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Preface to the Third Edition - September 2022

We are now at the third instance of the notes. As always, there may be typos,
and it is crucial that you analyse what is written and not just accept things without
thinking.

Thanks to M. Esipova, M.E. Gusak, J. Vendryes, Y. Wu and D. Yang for catching
some of the remaining typos/errors.

Preface to the Second Edition - July 2019

Welcome to the second edition, also known as “Release Candidate 1”. Doubtless
there are typos/(hopefully small) errors, and you are welcome to let me know if you
find some. Oh, and make sure that you read the last sentence of the Preface to the
First Edition...

I would like to thank K. Santone and A. Tiwary for catching a great number of
typos/errors for me.

Preface to the First Edition - January 2018

These notes are a work in progress, and - this being the “first edition” - they
are replete with typos. As of April 10, 2018, I have had the opportunity to look
over Chapters 1 - 4. That is not to say that they are mistake-free. It is, instead, an
admission that I simply haven’t had the chance to look over the remaining Chapters.
A student should approach these notes with the same caution he or she would
approach buzz saws; they can be very useful, but you should be thinking the whole
time you have them in your hands. Enjoy.
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1. Riemann integration

What the world needs is more geniuses with humility, there are so

few of us left.

Oscar Levant

1.1. In first year, we study the Riemann integral for functions defined on inter-
vals, taking values in R. The same circle of ideas can be greatly extended, as we
shall now see.

Note. Much of the theory contained in these notes applies equally well to
the setting of real- or complex-valued functions and vector spaces. When writing a
statement which remains valid in either context, we shall simply write K to denote
the base field. In other words, we shall always have K € {R, C}.

1.2. Definition. Let X be a vector space over the field K. A seminorm on X
is a function v: X - R satisfying

(i) v(x) 20 for all x € X.
(ii) v(kz) =|k| v(z) for all k€ K and x € X.
(ii) v(z+y) <v(z)+v(y) for all x,y € X.

If v(x) = 0 implies that x = 0, we say that v is a norm on X, and refer to the
ordered pair (X,v) as a normed linear space (NLS).

1.3. Remarks.

(a) Typically we shall denote seminorms by v or p. When the seminorm is
known to be a norm, we shall more often write | - |.

(b) Let v be a seminorm on a vector space X. Let z € X denote the zero vector.
It follows from condition (ii) above that

v(z) =v(0z) =0v(z) =0.

In other words, if |- | is a norm on X and x € X, then |z| = 0 if and only
if x=0.

(c) We leave it as an exercise for the reader to prove that condition (c) implies
that |v(z) -v(y)| <v(z-y) for all x,y € X.

(d) In a standard abuse of terminology, we often refer to the normed linear
space X, equipped with the norm | -|.
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1.4. Example. Let X be a compact, Hausdorff topological space. Let X =
C(X,K):={f:X - K|f is continuous}. Given y € X, define

v C(X,K) - R
f = | f ()l

It is left as an exercise for the reader to verify that v, is a seminorm on C(X, K) for
all y e K.
More generally, if Q ¢ X, the map v : C(X,K) - R defined by

va(f) = sup|f(z)|
ze)

defines a seminorm on C(X,K).

We leave it to the reader to verify that vq is a norm if and only if 2 is dense
in X. In that case, vq = vx. This norm is typically denoted by |- |, and is
referred to as the supremum norm or “sup norm”on X. Having said that, in
this course we shall be dealing with certain Banach spaces of equivalence classes
of functions, equipped with an “essential supremum norm”, and this norm is also
typically denoted by | - ||eo. In order to distinguish between the two, in these notes
we shall denote the supremum norm on C(X,K) by | - [ sup-

1.5. The norm || - | on a NLS X gives rise to a metric via the formula:

d: XxX - R
(z,y) = Jz-yl
We refer to this as the metric induced by the norm. (That this is indeed a
metric is left as an exercise to the reader.) When referring to metric properties of
X, it is understood that we are referring to the metric induced by the norm, unless
it is explicitly stated otherwise.

1.6. Definition. A normed linear space (X,|-|) is said to be a Banach space
if (X,d) is a complete metric space, where d is the metric on X induced by the norm.

1.7. Examples.

(a) The motivating example is X = K itself, where the norm is given by the
absolute value function. Since (K, |-|) is complete, it is a Banach space.
Of course, C is a one-dimensional Banach space over C, and a two-
dimensional Banach space over R.
(b) Let N > 1 be an integer. For = = (x,)"_; e K¥, we define three functions:
o laly = faa]+ o] + - +on];

o 7)o = max(|x1|,|a:12|,...,|xN|); and
o lzf2 = (Tt leal?)?.
It is a routine exercise that |- [; and |- ||e define norms on KV, and that

K" becomes a Banach space when equipped with either of these norms.
It is a slightly more interesting exercise (left to the reader) to show that
(KN, || -|2) is also a Banach space. The standard proof that | - o satisfies
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the triangle inequality as a function on K relies on the Cauchy-Schwarz
Inequality. See Chapter 7 for more details.

More generally, if N > 1 is an integer and 1 < p < oo, we may define
[ KY ~ R via

v\l
@)Yy - (Z |xk|p)
k=1

to obtain a norm on K. The proof of the triangle inequality is somewhat
more delicate than in the above cases. We shall return to this in Chapter 6,
and in the assignments.

It is an interesting fact (which the reader is encouraged to prove) that
for x € K",

Jim ], = ] e.

We saw in Example 1.4 that C([0,1],K) is a NLS when equipped with the
norm
| fllsup = sup |f(x)| = max |f(x)].
ze[0,1] z€[0,1]

It is clear that convergence of a sequence (f,), in this norm to a function
f€C([0,1],K) is simply uniform convergence of (f,)s>; to f, as studied
in first-year calculus.

Once again, we leave it as an exercise for the reader to show that

(C([0,1],K), | - [sup) is complete, and is thus a Banach space.
With X =C([0,1],K) as above, define

I = [ 1)l

Then (C([0,1],K),|-[1) is a NLS, but it is not a Banach space. The details
are yet again left to the reader.

Let (X, [x) and (2),] - |9) be normed linear spaces over the field K. Let
T:X -9 be a K-linear map. Consider

|T) = sup{[Tzly -2 € X, ||z <1}
Set
B(%,9):={T:X -9 |T is linear and ||T| < co}.

As we shall see in the assignments, B(X,92)) is a vector space over K, and
|-]:B(%X,2)) - R defines a norm on B(X,9)), referred to as the operator
norm on B(X,9)). One can show that (B(X,9),]|-|) is complete if and
only if (9, - |y) is complete.
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1.8. Definition. Let (X,|-|) be a Banach space, a <beR, and f:[a,b] - X
be a function.
A partition of [a,b] is a finite set

P::{a:p0<pl<...<pN:b}

for some integer N > 1. The set of all partitions of [a,b] is denoted by Pla,b].
Given P as above, a finite set P* = {p; : 1 < k < N} satisfying pr—1 < pj, < D,
1 <k <N is said to be a set of test values for the partition. We then define the
corresponding Riemann sum

N
S(f>P7P*) = kz: f(p;;)(pk _pk—l)‘
=1

1.9. Remarks.

(a) When (X,]-]) = (R,|-]), then this is the usual Riemann sum that one
studies in first-year calculus. In particular, in the case where 0 < f(x) for
all z € [a,b], we see that S(f, P,P*) estimates the area under the curve

Yy= f($), e [a’b]'
(b) Observe that in general,

1 N
b—S(f,P,P*)I Z)‘k’f(pl);)y
-a k=1

Pk — Pk-1

where \j, := , 1<k < N. Clearly A\ >0 for all k, while ¥, \p = 1.

1
Th
us .

such, “averages” f over [a,b].

S(f,P,P*) is a convex combination of the f(p;)’s, and as
a

1.10. Example. Let X = C([-7,7],C), equipped with the supremum norm
|- llsup- Let 1 <n eN be a fixed integer and consider the function f:[0,1] - X given
by

[f(2)](0) = €*™ sin (nf) + cosz cos (nb), 6 ¢[-m ]
If P={0,:,1 1}, and if P* = {L 1 2} then
S(f,P,P*) = (¢"? sin (nf) + cos(1/50) cos (n9))(% -0)
+ (™3 sin (n#) + cos(1/3) cos (n@))(% - %)

+ (%7 sin (n#) + cos(4/5) cos (n8))(1 - %)
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1.11. Definition. Let a < b be real numbers and (X,|-|) be a Banach space.
We say that a function f :[a,b] - X is Riemann integrable if there exists a vector
xo € X such that for any € > 0, there exists a partition P € Pla,b] with the property
that if Q is any refinement of P and Q* is any choice of test values for QQ, then

lzo = S(f,Q,Q7)] <e.

1.12. Remark. We note that if such a vector xy as above exists, then it is
unique. Indeed, suppose that yg € X also satisfies the condition in Definition 1.11.
If yo # xg, we let € = |yo — zo|/2 > 0. Choose partitions P; € P[a,b] (resp. P» €
Pla,b]) as in the definition of Riemann integrability corresponding to ¢ and ¢ (resp.
corresponding to ¢ and yg). Let R = P; U Py, so that R is a common refinement of
P1 and PQ.

If @ is any refinement of R and if Q* is any set of test values for (), then —
noting that @) is again a common refinement of P; and P» — we see that

2e = |lyo - @o|
< ”y(] _S(f’QvQ*)” + H‘S(faQaQ*) _xOH
<eg+e
= 2¢,

an obvious contradiction. Thus zg = o, and the Riemann integral is unique.
When it exists, we refer to this unique vector xzg as the Riemann integral of

f over [a,b], and we write
b b
xo = [a f= fa f(s)ds.

As is the case with the usual version of Riemann integration, the usefulness of
the Cauchy Criterion below is that it allows us to verify that a given function is
Riemann integrable without first having to know what its integral is.

1.13. Theorem. [The Cauchy Criterion for Riemann integrability.]
Let X be a Banach space, a <b be real numbers and f :[a,b] — X be a function.
The following conditions are equivalent.
(a) f is Riemann integrable over [a,b].
(b) For all € >0 there exists a partition R € Pla,b] with the property that if P
and Q are refinements of R, and if P* and Q* are test values for P and Q
respectively, then

ISCf, P, P") = S(f,Q,Q7)] <e.
Proof.

(a) implies (b). This is a standard argument which is left as an exercise for
the reader.
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(b) implies (a).
For each integer n > 1, choose a partition R,, € P[a,b] such that for all
refinements P, 2 R, of R,, and any associated choices of test values P*
and Q" we have

IS(f. P P*) ~ S(£,Q.Q")] < .

n

For each N > 1, set Wy := U)_| R,, and fix a choice W}, of test values for
Wy Define x,, = S(f, Wy, W), n>1.
If ng>ny >N >1, then
Hxnz — Tny H = ”S(fa WTL27W;2) - S(f, WnuWr;)H
1 1
<—<—,
ni N

as Wy, and W, are both refinements of Ry .

From this it readily follows that (zy);.; is a Cauchy sequence in X.
Since X is a Banach space and as such a complete metric space, we find
that

r:= lim z,
n—>o0

exists in X. There remains to show that x = fab f.

To that end, let £ > 0 and choose N > 0 such that
D L and
(i) N <3 an )
(ii) k> N implies that |z — x| < 3
If V is a refinement of Wy, then it is also a refinement of Ry, and hence
for any choice V* of test values for V,

|z =SV, VIO <z —an| + oy =SV, V)

1
N
€
2

< —+
N
+

<

€
2
€
— +
2

By definition, z = [, ab f, and f is Riemann integrable over [a,b].
O

1.14. Theorem. Let (X,]-|) be a Banach space and a <beR. If f:[a,b] > X
is continuous, then f is Riemann integrable over [a,b].
Proof. The proof is a routine adaptation of the fact that every continuous, real-
valued function on [a,b] is Riemann integrable.
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Since f is continuous on the compact set [a,b], and since X is a metric space,
we see that f is uniformly continuous on [a,b]. Let € >0 and choose § > 0 such that

x,y € [a,b] and |z - y| < § implies that | f(z) - f(y)| <

2(b-a)

Let R={a=rg<r;<rg<--<ry=>b}eP[a,b] be a partition of [a,b] such that
rj—rj-1<dforall 1<j<N, andlet R* = {r]*};\il be a set of test values for R.

Suppose that P = {p;}} is any refinement of R, and that P* = {p;}}, is a set
of test values for P. Then we can find a sequence 0 = kg < k1 < ko < -+ <ky =M
such that

Pk, =15, 1<j<N.
In other words,
P={a=r0=po=pry <P1 < <Py =71 <Phys1 < <Phy =T <+ <Pry =TN = b}

Now S(f,R,R*) =%, f(r})(rj—7j-1). while S(f,P,P*) = £, f(p;)(pi - pi-1)-
But then
N

S(faR7R*) = Z:lf(r;)(rj _T]'—l)

k;
f(r;) Z (pi — pi-1)

M=

j:l i:k]'_1+1

N kj
= > fO))Wi-pia),
j:1i:kj_1+1

while
N k;
S(f.P,P)=% > f))(pi-pi1).

j=1’i=kj_1+1

But for kj_1 +1 < i< kj, we have that ;1 <7}, p; <r;, and therefore |7‘j* -pf| <
rj —71j-1 < 0. From our estimate above, we see that

N k;
|SCf, R, R*) = S(f, P.P")| = 21 kZ 1(f(?”}k) = f(»))(pi = pi-1) |
J=li=K1+
N k;
<> > 1D = FE)Ni - pie1)
j=lizk;_1+1
N k; c
<j;i=k]§+l 2(0-a) (pi = pi-1)
N kj

:2(b€—a)z > (pi—pi-1)

j:1 ’L'=k:j,1+1
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. M
= 20— a) i:1(pz‘—pz'—1)
= m(pM—po)
G
"2

As such, if @ is any other refinement of R and if Q* is any set of test values for
Q, then

IS(£.Q.Q7) = S(f.R.R)| < 5,
whence

HS(f,Q,Q*)—S(f,P,P*)H < “S(f7Q7Q*)_S(f7R>R*)“+
|SCf, R, R") = S(f, P, P7)]|

A
™ o m
Do M

By the Cauchy Criterion 1.13, f is Riemann integrable.
O

We provide a second proof of the above result in the Appendix to this section.
We now turn our attention to real-valued functions, with the intention of show-

ing what one of the failings of the Riemann integral is, and thereby (hopefully)
motivating the study of the Lebesgue integral in the forthcoming chapters.

1.15. Example. Given a subset £ ¢ R of the real numbers, we define the
characteristic function (or indicator function) of E to be

xp: R - R
1 ifseF
S >
0 ifs¢FE.

Consider £ =Qn[0,1]. We claim that the Riemann integral

/01 xe(s)ds

does not exist.

Indeed, observe that E and [0,1] \ E are each dense in [0,1]. Let
P={0=po<p1<pz<--<pny=1}

be any partition of [0,1]. For 1 < n < N, choose p} € QN [pn-1,Pn], and choose
an € Q° N [pp-1,pn], so that P* := {p],p;,...,py} and Q" = {¢],¢3,...,qy} are
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both sets of test values for P. Then

N
S(xg, P,P*) = Z_: F(05) (P = Pn-1)

n=1
N
= 1(pn _pn—l)

while

N
S(xe,P,Q") = Z:lf(%i)(pn ~ Pn-1)

N

= Z 0 (pn _pn—l)
n=1

=0.

It follows that for any choice of 0 < € < 1, the Cauchy Criterion fails for xg, and as
such yg is not Riemann integrable over [0, 1].

1.16. Remark. Recall that Q and thus F := Qn[0,1] is denumerable. Write
E ={gn};>,, and define E,, := {q1,q2,...,qn}, n > 1. With f,, == xg,, n > 1, we find
that
0<fi<fo<fz<—  <xm.
In fact, for each s € [0,1], we find that

X (s) = T fu(s).

We say that the sequence (fy,)oe; is increasing and that it converges pointwise
to XE.

Since each f,, is continuous except at finitely many points in the interval [0,1]
(in fact it is constantly equal to zero except at finitely many points), it is routine to
verify that each f,, is Riemann integrable and that

/01 fu(s)ds =0,

n > 1. Nevertheless,

0= tim [ faCsdds + [l £)(s)ds = [ xus)is,

n—oo

as the latter quantity does not exist.
We now seek to develop a more flexible and “forgiving” integral which will correct
such “pathological” behaviour.



10 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

1.17. A heuristic approach. Whereas the Riemann integral partitions the
domain of a function f: [a,b] — R into intervals, and associates to each such parti-
tion a step function, our new approach will partition the range of f into subintervals
[Yk-1,Yk], 1 <k < N. We then set Ex = {x €[a,b]: f(z) € [yp-1,9%]}, 1<k <N.

This allows us to estimate “/ ab f7 by so-called simple functions

N

Z ykmEk7
k=1

where mE}), denotes the “measure” (a generalization of length) of Ej. Since Ej need
not be a particularly nice set (one need only consider f = XQn([0,1] &S above), our
first goal is to make sense of the “measure” or “length” of as many subsets of R as
possible.
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Appendix to Section 1.

1.18. There are more notions of integration in a Banach space than just Rie-
mann integration. Indeed, in general, there exist more notions of integration than
one can shake a stick at, even if one has strong arms, a very light stick, ample
dexterity and a solid and enviable history of stick-shaking.

This notion, however, will prove sufficient for our purposes. In Theorem 1.14,
we showed that every continuous function from a closed, bounded interval in R to a
Banach space is Riemann integrable over that closed interval. A minor modification
will show that every piecewise continuous, bounded function from a closed interval
to a Banach space is Riemann integrable in the sense of Definition 1.11.

1.19. Culture. The notion of integrating in a Banach space is not simply some
arcane and useless generalization of integration of real- or complex-valued functions.
Let 1 € n be an integer, and let H := C", equipped with the Euclidean norm | - [.
Consider (B(C™),| -|), where || - | denotes the operator norm on B(H) = B(C").

We leave it as an exercise for the reader to show that every linear map 7" : C"* —
C™ satisfies |T'| < oo, and thus we may identify B(C") with M,,(C), the space of
n x n matrices with entries in C with respect to a fixed, orthonormal basis {ej}}_;
for C".

Let dy,ds,...,d, € C be n distinct points, and let D € B(C™) be the unique
linear operator whose corresponding matrix is the diagonal matrix

d 0 .0
dy 0 0
dp-1 0

dn

Suppose that @+ A c{1,2,...,n}.
Let I € C be a piecewise smooth curve in C for which
1 ifkeA
ind(T,dy) =1 "
0 otherwise.

It can be shown that

1
P:=— f(s[—D)_1 ds
2mi JT

is the orthogonal projection P = diag(pi,p2,...,pn), where p =1if k € A and p; =0
otherwise.

The astute reader will have observed the striking similarity of the integral above
to Cauchy’s Integral Formula. This is not a coincidence. Such integrals are studied
in much greater generality in the theory of Banach algebras.
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As promised, here is a second proof of Theorem 1.14.

1.20. Theorem. (Theorem 1.1} revisited). Let (X,]|-|) be a Banach space and
a<beR. If f:[a,b] = X is continuous, then f is Riemann integrable over [a,b].
Proof. We shall in fact show that if Py € P([a,b]) is a regular partition of [a,b]
into 2"V subintervals of equal length ;a’ and if Py = Py \ {a} is the set of test

values for Py consisting of “right-hand endpoints” of the subintervals of Py, then
the sequence (S(f, Py, Py))3%-; converges in X to

/;bf(s) ds.

We begin by showing that the sequence (S(f, Py, Py;))%-; is Cauchy, and there-
fore converges to something in X, which we temporarily designate by v.

Since f is continuous on the compact set [a,b], and since X is a metric space,
we see that f is uniformly continuous on [a,b]. Let £ > 0 and choose ¢ > 0 such that
x,y € [a,b] and |z — y| < § implies that | f(x) - f(y)| < bi

-a

For each N > 1, let Py be as above, and choose M > 1 such that 2Ma <¢. If

K >L > M, then Py € Pp, € Pg; indeed, writing

Pr,={a=po<p1<- <py =b},
and

Px ={a=qy<q < <gyx =b},
and setting p; =pj, 1<j5< 2l and q:=qs,1<s< 2K we see that Pj = qjox-L for all
0<j <2 and that for 1< j <28,

1) = Fa) <5, (G-1D2F<sgjalr

Thus
L j2K—L
> (f) ~ Fgs))(gs — gs-1)
1 s=(j-1)2K-L+1
jok-L
>, | £(pj) = f(gs)(gs = gs-1)
s=(j-1)2K-L41
j2K-L

[\)

”S(f,PL,PE)—S(f,PK,P;;-)” =

.
1l

IN
o S ¥
& LM &

5
< Z b_(QS - QS—I)
j=1 s=(j-1)2K-L41 V@

13 28
= > 05— qs1
|

3

(b-a)=c.

S

—-a
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So if we set yn = S(f, Pn, Py), N > 1, then the above argument shows that (yn)¥_;
is a Cauchy sequence in X, and as such, admits a limit y € X.

There remains to show that y = [ ab f(s) ds. The proof is almost identical to that
above.

With € > 0, choose T' > 1 such that

2Ta < ¢ and also such that

ly = S(f, Pr,Pr)| <e.

Let R={a=ro<ry <--<ry=b} be any refinement of Pr={a=py<pi < <pyr =
b}. Thus there exists a sequence

O0=Jo<j1 < <jor=4J
such that
Tje = Pk 0<k<2l,
Let R* be any set of test values for R. If ji_1 +1 < s < jy, then |p; — 75| < |px —pr-1] =

b_—a<5, 1<k<2" and so
2T
2T Jk
|S(f, Pr, Pr) = S(f,R, R <> > 1fwk) = F)(rs —rs-1)
k=1 8=jk_1+1
c 2T Jk
< o> (rs—rsa)
b-a k=1s=jp_1+1
- bfa(b-a) - e.
Thus

ly=S(f R, RY)| < lly = S(f, Pr, Pr)| + [S(f, Pr, Pr) = S(f, R, R)| < e+ = 2e.
This clearly shows that

y= fabf(S) ds.



14 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

Exercises for Section 1.

Exercise 1.1.
Let @ # X be a compact, Hausdorff space. Prove that for each @ # 2 ¢ X, the
function
vo: C(X,K) - R
f = SUDgzeq |f($)|
defines a seminorm on C(X,K), and that it is a norm if and only if Q is dense in X.

Exercise 1.2.

(a) Let v be a seminorm on a vector space 2) over K. Prove that

lv(z)-v(y)| <v(z-y) forallz,ye?).
(b) Let (X,]|-]) be a NLS. Prove that the map
d: XxX - R
(z,y) = [z-yl

defines a metric on X.

Exercise 1.3.
Let N > 1 be an integer. Define three functions from K" to R as follows: for
x= ()N, e KN we set
(@) []1 = far]+|za] + -+ zn];
(b) llfoo := max(|ay, |zl .. [xn]); and

(©) lols = (TN leal?)?.

Prove that each of these functions defines a norm on K.

Exercise 1.4.
Let N > 1 be an integer, and let z ¢ KV. Prove that

Jim ], = 2] e

Exercise 1.5.

(a) Prove that the NLs (C([0,1],K), ||-|lsup) is complete, and that it is therefore
a Banach space.

(b) Recall that ||f]; := fol |f(z)|dz defines a norm on C([0,1],K). Prove that
(C([0,1],K), | - ]1) is not complete.

Exercise 1.6.
Let X be a Banach space, a < b be real numbers and f : [a,b] = X be a function.
Suppose that f is Riemann integrable over [a, b].
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Prove that for all € > 0 there exists a partition R € P[a,b] with the property
that if P and ) are refinements of R, and if P* and Q* are test values for P and Q)
respectively, then

IS(f,P,P*)-S(f,Q,Q")| <e.

Exercise 1.7.
Let X be a Banach space, a < b be real numbers, and ¢ : [a,b] — X be a bounded,
piecewise-continuous function. Show that g is Riemann integrable over [a,b].

Exercise 1.8.
Prove the claim from Remark 1.16, namely: /01 fu(s)ds = 0 for all n > 1,
where Q N [0,1] = {gn}s2;, and where f, is the characteristic function of E, :=

{1,925 qn}, n > 1.

Exercise 1.9. This question will be used in Chapter 9.

Let (X,] -||) be a Banach space, and let a < b € R. Let g : [a,b] » K and
[ :[a,b] > X be continuous, and set | fsup := sup{| f(z)| : z € [a,b]}. Observe that
| fllsup is finite as x — || f(x)| is continuous on the compact set [a,b].

Then

| [ sl <l [ lolds
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2. Lebesgue outer measure

If you want to know what God thinks of money, just look at the people
he gave it to.

Dorothy Parker

2.1. Our goal in this section is to define a “measure of length” for as many
subsets of R as possible. We would like our new notion to agree with our intuition
in the cases we know; for example, it seems reasonable to ask that our generalized
notion of “length” of a finite interval (a,b) should be (b - a) when a < b in R. We
shall therefore use this as our starting point, and we shall use this intuition to extend
our notion of “length” to a greater variety of sets by approximation.

For a < beR, we define the length of (a,b) to be b— a, and we write
((a,b)) :=b-a.

We also set £() =0, and ¢((-00,b)) = £((a,00)) = £((-00,00)) = oo for all a,beR.
In this way we have defined ¢(I) whenever I is an open interval in R.

2.2. Definition. Let E ¢ R. A countable collection {I,},>, of open intervals
is said to be a cover of I/ by open intervals if Ec Uy’ I,.

For each subset E of R, we define a quantity m*E € [0,00] := [0,00) U {c0} as
follows:

m*E :=inf{ ) ((I1,): {I,};2, a cover of E by open intervals}.
n=1

In order to help make the text more readable, and since these are the only covers
of sets we will consider in these notes, we shall abbreviate the expression “cover of E
by open intervals” to “cover of E”. For any set X, we denote by P(X) ={YV :Y c X}
the power set of X.

2.3. Definition. Let @ + X be a set. An outer measure i on X is a function

= P(X) > [0, 0]
which satisfies

(a) po=0;

(b) if Ec Fc X, then uE < uF. We say that p is monotone increasing;
and

(c) if F, € X for alln>1, then

WUZAF) < S p(F).

n=1
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It is worth noting that by virtue of (b), condition (c) is equivalent to condition:
(d) if B, F,Fy, F3,...c X and if £ ¢ U;olen, then

pE <Y pFy.

n=1

Condition (c) (or equivalently (d)) is generally referred to as the countable sub-
additivity or o-subadditivity of u.

2.4. Proposition. The function m* defined in Definition 2.2 is an outer mea-

sure on R.
Proof.
(a) Let E=g. With I, =@, n>1, it is clear that {I,,},7, is a cover of E, and
S0
0<m @< Y ((I,)=),0=0.
n=1 n=1
Thus m*@ = 0.

(b) Let Ec F cR.
If {I,}:°, is a cover of F, then it is also a cover of E. It follows
immediately from the definition that

m*E <m”*F.

(c) Suppose that {E,}:°; is a countable collection of subsets of R. We wish
to prove that m* (U2, Ey,) < Yoy m*Ey,.
If Y72, m*E,, = oo, then we have nothing to prove. Thus we consider
the case where Y07, m*E, < oco. Set E:=u;  E,.

Let € > 0 and for each n > 1, choose a cover {Ilg )},?:1 of E, such that

(n)
I, E,+—
E oIy <m” +2n

Then {I,En)},‘;?nzl is a cover of F, and so

E<Y Y o)

n=

<i(m* E, + £

n=1

—
b
—

3
—_

(Here we have used the fact that if 0 < ap, € R, n>1, and if 0 : N - N is
any permutation, then Y771 an = X070 ag(n)-)
Since € > 0 was arbitrary,

m*E < i m*E,.

n=1
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2.5. Corollary. Let E € R be a countable set. Then m*E = 0.
Proof. Suppose that E is denumerable, say F = {xy}52,

Let € > 0 and for each n > 1, set I, = (Zn — gusr, Tn + 5r5r). Then {I,}72; is a
cover of F, and therefore

0<m*E< S (1) =§23=

n=1
Since € > 0 was arbitrary, we have m*E = 0.
The case where E is finite is left as an exercise.
O

2.6. Corollary. The outer measure of the rational numbers is 0; i.e. m*Q = 0.

We have defined outer measure m* E for any subset F of R, and we have done this
based upon an intuitive notion of what the length of an open interval (a,b) should
be, namely b —a. At first glance, it seems obvious that m*(a,b) = £(b—-a) =b - a.
But upon reflection, we see that this is not how m*(a,b) is defined. This leaves
us with an interesting problem: how does our notion of measure m*(a,b) of an
interval compare with this notion of length? On the one hand, it is clear that
m*(a,b) <l(a,b) =b-a, since I := (a,b) and I,, = @, n > 2 yields a cover of (a,b).
On the other hand, the notion of outer measure of (a,b) requires us to consider all
covers of (a,b) by intervals, not only the obvious cover by the interval (a,b) itself.
We now turn to this problem. It will prove useful to first consider the outer measure
of closed, bounded intervals [a,b], as these are compact. Because of this, we will be
able to replace general covers of [a,b] (by open intervals) with finite covers of [a,b]
(by open intervals).

2.7. Proposition. Let a <beR. Then
(a) m*[a,b] =b—a, and therefore
(b) m*(a,b] =m*[a,b) =m*(a,b) =b-a.
Proof.

(a) Let € > 0 and note that with Iy = (a - 5,0+ 5) and I, = @, n > 2, the
collection {I,,}>, is a cover of [a,b] by open intervals and thus

< iﬂ(fn) =l(I1)=(b-a)+e.

Since € > 0 was arbitrary, m*[a,b] < b - a.

We now turn the question of obtaining a lower bound for m*[a,b].

Suppose that {I,}:°; is an cover of [a,b] by open intervals. (Note:
without loss of generality, we may assume that I, # @, 1 <n < 00.) We
must show that »>°, ¢(I,) > b-a.
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Since [a, b] is compact, we can find a finite subcover {I,Is,..., I} of
[a,b]. If (1)) = oo for some 1 <n < N, then the inequality

Nk

N
(1) > Y 6(I,) > b-a
n=1

n=1

trivially holds. Thus we shall assume that ¢(1,,) < co for all 1 <n < N, and
we may then write I, = (an,b,), 1 <n < N.

Since a € [a,b] € UM I,,, we can find 1 < ny < N such that a € I,,, =
(anysbny ). If by, > b, we stop.

Otherwise, a < by, < b, 50 by, € [a,b] € UN T, and we can find ny €
{1,2,..., N}~ {n1} such that by, € (any,bn,). If by, > b, we stop.

Otherwise, an, < a < by, < bp, < b, 50 by, € [a,b] € UN T, and we can
find n3 € {1,2,..., N} \ {n1,na} such that b,, € (ang,bns). If by, > b, we
stop.

Eventually this process must end, since we have only N < oo intervals,
and each stage ny is chosen from among {1,2,..., N} ~{n1,na,...,ng_1}.
Suppose therefore that 1 < M < N is the minimal integer such that b,,, > b.
Then

[a,0] € UL, (an, by )-

a any ang b
. 4 /4 A 4 A 4 N\ o )
\ \ / a\ / \ Ve
an an ns
1 bn, 3 bng bng
FIGURE 1. AN EXAMPLE WHERE M = 6.
Now,

M=

i o(1,) >

n=1

(1)
1

2 ), ((an,;,bn.))
1

k
= (bn1 - am) + (an - anz) +oeet (bnM - anM)
by + (bnM—1 - anM) + (bnM-z - anM-1) +o ot (bny = Any) — any

> by, — Gny

3
I

S

Since {I,}:°, was an arbitrary cover of [a,b], it follows that
m*[a,b] >b-a.
Combining this with the reverse inequality above, we conclude that

m*[a,b] =b-a.
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(b) Consider the interval (a,b].
For all 0 < ¢ < b-a, we have that [a +¢,b] € (a,b] S [a,b], and thus
monotonicity of Lebesgue outer measure implies that

(b—a)-e=m"[a+e,b] <m*(a,b] <m*[a,b] =b-a.

Since € was arbitrary (subject to 0 <& <b—a), we conclude that m*(a,b] =

b-a.
The remaining cases are similar, and are left as an exercise for the
reader.
O
2.8. Corollary. Let a,beR. Then
m*(_ooa b) = m*(_oo7b] = m*(a’a OO) = m*[aa OO) =m*R = co.
Proof. Consider the interval (—oco,b).
By monotonicity of Lebesgue outer measure, for each n > 1,
n=m"[b-n,b) <m*(-o0,b),
and thus m*(—oco,b) = co.
The remaining cases are similar, and are left as an exercise for the reader.
O
2.9. Corollary. Let a<beR. Then [a,b] is uncountable.
Proof. This follows immediately from Proposition 2.7 and Corollary 2.5.
O

2.10. Definition. Let p be an outer measure on R. We say that p is transla-
tion invariant if for oll E R and all kK € R, we have that
p(E + k) = pkE,

where E+k:={z+kK:xeE}.

2.11. Proposition. Lebesgue outer measure is translation-invariant on R.
Proof. Observe that {I,}>2, is a cover of E (by open intervals) if and only if
{I, + k};2, is a cover of E + K (by open intervals).

Moreover, for any interval I = (a,b), where a < b, we have that

((I)=b-a=(b+k)—(a+r)=L(I+K),
while if I is of the form (-o0,b), (a,00) or (—c0,00), then ¢(I) = 0o = {(I + k).
Thus

m*E =inf{ ) ((I,): {I,};2, a cover of E by open intervals}

n=1

=inf{ > 0(I, + k) : {In + k}pey a cover of E + k by open intervals}

n=1

=m*(E +k).
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2.12. Countable subaddivity of Lebesgue outer measure guarantees that if F,
is a subset of R for all n > 1 and if &' =u; | E,, then

m*E < Z m*E,.
n=1
Of course, we can not expect equality — for example, we might have E,, = [0,1] for
all n > 1, in which case F := U2, E, =[0,1] and

m*E=m"[0,1]=1<o00 =Y m'E,.
n=1

Clearly the issue in this example is the fact that the sets F, are not disjoint. If
A =[0,2]u[7,11], then our intuition tells us that if outer measure is going to be
a reasonable notion of “length”, then we should have m*A =2+ 4 = 6. In fact, we
can prove directly that this is the case (we shall see a more general version of this
in the Assignments).

From this, we might be tempted to conjecture that given a disjoint collection
{E,};2, of subsets of R, we have that

m*(up Ey) = Z m*E,.
n=1
As we shall now discover, this fails spectacularly. The failure of this equality leads
us to the notion of non-measurable sets, which will be the subject of the next section
of the notes.

2.13. Theorem. There does not exist a translation-invariant outer measure
on R satisfying the conditions:
(a) p(R)>0;
(b) ©[0,1] < c0; and
(¢c) w is o-additive: that is, if {Ey}oo, is a countable collection of disjoint
subsets of R, then with E :=u; | E,,

k= Z wEn,.
n=1

As a consequence, we see that Lebesque outer measure m* is not o-additive.
Proof. We shall argue by contradiction. Suppose, to the contrary, that there exists
such an outer measure p.
STEP 1. We consider the relation ~ on R defined by = ~ y if y —x € Q. We leave it
as an exercise for the reader to show that ~ is indeed an equivalence relation. For
each = € R, denote the equivalence class of z under this relation by [z]. Clearly
[z] ={z+q:qeQ}.

Let F := {[z]:z € R} =R/ ~ denote the set of all equivalence classes of elements
in R. Observe that

(i) for any x € R, [] = Q + x is dense in R (since Q is dense in R), and
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(ii) given any x,y € R, [x] = [y] if and only if y — z € Q.

For each F := [z] = Q+ x € F, we have that F is dense in R. This allows us to
choose a unique representative xp € [z] n[0,1] of that equivalence class. Note that
to do this simultaneously for all F' € F requires the Axiom of Choice!

Of course, F'=xzp + Q.

STEP 2. As is well-known, every equivalence relation on a set partitions that set
into disjoint equivalence classes, and so

R=U{F=[3}‘F]2F€f}.
Let us define the set V:= {zp: F ¢ F}. Then
R=u{V+q:qeQ}.

We shall refer to V as Vitali’s set, in honour of G. Vitali, who first “constructed”
it. As we shall see, it is interesting enough to merit this special notation.

STEP 3. We claim that p # ¢ € Q implies that V+pnV + ¢ = @&, so that the sets
{V +¢}qeq are in fact pairwise disjoint. Furthermore, we show that ©V > 0. Indeed,
suppose that p # ¢ € Q, and that z € (V+p) n(V+¢q). Then there exist Fy, Fs € F
such that
Z2=Tp tP=2Tp, +q.
It follows that xp, —zp =p—-q € Q, so that [xp ]| = [zF,]. But V contained a unique
representative from each equivalence class, and therefore F = F», whence zp, = zp,
and so p = ¢, a contradiction.
Thus
R=u{V+q:qeQ}.
Write Q = {gy };>,, which we may do as it is denumerable. Since y is translation
invariant and o-additive,

0< u(R) = (U5 (V4 ) = i WV +gn) = i v,

Thus pV > 0, which in turn implies that uR = oco.

STEP 4. The set R := Qn [0, 1] is denumerable, and so we may write R = {r, }o;.
Note that V ¢ [0,1] implies that V +r, € [0,2] for all n > 1.
Observe that [0,2] =[0,1]u ([0,1] +1), and thus
u[0,2] < u[0,1] + ([0,1] + 1) = 2u[0,1] < oo.
Finally, our hypothesis that u is o-additive and translation invariant implies
that

00 = Z;MV: Zlu(an) = p(WnZi (V+10)) < p[0,2] < co,

a contradiction.
This contradiction proves that an outer measure g on R satisfying all of the
above conditions can not exist.

O
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2.14. In light of the above Theorem, we are faced with a difficult choice. We
may either

(a) content ourselves with the notion of Lebesgue outer measure m* for all
subsets F of R, which agrees with our intuitive notion of length for in-
tervals, but in so doing we must sacrifice the highly-desirable property of
o-additivity; or

(b) restrict the domain of our function m* to a more “tractable” family of
subsets of R, where we might in fact be able to prove that the restriction
of m* to this family is o-additive.

The standard approach is the second, and it is the one we shall adopt. The

next section is devoted to describing our tractable family of sets, and to proving the
o-additivity of the restriction of m* to this collection.
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Appendix to Section 2.

2.15. For those with a historical bent (and there are exciting new treatments
for that now), the “construction” of the set V defined in STEP 2 of Theorem 2.13 is
due to the Italian mathematician Giuseppe Vitali [6]. Strictly speaking, this isn’t
an explicit construction. The Axiom of Choice was invoked to prove the existence
of such a set V.

In the next Chapter, we shall give a name to the “tractable” family of sets
described in Paragraph 2.14. Indeed, we shall refer to elements of this family as
“Lebesgue measurable sets”. The set V under discussion is an example of a non-
measurable set — see Exercise 2. More generally, however, a Vitali set is a set
B c [0,1] for which = # y € B implies that that 2 —y € R\ Q; i.e. B contains at most
one representative from each coset of Q in R/Q.

As we have just remarked, Vitali’s proof of the existence of a non-measurable
subset of R relied on the Axiom of Choice. In fact, it was shown by Robert Solovay [5]
that the Axiom of Choice is required to prove the existence of a non-measurable set,
in the sense that the assertion that every subset of R is measurable is consistent
with the Zermelo-Fraenkel axioms (ZF) of set theory. Rumour has it that his mother
never spoke to him again after that.

There are other examples of non-measurable sets, including Bernstein sets, of
which your humble author knows nothing. Those interested might wish to consult
John C. Oxtoby’s Measure and Category [4] for further details.

2.16. Theorem 2.13 raises an interesting question: is the issue with o-additivity
due to the fact that we are considering infinitely many disjoint sets? In other
words, might it still be possible to find a translation-invariant outer measure p on
R satisfying

(a) u(R) > 0;

(b) u[0,1] < oo; and

(¢) w is finitely-additive: that is, given {E1, Eo, ..., Ex} disjoint subsets of
R, then with E := UT]LIE,L,

N
uk = Z uwE,?

n=1

Suppose that such a measure p exists. Let {E,}>°; be a countable family of
pairwise disjoint sets. Since p is an outer measure on R, it is countably subadditive,
and so -

w(Up En) < pEny.
n=1

By monotonicity and finite-additivity of u, we find that for all N > 1,

N o0
Z wky = M(Uﬁ[ﬂEn) < p(upli Bn) < Z pEn.
n=1

n=1
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Taking limits as IV tends to infinity, we obtain:

Z pEn < p(upl EBy) < Z pEn,

n=1 n=1
or equivalently, that
p(upz Ey) = Z Pk
n=1
In other words, such an outer measure . would be countably additive, contradicting
Theorem 2.13.
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Exercises for Section 2.

Exercise 2.1.
Let E R be a finite set. Prove that m*E = 0.

Exercise 2.2.
Prove the remaining cases from Proposition 2.7 and Corollary 2.8. That is, prove
that if a < b € R, then
m*[a,b) =m”(a,b) =b-a,
while
m*(_oo7b] = m*(aa oo) = m*[aa oo) =m'R = oo.

Exercise 2.3.
Prove that
m*([0,2]u[7,11]) = 6.

Exercise 2.4.
Let ~ be the relation on R defined by = ~ y if y —x € Q. Prove that ~ is an
equivalence relation on R.

Exercise 2.5.
Let m* denote Lebesgue outer measure on R, and let V ¢ [0,1] denote Vitali’s
set from the proof of Theorem 2.13.
Prove that
m*V > 0.



3. LEBESGUE MEASURE 27

3. Lebesgue measure

I can speak Esperanto like a native.
Spike Milligan

3.1. As mentioned at the end of the previous Chapter, our strategy will be to
restrict the domain of Lebesgue outer measure to a smaller collection of sets, where
Lebesgue outer measure will be o-additive. We shall refer to this collection as the
collection of Lebesque measurable sets.

We begin with Carathéodory’s definition of a Lebesgue measurable set, since it
is the most practical definition to use. Later we shall see that Lebesgue measurable
sets are “almost” countable intersections of open sets, in a way which we shall make
precise.

3.2. Definition. A set E is R is said to be Lebesgue measurable if, for all
X cR,
mX=m"(XnE)+m* (X\E).
We denote by M(R) the collection of all Lebesgue measurable sets.

3.3. Remarks. Since our attention in this course is almost exclusively focused
upon Lebesgue measure, we shall allow ourselves to drop the adjective “Lebesgue”
and refer only to “measurable sets”.

Informally speaking, we see that a set E ¢ R is measurable provided that it is
a “universal slicer”, in the sense that it “slices” every other set X into two disjoint
sets, namely X n F and X \ E, where Lebesgue outer measure is additive!

We also note that the inequality

m' X <m* (XnE)+m* (X \E)
is free from the o-subadditivity of Lebesgue outer measure. In checking to see

whether a given set is measurable or not, it therefore suffices to verify that the
reverse inequality holds for all sets X c R.

Before we proceed to the examples, which shall obtain a result which allows us
to show that the set M(R) of Lebesgue measurable sets itself has an interesting
structure.

3.4. Definition. Let Y be a non-empty set. A collection 2 € P(Y') is said to
be an algebra of subsets of Y if
(a) YeQ;
(b) E € implies that E€:=Y \ E € Q; and
(¢) if N>1 and Ey,Es,...,En €, then

E = U,rllv:lEn € Q.
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We say that € is a o-algebra of subsets of Y if Q is an algebra of sets which
satisfies the additional property:

(d) if F, €Q for alln>1, then
F:=u F, Q.

Informally, we often say that €2 is a o-algebra.

3.5. Theorem. The collection M(R) of Lebesgue measurable sets in R is a
o-algebra of subsets of R.
Proof.

(a) Let us first verify that R € M(R).
If X cR, then X nR =X, while X nR°= X n@=ga. Thus

m N (XnR)+m (X nR)=m* X +m"@=m"X +0=m"X.

By definition, R € 9M(R).

(b) The fact that 9M(R) is closed under complementation is clear, since the
definition of a measurable set is symmetric in £ and R\ F.

(c) Let {E,}2; < M(R). We must show that E :=u2? E, € M(R).

STEP 1. For each N > 1, consider Hy := UT]:LlEn. We shall argue by induction
that Hy € M(R) for all N > 1.
For N =1, this is trivially true, as Hy = E7 € 9M(R) by hypothesis.
Next suppose that 1 < M € N and that Hy; € M(R). Let X ¢ R be
arbitrary. The induction hypothesis says that

m X =m* (X nHy)+m* (X~ Hy).
But Ejprqq € M(R), and so
m* (XN Hy)=m™((X N~ Hy) nEppe1) +m™ (X N Hy) N Epge1).-
By the subadditivity of m*,
m* X =m*(XnHpy)+m* (X~ Hy)
=m (X nHy) +m™((X N Hy) 0 Epgaa)) +m (X N Hy) N Ege)
>m™ (X n(Hy U Epq)) +m (X~ (Hy U Eve))
=m (X nHppp1) +m (X N Hypi)
Since the reverse inequality holds for any outer measure, we see that
m* X =m* (X nHp1)+m™ (X N Hyy1),

and thus Hysq € M(R).
By induction, Hy € M(R) for all N > 1.
STEP 2. Next we shall write each Hy as a disjoint union of sets in 2 (R).
Let Fy := Hy, and for n > 2, set F,, := H, ~ H,,_1. Clearly F;nF; = @ for
1<i#j,and Hy =) | F, for all N > 1.
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Let N >2 be an integer and note that Hy_1, Hy € 9(R) implies that
Hf_, Hy € M(R) by (b). By Step 1, (Hf u Hy-1) € M, and using (b)
once again,

FNZHN\HN_l = (H]CVUHN_l)CES)ﬁ(R).

STEP 3. Now we claim that if X ¢ R, then for each N >1,

m*(X n (v F,)) = sz: m* (X nF,).

n=1

The claim is trivially true when N = 1.
Suppose that 1 < M e N and that

M
m* (X n (U F,)) =Y m* (X nE,).

n=1

By the measurability of Fj/,1 and the fact that all F}’s are disjoint,
m* (X n (WM E)) =m* (X n (WM E)) N Fapar)+

n=1 n=1

m (X n (WM E)) 0 Fai)

n=1

=m* (X n (WM, F)) +m* (X 0 Fas)

M
= > m"(XnF,)+m* (X nFa)

n=1
by the induction hypothesis
M+1
= Y m*(XnF,).
n=1

This completes the induction step and therefore proves our claim.

STEP 4. Finally, observe that £ = u)? | E, = U’ Hy, = u;” F,. We shall use
this to prove that E € 9(R).
Let X cR. For all N >1, Hy € M(R) and so

m* X =m"(XnHy)+m"(X\ Hy)
=m* (X n (uszan)) +m (X \ Hy)

>m*(X n (W) F))+m (X \E) as (XN E)c (X \ Hy)
N

=> m"(XnF,)+m*(X\E) by STEP 3.
n=1

Taking limits, we see that

m'X > > m*(XnF,)+m" (X\E).

n=1
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Keeping in mind that m* is o-subadditive, we note that
m (X nE)=m*(Xn (v, F,))
=m” (Ul (X N Fp))

<> m*(XnE,).
n=1

Combining these last two estimates, we conclude that
mX>m* (XnE)+m* (X \E),
and therefore that E € M(R).
O

It’s high time that we produce examples of Lebesgue measurable sets. Thanks
to the previous Theorem, given a subset & ¢ 9M(R), the entire o-algebra generated
by & (namely the smallest o-algebra of subsets of R which contains & — why should
this exist?) is also contained in M(R).

3.6. Proposition.
(a) If ECR and m*E =0, then E ¢ M(R).
(b) For allbeR, E = (-o00,b) € M(R).
(c) Every open and every closed set is Lebesgue measurable.

Proof.
(a) Let E cR be a set with m*E =0, and let X ¢ R. By monotonicity of outer

measure,
m* (XnE)<m*E=0,
and
m (X nE%)<m"X.
Thus

m'X=0+m"X>m" (XnE)+m (X \E).
As we have seen, this is the statement that E € 9(R).
(b) Fix beR and set E = (—o00,b). Let X ¢ R be arbitrary. We must show that

m*' X >m* (XnE)+m* (X \E).

If m*X = oo, then there is nothing to prove, and so we assume that
m*X < oo. Let € >0 and let {I,,}7>, be a cover of X by open intervals such
that

Y U(Ip) <m*X +e < oo.
n=1
It follows that each interval I,, has finite length, and so we may write
I, = (an,by), n > 1. (As always, there is no harm in assuming that each
I,, + @, otherwise we simply remove I,, from the cover.)
Set J, = I, N E = (an,by) N (—o00,b). Clearly each J,, n > 1 is an open
interval, possibly empty.
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Let K, = I, N E = (apn,by) N [b,00). Then
Ky € {®7 [ba bn)a (ana bn)}v

depending upon the values of a,, and b,. But then we can find ¢, < d,, in
R such that
K,cLy,:= (Cnadn)
and {(Ly) -m Ky, < 57, n 2 1.
In particular, for each n>1, I, ¢ J, u L, and

(ECT) + (L)) = (1) < 5

Now

But XnEcuy?,J,and X\ EFcu>,L,, and so
mX>m (XnE)+m (X \E)-2¢.
Since € > 0 was arbitrary,
m' X >m* (XnE)+m* (X \E),

proving that F € 9M(R).

(c) Fix b € R. We have just seen that (—oo0,b) € M(R). Since M(R) is an
algebra of sets, E¢ = [b,00) € M(R) as well. But then E, := [b+ %, 00) €
M(R) for all n > 1, and since the latter is a o-algebra,

(b,00) = U2 E, e M(R)  for all beR.

If a < b, then (a,b) = (—o0,b) N (a,00) € M(R). Since R € M(R) by
Theorem 3.5, we see that we have shown that every open interval lies in
M(R).

We saw in the Assignments that every open set G € & is a countable
(disjoint) union of open intervals. Since 9 is a o-algebra, this means that
every open set G € M. But M is also closed under complementation, and
so every closed set lies in 9 as well.

Now that we know that 9M(R) # @, the following definition makes sense.
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3.7. Definition. Let m* denote Lebesgue outer measure on R. We define
Lebesgue measure m on R to be the restriction of m* to M(R). That is, Lebesque
measure is the function

m: MR) - [0, 00]
E ~ m'E.

Let us recall that our strategy was to try to restrict the domain of m* sufficiently
to allow the restriction of m* to this smaller collection of sets to be o-additive. The
next result shows that 9(R) may serve as such a domain.

3.8. Theorem. Lebesque measure is o-additive as a function on MM(R). That
is, if Ep € M(R) for alln>1 and if E;nE;j =@ for all 1 <i# j < oo, then

m(up En) = Y. mE,.

n=1

Proof. We leave the proof of this to the Assignments.

3.9. Corollary. There exist non-measurable sets.
Proof. Suppose otherwise. Then every subset of R is Lebesgue measurable, and
thus M(R) =P(R) and m =m*. But in Theorem 2.13, we saw that Lebesgue outer
measure m” is not o-additive on P(R). This contradicts Theorem 3.8.

Thus M(R) = P(R).

O

More interestingly, we have the following result, which we leave to the exercises.
Recall Vitali’s set V from Theorem 2.13.

3.10. Proposition. Vitali’s set V is not Lebesque measurable.

3.11. Definition. The o-algebra of sets generated by the collection & = {G ¢
R : G is open} of all open subsets of R is called the o-algebra of Borel subsets
of R, and is denoted by

Bor (R).

(That Bor (R) exists follows from Ezercise 1 below.)
By Theorem 3.5 and Proposition 3.6 above, we see that

PBotr (R) < M(R).
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3.12. Remarks. Note that since Bor(R) is a o-algebra which contains all
open subsets of R, it also contains all closed subsets of R. In fact, we could have
defined Bor (R) to be the o-algebra of subsets of R generated by the collection
§:={F cR:F is closed} of closed subsets of R, and concluded that it would have
contained &.

Given a family A ¢ ‘B(R) with &, R € A, set

Ay ={uy Ay Ape An>1}

As={n> 1A, Ay e An>1}.
We refer to elements of A, as A-sigma sets and elements of A5 as A-delta sets.
Observe that &5 and §, are both subsets of Bor (R).

3.13. Admittedly, our definition of a Lebesgue measurable set is not the most
intuitive definition, and Carathéodory’s definition is quite different from Lebesgue’s
original definition, which we shall now investigate.

3.14. Theorem. Let E cR. The following statements are equivalent.
(a) E is Lebesgue measurable; i.e. E € M(R).
(b) For every € > 0 there exists an open set G 2 E such that
m (GNE)<e.
(¢) There exists a &5-set H such that E < H and
m*(H\E) =0.

In other words, up to a set of measure zero, every Lebesgue measurable set is
a Bg-set. As we shall see in the assignments, up to a set of measure zero, every
Lebesgue measurable set is a §,-set as well.

Proof.
(a) implies (b).
CASE 1. Suppose that mE < oco.
Let € >0 and choose a cover {I,,}°; of E by open intervals such that

Y U(I,) <mE +e.

n=1

Set G'=u;” 1, so that G is open and £/ ¢ G. Then

mG <Y ml, =) l(I,) <mE +e.

n=1 n=1
Also,
G=(GnNnE)Uu(GNE)=Eu(G\E),
and so
mE+m(G~ E)=mG<mE +¢,
whence

m* (GNE)=m(G\ FE)<e.
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CASE 2. Suppose that mE = oco.

Let € > 0, and for each n > 1, let E,, = En[-n,n]. Note that £, ¢ M(R),
as the latter is a o-algebra of sets. Moreover, E,, ¢ [-n,n] implies that
mE, <m[-n,n] =2n < co. From CASE 1 above, we can find G,, and open
set such that E, ¢ Gy, and m(G, \ E,) < n>1. Let G = U2 Gy, so
that G is open, and

E=uE,cuGp=G.

If x € G\ E, then x ¢ E, for all n > 1, and there exists N > 1 such that
reGp. Thatis, v e Gy\NEn. Thus GNE c U2 (Gp N Ey) (in fact equality
is easily seen to hold), and so

2n7

m(G~ E) sz (GaNBa) <Y o=

(b) implies (c).
For each n > 1, choose Gy, € R open so that E ¢ G, and m* (G,\NE) < %
Set H :=n;" Gy, so that ¢ H, and H € &s.
By monotonicity of outer measure, for each n > 1 we have

m*(H~E)<m* (G, \E) < l,
n

and so
m*(H~FE)=0.
(c) implies (a).
Suppose there exists H € 5 € M(R) such that £ ¢ H and m*(H\E) =
0. By Proposition 3.6, m*(H ~ E) = 0 implies that H ~ E € M(R) with
m(H ~ E) =0. But M(R) is a o-algebra of sets, and thus it is an algebra,
from which we deduce that

E=H~ (H~E) ¢ M(R).

O

3.15. Example. The Cantor middle thirds set. Recall from Corollary 2.5
that if F ¢ R is countable, then m*E = 0. By Proposition 3.6, it follows that
E e M(R), and thus mE = m*E = 0. In other words, every countable set is Lebesgue
measurable with Lebesgue measure zero.

We shall now construct an uncountable set C' — in fact one whose cardinality is
¢, the cardinality of the real line R — whose measure mC' is equal to zero. Since
mR = co, we see that the Lebesgue measure of a set is not so much a reflection of
its cardinality, as much as a question of how the points in the set are distributed.
Having said that, when the set in question is countable, the above argument shows
that it is always “thinly distributed”, in this analogy.

The Cantor set is typically obtained as the intersection of a countable family
of sets, each iteratively constructed from the previous as follows

We set Cp = [0, 1], and for n > 1, we set C), nlU(3+ =Cph-1). Thus
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e 1= [0,%]u[%,1];
° 02:[0, %]U[géé]gu g7§]$[%’1!§’ 9 18 19 20 21 24 25 26
* C3=[0,97]ul57: 57]ular 97 ]Vlaz: o7l lar a7 lvlar v lar, 7 1vlae, 1);

The figure below shows each of the sets C,,, 0 <n < 7.

FIGURE 2. AN ILLUSTRATION FROM HTTP://MATHFORUM.ORG/MATHIMAGES/INDEX.PHP/CANTOR-SET.

The Cantor middle thirds set is defined as the intersection of all of these
sets, i.e.

C = ﬂ:;ocn.

Alternatively, beginning with Cy = [0, 1], one can think of obtaining C; from Cy
by removing the (open) “middle third” interval (%, %), resulting in the two intervals
which comprise C above. To obtain Cy from C7, one removes the (open) “middle
third” of each of the two intervals in C7, and so on. This motivates the term middle
thirds in the above nomenclature.

It should be clear from the construction above that
(a) Cp2Cy2C52C32--2C. Furthermore, each set C,, is closed, n > 0 and
mCp =1 < co. From our work in the assignments,

n
m*C = lim mC,, = lim — =0.
n—oo n—oo 3N
(b) Being closed and bounded, C' is compact — hence measurable with mC' =
0. Also, Cy is compact and the collection {Cy}>2, clearly has the Finite
Intersection Property. Thus C' = n;2,C,, # @. (We shall in fact show that
C' is uncountable!)

Now let us approach things from a different angle. Given z € [0, 1], consider the
ternary expansion of z, namely

r=0x1T22324...

where z, € {0,1,2} for all k£ >1. As with decimal expansions, the expression above
is meant to express the fact that

)

I
gk
wla
|
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Non-uniqueness of this expansion is a problem here, as it is with decimal expansions.
For example,

1
3° 0.0222222- = 0.1000000---.

We leave it as an exercise for the reader to show that the expansion of z € [0,1)
s unique except when there exists N > 1 such that

x for some O<r<3N, where 3 4 r.

= 3_N
When this is the case, we have that
z=0.21222324 TN,

where xy € {1,2}.

If x = 2, we shall use that expression.

If x5 =1, then

T = 0..731 To2X3 " "TN-2TN-1 1000---
= 0.561 Lo X3 *TN-2 02222,

and we shall agree to adopt the second expression.

Finally, we shall use the convention that

1=10.2222---.

With this convention, over z € [0,1] has a unique ternary expansion.
Now

e e (] if and only if 1 # 1;

e x €y if and only if x € C1 n (o, i.e. if and only if z1 # 1 # xo.

e x € (yif and only if z € Con (s, i.e., if and only if 1 ¢ {z1,29,23}.
More generally, for N > 1, z € C if and only 1 ¢ {z1,22,...,2N}.
From this it follows that x € C if and only if z,, # 1, n > 1. In other words,

C={x=021220324...: 27y €{0,2} for all n >1}.
As we shall see in the assignments, the map
@ C - [0,1]
x=021T223%4... = Y=oy g—’;,

where y, = %+, n > 1 is a surjection from C onto [0,1]. (It is profitable to think of
y as the binary expansion of an arbitrary element of [0,1].)

But then the cardinality |C| of C is greater than or equal to ¢ = |[0,1]|, the
cardinality of the continuum. Since C' € R, we also have that |C| < ¢, and so the
Schroder-Bernstein Theorem (see Theorem 3.18 below) implies that

|C| = c.

Thus C is an uncountable, measurable set whose Lebesgue measure is nonethe-
less equal to 0.
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Appendix to Section 3.

3.16. With regards to Theorem 3.14 above, first note that the definition of
Lebesgue outer measure says that for all H ¢ R,

m*H =inf{) ((I,): {I,};2; is a cover of H}.

n=1

Let € >0, H ¢ R and choose a cover {I,}7°; of H. Set G := U521, so that G is
an open set in R. By the o-subadditivity and monotonicity of m*,

m'H<m'G<Y m*(I,)=> (I,)<m"H +e.
n=1 n=1
It is important to realize that this does not say that
m*(GNH) <e.

For a trivial counterexample, one might take H = [0,00) and G = R. Then
m*H =m*G, and so m*H <m*G + ¢ for all € >0, and yet

m* (G~ H)=m"(-00,0] = oo.

A far more interesting example comes from Vitali’s set V. Recall that V ¢ [0,1]
is non-measurable, and we have seen (see Exercise 5) that it has positive, but finite
Lebesgue outer measure. Indeed, by monotonocity of Lebesgue outer measure,

0<m*V<I1.

The above construction shows that for each n > 1, we can find G,, € R open such
that V ¢ G,, and

1
0<m* Gy -m'V < —.
n

The non-measurability of V, combined with Theorem 3.14, shows that there exists
€g > 0 such that if G € R is open and V € G, then

m*(G\V) > ey.
In particular,
m* (G, \V) > e for all n > 1.
Oh my. Wicked. Very, very wicked indeed.

3.17. Carathéodory’s original definition of a Lebesgue measurable set E (see
Definition 3.2) asks that for every X ¢ R, we must have
m' X =m"(XnE)+m* (X \E).
As it turns out (this will be an assignment question), if A ¢ R is Lebesgue
measurable with mA < oo, and if E' ¢ A, then the following are equivalent:

(a) E is Lebesgue measurable.
(b) m*A=m*(AnE)+m (AN E).



38 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

In other words, instead asking that m* be additive with respect to the decom-
position X = Eu (X \ E) for every set X that contains FE, it suffices to ask that
this condition holds in the single, solitary case where X = A!

In particular, this shows that if F is bounded (i.e. there exists M > 0 such that
E c[-M,M]), then E is Lebesgue measurable if and only if

m*(E)+m*([-M,M]~ E) =2M.

Suddenly Carathéodory’s definition of a Lebesgue measurable set doesn’t seem
so bad!

It might be worthwhile to remind the reader of the Schréder-Bernstein Theorem
and of its proof.

3.18. Theorem. The Schroder-Bernstein Theorem.  Let A and B be
sets. If |A| < |B| and |B| < |A|, then |A| =|B].
Proof.
STEP 1. If Z is any set and ¢ : P(Z) - P(Z) is increasing in the sense that
X ¢ Y ¢ Z implies that p(X) € ¢(Y), then ¢ has a fixed point; that is, there
exists T' ¢ X such that o(T") =T.

Indeed, let T=u{XcZ: X cp(X)}. If X cZ and X ¢ p(X), then X cT and
s0 (X)) c(T). That is, X ¢ Z and X ¢ p(X) implies X ¢ ¢(T"), and thus
T=u{XcZ:Xcp(X)}c<e(T).

But then ¢(T") € Z and ¢(T") < ¢(¢(T)), so that ¢(T") is one of the sets appearing
in the definition of T' - i.e. o(T") cT.

Together, these imply that ¢(7") = T. (We remark that it is entirely possible
that T'=@.)

STEP 2. Given sets A, B as above and injections x: A - B and A: B — A, define
p: P(A) - P(A)
X » A\ )NB\&(X)]

Suppose X ¢ Y ¢ A. Then x(X) c x(Y).
Hence

B\ k(X)2B\ k(Y), so

A(B\ k(X)) 2X(B \ k(Y)), which implies
A\ ANB\ k(X)) c A\ XB\ k(Y)), which in turn implies
P(X) € o(Y).

STEP 3. By Steps One and Two, there exists T' € A such that T = o(T) =
AN AB\ K(T)].
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Define
fi A - B
" k(a) ifaeT,
A la) ifacA\T.
Observe that A is a bijection between B \ x(7) and A \ T, and that x is a
bijection between T" and k(T"), so that f is a bijection between A and B.
i
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Exercises for Section 3.

Exercise 3.1.

Let E € M(R), so that E is a Lebesgue measurable set. Let x € R, and set
E+k:={x+kK:x€eFE}. Provethat F+x e M(R), and that mE = m(E + k).

Thus Lebesgue measure m is translation-invariant.

Exercise 3.2.
Let V ¢ [0,1] be Vitali’s set from Theorem 2.13. Prove that V is not Lebesgue
measurable.

Exercise 3.3.

Let & c M(R).

Prove that there exists a o-algebra 91 ¢ 9 (R) of subsets which contains & and
with the property that if K is any o-algebra of measurable sets which contains &,
then 91 c K. We say that 1 is the o-algebra generated by &.

Exercise 3.4.
Let z €[0,1) and consider the ternary expansion of = given by

r=0.x1203%4....

Show that the expansion is unique except when there exists N > 1 such that
r

=38 for some 0<r <3, where 3} r.

X

Exercise 3.5.
Prove that the cardinality [9t(R)| of the collection of Lebesgue measurable sets
is equal to that of the collection P(R) \ M(R) of non-measurable sets.

Exercise 3.6. Assignment
Prove that every open subset G ¢ R is a countable union of disjoint, open
intervals.

Exercise 3.7. Assignment
Prove that Lebesgue measure is o-additive on 9(R).

Exercise 3.8. Assignment
Let E cR. Prove that the following statements are equivalent.

(a) E is Lebesgue measurable.
(b) For every e > 0 there exists a closed set F' ¢ E such that

m (ENF)<e.
(c) There exists an §,-set H such that H ¢ E and
m*(E~H)=0.
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Exercise 3.9. Assignment Question.
Suppose that {E,} >, is an increasing sequence of Lebesgue measurable sets;
i.e.
EicEycEszcC---.
Let E =uy?, Ey, so that E € L(R), as the latter is a o-algebra. Prove that
mE = lim mE,,.

n—-oo
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4. Lebesgue measurable functions

Don’t ever wrestle with a pig. You’ll both get dirty, but the pig will
enjoy it.

Cale Yarborough

4.1. Let H ¢ R. We denote by M(H) the collection of all Lebesgue measurable
subsets of H. When E € M(R), it follows that

M(E)={FnE:FeMR)}.

We leave it as an exercise for the reader to prove that 9(E) is a o-algebra of subsets
of E.

4.2. Definition. Let (X,d) be a metric space and E € M(R). A function
f:E - X is said to be Lebesgue measurable if

FUG) = {z e E: f(z) e G} e M(E)

for every open set G ¢ X.
We denote the set of Lebesgue measurable X -valued functions on E by L(E, X).

It is easily verified that this is equivalent to asking that f™1(F) e 9(FE) for
every closed subset F' of X.

In the definition above, we have insisted that the domain of the function be a
measurable set. Part of the reason for this is that (at the very least) we would want
the constant functions to be measurable, and this happens if and only if the domain
of our function is measurable.

As was the case with (Lebesgue) measurable sets, in light of the fact that we
are dealing almost exclusively with Lebesgue measure in these notes, we drop the
adjective “Lebesgue” and henceforth refer simply to measurable functions.

4.3. Proposition. Let E ¢ R be a measurable set. Then every continuous
function f: E — X is measurable.
Proof. To see this, note that the continuity of f implies that f~!(G) is a (relatively)
open subset of E for all open sets G € R. But a set L € F is relatively open provided
that L = U n E, where U € R is open. In our case, once we choose Uy € R open
such that f~1(G) = Uy n E, it follows from Theorem 3.5 and Proposition 3.6 that
Uy e M(R), whence f1(G) e M(E).

Thus f is measurable.
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4.4. Example. Let E ¢ M(R) and H ¢ E. Consider the characteristic
function or indicator function of H, namely

xu: E - R
0 ifxeE~NH
€T =
1 ifzeH.

If G <R is open, then

@ iftGn{0,1} =2

H if Gn{0,1} = {1}
E~H ifGn{0,1}={0}
E if Gn{0,1} ={0,1}.

Xi (G) =

It follows that xp is Lebesgue measurable if and only if H is a Lebesgue mea-
surable set.

4.5. Proposition. Let E € M(R), and suppose that (X,dx) and (Y,dy) are
metric spaces. Suppose furthermore that f : E — X is measurable and that g: X - Y
1s continuous. Then go f: E —Y is measurable.

Proof. Let G €Y be open. Then ¢7'(G) € X is open, as g is continuous. But f is
measurable, so

(9o N)7HG) = FH(g7H(@)) e M(E),

proving that g o f is measurable.

4.6. Example. Let E € R be a measurable set and let f: F - K be a measur-
able function. If g : K — R is the function g(z) = |z|, z € K, then g is continuous and
so go f =|f| is measurable.

It is perhaps worth noting that the converse to this is false.

4.7. Proposition. Let E € M(R) and f,g: E — K be functions. The following
statements are equivalent.

(a) f and g are measurable.
(b) The map
he B - (K% ]2)
z ~ (f(z),9(2))
18 measurable.
Proof.
(a) implies (b).
Let A, B ¢ K be open sets. Then A x B ={(a,b):a€ A,be B} is open
in K2, and furthermore, every open set G ¢ C is a countable union of sets
of this form (see the exercises).
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Let G ¢ K? be open, and choose open sets A,, B, in K such that

G =u; Ay, x By,. Then
hH(G) = Upiih™ (An x Bp) = Uy 71 (An) n g™ (By).

But each f~'(A,)ng 1(B,) is measurable, being the intersection of mea-
surable sets. Since MM(E) is a o-algebra, h™1(G) e M(E).

Thus h is measurable.

(b) implies (a).
Suppose next that h is measurable. The maps m; : K? - K, i = 1,2 de-

fined by m(w, z) = w and my(w, z) = z are continuous. By Proposition 4.5,
f=moh and g = m o h are measurable.

O

Proposition. Let E ¢ M(R) and let f,g: E - K be measurable. Then

) the constant functions are all measurable;

) [+ g is measurable;

) fg is measurable; and

(d) if for all x € E we have that g(x) + 0, then f]g is measurable.

In particular, L(E,K) is an algebra.
Proof.

(a) Let x € K be fixed and suppose that ¢ : E - K is the constant function
o(x) = k, v € E. If G ¢ K is open, then either k € G, in which case
¢ H(G) = E or s ¢ G, in which case ¢ }(G) = @. Either way, ¢ }(Q) is
measurable, whence ¢ is measurable.

Next we shall show that £(E,K) is closed under sums, products and quotients. Let
h: E - K? be the function h(x) = (f(),g(x)). As we saw in Proposition 4.7, h is
measurable.

(b) Let o : K2 - K be the function o(z,y) = 2 +y. Then o is continuous and
so by Proposition 4.5,

f+g=00h

is measurable.
(c) Let pu: K? - K be the function u(x,y) = xy. Then pu is continuous and so
by Proposition 4.5,

fg=noh

is measurable. .
(d) Let 6 : Kx (K~ {0}) — K be the function 6(z,y) = —. Then 0 is continuous
Y

and so by Proposition 4.5,
—=doh

is measurable.



4. LEBESGUE MEASURABLE FUNCTIONS 45

Thus the set £(F,K) forms a subalgebra of the algebra K of all functions from E
into K, and the constant function p(x) =1 for all z € E clearly serves as the identity
of this algebra.

O

4.9. Remark. Note that C is a metric space where d(w, z) = |w - z|, w, z € C.
Moreover, the map

v: C - R?
r+iy = (2,y)

is a homemorphism.
Let E € M(R) and suppose that f: F — C is a function.

e If f is measurable, then v o f = (Re f,Im f) is measurable by Proposi-
tion 4.5. By Proposition 4.7, each of the functions g = Re f and A =Im f is
measurable.

e If g1 =Re f and g2 = Im f are both measurable, then by Proposition 4.7, so
is h:= (g1,92). Then f =~7!oh is measurable by Proposition 4.5

In other words, a complex-valued function is measurable if and only if its real and
imaginary parts are measurable. In light of this, we shall prove a number of results
for real-valued measurable functions (allowing us to bypass some routine technical
details), and leave it to the reader to formulate and prove the corresponding results
for complex-valued functions. But first, we stop for a result which will prove useful
in the second half of the notes. Recall that T:={zeC:|z|=1}.

4.10. Proposition. Let E € M(R) and suppose that [ : E — C is measurable.
There exists a measurable function u: E — T such that

f=u-|fl

Proof. Since {0} ¢ C is closed and f is measurable, K := f~1({0}) € M(E). From
Example 4.4, we have that xx is a measurable function, and therefore f + yx is
measurable as well. Note also that = € E implies that (f + xx)(z) # 0.
Set u = L‘;:—Xﬂ Then u is measurable by Proposition 4.8, and clearly f = u-|f|.
XK

O

At the moment, given a set E € M(R), in order to verify that a function f :
E — R is measurable, we must check that f~1(G) is measurable for all G ¢ R
open, or equivalently that f~'(F) is measurable for all ' ¢ R closed. Given how
many different open (resp. closed) subsets of R there are — this threatens to be an
Herculean, so as not to say a Sisyphean task. The following result makes the process
much more manageable.
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4.11. Proposition. Let E € M(R) and let f : E - R be a function. The
following statements are equivalent.

(a) f is measurable.
(b) f((a,00)) e M(E) for all a € R.
(c) f1((~o0,b]) e M(E) for all beR.
(d) f1((~00,b)) € M(E) for all beR.
(e) f([a,0)) e M(E) for all a € R.
Proof.
(a) implies (b). Since (a,o0) is open for all values of a € R, this is an
immediate consequence of the definition of measurability.
(b) implies (c).  Let be R. By hypothesis, we have that f=1((b, o)) € M(E).
But then

FH((=00,8]) = Ex f7H((b, 00)) € M(E),

since the latter is a o-algebra of sets, by Exercise 1.
(c) implies (d).  For each integer n > 1, f~1((~oo,b~ %]) e M(F) by hypoth-
esis, and thus
_ o 1
FH((=00,0)) = U2y f 1 (00, b~ —1) e M(E).

(d) implies (e).  The proof is similar to that of (b) implies (c), and is left as
an exercise.
(e) implies (a). Observe first that if a,b € R, then

£ (0 00)) = U f ([ 1 00)) € M(E),

while
FH((=00,0)) = Ex f7H([b, 00)) € M(E).
If a < b, then

F7H((a,b)) = [ ((a,00)) 0 f7H (=00, b)) € M(E).

Thus f~1(I) is open for every open interval I ¢ R.

Finally, if G € R is open, then there exists a countable family of open
intervals I, such that G = u;? I,,. (As seen in Exercise 6, we can choose
the I,,’s to be disjoint, though this is not necessary here.) Since M(F) is
a o-algebra,

FHG) =0 7 (1) € M(E).

By definition, f is measurable.
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4.12. Corollary. Let E € M(R) and f: E - R be a function. The following
statements are equivalent.

(a) f is measurable.

(b) fY(B) e M(E) for all B € Bor (R).
Proof. This is left to the Assignments.

4.13. Remark. Let E € M(R) and suppose that f: E - R is a function. We
define

() =max(f(x),0) =xekFE
f (z) =max(-f(x),0) =xeFE.

Note that f = f* - f~ and that |f|= f*+ f~.
It follows from Examples 4.6 and Proposition 4.8 that if f is measurable, then
S0 are

s+ S - _UI=f
= 5 and f = 5

Combining this with with Remark 4.9, we see that every complex-valued mea-
surable function is a linear combination of four non-negative, real-valued measurable
functions.

4.14. We are now going to examine a number of results that deal with pointwise
limits of sequences of measurable, real-valued functions. It will prove useful to
include the case where the limit at a given point exists as an extended real number;
that is, when the sequence diverges to oo, or to —co. While this is useful for treating
measure-theoretic and analytic properties of sequences of functions, there is a price
to pay: the extended real numbers have poor algebraic properties. In particular, we
can not add oo to —oo, and so the class of functions we shall examine will not form
a vector space.

4.15. Definition. We define the extended real numbers to be the set
K =Ru {_007 00}7

also written R = [~o0, 00].
By convention, we shall define

a+00=00=00+a for alla e Ru{oo};
a+—-00=-00=-00+a for all « e RU{-o0};

a-00=00-a=(-00) (—a)=(-a) (—0) =00 if0<aecR or a=oo;
a-00=00-a=(-00)(—a)=(-a) (—0)=-0c0 if a<0€eR or a=-o0;
0=0-00=00-0=0-(-00)=(-00)-0.

Observe that we define neither oo — 0o nor —oo + co.
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4.16. Definition. Given H ¢ R, we refer to a function f : H - R as an
extended real-valued function.

If E e M(R), an extended real-valued function f: E — R is said to be Lebesgue
measurable if

(a) fH(G) e M(E) for all open sets G SR, and
(b) f7H({=00}), f({oo}) e M(E).
We denote the set of Lebesgue measurable extended real-valued functions on E
by
L(E,R)={f:FE—>R:f is measurable}.
We shall often have occasion to refer to the non-negative elements of L(FE,R),
and so we also define the notation

L(E,[0,00]) = {f e L(E,R):0< f(z) for all z € E}.

Note. We remark that condition (a) above can be replaced with the condition that
FHF) e M(E) for all closed sets F c R.

As was the case with real-valued measurable functions, in testing whether or not
a given extended real-valued function is measurable or not, it suffices to check that
the inverse images of certain intervals are measurable. In what follows, we write
(a,00] to mean (a,00) U {oo} and [—-00,b) = (—c0,b) U {-oco} for all a,beR.

4.17. Proposition. Let E € M(R) and suppose that f: E - R is a function.
The following statements are equivalent.

(a) f if Lebesgue measurable.
(b) For all aeR, f~1((a,00]) e M(E).
(c) For allbeR, f~([~00,b)) e M(E).
Proof. The proof of this Proposition is left as an exercise for the reader.
O

4.18. Proposition. Let E € M(R) and suppose that (fn)ro, is a sequence
of extended real-valued, measurable functions on E. The following (extended real-
valued) functions are also measurable.

(a) g1:=sup,sq fn;

(b) g2 = inf,;51 fn;

(c) g3:=limsup,s; fn; and
(d) g4 :=liminf,5; fy.
Proof.

(a) By Proposition 4.17 above, it suffices to prove that g;!((a, co]) € M(E) for
all a e R.
But
91" ((a,000) = U321 £ (0, ]).
Since each f,;!((a,00]) € M(FE) (as each f, is measurable), we have that
g1 ((a,00]) € M(E).
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Hence g is measurable.
(b) The proof of (b) is similar to that of (a). For each b€ R,

g2_1([—00,b)) = Unzlfgl([_ooa b)) ¢ m(E)
Thus g2 is measurable.
(c) For each N > 1, hy :=sup,sy fn is measurable by (a) above. Clearly

h1>hg>hg >

But then limsup,,s; fn = limy o Ay = infy,51 by, and this is measurable by
(b) above.
(d) The proof of this is similar to that of (c), and is left as an exercise.

The next result is an immediate corollary of the above Proposition.

4.19. Corollary. Let E € M(R) and suppose that (fn)err, is a sequence of
real-valued, measurable functions on E such that f(x) =lim, e frn(x) exists as an

extended real number for each x € E.
Then f e L(E,R); i.e. f is measurable.

4.20. Definition. Let E € M(R) and ¢ : E — R be a function. We say that
¢ is simple if ranyp is finite. Suppose that ranp = {a; < ay < - < ay}, and set
E,:=p " ({an}), 1<n< N. We shall say that

N
¥ = Z AnXE,

n=1

is the standard form of .

4.21. Proposition. Let E ¢ M(R) and suppose that ¢ : E - R is a simple
function with range ranp = {1 < ag < - < ay}. The following statements are
equivalent.

(a) ¢ is measurable.
(b) If o =N anxp, is the standard form of o, then E, e M(E), 1<n<N.
Proof.
(a) implies (b).
Suppose that ¢ is measurable. Let 1 <n < N. If o, € R, then {ay}
is a closed set, and thus E, = ¢ '({a,}) is measurable. If a; = —oo, then
0 ({a1}) € M(E) by definition of measurability, and similarly if ay = oo,
then ¢ '({an}) e M(E) by definition of measurability.
(b) implies (a).
Suppose that E, € M(E) for all 1 <n < N. Then yg, is measurable
for each n, by Example 4.4. For any a € R,

o '((a,00]) = U{E,a<ay}.

Thus ¢ *((a, o0]) is a finite (possibly empty) union of measurable sets, and
as such it is measurable.
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By Proposition 4.18, ¢ is measurable.
i

4.22. Example. The standard form is not the only way of expressing a simple
function as a linear combination of characteristic functions.
Consider ¢ : R — R defined as ¢ = xq + 9x[2,6)- Then ranp = {0,1,9,10}.
Set
Ei=¢'({0}) =R~ (QuU[2,6])
By =9 '({1}) = Q~ [2,6]
E3=¢'({9}) =[2,6]~ Q
Ey=¢ ' ({10}) =Qn[2,6].
Then
¢ =0xg, +1xg, + IxE; + 10XxE,
is the standard from of ¢.

4.23. Definition. Let V be a vector space over K, where K=R or K=C. A
subset C' €V is said to form a (real) cone if

(a) Cn-C={0}, where -C = {-w:weC} and
(b) y,z€C and 0 < Kk € R imply that

Ky +z€C.

4.24. Example.

(a) Let V=R3, and let C = {(x,5,2) € V:0<x,y,2}. Then C is a cone.
(b) Let V =C and let
; 2
C’={we(C:w=re’9,%£9<%,0£r<oo}.

Then C' is a cone. We mention in passing that C' is not closed in C.
(c¢) Let V=C([0,1],C):={f:[0,1] = C: f is continuous}. Let

C:={feC([0,1],C): f(x) >0 for all x €[0,1]}.

Then C is a cone.

4.25. Remark. Let E ¢ M(R) be a measurable set. We shall denote by
SiMP(E,R)

the set of all simple, real-valued, measurable functions on E. We leave it as an
exercise for the reader to show that SIMP(E,R) is an algebra, and thus a vector
space over R.

It will also be useful to adopt the following notation:

SIMP(FE,[0,00)) := {p e SIMP(E,R) : 0 < () for all x € E'}.

Observe that this is a real cone in SiMP(E, R).
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We denote by _
SiMP(E,R)
the set of all simple, extended, measurable real-valued functions on E, and we set
SiMP(E, [0, 00]) := {¢ € SIMP(E,R) : 0 < ¢(z) for all 2 € E}.

Alas, SIMP(E,R) is not a vector space over R, since if ¢ € SiMP(E,R) and
@1 ({=00,00}) # @, then ¢ does not admit an additive inverse (recall that we have
not defined —oo + oo in R).

The next result will be the key to our definition of Lebesgue integrability of
functions in the next section.

4.26. Proposition. Let E € M(R) and f : E — [0, 00] be a measurable function.
Then there exists an increasing sequence

pr1<pa<p3<<f
of simple, real-valued functions v, such that

f(x) = lim @,(x) for allx € E.

Proof. The proof of this Proposition is left as an Assignment question.
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Appendix to Section 4.

4.27. Let us now examine the extended real numbers from a somewhat different
point of view. You may consider the discussion below “culture”.

Definition. Let (X,7x) be a topological space. A compact topological space
(Y,7y) is said to be a compactification of X if there exists a dense subset Z €Y
and a homeomorphism

p: X —>Z.

In general, there are a great many compactifications of topological space. Some
(including the Stone-Cech compactification) are more important than others.
A full treatment of these, however, is beyond the scope of these notes. Instead, we
refer the interested reader to the excellent monograph of Stephen Willard [8].

4.28. There are, nevertheless, two particular compactifications which are of
interest to us here, and these are simple enough to briefly describe.

_In fact, we have already seen one. Consider the following topology 7 on the set
R of extended real numbers. A subset GG € R belongs to 7 if an only if:

(a) GN(-o00,00) is open in R (with its usual topology inherited from the metric
d((l),y) = |$ - y|a T,y € R),

(b) oo € G implies that there exists a € R such that (a, 0] ¢ G; and

(c) —oo € G implies that there exists b € R such that [-oc0,b) € G.

That this is indeed a topology on R is left as an exercise for the reader. It is
worth observing that 75 is the topology on R generated by the sets {(a,c0]:a € R},
in the sense that this collection forms a subbase for 7. A different subbase for m
is the collection {[-oc0,b) : b € R}. Note that these are precisely the families of “test
sets” which appear in Proposition 4.17.

The proof of the following result is left as yet another exercise for the reader.
We emphasize that the topology on [0,1] € R is the usual (relative) topology that
it inherits as a subset of R, itself equipped with the usual topology.

4.29. Theorem. (R,7y) is homeomorphic to the interval [0,1], under a home-
omorphism that sends R R to the dense subset (0,1) < [0,1].

It follows that (R,7) (or equivalently [0,1]) is a compactification of R. This
particular compactification is often referred to as the two-point compactification
of R. (This motivates the subscript “2” which appears in 79.)
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4.30. The second interesting and useful compactification of R we wish to con-
sider is the so-called one-point compactification of R, also known as the Alek-
sandrov compactification of R.

Here, deferring to standard notation, we set a[R] := Ru {co}. We define a
topology 71 on «af[R] as follows: a subset G ¢ a[R] belongs to 7 if and only if:

(a) GN(—o00,00) is open in R (with its usual topology inherited from the metric
d(z,y) =z -y|, z,y € R); and
(b) oo € G implies that there exists 0 < a € R such that (a,c0) U (o0, -a) € G.
Condition (b) may be replaced by the condition that the neighbourhoods of oo
must be of the form {oco} U (R~ K), where K € R is compact (in the usual topology
on R).

Recall our notation: T = {z € C: |z| = 1}. The topology on T which we are
considering below is the usual (relative) topology that it inherits as a subset of C,
equipped with its usual topology.

4.31. Theorem. (a[R],71) is homeomorphic to T, under a homeomorphism

that sends R ¢ a[R] to the dense subset T ~ {-1} of T.

It follows that a[R] is a compactification of R. Since it is homeomorphic to the
familiar set T, we often just think of the one-point compactification of R as T itself.

4.32. We have described these compactifications of R merely to place the results
of this Chapter and of later Chapters that deal with Fourier Series in context. People
have lived fruitful and productive lives without knowing diddly-squat about either
of these compactifications. Well, if you can call that living.

4.33. Unlike the notions of continuity, of piecewise-continuity and even of Rie-
mann integrability, measurability of functions behaves unbelievably well under point-
wise limits of functions, as Proposition 4.18 shows. The fact that in many ways,
Lebesgue integration respects pointwise limits is what makes it such a cogent and
powerful tool. This is what we shall turn to next.
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Exercises for Section 4.

Exercise 4.1.
Let E € M(R). Prove that M(E) is a o-algebra of sets.

Exercise 4.2.
Let (X, d) be a metric space.

(a) Let E € M(R) be a measurable set. Verify that a function f: E - X is
measurable if and only if f™1(F) € M(R) for every closed subset F of X.

(b) Let H c R be aset. Verify that a constant function f : H - X is measurable
if and only if H is measurable.

Exercise 4.3.

Let f: R - K be a function and g : K - R be the absolute value function
g(x) =|z|, x € K. Suppose that go f =|f| is measurable.

Give an example to show that f need not be measurable.

Exercise 4.4.

(a) Let G ¢ K? be an open set. Prove that there exists open sets A, B, € K,
n > 1, such that

G=U2,A, x B,.

n=1
(b) Suppose that G' ¢ R? is a non-empty open set. Prove that there exist
countably many rectangles R, = (an,bn) x (cn,d,) € R? such that G =
Uy Ry

Exercise 4.5.
Prove that the functions o, p and ¢ from Proposition 4.8 are all continuous.

Exercise 4.6.
Formulate and prove an analogue of Proposition 4.11 for complex-valued func-
tions.

Exercise 4.7.
Complete the proof of (d) implies (e) in Proposition 4.11.

Exercise 4.8. Assignment
Prove Corollary 4.12.

Exercise 4.9. B
Let E € M(R). Show that an extended real-valued function f : F — R is
measurable if and only the following two conditions hold.
(a) f7Y(F) e M(E) for all closed sets F ¢ R, and
(b) f1({-c0}) and f7({co}) e M(E).
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Exercise 4.10. o
Let E € M(R) and suppose that f: E - R is a function. Prove that the following
statements are equivalent.

(a) f if Lebesgue measurable.
(b) For all a e R, f~1((a, 0]) e M(E).
(c) Forall BeR, f([-c0, 3)) ¢ M(E).

Exercise 4.11.

Let E € M(R) and suppose that (fy, ), is a sequence of extended real-valued,
measurable functions on £. Complete the proof of Proposition 4.18 by showing that
g :=liminf f,

n>1

is measurable.

Exercise 4.12.
Let E € M(R). Prove that SIMP(E,R) is an algebra over R.

Exercise 4.13. Assignment
Let E ¢ M(R) and f: E — [0,00] be a measurable function. Prove that there
exists an increasing sequence
0<p1<pa<p3<-<f
of simple, real-valued functions ¢,, such that

f(z) = lim ¢, (z) for all z € E.

Exercise 4.14.
Let E and F' be measurable sets in R and suppose that f: F >R and g: FF - R
are functions.

(a) Define the function

f: R - R
{f(ac) ifxeFE
r .
0 ifx ¢ E

Prove that f is measurable if and only if fis measurable.
(b) Suppose that En F' = @. Prove that the function h: F'u F - R defined by

| f(z) ifzelE
Mz) = {g(x) ifzeF

is measurable if and only if both f and g are measurable.
(c) Does the conclusion from (b) hold if En F' # @7 Either prove that it does,
or find a counterexample to show that it doesn’t.
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Exercise 4.15. Assignment Question.
(a) Let f: R — [0,00] be a measurable function. Show that there exists an
increasing sequence of measurable, simple functions ¢, : R — [0, c0) so that

f(x) = lim p,(z) for all z € R.

(b) Let E € M(R) and let g : E - [0,00] be a measurable function. Show
that there exists an increasing sequence of measurable, simple functions
Yy, 1 E - [0,00) so that

g(x) = lim ¥, (x) for all z € E.

Hint for (a): For each n > 1, partition the interval [0, n) into n2" equal subintervals
Eyn = [2%,%), 0 <k < (n2") - 1. Set Epony = [n,00]. Use the sets f1(Ex.,),
0 <k <n2"™ to build ¢,.

Hint for (b): This should be very short, otherwise you are doing something wrong.

Exercise 4.16. o
Let E € R be a set of measure zero, and let f : E - R be any function whatsoever.
Prove that f is measurable.
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5. Lebesgue integration

I know that there are people who do not love their fellow man, and 1
hate people like that.

Tom Lehrer

5.1. Our approach to defining the Lebesgue integral of a measurable function f
on a measurable set E ¢ R will be an iterative one. We shall begin this by defining
the integral of a simple, non-negative, extended real-valued function. We will then
use this definition to define the integral of f when f: E' - [0, oo] is measurable, and
derive a number of consequences of our definition.

Following this, we shall design our notion of Lebesgue integration so that it is
linear; this will require us to impose certain conditions on the range of the functions
involved.

5.2. Definition. Let E € M(R) and ¢ € SIMP(E, [0,00]). Let

N
¥ = Z AnXE,

n=1

denote the standard form of p. (Since ¢ is measurable, so is E,, 1 <n < N.)
We define

N
f @ = Z anmbny,
E n=1

and observe that [ ¢ € [0, 00].
If F ¢ E is measurable, we define

N
L@:A@XF:;anm(FﬂEn)

We remind the reader that by convention, we have defined 0- o0 = 0. Thus if
n =1 and a, =0 and mFE,, = oo, or conversely if n = N and «, = oo and mE, =0,
then a,,mE, =0, whence fEn anXg, =0.
5.3. Example.
(a) Let Y= OX[4,oo) + 17)(@0[074) + 29X[2,4)\Q' Then

f[OOO) 0 = 0m[4, 00) + 17Tm(Q N [0,4)) + 29m([2,4) ~ Q)

=0:00+17-0+29-2
= 58.
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(b) Let C < [0,1] be the Cantor set from Example 3.15, and consider
¢ =1xc+2X[59]- Then

];qwzlmajﬁmﬁD+2mﬂ&9hﬂ&6D

=1-0+2-m([5,6])
=2.

Our definition of the integral of a simple, nonnegative measurable function cur-
rently requires us to express the function in standard form. Let us now relax this
condition.

5.4. Definition. Let E € M(R) and let ¢ : E - R be a simple, measurable
function. Suppose that

N
¥ = ZanXHna
n=1

where H, € E is measurable and oy € R, 1 <n < N. Observe that we are not
requiring that the oy, ’s be distinct, nor that they be written in any particular order,
nor that B = U H,.
We shall say that the above decomposition of ¢ is a disjoint representation
of ¢ if
HinH;j=@, 1<i#j<N.

We emphasize that the measurability of the sets H,, 1 <n < N is part of the
definition of a disjoint representation of .

5.5. Lemma. Let E € M(R) and suppose that v, : E - R are simple, real-
valued, measurable functions. Then there exist
(i) NeN,
(11) a17a27"‘7a]\77/817/827'"7/8]\7 €R7 and
(iii) Hy,Ho,...,Hy e M(E)
such that H;n Hj =@ if 1<i#j< N,

N N

p= anxm, and =73 Buxm,
n=1 n=1

Remark. The key things to notice here are that the H,,’s appearing in the decom-

positions of ¢ and ¢ are the same, and the representations are disjoint.

Proof. Let ¢ = Z;‘fll ajxg; and ¢ = Z]k\g brXF,, where Ej;, F}, are measurable subsets
of E for all 1 <j < M, 1<k < M, the Ej’s are pairwise disjoint, and the F},’s are
pairwise disjoint. (That such a decomposition exists is clear, as we may simply write
¢ and ¥ in standard form.)
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Then {E;jnFj,:1<j<M;,1<k< M} are disjoint, measurable sets and

M, Mo My Mo
90 = Z a’]( XE]'ﬂFk) = Z Z (lj XEjﬂFka
j=1 k=1 j=1k=1

and similarly
My Ma

Y= bp XE;nF,-

j=1k=1
Relabel {EjnFj,:1<j< My, 1<k<My}as{H,:1<n<N} tocomplete the proof.
(The ay,’s and f3,,’s are clearly just relabelings of the a;’s and the b;’s respectively.)

O

5.6. Lemma. Let E ¢ M(R) and suppose that ¢ € SIMP(E,[0,00]). If ¢ =
Z,]:le anXH, s any disjoint representation of ¢, then

N
f ©= Z apmH,.
E n=1

Proof. If uivlen + F, then we can set Hy,1 = E\ (unNlen) and ays1 = 0. As
such, we assume without loss of generality that £ = Uﬁ[: 1Hy.
Observe that since the H,,’s are mutually disjoint,
rang € {an ).

Of course, we might have a; = a;; with 1 <7 # j <N, so allow us to write

rang = {1 < B2 < < B},

for some 1 < M < N, and set E,, = 0 ({Bm}), 1 <m < M, so that each E,, ¢ M(F).
Now, for 1 <m < M, we have that E,, = u{H, : a, = B, }. By definition,

M M
[ESD= fEkz_:lﬂkXEk =kz::lﬁkmEk

Finally, m(Ex) = ¥{mH,, : o, = B}, and thus

M M N
Jo#= X (T mH) = B i) = 3 awm,

;=B k=1 ;=B
O

5.7. Proposition. Let E ¢ M(R). If ¢,1p € SIMP(E,[0,00]) and 0 < k € R,
then
(a) [pro+v =k [po+ [pY.
(b) If o <4, then [ < [p1).
Proof. By Lemma 5.5, we can find common disjoint representations of ¢ and 1,
say

N N
¥ = Z On X Hy and Y= Z /BnXHn-
n=1

n=1
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(a) Then ko + v = YN (ko + Bn)Xm, is a disjoint representation of ke + 1),
and so by Lemma 5.6,

N
ﬁ("ﬂp + B) = Z (Ha’rl + Bn)mHn

—ﬁ(Zaan )+Zﬂan

—ﬁfg0+f¢

(b) Suppose that ¢ <. Then a,, < B, for all 1 <n < N, and so

N N
f@zZaannS Zﬁann:fl/}.
E n=1 n=1 E

Does part (a) of the above result hold if we consider x = co?

5.8. Definition. Recall that for E € M(R), we defined
L(E,[0,00])={f:FE —>[0,00]: f is measurable}.
For f e L(E,[0,00]), we define the Lebesgue integral of f to be

—/ENEszsup{/;Ego:npeSIMP(E, [0,00)),0< < f}.

5.9. Remarks.

(a) We leave it as an exercise for the reader to show that the above definition
is equivalent to defining

[ p=sun{ [ o:peSmp(E[0,0]), 0505 £},

(The difference being that we now allow the simple functions to be eztended
real-valued and non-negative, instead of just real-valued and non-negative.)

(b) The reason for putting the superscript “NEW” in the above integral is the
following. Observe that if ¢ € SIMP(E, [0, 00]), we now have two definitions
for the integral of . That is, writing ¢ = Zf:[:l onXH, in standard form,
we have our original definition (Definition 5.2)

N
[ 30: Z aan’na
E n=1

while from Definition 5.8, our new definition of the integral of ¢ becomes

[ENEWgo:sup{fEdJ:q/JeSIMP(E, [0,00)),0 <9 < p}.
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NEW

(c) It is entirely possible that [ f = co. For example, if ¢ = oo “X[0,1], then
NEW
Ji [0,1] ¥ = °-
Alternatively, if f(z) = x, © € [0,00), then f[gEOVOV) f = oo. The proof of
this is left as an exercise for the reader.

5.10. Let us reconcile these two definitions. Once this is done, we will no longer
need to distinguish between the original and the new integral for non-negative,
simple, measurable functions, and so we shall drop the superscript “NEwW” for the
integrals of non-negative, measurable extended-real valued functions altogether.

On the one hand, note that ¢ € {¢) € SIMP(FE,[0,00)),0 < 1 < ¢}, and so by
definition of ["" ¢, we have that

NEW
< .
Jo#s )

On the other hand, if ¢ € SIMP(E, [0,00)) and 0 < ¢ < ¢, then by Proposition 5.7

(b),
wa < fEso,

[ e =suwl [ vivesnie(B,[0,0)0<0 50} < [ o

and thus

This proves that

NEW
Jo 2

whenever ¢ is a non-negative, extended real-valued simple function.
Now that we have this, we shall drop the superscript NEW and simply write

[

for the Lebesgue integral of an element f e L(E,[0,o0]).

5.11. Remark. We shall see in the Assignments that even when f is a rela-
tively innocuous-looking function (for example f(x) = x on [0,1]), calculating the
Lebesgue integral of f directly from the definition is an arduous task. Fortunately,
Theorem 5.24 below will provide us with an alternate means of calculating the inte-
grals of a large family of (Riemann integrable) functions, by showing that in many
cases, the Lebesgue integral coincides with the Riemann integral. Of course, when
the function is sufficiently nice, we may apply the Fundamental Theorem of Calculus
to calculate the latter.

Sets of measure zero will play a central role in the theory that follows. The
reason for this lies partly in the fact that the Lebesgue integral “ignores” these sets,
in a sense which we shall now make precise.
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5.12. Definition. Let E € 9M(R). We say that a property (P) holds almost
everywhere (a.e.) on E if the set

B:={x € E: (P) does not hold}

has Lebesgue measure zero.

5.13. Example. Let E ¢ M(R). Given f,g € L(E,R), we say that f = g almost
everywhere if

B:={zeE: f(x)+g(zx)}
has measure zero.

More specifically, therefore, xg = 0 = x¢ a.e. on R, where C is the Cantor set
from Example 3.15.

5.14. Lemma. Let E € M(R) and let f,g and h : E — [0,00] be functions.
Suppose that g and h are measurable.

(a) Suppose furthermore that E = X Y, where X andY are measurable. Set
fi:=flx and fo:= fly. Then f is measurable if and only if both f1 and fo

are measurable. When such is the case,

[or= [ n+ [ f

(b) If g<h, then [pg< [ph.
(¢) If H € E is a measurable set, then

[ngg'XHng-
H E E

Proof. The proof of this lemma is left as a worthwhile exercise for the reader.

5.15. Proposition. Let E € M(R), and f,g € L(E,[0,00]).
(a) If mE =0, then [ f=0.
(b) If f=g a.e. on E, then [ f= [pg.
Proof.
(a) Let ¢ € SIMP(FE, [0,00)) with ¢ < f, and let ¢ = ¥, a,, g, denote the
standard representation of ¢, where H, e M(E), 1 <n < N.
Then

N
f ¥ = Z anmHy
E n=1

N
ap,mE

IN
3
I
—_

I
M=
Q
s
o

I
S5
)
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Thus
/;Jf:sup{/Ew:goeSIMP(E,[O,oo)):<p$f}:0.

(b) Let B={z e E: f(z) # g(x)}, so that mB = 0. Then, using Lemma 5.14(a)
as well as part (a) above, we find that

Jot = Joost* Ju!
* Jos?* o
[

We now come to one of the major results in this course. In dealing with prop-
erties that hold almost everywhere on a measurable set E € MM(R) (as will be the
case in the Monotone Convergence Theorem below), we often have recourse to the
following line of argument: we isolate the “bad” set K of measure zero where the
property under consideration fails to hold, and the deal with the “good” set £\ K,
where the property holds everywhere. Using Proposition 5.15 and Lemma 5.14, we
can often “glue” these results together. This is a lot of quotation marks, which are
the written equivalent of randomly flailing arms. Let us see the strategy in action,
where it might make more sense.

5.16. Theorem. The Monotone Convergence Theorem.
Let E € M(R). Let (fn)p2q be a sequence in L(E,[0,00]) and suppose that for
eachn>1,

fn £ for1 a.e. on E.

Suppose furthermore that f: E — [0,00] is a function and that
f(z) = lim f,(x) a.e. on E.

= li f -
Jof=tm [
Proof. STEP ONE.

First we shall show that f is measurable. Let
Bo={zeE: f(z)+ lim fu(2)},

so that mEy =0 (and in particular Ey is measurable).

By Lemma 5.14, f,|p« g, is measurable for all n > 1. Since f|g. g, is the pointwise
limit of the measurable functions f,|g.g, by hypothesis, it follows that f|g.g, is
measurable by Corollary 4.19.

Then f is measurable and



64 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

But f|g, is also measurable, since for any § € R, f|]‘310((5,oo]) ¢ Ey implies
that 0 < m(f|};})((ﬁ,00])) < mEy = 0, which in turn implies that f|§)((ﬁ,oo]) is
measurable. (See Exercise 4.16 as well.)

By Lemma 5.14, f is measurable.

STEP TwoO.
Next, for each n > 1, set

B, ={xel: fr(x)> for1(x)},
so that mE,, = 0, and thus E,, is measurable. Let B = Eyu (U2, E;,). Then

m*B < Z mE, =0,
n=0

and so B € M(E) and mB = 0. Define H = E\ B. Let g, = fu|g for all n > 1, and
set g = f|lg. Arguing as in STEP ONE, each g, is measurable, as is g.
For x € H, we have that

91(7) < g2(w) < g3(x) <+ < g(),
and in fact g(z) = limy,—co gn ().
STEP THREE. The first two steps were only to reduce the problem to the case where

the interesting properties hold everywhere. Now the real argument begins.
Since g, < gns1 < g for all n > 1, by Lemma 5.14, we have that

fgn5/9n+13[9
H H H

su = lim s/ .
p 9n Hgn Hg

n>1 JH n—>0oo

for all n > 1, and thus

Conversely, suppose that ¢ € SIMP(H, [0,00]) and that ¢ <g. Let 0 < p< 1. We
shall prove that

= <su .
fH/“P PfHSD nzll) Hgn

Let z € H. Either p p(z) < g(z), or pe(x) =0. Setting

Hy:={xeH:po(x) < gn(z)} = (pp - gn) " ([~00,0]),

we see that H; € Hy € H3 € --- is an increasing sequence of Lebesgue measurable
subsets of H with H =u;’ | H,,.

STEP FOUR. We claim that

s f, o= [y
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To see this, express ¢ = Zszl agXJ, in standard form. Then

N
= . = J Hn .
fHHQO /H<P X Hi, k;akm( KN Hy)

But for each 1 <k < N, we also see that
JynHycJynHyc JynHsc
is an increasing sequence of measurable sets and
Upo(JknHy) = Jpn(upe 1 Hy) = Jpn H = Jy.
By the Continuity of Lebesgue Measure (see Exercise 3.9),
7}1_)11010 m(J, N Hy) = mJg.

It follows that

lim p= hm Zakm(JkﬁH )—Zakak—[I{cp.

n—oo JH,

STEP FIVE. Hence

o fyeeolim ) <o fo0) 1 (i fyo0) s fon

Since ¢ € SIMP([0, 00]) was arbitrary (subject to the condition that 0 < ¢ < g,
we conclude that

P[9<SUP 9n-

n>1

But then 0 < p <1 was also arbitrary, and so

<su
Jus 5 fyow

Combining this with the reverse inequality from STEP THREE shows that
=su = lim [ .
Ju0= s fyon=Jim, f, 0

STEP SiX. There remains only to “glue” the above results together to get the desired
statement.
By Lemma 5.14,

fore fe fre0n fyom i et e i [

STEPS THREE to FIVE of the above proof provide a proof of the Monotone Con-
vergence Theorem in the case where the sequence (f,);2; is everywhere increasing
and where the sequence tends to f everywhere.
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5.17. Let us remind ourselves of a “pathological” sequence of Riemann integral
functions we constructed in Remark 1.16. In that remark, we enumerated the set
E:=Qn[0,1] = {gn};>;, and set f = xg,, where E, := {¢1,¢2,...,qn}, n > 1. We
observed that

0< fi<fa< fa<<xE,
and that each f, is Riemann integrable with fol fn(x)dz = 0. Moreover,
xe(z) = lim f,(x) for all x € [0,1],

and yet xg is not Riemann integrable.
We leave it as an exercise for the reader to show that each f, is Lebesgue
integrable with /[0 1] fn =0, n>1. By the Monotone Convergence Theorem 5.16,

we find that xg € £([0,1],R) and

=1 n = lim 0=0.
Jou o= Jim [ go= lim

This agrees with the fact that

ng fzf xE=mE<mQ=0.
[0,1] [0,1]

The point is that the limit function y g is Lebesgue integrable, even though it is not
Riemann integrable.

The first half the of the following Corollary extends results from Proposition 5.7.
There, we dealt with nonnegative, simple, measurable functions. We remove the
requirement that the functions be simple.

5.18. Corollary. Let E € M(R).
(a) If f,g€ L(E,[0,00]) and k >0, then

fEHf+g=/<;fEf+[Eg.

(b) If (hn), is a sequence in L(E,[0,00]) and if h(z) = imy e 201 hn(z)
for all x € B, then h is measurable and

Ah:é/}ihn.

(c) Let feL(E,[0,00]). If (Hp)pey is a sequence in M(E) with H;n H; = &
when 1 <i#j<oo and H =v;> | Hy, then

[Hf:ni1 an'

Proof.



5. LEBESGUE INTEGRATION 67

(a) From our work in the Assignments (see Exercise 4.15), we may choose
increasing sequences (¢p)re; and (¢p)ee; in SIMP(E, [0, 00]) such that
f(x) =limy 00 on(x) and g(x) = limy, o Y () for all z e E.

By the Monotone Convergence Theorem,

Jot = Jim [ on

fE g = lim . Un.

Given 0 < k € R, it follows that (k@ + 1y ), is again an increasing se-
quence of non-negative, simple, measurable, functions converging pointwise
to the function kf + g.

Applying the Monotone Convergence Theorem 5.16 once more, we see
that

[E(Fcfw) =T}ggo[E(mpn+wn) :gggoffwawawn:ﬂ[Eﬂ[Eg-
(b) For N > 1, set gy == ¥, h,,. Then each gy is measurable (exercise), and

[z9n = X2 [5 ha by part (a). Furthermore,
0<g1<ga<.

and

Now A(x) =limy_. gy () for all x € E, and so h is measurable by Corol-
lary 4.19.
By the Monotone Convergence Theorem,

N oo
Joh=tim [Lox=tm 3 [ ha=3 [ o

(c¢) For each n > 1, set f, = f-xm,. Then f, is measurable for each n > 1
(exercise) and

N
. r)= lim n(x for all z € F.
() = Jim 3 fe)

By part (b),
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5.19. Definition. The Lebesgue Integral
Let E € M(R) and f € L(E,R). We say that f is Lebesgue integrable on E if

fEf+<oo and [Ef_<oo,
[or= [ [r

We denote by L1(E,R) the set of all extended real-valued Lebesgue integrable
functions on E, and by L£1(E,R) all real-valued Lebesgue integrable functions on E.

in which case we set

In Chapter 9 and later, we shall need to specify the variable with respect to
which we are integrating. In analogy to the usual notation for Riemann integration,

we shall write
= d
[,1= [ fsyam(s)
to denote the Lebesgue integral of f with respect to the variable s.

5.20. Remarks. Let £ € M(R).

(a) By definition, every Lebesgue integrable function on E is Lebesgue mea-
surable.

(b) A measurable function f is Lebesgue integrable if and only if | f| is Lebesgue
integrable. This fails in general if f is not assumed to be measurable.
(Consider f = xu — X[o,1]#, Where H ¢ [0,1] is any non-measurable set.
Clearly |f| is Lebesgue integrable over [0, 1], while f is not.)

Note that this is also a distinguishing feature of Lebesgue integration
versus improper Riemann integrals. For example, the function

f(x) =

admits an (improper) Riemann integral [, f(x)dz, but it is not Lebesgue
integrable over [1, c0).
(c) If feLi(E,R), then

m(f7H({=00})) = 0 =m(f~ ({c0})).
The proof of this is left as an exercise for the reader.

(d) From (c), it follows that for any f € £i(FE,R), we can find an element
g € L1(FE,R) such that f = g a.e. and g(z) € R for all x € E. Indeed, just
let H={zxeE: f(z) e {-00,00}}. By (c), mH =0, and we may simply
choose g = f-xpH-

Note that this in turn implies that

for Lo

This will prove to be more useful than it might first appear to be. One
huge problem with £1(E,R) is that it is not a vector space!!! One problem

sin x

, x2>1
x
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lies in the fact that if f,g € £1(E,R), z € E and f(z) = oo, g(z) = —oo,
then what should (f + g)(z) be?

This is not an issue insofar as £1(FE,R) is concerned. As we shall see
in Chapter 6, we may establish an equivalence relation on £;(F,R) by set-
ting f ~g if f =g a.e. on E. We can then turn the equivalence classes of
elements of £1(E,R) into a vector space in a natural way. In most texts,
these equivalence classes are denoted by the same notation used to denote
functions, and indeed, they are often referred to as “functions”, although
technically speaking they are not. Being absolute sticklers for detail, and
inspired by our French heritage, we shall exercise as much caution as possi-
ble in the use of language, and will try to be as precise as humanly possible
in keeping the notation and terminology straight.

(e) Suppose that g: E - C is a measurable function. Let us write

g=(91-92) +i(g3 - g4),

where g1 = (Reg)”, g2 = (Reg)™, g3 = (Img)", and g4 = (Img)".
We shall say that g is Lebesgue integrable if each of g1, g2, g3 and g4
are, in which case we define

fE9=([E91—[E92)+i([E93—[E94)-

Of course, this is equivalent to requiring that Reg and Im g be Lebesgue
integrable, in which case we define

ng:fE(Reg)+ifE(Img).

We denote by £1(F,C) the set of all complex-valued Lebesgue inte-
grable functions on F.

The perspicacious reader will observe that we have carefully avoided all
notions of “extended” complex-valued functions.

5.21. Proposition. Let E € M(R). Suppose that f,g € L1(E,R), and k € R.
Then

(a) KfeLi(E,R) and [prf=k [pf.
(b) f+geLi(E,R) and [5(f+9)=[pf+ [p9-

(¢) Finally,
[ o< [is

Proof. Recall from Corollary 5.18 that we have already shown that (a) and (b)
hold in the case where 0 < f, g and k > 0.
(a) Let us write f=f*— f".
Case 1. k=0.

Then [prf=[p0=0=k [ [.
CASE 2. k>0.
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Then (kf)* =kf* and (kf)” = kf~, so that

[orr= [ == [ )
=j;1/€f+—[E/<;f_
[ 1w [
:n'/Ef.
CaseE 3. k<.

Then (kf)" =-kf~ and (kf)” =-kf", so that

[onr= [ = [ ey
- [(=0)r f (=)

E
- [
=k [ f.
E
(b) Let h = f+g, so that h € L(E,R), as the latter is a vector space. Write
h=h*-h".
Then

W <hT R =B <|f|+lgl=fTH g g

so that
[Eh+£/Ef++fEf_+[Eg++[Eg‘<oo,
];Jh_ster+fEf_+ng++/;3g_<oo.

It follows that h e £1(E,R).
Furthermore, h = f + ¢g implies that h* + f~+¢g~ =h™ + f* + g*, whence

/;Jh++/;f’+ng’:fEh’+fEf++/;g+.

From this it easily follows that

Jot= JeH = S J I Je

(c) Note that |f| = f* + f~ is measurable, and

L= [ [ 1<,

proving that |f| € £1(E,R).

and
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Finally,

ol = oo
JRARVEY
:fEf++/Ef‘

- [

<

+

5.22. At the moment, we have a number of results concerning Lebesgue inte-
grals, but we have not explicitly calculated the Lebesgue integrals of any functions,
other than simple functions. In the Assignments, you will be asked to compute the
Lebesgue integral of the function f(z) =z, x € [0,1] by hand. This will lead to an
unusual increase in swearing on your part, and a raising of the ole’ blood pressure.
Surely, you will tell yourself, there must be a better way!

We shall now demonstrate that in the case of bounded functions on closed,
bounded intervals, Riemann integrability implies Lebesgue integrability, and indeed
for a given Riemann integrable function, the Riemann and Lebesgue integrals coin-
cide. Since we have a number of tools to calculate Riemann integrals (for example,
the Fundamental Theorem of Calculus), this will prove to be the better way in
a large number of cases.

Just a quick remark about notation: we shall continue to use |, ab f to denote the
Riemann integral of Riemann integrable function f : [a,b] - R and f[a,b] f to denote
its Lebesgue integral.

We start with a simple but useful Lemma.

5.23. Lemma. Leta<beR. If p:[a,b] > R is a step function, then ¢ is both
Riemann integrable and Lebesgue integrable, and

A
[a,b](p_ a v

Proof. Let P={a=py<p1 <p2<--<pny =b}eP([a,b]), and

N
w= Z AnX[pp-1,pn)"

n=1
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Then

A‘ ]90 Zan pn lapn)

= Zan(pn Pn— 1)

DI

= L nZ::l anx[pn—l ’pn)

b
= f (p'
a

5.24. Theorem. Let a <be R and f : [a,b] > R be a bounded, Riemann-
integrable function. Then f € L1([a,b],R) and

f[a,b] U [abf'

That is, the Lebesgue and Riemann integrals of f over [a,b] coincide.
Proof. Suppose that |f| is bounded above on [a,b] by 0 < M e R. Let g = Mx(q4-

Clearly %( f +¢) is Riemann integrable and

[yt [0

If we prove that %(f+g) € L1([a,b],R), then it is readlly seen that f € £1([a,b],R)
and — in light of Lemma 5.23 —

fosGea=5 [ o202

We have shown that by replacing f by 5( f + g) if necessary, we may assume
from the outset that 0 < f <M on [a,b].

O

Cast your mind back to the halcyon days when you studied Chapter 1, and more
specifically to the Cauchy Criterion, Theorem 1.13. Recall that it asserts that for
each n > 1 there exists a partition R,, € P([a,b]) such that for all refinements X and
Y of R,,, and for all choices of test values X* and Y* for X and Y respectively,

IS(F, X, X*) = S(f,Y, V)| < 1.

Let Qpn := u 1Ry, 1 <N eN,sothat Qu is a common refinement of Ry, Ra, ..., Ry.
Write

Qn={a=qnN<qN<@N < <@nynN =b}
Set Hy N = [qk-1.N, @k, N), L <k <mpy -1 and Hyy N = [@mp-1,8 G, N -
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Define
ak,n:inf{f(t) :tEHk’n}, 1<k <my,
,Bkm:Sup{f(t):tEHk’n}, 1<k<my,

N N
and set oy = X0 X0 kX a,, and YN = Yot X BrenXHy -
Since each () is a refinement of (Q_1, it is not hard to see that

P1<p2<p3 << f < <Pg <P <Y
Moreover, using Lemma 5.23 above, we obtain

b b
[[ PN [ on = {S(£,Qn, Q) : Qi test values for Qu} < [,

and similarly,

b b
v =[x = sup{S(£.Qu. Q3) + QF test values for Q)2 [ 1

But Qp is a refinement of Ry, and thus

S(f. @, Qi) = S, @, Q)| < -

for all choices of test values Q% and Q7 for Q.
It follows that f[a b PN < fabf < f[a 5] YN and

1
- < — N >1.
|/[a,b] L vl N’ -
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Let ¢(z) = sup,s; n(z) = limyoe on(z) < f(z), and ¥(x) = inf,s1 Yp(x) =
limy, 00 ¥ (x) > f(x), x € [a,b]. Since each @, 1, is measurable, so are ¢ and ),

and by the Monotone Convergence Theorem and Lemma 5.23,

= lim
f[a,b]go nooo Jiap) TN
b

= lim N
n—oo a
b
a
b
_ lim f U
n—oo Jq
= 1' f
a2 Jiasy

) f[a,bJ v

Thus f[a ¥ — ¢ =0. But ¢ <9, and so we must have ¢ = ¢ a.e. on [a,b].
Finally, note that ¢ < f <, which in turn implies that f = ¢ = ¢ a.e. on [a,b].

Since ¢ is measurable, so is f, and

b
= = < 00,
Jun® = Juw?= L4
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|

5.25. Corollary. Let a < b e R and f : [a,b] - C be a bounded, Riemann-
integrable function. Then f € L1([a,b],C) and

];ﬂleff

Proof. Observe that f is bounded and Riemann-integrable if and only if its real and
imaginary parts are bounded and Riemann-integrable. The result now immediately
follows by applying Theorem 5.24 to each of these.

Theorem 5.24 required some effort. Let us see that it was worth it.

5.26. Example. Let f(x) =z, x € [0,1]. In the Assignments, you computed
the Lebesgue integral of f over [0,1] to be

Amx:;

This was anything but easy.

Equipped with Theorem 5.24, it is child’s play. The function f is clearly bounded
and continuous (hence Riemann-integrable) over [0, 1], and so by that Theorem,

1 2vz=1
/ T = f rdx = r = 1
[0,1] 0 2 2

=0

Yes, Theorem 5.24 is worth the effort.

1
5.27. Example. Let f(2) = —, v € E':=[1,00). We wish to determine [, .., f-
x b

For each n > 1, set fy, := f+X[1,n]- Then f is measurable (because it is continuous
except at one point of F), and

0<fisfa<

with f(x) = limy—e fn(z) for all > 1. By Theorem 5.24,

fn:/nfn for all n > 1.
[1,n] 1
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By the Monotone Convergence Theorem,

lim n
[[1700) J n—=00 J[1,00) f

lim —

n—oo J[1,n] 22
. n1
" 2
1 r=n
= lim ——]
n—oo T |p-1
. 1
= lim (—— - (—1))
n—oo n
=1.

In this example, the Lebesgue integral of f returns the value of the improper
Riemann integral of f over [1,00). Two things are worth noting:

e first, it is possible for the improper Riemann integral of a measurable func-
tion f :[1,00) - R to exist, even though the Lebesgue integral f[1,<><>) f
does not exist! We shall see an example of this in the Assignments.

e Second, we don’t have the notion of an improper Lebesgue integral. The
domain of f, [1,00), is just another measurable set.

5.28. Example. The Monotone Convergence Theorem 5.16 states that if ( f,, )52,
is an (almost everywhere) increasing sequence of measurable functions on a set
E e M(R), then f =lim, o fpn is measurable and

f lim fo = lim [ fo.

E n—>oo

In the absence of the adjective “increasing”, we can not expect this result to hold.
For example, consider the sequence (fy,);>; given by

fnt [1,00) — R
L oifl<a<en
X = .
0 ifz>e”

It is easy to verify (exercise) that the sequence (f,)oe, converges uniformly to f =0
on [1,00).
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Nevertheless, for all n > 1, f, is easily seen to be Riemann-integrable and

bounded on [1,€"], and thus
1
/[1,00) Jn = [[1,@1] nx

Hence lim;,—, oo f[lpo) fa=1+0= f[l,oo) f.

I have done a bit (but not a great deal) of research to try to determine why
the next result is referred to as Fatou’s Lemma instead of Fatou’s Theorem. One
possible explanation is that it can be used to prove a number of other useful results
very quickly, and as such, is a “facilitator”, to employ the jolly discourse of psycho-
babble. A second possibility (which I have not read anywhere) is that it is petty
jealousy on the part of his peers. In any case, there is a different result from complex
analysis known as Fatou’s Theorem. In order to state it, we first require the notion
of Ly-spaces, and so we defer its statement to the Appendix of Chapter 6.

5.29. Theorem. Fatou’s Lemma.
Let E e M(R) and (fn);2, be a sequence in L(E,[0,00]). Then

f liminf f, Sliminf[ fn.
E n n E

Proof. For each N > 1, set gy = inf{f, : n > N}. By Proposition 4.18, gy is
measurable for all N and

g1 <9293 <.
By the Monotone Convergence Theorem 5.16,

1"fn=f1‘ :1'/ .
Jotmint = f, Jim v = Yim [, ox

Now gy < fn for all n > N, and so

< for all n > N,
[EQN [Efn or all n

ngSIiminf/ fo.
E n E

But this holds for any N > 1, and so by taking limits and using the above equality,

we find that
fliminffn= lim ngSIiminf/ fn-
E n N—-oco JFE n E

whence
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5.30. Example. The inequality in Fatou’s Lemma can be strict.
For example, let f, = nx(1p: M 2 1. It is clear that for any 0 < = < 1,

limy, 00 fr () = 0. Thus
/ liminffn:/ 0=0.
o] n [0,1]

)

On the other hand,
1
/ fon=nm((0,—])=1 for all n > 1,
(0,1] n

and so liminf,, [[071] fa=1.

5.31. Example. Let E =[0,00) € M(R), and for each n > 1, let f,, = _%X[n,Zn]'
Then each f,, is measurable and ( f,,),, converges uniformly to f =0on E. A fortiori,
(fn)n converges pointwise to f.

Neverthess,
f liminf f,, = f 0=0>-1= liminf/ fn.
E n E n E

This shows that we cannot simply drop the assumption of non-negativity of
the functions (fy,)n in the hypotheses of Fatou’s Lemma and hope for the same
conclusion.

5.32. Suppose that E € 9M(R) and that f,g: F — R are measurable. Suppose
furthermore that 0 < |f| < g a.e. on E, and that [ g < oo, i.e. that g € £1(E,R).
We claim that f e £1(E,R).

Indeed, let B = {x € E : |f(z)| > g(z)}, so that B is measurable with mB = 0.
For x € £\ B, we have that

ff@)<lf@)<g(@) and [ (z) <|f(2)]<g().
From Lemma 5.14 and Proposition 5.15 we deduce that

fEf+: E\Bf+S[E\Bg:[Eg<OO’
[Efﬁ: E\Bfig.[E\Bg:.[Eg<oo'

Hence f = f* - f~ € £L1(E,R).

and similarly,

The following result is also one of the major results of measure theory.
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5.33. Theorem. The Dominated Convergence Theorem.

Let E € M(R) and (), is a sequence in L(E,R). Suppose that there evists
g € L1(E,R) such that |fn| < g a.e. on E, n > 1. Suppose furthermore that f: E - R
is a function and that

f(z)= 7}1_>m fn(x) a.e. on E.

f f = lim f £,
E n—oo JF
Proof.

STEP ONE. As with the Monotone Convergence Theorem, our first goal is to isolate
the “bad” set of points where the convergence of the sequence fails, or where the
sequence of functions is not bounded above by g.

For each n > 1, set B, ={z € E:|fy(z)] > g(x)} and set Ey:={x e E: f(z) #
lim,, 0 frn(z)}. Finally, set Fo := {x € E : g(z) = oo}. By hypothesis, mE,, = 0,
0 <n < oo, while mE, =0 as g € £1(E,R). Thus, if we set B := E,, U (UpoEn),
then B is measurable and

Then f € £L1(E,R) and

OSmBngoo+imEn:0+Zozo,

n=0 n=0
or in other words, mB = 0. From this it follows that for all n > 1, [5 f, = 0.
Moreover, f|p is measurable, and [ f = 0.
Note that for z € H := E \ B, we have that f(x) = limy, e fn(2) and we also
have |fn(x)| < g(z). Given that mB = 0, it follows from Lemma 5.14 that f|g is
measurable if and only if f is. Moreover, mB = 0 also implies that

:1. n
[ r=nm [y

Jol =t J 5

In other words, by replacing F with H if necessary, we may assume without loss
of generality that |f,(z)| < g(z) < oo and that f(z) = lim, e fr(x) for all z € E.
We shall assume that we have done this.

STEP TwoO.
Note that g — f, >0 on E, and thus by Fatou’s Lemma 5.29,

Y :[1' inf g -
ng fE imsup f, = | lminf g f,
Sliminf[ g—fn
n E

=/g—limsup/ I,
E n E

which — given that f(x) = lim,, f,,(x) for all x € F — is equivalent to

limnsupv[Efnstf.

if and only if
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But g+ f, >0 on E as well, and hence a second application of Fatou’s Lemma

yields
ng+fElin%Linffn:[Elirr%linf(g+fn)
< lim ff ;
iminf | (g+ fn)

:/g+1iminf/ frs

E n E
<li 'f/ -

st [

Putting these two inequalities together shows that

Jot =l [ £

or equivalently
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Appendix to Section 5.

5.34. Let £ ¢ M(R) and g € £1(F,R). We have observed that the set B :=
{re F:g(x) e {-00,00}} has measure zero. When necessary, as it was in the proof
of the Lebesgue Dominated Convergence Theorem, we were able to simply “excise”
this set from the domain and concentrate our attention to the set £\ B. So why
introduce the extended real-numbers at all?

Convenience. Given an increasing sequence (f,)oe, in £1(FE, [0, 00)), the point-
wise limit f(z) := lim,—e fn(x) need not be real-valued. By introducing the ex-
tended real numbers, we are able to treat the limit function f as simply another
measurable function.

When we define the L,-spaces in Chapter 6, we shall define each L,(E) as equiv-
alence classes of (extended real-valued) functions. However, each such equivalence
class will always admit a representative which is real-valued function. Truly, fortune
smiles upon us.
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Exercises for Section 5.
Exercise 5.1. Let f(x) =z, z €[0,00). Prove that f[o o) /= 00.

Exercise 5.2. Assignment Question.
Let f(z) = z, x € R. Calculate the Lebesgue integral f[o ./ directly from the
definition — that is, do not appeal to Theorem 5.24.

Exercise 5.3.
Prove Lemma 5.14; that is, let E' € M(R) and let f,g and h: E — [0,00] be
functions. Suppose that g and h are measurable.

(a) Suppose furthermore that E'= X uY, where X and Y are measurable. Set
f1:=f|x and fs := f|y. Then f is measurable if and only if both f; and f,
are measurable. When such is the case,

[r= [ r+ [ p

(b) If g < h, then [ g< [ph.
(c¢) If H ¢ E is a measurable set, then

[g:fg'XHng-
H E E
Exercise 5.4.

Prove that if f € £1(E,R), then
m(f 7 ({=00})) = 0=m(f~ ({o0})).

Exercise 5.5.
Let f(x) = sin x

, x>1.

(a) Prove that the improper Riemann integral [, f(z)dx exists.
(b) Prove that the Lebesgue integral [[1 o) f = oo does not exist.

Exercise 5.6. For n > 1, define the function

fnt [l,00) — R
L oifl<a<en
X .
0 ifxz>e™

Verify that the sequence (fy,);2; converges uniformly to f =0 on [1,00).

Exercise 5.7.
Let E € M(R). Suppose that f,ge L1(F,C), and that xk € C. Prove that

(a) the function xKf + g€ £L1(F,C) and

[Eﬁf+g:/i[Ef+/Eg.
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(b) Prove that |f| € £1(F,C) and

’/f S/|f|-
E E
Exercise 5.8.

Let E € M(R). Show that a measurable function f: E — C lies in £4(F,C) if
and only if |f| € £1(FE,C).
Show that this fails if we do not assume that f is measurable.

Exercise 5.9.

The following special case of the Dominated Convergence Theorem is easily
derived from the Monotone Convergence Theorem.

Let E € M(R) and suppose that (f,)o, is a decreasing sequence in L(E, [0, c0])
with f1 € £1(F,[0,00]). Thus

Jizfa2fs2
Define f: E - [0,00] by f(z) =lim,—e frn(z), x € E.
Prove that f is measurable and that

Jod =l fo b

Exercise 5.10.
Let E e M(R). If p,9 € SIMP(E, [0, 00]) and k = oo, prove or disprove that

[mp+1,/} /@fg0+[¢
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6. L, Spaces

I’'ve been on food stamps and welfare. Anybody help me out? No!
Craig T. Nelson

6.1. Functional analysis is the study of normed linear spaces and the continuous
linear maps between them. Amongst the most important examples of Banach spaces
are the so-called L,-spaces, and it is to these that we now turn our attention. The
reader may wish to refresh his/her memory as to the definition of a seminorm on a
vector space X over K (Definition 1.2).

6.2. Example. Let E ¢ R be a Lebesgue measurable set, and suppose that
mE > 0. Recall that

Li(E,K)={f:FE - K: f is measurable and /E|f|<oo}.

Define the map
14 £1 (E,K) g R
/ i .[E |f].
Observe that
vi(f) >0 for all feLi(E,K).
v1(0) = [ 0] =0.

If k e K, then v1(kf) = [ |kf] = |kl [p|f| = [K[ 1 (f)-
If f,g € Ly(FE,K), then

n(feg)= [+l [1f1+lgl= [ 11+ [ lol=m(5)+nio).

It follows that v defines a seminorm on £1(E,K). But if @+ F' ¢ E is a set of
measure zero (for example, F' = {xo} for some point xg € E), then yp # 0 and yet

vi(xr) = j];\xF\ =mk =0.

In other words, v1(+) does not define a norm on £ (E,K).

6.3. Proposition. Let W be a vector space over the field K, and suppose that v
is a seminorm on W. Let N :={w e W :v(w) =0}. Then N is a linear manifold in
W and so WIN is a vector space over K, whose elements we denote by [x] = x+N.
Furthermore, the map

-1 WIN -~ R
[z] = wv(2)
defines a norm on WIN .
Proof. Clearly 0 € N and thus N # @. Suppose that v,w € N, and k € K. Then

v(kv+w) <v(kv) +v(w) = |kv(v) + v(w) =0,
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and so kv +w € N, proving that N is a linear manifold in W.

From elementary linear algebra theory, we know that W/N is a vector space
under the operations [x] + [y] := [z + y] and k[x] = [kz] for all x,y e W, k e K. We
normally refer to this as the quotient space of W by N.

To see that || - | defines a norm on W/N, we first check that this function is
well-defined. Indeed, suppose that [v] = [w] in W/N. Then v - w € N, and so
v(v—w) =0. But then |v(v) —v(w)| < v(v-w) =0 implies that v(v) = v(w), and so
| - is well-defined, as claimed.

Now
e [[z]| =v(x) >0 for all [x] e W/N, and |[0]| = »(0) = 0.
o If [[z]]| =0, then v(z) =0, so x € N and therefore [x] = [0].
o If [z] € W/N and k € K, then [k[z]| = |[k2]] = v(kz) = [klv(z) = |k[ |[=]];
and finally
o If [z],[y] e W/N, then

[l]+ [l = [z +y]ll = v(z +y) <v(z) +v(y) = [[«]] + 1Ty]]

Thus | - | is a norm on W/N, which completes the proof.
a

6.4. Let us return to Example 6.2, where we determined that v4(-) defines a
seminorm on £ (E,K).

Suppose that g € N1(E,K) := {f € Li(E,K) : v1(f) =0}. Then [,|g| =0, and
therefore g = 0 a.e. on E. Conversely, if g =0 a.e. on E, then [ |g| = 0 and therefore
g € M1(E,K). In other words,

M(E,K)={geL1(E,K):g=0a. e. on E}.

Thus [g] = [h] in £1(E,K)/N1(E,K) if and only if g—h € N7(E,K), which is to
say that g = h a.e. on E. By Proposition 6.3, the map ||[ ]| := v1(f) defines a norm
on Li(E.K) = £1(E,K)/N: (B, K).

6.5. Definition. The space L1(E,K) = L1(E,K)/N1(E,K) defined above is
referred to as “L1 of E”, and it is a normed linear space.

It is crucial to remember that the elements of Ly (E,K) are cosets of L1 (F,K);
that is to say, they are equivalence classes of functions which are equal a.e. on E.
Given an element [f] of Li(FE,K), one can not speak of the value of the function
at a point in F, since we are not dealing with functions!

Our next goal is to perform a similar construction on a family of spaces indexed
by positive real numbers 1 < p < co.

6.6. Definition. Let E € M(R), so that E is Lebesque measurable. Let 1 < p <
oo be a real number, and set

Lo(BK) = {f e L(BK): [ |17 < o0} = {f € L(B,K) s 1 € £1(B, )},
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6.7. We would like to verify that £,(E,K) is a vector space for all 1 < p < oo,

and that v,(f) := ([ |f|p)1/p defines a seminorm on £,(E,K). Then we can once
again appeal to Proposition 6.3 to obtain a normed linear space as a quotient of
L,(E,K).

The proof of this is, however, somewhat technical, and will require a couple of
auxiliary results.

6.8. Definition. Let 1 < p < o0. We associate to p the number 1 < g < oo as
follows:

o [fp=1, we set q=o00;
-1
e if 1<p<oo, thenwesetq:(l_%) - and

e if p=oo, we set g=1.
We say that q is the Lebesgue conjugate of p. With the convention that
1/00 := 0, we see that in all cases,

1
—-+-—-=1
p q

When 1 < p < oo, we see that the above equation is equivalent to each of the
equations

e p(¢-1)=qand

e (p-1L)g=p
While these are trivial algebraic manipulations, it will prove useful to keep them in
mind in the proofs below.

6.9. Lemma. Young’s Inequality. Let 1 < p < oo and denote by q the
Lebesgue conjugate of p. Let 0 < a,beR.
(a) Then
af? bl
ab< —+ —.
p q
(b) Equality holds in the above expression if and only if aP = b4.

1 1
Proof. Consider the function g: (0,00) - R given by g(z) = —2P + — —x. Clearly ¢
p q

is differentiable on (0, 00) with ¢’(z) = 2P~ = 1. Thus g is clearly strictly decreasing
on (0,1) and it is strictly increasing on (1, c0). Furthermore,

11
g(1)=-+--1=0.
P q

In particular, g(x) > 0 for all x € (0,00), and g(x) =0 if and only if z = 1.

(a) Set xg:= b‘;L‘l > 0. Then
aP 1 a

Oﬁg(xo):er;—bq—,l,
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so that
a a? 1
— < —+ .
b= T pbt ¢
That is,
al bl
ab< — + —.
p q

(b) From above, equality holds if and only if g(z¢) = 0, which happens if and
only if 2o = 1. But this is clearly equivalent to the condition that a = b97!;
ie. aP =pPla1) = e,

O

Recall from Proposition 4.10 that if F € M(R) and f: E - K is a measurable
function, then there exists a measurable function u : E — T such that f = u-|f].
Clearly, if K = R, then the range of u is contained in {-1,1}. Let us denote by u
the function u(x) = u(x) for all x € E.

6.10. Theorem. Holder’s Inequality. Let E € M(R) and 1 < p < oo be a
real number, and let q denote the Lebesgue conjugate of p.

(a) If fe L,(E,K) and g € L,(E,K), then fge L1(E,K) and
vi(fg) <vp(f) ve(9),

1 1
where vy(f) = ([ 1/P)" and vy(9) = (f51gl7)""*.
(b) Suppose that H :={x € E: f(x) # 0} has positive measure. If

Fr=v(H) P alpt
then f* e Ly(E,K), vy(f*) =1, and
(1) = [ 117 = ().

Remark. In an unfortunate coincidence of terminology, we shall also refer to f* as
the Lebesgue conjugate function of f.

Proof.
We first observe that by Proposition 4.8, fg is measurable.

(a) Note that if f =0 a.e or g =0 a.e. on E, then fg =0 a.e. on E and there is
nothing to prove. It is easy to verify that given 0 < o, B € K, aof € £L,(E,K)
and Bg € L,(F,K). Suppose that we can find «y, By # 0 such that

[ 100 (Bo9)| < (a0 vy Bog)-
By dividing both sides of this inequality by |agl||Bo|, we clearly have that

[ 19l <m(Dval9):

This shows that, by choosing ag = Vp(f)_l and 5y = Vq(g)_l, we may assume
without loss of generality that v,(f) =1 =14(g).
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Now, by Young’s Inequality, Lemma 6.9, we have that

p q
7, ot
q

|fgl <

and so

n(f9)= [ 159l

<—[|f|p+—[|g|q

= _Vp(f)p + Vq(g)q
p q
1
= — 4+ —
P q
=1
= Vp(f) Vq(g)~

This completes the first half of the proof.
(b) Now let f* be defined as above. Then f* is measurable, being the product
of measurable functions, and recalling that (p — 1)q = p, we have

v(F)= [ 151
A Ri)
:Vp(f)(l—p)q [Em(p—l)q

=up(™ [ U

= Vp(f)_p Vp(f)p
=1.

[y

Finally,
n(f1) = (1551 11 =) (5 = ).

6.11. Theorem. Minkowski’s Inequality.
Let E € M(R) be a measurable set and 1 < p < oco. If f,g € L,(E,K), then
f+geLly(E,K) and
vp(f +9) <vp(f) +vp(9).
Proof. That f + g is measurable is clear, as each of f and g is. Observe that for
any 0 < a,b we have that

(a+b)P < (2max(a,b))? < 2P(a? +bP).
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Thus
|f+ gl < ([f[+1gD)? < 2°(LfPP + |g]?)-
It follows that
wo(f 9 = [L1F 49l <2 W) + 1p(9)") < oo,
and therefore f + g € L,(E,K). Set h = f + g, and let h* denote the conjugate
function of h. Then h* € L,(E,K), v4(h) =1 and v1(h-h*) = v,(h).
From this and Holder’s Inequality we deduce that
vp(f +9) =vp(h)

= I/l(h . h*)

= ((f+9)h")

< (f-h")+v1(g-h")

< Vp(f)Vq(h*) + Vp(g)Vq(h*)

= Vp(f) + Vp(Q)-

O

6.12. Corollary. Let E € M(R), and 1 < p < co. Then L,(E,K) is a vector
space, and vy(-) defines a seminorm on L,(E,K).
Proof. Clearly £,(E,K) ¢ L(E,K) by definition, and since the latter is a vector
space, it suffices that we prove that £,(E,K) # @, and that f,g € £,(E,K) and
k € K implies that kf + g € £,(E,K).

Let ¢ : E - K be the zero function {(z) =0 for all x € E. Clearly ¢ € £,(E,K)
and hence £,(E,K) # 2.

If feLl,(E,K) and k €K, then kf is measurable by Proposition 4.8 and

[ kse =1k [ 157 <o,

so that kf € L,(E,K). If g € £L,(E,K) as well, then by Minkowski’s inequality,
kf+geL,(E,K). Thus £,(E,K) is a vector space.
With f,g € £,(E,K) and k € K as above,

* vp(f) = [plfIP 20, and v (¢) = [ (P = [0 =0.

- (o)™ = (e L) = i

o u,(f+g)<v(f)+vp(g) by Minkowski’s inequality.

Thus vp(-) defines a seminorm on L£,(E,K). As was the case with £;(F,K), if
@+ F ¢ E is a subset of Lebsegue measure zero, then 0 # xr is measurable and

up(XF)=(fE|XF|P)1/p:[EXF:m(FmE):o.

Thus v,(-) is not a norm.
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Once again, we shall appeal to Proposition 6.3 to obtain a normed linear space
from a semi-normed linear space.

6.13. Definition. Let E e M(R) and 1 <p < oco. We define the Ly,-space
Ly(E,K) := £,(E,K)/N,(E,K),

where Np(E,K) = {f € L,(E,K) : vp(f) = 0}. The Ly-norm on L,(E,K) is the
norm defined by
I-lp: Lp(E,K) - R
1~ ()

6.14. Remark. Consider f € NVj(E,K), so that f is measurable and [, |f]" =0
It follows that |f|P =0 a.e. on E, and hence that f =0 a.e. on E. Conversely, if f is
measurable and f =0 a.e., so that |f|P =0 a.e. on E as well. But then f e NV,(E,K).

In other words, N,(E,K)={f:E—>K:f=0a. e. on E} for all 1 <p< oo, and
[f]=[g] in L,(E,K) if and only if f,g € £L,(E,K) and f =g a.e. on E.

For the sake of completeness, and in keeping with the literature, let us restate
the Holder and Minkowski Inequalities for L,(E,K).

6.15. Theorem. Holder’s Inequality.
Let E € M(R) and 1 <p<oo. Let q denote the Lebesgue conjugate of p.

(a) If [f] € Ly(E,K) and [g] € Ly(E,K), then [f]lg] := [fg] € L1(E,K) is
well-defined and
ILf gl < 10A1lp Mgdlg-
(b) If 0 # [f] € Lp(E,K) and f* is the conjugate function of f, then [f*] €
Lo(E,K), |[f*]lg=1, and

ILAI0 M = 10T -

Proof. The only part that does not follow immediately from Theorem 6.10 is the
well-definedness of the operation [f][g] = [f¢], and this is left as an exercise for the
reader.

O

6.16. Theorem. Minkowski’s Inequality.
Let E € M(R) be a measurable set and 1 <p < oo. If [f],[g] € L,(E,K), then
[f+9g]eL,(E,K) and

1L+ Lol < WTA o + [ g1 -

We are now in position to prove the completeness of L,(E,K) for all 1 < p < co.
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6.17. Theorem. Let E € M(R) and 1 < p < oo. Then L,(E,K) is a Banach
space.
Proof.

As we have already noted, that L,(F,K) is a normed linear space follows from
Proposition 6.3. There remains to show that it is complete. Recall from the As-
signments that a normed linear space is complete if and only if every absolutely
summable series is summable. Our proof will appeal to this result.

Suppose that ([fn])nz; is a sequence in L,(E,K) and suppose furthermore that
v = Yol [[fnllp < 0. Our strategy will be to use the representatives f,, n > 1 of
the elements [f,] € L,(E,K) to produce a measurable function h € £,(F,K) such
that h(z) = X702, fo(x) almost everywhere on E. Then we shall show that in fact,
[h] = X021 [fn] in the sense of norm convergence in L,(E,K).

STEP ONE. First we must show that .77, f(z) converges almost everywhere on E.
To that end, for each N > 1, we set gy = Y2, | fu|, and observe that gy € L,(E,R)
by Corollary 6.12. Observe also that

0<g1<ga<gg<

Set goo = SUP 51 N, SO that 0 < geo € L(E, [0,00]). Then g& = supys; g, and so by
the Monotone Convergence Theorem 5.16,

Jook=m, [k
= lm [ (A1l + o D)
= Jim (p(Lil + [fel+ -+ [FnD))
< g (p(fo) 4 vp(fa) +o 4 vp(f))!
= tim (Ll + [0l + o+ U]
<P < oo,

From this it follows that B := {x € E': goo(x) = 00} has measure zero. Let H := E\ B
and g := Xg - goo. Then ge L(E,[0,00)), and g = goo a.e. on E. But then

P_ P o« AP
/;Eg ngoo—’Y7

and so g € L,(E,K) — ie., [g] € L,(E,K) — and |[g]]|, < 7. Next, note that for
reH,

fjlfn(w

< 3 11u(0)] - 0o (2) = 5() <

and so Y77 fn(z) € K exists, by the completeness of K.
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STEP Two. For each N > 1, set hy = xg - (X021 fn), so that hy € £,(E,K) ¢
L(E,K), and [hyx] =N, [fa]. Furthermore, for x € H,

N
[P ()] < Z_:l ()] < g(),

while for z € B, |hn(z)| =0 = g(«). Thus |hx| < g on E, and as a trivial consequence,
|hn|P < gP on E. From this we conclude that for each N > 1,

hpgfpgp.
[EINI L9 ST

Define h(z) :=limy_ hn(z) € K, z € E. Note that h is measurable, being the
limit of measurable functions. From above, |h| < g on E, and thus

[nrs [ g7 <y <oo.
E E

It follows that h € £,(E,K); i.e. [h] € L,(E,K).

STEP THREE. Recall that we are trying to prove that Y7 ,[f,] converges in
L,(E,K). We chose a specific set of representatives, namely the f,,’s themselves,
and we showed that there exists an element h € £,(F,K) such that almost every-
where on E, namely on H ¢ E, h = Y7, f, as a pointwise limit of functions. If we
can show that

N
lim [[A] = [hn]lp = lim [[A]= D [fallp =0,

N—oo n=1

then obviously we are done.
Considering that |hy —hn|P < (|has] + |hn])? < (g+g)P for all M and N and that
J£(2]g])P < oo by virtue of 0 < g being in £,(E,K), an application of the Lebesgue
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Dominated Convergence Theorem 5.33 shows that

[[] = [hn]lp = vp(h=hN)

1/p
~( [ 1n=nap)
E
li h hnP r
_(AMI?W| M N’)
1/p
:( lim f|hM-hN|p)
M—oco JE

li h hn|P o
_MITM(L| M N|)

= Jim [ - [l

) M
:A}I_H)loo n=]z\7:+1|:fn] P
M
< gm0 (Ll
= 2 [lfalle-

n=N+1

Since Y52 [[fn]]p = < oo by hypothesis, it is clear that

i 1= [l < Jim Y (Ll = 0.
—00 — 00 n=N+1

As noted above, this completes the proof.

THE CASE OF p = oo.

6.18. Definition. Let F € M(R) and suppose that f € L(E,K). We define the
essential supremum of f to be

Voo (f) = esssup(f) i= inf{y > 0: m{z € B:[f(2)] > 7} = 0},
Set Loo(E,K) ={f e L(E,K):vo(f)<oo}.

6.19. Examples.

(a) Let £ =R and f = xg be the characteristic function of the rationals. For
any v >0, m{z eR:|xg(x)| >~} <mQ=0, and so vw(xg) = 0.
Clearly there was nothing special about Q in this example, other than
the fact that this set has Lebesgue measure zero.
(b) Suppose that a <beR and that f €C([a,b],K).
We claim that f € Lo([a,b],K) and that ve(f) = | f]sup- Indeed,
every continuous function is measurable, so f € L([a,b],K). Also, [a,b]
being a compact set, there exists zg € [a,b] such that |f(z)| = | f|sup- By
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continuity of f, given £ > 0, there exists 6 > 0 such that x € [a,b] and
|z — xo| < § implies |f(z)| > |f(zo)| — . Whether or not z( is one of the
endpoints of the interval, it follows that there exist ¢ < d € (a,b) such that
x € [¢,d] implies that |f(x)|>|f(x0)| —e. But then

m{x € [a,b]:|f(x)|>|f(z0)| -} >d-¢c>0,
and 80 Veo (f) 2 || f]sup — &. Since € > 0 was arbitrary, Voo (f) > || f|lsup-

If v > | flsup, then m{z € E:|f(z)| >~} =m@ =0, and thus ve(f) <.
Hence veo(f) < ||f|sup- Combining these inequalities,

Voo () = || f lsup-
In particular, f € Lo ([a,b],K).

6.20. Proposition. Let E € M(R). Then Lo (E,K) is a vector space over K,
and that ve(+) is a seminorm on Lo (E,K).

Proof. Since Lo (F,K) ¢ L(E,K), and since the latter is a vector space, we need
only apply the Subspace Test from linear algebra to conclude that Lo (F,K) is a
vector space.

It is clear from the definition that ve(f) > 0 for all f € Lo (F,K), and clearly
the constant function ((xz) = 0, x € E lies in L (E,K), with ve({) = 0. Thus
Lo(E,K) +@.

Suppose next that f, g € Lo (F,K), and that 0 # k € K. Then kf € L(F,K), and
a moment’s thought should convince the reader that this implies that

Voo (kf) =inf{y>0:m{z e E:|kf(x)|>~} =0}
inf{|k|6>0:m{xe E:|kf(x)|>|kld} =0}
|k| inf{6>0:m{xeFE:|f(zx)|>d} =0}
k] e () < oo

Hence kf € Lo(E,K) for all 0 # k € K. Since 0o (f) =0 = Voo (() = v (0- f) for
all f e Loo(E,K), we see that kf € Loo(E,K) and veo (kf) = |k|veo (f) for all k € K.

Finally, suppose that f,g € Lo (F,K) and let o > vo (f), 8> Voo (g) be arbitrary.
Let Ef={x e E:|f(z)|>a} and E,:= {x € E:|g(x)| > B}, so that mE = 0=mE,.
If x € H:=E~ (EfUEy), then |(f +g)(z)| <|f(x)|+]g9(x)| < a+ B, and so

{xeE:|(f+9)(x)>a+B}cEfuE,.

From this it immediately follows that
m{ze E:|(f+g)(x)>a+ B} <mE;+mE,; =0,
whence Voo (f +9) <a+ . Since a > Ve (f) and 5 > v (g) were arbitrary,

Voo (f +9) S Voo (f) + Voo (9)-
This completes the proof.
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6.21. Definition. As we did with the previous Ly-spaces, 1 <p < oo, we define
the subspace
NOO(EaK) = {f € EOO(E7K) : Voo(f) = 0}
of Loo(E,K), and we denote by [ f] the equivalence class in
LOO(EvK) = EOO(EuK)/NOO(EvK)
of feLoo(E,K).

Yet again we may appeal to Proposition 6.3 to conclude the following;:

6.22. Theorem. Let E € M(R). Then Lo (E,K) is a normed-linear space,
where for [f] € Lo (E,K), we set

[0 Tlloo = veo (f)-

1
6.23. Let f € Lo(E,K). If we define F,, := {x € E: |f(2)| > Voo (f) + —}, then
n
mF,=0foralln>1,and F:=u;’ F, ={z e E:|f(2)| > v (f)} satisfies

mF < Zan: ZOzO.
n=1 n=1
From this it follows that given [ f] € L (F,KK), we may always choose a represen-
tative g € [ f] in such a way as to guarantee that |g(z)| < |[f]| e for all x € E. Indeed,
given f € Lo (F,K), then as noted above, the set F'={x € E :|f(z)] > Voo (f)} has
measure zero. As such, the function ¢ := yg.r - f is measurable, and differs from

f only on F, whence [g] = [f], and clearly |g(2)| € Voo (f) = Voo (g) = |[9]] for all
rel.

Moreover, it is readily seen that ve (f) = 0 if and only if f = 0 almost everywhere
on F, and thus

No(E,K)={feL(E,K): f=0ae. on E}.

There remains to show that L. (E,K) is complete.

6.24. Theorem. Let E € M(R). Then Lo (E,K) is a Banach space.
Proof. Let ([fn])s2; be an absolutely summable sequence in Lo (E,K), and set
v =Y Il fn]leo < 00. By our work in the Assignments, we see that it suffices to
prove that imy e SN[ fn] € Loo (E,K) exists.

By the argument of the above paragraph, we may assume without loss of gen-
erality that for each z € E and each n > 1, |f,(2)| € Voo (fn) = [ fn]]| oo, and thus

§1|fn<:c>| < i[fn]nm .

As such, for each x € E, the series Yo~ fn(x) is absolutely summable, and hence
summable by the completeness of K. Define a function f: E — K via

f(z):= ilfn(m), rzek.
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For each N > 1, set hy = XN | fv € Loo(E,K). Since f is the pointwise limit of the
measurable functions hy, we see that f € L(E,K). Moreover, the above estimate
shows that Ve (f) <7y < o0, and thus f € Lo (E,K).

Let € >0 and choose Ny >0 such that Y77 n 1 [[fn]lleo < €. For all N > Ny, we
have that

L] = [hn]lleo = Voo (f = hiv)-
But for x € E,

@) -hx@) =] S ful)]
n=N+1

o0

< :;H [fn ()]

o0

< 2 Il

n=N+1
<Ee.

Thus |[f] = [~n]]e <&, N > Np.
This shows that [f] = imy e [hn] = imy e N2 1[fn], as required.
O

6.25. Recall that if E e M(R), 1 <p<oo, feL,(E,K)and g€ L,(E,K), where
q is the Lebesgue conjugate of p, then Holder’s Inequality (Theorem 6.10) states
that fg e £1(F,K) and that

vi(fg) < Vp(f) Vq(g)-

Let us obtain a version of this inequality for p = 1, which will prove especially
useful when we examine Fourier series in later chapters.

6.26. Theorem. Holder’s Inequality. Let E € M(R) with mE > 0.
(a) If fe L1(E,K) and g € Loo(E,K), then fge L1(E,K) and
v1(fg) <vi(f) veo(9)-
(b) There exists a function f* € Loo(E,K) such that veo(f*) =1 and

n(f 1= [ 15 =m0,
Proof.

(a) By the comments of Paragraph 6.23, we know that we may find gy €
Lo (E,K) such that gy = g a.e. on E and |go(2)] € Ve (g) = Veo(go) for
all z € E. Since g = go a.e. on E implies that |fg| = |fgo| a.e. on E, we find

that
[ 15gl= [ 150

Because of this, we may assume without loss of generality (by replacing g
by go if necessary) that |g(2)| < veo(g) for all x € E.
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Note that by Proposition 4.8, fg is measurable. But then

n(f9) = [ 1fgl< [ 111ve(e) = vel9) [ 171= () vea(9).

(b) Arguing as in Proposition 4.10, we may find a measurable function v : £ —

T such that

f=u-lfl.
But then with f* := @ (ie. f*(z) = u(z) for all z € E), veo(f*) = 1,
Ifl=f-f*, and so

(1= [ 0= [ = [1r=n.

Once again, we shall refer to f* as the Lebesgue conjugate function of f.
As before, we obtain an immediate corollary.

6.27. Corollary. Let E ¢ M(R). If [f] € L1(E,K) and [g] € Lo (E,K), then
[f1lg] :=[fg] € L1(E,K) is well-defined and

ILFglx < 1T [Tg] oo

6.28. Corollary. Suppose that a < b € R. Consider h € C([a,b],K) and f €
‘C’l([aab]?K)'
Then h- f € L1([a,b],K) and

vi(h-f) <vi(f) veo(h) = v1(f) [P]sup-
Proof. Clearly h is measurable and h € L ([a,b],K) with |h|suyp = Ve (h), by

Example 6.19.
The result now follows from Hélder’s Inequality, Theorem 6.26 above.

|

O

6.29. It is interesting to consider the relationship between L,-spaces for differing
values of p. In the section below, we consider the case where the underlying set
has finite measure; the case where the measure of F is infinite is left to the exercises.

Let E € M(R) and suppose that mE < oo. Let [f] € Loo(F,K). Then f €
L(E,K) and |f(x)| < |[f]|e almost everywhere on E. For 1< p < oo,

L [ AL = 12 mE < oo,
proving that [f] e L,(F,K), with

1L 1 < 10 Yoo (mE)!P.
Thus Lo (F,K) ¢ L,(E,K), 1 <p < oo when mE < oo.

Next, suppose that 1 < p <r < oo, and that [g] € L,(E,K). Again, g € L(F,K)
a

nd
L1l = [ gl < [ max(lgl) < [ (1+1gl) = mE+ [ [g]l; < oo.
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It follows that [g] € L,(E,K); i.e. L. (E,K) ¢ L,(E,K).
6.30. Next, suppose that a < b€ R. It follows from Example 6.19 that
[C([a,0],K)] = {[f]: f €C([a,b],K)} € Leo ([a, b]).
Recall that
Roo([a,b],K) ={f:[a,b] > K: f is Riemann-integrable and bounded}.

As we saw in Corollary 5.25, f € £([a,b],K) and thus [f] € Lo ([a,b],K), by virtue
of its being bounded.

Our next major goal is to prove that the space [C([a,b],K)] is dense in each
of the spaces L,([a,b),K), 1 <p < co. We shall accomplish this through a series of
approximations.

6.31. Before proving our next result, we introduce a bit of notation. Given
Ee¢M(R) and 1 < p < oo, we set

Sivp,(E,K) = Simp(E,K) n £,(E,K).

Since SiMP(E,K) and £,(E,K) are vector spaces over K, so is SiMp,(E,K).
We leave it to the exercises for the reader to prove that if mE < oo or if p = oo,
then Simp,(E,K) = SiMp(E, K).

6.32. Proposition. Let E € M(R) be a Lebesgue measurable set and 1 <p < oo.
Then [SiMP,(E,K)] = {[¢] : ¢ € SIMP,(E,K)} is dense in (L,(E,K), |- |p)-
Proof.

STEP ONE. Suppose that f € £,(E,[0,00)), and let ¢ > 0. From our Assignment
Questions, we know that we may find functions ¢,, € SIMP(E,[0,00)), n > 1 such
that

0<pp<pa<-<f,
and f(z) =lim,e pn(z), v € E.

Since
o |P < f P . ’

we see that ¢, € SIMP,(E, [0,00)), n > 1.
Moreover,
[f =enl” <IfPP, 21,
and so by the Lebesgue Dominated Convergence Theorem 5.33,

lim v,(f = n)’ = lim [ |f =l =0.

From this we clearly deduce that given € > 0, we can find ¢ € SIMP,(E, [0, 00))
such that v,(f - ¢) <e.
STEP TwoO.

Now let [¢] € L,(E,K) be arbitrary, and note that g € £,(E,K). Recall that we
may then write

g="(91-g2) +i(g3 — g4),



98 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

where g € £L,(E,[0,00)), 1 <k <4. (If g is real-valued, then g3 = g4 = 0.)
Given € > 0, by STEP ONE, we can find ¢, € SIMP,(E, [0, 00)) such that

Vp(gk—¢k)<i, 1<k<4.

Let ¢ := (p1 — ¢2) + (w3 — pa). Then ¢ € Simp,(E,K) (since, as noted above,
Smvp,(E,K) is a vector space over K), and

ILF1=Lellp = vp(f =)
=vp (((f1 = fo) +i(f3 = f1)) = (1 — p2) +i(p3 = pa)))
=vp ((fi—p1) = (fa—p2) +i(f3—p3) —i(fa— p4))

4
<> vp(fr — on)
p]

In particular, [SiMP,(E,K)] is dense in (L,(E,K), | [p), 1 <p < oco.

6.33. Proposition. Let E € M(R) be a Lebesque measurable set. Then
[StMP(E,K)] :={[¢] : ¢ € SIMP(E,K)}

is dense in (Lo E,K), || [oo)-
Proof.

STEP ONE. Suppose first that f € Lo (E,[0,00)), and that there exists M >0
such that f(x) <M for all z € E.

Let € > 0 and choose N > 0 such that 4 < . Decompose the interval [0, M]

%, namely [ := [%,%), 1<k<MN -1, and

into M N intervals of equal length
Iy =[M -+, M].
Set Hy, == f1(I), 1 <k < MN, so that Hj, is measurable by the measurability
of f, and set
MN k-1

w= ];(T)XHk~
Clearly ¢ € SIMP(E, [0, 00)), and

1
|f(:v)—cp(x)|sﬁ<5 for all z € E.

In particular,
Voo (f =) <&
STEP TwWoO. Now suppose that [¢g] € Loo(E,K) is arbitrary, so that g €

Lo (FE,K). As we have seen in paragraph 6.23, we may assume without loss of
generality that |g(z)| < ve(g) for all z € E.
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Moreover, as was the case in Proposition 6.32, we may write

g="(91-92) +i(93 - g4),

where g € Loo(F,[0,00)), and [gi(x)| € v (g) for all z € E and 1 < k < 4. Given
€ >0, by STEP ONE, we can find ¢} € Loo(F,[0,00)) such that ve(gr — @) < 5,
1 <k <4. The remainder of the proof is similar to that of the case where 1 < p < oo,
and we leave it as an exercise for the reader.

We conclude that [SIMP(E,R)] is dense in (Lo (E,K), | - o).

O

We next consider a simple, but useful, result which we shall have occasion to
apply twice. Recall that a linear manifold in a normed linear space X is a vector
subspace which may or may not be closed in the norm-topology.

6.34. Lemma. Let (X,]|-|) be a Banach space, and suppose that B ¢ X satisfies
span B = X. Suppose also that £ € X is a linear manifold and that B< L. Then

X=L.

Proof. The key is to observe that since £ is a linear manifold, £ is a closed subspace
of X. Indeed, since X is a vector space, we may apply the Subspace Test from first-
year linear algebra. That is, it suffices to prove that £ # @, and that if z,y € £ and
k€K, then kx +y e L.

To that end, note that 0 € £ implies that 0 € £ # @. Let k ¢ K,z,y € £, and
choose sequences (zy,)n, (Yn)n € L such that z = lim, z,, and y = lim,, y,,.
Then kx, +yn € £ for all n > 1 since £ is a linear manifold, and

hTILn ”("Qx + y) - ("an + yn)” = ligbn H’%(w - xn) + (y - yn)H
<lim [w] | =] + [y = ynl
= |k lim & = 2| + lim ||y - gy |
n n
=|k[0+0
= 0’

whence kz +y = lim, (K, + yn) € £. Thus L is a closed subspace of X.

Since B ¢ £ and the latter is a closed subspace of X, it follows that
X =spanBc L.

But L is obviously contained in X, and thus the two sets are equal.
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6.35. Proposition. Let a<beR. If1<p< oo, then [STEP([a,b],K)] is dense
mn (LP([aab]aK)a H ’ ”p)
Proof. Let B :={[xmg]: H ¢ E measurable}. Then span B = [SimMP([a, b],K)], and
by Proposition 6.32, this is dense in L,([a,b],K). By Lemma 6.34, it suffices to
show that every [xp] can be approximated arbitrarily well in the | - ||,-norm by
elements of [STEP([a,b],K)].

Let H ¢ [a,b] be a measurable set and € > 0. Recall from Theorem 3.14 that
we can find an open set G ¢ R such that H ¢ G, and m(G \~ H) < 5. Write G
as a disjoint union of open intervals G = U2, (an,b,). (Note that each interval
is finite, since mH < m[a,b] < oo, and m(G \ H) < o), implying that m(G) =
m(H)+m(G~ H) < c0.)

Thus m(G) = X521 (bp —ap) < 0o. Set G, = Uj_; (ag,br), n > 1, and choose N > 1
such that

o0

m(GNGx)= Y (by—an) < =
n=N+1 2
Set 1 = X@yn[a,p] and observe that ¢ € STEP([a, b],R).

Moreover,

1=11-0] ifzeH~Gy
1=10-1 ifze(Gynla,b])~H
0=10-0] ifz¢(GyuH)
0=[1-1] ifze(GynH).

I (2) - ¢(2)| =

It follows that
v =) = [ e =P

R

m(H~ Gn) +m((Gn na,b]) ~ H)
<m(H~Gn)+m(Gy N~ H)
<m(GNGn)+m(GNH)

e €
<=+ =
2 2
=¢.

It follows that |[xm]-[v¢]]p < €, thus showing that [STEP([a,b],R)] is dense in
(Lp([a,b],R), |- [p)-
m

Observe that Lemma 6.34 greatly simplified the proof; instead of approximating
an arbitrary element in Ly([a,b],K), or even an arbitrary element of [SIMP(E, K)]
by (equivalence classes of) step functions, we reduced the problem to that of ap-
proximating characteristic functions of measurable sets. In the same way, in proving
that [C([a,b],K)] is dense in (L,([a,b],K), |-]|p), 1 < p < oo, Lemma 6.34 will reduce
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the problem to that of approximating the characteristic function of an interval by a
continuous function in the 1,(-)-seminorm.

6.36. Theorem. Let a <beR. If1<p < oo, then [C([a,b],K)] is dense in
(Ly([a:b).K). |- ],).

Proof. Let B := {[X[;s : @ <7 <s<b}. Then spanB = [STEP([a,b],K)], which is
dense in Ly([a,b],K) by Proposition 6.35 above.

We may therefore appeal once again to Lemma 6.34, which implies that we
need only show that every such [X[,,,s]] can be approximated arbitrarily well in the
| - |[p-norm by elements of [C([a,b],K)].

To begin, (;hoose a<r<s<b, and to dispense with a technicality, choose M >0

such that r + 77 < s. For n > M, define

0 ifa<xz<r

n(x—r) ifr<ac§r+%

fu(z)=1{1 ifrelcr<s—4

n(s—x) ifs—%<m£8

0 ifs<x<b.

(If it not entirely clear from the outset why we picked such a sequence of func-
tions, the reader would be well-advised to graph them. How could you approximate
a step function by a continuous function in a simpler way? The choice of only
defining f,, for n > M is to ensure that f, < x[, 4 for all such n.)

Observe that f, is continuous for each n > M, being piecewise linear. Also,

zé[rr+ %] Uls- %,s] implies that

|fn(1") - X[r,s](x)| =0,
and for all = € [a,b], |fn(7) = X[y5)(7)| < 1. Tt follows that for all n > M,

i) = ([ 1) P

Thus
. ) 2\»
0< Jim 1]~ Dl < Jim ()7 =0

n—00 n

and hence
nh—>I§o[fn] = [X[r,s]]
in (Ly([a,b],R),| - |p), completing the proof.
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6.37. This leads to the following interesting result. Recall first that a topological
space is said to be separable if it admits a countable dense subset.

Secondly, recall that if (X, d) is a separable metric space, § > 0 is a positive real
number and {x) : A € A} ¢ X satisfies d(zq,25) > 0 for all @ # § € A, then A is
countable. The proof is left to the exercises.

6.38. Corollary. Let a <beR.
(a) If 1<p< oo, then (Ly([a,b],K),|-|,) is separable.
(b) The space (Leo([a,b],K), |- |le) is not separable.
Proof.
(a) First fix 1 <p < oo.
Recall from Section 6.29 that L ([a,b],K) ¢ L,([a,b],K). Moreover,
the proof of this assertion showed that if [f],[g] € Lo ([a,b],K), then

ILF1 = T9lln = ILf = 9)lw < ILF1 = [9]eo (B — @) .

Let € >0, and let [h] € £,([a,b],K). We know from Theorem 6.36 that
[C([a,b],K)] is dense in Ly([a,b],K) with respect to the p-norm.

Thus we can find g € C([a,b],K) such that

€
Ith] =gl < 3-

Of course, by the Weierstra} Approximation Theorem and Example 6.19
above, we know that we can find a polynomial p(x) = po + p1z + - + praz™
such that

Ilg] =PIl = llg = Pllsup < m

By Exercise 6.9 below, we can find a polynomial ¢(x) = qo + g1 + -+ + g™
such that ¢; € Q +iQ for all 0 < k£ <m and

Ilp] = lallleo = [P = qllsup < W

Finally,
[[R] = Tallp < [TA] = [g]llp + ITg] = [p1llp + [[P] - [a]ls
<[] = [g1llp + 19 = [P1lee (b= @)% + | [p] = [a] oo (b — @) /7

& Apeayre|—& N (p—a)lr
e KRR e (0]

+

<=+

| —

wWlm wlm

+

Wl m
WM™

=E£.

Thus the family (Q + iQ)[z] of all polynomials with (complex) rational
coefficients, when viewed as continuous functions on [a, b], has the property
that [(Q+:Q)[z]] is dense in (Lp([a,b],K),|-[,). Since there are at most
countably many elements in (Q+iQ)[x] and therefore in [(Q+:Q)[z]], we
see that L,([a,b],K) is separable, 1 < p < oo.



6. L, SPACES 103

(b) Now consider p = oo, and suppose that a <71 < s1 <band a <ry < sy <b.
Suppose furthermore that either 1 # 79 or that s; # so. By Exercise 6.10
below, the symmetric difference

[7’1, Sl]A[TQ, 82]

of the intervals [r1,s1] and [rg, s2] contains an interval, say [u,v] € [a,b],
with u < v.
For all = € [u,v], [X[r,,5,](%) = X[rs,50](®)| = 1, and so

H[ Tl,sl ] [X T2,82 :|H°° H[ T1,81 ’I‘Q,SQ]]HOO = 1
Let A := {(r,s) e R®:a <r <s<b}. Then A is uncountable. For
(r1,82) # (r2,82) € A, the above estimate shows that
”X[ﬁ,sl] = X[ra,s2] HOO =1.

By the comment preceding this Corollary (see Exercise 6.8), Lo ([a,b],K)
is not separable.

O
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Appendix to Section 6.

6.39. If the reader consults almost any other text on measure theory (and the
reader will absolutely fall in this author’s estimation if they do not), they will
almost assuredly observe that we have been incredibly pedantic in our approach
to these notes. Most texts will use the same notation, namely “f”, to refer to
both a measurable function, as well as to its equivalence class in “L,(FE,K)”, where
E ¢ M(R) is a measurable set. It is left to the reader to keep track of when
they are dealing with a function, and when they are dealing with its image in
L,(E,K). Statements such as “f(z) = z a.e. on [0,1]” are used to hint that we
are talking about an equivalence class rather than a function. Truth be told (and
what’s the point of not telling the truth in a set of course notes?), we have always
felt ambivalent about this approach. Without having taken any courses in math
pedagogy, experience has taught us that people inevitably make the mistake of
treating an element of L,(E,K) as a function - for example, referring to f(x), for
some z € F, when this concept is no longer valid (for the equivalence class of f).

For this reason, we have attempted to consistently denote functions by simple
letters, e.g. f and ¢, while denoting their equivalence classes using the bracket
notation [f] and [g]. While this is more cumbersome, it has the advantage of
being more precise, and our hope is that for the person learning about measure
theory for the first time, it will help to keep the two concepts separate. Once
sufficient mathematical maturity is acquired (oh, maybe a month from now), the
reader should be able to consult other texts with sufficient sophistication to handle
any notation thrown at them.

6.40. Which brings us to another point. In order to deal with pointwise lim-
its of increasing functions for the Monotone Convergence Theorem 5.16, we in-
troduced the notion of extended real numbers, and then of measurable functions
f: E - R (where again, E € M(R) is a measurable set). In many textbooks deal-
ing with Lebesgue measure, the equivalence classes of functions in “L,(E)” consist
of extended real-valued measurable functions. (We have restricted our attention to
equivalence classes of real-valued measurable functions.)

In fact, both approaches lead to essentially the same theory. For any 1 < p < oo,
if f: E - R is measurable and v,(f) < oo, then the set B := {x € E:|f(z)| = oo} has
measure zero, and so we can always find g : £ - R such that g = f a.e. on F; for
example, we can choose g = f - xp.p. Thus [f] =[g].

So why not start with the vector space L'p(E,@) and use Proposition 6.3 to
define the quotient space L,(E,R)? Well, perhaps the best answer we can give is
that £,(E,R) DOES NOT define a vector space over R! Suppose

Joo ifzeQ |- ifz=0
f(x)'{o g g(‘r)'{o ifr+0

What should f + ¢g(0) be? We haven’t defined oo + (—o0), and we won’t. Rats.
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So then where do these other authors get off defining “L,(E)” in terms of equiv-
alence classes of extended real-valued functions? Well, for one thing, their construc-
tion of “L,(E)” as often as not does not pass through Proposition 6.3. Instead,
they define two extended real-valued functions f and g to be equivalent if f = g a.e.
on E. While the set of extended real-valued functions does not form a vector space,
the equivalence classes defined do! In fact, up to isometric isomorphism, they form
exactly the same L,-spaces we have defined. We like the seminorm-to-norm-via-
quotient-spaces approach we have used, in part because we do not have to wave our
hands at any point of our construction. There you go.

6.41. One obvious reason for studying Holder’s Inequality is that it was required
to obtain Minkowski’s Inequality, which we needed to prove that each £,(E,K) was
a linear space. The construction of the conjugate function f* e L,(E,K) from
f € L,(E,K) might at first glance seem rather arcane, and the eager novice might
wonder why we would be interested in such a thing.

The answer lies in part in Functional Analysis - which is the study of normed
linear spaces and the continuous linear maps between them. Given a Banach space
(X, -1, one defines the dual space of X to be

X*=B(X,K)={2": X > K:2" is linear and continuous}.

Elements of the dual space are called continuous linear functionals on X.

As we have seen in the Assignments, linear maps between normed linear spaces
are continuous if and only if they are bounded. The dual space carries a great deal of
information about the space X itself, and perhaps the most famous and important
theorem from Functional Analysis is the Hahn-Banach Theorem. This is not
actually a single result, but rather two classes of results, all referred to by that same
name. It is usually left up to the reader to recognize which version of the Hahn-
Banach Theorem is being invoked in any given application. We invite the reader to
consult the (free!) reference [3] for more details.

One of the important consequences of the Hahn-Banach Theorem is that the dual
space X* of X has sufficiently many functionals to separate points of X, meaning
that if x1 # x9 € X, then there exists z* € X* such that z*(x1) # 2*(x2). In fact,
one can do better — given y € X, one can find a linear functional y* € X* such that
l[y*[|x+ = 1 and y*(y) = |y|. (Applying this to y = z1 — 22 above shows that the
corresponding y* will separate x; and x3.)

What Holder’s Inequality (Theorem 6.15) tells us is that with 1 < p < co and

L'~ 1, given [g] € L,(E,K), we may define a linear functional

+ =
q

1

p
<I>[ L,(E,K) - K

[f] ind fEfg

and that this linear map will be bounded with norm at most |[¢][,. In the Assign-
ments, we verify that every linear functional ¢ € L,(E,K) is of the form ¢ = &y
for some [g] € Ly(E,K), and that in fact |¢[ = |[¢]]4- In other words, we are iden-
tifying Lq(E,K) with the dual space (L,(E,K))* in an isometrically isomorphic
manner.

g1 *
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The second half of Theorem 6.15 is just an example verifying the Corollary
to the Hahn-Banach Theorem that we mentioned above, namely: the functional
P+ € (Lp(£,K))" is the norm-one functional which sends [f] to [[[f]]-

For more general measure spaces (Z, 1) — which we have not discussed at all in
these notes — we still have that the dual of L,(Z, 1) may be isometrically isomorphi-
cally identified with Lq(Z, ) when 1 < p < oo, but problems start to arise with the
dual spaces of L1(Z, ) and Loo(Z, ). Without getting into the details at all (the
interested reader may find them online), in the case where the space (Z,u) is de-
composable, which includes the case where (Z, 1) is a o-finite measure space, we
do have that (L1(Z,11))" = Loo(Z, ). In particular, this applies to the case of ¢1 (1),
where I is any set equipped with counting measure. Thus we can always identify
(41(1))* with £ (1), which is a happy, happy situation. The dual of Lo, (Z, 1) tends
to be a real can of worms. For example, the dual of /o, (N) may be identified with
the so-called regular Borel measures on the Stone-Cech compactification SN
of the natural numbers. It’s big — very, very big.

6.42. The following diagram illustrates the relationship between the L,-spaces
when the underlying measure space is a bounded interval. We use 1 to denote
constant function 1(z) = z for all x € [a,b].

INCLUSIONS OF L,-SPACES

Ll([av b]’K)

L.([a,b],K),1<r<p<oo

Ly([a,b],K),1< p < oo

([a b], )

[Reo([a,b] ]K) SIMP( a,b],K)]

[C([a,b] K) STEP( a,b],K)]

Kl]
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Exercises for Section 6.
Exercise 6.1. Let EC R and f: E — R be a function. Define

1 @) 20
“f("r)_{—l i fy <o T

Prove that if £ is measurable and f € L(E,R), then Z¢ € L(E,R) as well.

Exercise 6.2.
Let E € M(R) satisfy mFE < oo and ¢ € SMP(FE,K). Prove that for all 1 < p < oo,
e Ly(E,K).

Exercise 6.3.
Let E e M(R) and 1 < p < co. Suppose that [f] € L,(E,K) and [g] € Ly(E,K).
Then

[f1-[9]=1fg]
is well-defined, and [fg] € L1(E,K).

Exercise 6.4. Assignment Question.
Let (X,]-||) be a normed linear space. Prove that X is complete, and hence a
Banach space, if and only if every absolutely summable series in X is summable.
Here, a series )2, x, in X is said to be summable if

N
z:= lim an
N=eon

exists in X, while the series is said to be absolutely summable if

N
Jim 3 fanl < oo

Exercise 6.5.

Paragraph 6.29 and the subsequent paragraphs establish a set of relationships
between L,-spaces for various values of p € [1, 0], as well as the spaces of (equiva-
lence classes) of step functions and simple functions, in the case where the underlying
measurable domain F € 9M(R) has finite measure.

Determine what relations hold between these spaces in the case where mE = oo.

Exercise 6.6.
Let £ e M(R), and 1 <p < oo. Let D < L,(E,K). Prove that the following are
equivalent:
(a) The set [D]:={[f]: f €D} is dense in L,(E,K).
(b) For each g € £L,(E,K) and € > 0, there exists f € D such that

vp(f—g)<e.
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Exercise 6.7.
Recall that given E € 9M(R) and 1 < p < oo, we defined

Sivp,(E,K) = Simp(E,K) n £L,(E,K).
Prove that if mE < oo or if p = oo, then SimpP,(E,K) = SimMp(E, K).

Exercise 6.8.

Let (X,d) be a metric space. Suppose that there exists an uncountable set
{zx: X e A} in X and a positive real number 6 > 0 such that d(zq,z5) > J for all
a + € A. Prove that (X,d) is not separable.

Exercise 6.9.

Let a < b e R and let p(x) = po + p1x + -+ + ppx™ be a polynomial of degree
m in (C([a,b],R),| - [sup). Prove that given any e > 0, there exists a polynomial
q(x)=q+qz+-+gnz™ in (C([a,b],R),| - |sup) such that g; € Q, 0 <k <m, and

P = qllsup <&

Conclude that given a polynomial r(z) = ro + riz + - + "™ of degree m in
(C([a,b],C), | - |sup) and € > 0, we can find a polynomial s(x) = sg+ s12 + -+ + Spz™
with s; € Q +¢Q, 0 <k <m, such that

[r = s]sup <&

Exercise 6.10.

Recall that if A and B are sets, we define the symmetric difference of A and

B to be
AAB:=(AuB)~(BnA).

Let a < b be real numbers and suppose that a <r; < sy <band a <ry < sy <b.
Suppose furthermore that either r1 # ro or that s; # so. Prove that the symmetric
difference

[71,51] A[ra, s2]
contains a non-degenerate interval [u,v] S [a,b]. (By non-degenerate, we simply
mean that u < v.)

Exercise 6.11.
Let E € M(R). Prove that the map:

Q: (CEK), [ sup) = (Loo(E,K), |- ]loo)
f as [f]
is a linear isometry, and deduce that [C(E,K)] := {[f]: f € C(E,K)} is a closed
subspace Banach space of L (E,K) which is (isometrically) isomorphic to C(E, K).

In other words, as Banach spaces, we can identify C(FE,K) with its image
[C(E,K)] in Lo (FE,K).
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7. Hilbert spaces

Smoking kills. If you’re killed, you’ve lost a very important part of
your life.

Brooke Shields

7.1. We have seen in the previous section that if £ € 9¥(R) and 1 < p < oo, then
(Lp(E,R),|-|p) is a Banach space. The case where p = 2 is very special and merits
individual attention.

Let us recall the following definition.

7.2. Definition. An inner product on a K-vector space H is a function (-,-)
H x H - K which satisfies:
(a) (z,z) >0 for all x € H;
(b) (z,x) =0 if and only if x =0;
(c) (kx+y,z)=r{z,2)+(y,2) for all x,y,z € H and k € K; and

(d) (z,y) = (y,z) for all x,y e K.
We say that x and y are orthogonal if (x,y) =0, and we write x 1 y.

In the case where K = R, the “complex conjugate” appearing in (d) is obviously
superfluous.

7.3. Theorem. The Cauchy-Schwarz Inequality.  Suppose that (H,{,-))
s an inner product space over K. Then
(2, 9)] < (@, 2)% (y,9)'/?

for all x,y e H.
Proof. Let z,y € H. If (z,y) = 0, then there is nothing to prove.
Suppose therefore that (z,y) # 0. For any & € K,

0<(z - Ky, z - KY)
= (&, z) — K{y,z) ~ Rz, y) + [y, y).

Setting k = (x,_y) yields

(v, 9)

which is equivalent to

as required.
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7.4. Proposition. Let (H,(-,-)) be an inner product space. Then the map
|z] = {z, )%, zeH

defines a norm on H, called the norm induced by the inner product.
Proof. We shall prove that it defines a norm, and leave it to the reader to prove
that this is what it is called.

Let z,y € H and k € K.
(a) Clearly |z| >0, as (z,z) > 0.
(b) Note that |z|| = 0 if and only if || = (x,z) = 0, which happens if and only
ifz=0.
(¢) |rz|? = (ka, k) = |k (z,2) = |s[* [x]?, and thus
[rz] = || ]
(d) From the Cauchy-Schwarz Inequality,
lz+yl* = (& +y,z +y)

=(z,z) +(z,y) + {y,2) + (y,9)
< [+ W, ) + [y, )] + Ny
= = +20z[ Iyl + Jyl?

= (lzl + Iy )*.

Thus |z +y| < |z] + |yl
This completes the proof.
O

It follows that every inner product space (H,(-,-)) is also a normed linear space
(H, ||, using the norm induced by the inner product. Unless we explicitly mention
a different norm for H (which is highly unlikely), we shall always assume that this
is the norm to which we are referring. Also - let us not forget that every normed
linear space is also a metric space, using the metric induced by the norm.

As such, every inner product space is a metric space, under the metric induced
by the norm induced by the inner product.

Although a Hilbert space is technically an order pair consisting of a vector space
‘H and an inner product (-, -), we shall typically speak informally of the Hilbert space
H.

7.5. Definition. A Hilbert space is a complete inner product space.

7.6. Examples.

(a) Let N > 1 be an integer. Consider z = (2,)"_; and y = (yn)Y, e H := CV.
The map

N
((L‘,y) = Z TnYn
n=1
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defines an inner product on H, called the standard inner product on H,
and H is complete with respect to the norm induced by this inner product.
Thus (H,(-,-)) is a Hilbert space.

(b) We can make this somewhat more general as follows. Fix an integer 1 < N

and choose strictly positive real numbers p1, p2,...,pn. We leave it to the
reader that CV becomes a Hilbert space when equipped with the inner
product
N
(JI, y)P = Z:l pnxny_n
n=

(c) 2 ={(xp)n 7 eK,n>1and £ |rn)? < oo} is a Hilbert space, with the
inner product given by

Again, this is referred to as the standard inner product on /2.

7.7. Theorem. Let E € M(R). The map
(,-) L2(E,K)xLy(E,K) — K
([f1, 19D =~ [5/f9

defines an inner product on Lo(E). Furthermore, the norm induced by this inner

product is the La-norm | - |2 on Lo(E,K). Since (L2(E,K),|| - |2) is complete, it is

a Hilbert space.

Proof. First observe that the map above is well-defined. That is, if [f1] = [f] and

[91] = [g], then f1 = f and g; = g a.e. on E, so that fig1 = fg a.e. on E.
Furthermore, by Holder’s Inequality,

L1631 < 1L gl < o,
and so [fg] = [fi91] € L1(E). The fact that fig7 = fg a.e. on E also implies that

[ nigi= [ faeK,

and so the map is well-defined, as claimed.
Let [f],[g],[h] € L2(F) and € K. Then

(a)
(.00 = [ I >0,
and equality occurs if and only if f =0 a.e. on E, i.e. if and only if [ f] = 0.

(This also shows that ([ f], [f])% =[f1l2.)
(b)

(5] + (gL 0D = [ (5f + )b

:n/;fﬁ+/gﬁ

E
(], [R]) + (Lg], [R])-
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(©)
(10N = [ 13- [ To=Tal. T

Thus (-, -) is an inner product (this is the standard inner product on Lo(F,K)),
and the norm induced by this inner product is the || - [o-norm. The last statement
is clear.

O

7.8. Recall that a subset € of an inner product space (H,(-,-)) is said to be or-
thogonal if z # y in £ implies that (x,y) = 0. Also, £ is said to be an orthonormal

set if £ is orthogonal and x € £ implies that x| =1 = (:L‘,:J:)%

7.9. Definition. Let H be a Hilbert space. An orthonormal basis (or Hilbert
space basis for H is a mazimal orthonormal set in H. (Here, mazimal is with
respect to inclusion.)

We shall abbreviate the phrase “orthonormal basis” to the acronym ONB.

7.10. Remarks.
(a) By Zorn’s Lemma, every orthonormal set in H can be extended to an ONB

for H.
(b) If H is infinite-dimensional, then an ONB for # is not a Hamel basis for H.

7.11. Examples.

(a) Let NV > 1 be an integer and consider H = CV, equipped with the standard
inner product (-,-). For 1 <n < N, define e, = (5n7k)fcv:1, where 4,5 denotes
the Kronecker delta function. Then {e,}?, is an ONB for .

(b) Let N >1 be an integer and pp =k, 1 <k < N. Set e, = (ﬁén,k)]kvzp where
0q,p denotes the Kronecker delta function. Then {6n}£1\7:1 is an oNB for CN ,
equipped with the inner product from Example 7.6 (b), namely

N
(,9)p = Y. PnTa¥n.
n=1
(c) Generalizing example (a) above to infinite dimensions, let H = ¢, equipped
with the standard inner product, and for n > 1, let e, = (d,%)5;, Where
da,p denotes the Kronecker delta function.Then {e,}:>; is an ONB for H.
The proof is left as an exercise.

(d) Let H = L?([0,27],C), equipped with the inner product

(Lo = [, 13
For n € Z, define the continuous function

&t [0,27] - c
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Then [£,] € L*([0,27],C) for all n € Z. In the Assignments, we shall see
that {[£,]}nez is an ONB for L2([0,27],C).

We recall from Linear Algebra:

7.12. Theorem. The Gram-Schmidt Orthogonalisation Process

If H is a Hilbert space over K and {x,};>, is a linearly independent set in H,
then we can find an orthonormal set {yn}oq in H so that span{xi,zs,...,xN} =
span{y1,y2,...,yn} for all N > 1.
Proof. We leave it to the reader to verify that setting y; = x1/|x1], and recursively
defining

zn — SN HE N, Yn)yn

. N>x1
lzn = S5 N, Yn )y

YN =

will do.

7.13. Theorem. Let H be a Hilbert space and suppose that x1,%2,...,Ty € H.

(a) [The Pythagorean Theorem)| If the vectors are pairwise orthogonal, then
- 2 _ ¢ 2
DIET DI
j=1 j=1
(b) [The Parallelogram Law|
1 + @ + g = 22]® = 2 (g | + 2]?) -
Proof. Both of these results follow immediately from the definition of the norm in

terms of the inner product.
O

It follows that if (X, -|) is a Banach space and the Parallelogram Law does
not hold in X, then there does not exist an inner product on X such that |- | is the
norm induced by the inner product. In particular, X is not an Hilbert space. Far
less obvious, but still true, is the fact that if the norm does satisfy the Parallelogram
Law, then there exists an inner product such that | - | is the norm induced by that
inner product. We shall not prove this here.

7.14. Theorem. Let H be a Hilbert space, and K € H be a closed, non-empty
convex subset of H. Given x € H, there exists a unique point y € K which is closest
to x; that 1is,

|z —y| = dist(z, K) := min{ ||z - 2| : z € K}.

Proof. The proof is left as an Assignment question.
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7.15. Theorem. Let ‘H be a Hilbert space, and let M € H be a closed subspace.
Let x € H, and m e M. The following are equivalent:
(a) |z —m] = dist(z, M);
(b) The vector x —m is orthogonal to M, i.e., (x —m,y) =0 for all y e M.
Proof.
(a) implies (b): Suppose that ||z—m/| = dist (x, M), and suppose to the contrary
that there exists y € M so that x := (x —m,y) # 0. There is no loss of
generality in assuming that |y| = 1. Consider z = m + ky € M. Then

R e A R
=(zx-m-kKy,xr—m - Ky)
= |z =m|? - &y, z = m) =z - m,y) + s |y|?
2 2
=z =m|” - x|
< dist(z, M),
a contradiction. Hence x —m € M*.
(b) implies (a): Suppose that x —m € M*. If z € M is arbitrary, then y :=
z—-m € M, so by the Pythagorean Theorem,
|z = 2% = | (z = m) = y|* = & =m|* + |y[* > | - m]|?,
and thus dist (z, M) > |z —m|. Since the other inequality is obvious, (a)
holds.
O

7.16. Remarks.
(a) Given any non-empty subset S € H, let
Sti={yeH:(x,y)=0 for all x € S}.
It is routine to show that S* is a norm-closed subspace of H. In particular,
(Sl)l DspanS,
the norm closure of the linear span of S.
(b) Recall from Linear Algebra that if V is a vector space and W is a (vector)
subspace of V, then there exists a (vector) subspace X €V such that
(i) Wn X ={0}, and
(i) V=W+X:={w+z:weW,ye X}
We say that W is algebraically complemented by X. The existence of
such a X for each W says that every vector subspace of a vector space is
algebraically complemented. We shall write V = W+X to denote the fact
that X is an algebraic complement for W in V.
If X is a Banach space and %) is a closed subspace of X, we say that )
is topologically complemented if there exists a closed subspace 3 of X

such that 3 is an algebraic complement to ). The issue here is that both g)
and 3 must be closed subspaces. It can be shown that the closed subspace
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cg of £ is not topologically complemented in fo,. This result is known as
Phillips’ Theorem (see the paper of R. Whitley [7] for a short but elegant
proof). We shall write X =9) @ 3 if 3 is a topological complement to ) in
X.

Now let H be a Hilbert space and let M € H be a closed subspace of H.
We claim that # = M ® M*. Indeed, if z ¢ M nM*, then |z|? = (z,2) = 0,
so z = 0. Also, if x € H, then we may let m; € M be the element satisfying

|z —mq]| = dist(x, M).

The existence of m; is guaranteed by Theorem 7.14. By Theorem 7.15,
mo = x —mq lies in M*, and so z = m1 + mg € M + M*. Since M and
M- are closed subspaces of the Hilbert space H and they are algebraic
complements, we are done.

In this case, the situation is even stronger. Given a Banach space
X and a topologically complemented closed subspace ) of X, there is in
general no reason to expect a unique topological complement for ). For
example, if X = R? (equipped with your favourite norm — say | - | ), and
if ) denotes the z-axis in X, then any line passing through the origin and
not equal to the z-axis describes a closed subspace 3 which is a topological
complement to 2). In our case, however, the space M* above is unique
in that it is an orthogonal complement. That is, as well as being a
topological complement to M, every vector in M* is orthogonal to every
vector in M.
With M as in (b), we have H = M & M*, so that if x € H, then we may
write = mq + mg with mq € M, my € M* in a unique way. Consider the
map:

P: H - MeoM*

€T = my,

relative to the above decomposition of x. It is elementary to verify that P
is linear, and that P is idempotent, i.e., P = P2. We remark in passing
that mg = (I — P)x, and that (I - P)? = (I - P) as well.

In fact, for z € H, |z]? = |m1]* + [m2]? by the Pythagorean Theorem,
and so |Px| = |m1| < |z|, from which it follows that |P| < 1. If M #
{0}, then choose m € M with |m| # 0. Then Pm = m, and so |P| > 1.
Combining these estimates, M # 0 implies | P| = 1.

We refer to the map P as the orthogonal projection of H onto M.
The map @ := (I — P) is the orthogonal projection onto M*, and we leave
it to the reader to verify that if M # H, then |Q] = 1.

Let @ # S ¢ H. We saw in (a) that S** 2 spanS. In fact, if we let
M =5spanS, then M is a closed subspace of H, and so by (b),

H=Me M" .

It is routine to check that S* = M*. Suppose that there exists 0 # € S*+,
x ¢ M. Then x € H, and so we can write z = mj + mg with m; € M, and
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ma € M+ =8* (mg #0, otherwise x € M). But then 0 # ms € S* and so
(ma, x) = (ma,m1) + (M2, ma)
=0+ [ma|?

£0.

This contradicts the fact that z € S**. It follows that S** =span S.

7.17. Lemma. Let H be a Hilbert space over K and suppose that M € H is a
finite-dimensional linear manifold in H. Then M is norm-closed, and therefore a
subspace of H.

Proof. The proof of this Lemma is left to the Assignments.

|

7.18. Proposition. Suppose that M is a finite-dimensional subspace of a
Hilbert space H over K. Suppose that 1 < N is an integer and that {e1,ea,...,en}
is an ONB for M. If P is the orthogonal projection of H onto M, then

N
Pz =Y (z,e5)en, zeM.

n=1
Proof. Suppose that M admits an orthonormal basis {ej}}_;. Let x € H, and let
P denote the orthogonal projection onto M. By (b), Pz is the unique element of
M so that z — Px lies in M*. Consider the vector w = Y}'_;(x,er)er. Then

n

(z-w,ej) = (x,e5) - Z((ﬂﬁ ek)er; €;)

k=1
n

(x,e5) Z z, ex)(ex, €;)
k=1

= (@, ¢j) = (2, ¢) [es]”
=0.

It follows that z —w € M*, and thus w = Pz. That is, Pz = ¥;_,(z, e)ey.

7.19. Theorem. Bessel’s Inequality
If {en};2, is an orthonormal set in a Hilbert space H, then for each x € H,

- 2 2
> [z en)l < [z,
n=1

Proof. For each N > 1, let Py denote the orthogonal projection of H onto
span {e, },. Given 2 € H, we have seen that | Py | < 1, and that Pyz = ¥ (, e, )en.
Hence

N
>z en)l? = | Pya]? < ||

for all N > 1, from which the result follows.
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|

Before stating our next result, we recall the following from your previous Analysis
course.

7.20. Lemma. Let (X,d) be a separable metric space. Let § > 0 be a real
number and Y € X be a set with the property that y,z € Y with y # z implies that
d(y,z) >0. Then'Y is countable.

Proof. The proof is left to the exercises.

7.21. Theorem. Let H be a separable Hilbert space, and suppose that £ € H be
an orthonormal set. Then & is countable, say € = {e,}r>,, and if x € H, then

M8

(l‘, 6n>6n

n=1

converges in H.
Proof. First note that if z,y € £ with = # y, then

1/2
le—y] = (@ -y, 2 - )2 = (J2)> + |y]?) ' = V2.

By Lemma 7.20 above, £ must be countable. Thus we may write £ = {ep }r;.

Let x ¢ H and € > 0. For each N > 1, set
N

yn = > (z,en)en.

n=1

(The astute reader will note that with My := span{ej,es,...,en} and Py defined
as the orthogonal projection of ‘H onto My, we have that yy := Pyx, N > 1.
It results from Bessel’s Inequality that we can find Ny > 0 so that

o0

> N, er)? <.
k=N0+1
If M > N > Ny, then (by the Pythagorean Theorem),
2 & 2
lym —ynl* =1 3 (2 en)en]
n=N+1
& 2
= 2. lz,en)l
n=N+1
< Y Kwea)
n=N0+1

<&
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This shows that (yn)3%_; is a Cauchy sequence. Since H is complete, this Cauchy
sequence converges, i.e.

[ee)
Z x,en)en = hm yn € H.
n=1

O

7.22. Theorem. Let & = {e,}2, be an orthonormal set in an infinite-
dimensional, separable Hilbert space H. The following are equivalent:

(a) The set &€ is an ONB for H; i.e. € is a maximal orthonormal set in H.

(b) span& =H.

(c) ForallzeH, x =3, 1(1: en)en.

(d) For all z e H, |z]? = 22, (=, en)]?. [Parceval’s Identity|
Proof.

(a) implies (b): Let M =span&. If M # H, then M* # {0}, so we can find
zeM* ||z| =1. But then £u{z} is an orthonormal set, contradicting the
maximality of €.

(b) implies (c): Let y = Y o2 (z, en)en, which exists by Theorem 7.21.

A routine calculation shows that (y —z,e,) =0 for alln > 1, so y — =
is orthogonal to M = span& = H. In particular, y — x is orthogonal to
y—xeH,sothat y—x=0,ie y=zx.

(c) implies (d): Let = € H. By hypothesis, = Y02 (z, en)en.

Thus
”1"”2 Z x, en €n, Z x ek ek
n=1 k=1
= 2 @ en) (z,ex) [(en, ex)] [Check!]
n=1k=1
= > s en)l.

1]
—_

n

(d) implies (a): If e L ey, for all n > 1, then by hypothesis,

2
el = Zleen =0,

so that £ is a maximal orthonormal set in H, i.e. £ is an ONB in H.

O

The appropriate notion of isomorphism in the category of Hilbert spaces involve
linear maps that preserve the inner product.

7.23. Definition. Two Hilbert spaces Hi and Ha are said to be isomorphic
if there exists a linear bijection U : H1 — Ha so that

(Uz,Uy) = (z,y)
for all x,y € Hi. We write H1 ~ Hs to denote this isomorphism.
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We also refer to the linear maps implementing the above isomorphism as unitary
operators. Note that

|Uz|? = (Uz,Uz) = (2,2) = ||
for all x € H;, so that unitary operators are isometries. Moreover, the inverse map
U™t :Hy —» H; defined by U1 (Uz) := x is also linear, and
(U (U2)U (Uy)) = (z,y) = (U, Uy),
so that U~! is also a unitary operator.

Note that if £ ¢ H; is a closed subspace, then £ is complete, whence UL is also
complete and hence closed in Hs.

7.24. Theorem. Any two separable, infinite-dimensional Hilbert spaces over K
are isomorphic.
Proof. The proof is left to the Assignments.
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Appendix to Section 7.

7.25. As mentioned in the Appendix to Chapter 6, given E € MM(R) and 1 <
p < oo, one may identify the dual space of L,(E,R) with L,(E,R) via a linear,
isometric isomorphism. Since the Lebesgue conjugate of p = 2 is ¢ = 2, this gives
us an identification of the dual space of Lo(FE,R) with itself, via a linear, isometric
isomorphism.

Once again, the case where p = 2 is special. In this case, we obtain a second
identification of the dual of a Hilbert H space with itself. Given y € H, we define
the linear function ®, € H* by setting

O, () = (z,y), zeH.
As we shall see in the Assignments, the map

o: H - H*
y'_’q)y

is a conjugate-linear isometric isomorphism. Here, conjugate-linear means that
o(y+kz) =0(y)+ko(z) for all y, z € H and k € K. Of course, when K =R, g is linear.

There are reasons for preferring this identification of H* with H to the identi-
fication that we obtained in the Appendix to Chapter 6. Given Banach spaces X
and ) and an operator T" € B(X,9)), we may define an operator T* € B()*,X*) via
T y*(z) =y*(Tx) for all x € X, y* € Y*. The identification of H with H* mentioned
in the paragraph above provides us with an involution on B(H), that is, a map
*: B(H) - B(H) which satisfies

o (T*)* =T for all T € B(H);
° (Tl + k}TQ)* = Tf + k‘T; for all Tl,TQ € B(H), ke K;
L] (Tng)* = T;Tf for all Tl,TQ € B(H)
Moreover, one may check that |7 = |T'| for all T € B(H), and finally that
|T*T| = |T|> for all T € B(H).

Thus B(H) becomes what is called an involutive Banach algebra using this
operation *, and the last equality is referred to as the C*-equation. Involutive
Banach algebras whose involution satisfies the C*-equation are called C'*-algebras.
The C*-equation, as anodyne as it might at first appear, has untold consequences
for the structure and representation theory of the algebra. People have spent their
lives studying C*-algebras. If you haven’t been moved to pity yet, your heart is
made of stone.

7.26. Theorem. The Riesz Representation Theorem. Let {0} # H be a
Hilbert space over K, and let o € H*. Then there exists a unique vector y € H so
that

o(x) =(z,y) for all xeH.
Moreover, || = [yl
Proof. Given a fixed y € H, let us denote by 3, the map 3,(z) = (z,y). Our goal
is to show that H* = {8, : y € H}. First note that if y € H, then Sy (kz1 + z2) =
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(kx1+x2,y) = k(x1,y) + (22,y) = kBy(x1) + By(x2), and so By is linear. Furthermore,
for each z € H, |By(x)| = {z,y)| < ||z[|y| by the Cauchy-Schwarz Inequality. Thus
|8yl < |ly|, and hence $, is continuous - i.e. 8, € H*.

It is not hard to verify that the map

O: H - H
y = By
is conjugate-linear (if K = C), otherwise it is linear (if K = R). From the first
paragraph, it is also contractive. But [©(y)](y) = By(v) = (y,y) = |y|?, so that
[©(y)] > |ly| for all y € H, and © is isometric as well. It immediately follows that
O is injective, and there remains only to prove that © is surjective.

Let ¢ € H*. If ¢ = 0, then ¢ = ©(0). Otherwise, let M = ker ¢, so that
codim M =1 = dim M*, since H/M ~ K ~ M*. Choose e e M* with || = 1.

Let P denote the orthogonal projection of H onto M, constructed as in Re-
mark 7.16. Then, as I — P is the orthogonal projection onto M*, and as {e} is an
orthonormal basis for M*, by Proposition 7.18, for all z € H, we have

x=Px+(I-P)x=Pz+(x,ee.
Thus for all x € H,
p(x) = o(Pz) + (z,e)p(e) = (z,0(e)e) = By(x),
where y := ¢(e)e. Hence ¢ = 3, and © is onto.
O

7.27. Remark. The fact that the map © defined in the proof the Riesz Rep-
resentation Theorem above induces an isometric, conjugate-linear automorphism of
‘H is worth remembering.
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Exercises for Section 7.

Exercise 7.1. Let H = (2, equipped with standard inner product. For n > 1, let
en = (On k) ey, Where 0,5 is the Kronecker delta function. Prove that {e,};2; is an
ONB for H.
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8. Fourier analysis - an introduction

The word “genius” isn’t applicable in football. A genius is a guy like
Norman Einstein.

Joe Theismann

8.1. One of the main achievements of linear algebra is that — in particular when
dealing with finite-dimensional vector spaces — one is able to reduce a great many
questions about abstract linear maps to very concrete and computation-friendly
questions about matrices. As we know, to each linear map 7T from an n-dimensional
vector space V over a field F to a m-dimensional vector space W over F we may
associate an mxn matrix [T'] € M, ,(F) as follows: we let By := {v1,v2,...,v,} and
By = {wi,ws,...,wy} be bases for V and W respectively. Given z € V, we may
express  as a linear combination of the elements of By, in a unique way, say

T = QU] + QU9 + - + QpUp,

where a; € IF, 1 <i <n. We write [x]g,, to denote the corresponding n-tuple (o )}_;.
Recall that the map
FV : V g F"
z ~ [z]B,,
is an isomorphism of V and F".

Similarly, every y € W corresponds to a unique m-tuple [ylg,, = (5;)7%; € F™,
so that y = Y7y Bjwj, and the map I'yy : W — F™ defined by I'w(y) = [y]s,, is an
isomorphism of vector spaces.

The matrix that we then associate to T' is [T] := [t;;], where, for 1 < j < n,
(tij)iy = [TvjlB,,. Obviously the matrix for 7" depends upon our choice of bases
By for V and By for W.

While T acts upon the elements of V, the matrix [T'] acts upon the coordinates
of vectors x € V, and returns the coordinates of the vector T'x; that is,

[T][z]B, = [Tz]s,,
where [z]p,, (resp. [Tx]g,,) represents the coordinates of z (resp. T'z) with respect
to the basis By for V (resp. Byy for W.)

In practice, finding the coordinates of a vector in a vector space V with re-
spect to a basis for a given vector space often reduces to solving a system of linear
equations. The situation is greatly simplified, however, if the vector space H is a
finite-dimensional Hilbert space over the field K, and the basis € := {e1,e3,...,¢e,}
in question is an orthonormal basis.

In this case, the coordinates of x € H are deduced from the formula

x=(x,e1)er +(x,ea)en + -+ (x,e,)en.

Thus, for T': H — H linear, the matrix of T' corresponding to the basis £ (for both
the domain and the codomain) is simply [T] = [t;;], where t;; = (T'e;,€;), 1 < i,j < n.
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8.2. When the vector spaces V and W above are infinite-dimensional, it is still
possible to associate to each linear map 7' : V — W a (generalized) matrix as above;
the problem now lies in the fact that the bases involved are obviously infinite, and
there is no need for them to be countable. For example, it can be shown that if
(%, -] is an infinite-dimensional Banach space, then any (Hamel) basis for X must
be uncountable. This greatly mitigates the usefulness of the (generalized) matrix
representation of linear maps from X to X.

Analysis, however, distinguishes itself from Algebra in its ubiquitous recourse to
approximation. We may ask whether or not we can find a suitable subset B of X,
preferably countable, such that every x € X can be approximated in norm by finite
linear combinations of elements of B.

In the case of separable Hilbert spaces, we have already seen that this is the
case. When H is an infinite-dimensional separable Hilbert space over K, we have
seen that H admits a countable, maximal orthonormal set £ = {e,}°; (which we
have dubbed an “orthonormal basis” for H — or a “Hilbert space basis” for H), such
that = € H implies that

) N
=Y (z,en)en = lim > (z,e,)en.
n=1 N=eop

While € is certainly linearly independent, it is never a Hamel basis (see Exercise 1).

8.3. In particular, we saw in Theorem 7.7 that if E € M(R), then Lo(E,C) is a
Hilbert space over C, when equipped with the inner product

(1109 = /13

and that Lo([-m, 7], C) is separable (see Corollary 6.38).
Let us now investigate a different, but closely related example. Consider the
space

Lo(T,C):={f:R— C: f is measurable, 2r-periodic, and f[ : |f? < oo}

We leave it as an exercise for the reader to prove that Lo(T,C) is a vector space
and that the function

ve: Lo(T,C) - R
1/2

oo (& S 1P)
defines a seminorm on Lo(T, C). Set N(T,C) := {f € L2(T,C) : v2(f) =0}. Arguing
as in Section 6.4, we see that [ f] = [¢] in Lo(T,C) := Lo(T,C)/N (T, C) if and only if
f=ga.e. onR, orequivalently f =g a.e. on [-7,7) (given that f, g are 2m-periodic
on R). By Proposition 6.3, we obtain a norm on Ly(T, C) by setting |[f]]2 = va(f),
[f] e Lo(T,C).

Furthermore, the function
{()r: La(T,C) x Ly(T,C) — C
([f1. 19D e %f[ﬂrm)fg



8. FOURIER ANALYSIS - AN INTRODUCTION 125

defines an inner product on Ly(T,C), and | - |2 is precisely the norm induced by
this inner product. A fortiori, Ly(T,C) is complete with respect to this norm, and
is therefore a Hilbert space. Finally, we leave it to the reader to verify that with
£a(0) =€, 0 eR, neZ, the set {[£,]}nez forms an ONB for Ly(T,C).

Given n € Z, we shall refer to the complex number ozglf] = ([f],[&])T as the

n'"-Fourier coefficient of [f] relative to the ONB ([£,])nez-
As we shall see in the Assignments, the map

U: Ly(T,C) » ¥5(Z,C)

1 = (@i
defines a unitary operator from the Hilbert space Lo(T,C) to ¢5(Z,C). In particular,
therefore, it is injective. Thus, if [ f],[g] € L2(T,C) and a1 = ol for all n e Z, then
f =g ae. on R. In other words, an element [f] € Lo(T,C) is entirely determined
by its Fourier coefficients. Moreover, given any sequence (S )nez € l2(Z,C), there

exists [f] € Lo(T,C) such that a1 = Bn, n € Z.
Let [f] € La(T,C). For each 1 < N €N, set

N
An([f]) = ;Nakf] [€0)-

We shall say that Ax([f]) is the N** partial sum of the Fourier series of [f]. It
follows from Theorem 7.22 that

[£]= lim An([f]).

where the convergence is relative to the | - [2-norm defined above.

This is an entirely satisfactory state of affairs, and demonstrates clearly just how
well-behaved Hilbert spaces are. Our next goal is to try to extend this theory to
the Li-setting. Here, we will quickly discover that things are far more complicated,
and for that reason perhaps also that much more interesting!

8.4. In trying to extend this theory beyond the Hilbert space setting, we shall
once again require some notations and definitions. We define:
o Trig(T,C) =span{&, :neZ} ={XN yan& a,eC,1<NeN};
C(T,C):={f:R - C: f is continuous and 27-periodic};
SMP(T,C) == {f :R - C: f|j_, r) is a simple function and f is 27-periodic};
STEP(T,C) == {f : R - C: f[_r r) is a step function and f is 27w-periodic};
for 1 <p< oo,

Ly(T,C):={f:R—C: f is measurable, 2m-periodic, and /{ : IfIP < oo}

and for p = oo,

Loo(T,C)={f:R— C: f is measurable, 2r-periodic, and essentially bounded}.

Observe that
Trig(T,C) < C(T,C) c L,(T,C), 1<p<oo.
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As was the case with p = 2 above, for each 1 < p < oo, the set £,(T,C) forms a
vector space over C, and the map

vp: Lpy(T,C) - R
f = (% f[fﬂ,w) ’f|p

defines a seminorm on £,(T,C).
Moreover, if p = oo, we repeat the arguments of Chapter 6. That is, for f €
Lo (T,C), we set

Voo (f) i=ess sup(f) :==inf{d > 0:m{f e [-m,7) : |f(0)| > §} = 0},
and verify that this defines a seminorm on L (T, C).
Appealing to Proposition 6.3, for each 1 < p < oo, we obtain a norm || - |,
on Ly(T,C) := L,(T,C)/Ny(T,C), where N,(T,C) := {f € L,(T,C) : v,,(f) = 0}.
Perhaps unsurprisingly, we find that [f] =[g] € L,(T,C) if and only if f = g a.e. on
R (equivalently f = g a.e. on [-m, m), because of 2m-periodicity). The details are
left to the reader (see the Exercises below).

It is also a simple but important exercise (which we again leave to the reader)
to verify that for f € C(T,C),

[Lf oo = 1f lsup := supf{[£(O)]: =7 <0 <7}

Note that the supremum on the right hand side of this equation exists as a finite
number since f € C(T,C) implies that f is continuous on R, and hence f is bounded
on [-m,m]2[-m, ).

)1/p

Given anyvfunction fi[-mm)—>C, der}ote by f: R - C its 27r—periodi53 exten-
sion, that is: f(0) = f(0), O € [-m,7), and f(6+27) = f(0), 6 € R. Clearly f always
exists and is uniquely defined by f.

8.5. Theorem. Let 1 <p<oo. The map
Ep : LP([_Waﬂ-)?(C) - Lp(’IF,C)
[f] > [f]

s an isometric isomorphism.
Proof. See the Exercises.

O

It follows that all of our favourite results from the previous Chapters hold in
L,(T,C); for example, Hélder’s Inequality holds in L,(T,C) and says that if 1 <p <
oo and ¢ is the Lebesgue conjugate of p, then for [f] € L,(T,C) and [g] € L,(T,C)
we have that [fg] € L1(T,C) and

ILrglly < LA lp 1Tgdlg-

A second result which carries over is that [SMP(T, C)] is dense in L,(T,C) (in
the || - [,-norm) for all 1 < p < co. Again, the explicit proof of this is left to the
exercises. Note that the fact that [STEP(T,C)] and [C(T,C)] are dense in L,(T, C)
for all 1 < p < oo is not an immediate consequence of Theorem 8.5, since, for example,
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a function f which lies in C(T,C) must satisfy f(-m) = limg_ f(0). Despite this,
[STEP(T,C)] and [C(T,C)] are dense in L,(T,C) for all such p, and this is also left
to the exercises. These facts will prove useful below.

Of course, this raises the question of why we even bother with L,(T,C), given
that it is isomorphic to L,([-m,7),C). This would be a good time for the reader to
consult the Appendix, even if this is not something the reader typically does.

8.6. Definition. For f e L1(T,C) and n € Z, we refer to

Foy=o- [ F&

as the n'"-Fourier coefficient of f. We also refer to

> fln) &

nez

as the Fourier series of f in L1(T,C).

8.7. Remark. Observe that if f,g € £1(T,C) and f =g a.e. on [-m,7), then
f(n)=g(n) for all neZ.
In other words, if we set n'"-Fourier coefficient of [f] € Li(T,C) to be
1:=F(n), nez,
then this is well-defined. We then define

> ailh [&]

nez

to be the Fourier series of [f].

The perspicacious reader (hopefully you) will have observed that at no point
have we said anything about convergence of the above series. Indeed, at this stage,
the series notation is strictly formal, and is meant only as a shorthand to represent

the sequence of partial sums (Zn_ N ozn [ﬁn]) . The remainder of the course is

devoted to examining in what sense the series (1 e. the sequence of partial sums)
above converges.

We also point out that we may extend the notion of a Fourier coefficient to
non-integer powers of e?. That is, for f ¢ L1(T,C) and r € R, we define

— 1 _
oy=5- | JE
where &.(6) = €™ for all § € R.
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8.8. In the case p = 2, we have more than once seen that (ag])nez € l5(Z,C).
While nothing so nice holds for [f] € L1(T,C), the situation is not altogether hope-
less.

First note that |{,(0)| =1 for all # € R and all r € R. As such, for f e £;(T,C),

we have

_ 1 _
o=z . T
1 _

<or J

1
-%A%ﬂm

vi(f)
LA

As before, if f,g € £1(T,C) and f = g a.e., then f(r) = g(r) for all r € R, and so
we may define ol := F(r), r e R. Tt trivially follows that sup,.g ]ag ]| <|[Lf]]1 for

all [f] € Li1(T,C), and more specifically (aLf])mZ € loo(Z,C). In fact, we can do
better.

8.9. Theorem. The Riemann-Lebesgue Lemma.
Let f € £L1(T,C). Then

lim f(r)=0= lim 7).
In particular,
(i) ez € co(Z,C).

Proof. The key to the proof of this result is to notice that it is really quite simple
to prove when f |[—7r,7r) is the characteristic function of an interval. But Lebesgue
integration is linear, and the span of these (27-periodic extensions of ) characteristic
functions of intervals is STEP(T,C). So the result will hold for this class as well.
Given this, one simply appeals to the density of [STEP(T,C)] in L;(T,C) to obtain
the full result. As a rule, life is not great, but some parts of it really are.

e Suppose first that fy is the characteristic function of an interval, say
Jo = X[s,1]>
where -7 < s <t <m. Let f:= fy denote the 2m-periodic extension of f

to R, so that f € STEP(T,C). Then, keeping in mind that every bounded,
Riemann-integrable function over a bounded interval is Lebesgue integral,
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and that the Lebesgue and Riemann integrals coincide (see Theorem 5.24),

= 1
O

1 .
:_/ e—er
27 J[s,t]
t

_ 1 e 0 dp
2w Js
1 —irg 0=t
i % —ir :|9=s

From this it easily follows that

7)<

= 2m|r| B wlr|’

2 1

whence
Jim f(r)=0= Tim_F(r).

o Next, suppose that f € STEP(T,C). Let fy := f|_r ), and write fy =
2%1 BrXH, as a disjoint representation, where each Hy, = [sg, t)] is a subin-
terval of [—-m, ).

The result is now a simple consequence of the argument above, com-
bined with the linearity of the Lebesgue integral, and is left to the reader.

e Finally, let [f] € Li1(T,C), € > 0 be arbitrary, and choose g € STEP(T, C)
such that ||[f]-[g]]1 < /2.

Then
— 1 _
foy=5- [ T&

1 — 1 —
N % ﬁ—w,w)(f - g)gr " % -/[—7r,7r) 9&r

- T=9(n) +30),

But as we have seen, |f - g(r)| <vi(f -g) = [[f - 9]l = [[f]- [9]l1 < /2
for all » € R. Since g € STEP(T,C), from the previous case, we see that

we may choose N > 0 such that |r| > N implies that [g(r)| < /2, and thus
7| > N implies that

FUNSHT5@N+@UN<§+g:a

This proves that lim, e f(r) = 0 = lim,—_e f(r), completing the proof
of the first statement of the Theorem. The second statement is an easy
consequence of the first, and is left to the reader.

O
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8.10. We began by recalling that [f] € Lo(T,C) if and only if (aq[zf])nez €
l5(Z,C). We then defined the Fourier coefficients of [f] € L1(T,C) in exactly the
same way as for elements of Ly(T,C), and we have succeeded in showing that

(k1,7 € co(Z,C).

So far, however, we have not shown that this is an “if and only if” statement, and
one reason for this is that it is not. We shall see by Chapter 12 that the map

A (Ly(T,C), [ [1) - (co(Z,C),[ o)
[f] g (aLf])neZ

is a continuous, injective linear map, but that it is not surjective. Indeed, linearity
is a simple result which is left to the exercises, while continuity of A is an easy
consequence of the estimate of Section 8.8. In analogy to the situation for Lo(T,C),
it is tempting to ask whether or not the range of A is ¢1(Z,C). In Chapter 12, we
shall discover that this is overly optimistic.

We are left with a number of questions. Let [f] e L1 (T,C).

(a) Does the Fourier series Y.,z Osz ] [£n] converge, and if so, in which sense?
Pointwise (a.e.)? Uniformly? In the Lj-norm?

(b) If the Fourier series does converge in some sense, does it converge back to
f?

(¢) Is [f] completely determined by its Fourier series? That is, if [f],[g] €
Li(T,C) and ol = al9 for all n € Z, is [f] = [¢]? (We know that this was
true for [f],[g] € L2(T,C).)

These are some of the questions we will consider in the following sections.
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Appendix to Section 8.

8.11. So where does the notation £1(T,C) come from, given that we are dealing
with 27-periodic functions on R? The issue lies in the fact that we are really inter-
ested in studying functions on T := {z € C: |z| = 1}, but that we have not yet defined
what we mean by a measure on that set. We are therefore identifying [-7, 7) with
T via the bijective function ¢(6) = e, Thus, an alternative approach to this would
be to say that a subset F ¢ T is measurable if and only if v ~1(E) ¢ [-m,7) is
Lebesgue measurable. In order to “normalise” the measure of T (i.e. to make its
measure equal to 1), we simply divide Lebesgue measure on [-7m, 1) by 2.

This still doesn’t quite explain why we are interested in 2m-periodic functions
on R, rather than just functions on [-m,7), though. Here is the “kicker”. The
unit circle T ¢ C has a very special property, namely, that it is a group. Given
0y € T, we can “rotate” a function f:T — C in the sense that we set g(#) = f(6-6p).
Observe that rotation along T corresponds to translation (modulo 27) of the interval
[-pi, ). The key is the irritating “modulo 27”7 problem. If we don’t use modular
arithmetic, and if a function g is only defined on [, 7), we can not “translate” it,
since the new function need no longer have as its domain: [-m,7). We get around
this by extending the domain of g to R and making g 2m-periodic. Then we may
translate g by any real number 75(g)(0) := g(6 — s), which has the effect that if we
set f(€9) = g(0), then g(A—s) = f(e?-e7**). That is, translation of g under addition
corresponds to rotation of f under multiplication.

The last thing that we need to know is that such translations of functions will
play a crucial role in our study of Fourier series of elements of L1 (T, C). Aside from
being a Banach space, Li(T,C) can be made into an algebra under convolution.
While our analysis will not take us as far as that particular result, we will still need
to delve into the theory of convolutions of continuous functions with functions in
L1(T,C). This will provide us with a way of understanding how and why various
series associated to the Fourier series of an element [f] € Li(T,C) converge or
diverge. Since convolutions are defined as averages under translation by the group
action, and since T is a group under multiplication and R is a group under addition,
our identification of (T,-) with ([-7,7),+) (using modular arithmetic) is not an
unreasonable way of doing things.

We have been speaking in vague generalities. The next four sections will hope-
fully add meaning to the above statements.
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Exercises for Section 8.

Exercise 8.1.
Let H be an infinite-dimensional Hilbert space over K, and let £ be an ONB for
H.
(a) Prove that & is linearly independent.
(b) Prove that & is not a Hamel basis for H.

Exercise 8.2.
Let 1 <p<oo. Prove that [f] =[g] in L,(T,C) if and only if f = g a.e. on R.

Exercise 8.3.

(a) Prove that the map

®: Lo([-m,7],C) — Lo([-m,m),C)
[f] e [f|[—7'r,7r):|

is an isomorphism of Hilbert spaces.
(b) Recall from Example[5.11] that if we set

1 0
n(0) = ——=e"", Oe[-m,7], neZ,
£(0) = =™, < [-,7]
then ([£,])nez is an ONB for Lo([-7,7],C). Let ¢n = §ul(r ), » € Z, and
prove that ([¢n])nez is an ONB for Lo([-7,7),C).

Exercise 8.4.
Let 1 < p < oo. Prove that the map

—_
—

=p ¢ LP([_Waﬂ-)?(C) - Lp(']I:,(C)
[f] - [f]

is a well-defined, isometric isomorphism of Banach spaces.

Exercise 8.5.
Let 1 <p < co.

(a) Prove that

) Smmp(T,C)] is dense in (L,(T,C), | - [,)-
(b) Prove that
)
)

STEP(T,C)] is dense in (L,(T,C),| - |,)-
C(T,C)] is dense in (L,y(T,C), | - |p)-
SIMP(T, C)] is dense in (Loo(T,C), | - | oo)-

(c) Prove that
(d) Prove that

e

Exercise 8.6.
Let feC(T,C). Prove that

[ oo = 1f lsup = sup{[f(0)] : 6 € [-m,m)}.
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Exercise 8.7. Prove that the map
A (LI(T7(C)7HH1) e (CO(Z7(C)7HH°°)
[£] S (2

is linear and continuous.

Exercise 8.8.
Let f e £1(T,C). Prove (or disprove) that the function
f: R > C
ro= % f[—ﬂ,w) f&r

is continuous on R.

133
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9. Convolution

Reporter: “Where do you go from here, Mike?”

“I don’t know, man, I mean, I might just fade into Bolivian.”
Mike Tyson

9.1. Recall that an algebra B is a vector space over a field F which also happens
to be a ring. A Banach algebra A is a Banach space over K which is simultane-
ously an algebra, and for which multiplication is jointly continuous by virtue of its
satisfying the inequality

[abl < a] [0
for all a,b € A.

For example, (C(X,K),| - |sup) is a Banach algebra for each locally compact,
Hausdorff topological space X, as is M, (K) ~ B(K™) (for each n > 1), when equipped
with the operator norm.

So far, we have seen that L1(T,C) is a Banach space, but we have not investi-
gated any multiplicative structure on it. One can equip L1 (T, C) with an operation
+ under which it becomes a Banach algebra. Indeed, given f,g e £L1(T,C), we set

9o 0)= o= [ a0 -s)dm(s)

and we refer to this as the convolution of g and f. One shows that [f1] = [f2] and
[91] = [g2] in L1(T,C) yields that g; ¢ f1 = g2 ¢ f2 almost everywhere, allowing one
to define

[g]* [f]=1Tg° []
for all [f],[g] € L1(T,C).

It is not entirely clear, a priori, that g o f(8) € C for any 6 € R, and it is
even less clear that g o f € £1(T,C). Nevertheless, it is true. The proof of this,
however, requires a bit more measure theory than we have developed so far. The
key ingredient we are missing is Fubini’s Theorem, which is stated in the Appendix
to this Chapter.

What is easier to prove, however, and what we shall prove is that we can turn
L1(T,C) (and consequently L;(T,C)) into a left module over C(T,C) using con-
volution. That is, given g € C(T,C) and f € £;(T,C), we shall set

5o 10)= 5= [ o) fO=)im(s),

and we shall prove that g o f € C(T,C) ¢ £1(T,C). Assuming this for the moment,
if f1 € L1(T,C) and f1 = f a.e. on R, then clearly go f(0) =g f1(0) for all € R,
whence g ¢ f = g ¢ f1, and this allows us to define

g*[f1=lgefl, [f1eLi(T,C).
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The advantage to convolving with continuous functions only is that we shall be
able to reformulate the convolution as a Li(T,C) Riemann integral (in the sense
of Chapter 1), and this will allow us gather more information about the continuity
properties of this operation, and ultimately about convergence properties of Fourier
series.

We invite the reader to consult the Appendix for more information on modules,
if necessary.

We begin with a Lemma.

9.2. Lemma. Let f € L1(T,C) and s € R be fized.

(a)
/[_M) f- /[) 2(f),

where 75(f)(0) = f(0 - s).
(b) If h(B) = £(~0), O € R, then

h= f .
‘/[‘—ﬂ',ﬂ') [-m,m) f

(c) Define ppg:R —C by pro(s)=f(0-5). Then ¢sge Li(T,C) and

vi(ege) = v1(f).
That s,

1 1
o J L O=9lam() = 5 [ (7(@)dm(o).

Proof. This is an Assignment question.
o

9.3. Definition. Let f € L1(T,C) and g € C(T,C). We define the convolution
of f by g to be the function

gof: R — C
0 — %f[_mﬂ)g(s)f(é’—s)dm(s).

The alert reader (hopefully you) will have observed that there is a problem with
this definition. For one thing - how do we know that g ¢ f(6) exists as a complex
number for each 6 € R? Let us resolve this issue immediately.

Fix 6 e R. Then

lgo f(0)] = % ‘f[_ﬂ » 9(s)f(0 - s)dm(s)
< on S 9o r0(5)ldm(s)

< lgllsup v1(216)

= Hg”Sup Vl(f) < 0.

Thus g ¢ f is indeed a complex-valued function.



136 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

The following extremely useful computation will be used repeated below.
9.4. Lemma. Let f € £L1(T,C), g€ Lo(T,C). If 0 € R, then
S 95O =s)dm(s) = [ g(0=0)1(0)dm(1)

In particular, this holds if f € L1(T,C) and g € C(T,C).

Proof. This is an Assignment question.

9.5. Remark. In light of Lemma 9.4, for f € £1(T,C) and g € C(T,C), we shall
define the convolution of g by f to be

Foa®)= 5= [ al0=0f(tam(r).

In so doing, we have guaranteed that f o g(8) = g f(6) for all 6 € R, and so
henceforth we shall simply refer to this function as the convolution of f and g.

9.6. Proposition. Let g € C(T,C) and f € L1(T,C). Then g< f €C(T,C).
Proof. Note that since g is continuous on R and 2mw-periodic, it is in fact uniformly
continuous on R. (See the exercises below.)

Let £ > 0 and choose ¢ > 0 such that |z — y| < 0 implies that |g(z) - g(y)| < e.

Let 0,6 € R and suppose that | — 6p| < 6. Then, by noting that

lg(0 —s)—g(By—s)| <e for all seRR,

and by applying Lemma 9.4 above, we get:
1

90 £ =g 100 = 5=| [ o) (H0=3)= (8 =9)) dm(s)
1

= 5o | 0= - a0 - ) (s dm(s)
1

) 19(6 = 5) = g(6o = s)I|f (s)] dm(s)

< —
21 J[-nm
1

<5r o W@ ldm(s)

= Vl(f) g.

From this it clearly follows that g ¢ f is (uniformly) continuous.
The fact that g ¢ f is 2w-periodic is clear from the 27-periodicity of both g and

f
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9.7. Remark. Suppose that g € C(T,C), fi1, fo € L1(T,C) and that [f1] =[f2] €
Li(T,C); i.e. that fi = fo a.e. on R. Then, since ¢49f1 = @g9f2 a.e. on R (where
g0 is defined as in Lemma 9.2(c) above), we find that for each 0 € R,

go f1(0) = f10g(0)

=5 J o= DA
“ 5 J 0= ()
= f209(0)
=g f2(0).

This allows us to extend our notion of convolution as follows:

9.8. Definition. Given g € C(T) and [f] € L1(T), we define the convolution
of g and [f] to be

g=[fl=1[gof],
where g o f € L1(T,C) is the convolution of Definition 9.3.

We also define the convolution operator with kernel g to be the map:
Cy: Li(T,C) — Li(T,C)
/1 = gx[f]
Observe that if [ f1] and [f2] € L1(T,C), and if k € C, then

Co(kLf1]+[f2]) =g * [Kf1+ f2]
“o J IO =)+ fa(0 =) dm(s)

1 1
i [ g0 -s)dm(s) 5 [ g()f2(0 - s)dm(s)
21 J[-n,m) 21 J[-n,7)
= kg * [fi] + g [f2]
= kCy([f1]) + Cy([f2]),
proving that C, is a linear map on L{(T,C). Given that C, is a linear map and
(L1(T,C),| - 1) is a Banach space, it is of interest to determine whether or not C,

is bounded, and if so, then what is its norm? As we shall see - the answer to this
question will be intimately related to the question of convergence of Fourier series
of elements of L;(T,C).

A direct computation of the norm of Cj as defined above is rather difficult, using
the tools currently at our disposition. Our strategy, therefore, is to reformulate C
as a vector-valued Riemann integral on L;(T,C), as developed in Chapter 1. In
fact, we shall be able to extend this notion of convolution beyond the Banach space
L1(T,C). For this, we shall need the concept of a homogeneous Banach space, which
we now define.
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9.9. Homogeneous Banach spaces. Let f € £1(T,C), and let s € R. Con-

sider the function
() R - C
0 — f(O-s).

One should think of 77 as translating f by s. The superscript o above the 7, is to
indicate that we are acting on functions. When acting on elements of Lq(T,C), we
shall drop this superscript.

As we shall see in the Assignments, the fact that 9T(R) is invariant under transla-
tion, that Lebesgue measure is translation-invariant, and that the set of 27-periodic
functions is again invariant under translation implies that

75 (f) € L1(T,C)

as well. Furthermore, if [f] = [g] € L1(T,C), then [7S(f)] = [75(g)], as is easily
verified. Thus we define the operation of translation by s on Li(T,C) via

ms([f1) = [75 ()]

9.10. Definition. A homogeneous Banach space over T is a linear man-
ifold B in L1(T) equipped with a norm | - | with respect to which (B, || - ||s) is a
Banach space, and satisfying

(@) |[f1l < [[f]lss for all [f]eB.
(b) [Trig(T)] < B;
(¢) B is invariant under translation; that is, for all [f] € B and s € R,

T[] =[5 ()] € B;

(d) for all [f]€®B and s eR, |7s[f]|s = |[f]|s ; and
(e) for each [f]€*B, the map

s = 7s([f])

18 continuous.

The idea that a linear manifold 9t of a Banach space X might not be closed in
the ambient norm, but that (9, |- [or) might be complete in its own norm and hence
a Banach space might seem a bit strange at first. Come to think of it, however, we
have already seen this multiple times! Note that each of the spaces L,(T,C) is
dense in L1(T,C), 1 < p < oo, and that each is complete using the corresponding
|1, norm.

9.11. Example. Recall that [C(T,C)] € Lo (T,C) is a subset of Li(T,C) and
that it is clearly a linear manifold. Furthermore, for f € C(T,C), it follows from
Example 6.19 (b) (see also Exercise 6.11) that

[ loo = 1 lsup = sup{[f(0)] : 0 € [-m,m)},

and that ([C(T,C)],| - |«) is a Banach space. We claim that it is in fact a homo-
geneous Banach space over T.
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(a) Let feC(T,C). Then

1 1
I =5 f 1S5 f Wl = 1l = 1

(b) Since, for each n € Z, &, € C(T,C), and since the latter is a linear manifold,
we have that [Trig(T,C)] c [C(T,C)].
(¢) If f € C(T,C) and s € R, then clearly 7(f) € C(T,C), so that 74[f] €
[C(T,C)]. It follows that [C(T,C)] is translation-invariant.
(d) Given feC(T,C) and s€R,
[7s[F oo = 1175 (F)] o
= 175 () lsup
=sup{|f(0-s)[: 0 R}
= sup{|f(0)]: 0 e R}
= |fllsup
= [T/ eo-

(e) Let [f] € [C(T,C)], and assume without loss of generality that f € C(T,C).
Then f : R — C is continuous and 2x-periodic. From this we easily conclude
that f is uniformly continuous on R. Let € > 0, and choose é > 0 such that
z,y € R and |z —y| <0 implies that |f(z) - f(y)| < 5.

Let sp € R be fixed. If |s — so| < J, then

[Wir1(s) = ¥p1(50) oo = T[] = T[]l oo

=75 (f) = 75, (F)lsup
= sup |f(0-s)-f(0-s0)

Oc[-m,m)

A A
M ol m

since [(0 —s) = (0 —so)| = |s— so| < ¢ for all § € [-m, 7).

Thus \I/[ #] s continuous at . But sg € R was arbitrarily chosen, so \Il[ 7]
is continuous on R. Since [f] € [C(T,C)] was also arbitrary, this completes
the proof of the fact that ([C(T,C),| | «) is a homogeneous Banach space
over T.

9.12. Example. Let 1 <p < co. We claim that (L,(T,C),|| - [,) is a homoge-
neous Banach space over T.

(a) Let f e £,(T,C) and let ¢ denote the Lebesgue conjugate of p; i.e. % + % = 1.

Recall from Proposition 4.10 that there exists a measurable function

u: R — T such that f = wu-|f|. Note that u e L,(T,C); indeed, the fact

that f is 2m-periodic implies that w is, and u has already been seen to be
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measurable. Moreover,

1 . 1/q 1 . 1/q 1
H[U]”q - (% ][-_ﬂ.’ﬂ.) |u| ) - (% ‘/[‘—71',71') ) o

Of course, |[@]]q = |[u]|q =1 as well. By Hélder’s Inequality,

V=5 a1 1l < 1

(b) Observe that [Trig(T,C)] c [C(T,C)] c L,(T,C) < Li(T,C).
(c) and (d) Let [f] € L,(T,C) and s € R. As noted in Section 9.9, 74[f] €
Li(T,C), and in particular 77 (f) is measurable.
Moreover, using Lemma 9.2:

W= (s [ 150 9pam(s)
(L [ woran@)”
= 11l < oo

In particular, 7[ f] € L,(T,C).
(e) Let [f] € L,(T,C) and sp € R. Fix ¢ > 0. Since [C(T,C)] is dense in
(Lp(T,C),| - |p), we can find h € C(T,C) such that

£

171 - (Al < 5.

By Example 9.11, the map s — 74[h] is continuous with respect to the
| - [|loo-norm on [C(T,C)]. Thus we may choose ¢ > 0 such that |s —so| <
implies that

€

”TS[h] — Ts [h] Hoo < 5

By the triangle inequality,

|75 (] = 7so [ o < sl 1 = 7s[R]llp + [ 7s[h] = 7o [ Illp + 750 L] = 7o [ ] lp-

Let us estimate each of the terms on the right-hand side of this inequality.
Now (since translation is isometric on L,(T,C) from above)

€

I7sLf1 = 7slh]llp = 7L = Rlp = [LF = R1lp = L1 = [A]lp < 5

and similarly,
€

750 Lf1 = Tso [y < 5
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Moreover,

o i)

Substituting these estimates into the inequality above shows that for

|s — so| <4,
€ € ¢
ol 71Tl fllp < S + S+ 5 =<,
and thus translation is continuous on (L,(T,C), |- |p)-
Hence (L,(T,C),| - |,) is a homogeneous Banach space over T when 1 < p < oo.

9.13. Example. When p = oo, the situation is rather different. We shall now
prove that (Le (T, C),| - |c) is not a homogeneous Banach space over T.
We leave it to the exercises for the reader to show that

(a) ([Tl < [[f oo for all [f] € Loo(T, C).
(b) [Trig(T,C)] € Lo (T, C);
(c) for all [f] € Loo(T,C) and s € R,
Ts[f] € Loo(T,C); and
(d) for all [f] € Loo(T,C) and s € R,

I7sLf Moo = 11Tl

The failure of L (T,C) to be a homogeneous Banach space over T comes down to
the fact that translation is not continuous in Lo (T, C).

To see this, consider the function fy := x[o.x) € Loo([-7, 7)), and let f = fo €
Lo (T, C) be its 2m-periodic extension, as defined in Section 8.4.

If -7 <s<0, then 75(f)(0) —75(f)(0) =1-0=1 for all 6 € (s,0), and thus

I7sLf1=70[f]]e0 > 1.

(It is in fact equal to 1.) In particular,
tm [ L] - 70l Yew =1 0= 0L £] - L]l

and so the map s~ 75[ f] is not continuous at 0.
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9.14. Let g € C(T,C) and [f] € L1(T,C). We have defined (see Definition 9.8)
the convolution of g and [f] to be g * [f]:=[g ¢ f], where

9o 1) = 5= [ 005 dm(s).

That is, we define g [ f] by first defining g< f pointwise, using Lebesgue integration.
Now consider that Example 9.12 shows that (L;(T,C),|| - |:) is a homogeneous
Banach space over T. As such, the function
g: R - Ly(T,C)
s = g(s)m[f]
is continuous. By Theorem 1.14,
1 w 1 w
o [ By ds= - [ g()nls] ds
™ J-7 21 J-x
exists in L;(T,C), and is obtained as an | - |;-limit of Riemann sums (3, Py, Py) €
Ly(T,C) using partitions Py of [-2m,27] with corresponding choices Py of test
values for Py.
If we fix g € C(T,C), then we obtain a map

Fg : Ll(T,(C) - L1(T,(C)
(1 = 5 Joa()nlf] ds.
We leave it to the reader to verify that I'y is linear.
The reader may have noticed that there is a striking resemblance between the

operators Cy and T'y. After all, 75[ f] = [75(f)], where 75(f)(0) = f(6 —s), 0 € R.
Our next goal is to show that in fact, I'; = Cy, so that for each [f] e Li(T,C),

1 ™
Colf1=9+[f1=lgef1= 5= [ 9()mlf] ds =T,[/]
This is not an obvious nor a trivial result: the two constructions are entirely different.
Quite frankly, some of us — and you know who you are — don’t deserve this.

9.15. In Example 9.11, we showed that ([C(T,C)], || ) is a homogeneous Ba-
nach space over T. It follows that given f € C(T,C), the map s — 74[ f] is continuous,
or equivalently, the map s~ 77 (f) is continuous from (R,|-|) to (C(T,C), | - |sup)-

Before presenting our general result, we shall need a crucial Lemma.

9.16. Lemma. Let f,g¢€ (C(T), | |lsup). Let

) =5 [ o)) ds,

taken as a Banach space Riemann integral in (C(T), |-|sup) in the sense of Chapter 1.
Then
1

Lo(f)(0)=go f(0) = o f[_mﬂ) g(8)f(6—-s) dm(s) for all 0 €R.

Proof. Perhaps the most difficult part of this proof is to first ensure that we
understand the difference between I'y (f) and go f. On the one hand, (C(T), [-[sup) is
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a Banach space and the map §: R — C(T, C) defined by 5(s) := g(s)7s(f) € C(T,C)
is continuous. By Theorem 1.14, I'y(f) € C(T,C) exists as a | - [sup-limit of Riemann
sums S(B, Py, Py) € (C(T,C), | - [|sup)- In fact, as we saw there, we may suppose
without loss of generality that for each N > 1, Py € P([-m,7]) is a regular partition

. . ™ * *
of [-m, 7] into 2V subintervals of equal length N and Py = Py~ {-7}, so that P,

is a set of test values for Py.

Meanwhile, go f is the convolution of g and f defined pointwise through Lebesgue
integration, as in Definition 9.3.

Let us temporarily fix p € R and define a function y(=g,) : R - K via:

v(s)=9g(s)f(6p-s), seR.

In the present case where g and f are both continuous, the map ~ is easily seen to
also be continuous, and thus both bounded and Riemann integrable on [-7, 7). By
Theorem 5.24 therefore,

9o )= o [ 0()f(ba=s) dm(s)

- 7 dm(s)

:%[:7(3) ds
== [T o) $ (00 5) ds,

where the last two integrals are Riemann integrals.
Since (C,|-|) is a Banach space, the argument of Theorem 1.14 also shows that
with Py and Py defined as above (alternatively, from first-year Calculus),

1 ™
9o 1(00) = 5= [ "a(s) ds
:J\lfim 5(77PN5P]){[)

Finally,

ITg(f) =SB, P, Py) lsup 2 [T () (60) = S(B, P, Px) (6o)|

2N
= [Tg(f)(6o) - Z:l(ﬁ(pn))(%)(pn = Pn-1)]

oN
= [Tg(f)(6o) - Z_:l(g(pn))fwo = Pn)(Pn = Pn-1)|



144 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

2N
=[Lg(£)(0o) - 2_:17(pn)(pn = Pn-1)|

=T (f)(00) = S(v, Pn, Pn)I-

But limy e [Ty (f) = S(8, Pn, Py)|sup = 0, so
0= Jim T5(F)(60) - SCr. Pr, Pl

That is,
Ly(f)(00) = im S(v, Py, Py) =g f(6o).

Since 0y € R was arbitrary, I'y(f) =g f.

O
9.17. Theorem. Let g € C(T,C) and [f] € L1(T,C). Let
1 ™
Lylf1= 5 [ g(omlf] ds,
T J-m
where the integral is a Banach space Riemann integral in (L1(T,C),| - |1) in the

sense of Chapter 1. Then

Lolf1=gx[f1=1g° f1=Cylf].
Proof. Since [C(T,C)] is | - |i-dense in Li(T,C), we can find a sequence (fm)re_q
in C(T,C) such that
T (] - (1)1 =0.

For each m > 1, define

Fg[fm] = % [:g(S)Ts[fm] ds

as a Riemann integral in (L1(T,C), |- |1) in the sense of Chapter 1.
Because f,, € C(T,C) for each m > 1, we have that the map s — g(s)75(f) is
continuous, and thus the integral

T0m) =5 [ 9(s)7E(fm) ds,

converges in (C(T,C),| - |sup) by Lemma 9.16. Equivalently, the Banach space
Riemann integral

50 = 5= [ omli] ds
converges in ([C(T,C)], |- o). But ||[[~]]1 < [[~]]|c for all A e C(T,C), and thus
[Cg(fm)] =Tyl fm];

as the integral also converges (to the same element) in (L1(T,C),| - |l1). (More
details may be found in the Appendix — Remark 9.39.)
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STEP ONE.
First we shall show that I'y[ f,,] = g * [ fm] for all m > 1.

By Lemma 9.16, 'y (fin) = g © f for all m > 1. Thus
Fg[fm]:[F;(fm)]:[gofm]:g*[fm], m > 1.

STEP Two.
Next we show that g * [ f] = limyy—00 g * [ ] in (L1(T,C), | - [1).

Now, for all m > 1 and all 0 € R,
lg o (f = fm)(O)] < veo(g) vi(f = fim) = lgllsup [1[F]=[fm]l1,

as we saw in the paragraph following Definition 9.3. Thus for all m > 1,

Iy (1= g% mlls = lg *[f = fn]ls
- % 90 (= £a)(@)lam(©)
<o o Vol 171 udladm(®)

= llgllsup H[ ] [fm]l1,
from which it easily follows that
g*[f]=lim g+ [fn] in (Li(T,C),[-[1).

STEP THREE.
We now show that T'y[ f] = limy, o L[ frr] in (L1 (T, C), |- [1).
Indeed,

I - Tyltndls = | 5 [T 9m(r = ful) s
< i[”|g<s>| 7l = FuDls ds

<loleuw 5= [ 1L1- L]l

= lgllsup 051~ [fm]H1-
As before, it easily follows that

Fg[f]zwlliggorg[fm] in (Ll(T7C)7”'H1)‘

STEP FOUR.
Finally (!) we see that in (L1(T,C),||-|1) we have that

Fg[f] = %E%org[fm] = Wllllgog * [fm] =g* [f] = Cg[f]

145
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Viewing I'y as a map from L (T, C) into itself, we have shown that I'y = Cy; in
other words, the two notions of “convolution” agree. But in fact, when g € C(T,C),
we may define

F;]B 2 B - B
[f] = 5=/ a(s)ms[f] ds

as a map on any homogeneous Banach space B over T. Also, Cy[f] =[g o f] € B,
Let us now show that it always agrees with convolution.

9.18. Theorem. Let (B, |-|s) be a homogeneous Banach space over T, [f] € B,
and let g€ C(T,C). Then

1 ™
U= o [ e()nirds
converges in ‘B.

(a) Furthermore

T2(f1=g*[f1=1[g° f1=Cylf],

where — as always — for all 0 € R,
1
go @) =5 [ g(s)f(0-5)dm(s).
T J[-m,m)

(b) Moreover,
lg* [f1ls < vi(9) L]
Proof.
(a) Since (B, - |x) is a Banach space, and since — for fixed [f] € B — the

function f: R — B defined by 3(s) = g(s)7s[f] is continuous, we see from
Theorem 1.14 that

B 1 Q 1 Q
PR =5 [ By ds= o [ g(s)mlf]ds
2 J-=n 27 J-=
exists in B (i.e. the Riemann sums corresponding to the integral converge

in B).

As always, using the arguments of Theorem 1.14, we see that if we set
Py to be a regular partition of [-7, 7] into 2V subintervals of equal length,
and if Py = Py \ {7} is a corresponding set of test values for Py, then

dim |TP[f] - S(8. Pr, PR = 0.

But ||[[2]]|1 < ||[[#]|s for all [h] € B, as B is a homogeneous Banach space
over T. Thus

lim IT2[f]-S(B, Pn, Pi)|1 = 0.
In other words,

2071= 5 [ e)nlslds in (L(T.C)[- ).

27 J-=n
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B _ Ll(T,C)
Phrased another way, I';’[f] =Ty [f]. By Theorem 9.17,

TP[f] =T O[] = g« [£] = CyLf):

(b) Recall that — in any homogeneous Banach space over T — we defined the
continuous map @4 : R - B via ¥ry(s) = 7[f], and we have that

IWrs1(s) s = [[f]]ss for all s € R.
Next, consider that

lo+ (£l = 5= | [T aomls1 as]
By
< o [Tlot) 1 (5) s ds

= o [ TlgLA s ds
- 1L (o).

9.19. Remark. The conclusion of Theorem 9.18 (a) is actually somewhat
stronger than it might at first appear. We showed in Proposition 9.6 that if g €
C(T,C) and f € £L1(T,C), then go f € C(T,C), and thus g+ [f]:=[go f] € [C(T,C)].
So why should it lie in 87 After all, there is no reason why 8B should contain all con-
tinuous functions (despite the fact that it contains all trigonometric polynomials).
What we have just shown is that g [f] € B even if B doesn’t contain [C(T,C)]. In
other words, convolution (at least by a continuous function) places us in the smaller
space B (when we start in the smaller space).

It can in fact be shown that if [g] € L1(T,C), [f] € B < L1(T,C), and if [g] * [ f]
is defined as in Section 9.1, then [g] * [f] € B, but that is beyond the scope of the
course.

9.20. Theorem. Let g € C(T,C), and let
Cy: ([C(T,O)], [ o) = (IC(T, C), | - o)
be the convolution operator corresponding to g, so that Cg[h] = g=*[h]. Then |C,]| =

vi(g) = ll9]l-
Proof. By Theorem 9.18 (b), we see that for all [f] e ([C(T,C)], | o),

1Colf oo = g * [F1lloo < v1(9) [1F]]le0,

whence |Cy|| < v1(g). There remains to show that |Cy| > v1(g).
Let feC(T,C), with |[[f]|e < 1. Then g [f] € [C(T,C)], so

1CoLF oo = llg * [F1lloo = |g © fllsup 2 1g > F(O)].
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Next, using the fact that the Lebesgue and Riemann integrals of bounded, continu-
ous functions are equal, we find that

9o 1) = 5= [ a(s)1(0=s)dm(s)
= [T f(-s)as.

CASE ONE. Suppose that g is invertible; i.e. g(s) # 0 for all s € R. Choose

[ I CO R

lg(=s)I’
so that f is continuous and ||[f]]e = | f]sup = 1
Furthermore,
1Coll > [Cg[f oo
> |Gy (f)(0)]

- | [T o rsas

= [ Tlgts)ds
-~ g1l

Case Two. We shall make use of the following result, which was once a bonus
question for the Assignments, but has now been relegated to the Appendix (see
Theorem 9.40): let g € C(T,C) and € > 0. Then there exists h € C(T,C) such that
h(s) #0 for all s e R and |[h - gsup < €.

From this it immediately follows that

ILgdll = [TRIIl < [Tg] = [RIl1 < [[g] = [P]lleo <&
But then
ICy = Cul = Cy-nl < |[g = h]|1 <e.
By Casg ONE, |Cy| = [[R]]1, whence
1Cqll 2 [Crll = Cyg-nl 2 |[A1l1 — & > [[[g]ll1 - 2e.

Since € > 0 was arbitrary,
IColl = g1l

completing the proof.
O

We now establish a similar result for convolution by a continuous function g
acting on L (T,C).
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9.21. Theorem. Let g € C(T,C), and let Cy : L1(T,C) - Li(T,C) be the
convolution operator corresponding to g, so that Cy[f] = g * [f]. Then |Cy| =

vi(9) = [lg]l-
Proof. By Theorem 9.18 (b), we see that for all [f] e L;(T,C),

1Co LA = lg > [F1llh <01 (g) LA

whence |Cy|| <v1(g).

There remains to show that |Cy| > v1(g), or equivalently, that |Cy| > [[g]]1-
To that end, we consider the functions fy, = nTX[_1/n,1/n], 7 2 1.

Clearly [fn] € L1(T,C) and ||[fn]|1 =1 for all n.

Moreover, for all § € [-7, ), and hence for all § € R, we have (using Lemma 9.2)

(90100 = 5= [ 000 = 5)dm(s)
“ 5 J 0= dm(n)
= %(nﬂ') ‘/[_1/1% 1/n] g(9 - t)dm(t)

n
= — 0 —t)dm(t).
2[[71/%1/”]9( Ydm(t)

9O =5 [ 1y 900 dm(D)

since g(#) acts as a constant in this integral.
Thus

Note also that

9o £u0) 9@ =[5 [ a(0-1)-0(6) dm(®)

] lg(0 = 1) = g(0)|dm(t)

/

n
S —
2 J[-1/n,1/n
Let € > 0 and choose 1 < N € N such that |z —y| < & implies that |g(z) - g(y)| < e.
This is possible because ¢ is uniformly continuous on R (by virtue of being continuous
on [-m,m) and 27-periodic).
Forn>N, te[-1 %] implies that |(0-t) - 0| < % <d,and so [g(6-t)-g(0)|<e.

n’

But then for all n > N and for all 6 € R,

n
o fn(0)—g(0) < = e dm(t) =¢.
90 5u®)=9@)l <5 [ e dmlt)

Hence

ngo fu=a)= 5= [ lae .(0)=g(0)] dm(o)

1
<o f[ e dm(®)

=E.
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From this it follows that in Lq(T,C),
lim Cy([fn]) =[],

n—oo

and so
Tim | Co([faDl1 = [[g]l1-
But |[fn]]1 =1 for all n > 1, and thus

Iyl 2 sup 1y L) = Ll

completing the proof.
|

In the next couple of chapters, we shall explore the connection between convo-
lution operators and convergence of Fourier series.
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Appendix to Section 9.

9.22. As mentioned at the start of the Chapter, an algebra A over a field F is
a vector space over [F which is also a ring. In other words, as well as being a vector
space, the algebra A must also admit a multiplication, denoted by -, which satisfies
the following properties:

(i) (a-b)-c=a-(b-c) for all a,b,c e A;
(ii)) a- (b+c)=a-b+a-cfor all a,b,ce A; and
(iii) (a+b)-c=a-c+b-cfor all a,b,ceA.

It often transpires that we simply write ab instead of a - b for the product in an
algebra. We shall do so in the examples below.

If there is an element e € A such that e-a =a =a-e for all a € A, then we say that
A is a unital algebra, and that e is the multiplicative identity for A. There is
a simple construction which allows us to embed any algebra A into a unital algebra
B, however in practice this construction is not always natural. In fact, it is precisely
in the case that interests us, namely in the case where A = L1(T,C) equipped with
convolution as the “multiplication” that the construction leads to an identity which
operates as a point mass at zero - and there is no natural way of thinking of this as
a nice “function” on R.

We are not deterred by the lack of a multiplicative identity in our algebras.
Below we shall discuss what is often a suitable and perfectly acceptable alternative.

9.23. Example. Since the notion of an algebra is an algebraic one (a most
reasonable state of affairs), it seems only fair to begin with an example which will
warm the cockles of every algebraist’s heart:

Let F be a field. We define

Flx] = {po +p1x+p2x2+---+pnx":pjeF,lSjén,nzl}.

Then F[x] is the set of all polynomials with coefficients in F in an indeterminate x;
using the usual operations governing addition, scalar multiplication, and multipli-
cation of polynomials, F[z] becomes an algebra over F.

9.24. Example. Let n > 1 be an integer. Then A := M, (C) is a unital
algebra over C, using the usual notions of matrix multiplication, scalar multi-

plication, and addition. The identity under multiplication is the identity matriz
I, =diag(1,1,1,...,1).

9.25. Example. Let X be a Banach space, and set A = B(X). Then A is a
unital algebra, where the multiplication in B(X) refers to the composition of linear
maps. That is, (AB)x = A(Bz) for all z € X, A, B € A.

The multiplicative identity in this case is again the identity map Iz =z, = € X.
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9.26. Example. Consider A := /(N,C). Clearly A is a vector space. We may
define a product on A by setting

(@n)n - (Yn)n = (TnYn)n-

Using this product, A is a unital algebra. The space B := ¢o(N,C) is a subalgebra
of A. That is, it is a subset of A and is an algebra using the operations inherited
from A.

9.27. Closely related to the notion of an algebra is the notion of a module.
In its most general incarnation, a (left) module is an abelian group which admits a
left-action by a ring. We are only interested in a special case of this phenomenon,
and so we shall only define the concept of a module in the setting of interest to us.
For more information about modules in general, we refer the reader to [1] (just one
amongst a cornucopia of books that deal with the subject).

9.28. Definition. Let M be a vector space over K, and let A be an algebra over
K. We say that M is a left-A module if there exists an operation o: Ax M - M
which satisfies:
(i) (a+b)om=aom+bom for all a,be A, me M;
(i) ao(m+n)=aom+aon for allae A, m,ne M; and
(iii) (ab)om=ao (bom) for all a,be A and m e M.
If A is unital, we also ask that 1 om =m for all m e M.
As the reader might imagine, if B is an algebra, there exists also the concept of M
being a right-B module. We leave the definition to the reader’s vivid imagination.
Finally, M is said to be a A—B bimodule if it is a left-A module and a right-13
module. If A =B, we refer to M simply as an A bimodule.

9.29. Example. Let A = M3(C) and B = M7(C). Then M := M3,7(C) becomes
an A — B bimodule, using usual matrix multiplication on the left by elements of A,
and usual matrix multiplication on the right by elements of B.

9.30. Example.

(a) Let A=/¢s(N,C) and M = ¢o(N,C). Then M is a A bimodule, where we
define (an)n - (Mn)n = (anmp)n = (Mp)n - (an)y for all a = (ap), € A and
(M )n € M.

(b) We can also set M = £ (N,C) and A = ¢y(N, C). Using the same operations
as above, o (N, C) becomes a c(N, C) bimodule.

9.31. Our approach to convolution has been to show that L;(T,C) is a bimodule
over C(T,C), using convolution * as our “multiplication” operation. It is relatively
straightforward to prove that conditions (i) and (ii) of Definition 9.34 hold. What is
left obvious (and what is left as an assignment exercise) is that condition (iii) holds
as well.

For this, it is worth observing that given g,h € C(T,C) and f € L1(T,C), ho f €
C(T,C), and thus g ¢ (h o f) may be realised as a Riemann integral, instead of
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a Lebesgue integral. This is crucial in letting us circumvent the use of Fubini’s
Theorem, which is the raison-d’étre of our approach.

9.32. Definition. We say that a Banach space (A, | -||) is a Banach algebra
if it is also an algebra, and if

lab|| < |a| 0] for all a,be A.

The norm condition for the product of a and b above ensures that multiplication
is jointly continuous; i.e. the map

w: AxA - A
(a,b) +— ab

is continuous.

Some of the above examples of algebras are actually examples of Banach alge-
bras.

9.33. Example. If X is a Banach space, then (B(X), | -|) is a Banach algebra,
as

|AB]

sup |ABz|

zeX,|z|<1

sup | A | Bz|

zeX,|z) <1

sup Al [ B]

zeX,||z) <1

[Al 1B

IN

IN

9.34. We leave it as an exercise for the reader to prove that (C(K,C), |-[sup) is a
unital Banach algebra, whenever K is a compact, Hausdorff space. Here, functions
are added and multiplied pointwise, and (kf)(z) = k(f(x)) for all Kk € C, f «
C(K,C).

9.35. As mentioned above, one can extend the notion of convolution to obtain
a product operation on L (T, C), under which the latter becomes a Banach algebra.
Alas, this algebra is non-unital: that is, it does not admit an identity element under
this operation.

In the study of Banach algebras, and more specifically of C*-algebras of oper-
ators on a Hilbert space, one often comes across the situation where the algebra
is non-unital, but does admit the “next best thing” to a unit, namely a bounded
approximate unit.
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9.36. Definition. Let (A, |-||) be a Banach algebra. An approximate unit
for A is a net (€x)xen in A such that

liin lexa—al + |aeyx—a] =0

for all a e A.
We say that (ex)aep is a bounded approximate unit if there exists M > 0
such that |ex| < M for all X € A.

Typically, when the algebra in question is separable (i.e. 4 admits a countable
dense set), the approximate unit may be chosen to be a sequence, rather than a net.

We shall come across examples of these in Chapter 11, hidden under the guise
of summability kernels.

9.37. Example. Let
A=co(N,C) ={(wp)prq :wp €eC for all n>1 and lim w, =0}.

Then A is a Banach space using pointwise operations, and we can also give
it a multiplication operation in a similar way: that is, we set (wp)o; - (2n)oe; =
(wn2n)eey. It is routine to verify that (A, | -|le) is a Banach algebra.

It is clearly non-unital. However, if we set e, = (1,1,...,1,0,0,0,...) for each
n > 1 (where there are n terms which are equal to 1 and all remaining terms are
equal to 0), then (ey, ), is easily seen to be a bounded approximate identity for A.

9.38. There are also discrete versions of convolution; let g € £o(Z,C) and f €
01(Z,C). We may define the discrete convolution of g and f as follows:

g% f(n) = i g(m)f(n-m) = i g(n—m) f(m).

For those who are interested, this operation turns (¢1(Z,C), |-|1) into a commu-
tative Banach algebra, using discrete convolution as the multiplication operation.
Is it unital?

9.39. Remark. There is a minor subtlety in the proof of Theorem 9.17 that
goes along the following lines:

Fix 1 <m an integer. We defined I'y(f;,) as a Riemann integral in the Banach
space (C(T,C),| - |sup). Thus, for an appropriate sequence (Py)y of partitions of
[-m, 7], we have that

Lo(Fm) = lim S(Bm, Pr, PR),

where fu(s) = g(5)7e(fn), 5 € [-7, 7).
But given any Riemann sum S(f,,,Q, Q") of the form

M M
1;1 B (qr)(qr — qx-1) = kZ 9(ar) g (fm)(ak = qe-1)
= -1
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in C(T,C), its image in [C(T,C)] is

M
[5(3m: Q)] = 22 0067z )01~ 1)

Since the map h — [h] from (C(T,C),| - [sup) to ([C(T,C)],| - |l) is a bijective
linear isometry, it follows that the image [Ty (f,)] of T'g(fin) is

[Tg(fm)] = Yim [S(Bm, P, Py,

and that this convergence is with respect to the || - [ norm. On the other hand,
looking how each [S(Bm, Pn, Px)] is defined, we see that the latter limit is precisely
how we defined Ty([fn]) € ([C(T, C), |  |os), and thus

[F;(fm)] = Fg[fm], m>1.

Next, each [S(Bm,Pn,Px)] € [C(T,C)] ¢ Li(T,C), and I'y[fn] € [C(T,C)] <
Li(T,C) as well. As remarked in the proof of Theorem 9.17, ||[h][1 < ||[7]]c for all
[h] € [C(T,C)], and thus

0< lim [[Tg(fm)]=[S(Bm, Py Px)]lh < Yim |[Tg(fn)] = [S(Bm, P, Py)]le =0,

proving that
Ly([fm]) = [Tg(fm)] = li [S(Bpm, P, Px)],

with the convergence taking place in (L1(T,C), |- [1).

The following result was required for Case Two of Theorem 9.20.

9.40. Theorem. If f € C(T,C) and € > 0, then there exists g € C(T,C) so that
g(x) #0 for all x € [-m, 7] and || f - g|sup < €.

Remark: Just in case you've forgotten - here’s a note to remind you that this is
very much a complexr phenomenon. If we replace complex functions by real-valued
functions, the corresponding assertion is false.

A Banach algebra with the property that the invertible elements are dense is
said to have topological stable rank one. As you might imagine, there is a
notion of higher topological stable ranks. When X is a compact topological space,
the topological stable rank of C(X,K) is supposed to be a measure of the dimension
of X.

Proof. (I) Let € > 0. By the Stone-Weierstrass Theorem, we can find a polynomial
po so that
sup [po(z) - f(x)] < £/100.
z€[a,b]

By adding a constant function k1 to pg with |k| < Sl if necessary, we can assume

100
that for p = pg + k1,
min(|p(a)l,[p(b)[) > /2.
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Observe that

Ip(a) = p(b)| = [po(a) = po(b)| < |po(a) = f(a)l +1f(a) = F(B) +[f(b) - po(b)] <
and that

— < —¢.
x?ﬁ] |f(x) - p(x)] < 100°

(1)

Let p(z) = ap(x—a1)(x—ag)--(x—ay,) for the appropriate choices of a;, 0 < i < m.
If we impose the norm [bfc := Sup ey 41 [0(2)| for b e Clz] € C([a,b],K), then it is
clear that the map

o (C ] o)  — (Clz], [ - o)
(,61,52,...,/8”) = (x_ﬂl)(l‘_ﬁQ)(x_ﬂn)

is continuous. Thus, given 1 > 0 we can find 1, 52, ..., 8, € C N R so that By — ai is
sufficiently small, 1 < k < n, to guarantee that with ¢(z) = ag(x-£1)(x-52)--(z—5,),
we have [|p — ¢ < 7. Since fi ¢ R for all 1 < k < n, it follows that ¢ has no real
roots - i.e. q(x) #0 for all x € [a,b].

Observe that |p - ¢| <7 implies that

lg(a) = q(b)| < lg(a) = p(a)| + [p(a) = p(b)| + [p(b) — q(b)| <7 + %E +1).

In particular, if we choose ) = 1005 then

1
a(@) = a()| < 5=

(I11)

Now we are in the situation where

e g:[a,b]>Cisa polynomial and g(x) # 0 for all x € [a,b],

e |q(a)| >|p(a)| - 5 - ﬁs = 1%906 and similarly |q(b)| > 1005 and

[ ]
1
-q(b)| £ —e.
(@) - a(b)] < -
Since ¢ is continuous at b, we can find § > 0 so that b—§ < x < b implies that
1
-q(b)| < —=e.
la(x) = q(b)] < 5e

Let 7 : [a,b] = C be the continuous function on [a,b] defined by
e r(z)=0if z €[a,b-0],
x—(b-0¢
e )= 20 (@) - g)), welp-s0)
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Observe that |r(z)| < |¢(a) - q(b)| < 21—55 for all z € [b-4,b], and hence for all
x € [a,b]. Let g(x) = q(x) +r(z), x €[a,b]. Clearly g is continuous since each of ¢
and r are continuous, and for x € [b—¢,b] we have

(@) = la(@) + 7 (@) 2 (@) - @) > (la0)] - 5z) - 52> 00
In particular, g(x) # 0 for all = € [b-0,b]. Of course, g(z) = g(z) # 0 for all
x € [a,b-0], and thus g(z) # 0 for all x € [a, b].
Also,
9(a) = q(a) = q(b) +r(b) = g(b).

Finally, as we have seen above, |r(z)| < |¢(a) — ¢(b)| < k¢ for all z € [a,b], so

25
sup |f(z) - g(x)| < sup |f(x)-p(x)|+ sup |p(x)-q(z)|+ sup |q(z)-g(z)]
z€[a,b] ze[a,b] z€[a,b] z€[a,b]
52 1 1
—¢e+—e+—¢
100 100 25
<E.

This completes the proof.
O

9.41. Finally, we end this appendix with a statement of Fubini’s Theorem, as
promised.

9.42. Theorem. Fubini’s Theorem
Let (X, ux) and (Y, puy) be o—finite measure spaces, and suppose that X xY is
given the product measure pxxy = pux X py. If f: X xY - K lies in L1(X xY,K),

then
S s @m0 dux@) = [ ( [, £ mdux@)) oy ),

and these coincide with

oy [z, y)duxxy (z,y).
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Exercises for Section 9.

Exercise 9.1. Let h: R — C be a 27-periodic and continuous function. Prove that
h is uniformly continuous on R.
Exercise 9.2. Prove that Lo (T,C) ¢ Li(T,C) and that

(@) [[f11 < [[f]eo for all [f] € Loo(T,C);
(b) [Trig(T,C)] € Lo (T, C);
(c) for all [f] € Loo(T,C) and s € R,

Ts[f] € Loo(T,C); and
(d) for all [f] € Loo(T,C) and s € R,

|75 [ Tlloo = IS Tl co-

Exercise 9.3. Consider the function x[pr) € Loo([-7,7)), and let f = X[o ) €
Lo (T,C) be its 2m-periodic extension, as defined in Paragraph 8.4.
If -7 < s <0, prove that

I7sLf1=70[f]]e0 = 1.

Exercise 9.4. Let (X,|-|) be a Banach space and g : R - X be a 2w-periodic,
continuous function.
Prove that for all s € R,

f: 9(6)d6 = f: 9(0 - 5)ds.

Exercise 9.5. Let g € C(T,C). Prove that the convolution operator C, : L1 (T,C) —
L1(T,C) defined by Cy[f] =g *[f] is linear.

Exercise 9.6. What does Fubini’s Theorem say when X =Y =N and pux = py
denote counting measure on N? That is, ux(E) denotes the cardinality of F ¢ N?
(It should seem like a very familiar result!)

Exercise 9.7. (Assignment Exercise)
Let g,h e C(T,C) and f € L1(T,C). Prove that for all 6 € R,

(go(hof))(0)=((geh)of)O)
Conclude that L;(T,C) is a bimodule over C(T, C).
Exercise 9.8. Let f € £1(T,C) and g € L (T,C). Define
gof: R — C
0 —» = Jionmy 9(8) (0 = s)dm(s).

Prove that |g ¢ f(0)| < veo(g)v1(f) for all 6 € R, and that g ¢ f is continuous on
R.
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10. The Dirichlet kernel

1 just want to thank everyone who made this day necessary.

Yogi Berra

10.1. We began our discussion of Fourier series by noting that if [ f] € Lo(T,C),
then the sequence (An ([ f]))¥.; of partial sums of the Fourier series of [ f] converges
in the ||- |2-norm to [ f] (see Paragraph 8.3). Our goal was to see to what extent we
could extend these results to elements [f] € L1(T,C). Somewhere along the way,
we seem to have been distracted by the concept of convolution. Let us show that
all roads lead to the Dirichlet kernel, which we now define.

10.2. Definition. For each n € Z, recall that &, € C(T,C) is the function
£a(0) = €. For N > 1, we define the Dirichlet kernel of order N to be

N
Dy = Z &n-
n=—N

We mention in passing that this use of the word “kernel” has nothing to do with
the null space of any linear map. It is just another example of the overuse of certain
terminology in mathematics.

10.3. Let f e £;(T,C). For each N > 1, we shall define

N

N
V=Y dfle, = S Fn)g,.
n=—N

n=-N

It is clear that A% (f) € C(T,C), being a finite linear combination of {&,}Y .

If f =g ae onR,then o) = al?) for all n € Z, and thus A% (f) = A% (g) for
all N >1. We may therefore define

An(FD =[AN(N], N=1.

Thus Ax([f]) is the N*-partial sum of the Fourier series of [f]. Note that when
[f] € La(T,C), this definition coincides with our previous definition.
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Now, for N >1, fe £L1(T,C) and 0 € R,
N

AN(N0) = Y allle,

=—N

- 5 (55 S O dn9) 00
N1

= 2 or f T dm(s)

n=—N 2m

N 1 .
= Z _ [ f(@=s)e™ dm(s) by our Assignments
" 21 J[-m,m)

1 N .

= — 0-5)e"™ dm(s
e ) PRIGE (s)
1

- f[ Ly D0 5) dm(s)
=(Dn o f)(0).

In other words, AN (f)=Dn o f, or
AN([fD=Dn*[f]1=Cpy([f]), N=1

We have expressed the N*"-partial sum of the Fourier series of [f] € L1 (T,C)
as the convolution of the Dirichlet kernel Dy of order N with [f]. Suddenly our
peripatetic meanderings through the land of convolution do not seem as unwarranted!

The question of whether or not these partial sums converge to [f] in L1(T,C)
now becomes a question of whether or not limy_. Cp, ([f]) = [f] in L1(T,C). In
order to answer this question, we shall examine the nature of the Dirichlet kernel a
bit closer, and borrow a couple of results from our previous real analysis courses.

10.4. Theorem. Let N > 1 be an integer, and let Dy denote the Dirichlet
kernel of order N. Then
(a) Dy(=0) =Dn(0) R for all 0 € R.
(b) /7 Dy (6) o= 1.
(c) For0+0¢e[-m,m),
sin((N + 1)
Dn(0) = M
sin(50)
Also, Dn(0) =2N +1.

(@ 1[D3l = (D) 2 5

=
z'l'i
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Proof.
(a) For all 9 e R and n> 1, £_,,(0) + £,(0) = €7 + €™ = 2cos(nh). Thus

N N
Dy (0) = ZN&L(H) =1+2 Z:lcos(nH) eR.

From this it is also clear that Dy (—-0) = Dy(6) for all 6 € R.
(b) Now

e 1 [
- f Dy (0) db = — f 1 d9+2 / cos(n) do.
2 J-x 2 J-n o 1 27

We leave it as an exercise for the reader to show that [ cos(nf) df =0,

n>1, and so
1 m 1 ™
—f Dn(6) d@:—f 1d6=1.
27 J-x 27 J-=

(c) Let 6 e R. Set p(8) := e70/2 — 012 = (~2) sin(%@). A routine calculation
shows that p- Dy involves a telescoping sum, so that

p(0) Dy (6) = - {N+H0 _ iN+D0 - (_o;) i ((N " %)9) .

If0+60¢e[-mm), then
(-2i)sin (N + %)9) ) sin((N + %)9)
o(0) sin(30)

Dn(0) =

Meanwhile,

N
Dn(0)=1+2) cos(0) =2N +1.

n=1

(d) Since Dy is an even, continuous function, and since |sin(z)| < |z|, 0 <z < T,

1
n(Dn) = 5 [Hr o |Dn|
-~ [T ipo)l ao
2 J-=
:lfﬂpN 0)| do
f?r sm((N+ 2)(9)
- Sln
J1 /” |Sln((N+ 5)9)|
o |30

2 rr|sin((N +1)0)|
:;fo 0] —

de
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We are dealing with Riemann integration here, and so substitution of vari-
ables is permissible. Let A = (N + %)0 so that d\ = (N + %)d@. Then

v (Dn) > — /(; |Sm((]|\;|+ 2)9)|

>g/‘(N+§)” |sin A| 1
B |>\/(N+%)| (N +3)

2 /Nﬂ | sin )\\
Al

Qme |sin A|
=— dA
7'(' Z (n-1)m |A|

n=1
2 8 rrmo [sin)
> — dA
Wz::/n ) nm
9 N
> — Al dA
2 Z:: .[n 1)7r|Sln |

But on any interval of the form [(n — 1)m,n7], the sine function does not
change sign (i.e. it is either always non-positive on such an interval, or
always non-negative), and so an easy calculation shows that

\f”|me4fm sin A dA| =
(n-1)m (n-1)m

From this we see that

N
vi(Dn) 2 Z

3|'—‘

as required.
O
We invite the reader to skip to the Appendix to see the graphs of Dy, D5 and
Dqp.

The next result follows immediately from Theorems 9.18 and 9.20, together with
Theorem 10.4 (d) and the fact that the harmonic series Y ;- = diverges.

nln

10.5. Corollary. For each N > 1, let Dy denote the Dirichlet kernel of order
N.

(a) If Cpy € B(([C(T,C)], | o)) is the convolution operator corresponding to
Dy, N >1, then
Jim [Cp, | = oo
(b) If Cpy € B((L1(T,C),| - |1)) is the convolution operator corresponding to
Dy, N >1, then
Jim [Cp, | = oo
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As mentioned above, in order to exploit the connection between the Dirichlet
kernel and convolution, we shall require a couple of results from a previous real
analysis course. We start by recalling a definition.

10.6. Definition. Let (X,d) be a metric space and H ¢ X. We say that H
is nowhere dense (or meager, or thin) if G := X ~ H is dense in X. In other
words, the interior of H is empty.

Note: Here, H refers to the closure of H in X.

10.7. Examples. We think of nowhere dense subsets of metric spaces as being
“small”, as the alternate terminology “meager” and ”thin” suggest.

(a) The set H =7 is nowhere dense in R, as is easily verified.

(b) The Cantor set C' is nowhere dense in X = [0,1], equipped with the stan-
dard metric inherited from R. This is left as an exercise for the reader.

(c) The set H = Q of rational numbers is not nowhere dense in R, as X \ H =
R\ R =@, which is as far from being dense in R as any set can get.

10.8. Definition. We say that a subset H of a metric space (X,d) is of the
first category in (X,d) if there exists a sequence (F,):> of closed, nowhere dense
sets in X such that

Hcu F,.
Otherwise, H is said to be of the second category.

We assume that the reader is familiar with the following result, whose proof we
consign to the Appendix.

10.9. Theorem. The Baire Category Theorem
A complete metric space (X, d) is of the second category. That is, X is not a
countable union of closed, nowhere dense sets in X.

10.10. Examples.

(a) It follows from the Baire Category Theorem that (R,d) is of the second
category, where d represents the standard metric d(x,y) = |z -y, z,y € R.
(b) Let ¢ denote the discrete metric on Q, so that

1 ifp=#gq
0 ifp=gq.

5(p,q) ={

Writing Q = {gn};2;, which we may do since Q is denumerable, we find
that for each n > 1, F, := {g,} is a closed set, and clearly Q = u;> | F,,.
However, F), is not nowhere dense, since as well as being closed, F;, is
open, and ¢, € F}, = int(F},) # @.
This is just as well, since (Q,d) is a complete metric space, and hence
of the second category by the Baire Category Theorem. In other words,
we knew that Q was not a countable union of closed, nowhere dense sets

in (Q,0).
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(c) The sets F,, = {g,} from (b) are closed and nowhere dense in (R, d), where
d is the standard metric from (a). Since Q = u;?, F},, we see that Q is is of
the first category in (R, d).

10.11. Remark. An alternate form of the Baire Category Theorem says that if
(X,d) is a complete metric space, and if (G,,);2; is a countable collection of dense,
open sets in X, then

N1 G # @.
We shall not require this below.

The second result from real analysis which we shall recall is the following.

10.12. Theorem. The Banach-Steinhaus Theorem, aka The Uniform
Boundedness Principle

Let (X,d) be a complete metric space and @ + F € C(X,R). Suppose that for all
x € X, there exists a constant Kk, >0 such that

|f ()| < Ka, feF.

Then there exists a non-empty open set G € X and k>0 such that
If(x)|<k, x€G, feF.

Proof. See the Appendix to this Chapter.
O
There is a stronger version of the Banach-Steinhaus Theorem which applies to
the setting of linear operators on Banach spaces. Before stating and proving it, we

remind the reader that a Banach space is a complete metric space under the metric
induced by the norm.

10.13. Theorem. The Banach-Steinhaus Theorem, aka The Uniform
Boundedness Principle for Operators

Let (X,]x) and (), |-|y) be Banach spaces and suppose that & + F < B(%X,2)).
Let H € X be a subset of the second category in X, and suppose that for each x € H,
there exists a constant Kz > 0 such that

|Tx|y < kzy T eF.

Then F is bounded; that is,
sup |7 < oo.
TeF

Proof. For each n > 1, set
F,={reX:|Tx|y <nforal T e F}.

If (x1)52, is a sequence in F,, and if © = limj,_,., 21, exists in X, then by the continuity
of each T e F,
Tz = lim Txy,

—> 00
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from which it easily follows that

|Tz| = lim |Txg| <n.
k— oo

Hence z € F,,, proving that F,, is closed.

By hypothesis,

Hcu F,.

Our hypothesis says that H is of the second category, and hence there must exist
1 < N such that int(Fy) = int(Fy) # @.

Let x¢ € int(Fy), and choose § > 0 such that

B(zg,0) ={xeX: |z —x0|x <5} S Fy.
Then |Txz|y < N for all x € B(x,d) and T € F.
Suppose that w € X and |w| < 1. Then z - gw € B(x,9), and so for all T € F,

)
(a0~ Su)ly < .
By the triangle inequality, g”Tng — |Tzo|y < N. Thus
2
[Twly < SN +[Twoly)-

Setting K := %(N + [Ty ), we see that

sup [T < K < oo.
TeF

O

10.14. Corollary. Let (X,|-|x) and (2, |-|y) be Banach spaces and let (T5,);2;
be an unbounded sequence in B(X,9)), i.e. sup,s; |Tn| = oo.

Let H = {x € X : sup,,»1 |[Tnx| < 0o}. Then H is of the first category in X, and
J =X\ H is of the second category.
Proof. Note that 0 € H, so that H # @.

If H were of the second category, then — by the Banach-Steinhaus Theorem for
Operators, Theorem 10.13 above — {T},}7°; would be bounded, a contradiction.

Thus H is of the first category. Let J =X \ H. By definition, for all z € J,

sup | Thz |y = co.
n>1

We claim that J is of the second category.

Indeed, suppose otherwise. Then we could choose sequences (K, )no; and (Ly,)p2q
of closed, nowhere dense sets in X such that

Hcuy K, and Jcuy L.
But then
X=HuJ=u K,|J vy L,
must be of the first category, contradicting the Baire Category Theorem, as X is a
complete metric space.
O
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10.15. It is perhaps worth noting that this result is much, much better than it
might appear on the surface. The statement that sup,,5; |1,]| = oo is the statement
that for each n > 1, there exists x, € X with ||z, |x = 1 such that lim, e |Thzs |y =
o0. A priori, it is not clear that there should exist any x € X such that

lim [Ty = .

The above Corollary not only says that such a vector x € X exists; it asserts that
this is true for a very large set of z’s, in the sense that the set H of x’s for which it
fails is a set of the first category in X.

We are finally prepared to answer the question of whether or not the partial
sums of the Fourier series of an element [ f] of L1 (T, C) necessarily converge to [ f]
in the ||- [1-norm. As we shall now see, an easy application of Corollary 10.14 shows
that this almost never happens. (Here we use “almost never” informally, to refer
to the notion of sets of the first category, and not in the sense of sets of Lebesgue
measure zero!). What is more, essentially the same argument shows that the partial
sums of the Fourier series of an element [ f] of [C(T,C)] rarely converge in the |- | o
norm. These are dark times indeed for the sequence of partial sums of a Fourier
series.

10.16. Theorem. The unbearable lousiness of being a Dirichlet kernel
(a) Let

Roo = A{[f1€ [C(T,C)]: [f] = Yim An([f]) in ([C(T,C)] |- foe)}-

Then Roo is a set of the first category in ([C(T,C)],| - ), whose comple-
ment [C(T,C)] \ Reo is a set of the second category.
(b) Let

S = {[f1 € La(T,€): [f] = lim An([f]) in (La(T,C), - [1)}.

Then R is a set of the first category in (L1(T,C),|-|1), whose complement
Li(T,C) ~ Ry is a set of the second category in Li(T,C).
Proof. The proofs of both of these parts are almost identical. We shall prove (b),
and leave the proof of (a) as an exercise.

Recall that Ax([f]) = Dy * [f] = Cpy ([f]), N > 1, where Cp,, € B(L1(T,C))
is the convolution operator corresponding to Dy, as described in Theorem 9.20.
Furthermore, by Corollary 10.5,

Jim [Cp, | = e
Of course, if [h] € L1(T,C) and [h] = limn_ e An([R]) = limy—oe Cpy ([R]),

then (Cp, ([h]))3%-; is bounded in L;(T,C), and thus it is clear that £ < $q,
where

H1:=A{[f]€ L(T,C): sup |Con ([F D1 < 00}
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By Corollary 10.14, £, is a set of the first category in L1 (T, C), and Jy := L1(T,C) ~
$1 is a set of the second category in Li(T,C).
In particular, for any [ f] € J1, we have that the partial sums (An([f]))¥.; fail
to converge to [ f], as the sequence is not even bounded.
O
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Appendix to Section 10.

10.17. It is instructive to look at the graph of the Dirichlet kernels of various
orders. Two things worth noticing are that

e first, the amplitude of the function is increasing near 0; this is clear since
each Dy is continuous, and Dy (0) =2N +1, N > 1.

e Each of the functions Dy spends a lot of time being negative, and a lot of
time being positive. This accounts for the fact that the integrals of Dy are
bounded, but that the integrals of |Dy| are not.

5

FIGURE 3. THE GRAPH OF Ds.

10
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FIGURE 4. THE GRAPH OF Ds.
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Exercises for Section 10.

Exercise 10.1.
Prove that the Cantor set is nowhere dense in [0,1], where [0, 1] is equipped
with the standard metric d(z,y) = |z — y| inherited from R.

Exercise 10.2.
Fill in the details of the proof of Theorem 10.4(c) by proving that with p(0) :=
(—2i) sin(306),

p()Dn(0) = e iN+5)0 _ (i(N+3)0 (—21) sin ((N + %)0) .

Exercise 10.3.
Fill in the details of the proof of Theorem 10.16 (a), namely: let

Roo = A{[f1 € [C(T,C)]: [f] = lim An([f]) in ([C(T,C)], [ o)}

Prove that R is a set of the first category in ([C(T,C)], |- | ), whose complement
[C(T,C)] \ R is a set of the second category.
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11. The Féjer kernel

I've never really wanted to go to Japan. Simply because I don’t like
eating fish. And I know that’s very popular out there in Africa.

Britney Spears

11.1. We have seen in the last Chapter that if [ f] € L1 (T,C), and if Ay ([f]) =

>N N alf! (€], then (An([f]))%-; almost never converges to [ f].
Not all is lost. In this Chapter we shall replace partial sums (Ax([f]))%-; of
the Fourier series of [ f] by weighted partial sums which will converge to [ f].

11.2. Definition. Let (X,]|-||x) be a Banach space, and (xy)5r, be a sequence
in X. The N''-Cesaro mean of the sequence is

1
ON = N(x0+x1+---+xN_1), N >1.

The next Proposition is routine, and its proof is left to the exercises.

11.3. Proposition. Suppose that X is a Banach space and (xy)5e, s a se-
quence in X. Let (on)%., denote the sequence of Cesaro means of (xy)seq-
If x =lim,, 0 T, exists, then  =limy_ 00 ON.

11.4. Definition. Let f € £i(T,C). The N'"-Cesaro sum of the Fourier
series of f is the N*"-Cesaro mean of the sequence (A ())ezg- Thus
] 1
on(f) = N(D0°f+D1°f+'“+DN—1°f)
=Fyo fa

where Fiy = %(DO +D1+--+Dn_1) is called the Féjer kernel of order N.

We also define the N''-Cesaro sum of the Fourier series of [f] is the N*t'-
Cesaro mean of the sequence (An[f]))52, namely

on[f]= N(Do*[f]JrDl*[f]+"'+DN—1*[f])

[on (D]
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11.5. Remark. We remark that the fact that D,, € C(T,C) for all n > 0 implies
that Fiy € C(T,C) for all N > 1. By Proposition 9.6, it follows that o3,(f) € C(T,C) ¢
L1(T,C) for all feLy(T,C).

Furthermore, for all 6 € R,

DO = 5= [ P05 dm(s)
1

=5 J L ENO=9)1(s) dm(s)

As seen in Theorem 9.18, the fact that Fiy € C(T,C) also implies that for every
homogeneous Banach space B and [ f] € 9B, we have

O’N[f] ZFN* [f] €SB,
As a special case of this phenomenon, on[f] = Fy * [f] € L,(T,C) for all [f] €
L,(T,C).

11.6. Theorem. For each 1 < N €N,

(a) Fy is a 2m-periodic, even, continuous function;

(b) If 00 € [-m,7), then
1 (1-cos(NO)\ 1 sin(X9) ?
FN(Q)_N( 1-cos@ )__(sinée)) ’

N
while Fx(0) = N. In particular, Fx(6) >0 for all 6 € R;
(©) m(Fn) = & [ Fx ()] d0 = - [ Fy(6) dd=1.
(d) ForallO<é<m,

-4 T
Jim ([ Ex @) do+ [T IEN (o) dH) - 0;
(e) For0< 0| <,

Proof.

(a) That Fy is 2w-periodic, even and continuous follows immediately from the
fact that each D,, is, 0 <n< N —1.
(b) First,

1 N-1
()= (X Da(0)

1 N-1
= N(Eo(zm 1))
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For 0+ 0 € [-m,7),

=
|
23 =2
ANFSS SN
S
S

—~

0=
I
&
~—

(§ene1 + 28 Na+ -+ (N -1)61 + N
+(N =1)& + - +2En2+En-1) -

Let p=(2-(£-1+&))N. As was the case with the Dirichlet kernel, we
observe that the product p- Fiy involves a telescoping sum, and that

p(0) Fn(0) =2 - (§&-n(0) +En(0)) =2 - 2cos (NO).
That is,

2|~ == =~
i
’

1-cos(NO)

1
Fn(0) = —
w(0) N 1-cosf

.0 0\2
N (bt

1 (sin(X0)\”
N sin(36) |
In particular, F > 0.

(c) Keeping in mind that 0 # n implies that [" &,(0) df =0, we get:

n(F) = o [T IEw (@) do

1 s
- f Fx(0) do
27 J-=
N-1

(B (2 e)) @

— [T a0y o

2T s

< =

g
M=

71

Lo

>
|}—t\||
S

[ &(0) ao

)
3

I}
iMT i
o Lo
—_

e e
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(d) Let 0 <6 < 7. For 0 < || <7, we have that

. .0
sin —| 2 sin —,
2 2
and so
2
- 1 -0 (sin(56 1 1
f Fx(0) d9:—/ L‘f) d6 <~ (7 = §) ———.
- N J-r |\ sin(30) N (sing)?
Thus s
J\lfl_)IIio - Fn(0)de = 0.
Similarly,

Jim [ Fy(6)d6 =0,

from which (d) easily follows.
(e) Finally, we leave it as a routine calculus exercise for the reader to verify
that on the interval [-F, 7], we have
2
—|6] < |sinéd)|,
T

and so

O

Our goal is to show that the Cesaro sums of the Fourier series of an element [ f]
of Li(T,C) converge in the | - |;-norm back to [f]. There is nothing unique about
the Féjer kernel, however. Let us examine a more general phenomenon, of which
the Féjer kernel is but an example.

11.7. Definition. A summability kernel is a sequence (ky)5>, of 2m-periodic,
continuous, complex-valued functions on R satisfying:

(8) 5= [T kn=1 foralln>1;
(b) sup,51 v1(kn) = 8UDy21 57 [ k| < 00; and

(c) forallO<é<m,
-0 T
lim (f |k"|+f5 |kn|):0.

If, in addition, k, > 0 for all n > 1, we say that (k,)p-q is a positive
summability kernel.
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11.8. Theorem. The Féjer kernel (Fn)3_, s a positive summability kernel.
Proof. This is the content of Theorem 11.6.

O

11.9. Examples.
(a) For each 1 <n €N, consider the piecewise linear function
kr: [-mm) — R
0 if9€[—7r,%]u[%,7r)
0 ~ {n+n?0 if6e(2,0]
2 : 1
n-n<0 if0e(0,).
For 1 <n eN, let k, be the 2x-periodic function on R whose restriction to
the interval [-m, ) coincides with k.
Then (ky)5, is a positive summability kernel. The details are left to

the reader.
(b) For each 1 <n €N, consider the piecewise linear function

ry s [-m,m) - R
0 if 0 [-m,0]u[2,7)
0 > An26 if 0 e(0,1]

n-n*(0-1) ifge(i, 2)
For 1 <n e N, let r, be the 2w-periodic function on R whose restriction to
the interval [-m, ) coincides with 7).

Then (r,)p2, is a positive summability kernel. The details are left to
the reader.

11.10. Theorem. Let (B, |- ) be a homogeneous Banach space over T and
let (kn)peq be a summability kernel. If [ f] € B, then

tim [+ (1= (£ =0,

and so [ f] =limy oo kn * [f] in B.
Proof. The result is trivial if [f] =0. Let 0 # [f] € B. Recall that

(a) the function

Vi B> B
s = To[f]
is continuous, and that

(b) 75 is isometric for all s € R. In particular, |75[f]]s = |[f]|s for all s €R.
That 79[ f] = [f] is clear from the definition of 7y. Let M := sup,,5; v1(ky) < oo, as
(kn)s2y is a summability kernel.

Let € > 0 and choose § > 0 such that |s — 0| < 0 implies that

1 - 7ol < 5o
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This is possible by (a) above. Next, choose 1 < N € N such that n > N implies that

1 -4 1 ™ £
— [ la()ds e 5= [ ()l < e

Then n > N implies that
b * L1 U1 = L [ k() (L] = ol Dds]
<o [ Il - ol ds
b o [ L] = 7o s ds
b o [T () In LA = 7ol s s

Now |75[f]=70[f]lls < [7s[f1ls + |70[f ]l = 2){ /], and thus for n > N, we have

lhx (11~ [l < o [ (@17 ) ds

= k()= d
+27r[5| (S)|2M s

1 o
to- ) k(I ]Iw) ds
S

€
S2H[f]||%m+Mm

=¢.
In other words,

lim &y, + [f]=[f]-

n—oo

11.11. Corollary.
(a) For each f e (C(T,C),| - |lsup),
]élfio oy(f)=1.
(b) Let 1<p<oo. For each [g] € (Ly(T,C), |- p),
Jim on[g] = [g].

Proof.

(a) By Example 9.11, we know that ([C(T,C)], || e ) is @ homogeneous Banach
space and that the map

L: (C(T,C), | lsup) = ([C(T,C)],]"]oo)
f [£]

[ d

is an isometric isomorphism of Banach spaces.
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Let f € C(T,C). By Theorem 11.8, (Fn)%_; is a (positive) summability
kernel, and by definition, on([f]) = Fn * [f]. By Theorem 11.10 above,

Jim [Ey o f = flsup = lim [ Ey* [f]=[f]]e0 = 0.

(b) Again, by Example 9.12, for each 1 < p < oo, (L,(T,C),| - |,) is a homo-
geneous Banach space over T. Let 1 < p < oo and [f] € L,(T,C). Since
(Fn)¥N_y is a (positive) summability kernel, and since on([f]) = Fn * [ f]
for all N >1,

dim on([f]) = lim Py« [f]=[f]

by Theorem 11.10.

|

We are now in a position to show that the Fourier coefficients of an £,(T, C)-
function completely determine that function (almost everywhere).

11.12. Corollary. Let 1 <p<oo. If [f],[g] € L,(T,C) and o1 = old! for all
neZ, then [f]=[g].
Proof. Tt is clear that if o’ = ¥} for all n € Z, then on[f] =on([g]) forall N > 1.
By Corollary 11.11,

[£]= Jim ox([f]) = im ox([g)) =[g].

N—oo

11.13. Local structure and Féjer kernels. Corollaries 11.11 and 11.12 tell
us that Féjer kernels are nice enough to recover an element of L,(T,C) from its
Fourier coefficients. As we have emphasized in these notes, however, these elements
are equivalence classes of functions in £,(T,C), and not functions themselves. In
other words, the aforementioned Corollaries say that we can recover functions in
L,(T,C) almost everywhere on R. We now turn our attention to the functions
themselves, and study in what sense (if any) the convolution of £,(T,C) functions
with Féjer kernels converge pointwise.

11.14. Definition. Given f € L1(T,C) and 0 € R, we set
wy(0) = lim 10D IOFE)

t—0* 2

provided that the limit exists. When it does exist, we shall refer to this value as the
average value of [ at 0.
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11.15. Theorem. [Féjer’s Theorem.] Let f € L1(T,C).
(a) If 0 € R and wy(0) exists, then

1\lfi_I>IioFN o f(0) =ws(8).

(b) Suppose that there exists a closed interval [a,b] € [-m,7) such that f is
continuous on [a,b] (in particular, f is continuous from the right at a and
from the left at b), then

(Fn o f)N=1

converges uniformly to f on [a,b].
Proof.

(a) Let € >0 and choose ¢ >0 such that 0 < |s| < ¢ implies that

f(0_8)+f(9+8)|<5.

wi (6) - 5
Now
lon(f)(0) —wr(0)| = %f[_mﬂ) Fn(s)f(0-s) dm(s)—wf(e)‘
1

o S PN O =5) ~s(0)) dm(s)

1

1
o Sy OO0 500 e

IA

By our work in the Assignments,

s ENIF@ = 5) =oy(8)) dm(s) = [ Fr(-s)(F(6+5) - 7(8)) dm(s)

But F is even, so Fy(-s) = Fn(s), s€[-0,0]. Thus

% /[ oy PN O = 5) = 07(0)) dm(s) =

%f[_m FN(S)(f(G—s);f(9+s) _wf(e)) am(s).
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Thus
1
57 [y EYOO =) = (0)) dms)

%f[mFN(s)‘f(G—s);f(ms) —wfw)‘ o)
1

<o /[_675] Fn(s)e dm(s)

<e (% /[-_mr) Fn(s) dm(s))

<

=€.
Meanwhile, for § <|s| <,
7T2 772
O<FN(s)g?§?7
and so
1
o F 0—s)—ws(0)) d
27 f[—w,—a)u(w N($)(f(0 = s) —ws(0)) dm(s)
< ¥ i[ £ (0= 8)|+]ws(0)] dm(s)
T Né&2\2rw [-7,-8)u(d,7] f
w2 (1
< ~orl ox v[[_wm) |f(0—5)| dm(s) +|ws(8)]
2
< s3I0+ |wf<e>|),

which converges to 0 as IV tends to oo.
Thus limy e on (f)(0) = w(0).
(b) The proof is essentially identical to that above.
First note that the continuity of f at 6 for 6 € [a,b] implies that w¢(6) =
f(0) for all § € [a,b]. But f continuous on [a,b] implies that f is uniformly
continuous on [a,b], and so we may find a single ¢ > 0 such that 0 <|s|>¢

implies that
|f(0)_ f(e_s);f(9+8)

For this 6 > 0, and for all 6 € [a, b], the estimates from part (a) above show
that

1
lon (£)(0) = F(O)] < o f[_a,a]

1
+ —_—
2T
2

<e+ o (Il +1£OD)

|<e, 6O¢€la,b].

(o) [ L= IO ) e

‘/[77T7*5)U(5,7r] FN(S)(U(H - )|+ |f(9)|) dm(s)
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and thus (on(f))¥.; converges uniformly to f on [a,b].

11.16. Corollary.
(a) If f € L1(T,C) and f is continuous at Oy € R, then

]\1{13&0 FN o f(eo) = f(@o)

(b) If f eC(T,C), then
(Fn o f)N-1
converges uniformly to f on R.
(c) Let fe L1(T,C) and by e R. If f is continuous at 6y and (Dy o f(6o)) N1

converges, then
Jim Dy o f(6o) = f(6o).
Proof.
(a) If f is continuous at 6y, then f(6y) = wy(6p) and so by Theorem 11.15,

Jim Fiy o f(60) =wr(00) = f(00)-

(b) This is exactly Corollary 11.11 (a).
(c) Again, if f is continuous at 6y, then f(6y) = wy(6o).
Moreover, if (Dy ¢ f(0y))%-; converges to some value 5 € C, then
(Fn o f(00))%-, converges to § by Proposition 11.3. But (a) shows that
B = f(6p), completing the proof.

O

11.17. Culture. Let f € £1(T,C). A point 0 € R is called a Lebesgue-point
of fif
.1
lim —
h—0* h J[0,h]

fO=3s)+ f(0+5s)
2

It can be shown that almost every real number 6 is a Lebesgue point of f.
A modification of the proof of Féjer’s Theorem yields

- f(@)|dm(s) =0.

The Lebesgue-Féjer Theorem.
If # € R is a Lebesgue point for f € £;(T,C), then

f(6) = lim Fy o f(9).

In particular,
7(6) = lim Fxo £(0)

almost everywhere on R.
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11.18. So far we have seen that while it is extremely rare for the partial sums
of the Fourier series of a continuous function f, or of an element [g] of Li(T,C) to
converge to f uniformly (or to [g] in the | - ||;-norm), nevertheless, this is always
the case regarding the Cesaro sums of the Fourier series.

Furthermore, Féjer’s Theorem shows that if f € £1(T,C) and if the average
value wy(0) exists at 6 € R, then

wy(0) = lim an(f)(6) = lim Fy o f(6).

Our next goal is to show that if f is sufficiently “smooth” at a point 6y (in a
sense which we shall now make explicit), then in fact the partial sums of f at 6
converge to f(fp).

11.19. Definition. Suppose that f: R — C is measurable and that 0y € R. We
say that f is locally Lipschitz at 0y if there exist M >0 and § >0 such that

|f(0o+s)—f(0)| < M|s|  forall0<|s| <.

11.20. Example. Suppose that f : R - C is measurable and that f admits
left- and right-sided derivatives at 0y € R, in the sense that there exist yi,y2 € C
such that

11 =0= lim
s—0F

lim
s—0~

f(90+5)—f(90)_y‘

f(90+8)—f(90)_y1“

Let 0 <e <1, and choose § > 0 such that
f(0o +s) = f(6o)
S

e —) <5< 0 implies that - yl‘ <e, and

<E.

e 0 < s<J implies that F(00+5) = f(Bo) _ Yo
s

(That is, find 4, > 0, d2 > 0 that work for y; and y, respectively, and let § =
min(él,ég).)
Then -6 < s < implies that

£ (6o +5) = f(00)] < (¢ +max(fyal, |y2])) [s] < Mls],

where M =1+ max(|y1],|y2|) is a fixed constant.
Thus f is locally Lipschitz at 6.

In particular, if f is actually differentiable at 6y € R, then f is locally Lipschitz
at 0.
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11.21. Theorem. Let f € L1(T,C) and suppose that f is locally Lipschitz at
Op € R. Then

Jim sy (f)(0o) = lim Dy o f(6o) = f(bo)-

Proof. Fix M >0 and 0 <9 < g as in the definition of locally Lipschitz such that

0 < |s| < 0 implies that
[f (0o + ) = f(60)] < M]s|.

Now,

() = 5= [ D) (00 =s)idm(s),

1
1= — f Dn,
21 J[-n,7)
and so

s (F)60) = £E0] = |3 [ (F(B+) = FO0)Dx(s) dm(s)

and

< o7 Jrss (00 +8) = f(00)[[Dn(s)] dm(s)

% V[w sjopom (B0 +5) = F(80)) D (s) dm(s)

2
Now, since 0 < |s| < § < g, we have that —|s| <|sins|, and thus
m

l’5|é\sinf‘, OS|S’<(5,
™ 2
Thus
1
o - D
2 f[7575]|f(90+8) f(00)||Dn(5)| dm(s)

1 |f (00 + ) = f(Oo)l, . 1
< f[fm [sin(N +3)s| dm(s)

~or ||/

Slf Mis| dm(s)
2 J[-65] |3

- M5,

independent of N!!!
Next we consider 0 < |s| < 7. Observe that

_fB0r )= 60) o L
(S (B +5) = J(00)) D (s) = Z L T sin((N + 5)9)

_ f(@o + S) — f(@()) eiS/Q eiNs _ e_iS/Q e—iNs
sin(s/2) 2i 2i '
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Define

F(0o + ) = f(Bo) €™/
gl(s) = X[-ﬂ',—(s)u(&ﬂ-) Sln(s/2) 2/L

and '
F(0+5) = f(0o) e/
sin(s/2) 2

92(8) = X[=r,-5)u(s,7)

Then g1, g are measurable (why?).

Also,
if |g|:if |f(00+8)_f(90)|1
21 J[-m,m) U on [-7,~8)u(6,m) |sin s/2| 2

L (B0 )|+ 1 (60)
T Am |sin §/2]

1
= 2rlsm o2 (1L + 2] £ (60)])

< 0.

Thus g1 € £1(T,C), and similarly, g2 € £1(T,C).
By the Riemann-Lebesgue Lemma 8.9, we have that

lim if[ )gl(s)eiNs dm(s) =0
and

. 1 —iNs _
1\171_{20 oy -/[—wmr) g2(s)e dm(s) = 0.

From this it easily follows that

1
lim o~ [ 0o +5) — F(00)) D (s) dm(s) =0.
Jim o [ (B0 s) = £(80) D (s) dm(s)
Thus, given € > 0, we may choose § >0 and N > 1 such that

(i) Mo < % and

(ii) for all n > N we have

1 €
57 e syoismy (T(00 ) = J(00)) Dx(s) dm(s)| < 5.
Then n > N implies that
lsn(f)(00) = f(60)| <e,
or in other words,
Aim sy () (00) = £(6o)-
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11.22. Example. Consider the function f(6) = 0|, 6 € [-m,7), extended 27-
periodically to all of R. Clearly f is continuous on R.

T T T T T T T T
-8 -6 -4 -2 0 2 4 6 g

FIGURE 6. THE GRAPH OF f.

Since f is continuous and linear on (—-7,0) U (0, ), it is locally Lipschitz there.
It is also easy to see that f is locally Lipschitz at 8 = nw, n € Z with Lipschitz
constant M = 1.

We are preparing to do the unthinkable: we will calculate sy(f), N > 1. To

do this, we must first calculate agf ], n € Z. To quote Fourier himself, “buckle up,

cupcake”.

We first point out that f is Riemann integrable and bounded over [-m,7),
and that multiplying f by &, = ™ (for any value of n € Z) doesn’t change this
fact. Because of this, and by virtue of Theorem 5.24, in calculating the Fourier
coefficients of [f], we may always replace the Lebesgue integrals which appear by
Riemann integrals.

CASE 1: n=0. Observe that

oL gL - [Torae= =T
%0 21 J[-n,7) / 27 J-x f(e) d0 2w J-x |0| 40 27T7T 2

CASE 1: n#0.
In this case,

1 _
(f1_ + /
On 21 J[-n,7) fén
1 g —inb
f 10le= do

"o Jon

1 0 . 1 ™ .
- f (~0)e" ™ df + — f 6e 0 g,
27 J-= 2w Jo

These integrals are easily found using integration by parts, and we leave them
as exercises for the reader. The answers are:
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0 0 # n an even integer

2 0 +#mn an odd integer.
n

Note that e™™ + ¥ = 2cos(n9) for all n > 1. Thus — taking into account that
we only wish to sum over odd n’s below —

sw(UiD=53+ ¥ (ﬁ)zcos(@n— 1)0)

1<2n-1<N

T 4 1
=——— ———cos((2n-1)0).
2w 1327;13N (2n-1)2
But
1
cos((2n-1)0)| < —
1<onTi<n (2n—-1)2 1g2z1<zv (2n-1)2

N
1
<l

But this last series converges, which implies that (sy([f]))ne; converges in the

| - | so-norm, as ([C(T,C)],| - |c) is complete. In other words,
N
sn(f) = Z Oz%ﬂfn
n=—N
converges uniformly in (C(T,C), | - |lsup) to a continuous function.

Since f is globally Lipschitz, by Theorem 11.21,
78)=101= Jim sx(/)(0)
for all § € [-m, 7). That is,

F0) =5 =2 3 g cos((2n - 1)0).
2 T n=1 (
It is time to have fun:
(a) Let 8 =0. Then
0=10 % %(g( Cos((2n 1)0))
T 4[&
"2 7 (nz1 (2n - 1)2)

Thus
1 1 1 1

==t =+t=+=+
Z(Zn 12 12 32 52 72



186 L.W. MARCOUX INTRODUCTION TO LEBESGUE MEASURE

(b) Let 0 = 5. Then

>, 1 T
nZ::l —(2n 12 cos((2n - 1)5))
x 1
S e

Thus

a relatively well-known result.
1
¢) Let 6 = T. Now cos((2n — 1)) = { V2 .
(c) 4 W ((2n )4) {\_/—15 ifn=2 mod4orn=3 mod4

ifn=1 mod4orn=0 mod4

Thus
T w 7w 4[& 1 T
o282 - I —1)—
1717173 W(nz_:l(Qn—l)QCOS((n )4))
o 4 1 (1 1+1 1+1 1 N )
2 w2 \12 32 52 72 92 112

In other words,

Ver? (1 01 1 1 1 1
T‘(ﬁ‘?*?‘ﬁ*g‘z‘m“)'

Clearly life does not get better than this. Alas.
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Appendix to Section 11.

11.23. It is also instructive to look at the graph of the Féjer kernels of various
orders. Two things worth noticing are that

e first, the amplitude of the function is increasing near 0; this is clear since
each Fy is continuous, and Fy(0) = N, N > 1.
e For each 0 > 0, the functions are becoming uniformly close to zero when

d<|0] <.

27 _3n -= w0 i T i 2%
2 2 &

x

FIGURE 7. THE GRAPH OF Ks.

S b1 in 2m
2 2

x

FIGURE 8. THE GRAPH OF Kj5.
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FaN

e !
2n

B4R ® 3
Z 2 2

-2n _3n -=m
2
x

FIGURE 9. THE GRAPH OF Kig.

201
15

10

he il A

27 _3n -=m
2 2
X

FIGURE 10. THE GRAPH OF Kog.

In fact, it can be shown that if £k : R —» C is piecewise-

11.24. Remark.
continuous on [-m,7) and k is 2m-periodic, then for all f € £1(T,C), ko f is con-

tinuous on R.

Using this, one may extend the definition of a summability kernel to include
piecewise-continuous functions, as opposed to continuous functions.

11.25. Examples.
(a) For 1 <neN, let k,, be the 2m-periodic function on R whose restriction to
the interval [-m, ) coincides with
NIX[-1,17
Then (ky);>; is a positive summability kernel. The details are left to

the reader.



11. THE FEJER KERNEL 189
(b) For 1 <neN, let k, be the 2m-periodic function on R whose restriction to
the interval [-m, 7) coincides with
2n7rX[0 1y

Then (ky)oo is a positive summability kernel. Again, the details are
left to the reader.
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Exercises for Section 11.

Exercise 11.1.

Prove the claim of Proposition 11.3, namely: suppose that X is a Banach space
and (xn);2, is a sequence in X. Let (on)3_; denote the sequence of Cesaro means
of (zp)520-

Prove that if x = lim,,_, o x, exists, then x = limy_c opN.

Exercise 11.2.
Prove that the sequences (ky), and (7,), listed in Examples 11.9 are indeed
positive summability kernels.
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12. Which sequences are sequences of Fourier coefficients?

I've learned about his illness. Let’s hope it’s nothing trivial.

Irving S. Cobb

12.1. Given [f] € Li(T,C), we have defined the Fourier series of [ f] to be
> aif €],
nez

The Riemman-Lebesgue Lemma is the statement that
(alfN) ez € c0(Z,C).

It is a natural question to ask, therefore, whether every sequence (8, )nez €
co(Z,C) is the sequence of coefficients of some [f] e Li(T,C). What is clear from
our work on Hilbert spaces is that every (vn)nez € ¢2(Z,C) is the set of Fourier
coefficients of some [f] € Lao(T,C), namely [f] =Y ez W [én]-

Our approach to this problem will be via Operator Theory. Recall from Chap-
ter 8 that we defined the map

A (Ly(T,C), |- [1) - (co(Z,C),[ o)
[f] ~ (e

Since Lebesgue integration is linear, so is A. Also, as was shown in paragraph 8.8
< [f]]1 for all n e Z,

SO

[ACLSD oo = sup{|adf]]: n e Z} < [[f]]1-
This is precisely the statement that the operator A is bounded, with |A[ < 1.

By Corollary 1112, if [f], [¢] € Ly(T,C) and A([f]) = A([g]), then [f] = [g],
and thus A is injective.

The question of whether or not every sequence in ¢y(Z,C) is the sequence of
Fourier coefficients of some element of L1 (T, C) is therefore the question of whether
or not A is surjective.

The result we shall need from Functional Analysis is the Inverse Mapping The-
orem. To get this result, we will first require a lemma, and some notation.

Given a Banach space (3, |- |3) and a real number r > 0, we denote the closed
ball of radius r centred at the origin by

Jr={ze3: |zl <r}.

For zp € 3 and ¢ > 0, we shall denote by B3(z0,e) = {z €3 |z - 2| < &} the open
ball of radius € in 3, centred at z.
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12.2. Lemma. Let X and %) be Banach spaces and suppose that T € B(X,2)).
If D1 € TX,, for some m>1, then Q1 S T¥opm.
Proof. First observe that %); ¢ TX,, implies that D, cTX,,, for all r>0.

Choose y € 9. Then there exists x; € X, so that ||y — Tx;| < 1/2. Since
y-Tx1 €yyp € TX,, 5, there exists x3 € X, )5 so that |[(y—Twx1)-Tx2| < 1/4. More
generally, for each n > 1, we can find x,, € X, /on-1 so that

L 1
ly =3 Tajl < o
i 2
Since X is complete and Y77, ||z, || < X521 sier = 2m, we have o = 372 2, € Xop,.
By the continuity of T,

) N
Tx:T(Z:cn): lim T(Zmn):y.
n=1 N—oo n=1

Thus y € TXop; ie. Y1 € TXop,.

12.3. Theorem. The Open Mapping Theorem.

Let X and Q) be Banach spaces and suppose that T € B(X,9)) is a surjection.
Then T is an open map - i.e. if G € X is open, then TG %) is open.
Proof. Since T is surjective, 9 =TX = u; > TX,, = U, TX,,. Now 2) is a complete
metric space, and so by the Baire Category Theorem 10.9 , there exists m > 1
so that the interior int(T%,,) # @. As TX,, is dense in TX,,, we can choose y €
int(TX,,) N TXn.

Let 6 > 0 be such that BY(y,d) = y + BY(0,0) ¢ int(TX,,) < (TX,,). Then
BY(0,8) € ~y+T%,, € TXp+TX,, € TXoyy,. (This last step uses the linearity of T.)

Thus 952 € BY(0,6) € TXy,. By Lemma 12.2 above,

Ysj2 € TXam,

or equivalently,
T%x, o 2)7’6/87'1
for all r > 0.
Suppose that G ¢ X is open and that y € TG, say y = Tz for some x € G. Since
G is open, we can find £ > 0 so that z + B¥(0,¢) ¢ G. Thus

TG 2Tz +T(BX0,¢))
2y+TX, o
2y +Des/16m
2y + BY(0,e6/16m)
= BY(y,e6/16m).
Thus y € T'G implies that y € int T'G, and so T'G is open.
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12.4. Corollary. The Inverse Mapping Theorem
Let X and %) be Banach spaces and suppose that T € B(X,9)) is a bijection. Then
T! is continuous, and so T is a homeomorphism.
Proof. That 77! is linear is basic linear algebra.
If G ¢ X is open, then (T71)71(G) = TG is open in 2 by the Open Mapping
Theorem above. Hence T ! is continuous.
O

12.5. Theorem. The map
Az (Ly(T,C), [ 1) - (co(Z,C), ]| |lo)
(/] ~ (@
18 not surjective.
Proof. As we saw in paragraph 12.1, A is continuous, linear and injective. If it
were surjective, then by the Inverse Mapping Theorem,
A_l : CO(Za C) - I (Ta (C)
@Mz = 1]
would be continuous.

Let Dy = XN\ &, be the Dirichlet kernel of order N, and let dy = A([Dxy]),
N>1.

Then dy = (...,0,0,...,0,1,1,...,1,1,0,0,...), with the 1’s appearing for the
indices -N < k < N. Clearly |dy|oe = 1, each dy is finitely supported, but by
Theorem 10.4,

Jim A7 dx)] = Jim (D]l = oo.

Thus A~! is not continuous, and so A is not surjective.

That is, there exist sequences (8y,)nez € co(Z,C) which are not the Fourier
coefficients of any element of L, (T,C).

O

12.6. Of course, the fact that [f] € Lo(T,C) if and only if (aLf])mZ € l5(Z,C)
makes it tempting to conjecture that perhaps the range of the map A from Theo-

rem 12.5 should be ¢1(Z,C). Tempting, but alas, false.

L ifn>1

The sequence 3, ={ " is clearly in ¢5(Z,C), and thus [ f] = ¥,ez Bnl&n]
0 ifn<0

converges in Lo(T,C) ¢ L;(T,C). On the other hand,

A([f]) = (/Bn)neZ
is definitely not in ¢1(Z,C).
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As stated in the book by Katznelson [2], p. 23,

The only spaces, defined by conditions of size or smoothness of
the functions, for which we obtain ... [a] complete characteri-
sation, that is, a necessary and sufficient condition expressed in
terms of order of magnitude, for a sequence {a, } to be the Fourier
coefficients of a function in the space, are Lo(T, C) and its “deriva-
tives”. (Such as the space of absolutely continuous functions with
derivatives in Lo(T,C).)

So - much like the enigma surrounding the Cadbury Caramilk bar, the mystery
persists.
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Appendix to Section 12.
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Exercises for Section 12.

Exercise 12.1.

(o]

Keeping in mind that sin nf = M 0 € R, the series Z sin nf can be
i n

expressed as the Fourier series of a function in Lo(T,C). Which funct10n7




(1]
2l
3]
(4]
[5]
(6]
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