € R}. Because T is closed under
complementation, 7 also contains {(—o0,b] : b € R}. Because the c-algebra T is
closed under finite intersections (by 2.24), we see that 7 contains {(a,b] : a,b € R}.
Because (a,b) = Uy (a,b — }] and (—c0,b) = U2 4 (—k,b— 1] and T is closed
under countable unions, we can conclude that 7 contains every open subset of R.

Thus the o-algebra 7 contains the smallest o-algebra on R that contains all open
subsets of R. In other words, 7 contains every Borel subset of R. Thus fis an
S-measurable function.

In the result above, we could replace the collection of sets {(a,00) : a € R}
by any collection of subsets of R such that the smallest o-algebra containing that
collection contains the Borel subsets of R. For specific examples of such collections
of subsets of R, see Exercises 3—6.
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We have been dealing with S-measurable functions from X to R in the context
of an arbitrary set X and a o-algebra S on X. An important special case of this
setup is when X is a Borel subset of R and S is the set of Borel subsets of R that are
contained in X (see Exercise 11 for another way of thinking about this c-algebra). In
this special case, the S-measurable functions are called Borel measurable.

(2.39 Definition Borel measurable function w

Suppose X C R. A function f: X — R is called Borel measurable if f~1(B) is
a Borel set for every Borel set B C R.

If X C R and there exists a Borel measurable function f: X — R, then X must
be a Borel set [because X = f~1(R)].

If X CRand f: X — Ris afunction, then f is a Borel measurable function if
and only if f~!((a,0)) is a Borel set for every a € R (use 2.38).

Suppose X is a set and f: X — R is a function. The measurability of f depends
upon the choice of a o-algebra on X. If the o-algebra is called S, then we can discuss
whether f is an S-measurable function. If X is a Borel subset of R, then S might
be the set of Borel sets contained in X, in which case the phrase Borel measurable
means the same as S-measurable. However, whether or not S is a collection of Borel
sets, we consider inverse images of Borel subsets of R when determining whether a
function is S-measurable.

The next result states that continuity interacts well with the notion of Borel
measurability.

( 2.40 every continuous function is Borel measurable w

Every continuous real-valued function defined on a Borel subset of R is a Borel
measurable function.

Proof Suppose X C R is a Borel set and f: X — R is continuous. To prove that f
is Borel measurable, fix a € R.

If x € X and f(x) > a, then (by the continuity of f) there exists 6, > 0 such that
fly) >aforally € (x — dy,x + 6x) N X. Thus

fAla) = U (x-dux+o))nX.
xef~1((a,00))
The union inside the large parentheses above is an open subset of R, and hence its
intersection with X is a Borel set. Thus we can conclude that f~! ((11, oo)) is a Borel

set.
Now 2.38 implies that f is a Borel measurable function.

Now we come to another class of Borel measurable functions. A similar definition
could be made for decreasing functions, with a corresponding similar result.
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Ve

2.41 Definition increasing function

Suppose X C Rand f: X — Ris a function.
e fiscalled increasing if f(x) < f(y) forall x,y € X with x < y.

o fis called strictly increasing if f(x) < f(y) forall x,y € X with x < y. )

\

2.42 every increasing function is Borel measurable

Every increasing function defined on a Borel subset of R is a Borel measurable
Gunction. )

Proof Suppose X C RisaBorel setand f: X — Ris increasing. To prove that f
is Borel measurable, fix a € R.
Let b = inf f~!((a,00)). Then it is easy to see that

fH((a,00)) = (b,0) NX or f1((a,0))=[boo)NX.

Either way, we can conclude that f ! ((a, 00)) is a Borel set.
Now 2.38 implies that f is a Borel measurable function.

The next result shows that measurability interacts well with composition.

(2.43 composition of measurable functions \

Suppose (X, S) is a measurable space and f: X — R is an S-measurable
function. Suppose g is a real-valued Borel measurable function defined on a
subset of R that includes the range of f. Then go f: X — R is an S-measurable
function.

Proof Suppose B C R is a Borel set. Then (see 2.33)
(g0 /)71 (B)=f1(s71(B)).

Because ¢ is a Borel measurable function, g~ (B) is a Borel subset of R. Because f
is an S-measurable function, f1(¢~!(B)) € S. Thus the equation above implies

that (go f)~1(B) € S. Thus g o f is an S-measurable function.

2.44 Example if f is measurable, then so are —f, %f, ]f|,f2

Suppose (X, S) is a measurable space and f: X — R is an S-measurable func-
tion. Then the functions —f, 1 £, |f|, f2 are all S-measurable functions because each
of these functions can be written as the composition with a continuous (and thus
Borel measurable) function g, and then using the result above.

Specifically, take g(x) = —x, then g(x) = 3x, then g(x) = |x

g(x) = x%.

, and then
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Measurability also interacts well with algebraic operations, as shown in the next
result.

-

2.45 algebraic operations with measurable functions

>

Suppose (X, S) is a measurable space and f,¢: X — R are S-measurable. Then

(@) f+g, f— g and fg are S-measurable functions;

(b) if g(x) # 0 forall x € X, then g is an S-measurable function.
\

Proof  Suppose a € R. We will show that

246 (f+8) 7 ((a,) = U (f((n ) ng™ ((a=r,09))),

reQ

which implies that (f + ¢) 7! ((a,0)) € S.
To prove 2.46, first suppose

x € (f+8) " ((a,0)).

Thus a < f(x) + g(x). Hence the open interval (a — g(x), f(x)) is nonempty, and
thus it contains some rational number . This implies that 7 < f(x), which means
that x € f~1((r,00)), and a — g(x) < r, which implies that x € g~1((a — r,0)).
Thus x is an element of the right side of 2.46, completing the proof that the left side
of 2.46 is contained in the right side.

The proof of the inclusion in the other direction is easier. Specifically, suppose
x € f1((r,00)) Ng~1((a —r 00)) for some r € Q. Thus

r<f(x) and a—r<g(x).

Adding these two inequalities, we see that a < f(x) + g(x). Thus x is an element of
the left side of 2.46, completing the proof of 2.46. Hence f + g is an S-measurable
function.

Example 2.44 tells us that —g is an S-measurable function. Thus f — g, which
equals f + (—g) is an S-measurable function.

The easiest way to prove that f¢ is an S-measurable function uses the equation

2_ 2 52
fg:(f+g)2f 8

The operation of squaring an S-measurable function produces an S-measurable
function (see Example 2.44), as does the operation of multiplication by % (again, see
Example 2.44). Thus the equation above implies that fg is an S-measurable function,
completing the proof of (a).

Suppose g(x) # 0 forall x € X. The function defined on R \ {0} (a Borel subset
of R) that takes x to % is continuous and thus is a Borel measurable function (by
2.40). Now 2.43 implies that é is an S-measurable function. Combining this result
with what we have already proved about the product of S-measurable functions, we
conclude that Jg: is an S-measurable function, proving (b).
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The next result shows that the pointwise limit of a sequence of S-measurable
functions is S-measurable. This is a highly desirable property (recall that the set of
Riemann integrable functions on some interval is not closed under taking pointwise
limits; see Example 1.17).

f2.47 limit of S-measurable functions )
Suppose (X,S) is a measurable space and fi,f>,... is a sequence of

S-measurable functions from X to R. Suppose limy_., fx(x) exists for each
x € X. Define f: X — R by

f(x) = Jim fi()

Then f is an S-measurable function.

Proof  Suppose a € R. We will show that

248 F (@) = U U N A (a+ 1),
j=1m=1k=m

which implies that f~1((a,0)) € S.

To prove 2.48, first suppose x € ffl ((11, oo)) Thus there exists j € Z such that
f(x) >a+ % The definition of limit now implies that there exists m € Z* such
that f(x) > a+ % for all k > m. Thus x is in the right side of 2.48, proving that the

left side of 2.48 is contained in the right side.
To prove the inclusion in the other direction, suppose x is in the right side of 2.48.
Thus there exist j,m € Z* such that fy(x) > a + % for all k > m. Taking the

limit as k — oo, we see that f(x) > a + % > g. Thus x is in the left side of 2.48,
completing the proof of 2.48. Thus f is an S-measurable function.

Occasionally we need to consider functions that take values in [—o0,00]. For
example, even if we start with a sequence of real-valued functions in 2.52, we might
end up with functions with values in [—o0, co]. Thus we extend the notion of Borel
sets to subsets of [—oc0, 0], as follows.

(2.49 Definition Borel subsets of [—oo, 0] w

LA subset of [—o0, 00| is called a Borel set if its intersection with R is a Borel setJ

In other words, a set C C [—o0,00] is a Borel set if and only if there exists
a Borel set B C R such that C = Bor C = BU {0} or C = BU {—o00} or
C = BU {00, —o0}.

You should verify that with the definition above, the set of Borel subsets of
[—o0, 00] is a o-algebra on [—o0, 00].

Next, we extend the definition of S-measurable functions to functions taking
values in [—oo0, c0].
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(> )

.50 Definition measurable function

Suppose (X, S) is a measurable space. A function f: X — [—oc0, o0] is called
S-measurable if

fiB)es

for every Borel set B C [—00, 00].

J

The next result, which is analogous to 2.38, states that we need not consider all
Borel subsets of [—0c0, 00| when taking inverse images to determine whether or not a
function with values in [—o0, c0] is S-measurable.

(

2.51 condition for measurable function

o

Suppose (X, S) is a measurable space and f: X — [—00,00] is a function such

that
fH((a,0)) €8

forall 2 € R. Then f is an S-measurable function.

J

The proof of the result above is left to the reader (also see Exercise 22 in this
section).

We end this section by showing that the pointwise infimum and pointwise supre-
mum of a sequence of S-measurable functions is S-measurable.

f2.52 infimum and supremum of a sequence of S-measurable functions )
Suppose (X,S) is a measurable space and fi,f>,... is a sequence of
S-measurable functions from X to [—00, o0]. Define g, h: X — [—o0, c0] by
g(x) =inf{fy(x) :k € Z*} and h(x) =sup{fi(x): k€ Z"}.
Then g and h are S-measurable functions. )

Proof Leta € R. The definition of the supremum implies that
-1 -1
h ((a,00]) = U fi " ((a,09]),
k=1

as you should verify. The equation above, along with 2.51, implies that & is an
S-measurable function.
Note that

g(x) = —sup{—fi(x) : k€ Z'}

for all x € X. Thus the result about the supremum implies that g is an S-measurable
function.
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EXERCISES 2B

10

11

12

13

Show that S = {U,ex(n,n+1] : K C Z} is a o-algebra on R.
Verify both bullet points in Example 2.27.

Suppose S is the smallest o-algebra on R containing {(7,s] : 7,5 € Q}. Prove
that S is the collection of Borel subsets of R.

Suppose S is the smallest o-algebra on R containing {(r,n] : ¥ € Q,n € Z}.
Prove that S is the collection of Borel subsets of R.

Suppose S is the smallest -algebra on R containing {(r,7 + 1) : r € Q}.
Prove that § is the collection of Borel subsets of R.

Suppose S is the smallest o-algebra on R containing {[r, o) : ¥ € Q}. Prove
that S is the collection of Borel subsets of R.

Prove that the collection of Borel subsets of R is translation invariant. More
precisely, prove that if B C R is a Borel set and ¢ € R, then ¢ + B is a Borel set.

Prove that the collection of Borel subsets of R is dilation invariant. More
precisely, prove that if B C R is a Borel set and t € R, then ¢B (which is
defined to be {tb : b € B}) is a Borel set.

Give an example of a measurable space (X, S) and a function f: X — R such
that | f| is S-measurable but f is not S-measurable.

Show that the set of real numbers that have a decimal expansion with the digit 5
appearing infinitely often is a Borel set.

Suppose 7 is a o-algebraonasetYand X € T.LetS ={E € T : E C X}.
(a) Showthat S ={FNX:FeT}.

(b) Show that S is a o-algebra on X.

Suppose f: R — Ris a function.

(a) Fork € ZT, let

G = {a € R : there exists 6 > 0 such that |f(b) — f(c)| < %
forallb,c € (a—0d,a+9)}.

Prove that Gy, is an open subset of R for each k € Z™.
(b) Prove that the set of points at which f is continuous equals (> ; G.

(c) Conclude that the set of points at which f is continuous is a Borel set.

Suppose (X, S) is a measurable space, E1, .. ., E, are disjoint subsets of X, and
c1,...,Cy are distinct nonzero real numbers. Prove that cq Xg, o tonXg is
an S-measurable function if and only if Eq, ..., E,;, € S.
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(a) Suppose f1, f2, ... is a sequence of functions from a set X to R. Explain
why

{x € X : the sequence f1(x), f2(x),...has alimitin R}

[coluNe e lNe o]

=N UNG= o (=0

n=1j=1k=j

(b) Suppose (X,S) is a measurable space and f1, f7, ... is a sequence of S-
measurable functions from X to R. Prove that

{x € X : the sequence f1(x), f2(x),...has alimitin R}

is an S-measurable subset of X.

Suppose X is a set and Eq, E, . .. is a disjoint sequence of subsets of X such
that Uy Ex = X. Let S = {Ugex Ex : K C Z}.
(a) Show that S is a o-algebra on X.

(b) Prove that a function from X to R is S-measurable if and only if the function
is constant on Ej, for every k € Z™.

Suppose S is a o-algebra of subsets of some set X. Suppose A C X. Let
Sp={E€S:ACEorANE=0}.

(a) Prove that S, is a o-algebra of subsets of X.

(b) Suppose f: X — Ris a function. Prove that f is measurable with respect
to S4 if and only if f is measurable with respect to S and f is constant
on A.

Suppose X is a Borel subset of R and f: X — R is a function such that
{x € X : fisnotcontinuous at x} is a countable set. Prove f is a Borel
measurable function.

Suppose f: R — R is differentiable at every element of R. Prove that f’ is a
Borel measurable function from R to R.

Suppose X is a nonempty set and S is the o-algebra on X consisting of all
subsets of X that are either countable or have a countable complement in X.
Give a characterization of the S-measurable real-valued functions on X.

Suppose (X, S) is a measurable space and f,g: X — R are S-measurable
functions. Prove that if f(x) > 0 for all x € X, then f& (which is the function
whose value at ¥ € X equals f(x)$(*)) is an S-measurable function.

Prove 2.51.
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Prove or give a counterexample: If (X, S) is a measurable space and
f: X — [—00,00]

is a function such that f~1((a,00)) € S for every a € R, then f is an
S-measurable function.

Suppose B C R and f: B — R is an increasing function. Prove that f is
continuous at every element of B except for a countable subset of B.

Suppose f: R — R is a strictly increasing function. Prove that the inverse
function f~1: f(R) — R is a continuous function.

Suppose B C Ris a Borel setand f: B — R is an increasing function. Prove
that f(B) is a Borel set.

Suppose B C Rand f: B — R is an increasing function. Prove that there exists
a sequence f1, fo, ... of strictly increasing functions from B to R such that

f(x) = lim fi(x)

k—o0
for every x € B.

Suppose B C R and f: B — R is a bounded increasing function. Prove that
there exists an increasing function ¢: R — R such that g(x) = f(x) for all
x € B.

Suppose f: B — R is a Borel measurable function. Define g: R — R by

) f(x) ifxeB,
g(x)_{o ifx € R\ B.

Prove that g is a Borel measurable function.
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2C Measures and Their Properties

Definition and Examples of Measures

The original motivation for the next definition came from trying to extend the notion
of the length of an interval. However, the definition below allows us to discuss size
in many more contexts. For example, we will see later that the area of a set in the
plane or the volume of a set in higher dimensions fits into this structure. The word
measure allows us to use a single word instead of repeating theorems for length, area,
and volume.

[

2.53 Definition measure

N

Suppose X is a set and S is a o-algebra on X. A measure on (X, S) is a function
#: S — [0, c0] such that (@) = 0 and

p (kL—J1 Ek) = k; u(Ex)

\for every disjoint sequence Eq, Ey, ... of sets in S.

J

The countable additivity that forms the key
part of the definition above will allow us to
prove good limit theorems. Note that count-
able additivity implies finite additivity: if u
is a measure on (X,S) and Eq, ..., E, are
disjoint sets in S, then

/In the mathematical literature, )
sometimes a measure on (X, S)
is just called a measure on X if
the o-algebra S is clear from

the context.

The concept of a measure, as

#(ErU---UEy) = u(E1) + -+ u(En), defined here, is sometimes called
a positive measure (although the
phrase nonnegative measure

\would be more accurate). )

as follows from applying the equation
#(®) = 0 and countable additivity to the dis-
joint sequence Eq,...,E;, @,Q,... of sets
inS.

2.54 Example measures

o If X is a set, then counting measure is the measure y defined on the o-algebra
of all subsets of X by setting ¢£(E) = n if E is a finite set containing exactly n
elements and p(E) = oo if E is not a finite set.

e Suppose X is a set, S is a o-algebra on X, and ¢ € X. Define the Dirac measure
dcon (X, S) by
1 ifceE
6c(E) = ’
(E) {0 ifc ¢ E.

This measure is named in honor of mathematician and physicist Paul Dirac (1902—
1984), who won the Nobel Prize for Physics in 1933 for his work combining
relativity and quantum mechanics at the atomic level.
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e Suppose X is a set, S is a o-algebra on X, and w: X — [0, 00| is a function.
Define a measure i on (X, S) by

n(E) =) w(x)

x€E

for E € S. [Here the sum is defined as the supremum of all finite subsums
Y rep w(x) as D ranges over all finite subsets of E.]

e Suppose X is a set and S is the o-algebra on X consisting of all subsets of X
that are either countable or have a countable complement in X. Define a measure
pon (X,S) by

0 if E is countable,
u(E) = e
3 if E is uncountable.

e Suppose S is the o-algebra on R consisting of all subsets of R. Then the function
that takes a set E C R to |E| (the outer measure of E) is not a measure because
it is not finitely additive (see 2.17).

e Suppose B is the o-algebra on R consisting of all Borel subsets of R. Then we
will see in the next section that outer measure is a measure on (R, B).

The following terminology is frequently useful.

(2.55 Definition measure space w

A measure space is an ordered triple (X, S, ;4), where X is a set, S is a o-algebra
on X, and y is a measure on (X, S).

Properties of Measures

The hypothesis that (D) < oo is needed in part (b) of the next result to avoid
undefined expressions of the form co — oo.

(

2.56 measure preserves order; measure of a set difference

>

Suppose (X, S, u) is a measure space and D, E € S are such that D C E. Then

@ p(D) < u(E);

\(b) #(E\ D) = u(E) — u(D) provided that ;1(D) < oo.

Proof Because E = DU (E \ D) and this is a disjoint union, we have
H(E) = u(D) +u(E\D) = u(D),

which proves (a). If u(D) < oo, then subtracting y(D) from both sides of the
equation above proves (b).
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The countable additivity property of measures applies to disjoint countable unions.
The following countable subadditivity property applies to countable unions that may
not be disjoint unions.

(2

.57 countable subadditivity )

Suppose (X, S, u) is a measure space and E1, Ey, ... € S. Then

(U E) < Y piE).
= k=1
- ! J
Proof LetD; =@and Dy = E;U---U Eg_4 for k > 2. Then

E;\ D1,E;\ Dy, E3\ D3, ...

is a disjoint sequence of subsets of X whose union equals (J;>_; Eg. Thus

F(Q Ek) = #(k[j (Ex \ Dk))

[e9)

=Y p(Ex \ Dy)
=

e}

< ) u(Ex),

k=1
where the second line above follows from the countable additivity of i and the last
line above follows from 2.56(a).

Note that countable subadditivity implies finite subadditivity: if y is a measure on
(X,S8)and Eq, ..., E, are sets in S, then

#(EyU---UEy) < u(Ep) + -+ pu(En),

as follows from applying the equation y#(®) = 0 and countable subadditivity to the
sequence Eq,...,E;, @,0,...of setsin S.
The next result shows that measures behave well with increasing unions.

(2

\

.58 measure of an increasing union

Suppose (X, S, i) is a measure space and Ey C E; C --- is an increasing
sequence of sets in S. Then

u( Ek) = lim p(Ey).
=1 k—o0
\_ J
Proof If u(Ex) = oo for some k € Z™, then the equation above holds because

both sides equal co. Hence we can consider only the case where j(Ej) < oo for all
keZ"

(a:
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For convenience, let Eg = @. Then
U E, = U E-\Ej_l),
j=1

where the union on the right side is a disjoint union. Thus

WU E) = L ue\E) 4 )
k=1 =
k
= ;352‘0]; n(Ej\ Ej-1)

= lim Z #(Ej-1))

k—o0 =1

= lim p(Ey), \_ Y,

Another mew.

as desired.

Measures also behave well with respect to decreasing intersections (but see Exer-
cise 10, which shows that the hypothesis j(E;) < oo below cannot be deleted).

(2.59 measure of a decreasing intersection )
Suppose (X, S, i) is a measure space and E; D Ep D --- is a decreasing

sequence of sets in S, with (E;) < co. Then

V(ﬁ Ek) = lim p(Ey).
- ! J

Proof One of De Morgan’s Laws tells us that

El\ﬂEk G (E1\ Ex).
k=1

Now E; \E; C E1\ E; C E; \ E; C --- is an increasing sequence of sets in S.
Thus 2.58, applied to the equation above, implies that

p(Ei\ ) Ex) = lim p(Ep \ Eg).
( k=1 ) k—o0
Use 2.56(b) to rewrite the equation above as
u(Er) — (ﬂ Ex) = p(Er) - Jim pu(Ex),

which implies our desired result.
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The next result is intuitively plausible—we expect that the measure of the union of
two sets equals the measure of the first set plus the measure of the second set minus
the measure of the set that has been counted twice.

(2.60 measure of a union \

Suppose (X, S, u) is a measure space and D, E € S, with (D N E) < oco. Then

#(DUE) = u(D) + u(E) — u(DNE).

Proof We have
DUE=(D\(DNE))U(E\(DNE))U(DNE).
The right side of the equation above is a disjoint union. Thus

w(DUE) =u(D\(DNE)) +u(E\(DNE)) +u(DNE)
= (u(D) = w(DNE)) + (#(E) = p(DNE)) + u(DNE)
= u(D) +u(E) —u(DNE),

as desired.

EXERCISES 2C

1 Explain why there does not exist a measure space (X, S, pt) with the property
that {u(E) : E€ S} =[0,1).
Let 227 denote the o-algebra on Z consisting of all subsets of Z.

. + .
2 Suppose 4 is a measure on (ZT, 2Z7). Prove that there is a sequence w1, wo, . . .

in [0, o0] such that
H(E) =) wy
keE

for every set E C Z™.
3 Give an example of a measure y on (Z+,2Z") such that
{u(E):EC Z%} =[0,1].

4  Give an example of a measure space (X, S, i) such that

{u(E) :E€ S} = {oo} U G[Bk,3k+1].
k=0
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Suppose (X, S, jt) is a measure space such that y(X) < oco. Prove that if A is
a set of disjoint sets in S such that p(A) > 0 for every A € A, then Aisa
countable set.

Find all ¢ € [3,00) such that there exists a measure space (X, S, i) with
{W(E):E€ S} =1[0,1]U[3,c].

Give an example of a measure space (X, S, u) such that
{u(E):E€ S} =1[0,1]U[3,00].

Give an example of a set X, a 0-algebra S of subsets of X, a set A of subsets of X
such that the smallest o-algebra on X containing A4 is S, and two measures y and
von (X,S) such that u(A) = v(A) forall A € Aand u(X) = v(X) < oo,
but u # v.

Suppose y and v are measures on a measurable space (X, S). Prove that y + v
is a measure on (X, S). [Here p + v is the usual sum of two functions: if E € S,
then (4 +v)(E) = u(E) + v(E).]

Give an example of a measure space (X, S, ) and a decreasing sequence
E1 D E; D - of setsin S such that

E li Ep).

u(k(l ) # lim p(E)

Suppose (X, S, 1) is a measure space and C, D, E € S are such that
#(CND) <oo,u(CNE) < oo, and y(DNE) < o0.

Find and prove a formula for #(C U D U E) in terms of y(C), u(D), u(E),
u(CND),u(CNE),u(DNE),and u(CNDNE).

Suppose X is a set and S is the o-algebra of all subsets E of X such that E is
countable or X \ E is countable. Give a complete description of the set of all
measures on (X, S).
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2D Lebesgue Measure

Additivity of Outer Measure on Borel Sets

Recall that there exist disjoint sets A, B € R such that |[A U B| # |A| + |B| (see
2.17). Thus outer measure, despite its name, is not a measure on the c-algebra of all
subsets of R.

Our main goal in this section is to prove that outer measure, when restricted to the
Borel subsets of R, is a measure. Throughout this section, be careful about trying to
simplify proofs by applying properties of measures to outer measure, even if those
properties seem intuitively plausible. For example, there are subsets A C B C R
with |A| < cobut |B\ A| # |B| — |A| [compare to 2.56(b)].

The next result is our first step toward the goal of proving that outer measure
restricted to the Borel sets is a measure.

(2.61 additivity of outer measure if one of the sets is open w

Suppose A and G are disjoint subsets of R and G is open. Then
|AUG| = |A| + |G|

Proof We can assume that |G| < oo because otherwise both |A U G| and |A| + |G|
equal oo.

Subadditivity (see 2.8) implies that |A U G| < | A| + |G|. Thus we need to prove
the inequality only in the other direction.

First consider the case where G = (a,b) for some 4,b € R witha < b. We
can assume that a,b ¢ A (because changing a set by at most two points does not
change its outer measure). Let Iy, I, . .. be a sequence of open intervals whose union
contains A U G. Foreachn € Z™, let

Jp=1I,N(—c0,a), K,=1I,N(ab), L,=1I,N(b o).

Then
(L) = £(Jy) + £(Ky) + €(Ly).

Now Jq, L1, Jp, Ly, . .. is a sequence of open intervals whose union contains A and
Ki,Kj, ... is a sequence of open intervals whose union contains G. Thus

Yo l(In) =) (€(Jn) +£(Ln)) + Y £(Ky
n=1 n=1 n=1
> |A| +|G|.

The inequality above implies that |A U G| > |A| + |G|, completing the proof that
|AUG| = |A| + |G| in this special case.
Using induction on 11, we can now conclude that if m € Z1 and G is a union of
m disjoint open intervals that are all disjoint from A, then |A U G| = |A| + |G].
Now suppose G is an arbitrary open subset of R that is disjoint from A. Then
G = U5 I for some sequence of disjoint open intervals Iy, I, . . ., each of which
is disjoint from A. Now for each m € Z™ we have
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m
|[AUG| > |AU (U )]

n=1
m
= |Al+ ) £(In).
n=1
Thus

JAUG| > |Al+ Y £(In)
n=1

> |A] +|Gl,
completing the proof that |A U G| = |A] + |G|.

The next result shows that the outer measure of the disjoint union of two sets is
what we expect if at least one of the two sets is closed.

( 2.62 additivity of outer measure if one of the sets is closed w

Suppose A and F are disjoint subsets of R and F is closed. Then

|AUF| = |A| + |F|.

Proof  Suppose I, I, . .. is a sequence of open intervals whose union contains A U F.
Let G = Ui Ix. Thus G is an open set with AUF C G. Hence A C G\ F, which
implies that

2.63 |A| < |G\ F.

Because G\ F = GN (R\ F), we know that G \ F is an open set. Hence we can
apply 2.61 to the disjoint union G = FU (G \ F), getting

|G| = [FI+ |G\ F|.
Adding |F| to both sides of 2.63 and then using the equation above gives
| Al +[F| < |G

< ié(lk)-
k=1

Thus |A| + |F| < |A U F|, which implies that |A| + |F| = [AUF|.

Recall that the collection of Borel sets is the smallest c-algebra on R that con-
tains all open subsets of R. The next result provides an extremely useful tool for
approximating a Borel set by a closed set.

(

2.64 approximation of Borel sets from below by closed sets

o

Suppose B C R is a Borel set. Then for every ¢ > 0, there exists a closed set
F C Bsuchthat |B\ F| < e.
R B\F] )
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Proof Let

L = {D C R:forevery € > 0, there exists a closed set
F C Dsuchthat |D\ F| < ¢}.

The strategy of the proof is to show that L is a o-algebra. Then because £ contains
every closed subset of R (if D C R is closed, take F = D in the definition of £), by
taking complements we can conclude that £ contains every open subset of R and
thus every Borel subset of R.

To get started with proving that £ is a o-algebra, we want to prove that £ is closed
under countable intersections. Thus suppose D1, Dy, ... is a sequence in L. Let
e > 0. For each k € Z™, there exists a closed set F; such that

£
F, C Dy and |Dk\Fk| < ?

Thus (2 ; Fy is a closed set and

oo

AFc (D and (fjpk)\(ﬂpk)c

k=1 k=1 k=1 k

s

(Dx \ Fr)-

1

The last set inclusion and the countable subadditivity of outer measure (see 2.8) imply
that

’(161 Di) \ (ka Pk)‘ <&

Thus 2; Dy € L, proving that £ is closed under countable intersections.

Now we want to prove that L is closed under complementation. Suppose D € L
and ¢ > 0. We want to show that there is a closed subset of R\ D whose set
difference with R \ D has outer measure less than €, which will allow us to conclude
that R\ D € L.

First we consider the case where |D| < oo. Let F C D be a closed set such that
|D \ F| < 5. The definition of outer measure implies that there exists an open set G
suchthat D C Gand |G| < |[D|+ 5. Now R\ Gisaclosedsetand R\ G C R\ D.
Also, we have

(RAD)\(R\G) Cc G\D
C G\F.
Thus
[(RAD)\ (R\G)[ < |G\ F|
= |G| - [F|
= (IG[ = IP[) + (ID| = [F])
<> +ID\F

<Eg,
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where the equality in the second line above comes from applying 2.62 to the disjoint
union G = (G \ F) UF, and the fourth line above uses subadditivity applied to
the union D = (D \ F) UF. The last inequality above shows that R\ D € L, as
desired.

Now, still assuming that D € £ and € > 0, we consider the case where |D| = oo.
For k € Z*, let Dy = D N [—k, k|. Because Dy € L and |Dy| < oo, the previous
case implies that R \ Dy € L. Clearly D = ;2 ; Dy. Thus

R\D = ﬁ(R\Dk).
k=1

Because L is closed under countable intersections, the equation above implies that
R\ D € L, which completes the proof that L is a o-algebra.

Now we can prove that the outer measure of the disjoint union of two sets is what
we expect if at least one of the two sets is a Borel set.

(2.65 additivity of outer measure if one of the sets is a Borel set w

Suppose A and B are disjoint subsets of R and B is a Borel set. Then

|AUB| = |A| + |B|.

Proof Lete > 0. Let F be a closed set such that F C B and |B \ F| < ¢ (see 2.64).
Thus

|[AUB| > |AUF]
= |Al +|F|
= |Al+[B| = [B\ F|
> |A|+ |B| —¢,
where the second and third lines above follow from 2.62 [use B = (B \ F) U F for
the third line].

Because the inequality above holds for all ¢ > 0, we have |A U B| > |A| + |B|,
which implies that |A U B| = |A| + |B.

You have probably long suspected that not every subset of R is a Borel set. Now
we can prove this suspicion.

(2.66 existence of a subset of R that is not a Borel set w

t[’here exists a set B C R such that |B| < oo and B is not a Borel set. J

Proof In the proof of 2.17, we showed that there exist disjoint sets A, B C R such
that |A U B| # |A|+ |B|. For any such sets, we must have |B| < oo because
otherwise both |A U B| and |A| + |B| equal oo (as follows from the inequality
|B| < |A U B|). Now 2.65 implies that B is not a Borel set.
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The tools we have constructed now allow us to prove that outer measure, when
restricted to the Borel sets, is a measure.

(2.67 outer measure is a measure on Borel sets \

Outer measure is a measure on (R, ), where B is the o-algebra of Borel subsets
of R.

Proof Suppose Bq, By, . .. is a disjoint sequence of Borel subsets of R. Then for

eachn € Z1 we have I n
U B 2 |U B
k=1 k=1

n
=Y |Bxl,
k=1

where the first line above follows from 2.5 and the last line follows from 2.65 (and
induction on 7). Taking the limit as # — oo, we have ’U}f’:l Bx| > Y24 |Bxl-
The inequality in the other directions follows from countable subadditivity of outer
measure (2.8). Hence

e8] [
‘ U Bk‘ = ) IBil-
k=1 k=1
Thus outer measure is a measure on the o-algebra of Borel subsets of R.

The result above implies that the next definition makes sense.

(2.68 Definition Lebesgue measure W

Lebesgue measure is the measure on (R, B ), where B is the -algebra of Borel
subsets of R, that assigns to each Borel set its outer measure.

In other words, the Lebesgue measure of a set is the same as its outer measure,
except that the term Lebesgue measure should not be applied to arbitrary sets but
only to Borel sets (and also to what are called Lebesgue measurable sets, as we will
soon see). Unlike outer measure, Lebesgue measure is actually a measure, as shown
in 2.67. Lebesgue measure is named in honor of its inventor, Henri Lebesgue.

a N

The cathedral in Beauvais,
France, where Henri Lebesgue
(1875-1941) was born. Much
of what we call Lebesgue
measure and Lebesgue
integration was developed by
Lebesgue in his 1902 PhD
thesis. Emile Borel was
Lebesgue’s PhD thesis advisor.
CC-BY-SA James Mitchell

\_ %
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Lebesgue Measurable Sets

We have accomplished the major goal of this section, which was to show that outer
measure restricted to Borel sets is a measure. As we will see in this subsection, outer
measure is actually a measure on a somewhat larger class of sets called the Lebesgue
measurable sets.

The mathematics literature contains many different definitions of a Lebesgue
measurable set. These definitions are all equivalent—the definition of a Lebesgue
measurable set in one approach becomes a theorem in another approach. The ap-
proach chosen here has the advantage of emphasizing that a Lebesgue measurable set
differs from a Borel set by a set with outer measure 0. The attitude here is that sets
with outer measure 0 should be considered small sets that do not matter much.

( 2.69 Definition Lebesgue measurable set w

A set A C Ris called Lebesgue measurable if there exists a Borel set B C A
such that |A \ B| = 0.

Every Borel set is Lebesgue measurable because if A C R is a Borel set, then we
can take B = A in the definition above.

The result below gives several equivalent conditions for being Lebesgue mea-
surable. The equivalence of (a) and (d) is just our definition and thus will not be
discussed in the proof.

Although there exist Lebesgue measurable sets that are not Borel sets, you are
unlikely to encounter one. The most important application of the result below is that
if A C Ris a Borel set, then A satisfies conditions (b), (c), (¢), and (f). Condition (c)
implies that every Borel set is almost a countable union of closed sets, and condition
(f) implies that every Borel set is almost a countable intersection of open sets.

(2

\

.70 equivalences for being a Lebesgue measurable set

Suppose A C R. Then the following are equivalent:

(a) A is Lebesgue measurable.

(b) For each € > 0, there exists a closed set F C A with |A \ F| < e.

(9]
(c) There exist closed sets F, F, . .. contained in A such that ‘A \ U Fk‘ =0.
k=1

(d) There exists a Borel set B C A such that |[A \ B| = 0.

(e) For each € > 0, there exists an open set G D A such that |G \ A| < e.

(o]
(f) There exist open sets G1, Gy, . . . containing A such that ‘ ( ﬂ Gk) \ A‘ =0.
k=1

\(g) There exists a Borel set B O A such that |[B\ A| = 0. )
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Proof Let £ denote the collection of sets A C R that satisfy (b). We have already
proved that every Borel set is in L—see 2.64. As a key part of that proof, which we
will freely use in this proof, we showed that £ is a o-algebra on R (see the proof
of 2.64). In addition to containing the Borel sets, £ contains every set with outer
measure 0 [because if |A| = 0, we can take F = @ in (b)].

(b) = (c): Suppose (b) holds. Thus for each n € Z™, there exists a closed set
F, C Asuchthat [A\ F,| < 1. Now

A\ |JFE Cc A\F,
k=1

for each n € Z¥. Thus [A\ Up>; Fx| < |A\ Fy| < L foreachn € Z*. Hence
|A\ Ur1 F| = 0, completing the proof that (b) implies (c).

(¢) = (d): Because every countable union of closed sets is a Borel set, we see
that (c) implies (d).

(d) = (b): Suppose (d) holds. Thus there exists a Borel set B C A such that
|A\ B| = 0. Now

A=BU(A\B).

We know that B € L (because B is a Borel set) and A \ B € L (because A \ B has
outer measure 0). Because L is a o-algebra, the displayed equation above implies
that A € L. In other words, (b) holds, completing the proof that (d) implies (b).

At this stage of the proof, we now know that (b) <= (c) <= (d).

(b) = (e): Suppose (b) holds. Thus A € L. Let e > 0. Then because
R \ A € L (which holds because L is closed under complementation), there exists a
closed set F C R\ A such that

R\ A)\F|<e.

Now R\ F is an open set with R\ F D A. Because (R\ F)\ A = (R\ A) \ F,
the inequality above implies that | (R \ F) \ A| < &. Thus (e) holds, completing the
proof that (b) implies (e).

(e) = (f): Suppose (e) holds. Thus for each n € Z 7, there exists an open set
Gn D Asuchthat |G, \ A| < 1. Now

(ﬂ Gk) \VACGy\A
k=1
for each n € Z*. Thus [ (N}>; Gx) \ A| < |Gn \ A| < L foreachn € Z*. Hence
|(Np>4 Gx) \ A| = 0, completing the proof that (e) implies (f).

(f) = (g): Because every countable intersection of open sets is a Borel set, we
see that (f) implies (g).

(g) = (b): Suppose (g) holds. Thus there exists a Borel set B D A such that
|B\ A| = 0. Now

A=Bn (R\(B\A))

We know that B € L (because B is a Borel set) and R\ (B\ A) € L (because this
set is the complement of a set with outer measure 0). Because L is a o-algebra, the
displayed equation above implies that A € L. In other words, (b) holds, completing
the proof that (g) implies (b).

Our chain of implications now shows that (b) through (g) are all equivalent.
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In addition to the equivalences in the
previous result, see Exercise 13 in this
section for another condition that is equiv-
alent to being Lebesgue measurable. Also
see Exercise 6, which shows that a set
with finite outer measure is Lebesgue mea-
surable if and only if it is almost a finite disjoint union of bounded open intervals.

Now we can show that outer measure is a measure on the Lebesgue measurable
sets.

In practice, the most useful part of
Exercise 6 is the result that every
Borel set with finite measure is
almost a finite disjoint union of
bounded open intervals.

(2.71 outer measure is a measure on Lebesgue measurable sets w

(a) The set L of Lebesgue measurable subsets of R is a o-algebra on R.

(b) Outer measure is a measure on (R, £).

Proof Because (a) and (b) are equivalent in 2.70, the set £ of Lebesgue measurable
subsets of R is the collection of sets satisfying (b) in 2.70. As noted in the first
paragraph of the proof of 2.70, this set is a o-algebra on R, proving (a).

To prove the second bullet point, suppose A1, Ay, ... is a disjoint sequence of
Lebesgue measurable sets. By the definition of Lebesgue measurable set (2.69), for
each k € Z™ there exists a Borel set By C Ay such that |Ay \ Bx| = 0. Now

e8] [ee]
Uad=z{Us
k=1 k=1

o0
=Y IBl
k=1

[1e

| Akl,
r

1

where the second line above holds because Bq, By, . . . is a disjoint sequence of Borel
sets and outer measure is a measure on the Borel sets (see 2.67); the last line above
holds because By C Ay and by subadditivity of outer measure (see 2.8) we have
|Ax| = |Bx U (Ax \ Bp)| < |Bx| + | Ak \ Bx| = |Bxl.

The inequality above, combined with countable subadditivity of outer measure
(see 2.8), implies that |Up>; Ax| = Y521 |Ag|. completing the proof of (b).

If A is a set with outer measure 0, then A is Lebesgue measurable (because we
can take B = @ in the definition 2.69). Our definition of the Lebesgue measurable
sets thus implies that the set of Lebesgue measurable sets is the smallest o-algebra
on R containing the Borel sets and the sets with outer measure 0. Thus the set of
Lebesgue measurable sets is also the smallest o-algebra on R containing the open
sets and the sets with outer measure 0.

Because outer measure is not even finitely additive (see 2.17), 2.71(b) implies that
there exist subsets of R that are not Lebesgue measurable.
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We previously defined Lebesgue measure as outer measure restricted to the Borel
sets (see 2.68). The term Lebesgue measure is sometimes used in mathematical
literature with the meaning as we previously defined it and is sometimes used with
the following meaning.

(2.72 Definition Lebesgue measure W

Lebesgue measure is the measure on (R, £), where L is the o-algebra of Lebesgue
measurable subsets of R, that assigns to each Lebesgue measurable set its outer
measure.

The two definitions of Lebesgue measure disagree only on the domain of the
measure—is the o-algebra the Borel sets or the Lebesgue measurable sets? You may
be able to tell which is intended from the context. In this book, the domain will be
specified unless it is irrelevant.

If you are reading a mathematics paper and the domain for Lebesgue measure
is not specified, then it probably does not matter whether you use the Borel sets
or the Lebesgue measurable sets (because every Lebesgue measurable set differs
from a Borel set by a set with outer measure 0, and when dealing with measures,
what happens on a set with measure 0 usually does not matter). Because all sets that
arise from the usual operations of analysis are Borel sets, you may want to assume
that Lebesgue measure means outer measure on the Borel sets, unless what you are
reading explicitly states otherwise.

A mathematics paper may also refer to
a measurable subset of R, without further
explanation. Unless some other c-algebra
is clear from the context, the author prob-
ably means the Borel sets or the Lebesgue
measurable sets. Again, the choice prob-
ably will not matter, but using the Borel
sets can be cleaner and simpler.

Lebesgue measure on the Lebesgue measurable sets does have one small advantage
over Lebesgue measure on the Borel sets: Every subset of a set with (outer) measure
0 is Lebesgue measurable but is not necessarily a Borel set. However, any natural
process that produces a subset of R will produce a Borel set. Thus this small
advantage does not come up in practice.

\

(The emphasis in some textbooks on
Lebesgue measurable sets instead of
Borel sets probably stems from the
historical development of the
subject, rather than from any serious
use of Lebesgue measurable sets

\that are not Borel sets. Y,

Cantor Set

Every countable set has outer measure O (see 2.4). A reasonable question arises
about whether the converse holds. In other words, is every set with outer measure
0 countable? The Cantor set, which is introduced in this subsection, provides the
answer to this question.

The Cantor set also gives counterexamples to other reasonable conjectures. For
example, Exercise 17 in this section shows that the sum of two sets with Lebesgue
measure 0 can have positive Lebesgue measure.
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(2.73 Definition Cantor set \

The Cantor set is [0,1] \ (Uj_, Gy), where G = (3,3) and G,, for n > 11s
the union of the middle-third open intervals in the intervals of [0,1] \ (U?;f Gj).

One way to envision the Cantor set is to start with the interval [0,1] and then
consider the process that removes at each step the middle-third open intervals of all
intervals left from the previous step. At the first step, we remove G| = (%, %)

(=)
Wl
Wi

—_

Gy is shown in red.

After that first step, we have [0,1] \ G; = [0, 3] U [4,1]. Thus we take the
middle-third open intervals of [0, 3] and [3, 1]. In other words, we have

oIN A
ol
_

Y
2
3

o
Ol
OIN
Q= A

G1 U Gy is shown in red.
Now [0,1]\ (G1UG,) = [0, 3] U [3,3]U[3, 2] U [§,1]. Thus

(1 2 7 8 19 20 25 26
Gs = (37, 57) U (57, 7)) U (57, 57) U (5, 57)-

VARSAY o)L VARSAY VAR
[P T C ¢ AR T
oL 21 2 7 81 2 1927 8 25 261
27 27 9 9 27 27 3 3 2727 9 9 27 27

G1 U Gy U Gs is shown in red.

Base 3 representations provide a useful way to think about the Cantor set. Just
as 11—0 = 0.1 = 0.09999... in the decimal representation, base 3 representations
are not unique for fractions whose denominator is a power of 3. For example,
% = 0.13 = 0.02222.. . .3, where the subscript 3 denotes a base 3 representations.

Notice that Gy is the set of numbers in [0, 1] whose base 3 representations have
1 in the first digit after the decimal point (for those numbers that have two base 3
representations, this mean that both such representations must have 1 in the first digit).
Also, G1 U Gy is the set of numbers in [0, 1] whose base 3 representations have 1 in
the first digit or the second digit after the decimal point. And so on. Hence U;,_; Gp,
is the set of numbers in [0, 1] whose base 3 representations have a 1 somewhere.

Thus we have the following description of the Cantor set. In the following
result, the phrase a base 3 representation indicates that if a number has two base 3
representations, then it is in the Cantor set if and only if at least one of them contains
no 1s. For example, both % (which equals 0.02222. . .3) and % (which equals 0.23)
are in the Cantor set.
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(2.74 base 3 description of the Cantor set w

The Cantor set is the set of numbers in [0, 1] that have a base 3 representation
containing only Os and 2s.

The two endpoints of each interval in
each G, is in the Cantor set. However,
many elements of the Cantor set are not
endpoints of any interval in any G;,. For
example, Exercise 14 asks you to show
that % and 19—3 are in the Cantor set; neither

of those numbers is an endpoint of any interval in any G;,. An example of an irrational
[e9)

It is unknown whether or not every
number in the Cantor set is either
rational or transcendental (meaning
not the root of a polynomial with
integer coefficients).

number in the Cantor set is X:l ETIR
n=

[2.75 properties of the Cantor set

(a) The Cantor set is a closed subset of R.

(b) The Cantor set has Lebesgue measure 0.

(c) The Cantor set is uncountable.

(d) The Cantor set contains no interval with more than one element.

(e) Every open interval of R contains either infinitely many or no elements in
the Cantor set.
- J

Proof Each set G, used in the definition of the Cantor set is a union of open intervals.
Thus each G, is open. Thus |J;_; G, is open, and hence its complement is closed.
The Cantor set equals [0,1] N (R \ U1 Gy ), which is the intersection of two closed
sets. Thus the Cantor set is closed, completing the proof of (a).

By induction on 7, each G, is the union of 2"~ disjoint open intervals, each of

which has length 3%, Thus |G,| = 2;—;] The sets G1, G, . .. are disjoint. Hence

’GG —l_i_%_’_i_._...
"3 79 27
n=1
1 2 4
= _(14+Z= _
3( t3tgt )
11
- . .
3 1-2

Thus the Cantor set, which equals [0,1] \ U;_; Gn, has Lebesgue measure 1 — 1 [by
2.56(b)]. In other words, the Cantor set has Lebesgue measure 0, completing the
proof of (b).
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Each number in the Cantor set has a unique base 3 representation containing
only Os and 2s (by 2.74; for those numbers that have two base 3 representations,
one of them must contain a 1). In that base 3 representation containing only Os and
2s, replace each 2 by 1 and consider the resulting string of digits as representing
a base 2 number. This gives a mapping of the Cantor set onto [0,1]. Because
[0, 1] is uncountable (see 2.16), this implies that the Cantor set is uncountable, thus
proving (c).

A set with Lebesgue measure 0 cannot contain an interval that has more than one
element. Thus (b) implies (d).

The proof of (e) is left as an exercise for the reader.

EXERCISES 2D

1 (a) Show that the set consisting of those numbers in (0, 1) that have a decimal
expansion containing one hundred consecutive 4s is a Borel subset of R.

(b) What is the Lebesgue measure of the set in part (a)?

2 Prove that there exists a bounded set A C R such that |F| < |A| — 1 for every
closed set F C A.

3 Prove that there exists a set A C R such that |G \ A| = oo for every open set G
that contains A.

4 The phrase nontrivial interval is used to denote an interval of R that contains
more than one element. Recall that an interval might be open, closed, or neither.

(a) Prove that the union of each collection of nontrivial intervals of R is the
union of a countable subset of that collection.

(b) Prove that the union of each collection of nontrivial intervals of R is a Borel
set.

(c) Prove that there exists a collection of closed intervals of R whose union is
not a Borel set.

5 Prove that if A C R is Lebesgue measurable, then there exists an increasing
sequence F; C F, C - - - of closed sets contained in A such that

|4\ U K| =o.
k=1

6 Suppose A C R and |A| < oo. Prove that A is Lebesgue measurable if and
only if for every € > 0 there exists a set G that is the union of finitely many
disjoint bounded open intervals such that |[A \ G| + |G\ A| < «.

7 Prove that if A C R is Lebesgue measurable, then there exists a decreasing
sequence G; D Gy D - - - of open sets containing A such that

’(;ﬁ Gk) \A‘ —0.
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Prove that the collection of Lebesgue measurable subsets of R is translation
invariant. More precisely, prove that if A C R is Lebesgue measurable and
t € R, then t + A is Lebesgue measurable.

Prove that the collection of Lebesgue measurable subsets of R is dilation invari-
ant. More precisely, prove that if A C R is Lebesgue measurable and t € R,
then tA (which is defined to be {ta : a € A}) is Lebesgue measurable.

Prove that if A and B are disjoint subsets of R and B is Lebesgue measurable,
then |AU B| = |A| + |B].

Prove that if A C R and |A| > 0, then there exists a subset of A that is not
Lebesgue measurable.

Suppose b < cand A C (b, c). Prove that A is Lebesgue measurable if and
only if |A| 4+ |(b,c) \ A| =c—D.

Suppose that A C R. Prove that A is Lebesgue measurable if and only if
[(=n,n) VAl +[(=n,n) \ A] = 2n

foreveryn € Z™.

Show that % and 19—3 are both in the Cantor set.

Show that % is not in the Cantor set.

List the eight open intervals whose union is G4 in the definition of the Cantor
set (2.73).

Let C denote the Cantor set. Prove that 1C + 3C = [0, 1].
Prove 2.75(e).

Show that there exists a function f: R — R such that the image under f of
every nonempty open interval is R.

For A C R, the quantity
sup{|F| : F is a closed subset of R and F C A}

is called the inner measure of A.

(a) Show thatif A is a Lebesgue measurable subset of R, then the inner measure
of A equals the other measure of A.

(b) Show that inner measure is not a measure on the c-algebra of all subsets
of R.
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2E Convergence of Measurable Functions

Recall that a measurable space is a pair (X, S), where X is a set and S is a 0-algebra
on X. We defined a function f: X — R to be S-measurable if f~1(B) € S for
every Borel set B C R. In Section 2B we proved some results about S-measurable
functions; this was before we had introduced the notion of a measure.

In this section, we return to study measurable functions, but now with an emphasis
on results that depend upon measures. The highlights of this section are the proofs of
Egorov’s Theorem and Luzin’s Theorem.

Pointwise and Uniform Convergence

We begin this section with some definitions that you probably saw in an earlier course.

~N

(

2.76 Definition pointwise convergence; uniform convergence

Suppose X is a set, f1, fo, ... is a sequence of functions from X to R, and f is a
function from X to R.

e The sequence f1, fa, ... converges pointwise on X to f if

lim fi(x) = f(x)

k—o0

for each x € X.

In other words, f1, f2,... converges pointwise on X to f if foreach x € X
and every ¢ > 0, there exists n € Z™ such that |f(x) — f(x)| < € for all
integers k > n.

e The sequence f1, fo,... converges uniformly on X to f if for every € > 0,
there exists n € Z such that | f¢(x) — f(x)| < e for all integers k > n and

\_ all x € X. )

2.77 Example a sequence converging pointwise but not uniformly

Suppose fi: [—1,1] — Riis the 2k
function whose graph is shown here
and f: [—1,1] — R s the function

defined by
1 -
1 ifx #0,
X) =

f() {2 if x =0.
Then f1, f», . .. converges pointwise ‘ .1 1
on [—1,1] to f but fi, fo,... does -1 Tk k 1
not converge uniformly on [—1, 1] to The graph of f.

f, as you should verify.
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Like the difference between continuity and uniform continuity, the difference
between pointwise convergence and uniform convergence lies in the order of the
quantifiers. Take a moment to examine the definitions carefully. If a sequence of
functions converges uniformly on some set, then it also converges pointwise on the
same set; however, the converse is not true, as shown by Example 2.77.

Example 2.77 also shows that the pointwise limit of continuous functions need not
be continuous. However, the next result tells us that the uniform limit of continuous
functions is continuous.

(2.78 uniform limit of continuous functions is continuous w

Suppose B C R and f1, f,... is a sequence of functions from B to R that
converges uniformly on B to a function f: B — R. Suppose b € B and fy is
continuous at b for each k € Z*. Then f is continuous at b.

Proof  Suppose ¢ > 0. Let n € Z™ be such that |f,(x) — f(x)| < § forall x € B.
Because f, is continuous at b, there exists 6 > 0 such that |f, (x) — f,(b)| < 5 for
allx € (b—0,b+06)NB.

Now suppose x € (b —4,b+ &) N B. Then

[f(x) = FO)] < [£(x) = fu () [+ fu(x) = fu (D) + [ fu(b) = f(D)]

<&

Thus f is continuous at b.

Egorov’s Theorem

A sequence of functions that converges
pointwise need not converge uniformly.
However, the next result says that a point-
wise convergent sequence of functions on
a measure space with finite total measure
almost converges uniformly, in the sense that it converges uniformly except on a set
that can have arbitrarily small measure.

As an example of the next result, consider Lebesgue measure A on the inter-
val [—1,1] and the sequence of functions f1, f>,... in Example 2.77 that con-
verges pointwise but not uniformly on [—1,1]. Suppose ¢ > 0. Then taking
E =[-1,-%§]U[§ 1], we have A([-1,1] \ E) < eand fi, fo,... converges uni-
formly on E, as in the conclusion of the next result.

Dmitri Egorov (1869—-1931) proved
the theorem below in 1911. You may
encounter some books that spell his
last name as Egoroff.

(2.79 Egorov’s Theorem w

Suppose (X, S, ) is a measure space with j(X) < co. Suppose f1, fo,... isa
sequence of S-measurable functions from X to R that converges pointwise on
X to a function f: X — R. Then for every € > 0, there exists a set E € S such
that (X \ E) < eand fy, f5,... converges uniformly to f on E.
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Proof Suppose ¢ > 0. Temporarily fix n € Z*. The definition of pointwise
convergence implies that

[colEN o)

2.80 U NfxeX:[filx) - fx)| <1} =x.

m=1k=m

Form € Z™, let
Apn = (N {x e X: |fi(x) = f(¥)] < 3}
k=m

Then clearly A1, C Ay, C --- is an increasing sequence of sets and 2.80 can be
rewritten as

U Amn = X.
m=1

The equation above implies (by 2.58) that limy,—sco #(Am,n) = #(X). Thus there
exists m, € Z7T such that

€
2.81 wW(X) — u(Am,,n) < o
Now let .
E - ﬂ Amn,n.
n=1
Then

BV E) = (X () Ay
n=1

[e9)

= (U X\ An,n))

n=1

< i (XN Am,,n)

where the last inequality follows from 2.81.
To complete the proof, we must verify that fi, f», ... converges uniformly to f
on E. To do this, suppose ¢’ > 0. Letn € Z* be such that % < ¢.ThenE C Am,,n

which implies that
fi(x) = f(x)] < 5 <€

for all k > m, and all x € E. Hence fi, f>, ... does indeed converge uniformly to f
onE.
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Approximation by Simple Functions

( 2.82 Definition simple function w

LA function is called simple if it takes on only finitely many values. J

Suppose (X, S) is a measurable space, f: X — R is a simple function, and
c1,- .., Cn are the distinct nonzero values of f. Then

f=oxg + - Fonxg s

where E; = f~1({cx}). Thus this function f is an S-measurable function if and
only if Eq, ..., E; € S (as you should verify).

(2

>

.83 approximation by simple functions

Suppose (X, S) is a measure space and f: X — [—o00,00] is S-measurable.
Then there exists a sequence fi, fo, . . . of functions from X to R such that

(a) each fy is a simple S-measurable function;
®) [fir(¥)] < |fro1(x)] < |f(x)|forallk € Zt and all x € X;

() klim fr(x) = f(x) forevery x € X;
—00

k(d) f1, f2, ... converges uniformly on X to f if f is bounded. )
Proof The idea of the proof is that for each k € Zt and n € Z, the interval
[, + 1) is divided into 2¥ equally-sized half-open subintervals. If f(x) € [0,k),
we define fi(x) to be the left endpoint of the subinterval into which f(x) falls; if
f(x) € (—k,0), we define fi(x) to be the right endpoint of the subinterval into
which f(x) falls; and if |f(x)| > k, we define fi(x) to be k. Specifically, let

M if0< f(x) <kandm € Zissuch that f(x) € [2, 2HL),

2k 2k ok
fix) = 2L if —k < f(x) < O0andm € Zis such that f(x) € [2, 21),

ko if f(x) >k,
—k iff(x) < —k.

Each f~! (I3 mz—tl)) € S because f is S-measurable. Thus each fi is an S-
measurable simple function; in other words, (a) holds.

Also, (b) holds because of how we have defined fy.
The definition of f} implies that

2.84 |fe(x) — f(x)] < %k for all x € X such that f(x) € [—k, k.

Thus we see that (c) holds.
Finally, 2.84 shows that (d) holds.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



64 Chapter 2 Measures

Luzin’s Theorem

Our next result is surprising. It says that
an arbitrary Borel measurable function is
almost continuous, in the sense that its
restriction to a large closed set is contin-
uous. Here, the phrase large closed set
means that we can take the complement
of the closed set to have arbitrarily small
measure.

Be careful about the interpretation of
the conclusion of Luzin’s Theorem that f|p is a continuous function on B. This is
not the same as saying that f (on its original domain) is continuous at each point
of B. For example, Xo is discontinuous at every point of R. However, XQ|R\Q isa

('Nikolai Luzin (1883—1950) proved )
the theorem below in 1912. Most
mathematics literature in English
refers to the result below as Lusin’s
Theorem. However, Luzin is the
correct transliteration from Russian
into English; Lusin is the

\transliteration into German. -

continuous function on R\ Q (because this function is identically 0 on its domain).

(2.85 Luzin’s Theorem \

Suppose g: R — R is a Borel measurable function. Then for every e > 0, there
exists a closed set F C R such that |R \ F| < € and g|r is a continuous function
on F.

Proof  First consider the special case where ¢ = d; Xp, T+ dn Xp, for some
distinct nonzero dy,...,d, € R and some disjoint Borel sets Dq,..., D, C R.
Suppose € > 0. Foreach k € {1,...,n}, there exist (by 2.70) a closed set F, C Dy
and an open set G D Dy, such that

€ €

Because Gy \ Fy = (Gi \ D) U (Dy \ F), we have |Gy \ F| < £ for each k €
{1,...,n}.
Let

F= (Ln) Fk) U ﬁ(R\Gk).
k=1 k=1

Then F is a closed subset of R and R\ F C U;_;(Gg \ Fy). Thus |[R\ F| < e.
Because Fi C Dy, we see that g is identically d on Fi. Thus g|F, is continuous
foreachk € {1,...,n}. Because

n n

R\ Gy) C ﬂR\Dk

k=1 k=1

we see that g is identically 0 on N_; (R \ Gy). Thus glﬂZzl(R\Gk) is continuous.
Putting all this together, we conclude that g|r is continuous (use Exercise 9 in this
section), completing the proof in this special case.

Now consider an arbitrary Borel measurable function g: R — R. By 2.83, there
exists a sequence g1, §2, . . . of functions from R to R that converges pointwise on R
to g, where each gy is a simple Borel measurable function.
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Suppose ¢ > 0. By the special case already proved, for each k € Z™, there exists
a closed set Cy C R such that [R \ Cy| < 5% and g|c, is continuous. Let

c=(GC
k=1

Thus C is a closed set and g |c is continuous for every k € Z™. Note that

e}

R\ C = [J(R\Cp)s
k=1
thus [R\ C| < §.
For each m € Z, the sequence g1|<m,m+1),g2](mrm+1),. .. converges pointwise
on (m,m + 1) to g|(; m+1)- Thus by Egorov’s Theorem (2.79), for each m € Z,
there is a Borel set E,; C (m, m + 1) such that 21,82, - - - converges uniformly to ¢

on E,; and

€
Thus g1, g2, . . . converges uniformly to g on C N E,;, for each m € Z. Because each
Qk|c is continuous, we conclude (using 2.78) that g|cng,, is continuous for each

m € Z. Thus g|p is continuous, where
D= U (CNEyp).
meZ

Because
R\DC ZU ( U ((m,m+1)\Em)) U(R\C),
meZ

we have |R\ D| < e.
There exists a closed set F C D such that |[D \ F| < ¢ — |R\ D| (by 2.64). Now

[R\F| = [(R\D)U(D\F)| <|[R\D|+|D\F| <e.

Because the restriction of a continuous function to a smaller domain is also continuous,
Q| is continuous, completing the proof.

We will need the following result to get another version of Luzin’s Theorem.

(

2.86 continuous extensions of continuous functions

o

e Every continuous function on a closed subset of R can be extended to a
continuous function on all of R.

e More precisely, if F C R is closed and g: F — R is continuous, then there
exists a continuous function : R — R such that h|f = g. )

Proof Suppose F C Ris closed and ¢: F — R is continuous. Thus R\ F is the
union of a collection of disjoint open intervals {I }. For each such interval of the
form (a, c0) or of the form (—oo, a), define hi(x) = g(a) for all x in the interval.
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For each interval I of the form (b, c) with b < c and b, ¢ € R, define /1 on [b, ¢]
to be the linear function such that 1(b) = ¢(b) and h(c) = g(c).

Define h(x) = g(x) for all x € R for which /(x) has not been defined by the
previous two paragraphs. Then /i: R — R is continuous and k| = g.

The next result gives a slightly modified way to state Luzin’s Theorem. You can
think of this version as saying that the value of a Borel measurable function can be
changed on a set with small Lebesgue measure to produce a continuous function.

( 2.87 Luzin’s Theorem, second version w

Suppose E C R and g: E — R is a Borel measurable function. Then for every
£ > 0, there exists a closed set F C E and a continuous function : R — R such
that |E \ F| < eand h|p = g|F.

Proof Suppose ¢ > 0. Extend ¢ to a function §: R — R by defining

v Jglx) ifx€E,
g(x)_{o ifx € R\ E.

By the first version of Luzin’s Theorem (2.85), there is a closed set C C R such
that |[R \ C| < € and §|c is a continuous function on C. There exists a closed set
FC CNEsuchthat |[(CNE)\ F| <e—|R\C| (by 2.64). Thus

EVF| < [((CNE)\F)UR\C)| < [(CAE)\F| +|R\C| <.

Now §|F is a continuous function on F. Also, §|r = g|r (because F C E) . Use
2.86 to extend §|r to a continuous function i: R — R.

a N

\_ J

The building at Moscow State University at which the mathematics seminar
organized by Egorov and Luzin met. Both Egorov and Luzin had been students at
Moscow State University and then later became faculty members at the same
institution. Luzin’s PhD thesis advisor was Egorov.

CC-BY-SA A. Savin
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Lebesgue Measurable Functions

( 2.88 Definition Lebesgue measurable function w

A function f: A — R, where A C R, is called Lebesgue measurable if f~'(B)
is a Lebesgue measurable set for every Borel set B C R.

If f: A — RisaLebesgue measurable function, then A is a Lebesgue measurable
subset of R [because A = f~1(R)]. If A is a Lebesgue measurable subset of R, then
the definition above is the standard definition of an S-measurable function, where S
is a o-algebra of all Lebesgue measurable subsets of A.

The following list summarizes and reviews some crucial definitions and results:

e A Borel set is an element of the smallest c-algebra on R that contains all the
open subsets of R.

e A Lebesgue measurable set is an element of the smallest o-algebra on R that
contains all the open subsets of R and all the subsets of R with outer measure 0.

e The terminology Lebesgue set would make good sense in parallel to the termi-
nology Borel set. However, Lebesgue set has another meaning, so we need to
use Lebesgue measurable set.

e Every Lebesgue measurable set differs from a Borel set by a set with outer
measure 0. The Borel set can be taken either to be contained in the Lebesgue
measurable set or to contain the Lebesgue measurable set.

e QOuter measure restricted to the c-algebra of Borel sets is called Lebesgue
measure.

e Outer measure restricted to the o-algebra of Lebesgue measurable sets is also
called Lebesgue measure.

e Outer measure is not a measure on the ¢-algebra of all subsets of R.

e A function f: A — R, where A C R, is called Borel measurable if f~1(B) is a
Borel set for every Borel set B C R.

e A function f: A — R, where A C R, is called Lebesgue measurable if f~!(B)
is a Lebesgue measurable set for every Borel set B C R.

Although there exist Lebesgue mea- /7
surable sets that are not Borel sets, you
will never run into one. Similarly, you
will never run into a Lebesgue measur-
able function that is not Borel measurable.
A great way to simplify the potential con-
fusion about Lebesgue measurable func-
tions belng defined l?y inverse images of series A Comprehensive Course in
Borel sets is to consider only Borel mea- Analvsis
surable functions. \2nay J

Passing from Borel to Lebesgue )
measurable functions is the work of
the devil. Don’t even consider it!”
—Barry Simon (winner of the
American Mathematical Society
Steele Prize for Lifetime
Achievement), in his five-volume
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The next result states that if we adopt
the philosophy that what happens on a
set of outer measure 0 does not matter
much, then we might as well restrict our
attention to Borel measurable functions.

“He professes to have received no
sinister measure.”

—Measure for Measure,

by William Shakespeare

( 2.89 every Lebesgue measurable function is almost Borel measurable W

Suppose f: R — R is a Lebesgue measurable function. Then there exists a Borel
measurable function ¢: R — R such that

[{x e R:g(x) # f(x)} = 0.

Proof ~There exists a sequence f1, fo, . . . of Lebesgue measurable simple functions
from R to R converging pointwise on R to f (by 2.83). Suppose k € Z*. Then there
exist c1,...,¢;, € R and disjoint Lebesgue measurable sets Aq,..., A; C R such
that

fk = ClXA1 + - +CV!XAn'
Foreach j € {1,...,n}, there exists a Borel set B; C A; such that |A; \ Bj| =0
[by the equivalence of (a) and (d) in 2.70]. Let

8k = C1Xp, T T Cnip,-

Then g is a Borel measurable function and [{x € R : gx(x) # fx(x)}| = 0.

If x ¢ Upq{x € R:gx(x) # fx(x)}, then gx(x) = f(x) forallk € Z" and
hence limy ., gx(x) = f(x). Let

E={xeR: klim Qk(x) exists in R}.
—00

Then E is a Borel subset of R [by Exercise 14(b) in Section 2B]. Also,

RVEC |J{reR:gi(x) £ fil(x)}

k=1

and thus |[R\ E| = 0. For x € R, let
290 £(x) = Iim (x,20) (x).
k—o0

If x € E, then the limit above exists by the definition of E; if x € R \ E, then the
limit above exists because (xgx)(x) = 0 forallk € Z*.

For each k € Z™, the function X 8k is Borel measurable. Thus 2.90 implies that g
is a Borel measurable function (by 2.47). Because

[e9)

{xeR:g(x) # f(x)} € U{x eR:gi(x) # fi(x)}.

k=1

we have |[{x € R: g(x) # f(x)}| = 0, completing the proof.
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EXERCISES 2E

1 Suppose X is a finite set. Explain why a sequence of functions from X to R that
converges pointwise on X also converges uniformly on X.

2 Give an example of a sequence of functions from Z™ to R that converges
pointwise on Z* but does not converge uniformly on Z ™.

3 Give an example of a sequence of continuous functions f, fo, ... from [0, 1]
to R that converge pointwise to a function f: [0,1] — R that is not a bounded
function.

4 Prove or give a counterexample: If A C R and f, f5,... is a sequence of
uniformly continuous functions from A to R that converge uniformly to a
function f: A — R, then f is uniformly continuous on A.

5 Give an example to show that Egorov’s Theorem can fail without the hypothesis
that p1(X) < oo.

6 Suppose (X, S, jt) is a measure space with p(X) < oo. Suppose fi, fo,...1isa
sequence of S-measurable functions from X to R such that limy_, 4, fx(x) = o0
for each x € X. Prove that for every ¢ > 0, there exists a set E € S such that
(X \ E) < eand fy, f2,... converges uniformly to co on E (meaning that for
every t > 0, there exists 7 € Z™ such that f(x) > t for all integers k > n and
all x € E).

[The exercise above is an Egorov-type theorem for sequences of functions that
converge pointwise to 00.]

7 Suppose F is a closed bounded subset of R and g1,&>, ... is an increasing
sequence of continuous real-valued functions on F (thus g1 (x) < gp(x) < ---
for all x € F) such that sup{g;(x), g2(x), ...} < oo foreach x € F. Define a
real-valued function g on F by

g(x) = lim gi(x).
k—o0

Prove that g is continuous on F if and only if g1, g2, . . . converges uniformly on
Ftog.
[The result above is called Dini’s Theorem.]

8 Suppose y is the measure on (ZT, 22+) defined by

1

u(E) = -

nekE

Prove that for every € > 0, there exists a set E C Z" with u(Z* \ E) < ¢
such that f, f,. .. converges uniformly on E for every sequence of functions
f1, fa, ... from Z* to R that converges pointwise on Z ™.

[This result does not follow from Egorov’s Theorem because here we are asking
for E to depend only on €. In Egorov’s Theorem, E depends on € and on the

sequence f1, fo,....]
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Suppose Fy, ..., F, are disjoint closed subsets of R. Prove that if
g:hU---UF, =R

is a function such that g|, is a continuous function for each k € {1,...,n},
then g is a continuous function.

Suppose F C R is such that every continuous function from F to R can be
extended to a continuous function from R to R. Prove that F is a closed subset
of R.

Prove or give a counterexample: If F C R is such that every bounded continuous
function from F to R can be extended to a continuous function from R to R,
then F is a closed subset of R.

Give an example of a Borel measurable function f from R to R such that there
does not exist a set B C R such that |R\ B] = 0 and f|p is a continuous
function on B.

Prove or give a counterexample: If f;: R — R is a Borel measurable function
foreacht € Rand f: R — (—00,00] is defined by

f(x) =sup{fi(x) : t € R},
then f is a Borel measurable function.

Suppose by, by, . . . is a sequence of real numbers. Define f: R — [0, co] by

ad 1
— if by, by, ...},
PR P R AT
o0 ifo{bl,b2,...}.

Prove that [{x € R: f(x) < 1}| = c0.
[This exercise is a variation of a problem originally considered by Borel. If
by, by, ... contains all the rational numbers, then it is not even obvious that

{x €R: f(x) < oo} #D1]

Suppose B is a Borel set and f: B — R is a Lebesgue measurable function.
Show that there exists a Borel measurable function g: B — R such that

[{x € B:g(x) # f(x)} = 0.
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Chapter
3

Integration

To remedy deficiencies of Riemann integration that were discussed in Section 1B,
in the last chapter we developed measure theory as an extension of the notion of the
length of an interval. Having proved the fundamental results about measures, we are
now ready to use measures to develop integration with respect to a measure. As we
will see, this new method of integration fixes many of the problems with Riemann
integration.

a N

Statue in Milan of Maria Gaetana Agnesi,
who in 1748 published one of the first calculus textbooks.

A translation of her book into English was published in 1801.
In this chapter, we will develop a method of integration more
powerful than methods contemplated by the pioneers of calculus.
©Giovanni Dall'Orto
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3A Integration with Respect to a Measure

Integration of Nonnegative Functions

We will first define the integral of a nonnegative function with respect to a measure.
Then by writing a real-valued function as the difference of two nonnegative functions,
we will define the integral of a real-valued function with respect to a measure. We
begin this process with the following definition.

(3.1 Definition S-partition w

LSuppose S is a o-algebra on a set X. An S-partition of X is a finite collectionJ

A1,..., Ay of disjoint sets in S such that AjU---U A, = X.

The next definition should remind you
of the definition of the lower Riemann
sum (see 1.3). However, now we are
working with an arbitrary measure and
thus X need not be a subset of R. More importantly, even in the case when X is a
closed interval [a,b] in R and p is Lebesgue measure on the Borel subsets of [a, ],
the sets A1, ..., Ay, in the definition below do not need to be subintervals of [a, b] as
they do for the lower Riemann sum—they need only be Borel sets.

s

3.2 Definition lower Lebesgue sum

We adopt the convention that O - 0o
and o - 0 should both be interpreted
to be 0.

\

Suppose that (X, S, pt) is a measure space, f: X — [0, o0] is an S-measurable
function, and P is an S-partition A1, ..., Ay of X. The lower Lebesgue sum
L(f,P) is defined by

Zy ‘mff)

xeA

\_ J

Suppose (X, S, u) is a measure space. We will denote the integral of an S-
measurable function f with respect to y by [ f du. Our basic requirements for
an integral are that we want [ ), du to equal y(E) for all E € S, and we want
J(f+g)du= [ fdu+ [ gdu. As we will see, the following definition satisfies
both of those requirements (although this is not obvious). Think about why the
following definition is reasonable in terms of the integral equaling the area under the
graph of the function (in the special case of Lebesgue measure on an interval of R).

(- )

3.3 Definition integral of a nonnegative function

Suppose (X, S, i) is a measure space and f: X — [0, 00] is an S-measurable
function. The integral of f with respect to j, denoted [ f dy, is defined by

/fdy = sup{L(f,P) : P is an S-partition of X}.

\ J
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Suppose (X, S, ) is a measure space and f: X — [0, o0] is an S-measurable
function. Each S-partition Ay, ..., Ay of X leads to an approximation of f from
below by the S-measurable simple function Z;”:l (infxe A f (x)) Xar This suggests

that

Yn(4) jnf £
should be an approximation from below of our intuitive notion of | f dy. Taking the
supremum of these approximations leads to our definition of f fdu.
Let’s begin getting more comfortable with the definition of the integral of a
nonnegative function with respect to a measure by proving the following result,
which gives our first example of evaluating such an integral.

(3.4 integral of a characteristic function w

Suppose (X, S, ) is a measure space and E € S. Then

/xEdu = u(E).

Proof If P is the S-partition of X con-
sisting of E and its complement X \ E, f ¥ ) ;
i dy has no meaning, serving only
then clearly L(x;,P) = p(E). Thus to separate f from y. Because the d
f Xpdu = V(E)'. L in f f du does not represent another
) Tolprove the mequ?lhty in the (.)ther object, some mathematicians prefer
direction, suppose P is an S-partition typesetting an upright d in this
Ay, ’Am of X. Then infrey, xp(x) situation, producing [ f dp.
equals 1if A; C E and equals 0 other- | fowever; the upright d looks jarring

(The symbol d in the expression A

wise. Thus to some readers who are accustomed
£(XE ,P) = Z ‘M(Aj) to italicized symbols. This book
{j: AjCE} takes the compromise position of
using slanted d instead of
= V( U Aj ) \math—mode italicized d in integralsj
< u(E).
Thus [ x.du < p(E), completing the proof.

3.5 Example integrals of Xo and X1\ 0

Suppose A is Lebesgue measure on R. As a special case of the result above, we
have | X dA = 0 (because |Q| = 0). Recall that Xon [o,1] 18 not Riemann integrable

on [0,1]. Thus even at this early stage in our development of integration with respect
to a measure, we have fixed one of the deficiencies of Riemann integration.

Note also that 3.4 implies that fX[o,l]\Qd)‘ = 1 (because |[0,1] \ Q| = 1),
which is what we want. In contrast, the lower Riemann integral of X011\ q OP [0,1]
equals 0, which is not what we want.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



74 Chapter 3  Integration

3.6 Example integration with respect to counting measure is summation

Suppose j is counting measure on Z 1 and by, by, . . . is a sequence of nonnegative
numbers. Think of b as the function from Z* to [0, co) defined by b(k) = by. Then

[bdn= 3 b
k=1

as you should verify.

Integration with respect to a measure can be called Lebesgue integration. The
next result shows that Lebesgue integration behaves as expected on simple functions
represented as linear combinations of characteristic functions of disjoint sets.

f3.7 integral of a simple function

\

Suppose (X, S,y) is a measure space, Eq, ..., E;, are disjoint sets in S, and
€1,...,Cn € [0,00]. Then

n n
/(Z CkXEk) dp =Y cip(Ex).
k=1 k=1

. J
Proof  Without loss of generality, we can assume that Eq, . . ., Ej, is an S-partition of
X [by replacing nn by n + 1 and setting E,, .1 = X \ (E; U...UE,) and ¢, 1 = 0].

If P is the S-partition Eq, ..., E; of X, then L(f,P) = ¥}_; cxt(Ex). Thus
J(Ckor erxg,) dp > g cxpe(Eg).

To prove the inequality in the other direction, suppose that P is an S-partition
Aq,..., Ay of X. Then

hgE

A in ¢
w4 {i:Airmlllsr,-l#@} ‘i

-
Il
—_

I
1=
1=

H(A;NE) ~ min ¢

. 1
k=1 {lA]ﬁE,;ﬁ@}

-
I
—

IN
=
M:

H(A; N Eg)ck
k

m
e ) H(AjNEg)
=1

1

-
I
—

I
=

-
Il
_

|
=

cxpt(Ex)-

-
Il
_

The inequality above implies that [ (Y}_, ck)(Ek) du < Y} cxp(Eg), completing
the proof.
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The next easy result gives an unsurprising property of integrals.

(3.8 integration is order preserving \

Suppose (X, S, jt) is a measure space and f, g: X — [0, oo] are S-measurable
functions such that f(x) < g(x) forall x € X. Then [ fdu < [ gdpu.

Proof Suppose P is an S-partition Ay, ..., Ay of X. Then

inf f(x) < inf g(x)

XEA]' XEA/'

foreachj=1,...,m. Thus L(f,P) < L£(g,P). Hence [ fdu < [ gdpu.

Monotone Convergence Theorem

For the proof of the Monotone Convergence Theorem, we will need to use the
following mild restatement of the definition of the integral of a nonnegative function.

(- )

3.9 integrals via simple functions

Suppose (X, S, 1) is a measure space and f: X — [0, 0] is S-measurable. Then

m
3.10 /fdy = sup{z ciu(Aj) + Ay, ..., Ay are disjoint sets in S,
j=1

€1,.--,¢m € [0,00), and

m
f(x) > ];C]XA,-(’C> for every x € X}
\_ J
Proof  First note that the left side of 3.10 is bigger than or equal to the right side by
3.7 and 3.8.

To prove that the right side of 3.10 is bigger than or equal to the left side, first
assume that inf,c 4 f(x) < oo for every A € S with y(A) > 0. Then for P an
S-partition Ay, ..., Ay, of X, take ¢; = infyca, f(x), which shows that L(f,P)is
in the set on the right side of 3.10. Thus the definition of | f du shows that the right
side of 3.10 is bigger than or equal to the left side.

The only remaining case to consider is when there exists a set A € S such that
u(A) > 0andinfyc4 f(x) = oo [which implies that f(x) = oo forall x € A]. In
this case, for arbitrary t € (0, 00) we can take m = 1, A; = A, and ¢ = f. These
choices show that the right side of 3.10 is at least tj1(A). Because ¢ is an arbitrary
positive number, this shows that the right side of 3.10 equals co, which of course is
greater than or equal to the left side, completing the proof.

The next result allows us to interchange limits and integrals in certain circum-
stances. We will see more theorems of this nature in the next section.
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(- )

3.11  Monotone Convergence Theorem

Suppose (X, S, i) is a measure space and 0 < f; < fp < --- is an increasing
sequence of S-measurable functions. Define f: X — [0, oo]

f(x) = lim fi(x).

Then
lim /fkdy = /fdy.

\_ k—ro00 )
Proof The function f is S-measurable by 2.52.

Because fi(x) < f(x) for every x € X, we have [ fidu < [ fdyu for each
k € Z* (by 3.8). Thus limy . [ frdu < [ fdpu.

To prove the inequality in the other direction, suppose Ay, ..., Ay, are disjoint
setsin S and ¢y, ..., ¢y, € [0,00) are such that

m
3.12 flx) > Zc]-)(Av(x) for every x € X.
— i
Lett € (0,1). Fork € Z™, let
Ek:{XGX fk >tEC]XA )}

Then E; C Ep C --- is an increasing sequence of sets in S whose union equals X.
Thus limy_,, y(A N Ex) = p(A;j) foreach j € {1,...,m} (by 2.58).
If k € Z™, then

fi(x Z ECiX 4, (%)

]_
for every x € X. Thus (by 3.9)

m
/fk du >ty ciu(AjNEg).
j=1
Taking the limit as k — oo of both sides of the inequality above gives
m
lim / du>t) ciu(A
lim [ fiedp > ]; i#(4))
Now taking the limit as ¢ increases to 1 shows that
m
I / du> Y cu(A
lim [ fiedu = ]; iH(A))
Taking the supremum of the inequality above over all S-partitions Aq,..., Ay

of X and all ¢q,...,cy € [0,00) satisfying 3.12 shows (using 3.9) that we have
limy_, [ fidi > [ f du, completing the proof.
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The proof that the integral is additive will use the Monotone Convergence Theorem
and our next result. The representation of a simple function #: X — [0, c0] in the
form Y ', ¢k X, is not unique. Requiring the numbers cy, . . ., ¢, to be distinct and
Eq, ..., Ey to be nonempty and disjoint with Eq U - - - U E; = X does produce what
is called the standard representation of a simple function [take Ex = h™1({c;}),
where c1, ..., ¢y, are the distinct values of 1]. The following lemma shows that all
representations (including representations with sets that are not disjoint) of a simple
measurable function give the same sum that we expect from integration.

~

f&1 3 integral-type sums for simple functions

Suppose (X, S, jt) is a measure space. Suppose a1, ..., a4y, by, ..., by € [0, 0]
and Aq,...,An, By,...,B, € S are such that Z;-"zl anAj =i bk)(Bk. Then

i”ﬂ/‘(Aj) = i by (By)-
=1 k=1

\_ J

Proof We assume Ay U ---U A, = X (otherwise add the term OXX\
Suppose A1 and A; are not disjoint. Then we can write

(AyU--- UA,,,))'

3.14 MX g T 02X 0, = WX\ 2, T 02X g0\ 4, T (a1 +ﬂ2)XA] AA,°

where the three sets appearing on the right side of the equation above are disjoint.

Now A1 = (A1 \ A2) U(A1NAy) and Ay = (A \ A1) U (A1 N Ay); each
of these unions is a disjoint union. Thus p(A1) = u(A1 \ Az) + u(A; N A;) and
]J(Az) = }l(Az \ Al) + ]J(Al N Az). Hence

a1p(Ar) + axp(Az) = a1p(Ar \ Az) +aap( Az \ Ar) + (a1 +a2) (A1 N Az).

The equation above, in conjunction with 3.14, shows that if we replace the two
sets A1, Ay by the three disjoint sets A1 \ Ay, Ay \ A1, A1 N Ay and make the
appropriate adjustments to the coefficients a4, ..., ay, then the value of the sum
i ajp(A;) is unchanged (although m has increased by 1).

Repeating this process with all pairs of subsets among Aq,..., Ay that are
not disjoint after each step, in a finite number of steps we can convert the ini-
tial list Aq,..., Ay, into a disjoint list of subsets without changing the value of
Yy au(A)).

The next step is to make the numbers a1, . . ., a;, distinct. This is done by replacing
the sets corresponding to each a; by the union of those sets, and using finite additivity
of the measure 3 to show that the value of the sum 2}”:1 ajp(A;) does not change.

Finally, drop any terms for which A; = @, getting the standard representation
for a simple function. We have now shown that the original value of }i" 1 a1 (A;)
is equal to the value if we use the standard representation of the simple function

Z;-”zl AGX 5 The same procedure can be used with the representation } 7, b Xp, t©
show that } }_ bp(x Bk) equals what we would get with the standard representation.

Thus the equality of the functions Z;-":l ajx , and Y1 bk X, implies the equality
)
Yty ajp(Aj) = Yg_q b (By).
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Now we can show that our definition
of integration does the right thing with
simple measurable functions that might
not be expressed in the standard represen-
tation. The result below differs from 3.7
mainly because the sets Eq, ..., E; in the
result below are not required to be dis-
joint. Like the previous result, the next
result would follow immediately from the
linearity of integration if that property had
already been proved.

(

3.15 integral of a linear combination of characteristic functions

[If we had already proved that )
integration is linear, then we could
quickly get the conclusion of the
previous result by integrating both
sides of the equation

}”:1 4X 4, = Y kaBk with
respect to . However, we need the
previous result to prove the next
result, which is used in our proof

\that integration is linear. )

>

Suppose (X, S, pt) is a measure space, Eq,...,E, € S,andcy,...,cy € [0,00].

Then ; ;
/(Z CkXEj) dy = _ECW(E]')-
- ~ ~ Y

Proof The desired result follows from writing the simple function } }_; cxx E in
the standard representation for a simple function and then using 3.7 and 3.13.

Now we can prove that integration is additive on nonnegative functions.

( 3.16 additivity of integration w

Suppose (X, S, i) is a measure space and f,g: X — [0, 00 are S-measurable

functions. Then
/(f+g)du=/fdu+/gdﬂ-

Proof The desired result holds for simple nonnegative S-measurable functions (by
3.15). Thus we approximate by such functions.

Specifically, let f1, f2,... and g1, g2, . .. be increasing sequences of simple non-
negative S-measurable functions such that

im fi(x) = f(x) and  lim gi(x) = g(x)
k—oc0 k—o00
for all x € X (see 2.83 for the existence of such increasing sequences). Then
/(f+g) du = ,}ggo/(fwgk) du
= lim /fkdy+ lim /gkdy
k—co k—o0

=/fdﬂ+/gdu,

where the first and third equalities follow from the Monotone Convergence Theorem
and the second equality holds by 3.15.
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The lower Riemann integral is not additive, even for bounded nonnegative measur-
able functions. For example, if f = Xan o) and g = Xio,1)\ then

L(f,[0,1]) =0 and L(g,[0,1]) =0 but L(f+g[0,1]) =1

In contrast, if A is Lebesgue measure on the Borel subsets of [O, 1], then

/fdA:O and /gcmzl and /(f+g)dA:1.

More generally, we have just proved that [(f +¢)dy = [ fdu+ [ gdu for
every measure j and for all nonnegative measurable functions f and g. Recall that
integration with respect to a measure is defined via lower Lebesgue sums in a similar
fashion to the definition of the lower Riemann integral via lower Riemann sums
(with the big exception of allowing measurable sets instead of just intervals in the
partitions). However, we have just seen that the integral with respect to a measure
(which could have been called the lower Lebesgue integral) has considerably nicer
behavior (additivity!) than the lower Riemann integral.

Integration of Real-Valued Functions

The following definition gives us a standard way to write an arbitrary real-valued
function as the difference of two nonnegative functions.

f3.17 Definition f*; f~ ]

Suppose f: X — [—00, 00| is a function. Define functions f* and f~ from X to
[0, 00] by

_ Jf(x) iff(x) =0, . o if f(x) >0,
\fﬂx)_{o if f(x) <0 and f (x>_{—f(x) if f(x) <O0. )

Note that if f: X — [—o0, c0] is a function, then
f=fT=f and |[fl=f"+f"

The decomposition above allows us to extend our definition of integration to functions
that take on negative as well as positive values.

s

3.18 Definition integral of a real-valued function

~

Suppose (X, S, i) is a measure space and f: X — [—00,00] is a measurable
function such that at least one of [ f* dy and [ f~ du is finite. The integral of
f with respect to , denoted | f dy, is defined by

L /fd#:/ﬁdﬂ—/f‘dﬂ- )

If f >0, then f* = fand f~ = 0; thus this definition is consistent with the
previous definition of the integral of a nonnegative function.
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The condition [|f]du < oo is equivalent to the condition [ f* du < oo and
J f~du < oo (because |f| = fT 4 f7).
3.19 Example a function whose integral is not defined
Suppose A is Lebesgue measure on R and f: R — R is the function defined by
1 if x >0,
x) = -
fx) {—1 if x <0.
Then | f dA is not defined because [ f* dA = ooand [ f~ dA = oo.

The next result says that the integral of a number times a function is exactly what
we expect.

-

3.20 integration is homogeneous

>

Suppose (X, S, p) is a measure space and f: X — [—00,00] is a function such
that | f dy is defined. If ¢ € R, then

/cfdyzc/fdy.

- J
Proof  First consider the case where f is a nonnegative function and ¢ > 0. If P is
an S-partition of X, then clearly L£(cf, P) = cL(f,P). Thus [cfdu =c [ fdu.

Now consider the general case where f takes values in [—o0, 00]. Suppose ¢ > 0.
Then

[efdu= [ du— [(ef)

=/Cf+du*/0f‘du
o[ rran [ an)
ZC/fdﬂs

where the third line follows from the first paragraph of this proof.
Finally, now suppose ¢ < 0 (still assuming that f takes values in [—00, c0]). Then
—c > 0and

[efdn= [t du— [(e) au
= [(=afdu= [(=e)f* au
= (—C)(/f‘ dﬂ—/f+dﬂ>
ZC/fdu,

completing the proof.
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Now we prove that integration with respect to a measure has the additive property
required for a good theory of integration.

f?:.21 additivity of integration )

Suppose (X,S,u) is a measure space and f,g: X — (—o0,00) are S-
measurable functions such that [|f|du < coand [|g|du < co. Then

/(f+g)du=/fdﬂ+/gdﬂ-

o
Proof Clearly

(f+8) = (f+8) =f+g
=fr-f+g -g.
Thus
f+e) +f +g =(f+8) +f +s5"
Both sides of the equation above are sums of nonnegative functions. Thus integrating
both sides with respect to ¢ and using 3.16 gives

/(f+g)+du+/f‘du+/g‘du:_/(f+g)‘du+/f+du+/g+d#.
Rearranging the equation above gives
/(f+8)+dﬂ—/(f+8)_dﬂ=/f+dﬂ—/f_dﬂ+/8+dﬂ—/g_d%

where the left side is not of the form co — co because (f +g)" < f™ + ¢™ and
(f+8)~ < f~ + g . The equation above can be rewritten as

/(f+8)dﬂz/fdﬂ+/8dﬂr
completing the proof.

The next result resembles 3.8, but now the functions are allowed to be real valued.

ﬁ.22 integration is order preserving w

Suppose (X, S, ) is a measure space and f,g: X — R are S-measurable
functions such that | f du and [ g d are defined. Suppose also that f(x) < g(x)
for all x € X. Then ffdy < fgd;t.

Proof Case where [ f du = £oo or [ g du = oo are left to the reader. Thus we
assume that [|f|dy < oo and [|g|du < co.
The additivity (3.21) and homogeneity (3.20 with ¢ = —1) of integration imply

that
/gdﬂj/fd#é/(g*f)dﬂ-

The last integral is nonnegative because g(x) — f(x) > 0 for all x € X.
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The inequality in the next result receives frequent use.

-

3.23 absolute value of integral < integral of absolute value

\

Suppose (X, S, p) is a measure space and f: X — [—00,00] is a function such

that | f dy is defined. Then
L }/fdﬂ\ﬁ/lfldﬂ- )

Proof Because | f dy is defined, f is an S-measurable function and at least one of
J ftduand [ f~ duis finite. Thus

o =|f s o [ o

s/f*dwr/f’dﬂ

as desired.

EXERCISES 3A

1 Suppose (X, S, i) is a measure space and f: X — [0, o0] is an S-measurable
function such that | f du < co. Explain why

inf f(x) =0

x€E
for each set E € S with y(E) = oo.
2 Suppose X is a set, S is a o-algebra on X, and ¢ € X. Define the Dirac measure
dc on (X,S) by
1 ifceE
6c(E) = ’
(E) {o ifc ¢ E.

Prove that if f: X — [0, o] is S-measurable, then [ f dé. = f(c).
[Careful: {c} may not be in S.]

3 Suppose (X, S, jt) is a measure space and f: X — [0, 00] is an S-measurable
function. Prove that

/fdy > 0ifand only if #({x € X : f(x) > 0}) > 0.
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Give an example of a Borel measurable function f: [0,1] — (0, 00) such that
L(£,[0,1]) = 0.

[Recall that L(f, [0,1]) denotes the lower Riemann integral, which was defined
in Section 1A. If A is Lebesgue measure on [0, 1], then the previous exercise
states that f f dA > 0 for this function f, which is what we expect of a positive
function. Thus even though both L(f,[0,1]) and [ f dA are defined by taking
the supremum of approximations from below, Lebesgue measure captures the
right behavior for this function f and the lower Riemann integral does not.]

Verify the assertion that integration with respect to counting measure is summa-
tion (Example 3.6).

Suppose (X, S, i) is a measure space, f: X — [0, 0] is S-measurable, and P
and P’ are S-partitions of X such that every set in P’ is contained some set in P.
Prove that L(f,P) < L(f,P').

Suppose X is a set, S is the o-algebra of all subsets of X, and w: X — [0, o0]
is a function. Define a measure y on (X, S) by

u(E) =) w(x)

x€E

for E C X. Prove that if f: X — [0, 0] is a function, then
[ fau= ¥ w@x)f(),
where the infinite sums above are defined as the supremum of all sums over

finite subsets of X.

Suppose A denotes Lebesgue measure on R. Given an example of a sequence
fl, fz,- .. of simple Borel measurable functions from R to [O,oo) such that
limy o fx(x) = 0 for every x € R but limy_,o, [ frdA = 1.

Suppose p is a measure on a measurable space (X, S) and f: X — [0, 00] is an
S-measurable function. Define v: S — [0, 00| by

v(A4) = [ x,f dn

for A € S. Prove that v is a measure on (X, S).

Suppose (X, S, i) is a measure space and f1, f7, . . . is a sequence of nonnegative
S-measurable functions. Define f: X — [0, 00] by f(x) = Y32 ; fk(x). Prove

that .
/fdﬂ—k_Zl/fkdu-

Suppose (X, S, u) is a measure space and f1, fo, . . . are S-measurable functions
from X to R such that Y2 ; [|fx| di < oo. Prove that there exists E € S such
that ¢£(X \ E) = 0 and limy_,, fx(x) = O for every x € E.
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Show that there exists a Borel measurable function f: R — (0, 00) such that
f X f dA = oo for every nonempty open interval I C R, where A denotes
Lebesgue measure on R.

Give an example to show that the Monotone Convergence Theorem (3.11) can
fail if the hypothesis that f1, fo, . .. are nonnegative functions is dropped.

Give an example to show that the Monotone Convergence Theorem can fail if
the hypothesis of an increasing sequence of functions is replaced by a hypothesis
of a decreasing sequence of functions.

[This exercise shows that the Monotone Convergence Theorem should be called
the Increasing Convergence Theorem. However, see Exercise 20.]

Give an example of a sequence x1, Xp, . . . of real numbers such that

lim X exists in R,
dim, kZl k

but [ xdy is not defined, where y is counting measure on Z* and x is the
function from Z™ to R defined by x(k) = x.

Suppose A is Lebesgue measure on R and f: R — [—00, 00] is a Borel measur-
able function such that [ f dA is defined.

(a) Fort € R, define f;: R — [—o00,00] by fi(x) = f(x —t). Prove that
J fidA = [ fdAforallt € R

(b) Fort € R\ {0}, define f;: R — [—o00,00] by fi(x) = f(tx). Prove that
JfrdA = [ fdAforallt > 0.

Suppose S and T are o-algebras on a set X and S C T. Suppose yq is a
measure on (X, S), pip is a measure on (X, 7 ), and p1(E) = uz(E) for all
E € S. Prove that if f: X — [0, o] is S-measurable, then [ f duy = [ f du,.

For x1,x3,... asequence in [—oo, 00|, define lim inf x;. by
— 0

liminfx, = 11m 1nf{xk,xk+1, 3.
k—o0

Note that inf{xy, xy1,...} is an increasing function of k; thus the limit above
on the right exists in [—oo, c0].

18

Suppose that (X, S, jt) is a measure space and fi, fo, . .. is a sequence of non-
negative S-measurable functions on X. Define a function f: X — [0, o] by
flx) = lilfn inf fi(x). Prove that

— 00

/fdy < liminf/fk du.
k—o0

[The result above is called Fatou’s Lemma. Some textbooks prove Fatou’s
Lemma and then use it to prove the Monotone Convergence Theorem. Here
we are taking the reverse approach—you should be able to use the Monotone
Convergence Theorem to give a clean proof of Fatou’s Lemma.]
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Show that if (X, S, jt) is a measure space and f: X — [0, c0) is S-measurable,
then
p(X) Inf £(x) < [ e < p(X) sup ().
xeX xeX

Suppose (X, S, i) is a measure space and f1, fo, ... is a monotone (meaning
either increasing or decreasing) sequence of S-measurable functions. Define

f: X — [—00,00] by
F(x) = Tim fi()

k—o0

Prove that if [|f1|dyu < oo, then

fim [ S = | £

Henri Lebesgue wrote the following about his method of integration:

I have to pay a certain sum, which I have collected in my pocket. 1
take the bills and coins out of my pocket and give them to the creditor
in the order I find them until I have reached the total sum. This is the
Riemann integral. But I can proceed differently. After I have taken
all the money out of my pocket I order the bills and coins according
to identical values and then I pay the several heaps one after the other
to the creditor. This is my integral.

Use 3.15 to explain what Lebesgue meant and to explain why integration of a
function with respect to a measure can be thought of as partitioning the range of
the function, while Riemann integration depends upon partitioning the domain
of the function.

[The quote above is taken from page 796 of The Princeton Companion to
Mathematics, edited by Timothy Gowers.]
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3B Limits of Integrals & Integrals of Limits

This section will focus on interchanging limits and integrals. Those tools will allow
us to characterize the Riemann integrable functions in terms of Lebesgue measure.
We will also develop some good approximation tools that will be useful in later
chapters.

Bounded Convergence Theorem

We begin this section by introducing some useful notation.

[

3.24 Definition integration on a subset

\

Suppose (X, S, i) is a measure space and E € S. If f: X — [—00,00] is an
S-measurable function, then [ f dy is defined by

/Efdu=fx5fdﬂ

if the right side of the equation above is defined; otherwise [, f dy is undeﬁned.)

Alternatively, you can think of [, fdu as [ f|g dug, where pg is the measure
obtained by restricting y to the elements of S that are contained in E.

Notice that according to the definition above, the notation f x f dp means the same
as [ f du. The following easy result illustrates the use of this new notation.

€ )

3.25 bounding an integral

Suppose (X, S, u) is a measure space, E € S, and f: X — [—00,00] is a
function such that |, £ f dy is defined. Then

(/Efdu\ < pw(E) suplf(x)]

Proof Letc = sup,g|f(x)|. We have

\/Efdu’:\/x,gfdu\
< [ Xl dn
S/chd#

= cu(E),

where the second line comes from 3.23, the third line comes from 3.8, and the fourth
line comes from 3.15.
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The next result could be proved as a special case of the Dominated Convergence
Theorem (3.31), which we will prove later in this section. Thus you could skip the
proof here. However, sometimes you get more insight by seeing an easier proof of an
important special case. Thus you may want to read the easy proof of the Bounded
Convergence Theorem that is presented next.

-~

3.26 Bounded Convergence Theorem

>

Suppose (X, S, i) is a measure space with y(X) < oo. Suppose fi, f2,... isa
sequence of S-measurable functions from X to R that converges pointwise on X
to a function f: X — R. If there exists ¢ € (0, 00) such that

fe(x)| <e

forallk € ZT and all x € X, then

L klgr.}o/fkdu=/fdﬂ- )

Proof The function f is S-measurable
by 2.47.

Suppose c satisfies the hypothesis of
this theorem. Let ¢ > 0. By Egorov’s
Theorem (2.79), there exists E € S such
that u(X \ E) < £ and fy, f2,... con-
verges uniformly to f on E. Now

Note the key role of Egorov’s
Theorem, which states that pointwise
convergence is close to uniform
convergence, in proofs involving
interchanging limits and integrals.

‘/fkdﬂ_/fdﬂ‘ :( X\Efkdﬂ_/X\Efd]/""/E(fk_f)dV‘

< [ Meldut [ ftaus [ 1~ fla

< % + u(E) sup|fi(x) = f(x)];

x€E
where the last inequality follows from 3.25. Because f1, f2, ... converges uniformly
to f on E and p(E) < oo, the right side of the inequality above is less than ¢ for k
sufficiently large, which completes the proof.
Sets of Measure 0 in Integration Theorems
Suppose (X, S, u) is a measure space. If f,¢: X — [—00, 00] are S-measurable

functions and
p({x e X: f(x) #g(x)}) =0,

then the definition of an integral implies that [ f du = [ g du (or both integrals are
undefined). Because what happens on a set of measure 0 often does not matter, the
following definition is useful.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



88 Chapter 3  Integration

ﬁ.27 Definition almost every w

Suppose (X, S, ) is a measure space. A set E € S is said to contain y-almost
every element of X if y£(X \ E) = 0. If the measure y is clear from the context,
then the phrase almost every can be used (abbreviated by some authors to a. e.).

For example, almost every real number is irrational (with respect to the usual
Lebesgue measure on R) because |Q| = 0.

Theorems about integrals can almost always be relaxed so that the hypotheses
apply only almost everywhere instead of everywhere. For example, consider the
Bounded Convergence Theorem (3.26), one of whose hypotheses is that

Jim fi(x) = £(x)

for all x € X. Suppose that the hypotheses of the Bounded Convergence Theorem
hold except that the equation above holds only almost everywhere, meaning there
isaset E € S such that #(X \ E) = 0 and the equation above holds for all x € E.
Define new functions g1, &>, ... and g by

_ Jfilx) ifx€E, _ Jf(x) ifx€eE,
gk(x)_{o itrex\E ™ g(x)_{o ifxe X\E.
Then
lim g (x) = g(x)

k—o0

for all x € X. Hence the Bounded Convergence Theorem implies that

lim/gkd#:/gdﬂ,
k—o0
which immediately implies that
lim /fkdu=/fdﬂ
k—o0
because [ grdu = [ fyduand [ gdu = [ fdu.

Dominated Convergence Theorem

The next result tells us that if a nonnegative function has a finite integral, then its
integral over all small sets (in the sense of measure) is small.

(

3.28 integrals on small sets are small

o

Suppose (X, S, ) is a measure space, g: X — [0,00] is S-measurable, and
J gdu < co. Then for every e > 0, there exists & > 0 such that

d
/Bgy<s

Gor every set B € S such that u(B) < J.

J
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Proof Suppose ¢ > 0. Let h: X — [0, c0) be a simple S-measurable function such

that 0 < h < g and
/gd‘u—/hdy<§;

the existence of a function /1 with these properties follows from 3.9. Let
H = max{h(x) : x € X}

and let 6 > 0 be such that Hé < 5.
Suppose B € S and y(B) < 4. Then

/Bgdu=/3(g—h>dﬂ+/3hdﬂ
S/(g—h)du+Hu(B>

€
< -+ Hé
2 +
<eg,
as desired.
Some theorems, such as Egorov’s Theorem (2.79) have as a hypothesis that the

measure of the entire space is finite. The next result sometimes allows us to get
around this hypothesis by restricting attention to a key set of finite measure.

-

3.29 integrable functions live mostly on sets of finite measure

o

Suppose (X, S, u) is a measure space, ¢: X — [0,00] is S-measurable, and
J g du < co. Then for every ¢ > 0, there exists E € S such that y(E) < oo and

gdu <e.
X\E
\ ' J
Proof Suppose € > 0. Let P be an S-partition Ay, ..., Ay of X such that
3.30 /gdy <e+L(g P).

Let E be the union of those A; such that infxEA].f(x) > 0. Then u(E) < c0
(because otherwise we would have £(g, P) = oo, which contradicts the hypothesis
that [ ¢ du < co). Now

au= [gdn— [ x.z
/X\Egﬂ gdu— | xpgdu

< (e+L(8P)) — L(x:8 P)
=g,

where the second line follows from 3.30 and the definition of the integral of a
nonnegative function, and the last line holds because inf, ¢ A f(x) = 0 foreach A;
not contained in E.
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Suppose (X, S, u) is a measure space and f1, f, . . . is a sequence of S-measurable
functions on X such that limy_,, fix(x) = f(x) for every (or almost every) x € X.
In general, it is not true that limy_,«, [ fx du = [ f dy; see Exercises 1 and 2.

We already have two good theorems about interchanging limits and integrals.
However, both of these theorems have restrictive hypotheses. Specifically, the Mono-
tone Convergence Theorem (3.11) requires all the functions to be nonnegative and
it requires the sequence of functions to be increasing. The Bounded Convergence
Theorem (3.26) requires the measure of the whole space to be finite and it requires
the sequence of functions to be uniformly bounded by a constant.

The next theorem is the grand result in this area. It does not require the sequence
of functions to be nonnegative, it does not require the sequence of functions to
be increasing, it does not require the measure of the whole space to be finite, and
it does not require the sequence of functions to be uniformly bounded. All these
hypotheses are replaced only by a requirement that the sequence of functions is
pointwise bounded by a function with a finite integral.

Notice that the Bounded Convergence Theorem follows immediately from the
result below (take ¢ to be an appropriate constant function and use the hypothesis in
the Bounded Convergence Theorem that y(X) < 0).

(

3.31 Dominated Convergence Theorem

o

Suppose (X, S, jt) is a measure space, f: X — [—00, 00| is S-measurable, and
f1, f2, ... are S-measurable functions from X to [—oo, o] such that

lim fi(x) = £(x)

for almost every x € X. If there exists an S-measurable function ¢: X — [0, 0]
such that

[gdu<eo and |fi(x)] < g(x)

for every k € Z* and almost every x € X, then

L lim [ fidu= [ fap. )

Proof  Suppose g: X — [0, 00| satisfies the hypotheses of this theorem. If E € S,
then

’/fkdﬂ_/fdﬂ‘ =\ X\Efkdﬂ—/X\Efd#+/Efkdﬂ—/Efdu\
S\ X\Efkd.“‘+‘_/X\Efdﬂ‘+‘/b_fkd.”_/}5fdﬂ‘

3.32 §2/)<\Egdy+‘/Efkdy—/Efdy‘.
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Case 1: Suppose 1(X) < oo.
Let e > 0. By 3.28, there exists 4 > 0 such that

€
3.33 /Bgdy < 1

for every set B € S such that j¢(B) < 6. By Egorov’s Theorem (2.79), there exists
aset E € Ssuchthat u(X \ E) < d and fj, fo, ... converges uniformly to f on E.
Now 3.32 and 3.33 imply that

[ fidu— [ fau| <5 +| [ he—rran

Because f1, fa, ... converges uniformly to f on E and y(E) < oo, the last term on
the right is less than § for all sufficiently large k. Thus limy_,«, [ fx du = [ f dy,
completing the proof of case 1.

Case 2: Suppose y(X) = oo.

Lete > 0. By 3.29, there exists E € S such that y(E) < oo and

&
du < <.
eS8 <

The inequality above and 3.32 imply that

‘/fkd?/‘_/fdﬂ‘<§+‘/Efkd]/‘_/Efdﬂ‘-

By case 1 as applied to the sequence fi|E, f2|E, - - ., the last term on the right is less
than 5 for all sufficiently large k. Thus limy_, [ fx du = [ f du, completing the
proof of case 2.

Riemann Integrals and Lebesgue Integrals

We can now use the tools we have developed to characterize the Riemann integrable
functions. In the theorem below, the left side of the last equation denotes the Riemann
integral.

-

3.34 Riemann integrable <—- continuous almost everywhere

>

Suppose 2 < b and f: [a,b] — R is a bounded function. Then f is Riemann
integrable if and only if

|[{x € [a,b] : f is not continuous at x }| = 0.

Furthermore, if f is Riemann integrable and A denotes Lebesgue measure on R,
then f is Lebesgue measurable and

b
/ﬂ = f

\_ J
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Proof Suppose n € Z™. Consider the partition P, that divides [a, b] into 2" subin-
tervals of equal size. Let [, . . ., In be the corresponding closed subintervals, each
of length (b — a)/2". Let

2" 2"

3.35 n = Z(inlf f(x))xlj and h, =) (sup f(x))x,

j=1 ¥ j=1 x€l; J

The lower and upper Riemann sums of f for the partition P, are given by integrals.
Specifically,

336 L(f, Py [a,b]) / gndA and  U(f, Py, [a,b]) / iy A,

where A is Lebesgue measure on R.

The definitions of g, and h;,, given in 3.35 are actually just a first draft of the
definitions. A slight problem arises at each point that is in two of the intervals
I, ..., I (in other words, at endpoints of these intervals other than a and b). At
each of these points, change the value of g, to be the infimum of f over the union
of the two intervals that contain the point, and change the value of /i, to be the
supremum of f over the union of the two intervals that contain the point. This change
modifies g, and h;, on only a finite number of points. Thus the integrals in 3.36 are
not affected. This change is needed in order to make 3.38 true (otherwise the two
sets in 3.38 might differ by at most countably many points, which would not really
change the proof but which would not be as aesthetically pleasing).

Clearly g1 < g» < - - - is an increasing sequence of functions and by > hy >
is a decreasing sequence of functions on [a, b]. Define functions f: [2,b] — R and
fY: [a,b] — Rby

FH) = lim gu(x) and fU(x) = lim ().
Taking the limit as 7 — oo of both equations in 3.36 and using the Bounded Conver-

gence Theorem (3.26) along with Exercise 8 in Section 1A, we see that f and fY
are Lebesgue measurable functions and

3.37 L(f,[a,b]):/[a,b]deA and U(f,[a,b]):/[a,b]fUd/\

Now 3.37 implies that f is Riemann integrable if and only if

[ (U =a=o.
[a, ]
Because fL(x) < f(x) < fY(x) forall x € [a, b], the equation above holds if and

only if
{x € [ab]: fP(x) # fr(x)}| =0.

The remaining details of the proof can be completed by noting that

3.38 {x € [a,b]: fY(x) # f-(x)} = {x € [a,b] : f is not continuous at x}.
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We previously defined the notation f ab f to mean the Riemann integral of f.
Because the Riemann integral and Lebesgue integral agree for Riemann integrable

functions (see 3.34), we now redefine f Hb f to denote the Lebesgue integral.

4 b )
3.39 Definition [ f

Suppose —00 < a < b < ooand f: (a,b) — R is Lebesgue measurable. Then

o fﬂbf and fuh f(x) dx mean f(u,b) f dA, where A is Lebesgue measure on R;

e [ fis defined to be — b .

The definition in the second bullet point above is made so that equations such as

[r= [+

remain valid even if, for example, a < b < c.

Approximation by Nice Functions

In the next definition, the notation || f||; should be || f||1,;, because it depends upon
the measure y as well as upon f. However, y is usually clear from the context. In
some books, you may see the notation £'(X, S, ) instead of £ (u).

(3.40 Definition || f||1; £1(u) A

Suppose (X, S, i) is a measure space. If f: X — [—o0,00] is S-measurable,
then the £!-norm of f is denoted by || f||1 and is defined by

1Al = [1]dn.

The Lebesgue space L' () is defined by

L LY(u) = {f : f is an S-measurable function from X to R and ||f]|; < 0.} )

The terminology and notation used above are convenient even though ||-||; might
not be a genuine norm (to be defined in Chapter 6).

3.41 Example L'(u) functions that take on only finitely many values

Suppose (X, S, y) is a measure space and Eq, ..., E;, are disjoint subsets of X.
Suppose a1, . . ., a, are distinct nonzero real numbers. Then

a1xg, -+ anx, € L' (n)
if and only if Ex € S and pu(Ey) < coforallk € {1,...,n}. Furthermore,
lavky, + -+ auxe, lh = (B + -+ lau 1 (E).
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3.42 Example /!

If 3¢ is counting measure on Z* and x = x1, Xy, . .. is a sequence of real numbers
(thought of as a function on ZT), then ||x|l; = Y5, |xk|. In this case, £(p) is
often denoted by ¢! (pronounced little-el-one). In other words, ¢! is the set of all
sequences X1, Xy, . . . of real numbers such that } ;7 ; |xy| < 0.

The easy proof of the following result is left to the reader.

(3.43 properties of the L -norm R
Suppose (X, S, ) is a measure space and f, g € £!(p). Then

° [IfllL =0

e | f|[1 = 0if and only if f(x) = O for almost every x € X;

e [lcflls = lelllfllx forall c € R;
¢ If+8l < Il + gl )

The next result states every function in £ () can be approximated in £!-norm
by measurable functions that take on only finitely many values.

FB.44 approximation by simple functions \

Suppose  is a measure and f € L£!(y). Then for every ¢ > 0, there exists a
simple function ¢ € £ () such that

If—gli<e

Proof  Suppose € > 0. Then there exist simple functions g1,¢2 € £1(p) such that
0<g¢g <ftand0<gp, < f and

(ﬂﬁF&ﬁw<§am /M‘xﬁw<§

where we have used 3.9 to provide the existence of g1, g» with these properties.
Let ¢ = g1 — g». Then g is a simple function in £! () and

If=gli =107 —g)—(f" —82)lh
:/M“®OW+/U*@ﬁW
< €

]

as desired.
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(345 Definition LYR); ||l )

e The notation £!(R) denotes £ (1), where A is Lebesgue measure on either
the Borel subsets of R or the Lebesgue measurable subsets of R.

e When working with £!(R), the notation || f||; denotes the integral of the
absolute value of f with respect to Lebesgue measure on R.

(3.46 Definition step function

A step function is a function g: R — R of the form

g=mx, + -+ anx .

where [, ..., I, are intervals of R and a4, . . ., a,, are nonzero real numbers.

\_ J

Suppose g is a step function of the form above and the intervals I, ..., I, are
disjoint. Then

1gllx = lax[ [Ta] + - - - + |an] [ ]

In particular, ¢ € £!(R) if and only if all the intervals Iy, . . ., I,; are bounded.

The intervals in the definition of a step
function can be open intervals, closed in-
tervals, or half-open intervals. We will be
using step functions in integrals, where
the inclusion or exclusion of the endpoints
of the intervals does not matter.

Even though the coefficients
ai,...,Aay in the definition of a step
function are required to be nonzero,
the function O that is identically 0 on
R is a step function. To see this, take
nzl,alzl,andh:@.

(3.47 approximation by step functions w

Suppose f € L'(R). Then for every ¢ > 0, there exists a step function
¢ € L1(R) such that

If—gli<e

Proof  Suppose € > 0. By 3.44, there exist Borel (or Lebesgue) measurable subsets
Ajq,..., Ay of R and nonzero numbers a1, .. ., 4, such that |Ay| < oo for all k €
{1,...,n} and

Jr-2 8
f=Y mx, | <s-

— fli 2

For each k € {1,...,n}, there is an open subset Gy of R that contains Ay and
whose Lebesgue measure is as close as we want to |Ag| [by part (e) of 2.70]. Each
open subset of R, including each Gy, is a countable union of disjoint open intervals.
Thus for each k, there is a set Ej that is a finite union of bounded open intervals
contained in G, whose Lebesgue measure is as close as we want to |Gy |. Hence for
each k, there is a set Ej that is a finite union of bounded intervals such that
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|Ex \ Al + | Ak \ Ex| < [Gi \ Ax| + |G \ Ex
&
2|ag|n’
in other words,

&
HXAk _XE,(Hl < 2agin’

Now

n n n n
= Lo |, <[l = Lawea ], + ]| 5 s, = Lo
k=1 k=1 k=1 k=1

1

e n
<5 + Z|ak|HXAk —XEkHl
k=1

<&

Each Ej is a finite union of bounded intervals. Thus the inequality above completes
the proof because Y}, axx E, is a step function.

Luzin’s Theorem (2.85 and 2.87) gives a spectacular way to approximate a Borel
measurable function by a continuous function. However, the following approximation
theorem is usually more useful than Luzin’s Theorem. For example, the next result
plays a major role in the proof of the Lebesgue Differentiation Theorem (4.10).

(

3.48 approximation by continuous functions

o

Suppose f € L!(R). Then for every e > 0, there exists a continuous function
g: R — R such that

If —glh <e
Cnd {x € R: g(x) # 0} is a bounded set.

J

Proof For every ay,...,an,b1,...,by,c1,...,cn € Rand g1,...,9n € ﬁl(R),
we have

kaiziakgk‘L = kaiziakx[bkrfk]

+|
1

n
k;ﬂk(?([hk,ck] *gk)Hl

1

n n
< H'f_’;akx[bkfck] 1 +k—21|ak| HX[bk/Ck] _gk|

where the inequalities above follow Lr
from 3.43. By 3.47, we can choose
ay,...,ay,b1,...,by,cq,...,cn € Rto
make |[f — Y7 akx[bk,ck]Hl as small
as we wish. The figure here then
shows that there exist continuous func- 0
tions g1,...,¢n € L'(R) that make by ck

S|l ”X[bk,ck] — 8kll1 as small as we The graph of a continuous function gj
wish. Now take ¢ = Y}, axgx- such that HX[bk,ck] — gkll1 is small.
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EXERCISES 3B

1 Give an example of a sequence f1, f2, ... of functions from Z1 to [0, oo) such
that
lim fi(m) =0
k—o00
for every m € Z™ but klim / fx du = 1, where p is counting measure on Z™.
—00
2 Give an example of a sequence fi, fo, ... of continuous functions from R to
[0, 1] such that
lim fi(x) =
k—o00
for every x € R but klim / fidA = oo, where A is Lebesgue measure on R.
—00

3 Suppose A is Lebesgue measure on R and f: R — R is a Borel measurable
function such that [|f|dA < co. Define g: R — R by

s=| S

Prove that ¢ is uniformly continuous on R.

4 (a) Suppose (X,S, ) is a measure space with u(X) < oo. Suppose that
f: X — [0,00) is a bounded S-measurable function. Prove that

/fdy mf{zy ) sup f(x) : Al,...,AmisanS-partitionofX}.

xGA

(b) Show that the conclusion of part (a) can fail if the hypothesis that f is
bounded is replaced by the hypothesis that f fdu < oo

(c) Show that the conclusion of part (a) can fail if the condition that p(X) < oo
is deleted.

[Part (a) of this exercise shows that if we had defined an upper Lebesgue sum,
then we could have used it to define the integral. However, parts (b) and (c) show
that the hypotheses that f is bounded and that 11(X) < oo would be needed if
defining the integral via the equation above. The definition of the integral via the
lower Lebesgue sum does not require these hypotheses, showing the advantage
of using the approach via the lower Lebesgue sum.)

5 Let A denote Lebesgue measure on R. Suppose f: R — R is a Borel measurable
function such that [|f|dA < co. Prove that

lim FdA = /fd/\.

k—o0 J[—k, k]

6 Let A denote Lebesgue measure on R. Give an example of a continuous function
f:[0,00) — R such that lim;_, f[o f f dA exists (in R) but f[o ) f dA is not
defined.
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Let A denote Lebesgue measure on R. Give an example of a continuous function
f:(0,1) — R such that lim;, f(l 3 f dA exists (in R) but f(o 0 f dA is not
defined. l

Verify the assertion in 3.38.

Verify the assertion in Example 3.41.

(a) Suppose (X,S,u) is a measure space such that y(X) < oco. Suppose
p, r are positive numbers with p < r. Prove thatif f: X — [0,00) is an
S-measurable function such that f fTdu < oo, then f fPdu < oo.

(b) Give an example to show that the result in part (a) can be false without the
hypothesis that y(X) < oo.

Suppose (X, S, 1) is a measure space and f € £ (i). Prove that
fxeX: f(x) £0}
is the countable union of sets with finite y-measure.

Suppose

1
Prove that lim / fir=0.
k—00 JO

Give an example of a sequence of nonnegative Borel measurable functions
f1, f2,...on [0,1] such that both the following conditions hold:

1
° lim/ fr=0;
0

k—o0

e sup fx(x) = oo forevery m € Z* and every x € [0,1].
k>m

Let A denote Lebesgue measure on R.

(a) Let f(x) =1/+/x. Prove that f[O,l] fdr=2.

(b) Let f(x) =1/(1+ x?). Prove that [ fdA = 7.

(c) Let f(x) = (sinx)/x. Show that the integral f(orm) f dA is not defined
but im0 f(o,t) fdA exists in R.

Prove or give a counterexample: If G is an open subset of (0, 1), then Xgis
Riemann integrable on [0, 1].
Suppose f € L1(R).
(a) Fort € R,define f;: R — Rby fi(x) = f(x —t). Prove that
li — =0.
Lim{|f — fell
(b) Fort >0, define fi: R — Rby f;(x) = f(tx). Prove that
li — =0.
lim]|f — fell
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4

Differentiation

Consider the set E = [0, 1] U [%,3] U [3,3] U [3, Z]. This set E has the property
that

b
[EN[0,b] = -

forb =0, %, %, %, 1. Does there exist a Lebesgue measurable set E C [0, 1], perhaps
constructed in a fashion similar to the Cantor set, such that the equation above holds
forall b € [0,1]?

In this chapter we will see how to answer this question by considering differentia-
tion issues. We will begin by developing a powerful tool called the Hardy-Littlewood
Maximal Inequality. This tool will be used to prove an almost everywhere version
of the Fundamental Theorem of Calculus. These results will lead us to an important
theorem about the density of Lebesgue measurable sets.

e N

\_ J

Trinity College at the University of Cambridge in England. G. H. Hardy (1877-1947)
and John Littlewood (1885—1977) were students and later faculty members here. The
Hardy-Littlewood Maximal Inequality plays a key role in extending the Fundamental
Theorem of Calculus to Lebesgue measurable functions. If you have not already done
so, you should read Hardy’s remarkable book A Mathematician’s Apology (do not
skip the fascinating Foreword by C. P. Snow) and see the movie The Man Who Knew
Infinity, which focuses on Hardy, Littlewood, and Srinivasa Ramanujan (1887-1920).
CC-BY-SA Rafa Esteve
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4A Hardy—Littlewood Maximal Function

Markov’s Inequality

The following result, called Markov’s Inequality, has a sweet, short proof. We will
make good use of this result later in this chapter (see the proof of 4.10). Markov’s
Inequality also leads to Chebyshev’s Inequality (see Exercise 2 in this section).

(4.1 Markov’s Inequality )

Suppose (X, S, ) is a measure space and i € £!(p). Then

p({x € X h(x)] > c}) < - [l

for every ¢ > 0.

\.
Proof  Suppose ¢ > 0. Then

1
X:|h > == d
u({x e [h(x)| = c}) c /{xeX:\h(X)\ZC}C g

1
|h| du

T c ~/{x€X:\h(x)\Zc}

IN

1
ikl
as desired.

e N

\_ J

St. Petersburg University along the Neva River in St. Petersburg, Russia.
Andrei Markov (1856—1922) was a student and then a faculty member here.
CC-BY-SA A. Savin
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Vitali Covering Lemma

(4.2 Definition 3 times a bounded nonempty open interval

Suppose I is a bounded nonempty open interval of R. Then 3 * I denotes the
open interval with the same center as I and three times the length of I.

4.3 Example 3 times an interval
If I = (0,10), then 3 I = (—10,20).

The next result will be a key tool in the proof of the Hardy—Littlewood Maximal
Inequality (4.8).

(4.4 Vitali Covering Lemma w

Suppose I, . . ., I; is a list of bounded nonempty open intervals of R. Then there
exists a disjoint sublist I , ..., Iy, such that

LU---UL C@B*L)U---UBxI,).

4.5 Example Vitali Covering Lemma
Suppose n = 4 and
L =(0,10), Ib,=1(9,15), Iz=(14,22), I,=(21,31).
Then
3% =(—10,20), 3xDL = (3,21), 3xI3=(6,30), 3xI = (11,41).

Thus
LULULUI C (3*11)U(3*I4)

In this example, Iy, I is the only sublist of I, I, I3, I that produces the conclusion
of the Vitali Covering Lemma.

Proof of 4.4  Let k1 be such that

I, | = max{|I1|,..., |I.|}.

Suppose ki, ..., k;j have been chosen.
Let kj; 1 be such that |Ik].+1| is as large
as possible subject to the condition that
Iy Iy, , are disjoint. If there is no

j+1

The technique used here is called a
greedy algorithm because at each
stage we select the largest remaining
interval that is disjoint from the
choice of kj+l such that I, ..., kiy1 &€\ previously selected intervals.
disjoint, then the procedure terminates.
Because we start with a finite list, the procedure must eventually terminate after some
number m of choices.
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Suppose j € {1,...,n}. To complete the proof, we must show that
Ij C (3*Ik1)U-"U(3*Ikm).

If j € {kq,...,kn}, then the inclusion above obviously holds.

Thus assume that j ¢ {ky,...,kmn}. Because the process terminated without
selecting j, the interval J; is not disjoint from all of Iy, ..., I, . Let I, be the first
interval on this list not disjoint from I;; thus [; is disjoint from Iy, ..., Iy, . Because
j was not chosen in step L, we conclude that I, | > |I;|. Because Iy, N I; # @, this
last inequality implies (easy exercise) that I; C 3 * i, , completing the proof.

Hardy—Littlewood Maximal Inequality

Now we come to a brilliant definition that turns out to be extraordinarily useful.

(4.6 Definition Hardy-Littlewood maximal function A
Suppose h: R — R is a Lebesgue measurable function. Then the Hardy—
Littlewood maximal function of h is the function i*: R — [0, co] defined by

1 b+t
h*(b) = sup — |h|.
>0 2t Jo—t
G J

In other words, h*(b) is the supremum over all bounded intervals centered at b of
the average of | /1| on those intervals.

4.7 Example Hardy-Littlewood maximal function of X1

As usual, let Xjo,1] denote the characteristic function of the interval [0, 1]. Then

1 —_—
Z%H if b <0, o —
* _ . N N N N L
(X[O,l]) (b)y=11 if0<b<1, P : . .
o ifb>1,

The graph of (X[O,l])* on[—2,3].

as you should verify.

If h: R — R is Lebesgue measurable and ¢ € R, then {b € R : h*(b) > c} is
an open subset of R, as you are asked to prove in Exercise 9 in this section. Thus #*
is a Borel measurable function.

Suppose 1 € L1(R) and ¢ > 0. Markov’s Inequality (4.1) estimates the size of
the set on which |h| is larger than ¢. Our next result estimates the size of the set
on which /* is larger than c. The Hardy-Littlewood Maximal Inequality proved in
the next result will be a key ingredient in the proof of the Lebesgue Differentiation
Theorem (4.10). Note that this next result is considerably deeper than Markov’s
Inequality.
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Q.S Hardy-Littlewood Maximal Inequality )
Suppose & € L(R). Then
N 3
[{b € R:h*(b) > c}| < —lklh
for every ¢ > 0.
NG Y,

Proof  Suppose F is a closed bounded subset of {b € R : h*(b) > c}. We will
show that |[F| < 2 [ |h|, which implies our desired result [see Exercise 20(a) in
Section 2D].

For each b € F, there exists ¢, > 0 such that

1 b4ty
4.9 —/ |h| > c.

Clearly
FcC |JO—tyb+ty).
beF
The Heine—-Borel Theorem (2.12) tells us that this open cover of a closed bounded set
has a finite subcover. In other words, there exist by, ..., b, € F such that

Fc (h _tblfbl +tb1) U---U(by _tbnlbn+tbn)'

To make the notation cleaner, let’s relabel the open intervals above as Iy, ..., I;;.
Now apply the Vitali Covering Lemma (4.4) to the list I, ..., I,;, producing a
disjoint sublist I, ..., I, such that

LU-— UL C@B*L)U--U@BxL,).
Thus
|F| < |LU---UlL
<|B* ) U---UBxI,)|
S B I [+ 4 [3x I, |
=3(|Ig, |+ + | Ik, |)

3
([ et [ m)
I, .
<2 "
CJ—c0

where the second-to-last inequality above comes from 4.9 (note that |Ik].| = 2t for
the choice of b corresponding to ij) and the last inequality holds because Iy, ..., I,
are disjoint.

The last inequality completes the proof.
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EXERCISES 4A

Suppose (X, S, i) is a measure space and h: X — R is an S-measurable
function. Prove that

1
p({x e X h(x)| = e}) < - [InlP du
for all positive numbers ¢ and p.

Suppose (X, S, ) is a measure space with (X) = 1and h € L!(u). Prove
that

y({xeX:‘h(x)—/hdy‘Zc 12(./}12(1}1 /hdy )

forall ¢ > 0.

[The result above is called Chebyshev’s Inequality; it plays an important role in
probability theory. Pafnuty Chebyshev (1821-1894) was the thesis advisor of
Markov.]

Suppose (X, S, ) is a measure space. Suppose i € L!(u) and ||h|l; > 0.
Prove that there is at most one number ¢ € (0, c0) such that
1
p{x € X |h(x)] = c}) = Il
Show that the constant 3 in the Vitali Covering Lemma (4.4) cannot be replaced
by a smaller positive constant.

Prove the assertion left as an exercise in the last sentence of the proof of the
Vitali Covering Lemma (4.4).

Verify the formula in Example 4.7 for the Hardy-Littlewood maximal function
of X, 1"

Find a formula for the Hardy-Littlewood maximal function of the characteristic
function of [0,1] U [2,3].

Find a formula for the Hardy-Littlewood maximal function of the function
h: R — [0, 00) defined by

i <x<
h(x)—{x ifo<x<1,

0 otherwise.

Suppose : R — R is Lebesgue measurable. Prove that
{beR:h*(b) >c}

is an open subset of R for every ¢ € R.
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Prove or give a counterexample: If i: R — [0, c0) is an increasing function,
then 11* is an increasing function.

Give an example of a Borel measurable function #: R — [0, 00) such that
h*(b) < oo forall b € R but sup,.g h*(b) = co.

Show that [{b € R : h*(b) = co}| = 0 forevery h € L' (R).
Show that there exists 1 € L£!(R) such that *(b) = oo for every b € Q.

Suppose i € L1(R). Prove that
. 3
(b e Rem (b) > )| < 2l

for every ¢ > 0.

[This result slightly strengthens the Hardy-Littlewood Maximal Inequality (4.8)
because the set on the left side above includes those b € R such that h*(b) = c.
A much deeper strengthening comes from replacing the constant 3 in the Hardy-
Littlewood Maximal Inequality with a smaller constant. In 2003, Antonios
Melas answered what had been an open question about the best constant by
proving that the smallest constant that can replace 3 in the Hardy-Littlewood
Maximal Inequality is (11 + v/61) /12 ~ 1.56752; see Annals of Mathematics
157 (2003), 647-688.]
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4B Derivatives of Integrals

Lebesgue Differentiation Theorem

The next result states that the average amount by which a function in £!(R) differs
from its values is small almost everywhere on small intervals. The 2 in the denomina-
tor of the fraction in the result below could be deleted, but its presence nicely makes
the length of the interval of integration match the denominator 2¢.

The next result is called the Lebesgue Differentiation Theorem even though no
derivative is in sight. However, we will soon see how another version of this result
deals with derivatives. The hard work takes place in the proof of this first version.

(4.1 0 Lebesgue Differentiation Theorem, first version )
Suppose f € L!(R). Then
I 1 b+t .
im — = =0
im 2 ), [f = F O
for almost every b € R. )

Before getting to the formal proof of this first version of the Lebesgue Differen-
tiation Theorem, we pause to provide some motivation for the proof. If b € R and
t > 0, then 3.25 gives the easy estimate

1

b+t

5t | 1 = FO)] < sup{ ()~ F(B)] |~ b] < 1)

If f is continuous at b, then the right side of this inequality has limit 0 as ¢ | 0,
proving 4.10 in the special case in which f is continuous on R.

To prove the Lebesgue Differentiation Theorem, we will approximate an arbitrary
function in £!(R) by a continuous function (using 3.48). The previous paragraph
shows that the continuous function has the desired behavior. We will use the Hardy—
Littlewood Maximal Inequality (4.8) to show that the approximation produces ap-
proximately the desired behavior. Now we are ready for the formal details of the
proof.

Proof of 410 Letd > 0. By 3.48, for each k € Z7 there exists a continuous
function /1;.: R — R such that

1)
4.11 —h —.
If =l < 25

Let
By = {b € R:[£(b) ~ Iy (b)| < } and (F~I)"(b) < }}.
Then

412 R\By={beR:[f(b) —I(b)| > 1} U{beR: (f—h)*(b) > 1}
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Markov’s Inequality (4.1) as applied to the function f — /i and 4.11 imply that

1)
413 {beR:|f(b) —h(b )|>k}|<2k
The Hardy-Littlewood Maximal Inequality (4.8) as applied to the function f — hy
and 4.11 imply that

36
414 {beR:(f—hg)*(b) > k}|<2k
Now 4.12, 4.13, and 4.14 imply that
IR\ By| < 2
Let o
B= ) B
k=1
Then
* )
4.15 R\B:‘kU(R\Bk’ Z\R\Bk]<22k2:45.
=1
Suppose b € B and t > 0. Then for each k € Z* we have
Lo b Lo h hy — Iy (b by (b b
il _ < _ _ _
5t =< 5 [ (F = bl + o= () + () = F(B)])

< (P @+ (5 [ e ) + ) — £0)

<2
<z | =)l

Because h is continuous, the last term is less than % for all t > O sufficiently close
to 0 (with how close is sufficiently close depending upon k). In other words, for each
k € ZT, we have

1 b+
2t )y ’f f()\<*

for all t > O sufficiently close to 0.
Hence we conclude that

y 1 b+t b
T If = f(b)| =

forall b € B.
Let A denote the set of numbers 2 € R such that

1 ratt
limo: [ 1~ f@)
either does not exist or is nonzero. We have shown that A C (R \ B). Thus
|A| < |R\ B| < 40,

where the last inequality comes from 4.15. Because J is an arbitrary positive number,
the last inequality implies that | A| = 0, completing the proof.
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Derivatives

You should remember the following definition from your calculus course.

[

416 Definition derivative

N

Suppose g: I — R is a function defined on an open interval [ of R and b € I.
The derivative of g at b, denoted ¢'(b), is defined by

2(b) = lim 80 1) =8 ()

t—0 t

if the limit above exists, in which case g is called differentiable at b.

J

We now turn to the Fundamental Theorem of Calculus and a powerful extension
that avoids continuity. These results show that differentiation and integration can be
thought of as inverse operations.

You saw the next result in your calculus class, except now the function f is
only required to be Lebesgue measurable (and its absolute value must have a finite
Lebesgue integral). Of course, we also need to require f to be continuous at the
crucial point b in the next result, because changing the value of f at a single number
would not change the function g.

(4.1 7 Fundamental Theorem of Calculus A

Suppose f € £L!(R). Define ¢: R — R by

s0=[r

Suppose b € R and f is continuous at b. Then g is differentiable at b and

\_
Proof Iff # 0, then

gb+1) —g(b)

b b
—f(b)’ — M_f(b)’

t

b+t
| bt )

t

b+t
it _.ﬁ+0tﬂw”
< supf() -~ fO)]
{xeR: |x—b|<|t|}

If ¢ > 0, then by the continuity of f at b, the last quantity is less than ¢ for ¢
sufficiently close to 0. Thus g is differentiable at b and ¢’ (b) = f(b).
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A function in £!(R) need not be continuous anywhere. Thus the Fundamental
Theorem of Calculus (4.17) might provide no information about differentiating the
integral of such a function. However, our next result states that all is well almost
everywhere, even in the absence of any continuity of the function being integrated.

(4.1 9 Lebesgue Differentiation Theorem, second version )
Suppose f € £L!(R). Define ¢: R — R by
X
sw= f
Then ¢’ (b) = f(b) for almost every b € R.
 Then g'(b) = £(0) y )

Proof Suppose t # 0. Then from 4.18 we have

L f) |

g(b+t)7g(b) —f(b)’ — ‘
t

t

<1 [0

1 b+t b
< = _
<5 [ 1=l
for all b € R. By the first version of the Lebesgue Differentiation Theorem (4.10),
the last quantity has limit 0 as t — O for almost every b € R. Thus g’(b) = f(b) for

almost every b € R.

Now we can answer the question raised on the opening page of this chapter.

(4.20 no set constitutes exactly half of each interval A
There does not exist a Lebesgue measurable set E C [0, 1] such that
b
EN0,b]| ==
ENfo,0)l =
forallb € [0,1].
o 0.1 J

Proof  Suppose there does exist a Lebesgue measurable set E C [0,1] with the
property above. Define g: R — R by

st) = [ x,.

Thus g(b) = § forall b € [0,1]. Hence g’ (b) = 1 forall b € (0,1).
The Lebesgue Differentiation Theorem (4.19) implies that g'(b) = x(b) for

almost every b € R. However, X never takes on the value %, which contradicts the
conclusion of the previous paragraph. This contradiction completes the proof.
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The next result says that a function in £!(R) is equal almost everywhere to the
limit of its average over small intervals. These two-sided results generalize more
naturally to higher dimensions (take the average over balls centered at b) than the
one-sided results.

(4.21 i (R) function equals its local average almost everywhere R
Suppose f € L1(R). Then
b ’ 1 b+t
o) =tme, |7
for almost every b € R.
’ y

Proof Suppose ¢t > 0. Then

Ge i, ) sl =l [ v s

The desired result now follows from the first version of the Lebesgue Differentiation
Theorem (4.10).

Again, the conclusion of the result above holds at every number b at which f is
continuous. The remarkable part of the result above is that even if f is discontinuous
everywhere, the conclusion holds for almost every real number b.

Density

The next definition captures the notion of the proportion of a set in small intervals
centered at a number b.

f4.22 Definition density )
Suppose E C R. The density of E at a number b € R is
En(b—tb+t
L JEN(G—tb+b)
t10 2t
if this limit exists (otherwise the density of E at b is undefined). )

4.23 Example density of an interval

ifb e (0,1),
ifb=0orb=1,
otherwise.

The density of [0,1] atb =

O NI=
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The next beautiful result shows the power of the techniques developed in this
chapter.

( 4.24 Lebesgue Density Theorem W

Suppose E C R is a Lebesgue measurable set. Then the density of E is 1 at
almost every element of E and is 0 at almost every element of R \ E.

Proof  First suppose |E| < co. Thus x, € L'(R). Because
[EN(b—tb+t)] 1 bt

2t T2t Sy N
for every t > 0 and every b € R, the desired result follows immediately from 4.21.
Now consider the case where |E| = oo [which means that x, ¢ £'(R) and hence
4.21 as stated cannot be used]. Fork € Z™,let Ex = EN (—k, k). If |b| < k, then the
density of E at b equals the density of Ej at b. By the previous paragraph as applied
to Ey, there are sets F, C E and G C R\ Ey such that |F;| = |Gi| = 0 and the
density of Ej equals 1 at every element of Ej \ F and the density of Ej equals 0 at
every element of (R \ Ey) \ G.
Let F = ;24 Fy and G = ;21 Gy. Then |F| = |G| = 0 and the density of E is
1 at every element of E \ F and is 0 at every element of (R\ E) \ G.

The bad Borel set provided by the next
result leads to a bad Borel measurable
function. Specifically, let E be the bad
Borel set in 4.25. Then ), is a Borel
measurable function that is discontinuous
everywhere. Furthermore, the function x .
cannot be modified on a set of measure 0
to be continuous anywhere (in contrast to
the function )(Q).

Even though the function x discussed in the paragraph above is continuous
nowhere and every modification of this function on a set of measure 0 is also continu-
ous nowhere, the function g defined by

s =[x,

is differentiable almost everywhere (by 4.19).
The proof of 4.25 given below is based on an idea of Walter Rudin.

(The Lebesgue Density Theorem )
makes the example provided by the
next result somewhat surprising. Be
sure to spend some time pondering
why the next result does not
contradict the Lebesgue Density
Theorem. Also, compare the next

\vesult 10 4.20. Y,

(4.25 bad Borel set )

There exists a Borel set E C R such that
0<|ENI| < |

for every nonempty bounded open interval I.

J
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Proof We will use the following fact in our construction:

4.26  Suppose G is a nonempty open subset of R. Then there exists a closed set
F C G\ Q such that |F| > 0.

To prove 4.26, let J be a closed interval contained in G such that 0 < |J|. Let
r1,72, ... be alist of all the rational numbers. Let

/]
F= J\U(k72k+2’k+2k+2)

Then F is a closed subsetof Rand F C J\ Q C G\ Q. Also, |J\ F| < %|J\

because J \ F C Up4 (rk - z‘k{‘Z/rk + 2‘,({‘2) Thus

[Fl =1J| =T\ F| > 3|J| >0,

completing the proof of 4.26.

To construct the set E with the desired properties, let Iy, I, ... be a sequence
consisting of all nonempty bounded open intervals of R with rational endpoints. Let
F = 150 = @, and inductively construct sequences F;, F;, . .. and ﬁl, 1:"2, ... of closed
subsets of R as follows: Suppose n € Z" and Fy, ..., F,_1 and L, ..., E,_1 have
been chosen as closed sets that contain no rational numbers. Thus

In\(ﬁQU...Uﬁn_l)

is a nonempty open set (nonempty because it contains all rational numbers in I;;).
Applying 4.26, to the open set above, we see that there is a closed set F;, contained in
the set above such that F,; contains no rational numbers and |F,| > 0. Applying 4.26
again, but this time to the open set

I\ (FU...UE),

which is nonempty because it contains all rational numbers in I,;, we see that there is
a closed set 1:",[ contained in the set above such that ﬁn contains no rational numbers
and |F,| > 0.

Now let

[e9)
E={JF.
k=1

Our construction implies that F, N E, =@forallk,n € Zt. Thus ENE, = @ for
alln € Z¥. Hence £, C I, \ Eforalln € Z™.
Suppose [ is a nonempty bounded open interval. Then I,, C I for some n € Z™.
Thus
0< |Fi| <|ENI| <|ENI|.

Also,
[ENI| = [I| = [INE[ < [I| = [I \ E| < |I] = |Fu| < 1],

completing the proof.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 4B Derivatives of Integrals 113

EXERCISES 4B

For f € LY(R) and I an interval of R with 0 < |I| < oo, let fi denote the
average of f on 1. In other words, f1 = ﬁ I f

1 Suppose f € L1(R). Prove that

1 b+t

15{)127 bt |f = fio—t,b40 =0

for almost every b € R.

2 Suppose f € L1(R). Prove that
. 1 o .
ltljgsup{m /I |f — f1| : Iis an interval of length ¢ containing b} =0

for almost every b € R.

3 Suppose f: R — Ris a Lebesgue measurable function such that f2 € L!(R).

Prove that
y 1 bt (b)|2 0
m — —_ =
tlw 2t Jp—t f=f
for almost every b € R.

4 Prove that the Lebesgue Differentiation Theorem (4.19) still holds if the hypoth-
esis that [~ |f| < oo is weakened to the requirement that [*_ | f| < co for all
x € R.

5 Suppose f: R — R is a Lebesgue measurable function. Prove that

f(B)] < £7(b)
for almost every b € R.
6 Give an example of a Borel subset of R whose density at O is not defined.
7 Give an example of a Borel subset of R whose density at O is %

8 Prove that if t € [0, 1], then there exists a Borel set E C R such that the density
of Eat0Qis t.

9 Suppose E is a Lebesgue measurable subset of R such that the density of E
equals 1 at every element of E and equals 0 at every element of R \ E. Prove
that E=Qor E =R.
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Product Measures

Lebesgue measure on R generalizes the notion of the length of an interval. In this
chapter, we will see how two-dimensional Lebesgue measure on R? generalizes the
notion of the area of a rectangle. More generally, we will construct new measures
that are the products of two measures.

Once these new measures have been constructed, the question arises of how to
compute integrals with respect to these new measures. Beautiful theorems proved
in the first decade of the twentieth century will allow us to compute integrals with
respect to product measures as iterated integrals involving the two measures that
produced the product.

a N

\_ J

Main building of Scuola Normale Superiore di Pisa, the university in Pisa, Italy,
where Guido Fubini (1879-1943) received his PhD in 1900. In 1907 Fubini proved
that under reasonable conditions, an integral with respect to a product measure can
be computed as an iterated integral and that the order of integration can be switched.
Leonida Tonelli (1885-1943) also taught for many years in Pisa; he also proved a
crucial theorem about interchanging the order of integration in an iterated integral.

CC-BY-SA Lucarelli
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5A Products of Measure Spaces

Products of o-Algebras

Our first step in constructing product measures is to construct the product of two
o-algebras. We begin with the following definition.

(5.1 Definition rectangle w

Suppose X and Y are sets. A rectangle in X X Y is a set of the form A X B,
where A C Xand B C Y.

Keep the figure shown here in mind
when thinking of a rectangle in the sense
defined above. However, remember that
A and B need not be intervals as shown B AXB
in the figure. Indeed, the concept of an
interval makes no sense in the generality
of arbitrary sets.

Now we can define the product of two ¢-algebras.

[5.2 Definition product of two o-algebras; S @ T

Suppose (X, S) and (Y, T") are measurable spaces. Then

o the product S ® T is defined to be the smallest o-algebra on X X Y that
contains

{AxB:A€S,BeT};

o ameasurable rectangle in S ® T is a set of the form A x B, where A € S
\ and Be T. )

Using the terminology introduced in
the second bullet point above, we can say
that S ® T is the smallest o-algebra con-
taining all the measurable rectangles in
S ® T. Exercise 1 in this section asks
you to show that the measurable rectan-
glesin S ® T are the only rectangles in
X x Ythatarein S ® T.

The notion of cross sections will play a crucial role in our development of product
measures. First we define cross sections of sets, and then we will define cross sections
of functions.

The notation S X T is not used
because S and T are sets (of sets),
and thus the notation S X T
already is defined to mean the set of
all ordered pairs of the form (A, B),
where A € Sand B € T.
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~

5.3 Definition cross sections of sets; [E], and [E]°

Suppose X and Y are sets and E C X X Y. Thenfora € X and b € Y, the cross
sections [E], and [E]? are defined by

[Els={y€Y:(ay) €E} and [E]®={xe X:(xb)ecE}.

\_ J
5.4 Example cross sections of a subset of X X Y
Y Y
b -
(Ela E 12
X X
a [E)’
5.5 Example cross sections of rectangles
Suppose X and Y are setsand A C Xand B C Y. Ifa € X and b € Y, then
B ifac A, A ifb € B,
[Ax B], = ne and [A x B)’ = !
@ ifa¢g A @ ifb ¢ B,
as you should verify.
The next result shows that cross sections preserve measurability.
( 5.6 cross sections of measurable sets are measurable w

Suppose S is a g-algebra on X and 7 is a g-algebraon Y. If E € S ® T, then

[E], € T foreverya € X and [E]® € Sforeveryb € Y.

Proof Let £ denote the collection of subsets E of X x Y for which the conclusion
of this result holds. Then A x B € £ forall A € S and all B € T (by Example 5.5).
The collection £ is closed under complementation and countable unions because

(X xY)\Ela =Y\ [Ela
and
[E1UEU---]o = [E1]a U [Eale U - --

for all subsets E, E1,Ep,... of X X Y and all 2 € X, as you should verify, with
similar statements holding for cross sections with respectto allb € Y.

Because £ is a 0-algebra containing all the measurable rectangles in S ® 7, we
conclude that £ contains S ® T.
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Now we define cross sections of functions.

~N

5.7 Definition cross sections of functions; [f), and [f]"

Suppose X and Y are sets and f: X x Y — R is a function. Then for a € X and
b € Y, the cross section functions [f],: Y — R and [f]’: X — R are defined
by

[fla(y) = f(a,y) fory € Y and [f]?(x) = f(x,b) forx € X.

\_ J

5.8 Example cross sections
e Suppose f: R x R — Ris defined by f(x,y) = 5x2 +y>. Then
[fla(y) =20+3° and [fP(x) = 5x* +27
forally € R and all x € R, as you should verify.
e Suppose X and Y aresetsand A C Xand B C Y.Ifa € X and b € Y, then
Xasple = xa(@)xy and [x,, 5" = x5(0)x,,

as you should verify.

The next result shows that cross sections preserve measurability, this time in the
context of functions rather than sets.

-

5.9 cross sections of measurable functions are measurable

>

Suppose S is a c-algebra on X and T is a c-algebra on Y. Suppose
f: X xY — Risan S ® T-measurable function. Then

[fla is a T-measurable function on Y for every a € X

and

\_
Proof  Suppose D is a Borel subsetof Randa € X. If y € Y, then
y € ([flo"(D) <= [fla(y) €D

< f(a,y) €D

< (a,y) € f1(D)

= ye[f (D).

[f]” is an S-measurable function on X for every b € Y.

Thus
([fl)~H(D) = [fH(D)]a.
Because f is an S ® T -measurable function, f~1(D) € S ® T Thus the equation

above and 5.6 imply that ([f],) "' (D) € T. Hence [f], is a T -measurable function.
The same ideas show that [f }b is an S-measurable function for every b € Y.
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Monotone Class Theorem

The following standard two-step technique often works to prove that every set in a
o-algebra has a certain property:

1. show that every set in a collection of sets that generates the c-algebra has the
property;
2. show that the collection of sets that has the property is a c-algebra.

For example, the proof of 5.6 used the technique above—first we showed that every
measurable rectangle in S ® 7 has the desired property, then we showed that the
collection of sets that has the desired property is a o-algebra (this completed the proof
because S ® T is the smallest o-algebra containing the measurable rectangles).

The technique outlined above should be used when possible. However, in some
situations there seems to be no reasonable way to verify that the collection of sets
with the desired property is a o-algebra. We will encounter this situation in the next
subsection. To deal with it, we need to introduce another technique that involves
what are called monotone classes.

The following definition will be used in our main theorem about monotone classes.

~N

(5.10 Definition algebra

Suppose W is a set and A is a set of subsets of W. Then A is called an algebra
on W if the following three conditions are satisfied:

e Oc A,
e if E€ A then W\ E € A,

\ e if E and F are elements of A, then EUF € A. )

Thus an algebra is closed under complementation and under finite unions; a
o-algebra is closed under complementation and countable unions.

511 Example finite unions of intervals is an algebra

Suppose A is the collection of all finite unions of intervals of R. Here we are in-
cluding all intervals—open intervals, closed intervals, bounded intervals, unbounded
intervals, sets consisting of only a single point, and intervals that are neither open nor
closed because they contain one endpoint but not the other endpoint.

Clearly A is closed under finite unions. You should also verify that A is closed
under complementation. Thus .4 is an algebra on R.

5.12 Example countable unions of intervals is not an algebra

Suppose A is the collection of all countable unions of intervals of R.

Clearly A is closed under finite unions (and also under countable unions). You
should verify that A is not closed under complementation. Thus A4 is neither an
algebra nor a c-algebra on R.
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The following result provides an example of an algebra that we will exploit.

-

5.13 the set of finite unions of measurable rectangles is an algebra

\

Suppose (X, S) and (Y, T') are measurable spaces. Then

(a) the set of finite unions of measurable rectangles in S ® 7 is an algebra
on X X Y;

(b) every finite union of measurable rectangles in S ® 7 can be written as a
_ finite union of disjoint measurable rectangles in S ® 7. )

Proof Let A denote the set of finite unions of measurable rectangles in S ® 7.
Obviously A is closed under finite unions.

The collection A is also closed under finite intersections. To verify this claim,
note thatif Ay,...,A,,Cq,...,Cyy € Sand By,...,By;,Dq,...,Dy € T, then

((AlxBl)U---U(Aann))ﬂ((Cl><D1)U-~~U(Cm><Dm))
CxD

|
-
Cs

-
Il
—
o~
Il
_

((Ajx B N (Cex DY)

Il
C=
Cs=

((A]-ﬁCk) x (Bijk)), o

-
Il
_
-
Il

1
Intersection of two rectangles is a rectangle.

which implies that A is closed under finite intersections.
If A€ SandB € T, then

(XxY)\ (AxB)= ((X\A)XY)U(XX(Y\B)).

Hence the complement of each measurable rectangle in S ® 7 is in .A. Thus the
complement of a finite union of measurable rectangles in S ® 7T is in A (use De
Morgan’s Laws and the result in the previous paragraph that A is closed under finite
intersections). In other words, A is closed under complementation, completing the
proof of (a).

To prove (b), note that if A x B and C x D are measurable rectangles in S ® T,
then (as can be verified in the figure above)

514 (Ax B)U(Cx D) = (AxB)U(Cx(D\B))U((C\A)x (BmD)).

The equation above writes the union of two measurable rectangles in S ® 7T as the
union of three disjoint measurable rectangles in S ® 7T .

Now consider any finite union of measurable rectangles in S ® 7. If this is not
a disjoint union, then choose any nondisjoint pair of measurable rectangles in the
union and replace those two measurable rectangles with the union of three disjoint
measurable rectangles as in 5.14. Iterate this process until obtaining a disjoint union
of measurable rectangles.
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Now we define a monotone class as a collection of sets that is closed under
countable increasing unions and under countable decreasing intersections.

[

5.15 Definition monotone class

N

Suppose W is a set and M is a set of subsets of W. Then M is called a monotone
class on W if the following two conditions are satisfied:

o0
e IfE; C E; C -- - is anincreasing sequence of sets in M, then U Ep, e M;
k=1

(0]
e If E; D Ep D - - - is a decreasing sequence of sets in M, then ﬂ Ep e M.
k=1
\. J
Clearly every o-algebra is a monotone class. However, some monotone classes
are not closed under even finite unions, as shown by the next example.

5.16 Example a monotone class that is not an algebra

Suppose A is the collection of all intervals of R. Then A is closed under countable
increasing unions and countable decreasing intersections. Thus .4 is a monotone
class on R. However, A is not closed under finite unions, and A is not closed under
complementation. Thus A is neither an algebra nor a o-algebra on R.

If A is a collection of subsets of some set W, then the intersection of all mono-
tone classes on W that contain A is a monotone class that contains A. Thus this
intersection is the smallest monotone class on W that contains A.

The next result provides a useful tool when the standard technique to show that
every set in a g-algebra has a certain property does not work.

( 5.17 Monotone Class Theorem \

Suppose A is an algebra on a set W. Then the smallest o-algebra containing A
is the smallest monotone class containing .A.

Proof Let M denote the smallest monotone class containing .A. Because every o-
algebra is a monotone class, M is contained in the smallest o-algebra containing .A.
To prove the inclusion in the other direction, first suppose A € A. Let

E={Ee M:AUE e M}.

Then A C & (because the union of two sets in A is in A). A moment’s thought
shows that £ is a monotone class. Thus the smallest monotone class that contains .4
is contained in £, meaning that M C £. Hence we have proved that AU E € M
for every E € M.
Now let
D={DeM:DUE € Mforall E € M}.
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The previous paragraph shows that A C D. A moment’s thought again shows that D
is a monotone class. Thus, as in the previous paragraph, we conclude that M C D.
Hence we have proved that D UE € M forall D, E € M.

The paragraph above shows that the monotone class M is closed under finite
unions. Now if Eq, Ep, ... € M, then

EiUERUE3U - =F U(EfUE)U(E{UEUE)U---,

which is an increasing union of a sequence of sets in M (by the previous paragraph).
We conclude that M is closed under countable unions.
Finally, let
M ={Ee M:X\E e M}.

Then A C M’ (because A is closed under complementation). Once again, you
should verify that M’ is a monotone class. Thus M C M’. We conclude that M is
closed under complementation.

The two previous paragraphs show that M is closed under countable unions and
under complementation. Thus M is a g-algebra that contains 4. Hence M contains
the smallest o-algebra containing A, completing the proof.

Products of Measures

The following definitions will be useful.

Ve

5.18 Definition finite measure; o-finite measure

e A measure y on a measurable space (X, S) is called finite if p1(X) < oco.

e A measure is called o-finite if the whole space can be written as the countable
union of sets with finite measure

e More precisely, a measure y on a measurable space (X, S) is called o-finite
if there exists a sequence X1, X», ... of sets in S such that

[e0)
X=|J Xy and u(Xy) <ooforeveryk € Z*.
k=1

\ _J

519 Example finite and o-finite measures

e Lebesgue measure on the interval [0, 1] is a finite measure.
e Lebesgue measure on R is not a finite measure but is a o-finite measure.

e Counting measure on R is not a o-finite measure (because the countable union
of finite sets is a countable set).
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The next result will allow us to define the product of two o-finite measures.

-~

5.20 measure of cross section is a measurable function

o

Suppose (X, S, u) and (Y, T,v) are o-finite measure spaces. If E € S® T,
then

(@) x +— v([E]x) is an S-measurable function on X;

\(b) y — u([E]Y) is a T -measurable function on Y. )
Proof We will prove (a). If E € S ® T, then [E]x € T for every x € X (by 5.6);
thus the function x — v([E]y) is well defined on X.

We first consider the case where v is a finite measure. Let

M={Ee€S®T :x— v([E]y) is an S-measurable function on X}.

We need to prove that M = S® 7.

If A€ SandB € T, then v([A x B]y) = v(B)x,(x) for every x € X (by
Example 5.5). Thus the function x +— v([A X B]y) equals the function v(B)y , (as
a function on X), which is an S-measurable function on X. Hence M contains all
the measurable rectangles in S ® 7.

Let A denote the set of finite unions of measurable rectangles in S ® 7. Suppose
E € A. Then by 5.13(b), E is a union of disjoint measurable rectangles Eq, ..., E,.
Thus

V([E]x) = v([E1U--- UEx]x)
([Ex]x U+ -~ U[En)
V([Erlx) + -+ 4+ v([Enlx),

Il
<

where the last equality holds because v is a measure and [E1]y, . . ., [En]x are disjoint.
The equation above, when combined with the conclusion of the previous paragraph,
shows that x — v([E]y) is a finite sum of S-measurable functions and thus is an
S-measurable function. Hence E € M. We have now shown that A C M.

Our next goal is to show that M is a monotone class on X x Y. To do this, first

suppose that E; C Ep C - - - is an increasing sequence of sets in M. Then
(o) o
v(IU Bdx) = v(U(Edx))
k=1 k=1
= lim v([Egl+),
k—o0

where we have used 2.58. Because the pointwise limit of S-measurable functions
is S-measurable (by 2.47), the equation above shows that x — v([Up; Exlx) is
an S-measurable function. Hence J;? ; Ex € M. We have now shown that M is
closed under countable increasing unions.
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Now suppose that E; D E» D - - - is a decreasing sequence of sets in M. Then

v(IN Edx) = v(N ([Edv))
k=1 k=1
= lim v([Egx),
k—roc0
where we have used 2.59 (this is where we use the assumption that v is a finite
measure). Because the pointwise limit of S-measurable functions is S-measurable
(by 2.47), the equation above shows that x — U([ﬂ,‘;‘;l Ek]x) is an S-measurable
function. Hence 2, Ex € M. We have now shown that M is closed under
countable decreasing intersections.

We have shown that M is a monotone class that contains the algebra A of all
finite unions of measurable rectangles in S ® T [by 5.13(a), A is indeed an algebra].
The Monotone Class Theorem (5.17) implies that M contains the smallest o-algebra
containing A. In other words, M contains S ® 7. This conclusion completes the
proof of (a) in the case where v is a finite measure.

Now consider the case where v is a o-finite measure. Thus there exists a sequence
Y1,Ys,... of sets in 7 such that [Ji>; Yy = Y and v(Y)) < oo for each k € Z™.
Replacing each Yy by Y7 U--- U Y}, we can assume that Y1 C Y, C ---. If
Ec€S®T,then

v([E]x)

The function x — v([E N (X X Yi)]x) is an S-measurable function on X, as follows
by considering the finite measure obtained by restricting v to the o-algebra on Y
consisting of sets in 7 that are contained in Y. The equation above now implies that
x — v([E]x) is an S-measurable function on X, completing the proof of (a).

The proof of (b) is similar.

lim v([E N (X % Y)lx)-

o k—o0

(

5.21 Definition integration notation

N

Suppose (X, S, ) is a measure space and g: X — [—00,00] is a function. The

notation
/g(x) dyu(x) means /gdy,

where dji(x) indicates that variables other than x should be treated as constants.

5.22 Example integrals
If A is Lebesgue measure on [0, 4], then

2 442 2 _ 64
/[0,4](x +y)dA(y) =4x~+8 and /[0,4](36 +y)dA(x) = 3 +4y.

The intent in the next definition is that [y [, f(x,y) dv(y) du(x) is defined only
when the inner integral and then the outer integral both make sense.
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(- )

5.23 Definition iterated integrals

Suppose (X, S, u) and (Y, T,v) are measure spaces and f: X X Y — Risa
function. Then

J, Gy anty)dutx) means [ ([ flxy) dv(w) dutx).

In other words, to compute [y [, f(x,y) dv(y) du(x), first (temporarily) fix x €
X and compute [y, f(x,y) dv(y) [if this integral makes sense]. Then compute the
integral with respect to y of the function x — [, f(x,y) dv(y) [if this integral
\makes sense]. )

5.24 Example iterated integrals

If A is Lebesgue measure on [0, 4], then

/[0,4] /[0,4](x2 +y) dA(y) dA(x) = /[ ](4x2 +8) dA(x)

’

352

3

and

Jou @ rnamaw = [ (5 +a)aw

_
@

The two iterated integrals in this example turned out to both equal 322 ‘even though
they do not look alike in the intermediate step of the evaluation. As we will see in the
next section, this equality of integrals when changing the order of integration is not a
coincidence.

The definition of (u x v)(E) given below makes sense because the inner integral
below equals v([E]y), which makes sense by 5.6 (or use 5.9), and then the outer
integral makes sense by 5.20(a).

The restriction in the definition below to o-finite measures is not bothersome be-
cause the main results we seek are not valid without this hypothesis (see Example 5.30
in the next section).

Ve

5.25 Definition product of two measures; y x v

~

Suppose (X, S, i) and (Y, T, v) are o-finite measure spaces. For E € S® T,
define (4 x v)(E) by

L (3B = [ [ xpley) dvly) du(e) )
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5.26 Example measure of a rectangle

Suppose (X, S, i) and (Y, T,v) are o-finite measure spaces. If A € S and
B € T, then

(nx (A xB) = [ [, g0y dvly) dul)

= [ V(B () du(x)

= u(A)v(B).

Thus product measure of a measurable rectangle is the product of the measures of the
corresponding sets.

For (X, S, i) and (Y, T, v) o-finite measure spaces, we defined the product y X v
to be a function from S ® T to [0, co]; see 5.25. Now we show that this function is a
measure.

( 5.27 product of two measures is a measure w

Suppose (X, S, u) and (Y, T,v) are o-finite measure spaces. Then p X v is a
measure on (X X Y, S 7T).

Proof Clearly (u x v)(®) = 0.
Suppose Eq, E, ... is a disjoint sequence of sets in S ® 7. Then

() (UB) = (1 ) auto
=1

where the fourth equality follows from the Monotone Convergence Theorem (3.11;
or see Exercise 10 in Section 3A). The equation above shows that 2 X v satisfies the
countable additivity condition required for a measure.
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EXERCISES 5A

10

Suppose (X,S) and (Y,7) are measurable spaces. Prove that if A is a
nonempty subset of X and B is a nonempty subset of Y such that A X B €
S®7T,then A€SandB e T.

Suppose (X, S) is a measurable space. Prove that if E € S ® S, then
{xeX:(x,x)€E} €S.

Let B3 denote the o-algebra of Borel subsets of R. Show that there exists a set
E C R x Rsuch that [E], € B and [E]” € Bforeverya € R,but E ¢ B® B.

Suppose (X, S) and (Y, 7') are measurable spaces. Prove thatif f: X — R is
S-measurable and ¢: Y — Ris 7T -measurable and i: X x Y — R is defined
by h(x,y) = f(x)g(y), then his (S ® T )-measurable.

Verify the assertion in Example 5.11 that the collection of finite unions of
intervals of R is closed under complementation.

Verify the assertion in Example 5.12 that the collection of countable unions of
intervals of R is not closed under complementation.

Suppose A is a nonempty collection of subsets of a set W. Show that A is an
algebra on W if and only if A is closed under finite intersections and under
complementation.

Suppose p is a measure on a measurable space (X, S). Prove that the following
are equivalent:

(a) The measure y is o-finite.

(b) There exists an increasing sequence X; C Xp C - -- of sets in S such that
X = U Xk and p(Xy) < oo forevery k € Z.

(c) There exists a disjoint sequence X7, X», X3,... of sets in S such that
X = Upq Xk and p(Xy) < oo forevery k € Z.

Suppose p and v are o-finite measures. Prove that # X v is a o-finite measure.

Suppose (X, S, ) and (Y, T, v) are o-finite measure spaces. Prove that if w is
ameasure on S ® 7 such that w(A x B) = u(A)v(B) forall A € S and all
BeT,thenw = pu xv.

[The exercise above means that y X v is the unique measure on S @ T that
behaves as we expect on measurable rectangles.)
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5B lterated Integrals

Tonelli’'s Theorem

Relook at Example 5.24 in the previous section and notice that the value of the
iterated integral was unchanged when we switched the order of integration, even
though switching the order of integration led to different intermediate results. Our
next result states that the order of integration can be switched if the function being
integrated is nonnegative and the measures are o-finite.

f5.28 Tonelli’s Theorem

o

Suppose (X,S,u) and (Y,7T,v) are o-finite measure spaces. Suppose
f: X xY — [0,00] is S ® T -measurable. Then

(a) X / f(x,y) dv(y) is an S-measurable function on X,
Y

(b) Y / f(x,y) du(x) is a T-measurable function on Y,
X

and

fdpxv) = [ [ fey av)aue) = [ [ ey du) ). |
\_

Proof  We begin by considering the special case where f = x forsome E € S®T.
In this case,

XxY

| /Y Xo (%, y) dv(y) = v([E],) forevery x € X

and

/XXE(XI]/) du(x) = u([E)Y) foreveryy € Y.

Thus (a) and (b) hold in this case by 5.20.
First assume that y# and v are finite measures. Let

M= {EeS@T//xExy ) dv(y) dp(x //XEXJ/ dy( )d'/(y)}

If A€ Sand B € T, then A X B € M because both sides of the equation defining
M equal u(A)v(B).

Let A denote the set of finite unions of measurable rectangles in S ® 7. Then
5.13(b) implies that every element of A is a disjoint union of measurable rectangles
in S ® T. The previous paragraph now implies A C M.

The Monotone Convergence Theorem (3.11) implies that M is closed under
countable increasing unions. The Bounded Convergence Theorem (3.26) implies
that M is closed under countable decreasing intersections (this is where we use the
assumption that y# and v are finite measures).

We have shown that M is a monotone class that contains the algebra 4 of all
finite unions of measurable rectangles in S ® 7 [by 5.13(a), A is indeed an algebra].
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The Monotone Class Theorem (5.17) implies that M contains the smallest o-algebra
containing A. In other words, M contains S ® 7. Thus

520 [ [y = [ [ oy dutx) )

forevery EESQ®T.

Now relax the assumption that y and v are finite measures. Write X as an
increasing union of sets X; C X, C --- in § with finite measure, and write Y
as an increasing union of sets Y1 C Y, C --- in T with finite measure. Suppose
E € S ® T. Applying the finite-measure case to the situation where the measures
and the o-algebras are restricted to X and Y}, we can conclude that 5.29 holds
with E replaced by E N (X; x Yy) for all j,k € Z*. Fix k € Z' and use the
Monotone Convergence Theorem (3.11) to conclude that 5.29 holds with E replaced
by EN (X x Yi) for all k € Z*. One more use of the Monotone Convergence
Theorem then shows that

o xedxn) = [ [ o ) an = [ [ xeow) duta) aviw)

forall E € S ® 7, where the first equality above comes from the definition of
(u x v)(E) (see 5.25).

Now we turn from characteristic functions to the general case of an S ® T -
measurable function f: X x Y — [0, 00]. Define a sequence f1, f7, ... of simple
S ® T -measurable functions from X X Y to [0, o) by

m m+1>’

or if f(x,y) < kand m is the integer with f(x,y) € {?, o

felx,y) =
ko if f(x,y) > k.

Note that
0<filcy) < folvy) < fs(xy) < - and - lim fi(x,y) = f(x,y)

forall (x,y) € X x Y.

Each fy is a finite sum of functions of the form CXp wherec € Rand E € S®T.
Thus the conclusions of this theorem hold for each function fy.

The Monotone Convergence Theorem implies that

[ Fyyavy) = tim [ i) dv(y)

for every x € X. Thus the function x — [, f(x,y) dv(y) is the pointwise limit on
X of a sequence of S-measurable functions. Hence (a) holds, as does (b) for similar
reasons.

The last line in the statement of this theorem holds for each fx. The Monotone
Convergence Theorem now implies that the last line in the statement of this theorem
holds for f, completing the proof.
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See Exercise 1 in this section for an example (with finite measures) showing that
Tonelli’s Theorem can fail without the hypothesis that the function being integrated
is nonnegative. The next example shows that the hypothesis of o-finite measures also
cannot be eliminated.

5.30 Example Tonelli’s Theorem can fail without the hypothesis of o-finite

Suppose B is the o-algebra of Borel subsets of [0, 1], A is Lebesgue measure on
([0,1], B), and u is counting measure on ([0, 1], B). Let D denote the diagonal of
[0,1] x [0,1]; in other words,

D= {(x,x):x€]01]}.
Then
d dA(x) = 1dr =1
Jou Jon oo ar = [ 1ar=1

but
x,y)dA d,u = 0 dy =0.
‘/[0,1] [0,1] XD( y) (X) (y) /[O,l]

The following useful corollary of Tonelli’s Theorem states that we can switch the
order of summation in a double-sum of nonnegative numbers. Exercise 2 asks you
to find a double-sum of real numbers in which switching the order of summation
changes the value of the double sum.

-

5.31 double sums of nonnegative numbers

>

If {x]-,k : j,k € ZT} is a doubly-indexed collection of nonnegative numbers, then

e
Mg

Il
—

Xik = Z
k=1 k=1
_ ! Y,

Proof Apply Tonelli’s Theorem (5.28) to y X y, where p is counting measure
onZ.

uMg

Fubini’s Theorem

Our next goal is Fubini’s Theorem, which
has the same conclusions as Tonelli’s
Theorem but has a different hypothesis.
Tonelli’s Theorem requires that the func-
tion being integrated is nonnegative. Fu-
bini’s Theorem does not require nonnega-
tivity but instead requires that the absolute
value of the function being integrated has
a finite integral. When using Fubini’s The-
orem, you will usually first use Tonelli’s
Theorem as applied to to verify the .
hypothesis of Fubini’s T|l{;|orem. \details. J

(Historically, Fubini’s Theorem )
(proved in 1907) came before
Tonelli’s Theorem (proved in 1909).
However, presenting Tonelli’s
Theorem first, as is done here, seems
to lead to simpler proofs and better
understanding. The hard work here
went into proving Tonelli’s Theorem,
thus our proof of Fubini’s Theorem
consists mainly of bookkeeping
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As you will see in the proof of Fubini’s Theorem, the function in 5.32(a) is defined
only for almost every x € X and the function in 5.32(b) is defined only for almost
every y € Y. For convenience, you can think of these functions as equaling O on the
sets of measure 0 on which they are otherwise undefined.

(

N

5.32 Fubini’s Theorem
Suppose (X,S,u) and (Y,7T,v) are o-finite measure spaces. Suppose
f: X XY — [—co,00] is S ® T-measurable and [y, |f|d(p x v) < oo.
Then
/ |f(x,y)|dv(y) < oo for almost every x € X
Y
and
/ |f(x,y)|du(x) < oo for almost every y € Y.
X
Furthermore,
(a) X / f(x,y) dv(y) is an S-measurable function on X,
Y
(b) Y / f(x,y) du(x) is a T-measurable function on Y,
X
and
dx:// ) dv(y) d :// ) du(x) dv(y).
L A xv)= || fey)avy)due) = | [ f(xy) du(x) 1f(y))

Proof  Tonelli’s Theorem (5.28) applied to the nonnegative function | f| implies that
x — [, |f(x,y)| dv(y) is an S-measurable function on X. Hence

{re X:/Y|f(x,y)|dv(y) —w}es.

Tonelli’s Theorem applied to | f| also tells us that

/x /Y\f(x,y)| dv(y) du(x) < o

because the iterated integral above equals [ |f| d(u x v). The inequality above
implies that

y({x €X: /Y|f(x,y)| dv(y) = oo}) =0.
Recall that f* and f~ are nonnegative S ® T -measurable functions such that

lfl =f"+f and f = fT — f~ (see 3.17). Applying Tonelli’s Theorem to f+
and f~, we see that

5.33 x»—)/nyr(x,y)dv(y) and x'—>/yf_(x,y)dv(y)
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are S-measurable functions from X to [0, o]. Because f* < | f | and f~ < |f], the
sets {x € X : [, fH(x,y)dv(y) = co}and {x € X : [, f~(x,y) dv(y) = oo}
have u- measure 0. Thus the intersection of these two sets, which is the set of x € X
such that [, f(x,y) dv(y) is not defined, also has pi-measure 0.

Subtracting the second function in 5.33 from the first equation in 5.33, we see that
the function that we define to be 0 for those x € X where we encounter co — oo (a
set of yi-measure 0, as noted above) and that equals [, f(x,y) dv(y) elsewhere is an
S-measurable function on X.

Now

fdpxv) = [ frdux) = [ fdpx)

_//f+xydv ) du(x //f (x,y) dv(y) du(x)

— U = ) ) )

= [ [ ey dv(y) dutx).

where the first line above comes from the definition of the integral of a function that
is not nonnegative (note that neither of the two terms on the right side of the first
line equals oo because [y |f|d(i x v) < c0) and the second line comes applying
Tonelli’s Theorem to £ and f~.

We have now proved all aspects of Fubini’s Theorem that involve integrating first
over Y. The same procedure provides proofs for the aspects of Fubini’s theorem that
involve integrating first over X.

XxY

Area Under Graph

(5.34 Definition region under the graph w

Suppose X is a set and f: X — [0, o0] is a function. Then the region under the
graph of f, denoted Uf, is defined by

g Up = {(x,t) € X x (0,00):0 <t < f(x)}.

R

The figure indicates why we call Uy

the region under the graph of f, even

in cases when X is not a subset of R.

Similarly, the informal term area in the

next paragraph should remind you of the

Uy area in the figure, even though we are

really dealing with the measure of Uy in
a product space.

X
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The first equality in the result below can be thought of as recovering Riemann’s
conception of the integral as the area under the graph (although now in a much more
general context with arbitrary o-finite measures). The second equality in the result
below can be thought of as reinforcing Lebesgue’s conception of computing the area
under a curve by integrating in the direction perpendicular to Riemann’s.

(5.35 area under the graph of a function equals the integral

>

Suppose (X, S, i) is a o-finite measure space and f: X — [0,00] is an
S-measurable function. Let B denote the o-algebra of Borel subsets of (0, c0),
and let A denote Lebesgue measure on ((0,00), B). Then Uy € S ® BB and

(ex (Up) = [ fan= [ p{x e X:t< [} ar()

\_ O )
Proof Fork € ZT, let
K2-1
By = Uo(flu',?,mk“))x(o,m) and  Fe = f~1([k,00]) x (0,K).

Then Ej is a finite union of S ® B-measurable rectangles and F; is an S ® B-
measurable rectangle. Because

we conclude that Uy € S ® B.
Now the definition of the product measure # X A implies that

(n x A)(Uy) = //w (x,£) dA(t) du(x)

= [ fx) du(x)

which completes the proof of the first equality in the conclusion of this theorem.
Tonelli’s Theorem (5.28) tells us that we can interchange the order of integration
in the double integral above, getting

(o = [ o0 du) o)
= /(O,oo) w({x € Xt < f(x)}) dA(b),

which completes the proof of the second equality in the conclusion of this theorem.

Markov’s Inequality (4.1) implies that if f and y are as in the result above, then

u(lx € X flx) > 1) < LS

for all t > 0. Thus if f x f du < oo, then the result above should be considered to be
somewhat stronger than Markov’s inequality (because f (0,0) % dA(t) = o).

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 5B lterated Integrals 133

EXERCISES 5B

1

(a) Let A denote Lebesgue measure on [0, 1]. Show that

x% —y? T
dA dA = —
/[01/[01 G M ) =

and
xZ — y 7T
d)t dA = ——.
/01]/01] (x2 +y2)2 (x) dA(y) 4
(b) Explain why (a) violates neither Tonelli’s Theorem nor Fubini’s Theorem.

(a) Give an example of a doubly-indexed collection {xy, ,, : m,n € Z*} of
real numbers such that

(o] [e0]
Z Exm,nzo and Z men_oo
m=1 n=1

n=1 m=
(b) Explain why (a) violates neither Tonelli’s Theorem nor Fubini’s Theorem.

Suppose (X, S) is a measurable space and f: X — [0, o0] is a function. Let B
denote the o-algebra of Borel subsets of (0, o). Prove that Uy € S ® B if and
only if f is an S-measurable function.

Suppose (X, S) is a measurable space and f: X — R is a function. Let
graph(f) C X x R denote the graph of f:

graph(f) = { (x, f(x)) : x € X}.

Let BB denote the o-algebra of Borel subsets of R. Prove that graph(f) € S® B
if and only if f is an S-measurable function.
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5C Lebesgue Integration on R”

Throughout this section, assume that m and 7 are positive integers. Thus, for example,
5.36 should include the hypothesis that 7 and n are positive integers, but theorems
and definitions become easier to state without explicitly repeating this hypothesis.

Borel Subsets of R”

We begin with a quick review of notation and key concepts concerning R".
Recall that R” is the set of all n-tuples of real numbers:

R"={(xq,...,x4) : xq,..., x4 € R}.
The function ||+ ||e from R" to [0, 00) is defined by
1(x1, .-, xn)|eo = max{|x1],..., |xn|}.
For x € R" and § > 0, the open cube B(x, §) with side length 26 is defined by
B(x,6) = {y € R : |y - x|l < 6}.

If n = 1, then an open cube is simply a bounded open interval. If n = 2, then an
open cube might more appropriately be called an open square. However, using the
cube terminology for all dimensions has the advantage of not requiring a different
word for different dimensions.

A subset G of R" is called open if for every x € G, there exists 6 > 0 such that
B(x,8) C G. Equivalently, a subset G of R is called open if every element of G is
contained in an open cube that is contained in G.

The union of every collection (finite or infinite) of open subsets of R" is an open
subset of R". Also, the intersection of every finite collection of open subsets of R" is
an open subset of R™.

A subset of R" is called closed if its complement in R" is open. A set A C R" is
called bounded if sup{||a|lc : a € A} < c0.

We adopt the following common convention:

R" x R" is identified with R™".

To understand the necessity of this convention, note that R> x R # R3 because
R? x R and R3 contain different kinds of objects. Specifically, an element of R? x R
is an ordered pair, the first of which is an element of R? and the second of which is
an element of R; thus an element of R x R looks like ((xl, x2), X3). An element
of R3 is an ordered triple of real numbers that looks like (x1, xp, x3). However, we
can identify ((x1,x2),x3) with (x1,x2,x3) in the obvious way. Thus we say that
R? x R “equals” R3. More generally, we make the natural identification of R” x R”"
with R"™*7,

To check that you understand the identification discussed above, make sure that
you see why B(x,8) x B(y,6) = B((x,y),6) forall x € R",y € R", and § > 0.

We can now prove that the product of two open sets is an open set.
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o)

5.36 product of open sets is open w

Suppose G is an open subset of R™ and G is an open subset of R”. Then
G; x G is an open subset of R,

Proof  Suppose (x,) € G1 X Gy. Then there exists an open cube D in R™ centered
at x and an open cube E in R" centered at y such that D C Gy and E C G,. By
reducing the size of either D or E, we can assume that the cubes D and E have the
same side length. Thus D X E is an open cube in R”" centered at (x,y) that is
contained in G; X Gy.

We have shown that an arbitrary point in G; X Gy is the center of an open cube
contained in G; x G,. Hence G X G, is an open subset of R" 1",

When 1 = 1, the definition below of a Borel subset of R! agrees with our previous
definition (2.28) of a Borel subset of R.

(‘3.37 Definition Borel set; 13, w

o A Borel subset of R" is an element of the smallest o-algebra on R” containing
all open subsets of R™.

o The c-algebra of Borel subsets of R” is denoted by ;.

Recall that a subset of R is open if and only if it is a countable disjoint union of
open intervals. Part (a) in the result below provides a similar result in R”, although
we must give up the disjoint aspect.

( 5.38 open sets are countable unions of open cubes w

(a) A subset of R" is open in R" if and only if it is a countable union of open
cubes in R".

(b) B is the smallest o-algebra on R" containing all the open cubes in R".

Proof We will prove (a), which clearly implies (b).

The proof that a countable union of open cubes is open is left as an exercise for
the reader (actually, arbitrary unions of open cubes are open).

To prove the other direction, suppose G is an open subset of R"™. For each x € G,
there is an open cube centered at x that is contained in G. Thus there is a smaller
cube Cy such that x € C, C G and all coordinates of the center of C, are rational
numbers and the side length of Cy is a rational number. Now

G=JCn
xeG

However, there are only countably many distinct cubes whose center has all rational
coordinates and whose side length is rational. Thus G is the countable union of open
cubes.
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The next result tells us that the collection of Borel sets from various dimensions
fit together nicely.

(‘5.39 product of the Borel subsets of R™ and the Borel subsets of R" w

LBm X Bn = Bern- )

Proof  Suppose E is an open cube in R" ", Thus E is the product of an open cube
in R™ and an open cube in R". Hence E € B,, ® B,,. Thus the smallest o-algebra
containing all the open cubes in R is contained in B, ® B,,. Now 5.38(b) implies
that B+ C By ® By,

To prove a set inclusion in the other direction, temporarily fix an open set G in
R". Let

E={ACR":AXGE Byin}

Then & contains every open subset of R” (as follows from 5.36). Also, £ is closed
under countable unions because

o]

(GAI{) x G = U(AkXG).
k=1 k=1

Furthermore, £ is closed under complementation because
(R™\ A) x G = ((Rm x R")\ (A x G)) N (R™ x G).

Thus £ is a o-algebra on R™ that contains all open subsets of R™, which implies that
By C £. In other words, we have proved that if A € B, and G is an open subset of
R", then A X G € Byn.

Now temporarily fix a Borel subset A of R™. Let

The conclusion of the previous paragraph shows that F contains every open subset of
R". As in the previous paragraph, we also see that F is a o-algebra. Hence 3, C F.
In other words, we have proved that if A € B, and B € B,;, then A X B € By 14.
Thus B, ® B,, C Byy+y, completing the proof.

The previous result implies a nice associative property. Specifically, if m, n, and
p are positive integers, then two applications of 5.39 give

Similarly, two more applications of 5.39 give
By @ (B ® Bp) = B @ Butp = Bmtn+p-

Thus (B, ® By) ® By = By @ (By @ By): hence we can dispense with parentheses
when taking products of more than two Borel -algebras. More generally, we could
have defined B, ® B, @ B, directly as the smallest o-algebra on R"™"+P containing
{AxBxC:A¢€ebB,BehB,Cc Bp} and obtained the same ¢-algebra (see
Exercise 3 in this section).
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Lebesgue Measure on R"

(5.40 Definition Lebesgue measure; A, A
Lebesgue measure on R" is denoted by A, is defined inductively by
An = Ap_1 X Aq,
where Aq is Lebesgue measure on (R, B7). )

Because B, = B,_1 ® B; (by 5.39), the measure A,, is defined on the Borel
subsets of R”™. Thinking of a typical point in R" as (x,y), where x € R"~! and
y € R, we can use the definition of the product of two measures (5.25) to write

M(E) = [ [ aey) dha(v) a0

for E € B,. Of course, we could use Tonelli’s Theorem (5.28) to interchange the
order of integration in the equation above.

Because Lebesgue measure is the most commonly used measure, mathematicians
often dispense with explicitly displaying the measure and just use a variable name.
In other words, if no measure is explicitly displayed in an integral and the context
indicates no other measure, then you should assume that the measure involved
is Lebesgue measure in the appropriate dimension. For example, the result of
interchanging the order of integration in the equation above could be written as

= [ [ xeey) dxdy

for E € By; here dx means dA,,_1(x) and dy means dA1(y).

In the equations above giving formulas for A, (E), the integral over R~ could be
rewritten as an iterated integral over R"~2 and R, and that process could be repeated
until reaching iterated integrals only over R. Tonelli’s Theorem could then be used
repeatedly to swap the order of pairs of those integrated integrals, leading to iterated
integrals in any order.

Similar comments apply to integrating functions on R" other than characteristic
functions. For example, if f: R3 — R is a B3-measurable function such that either
f > 0o0r [gs|f] dA3 < oo, then by either Tonelli’s Theorem or Fubini’s Theorem we

have
/I{3fdA3:/I{AAf(X1,X2,X3) dxjdxkdxm,

where j, k, m is any permutation of 1,2, 3.

Although we defined A, to be A;;—1 X Ay, we could have defined A, to be A X A
for any positive integers j, k with j + k = n. This potentially different definition
would have led to the same c-algebra B, (by 5.39) and to the same measure A,
[because both potential definitions of A, (E) can be written as identical iterations of
n integrals with respect to A1].
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Volume of Unit Ball in R”

The proof of the next result provides good experience in working with the Lebesgue
measure A,,. Recall that tE = {tx : x € E}.

( 5.41 measure of a dilation W
LSupposet > 0. If E € By, then tE € B, and A, (tE) = " A, (E). J
Proof Let

E={E € B,:tE € B,}.

Then £ contains every open subset of R” (because if E is open in R” then ¢E is open
in R™). Also, £ is closed under complementation and countable unions because

HR"\ E) = R"\ (tE) and t( U Ek) — | J(tEp).
k=1 k=1

Hence £ is a o-algebra on R” containing the open subsets of R™. Thus £ = B,,. In
other words, tE € By, forall E € B,,.

To prove Ay, (tE) = t" A, (E), first consider the case n = 1. Lebesgue measure on
R is a restriction of outer measure. The outer measure of a set is determined by the
sum of the lengths of countable collections of intervals whose union contains the set.
Multiplying the set by t corresponds to multiplying each such interval by ¢, which
multiplies the length of each such interval by f. In other words, Aq (fE) = tA{(E).

Now assume 1 > 1. We will use induction on 7 and assume that the desired result
holds forn — 1. If A € B3,,_1 and B € B, then

An(HA X B)) = As((t4) x (tB))

= Au—1(tA) - A1(tB)

=" "Ay-1(A) - tA1(B)
5.42 =t"A,(A x B),
giving the desired result for A x B.

For m € Z, let C,;, be the open cube in R" centered at the origin and with side
length m. Let

Em={E€B,:ECCyandA,(tE) = t"A,(E)}.

From 5.42 and using 5.13(b), we see that finite unions of measurable rectangles
contained in Cy, are in £;. You should verify that £, is closed under countable
increasing unions (use 2.58) and countable decreasing intersections (use 2.59, whose
finite measure condition holds because we are working inside C,;). From 5.13 and
the Monotone Class Theorem (5.17), we conclude that &, is the o-algebra on Cy,
consisting of Borel subsets of Cy,. Thus A, (tE) = t"A,(E) forall E € B, such that
E C Cy.
Now suppose E € B;,. Then 2.58 implies that

as desired.
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(5.43 Definition open unit ball in R" w

The open unit ball in R" is denoted by B,, and is defined by

Bn :{(xll"'/xn) 6Rn2x12+"'+xn2<1}.

The open unit ball B, is open in R" (as you should verify) and thus is in the
collection B, of Borel sets.

(5.44 volume of the unit ball in R" A
/2
— if n is even
(n/2)! ’
An(Bn) =
2(n+1)/2 (n-1)/2
13 57-[ . if n is odd.
G J

Proof Because A1(B1) = 2 and A»(B;) = 7, the claimed formula is correct when
n =1and whenn = 2.

Now assume that n > 2. We will use induction on #, assuming that the claimed for-
mula is true for smaller values of 72. Think of R” = RZ x R* 2and A,, = Ay X A,,_o.
Then

5.45 /RZ/R”Z (x,y) dy dx.

Temporarily fix x = (x1,x2) € R% If x12 4 x2% > 1, then x; (x,y) = 0 for
ally € R" 2 If x;” + x> < landy € R"72, then x; (x,y) = 1if and only if
y € (1 —x12 — x%)/2B,,_5. Thus the inner integral in 5.45 equals

An—2 ((1 —x? = xzz)l/anfz)XBZ(x),
which by 5.41 equals
(1—x2% =) " 220, 5 (B, 2)xy (%).

Thus 5.45 becomes the equation

)\n(Bn) = )\n—2<Bn—2) /B (1 - x12 - x22)(n72)/2 dAa(x1,x2).

2

To evaluate this integral, switch to the usual polar coordinates that you learned about
in calculus (dA, = r dr df), getting

A(By) = Ap_2(By— 2/ / (1=2)/2y 4y d

= ?An72(Bn72)'

The last equation and the induction hypothesis give the desired result.
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The table here gives the first five val- /~ ~N
ues of A, (By,), using 5.44. The last col- -
umn of this table gives a decimal approx- 111 An (an) -~ /;no((]? )
imation to A, (B;), accurate to two dig- '
its after the decimal point. From this ta- 2 T 3.14
ble, you might guess that A, (B;) is an 3| 4m7/3 4.19
increasing function of n, especially be- 5
cause the smallest cube containing the 4 /2 4.93
ball B, has n-dimensional Lebesgue mea- 5 | 812/15 5.26
sure 2. However, Exercise 12 in this \_ Y,
section shows that A, (Bj,) behaves much
differently.

Equality of Mixed Partial Derivatives Via Fubini’s Theorem

[

5.46 Definition partial derivatives; D1 f and D, f )

Suppose G is an open subset of R? and f: G — Risa function. For (x,y) € G,
the partial derivatives (D1 f)(x,y) and (D, f)(x,y) are defined by

fx+ty) - fxy)

(D1f)(x,y) = lim

t—0 t
and
(D2f)(x,y) = lim f(x,y+t)t — f(x,y)
_if these limits exist. |

Using the notation for the cross section of a function (see 5.7), we could write the
definitions of D1 and D; in the following form:

(D1f)(x,y) = ([f1¥)'(x) and  (Da2f)(x,y) = ([flx)'(v)-

5.47 Example partial derivatives of x¥
Let G = {(x,y) € R?: x > 0} and define f: G — Rby f(x,y) = x¥. Then

(D1f)(x,y) =yx'"" and (Daf)(x,y) = 2/ Inx,
as you should verify. Taking partial derivatives of those partial derivatives, we have
(D2(D1f)) (x,y) = 2/~ +ya¥ T nx

and
(D1(Daf)) (x,y) = ¥y n,

as you should also verify. The last two equations show that D1 (D, f) = Dy (D1 f)
as functions on G.
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In the example above, the two mixed partial derivatives turn out to equal to each
other, even though the intermediate results look quite different. The next result shows
that the behavior in the example above is typical rather than a coincidence.

Some proofs of the result below do not use Fubini’s Theorem. However, Fubini’s
Theorem leads to the clean proof below.

The integrals that appear in the proof
below make sense because continuous
real-valued functions on R? are measur-
able (because for a continuous function,
the inverse image of each open set is open)
and because continuous real-valued func-
tions on closed bounded subsets of R? are
bounded.

f5.48 equality of mixed partial derivatives )

Although the continuity hypotheses
in the result below can be slightly
weakened, they cannot be
eliminated, as shown by Exercise 14
in this section.

Suppose G is an open subset of R? and f: G — Ris a function such that D; f,
D, f, D1(D;yf), and Dy (D f) all exist and are continuous functions on G. Then

D1(Daf) = Dy(D1f)

\on G. Y,

Proof Fix (a,b) € G. Ford > 0,let S5 = [a,a+ 6] x [b,b+5]. If S5 C G, then

/D1 Dyf) dhy = / / (D1(Daf)) (x, ) dx dy

b+o
:/b [(D2f)(a+8,y) — (D2f)(a,y)] dy

=f(a+6,b+0)—f(a+6,b)— f(a,b+0)+ f(ab),

where the first equality comes from Fubini’s Theorem (5.32) and the second and third
equalities come from the Fundamental Theorem of Calculus.
A similar calculation of | ss D5 (D7 f) dA; yields the same result. Thus

. 1D1(D2f) = Da(Df)) dhz = 0
for all § such that S5 C G. If (Dq1(D2f))(a,b) > (D2(D1f))(a,b), then by
the continuity of D1(D,f) and Dy(D;f), the integrand in the equation above is
positive on S; for ¢ sufficiently small, which contradicts the integral above equal-
ing 0. Similarly, the inequality (D1(D2f))(a,b) < (D2(D1f))(a,b) also contra-
dicts the equation above for small 6. Thus we conclude that (D1(Dyf))(a,b) =
(Dy(D1f))(a, b), as desired.
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Chapter 5 Product Measures

EXERCISES 5C

Show that a set G C R" is open in R" if and only if for each (bq,...,b,) € G,
there exists » > 0 such that

{(al,...,un) eR": \/(al—b1)2+~~+(an—bn)2 <r} C G.

Show that there exists a set E C R? (thinking of R? as equal to R x R) such
that the cross sections [E], and [E]? are open subsets of R for every a € R, but

E ¢ Bs.

Suppose (X, S), (Y, T), and (Z,U) are measurable spaces. We can define
S ® T ® U to be the smallest o-algebra on X x Y X Z that contains

{AxBxC:AeS,BeT,Cecl}.

Prove that if we make the obvious identifications of the products (X X Y) x Z
and X X (Y x Z) with X X Y x Z, then

SRTRU=(SRT)QU =S (T U).

Show that Lebesgue measure on R” is translation invariant. More precisely,
show thatif E € B, anda € R” thena+ E € B, and Ay(a+ E) = A, (E),
where

a+E={a+x:x€E}

Suppose f: R" — R is B,-measurable and t € R\ {0}. Define f;: R* — R
by fi(x) = f(tx).

(a) Prove that f; is B, measurable.

(b) Prove that if / f dAy, is defined, then
R}‘l

1
Ay = — M.
/R"ft " |t|"/Rnf "

Suppose A denotes Lebesgue measure on (R, £), where L is the o-algebra of
Lebesgue measurable subsets of R. Show that there exist subsets E and F of R?
such that

e FeL®Land (AxA)(F)=0;

e ECFbwtEZ L®L.
[The measure space (R, L, \) has the property that every subset of a set with

measure 0 is measurable. This exercise asks you to show that the measure space
(R%, L ® L, A x A) does not have this property.]

Suppose M € Z™. Verify that the collection of sets £ that appears in the proof
of 5.41 is a monotone class.
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Show that the open unit ball in R” is an open subset of R".

Suppose Gq is a nonempty subset of R™ and G, is a nonempty subset of R”.
Prove that G; X G is an open subset of R” x R" if and only if G; is an open
subset of R and Gj is an open subset of R".

[One direction of this result was already proved (see 5.36), both directions are
stated here to make the result look prettier and to be comparable to the next
exercise, where neither direction has been proved.]

Suppose F; is a nonempty subset of R™ and F, is a nonempty subset of R”.
Prove that F; X F, is a closed subset of R™ x R" if and only if F; is a closed
subset of R™ and I is a closed subset of R”.

Suppose E is a subset of R x R" and
A={xeR":(xy) € Eforsomey € R"}.

(a) Prove that if E is an open subset of R™ x R", then A is an open subset
of R™.

(b) Prove or give a counterexample: If E is a closed subset of R" x R", then
A is a closed subset of R™.

(a) Prove that limy,_c Ay (By) = 0.

(b) Find the value of n that maximizes A, (By,).

For readers familiar with the gamma function I': Prove that

7.[n/2
A(Bp) = =7~
for every positive integer 7.
Define f: R? — R by
2_ .2
WY () £ (0,0,

flry) =4 22+y?
0 if (x,y) = (0,0).

(a) Prove that D1(Dyf) and Dy(D; f) exist everywhere on R2.

(b) Show that (D] (sz)) (O, 0) #* (Dz(le)) (0, 0)
(c) Explain why (b) does not violate 5.48.
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Chapter
6

Banach Spaces

We begin this chapter with a quick review of the essentials of metric spaces. Then
we extend our results on measurable functions and integration to complex-valued
functions. After that, we rapidly review the framework of vector spaces, which will
allow us to consider natural collections of measurable functions that are closed under
addition and scalar multiplication.

Normed vector spaces and Banach spaces, which are introduced in the third
section of this chapter, play a hugely important role in modern analysis. Most interest
focuses on linear maps on these vector spaces. Key results about linear maps that we
will develop in this chapter include the Hahn—Banach Theorem, the Open Mapping
Theorem, the Closed Graph Theorem, and the Principle of Uniform Boundedness.

a N

\_ J

Market square in Lwow, a city that has been in several countries because of changing
international boundaries. Before World War I, Lwow was in Austria-Hungary.
During the period between World War I and World War II, Lwéw was in Poland.
During this time, mathematicians in Lwow, particularly Stefan Banach (1892—1945)
and his colleagues, developed the basic results of modern functional analysis.
After World War II, Lwow was in USSR. Now Lwow is in Ukraine and is called Lviv.
CC-BY-SA Petar MiloSevi¢
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6A Metric Spaces
Open Sets, Closed Sets, and Continuity

Much of analysis takes place in the context of a metric space, which is a set with a
notion of distance that satisfies certain properties. The properties we would like a
distance function to have are captured in the next definition, where you should think
of d(f, g) as measuring the distance between f and g.

Specifically, we would like the distance between two elements of our metric space
to be a nonnegative number that is 0 if and only if the two elements are the same. We
would like the distance between two elements not to depend on the order in which
we list them. Finally, we would like a triangle inequality (the last bullet point below),
which states that the distance between two elements is less than or equal to the sum
of the distances obtained when we insert an intermediate element.

Now we are ready for the formal definition.

(- )

6.1 Definition metric space

A metric on a nonempty set V is a function d: V x V — [0, c0) such that
e d(f,f)=0forall f € V;
o if f,o € Vandd(f,g) =0,then f =g;
o d(f,g)=d(g f)forall f,g € V;
o d(f,h) <d(f,g)+d(g h)foral f,g,h e V.

A metric space is a pair (V,d), where V is a nonempty set and d is a metric on V.

6.2 Example metric spaces
e Suppose V is a nonempty set. Define d on V x V by setting d(f, g) to be 1 if
f # gandtobe 0if f = g. Then d is a metric on V.
e Define d on R x R by d(x,y) = |x — y|. Then d is a metric on R.
e Forn € Z7, define d on R"” x R" by
d((x1,.,%0), (Y1, -, ¥n)) = max{|x1 —y1|,..., [xn — ya|}-
Then d is a metric on R”.

e Define d on C([0,1]) x C([0,1]) by d(f,g) = sup{|f(t) —g(t)| : t € [0,1]};
here C([0, 1]) is the set of continuous real-valued functions on [0, 1]. Then d is
a metric on C([0,1]).

e Define d on /! x ¢! by d((al,az, ...), (b1, by, .. )) = Y oo qlax — bgl; here a
is the set of sequences (a1, 4, ...) of real numbers such that } 22 ; [a| < co.
Then d is a metric on /1.
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The material in this section will prob-
ably be review for most readers of this
book. Thus more details than usual will
be left to the reader to verify. Verifying
those details and doing the exercises is
the best way to solidify your understand-
ing of these concepts. You should be able
to transfer familiar definitions and proofs
from the context of R or R" to the context of a metric space.

We will need to use a metric space’s topological features, which we introduce
now.

(This book often uses symbols such as )

£, 8, h as generic elements of a
generic metric space because many
of the important metric spaces in
analysis are sets of functions; for
example, see the fourth bullet point
\ofExample 6.2. )

(6.3 Definition open ball; B(f,r) )

Suppose (V,d) is a metric space, f € V,and r > 0.

e The open ball centered at f with radius 7 is denoted B( f, ) and is defined

by
B(f,r) ={geV:d(f,g) <r}

e The closed ball centered at f with radius  is denoted B(f,7) and is defined

by
— : <rf.
L B(f,r)={geV:d(f,g) <) )
Abusing terminology, many books (including this one) include phrases such as
suppose V' is a metric space without mentioning the metric d. When that happens,
you should assume that a metric d lurks nearby, even if it is not explicitly named.
Our next definition declares a subset of a metric space to be open if every element
in the subset is the center of an open ball that is contained in the set.

(

6.4 Definition open set

N

A subset G of a metric space V is called open if for every f € G, there exists
\7 > 0 such that B(f,r) C G.

N

6.5 open balls are open

Suppose V is a metric space, f € V, and r > 0. Then B(f, r) is an open subset

Proof Suppose that ¢ € B(f,r). We need to show that an open ball centered at g is
contained in B(f, 7). To do this, note thatif h € B(g,r —d(f,g)). then

d(f,h) <d(f,8) +d(g,h) <d(f,g)+ (r—d(f,g)) =r.

which implies that i € B(f,r). Thus B(g,r —d(f,g)) C B(f,r), which implies
that B(f,r) is open.
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Closed sets are defined in terms of open sets.

ﬁa.e Definition closed subset w

kA subset of a metric space V is called closed if its complement in V is open. J

For example, each closed ball B(f, r) in a metric space is closed, as you are asked
to prove in Exercise 3.
Now we define the closure of a subset of a metric space.

(6.7 Definition closure \

Suppose V is a metric space and E C V. The closure of E, denoted E, is defined
by
E={g€eV:B(g,¢e) NE # @ forevery ¢ > 0}.

Limits in a metric space are defined by reducing to the context of real numbers,
where limits have already been defined.

ﬁs.s Definition [limitin V w

Suppose (V,d) is a metric space, f1, fa, ... is a sequence in V, and f € V. Then

lim f; = f means lim d(f, f) = 0.
k—oc0 k—o0

In other words, a sequence f1, fp,...in V converges to f € V if for every € > 0,
there exists n € Z" such that

d(fx, f) < efor all integers k > n.

The next result states that the closure of a set is the collection of all limits of
elements of the set. Also, a set is closed if and only if it equals its closure. The proof
of the next result is left as an exercise that provides good practice in using these
concepts.

-

6.9 closure

>

Suppose V is a metric space and E C V. Then

(a) E={g € V: thereexist f1, fa, ... in E such that z}LTof" =gk
(b) E is the intersection of all closed subsets of V' that contain E;

(c) E is aclosed subset of V;

(d) Eis closed if and only if E = E;

(e) E isclosed if and only if E contains the limit of every convergent sequence
\_ of elements of E. )
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The definition of continuity that follows uses the same pattern as the definition for
a function from a subset of R to R.

[6.1 0 Definition continuity h

Suppose (V,dy) and (W, dy ) are metric spaces and T: V — W is a function.

e For f € V, the function T is called continuous at f if for every e > 0, there
exists > 0 such that

dw (T(f), T(8)) <e
forall g € V withdy(f,g) <é.

o The function T is called continuous if T is continuous at f for every f €

W

The next result gives equivalent conditions for continuity. Recall that T~1(E) is
called the inverse image of E and is defined tobe {f € V : T(f) € E}. Thus the
equivalence of the (a) and (c) below could be restated as saying that a function is
continuous if and only if the inverse image of every open set is open. The equivalence
of the (a) and (d) below could be restated as saying that a function is continuous if
and only if the inverse image of every closed set is closed.

-

6.11 equivalent conditions for continuity )

Suppose V and W are metric spaces and T: V — W is a function. Then the
following are equivalent:

(a) T is continuous.
(b) lim fx = fin V implies lim T(f;) = T(f) in W.
k—ro0 k—co

(c) T~Y(G) is an open subset of V for every open set G C W.

\(d) T~1(F) is a closed subset of V for every closed set F C W. )
Proof  We first prove that (b) implies (d). Suppose (b) holds. Suppose F is a closed
subset of W. We need to prove that T~1(F) is closed. To do this, suppose fi, fa,---
is a sequence in T~1(F) and limy_,, fx = f for some f € V. Because (b) holds, we
know that limy_,o, T(fx) = T(f). Because f; € T~!(F) foreach k € Z*, we know
that T(f¢) € F for each k € Z*. Because F is closed, this implies that T(f) € F.
Thus f € T~1(F), which implies that T~1(F) is closed [by 6.9(e)], completing the
proof that (b) implies (d).

The proof that (c) and (d) are equivalent follows from the equation

T-Y(W\E)=V\T YE)

for every E C W and the fact that a set is open if and only if its complement (in the
appropriate metric space) is closed.

The proof of the remaining parts of this result are left as an exercise that should
help strengthen your understanding of these concepts.
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Cauchy Sequences and Completeness

The next definition is useful for showing (in some metric spaces) that a sequence has
a limit, even when we do not have a good candidate for that limit.

(

6.12 Definition Cauchy sequence

N

A sequence f1, f>, ... in a metric space (V,d) is called a Cauchy sequence if for
every € > 0, there exists n € Z such that d(f;, fy) < & for all integers j > n
and k > n.

_J
6.13 every convergent sequence is a Cauchy sequence A
Every convergent sequence in a metric space is a Cauchy sequence. y

Proof  Suppose limy_,«, fx = f in a metric space (V,d). Suppose ¢ > 0. Then
there exists n € Z such that d(fy, f) < § forallk > n.If j,k € Z are such that
j > nandk > n, then

d(f fi) <d(f ) +d(f fi) < 5+5 —e

Thus f1, f, ... is a Cauchy sequence, completing the proof.

Metric spaces that satisfy the converse of the result above have a special name.

( 6.14 Definition complete metric space w

A metric space V is called a complete if every Cauchy sequence in V converges
to some element of V.

6.15 Example
o All five of the metric spaces in Example 6.2 are complete, as you should verify.

e The metric space Q, with metric defined by d(x,y) = |x — y|, is not complete.
To see this, for k € Z7T let

1 1 1
M= on T 1E T o
If j < k, then
k= 5T oG 10K = 1oG+O1

Thus x1, X3, . . . is a Cauchy sequence in Q. However, x1, Xp, . . . does not con-
verge to an element of Q because the limit of this sequence would have a decimal
expansion 0.110001000000000000000001 . . . that is neither a terminating deci-
mal nor a repeating decimal. Thus Q is not a complete metric space.
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a N

\_ J

Entrance to the Ecole Polytechnique (Paris), where Augustin-Louis Cauchy
(1789-1857) was a student and a faculty member. Cauchy wrote almost 800
mathematics papers and the highly influential textbook Cours d’ Analyse (published
in 1821), which greatly influenced the development of analysis.

CC-BY-SA NonOmnisMoriar

Every nonempty subset of a metric space is a metric space. Specifically, suppose
(V,d) is a metric space and U is a nonempty subset of V. Then restricting d to
U x U gives a metric on U. Unless stated otherwise, you should assume that the
metric on a subset is this restricted metric that the subset inherits from the bigger set.

Combining the two bullet points in the result below shows that a subset of a
complete metric space is complete if and only if it is closed.

(6.1 6 connection between complete and closed \

(a) A complete subset of a metric space is closed.

(b) A closed subset of a complete metric space is complete.

Proof We begin with a proof of (a). Suppose that U is a complete subset of a
metric space V. Suppose f1, fa, ... is a sequence in U that converges to some g € V.
Then f1, f2, ... is a Cauchy sequence in U (by 6.13). Hence by the completeness
of U, the sequence fy, f2, ... converges to some element of U, which must be g
(see Exercise 7). Hence g € U. Now 6.9(e) implies that U is a closed subset of V,
completing the proof of (a).

To prove (b), suppose U is a closed subset of a complete metric space V. To show
that U is complete, suppose f1, f2, ... is a Cauchy sequence in U. Then fi, f>,...1s
also a Cauchy sequence in V. By the completeness of V, this sequence converges to
some f € V. Because U is closed, this implies that f € U (see 6.9). Thus the Cauchy
sequence f1, f2, ... converges to an element of U, showing that U is complete. Hence
(b) has been proved.
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EXERCISES 6A

A W N

10

11

12

13

Verify that each of the claimed metrics in Example 6.2 is indeed a metric.
Prove that every finite subset of a metric space is closed.

Prove that every closed ball in a metric space is closed.

Suppose V is a metric space.

(a) Prove that the union of each collection of open subsets of V is an open
subset of V.

(b) Prove that the intersection of each finite collection of open subsets of V is
an open subset of V.

Suppose V is a metric space.

(a) Prove that the intersection of each collection of closed subsets of V is a
closed subset of V.

(b) Prove that the union of each finite collection of closed subsets of V is a
closed subset of V.

(a) Prove that if V is a metric space, f € V, and r > 0, then B(f,r) C B(f,r).
(b) Give an example of a metric space V, f € V, and r > 0 such that

B(f.r) # B(f,7).
Show that a sequence in a metric space has at most one limit.

Prove 6.9.

Prove that each open subset of a metric space V' is the union of some sequence
of closed subsets of V.

Prove or give a counterexample: If V' is a metric space and U, W are subsets
of V,thenUUW =UUW.

Prove or give a counterexample: If V' is a metric space and U, W are subsets
of V,thenUNW=UNW.

Suppose (U, dy;), (V,dy), and (W, dy) are metric spaces. Suppose also that
T:U— VandS: V — W are continuous functions.
(a) Using the definition of continuity, show that So T: U — W is continuous.

(b) Using the equivalence of 6.11(a) and 6.11(b), show that So T: U — W is
continuous.

(c) Using the equivalence of 6.11(a) and 6.11(c), show that So T: U — W is
continuous.

Prove the parts of 6.11 that were not proved in the text.
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14

15

16

Suppose a Cauchy sequence in a metric space has a convergent subsequence.
Prove that the Cauchy sequence converges.

Verify that all five of the metric spaces in Example 6.2 are complete metric
spaces.

Suppose (U, d) is a metric space. Let W denote the set of all Cauchy sequences
of elements of U.

(a) For (f1, f2,...) and (1,82, ...) in W, define (f1, f2,...) = (g1, 82,---)
to mean that

lim d(fk/gk) =0.
k—o0
Show that = is an equivalence relation on W.

(b) Let V denote the set of equivalence classes of elements of W under the
equivalence relation above. For (f1, f2,...) € W, let (f1, f2,...)" denote
the equivalence class of (f1, f2,...). Definedy: V x V — [0, c0) by

Ay ((f for--) (g1, 82, F) = Jim d(fio ).

Show that this definition of dy makes sense and that dy is a metric on V.
(c) Show that (V,dy ) is a complete metric space.

(d) Show that the map from U to V that takes f € U to (f, f, f,...)" preserves
distances, meaning that

d(f,8) =dv((f.f.f--) (88&8---))
forall f,g € U.

(e) Explain why (d) shows that every metric space is a subset of some complete
metric space.
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6B Vector Spaces

Integration of Complex-Valued Functions

Complex numbers were invented so that we can take square roots of negative numbers.
The idea is to assume we have a square root of —1, denoted i, that obeys the usual
rules of arithmetic. Here are the formal definitions:

(. )

6.17 Definition complex numbers; C

e A complex number is an ordered pair (a,b), where a,b € R, but we will
write this as a + bi.

e The set of all complex numbers is denoted by C:
C={a+bi:abecR}
o Addition and multiplication on C are defined by

(a+bi)+ (c+di)=(a+c)+ (b+4d)i,
(a+bi)(c+di) = (ac — bd) + (ad + be)i;

here a,b,c,d € R.

\_ J

If a € R, then we identify a + 0i
with a. Thus we think of R as a subset of
C. We also usually write O + bi as bi, and
we usually write 0 4 1i as i. You should
verify that i2 = —1.

With the definitions as above, C satisfies the usual rules of arithmetic. Specifically,
with addition and multiplication defined as above, C is a field, as you should verify.
Thus subtraction and division of complex numbers are defined as in any field.

The field C cannot be made into an or- Much of this section may be review
dered field. However, the useful concept for many readers.
of an absolute value can still be defined
on C.

(. )

6.18 Definition Rez; Im z; absolute value; limits

The symbol i was first used to denote
v/ —1 by Leonhard Euler
(1707-1783) in 1777.

Suppose z = a + bi, where a and b are real numbers.
e The real part of z, denoted Re z, is defined by Rez = a.
e The imaginary part of z, denoted Im z, is defined by Imz = b.
e The absolute value of z, denoted |z|, is defined by |z| = v/a2 + b2.

e Ifz1,2,... € Cand L € C, then lim z; = L means lim |z — L| = 0.
k—oo k—o0

- J
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For b a real number, the usual definition of |b| as a real number is consistent with
the new definition just given of |b| with b thought of as a complex number. Note that
if z1,zy, ... is a sequence of complex numbers and L € C, then

lim zy = L <= lim Rezy =ReL and lim Imz; = Im L.
k—00 k—o0 k—ro0

We will reduce questions concerning measurability and integration of a complex-
valued function to the corresponding questions about the real and imaginary parts of
the function. We begin this process with the following definition.

( 6.19 Definition measurable complex-valued function w

Suppose (X,S) is a measurable space. A function f: X — C is called
S-measurable if Re f and Im f are both S-measurable functions.

See Exercise 4 in this section for two natural conditions that are equivalent to
measurability for complex-valued functions.

We will make frequent use of the following result. See Exercise 5 in this section
for algebraic combinations of complex-valued measurable functions.

(6.20 |f|P is measurable if f is measurable N

Suppose (X, S) is a measurable space, f: X — C is an S-measurable function,
and 0 < p < oo. Then |f|” is an S-measurable function.

Proof The functions (Re f)? and (Im f)? are S-measurable because the square
of an S-measurable function is measurable (by Example 2.44). Thus the function
(Re f)? + (Im £)? is S-measurable (because the sum of two S-measurable functions

is S-measurable by 2.45). Now ((Re f)? + (Imf)z)p/2 is S-measurable because it
is the composition of a continuous function on [0, o) and an S-measurable function
(see 2.43 and 2.40). In other words, | f|? is an S-measurable function.

Now we define integration of a complex-valued function by separating the function
into its real and imaginary parts.

(

6.21 Definition integral of a complex-valued function

N

Suppose (X, S, u) is a measure space and f: X — C is an S-measurable
function with [|f| du < oo [the collection of such functions is denoted £ (p)].
Then | f dy is defined by

/fdy:/(Ref)dy+i/(Imf)dy.

\_ J

The integral of a complex-valued measurable function is defined above only when
the absolute value of the function has a finite integral. In contrast, the integral of
every nonnegative measurable function is defined (although the value may be c0),
and if f is real valued then [ f dy is defined to be [ f* du — [ f~ du if at least one
of [ fTduand [ f~ duis finite.
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You can easily show that if f,g: X — C are S-measurable functions such that
J1f|du < oo and [|g| du < co, then

/(f+g>dﬂ=/fdu+/gdu-

Similarly, the definition of complex multiplication leads to the conclusion that

/ocf dy=un /fdy
for all « € C (see Exercise 7).

The inequality in the result below concerning integration of complex-valued
functions does not follow immediately from the corresponding result for real-valued
functions. However, the small trick used in the proof below does give a reasonably
simple proof.

(6.22 bound on the absolute value of an integral A

Suppose (X, S, u) is a measure space and f: X — C is an S-measurable
function such that [ |f| du < co. Then

[ ran] < [1fldn.

\ J
Proof  The result clearly holds if [ f du = 0. Thus assume that [ f du # 0.
Let
_ [ fdul
J £ du
Then
[ ran| =« [rau= [afa
= /Re(ocf) dpt—i—i/Im(ocf) du

~ [ Re(af) du

where the second equality holds by Exercise 7, the fourth equality holds because
|| fdu| € R, the inequality on the fourth line holds because Rez < |z| for every
complex number z, and the equality in the last line holds because |a| = 1.

Because of the result above, the Bounded Convergence Theorem (3.26) and the
Dominated Convergence Theorem (3.31) hold if the functions fi, f», ... and f in the
statements of those theorems are allowed to be complex valued.
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We now define the complex conjugate of a complex number.

6.23 Definition complex conjugate; = w

Suppose z € C. The complex conjugate of z € C, denoted z (pronounced z-bar),
is defined by
Z =Rez — (Imz)i.

For example, if z = 5 4 7i then Z = 5 — 7i. Note that a complex number z is a
real number if and only if z = Z.
The next result gives basic properties of the complex conjugate.

o

f6.24 properties of complex conjugates

Suppose w, z € C. Then

product of z and z
zzZ = |z|%

sum and difference of z and z
z+zZ=2Rezandz —Zz = 2(Imz)i;

additivity and multiplicativity of complex conjugate
w+z=w+zand wz =wWZ;

complex conjugate of complex conjugate
zZ =z,

absolute value of complex conjugate
z| = |z|;

integral of complex conjugate of a function

/]Td]/t = /f du for every measure y and every f € L1(u).

.

Proof The first item holds because

7z = (Rez+iImz)(Rez — ilmz) = (Rez)? + (Imz)? = |z|.

To prove the last item, suppose  is a measure and f € £!(y). Then

/}Td‘u:/(Ref—iImf)dy:/Refdy—i/lmfdy

- /Refdy+i/lrnfdy

=/fw,
as desired.

The straightforward proofs of the remaining items are left to the reader.
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Vector Spaces and Subspaces

The structure and language of vector spaces will help us focus on certain features of
collections of measurable functions. So that we can conveniently make definitions
and prove theorems that apply to both real and complex numbers, we adopt the
following notation.

[6.25 Definition F )

From now on, F stands for either R or C.

- _J

In the definitions that follow, we use f and g to denote elements of V because in
the crucial examples the elements of V' are functions from a set X to F.

(

6.26 Definition addition, scalar multiplication

N

o An addition on a set V is a function that assigns an element f + g € V to
each pair of elements f,g € V.

o A scalar multiplication on a set V is a function that assigns an element
af € Vtoeacha € Fandeach f € V. )

Now we are ready to give the formal definition of a vector space.

(

6.27 Definition vector space

N

A vector space (over F) is a set V along with an addition on V and a scalar
multiplication on V such that the following properties hold:

commutativity
f+g=g+fforalf,geV,;

associativity

(f+g)+h=f+(g+h)and (ap)f = a(Bf) forall f,g,h € Vandw, B € F;

additive identity
there exists an element 0 € V such that f +-0 = f forall f € V;

additive inverse
for every f € V, there exists ¢ € V such that f + ¢ = 0;

multiplicative identity
1f = fforall f € V;

distributive properties

kuc(f—%g) =af+agand (x+B)f =af +Bfforalla,p € Fand f,g € V.

J

Most vector spaces that you will encounter are subsets of the vector space FX
presented in the next example.
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6.28 Example the vector space FX

Suppose X is a nonempty set. Let FX denote the set of functions from X to F.
Addition and scalar multiplication on FX are defined as expected: for f, ¢ € FX and
« € F, define

(f+8)(x) = f(x) +g(x) and (af)(x) = a(f(x))

for x € X. Then, as you should verify, FX is a vector space; the additive identity in
this vector space is the function 0 € FX defined by 0(x) = 0 for all x € X.

6.29 Example F"; FZ'

Special case of the previous example: if n € Z+ and X = {1,...,n}, then FX is
the familiar space R” or C", depending upon whether F = R or F = C.

Another special case: FZ" is the vector space of all sequences of real numbers or
complex numbers, again depending upon whether F = R or F = C.

By considering subspaces, we can greatly expand our examples of vector spaces.

G.SO Definition subspace W

LA subset U of V is called a subspace of V if U is also a vector space (using theJ

same addition and scalar multiplication as on V).

The next result gives the easiest way to check whether a subset of a vector space
is a subspace.

~

6.31 conditions for a subspace

~

A subset U of V is a subspace of V if and only if U satisfies the following three
conditions:

additive identity
0el;

closed under addition
f,g € Uimplies f + ¢ € U;

closed under scalar multiplication
« € Fand f € U implies af € U.

J

Proof If U is a subspace of V, then U satisfies the three conditions above by the
definition of vector space.

Conversely, suppose U satisfies the three conditions above. The first condition
above ensures that the additive identity of V is in U.

The second condition above ensures that addition makes sense on U. The third
condition ensures that scalar multiplication makes sense on U.
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If f € V,then0f = (0+0)f = 0f + 0f. Adding the additive inverse of 0f to
both sides of this equation shows that 0f = 0. Now if f € U, then (—1)f is also in
U by the third condition above. Because f + (—1)f = (1+(—1))f =0f =0, we
see that (—1) f is an additive inverse of f. Hence every element of U has an additive
inverse in U.

The other parts of the definition of a vector space, such as associativity and
commutativity, are automatically satisfied for U because they hold on the larger
space V. Thus U is a vector space and hence is a subspace of V.

The three conditions in 6.31 usually enable us to determine quickly whether a
given subset of V' is a subspace of V, as illustrated below. All the examples below
except for the first bullet point involve concepts from measure theory.

6.32 Example subspaces of FX

e The set C([0,1]) of continuous real-valued functions on [0, 1] is a vector space
over R because the sum of two continuous functions is continuous and a constant
multiple of a continuous functions is continuous. In other words, C([0,1]) is a
subspace of RO,

e Suppose (X, S) is a measurable space. Then the set of S-measurable functions
from X to F is a subspace of FX because the sum of two S-measurable functions
is S-measurable and a constant multiple of an S-measurable function is S-
measurable.

e Suppose (X, S, ) is a measure space. Then the set Z(y) of S-measurable
functions f from X to F such that f = 0 almost everywhere [meaning that
u({x € X : f(x) #0}) = 0] is a vector space over F because the union of
two sets with p-measure 0 is a set with y-measure 0 [which implies that Z (p)
is closed under addition]. Note that Z(y) is a subspace of FX.

e Suppose (X, S) is a measurable space. Then the set of bounded measurable
functions from X to F is a subspace of FX because the sum of two bounded
S-measurable functions is a bounded S-measurable function and a constant mul-
tiple of a bounded S-measurable function is a bounded S-measurable function.

e Suppose (X, S, u) is a measure space. Then the set of S-measurable functions
f from X to F such that [ f du = 0 is a subspace of FX because of standard
properties of integration.

e Suppose (X, S, 1) is a measure space. Then the set £!(y) of S-measurable
functions from X to F such that [|f| du < o is a subspace of FX [we are now
redefining £ (1) to allow for the possibility that F = R or F = C]. The set
L (3) is closed under addition and scalar multiplication because [|f + g| du <

JIfldu+ [Igldpand [laf|du = |a| [|f] dp.
e The set /! of all sequences (a1, ay, . . .) of elements of F such that Y3 [a;| < o

is a subspace of FZ". Note that /! is a special case of the example in the previous
bullet point (take # to be counting measure on Z).
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EXERCISES 6B

1

Suppose z € C. Prove that
max{|Rez|, [Imz|} < |z| < vV2max{|Rez|, [Imz|}.

Suppose z € C. Prove that
|Rez| + |Im z|

V2

Suppose w, z € C. Prove that

<|z| < |Rez| + [Imz|.

|lwz| = |w||z|] and |w+z| < |w|+ |z|.

Suppose (X, S) is a measurable space and f: X — C is a complex-valued
function. For conditions (b) and (c) below, identify C with RZ. Prove that the
following are equivalent:

(a) fis S-measurable;
(b) f~1(G) € S for every open set G in R?;
(¢) f~Y(B) € S for every Borel set B € Bs.

Suppose (X, S) is a measurable space and f,g: X — C are S-measurable.
Prove that

(@) f+g, f—g and fgare S-measurable functions;
(b) if g(x) # 0 forall x € X, then é: is an S-measurable function.

Suppose (X,S) is a measurable space and f1, fp,... is a sequence of S-
measurable functions from X to C. Suppose klim fx(x) exists for each x € X.
—00

Define f: X — Cby
flx) = lim fi(x).
k—o0
Prove that f is an S-measurable function.

Suppose (X, S, i) is a measure space and f: X — C is an S-measurable
function such that [|f|du < co. Prove that if « € C, then

/afdy:a/fdy.

Suppose V is a vector space. Show that the intersection of every collection of
subspaces of V' is a subspace of V.

Suppose V and W are vector spaces. Define V' x W by
VxW={(f,g):feVandg e W}.
Define addition and scalar multiplication on V x W by

(f1,81) + (f2.82) = (fi+ f2,81+ ) and alf,g) = (af,ag).

Prove that V' x W is a vector space with these operations.
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6C Normed Vector Spaces

Norms and Complete Norms

This section begins with a crucial definition.

(6.33 Definition norm; normed vector space )
A norm on a vector space V (over F) is a function ||-||: V — [0, c0) such that
e || f|| = 0if and only if f = O (positive definite);
o |laf|| = |«| ||f|| forall« € F and f € V (homogeneity);
o | f+gll <I|fll +|gll forall f,g € V (triangle inequality).
A normed vector space is a pair (V, ||-||), where V is a vector space and ||-|| is a
\ iorm on V. )

6.34 Example norms
e Suppose 1 € ZT. Define ||-||; and ||-||c on F” by
(a1,...,an) |1 = |a1| + - - + |an]

and
I(a1,...,a0)]|e0 = max{|ay],...,|an|}.

Then ||-||; and ||-||ec are norms on F”, as you should verify.

e On /! (see the last bullet point in Example 6.32 for the definition of ¢1), define
[Illx by

o0
[(ar,a2,.. )1 = ) laxl.
=1

Then ||-||; a norm on £', as you should verify.

e Suppose X is a nonempty set and b(X) is the subspace of FX consisting of the
bounded functions from X to F. For f a bounded function from X to F, define

1£1l by
IfIl = sup{|f(x)] : x € X}
Then ||-|| is a norm on b(X), as you should verify.

e Let C([0,1]) denote the vector space of continuous functions from the interval
[0,1] to F. Define ||-|| on C([0,1]) by

7= [ 151

Then ||| is a norm on C([0, 1]), as you should verify.
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Sometimes examples that do not satisfy a definition help you gain understanding.

6.35 Example not norms
e Let L1(R) denote the vector space of Borel (or Lebesgue) measurable functions
f: R — Fsuchthat [[f|dA < oo, where A is Lebesgue measure on R. Define
I/l on £(R) by

I£lh = [171 A,

Then ||-||; satisfies the homogeneity condition and the triangle inequality on
L1(R), as you should verify. However, ||-||; is not a norm on £!(R) because
the positive definite condition is not satisfied. Specifically, if E is a nonempty
Borel subset of R with Lebesgue measure O (for example, E might consist of a
single element of R), then || x,|l1 = O but x. # 0. In the next chapter, we will

discuss a modification of £ (R) that removes this problem.
e Ifn € Z" and ||-|| is defined on F" by
(@, an) || = lar[V2 4 - 4 Jan] V2,

then ||-|| satisfies the positive definite condition and the triangle inequality (as
you should verify). However, ||| as defined above is not a norm because it does
not satisfy the homogeneity condition.

e If ||-||1 2 is defined on F" by

2
H(ﬂ],...,ﬂn)”l/z = (|ﬂ1|1/2+—|— |an|1/2) ,

then ||-||1 /7 satisfies the positive definite condition and the homogeneity condi-
tion. However, if n > 1 then ||-||1 /7 is not a norm on F" because the triangle
inequality is not satisfied (as you should verify).

The next result shows that every normed vector space is also a metric space in a
natural fashion.

(6.36 normed vector spaces are metric spaces )
Suppose (V,||-||) is a normed vector space. Define d: V x V — [0, 00) by
d(f,8) = If gl
\Then d is a metric on V. )

Proof Suppose f,g,h € V. Then
a(f,h) =f =hl =(f—8)+ (g—h)ll
<|f—gll+1lg—hl
=d(f,8) +d(g,h).

Thus the triangle inequality requirement for a metric is satisfied. The verification of
the other required properties for a metric are left to the reader.
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From now on, all metric space notions in the context of a normed vector space
should be interpreted with respect to the metric introduced in the previous result.
However, usually there is no need to introduce the metric d explicitly—just use the
norm of the difference of two elements. For example, suppose (V, ||-||) in a normed
vector space, f1, fa, ... is a sequence in V, and f € V. Then in the context of a
normed vector space, the definition of limit (6.8) becomes the following statement:

lim f; = f means lim ||y — f|| = 0.
k—o0 k—ro0

As another example, in the context of a normed vector space, the definition of a
Cauchy sequence (6.12) becomes the following statement:

a sequence fi, f2,... in a normed vector space (V, ||-||) is a Cauchy se-
quence if for every & > 0, there exists n € Z™ such that || f; — fi| < e for
all integers j > n and k > n.

Every sequence in a normed vector space that has a limit is a Cauchy sequence
(see 6.13). Normed vector spaces that satisfy the converse have a special name.

( 6.37 Definition Banach space w

LA complete normed vector space is called a Banach space. J

In other words, a normed vector space
V is a Banach space if every Cauchy se-
quence in V converges to some element
of V.

The verifications of the assertions in
Examples 6.38 and 6.39 below are left to
the reader as exercises.

In a slight abuse of terminology, we
often refer to a normed vector space
V without mentioning the norm ||-||.
When that happens, you should
assume that a norm ||- || lurks nearby,
even if it is not explicitly displayed.

6.38 Example Banach spaces

e The vector space C([0,1]) with the norm defined by || f|| = SUP.c(o,1] |f(x)|is
a Banach space.

e The vector space ¢! with the norm defined by || (a1, a2, ...)|[1 = 5oy |ax| is a
Banach space.

6.39 Example not a Banach space

e The vector space C([0,1]) with the norm defined by | f|| = f01|f| is not a
Banach space.

e The vector space ¢! with the norm defined by || (a1, a2, . ..) |l = SUPcz+ %]
is not a Banach space.
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(

6.40 Definition infinite sum in a normed vector space

~

Suppose g1, 82, - - - is a sequence in a normed vector space V. Then } ;2 ; g is
defined by

o0 n
= lim

if this limit exists, in which case the infinite series is said to converge.

J

Recall from your calculus course that if a1, ay, . . . is a sequence of real numbers
such that } ;2 ; |ag| < oo, then Y37 ; a converges. The next result states that the
analogous property for normed vector spaces characterizes Banach spaces.

(6.41 (Z,‘leﬂ Skl <o = Y27, gk converges) <= Banach space 1

Suppose V is a normed vector space. Then V is a Banach space if and only if
Y i1 Sk converges for every sequence g1, 2, - .. in V such that } ;2 ; || g || < oco.

Proof  First suppose V is a Banach space. Suppose g1, g2, . . . is a sequence in V such
that Y 3° 1 ||gk]l < co. Suppose € > 0. Let n € Z™ be such that Y _,[|gm| < e
Forj € Z™, let f] denote the partial sum defined by

fo=gito g
Ifk > j > n, then

1fe = fill = llgjra +-- - + &l
< llgjall +-- -+ [lgl

< Z HgmH
m=n

< E.

Thus f1, f2, ... is a Cauchy sequence in V. Because V is a Banach space, we conclude
that f1, f2, ... converges to some element of V, which is precisely what it means for
Y -1 Sk to converge, completing one direction of the proof.

To prove the other direction, suppose ) ;> ; g converges for every sequence
81,82, - in V such that Y 2> ;|| gx|| < oo. Suppose f1, f2, ... is a Cauchy sequence
in V. We want to prove that f1, f>, ... converges to some element of V. It suffices to
show that some subsequence of fi, f», ... converges (by Exercise 14 in Section 6A).
Dropping to a subsequence (but not relabeling) and setting fy = 0, we can assume
that

o

Y i = fieall < oo

k=1

Hence Y > ; (fx — fx—1) converges. The partial sum of this series after n terms is f,.
Thus lim;,_,« f5 exists, completing the proof.
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Bounded Linear Maps

When dealing with two or more vector spaces, as in the definition below, assume that
the vector spaces are over the same field (either R or C, but denoted in this book as F
to give us the flexibility to consider both cases).

The notation Tf, in addition to the standard functional notation T(f), is often
used when considering linear maps, which we now define.

(6.42 Definition linear map )
Suppose V and W are vector spaces. A function T: V — W is called linear if
o T(f+gq)=Tf+Tgforall f,g €V,
o T(af) =aTfforalla € Fand f € V.
A linear function is often called a linear map. )

The set of linear maps from a vector space V' to a vector space W is itself a vector
space, using the usual operations of addition and scalar multiplication of functions.
Most attention in analysis focuses on the subset of bounded linear functions, defined
below, which we will see is itself a normed vector space.

In the next definition, we have two normed vector spaces, V and W, which may
have different norms. However, we use the same notation ||-|| for both norms (and
for the norm of a linear map from V to W) because the context makes the meaning
clear. For example, in the definition below, f is in V and thus || f|| refers to the norm
in V. Similarly, Tf € W and thus || Tf|| refers to the norm in W.

f6.43 Definition bounded linear map; ||T||; B(V, W)

~

Suppose V and W are normed vector spaces and T: V — W is a linear map.

e The norm of T, denoted ||T||, is defined by

ITI| = sup{[[Tf|| : f € V and || f[| <1}.

o T is called bounded if || T|| < oo.

S e The set of bounded linear maps from V to W is denoted B(V, W).

6.44 Example bounded linear map

Let C([0,3]) be the normed vector space of continuous functions from [0, 3] to F,
with || f[| = sup,¢o,5|f (x)|. Define T: C([0,3]) — C([0,3]) by

(Tf)(x) = x*f ().

Then T is a bounded linear map and || T|| = 9, as you should verify.
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6.45 Example linear map that is not bounded

Let V be the normed vector space of sequences (a1, dy, .. .) of elements of F such
that a; = 0 for all but finitely many k € Z™, with || (a1, a2, ...)|lcc = maxgez+|ax|.
On (1, use the norm defined by ||(a1,a2,...) |1 = Y5>, |ax|. Define T: V — ¢! by

T(ay,az,a3,...) = (a1,2a3,3a3,...).

Then T is a linear map that is not bounded, as you should verify.

The next result shows if V and W are normed vector spaces, then B(V, W) is a
normed vector space with the norm defined above.

(6.46 II-|| is @ norm on B(V, W) w

Suppose V and W are normed vector spaces. Then ||S + T|| < [|S|| + ||T||
and ||aT|| = |a| ||T|| forall S, T € B(V,W) and all « € F. Furthermore, the
function ||-|| is a norm on B(V, W).

Proof Suppose S, T € B(V,W). then

IS+ Tl = sup{[|(S+ T)f| : f € Vand || f[| <1}
<sup{[|ISfIl +[Tf[l: f € Vand | fl| <1}
<sup{|[Sf]|: f € Vand [|f|| <1}
+sup{[|Tf]: f € Vand [ f]| <1}
= [ISII+NITIl-
The inequality above shows that ||-|| satisfies the triangle inequality on B(V, W).

The verification of the other properties required for a normed vector space is left to
the reader.

Be sure that you are comfortable using all four equivalent formulas for || T|| shown
in Exercise 16. For example, you should often think of || T|| as the smallest number
such that | Tf|| < ||T|| || f]| for all f in the domain of T.

Note that in the next result, the hypothesis requires that W be a Banach space but
there is no requirement for V' to be a Banach space.

(6.47 B(V,W) is a Banach space if W is a Banach space w

Suppose V is a normed vector space and W is a Banach space. Then B(V, W) is
a Banach space.

Proof Suppose Ty, Ty, . .. is a Cauchy sequence in B(V, W). If f € V, then

ITif = Tf Il < T = Tell A1)

which implies that T7 f, T» f, .. . is a Cauchy sequence in W. Because W is a Banach
space, this implies that T7 f, To f, ... has a limit in W, which we call Tf.
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We have now defined a function T: V — W. The reader should verify that T is a
linear map. Clearly

ITfIl < sup{||Tefll - k € Z*}
< (sup{||Till - k € Z7}) | I

for each f € V. The last supremum above is finite because every Cauchy sequence is
bounded (see Exercise 4). Thus T € B(V, W).

We still need to show that limy_,o, || Ty — T|| = 0. To do this, suppose ¢ > 0. Let
n € Z* be such that | T; — Ty || < e forall j > n and k > n. Suppose j > n and
suppose f € V. Then

(T =TI = Jim | T,f — Tef|

<e|fll-

Thus ||T; — T|| < e, completing the proof.

The next result shows that the phrase bounded linear map means the same as the
phrase continuous linear map.

(6.48 continuity is equivalent to boundedness for linear maps w

A linear map from one normed vector space to another normed vector space is
continuous if and only if it is bounded.

Proof Suppose V and W are normed vector spaces and T: V — W is linear.
First suppose T is not bounded. Thus there exists a sequence f1, f2, ... in V such
that || f¢|| < 1foreachk € ZT and || Tfi|| — oo as k — co. Hence

m 5 _0 fio N Tk
Jim e =0 and T(pey) = gy # O

where the nonconvergence to 0 holds because Tfi/||Tfi| has norm 1 for every
k € Z*. The displayed line above implies that T is not continuous, completing the
proof in one direction.

To prove the other direction, now suppose that T is bounded. Suppose f € V and
f1, f2,...is asequence in V such that limy_, fx = f. Then

ITfe = TA = IIT(fie = £l
< T fie = £1I-

Thus limy_., Tfix = Tf. Hence T is continuous, completing the proof in the other
direction.

Exercise 18 gives several additional equivalent conditions for a linear map to be
continuous.
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EXERCISES 6C

10

11

12

13

Show that the map f + || f|| from a normed vector space V to F is continuous
(where the norm on F is the usual absolute value).

Prove that if V is a normed vector space, f € V, and r > 0, then

B(f,r) = B(f,7)-

Show that the functions defined in the last two bullet points of Example 6.35 are
not norms.

Prove that each Cauchy sequence in a normed vector space is bounded (meaning
that there is a real number that is greater than the norm of every element in the
Cauchy sequence).

Show that if 7 € Z™, then F" is a Banach space with both the norms used in the
first bullet point of Example 6.34.

Suppose X is a nonempty set and b(X) is the vector space of bounded functions
from X to F. Prove that if ||-|| is defined on b(X) by || f|| = sup,.x [f(x)],
then b(X) is a Banach space.

Show that ¢! with the norm defined by || (a1, a2, . ..)||co = Supy. 7+ |ak| is not
a Banach space.

Show that ¢! with the norm defined by || (a1, a2, ...)||1 = YLt |ax| is a Banach
space.

Show that the vector space C([0,1]) of continuous functions from [0, 1] to F
with the norm defined by || || = fol |f] is not a Banach space.

Suppose U is a subspace of a normed vector space V' such that some open ball
of V is contained in U. Prove that U = V.

Prove that the only subsets of a normed vector space V that are both open and
closed are @ and V.

Suppose V is a normed vector space. Prove that the closure of each subspace of
V is a subspace of V.

Suppose that U is a normed vector space. Let d be the metric on U defined
by d(f,g) = ||f —gll for f,g € U. Let V be the complete metric space
constructed in Exercise 16 in Section 6A.

(a) Show that the set V is a vector space under natural operations of addition
and scalar multiplication.

(b) Show that there is a natural way to make V into a normed vector space and
that with this norm, V' is a Banach space.

(c) Explain why (b) shows that every normed vector space is a subspace of
some Banach space.
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Suppose U is a subspace of a normed vector space V. Suppose also that W is a
Banach space and S: U — W is a bounded linear map.

(a) Prove that there exists a unique continuous function T': U — W such that

Tlu = S.
(b) Prove that the function T in part (a) is a bounded linear map from Uto W
and [|T[| = [|S]|.

(c) Give an example to show that part (a) can fail if the assumption that W is
a Banach space is replaced by the assumption that W is a normed vector
space.

For readers familiar with the quotient of a vector space and a subspace: Suppose
V is a normed vector space and U is a subspace of V. Define ||-|| on V /U by

I + Ul = inf{[|f + g - g € U}

(a) Prove that ||-|| is a norm on V /U if and only if U is a closed subspace of V.

(b) Prove that if V is a Banach space and U is a closed subspace of V, then
V /U (with the norm defined above) is a Banach space.

(c) Prove that if U is a Banach space (with the norm it inherits from V') and
V' /U is a Banach space (with the norm defined above), then V is a Banach
space.

Suppose V and W are normed vector spaces with V # {0} and T: V — W is
a linear map.

(a) Show that || T|| = sup{||Tf]: f € Vand | f|| <1}.

(b) Show that ||T|| = sup{||Tf||: f € Vand | f| =1}.

(c) Show that || T|| = inf{c € [0,00) : | Tf|| <c| f| forall f € V}.

) Showthat|T|-—sup{”i¥m|:f'eX/andf'¢-0}.

Suppose U, V, and W are normed vector spacesand T: U — Vand S: V — W
are linear. Prove that ||[So T|| < [|S]| ||T]|.

Suppose V and W are normed vector spaces and T: V — W is a linear map.
Prove that the following are equivalent:

(a) T is bounded.
(b) There exists f € V such that T is continuous at f.

(¢) T is uniformly continuous (which means that for every ¢ > 0, there exists
0 > Osuchthat |[Tf —Tg|| < eforall f,g € V with ||f — gl < ).

(d) T~1(B(0,r)) is an open subset of V for some r > 0.
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6D Linear Functionals

Bounded Linear Functionals

Linear maps into the scalar field F are so important that they get a special name.

( 6.49 Definition linear functional w

b linear functional on a vector space V is a linear map from V to F. J

When we think of the scalar field F as a normed vector space, as in the next
example, the norm ||z|| of a number z € F is always intended to be just the usual
absolute value |z|. This norm makes F a Banach space.

6.50 Example linear functional

Let V be the vector space of sequences (a1,4ay,...) of elements of F such that
ax = 0 for all but finitely many k € Z*. Define ¢: V — F by

p(ar,az,...) =Y a.
k=1

Then ¢ is a linear functional on V.
(o]

e If we make V a normed vector space with the norm || (a1, ay,...)[l1 = ) [ax/.
then ¢ is a bounded linear functional on V, as you should verify. k=1

e If we make V a normed vector space with the norm || (a1, a, . . .) || = max]ag|,
. . . . +
then ¢ is not a bounded linear functional on V, as you should verify.

(6.51 Definition null space; null T w

Suppose V and W are vector spaces and T: V' — W is a linear map. Then the
null space of T is denoted by null T and is defined by

nullT ={f e V:Tf =0}.

If T is a linear map on a vector space
V, then null T is a subspace of V, as you
should verify. If T is a continuous linear
map from a normed vector space V to a
normed vector space W, then null T is a
closed subspace of V because null T =
T-1({0}) and the inverse image of the
closed set {0} is closed [by 6.11(d)].

The converse of the last sentence fails, because a linear map between normed
vector spaces can have a closed null space but not be continuous. For example, the
linear map in 6.45 has a closed null space (equal to {0}) but it is not continuous.

However, the next result states that for linear functionals (as opposed to more
general linear maps) having a closed null space is equivalent to continuity.

The term kernel is also used in the
mathematics literature with the
same meaning as null space. This
book uses null space instead of
kernel because null space better
captures the connection with 0.
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[6.52 bounded linear functionals )

Suppose V is a normed vector space and ¢: V — F is a linear functional that is
not identically 0. Then the following are equivalent:

(a) @ 1is a bounded linear functional.
(b) @ is a continuous linear functional.

(c) null ¢ is a closed subspace of V.

\(d) null ¢ # V. )

Proof The equivalence of (a) and (b) is just a special case of 6.48.

To prove that (b) implies (c), suppose that ¢ is a continuous linear functional.
Then null ¢, which is the inverse image of the closed set {0}, is a closed subset of V/
by 6.11(d). Thus (b) implies (c).

To prove that (c¢) implies (a), we will show that the negation of (a) implies
the negation of (c). Thus suppose ¢ is not bounded. Thus there is a sequence
f1, f2,... in V such that ||f¢]] < 1 and |@(fx)| > k for each k € Z*. Now

fi fi (This proof makes major use of A
o(f1) - o(fo) € null ¢ dividing by expressions of the form
@(f), which would not make sense

for a linear mapping into a vector

foreachk € ZT and

. f1 fr f1 space other than F. However, see
klﬁoo ?(f1) B o(fr) - o(f1) Exercise 4 for a similar result for
linear mappings into F".
Clearly - pPing /

fl = an us fl nu
go(qt)(m)_l ah 9v(f1)é e

The last three displayed items imply that null ¢ is not closed, completing the proof
that the negation of (a) implies the negation of (c). Thus (c) implies (a).

We now know that (a), (b), and (c) are equivalent to each other.

Using the hypothesis that ¢ is not identically 0, we see that (c) implies (d). To
complete the proof, we need only show that (d) implies (c), which we will do by
showing that the negation of (c) implies the negation of (d). Thus suppose null ¢ is
not a closed subspace of V. Because null ¢ is a subspace of V, we know that null ¢
is also a subspace of V (see Exercise 12 in Section 6C). Let f € null ¢ \ null .
Suppose ¢ € V. Then

(o 28 ), 2(8)
== ginf) ot

The term in large parentheses above is in null ¢ and hence is in null ¢. The term
above following the plus sign is a scalar multiple of f and thus is in null ¢. Because
the equation above writes g as the sum of two elements of null ¢, we conclude that

g € null ¢. Hence we have shown that V = null ¢, completing the proof that the
negation of (c) implies the negation of (d).
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Discontinuous Linear Functionals

The second bullet point in Example 6.50 shows that there exists a discontinuous linear
functional on a certain normed vector space. Our next major goal is to show that
every infinite-dimensional normed vector space has a discontinuous linear functional
(see 6.62). Thus we need to readjust our intuition from the situation on F” where all
linear functionals are continuous (see Exercise 5).

We need to extend the notion of a basis of a finite-dimensional vector space to an
infinite-dimensional context. In a finite-dimensional vector space, we might consider
a basis of the form ey, . .., e, where n € ZT and each ey is an element of our vector
space. We can think of the list ey, . .., e, as a function from {1,...,#} to our vector
space, with the value of this function atk € {1,...,n} denoted by e} with a subscript
k instead of by the usual functional notation e(k). To generalize, in the next definition
we allow {1,...,n} to be replaced by an arbitrary set that might not be a finite set.

FS.SB Definition family W

A family {ej }rer in a set V is a function e from a set I' to V, with the value of
the function e at k € I" denoted by ey.

Even though a family in V is a function mapping into V' and thus is not a subset
of V, the set terminology and the bracket notation { ey }xcr are useful, and the range
of a family in V really is a subset of V.

We now restate some basic linear algebra concepts, but in the context of vector
spaces that might be infinite-dimensional. Note that only finite sums appear in the
definition below, even though we might be working with an infinite family.

s

6.54 Definition linearly independent; span; basis

\

Suppose {ex }rer is a family in a vector space V.

o {ex}rer is called linearly independent if there does not exist a finite
nonempty subset Q of T and a family {a;}jcq in F\ {0} such that

E]EQ 06]'€]’ =0.

e The span of {¢y }xcr is denoted by span{e }xcr and is defined to be the set
of all sums of the form
L wjejs

jeQ
where () is a finite subset of I' and {«;} jcq is a family in F.

e A vector space V is called finite-dimensional if there exists a finite set I' and
a family {ey }xer in V such that span{ey }xer = V.

e A vector space is called infinite-dimensional if it is not finite-dimensional.

o A family in V is called a basis of V if it is linearly independent and its span
equals V. y

\_
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For example, {x"},,c10 1,2,...} is aba-
sis of the vector space of polynomials.

Our definition of span does not take
advantage of the possibility of summing
an infinite number of elements in contexts
where a notion of limit exists (as is the
case in normed vector spaces). When we get to Hilbert spaces in Chapter 8, we will
consider another kind of basis that does involve infinite sums. As we will soon see,
the kind of basis as defined here is just what we need to produce discontinuous linear
functionals.

Now we introduce terminology that
will be needed in our proof that every vec-
tor space has a basis.

The term Hamel basis is sometimes
used to denote what has been called
a basis here. The use of the term
Hamel basis emphasizes that only
finite sums are under consideration.

No one has ever produced a
concrete example of a basis of an
infinite-dimensional Banach space.

( 6.55 Definition maximal element \

Suppose A is a collection of subsets of a set V. A setT' € A is called a maximal
element of A if there does not exist I’ € A such that T G T”.

6.56 Example maximal elements

For k € Z, let kZ denote the set of integer multiples of k; thus kZ = {km : m € Z}.
Let A be the collection of subsets of Z defined by A = {kZ : k = 2,3,4,...}.
Suppose k € Z™". Then kZ is a maximal element of A if and only if k is a prime
number, as you should verify.

A subset I of a vector space V can be thought of as a family in V by considering
{e £ } fer, Where ey = f. With this convention, the next result shows that the bases of
V are exactly the maximal elements among the collection of linearly independent
subsets of V.

(6.57 bases as maximal elements \

Suppose V is a vector space. Then a subset of V is a basis of V' if and only if it is
a maximal element of the collection of linearly independent subsets of V.

Proof Suppose I' is a linearly independent subset of V.

First suppose also that I'is a basis of V. If f € V but f ¢ I', then f € spanT,
which implies that I' U { f } is not linearly independent. Thus T' is a maximal element
among the collection of linearly independent subsets of V, completing one direction
of the proof.

To prove the other direction, suppose now that I' is a maximal element of the
collection of linearly independent subsets of V. If f € V but f ¢ spanT, then
I'U{f} is linearly independent, which would contradict the maximality of I' among
the collection of linearly independent subsets of V. Thus spanI’ = V/, which means
that T is a basis of V, completing the proof in the other direction.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



174 Chapter 6 Banach Spaces

The notion of a chain plays a key role in our next result.

6.58 Definition chain \

A collection C of subsets of a set V is called a chain if O, T € C implies O C T
or' C Q.

6.59 Example chains
e The collection C = {4Z,6Z} of subsets of Z is not a chain because neither of
the sets 4Z or 6Z is a subset of the other.

e The collection C = {2"Z : n € Z"} of subsets of Z is a chain because if
m,n € Z%, then 2"Z C 2"Z or 2"Z C 2"Z.

The next result follows from the Ax-
iom of Choice, although it is not as intu-
itively believable as the Axiom of Choice.
Because the techniques used to prove the
next result are so different from tech-
niques used elsewhere in this book, the
reader is asked either to accept this result without proof or find one of the good proofs
available via the internet or in other books. The version of Zorn’s Lemma stated here
is simpler than the standard more general version, but this version is all that we need.

(6.60 Zorn’s Lemma \

Suppose V is a set and A is a collection of subsets of V with the property that
the union of all the sets in C is in A for every chain C C .A. Then A contains a
maximal element.

Zorn’s Lemma is named in honor of
Max Zorn (1906—1993), who
published a paper containing the
result in 1935, when he had a
postdoctoral position at Yale.

Zorn’s Lemma now allows us to prove that every vector space has a basis. The
proof does not help us find a concrete basis because Zorn’s Lemma is an existence
result rather than a constructive technique.

( 6.61 bases exist \

LEvery vector space has a basis. )

Proof Suppose V is a vector space. If C is a chain of linearly independent subsets
of V, then the union of all the sets in C is also a linearly independent subset of V' (this
holds because linear independence is a condition that is checked by considering finite
subsets, and each finite subset of the union is contained in one of the elements of the
chain).

Thus if A denotes the collection of linearly independent subsets of V, then A
satisfies the hypothesis of Zorn’s Lemma (6.60). Hence A contains a maximal
element, which by 6.57 is a basis of V.
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Now we can prove the promised result about the existence of discontinuous linear
functionals on every infinite-dimensional normed vector space.

(6.62 discontinuous linear functionals \

Every infinite-dimensional normed vector space has a discontinuous linear
functional.

Proof Suppose V is an infinite-dimensional vector space. By 6.61, V has a basis
{eéx }xer- Because V is infinite-dimensional, T is not a finite set. Thus we can assume
Z* C T (by relabeling a countable subset of T').

Define a linear functional ¢: V — F by setting ¢(e;) equal to j||e;|| for j € Z*,
setting ¢(e;) equal to 0 for j € T'\ Z™, and extending linearly. More precisely, define
a linear functional ¢: V — F by

o(Lae)= ¥ wjlel
jen jeqnz+
for every finite subset O C T and every family {«;};cq in F.
Because ¢(e;) = j|l¢;|| for each j € Z, the linear functional ¢ is unbounded,
completing the proof.

Hahn—-Banach Theorem

In the last subsection, we showed that there exists a discontinuous linear functional
on each infinite-dimensional normed vector space. Now we turn our attention to the
existence of continuous linear functionals.

The existence of a nonzero continuous linear functional on each Banach space is
not obvious. For example, consider the Banach space £*° /¢, where £* is the Banach
space of bounded sequences in F with

[(a1,a2, .. )lleo = sup |a]
kez+
and cg is the subspace of £*° consisting of those sequences in F that have limit 0. The
quotient space £ /cg is an infinite-dimensional Banach space (see Exercise 15 in
Section 6C). However, no one has ever exhibited a concrete nonzero linear functional
on the Banach space £*°/cg.

In this subsection, we will show that infinite-dimensional normed vector spaces
have plenty of continuous linear functionals. We will do this by showing that a
bounded linear functional on a subspace of a normed vector space can be extended
to a bounded linear functional on the whole space without increasing its norm—this
result is called the Hahn—-Banach Theorem (6.69).

Completeness plays no role in this topic. Thus this subsection deals with normed
vector spaces instead of Banach spaces.

Most of the work in proving the Hahn—Banach theorem is done in the next lemma.
The next lemma shows that we can extend a linear functional to a subspace generated
by one additional element, without increasing the norm. This one-element-at-a-time
approach, when combined with a maximal object produced by Zorn’s Lemma, will
give us the desired extension to the full normed vector space.
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If V is a real vector space, U is a subspace of V, and h € V, then U + R# is the
subspace of V defined by

U+Rh={f+ah:fecUanda € R}.

6.63 Extension Lemma W

Suppose V is a real normed vector space, U is a subspace of V, and ¢: U — R
is a bounded linear functional. Suppose i1 € V' \ U. Then ¢ can be extended to a
bounded linear functional ¢: U + Rh — R such that ||¢|| = ||¢|.

Proof Suppose ¢ € R. Define ¢ () to be ¢, and then extend ¢ linearly to U + Rh.
Specifically, define ¢: U + Rh — R by

¢(f +ah) = p(f) +ac

for f € U and a € R. Then ¢ is a linear functional on U + Rb.

Clearly ¢|y = ¢. Thus ||@|| > ||||. We need to show that for some choice of
¢ € R, the linear functional ¢ defined above satisfies the equation ||¢|| = ||¢]|. In
other words, we want

6.64 lp(f) +ac| < ||9]||f +ah| forall f € Uandalla € R.
It would be enough to have

6.65 [Y(f) +cl < Wl f + Al forall f €U,

because replacing f by § in the last inequality and then multiplying both sides by |«|
would give 6.64.
Rewriting 6.65, we want to show that there exists ¢ € R such that

—IHLf + Rl < 9(f) +c < Mgl {lf + Rl forall f < U.

Equivalently, we want to show that there exists ¢ € R such that

—MIHLf Bl =9 (f) < e <Ngllllf + 1l =(f) forall fcU.

The existence of ¢ € R satisfying the line above will follow from the inequality

6.66 sup (= [l If + 1l = ¢(f)) < inf (11l llg + 1] = ¢(2))-
feu 8¢c

To prove the inequality above, suppose f, ¢ € U. Then

—lHLf + Bl =9 () < lwllCllg + 1l = llg = £I) = $(f)
= [lpllClig +hll = llg = fI) + (& = f) = ¥(g)
< [l llg + il = w(g)-

The inequality above proves 6.66, which completes the proof.
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Because our simplified form of Zorn’s Lemma deals with set inclusions rather
than more general orderings, we will need to use the notion of the graph of a function.

6.67 Definition graph w

Suppose T: V — W is a function from a set V to a set W. Then the graph of T
is denoted graph(T) and is the subset of V x W defined by

graph(T) = {(f, T(f)) € Vx W: f € V).

Formally, a function from a set V' to a set W equals its graph as defined above.
However, because we usually think of a function more intuitively as a mapping, the
separate notion of the graph of a function remains useful.

The easy proof of the next result is left to the reader. The first bullet point below
uses the vector space structure of V X W, which is a vector space with the natural
operations of addition and scalar multiplication as defined in Exercise 9 in Section 6B.

(¢ )

6.68 function properties in terms of graphs

Suppose V and W are normed vector spaces and T: V' — W is a function.

(a) T is alinear map if and only if graph(T) is a subspace of V x W.

(b) Suppose U C Vand S: U — W is a function. Then T is an extension of S
if and only if graph(S) C graph(T).

() If T: V — W is alinear map and ¢ € [0,0), then ||T|| < c if and only if
(8l <clif|l forall (£,g) & graph(T).

J

The progf of th.e. Extension Lemma Hans Hahn (1879—1934) was a
(6.63) used inequalities that do not make student and later a faculty member
sense when F = C. Thus the proof of the Y

. t the Universi Vi , wh
Hahn-Banach Theorem below requires atthe r.zzversnty of Vienna, where
one of his PhD students was Kurt
some extra steps when F = C.

Godel (1906-1978).

(6.69 Hahn—-Banach Theorem

bounded linear functional. Then 1 can be extended to a bounded linear functional

Suppose V is a normed vector space, U is a subspace of V, and p: U — Fis a
on V whose norm equals |||

Proof First we consider the case where F = R. Let A be the collection of subsets
E of V x R that satisfy all the following conditions:

e E = graph(¢) for some linear functional ¢ on some subspace of V;
e graph(y) C E;
o laf < [[p[[|If] for every (f,a) € E.
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Then A satisfies the hypothesis of Zorn’s Lemma (6.60). Thus A has a maximal
element. The Extension Lemma (6.63) implies that this maximal element is the graph
of a linear functional defined on all of V. This linear functional is an extension of ¢
to V and it has norm ||¢||, completing the proof in the case where F = R.

Now consider the case where F = C. Define {1 : U — R by

$1(f) = Rey(f)

for f € U. Then 1 is an R-linear map from U to R and ||¢1]| < |9 (actually
llun || = ||¢]|, but we need only the inequality). Also,

¥(f) = Rep(f) +ilmp(f)
= 1(f) +ilm(=ip(if))
= ¢1(f) — iRe(y(if))
6.70 = p1(f) — i1 (if)
forall f € U.
Temporarily forget that complex scalar multiplication makes sense on V and
temporarily think of V' as a real normed vector space. The case of the result that
we have already proved then implies that there exists an extension ¢q of ¥; to an

R-linear functional ¢1: V — R with ||¢1] = [|p1] < |9l
Motivated by 6.70, we define ¢: V — C by

o(f) = ¢1(f) —ig1(if)
for f € V. The equation above and 6.70 imply that ¢ is an extension of ¢ to V. The

equation above also implies that ¢(f + g) = ¢(f) + ¢(g) and ¢(af) = a@(f) for
all f,g € Vandalla € R. Also,

o(if) = 1(if) —ipr(=f) = @1(if) +ip1(f) = i(@1(f) — ig1(if)) = ig(f)-
The reader should use the equation above to show that ¢ is a C-linear map.

The only part of the proof that remains is to show that ||¢|| < ||¢]|. To do this,
note that

9N =o(e(N)f) = e1(e(Hf) < I9ll1eNfI = gl loHIIf]

for all f € V, where the second equality holds because ¢ (qo( f)f) € R. Dividing by
|@(f)|, we see from the line above that [¢(f)| < ||]| ||f] forall f € V(no division
necessary if ¢(f) = 0). This implies that ||@|| < |||, completing the proof.

We have given the special name linear functionals to linear maps into the scalar
field F. The vector space of bounded linear functionals now also gets a special name
and a special notation.

(6.71 Definition dual space w

Suppose V is a normed vector space. Then the dual space of V, denoted V', is the
normed vector space consisting of the bounded linear functionals on V. In other
words, V' = B(V, F).

By 6.47, the dual space of every normed vector space is a Banach space.
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{én 1fl = max{|(f)] : @ € V" and |lg|| =1} ]

Suppose V is a normed vector space and f € V' \ {0}. Then there exists ¢ € V'
such that [|¢| = Tand [|f]| = ¢(f).

Proof Let U be the 1-dimensional subspace of V defined by
U= {af:acF}

Define ¢p: U — F by

plaf) = el fll
for & € F. Then 1 is a linear functional on U with ||¢|| = 1 and ¢(f) = ||f]|. The
Hahn-Banach Theorem (6.69) implies that there exists an extension of ¢ to a linear
functional ¢ on V with ||¢|| = 1, completing the proof.

The next result gives another beautiful application of the Hahn—Banach Theorem,
with a useful necessary and sufficient condition for an element of a normed vector
space to be in the closure of a subspace.

( 6.73 condition to be in the closure of a subspace w

Suppose U is a subspace of a normed vector space V and i € V. Then k € U if
and only if ¢(h) = 0 for every ¢ € V' such that ¢|; = 0.

Proof  First suppose h € U. If ¢ € V' and ¢|y = 0, then ¢(h) = 0 by the
continuity of ¢, completing the proof in one direction.
To prove the other direction, suppose now that i ¢ U. Define ¢: U + Fh — F by

P(f +ah) = n
for f € U and & € F. Then ¢ is a linear functional on U + Fh with null = U and
p(h) =1

Because /1 ¢ U, the closure of the null space of ¢ does not equal U + Fh. Thus
6.52 implies that 1 is a bounded linear functional on U + Fh.

The Hahn—-Banach Theorem (6.69) implies that i can be extended to a bounded
linear functional ¢ on V. Thus we have found ¢ € V' such that ¢|; = 0 but
@(h) # 0, completing the proof in the other direction.

EXERCISES 6D

1 Suppose V is a normed vector space and ¢ is a linear functional on V. Suppose
a € F\ {0}. Prove that the following are equivalent:

(a) ¢ isabounded linear functional.
(b) ¢~ !(a) is a closed subset of V.

© ¢ @) #V.
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Chapter 6 Banach Spaces
Suppose ¢ is a linear functional on a vector space V. Prove that if U is a
subspace of V such that nullp C U, then U = nullgp or U = V.
Suppose ¢ and 1 are linear functionals on the same vector space. Prove that
null ¢ C nully

if and only if there exists & € F such that ¢ = «ag.

For the next three exercises, F" should be endowed with the norm || ||« as defined

in Example 6.34.
4 Suppose V is a normed vector space, n € Z*, and T: V — F" is linear. Prove
that T is a bounded linear map if and only if null T is a closed subspace of V.
5 Suppose n € Z1 and V is a normed vector space. Prove that every linear map
from F" to V is continuous.
6 Suppose n € Z*, V is a normed vector space, and T: F* — V is a linear map
that is one-to-one and onto V.
(a) Use the Bolzano—Weierstrass Theorem to show that
inf{||Tx| : x € F" and ||x||cc = 1} > 0.
(b) Prove that T-!: V — F" is a bounded linear map.
7 Supposen € ZT.
(a) Prove that all norms on F” have the same convergent sequences, the same
open sets, and the same closed sets.
(b) Prove that all norms on F” make F" into a Banach space.
8 Prove that every finite-dimensional normed vector space is a Banach space.
9 Prove that every finite-dimensional subspace of each normed vector space is
closed.
10 Give a concrete example of an infinite-dimensional normed vector space and a
basis of that normed vector space.
11 Show that the collection A = {kZ : k = 2,3,4,...} of subsets of Z satisfies
the hypothesis of Zorn’s Lemma (6.60).
12 Prove that every linearly independent family in a vector space can be extended
to a basis of the vector space.
13 Suppose V is a normed vector space, U is a subspace of V,and ¢: U — Risa

bounded linear functional. Prove that ¢ has a unique extension to a bounded
linear functional ¢ on U with ||¢|| = ||¢|| if and only if

?25(_H¢H If + 2l = w(f)) (Il Nl + kil = w(3))

= inf
geu

forevery h € V' \ U.
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Show that there exists a linear functional ¢: £ — F such that

lp(ay, az,...)| < [[(a1,a2,...) e
forall (a1,ay,...) € £* and

¢(ay,az,...) = lim g
k—o0
for all (a1, ay,...) € £%° such that the limit above on the right exits.

Suppose B is an open ball in a normed vector space V such that 0 ¢ B. Prove
that there exists ¢ € V' such that

Reg(f) >0

forall f € B.

Show that the dual space of each infinite-dimensional normed vector space is
infinite-dimensional.

A normed vector space is called separable if it has a countable subset whose clo-
sure equals the whole space.

17

18

19

Suppose V is a separable normed vector space. Explain how the Hahn—Banach
Theorem (6.69) for V' can be proved without using any results (such as Zorn’s
Lemma) that depend upon the Axiom of Choice.

Suppose that V is a normed vector space such that the dual space V' is a
separable Banach space. Prove that V' is separable.

Prove that the dual of the Banach space C([0,1]) is not separable; here the norm
on C([0,1]) is defined by || f|| = SUP.c(0,1] |f(x)].

The double dual space of a normed vector space is defined to be the dual space of
the dual space. If V is a normed vector space, then the double dual space of V is
denoted by V"'; thus V" = (V') The norm on V"' is defined to be the norm it
receives as the dual space of V.

20

21

Define ®: V — V" by
(®f)(9) = o(f)

for f € V and ¢ € V. Show that ||®f|| = ||f| forevery f € V.
[The map ® defined above is called the canonical isometry of V into V"]

Suppose V' is an infinite-dimensional normed vector space. Show that there is a
convex subset U of V such that U = V and such that the complement V' \ U is

also a convex subset of V with V\ U = V.
[This exercise should stretch your geometric intuition because this behavior
cannot happen in finite dimensions.|

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



182 Chapter 6 Banach Spaces

6E Consequences of Baire’s Theorem

This section focuses on several important
results about Banach spaces that depend
upon Baire’s Theorem. This result was
first proved by René-Louis Baire (1874—
1932) as part of his 1899 doctoral disserta-
tion at Ecole Normale Supérieure (Paris).

Even though our interest lies primar-
ily in applications to Banach spaces, the
proper setting for Baire’s Theorem is the
more general context of complete metric
spaces.

(The result here called Baire’s )
Theorem is often called the Baire
Category Theorem. This book uses
the shorter name of this result
because we do not need the
categories introduced by Baire.
Furthermore, the use of the word
category in this context can be
confusing because Baire’s

categories have no connection with
the category theory that developed
\decades after Baire’s work. )

Baire’'s Theorem

We begin with some key topological notions.

( 6.74 Definition interior \

Suppose U is a subset of a metric space V. The interior of U, denoted int U, is
the set of f € U such that some open ball of V centered at f with positive radius
is contained in U.

You should verify the following elementary facts about the interior.

e The interior of each subset of a metric space is open.

e The interior of a subset U of a metric space V is the largest open subset of V
contained in U.

6.75 Definition dense \

LA subset U of a metric space V is called dense in V if U = V. J

For example, Q and R \ Q are both dense in R, where R has its standard metric
d(x,y) = |x —yl.

You should verify the following elementary facts about dense subsets.

e A subset U of a metric space V is dense in V if and only if every nonempty open
subset of V contains at least one element of U.

e A subset U of a metric space V has an empty interior if and only if V \ U is
dense in V.

The proof of the next result uses the following fact, which you should first prove:
IfG is an open subset of a metric space V and f € G, then there exists r > 0 such
that B(f,r) C G.
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-

6.76 Baire’s Theorem

o

(a) A complete metric space is not the countable union of closed subsets with
empty interior.

(b) The countable intersection of dense open subsets of a complete metric space
is nonempty.

\ > Y,
Proof We will prove (b) and then use (b) to prove (a).

To prove (b), suppose (V,d) is a complete metric space and Gy, Gy, ... is a
sequence of dense open subsets of V. We need to show that ;7 ; Gy # @.

Let fi € Gy and let r; € (0,1) be such that B(f1,71) C Gi. Now suppose
n € Z%, and fi,..., fnandry, ..., r, have been chosen such that

6.77 B(f1,71) D B(f2,72) D -+ D B(fu,n)
and
6.78 IS (0,%) and E(f],i’]) C G] forj=1,...,n.

Because B(fy,7n) is an open subset of V and G, 11 is dense in V, there exists
fas1 € B(fu,tu) N Gug. Let 141 € (0, 577 ) be such that

E(fn-‘rl/ 7n+1) C E(fn/ rn) N Gpt1-

Thus we inductively construct a sequence f7, fo, ... that satisfies 6.77 and 6.78 for
alln € Z™.
If j € Z, then 6.77 and 6.78 imply that

6.79 fe € B(fj,rj) and d(fj, f) <1j < % for all k > j.

Hence f1, f2, ... is a Cauchy sequence. Because (V,d) is a complete metric space,
there exists f € V such that limy_,, fx = f.

Now 6.79 and 6.78 imply that for each j € Z, we have f € B(fj,7;) C G;.
Hence f € N{2; Gy, which means that ;2 ; Gy is not the empty set, completing the
proof of (b).

To prove (a), suppose that (V,d) is a complete metric space and Fy, By, ... is a
sequence of closed subsets of V with empty interior. Then V\ F|,V\ F,...isa
sequence of dense open subsets of V. Now (b) implies that

@ # (V(V\F).
k=1
Taking complements of both sides above, we conclude that
V#U Fe
k=1

completing the proof of (a).

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



184 Chapter 6 Banach Spaces

Because

R=J{x}

xeR

and each set {x} has empty interior in R, Baire’s Theorem implies R is uncountable.
Thus we have yet another proof that R is uncountable, different than Cantor’s original
diagonal proof and different from the proof via measure theory (see 2.16).

The next result is another nice consequence of Baire’s Theorem.

( 6.80 the set of irrational numbers is not a countable union of closed sets w

There does not exist a countable collection of closed subsets of R whose union
equals R \ Q.

Proof This will be a proof by contradiction. Suppose Fj, F;, ... is a countable
collection of closed subsets of R whose union equals R \ Q. Thus each F; contains
no rational numbers, which implies that each F; has empty interior. Now

R=(Um) (Un)

The equation above writes the complete metric space R as a countable union of
closed sets with empty interior, which contradicts the Baire’s Theorem [6.76(a)]. This
contradiction completes the proof.

Open Mapping Theorem and Inverse Mapping Theorem

The next result shows that a surjective bounded linear map from one Banach space
onto another Banach space maps open sets to open sets. As shown in Exercises 10
and 11, this result can fail if the hypothesis that both spaces are Banach spaces is
weakened to allowing either of the spaces to be a normed vector space.

6.81 Open Mapping Theorem W

LSuppose V and W are Banach spaces and T is a bounded linear map of V' onto WJ

Then T(G) is an open subset of W for every open subset G of V.

Proof Let B denote the open unit ball B(0,1) = {f € V : ||f|| < 1} of V. For any
open ball B(f,a) in V, the linearity of T implies that

T(B(f,a)) = Tf +aT(B).

Suppose G is an open subset of V. If f € G, then there exists a > 0 such that
B(f,a) C G. If we can show that 0 € int T(B), then the equation above shows that
Tf € intT(B(f,a)). This would imply that T(G) is an open subset of W. Thus to
complete the proof we need only show that T(B) contains some open ball centered
at 0.
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The surjectivity and linearity of T imply that

W= fj T(kB) = G kT(B).
k=1 k=1

Thus W = (g2, kT(B). Baire’s Theorem [6.76(a)] now implies that kT'(B) has a
nonempty interior for some k € Z™. The linearity of T allows us to conclude that
T(B) has a nonempty interior.

Thus there exists ¢ € B such that Tg € int T(B). Hence

0€intT(B—g) C intT(2B) = int2T(B).

Thus there exists # > 0 such that B(0,2r) C 2T(B) [here B(0, 2r) is the closed ball
in W centered at 0 with radius 2r]. Hence B(0,7) C T(B). The definition of what it
means to be in the closure of T(B) [see 6.7] now shows that

heWand|h| <rande >0 = 3f € Bsuchthat |h — Tf|| <e.

For arbitrary 1 # 0 in W, applying the result in the line above to HTth shows that

6.82 heWande >0 — EIfG@Bsuchthat||h—Tf||<e.

Now suppose g € W and ||g|| < 1. Applying 6.82 with h = g and & = 3, we see
that
there exists f; € 1B such that ||g — Tf|| < 1.

Now applying 6.82 withh = ¢— Tfy ande = %, we see that
there exists fo € 4B such that|[g — Tf; — Tfa < 1.
Applying 6.82 again, this time withh = g —Tf; — Tf, and e = %, we see that
there exists f3 € 4B suchthat||g — Tf; — Tfo — Tf3|| < &.

Continue in this pattern, constructing a sequence f1, fo,...in V. Let

(e}
f=3fu
k=1
where the infinite sum converges in V because

Yl < ) e ==
k=1 P

here we are using 6.41 (this is the place in the proof where we use the hypothesis that
V is a Banach space). The inequality displayed above shows that || f|| < 2.
Because

1
I =T~ Thh— ~Thll < 5

and because T is a continuous linear map, we have g = Tf.
We have now shown that B(0,1) C 2T(B). Thus 5B(0,1) C T(B), completing
the proof.
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The next result provides the useful in-
formation that if a bounded linear map
from one Banach space to another Banach
space has an algebraic inverse (meaning
that the linear map is injective and surjec-
tive), then the inverse mapping is automatically bounded.

The Open Mapping Theorem was
first proved by Banach and his
colleague Juliusz Schauder
(1899-1943) in 1929-1930.

(6.83 Bounded Inverse Theorem

Suppose V and W are Banach spaces and T is a one-to-one bounded linear map
from V onto W. Then T~! is a bounded linear map from W onto V.

Proof The verification that T~ is a linear map from W to V is left to the reader.
To prove that T~ is bounded, suppose G is an open subset of V. Then

(T"1)7(G) = T(G).

By the Open Mapping Theorem (6.81), T(G) is an open subset of W. Thus the
equation above shows that the inverse image under the function T~! of every open
set is open. By the equivalence of parts (a) and (c) of 6.11, this implies that T~ is
continuous. Thus T~ ! is a bounded linear map (by 6.48).

The result above shows that completeness for normed vector spaces plays a role
analogous to compactness for metric spaces (think of the theorem stating that a
continuous one-to-one function from a compact metric space onto another compact
metric space has an inverse that is also continuous).

Closed Graph Theorem

Suppose V and W are normed vector spaces. Then V x W is a vector space with
the natural operations of addition and scalar multiplication as defined in Exercise 9
in Section 6B. There are several natural norms on V x W that make V x W into a
normed vector space; the choice used in the next result seems to be the easiest. The
proof of the next result is left to the reader as an exercise.

(6.84 product of Banach spaces

~

Suppose V and W are Banach spaces. Then V' x W is a Banach space if given

the norm defined by
1(f, &)1 = max{[| £l llg]l}

for f € V and g € W. With this norm, a sequence (f1,£1), (f2,£2), ... in
\V x W converges to (f, ) if and only if imy_,, fx = f and limy ., gk = &- D

The next result gives a terrific way to show that a linear map between Banach
spaces is bounded. The proof is remarkably clean because the hard work has been
done in the proof of the Open Mapping Theorem (which was used to prove the
Bounded Inverse Theorem).
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6.85 Closed Graph Theorem

Suppose V and W are Banach spaces and T is a function from V to W. Then T
is a bounded linear map if and only if graph(T) is a closed subspace of V x W.

Proof  First suppose T is a bounded linear map. Suppose (f1, Tf1), (f2, Tf2), ... is
a sequence in graph(T) converging to (f,g) € V x W. Thus

lim fy =f and lim Tfy=g.
k—o0

k—o0

Because T is continuous, the first equation above implies that limy .o, Tfx = Tf;
when combined with the second equation above this implies that ¢ = Tf. Thus
(f,8) = (f, Tf) € graph(T), which implies that graph(T) is closed, completing
the proof in one direction.

To prove the other direction, now suppose that graph(T') is a closed subspace of
V x W. Thus graph(T) is a Banach space with the norm that it inherits from V x W
[from 6.84 and 6.16(b)]. Consider the linear map S: graph(T) — V defined by

S(f,Tf) =1

Then
ISCF, THOI = IIFIl < max{[I£ I I TFII} = II(f, T

forall f € V. Thus S is a bounded linear map from graph(T) onto V with ||S|| < 1.
Clearly S is injective. Thus the Bounded Inverse Theorem (6.83) implies that S~ is
bounded. Because S~!: V — graph(T) satisfies the equation S~1 f = (f, Tf), we
have

ITAII < max{|[ £l [ITf]}}
= I(£THI
=571
<IIsHA
for all f € V. The inequality above implies that T is a bounded linear map with

| T|| < ||S~!|, completing the proof.

Principle of Uniform Boundedness

The next result states that a family of
bounded linear maps on a Banach space
that is pointwise bounded is bounded in
norm (which means that it is uniformly
bounded as a collection of maps on the
unit ball). This result is sometimes called . ..

. . after overhearing him discuss
the Banach—Steinhaus Theorem. Exercise Lebesgue integration in a park
17 is also sometimes called the Banach— \C -
Steinhaus Theorem.

(The Principle of Uniform )
Boundedness was proved in 1927 by
Banach and Hugo Steinhaus
(1887-1972). Steinhaus recruited
Banach to advanced mathematics
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6.86 Principle of Uniform Boundedness )

Suppose V is a Banach space, W is a normed vector space, and A is a family of
bounded linear maps from V' to W such that

sup{||Tf]|: T € A} < coforevery f € V.

Then
T||: T € A} < oco.
L sup{|T]| : T € A} < oo )

Proof  Our hypothesis implies that

V= {feV:|ITf| <nforall T € A},
n=1
Va

where V}, is defined by the expression above. Because each T € A is continuous, Vj,
is a closed subset of V for each n € Z™. Thus Baire’s Theorem [6.76(a)] and the
equation above imply that there exist n € ZT and i € Vand r > 0 such that

6.87 B(h,r) C V.

Now suppose ¢ € V and ||g|| < 1. Thus rg +h € B(h,r). Hence if T € A, then
6.87 implies || T(rg + h)|| < n, which implies that

HT(ngrh) _TJH < TG +h)ll n ITh| _ n+|[Th]
r ril = r ro- r ’

T8l =

Thus
n+sup{||Th| : T € A} < o

r

sup{|[T]|: T € A} <

i

completing the proof.

EXERCISES 6E

1 Suppose U is a subset of a metric space V. Show that U is dense in V if and
only if every nonempty open subset of V' contains at least one element of U.

2 Suppose U is a subset of a metric space V. Show that U has an empty interior if
and only if V'\ U is dense in V.

3 Prove or give a counterexample: If V is a metric space and U, W are subsets
of V, then (intU) U (int W) = int(U U W).

4 Prove or give a counterexample: If V is a metric space and U, W are subsets
of V, then (intU) N (intW) = int(U N W).
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Suppose
X={0pu U{}
k=1
and d(x,y) = |x —y| forx,y € X.

(a) Show that (X, d) is a complete metric space.

(b) Each set of the form {x} for x € X is a closed subset of R that has an
empty interior as a subset of R. Clearly X is a countable union of such sets.
Explain why this does not violate the statement of the Baire’s Theorem that
a complete metric space is not the countable union of closed subsets with
empty interior.

Give an example of a metric space that is the countable union of closed subsets
with empty interior.
[This exercise shows that the completeness hypothesis in the Baire’s Theorem
cannot be dropped.]

(a) Define f: R — R as follows:

0 if a is irrational,

f(a) = % if a is rational and 7 is the smallest positive integer

such that a = 77 for some integer 1.

At which numbers in R is f continuous?

(b) Show that there does not exist a countable collection of open subsets of R
whose intersection equals Q.

(c) Show that there does not exist a function f: R — R such that f is continu-
ous at each element of Q and discontinuous at each element of R \ Q.

Suppose (X, d) is a complete metric space and Gy, Gy, ... is a sequence of
dense open subsets of X. Prove that ;2 ; Gy is a dense open subset of X.

Prove that there does not exist an infinite-dimensional Banach space with a
countable basis.

[This exercise implies, for example, that there is not a norm that makes the
vector space of polynomials with coefficients in F into a Banach space.]

Give an example of a Banach space V, a normed vector space W, a bounded
linear map T of V onto W, and an open subset G of V such that T(G) is not an
open subset of W.

[The exercise shows that the hypothesis in the Open Mapping Theorem that W is
a Banach space cannot be relaxed to the hypothesis that W is a normed vector
space.]

Show that there exists a normed vector space V, a Banach space W, a bounded
linear map T of V onto W, and an open subset G of V such that T(G) is not an
open subset of W.

[The exercise shows that the hypothesis in the Open Mapping Theorem that V is
a Banach space cannot be relaxed to the hypothesis that V is a normed vector
space.]
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A linear map T: V — W from a normed vector space V to a normed vector space
W is called bounded below if there exists ¢ € (0,00) such that ||f|| < c||Tf]|
Jorall f € V.

12

13

14

15
16

17

18

19

Suppose T: V. — W is a bounded linear map from a Banach space V to a
Banach space W. Prove that T is bounded below if and only if T is injective and
the range of T is a closed subspace of W.

Give an example of a Banach space V, a normed vector space W, and a one-to-
one bounded linear map T of V onto W such that T~! is not a bounded linear
map of W onto V.

[The exercise shows that the hypothesis in the Bounded Inverse Theorem (6.83)
that W is a Banach space cannot be relaxed to the hypothesis that W is a
normed vector space.]

Show that there exists a normed space V, a Banach space W, and a one-to-one
bounded linear map T of V onto W such that T~! is not a bounded linear map
of W onto V.

[The exercise shows that the hypothesis in the Bounded Inverse Theorem (6.83)
that V is a Banach space cannot be relaxed to the hypothesis that V is a normed
vector space.]

Prove 6.84.

Suppose V is a Banach space with norm ||-|| and that ¢: V — F is a linear
functional. Define another norm ||-||, on V by

Iflle = A1+ [@(I-

Prove that if V is a Banach space with the norm ||-||,, then ¢ is a continuous
linear functional on V' (with the original norm).

Suppose V is a Banach space, W is a normed vector space, and Ty, Tp, ... is a
sequence of bounded linear maps from V' to W such that limy_,, Ty f exists for
each f € V. Define T: V — W by

Tf = lim Tif
k—c0
for f € V. Prove that T is a bounded linear map from V to W.

[This result states that the pointwise limit of a sequence of bounded linear maps
on a Banach space is a bounded linear map.)

Suppose V as a normed vector space and B is a subset V such that
sup|g(f)| < e
feB
for every ¢ € V. Prove that sup|| f|| < occ.
feB

Suppose T: V — W is a linear map from a Banach space V' to a Banach space
W such that
poT eV forallp € W.

Prove that T is a bounded linear map.
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/

LP Spaces

Fix a measure space (X, S, u) and a positive number p. We begin this chapter by
looking at the vector space of measurable functions f: X — F such that

J1f7 du <

Important results called Holder’s Inequality and Minkowski’s Inequality will help
us investigate this vector space. A useful class of Banach spaces appears when we
identify functions that differ only on a set of measure 0 and require p > 1.

a N

\_ %

The main building of the Swiss Federal Institute of Technology (ETH Ziirich).
Hermann Minkowski (1864—1909) taught at this university from 1896 to 1902.
During this time, Albert Einstein (1879-1955) was a student in several of
Minkowski’s mathematics classes. Minkowski later created mathematics that helped
explain Einstein’s special theory of relativity.

CC-BY-SA Roland zh
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7TA LP(u)

Holder’s Inequality

Our next major goal is to define an important class of vector spaces that generalize the
vector spaces £ () and ¢! introduced in the last two bullet points of Example 6.32.
We begin this process with the definition below. The terminology p-norm introduced
below is convenient even though it is not necessarily a norm.

r7.1 Definition || f||, )

Suppose that (X, S, u) is a measure space, 0 < p < oo, and f: X — Fis
S-measurable. Then the p-norm of f is denoted by || f||, and is defined by

Il = ([1f1P aw) "

Also, || f]|co, which is called the essential supremum of f, is defined by

Iflleo = inf{t > 0: p({x € X: |f(x)] > t}) = 0}.
\. J

The exponent 1/ p appears in the definition of the p-norm || f||, because we want
the equation |laf||, = |a|[|f]|, to hold for all « € F.

For 0 < p < oo, the p-norm ||f||, does not change if f changes on a set of
u-measure 0. By using the essential supremum rather than the supremum in the
definition of || f||«, We arrange for the co-norm || ||« to enjoy this same property.
Also, Exercise 15 in this section shows why using the essential supremum rather than
the supremum is the right definition.

7.2 Example p-norm for counting measure

Suppose # is counting measure on Z*. If a = (ay, 4y, . ..) is a sequence in F and
0 < p < oo, then

lallp = (Z\ﬂk!p) and ||a||e = sup{|ax| : k € ZT}.
k=1

Note that for counting measure, the essential supremum and the supremum are the
same because in this case there are no sets of measure 0 other than the empty set.

Now we can define our generalization of £!(3), which was defined in the last
bullet point of Example 6.32.

(7.3 Definition L7 () W

Suppose (X, S, u) is a measure space and 0 < p < co. The Lebesgue space
LP (), sometimes denoted L (X, S, ), is defined to be the set of S-measurable
functions f: X — F such that || f||, < cc.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 7A  LP(u) 193

7.4 Example ¢P

When y is counting measure on Z™, the set £ () is often denoted by ¢? (pro-
nounced little el-p). Thus if 0 < p < oo, then

P ={(ay,ay,...): eacha; € Fand Z\akyp < oo}
k=1
and

0 ={(ay,ay,...):eachay € Fand sup |a;| < oo}.
kez+

Inequality 7.5(a) below will provide an easy proof that £ (u) is closed under
addition. Soon we will prove Minkowski’s Inequality (7.14), which provides an
important improvement of 7.5(a) when p > 1 but is more complicated to prove.

(7.5 LP () is a vector space

>

Suppose (X, S, u) is a measure space and 0 < p < co. Then

(@) If+gllh < 2P(IFI5 + llglh)
and
(b) lafllp = lal I £l

forall f,¢ € LP(u) and all & € F. Furthermore, with the usual operations of
addition and scalar multiplication of functions, £ () is a vector space. )

Proof  Suppose f,g € LP(u). If x € X, then

[f(x) + g7 < (If ()] + [g(x) )7
2max{|f(x)],|g(x)[})”
<2P(|f ()P + Ig(2)[P).

Integrating both sides of the inequality above with respect to y gives the desired

inequality
If +gllp < 2°CFIG + llgly)-

This inequality implies that if || f||, < coand ||g||, < oo, then || f + g||, < co. Thus
LP () is closed under addition.
The proof that

< (
< (

leefllp = lel [ £l

follows easily from the definition of ||-||,,. This equality implies that £ () is closed
under scalar multiplication.

Because L7 () contains the constant function 0 and is closed under addition and
scalar multiplication, £7 (1) is a subspace of FX and thus is a vector space.
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What we call the dual exponent in the definition below is often called the conjugate
exponent or the conjugate index. However, the terminology dual exponent conveys
more meaning because of results (7.25 and 7.26) that we will see in the next section.

\

[7.6 Definition dual exponent; p’

For 1 < p < oo, the dual exponent of p is denoted by p’ and is the element of

[1, 0] such that

11
4= =1

/
\_ P F Y,

7.7 Example dual exponents

1"=00, o =1, 2/=2, 4 =4/3, (4/3)' =4

The result below will be a key tool in proving Hélder’s Inequality (7.9).

(7.8 Young’s Inequality )
Suppose 1 < p < co. Then
pl
ab < i b—/
p P
\forallaEOandeO. )

Proof Fix b > 0 and define a function

illiam Henry Young (1863—1942
f:(0,00) — Rby William Henry Young (1863-1942)

published what is now called
b Young’s Inequality in 1912.

Thus f'(a) = aP~! — b. Hence f is decreasing on the interval (0, bl/(pfl)) and f is
increasing on the interval (bl/(p_l), o0). Thus f has a global minimum at b/ (P=1).
A tiny bit of arithmetic [use p/(p — 1) = p'] shows that f(b!/(P~1)) = 0. Thus
f(a) > 0foralla € (0,00), which implies the desired inequality.

The important result below furnishes a key tool that is used in the proof of
Minkowski’s Inequality (7.14).

( 7.9 Holder’s Inequality w

Suppose (X, S, u) is a measure space, 1 < p < oo, and f,h: X — F are
S-measurable. Then
If Al < 1 fllp 1]l -
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Proof Suppose 1 < p < oo, leaving the cases p = 1 and p = oo as exercises for
the reader.

First consider the special case where | f[|, = [[i]|,; = 1. Young’s Inequality
(7.8) tells us that

P ()P
P < LOI | 1)
P p
for all x € X. Integrating both sides of the inequality above with respect to  shows
that || fh|ly <1 =|/fll, [k, completing the proof in this special case.

It Hf”P = 0or ”h”l" = 0, then C—Ib’lder’s Inequality was proved in )

[y = 0 and the desired inequal- | 7589 1\ Or10 Holder (1859-1937).
ity holds. Similarly, if ||f|, = oo or

|||y = oo, then the desired inequality clearly holds. Thus we will assume that
0<|fllp <ooand 0 < |||,y < oo
Now define S-measurable functions f1,h1: X — F by

f
=—— and h; = .
A= T

Then ||f1][, = 1 and [|h|,; = 1. By the result for our special case, we have
iy < 1, which implies that [ £y < |1£], [l

The next result gives a key containment among Lebesgue spaces with respect to a
finite measure. Note the crucial role that Holder’s Inequality plays in the proof.

G.10 L) C LP(u)if p < gand u(X) < o A

Suppose (X, S, i) is a finite measure space and 0 < p < g < co. Then

Ifllp < ()@ @D £
\for all f € L£9(u). Furthermore, £9(p) C LP ().

J

Proof Fix f € L1(u). Letr = %. Thus r > 1. A short calculation shows that

v =

%p. Now Holder’s Inequality (7.9) with p replaced by r and f replaced by
|f|P and h replaced by the constant function 1 gives

[ aw< ([agrya)” ([1'a)"
= p(x)a-/a( / ira)”"

Now raise both sides of the inequality above to the power %, getting

1/q

VP (X)) (pa) (/|f|t7 dy) "

(/1517 au)

which is the desired inequality.
The inequality above shows that f € L£F(u). Thus L9(u) C LP(u).
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7.11 Example LFP(E)

We adopt the common convention that if E is a Borel (or Lebesgue measurable)
subset of R and 0 < p < oo, then LP(E) means LF(Ag), where Ap denotes
Lebesgue measure A restricted to the Borel (or Lebesgue measurable) subsets of R
that are contained in E.

With this convention, 7.10 implies that

if 0 < p < g < oo, then L7([0,1]) C LF([0,1]) and ||f|, < [Ifll4
for f € L£9([0,1]. See Exercises 12 and 13 in this section for related results.

Minkowski’s Inequality

The next result will be used as a tool to prove Minkowski’s Inequality (7.14). Once
again, note the crucial role that Holder’s Inequality plays in the proof.

(7.12 formula for | f||, W

Suppose (X, S, u) is a measure space, 1 < p < o0, and f € LP(y). Then

I£1lp = sup{| [ frdu| : 1€ £7 () and ] < 1}.

Proof If || f||, = 0, then both sides of the equation in the conclusion of this result
equal 0. Thus we will also assume that || f|[, # 0.

Holder’s Inequality (7.9) implies that if i € £F'() and [All,r <1, then

[ s < [ignlan < £l Il < 11

/
Thus sup{| [ fhdu|: h € LP () and |||,y < 1}< ]l
To prove the inequality in the other direction, define h: X — F by

p—2
h(x) = ACORVACIl i |f§;§;l (set h(x) = 0 when f(x) = 0).
A1y
Then [ fhdu = ||f||, and |||,y = 1, as you should verify [use p — % = 1]. Thus
Ifllp < sup{|[ fhdu|:he L£P(n)and |||,y < 1}, as desired.

7.13 Example a point with infinite measure

Suppose X is a set with exactly one element b and p is the measure such that
#(@) = 0 and u({b}) = co. Then L! () consists only of the 0 function. Thus if
p = oo and f is the function whose value at b equals 1, then || f||« = 1 but the right
side of the equation in 7.12 equals 0. Thus 7.12 can fail when p = co.

Example 7.13 shows that we cannot take p = oo in 7.12. However, if y is a
o-finite measure, then 7.12 holds even when p = co; see Exercise 9.
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The next result, which is called Minkowski’s Inequality, is an improvement for
p > 1 of the inequality 7.5(a). For the situation when 0 < p < 1, see Exercise 21.

(7.1 4 Minkowski’s Inequality w

Suppose (X, S, u) is a measure space, 1 < p < oo, and f,¢ € LP (). Then

1f +&llp < [fllp + N8y

Proof Assume that1 < p < oo (the case p = oo is left as an exercise for the reader).
Inequality 7.5(a) implies that f + ¢ € LP ().
Suppose 1 € LP' (1) and Al < 1. Then

|+ mdn| < [ifnldn+ [ghldn < (Ul + gl
< I1£llp +ligly-

where the second inequality comes from Holder’s Inequality (7.9). Now take the
supremum of the left side of the inequality above over the set of h € LP (i) such
that |||, < 1. By 7.12, we get || f + gllp < [Ifllp + lIg]lp, as desired.

EXERCISES 7A

1 Suppose u is a measure. Prove that

1f +8lleo < [ flleo +[Iglleo and [laf]lco = [a] [ f]leo

forall f,¢ € £L®(u) and all « € F. Conclude that with the usual operations of
addition and scalar multiplication of functions, £% () is a vector space.

2 Supposea >0,b>0,and 1 < p < oco. Prove that
ab = a + bi,/
p P
if and only if a? = b’ [compare to Young’s Inequality (7.8)].
3 Suppose a1, ..., ay are nonnegative numbers. Prove that
(a1 4 +a,)® <n*(a® + - +ay).
4 Prove Holder’s Inequality (7.9) in the cases p = 1 and p = oo.

5 Suppose that (X, S, ) is a measure space, 1 < p < oo, f € LP(u), and
he E”I(y). Prove that Holder’s Inequality (7.9) is an equality if and only if
there exist nonnegative numbers a and b, not both 0, such that

alf(x)|P = blr(x)[P
for almost every x € X.
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10

11

12

13

14

15

16

Suppose (X, S, i) is a measure space, f € £ (), and h € L®(u). Prove that
1 1llx = 1l fll1 [1%[eo if and only if

1 ()] = [|Fl]es
for almost every x € X such that f(x) # 0.
Suppose (X, S, i) is a measure space and f,h: X — F are S-measurable.

Prove that
1fRllr < (£l [I7]]q

1

for all positive numbers p, g, 7 such that % + % = ;.

Suppose (X, S, i) is a measure space and n € Z. Prove that

1fifz - fullt < Ufillp If2llpn - I fllp
1

for all positive numbers py, ..., pn such that plT + pl—z +---+ o = 1 and all
S-measurable functions f1, f2,..., fn: X = F.

Show that the formula in 7.12 holds for p = co if y is a o-finite measure.
Suppose 0 < p < g < oo,

(a) Prove that /7 C ¢1.

(b) Prove that ||(a1,ay,...)||, > ||(a1,a2,...)| for every sequence ay, ay, ...
of elements of F.

Show that ﬂ 0P £ 0t
p>1

Show that (1) LF([0,1]) # £([0,1]).

p<oo

Show that | ] £P([0,1]) # £'([0,1]).

p>1

Suppose p, g € (0,00], with p # g. Prove that neither of the sets £7(R) and
L9(R) is a subset of the other.

Suppose (X, S, ) is a finite measure space. Prove that

i [[ £y = [ flle

p—roo
for every S-measurable function f: X — F.

Suppose y is a measure, 0 < p < oo, and f € LP(u). Prove that for every
€ > 0, there exists a simple function g € L (j) such that || f — g|, < &.
[This exercise extends 3.44.]
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Suppose 0 < p < o0 and f € LF(R). Prove that for every ¢ > 0, there exists a
step function ¢ € L7 (R) such that ||f — g, <e.
[This exercise extends 3.47.]

Suppose 0 < p < o and f € LF(R). Prove that for every ¢ > 0, there
exists a continuous function g: R — R such that ||f — g[|, < € and the set
{x € R: g(x) # 0} is bounded.

[This exercise extends 3.48.]

Suppose (X, S, jt) is a measure space, 1 < p < co, and f,g € LF(u). Prove
that Minkowski’s Inequality (7.14) is an equality if and only if there exist
nonnegative numbers a4 and b, not both 0, such that

af(x) = bg(x)
for almost every x € X.

Suppose (X, S, jt) is a measure space and f, ¢ € L£!(y). Prove that

I+ &l = £l + llglh
if and only if f(x)g(x) > 0 for almost every x € X.

Suppose (X, S, i) is a measure space and 0 < p < 1. Prove that the reverse
Minkowski inequality

1f +&llp = [1£1lp + llglly
holds for all S-measurable functions f,g: X — [0, 00).

Suppose (X, S, u) and (Y, T, v) are o-finite measure spaces and 0 < p < oo.
Prove that if f € L£F(u x v), then

[f]x € LF(v) for almost every x € X

and
[f]Y € LP(p) for almost every y € Y,

where [f]x and [f]? are the cross sections of f as defined in 5.7.
Suppose 1 < p < oo and f € LP(R).

(a) Fort € R,define fi: R — Rby fi(x) = f(x — t). Prove that the function
t — || f — ft|lp is bounded and uniformly continuous on R.

(b) Fort > 0, define f;: R — Rby fi(x) = f(tx). Prove that
li — =0.
i | fily

Suppose 1 < p < oo and f € LP(R). Prove that
I 1 b+t P
1 B —0
im o ), 1~

for almost every b € R.
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7B LF(u)
Definition of L? (1)

Suppose (X, S, pt) is a measure space and 1 < p < co. If there exists a nonempty set
E € S such that u(E) = 0, then [|x ||, = 0 even though x, # 0; thus ||[|, is not a
norm on L7 (). The standard way to deal with this problem is to identify functions
that differ only on a set of y-measure 0. To help make this process more rigorous, we
introduce the following definitions.

(715 Definition Z(n); f )

Suppose (X, S, u) is a measure space and 0 < p < oo.

e Z(p) denotes the set of S-measurable functions from X to F that equal 0
almost everywhere.

e For f € LP(u), let f be the subset of £F(u) defined by
f={f+z:z€ Z(w}. )

The set Z () is clearly closed under scalar multiplication. Also, Z(y) is closed
under addition because the union of two sets with y-measure 0 is a set with -
measure 0. Thus Z(p) is a subspace of L (), as we had noted in the third bullet
point of Example 6.32.

Note that if f,F € LP(u), then f = F if and only if f(x) = F(x) for almost
every x € X.

r7.16 Definition L ()

\_

~

Suppose p is a measure and 0 < p < oo.

e Let L” () denote the collection of subsets of L£P (1) defined by
LP(u) ={f:feLl(mw}
e For f,§ € LP(u) and a € F, define f + ¢ and af by

9 f+&=(f+8) and af = (af)- )

The last bullet point in the definition above requires a bit of care to verify that it
makes sense. The potential problem is that if Z () # {0}, then f is not uniquely
represented by f. Thus suppose f,F,g,G € LP(u) and f = Fand § = G. For
the definition of addition in L? (i) to make sense, we must verify that (f + g)” =
(F 4+ G)". This verification is left to the reader, as is the similar verification that the
scalar multiplication defined in the last bullet point above makes sense.

You might want to think of elements of L” (u) as equivalence classes of functions
in L£P (), where two functions are equivalent if they agree almost everywhere.
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Mathematicians often pretend that ele-
ments of L (u) are functions, where two
functions are considered to be equal if
they differ only on a set of y-measure 0.
This fiction is harmless provided that the
operations you perform with such “func-
tions” produce the same results if the func-
tions are changed on a set of measure 0.

(7.17 Definition ||-||, on LP (1) )

(‘Note the subtle typographic )
difference between LF (y) and
LP(u). An element of the
calligraphic LP (y) is a function; an
element of the italic LP () is a set
of functions, any two of which agree

\almost everywhere. )

Suppose p is a measure and 0 < p < co. Define ||-||, on L”(p) by

£l = £

for f € LP(u).
(Jor f € £P(1) D
Note that if f,F € LP(u) and f = F, then || f||, = ||F||,. Thus the definition
above makes sense.
In the result below, the addition and scalar multiplication on L () come from
7.16 and the norm comes from 7.17.

(7.1 8 LP(u) is a normed vector space ]

Suppose y is a measure and 1 < p < co. Then L (i) is a vector space and ||-||
is a norm on L ().

The proof of the result above is left to the reader, who will surely use Minkowski’s
Inequality (7.14) to verify the triangle inequality. Note that the additive identity of
LP(u) is 0, which equals Z (p).

For readers familiar with quotients of
vector spaces: you may recognize that

\

Gf 1 is counting measure on Z™, then

P . .
LP () is the quotient space LP(u) = LP(u) = 07
P
LE(u)/ Z(p)- because counting measure has no
For readers who want to learn about quo- sets of measure 0 other than the
tients of vector spaces: see a textbook for \&"p Iy set. J

a second course in linear algebra.
The notation introduced below is commonly used in mathematics literature.

(7.19 Definition L7(E) for EC R w

If E is a Borel (or Lebesgue measurable) subset of R and 0 < p < oo, then
LP(E) means LP(Af), where A denotes Lebesgue measure A restricted to the
Borel (or Lebesgue measurable) subsets of R that are contained in E.
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LP(u) is a Banach Space

The proof of the next result contains all the hard work we will need to prove that
LP(u) is a Banach space. However, we will state the next result in terms of L7 ()
instead of L? () so that we can work with genuine functions. Moving to LP (u) will
then be easy (see 7.24).

f7.20 Cauchy sequences in LP (y) converge

o

Suppose (X, S, i) is a measure space and 1 < p < co. Suppose f1, f2,...1is a
sequence of functions in £ () such that for every e > 0, there exists n € Z

such that
Ifi — fillp <e

forall j > n and k > n. Then there exists f € LP(u) such that

lim | i — £l = 0.

. J
Proof The case p = oo is left as an exercise for the reader. Thus assume 1 < p < co.

It suffices to show that limy, e || f,, — f||p = O for some f € LP(u) and some
subsequence fy,, fk,, - - - (see Exercise 14 of Section 6A, whose proof does not require
the positive definite property of a norm).

Thus dropping to a subsequence (but not relabeling) and setting fy = 0, we can
assume that

[ee]
Yol fie = fiallp < oo
k=1

Define functions g1, g2, . . . and g from X to [0, o] by

(1) = Y1) = fir ()] and g(x zrfk )

k=1
Minkowski’s Inequality (7.14) implies that

7.21 gmllp < lefk—fk 1llp-

Clearly limy;, 00 gm(x) = g(x) for every x € X. Thus the Monotone Convergence
Theorem (3.11) and 7.21 imply

. > p
7.22 /gp du = nll_rgo/gm” du < (Z”fk —fk71\|p)
=

Thus g(x) < oo for almost every x € X.
Because every infinite series of real numbers that converges absolutely also con-
verges, for almost every x € X we can define f(x) by

£ = Y (@) — fer(x)) = lim Z(fk< )~ feor(x)) = Tim fn(x).

1m—>00 2 m—o00
k=1

In particular, limy, e f (x) exists for almost every x € X. Define f(x) to be 0 for
those x € X for which the limit does not exist.
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We now have a function f that is the pointwise limit (almost everywhere) of
f1, f2, . ... The definition of f shows that |f(x)| < g(x) for almost every x € X.
Thus 7.22 shows that f € LP ().

To show that limy_, || fx — f|l, = 0, suppose & > 0 and let n € Z™ be such that
| fi — fxllp < eforall j > n and k > n. Suppose k > n. Then

1/p
I~ Flp = ([ 1k = 17 an)
1/p
. T
Shjrggf(/vk fil dy)
~ timinf f; ~ £,
<g,

where the second line above comes from Fatou’s Lemma (Exercise 18 in Section 3A).
Thus limy_, || fx — f||p = 0, as desired.

The proof that we have just completed contains within it the proof of a useful
result that is worth stating separately. A sequence can converge in p-norm without
converging pointwise anywhere (see, for example, Exercise 12). However, the next
result guarantees that some subsequence converges pointwise almost everywhere.

(- )

7.23 convergent sequences in LP have pointwise convergent subsequences

Suppose (X, S, u) is a measure space and 1 < p < co. Suppose f € LF(u)
and f1, fo, ... is a sequence of functions in £P () such that klim I fc = fll, =0.
—00

Then there exists a subsequence f, fx,, - - - such that

limfi, (x) = £(x)

for almost every x € X.
! ry

Proof  Suppose f,, fk,, - - - is a subsequence such that

e}

Y ke = frpy llp < o0

m=2

An examination of the proof of 7.20 shows that n%gn fx, (x) = f(x) for almost

every x € X.
(7.24 LP(u) is a Banach Space w
LSuppose p is a measure and 1 < p < oo. Then L () is a Banach space. J

Proof  This result follows immediately from 7.20 and the appropriate definitions.
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Duality

Recall that the dual space of a normed vector space V is denoted by V/ and is defined
to be the Banach space of bounded linear functionals on V; see 6.71.

In the statement and proof of the next result, an element of an L? space is denoted
by a symbol that makes it look like a function rather than like a collection of functions
that agree except on a set of measure 0. However, because integrals and L”-norms
are unchanged when functions change only on a set of measure 0, this notational
convenience causes no problems.

~

7.25 natural map of LV (i) into (LV (y))/ preserves norms

Suppose  is a measure and 1 < p < oo. For h € L¥'(y), define ¢y, : LP (1) — F
by

on(f) = /fhdﬂ-

Then ki — ¢y, is a one-to-one linear map from LP (1) to (LP( ;4))/. Furthermore,
\||(ph|| = ||kl forall h € Lpl(y).

J

Proof  Suppose h € LV (i) and f € LP (). Then Holder’s Inequality (7.9) tells us
that fh € L'(p) and that
LAl < (1Bl 11

Thus ¢y, as defined above, is a bounded linear map from L? (i) to F. Also, the map

h — @y is clearly a linear map of L¥(y1) into (LP(1))". Now 7.12 (with the roles of
p and p’ reversed) shows that

lonll = sup{lon(f)] : f € LP(u) and [|f[]p <1} = ||| -

If iy, hy € LP(u) and @n, = P, then

I = hally = | @ny—ny | = [l @, — @, |l = I0]] =0,
which implies i = hy. Thus i — @, is a one-to-one map from LP (1) to (LP()) !

The result in 7.25 fails for some measures y if p = 1. However, if y is a o-finite
measure, then 7.25 holds even if p = 1; see Exercise 14.

Is the range of the map h — ¢y, in 7.25 all of(LP (y)),? The next result provides
an affirmative answer to this question in the special case of /¥ for 1 < p < oo.
We will deal with this question for more general measures later (see 9.42; also see
Exercise 25 in Section 8B).

When thinking of £P as a normed vector space, as in the next result, unless stated
otherwise you should always assume that the norm on ¢7 is the usual norm ||-||, that
is associated with £P (), where u is counting measure on Z™. In other words, if
1 < p < o, then

[eS] 1/P
(@ a2, )y = (X lael”) .
k=1

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 7B LP(u) 205

( /
7.26 dual space of (P can be identified with (P )

Suppose 1 < p < co. Forb = (by,by,...) € 7', define @p: LP — F by
pp(a) =) agby,
k=1

where a = (a1,ay,...). Then b — ¢ is a one-to-one linear map from 27 onto
(¢7)". Furthermore, || @y || = ||b||,» for all b € ¢
_ ! J

Proof Fork € Z, let e, € £P be the sequence in which each term is 0 except that
the k™ term is 1; thus e, = (0,...,0,1,0,...).
Suppose ¢ € (gp)’. Define a sequence b = (by, by, . ..) of numbers in F by

br = ¢(ex).
Suppose a = (ay,ay,...) € (7. Then
(e )
a = Z ajCr,
k=1

where the infinite sum converges in the norm of /7 (the proof would fail here if we
allowed p to be o). Because ¢ is a bounded linear functional on ¢7, applying ¢ to
both sides of the equation above shows that

p(a) =Y agby.
k=1

We still need to prove that b € ¢, To do this, for n € Z7 let iy be counting
measure on {1,2,...,n}. We can think of L”(y,) as a subspace of ¢? by identi-
fying each (ay,...,a,) € LP(uy,) with (a1,...,a,,0,0,...) € ¢P. Restricting the
linear functional ¢ to L? (j,,) gives the linear functional on L¥ () that satisfies the
following equation:

n
([)|Lp(yn) (111, e ,an) = Z akbk.
k=1
Now 7.25 (also see Exercise 14 for the case where p = 1) gives

101, - o)l = 1@l (g
<l
Because limy e[ (b1, .-, bn)ll,y = ]y, the inequality above implies the in-
equality [|b[|,; < |l¢[|. Thus b € (P, which implies that ¢ = @j, completing the
proof.

The previous result does not hold when p = co. In other words, the dual space
of £*° cannot be identified with 1. However, see Exercise 15, which shows that the
dual space of a natural subspace of /> can be identified with ¢,

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



206

Chapter 7 L? Spaces

EXERCISES 7B

1

10
11

Suppose > 1 and 0 < p < 1. Prove that if |- || is defined on F" by

1/
l(ar,...,a0)| = (|gl|p+...+ Ian|P) p’

then ||-|| is not a norm on F".

(a) Suppose 1 < p < co. Prove that there is a countable subset of /7 whose
closure equals £P.

(b) Prove that there does not exist a countable subset of £ whose closure
equals £,

(a) Suppose 1 < p < oo. Prove that there is a countable subset of LP(R)
whose closure equals L” (R).

(b) Prove that there does not exist a countable subset of L*°(R) whose closure
equals L*(R).

0. Prove that

Suppose (X, S, p) is a o-finite measure space and 1 < oo.
L (p) for every

<
if f: X — F is an S-measurable function such that fh
he LP(u), then f € LP(u).

P
€

(a) Prove that if y is a measure, 1 < p < oo, and f,g € LP () are such that

k]

+
111 = Nl = |52
P

then f = g.
(b) Give an example to show that the result in part (a) can fail if p = 1.

(c) Give an example to show that the result in part (a) can fail if p = oo.
Suppose (X, S, 1) is a measure space and 0 < p < 1. Show that

I1f +8llp < 115+ liglly
for all S-measurable functions f,g: X — F.

Prove that L” (), with addition and scalar multiplication as defined in 7.16 and
norm defined as in 7.17, is a normed vector space. In other words, prove 7.18.

Prove 7.20 for the case p = oo.
Prove that 7.20 also holds for p € (0,1).
Prove that 7.23 also holds for p € (0,1).
Suppose 1 < p < co. Prove that
{(ay,ap,...) € £ : ay # O forevery k € Z"}
is not an open subset of ¢7.
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Show that there exists a sequence f1, f», . . . of functions in £1([0,1]) such that
tim | i1 = O but
k—co
sup{fi(x):k€ZT} =00
for every x € [0, 1].

[This exercise shows that the conclusion of 7.23 cannot be improved to conclude
that limy_,q, fr(x) = f(x) for almost every x € X.]

Suppose (X, S, u) is a measure space, 1 < p < co, f € LF(p), and f1, fo, ...
is a sequence in LP(u) such that limy_,| fx — f|l, = 0. Show that if
¢: X — F is a function such that limy_,, fx(x) = g(x) for almost every
x € X, then f(x) = g(x) for almost every x € X.

(a) Give an example of a measure p such that 7.25 fails for p = 1.

(b) Show that if y is a o-finite measure, then 7.25 holds for p = 1.

Let
co ={(a1,az,...) € L7 lim a, = 0}.
k—ro0

Give cq the norm that it inherits as a subspace of £*°.

(a) Prove that cg is a Banach space.

(b) Prove that the dual space of ¢y can be identified with o,
Suppose 1 < p < 2.

(a) Prove thatif w,z € C, then

[+ 2I? + w2 [+ 2IP + [w— 2|7

P
< wl? + |27 <

2 2r—1
(b) Prove that if u is a measure and f, g € LP (), then
If +gllp +1If — Iy If +8llp + 1If — glIp
— E<IfG+ gl < T L.

Suppose 2 < p < c0.
(a) Prove thatif w,z € C, then

|w + z|P + |w — z|

0+ 217 + |t zI?
2r—1 '

P
< wl? + [2I7 < 3

(b) Prove that if u is a measure and f, g € LP (), then

If+8lb+IIf —gllb

If+glb+I1f — gl
or—1 ’

<IIfI5 + liglly < 5

[The inequalities in the two previous exercises are called Clarkson’s Inequalities.
They were discovered James Clarkson in 1936.]
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18 Suppose (X, S, u) is a measure space, 1 < p,q < oo, and h: X — F is an
S-measurable function such that hf € L9(p) for every f € LP (). Prove that
f + hf is a continuous linear map from LP (u) to L7(u).

A Banach space is called reflexive if the canonical isometry of the Banach space
into its double dual space is surjective; see Exercise 20 in Section 6D for the
definitions of the double dual space and the canonical isometry.

19 Prove thatif 1 < p < oo, then 7 is reflexive.
20 Prove that /! is not reflexive.

21 Show that with the natural identifications, the canonical isometry of ¢y into its
double dual space is the inclusion map of ¢ into £*° (see Exercise 15 for the
definition of ¢y and an identification of its dual space).

22 Suppose 1 < p < oo and V,W are Banach spaces. Show that V' x W is a
Banach space if the norm on V' x W is defined by

11 = (AP + Ngl?)
for f € Vand g € W.
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Chapter
8

Hilbert Spaces

Normed vector spaces and Banach spaces, which were introduced in Chapter 6,
capture the notion of distance. In this chapter we introduce inner product spaces,
which capture the notion of angle. As we will see, the concept of orthogonality, which
corresponds to right angles in the familiar context of R? or R3, plays a particularly
important role in inner product spaces.

Just as a Banach space is defined to be a normed vector space in which every
Cauchy sequence converges, a Hilbert space is defined to be an inner product space
that is a Banach space. Hilbert spaces are named in honor of David Hilbert (1862—
1943), who helped develop parts of the theory in the early twentieth century.

In this chapter, we will see a clean description of the bounded linear functionals
on a Hilbert space. We will also see that every Hilbert space has an orthonormal
basis, which make Hilbert spaces look much like standard Euclidean spaces but with
infinite sums replacing finite sums.

a N

\_ J

The Mathematical Institute at the University of Gottingen, Germany. This
building was opened in 1930, when Hilbert was near the end of his career at the
University of Gottingen. Other prominent mathematicians who had taught
at the University of Gottingen and made major contributions to mathematics
include Richard Courant (1888—1972), Richard Dedekind (1831-1916), Lejeune
Dirichlet (1805-1859), Carl Friedrich Gauss (1777—-1855), Hermann Minkowski
(1864-1909), Emmy Noether (1882—1935), and Bernhard Riemann (1826—1866).
CC-BY-SA Daniel Schwen
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8A Inner Product Spaces

Inner Products

If p = 2, then the dual exponent p’ also equals 2. In this special case Holder’s
Inequality (7.9) implies that if y is a measure, then

|/ Fedu| < Ifllgl2

forall f,¢ € £2(u). Thus we can associate with each pair of functions f,g € £2(u)
anumber | fg du. An inner product is almost a generalization of this pairing, with a
slight twist to get a closer connection to the L?(y)-norm.

If g = f and F = R, then the left side of the inequality above is || f||5. However,
if ¢ = f and F = C, then the left side of the inequality above need not equal || f||3.
Instead, we should take g = f to get || f||3 above.

The observations above suggest that we should consider the pairing that takes f, g
to [ f g du. Then pairing f with itself gives || f]|3.

Now we are ready to define inner products, which abstract the key properties of
the pairing f,g — [ f g du on L2(p), where y is a measure.

(

8.1 Definition inner product; inner product space

~N

An inner product on a vector space V' is a function that takes each ordered pair
f,g of elements of V to a number (f,g) € F and has the following properties:

positivity
(f,f) €[0,00) forall f € V;

definiteness
<f/f> S Oifandonly lff = 0;

linearity in first slot

(ﬂ—i—g,l@ = (f,h) + (g, h) and (af,g) = a(f,g) forall f,g,h € V and
all x € F;

conjugate symmetry

(f,8) =g f)forall f,g € V.

A vector space with an inner product on it is called an inner product space. The
terminology real inner product space indicates that F = R; the terminology
complex inner product space indicates that F = C. y

If F = R, then the complex conjugate above can be ignored and the conjugate
symmetry property above can be rewritten more simply as (f,g) = (g, f) for all
f,8eV.

Although most mathematicians define an inner product as above, many physicists
use a definition that requires linearity in the second slot instead of the first slot.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 8A  Inner Product Spaces 211

8.2 Example inner product spaces
e For n € Z, define an inner product on F"* by
<(ﬂ1,. . '/ai’l)/ (bll' . ‘/bi’l)> == Q]F1+ tt +ﬂna

for (a1,...,an),(b1,...,by) € F'. When thinking of F” as an inner product
space, we will always mean this inner product unless the context indicates some
other inner product.

e Define an inner product on £2 by
0 _
<(011, an,.. .), (bl, bz, .. )> = 2 akbk
k=1

for (ay,az,...),(b1,ba,...) € (?. Holder’s Inequality (7.9), as applied to
counting measure on Z" and taking p = 2, implies that the infinite sum above
converges absolutely and hence converges to an element of F. When thinking of
¢2 as an inner product space, we will always mean this inner product unless the
context indicates some other inner product.

e Define an inner product on C([0,1]), which is the vector space of continuous
functions from [0, 1] to F, by

()= fz

for f,g € C([0,1]). The definiteness requirement for an inner product is

satisfied because if f: [0,1] — F is a continuous function such that fol |f|? =0,
then the function f is identically 0.

e Suppose (X, S, 1) is a measure space. Define an inner product on L2(3) by

(f,.8) = /f?du

for f,¢ € L2(p). Holder’s Inequality (7.9) with p = 2 implies that the integral
above makes sense as an element of F. When thinking of L?() as an inner prod-
uct space, we will always mean this inner product unless the context indicates
some other inner product.

Here we use L2 () rather than £2(u) because the definiteness requirement fails
on L2 () if there exist nonempty sets E € S such that (E) = 0 (consider
(Xg Xg) to see the problem).

The first two bullet points in this example are special cases of L%(), taking  to
be counting measure on either {1,...,n} or Z™.
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As we will see, even though the main examples of inner product spaces are L (j)
spaces, working with the inner product structure is often cleaner and simpler than
working with measures and integrals.

-

8.3 basic properties of an inner product

>

Suppose V is an inner product space. Then
(@) (0,8) =(g,0) =0forevery g € V;

) {f,g+h) =(f,g + (f,h)forall f,g,h € V;
\(c) (f,ag) =w(f,g) forallae € Fand f,g € V.

J

Proof

(a) For g € V, the function f +— (f,g) is a linear map from V to F. Because
every linear map takes O to 0, we have (0, g) = 0. Now the conjugate symmetry
property of an inner product implies that

(80)=(0,g)=0=0.
(b) Suppose f,g,h € V. Then

(frgth) =g+ f) =18 )+ f)= (g f)+hf)={f &+ {fh
(c) Suppose « € Fand f,g € V. Then

(frag) = (ag, f) = alg f) =u(g, f) = a(f,g),

as desired.

If F = R, then parts (b) and (c) of 8.3 imply that for f € V, the function
g + (f,g) is a linear map from V to R. However, if F = C and f # 0, then
the function ¢ — (f, g) is not a linear map from V to C because of the complex
conjugate in part (c) of 8.3.

Cauchy—Schwarz Inequality and Triangle Inequality

Now we can define the norm associated with each inner product. We use the word
norm (which will turn out to be correct) even though it is not yet clear that all the
properties required of a norm are satisfied.

ﬁ.4 Definition norm associated with an inner product; ||-|| ]

Suppose V is an inner product space. For f € V, define the norm of f, denoted

I£1 by
1A=/ <f2 f)-
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8.5 Example norms on inner product spaces

In each of the following examples, the inner product is the standard inner product
as defined in Example 8.2.

e Ifn € Z" and (ay,...,a,) € F", then

@y, . coan)ll = \/lar2 + -+ lau 2

Thus the norm on F” associated with the standard inner product is the usual
Euclidean norm.

e If (ay,ap,...) € 02, then
o 1/2
l(ar,az, )l = (Y lal?)
k=1

Thus the norm associated with the inner product on £2 is just the standard norm
||-||2 on 2 as defined in Example 7.2.

e If y1 is a measure and f € L?(y), then

RO

Thus the norm associated with the inner product on L?(y) is just the standard
norm ||-||2 on L2(p) as defined in 7.17.

The definition of an inner product (8.1) implies that if V' is an inner product space
and f € V, then

o Ifll =0
e ||f|| =0ifand only if f = 0.

The proof of the next result illustrates a frequently used property of the norm on
an inner product space: working with the square of the norm is often easier than
working directly with the norm.

6.6 homogeneity of the norm \

Suppose V is an inner product space, f € V, and « € F. Then

laef Il = lal £l

Proof We have

laflI? = (af,af) = a(f,af) = ar(f, f) = [ f]*.
Taking square roots now gives the desired equality.
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The next definition plays a crucial role in the study of inner product spaces.

6.7 Definition orthogonal W

LI‘WO elements of an inner product space are called orthogonal if their innerJ

product equals 0.

In the definition above, the order of the two elements of the inner product space
does not matter because (f,¢) = 0 if and only if (g, f) = 0. Instead of saying that
f and g are orthogonal, sometimes we say that f is orthogonal to g.

8.8 Example orthogonal elements of an inner product space
e InC3, (2,3,5i) and (6,1, —3i) are orthogonal because
((2,3,5i),(6,1,-3i)) =2-6+3-1+5i-(3i)) =12+3—-15=0.

e The elements of L?((—, 7t]) represented by sin(3t) and cos(8t) are orthogo-
nal because

T . cos(5t)  cos(11t)7t=7
3t 8t)dt = — =0,
/,nsm( ) cos(8) [ 10 2 L:—n

where dt denotes integration with respect to Lebesgue measure on (—7r, 77].

Exercise 7 asks you to prove that if 2 and b are nonzero elements in R?, then
(a,b) = [lal[ [[D]| cos 6,

where 0 is the angle between a and b (thinking of a as the vector whose initial point is
the origin and whose end point is a, and similarly for b). Thus two elements of R? are
orthogonal if and only if the cosine of the angle between them is 0, which happens if
and only if the vectors are perpendicular in the usual sense of plane geometry. Thus
you can think of the word orthogonal as a fancy word meaning perpendicular.

Law professor Richard Friedman presenting a case before the U.S.
Supreme Court in 2010:

Mr. Friedman: 1 think that issue is entirely orthogonal to the issue here
because the Commonwealth is acknowledging—

Chief Justice Roberts: I'm sorry. Entirely what?

Mr. Friedman: Orthogonal. Right angle. Unrelated. Irrelevant.

Chief Justice Roberts: Oh.

Justice Scalia: What was that adjective? I liked that.

Mpr. Friedman: Orthogonal.

Chief Justice Roberts: Orthogonal.

Mr. Friedman: Right, right.

Justice Scalia: Orthogonal, ooh. (Laughter.)

Justice Kennedy: 1 knew this case presented us a problem. (Laughter.)
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The next theorem is over 2500 years old, although it was not originally stated in
the context of inner product spaces.

(8.9 Pythagorean Theorem w

Suppose f and g are orthogonal elements of an inner product space. Then

If + 8112 = IFI* + ligll*.

Proof We have
If+8l>={f+8f+8)
={f.fY+{f8+(&f)+(88)
= |I£II>+ llgl*,

as desired.

Exercise 2 shows that whether or not the converse of the Pythagorean Theorem
holds depends upon whether F = R or F = C.

Suppose f and g are elements of an inner product space V, f, "
with g # 0. Frequently it is useful to write f as some number ¢
times g plus an element /1 of V that is orthogonal to g. The figure 8
here suggests that such a decomposition should be possible. To
find the appropriate choice for ¢, note that if f = cg + h for 8
some ¢ € F and some h € V with (h,g) = 0, then we must
have
2
(f,8) = (g +hg)=clgl !
which implies that ¢ iz g2> , which then implies that Here
Il f=cg+h
h=f-— s g2> g. Hence we are led to the following result. where h is
llgl] orthogonal to g.
( 8.10 orthogonal decomposition w

Suppose f and g are elements of an inner product space, with ¢ # 0. Then there
exists i € V such that

(h,g) =0 and f= %g—i—h.

Proof Seth = f — (|];|;|g2> g- Then

(hg) = (f - <||J;|“’|)2>g,g> = (f,8 <||fg|“’|72> (8.8) =0,

giving the first equation in the conclusion. The second equation in the conclusion
follows immediately from the definition of h.
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The orthogonal decomposition 8.10 will be used in our proof of the next result,
which is one of the most important inequalities in mathematics.

f8.1 1 Cauchy-Schwarz Inequality )
Suppose f and g are elements of an inner product space. Then
[(Fal < NfIHIgH
\with equality if and only if one of f, g is a scalar multiple of the other. D

Proof If ¢ = 0, then both sides of the desired inequality equal 0. Thus we can
assume g # 0. Consider the orthogonal decomposition

(.8
F= et

given by 8.10, where  is orthogonal to g. The Pythagorean Theorem (8.9) implies

uﬂF=HﬁgﬁgW+nm2

2
o e [

2
812 > L’gZ' .
gl

Multiplying both sides of this inequality by ||g||? and then taking square roots gives
the desired inequality.

The proof above shows that the Cauchy—Schwarz Inequality is an equality if and
only if 8.12 is an equality. This happens if and only if & = 0. But & = 0 if and only
if f is a scalar multiple of g (see 8.10). Thus the Cauchy—Schwarz Inequality is an
equality if and only if f is a scalar multiple of g or g is a scalar multiple of f (or
both; the phrasing has been chosen to cover cases in which either f or g equals 0).

8.13 Example Cauchy-Schwarz Inequality for F"

Applying the Cauchy—Schwarz Inequality with the standard inner product on F"
to (|a1],-..,|an|) and (|b1],-- ., |bn|) gives the inequality

|111b1| +---+ |llnbn| < \/’111’24-""1‘ |an‘2\/|b1‘2+ R |bn|2

forall (ay,...,a,),(by, ..., by) € F".
Tl.l.us “ie have a r.1ew and clean proof The inequality in this example was
of Holder’s Inequality (7.9) for the spe- .
. . . first proved by Cauchy in 1821.
cial case where y is counting measure on
{1,...,n}andp=p =2.
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8.14 Example Cauchy-Schwarz Inequality for L2 (p)

Suppose y is a measure and f,g € Lz(y). Applying the Cauchy—Schwarz
Inequality with the standard inner product on L? () to | f| and |g| gives the inequality

[isstan< ([irPan) " (fsPan)"”

The inequality above is equivalent to
Holder’s Inequality (7.9) for the special
case where p = p' = 2. However,
the proof of the inequality above via the
Cauchy-Schwarz Inequality still depends
oo ,HOlderfS}Ilnequalcllty :10, show tha;the Hermann Schwarz (1843-1921) in

nition of the standard Inner product | ; ¢os 14cred more attention and

on L?(u) makes sense. See Exercise 16 . .
in this section for a derivation of the in- \led [0 the name of this inequality. J
equality above that is truly independent of Holder’s Inequality.

(In 1859 Viktor Bunyakovsky h
(1804-1889), who had been
Cauchy’s student in Paris, first
proved integral inequalities like the
one above. Similar discoveries by

If we think of the norm determined by an
inner product as a length, then the Triangle In- f
equality has the geometric interpretation that the
length of each side of a triangle is less than the
sum of the lengths of the other two sides.

(8.1 5 Triangle Inequality

f+g

Suppose f and g are elements of an inner product space. Then

£+ gl < I+ gl

Kwith equality if and only if one of f, g is a nonnegative multiple of the other.

Proof We have
If+8l>={f+8f+8)
={f,f)+&8+{f.8)+&f)
= (£ N+ +(f.9)+ (.8
IF1% + lIgl* +2Re(f, &)
A%+ lIgl® +2[(f, 8]
LA+ gl* + 211 A1 g

(A1 +Niglh?,

where 8.17 follows from the Cauchy—Schwarz Inequality (8.11). Taking square roots
of both sides of the inequality above gives the desired inequality.

8.16 <
8.17 <
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The proof above shows that the Triangle Inequality is an equality if and only if we
have equality in 8.16 and 8.17. Thus we have equality in the Triangle Inequality if
and only if

8.18 (f,8) = £l

If one of f, g is a nonnegative multiple of the other, then 8.18 holds, as you should
verify. Conversely, suppose 8.18 holds. Then the condition for equality in the Cauchy—
Schwarz Inequality (8.11) implies that one of f, g is a scalar multiple of the other.
Clearly 8.18 forces the scalar in question to be nonnegative, as desired.

Applying the previous result to the inner product space Lz(y), where p is a
measure, gives a new proof of Minkowski’s Inequality (7.14) for the case p = 2.

Now we can prove that what we have been calling a norm on an inner product
space is indeed a norm.

f8.19 II-|| is @ norm A
Suppose V is an inner product space and || f|| is defined as usual by
I£II'=+/{f. f)
for f € V. Then ||-|| is a norm on V.
Jor f Il )

Proof The definition of an inner product implies that ||-|| satisfies the positive defi-
nite requirement for a norm. The homogeneity and triangle inequality requirements
for a norm are satisfied because of 8.6 and 8.15.

The next result has the geometric in-
terpretation that the sum of the squares
of the lengths of the diagonals of a
parallelogram equals the sum of the
squares of the lengths of the four sides.

[8.20 Parallelogram Equality )
Suppose f and g are elements of an inner product space. Then
2 2 2 2
+ +\f = =2 +2 .
9 I +&lI= + 11 = glI” =2l £1I” + 2llgll )

Proof We have
If +sl>+1f =gl =(f+8 f+e+{f~&f~g
= [IF1I> + Igl* + (£, 8) + (g, )
AP+ lIgl? = (f, 8) — (g f)
=2||£II* +2llgII*,

as desired.
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EXERCISES 8A

1

Let V denote the vector space of bounded continuous functions from R to F.
Let 11,79, ... be a list of the rational numbers. For f, g € V, define

<f,g> — i f(rk;}g(rk)_
k=1

Show that (-, ) is an inner product on V.

Suppose f and g are elements of an inner product space and

If + glI? = I F1I1* + liglI*.

(a) Prove thatif F = R, then f and g are orthogonal.

(b) Give an example to show that if F = C, then f and g can satisfy the
equation above without being orthogonal.

Find a,b € R3 such that a is a scalar multiple of (1,6,3), b is orthogonal to
(1,6,3), and (5,4, —2) = a + b.

Prove that

1,1,1 1
l6§(a+b+c+d)(a+b+c+d)

for all positive numbers 4, b, ¢, d, with equality if and only ifa = b = c = d.

Prove that the square of the average of each finite list of real numbers containing
at least two distinct real numbers is less than the average of the squares of the
numbers in that list.

Suppose f and g are elements of an inner product space and || f|| < 1 and
lg|l < 1. Prove that

VI A2 - llgl2 < 1 [(£,9)l.

Suppose a and b are nonzero elements of R%. Prove that

{a,b) = [lal| |[b] cos .

where 6 is the angle between a4 and b (thinking of a as the vector whose initial
point is the origin and whose end point is 4, and similarly for b).

Hint: Draw the triangle formed by a, b, and a — b; then use the law of cosines.

The angle between two vectors (thought of as arrows with initial point at the
origin) in R? or R can be defined geometrically. However, geometry is not as
clear in R” for n > 3. Thus the angle between two nonzero vectors a,b € R"
is defined to be
a,b)

arccos ————-,
[lall Il
where the motivation for this definition comes from the previous exercise. Ex-
plain why the Cauchy—Schwarz Inequality is needed to show that this definition
makes sense.
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10

11

12

13

14

15

16

(a) Suppose f and g are elements of a real inner product space. Prove that f
and ¢ have the same norm if and only if f + g is orthogonal to f — g.

(b) Use part (a) to show that the diagonals of a parallelogram are perpendicular
to each other if and only if the parallelogram is a rhombus.

Suppose f and g are elements of an inner product space. Prove that || f|| = ||g]|
if and only if ||sf + tg|| = ||tf + sg|| forall s, t € R.

Suppose f and g are elements of an inner product space and || f|| = ||g]| = 1
and (f,g) = 1. Prove that f = g.

Suppose f and g are elements of a real inner product space. Prove that

2 N oll2
(f,q) = ILf +gll : If —&l*

Suppose f and g are elements of a complex inner product space. Prove that

(f,g) = If +8l2 = 1If — gl +4Hf+ igll%i — 1f —igl*i

Suppose f, g, h are elements of an inner product space. Prove that

Ciipa e M= FP =gl —gl?
Ih =37+l = : S

Prove that a norm satisfying the parallelogram equality comes from an inner
product. In other words, show that if V' is a normed vector space whose norm
||| satisfies the parallelogram equality, then there is an inner product (-, -) on
V such that ||f|| = (f, f)1/? forall f € V.

Suppose (X, S, ) is a measure space. Let V be the subspace of L2(u) defined
by

V= {f € 12(0) : |l < coand pu({x € X: f(x) #0) < oo},
For f,g € V, define (f, g) by

(f.8) = /fgdu-

The integral above makes sense without the use of Holder’s Inequality because
of the definition of V.

(a) Show that the Cauchy—Schwarz Inequality implies that

£l < [If112llg1l2

for all f,g € V (again, without using Holder’s Inequality).

(b) Now suppose f,g € L2(u). Let f1, f,...and g1, 92, . . . be the increasing
sequences of simple functions that approximate |f| and |g| as constructed
in 2.83. Show that each f; and each gy is in V. Then apply part (a) to fj
and g and use an appropriate limit theorem to conclude (without using
Holder’s Inequality) that || fg[|1 < || f|l2]|g]l2-

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



17

18

19

20

21

22

Section 8A  Inner Product Spaces 221

Let A denote Lebesgue measure on [1,00).

(a) Prove thatif f: [1,00) — [0, 00) is Borel measurable, then

([ fmaw) < [72rm)  aw.

(b) Describe the set of Borel measurable functions f: [1,00) — [0, 00) such
that the inequality in part (a) is an equality.

Suppose Vi, ..., Vy, are inner product spaces. Show that the equation

((frr-r fm) (81, 8m)) = (f1,81) + -+ + (fm, §m)

defines an inner product on V7 X - -+ X V.

[Each of the inner product spaces V1, . . ., Vi may have a different inner product,
even though the same notation is used for the inner product on all these inner
product spaces.]

Suppose V is an inner product space. Make V X V an inner product space
as in the exercise above. Prove that the function that takes an ordered pair
(f,g) € V x V to the inner product (f, g) € F is a continuous function from
VxVtF.

Suppose 1 < p < co. Show that the usual norm on ¢¥ comes from an inner
product if and only if p = 2.

Suppose 1 < p < oco. Show that the usual norm on L”(R) comes from an inner
product if and only if p = 2.

Use inner products to prove Apollonius’s Identity: In a triangle with sides of
length a, b, and c, let d be the length of the line segment from the midpoint of
the side of length c to the opposite vertex. Then

@+ b =1 +2d2.
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8B Orthogonality

Orthogonal Projections

The previous section developed inner product spaces following a standard linear
algebra approach. Linear algebra focuses mainly on finite-dimensional vector spaces.
Many interesting results about infinite-dimensional inner product spaces require an
additional hypothesis, which we now introduce.

6.21 Definition Hilbert space w

A Hilbert space is an inner product space that is a Banach space with the norm
determined by the inner product.

8.22 Example Hilbert spaces

e Suppose y is a measure. Then L2(p) with its usual inner product is a Hilbert
space (by 7.24).

e As a special case of the first bullet point, if n € Z™ then taking ¢ to be counting
measure on {1,...,n} shows that F" with its usual inner product is a Hilbert
space.

e As another special case of the first bullet point, taking # to be counting measure
on Z* shows that £2 with its usual inner product is a Hilbert space.

e Every closed subspace of a Hilbert space is a Hilbert space [by 6.16(b)].

8.23 Example not Hilbert spaces

e The inner product space ¢!, where ((a1,aa,...), (b1, by, ...)) = Y52, axby, is
not a Hilbert space because the associated norm is not complete on ¢

e The inner product space C([0,1]) of continuous F-valued functions on the inter-

val [0,1], where (f, g) = f01 fg, is not a Hilbert space because the associated
norm is not complete on C([0,1]).

The next definition makes sense in the context of normed vector spaces.

( 8.24 Definition distance from a point to a set w

Suppose U is a nonempty subset of a normed vector space Vand f € V. The
distance from f to U, denoted distance(f, U), is defined by

distance(f,U) = inf{||f — g|| : g € U}.

Notice that distance(f, U) = 0 if and only if f € U.
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( )

8.25 Definition convex set

e A subset of a vector space is called convex if the subset contains the line
segment connecting each pair of points in it.

e More precisely, suppose V is a vector space and U C V. Then U is called
convex if

1—-t)f+tge Uforallt € |0,1|andall f,¢ € U.
S (1-t)f +1tg [0,1] f8 )

Convex subset of R2. Nonconvex subset of R?.

8.26 Example convex sets

e Every subspace of a vector space is convex, as you should verify.

e If V is a normed vector space, f € V, and r > 0, then the open ball centered at
f with radius 7 is convex, as you should verify.

The next example shows that the distance from an element of a Banach space to a
closed subspace is not necessarily attained by some element of the closed subspace.
After this example, we will prove that this behavior cannot happen in a Hilbert space.

8.27 Example no closest element to a closed subspace of a Banach space

In the Banach space C([0,1]) with norm ||g|| = SUP.c(o,1] |g(x)], let

1
U= {gec(o1) ;/0 ¢ =0and g(1) = 0}.

Then U is a closed subspace of C([0,1]).
Let f € C([0,1]) be definedby f(x) =1 —x. Fork € Z™, let

1 xkoox—1
(x) = E—x+7+m.
Then g € U and limy_o || f — k|| = %, which implies that distance(f, U) < %
If g € U, then fol (f —g) = 2 and (f — g)(1) = 0. These conditions imply that
If = gll > 3.
Thus distance(f, U) = 3 but there does not exist ¢ € U such that || f — g|| = 1.
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In the next result, we use for the first time the hypothesis that V' is a Hilbert space.

\

-

8.28 distance to a closed convex set is attained in a Hilbert space

o The distance from an element of a Hilbert space to a nonempty closed convex
set is attained by a unique element of the nonempty closed convex set.

e More specifically, suppose V is a Hilbert space, f € V; and U is a nonempty
closed convex subset of V. Then there exists a unique ¢ € U such that

L IlIf — gl = distance(f, U). )

Proof  First we prove the existence of an element of U that attains the distance to f.
To do this, suppose g1, g2, - - - is a sequence of elements of U such that

8.29 klim Ilf — gkl = distance(f, U).
—00

Then for j,k € Z* we have
lgj = gill> = 11(f — ) = (f = g)I>
=2|If — gll* +2[lf — &I = 12f — (8x + &)

= 20f — gl +20f — gyl — 4l - S8

8.30 <2||f — gl + 2 f — glI — 4(distance(f, U))*,

where the second equality comes from the Parallelogram Equality (8.20) and the
last line holds because the convexity of U implies that (gx + gj) /2 € U. Now the
inequality above and 8.29 imply that g1, g2, . .. is a Cauchy sequence. Thus there
exists ¢ € V such that
8.31 lim ||gx — gl| = 0.

k—o0

Because U is a closed subset of V' and each g; € U, we know that ¢ € L. Now 8.29
and 8.31 imply that
|f — gl = distance(f, L),

which completes the existence proof of the existence part of this result.
To prove the uniqueness part of this result, suppose ¢ and § are elements of U
such that

8.32 |f —gll = |If — &Il = distance(f, U).
Then
~ ~ . 2
g —&I1* < 2|1 — gl + 2| f — glI* — 4(distance(f, U))
8.33 =0,

where the first line above follows from 8.30 (with g; replaced by g and g replaced
by &) and the last line above follows from 8.32. Now 8.33 implies that § = &,
completing the proof of uniqueness.
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Example 8.27 showed that the existence part of the previous result can fail in a
Banach space. Exercise 13 shows that the uniqueness part can also fail in a Banach
space. These observations highlight the advantages of working in a Hilbert space.

( 8.34 Definition orthogonal projection; P; ]

Suppose U is a nonempty closed convex subset of a Hilbert space V. The
orthogonal projection of V onto U is the function P;: V — V defined by setting
Py (f) equal to the unique element of U that is closest to f.

The definition above makes sense because of 8.28. We will often use the notation
Py f instead of Py;(f). To test your understanding of the definition above, make sure
that you can show that if U is a nonempty closed convex subset of a Hilbert space V,
then

e Pyf = fifandonlyif f € U;

o PuOPu:Pu.

8.35 Example orthogonal projection onto closed unit ball
Suppose U is the closed unit ball {g € V : ||g]| < 1} in a Hilbert space V. Then

foiflfl <,
Pyf = L

T

as you should verify.

8.36 Example orthogonal projection onto a closed subspace

Suppose U is the closed subspace of £2 consisting of the elements of /2 whose
even coordinates are all 0:

(e )
U = {(ay,0,a3,0,as5,0,...) : each ay € F and Z\ﬂzk—l\z < oo}
k=1

Then for b = (by, by, b3, by, bs, bs, - ..) € 22, we have
Pyb = (by,0,b3,0,b5,0,...),

as you should verify.

Note that in this example the function Py is a linear map from ¢2 to ¢? (unlike the
behavior in Example 8.35).

Also, notice that b — Pyb = (0, by, 0, by,0, b, - . .) and thus b — Py;b is orthogonal
to every element of U.

The next result shows that the properties stated in the last two paragraphs of the
example above hold whenever U is a closed subspace of a Hilbert space.
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-

8.37 orthogonal projection onto closed subspace

Suppose U is a closed subspace of a Hilbert space V and f € V. Then

(a) f — Pyf is orthogonal to g for every g € U,

(b) if h € U and f — h is orthogonal to g for every g € U, then h = Py f;
(¢) Py:V — Visalinear map;

\(d) IPufll < |If )

Proof The figure below illustrates (a). To prove (a), suppose ¢ € U. Then for all
« € F we have

If = Pufll® < If — Puf + agl?
= (f —Puf +ag f—Puf +ag)
= |If — PufIl® + a|*Ig]|* + 2Re@(f — Puf, g).

Leta = —t(f — Pyf,g) for t > 0. A tiny bit of algebra applied to the inequality

above implies
2(f = Puf, 8)* < tl{f — Puf, &)I*lglI?

forall t > 0. Thus (f — Py f,g) = 0, completing the proof of (a).
To prove (b), suppose h € U and f — h is orthogonal to g for every g € U. If
g € U, then h — ¢ € U and hence f —  is orthogonal to i — g. Thus
f

If =1l < If = 1l? + |1n - gI1? f—Puf

=(f=h) +(h=g)l? u

2 5 Puf
=f-gl*
f — Puf is orthogonal to each element of U.

|, with equality if and only if f € U.

where the first equality above follows from the Pythagorean Theorem (8.9). Thus

If=hll < IIf =gl

for all ¢ € U. Hence h is the element of U that minimizes the distance to f, which
implies that i = Py f, completing the proof of (b).

To prove (c), suppose f1, f» € V. If ¢ € U, then (a) implies that (f; — Py f1,8) =
<f2 — Pufz, g> = 0, and thus

((i+f2) = (Pufi +Puf2),8) = 0.
The equation above and (b) now imply that
Py(f1+ f2) = Pufi + Puf.

The equation above and the equation Pj(af) = aPy f for « € F (whose proof is left
to the reader) show that Py; is a linear map, proving (c).
The proof of (d) is left as an exercise for the reader.
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Orthogonal Complements

(8.38 Definition orthogonal complement; U+ w

Suppose U is a subset of an inner product space V. The orthogonal complement
of U is denoted by U~ and is defined by

Ut ={heVv:(gh) =0foralgc U}.

In other words, the orthogonal complement of a subset U of an inner product
space V is the set of elements of V that are orthogonal to every element of U.

8.39 Example orthogonal complement

Suppose U is the set of elements of /2 whose even coordinates are all 0:

[ee]
U ={(a,0,a3,0,as5,0,...) : each a;, € F and Z\@k—lF < co}.
k=1
Then U+ is the set of elements of £2 whose odd coordinateo% are all O:
ut = {0,a5,0,a4,0,a6,...) : each a; € F and Z|a2k|2 < oo},

k=1
as you should verify.

-

8.40 properties of orthogonal complement

Suppose U is a subset of an inner product space V. Then

(a) U™ is a closed subspace of V;
(b) Unu+ c {0};

(c) if WC U, then U+ Cc W',
@ T =ut;

(e) Uc (Uh)*’.
g () J
Proof To prove (a), suppose hy, hy, . . . is a sequence in U+ that converges to some
h e V.If g € U, then

(&) =1(gh— )| < gl Ih— ] foreachk € Z*;

hence (g, h) = 0, which implies that i € U*. Thus U is closed. The proof of (a)
is completed by showing that U is a subspace of V, which is left to the reader.

To prove (b), suppose ¢ € U N U"L. Then (g,g) = 0, which implies that g = 0,
proving (b).

To prove (e), suppose g € U. Thus (g, 1) = 0 for all h € U=, which implies that
g € (UY)*. Hence U C (U*)*, proving (e).

The proofs of (c) and (d) are left to the reader.
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The results in the rest of this subsection have as a hypothesis that V is a Hilbert
space. These results do not hold when V' is only an inner product space.

6.41 orthogonal complement of the orthogonal complement w

Suppose U is a subspace of a Hilbert space V. Then

U= (ut)*.

Proof Applying 8.40(a) to U, we see that (LIL)L is a closed subspace of V. Now
taking closures of both sides of the inclusion U C (UL)L [8.40(e)] shows that
uc (ut)*.

To prove the inclusion in the other direction, suppose f € (U+)*. Because
f e (Ut)tand Pzf € U C (U*)! (by the previous paragraph), we see that

f=Pgf e (U
Also,
f—Pgfeur
by 8.37(a) and 8.40(d). Hence
f—Pgfeu-nuh)*t
Now 8.40(b) (applied to U~ in place of U) implies that f — P f = 0, which implies
that f € U. Thus (U+)+ C U, completing the proof.

As a special case, the result above implies that if U is a closed subspace of a
Hilbert space V, then U = (UL)J-.

Another special case of the result above is sufficiently useful to deserve stating
separately, as we do in the next result.

6.42 necessary and sufficient condition for a subspace to be dense w

Suppose U is a subspace of a Hilbert space V. Then

U =V ifand only if Ut = {0}.

Proof  First suppose U = V. Then using 8.40(d), we have
ut =T =v*={o}.
To prove the other direction, now suppose U+ = {0}. Then 8.41 implies that
U= U ={0}+=v

completing the proof.
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The next result states that if U is a
closed subspace of a Hilbert space V,
then V is the direct sum of U and U+,
often written V = U & U<, although
we do not need to use this terminology
or notation further.

The key point to keep in mind is u
that the next result shows that the pic- 0
ture here represents what happens in
general for a closed subspace U of a
Hilbert space V: every element of V
can be uniquely written as an element
of U plus an element of U,

ul

(s )

.43 orthogonal decomposition

Suppose U is a closed subspace of a Hilbert space V. Then every element f € V
can be uniquely written in the form

f=g+th
kwhere ¢ € Uand h € U*. Furthermore, g = Py f andh = f — Py f.

Proof Suppose f € V. Then
f=Puf +(f = Puf).

where P;f € U [by definition of Py;f as the element of U that is closest to f] and
f — Pyf € U* [by 8.37(a)]. Thus we have the desired decomposition of f as the
sum of an element of U and an element of U~

To prove the uniqueness of this decomposition, suppose

f=8 +h =g +hy,

where g1,¢» € U and hy, hy € U~L. Then Q—p=h—-heln U+, which
implies that g1 = g and i1 = hy, as desired.

In the next definition, the function I depends upon the vector space V. Thus a
notation such as Iy might be more precise. However, the domain of I should always
be clear from the context.

(8.44 Definition identity map; | ]

Suppose V is a vector space. The identity map I is the linear map from V to V
defined by If = ffor f € V.

The next result highlights the close relationship between orthogonal projections
and orthogonal complements.
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8.45 range and null space of orthogonal projections

Suppose U is a closed subspace of a Hilbert space V. Then
(a) range Py = U andnull P; = Ve
(b) range P = U~ and null Py =U;

&(C) Py =1-Py. )
Proof The definition of Py f as the closest point in U to f implies range P;; C U.
Because Pyjg = g forall ¢ € U, we also have U C range Py;. Thus range Py = U.
If f € null Py, then f € U [by 8.37(a)]. Thus null P; C U*. Conversely, if
f € U+, then 8.37(b) (with h = 0) implies that P;;f = 0; hence U+ C null Py;.
Thus null Py = U™, completing the proof of (a).
Replace U by U in (a), getting range P;. = Ut andnull P, = (UH)t =U
(where the last equality comes from 8.41), completing the proof of (b).
Finally, if f € U, then

Pyrf=0=f—Puf =(I-Pu)f,

where the first equality above holds because null P;, = U [by (b)].
If f € Ut then

Ppf=f=f—Puf=I-Py)f,

where the second equality above holds because null P;; = U [by (a)].
The last two displayed equations show that P;1 and I — Py agree on U and agree
on U'. Because Py;1 and I — Py are both linear maps and because each element of

V equals some element of U plus some element of U~ (by 8.43), this implies that
Py = I — Py, completing the proof of (c).

8.46 Example P, =I1-Py
Suppose U is the closed subspace of L?(R) defined by
U= {f e L*R): f(x) = 0 for almost every x < 0}.
Then, as you should verify,
Ut = {f € L*(R) : f(x) = 0 for almost every x > 0}.
Furthermore, you should also verify that if f € LZ(R), then
Puf =fXxp o and Pyif=fx . o

Thus P. f = f(1— Xpo oo)) = (I — Py)f and hence P;;. = I — Py, as asserted in
8.45(c).
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Riesz Representation Theorem

Suppose & is an element of a Hilbert space V. Define ¢: V — Fby ¢(f) = (f,h)
for f € V. The properties of an inner product imply that ¢ is a linear functional. The
Cauchy—Schwarz Inequality (8.11) implies that |¢(f)| < || f]| ||k] for all f € V,
which implies that ¢ is a bounded linear functional on V. The next result states that
every bounded linear functional on V arises in this fashion.

To motivate the proof of the next result, note that if ¢ is as in the paragraph above,
then null ¢ = {h}*. Thus i € (null @)+ [by 8.40(e)]. Hence in the proof of the
next result, to find & we start with an element of (null (p)l and then multiply it by a
scalar to make everything come out right.

(

8.47 Riesz Representation Theorem

>

Suppose ¢ is a bounded linear functional on a Hilbert space V. Then there exists
aunique /1 € V such that
o(f) = (f,h)

Gor all f € V. Furthermore, ||¢|| = ||A]|.

J

Proof 1If ¢ = 0, take & = 0. Thus we can assume ¢ # 0. Hence null ¢ is a closed
subspace of V not equal to V (see 6.52). The subspace (null @)+ is not {0} (by
8.42). Thus there exists ¢ € (null ¢)* with ||g|| = 1. Let

h=¢(g)s
Taking the norm of both sides of the equation above, we get ||k]| = |¢@(g)|. Thus
8.48 g(h) = lg(g)* = |Ihl|*.

Now suppose f € V. Then

= o = )+ ()

.49 - <(fl”§f|2h,h>

= ¢(f),
where 8.49 holds because f —

elements of null ¢.
We have now proved the existence of i € V such that ¢(f) = (f,h) for all
f € V. To prove uniqueness, suppose & € V has the same property. Then

(=T —R) = (h— by — (h— i) = @(h— ) — p(h — 1) = 0

which implies that /1 = /1, which proves uniqueness.

The Cauchy—Schwarz Inequality implies that [¢(f)| = |[(f, k)| < ||f|| ||}]| for
all f € V, which implies that || @|| < ||k]|. Because ¢(h) = (h,h) = ||h||?, we also
have |[¢]| > |[A]].

|h\|) h € null ¢ (by 8.48) and h is orthogonal to all
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l1<p<ooIn 7,.25 we considere,d the 847 in 1907,
natural map of L () into (LP(p)), and
we showed that this maps preserves norms. In the special case where p = p’ = 2,
the Riesz Representation Theorem (8.47) shows that this map is surjective. In other
words, if @ is a bounded linear functional on L? (), then there exists i € L?(u) such

that
o(f) = [ fd

for all f € L?(u) (take h to be the complex conjugate of the function given by 8.47).
Hence we can identify the dual of L?(y) with L2(p). In 9.42 we will deal with other
values of p. Also see Exercise 25 in this section.

Suppose that p is a measure and [Frigyes Riesz (1880—-1956) proved)

EXERCISES 8B

1 Show that each of the inner product spaces in Example 8.23 is not a Hilbert
space.

2 Prove or disprove: The inner product space in Exercise 1 in Section 8A is a
Hilbert space.

3 Suppose Vi, Vs, ... are Hilbert spaces. Let

V= {(fifo) € ix Voot VIl < o).
k=1

Show that the equation

e

((frfor- ) (81,82, -)) = Y {frr&k)

k=1

defines an inner product on V that makes V' a Hilbert space.

[Each of the Hilbert spaces V1, V>, ... may have a different inner product, even
though the same notation is used for the norm and inner product on all these
Hilbert spaces.]

4 Suppose V is a real Hilbert space. The complexification of V is the complex
vector space V defined by Ve = V X V, but we write a typical element of V¢
as f + ig instead of (f, g). Addition and scalar multiplication are defined on
VC by

(A+ig1) + (f2+ig2) = (fi+f2) +i(g1+82)
and

(w+Bi)(f +ig) = (af — Bg) + (ag + Bf)i
for f1, fo, f,81,82,8 € V and a, B € R. Show that

(fi+ig1 f2+ig2) = (fi, fa) + (81, 82) + ({81, f2) — (f1, §2))i

defines an inner product on V¢ that makes V¢ into a complex Hilbert space.
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Prove that if V' is a normed vector space, f € V, and r > 0, then the open ball
B(f,r) centered at f with radius 7 is convex.

(a) Suppose V is an inner product space and B is the open unit ball in V' (thus
B = {f € V: ||f|| <1}). Prove that if U is a subset of V such that
B C U C B, then U is convex.

(b) Give an example to show that the result in part (a) can fail if the phrase
inner product space is replaced by Banach space.

Suppose V is a normed vector space and U is a closed subset of V. Prove that
U is convex if and only if

f% € Uforall f,g € U.

Prove that if U is a convex subset of a normed vector space, then U is also
convex.

Prove that if U is a convex subset of a normed vector space, then the interior of
U is also convex.
[The interior of U is the set { f € U : B(f,r) C U for some r > 0}.]

Suppose V is a Hilbert space, U is a nonempty closed convex subset of V, and
g € U is the unique element of U with smallest norm (obtained by taking f = 0
in 8.28). Prove that
2
Re(g, 1) = |8l

forall h € U.
Suppose V is a Hilbert space. A closed half-space of V is a set of the form
{geV:Re(g h) >c}

for some h € V and some ¢ € R. Prove that every closed convex subset of V is
the intersection of all the closed half-spaces that contain it.

Give an example of a nonempty closed subset U of the Hilbert space ¢> and
a € (2 such that there does not exist b € U with ||a — b|| = distance(a, U).
[By 8.28, U cannot be a convex subset of (2.]

In the real Banach space R? with norm defined by ||(x, ¥)||cc = max{|x|, [y|},
give an example of a closed convex set U C R? and z € R? such that there
exist infinitely many choices of w € U with ||z — w|| = distance(z, U).

Suppose f and g are elements of an inner product space. Prove that (f,g) = 0
if and only if

1A < [If + agll
forall « € F.

Suppose U is a closed subspace of a Hilbert space V and f € V. Prove that
|Pufll < ||fll, with equality if and only if f € U.
[This exercise asks you to prove 8.37(d).]
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Suppose V is a Hilbert space and P: V — V is a linear map such that P> = P
and ||Pf|| < ||f| for every f € V. Prove that there exists a closed subspace U
of V such that P = Pyj.

Suppose U is a subspace of a Hilbert space V. Suppose also that W is a Banach
space and S: U — W is a bounded linear map. Prove that there exists a bounded
linear map T: V — W such that T|y; = S and || T|| = ||S]|.

[If W = F, then this result is just the Hahn—Banach Theorem (6.69) for Hilbert
spaces. The result here is stronger because it allows W to be an arbitrary
Banach space instead of requiring W to be F. Also, the proof in this Hilbert
space context does not require use of Zorn’s Lemma or the Axiom of Choice.]

Suppose U and W are subspaces of a Hilbert space V. Prove that U = W if and
only if U+ = W,

Suppose U and W are closed subspaces of a Hilbert space. Prove that Py Py = 0
if and only if (f,g) = Oforall f € Uandall g € W.

Verify the assertions in Example 8.46.

Show that every inner product space is a subspace of some Hilbert space.

Hint: See Exercise 13 in Section 6C.

Prove that if T is a bounded linear operator on a Hilbert space V and the
dimension of range T is 1, then there exist g, € V such that

Tf=(fg)h
forall f € V.

(a) Give an example of a Banach space V and a bounded linear functional ¢
on V such that |¢(f)| < ||¢|| ||f]| forall f € V'\ {0}.

(b) Show there does not exist an example in part (a) where V is a Hilbert space.

(a) Suppose ¢ and 1 are bounded linear functionals on a Hilbert space V such
that || @ + ¢|| = ||¢|| + ||]|. Prove that one of ¢, i is a scalar multiple of
the other.

(b) Give an example to show that part (a) can fail if the hypothesis that V is a
Hilbert space is replaced by the hypothesis that V is a Banach space.

(a) Suppose that y is a finite measure, 1 < p < 2, and ¢ is a bounded
linear functional on L” (i). Prove that there exists 1 € LP'() such that

9(f) = [ fhdy for every f € L ().

(b) Same as part (a), but with the hypothesis that y is a finite measure replaced
by the hypothesis that y is a measure.

[See 7.25, whic/‘h along with this exercise shows that we can identify the dual of
LP(u) with LF (u) for 1 < p < 2. See 9.42 for an extension to all p € (1,00).]

Prove that if V is a infinite-dimensional Hilbert space, then the Banach space
B(V) is nonseparable.
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8C Orthonormal Bases

Bessel’'s Inequality

Recall that a family {ey }rcr in a set V is a function e from a set I' to V, with the
value of the function e at k € T denoted by ¢, (see 6.53).

f

8.50 Definition orthonormal family

~

A family {ej }cr in an inner product space is called an orthonormal family if

o £k
<ef’e">_{1 ifj=k

forall j,k €T.
N Y

In other words, a family {ej }xcr is an orthonormal family if e; and ey are orthog-
onal for all distinct j, k € ' and ||e;|| = 1forallk € T.

8.51 Example orthonormal families
e For k € Z, let e; be the element of ¢ all of whose coordinates are 0 except for
the k™ coordinate, which is 1:
e — (0,...,0,1,0,.. )

Then {e; }rcz+ is an orthonormal family in ¢2. In this case, our family is a
sequence; thus we can call {ex }rcz+ an orthonormal sequence.

e More generally, suppose T is a nonempty set. The Hilbert space L?( i), where
u is counting measure on I', is often denoted by (2(T). For k € T, define a

function e;: I' — F by
(1 ifj=k
e =
) {0 ifj #k.
Then {ej }xer is an orthonormal family in £2(T').
e Fork € Z, define e;: (—7, 1] — R by

ﬁ sin(kt) ifk >0,

ex(t) = ifk =0,

&
|

ﬁ cos(kt) ifk <O0.

Then {ey }xcz is an orthonormal family in L2 ((—7, 71]), as you should verify
(see Exercise 1 for useful formulas that will help in this verification).

This orthonormal family {ey } ,cz leads to the classical theory of Fourier series,
as we will see in more depth in Chapter 11.
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e For k a nonnegative integer, define ¢;: [0,1) — F by
1 ifxe [

ex(x) = i 1

-1 ifxe [”T;

, 2”7) for some odd integer 7,

%) for some even integer 1.

7

N

The figure below shows the graphs
of ey, €1, €, and e3. The pattern of
these graphs should convince you that
{ex}reqo,1,..) is an orthonormal fam-

ily in L2([0,1)).

This orthonormal family was
invented by Alfréd Haar
(1885-1933), who was a student of
Hilbert.

—_ L

1
1 2

~1t ~1t — 1
The graph of ey. The graph of e;. The graph of es. The graph of es.

e Now we modify the example in the previous bullet point by translating the
functions in the previous bullet point by arbitrary integers. Specifically, for k a
nonnegative integer and m € Z, define e ,,: R — F by

1 if x € [m—+ ”T;l,m + 2”7) for some odd integer 1 € [1,2*],
em(x) =9 -1 ifxe [m+ ”T;l,m + Z"—k) for some even integer n € [1,2K],

0 ifx¢[mm+1).

Then {exm } (x,m)e{0,1, ...} xz 1S an orthonormal family in L*(R).

This example illustrates the usefulness of considering families that are not
sequences. Although {0,1,...} X Z is a countable set and hence we could
rewrite {ek,m}(k,m)e {0,1,...}xz as a sequence, doing so would be awkward and
would be less clean than the ¢ ,, notation.

The next result gives our first indication of why orthonormal families are so useful.

\

f

8.52 finite orthonormal families

Suppose 2 is a finite set and {ej } jeq 1s an orthonormal family in an inner product

space. Then
2
|Z wjel| = Lol
jeQ jeQ

\for every family {a;};eq in F.

J
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Proof  Suppose {0(]‘}]'60 is a family in F. Standard properties of inner products
show that

2
| S| = (X e & wse)
jeQ jeQ ke
= Z wj(ej, ex)
jkeQ
=)l
jen

as desired.

Suppose () is a finite set and {e;} jcq is an orthonormal family in an inner product
space. The result above implies that if ZjGQ ajej = 0, then a; = 0 for every j € ().

Linear algebra, and algebra more generally, deals with sums of only finitely many
terms. However, in analysis we often want to sum infinitely many terms. For example,
earlier we defined the infinite sum of a sequence g1, g2, . . . in a normed vector space
to be the limit as 1 — oo of the partial sums Y/ ; gy if that limit exists (see 6.40).

The next definition captures a more powerful method of dealing with infinite sums.
The sum defined below is called an unordered sum because the set I is not assumed
to come with any ordering. A finite unordered sum is defined in the obvious way.

(8.53 Definition unordered sum; ) ;.1 fi

N

Suppose { fi }ker is a family in a normed vector space V. The unordered sum
Y ker fx is said to converge if there exists g € V such that for every € > 0, there
exists a finite subset () of I' such that

- ] <

1594

for all finite sets () with O C Q' C T.. If this happens, we set } ycr fx = g If
\there isno such g € V, then ) cr f is left undefined. y

Exercises at the end of this section ask you to develop basic properties of unordered
sums, including the following:

e Suppose {ay }xer is a family in R and a; > 0 foreach k € T'. Then the unordered
sum ) ycr 4 converges if and only if

sup{ Z aj : (Yis a finite subset of F} < co.
jeQ

Furthermore, if ) ;o ax converges then it equals the supremum above. If
Y ker ax does not converge, then the supremum above is co and we write
Y ker ax = oo (this notation should be used only when a; > 0 for each k € T').
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e Suppose {a }rer is a family in R. Then the unordered sum Y < a; converges
if and only if ) ycr|ag| < oo. Thus convergence of an unordered summation in
R is the same as absolute convergence. As we are about to see, the situation in
more general Hilbert spaces is quite different.

Now we can extend 8.52 to infinite sums.

(

8.54 linear combinations of an orthonormal family

~

Suppose {ex }xer is an orthonormal family in a Hilbert space V. Suppose {ax }ker
is a family in F. Then

(a) the unordered sum Z Kper converges <— Z|1xk|2 < co.
kel ker

Furthermore, if ) ;1 axex converges, then

(b) |5 meer]| = X e
\_ ker kel )

Proof  First suppose that ) ;- axe, converges, with ) - axex = g. Suppose € > 0.
Then there exists a finite set () C I such that

o= & e <

jeqy

for all finite sets Q' with O C QO C T. If ()’ is a finite set with O C Q' C T, then
the inequality above implies that

gl —e < || X ajej]| < gl +e.
jeqy

which (using 8.52) implies that

1/2
lell —e < (X Ia2) " < ligl +e.

jeqy
Thus [|g]| = (Zker|“k|2) 1/2, completing the proof of one direction of (a) and the
proof of (b).

To prove the other direction of (a), now suppose Y ycr|ax|> < co. Thus there
exists an increasing sequence ()3 C )y C --- of finite subsets of I" such that for
eachm € Z7,

5 1
8.55 | Y il < v}

for every finite set ()’ such that Q,;, C ) C T. Foreachm € Z™, let

gm =) wej.
JjE€EQm
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If n > m, then 8.52 implies that
1
2 2
llgn — &mll= = Z || < m2
7€\

Thus g1, &2, . . . is a Cauchy sequence and hence converges to some element g of V.
Temporarily fixing m € Z™" and taking the limit of the equation above as n — o,
we see that

1
g —gmll < .

To show that Y <1 axex = g, suppose ¢ > 0. Let m € Z™ be such that % < e
Suppose (Y is a finite set with ), C () C T. Then

ls= ¥ ajei]| < llg—gmll + gn — X wes]
jeqy jeqy

1
<utl T e
o eana,
1 172
=t (T )
j€eQ\Qu
<e,

where the third line comes from 8.52 and the last line comes from 8.55. Thus
Y ker Xxex = g, completing the proof.

8.56 Example a convergent unordered sum need not converge absolutely

Suppose {ej }rcz+ is the orthogonal family in £2 defined by setting e} equal to
the sequence that is 0 everywhere except for a 1 in the k™ slot. Then by 8.54, the
unordered sum

1
. ke

keZ+

converges in ¢ (because Y jcz+ kl—z < ©00) even though Y jcz+ ||%ek|| = oo, Note
1 11
that Zkez+ EEk - (1, Wl 3,) S 62

Now we prove an important inequality.

6.57 Bessel’s Inequality w

Suppose {ex } ker is an orthonormal family in an inner product space V and f € V.

Then
Y [(fren P <IIfFI>

kel
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Proof Suppose () is a finite subset of T'.

/s ) — ; ~
Then Bessel’s Inequality is named in

honor of Friedrich Bessel
_ v . N\, (1784—-1846), who discovered this
f= ]-g (s ‘i >e] + (f j§2<f’ ‘i >e] ) ’ inequality in 1828 in the special
case of the trigonometric
where the first sum above is orthogonal | orthonormal family given by the
to the term in parentheses above (as you \third bullet point in Example 8.51. )
should verify).
Applying the Pythagorean Theorem (8.9) to the equation above gives

=], (Fepe + s -5 (freei|

> | S epal

jeQ
= Llfe)l
JEQ

where the last equality follows from 8.52. Because the inequality above holds for
every finite set O C T, we conclude that || f||2 > Yrer|(f, ex)|? as desired.

Recall that the span of a family {ey }xcr in a vector space is the set of finite sums
of the form
) ajejs
j€eQ
where () is a finite subset of I" and {IX]‘}]'eQ is a family in F (see 6.54). Bessel’s

Inequality now allows us to prove the following beautiful result showing that the
closure of the span of an orthonormal family is a set of infinite sums.

(8.58 closure of the span of an orthonormal family )

Suppose {ek }rer is an orthonormal family in a Hilbert space V. Then
(@) span{ex}rer = {Z agey : {ag brer is a family in F and Z|1xk|2 < oo}.
ker ker

Furthermore,

(b) f=Y (free)e

kel

for every f € m.
\ f € span {ey }re )
Proof The right side of (a) above makes sense because of 8.54(a). Furthermore, the
right side of (a) above is a subspace of V because ¢2(T") [which equals £2 (), where
u is counting measure on I'] is closed under addition and scalar multiplication by 7.5.
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Suppose first {ay }er is a family in F and Yy |ag|? < co. Lete > 0. Then
there is a finite subset () of I" such that

Y |oc]-|2 <€

jer\Q

The inequality above and 8.54(b) imply that

H Z Kl — Z DCJEJH < &

ker jen

The definition of the closure (see 6.7) now implies that Y jcr axex € span {ex }xers
showing that the right side of (a) is contained in the left side of (a).
To prove the inclusion in the other direction, now suppose f € span {ey }xcr. Let

8.59 g =) (f.ex)er

keT

where the sum above converges by Bessel’s Inequality (8.57) and by 8.54(a). The
direction of the inclusion that we just proved implies that g € span {ej }xer. Thus

8.60 g — f € span {ex }ker-

Equation 8.59 implies that (g, ¢;) = (f,e;) for each j € T, as you should verify
(which will require using the Cauchy—Schwarz Inequality if done rigorously). Hence

(¢g—f,e) =0 foreveryk €T.

This implies that

g§—f¢€ (Span{ej}jer)L = (SPan{ej}fer)L7

where the equality above comes from 8.40(d). Now 8.60 and the inclusion above
imply that f = g [see 8.40(b)], which along with 8.59 implies that f is in the right
side of (a), completing the proof of (a).

The equations f = g and 8.59 also imply (b).

Parseval’s ldentity

Note that 8.52 implies that every orthonormal family in an inner product space is
linearly independent (see 6.54 to review the definition of linearly independent and
basis). Linear algebra deals mainly with finite-dimensional vector spaces, but infinite-
dimensional vector spaces frequently appear in analysis. The notion of a basis is not
so useful when doing analysis with infinite-dimensional vector spaces because the
definition of span does not take advantage of the possibility of summing an infinite
number of elements.

However, 8.58 tells us that taking the closure of the span of an orthonormal
family can capture the sum of infinitely many elements. Thus we make the following
definition.
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( 8.61 Definition orthonormal basis \

An orthonormal family {ey }rcr in a Hilbert space V is called an orthonormal
basis of V if

span {e; }bxer = V.

In addition to requiring orthonormality (which implies linear independence), the
definition above differs from the definition of a basis by considering the closure
of the span rather the span. An important point to keep in mind is that despite the
terminology, an orthonormal basis is not necessarily a basis in the sense of 6.54. In
fact, if T is an infinite set and {¢j } kcr is an orthonormal basis of V, then {ey }rcr is
not a basis of V (see Exercise 9).

8.62 Example orthonormal bases

e Forn € Z" and k € {1,...,n}, let ¢ be the element of F" all of whose
coordinates are 0 except the k™ coordinate, which is 1:

ex = (0,...,0,1,0,...,0).
Then {et }req,.,n) is an orthonormal basis of F”.
-2). Then

1 1 1 _(_1 1 _ (1 1 _

V3’ \/gr \/g): € = ( ﬁ/ \/E’O)’ andeB — (\/é’ N \/g)

ey is an orthonormal basis of F3, as you should verify.
ke{123}

e leteg I(

e All five examples of orthonormal families in Example 8.51 are orthonormal
bases. The exercises ask you to verify that we have an orthonormal basis in the
first, second, fourth, and fifth bullet points of Example 8.51. For the third bullet
point (trigonometric functions), see Exercise 8 in Section 10D or see Chapter 11.

The next result shows why orthonormal bases are so useful—a Hilbert space with
orthonormal basis {e }xcr behaves like ¢2(T).

(8.63 Parseval’s Identity )

Suppose {ex }ker is an orthonormal basis of a Hilbert space Vand f, g € V. Then

@ f=) (feers

ker
) (f,8) = l;(f,ekﬂg,ek);
© IfI7= L1 el
\_ keT )

Proof The equation in (a) follows immediately from 8.58(b) and the definition of an
orthonormal basis.
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To prove (b), note that Equation (c) is called Parseval’s

Identity in honor of Marc-Antoine

{fr8) = < ) (frenen g > Parseval (1755-1836), who

kel discovered a special case in 1799.
=) (fre)leng)
ker
= 2 81 ex)>
kel

where the first equation follows from (a) and the second equation follows from the
definition of an unordered sum and the Cauchy—Schwarz Inequality.
Equation (c) follows from setting ¢ = f in (b). An alternative proof: equation (c)
follows from 8.54(b) and the equation f = Z (f, ex)ex from (a).
ker

Gram-Schmidt Process and Existence of Orthonormal Bases

6.64 Definition separable

A normed vector space is called separable if it has a countable subset whose
closure equals the whole space.

8.65 Example separable normed vector spaces

e Suppose n € ZT. Then F" with the usual Hilbert space norm is separable
because the closure of the countable set

{(c1,...,cn) € F" : each cjis rational }

equals F" (in case F = C: to say that a complex number is rational in this
context means that both the real and imaginary parts of the complex number are
rational numbers in the usual sense).

e The Hilbert space £2 is separable because the closure of the countable set

U{(c1,---,¢1,0,0,...) € /% : each cj is rational }

n=1
is 2.

e The Hilbert spaces L?(]0,1]) and L?(R) are separable, as an exercise asks you
to verify [hint: consider finite linear combinations with rational coefficients of
functions of the form Y (c,d)’ where ¢ and d are rational numbers].
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A moment’s thought about the definition of closure (see 6.7) shows that a normed
vector space V is separable if and only if there exists a countable subset C of V such
that every open ball in V contains at least one element of C.

8.66 Example nonseparable normed vector spaces

e Suppose I' is an uncountable set. Then the Hilbert space #2(T') is not separable.
To see this, note that HX{].} - X{k}” = /2 forall j,k € T with j # k. Hence

{Blxy, B) :ker}

is an uncountable collection of disjoint open balls in £2(T"); no countable set can
have at least one element in each of these balls.

e The Banach space L*([0, 1]) is not separable. Here ||)([0 5~ Xpo t]|| =1 for all
s,t € [0,1] with s # t. Thus

{Bxy ) :te b1}

is an uncountable collection of disjoint open balls in L*([0, 1]).

We will present two proofs about the existence of orthonormal bases of Hilbert
spaces. The first proof works only for separable Hilbert spaces, but it gives a useful
algorithm, called the Gram—Schmidt process, for constructing orthonormal sequences.
The second proof works for all Hilbert spaces, but it uses a result that depends upon
the Axiom of Choice.

Which proof should you read? In practice, the Hilbert spaces you will encounter
will almost certainly be separable. Thus the first proof suffices, and it has the
additional benefit of introducing you to a widely-used algorithm. The second proof
uses an entirely different approach and has the advantage of applying to separable
and nonseparable Hilbert spaces. For maximum learning, read both proofs!

( 8.67 existence of orthonormal bases for separable Hilbert spaces w

@Very separable Hilbert space has an orthonormal basis. J

Proof  Suppose V is a separable Hilbert space and { f1, f2, ...} is a countable subset
of V whose closure equals V. We will inductively define an orthonormal sequence
{ex }xez+ such that

8.68 span{fi,..., fu} C span{es,... ey}
for each n € Z™. This will imply that span{ey };cz+ = V, which will mean that

{ex }rez~+ is an orthonormal basis of V.
To get started with the induction, set ey = f1 /|| f1]| (we can assume that f1 # 0).
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Now suppose 1 € Z and ey, .. ., e, have been chosen so that {ek}ke{l,‘..,n} is
an orthonormal family in V and 8.68 holds. If f; € span{e,...,e,} for every
k € Z*, then {ey }ie {1,...n} s an orthonormal basis of V' (completing the proof) and
the process should be stopped. Otherwise, let 1 be the smallest positive integer such
that

8.69 fm & span{eq, ..., en}.
Define e, 1 by
fn — (fm,er)er — -+ — (fm,en)en

Entl = | fin — (fm,e1)er — - — (fm, en)enl|

Clearly |le, 41|l = 1 (8.69 guaran-

8.70

Jorgen Gram (1850-1916) and

tees there is no division by 0). If .
. Erhard Schmidt (1876-1959
k € {1,...,n}, then the equation above rhard Schmid ( )

implies that (e,1,¢,) = 0. Thus
{extkeqn,..,nt1y is an orthonormal fam-
ily in V. Also, 8.68 and the choice of m
as the smallest positive integer satisfying
8.69 imply that

popularized this process that
constructs orthonormal sequences.

span{fi,..., fut1} C span{ey, ..., ent1},

completing the induction and completing the proof.

Before considering nonseparable Hilbert spaces, we take a short detour to illustrate
how the Gram—Schmidt process used in the previous proof can be used to find closest
elements to subspaces. We begin with a result connecting the orthogonal projection
onto a closed subspace with an orthonormal basis of that subspace.

-

8.71 orthogonal projection in terms of orthonormal basis

o

Suppose that U is a closed subspace of a Hilbert space V and {ey }rer is an
orthonormal basis of U. Then

Puf =Y (f ex)ex

keT

forall f € V.
% f

Proof Let f € V.Ifk € I, then

8.72 (frex) = (f — Puf,ex) + (Puf,ex) = (Puf, e,
where the last equality follows from 8.37(a). Now
Puf =Y (Puf.exyer = Y (f ex)ex.
kel kel

where the first equality follows from Parseval’s Identity [8.63(a)] as applied to U and
its orthonormal basis {ey } ke, and the second equality follows from 8.72.
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8.73 Example best approximation

Find the polynomial g of degree at most 10 that minimizes

/i’@—g(x)‘zdx.

Solution  We will work in the real Hilbert space L2([—1,1]) with the usual inner
product (g, h) = f_11 gh. Fork € {0,1,...,10}, let f, € L?([—1,1]) be defined by
fr(x) = xF. Let U be the subspace of L2([—1,1]) defined by

U = span{fx }reqo,..., 10}-

Apply the Gram-Schmidt process from the proof of 8.67 to {fi }re(o,.., 10}> Pro-
ducing an orthonormal basis {ey }jc {0,...10} of U, which is a closed subspace of
L2([—1,1]) (see Exercise 8). The point here is that {extkeqo, ..., 10} can be computed
explicitly and exactly by using 8.70 and evaluating some integrals (using software that
can do exact rational arithmetic will make the process easier), getting ep(x) = 1/ V2,

e1(x) = \/6x/2,...upto

42
ero(x) = \S/T:(—63 + 3465x% — 30030x* +90090x° — 109395x® + 46189x17).

Define f € L2([-1,1]) by f(x) = /|x]. Because U is the subspace of
L%([-1,1]) consisting of polynomials of degree at most 10 and Py f equals the
element of U closest to f (see 8.34), the formula in 8.71 tells us that the solution g to
our minimization problem is given by the formula

10

8= Z<frek>ek-

k=0

Using the explicit expressions for ey, . .., €19 and again evaluating some integrals,
this gives

693 4 15015x2 — 64350x* + 139230x° — 1385678 + 51051x10
glx) = 2944 :

The figure here shows the graph of 1
f(x) = v/]x| (red) and the graph of
its closest polynomial ¢ (blue) of de-
gree at most 10; here closest means as
measured in the norm of L2([—1,1]).

The approximation of f by g is
pretty good, especially considering
that f is not differentiable at 0 and thus
a Taylor series expansion for f does
not make sense.
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Recall that a subset I" of a set V' can be thought of as a family in V by considering
{e f } fer» where ey = f. With this convention, a subset I of an inner product space
V is an orthonormal subset of V if ||f|| = 1 forall f € T and (f,g) = O for all
f,.geTwith f #g.

The next result characterizes the orthonormal bases as the maximal elements
among the collection of orthonormal subsets of a Hilbert space. Recall that a set
I' € A in a collection of subsets of a set V is a maximal element of A if there does
not exist I” € A such that T' G I” (see 6.55).

6.74 orthonormal bases as maximal elements w

Suppose V is a Hilbert space, A is the collection of all orthonormal subsets of V,
and I is an orthonormal subset of V. Then I' is an orthonormal basis of V' if and
only if I' is a maximal element of .A.

Proof  First suppose I is an orthonormal basis of V. Parseval’s Identity [8.63(a)]
implies that the only element of V' that is orthogonal to every element of I is 0. Thus
there does not exist an orthonormal subset of V' that strictly contains I'. In other
words, I is a maximal element of .A.
To prove the other direction, suppose now that I' is a maximal element of A. Let
U denote the span of I'. Then
ut = {0}

because if f is a nonzero element of U, then TU {f/| ||} is an orthonormal subset
of V that strictly contains I'. Hence U = V (by 8.42), which implies that I is an
orthonormal basis of V.

Now we are ready to prove that every Hilbert space has an orthonormal basis.
Before reading the next proof, you may want to review the definition of a chain (6.58),
which is a collection of sets such that for each pair of sets in the collection, one of
them is contained in the other. You should also review Zorn’s Lemma (6.60), which
gives a way to show that a collection of sets contains a maximal element.

( 8.75 existence of orthonormal bases for all Hilbert spaces W

@Very Hilbert space has an orthonormal basis. J

Proof Suppose V is a Hilbert space. Let A be the collection of all orthonormal
subsets of V. Suppose C C A is a chain. Let L be the union of all the sets in C. If
f € L, then || f|| = 1 because f is an element of some orthonormal subset of V' that
is contained in C.

If f,g € L with f # g, then there exist orthonormal subsets () and I in C such
that f € Q) and g € T'. Because C is a chain, either O C I'or I' C Q). Either way,
there is an orthonormal subset of V that contains both f and g. Thus (f,g) = 0.

We have shown that L is an orthonormal subset of V; in other words, L € A.
Thus Zorn’s Lemma (6.60) implies that A has a maximal element. Now 8.74 implies
that V has an orthonormal basis.
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Riesz Representation Theorem, Revisited

Now that we know that every Hilbert space has an orthonormal basis, we can give a
completely different proof of the Riesz Representation Theorem (8.47) than the proof
we gave earlier.

Note that the new proof below of the Riesz Representation Theorem gives the
formula 8.77 for & in terms of an orthonormal basis. One interesting feature of this
formula is that / is uniquely determined by ¢ and thus & does not depend upon the
choice of an orthonormal basis. Hence despite its appearance, the right side of 8.77
is independent of the choice of an orthonormal basis.

(

8.76 Riesz Representation Theorem

N

Suppose ¢ is a bounded linear functional on a Hilbert space V' and {ey } xcr is an
orthonormal basis of V. Let

8.77 h=Y ¢(er)e.
kel

Then

8.78 o(f) = (f, )

1/2

Cor all f € V. Furthermore, ||¢|| = (Lier|@(ex)]?)

J

Proof  First we must show that the sum defining /1 makes sense. To do this, suppose
() is a finite subset of I'. Then

X lgle))? = "’(]-;Q oleer) < lgl ng o(e)e| = llol (jg p(e))?)

j€0

1/2

1/2
where the last equality follows from 8.52. Dividing by (Zjeﬂ lo(e;) |2> gives

(ZleeR) " < gl

jeQ
Because the inequality above holds for every finite subset () of I', we conclude that
2 2
Y le(ed)* < llol*
kel

Thus the sum defining 7 makes sense (by 8.54) in equation 8.77.
Now 8.77 shows that (,e;) = ¢(e;) foreach j € I'. Thus if f € V then

o(f) = o( L(feer) = Lfedoler) = (e The) = (£h).

kel kel kel

where the first and last equalities follow from 8.63 and the second equality follows
from the boundedness/continuity of ¢. Thus 8.78 holds.
Finally, the Cauchy—Schwarz Inequality, 8.78, and the equation ¢(h) = (h, h)

172
show that || || = [|1]| = (Zker|p(e)?) "
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EXERCISES 8C

1 Verify that the family {ej }rcz as defined in the third bullet point of Example
8.51 is an orthonormal family in L? (=7, 7]). The following formulas should
help:

sin(x +y) + sin(x — y)

(sinx)(cosy) = 7 ,
(sinx) (siny) = cos(x —y) ; cos(x + y),
(cos x)(cos y) = cos(x +y) er cos(x —y) ‘

2 Suppose {ay}rer is a family in R and a; > 0 for each k € T. Prove the
unordered sum ) ycr 4 converges if and only if

sup{ Z aj : (Yis a finite subset of F} < co.
jen
Furthermore, prove that if ) ;. a; converges then it equals the supremum above.

3 Suppose {ay}rer is a family in R. Prove that the unordered sum Y jr ax
converges if and only if } ycr|ag| < oco.

4  Suppose {ex }rer is an orthonormal family in an inner product space V. Prove
thatif f € V, then {k € I : (f,ex) # 0} is a countable set.

5 Suppose { fx }xer and {gk trer are families in a normed vector space such that
Y ker fr and Y rcr gk converge. Prove that ) o (fx + gx) converges and

Y (fet+8k) =) fi+ Y 8k

kel kel kel

6 Suppose { fx }rer is a family in a normed vector space such that ) jcr fx con-
verges. Prove that if ¢ € F, then Y jcr(cfx) converges and

Y (cfi) =c) fi

kel kel

7 Suppose { fi}rez+ is a family in a normed vector space. Prove that the un-
ordered sum Y ycz+ fx converges if and only if the usual ordered sum ) ;> ; fp(k)
converges for every injective function p: Z+ — Z™.

8 Explain why 8.58 implies that if I is a finite set and {ey }xcr is an orthonormal
family in a Hilbert space V/, then span{ey }xcr is a closed subspace of V.

9 Suppose V is an infinite-dimensional Hilbert space. Prove that there does not
exist a basis of V that is an orthonormal family.
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10

11

12

13

14
15

16

17

18

Chapter 8  Hilbert Spaces

(a) Show that the orthonormal family given in the first bullet point of Exam-
ple 8.51 is an orthonormal basis of £2.

(b) Show that the orthonormal family given in the second bullet point of Exam-
ple 8.51 is an orthonormal basis of £2(T).

(c) Show that the orthonormal family given in the fourth bullet point of Exam-
ple 8.51 is an orthonormal basis of L2([0,1)).

(d) Show that the orthonormal family given in the fifth bullet point of Exam-
ple 8.51 is an orthonormal basis of L?(R).

Suppose ¢ is a o-finite measure on (X, S) and v is a o-finite measure on (Y, 7).
Suppose also that {¢;} jcq is an orthonormal basis of L?(j) and { fi }xer is an

orthonormal basis of L?(v). For j € Q and k € T, define gjk: X xY — Fby

gik(x,y) = ¢;(x) f(y)-
Prove that {g; x }jcq, ker is an orthonormal basis of L?(u x v).

Prove the converse of Parseval’s Identity. More specifically, prove that if {e }xer
is an orthonormal family in a Hilbert space V and

LFI? = Y 1¢f el

kel
for every f € V, then {ey }xcr is an orthonormal basis of V.

(a) Show that the Hilbert space L2([0, 1]) is separable.
(b) Show that the Hilbert space L?(R) is separable.
(c) Show that the Banach space £* is not separable.

Prove that every subspace of a separable normed vector space is separable.

Suppose V is an infinite-dimensional Hilbert space. Prove that there does not
exist a translation invariant measure on the Borel subsets of V' that assigns
positive but finite measure to each open ball in V.

[A subset of 'V is called a Borel set if it is in the smallest o-algebra containing
all the open subsets of V. A measure yu on the Borel subsets of V is called
translation invariant if y(f + E) = u(E) for every f € V and every Borel set
E of V.]

1
Find the polynomial g of degree at most 4 that minimizes / ’x5 —g(x) ‘2 dx.
0

Prove that each orthonormal family in a Hilbert space can be extended to
an orthonormal basis of the Hilbert space. Specifically, suppose {6]‘}]‘60 is
an orthonormal family in a Hilbert space V. Prove that there exists a set I
containing () and an orthonormal basis { f; }xcr of V such that f] = e; for every
je Q.

Prove that every vector space has a basis.
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Find the polynomial g of degree at most 4 such that

£ = [ s

for every polynomial f of degree at most 4.

Exercises 20-25 are for readers familiar with analytic functions.

20

21

22

Suppose G is a nonempty open subset of C. The Bergman space LE(G) is
defined to be the set of analytic functions f: G — C such that

/G £ dMs < oo,

where A, is the usual Lebesgue measure on R2, which is identified with C. For

f.h € LZ(G), define (f, h) tobe [ fhdA,.

(a) Show that L2(G) is a Hilbert space.

(b) Show that if w € G, then f — f(w) is a bounded linear functional on
L3(G).

Let D denote the open unit disk in C; thus
D={zeC:|z| <1}.

(a) Find an orthonormal basis of L2 (D).
(b) Suppose f € L2(D) has Taylor series

f2) = Y o
k=0

for z € D. Find a formula for || f|| in terms of ag, a1, ay, . .. .

(c) Suppose w € D. By the previous exercise and the Riesz Representation
Theorem (8.47 and 8.76), there exists I'y, € L2(D) such that

f(w) = (f,Ty) forall f € L2(D).
Find an explicit formula for I';,.
Suppose G is the annulus defined by
G={zeC:1<|z| <2}

(a) Find an orthonormal basis of L2(G).
(b) Suppose f € L2(G) has Laurent series

[ = % ot

k=—oc0

for z € G. Find a formula for || f|| in terms of ..., a_1, 40,41, ... .
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23 Prove thatif f € L2(D\ {0}), then f has a removable singularity at 0 (meaning
that f can be extended to a function that is analytic on D).

24

25

The Dirichlet space D is defined to be the set of analytic functions f: D — C
such that

[ 1rPan <.
D

For f,g € D, define (f, g) tobe £(0)g(0) + [, f' g’ dAs.

(a)
(b)
()
(d)

(e)

(b)

Show that D is a Hilbert space.
Show that if w € D, then f — f(w) is a bounded linear functional on D.
Find an orthonormal basis of D.

Suppose f € D has Taylor series
f(z) = Z ﬂka
k=0
for z € D. Find a formula for || f|| in terms of ag, aq,ay, . . . .

Suppose w € D. Find an explicit formula for I'y, € D such that

f(w) = (f,Ty) forall f € D.

Prove that the Dirichlet space D is contained in the Bergman space L2(D).

Prove that there exists a function f € L2(D) such that f is uniformly
continuous on D and f ¢ D.
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Chapter

9

Real and Complex Measures

A measure is a countably additive function from a g-algebra to [0, co]. In this chapter,
we consider countably additive functions from a c-algebra to either R or C. The first
section of this chapter shows that these functions, called real measures or complex
measures, form an interesting Banach space with an appropriate norm.

The second section of this chapter focuses on decomposition theorems that help
us understand real and complex measures. These results will lead to a proof that the
dual space of L (j) can be identified with L”'(p).

e N

\_ /
Dome in the main building of the University of Vienna, where Johann Radon
(1887-1956) was a student and then later a faculty member. The Radon—Nikodym
Theorem provides information analogous to differentiation for measures.
CC-BY-SA Hubertl
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9A Total Variation

Properties of Real and Complex Measures

Recall that a measurable space is a pair (X, S), where S is a o-algebra on X. Recall
also that a measure on (X, S) is a countably additive function from S to [0, co] that
takes @ to 0. Countably additive functions that take values in R or C give us new
objects called real measures or complex measures.

e

9.1 Definition real and complex measures

~

Suppose (X, S) is measurable space.

e A function v: § — F is called countably additive if

V(U Ek) = Z U(Ek)
k=1 k=1
for every disjoint sequence Eq, Ey, ... of sets in S.

e A real measure on (X, S) is a countably additive functionv: S — R.

e A complex measure on (X, S) is a countably additive functionv: S — C.

J

The word measure can be ambiguous
in the mathematical literature. The most
common use of the word measure is as we
defined it in Chapter 2 (see 2.53). How-
ever, some mathematicians use the word
measure to include what are here called
real and complex measures; they then use
the phrase positive measure to refer to
what we defined as a measure in 2.53. To
help relieve this ambiguity, this chapter will usually use the phrase (positive) measure
to refer to measures as defined in 2.53. Putting positive in parentheses helps reinforce
the idea that it is optional while distinguishing such measures from real and complex
measures.

(The terminology nonnegative A
measure would be more appropriate
than positive measure because the
Sfunction y: S — F defined by
u(E) =0foreveryE € Sisa
positive measure. However, we will
stick with tradition and use the

\phrase positive measure. )

9.2 Example real and complex measures

e Let A denote Lebesgue measure on [—1,1]. Define v on the Borel subsets of
v(E) = A(EN[0,1]) —A(EN[-1,0)).

Then v is a real measure.

e If 31 and y; are finite (positive) measures, then y1 — pp is a real measure and
X141 + &op is a complex measure for all a1, 2y € C.

e If vis a complex measure, then Re v and Im v are real measures.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 9A  Total Variation 255

Note that every real measure is a complex measure. Note also that by definition,
oo is not an allowable value for a real or complex measure. Thus a (positive) measure
pon (X,S) is a real measure if and only if (X) < co.

Some authors use the terminology signed measure instead of real measure; some
authors allow a real measure to take on the value co or —co (but not both, because the
expression co — oo must be avoided). However, real measures as defined here will
serve us better because we need to avoid oo when considering the Banach space of
real or complex measures on a measurable space (see 9.18).

For (positive) measures, we had to make #(®) = 0 part of the definition to avoid
the function y that assigns oo to all sets, including the empty set. But oo is not an
allowable value for real or complex measures. Thus v(@) = 0 is a consequence of
our definition rather than part of the definition, as shown in the next result.

-

9.3 absolute convergence for a disjoint union

oY

Suppose v is a complex measure on a measurable space (X, S). Then

(@) v(®)=0;

o0
(b) Y _|v(Ex)| < oo for every disjoint sequence Ey, Ey, . .. of sets in S.
N J

Proof To prove (a), note that @, ®, ... is a disjoint sequence of sets in S whose
union equals @. Thus

The right side of the equation above makes sense as an element of R or C only when
v(@) = 0, which proves (a).

To prove (b), suppose Eq, Eo, . . . is a disjoint sequence of sets in S. First suppose
v is a real measure. Thus

(U B)= T vE= T wE)
{k:v(E¢)>0} {k:v(Ex)>0} {k:v(Ex)>0}

and

_U( U Ek)=— Y uE)= Y u(E)

{k:v(E;)<0} {k:v(Er)<0} {k:v(Ex)<0}

Because v(E) € R forevery E € S, the right side of the last two displayed equations
is finite. Thus Y 3> ;[v(Eg)| < oo, as desired.
Now consider the case where v is a complex measure. Then

ih/(Ek i (Rev)(Ex)| + |(Imv)(Ex)]) < oo,

where the last inequality follows from applying the result for real measures to the
real measures Rev and Imv.
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The next definition provides an important class of examples of real and complex
measures.

\

9.4 measure determined by an L'-function

Suppose # is a (positive) measure on a measurable space (X, S) and h € L1 (u).
Define v: S — F by
E)= [ hdu.
I = 1

Then v is a real measure on (X, S) if F = R and is a complex measure on (X, S)
\if F=C. )

Proof Suppose Eq, Ep, ... is a disjoint sequence of sets in S. Then

05 V(g ) = [ (£ o on) anto) = 5 [ e = 3 vz,

where the first equality holds because the sets Eq, E, . . . are disjoint and the second
equality follows from the inequality

lzx,gk ()| < 1),

which along with the assumption that i1 € £ () allows us to interchange the integral
and limit of the partial sums by the Dominated Convergence Theorem (3.31).
The countable additivity shown in 9.5 means v is a real or complex measure.

The next definition simply gives a notation for the measure defined in the previous
result. In the notation that we are about to define, the symbol d has no separate
meaning—it functions to separate /1 and .

r9.6 Definition 7 du

\

Suppose # is a (positive) measure on a measurable space (X, S) and h € L1 (u).
Then h dy is the real or complex measure on (X, S) defined by

L (hdu)(E /hdy )

Note that if a function & € £!(u) takes values in [0, c0), then i du is a finite
(positive) measure.

The next result shows some basic properties of complex measures. No proofs
are given because the proofs are the same as the proofs of the corresponding results
for (positive) measures. Specifically, see the proofs of 2.56, 2.60, 2.58, and 2.59.
Because complex measures cannot take on the value oo, we do not need to worry
about hypotheses of finite measure that are required of the (positive) measure versions
of all but part (c).
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[9.7 properties of complex measures )
Suppose v is a complex measure on a measurable space (X, S). Then
(@ v(E\D) =v(E) —v(D) forall D,E € S with D C E;
(b) v(DUE) =v(D)+v(E) —v(DNE)forall D,E € S;
)
(©) v(kL:J1 Ey) = lim v(Ey)
for all increasing sequences E; C E; C - - - of setsin S;
)
@ U<kol Ey) = lim v(E)
\ for all decreasing sequences E; D E; D - - - of sets in S. )

Total Variation Measure

We use the terminology fotal variation measure below even though the object being
defined is not obviously a measure. Soon we will justify this terminology (see 9.11).

(. )

9.8 Definition total variation measure

Suppose v is a complex measure on a measurable space (X,S). The total
variation measure is the function |v|: S — [0, co] defined by

[v|(E) = sup{|v(E1)|+ -+ [v(Ex)| :n € Z" and Ey, ..., E,

9 are disjoint sets in S such that E; U --- UE, C E}. )

To start getting familiar with the definition above, you should verify that if v is a
complex measure on (X,S) and E € S, then

e [v(E)| < [vI(E);

e |v|(E) = v(E) if v is a finite (positive) measure;
e |v|(E) =0ifand only if v(A) = 0 for every A € S such that A C E.

The next result states that for real measures, we can consider only 7 = 2 in the
definition of the total variation measure.

(9.9 total variation measure of a real measure \

Suppose v is a real measure on a measurable space (X,S) and E € S. Then

|v|(E) = sup{|v(A)|+ |v(B)| : A, B are disjoint sets in S and A UB C E}.
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Proof Suppose that n € Z* and Ey,...,E, are disjoint sets in S such that
EiU---UE, CE. Let

A= |J E ad B= |J E
{k:v(Ey)>0} {k:v(E;)<0}

Then A, B are disjoint sets in S and A U B C E. Furthermore,
[v(A) + [v(B)] = [v(E1)[ + - - + [v(Ex)l.
Thus in the supremum that defines |v|(E), we can take n = 2.

The next result could be rephrased as stating that if & € £ (i), then the total
variation measure of the measure /1 dy is the measure |h| dy. In the statement below,
the notation dv = h du means the same as v = & dy; the notation dv is commonly
used when considering expressions involving measures of the form / dp.

(

9.10 (total variation measure of h du

o

Suppose J is a (positive) measure on a measurable space (X,S), h € L (u),

and dv = h du. Then
vI(E) = [ In]
J

Proof Suppose that E € S. If Eq,..., E, is a disjoint sequence in S such that
EiU---UE, C E, then

n n
Y lv(En)| =
k=1 k=1

for every E € S.
S Yy

n
hau| < Y [ nldu < [ Jhl dg.
o < X [ hldp < f ki

The inequality above implies that |v|(E) < [¢|h| dy.
To prove the inequality in the other dlrectlon first suppose that F = R; thus k1 is a
real-valued function and v is a real measure. Let

A={x€E:h(x) >0} and B={x€E:h(x)<O0}.

Then A and B are disjoint sets in S and A U B C E. We have

v+ B = [ hdu— [ nau= [ n]an

Thus |v|(E) > [¢|h| du, completing the proof in the case F = R.

Now suppose F = C; thus v is a complex measure. Let ¢ > 0. There exists a
simple function g € £!(p) such that ||g — h||; < e (by 3.44). There exist disjoint
sets E1,...,E, € Sandcy,...,¢c, € Csuchthat EyU---UE, C E and

n
8lE= ) g,
=1
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Now
n n

k_21|v<Ek>|—k_zl./Ekhdu]
Ekgdﬂ\ —é\/}ak(g—h)du\

- i\ckwsk) -

~h)d
py Ek(g )#!

Z/Igldu—Z/ g —h|du
E k=1"Ex
Z/WW—%

The inequality above implies that |1/| ) > [g|h| du — 2¢. Because € is an arbitrary
positive number, this implies |v|(E) > f £|h| du, completing the proof.

Now we justify the terminology total variation measure.

6.1 1 total variation measure is a measure \

Suppose v is a complex measure on a measurable space (X, S). Then the total
variation function |v| is a (positive) measure on (X, S).

Proof The definition of |v| and 9.3(a) imply that |v|(®) = 0.

To show that |v| is countably additive, suppose A1, Ay, ... are disjoint sets in S.
Fix m € Z*. Foreach k € {1,...,m}, suppose Ey g, ..., E,, j are disjoint sets in S
such that

9.12 El,kU"'UEnk,k - Ak'

Then {E]',k :1<k<mand1 < j < n} is a disjoint collection of sets in S that
are all contained in (J—_; Ax. Hence

22|v il < \v|(u Ay).

k=1j=1

Taking the supremum of the left side of the inequality above over all choices of { E j,k}
satisfying 9.12 shows that

Livl(an < Ivl(kL_Jl Ap).

Because the inequality above holds for all m € Z™, we have
o0 [e¢]
Yo vl(A0) < vl (U A)-
k=1 k=1
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To prove the inequality above in the other direction, suppose E1,...,E, € S are
disjoint sets such that E; U - - - UE,; C Up2; Ak. Then

Y l(A0 = Y Y v(E N A
k=1 k=1j=1
=Y Y I(E N A
j=1k=1
> i iV(Eijk)‘
j=1'k=1

where the first line above follows from the definition of |v|(Ay) and the last line
above follows from the countable additivity of v.
The inequality above and the definition of |v| (>4 Ay) imply that

Llvl(an = 'V'(H Ay),

completing the proof.

The Banach Space of Measures

In this subsection, we will make the set of complex or real measures on a measurable
space into a vector space and then into a Banach space.

(9.1 3 Definition addition and scalar multiplication of measures w

Suppose (X, S) is a measurable space. For complex measures v, 4 on (X, S)
and « € F, define complex measures v + y and av on (X, S) by

(v+W)(E) = v(E) + p(E) and (av)(E) = a(v(E)).

You should verify that if v, i, and & are as above, then v + y and av are complex
measures on (X, S). You should also verify that these natural definitions of addition
and scalar multiplication make the set of complex (or real) measures on a measurable
space (X, S) into a vector space. We now introduce notation for this vector space.

ﬁa.m Definition Mg(S) w

Suppose (X, S) is a measurable space. Then Mg(S) denotes the vector space
of real measures on (X, S) if F = R and denotes the vector space of complex
measures on (X, S) if F = C.
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We use the terminology fotal variation norm below even though the object being
defined is not obviously a norm (especially because it is not obvious that ||v|| < oo
for every complex measure v). Soon we will justify this terminology.

(9.1 5 Definition total variation norm of a complex measure w

Suppose v is a complex measure on a measurable space (X,S). The total
variation norm of v, denoted ||v||, is defined by

Il = [vI(X).

9.16 Example total variation norm
e If u is a finite (positive) measure, then |||| = u(X), as you should verify.

e If y is a (positive) measure, i € L£!(y), and dv = hdy, then |[v|| = ||]|1 (as
follows from 9.10).

The next result implies that if v is a complex measure on a measurable space
(X,S), then |v|(E) < oo forevery E € S.

(9.1 7 total variation norm is finite W

LSuppose (X, S) is a measurable space and v € Mg(S). Then ||v| < oco. J

Proof  First consider the case where F = R. Thus v is a real measure on (X, S). To
begin this proof by contradiction, suppose ||v|| = |v](X) = oo.

We inductively choose a decreasing sequence Eg D E; D E; D --- of setsin S
as follows: Start by choosing Eg = X. Now suppose n > 0 and E,, € S has been
chosen with |v|(E,) = oo and |v(E,)| > n. Because |v|(E,) = 0, 9.9 implies that
there exists A € S such that A C E,, and |[v(A)| > n+ 1+ |v(E,)|, which implies
that

[V(Ex \ A)| = [v(En) —v(A)| = [v(A)| = [v(En)| = n + 1.
Now
[VI(A) + [V[(En \ A) = [v|(En) = oo
because the total variation measure |v| is a (positive) measure (by 9.11). The equation
above shows that at least one of |v|(A) and |v|(E, \ A) is co. Let E,; 1 = A
if [v|[(A) = coand let E,;1 = E, \ Aif [v[(A) < oo. Thus E, D E,.q,
[V](Ens1) = co.and [v(Eyi1)| > n+ 1.

Now 9.7(d) implies that v (5 Ey) = limy, e v(E,). However, [v(E,)| > n
for each n € Z™, and thus the limit in the last equation does not exist (in R). This
contradiction completes the proof in the case where v is a real measure.

Consider now the case where F = C; thus v is a complex measure on (X, S).
Then

[V](X) < [Rev|(X) + [Imv|(X) < oo,

where the last inequality follows from applying the real case to Re v and Im v.
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The previous result tells us that if (X, S) is a measurable space, then ||v|| < oo
for all v € Mg(S). This implies (as the reader should verify) that the total variation
norm ||-|| is a norm on MEg(S). The next result shows that this norm makes Mg(S)
into a Banach space (in other words, every Cauchy sequence in this norm converges).

(9.1 8 the set of real or complex measures on (X, S) is a Banach space N

Suppose (X, S) is a measurable space. Then Mg(S) is a Banach space with the
total variation norm.

Proof Suppose v1, v, ... is a Cauchy sequence in Mg(S). Foreach E € S, we
have

[vi(E) — v (E)| = [(vj — v)(E)|
< |vj — w[(E)
< v — vl

Thus v1(E), v2(E), ... is a Cauchy sequence in F and hence converges. Thus we can
define a function v: & — F by

v(E) = lim v;(E).

j—roo

To show that v € Mg(S), we must verify that v is countably additive. To do this,
suppose Eq, E, ... is a disjoint sequence of sets in S. Lete > 0. Let m € ZT be
such that

9.19 [vi —wll <e forallj, k> m.

If n € Z* is such that

9.20 Y lum(Ep)| < e
k=n

[such an 7 exists by applying 9.3(b) to v;,;] and if j > m, then

Y Avi(E) < Y |(vj — vi) (E) |+ Y v (Ex)|
k=n k=n k=n
< Z|vj — Um|(Eg) + ¢
k=n
(e}
= |1/]-—vm|<U Ek> +¢
k=n
9.21 < 2,

where the second line uses 9.20, the third line uses the countable additivity of the
measure |vj — Vi | (see 9.11), and the fourth line uses 9.19.
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If € and n are as in the paragraph above, then

’U<G Ek) _EV(E")‘ = ’-hm V(G Ek) — lim nilv‘(Ek)‘
k=1 k=1 jeo TN j—oo it

— lim ‘ki uj(Ek))

j—oo -
< 2,

where the second line uses the countable additivity of the measure v; and the third line

uses 9.21. The inequality above implies that 1/(U,;'°:1 Ek) = Y i1 v(Eg), completing
the proof that v € Mg(S).

We still need to prove that limy_, ||V — vk || = 0. To do this, suppose € > 0. Let
m € Z* be such that

9.22 lvi = vl <e forall jk > m.

Suppose k > m. Suppose also that Eq, ..., E, € S are disjoint subsets of X. Then

n n

2| = v (Bl = fim 310 — v (Bn)] < e

(=1

where the last inequality follows from 9.22 and the definition of the total variation
norm. The inequality above implies that ||V — vi|| < €, completing the proof.

EXERCISES 9A

1 Prove or give a counterexample: If v is a real measure on a measurable
space (X,S) and A,B € S are such that v(A) > 0 and v(B) > 0, then
v(AUB) > 0.

2 Suppose v is a real measure on (X, S). Define yi: S — [0, 00) by
u(E) = [v(E)|-

Prove that y is a (positive) measure on (X, S) if and only if the range of v is
contained in [0, 00) or the range of v is contained in (—oo, 0].

3 Suppose v is a complex measure on a measurable space (X,S). Prove that
[v[(X) = v(X) if and only if v is a (positive) measure.

4 Suppose v is a complex measure on a measurable space (X, S). Prove that if
E € S then

|v(Eg)| : E1, Ea, ... is a disjoint sequence in S

e

vI(E) = sup{k

1

such that E = | J E}.
k=1
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10

11

Suppose y is a (positive) measure on a measurable space (X, S) and 1 is a
nonnegative function in £!(y). Let v be the (positive) measure on (X, S)
defined by dv = h du. Prove that

/fdv:/fhdy

for all S-measurable functions f: X — [0, co].

Suppose (X, S, u) is a (positive) measure space. Prove that
{hdu:heL'(n)}

is a closed subspace of MEg(S).

(a) Suppose B is the collection of Borel subsets of R. Show that the Banach
space Mg(B) is not separable.

(b) Give an example of a measurable space (X, S) such that the Banach space
ME(S) is infinite-dimensional and separable.

Suppose t > 0 and A is Lebesgue measure on the o-algebra of Borel subsets of
[0, t]. Suppose h: [0, ] — C is the function defined by

h(x) = cosx + isinx.
Let v be the complex measure defined by dv = h dA.

(a) Show that ||v]| = t.
(b) Show thatif Eq, E,, ... is a sequence of disjoint Borel subsets of [0, t], then

i|v(Ek)| <t
k=1

[This exercise shows that the supremum in the definition of |v|([0, t]) is not
attained, even if countably many disjoint sets are allowed.]

Give an example to show that 9.9 can fail if the hypothesis that v is a real
measure is replaced by the hypothesis that v is a complex measure.

Suppose (X, S) is a measurable space with S # {@, X }. Prove that the total
variation norm on Mg (S) does not come from an inner product. In other
words, show that there does not exist an inner product (-, ) on Mg(S) such
that |v|| = (v,v)1/? forall v € Mg(S), where ||-|| is the usual total variation
norm on Mg(S).

For (X, S) a measurable space and b € X, define a finite (positive) measure &,

on (X,S) by
1 ifbe€E,
op(E) = .
0 ifb¢gE
forE € S.

(a) Show thatif b,c € X, then ||6, + 6| = 2.

(b) Give an example of a measurable space (X,S) and b,c € X with b # ¢
such that ||, — ¢ || # 2.
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9B Decomposition Theorems

Hahn Decomposition Theorem

The next result shows that a real measure on a measurable space (X, S) decomposes
X into two disjoint measurable sets, on one of which all subsets have nonnegative
measure and on the other of which all subsets have nonpositive measure.

The decomposition in the result below is not unique because a subset D of X with
|v|(D) = 0 could be shifted from A to B or from B to A. However, Exercise 1 at
the end of this section shows that the Hahn decomposition is almost unique.

(9.23 Hahn Decomposition Theorem

o

Suppose v is a real measure on a measurable space (X, S). Then there exist sets
A, B € S such that

(@ AUB=Xand ANB = Q;
(b) v(E) > 0forevery E € S with E C A;

\(c) v(E) < 0forevery E € S with E C B.

9.24 Example Hahn Decomposition

Suppose # is a (positive) measure on a measurable space (X,S), h € £L1(u) is
real valued, and dv = h du. Then a Hahn decomposition of the real measure v is
obtained by setting

A={xeX:h(x) >0} and B={xe X:h(x) <0}

Proof 0f 9.23  Let

a=sup{v(E) : E € S§}.
Thus a < ||v|| < oo, where the last inequality comes from 9.17. For each j € Z, let
Aj € S be such that

1
9.25 v(Aj) >a— TR

Temporarily fix k € ZT. We will show by induction on 7 that if n € ZT with
n > k, then

9.26 v(U AJ-) >a-) o

To get started with the induction, note that if n = k then 9.26 holds because in this
case 9.26 becomes 9.25. Now for the induction step, assume that n > k and that 9.26
holds. Then
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n+1 n n
1% U A] = V(U A]) —|-1/(An+1) U((U A]) mAn-i—l)
j=k j=k j=k
> (0 £23)+ o 5) -
n+1 1
=q— —,
=%

where the first line follows from 9.7(b) and the second line follows from 9.25 and
9.26. We have now verified that 9.26 holds if 7 is replaced by n 4 1, completing the
proof by induction of 9.26.

The sequence of sets Ay, Ax U Agrq, Ax U Agyp1 U Agyo, ... is increasing. Thus
taking the limit as n — oo of both sides of 9.26 and using 9.7(c) gives

9.27 U(‘[]kAj> Za—zgj.
P

Now let
o0 o
A= UA4;
k=1 j=k
The sequence of sets U;i1 Aj, Uf‘iz Aj, ... is decreasing. Thus 9.27 and 9.7(d) imply
that v(A) > a. The definition of @ now implies that

v(A) =a.

Suppose E € Sand E C A. Then v(A) = a > v(A\ E). Thus we have
v(E) =v(A) —v(A\ E) > 0, which proves (b).

Let B = X\ A; thus (a) holds. Suppose E € S and E C B. Then we have
v(AUE) <a=v(A). Thusv(E) = v(AUE) — v(A) < 0, which proves (c).

Jordan Decomposition Theorem

You should think of two complex or positive measures on a measurable space (X, S)
as being singular with respect to each other if the two measures live on different sets.
Here is the formal definition.

(

9.28 Definition singular measures

N

Suppose v and y are complex or positive measures on a measurable space (X, S).
Then v and y are called singular (with respect to each other), denoted v L u, if
there exist sets A, B € S such that

e AUB=Xand ANB = Q;

S e V(E) =v(ENA)and u(E) = u(ENB) forall E € S. )

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 9B  Decomposition Theorems 267

9.29 Example singular measures
Suppose A is Lebesgue measure on the o-algebra B of Borel subsets of R.
e Define positive measures v, it on (R, B) by
Vv(E) =|EN(—0c0,0)] and u(E)=|EN(2,3)]
for E € B. Then v L u because v lives on (—o0,0) and y lives on [0, c0).

Neither v nor y is singular with respect to A.

e Letrq,rp,...bealist of the rational numbers. Suppose w1, wy, . .. is a bounded
sequence of complex numbers. Define a complex measure v on (R, BB) by

Wi
{keZ* :reE}

for E € B. Then v L A because v lives on Q and A lives on R\ Q.

The hard work for proving the next result has already been done in proving the
Hahn Decomposition Theorem (9.23).

-

9.30 Jordan Decomposition Theorem

o

e Every real measure is the difference of two finite (positive) measures that are
singular with respect to each other.

e More precisely, suppose v is a real measure on a measurable space (X, S).
Then there exist unique finite (positive) measures v and v~ on (X, S) such
that

9.31 v=vT—v~ and v' Lv.

Furthermore,

+ —

vl=v" 4+v.

\ i J

Proof Let X = AU B be a Hahn decomposition of v as in 9.23. Define functions
vT: S —[0,00)and v~ : S — [0, 00) by

v (E)=v(ENA) and v (E)= —v(ENB).

The countable additivity of v implies v and v~ are finite (positive) measures on
(X,8),withv=v" —v~andvt Lv".
The definition of the total wvari-
ation measure and 9.31 imply that
|v] = v + v, as you should verify.
The equations v = v — v~ and
|v| =vT + v~ imply that

Camille Jordan (1838-1922) is also
known for matrices that are 0 except
along the diagonal and the line
above it.

T L et

2 2

Thus the finite (positive) measures v and v~ are uniquely determined by v and the
conditions in 9.31.

v
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Lebesgue Decomposition Theorem

The next definition captures the notion of one measure having more sets of measure 0
than another measure.

(. )

9.32 Definition absolutely continuous; <

Suppose v is a complex measure on a measurable space (X,S) and y is a
(positive) measure on (X, S). Then v is called absolutely continuous with respect
to p, denoted v < p, if

v(E) = 0 for every set E € S with u(E) = 0.

\_ J

9.33 Example absolute continuity

The reader should verify all the following examples:
e If y1 is a (positive) measure and i € L1 (p), then h du < p.

If v is a real measure, then v < |v] and v~ < |v].

If v is a complex measure, then v < |v].

If v is a complex measure, then Rev < |v| and Imv < |v|.

Every measure on a measurable space (X,S) is absolutely continuous with
respect to counting measure on (X, S).

The next result should help you think that absolute continuity and singularity are
two extreme possibilities for the relationship between two complex measures.

(9.34 absolutely continuous and singular implies 0 w

Suppose  is a (positive) measure on a measurable space (X, S). Then the only
complex measure on (X, S) that is both absolutely continuous and singular with
respect to y is the 0 measure.

Proof  Suppose v is a complex measure on (X, S) such that v < pandv L p. Thus
there exist sets A, B € S suchthat AUB =X, ANB=0Q,andv(E) =v(ENA)
and u(E) = u(ENB) forevery E € S.

Suppose E € S. Then

WENA)=u((ENA)NB) = u(®) =0.

Because v < pi, this implies that v(E N A) = 0. Thus v(E) = 0. Hence v is the 0
measure.

Our next result states that a (positive) measure on a measurable space (X, S)
determines a decomposition of each complex measure on (X, S) as the sum of the
two extreme types of complex measures (absolute continuity and singularity).
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-

9.35 Lebesgue Decomposition Theorem

>

Suppose i is a (positive) measure on a measurable space (X, S).

e Every complex measure on (X,S) is the sum of a complex measure
absolutely continuous with respect to y and a complex measure singular
with respect to p.

e More precisely, suppose v is a complex measure on (X, S). Then there exist
unique complex measures v, and v on (X, S) such that v = v, + v and

Vv, K and vs L 1.
_ Sl =l y,

Proof Let

b =sup{|v|(B) : B € S and u(B) = 0}.
For each k € Z™, let By € S be such that
WI(B) 26—} and (B =o0.
Let o
B = B
k=1

Then y(B) = 0 and |v|(B) = b.
Let A = X \ B. Define complex measures v, and v on (X, S) by
vo(E) =v(ENA) and vs(E)=v(ENB).
Clearly v = v, + vs.
IfE € S, then
W(E) = p(ENA) +u(ENB) = u(EN A),
where the last equality holds because (B) = 0. The equation above implies that
vs L.
To prove that v, < p, suppose E € S and p(E) = 0. Then y(BUE) = 0 and
hence
b>[v|(BUE) = [v|(B) + [v[(E\ B) = b+ [v|(E\ B),
which implies that |v|(E \ B) = 0. Thus

The construction of v, and vs shows
v,(E)=v(ENA)=v(E\B)=0, a 5
a(E) ( ) (E\B) that if v is a positive (or real)
which implies that v, < u. measure, then so are v, and Vs.

We have now proved all parts of this result except the uniqueness of the Lebesgue
decomposition. To prove the uniqueness, suppose v and v, are complex measures
on (X,S) such that v; < p, v, L p, and v = 14 + v,. Then

V] — Vg = Vs — Va.

The left side of the equation above is absolutely continuous with respect to y and the
right side is singular with respect to . Thus both sides are both absolutely continuous
and singular with respect to . Thus 9.34 implies that v; = v; and vy = vs.
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Radon—Nikodym Theorem

If p is a (positive) measure, h € £1(;4),
and dv = hdy, then v < p. The next
result gives the important converse—if y
is o-finite, then every complex measure
that is absolutely continuous with respect to y is of the form / du for some h € L1 ().
The hypothesis that y is o-finite cannot be deleted.

The result below was first proved by
Radon and Otto Nikodym
(1887-1974).

( 9.36 Radon—Nikodym Theorem w

Suppose ¢ is a (positive) o-finite measure on a measurable space (X, S). Suppose
v is a complex measure on (X, S) such that v < p. Then there exists h € L1 (p)
such that dv = h dyu.

Proof First consider the case where both y and v are finite (positive) measures.
Define ¢: L?(v + p) — Rby

9.37 o(f) :/fdl/.

To show that ¢ is well defined, first note that if f € £2(v + u), then

038 [Ifldv < [If1dw+ ) < (000 + (X)) 21 F 24 <

where the middle inequality follows from Holder’s Inequality (7.9) applied to
the functions 1 and f. The inequality above shows that f f dv makes sense for
f € L2(v + u). Furthermore, if two functions in £2(v + u) differ only on a set of
(v + p)-measure 0, then they differ only on a set of v-measure 0. Thus ¢ as defined
in 9.37 makes sense as a linear functional on L?(v + ).

Because |¢(f)| < [[f]dv, 9.38
shows that ¢ is a bounded linear func-
tional on L?(v + ). The Riesz Represen-
tation Theorem (8.47) now implies that
there exists ¢ € £2(v + ) such that

[ fav= [ fgdw+mn)

forall f € £L2(v+ ). Hence

The clever idea of using Hilbert
space techniques in this proof comes
from John von Neumann
(1903-1957).

9.39 /f(l—g)dv:/fgdy

forall f € L2(v+ p).

If f equals the characteristic function of {x € X : g(x) > 1}, then the left side
of 9.39 is less than or equal to 0 and the right side of 9.39 is greater than or equal to
0; hence both sides are 0. Thus [ fg du = 0, which implies (with this choice of f)
that u({x € X : g(x) > 1}) =0.
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Similarly, if f equals the characteristic function of {x € X : g(x) < 0}, then the
left side of 9.39 is greater than or equal to 0 and the right side of 9.39 is less than
or equal to 0; hence both sides are 0. Thus [ fg du = 0, which implies (with this
choice of f) that u({x € X : g(x) < 0}) =0.

Because v < p, the two previous paragraphs imply that

v({xeX:g(x) >1})=0 and v({xe X:g(x)<0})=0.

Thus we can modify ¢ (for example by redefining g to be % on the two sets appearing
above; both those sets have v-measure 0 and p-measure 0) and from now on we can
assume that 0 < ¢(x) < 1 forall x € X and that 9.39 holds for all f € £L2(v + ).
Hence we can define h: X — [0, 00) by

) = 12505

Suppose E € S. Foreachk € Z™, let

Taking f = x./(1—g) in 9.39

1XE(’“) if 1XE(X) <k would give v(E) = [ hdy, but this
fillx) = ¢ 1780 _g()f) function f might not be in
0 otherwise. L2(v + u) and thus we need to be a

bit L
Then f; € L2(v + ). Now 9.39 implics o2 “7ef

./fk(lfg) dv = /fkgdﬂ-

Taking the limit as k — oo and using the Monotone Convergence Theorem (3.11)
shows that

9.40 /1dv:/hd .
E E .

Thus dv = h du, completing the proof in the case where both v and y are (positive)
finite measures [note that i € £! () because h is a nonnegative function and we can
take E = X in the equation above].

Now relax the assumption on y to the hypothesis that y is a o-finite measure.
Thus there exists an increasing sequence X; C X C --- of sets in S such that
Ury Xx = X and p(Xy) < oo for each k € Z*. For k € Z™, let v and j denote
the restrictions of v and y to the o-algebra on Xj consisting of those sets in S that
are subsets of Xj. Then v; < pg. Thus by the case we have already proved, there
exists a nonnegative function i € £!(py) such that dvy = hy duy. If j < k, then

/Ehjd#:V(E):/Ehkdﬂ

for every set E € S with E C Xj; thus p({x € X; : hj(x) # hi(x)}) = 0. Hence
there exists an S-measurable function #: X — [0, c0) such that

p({x € Xi:h(x) # hy(x)}) =0

for every k € ZT. The Monotone Convergence Theorem (3.11) can now be used to
show that 9.40 holds for every E € S. Thus dv = h dyu, completing the proof in the
case where v is a (positive) finite measure.
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Now relax the assumption on v to the assumption that v is a real measure. The
measure v equals one-half the difference of the two positive (finite) measures |v| + v
and |v| — v, each of which is absolutely continuous with respect to y. By the case
proved in the previous paragraph, there exist 14, h— € £!(y) such that

d(lv|4+v)=hydu and d(Jv|—v) =h_du.

Taking h = %(th — h_), we have dv = hdu, completing the proof in the case
where v is a real measure.

Finally, if v is a complex measure, apply the result in the previous paragraph to the
real measures Re v, Im v, producing hre, him € L1 () such that d(Rev) = hge du
and d(Imv) = hyy dy. Taking h = hge + ihim, we have dv = h du, completing
the proof in the case where v is a complex measure.

The function & provided by the Radon-Nikodym Theorem is unique up to changes
on sets with y-measure 0. If we think of / as an element of L! () instead of £ (),
then the choice of / is unique.

When dv = h dy, the notation h = g—; is used by some authors, and / is called
the Radon—Nikodym derivative of v with respect to .

The next result is a nice consequence of the Radon—Nikodym Theorem.

1)

9.41 if vis a complex measure, then dv = hd|v| for some h with |h(x)| =

(a) Suppose v is a real measure on a measurable space (X, S). Then there exists
an S-measurable function i: X — {—1,1} such that dv = hd|v|.

(b) Suppose v is a complex measure on a measurable space (X, S). Then there
exists an S-measurable function h: X — {z € C : |z| = 1} such that
dv = hdv|.
|v] )

Proof Because v < |v|, the Radon-Nikodym Theorem (9.36) tells us that there
exists h € L1(|v|) (with h real valued if v is a real measure) such that dv = hd|v|.
Now 9.10 implies that d|v| = |h| d|v|, which implies that || = 1 almost everywhere
(with respect to |v|). Refine /i to be 1 on the set {x € X : |h(x)| # 1}, which gives
the desired result.

We could have proved part (a) of the result above by taking h = x , — x p in the
Hahn Decomposition Theorem (9.23).

Conversely, we could give a new proof of Hahn Decomposition Theorem by using
part (a) of the result above and taking

A={xeX:h(x)=1} and B={xe X:h(x)=-1}.

We could also give a new proof of the Jordan Decomposition Theorem (9.30) by
using part (a) of the result above and taking

+

v :X{XEX:h(x)=1}d|V| and v~

T XixeX:h(x) = -1} dlv].
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Dual Space of LP(u)

Recall that the dual space of a normed vector space V is the Banach space of bounded
linear functionals on V; the dual space of V is denoted by V. Recall also that if
1 < p < oo, then the dual exponent p’ is defined by the equation % + % =1.

The dual space of £7 can be identified with o7 for 1 < p < 00, as we saw in 7.26.
We are now ready to prove the analogous result for an arbitrary (positive) measure,
identifying the dual space of L () with L¥'(31) [with the mild restriction that  is
o-finite if p = 1]. In the special case where y is counting measure on Z™, this new
result reduces to the previous result about /7.

For 1 < p < oo, the next result differs from 7.25 by only one word, with “to” in
7.25 changed to “onto” below. Thus we already know (and will use in the proof)
that the map /i — g, is a one-to-one linear map from L (1) to (LP( y))/and that
| @nll = |||,y forall h € LP'(31). The new aspect of the result below is the assertion

that every bounded linear functional on L? () is of the form ¢y, for some h € Lp/(y).
The key tool that we will use in proving this new assertion is the Radon—-Nikodym
Theorem.

( /
9.42 dual space of LF () is LP (1) A

Suppose y is a (positive) measure and 1 < p < oo [with the additional hypothesis
that 3 is a o-finite measure if p = 1]. For i € L¥'(), define ¢, : LP () — F by

on(f) = /fhdﬂ-

Then i — @y, is a one-to-one linear map from L (1) onto (LP( y))’. Further-
|z lgnll = II|l,y for all i € LP'(p).

J

Proof The case p = 1 will be left to the reader as an exercise. Thus assume
1<p<oo.
Suppose i is a (positive) measure on a measurable space (X,S) and ¢ is a

bounded linear functional on LP (1); in other words, suppose ¢ € (LP(11))"
Consider first the case where y is a finite (positive) measure. Define a function
v:S — Fby

V(E) = ¢(xp)-
If Eq, Ey, . .. are disjoint sets in S, then

V(kf_jl Ek) = qv(xu;;l Ek) = (P(ko_il xEk) = :il p(xg,) = EV(E;(),

where the infinite sum in the third term converges in the L” (y)-norm to X B and
k=1

the third equality holds because ¢ is a continuous linear functional. The equation
above shows that v is countably additive. Thus v is a complex measure on (X, S)
[and is a real measure if F = R].
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If E € Sand u(E) = 0, then x, is the 0 element of L7 (p), which implies that
@(x) = 0, which means that v(E) = 0. Hence v < p. By the Radon-Nikodym

Theorem (9.36), there exists i € L£!(y) such that dv = h du. Hence

P(xp) = v( /hdu—/thdﬂ
for every E € S. The equation above, along with the linearity of ¢, implies that
943 ¢(f) = / fhdu for every simple S-measurable function f: X — F.

Because every bounded S-measurable function is the uniform limit on X of a
sequence of simple S-measurable functions (see 2.83), we can conclude from 9.43
that

9.44 o(f) = /fh du forevery f € L™(u).

Fork € Z7, let
Ex={xeX:0< |h(x)| <k}

and define fi € LP(u) by

9.45 Folx) = {?)(’C)Ih(x)|i”—2 if x € Ef,

otherwise.

Now

1/p

Sl xe, e = (5 < Nl 1felly = ol ([ 1017 o, ) ™"

where the first equality follows from 9.44 and 9.45, and the last equality follows from
9.45 [which 1mphes that | fx(x)|P = |h(x )|F’/)(Ek(x) for x € X]. After dividing by

( f |h|P Xk, dy) , the inequality between the first and last terms above becomes

1Bl < lloll-

Taking the limit as k — oo shows, via the Monotone Convergence Theorem (3.11),
that

1Bl < lll-

Thus /i € LP (). Because each f € LP (i) can be approximated in the L” (1) norm
by functions in L® (), 9.44 now shows that ¢ = ¢j,, completing the proof in the
case where y is a finite (positive) measure.

Now relax the assumption that y is a finite (positive) measure to the hypothesis
that 1 is a (positive) measure. For E € S, let Sp = {A € S: A C E} and let pip
be the (positive) measure on (E, Sg) defined by ug(A) = u(A) for A € Sg. We
can identify L”(pg) with the subspace of functions in L? () that vanish (almost
everywhere) outside E. With this identification, let ¢ = ¢| Lr(ug)- Then @ is a
bounded linear functional on L? (ug) and ||¢e|| < ||¢].
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IfE € S and pu(E) < oo, then the finite measure case that we have already proved
as applied to @ implies that there exists a unique hg € L ,( HE) such that

9.46 o(f) = /thE dy forall f € LP(ug);

the uniqueness of g € LV () holds because the equation || ¢y || = |7l implies
that the difference of two different choices for hir will have norm 0 in LPI( #g). This
uniqueness implies that if D,E € S and D C E, then hp(x) = hg(x) for almost

every x € D.
For each k € Z, there exists fx € LP(u) such that

9.47 Iflly <1 and |p(fi)] > lloll - £

The Dominated Convergence Theorem (3.31) implies that

lim kaX{xex: fi(x)] > 1} _fk”p =0

n—o0

for each k € Z*. Thus we can replace fi by frx (xeX:lfe 1y for sufficiently large

()] >
n and still have 9.47 hold. Set Dy = {x € X : [fi(x)| > 1}. Then pu(Dy) < o0
[because fx € LP(u)] and with the new function f; we have

9.48 fr(x) =0forall x € X\ Dy.

Let Ex = Dy U - U Dy. Because E; C E; C ---, we see that if j < k, then
hg;(x) = hg,(x) for almost every x € E;. Also, 9.47 and 9.48 imply that

049 lim g, = lim [lpe,| = llg].

Let E = Up2 1 E. Let 1 be the function that equals /1, almost everywhere on Ej,
for each k € Z" and equals 0 on X \ E. The Monotone Convergence Theorem and
9.49 show that [|h]|,y = ||¢]|.

If f € LP(ug), then limy || f — f XEk”P = 0 by the Dominated Convergence

Theorem. Thus if f € LP(ug), then

950 o(f) = lim p(fx,) = lim [ fx hdu= [ fndu,

k—o0

where the first equality follows from the continuity of ¢, the second equality follows
from 9.46 as applied to each Ey, [valid because jt(Ey) < 0], and the third equality
follows from an application of Holder’s Inequality.

If D is an S-measurable subset of X \ E with (D) < oo, then ||hp|, = 0
because otherwise we would have ||l + pl|,» > ||h||,» and the linear functional on
LP(u) induced by h 4+ hp would have norm larger than ||¢|| even though it agrees
with ¢ on LP (ugp). Because ||hip ||,y = 0, we see from 9.50 that ¢(f) = [ fhdp
forall f € LP(pgup)-

Every element of L? () can be approximated in norm by elements of L? (yg) plus
functions that live on subsets of X \ E with finite measure. Thus ¢(f) = [ fhdu
forall f € LP(p), completing the proof.
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EXERCISES 9B

1 Suppose v is a real measure on a measurable space (X, S). Prove that the Hahn
decomposition of v is almost unique, in the sense that if A, B and A, B are
pairs satisfying the Hahn Decomposition Theorem (9.23), then

[vI(A\NAT) = [v|(A"\ A) = [v[(B\ B') = |v[(B"\ B) = 0.

2 Suppose y is a (positive) measure and g, i € L (). Prove that ¢ du | hdu if
and only if g(x)h(x) = 0 for almost every x € X.

3 Suppose v and y are complex measures on a measurable space (X, S). Show
that the following are equivalent:
(@ vLpy
®) |v] L |pl;
(¢) Rev L ypandImv L p.

4 Suppose v and y are complex measures on a measurable space (X, S). Prove
thatif v L p, then [v + p| = |v| + [p[ and [[v + pl[ = |[v]| + [[u]-

5 Suppose v and y are finite (positive) measures. Prove that v L y if and only if
v = pll = vl + [l
6 Suppose i is a complex or positive measure on a measurable space (X,S).

Prove that
{ve Mg(S):v Lu}
is a closed subspace of Mg(S).
7 Use the Cantor set to prove that there exists a (positive) measure v on (R, BB)
such that v L A and v(R) # O but v({x}) = O for every x € R; here A
denotes Lebesgue measure on the o-algebra B of Borel subsets of R.

[The second bullet point in Example 9.29 does not provide an example of the
desired behavior because in that example, v({rc}) # 0 for allk € Z with

wy # 0.]

8 Suppose v is a real measure on a measurable space (X, S). Prove that
vT(E) =sup{v(D): D€ Sand D C E}

and
v~ (E) = —inf{v(D): D € Sand D C E}.

9 Suppose y is a (positive) finite measure on a measurable space (X, S) and h is a
nonnegative function in £! (). Thus h du < dy. Find a reasonable condition
on h that is equivalent to the condition dy < hdu.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



10

11

12

13

14

15

16

17
18

19

Section 9B  Decomposition Theorems 277

Suppose y is a (positive) measure on a measurable space (X,S) and v is a
complex measure on (X, S). Show that the following are equivalent:

@ vy
b v < p;
(c) Rev <« pandImv < p.

Suppose y is a (positive) measure on a measurable space (X, S) and v is a real
measure on (X, S). Show that v < pif and only if v© < pand v~ < p.

Suppose i is a (positive) measure on a measurable space (X, S). Prove that
{ve Mg(S):v < u}
is a closed subspace of MEg(S).

Give an example to show that the Radon—Nikodym Theorem (9.36) can fail if
the o-finite hypothesis is eliminated.

Suppose i is a (positive) o-finite measure on a measurable space (X, S) and v
is a complex measure on (X, S). Show that the following are equivalent:

@ vy

(b) for every e > 0, there exists & > 0 such that |[v(E)| < & for every set
E € S with u(E) < §;

(c) for every e > 0, there exists & > 0 such that [v|(E) < & for every set
E € Swithu(E) <.

Show that if p = 1, then 9.42 can fail without the extra hypothesis that y is a
o-finite (positive) measure.

Prove 9.42 [with the extra hypothesis that y is a o-finite (positive) measure] in
the case where p = 1.

Explain where the proof of 9.42 fails if p = oo.

Prove that if y is a (positive) measure and 1 < p < oo, then LP (y) is reflexive.
[See the definition before Exercise 19 in Section 7B for the meaning of reflexive. ]

Prove that L!(R) is not reflexive.
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Chapter
10

Linear Maps on Hilbert
Spaces

A special tool called the adjoint helps provide insight into the behavior of linear maps
on Hilbert spaces. This chapter begins with a study of the adjoint and its connection
to the null space and range of a linear map.

Then we discuss various issues connected with the invertibility of operators on
Hilbert spaces. These issues lead to the spectrum, which is a set of numbers that
gives important information about an operator.

This chapter then looks at special classes of operators on Hilbert spaces: self-
adjoint operators, normal operators, isometries, unitary operators, integral operators,
and compact operators.

Even on infinite-dimensional Hilbert spaces, compact operators display many
characteristics expected from finite-dimensional linear algebra. We will see that the
powerful Spectral Theorem for self-adjoint compact operators greatly resembles the
finite-dimensional version. Also, we will develop the Singular Value Decomposition
for an arbitrary compact operator, again quite similar to the finite-dimensional result.

a N

\_ /
The Botanical Garden at Uppsala University (the oldest university in Sweden,
founded in 1477), where Erik Fredholm (1866—1927) was a student. The theorem
called the Fredholm Alternative, which will be proved in this chapter, states that a
compact operator minus a nonzero scalar multiple of the identity operator is
injective if and only if it is surjective.

CC-BY-SA Per Enstrém
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10A Adjoints and Invertibility

Adjoints of Linear Maps on Hilbert Spaces

The next definition provides a key tool for studying linear maps on Hilbert spaces.

f10.1 Definition adjoint, T* )

Suppose V and W are Hilbert spaces and T € B(V, W). The adjoint of T is the
function T*: W — V such that

(Tf.8) = (£, T8
\for every f € V and every g € W.

J

To see why the definition above makes
sense for T € B(V, W), fix ¢ € W. Con-
sider the linear functional on V defined
by f — (Tf, g). This linear functional is
bounded because

The word adjoint has two unrelated
meanings in linear algebra. We need
only the meaning defined above.

(Tl < ITA gl < Tl 1A

forall f € V; thus the linear functional f — (Tf, ¢) has norm at most || T|| ||g]|. By
the Riesz Representation Theorem (8.47), there exists a unique element of V' (with
norm at most ||T|| ||g||) such that this linear functional is given by taking the inner
product with it. We call this unique element T*g. In other words, T* g is the unique
element of V such that

102 (Tf,8) = (f.T"g)

for every f € V. Furthermore,

10.3 ITgll < ITlligll-

In 10.2, notice that the inner product on the left is the inner product in W and the

inner product on the right is the inner product in V.

10.4 Example multiplication operators

Suppose (X, S, i) is a measure space and i € L (). Define the multiplication
operator My, : L*(u) — L?(u) by

Myf = fh.
Then My, € B(L?(u), L?(p)) and || M| < ||h]|co. Because

The complex conjugates that appear

M, f,¢) = / hedu = (f, M- in this example are unnecessary (but
(M. 8) . fhgdp = (f hg> they do no harm) if F = R.

forall f, g € L2(), we have M;,* = M;,.
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10.5 Example linear maps induced by integration
Suppose (X, S, ) and (Y, T, v) are o-finite measure spaces and K € £2(p x v).
Define a linear map Zy : L?(v) — L?(u) by

10.6 (Zkf)(x /K x,y)f(y) dv(y)

for f € L?(v) and x € X. To see that this definition makes sense, first note that
there are no worrisome measurability issues because for each x € X, the function
y — K(x,y) is a T-measurable function on Y (see 5.9).

Suppose f € L?(v). Use the Cauchy—Schwarz Inequality (8.11) or Holder’s
Inequality (7.9) to show that

107 (K@@ a) < ([KenPawm) Il

for every x € X. Squaring both sides of the inequality above and then integrating on
X with respect to y gives

J (LKl F@lav) dnte) < ([, [ KGR dvty) dno) 11,

= 1Kl Z2 ey 1 T2,

where the last line holds by Tonelli’s Theorem (5.28). The inequality above implies
that the integral on the left side of 10.7 is finite for p-almost every x € X. Thus
the integral in 10.6 makes sense for y-almost every x € X. Now the last inequality
above shows that

Tt gy = [T )P ) < 1K
Thus Zg € B(L?*(v),L?*(p)) and
108 1Zkll < 11Kl 2 (-

Define K*: Y x X — F by

K*(y,x) = K(x,y)
and note that K* € L2(v x ). Thus Zg+: L?(u) — L?(v) is a bounded linear map.
Using Tonelli’s Theorem (5.28) and Fubini’s Theorem (5.32), we have

(Tcf,8) = [, [, KGowf(w) dv(y)ge) du(x)
= [ ) [ K(x)g() dutx) dv()
= [ fO)Tesly) avly) = (£, Tieg)

forall f € L?(v) and all ¢ € L?(p). Thus
10.9 (IK)* = Tk+.
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10.10 Example linear maps induced by matrices

As a special case of the previous example, suppose m,n € Z*, j is counting
measure on {1,...,m}, v is counting measure on {1,...,n}, and K is an m-by-n
matrix with entry K(i,j) € F in row i, column j. In this case, the linear map
Tx: L?(v) — L?(u) induced by integration is given by the equation

n

(Zxf)(i) = }_ K@ j)f(f)

j=1

for f € L?(v). If we identify L?(v) and L?(u) with F" and F" and then think of
elements of F" and F"* as column vectors, then the equation above shows that the
linear map Zg : F" — F™ is simply matrix multiplication by K.

In this setting, K* is called the conjugate transpose of K because the n-by-m
matrix K* is obtained by interchanging the rows and the columns of K and then
taking the complex conjugate of each entry.

The previous example now shows that

Izl < (X L IKGA)R)
i=1j=1
Furthermore, the previous example shows that the adjoint of the linear map of

multiplication by the matrix K is the linear map of multiplication by the conjugate
transpose matrix K* a result that may be familiar to you from linear algebra.

If T is a bounded linear map from a Hilbert space V to a Hilbert space W, then
the adjoint T* has been defined as a function from W to V. We now show that the
adjoint T* is linear and bounded.

(1 0.11  T* is a bounded linear map A
Suppose V and W are Hilbert spaces and T € B(V, W). Then
T e BW,V), (T*)*=T, and ||T*|| =|T|.
L W,v), (1) |7} = 7] )

Proof  Suppose g1, 2 € W. Then

(f, T"(81+82)) = (Tf, 81+ &) = (Tf,81) + (Tf. 82)
={f,T°g) +{f, T"82)
=/ T&a1+Tg)

forall f € V. Thus T*(g1 + g2) = T*¢g1 + T* .
Suppose « € F and ¢ € W. Then
(f, T(ag)) = (Tf,a8) = &(Tf,8) =a(f,T°g) = (f,aT"g)

forall f € V. Thus T*(ag) = aT*g.
We have now shown that T*: W — V is a linear map. From 10.3, we see that T*
is bounded. In other words, T* € B(W, V).
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Because T* € B(W, V), its adjoint (T*)*: V — W is defined. Suppose f € V.
Then

(T*)°f.8) = (& (T*)* f) =(T*& f) = (f, T"g) = (Tf,8)

forall g € W. Thus (T*)*f = Tf, and hence (T*)* = T.
From 10.3, we see that || T*|| < ||T||. Applying this inequality with T replaced
by T* we have
1T < (NI} = 1T < [IT]-

Because the first and last terms above are the same, the first inequality must be an
equality. In other words, we have | T*|| = ||T||.

Parts (a) and (b) of the next result show that if V and W are real Hilbert spaces,
then the function T +— T* from B(V, W) to B(W, V) is a linear map. However,
if V and W are nonzero complex Hilbert spaces, then T — T* is not a linear map
because of the complex conjugate in (b).

(1 0.12 properties of the adjoint

o

Suppose V, W, and U are Hilbert spaces. Then
(@ (S+T) =S*+T* forallS,T € B(V,W);
(b) (aT)* =aT*foralla € Fandall T € B(V,W);

(c) I* = I, where [ is the identity operator on V/;

\(d) (SoT)*=T*oS*forall T € B(V,W)and S € B(W,U).

Proof

(a) The proof of (a) is left to the reader as an exercise.

(b) Supposea € Fand T € B(V,W).If f € V and g € W, then

{f, (aT)7g) = (aTf,8) = a(Tf,8) = a(f, T"g) = (f,&T"g).
Thus (aT)*g = a T*g, as desired.

(c) If f,g € V, then
(f.I"g) = (1f,8) = (f.8)-

Thus [*g = g, as desired.
(d) Suppose T € B(V,W)andS € B(W,U).If f € Vand g € U, then

(f,(SoT)'g) = ((SoT)f,8) = (5(Tf),8) = (T8, 578) = (£, T"(578))-

Thus (SoT)*g = T*(S*g) = (T* 0 5*)(g). Hence (SoT)* = T* o S* as
desired.
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Null Spaces and Ranges in Terms of Adjoints

The next result shows the relationship between the null space and the range of a linear
map and its adjoint. The orthogonal complement of each subset of a Hilbert space is
closed [see 8.40(a)]. However, the range of a bounded linear map on a Hilbert space
need not be closed; see Example 10.15 or Exercises 9 and 10 for examples. Thus in
parts (b) and (d) of the result below, we must take the closure of the range.

(1 0.13 null space and range of T* A
Suppose V and W are Hilbert spaces and T € B(V, W). Then
(a) null T* = (range T)";
(b) W = (null T)l;
(¢) nullT = (range T*)*;
\(d) range T = (null T*)*. )

Proof We begin by proving (a). Let ¢ € W. Then

genullT" <= T"¢g=0
<= (f,T*g) =0forall f € V
<= (Tf,g) = Oforall f € V
<= g€ (rangeT)™ .

Thus null T* = (range T)*, proving (a).

If we take the orthogonal complement of both sides of (a), we get (d), where we
have used 8.41. Replacing T with T* in (a) gives (c), where we have used 10.11.
Finally, replacing T with T* in (d) gives (b).

As a corollary of the result above, we have the following result which can give a
useful way to determine whether or not a linear map has a dense range.

(1 0.14 necessary and sufficient condition for dense range w

Suppose V and W are Hilbert spaces and T € B(V, W). Then T has dense range
if and only if T* is injective.

Proof From 10.13(d) we see that T has dense range if and only if (null T*)L =W,
which happens if and only if null T* = {0}, which happens if and only if T* is
injective.

The advantage of using the result above is that to determine whether or not a
bounded linear map T between Hilbert spaces has a dense range, we need only
determine whether or not 0 is the only solution to the equation T*g = 0. The next
example illustrates this procedure.
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10.15 Example Volterra operator
The Volterra operator is the linear map V: L2([0,1]) — L2([0,1]) defined by

HE = [ F)dy

for f € L?(]0,1]) and x € [0,1]; here dy means dA(y), where A is the usual
Lebesgue measure on the interval [0, 1].

To show that V is a bounded linear map from L>([0, 1]) to L%([0, 1]), let K be the
function on [0, 1] x [0, 1] defined by

1 ifx>y,
0 ifx<uy.

K(x,y) = {

In other words, K is the characteris-
tic function of the triangle below the
diagonal of the unit square. Clearly
K € £%(A x A) and V = Z as defined
in 10.6. Thus V is a bounded linear map
from L2(]0,1]) to L?([0,1]) and ||V < ﬁ (by 10.8).

Because V* = Zg+ (by 10.9) and K* is the characteristic function of the closed
triangle above the diagonal of the unit square, we see that

Vito Volterra (1860—1940) was a
pioneer in developing functional
analytic techniques to study integral
equations.

w016 N = [ =] - [

for f € L?(]0,1]) and x € [0,1].

Now we can show that V* is injective. To do this, suppose f € L?([0,1]) and
V*f = 0. Differentiating both sides of 10.16 with respect to x and using the Lebesgue
Differentiation Theorem (4.19), we conclude that f = 0. Hence V* is injective. Thus
the Volterra operator V has dense range (by 10.14).

Although range V is dense in L?([0,1]), it does not equal L2([0,1]) (because
every element of range V is a continuous function on [0, 1] that vanishes at 0). Thus
the Volterra operator ) has dense but not closed range in L?([0,1]).

Invertibility of Operators

Linear maps from a vector space to itself are so important that they get a special name
and special notation.

FOJ 7 Definition operator; B(V) W

e An operator is a linear map from a vector space to itself.

e If V is a normed vector space, then B(V') denotes the normed vector space
of bounded operators on V. In other words, B(V) = B(V, V).
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~N

-
10.18 Definition invertible; T~!

e An operator T on a vector space V is called invertible if T is a one-to-one
and surjective linear map of V onto V.

e Equivalently, an operator T: V — V is invertible if and only if there exists
an operator T71:V 5 Vsuchthat T 1o T=ToT 1 =1 y

The second bullet point above is equivalent to the first bullet point because if
a linear map T: V — V is one-to-one and surjective, then the inverse function
T~1: V — V is automatically linear (as you should verify).

Also, if V' is a Banach space and T is a bounded operator on V that is invertible,
then the inverse T~ 1 is automatically bounded, as follows from the Bounded Inverse
Theorem (6.83).

The next result shows that inverses and adjoints work well together. In the proof,
we use the common convention of writing composition of linear maps with the same
notation as multiplication. In other words, if S and T are linear maps such that So T
makes sense, then from now on

.

ST=SoT.

(1 0.19 inverse of the adjoint equals adjoint of the inverse w

A bounded operator T on a Hilbert space is invertible if and only if T* is invertible.
Furthermore, if T is invertible, then (T*)~1 = (T~1)*

Proof First suppose T is invertible. Taking the adjoint of all three sides of the
equation T~1T = TT~1 = I, we get

T*(T—l)* — (T—l)*T* — I,

which implies that T* is invertible and (T*)~! = (T~1)*
Now suppose T* is invertible. Then by the direction just proved, (T*)* is invert-
ible. Because (T*)* = T, this implies that T is invertible, completing the proof.

Norms work well with the composition of linear maps, as shown in the next result.

(1 0.20 norm of a composition of linear maps w

Suppose U, V, W are normed vector spaces, T € B(U, V), and S € B(V,W).
Then
ISTI| < [[SIITII-

Proof If f € U, then

ISTYHOI = NSTAN < ASIITA < ASIITI A
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Unlike linear maps from one vector space to a different vector space, operators on
the same vector space can be composed with each other and raised to powers.

(
10.21 Definition T* R
Suppose T is an operator on a vector space V.
e For k € Z, the operator Tk is defined by TF=TT...T.
h\/_/
k times
o T is defined to be the identity operator I: V — V. )

~You should verify that powers of an operator satisfy the usual arithmetic rules:
TITK = Ti** and (T/)* = T/ for j,k € Z*. Also, if V is a normed vector space
and T € B(V), then
k k
1T < Il

for every k € Z™, as follows from using induction on 10.20.
Recall that if z € C with |z| < 1, then the formula for the sum of a geometric
series shows that

1 [ee]
=Y~
% k=0
The next result shows that this formula carries over to operators on Banach spaces.

(" )

10.22 operators in the open unit ball centered at the identity are invertible

If T is a bounded operator on a Banach space and ||T|| < 1, then [ — T is
invertible and -
=Yy TN

k=0
. J
Proof Suppose T € B(V) and ||T|| < 1. Then

T < Tk =
le | le l ||T||

Hence 6.47 and 6.41 imply that the infinite sum Y 7 Tk converges in B(V). Now

k _ . k _ n+1y _
10.23 kgoir Jlim (1 kg()T Jim (I—T"7) =1,

where the last equality holds because || T"*1|| < || T||"*! and ||T|| < 1. Similarly,
k _ kit _ — 1; _ nt+ly
10.24 (2 T)(I-T) = lim 2 TH(I = T) = lim (1 - ") = .

Equations 10.23 and 10.24 imply that I — T is invertible and (I — T) 1 = Y22, T*.
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Now we use the previous result to show that the set of invertible operators on a
Banach space is open.

ﬁ 0.25 invertible operators form an open set w

Suppose V is a Banach space. Then {T € B(V) : T is invertible} is an open
subset of B(V).

Proof Suppose T € B(V) is invertible. Suppose S € B(V) and

IT =S|l <

(T
Then
|1=T7's| = [T T = 77| < T} |T— 5] < 1.

Hence 10.22 implies that I — (I — T~1S) is invertible; in other words, T~'S is
invertible. Hence there exists R € B(V) such that RT~1S = I. Thus § is injective.
Similarly,

11— ST = ITT™ = ST~ 1| < |IT = S||IT" || < 1

and hence ST~ is invertible. Hence there exists R € B(V) such that ST"'R = I.
Thus S is surjective.
Combining the two paragraphs above, we see that every element of the open ball

of radius || T~1|| =T centered at T is invertible. Thus the set of invertible elements of
B(V) is open.

(1 0.26 Definition left invertible; right invertible A
Suppose T is a bounded operator on a Banach space V.
o T is called left invertible if there exists S € B(V) such that ST = I.
o T is called right invertible if there exists S € B(V') such that TS = I. )

One of the wonderful theorems of linear algebra states that left invertibility and
right invertibility and invertibility are all equivalent to each other for operators on
a finite-dimensional vector space. The next example shows that this result fails on
infinite-dimensional Hilbert spaces.

10.27 Example left invertibility is not equivalent to right invertibility
Define the right shift T: ¢*> — (2 and the left shift S: (> — (% by

T(ay,az,a3,...) = (0,a1,az,a3,...) and S(ay,ap,a3,...) = (a,a3,44,...).

Because ST = I, we see that T is left invertible and S is right invertible. However, T
is neither invertible nor right invertible because it is not surjective, and S is neither
invertible nor left invertible because it is not injective.
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The result 10.29 below gives equivalent conditions for an operator on a Hilbert
space to be left invertible. From the finite-dimensional situation, you may be accus-
tomed to left invertibility to be equivalent to injectivity. The example below shows
that this fails on infinite-dimensional Hilbert spaces. Thus we cannot eliminate the
closed range requirement in part (c) of 10.29.

10.28 Example injective but not left invertible
Define T: ¢ — (% by

ap 4as )

T(ay,az,4as,...) = (al, SR

Then T is an injective bounded operator on £2.
Suppose S is an operator on £ such that ST = I. For n € Z™, let e, € £2 be the
vector with 1 in the n-slot and 0 elsewhere. Then

Se, = S(nTe,) = n(ST)(en) = ney.

The equation above implies that S is unbounded. Thus T is not left invertible, even
though T is injective.

r10.29 left invertibility N

Suppose V is a Hilbert space and T € 53(V). Then the following are equivalent:

(a) T is left invertible;
(b) there exists @ € (0,00) such that || f|| < af|Tf|| forall f € V;

(c) T is injective and has closed range;

d) T*T is invertible.
\( ) is invertible y

Proof  First suppose (a) holds. Thus there exists S € B(V) such that ST = I. If

f €V, then
1A =ISTAHI < ISIITA-

Thus (b) holds with & = ||S||, proving that (a) implies (b).
Now suppose (b) holds. Thus there exists & € (0, 00) such that

10.30 Ilf]l < a||Tf] forall f € V.

The inequality above shows that if f € V and Tf = 0, then f = 0. Thus T is
injective. To show that T has closed range, suppose f1, f2, ... is a sequence in V
such Tf1,Tf,... convergesin V to some g € V. Thus the sequence Tf1,Tfy,...1s
a Cauchy sequence in V. The inequality 10.30 then implies that f1, fo, . .. is a Cauchy
sequence in V. Thus fi, f», ... converges in V to some f € V, which implies that
Tf = g. Hence g € range T, completing the proof that T has closed range, and
completing the proof that (b) implies (c).
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Now suppose (c) holds, so T is injective and has closed range. We want to prove
that (a) holds. Let R: range T — V be the inverse of the one-to-one linear function
f +— Tf that maps V onto range T. Because range T is a closed subspace of V and
thus is a Banach space [by 6.16(b)], the Bounded Inverse Theorem (6.83) implies
that R is a bounded linear map. Let P denote the orthogonal projection of V' onto the
closed subspace range T. Define S: V — V by

Sg = R(Pg).
Then for each ¢ € V, we have
[Sgll = [R(Pg)I| < [IR][ [Pg]l < [IRI[lIg]],

where the last inequality comes from 8.37(d). The inequality above implies that S is
a bounded operator on V. If f € V, then

S(Tf) = R(P(Tf)) = R(Tf) = f.

Thus ST = I, which means that T is left invertible, completing the proof that (c)
implies (a).

At this stage of the proof we know that (a), (b), and (c) are equivalent. To prove
that one of these implies (d), suppose (b) holds. Squaring the inequality in (b), we
see that if f € V, then

IfI < a?|TfI? = «X(T*Tf, f) < 2| T*Tf| | £,

which implies that
IfIF < a?[| T*Tf].

In other words, (b) holds with T replaced by T*T (and & replaced by a?). By the
equivalence we already proved between (a) and (b), we conclude that T*T is left
invertible. Thus there exists S € B(V) such that S(T*T) = I. Taking adjoints of
both sides of the last equation shows that (T*T)S* = I. Thus T*T is also right
invertible, which implies that T*T is invertible. Thus (b) implies (d).

Finally, suppose (d) holds, so T*T is invertible. Hence there exists S € B(V)
such that I = S(T*T) = (ST*)T. Thus T is left invertible, showing that (d) implies
(a), completing the proof that (a), (b), (c), and (d) are equivalent.

You may be familiar with the finite-dimensional result that right invertibility is
equivalent to surjectivity. The next result shows that this equivalency also holds on
infinite-dimensional Hilbert spaces.

r1 0.31 right invertibility )

Suppose V is a Hilbert space and T € (V). Then the following are equivalent:
(a) T is right invertible;

(b) T is surjective;

TT* is invertible.
\(c) is invertible y
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Proof Taking adjoints shows that an operator is right invertible if and only if its
adjoint is left invertible. Thus the equivalence of (a) and (c) in this result follows
immediately from the equivalence of (a) and (d) in 10.29 applied to T* instead of T.

Suppose (a) holds, so T is right invertible. Hence there exists S € B(V) such
that TS = I. Thus T(Sf) = f for every f € V, which implies that T is surjective,
completing the proof that (a) implies (b).

To prove that (b) implies (a), suppose T is surjective. Define R: (null T)l -V
byR=T| (null T) - Clearly R is injective because

nullR = (null T)* N (null T) = {0}.

If f € V,then f = g+ h for some ¢ € nullT and some i € (nullT)* (by
8.43); thus Tf = Th = Rh, which implies that range T = range R. Because T is
surjective, this implies that range R = V. In other words, R is a continuous injective
linear map of (null T)J- onto V. The Bounded Inverse Theorem (6.83) now implies
that R~1: V — (null T) is a bounded linear map on V. We have TR™! = I. Thus
T is right invertible, completing the proof that (b) implies (a).

EXERCISES 10A

1 Define T: ¢?> — (> by T(ay,a,,...) = (0,a1,4ay,...). Find a formula for T*

2 Suppose V is a Hilbert space, U is a closed subspace of V,and T: U — V' is
defined by Tf = f. Describe the linear operator T*: V' — L.

3 Suppose V and W are Hilbert spaces, g € V,h € W,and T € B(V,W) is
defined by Tf = (f, g)h. Find a formula for T*.

4 Suppose V and W are Hilbert spaces and T € B(V, W) has finite-dimensional
range. Prove that T* also has finite-dimensional range.

5 Prove or give a counterexample: If V is a Hilbert spaceand T: V — Visa
bounded linear map such that dimnull T < oo, then dimnull T* < oo.

6 Suppose T is a bounded linear map from a Hilbert space V to a Hilbert space W.
Prove that || T*T|| = || T||?.
[This formula for || T*T|| leads to the important subject of C*-algebras.]

7 Suppose V is a Hilbert space and Inv(V) is the set of invertible bounded oper-
ators on V. Think of Inv(V) as a metric space with the metric it inherits as a
subset of B(V). Show that T + T~ is a continuous function from Inv(V) to
Inv(V).

8 Suppose T is a bounded operator on a Hilbert space.

(a) Prove that T is left invertible if and only if T* is right invertible.
(b) Prove that T is invertible if and only if T is both left and right invertible.
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Suppose by, by, . . . is a bounded sequence in F. Define a bounded linear map
T: (2 = (% by
T(al,ﬂz, .. ) = (albl,asz, .. )
(a) Find a formula for T*.
(b) Show that T is injective if and only if by # O for every k € Z™.
(c) Show that T has dense range if and only if by # O for every k € Z™.
(d) Show that T has closed range if and only if

il’lf{|bk| k€ Z" and by # 0} > 0.
(e) Show that T is invertible if and only if
inf{|bx| : k € ZT} > 0.

Suppose i € L*(R) and Mj: L2(R) — L?*(R) is the bounded operator

defined by My, f = fh.

(a) Show that Mj, is injective if and only if [{x € R: h(x) = 0}| = 0.

(b) Find a necessary and sufficient condition (in terms of /) for M, to have
dense range.

(c) Find a necessary and sufficient condition (in terms of /) for M, to have
closed range.

(d) Find a necessary and sufficient condition (in terms of &) for M, to be
invertible.

(a) Prove or give a counterexample: If T is a bounded operator on a Hilbert
space such that T and T* are both injective, then T is invertible.

(b) Prove or give a counterexample: If T is a bounded operator on a Hilbert
space such that T and T* are both surjective, then T is invertible.
Define T: (2 — (% by T(ay,ay,a3,...) = (ay,a3,4ay,...). Suppose & € F.

(a) Prove that T — [ is injective if and only if |a| > 1.

(b) Prove that T — I is invertible if and only if |a| > 1.

(c) Prove that T — I is surjective if and only if |a| # 1.

(d) Prove that T — I is left invertible if and only if |a| > 1.

Suppose V is a Hilbert space.

(a) Show that {T € B(V) : T is left invertible} is an open subset of B(V).
(b) Show that {T € B(V) : T is right invertible } is an open subset of B(V).

Suppose T is a bounded operator on a Hilbert space V.

(a) Prove that T is invertible if and only if T has a unique left inverse. In
other words, prove that T is invertible if and only if there exists a unique
S € B(V) such that ST = I.

(b) Prove that T is invertible if and only if T has a unique right inverse. In
other words, prove that T is invertible if and only if there exists a unique
S € B(V) suchthat TS = I.
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10B Spectrum

Spectrum of an Operator

The following definitions play key roles in operator theory.
(" )

10.32 Definition spectrum; sp(T); eigenvalue

Suppose T is a bounded operator on a Banach space V.
o A number a € Fis called an eigenvalue of T if T — a1 is not injective.
e A nonzero vector f € V is called an eigenvector of T corresponding to an
eigenvalue o € F if
Tf =af.
e The spectrum of T is denoted sp(T) and is defined by

sp(T) = {a« € F: T — «al is not invertible }.

\_ J

If T — «l is not injective, then T — a[ is not invertible. Thus the set of eigenvalues
of a bounded operator T is contained in the spectrum of T. If V is a finite-dimensional
Banach space and T € B(V), then T — aI is not injective if and only if T — a[ is
not invertible. Thus if T is an operator on a finite-dimensional Banach space, then
the spectrum of T equals the set of eigenvalues of T.

However, on infinite-dimensional Banach spaces, the spectrum of an operator does
not necessarily equal the set of eigenvalues, as shown in the next example.

10.33 Example eigenvalues and spectrum

Verifying all the assertions in this example should help solidify your understanding
of the definition of the spectrum.

e Suppose by, by, ... is a bounded sequence in F. Define a bounded linear map
T: (2 — (2 by
T(ay,az,...) = (a1by,a2by,...).
Then the set of eigenvalues of T equals {by : k € Z"} and the spectrum of T
equals the closure of {by : k € ZT}.
e Suppose 1 € L*(R). Define a bounded linear map Mj,: L?(R) — L?(R) by

Myf = fh.
Then « € F is an eigenvalue of Mj, if and only if |{t € R: h(t) = a}| > 0.
Also, a € sp(My,) if and only if [{t € R: |h(t) —a| < e}| > 0forall e > 0.
e Define the right shift T: (> — (? and the left shift S: /> — (% by

T(ay,az,a3,...) = (0,a1,az,a3,...) and S(aq,4az,4a3,...) = (az,as,44,...).

Then T has no eigenvalues, and sp(T) = {« € F: |a| < 1}. Also, the set of
eigenvalues of S is the open set {a € F: |a| < 1}, and the spectrum of S is the
closed set {a € F: |a] < 1}.
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If « is an eigenvalue of an operator T € B(V) and f is an eigenvector of T
corresponding to a, then

ITA = llaf ]l = fal £l

which implies that |«| < || T||. The next result states that the same inequality holds
for elements of sp(T).

(1 0.34 T — «l is invertible for |«| large )

Suppose T is a bounded operator on a Banach space. Then
}s

(b) T — al is invertible for all « € F with |a| > || T||;

(@) sp(T) C {x € F:|a| < ||T|

(©) |1|im (T —aD)~t| =0.
n[—00
\ J

Proof We begin by proving (b). Suppose « € F and |a| > ||T||. Then
10.35 T—le:—zx([—%).

Because ||T /| < 1, the equation above and 10.22 imply that T — «[ is invertible,
completing the proof of (b).
Using the definition of spectrum, (a) now follows immediately from (b).
To prove (c), again suppose « € F and |a| > ||T||. Then 10.35 and 10.22 imply
o Tk
(T—al)~ ! = 1 lk
]

Thus

IT*

T—al) !
(T —al)7*| < alf

A
=
[7e

The inequality above implies (c), completing the proof.

The set of eigenvalues of a bounded operator on a Hilbert space can be any
bounded subset of F, even a nonmeasurable set (see Exercise 3). In contrast, the next
result shows that the spectrum of a bounded operator is a closed subset of F. This
result provides one indication that the spectrum of an operator may be a more useful
set than the set of eigenvalues.
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(1 0.36 spectrum is closed w

tl“he spectrum of a bounded operator on a Banach space is a closed subset of F. J

Proof Suppose T is a bounded operator on a Banach space V. Suppose a1, a5, . ..
is a sequence in sp(T') that converges to some & € F. Thus each T — &, is not

invertible and
lim (T —ayl) =T —al

n—00
The set of noninvertible elements of B(V) is a closed subset of B(V) (by 10.25).
Hence the equation above implies that T — «I is not invertible. In other words,
a € sp(T), which implies that sp(T) is closed.

Our next result will be the key tool in proving that the spectrum of a bounded
operator on a nonzero complex Hilbert space is nonempty (see 10.38). The statement
of the next result and the proofs of the next two results use a bit of basic complex
analysis. Because sp(T) is a closed subset of C (by 10.36), C \ sp(T) is an open
subset of C and thus it makes sense to ask whether the function in the result below is
analytic.

To keep things simple, the next two results are stated for complex Hilbert spaces.
See Exercise 6 for the analogous results for complex Banach spaces.

f10.37 analyticity of (T — al)™! h

Suppose T is a bounded operator on a complex Hilbert space V. Then the function

w ((T—aD)7'f,g)
\is analytic on C \ sp(T) for every f,g € V.

J

Proof  Suppose B € C\ sp(T). Then for a € C with |« — 8| < 1/[|(T — BI)~|,
we see from 10.22 that I — (« — B)(T — BI)~! is invertible and

[e9)

(I—(@—=pUT—pD") ' = Y (a—p)((T— g1

k=0

Multiplying both sides of the equation above by (T — BI )~ ! and using the equation
A~1B~1 = (BA)~! for invertible operators A and B, we get

[e0]

(T—al) P =Y (a—p)F((T—p1) )

k=0
Thus for f, g € V, we have
(a8 = T (B0 g @ B

The equation above shows that the function a — (T — aI) —1f, g) has a power se-
ries expansion as powers of & —  for « near 8. Thus this function is analytic near 3.
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A major result in finite-dimensional
linear algebra states that every operator
on a nonzero finite-dimensional complex
vector space has an eigenvalue. We have
seen examples showing that this result
does not extend to bounded operators on
complex Hilbert spaces. However, the
next result is an excellent substitute. Al-
though a bounded operator on a nonzero
complex Hilbert space need not have an eigenvalue, the next result shows that for
each such operator T, there exists « € C such that T — «[ is not invertible.

(The spectrum of a bounded operator\

on a nonzero real Hilbert space can
be the empty set. This can happen
even in finite dimensions, where an
operator on R% might have no
eigenvalues. Thus the restriction in
the next result to the complex case
\.cannot be removed. )

(1 0.38 spectrum is nonempty w

t’he spectrum of a bounded operator on a complex nonzero Hilbert space is j

nonempty subset of C.

Proof Suppose T € B(V), where V is a complex Hilbert space with V £ {0}, and
sp(T) = @. Let f € V with f # 0. Take g = T~ f in 10.37. Because sp(T) = @,
10.37 implies that the function

ar ((T—al) Lf, T7If)

is analytic on all of C. The value of the function above at « = 0 equals the average
value of the function on each circle in C centered at O (because analytic functions
satisfy the mean value property). But 10.34(c) implies that this function has limit 0
as |a| — oo. Thus taking the average over large circles, we see that the value of the
function above at & = 0 is 0. In other words,

(T, T71f) =0.

Hence T~! f = 0. Applying T to both sides of the equation T-1 f = 0 shows that
f =0, which contradicts our assumption that f # 0. This contradiction means that
our assumption that sp(T) = @ was false, completing the proof.

f10.39 Definition p(T) )

Suppose T is an operator on a vector space V and p is a polynomial with coeffi-
cients in F:
p(z) = bo+ b1z + - - - + buz".

Then p(T) is the operator on V defined by

9 p(T) =bol + 1T+ ---+ b, T". D

You should verify that if p and g are polynomials with coefficients in F and T is

an operator, then
(pa)(T) = p(T) 4(T).
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The next result provides a nice way to compute the spectrum of a polynomial
applied to an operator. For example, this result implies that if T is a bounded operator
on a complex Banach space, then the spectrum of T2 consists of the squares of all
numbers in the spectrum of T.

As with the previous result, the next result fails on real Banach spaces. As you
can see, the proof below uses factorization of a polynomial with complex coefficients
as the product of polynomials with degree 1, which is not necessarily possible when
restricting to the field of real numbers.

(1 0.40 Spectral Mapping Theorem w

Suppose T is a bounded operator on a complex Banach space and p is a
polynomial with complex coefficients. Then

sp(p(T)) = p(sp(T)).

Proof If p is a constant polynomial, then both sides of the equation above consist
of the set containing just that constant. Thus we can assume that p is a nonconstant
polynomial.

First suppose a € sp(p(T)). Thus p(T) — al is not invertible. By the Funda-
mental Theorem of Algebra, there exist ¢, B1, ... Bn € C with ¢ # 0 such that

10.41 p(z) —a=c(z—PB1) - (z— Bn)
for all z € C. Thus

p(T) —al =c(T—B1I)--- (T — Bul).

The left side of the equation above is not invertible. Hence T — BI is not invertible
forsome k € {1,...,n}. Thus B € sp(T). Now 10.41 implies p(By) = a. Hence
« € p(sp(T)), completing the proof that sp(p(T)) C p(sp(T)).

To prove the inclusion in the other direction, now suppose f € sp(T). The
polynomial z — p(z) — p(B) has a zero at B. Hence there exists a polynomial g
with degree 1 less than the degree of p such that

p(z) —p(B) = (z— B)q(z)
for all z € C. Thus

10.42 p(T) —p(B)I = (T — BI)q(T)
and
10.43 p(T) —p(B) = q(T)(T — BI).

Because T — BI is not invertible, T — BI is not surjective or T — BI is not injective.
If T — BI is not surjective, then 10.42 shows that p(T) — p(pB)I is not surjective. If
T — BI is not injective, then 10.43 shows that p(T) — p(B)I is not injective. Either
way, we see that p(T) — p(B)I is not invertible. Thus p(B) € sp(p(T)), completing

the proof that sp (p(T)) D p(sp(T)).
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Self-adjoint Operators

In this subsection, we look at a nice special class of bounded operators.

ﬁ0.44 Definition self-adjoint w

LA bounded operator T on a Hilbert space is called self-adjoint if T* = T. J

The definition of the adjoint implies that a bounded operator T on a Hilbert space
V is self-adjoint if and only if (Tf, g) = (f, Tg) forall f, g € V. See Exercise 7 for
an interesting result about this last condition.

10.45 Example self-adjoint operators

e Suppose by, by, ... is a bounded sequence in F. Define a bounded operator
T: (> — (% by
T(ﬂ1,a2, .. ) = (a1b1,a2b2, .. )
Then T*: %> — (2 is the operator defined by

T*(al, a,.. ) = ({11E, ﬂz@, .. )
Hence T is self-adjoint if and only if by € R forallk € Z™.

e More generally, suppose (X, S, i) is a o-finite measure space and 1 € L% ().
Define a bounded operator Mj, € B(L?(ut)) by My, f = fh. Then M;,* = M.
Thus My, is self-adjoint if and only if u({x € X : h(x) ¢ R}) = 0.

e Suppose n € Z7, K is an n-by-n matrix, and Zg : F* — F" is the operator of
matrix multiplication by K (thinking of elements of F" as column vectors). Then
(Zx)* is the operator of multiplication by the conjugate transpose of K, as shown
in Example 10.10. Thus Zx is a self-adjoint operator if and only if the matrix K
equals its conjugate transpose.

e More generally, suppose (X, S, ) is a o-finite measure space, K € L£2(u x u),
and T is the integral operator on LZ(y) defined in Example 10.5. Define

K*: X x X — Fby K*(y,x) = K(x,y). Then (Zx)* is the integral operator
induced by K*, as shown in Example 10.5. Thus if K* = K, or in other words if
K(x,y) = K(y, x) forall (x,y) € X x X, then Z is self-adjoint.

e Suppose U is a closed subspace of a Hilbert space V. Recall that Py; denotes the
orthogonal projection of V onto U (see Section 8B). We have

(Puf,8) = (Puf,Pug + (I — Pu)g)
= (Puf, Pug)
=({f—(I—Pu)f Pug)
= (f, Pug)

where the second and fourth equalities above hold because of 8.37(a). The
equation above shows that Py; is a self-adjoint operator.
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For real Hilbert spaces, the next result requires the additional hypothesis that T
is self-adjoint. To see that this extra hypothesis cannot be eliminated, consider the
operator T: R> — R? defined by T(x,y) = (—y,x). Then, T # 0, but with the
standard inner product on R?, we have (Tf, f) = 0 for all f € R? (which you can
verify either algebraically or by thinking of T as counterclockwise rotation by a right
angle).

(10.46 (Tf, f) =0 forall f implies T =0 R

Suppose V is a Hilbert space, T € B(V), and (Tf, f) =0 forall f € V.

(@) If F=C,then T = 0.

Qb) If F = R and T is self-adjoint, then T = 0.

Proof First suppose F = C. If g, € V, then

(Tg, iy = L&+, g+h) - (T(g—h), g —h)

(T(g +ih), g +ih) — (T(g —ih), g — ih)
4

+ i;

as can be verified by computing the right side. Our hypothesis that (Tf, f) = 0
for all f € V implies that the right side above equals 0. Thus (Tg, k) = 0 for all
g, h € V. Taking h = Tg, we can conclude that T = 0, which completes the proof
of (a).

Now suppose that F = R and that T is self-adjoint. Then

(T(g+h),g+h) —(T(g—h),g—h),
1 ;

10.47 (Tg, h) =
this is proved by computing the right side using the equation

(Th,g) = (h,Tg) = (Tg,h),

where the first equality holds because T is self-adjoint and the second equality holds
because we are working in a real Hilbert space. Each term on the right side of 10.47
is of the form (Tf, f) for appropriate f. Thus (Tg,h) = 0 for all g,h € V. This
implies that T = 0 (take & = Tg), completing the proof of (b).

Some insight into the adjoint can be obtained by thinking of the operation T + T*
on B(V) as analogous to the operation z — Z on C. Under this analogy, the
self-adjoint operators (characterized by T* = T) correspond to the real numbers
(characterized by zZ = z). The first two bullet points in Example 10.45 illustrate this
analogy, as we saw that a multiplication operator on L?( p) is self-adjoint if and only
if the multiplier is real-valued almost everywhere.

The next two results deepen the analogy between the self-adjoint operators and
the real numbers. First we see this analogy reflected in the behavior of (Tf, f), and
then we see this analogy reflected in the spectrum.
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[1 0.48 self-adjoint characterized by (Tf, f) A

Suppose T is a bounded operator on a complex Hilbert space V. Then T is
self-adjoint if and only if
(Tf.f) €R

Gor all f e V. D

Proof Let f € V. Then

(Tf, f) = (Tf ) =Tf, £) = £, Tf) = (Tf, /) =T £, f) = (T = T") £, f)-

If (Tf, f) € Rforevery f € V, then the left side of the equation above equals 0, so
((T—T*)f,f) =0forevery f € V. This implies that T — T* = 0 [by 10.46(a)].
Hence T is self-adjoint.

Conversely, if T is self-adjoint, then the right side of the equation above equals
0,s0 (Tf, f) = (Tf, f) forevery f € V. This implies that (Tf, f) € R for every
f €V, as desired.

(1 0.49 self-adjoint operators have real spectrum w

Suppose T is a bounded self-adjoint operator on a Hilbert space. Then
sp(T) C R.

Proof The desired result holds if F = R because the spectrum of every operator on
areal Hilbert space is, by definition, contained in R.

Thus we assume that T is a bounded operator on a complex Hilbert space V.
Suppose &, B € R, with B # 0. If f € V, then

(T = (a4 BOD LI = [((T = (a+ B £, £))
= [(Tf, ) = all fI* = BIFII%]
> [l 1%,

where the first inequality comes from the Cauchy—Schwarz Inequality (8.11) and the
last inequality holds because (Tf, f) — a||f||*> € R (by 10.48).
The inequality above implies that

Al < Zr T = («+ BO)T) f]

1
=l
1Bl
for all f € V. Now the equivalence of (a) and (b) in 10.29 shows that T — (« + Bi)I
is left invertible.

Because T is self-adjoint, the adjoint of T — (« + Bi)Iis T — (a — Bi)I, which
is left invertible by the same argument as above (just replace by —f). Hence
T — (a + Bi)1 is right invertible (because its adjoint is left invertible). Because the
operator T — (& + Bi )1 is both left and right invertible, it is invertible. In other words,
a+ Bi & sp(T). Thus sp(T) C R, as desired.
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We showed that a bounded operator on a complex nonzero Hilbert space has a
nonempty spectrum. That result can fail on real Hilbert spaces (where by definition
the spectrum is contained in R). For example, the operator T on R? defined by
T(x,y) = (—y, x) has empty spectrum. However, the previous result and 10.38 can
be used to show that every self-adjoint operator on a nonzero real Hilbert space has
nonempty spectrum; see Exercise 9 for the details.

Although the spectrum of every self-adjoint operator is nonempty, it is not true that
every self-adjoint operator has an eigenvalue. For example, the self-adjoint operator
My € B(L?([0,1])) defined by (M f)(x) = xf(x) has no eigenvalues.

Normal Operators

Now we consider another nice special class of operators.

(10.50 Definition normal operator w

A bounded operator T on a Hilbert space is called normal if it commutes with its
adjoint. In other words, T is normal if

T"T=TT".

Clearly every self-adjoint operator is normal, but there exist normal operators that
are not self-adjoint, as shown in the next example.

10.51 Example normal operators

e Suppose J is a positive measure, h € L£®(u), and My, € B(L?()) is the
multiplication operator defined by My, f = fh. Then M;,* = My, which means
that My, is self-adjoint if / is real valued. If F = C, then & can be complex
valued and M, is not necessarily self-adjoint. However,

My"My = My = MMy,
and thus M, is a normal operator even when £ is complex valued.
e Suppose T is the operator on F2 whose matrix with respect to the standard basis
is
2 =3
3 2 )
Then T is not self-adjoint because the matrix above is not equal to its conjugate

transpose. However, T*T = 131 and TT* = 131, as you should verify. Because
T*T = TT* we conclude that T is a normal operator.

10.52 Example an operator that is not normal

Suppose T is the right shift on ¢2; thus T(ay,ay,...) = (0,a1,a,...). Then T*
is the left shift: T*(ay,az,...) = (42,43, ...). Hence T*T is the identity operator
on (2 and TT* is the operator (a1,a3,a3,...) — (0,a,a3,...). Thus T*T # TT*
which means that T is not a normal operator.
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s

10.58 normal in terms of norms

>

Suppose T is a bounded operator on a Hilbert space V. Then T is normal if and

only if
ITAI =TIl

forall f € V.
N f

Proof If f € V, then
ITFI> = IT*fI> = (Tf, Tf) = (T*f,T*f) = ((T*T = TT*)f, f).

If T is normal, then the right side of the equation above equals 0, which implies that
the left side also equals 0 and hence || Tf|| = ||T*f]|.

Conversely, suppose | Tf|| = ||[T*f]| for all f € V. Then the left side of the
equation above equals 0, which implies that the right side also equals 0 for all f € V.
Because T*T — TT* is self-adjoint, 10.46 now implies that T*T — TT* = 0. Thus
T is normal, completing the proof.

Each complex number can be written in the form a + bi, where a and b are real
numbers. Part (a) of the next result gives the analogous result for bounded operators
on a complex Hilbert space, with self-adjoint operators playing the role of real
numbers. We could call the operators A and B in part (a) the real and imaginary parts
of the operator T. Part (b) below shows that normality depends upon whether these
real and imaginary parts commute.

(" )

10.54 operator is normal if and only if its real and imaginary parts commute

Suppose T is a bounded operator on a complex Hilbert space V.

(a) There exist unique self-adjoint operators A, B on V such that T = A + iB.

\(b) T is normal if and only if AB = BA, where A, B are as in part (a). Y.
Proof Suppose T = A + iB, where A and B are self-adjoint. Then T* = A — iB.
Adding these equations for T and T* and then dividing by 2 produces a formula for
A; subtracting the equation for T* from the equation for T and then dividing by 2i
produces a formula for B. Specifically, we have
T+ T* T—-T*
+ and B = —,
2i
which proves the uniqueness part of (a). The existence part of (a) is proved by
defining A and B by the equations above and noting that A and B as defined above
are self-adjoint and T = A + iB.
To prove (b), verify that if A and B are defined as in the equations above, then

T™"T—-TT*

2i '

A=

AB - BA =

Thus AB = BA if and only if T is normal.
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An operator on a finite-dimensional vector space is left invertible if and only if
it is right invertible. We have seen that this result fails for bounded operators on
infinite-dimensional Hilbert spaces. However, the next result shows that we recover
this equivalency for normal operators.

(

10.55 invertibility for normal operators

N

Suppose V is a Hilbert space and T € B(V) is normal. Then the following are
equivalent:

(a) T is invertible;

(b) T is left invertible;

(c) T is right invertible;

(d) T is surjective;

(e) T isinjective and has closed range;
(f) T*T is invertible;

\(g) TT* is invertible. )
Proof Because T is normal, (f) and (g) are clearly equivalent. From 10.29, we know
that (f), (b), and (e) are equivalent to each other. From 10.31, we know that (g),
(c), and (d) are equivalent to each other. Thus (b), (c), (d), (e), (f), and (g) are all
equivalent to each other.

Clearly (a) implies (b).

Suppose (b) holds. We already know that (b) and (c) are equivalent; thus T is left
invertible and T is right invertible. Hence T is invertible, proving that (b) implies (a)
and completing the proof that (a) through (g) are all equivalent with each other.

The next result shows that a normal operator and its adjoint have the same eigen-
vectors, with eigenvalues that are complex conjugates of each other. This result can
fail for operators that are not normal. For example, O is an eigenvalue of the left shift
on /2 but its adjoint the right shift has no eigenvectors and no eigenvalues.

(10.56 T normal and Tf = of implies T* f = «f W

Suppose T is a normal operator on a Hilbert space V, &« € F, and f € V. Then «
is an eigenvalue of T with eigenvector f if and only if @ is an eigenvalue of T*
with eigenvector f.

Proof Because (T —al)* = T* — &I and T is normal, T — aI commutes with its
adjoint. Thus T — «I is normal. Hence 10.53 implies that

(T =aD)fl = [(T* ==D)f|-
Thus (T — aI)f = 0 if and only if (T* —«I) f = 0, as desired.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 10B  Spectrum 303

Because every self-adjoint operator is normal, the following result also holds for
self-adjoint operators.

(1 0.57 orthogonal eigenvectors for normal operators W

Eigenvectors of a normal operator corresponding to distinct eigenvalues are
orthogonal.

Proof Suppose a and B are distinct eigenvalues of a normal operator T, with
corresponding eigenvectors f and g. Then 10.56 implies that T* f = «f. Thus

(B—a)(g f) = (B f)—(gaf) =(Tsg, f) — (g, T°f) =0

Because « # B, the equation above implies that (g, f) = 0, as desired.

Isometries and Unitary Operators

f1 0.58 Definition isometry; unitary operator )
Suppose T is a bounded operator on a Hilbert space V.
o T is called an isometry if || Tf|| = || f|| for every f € V.
e Tis called unitary if T*T = TT* = I.
- Y y,

10.59 Example isometries and unitary operators

e Suppose T € B(/?) is the right shift defined by

T(ay,az,a3,...) = (0,a1,a2,4a3,...).

Then T is an isometry but is not a unitary operator because TT* # I (as is clear
without even computing T* because T is not surjective).

e Suppose T € B((?(Z)) is the right shift defined by
(Tf)(n) = f(n=1)

for f: Z — Fwith Y5> |f(k)|? < . Then T is an isometry and is unitary.
e Suppose by, by, . . . is a bounded sequence in F. Define T € B(/?) by

T(ﬂ1,a2, .. ) = (a1b1,a2b2,. . )

Then T is an isometry if and only if T is unitary if and only if |b;| = 1 for all
keZ"

e More generally, suppose (X, S, i) is a o-finite measure space and h € L% (p).
Define M, € B(L*(u)) by My f = fh. Then T is an isometry if and only if T
is unitary if and only if u({x € X : |h(x)| # 1}) = 0.
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By definition, isometries preserve norms. The equivalence of (a) and (b) in the
following result shows that isometries also preserve inner products.

-

10.60 isometries preserve inner products

>

Suppose T is a bounded operator on a Hilbert space V. Then the following are
equivalent:

(a) T is an isometry;

(b) (Tf,Tg) = (f,g) forall f,g € V;
(c) T*T = I,

(d) {Tex}er is an orthonormal family for every orthonormal family {ey }rer
inV;

(e) {Tex}xer is an orthonormal family for some orthonormal basis {ey }rer

Proof If f € V, then

ITFI> = IfI* = (Tf, Tf) = (f. f) = (T*T = Df, f).
Thus ||Tf]| = ||f]| forall f € V if and only if the right side of the equation above
is 0 for all f € V. Because T*T — I is self-adjoint, this happens if and only if
T*T — I = 0 (by 10.46). Thus (a) is equivalent to (c).

If T*T = I, then (Tf,Tg) = (T*Tf,g) = (f,g) forall f,g € V. Thus (c)
implies (b).

Taking g = f in (b), we see that (b) implies (a). Hence we now know that (a), (b),
and (c) are equivalent to each other.

To prove that (b) implies (d), suppose (b) holds. If {ej}rcr is an orthonormal
family in V, then (Te;, Tex) = (ej, ) for all j,k € T, and thus {Tey }er is an
orthonormal family in V. Hence (b) implies (d).

Because V has an orthonormal basis (see 8.67 or 8.75), (d) implies (e).

Finally, suppose (e) holds. Thus {Tey }rcr is an orthonormal family for some
orthonormal basis {ey }xcr of V. Suppose f € V. Then by 8.63(a) we have

f=Y.(fepe;

jer

which implies that

T*Tf =Y (f,e)T*Te,.

jer
Thus if k € T, then
(T*Tf,ex) = Y (f e (T*Tejex) = Y (f, ;) (Tej, Tex) = (f,ex),

jer jer
where the last equality holds because (Tej, Tey) equals 1 if j = k and equals 0
otherwise. Because the equality above holds for every e, in the orthonormal basis
{ex }ker» we conclude that T*T f = f. Thus (e) implies (c), completing the proof.
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The equivalence between (a) and (c) in the previous result shows that every unitary
operator is an isometry.

Next we have a result giving conditions that are equivalent to being a unitary
operator. Notice that parts (d) and (e) of the previous result refer to orthonormal
families, while parts (f) and (g) of the following result refer to orthonormal bases.

(" )

10.61 unitary operators and their adjoints are isometries

Suppose T is a bounded operator on a Hilbert space V. Then the following are
equivalent:

(a) T is unitary;

(b) T is a surjective isometry;

(¢) T and T* are both isometries;
(d) T* is unitary;

(e) Tisinvertible and T~ = T*;

(f) {Tex }ker is an orthonormal basis of V for every orthonormal basis {ey }rer
of V;

(2) {Tex}ker is an orthonormal basis of V for some orthonormal basis {ey }rer

Proof The equivalence of (a), (d), and (e) follows easily from the definition of
unitary.

The equivalence of (a) and (c) follows from the equivalence in 10.60 of (a) and (c).

To prove that (a) implies (b), suppose (a) holds, so T is unitary. As we have
already noted, this implies that T is an isometry. Also, the equation TT* = I implies
that T is surjective. Thus (b) holds, proving that (a) implies (b).

Now suppose (b) holds, so T is a surjective isometry. Because T is surjective and
injective, T is invertible. The equation T*T = I [which follows from the equivalence
in 10.60 of (a) and (c)] now implies that T—1 = T* Thus (b) implies (e). Hence at
this stage of the proof, we know that (a), (b), (c), (d), and (e) are all equivalent to
each other.

To prove that (b) implies (f), suppose (b) holds, so T is a surjective isometry.
Suppose {ex }xer is an orthonormal basis of V. The equivalence in 10.60 of (a) and (d)
implies that { Tey } kcr is an orthonormal family. Because {¢j }xcr is an orthonormal
basis of V and T is surjective, the closure of the span of {Tey }rcr equals V. Thus
{Tex }rer is an orthonormal basis of V, which proves that (b) implies (f).

Obviously (f) implies (g).

Now suppose (g) holds. The equivalence in 10.60 of (a) and (e) implies that T
is an isometry, which implies that the range of T is closed. Because { Tey }xcr is an
orthonormal basis of V, the closure of the range of T equals V. Thus T is a surjective
isometry, proving that (g) implies (b) and completing the proof (a) through (g) are all
equivalent to each other.
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The equations T*T = TT* = I are analogous to the equation |z|?> = 1 forz € C.
We now extend this analogy to the behavior of the spectrum of a unitary operator.

(1 0.62 spectrum of a unitary operator \

Suppose T is a unitary operator on a Hilbert space. Then

sp(T) C {a € F: |a] = 1}.

Proof Suppose & € F with |a| # 1. Then
(T—al)*(T—al) = (T* —&l)(T — al)

= (1+ |a|?)I - (aT* +&T)

«T* +aT
10.63 =+ aP) (1= 50r)
1+ 1) (1= T e
Looking at the last term in parentheses above, we have
aT* +aT 2|al
1064 LA o Al
1+ |af? 1+ |af?

where the last inequality holds because |a| # 1. Now 10.64, 10.63, and 10.22 imply
that (T — al)*(T — al) is invertible. Thus T — «I is left invertible. Because T — ]
is normal, this implies that T — «[ is invertible (see 10.55). Hence a ¢ sp(T). Thus
sp(T) C {a € F: |a| = 1}, as desired.

As a special case of the next result, we can conclude (without doing any calcula-
tions!) that the spectrum of the right shift on ¢ is {a € F : |a| < 1}.

ﬁ 0.65 spectrum of an isometry W

Suppose T is an isometry on a Hilbert space and T is not unitary. Then

sp(T) = {a € F: |a| < 1}.

Proof Because T is an isometry but is not unitary, we know that T is not surjective
[by the equivalence of (a) and (b) in 10.61]. In particular, T is not invertible. Thus
T* is not invertible.

Suppose & € F with |a| < 1. Because T*T = I, we have

T(T—al)=1—aT".

The right side of the equation above is invertible (by 10.22). If T — «I were invertible,
then the equation above would imply T* = (I — aT*)(T — aI)~!, which would
make T* invertible as the product of invertible operators. However, the paragraph
above shows T* is not invertible. Thus T — a[ is not invertible. Hence a € sp(T).

Thus {a € F: |a| < 1} C sp(T). Because sp(T) is closed (see 10.36), this
implies {o € F: |a| < 1} C sp(T). The inclusion in the other direction follows
from 10.34(a). Thus sp(T) = {a € F: |a| < 1}.
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EXERCISES 10B

1  Verify all the assertions in Example 10.33.
2 Suppose T is a bounded operator on a Hilbert space V.

(a) Prove thatsp(S™1TS) = sp(T) for all bounded invertible operators S on V.
(b) Prove thatsp(T*) = {&: a € sp(T)}.
(c) Prove that if T is invertible, then sp(T~1) = {1 : a € sp(T)}.

3 Suppose E is a bounded subset of F. Show that there exists a Hilbert space V
and T € B(V) such that the set of eigenvalues of T equals E.

4 Suppose E is a nonempty closed bounded subset of F. Show that there exists
T € B(¢?) such that sp(T) = E.

5 Give an example of a bounded operator T on a normed vector space such that
for every « € F, the operator T — a1 is not invertible.

6 Suppose T is a bounded operator on a complex nonzero Banach space V.

(a) Prove that the function

s o((T = al)7'f)
is analytic on C \ sp(T) for every f € V and every ¢ € V".
(b) Prove that sp(T) # Q.

7 Prove that if T is an operator on a Hilbert space V such that (Tf,g) = (f, Tg)
forall f,g € V, then T is a bounded operator.

8 Suppose P is a bounded operator on a Hilbert space V such that P> = P. Prove
that P is self-adjoint if and only if there exists a closed subspace U of V such
that P = Py.

9 Suppose V is a real Hilbert space and T € (V). The complexification of T is
the function T¢: Vo — V- defined by

Tc(f+ig) = Tf+iTg
for f,g € V (see Exercise 4 in Section 8B for the definition of V).

(a) Show that T¢ is a bounded operator on the complex Hilbert space V¢ and
ITell = IT]-

(b) Show that T¢ is invertible if and only if T is invertible.

(c) Show that (Tc)* = (T*)c.

(d) Show that T is self-adjoint if and only if Tc is self-adjoint.

(e) Use the three previous items and 10.49 and 10.38 to show that if T is
self-adjoint and V # {0}, then sp(T) # @.
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10

11

12

13
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Suppose T is a bounded operator on a Hilbert space V such that (Tf, f) > 0
for all f € V. Prove that sp(T) C [0,0).

Suppose P is a bounded operator on a Hilbert space V such that P2 = P. Prove
that P is self-adjoint if and only if P is normal.

Prove that a normal operator on a separable Hilbert space has at most countably
many eigenvalues.

Prove or give a counterexample: If T is a normal operator on a Hilbert space and
T = A +iB, where A and B are self-adjoint, then ||T|| = /||A||Z + || B|%.

A number o € F is called an approximate eigenvalue of a bounded operator T
on a Hilbert space V if

14

15

16

17

18

19

20

21

inf{[[(T — al)fl| : £ € Vand ||f]] =1} = 0.

Suppose T is a normal operator on a Hilbert space and « € F. Prove that
a € sp(T) if and only if & is an approximate eigenvalue of T.

Suppose T is a normal operator on a Hilbert space.
(a) Prove that if & is an eigenvalue of T, then |«|? is an eigenvalue of T*T.

(b) Prove thatif & € sp(T), then |a|?> € sp(T*T).

Suppose {ey }rcz+ is an orthonormal basis of a Hilbert space V. Suppose also
that T is a normal operator on V and ¢, is an eigenvector of T for every k > 2.
Prove that e is an eigenvector of T.

Prove that if T is a self-adjoint operator on a Hilbert space, then || T"|| = || T||"
foreveryn € ZT.

Prove that if T is a normal operator on a Hilbert space, then || T"|| = || T||" for
everyn € Z+.

Suppose T is an invertible operator on a Hilbert space. Prove that T is unitary if

and only if | T|| = | T~!|| = 1.

Suppose T is a bounded operator on a complex Hilbert space, with T = A 4 iB,
where A and B are self-adjoint (see 10.54). Prove that T is unitary if and only if
T is normal and A% + B2 = I.

[Ifz = x + yi, where x,y € R, then |Z] =1 if and only ifx2 +y2 = 1. Thus
this exercise strengthens the analogy between the unit circle in the complex
plane and the unitary operators.]

Suppose T is a unitary operator on a complex Hilbert space such that T — I is
invertible. Prove that

i(T+I)(T—-1)""
is a self-adjoint operator.
[The function z + i(z +1)(z — 1) Y maps {z € C : |z| = 1} \ {1} 20 R.
Thus this exercise provides another useful illustration of the analogies showing
unitary =~ {z € C: |z| = 1} and self-adjoint ~ R.]
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22 Suppose T is a self-adjoint operator on a complex Hilbert space. Prove that
(T +il)(T —il)~!

is a unitary operator.

[The function z — (z +1i)(z — i)™ maps Rto {z € C : |z| = 1} \ {1}.
Thus this exercise provides another useful illustration of the analogies showing
(@) unitary <= {z € C: |z| = 1}; (b) self-adjoint <= R.]

For T a bounded operator on a Banach space, define e by
T _
el =) R
k=0

23 (a) Prove thatif T is a bounded operator on a Banach space V, then the infinite
sum above converges in B(V) and HeT|| <elTl,

(b) Prove that if S, T are bounded operators on a Banach space V such that
ST = TS, then eS¢l = 5T,

(c) Prove that if T is a self-adjoint operator on a complex Hilbert space, then
e'T is unitary.

A bounded operator T on a Hilbert space is called a partial isometry if
\Tf|l = ||f|l forall f € (null T)-.

24 Suppose (X, S, ) is a o-finite measure space and h € L® (). As usual, let
M, € B(L?(u)) denote the multiplication operator defined by M, f = fh.
Prove that M}, is a partial isometry if and only if there exists a set E € S such
thath = x,.

25 Suppose T is an isometry on a Hilbert space. Prove that T* is a partial isometry.

26 Suppose T is a bounded operator on a Hilbert space V. Prove that T is a partial
isometry if and only if T*T = Py for some closed subspace U of V.
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10C Compact Operators

The Ideal of Compact Operators

A rich theory describes the behavior of compact operators, which we now define.

s

10.66 Definition compact operator

~

e An operator T on a Hilbert space V is called compact if for every bounded
sequence f1, fp,... in V, the sequence Tf,Tfp,... has a convergent
subsequence.

e The collection of compact operators on V is denoted by C (V).

J

The next result provides a large class of examples of compact operators. We will
see more examples after proving a few more results.

-

10.67 bounded operators with finite-dimensional range are compact

\

If T is a bounded operator on a Hilbert space and range T is finite-dimensional,
then T is compact. y

Proof Suppose T is a bounded operator on a Hilbert space V and range T is
finite-dimensional. Suppose ey, ..., ey, is an orthonormal basis of range T (a finite
orthonormal basis of range T exists because the Gram—Schmidt process applied
to any basis fi,..., fi of the finite-dimensional subspace range T produces an
orthonormal basis ey, . . ., e; see the proof of 8.67).

Now suppose f1, f2, . . . is a bounded sequence in V. For each n € Z™, we have

Tf'fl = <Tfn,61>€1 +o <Tfnzem>em~

The Cauchy-Schwarz Inequality shows that [(Tfy, e;)| < ||T|| supycz- || fi|| for
everyn € Z andj € {1,...,m}. Thus there exists a subsequence fy,, fu,, - . . such
that limy_, (T fu,, €;) exists in F for each j € {1,...,m}. The equation displayed
above now implies that limy_,q, T f,,, exists in V. Thus T is compact.

Not every bounded operator is compact. For example, the identity map on an
infinite-dimensional Hilbert space is not compact (to see this, consider an orthonormal
sequence, which does not have a convergent subsequence because the distance
between any two distinct elements of the orthonormal sequence is V?2).

(1 0.68 compact operators are bounded w

LEvery compact operator on a Hilbert space is a bounded operator. J

Proof We will show if T is an operator that is not bounded, then T is not compact.
To do this, suppose V is a Hilbert space and T is an operator on V that is not bounded.
Thus there exists a bounded sequence fi, fo, ... in V such that im0 || T f5|| = .
Hence no subsequence of Tfq, T f, . .. converges, which means T is not compact.
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If V is a Hilbert space, then a two-
sided ideal of B(V) is a subspace of
B(V) that is closed under multiplication
on either side by bounded operators on V.
The next result states that the set of com-
pact operators on V is a two-sided ideal
of B(V) that is closed in the topology on
B(V) that comes from the norm. \zor V. /

[If V is finite-dimensional, then the )
only two-sided ideals of B(V') are
{0} and B(V). In contrast, if V is
infinite-dimensional, then the next
result shows that B(V') has a closed
two-sided ideal that is neither {0}

(10.69 C(V) is a closed two-sided ideal of B(V) w

Suppose V is a Hilbert space.
(@) C(V) is aclosed subspace of B(V).
() fTeC(V)andS € B(V),then ST € C(V) and TS € C(V).

Proof  Suppose f1, fo, ... is a bounded sequence in V.

To prove that C(V) is closed under addition, suppose S, T € C(V). Because
S is compact, Sf1,Sf, ... has a convergent subsequence Sfy,, Sfu,, . ... Because
T is compact, some subsequence of Tfnl, Tfu,,... converges. Thus we have a
subsequence of (S+ T)f1,(S+ T)fa, ... that converges. Hence S+ T € C(V).

The proof that C(V) is closed under scalar multiplication is easier and is left to
the reader. Thus we now know that C(V) is a subspace of B(V).

To show that C(V) is closed in B(V), suppose T € B(V) and there is a sequence
Ty, Ty, ...in C(V) such that limy,—,e0 || T — T;|| = 0. To show that T is compact, we
need to show that T'fy,, T fy,, . . . is a Cauchy sequence for some increasing sequence
of positive integers 1] < np < - - -.

Because Ty is compact, there is an infinite set Z; C Z* with || Ty f; — Tifyl| < 1
forall j, k € Z;. Let n1 be the smallest element of Z;.

Now suppose m € Z* with m > 1 and an infinite set Z,,_1 C Z* and
ny,—1 € Z;,;—1 have been chosen. Because Tj, is compact, there is an infinite set
Zy C Zy—1 with

I Tonf; = T fill < 5
forall j, k € Z,. Let ny, be the smallest element of Z,, such that n,,, > n,,_1.

Thus we produce an increasing sequence 117 < 1y < - - - of positive integers and
a decreasing sequence Z; D Z, D - - - of infinite subsets of Z .

If m € Z" and j, k > m, then

||Tfﬂj - TfnkH S ”Tfﬂ]' - Tmfﬂ]'H + HTmfnj - TmfnkH + HTmfnk - Tfi’lkH
< AT = Tl (1o |+ 1 fe D) + -

We can make the first term on the last line above as small as we want by choosing
m large (because lim,, 0| T — T;|| = 0 and the sequence fi, f2, . .. is bounded).
Thus Tfy,, T fu,, ... is a Cauchy sequence, as desired, completing the proof of (a).

To prove (b), suppose T € C(V) and S € B(V). Hence some subsequence of
Tf1,Tfa,...converges, and applying S to that subsequence gives another convergent
sequence. Thus ST € C(V). Similarly, Sf1,Sf, ... is a bounded sequence, and thus
T(Sf1), T(Sf2), ... has a convergent subsequence; thus TS € C(V).
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The previous result now allows us to see many new examples of compact operators.

o

-

10.70 compact integral operators

Suppose (X, S, jt) is a o-finite measure space, K € L£2( x u), and Z is the
integral operator on L () defined by

@) = [ Kxy)f) duly)

\for f € L?(u) and x € X. Then Zg is a compact operator.

Proof Example 10.5 shows that Zy is a bounded operator on L2(u).
First consider the case where there exist g, i € L?(p) such that

10.71 K(x,y) = g(x)h(y)
for almost every (x,y) € X x X. In that case, if f € L?(u) then

(Zxf)(x) = ./}‘(g(x)h(y)f (v) duly) = (f, h)g(x)

for almost every x € X. Thus Zxf = (f,h)g. In other words, Zx has a one-
dimensional range in this case (or a zero-dimensional range if ¢ = 0). Hence 10.67
implies that Zg is compact.

Now consider the case where K is a finite sum of functions of the form given by
the right side of 10.71. Then because the set of compact operators on V is closed
under addition [by 10.69(a)], the operator Zx is compact in this case.

Next, consider the case of K € L2(u x p) such that K is the limit in L?(p x )
of a sequence of functions Ky, Kj, . . ., each of which is of the form discussed in the
previous paragraph. Then

1Zk — Z, | = [ Zxk—k, || < K= Ku2,

where the inequality above comes from 10.8. Thus Zx = limy_.c Zg,. By the
previous paragraph, each Zg, is compact. Because the set of compact operators is a
closed subset of B(V) [by 10.69(a)], we conclude that Zg is compact.

We finish the proof by showing that the case considered in the previous paragraph
includes all K € L?(p x p). To do this, suppose F € L2(p x p) is orthogonal to all
the elements of L% ( u X p) of the form considered in the previous paragraph. Thus

0= [ SOMOFE i) =

X

§(x) [ h()ECx, ) du(y) du(x)

for all g, € L?(y) where we have used Tonelli’s Theorem, Fubini’s Theorem, and
Holder’s Inequality (with p = 2). For fixed i € 12 (), the right side above equalling
0 forall g € L?(p) implies that

J hw)FGey) du(y) =0

for almost every x € X. Now F(x,y) = 0 for almost every (x,y) € X x X [because
the equation above holds for all 1 € L2( 1)1, which by 8.42 completes the proof.
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As a special case of the previous result, we can now see that the Volterra operator
V: L2([0,1]) — L2([0,1]) defined by

Ve = [ 7

is compact. This holds because, as shown in Example 10.15, the Volterra operator is
an integral operator of the type considered in the previous result.

The Volterra operator is injective [because differentiating both sides of the equation
fox f = 0 with respect to x and using the Lebesgue Differentiation Theorem (4.19)
shows that f = 0]. Thus the Volterra operator is an example of a compact operator
with infinite-dimensional range. The next example provides another class of compact
operators that do not necessarily have finite-dimensional range.

10.72 Example compact multiplication operators on (>

Suppose b1, by, . . . is a bounded sequence in F such that lim,,_, b, = 0. Define
a bounded linear map T: ¢> — (% by

T(a1,a2, .. ) = (a1b1,a2b2, .. )
and for n € Z*, define a bounded linear map T}, : £ — (2 by
Tn(al,ﬂz, .. ) = (albl,azbz, . ,anbn,0,0,. . )

Note that each T), has finite-dimensional range and thus is compact (by 10.67). You
should verify that limy,_c T, = T. Thus T is compact because C (V) is a closed
subset of B(V) [by 10.69(a)].

The next result states that an operator is compact if and only if its adjoint is
compact.

(10.73 T compact <= T* compact w

Suppose T is a bounded operator on a Hilbert space. Then T is compact if and
only if T* is compact.

Proof First suppose T is compact. We want to prove that T* is compact. To do
this, suppose f1, f2, ... is a bounded sequence in V. Because TT* is compact [by
10.69(b)], some subsequence TT* f,;,, TT* fy,, . .. converges. Now

HT*fnj - T*fnk”z = <T*(f”j _f”k)/T*(fnj _f”k)>
= <TT*(fnj _fnk)ffﬂj _fflk>
S WTT (g = S L fny = Sone -

The inequality above implies that T* f,;,, T fy,, . . . is a Cauchy sequence and hence
converges. Thus T* is a compact operator, completing the proof that if T is compact,
then T* is compact.

Now suppose T* is compact. By the result proved in the paragraph above, (T*)*
is compact. Because (T*)* = T (see 10.11), we conclude that T is compact.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



=~ 1007t Chapter 10  Linear Maps on Hilbert Spaces

Spectrum of Compact Operator and Fredholm Alternative

We noted earlier that the identity map on an infinite-dimensional Hilbert space is not
compact. The next result shows that much more is true.

e )

10.74 no infinite-dimensional closed subspace in range of compact operator

The range of each compact operator on a Hilbert space contains no infinite-
dimensional closed subspaces. y

Proof Suppose that T is a bounded operator on a Hilbert space V and that U is an
infinite-dimensional closed subspace contained in range T. We want to show that T
is not compact.

Because T is a continuous operator, T~!(U) is a closed subspace of V. Let
S = T|T*1(u)~ Thus S is a surjective bounded linear map from the Banach space

T~1(U) onto the Banach space U [here T~ (U) and U are Banach spaces by
6.16(b)]. The Open Mapping Theorem (6.81) implies S maps the open unit ball of
T~1(U) to an open subset of U. Thus there exists # > 0 such that

10.75 {gelU:|gll<r} c{Tf:feT 1 (U)and|f| <1}.

Because U is an infinite-dimensional Hilbert space, there exists an orthonormal
sequence €1, €y, . .. in U, as can be seen by applying the Gram—Schmidt process (see

the proof of 8.67) to any linearly independent sequence in U. Each rc% is in the left

side of 10.75. Thus for each n € Z*, there exists f,, € T~!(U) such that || f,,|| < 1
and Tf, = rc%. The sequence f1, fo, ... is bounded, but the sequence Tf1,Tf,...

rej re
has no convergent subsequence because ‘ Tk H = — for j # k. Thus T is

not compact, as desired.

Suppose T is a compact operator on an infinite-dimensional Hilbert space. The
result above implies that T is not surjective. In particular, T is not invertible. Thus
we have the following result.

ﬁ 0.76 compact implies not invertible on infinite-dimensional Hilbert spacesw

If T is a compact operator on an infinite-dimensional Hilbert space, then
0 € sp(T).

Although 10.74 shows that if T is compact then range T contains no infinite-
dimensional closed subspaces, the next result shows that the situation differs drasti-
cally for T —al ifa € F\ {0}.

The proof of the next result makes use of the restriction of T — a1 to the closed

subspace (null(T —ual )) . As motivation for considering this restriction, recall that
each f € V can be written uniquely as f = ¢+ h, where ¢ € null(T — aI) and

I € (null(T —al)) ™ (see 8.43). Thus (T —al)f = (T — al)k, which implies that
range(T — al) = (T — al) ((null(T — ocI))L).
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(1 0.77 closed range w

tf T is a compact operator on a Hilbert space, then T — «I has closed range foj

every & € F with w # 0.

Proof  Suppose T is a compact operator on a Hilbert space V and « € F is such that
a £ 0.
10.78 Claim: there exists ¥ > 0 such that

IFll < (T = al)f|| forall £ € (null(T —al)) ™.

To prove the claim above, suppose that it is false. Then for each n € Z7, there exists
fn € (null(T — ucI))L such that

Ifall =1 and (T —al)full < 3

Because T is compact, there exists a subsequence T f;;;, T fu,, . . . such that

i T =
for some ¢ € V. Subtracting the equation
10.79 Lim (T —al)fy, =0

k—o0
from the equation above and then dividing by a shows that
: _1
Jm fu = b

The equation above implies | g|| = |a|; hence g # 0. Each f,, € (null(T — od))i;
hence we also conclude that g € (null(T —al )) + Applying T — a to both sides of
the equation above and using 10.79 shows that ¢ € null(T — «I). Thus g is a nonzero
element of both null(T — «aI) and its orthogonal complement. This contradiction
completes the proof of the claim in 10.78.

To show that range(T — «al) is closed, suppose hy,hy, ... is a sequence in
range(T — al) that converges to some i € V. For each n € Z™, there exists

fu € (null(T — ucI))L such that (T — aI) f, = hy,. Because hy, hy, . . . is a Cauchy
sequence, 10.78 shows that f1, fo, ... is also a Cauchy sequence. Thus there exists
f € V such that limy, . f, = f, which implies h = (T — al) f € range(T — al).
Hence range(T — ) is closed.

Suppose T is a compact operator on a Hilbert space V and f € Vanda € F\ {0}.
An immediate consequence (often useful when investigating integral equations) of
the result above and 10.13(d) is that the equation

Tg—ag=f
has a solution ¢ € V if and only if (f,h) = 0 for every h € V such that T*h = ah.
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r

10.80 Definition geometric multiplicity

~N

o The geometric multiplicity of an eigenvalue a of an operator T is defined to
be the dimension of null(T — aI).

e In other words, the geometric multiplicity of an eigenvalue a of T is the
dimension of the subspace consisting of 0 and all the eigenvectors of T
corresponding to «. y

There exist compact operators for which the eigenvalue 0 has infinite geometric
multiplicity. The next result shows that this cannot happen for nonzero eigenvalues.

\_

(1 0.81 nonzero eigenvalues of compact operators have finite multiplicity W

Suppose T is a compact operator on a Hilbert space and & € F with & = 0. Then
null(T — «lI) is finite-dimensional.

Proof  Suppose f € null(T — aI). Then f = T(%) Hence f € range T.
Thus we have shown that null(T — «I) C range T. Because T is continuous,
null(T — aI) is closed. Thus 10.74 implies that null(T — a[) is finite-dimensional.

The next lemma will be used in our proof of the Fredholm Alternative (10.84).
Note that this lemma implies that every injective operator on a finite-dimensional
vector space is surjective (a finite-dimensional vector space cannot have an infinite
chain of strictly decreasing subspaces because the dimension decreases by at least
1 in each step). Also, see Exercise 10 for the analogous result implying that every
surjective operator on a finite-dimensional vector space is injective.

(1 0.82 injective but not surjective w

If T is an injective but not surjective operator on a vector space, then

range T 2 range T> 2 range T° 2 - - - .

Proof Suppose T is an injective but not surjective operator on a vector space V.
Suppose thatn € Z*. If ¢ € V, then

"¢ = T"(Tg) € range T".

Thus range T" D range T"*1.
To show that the last inclusion is not an equality, note that because T is not
surjective, there exists f € V such that

10.83 f ¢ rangeT.
Now T"f € rangeT". However, T"f ¢ range T"*! because if ¢ € V and
T"f = T"+lg, then T" f = T"(Tg), which would imply that f = Tg (because T"

is injective), which would contradict 10.83. Thus range T" 2 range T" 1.
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Compact operators behave, in some respects, like operators on a finite-dimensional
vector space. For example, the following important theorem should be familiar to you
in the finite-dimensional context (where the choice of & = 0 need not be excluded).

(1 0.84 Fredholm Alternative )

Suppose T is a compact operator on a Hilbert space and & € F with & # 0. Then
the following are equivalent:

(@ a€sp(T);

(b) « is an eigenvalue of T

\(c) T — w«l is not surjective.
Proof Clearly (b) implies (a) and (c) implies (a).

To prove that (a) implies (b), suppose « € sp(T) but « is not an eigenvalue of T.
Thus T — «l is injective but T — «I is not surjective. Thus 10.82 applied to T — «]
shows that

J

10.85 range (T — aI) 2 range(T — al)? 2 range(T — al)® 2 - --

If n € Z", then the Binomial Theorem and 10.69 show that
(T —al)" = S+ (—a)"I

for some compact operator S. Now 10.77 shows that range(T — aI)" is a closed
subspace of the Hilbert space on which T operates. Thus 10.85 implies that for each
n € Z71, there exists

10.86 fu € range(T — aI)" N (range(T — ad)”“)l

such that || f || = 1.
Now suppose j, k € Z" with j < k. Then

10.87 Tfi—Tfy = (T —al)f; — (T — al)fy — afy +af;.

Because f; and fi are both in range(T — al )/, the first two terms on the right side of
10.87 are in range(T — aI)/*1. Because j + 1 < k, the third term in 10.87 is also in
range(T — ol Y+1. Now 10.86 implies that the last term in 10.87 is orthogonal to
the sum of the first three terms. Thus 10.87 leads to the inequality

ITf = Tfill = Nlafill = lal.

The inequality above implies that T f1, T fo, . . . has no convergent subsequence, which
contradicts the compactness of T. This contradiction means the assumption that « is
not an eigenvalue of T was false, completing the proof that (a) implies (b).

At this stage, we know that (a) and (b) are equivalent and that (c) implies (a). To
prove that (a) implies (c), suppose & € sp(T). Thus & € sp(T*). Applying the
equivalence of (a) and (b) to T* we conclude that « is an eigenvalue of T* Thus
applying 10.13(d) to T — «I shows that T — a1 is not surjective, completing the proof
that (a) implies (c).
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The previous result traditionally has the word alternative in its name because it
can be rephrased as follows:

If T is a compact operator on a Hilbert space V and & € F\ {0}, then
exactly one of the following holds:

1. the equation Tf = a f has a nonzero solution f € V;

2. the equation g = Tf — af has a solution f € V forevery g € V.

The next example shows the power of the Fredholm Alternative. In this example,
we want to show that V — [ is invertible for all « € F\ {0}. The verification that
V — al is injective is straightforward. Showing that VV — a1 is surjective would be
difficult without using some good theorems, but the Fredholm Alternative tells us,
with no further work, that VV — «[ is invertible.

10.88 Example spectrum of the Volterra operator

We want to show that the spectrum of the Volterra operator  is {0} (see Example
10.15 for the definition of ). The Volterra operator ) is compact (see the comment
after the proof of 10.70). Thus 0 € sp(V), by 10.76.

Suppose « € F\ {0}. To show that & ¢ sp(V), we need only show that & is not
an eigenvalue of )V (by 10.84). Thus suppose f € L?([0,1]) and Vf = af. Hence

10.89 /Oxf:ocf(x)

for almost every x € [0, 1]. The left side of 10.89 is a continuous function of x and
thus so is the right side, which implies that f is continuous. The continuity of f
now implies that the left side of 10.89 has a continuous derivative, and thus f has a
continuous derivative.

Now differentiate both sides of 10.89 with respect to x, getting

f(x) = af'(x)
forall x € (0,1). Standard calculus shows that the equation above implies that
f(x) = ce*/

for some constant c. However, 10.89 implies that the continuous function f must
satisfy the equation f(0) = 0. Thus ¢ = 0, which implies f = 0.

The conclusion of the last paragraph shows that « is not an eigenvalue of V. The
Fredholm Alternative (10.84) now shows that « ¢ sp(V). Thus sp(V) = {0}.

If « is an eigenvalue of an operator T on a finite-dimensional Hilbert space,
then & is an eigenvalue of T* This result does not hold for bounded operators on
infinite-dimensional Hilbert spaces.

However, suppose T is a compact operator on a Hilbert space and « is a nonzero
eigenvalue of T. Thus &« € sp(T), which implies that & € sp(T*) (because a
bounded operator is invertible if and only if its adjoint is invertible). The Fredholm
Alternative (10.84) now shows that & is an eigenvalue of T* Thus compactness
allows us to recover the finite-dimensional result (except for the case & = 0).
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Our next result states that if T is a compact operator and & 7# 0, then null(T — «)
and null(T* — &I) have the same dimension (denoted dim). This result about
the dimensions of spaces of eigenvectors is easier to prove in finite dimensions.
Specifically, suppose S is an operator on a finite-dimensional Hilbert space V (you
can think of S = T — aI). Then

dimnull S = dim V — dimrange S = dim(range S)* = dim null §*,

where the justification for each step should be familiar to you from finite-dimensional
linear algebra. This finite-dimensional proof does not work in infinite dimensions
because the expression dim V — dim range S could be of the form co — co.
Although the dimensions of the two null spaces in the result below are the same,
even in finite dimensions the two null spaces are not necessarily equal to each other
(but we do have equality of the two null spaces when T is normal; see 10.56).
Note that both dimensions in the result below are finite (by 10.81 and 10.73).

(1 0.90 null spaces of T — al and T* — &I have same dimensions w

Suppose T is a compact operator on a Hilbert space and « € F with & £ 0. Then

dimnull(T — aI) = dim null(T* — &I).

Proof  Suppose dimnull(T — «I) < dimnull(T* — «I). Because null(T* — &)
equals (range(T —al ))L, there is a bounded injective linear map

R: null(T — &) — (range(T — ocl))l

that is not surjective. Let V denote the Hilbert space on which T operates, and let P
be the orthogonal projection of V onto null(T — «I). Define a linear map S: V — V
by

S =T+ RP.

Because RP is a bounded operator with finite-dimensional range, S is compact. Also,
S—al = (T —al)+ RP.

Every element of range(T — al) is orthogonal to every element of range RP.
Suppose f € V and (S — al)f = 0. The equation above shows that (T —aI)f =0
and RPf = 0. Because f € null(T — af), we see that Pf = f, which then implies
that Rf = RPf = 0, which then implies that f = 0 (because R is injective). Hence
S — al is injective.

However, because R maps onto a proper subset of (range(T —ual )) L, we see that
S — al is not surjective, which contradicts the equivalence of (b) and (c) in 10.84. This
contradiction means the assumption that dimnull(T — aI) < dimnull(T* — )
was false. Hence we have proved that

10.91 dimnull(T — al) > dimnull(T* — &I)

for every compact operator T and every & € F\ {0}.
Now apply the conclusion of the previous paragraph to T* (which is compact by
10.73) and «, getting 10.91 with the inequality reversed, completing the proof.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



320 Chapter 10  Linear Maps on Hilbert Spaces

The spectrum of an operator on a finite-dimensional Hilbert space is a finite set,
consisting just of the eigenvalues of the operator. The spectrum of a compact operator
on an infinite-dimensional Hilbert space can be an infinite set. However, our next
result implies that if a compact operator has infinite spectrum, then that spectrum
consists of 0 and a sequence in F with limit 0.

(1 0.92 spectrum of a compact operator )
Suppose T is a compact operator on a Hilbert space. Then
{aesp(T): |a] = )
is a finite set for every § > 0.
. v J

Proof Fix § > 0. Suppose there exist distinct aq, &y, ... in sp(T) with |a,| > &
for every n € Z*. The Fredholm Alternative (10.84) implies that each «,, is an
eigenvalue of T. Forn € Z, let

U, =null((T —agl) - (T — ayl)).

and let Uy = {0}. Because T is continuous, each U}, is a closed subspace of the
Hilbert space on which T operates. Furthermore, U, C U, for eachn € Z*
because operators of the form T — «;I and T — aj I commute with each other.

If n € Z" and g is an eigenvector of T corresponding to the eigenvalue a,, then
g € U, but g & U,_1 because

(T—ay) - (T —apl)g = (an —a1) - -+ (an — ay—1)g # 0.

In other words, we have
UL CUhSUs G- -

Thus for each n € Z T, there exists
10.93 en € Uy N (Uy—1™)

such that |le,|| = 1.
Now suppose j, k € Z" with j < k. Then
10.94 Tej — Tex = (T — wjl)ej — (T — axD)ey + ajej — agey.

Because j < k — 1, the first three terms on the right side of 10.94 are in Uj_;. Now
10.93 implies that the last term in 10.94 is orthogonal to the sum of the first three
terms. Thus 10.94 leads to the inequality

| Tej — Tex|| > [laxex| = |ax| > 6.

The inequality above implies that Teq, Tep, . . . has no convergent subsequence, which
contradicts the compactness of T. This contradiction means that the assumption that
sp(T) contains infinitely many elements with absolute value at least § was false.
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EXERCISES 10C

10

11

Prove that if T is a compact operator on a Hilbert space V and eq, ey, . . . is an
orthonormal sequence in V, then lim;,_;0, Te;, = 0.

Prove that if T is a compact operator on L([0,1]), then nlgn V|| T(x™)|2 =0,
where x” means the element of L?([0, 1]) defined by x +— x".

Suppose T is a compact operator on a Hilbert space V and fi, f,... is a
sequence in V such that lim, e (fn,g) = 0 for every ¢ € V. Prove that
limy, oo ||T fu|| = 0.

Suppose i1 € L*(R). Define M;, € B(L?*(R)) by My,f = fh. Prove that if
|h]|eo > 0, then Mj, is not compact.

Suppose (b1, by,...) € £%. Define T: /> — (% by
T(ay,az,...) = (a1by, azby, .. .).

Prove that T is compact if and only if lim b, = 0.
n—o0

Suppose T is a bounded operator on a Hilbert space V. Prove that if there exists
an orthonormal basis {¢j }rcr of V such that

Yol Tex [ < eo,
kel

then T is compact.

Suppose T is a bounded operator on a Hilbert space V. Prove that if {ey }xcr
and {f;}jecq are orthonormal bases of V; then

Yo lITeel® = Y ITS 1%

ker jeQ

Suppose T is a bounded operator on a Hilbert space. Prove that T is compact if
and only if T*T is compact.

Prove that if T is a compact operator on an infinite-dimensional Hilbert space,
then || — T > 1.

Show that if T is a surjective but not injective operator on a vector space V, then

2 3
nullT;CtnullT ;nullT ; .

Suppose T is a compact operator on a Hilbert space and & € F\ {0}.
(a) Prove that range(T — al)” ! = range(T — al)™ for some m € Z*.
(b) Prove that null(T — aI)"~! = null(T — «I)" for some n € Z+.

(c) Show that the smallest positive integer m that works in (a) equals the
smallest positive integer n that works in (b).
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12

13

14

15

16

17

Chapter 10  Linear Maps on Hilbert Spaces

Prove that if f: [0,1] — F is a continuous function, then there exists a continu-
ous function g: [0,1] — F such that

fx) =g+ [ g
forall x € [0,1].

Suppose S is a bounded invertible operator on a Hilbert space V and T is a
compact operator on V.

(a) Prove that S 4 T has closed range.

(b) Prove that S + T is injective if and only if S + T is surjective.

(c) Prove that null(S + T) and null(S* + T*) are finite-dimensional.

(d) Prove that dimnull(S + T) = dimnull(S* + T*).

(e) Prove that there exists R € B(V) such that range R is finite-dimensional
and S + T + R is invertible.

Suppose T is a compact operator on a Hilbert space V. Prove that range T is a
separable subspace of V.

Suppose T is a compact operator on a Hilbert space V and eq, e, ... is an
orthonormal basis of range T. Let P, denote the orthogonal projection of V
onto span{ey, ..., e, }.

(a) Prove that lim ||T — P,T|| = 0.
n—o0

(b) Prove that an operator on a Hilbert space V' is compact if and only if it is the
limit in B(V) of a sequence of bounded operators with finite-dimensional
range.

Prove that if T is a compact operator on a Hilbert space V, then there exists a
sequence S1, Sy, . .. of invertible operators on V such that lim ||T — S, || = 0.
n—oo

Suppose T is a bounded operator on a Hilbert space such that p(T) is compact
for some nonzero polynomial p with coefficients in F. Prove that sp(T) is a
countable set.

Suppose T is a bounded operator on a Hilbert space. The algebraic multiplicity
of an eigenvalue « of T is defined to be the dimension of the subspace

U null(T — aI)".

n=1

As an easy example, if T is the left shift as defined in the next exercise, then the
eigenvalue 0 of T has geometric multiplicity 1 but algebraic multiplicity .

The definition above of algebraic multiplicity is equivalent on finite-dimensional
spaces to the common definition involving the multiplicity of a root of the charac-
teristic polynomial. However, the definition used here is cleaner (no determinants
needed) and has the advantage of working on infinite-dimensional Hilbert spaces.
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Section 10C  Compact Operators 323
Suppose T € B(¢?) is defined by T(ay,az,a3,...) = (az,a3,4a4,...). Suppose
also that w € F and |a| < 1.
(a) Show that the geometric multiplicity of « as an eigenvalue of T equals 1.

(b) Show that the algebraic multiplicity of « as an eigenvalue of T equals co.

Prove that the geometric multiplicity of an eigenvalue of a normal operator on a
Hilbert space equals the algebraic multiplicity of that eigenvalue.

Prove that every nonzero eigenvalue of a compact operator on a Hilbert space
has finite algebraic multiplicity.

Prove that if T is a compact operator on a Hilbert space and « is a nonzero
eigenvalue of T, then the algebraic multiplicity of « as an eigenvalue of T equals
the algebraic multiplicity of @ as an eigenvalue of T*

Prove that if V is a separable Hilbert space, then the Banach space C(V) is
separable.
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10D Spectral Theorem for Compact
Operators

Orthonormal Bases Consisting of Eigenvectors

We begin this section with the following useful lemma.

(1 0.95 T*T — ||T||*I is not invertible

L

LIf T is a bounded operator on a nonzero Hilbert space, then ||T||> € sp(T*T).

Proof  Suppose T is a bounded operator on a nonzero Hilbert space V. Let f1, f2, . ..
be a sequence in V such that || f,|| = 1 foreachn € Z* and

1096 sim [[Tf, | = | 7]l
Then
|T* T~ ITI2 > = IT*Tful® = 20 TIP(T* Tfo, fu) + T
= | T*Tfull® = 2| TN I T full* + I T)*

2

s

10.97 <2||T|* = 2| T|* || T fu

where the last line holds because || T*Tf,|| < || T*|| || Tfall < |IT||?>. Now 10.96
and 10.97 imply that
lim (T*T — ||T||*1) fu = 0.

Because || fu|| = 1 for each n € Z*, the equation above implies that T*T — || T||?I
is not invertible, as desired.

The next result indicates one way in which self-adjoint compact operators behave
like self-adjoint operators on finite-dimensional Hilbert spaces.

ﬁ 0.98 every self-adjoint compact operator has an eigenvalue. w

Suppose T is a self-adjoint compact operator on a nonzero Hilbert space. Then
either || T|| or —||T|| is an eigenvalue of T.

Proof  Because T is self-adjoint, 10.95 states that T? — || T||?I is not invertible. Now
T2 —||ITIPL = (T = | T|1) (T + || T||1).

Thus T — || T||I and T + ||T||I cannot both be invertible. Hence ||T|| € sp(T) or
—||T|| € sp(T). Because T is compact, 10.84 now implies that ||T|| or —||T|| is an
eigenvalue of T, as desired, or that || T|| = 0, which means that T = 0, in which case
0 is an eigenvalue of T.
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If T is an operator on a vector space V and U is a subspace of V, then T|; is a
linear map from U to V. For T|; to be an operator (meaning that it is a linear map
from a vector space to itself), we need T(U) C U. Thus we are led to the following
definition.

ﬁ0.99 Definition invariant subspace w

Suppose T is an operator on a vector space V. A subspace U of V is called an
invariant subspace for T if Tf € U for every f € U.

10.100 Example invariant subspaces
You should verify each of the assertions below.

e For b € [0, 1], the subspace
{f € L2([0,1]) : f(t) = O for almost every ¢ € [0,b]}

is an invariant subspace for the Volterra operator V: L2([0,1]) — L2([0,1])
defined by (Vf)(x) = [5 f-

e Suppose T is an operator on a Hilbert space V and f € V with f # 0. Then
span{ f} is an invariant subspace for T if and only if f is an eigenvector of T.

e Suppose T is an operator on a Hilbert space V. Then {0}, V, null T, and
range T are invariant subspaces for T.

e If T is a bounded operator on a Hilbert space and U is an invariant subspace for
T, then U is an invariant subspace for T.

If T is a compact operator on a Hilbert
space and U is an invariant subspace for
T, then T|y is a compact operator on U,
as follows from the definitions.

If U is an invariant subspace for a
self-adjoint operator T, then T|y; is self-
adjoint because

(The most important open question in)
operator theory is the invariant
subspace problem, which asks
whether every bounded operator on
a Hilbert space with dimension
greater than 1 has a closed invariant

\subspace other than {0} and V. )
(Tlu)f. &) = (Tf,8) = (£, Tg) = {f(TIu)g)
for all f, g € U. The next result shows that a bit more is true.
\

10.101 U invariant for self-adjoint T implies U invariant for T

Suppose U is an invariant subspace for a self-adjoint operator T. Then

(a) U is also an invariant subspace for T;

\(b) T|,;. is a self-adjoint operator on uk

J
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Proof To prove (a), suppose f € uk it g € U, then

(Tf,g)={fTg) =0,
where the first equality holds because T is self-adjoint and the second equality holds
because Tg € U and f € UL Because the equation above holds for all ¢ € U, we
conclude that Tf € U~ Thus U~ is an invariant subspace for T, proving (a).
By part (a), we can think of T|;. as an operator on U, To prove (b), suppose
h e UL If f € U then

o (Tl ) h) = (Tl foh) = (Tf, h) = (f, Th) = {f, Tl ).

Because (T, )*h and T| ;. h are both in U~ and the equation above holds for all
f € U+, we conclude that (T|;.)*h = T|;Lh, proving (b).

Operators for which there exists an orthonormal basis consisting of eigenvectors
may be the easiest operators to understand. The next result states that any such
operator must be self-adjoint in the case of a real Hilbert space and normal in the
case of a complex Hilbert space.

(

10.102 orthonormal basis of eigenvectors implies self-adjoint or normal

~

Suppose T is a bounded operator on a Hilbert space V and there is an orthonormal
basis of V' consisting of eigenvectors of T.

(a) If F =R, then T is self-adjoint.

b) If F = C, then T is normal.
& Y

Proof  Suppose {ej }jer is an orthonormal basis of V' such that ¢; is an eigenvector
of T for each j € T'. Thus there exists a family {a;}cr in F such that
10.103 Tej = wje;

foreachj € I If k € T and f € V, then
(f Te) = (Tf,e) = (T( L (frepes) e )

jer

= (Ll e ) = alfe = (e
j€

The equation above implies that
10.104 T* e, = wrey.

To prove (a), suppose F = R. Then 10.104 and 10.103 imply T*e; = ayer = Tey
for each k € K. Hence T* = T, completing the proof of (a).
To prove (b), now suppose F = C. If k € T, then 10.104 and 10.103 imply that

(T*T)(ex) = T*(axex) = |kl e = T(@ger) = (TT*)(ex).

Because the equation above holds for all k € T', we conclude that T*T = TT* Thus
T is normal, completing the proof of (b).
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The next result is one of the major highlights of the theory of compact operators
on Hilbert spaces. The result as stated below applies to both real and complex Hilbert
spaces. In the case of a real Hilbert space, the result below can be combined with
10.102(a) to produce the following result: A compact operator on a real Hilbert
space is self-adjoint if and only if there is an orthonormal basis of the Hilbert space
consisting of eigenvectors of the operator.

f1 0.105 Spectral Theorem for self-adjoint compact operators

\

Suppose T is a self-adjoint compact operator on a Hilbert space V. Then

(a) there is an orthonormal basis of V' consisting of eigenvectors of T;

(b) there is a countable set (), an orthonormal family {ex }xcq) in V; and a family
{a¢}keq in R\ {0} such that

Tf =) w(f ex)ex

keQ

forevery f € V.

J

Proof Let U denote the span of all the eigenvectors of T. Then U is an invariant
subspace for T. Hence U is also an invariant subspace for T and T| . is a self-

adjoint operator on U (by 10.101). However, T| ;. has no eigenvalues, because
all the eigenvectors of T are in U. Because all self-adjoint compact operators on a
nonzero Hilbert space have an eigenvalue (by 10.98), this implies that U+ = {0}.
Hence U = V (by 8.42).

For each eigenvalue a of T, there is an orthonormal basis of null(T — aI) consist-
ing of eigenvectors corresponding to the eigenvalue «. The union (over all eigenvalues
« of T) of all these orthonormal bases is an orthonormal family in V because eigen-
vectors corresponding to distinct eigenvalues are orthogonal (see 10.57). The previous
paragraph tells us that the closure of the span of this orthonormal family is V (here
we are using the set itself as the index set). Hence we have an orthonormal basis of
V consisting of eigenvectors of T, completing the proof of (a).

By part (a) of this result, there is an orthonormal basis {¢j }rer of V and a family
{a }rer in R such that Te, = ayey for each k € T (even if F = C, the eigenvalues
of T are in R by 10.49) . Thus if f € V, then

Tf= T(Z<f/€k>€k> =Y (fre)Ter = ) (S,
kel kel kel

Letting Q) = {k € T : a; # 0}, we can rewrite the equation above as

Tf =Y ar(f ex)ex

keQ)

for every f € V. The set ) is countable because T has only countably many
eigenvalues (by 10.92) and each nonzero eigenvalue can appear only finitely many
times in the sum above (by 10.81), completing the proof of (b).
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A normal compact operator on a nonzero real Hilbert space might have no eigen-
values [consider, for example the normal operator T of counterclockwise rotation by
a right angle on R? defined by T(x,y) = (—v, x)]. However, the next result shows
that normal compact operators on complex Hilbert spaces behave better. The key idea
in proving this result is that on a complex Hilbert space, the real and imaginary parts
of a normal compact operator are commuting self-adjoint compact operators, which
then allows us to apply the Spectral Theorem for self-adjoint compact operators.

(1 0.106 Spectral Theorem for normal compact operators w

Suppose T is a compact operator on a complex Hilbert space V. Then there is an
orthonormal basis of V consisting of eigenvectors of T if and only if T is normal.

Proof One direction of this result has already been proved as part (b) of 10.102.
To prove the other direction, suppose T is a normal compact operator. We can
write
T=A+iB,

where A and B are self-adjoint operators and, because T is normal, AB = BA (see
10.54). Because A = (T + T*)/2 and B = (T — T*)/(2i), the operators A and B
are both compact.

Ifx € Rand f € null(A — «al), then

(A —al)(Bf) = A(Bf) — aBf = B(Af) — aBf = B((A —al)f) = B(0) =0

and thus Bf € null(A — aI). Hence null(A — «I) is an invariant subspace for B.

Applying the Spectral Theorem for self-adjoint compact operators [10.105(a)] to
B|nuii(a—a1) shows that for each eigenvalue a of A, there is an orthonormal basis of
null(A — aI) consisting of eigenvectors of B. The union (over all eigenvalues « of
A) of all these orthonormal bases is an orthonormal family in V' (use the set itself as
the index set) because eigenvectors of A corresponding to distinct eigenvalues of A
are orthogonal (see 10.57). The Spectral Theorem for self-adjoint compact operators
[10.105(a)] as applied to A tells us that the closure of the span of this orthonormal
family is V. Hence we have an orthonormal basis of V each of whose elements is an
eigenvector of A and an eigenvector of B.

If f € V is an eigenvector of both A and B, then there exist «, 5 € R such
that Af = af and Bf = Bf. Thus Tf = (A+iB)(f) = (a+ Bi)f; hence f is
an eigenvector of T. Thus the orthonormal basis of V constructed in the previous
paragraph is an orthonormal basis consisting of eigenvectors of T, completing the
proof.

The following example shows the power of the Spectral Theorem for normal
compact operators. Finding the eigenvalues and eigenvectors of the normal compact
operator V — V* in the next example leads us to an orthonormal basis of L*([0, 1]).
Easy calculus shows that the family {ey }xcz, where ¢ is defined as in 10.111, is
an orthonormal family in L?([0,1]). The hard part of showing that {¢; }xcz is an
orthonormal basis of L2([0,1]) is to show that the closure of the span of this family
is L2([0,1]). However, the Spectral Theorem for normal compact operators (10.106)
provides this information with no further work required.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 10D  Spectral Theorem for Compact Operators 329

10.107 Example an orthonormal basis of eigenvectors
Suppose V: L2([0,1]) — L2([0,1]) is the Volterra operator defined by

vHE = [

The operator V is compact (see the paragraph after the proof of 10.70), but it is not
normal. Because V is compact, so is V* (by 10.73). Hence V — V* is compact. Also,
(V=V*)*=V*—V = —(V — V*). Because every operator commutes with its
negative, we conclude that )V — V* is a compact normal operator. Because we want
to apply the Spectral Theorem, for the rest of this example we will take F = C.

If f € L2([0,1]) and x € [0, 1], then the formula for V* given by 10.16 shows
that

10.108 ((V—V*)f)(x):Z/oxf—/Olf.

The right side of the equation above is a continuous function of x whose value at
x = 0 1is the negative of its value at x = 1.

Differentiating both sides of the equation above and using the Lebesgue Differen-
tiation Theorem (4.19) shows that

(V=V1)£)(x) =2f(x)

for almost every x € [0,1]. If f € null(V — V*), then differentiating both sides
of the equation (V — V*)f = 0 shows that 2f(x) = 0 for almost every x € [0,1];
hence f = 0, and we conclude that VV — V* is injective (so 0 is not an eigenvalue).

Suppose f is an eigenvector of V — V* with eigenvalue a. Thus f is in the range
of V — V* which by 10.108 implies that f is continuous on [0, 1], which by 10.108
again implies that f is continuously differentiable on (0,1). Differentiating both
sides of the equation (V — V*)f = af gives

2f(x) = af'(x)

forall x € (0,1). Hence the function whose value at x is e~ (2/®)* f (x) has derivative
0 everywhere on (0, 1) and thus is a constant function. In other words,

10.109 flx) = ce(2/0)x

for some constant ¢ # 0. Because f € range(V — V*), we have f(0) = —f(1),
which with the equation above implies that there exists k € Z such that

10.110 2/0 =i(2k +1)m.

Replacing 2/« in 10.109 with the value of 2/« derived in 10.110 shows that for
k € Z, we should define e, € L2(]0,1]) by

10.111 e (x) = el

Clearly {ej }ez is an orthonormal family in L2([0,1]) [the orthogonality can be
verified by a straightforward calculation or by using 10.57]. The paragraph above
and the Spectral Theorem for compact normal operators (10.106) imply that this
orthonormal family is an orthonormal basis of L ([0, 1]).
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Singular Value Decomposition

The next result provides an important generalization of 10.105(b) to arbitrary compact
operators that need not be self-adjoint or normal. This generalization requires two
orthonormal families, as compared to the single orthonormal family in 10.105(b).

(1 0.112  Singular Value Decomposition )

Suppose T is a compact operator on a Hilbert space V. Then there exist a
countable set (), orthonormal families {ex }xc and {hy }req in V, and a family
{sk }xeq of positive numbers such that

10.113 Tf =Y si(f ex)h

ke

for ever eV.
| y f

Proof If a is an eigenvalue of T*T, then (T*T)f = af for some f # 0 and

a|lfII? = {af, f) = (T*Tf, f) = (Tf, Tf) = | Tf|*

Thus « > 0. Hence all eigenvalues of T*T are nonnegative.

Apply 10.105(b) and the conclusion of the paragraph above to the self-adjoint
compact operator T* T, getting a countable set (2, an orthonormal family {ej }rcq in
V, and a family {s; }xc of positive numbers (take s = /&y ) such that

10.114 (T*T)f = Y s (f. ex)ex

keQ

for every f € V. The equation above implies that (T*T)e; = sjzej for each j € Q).

Fork € O, let
Te
By =~k
Sk

For j, k € ), we have

1
(Tej, Tey) =

1 S
hi h) = — T* Te- — o )
( jir k) sisk ( 6],€k> 5 <e],ek>

The equation above implies that {#; }xeq is an orthonormal family in V.
If f € span {e; }xeq » then

Tf = T( )3 <f/€k>ek> = Y (free)Tex = ) self, e
keQ ke keQ

showing that 10.113 holds for such f.

If f € (span {ek}kGQ)L, then 10.114 shows that (T*T)f = 0, which implies
that Tf = 0 (because 0 = (T*Tf, f) = || Tf]|?); thus both sides of 10.113 are 0.

Hence the two sides of 10.113 agree for f in a closed subspace of V and for f in
the orthogonal complement of that closed subspace, which by linearity implies that
the two sides of 10.113 agree for all f € V.
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An expression of the form 10.113 is called a singular value decomposition of the
compact operator T. The orthonormal families {ey }rcq and {hy }req in the singular
value decomposition 10.113 are not uniquely determined by T. However, the positive
numbers {5y } ke are uniquely determined as the positive eigenvalues of T*T. These
positive numbers can be placed in decreasing order (because if there are infinitely
many of them, then they form a sequence with limit 0, by 10.92). This procedure
leads to the definition of singular values given below.

Suppose T is a compact operator. Recall that the geometric multiplicity of a
positive eigenvalue a of T*T is defined to be dim null(T*T — aI); see 10.80. This
geometric multiplicity is the number of times that y/a appears in the family {s; }req
corresponding to a singular value decomposition of T. By 10.81, this geometric
multiplicity is finite.

Now we can define the singular values of a compact operator T, where we are
careful to repeat the square root of each positive eigenvalue of T*T as many times as
its geometric multiplicity.

f

10.115 Definition singular values

~

e Suppose T is a compact operator on a Hilbert space. The singular values
of T, denoted s1(T) > s3(T) > s3(T) > - - -, are the positive square roots
of the positive eigenvalues of T*T, arranged in decreasing order with each
singular value s repeated as many times as the geometric multiplicity of s2
as an eigenvalue of T*T.

e If T*T has only finitely many positive eigenvalues, then define s,(T) = 0
forall n € Z* U {0} for which s,,(T) is not defined by the first bullet point.)

\_

10.116 Example singular values on a finite-dimensional Hilbert space
Define T: F* — F* by
T(z1,22,23,24) = (0,321,220, —324).
A calculation shows that
(T*T)(z1,22,23,24) = (921,422,0,924).
Thus the eigenvalues of T*T are 9,4, 0 and
dim(T*T—9I) =2 and dim(T*T —4I) = 1.

Taking square roots of the positive eigenvalues of T*T and then adjoining an infinite
string of 0’s shows that the singular valuesof Tare3 >3>2>0>02> ---.

Note that —3 and 0 are the only eigenvalues of T. Thus in this case, the list of
eigenvalues of T did not pick up the number 2 that appears in the definition (and
hence the behavior) of T, but the list of singular values of T does include 2.

If T is a compact operator, then the first singular value s1(T) equals || T||, as you
are asked to verify in Exercise 10.
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10.117 Example singular values of V — V*

Let V denote the Volterra operator and let T =V — V* In Example 10.107, we
saw that if ey is defined by 10.111 then {ej }xcz is an orthonormal basis of L2([0, 1])

and
2

¢

i(2k+1)m k

for each k € Z, where the eigenvalue shown above corresponding to ¢, comes from
10.110. Now 10.56 implies that

Tek =

-2
Tep =
kT ik D)k
for each k € Z. Hence
10.118 T*Te, = $e
' T k4122t

for each k € Z. After taking positive square roots of the eigenvalues, we see that the
equation above shows that the singular values of T are

2,2,2,2,2,2
7~ 3mr~ 3nm~ 57 5m

where the first two singular values above come from taking k = —1 and k = 0 in

10.118, the next two singular values above come from taking k = —2 and k = 1,

the next two singular values above come from taking k = —3 and k = 2, and so on.

Each singular value of T appears twice in the list of singular values above because
each eigenvalue of T*T has geometric multiplicity 2.

Forn € Z, the singular value s, (T) of a compact operator T tells us how well
we can approximate T by operators whose range has dimension less than n—see
Exercise 13.

The next result makes an important connection between K € L2(p x p) and the
singular values of the integral operator associated with K.

(1 0.119 sum of squares of singular values of integral operator )
Suppose # is a o-finite measure and K € L?(y x ). Then
||K||L2 ],1)(;4 Z Sn IK
\ _ J
Proof Consider a singular value decomposition
10.120 Ix(f) = Y sl fr e by
keQ

of the compact operator Zg. Extend {e;};cq to an orthonormal basis {e;};cr of
L%(pt), and extend {/ }xeq to an orthonormal basis {h }rerr of L2(u).
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Let X denote the set on which the measure y lives. For j € T and k € I”, define
&jk: X x X — Fby

gik(x,y) = ej(y)hy(x).
Then {g;x }jer, ker is an orthonormal basis of L?(p x ), as you should verify. Thus

||K||L2 yxy Z |<K’gj,k>|2
jer,ker’

[ [ Koy ) dnty) deto)|

jer, ker’

- ¥

jeT, kel

10.121 = 2

je, ker

10.122 =Y s

‘ 2

[ e () dx)

‘ 2

[ ity (o () du(x)

where 10.121 holds because 10.120 shows that IKej = sjhj forj € Qand Zge; =0

for j € T'\ Q; 10.122 holds because {hj }rcr is an orthonormal family.

Now we can give a spectacular application of the previous result.

10.123 Example l—l—l—kl—k---:ﬁ
12 32 52 8
Define K: [0,1] x [0,1] — R by
1 ifx>uy,
K(x,y) =<0 ifx=y,
-1 ifx<y.

Letting y be Lebesgue measure on [0, 1], we note that Z is the normal compact
operator V — V* examined in Example 10.117.

Clearly |[K|[;2(,x,) = 1. Using the list of singular values for Zx obtained in
Example 10.117, the formula in 10.119 tells us that

4
1=2 —_—
kg;) (2k +1)27?
Thus
1,11, 7
12 32 52 87
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EXERCISES 10D

1 Prove that if T is a compact operator on a nonzero Hilbert space, then || T||? is
an eigenvalue of T*T.

2 Prove that if T is a self-adjoint operator on a nonzero Hilbert space V, then

ITI = sup{[{Tf, f)| : f € Vand ||f]| = 1}.
3 Suppose T is a bounded operator on a Hilbert space V and U is a closed subspace
of V. Prove that the following are equivalent:
(a) U is an invariant subspace for T;
(b) U+ is an invariant subspace for T*;
(c) TPy = PyTPy.

4 Suppose T is a bounded operator on a Hilbert space V and U is a closed subspace
of V. Prove that the following are equivalent:

(a) U and Ut are invariant subspaces for T;

(b) U and U+ are invariant subspaces for T*;
(¢) TPy = PyT.

5 Suppose T is a self-adjoint compact operator on a Hilbert space that has only
finitely many distinct eigenvalues. Prove that T has finite-dimensional range.

6 (a) Prove thatif T is a self-adjoint compact operator on a Hilbert space, then
there exists a self-adjoint compact operator S such that S3 = T.

(b) Prove that if T is a normal compact operator on a complex Hilbert space,
then there exists a normal compact operator S such that $> = T.

7 Suppose T is a compact normal operator on a nonzero Hilbert space V. Prove
that there is a subspace of V with dimension 1 or 2 that is an invariant subspace
for T.
[If F = C, the desired result follows immediately from the Spectral Theorem for
compact normal operators. Thus you can assume that F = R.]

8 Fork € Z, define gy € L?((—, 7]) and Iy € L?((—7t, 71]) by

() = \/%eit/zeikt and Iy(t) = —L=e*;

N

here we are assuming that F = C.

(a) Use the conclusion of Example 10.107 to show that {g }rcz is an ortho-
normal basis of L?((—7, 7).

(b) Use the result in part (a) to show that {f; }xcz is an orthonormal basis of
L2((~m, 7).

(c) Use the result in part (b) to show that the orthonormal family in the third
bullet point of Example 8.51 is an orthonormal basis of L? ((— 7T, 7'[])
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9 Suppose T is a self-adjoint compact operator on a Hilbert space and || T|| < }1.
Prove that there exists a self-adjoint compact operator S such that S + S = T.

10  Suppose T is a compact operator on a Hilbert space. Prove that s (T) = ||T||.

11  Suppose T is a compact operator on a Hilbert space and n € Z™. Prove that
dimrange T < n if and only if 5,,(T) = 0.

12 Suppose T is a compact operator on a Hilbert space V with singular value

decomposition
[ee]

Tf =) s(T){f el

k=1
forall f € V. Forn € Z7, define T,,: V — V by

Tuf = Y se(T)(f, ehhe
k=1

Prove that lim, || T — Ty || = 0.

[This exercise gives another proof, in addition to the proof suggested by Exercise
15 in Section 10C, that an operator on a Hilbert space is compact if and only if
it is the limit of bounded operators with finite-dimensional range.]

13 Suppose T is a compact operator on a Hilbert space V and n € Z*. Prove that
inf{||T— S|l : S € B(V) and dimrange S < n} = s,(T).
14 Suppose T is a compact operator on a Hilbert space V and n € Z™. Prove that
su(T) = inf{||T|;. || : U is a subspace of V with dimU < n}.
15 Suppose T is a compact operator on a Hilbert space with singular value decom-

position
Tf =) s(foex)ln
key

for all f € V. Prove that
T'f = ) s(f hiex

keQ
forall f € V.

16 Suppose that T is an operator on a finite-dimensional Hilbert space V with
dimV = n.

(a) Prove that T is invertible if and only if s, (T) # O.
(b) Suppose T is invertible and T has a singular value decomposition
Tf =si(T){f,en)h1 + -+ su(T){f, en)hn
forall f € V. Show that

L ()
T Lmat L

forall f € V.
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17 Suppose T is a compact operator on a Hilbert space V. Prove that

YTl = ¥ (50(T))?

keT n=1

for every orthonormal basis {ey }xcr of V.
= 1
18 Use the result of Example 10.123 to evaluate Z —.
n
n=1

19 Suppose T is a normal compact operator. Prove that the following are equivalent:

e range T is finite-dimensional.
e sp(T) is a finite set.
e 5,(T)=0forsomen € Z.
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Chapter
11

Fourier Analysis

In this chapter we will see how Hilbert space theory motivates the introduction of
Fourier coefficients and Fourier series. The classical setting applies these concepts to
functions defined on bounded intervals of the real line. However, the theory becomes
easier and cleaner when we instead use a modern approach by considering functions
defined on the unit circle of the complex plane.

The first section of this chapter shows how consideration of Fourier series leads us
to harmonic functions and a solution to the Dirichlet problem. In the second section
of this chapter, convolution becomes a major tool for the L? theory.

The third section of this chapter changes the context to functions defined on the
real line. Many of the techniques introduced in the first two sections of the chapter
transfer easily to provide results about the Fourier transform on the real line. The
highlights of our treatment of the Fourier transform are the Fourier Inversion Formula
and the extension of the Fourier transform to an unitary operator on L?(R).

The vast field of Fourier analysis cannot be completely covered in a single chapter.
Thus this chapter gives readers just a taste of the subject. Readers who go on from
this chapter to one of the many book-length treatments of Fourier analysis will then
already be familiar with the terminology and techniques of the subject.

e N

\_ J

The Giza pyramids, near where the Battle of Pyramids took place in 1798 during
Napoleon’s invasion of Egypt. Joseph Fourier (1768—1830) was one of the scientific
advisors to Napoleon in Egypt. While in Egypt as part of Napoleon’s invading force,

Fourier began thinking about the mathematical theory of heat propagation, which

eventually led to what we now call Fourier series and the Fourier transform.
CC-BY-SA Ricardo Liberato
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11A Fourier Series and Poisson Integral

Fourier Coefficients and Riemann—Lebesgue Lemma

For k € Z, suppose ¢;: (—7, 1] — R is defined by

L sin(kt) ifk >0,

-

11.1 er(t) = ifk =0,

B

ﬁ cos(kt) ifk <O.
The classical theory of Fourier series features {¢y }rcz as an orthonormal basis of
Lz((—n, 7]). The trigonometric formulas displayed in Exercise 1 in Section 8C can
be used to show that {ey }xcz is indeed an orthonormal family in L? ((—7t, 7t]).

To show that {e;}xcz is an orthonormal basis of L?((—, 7t]) requires more
work. One slick possibility is to note that the Spectral Theorem for compact operators
produces orthonormal bases; an appropriate choice of a compact normal operator
can then be used to show that {e; } 7 is an orthonormal basis of L?((—7t, 7t]) [see
Exercise 8(c) in Section 10D].

In this chapter we take a cleaner approach to Fourier series by working on the unit
circle in the complex plane instead of on the interval (—7t, 7r]. The map

11.2 ts et = cost+isint

can be used to identify the interval (—7'(, 7I] with the unit circle; thus the two ap-
proaches are equivalent. However, the calculations are easier in the unit circle context.
In addition, we will see that the unit circle context provides the huge benefit of
making a connection with harmonic functions.

We begin by introducing notation for the open unit disk and the unit circle in the
complex plane.

(1 1.3 Definition D; oD )
e D denotes the open unit disk in the complex plane:
D={weC:|wl <1}
e JD is the unit circle in the complex plane:
oD={ze€C:|z| =1}
L {zeC:lz=1) )

The function given in 11.2 is a one-to-one map of (—7z, 7] onto dD. We use
this map to define a o-algebra on 0D by transferring the Borel subsets of (—7t, 7]
to subsets of 0D that we will call the measurable subsets of 0D. We also transfer
Lebesgue measure on the Borel subsets of (71, 7t] to a measure called ¢ on the
measurable subsets of 0D, except that for convenience we normalize by dividing
by 27t so that the measure of dD is 1 rather than 271. We are now ready to give the
formal definitions.
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(" )

11.4 Definition measurable subsets of 0D; o

e A subset E of 9D is measurable if {t € (—, 1] : e'* € E} is a Borel subset
of R.

e ( is the measure on the measurable subsets of dD obtained by transferring
Lebesgue measure from (—7z, 77| to 0D, normalized so that ¢(dD) = 1. In
other words, if E C dD is measurable, then

te(—mml:et e E
o) = HEE e € £)]
\_ J
Our definition of the measure ¢ on dD allows us to transfer integration on dD to
the familiar context of integration on (—7t, 7t]. Specifically,

[ far=[ feare=[" et

for all measurable functions f: 0D — C such that any of these integrals is defined.
Throughout this chapter, we will assume that the scalar field F is the complex
field C. Furthermore, L? (dD) will be defined as follows.

(1 1.5 Definition L7 (dD) w

LFor 1 < p < o0, define L¥ (D) to mean the complex version (F = C) of LP((/')J

Note that if z = ¢ for some t € R, thenz = ¢~ = % and z" = ™ and
Z" = ¢~ for all m,n € Z. These observations make the proof of the next result
much simpler than the proof of the corresponding result for the trigonometric family
defined by 11.1.

In the statement of the next result, z"* means the function on 0D defined by z — z".

ﬁ 1.6  orthonormal family in L*(9D) w

L{z”}nez is an orthonormal family in L?(0D). J

Proof Ifn € Z, then

<z”,z”>:/a 2" |? do(2) / 1do =1.

If m,n € Z with m # n, then

T dt T dt pllm=—n)t - t=r
mon\ _ imt ,—int ©° i(m—n)t & ] -0
(2", 2") /_ne ¢ 27 /_ne 2w i(m—n)2nli=——n !

as desired.

In the next section, we will improve the result above by showing that {z" },,cz is
an orthonormal basis of L2(dD) (see 11.30).
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Hilbert space theory tells us that if f is in the closure in L2(dD) of span{z"} ¢z,
then
f=L "
nezZ

where the infinite sum above converges as an unordered sum in the norm of L?(9D)
(see 8.58). The inner product (f,z") above equals

Df(z)?” do(z).

Because |z"| = 1 for every z € dD, the integral above makes sense not just for
f € L?(9D) but also for f in the larger space L'(dD). Thus we make the following
definition.

s

11.7 Definition Fourier coefficient

\

Suppose f € L!(aD).

e Fornn € Z, the n'™ Fourier coefficient of f is denoted f(1) and is defined by
A dt
oy = [ femdr) = [ feheint .
oD

o The Fourier series of f is the formal sum

[e)

Y f(m)z"

\_ - Y,

As we will see, Fourier analysis helps describe the sense in which the Fourier
series of f represents f.

11.8 Example Fourier coefficients

e Suppose / is an analytic function on an open set that contains D. Then / has a
power series representation

o0
=Y a.2",
n=>0

where the sum on the right converges uniformly on D to h. Because uniform
convergence on oD implies convergence in L2 (0D), 8.58(b) and 11.6 now imply
that

a, ifn >0,

0 ifn<O

(hlop)" (1) = {

for all n € Z. In other words, for functions analytic on an open set containing
D, the Fourier series is the same as the Taylor series.
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e Suppose f: 0D — R is defined by

f@) = =
Then for z € 0D we have
0= 5563
- %(3i2+332)
- é(lzigg + 1i§)

foralln € Z.

We begin with some simple algebraic properties of Fourier coefficients, whose
proof is left to the reader.

(11.9 algebraic properties of Fourier coefficients )
Suppose f, g € L'(dD) and n € Z. Then
@ (f+8)"(n) = f(n)+§n);
() (af)(n) = af(n) foralla € C;

L© F) < £l Y

Parts (a) and (b) above could be restated by saying that for each n € Z, the
function f — f(n) is a linear functional from L'(dD) to C. Part (c) could be
restated by saying that this linear functional has norm at most 1.

Part (c) above implies that the set of Fourier coefficients { f (1) },,cz is bounded
for each f € L'(dD). The Fourier coefficients of the functions in Example 11.8
have the stronger property that lim,, 1+ f (n) = 0. The next result shows that this
stronger conclusion holds for all functions in L!(dD).
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(1 1.10 Riemann—Lebesgue Lemma w

1 i F(n) —
LSupposef € L'(0D). Then nl_l}ljlélQQf(Tl) =0. J

Proof  Suppose & > 0. There exists ¢ € L?(9D) such that || f — g||; < & (by 3.44).
By 11.6 and Bessel’s Inequality (8.57), we have

Y 18 < lIglE < oo

n=-—oo

Thus there exists M € Z™ such that |§(n)| < e forall n € Z with |n| > M. Now if
n € Z and |n| > M, then

Fm)] < [f(n) = &(n)| + [g(m)]
<|(f-g) (m|+e
<|f—glh+e

< 2¢.

Thus nlirilwf(n) =0.

Poisson Kernel

Suppose f: 0D — C is continuous and z € dD. For this fixed z € dD, the Fourier
series

e A

Y, fm)"

n=—0o0

is a series of complex numbers. It would be nice if f(z) = Y50 _, f(n)z", but this
is not necessarily true because the series Y 5. f (n)z" might not converge, as we
will see in Exercise 11.

Various techniques exist for trying to assign some meaning to a series of complex
numbers that does not converge. In one such technique, called Abel summation, the
n'M-term of the series is multiplied by 7”* and then the limit is taken as r 1 1. For
example, if the nM-term of the divergent series

1—-1+41—1+---

is multiplied by " for r € [0,1), we get a convergent series whose sum equals %ﬂ
Taking the limit of this sum as r 1 1 then gives % as the value of the Abel sum of the
series above.

The next definition can be motivated by applying a similar technique to the Fourier
series Y no oo f (n)z". Here we have a series of complex numbers whose terms are
indexed by Z rather than by Z+. Thus we use r/"| rather than 1" because r € [0,1)
and we want these multipliers to have limit 0 as n — F-oc0.
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(1111 Definition P, f )

For f € L'(dD) and 0 < r < 1, define P,f: 0D — C by

(e )
(Pef)z) = Y ")z
. S Y,
No convergence problems arise in the series above because
" f )z | < || f ]l o

for each z € dD, which implies that

> s 1+7r
Y 1) < Nflhy—y <.

n=-—oo

Thus for each 7 € [0, 1), the partial sums of the series above converge uniformly on
oD, which implies that P, f is a continuous function from oD to C (for r = 0 and
n = 0, interpret the expression 0° to be 1).

Let’s unravel the formula in 11.11. If f € L'(0D),0 < r < 1,and z € 9D, then

PAHE = Y M Fm)

n=-—oo

= i rl] /an(w)WdU(w)z”

n=-—oo

[ee]
11.12 = f(w)( Yy r‘”‘(zw)”> do(w),
oD n=—oo
where interchanging the sum and integral above is justified by the uniform conver-
gence of the series on dD. To evaluate the sum in parentheses in the last line above,

let { € 0D (think of { = z@ in the formula above). Thus ({)~" = ()" and

i rl"\gn —

n=—oo

=
L07e

()" + il (7"

1
+ 1t

:171@ ]—rz

(1—r0) + (A —rQ)rg
[1-rf?

11.13 _ 1=
' S =g

Motivated by the formula above, we now make the following definition. Notice
that 11.11 uses calligraphic P, while the next definition uses italic P.
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(11.14 Definition P,((); Poisson kernel A

e For0 < r < 1, define P,: dD — (0,00) by

P(Q)= s
e The family of functions { P, },¢g 1) is called the Poisson kernel on D. Y
Combining 11.12 and 11.13 now gives the following result.
(1 1.15 integral formula for P, f A
If f € L'(9D),0 <r < 1,and z € 9D, then
PPE) = [ fa)P ) dotw) = [ flw) = doto).
9 oD oD 1 —rzw|? )

The terminology approximate identity is sometimes used to describe the three
properties for the Poisson kernel given in the next result.

6 e ol )
(@) P({) >O0forallr € [0,1) and all { € 9D.
) /a Q) do(g) = Lforeach 7 € [0,1)

\(c) lim /{ oomt_giogy (0 40(8) = 0forcach > 0. )

Proof  Part (a) follows immediately from the definition of P,({) given in 11.14.
Part (b) follows from integrating the series representation for P, given by 11.13
termwise and noting that

=0foralln € Z\ {0};

T dt et yt=n
n — int =*
aDg do(¢) —/_ne 271 in2n}
for n =0, we have [, " do(Z) = 1.
To prove part (c), suppose > 0. If { € 9D, [1 — | > b, and 1 —7 < %, then
1=l =[1-0—(r—1)C
>1=Zl-(1-r)

[
> 4.

t=—1

Thus as 7 1 1, the denominator in the definition of P () is uniformly bounded away
fromOon {¢ € D : |1 — | > J} and the numerator goes to 0. Thus the integral of
Prover{C €0D:|1— (| >} goestoOasr 1.
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Here is the intuition behind the proof of the
next result: Parts (a) and (b) of the previous re-
sult and 11.15 mean that (P, f)(z) is a weighted
average of f. Part (c) of the previous result says
that for 7 close to 1, most of the weight in this
weighted average is concentrated near z. Thus
(Pef)(z) = f(z)asr 1.

The figure here transfers the context from
oD to (—r, 7t]. The area under both curves
is 277 [corresponding to 11.16(b)] and P, (e*)
becomes more concentrated near f = Qasr T 1
[corresponding to 11.16(c)]. See Exercise 3 for P
the formula for P, (e't). .

One more ingredient is needed for the next _ -
proof: If 1 € L'(9D) and z € dD, then

P34

The graphs of P% () [red] and
11.17 /&)D h(zw) do(w) = /BD h(¢) do(Q). Py (e't) [blue] on (-, 7.

The equation above holds because the measure ¢ is rotation and reflection invariant.
In other words, o({w € dD : h(zw) € E}) = c({¢ € 0D : h({) € E}) for all
measurable E C dD.

F1.18 if f is continuous, then 11%1||f —Pifllo =0 w
s

LSuppose f: 0D — C is continuous. Then P, f converges uniformly to f on BDJ
asr 1T 1.

Proof Suppose &€ > 0. Because f is uniformly continuous on 0D, there exists 6 > 0
such that

|f(z) — f(w)| < eforall z,w € 0D with |z — w| < 6.
If z € 9D, then

@)~ (PA)@| = |f() ~ | f@)P(em) do(w)]
=| [ (F) = Fw) Pr(z) do(w)|

< P, (27@) d
_S/{weaD:\sz|<5} (ZW) U<w>

+2[f e /{WGBD:‘HM P, (z) dor(w)

§e+2||f||oo/ P,(g) do(0),

{¢eaD: [1-7|>6}

where we have used 11.17, 11.16(a), and 11.16(b); the last line uses the equality
|z — w| = |1 — | that holds when { = z@. Now 11.16(c) shows that the value of
the last integral above has uniform (with respect to z € dD) limit 0 as r 1 1.
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Solution to Dirichlet Problem on Disk

As a bonus to our investigation into Fourier series, the previous result provides the
solution to the Dirichlet problem on the unit disk. To state the Dirichlet problem, we
first need a few definitions. As usual, we identify C with R2. Thus for x,y € R, we
can think of w = x +yi € Corw = (x,y) € R Hence

D={wecC:|w <1} ={(xy) €R?: x>+ > < 1}.

For a function f: G — C on an open subset G of C (or an open subset G of
R2), the partial derivatives D f and Dy f are defined as in 5.46 except that now we
allow f to be a complex-valued function. Clearly D;f = Dj(Re f) + iD;j(Im f) for
j=1,2.

(1 1.19 Definition harmonic function )
A function 1: G — C on an open subset G of R is called harmonic if
(D1(D1f)) (w) + (D2(D2f)) (w) = 0
\for allw € G. )

11.20 Example harmonic functions

o If f: G — Cis an analytic function on an open set G C C, then the functions
Re f,Im f, f, and f are all harmonic functions on G, as is usually discussed
near the beginning of a course on complex analysis.

e If ¢ € dD, then the function
1-[w
w H - = -
11— Cw/?

is harmonic on C \ {{} (see Exercise 7).

e The function u: C\ {0} — R defined by u(w) = log|w| is harmonic on
C\ {0}, as you should verify. However, there does not exist a function f
analytic on C \ {0} such that u = Re f.

The Dirichlet problem asks to extend a continuous function on the boundary of an
open subset of R? to a function that is harmonic on the open set and continuous on
the closure of the open set. Here is a more formal statement:

Dirichlet problem on G: Suppose G C R? is an open set and
11.21 f:9G — Cis a continuous function. Find a continuous function
u: G — C such that u|¢ is harmonic and u[yg = f.

For some open sets G C R?, there exist continuous functions f on 0G whose
Dirichlet problem has no solution. However, the situation on the open unit disk D is
much nicer, as we will soon see.
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The function u defined in the result below is called the Poisson integral of f on D.

(1 1.22 Poisson integral is harmonic A
Suppose f € L'(dD). Define u: D — C by
u(rz) = (Prf)(2)
Cor r € [0,1) and z € dD. Then u is harmonic on D. D

Proof If w € D, then w = rz for some r € [0,1) and some z € dD. Thus

u(w) = (Prf)(2)

o)

~

fm)(r2)" + 3 f(=n)(r2)"

0 n=1

I
hgk

n

oy + if(—mw".

Il
=
Lr1e

Every function that has a power series representation on D is analytic on D. Thus
the equation above shows that u is the sum of an analytic function and the complex
conjugate of an analytic function. Hence u is harmonic.

(1 1.23 Poisson integral solves Dirichlet problem on unit disk A
Suppose f: 9D — C is continuous. Define u: D — C by
w(rz) = {(Prf)(z) if0 <7 <landz€dD,
f(z) ifr=1andz € dD.
Then u is continuous on D, u|p is harmonic, and u|;p = f. )

Proof Suppose ¢ € dD. To prove that u is continuous at {, we need to show that
if w € D is close to {, then u(w) is close to u({). Because u|yp = f and f is
continuous on 9D, we do not need to worry about the case where w € dD. Thus
assume w € D. We can write w = rz, where € [0,1) and z € dD. Now

u(8) —u(w)| = [£(2) = (P f)(2)]
<If(Q) = f@ +1f(z) = (Pf)(2)]

If w is close to {, then z is also close to {, and hence by the continuity of f the first
term in the last line above is small. Also, if w is close to {, then 7 is close to 1, and
hence by 11.18 the second term in the last line above is small. Thus if w is close to {,
then u(w) is close to u((), as desired.

The function u#|p is harmonic on D (and hence continuous on D) by 11.72.

The definition of u immediately implies that u|yp = f.
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Fourier Series of Smooth Functions

The Fourier series of a continuous function on dD need not converge pointwise (see
Exercise 11). However, in this subsection we will see that Fourier series behave well
for functions that are twice continuously differentiable.

First we need to define what we mean
f.or a function on 0D . Fo b.e cbfferen— function defined on 3D to (—1t, 71,
tiable. The formal definition is given be- L

. . . take the usual derivative there, then
low, along with the introduction of the no-

C Tz transfer back to oD.
tation f for the transfer of f to (—7t, 77
and fI¥ for the transfer back to 9D of the k™-derivative of f.

The idea here is that we transfer a

( - )
11.24 Definition f; k times continuously differentiable; !

Suppose f: dD — C is a complex-valued function on 0D and k € Z* U {0}.
e Define f: R — Cby f(t) = f(e't).

e fis called k times continuously differentiable if f is k times differentiable
everywhere on R and its k"-derivative f (k): R — C is continuous.

e If f is k times continuously differentiable, then f/: 9D — C is defined by
) = F9 @)

for t € R. Here f(O) is defined to be f, which means that f0) = f.

J

Note that the function f defined above is periodic on R because f(t+2m) = f(t)
for all + € R. Thus all derivatives of f are also periodic on R.

11.25 Example Suppose n € Z and f: 0D — C s defined by f(z) = z". Then
f: R — Cis defined by f(t) = e'".
Ifk € Z*, then f0) () = iknke™, Thus fIH(z) = *nkz" for z € aD.

Our next result gives a formula for the Fourier coefficients of a derivative.

(" )

11.26  Fourier coefficients of differentiable functions

Suppose k € Z" and f: 9D — C is k times continuously differentiable. Then

foreveryn € Z.
L Y,

Proof  First suppose n = 0. By the Fundamental Theorem of Calculus, we have
. t=m
[kwoz/” K] ztiz/” 7K (p) 9 A1) (4 —0
(F ) = [ A= fOm5 =] =0

which is the desired result for n = 0.
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Now suppose n € Z \ {0}. Then

(R ) = [ 9 e 2

1 . = o
— (k—1) —int ; (k—1)
- R0 i [T e

- in(f[kfll)A(n),

where the second equality above follows from integration by parts.
Iterating the equation above now produces the desired result.

—int E
27

Now we can prove the beautiful result that a twice continuously differentiable func-
tion on dD equals its Fourier series, with uniform convergence of the Fourier series.
This conclusion holds with the weaker hypothesis that the function is continuously
differentiable, but the proof is easier with the hypothesis used here.

€ )

11.27 Fourier series of twice continuously differentiable functions converge

Suppose f: 0D — C is twice continuously differentiable. Then

[ee]
f@)= ). f(n)"
n=—0o0
M A
for all z € 9D. Furthermore, the partial sums ) f(n)z" converge uniformly
n=—K

onoD to f as K, M — oo.
1\ f J

Proof Ifn € Z\ {0}, then

()0l _ (12

n2 - n?

11.28 If(n)| =

where the equality above follows from 11.26 and the inequality above follows
from 11.9(c). Now 11.28 implies that

11.29 i |f(n)z"| = i 1f(n)] < oo

N=—o0 n=—oo

for all z € 9D. The inequality above implies that Y-5° . f(1)z" converges and that
the partial sums converge uniformly on dD.
Furthermore, for each € 0D we have

f(z) =1lim i r‘”‘f Z f

"M " n=—oo

where the first equality holds by 11.18 and 11.11, and the second equality holds by
the Dominated Convergence Theorem (use counting measure on Z) and 11.29.
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In 1923 Andrey Kolmogorov (1903-1987) published a proof that there exists
a function in L'(dD) whose Fourier series diverges almost everywhere on dD.
Kolmogorov’s result and the result in Exercise 11 probably led most mathematicians
to suspect that there exists a continuous function on dD whose Fourier series diverges
almost everywhere. However, in 1966 Lennart Carleson (1928- ) showed that if
f € L?(9D) (and in particular if f is continuous on dD), then the Fourier series of f
converges to f almost everywhere.

EXERCISES 11A

1 Prove that (f)"(n) = f(—n) forall f € £(dD) and all n € Z.

2 Supposel < p <ccandn € Z.

(a) Show that the function f — f () is a bounded linear functional on L? (9D)
with norm 1.

(b) Findall f € LP(0D) such that ||f||, = L and |f(n)| = 1.

3 Showthatif 0 <r < 1landt € R, then
i 1—1?
P elt = —
r(e%) 1—2rcost+ r?

4 Suppose f € L£1(9D), z € 9D, and f is continuous at z. Prove that
im(Prf)(z) = f(2).
11

[Here L1(0D) means the complex version of L(c). The result in this exercise
differs from 11.18 because here we are assuming continuity only at a single
point and we are not even assuming that f is bounded, as compared to 11.18,
which assumed continuity at all points of dD.]

5 Suppose f € £L1(dD), z € 9D, lifgf(eitz) =4, and liTrglf(e”z) = b. Prove
t t

that b
. - a
lrlgll(Prf) (z) = ——-

[If a # b, then f is said to have a jump discontinuity at z.]

6 Prove that for each p € [1,0), there exists f € L!(9D) such that
Y fm))P = e
n=—oo
7 Suppose { € dD. Show that the function
1— |w/?
W —
1= GwP

is harmonic on C \ {C} by finding an analytic function on C \ {{} whose real
part is the function above.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



8

10

11
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Suppose f: dD — R is the function defined by
flay) =2ty

for (x,y) € R? with x? + y?> = 1. Find a polynomial u of two variables x, y
such that u is harmonic on R? and u|;p = f.

[Of course, u|p is the Poisson integral of f. However, here you are asked to
find an explicit formula for u in closed form, without involving or computing
an integral. It may help to think of f as defined by f(z) = (Rez)*(Imz) for
z € dD.]

Find a formula (in closed form, not as an infinite sum) for P, f, where f is the
function in the second bullet point of Example 11.8.

Suppose f: dD — C is three times continuously differentiable. Prove that

@y =i Y nf(n)"

n=—oo
for all z € dD.

Let C(dD) denote the Banach space of continuous function from dD to C, with
the supremum norm. For M € Z, define a linear functional ¢p;: C(dD) — C
by

M A
= ) f(n)
n=—M

Thus @p(f) is a partial sum of the Fourier series ) f(n)z", evaluated at
z=1. n=—00

(0]

(a) Show that
/ £ smM—l— )tﬂ
sin § 21
for every f € C(dD) and every M € Z.
(b) Show that

lim
M—oo J—7

m ’sin(M + It
el 21"
sin 5 27
(c) Show that limp; e || @p]| = 0. M
(d) Show that there exists f € C(dD) such that lim ) f(n) does not

exist (as an element of C). M=reo, Z=M

[This exercise shows that the Fourier series of a continuous function on 0D need
not converge pointwise on dD.
The family of functions (one for each M € Z™) on 0D defined by

. sin(M + 1)t
ezt}_> ( tZ)
Slnj

is called the Dirichlet kernel. |
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12 Define f: 0D — R by

1 if Imz > 0,
f(z)=<¢ -1 ifImz <0,
0 if Imz =0.

(a) Show thatif n € Z, then

fny =4

A — 2 ifpnis odd,
0 if n is even.

(b) Show that
2rImz

(Pof)(2) = = arctan 207

for every r € [0,1) and every z € dD.
(¢) Verify that lim,4q (P, f)(z) = f(z) for every z € dD.
(d) Prove that P, f does not converge uniformly to f on 0D.
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11B Fourier Series and L? of Unit Circle

The last paragraph of the previous section mentioned the result that the Fourier series
of a function in L2 (0D) converges pointwise to the function almost everywhere.
This terrific result had been an open question until 1966. Its proof will not be
included in this book, partly because the proof is difficult and partly because pointwise
convergence has turned out to be less useful than norm convergence.

Thus we will begin this section with the easy proof that the Fourier series converges
in the norm of L?(dD). The remainder of this section then concentrates on issues
connected with norm convergence.

Orthonormal Basis for L2 of Unit Circle

We already showed that {z""},,cz is an orthonormal family in L?(9D) (see 11.6).
Now we will show that {z"},,cz is an orthonormal basis of L?(dD).

(1 1.30 orthonormal basis of L?(0D) w

tl“he family {z" },cz is an orthonormal basis of L?(dD). J

Proof Suppose f € (span{z”}neZ)L. Thus (f,z") = 0 forall n € Z. In other
words, f(1n) = 0forall n € Z.

Suppose € > 0. Let g: dD — C be a twice continuously differentiable function
such that ||f — g||2 < e. [To prove the existence of ¢ € L?(9D) with this property,
first approximate f by step functions as in 3.47, but use the L2-norm instead of the
L'-norm. Then approximate the characteristic function of an interval as in 3.48, but
again use the L2-norm and round the corners of the graph in the proof of 3.48 to get a
twice continuously differentiable function.]

Now

1Al < 1f = gll2 + llgll2

—11f gl + (S lgw2)

nez

= [f =gl + (L lg = (mP)

neZ

1/2

<|f-gl2+llg—fll2
< 2¢,

where the second line above follows from 11.27, the third line above holds because
f(n) = 0forall n € Z, and the fourth line above follows from Bessel’s Inequality
(8.57).

Because the inequality above holds for all ¢ > 0, we conclude that f = 0. We
have now shown that (span{z”}nez)L = {0}. Hence span{z"},cz = L?>(dD)
by 8.42, which implies that {z" },,c7 is an orthonormal basis of L?(aD).
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Now the convergence of the Fourier series of f € L?(dD) to f follows immedi-
ately from standard Hilbert space theory [see 8.63(a)] and the previous result. Thus
with no further proof needed, we have the following important result.

11.31 convergence of Fourier series in the norm of LZ(SD) A
Suppose f € L2(dD). Then
€ A
f= Y fm)z",
n=—o0
where the infinite sum converges to f in the norm of L?(9D). )

The next example is a spectacular ap-
plication of Hilbert space theory and the
orthonormal basis {z"},cz of L2(dD).
The evaluation of ), ; nl—z had been an
open question until Euler discovered in

Euler’s proof, which would not be
considered sufficiently rigorous by
today’s standards, was quite
different from the technique used in

the example below.
1734 that this infinite sum equals %2.

1 &

37 4+ = ?
Define f € L2(0D) by f(e*) =t fort € (—m, 7r]. Then f(0) = [™ t £ = 0.
Forn € Z\ {0}, we have

Fony= [ reim 2

7 271

E | !
1132 Example -+ o5+

teint T:n l " e—inti
—i27n
(-1)"i

n 9

t=—m  inJ_n 27T

where the second line above follows from integration by parts. The equation above
implies that

(e ) N 2 [e9) 1
11.33 |f(n)] :22ﬁ.
=—00 n=1
Also,
T dt 2
11.34 2:/ P =
IfB= ) #5-=7

Parseval’s Identity [8.63(c)] implies that the left side of 11.33 equals the left side of
11.34. Setting the right side of 11.33 equal to the right side of 11.34 shows that

> 1 2

Loa2=7%

n=1
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Convolution on Unit Circle
Recall that

11.35 (P,f)(z / F(w) Py (z) dor(w)

for f € L'(9D),0 < r < 1,and z € 0D (see 11.15). The kind of integral formula
that appears in the result above is so useful that it gets a special name and notation.

- D

11.36 Definition convolution, f * g

Suppose f,g € L'(dD). The convolution of f and g is denoted f * g and is the
function defined by

(F+8)(@) = | f()3(zm) do(w)

for those z € dD for which the integral above makes sense.

J

Thus 11.35 states that P,f = f x P,. Here f € L'(dD) and P, € L®(9D);
hence there is no problem with the integral in the definition of f * P, being defined
for all z € daD.

The definition above of the convolution of two functions allows both functions to
be in L1(dD). The product of two functions in L' (9D) is not, in general, in L (aD).
Thus it is not obvious that the convolution of two functions in L!(9D) is defined
anywhere. However, the next result shows that all is well.

ﬁ1 .37 convolution of two functions in L' (9D) is in L' (9D) W

If f,¢ € L'(dD), then (f * g)(z) is defined for almost every z € dD. Further-
more, f x g € L'(9D) and ||f * gl < [|fll1 lIglhs-

Proof Suppose f,g¢ € £1(9D). The function (w,z) — f(w)g(zW) is a measur-
able function on dD x dD, as you are asked to show in Exercise 4. Now Tonelli’s
Theorem (5.28) and 11.17 imply that

/ /BD g(zw)| do(w )dU(Z):/ |/ (zw)| do(z) do(w)
= [ F@)llglh dow)
= Il -

The equation above implies that [, |f(w)g(z@)| dor(w) < oo for almost every
z € dD. Thus (f * ) (z) is defined for almost every z € dD.
The equation above also implies that || f * g||1 < || f]/1 [|g]/1-

Soon we will apply convolution results to Poisson integrals. However, first we
need to extend the previous result by bounding || f * g[|, when g € L?(dD).
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(1 1.38 LP-norm of a convolution

|/

Suppose 1 < p < oo, f € L}(dD), and ¢ € L7(dD). Then

1f*&llp < Ifll ligllp-

Proof  We will use the following result to estimate the norm in L? (dD):

If F: 0D — Cis measurable and 1 < p < oo, then
11.39 |Fllp, = sup{/ |Fh|do : h € L”l(aD) and Hth' =1}.
oD
Holder’s Inequality (7.9) shows that the left side of the equation above is greater
than or equal to the right side. The inequality in the other direction almost follows
from 7.12, but 7.12 would require the hypothesis that f € L (dD) (and we want the
equation above to hold even if || f||, = o). To get around this problem, apply 7.12
to truncations of F and use the Monotone Convergence Theorem (3.11); the details

of verifying 11.39 are left to the reader.
Suppose 11 € LY (9D) and [hll,y = 1. Then

|1 9)@h(z)] do(z) < /BD( /BDIf(w)g(zw)Idv(w)lh(Z)I) do(2)
(@)| | _[3(z0)h(z)|do(z) dorw)
< /8D|f<w>\|\g\|p\|h||pf do (w)

11.40 = £l gl

where the second line above follows from Tonelli’s Theorem (5.28) and the third line
follows from Holder’s Inequality (7.9) and 11.17. Now 11.39 (with F = f % ) and

11.40 imply that [|f+ g[p < [ fllx [Ig]lp-

Order does not matter in convolutions, as we now prove.

(1 1.41 convolution is commutative
LSuppose f.g€ Ll(aD). Then f x g = g * f.

Proof  Suppose z € 0D is such that (f * g)(z) is defined. Then

—1

2) = [ f@)gm) do(w) = [ FD)3(0)do(@) = (g% )(2)
where the second equality follows from making the substitution { = zw (which
implies that w = z{); the invariance of the integral under this substitution is explained

in connection with 11.17.
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Now we come to a major result, stating that for p € [1,00), the Poisson integrals
of functions in L? (0D) converge in the norm of L¥ (dD). This result fails for p = oo;
see, for example, Exercise 12(d) in Section 11A.

(11.42 if f € LP(dD), then P, f converges to f in L¥ (dD) w

LSuppose 1<p<ooandf € LF(dD). Then 11%1||f —Pifllpy =0. J
r

Proof  Suppose € > 0. Let g: 0D — C be a continuous function on dD such that

If—glp <e
By 11.18, there exists R € [0,1) such that

g —Prgllo <e

forallr € (R,1). If r € (R, 1), then

If = Pefllp < If — 8llp + I = Prglly + [I1Prg = Pefllp
<e+|g=Prglle + Pr(g = llp
<2+ |[|Prx(g= )y
<2+ [Pl llg— fllp

< 3e,

where the third line above is justified by 11.41, the fourth line is justified by 11.38,
and the last line above is justified by the equation ||P;||; = 1, which follows from
11.16(a) and 11.16(b). The last inequality implies that ling f=Pfllp =0.

r

As a consequence of the result above, we can now prove that functions in L (aD),
and thus functions in L?(dD) for every p € [1,00], are uniquely determined by
their Fourier coefficients. Specifically, if g, € L' (9D) and §(n) = hi(n) for every
n € Z, then applying the result below to ¢ — h shows that ¢ = h.

ﬁ 1.43 functions are determined by their Fourier coefficients W

LSupposef € L1(9D) and f(n) = 0 for every n € Z. Then f = 0. J

Proof Because P, f is defined in terms of Fourier coefficients (see 11.11), we know
that P, f = 0 forall 7 € [0,1). Because Prf — fin L'(9D) as r 1 1 [by 11.42]),
this implies that f = 0.

Our next result shows that multiplication of Fourier coefficients corresponds to
convolution of the corresponding functions.
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f1 1.44  Fourier coefficients of a convolution )
Suppose f, g € L'(dD). Then
(f *8)"(m) = () §(n)
\for everyn € Z. )

Proof First note that if w € 0D and n € Z, then
11.45 /a ¢(2W) 7 do(z) = /a 2(0) T do(Q) = w7 g(n),
JoD D

where the first equality comes from the substitution { = zw (equivalent to z = Jw),
which is justified by the rotation invariance of ¢.
Now

(Fr8)(m) = [ (frg))2" doz)

oD

= aD?” an(w)g(zw) do(w) do(z)

= |t [ g(zw)z" do(z) dow)

= [ plw)wig(n) dow)

= f(n) §(n),
where the interchange of integration order in the third equality is justified by the same
steps used in the proof of 11.37 and fourth equality above is justified by 11.45.

The next result could be proved by appropriate uses of Tonelli’s Theorem and
Fubini’s Theorem. However, the slick proof technique used in the proof below should
be useful in dealing with some of the exercises.

(1 1.46 convolution is associative \

LSupposef,g,hELl(aD).Then (fxg)xh=fx(gxh). J
Proof Suppose n € Z. Using 11.44 twice, we have

((f*8)xh)"(n) = (f *8)"(mh(n) = f(n)§(n)h(n).

Similarly,

(f* (g 1)) (n) = f(n)(g+h)"(n) = f(n)§(n)h(n).
Hence (f % g) x h and f * (g * h) have the same Fourier coefficients. Because
functions in L!(9D) are determined by their Fourier coefficients (see 11.43), this
implies that (f x g) xh = f x (g h).

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 11B  Fourier Series and L? of Unit Circle 359

EXERCISES 11B

1

10

Show that the family {ey }xcz of trigonometric functions defined by 11.1 is an
orthonormal basis of L?((—, 7t]).

Use the result of Exercise 12(a) in Section 11A to show that

1 1 1 P
ptatmt =5

1
+ 8

o
Use techniques similar to Example 11.32 to evaluate Z -
n
n=1
[If you feel industrious, you may also want to evaluate Y, ; 1/n8. Similar

techniques work to evaluate y ;. 11/ nk for each positive even integer k. You can
become famous if you figure out how to evaluate y > 11/ 13, which currently is
an open question.]

Suppose f,g: 0D — C are measurable functions. Prove that the function
(w,z) — f(w)g(zw) is a measurable function from 9D x 9D to C.

[Here the o-algebra on dD x 0D is the usual product 0-algebra as defined in
5.2.]

Where does the proof of 11.42 fail when p = oo?
Suppose f € L'(dD). Prove that f is real valued (almost everywhere) if and

only if f(—n) = f(n) forevery n € Z.
[ee]
Suppose f € L1(9D). Show that f € L?(dD) ifand onlyif ) |f(n)]? < .
n=—o0

Suppose f € L2(dD). Prove that |f(z)| = 1 for almost every z € 9D if and
only if

N 7 e 1 ifn=0
k)f(k—mn) = ’
Y f0Fk—n) {0 o
foralln € Z.
For this exercise, for each r € [0,1) think of P, as an operator on L2(9D).

(a) Show that P, is a self-adjoint compact operator for each r € [0, 1).
(b) Foreachr € [O, 1), find all eigenvalues and eigenvectors of P;.
(¢) Prove or disprove: lim,41 || — P;|| = 0.

Suppose f € L!(dD). Define T: L2(dD) — L?(dD) by Tg = f * g.

(a) Show that T is a compact operator on L2(dD).

(b) Prove that T is injective if and only if f(n) # 0 for every n € Z.

(¢) Find a formula for T*.

(d) Prove: T is self-adjoint if and only if all Fourier coefficients of f are real.

(e) Show that T is a normal operator.
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11

12

13

14

15
16

17

Chapter 11 Fourier Analysis
Suppose 1 < p < co. Prove that if f € LP(9D) and g € L' (dD), then f * g
is a continuous function on dD.

Suppose ¢ € L' (9D) is such that ¢(n) # O for infinitely many n € Z. Prove
that if f € L'(dD) and f * ¢ = g, then f = 0.

Show that there exists a two-sided sequence ...,b_5,b_1,bg, b1, by, ... such
that liril b, = 0 but there does not exist f € L!(9D) with f(n) = by, for all
n— 1 oo

neZz.

Prove that if f,g € L?(dD), then

[e9)

(fg)"(n) = fk)g(n k)

for every n € Z.
Suppose f € L1(dD). Prove that P;(Psf) = Pysf forall r,s € [0,1).

Suppose p € [1,00] and f € LF(0D). Prove thatif 0 < r < s < 1, then

1Prfllp < 1 Psfllp-

Prove Wirtinger’s Inequality: If f: R — R is a continuously differentiable
27t-periodic function and [ _7rn f(t)dt =0, then

[ ovw)as [ rw)e

-7 -7

with equality if and only if f(¢) = asin(t) + bcos(t) for some constants a, b.
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11C Fourier Transform

Fourier Transform on L'(R)

We now switch from consideration of functions defined on the unit circle dD to
consideration of functions defined on the real line R. Instead of dealing with Fourier
coefficients and Fourier series, we will now deal with Fourier transforms.

Recall that ffooo f(x) dx means [g fdA, where A denotes Lebesgue measure
on R, and similarly if a dummy variable other than x is used (see 3.39). Similarly,
LP(R) means L”(A) (the version that allows the functions to be complex valued).

Thus in this section, || f||, = ([T f(x)[? dx)l/p for1 < p < oo.

(11.47 Definition Fourier transform w

For f € L'(R), the Fourier transform of f is the function f: R — C defined by

f6 = [ fe i ar.

We use the same notation f for the Fourier transform as we did for Fourier
coefficients. The analogies that we will see between the two concepts makes using
the same notation reasonable. The context should make it clear whether this notation
refers to Fourier transforms (when we are working with functions defined on R)
or whether the notation refers to Fourier coefficients (when we are working with
functions defined on dD).

The factor 27t that appears in the exponent in the definition above of the Fourier
transform is a normalization factor. Without this normalization, we would lose the
beautiful result that ||f|2 = | f||2 (see 11.82). Another possible normalization,
which is used by some books, is to define the Fourier transform of f at f to be

0 iy dX
X e—ztx i
| pwet =
There is no right or wrong way to do the normalization—pesky 7t’s will pop up
somewhere regardless of the normalization or lack of normalization. However, the

choice made in 11.47 seems to cause fewer problems than other choices.

11.48 Example Fourier transforms
(a) Suppose b < c. Ift € R, then

c .
(Xpp, )" (1) Z/b e 2 dx

i(€72m'ct _ 672m'ht)
27t
c—Db if t =0.

ift #£0,
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(b) Suppose f(x) = e~ 27l for x € R. If t € R, then
fly= [ e g
—o0

0 . o8] .
:/ eZﬂx672mtx dx—l—/ 6727Tx672mtx dx
—0 0
1 1

27t(1 — it) * 27(1 +it)

1
(2 +1)

Recall that the Riemann-Lebesgue Lemma on the unit circle oD states that if
fe L'(aD), then lim,,, +co f(n) = 0 (see 11.10). Now we come to the analogous
result in the context of the real line.

ﬁ 1.49 Riemann—Lebesgue Lemma w

Suppose f € L'(R). Then f is uniformly continuous on R. Furthermore,

I flle < lIflli and  lim f(t) = 0.

t—+o0

Proof Because |e”2™*| = 1 forall t € R and all x € R, the definition of the
Fourier transform implies that if f € R then

Fol< [T Irelac= 17l

Thus | flleo < [}

If f is the characteristic function of a bounded interval, then the formula in
Example 11.48(a) shows that f is uniformly continuous on R and lim;_, +o f(t) = 0.
Thus the same result holds for finite linear combinations of such functions. Such
finite linear combinations are called step functions (see 3.46).

Now consider arbitrary f € L!(R). There exists a sequence f1, f, ... of step
functions in L (R) such that limy_,|| f — f¢/|1 = O (by 3.47). Thus

lim [|f = fi[lo = 0.
k—o0

In other words, the sequence f1, fo, . .. converges uniformly on R to f. Because the
uniform limit of uniformly continuous functions is uniformly continuous, we can
conclude that f is uniformly continuous on R. Furthermore, the uniform limit of
functions on R each of which has limit 0 at =co also has limit 0 at +-co, completing
the proof.

The next result gives a condition that forces the Fourier transform of a function to
be continuously differentiable. This result also gives a formula for the derivative of
the Fourier transform. See Exercise 8 for a formula for the n™ derivative.
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s

11.50 derivative of a Fourier transform

o

Suppose f € L}(R). Define g: R — C by g(x) = xf(x). If ¢ € L'(R), then
f is a continuously differentiable function on R and

(f)(t) = —2mig(t)
\for allt € R. Y,

Proof Fix t € R. Then

¢ 72nwx 1
lim f—( +5) = hm/ fx e~ 27itx (7) dx
s—0 S s—0 S

e—2nwx

Je'e} . _ 1
_ —27itx (13
= [ fwe (i ) ax
= —27'[1'/ xf(x)e 27 dy

= —2mig(t),

where the second equality is justified by using the inequality |ei9 —1] < 6 (valid
for all § € R, as the reader should verify) to show that |(e~2¥ — 1) /s| < 277|x]|
for all s € R\ {0} and all x € R; the hypothesis that xf(x) € L'(R) and the
Dominated Convergence Theorem (3.31) then allow for the interchange of the limit
and the integral that is used in the second equality above.

The equation above shows that f is differentiable and that (f)'(t) = —27ig(t)
for all t € R. Because ¢ is continuous on R (by 11.49), we can also conclude that f
is continuously differentiable.

11.51 Example e equals its Fourier transform

Suppose f € L(R) is defined by f(x) = e~ Then the function g:R—=C

defined by g(x) = xf(x) = xe=™ is in L'(R). Hence 11.50 implies that if t € R
then

(A (t) = —Zm'/ xe™ T g2 gy

—o0
_ (ie—nxze—Zrcitx)} N /°° o= T g2t g
x=—00 —o0
11.52 = —2mtf(t),
where the second equality follows from integration by parts (if you are nervous about

doing an integration by parts from —oo to oo, change each integral to be the limit as
M — oo of the integral from —M to M).
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Note that f/(t) = —2mte ™ = —2t £ (t). Combining this equation with 11.52
shows that

(DY = LD OO0, JOIO 1] _

f (f() (f(1)?

for all t € R. Thus f/f is a constant function. In other words, there exists ¢ € C
such that f = cf. To evaluate c, note that

11.53 f(o):/ﬁoo e‘”"zdlezf(o),

where the integral above is evaluated by writing its square as the integral times the
same integral but using y instead of x for the dummy variable and then converting to
polar coordinates (dx dy = r dr df).

Clearly 11.53 implies that ¢ = 1. Thus f = f.

The next result gives a formula for the Fourier transform of a derivative. See
Exercise 9 for a formula for the Fourier transform of the n™ derivative.

(1 1.54 Fourier transform of a derivative W

Suppose f € L'(R) is a continuously differentiable function and f’ € L(R).
If t € R, then A
(F1)(t) = 27t (2).
Proof  Suppose € > 0. Because f and f” are in L!(R), there exists 4 € R such that

/aoo|f’(x)|dx <e and |f(a)| <e.

Now if b > a then

|_’/f x)dx — f >‘ /lf x)| dx +|f(a)| < 2e.

Hence limy_; f(x) = 0. Similarly, lim,_, o f(x) = 0.
Ift € R, then

_ / f/(x)e—zmtx dx

— f(x)efb'(itx] =

X=—00

oo .
+27rit/ F(x)e 2t gy

= 2mitf(t),

where the second equality comes from integration by parts and the third equality
holds because we showed in the paragraph above that limy_,+ o f(x) = 0.

The next result gives formulas for the Fourier transforms of some algebraic
transformations of a function.
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[1 1.55 Fourier transforms of translations, rotations, and dilations )
Suppose f € Ll(R), beR,andt € R.
(a) Ifg(x) = f(x —b) forall x € R, then §(t) = e~ 2L f(1).
(b) If g(x) = 2™ f(x) for all x € R, then §(t) = f(t — b).
(c) If b # 0 and g(x) = f(bx) forall x € R, then §(t) = ﬁf(%)
\_ J

11.56 Example Fourier transform of a rotation of an exponential function

Suppose y > 0, x € R, and h(t) = e~2IH27x! o find the Fourier transform
of h, first consider the function g defined by g(t) = e~ 2!l By 11.48(b) and
11.55(c), we have

1157 g(t)—l 1y
' y n<(1)2+1) oty

Now 11.55(b) implies that

A 1 Y
11.58 h(t) Z;m;

note that x is a constant in the definition of /&, which has t as the variable, but x is the
variable in 11.55(b)—this slightly awkward permutation of variables is done in this
example to make a later reference to 11.58 come out cleaner.

The next result will be immensely useful later in this section.

(1 1.59 integral of a function times a Fourier transform

|/

Suppose f,¢ € L'(R). Then

| fwgwd= [ foge

Proof Both integrals in the equation above make sense because f, ¢ € L'(R) and
f,8 € L*(R) (by 11.49). Using the definition of the Fourier transform, we have

/j:of(t)g(t) dt = /j:o g(t) /jof(x)efzmtx dx dt

:/_O;f(x) /_O:og(t)e_zmtxdtdx
= [ gt a

where Tonelli’s Theorem (5.28) and Fubini’s Theorem (5.32) justify the second
equality. Changing x to ¢ in the last expression gives the desired result.
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Convolution on R

Our next big goal is to prove the Fourier Inversion Formula. This remarkable formula,
discovered by Fourier, states that if f € L'(R) and f € L!(R), then

11.60 f(x) = /_oo F(t)e?mixt gt

for almost every x € R. We will eventually prove this result (see 11.76), but first we
need to develop some tools that will be used in the proof. To motivate these tools, we
look at the right side of the equation above for fixed x € R and see what we would
need to prove that it equals f(x).

To get from the right side of 11.60 to an expression involving f rather than f , we
should be tempted to use 11.59. However, we cannot use 11.59 because the function
t > 2™ is not in L'(R), which is a hypothesis needed for 11.59. Thus we throw
in a convenient convergence factor, fixing y > 0 and considering the integral

11.61 /oo F(t)e~ 2l 2rixt g
—o0

The convergence factor above is a good choice because for fixed y > 0 the function
t — e 2wl s in L(R), and lim, g e~2™Ifl = 1 for every t € R (which means
that 11.61 may be a good approximation to 11.60 for y close to 0).

Now let’s be rigorous. Suppose f € L'(R). Fix y > 0 and x € R. Define
h: R — Cby h(t) = e~ 2WIHe2xt Then h € L1(R) and

/jo f‘(t)efbry\t\ezmxt dt — /jo ]?(t)h(t) dt
= [ iy

11.62 :—/ f(t) 2 5 dt,
> +y?

where the second equality comes from 11.59 and the third equality comes from 11.58.
We will come back to the specific formula in 11.62 later, but for now we use 11.62 as
motivation for study of expressions of the form [ f(#)g(x — t) dt. Thus we have
been led to the following definition.

s

11.63 Definition convolution, f * g

~

Suppose f,g: R — C are measurable functions. The convolution of f and g is
denoted f * g and is the function defined by

)= [ fgx—na

for those x € R for which the integral above makes sense.

Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



Section 11C  Fourier Transform 367

Here we are using the same terminology and notation as was used for the convolu-
tion of functions on the unit circle. Recall that if F, G € L'(dD), then

. n , ‘ d
(FxG)e") = [ FE)G( ) >
-7 27
for 6 € R (see 11.36). The context should always indicate whether f * g denotes
convolution on the unit circle or convolution on the real line. The formal similarities
between the two notions of convolution make many of the proofs transfer in either
direction from one context to the other.
If f,g € L}(R), then f * g is defined
for almost every x € R, and furthermore o N )
If *glli < [IFlli gl (as you should | & € L7 (R), then Holder's
verify by translating the proof of 11.37 to | [nequality (7.9) and the translation
the context of R). invariance of Lebesgue measure
If p € (1, 0], then neither L!(R) nor imply (f * g)(x) is defined for all
LP(R) is a subset of the other [unlike the | ¥ € Rand ||f*g||°° < I£1lp Hg”]ﬂ’
inclusion LP (9D) C 11 (9D)]. Thus we (more is true; with these hypothesis,
do not yet know that f * ¢ makes sense f gisa uniformly continuous
for f € Ll(R) and g € LP(R). However, function on R, as you are asked to

rIflSpSoo,fEU’(R),and )

the next result shows that all is well. Qhow in Exercise 10). J
(1 1.64 LP-norm of a convolution w

Suppose 1 < p < oo, f € LY(R), and g € LP(R). Then (f * g)(x) is defined
for almost every x € R. Furthermore,

I1f*&llp < If N1 lIgll-

\

Proof  First consider the case where f(x) > 0 and g(x) > 0 for all x € R. Thus
(f % g)(x) is defined for each x € R, although its value might equal co. Apply the
proof of 11.38 to the context of R, concluding that ||f * ||, < || f|l1 [|g]|p [Which
implies that (f * ¢)(x) < oo for almost every x € R].

Now consider arbitrary f € L'(R), and ¢ € LP(R). Apply the case of the
previous paragraph to |f| and |g| to get the desired conclusions.

The next proof, as is the case for several other proofs in this section, asks the
reader to transfer the proof of the analogous result from the context of the unit circle
to the context of the real line. This should require only minor adjustments of a proof
from one of the two previous sections. The best way to learn this material is to write
out for yourself the required proof in the context of the real line.

(1 1.65 convolution is commutative \

Suppose f,g: R — C are measurable functions and x € R is such that
(f % g)(x) is defined. Then (f % g)(x) = (g* f)(x).

Proof  Adjust the proof of 11.41 to the context of R.
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Our next result shows that multiplication of Fourier transforms corresponds to
convolution of the corresponding functions.

(1 1.66 Fourier transform of a convolution A
Suppose f, g € L'(R). Then
(f *8)°(5) = £(£) &(t)
Gor every t € R. )

Proof  Adjust the proof of 11.44 to the context of R.

Poisson Kernel on Upper Half-Plane

As usual, we identify R? with C, as illustrated in the following definition. We will
see that the upper half-plane plays a role in the context of R similar to the role that
the open unit disk plays in the context of dD.

(11.67 Definition H; upper half-plane

N

e H denotes the open upper half-plane in R?:

H={(x,y) €R*:y>0}={z€C:Imz > 0}.

e OH is identified with the real line:

2 oap — — o — —

L H={(x,y) eR°:y=0}={z€C:Imz=0} =R. )

Recall that we defined a family of functions on dD called the Poisson kernel on
D [see 11.14, where the family is called the Poisson kernel on D because 0 < r < 1
and { € 9D implies ¥l € D]. Now we are ready to define a family of functions
on R that is called the Poisson kernel on H [because x € R and y > 0 implies
(x,y) € H].

The following definition is motivated by 11.62. The notation P, for the Poisson
kernel on D and Py, for the Poisson kernel on H is potentially ambiguous (what is
Py /2", but the intended meaning should always be clear from the context.

[1 1.68 Definition Py (x); Poisson kernel )
e Fory > 0, define P;: R — (0, 00) by
Ly
e The family of functions {Py },~¢ is called the Poisson kernel on H. )
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The properties of the Poisson kernel on H listed in the result below should be
compared to the corresponding properties (see 11.16) of the Poisson kernel on D.

(1 1.69 properties of Py )
(@) Py(x) > O0forally > 0andall x € R.
(o0}
®) / P, (x) dx = 1 for each y > 0.
—©
(c) lim P,(x) dx = 0 for each 6 > 0.
yd0 J{x€eR:|x|>s} Y.

Proof  Part (a) follows immediately from the definition of P, (x) given in 11.68.
Parts (b) and (c) follow from explicitly evaluating the integrals, using the result
that for each y > 0, an anti-derivative of P, (x) (as a function of x) is % arctan 5

If p € [1,c0] and f € LP(R) and y > 0, then f * P, makes sense because
P, e LV (R). Thus the following definition makes sense.

(1 1.70 Definition P, f A
For f € LP(R) for some p € [1,00] and for y > 0, define Pyf: R — C by
(Pyf) (x /fott—l/oof(t) U—"
J v o d e (x — )2+ y?
for x € R. In other words, Py f = f * P,.
\ ! ’ J
The next result is analogous to 1'1.18, When Napoleon appointed Fourier ™~
except that now we need to include in the dmini . s
hypothesis that our function is uniformly fo an administrative position in
PO Tt 1806, Siméon Poisson (1781-1840)
continuous and bounded (those conditions .
. N was appointed to the professor
follow automatically from continuity in . - .
.. position at Ecole Polytechnique
the context of the unit circle). . .
vacated by Fourier. Poisson
For the proof of the result below, you . .
. . published over 300 mathematical
should use the properties in 11.69 instead apers during his lifetime
of the corresponding properties in 11.16. \P%P g . /

(1 1.71 if f is uniformly continuous and bounded, then hﬁ}” f=Pyflle=0
7

Suppose f: R — C is uniformly continuous and bounded. Then Py f converges
\uniformly to fonRasy | 0. )

Proof Adjust the proof of 11.18 to the context of R.
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The function u defined in the result below is called the Poisson integral of f on H.

s

11.72  Poisson integral is harmonic )

Suppose f € LP(R) for some p € [1,00]. Define u: H — C by
u(x,y) = (Pyf)(x)

Gor x € Rand y > 0. Then u is harmonic on H.

J

Proof  First we consider the case where f is real valued. For x € Rand y > 0, let
z = x 4 iy. Then

Y 1
72*1' .
(x — £)2 4 y? z—t
for t € R. Thus

(xy) —Im — / f(t) —dt

z—t
The function z l—) f f(t) 7—7 dt is analytic on H; its derivative is the function
z — f f(t) e dt (]ustlﬁcatlon for this statement is in the next paragraph).

In other words we can differentiate (with respect to z) under the integral sign in
the expression above. Because u is the imaginary part of an analytic function, u is
harmonic on H, as desired.

To justify the differentiation under the integral sign, fix z € H and define a
function ¢: H — C by g(z) = — f f(t)5L; dt. Then

T / ft) / f(t) (z—1t) ( —t)dt'

As w — z, the function t — % goes to 0 in the norm of L (R). Thus

Hélder s Inequality (7 9) and the equation above imply that ¢’(z) exists and that
= [® . f(t) =L dt, as desired.

We have now solved the Dirichlet problem on the half-space for uniformly contin-
uous, bounded functions on R; see 11.21 for the statement of the Dirichlet problem.

(" )

11.73  Poisson integral solves Dirichlet problem on half-plane

Suppose f: R — C is uniformly continuous and bounded. Define u: H-C
by
u(x,y) = (Pyf)(x) %fx €Randy >0,
f(x) ifxeRandy =0.

Then u is continuous on H, u|y is harmonic, and u|g = f.

J

Proof  Adjust the proof of 11.23 to the context of R; now you will need to use 11.71
and 11.72 instead of the corresponding results for the unit circle.
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The next result, which states that the
Poisson integrals of functions in LP(R)
converge in the norm of L”(R), will be
a major tool in proving the Fourier Inver-
sion Formula and other results later in this
section.

For the result below, the proof for the corresponding result on the unit circle
(11.42) fails because the inequality [|-||, < ||-||co, Which holds in the context of the
unit circle, fails in the context of R.

Poisson and Fourier are two of the
72 mathematicians/scientists whose
names are prominently inscribed on
the Eiffel Tower in Paris.

ﬁ1.74 if f € LP(R), then P, f converges to f in L* (R) W

LSuppose 1<p<ocoandf € LP(R). Then 1i£51||f —Pyfll, =0. J
Y

Proof Ify > 0and x € R, then

£() = (P )] = |F) - L fa=nrt
‘/ f(x—1))Py(t dt‘

11.75 < (/jolf(x)—f(x—f)|ppy(t)df)l/p’

where the inequality comes from applying 7.10 to the measure Py df (note that the
measure of R with respect to this measure is 1).
Define i: R — [0, c0) by

h(t) = /j:o|f(x) —f(x—t)‘pdx.

Then } is a bounded function that is uniformly continuous on R [by Exercise 23(a) in
Section 7A]. Furthermore, 1(0) = 0.

Raising both sides of 11.75 to the p‘h power and then integrating over R with
respect to x, we have

IF=Pufl< [~ [T 150 — flx= 0 By deax
= [ o 12|f<x>—f<x—t>lpdxdt

_ /_°° P,(—t)h(t) dt

= (Pyh)(0).
Now 11.71 implies that lig)l(Pyh)(O) = h(0) = 0. Hence the last inequality above
Y
implies that 11?01||f — ny”p =0.
¥
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Fourier Inversion Formula

Now we can prove the remarkable Fourier Inversion Formula.

(1 1.76 Fourier Inversion Formula )

Suppose f € L'(R) and f € L'(R). Then

= [ fnema
—o0
for almost every x € R. In other words,
f(x) = () (=)

for almost every x € R.

\_ v Y,

Proof Equation 11.62 states that

11.77 /jo f(t)e—2ny|t|62nixt df — (ny)(x)

for every x € R and every y > 0.

Because f € L'(R), the Dominated Convergence Theorem (3.31) implies that for
every x € R, the left side of 11.77 has limit (f)"(—x) as y | 0.

Because f € L'(R), 11.74 implies that lim, o || f — P, |1 = 0. Now 7.23 im-
plies that there is a sequence of positive numbers Y1, o, . . . such that limy, e y = 0
and limy, 0 (Py, f)(x) = f(x) for almost every x € R.

Combining the results in the two previous paragraphs and equation 11.77 shows
that f(x) = (f)"(—x) for almost every x € R.

The Fourier transform of a function in L' (R) is a uniformly continuous function on
R (by 11.49). Thus the Fourier Inversion Formula (11.76) implies that if f € LY(R)
and f € L!(R), then f can be modified on a set of measure zero to become a
uniformly continuous function on R.

The Fourier Inversion Formula now allows us to calculate the Fourier transform
of P, for eachy > 0.

11.78 Example Fourier transform of P,
Suppose y > 0. Define f: R — (0,1] by
f(t) = e 2ylt

Then f = P, by 11.57. Hence both f and f are in L!(R). Thus we can apply the
Fourier Inversion Formula (11.76), concluding that

PN

11.79 (By)(x) = () (x) = f(—x) = ¢ 20

for all x € R.
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Now we can prove that the map on L' (R) defined by f + f is one-to-one.

(1 1.80 functions are determined by their Fourier transforms w

LSupposef € L1(R) and f(t) = 0 forevery t € R. Then f = 0. J

Proof Because f = 0, we also have (f)” = 0. The Fourier Inversion Formula
(11.76) now implies that f = 0.

The next result could be proved directly using the definition of convolution and
Tonelli’s/Fubini’s Theorems. However, the following cute proof deserves to be seen.

(1 1.81 convolution is associative \
LSupposef,g,heLl(R).Then (fxg)xh=fx(gxh). J

Proof  The Fourier transform of (f * g) * h and the Fourier transform of f x (g * )

both equal f gﬁ (by 11.66). Because the Fourier transform is a one-to-one mapping
on L'(R) [see 11.80], this implies that (f * g) * h = f * (g * h).

Extending Fourier Transform to L2(R)

We now prove that the map f + f preserves L2(R) norms on L'(R) N L2(R).

ﬁ1.82 Plancherel’s Theorem: Fourier transform preserves L*>(R) norms W

LSupposef € LY(R) N L2(R). Then || f|l2 = ||f]l2. J

Proof  First consider the case where f € L'(R) in addition to the hypothesis that

f € LY(R) N L?*(R). Define g: R — Cby g(x) = f(—x). Then ¢(t) = f(t) for
allt € R, as is easy to verify. Now

1718 = [~ Foft)dx

| i a

11.83 - /Z(fy(x)g(x) dx
11.84 = /_o; F(x)§(x) dx
= [ F@F) ax

=IIf12,
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where 11.83 holds by the Fourier Inversion Formula (11.76) and 11.84 follows from
11.59. The equation above shows that our desired result holds in the case when
feL'(R).

Now consider arbitrary f € L'(R) N L2(R). If y > 0, then f * P, € L'(R) by
11.64. If x € R, then

(f * Py)"(x) = f(x)(P)"(x)
11.85 :ﬂ@gmmh

where the first equality above comes from 11.66 and the second equality comes from
11.79. The equation above shows that (f * ;)" € L}(R). Thus we can apply the
first case to f * Py, concluding that

£ Pyllz = 1(f * Py)[l2-

Asy | 0, the left side of the equation above converges to || f||2 [by 11.74]. Asy | 0,
the right side of the equation above converges to || f||2 [by the explicit formula for
f * Py given in 11.85 and the Monotone Convergence Theorem (3.11)]. Thus the

equation above implies that || f||2 = || f||2.

Because L' (R) N L(R) is dense in L?(R), Plancherel’s Theorem (11.82) allows
us to extend the map f ~— f uniquely to a bounded linear map from L?(R) to L?(R)
(see Exercise 14 in Section 6C). This extension is called the Fourier transform on

L?(R), and it gets its own notation as shown below.

(11.86 Definition Fourier transform on L>(R) w

The Fourier transform J on L%(R) is the bounded operator on L?(R) such that
Ff = fforall f € L'(R)NL2(R).

For f € LY(R) N L%(R), we can use either f or Ff to denote the Fourier
transform of f. Butif f € L'(R)\ L%(R), we will use only the notation f, and if
f € L2(R) \ L}(R), we will use only the notation F f.

Suppose f € L>(R) \ L'(R) and t € R. Do not make the mistake of thinking
that (F f)(t) equals

/j; f(x)e 2t gy,

Indeed, the integral above makes no sense because | f(x)e2"**| = |f(x)| and

f & LY(R). Instead of defining F f via the equation above, F f must be defined as the
limit in L2(R) of (f1)", (f2)", - - ., where f1, fa, ... is a sequence in L' (R) N L?(R)
such that

|f — full2 — 0asn — oo.

For example, one could take f, = f,_, , because ILf - X, n]||2 —0asn — o
by the Dominated Convergence Theorem (3.31).
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Because F is obtained by continuously extending [in the norm of L?(R)] the
Fourier transform from L' (R) N L?(R) to L?(R), we know that || F ||, = || f|2 for
all f € L?(R). In other words, F is an isometry on L?(R). The next result shows
that even more is true.

11.87 properties of the Fourier transform on L?(R) A
(a) F is a unitary operator on L?(R).
(b) F*=1
(©) sp(F)={1,i,—1,—i}.
L© () = {1i-1,-1) )

Proof  First we will prove (b). Suppose f € L'(R) N L?*(R). Ify > 0, then
Py € L'(R) and hence 11.64 implies that

11.88 f*P, € L"(R)NL*(R).
Also,
11.89 (f*P,)" € LY(R) N L*(R),

as follows from the equation (f * P,)" = f- (Py)" [see 11.66] and the observation
that f € L®(R), (Py)" € LY(R) [see 11.49 and 11.79] and the observation that
feI2(R), (P,)" € L°(R) [see 11.82 and 11.49].

Now the Fourier Inversion Formula (11.76) as applied to f * Py (which is valid by
11.88 and 11.89) implies that

FHfxPy) = f* P,

Taking the limit in L?(R) of both sides of the equation above as y | 0, we have
F4f = f (by 11.74), completing the proof of (b).

Plancherel’s Theorem (11.82) tells us that F is an isometry on EZ(R). Part (a)
implies that F is surjective. Because a surjective isometry is unitary (see 10.61), we
conclude that F is unitary, completing the proof of (a).

The Spectral Mapping Theorem [see 10.40—take p(z) = z*] and (b) imply that
a* = 1 for each « € sp(T). In other words, sp(T) C {1,i, —1, —i}. However, 1, i,
—1, —i are all eigenvalues of F (see Example 11.51 and Exercises 2, 3, and 4) and
thus are all in sp(T). Hence sp(T) = {1,i, —1, —i}, completing the proof of (c).

EXERCISES 11C

1 Suppose f € L'(R). Prove that ||fA||oo = ||f|l1 if and only if there exists
¢ € 9D and t € R such that {f(x)e ¥ > 0 for almost every x € R.

2 Suppose f(x) = xe~™ forall x € R. Show that f = —if.
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Suppose f(x) = 4rx2e~ ™ — ¢~ for all x € R. Show that f = —f.
Find f € L'(R) such that f # 0 and f = if.

Prove that if p is a polynomial on R with complex coefficients and f: R — C
is defined by f(x) = p(x)e’”xz, then there exists a polynomial g on R with

complex coefficients such that degq = deg p and f(t) = g(t)e~™" for all
te R

Suppose
—2nx
xe ifx >0,
X) =
fx) {0 iftx <0.
Show that f(t) = _ forallt € R
4m2(1 +it)? ’

Prove the formulas in 11.55 for the Fourier transforms of translations, rotations,
and dilations.

Suppose f € L'(R) and n € Z*. Define g: R — Cby g(x) = x" f(x). Prove
thatif ¢ € L!(R), then f is 1 times continuously differentiable on R and

(A" (k) = (—2mi)"g()
forall t € R.

Suppose n € Z" and f € L'(R) is n times continuously differentiable and
£ € LY(R). Prove that if t € R, then

(F) (1) = (2mit)"f(8).

Suppose 1 < p < oo, f € LP(R), and g € LY (R). Prove that f x g is a
uniformly continuous function on R.

Suppose f € L*(R), x € R, and f is continuous at x. Prove that

im(Py f) (x) = £(x).

yl0

Suppose p € [1,00] and f € LP(R). Prove that Py (P, f) = Py, f for all
v,y >0.

Suppose p € [1,00] and f € LP(R). Prove that if 0 < y </, then
IPyfllp = [Py fllp-
Suppose f € L}(R).

(a) Prove that (f)"(t) = f(—t) forall t € R.

(b) Prove that f(x) € R for almost every x € R if and only if f(t) = f(—t)
forall t € R.
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Define f € L'(R) by f(x) = e”‘47([0 w)(x). Show that f ¢ L'(R).
Suppose f € L'(R) and f € L'(R). Prove that f € L?(R) and f € L?(R).

Prove that if f € L'(R), then ||f]l2 = ||f |2

[This exercise slightly improves Plancherel’s Theorem (11.82) because here we
have the weaker hypothesis that f € L(R) instead of f € L'(R) N L%*(R).
Because of Plancherel’s Theorem, here you need only prove that if f € L! (R)
and ||f||2 = oo, then || f||2 = c0.]

Suppose i > 0. Define on operator T on L*(R) by Tf = f * P,

(a) Show that T is a self-adjoint operator on L?(R).
(b) Show that sp(T) = [0,1].

[Because the spectrum of each compact operator is a countable set (by 10.92),
part (b) above implies that T is not a compact operator. This conclusion differs
from the situation on the unit circle—see Exercise 9 in Section 11B.]

Prove that if f € L'(R) and ¢ € L?(R), then F(f xg) = f - Fg.
Prove that f, g € L?(R), then (fg)" = (Ff) * (Fg).
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Chapter
12

Probability Measures

Probability theory has become increasingly important in multiple parts of modern
science. Getting deeply into probability theory requires a full book, not just a chapter.
For readers who intend to pursue further studies in probability theory, this chapter
aims to give you a good head start. For readers not intending to delve further into
probability theory, this chapter aims to give you a taste of the subject.

Modern probability theory makes major use of measure theory. As we will see, a
probability measure is simply a measure such that the measure of the whole space
equals 1. Thus a thorough understanding of the chapters of this book dealing with
measure theory and integration provides a solid foundation for probability theory.

However, probability theory is not simply the special case of measure theory where
the whole space has measure 1. The questions that probability theory investigates dif-
fer from the questions natural to measure theory. For example, the probability notions
of independent sets and independent random variables, which will be introduced in
this chapter, do not arise in measure theory.

Even when concepts in probability theory have the same meaning as well-known
concepts in measure theory, the terminology and notation can be quite different. Thus
one goal of this chapter is to introduce the vocabulary of probability theory. This
difference in vocabulary between probability theory and measure theory occurred
because the two subjects had different historical developments, only coming together
in the first half of the twentieth century.

a N

\_ J

Dice used in games of chance. The beginning of probability theory can be traced to

correspondence in 1654 between Pierre de Fermat (1601-1665) and Blaise Pascal

(1623-1662) about how to distribute fairly money bet on an unfinished game of dice.
CC-BY-SA Alexander Dreyer
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Chapter 12 Probability Measures 379

Probability Spaces

We begin with an intuitive and nonrigorous motivation. Suppose we pick a real
number at random from the interval (0, 1), with each real number having an equal
probability of being chosen (whatever that means). What is the probability that the
chosen number is in the interval (19—0, 1)? The only reasonable answer to this question

is 11—0. More generally, if Iy, I, . . . is a disjoint sequence of open intervals contained
in (0,1), then the probability that our randomly chosen real number is in 5,4 I,
should be Y_> ; ¢(I,), where £(I) denotes the length of an interval I. Still more
generally, if A is a Borel subset of (0, 1), then the probability that our random number
is in A should be the Lebesgue measure of A.

With the paragraph above as motivation, we are now ready to define a probability
measure. We will use the notation and terminology common in probability theory
instead of the conventions of measure theory.

In particular, the set in which everything takes place is now called () instead of
the usual X in measure theory. The o-algebra on Q) is called F instead of S, which
we have used in previous chapters. Our measure is now called P instead of y. This
new notation and terminology can be disorienting when first encountered. However,
reading this chapter should help you become comfortable with this notation and
terminology, which are standard in probability theory.

s

12.1 Definition probability measure

~

Suppose F is a o-algebra on a set ).

e A probability measure on (Q), F) is a measure P on (Q), F) such that
P(Q) =1.

Q) is called the sample space.

e An event is an element of F (F need not be mentioned if it is clear from the

context).
e If A is an event, then P(A) is called the probability of A.
e If P is a probability measure on (€, F), then the triple (Q), F, P) is called a
probability space.
\. J

12.2 Example probability measures

e Suppose n € ZT and Q) is a set containing exactly 7 elements. Let F denote
the collection of all subsets of (). Then

counting measure on ()
n

is a probability measure on (Q), F).
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® As a more specific example of
the previous item, suppose that
QO = {40,41,...,49} and P =
(counting measure on (2)/10. Let
A ={w € Q : wiseven} and
B = {w € O : wisprime}. Then P(A) [which is the probability that an
element of this sample space () is even] is % and P(B) [which is the probability
that an element of this sample space () is prime] is %

This example illustrates the common
practice in probability theory of
using lower case w to denote a
typical element of upper case Q).

e Let A denote Lebesgue measure on the interval [0, 1]. Then A is a probability
measure on ([0,1], B), where B denotes the o-algebra of Borel subsets of [0, 1].

e Let A denote Lebesgue measure on R, and let B denote the o-algebra of Borel
subsets of R. Define h: R — (0,00) by h(x) = ﬁe‘xz/z. Then hd\ is a
probability measure on (R, B) [see 9.6 for the definition of /1 dA].

In measure theory, we used the notation x , to denote the characteristic function
of a set A. In probability theory, this function has a different name and different
notation, as we see in the next definition.

(

12.3 Definition indicator function; 14

N

If Qis asetand A C (), then the indicator function of A is the function
14: Q) — R defined by

0 ifw ¢ A.
\_ J

The next definition gives the replacement in probability theory for measure theory’s
phrase almost every.

1 ifweA,
1A(w)={

ﬁ2.4 Definition almost surely W

Suppose (Q), F, P) is a probability space. An event A is said to happen almost
surely if the probability of A is 1, or equivalently if P(QQ\ A) = 0.

12,5 Example almost surely

Let P denote Lebesgue measure on the interval [0,1]. If w € [0,1], then w is
almost surely an irrational number (because the set of rational numbers has Lebesgue
measure 0).

This example shows that an event having probability 1 (equivalent to happening
almost surely) does not mean that the event definitely happens. Conversely, an event
having probability 0 does not mean that the event is impossible. Specifically, if a real
number is chosen at random from [0, 1] using Lebesgue measure as the probability,
then the probability that the number is rational is 0, but that event can still happen.
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The following result is frequently useful in probability theory. A careful reading of
the proof of this result, as our first proof in this chapter, should give you good practice
using some of the notation and terminology commonly used in probability theory.
This proof also illustrates the point that having a good understanding of measure
theory and integration can often be extremely useful in probability theory—here we
use the Monotone Convergence Theorem.

ﬁ 2.6 Borel-Cantelli Lemma w

Suppose (Q), F, P) is a probability space and A1, Ay, . .. is a sequence of events
such that } " ; P(Ay) < co. Then

P({w € Q:w € A, forinfinitely many n € Z*}) =0

Proof Let A= {w € Q:w € A, for infinitely many n € Z" }. Then

A - An.

T e
e

1n

Thus A € F, and hence P(A) makes sense.
The Monotone Convergence Theorem (3.11) implies that

/Q(ZlAn dP— /1A dP—ZP (An)

n=

Thus Y"1 14, is almost surely finite. Hence P(A) = 0.

Independent Events and Independent Random Variables

The notion of independent events, which we now define, is one of the key concepts
that distinguishes probability theory from measure theory.

(12.7 Definition independent events )
Suppose (Q), F, P) is a probability space.
e Two events A and B are called independent it
P(ANB)=P(A)-P(B).
e More generally, a family of events { Ay }rcr is called independent if
P(Ax, N---NAg,) = P(Ay,) - -- P(Ag,)
% whenever k1, . .., k;, are distinct elements of T". Y

The next two examples should help develop your intuition about independent
events.
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12.8 Example independent events: coin tossing

Suppose Q = {H, T}*, where H and T are symbols that you can think of as
denoting “heads” and “tails”. Thus elements of () are 4-tuples of the form

w = (wlr Wy, w3, w4)7

where each w; is H or T. Let F be the collection of all subsets of (), and let
P= (Counting measure on Q) /16, as we expect from a fair coin toss.
Let

A={weQ:w=wy=w3=H} and B={weQ:wy=H}.

Then A contains two elements and thus P(A) = %, corresponding to probability %
that the first three coin tosses are all heads. Also, B contains eight elements and thus
P(B) = %, corresponding to probability % that the fourth coin toss is heads.
Now
P(ANB) = =P(A)-P(B),

where the first equality holds because A N B consists of only the one element
(H,H, H, H) and the second equality holds because P(A) = 1 and P(B) = 1.
The equation above shows that A and B are independent events.

If we toss a fair coin many times, we expect that about half the time it will be
heads. Thus some people mistakenly believe that if the first three tosses of a fair
coin are heads, then the fourth toss should have a higher probability of being tails,
to balance out the previous heads. However, the coin cannot remember that it had
three heads in a row, and thus the fourth coin toss has probability % of being heads
regardless of the results of the three previous coin tosses. The independence of the
events A and B above captures the notion that the results of a fair coin toss do not
depend upon previous results.

12.9 Example independent events: product probability space
Suppose (O, F1, P1) and (), F», P») are probability spaces. Then
(Ql X Oy, F1® Fp, P X Pz),

as defined in Chapter 5, is also a probability space.
If A€ Fjpand B € F,, then (A x ) N (g x B) = A X B. Thus

(P1 x P)((Ax Q)N (O xB)) = (P x P)(Ax B)
= P1(A) - P2(B)
= (P X P)(Ax ) (P xP)(Qq xB),
where the second equality follows from the definition of the product measure, and
the third equality holds because of the definition of the product measure and because
P; and P, are probability measures.

The equation above shows that the events A X (), and (); X B are independent
events in F1 ® JFp.
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Now we can prove a partial converse of the Borel-Cantelli Lemma (12.6).

ﬁ 2.10 converse of Borel-Cantelli Lemma \

Suppose (Q), F,P) is a probability space and {A,},cz+ is an independent
family of events such that ) ;> ; P(A,) = co. Then

P({w € Q:w € A, for infinitely many n € Z*}) = 1.

Proof Let A ={w € Q:w € A, forinfinitely many n € Z" }. Then

12.11 Q\A= G ﬁ(Q\An).

m=1n=m
If m, M € Z% are such that m < M, then
M M
P( (Q\An)):HP(Q\An)
n=m n=m
= H (1 - P(An))
n=m
12.12 < e Ditn P,

where the first line holds because the family {Q \ Aj},cz+ is independent (see
Exercise 4) and the third line holds because 1 — t < e~ f for all + > 0.

Because ), 1 P(A;) = oo, by choosing M large we can make the right side of
12.12 as close to 0 as we wish. Thus

P({)(Q\ Ay)) =0
n=m

forall m € Z*. Now 12.11 implies that P(QQ \ A) = 0. Thus we conclude that
P(A) =1, as desired.

For the rest of this chapter, assume that F = R. Thus, for example, if (2, F, P) is
a probability space, then £! (P) will always refer to the vector space of real-valued
JF-measurable functions on () such that [, |f| dP < co.

s

12.13 Definition random variable; expectation; EX

~

Suppose (Q, F, P) is a probability space.
o A random variable on (), F) is a measurable function from Q) to R.

e If X € L1(P), then the expectation of the random variable X is denoted EX
and is defined by

EX:/ X dP.
Q

\_ J
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If F is clear from the context, the phrase “random variable on () can be used
instead of the more precise phrase “random variable on (Q), F)”. If both Q) and F
are clear from the context, then the phrase “random variable” has no ambiguity and
is often used.

Because P(Q) = 1, the expectation EX of a random variable X € L£!(P) can be
thought of as the average or mean value of X.

The next definition illustrates a convention often used in probability theory: the
variable is often omitted when describing a set. Thus, for example, { X € U} means
{w e O: X(w) € U}, where U is a subset of R.

r

12.14 Definition independent random variables

~N

Suppose (Q), F, P) is a probability space.

e Two random variables X and Y are called independent if {X € U} and
{Y € V} are independent events for all Borel sets U, V in R.

e More generally, a family of random variables { X} }ccr is called independent
if {X} € Uy }rer is independent for all families of Borel sets { Uy }xcr in R.

J

\_

12.15 Example independent random variables

e Suppose (), F, P) is a probability space and A, B € F. Then 14 and 15 are
independent random variables if and only if A and B are independent events, as
you should verify.

e Suppose Q) = {H, T}4 is the sample space of four coin tosses, with () and P as
in Example 12.8. Define random variables X and Y by

X(w1, wy, w3, wy) = number of w1, wy, ws that equal H

and

Y (w1, wy, w3, wy) = number of w3, wy that equal H.
Then X and Y are not independent random variables because P({X = 3}) = {
and P({Y =0}) = 1 but P({X =3} N{Y =0}) = P(®) =0 # § - 1.

e Suppose ()q, F1, P1) and (Qy, F», P) are probability spaces, Z; is a random
variable on ()1, and Z5 is a random variable on (). Define random variables X
and Y on ()1 x () by

X(wi,wy) = Z1(w1) and Y (wy,wr) = Zo(wy).

Then X and Y are independent random variables on ()1 x () (with respect to the
probability measure P; x P,), as you should verify.

If X is a random variable and f: R — R is a Borel measurable function, then
f o X is arandom variable (by 2.43). For example, if X is a random variable, then X2
and eX are random variables. The next result states that such compositions preserve
independence.
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(1 2.16 functions of independent random variables are independent w

Suppose (), F,P) is a probability space, X and Y are independent random
variables, and f,g: R — R are Borel measurable. Then f o X and go Y are
independent random variables.

Proof  Suppose U, V are Borel subsets of R. Then
P({foXelU}n{goY e V}) =P({Xef i ()}n{yeg'(V)})
=P({Xef W} P({yeg'(V)})

=P({foXeU}) -P({goYeV}),

where the second equality holds because X and Y are independent random variables.
The equation above shows that f o X and g o Y are independent random variables.

If X,Y € £L1(P), then clearly E(X + Y) = E(X) + E(Y). The next result gives
a nice formula for the expectation of XY when X and Y are independent. This
formula has sometimes been called the dream equation of calculus students.

(1 2.17 expectation of product of independent random variables \

Suppose (Q2, F, P) is a probability space and X and Y are independent random
variables in £2(P). Then

E(XY) = EX - EY.

Proof First consider the case where X and Y are each simple functions, taking
on only finitely many values. Thus there are distinct numbers a4, ...,4p € R and
distinct numbers by, ..., by € R such that

X = all{X:al} + - +aM1{X:aM} and Y = bll{Y:hl} + -4 le{Y:bN}'

Now
M N

XY = Z Za]bkl{x a}l{Y b} = Z Z”]bkl{X a]}ﬁ{Y by}
j=1k=1 =1k=1

Thus

M N
Y) = Z Z ka({X = a]} N {Y = bk})
j=1k=1

(Aﬁ ({X=a;}) )(ébkl’({Y:bk}))

=EX-EY,

where the second equality above comes from the independence of X and Y. The last
equation gives the desired conclusion in the case where X and Y are simple functions.
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Now consider arbitrary independent random variables X and Y in £2(P). Let
f1, f2, ... be a sequence of Borel measurable simple functions from R to R that
approximate the identity function on R (the function ¢ > f) in the sense that
limy,_ye0 fu(t) = t forevery t € R and |f,(t)| < tforallt € Randalln € Z*
(see 2.83, taking f to be the identity function, for construction of this sequence). The
random variables f; o X and f,, o Y are independent (by 12.17). Thus the result in
the first paragraph of this proof shows that

E((fn o X)(fn OY)) =E(fuoX) -E(fuoY)

for each n € Z™. The limit as n — co of the right side of the equation above equals
EX - EY [by the Dominated Convergence Theorem (3.31)]. The limit as n — oo
of the left side of the equation above equals E(XY) [use H6lder’s Inequality (7.9)].
Thus the equation above implies that E(XY) = EX - EY.

Variance and Standard Deviation

The variance and standard deviation of a random variable, defined below, measure
how much a random variable differs from its expectation.

[

12.18 Definition variance; standard deviation; o (X)

\

Suppose (Q), F, P) is a probability space and X € £2(P) is a random variable.
e The variance of X is defined by to be E((X — EX)?).

e The standard deviation of X is denoted o(X) and is defined by
o(X) = \/E((X — EX)?2).

In other words, the standard deviation of X is the square root of the variance

The notation ¢%(X) means ((T(X))z. Thus ¢(X) is the variance of X.

12.19 Example variance and standard deviation of an indicator function

Suppose (Q), F, P) is a probability space and A € F is an event. Then

0%(14) = E((14 — E14)?)

Thus o(14) = /P(A) - (1— P(A)).
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The next result gives a formula for the variance of a random variable. This formula
is often more convenient to use than the formula that defines the variance.

(1 2.20 variance formula w

Suppose (Q), F, P) is a probability space and X € £2(P) is a random variable.
Then
?(X) = E(X?) — (EX)2.

Proof We have

(X — EX)?)

X?) = 2(EX)? + (EX)?

E
E
E
E(X?) — (EX)?,

(
(X2 —2(EX)X + (EX)?)
(
(

as desired.

Our next result is called Chebyshev’s Inequality. It states, for example (take t = 2
below) that the probability that a random variable X differs from its average by more
than twice its standard deviation is at most 1/4. Note that {|X — EX| > to(X)} is
shorthand for the set {w € Q : | X(w) — EX| > to(X)}.

(1 2.21 Chebyshev’s Inequality A
Suppose (Q), F, P) is a probability space and X € £2(P) is a random variable.
Then 1

P({|X — EX| > t0(X)}) < &
\for allt > 0. Y,

Proof  Suppose t > 0. Then
P({|X — EX| > to(X)}) = P({|X — EX* > #c*(X)})

1
<
~ 202(X)

1
ﬁ’

E((X — EXP?)

where the second line above comes from applying Markov’s Inequality (4.1) with
h=|X—EX[?and c = ?¢*(X).

The next result gives a beautiful formula for the variance of the sum of two
independent random variables.
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(1 2.22 variance of sum of independent random variables w

Suppose (Q, F, P) is a probability space and X,Y € £?(P) are independent
random variables. Then

(X +Y) = a2(X) +2(Y).

Proof Using the variance formula given by 12.20, we have

A(X+Y) = E(X+Y)?) — (E(X+Y))?
= E(X?+2XY +Y?) — (EX + EY)?
= E(X?) — (EX)2 + E(Y?) — (EY)? +2E(XY) —2EX - EY
= ?(X) +*(Y),

where the last equality uses 12.17 and the hypothesis that X and Y are independent
random variables.

Conditional Probability and Bayes’ Theorem

The conditional probability Pg(A) that we are about to define should be interpreted
to mean the probability that v will be in A given that w € B. Because w isin AN B
if and only if w € B and w € A, and because we expect probabilities to multiply, it
is reasonable to expect that

P(B) - Pg(A) = P(ANB).
Thus we are led to the following definition.

(12.23 Definition conditional probability; Pg

Suppose (Q), F, P) is a probability space and B is an event with P(B) > 0.
Define Pg: F — [0,1] by

P(ANB)
P(B)

\If A € F,then Pg(A) is called the conditional probability of A given B.

Pp(A) =

J

You should verify that with B as above, P is a probability measure on (Q), F).
Note that if A € F, then Pg(A) = P(A) if and only if A and B are independent
events.

We now present two versions of what is called Bayes” Theorem. You should
do a web search and read about the many uses of these results, including some
controversial applications.
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(" )

12.24 Bayes’ Theorem, first version

Suppose (Q), F, P) is a probability space and A, B are events with positive
probability. Then
P4(B) - P(A

po(a) = PAD2LA)
. J
Proof We have

b4y PLANB) _ P(ANB)-P(A) _ P4(B)-P(A)
5A) = "pE) = " BA). P(B) P(B)

a N

Plaque honoring Thomas
Bayes in Tunbridge Wells,
England.

CC-BY-SA Alexander Dreyer

N /
; )

12.25 Bayes’ Theorem, second version

Suppose (), F, P) is a probability space, B is an event with positive probability,
and Ay, ..., A, are pairwise disjoint events, each with positive probability, such
that Ay U---UA; = Q. Then

Py, (B) - P(A)

j—1 Pa;(B) - P(A))

foreachk € {1,...,n}.
\_ { ) J

Pg(Ay) =

Proof Consider the denominator of the expression above. We have

12.26 iPA],(B) -P(A}) = fP(A]-mB) = P(B).
j=1 j=1

Now suppose k € {1,...,n}. Then
Pa(B)-P(Ar) _ Pa(B) - P(A)
A0 ="0F) T T, P (B) - P(A))

where the first equality comes from the first version of Bayes’s Theorem (12.24) and
the second equality comes from 12.26.
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Distribution and Density Functions of Random Variables

For the rest of this chapter, let 3 denote the o-algebra of Borel subsets of R.
Each random variable X determines a probability measure Px on (R, B) and a
function X: R — [0, 1] as in the next definition.

( N
12.27 Definition probability distribution and distribution function; Px; X R

Suppose (Q, F, P) is a probability space and X is a random variable.

e The probability distribution of X is the probability measure Px defined on
(R, B) by
Px(B) = P({X € B}) = P(X"'(B)).

e The distribution function of X is the function X: R — [0, 1] defined by

X(s) = Px((—o9,s]) = P({X < s}).
L (=o0s3]) = P(X <)) )

You should verify that the probability distribution Py as defined above is indeed a
probability measure on (R, B8). Note that the distribution function X depends upon
the probability measure P as well as the random variable X, even though P is not
included in the notation X (because P is usually clear from the context).

12.28 Example probability distribution and distribution function of an indicator function

Suppose (Q), F, P) is a probability space and A € F is an event. Then you should

verify that
P, = (1 - P(A))éo + P(A)éq,

where for ¢ € R the measure é; on (R, B) is defined by

1 ifteB,
5,(B) =
(B) {o ift ¢ B.

The distribution function of 14 is the function (14)": R — [0, 1] given by

0 ifs <0,
(14)(s) =¢1—P(A) if0<s<1,
1 ifs >1,

as you should verify.

One direction of the next result states that every probability distribution is a right-
continuous increasing function, with limit O at —co and limit 1 at co. The other
direction of the next result states that every function with those properties is the
distribution function of some random variable on some probability space. The proof
shows that we can take the sample space to be (0, 1), the o-algebra to be the Borel
subsets of (0,1), and the probability measure to be Lebesgue measure on (0, 1).
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Your understanding of the proof of the next result should be enhanced by Exercise
13, which asserts that if the function H: R — (0, 1) appearing in the next result is
continuous and injective, then the random variable X: (0,1) — R in the proof is the
inverse function of H.

-

12.29 characterization of distribution functions

>

Suppose H: R — [0,1] is a function. Then there exists a probability space
(Q), F, P) and a random variable X on (Q), F) such that H = X if and only if
the following conditions are all satisfied:

(@) s <t= H(s) < H(t) (in other words, H is an increasing function);

(b) tEIEloo H(t) =0;

(c) lim H(t) =1;

t—o0

(d) ltlfq H(t) = H(s) for every s € R (in other words, H is right continuous).
S
\. J

Proof  First suppose H = X for some probability space (Q), F, P) and some random
variable X on (), F). Then (a) holds because s < f implies (—oco,s] C (—oo,t].
Also, (b) and (d) follow from 2.59. Furthermore, (c) follows from 2.58, completing
the proof in this direction.

To prove the other direction, now suppose that H satisfies (a) through (d). Let
Q = (0,1), let F be the collection of Borel subsets of the interval (0,1), and let P
be Lebesgue measure on F. Define a random variable X by

12.30 X(w) =sup{t € R: H(t) < w}

for w € (0,1). Clearly X is an increasing function and thus is measurable (in other
words, X is indeed a random variable).
Suppose s € R. If w € (0, H(s)], then

X(w) < X(H(s)) =sup{t € R: H(t) < H(s)} <,

where the first inequality holds because X is an increasing function and the last
inequality holds because H is an increasing function. Hence

12.31 (0,H(s)] c {X < s}.
Ifw e (0,1) and X(w) < s, then H(¢t) > w forall t > s (by 12.30). Thus
H(s) = lting(t) > w,
where the equality above comes from (d). Rewriting the inequality above, we have

w € (0,H(s)]. Thus we have shown that {X < s} C (0,H(s)|, which when
combined with 12.31 shows that {X < s} = (0, H(s)]. Hence

X(s) = P({X < s}) = P((0, H(s)] ) = H(s),

as desired.
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In the definition below and in the following discussion, A denotes Lebesgue
measure on R, as usual.

(12.32 Definition density function

N

Suppose X is a random variable on some probability space. If there exists
h € L'(R) such that

X(s):/_soohd/\

Gor all s € R, then h is called the density function of X.

J

If there is a density function of a random variable X, then it is unique [up to
changes on sets of Lebesgue measure 0, which is already taken into account because
we are thinking of density functions as elements of L!(R) instead of elements of
L'(R)]; see Exercise 15.

If X is a random variable that has a density function /, then the distribution
function X is differentiable almost everywhere (with respect to Lebesgue measure)
and X’(s) = h(s) for almost every s € R (by the second version of the Lebesgue
Differentiation Theorem; see 4.19). Because Xisan increasing function, this implies
that h(s) > 0 for almost every s € R. In other words, we can assume that a density
function is nonnegative.

In the definition above of a density function, we started with a probability space
and a random variable on it. Often in probability theory, the procedure goes in the
other direction. Specifically, we can start with a nonnegative function & € L' (R)
such that [©_hdA = 1. We use & to define a probability measure on (R, 13) and then
consider the identity random variable X on R. The function / that we started with is
then the density function of X. The following result formalizes this procedure and
gives formulas for the mean and standard deviation in terms of the density function h.

(" )

12.33 mean and variance of random variable generated by density function

Suppose i € L!(R) is such that [~ hdA = 1 and h(x) > 0 for almost every
x € R. Let P be the probability measure on (R, B) defined by

P(B) = /Bh da.

Let X be the random variable on (R, B) defined by X(x) = x for each x € R.
Then £ is the density function of X. Furthermore, if X € £!(P) then

EX = /_°° wh(x) dA(x),

and if X € L2(P) then

2) = [ () airx) — ([ xh(x)aa) .
\ (% ‘/7009(7 X X (LOOX X x) J
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Proof  The equation X(s) = [°_ hdA holds by the definitions of X and P. Thus h
is the density function of X.
Our definition of P to equal hdA implies that [©_fdP = [~ fhdA for all

f € LY(P) [see Exercise 5 in Section 9A]. Thus the formula for the mean EX
follows immediately from the definition of EX, and the formula for the variance
0?(X) follows from 12.20.

The following example illustrates the result above with a few especially useful
choices of the density function .

12.34 Example density functions

e Suppose h = 1jo,1)- This density function h is called the uniform density on
[0,1]. In this case, P(B) = A(BN0,1]) for each Borel set B C R. For the
corresponding random variable X (x) = x for x € R, the distribution function
X is given by the formula

0 ifs <0,
X(s)=<s if0<s<1,
1 ifs>1.

: _1 _ 1
The formulas in 12.33 show that EX = 5 and 0(X) = eV

e Suppose & > 0 and

h(x):{o if x <0,

we * ifx > 0.

This density function / is called the exponential density on [0,00). For the
corresponding random variable X (x) = x for x € R, the distribution function
X is given by the formula

~ if
X(s)—{o if s <0,

1—e% ifs>0.
The formulas in 12.33 show that EX = 1 and o(X) = 1.

e Suppose

for x € R. This density function is called the standard normal density. For
the corresponding random variable X(x) = x for x € R, we have X(0) = 1.
For general s € R, no formula exists for X (s) in terms of elementary functions.
However, the formulas in 12.33 show that EX = 0 and (with the help of some

calculus) o(X) = 1.

Conclusion: This chapter provides just a brief introduction to the terminology,
notation, and techniques of probability theory. With this introduction and the back-
ground in measure theory and integration from earlier chapters in this book, you
should be ready to explore deeper parts of probability theory.
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EXERCISES 12

10

Suppose (Q), F, P) is a probability space and A € F. Prove that A and Q \ A
are independent if and only if P(A) =0or P(A) = 1.

Suppose P is Lebesgue measure on [0, 1]. Give an example of two disjoint Borel
subsets sets A and B of [0,1] such that P(A) = P(B) = 1, [0,1] and A are
independent, and [0, 1] and B are independent.
Suppose (Q), F, P) is a probability space and A, B € F. Prove that the follow-
ing are equivalent:

e A and B are independent events.

e Aand Q) B are independent events.

e () A and B are independent events.

e O\ Aand Q) B are independent events.

Suppose (Q), F, P) is a probability space and { Ay }xcr is a family of events.
Prove the family { Ay }rcr is independent if and only if the family { Q) \ Ag brer
is independent.

Give an example of a probability space (Q), F, P) and events A, By, By such
that A and B; are independent, A and B, are independent, but A and By U By
are not independent.

Give an example of a probability space (Q), F, P) and events A1, Ay, A3 such
that A; and A, are independent, A; and Aj are independent, and A, and Az
are independent, but the family A, Ay, A3 is not independent.

Suppose (Q), F, P) is a probability space, A € F, and By C B, C --- is an
increasing sequence of events such that A and B, are independent events for
eachn € Z". Show that A and J;;_; B,, are independent.

Suppose (Q), F, P) is a probability space and { A; } ;<R is an independent family
of events such that P(A;) < 1foreacht € R. Prove that there exists a sequence
t1,tp, ... in R such that P(N5_; Ay,) = 0.

Give an example of a probability space (Q), F,P) and X,Y € L£?(P) such
that 02(X + Y) = 02(X) + ¢?(Y) but X and Y are not independent random
variables.

Suppose (), F, P) is a probability space and By, ..., B, € F are such that
P(ByN---NBy) > 0. Prove that

P(ANByN---NBy) = P(By)-Pp,(B2) - - - Pp,n...1B, ; (Bn) - P,n.-riB, (A)

for every event A € F.
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Suppose (), F, P) is a probability space and A € F is an event such that
0 < P(A) < 1. Prove that

P(B) = P4(B) - P(A) + Pa\a(B) - P(Q\ A)
for every event B € F.

Prove that if X and~Y are random variables (possibly on two different probability
spaces) and X = Y, then Px = Py.

Suppose H: R — (0, 1) is a continuous one-to-one function satisfying condi-
tions (a) through (d) of 12.29. Show that the function X: (0,1) — R produced
in the proof of 12.29 is the inverse function of H.

Suppose (2, F, P) is a probability space and X is a random variable. Prove
that the following are equivalent:

e X is a continuous function on R.

e X is a uniformly continuous function on R.

e P({X=t})=0foreveryteR.

e (XoX)(s)=sforalls € R
Prove thatif h € L'(R) and [*_h = Oforalls € R, then h = 0.
Suppose & > 0 and

h(x)—{o if x <0,

alxe” ™ ifx > 0.

Let P = h dA and let X be the random variable defined by X (x) = x for x € R.
(a) Verify that [©_hdA = 1.
(b) Find a formula for the distribution function X.

(¢) Find a formula (in terms of «) for EX.

(d) Find a formula (in terms of a) for o(X).
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Lebesgue Density Theorem, 111
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Lebesgue measure
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Lebesgue space, 93, 192
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left shift, 287, 292
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Luzin, Nikolai, 64, 66
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Markov’s Inequality, 100
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measurable
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Measure, Integration & Real Analysis. Preliminary edition. 21 July 2019. ©2019 Sheldon Axler



404 Index

measure space, 42

Melas, Antonios, 105

metric, 145

metric space, 145
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of T*, 283
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decomposition, 215, 229
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probability measure, 379
probability of a set, 379
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random variable, 383
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