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Preface

This book grew out of lectures given since 1964 at Yale University, the Uni-
versity of Illinois at Chicago, and Bar Ilan University. The material covers the
usual topics of Measure Theory and Functional Analysis, with applications to
Probability Theory and to the theory of linear partial differential equations.
Some relatively advanced topics are included in each chapter (excluding the first
two): the Riesz—Markov representation theorem and differentiability in Euclidean
spaces (Chapter 3); Haar measure (Chapter 4); Marcinkiewicz’s interpola-
tion theorem (Chapter 5); the Gelfand—Naimark—Segal representation theorem
(Chapter 7); the Von Neumann double commutant theorem (Chapter 8); the
spectral representation theorem for normal operators (Chapter 9); the extension
theory for unbounded symmetric operators (Chapter 10); the Lyapounov Central
Limit theorem and the Kolmogoroff ‘Three Series theorem’ (Application I); the
Hormander—Malgrange theorem, fundamental solutions of linear partial differen-
tial equations with variable coefficients, and Hormander’s theory of convolution
operators, with an application to integration of pure imaginary order (Applica-
tion IT). Some important complementary material is included in the ‘Exercises’
sections, with detailed hints leading step-by-step to the wanted results. Solutions
to the end of chapter exercises may be found on the companion website for this
text: http://www.oup.co.uk/academic/companion/mathematics/kantorovitz.

Ramat Gan S. K.
July 2002
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Measures

1.1 Measurable sets and functions

The setting of abstract measure theory is a family A of so-called measurable
subsets of a given set X, and a function

e A—[0,00],

so that the measure p(E) of the set E € A has some ‘intuitively desirable’
property, such as ‘countable additivity’:

7 (U Ez) = ZM(Ei)a

for mutually disjoint sets F; € A. In order to make sense, this setting has to
deal with a family A that is closed under countable unions. We then arrive to
the concept of a measurable space.

Definition 1.1. Let X be a (non-empty) set. A o-algebra of subsets of X
(briefly, a o-algebra on X) is a subfamily A of the family P(X) of all subsets
of X, with the following properties:

(1) X € A4;
(2) if E € A, then the complement E° of E belongs to A;
(3) if {E;} is a sequence of sets in A, then its union belongs to A.

The ordered pair (X,.A), with A a o-algebra on X, is called a measurable
space. The sets of the family A are called measurable sets (or A-measurable sets)
in X.

Observe that by (1) and (2), the empty set (} belongs to the o-algebra A.
Taking then F; = 0 for all ¢ > n in (3), we see that A is closed under finite
unions; if this weaker condition replaces (3), A is called an algebra of subsets
of X (briefly, an algebra on X).
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By (2) and (3), and DeMorgan’s Law, A is closed under countable intersec-
tions (finite intersections, in the case of an algebra). In particular, any algebra
on X is closed under differences £ — F := E N F€.

The intersection of an arbitrary family of o-algebras on X is a o-algebra
on X. If all the o-algebras in the family contain some fixed collection £ C P(X),
the said intersection is the smallest o-algebra on X (with respect to set inclusion)
that contains &; it is called the o-algebra generated by £, and is denoted by [£].

An important case comes up naturally when X is a topological space (for
some topology 7). The o-algebra [r] generated by the topology is called the
Borel (o)-algebra [denoted B(X)], and the sets in B(X) are the Borel sets in X.
For example, the countable intersection of 7-open sets (a so-called Gs-set) and
the countable union of 7-closed sets (a so-called F,-set) are Borel sets.

Definition 1.2. Let (X,.A) and (Y, B) be measurable spaces. Amap f: X - Y
is measurable if for each B € B, the set

fYB):={zeX;f(x)e B} :=[f € B
belongs to A.

A constant map f(x) =p €Y is trivially measurable, since [f € B] is either
() or X (when p € B¢ and p € B, respectively), and so belongs to A.

When Y is a topological space, we shall usually take B = B(Y'), the Borel
algebra on Y. In particular, for Y = R (the real line), Y = [—o00,00] (the
‘extended real line’), or Y = C (the complex plane), with their usual topologies,
we shall call the measurable map a measurable function (more precisely, an
A-measurable function). If X is a topological space, a B(X)-measurable map
(function) is called a Borel map (function).

Given a measurable space (X, .A) and a map f : X — Y, for an arbitrary set
Y, the family

By = {F € P(Y); f~\(F) € A}

is a o-algebra on Y (because the inverse image operation preserves the set
theoretical operations: f~!(, Fa) = U, 7 (Fa), etc.), and it is the largest
o-algebra on Y for which f is measurable.

If Y is a topological space, and f~!(V) € A for every open V, then By
contains the topology 7, and so contains B(Y'); that is, f is measurable. Since
7 C B(Y), the converse is trivially true.

Lemma 1.3. A map f from a measurable space (X, A) to a topological space Y
is measurable if and only if f~*(V) € A for every open V C Y.

In particular, if X is also a topological space, and A = B(X), it follows that
every continuous map f : X — Y is a Borel map.

Lemma 1.4. A map f from a measurable space (X, A) to [—00, 00| is measurable
if and only if
[f>ceA

for all real c.
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The non-trivial direction in the lemma follows from the fact that (c, oo] € By
by hypothesis for all real c; therefore, the o-algebra By contains the sets

U (b—1/n, 0] U[—oo,b—l/n]z[—oo,b)

n=1

and (a,b) = [—o0,b) N (a, 0] for every real a < b, and so contains all countable
unions of ‘segments’ of the above type, that is, all open subsets of [—o0, o0].

The sets [f > ¢] in the condition of Lemma 1.4 can be replaced by any of
the sets [f > c|,[f < ¢], or [f < ¢] (for all real ¢), respectively. The proofs are
analogous.

For f : X — [—o0,00] measurable and « real, the function af (defined
pointwise, with the usual arithmetics o - 0o = oo for a > 0,= 0 for o = 0,
and = —oo for o < 0, and similarly for —oco) is measurable, because for all real
claf >c =[f >c/a] fora >0,=[f <c/a] for a <0, and af is constant for
a=0.

If {a,} C [—00,00], one denotes the superior (inferior) limit, that is,
the ‘largest’ (‘smallest’) limit point, of the sequence by limsupa, (liminf a,,
respectively).

Let b, := supy>,, ax. Then {b,} is a decreasing sequence, and therefore

dlimb,, = inf b,,.

Let a := limsupa, and § = limb,,. For any given n € N,a; < b, for all k£ > n,
and therefore a < b,,. Hence a < 3.

On the other hand, for any t > «, ax > t for at most finitely many indices k.
Therefore, there exists ng such that ar <t for all k& > ng, hence b,, < t. But
then b, < ¢ for all n > ng (because {b,} is decreasing), and so 8 < t. Since
t > « was arbitrary, it follows that 8 < «, and the conclusion a = 3 follows. We
showed

limsup a,, = lim (sup ak> = inf (sup ak) . (1)
n k>n neN k>n
Similarly
liminf a,, = liTILn (’igi ak> = ig\){ (égfb ak) . (2)

Lemma 1.5. Let {f,} be a sequence of measurable [—o0, co]-valued functions
on the measurable space (X, A). Then the functions sup f,,inf f,, limsup f,, lim
inf f,,, and lim f,, (when it exists), all defined pointwise, are measurable.

Proof. Let h =sup f,,. Then for all real c,

h>d = Jifn>d € A

n

so that h is measurable by Lemma 1.4.
As remarked above, —f,, = (—1)f, are measurable, and therefore inf f, =
—sup(—f,) is measurable.



4 1. Measures

The proof is completed by the relations (1), (2), and

lim f, = limsup f, = liminf f,,

when the second equality holds (i.e. if and only if lim f,, exists). O

In particular, taking a sequence with fr = f, for all k& > n, we see
that max{fi,..., fn} and min{fi,..., f,} are measurable, when fi,..., f, are
measurable functions into [—o0, c0]. For example, the positive (negative) parts
f1:=max{f,0} (f~ := —min{f,0}) of a measurable function f : X — [—o0, 0]

are (non-negative) measurable functions. Note the decompositions
f=fr=f =+

Lemma 1.6. Let g: Y — Z be a continuous function from the topological space
Y to the topological space Z. If f : X — Y is measurable on the measurable
space (X, A), then the composite function h(z) = g(f(x)) is measurable.

Indeed, for every open subset V of Z,¢g~!(V) is open in Y (by continuity
of g), and therefore
heVli=[feg (V)] €A

by measurability of f.
It

Y = ﬁYk
k=1

is the product space of topological spaces Y}, the projections py : ¥ — Y
are continuous. Therefore, if f : X — Y is measurable, so are the ‘component
functions’ fi(z) = pr(f(z)) : X = Y; (k =1,...,n), by Lemma 1.6. Conversely,
if the topologies on Y have countable bases (for all k), a countable base for the
topology of Y consists of sets of the form V = szl Vi with Vi, varying in a
countable base for the topology of Y}, (for each k). Now,

n

[feVi=lfreVile A

k=1

if all f are measurable. Since every open W C Y is a countable union of sets of
the above type, [f € W] € A, and f is measurable. We proved:

Lemma 1.7. Let Y be the cartesian product of topological spaces Yi,...,Y,
with countable bases to their topologies. Let (X, A) be a measurable space. Then
f: X =Y is measurable iff the components fi are measurable for all k.

For example, if f; : X — C are measurable for £k = 1,...,n, then f :=
(f1,-.-, fn) : X — C™ is measurable, and since g(z1,...,2,) := Zagzi(ax € C)
and h(z1,...,2n) = 21...2, are continuous from C" to C, it follows from

Lemma 1.6 that (finite) linear combinations and products of complex meas-
urable functions are measurable. Thus, the complex measurable functions form
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an algebra over the complex field (similarly, the real measurable functions form
an algebra over the real field), for the usual pointwise operations.

If f has values in R, [—00, o0], or C, its measurability implies that of |f|, by
Lemma 1.6.

By Lemma 1.7, a complex function is measurable iff its real part Rf and
imaginary part &f are both measurable.

If f, g are measurable with values in [0, 00|, the functions f+g and fg are well-
defined pointwise (with values in [0, 00]) and measurable, by the continuity of
the functions (s,t) — s+t and (s,t) — st from [0, c0]? to [0, 00] and Lemma 1.7.

The function f: X — C is simple if its range is a finite set {c1,...,¢,} C C.
Let By, := [f = ck], k= 1,...,n. Then X is the disjoint union of the sets

FEy, and
f= chIEka
k=1

where Ip denotes the indicator of E (also called the characteristic function of
FE by non-probabilists, while probabilists reserve the later name to a different
concept):

Ig(z)=1 forz € E and =0 forze E".

Since a singleton {c} C C is closed, it is a Borel set. Suppose now that the
simple (complex) function f is defined on a measurable space (X,A). If f is
measurable, then Ej := [f = ¢;] is measurable for all £ = 1,...,n. Conversely,
if all E} are measurable, then for each open V C C,

{k;cLeV}

so that f is measurable. In particular, an indicator Ig is measurable iff F € A.
Let B(X,A) denote the complex algebra of all bounded complex
A-measurable functions on X (for the pointwise operations), and denote

71l =suplfl(f € BEX. ).

The map f — ||f|| of B(X,.A) into [0, 00) has the following properties:

1) |l =0iff f =0 (the zero function);

2) |laf]l = |al||f]] for all @ € C and f € B(X,A);
3) f+gl <1+ llgll for all f,g € B(X,A);

4) N fgl <71 lgll for all f,g € B(X,.A).

o~ o~ o~ o~

For example, (3) is verified by observing that for all z € X,
|f(z) + g(@)| < | (@)| + lg(z)] < sup[f] + sup g].

A map || || from any (complex) vector space Z to [0, c0) with Properties (1)—(3)
is called a norm on Z. The above example is the supremum norm or uniform
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norm on the vector space Z = B(X,.A). Property (1) is the definiteness of the
norm; Property (2) is its homogeneity; Property (3) is the triangle inequality. A
vector space with a specified norm is a normed space. If Z is an algebra, and the
specified norm satisfies Property (4) also, Z is called a normed algebra. Thus,
B(X,.A) is a normed algebra with respect to the supremum norm. Any normed
space Z is a metric space for the metric induced by the norm

d(u,v) == |lu—v|| wu,veZ

Convergence in Z is convergence with respect to this metric (unless stated
otherwise). Thus, convergence in the normed space B(X, .A) is precisely uniform
convergence on X (this explains the name ‘uniform norm’).

If 2,y € Z, the triangle inequality implies ||z|| = ||[(x—y)+y| < [|lz—y||+]yll,
so that ||z|| — ||ly|| < ||l — y||. Since we may interchange = and y, we have

ezl =1yl < [l = yll.

In particular, the norm function is continuous on Z.
The simple functions in B(X,.A) form a subalgebra By(X, A); it is dense in
B(X, A):

Theorem 1.8 (Approximation theorem). Let (X, A) be a measurable space.
Then:

(1) Bo(X,A) is dense in B(X,A) (i.e. every bounded complex measurable
function is the uniform limit of a sequence of simple measurable complex
functions).

(2) If f : X — [0, 00] is measurable, then there exists a sequence of measurable
simple functions
0<p1<pp<---<f,

such that f =lim ¢,,.
Proof. (1) Since any f € B(X,.A) can be written as
f=ut—u +ivt —iv”

with u = Rf and v = Sf, it suffices to prove (1) for f with range in [0, 00). Let
N be the first integer such that N > sup f. Forn =1,2,..., set

N2™

Op = Z k2—nlIEn,k7

where

The simple functions ¢,, are measurable,

0<p1 <pp<---<f,
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and )

0 § f - d)n < 27;
so that indeed ||f — ¢, | < (1/2™), as wanted.

If f has range in [0, 00, set
n2"
k-1
(bn = Z QTIE",’C + ’rLIFn,

k=1

where F,, := [f > n]. Again {¢,} is a non-decreasing sequence of non-negative

measurable simple functions < f. If f(z) = oo for some = € X, then = € F,, for
all n, and therefore ¢, (x) = n for all n; hence lim, ¢, (x) = 0o = f(x). If f(z) <
oo for some x, let n > f(x). Then there exists a unique k,1 < k < n2", such
that € E, ;. Then ¢,(z) = ((k —1)/2") while ((k —1)/2") < f(z) < (k/2"),
so that

0< f(z) = dnlx) <1/2" (n> f(x)).

Hence f(z) = lim,, ¢,,(z) for all z € X. O

1.2 Positive measures

Definition 1.9. Let (X,.A) be a measurable space. A (positive) measure on A
is a function

p:A— [0, 00]
such that (@) = 0 and
M( U Ek) = ZM(Ek) (1)
k=1 k=1

for any sequence of mutually disjoint sets Fy € A. Property (1) is called
o-additivity of the function pu. The ordered triple (X, .4, u) will be called a
(positive) measure space.

Taking in particular Ey = () for all k > n, it follows that
n n
M( U Ek) = u(Ex) (2)
k=1 k=1

for any finite collection of mutually disjoint sets Fy € A,k = 1,...,n. We refer
to Property (2) by saying that u is (finitely) additive.

Any finitely additive function > 0 on an algebra A is necessarily monotonic,
that is, u(E) < pu(F) when E C F(E, F € A); indeed

W(F) = p(BU (F — E)) = p(E) + u(F — E) > u(E).
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If uw(E) < oo, we get
u(F = E) = p(F) — p(E).
Lemma 1.10. Let (X, A, 1) be a positive measure space, and let
EiCEyCE3C---
be measurable sets with union E. Then
p(E) = limp(Ey).
Proof. The sets E, and E can be written as disjoint unions

E,=FE U (Ey— E)U(Es— E) U+ U(Ep — En_1),
E=F U(BEy—E|)U(E3—E3)U---,

where all differences belong to A. Set Ey = 0. By o-additivity,

W(E) = u(By — EBx1)
k=1

n

=lim)  w(By — Ex1) = limp(E,).
k=1

O
In general, if E; belong to an algebra A of subsets of X, set Ag = () and
A, = U?:l E;, n=1,2,.... The sets A; — A;_1,1 < j < n, are disjoint A-

measurable subsets of E; with union A,. If y is a non-negative additive set
function on A, then

n

p(UE) =) = (s - A5-0) < Y ulEy) ¢)

j=1 j=1

This is the subadditivity property of non-negative additive set functions (on
algebras).

If A is a o-algebra and p is a positive measure on A, then since A3 C Ay C - -+
and U;—, A, = Uj2, Ej, letting n — oo in (*), it follows from Lemma 1.10 that

oo

plUE | <D ulE).
j=1

=1

This property of positive measures is called o-subadditivity.
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For decreasing sequences of measurable sets, the ‘dual’ of Lemma 1.10 is false
in general, unless we assume that the sets have finite measure:

Lemma 1.11. Let {E;} C A be a decreasing sequence (with respect to set-
inclusion) such that p(Ey) < oco. Let E =, Ex. Then

p(E) = lim p(Ey).

Proof. The sequence {E;—FE}} is increasing, with union F; —F. By Lemma 1.10
and the finiteness of the measures of E and Fj, (subsets of Ey!),

w(Br) — w(E) = p (U(& - Ek)>

k
=lim p(Ey — E,) = p(Er) — lim p(E,),
and the result follows by cancelling the finite number p(E7). O

If {Ex} is an arbitrary sequence of subsets of X, set F,, = [\, Er and
Gy = Ups,, Ex- Then {F,} ({G,}) is increasing (decreasing, respectively), and
F, C E, C G, for all n.

One defines

hmnmen = LnJFn; hmnsup E, = OGn.
These sets belong to A if E € A for all k. The set liminf F,, consists of all x

that belong to E, for all but finitely many n; the set limsup E,, consists of all x
that belong to E, for infinitely many n. By Lemma 1.10,

p(liminf E,) = lim u(F,) < liminf p(E,). (3)
If the measure of GG is finite, we also have by Lemma 1.11

p(limsup E,) = lim p(G,,) > limsup p(Ey). (4)

1.3 Integration of non-negative
measurable functions

Definition 1.12. Let (X, A, ) be a positive measure space, and ¢ : X — [0, 00)
a measurable simple function. The integral over X of ¢ with respect to i, denoted

/Xa:du
/aﬁdu,

or briefly
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is the finite sum

S cup(Er) € [0,00],
k

where

¢ = ZCkIE,,., Eyp = [¢ = cil,
e

and ¢ are the distinct values of ¢.

Note that
/IEdu:u(E) EcA

and

0< / by < |16 u((6 # 0)). (1)

For an arbitrary measurable function f : X — [0, 0c], consider the (non-empty)
set Sy of measurable simple functions ¢ such that 0 < ¢ < f, and define

[ aw=sw [odn 2)

$ESy

For any F € A, the integral over E of f is defined by

/E fdni= [ 11z dp. (3)

Let ¢, be measurable simple functions; let cy,d; be the distinct values of ¢
and v, taken on the (mutually disjoint) sets Ej and Fj, respectively. Denote
Q:={(k,j) e N, E,NF; #0}.

If ¢ <4, then ¢;, < d; for (k,j) € Q. Hence

/fbdu => ap(Ery) = > cxp(BEpNFy)
k

(k,j)€Q

< Y du(BrNF) :Zde(Fj) :/¢dﬂ~

(k.j)eQ

Thus, the integral is monotonic on simple functions.

If f is simple, then [¢dp < [ fdu for all ¢ € Sy (by monotonicity of the
integral on simple functions), and therefore the supremum in (2) is less than
or equal to the integral of f as a simple function; since f € Sy, the reverse
inequality is trivial, so that the two definitions of the integral of f coincide for
f simple.

Since Sep = ¢Sy = {cp; ¢ € Sy} for 0 < ¢ < o0, we have (for f as above)

/cfd,u:c/fd,u (0 <ec< o). (4)
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If f < g (f,gasabove), Sy C Sy, and therefore [ fdu < [ gdu (monotonicity
of the integral with respect to the ‘integrand’).

In particular, if E C F (both measurable), then fIg < fIr, and there-
fore [, fdu < [, fdp (monotonicity of the integral with respect to the set of
integration).

If w(E) = 0, then any ¢ € Sy, assumes its non-zero values c; on the
sets B, N E, that have measure 0 (as measurable subsets of E), and therefore
J ¢dpu =0 for all such ¢, hence [, fdu = 0.

If f=0o0n E (for some E € A), then fIg is the zero function, hence has
zero integral (by definition of the integral of simple functions!); this means that
S fdu =0 when f =0 on E.

Consider now the set function

:/¢du Ee A (5)
E

for a fized simple measurable function ¢ > 0. As a special case of the preceding
remark, v(0) = 0. Write ¢ = > cxlp,, and let A; € A be mutually disjoint
(j =1,2,...) with union A. Then

¢Ia = celg,na,

so that, by the o-additivity of p and the possibility of interchanging summation
order when the summands are non-negative,

v( chuEkﬂA chZMEkﬂA
_ZZCW ExN A;) Z (4;).

J

Thus v is a positive measure. This is actually true for any measurable ¢ > 0
(not necessarily simple), but this will be proved later.

If ¢, x are simple functions as above (the distinct values of @ and x
being a1,...,a, and by, ..., by, assumed on the measurable sets Fi,..., F}, and
Gh,...,Gy, respectively), then the simple measurable function ¢ := 9 + x
assumes the constant value a; + b; on the set F; N G, and therefore, defining
the measure v as above, we have

v(F;NGj) = (a; + bj)u(F; N Gj). (6)

But a; and b; are the constant values of ¢ and x on the set F;NG; (respectively),
so that the right-hand side of (6) equals v/(F; N G;) +v"(F;NG;), where v/ and
V" are the measures defined as v, with the integrands 1) and x instead of ¢.
Summing over all 4,7, since X is the disjoint union of the sets F; N G, the
additivity of the measures v,v/, and " implies that v(X) = v/(X) + v"(X),

that is,
/(w+x)du=/wdu+/xdu (7)
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Property (7) is the additivity of the integral over non-negative measurable simple
functions. This property too will be extended later to arbitrary non-negative
measurable functions.

Theorem 1.13. Let (X, A, u) be a positive measure space. Let
fi<fo<fz3 <t X —[0,00]

be measurable, and denote f = lim f, (defined pointwise). Then

[ ran=tin [ 5.dn (8)

This is the Monotone Convergence theorem of Lebesgue.

Proof. By Lemma 1.5, f is measurable (with range in [0, oc]). The monotonicity
of the integral (and the fact that f, < fh,4+1 < f) implies that

[win< [ fundn< [ ran.

and therefore the limit in (8) exists (:= ¢ € [0,00]) and the inequality > holds
in (8). It remains to show the inequality < in (8). Let 0 < ¢t < 1. Given ¢ € Sy,
denote
Ap=[t¢ < ful = [fu—t¢ >0 (n=1,2,...).

Then A, € Aand A1 C Ay C -+ (because f1 < fo < ---). If z € X is such
that ¢(x) = 0, then z € A, (for all n). If z € X is such that ¢(z) > 0, then
f(x) > ¢(x) > té(z), and there exists therefore n for which f,(x) > t¢(x), that
is, x € A,, (for that n). This shows that | J,, A, = X. Consider the measure v
defined by (5) (for the simple function ¢¢). By Lemma 1.10,

t/gﬁdﬂ =v(X)= li7ran(An) = li7rln/A to dp.

However t¢ < f,, on A,, so the integrals on the right are < fA” frdp < [y fndp
(by the monotonicity property of integrals with respect to the set of integration).
Therefore ¢ [ ¢du < ¢, and so [ ¢ dp < ¢ by the arbitrariness of t € (0,1). Taking
the supremum over all ¢ € Sy, we conclude that [ fdu < ¢ as wanted. O

For arbitrary sequences of non-negative measurable functions we have the
following inequality:

Theorem 1.14 (Fatou’s lemma). Let f, : X — [0,00], n = 1,2,..., be
measurable. Then

/lim inf f,, dp < lim inf/fn dp.
n n

Proof. We have
liminf f,, := lim (inf f).
n n k>n
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Denote the infimum on the right by g,. Then g,,n = 1,2,..., are measurable,

9n < [,
0<g1<g2<-o0,

and lim,, g, = liminf,, f,. By Theorem 1.13,
/lim inf f,, du = /limgn dy = 1im/gn du.

But the integrals on the right are < [ f,du, therefore their limit is
< liminf [ f, dp. O

Another consequence of Theorem 1.13 is the additivity of the integral of
non-negative measurable functions.

Theorem 1.15. Let f,g: X — [0,00] be measurable. Then

/(f+g)du=/fdu+/gdu~

Proof. By the Approximation theorem (Theorem 1.8), there exist simple
measurable functions ¢,,, 1, such that

0<¢p1<¢a<..., limg, = [,

0<¢1 <¢p<..., limy, =g
Then the measurable simple functions x,, = ¢, + ¥, satisfy
0<xi<x2<..., limx,=f+g

By Theorem 1.13 and the additivity of the integral of (non-negative measurable)
simple functions (cf. (7)), we have

[+ gy =tim [ xdu=tism [ (6, +6)

:lim/¢)ndu+lim/wnd,u:/fd/Hr/gdu.

The additivity property of the integral is also true for infinite sums of non-
negative measurable functions:

O

Theorem 1.16 (Beppo Levi). Let f, : X — [0,00],n = 1,2,..., be meas-

urable. Then - -
n=1

n=1

Proof. Let

k oo
gk:Zfrﬁ g:Zfrr
n=1 n=1
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The measurable functions g satisfy
0<g1<g2<..., limgg =g,
and by Theorem 1.15 (and induction)

/gkdﬂ:g/fndﬂ'

Therefore, by Theorem 1.13

k
/gd,uzli}gn/gkd,uzliinz

n=1

/fndug/fndﬂ-

O

We may extend now the measure property of v, defined earlier with a simple
integrand, to the general case of a non-negative measurable integrand:

Theorem 1.17. Let f : X — [0,00] be measurable, and set

V(E) ::/Efdu, E €A

Then v is a (positive) measure on A, and for any measurable g : X — [0, o0],

/gdz/:/gfdu. (*)

Proof. Let E; € A,j =1,2,... be mutually disjoint, with union E. Then

oo

fle =Y flg,,

j=1

and therefore, by Theorem 1.16,
v(E) = /fIE dp = Z/fIEj dp =" v(E;).
J J

Thus v is a measure.
If g = Ig for some E € A, then

/gdv=V(E)=/IEfdu=/gfdu-

By (4) and Theorem 1.15 (for the measures p and v), (*) is valid for g simple.
Finally, for general g, the Approximation theorem (Theorem 1.8) provides a
sequence of simple measurable functions

0<¢1<¢ga<--+; limg, =g
Then the measurable functions ¢, f satisfy

O0<o1f<gof <. limpf=gf,
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and Theorem 1.13 implies that

/gdy:hgl/%du:hgl/%fduz/gfdu.

Relation (*) is conveniently abbreviated as
dv = fdu.

Observe that if f; and fo coincide almost everywhere (briefly, ‘a.e.” or p-a.e.,
if the measure needs to be specified), that is, if they coincide except on a null
set A € A (more precisely, a p-null set, that is, a measurable set A such that
u(A) = 0), then the corresponding measures v; are equal, and in particular
J fidp= [ fadp. Indeed, for all E € A, u(EN A) =0, and therefore

ENnA

by one of the observations following Definition 1.12. Hence

lll(E) = Vl(E n A) + I/1(E N AC) = 1/1(E N AC)
= VQ(E N AC) = I/Q(E).

1.4 Integrable functions

Let (X, A, u) be a positive measure space, and let f be a measurable function
with range in [—o00,00] or C := C U {oo} (the Riemann sphere). Then |f]| :
X — [0,00] is measurable, and has therefore an integral (€ [0, 00]). In case this
integral is finite, we shall say that f is integrable. In that case, the measurable
set [|f| = oo] has measure zero. Indeed, it is contained in [|f| > n] for all

n=12,...,and

7WMf>nD=%F>{WMSAmﬁUMMS/UWM

Hence for all n

0 < u(lf| =oo) < 5 [ If]dn,

and since the integral on the right is finite, we must have u([|f| = oo]) = 0.

In other words, an integrable function is finite a.e.

We observed above that non-negative measurable functions that coincide a.e.
have equal integrals. This property is desirable in the general case now con-
sidered. If f is measurable, and if we redefine it as the finite arbitrary constant
con aset A € A of measure zero, then the new function ¢ is also measurable.
Indeed, for any open set V in the range space,

lgeVi={lgeVinA}uU{lgeV]nA}
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The second set on the right is empty if ¢ € V¢, and is A if ¢ € V, thus belongs
to A in any case. The first set on the right is equal to [f € V] N A° € A, by the
measurability of f. Thus [g € V] € A.

If f is integrable, we can redefine it as an arbitrary finite constant on the
set [|f] = oo] (that has measure zero) and obtain a new finite-valued measurable
function, whose integral should be the same as the integral of f (by the ‘desirable’
property mentioned before). This discussion shows that we may restrict ourselves
to complex (or, as a special case, to real) valued measurable functions.

Definition 1.18. Let (X, A, 1) be a positive measure space. The function f :
X — C is integrable if it is measurable and

191 i= [ 1f1du < oc.

The set of all (complex) integrable functions will be denoted by
Ll (X7 A’ M)?

or briefly by L'(u) or L'(X) or L', when the unmentioned ‘objects’ of the
measure space are understood.
Defining the operations pointwise, L' is a complex vector space, since the
inequality
laf + Bgl < |al|f] +16] 9]

implies, by monotonicity, additivity, and homogeneity of the integral of non-
negative measurable functions:

leef + Bglly < lall[fllx + 18] lgllL < oo,

for all f,g € L' and o, 3 € C.

In particular, || - ||1 satisfies the triangle inequality (take o = 3 = 1), and is
trivially homogeneous.

Suppose || f|l1 = 0. For any n =1,2,...,

0<u(lfl>1/m)= [ au=n | /s
[If[>1/n] [IfI>1/n]
<o fldu<nlfl=o,

[f1>1/n]

so u([|f] > 1/n]) = 0. Now the set where f is not zero is

o0

/1> 0= JI1 > 1/n],

n=1

and by the o-subadditivity property of positive measures, it follows that this
set has measure zero. Thus, the vanishing of || f||; implies that f = 0 a.e. (the
converse is trivially true). One verifies easily that the relation ‘f = g a.e.’ is
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an equivalence relation for complex measurable functions (transitivity follows
from the fact that the union of two sets of measure zero has measure zero, by
subadditivity of positive measures). All the functions f in the same equivalence
class have the same value of || f||1 (cf. discussion following Theorem 1.17).

We use the same notation L' for the space of all equivalence classes of integ-
rable functions, with operations performed as usual on representatives of the
classes, and with the || - ||;-norm of a class equal to the norm of any of its repres-
entatives; L' is a normed space (for the norm || - [|1). It is customary, however,
to think of the elements of L' as functions (rather than equivalence classes of
functions!).

If f € L', then f = u + iv with u := Rf and v := 3f real measurable
functions (cf. discussion following Lemma 1.7), and since |u|, |v| < |f], we have
llull1, lv]li < ||f]l1 < oo, that is, u,v are real elements of L' (conversely, if u, v
are real elements of L', then f = u +iv € L', since L' is a complex vector
space).

Writing v = u™ — u~ (and similarly for v), we obtain four non-negative
(finite) measurable functions (cf. remarks following Lemma 1.5), and since u™ <
lu| < |f] (and similarly for u™, etc.), they have finite integrals. It makes sense

therefore to define
/udu::/u+du—/u7du

(on the right, one has the difference of two finite non-negative real numbers!).
Doing the same with v, we then let

/fdﬂ::/udu-i-i/vd,u.

Note that according to this definition,

® [ fdu= [Rfdn.

and similarly for the imaginary part.

+

Theorem 1.19. The map f — [ fdu € C is a continuous linear functional on
the normed space L*(p).

Proof. Consider first real-valued functions f,g € L'. Let h = f + g. Then
he=h™ =" =)+ —97),
and since all functions above have finite values,
Rt +f~+g =h" +fF+gt.

By Theorem 1.15,

/h+d,u+/f_du+/g_du:/h_du+/f+du+/g+dp.
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All integrals above are finite, so we may subtract [h~ + [ f~ + [ g~ from both
sides of the equation. This yields:

/hduz/fdu—k/gdu.

The additivity of the integral extends trivially to complex functions in L*.
If f € L' isreal and ¢ € [0,00), (cf)* = ¢fT and similarly for f~. Therefore,
by (4) (following Definition 1.12),

/cfd,uz/cf+du—/cf_d,u:c/f"’du—c/f_d,u:c/fd,u.

If ¢ € (—0,0), (c¢f)t = —cf™ and (cf)” = —cf™T, and a similar calculation
shows again that [(cf) =c [ f. For f € L' complex and c real, write f = u+iv.
Then

/cf:/(cu—i-icv) ::/(cu)+i/(c1}):c</u+i/v) ::c/f.
Note next that
/(if):/ —v + iu) /v—l—l/u—l/f

Finally, if ¢ = a+1ib (a, b real), then by additivity of the integral and the previous
remarks,

/(cf):/(af—Hbf):/(af)+/ibf:a/f+ib/f:c/f.

Js+spdu=a [ sau+s [

for all f,g € L' and o, 3 € C.
For f € L', let A := [ fdu(e C). Then, since the left-hand side of the
following equation is real,

N == [ fdu= [@pdn= [ pdu= [ R dn
< [16" 1du= [ \7]dn.

We thus obtained the important inequality

‘/f@%s/ﬁdw 1)

If f,g € L', it follows from the linearity of the integral and (1) that

]/ﬂm—/gw}{/w—mm4<W—gy @)

Thus
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In particular, if f and g represent the same equivalence class, then || f —g|l1 = 0,
and therefore [ fdu = [ gdpu. This means that the functional f — [ fdu is
well-defined as a functional on the normed space L*(p) (of equivalence classes!),
and its continuity follows trivially from (2). O

In term of sequences, continuity of the integral on the normed space L' means
that if {f,,} C L' converges to f in the L'-metric, then

[ wtn— [ £ (3)

A useful sufficient condition for convergence in the L!-metric, and therefore,
for the validity of (3), is contained in the Dominated Convergence theorem of
Lebesgue:

Theorem 1.20. Let (X, A, ) be a measure space. Let {fn} be a sequence of
complex measurable functions on X that converge pointwise to the function f.
Suppose there exists g € L' (n) (with values in [0,00)) such that

[fal<g (n=12,..). (4)
Then f, f, € LY(n) for all n, and f, — f in the L' (u)-metric.
In particular, (3) is valid.

Proof. By Lemma 1.5, f is measurable. By (4) and monotonicity

LAl 1l < llglh < oo,

so that f, f, € L.
Since |fn — f| < 2g, the measurable functions 2g — | f,, — f| are non-negative.
By Fatou’s Lemma (Theorem 1.14),

/limninf(2g —[fo = fl)du < linglinf/(2g = fn = fI) dp. (5)

The left-hand side of (5) is [2gdu. The integral on the right-hand side is
J2gdp+ (—=||fn — fll1), and its liminf is

— [ 29di+ tamint(- 1 £, ~ 1) = [ 29dpe~ tmsup |, - 11
Subtracting the finite number f 2g dp from both sides of the inequality, we obtain
limsup || f» — fll1 < 0.

However if a non-negative sequence {a,} satisfies limsupa, < 0, then it con-
verges to 0 (because 0 < liminfa, < limsupa, < 0 implies liminfa, =
limsup a,, = 0). Thus ||f, — f|l1 — 0. O
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Rather than assuming pointwise convergence of the sequence {f,} at every
point of X, we may assume that the sequence converges almost everywhere, that
is, fn — fonaset E € Aand u(E°) = 0. The functions f, could be defined
only a.e., and we could include the countable union of all the sets where these
functions are not defined (which is a set of measure zero, by the o-subadditivity
of measures) in the ‘exceptional’ set E°¢. The limit function f is defined a.e., in
any case. For such a function, measurability means that [f € V]N E € A for
each open set V.

If f, (defined a.e.) converge pointwise a.e. to f, then with E as above, the
restrictions f,|p are Ap-measurable, where Ag is the o-algebra AN E, because

fnleeV]=[fneVINE e Ag.

By Lemma 1.5, f|g := lim f,|g is Ag-measurable, and therefore the a.e.-defined
function f is ‘measurable’ in the above sense. We may define f as an arbitrary
constant ¢ € C on E°; the function thus extended to X is A-measurable, as seen
by the argument preceding Definition 1.18.

Now f,,Ig are A-measurable, converge pointwise everywhere to fIg, and if
|fn] < g € L' for all n (wherever the functions are defined), then |f,Ig| < g € L*
(everywhere!). By Theorem 1.20,

1fn = flln = [lfale — fIElL — 0.

We then have the following a.e. version of the Lebesgue Dominated Convergence
theorem:

Theorem 1.21. Let {f,} be a sequence of a.e.-defined measurable complex func-
tions on X, converging a.e. to the function f. Let g € L' be such that |f,| < g
for alln (at all points where f,, is defined). Then f and f, are in L', and f, — f
in the L'-metric (in particular, [ fnodp— [ fdu).

A useful ‘almost everywhere’ proposition is the following:

Proposition 1.22. If f € L'(u) satifies Jg fdp =0 for every E € A, then
f=0a.e.

Proof. Let E = [u:=Rf > 0]. Then E € A, so

= [ wdi=% [ fdu=o,
E E

and therefore u™ = 0 a.e. Similarly u~ = vT = v~ = 0 a.e. (where v := S f), so
that f =0 a.e. O

We should remark that, in general, a measurable a.e.-defined function f can
be extended as a measurable function on X only by defining it as constant on
the exceptional null set E°. Indeed, the null set E° could have a non-measurable
subset A. Suppose f : E — C is not onto, and let a € f(E)°. If we assign on
A the (constant complex) value a, and any value b € f(E) on E° — A, then the
extended function is not measurable, because [f =a] = A ¢ A.
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In order to be able to extend f in an arbitrary fashion and always get a meas-
urable function, it is sufficient that subsets of null sets should be measurable
(recall that a ‘null set’ is measurable by definition!). A measure space with this
property is called a complete measure space. Indeed, let f’ be an arbitrary exten-
sion to X of an a.e.-defined measurable function f, defined on E € A, with E€
null. Then for any open V C C,

[feVI=(f eVINE)U([f € V]nE°).

The first set in the union is in A, by measurability of the a.e.-defined function
f; the second set is in A as a subset of the null set E¢ (by completeness of the
measure space). Hence [ € V] € A, and f’ is measurable.

We say that the measure space (X, M,v) is an extension of the measure
space (X, A, 1) (both on X!) if A C M and v = p on A. It is important to know
that any measure space (X,.A, ) has a (unique) ‘minimal’ complete extension
(X, M, v), where minimality means that if (X, N, o) is any complete extension
of (X, A, u), then it is an extension of (X, M, v). Uniqueness is of course trivial.
The existence is proved below by a ‘canonical’ construction.

Theorem 1.23. Any measure space (X, A, u) has a unique minimal complete
extension (X, M,v) (called the completion of the given measure space).

Proof. We let M be the collection of all subsets E¥ of X for which there exist
A, B € A such that
ACECB, pB-A4)=0. (6)

If E € A, we may take A= B = FE in (6), so A C M. In particular X € M.
If E € M and A, B are as in (6), then A°, B € A,

B¢ C E° C A°

and p(A° — B°) = u(B — A) =0, so that E® € M.
IfE;e M,j=1,2,... and A;, B; are as in (6) (for E;), then if E, A, B are
the respective unions of E;, A;, B;, we have A,B€ A, AC E C B, and

B—A=|JB;-A4) c|JB; - 4)).

J J

The union on the right is a null set (as a countable union of null sets, by
o-subadditivity of measures), and therefore B — A is a null set (by monoton-
icity of measures). This shows that F € M, and we conclude that M is a
o-algebra.

For E € M and A, B as in (6), we let v(E) = pu(A). The function v is well
defined on M, that is, the above definition does not depend on the choice of
A, B as in (6). Indeed, if A’, B’ satisfy (6) with E, then

A-ACE-AcB -4,

so that A — A’ is a null set. Hence by additivity of u, u(A) = u(AN A") +
(A — A" = u(An A'). Interchanging the roles of A and A’, we also have
w(A) = u(AN A", and therefore u(A) = pu(A4’), as wanted.
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If E € A, we could choose A = B = E, and so v(E) = p(E). In particular,
v(0) = 0. If {E;} is a sequence of mutually disjoint sets in M with union E,
and Aj, B; are as in (6) (for Ej), we observed above that we could choose A for
E (for (6)) as the union of the sets A;. Since A; C E;,j =1,2,... and E; are
mutually disjoint, so are the sets A;. Hence

v(E) = p(A) = ZM(Aj) = v(E)),

J

and we conclude that (X, M, v) is a measure space extending (X, A, ). It is
complete, because if E € M is v-null and A, B are as in (6), then for any
F C E, we have

) c FcCB,

and since pu(B — A) =0,
w(B —0) = pu(B) = p(A) :==v(E) =0

so that F' € M.

Finally, suppose (X, N, o) is any complete extension of (X, A, 1), let E € M,
and let A, B be as in (6). Write E = AU(E—A). Theset B—A € A C N is o-null
(c(B—A) = u(B— A) =0). By completeness of (X, N, o), the subset £ — A of
B — A belongs to N (and is of course o-null). Since A € A C N, we conclude
that £ € N and M C N. Also since 0 = ppon A, 0(E) = 0(A) + o(E — A) =
w(A) :=v(E), so that 0 = v on M. O

1.5 LP-spaces

Let (X, A, i) be a (positive) measure space, and let p € [1,00). If f : X — [0, 0]
is measurable, so is f? by Lemma 1.6, and therefore [ fPdu € [0,00] is well

defined. We denote
1/p
1= ([ rrau)

Theorem 1.24 (Holder’s inequality). Let p,q € (1,00) be conjugate

exponents, that is,

11
S+ =1 1
s (1)

Then for all measurable functions f,g: X — [0, 00|,

/mwswmwm (2)

Proof. If | f||, = O, then ||f?||s = 0, and therefore f = 0 a.e.; hence fg = 0
a.e., and the left-hand side of (2) vanishes (as well as the right-hand side). By
symmetry, the same holds true if ||g||, = 0. So we may consider only the case
where || f|l, and ||g||, are both positive. Now if one of these quantities is infinite,
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the right-hand side of (2) is infinite, and (2) is trivially true. So we may assume
that both quantities belong to (0, 00) (positive and finite). Denote

w=f/fllps v =9/llglla 3)
Then
[ullp = llvllg = 1. (4)
It suffices to prove that
/uv dp <1, (5)
because (2) would follow by substituting (3) in (5).
The logarithmic function is concave ((logt)” = —(1/t?) < 0). Therefore

by (1)
1 1 t
—logs+ —logt < log (s + )
p q p q

for all s,t € (0,00). Equivalently,
pgtfa 5 1
sTPE/T < — 4 - st € (0,00). (6)
p q
When z € X is such that u(x),v(x) € (0,00), we substitute s = u(x)? and
t =wv(x)? in (6) and obtain

u(e)? | ()" -

u(x)v(x) < ’ .

and this inequality is trivially true when u(x),v(z) € {0,00}. Thus (7) is valid
on X, and integrating the inequality over X, we obtain by (4) and (1)

u||® ol 1 1
/uvduﬁ””p—F””q:—&—zl.
p q p q
O

Theorem 1.25 (Minkowski’s inequality). For any measurable functions
fr9 + X —[0,00],

1f+gllp < [1Fllp+ Nl (1 <p<o0). (8)

Proof. Since (8) is trivial for p = 1 (by the additivity of the integral of non-
negative measurable functions, we get even an equality), we consider p € (1, 00).
The case ||f + g|l, = 0 is trivial. By convexity of the function t? (for p > 1),
((s+1t)/2)P < (sP +tP)/2 for s,t € (0,00). Therefore, if x € X is such that
f(z), 9(x) € (0,00),

(f(@) +g(2))" < 27 [f(2)P + g(x)"], (9)
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and (9) is trivially true if f(z),g(z) € {0,00}, and holds therefore on X.
Integrating, we obtain

1F +glly < 2" (A1 + llgllp]. (10)

If || f+g|l, = oo, it follows from (10) that at least one of the quantities || f||,, [|9|l,
is infinite, and (8) is then valid (as the trivial equality co = co). This discussion
shows that we may restrict our attention to the case

0 <|lf +gllp <oo. (11)

We write
(f+9P =f(f+9)" " +g(f+9)P " (12)
By Holder’s inequality,

/ S+ 9P < I + 9P o = 1l + all2/e,

since (p — 1)g = p for conjugate exponents p, ¢q. A similar estimate holds for the
integral of the second summand on the right-hand side of (12). Adding these
estimates, we obtain

1 +gll5 < (IF1lp + llgllp) 11 + gllz'e.

By (11), we may divide this inequality by ||f + gHg/ ¢ and (8) follows since

p—p/g=1. O
In a manner analogous to that used for L, if p € [1,00), we consider the set
LP(X, A, p)

(or briefly, LP(n), or LP(X), or LP, when the unmentioned parameters are
understood) of all (equivalence classes) of measurable complex functions f on
X, with

1£llp = [ f1lp < oo
Since || - ||, is trivially homogeneous, it follows from (8) that LP is a normed
space (over C) for the pointwise operations and the norm || - ||,. We can restate

Holder’s inequality in the form:

Theorem 1.26. Let p,q € (1,00) be conjugate exponents. If f € LP and g € L9,
then fg € L', and

gl < 1 1p llgllq-

A sufficient condition for convergence in the LP-metric follows at once from
Theorem 1.21:

Proposition. Let {f,} be a sequence of a.e.-defined measurable complex func-
tions on X, converging a.e. to the function f. For some p € [1,00), suppose
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there exists g € LP such that |f| < g for all n (with the usual equivalence class
ambiguity). Then f, f, € LP, and f, — f in the LP-metric.

Proof. The first statement follows from the inequalities |f|?,|f,|[P < gP € L'.
Since |f — fu|P — 0 a.e. and |f — fn|P < (29)P € L, the second statement follows
from Theorem 1.21. O

The positive measure space (X, A, ) is said to be finite if u(X) < co. When
this is the case, the Holder inequality implies that LP(u) C L"(p) topologically
(i.e. the inclusion map is continuous) when 1 < r < p < co. Indeed, if f € LP(u),
then by Holder’s inequality with the conjugate exponents p/r and s := p/(p—r),

||f\|:t:/|f|'11du

< | Jurryra /[ Jra s,

Since 1/rs = (1/r) — (1/p), we obtain

11l < nOYY2 £l (13)

Hence f € L"(u), and (13) (with f — g replacing f) shows the continuity of the
inclusion map of LP(u) into L"(p).
Taking in particular 7 = 1, we get that LP(u) C L'(u) (topologically) for all
p>1, and
£l < w4 f1lp, (14)

where ¢ is the conjugate exponent of p.
We formalize the above discussion for future reference.

Proposition. Let (X, A, 1) be a finite positive measure space. Then LP(u) C
L™ (u) (topologically) for 1 < r < p < oo, and the norms inequality (13) holds.

Let (X, A) and (Y, B) be measurable spaces, and let h: X — Y be a measur-
able map (cf. Definition 1.2). If u is a measure on A, the function v : B — [0, o0]
given by

v(E)=wh ' (E), EcB (15)

is well-defined, and is clearly a measure on B. Since I,,-1(py = Ig o h, we can

write (15) in the form
/ IEdV:/ Ig o hdu.
Y b's

By linearity of the integral, it follows that

/dez/:/xfohdu (16)

for every B-measurable simple function f on Y. If f : YV — [0,00] is
B-measurable, use the Approximation Theorem 1.8 to obtain a non-decreasing
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sequence {f,} of B-measurable non-negative simple functions converging point-
wise to f; then {f, o h} is a similar sequence converging to f o h, and the
Monotone Convergence Theorem shows that (16) is true for all such f.

If f : Y — Cis B-measurable, then foh is a (complex) A-measurable function
on X, and for any 1 < p < oo,

Jarar= [ \rondu= [ Ifonpdp.
Y X X
Thus, f € LP(v) for some p € [1,00) if and only if foh € LP(u), and

1 £llze ) = [1f © BllLe()-

In particular (case p = 1), f is v-integrable on Y if and only if foh is y-integrable
on X. When this is the case, writing f as a linear combination of four non-
negative v-integrable functions, we see that (16) is valid for all such f. Formally

Proposition. Let (X, A) and (Y, B) be measurable spaces, and leth : X —'Y be
a measurable map. For any (positive) measure u on A, define v(E) := u(h~(E))
for E € B. Then:

(1) v is a (positive) measure on B;

(2) if f:Y — [0,00] is B-measurable, then f o h is A-measurable and (16) is
valid;

(8) if f:Y — C is B-measurable, then f o h is A-measurable; f € LP(v) for
some p € [1,00) if and only if foh € LP(u), and in that case, the map
f — foh is norm-preserving; in the special case p = 1, the map is integral
preserving (i.e. (16) is valid).

If ¢ is a simple complex measurable function with distinct non-zero values c;
assumed on Ej, then
Il =" les|Pu(E))
J
is finite if and only if u(E;) < oo for all j, that is, equivalently, if and only if

u(ll¢] > 0]) < oo.

Thus, the simple functions in L? (for any p € [1, 00)) are the (measurable) simple
functions vanishing outside a measurable set of finite measure (depending on the
function). These functions are dense in LP. Indeed, if 0 < f € LP (without
loss of generality, we assume that f is everywhere defined!), the Approximation
Theorem provides a sequence of simple measurable functions

0<¢pr<ga<---<f

such that ¢,, — f pointwise. By the proposition following Theorem 1.26, ¢, — f
in the LP-metric.

For f € LP complex, we may write f = Zi:o i*g,, with 0 < gp € LP
(go := u™, etc., where u = Rf). We then obtain four sequences {¢y, .} of simple
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functions in LP converging, respectively, to g,k = 0,...,3, in the LP-metric;
if ¢, := 22:0 i*¢p, &, then ¢, are simple LP-functions, and ¢, — f in the
LP-metric. We proved:

Theorem 1.27. For any p € [1,00), the simple functions in LP are dense in LP.

Actually, LP is the completion of the normed space of all measurable simple
functions vanishing outside a set of finite measure, with respect to the LP-metric
(induced by the LP-norm). The meaning of this statement is made clear by the
following definition.

Definition 1.28. Let Z be a metric space, with metric d. A Cauchy sequence
in Z is a sequence {z,} C Z such that d(zy,2,) — 0 when n,m — oco. The
space Z is complete if every Cauchy sequence in Z converges in Z. If Y C Z is
dense in Z, and Z is complete, we also say that Z is the completion of Y (for the
metric d). The completion of Y (for the metric d) is unique in a suitable sense.

A complete normed space is called a Banach space.
In order to get the conclusion preceding Definition 1.28, we still have to prove
that LP is complete:

Theorem 1.29. L? is a Banach space for each p € [1,00).
We first prove the following

Lemma 1.30. Let {f,} be a Cauchy sequence in LP(u). Then it has a
subsequence converging pointwise p-a.e.

Proof of Lemma. Since {f,} is Cauchy, there exists m; € N such that
”fn - fm”p < I/Qk for all n > m > my. Set

ng =k + max(myq, ..., mg).

Then nyy1 > ng > my, and therefore {f,, } is a subsequence of {f,} satisfying

ank+1ffnka<1/2k k=1,2,... (17)

Consider the series -
g:Z|fnk+1 7fnk|v (18)

k=1

and its partial sums g¢,,,. By Theorem 1.25 and (17),

”gm”P < Z ank+1 - fnka < Zl/2k =1
k=1 k=1
for all m. By Fatou’s lemma,

/gp dp < liminf/gﬁL dp = lim inf [|g,, |5 < 1.
m m
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Therefore g < oo a.e., that is, the series (18) converges a.e., that is, the series

o + Y (e = Fi) (19)

k=1

converges absolutely pointwise a.e. to its sum f (extended as 0 on the null set
where the series does not converge). Since the partial sums of (19) are precisely
fn,,, the lemma is proved. O

Proof of Theorem 1.29. Let {f,} C L? be Cauchy. Thus for any ¢ > 0, there
exists n. € N such that

[fn = fmllp <€ (20)

for all n,m > n.. By the lemma, let then {f,,} be a subsequence converging
pointwise a.e. to the (measurable) complex function f. Applying Fatou’s lemma
to the non-negative measurable functions |f,, — fm|, we obtain

19 =l = [Nl fol? i < limif o~ fullp < (2)

for all m > ne. In particular, f — f,, € LP, and therefore f = (f — fn) + fm € LP,
and (21) means that f,, — f in the LP-metric. O

Definition 1.31. Let (X, A, u) be a positive measure space, and let f : X — C
be a measurable function. We say that M € [0, 00] is an a.e. upper bound for
|f| if |f| < M a.e. The infimum of all the a.e. upper bounds for |f| is called
the essential supremum of | f|, and is denoted || f||oo- The set of all (equivalence
classes of ) measurable complex functions f on X with || f||c < 0o will be denoted
by L>(u) (or L>®(X), or L®(X, A, u), or L*°, depending on which ‘parameter’
we wish to stress, if at all).

By definition of the essential supremum, we have

1< flloe ace. (22)

In particular, ||f|lcc = 0 implies that f = 0 a.e. (that is, f is the zero class).

It f,g € L*, then by (22), |f +g| < [f[+|g] < [|fllec + ll9lloc a-e., and so
1f + 9lloo < 1l flloo + llglloo-

The homogeneity ||af]lco = || ||f|loo is trivial if either & = 0 or ||f]lec =
0. Assume then |a|, ||f|lcc > 0. For any t € (0,1), t||fllcc < ||flloc, hence it
is not an a.e. upper bound for |f|, so that u([|f] > t||flle]) > 0, that is,
p([laf] > tlal||flls]) > 0. Therefore ||af|leoc > tla]||flleo for all ¢ € (0,1),
hence ||af|loc > |||l fllco- The reversed inequality follows trivially from (22),
and the homogeneity of || - || follows. We conclude that L> is a normed space
(over C) for the pointwise operations and the L>®-norm || - || -

We verify its completeness as follows. Let {f,,} be a Cauchy sequence in L.
In particular, it is a bounded set in L. Let then K = sup,, || fu|lco- By (22), the
sets Fy :=[|fx| > K] (k € N) and

Enm = [ fn = fim| > [ fn = fimlloc]  (n,m €N)
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are p-null, so their (countable) union E is null. For all z € E°,

[fn(@) = fn (@) <[ fn = fmlloo — 0O

as n,m — oo and |f,(x)] < K. By completeness of C, the limit f(z) :=
lim,, f,,(x) exists for all x € E° and |f(x)| < K. Defining f(x) =0 for all z € E,
we obtain a measurable function on X such that |f| < K, that is, f € L*°. Given
€ > 0, let n. € N be such that

an_fm||c>o<6 (n,m>n6).

Since |fn(z) — fm(z
obtain [f,(z) — f(x)

)| < e for all x € E° and n,m > n,, letting m — oo, we
| <eforall z € E°and n > n,, and since p(E) =0,

anffHooSE (’I’L>Tle),
that is, f, — f in the L*°-metric. We proved
Theorem 1.32. L is a Banach space.

Defining the conjugate exponent of p = 1 to be ¢ = oo (so that
(1/p) 4+ (1/q) =1 is formally valid in the usual sense), Holder’s inequality
remains true for this pair of conjugate exponents. Indeed, if f € L! and g € L™,
then |fg| < ||g|le | f| a.., and therefore fg € L* and

gl < llgllooll F1lx-

Formally

Theorem 1.33. Holder’s inequality (Theorem 1.26) is wvalid for conjugate
exponents p,q € [1,00].

1.6 Inner product

For the conjugate pair (p,q) = (2,2), Theorem 1.26 asserts that if f,g € L?,
then the product fg is integrable, so we may define

~ [ tadn (1)

(g denotes here the complex conjugate of ¢g). The function (or form) (-,-) has
obviously the following properties on L? x L?:

(i) (f,f)>0,and (f, f) =0 if and only if f =0 (the zero element);
(i) (-,g) is linear for each given g € L?;

(i) (9.f) = (f.9).
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Property (i) is called positive definiteness of the form (-,-); Properties (ii)
and (iii) (together) are referred to as sesquilinearity or hermitianity of the form.
We may also consider the weaker condition

() (f,f) =0 for all f,

called (positive) semi-definiteness of the form.

Definition 1.34. Let X be a complex vector space (with elements z,y,...).
A (semi)-inner product on X is a (semi)-definite sesquilinear form (-,-) on X.
The space X with a given (semi)-inner product is called a (semi)-inner product
space.

If X is a semi-inner product space, the non-negative square root of (x,x) is
denoted ||z||.

Thus L? is an inner product space for the inner product (1) and | f| :=
(f, /)2 = ||fll2- By Theorem 1.26 with p = ¢ = 2,

(£, DI < [ f1l2 llgll2 (2)

for all f, g € L2. This special case of the Holder inequality is called the Cauchy—
Schwarz inequality. We shall see below that it is valid in any semi-inner product
space.

Observe that any sesquilinear form (-,-) is conjugate linear with respect to
its second variable, that is, for each given z € X,

(z,u + pv) 2@($7U)+B(9€»U) (3)

for all o, 8 € C and u,v € X.
In particular

(2,0)=(0,y) =0 (4)
for all z,y € X.
By (ii) and (3), for all A € C and z,y € X,
(@ + Xy, &+ Ay) = (z,2) + Mz, y) + Ay, 2) + A (3, ).

Since A(y, x) is the conjugate of \(x,y) by (iii), we obtain the identity (for all
AeCand z,y € X)

[+ Xyl = l|z]|* + 2R[A(z, y)] + [AP[ly[|*- (5)
In particular, for A = 1 and A = —1, we have the identities
2+ yl? = 2] + 2R(z, y) + |y || (6)
and
o = ylI* = l|lz]|* — 2R(z, y) + [ly]*. (7)

Adding, we obtain the so-called parallelogram identity for any s.i.p. (semi-inner
product):
llz +ylI* + llz = yl* = 2ll=[* + 2[ly]1*. (8)



1.6. Inner product 31

Subtracting (7) from (6), we obtain
AR(z,y) = llz +ylI* = [l= - yl*. (9)
If we replace y by iy in (9), we obtain
43(z, y) = AR[~i(z,y)] = 4R(z,1y) = |z +iy|* - [|lz — iy||*. (10)

By (9) and (10),
3

1. .
() = 3 D il + 1], (11)
k=0

where i = +/—1. This is the so-called polarization identity (which expresses the
s.i.p. in terms of ‘induced norms’).

By (5),
0 < [J]” + 2R[A(z, v)] + [AP[lyl1? (12)

for all A\ € C and z,y € X. If |ly| > 0, take A = —(z,9)/|ly||*>; then
|(z,9)[*/[ly[I* < ||=[|*, and therefore

[ 9)] < [lz(lyl]- (13)

If ||y]| = 0 but ||z|| > 0, interchange the roles of z and y and use (iii) to reach the
same conclusion. If both ||z|| and ||y|| vanish, take A = —(x,y) in (12): we get
0 < —2|(x,y)|?, hence |(x,y)| = 0 = ||z|| ||ly||, and we conclude that (13) is valid
for all z,y € X. This is the general Cauchy—Schwarz inequality for semi-inner
products.

By (6) and (13),

lz +l* < Ml + 212, )| + lyll* < Il + 202l lyll + lyl* = (el + Tyl)?,

hence

Iz +yll < llz]| + [lyll

for all x,y € X. Taking z = 0 in (5), we get ||[Ay|| = || |ly|| for all A € C and
y € X. We conclude that || - || is a semi-norm on X; it is a norm if and only if
the s.i.p. is an inner product, that is, if and only if it is definite. Thus, an inner
product space X is a normed space for the norm ||z|| := (x,x)/? induced by its
inner product (unless stated otherwise, this will be the standard norm for such
spaces). In case X is complete, it is called a Hilbert space. Thus Hilbert spaces
are special cases of Banach spaces.

The norm induced by the inner product (1) on L? is the usual L?-norm || - ||z,
so that, by Theorem 1.29, L? is a Hilbert space.
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1.7 Hilbert space: a first look

We consider some ‘geometric’ properties of Hilbert spaces.

Theorem 1.35 (Distance theorem). Let X be a Hilbert space, and let K C X
be non-empty, closed, and conver (i.e. (x+y)/2 € K whenever x,y € K ). Then
for each © € X, there exists a unique k € K such that

d(z, k) = d(z, K). (1)

The notation d(x,y) is used for the metric induced by the norm, d(z,y) :=
[l — y||. As in any metric space, d(x, K) denotes the distance from = to K,
that is,

d(z,K) = ylglf(d(a:,y) (2)

Proof. Let d = d(z, K). Since d? = inf ek ||z — y||?, there exist y, € K such
that

(d® |z —yul> <d®*+1/n, n=12,... (3)
By the parallelogram identity,
9 = ymll* = ll(@ = ym) = (@ = ya)|”
= 2llz = yml* + 2llz = yul* = Iz = ym) + (@ = ya) 1>
Rewrite the last term on the right-hand side in the form
Az~ (ym +yn) /2I° = 447,
since (Ym + yn)/2 € K, by hypothesis. Hence by (3)
9 = yml* < 2/m +2/n — 0

as m,n — oo. Thus the sequence {y,} is Cauchy. Since X is complete, the
sequence converges in X, and its limit k in necessarily in K because y, € K for
all n and K is closed. By continuity of the norm on X, letting n — oo in (3), we
obtain ||z — k|| = d, as wanted.

To prove uniqueness, suppose k, k' € K satisfy

o — &l = ||z = K[| = d.
Again by the parallelogram identity,

Ik = K1* =z = k) = (= = B)|I?
= 2|z — K| + 2|z — k* — [z — &) + (= — k)|*.
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As before, write the last term as 4|z — (k + k) /2||> > 4d? (since (k+k')/2 € K
by hypothesis). Hence

Ik —K|? < 2d* + 2d* — 4d* = 0,
and therefore k = k. O

We say that the vector y € X is orthogonal to the vector z if (z,y) = 0. In
that case also (y, ) = (z,y) = 0, so that the orthogonality relation is symmetric.
For z given, let 1 denote the set of all vectors orthogonal to z. This is the kernel
of the linear functional ¢ = (-, ), that is, the set ¢~1({0}). As such a kernel,
it is a subspace. Since |¢p(y) — ¢(2)| = (v — z,z)| < ||y — 2| ||z|| by Schwarz’
inequality, ¢ is continuous, and therefore z+ = ¢~1({0}) is closed. Thus z* is a
closed subspace. More generally, for any non-empty subset A of X, define

Al = m zt={yeY;(y,x) =0 for all z € A}.
z€A

As the intersection of closed subspaces, A is a closed subspace of X.

Theorem 1.36 (Orthogonal decomposition theorem). Let Y be a closed
subspace of the Hilbert space X. Then X is the direct sum of Y and Y1, that is,
each x € X has the unique orthogonal decomposition x =y + z withy € Y and
zeYt.

Note that the so-called components y and z of z (in Y and Y+, respectively)
are orthogonal.

Proof. As a closed subspace of X, Y is a non-empty, closed, convex subset of
X. By the distance theorem, there exists a unique y € Y such that

|z —y|| = d:=d(z,Y).

Letting z := x — y, the existence part of the theorem will follow if we show that
(z,u) = 0 for all w € Y. Since Y is a subspace, and Y # {0} without loss of
generality, every u € Y is a scalar multiple of a unit vector in Y, so it suffices to
prove that (z,u) = 0 for unit vectors u € Y. For all A € C, by the identity (5)
(following Definition 1.34),

lz = Al = [|2]1* — 2R[A (2, w)] + A,

The left-hand side is
o = (y+ Au)||? > d?,

since y + Au € Y. Since ||z|| = d, we obtain
0 < —2R[A(z,u)] + |

Choose A = (z,u). Then 0 < —|(z,u)|?, so that (z,u) = 0 as claimed.
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If £ =y + 2=y + 2 are two decompositions with y,4’ € Y and 2,2’ € Y+,
then y —y' = 2/ — 2 € Y NY"1, so that in particular y — 3 is orthogonal to
itself (i.e. (y —y',y —y') = 0), which implies that y — ¢’ = 0, whence y = ¢ and
z=2\ O

We observed in passing that for each given y € X, the function ¢ := (-, y) is
a continuous linear functional on the inner product space X. For Hilbert spaces,
this is the general form of continuous linear functionals:

Theorem 1.37 (‘Little’ Riesz representation theorem). Let ¢ : X — C be
a continuous linear functional on the Hilbert space X. Then there exists a unique
y € X such that ¢ = (-,y).

Proof. If ¢ = 0 (the zero functional), take y = 0. Assume then that ¢ #
0, so that its kernel Y is a closed subspace # X. Therefore Y+ # {0}, by
Theorem 1.36. Let then z € Y+ be a unit vector. Since Y N Y+ = {0}, 2 ¢ Y,
so that ¢(z) # 0. For any given x € X, we may then define

),

' o(z)
By linearity, )

0
o) = o(z) - 5 6() =0,

that is, u € Y, and

e,

r=u-+ 3(2) (4)

is the (unique) orthogonal decomposition of z (corresponding to the particular

subspace Y, the kernel of ¢). Define now y = ¢(z)z(€ Y1). By (4),

¢(x)
xz,Yy) = (u,y) + 2Nz, 2) = olx
(z,9) = (u,y) ¢>(2)¢( )(2,2) = o(x)
since (u,y) = 0 and ||z|] = 1. This proves the existence part of the theorem.

Suppose now that y,y" € X are such that ¢(z) = (z,y) = (x,y’) for all x € X.
Then (x,y —y') = 0 for all z, hence in particular (y — ¢,y — ') = 0, which
implies that y = y/. O

1.8 The Lebesgue—Radon—Nikodym theorem

We shall apply the Riesz representation theorem to prove the Lebesgue decom-
position theorem and the Radon—-Nikodym theorem for (positive) measures.

We start with a measure-theoretic lemma.

The positive measure space (X, A, u) is o-finite if there exists a sequence of
mutually disjoint measurable sets X; with union X, such that p(X;) < oo for
all 7.
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Lemma 1.38 (The averages lemma). Let (X, A,0) be a o-finite positive
measure space. Let g € L' (o) be such that, for all E € A with 0 < o(E) < o0,

the ‘averages’
1
Ag(g ::—/gdo’
9= 5B s

are contained in some given closed set F' C C. Then g(z) € F o-a.e.

Proof. We need to prove that g~ !(F°) is o-null. Write the open set F as the
countable union of the closed discs

A, ={z€Clz—an| <r,}, n=1,2,...
Then
oo
g (F) = g7 (A,
n=1

and it suffices to prove that Ea := g~!(A) is o-null whenever A is a closed disc
(with centre a and radius r) contained in F°.

Write X as the countable union of mutually disjoint measurable sets X with
0(Xy) < 00. Set Ep  := EANXy, and suppose o(Ea ) > 0 for some A as above
and some k. Since |g(z) —a| <7 on F:= Eaj, and 0 < o(F) < oo, we have

1
|AE(g9) —al = |Ag(g —a)| < @/Elg—cﬂda <r,

so that Ag(g) € A C F°, contradicting the hypothesis. Hence o(Ea 1) = 0 for
all k and therefore o(Ea) = 0 for all A as above. O

Lemma 1.39. Let 0 < X < o be finite measures on the measurable space (X, A).
Then there exists a measurable function g : X — [0, 1] such that

/fdA:/fgda (1)

Proof. By Definition 1.12, the relation A < ¢ between positive measures implies
that [ fd\ < [ f do for all non-negative measurable functions f. Hence L?(c) C
L2(\)(C LY(N), by the second proposition following Theorem 1.26.)

For all f € L?(0), we have then by Schwarz’ inequality:

for all f € L?(o).

‘/fdA‘ < [inars [ 1110 <o) 21l
Replacing f by f — h (with f,h € L?(0)), we get
[rax= [ra =| [ 17 =0 < 000215 = bl

so that the functional f — [ fdX is a continuous linear functional on L?(o).
By the Riesz representation theorem for the Hilbert space L?(c), there exists an
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element g; € L?(o) such that this functional is (-, g1). Letting g = g1 (€ L?(0)),
we get the wanted relation (1).
Since Iz € L?(0) (because o is a finite measure), we have in particular

)\(E):/IEd)\:/Egda

for all E € A. If o(E) > 0,

0(1E) /Egdaz igg € [0,1].

By the Averages Lemma 1.38, g(z) € [0,1] o-a.e., and we may then choose a
representative of the equivalence class g with range in [0, 1]. O

Terminology. Let (X, A, \) be a positive measure space. We say that the set
A € A carries the measure A (or that A is supported by E) if A(E) = A(EN A)
for all E € A.

This is of course equivalent to A(E) = 0 for all measurable subsets F of A°.

Two (positive) measures A1, Ay on (X, A) are mutually singular (notation
A1 L Ao) if they are carried by disjoint measurable sets A;, Ay. Equivalently,
each measure is carried by a null set relative to the other measure.

On the other hand, if A\2(E) = 0 whenever A\;(E) = 0 (for E € A), we say
that A is absolutely continuous with respect to A; (notation: A < A1).

Equivalently, Ao < A if and only if any (measurable) set that carries A\; also
carries As.

Theorem 1.40 (Lebesgue—Radon—Nikodym). Let (X, A, u) be a o-finite
positive measure space, and let \ be a finite positive measure on (X, A). Then

(a) X\ has the unique (so-called) Lebesgue decomposition
A=A+ As

with \g < p and A\ L p;
(b) there exists a unique h € L'(u) such that

7a(B) = [

for all E € A.

(Part (a) is the Lebesgue decomposition theorem; Part (b) is the Radon—
Nikodym theorem.)

Proof. Case pu(X) < o0.

Let 0 := A + p. Then the finite positive measures \, o satisfy A < o, so that
by Lemma 1.39, there exists a measurable function g : X — [0, 1] such that (1)
holds, that is, after rearrangement,

[ra-gir= [ roa (2)
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for all f € L?(o). Define

A=g7Y([0,1)):; B:=g '({1}).

Then A, B are disjoint measurable sets with union X.
Taking f = Ip (€ L?*(o), since o is a finite measure) in (2), we obtain
u(B) =0 (since g =1 on B). Therefore the measure \; defined on A by

A(E) := \(EN B)

satisfies A\s L p.
Define similarly A\, (E) := A(ENA); this is a positive measure on .4, mutually
singular with s (since it is carried by A = B€), and by additivity of measures,

AE) = ME N A) + MENB) = A(E) + \s(E),

so that the Lebesgue decomposition will follow if we show that A\, < p. This
follows trivially from the integral representation (b), which we proceed to prove.
For each n € N and F € A, take in (2)

f=fh=04+g+ - +9")Ig.

(Since 0 < g < 1, f is a bounded measurable function, hence f € L%(c).) We
obtain

/(1—g"+1)dA:/(g+92+~-+g”+1)du- (3)
E E

Since g = 1 on B, the left-hand side equals [, ,(1—¢""') d\. However 0 < g < 1
on A, so that the integrands form a non-decreasing sequence of non-negative
measurable functions converging pointwise to 1. By the monotone convergence
theorem, the left-hand side of (3) converges therefore to A(E N A) = A\, (E).
The integrands on the right-hand side of (3) form a non-decreasing sequence
of non-negative measurable functions converging pointwise to the (measurable)

function
oo
h:= Z g
n=1

Again, by monotone convergence, the right-hand side of (3) converges to | g hdu,
and the representation (b) follows. Taking in particular F = X, we get

Pl = /X hdp =X (X) = A(A) < o0,

so that h € L'(u), and the existence part of the theorem is proved in case
w(X) < oc.
General case. Let X; € A be mutually disjoint, with union X, such that
0 < p(X;) < oo. Define
1
= —Ix..
"= 2 )™

J
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This is a strictly positive p-integrable function, with |jw||; = 1. Consider the

positive measure
v(E) = / wdp.
E

Then v(X) = |jw|; = 1, and v < p. On the other hand, if ¥(E) = 0, then
>0;(1/27u(X;))(E N X;) = 0, hence u(E N X;) = 0 for all j, and therefore
w(E) = 0. This shows that u < v as well (one says that the measures p and v
are mutually absolutely continuous, or equivalent).

Since v is a finite measure, the first part of the proof gives the decomposition
A= Ag+ s with A, < v (hence A, < p by the trivial transitivity of the relation
<), and As; L v (hence Ag L u, because As is supported by a v-null set, which is
also p-null, since p < v). The first part of the proof gives also the representation
(cf. Theorem 1.17)

)\a(E):/hdu:/hwdu:/ﬁdu,
E E E

where h := hw is non-negative, measurable, and
Al = / hdp = Xa(X) < AM(X) < 0.
X
This completes the proof of the ‘existence part’ of the theorem in the general case.
To prove the uniqueness of the Lebesgue decomposition, suppose
A=Xda+As =N, + A,

with
Ao, A < poand Mg, N L p.

Let B be a p-null set that carries both A\; and \,. Then
No(B) = X,(B) =0 and A (B) = N,(B) = 0,
so that for all £ € A,
Aa(E) = A(ENB°) = ANENB°)
= A(ENBY) = A, (E),

hence also A\s;(F) = X,(E).
In order to prove the uniqueness of 4 in (b), suppose h, h’ € L*(u) satisfy

)\a(E):/ hduz/ h du.
E E

Then h—h' € L' (u) satisfies [,,(h—h')dp = 0 for all E € A, and it follows from
Proposition 1.22 that h — h/ = 0 p-a.e., that is, h = b’ as elements of L' (). O

If the measure A is absolutely continuous with respect to pu, it has the trivial
Lebesgue decomposition A = A 4 0, with the zero measure as singular part. By
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uniqueness, it follows that A\, = A, and therefore Part 2 of the theorem gives
the representation A\(E) = [, hdpu for all E € A. Conversely, such an integral
representation of A implies trivially that A <« p (if pw(E) = 0, the function
hIg =0 p-a.e., and therefore A(E) = [ fIgdu = 0). Thus

Theorem 1.41 (Radon—Nikodym). Let (X, A, i) be a o-finite positive meas-
ure space. A finite positive measure A on A is absolutely continuous with respect
to w if and only if there exists h € L' (u) such that

—~
*
~—

)\(E):/Ehdu (E € A).

By Theorem 1.17, Relation (*) implies that

Joar= [ gha ()

for all non-negative measurable functions g on X. Since we may take g = Ig
in (**), this last relation implies (*). As mentioned after Theorem 1.17, these
equivalent relations are symbolically written in the form dA = hdu. It follows
easily from Theorem 1.17 that in that case, if g € L'()), then gh € L'(p)
and (**) is valid for such (complex) functions g. The function h is called the
Radon—Nikodym derivative of X with respect to p, and is denoted d\/dpu.

1.9 Complex measures

Definition 1.42. Let (X,.A) be an arbitrary measurable space. A complex
measure on A is a o-additive function u : A — C, that is,

pl JEn) =D n(E) (1)
(Ur) -3

for any sequence of mutually disjoint sets F, € A.

Since the left-hand side of (1) is independent of the order of the sets F,, and
is a complex number, the right-hand side converges in C unconditionally, hence
absolutely. Taking E,, = §) for all n, the convergence of (1) shows that u() = 0.
It follows that p is (finitely) additive, and since its values are complex numbers,
it is ‘subtractive’ as well (i.e. uw(E — F) = p(E) — p(F) whenever E,| F € A,
FCE).

A partition of E € A is a sequence of mutually disjoint sets Ay € A with
union equal to . We set

|l (B) :=sup Y |u(Ar)l, (2)
k

where the supremum is taken over all partitions of F.
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Theorem 1.43. Let u be a complex measure on A, and define |u| by (2). Then
|| is a finite positive measure on A that dominates p (i.e. |u(E)| < |u|(E) for
al E € A).

Proof. Let £ = |J E,, with E,, € A mutually disjoint (n € N). For any partition
{Ax} of E, {Ax N E,}i is a partition of E,, (n =1,2,...), so that

> (AN Ey)| < [pl(Bn), n=1,2,...
k

We sum these inequalities over all n, interchange the order of summation in
the double sum (of non-negative terms!), and use the triangle inequality to
obtain:

STIED = S I w AN Bl = 3 lu(Aw)],
n k n k

since {A N E,}, is a partition of A, for each k € N. Taking now the supremum
over all partitions {Ay} of E, it follows that

D ul(Bn) = |ul(E). (3)

On the other hand, given ¢ > 0, there exists a partition {A, x}x of E, such
that

D u(An )] > |pl(En) —€/2", n=1,2,...
k
Since {An i }nk is a partition of E, we obtain

H(E) = Y lu(An)l > S [l (E) — e
n,k n

Letting ¢ — 0+ and using (3), we conclude that || is o-additive. Since |u|(0) = 0
is trivial, |u| is indeed a positive measure on A. O

In order to show that the measure |u| is finite, we need the following:

Lemma. Let F C C be a finite set. Then it contains a subset E such that

1> 2> J2l/4v2.

z€E z€F

Proof of lemma. Let S be the sector
S={z=re%r>0,0] <7/4}.

For z € S, Rz = |z|cosf > |z|cosm/4 = |z|/+/2. Similarly, if z € —S, then
—z € 8, so that —Rz = R(—2) > | — 2|/V2 = |2|/V2. If z € iS, then —iz € S,
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so that Sz = R(—iz) > | — iz|/V2 = |2|/v/2. Similarly, if 2 € —iS, one obtains
as before —3z > |z|/v/2. Denote

a::Z|z|; ap = Z lz|, k=0,1,2,3.

z€F zEFN(i*S)

Since C = Ui:o i*S, we have Zi:o ar > a, and therefore there exists k €
{0,1,2,3} such that ay > a/4. Fix such a k and define E = F N (i*9).
In case k = 0, that is, in case ag > a/4, we have

|ZZ|Z§RZZ: Z Rz

z€E zeE zeFNS
S l/VE = a0/VE > a/aVE
zeFNS

Similarly, in case k = 2, replacing by —R and S by —S, the same inequality
is obtained. In cases k = 1(k = 3), we replace ® and S by & (=) and iS (—i5)
respectively, in the above calculation. In all cases, we obtain | >, 5 2| > a/4V/2,
as wanted. O

Returning to the proof of the finiteness of the measure |u|, suppose
|u|(A) = oo for some A € A. Then there exists a partition {A;} of A such
that >, [(A;)| > 4v/2(1 + |u(A)]), and therefore there exists n such that

Zlu )| > 4V2(1+ [u(A)).

Take in the lemma
F={ul4y); i=1,...,n},
let the corresponding subset E be associated with the set of indices J C
{1,...,n}, and define
B:=J A (cA).
icJ
Then

B)| = |3 u(a)

i€J

ZIM )I/4V2 > 1+ |u(A)].

If C:= A— B, then

()] = |u(A) = p(B)| = |(B)| = |u(A)] > 1.

Also oo = |u|(A) = |u|/(B) + |p|(C) (since |u| is a measure), so one of
the summands at least is infinite, and for both subsets, the p-measure has
modulus >1.

Thus, we proved that any A € A with |u|(A) = oo is the disjoint union of
subsets By,Cy € A, with |u|(B1) = oo and |u(Ch)| > 1.
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Since |u|(B1) = oo, Bj is the disjoint union of subsets Bj,Cy € A,
with |p|(B2) = oo and |u(C2)| > 1. Continuing, we obtain two sequences
{Bn},{C,} C A with the following properties:

B, = B,+1 UCp41 (disjoint union);
lul(Bn) =003 |u(Cr)l >1;  n=1,2,...

For ¢ > j > 1, since B,,41 C B, for all n, we have C;NC; C Bi_1 NC; C B; N
C; =0,s0C:=J, Cy is a disjoint union. Hence the series ), u(Cy) = p(C) €
C converges. In particular p(C,) — 0, contradicting the fact that |u(C,)| > 1
foralln=1,2,...

Finally, since {E,0,0,...} is a partition of E € A, the inequality |u(E)| <
|| (E) follows from (2). O

Definition 1.44. The finite positive measure |u| is called the total variation
measure of p, and ||| := |p|(X) is called the total variation of p.

Let M(X,.A) denote the complex vector space of all complex measures on A
(with the ‘natural’” operations (u + v)(E) = u(E) + v(E) and (cp)(E) = cu(E),
for pu,v € M(X,A) and ¢ € C). With the total variation norm, M (X, A) is a
normed space. We verify below its completeness:

Proposition. M (X, A) is a Banach space.

Proof. Let {y,} C M := M (X, A) be Cauchy. For all E € A,

|,un(E) - Um(E)| S ||,un - UmH —0

as n, m — 00, so that
p(E) = lim 1, (E)

exists. Clearly p is additive. Let E be the union of the mutually disjoint sets
EyeA k=1,2,... let Ay = Uszl E), and let € > 0. Let ng € R be such that

Hﬂn_,um” <e€ (*)
for all n,m > ng. We have

N
(E) =Y w(Bx)| = [(E) = p(An)| = |u(E = Ay)|
k=1

< (= pn) (B = An)| + | (E = An)I-

Since

|(/’Ln _Mm)(E_AN” < Hun _Um|| <€
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for all n,m > ng, letting m — oo, we obtain |(u, — p)(E — An)| < € for all
n > ng and all N € N. Therefore,

5= You

k=1

<e+

N
pn(E) — Z pin(Er)
k=1

for all n > ng and N € N. Fix n > ng and let N — oo. Since pu,, € M, we obtain

> ulBr)| <e

k=1

limsup |pu(E) —
N

so that pu(E) = Y72, u(Ey). Thus p € M.
Finally, we show that ||p — pn| — 0. Let {Ex} be a partition of X. By (*),
for all N € N and n, m > ny,

N
Z| Hm — ,un Ek)| < Hu’rn ,un” < €.
k=1

Letting m — oo, we get
N
Z| po— pin) (By)| < e
k=1

for all N and n > ng. Letting N — oo, we obtain > -, |(1 — p1n)(Ex)| < € for
all n > ng, and since the partition was arbitrary, it follows that ||u — p,|| < € for
n > ng. O

If w € M(X,.A) has real range, it is called a real measure. For example,
R (defined by (Rp)(E) = R[u(E)]) and Sp are real measures for any complex
measure u, and p = Ru + iSp.

If 14 is a real measure, since |u(E)| < |u|(E) for all E € A, the measures

W= 2l )i = (/2) (- )

are finite positive measures, called the positive and negative variation measures,
respectively.
Clearly

po=pt—p (4)
and

lul=p* +p”.
Representation (4) of a real measure as the difference of two finite positive
measures is called the Jordan decomposition of the real measure p.

For a complex measure A, write first A = v + ioc with v := R\ and 0 = S
then write the Jordan decompositions of v and o. It then follows that any
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complex measure A can be written as the linear combination

3
A= ik (5)
k=0

of four finite positive measures .

If p is a positive measure and A is a complex measure (both on the
o-algebra A), we say that A is absolutely continuous with respect to p (notation:
A < p) if AM(E) = 0 whenever u(E) = 0,E € A; A is carried (or supported) by
the set A € A if A(E) = 0 for all measurable subsets E of A% X is singular with
respect to p if it is carried by a p-null set. Two complex measures A, Ao are
mutually singular (notation Ay L Ag) if they are carried by disjoint measurable
sets.

It follows immediately from (5) that Theorems 1.40 and 1.41 extend verbatim
to the case of a complexr measure A. This is stated formally for future reference.

Theorem 1.45. Let (X, A, u) be a o-finite positive measure space, and let \ be
a complex measure on A. Then

(1) X\ has a unique Lebesgue decomposition
A=Ay + As

with \g < p and A\s L p;
(2) there exists a unique h € L' () such that

M(B) = [ b (B € A
E
(8) X\ < w if and only if there exists h € L* (i) such that N(E) = [, hdu for

all E € A.

Another useful representation of a complex measure in terms of a finite
positive measure is the following:

Theorem 1.46. Let u be a complex measure on the measurable space (X, A).
Then there exists a measurable function h with |h| = 1 on X such that dp =
hd|p|.

Proof. Since |u(E)| < |p|(E) for all E € A, it follows that p < |u|, and
therefore, by Theorem 1.45 (since |p| is a finite positive measure), there exists
h € LY(|u|) such that du = hd|u|. For each E € A with |u|(E) > 0,

e Joow -

By Lemma 1.38, it follows that |h| <1 |u|-a.e.

u(E)|
W@ ="
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We wish to show that |u|([|h] < 1]) = 0. Since [|h] < 1] =, [|h] < 1—-1/n],
it suffices to show that |u|([|h| < r]) = 0 for each r < 1. Denote A = [|h] < 7]
and let {E}} be a partition of A. Then

Z |u(Ex)| = Z
! P

[ | < v 3 ) = i)
By .

Hence
lu[(A) < rlu|(A),

so that indeed |u|(A) = 0.
We conclude that |h| = 1 |p|-a.e., and since h is only determined a.e., we may
replace it by a |p|-equivalent function which satisfies |h| = 1 everywhere. O

If 41 is a complex measure on A and f € L'(|u|), there are two natural ways
to define [ fdu. One way uses decomposition (5) of y as a linear combination
of four finite positive measures py, which clearly satisfy pp < |u|. Therefore
f € L'(u) for all k = 0,...,3, and we define [, fdu = Sp_oi* [ fduy. A
second possible definition uses Theorem 1.46. Since |h| = 1, fh € L*(|u|), and
we may define [ fdu = [, fhd|p|. One verifies easily that the two definitions
above give the same value to the integral [ « J du. The integral thus defined is a
linear functional on L' (|u|). As usual, [, fdu:= [, fIgdu for E € A.

By Theorem 1.46, every complex measure A is of the form d\ = g du for some
(finite) positive measure p (= |A|) and a uniquely determined g € L*(p).

Conversely, given a positive measure y and g € L'(u1), we may define d\ :=
g du (as before, the meaning of this symbolic relation is that A(E) = fE g du for
all E € A). If {E}} is a partition of E, and F,, = {J;_; Ef, then

MNFp) = /gIFn dy = /ZQIEk du
k=1
= A(Ep).

1

Since gIr, — glg pointwise as n — oo and |gIr,| < |g| € L'(u), the dom-
inated convergence theorem implies that the series Y ;- A(E)) converges to
J 9Ig dp := X(E). Thus \ is a complex measure. The following theorem gives its
total variation measure.

Theorem 1.47. Let (X, A, ) be a o-finite positive measure space, g € L*(u),
and let \ be the complex measure d)\ := gdu. Then d|\| = |g| dp.

Proof. By Theorem 1.46, d\ = hd|A| with h measurable and |h| = 1 on X. For

al Ee A
/Bgdu:/Bd)\:/ﬁhd\/\|:|)\|(E). )
E E E
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Therefore, whenever 0 < p(E) < oo,
1 / ; [AI(E)
—— [ hgdu = > 0.
wE) Je n(E)
By Lemma 1.38, hg > 0 p-a.e. Hence hg = |hg| = |g| p-a.e., and therefore, by

(*);

MWD:LWMu(EGM-
O

(The o-finiteness hypothesis can be dropped: use Proposition 1.22 instead of
Lemma 1.38.)

If p is a real measure and p = pu+t — p~ is its Jordan decomposition, the
following theorem expresses the positive measures pu+ and g~ in terms of a
decomposition of the space X as the disjoint union of two measurable sets A and
B that carry them (respectively). In particular, p™ L p~.

Theorem 1.48 (Hahn decomposition). Let p be a real measure on the
measurable space (X, A). Then there exist disjoint sets A,B € A such that
X=AUDB and
WH(E) = w(ENA), i (E) = —p(EN B)

for all E € A.
Proof. By Theorem 1.46, du = hd|u| with h measurable and |h| = 1 on X. For
all E € A with |u|(E) > 0,

1 / H(E)

———— [ hd|p| = €R

ul(E) Je |ul(E)

By the averages lemma, it follows that h is real |u|-a.e., and since it is only
determined a.e., we may assume that h is real everywhere on X. However |h| = 1;
hence h(X) = {—1,1}. Let A := [h = 1] and B = [h = —1]. Then X is the
disjoint union of these measurable sets, and for all F € A,

pH(E) = (1/2)(|ul(E) + u(E))

:umyéu+Mﬂm

— [ hdiul = uEn ).
ENA

An analogous calculation shows that u= (E) = —p(E N B). O

1.10 Convergence

We consider in this section some modes of convergence and relations between
them. In order to avoid repetitions, (X,.A, 1) will denote throughout a positive
measure space; f, fn(n =1,2,...) are complex measurable functions on X.
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Definition 1.49.

(1) fn converge to f almost uniformly if for any € > 0, there exists E € A
with u(E) < €, such that f, — f uniformly on E°.

(2) {fn} is almost uniformly Cauchy if for any € > 0, there exists E € A with
u(E) < e, such that {f,} is uniformly Cauchy on E°.

Remark 1.50.

(1) Taking e = 1/k with &k =1,2,..., we see that if {f,} is almost uniformly
Cauchy, then there exist Ey € A such that u(Ey) < 1/k and {f,} is
uniformly Cauchy on Ef. Let E = (| Ej; then E € A and p(E) < 1/k for
all k, so that u(E) = 0. If z € E° = |JEf, then x € Ef for some k, so
that {f,(x)} is Cauchy, and consequently Ilim,, f,(x) := f(z). We may
define f(z) = 0 on E. The function f is measurable, and f,, — f almost
everywhere (since p(E) = 0). For any €¢,0 > 0, let F € A, ng € N be
such that p(F) < € and |fn(z) — fr(x)] < ¢ for all x € F and n,m > ny.
Setting G = F N E°, we have u(G) < ¢, and letting m — oo in the last
inequality, we get |f,(z) — f(z)] < d for all x € G and n > ng. Thus
frn — f uniformly on G, and consequently f,, — f almost uniformly. This
shows that almost uniformly Cauchy sequences converge almost uniformly;
the converse follows trivially from the triangle inequality.

(2) A trivial modification of the first argument above shows that if f,, — f
almost uniformly, then f, — f almost everywhere. In particular, the
almost uniform limit f is uniquely determined up to equivalence.

Definition 1.51.

(1) The sequence {f,} converges to f in measure if for any € > 0,
lim p([| fn = f| = €]) = 0.
(2) The sequence {f,} is Cauchy in measure if for any € > 0,

lim M(an - .fm| 2 6]) = 0

n,m— oo

Remark 1.52.

(1) If f, — f and f, — f’ in measure, then for any € > 0, the triangle
inequality shows that

u(lf = f1=ze) <ulllf = fal = €/2) + u(lfa — f'l = €/2]) = 0

asn — oo, that is, [|f—f'| > €] is p-null. Therefore [f # f'] = U.[|f—f'| >
1/k] is p-null, and f = f’ a.e. This shows that limits in measure are
uniquely determined (up to equivalence).

(2) A similar argument based on the triangle inequality shows that if {f,}
converges in measure, then it is Cauchy in measure.
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(3) If fn — [ almost uniformly, then f, — f in measure. Indeed, for any
€,0 > 0, there exists E € A and ny € N, such that u(F) < ¢ and
|fn,— f| < € on E° for all n > ng. Hence for all n > ng, [|f, — f| > € C E,
and therefore u([|fn, — f| > €]) < 4.

Theorem 1.53. The sequence {f,} converges in measure if and only if it is
Cauchy in measure.

Proof. By Remark 1.52.2, we need only to show the ‘if” part of the theorem. Let
{fn} be Cauchy in measure. As in the proof of Lemma 1.30, we obtain integers
1 <ny <ng <ng,...such that u(Ey) < (1/2F), where
1
Ek = ‘fTLk+1_f7Lk|227k .

The set F,, = Uys,, Ex has measure < Y, o 27% = (1/2m71), and on F¢, we
have for j >i>m B

ji—1 j—1
_ 1
‘fn]- _fm < Z|fm«+1 _fmc| < Z? g < 217_1
k=i k=i

This shows that {f,, } is almost uniformly Cauchy. By Remark 1.50, {f,,} con-
verges almost uniformly to a measurable function f. Hence f,, — f in measure,
by Remark 1.52.3. For any € > 0, we have

(fn = fI Z €] Cllfn = fuil Z /21U [ fni, — | = €/2]. (1)

The measure of the first set on the right-hand side tends to zero when n, k — oo,
since {f,} is Cauchy in measure. The measure of the second set on the right-
hand side of (1) tends to zero when k — oo, since f,,, — f in measure. Hence
the measure of the set on the left-hand side of (1) tends to zero as n — co. [

Theorem 1.54. If f, — f in LP for some p € [1,0¢], then f, — f in measure.

Proof. For any € > 0 and n € N, set F,, = [|fn, — f| > €.
Case p < co. We have

P u(E,) < / o — FPdp < |l — FIZ,

n

and consequently f, — f in L? implies pu(E,) — 0.

Case p = oco. Let A = |, An, where A, = [|fn — f| > ||fn — fll=)- By
definition of the L*°-norm, each A, is null, anf therefore A is null, and |f,, — f] <
| fr. = flloo on A€ for all n (hence f,, — f uniformly on A and p(A) = 0; in such
a situation, one says that f, — f uniformly almost everywhere). If f, — f in
L*°, there exists ng such that ||f, — f|lcc < € for all n > ng. Thus |f, — f| < €
on A€ for all n > ng, hence E,, C A for all n > ng, and consequently F,, is null
for all n > ng. U



1.11. Convergence on finite measure space 49

1.11 Convergence on finite measure space

On finite measure spaces, there exist some additional relations between the
various types of convergence. A sample of such relations is discussed in the
sequel.

Theorem 1.55. Let (X, A, ) be a finite measure space, and let fp, : X — C be
measurable functions converging almost everywhere to the (measurable) function
f. Then f, — f in measure.

Proof. Translating the definition of non-convergence into set theoretic opera-
tions, we have (on any measure space!)

[fn does not converge to f] = U limsup||f, — f| > 1/k].
keN "

This set is null (i.e. f,, — f a.e.) if and only if limsup,,[|f, — f| > 1/k] is null
for all k. Since pu(X) < oo, this is equivalent to

hgw( U lfm =112 1/k]) =0

m>n

for all k, which clearly implies that lim, u([|f, — f| > 1/k]) = 0 for all k (i.e.
fn — [ in measure). O

Remark 1.56.

(1) Conversely, if f, — f in measure (in an arbitrary measure space),
then there exists a subsequence f,, converging a.e. to f (cf. proof of
Theorem 1.53).

(2) If the bounded sequence {f,} converges a.e. to f, then f, — f in LP
for any 1 < p < oo (by the proposition following Theorem 1.26; in
an arbitrary measure space, the boundedness condition on the sequence
must be replaced by its majoration by a fixed LP-function, not necessarily
constant).

(3) If 1 <r < p < o0, LP-convergence implies L"-convergence (by the second
proposition following Theorem 1.26).

Theorem 1.57 (Egoroff). Let (X, A,u) be a finite positive measure space,
and let {f,} be measurable functions converging pointwise a.e. to the function
f- Then f, — f almost uniformly.

Proof. We first prove the following:

Lemma (Assumptions and notation as in theorem). Given €,0 > 0, there exist
A € A with p(A) < 6 and N € N such that |f, — f| < € on A° for all
n>N.
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Proof of lemma. Denote E,, := [|f, — f| > €] and Ay = |J,,>y En. Then
{AN} is a decreasing sequence of measurable sets, and since y is a finite meas-
ure, u((\y An) = limy pu(An). Clearly f,(x) does not converge to f(z) when
x € [y An, and since f, — f a.e., it follows that pu(()y Anx) = 0, that is,
limy u(An) = 0. Fix then N such that u(Ax) < § and choose A := Ap. Since
A =, >nllfn = fl < €], the set A satisfies the lemma’s requirements. O

Proof of theorem. Given €, > 0, apply the lemma with ¢,, = 1/m and §,, =
(6/2™), m=1,2,... We get measurable sets A,, with p(A,,) < dy, and integers
Ny, such that |f, — f| < 1/m on AS, for all n > N, (m = 1,2,...). Let
A :=,, Am; then p(A) < 4, and on A°(=),, 45,), we have |f, — f| < 1/m
for all n > N,,, m = 1,2,... Fix an integer mg > 1/¢, and let N := N,,,; then
|frn— f] <€eon A° for all n > N. O

1.12 Distribution function

Definition 1.58. Let (X, A, u) be a positive measure space, and let f : X —
[0, oc] be measurable. The distribution function of f is defined by

m(y) = p([f >y]) (y>0). (1)

This is a non-negative non-increasing function on RT, so that m(co) =
lim,_.. m(y) exists and is >0. We shall assume in the sequel that m is
finite-valued and m(oco) = 0. The finiteness of m implies that

ma) —md) =p(la< f<b) (0<a<b< o).

Let {y,} be any positive sequence increasing to co. If F,, := [f > y,], then
E,y1 C E, and NE, = [f = oo]. Since m is finite-valued, we have by
Lemma 1.11

m(o0) = limm(ya) = lim u(Ey) = () Ea) = u([f = oc).
Thus our second assumption above means that f is finite u-a.e.

Both assumptions above are satisfied in particular when [, f?du < oo for
some p € [1,00). This follows from the inequality

£l

y) >0 @)

min < (

(cf. proof of Theorem 1.54).

Theorem 1.59. Suppose the distribution function m of the non-negative
measurable function f is finite and vanishes at infinity. Then:

(1) For allp € [1,00) .
[ ran=- [ wam. 3)
p's 0
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where the integral on the right-hand side is the improper Riemann—Stieltjes
integral

b
lim / y? dm(y).

a—0+;b—o00

(2) If either one of the integrals — [ y? dm(y) and p [;°yP~ m(y)dy is
finite, then
lim y*m(y) = lim y"m(y) =0, (4)

y—0 Yy—00

and the integrals coincide.

Proof. Let 0 < a < b < oo and n € N. Denote

b_
—at o j=0,...,n2"
yi=atisos n
Ej=[yj1 < f<yl; Eap=[a<f<0

nam

sn=> yi1lp,.
j=1

The sequence {s? } is a non-decreasing sequence of non-negative measurable func-
tions with limit f? (cf. proof of Theorem 1.8). By the Monotone Convergence
theorem,

n2"
/ fPdyu = lim/ sPdu = limZy?_lu(Ej)
Eqp " JEa.» " j=1

n2"™

b
= —tim 3"y m(yy) ~ ()] = - [ 97 dm(y),

The first integral above converges to the (finite or infinite) limit | + [P dp when
a — 0 and b — oo. It follows that the last integral above converges to the same
limit, that is, the improper Riemann—Stieltjes integral fooo yP dm(y) exists and
(3) is valid.

Since —dm is a positive measure, we have

b b
0 < a[m(a) — m(b)] = — / o dm(y) < — / ¥ dm(y), (5)

hence

b
0 < aPm(a) < aPm(b) — / y? dm(y). (6)

Let b — oo. Since m(oo) = 0,
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In case [;°yPdm(y) is finite, letting a — oo in (7) shows that
limg o0 a?m(a) = 0. Also letting a — 0 in (6) (with b fixed arbitrary) shows
that

b
0 < limsup a’m(a) < —/ y? dm(y).
0

a—0
Letting b — 0, we conclude that Jlim, .o a?m(a) = 0, and (4) is verified.
An integration by parts gives

b b
- / yP dim(y) = aPmia) — bPm(b) + p / Y 'm(y) dy. (8)

Letting a — 0 and b — oo, we obtain from (4) (in case [~ y? dm(y) is finite)

- /OOO yP dm(y) = p/ooo Y tm(y) dy. (9)

Consider finally the case when fooo y?~tm(y) dy < co. We have

b
(=2 m(t) = 7 = /27 lm(b) = m(h) [ gy

/2
b
< p/ y~tm(y)dy — 0
b/2
as b — oo or b — 0 (by Cauchy’s criterion). Thus (4) is verified, and (9) was
seen to follow from (4). O

Corollary 1.60. Let f € LP(u) for some p € [1,00), and let m be the
distribution function of |f|. Then

1l = - / ¥ dm(y) = p / W in(y) dy.

1.13 Truncation

Technique 1.61. The technique of truncation of functions is useful in real
methods of analysis. Let (X,.A,u) be a positive measure space, and let
f: X — C. For each u > 0, we define the truncation at u of f by

fu = FIypi<u + (/DT p150- (1)
Denote
fu=f = fu=(F =ult /1D 150 = (F1 = ) /DI 150 (2)
We have
|fu| = |f|l[\f\gu] + UIHf|>u] = min(|f|,u), (3)
|ful = (f| = w50 (4)
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It follows in particular that f € LP(u) for some p € [1, 00] iff both f, and f] are
in LP(p). In this case f, € L"(p) for any r > p, because |f,/u| < 1, so that

w T ful" = fuful” < [ fuful” <uTPIFP.

Similarly (still when f € LP), f! € L"(u) for any r < p. Indeed, write

Jura=[ o
X [1fa1>1] [0<|£1<1]

For r < p, the first integral on the right-hand side is
<[ nPdu<ifl
(1fal>1]

the second integral on the right-hand side is

< (0 < £, < 1) = ([0 < | f] —u < 1))
= plfu < |f] < wt 1)) = mlu) — m(u +1).

Thus for any r < p,
Il < LG + m(u) —m(u+1) < oo,
as claimed.

Since |f,| = min(|f],«), we have [|fu] > y] = [|f| > y] whenever 0 < y < u
and [|fu] > y] = 0 whenever y > u. Therefore, if m,, and m are the distribution
functions of |f,| and |f], respectively, we have

my(y) =m(y) for0<y<u;  myu(y)=0 fory>u. (6)
For the distribution function m!, of |f!|, we have the relation
my(y) =m(y +u) (y>0), (7)
since by (4)

mi,(y) = p((lful > yl) = p(lf| — v > y]) = w(If] >y + u]) = m(y +w).

By (6), (7), and Corollary 1.60, the following formulae are valid for any f € LP(u)
(1 <p<o0)and u > 0:

nnmzrﬁfw*mva<r>m; (®)

nﬁmzr/mw—uv*mme<rsm. (9)

These formulae will be used in Section 5.40.
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Exercises

1.

Let (X, A, ) be a positive measure space, and let f be a non-negative
measurable function on X. Let E := [f < 1]. Prove

(8) p(E) = lim, [y exp(—f") du.
(b) 205 fip £ i = [ (F/ (L= £)) dp

. Let (X, A, i) be a positive measure space, and let p, ¢ be conjugate expo-

nents. Prove that the map [f,g] € LP(u) x Li(n) — fg € L'(u) is
continuous.

Let (X, A, 1) be a positive measure space, f, : X — C measurable func-
tions converging pointwise to f, and h : C — C continuous and bounded.
Prove that lim, [, h(fn)dp = [ h(f)dp for each E € A with finite

measure.

Let (X, A, u) be a positive measure space, and let B C A be a o-finite
o-algebra. If f € L'(A) := L1(X, A, n1), consider the complex measure on
B defined by

Af(E) :z/Efd,u (E € B).
Prove:

(a) There exits a unique element Pf € LY(B) := L*(X, B, 1) such that
M(E) = [ (PR (EeB).

(b) The map P : f — Pf is a continuous linear map of L!(A) onto the
subspace L'(B), such that P? = P (P? denotes the composition of P
with itself). In particular, L'(B) is a closed subspace of L!(A).

Let (X, A, ) be a finite positive measure space and f, € LP(u) for all
n € N (for some p € [1,00)). Suppose there exists a measurable function
f: X — C such that sup, supy |fn — f] < oo and f, — f in measure.
Prove that f € LP(u) and f, — f in LP-norm.

Let A and p be positive o-finite measures on the measurable space (X, .A).
State and prove a version of the Lebesgue-Radon-Nikodym theorem for
this situation.

Let {\,} be a sequence of complex measures on the measurable space
(X, A) such that > [[A,| < co. Prove

(a) For each E € A, the series ) \,(E) converges absolutely in C and
defines a complex measure \; the series Y |\,|(E) converges in RY,
and defines a finite positive measure o, and A < o.
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8.

10.

(b)
A\ d\,

do = 2o
Let (X, A, 1) be a positive measure space, and let M := M (A) denote the
vector space (over C) of all complex measures on A. Set

My:={) € M;\ < u};
Mg={\e M;\ L u}.

Prove:

(a) If A € M is supported by E € A, then so is |A|.

(b) M, and M, are subspaces of M and M, L M, (in particular, M, N
M, = {0}).

(c) If (X, A, p) is o-finite, then M = M, & M.

(d) X e M, iff |\| € M, (and similarly for My).

(e) Tf Ay € M (k =1,2), then Ay L Ao iff [A1] L [Aa].

(f) A < p iff for each € > 0, there exists § > 0 such that |\(E)| < e for
all B € A with u(F) < 4.

(Hint: if the €, § condition fails, there exist E,, € A with p(E,) < 1/2"
such that |[A(E,)| > € (hence |A|(E),) > €), for some € > 0; consider the
set £ =limsup E,,.)

Let (X, A, 1) be a probability space (i.e. a positive measure space such
that u(X) = 1). Let f,g be (complex) measurable functions. Prove that
[£ll1llglls > infx [fgl.

Let (X, A, ) be a positive measure space and f a complex measurable
function on X.

(a) If u(X) < oo, prove that
o [l = 11l ()

(The cases ||f|lcc = 0 or oo are trivial; we may then assume that
[fllc = 1; given €, there exists E € A such that pu(E) > 0 and
(L= u(E)? < | fllp < w(X)VP.)

(b) For an arbitrary positive measure space, if || f]|, < oo for some r €
[1,00), then (*) is valid.

(Consider the finite positive measure v(E) = [, |f|"du. We may
assume as in Part (a) that | f|l = 1. Verify that |[f|z~@) = 1 and

1Fllp = IF1,70,, for all p > 7+ 1.)
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11.

12.

13.

14.

15.

16.

17.

1. Measures

Let (X, A, 1) be a positive measure space, 1 < p < oo, and € > 0.

(a) Suppose f,, [ are unit vectors in L”(u) such that f,, — f a.e. Consider
the propability measure dv = |f|P du. Show that there exists F € A
such that f,/f — 1 uniformly on E and v(E°) < e. (Hint: Egoroff’s
theorem.)

(b) For E as in Part (a), show that limsup,, [4. [fn|? dp < e
(¢) Deduce from Parts (a) and (b) that f, — f in LP(p)-norm.

(d) If gn,g € LP(u) are such that g, — ¢ a.e. and ||gnll, — |lg|lp, then
gn — g in LP(p)-norm. (Consider fn = gn/l|gnllp and f = g/lgllp-)

Let (X, A, ) be a positive measure space and f € LP(u) for some p €
[1,00). Prove that the set [f # 0] has o-finite measure.

Let (X,.A) be a measurable space, and let f, : X — C, n € N, be
measurable functions. Prove that the set of all points € X for which the
complex sequence {f,,(z)} converges in C is measurable.

Let (X,A) be a measurable space, and let E be a dense subset of R.
Suppose f : X — R is such that [f > ¢] € A for all ¢ € E. Prove that f is
measurable.

Let (X,A) be a measurable space, and let f : X — RT be meas-
urable. Prove that there exist ¢, > 0 and Fr € A (kK € N) such
that f = Y7, cklp,. Conclude that for any positive measure p on A,
[ fdp =7, ckp(Ey); in particular, if f € L*(u), the series converges
(in the strict sense) and p(FEy) < oo for all k. (Hint: get s, as in the
approximation theorem, and observe that f =" (sp, — $,_1).)

Let (X, A, ) be a positive measure space, and let {F;} C A be such
that >, pu(Ex) < oo. Prove that almost all z € X lie in at most finitely
many of the sets Ej. (Hint: The set of x that lie in infinitely many Eys is
lim sup Ey.)

Let X be a (complex) normed space. Define

z+y)? + |z —y|?
Flay) =1 . ||2 ! : I
[1* + 2[lyll

(z,y € X).

(We agree that the fraction is 1 when x = y = 0.) Prove:

(a) 1/2< f<2.
(b) X is an inner product space iff f =1 (identically).
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Construction of measures

2.1 Semi-algebras

The purpose of this chapter is to construct measure spaces from more primitive
objects. We start with a semi-algebra C of subsets of a given set X and a semi-
measure | defined on it.

Definition 2.1. Let X be a (non-empty) set. A semi-algebra of subsets of X
(briefly, a semi-algebra on X) is a subfamily C of P(X) with the following
properties:

(1) if A,B €C, then ANB €C; 0 €C;
(2) if A € C, then A€ is the union of finitely many mutually disjoint sets in C.

Any algebra is a semi-algebra, but not conversely. For example, the family
¢ = {(a,b];a,b € R} U{(—o0,b]:b € R} U{(a,0);a € R} U {0}

is a semi-algebra on R, but is not an algebra. Similar semi-algebras of half-closed
cells arise naturally in the Euclidean space R¥.

Definition 2.2. Let C be a semi-algebra on X. A semi-measure on C is a function
p:C—[0,00]

with the following properties:

(1) p(®) =0;

(2) if E; € C, i = 1,...,n are mutually disjoint with union £ € C, then
H(E) =32, n(Es);

(3)if E; € C, i = 1,2,... are mutually disjoint with union E € C, then
w(E) <32 n(Ei).
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If C is a o-algebra, any measure on C is a semi-measure. A simple ‘natural’
example of a semi-measure on the semi-algebra of half-closed intervals on R
mentioned above is given by

p((a, b)) =b—a, a,beR, a<b;
u(0) =0, l(—00,8]) = p((a, 00)) = oo.

Let C be a semi-algebra on X, and let A be the family of all finite unions
of mutually disjoint sets from C. Then 0 € A; if A = JE;,B = JF; € A,
with & € C, ¢ = 1,...,m disjoint and F; € C, j = 1,...,n disjoint, then
ANB =J; ; EiNF}; € Aas afinite union of disjoint sets from C by Condition (1)
in Definition 2.1. Also A° = (Ef € A, since Ef € A by Condition (2) in
Definition 2.1, and we just saw that A is closed under finite intersections. We
conclude that A is an algebra on X that includes C, and it is obviously contained
in any algebra on X that contains C. Thus, A is the algebra generated by the
semi-algebra C (i.e. the algebra, minimal under inclusion, that contains C).

Definition 2.3. Let A be any algebra on the set X. A measure on the algebra
A is a function p : A — [0, 00] such that u(f) = 0, and if E € A is the countable
union of mutually disjoint sets E; € A, then p(A) = > u(E;) (i.e. p is countably
additive whenever this makes sense).

Theorem 2.4. Let C be a semi-algebra on the set X, let p be a semi-measure
on C, let A be the algebra generated by C, and extend u to A by letting

M(UE) =" u(E) (1)

for E; € C, i = 1,...,n, mutually disjoint. Then pu is a
measure on the algebra A.

Proof. First, u is well-defined by (1) on A. Indeed, if E;, F; € C are such that
A =JE; = JF; (finite disjoint unions), then each F; € C is the finite disjoint
union of the sets E; N F; € C; by Condition (2) in Definition 2.2,

p(Fy) = Zu(Ez' N Ey),

and therefore

> uFy) = ZM(Ei N Fy).

The symmetry of the right-hand side in E; and Fj implies that it is also equal
to > u(E;), and the definition (1) is indeed independent of the representation
of A € A as a finite disjoint union of sets in C.

It is now clear that p is finitely additive on A, hence monotonic.

Let £ € A be the disjoint union of F; € A,i = 1,2,.... For each n € N,
Ui, E; C E, hence

n

Z:U‘(Ez) = (U E1> < u(E),

i=1
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and therefore

Z W(E;) < u(E). (2)

Next, write E; = Uj Fj;, a finite disjoint union of Fj; € C, for each fixed 7, and
similarly, since E € A, E = |J G}, a finite disjoint union of sets Gy € C. Then
G}, € C is the (countable) disjoint union of the sets F;; NGy, € C (by Condition (1)
in Definition 2.1), over all ¢, . By Condition (3) in Definition 2.2., it follows that
for all k,

w(G) < ZM(Fij N Gy).
Hence |
WE) = u(Gr) <> p(Fiy N Gy)
ik
=3 wF;NGr) =Y w(E),
i gk i

by the definition (1) of u on A, because E; = |J;, Fij N Gy, a finite disjoint
union of sets in C. Together with (2), this proves that p is indeed a measure on
the algebra A. O

2.2 QOuter measures

A measure on an algebra can be extended to an outer measure on P(X):
Definition 2.5. An outer measure on the set X (in fact, on P(X)) is a function
p i P(X) — [0, o]

with the following properties:
(1) p*(0) = 0;
(2) p* is monotonic (i.e. u*(E) < p*(F) whenever E C F C X);
(3) p* is countably subadditive, that is

w (UB) <X wE),

for any sequence {F;} C P(X).

By (1) and (3), outer measures are finitely subadditive (i.e. (3) is valid for
finite sequences {E;} as well).

Theorem 2.6. Let p be a measure on the algebra A of subsets of X. For any
E e P(X), let

1w (E) =it 3 u(E),
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where the infimum is taken over all sequences {E;} C A with E C |J E; (briefly,
call such sequences ‘A-covers of E’). Then p* is an outer measure on X, called
the outer measure generated by p, and p*|4 = u.

Proof. We begin by showing that p*|4 = pu. If E € A, then {E,0,0,...} is an
A-cover of E, hence p*(F) < u(E). Next, if {E;} is any A-cover of E, then for
alln € N,

F,-=ENE,NE;,_N---NEjfeA

(since A is an algebra), and E € A is the disjoint union of the sets F,, C E,.
Therefore, since p is a measure on the algebra A,

> ulEn) = u(F,) = u(E).

Taking the infimum over all A-covers {E,} of E, we obtain p*(E) > u(E), and
the wanted equality follows.

In particular, p*(0) = u(0) = 0.

If E C F C X, then every A-cover of F' is also an A-cover of F; this implies
that p*(E) < p*(F).

Let B, C X,n € N, and E = |J,, E,,. For € > 0 given, and for each n € N,
there exists an A-cover {E,, ;}; of E,, such that

S H(Eni) < 5 (Ba) + /2.
Since {E, i;n,i € N} is an A-cover of E, we have

p(E) < Zu(En,i) <Y (B +e

and the arbitrariness of € implies that p* is countably sub-additive. O

Definition 2.7 (The Caratheodory measurability condition). Let u* be
an outer measure on X. A set F C X is p*-measurable if

W (A) = u*(A N E) + (AN E°) 1)
for every A C X.

We shall denote by M the family of all p*-measurable subsets of X.
By subadditivity of outer measures, (1) is equivalent to the inequality

W(A) > (AN E) + (AN E°) (2)

(for every A C X). Since (2) is trivial when p*(A) = oo, we can use only subsets
A of finite outer measure in the measurability test (2).

Theorem 2.8. Let p* be an outer measure on X, let M be the family of all
w*-measurable subsets of X, and let i = p*|pm. Then (X, M,fQ) is a com-
plete positive measure space (called the measure space induced by the given outer
measure).
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Proof. If y*(E) =0, also p*(AN E) = 0 by monotonicity (for all A C X), and
(2) follows (again by monotonicity of u*). Hence E € M whenever p*(E) = 0,
and in particular ) € M. By monotonicity, this implies also that the measure
space of the theorem is automatically complete.

The symmetry of the Caratheodory condition in £ and E° implies that E° €
M whenever E € M.

Let E, F € M. Then for all A C X, it follows from (2) (first for F' with the
‘test set” A, and then for F with the test set AN F°) and the finite subadditivity
of pu*, that

pr(A) 2 (AN F) + p* (AN FF)
WANF)+p*(ANFNE)+ p (ANF°NE°)
> ([ANFJUIAN(E - F))) + @ (AN (EU F))

= (AN(EUF))+u* (AN (EUF)°),

%

and we conclude that E U F € M, and so M is an algebra on X. It follows
in particular that any countable union E of sets from M can be written as a
disjoint countable union of sets E; € M. Set F,, = J;_, Ei(C E),n=1,2,....
Then F,, € M, and therefore, by (2) and monotonicity, we have for all A C X

p(A) 2w (ANE,) + p (AN EFY)
> (ANE,) +p* (AN ES). (3)

By (1), since E,, € M, we have

wWANE,) =" (ANE,NE,)+u" (ANF,NE,)
=u (ANE,) +up (AN F,_1). (4)

The recursion (4) implies that for all n € N,
WANE) =Y W (ANE,). (5)
i=1
Substitute (5) in (3), let n — oo, and use the o-subadditivity of p*; whence

pr(A) = ) w(ANE) + p (AN E)

e ;M8

K2

*

ANE)+ p* (ANES).
This shows that £ € M, and we conclude that M is a o-algebra.
Choosing A = F,, in (5), we obtain (by monotonicity)

n

pr(E) > pt(F) =Y p'(B), n=12,....

i=1
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Letting n — oo, we see that

Mg

* -

Together with the o-subadditivity of ©*, this proves the o-additivity of p*
restricted to M, as wanted. O

2.3 Extension of measures on algebras

Combining Theorems 2.6 and 2.8, we obtain the Caratheodory extension theorem.

Theorem 2.9. Let i1 be a measure on the algebra A, let u* be the outer measure
induced by p, and let (X, M, i) be the (complete, positive) measure space induced
by u*. Then A C M, and [i extends 1 to a measure (on the o-algebra M), which
is finite (o-finite) if p is finite (o-finite, respectively).

The measure [ is called the Caratheodory extension of p.

Proof. By Theorems 2.6 and 2.8, we need only to prove the inclusion A C M,
for then

fila = (W r)la = pla=p
Let then E € A, and let A C X be such that p*(A4) < oo. For any given € > 0,
there exists an A-cover {E;} of A such that

A) e > 3 p(E). (1)

Since £ € A, {E; N E} and {E; N E°} are A-covers of AN E and AN E°,
respectively, and therefore

> wEiNE) > p*(ANE)

and
> WE;NE) > pf(ANE°).

Adding these relations and using the additivity of the measure p on the algebra
A, we obtain

Z“ ) > u (ANE) + u* (AN E°). (2)
By (1), (2), and the arbltrarlness of ¢, we get
W*(A) > (AN E) + 5 (AN E°)

for all A C X, so that £ € M, and A C M.
If 1 is finite, then since X € A and p*|4 = p, we have p*(X) = p(X) < oo.
The o-finite case is analogous. O

If we start from a semi-measure p on a semi-algebra C, we first extend it to a
measure (same notation) on the algebra A generated by C (as in Theorem 2.4).
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We then apply the Caratheodory extension theorem to obtain the complete pos-
itive measure space (X, M, i) with A C M and f extending u. Note that if y is
finite (o-finite) on C, then its extension fi is finite (o-finite, respectively).

2.4 Structure of measurable sets

Let p be a measure on the algebra A on X. Denote by p* the outer measure
induced by pu, and let M be the o-algebra of all p*-measurable subsets of X.
Consider the family .4, C M of all countable unions of sets from .A. Note that
if we start from a semi-algebra C and A is the algebra generated by it, then
A, =C,.

Lemma 2.10. For any E C X with p*(E) < oo and for any € > 0, there exists
A e A, such that E C A and

p(A) < pt(E) +e

Proof. By definition of u*(FE), there exists an A-cover {E;} of E such that
Su(E) < p*(E)+e Then A:=JFE; € A,, EC A, and

pH(A) <> pt(E) =D uE:) < pt(E) + e
as wanted. O

If B is any family of subsets of X, denote by Bs the family of all countable
intersections of sets from B. Let Ays := (Ay)s-

Proposition 2.11. Let p, A, u* be as before. Then for each E C X with
p*(E) < oo, there exists A € Ays such that E C A and p*(E) = p*(A)(= p(A4)).

Proof. Let E be a subset of X with finite outer measure. For each n € N, there
exists A, € A, such that E C A,, and p*(A,) < p*(E)+1/n (by Lemma 2.10).
Therefore A := (A, € Ay5, E C A, and

W (B) < p*(4) < 5" (A,) < 1 (B) +1/n
for all n, so that p*(E) = p*(A). O
The structure of p*-measurable sets is described in the next theorem.

Theorem 2.12. Let p be a o-finite measure on the algebra A on X, and let u*
be the outer measure induced by it. Then E C X is pu*-measurable if and only if
there exists A € Ays such that E C A and p*(A— E) =0.

Proof. We observed in the proof of Theorem 2.8 that M contains every set of
p*-measure zero. Thus, if E C A € A5 and p*(A— FE) =0, then A — E € M
and A € M (because A,5 C M), and therefore E=A - (A—E) € M.
Conversely, suppose E € M. By the o-finiteness hypothesis, we may write
X = JX; with X; € A mutually disjoint and p(X;) < oco. Let E; := EN X,.
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By Lemma 2.10, there exist A,; € A, such that E; C A,; and p*(4,;) <
w*(E;) 4+ (1/n2%), for all n,i € N. Set A, := |J; Ani. Then for all n, A,, € A,,
E C Ay, and A, — E C |J,(Ani — E;), so that

1
- =1/n.
n2t /n

(A= B) < S pr (A — E) <3
Let A:=A,. Then E C A, A € A,s, and since A — F C A,, — E for all n,
uw*(A—FE)=0. O

We can use Lemma 2.10 to prove a uniqueness theorem for the extension of
measures on algebras.

Theorem 2.13 (Uniqueness of extension). Let u be a measure on the algebra
A on X, and let i be the Caratheodory extension of u (as a measure on the
o-algebra M, cf. Theorem 2.9). Consider the o-algebra B generated by A (of
course B C M). If p1 is any measure that extends pn to B, then pui(E) = i(E)
for any set E € B with p(E) < co. If p is o-finite, then 1 = on B.

Proof. Since 11 = p = i on A, and each set in A, is a disjoint countable union
of sets A; € A, we have ;1 = i on A,.

Let £ € B with a(E) < oo, and let € > 0. By Lemma 2.10, there exists
A € A, such that E C A and i(A) < i(E) + €. Hence

i1(E) < i (A) = B(A) < 5(E) + <,

and therefore, 1 (E) < fi(E), by the arbitrariness of e.
Note in passing that A— E € B with i(A—FE) < e < oo (for any A as above).
Therefore, we have in particular (A — E) < i(A — E) < e. Hence

A(E) < i(A) = p1(A) = i (E) + m(A = E) < i (E) + e,

and the reverse inequality i(E) < up(F) follows.

If p is o-finite, write X as the disjoint union of X; € A with u(X;) < oo, i =
1,2,.... Then, each E € B is the disjoint union of F; := FNX; with u(E;) < oo;
since u1(E;) = a(E;) for all 4, also pui(E) = a(E), by o-additivity of both
measures. O

2.5 Construction of Lebesgue—Stieltjes
measures

We shall apply the general method of construction of measures described
in the preceding sections to the special semi-algebra C in the example
following Definition 2.1, and to the semi-measure p induced by a given
non-decreasing right-continuous function F : R — R. Denote F(o0) :=
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lim, o0 F(2)(€ (—00, x0]), and similarly F'(—oo)(€ [—00,00)) (both limits exist,
because F' is non-decreasing). We define the semi-measure u (induced by F') by

w(0) = 0; u((a,b]) = F(b) — F(a) (a,b€R,a < b);
1((=00,0]) = F(b) = F(—00);  p((a,0)) = F(c0) — F(a),a,b € R.

The example following Definition 2.2 is the special case with F(x) = z,z € R.
We verify that the properties (2) and (3) of Definition 2.2 are satisfied.
Suppose (a,b] is the disjoint finite union of similar intervals. Then we may

index the subintervals so that

a=a1 <bi=ax<by=a3<---<b, =0b.

Therefore
n n n—1
> nlai b)) =Y [F(bi) = Fa;)] = >_[F(ai1) — F(ai)] + F(b) = F(a)
i=1 i=1 i=1

= F(b) — Fa) = p((a, b])

for a,b € R,a < b. A similar argument for the cases (—o0, b] and (a, c0) completes
the verification of Property (2). In order to verify Property (3), we show that
whenever (a,b] C ;2 (a;,b;], then

F(b) = F() £ Y [F(5) = F(a)]. 1)

This surely implies Property (3) for a,b finite. If (—o0, b] is contained in such a
union, then (—n,b] is contained in it as well, for all n € N, so that F'(b) — F(—n)
is majorized by the sum on the right-hand side of (1) for all n; letting n — oo,
we deduce that this sum majorizes p((—oo,b]). A similar argument works for
l(a, ).

Let € > 0. By the right continuity of F', there exist ¢;,7 = 0,1, 2, ... such that

a<cy; F(co) < Fla)+e
bi <ci; F(ei) < F(by) +¢/2% 1=1,2,.... (2)

We have [co,b] C U2, (ai,ci), so that, by compactness, a finite number n of
intervals (a4, ¢;) covers [cg, b]. Thus ¢ is in one of these intervals, say (a1, c1) (to
simplify notation), that is,

a; <cg<cp.

Assuming we got (a;, ¢;),1 < i < k such that
a; < ci—1 < ¢4, (3)

and cx—1 < b (that is cx—1 € [co,b]), there exists one of the n intervals above,
say (ag, cr) to simplify notation, that contains ci_1, so that (3) is valid for i = k
as well. This (finite) inductive process will end after at most n steps (this will
exhaust our finite cover), which means that for some k& < n, we must get

b < cg. (4)
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By (4), (3), and (2) (in this order),

=2
k &S]
< SUIP(e) — Flad) +e < Y [Fle) — Flag)] +e
<Y [F(bi) — Flai)] +2e = > p((as, bi]) + 2e,
i=1 %

as wanted (by the arbitrariness of €). By Theorems 2.4 and 2.9, the semi-measure
1 has an extension as a complete measure (also denoted p) on a c-algebra
M containing the Borel algebra B (= the o-algebra generated by C, or by
the algebra A). By Theorem 2.13, the extension is uniquely determined on B.
The (complete) measure space (R, M, 1) is called the Lebesgue—Stieltjes measure
space induced by the given function F (in the special case F(x) = z, this is the
Lebesque measure space). By Theorem 2.13, the ‘Lebesgue—Stieltjes measure p
induced by F’ is the unique measure on B such that u((a,b]) = F(b) — F(a).
It is customary to write the integral [ fdu in the form [ fdF, and to call F
the ‘distribution of ©’. Accordingly, in the special case of Lebesgue measure, the
above integral is customarily written in the form [ f dz.

The Lebesgue measure u is the unique measure on B such that p((a,b]) =
b — a for all real a < b; in particular, it is translation invariant on C, hence
on A (if E € A, write E as a finite disjoint union of intervals (a;,b;], then
u(t+ E) = p(U{t + (ai, b} = 32, n((t + as, t + b)) = > p((as, bs]) = p(E) for
all real t). Let u* be the outer measure induced by p. Then for all E C R and
t € R, {E;} is an A-cover of F if and only if {¢t 4+ F;} is an A-cover of t + E, and
therefore

prt+E):= infz w(t+ E;) = infz w(E;) = p*(B).

In particular, if p*(E) = 0, then p*(t + E) = 0 for all real t. By Theorem 2.12,
E € M (that is, Lebesgue measurable on R) if and only if there exists A € A,
such that £ C A and p*(A — E) = 0. However, translations of unions and inter-
sections of sets are unions and intersections of the translated sets (respectively).
Thus, the existence of A € A,s as above implies that t+ A € Ay, t+FE Ct+ A,
and p*(t+A)—(t+E) =p"t+(A—FE)) =0, that is t + £ € M (by The-
orem 2.12), for all ¢ € R. Since Lebesgue measure is the restriction of u* to M,
we conclude from this discussion that the Lebesgue measure space (R, M, p) is
translation invariant, which means that t + E € M and pu(t + E) = p(E) for all
t € R and E € M. In the terminology of Section 1.26, the map h(z) =z —tis a
measurable map of (R, M) onto itself (for each given t), and the corresponding
measure v(E) = u(h~'(E)) = u(t + E) = u(E). Therefore, by the Proposi-
tion there, for any non-negative measurable function and for any u-integrable
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/fdu=/ftdu,

where fi(z) := f(z —t). This is the translation invariance of the Lebesgue
integral.

Consider the quotient group R/Q of the additive group R by the subgroup
Q of rationals. Let A be an arbitrary bounded Lebesgue measurable subset of
R of positive measure. By the Axiom of Choice, there exists a set £ C A that
contains precisely one point from each coset in R/Q that meets A. Since A is
bounded, A C (—a,a) for some a € (0,00). We claim that A is contained in the
disjoint union S := Ure@ﬂ(f2a,2a) (r+ E). Indeed, if x € A, there exists a unique
y € E such that =,y are in the same coset of Q, that is, x — y = r € Q, hence
x=r+y r+E, |r| <|z|+|y| < 2a, so that indeed z € S. If r, s € QN (—2a, 2a)
are distinct and = € (r + E) N (s + E), then there exist y,z € E such that
x=r+4+y=s+z Hence, y—z = s —r € Q — {0}, which means that y, z are
distinct points of E belonging to the same coset, contrary to the definition of
E. Thus, the union S is indeed a disjoint union. Write Q N (—2a,2a) = {rx}.
Suppose E is (Lebesgue) measurable. Since rp,+FE C rp,+A C (—3a, 3a) for all k,
it follows that S is a measurable subset of (—3a, 3a). Therefore, by o-additivity
and translation invariance of p,

complex function f on R,

6a > u(S) = plre + E) > > p(E) = nu(E)
k=1 k=1

for all n € N, hence p(E) = 0 and u(S) = 0. Since A C S, also u(A) = 0,
contradicting our hypothesis. This shows that E is not Lebesgue measurable.
Since any measurable set on R of positive measure contains a bounded measurable
subset of positive measure, we proved the following

Proposition. Every (Lebesque-) measurable subset of R of positive measure
contains a non-measurable subset.

2.6 Riemann versus Lebesgue

Let —0o < a < b < o0, and let f: [a,b] — R be bounded. Denote

m = inf f; M =supf.
[a,b] [a,b]
Given a ‘partition’ P = {xx;k = 0,...,n} of [a,b], where a = z¢p < 21 < -+ <
x, = b, we denote
mg = _inf f; M= sup f;
[wk—1,2k] [r—1,2k]
n

n
Lp= ka(l“k —rp—1); Up= ZMk(xk — Tp_1).
k=1 k=1
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Recall that the lower and upper Riemann integrals of f over [a, b] are defined as
the supremum and infimum of Lp and Up (respectively) over all ‘partitions’ P,
and f is Riemann integrable over [a, b] if these lower and upper integrals coincide
(their common value is the Riemann integral, denoted f: f(z) dx). For bounded
complex functions f = u+iv with u, v real, one says that f is Riemann integrable
iff both u and v are Riemann integrable, and f: fdz = f: udr + ifab vdx.

Proposition. If a bounded (complex) function on the real interval [a,b] is
Riemann integrable, then it is Lebesque integrable on [a,b], and its Lebesgue

integral f[a p) f dx coincides with its Riemann integral f; fdz.

Proof. It suffices to consider bounded real functions f. Given a partition P,
consider the simple Borel functions

lp= f(a)-[{a} + kal(xk,hxk]; up = f(a)j{a} + Z Mk-[(:ck,l,a:k]'
k k

Then lp < f <up on [a,b], and

/ lpdl':Lp; / uPd.’t:Up. (1)
[a,b] la,b]

If f is Riemann integrable, there exists a sequence of partitions P; of [a, b] such
that P, is a refinement of P}, || P;|| := max,, cp, (x—2r—1) — 0 as j — oo, and

b
lim Lp, = lim Up, :/ fdx. (2)
j j a

The sequences [; := lp, and u; := up, are monotonic (non-decreasing and non-
increasing, respectively) and bounded. Let then ! := lim;{; and u := lim; u,.
These are bounded Borel functions, and by (1), (2), and the Lebesgue dominated
convergence theorem,

b
/ ldx = lim ljdr =lim Lp, = / fdz, (3)
[a,b] J a

i Jlay)

and similarly f[a?b} udr = fab f dzx. In particular, f[a,b] (u—1)dz = 0, and since
uw—1 > 0, it follows that w = [ a.e.; however [ < f < u, hence f = u =1
a.e.; therefore f is Lebesgue measurable (hence Lebesgue integrable, since it is
bounded) and [, , fdz = [, ldz = [} fdz by (3). 0

A similar proposition is valid for absolutely convergent improper Riemann
integrals (on finite or infinite intervals). The easy proofs are omitted.

Let @ = U, P (a countable set, hence a Lebesgue null set). If = € [a,b] is
notin Q, f is continuous at z iff {(z) = u(z). It follows from the preceding proof
that if f is Riemann integrable, then it is continuous at almost all points not in
Q, that is, almost everywhere in [a,b]. Conversely, if f is continuous a.e., then
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Il = f =wu a.e., hence f[a plde = f[a p) tda. Therefore, given e > 0, there exists
j such that f[a p Us AT — f[a p lidz <€, that is, Up, — Lp, <. This means that
f is Riemann integrable on [a, b]. Formally:

Proposition. Let f be a bounded complex function on [a,b]. Then f is Riemann
integrable on [a,b] if and only if it is continuous almost everywhere in [a, b].

2.7 Product measure

Let (X, A,n) and (Y,B,v) be measure spaces. A measurable rectangle is a
cartesian product A x B with A € A and B € B. The set C of all measurable
rectangles is a semi-algebra, since
(AxB)N(CxD)=(ANC)x (BND)
and
(Ax B)°=(A°x B)U (A x B°)U (A® x B°),
where the union on the right is clearly disjoint. Define A on C by
MA x B) = p(A)v(B).

We claim that A is a semi-measure on C (cf. Definition 2.2). Indeed, Property (1)
is trivial, while Properties (2) and (3) follow from the stronger property:
If A; x B; € C are mutually disjoint with union A x B € C, then

MAx B) =3 u(Aw(B). (1)
i=1
Proof. Let x € A. For each y € B, there exists a unique ¢ such that the pair

[x,y] belongs to A; x B; (because the rectangles are mutually disjoint). Thus, B
decomposes as the disjoint union

{i;z€A;}
Therefore
v(B)= Y w(B),
{im€A;}
and so

By Beppo Levi’s theorem (1.16),

NA % B) = w(A(B) = [ v(B)a(a)d
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By the Caratheodory extension theorem, there exists a complete measure
space, which we shall denote

(X xY, AXxB,uxv),
and call the product of the given measure spaces, such that C C A x B and
(L xv)(Ax B)=AA x B) := u(A)v(B)

for Ax BeC.

The central theorem of this section is the Fubini—Tonelli theorem, that relates
the ‘double integral’ (relative to pu x v) with the ‘iterated integrals’ (relative to
w and v in either order). We need first some technical lemmas.

Lemma 2.14. For each E € Cy5, the sections E, :={y € Y;[z,y] € E} (r € X)
belong to B.

Proof. If E = A x B € C, then E, is either B (when x € A) or () (otherwise),
so clearly belongs to B. If E € C,, then E =, E; with E; € C; hence

E, = U(E»w eB.
Similarly, if £ € Cys, then E =, E; with E; € C,, and therefore

E,=(\(E). €B

i
forall z € X. O
By the lemma, the function
ge(z) :=v(E;) : X — [0, 0]

is well defined, for each E € Cgs.

Lemma 2.15. Suppose the measure space (X, A, ) is complete. For each
E € Cys with (u x v)(E) < oo, the function gg(x) = v(E,) is A-measurable,
and

[ gz = o). (2)
Proof. For an arbitrary E = A x B €,
g5 =v(B)la

is clearly A-measurable (since A € A), and (2) is trivially true.

If E € C, (arbitrary), we may represent it as a disjoint union of F; € C
(¢ € N), and therefore gg = >, gp, is A-measurable, and by the Beppo Levi
theorem and the o-additivity of p x v,

[ awau= Z/XgE dn =3 () = () (B).
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Let now E € Cys with (p x v)(E) < oo. Thus E = (), F; with
F; € C,. By Lemma 2.10, there exists G € C, such that £E C G and
(uxv)(G) < (pxv)(E)+1< oo. Then

E=ENG=(\FinG)=()Ex,
7 k

where (for £ =1,2,...)
k
By :=[(FinG).
i=1
Since C, is an algebra, Fy € C,, Eyy1 C Eg, and E; C G has finite product
measure. Therefore gg, is A-measurable, and

[ gm. du = x (B < 0
X

for all k. In particular gg, < co p-a.e.
For x such that gg, ()(= v((E1).)) < 0o, we have by Lemma 1.11:

gp (@) = v(E,) = u(ﬂ(Ek)m> = limv((Ey).) = lim g, ().

k

Hence gg, — gr p-a.e. Since the measure space (X, A, 1) is complete by hypo-
thesis, it follows that gg is A-measurable. Also 0 < gg, < gg, for all k, and
/ « 98, dpp < 0o. Therefore, by Lebesgue’s dominated convergence theorem and
Lemma 1.11,

/X gr dp = li,gl/XgEk dp = lim(p x v)(Ep) = (n < v)(E).

O
We now extend the above lemma to all E € AxB with finite product measure.

Lemma 2.16. Let (X, A, u) and (Y,B,v) be complete measure spaces. Let
E € A x B have finite product measure. Then the sections E, are B-measurable
for p-almost all x; the (u-a.e. defined and finite) function gg(x) = v(E,;) is
A-measurable, and

/ ge dp = (p X v)(E).
X

Proof. By Proposition 2.11, since E has finite product measure, there exists
F € Cys such that E C F and (u X v)(F) = (u x v)(FE) < 0. Let G:= F — E.
Then G € A x B has zero product measure (since E and F have equal finite
product measure). Again by Proposition 2.11, there exists H € C,s such that
G C H and (uxv)(H) = 0. By Lemma 2.15, gp is A-measurable and [ gy dp =
(ux v)(H) = 0. Therefore, v(H;) := gy (z) = 0 p-a.e. Since G, C H,, it follows
from the completeness of the measure space (Y, B, v) that, for y-almost all x, G,
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is B-measurable and v(G,) = 0. Since E = F' — G, it follows that for p-almost
all z, E, is B-measurable and v(F,) = v(F,), that is, gg = gr (u-a.e.) is
A-measurable (by Lemma 2.15), and

LgEmu=Lgan=mxuwa=wXuxE>

Note that for any E C X x Y and z € X,

Therefore, if E € A x B has finite product measure, then for p-almost all x,
the function Ig(z,-) is B-measurable, with integral (over Y') equal to v(E,) :=
ge(x) < oo, that is, for p-almost all z,

IE(xf) € Ll(y)7 (1)

and its integral (= gg) is A-measurable, with integral (over X) equal to (i X v)
(E) < oo, that is,

/ Ig(z,-)dv € L' (p), (ii)
Y

/XUYIE(xw)dV] du=/XgEdu=(u><V)(E)

= / Igd(p x v). (iii)
X XY

and

If f is a simple non-negative function in L!(u x v), we may write f = >_ ¢,
(finite sum), with ¢; > 0 and (p x v)(Ex) < co. Then for p-almost all z, f(z,-)
is a linear combination of L'(v)-functions (by (i)), hence belongs to L!(v); its
integral (over Y) is a linear combination of the gg, € L'(u), hence belongs to
L'(u), and by (iii),

e o= [ tmagnn= [ rawsn

If f € L*(pu x v) is non-negative, by Theorem 1.8, we get simple measurable
functions
O < S1 < 52 < f

such that lim s,, = f. Necessarily, s,, € L!(uxv), so by the preceding conclusions,
for p-almost all z, s,(z,-) are B-measurable, and their integrals (over Y') are
A-measurable; therefore, for p-almost all x, f(x,-) is B-measurable, and by the
monotone convergence theorem,

/f u—hm/sn Y,
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so that the integrals on the left are .A4-measurable. Applying the monotone
convergence theorem to the sequence on the right, we have by (iii) for s,,

/[/f dV] du*hm/ [/ ]duh}ln Xxysnd(uxy)

:/ fd(uxv)<oo
XxY

(by another application of the monotone convergence theorem). In particular,
[y f(z,-)dv € L*(u) and therefore, f(z,-) € L*(v) for p-almost all .

For f € LY(u x v) complex, decompose f = ut —u~ +ivT —iv~ to obtain the
conclusions (i)—(iii) for f instead of Ig. Finally, we may interchange the roles of
z and y. Collecting, we proved the following.

Theorem 2.17 (Fubini’s theorem). Let (X, A, u) and (Y,B,v) be complete
(positive) measure spaces, and let f € L' (u x v). Then

(i) for p-almost all z, f(x,-) € Ll(u) and for v-almost ally, f(-,y) € L*(pn);
(i) [y f( dueLl( ) and [y f(-,y)dp € L*(v);
(iii) [ fY Jdvldp = [y, fd pxv)= [y [[x f( ] dv.

When we need to verify the hypothesis f € L'(u x v) (i.e. the finiteness of
the integral [y, |f|d(u x v)), the following theorem on non-negative functions
is useful.

Theorem 2.18 (Tonelli’s theorem). Let (X, A, p) and (Y, B,v) be complete
o-finite measure spaces, and let f > 0 be A x B-measurable. Then (i) and (ii)
in Fubini’s theorem (2.17) are valid with the relation ‘€ L'(---)” replaced by the
expression ‘is measurable’, and (iii) is valid.

Proof. The integrability of f > 0 was used in the preceding proof to garantee
that the measurable simple functions s,, be in L' (i x v/), that is, that they vanish
outsides a measurable set of finite (product) measure, so that the preceding step,
based on Lemma 2.16, could be applied. In our case, the product measure space
Z = X x Y is o-finite. Write Z = |J,, Z, with Z,, € A x B of finite product
measure and Z, C Z,41. With s, as before, the ‘corrected’ simple functions

sl := spIz meet the said requirements. O

Exercises

1. Calculate (with appropriate justification):
(a) limy,—oo fo(e™" /™) /(1 + 22) da.
(b) limy oy [7/*sin[(7/2)e~*"] cos & da.
(©) Jo J5~lyarctan(zy)]/[(1 + 2?y?)(1 + y?)] dy da.
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2. Let L*(R) be the Lebesgue space with respect to the Lebesgue measure on

R. If f € LY(R), define

Fu(t):AWf(s)ds (u>0, t €R).

Prove:

(a) For each u > 0, the function F, : R — C is well defined, continuous,
and bounded by || f||;.

(b) limy—oo Fy = 0 and lim, o4 F,, = [ f(s) ds pointwise.

. Let h : [0,00) — [0, 00) have a non-negative continuous derivative, h(0) = 0,

and h(oo) = co. Prove that

/000 /[h/Zs] exp(—h(t)*) di ds = Vn/2.

. Let (X, A, ) and (Y, B,v) be complete o-finite positive measure spaces,

and p € [1,00) Consider the map
[f: 9] € LP(p) x LP(v) — F(z,y) = f(2)g(y).
Prove:
(a) F € LP(ux v) and
I EN Lo (uxwy = N Fll e llgll e )-

(b) The map [f, g] — F is continuous from LP(u) x LP(v) to LP(u X v).

.Let f : R?2 — C be Lebesgue measurable, such that |f(z,y)] <

Me"”zl[,m’mu(y) on R2, for some constant M > 0. Prove:

(a) f € LP(R?) for all p € [1,00), and I fllLe 2y < M(2/p)'/P.

(b) Suppose h : R — C is continuous and vanishes outside the interval
[-1,1]. Define f : R? — C by f(z,y) = e’ZQh(y/x) for z # 0 and
£(0,y) = 0. Then [, fdzdy = [, h(t)dt.

. Let f:R? — R. Prove:

(a) If f(x,-) is Borel for all real 2 and f(-,y) is continuous for all real y,
then f is Borel on R2.

x,-) is Lebesgue measurable for all z in some dense set £ C R an

b) If f is Leb ble for all x i d E C R and
f(-,y) is continuous for almost all y € R, then f is Lebesgue measurable
on R2.
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Convolution and Fourier transform

7. If E C R, denote

and

E:={(z,y) eR*z -y € E}

S={ECR; E e B(R?)},

where B(R?) is the Borel o-algebra on R?. Prove:

(a)
(b)
(c)

(d)

S is a o-algebra on R which contains the open sets (hence B(R) C S).
If f is a Borel function on R, then f(z — %) is a Borel function on R2.

If f,g are integrable Borel functions on R, then f(z — y)g(y) is an
integrable Borel function on R? and its L!(R?)-norm is equal to the
product of the L!'(R) norms of f and g.

Let L'(R) and L'(R?) be the Lebesgue spaces for the Lebesgue measure
spaces on R and R? respectively. If f,g € L'(R), then f(z —y)g(y) €
L'(R?),

1 (= 9)g@W)llreey = [1fll1llglh,

and

/If:c— y)] dy < oo (1)

for almost all x.
For x such that (1) holds, define

(f * 9)(a /fxf (2)

Show that the (almost everywhere defined and finite-valued) function
f * g (called the convolution of f and g) is in L'(R), and

1+ gl < If11ullgll- 3)

For f € L'(R), define its Fourier transform F f by

P = / f@)e " dz (t € R). @)
R
Show that F'f : R — C is continuous, bounded by || f]|1, and F(f*g) =

(Ff)(Fg) for all f,g € L'(R).
If f =1y for —oo < a <b< oo, then

lim (Ff)(t) = 0. (5)

[t]—o0

Show that the step functions (i.e. finite linear combinations of indicat-
ors of disjoint intervals (ay, bx]) are dense in C.(R) (the normed space of
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continuous complex functions on R with compact support, with point-
wise operations and supremum norm), and hence also in L?(R) for any
1<p<oo.

(k) Prove (5) for any f € L'(R). (This is the Riemann—Lebesque lemma.)

(1) Generalize the above statements to functions on R¥.

. Let p € [1,00) and let ¢ be its conjugate exponent. Let K : R? — C be

Lebesgue measurable such that
K(y) = /R|K(x,y)|da: € LY(R).

Denote

(Tf)(x) = / K(z,9)f(y) dy
Prove:

() fp Jo |K(z,y)f(y)|dydz < || K|l f]l, for all f € LP(R). Conclude that
K(x,")f € LY(R) for almost all z, and therefore T'f is well defined a.e.
(when f € LP).

(b) T is a continuous (linear) map of LP(R) into L'(R), and || Tf]j; <
1Kl f[lp-

. Apply Fubini’s theorem to the function e™*¥sinx in order to prove the

(Dirichlet) formula

0o -
/ L gy = /2.
0 €T
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Measure and topology

In this chapter, the space X will be a topological space, and we shall be interested
in constructing a measure space (X, M, u) with a ‘natural’ affinity to the given
topology.

We recall first some basic topological concepts.

3.1 Partition of unity

A Hausdorff space (or Ts-space) is a topological space (X, 7) in which distinct
points have disjoint open neighbourhoods. A Hausdorff space X is locally compact
if each point in X has a compact neighbourhood. A Hausdorff space X can be
imbedded (homeomorphically) as a dense subspace of a compact space Y (the
Alezandroff one-point compactification of X), and Y is Hausdorff if and only if
X is locally compact. In that case, Y is normal (as a compact Hausdorff space),
and Urysohn’s lemma is valid in Y, that is, given disjoint closed sets A, B in
Y, there exists a continuous function h : Y — [0,1] such that h(4) = {0}
and h(B) = {1}. Theorem 3.1 below ‘translates’ this result to X. We need the
following important concept: for any complex continuous function f on X, the
support of f (denoted supp f) is defined as the closure of [f~1({0})]°.

Theorem 3.1 (Urysohn’s lemma for locally compact Hausdorff space).
Let X be a locally compact Hausdorff space, let U C X be open, and let K C U
be compact.

Then there exists a continuous function f: X — [0,1], with compact support
such that supp f C U and f(K) = {1}.

Proof. Let Y be the Alexandroff one-point compactification of X. The set U
is open in X, hence in Y. The set K is compact in X, hence in Y, and is
therefore closed in Y (since Y is Hausdorff). Since Y is normal, and the closed
set K is contained in the open set U, there exists an open set V in Y such
that K C V and cly (V) C U (where cly denotes the closure operator in Y).
Therefore, K CVNX :=W, Wisopenin X, and clx(W) =cly(V)NX CU.
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In the sequel, all closures are closures in X.

Since X is locally compact, each z € K has an open neighbourhood N, with
compact closure. Then N, N W is an open neighbourhood of z, with closure
contained in cl(N;) N cl(W), which is compact (since cl(V,) is compact), and is
contained in U. By compactness of K, we obtain finitely many points x; € K

such that
P

K C | J(Nay NW) := N.

=1

The open set N has closure equal to the union of the compact sets cl(N,, N W),
which is compact and contained in U. We proved that whenever K is a compact
subset of the open set U in X, there exists an open set W with compact closure
such that

KcWcCcd(W)cCU. (1)

(We wrote W instead of N.)

The sets K and Y — W are disjoint closed sets in Y. By Urysohn’s lemma
for normal spaces, there exists a continuous function h : Y — [0, 1] such that
h=0onY —W and h(K) = {1}. Let f := h|x (the restriction of h to X). Then
f:X —[0,1] is continuous, f(K) = {1}, and since [f # 0] C W, we have by (1)

supp f C (W) C U.

In particular, f has compact support (since supp f is a closed subset of the
compact set cl(W)). O

Notation 3.2. We shall denote the space of all complex (real) continuous func-
tions with compact support on the locally compact Hausdorff space X by C.(X)
(CR(X), respectively). By Theorem 3.1, this is a non-trivial normed vector space
over C (over R, respectively), with the uniform norm

1 fllu := sup [f].
X
The positive cone
CHX)={f e C}(X); [ >0}
will play a central role in this section.

Actually, Theorem 3.1 asserts that for any open set U # (), the set
QU) ={f € CS(X); f < Lisupp f C U} (2)

is # {0}.

The following theorem generalizes Theorem 3.1 to the case of a finite open
cover of the compact set K. Any set of functions {hy, ..., h, } with the properties
described in Theorem 3.3 is called a partition of unity in C.(X) subordinate to
the open cover {Vi,...,V,} of the compact set K.
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Theorem 3.3. Let X be a locally compact Hausdorff space, let K C X be
compact, and let V1,...,V, be open subsets of X such that

KcWVu---uV,.
Then there exist h; € Q(V;), i =1,...,n, such that
l1=hi+---+h, onK.

Proof. For each x € K, there exists an index i(x) (between 1 and n) such that
r € Vi). By (1) (applied to the compact set {x} contained in the open set
Vi(z)), there exists an open set W, with compact closure such that

x € W, Ccl(Wy) C Vi (3)
By the compactness of K, there exist x1,...,z,, € K such that
KCWgy U---UW, .
Define for each i =1,...,n
H; = | J{ed(Wa, ); (W) € Vi

As a finite union of compact sets, H; is compact, and contained in V;. By
Theorem 3.1, there exist f; € Q(V;), such that f; = 1 on H;. Take hy = f,

and for k = 2,...,n, consider the continuous functions
k-1
hie = fiu [J (1= £
i=1

An immediate induction on k (up to n) shows that

k
hit-the=1-]]0-f)
i=1
Since f; = 1 on H;, the product [[;_,(1 — f;) vanishes on |J;_, H;, and this
union contains the union of the W, j = 1,...,m, hence contains K. Therefore,
hi+ -+ h, =1 on K. The support of hy is contained in the support of fy,
hence in Vi, and 0 < hy, < 1 trivially. O

3.2 Positive linear functionals

Definition 3.4. A linear functional ¢ : C.(X) — C is said to be positive if
o(f) >0 for all f e CHX).

This is clearly equivalent to the monotonicity condition: ¢(f) > ¢(g)
whenever f > g (f,g € C}(X)).
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Let V € 7. The indicator Iy is continuous if and only if V is also closed.
In that case, Iy € Q(V), and f < Iy for all f € Q(V). By monotonicity of ¢,
0 < ¢(f) < d(Iy) for all f € Q(V), and therefore 0 < sup ey #(f) < ¢(Iv).
Since Iy € Q(V), we actually have an identity (in our special case). The set
function ¢(Iy) is a ‘natural’ candidate for a measure of V' (associated to the
given functional). Since the supremum expression makes sense for arbitrary open
sets, we take it as the definition of our ‘measure’ (first defined on 7).

Definition 3.5. Let (X, 7) be a locally compact Hausdorff space, and let ¢ be
a positive linear functional on C.(X). Set

p(V):= sup o(f) (Ver).
feQ(v)

Note that by definition
o(f) < (V)
whenever f € Q(V).
Lemma 3.6. u is non-negative, monotonic, and subadditive (on 7), and
1(0) = 0.

Proof. For each f € Q(V) C CH(X), ¢(f) > 0, and therefore (V') > 0 (for all
V € 7). Since Q(0) = {0} and ¢(0) = 0, we trivially have u(@) = 0. f V Cc W
(with V,W € 7), then Q(V) C Q(W), so that u(V) < u(W).

Next, let V; € 7,4 = 1,...,n, with union V. Fix f € Q(V). Let then
hi,...,h, be a partition of unity in C.(X) subordinate to the open covering
Vi,...,V, of the compact set supp f. Then

=> hif hfeQVi), i=1,...,n.
=1

Therefore N
Z $(hif) < Z

Taking the supremum over all f € Q(V), we obtain

We now extend the definition of p to P(X).
Definition 3.7. For any E € P(X), we set

p(E) = inf u(V).
If E €7, then E C E € 7, so that p*(E) < p(E). On the other hand,
whenever E C V € 7, pu(E) < u(V) (by Lemma 3.6), so that u(E) < p*(E).
Thus p* = p on 7, and p* is indeed an extension of u.
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Lemma 3.8. u* is an outer measure.

Proof. First, since 0 € 7, p*(0) = p(0) = 0.
IfEFCFCX,then ECV €7 whenever F C V € 7, and therefore

* = i < i =
pi(E) = inf w(V)< inf u(V):=p(F),

proving the monotonicity of p*.

Let {E;} be any sequence of subsets of X. If p*(E;) = oo for some i, then
Yo (Ey) = 00 > pu*(UU,; Es) trivially. Assume therefore that u*(E;) < oo for
all i. Let € > 0. By Definition 3.7, there exist open sets V; such that

E; CVi; (Vi) < p*(E;) +e€/2¢, i=1,2,....

Let E and V be the unions of the sets E; and V;, respectively. If f € Q(V),
then {V;} is an open cover of the compact set supp f, and there exists therefore
n € N such that supp f C VL U--- UV, that is, f € Q(V4 U---UV,,). Hence, by
Lemma 3.6,

S(f) S p(ViU--UVa) < p(Vi) 4+ p(Va) <D i (Ei) + e

i=1

Taking the supremum over all f € Q(V), we get
p(V) <D (B +e.
Since £ C V € 7, we get by definition

p(E) < pV) < ZN*(Ei) +e

and the o-subadditivity of u* follows from the arbitrariness of e. O

At this stage, we could appeal to Caratheodory’s theory (cf. Chapter 2) to
obtain the wanted measure space. We prefer, however, to give a construction
independent of Chapter 2, and strongly linked to the topology of the space.

Denote by K the family of all compact subsets of X.

Lemma 3.9. u* is finite and additive on K.

Proof. Let K € K. By Theorem 3.1, there exists f € C.(X) such that 0 <
f<land f =1o0on K. Let V := [f > 1/2]. Then K C V € 7, so that
p*(K) < u(V). On the other hand, for all h € Q(V), h < 1 < 2f on V, so
that p(V) = sup,eqv) @(h) < ¢(2f) (by monotonicity of ¢), and therefore
P (K) < ¢(2f) < oo.

Next, let K; € (i = 1,2) be disjoint, and let € > 0. Then K; C K§ € 7. By
(1) in the proof of Theorem 3.1, there exists V4 open with compact closure such
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that K7 C Vq and cl(Vy) C K§. Hence Ky C [cl(V1)]° :== V2 € 7, and V, C V.
Thus, V; are disjoint open sets containing K, (respectively).

Since K1 U K3 is compact, p*(K; U Ks) < oo, and therefore, by definition
of p*, there exists an open set W such that K3 U Ko C W and

p(W) < u* (K1 UKs) +e. (1)
By definition of p on open sets, there exist f; € Q(W NV;) such that
pWNV) <o(fi)+e i=1,2. (2)
Since K; C WNV;,i=1,2, it follows from (2) that
pr () 4 pt (K2) < p(WNV)+p(WNV) < o(f1) +6(f2) +2€ = o(f1+ f2) +2€.
However, fi + fao € Q(W). Hence, by (1),
W (Kq) + pr(Ka) < (W) + 26 < p* (K1 U Ks) + 3e.

The arbitrariness of € and the subadditivity of u* give p* (K7 U Ky) = p*(K7) +
w(K2). O

Definition 3.10. The inner measure of E € P(X) is defined by

p(E) == sup  p*(K).
{KeK;KCE}

By monotonicity of p*, we have u, < p*, and equality (and finiteness) is
valid on K (cf. Lemma 3.9). We consider then the family

Mo :={E € P(X); pu(E) = p*(E) < 00} (3)

We just observed that
K C M. (4)
Another important subfamily of Mg consists of the open sets of finite measure p:

Lemma 3.11. 79 :={V € 7; u(V) < 00} C M.

Proof. Let V € 75 and € > 0. Since p(V) < oo, it follows from the definition
of p that there exists f € Q(V) such that p(V) —e < ¢(f). Let K := supp f.
Whenever K C W € 7, we have necessarily f € Q(W), and therefore ¢(f) <
w(W). Hence

u(V) —e<o(f) < {Wei?lgcw}u(w)

= p"(K) < (V) < p"(V) = u(V),

and so p. (V) = u(V)(= p*(V)) by the arbitrariness of e. O
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Lemma 3.12. p* is o-additive on My, that is, for any sequence of mutually
disjoint sets E; € Mg with union E,

p(B) = Zu*(Ei) ()

Furthermore, E € My if p*(E) < oo. In particular, Mg is closed under finite
disjoint unions.

Proof. By Lemma 3.8, it suffices to prove the inequality > in (5). Since this
inequality is trivial when p*(E) = oo, we may assume that p*(E) < oo.
Let € > 0 be given. For all i = 0,1,..., since E; € M, there exist H; € K
such that H; C E; and
(B < 1 (Hy) + /2" (6)

The sets H; are necessarily mutually disjoint. Define

i=1
Then K, C E, and by Lemma 3.9 and (6),

n

> o u(E) < Zu*(Hi) +e=p (Kn)+e<p™(E)+e

i=1

The arbitrariness of € proves the wanted inequality > in (5). Now p*(FE) is the
finite sum of the series Y p*(F;); hence, given € > 0, we may choose n € N
such that p*(E) < i, u*(E;) + €. For that n, if the compact set K, is defined
as before, we get p*(E) < p*(K,) + 2¢, and therefore p*(E) = p.(E), that is,
E € M. O

Lemma 3.13. My is a ring of subsets of X, that is, it is closed under the
operations U, N, — between sets. Furthermore, if E € My, then for each € > 0,
there exist K € KC and V' € 19 such that

KcEcCV; pwlV-K)<e (7)

Proof. Note that V' — K is open, so that (7) makes sense. We prove it first. By
definition of p* and My, there exist V € 7 and K € K such that K C E CV
and

p(V)—e/2 < p*(FE) < p"(K)+¢€/2.

In particular p(V) < oo and u(V — K) < p(V) < o0, so that V,V — K € 7. By
Lemma 3.11, V— K € M. Since also K € K C My, it follows from Lemma 3.12
that

W (K) + 1 (V = K) = (V) < i (K) + e

Since p*(K) < oo, we obtain p*(V — K) < e.
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Now, let E; € My, i =1,2. Given ¢ > 0, pick K;,V; as in (7). Since
Ei—E,CVi—KyC (Vi —K)U(K; - V) U (Vo — Ky),
and the sets on the right are disjoint sets in My, we have by Lemma 3.12,
W (Ey — Ey) < p* (K1 — Vo) + 2e.

Since K1 — Vo (= Ky NV¥) is a compact subset of E; — Es, it follows that
w*(E1 — E3) < p«(E1 — FE3) + 2¢ (and of course pu*(E; — Es) < pu*(E1) < 00), so
that By — Fy € M.

Now Ey U Ey = (E1 — E3) U E; € Mg as the disjoint union of sets in My
(cf. Lemma 3.12), and E1 N Ey = By — (B — E2) € My since My is closed under
difference. O

Definition 3.14.
M={FEeP(X);ENK € M, for all K € K}.

If E'is a closed set, then ENK € K C M, for all K € K, so that M contains
all closed sets.

Lemma 3.15. M is a o-algebra containing the Borel algebra B (of X ), and
Mo ={FE e M;u*(F) < oo}. (8)
Furthermore, the restriction p:= p*|am is a measure.

Proof. We first prove (8). If E € My, then since K C My, we surely have
ENK € My for all K € £ (by Lemma 3.13), so that E € M (and of course
w*(E) < oo by definition).

On the other hand, suppose E € M and p*(E) < co. Let € > 0. By definition,
there exists V € 7 such that E C V and pu(V) < p*(E)+1 < co. By Lemma 3.11,
V € M. Applying Lemma 3.13 (7) to V, we obtain a set K € K such that
K CV and p*(V—K) < e. Since ENK € My (by definition of M), there exists
H € K such that H C EN K and

wW(ENK)<u*(H)+e.
Now E C (ENK)U(V — K), so that by Lemma 3.8,
W (B) < p* (BN K) + 1 (V = K) < 1" (H) + 2 < pia(B) + 2.

The arbitrariness of € implies that p*(E) < u.(E), so that E € My, and (8) is
proved.

Since M contains all closed sets (see observation following Definition 3.14),
we may conclude that B C M once we know that M is a o-algebra.

If E € M, then for all K € K,

E°NK=K—-(ENnK)eM,

by definition and Lemma 3.13. Hence E° € M.
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Let E; € M,i=1,2,..., with union E. Then for each K € K,

EmK:UEmK:UFi,

where
Fi:=(E;nK) - | J(E;nK)
j<i
are mutually disjoint sets in Mg (by definition of M and Lemma 3.13). Since
p(ENK) < p*(K) < oo (by Lemma 3.9), it follows from Lemma 3.12 that
ENK e My, and we conclude that £ € M.

Finally, let FE; € M be mutually disjoint with union E. If p*(E;) = oo for
some %, then also p*(E) = oo by monotonicity, and p*(E) = Y, pu*(£;) trivially.
Suppose then that p*(E;) < oo for all i. By (8), it follows that E; € M, for all ¢,
and the wanted o-additivity of u = p*| ¢ follows from Lemma 3.12. O

We call (X, M, u) the measure space associated with the positive linear func-
tional ¢. Integration in the following discussion is performed over this measure
space.

Lemma 3.16. For dll f € CF(X),

o(f) < /X f dp.

Proof. Fix f € CF(X), let K be its (compact) support, and let 0 < a < b be
such that [a, b] contains the (compact) range of f. Given € > 0, choose points

0<y<a<y1 <---<yp=0>
such that yx —yr—1 <€, and set
Ey=lys-1 < f<wyx] k=1,...,n

Since f is continuous with support K, the sets Ej are disjoint Borel sets with
union K. By definition of our measure space, there exist open sets Vj such that

By C Vi (Vi) < u(Eg) +¢/n

for k =1,...,n. Since f < yx on F, it follows from the continuity of f that
there exist open sets Uy such that

E, Cc Uy f<uyg+eon U
Taking Wy, := Vi N Uy, we have forall k =1,...,n

Ep C Wy u(Wy) < p(Ex)+e€¢/n;  f <yr+e€ on Wy
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Let {hx;k = 1,...,n} be a partition of unity in C.(X) subordinate to the
open covering {Wy;k =1,...,n} of K. Then

= Z hkf7
k=1
and forall k =1,...,n
hif < hi(yk +€)
(since hy, € QW) and f < yg + € on Wy),
o(hi) < u(Wy)
(since hy, € Q(Wy)), and

Yr = Yr—1+ (Yx —yr—1) < f+¢€ on Ej.

Therefore

:deﬁSZ@ﬁ@WMSZMHﬂMM)

<Z Yk + €)[pu(Er) + €/n] <Zyku Ek)—&—eu(K)—i—Z(yk-i-e)e/n
k i

<Z/ (f+e) d,u+ep(K)+(b+e)e:/deque[Qu(K)+b+e].

Since p(K) < 0o, the lemma follows from the arbitrariness of e. O

Lemma 3.17. For all f € C.(X),

ﬂszm

Proof. By linearity, it suffices to prove the lemma for real f € C.(X). Given
such f, let K be its (compact) support, and let M = sup|f|. For any ¢ > 0,
choose V open such that K C V and u(V) < u(K) + €; then choose h € Q(V)
such that (V) < ¢(h) + e. By Urysohn’s lemma, there is a function k& € Q(V)
such that k =1 on K. Let g = max{h,k} (= (1/2)(h + k + |h — k|) € CF(X)).
Then g € Q(V), g =1 on K, and u(V) < ¢(g) + €. Define F = f + Mg. Then
FeCH(X)and F=f+ M on K. By Lemma 3.16,

F)S/qu,
X

o) +Molo) < [ Faue M [ gdu< [ fduduw)

that is, since g € Q(V),

gAf@+MW@+4
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Hence, by the arbitrariness of e,

Mﬁééf@

for all real f € C.(X). Replacing f by —f, we also have
—o(f) = d(— “Ndu=— | fd
o =o-n< [ == ran

so that ¢(f) = [ fdp. O

3.3 The Riesz—Markov representation theorem

Theorem 3.18 (Riesz—Markov). Let (X,7) be a locally compact Hausdorff
space, and let ¢ be a positive linear functional on C.(X). Let (X, M, ) be the
measure space associated with ¢. Then

Mﬂ:AﬁMfeaa» *)

In addition, the following properties are valid:
(1) B(X) Cc M.
(2) w is finite on KC (the compact subsets of X ).
(3) w(E) =infgcyver w(V) for all E € M.

(4) W(E) = supyger;xcpy H(K) (i) for all E € 7, and (i) for all E € M
with finite measure.

(5) the measure space (X, M, u) is complete.

Furthermore, the measure p is uniquely determined on M by (*), (2), (3),
and (4)-(i).

Proof. Properties (*), (1), (2), and (4)-(ii) are valid by Lemma 3.17, 3.15, 3.9,
and 3.15 (together with Definition 3.10 and the following notation (3)),
respectively. Property (3) follows from Definition 3.7, since p := p*| .

If E € M has measure zero, and F' C E, then p*(F) =0 and p*(K) = 0 for
all K € K, K C F (by monotonicity), so that u.(F) =0 = u*(F) < oo, that is,
F e My C M, and (5) is proved.

We prove (4)-(i). Let V € 7. If u(V) < oo, then V€ M by Lemma 3.11,
and (4)-(i) follows from the definition of My. Assume then that u(V) = co. By
Definition 3.5, for each n € N, there exists f,, € Q(V) such that ¢(f,,) > n. Let
K, ;= supp(fn). Then for all n,

m@ﬁzmmazﬂ_mw:¢mo>m

so that p.(V) = oo = u(V), and (4)-(i) is valid for V.
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Suppose v is any positive measure on M satisfying Properties (*), (2), (3),
and (4)-(i). Let € > 0 and K € K. By (2) and (3), there exists V' € 7 such that
K cV and v(V) < v(K) + e. By Urysohn’s lemma (3.1), there exists f € Q(V)
such that f = 1on K. Hence Iy < f < Iy, and therefore, by (*) for both p and v,

p) = [ edn< [ fan=ot) = [ sav< [ Reav=uv) <ui) +e

Hence p(K) < v(K), and so u(K) = v(K) by symmetry. By (4)-(i), it follows
that 4 = v on 7, hence on M, by (3). O

In case X is o-compact, the following additional structural properties are
valid for the measure space associated with ¢.

Theorem 3.19. Let X be a Hausdorff, locally compact, o-compact space, and
let (X, M, ) be the measure space associated with the positive linear functional
¢ on Co(X). Then:

(1) For all E € M and € > 0, there exist F' closed and V open such that
FCECV; wV-F)<e

(2) Properties (3) and (4) in Theorem 3.18 are valid for all E € M (this fact
is formulated by the expression: p is regular. One says also that pi|g(x) is
a regular Borel measure).

(8) For all E € M, there exist an F, set A and a Gs set B such that
ACECB; uB-A)=0
(i.e., every set in M is the union of an F, set and a null set).

Proof. The o-compactness hypothesis means that X = |J; K; with K; compact.
Let e > 0 and F € M. By 3.18(2), u(K; N E) < pu(K;) < oo, and therefore, by
3.18(3), there exist open sets V; such that

K,NECVy p(Vi—(K;NE)) <e/2H i=1,2,....

Set V = J,; Vi. Then V is open, contains E, and

(V- B) < p (U(m— — (KN E))) <e/2.

%

Replacing F by E°, we obtain in the same fashion an open set W containing E°
such that (W — E°) < ¢/2. Setting F' := W€, we obtain a closed set contained
in F such that u(E — F) < €¢/2, and (1) follows.

Next, for an arbitrary closed set F', we have F' = (J,(K; N F). Let H,, =
Ui, K; N F. Then H, is compact for each n, H, C F, and u(H,) — u(F).
Therefore, Property (4) in Theorem 3.18 is valid for closed sets. If E € M, the
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first part of the proof gives us a closed subset F' of E such that u(E — F) < 1.
If u(E) = oo, also u(F) = oo, and therefore

sup  u(K) = sup  p(K) = p(F) =oco=pu(E).
{KeK;KCE} {KeK;KCF}

Together with (3) and (4)-(ii) in Theorem 3.18, this means that Properties (3)
and (4) in 3.18 are valid for all E € M.

Finally, for any E € M, take e = 1/n (n = 1,2,...) in (1); this gives us
closed sets F),, and open sets V,, such that

F,CECVy wlV,—F,)<1/n, n=12,...

Set A=|JF, and B=(\V,. Then A € F,, B € Gs, A C E C B, and since
B—-ACV,—F,, we have u(B — A) < 1/n for all n, so that u(B—A) =0. O

3.4 Lusin’s theorem

For the measure space of Theorem 3.18, the relation between M-measurable
functions and continuous functions is described in the following

Theorem 3.20 (Lusin). Let X be a locally compact Hausdorff space, and let
(X, M, 1) be a measure space such that B(X) C M and Properties (2), (3),
and (4)-(it) of Theorem 3.18 are satisfied. Let A € M, u(A) < oo, and let
f: X — C be measurable and vanish on A°. Then, for any ¢ > 0, there exists
g € Co(X) such that u([f # g]) < €. In case f is bounded, one may choose g
such that [gllu < | fllu-

Proof. Suppose the theorem proved for bounded functions f (satisfying the
hypothesis of the theorem). For an arbitrary f (as in the theorem), the sets
E, :=][|f| > n], n=1,2,... form a decreasing sequence of measurable subsets
of A. Since p(A) < o0, it follows from Lemma 1.11 that lim u(E,) = u( En) =
(@) = 0. Therefore, we may choose n such that u(E,) < €/2. The function
Jn = fIge satisfies the hypothesis of the theorem and is also bounded (by n). By
our assumption, there exists g € C.(X) such that u([g # f.]) < €/2. Therefore

w(lg # f) = u(lg # fINE,) + u(lg # fal NE;)
< p(En) + u(lg # fa]) < e

Next, we may restrict our attention to non-negative functions f as above. Indeed,
in the general case, we may write f = 22:0 i*uy, with uj non-negative, meas-
urable, bounded, and vanishing on A°. By the special case we assumed, there
exist gr € C.(X) such that u([gx # uk]) < €/4. Let E = Ui:o[gk # uy] and
g = Zizo i*gr. Then g € C.(X), and since [g # f] C E, we have indeed
u(lg # f]) <e.

Let then 0 < f < M satisfy the hypothesis of the theorem. Replacing f by
f/M, we may assume that 0 < f < 1.



90 3. Measure and topology

Since u(A) < oo, Property (4)-(ii) gives us a compact set K C A such that
u(A — K) < €/2. Suppose the theorem is true for A compact. The function
fx = fIk is measurable with range in [0,1) and vanishes outside K. By the
theorem for compact A, there exists g € C.(X) such that u([g # fx]) < €/2.
Then

1(lg # f1) = p(lg # fx] N (KU A9)) +u(lg # fIN KN A)
< ully # fx]) + (A - K) <e.

It remains to prove the theorem for f measurable with range in [0,1), that
wanishes on the complement of a compact set A.
By Theorem 1.8, there exist measurable simple functions

0<p1<ga<---<f

such that f = lim ¢,,. Therefore, f ="y, where 1 = ¢1, ¥y, := ¢y —Pp_1 =
27"Ig.  (for n > 1), and E,, are measurable subsets of A (so that u(F,) < co).
Since A is a compact subset of the locally compact Hausdorff space X, there
exists an open set V with compact closure such that A C V (cf. (1) in the
proof of Theorem 3.1). By Properties (3) and (4)-(ii) of the measure space (since
w(Ey) < 00), there exist K,, compact and V,, open such that

K,CcFE,CcV,CV,
and
w(Vy, — Kp) <e€/2%, n=1,2,....

By Urysohn’s lemma (3.1), there exist by, € Co(X) such that 0 < h,, <1, h, =1
on K,, and h, =0 on V<. Set

g= Z 27"y,

The series is majorized by the convergent series of constants Y 27", hence con-
verges uniformly on X; therefore g is continuous. For all n, V,, C cl(V) and ¢
vanishes on the set (V¢ = (U V,)¢, which contains (cl(V)); thus the support
of ¢ is contained in the compact set cl(V), and so g € C.(X). Since 2~ "h,, = ¢,
on K, UVy?, we have

g # f1 C | JR27"hn # ] € J(Ve = Ko),

and therefore

nlg# M) < S e/2" = e.

We show finally how to ‘correct’ g so that ||g|l. < ||f|l. when f is a bounded
function satisfying the hypothesis of the theorem. Suppose g € C.(X) is such
that u([g # f]) < ¢ Let B = [lg| < |f]l)- Define

91 = 9Ie + (9/1gDIl flluTre-
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Then g; is continuous (1), ||g1/le < || fllu, and since g1(z) = 0 iff g(z) = 0, ¢1
has compact support. Since [¢ = f] C E, we have [¢g = f] C [g1 = f], hence

w(lgr # f1) <wul(lg # fl) <e O

Corollary 3.21. Let (X, M, ) be a measure space as in Theorem 3.20. Then
for each p € [1,00), C.(X) is dense in LP(u).

In the terminology of Definition 1.28, Corollary 3.21 establishes that LP(u)
is the completion of C.(X) in the || - ||,-metric.

Proof. Since B(X) C M, Borel functions are M-measurable; in particular,
continuous functions are M-measurable. If f € C.(X) and K := supp f, then
Jx [fIPdp < || fIIEpu(K) < oo by Property (2). Thus Ce(X) C LP(p) for all
p € [1,00). By Theorem 1.27, it suffices to prove that for each simple measurable
function ¢ vanishing outside a measurable set A of finite measure and for each
€ > 0, there exists g € C.(X) such that ||¢—g||, < e. By Theorem 3.20 applied to
¢, there exists g € Cc(X) such that u([¢ # g]) < (¢/(2[¢]lu))? and [|g]lu < [[¢]]u-
Then

16— gllz = /W 9ol dp < Cloluy(lo # 6 < &,
g

as wanted. O

By Lemma 1.30, we obtain

Corollary 3.22. Let (X, M, u) be a measure space as in Theorem 3.20. Let
f € LP(p) for some p € [1,00). Then there exists a sequence {gn} C Co(X) that
converges to f almost everywhere.

In view of the observation following the statement of Corollary 3.21, it is
interesting to find the completion of C.(X) with respect to the | - ||,-metric. We
start with a definition.

Definition 3.23. Let X be a locally compact Hausdorff space. Then Co(X) will
denote the space of all complex continuous functions f on X with the following

property:

(*) for each € > 0, there exists a compact subset K C X such that |f| < €
on K¢

A function with Property (*) is said to vanish at infinity.

Under pointwise operations, Cy(X) is a complex vector space, that contains
Co(X). If f € Cy(X) and K is asin (*) with e = 1, then || ||, < supg |f]|+1 < oo,
and it follows that Cy(X) is a normed space for the uniform norm.

Theorem 3.24. Cy(X) is the completion of C.(X).

Proof. Let {f,} C Cyp(X) be Cauchy. Then f := lim f,, exists pointwise uni-
formly on X, so that f is continuous on X and || f, — f||. — 0. Given € > 0, let
ng € N be such that ||f, — f]l. < €/2 for all n > ng. Fix n > ng and a compact
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set K such that |f,| < €/2 on K€ (cf. (*)). Then |f| < |f — ful +|fn] < e on K¢,
so that f € Cy(X), and we conclude that Cy(X) is complete.

Given f € Cy(X) and € > 0, let K be as in (*). By Urysohn’s Lemma (3.1),
there exists h € C.(X) such that 0 < h < 1 on X and h = 1 on K. Then
hf € Co(X), |f=hfl=Q0Q—="h)|f|=0o0n K, and |f — hf| < |f] < e on K€, so
that || f — hf]l, < €. This shows that C.(X) is dense in Cy(X). O

Example 3.25. Consider the special case X = R*, the k-dimensional Euc-
lidean space. If f € C.(R¥) and T is any closed cell containing supp f, let
@(f) be the Riemann integral of f on T. Then ¢ is a well-defined positive linear
functional on C.(R¥). Let (R¥, M, m) be the associated measure space as in
Theorem 3.18. Then, by Theorem 3.18, the integral ka f dm coincides with the
Riemann integral of f for all f € C.(R¥).

For n € N large enough and a < b real, let f, .5 : R — [0,1] denote the
function equal to zero outside [a + 1/n,b —1/n], to 1 in [a 4+ 2/n,b — 2/n], and
linear elsewhere. Then

b
/ frapdz=0b—a—3/n.

If T = {r € RFja; < w; < bi;i = 1,...,k}, consider the function F, 7 =
15, faaib: € Ce(R¥). Then

Fn,T S IT S Fn,Tn7

where T}, = {z € R¥;a; — 2/n < x; < b; + 2/n}. Therefore, by Fubini’s theorem
for the Riemann integral on cells,

k k

H(bi —a;—3/n) = /Fn,T dzy ... dzp <m(T) < /Fn,Tn = H(bl —a;+1/n).

i=1 1=1
Letting n — oo, we conclude that

k

m(T) = [[(b: - ai) := vol(T).

i=1

By Theorem 2.13 and the subsequent constructions of Lebesgue’s measure on R
and of the product measure, the measure m coincides with Lebesgue’s measure
on the Borel subsets of RF.

3.5 The support of a measure

Definition 3.26. Let (X, M, 1) be as in Theorem 3.18. Let V' be the union of
all the open p-null sets in X. The support of y is the complement V¢ of V| and
is denoted by supp p.
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Since V is open, supp p is a closed subset of X. Also, by Property (4)-(i) of u

(cf. Theorem 3.18),
p(V)= sup p(K). (1)
Kek;KCV

If K is a compact subset of V', the open p-null sets are an open cover of K, and
there exist therefore finitely many p-null sets that cover K; hence u(K) = 0,
and it follows from (1) that p(V) = 0. Thus S = supp p is the smallest closed
set with a p-null complement.

For any f € L'(u), we have

[ tan= [ ran (2)

If f € Co(X) is non-negative and [, fdu =0, then f = 0 identically on the
support S of u. Indeed, suppose there exists z¢p € S such that f(zg) # 0. Then
there exists an open neighbourhood U of xg such that f # 0 on U. Let K be
any compact subset of U. Then ¢ := ming f > 0, and

0= [ sauz [ sauz (),

Hence p(K) = 0, and therefore u(U) = 0 by Property (4)-(i) of p (cf.
Theorem 3.18). Thus U C 5S¢, which implies the contradiction zy € S°.

Together with (2), this shows that fX fdp = 0 for a non-negative function
f € C.(X) if and only if f vanishes identically on supp p.

3.6 Measures on R¥; differentiability

Notation 3.27. If E C R*, we denote the diameter of E (i.e. sup, ,ep d(2,y))
by 6(E). Let p be a real or a positive Borel measure on R¥, and let m denote the
Lebesgue measure on R¥. Fix # € R¥, and consider the quotients u(E)/m(E)
for all open cubes E containing x. The upper derivative of v at x is defined by

(Dp)(z) = lim sup HE) = lim sup @

s(E)y—0 M(E)  m=05my<r m(E)

The lower derivative of p at x, denoted (Dy)(x), is defined similarly by replacing
limsup and sup by liminf and inf, respectively.

Since sups gy, u(E)/m(E) is an increasing function of 7, (Dp)(z) is well
defined. The same is true of (Du)(z), and we have trivially (Du)(z) < (Dp)(z).
In case these quantities are equal and finite, one says that p is differentiable at x;
the common value is denoted (Du)(x), and is called the derivative of u at x.

If f(x) = supyepsmy<,r H(E)/m(E) > c for some real ¢ and some
r > 0, there exists an open cube Ey containing x with 6(Ey) < r such that
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w(Ep)/m(Ey) > ¢; this inequality is true for all y € Ey, and therefore, for each
y € Ey, the above supremum over all open cubes E containing y with §(E) < r
is > c. This shows that [f > ¢] is open, and therefore f is a Borel function of .
Consequently Dy is a Borel function.
If ux (K = 1,2) are real Borel measures with finite upper derivatives at z,
then
D(p1 + p2) < Dpy + Dpa

at every point x; for D, the inequality is reversed. It follows in particular that if
both py are differentiable at x, the same is true of p:= uq + po, and (Dp)(z) =
(D) (x) + (Dpz)().

The concepts of differentiability and derivative are extended to complex
measures in the usual way.

The next theorem relates Dy to the Radon—Nikodym derivative du,/dm of
the absolutely continuous part p, of i in its Lebesgue decomposition with respect
to m (cf. Theorem 1.45).

Theorem 3.28. Let 1 be a compler Borel measure on RF. Then u is
differentiable m-a.e., and Dy = dp,/dm (as elements of L*(RF)).

It follows in particular that © L m iff Dy = 0 m-a.e., and p < m iff
W(E) = [,(Dp)dm for all E € B:= B(R").

Proof. 1. Consider first a positive Borel measure p which is finite on compact
sets.
Fix A € B and ¢ > 0, and assume that the Borel set

A.:=AN[Du> (1)

(cf. Section 3.27) has positive Lebesgue measure.

Since m is regular, there exists a compact set K C A, such that m(K) > 0.
Fix r > 0. For each x € K, there exists an open cube F with §(E) < r such that
z € F and p(E)/m(E) > c. By compactness of K, we may choose finitely many
of these cubes, say Ei,..., E,, such that K C |J; E; and 6(E;) > 6(E;41). We
pick a disjoint subfamily of E; as follows: i; = 1; io is the first index > i1 such
that Ej;, does not meet E;, ; i3 is the first index > iy such that E;, does not meet
E;, and E;,; etc... Let V; be the closed ball centred at the centre p; of F;; with
diameter 30(Ey; ). If 4 denotes the ratio of the volumes of a ball and a cube in
R¥ with the same diameter, then m(V;) = v,3*m(E;,).

For each i = 1,...,n, there exists 7; <4 such that E; meets E;,, say at some
point g. Then for all y € E;,

d(y,p;) < d(y,q) +d(g,p;) < 6(E;) +0(Ei;)/2 < 30(E;;)/2,

since i; < 4 implies that 6(F;) < 6(E;,). Hence E; C Vj, and

J

KCUEiCU‘/j.
i j
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Therefore

m(K) <3 m(V;) = w3t Y mlEiy) < w3t D p(E)

J
= yk3kc_1,u<UEij).
J
Each E;; is an open cube of diameter < r containing some point of K’ therefore

UE;, c{y: dly, K) <r} = K,.
J

The (open) set K, has compact closure, and therefore p(K,.) < oo by hypothesis,
and by the preceding calculation

m(K) < w3'e ! p(K,). (2)

Take r = 1/N (N € N); {Ky/n}nen is a decreasing sequence of open sets of
finite y-measure with intersection K; therefore u(K) = limy pu(Ky/n), and it
follows from (2) that m(K) < ;3% ¢~ u(K). Hence

(A > p(K) > 77375 e m(K) > 0.

We proved therefore that m(A4.) > 0 implies pu(A4.) > 0. Consequently, if
1(A) =0 (so that p(A.) = 0 for all ¢ > 0), then m(A.) = 0 for all ¢ > 0.
Since AN[Dp>0] = U,Z1 A1y, it then follows that m(AN[Du > 0]) = 0. But
Dy > 0 since p is a positive measure. Therefore Dy = 0 m-a.e. on A (for each
A € B with p(A) =0). Hence 0 < Du < Dy = 0 m-a.e. on A, and we conclude
that Du exists and equals zero m-a.e. on A (if u(A) = 0).

If 41 L m, there exists A € B such that u(A) = 0 and m(A€) = 0.

Then m([Dyp > 0] N A) = 0 and trivially m([Du > 0] N A¢) = 0. Hence
m([Du > 0]) = 0, and therefore Dy = 0 m-a.e.

If 11 is a complex Borel measure, we use its canonical (Jordan) decomposition
w = Zi:o i®uy,, where py, are finite positive Borel measures. If L m, also
wi L m for all k, hence Duy = 0 m-a.e. for k = 0,...,3, and consequently
Du = Ei:o i*Dpuy = 0 m-a.e.

2. Let p be a real Borel measure absolutely continuous with respect to m
(restricted to B), and let h = du/dm be the Radon-Nikodym derivative (h is
real m-a.e., and since it is only determined m-a.e., we may assume that h is a
real (Borel) function (in L'(R¥)). We claim that

m([h < Dy) = 0. (3)

Assuming the claim and replacing p by —pu (so that h is replaced by —h), since
D(—p) = —Du, we obtain m([h > Du]) = 0. Consequently

h<Du<Du<h m-ae.,
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that is, p is differentiable and Dy = h me-a.e. The case of a complex Borel
measure u < m follows trivially from the real case. Finally, if 1 is an arbitrary
complex Borel measure, we use the Lebesgue decomposition y = pg + ps as in
Theorem 1.45. Tt follows that pu is differentiable and Dy = Dy + Dus = dpg/dm
m-a.e. (cf. Part 1 of the proof), as wanted.

To prove (3) it suffices to show that E,. := [h < r < Du](= [h < 7]N[Dp > r])
is m-null for any rational number r, because [h < D] = {J,¢q Er- Fix r € Q,
and consider the positive Borel measure

ME) = / (h—r)dm (E € B). )
En[h>7]

Since h € L*(m), A is finite on compact sets, and A([h < r]) = 0. By Part 1 of
the proof, it follows that DA = 0 m-a.e. on [h < r|. For any F € B,

/ hdm = / —r)+r]dm= /E(h—r)dm—krm(E)

= / (h —r)dm + / (h—r)dm +rm(E) < X(E) + rm(E).
EN[h>7] EN[h<r]

Given = € R*, we have then for any open cube E containing x

W(E) _ A(E)
m(E) = m@E) "

Taking the supremum over all such E with §(E) < s and letting then s — 0, we
obtain

(Dp)(z) < (DA)(z) +r =7
m-a.e. on [h < r]. Equivalently, m([h < 7] N [Du > r]) = 0. O
Corollary 3.29. If f € L'(R¥), then

i d—
Jm m(E) /Lf 2)|dy =0 (5)

for almost all x € RE. (The limit is over open cubes containing x.)

In particular, the averages of f over open cubes E containing x converge
almost everywhere to f(z) as 6(E) — 0.

Proof. For each ¢ € Q +iQ and N € N, consider the finite positive Borel
measure

uME%zj' f—cldy (E€B),
ENB(0,N)

where B(0, N) = {y € R¥;Jy| < N}. By Theorem 3.28, un(E)/m(E) —
|f(x) — c[Ip,n)(x) m-a.e. when the open cubes E containing x satisfy J(E) —
0. Denote the ‘exceptional m-null set’ by G, n, and let

G:=|J{Genic€Q+iQ N eN}.
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We have m(G) = 0, and the proof will be completed by showing that (5) is valid
for each = ¢ G.

Let x ¢ G and € > 0. By the density of Q 4 iQ in C, there exists ¢ € Q 4+ iQ
such that |f(z) — ¢| < e. Choose N > |z| + 1. All open cubes containing x with
diameter < 1 are contained in B(0, N), and therefore uy (E)/m(E) — |f(x) —¢|
when §(E) — 0. Since

B [ 1#0) - r@ldy < m(e) ™ [ F(y) - cldy

(=ENB(0,N))

E)

~1 2) — el dy < pn( Te,
[ 1@ = cly < EX

it follows that

limsup m(E /\f )| dy < |f(x) —c| + €< 2e.
5(E)—0

The arbitrariness of e shows that the above limsup is 0 for all 2 ¢ G, and
therefore the limit of the averages exists and equals zero for all z ¢ G. O

Exercises

Translations in L?

1. Let LP be the Lebesgue space on R* with respect to Lebesgue measure. For
each t € R¥, let
[Tt f](z) = fx+1) (f € LP;x € RF).

This so-called ‘translation operator’ is a linear isometry of LP onto itself.
Prove that T(t)f — f in LP-norm as t — 0, for each f € L? (1 < p < o).
(Hint: use Corollary 3.21 and an ‘e/3 argument’.)

Automatic regularity

2. Let X be a locally compact Hausdorff space in which every open set is
o-compact (e.g. an Euclidean space). Then every positive Borel measure A
which is finite on compact sets is regular. (Hint: consider the positive linear
functional ¢(f) := [y fdA. If (X, M, ) is the associated measure space as
in Theorem 3.18, show that A = p on open sets and use Theorem 3.19.)

Hardy inequality

3. Let 1 < p < 0o, and let LP?(R™) denote the Lebesgue space for R* := (0, c0)
with respect to the Lebesgue measure. For f € LP(R"), define

(Tf)(z) = (1/a) / Cf)dt (@ eRY).
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Prove:

(a) Tf is well defined, and [(Tf)(z)| < /2| f|,.

(b) Denote by D, M, and I the differentiation, multiplication by x, and
identity operators, respectively (on appropriate domains). Verify the
identities

MDT =1-T onCHR"), (1)

where multiplication of operators is their composition.
o0
176l =a [ TP 2
0

for all f € CF(RT), where ¢ is the conjugate exponent of p. (Hint:
integrate by parts.)

©) ITflly < qllfll, fe€CEHRT).

(d) Extend the (Hardy) inequality (c) to all f € LP(R™). (Hint: use
Corollary 3.21.)

(e) Show that supgsepe [T flp/llfllp = ¢- (Hint: consider the functions
fn(x) = xil/pl[l,n]')

Absolutely continuous and singular functions

4. Recall that a function f : R — C has bounded variation if its total variation

function vy is bounded, where

vp(w) == sup Y [f(xx) = flar—1)| < oo,
Py

and P = {ap;k =0,...,n}, 2p_1 < 2, T, = 2 (the supremum is taken
over all such ‘partitions’ P of (—o0, z]).

The total variation of f is V(f) := supg vy.

It follows from a theorem of Jordan that such a function has a ‘canonical’
(Jordan) decomposition f = Zi:oik fr where fi. are non-decreasing real
function. Therefore f has one-sided limits at every point. We say that f is
normalized if it is left-continuous and f(—o0) = 0.

(a) Let o be a complex Borel measure on R. Show that f(x) := u((—o0,z))
is a normalized function of bounded variation (briefly, f is NBV).

(b) Conversely, if f is NBV and u is the corresponding Lebesgue—Stieltjes
measure (constructed through the Jordan decomposition of f as in
Chapter 2, with left continuity replacing right continuity), then u
(restricted to B := B(R)) is a complex Borel measure such that f(z) =
(=00, x)) for all z € R. (Also vy () = |p|((—o0,2)) and V(f) = [|u].)
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(¢) f:R — Cis absolutely continuous if for each € > 0 there exists § > 0
such that whenever {(ag,br);k = 1,...,n} is a finite family of disjoint
intervals of total length < d, we have Y, |f(bg) — f(ar)| < €. If fis
NBYV and p is the Borel measure associated to f as in Part b., then
u << m iff f is absolutely continuous (cf. Theorem 3.28 and Exercise 8f
in Chapter 1).

(d) Let h € L' := L'(R), f(z) = [* _h(t)dt, and p(E) = [, h(
(E € B). Conclude from Parts (a) and (c) that f is absolutely
continuous and Dy = h m-a.e. (Cf. Theorem 3.28.)

(e) Let pand f be asin Part (a), and let € R be fixed. Show that (Du)(x)
exists iff f'(x) exists and f'(x) = (Dw)(z). In particular, if u L m,
then f’ =0 m-a.e. (such a function is called a singular function). (Cf.
Theorem 3.28.)

(f) With h and f as in Part (d), conclude from Parts (d) and (e) (and
Theorem 3.28) that f' = h m-a.e.

(g) If f is NBV, show that f’ exists m-a.e. and is in L', and f(z) =
) + f f'(t)dt where fs is a singular NBV functlon (Apply
Parts (b), (e) and (f), and the Lebesgue decomposition.)

Cantor functions

5. Let {r,}>2, be a positive decreasing sequence with ro = 1. Denote r =
lim,, r,. Let Cy = [0,1], and for n € N, let C,, be the union of the 2"
disjoint closed intervals of length 7, /2™ obtained by removing open intervals
at the center of the 2"~ ! intervals comprising C,,_; (note that the removed
intervals have length (r,_1 —r,)/2""t > 0 and m(C,) = 7,). Let C =

N, Cn-

(a) C is a compact set of Lebesgue measure 7.

(b) Let g, =7, 1o, and f,(x fo gn(t) dt. Then f, is contlnuous non-
decreasmg7 constant on each open 1nterval comprising C¢, f,(0) =0,
fn(1) =1, and f,, converge uniformly in [0, 1] to some function f. The
function f is continuous, non-decreasing, has range equal to [0, 1], and
f/ =0 on C° (In particular, if »r = 0, f' = 0 m-a.e., but f is not
constant. Such so-called Cantor functions are examples of continuous
non-decreasing non-constant singular functions.)

Semi-continuity

6. Let X be a locally compact Hausdorff space. A function f : X — R is
lower semi-continuous (L.s.c.) if [f > c] is open for all real ¢; f is upper
semi-continuous (u.s.c.) if [f < ¢] is open for all real c. Prove:

(a) f is continuous iff it is both l.s.c. and u.s.c.



100 3. Measure and topology

(b) If f is Ls.c. (u.s.c.) and « is a positive constant, then «f is L.s.c. (u.s.c.,
respectively). Also —f is u.s.c. (L.s.c., respectively).

(¢) If f,g are L.s.c. (u.s.c.), then f 4+ g is Ls.c. (u.s.c., respectively).

(d) The supremum (infimum) of any family of ls.c. (u.s.c.) functions is
Ls.c. (u.s.c., respectively).

(e) If {fn} is a sequence of non-negative Ls.c. functions, then f :=>"  f,
is L.s.c.

(f) The indicator I4 isl.s.c. (u.s.c.) if A C X is open (closed, respectively).

7. Let (X, M, p) be a positive measure space as in the Riesz—Markov theorem.

(a) Let 0 < f € L'(u) and € > 0. Represent f = > ¢;lp; as in

Exercise 15, Chapter 1, and choose K; compact and V; open such

that K; ¢ E; C V; and u(V; — K;) < €/¢;271. Fix n such that

> jon Cilt(Ej) < €/2 and define u = 377, ¢jlk; and v = 377 ¢;1y;.
Prove that u is u.s.c., v is L.s.c., u < f <wv, and fX(v —u)dp < e.

(b) Generalize the above conclusion to any real function f € L*(u). (This

is the Vitali-Caratheodory theorem.) (Hint: Exercise 6)

Fundamental theorem of calculus

8. Let f : [a,b] — R be differentiable at every point of [a, b], and suppose f’ €

L' := L*([a, b]) (with respect to Lebesgue measure dt). Denote ff f1(@)dt =
¢ and fix ¢ > 0. By Exercise 7 above, there exists v Ls.c. such that f’ <o

and f;vdt < c¢+e. Fix a constant r > 0 such that r(b—a) < C—l—e—f;vdt,

and let g = v + r. Observe that ¢ is l.s.c., ¢ > f’, and f:gdt < c+e By
the Ls.c. property of g and the differentiability of f, we may associate to
each z € [a,b) a number 6(z) such that g(t) > f/'(z) and f(t) — f(z) <
(t—2a)[f'(z)+ € for all t € (z, 2+ §(x)).

Define
F(z) = / ot dt — f(z) + f(a) + e(z — a).

(F is clearly continuous and F(a) = 0.)

(a) Show that F'(¢t) > F(x) for all t € (z,z + §(x)).
(b) Conclude that F'(b) > 0, and consequently f(b)— f(a) < c+e(1+b—a).
Hence f(b) — f(a) < c.

(c) Conclude that [ f/(t)dt = f(b) — f(a). (Hint: replace f by —f in the
conclusion of Part b)
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Approximation almost everywhere by
continuous functions

9. Let (X, M, u) be a positive measure space as in the Riesz—Markov theorem.
Let f: X — C be a bounded measurable function vanishing outside some
measurable set of finite measure. Prove that there exists a sequence {g,} C
C.(X) such that ||gn|le < ||f|l. and g, — f almost everywhere. (Hint:
Lusin and Exercise 16 of Chapter 1.)



4

Continuous linear
functionals

The general form of continuous linear functionals on Hilbert space was described
in Theorem 1.37. In the present chapter, we shall obtain the general form of
continuous linear functionals on some of the normed spaces we have encountered.

4.1 Linear maps

We consider first some basic facts about arbitrary linear maps between normed
spaces.

Definition 4.1. Let X,Y be normed spaces (over C, to fix the ideas), and
let T: X — Y be a linear map (it is customary to write Tz instead of T'(z),
and norms are denoted by || - || in any normed space, unless some distinction is
absolutely necessary). One says that T is bounded if

T
IT|| := sup 7= < 0.
Equivalently, T is bounded iff there exists M > 0 such that
[Ta]| < Mjz]| (z € X), (1)
and ||T|| is the smallest constant M for which (1) is valid. In particular
[Tz < Tlllz]l (z € X). (2)
The homogeneity of T shows that the following conditions are equivalent:
(a) T is ‘bounded’;

(b) the map T is bounded (in the usual sense) on the ‘unit ball’ Bx := {z € X
o] < 1};
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(c) the map T is bounded on the ‘closed unit ball’ Bx = {z € X;|z| < 1};
(d) the map T is bounded on the ‘unit sphere’ Sx := {z € X;||z| = 1}.
In addition, one has (for T bounded):

T = sup [|Tz|| = sup [[Tz|| = sup [Tz 3)
rE€EBXx r€Bx z€Sx

By (3), the set B(X,Y) of all bounded linear maps from X to Y is a complex
vector space for the pointwise operations, and || - || is a norm on B(X,Y"), called
the operator norm or the uniform norm.

Theorem 4.2. Let X,Y be normed spaces, and T : X — Y be linear. Then the
following properties are equivalent:

(i) T € B(X,Y);
(ii) T is uniformly continuous on X ;

(i3) T is continuous at some point xo € X.
Proof. Assume (i). Then for all z,y € X,
[Tz =Tyl = [Tz —y)ll < [Tz = yll,

which clearly implies (ii) (actually, this is the stronger property: T is Lipschitz
with Lipschitz constant | T||).
Trivially, (ii) implies (iii). Finally, if (iii) holds, there exists § > 0 such that

| Tz — Tao|| < 1

whenever ||z — zo|| < 6.

By linearity of T, this is equivalent to: ||[Tz|| < 1 whenever z € X and
Iz|l < d. Since ||éz|| < ¢ for all z € Bx, it follows that d||Tz| = ||T(6x)| < 1,
that is, | Tz| < 1/ on Bx, hence ||T] < 1/4. O

Notation 4.3. Let X be a (complex) normed space. Then
B(X) = B(X, X)
X* = B(X,C).

Elements of B(X) will be called bounded operators on X; elements of X* will be
called bounded linear functionals on X, and will be denoted usually by z*, y*, ...

Since the norm on C is the absolute value, the norm of x* € X* as defined
in Definition 4.1 takes the form

2" = sup |z"x|/[|z]| = sup |z"x];
z#£0 r€BX

also, (2) takes the form
2%z < [l2"[|fl=]] - (z € X).

The normed space X* is called the (normed) dual or the conjugate space of X.
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Theorem 4.4. Let X,Y be normed spaces. If Y is complete, then B(X,Y) is
complete.

Proof. Suppose Y is complete, and let {T;,} C B(X,Y’) be a Cauchy sequence.
For each z € X,

[Tne — Tz = [(Tn — Ton)z|| < [T = T [[l|z]| — O

when n,m — oo, that is, {T,,x2} is Cauchy in Y. Since Y is complete, the limit
lim,, T,,x exists in Y. We denote it by T'x. By the basic properties of limits, the
map T : X — Y is linear. Given € > 0, there exists ng € N such that

T, — Tl <€, n,m > ng.

Therefore
T — Tzl < €llz||, n,m>ng, x€X.

Letting m — oo, we get by continuity of the norm
|Thx — Tz|| <e|zl], n>ng, z€X.

In particular T,, — T € B(X,Y), and thus T =T, — (T,, — T) € B(X,Y), and
|75, — T < e for all n > ng. This shows that B(X,Y") is complete. O

Since C is complete, we have

Corollary 4.5. The conjugate space of any normed space is complete.

4.2 The conjugates of Lebesgue spaces

Theorem 4.6.

(i) Let (X, A, 1) be a positive measure space. Let 1 < p < oo, let g be the con-
Jugate exponent, and let ¢ € LP(u)*. Then there exists a unique element
g € Li(p) such that

o0 = [ fodu (1w, 1)
X
Moreover, the map ¢ — g is an isometric isomorphism of LP(u)* and
LA(p).
(i) In case p =1, the result is valid if the measure space is o-finite.

Proof. Uniqueness. If g, ¢’ are as in the theorem, and h := g—g’, then h € L4(u)
and

[ tmdu=0 (€ 7). (2)
b'e
The function 6 : C — C defined by

0(z) = |z|/z for z # 0; 6(0)=0
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is Borel, so that, in case 1 < p < 0o, the function f := |h|9~(h) is measurable,

and
Jusrau= [ o= [ jprdu < oc,
X X X

Hence by (2) for this function f,

0= / 10 dps = / N
X X

and consequently h is the zero element of L7(u).

In case p = 1, take in (2) f = Ig, where E € A and 0 < u(E) < oo (so
that f € L'(p)). Then 0 = (1/u(E)) [, hdp for all such E, and therefore h = 0
a.e. by the Averages lemma (Lemma 1.38) (since we assume that X is o-finite
in case p =1).

Ezistence. Let (X, A,u) be an arbitrary positive measure space, and
1<p<oo. If g € LYp) and we define ¢(f) by the right-hand side of (1),
then Holder’s inequality (Theorem 1.26) implies that 1 is a well-defined linear
functional on LP(u), and

O <Ngllallfllp (F € LP(w)),
so that ¢ € LP(u)* and
91 < llgllq- 3)
In order to prove the existence of g as in the theorem, it suffices to prove the

following:

Claim. There exists a complex measurable function g such that

lgllg < lloll (4)
and

ole) = [ gdn (B e, (5)
where Ay 1= {E € A; u(E) < oo}.

Indeed, Relation (5) means that (1) is valid for f = Ig, for all E € Ag; by
linearity of ¢ and ¢, (1) is then valid for all simple functions in LP(u). Since
these functions are dense in LP(u) (Theorem 1.27), the conclusion ¢ = 1 follows
from the continuity of both functionals on LP(u), and the relation ||g|l, = ||¢||
follows then from (3) and (4).

Proof of the claim. Case of a finite measure space (X, A, ). In that case,
I € LP(p) for any E € A, and ||Ig||, = p(E)'/P. Consider the trivially additive
set function

ME) = 6(Ip) (B e A).

If {Ex} C A is a sequence of mutually disjoint sets with union F, set A4, =
Up—; Ex. Then

14, = Ielly = 1p-a,llp = 1(E — An)? — 0
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as n — o0, since {F — A, } is a decreasing sequence of measurable sets with
empty intersection (cf. Lemma 1.11). Since ¢ is continuous on LP(u), it follows
that

(E) = ¢(Ip) = lim ¢(L4,) = lim \(4,)

n o0

= lim Y A(Ex) = Y A(Ep),

k=1 k=1

so that A is a complex measure.

If W(E) = 0 for some E € A, then ||Ig|, = 0, and therefore A(E) :=
¢(Ig) = 0 by linearity of ¢. This means that A < p, and therefore, by the
Radon-Nikodym theorem, there exists g € L!(u) such that

¢<IE>=/Egdu=/Xngdu (B € A).

Thus (5) is valid, with g integrable. We show that this modified version of (5)
implies (4) (hence the claim).

By linearity of ¢ and the integral, it follows from (5) (modified version) that
(1) is valid for all simple measurable functions f. If f is a bounded measurable
function, there exists a sequence of simple measurable functions s, such that
|[sn. = fllu — O (cf. Theorem 1.8). Then

lsn = Fllp < llsn = Fllup(X)"/? =0,

and therefore, by continuity of ¢,

o) = timos,) =t [ sngdn
n n X
Also
‘/ sngdu—/ fgdu‘s||sn—f||u||g||~0,
X X

and we conclude that (1) is valid for all bounded measurable functions f.
Casep =1. For any E € A with u(E) > 0,

1 _ o) 1l _
‘u(E)/EQd“‘ @) = ol gy = el

Therefore |g| < [|§]| a.e. (by the Averages Lemma), that is,

9l < ll21l,

as desired.

Case 1 < p < oo. Let E, := [lg| < n] (n = 1,2,...). Define f, =
Ig, |97 10(g), with 6 as in the beginning of the proof. Then f, are bounded
measurable functions, so that by (1) for such functions,

/ 1917 dp = / Fagdi = 8(Fn) = 16(F)] < 61l fuly-
E, b'e
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However, since |f,|P = I, |g|(9~YP = I |g|9, it follows that

1ulle = / 1919 dp.

n

1-1/p
( / Iglqdu> < Il
E,
o
X

Since 0 < Ig,|g|? < Ig,|g|? < --- and lim, Ig, |g|? = |g|?, the Monotone
Convergence Theorem implies that ||g||, < ||¢||, as wanted.

Case of a o-finite measure space; 1 < p < oo. We use the function w and
the equivalent finite measure dv = wdp (satisfying v(X) = 1), as defined in the
proof of Theorem 1.40. Define

Therefore

that is,

1/q
gw) <.

Vo LP(v) — L ()

VoS = w7,
Then

Vol Wiy = [ 1fPwdi= [ 1517 dr = 12,
X X
so that V, is a linear isometry of L”(v) onto LP(u). Consequently, ¢ o V, €
LP(v)*, and ||¢p o V,|| = ||¢|| (where the norms are those of the respective

dual spaces). Since v is a finite measure, there exists (by the preceding case)
a measurable function g; such that

1910y < ll@ 0 Vol = [1oll; (6)

and

(60 Vp)(f) = /X fodv (f € LP(w)). (7)

Thus, for all E € Ay,

oip) = (6o V) 1) = |

w VP Ipgy dv = / w'/g, dp. (8)
X E

In case p > 1 (so that 1 < ¢ < o0), set g = w'/9g;(= V,g1). Then (5) is valid,
and by (6),

191l Leqy = Nlgallzeqy < NI,

as desired.
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In case p = 1 (so that ¢ = 00), we have by (8) ¢(Ig) = [ g1 du. Thus (5) is
valid with ¢ = g1, and since the measures p and v are equivalent, we have by (6)

lgllLee )y = llg1ll ooy < 2]l

as wanted.

Case of an arbitrary measure space; 1 < p < co. For each E € Ay, consider
the finite measure space (E, AN E,u), and let LP(E) be the corresponding
LP-space. We can identify LP(FE) (isomorphically and isometrically) with the
subspace of LP(u) of all elements vanishing on E°, and therefore the restriction
g = ¢|rr(p) belongs to LP(E)* and [[¢g|| < [|¢||. By the finite measure case,
there exists gg € LY(E) such that

lgellLae) = lorll(< (|18])

and

oe(f) = /Eng dp for all f € LP(E).

If E,F € Ag, then for all measurable subsets G of ENF, I € LP(ENF) C
L?(E), so that ¢p(Ig) = ¢enr(lg), and therefore

/ (98 — 9BnrF) dp = / Icge dp — / Icgenr dp
G E ENF

=¢e(c) — dpnr(lc) = 0.
By Proposition 1.22 (applied to the finite measure space (ENF, AN(ENF), u))
and by symmetry, gg = gpnr = gr a.e. on ENF. It follows that for any mutually

disjoint sets E, F' € Ay, ggur coincides a.e. with gg on E and with g on F,
and therefore

HgE‘uFHg:/ lgeur|®du
FEUF
- / l92|7 dp + / lgr1dp = lgsllt + gzl
E F

that is, |lge||¢ is an additive function of E on Ag. Let

K = sup |gelq (L 114]),
EcAy

and let then {E,} be a non-decreasing sequence in Ay such that ||¢g, || — K.
Set F:=J,, En.

If E € Ay and ENF = (), then since E and E,, are disjoint for all n, it follows
from the additivity of the set function ||gg||] that

l9&ll§ = lgpue. 1§ — llge. g < K = ll¢p, " — 0.
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Hence ||gg|lq = 0 for all E € Ag disjoint from F, that is, gr = 0 a.e. for such E.
Consequently, for E € Ag arbitrary, we have a.e. on E— F g = gg_r = 0, and
therefore

¢(IE):¢E(IE):/EgEdN:/EmFgEd,U:/EmFgEﬂFd,u' (9)

Since gg, = gg,,, a.. on E,, the limit g := lim, gg, exists a.e. and vanishes
on F°; it is measurable, and by the Monotone Convergence Theorem,

Lo = lim [¢p, | = K < 4]],

1]l ze() = lim [lg,

and (4) is verified. Fix n. For all k > n, gpnr = gg, a.e. on (ENF)NE, = ENE,
hence (a.e.) on ENE,,. Therefore ggnr = g a.e. on ENE,, for all n, hence (a.e.)
on ENF, and consequently (5) follows from (9). This completes the proof of the
claim. O

4.3 The conjugate of C.(X)

Let X be a locally compact Hausdorff space, and consider the normed space
C.(X) with the uniform norm

L= 11l = S;plf\ (f € Ce(X)).

If © is a complex Borel measure on X, write du = hd|u|, where |u| is the
total variation measure corresponding to p and h is a uniquely determined Borel
function with |h| = 1 (cf. Theorem 1.46). Set

o= [ Fau= [ ghaul (7 € Cux)) W

Then
w1 < [ 15l < OIS, @)
X

so that v is a well-defined, clearly linear, continuous functional on C.(X), with
norm

[Pl < flpll = |l (X)) 3)
We shall prove that every continuous linear functional ¢ on C.(X) is of this form
for a uniquely determined regular complex Borel measure p, and ||¢|| = ||g||. This

will be done by using Riesz—Markov Representation Theorem 3.18 for positive
linear functionals on C.(X). Our first step will be to associate a positive linear
functional |@| to each given ¢ € C.(X)*.

Definition 4.7. Let ¢ € C.(X)*. The total variation functional |¢| is defined by
[6(f) := sup{|@(h)[;h € Ce(X), [] < f} (0 < f € Ce(X));
|6l (u+iv) = [l (u™) = [l (u) +ilol(v") —i¢|(v7) (u,v € CF(X)).
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Theorem 4.8. The total variation functional |¢| of ¢ € C.(X)* is a positive
linear functional on C.(X), and it satisfies the inequality

[N < 1IAfD < llllAl (f € Ce(X)).
Proof. Let CH(X) :={f € C.(X); f > 0}. It is clear from Definition 4.7 that

0 < 2l(f) < llllllfll < oo, (4)

|¢] is monotonic on CF(X) and |@|(cf) = c|¢|(f) (and in particular |¢|(0) = 0)
for all ¢ > 0 and f € CF(X). We show that |¢| is additive on CF(X).

Let € > 0 and fr € CF(X) be given (k = 1,2). By definition, there exist
hi € Co(X) such that |hg| < fr and |¢|(fx) < |¢p(hr)| +€/2,k = 1,2. Therefore,
writing the complex numbers ¢(hy) in polar form, we obtain

0 < o(f1) + [8(f2) < |@(h1)| + |d(h2)| + €
= N g(h) + e %2P(ha) + e = pe” P hy + e hy) + e
< |ol(f1 + f2) + €

because . )
e hy 4+ 7% hy| < |ha| + |ha| < fi + fo.

Hence |¢| is ‘super-additive’ on CF(X).
Next, let h € C.(X) satisfy |h| < f1 + fo := f. Let V. = [f > 0]. Define for
k=1,2
hk = (fk/f)h on V; hk =0 on V"

The functions hy are continuous on V and V°. If z is a boundary point of V|
then x ¢ V (since V is open), so that f(x) = 0 and hi(z) = 0. Let {zo} C V be
a net converging to x. Then by continuity of A, we have for k =1, 2:

b (2a)| < [P(za)| — [h(x)] < |f(2)] =0,

so that lim, hg(zs) = 0 = hg(z). This shows that hj are continuous on X.
Trivially, supp hx C supp fx, so that hy € C.(X), and by definition, |hg| < fi
and h = hy + hs. Therefore

[6(R)] = |p(h1) + (ha)| < [8](f1) + |¢](f2)-

Taking the supremum over all h € C.(X) such that |h| < f, we obtain that |¢]
is subadditive. Together with the super-additivity obtained before, this proves
that || is additive.

Next, consider |¢| over Cf(X). The homogeneity over R is easily verified.
Additivity is proved as in Theorem 1.19. Let f = f* — f~ and g = g7 — g~ be
functions in C®(X), andlet h=h* —h™ = f+g=ft — f~+g" —g~. Then
ht+ f~+¢g = ft+g"+ h™, so that by the additivity of |¢| on CF(X), we
obtain

[61(h ") +11(f7) +1¢l(g7) = 18l(f ) + I8l (g™) + Il (h7),
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and since all summands are finite, it follows that

[61(h) == [l (B T)—[l(h ™) = [¢l(f ") —1l(f ) +Iel(gT)—I2l(g7) = Il (f)+dl(9)-

The linearity of |¢| over C.(X) now follows easily from the definition. Thus |¢|
is a positive linear functional on C.(X) (cf. (4)). By (4) for the function |f],
12|(1.f1) < 12l fIl- Also, since h = f belongs to the set of functions used in the
definition of |[(|f]), we have [o(f)| < [[(|f])- 0

4.4 The Riesz representation theorem

Theorem 4.9. Let X be a locally compact Hausdorff space, and let ¢ € C.(X)*.
Then there exists a unique regular complex Borel measure p on X such that

o(f) = /X Fdu (f € C(X)). (1)

Furthermore,
[l = |- (2)

‘Regularity’ of the complex measure p means by definition that its total
variation measure |u| is regular.

Proof. We apply Theorem 3.18 to the positive linear functional |¢|. Denote by
A the positive Borel measure obtained by restricting the measure associated with
|¢| (by Theorem 3.18) to the Borel algebra B(X) C M. Then

o= [ san (e 3)
X
By Definition 3.5 and Theorem 4.8,

AX) = sup{[8[(f);0 < f <1} < [|¢] (4)

In particular, every Borel set in X has finite A-measure, and therefore, by
Theorem 3.18 (cf. (3) and (4)(ii)), A is regular.
By Theorem 4.8 and (3), for all f € C.(X),

(N < 1ol(If]) = /X [fldA = [ fllrn)-

This shows that ¢ is a continuous linear functional on the subspace C.(X) of
LY()\), with norm < 1. By Theorem 3.21, C.(X) is dense in L!()), and it follows
that ¢ has a unique extension as an element of L!()\)* with norm < 1. By
Theorem 4.6, there exists a unique element g € L% (\) such that

o(f) = /X fgdX (f € Cu(X)) (5)

and [|g]|e < 1.
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Define du = gdA. Then p is a complex Borel measure satisfying (1). By
Theorem 1.47 and (4),

(X /me<A<><wn

By (3) of Section 4.3, the reversed inequality is a consequence of (1), so that (2)
follows.
Gathering some of the above inequalities, we have

Joll = 14130 = [ lgldx < 2(X) < el

Thus M(X) = [y lg|dX, that is, [, (1 —|g])d\ = 0. Since 1 — |g| > 0 X-a.e., it
follows that |g| = 1 a.e., and since g is only a.e.-determined, we may choose g
such that |g| = 1 identically on X.

For all Borel sets E, |u|(E) = [} |gld\ = A(E), which proves that |u| = A.
In particular, p is regular.

In order to prove uniqueness, we observe that the sum v of two finite positive
regular Borel measures vy, is regular. Indeed, given € > 0 and F € B(X), there
exist K compact and V; open such that K C E C Vj and

uk(Vk) — 6/2 < I/k(E) < Vk(Kk) + 6/2.

Then K := Ky UKs C ECV =V NV, K is compact, V is open, and by
monotonicity of positive measures,

I/(V) —e< I/1(V1) + I/Q(VQ) —e< I/(E) < I/1(K1) + VQ(KQ) +e< I/(K) + €.

Suppose now that the representation (1) is valid for the regular complex measures
p1 and . Then [y fdp =0 for all f e Co(X), for pp = p1 — pr2. We must show
that |||l = 0 (i.e. 4 = 0). Since |p| are finite positive regular Borel measures,
the positive Borel measure v := |uq| + |pz| is regular. Write dy = hd|u|, where h
is a Borel function with |h| = 1 (cf. Theorem 1.46). Since v is regular, it follows
from Theorem 3.21 that there exists a sequence {f,} C C.(X) that converges
to h in the L'(v)-metric. Since hh = 1, |u| = |1 — po| < |p1] + |p2| == v, and
Jx fahdlp] = [y fndp =0, we obtain

Il = 1) = | [ bl = [ Faed| = | [ 5= R
< [ Au=Hldl < [ 12 = Hd = 1o = Flr) —
X X

as n — oo. Hence ||p]] = 0. O

Remark 4.10. If S = supp|u| (cf. Definition 3.26), we have

1@l = Il = 1wl (X) = |1l (S)
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and

/fduz/fdu (f € L'(|ul)).
X S

The second formula follows from Theorem 1.46 and Definition 3.26(2).
Indeed, write du = hd|p| where h is a Borel measurable function with || =1 on
X (cf. Theorem 1.46). Then for all f € L'(|u|), we have (cf. Definition 3.26(2))

/de“::/xfhd|ﬂ|=/sfhd|u| ::/sfd”'

4.5 Haar measure

As an application of the Riesz—Markov Representation Theorem for positive
linear functionals (Theorem 3.18), we shall construct a (left) translation-invariant
positive measure on any locally compact topological group.

A topological group is a group G with a Hausdorff topology for which the group
operations (multiplication and inverse) are continuous. It follows that for each
fixed a € G, the left (right) translation + — ax(x — za) is a homeomorphism of
G onto itself. For any open neighbourhood V' of the identity e, the set aV (Va)
is an open neighbourhood of a.

Suppose G is locally compact, and f,g € CF := CH(G) := {f € C.(G); f >0,
f not identically zero}. Fix 0 < a < ||g]| := ||g||.- There exists a € G such that
g(a) > a, and therefore there exists an open neighbourhood of e, V', such that
g(x) > a for all z € aV. By compactness of supp f, there exist z1,...,2, € G
such that supp f C UZ:1 z, V. Set s := aa:,;l. Then for x € x,V, spx € aV,
and therefore g(sxz) > . If & € supp f, there exists k € {1,...,n} such that
x € x;V, so that (for this k)

1@ <191 < Mgy < 3 eagown), 0
i=1
where ¢; = ||f]|/a for all i = 1,...,n. Since (1) is trivial on (supp f)°, we see

that there exist n € N and (c1,...,¢n, 81,...,8,) € (RT)™ x G™ such that
n
z) < Z cig(siz) (z €G). (2)
i=1

Denote by Q(f : g) the non-empty set of such rows (with n varying) and let

n
= ianci, (*)
i=1

where the infimum is taken over all (¢q, ..., ¢,) such that (¢1,...,¢n, 81,...,80) €
Q(f : g) for some n and s;.

We verify some elementary properties of the functional (f : g) for g fixed as
above.
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Let fs(z) := f(sz) for s € G fixed (fs is the so-called left s-translate of f).
If (c1,...,¢n,81,...,80) € Q(f 1 g), then fi(z) = f(sx) < >, cig(sisx) for all
x € G, hence (¢1,...,¢n,818,...,8,8) € Q(fs : g), and consequently (fs : g) <
>, ¢;. Taking the infimum over all such rows, we get (fs : g) < (f : g). But
then (f:g) = ((fs)s-1 : 9) < (fs : 9), and we conclude that

(fs:9)=(f:9) (3)

for all s € G (i.e. the functional (- : g) is left translation invariant).
In the following arguments, ¢ denotes an arbitrary positive number.
Ife>0and (c1,...,¢n,81,..-,8n) € Q(f : g) is such that > ¢; < (f:9g)+e,
then (c¢f)(z) < >, ceig(siz) for all @ € G, and therefore (cf : g) < Y ce; <
c(f : g) + ce. The arbitrariness of € implies that (¢f : g) < ¢(f : g). Applying
this inequality to the function c¢f and the constant 1/c¢ (instead of f and ¢,
respectively), we obtain the reversed inequality. Hence

(cfr9)=c(f:9) (c>0). (4)
Let 29 € G be such that f(zp) = maxg f (since f is continuous with compact
support, such a point xg exists). Then for any (¢1,...,¢n,81,---,8n) € Q[ : 9),

If1l = f(zo) < Zcz'g(siwo) < gl Zcz

Hence

= < (f:9) (5)

Next, consider three functions fi, fo,g € CF. If fi < fs, one has trivially
OQ(f2:9) CQf1: g), and therefore

fi < fo implies (f1:9) < (f2:9). (6)

There exist (¢1,...,¢Cn,81,-..,8,) € Q(f1 : g) and (d1,...,dm,t1,...,tm) €
Q(f2: g) such that Y ¢; < (f1:9)+€/2and Y d; < (f2:g)+€/2. Then for all
r €QG,

n+m

filz) + falx) < Zczg Si +ngg (tjw) = Y chglsir),
k=1
where ¢}, = ¢k, s, = sg for k = 1,...,n, and ¢}, = dy_p,s), = ty—y for k =
n+1,...,n+m. Thus (¢], ..., ¢l 815 Shm) € Q(fi+f2 1 g), and therefore
n+m
(itfog) <) Zwﬁzd < +(f219) +e
k=1

This proves that
(fitfarg)<(fi:g)+(fa:g) (7)
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Let (c1,...,¢n,81,---,8n) € Q(f : g) and (d1,...,dm,t1,...,tm) € Qg : h),
where f,g,h € CF. Then for all z € G,

x) < chg(sm) < Zc,; Z d;ih(t;s;x) = Z cidjh(tjs;x),
i i j ,J

that is, (¢;d;,t;8i)i=1,...nyj=1,..,m € Q(f : h), and consequently

(f:h) g%:cidj = (Zcz)(Zdj).

Taking the infimum of the right-hand side over all the rows involved, we conclude
that

(f:h)<(f:9)(g:h) (8)
With g fixed, denote
_:h)
Anf = G h 9)

Since Ay is a constant multiple of (f : h), the function f — Ay f satisfies (3),
(4)7 (6), and (7)
v (8), Anf < (f:g). Also

_ o fh) (gih)
Hence 1
T <A< (fr9). (10)

(g:f)

y (10), Ay, is a point in the compact Hausdorff space

s 11 [t

fect

(cf. Tychonoff’s theorem). Consider the system V of all (open) neighbourhoods of
the identity. For each V € V, let Sy be the closure in A of the set {An;h € C7},
where Cf := C{/(G) consists of all h € CF with support in V. Then Sy is
a non- empty compact subset of A. If V4,...,V, € Vand V := ﬂ" V;, then
Cy ¥ C N C’ -, and therefore Xy C N; Zv,. In particular, the family of compact
sets {Zv; V € V} has the finite intersection property, and consequently

ﬂ Sy £ 0.

vey

Let A be any point in this intersection, and extend the functional A to C. :=
C.(G) in the obvious way (A0 = 0; Af = Aft — Af~ for real f € C,, and
A(u+1iv) = Au + iAv for real u,v € C,).
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Theorem 4.11. A is a non-zero left translation invariant positive linear
functional on C..

Proof. Since A € A, we have

b
(9:1)
for all f € CF, so that in particular Af > 0 for such f, and A is not
identically zero.

For any V € V, we have A € Xy ; hence every basic neighbourhood N of A
in A meets the set {An;h € C{7}. Recall that

AfE{ 7(f:g)}

N:N(Aaf177fn7e) = {®6A3|q)fl_Af’L‘ <E;i:17"'7n}7

where f; € Cr. Thus, for any V € V and fi,..., f, € C.F, there exists h € Cy}
such that
Anfi = Afif <e (i=1,...,n). (11)

Given f € Cf and ¢ > 0, apply (11) with f; = f and fo = cf. By Property (4)
for Ay, we have

|A(cf) = cAfI < [A(cf) = An(ef)| + clAnf = Af| < (1 +c)e,
so that A(cf) = cAf by the arbitrariness of e.

A similar argument (using Relation (3) for Aj) shows that Afs = Af for all
feCf and s € G.
In order to prove the additivity of A on CF, we use the following:

Lemma. Let f1, fo € CH(G) and € > 0. Then there exists V €V such that
Apfi+ Anfe < Ap(fi + fo) +e
for all h € C{H(G).

Proof of lemma. Let f = f; + fo, and fix k¥ € CH(G) such that ¥k = 1 on
{z € G; f(x) > 0}. For g fixed as above, let

Thus
2(f:9) <e€/2; 2n<1; 25(k:g) <e/2. (12)

For i = 1,2, let h; := f;/F, where F := f + 0k (h; = 0 at points where F' = 0).
The functions h; are well defined, and continuous with compact support; it
follows that there exists V' € V such that

hi(z) = hi(y)l <n (1=1,2)

for all z,y € G such that y~'z € V (uniform continuity of h;!).
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Let h € CF(G). Let (c1,...,¢ny81,...,8,) € QF : h) and x € G.
If j € {1,...,n} is such that h(sjz) # 0, then s;z € V, and therefore
|hi(z) — hi(sjfl)\ < n for i = 1,2. Hence

hi(z) < ‘hl(x) — hi(sj_lﬂ +hi(sj_1) < hi(sj_l) + 7.

Therefore, for i =1, 2,

=
—~
8
~
|
|
—~
8
~—
&
=
~
N

< Z cih(sjx)hi(z)
{7:h(s;=)7#0}

n

< > glh(syt) nlh(siz) < chh(s;a),

{4;h(s;z)7#0} j=1

where ¢} := ¢; [hi(s;")+n]. Hence (fi : h) <37 ci, and since hy+hy = f/F <1,

we obtain
(freh)+(faih) <D ei(1+2n).

J

Taking the infimum of the right-hand side over all rows in Q(F : h), we conclude

that

(freh)+(farh) <(F:h) A +2n) <[(f:h)+6(k:h)](1+2n) by (7) and (4)
=(f:h)+2n(f:h)+5(1+2n)(k:h).

Dividing by (g : h), we obtain
Anfi+ Apfo < Apf +2nAnf +6(1 + 2n)Apk.

By (10) and (12), the second term on the right-hand side is < 2n(f : g) < €/2,
and the third term is < 26(k : g) < €/2, as desired.

We return to the proof of the theorem.

Given € > 0 and fi, fo € CIF, if V € V is chosen as in the lemma, then for

c

any h € C}7, we have (by (7) for Ap)

An(f1 + f2) = (Anfi + Anfo)] < e (13)

Apply (11) to the functions fi, fo, and f3 = f := f1 + fo, with V as in the
lemma. Then for h as in (11), it follows from (13) that

IAf — (Afi + Afo)| < [Af — Anf| + [Anf — (Anfi + Anf2)]
+Anfi = Afi] + [Anfo — Afa] < de,

and the additivity of A on C} follows from the arbitrariness of e.
The desired properties of A on C, follow as in the proof of Theorem 4.8. [

Theorem 4.12. If A’ is any left translation invariant positive linear functional
on C.(Q), then A" = cA for some constant ¢ > 0.
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Proof. If A’ = 0, take ¢ = 0. So we may assume A’ # 0. Since both A and
A’ are uniquely determined by their values on C (by linearity), it suffices to
show that A’/A is constant on C.f. Thus, given f,g € CI, we must show that
Nf/Af=Ng/Ag.

Let K be the (compact) support of f; since G is locally compact, there
exists an open set W with compact closure such that K C W. For each =z € K,
there exists W, € V such that the x-neighbourhood xW, is contained in W. By
continuity of the group operation, there exists V,, € V such that V,V, C W,. By
compactness of K, there exist x1,...,z, € K such that K C U?zl x;iVy,. Let
Vi =i, V. Then V; € V and

Ky ¢ | JaVe, Vi € |2V, Ve, € | 2iWa, ¢ W
i=1 i=1 i=1
Similarly, there exists V5 € V such that VoK C W.
Let € > 0. By uniform continuity of f, there exist V3,V € V such that, for
all z € G,
|f(z) — f(sx)| <€e/2 forall seV;

and
|f(z) — f(at)| < e/2 forallte V.

Let U := ﬂ?:l Viand V :=UNU™! (where U™! ;= {z7';2 € U}). Then V € ¥
has the following properties:

KVcWw, VKcCcW; V1Ii=V; (14)
|f(sz) — f(at)| <e forallz€G, s,teV. (15)

We shall need to integrate (15) with respect to  over Gj since the constant e is
not integrable (unless G is compact), we fix a function k € Cf such that k = 1
on W; necessarily

f(sz) = f(sz)k(z) and  f(zs) = f(zs)k(z) (16)

for all x € G and s € V. (This is trivial for z € W since k=1 on W. If x ¢ W,
then x ¢ KV and z ¢ VK by (14); if sz € K for some s € V, then s™! € V, and
consequently » = s~!(sx) € VK, a contradiction. Hence sz ¢ K, and similarly
xzs ¢ K, for all s € V. Therefore both relations in (16) reduce to 0 = 0 when
x¢Wand se€V.)

By (15) and (16)

|f(@s) = f(s2)| < ek(x) (17)

forallz € Gand s € V.

Fix b/ € Oy, and let h(z) := W' (z) + W' (z71). Let p, i’ be the unique posi-
tive measures associated with A and A’, respectively (cf. Theorem 3.18). Since
h(z=1y) f(y) € C.(G x G) C L*(u x u'), we have by Fubini’s theorem and the

relation h(z~1y) = h(y~'z):

/ / Wy~ o) £ () dyt () duly) = / / W) f(y) duly) di' (). (18)
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By left translation invariance of A’, the left-hand side of (18) is equal to

/ (/ hya) d“'(x)) / / (y) du(y) = N'hAS. (19)

By left translation invariance of A, the right-hand side of (18) is equal to

/(/h (zy) du( )) dy' (),

and therefore A’hAf equals this last integral. On the other hand, by left
translation invariance of A’,

J ([ mnstwn) @) aut) = [ ) ( [ st0)du'(@)) ity

= [ 1) [ @) @) dute) = Ar's.

Since h has support in V, we conclude from these calculations and from (17)
that

INRAS — ARA'f| =

/ / W) [f (zy) — Flye)] du(y) dyd (z)
zeG JyeV

<o [ hwhe)duw)did (@) = exnx'k. (20
zeG JyeV

Similarly, for g instead of f, and k' associated to g as k was to f, we obtain
|A'hAg — ARAN g| < eARN'E'. (21)

By (20) and (21) divided, respectively, by AhAf and AhAg, we have

Nh Nf|_ Ak
A Af| T CAf

and
Ah  ANg ANE
A Ag|=Age
Consequently

AF Ny
Af Ay

ANk N ANE
and the desired conclusion A’ f/Af = A’g/Ag follows from the arbitrariness of e.
O
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Definition 4.13. The unique (up to a constant factor) left translation invariant
positive linear functional A on C.(G) is called the (left) Haar functional for G.
The measure p corresponding to A through Theorem 3.18 is the (left) Haar
measure for G.

If G is compact, its (unique up to a constant factor) left Haar measure (which
is finite by Theorem 3.18(2)) is normalized so that G has measure 1.

In an analogous way, there exists a unique (up to a constant factor) right
translation invariant positive measure (as in Theorem 3.18) A on G:

/ffdA:/ JAN (f € CuG)it € Q), (22)
G G

where ft(z) := f(xt).

Given the left Haar functional A on G and ¢t € G, define the functional Af
on C. by Alf := Aft. Then A? is a left translation invariant positive linear
functional (because A*(fs) = A(fs)t = A(fH)s = A(f?) := Alf), and therefore,
by Theorem 4.12,

AY = ¢(t)A (23)

for some positive number ¢(t). The function ¢(-) is called the modular function
of G. Since (A*)® = (A)*!, we have

c(st)A = (A)® = c(s)A" = ¢(s)c(t)A,

that is, ¢(-) is a homomorphism of G into the multiplicative group of positive
reals. We say that G is unimodular if ¢(-) = 1. If G is compact, applying (23) to
the function 1 € C.(G), we get ¢(-) = 1. If G is abelian, we have f = f;, hence
A f = A(ft) = Af for all f € C,, and therefore c(-) = 1. Thus compact groups
and (locally compact) abelian groups are unimodular.

If G is unimodular, the left Haar functional A is also inverse invariant, that
is, letting f(z) := f(z~'), one has Af = Af for all f € C.. Indeed, define A by
Af =Af (f € C,). Then A is a non-zero positive linear functional on C; it is
left translation invariant because (f;)(x) = fs(z71) = f(sz™1) = f((zs™1)7}) =
Flzs™) = (f)* ' (z), and therefore by (23),

Af, = A(fs) = A= c(sTHAf = Af.
By Theorem 4.12, there exists a positive constant « such that A = aA. Since

f = ffor all f, we have A = A, hence o = 1, and therefore A = A.
In terms of the Haar measure p, the inverse invariance of A takes the form

/ Fa) dutz / f@)du(z) (f € Cu(@)) (24)

for any unimodular (locally compact) group G.
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Exercises

1. Let X,Y be Banach spaces, Z a dense subspace of X, and T € B(Z,Y).
Then there exists a unique 7' € B(X,Y’) such that Tz = T Moreover,
the map T'— T is an isometric isomorphism of B(Z,Y") onto B(X,Y).

2. Let X be a locally compact Hausdorff space. Prove that Cy(X)* is iso-
metrically isomorphic to M,.(X), the space of all regular complex Borel
measures on X . (Hint: Theorems 3.24 and 4.9, and Exercise 1.)

3. Let X & = 1,...,n be normed spaces, and consider [[, X; as a
normed space with the norm ||[z1,...,2,]|| = > ||zx||. Prove that there
exists an isometric isomorphism of ([], Xj)* and [], X; with the norm
[z7, ..., z5]|| = maxy ||| (Hint: given ¢ € (][], Xi)*, define zjx, =
#([0,...,x,0,...,0]) for ), € X},. Note that ¢([z1,...,2,]) =D, vrok.)

4. Let X be a locally compact Hausdorff space. Let Y be a normed space, and
T € B(C.(X),Y). Prove that there exists a unique P : B(X) — Y** :=
(Y*)* such that P(-)y* € M, (X) for each y* € Y* and

VTS = /X fd(P()y)

for all f € C.(X) and y* € Y*. Moreover |P(-)y*|| = ||[y* o T|| for the
appropriate norms (for all y* € Y*) and ||P(9)|| < ||T|| for all § € B(X).

Convolution on P

5. Let LP denote the Lebesgue spaces on R* with respect to Lebesgue
measure. Prove that if f € L' and g € LP, then f*g € LP and
Ilf*gllp <l fllillgllp- (Hint: use Theorems 4.6, 2.18, 1.33, and the trans-
lation invariance of Lebesgue measure; cf. Exercise 7, Chapter 2, in its RF
version.)

Approximate identities

6. Let m denote the normalized Lebesgue measure on [—m,7]. Let
K, : [-m,7] — [0,00) be Lebesgue measurable functions such that
™

J© Knpdm=1and

sup Kn(x)—0 (*)
s<la|<n
as n — oo, for all 6 > 0. (Any sequence {K,} with these properties is
called an approzimate identity.) Extend K,, to R as 2r-periodic functions.
Consider the convolutions

T

(K f)(2) = [ Kn(z = 1)f(t)dm(t) = ’ [z — 1)K, (t) dm(t)

—T —T
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4. Continuous linear functionals

with 27-periodic functions f on R. Prove:

(a) If f is continuous, K, * f — f uniformly on [—m,@]. (Hint: [7 =
f\t|<5 +f5§t§7r')

(b) If f € L? := LP(—m,m) for some p € [1,00), then K,, *x f — f in LP.
(Hint: use the density of C([—m,x]) in LP, cf. Corollary 3.21, Part (a),
and Exercise 5.)

(¢) If f € L, then K, *x f — f in the weak*-topology on L% (cf.
Theorem 4.6); this means that [(K, * f)gdm — [ fgdm for all g €
L.

Consider the measure space (N, P(N), i), where p is the counting measure
(1(E) is the number of points in E if E is a finite subset of N and = oo
otherwise). The space [P := LP(N,P(N), u) is the space of all complex
sequences z := {z(n)} such that ||z|, := (Z|x(n)|p)1/p < o0 (in case
p < ) or ||z]leo :=sup|z(n)| < co (in case p = o). As a special case of
Theorem 4.6, if p € [1,00) and ¢ is its conjugate exponent, then (IP)* is
isometrically isomorphic to [9 through the map x* € (IP)* — y € 9, where
y := {y(n)} is the unique element of {7 such that z*x = > z(n)y(n) for all
x € IP. Prove this directly! (Hint: consider the unit vectors e,, € [P with
em(n) = dn,m, the Kronecker delta.)

Consider N with the discrete topology, and let ¢o := Co(N) (this is the
space of all complex sequences z := {z,} = {z(n)} with lima, = 0).
As a special case of Exercise 2, if * € ¢fj, there exists a unique complex
Borel measure p on N such that z*x = Y x(n)u({n}). Denote y(n) =
u({n}). Then [lyl = 3 [u({n})] < [l(N) = lull = o]}, that is, y € I
and |ly|l1 < ||z*||. The reversed inequality is trivial. This shows that ¢
is isometrically isometric to I' through the map z* — y, where 2%z =
Yo x(n)y(n). Prove this directly!

Let ¢ denote the space of all convergent complex sequences x = {z(n)}
with pointwise operations and the supremum norm. Show that ¢ is a
Banach space and c* is isometrically isomorphic to ['. (Hint: given
x* € c*, x| € ch; apply Exercise 8, and note that for each = € ¢,
x — (limx)e € cg, where e(-) = 1.)

Let (X, A, 1) be a positive measure space, ¢ € (1,00], and p = ¢/(q — 1).
Prove that for all h € L%(u)

1Pllq = sup

bl

hd
o),

where the supremum is taken over all finite sums with o € C and Ey, € A
with 0 < p(Eg) < oo, such that Y |agPu(Er) < 1. (In case ¢ = oo,
assume that the measure space is o-finite.)
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Duality

We studied in preceding chapters the conjugate space X* for various special
normed spaces. Our purpose in the present chapter is to examine X* and its
relationship to X for a gemeral normed space X.

5.1 The Hahn—Banach theorem

Let X be a vector space over R. Suppose p : X — R is subadditive and homo-
geneous for non-negative scalars. A linear functional f on a subspace Y of X is
p-dominated if f(y) < p(y) for all y € Y. The starting point of this section is
the following:

Lemma 5.1 (The Hahn—Banach lemma). Let f be a p-dominated linear
functional on the subspace Y of X. Then there exists a p-dominated linear
functional F' on X such that Fl|y = f.

Proof. A p-dominated extension of f is a p-dominated linear functional g on
a subspace D(g) of X containing Y, such that gly = f. The family F of all
p-dominated extensions of f is partially ordered by setting g < h (for g, h € F)
if h is an extension of g. Each totally ordered subfamily F; of F has an upper
bound in F, namely, the functional w whose domain is the subspace D(w) :=
Uger, D(9), and for z € D(w) (so that z € D(g) for some g € Fo), w(z) = g(z).
Note that w is well defined, that is, its domain is indeed a subspace of X and
the value w(zx) is independent of the particular g such that 2 € D(g), thanks
to the total ordering of Fy. By Zorn’s lemma, F has a mazimal element F. To
complete the proof, we wish to show that D(F) = X. Suppose that D(F) is
a proper subspace of X, and let then zp € X — D(F). Let Z be the subspace
spanned by D(F) and zy. The general element of Z has the form z = u + azg
with w € D(F) and a € R uniquely determined (indeed, if z = ' + o'z is
another such representation with o’ # «, then zy = (o/ — ) *(u — v') € D(F),
a contradiction; thus o’ = «, and therefore v’ = u). For any choice of A € R, the
functional h with domain Z, defined by h(z) = F(u)+ A is a well-defined linear
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functional such that h|ppy = F. If we show that A can be chosen such that the
corresponding h is p-dominated, then h € F with domain Z properly containing
D(F), a contradiction to the maximality of the element F' of F.

Since F' is p-dominated, we have for all ', u” € D(F)

F)+F") =F@W +u") <pl' +u")
= p([u' + z0] + [ — 20]) < p(u’ + 20) + p(u” — 20),
that is,
Fu") = p(u” — 20) < p(u' +20) — F(u') («',u" € D(F)).

Pick any A between the supremum of the numbers on the left-hand side and the
infimum of the numbers on the right-hand side. Then for all «',u” € D(F),

Fu')+X<pl +2z) and F(u")—X<pu” — z).

Taking v’ = u/a if @ > 0 and u” = u/(—«) if & < 0 and multiplying the
inequalities by a and —c, respectively, it follows from the homogeneity of p for
non-negative scalars that

F(u) 4+ aX <p(u+az) (ue D(F))
for all real v, that is, h(z) < p(z) for all z € Z. O

Theorem 5.2 (The Hahn-Banach theorem). Let Y be a subspace of the
normed space X, and let y* € Y*. Then there exists x* € X* such that *|y = y*
and [|z*|| = [ly*[|.

Proof. Case of real scalar field: Take
p(@) = lly*[lllzll (= € X).

This function is subadditive and homogeneous, and

vy <ly'yl <lly*llllyll :==p(y) (y€Y).

By Lemma 5.1, there exists a p-dominated linear functional F' on X such that
F|y = y*. Thus, for all z € X,

F(z) < [ly" |||
and
—F(z) = F(—z) < p(—=2) = [ly*|[l=ll,
that is,
|F(@)] < lly* ([l

This shows that F' := z* € X* and ||z*| < ||y*||. Since the reversed inequality
is trivial for any linear extension of y*, the theorem is proved in the case of real
scalars.
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Case of complex scalar field: Take f := Ry* in Lemma 5.1. Then f(iy) =
R[y* (iy)] = R[iy*y] = —S(y*y), and therefore

vy = fy) —if(iy) (yeY). (1)

For p as before, the functional f is p-dominated and linear on the vector space
Y over the field R (indeed, f(y) < |y*y| < p(y) for all y € V). By Lemma 5.1,
there exists a p-dominated linear functional F': X — R (over real scalars!) such
that F|y = f. Define

e = F(z) —iF(iz) (x € X).

By (1), z*|y = y*. Clearly, z* is additive and homogeneous for real scalars. Also,
for all x € X,

x*(ix) = F(iz) — iF(—2) = i[F(z) — iF(iz)] = iz"z,
and it follows that x* is homogeneous over C.
Given z € X, write z*z = pw with p > 0 and w € C with modulus one. Then
|z* 2| = wr*z = ¥ (wz) = N]z" (wx)]
= Flwz) < ly"[[llwz]l = [ly*[ll=]-

Thus z* € X* with norm < ||y*|| (hence = |ly*||, since z* is an extension
of y*). O

Corollary 5.3. Let Y be a subspace of the normed space X, and let x € X be
such that
d:=d(x,Y):= inf ||x — 0.
(2,Y):= inf o —yll >

Then there exists x* € X* with ||z*|| = 1/d, such that

=¥y =0, e =1.
Proof. Let Z be the linear span of Y and z. Since d(z,Y) > 0,z ¢ Y, so that
the general element z € Z has the unique representation z = y + ax withy € Y
and a € C. Define then z*z = «a. This is a well-defined linear functional on
Z,z*|ly =0, and z*z = 1. Also z* is bounded, since

(6%
o) = sup A2
0#2€Z ||Z||
1 1
= sup = - =1/d.
aF#0;yeY H(y"'ax)/o‘” lnfer Hx—yH

By the Hahn—-Banach theorem, there exists #* € X* with norm = ||2*|| = 1/d
that extends z*, whence z*|y = 0 and z*z = 1. O

Note that if Y is a closed subspace of X, the condition d(z,Y) > 0 is equi-
valent to x ¢ Y. If Y # X, such an z exists, and therefore, by Corollary 5.3,
there exists a non-zero x* € X* such that z*|y = 0. Formally
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Corollary 5.4. Let Y # X be a closed subspace of the normed space X. Then
there exists a non-zero x* € X* that vanishes on 'Y .

For a not necessarily closed subspace Y, we apply the last corollary to its
closure Y (which is a closed subspace). By continuity, vanishing of z* on Y is
equivalent to its vanishing on Y, and we obtain, therefore, the following useful
criterion for non-density:

Corollary 5.5. Let Y be a subspace of the normed space X. Then Y is not
dense in X if and only if there exists a non-zero x* € X* that vanishes on'Y .

For reference, we also state this criterion as a density criterion:

Corollary 5.6. Let Y be a subspace of the normed space X. Then Y is dense
in X if and only if the vanishing of an z* € X* on Y implies z* = 0.

Corollary 5.7. Let X be a normed space, and let 0 # x € X. Then there exists
x* € X* such that ||z*|| =1 and x*x = ||z||. In particular, X* separates points,
that is, if x,y are distinct vectors in X, then there exists a functional x* € X*
such that z*x # x*y.

Proof. We take Y = {0} in Corollary 5.3. Then d(z,Y) = ||z|| > 0, so that

there exists z* € X* such that ||z*|| = 1/||z| and z*z = 1. Let a* := ||z|/z*.
Then z*x = ||z|| and ||z*|| = 1 as wanted.

If z,y are distinct vectors, we apply the preceding result to the non-zero
vector  — y; we then obtain z* € X* such that |[z*| = 1 and z*zx — 2™y =
a*(z —y) = [z —y[ # 0. -

Corollary 5.8. Let X be a normed space. Then for each x € X,

laf = sup  |z"a|.
z=eXil|e]|=1

Proof. The relation being trivial for x = 0, we assume =z # 0, and apply
Corollary 5.7 to obtain an x* with unit norm such that x*x = ||z||. Therefore,
the supremum above is >||z||. Since the reverse inequality is a consequence of
the definition of the norm of x*, the result follows. O

Given z € X, the functional

kr ot — x¥x

on X* is linear, and Corollary 5.8 establishes that ||xz| = ||«|. This means
that & := kx is a continuous linear functional on X*, that is, an element of

The map k : X — X** is linear (since for all z* € X* [k(z + aa’)]z* =
z*(x 4+ az') = x*x 4+ ax*z’ = [kx + axa']z*) and isometric (since |kx — ka'|| =
|&(z—2")|| = ||z —2'|]). The isometric isomorphism k is called the canonical (or
natural) embedding of X in the second dual X**.
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Note that X is complete iff its isometric image X = kX is complete, and
since conjugate spaces are always complete, kX is complete iff it is a closed
subspace of X**. Thus, a normed space is complete iff its canonical embedding
kX is a closed subspace of X**. In case kX = X**, we say that X is reflezive.
Our observations show in particular that a reflexive space is necessarily complete.

5.2 Reflexivity

Theorem 5.9. A closed subspace of a reflexive Banach space is reflexive.

Proof. Let X be a reflexive Banach space and let Y be a closed subspace of X.
The restriction map
Yzt —atly (z¥eXT)

is a norm-decreasing linear map of X™* into Y*. For each y** € Y**, the function
y** 01 belongs to X**; we thus have the (continuous linear) map

X )G X(y**) — y** 01/1.

Let x denote the canonical imbedding of X onto X** (recall that X is reflexive!),
and consider the (continuous linear) map

klox: Y™ = X,

We claim that its range Z is contained in Y. Indeed, suppose z € Z but z ¢ Y.
Since Y is a closed subspace of X, there exists * € X* such that *Y = {0}
and z*z = 1. Then ¢(2*) = 0, and since z = (k=1 o x)(y**) for some y** € Y**,
we have

L=a"z = (r2)(z") = X(y™)I(=") = [y o ¥](z") = y™(0) =0,

a contradiction. Thus
K lox: Y™ =Y.

Given y** € Y**, consider then the element
y:=[r"ox](y™) €Y.

For any y* € Y*, let 2* € X* be an extension of y* (cf. Hahn-Banach theorem).
Then

y () =y (") = (y™)(@") = [k(W))(@") = 2" (y) =y (v) = (kyy)([y"),

where ky denotes the canonical imbedding of Y into Y**. This shows that y** =
KyYy, so that ky is onto, as wanted. O

Theorem 5.10. If X and Y are isomorphic Banach spaces, then X is reflexive
if and only if Y is reflexive.
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Proof. Let T : X — Y be an isomorphism (i.e. a linear homeomorphism).
Assume Y reflexive; all we need to show is that X is reflexive.

Given y* € Y* and any T € B(X,Y), the composition y* o T is a con-
tinuous linear functional on X, which we denote T*y*. This defines a map
T* € B(Y*,X*), called the (Banach) adjoint of T. One verifies easily that if
T—!' € B(Y,X), then (T*)~! exists and equals (T1)*.

For simplicity of notation, we shall use the ‘hat notation’ (& and §) for
elements of X and Y, without specifying the space in the hat symbol.

Let z** € X** be given. Then x** o T* € Y**, and since Y is reflexive, there
exists a unique y € Y such that

that is, ** = z. O

Theorem 5.11. A Banach space is reflexive if and only if its conjugate is
reflexive.

Proof. Let X be a reflexive Banach space, and let s be its canonical embedding
onto X**.
For any ¢ € (X*)™ = (X**)* the map ¢ o« is a continuous linear functional

—1,.%x%

z* € X*, and for any z** € X**, letting x := k~ x™*, we have
o(z*) = p(k(x)) = 2z = (kx)(z¥) = 2™ 2" = (kx-2™) (™).

This shows that kx+ is onto, that is X* is reflexive.

Conversely, if X* is reflexive, then X** is reflexive by the first part of the
proof. Since kX is a closed subspace of X** it is reflexive by Theorem 5.9.
Therefore, X is reflexive since it is isomorphic to kX, by Theorem 5.10. O

We show below that Hilbert space and LP-spaces (for 1 < p < oo) are
reflexive.

A map T : X — Y between complex vector spaces is said to be conjugate-
homogeneous if

T(\x) = ATz (z€ X;\eC).

An additive conjugate-homogeneous map is called a conjugate-linear map. In
particular, we may talk of conjugate-isomorphisms.
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Lemma 5.12. If X is a Hilbert space (over C), then there exists an isomeltric
conjugate-isomorphism V : X* — X, such that

' = (x,Vz*) (reX) (1)
for all z* € X*.

Proof. If z* € X*, the ‘Little’ Riesz Representation theorem (Theorem 1.37)
asserts that there exists a unique element y € X such that z*x = (z,y) for all
x € X. Denote y = Vz*, so that V : X* — X is uniquely determined by the
identity (1).

It follows from (1) that V is conjugate-linear. If Va* # 0, we have by (1) and
Schwarz’ inequality

(Va*,Va*) |z (V)|

[Va*| = =
[V [V
* Va*
< o) = sup 0 g VI e
w20 [zl w20 ||zl
so that |[Vaz*| = ||«*|| (this is trivially true also in case Va* = 0, since then
x* =0 by (1)).

Being conjugate-linear and norm-preserving, V' is isometric, hence continuous
and injective. It is also onto, because any y € X induces the functional z* defined
by z*x = (x,y) for all x € X, and clearly Vz* = y by the uniqueness of the
Riesz representation. O

Theorem 5.13. Hilbert space is reflexive.

Proof. Denote by J the conjugation operator in C.
Given z** € X** (for X a complex Hilbert space), the map

Jox™oV™l:X = C
is continuous and linear. Denote it by zj. Let  := Vx§. Then for all 2* € X*,
drt =a*e = (x,Va*) = (Vai, Va*) = (Va*, Vah)
=(JoajoV)a* =z 2",
that is, z** = Z. O

In particular, finite dimensional spaces C" are reflexive. Also L?(p) (for
any positive measure space (X, A4, u)) is reflexive. Theorem 5.14 establishes the
reflexivity of all LP-spaces for 1 < p < oo.

Theorem 5.14. Let (X, A, i) be a positive measure space. Then the space LP(p)
is reflexive for 1 < p < oo.

Proof. Let ¢ =p/(p—1). Write LP := L?(u) and

(f.9) :Z/ngdu (f € LP.g € LY).
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By Theorem 4.6, there exists an isometric isomorphism
Vp i (LP)" — LY

such that
' f = (f,Vpa*) (f€LP)
for all x* € (LP)*.
Given z** € (LP)**, the map z** o (V,,)~! is a continuous linear functional

on L?; therefore
fi=V0x™ 0o (V)" € LP.

Let z* € (LP)*, and write g := V,z* € L9; we have

fa)y=2f=(f9) = (Vo) " fllg)

— x**(‘/l;lg) —_ l‘**l‘*.

This shows that z** = f O

The theorem is false in general for p =1 and p = cc.
Also the space Cy(X) (for a locally compact Hausdorff space X) is not
reflexive in general. We shall not prove these facts here.

5.3 Separation

We now consider applications of the Hahn-Banach lemma to separation of convex
sets in vector spaces.

Let X be a vector space over C or R. A convex combination of vectors x € X
(k=1,...,n) is any vector of the form

zn:()ékxk (ak>0;2ak:1> .
k=1 k

A subset K C X is conver if it contains the convex combinations of any two
vectors in it.

Equivalently, a set K C X is convex if it is invariant under the operation
of taking convex combinations of its elements. Indeed, invariance under convex
combinations of pairs of elements is precisely the definition of convexity. On the
other hand, if K is convex, one can prove the said invariance by induction on
the number n of vectors. Assuming invariance for n > 2 vectors, consider any
convex combination z = ZZ:% agxy of vectors z € K. If v := >}, a = 0,
then z = x,,41 € K trivially. So assume « > 0; since a,,41 = 1 — o, we have

n
«
z = O‘Z Ekxk +(1—-a)zps1 € K,
k=1

by the induction hypothesis and the convexity of K.
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The intersection of a family of convex sets is clearly convex. The convex hull
of a set M (denoted co(M)) is the intersection of all convex sets containing M. It
is the smallest convex set containing M (‘smallest’ with respect to set inclusion),
and consists of all the convex combinations of vectors in M.

If M, N are convex subsets of X and «, (8 are scalars, then aM +3N is convex.
Also T M 1is convex for any linear map T : X — Y between vector spaces.

Let M C X; the point x € M is an internal point of M if for each y € X,
there exists € = e(y) such that z+ay € M for all & € C with || < e. Clearly, an
internal point of M is also an internal point of any N such that M C N C X.

Suppose 0 is an internal point of the convex set M. Then for each y € X, there
exists € := €(y) such that y/p € M for all p > 1/e. If y/p € M, then by convexity
y/(p/a) = (1—a)0+a(y/p) € M for all 0 < o < 1. Since p < p/a < oo for such
«a, this means that y/p’ € M for all p’ > p, that is, the set {p > 0;y/p € M} isa
subray of RT that contains 1/e. Let k(y) be the left endpoint of that ray, that is,

k(y) == inf{p > 0;y/p € M}.

Then k(y) < 1/e, so that 0 < k(y) < oo, and k(y) <1 for y € M (equivalently,
if K(y) > 1, then y € M°). If a > 0,

ofp>0;y/p € M} ={ap; (ay)/(ap) € M},

and it follows that x(ay) = ak(y) (this is also trivially true for a = 0, since
0eM).

If x,y € X and p > k(x),0 > k(y), then z/p,y/oc € M, and since M is
convex,

T+y P o
= r/p+ o€ M.
p+o p+o / p+ay/
Hence k(z + y) < p+ o, and therefore x(z + y) < k(z) + k(y).
We conclude that k : X — [0,00) is a subadditive positive-homogeneous
functional, referred to as the Minkowski functional of the convex set M.

Lemma 5.15. Let M C X be convex with 0 internal, and let k be its Minkowski
functional. Then k(x) < 1if and only if x is an internal point of M, and k(x) > 1
if and only if x is an internal point of M€.

Proof. Let  be an internal point of M, and let ¢(-) be as in the definition.
Then x + e(xz)z € M, and therefore
(x) < ! <1
k(z) < ——
1+ ¢€(x)

Conversely, suppose k(z) < 1. Then = x/1 € M. Let y € X. Since 0
is internal for M, there exists ¢g > 0 (depending on y) such that Sy € M for
|8] < €. In particular k(eowy) < 1 for all w € C with |w| = 1. Now (with any
a = |ajw),

|al

K@ + ay) < w(z) + rlay) = K@) + rleowy) < w@) + /e <1
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for |a] <, with € < [1 — k(x)]eg. Hence x + ay € M for |a| <, so that z is an
internal point of M.

If z is an internal point of M€, there exists € > 0 such that x — ex € MF€.
If however x(x) < 1, then 1/(1 —¢) > 1 > k(z), and therefore © — ex € M,
contradiction. Thus k(z) > 1.

Conversely, suppose x(x) > 1. Let y € X, and choose ¢ as above. Then

Kz + ay) > k(x) — Mm(eowy) > k(z) — |al/eg > 1
€0
if |a| < e with € < [k(z) — 1]eg. This shows that x + ay € M€ for |a| <€, and so
x is an internal point of M°¢. O

By the lemma, x(z) = 1 if and only if z is not internal for M and for M¢;
such a point is called a bounding point for M (or for M°®).

We shall apply the Hahn-Banach lemma (Lemma 5.1) with p = k to obtain
the following:

Theorem 5.16 (Separation theorem). Let M, N be disjoint non-empty con-
vex sets in the vector space X (over C or R), and suppose M has an internal
point. Then there exists a non-zero linear functional f on X such that

supRf (M) <inf Rf(N).
(one says that f separates M and N ).

Proof. Suppose that the theorem is valid for vector spaces over R. If X is a
vector space over C, we may consider it as a vector space over R, and get an
R-linear non-zero functional ¢ : X — R such that sup ¢(M) < inf ¢(N). Setting
f(z) :== ¢(x)—ig(iz) as in the proof of Theorem 5.2, we obtain a non-zero C-linear
functional on X such that supRf(M) = sup (M) < inf ¢(N) = inf Rf(N), as
wanted.

This shows that we need to prove the theorem for vector spaces over R only.
We may also assume that 0 is an internal point of M. Indeed, suppose the
theorem is valid in that case. By assumption, M has an internal point x. Thus
for each y € X, there exists € > 0 such that x + ay € M for all |a| < e
Equivalently, 0 + ay € M — x for all such «, that is, 0 is internal for M — x. The
sets N —x and M — x are disjoint convex sets, and the theorem (for the special
case 0 internal to M — z) implies the existence of a non-zero linear functional
f such that sup f(M — z) < inf f(N — x). Therefore sup f(M) < inf f(N) as
desired.

Fix z € N and let K := M — N+ z. Then K is convex, M C K, and therefore
0 is an internal point of K. Let x be the Minkowski functional of K. Since M
and N are disjoint, z ¢ K, and therefore x(z) > 1.

Define fy : Rz — R by fo(Az) = Ak(z). Then fj is linear and x-dominated
(since for A > 0, fo(Az) := Ak(2) = K(Az), and for A < 0, fo(Az) < 0 < K(A2)).
By the Hahn-Banach lemma (Lemma 5.1), there exists a k-dominated linear
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extension f : X — R of fo. Then f(2) = fo(z) = k(z) > 1, and f(z) < k(z) <1
for all x € K. This means that f is a non-zero linear functional on X such that

FM) = f(N)+ f(2) = f(M = N +z) = f(K) <1< f(2),

that is, f(M) < f(N). O

5.4 Topological vector spaces

We consider next a vector space X with a Hausdorff topology such that the vector
space operations are continuous (such a space is called a topological vector space).
The function

filzy,a) e X x X x[0,1]] maz+(1-—a)ye X

is continuous. The set M C X is convex if and only if f(M x M x [0,1]) C M.
Therefore, by continuity of f, if M is convex, we have

f(M x M x[0,1]) = f(M x M x [0,1]) C f(M x M x [0,1]) C M,

which proves that the closure of a convex set is convex. A trivial modification of
the proof shows that the closure of a subspace is a subspace.
Let M° denote the interior of M. We show that for 0 < a« < 1 and M C X
convesx,
aM®+ (1 —a)M C M°. (1)

In particular, it follows from (1) that M° is convex.

Let x € M°, and let V be a neighbourhood of x contained in M. Since
addition and multiplication by a non-zero scalar are homeomorphisms of X onto
itself, U := V — z is a neighbourhood of 0 and y + U is a neighbourhood of y
for any 0 # 3 € R. Therefore, if y € M, there exists yg € M N (y + BU). Thus
there exists v € U such that y = yg — Su. Then, given o € (0,1) and choosing
8 = a/(a—1), we have by convexity of M

ar+(1—a)y=ar+ (1 —a)ys+ (o — 1)Bu
=afz+u)+(1-a)ys €aV +(1-a)ys
=VsCaM+(1—-a)M C M,

where Vjp is clearly open. This proves that az + (1 — a)y € M°, as wanted.
If M° # () and we fix € M?°, the continuity of the vector space operations
imply that
y= lim ar+(1-a)y (ye€ M),
a—0+
and it follows from (1) that M° is dense in M.
With notation as before, it follows from the continuity of multiplication by

scalars that for any y € X, there exists ¢ = ¢(y) such that ay € U for all « € C
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with |a| < € thus, for these o,z + ay € x + U = V C M. This shows that
interior points of M are internal for M.
It follows that bounding points for M are boundary points of M.
Conversely, if z € M is internal and M° # (), pick m € M°. Then there exists
€ > 0 such that

(1+e)z—em=xz+e(xr—m):=m' € M.

Therefore, by (1),
= m+ Lm’ € M°.
1+e¢ 1+e€
Thus internal points for M are interior points of M (when the interior is not
empty).

Still for M convex with non-empty interior, suppose y is a boundary point of
M.Pickze M°. For0<a<l,y+a(r—y)=axr+ (1 —a)y € M° by (1), and
therefore y is not internal for M¢. It is not internal for M as well (since internal
points are interior!). Thus y is a bounding point for M. Collecting, we have

T

Lemma 5.17. Let M be a convex set with non-empty interior in a topological
vector space. A point is internal (bounding) of M if and only if it is an interior
(boundary) point of M.

Lemma 5.18. Let X be a topological vector space, let M, N be non-empty subsets
of X with M° # (. If f is a linear functional on X that separates M and N,
then f is continuous.

Proof. Since (Sf)(x) = —(Rf)(iz) in the case of complex vector spaces, it
suffices to show that R f is continuous, and this reduces the complex case to the
real case. Let then f : X — R be linear such that sup f(M) := ¢ < inf f(N).
Let m € M° and n € N. Let then U be a symmetric neighbourhood of 0
(i.e. =U =VU) such that m+ U C M (if V is any O-neighbourhood such that
m+V C M, we may take U =V N (=V)). Then 0 € —U =U C M —m, and
therefore, for any v € U,

f(u) <sup f(M) = f(m) =6 = f(m) < f(n) — f(m),

and the same inequality holds for —u. In particular (taking v = 0), f(n)—f(m) >
0. Pick any p > f(n) — f(m). Then f(u) < p and also —f(u) = f(—u) < p, that
is, |f(u)] < p for all u € U. Hence, given € > 0, the 0-neighbourhood (¢/p)U
is mapped by f into (—e¢,€), which proves that f is continuous at 0. However
continuity at 0 is equivalent to continuity for linear maps between topological
vector spaces, as is readily seen by translation. O

Combining Lemmas 5.17 and 5.18 with Theorem 5.16, we obtain the following
separation theorem for topological vector spaces:

Theorem 5.19 (Separation theorem). In a topological vector space, any two
disjoint non-empty convex sets, one of which has mon-empty interior, can be
separated by a mon-zero continuous linear functional.
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If we have strict inequality in Theorem 5.16, the functional f strictly separates
the sets M and N (it is necessarily non-zero). A strict separation theorem is
stated below for a locally conver topological vector space (t.v.s.), that is, a t.v.s.
whose topology has a base consisting of conver sets.

Theorem 5.20 (Strict separation theorem). Let X be a locally conver t.v.s.
Let M, N be non-empty disjoint convez sets in X. Suppose M is compact and N
is closed. Then there exists a continuous linear functional on X which strictly
separates M and N.

Proof. Observe first that M — N is closed. Indeed, if a net {m; —n;} (m; €
M;n; € N;i € I) converges to x € X, then since M is compact, a subnet
{m;/} converges to some m € M. By continuity of vector space operations, the
net {ny} = {my — (my — ny)} converges to m — z, and since N is closed,
m—x :=n € N. Therefore t =m —n &€ M — N and M — N is closed. It is also
convex.

Since M, N are disjoint, the point 0 is in the open set (M — N)¢, and since
X is locally convex, there exists a convex neighbourhood of 0, U, disjoint from
M — N. By Theorem 5.19 (applied to the sets M — N and U), there exists a
non-zero continuous linear functional f separating M — N and U:

supRf(U) < inf Rf(M — N).

Since f # 0, there exists y € X such that f(y) = 1. By continuity of
multiplication by scalars, there exists e > 0 such that ey € U. Then

e = Rf(ey) < supRF(U) < inf RF(M — N),
that is, Rf(n) + e < Rf(m) for all m € M and n € N. Thus

supRf(N) <supRf(N)+e <inf Rf(M).

Taking M = {p}, we get the following

Corollary 5.21. Let X be a locally convex t.v.s., let N be a (non-empty) closed
convex set in X, and p ¢ N. Then there exists a continuous linear functional f
strictly separating p and N. In particular (with N = {q},q # p), the continuous
linear functionals on X separate the points of X (i.e. if p,q are any distinct
points of X, then there exists a continuous linear functional f on X such that

f(p) # f(q)).

5.5 Weak topologies

We shall consider topologies induced on a given vector space X by families of
linear functionals on it. Let I' be a separating vector space of linear functionals
on X. Equivalently, if Tz = {0}, then 2 = 0. The I'-topology of X is the weakest
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topology on X for which all f € T' are continuous. A base for this topology
consists of all sets of the form

N(2:8,¢) = {y € Xi|f(y) — f(a)| < e for all f € A},

where 2 € X, A C T is finite, and € > 0. The net {x;;i € I} converges to z in the
I-topology if and only if f(z;) — f(z) for all f € T". The vector space operations
are ['-continuous, and the sets in the basis are clearly convex, so that X with the
I-topology (sometimes denoted Xr) is a locally convex t.v.s. Let X}t denote the
space of all continuous linear functionals on Xr. By definition of the I'-topology,
I' ¢ X{. We show below that we actually have equality between these sets.

Lemma 5.22. Let f1,..., fn,g be linear functionals on the vector space X such
that

ﬂ ker f; C kerg.
i=1

Then g € span {f1,..., fn} (:= the linear span of f1,..., fn).

Proof. Consider the linear map
T:X—-C" Tz=(fi(x),...,fn(x))eC".

Define ¢ : TX — C by ¢(Tz) = g(z) (x € X). f Tx = Ty, then z —y €
N, ker f; C kerg, hence g(x) = g(y), which shows that ¢ is well defined. It is
clearly linear, and has therefore an extension as a linear functional qB on C™. The
form of ¢ is (;3()\1, co An) = >, i\ with o; € C. In particular, for all z € X,

g(z) = ¢(Tx) = §(T'z) = Zaifi(ff)-

Theorem 5.23. X} =T.

Proof. It suffices to prove that if 0 # ¢ is a I'-continuous linear functional on
X, then g € T. Let U be the unit disc in C. If g is I'-continuous, there exists
a basic neighbourhood N = N(0; f1,..., fu;€) of zero (in the I'-topology) such
that g(N) Cc U. If ¢ € (), ker f; :== Z, then x € N, and therefore |g(z)| < 1.
But Z is a subspace of X, hence kz € Z for all ¥ € N, and so klg(z)] < 1
for all k. This shows that Z C kerg, and therefore, by Lemma 5.22, g € span

{fl,...,fn}CI‘. O
The following special I'-topologies are especially important:

(1) If X is a Banach space and X* is its conjugate space, the X*-topology for
X is called the weak topology for X (the usual norm topology is also called
the strong topology, and is clearly stronger than the weak topology).

(2) If X* is the conjugate of the Banach space X, the X—topology for X* is
called the weak™-topology for X*. It is in general weaker than the weak
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topology (i.e. the X**-topology) on X*. The basis given above (in case of
the weak*-topology) consists of the sets

N(x* 521, .. ,xn5e) = {y" € X* |y*ap — a¥xg] < €}
with * € X* 2, € X,e >0,n € N.

A net {z}} converges weak* to x* if and only if 2jz — z*z for all z € X
(this is pointwise convergence of the functions z} to 2* on X!).

Theorem 5.24 (Alaoglu’s theorem). Let X be a Banach space. Then the
(strongly) closed unit ball of X*

S*i={z" € X*;||z*| <1}
is compact in the weak™® topology.

Proof. Let
Alz) ={re G <z} (z € X),

and
A= ] Aw)
reX

with the Cartesian product topology. By Tychonoff’s theorem, A is compact.

If fe S f(x) e A(z) for each € X, so that f € A, that is, S* C A.
Convergence in the relative A-topology on S* is pointwise convergence at all
points x € X, and this is precisely weak*-convergence in S*. The theorem will
then follow if we show that S* is closed in A. Suppose {f;;i € I} is a net in
X* converging in A to some f. This means that f;(z) — f(z) for all z € X.
Therefore, for each z,y € X and A € C,

fla+Ay) =lim fi(z + Ay) = lim[fi(2) + Afi(y)]
= lim f;(z) + Mim fi(y) = f(2) + Af(y),

and since | f(z)] < ||z||, we conclude that f € S*. O

Theorem 5.25 (Goldstine’s theorem). Let S and S** be the strongly closed
unit balls in X and X**, respectively, and let k : S — S™* be the canonical embed-
ding (cf. comments following Corollary 5.8). Then kS is weak*-dense in S**.

Proof. Let xS denote the weak*-closure of kS. Proceeding by contradiction,
suppose z** € S§** is not in xkS. We apply Corollary 5.21 in the locally convex
t.v.s. X** with the weak*-topology. There exists then a (weak*-)continuous
linear functional F' on X** and a real number A such that

RF(z*) > A > supRF (&), (1)
€S

where T 1= Kkx.
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The weak*-topology on X™** is the I'-topology on X** where I" consists of
all the linear functionals on X** of the form «** — x**z*, with 2* € X*. By
Theorem 5.23, the functional F' is of this form, for a suitable x*. We can then

rewrite (1) as follows:

Rz z* > A > sup Ra"z. (2)
zeS
For any x € S, write |z*z| = wz*z with |w| = 1. Then by (2), since wx € S

whenever x € S and [|z**|| <1,
|[z¥z| = 2™ (wzx) = Re*(wz) < A < K™ 2™ < Jx™ 2| < |||

Hence

]| = sup [z < A < |l=7],
€

contradiction. O

In contrast to Theorem 5.24, we have

Theorem 5.26. The closed unit ball S of a Banach space X is weakly compact
if and only if X is reflexive.

Proof. Observe that x : S — S§*" is continuous when S and S** are endowed
with the (relative) weak and weak* topologies, respectively. (The net {z;};cr
converges weakly to x in S if and only if 2*x; — x*z for all z* € X*, i.e.
Zi(x*) — &(a*) for all x*, which is equivalent to k(z;) — k(x) weak*. This
shows actually that k is a homeomorphism of S with the relative weak topology
and kS with the relative weak* topology.) Therefore, if we assume that S is
weakly compact, it follows that kS is weak*-compact. Thus kS is weak*-closed,
and since it is weak*-dense in S** (by Theorem 5.25), it follows that kS = S**.
By linearity of x, we then conclude that kX = X** so that X is reflexive.
Conversely, if X is reflexive, kS = S** (since « is norm-preserving). But S**
is weak*-compact by Theorem 5.24 (applied to the conjugate space X**). Since
k is a homeomorphism of S (with the weak topology) and xS (with the weak*
topology), as we observed above, it follows that S is weakly compact. O

It is natural to ask about compactness of S in the strong topology (i.e. the
norm-topology). We have

Theorem 5.27. The strongly closed unit ball S of a Banach space X is strongly
compact if and only if X is finite dimensional.

Proof. If X is an n-dimensional Banach space, there exists a (linear) homeo-
morphism 7 : X — C™. Then 7§ is closed and bounded in C", hence compact,
by the Heine-Borel theorem. Therefore S is compact in X.

Conversely, if S is (strongly) compact, its open covering {B(z,1/2);z € S}
by balls has a finite subcovering {B(x,1/2);k =1,...,n} (z € S). Let Y be
the linear span of the vectors xj. Then Y is a closed subspace of X of dimension
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<n. Suppose z* € X* vanishes on Y. Given z € S, there exists k,1 < k < n,
such that x € B(z,1/2). Then

|27z = [a" (@ — zp)| < |27} [l — 2] < [l27]]/2,
and therefore
[2”|| = sup [a"z| < [|lz7[|/2,
zes
this shows that ||z*|| = 0, and so X =Y by Corollary 5.4. O

It follows from Theorems 5.24 and 5.27 that the weak*-topology is strictly
weaker than the strong topology on X* when X (hence X*) is infinite dimen-
sional. Similarly, by Theorems 5.26 and 5.27, the weak topology on an
infinite-dimensional reflexive Banach space is strictly weaker than the strong
topology.

5.6 Extremal points

As an application of the strict separation theorem (cf. Corollary 5.21), we shall
prove the Krein—-Milman theorem on extremal points.
Let X be a vector space (over C or R). If 2,y € X, denote

Ty :={az+ (1 —a)y; 0 < a < 1}.
Let K C X. A non-empty subset A C K is extremal in K if
[z,y € K; TyNn A # 0] implies [z,y € A].

If A= {a} (a singleton) is extremal in K, we say that a is an extremal point of
K the criterion for this is

[,y € K;a € Ty implies [z =1y =a].

Trivially, any non-empty K is extremal in itself. If B is extremal in A and A is
extremal in K, then B is extremal in K. The non-empty intersection of a family
of extremal sets in K is an extremal set in K.

From now on, let X be a locally convez t.v.s. and K C X. If A is a compact
extremal set in K which contains no proper compact extremal subset, we call it
a minimal compact extremal set in K.

Lemma 5.28. A minimal compact extremal set A in K is a singleton.

Proof. Suppose A contains two distinct points a, b. There exists * € X* such
that f := Ra* assumes distinct values at these points (cf. Corollary 5.21). Let
p = miny f; since A is compact, the minimum p is attained on a non-empty
subset B C A, and B # A since f is not constant on A (f(a) # f(b)!). The set B
is a closed subset of the compact set A, and is therefore compact. We complete
the proof by showing that B is extremal in A (hence in K, contradicting the
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minimality assumption on A). Let x,y € A be such that Ty N B # (. Then there
exists a € (0, 1) such that

p= flazw +(1—a)y) = af(@) + (1 - a)f(y). (1)

We have f(z) > p and f(y) > p; if either inequality is strict, we get the
contradiction p > p in (1). Hence f(z) = f(y) = p, that is, z,y € B. O

Lemma 5.29. If K # () is compact, then it has extremal points.

Proof. Let A be the family of all compact extremal subsets of K. It is non-
empty, since K € A, and partially ordered by set inclusion. If B C A is totally
ordered, then (B is a non-empty compact extremal set in K, that is, belongs
to A, and is a lower bound for B. By Zorn’s lemma, A has a minimal element,
which is a singleton {a} by Lemma 5.28. Thus K has the extremal point a. O

If EC X, its closed convexr hull to(E) is defined as the closure of its convex
hull co(E).

Theorem 5.30 (Krein—Milman’s theorem). Let X be a locally convex t.v.s.,
and let K C X be compact. Let E be the set of extremal points of K. Then
K Cco(E).

Proof. We may assume K # (), and therefore E # () by Lemma 5.29. Hence
N :=Co(F) is a non-empty closed convex set. Suppose there exists © € K such
that = ¢ N. By Corollary 5.21, there exists * € X* such that f(z) < infy f
(where f = Rz*). Let

B:{kEK;f(k):p::mI}nf}.

Then B is extremal in K (cf. proof of Lemma 5.28). Also B is a non-empty
closed subset of the compact set K, hence is a non-empty compact set, and has
therefore an extremal point b, by Lemma 5.29. Therefore, b is an extremal point
of K, that is, b € E C N. Hence

p=f(b) =inf f> f() > min f = p,

contradiction. O

Corollary 5.31. (With assumptions and notation as in Theorem 5.30.)
co(K) =co(E).

In particular, a compact convex set in a locally conver t.v.s. is the closed convex
hull of its extremal points.

Consider for example the strongly closed unit ball S* of the conjugate X* of
a normed space X. By Theorem 5.24, it is weak*-compact and trivially convex.
It is therefore the weak*-closed convex hull of its extremal points.
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The above remark will be applied as follows. Let X be a compact Hausdorff
space, let C'(X) be the space of all complex continuous functions on X, and let
M (X) be the space of all regular complex Borel measures on X (cf. Theorem 4.9).
By Theorem 4.9 (for X compact!), the space M (X) is isometrically isomorphic to
the dual space C(X)*. Its strongly closed unit ball M (X); is then weak*-compact
(by Theorem 5.24).

If A is any subset of C(X), let

y = {MGM(X);/deu=0 (feA)}. 2)

Clearly Y is weak*-closed, and therefore K := Y N M(X); is weak*-compact
and trivially convex. It follows from Corollary 5.31 that K is the weak*-closed
convex hull of its extremal points.

If A is a closed subspace of C(X) (A # C(X)), it follows from Corollary 5.4
and Theorem 4.9 that Y # {0} (and K is the strongly closed unit ball of the
Banach space Y').

Lemma 5.32. Let S be the strongly closed unit ball of a normed space Y # {0},
and let a be an extremal point of S. Then ||a| = 1.

Proof. Since Y # {0}, there exists 0 # y € S. Then 0 # —y € S and 0 =
(1/2)y+(1/2)(—y), so that 0 is not extremal for S. Therefore a # 0. Define then
b=a/lal(€ S). If ||a|| < 1, write a = ||a]|b+ (1 —]a||)0, which is a proper convex
combination of two elements of S distinct from a, contradicting the hypothesis
that a is extremal. Hence |a| = 1. O

With notations and hypothesis as in the paragraph preceding the lemma,
let © € K be an extremal point of K (so that ||u]] = 1), and let E = supp|y|
(cf. Definition 3.26). Then E # @ (since ||u| = 1!), and by Remark 4.10,

/X fdp = /E fdu (f €C(X)). (3)

Lemma 5.33. Let A # C(X) be a closed subalgebra of C(X) containing the
identity 1. For K as above, let i be an extremal point of K, and let E = supp|p|.
If f € Ais real on E, then f is constant on E.

Proof. Assume first that f € A has range in (0, 1) over E, and consider the
measures do = fdp and dr = (1 — f) dp. Write du = hd|p| with h measurable
and |h| =1 (cf. Theorem 1.46). By Theorem 1.47,

dlo| = [fhldlp| = fdlul; dir| = |1 =Fhldpl =0 =f)dul, (4

ol = /X flul = /E fdlul, (5)

Irll = /E (1 f)dlpl. (6)

hence

and similarly
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Therefore

o+ 11l = ol = el (B) = el = 1. ™
Since f and 1 — f do not vanish identically on the support E of |u|, it follows

from (5) and (6) and the discussion in Section 3.26 that ||o|| > 0 and ||| > 0.
The measures ¢/ = ¢/||o|| and 7/ = 7/||7|| are in M (X);, and for all g € A,

1
/gdo’:7/gfdu:0,
X ol Jx

1
dr' = — — Fdu =
/Xg T HT”/Xg(l f)du =0,

since A is an algebra. This means that ¢’ and 7’ are in K, and clearly

and similarly

p=lolle’ + I,

which is (by (7)) a proper convex combination. Since y is an extremal point of
K, it follows that u = ¢’. Therefore

/9UfWﬂMu:0
X

for all bounded Borel functions g on X. Choose in particular g = (f — ||o]|)h-
Then

/q—wm%m:a
E

and consequently (cf. discussion following Definition 3.26) f = ||o|| identically
on F.

If f € Aisreal on E, there exist « € R and 8 > 0 such that 0 < 8(f—a) < 1
on E. Since 1 € A, the function fy := B(f — a) belongs to A and has range
in (0, 1). By the first part of the proof, fy is constant on F, and therefore f is
constant on F. O

A non-empty subset E C X with the property of the conclusion of
Lemma 5.33 (i.e. any function of A that is real on E is necessarily constant
on F) is called an antisymmetric set (for A). If x,y € X are contained in some
antisymmetric set, they are said to be equivalent (with respect to .A). This is
an equivalence relation. Let £ be the family of all equivalence classes. If E is
antisymmetric, and E is the equivalence class of any p € F, then F C Eeck.

Theorem 5.34 (Bishop’s antisymmetry theorem). Let X be a compact
Hausdorff space. Let A be a closed subalgebra of C(X) containing the constant
function 1. Define £ as above. Suppose g € C(X) has the property:

(B) For each E € &, there exists f € A such that g = f on E.
Then g € A.
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Proof. We may assume that A # C(X). Suppose that ¢ € C(X) satisfies
Condition (B), but g ¢ A. By the Hahn—Banach theorem and the Riesz Rep-
resentation theorem, there exists v € M(X); such that thdV = 0 for all
h e Aand [ gdv # 0. In particular K # () (since v € K), and is the weak*-
closed convex hull of its extremal points. Let p be an extremal point of K. By
Lemma 5.33, the set E := supp|p| is antisymmetric for A. Let E € € be as
defined above. By Condition (B), there exists f € A such that ¢ = f on E,
hence on supp|u| := E C E. Therefore

/ngu:/deu:O

since p € K C Y and f € A. Since K is the weak*-closed convex hull of its
extremal points and v € K, it follows that [  9dv =0, contradiction! O

We say that A is selfadjoint if f € A whenever f € A. This implies of course
that Rf and Sf are in A whenever f € A (and conversely); A separates points
(of X) if whenever z,y € X are distinct points, there exists f € A such that

f(@) # f(y).

Corollary 5.35 (Stone—Weierstrass theorem). Let X be a compact
Hausdorff space, and let A be a closed selfadjoint subalgebra of C(X) containing
1 and separating points of X. Then A= C(X).

Proof. If F is antisymmetric for A and f € A, the real functions Rf, Sf €
A are necessarily constant on F, and therefore f is constant on E. Since A
separates points, it follows that E is a singleton. Hence equivalent points must
coincide, and so £ consists of all singletons. But then Condition (B) is trivially
satisfied by any g € C(X): given {p} € &, choose f = g(p)1 € A, then surely

g = fon {p}. O

5.7 The Stone—Weierstrass theorem

The Stone—Weierstrass theorem is one of the fundamental theorems of Functional
Analysis, and it is worth giving it also an elementary proof, independent of the
machinery developed above.

Let Cr(X) denote the algebra (over R) of all real continuous functions on
X, and let A be a subalgebra (over R). Since h(u) := u/? € Cg([0,1]) and
h(0) = 0, the classical Weierstrass Approximation theorem establishes the exist-
ence of polynomials p, without free coefficient, converging to h uniformly on
[0, 1]. Given f € A, the function u(x) := (f(x)?/||f]|?) : X — [0,1] belongs to
A, and therefore p,, ou € A converge uniformly on X to h(u(z)) = |f(2)|/|If]l-
Hence |f| = ||f]l - (IfI/IIf]) € A, where A denotes the closure of A in Cr(X)
with respect to the uniform norm.

If f,g € A, since

max(f,g) = 3[f+g+|f—glli  min(f.9) =3[f+9—I|f gl
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it follows from the preceding conclusion that max(f,g) and min(f, g) belong to
A as well.
Formally:

Lemma 5.36. If A is a subalgebra of Cr(X), then |f|, max(f,g) and min(f,g)
belong to the uniform closure A, for any f,g € A.

Lemma 5.37. Let A be a separating subspace of Cr(X) containing 1, then for
any distinct points x1,z9 € X and any a1, as € R, there exists h € A such that
h(xk) = g, k= ]., 2.

Proof. By hypothesis, there exists g € A such that g(z1) # g(x2). Take

Qg —

h(x) = a1 + ] [9(x) — g(x1)].

g(w2) — g(x1
O

We state now the Stone—Weierstrass theorem as an approximation theorem
(real case first).

Theorem 5.38. Let X be a compact Hausdorff space. Let A be a separating
subalgebra of Cr(X) containing 1. Then A is dense in Cr(X).

Proof. Let f € Cr(X) and € > 0 be given. Fix gy € X. For any 2’ € X, there
exists f’ € A such that

fl(@o) = flzo);  f'(a') < f(a') +¢€/2

(cf. Lemma 5.37).

By continuity of f and f’, there exists an open neighbourhood V' (z’) of 2’ such
that f' < f+eon V(a'). By compactness of X, there exist 2, € X,k =1,...,n,
such that

n
X = U V(Z‘k)
k=1
Let fr € A be the function f’ corresponding to the point 2’ = xj, as above, and
let
g :=min(f1,..., fn).

Then g € A by Lemma 5.36, and
g(wo) = f(z0); g<f+e onX.

By continuity of f and g, there exists an open neighbourhood W (xg) of zg
such that
g>f—¢€ onW(xg).

We now vary xg (over X). The open cover {W(xo);zo € X} of X has a finite
subcover {Wi,..., W}, corresponding to functions gi,...,gm € A as above.
Thus

g <f+e onX
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and

gi>f—€ onW,.
Define

h=max(g1,...,9m)-

Then h € A by Lemma 5.36, and
f—e<h<f+4+e onX.
Therefore f € A. O

Theorem 5.39 (The Stone—Weierstrass Theorem). Let X be a com-
pact Hausdorff space, and let A be a separating selfadjoint subalgebra of C(X)
containing 1. Then A is dense in C(X).

Proof. Let Agr be the algebra (over R) of all real functions in .A. It contains
1. Let x1,z2 be distinct points of X, and let then h € A be such that h(z;) #
h(xz2). Then either Rh(x1) # Rh(zz) or Sh(x1) # Sh(zz) (or both). Since
Rh = (h+h)/2 € Ag (since A is selfadjoint), and similarly 3h € Ag, it follows
that Ap is separating.

Let f € C(X). Then Rf € Cr(X), and therefore, by Theorem 5.38, there
exists a sequence g, € Ag converging to Rf uniformly on X. Similarly, there
exists a sequence h,, € Ag converging to & f uniformly on X. Then g,, +ih, € A
converge to f uniformly on X. O

5.8 Operators between Lebesgue spaces:
Marcinkiewicz’s interpolation theorem

5.40. Weak and strong types. Let (X, A, ) and (Y, B, v) be measure spaces,
and let p, ¢ € [1, 00] (presently, ¢ is not the conjugate exponent of p!) We consider
operators T defined on L” () such that T'f is a B-measurable function on Y and

IT(f+9)| <|Tfl+|Tg| (f g€l (n)). (1)

We refer to such operators T as sublinear operators. (This includes linear oper-
ators with range as above.) Let n be the distribution function of |T'f| for some
fized non-zero element f of LP(u), relative to the measure v on B, that is (cf.
Section 1.58)

n(y) :=v(|Tfl>y]) (y>0).

We say that T is of weak type (p,q) if there exists a constant 0 < M < oo
independent of f and y such that

n(y)Ve < M| fllp/y (2)

in case g < oo, and
ITflloo < M |[£]l, 3)
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in case ¢ = co. We say that T is of strong type (p, q) if there exists M (as above)
such that

ITFllq < M|Flp- (4)

The concepts of weak and strong types (p,o0) coincide by definition, while in
general strong type (p, ¢) implies weak type (p, q), because by (2) in Section 1.58
(for ¢ < 00)

n(y) < NTfllo/y < MIfllp/y- (5)

The infimum of all M for which (2) or (4) is satisfied is called the weak or strong
(p, ¢)-norm of T, respectively. By (5), the weak (p, ¢)-norm of T is no larger than
its strong (p, ¢)-norm.

A linear operator T is of strong type (p,q) iff T € B(LP(v), L(v)), and in
that case, the strong (p, ¢)-norm is the corresponding operator norm of 7T

In the sequel, we consider only the case ¢ < oo. If T is of weak type
(p,q), it follows from (2) that n is finite and n(co) = 0, and consequently,
by Theorem 1.59,

ITfl2 =g / Y= n(y) dy, (6)

where the two sides could be finite or infinite.

Let u > 0, and consider the decomposition f = f, + fI as in Section 1.61.
Since f,, and f/, are both in LP(u) (for f € LP(u)), the given sublinear operator
T is defined on them, and

ITf] < T ful + Tl (7)

Let n,, and n!, denote the distribution functions of |T'f,| and |T'f! |, respectively.
Since by (7)

ITfl >yl CTful > /2 VTSl > y/2] (y>0),

we have
n(y) < nu(y/2) +ny(y/2). (8)

We now assume that T is of weak types (r,s) and (a,b), with r < s and a < b,
and s # b. We consider the case r # a (without loss of generality, v > a) and
s > b. Denote the respective weak norms of 7' by M and N, and

s/r:=0 (>1), b/a:= 0 (>1).

Let a < p < rand f € LP(u). By Section 1.61, f, € L™(u) and f,, € L*(u).
Since T is of weak type (r, s) with weak (r, s)-norm M, we have

nu(y) < My~ full;- 9)

Since T is of weak type (a,b) with weak (a,b)-norm N, we have

mu(y) < Ny ~° |l fulla- (10)
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By (9)-(10), o
ny) < M)y~ ([ fullz + Nyl fulla- (11)
Let b < ¢ < s. By Theorem 1.59 and (11),

(1/g)ITf]2 = / Y1 n(y) dy

< (2M)° / Y fullf dy + (2N / O dy. (12)
0 0

Since a < p < r, we may apply Formulae (8) and (9) of Section 1.61; we then
conclude from (12) that

ez < ey [Tyt ([ tne) dv)g dy

+ (2N)a? /0 b ( /u ~ 0= W Im(v) du>6 dy.  (13)

In this formula, we may also take u dependent monotonically on y (integrability is
then clear). Denote the two integrals in (13) by ® and ¥. Since o, 5 > 1, it follows
from Corollary 5.8 and Theorem 4.6 (applied to the spaces L7 (R, M, y9=5~1 dy)
and LA (R*, M, y?=°~1 dy) respectively, where M is the Lebesgue o-algebra over
R™T) that

w07 —sup [y ([T i) ) (14
0 0

where the supremum is taken over all measurable functions g > 0 on RT such
that fooo y?=*"1g% (y)dy < 1 (¢’ denotes here the conjugate exponent of o).
Similarly

oo oo
w7 —sup [Ty ([T a s 0)
0 u
where the supremum is taken over all measurable function A > 0 on RT such
that [ y9=*='h% (y)dy < 1 (B’ is the conjugate exponent of 3).

We now choose u = (y/c)*, where c,k are positive parameters to be
determined later. By Tonelli’s theorem, the integral in (14) is equal to

/ v tm(v) (/ y " lg(y) dy) dv.
0 cvl/k
By Holder’s inequality on the measure space (R*, M,y?=5"1dy), the inner
integral is
0 1/o0 00 , 1/0’
< (/ yq‘s‘ldy) (/ v (y) dy)
cvl/k 0

q—s |©
< Y
S\g=5

1/o
> (5 — q)- Vo cla=9)/oyla=)/ko

cvl/k
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Consequently

o (e
P < (s—q) tet™® (/ p" A=) ko () dv) . (16)
0

Similarly, the integral in (15) is equal to
k

/Ooo (/Ocvl/ yq—b—lh(y)[v—(y/c)k}a—ldy>m(v) "

1/k

< [Tem@( [T ) ao

1/k

0o cv/® 1/8 cvl/
< [Temmo [Tea) (]
0 0 0

[eS) yq_b cvl/* 1/8
g/ va_lm(v)( ) dv
0 q—>bl,

(g b)"YBcla=D)/5 /OO WD W8 ) .
0

k

/8
y? 1P (y)dy> dv

Therefore 5

U< (qg—b)tet™® (/ pa IO/ kB () dv) : (17)

0
Since b < g < s, the integrals in (16) and (17) contain the terms v*~! and v*~!
respectively, with k :=r + (¢ — s)/ko <r and A :==a+ (¢ — b)/kS > a. Recall
that we also have a < p < r. If we can choose the parameter k so that kK = A = p,
then by Corollary 1.60 both integrals will be equal to (1/p)| f||5. Since 8 = b/a
and o = s/r, the unique solutions for k of the equations x = p and A = p are
s—4q

k:(a/b)g and k= (r/s).— . (18)

respectively, so that the above choice of k is possible iff the two expressions in
(18) coincide. Multiplying both expressions by p/q, this condition on p,q can be

rearranged as
(1/b) - (1/q) _ (1/q) —(1/s)

(1/a)=(1/p)  (A/p) = (1/r)’
(1/6) = (1/q) _ (1/a)—(1/p) (19)

or equivalently

(1/q) = (1/s) — (1/p) = (1/r)’
that is, 1/p and 1/q divide the segments [1/r,1/a] and [1/s,1/b], respectively,
according to the same (positive, finite) ratio. Equivalently,

1 1 1 1 1 1
—=1—-t)—+t—; - =1—-%)—-+1t- 20
I S (EUE R (20)

for some t € (0,1).
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With the above choice of k, it now follows from (13), (16), and (17) that
L/ DITFIE < @M)*(r/p)7 (s — @)~ e Il fII}7
+(2N)*(a/p)’ (g —b) " | FII°. (21)
We now choose the parameter ¢ in the form
¢ = 2M)*2N)*|I £y,

with x, z, w real parameters to be determined so that the two summands on the
right-hand side of (21) contain the same powers of M, N, and || f||,, respectively.
This yields to the following equations for the unknown parameters z, z, w:

st+(g—s)z=(q—b)z; b+(¢—b)z=(q—s)z po+(q—s)w=ps+(¢—bw.
The unique solution is

5 B fb. B o—pf
s—b ~ T s—p TP Ty

With the above choice of ¢, the right-hand side of (21) is equal to
[(r/p)7 (s —q) " + (a/p)’ (g —b) 1] (2M)*(@=D/ (=0 (N )Plo= )/ (=0 1 (22)

where

B B o—03 . s—q q—>b
v=EBH b))y = o

= t(g/a) + (L =1)(¢/7) = q/p,
by the relations (20) and 5 = b/a, o = s/r. By (20), the exponents of 2M and 2N

in (22) are equal to (1 — t)q and tq, respectively. By (21) and (22), we conclude
that

ITfllg < KM NI £,

where
K 5= 20"(r/p)" /" (s = ) + (a/p)"/ (= )

does not depend on f. Thus T is of strong type (p,q), with strong (p,q)-norm
< KM'7*N*. Note that the constant K depends only on the parameters a,, b, s
and p, ¢; it tends to oo when ¢ approachs either b or s.

A similar argument (which we shall omit) yields the same conclusion in case
s < b. The result (which we proved for r # a and finite b, s) is also valid when
r = a and one or both exponents b, s are infinite (again, we omit the details).
We formalize our conclusion in the following

Theorem 5.41 (Marcinkiewicz’s interpolation theorem). Let 1 < a <
b<ooand1l <r<s<oo. For0<t<1,letp,q be such that

1 1 1 1 1 1
- =1-t)—-+t- d —-=1—-¢t)—-+1t-. 23
C=(—fr et md = (10 (23)
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Suppose that the sublinear operator T is of weak types (r,s) and (a,b), with
respective weak norms M and N. Then T is of strong type (p,q), with strong
(p,q)-norm <KM'"™!Nt.

The constant K depends only on the parameters a,b,r, s and t. For a,b,r, s
fixed, K = K (t) is bounded for t bounded away from the end points 0, 1.

Corollary 5.42. Let a,b,r,s,t be as in Theorem 5.41. For any p,q € [1,00],
denote the strong (p,q)-norm of the sublinear operator T' by ||T||pq. If T is of
strong types (r,s) and (a,b), then T is of stong type (p,q) whenever (23) is
satisfied, and

1Tl < K|IT

with K as in Theorem 5.41.

ST

|1
[ a,b’

In particular,

B(L (X, A, ), (Y, B,w)) 0 B (X, A, ), IV(Y, B, )
C B(LP(X, A, n), LYY, B,v)).

Exercises

1. A Banach space X is separable if it contains a countable dense subset. Prove
that if X* is separable, then X is separable (but the converse is false). Hint:
let {z*} be a sequence of unit vectors dense in the unit sphere of X*. Pick
unit vectors x, in X such that |z%z,| > 1/2. Use Corollary 5.5 to show
that span {z,} is dense in X; the same is true when the scalars are complex
numbers with rational real and imaginary parts.

2. Consider the normed space
CM(R) := {f € C.(R); f® € C.(R),k =1,...,n},
with the norm

1= 1P
k=0

Given ¢ € C?(R), prove that there exist complex Borel measures u; (k =

0,...,n) such that
¢(f) =Z/f(k) dyuk
/R
for all f € C?(R). Hint: consider the subspace

Z=Alff..., f™M]; f € CM(R)}

of Cp x --- x C, (n+1 times). Define ¢ on Z by ¥([f, f', ..., f™]) = o(f).
(Cf. Exercise 3, Chapter 4.)
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3. Let X be a Banach space, and let I' C X* be (norm) bounded and weak*-
closed. Prove:

(a) T is weak*-compact.

(b) IfTis also convex, then it is the weak*-closed convex hull of its extremal
points.

4. Let X,Y be normed spaces and T € B(X,Y). Prove that T is continuous
with respect to the weak topologies on X and Y, and T* : Y* — X*
is continuous with respect to the weak*-topologies on Y* and X*. (Recall
that the Banach adjoint 7% of T € B(X) is defined by means of the identity
(T*y* )z =y*(Tx),z € X,y* € Y*)

5. Let p,q € [1,00] be conjugate exponents, and let (X, .4, u) be a positive
measure space. Let g be a complex measurable function on X such that
llg|lq < M for some constant M. Then ||fg|l1 < M]||f||, for all f € LP(u)
(by Theorems 1.26 and 1.33). Prove the converse!

Uniform convexity

6. Let X be a normed space, and let B and S denote its closed unit ball and
its unit sphere, respectively. We say that X is uniformly convez (u.c.) if
for each € > 0 there exists 0 = d(e¢) > 0 such that ||z — y|| < € whenever
x,y € B are such that ||(z +y)/2|| > 1 — 4. Prove:

(a) X is u.c. iff whenever x,,y, € S are such that ||z, +y,| — 2, it follows
that ||z, — yn|| — 0.

(b) Every inner product space is u.c.

(¢) Let X be a u.c. normed space and {x,} C X. Then z,, —» z € X
strongly iff z,, — 2 weakly and ||z, — [|z||. (Hint: suppose z,, —
weakly and ||z,| — ||z||. We may assume that z,,x € S. Pick 2§ € X*
such that zfz = 1 = ||z, cf. Corollary 5.7.)

(d) The ‘distance theorem’ (Theorem 1.35) is valid for a u.c. Banach space
X.

The following parts are steps in the proof of the result stated in Part
(1) below.

(e) Let X be a u.c. Banach space, and let €, § be as in the definition above.
Denote by S* and S** the unit spheres of X* and X**, respectively.
Given z§* € S**, there exists z§ € S* such that |z{*zf — 1| < 4. Also
there exists x € B such that |x{z — 1| < 4. Define

Es ={x € B;|zvjz — 1] <} 0).

Show that ||z — y|| < € for all x,y € Es.
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(f) In any normed space X, the set
U:={z" e X™;|a"z; — 1| < 0}

is a weak*-neighbourhood of x§*.

(g) For any weak*-neighbourhood V' of z§*, the weak*-neighbourhood
W =V NU of z§* meets kB. (k denotes the canonical imbedding
of X in X**.) Thus V Nk(E;s) # 0, and therefore x3* belongs to the
weak*-closure of k(Es). (Cf. Goldstine’s theorem.)

(h) Fix # € Es. Then z{* € kx + eB**, where B** denotes the (norm)
closed unit ball of X**. (Hint: apply Parts (e) and (g), and the fact
that B** is weak*-compact, hence weak*-closed.)

(i) Conclude from Part (h) that d(xz§*, kB) = 0, and therefore z§* € KB
since kB is norm-closed in X** (cf. paragraph preceding Theorem 5.9).
This proves the following theorem: uniformly convex Banach spaces are

reflexive.
Let {6,}22, € I°° be such that there exists a positive constant K for which
N N
<K t".
> | S K max |} an
n=0 n=0
for all ag,...,ay € Cand N =0,1,2,... Prove that there exists a unique
regular complex Borel measure p on [0, 1] such that 3, = fol t"™ dy for all
n=0,1,2,.... Moreover ||u|| < K. Formulate and prove the converse.

8. Prove the converse of Theorem 4.4.



6

Bounded operators

We recall that B(X,Y") denotes the normed space of all bounded linear mappings
from the normed space X to the normed space Y. The norm on B(X,Y) is the
operator norm

T
IT| = sup |Tz| = sup [Tz] = sup [Tof = sup L2l
lzll<1 lz|l<1 llz|l=1 0LzEX ]|

The elements of B(X,Y") will be referred to briefly as operators.

Two of the basic theorems about B(X,Y), the Uniform Boundedness
Theorem and the Open Mapping Theorem, use so-called category arguments in
their proofs. These are based on Baire’s theorem about complete metric spaces.

6.1 Category

Theorem 6.1 (Baire’s theorem). Let X be a complete metric space (with
metric d), and let {V;} be a sequence of open dense subsets of X. Then V :=
Mooy Vi is dense in X.

Proof. Let U be a non-empty open subset of X. We must show that U NV # ().

Since V; is dense, it follows that the open set U N Vi is non-empty, and we
may then choose a closed ball B(z1,71) := {x € X;d(z,71) <7} CUNV; with
radius r; < 1. Let B(zy1,71) := {z € X;d(z,21) < r1} be the corresponding open
ball. Since V5 is dense, it follows that the open set B(z1,71) N V4 is non-empty,
and we may then choose a closed ball B(z2,7m2) C B(x1,71) N Vo with radius
ro < 1/2. Continuing inductively, we obtain a sequence of balls B(x,,r,) with
r < 1/m, such that

B(xp,rn) C B(xp—1,"n-1)NV, forn=23,....

If i,j > n, we have x;,x; € B(xp,7,), and therefore d(z;,z;) < 2r, < 2/n.
This means that {z;} is a Cauchy sequence. Since X is complete, the sequence
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converges to some z € X. For i > n,z; € B(xy,m,) (a closed set!), and therefore
x € B(zp, ) CUNV, for all n, that is, t € UNV. O

Definition 6.2. A subset E of a metric space X is nowhere dense if its closure
E has empty interior. A countable union of nowhere dense sets in X is called a
set of (Baire’s) first category in X. A subset of X which is not of first category
in X is said to be of (Baire’s) second category in X.

The family of subsets of first category is closed under countable unions.
Subsets of sets of first category are of first category.

Using category terminology, Baire’s theorem has the following variant form,
which is the basis for the ‘category arguments’ mentioned above.

Theorem 6.3 (Baire’s category theorem). A complete metric space is of
Baire’s second category in itself.

Proof. Suppose the complete metric space X is of Baire’s first category in itself.

Then
X:U&

with E; nowhere dense (i = 1,2,...). Hence X = |J, E;. Taking complements,
we see that

((E)® =0.

K3
Since E; are nowhere dense, the sets in the above intersection are open dense
sets. By Baire’s theorem, the intersection is dense, a contradiction. O

6.2 The uniform boundedness theorem

Theorem 6.4 (The uniform boundedness theorem, general version).
Let X,Y be normed spaces, and let T C B(X,Y). Suppose the subspace

Z :={x € X;sup |Tx| < oo}
TeT

is of Baire’s second category in X. Then

sup ||T|| < 0.
TeT

Proof. Denote
r(z) = sup |Tz|| (z € 2Z).
TeT

If Sy := By (0,1) is the closed unit ball in Y, then for all T € 7, Tz € r(z)Sy C
nSy if x € Z and n is an integer > r(x). Thus T(x/n) € Sy for all T € T,
that is,
x/n € ﬂ T7'Sy .= E
TeT



6.2. The uniform boundedness theorem 155

for n > r(x). This shows that

ZCUnE.

Since Z is of Baire’s second category in X and nE are closed sets (by continuity
of each T € T), there exists n such that nE has non-empty interior. How-
ever, multiplication by scalars is a homeomorphism; therefore F has non-empty
interior E°. Let then Bx(a,d) C E. Then for all T € T,

§TBx(0,1) = TBx(0,8) = T[Bx(a,8) — a] = TBx(a,6) — Ta
CTE —TacC Sy — Sy C 2Sy.
Hence TBx(0,1) C (2/6)Sy for all T € 7. This means that

2
sup |77 < =.
TeT
O

If X is complete, it is of Baire’s second category in itself by Theorem 6.3.
This implies the non-trivial part of the following.

Corollary 6.5 (The uniform boundedness theorem). Let X be a Banach
space, Y a normed space, and T C B(X,Y). Then the following two statements
are equivalent

sup [|[Tz|| < 0o forallz € X; (i)
TeT
sup ||T]| < oco. (ii)
TeT
Corollary 6.6. Let X be a Banach space, Y a normed space, and let {T}, }nen C

B(X,Y) be such that
JlimT,x :=Tx forallx € X.
n

Then T € B(X,Y) and ||T| < liminf, [|T,] < sup,, ||Tm] < oo.

Proof. The linearity of T is trivial. For each x € X,sup, |[Thz| < oo (since
lim,, T,z exists). By Corollary 6.5, it follows that sup,, | 7,| := M < co. For all
unit vectors € X and all n € N, ||T,z|| < ||T,,||; therefore

ITz|| = lim || Tyz| < liminf ||T5,|| < M,
n n
that is, | T|| < liminf, ||T,|| < sup, [|T,] < oc. O

Corollary 6.7. Let X be a normed space, and E C X. Then the following two
statements are equivalent:

sup [z"z| < oo for allz* € X™. (1)
zeE

sup ||z|| < oo. (2)
reE
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Proof. Let 7 := kE C (X*)* = B(X*,C), where s denotes the canonical
embedding of X into X**. Then (1) is equivalent to

sup |(kx)z*| < oo for all 2™ € X™,
kx€T

and since the conjugate space X* is complete (cf. Corollary 4.5), Corollary 6.5
shows that this is equivalent to

sup ||kz|| < 0.
k€T

Since « is isometric, the last statement is equivalent to (2). O

Combining Corollaries 6.7 and 6.5, we obtain
Corollary 6.8. Let X be a Banach space, Y a normed space, and T C B(X,Y).
Then the following two statements are equivalent

sup ["Tz| < oo forallz e X,z* € X*. (3)
TeT

sup || < oo (4)
TeT

6.3 The open mapping theorem

Lemma 1. Let X,Y be normed spaces and T € B(X,Y). Suppose the range
TX of T is of Baire’s second category in Y, and let € > 0 be given. Then there
exists 6 > 0 such that

By (0,0) C TBx(0,¢). (1)
Moreover, one has necessarily 6 < ||Te.

The bar sign stands for the closure operation in Y.

Proof. We may write

X = U Bx(0,ne/2),
n=1

and therefore

TX = | ) TBx(0,ne/2).
n=1
Since TX is of Baire’s second category in Y, there exists n such that
TBx(0,n€e/2) has non-empty interior. Therefore, TBx(0,€/2) has non-empty
interior (because T is homogeneous and multiplication by n is a homeomorph-
ism of Y onto itself). Let then By (a,d) be a ball contained in it. If y € By (0, ),
then
a,a+1y € By(a,é) C TB)((O,E/2),

and therefore there exist sequences

{:L';CL {1‘%} C Bx (0, 6/2)
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such that
Tz, —a+y;, Tz) — a.

Let zy = o}, — x}. Then ||| < ||zi] + |27 < € and
Tz =Tz, —Tz] — (a+y) —a=y,

that is, {zx} C Bx(0,¢) and y € TBx(0, €). This proves (1).
We show finally that the relation § < ||T||e follows necessarily from (1). Fix
y € Y with |Jy]| =1 and 0 < ¢t < 1. Since tdy € By (0,9), it follows from (1)
that for each k € N, there exists x € Bx(0,¢€) such that |[tdy — Tz|| < 1/k.
Therefore
t6 = [[tdyl| < [[toy — Tyl + [Tz ||

<1/k+|T| e
Letting K — oo and then ¢t — 1, the conclusion follows. O

Lemma 2. Let X be a Banach space, Y a normed space, and T € B(X,Y).
Suppose TX is of Baire’s second category in Y, and let € > 0 be given. Then
there exists § > 0 such that

By(O,é) C TBx(O,E). (2)

Comparing the lemmas, we observe that the payoff for the added complete-
ness hypothesis is the stronger conclusion (2) (instead of (1)).

Proof. We apply Lemma 1 with ¢, = ¢/2""1,n = 0,1,2,.... We then obtain
dn > 0 such that

By (0,8,) C TBx(0,6,) (n=0,1,2,...). (3)

We shall show that (2) is satisfied with ¢ := dy.
Let y € By (0,0).
By (3) with n = 0, there exists g € Bx (0, ¢p) such that

lly = Txol| < 01,

that is, y — T'zp € By (0, d1).
By (3) with n = 1, there exists #; € Bx(0,€1) such that

|(y — Txo) — T1]| < a.

Proceeding inductively, we obtain a sequence {z,;n = 0,1,2,...} such that (for
n=0,12,..)
xn € Bx(0,€,) (4)

and
ly —T(xo + -+ zn)|| < dnta. (5)
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Write
Spn =20+ -+ Tn.

Then for non-negative integers n > m

[sn = smll = [Tm41 -+ 2nll < zmiall + - + |2l
€ € €
<gmr T T g < gt (6)

so that {s,} is a Cauchy sequence in X.

Since X is complete, s := lim s,, exists in X. By continuity of 7" and of the
norm, the left-hand side of (5) converges to ||y — T's|| as n — oo. The right-
hand side of (5) converges to 0 (cf. Lemma 1). Therefore y = T's. However by
(6) with m = 0, ||sn, — sol| < €/2 for all n; hence ||s — x| < €/2, and by (4)
[Is|l < llzoll + || — xol| < €. This shows that y € TBx(0,€). O

Theorem 6.9 (The open mapping theorem). Let X be a Banach space,
and T € B(X,Y) for some normed space Y. Suppose TX is of Baire’s second
category in Y. Then T is an open mapping.

Proof. Let V be a non-empty open subset of X, and let y € TV. Let then z € V
be such that y = Tx. Since V is open, there exists € > 0 such that Bx(z,€¢) C V.
Let § correspond to € as in Lemma 2. Then
By (y,0) =y + By(0,0) C Tx + TBx(0,¢) = T[xz + Bx(0,¢)]
=TBx(z,¢) CTV.
This shows that T'V is an open set in Y. O

Corollary 6.10. Let X,Y be Banach spaces, and let T € B(X,Y) be onto.
Then T is an open map.

Proof. Since T is onto, its range TX = Y is a Banach space, and is therefore
of Baire’s second category in Y by Theorem 6.3. The result then follows from
Theorem 6.9. O

Corollary 6.11 (Continuity of the inverse). Let X,Y be Banach spaces,
and let T € B(X,Y) be one-to-one and onto. Then T~' € B(Y, X).

Proof. By Corollary 6.10, T is a (linear) bijective continuous open map, that
is, a (linear) homeomorphism. This means in particular that the inverse map is
continuous. O

Corollary 6.12. Suppose the vector space X is a Banach space under two norms
|- le, & = 1,2. If there exists a constant M > 0 such that |z|2 < M ||z||1 for
all x € X, then there exists a constant N > 0 such that ||z|1 < N ||z||2 for all
zeX.

Norms satisfying inequalities of the form

1
izl < llzlls < Mlzll - (2 € X)
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for suitable constants M, N > 0 are said to be equivalent. They induce the same
metric topology on X.

Proof. Let T be the identity map from the Banach space (X, - ||1) to the
Banach space (X, || - ||2). Then T is bounded (by the hypothesis on the norms),
and clearly one-to-one and onto. The result then follows from Corollary 6.11. [J

6.4 Graphs

For the next corollary, we consider the cartesian product X x Y of two normed
spaces, as a normed space with the usual operations and with the norm

s ylll = Nzl +flyll (2, 9] € X xY).

Clearly the sequence {[z,,y,]} is Cauchy in X x Y if and only if both sequences
{z,} and {y,} are Cauchy in X and Y, respectively, and it converges to [x,y]
in X x Y if and only if both z,, — x in X and y, — y in Y. Therefore, X x Y
is complete if and only if both X and Y are complete.

Let T be a linear map with domain D(T") C X and range in Y. The domain
is a subspace of X. The graph of T is the subspace of X x Y defined by

I(T) :={[z,Tz];x € D(T)}.

If T(T) is a closed subspace of X x Y, we say that T is a closed operator. Clearly
T is closed if and only if whenever {x,} C D(T) is such that z, — z and
Tz, — y, then x € D(T) and Tx = y.

Corollary 6.13 (The closed graph theorem). Let XY be Banach spaces
and let T be a closed operator with D(T) = X and range in Y. Then T €
B(X,Y).

Proof. Let Px and Py be the projections of X xY onto X and Y, respectively,
restricted to the closed subspace T'(T) (which is a Banach space, as a closed
subspace of the Banach space X xY'). They are continuous, and Py is one-to-one
and onto. By Corollary 6.11, Py ! is continuous, and therefore the composition
Py o P);l is continuous. However

Py o Px'z = Py, To] =Tz (v € X),
that is, T' is continuous. O

Remark 6.14. The proof of Lemma 2 used the completeness of X to get the con-
vergence of the sequence {s,,}, which is the sequence of partial sums of the series
>~ x. The point of the argument is that, if X is complete, then the convergence
of a series Yz in X follows from its absolute convergence (that is, the conver-
gence of the series ) ||zx||). This property actually characterizes completeness
of normed spaces.



160 6. Bounded operators

Theorem 6.15. Let X be a normed space. Then X is complete if and only if
absolute convergence implies convergence (of series in X ).

Proof. Suppose X is complete. If > ||z || converges and s, denote the partial
sums of > xy, then for n > m

n

>

k=m-+1

n

< 3 a0

k=m-+1

|50 — smll =

as m — oo, and therefore {s,} converges in X.

Conversely, suppose absolute convergence implies convergence of series in X.
Let {z,} be a Cauchy sequence in X. There exists a subsequence {z,, } such
that

||xnk+1 - xnk” < 9k

2
(cf. proof of Lemma 1.30). The series

o0
Tn, + Z(xnk+1 - m"k)

k=1

converges absolutely, and therefore converges in X. Its (p — 1)-th partial sum is
Tp,, and so the Cauchy sequence {x,} has the convergent subsequence {xy }; it
follows that {x,} itself converges. O

6.5 Quotient space

If M is a closed subspace of the Banach space X, the vector space X/M is a
normed space for the quotient norm

[[z]]| == dist{0, [z]} := inf [|y]|,
y€(z]

where [z] := 2+ M. The properties of the norm are easily verified; the assumption
that M is closed is needed for the implication ||[z]|| = 0 implies [x] = [0]. For
later use, we prove the following.

Theorem 6.16. Let M be a closed subspace of the Banach space X. Then X/M
s a Banach space.

Proof. Let {[z,]} be a Cauchy sequence in X/M. It has a subsequence {[z]]}

such that )

zha] =[]l < Sntl

/

(cf. proof of Lemma 1.30). Pick y; € [#}] arbitrarily. Since

inf |y — il = lllz5 — 4] < 1/4,
y€E[zh]
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there exists yo € [z5] such that ||y2 — y1|| < 1/2. Assuming we found y; € [z}],
k=1,...,n, such that ||yrs1 — yi| < 1/2% for k < n — 1, since

1

inf |y —ynl = ||[33;L+1] — [zl < ont1’

yE[zy, 4]

there exists y,41 € [2],,] such that

2
[Yn+1 — ynll < il = 1/2".

The series

oo
Y1+ Z(yn+1 ~ Yn)

n=1

converges absolutely, and therefore converges in X, since X is complete (cf.
Theorem 6.15). Its partial sums y,, converge therefore to some y € X. Then

az] = Wl = llyal = W= llyn = ¥l < llyn =yl — 0.

Since the Cauchy sequence {[x,]} has the convergent subsequence {[x}]}, it
follows that it converges as well. O

Corollary 6.17. The natural map w : x — [z]| of the Banach space X onto the
Banach space X/M (for a given closed subspace M of X ) is an open mapping.

Proof. The map 7 is a norm-decreasing, hence continuous, linear map of the
Banach space X onto the Banach space X/M; therefore, 7 is an open map by
Corollary 6.10. O

6.6 Operator topologies

The norm topology on B(X,Y) is also called the uniform operator topology. This
terminology is motivated by the fact that a sequence {T},} C B(X,Y) converges
in the norm topology of B(X,Y) iff it converges (strongly) pointwise, uniformly
on every bounded subset of X (that is, the sequence {T,,x} converges strongly
in Y, uniformly in 2 on any bounded subset of X). Indeed, if ||T;,, — T'|| — 0,
then for any bounded set Q C X,

sup [Tz — Tw|| < ||T, — T|| sup [lz]| — 0,
zEQ TEQ

so that T,z — Tz strongly in Y, uniformly on Q. Conversely, if T,,x converge
strongly in Y uniformly for x in bounded subsets of X, this is true in particular
for z in the unit ball S = Sx. Hence as n,m — oo,

T, — Tl :=sup |[(T, — Tin)z|| = sup || Tz — Trpz|| — 0.
zeS €S
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If Y is complete, B(X,Y) is complete by Theorem 4.4, and therefore T,, converge
in the norm topology of B(X,Y).

We shall consider two additional topologies on B(X,Y), weaker than the
uniform operator topology (u.o.t.). A net {T};j € J} converges to T in the
strong operator topology (s.o.t.) of B(X,Y) if Tjx — Tz strongly in Y, for
each x € X (this is strong pointwise convergence of the functions T}!). Since
the uniformity requirement has been dropped, this convergence is clearly weaker
than convergence in the u.o.t. If one requires that Tjx converge weakly to T'x
(rather than strongly!), for each € X, one get a still weaker convergence
concept, called convergence in the weak operator topology (w.o.t.).

The s.o.t. and the w.o.t. may be defined by giving bases as follows.

Definition 6.18.

1. A base for the strong operator topology on B(X,Y') consists of all the sets
of the form

N(T,F,e) :={S € B(X,Y);||(S—T)z|| < e,z € F},

where T' € B(X,Y), F C X is finite, and € > 0.

2. A base for the weak operator topology on B(X,Y) consists of all sets of
the form

N(T,F,Ae) :={S e B(X,Y);|y"(S—T)x| <e,x € F, y* € A},
where T'€ B(X,Y),F C X and A C Y* are finite sets, and ¢ > 0.

The sets N are referred to as basic neighbourhoods of T in the s.o.t. (w.o.t.,
respectively). It is clear that net convergence in these topologies is precisely as
described above.

Since the bases in Definition 6.18 consist of convex sets, it is clear that
B(X,Y) is a locally convex topological vector space (t.v.s.) for each of the above
topologies. We denote by B(X,Y)so. and B(X,Y )y, the t.v.s. B(X,Y) with
the s.o.t. and the w.o.t., respectively.

Theorem 6.19. Let X,Y be normed spaces. Then
B(X,Y), = BX,Y),,.-
Moreover, the general form of an element g of this (common) dual is

9(T) =Y yiTz, (T € B(X,Y)),
k

where the sum is finite, z, € X, and yj € Y.

Proof. Let g € B(X,Y)Z, . Since g(0) = 0, strong-operator continuity of g at
zero implies the existence of € > 0 and of a finite set F' = {z1,...,x,}, such that
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lg(T)| <1 for all T' € N(0, F,€). Thus, the inequalities

ITaxl < (k=1,....n) 1)
imply [g(T)] < 1.

Consider the normed space Y™ with the norm ||[y1, ..., ys]|| :== >4 ||yxl|. One
verifies easily that (Y™)* is isomorphic to (Y*)": given I' € (Y™)*, there exists
a unique vector [y7,...,y5] € (Y*)" such that

D([yr, - ynl) = D Ui (2)
k

for all [y1,...,yn) € Y™
With z1,...,2, as in (1), define the linear map

®:B(X,Y) > Y"
by
O(T) = [Txy,...,Tx,] (T € B(X,Y)).
On the range of ® (a subspace of Y™!), define I" by
N®(T)) =9g(T) (T e B(X,Y)).

If T,S € B(X,Y) are such that ®(T) = ®(S), then &(m(T — S)) = 0, so that
m(T — S) satisty (1) for all m € N. Hence m|g(T — S)| = |g(m(T — S))| < 1
for all m, and therefore g(T)) = ¢(5). This shows that I' is well defined. It
is clearly a linear functional on range(®). If ||®(T)| < 1, then ||(eT)zk|| < €
for all k, hence |g(eT)| < 1, that is, |[T'(®(T))|(= |¢9(T)]) < 1/e. This shows
that T' is bounded, with norm < 1/e. By the Hahn—Banach theorem, I' has an
extension as an element ' € (Y")*. As observed above, it follows that there exist
Y5, ..oyt € Y* such that T([y1, ..., yn]) = >x ¥iys- In particular,

g(T) =T([Txy,..., Tan)) = Y yiTax (3)
k

for all T € B(X,Y).

In particular, this representation shows that g is continuous with respect to
the w.o.t. Since (linear) functionals continuous with respect to the w.o.t. are
trivially continuous with respect to the s.o.t., the theorem follows. O

Corollary 6.20. A convex subset of B(X,Y) has the same closure in the w.o.t.
and in the s.o.t.

Proof. Let K C B(X,Y) be convex (non-empty, without loss of generality),
and denote by K and K, its closures with respect to the s.o.t. and the w.o.t.,
respectively. Since the w.o.t. is weaker than the s.o.t., we clearly have Ky C K.
Suppose there exists T € K, such that T ¢ K. By Corollary 5.21, there exists
feB(X,Y), such that

S.0.

RF(T) < inf Rf(S). (4)

SeK,

By Theorem 6.19, f € B(X,Y)% .. Since T € Ky, and K C Kj, it follows that
infgex. Rf(S) <infgerx Rf(S) < Rf(T), a contradiction. O
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Exercises

1. Let X be a Banach space, Y a normed space, and T € B(X,Y). Prove
that if TX # Y, then T'X is of Baire’s first category in Y.

2. Let X,Y be normed spaces, and T' € B(X,Y). Prove that

1T} = sup{ly"Tz|;x € X,y" € Y7, |lzf| = [y = 1}.

3. Let (S,A,u) be a positive measure space, and let p,g € [1,00] be
conjugate exponents. Let T : LP () — LP(u). Prove that

I = sup {\ [ du‘;f € 09 € L Il = lall =1}

(In case p =1 or p = oo, assume that the measure space is o-finite.)

4. Let X be a Banach space, {Y,;a € I} a family of normed spaces, and
T, € B(X,Y,), (a € I). Define

Z = {:L’ € X;sup ||Toz|| = oo}.
ael

Prove that Z is either empty or a dense G5 in X.

5. Let X,Y be Banach spaces, and let T : D(T) C X — Y be a closed
operator with range R(T') of the second category in Y. Prove:

(a) R(T) =Y.

(b) There exists a constant ¢ > 0 such that, for each y € Y, there exists
x € D(T) such that y = Tz and ||z|| < ¢||y]|-

(¢) If T is one-to-one, then it is bounded.
(Hint: adapt the proof of Theorem 6.9.)

6. Let m denote Lebesgue measure on the interval [0, 1], and let 1 < p < r <
oo. Prove that the identity map of L"(m) into LP(m) is norm decreasing
with range of Baire’s first category in LP(m).

7. Let X be a Banach space, and let T : D(T) C X — X be a linear
operator. Suppose there exists o € C such that (ol — T)~! € B(X).
Let p(\) = Y. cxA\* be any polynomial (over C) of degree n > 1. Prove
that the operator p(T) := >_ ¢ T* (with domain D(T™)) is closed. (Hint:
induction on n. Write p(A) = (A — a)g(\) + r, where the constant r may
be assumed to be zero, without loss of generality, and ¢ is a polynomial
of degree n — 1.)

8. Let X,Y be Banach spaces. The operator T € B(X,Y) is compact if
the set TBx is conditionally compact in Y (where Bx denotes here the
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closed unit ball of X). Let K(X,Y") be the set of all compact operators
in B(X,Y). Prove:

(a) K(X,Y) is a (norm-)closed subspace of B(X,Y).
(b) If Z is a Banach space, then

K(X,Y)B(Z,X)C K(Z,Y) and B(Y,Z)K(X,Y)C K(X,Z).

In particular, K(X) := K (X, X) is a closed two-sided ideal in B(X).

(¢) T € B(X,Y) is a finite range operator if its range TX is finite
dimensional. Prove that every finite range operator is compact.

Adjoints

9. Let X,Y be Banach spaces, and let T': X — Y be a linear operator with
domain D(T) C X and range R(T). If T is one-to-one, the inverse map
T~ is a linear operator with domain R(T) and range D(T).

If D(T) is dense in X, the (Banach) adjoint 7% of T is defined as
follows:

D(T*)={y* € Y*;y" o T is continuous on D(T')}.

Since D(T) is dense in X, it follows that for each y* € D(T™) there exists
a unique extension z* € X* of y* o T (cf. Exercise 1, Chapter 4); we set
x* = T*y*. Thus, T* is uniquely defined on D(T™*) by the relation

(T*y" )z =y*(Tz) (xz € D(T)).
Prove:

(a) T* is closed. If T is closed, D(T*) is weak*-dense in Y*, and if Y is
reflexive, D(T*) is strongly dense in Y*.

(b) If T € B(X,Y), then T* € B(Y*, X*), and ||| = ||T||. If S,T €
B(X,Y), then (aS + pT)* = aS* + pT* for all o, € C. If T €
B(X,Y) and S € B(Y, Z), then (ST)* = T*S*.

(¢c) T € B(X,Y), then T** := (T*)* € B(X**,Y**), T™*|x =T, and
IT**|| = IT||. In particular, if X is reflexive, then T** = T (note that
kX is identified with X).

(d) T € B(X,Y), then T* is continuous with respect to the weak*-
topologies on Y* and X* (cf. Exercise 4, Chapter 5). Conversely, if
S € B(Y*, X*) is continuous with respect to the weak*-topologies on
Y* and X*, then S = T* for some T' € B(X,Y). Hint: given x € X,
consider the functional ¢, (y*) = (Sy*)z on Y*.

(e) R(T) = N{ker(y*); y* € ker(T*)}. In particular, T* is one-to-one iff
R(T) is dense in Y.
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10.

11.

12.
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(f) Let * € X* and M > 0 be given. Then there exists y* € D(T*) with
y*|| < M such that z* = T*y* if and only if

|z*z| < M|Tz|| (xe€ D(T)).
In particular, z* € R(T*) if and only if

|7z

p
zeD(T), Tz#£0 | T ||

(Hint: Hahn-Banach.)
(g) Let T € B(X,Y) and let S* be the (norm-)closed unit ball of Y™*.
Then T*S5* is weak*-compact.

(h) Let T € B(X,Y) have closed range TX. Suppose z* € X* vanishes
on ker(T'). Show that the map ¢ : TX — C defined by ¢(Tz) =
z*z is a well-defined continuous linear functional, and therefore there
exists y* € Y™ such that ¢ = y*|rx. (Hint: apply Corollary 6.10
to T € B(X,TX) to conclude that there exists r > 0 such that
{y e TX; |ly|| <r} C TBx(0,1), and deduce that ||¢| < (1/r)|z*|.)

(k) With T as in Part (h), prove that
TY* = {z* € X*; ker(T) C ker(z*)}.
In particular, 7* has (norm-)closed range in X*.

Let X be a Banach space, and let T" be a one-to-one linear operator with
domain and range dense in X. Prove that (7*)~! = (T1)*, and T is
bounded (on its domain) iff (T*)~! € B(X*).

Let T : D(T) C X — X have dense domain in the Banach space X.
Prove:

(a) If the range R(T*) of T* is weak*-dense in X*, then T' is one-to-one.
(b) T~ exists and is bounded (on its domain) iff R(T*) = X*.

Let X be a Banach space, and T' € B(X). We say that T is bounded below
if

| Tz]]

o£zeX ||zl

> 0.

Prove:

(a) If T is bounded below, then it is one-to-one and has closed range.

(b) T is non-singular (that is, invertible in B(X)) if and only if it is
bounded below and 7™ is one-to-one.



Exercises 167

Hilbert adjoint

13.

14.

15.

16.

Let X be a Hilbert space, and T : D(T) C X — X a linear operator with
dense domain. The Hilbert adjoint T of T is defined in a way analogous
to that of Exercise 9, through the Riesz representation:

D(T*) :={y € X;2 — (Tx,y) is continuous on D(T)}.

Since D(T) is dense, given y € D(T™), there exists a unique vector in X,
which we denote by T*y, such that

(Tz,y) = (2, T7y) (z € D(T)).
Prove:

(a) If T € B(X), then T* € B(X), ||T*|| = ||IT|, T** = T, and (aT)* =
aT™ for all « € C. Also I* = 1.
(b) If S,T € B(X), then (S+T)* =S*+T* and (ST)* = T*S*.

(¢) T € B(X) is called a normal operator if T*T = TT™*. Prove that T
is normal iff

(T2, T*y) = (Tx,Ty) (v,y € X) (1)

(d) If T € B(X) is normal, then ||T*z|| = ||Tz|| and |T*Tx| = ||T?x||
for all z € X. Conclude that || T*T|| = ||T?| and ||T?| = ||T||?. (Hint:
apply (1).)

Let X be a Hilbert space, and T': D(T') C X — X be a linear operator.
T is symmetric if (Tx,y) = (z,Ty) for all z,y € D(T). Prove that if T is
symmetric and everywhere defined, then T € B(X) and T = T*. (Hint:
Corollary 6.13.)

Let X be a Hilbert space, and B : X x X — C be a sesquilinear form
such that

|B(z,y)l < Mlz[l |yl and B(z,2) > mlz]?

for all z,y € X, for some constants M < oo and m > 0. Prove that there
exists a unique non-singular T' € B(X) such that B(z,y) = (z,Ty) for
all z,y € X. Moreover,

IT|<M and ||T7Y <1/m.

(This is the Laz—Milgram theorem.) Hint: apply Theorem 1.37 to get T}
show that R(T') is closed and dense (cf. Theorem 1.36), and apply
Corollary 6.11.

Let X,Y be normed spaces, and 7' : X — Y be linear. Prove that 7' is
an open map iff TBx (0, 1) contains By (0,7) for some r > 0. When this
is the case, T is onto.
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17.

18.

19.

20.

21.

6. Bounded operators

Let X be a Banach space, Y a normed space, and T € B(X,Y). Suppose
the closure of TBx(0,1) contains some ball By (0,7). Prove that T is
open. (Hint: adapt the proof of Lemma 2 in the proof of Theorem 6.9,
and use Exercise 16.)

Let X be a Banach space, and let P € B(X) be such that P? = P. Such
an operator is called a projection. Verify:

(a) I — P is a projection (called the complementary projection).

(b) The ranges PX and (I — P)X are closed subspaces such that X =
PX @& (I — P)X. Moreover PX = ker(I — P) = {z; Px = z} and
(I — P)X = ker P.

(¢) Conversely, if Y, Z are closed subspaces of X such that X =Y & Z
(‘complementary subspaces’), and P : X — Y is defined by P(y+z) =
yforally €Y, z € Z, then P is a projection with PX =Y.

(d) If'Y, Z are closed subspaces of X such that Y NZ = {0}, then Y + Z
is closed iff there exists a positive constant ¢ such that ||y|| < ¢|ly+ z||
for all y € Y and z € Z. (Hint: Corollary 6.13.)

Let X,Y be Banach spaces, and let {T,,}nen C B(X,Y) be Cauchy in
the s.o.t. (that is, {T,,z} is Cauchy for each z € X). Prove that {T,} is
convergent in B(X,Y) in the s.o.t.

Let X,Y be Banach spaces and T € B(X,Y). Prove that T is one-
to-one with closed range iff there exists a positive constant ¢ such that
|Tz|| > c||z|| for all x € X. In that case, T~! € B(TX, X).

Let X be a Banach space, and let C' € B(X) be a contraction, that is,
IC|| < 1. Prove:

(a) e~ (defined by means of the usual series) is a contraction for all
t>0.

(b) ||C™x — z|| < m||Cx — | for all m € N and z € X.

(¢) Let Q,, :=e™C~1) —C™ (n € N). Then

o

1Quz]| < e Y (n*/KN||IC e~z (2)

k=0

for alln € N and x € X. (Hint: note that C"z = e™" Y, (n*/k!)C"x;
break the ensuing series for () ,x into series over k < n and over
k> n).

(d) 1Qnzll < Xgsoe ™ (n*/EN|k —nl[|Cx — x|

(e) 1@Qnz| < V/n|[(C —I)x| for all n € N and = € X. Hint: consider the
Poisson probability measure p (with ‘parameter’ n) on P(N), defined
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by u({k}) = e "n*/k!; apply Schwarz’s inequality in L?(u) and Part
(d) to get the inequality

1@zl < [Ik = nllL2y [Co — 2| = Vn||C — ]]. 3)

Let F : [0,00) — B(X) be contraction-valued. For ¢ > 0 fixed, set
Ay = (n/t)[F(t/n) — I], n € N. Suppose sup,, ||Apz|| < oo for all x
in a dense subspace D of X. Then

lim [[e* 2 — F(t/n)"z| = 0 (4)
for all t > 0 and = € X. Hint: by Part (a), |le*4| < 1, and therefore
|etAn — F(t/n)"|| < 2. By Part (e) with C = F(t/n), the limit in (4)
is 0 for all z € D.
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Banach algebras

If X is a Banach space, the Banach space B(X) (cf. Notation 4.3) is also an
algebra under the composition of operators as multiplication. The operator norm
(cf. Definition 4.1) clearly satisfies the relations

ISTI < ISIIT] - (S, T € B(X))

and
1] =1,

where I denotes the identity operator, defined by Iz = z for all x € X.

If the dimension of X is at least 2, it is immediate that B(X) is not com-
mutative. On the other hand, if X is a compact Hausdorff space, the Banach
space C(X) of all complex continuous functions on X with pointwise operations
and the supremum norm ||f|| = supy |f] is a commutative algebra, and again
gl < IIf gl for all f,g € C(X) and ||1]] = 1, where 1, the unit of the algebra,
is the function with the constant value 1 on X.

7.1 Basics

This section is an introduction to the theory of abstract Banach algebras, of
which B(X) and C(X) are two important examples.

Definition 7.1. A (unital, complex) Banach algebra is an (associative) algebra
A over C with a unit e, which is a Banach space (as a vector space over C) under
a norm that satisfies the relations:

(1) Nlzyll < [lzlllyll for all z,y € A, and
(2) el = 1.

If we omit the completeness requirement in Definition 7.1, A is called a
normed algebra.
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Note that the submultiplicativity of the norm implies the boundedness
(i.e. the continuity) of the linear map of left multiplication by a, L, : ¢ — ax
(for any given a € A), and clearly ||L,|| = ||al|. The same is true for the right
multiplication map R, : * — za. Actually, multiplication is continuous as a map
from A2 to A, since

lzy = 2"y | < lzlllly = ' + = — 2"[[lly'll = 0
as [2/,y'] — [z,y] in A%

Definition 7.2. Let A be a Banach algebra, and a € A. We say that a is reqular
(or non-singular) if it is invertible in A, that is, if there exists b € A such that
ab = ba = e. If a is not regular, we say that it is singular.

If a is regular, the element b in Definition 7.2 is uniquely determined (if also
b’ satisfies the requirement, then b’ = b'e = V/(ab) = (V'a)b = eb = b), and is
called the inverse of a, denoted a~!. Thus aa~! = a~'a = e. In particular, a # 0
(otherwise 1 = |le|| = |laa™| = ||0]| = 0).

We denote by G(A) the set of all regular elements of A. It is a group under
the multiplication of A, and the map x — x~! is an anti-automorphism of G(A).
Topologically, we have

Theorem 7.3. Let A be a Banach algebra, and let G(A) be the group of reg-
ular elements of A. Then G(A) is open in A, and the map v — 27! is a
homeomorphism of G(A) onto itself.

Proof. Let y € G := G(A) and § := 1/||y~!|| (note that |Jy~t| # 0, since
y~! € G). We show that the ball B(y,d) is contained in G (so that G is indeed
open).

Let © € B(y,d), and set a := y~'x. We have

lle —all = lly™" (v = )l < Iy~ lllly — =l < lly~"[l6 = 1. (1)

Therefore, the geometric series ) |le —al|™ converges. By submultiplicativity of
the norm, the series ) |(e — a)"|| converges as well, and since A is complete,
it follows (cf. Theorem 6.15) that the series

o0

Se—a)y

n=0

converges in A to some element z € A (v° = e by definition, for any v € A).
By continuity of L, and R, (with a = y~'z),

az = Za(e —a)" = Z[e —(e—a)le—a)" = Z[(e —a)" — (e —a)"] =e,

n n n

and similarly za = e. Hence a € G and a~! = 2. Since x = ya, also z € G, as
wanted.
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Furthermore (for x € B(y, d)!)

e h=aly T =2y (2)

and therefore by (1)

o0

Izt =y =l —ey = D (e—a)y
n=1
S le —a
< —a||"ly Y = /s
<3 lle =l = 0/ L
n=1
lz —yl
<(1/8*)—F——— =0
1—(llz —yll/d)
as x — y. This proves the continuity of the map 2 — z~! at y € G. Since this
map is its own inverse (on G), it is a homeomorphism. O

Remark 7.4. If we take in the preceding proof y = e (so that § = 1 and a = z),
we obtain in particular that B(e,1) C G and

o0

v = Z(e —z)" (x € Ble,1)). (3)

n=0
Since B(e,1) = e — B(0,1), this is equivalent to

oo

(e—uw)™'=> u" (ueB(0,1)). (4)

n=0

Relation (4) is the abstract version of the elementary geometric series summation
formula.

For z € A arbitrary and A complex with modulus >||z|, since u := z/\ €
B(0,1), we then have e — z/A € G, and

o0

(e—a/N)7h = (/)"

n=0

Therefore e —xz = A(e — z/)\) € G and

(e-2)" =Y 5 (5)

(for all complex A with modulus >||z|).

Definition 7.5. The resolvent set of x € A is the set
p(r) :={\€C;le—x G} =f1Q),

where f: C — A is the continuous function f(\) := le — .
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The complement of p(z) in C is called the spectrum of x, denoted o(x). Thus
X € o(z) iff Ae—x is singular. The spectral radius of x, denoted r(z) is defined by

r(z) = sup{|\; A € o(x)}.

By Theorem 7.3, p(x) is open, as the inverse image of the open set G by the
continuous function f above. Therefore, o(x) is a closed subset of C.
The resolvent of x, denoted R(+; ), is the function from p(x) to G defined by

R(\z) = (Ae—a)™" (A€ p(a)).

The series expansion (5) of the resolvent, valid for |[A| > |lz||, is called the
Neumann expansion.
Note the trivial but useful identity

zR(A\jz) = AR(M\;z) —e (A € p(x)).
If v,y € A and 1 € p(zy), then
(e —yx)le + yR(1;zy)a] = (e —yz) + y(e — zy)R(1L; zy)x = e,
and
[e +yR(1;zy)z|(e — yx) = (e — yx) + yR(L; 2y)(e — zy)z = €.
Therefore 1 € p(yx) and

R(1;yx) = e + yR(1; 2y)x.

Next, for any A # 0, write Ae — zy = Ae — (z/N)y]. If X € p(zy), then 1 €
p((z/N)y); hence 1 € p(y(xz/A)), and therefore A € p(yx). By symmetry, this
proves that

o(zy) U {0} = o(yz) U {0}.
Hence
r(yz) = r(zy).
With f as above restricted to p(z), R(A\;z) = f(A)~!; by Theorem 7.3, R(-; x) is
therefore continuous on the open set p(x).
By Remark 7.4,

e CIA > fall} € p(a) (6)
and -
Rva) = 5or (A> [l (7)
n=0
Thus
o) € A0, J]) == {A € C: A < ]} (8)
and so
r(@) < lle]l. (9)

The spectrum of z is closed and bounded (since it is contained in A(O0, ||z])).
Thus o(x) is a compact subset of the plane.



174 7. Banach algebras
Theorem 7.6. Let A be a Banach algebra and x € A. Then o(x) is a non-empty
compact set, and R(-;x) is an analytic function on p(z) that vanishes at oo.

Proof. We observed already that o(x) is compact. By continuity of the map

y—y L (e—A"tr)"t - et =eas A — oo, and therefore

lim R(\;z) = lim AHe— A"t =0.

A—00

For A\ € p(x), since e — z and & commute, also the inverse R(\;x) commutes
with z. If also p € p(z), writing R(-) := R(-; ), we have

R(p) = (Ae = 2) R\ R(1) = AR(A)R(p) — xR(A) R (1)

and
R(\) = RO\ (e — 2)R(u) = pROVR(1) — sROVR ().

Subtracting, we obtain the so-called resolvent identity
R(1) = RO\ = (A = )) ROV R(p). (10)

For p # X in p(x), rewrite (10) as

R(p) = RN _
L
Since R(-) is continuous on p(x), we have
I lim M =—R(\)2
n—A m— A

This shows that R(-) is analytic on p(z), and R'(-) = —R(-)?.

For any * € A*, it follows that z*R(-) is a complex analytic function in p(x).
If o(x) is empty, z*R(-) is entire and vanishes at oco. By Liouville’s theorem,
2*R(-) is identically 0, for all * € A*. Therefore, R(-) = 0, which is absurd
since R(-) has values in G(.A). This shows that o(x) # 0. O

Corollary 7.7 (The Gelfand—Mazur theorem). A (complex unital) Banach
algebra which is a division algebra is isomorphic and isometric to the complex
field.

Proof. Suppose the Banach algebra A is a division algebra. If x € A, o(z) # 0
(by Theorem 7.6); pick then \ € o(x). Since Ae—x is singular, and A is a division
algebra, we must have Ae — z = 0. Hence x = Ae and therefore A = Ce. O

If p(A) = > apAF is a polynomial with complex coefficients, and = € A,
we denote as usual p(z) := 3 agz® (where 2° := ¢). The map p — p(zx) is an
algebra homomorphism 7 of the algebra of polynomials (over C) into A, that
sends 1 to e and A to x.



7.1. Basics 175

Theorem 7.8 (The spectral mapping theorem). For any polynomial p
(over C) and any x € A
o(p(x)) = p(o(z)).

Proof. Let u = p(Ag). Then Ag is a root of the polynomial y — p, and therefore

p—=pA) = (A= Ao)g(N)

for some polynomial g over C. Applying the homomorphism 7, we get

pe —p(r) = (x = doe)q(x) = ¢(z)(x = Aoe).
If i € p(p(x)), it follows that

(z = doe)(a(@) R(p; p(x))) = (R(p; p(x))q(2))(x — Aoe) = e,
so that A\g € p(x). Therefore, if A9 € o(x), it follows that u := p(Ag) € o(p(x)).

This shows that
plo(z)) C o(p(z)).

On the other hand, factor the polynomial p — p into linear factors
i—pN) = a [[O = ).
k=1

Note that u = p(Ag) for all k =1,...,n. Applying the homomorphism 7, we get

=

pe —p(z) = a | | (x — Age).

>
Il

1

If \y € p(x) for all k, then the product above is in G(A), and therefore p €
p(p(x)). Consequently, if u € o(p(x)), there exists k € {1,...,n} such that A\, €
o(x), and therefore p = p(A;) € p(o(z)). This shows that o(p(x)) C p(o(z)). O

Theorem 7.9 (The Beurling—Gelfand spectral radius formula). For any
element x© of a Banach algebra A,

Flim ||z |V = r(z).
n
Proof. By Theorem 7.8 with the polynomial p(A) = A" (n € N),
o@™) =o@)" :={\5 X €0(x)}.

Hence by (8) applied to z™, |A"| < ||z”| for all n and A € o(z). Thus |\ <
|z™||*/™ for all n, and therefore

IA| < liminf [|z"™|*/™
for all A € o(x). Taking the supremum over all such A, we obtain

r(z) < liminf ||z |'/™. (11)
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For each z* € A*, the complex function «* R(+) is analytic in p(z), and since o(x)
is contained in the closed disc around 0 with radius r(z), p(z) contains the open
‘annulus’ r(x) < |A| < co. By Laurent’s theorem, 2*R(-) has a unique Laurent
series expansion in this annulus. In the possibly smaller annulus ||z|| < |A] < oo
(cf. (9)), this function has the expansion (cf. (7))

. =zt (a2
NIVEDY N(m)'
n=0

This is a Laurent expansion; by uniqueness, this is the Laurent expansion of
2*R(+) in the full annulus r(z) < |A| < co. The convergence of the series implies
in particular that

n

v, L
sup |27 (157) < oo ([Al > r(2))
n At

for all * € A*. By Corollary 6.7, it follows that (whenever |A| > r(x))

xn
SUPHW = M) < 0.

n

Hence, for all n € N and |A| > r(z),
l2™ | < MAA"*,

so that
limsup [|2™[|*/™ < |l
n

and therefore
limsup [|z"||Y/™ < r(z). (12)

The conclusion of the theorem follows from (11) and (12). O

Definition 7.10. The element x (of a Banach algebra) is said to be quasi-
nilpotent if lim ||z"||'/™ = 0.

By Theorem 7.9, the element « is quasi-nilpotent if and only if r(z) = 0, that
is, iff o(z) = {0}.

In particular, nilpotent elements (2™ = 0 for some n) are quasi-nilpotent.

We consider now the boundary points of the open set G(A).

Theorem 7.11. Let x be a boundary point of G(A). Then x is a (two-sided)
topological divisor of zero, that is, there exists sequences of unit vectors {x,}
and {z,} such that x,x — 0 and zx], — 0.

Proof. Let z € 0G (:= the boundary of G := G(A)). Since G is open, there
exists a sequence {y,} C G such that y, — = and = ¢ G.

If {||ly;,; 11|} is bounded (say by 0 < M < 00), and n is so large that ||z —y,|| <
1/M, then

stz — el = llyn (= = )l < Ny e = yall < 1,
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and therefore z := y. 'z € G by Remark 7.4. Hence = = y,,z € G, contradiction.
Thus {||y, ||} is unbounded, and has therefore a subsequence {||y,,!(|} diverging
to infinity. Define

yo!
Ty = nkl (k € N).
(7l
Then [|zx]| = 1 and
k]l = lzxyn, + z1(2 = yn, )| < iy 1” + llzelllz = yn, | =0,
'I’L
and similarly xx, — 0. 0

Theorem 7.12. Let B be a Banach subalgebra of the Banach algebra A. If
x € B, denote the spectrum of x as an element of B by op(x). Then

(1) o(z) C op(x) and
(2) Oop(z) C do(x).

Proof. The first inclusion is trivial, since G(B) C G(A), so that pg(z) C p(z).

Let A € Jog(z). Equivalently, Xe — 2 € 90G(B), and therefore, by
Theorem 7.11, Ae — x is a topological divisor of zero in B, hence in A. In par-
ticular, Ae — z ¢ G(A), that is, A € o(z). This shows that dop(z) C o(z). Since
pB(x) C p(x), we obtain (using (1)):

dos(x) = ps(r) Nop(x) C [p(x) Nop(z)] Na(x)

= p(z) No(x) = do(z).
O

Corollary 7.13. Let B be a Banach subalgebra of the Banach algebra A, and
x € B. Then og(x) = o(x) if either op(x) is nowhere dense or p(x) is connected.

Proof. If op(z) is nowhere dense, Theorem 7.12 implies that
op(r) = dop(z) C do(x) C o(x) C op(x),

and the conclusion follows.

If p(z) is connected and o(x) is a proper subset of op(z), there exists A €
op(x)Np(x), and it can be connected with the point at oo by a continuous curve
lying in p(z). Since og(z) is compact, the curve meets doi(z) at some point, and
therefore dog(x) N p(x) # 0, contradicting Statement 2. of Theorem 7.12. O

If M is an (two sided, # A) ideal in A, the quotient space A/M is an algebra.
If M is closed, the quotient norm on the Banach space A/M (cf. Theorem 6.16)
satisfies the requirements 1. and 2. of Definition 7.1, that is, A/M is a Banach
algebra. We shall discuss the case of commutative Banach algebras with more
detail.
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7.2 Commutative Banach algebras

Let A be a (complex, unital) commutative Banach algebra.

1. Let x € A. Then z € G(A) if and only if zA = A. Equivalently, z is
singular if and only if x A # A, that is, iff x is contained in an ideal (x.A). Ideals
are contained therefore in the closed set G(A)°, and it follows that the closure
of an ideal is an ideal (recall that we reserve the word ‘ideal’ to .A-invariant
subspaces not equal to A).

2. A mazimal ideal M (in A) is an ideal in A with the property that if N
is an ideal in A containing M, then N = M. Since the closure of M is an ideal
containing M, it follows that mazimal ideals are closed. In particular A/M is a
Banach algebra, and is also a field (by a well-known elementary algebraic char-
acterization of maximal ideals). By the Gelfand—Mazur theorem (Theorem 7.7),
A/M is isomorphic (and isometric) to C. Composing the natural homomorphism
A — A/M with this isomorphism, we obtain a (norm-decreasing) homomorph-
ism ¢p of A onto C, whose kernel is M. Thus, for any z € A, ¢y (x) is the
unique scalar A such that z + M = Xe + M. Equivalently, ¢ (x) is uniquely
determined by the relation ¢as(x)e —z € M.

Let ® denote the set of all homomorphisms of A onto C. Note that ¢ € ®
iff ¢ is a homomorphism of A into C such that ¢(e) = 1 (equivalently, iff ¢ is a
non-zero homomorphism of A4 into C).

The mapping M — ¢,s described above is a mapping of the set M of all
maximal ideals into ®.

On the other hand, if ¢ € ®, and M := ker¢, then (by Noether’s ‘first
homomorphism theorem’) A/M is isomorphic to C, and is therefore a field. By
the algebraic characterization of maximal ideals mentioned before, it follows that
M is a maximal ideal. We have ker ¢y = M = ker ¢. For any x € A, x — ¢(z)e €
ker ¢ = ker ¢pr, hence 0 = ¢pr(x — d(x)e) = ¢dpr(x) — ¢(x). This shows that
¢ = dur, that is, the mapping M — ¢, is onto. It is clearly one-to-one, because
if M, N € M are such that ¢p; = ¢n, then M = keroppy, = kergpy = N. We
conclude that the mapping M — ¢, is a bijection of M onto ®, with the inverse
mapping ¢ — ker ¢.

3. If J is an ideal, then e ¢ J. The set U of all ideals containing J is partially
ordered by inclusion, and every totally ordered subset Uy has the upper bound
JUp (which is an ideal because the identity does not belong to it) in U. By Zorn’s
lemma, U has a maximal element, which is clearly a maximal ideal containing .J.
Thus, every ideal is contained in a mazximal ideal. Together with 1., this shows
that an element x is singular iff it is contained in a maximal ideal M. By the
bijection established above between M and @, this means that x is singular iff
¢(x) = 0 for some ¢ € ®. Therefore, for any x € A\ € o(x) iff p(Ae —xz) =0
for some ¢ € @, that is, iff A\ = ¢(x) for some ¢. Thus

o(z) ={¢(z); ¢ € }. (1)
Therefore

sup [¢(z)| = sup || :=7r(x). (2)
e A€o (z)
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By (9) in Section 7.1, it follows in particular that |¢(z)| < ||z||, so that the
homomorphism ¢ is necessarily continuous, with norm <1. Actually, since ||¢|| >
|p(e)| = 1, we have ||¢|| =1 (for all ¢ € ).

We have then & C S*, where S* is the strongly closed unit ball of A*. By
Theorem 5.24 (Alaoglu’s theorem), S* is compact in the weak™ topology. If ¢,
is a net in ® converging weak* to h € S*, then

h(zy) = lim ¢o (zy) = lim ¢o (2)¢a(y) = h(z)h(y)

and h(e) = limy ¢o(e) = 1, so that h € ®. This shows that & is a closed
subset of the compact space S* (with the weak* topology), hence ® is compact
(in this topology). If ¢,1 € ® are distinct, then there exists zy € A such that
€ :=|d(xo)—1(xo)| > 0. Then N(¢; zo;€/2)NP and N (v; zo; €/2)NP are disjoint
neighbourhoods of ¢ and 1 in the relative weak* topology on ® (cf. notations
preceding Theorem 5.24). We conclude that & with this topology (called the
Gelfand topology on ®) is a compact Hausdorff space.

4. For any = € A, let & := (kx)|,, the restriction of kz : A* — C to ®
(where £ is the canonical embedding of A in its second dual). By definition of
the weak* topology, kx is continuous on A* (with the weak* topology), therefore
its restriction & to ® (with the Gelfand topology) is continuous. The function
Z € C(®) is called the Gelfand transform of x. By definition

i(¢) = o(x) ()€ ), 3)
and therefore, by (1),
i(®) = o(x) (4)
and
2]l (@) = r(@). (5)

Note that the subalgebra A := {i;x € A} of O(®) contains 1 = é and separates
the points of ® (if ¢ # ¢ are elements of ®, there exists € A such that
6(z) # ¥(), that is, #(8) £ 2(1), by (3)).

5. It is also customary to consider M with the Gelfand topology of ® trans-
ferred to it through the bijection M — ¢)s. In this case the compact Hausdorff
space M (with this Gelfand topology) is called the mazimal ideal space of A,
and & is considered as defined on M through the above bijection, that is, we
write £(M) instead of Z(¢as), so that

L(M) = op(z) (M eM). (6)
The basic neighbourhoods for the Gelfand topology on M are of the form
N(Moy;z1,...,xn;5€) = {M € M;|Zx(M) — &1 (My)| < e,k =1,...,n}.

6. The mapping I' : z — & is clearly a representation of the algebra A into
the algebra C'(®) (or C(M)), that is, an algebra homomorphism sending e to 1:

[C(z +y)l(¢) = ¢z +y) = d(z) + 6(y) = Nz +Ty)(¢)
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for all ¢ € @, etc. It is called the Gelfand representation of A. By (5), the map
T is also norm-decreasing (hence continuous), and (cf. also (3))

kerI'={z € A;r(z) =0} = {z € A;0(x) = {0}}
= {x € A;z is quasi-nilpotent} = ﬂ./\/l (7)

Note that since I' is a homomorphism, it follows from (5) that for all z,y € A,
r(@+y) <r(x)+ry); rlzy) <r(@)r(y). (8)

Since r(e) = 1 trivially, it follows that A is a normed algebra for the so-called
spectral norm r(-) if and only if r(z) = 0 implies « = 0, that is (in view of (7)!),
iff the so called radical of A, rad A := ker T, is trivial. In that case we say that
A is semi-simple. By (7) and (3), equivalent characterizations of semi-simplicity
are:

(i) The Gelfand representation I' of A is injective.

(ii) A contains no non-zero quasi-nilpotent elements.

)

)
(iii) A is a normed algebra for the spectral norm.
(iv) The maximal ideals of A have trivial intersection.
)

(v) @ separates the points of A.

Theorem 7.14. Let A be a commutative Banach algebra. Then A is semi-simple
and A is closed in C(®) if and only if there exists K > 0 such that

lz]* < Kll=*[| (= € A).

In that case, the spectral norm is equivalent to the given norm on AandT is a
homeomorphism of A onto A. T is isometric iff K =1 (i.e. |z||*> = ||2?]| for all
reA).

Proof. If A is semi-simple and Ais closed, I" is a one-to-one continuous linear
map of the Banach space A onto the Banach space A. By Corollary 6.11, T is
a homeomorphism. The continuity of I'"! means that there exists a constant
K > 0 such that ||z|| < \/?HJEHC(@) for all z € A. Therefore

2
|z|? < K <sup |f<¢)|> = K sup [22(9)|
ped PED
= K|2?| o) < K22 9)

Conversely, if there exists K > 0 such that [|z[|? < K|?| for all z € A, it
follows by induction that

Hx” < K(1/2)+~~-+(1/2n) szn ||1/2n
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for all n € N and z € A. Letting n — oo, it follows that
[z]| < Kr(z) = Kl|lZc@) (v €A). (10)

Hence kerI' = {0}, that is, A is semi-simple, and I' is a homeomorphism of A
onto A. Since A is complete, so is A, that is, A is closed in C(®).

If K =1 (ie if [[]|*> = ||2?| for all z € A), it follows from (10) that
llz|| = 7(x) = || Z]|c(a) and T is isometric. Conversely, if I is isometric, it follows
from (9) (with K = 1 and equality throughout) that ||z||? = ||22|| for all z. O

7.3 Involution

Let A be a semi-simple commutative Banach algebra. Since ® is a compact
Hausdorff space (with the Gelfand topology), and Ais a separating subal-
gebra of C(®) containing 1, it follows from the Stone—Weierstrass theorem
(Theorem 5.39) that A is dense in C(®) if it is selfadjoint. In that case, if
J : f — fis the conjugation conjugate automorphism of C'(®), define C' : A — A
by

C=T"1JT. (1)

Since JA C A and I maps A bijectively onto A (when A is semi-simple), C is well
defined. As a composition of two isomorphisms and the conjugate isomorphism
J, C is a conjugate isomorphism of A onto itself such that C? = I (because
J? = I, where I denotes the identity operator in the relevant space). Such a
map C' is called an involution. In the non-commutative case, multiplicativity of
the involution is replaced by anti-multiplicativity:

C(zy) = C(y)C(x).

It is also customary to denote Cx = x* whenever C is an involution on .4 (not to
be confused with elements of the conjugate space!). An algebra with an involution
is then called a *-algebra.

If A and B are *-algebras, a *-homomorphism (or isomorphism) f : A — B
is a homomorphism (or isomorphism) such that f(z*) = f(x)* for all z € A.

An element z in a x-algebra is normal if it commutes with its adjoint z*.
Special normal elements are the selfadjoint (z* = z) and the unitary (z* = z71)
elements. The identity is necessarily selfadjoint (and unitary), because

e* =ee* =e"e" = (ee”) = e =e.

Every element x can be uniquely written as x = a + ib with a, b € A selfadjoint:
we have a = Rz := (v + 2%)/2, b= Sz = (x — 2*)/2i, and 2™ = a — ib. Clearly,
z is normal iff a, b commute.

The ‘canonical involution” C' defined by (1) on a semi-simple commutative
Banach algebra is uniquely determined by the natural relation I'C' = JT, that is,
by the relation

=1 (reA), (2)

which is equivalent to the property that a is real whenever a is selfadjoint.
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In case the Gelfand representation I' is isometric, Relation (2) implies the
norm-identity:

|| = [lz]*  (z € A). (3)
Indeed
lo*z]| = IT(z*2)llc@) = I1ZE]c@) = I1E[* o)
= 121 8@y = ll=]I*.

A Banach algebra with an involution satisfying the norm-identity (3) is called
a B*-algebra. If X is any compact Hausdorff space, C(X) is a (commutative)
B*-algebra for the involution J. The Gelfand-Naimark theorem (Theorem 7.16)
establishes that this is a universal model (up to B*-algebras isomorphism) for
commutative B*-algebras.

Note that in any B*-algebra, the norm-identity (3) implies that the involution
is isometric:

Since |lz]|* = |lz*|| < ||lz*|| ||z[], we have [[z|| < ||lz*||, hence [ja"]| <
[lz**|| = |||, and therefore ||z*|| = |||
It follows in particular that ||Rz| = |(z + z*)/2|| < ||z|, and similarly
[Sz(| <l

We prove now the following converse to some of the preceding remarks.

Lemma 7.15. Let A be a commutative B*-algebra. Then it is semi-simple, and
its involution coincides with the canonical involution.

Proof. By the norm-identity (3) successively applied to =, z*z, and 22, we have
|zt = llz*2|* = [[(z*2)"(z*2) || = [|(«*)*2?|| = [|l=*|]*.

Thus ||z||> = ||#?]|, and Theorem 7.14 implies that T is isometric. In particular
A is semi-simple, so that the canonical involution C' is well-defined and uniquely
determined by the relation I'C' = JT'. The conclusion of the lemma will follow if
we prove that the given involution satisfies (2), or equivalently, if we show that
a is real whenever a € A is selfadjoint (with respect to the given involution).

Suppose then that a € A is selfadjoint, but § := Sa(¢) # 0 for some ¢ € P.
Let o := Ra(¢) and b := (1/8)(a — ce). Then b is selfadjoint, and b(¢) = i. For
any real A, since I' is isometric,

(1+X2)? = (L +Ni* = [(T(b+ide)) ()
<06+ iXe)[Eay = 1o +ire]? = [[(b+ixe)* (b + ire) |
= |[(b—ixe)(b +ire)|| = [|b* + Ne| < ||b?]| + A%
Therefore 2\ < ||b?||, which is absurd since A is arbitrary. O

Putting together all the ingredients accumulated above, we obtain the
following important result.
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Theorem 7.16 (The Gelfand—Naimark theorem). Let A be a commutative
B*-algebra. Then the Gelfand representation T is an isometric x-isomorphism of

A onto C(®).

Proof. It was observed in the preceding proof that I' is an isometry of A onto A.
It follows in particular that A is a closed subalgebra of C'(®). By Lemma 7.15,
A is selfadjoint, and coincides therefore with C (®), by the Stone-Weierstrass
theorem (Corollary 5.35). Since the involution on C(®) is J, it follows from
Lemma 7.15 that I' is a *-isomorphism. O

Let A be any (not necessarily commutative!) B*-algebra, and let € A be sel-
fadjoint. Denote by [z] the closure in A of the set {p(x); p complex polynomial}.
Then [x] is clearly the B*-subalgebra of A generated by z, and it is commutative.
Let T' : y — § be the Gelfand representation of [x]. Since it is a *-isomorphism
and z is selfadjoint, & is real. By (4) in Section 7.2, this means that o, (z) is
real. In particular, it is nowhere dense in C, and therefore, by Corollary 7.13,
0(x) = 03] () is real. In this argument, we could replace A by any B*-subalgebra
B of A that contains x. Hence o5(x) = o;)(x) = o(x). This proves the following

Lemma 7.17. Let B be a B*-subalgebra of the B*-algebra A, and let x € B be
selfadjoint. Then o(z) = og(x) C R.

For arbitrary elements of the subalgebra B we still have

Theorem 7.18. Let B be a B*-subalgebra of the B*-algebra A. Then G(B) =
G(A)N B and op(x) = o(x) for all x € B.

Proof. Since G(B) C G(A) N B trivially, we must show that if x € B has an
inverse 27! € A, then z=! € B. The element z*x € B is selfadjoint, and has
clearly the inverse = !(z~1)* in A:

[z Y[z 2] =2 Y ez ) s =2 e =¢,

and similarly for multiplication in reversed order. Thus 0 ¢ o(z*z) = op(z*x)
by Lemma 7.17. Hence x*z € G(B), and therefore the inverse z~!(z~1)* belongs
to G(B). Consequently =1 = [z~ ! (2~ 1)*]2* € B, as wanted.

It now follows that pg(x) = p(z), hence op(z) = o(x), for all x € B. O

7.4 Normal elements

Terminology 7.19. If z is a normal element of the arbitrary B*-algebra A,
we still denote by [z] the B*-subalgebra generated by z, that is, the closure
in A of all complex polynomials in x and x*," ag;a®(z*)7 (finite sums, with
ag; € C). Since z is normal, it is clear that [z] is a commutative B*-algebra. By
Theorem 7.16, the Gelfand representation I' is an isometric *-isomorphism of [z]
onto C(®), where ® denotes the space of all non-zero complex homomorphisms
of [x] (with the Gelfand topology).
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If ,7 € ® are such that #(¢) = &(1), then z*(¢) = #(p) = &(sp) = 2*(¢),
and therefore §(¢) = §(¢) for all y € [z]. Since {§;y € [z]} separates the points
of @, it follows that ¢ = v, so that & : ® — o(x) (cf. (4) in Section 7.2) is a
continuous bijective map. Since both ® and o(x) are compact Hausdorff spaces,
the map Z is a homeomorphism. It induces the isometric *-isomorphism

E:felC(o(x)) — foi e C(D).

The composition 7 = I'"! o = is an isometric *-isomorphism of C(c(z)) and
[z], that carries the function f1(\) = X onto I'"!(2) = z. This isometric
*-isomorphism is called the C(o(x))-operational calculus for the normal element
z of A.

The C(o(z))-operational calculus for z is uniquely determined by the weaker
property: 7 : C(o(z)) — A is a continuous *-representation (that is, a *-algebra
homomorphism sending identity to identity) that sends f; onto z. Indeed, 7
sends any polynomial Y ax;AF(X)7 onto > a2 (2*)7, and by continuity, 7 is
then uniquely determined on C'(o(z)), since the above polynomials are dense in
C(o(z)) by the Stone—Weierstrass theorem (cf. Theorem 5.39).

It is customary to write f(x) instead of 7(f). Note that f(z) is a normal
element of A, for each f € C(o(x)). Its adjoint is f(z).

Remarks.

(1) Since 7 is onto [z], we have

[z] = {f(2); f € Clo(x))}.

This means that f(x) is the limit in A4 of a sequence of polynomials in x
and x*.

(2) Since 7 is isometric, we have

If ()] = HfHC(a’(z))

for all f € C(o(x)). Taking in particular f = f7, this shows that

lzll =l fillc@@) = sup [A = r(x).
A€o (x)

Thus, the spectral radius of a normal element coincides with its norm.
Obvious consequences of this fact are that a normal quasi-nilpotent element
is necessarily zero, and that the spectrum of a normal element x contains a com-
plex number with modulus equal to ||z||. In particular, if z is selfadjoint, o (z) is
contained in the closed interval [—||z||, ||z||] (cf. (8) following Definition 7.5 and
Lemma 7.17), and either ||z| or —||z|| (or both) belong to o(x).

Theorem 7.20 (The spectral mapping and composition theorems).
Let © be a normal element of the B*-algebra A, and let f — f(x) be its
C(o(z))-operational calculus. Then for all f € C(o(x)), o(f(x)) = f(o(x)),
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and furthermore, for all g € C(o(f(x))) (so that necessarily go f € C(o(x))),
the identity g(f(x)) = (go f)(x) is valid.

If 2,y € A are normal, and f € C(o(x) Uo(y)) has a continuous inverse,
then f(x) = f(y) implies x = y.

Proof. Since 7 is an isomorphism of C(o(z)) and [z] that sends 1 to e, it follows
that pe — f(z) = 7(p — f) is singular in [z] iff p — f is singular in C(o(x)), that
is, iff there exists A € o(x) such that p = f()). Since o(f(x)) = o5(f(x)) by
Theorem 7.18, we conclude that u € o(f(x)) iff p € f(o(z)).

The maps ¢ — go f and go f — (g o f)(x) are isometric *-isomorphisms
of C(o(f(x))) = C(f(o(x))) onto C(c(z)) and of C(o(z)) into A, respectively.
Their composition g — (g o f)(x) is an isometric #-isomorphism of C(o(f(z)))
into A, that carries 1 onto e and f; onto f(z). By the uniqueness of the opera-
tional calculus for the normal element f(x), we have (go f)(x) = g(f(z)) for all
g€ Clo(f(x).

The last statement of the theorem follows by taking ¢ = f~! in the last
formula applied to both = and y:

= fi(x) = (go f)(x) =g(f(x)) =g(f(y) = (g° f)ly) = fr(y) = v.
O

7.5 General B*-algebras

A standard example of a generally non-commutative B*-algebra is the Banach
algebra B(X) of all bounded linear operators on a Hilbert space X. The
involution is the Hilbert adjoint operation T — T*. Given y € X, the map
x € X — (Tx,y) is a continuous linear functional on X. By the ‘Little’ Riesz
Representation theorem (Theorem 1.37), there exists a unique vector (depending
on T and y, hence denoted T*y) such that (Tz,y) = (z,T*y) for all z,y € X.
The uniqueness implies that 7 : X — X is linear, and (with the suprema below
taken over all unit vectors z,y)

17| = sup |(z, T"y)| = sup |(Tz, y)| = |IT] < oo

Thus, T* € B(X), and an easy calculation shows that the map T — T* is an
(isometric) involution on B(X).Moreover

IT|* = | T*[| T} = | T*T| = sup (T T, )|
z,y

= sup (T, Ty)| > sup | Tz||* = | T*.
T,y x

Therefore, |T*T| = ||T||?, and B(X) is indeed a B*-algebra. Any closed selfad-
joint subalgebra of B(X) containing the identity (that is, any B*-subalgebra of
B(X)) is likewise an example of a generally non-commutative B*-algebra. The
Gelfand—Naimark theorem (Theorem 7.29) establishes that this example is (up
to B*-algebra isomorphism) the most general example of a B*-algebra.
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We begin with some preliminaries.

Let A be a B*-algebra. An element z € A is positive if it is selfadjoint and
o(z) CRT :=[0,00).

Since the operational calculus for a normal element x is a *-isomorphism of
C(o(z)) and [z], the element f(z) is selfadjoint iff f is real on o(x), and by
Theorem 7.20, it is positive iff f(o(x)) € RT, that is, iff f > 0 on o(z). In
particular, for x selfadjoint, decompose the real function f1(A) = A (A € R) as
fi = fif — fi, so that # = 2* — 2=, where 2+ := f"(x) and 2~ := f; () are
both positive elements (since f;" > 0 on o(z), etc...) and 2t~ = 272+ =0
(since f;"f; = 0 on the spectrum of z). We call % and =~ the positive part and
the negative part of x respectively.

Denote by AT the set of all positive elements of A.

If v € At,o(z) C [0,]z]]] and ||z| € o(z) (cf. last observation in
Section 7.19).

For any real scalar a > ||z||, e — x is selfadjoint, and by Theorem 7.20,

olae—z)=a—o(z) Ca—[0,|z]] C [a—|z|,a] C[0,q]

Therefore
e — z|| = r(ae — ) < . (1)
Conversely, if z is selfadjoint and (1) is satisfied, then
a—o(z) =clae—z) C [—a,al,
hence
o(z) Ca+[—a,a] =[0,2q],
and therefore x € AT, This proves the following

Lemma 7.21. Let x € A be selfadjoint and fix o > ||z||. Then x is positive iff
|ae — 2| < a.

Theorem 7.22. A% is a closed positive cone in A (i.e. a closed subset of A,
closed under addition and multiplication by non-negative scalars, such that AT N

(—A") = {0}).

Proof. Let z, € A", x,, — . Then z is selfadjoint (because z,, are selfadjoint
and the involution is continuous). By Lemma 7.21 with v, := ||z, ||(— ||z| := «),

lae — z|| = lim ||ape — 2, || <lima, = «,
n

hence z € A" (by the same lemma).
Let z, € AT, oy == |||, n=1,2, 2 := 21 + 22, and a = a1 + a2 (> ||z]|).
Again by Lemma 7.21,

lae —z|| = [[(are — z1) + (@2e — 22)[| < [lare —z1 || + [Jaze — 22| < a1+ a2 = a,

hence x € At.
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If x € AT and « > 0, then az is selfadjoint and o(az) = ac(z) C R, so
that az € AT.

Finally, if z € AT N (—A"), then o(z) C RT N (-=R*) = {0}, so that z
is both selfadjoint and quasi-nilpotent, hence x = 0 (see remarks preceding
Theorem 7.20). O

Let f : Rt — RT be the positive square root function. Since it belongs
to C(o(x)) for any x € A*, it ‘operates’ on each element 2z € AT through the
C(o(z))-operational calculus. The element f(z) is positive (since f > 0 on o(x)),
and f(z)? = z (since the operational calculus is a homomorphism). It is called
the positive square Toot of x, denoted z'/2. Note that z'/2? € [z], which means
that it is the limit of polynomials in z, p,(x), where p,, — f uniformly on o(z).
Suppose also y € AT satisfies y> = 2. The polynomials ¢, (\) = p,(\?) converge
uniformly to f(A?) = X on o(y) (since \? € o(z) = o(y)? when X € a(y)).
Therefore (by continuity of the operational calculus) ¢,(y) — y. But g,(y) =
Pn(y?) = pn(x) — /2. Hence y = x'/?, which means that the positive square
root is unique.

The representation x = y? (with y € A%) of the positive element z shows in
particular that © = y*y (since y is selfadjoint). This last property characterizes
positive elements:

Theorem 7.23.

(i) The element x € A is positive if and only if x = y*y for some y € A.
(ii) If x is positive, then z*xz is positive for all z € A.

(iii) If A is a B*-subalgebra of B(X) for some Hilbert space X, then T € A
is positive if and only if (Tx,x) >0 for allx € X.

Proof.

(i) The preceding remarks show that we need only to prove that x := y*y
is positive (for any y € A). Since it is trivially selfadjoint, we decompose it as
x = a7 — 2™, and we need only to show that = = 0. Let z = yz~. Then since

+— —
zTxT =0,

Fr=aytyrT =z ar =2 (2T —27 )T = —(z7)3 (2)
But (z7)3 is positive; therefore

—z*z e AT, (3)

Write z = a + ib with a, b selfadjoint elements of A. Then a?,b? € A, and
therefore, by Theorem 7.22,

22+ 22" =20 + 20 € AT. (4)
By the remarks following Definition 7.5 and (3)

o(—22*) Co(—2*2) U {0} C RT.
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Thus, —22* € AT, and so by (4) (cf. Theorem 7.22)
22 = ("2 + 22%) + (—22*) € AT.

Together with (3), this shows that z*z € AT N (—AT), hence z*z = 0 by
Theorem 7.22 (and therefore z = 0 because |z]|? = [|z*z|| = 0). By (2), we
conclude that = = 0 (because 2~ is both selfadjoint and nilpotent), as wanted.

(ii) Write the positive element z in the form z = y*y with y € A (by (i)).
Then (again by (i) z*zz = z*(y*y)z = (y2)*(yz) € A™.

(iii) If T is positive, write T' = S*S for some S € A (by (i)). Then (Tz,x) =
(Sx,Sz) >0 for all z € X.

Conversely, if (Tz,z) € R for all x € X, then (T*z,z) = (2, Tx) = (Tz,z) =
(T'z, z) for all , and by polarization (cf. identity (11) following Definition 1.34)
(T*z,y) = (Tx,y) for all z,y € X, hence T* =T.

For any ¢ > 0, we have

|(=01 = T)al]? = |62 + Ta|2 = 8%al|? + 2R[3(w, Ta)] + | Tw|2 = 62 a2,
because (x,Txz) > 0. Therefore
(=01 = T)z|| = o|jz[| (= € X).

This implies that Ts := —dI — T is injective (trivially) and has closed range :=Y
(indeed, if Tsx,, — y, then

l2n = @mll < ™M Ts(2n — 2m) | — 0;

hence 3lim z,, := x, and y := lim,, Tsx, = Tsx € Y).
If z € Y+, then for all 2 € X, since Ty is selfadjoint,

(x,Tsz) = (Tsx, z) = 0.

Hence Tsz = 0, and therefore z = 0 since Ty is injective. Consequently Y = X,
by Theorem 1.36. This shows that T is bijective, and therefore T} e B(X),
by Corollary 6.11. Thus, —6 € pp(x)(T) = pa(T), by Theorem 7.18. However,
since T is selfadjoint, . 4(T) C R by Lemma 7.17. Therefore, o 4(T) C RT. O

Definition 7.24. Let A be a B*-algebra, and let A, denote the set of all sel-
fadjoint elements of A. A linear functional on A is hermitian (positive) if it is
real-valued on A (non-negative on AT, respectively).

Note that since e € AT (o(e) = {1} C RT), we have ¢(e) > 0 for any positive
linear functional ¢. In particular, if ¢ is normalized, that is, ¢(e) = 1, we call
it a state. The set of all states on .4 will be denoted by & = S(A). It will play
in the non-commutative case a role as crucial as the role that ® played in the
commutative Gelfand—Naimark theorem. L

Clearly, the linear functional ¢ is hermitian iff ¢(z*) = ¢(z) for all z € A
(this relation evidently implies that ¢(z) is real for x selfadjoint; on the other
hand, if ¢ is hermitian, write x = a + ib with a,b € A,; then z* = a — ib, and
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therefore ¢(x*) = ¢(a) — ip(b) is the conjugate of ¢(z) = ¢(a) + ip(b), since
¢(a), p(b) € R).

Note that Re(z) = ¢(a) = ¢p(Rx).

If ¢ is positive, it is necessarily hermitian (write any selfadjoint = as 27 —27;
since ¢p(zT), p(x~) € RT, we have ¢(x) = ¢p(z) — ¢(z~) € R).

If z € As, the element ||z|le —z is positive (it is selfadjoint and o(||z||e —z) =
llz|| = o(z) C ||z]| = [z, |=]]] = [0,2]|z|] € RT). Therefore, for any positive
linear functional ¢, ¢(||z|le—x) > 0, that is, ¢(x) < ¢(e)||z||. Replacing x by —z,
we get also —4(z) = 6(—2) < ¢(c)||— ]| = 9(¢)]z].. Therefore, |p(z)| < B(e)ljz]
for all z € A,.

Next, for € A arbitrary, write the complex number ¢(z) in its polar form
|p(z)]e!. Then

|6(x)| = ™o (z) = ¢(e " x)
= Ro(ez) = p(Rle™’]) < p(e)lIRle™a]|| < d(e) |-

This shows that ¢ is bounded with norm < ¢(e). On the other hand, ¢(e) <
llollllell = ||#ll. Therefore ||¢|] = ¢(e) (in particular, states satisfy ||¢]| =
¢(e) = 1). Conversely, we show below that a bounded linear functional ¢ such
that ||¢]| = ¢(e) is positive.

Theorem 7.25. A linear functional ¢ on the B*-algebra A is positive if and
only if it is bounded with norm equal to ¢(e).

Proof. It remains to prove that if ¢ is a bounded linear functional with norm
equal to ¢(e), then it is positive. This is trivial if ||¢|| = 0 (the zero functional is
positivel), so we may assume that ||¢|| = ¢(e) = 1 (replace ¢ by ¢ := ¢/||]|; if
we prove that 1) is positive, the same is true for ¢ = ||¢||v).

It suffices to prove that ¢(z) > 0 for unit vectors z € AT. Write ¢(z) = a+i3
with o, B real. If 3 # 0, define y = 3~ (z—ae). Then y is selfadjoint and ¢(y) = i.
For all n € N,

(L +n)if* = |(y +ine)|” < [ly +inel* = [|(y + ine)* (y + ine)|
= ll(y — ine)(y +ine)| = |ly* +n’el| < [lyl* +n?,
and we get the absurd statement 1+ 2n < ||y||? for all n € N. Therefore, 3 = 0
and ¢(z) = a.
Since o(z) C [0, ||z]|] = [0,1], we have o(e — z/2) = 1 — (1/2)o(z) C 1 —
(1/2)[0,1) = [1/2,1], and therefore |e — /2| = r(e — z/2) < 1. Now
l-—a/2<1-a/2|=[¢(e—z/2)| < [le—z/2]| <1,
hence a > 0. O
It is now clear that the set of states S = S(.A) is not empty. Indeed, consider
the linear functional ¢y on Ce defined by ¢o(Ae) = A. Then clearly ||¢of| =1 =
¢o(e). By the Hahn—Banach theorem, ¢ extends to a bounded linear functional

¢ on A satisfying ||¢|| = 1 = ¢(e). By Theorem 7.25, ¢ € S (actually, any state
on A is an extension of ¢g).
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7.6 The Gelfand—Naimark—Segal construction
Let A be any B*-algebra. Given a state s € S := S(A), we set

(#,9)s = s(y"z) (2,y € A).

By Theorem 7.23, the form (-,-)s is a semi-inner product (s.i.p.). The induced
semi-norm
I lls = (z,2)/? = s(z*2)"/? (2 € A)
is ‘normalized’, that is, ||e]|s = 1 (because s(e) = 1), and continuous on A (by
continuity of s, of the involution, and the multiplication).

Let

Js = {z € Aslzlls = 0} = || - [T ({0}).

The properties of the semi-norm imply that Js is a closed subspace of A.

By the Cauchy—Schwarz inequality for the semi inner product, if z € J,, then
(x,y)s = (y,x)s =0 for all y € A.

This implies that J; is left A-invariant (i.e. a left ideal), because for all x € J;
andy € A

lyel2 = 5((wa) (v2)) = s((w'va)"z) = (@,y"ye)s = 0.
Lemma 7.26. Let s € S(A). Then for all x,y € A,

lzylls < llzll[ylls-

Proof. By Theorem 7.23, z*z € A", and since ||z*z| = ||z||?, it follows that
o(x*x) C [0,]|z||%]. Therefore, the selfadjoint element ||z|*e — 2*x has spectrum
contained in |22 — [0, [|z]|?] = [0, ||=||?], and is therefore positive. By the second
statement in Theorem 7.23, it follows that y*(||z||?e — z*x)y is positive, that
is, [lzl2y"y — (zy)*(zy) € A, Hence s(|la|y"y — (ay)"(ay)) = 0, that is,
21 ly 112 = llzyll? > 0. O

The s.i.p. (+,-)s induces an inner product (same notation) on the quotient
space A/ J:
(x+Js,y+ Js)s = (2,9)s  (7,y € A).

This definition is independent on the cosets representatives, because if x + J; =
'+ Jsand y+ Js =y + Js, then x — 2’y — ¢’ € Js, and therefore (dropping
the subscript s)

(2,y) = (&' —2,9") + (z,9) + (2,9 —y) = (z, )

(the first and third summands vanish, because one of the factors of the s.i.p. is
in Js).

If ||z + Js||2 := (x+ Js, 2+ J5)s = 0, then ||z||? = (z,2)s = 0, that is, z € J;,
hence z+J; is the zero coset Js. This means that ||-||s is a norm on A/J,. Let X
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be the completion of A/Js with respect to this norm. Then X is a Hilbert space

(its inner product is the unique continuous extension of (-,-)s; from the dense

subspace A/Js; x A/Js to X x X; the extension is also denoted by (-, )s).
For each x € A, consider the map

L,:=L:A/Js— A/ Js

defined by
L.(y+Js)=zy+Js (yeA.

It is well defined, because if y,y’ represent the same coset, then ||y — ¢/||s = 0,
and therefore, by Lemma 7.26, ||z(y — ¢')||s = 0, which means that xy and xy’
represent the same coset.

The map L, is clearly linear. It is also bounded, with operator norm (on the
normed space A/J) || L] < ||z]|: indeed, by Lemma 7.26, for all y € A,

L2 (y + J)lls = lley + Jslls = llzylls < llzllllylls = l=llly + Jslls-

Therefore, L, extends uniquely by continuity to a bounded operator on X (also
denoted L), with operator norm ||L.|| < ||zl

Since L. is the identity operator on A/Js, then L, = I, the identity operator
on X,. Routine calculation shows that x — L, is an algebra homomorphism of
A into B(A/Js), and a continuity argument implies that it is a homomorphism
of A into B(Xj).

For all z,y,z € A, we have (dropping the index s)

(La(y+J), 2+ J) = (wy + J,z+ J) = (2y,2) = 5("xy) = s ((272)"y)
=(y,x"2) =W+ Jx*z2+J)=(y+J, Lo~ (2 + J)).

By continuity, we obtain the identity
(Lyu,v) = (u, Lyxv)  (u,v € Xs),

that is
(Ly)* =Ly (x € A).

We conclude that L : x — L, is a (norm-decreasing) *-homomorphism of A into
B(X;) that sends e onto I (such a homomorphism is called a representation of A
on the Hilbert space Xs). The construction of the ‘canonical’ representation L
is referred to as the Gelfand—-Naimark-Segal (GNS) construction; accordingly,
L:=L*°:x — L, will be called the GNS representation (associated with the
given state s on A).

Consider the unit vector vs := e + J; € X, (it is a unit vector because
llvslls = |lells = s(e*e)'/? = 1). By definition of Xy, the set

{Lyvs;z € Ay ={x+ Jg;2 € A} = A/ Js,

is dense in X ;. We express this fact by saying that the representation L : x — L,
is cyclic, with cyclic vector vs.
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Note also the identity (dropping the index s)
s(z) =s(e*x) = (v,e) = (x+ Je+ J) = (Le(e+ J),e+ J) = (Lyv,v). (1)

Thus, the state s is realized through the representation L as the composition
sy 0 L, where s, is the so-called vector state on B(X;) defined (through the unit
vector v) by

su(T) = (Tw,v) (T € B(X,)).

The GNS representation is ‘universal’ in a certain sense which we proceed to
specify.

Suppose A : x — A, is any cyclic representation of A on a Hilbert space Z,
with unit cyclic vector u € Z such that s = s, o A. Then by (1), for all x € A,

||A1UH2Z = (Aﬂ?uvAm’u)Z = (Az*xuau)Z

= (sy 0 A)(2*x) = 8(2*2) = (Ly=v,v)s = || Lyvl|2. (2)

Since L and A are cyclic representations on Xy and Z with respective cyclic
vectors v and u, the subspaces X, := {L,v;2 € A} and Z := {Au;2 € A} are
dense in X and Z, respectively. Define U : Xy — Z by

UL,y =Au (z € A).

It follows from (2) that U is a linear isometry of X, onto Z. It extends uniquely
by continuity as a linear isometry of Xy onto Z. Thus, U is a Hilbert space
isomorphism of X onto Z, that carries v onto u (because Uv = Ulv = UL v :=
Acu = Iu = u, where we use the notation I for the identity operator in both
Hilbert spaces). We have

(UL;) (Lyv) = ULyyv = Agyu = AgAyu
= A (ULyv) = (AU) (Lyv).

Thus, UL, = A,U on the dense subspace X of Xj: by continuity of the operat-
ors, it follows that UL, = AU, that is, A, = UL, U~! for all z € A (one says
that the representations A and L are wnitarily equivalent, through the unitary
equivalence U : Xy — Z). This concludes the proof of the following

Theorem 7.27 (The Gelfand—Naimark—Segal-theorem). Let s be a state
of the B*-algebra A. Then the associated GNS representation L := L*® is a cyclic
norm-decreasing representation of A on the Hilbert space X = X, with a unit
cyclic vector v = vg such that s = s, o L. If A is any cyclic representation of
A on a Hilbert space Z with unit cyclic vector u such that s = s, o A, then A

is unitarily equivalent to L under a unitary equivalence U : X — Z such that
Uv = u.
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Lemma 7.28. Let A be a B*-algebra, and let S be the set of all states of A.
Then, for each x € A,

(1) o(x) C {s(z);s € S};
(ii) if x is normal, then ||z|| = maxses|s(x)|; for x arbitrary, ||z| =
maxges ||z|s, where ||2]|? = s(z*z);

(iii) if s(x) =0 for all s € S, then x = 0;
() if s(x) € R for all s € S, then x is selfadjoint;
(v) if s(z) € RT forall s € S, then x € AT.

Proof. (i) Let A € o(z). Then for any o, 3 € C, a\ + 3 € o(ax + fe), and
therefore

e + 8] < |lax + Be||. (3)
Define sg : Z := Cx + Ce — C by

so(ax + fBe) = al + (.
If ax + Be = &’x + (e, then by (3)

[(@A+B) = (&'A+ B = |[(a = )X+ (B = 3]
< (e = ez + (8 — B)ell = 0.

Therefore sy is well defined. It is clearly linear and bounded, with norm < 1
by (3). Since sg(e) = 1, we have ||sg|| = 1. By the Hahn—Banach theorem, so has
an extension s as a bounded linear functional on A with norm ||s|| = ||so] = 1.
Since also s(e) = so(e) = 1, it follows from Theorem 7.25 that s € S, and
A= so(x) = s(x).

(ii) Since |s(z)| < ||z||, we have sup,cgs |s(z)| < ||z|| for any . When =z is
normal, we have r(z) = ||z||, and therefore there exists A; € o(z) such that
|A1] = ||z]|. By (i), A1 = si(z) for some s; € S. This shows that the above
supremum is a mazimum, attained at s;, and is equal to ||z||.

For z arbitrary, we apply the preceding identity to the selfadjoint (hence
normal!) element z*z:

2 * * . 2
ll? = "] = max (o) == ma o2

(iii) Suppose s(z) = 0 for all s € S. Write z = a+ib with a,b € A selfadjoint.
Since s is real on selfadjoint elements (being a positive linear functional, hence
hermitian!), the relation 0 = s(x) = s(a) + is(b) implies that s(a) = s(b) = 0 for
all s € S. By (ii), it follows that a = b = 0, hence x = 0.

(iv) If s(x) € R for all s, then (with notation as in (iii)) s(b) = 0 for all s,
and therefore b = 0 by (iii). Hence z = a is selfadjoint.

(v) If s(z) € R for all s, then x is selfadjoint by (iv), and o(z) C R by (i);
hence z € AT. O
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Let X be the vector space (under pointwise operations) of all f € []
such that S(f) := {s € S; f(s) # 0} is at most countable, and

1712 = D)3 <

seS

SES

By the Cauchy—Schwarz inequality in C", if f,g € X, the series

(£.9) == S (F(5),9(5))s

sES

converges absolutely (hence unconditionally), and defines an inner product on
X with induced norm || - ||. Let {f,} be a Cauchy sequence with respect to this
norm. For all s € S, the inequality || f|| > ||f(s)|ls (f € X) implies that {f.(s)}
is a Cauchy sequence in the Hilbert space X. Let f(s) := lim, f.(s) € X;.
Then f € [[,cs Xs and S(f) € U,, S(fn) is at most countable. Given € > 0, let
no € N be such that ||f,, — fm|| < € for all n,m > ng. By Fatou’s lemma for the
counting measure on S, for n,m > ny,

1 = F17 =D fals) = FI2 =D liminf [|fa(s) = fin ()12

sES seS

< timind Y7 [(F — Fu) ()2 = limnin [ £ — fin]? < €
seS

This shows that f = f, — (fn, — f) € X and f,, — f in the X-norm, so that X is
a Hilbert space. It is usually called the direct sum of the Hilbert spaces X and

is denoted
X = Z ®X,.
seES

The elements of X are usually denoted by » g ©zs (rather than the functional
notation f). We shall keep up with the preceding notation for simplicity of
symbols.

Given z € A, consider the operators L3 € B(X;) defined above (the fixed
superscript s, often omitted above, will be allowed now to vary over S!). We
define a new map L, : X — X by

(Laf)(s) = L3 f(s) (s €5).
Clearly L, f € [],cs Xs and S(L. f) C S(f) is at most countable. Also, since L*

is norm-decreasing,

IZaf1? =Y NLES($)E < D I PIF I3 = 2 ]PI1£1? < oo.

sES sES

Therefore L, f € X, and L, is a bounded linear operator on X with operator
norm < [|z[|. The usual notation for the operator L, is ) .5 ®©L;. Actually, we
have ||Lg|| = ||=||. Indeed, for each s € S, consider the function f, € X defined
by

fs(s)=wvs; fs(t)=0 (teS,t#s).



Exercises 195

Then || £, = [[os]ls = 1 and
Lo fsll = IL30s]ls = llz + Tslls = |||l
Hence || Lz|| > ||z|s for all s € S, and therefore
[Lz|l = sup [[z]ls = [|=]],
seS

by Lemma 7.28 (ii). Together with the preceding inequality, we obtain ||L,| =
||| for all z € A.

An easy calculation shows that the map L : x — L, of A into B(X) is an

algebra homomorphism that sends e onto the identity operator I. Also L, =
(Lg)* because for all f,g € X,

(Lo fi): = 3 (129,09

seS

_ Z (f(s),L;g(s))s = (f, L.9).

=3 (22 9.009)

s s s

Thus, L is an isometric x-isomorphism of the B*-algebra A onto the B*-
subalgebra LA of B(X). The usual notation for L is ) s @L®; it is called
the direct sum of the representations L, (s € §). This particular representation
of A is usually referred to as the universal representation of A. It is faithful (that
is, injective), since it is isometric. Our construction proves the following

Theorem 7.29 (The Gelfand—Naimark theorem). Any B*-algebra is
isometrically x-isomorphic to a B*-subalgebra of B(X) for some Hilbert space X .

A special isometric x-isomorphism L : A — LA C B(X) (called the
‘universal representation’) of the B*-algebra A is the direct sum representation
L=73,cs®L® on X =3 _s®Xs of the GNS representations {L°;s € S :=
S(A)}.

Exercises

1. A general Banach algebra A is not required to possess an identity. Consider
then the cartesian product Banach space A, := A x C with the norm
[z, Alll = |l=]| + || and the multiplication

[z, A] [y, 1] =[xy + Ay + px, Al

Prove that A, is a unital Banach algebra with the identity e := [0, 1],
commutative if A is commutative, and the map = € A — [z,0] € A, is
an isometric isomorphism of A onto a maximal two-sided ideal (identified
with A) in A.. (With this identification, we have A, = A + Ce.)

If ¢ is a homomorphism of the commutative Banach algebra A into C,
it extends uniquely to a homomorphism (also denoted by ¢) of A, into C
by the identity ¢([z, A]) = ¢(x) + A. Conclude that ||¢| = 1.
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2. The requirement ||zy| < ||z|||ly|| in the definition of a Banach algebra
implies the joint continuity of multiplication. Prove:

(a) If A is a Banach space and also an algebra for which multiplication is
separately continuous, then multiplication is jointly continuous. Hint:
consider the bounded operators L, : y — zy and R, : © — xy on A
and use the uniform boundedness theorem.

(b) (Notation as in Part (a)) The norm |z| := ||Ly|| (where the norm on
the right is the B(A)-norm) is equivalent to the given norm on A, and
satisfies the submultiplicativity requirement |zy| < |z||y|. If A has an
identity e, then |e| = 1.

3. Let A be a unital complex Banach algebra. If F' C A consists of commuting
elements, denote by Cp the maximal commutative Banach subalgebra of
A containing F'. Prove:
(a) ocp(a) =0c(a) for all a € Cp.
(b) If a,b € A commute, then

o(a+0b) Co(a)+o(b) and o(ab) C o(a)o(b).
Conclude that
r(a+b) <r(a) +r(b) and r(ab) < r(a)r(b).
(c) For all a € A and A € p(a),

1

r(R(A\;a)) = A0 o@)

Hint: use the Gelfand representation of Cyq ).

4. Let A be a commutative (unital) Banach algebra (over C). A set E C A
generates A if the minimal closed subalgebra of A containing E and the
identity e coincides with 4. In that case, prove that the maximal ideal
space of A is homeomorphic to a closed subset of the cartesian product

HaEE U(a)'

5. Let A be a unital (complex) Banach algebra, and let G be the group of
regular elements of A. Suppose {a,} C G has the following properties:
(i) an — a and ana = aa, for all n;
(ii) the sequence {r(a;!)} is bounded.
Prove that a € G. Hint: observe that r(e — a,'a) < r(a,;})r(a, —a) — 0,

hence 1 — o(a,'a) = o(e — a,'a) C B(0,1/2) for n large enough, and
therefore 0 ¢ o(a, 'a).
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6. Let A be a unital (complex) Banach algebra, a € A, and A € p(a). Prove
that A € p(b) for all b € A for which the series s(A) := > [(b—a)R(A; a)]”
converges in .4, and for such b, R(\;b) = R(A;a)s(N).

7. Let A and a be as in Exercise 6, and let V' be an open set in C such that
o(a) C V. Prove that there exists § > 0 such that o(b) C V for all b in
the ball B(a,d). Hint: if M is a bound for R(-;a) on the complement of V'
in the Riemann sphere, take § = 1/M and apply Exercise 6.

8. Let ¢ be a non-zero linear functional on the Banach algebra A. Trivially,
if ¢ is multiplicative, then ¢(e) = 1 and ¢ # 0 on G(A). The following
steps provide a proof of the converse. Suppose ¢(e) = 1 and ¢ # 0 on
G(A). Denote N = ker ¢ (note that N N G(A) = ()). Prove:

(a) d(e, N) = 1. Hint: if ||e — z|| < 1, then z € G(A), hence x ¢ N.

(b) ¢ € A* and has norm 1. Hint: if a ¢ N, a1 := e — ¢(a)"*a € N, hence
d(e,a1) > 1 by Part a.

(¢c) Fix @ € N with norm 1, and let f(\) := ¢(exp(Aa)) (where the
exponential is defined by means of the usual power series, conver-
ging absolutely in A for all A € C). Then f is an entire function with
no zeros such that f(0) =1, f/(0) = 0, and |f(\)| < el

(d) (This is a result about entire functions.) If f has the properties listed
in Part (c), then f = 1 identically. Sketch of proof: since f has no
zeros, it can be represented as f = e9 with g entire; necessarily g(0) =
g'(0) = 0, so that g(\) = A2h()\) with h entire, and Rg(\) < |\|. For
any r > 0, verify that |2r — g| > |g| in the disc [A| <7 and [2r —g| > 0
in the disc |A| < 2r. Therefore F|()\) := [r2h(\)]/[2r — g()\)] is analytic
in [A| < 2r, and |F| < 1 on the circle |A| = r, hence in the disc |A\| < r
by the maximum modulus principle. Thus

||

m <1/r (JAl<r).

Given A, let 7 — oo to conclude that A = 0.

(e) If a € N, then a? € N. Hint: apply Parts (c) and (d) and look at the
coefficient of A\? in the series for f.

(f) ¢(z?) = ¢(z)? for all x € A. (Represent © = x1 + ¢(v)e with z; € N
and apply Part (e).) In particular, x € N iff 22 € N.

(g) If either x or y belong to N, then (i) zy+yx € N; (i) (vy)? + (yx)? €
N; and (iii) zy — yz € N. (For (i), apply Part (f) to = + y; for (ii),
apply (i) to yry instead of y, when x € N; for (iii), write (zy —yz)? =
2[(zy)? + (yx)?] — (zy + yx)? and use Part (f).) Conclude that N is
a two-sided ideal in A and ¢ is multiplicative (use the representation
x = x1 + ¢(x)e with 21 € N).
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10.

11.

12.

7. Banach algebras

Let A be a (unital complex) Banach algebra. For a,b € A, denote C(a,b) =
L, — Ry (cf. Section 7.1), and consider the series

br(X) (1) R(X;a) " [C(a, b)e];

<
Il
o

o

br(A) [C(b,a)’e]R(\;a) T

M

<.
I
o

for A € p(a). Prove that if by, (A) (bg(\)) converges in A for some A € p(a),
then its sum is a left inverse (right inverse, respectively) for Ae — b. In
particular, if A € p(a) is such that both series converge in A, then A € p(b)
and R(A;b) = br,(A) = br(A).

(Notation as in Exercise 9.) Set

r(a,b) = limsup [|C(a, b)"e| /™,

and consider the compact subsets of C
op(a,b) ={X € C; d(\, 0(a)) < r(a,b)};
or(a,b) ={A € C; d(A,0(a)) <r(ba)};

o(a,b) = op(a,b) Uor(a,b).

Prove that the series br,(A) (br(\)) converge absolutely and uniformly
on compact subsets of or,(a,b)® (or(a,bd)®, respectively). In particular,
o(b) C o(a,b), and R(-;b) = by, = by on o(a,b)c.

(Notation as in Exercise 10.) Set
d(a,b) = max{r(a,b), r(b,a)},
so that trivially
o(a.b) = {X; d(\0(a)) < d(a,b)}

and o(a,b) = o(a) iff d(a,b) = 0. In this case, it follows from Exercise 10
(and symmetry) that o(b) = o(a) (for this reason, elements a, b such that
d(a,b) =0 are said to be spectrally equivalent).

Let D be a deriwation on A, that is, a linear map D : A — A such that
D(ab) = (Da)b + a(Db) for all a,b € A. (Example: given s € A, the map
D, := Ls — Ry is a derivation; it is called an inner derivation.) Prove:

(a) If D is a derivation on A and Dv commutes with v for some v, then
Df(v) = f'(v)Dv for all polynomials f.
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Let s € A. The element v € A is s-Volterra if Dyv = v?. (Example:
in A= B(L?([0,1])), take S: f(t) — tf(t) and V : f(t) — fot f(u)du,
the so-called classical Volterra operator.) Prove: (i) D™ = no"tl;
(i) v = D™ /n!; and (iii) C(s + av, s + Bv)"e = (71)”71!([3;“)1)",
for alln € Nand o, € C.

If v € A is s-Volterra, then (i) ||v"||1/" = O(1/n). In particu-
lar, v is quasi-nilpotent. (ii) (s + av,s + fv) = 0if § — a €
NU{0}, and = lim sup(n!|[v"||)}/™ otherwise. (iii) d(s + av, s+ Bv) =
lim sup(n!|[v™]|)*/") if a # B. (iv) For a # B3, s + av and s + Bv are
spectrally equivalent iff [|[v™||Y/" = o(1/n). (v) d(s + av,s + Bv) <
diam o (s). (vi) d(S + aV, S+ V) =1 when a # 3 (cf. Part (b) for
notation). In particular, S+ aV and S+ BV are spectrally equivalent
iff &« = 8 (however, they all have the same spectrum, but do not try to
prove this here!) Note that if 3 —a € N, then r(S +aV, S+ V) =0
while (S + 5V, S+ aV) = 1.

If v is s-Volterra, then
R(\;v) = A te + A2 exp(s/AN)v exp(—s/\) (A #0).
If v is s-Volterra, then for all a, A € C
exp[A(s + av)] = exp(As)(e + Av)® = (e — Av) ™ exp(\v),

where the binomials are defined by means of the usual series (note
that v is quasi-nilpotent, so that the binomial series converge for all
complex \).

If v is s-Volterra and p(s) is connected, then o(s + kv) C o(s) for all
k € Z. For all A € p(s),

M=

R(\; s+ kv) = (?)j!R(/\; s)? Tl (k> 0);

[}

|k

Jj=0

(Apply Exercise 9.) If p(s) and p(s+ kv) are both connected for some
integer k, then o(s + kv) = o(s). In particular, if o(s) C R, then
o(s+ kv) =o(s) for all k € Z.

13. Let A be a (unital, complex) Banach algebra, and let a,b,c € A be such
that C(a,b)c =0 (i.e. ac = ¢b). Prove:

(a)

C(e*,e?)c = 0 (i.e. e%c = ce’, where the exponential function e® is
defined by the usual absolutely convergent series; the base of the
exponential should not be confused with the identity of A!)
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(b) If A is a B*-algebra, then e*~* is unitary, for any = € A. (In
particular, ||e®=*"|| = 1.)

(c) If Ais a B*-algebra and a, b are normal elements (such that ac = ¢b,
as before!), then

e ce ™t =¥ Tcebt,

e ce™

< lefl-
(d) For a,b,c as in Part (c), define
fA) =erce™ (AeQ).

Prove that || f(A)]| < ||e|| for all A € C, and conclude that f(A\) = ¢ for
all X (i.e. e ¢ = ce?” for all A € C).

(e) If A is a B*-algebra, and a,b are normal elements of A such that
ac = c¢b for some ¢ € A, then a*c = ¢b*. (Consider the coefficient of A
in the last identity in Part (d).)

In particular, if ¢ commutes with a normal element a, it commutes also
with its adjoint; this is Fuglede’s theorem.

Consider L'(R) (with respect to Lebesgue measure) with convolu-
tion as multiplication. Prove that L'(R) is a commutative Banach
algebra with no identity, and the Fourier transform F' is a contract-
ive (i.e. norm-decreasing) homomorphism of L!(R) into Co(R). (Cf.
Exercise 7, Chapter 2.)

Let ¢ be a non-zero homomorphism of the Banach algebra L' = L'(R)
into C (cf. Exercises 14 and 1). Prove:

(a) There exists a unique h € L> = L*(R) such that ¢(f) = [ fhdz for
all f € L', and ||h||c = 1. Moreover

o(f,)9(9) = &(f)blgy) (f.g€ L'y €eR),

where f,(z) = f(z —y).
(b) For any f € L' such that ¢(f) # 0,
(i) h(y) = o(fy)/o(f) a.e. (in particular, h may be chosen to be
continuous).
(i) ¢(fy) #0 for all y € R.
(iii) |h(y)|=1for all y € R.
(iv) h(z +1vy) = h(x)h(y) for all z,y € R and h(0) = 1.

Conclude that h(y) = e~ for some t € R (for all y) and that ¢(f) =
(Ff)(t), where F is the Fourier transform.
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16.

17.

18.

19.

Conversely, each ¢t € R determines the homomorphism ¢:(f) =
(Ff)(t). Conclude that the map t — ¢; is a homeomorphism of R onto
the Gelfand space ® of L' (that is, the space of non-zero complex homo-
morphisms of L! with the Gelfand topology). (Hint: the Gelfand topology
is Hausdorff and is weaker than the metric topology on R.)

Let A, B be commutative Banach algebras, B semi-simple. Let 7 : A — B
be an algebra homomorphism. Prove that 7 is continuous. Hint: for each
¢ € ®(B) (the Gelfand space of B), ¢ o7 € ®(A). Use the closed graph
theorem.

Let X be a compact Hausdorff space, and let A = C(X). Prove that the
Gelfand space @ of A (terminology as in Exercise 15) is homeomorphic to
X. Hint: consider the map t € X — ¢; € ®, where ¢:(f) = f(t), (f €
C(X)) (this is the so-called ‘evaluation at t* homomorphism). If 3¢ € &
such that ¢ # ¢, for all t € X and M = ker ¢, then for each t € X there
exists f; € M such that f;(¢t) # 0. Use continuity of the functions and
compactness of X to get a finite set {f;,} C M such that h := " |f;,|> > 0
on X, hence h € G(A); however, h € M, contradiction. Thus t — ¢,
is onto @, and one-to-one (by Urysohn’s lemma). Identifying ® with X
through this map, observe that the Gelfand topology is weaker than the
given topology on X and is Hausdorff.

Let U be the open unit disc in C. For n € N, let A = A(U™) denote the
Banach algebra of all complex functions analytic in U™ := U x --- x U
and continuous on the closure U™ of U™ in C", with pointwise operations
and supremum norm |||, := sup{|f(2)|;z € U"}. Let ® be the Gelfand
space of A (terminology as in Exercise 15). Given f € A and 0 < r < 1,
denote f,.(z) = f(rz) and Z(f) = {z € U™; f(z) = 0}. Prove:

(a) fr is the sum of an absolutely and uniformly convergent power series
in U™. Conclude that the polynomials (in n variables) are dense in A.

(b) Each ¢ € ® is an ‘evaluation homomorphism’ ¢,, for some w € U™,
where ¢,(f) = f(w). Hint: consider the polynomials p;(z) = z;
(where z = (z1,...,2,)). Then w := (¢(p1),...,9(pn)) € U™ and
é(pj) = pj(w). Hence ¢(p) = p(w) for all polynomials p. Apply
Part (a) to conclude that ¢ = ¢,,. The map w — ¢, is the wanted
homeomorphism of U™ onto ®.

(c) Given fi,...,fm € A such that ()L, Z(fx) = 0, there exist
gi,---,9m € Asuch that >~ frgr = 1 (on U™). Hint: otherwise, the
ideal J generated by fi,..., fin is proper, and therefore there exists

¢ € ® vanishing on J. Apply Part (b) to reach a contradiction.

Let A be a (unital, complex) Banach algebra such that

2
K := sup ||a|2|
ozacA ||@?||

< o0
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Prove:

(a) |la|| < Kr(a) for all a € A.
(b) llp(a)|| < K|pllc(o(a)) for all p € P, where P denotes the algebra of
all polynomials of one complex variable over C.

(¢) If a € A has the property that P is dense in C'(c(a)), then there exists
a continuous algebra homomorphism (with norm < K) 7: C(o(a)) —
A such that 7(p) = p(a) for all p € P.

Let K C C be compact # 0, and let C(K) be the corresponding
Banach algebra of continuous functions with the supremum norm || f||x :=
supg | f|. Denote Py :={p € P; |Ipllx < 1} (cf. Exercise 19 b).

Let X be a Banach space, and T € B(X). For z € X, denote
[#]l7 == sup [[p(T)z|;
pPEP1

Zr ={x € X; ||z|lr < oo}
Prove:

(a) Zr is a Banach space for the norm || - ||z (which is greater than the
given norm on X).

(®) lp(D)p(zr) < 1.

(¢) If the compact set K is such that P is dense in C(K), there exists
a contractive algebra homomorphism 7 : C(K) — B(Zr) such that
7(p) = p(T) for all p € P.
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Hilbert spaces

8.1 Orthonormal sets

We recall that the vectors z,y in an inner product space X are (mutually)
orthogonal if (x,y) = 0 (cf. Theorem 1.35). The set A C X is orthogonal if any
two distinct vectors of A are orthogonal; it is orthonormal if it is orthogonal and
all vectors in A are unit vectors, that is, if

(a,b) =6qp (a,be A)

where 0,5 is Kronecker’s delta, which equals zero for a # b and equals one for
a="b.

A classical example is the set A = {e™:n € N} in the Hilbert space X =
L2([0, 27]) with the normalized Lebesgue measure dt /2.

Lemma 8.1 (Pythagores’ theorem). Let {z;k =1,...,n}, be an orthogonal
subset of the inner product space X. Then

n n
1D all® = Ml
k=1 k=1
Proof. By ‘sesqui-linearity’ of the inner product, the left-hand side equals
D wm )y | =D (wny).
k J k,j
Since (zg,z;) = 0 for k # j, the last sum equals Y, (v, zx) = > ||z /> O

If A:={a1,...,a,} C X is orthonormal and {\1,...,A,} C C, then (taking
xp = Apay in Lemma 8.1),

1D Awarl® =D el (1)
k=1 k=1
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Theorem 8.2. Let {ar;k=1,2,...} be an orthonormal sequence in the Hilbert
space X, and let A := {\;k =1,2,...} be a complex sequence. Then

(a) The series Y, Araj converges in X iff ||A[|3 := 3", [Ae]? < oo
(b) In this case, the above series converges unconditionally in X, and
1225 Awall = [[A]l2-

Proof. By (1) applied to the orthonormal set {a;+1,...,a,} and the set of
scalars {\pm41,.-., An} with n >m >0,

n 2 n
S ona| = 3wl ©)
k=m+1 k=m+1

This means that the series Y Agaj satisfies Cauchy’s condition iff the series
> |Ak|? satisfies Cauchy’s condition. Since X is complete, this is equivalent to
Statement (a) of the theorem.
Suppose now that ||All2 < oo, and let then s € X denote the sum of the
series ), Apay. Taking m = 0 and letting n — oo in (2), we obtain ||s|| = [|A]]2.
Since (-, ) is a continuous linear functional (for any fixed x € X)), we have

(s,2) = Z)\k(ak,x). (3)
k=1

If 7 : N — Nis any permutation of N, the series Y, |Ar(x)|? converges to [| A3 by
a well-known property of positive series. Therefore, by what we already proved,
the series ), Ar(k)@r(r) converges in X; denoting its sum by ¢, we also have
lt]l = ||Al]2, and by (3), for any x € X,

(t, :c) = Z )\,r(k)(a,r(k), 33)
k

Choose & = a; for j € N fixed. By orthonormality, we get (t,a;) = A;, and
therefore, by (3) with = = ¢,

(tr8) = (5,0) = > Awlanst) = Y Mt an) = D [Mel* = [|A]l5-
k & &
Hence ||t — s]|? = ||t]|> — 2R(¢,s) + ||s]|*> = 0, and t = s. O

Lemma 8.3 (Bessel’s inequality). Let {ai,...,a,} be an orthonormal set in
the inner product space X. Then for all x € X,

Yl an)® < ).
k
Proof. Given z € X, denote y := >, (x, ar)as. Then by (1)

(2 —y) = (.2) = (y,9) = D (z,a)(an, @) = lyll* = D (2, ) = Jyl* = 0.

k k
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Therefore, by Lemma 8.1,

2[1* = (@ =) +yl* = e —ylI® + vl > yl* =D (@, an)|?
k
O
Corollary 8.4. Let {ax;k =1,2,...} be an orthonormal sequence in the Hilbert

space X. Then for any x € X, the series Y, (x,ax)a converges unconditionally
in X to an element Pz, and P € B(X) has the following properties:

(a) [Pl =1;

(b) P?=P;

(c) the ranges PX and (I — P)X are orthogonal
(d) P*=P.

Proof. Let z € X. By Bessel’s inequality (Lemma 8.3), the partial sums of the
positive series >, |(z, ay)|? are bounded by ||z||?; the series therefore converges,
and consequently >, (z, a)ay, converges unconditionally to an element Pz € X,
by Theorem 8.2. The linearity of P is trivial, and by Theorem 8.2, ||Px||?> =
Sl ak)? < |jz||?, so that P € B(X) and ||P| < 1. By (3)

(o)
(Pz,a;) Z x,ax)(ag, a;) = (z,a;). 4)
k=1

Therefore

P%z = P(Px) = Z(Px, aj)aj = Z(m,aj)aj = Puz.

J J

This proves Property (b)

By Property (b), ||P|| = ||P?|| < ||P|*>. Since P # 0 (e.g. Pa; = a; # 0 for
all j € N), it follows that |P|| > 1, and therefore ||P|| = 1, by our previous
inequality. This proves Property (a). By (3) with the proper choices of scalars
and vectors, we have for all z,y € X

(Py,x) = Z(y’ak)(ak’m> = Z(x,ak)(ak,y) = (Pl‘,y) = (y,P.’E)

k k

This proves Property (d), and therefore by Property (b),
(Pz,(I = P)y) = (z,P(I = P)y) = (z,(P — P*)y) = 0,

which verifies Property (c). O
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Projections

Terminology 8.5.

(a)

Any P € B(X) satisfying Property (b) in Corollary 8.4 is called a pro-
jection (X could be any Banach space!). If P is a projection, so is I — P
(because (I —P)? = [-2P+P = [—P); [P is called the complementary
projection of P. Note that the complementary projections P and I — P
commute and have product equal to zero.

For any projection P on a Banach space X,
PX ={x € X;Pr=xa} =ker({ — P) (1)

(if + = Py for some y € X, then Px = P?y = Py = x). Since I —
P is continuous, it follows from (1) that the range PX is closed. The
closed subspaces PX and (I — P)X have trivial intersection (if x is in the
intersection, then x = Pz, and x = (I — P)x = x — Pz = 0), and their
sum is X (every x can be written as Pz + (I — P)x). This means that X
is the direct sum of the closed subspaces PX and (I — P)X.

A closed subspace M C X is T-invariant (for a given T € B(X)) if
TM C M. By (1), the closed subspace PX is T-invariant iff P(T'Pz) =
TPz for all z € X, that is, iff TP = PTP. Applying this to the comple-
mentary projection I — P, we conclude that (I — P)X is T-invariant iff
T(I—P)=(I-P)T(I-P), that is (expand and cancel!), iff PT' = PTP.
Therefore both complementary subspaces PX and (I—P)X are T-invariant
iff P commutes with T. One says in this case that PX is a reducing
subspace for T (or that P reduces T).

When X is a Hilbert space and a projection P in X satisfies Property (c) in
Corollary 8.4, it is called an orthogonal projection. In that case the direct
sum decomposition X = PX @ (I — P)X is an orthogonal decomposition.
Conversely, if Y is any closed subspace of X, we may use the orthogonal
decomposition X =Y @ Y+ (Theorem 1.36) to define an orthogonal pro-
jection P in X with range equal to Y: given any x € X, it has the unique
orthogonal decomposition z = y + 2z with y € Y and z € Y*; define
Px = y. It is easy to verify that P is the wanted (selfadjoint!) projection;
it is called the orthogonal projection onto Y. Given T € B(X), Y is a redu-
cing subspace for T iff P commutes with 7' (by Point (b) above); since
P is selfadjoint, the relations PT = TP and TP = PT* are equivalent
(since one follows from the other by taking adjoints). Thus Y reduces T
iff it reduces T*. If Y is invariant for both T" and T™*, then (cf. Point (b))
TP = PTP and T*P = PT*P; taking adjoints in the second relation, we
get PT = PTP, hence TP = PT. As observed before, this last relation
implies in particular that Y is invariant for both 7" and T™*. Thus, if Y
is a closed subspace of the Hilbert space X and P is the corresponding
orthogonal projection, then for any 7' € B(X), the following propositions
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are equivalent:

(i) Y reduces T}

(ii) Y is invariant for both T and T*;
(iii) P commutes with T'.

(d) In the proof of Corollary 8.4, we deduced Property (c) from Property (d)
Conversely, if P is an orthogonal projection, then it is selfadjoint. Indeed,
for any z,y € X, (Pz,(I — P)y) = 0, that is, (Pz,y) = (Pz, Py).
Interchanging the roles of x and y and taking complex adjoints, we get
(z, Py) = (Pz, Py), and therefore (Pz,y) = (z, Py). Thus, a projection
in Hilbert space is orthogonal if and only if it is selfadjoint.

We consider now an arbitrary orthonormal set A in the Hilbert space X.

Lemma 8.6. Let X be an inner product space and A C X be orthonormal. Let
6 >0 and x € X be given. Then the set

As(z) :={a € 4;|(z,a)| > 6}
is finite (it has at most [||x||?/6%] elements).

Proof. We may assume that As(z) # 0 (otherwise there is nothing to prove).
Let then ay,...,a, be n > 1 distinct elements in As(z). By Bessel’s inequality,

n
nd? <Y Iz, an)]? < 2,
k=1

so that n < ||z||?/62, and the conclusion follows. O

Theorem 8.7. Let X be an inner product space, and A C X be orthonormal.
Then for any given x € X, the set

A(z) :={a € A4;(z,a) # 0}
is at most countable.

Proof. Since

Alx) = | Arym(2),
m=1

this is an immediate consequence of Lemma 8.6. O

Notation 8.8. Let A be any orthonormal subset in the Hilbert space X. Given
x € X, write A(z) as a (finite or infinite) sequence A(z) = {ax}. Let Pz be
defined as before with respect to the orthonormal sequence {ax}. Since the
convergence is unconditional, the definition is independent of the particular
representation of A(x) as a sequence, and one may use the following notation
that ignores the sequential representation:

Pz = Z (z,a)a.

acA(x)
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Since (z,a) = 0 for all @ € A not in A(x), one may add to the sum above the
zero terms (z,a)a for all such vectors a, that is,

Pz = Z(:c,a)a.

a€A
By Corollary 8.4, P is an orthogonal projection.

Lemma 8.9. The ranges of the orthogonal projections P and I — P are span(A)
(the closed span of A, i.e. the closure of the linear span of A) and A*,
respectively.

Proof. Since Pb = b for any b € A, we have A C PX, and since PX is
a closed subspace, it follows that span(4) C PX. On the other hand, given
z € X, represent A(z) = {ay}; then Pz =Y, (z,ax)ar = lim, > ;_, (z, ax)ay €
span(A), and the first statement of the lemma follows.

By uniqueness of the orthogonal decomposition, we have

(1 - P)X = (span(A)) . )

Clearly, x € A+ iff A C ker(-, ). Since (-,z) is a continuous linear functional,
its kernel is a closed subspace, and therefore the last inclusion is equivalent to

- SN
span(A) C ker(-,z), that is, to = € (span(A)) . This shows that the set on the
right of (2) is equal to AL, O

8.3 Orthonormal bases

Theorem 8.10. Let A be an orthonormal set in the Hilbert space X, and let P
be the associated projection. Then the following statements are equivalent:

(1) A+ = {0}.

(2) If AC B C X and B is orthonormal, then A = B.
(3) X = span(A).

(4) P=1.

(5) Every x € X has the representation

T = Z(x,a)a.

a€A

(6) For every x,y € X, one has

(1‘,y) = Z(xv a)(y, a)v

a€A

where the series, which has at most countably many mon-zero terms,
converges absolutely.
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(7) For every x € X, one has

lz)* = (2, a)|*.

acA
Proof.

(1) implies (2). Suppose A C B with B orthonormal. If B # A, pick b € B,
b ¢ A. For any a € A, the vectors a,b are distinct (unit) vectors in the
orthonormal set B, and therefore (b,a) = 0. Hence b € AL, and therefore
b =0 by (1), contradicting the fact that b is a unit vector. Hence B = A.

(2) implies (3). If (3) does not hold, then by the orthogonal decomposition
theorem and Lemma 8.9, the subspace A+ in non-trivial, and contains
therefore a unit vector b. Then b ¢ A, so that the orthonormal set B :=
AU {b} contains A properly, contradicting (2).

(3) implies (4). By (3) and Lemma 8.9, the range of P is X, hence Pz = « for
all z € X (cf. remark (b) in Terminology 8.5), that is, P = I.

(4) implies (5). By (4), forallz € X, x =Ilx =Pr =3} .,

(5) implies (6). Given x,y € A and representing A(x) = {ay}, we have by the
Cauchy—Schwarz inequality in the Hilbert space C™ (for any n € N):

n n 1/2 n 1/2
DIz an)(y, an)| < (Zl(x,ak)F) <Zl(y,ak)2> < [l=[lllyll;
k=1 k=1

k=1

(z,a)a.

where we used Bessel’s inequality for the last step.

Since the partial sums of the positive series >, |(z,ar)(y,ar)| are
bounded, the series ), (x,ar)(y, ar) converges absolutely, hence uncon-
ditionally, and may be written without specifying the particular order-
ing of A(z); after adding zero terms, we finally write it in the form
> acalz,a)(y,a). Now since (-,y) is a continuous linear functional, this
sum is equal to

Z(xaak)(ak,y) = <Z(J?,ak)ak,y> = (2,9),

k k

where we used (5) for the last step.
(6) implies (7). Take z =y in (6).
(7) implies (1). If z € A+, (z,a) = 0for all a € A, and therefore ||z|| = 0 by (7).
O

Terminology 8.11. Let A be an orthonormal set in X. If A has Property (1), it
is called a complete orthonormal set. If it has Property (2), it is called a mazimal
orthonormal set. If it has Property (3), one says that A spans X. We express
Property (5) by saying that every € X has a generalized Fourier expansion
with respect to A. Properties (6) and (7) are the Parseval and Bessel identities
for A, respectively.
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If A has any (and therefore all) of these seven properties, it is called an
orthonormal basis or a Hilbert basis for X.

Example (1) Let I denote the unit circle in C, and let .4 be the subalgebra of
C(I') consisting of the restrictions to I' of all the functions in span{z*; k € Z}.
Since Z = 2"! on I, A is selfadjoint. The function z € A assumes distinct values
at distinct points of I, so that A is separating, and contains 1 = 2°. By the
Stone—Weierstrass theorem (Theorem 5.39), A is dense in C(T').

Given f € L?(T") (with the arc-length measure) and € > 0, let g € C(T) be
such that [|f — g||2 < €¢/2 (by density of C'(T) in L?(T")). Next let p € A be such
that |lg — pllery < €/2v2m (by density of A in C(I')). Then |g — pll2 < €/2,
and therefore ||f — p|l2 < €. This shows that A is dense in L?(T'). Equivalently,
writing z = e with # € [—m, 7], we proved that the span of the (obviously)

orthonormal sequence
eika:
—keZ *
{\/ﬂ } )

in the Hilbert space L?(—m,n) is dense, that is, the sequence (*) is an
orthonormal basis for L?(—m, 7). In particular, every f € L?(—m,n) has the
unique so-called L?(—n, 7)-convergent Fourier expansion

f — cheikm
keZ
with -
= (1/2m) f(z)e ™ dz.

By Bessel’s identity,

D lel® = (1/2m)|1£113- (**)

kEZ

Take for example f = I(g ). A simple calculation shows that ¢o = 1/2 and ¢, =
(1 — e~ ™) /27ik for k # 0. Therefore, for k # 0, |c|? = (1/472k?)(2 — 2 cos k)
vanishes for k even and equals 1/72k? for k odd. Substituting in (**), we get
1/4+ (1/7) >, oqqa(1/k%) = 1/2, hence

> (1/k%) =7/4.

kodd
If a:= 377, (1/k?), then
> (/) =) (1/45%) = a/4,
keven>2 j=1

and therefore

a= Z (1/k*) 4+ a/4 = 7*/8 + a/4.

kodd>1

Solving for a, we get a = 72 /6.
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(2) Let
eikz
fk(m) = EI(,ﬂJ)(x) (k’ eEl,x € R).

The sequence {f;} is clearly orthonormal in L?(R). If f belongs to the closure of
span {f;} and € > 0 is given, there exists h in the span such that ||f — A% < e.
Since h = 0 on (—m,m)°, we have

[ rde= [ ip-npde<e
(777’7r)c (77r’7r)c

and the arbitrariness of epsilon implies that the integral on the left-hand side
vanishes. Hence f = 0 a.e. outside (—m,7) (since f represents an equivalence
class of functions, we may say that f = 0 identically outside (—m,7)). On the
other hand, the density of the span of {e**} in L?(—m, 7) means that every
f € L%*(R) vanishing outside (—m,7) is in the closure of span{f;} in L*(R).
Thus {fx} is an orthonormal sequence in L?(R) which is not an orthonormal
basis for the space; the closure of its span consists precisely of all f € L?(R)
vanishing outside (—m, ).

Theorem 8.12 (Existence of orthonormal bases). Every (non-trivial)
Hilbert space has an orthonormal base.

More specifically, given any orthonormal set Aqg in the Hilbert space X, it
can be completed to an orthonormal base A.

Proof. Since a non-trivial Hilbert space contains a unit vector ag, the first
statement of the theorem follows from the second with the orthonormal set
AO = {CLQ}.

To prove the second statement, consider the family A of all orthonormal sets
in X containing the given set Ag. It is non-empty (since 4y € A) and partially
ordered by inclusion. If A" C A is totally ordered, it is clear that |J A’ is an
orthonormal set (because of the total order!) containing Ay, that is, it is an
element of A, and is an upper bound for all the sets in A’. Therefore, by Zorn’s
lemma, the family A contains a maximal element A; A is a maximal orthonormal
set (hence an orthonormal base, cf. Section 8.11) containing Ag. O

8.4 Hilbert dimension

Theorem 8.13 (Equi-cardinality of orthonormal bases). All orthonormal
bases of a given Hilbert space have the same cardinality.

Proof. Note first that an orthonormal set A is necessarily linearly independ-
ent. Indeed, if the finite linear combination z := ZZ:1 Aray of vectors ap € A
vanishes, then \; = (z,a;) = (0,a;) =0forall j=1,...,n.
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We consider two orthonormal bases A, B of the Hilbert space X.

Case 1. At least one of the bases is finite.

We may assume that A is finite, say A = {ay,...,a,}. By Property (5) of the
orthonormal base A, the vectors aq, ..., a, span X (in the algebraic sense!), and
are linearly independent by the above remark. This means that {a1,...,a,} is a
base (in the algebraic sense) for the vector space X, and therefore the algebraic
dimension of X is n. Since B C X is linearly independent (by the above remark),
its cardinality |B| is at most n, that is, |B| < |A|. In particular, B is finite, and
the preceding conclusion applies with B and A interchanged, that is, |A| < |B|,
and the equality |A| = |B| follows.

Case 2. Both bases are infinite.

With notation as in Theorem 8.7, we claim that

A= A®).

beB

Indeed, suppose some a € A is not in the above union. Then a ¢ A(b) for all
b € B, that is, (a,b) = 0 for all b € B. Hence a € B+ = {0} (by Property (1) of
the orthonormal base B), but this is absurd since a is a unit vector.

By Theorem 8.7, each set A(b) is at most countable; therefore the union
above has cardinality < Rg x |B]. Also Xy < |B| (since B is infinite). Hence |A| <
|B|? = |B| (the last equation is a well-known property of infinite cardinalities).
By symmetry of the present case with respect to A and B, we also have |B| < |A],
and the equality of the cardinalities follows. O

Definition 8.14. The cardinality of any (hence of all) orthonormal bases of the
Hilbert space X is called the Hilbert dimension of X, denoted dimpy X.

8.5 Isomorphism of Hilbert spaces

Two Hilbert spaces X and Y are isomorphic if there exists an algebraic iso-
morphism V' : X — Y that preserves the inner product: (Vp,Vq) = (p, q) for all
p,q € X (the same notation is used for the inner product in both spaces).

The map V is necessarily isometric (since it is linear and norm-preserving).
Conversely, by the polarization identity (cf. (11) following Definition 1.34),
any bijective isometric linear map between Hilbert spaces is an isomorphism
(of Hilbert spaces). Such an isomorphism is also called a unitary equivalence;
accordingly, isomorphic Hilbert spaces are said to be unitarily equivalent.

The isomorphism relation between Hilbert spaces is clearly an equival-
ence relation. Each equivalence class is completely determined by the Hilbert
dimension:

Theorem 8.15. Two Hilbert spaces are isomorphic if and only if they have the
same Hilbert dimension.

Proof. If the Hilbert spaces X,Y have the same Hilbert dimension, and A, B
are orthonormal bases for X and Y, respectively, then since |A| = |B|, we can
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choose an index set J to index the elements of both A and B:
A={aj;5€J};  B={bsjeJ}.

By Property (5) of orthonormal bases, there is a unique continuous linear
map V : X — Y such that Va; = b; for all j € J (namely Vo =3, ;(z,a;)b;
for all € X). There is also a unique continuous linear map W : Y — X such
that Wb; = a; for all j € J. Clearly VW = WV = I, where I denotes the
identity map in both spaces. Therefore V is bijective, and by Parseval’s identity

(VLC, Vy) = Z(mva’j)bj? (yﬂaj)bj = Z(x7aj)(y7aj) = (x,y)

jedJ jeJ jed

for all x,y € X. Thus V is a Hilbert space isomorphism of X onto Y.
Conversely, suppose the Hilbert spaces X and Y are isomorphic, and let then
V : X — Y be an isomorphism (of Hilbert spaces). If A is an orthonormal
base for X, then V' A is an orthonormal base for Y. Indeed, V' A is orthonormal,
because
(Vs,Vit) = (s,t) =051 = Ovs vt

for all s,t € A (the last equality follows from the injectiveness of V). In order
to show completeness, let y € (VA)* (in Y), and write y = V for some # € X
(since V is onto). Then for all a € A

(xaa) - (an V(l) = (y,Va) =0,

that is, x € AL = {0} (by Property (1) of the orthonormal base A). Hence y = 0,
and we conclude that V' A is indeed an orthonormal base for Y (cf. Section 8.11).

Now by Theorem 8.13 and the fact that V : A — V A is bijective, dimyg Y =
|[VA| = |A| = dimpg X. O

8.6 Canonical model

Given any cardinality 7, choose a set J with this cardinality. Consider the vector
space [2(J) of all functions f : J — C with J(f) := {j € J; f(j) # 0} at most
countable and

1/2
Ifllz:= | DIFGIP ] <oo.
JEJ
The inner product associated with the norm || - ||2 is defined by the absolutely

convergent series

(f,9):=>_f(Gg(i) (f.9€P()).

jed
The space [?(.J) is the Hilbert direct sum of copies C; (j € J) of the Hilbert space
C (cf. section following Lemma 7.28). In particular, [2(J) is a Hilbert space (it is
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actually the L? space of the measure space (J,P(J),u), with u the counting
measure, that is equal to one on singletons). For each j € J, let a; € I>(J) be
defined by a;(i) = 9, ;(i,j € J). Then A := {a;;j € J} is clearly orthonormal,
and (f,a;) = f(j) for all f € (?(J) and j € J. In particular A+ = {0}, so that A
is an orthonormal base for [2(J). Since |A| = |J| = v, the space [?(J) has Hilbert
dimension y. By Theorem 8.15, every Hilbert space with Hilbert dimension ~ is
isomorphic to the ‘canonical model’ I2(.J).

8.7 Commutants

Let X be a Hilbert space, and let B(X) be the B*-algebra of all bounded
operators on X. For any subset A C B(X), the commutant A" of A is the

set
A :={T € B(X);TA = AT for all A € A}.

(For a singleton {T'}, we write T” instead of {T'}'.)

The commutant A’ is closed in the w.o.t. Indeed, if the net {T};j € J} C A’
converges to the operator T' in the w.o.t. (that is, by the Riesz Representation
theorem, (Tjz,y) — (Tz,y) for all z,y € X), then for all z,y € X and A € A,

(TAz,y) = lim(T; Az, y) = lim(AT}z, y)
J J

= lim(Tjz, A%y) = (Tx, A*y) = (ATz,y),
J

hence TA = AT for all A € A, thatis, T € A’.
It follows that the second commutant

A// = (Al)/

is a w.o.-closed set (to be read: weak operator closed, i.e., a set closed in the
w.0.t.) that contains A (trivially). In particular, the relation A = A" implies
that A is w.o.-closed. We show below that the converse is also true in case A is
a *-subalgebra of B(X).

Theorem 8.16 (Von Neumann’s double commutant theorem). Let A be
a selfadjoint subalgebra of B(X). Then A is w.o.-closed if and only if A= A".

Proof. By the comments preceding the statement of the theorem, we must only
show that if T € A", then T € A,, (where A,, denotes the w.o.-closure of A).
However, since A is convex, its w.o.-closure coincides with its s.o.-closure Ay, by
Corollary 6.20. We must then show that any strong operator basic neighbourhood
N(T, F,e) of T meets A.

Recall that F' is an arbitrary finite subset of X, say F' = {x1,...,2,}.

Consider first the special case when n = 1. Let then M := Az; (the norm-
closure of the A-cycle generated by z; in X), and let P be the orthogonal
projection onto the closed subspace M of X. Since A is stable under multiplica-
tion, M is A-invariant for all A € A. Therefore, for each A € A, M is invariant
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for both A and A* (because A* € A, by selfadjointness of A). By Section 8.5,
Point 3, PA = AP for all A € A, that is, P € A’. Therefore TP = PT (since
T € A”). In particular, M is T-invariant, and so Tz; € M. Therefore there
exists A € A such that |Tz, — Az1]| < e, that is, A € N(T,{x1},€), as wanted.

The case of arbitrary n is reduced to the case n = 1 by looking at the space
X™, direct sum of n copies of X. The algebra B(X™) is isomorphic to the matrix
algebra M,,(B(X)) (of n x n-matrices with coefficients in B(X)). In particular,
two operators on X" commute iff their associated matrices commute.

If T € B(X), let T(™ be the operator on X™ with matrix diag(7, ..., T) (the
diagonal matrix with T" on its diagonal). For any z := [z1,...,z,] € X",

|7z = [T, ..., o]

n
=3 I1TaxlP < ITP L Jaul = 7Pl

k=

[

Hence |7 || < ||T||. On the other hand, for any unit vector = € X,

|7 > | 7™z, 0,...,0]

| = [Tz,0,...,0]| = |T=|,

and therefore |7 | > ||T||. Hence | T™|| = ||T)|.

A simple calculation shows that (T)* = (T*)(™) Tt follows that A™ :=
{A(M); A € A} is a selfadjoint subalgebra of B(X™).

One verifies easily that 7 € (AM™)’ iff its associated matrix has entries T};
in A’

Let T' € A” and consider as above the s.o.-neighbourhood N (T, {z1,...,2s},€).
Then T € (A™)”, and therefore, by the case n = 1 proved above, the s.0.-
neighbourhood N(T(, z,¢) in B(X™) meets A™), that is, there exists A € A
such that

(T — Az <e.

Hence, for all k =1,...,n,

1/2
I(T = Az < (Z <TA>xk|2> = (T = A)™a| < e,

k

that is, A € N(T,{x1,...,zn},€). O

Exercises

The trigonometric Hilbert basis of L?

1. Let m denote the normalized Lebesgue measure on [—m, 7). (The integ-
ral of f € L'(m) over this interval will be denoted by [ fdm.) Let
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ex(r) = e™*® (k € Z), and denote

Sp = Z e, (n=0,1,2,..)

|k[<n
on = (1/n) Z_: s; (neN).
j=0

Note that o3 = so = eg = 1, {ex; k € Z} is orthonormal in the Hilbert
space L?(m), and

/sn dm = (sn,e9) = Z (ex,e0) =1

|k|<n

n—1

/andmz(l/n)j;)/sjdmzl.

Prove

(a)
cos(nz) —cos(n+ 1)z sin(n+1/2)x

sn(x) = =

1—coszx sin(x/2)

(b) | |
onl) = (1/m)202) _ g ) (n(m/?)) |

1 —coszx sin(x/2)

(¢) {on}is an ‘approximate identity’ in the sense of Exercise 6, Chapter 4.
Consequently o, * f — f uniformly on [—m, 7] if f € C([-m, 7))
and f(m) = f(—w), and in LP-metric if f € LP := LP(m) (for each
p € [1,00)). (Cf. Exercise 6, Chapter 4.)

(d) Consider the orthogonal projections P and P, associated with the
orthonormal sets {ex;k € Z} and {ex;|k|] < n} respectively, and
denote @, = (1/n) Z?;(} P; for n € N.

Terminology: Pf =3, c,(f, ex)er is called the (formal) Fourier
series of f for any integrable f (it converges in L2 if f € L?); (f,ex)
is the kth Fourier coefficient of f; P, f is the nth partial sum of the
Fourier series for f; @, f is the nth Cesaro mean of the Fourier series
of f.

Observe that P, f = s, * f and Q, f = o, * f for any integrable
function f. Consequently @, f — f uniformly in [—7, 7] if f € Cp :=
{f € C([-m,7]); f(m) = f(—m)}, and in LP-norm if f € L (for each
p € [1,00)). If f € L® := L®(—m,7), Qunf — f in the weak*-
topology on L. (Cf. Exercise 6, Chapter 4.)

(e) {ex;k € Z} is a Hilbert basis for L?(m). (Note that Q,,f € span{ey}
and use Part (d).)
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Fourier coefficients

2. (Notation as in Exercise 1.) Given k¥ € Z — ¢, € C, denote g, =
Dikj<n kel (n = 0,1,2,...) and G, = (1/n) Z?:_Olgj (n € N). Note
that (gn,em) = ¢ for n > |m| and = 0 for n < |m|, and consequently
(Gnyer) = (1 —|k|/n)cg for n > |k| and = 0 for n < |k|.

(a)

(e)

Let p € (1, 00]. Prove that if

M := sup |Gl < ox,
n

then there exists f € LP such that ¢ = (f,ex) for all k € Z,
and conversely. (Hint: the ball B(0, M) in LP is weak*-compact, cf.
Theorems 5.24 and 4.6. For the converse, see Exercise 1.)

If {G,} converges in L'-norm, then there exists f € L' such that
¢k = (f,er) for all k € Z, and conversely.

If {G,} converges uniformly in [—, 7], then there exists f € Cr such
that ¢ = (f,ex) for all k € Z, and conversely.

If sup,, ||Grll1 < o0, there exists a complex Borel measure p on [—, 7]
with p({7}) = p({—=}) (briefly, u € Mr) such that ¢, = [ e dp for
all k, and conversely. (Hint: Consider the measures du, = G, dm,
and apply Theorems 4.9 and 5.24.)

If G,, > 0 for all n € N, there exists a finite positive Borel measure p
as in Part (d), and conversely.

Poisson integrals

3. (Notation as in Exercise 1.) Let D be the open unit disc in C.

(a)

Verify that (e1 + z)/(e1 — 2) = 142, .y e—x2" for all z € D, where
the series converges absolutely and uniformly in z in any compact
subset of D. Conclude that for any complex Borel measure g on
[_7T7 71-]7

g(z) = / etz dp = p([—m, 7)) + 2 Z crz”, (1)

keN

where ¢ = [ e_j dp and integration is over [—m,n]. In particular, g
is analytic in D, and if 41 is real, Rg(z) = [R((e1 + 2)/(e1 — 2)) dp is
(real) harmonic in D. Verify that the ‘kernel’ in the last integral has
the form P,(f — t), where z = re' and

1— 72
Pl =—--———
~(0) 1—2rcosf +r2
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is the classical Poisson kernel (for the disc). Thus

(Rg)(r ') = (P, * p)(6) = / Po(6 - t) du(t). (2)

Let i be a complex Borel measure on [—, 7]. Then P,y is a complex
harmonic function in D (as a function of z = re'?). (This is true in
particular for P, x f, for any f € L'(m).)

Verify that {P,;0 < r < 1} is an ‘approximate identity’ for L' in
the sense of Exercise 6, Chapter 4 (with the continuous parameter r
instead of the discrete n). Consequently, as r — 1,
(i) if f € LP for some p < oo, then P, * f — f in LP-norm;
(i) if f € Cr, then P, % f — f uniformly in [—7, 7];
(iii) if f € L*°, then P, x f — f in the weak*-topology on L°°;
(iv) if p € My, then (P, * p)dm — du in the weak*-topology.
For p € M, denote F(t) = p([—m,t)) and verify the identity

(P, p)( /K PO+ tz)smi(e ) dt, (3)

where

(1 —r?)sin® ¢ )
(1 —2rcost+12)2’
Verify that {K,;0 < r < 1} is an approximate identity for L!(m) in
the sense of Exercise 6, Chapter 4. (Hint: integration by parts.)

Let Gg(t) denote the function integrated against K,.(¢) in (3). If F
is differentiable at the point 6, Gy(-) is continuous at 0 and Gy(0) =
F’(0). Conclude from Part (d) that P.xu — 27 F'(= 2rDp = dp/dm)
as r — 1 at all points 8 where F' is differentiable, that is, m-almost
everywhere in [—, 71]. (Cf. Theorem 3.28 with k£ = 1 and Exercise 4e,
Chapter 3; note that here m is normalized Lebesgue measure on
[-7,7].) This is the ‘radial limit’ version of Fatou’s theorem on
‘Poisson integrals’. (The same conclusion is true with ‘non-tangential
convergence’ of rel? to points of the unit circle.)

K.(t) =

State and prove the analogue of Exercise 2 for the representation of
harmonic functions in D as Poisson integrals.

. Poisson integrals in the right half-plane. Let CT denote the right half-

plane, and

_ x

(This is the so-called Poisson kernel of the right half-plane.) Prove:

(a)

{P,;z > 0} is an approximate identity for L'(R) (as  — 0+). (Cf.
Exercise 6, Chapter 4.) Consequently, as * — 0+, P, x f — f uni-
formly on R if f € C.(R), and in LP-norm if f € LP(R) (1 < p < o0).
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(b) (P, * f)(y) is a harmonic function of (x,y) in CT.

(c) If f € LP(R), then for each § > 0, (P, * f)(y) — 0 uniformly for x > ¢
as 72 + y% — oo. (Hint: use Holder’s inequality with the probability
measure (1/7)P,(y — t)dt for x,y fixed.)

(d) If f € LY(dt/(1 + t?)), then P, x f — f as z — 0+ pointwise a.e.
on R. (Hint: immitate the argument in Parts (d)—(e) of the preceding
exercise, or transform the disc onto the half-plane and use Fatou’s
theorem for the disc.)

5. Let u be a complex Borel measure on [—7, 7). Show that

lim [e_,du=0 (5)
if and only if
lim [ e_pd|u| =0. (6)

(Hint: (5) for the measure p implies (5) for the measure dv = hdp for
any trigonometric polynomial h; use a density argument and the relation
d|u| = hdp for an appropriate h.)

Divergence of Fourier series

6. (Notation as in Exercise 1.) Consider the partial sums P, f of the Fourier
series of f € Cp. Let

Pn(f) = (Puf)(0) = (sn x £)(0)  (f € Cr). (7)

Prove:

(a) For each n € N, ¢,, is a bounded linear functional on Cr with norm
|snll1 (the L' (m)-norm of s,,). Hint: ||¢,]| < ||s,||1 trivially. Consider
real functions f; € Crp such that ||f;|l. <1 and f; — sgns, a.e., cf.
Exercise 9, Chapter 3. Then ¢, (f;) — ||snl1-

(b) limy, ||sp]l1 = oo. (Use the fact that the Dirichlet integral
J5~ ((sint) /t)dt does not converge absolutely.)

(¢) The subspace
Z = {f € Cr;sup|¢n(f)| < oo}

is of Baire’s first category in the Banach space Cp. Conclude that
the subspace of Cp consisting of all f € Cp with convergent Fourier
series at 0 is of Baire’s first category in Cp. (Hint: assume Z is of
Baire’s second category in Cr and apply Theorem 6.4 and Parts (a)
and (b).)
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Fourier coefficients of L' functions

7. (Notation as in Exercise 1.)

(a)

If f € L' := L*(m), prove that

|k1\im (f,er) =0. (8)
Hint: if f = e,, for some n € Z, (f,e;) = 0 for all k such that |k| > |n],
and (8) is trivial. Hence (8) is true for f € span{e,;n € Z}, and the
general case follows by density of this span in L!, cf. Exercise 1,
Part (d).
Consider Z with the discrete topology (this is a locally compact
Hausdorff space!), and let ¢g := Cy(Z); cf. Definition 3.23. Consider
the map

F:fel' —{(fex)}€co

(Cf. Part a) Then F € B(L', cg) is one-to-one. Hint: if (f, e;) = 0 for
all k € Z, then (f,g) = 0 for all g € span{ey}, hence for all g € Cp
by Exercise 1(d), hence for g = Ig for any measurable subset E of
[—7, 7]; Cf. Exercise 9, Chapter 3, and Proposition 1.22.

Prove that the range of F' is of Baire’s first category in the Banach
space ¢g (in particular, F' is not onto). Hint: if the range of F is of
Baire’s second category in cg, F~! with domain range F is continuous,
by Theorem 6.9. Therefore there exists ¢ > 0 such that |Ff]l, >
cllfllx for all f € L. Get a contradiction by choosing f = s,; cf.
Exercise 6(b).

Miscellaneous

8. Let {a,} and {b,} be two orthonormal sequences in the Hilbert space X
such that

10.

Z b — anl* < 1.
n

Prove that {a,} is a Hilbert basis for X iff this is true for {b,}.

Let {ax} be a Hilbert basis for the Hilbert space X. Define T' € B(X) by
Tay = ag4+1, k € N. Prove:

(a)
(b)

T is isometric.

T™ — 0 in the weak operator topology.

If {a,} is an orthonormal (infinite) sequence in an inner product space,
then a,, — 0 weakly (however {a,} has no strongly convergent sub-
sequence, because ||a, — a,,||> = 2; this shows in particular that the
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11.

12.

13.

14.

15.

16.

closed unit ball of an infinite dimensional Hilbert space is not stongly
compact.)

Let {z} be a net in the inner product space X. Then z, — =z € X
strongly iff , — = weakly and ||z|| — ||z

Let A be an orthonormal basis for the Hilbert space X. Prove:

(a) If f: A — X is any map such that (f(a),a) = 0 for all a € A, then
it does not necessarily follow that f = 0 (the zero map on A).

(b) If T'€ B(X) is such that (T'z,z) =0 for all z € X, then T'= 0 (the
zero operator).

(¢) If S,T € B(X) are such that (Tz,z) = (Sz,z) for all x € X, then
S=T.

Let X be a Hilbert space, and let A/ be the set of normal operators in
B(X). Prove that the adjoint operation 7' — T* is continuous on N in
the s.o.t.

Let X be a Hilbert space, and T' € B(X). Denote by P(T) and Q(T)

the orthogonal projections onto the closed subspaces kerT and TX,
respectively. Prove:

(a) The complementary orthogonal projections of P(T) and Q(T) are
Q(T*) and P(T™), respectively.

(b) P(T*T) = P(T) and Q(T*T) = Q(T*).

For any (non-empty) set A, denote by B(A) the B*-algebra of all bounded

complex functions on A with pointwise operations, the involution f — f
(complex conjugation), and the supremum norm || f|,, = sup,4 | f]-

Let A be an orthonormal basis of the Hilbert space X. For each
f€B(A) and z € X, let

Trx = Z f(a)(z,a)a.

acA
Prove:

(a) The map f — Ty is an isometric *isomorphism of the B*-algebra
B(A) into B(X). (In particular, T is a normal operator.)

(b) Ty is selfadjoint (positive, unitary) iff f is real-valued (f > 0,|f| = 1,
respectively).

Let (S, A, ) be a o-finite positive measure space. Consider L*°(u) as
a B*-algebra with pointwise multiplication and complex conjugation as
involution. Let p € [1,00). For each f € L>°(u) define

Trg=fg (g€ LP(n)).
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17.

18.

19.

20.

21.
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Prove:

(a) The map f — Ty is an isometric isomorphism of L*(u) into
B(LP(u)); in case p = 2, the map is an isometric *-isomorphism
of L*(u) onto a commutative B*-algebra of (normal) operators on
L?(p).

(b) (Case p = 2.) Ty is selfadjoint (positive, unitary) iff f is real-valued
(f > 0,|f] =1, respectively) almost everywhere.

Let X be a Hilbert space. Show that multiplication in B(X) is not
(jointly) continuous in the w.o.t., even on the norm-closed unit ball B(X);
of B(X) in the relative w.o.t.; however it is continuous on B(X); in the
relative s.o.t.

(Notation as in Exercise 17.) Prove that B(X); is compact in the w.o.t.
but not in the s.o.t.

Let X,Y be Hilbert spaces, and T' € B(X,Y’). Immitate the definition of
the Hilbert adjoint of an operator in B(X) to define the (Hilbert) adjoint
T* € B(Y,X). Observe that T*T is a positive operator in B(X). Let
{an}nen be an orthonormal basis for X and let Va = {(x, ay)}. We know
that V is a Hilbert space isomorphism of X onto /2. What are V*, V1,
and V*V?

Let {an}nen be an orthonormal basis for the Hilbert space X, and let
Q € B(X) be invertible in B(X). Let b,, = Qa,, n € N. Prove that there
exist positive constants A, B such that

AD TP < I Mbel> < BY Il

for all finite sets of scalars \j.

Let X be a Hilbert space. A sequence {a,} C X is upper (lower) Bessel
if there exists a positive constant B(resp. A) such that

> l(@,an)? < Blz|* (= Allz|?, resp.)

for all x € X. The sequence is two-sided Besselif it is both upper and lower
Bessel (e.g., an orthonormal sequence is upper Bessel with B = 1, and is
two-sided Bessel with A = B = 1 iff it is an orthonormal basis for X).

(a) Let {a,} be an upper Bessel sequence in X, and define V as in
Exercise 19. Then V € B(X,I?) and ||V| < B'2. On the other
hand, for any {\,} € 2, the series Y. \,a, converges in X and its
sum equals V*{\,}. The operator S := V*V € B(X) is a positive
operator with norm < B.

(b) If {a,} is two-sided Bessel, S — AT is positive, and therefore o(S) C
[A, B]. In particular, S is onto. Conclude that every x € X can be
represented as = >_(z, S 'a,)a, (convergent in X).
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Integral representation

9.1 Spectral measure on a Banach subspace

Let X be a Banach space. A Banach subspace Z of X is a subspace of X in the
algebraic sense, which is a Banach space for a norm || - ||z larger than or equal
to the given norm || - || of X. Clearly, if Z and X are Banach subspaces of each
other, then they coincide as Banach spaces (with equality of norms).

Let K be a compact subset of the complex plane C, and let C(K) be the
Banach algebra of all complex continuous functions on K with the supremum
norm || f1] = supy |

Let T € B(X), and suppose Z is a T-invariant Banach subspace of X, such
that T|z, the restriction of T to Z, belongs to B(Z).

A (contractive) C(K)-operational calculus for T on Zis a (contractive) C(K)-
operational calculus for T|z in B(Z), that is, a (norm-decreasing) continuous
algebra-homomorphism 7 : C(K) — B(Z) such that 7(fy) = Iz and 7(f1) =
T|z, where fr(A) = A,k = 0,1. When such 7 exists, we say that T is of
(contractive) class C(K) on Z (or that T|z is of (contractive) class C'(K)).

If the complex number 3 is not in K, the function gg(\) = (8 —A)~! belongs
to C(K) and (8 — N)gg(A) =1 on K. Since 7 is an algebra homomorphism of
C(K) into B(Z), it follows that (58I — T)|z has the inverse 7(gg) in B(Z). In
particular, op2)(T|z) C K.

Let f be any rational function with poles off K. Write

F) =a] (=20 -2,
k.

where a € C, o, are the zeroes of f and (; are its poles (reduced decomposition).
Since 7 is an algebra homomorphism, 7(f) is uniquely determined as

7(f) = o J(anI = T)|2(3;1 - T)|,". (0)

k,j
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If K has planar Lebesgue measure zero, the rational functions with poles off
K are dense in C(K), by the Hartogs—Rosenthal theorem (cf. Exercise 2). The
continuity of 7 implies then that the C'(K)-operational calculus for T on Z is
unique (when it exists). The operator 7(f) € B(Z) is usually denoted by f(T|z),
for f € C(K).

A spectral measure on Z is a map E of the Borel algebra B(C) of C into
B(Z), such that:

(1) For each x € Z and z* € X*, 2*E(-)z is a regular complex Borel measure;
(2) E(C)=1|z,and E(dNe) = E(5)E(e) for all §,e € B(C).

The spectral measure E is contractive if || E(5)||p(z) < 1 for all § € B(C).

By Property (2), E(d) is a projection in Z; therefore a contractive spectral
measure satisfies |E(0)|pzy = 1 whenever E(5) # 0. The closed subspaces
E(6)Z of Z satisty the relation

E(0)ZNE()Z =E@dNe)Z

for all é,¢ € B(C). In particular, F(6)Z N E(e)Z = {0} if § N e = (). Therefore,
for any partition {dx;k € N} of C,Z has the direct sum decomposition Z =
Yok E(0k)Z. (cf. Property (2) of E). This is equivalent to the decomposition
Iz =%, E(0k), with projections E(éx) € B(Z) such that E(é,)E(5;) = 0 for
k # j. For that reason, E is also called a resolution of the identity on Z.

Property (1) of E together with Theorem 1.43 and Corollary 6.7 imply that
E(-)x is a Z-valued additive set function and

M, := sup ||E(0)z| < o0 (1)
6eB(C)

for each x € Z.

9.2 Integration

If i is a real Borel measure on C (to fix the ideas), and {d;} is a partition of C,
let J = {k; u(dx) > 0}. Then

S )l = u(0k) = Y p(dr)
k

keJ keN—J

:u(Uék)—u( U (5k>§2M,

kelJ keN—J

where M := supsep(c) [1(0)|(< ||ul; the total variation norm of ).

If p is a complex Borel measure, apply the above inequality to the real Borel
measures Ry and Su to conclude that ), |u(dx)| < 4M for all partitions, hence
Jiall < 4M.

By (1) of Section 9.1, for each 2* € X* and « € Z,

sup |x*E(0)x] < My||x*|.
5€B(C)
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Therefore
2" E( )z < 4M|lz™|. (1)

The Banach algebra of all bounded complex Borel functions on C or R is
denoted by B(C) or B(R), respectively (briefly, B); Bo(C) and Bo(R) (briefly By)
are the respective dense subalgebras of simple Borel functions. The norm on B
is the supremum norm (denoted || - ||).

Integration with respect to the vector measure E(-)z is defined on simple
Borel functions as in Definition 1.12. It follows from (1) that for f € By, z € Z,
and =¥ € X*,

/de

I/fdw EQ)z[ < [Ifllz"EC)z| < M| f][ll=]-

Therefore

|| /C fAE()al| < 4D f]]

and we conclude that the map f — fc fdE(-)x is a continuous linear map from
By to X with norm <4M,. It extends uniquely (by density of By in B) to
a continuous linear map (same notation!) of B into X, with the same norm
(<4M,).

It follows clearly from the above definition that the vector [.fdE(-)x
(belonging to X, and not necessarily in Z!) satisfies the relation

/de x—/fd:v*E (2)

for all f € B(C),z € Z, and z* € X*.

As for scalar measures, the support of E, supp F, is the complement in C of
the union of all open set § such that E(6) = 0. The support of each complex
measure x*E(-)x is then contained in the support of E. One has

JRECCES /SuppEdec)x

for all f € B and € Z (where the right-hand side is defined as usual as the
integral over C of fXeuppE, and xv denotes in this chapter the indicator of
V C C) (cf. (2) of Section 3.5). The right-hand side of the last equation can be
used to extend the definition of the integral to complex Borel function that are
only bounded on supp E.

In case Z = X, it follows from (1) of Section 9.1 and the uniform boundedness
theorem that M := supscp(c) [[£(9)]| < oo, My < M||z||, and (1) takes the form
le*E()z| < AM|jz||||=*|| for all x € X and z* € X*. It then follows that the
spectral integral f(c fdE, defined by

( / de)x: | riece (rem) (3)

belongs to B(X) and has operator norm <4M||f]|.
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If X is a Hilbert space and Z = X, one may use the Riesz representation for
X* to express Property (1) of E and Relation (2) in the following form:

For each z,y € X, (E(-)x,y) is a regular complex measure.

For each z,y € X and f € B(C),

( / de(-)x,y) = [ raete.), (1)

In the Hilbert space context, it is particularly significant to consider selfadjoint
spectral measures on X, E(-), that is, E(0)* = E(J) for all § € B(C). The
operators E(d) are then orthogonal projections, and any partition {dx;k € N}
gives an orthogonal decomposition X =, ®E(d;)X into mutually orthogonal
closed subspaces (by Property (2) of E(+)). Equivalently, the identity operator is
the sum of the mutually orthogonal projections E(dy) (the adjective ‘orthogonal’
is transferred from the subspace to the corresponding projection). For this reason,
E is also called a (selfadjoint) resolution of the identity.

9.3 Case 7 =X

The relationship between C'(K)-operational calculii and spectral measures is
especially simple in case Z = X.

Theorem 9.1.

(1) Let E be a spectral measure on the Banach space X, supported by the
compact subset K of C, and let 7(f) be the associated spectral integral, for
f €B:=B(C). Thent :B — B(X) is a continuous representation of B on
X with norm <4M. The restriction of T to (Borel) functions continuous
on K defines a C(K)-operational calculus for T := 7(f1) = [ XdE(X).
If X is a Hilbert space and the spectral measure E is selfadjoint, then
T is a norm-decreasing *-representation of B, and T|c (k) is a contractive
C(K)-operational calculus on X for T (sending adjoints to adjoints).

(2) Conversely, Let T be a C(K)-operational calculus for a given operator T on
the reflexive Banach space X. Then there exists a unique spectral measure
E commuting with T with support in K, such that 7(f) = [ f dE for all
f € C(K) (and the spectral integral on the right-hand side extends T to a
continuous representation of B on X ).
If X is a Hilbert space and 7 sends adjoints to adjoints, then E is a
contractive selfadjoint spectral measure on X.

Proof.

(1) A calculation shows that Property (2) of E implies the multiplicativity
of 7 on By. Since 7 : B — B(X) was shown to be linear and continuous (with
norm at most 4M), it follows from the density of By in B that 7 is a continuous
algebra homomorphism of B into B(X) and 7(1) = E(C) = I.

If X is a Hilbert space and E is selfadjoint, then 7 restricted to By sends

adjoints to adjoints, because if f = Y agxs,, then 7(f) = Y. arE(d) =
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D arE(0r)]* = 7(f)*. By continuity of 7 and of the involutions, and by density

of By in B, 7(f) = 7(f)* for all f € B.
Let {6;} be a partition of C. For any z € X, the sequence {FE(d;)z} is
orthogonal with sum equal to x. Therefore

ZIIE o)al® = . (1)

By Schwarz’s inequality for X and for [2, we have for all x,y € X (since E(&j)
are selfadjoint projections):

ZI (Or)z, y)| = ZI (d1)a, EGu)y)l < D IE@k)2 Il E 6yl
k

1/2 1/2
< (Z ||E(5k)332> <Z IE(5k)y|2> = [lz[[lyll-
k

k

Hence
IEQz, I < lzlllyll (z,y € X). (2)
Therefore

(r(fery)| = \ / fd<E<~>x,y>| < 17wl

that is, ||[7(f)]| < ||f]| for all f € B.

(2) Let 7 be a C(K)-operational calculus on X for T € B(X). For each
z € X and z* € X*, 2*7(-)z is a continuous linear functional on C(K) with
norm <||7||||z|||lyl]| (where |7|| denotes the norm of the bounded linear map
7:C(K) — B(X)). By the Riesz representation theorem, there exists a unique
regular complex Borel measure g = p(+; x,2*) on B(C), with support in K, such
that

(f)x = /K fdu(z,2%) (3)

and
|15, 2) || < [lrflfl (|2 (4)

forall f € C(K),z € X, and z* € X*.

For each fixed § € B(C) and « € X, it follows from the uniqueness of the
Riesz representation, the linearity of the left-hand side of (3) with respect to z*,
and (4), that the map p(d;x,-) is a continuous linear functional on X*, with
norm <||7||||z||. Since X is assumed reflexive, there exists a unique vector in X,
which we denote E(d)x, such that

w(o;x, ") = x*E(d)z.

A routine calculation using the uniqueness properties mentioned above and the
linearity of the left-hand side of (3) with respect to x, shows that E(6) : X — X
is linear. By (4), E(d) is bounded with operator norm <||7|. By definition, F
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satisfies Property (1) of spectral measures on X, and has support in K. There-
fore, the integral fc f dE makes sense (see above construction) for any Borel
function f : C — C bounded on K, and (by (2) of Section 9.2 and (3))

(f) = /C fAE (f € C(K)). (5)

For all f,g € C(K) and z € X,
/ fAE()r(g)z = 7(f)r(g)z = r(g)7(f)z = / fdr(g)E
K K

—r(fo)e = [ fadB()s
K
The uniqueness of the Riesz representation implies that E(-)7(g9) = 7(¢)E(-) (in

particular, E commutes with 7(f1) = T) and dE(-)7(g9)x = g dE(-)z. Therefore,
for all 6 € B(C) and g € C(K),

/K gdE()E@)z = 7(9)E@)x = E(G)r(g)

:/ X(;dE(-)T(g)xZ/ Xs9 dE(-)z. (6)
K K

By uniqueness of the Riesz representation, we get dE(-)E(d)x = xs dE(-)x. Thus,
for all €,6 € B(C) and z € X,

BB = /K Ye dE()E(8)z = /K Xexs dE()a
:/ Xens AE(-)x = E(eNd)x.
K

Taking f = fo(= 1) in (5), we get E(C) = 7(fo) = I, so that E satisfies
Property (2) of spectral measures. Relation (5) provides the wanted relation
between the operational calculus and the spectral measure E. The uniqueness of
E follows from Property (1) of spectral measures and the uniqueness of the Riesz
representation. Finally, if X is a Hilbert space and 7 sends adjoints to adjoints,
then by (4) of Section 9.2

/K FAEC)z,y) = (r(F)z.y) = (@ 7(f)"y)

— (@, 7(Fy) = / Fa(E

/fd /fde

for all f € C(K) and z,y € X. Therefore (by uniqueness of the Riesz repres-
entation) (E(§)z,y) = (z, E(d)y) for all §, that is, F is a selfadjoint spectral
measure. By (2), it is necessarily contractive. O
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Terminology 9.2. Given a spectral measure FE on X with compact support,
the bounded operator T := f(c)\dE()\) is the associated scalar operator. By
Theorem 9.1, T is of class C(K) on X for any compact set K containing the
support of E, and 7 : f — [ fdE (f € C(K)) is a C(K)-operational calculus
for T. Conversely, if X is reflexive, then any operator of class C(K), for a given
compact set K, is a scalar operator (the scalar operator associated with the
spectral measure E in Theorem 9.1, Part 2).

If £ and F are spectral measures on X with support in the compact set
K, and their associated scalar operators coincide, it follows from Theorem 9.1
(Part 1) that their associated spectral integrals coincide for all rational functions
with poles off K. In case K has planar Lebesgue measure zero, these rational
functions are dense in C(K) (by the Hartogs—Rosenthal theorem), and the con-
tinuity of the spectral integrals on C(K) (cf. Theorem 9.1) implies that they
coincide on C'(K). It then follows that E = F', by the uniqueness of the Riesz
representation. The uniqueness of the spectral measure associated with a scalar
operator can be proved without the ‘planar measure zero’ condition on K, but
this will not be done here. The unique spectral measure with compact support
associated with the scalar operator T is called the resolution of the identity forT.

For each § € B(C), the projection E(§) commutes with T' (cf. Theorem 9.1,
Part 2), and therefore the closed subspace E ()X reduces T. If u is a complex
number not in the closure § of §, the function h()\) := xs(A\)/(1 — \) belongs
to B (||h|| < 1/dist(u,9)) and (u — N)h(A) = xs(A). Applying the B-operational
calculus, we get (ul — T)7(h) = E(J). Restricting to E(4)X, this means that
€ p(T|ps)x ). Hence

o(Tp@x) Co (6 € B(C)). (7)

Remark 9.3. A bounded operator T' for which there exists a spectral measure
E on X, commuting with 7" and with support in o(7T'), such that (7) is satisfied,
is called a spectral operator. It turns out that E is uniquely determined; it is
called the resolution of the identity for T', as before. If S is the scalar operator
associated with FE | it can be proved that T has the (unique) Jordan decomposition
T =S5+ N with N quasi-nilpotent commuting with S. Conversely, any operator
with such a Jordan decomposition is spectral. The Jordan canonical form for
complex matrices establishes the fact that every linear operator on C" is spectral
(for any finite n).

Combining 7.19 and Theorem 9.1, we obtain

9.4 The spectral theorem for normal operators

Theorem 9.4. Let T be a normal operator on the Hilbert space X, and let T :
f— f(T) beits C(a(T))-operational calculus (cf. Terminology 7.19). Then there
erists a unique selfadjoint spectral measure E on X, commuting with T and with
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support in o(T'), such that

(1) = fdE

o(T)

for all f € C(o(T)). The spectral integral above extends the C(c(T))-operational
calculus to a norm-decreasing x-representation 7 : f — f(T) of B(C) on X.

Remark 9.5. We can use Terminology 9.2 to restate Theorem 9.4 in the form:
normal operators are scalar, and their resolutions of the identity are selfad-
joint, with support in the spectrum. The converse is also true, since the map
7 associated with a selfadjoint spectral measure with compact support is a
x-representation. If we consider spectral measures that are not necessarily selfad-
joint, it can be shown that a bounded operator T in Hilbert space is scalar if and
only if it is similar to a normal operator, that is, iff there exists a non-singular
Q € B(X) such that QT'Q~! is normal.

Theorem 9.6. Let T' be a normal operator on the Hilbert space X, and let E
be its resolution of the identity. Then

(1) For each x € X, the measure (E(-)z,x) = ||E(-)z||? is a positive reqular
Borel measure bounded by ||z|?, and

5l = [

a(

|fI? d(E(-)z, )
T)

for all Borel functions f bounded on o(T).

(2) If {6r} is a sequence of mutually disjoint Borel subsets of C with union 4,
then for all x € X,

E(0)x = Z E(6k)x,
%

where the series converges strongly in X (this is ‘strong o-additivity’ of E).

(8) If {fn} is a sequence of Borel functions, uniformly bounded on o(T), such
that f, — [ pointwise on o(T), then f,(T) — f(T) in the s.o.t.

(4) suppE = o(T).
Proof. (1) Since E(9) is a self-adjoint projection for each ¢ € B(C), we have
(E(0)x,x) = (E(6)*x, x) = (E(d)x, E(§)z) = | E(@®)z]* < |||,

and the stated properties of the measure follow from Property (1) of spectral
measures in Hilbert space.
If f is a Borel function bounded on o(T'), we have for all z € X

1F(T)alP = (F(T)e, £(T)e) = (F(T) F(T)a,z) = (FF)(T)z, )
=/‘|ﬁawmm%
o(T)
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(2) The sequence {E(dy)x} is orthogonal. Therefore, for each n € N,
n n
DIE@)l = 11) EGn)z]? = | E(@)z]* < ||z
k=1 k=1

This shows that the series >, [|E(d;)z||* converges. Therefore,

1> Bk = Z 1E(8k)z]|* — 0
k=m k=m

when m,n — oco. By completeness of X, it follows that ), E(dx)z converges
strongly in X. Hence for all y € X, Property (1) of spectral measures gives

(E(0)x,y) = Z( (0k)z,y) (ZE (0g)x y)

k

and Part (2) follows.
(3) For all € X, we have by Part (1)

(D) = F(T)al* = [ (fu = HT)2|* = / |fo = FP I EC)z]?,
o(T)

and Part (3) then follows from Lebesgue’s dominated convergence theorem for
the finite positive measure || E(-)z|?.

(4) We already know that suppE C o(T). So we need to prove that
(supp E)¢ C p(T). Let p € (supp E)°. By definition of the support, there exists
an open neighbourhood § of p such that E(§) = 0. Then r := dist(u,0°) > 0.

Let g(A) = xsc(A)/(p — A). Then g € B (in fact, [lg|] = 1/r < o0),
and since (p — A)g(A) = xsc()A), the operational calculus for T implies that
(ul —=T)g(T)=g(T)(uI —T) = E(C) — E(6) = I. Hence pu € p(T). O

Note that the proof of Part (4) of Theorem 9.6 is valid for any scalar operator
in Banach space.

9.5 Parts of the spectrum

Definition 9.7. Let X be a Banach space, and T € B(X).

(1) The set of all A € C such that AT — T is not injective is called the point
spectrum of T, and is denoted by o,(T); any A € op(T) is called an
eigenvalue of T, and the non-zero subspace ker(AI—T) is the corresponding
etgenspace. The non-zero vectors z in the eigenspace are the eigenvectors
of T corresponding to the eigenvalue A (briefly, the A-eigenvectors of T'):
they are the non-trivial solutions of the equation Tx = A\x.

(2) The set of all A € C such that AI — T is injective, and Al — T has range
dense but not equal to X, is called the continuous spectrum of T, and is
denoted by o.(T).
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(3) The set of all A € C such that Al —T is injective and AI —T' has range not
dense in X is called the residual spectrum of T, and is denoted by o (T).

Clearly, the three sets defined above are mutually disjoint subsets of o(T).
If A is not in their union, then A\ — T is bijective, hence invertible in B(X)
(cf. Corollary 6.11). This shows that

o(T) =op(T)Uo(T)U o (T).
Theorem 9.8. Let X be a Hilbert space and T € B(X). Then:

(1) if X € 0x(T), then X € o (T*);

(2) A€ op(T)Uar(T) iff A € 0p(T*) Uo(T).

(3) If T is normal, then X\ € op(T) iff A € op(T*), and in that case the
A-eigenspace of T coincides with the \-eigenspace of T*.

(4) If T is normal, then o.(T) = (.

(5) If T is normal and E is its resolution of the identity, then

op(T) = {p € G E({p}) # 0}

and the range of E({u}) coincides with the p-eigenspace of T, for each
e op(T).

Proof. (1) Let A € o,(T). Since the range of A\I — T is not dense in X, the
orthogonal decomposition theorem (Theorem 1.36) implies the existence of y # 0
orthogonal to this range. Hence for all x € X

(z, [\ = T"]y) = (M = T)z,y) =0,

and therefore y € ker(Al — T*) and X € a,(T*).

(2) Let A € 0,(T) and let then = be an eigenvector of T’ corresponding to
A. Then for all y € X, (x, (A — T*)y) = (M — T)z,y) = 0, which implies
that the range of A\I — T* is not dense in X (because x # 0 is orthogonal to
it). Therefore A belongs to o.(T*) or to o,(T*) if A\I — T* is injective or not,
respectively. Together with Part (1), this shows that if A € 0,(T") U 0,(T), then
A € o, (T*) U o, (T*). Applying this to A and T, we get the reverse implication
(because T** =T).

(3) For any normal operator S, ||S*z|| = ||Sz|| (for all ) because

|S*z||? = (S*x, S*z) = (SS*x,z) = (S*Sx,z) = (Sx, Sx) = ||Sx|*.

If T is normal, so is S := Al — T, and therefore ||(\] —T*)z| = ||(\ — T)z|| (for
all z € X and A € C). This implies Part (3).

(4) If X € 0,(T), then Part (1) implies that A € 0,,(T*), and therefore, by
Part (3), A € o,(T'), contradiction. Hence o(T") = 0.

(5) If E({u}) # 0, let & # 0 be in the range of this projection. Then E(-)z =
E()E({p})x = E(-N{p})z is the point mass measure at p (with total mass 1)
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multiplied by x. Hence
Tx = / AdE(N)z = pz,
(1)

so that p € 0,(T) and each x # 0 in E({u})X is a p-eigenvector for T.

On the other hand, if y € o,(T) and z is a p-eigenvector for T, let §,, =
{AeC;A—p|>1/nkn=1,2,...) and f,(A) := xs5,(A)/(x = A). Then f,, € B
(it is clearly Borel, and bounded by n), and therefore f,(T) € B(X). Since
(=N fn(X) = x5, (M), we have

E8,)x = fu(T)(ul = T)x = fu(T)0 = 0.

Hence, by o-subadditivity of the positive measure ||E(-)z||?,

I A # )all? = |E(U6)xn2<2|E Jal]? =

Therefore E({\; A # p})z = 0 and so E({u})z = Iz = x, that is, the non-zero
vector  belongs to the range of the projection E({u}). O

9.6 Spectral representation

Construction 9.9. The spectral theorem for normal operators has an interesting
interpretation through isomorphisms of Hilbert spaces. Let T' be a (bounded)
normal operator on the Hilbert space X, and let E be its resolution of the
identity. Given z € X, define the cycle of x (relative to T') as the closed linear
span of the vectors T™(T*)™xz,n,m = 0,1,2,.... This is clearly a reducing
subspace for T'. It follows from the Stone-Weierstrass theorem that the cycle of
x, [x], coincides with the closure (in X) of the subspace

[z]o :={9(T)z; 9 € C(o(T))}-
Define V; : [z]o — C(o(T)) by

Vog(T)z = g.

By Theorem 9.6, Part (1), the map Vj is a well-defined linear isometry of [z]o
onto the subspace C(o(T)) of L?(u), where u = p, = ||[E(-)z||* is a regular
finite positive Borel measure with support in o(T'). By Corollary 3.21, C(o(T))
is dense in L?(u), and therefore V; extends uniquely as a linear isometry V of
the cycle [x] onto L?(p). If g is a Borel function bounded on o(T'), we may apply
Lusin’s theorem (Theorem 3.20) to get a sequence g, € C(o(T)), uniformly
bounded on the spectrum by sup, lg|, such that g, — g pointwise u-almost
everywhere on o(7T). It follows from the proof of Part (3) in Theorem 9.6 that
g(T)x = lim,, g,(T)x, hence g(T)x € [z]. Also g, — g in L?*(1) by dominated
convergence, and therefore

Vg(T)x = Vlim g, (T)x = lim Vyg,(T)x = limg,, = g,
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where the last two limits are in the space L?(u) and equalities are between
L?(u)-elements.

For each y = g(T)x € [z]o and each Borel function f bounded on o(T'), the
function fg (restricted to o(T)) is a bounded Borel function on the spectrum,
hence (fg)(T)x makes sense and equals f(T)g(T)z = f(T)y. Applying V', we get

VIT)y=V(fg)(T)x = fg=fVg(T)x = fVy

(in L?(p)). Let My denote the multiplication by f operator in L?(u), defined by
Mg = fg. Since Vf(T) = M;V on the dense subspace [z]y of [z], and both
operators are continuous, we conclude that the last relation is valid on [z]. We
express this by saying that the isomorphism V intertwines f(T)|(,) and My (for
all Borel functions f bounded on ¢(T')). Equivalently, f(T)|,) = V"MV, that
is, restricted to the cycle [z], the operators f(T') are unitarily equivalent (through
V1) to the multiplication operators My on L?(u) with p := ||E(-)z||*. This is
particularly interesting when 7" possess a cyclic vector, that is, a vector z such
that [z] = X. Using such a cyclic vector in the above construction, we conclude
that the abstract operator f(T) is unitarily equivalent to the concrete operator
My acting in the concrete Hilbert space L?(u), through the Hilbert isomorph-
ism V : X — L?(p), for each Borel function f bounded on the spectrum; in
particular, taking f(A) = fi(\) := A, we have T = V"MV, where M := My,.

The construction is generalized to an arbitrary normal operator T' by con-
sidering a maximal family of non-zero mutually orthogonal cycles {[z;],j € J}
for T (J denotes some index set). Such a family exists by Zorn’s lemma.

Let p; = ||E(-)z;]|* and let V; : [z;] — L*(u;) be the Hilbert isomorphism
constructed above, for each j € J. If Zj ®z;] # X, pick z # 0 orthogonal to
the orthogonal sum; then the non-zero cycle [z] is orthogonal to all [z;] (since
the cycles are reducing subspaces for T'), contradicting the maximality of the
family above. Hence X = 3, @®[z;]. Consider the operator

V=) oV

JjeJ

operating on X =3, ®[z;]. Recall that if y = >, @y; is any vector in X, then

Vy:=Y eV,

J

Then V' is a linear isometry of X onto >_; BL2(u;):
[Vyl|* = Z Vigil? = il = llyl>.
J

Since each cycle reduces f(T') for all Borel function f bounded on o(T'), we have

T)y = Z@Vf Z@f‘éyj M;Vy,
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where My is now defined as the orthogonal sum My := Z]. @M;, with MJJC equal

to the multiplication by f operator on the space Lz(pj). The Hilbert isomorphism
V is usually referred to as a spectral representation of X (relative to T'). Formally

Theorem 9.10. Let T be a bounded normal operator on the Hilbert space X, and
let E be its resolution of the identity. Then there exists an isomorphism V of X
onto 3 e, ®L%(u;) with pj := ||E(-)x;||*> for suitable non-zero mutually ortho-
gonal vectors xj, such that f(T) = V’leV for all Borel functions f bounded
on o(T). The operator My acts on > &L*(uj) by My > ®g; = > ®fg;. In
case T has a cyclic vector x, then there exists an isomorphism V of X onto
L2(p) with p = ||E(-)x||?, such that f(T) = VMV for all f as above; here
My is the ordinary multiplication by f operator on L?(u).

9.7 Renorming method

In the following, X denotes a given Banach space, and B(X) is the Banach
algebra of all bounded linear operators on X. The identity operator is denoted
by I. If A C B(X), the commutant A" of A consists of all S € B(X) that
commute with every T € A.

Given an operator T', we shall construct a mazimal Banach subspace Z of X
such that T has a contractive C'(K)-operational calculus on Z, where K is an
adequate compact subset of C containing the spectrum of T In case X is reflex-
ive, this construction will associate with T a contractive spectral measure on
Z such that f(T|z) is the corresponding spectral integral for each f € C(K).
This ‘maximal’ spectral integral representation is a generalization of the spectral
theorem for normal operators in Hilbert space. The construction is based on the
following

Theorem 9.11 (Renorming theorem). Let A C B(X) be such that its strong
closure contains I. Let

[#]|.4 == sup [Tz (x € X),
TeA

and
Z=2Z(A) :={z € X;|z||a < oo}

Then:

(i) Z with the norm || - || 4 is a Banach subspace of X ;
(ii) For any S € A, SZ C Z and S|z € B(Z) with ||S|z|gz) < IIS|I;

(iii) If A is a multiplicative semigroup (for operator multiplication), then Z
is A-invariant, and Alz := {T'|z;T € A} is contained in the closed unit
ball B1(Z) of B(Z). Moreover, Z is mazimal with this property, that is,
if W is an A-invariant Banach subspace of X such that Alw C B1(W),
then W is a Banach subspace of Z.
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Proof. Subadditivity and homogeneity of || - || 4 are clear.
Let € > 0. The neighbourhood of I

N:=N(l,e,x):={T € B(X); (T — Iz|| < €}

(in the strong operator topology) meets A for each = € X. Fix z, and pick then
T € AN N. Then

[ella = Tzl = [l + (T = D] = [lz]| — e

Therefore ||z]|4 > ||z| for all x € X, and it follows in particular that || - || 4 is a
norm on A.

Let {z,} C Z be || - || 4-Cauchy. In particular, it is || - || 4-bounded; let then
K = sup,, ||zn|la. Since || - || < || - ||.4, the sequence is || - ||-Cauchy; let z be its
X-limit. Given € > 0, let ng € N be such that

|2n — zmlla <€ (n,m >ng).

Then
|Txp — Tl <€ (n,m>ng;T € A).

Letting m — oo, we see that

Tz, —Tz|| <e (n>ngT e A).

Hence
len—zla<e (> mo). (1)

Fixing n > ng, we see that
lzlla < llznlla+llz = znlla < K+ € < oo,

that is, z € Z, and =, — « in (Z, || - ||.4) by (1). This proves Part (i).
IfScA,thenforallz € Zand T € A,

IT(S2) || = [S(Tx) || < (STl < [[S]]2]].a-
Therefore ||Sz|la < [|S]|z]|a < oo, that is, SZ C Z and S|z € B(Z) with
I51zlB(z) < [I5]-
In case A is a multiplicative sub-semigroup of B(X), we have for all z € Z

and T,U € A
[U(Tz)|| = [(UT)z| < sup [[Va| = [|z]|.a-
VeA

Hence || Tx|| 4 < ||z]| 4, so that Z is A-invariant and A|z C B1(Z).
Finally, if W is as stated in the theorem, and = € W, then for all T' € A,

ITz|| < | T=llw < | Tlsw)llzllw < llzlw,

and therefore [|z]| 4 < ||z|lw. O
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9.8 Semi-simplicity space

Let A C R be compact, and let P;(A) denote the set of all complex polynomials p
with
Ipl[a = supp| < 1.
A

Given an arbitrary bounded operator T, let A be the (multiplicative) semigroup
A= {p(T);p € P1(A)},

and let Z = Z(A).
By Theorem 9.11, Part (iii), p(T)Z C Z and

Ip(T)|z|lp(z) < 1

for all p € P1(A). This means that the polynomial operational calculus 7 :
p — p(T)|z(= p(T|z)) is norm-decreasing as a homomorphism of P(A), the
subalgebra of C'(A) of all (complex) polynomials restricted to A, into B(Z). Since
P(A) is dense in C(A), 7 extends uniquely as a norm decreasing homomorphism
of the algebra C(A) into B(Z), that is, T is of contractive class C(A) on Z. The
Banach subspace Z in this application of the renorming theorem is called the
semi-simplicity space for T.

On the other hand, suppose W is a T-invariant Banach subspace of X, such
that T is of contractive class C(A) on W. Then for each p € P1(A) and w € W,

[p(T)wl| < [lp(T)w | 5w llwllw < [lwllw,

and therefore w € Z and |w||l4a < |lw||w. This shows that W is a Banach
subspace of Z, and concludes the proof of the following

Theorem 9.12. Let A C R be compact, T € B(X), and let Z be the semi-
simplicity space for T, that is, Z = Z(A), where A is the (multiplicative)
semigroup

{p(T):p € P1(A)}.

Then T is of contractive class C(A) on Z.

Moreover, Z is maximal in the following sense: if W is a T-invariant Banach
subspace of X such that T is of contractive class C(A) on W, then W is a Banach
subspace of Z.

Remark 9.13. (1) If X is a Hilbert space and T is a bounded selfadjoint oper-
ator on X, it follows from Remark (2) in Terminology 7.19 that ||p(T)|| =
Ipllory < 1 for all p € P1(A) for any given compact subset A of R contain-
ing o(T). Therefore ||z||.4 < ||z|| for all z € X. Hence Z = X (with equality of
norms) in this case.

Another way to see this is by observing that the selfadjoint operator T" has a
contractive C'(A)-operational calculus on X (see Terminology 7.19, Remark (2)).
Therefore, X is a Banach subspace of Z by the maximality statement in
Theorem 9.12. Hence Z = X.
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(2) If T' is a normal operator (with spectrum in a compact set A C C), we
may take

A= {p(T,T");p € P1(A)},

where P; (A) is now the set of all complex polynomials p in A and A with ||p||a :=
supyea [P(AA)] < 1.

Then A is a commutative semigroup (for operator multiplication), and since
polynomials in A and X are dense in C'(A) (by the Stone-Weierstrass Theorem,
Theorem 5.39), we conclude as before that Z := Z(.A) coincides with X (with
equality of norms).

(3) In the general Banach space setting, we took A C R in the construction
leading to Theorem 9.12 to ensure the density of P(A) in C(A). If A is any
compact subset of C, Lavrentiev’s theorem (cf. Theorem 8.7 in T.W. Gamelin,
Uniform Algebras, Prentice-Hall, Englewood Cliffs, NJ, 1969) states that the
wanted density occurs if and only if A is nowhere dense and has connected
complement. Theorem 9.12 is then valid for such A, with the same statement
and proof.

(4) When the complement of A is not connected, the choice of A may be
adapted in some cases so that Theorem 9.12 remains valid.

An important case of this kind is the unit circle:

A=T:={NeC; |\ =1}

Suppose T' € B(X) has spectrum in I'. Consider the algebra R(I") of restrictions
to T of all complex polynomials in A and A=!(= X on T'). Following our previous
notation, let

Ru(T) = {p e R ol = sup ol < 1}.

Since o(T) C T',T is invertible in B(X). Let p € R(I"). Writing p as the finite
sum
) =Y arX (ap € C k€ Z),
k

it makes sense to define

p(T) = Z a,T".
k

The map 7 : p — p(T) is the unique algebra homomorphism of R(T") into
B(X) such that 7(pg) = I and 7(p1) = T, where pi()\) = A\*. As before, we
choose A to be the (multiplicative) semigroup

A={p(T);p € Ra(')},

and we call Z = Z(A) the semi-simplicity space for T
By Theorem 9.11, Part (iii), Z is a T-invariant Banach subspace of X, and

Ip(D)zlBz) <1 (p € Ra(I)). (1)
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By the Stone-Weierstrass theorem (Theorem 5.39), R(I') is dense in C(I").
Consequently, it follows from (1) that

77 :p—p(T)|z(=p(T|2))

extends uniquely to a norm-decreasing algebra homomorphism of C(I') into
B(Z), that is, T is of contractive class C(T") on Z.

The maximality of Z is proved word for word as in Theorem 9.12.

We restate Theorem 9.12 in the present case for future reference.

Theorem 9.14. Let T € B(X) have spectrum on the unit circle I'. Let Z be its
semi-simplicity space, as defined in Remark 9.13 (4). Then Z is a T-invariant
Banach subspace of X such that T is of contractive class C(T') on Z.

Moreover, Z is maximal in the following sense: if W is a T-invariant Banach
subspace of X such that T is of contractive class C(I') on W, then W is a Banach
subspace of Z.

Remark 9.15. With a minor change in the choice of A, Theorem 9.14 gener-
alizes (with identical statement and proof) to the case when I' is an arbitrary
compact subset of the plane with planar Lebesgue measure zero. In this case, let
R(T) denote the algebra of all restrictions to I" of rational functions with poles
off T'. Each f € R(T") can be written as a finite product

N =[N =) =50,
3.k
with v, ; € C and poles §i ¢ I'. Since i € p(T'), we may define

_'YH — oy I)(T — Bel)!

As before, we choose A to be the (multiplicative) semigroup

A={f(T); f € Ra(T)},

where R1(T) is the set of all f € R(T) with || f|lr < 1.

The corresponding space Z = Z(.A) (called as before the semi-simplicity space
forT') is a T-invariant Banach subspace of X such that || f(T')|z| p(z) < 1 for all
f € Ri(T). Since R(T) is dense in C(I") by the Hartogs—Rosenthal theorem (cf.
Exercise 2), the map f — f(T)|z = f(T|z) has a unique extension as a norm

decreasing algebra homomorphism of C(T') into B(Z), that is, T is of contractive
class C(T') on Z.

9.9 Resolution of the identity on Z

Theorem 9.16. Let I' be any compact subset of C for which the semi-simplicity
space Z was defined above, for a given bounded operator T on the Banach space



240 9. Integral representation

X, with spectrum in T (recall that, in the general case, T' could be any compact
subset of C with planar Lebesgue measure zero). Then T is of contractive class
C(T) on Z, and Z is maximal with this property.

Moreover, if X is reflexive, there exists a unique contractive spectral measure
on Z, E, with support in I and values in T", such that

f@unzﬁfwwx (1)

forallx € Z and f € C(T), where f — f(T|z) denotes the (unique) C(T')-
operational calculus for T|yz.

The integral (1) extends the C(I")-operational calculus for T|z in B(Z) to
a contractive B(I")-operational calculus 7 : f € B(I') — f(T|z) € B(Z), where
B(T) stands for the Banach algebra of all bounded complex Borel functions on
T with the supremum norm, and 7(f) commutes with every U € B(X) that
commutes with T'.

Proof. The first statement of the theorem was verified in the preceding sections.
Suppose then that X is a reflerive Banach space, and let f — f(7T'|z) denote
the (unique) C(T')-operational calculus for T|z (in B(Z)). For each z € Z and
z* € X*, the map
felCl) -z f(T|z)xeC

is a continuous linear functional on C'(T") with norm <||z|| z||z*|| (where we denote
the Z-norm by || - ||z rather than || - | 4). By the Riesz representation theorem,
there exists a unique regular complex Borel measure p = p(-;z,2*) on B(C),
supported by I', such that

xVGbM=AfWH%ﬂ) 2)

and
[p(sz, 2| < [z z]|z" (3)

forall f € C(I'),z € Z, and z* € X*.

For each 6 € B(C) and x € Z, the map z* € X* — p(d;z,2*) is a continuous
linear functional on X* with norm <||z||z (by (3)). Since X is reflexive, there
exists a unique vector in X, which we denote E(d)z, such that u(d;z,z*) =
2*E(§)z. The map E(0) : Z — X is clearly linear and norm-decreasing.

If U € T, then U commutes with f(T') for all f € R(I") (notation as in the
preceding section), hence U € A'. Let f € C(T'), and let f,, € R(T') converge to
f uniformly on I'. Since UZ C Z and ||U||p(z) < [|U||p(x) (cf. Theorem 9.11,
Part (ii)), we have

|UF(T|z) = f(T|2)Ullpz) < U (T|z) = fu(T)]ll B(2)
+[[[fn(T) = F(T|2)IUBz) 20U\l f(T]z) = fu(D)lB(2)
<2Ullsx)Ilf = fulle@y — 0.
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Thus, U commutes with f(T|z) for all f € C(T'). Therefore, for all z € Z,
z* e X*, and f € C(T),

/ Fdo UB()z = / FdU* ") E()s = (U 2" f(T|2)
T T
— PU(T|)z = 2* f(T| 1)Uz = /Ffdx*E(-)Ux.

By uniqueness of the Riesz representation, it follows that UE(d) = E(6)U for
all § € B(C) (i.e. E has values in T"'). The last relation is true in particular for
all U € A. Since A C B1(Z) (by Theorem 9.11, Part (iii)) and E(d) : Z — X is
norm-decreasing, we have for each z € Z and § € B(C),

IE@)x]z = sup [UE(0)x|| = sup |[E(6)Ux]|
UcA UcA

< sup [|Uz]z < |||/
UeA

Thus, E(d) € B1(Z) for all § € B(C).

Since *[E(-)x] = p(-;x, x*) is a regular countably additive complex measure
on B(C) for each z* € X*, E satisfies Condition (1) of a spectral measure on Z
and has support in I". We may then rewrite (2) in the form

F(T\2)e = / fAE()z feC), zeZ (4)

where the integral is defined as in Section 9.2.

Taking f = fo(=1) in (4), we see that E(C) = E(T) = I|z.

Since f — f(T|z) is an algebra homomorphism of C(T') into B(Z), we have
for all f,g € C(I') and = € Z (whence g(T|z)x € Z):

/Fde(-)[g(T\z)x] = [(T|2)lg(T|z)x]

= (f9)(Tl2)e = [ foaB()a.
By uniqueness of the Riesz representation, it follows that
dE()9(T|z)x] = gdE(:)z.

This means that for all 6 € B(C),g € C(T'), and x € Z,

E@)[g(T|7)x] = / X9 dE( ), (5)

where x5 denotes the characteristic function of 4.
We observed above that E(d) commutes with every U € B(X) that commutes
with T'. In particular, F(§) commutes with g(T') for all g € R(T). If g € C(I)
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and g, € R(I') — g uniformly on T', then since E(d) € B1(Z), we have
IE)9(T|z) = 9(T|z)EO)| 5z)
< 1E@)9(T|2) = 9n(T|2)]ll(z) + [9n(T|2) = 9(T|2)IEO)|| 5(2)
<2[lg = gnlle@) — 0.

Thus E(§) commutes with g(T'|z) for all g € C(T') and § € B(C).
We can then rewrite (5) in the form

[ oxsdBte = [ gap0E®:

forall z € Z,6 € B(C), and g € C(T).
Again, by uniqueness of the Riesz representation, it follows that

XsdE()x = dE(-)E(d)z.

Therefore, for each € € B(C) and x € Z,
EOE®)s = [ xedBOE@) = [ xoxsdE()a
r r
= / Xens AE( )z = E(eNd)x.
r

We consider now the map f € B(T') — fr fdE(-)x € X. Denote the integral by
7(f)x. We have for all z € Z and f € B(T)

(el =  sup | / f dz* B()a]

a2 €X*i]lar =1

< |[z]|z sup [f]- (6)
T

It U € T, we saw that UE(§) = E(0)U for all § € B(C). It follows from
the definition of the integral with respect to E(-)z (cf. Section 9.2) that for each
re”

Ur(f)e =7(f)Ux.

In particular, this is true for all U € A. Hence by (6) and Theorem 9.11, Part (iii),
I7()zllz = sup [|UT(f)z| = sup [|7(f)Uz|
UcA UcA
<sup |f| sup |Uzllz < [|fllgw) |2l z-
r UcA

Thus 7(f) € B(Z) for all f € B(I"). Furthermore, the map 7 : B(I') — B(Z) is
linear and norm-decreasing, and clearly multiplicative on the simple Borel func-
tions on I'. A routine density argument proves the multiplicativity of 7 on B(T).

The uniqueness statement about F is an immediate consequence of the
uniqueness of the Riesz representation. O
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Remark 9.17. Let A be a closed interval. The semi-simplicity space for T €
B(X) is the smallest Banach subspace Wy in the increasing scale {W,,;m =
0,1,2,...} of Banach subspaces defined below.

Let C™(A) denote the Banach algebra of all complex functions with con-
tinuous derivatives in A up to the mth order, with pointwise operations and
norm

Il 1= > sup 791/
j=0

We apply Theorem 9.11, Part (iii), to the multiplicative semigroup of
operators
A = {p(T);p € P, pllm < 1},

where P denotes the polynomial algebra C[t] and m =0,1,2,....
Fix m € NU {0}. By Theorem 9.11, the Banach subspace W,,, := Z(A,,) is
A -invariant and A, |W,, C B1(Wp,), i.e.,

Ip(T)llw,, < l|zllw,, [[Pllm

for all p € P and = € W,,. By density of P in C™(A), it follows that T'|w,, is of
contractive class C™(A), that is, there exists a norm-decreasing algebra homo-
morphism of C"™(A) into B(W,,) that extends the usual polynomial operational

calculus. Moreover, W,,, is maximal with this property.

9.10 Analytic operational calculus

Let K C C be a non-empty compact set, and denote by H(K) the (complex)
algebra of all complex functions analytic in some neighbourhood of K (depending
on the function), with pointwise operations. A net f, C H(K) converges to f if
all f, are analytic in some fixed neighbourhood 2 of K, and f, — f pointwise
uniformly on every compact subset of 2. When this is the case, f is analytic in
Q2 (hence f € H(K)), and one verifies easily that the operations in H(K) are
continuous relative to the above convergence concept (or, equivalently, relative
to the topology associated with the above convergence concept). Thus, H(K) is
a so-called topological algebra.

Throughout this section, 4 will denote a fixed (complex) Banach algebra
with unit e. Let F be a topological algebra of complex functions defined on some
subset of C, with pointwise operations, such that fi(\) := A\F € F for k = 0, 1.
Given a € A, an F-operational calculus for a is a continuous representation
T : f — 7(f) of F into A such that 7(f;) = a (in the present context, a
representation is an algebra homomorphism sending the identity fy of F to the
identity e of A).

Notation 9.18. Let K C 2 C C, K compact and €2 open. There exists an open
set A with boundary I' consisting of finitely many positively oriented rectifiable
Jordan curves, such that K C A and AUT C Q. Let I'(K, Q) denote the family
of all I's with these properties.



244 9. Integral representation

If F' is an A-valued function analytic in QN K¢ and I, I € I'(K, ), it follows
from (the vector-valued version of) Cauchy’s theorem that

/ F(\)dx= [ F(\)d
Iy T

We apply this observation to the function F' = f(-)R(-;a) when o(a) C K and
f € H(K), to conclude that the so-called Riesz—Dunford integral

- / 0 1)

(with T € T'(K, ) and f analytic in the open neighborhood 2 of K) is a well-
defined element of A (independent on the choice of T').

Theorem 9.19. The element a € A has an H(K)-operational calculus iff
o(a) C K. In that case, the H(K)-operational calculus for a is unique, and
is given by (1).

Proof. Suppose o(a) C K. For f € H(K), define 7(f) by (1). As observed
above, 7 : H(K) — Ais well defined and clearly linear. Let f, g € H(K); suppose
both are analytic in the open neighbourhood Q of K. Let IV € T'(K, ), and let
A’ be the open neighborhood of K with boundary IV. Choose I' € T'(K,A’)
(hence I' € T'(K, 2)). By Cauchy’s integral formula,

o [ 2 du=g) (reD), @)
and
{(LdA_O (uel). 3)

Therefore, by the resolvent identity for R(:) := R(-;a), Fubini’s theorem, and
Relations (2) and (3), we have

erifr(f)rlo) = [ 1) / 91 R(s) dp
// ; f“( ) dpd
:/Ff()\)R()\/ (_))\dud)\—i—/ /A )\ud)\d

—2ri [ FNgNR(N) dx = (2mil*r(fo).
T

This proves the multiplicativity of 7.
Let {fo} be a net in H(K) converging to f, let  be an open neighbourhood
of K in which all f, (and f) are analytic, and let T € T'(K, Q). Since R(-) is
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continuous on I', we have M := supr |[R(-)|| < oo, and therefore, denoting the
(finite) length of T by |T'|, we have

M|T
(7 =70 = I = D < S s 7 = 11 =,

since f, — f uniformly on I'. This proves the continuity of 7: H(K) — A.

If f is analytic in the disc A, := {\;|\| < r} and K C A, the (positively
oriented) circle C, = {\;|A| = p} is in T'(K, A,) for suitable p < r, and for any
a € A with spectrum in K, the Neumann series expansion of R(\) converges
uniformly on C,,. Integrating term-by-term, we get

1 f("
Z 27” )\n+1 dA = Z (4)

c,

In particular, 7(A\¥) = a* for all k = 0,1,2,..., and we conclude that 7 is an
H(K)-operational calculus for a.

If 7/ is any H(K)-operational calculus for a, then necessarily 7/(\") = a* for
allk =0,1,2,..., that is, 7’ coincides with 7 on all polynomials. If f is a rational
function with poles in K¢, then f € H(K). Writing f = p/q with polynomials
p,q such that ¢ # 0 on K (so that 1/q € H(K)!), we have e = 7/(1) = 7/(q -
(1/q)) = 7'(q)7'(1/q), hence 7/(q) is non-singular, with inverse 7/(1/q). Therefore
T'(f) = ' (p)'(1/q) = T'(p)7"(¢) " = T(p)7(q)"" = 7(f). By Runge’s theorem
(cf. Exercise 1), the rational functions with poles in K¢ are dense in H(K), and
the conclusion 7/(f) = 7(f) for all f € H(K) follows from the continuity of both
7/ and 7. This proves the uniqueness of the H(K)-operational calculus for a.

Finally, suppose a € A has an H(K)-operational calculus 7, and let u € K°.
The polynomial g(A) := p — A does not vanish on K, so that (as was proved
above) 7(q)(= pe — a) is non-singular, and R(u;a) = 7(1/(1 — A)). In particular,
o(a) C K. O

Let 7 be the H(o(a))-operational calculus for a. Since 7(f) = f(a) when f
is a polynomial, it is customary to use the notation f(a) instead of 7(f) for all

f e H(a(a)).
Theorem 9.20 (Spectral mapping theorem). Let a € A and f € H(o(a)).
Then o(f(a)) = f(o(a)).

Proof. Let u = f(\) with A € o(a). Since A is a zero of the analytic function
w— f, there exists h € H(o(a)) such that

p=f(¢) == h(C)
in a neighbourhood of o(a). Applying the H (o (a))-operational calculus, we get
pe — f(a) = (\e — a)h(a) = h(a)(he — a).
If p € p(f(a)), and v = R(y; f(a)), then
(e — a)[h(a)v] = e and [vh(a)](Ae — a) = e,
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that is, A € p(a), contradiction. Hence p € o(f(a)), and we proved the inclusion
F(o(a)) € o(f()).
If p ¢ f(o(a)), then p — f # 0 on o(a), and therefore g:=1/(u— f) €
H(o(a)). Since (u — f)g = 1 in a neighbourhood of o(a), we have (ue —
f(a))g(a) = e, that is, p € p(f(a)). This proves the inclusion o(f(a)) C

f(a(a)). B

Theorem 9.21 (Composite function theorem). Let a € A, f € H(o(a)),
and g € H(f(o(a))). Then go f € H(o(a)) and (g o f)(a) = g(f(a)).

Proof. By Theorem 9.20, g(f(a)) is well defined.
Let © be an open neighbourhood of K := f(o(a)) = o(f(a)) in which g is
analytic, and let I € I'(K, ). Then

(@) = 5 [ o) RG £(@)) d. (5)
i Jp
Since I' C K¢, for each fixed p € T', the function p — f does not vanish on o(a),
and consequently k, :=1/(n — f) € H(o(a)). The relation (¢ — f)k, =1 (valid
in a neighbourhood of o(a)) implies through the operational calculus for a that
k(@) = R(u; f(a)), that is,

Ry @) = g | B ROsa) i ()

for a suitable IV. We now substitute (6) in (5), interchange the order of
integration, and use Cauchy’s integral formula:

erifatta@) = [ o) [ kRO dvdn= [ [ I dur(a) an

T

—2ri [ GFODRN) A = (2ri)(g2 o),

9.11 Isolated points of the spectrum

Construction 9.22. Let u be an isolated point of o(a). There exists then a
function e, € H(o(a)) that equals 1 in a neighbourhood of y and 0 in a neigh-
bourhood of ¢, := o(a) N {u}°. Set E, = e,(a). The element E, is independent
of the choice of the function e,, and since €2 = e, in a neighbourhood of o(a),
it is an idempotent commuting with a.

Let § = dist(u, 0,). By Laurent’s theorem (whose classical proof applies word
for word to vector-valued functions), we have for 0 < |A — p| < 4:

o0

R(xa)= > ar(p =N, (1)

k=—o00
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where )
=—— —N)FIR(\ a) dX 2
A i P(:u’ ) ( 7a) ’ ( )
and T' is a positively oriented circle centred at p with radius r < §. Choosing
a function e, as above that equals 1 in a neighbourhood of the corresponding
closed disc, we can add the factor e, to the integrand in (2). For k € —N,
the new integrand is analytic in a neighbourhood €2 of o(a), and therefore, by
Cauchy’s theorem, the circle T' may be replaced by any IV € T'(c(a), Q). By the

multiplicativity of the analytic operational calculus, it follows that
a_p = —(pe—a)*'E, (k€N). (3)

In particular, it follows from (3) that a_p = 0 for all k > kg iff a_g, = 0.
Consequently the point p is a pole of order m of R(+;a) iff

(pe —a)™E, =0 and (ue—a)™ 'E, #0. (4)

Similarly, R(-;a) has a removable singularity at p iff £, = 0. In this case, the
relation (Ae —a)R(A;a) = R(A;a)(Ae —a) = e extends by continuity to the point
A = p, so that o € p(a), contradicting our hypothesis. Consequently E,, # 0.

These observations have a particular significance when A4 = B(X) for a
Banach space X. If u is an isolated point of the spectrum of T' € B(X) and E,
is the corresponding idempotent, the non-zero projection E,, (called the Riesz
projection at p for T') commutes with T, so that its range X,, # {0} is a reducing
subspace for T' (cf. Terminology 8.5 (2)).

Let T, := T|x,. If ¢ # p, the function h(A) := e,(\)/(¢ — A) belongs to
H(o(T)) for a proper choice of e, and (¢ — A)h(A\) = e,. Applying the analytic
operational calculus, we get

(I =T)h(T) = M(T)(CI = T) = E,
and therefore (since h(T)X, C X,,),
(I — T)W(T)z = h(T)(CT - Tz =z (z € X,.).

Hence ¢ € p(T),), and consequently o(T},) C {u}. Since X, # {0}, the spectrum
of T}, in non-empty (cf. Theorem 7.6), and therefore

o(Ty) = {n}- (5)

Consider the complementary projection FEj, := I — E,, and let X, := E, X

and 7}, := T'|x;,. The above argument (with h(A) := (1 —e,)/(¢ — A) for a fixed

¢ ¢ 0,) shows that o(7},) C 0,. If the inclusion is strict, pick ¢ € o, N p(T},).
Then ¢ # p, so that 3R((; 7)) (by (5)), and of course IR((;T),). Let

Vi=R(GTE, + R(C;T[IL)E;IL’ (6)

Clearly V € B(X), and a simple calculation shows that ((I —T)V =V (¢I - T)

= I. Hence ( € p(T'), contradicting the fact that ¢ € 0,(C o(T)). Consequently

o(T)) = o, (7)
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We also read from (6) (and the above observation) that V = R((;T) for all
¢ ¢ o(T), that is,

R(¢;Ty) = R(GT)|x, (¢ #w); (8)
R(GT),) = R(GT)|x, (C¢ou) 9)

(Rather than discussing an isolated point, we could consider any closed subset
o of the spectrum, whose complement in the spectrum is also closed; such a set
is called a spectral set. The above arguments and conclusions go through with
very minor changes.)

By (4), the isolated point p of o(T') is a pole of order m of R(-;T) iff

(uI —T)"X, = {0} and (uI —T)"'X,, # {0}. (10)

In this case, any non-zero vector in the latter space is an eigenvector of T for
the eigenvalue y, that is, u € o, (T).

By (10), X,, C ker(ul —T)™. Let « € ker(ul — T)™. Since E, commutes
with T,

(uI =T)"(I = Ey)x = (- E,)(pl —=T)"z = 0.
By (7), n € p(T},), so that uI — T}, is one-to-one; hence (I — E,)z = 0, and

therefore x € X,,, and we conclude that

X, =ker(pul —T)™. (11)

9.12 Compact operators

Definition 9.23. Let X be a Banach space, and denote by S its closed unit
ball. An operator T' € B(X) is compact if the set T'S is conditionally compact.

Equivalently, T is compact iff it maps bounded sets onto conditionally
compact sets.

In terms of sequences, the compactness of T  is characterized by the property:
if {x,,} is a bounded sequence, then {T'z,,} has a convergent subsequence.

Denote by K(X) the set of all compact operators on X.

Proposition 9.24.
(i) K(X) is a closed two-sided ideal in B(X);
(ii) K(X)= B(X) iff X has finite dimension.

(i) The restriction of a compact operator to a closed invariant subspace is
compact.

Proof. (i) K(X) is trivially stable under linear combinations. Let T €
K(X),A € B(X), and let {x,} be a bounded sequence. Let then {Tz,, } be
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a convergent subsequence of {T'z,}. Then {ATz,,} converges (by continuity of
A), that is, AT € K(X). Also {Axz,} is bounded (by boundedness of A), and
therefore {T Axnk} converges for some subsequence, that is, TA € K(X), and
we conclude that K(X) is a two-sided ideal in B(X).

Suppose {T,,} C K(X) converges in B(X) to T Let {z,,} C X be bounded,
say ||z, || < M for all n. By a Cantor diagonal process, we can select a subsequence
{zn, } of {x,,} such that {T},,xy, }r converges for all m. Given € > 0, let mg € N be
such that | T'—T,,|| < €/(4M) for all m > mq. Fix m > my, and then ko = ko(m)
such that ||T5,%n, — Ty, || < €/2 for all k, j > ko. Then for all k, j > ko,

HTxnk - T*Tnj || < ||(T - Tm)(ajnk - an)H + ||menk - menj ||
< [e¢/(AM))]2M + €/2 = ¢,

and we conclude that {Tz,, } converges to some element y.
Hence
limsup |Tz,, — vyl <k,
k

and therefore, Tz, — y by the arbitrariness of e.

(ii) If X has finite dimension, any linear operator 7" on X maps bounded sets
onto bounded sets, and a bounded set in X is conditionally compact.

Conversely, if K(X) = B(X), then, equivalently, the identity operator I is
compact, and therefore the closed unit ball S = IS is compact. Hence X has
finite dimension, by Theorem 5.27.

The proof of (iii) is trivial. O

Theorem 9.25 (Schauder). T € K(X) iff T* € K(X*).

Proof. (1) Let T € K(X), and let {z}} be a bounded sequence in X*, say
|z || < M for all n. Then, for all n, |z} x| < M|T|| for all x € TS and |z} 2 —
ziy| < M|z — y|| for all z,y € X, that is, the sequence of functions {z} is
uniformly bounded and equicontinuous on the compact metric space T'S. By the
Arzela—Ascoli theorem (cf. Exercise 3), there exists a subsequence {z;, } of {z}}
converging uniformly on T'S. Hence

sup |z, (T2) — 2y, (Tx)] = 0 (k,j — 00),
x€

that is, |77z}, —T"x; || — 0 as k,j — oo, and consequently {1z}, } converges
(strongly) in X*. This proves that T* is compact.

(2) Let T* be compact. By Part (1) of the proof, T** is compact. Let
{zn} C S. Then ||&,|| = |lzn]] < 1, and therefore T**&,, converges in X**
for some 1 < nj; < ng < ---, that is,

H Slhp ) (T &p, )x" — (T2, )" — 0 (k,j — 00).
z*||=
Equivalently,
sup |v"Tzy,, —2*Tx,,| — 0,
ll =1

that is, || Tx,, —T2y,| — 0 as k,j — oo, and consequently 7" is compact. ~ [J
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Lemma 9.26. Let Y be a proper closed subspace of the Banach space X. Then
Sup,ex, d(x,Y) = 1. (X1 denotes the unit sphere of X.)

Proof. Let 1 > € > 0. If d(z,Y) = 0 for all z € X1, then since Y is closed,
X1 C Y, and therefore X C Y (because Y is a subspace), contrary to the
assumption that Y is a proper subspace of X. Thus there exists 1 € X; such
that 0 := d(z1,Y) > 0. By definition of d(z1,Y"), there exists y; € Y such that
(6 Q)d(z1,11) < (1 +€)d. Let w = 21 — y; and z = u/||ul|. Then z € X,
[lu]l < (14 €)d, and for all y € Y

(L +e)dllz —yll = fullllz = yll = [lu = lully]| = [|z1 = @1 + [luly)]| = 0.

Hence ||z —y|| > 1/(14+¢€) > 1 —¢€ for all y € Y, and therefore d(z,Y) > 1 —e.
Since we have trivially d(z,Y) < 1, the conclusion of the lemma follows. O

Theorem 9.27 (Riesz—Schauder). Let T be a compact operator on the Banach
space X. Then

(i) o(T) is at most countable. If {u,} is a sequence of distinct non-zero points
of the spectrum, then p, — 0.

(i) Each non-zero point p € o(T) is an isolated point of the spectrum, and
s an eigenvalue of T and a pole of the resolvent of T. If m is the order
of the pole v, and E,, is the Riesz projection for T' at p, then its range
E,X equals ker(ul — T)™ and is finite dimensional. In particular, the
u-eigenspace of T is finite dimensional.

Proof. (1) Let u be a non-zero complex number, and let {z,} C X be such
that (ul — T)x,, converge to some y. If {x,} is unbounded, say 0 < ||z,| — oo
without loss of generality (w.l.o.g.), consider the unit vectors z, := z,/||zn]|.
Since T is compact, there exist 1 <n; < ng,--- such that T'z,, — v € X. Then

1
W, = m(,u[ —Tap, + T2y, — 0y +v=0. (*)
ng
Hence
Ho = liinT(Man) =Tv.

If u ¢ 0,(T), we must have v = 0. Then by (*) |u| = ||nzn, || — 0, contradiction.
Therefore (if u ¢ o,(T)!) the sequence {z,} is bounded, and has therefore a
subsequence {z,, } such that 3limy Tx,, := u. Then as above

Ty = 0 (0l = T)xny + Tap,] — 7y +u) =1,

and therefore y = limy (ul — T)xp, = (u —T)x € (uI —T)X. Thus (uf —T)X
is closed. This proves that a non-zero u is either in 0,(T) or else the range of
ul — T is closed. In the later case, if this range is dense in X, ul — T is onto
(and one-to-one!), and therefore pu € p(T). If the range is not dense in X, it is
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a proper closed subspace of X; by Corollary 5.4., there exists * # 0 such that
*(ul = T)x = 0 for all z € X, ie., (ul —T*)z* = 0. Thus p € 0,(T%). In
conclusion, if pn € o(T) is not zero, then p € o,(T) U op(T).

(2) Suppose pi,,n = 1,2,..., are distinct eigenvalues of T that do not con-
verge to zero. By passing if necessary to a subsequence, we may assume that
|n| > € for all n, for some positive e. Let x,, be an eigenvector of T' corres-
ponding to the eigenvalue y,,. Then {z,} is necessarily linearly independent (an
elementary linear algebra fact!). Setting Y;, := span{z1,...,2,},Y,_1 is there-
fore, a proper closed T-invariant subspace of the Banach space Y, , and clearly
(I —T)Y,, C Y,y (for all n > 1). By Lemma 9.26, there exists y,, € Y;, such
that ||y,|| = 1 and d(yn, Yn—1) > 1/2, for each n > 1. Set z, = yn/pin. Since
Izl < 1/€, there exist 1 < ny < ng < --- such that T'z,, converges. However,
for j > k,

HTan = Tzn, || = HynJ - [(/’(‘nd - T)z'ﬂj + Tz, ]|l > 1/2,

since the vector is square brackets belongs to Y;,, 1, contradiction. This proves
that if {un} is a sequence of distinct eigenvalues of T', then p, — 0.

(3) Suppose p € o(T),n # 0, is not an isolated point of the spectrum, and
let then u,, (n € N) be distinct non-zero points of the spectrum converging to p.
By the conclusion of Part (1) of the proof, {u,} C o,(T) Uo,(T*). Since the set
{1t} is infinite, at least one of its intersections with o, (1) and o, (T*) is infinite.
This infinite intersection converges to zero, by Part (2) of the proof (since both T’
and T™* are compact, by Theorem 9.25). Hence p = 0, contradiction! This shows
that the non-zero points of o(T") are isolated points of the spectrum. Since o (7')
is compact, it then follows that it is at most countable.

(4) Let o # 0,0 € o(T), and let E,, be the Riesz projection for T" at (the
isolated point) p. As before, let X, = E, X and T}, = T|x,. Let S, denote the
closed unit ball of X,,. Since o(T},) = {u} (cf. (5) of Section 9.11), we have 0 €
p(T,), that is, 3T, ! € B(X,,), and consequently T, 'S, is bounded. The latter’s
image by the compact operator T}, (cf. Proposition 9.24 (iii)) is then conditionally
compact; this image is the closed set S,,, hence S, is compact, and therefore X,
is finite dimensional (by Theorem 5.27). Since o(ul —T),) = p — o(T,,) = {0}
by (5) of Section 9.11, the operator ul — T, on the finite dimensional space
X, is nilpotent, that is, there exists m € N such that (uf — T,,)"™ = 0 but
(uI —T,,)™~! # 0. Equivalently,

(I =T)"E, =0 and (ul-T)"'E, #0.

By (4) of Section 9.11, p is a pole of order m of R(-;T), hence an eigenvalue of
T (cf. observation following (10) of Section 9.11), and ker(ul — T)™ = X, by
(11) of Section 9.11. O
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Exercises

[The first three exercises provide the proofs of theorems used in this chapter.]

Runge theorem

1. Let S? = C denote the Riemann sphere, and let X C C be compact. Fix
a point a; in each component V; of $? — K, and let R({a;}) denote the
set of all rational functions with poles in the set {a,}.

If 11 is a complex Borel measure on K, we define its Cauchy transform

i by

i) = [ ) esog) 1)

Prove

(a) f is analytic in S? — K.
(b) For a; # oo, let d; = d(a;, K) and fix z € B(aj,r) C V; (necessarily
r < d;). Observe that

o0

Z Z—(Ljn+17 (2)

and the series converges uniformly for w € K.
For a; = oo, we have

1_21*2% (12| > r), 3)

n=0

and the series converges uniformly for w € K.

¢) If [, hdp =0 for all h € R({a;}), then fi(z) = 0 for all z € B(aj,r),
hence for all z € Vj, for all j, and therefore ji = 0 on 52 —

(d) Let © C C be open such that K C Q. If f is analytic in © and
@ is as in Part (c), then [ fdu = 0. (Hint: represent f(z) =
(1/27i) [ f(w)/(w — z)dw for all z € K, where I' € I'(K,Q), cf.
Notation 9.18, and use Fubini’s theorem.)

(e) Prove that R({a;}) is C(K)-dense in H(Q) (the subspace of C(K)
consisting of the analytic functions in € restricted to K). Hint: The-
orem 4.9, Corollary 5.3, and Part (d). The result in Part (e) is Runge’s

theorem. In particular, the rational functions with poles off K are
C(K)-dense in H(Q).

(f) If S? — K is connected, the polynomials are C(K)-dense in H ().
Hint: apply Part (e) with a = co in the single component of S? — K.
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Hartogs—Rosenthal theorem

2. (Notation as in Exercise 1) Let m denote the R?-Lebesgue measure.

(a) The integral defining the Cauchy transform [ converges absolutely
m-a.e. (Hint: show that

d
// ] (o ddy<oo
r2 Ji W — 2|

by using Tonelli’s theorem and polar coordinates.)

(b) Let R(K) denote the space of rational functions with poles off
K. Then [, hdy = 0 for all h € R(K) iff 4 = 0 off K.
(Hint: use Cauchy’s formula and Fubini’s theorem for the non-trivial
implication.)

(c) It can be shown that if i = 0 m-a.e., then p = 0. Conclude that
if m(K) = 0 and p is a complex Borel measure on K such that
Jx hdp = 0forall h € R(K), then 1 = 0. Consequently, if m(K) = 0,
then R(K) is dense in C(K) (cf. Theorem 4.9 and Corollary 5.6). This
is the Hartogs—Rosenthal theorem.

Arzela—Ascoli theorem

3. Let X be a compact metric space. A set F C C(X) is equicontinuous
if for each € > 0, there exists § > 0 such that |f(z) — f(y)| < e for all
f € Fand z,y € X such that d(z,y) < . The set F is equibounded if
supser || fllu < oo. Prove that if F is equicontinuous and equibounded,
then it is relatively compact in C'(X). Sketch: X is necessarily separable.
Let {ax} be a countable dense set in X. Let {f,} C F. {fn(a1)} is a
bounded complex sequence; therefore there is a subsequence {f,1} of
{fn} converging at ai; {fn.1(az2)} is a bounded complex sequence, and
therefore there is a subsequence {f, 2} of {f, 1} converging at as (and
ap). Continuing inductively, we get subsequences {f, ,} such that the
(r+1)-th subsequence is a subsequence of the rth subsequence, and the rth
subsequence converges at the points a, ..., a,. The diagonal subsequence
{fn.n} converges at all the points aj. Use the compactness of X and an
€/3 argument to show that {f, .} is Cauchy in C(X).

Compact normal operators
4. Let X be a Hilbert space, and T € K(X) be normal. Prove that there

exist a sequence {A\,} € ¢y and a sequence {E,,} of pairwise orthogonal
finite rank projections such that Zf:;l AE, — T in B(X) as N — oo.



254 9. Integral representation

Logarithms of Banach algebra elements

5. Let A be a (unital, complex) Banach algebra, and let « € A. Prove:

(a) If 0 belongs to the unbounded component V' of p(z), then a €
exp A(:= {e*;a € A}) (that is, x has a logarithm in .A). Hint: Q := V¢
is a simply connected open subset of C containing o(x), and the ana-
lytic function f;(\) = A does not vanish on Q. Therefore, there exists
g analytic in € such that e9 = f;.

(b) The group generated exp A is an open subset of A.

6. Let A be a (unital, complex) Banach algebra, and let G. denote the
component of G := G(A) containing the identity e. Prove:

b)
(c) exp A C Ge.
)

(d) expA---exp A (finite product) is an open subset of G, (cf. Exer-
cise 5(b)).

(e) Let H be the group generated by exp.A. Then H is an open and
closed subset of G.. Conclude that H = G.

(f) If A is commutative, then G. = exp A.

(a) G. is open.
(

G, is a normal subgroup of G.

Non-commutative Taylor theorem

7. (Notation as in Exercise 10, Chapter 7) Let A be a (unital, complex)
Banach algebra, and let a,b € A. Prove the following non-commutative
Taylor theorem for each f € H(o(a,b)):

=0 J
B > o bVe f(j)(a)
- 20l

In particular, if a,b commute,

(g ,
fo) =3 LW g gy *)

4!

for all f € H(o(a,b)), where (in this special case)
o(a,b) = {A € Crd(\, o(a)) < r(b— a)}.

If b — a is quasi-nilpotent, (*) is valid for all f € H(o(a)).
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Positive operators

8. Let X be a Hilbert space. Recall that T' € B(X) is positive (in symbols,
T >0) iff (Tz,z) > 0 for all z € X. Prove:

(a) The positive operator T is non-singular (i.e. invertible in B(X)) iff

T — el > 0 for some € > 0 (one writes also T > €l to express the last
relation).

(b) The (arbitrary) operator T is non-singular iff both TT* > €l and
T*T > el for some € > 0.

9. Let X be a Hilbert space, T' € B(X). Prove:
(a) If T is positive, then
|(Tz,y)|> < (Tx,x)(Ty,y) forall z,y € X.
(b) Let {Tx} C B(X) be a sequence of positive operators. Then T}, — 0

in the s.o.t. iff it does so in the w.o.t.

(¢) 0 < Ty < Tgy1 < K1 for all k (for some positive constant K), then
{T}} converges in B(X) in the s.o.t.

Analytic functions operate on A

10. Let A be a complex unital commutative Banach algebra, and a € A. Let
f € H(o(a)). Prove that there exists b € A such that b = fod. (@ denotes
the Gelfand transform of a.) In particular, if a # 0, there exists b € A
such that b = 1/a. (This is Wiener’s theorem.) Hint: Use the analytic
operational calculus.

Polar decomposition

11. Let X be a Hilbert space, and let T' € B(X) be non-singular. Prove that
there exist a unique pair of operators S, U such that S is non-singular and
positive, U is unitary, and T = US. If T is normal, the operators S, U
commute with each other and with T'. Hint: assuming the result, find out
how to define S and U|gx; verify that U is isometric on SX, etc.

Cayley transform

12. Let X be a Hilbert space, and let T € B(X) be selfadjoint. Prove:

(a) The operator V := (T +il)(T —il)~! (called the Cayley transform
of T') is unitary and 1 ¢ o(V).

(b) Conversely, every unitary operator V such that 1 ¢ o (V) is the Cayley
transform of some selfadjoint operator T' € B(X).
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Riemann integrals of operator functions

13. Let X be a Banach space, and let T(-) : [a,b] — B(X) be strongly
continuous (that is, continuous with respect to the s.o.t. on B(X)).
Prove:

(a) IT(+)|| is bounded and lower semi-continuous (l.s.c.) (cf. Exercise 6,
Chapter 3).

(b) For each z € X, the Riemann integral f; T(t)x dt is a well-defined
element of X with norm < ff |T(t)| dt||x|. Therefore the oper-
ator fab T(t)dt defined by (fab Tt)dt)x = f(f T(t)x dt has norm <
f; IT(t)|| dt. For each S € B( ) ST( ) and T( )S are strongly con-
tinuous on [a,b], and Sf T(t f ST(t) dt; (fab T(t)dt)S =
f T(t)S dt.

(c) fa T(s)ds)'(c) = T(c) (derivative in the s.o.t.).

(d) I T(-) = V'(-) (derivative in the s.o0.t.) for some operator function V,
then [*T(t)dt = V(b) — V(a).

(e) If T(-) : [a,00) — B(X) is strongly continuous and [ |T(t)| dt <
00, then limy_, o f: T(t)dt := [7°T(t)dt exists in the norm topology
of B(X), and || [°T(t) dt|| <[> ||T || dt. (Note that [|T(-)] is Ls.c.
by Part (a), and the integral on the right makes sense as the integral
of a non-negative Borel function.)

Semigroups of operators

14. Let X be a Banach space, and let T(-) : [0,00) — B(X) be such that
T(t+s) =T(@)T(s) for all t,s > 0 and T(0) = I. (Such a function is
called a semigroup of Opemtors.) Assume T'(+) is (rlght) continuous at 0
in the s.o.t. (briefly, T'(:) is a Cy-semigroup). Prove:

(a) T'(-) is right continuous on [0,c0), in the s.o.t.

(b) Let ¢y, := sup{||T(t)||;0 < ¢t < 1/n}. Then there exists n such that
¢n, < oo. (Fix such an n and let ¢ := ¢,(> 1).) Hint: the uniform
boundedness theorem.

(c) With n and ¢ as in Part (b), [|T(t)|| < Me* on [0,00), where M :=
¢"(>1) and a := log M (>0).

(d) T()is strongly continuous on [0, 00).
(e) Let V (¢t fo s)ds. Then

TV (t) =V (t+h)—V(h) (ht>0).
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Conclude that (1/h)(T(h)—I)V(t) — T(t)—I in the s.o.t., as h — 0+
(i.e. the strong right derivative of T(-)V () at 0 exists and equals
T(t) — I, for each ¢t > 0). Hint: Exercise 13, Part (c).

(f) Let w := inf;~gt tlog || T(t)||. Then w = lim;_o, t~*log || T(t)||(<o0)
(cf. Part (c)). Hint: fix s > 0 and r > s~ !log ||T(s)||. Given t > 0, let
n = [t/s]. Then t~'log||T(t)|| < rns/t +t~ " sup( 4 log |T()]|. (w is
called the type of the semigroup T'(-).)

(g) Let w be the type of T(+). Then the spectral radius of T'(t) is e**, for
each t > 0.
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Unbounded operators

10.1 Basics

In this chapter, we deal with (linear) operators T' with domain D(T') and range
R(T) in a Banach space X; D(T) and R(T) are (linear) subspaces of X. The
operators S, T are equal if D(S) = D(T') and Sz = Tz for all z in the (common)
domain of S and T'. If S, T" are operators such that D(S) C D(T) and T'|p(s) = S,
we say that T is an extension of S (notation: S C T').

The algebraic operations between unbounded operators are defined with the
obvious restrictions on domains. Both sum and product are associative, but the
distributive laws take the form

AB+ AC Cc A(B+C); (A+B)C=AC+ BC.
The graph of T is the subspace of X x X given by
INT) :={[z,Tx];x € D(T)}.

The operator T is closed if I'(T) is a closed subspace of X x X.
A convenient elementary criterion for T being closed is the following
condition:

If {z,} € D(T) is such that x,, — = and Tz, — y, then z € D(T) and Tz = y.

Clearly, it D(T) is closed and T is continuous on D(T'), then T is a closed
operator. In particular, every T' € B(X) is closed. Conversely, if T is a closed
operator with closed domain (hence a Banach space!), then T is continuous on
D(T), by the Closed Graph Theorem. Also if T is closed and continuous (on its
domain), then it has a closed domain.

If B € B(X) and T is closed, then T'+ B and TB (with their ‘maximal
domains’ D(T') and {z € X; Bz € D(T)}, respectively) are closed operators. In
particular, the operators AI — T and AT are closed, for any A\ € C.
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If B € B(X) is non-singular and T is closed, then BT (with domain D(T))
is closed.

Usually, the norm taken on X x X is ||[z,y]|| = ||z, v]ll1 := l|=| + |||, or
in case X is a Hilbert space, ||[z,y]]| = ||[z, y]ll2 :== V/|z]|* + ||y||>. These norms
are equivalent, since

iz, 9z < N[z, ]l < V2L, )]l

If X is a Hilbert space, the space X x X (also denoted X @ X) is a Hilbert space
with the inner product

([:E,y], [uvv]) = (x,u) + (ym),

and the norm induced by this inner product is indeed |||z, y]|| := ||[z, ¥]||2-
The graph norm on D(T) is defined by

)z := [z, T=]|| (= € D(T)).

We shall denote by [D(T)] the space D(T) with the graph norm. The space
[D(T)] is complete iff T' is a closed operator.
If the operator S has a closed extension 7', it clearly satisfies the property

If {z,} C D(S) is such that z,, — 0 and Sz, — y, then y=0.

An operator S with this property is said to be closable. Conversely, if S is
closable, then the X x X-closure of its graph, I'(.S), is the graph of a (necessarily
closed) operator S, called the closure of S. Indeed, if [z,v], [z,y'] € T(S), there
exist sequences {[z,,Sx,|} and {[z], S]]} in T'(S) converging respectively to
[z,y] and [z,y'] in X x X. Then z, —x), € D(S) — 0 and S(x, —z,) — y—y .
Therefore, y —y’ = 0 since S is closable. Consequently the map S : x — y is well
defined, clearly linear, and by definition,

(S) =T(9).

Hence the closable operator S has the (minimal) closed extension S.
By definition, D(S) = {r € X;3{w,} C D(S) such that z, — = and
Jlim Sz, } and Sz is equal to the above limit for z € D(S).
If T is one-to-one, the inverse operator T—! with domain R(T) and range
D(T) has the graph
0T~ = JI(T),

where J is the isometric automorphism of X x Y given by J[z,y] = [y,x].
Therefore T is closed iff T~ is closed. In particular, if 7= € B(X), then T is
closed.

The resolvent set p(T) of T is the set of all A € C such that \I — T has
an inverse in B(X); the inverse operator is called the resolvent of T, and is
denoted by R(M\;T) (or R(A), when T is understood). If p(T) # 0, and X is
any point in p(7), then R(\)~! (with domain D(T)) is closed, and therefore
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T =M — R(\;T)7 ! is closed. On the other hand, if T is closed and A is such
that A — T is bijective, then A € p(T) (because (A — T)~! is closed and
everywhere defined, hence belongs to B(X), by the Closed Graph theorem).
By definition, TR(A) = AR()\) — I € B(X), while R(\)T = (AR(X) — 1) | p(r).-
The complement of p(T') in C is the spectrum of T, o(T). By the preced-
ing remark, the spectrum of the closed operator T is the disjoint union of the
following sets:

the point spectrum of T, o, (T'), which consists of all scalars A for which
Al — T is not one-to-one;

the continuous spectrum of T, o.(T'), which consists of all A for which A\ —T
is one-to-one but not onto, and its range is dense in X;

the residual spectrum of T, o.(T'), which consists of all A for which A\T — T
is one-to-one, and its range is not dense in X.

Theorem 10.1. Let T be any (unbounded) operator. Then p(T) is open, and
R(+) is analytic on p(T') and satisfies the ‘resolvent identity’

R(A) = R(p) = (n = MR R(p) (A€ p(T)).

In particular, R(X) commutes with R(u).
Moreover, |R(N)|| > 1/d(X,o(T)).

Proof. We assume without loss of generality that the resolvent set is non-empty.
Let then A € p(T), and denote r = ||[R()\)||~*. We wish to prove that the disc
B(A,r) is contained in p(7"). This will imply that p(T') is open and d(\, o(T)) > r
(e, RO > 1/d(, o(T)).

For p € B(A,r), the series

S(p) =Y (A= wR\)*

k

o

converges in B(X), commutes with R()), and satisfies the identity

(A=) RN)S(p) = S(p) — 1.
For z € D(T),
SR (ul =Tz = S(u)RAN)[M =T) = A= p)]z = S(p)z—[S(p) — Iz ==
by the above identity, and similarly, for all z € X,
(I =T)RA)S(p)x = [(AL=T) = (A=) I|R(A)S(p)z = S(p)z—[S(p) — Iz = .
This shows that u € p(T) and R(u) = R(A\)S() for all € B(A, 7).

In particular, R(-) is analytic in p(T") (since it is locally the sum of a B(X)-
convergent power series).
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Finally, for A\, u € p(T'), we have on X:
(M = T)[R(A) — R(p) — (1 — A R(A)R(p)]

=I—[A=wI+ (ul =T)|R(n) — (1 — A R(p)
=1— (A= pR(p) = I+ A= p)R(u)=0.
Since A\l — T is one-to-one, the resolvent identity follows. O

Theorem 10.2. Let T be an unbounded operator in the Banach space X, with
p(T) £ 0. Fiz o € p(T) and let h(\) = 1/(a — X\). Then h maps o(T) U {oc}
onto o(R(w)).
Proof. (In order to reduce the number of brackets in the following formulas, we
shall write Ry instead of R()).)

Taking complements in C U {co}, we must show that h maps p(T) onto
p(Rq) U {oo}. Since h(a)) = oo, we consider A # « in p(T'), and define

Vi=(a= N[+ (a= MR,

Then V commutes with h(A)I — R, and by the resolvent identity (cf.
Theorem 10.1)

[ — Ra]V = I+ (= \)[Ry — Ra — (@ — A)RoRy] = I.

This shows that h(\) € p(R,) and R(h(M\); Ry) = V. Hence h maps p(T) into
p(Ra) U {oo}.

Next, let g € p(Ry). f p=0,T =al — (ol = T) = ol — R;! € B(X),
contrary to our hypothesis. Hence p # 0, and let then A = o — 1/ (so that
h(X) = ). Let

W := pRoR(1; Ry).

Then W commutes with Al — T and
A —TYW = [(A— )] + (ol —T)]W = u[(A — @)Ra + I|R(1; Ry)
= (1l — Ra)R(p; Ra) = I.
Thus X € p(T), and we conclude that h maps p(T") onto p(R,) U {0} O

10.2 The Hilbert adjoint

Terminology 10.3. Let T be an operator with dense domain D(T') in the Hilbert
space X. For y € X fixed, consider the function

¢(x) = (Tw,y) (x € D(T)). (1)

If ¢ is continuous, it has a unique extension as a continuous linear functional on
X (since D(T) is dense in X), and there exists therefore a unique z € X such
that

¢(x) = (2,2) (xe D(T)). (2)
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(Conversely, if there exists z € X such that (2) holds, then ¢ is continuous on
D(T).)

Let D(T™*) denote the subspace of all y for which ¢ is continuous on D(T')
(equivalently, for which ¢ = (-, z) for some z € X). Define T* : D(T*) — X by
T*y = z (the map T™ is well defined, by the uniqueness of z for given y). The
defining identity for 7™ is then

(Tz,y) = (2, T7y) (x € D(T), y € D(T7)). (3)

It follows clearly from (3) that T (with domain D(T™)) is a linear operator. It
is called the adjoint operator of T.
By (2), [y, 2] e T(T™) iff (Tz,y) = (x,2) for all z € D(T), that is, iff

([Tz,—x],[y,2]) =0 for all x € D(T).
Consider the isometric automorphism of X x X defined by

Q[xay} - [ya 71‘]'

The preceding statement means that [y, z] € T'(T*) iff [y, z] is orthogonal to
QI(T) in X x X. Hence

D(T*) = (QT(T))™ (4)
In particular, it follows from (4) that T* is closed.
One verifies easily that if B € B(X), then

(T + B)* =T* + B* and (BT)* = T*B"*.

It follows in particular (or directly) that (\T)* = [(AI)T]* = \T*.

If T = T*, the operator T is called a selfadjoint operator. Since T™* is
closed, a selfadjoint operator is necessarily closed and densely defined. An every-
where defined selfadjoint operator is necessarily bounded, by the Closed Graph
theorem.

The operator T is symmetric if

(Tz,y) = (z,Ty) (z,y € D(T)). (5)

If T is densely defined (so that T* exists), Condition (5) is equivalent to
T C T*. If T is everywhere defined, it is symmetric iff it is selfadjoint. Therefore,
a symmetric everywhere defined operator is a bounded selfadjoint operator.

If T is one-to-one with domain and range both dense in X, the adjoint oper-
ators T* and (T~1)* both exist. If T*y = 0 for some y € D(T*), then for all
x € D(T)

(Tz,y) = (va*y) = ($7O) =0, (6)
and therefore y = 0 since R(T) is dense. Thus T* is one-to-one, and (T*)~!
exists. By (4)

P((T1)") = [QE(T~1)* = [QJT(T)}*

= [-JQI(T)]* = JIQT(T)]* = JI(T*) =T((T*) ™),



10.2. The Hilbert adjoint 263

since (JA)L = JAL for any A C X x X. Therefore

(T~ =(T")~" (7)
It follows that if T' is densely defined then
ROGT)" = ROGT®) (A€ p(T). (8)
In particular, if T is selfadjoint,
R(\T)" = R(\;T), 9)

and therefore R(A\;T) is a bounded normal operator for each A € p(T) (cf.
Theorem 10.1).

Note that (6) also shows that for any 7' with dense domain, ker(7*) C R(T)*.
On the other hand, if y € R(T)*, then (Tz,y) = 0 for all x € D(T). In
particular, the function  — (T'z,y) is continuous on D(T), so that y € D(T™*),
and (z,T*y) = (Tz,y) = 0 for all x € D(T). Since D(T) is dense, it follows that
T*y = 0, and we conclude that

ker(T*) = R(T)*. (10)

Theorem 10.4. Let T be a symmetric operator. Then for any non-real A € C,
Al — T is one-to-one and

1AL =T) 'yl < [SA7Hlyll - (y € ROM = T)). (11)

If T is closed, the range R(A — T) is closed, and coincides with X if T s
selfadjoint. In the latter case, every non-real A is in p(T), R(A\;T) is a bounded

normal operator, and
IR T)I < 1/[SA. (12)

Proof. If T is symmetric, (Tz,x) is real for all x € D(T) (since (Tx,z) =
(x,Txz) = (Txz,x)). Therefore (Tx,ifx) is pure imaginary for 8 € R. Since ol =T
is symmetric for any o € R, ((a — T)z,ifz) is pure imaginary for «, 3 € R.
Hence, for all x € D(T) and A\ = a + 13,
IA = T)a|* = [|(a] = T)z + iBa||?
= (ol — T)z||? + 2R(al — T)z,ifz) + 5||=|?
= l[(al = T)a|* + B%[lz|* = B°|l2|.
Hence
AL = T)z|| = |SA[ fl]]. (13)
If X is non-real, it follows from (13) that AI — T is one-to-one, and (11) holds.
If T is also closed, (Al —T)~! is closed and continuous on its domain R(AI —

T) (by (11)), and therefore this domain is closed (for non-real \).
If T is selfadjoint,

R —T)* = ker(M — T)*) = ker(A\ — T) = {0}

since A is non-real. Therefore (A — T)~! is everywhere defined, with operator
norm < 1/|SA|, by (11). This shows that every non-real A is in p(T), that is,
o(T) CR. O
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10.3 The spectral theorem for
unbounded selfadjoint operators
Theorem 10.5. Let T be a selfadjoint operator on the Hilbert space X. Then

there exists a unique regular selfadjoint spectral measure E on B := B(C),
supported by o(T) C R, such that

D(T) = {a: € X, /U(T) N2 d| BN < oo}

= {x € X; lim AE(N)zx ea:ists} (1)
and
Tx = lim AE(N)z (z € D(T)). (2)

—n

(The limits above are strong limits in X.)

Proof. By Theorem 10.4, every non-real « (to be fixed from now on) is in p(7),
and R, := R(a;T) is a bounded normal operator. Let F' be its resolution of the
identity, and define

E(6) = F(h(9)) (0 €B), (3)

where h is as in Theorem 10.2.
By Theorem 9.8 (Part 5), F({0})X = ker R, = {0}, and therefore

E(C) = F({0}) = I - F({0}) = I. (4)
We conclude that E is a selfadjoint regular spectral measure from the corres-

ponding properties of F.
By Theorem 10.2,

s
a
3

i
i

>
)
3

I

F(o(Ra)) — F({0}) = I,
hence E is supported by o(T) (by (4)).

Denote the sets in (1) by Doy and D;.
If 6 € B is bounded, then for all z € X,

[ VdEWE@RP= [ N dEN]? <o, o)
a(T) oNo(T)

since A? is bounded on §No(T). Hence E(§)X C Dy. Moreover, by Theorem 9.6,
the last integral in (5) equals | [, 5o (T) AdE(X\)x||?. For positive integers n > m,
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take 6 = [—n, —m| U [m, n]. Then

H/n)\dE 1:7/7 NdE(\)z
/nvdHE(A)xH?/:AQdIIE(A)I||2~

It follows that Dy = D;.
Let x € D(T). We may then write © = R,y for a unique y € X, and therefore

/_tL)\dE()\)m:/_7;)\dE()\)/(C,udF(,u)y

:/n AdE(A)/h(A) dE(N)y

—-n R

2

— [ A dEO)y — / M) dE(N)y.
—n R
(The limit exists in X because Ah(A) is bounded.) Thus x € Dy, and we proved
that D(T) C Dy.
Next, let € Do(= D1), and denote z = lim,, [" AdE(\)z. Consider the
sequence z,, := E([-n,n])z. Then =, — = in X,

o = Ra /n (= N dE(\)z € RuX = D(T), (6)

and by (6)
(al =Tz, = / (a =N dEN)z — azx — z.

Since af — T (with domain D(T)) is closed, it follows that € D(T) and
(ol —T)x = ax — z. Hence Dy C D(T') (and so D(T) = Dy), and (2) is valid.
For each bounded ¢ € B, the restriction of T" to the reducing subspace E(4)X
is the bounded selfadjoint operator [ s AAE()). By the uniqueness of the resolution
of the identity for bounded selfadjoint operators, E is uniquely determined on the
bounded Borel sets, and therefore on all Borel sets, by Theorem 9.6 (Part 2). O

10.4 The operational calculus for
unbounded selfadjoint operators

The unique spectral measure E of Theorem 10.5 is called the resolution of the
identity for T.

The map f — f(T fR fdE of B := B(R) into B(X) is a norm-decreasing
x-representation of B on X (cf. Theorem 9.1). The map is extended to arbitrary
complex Borel functions f on R as follows. Let x,, be the indicator of the set
[If] < n], and consider the ‘truncations’ f, := fx». € B, n € N. The operator
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f(T) has domain D(f(T)) equal to the set of all + € X for which the strong
limit lim,, f,(T)z exists, and f(T)z is defined as this limit for € D(f(T)).

Note that if f is bounded, then f, = f for all n > ||f||., and therefore the
new definition of f(T') coincides with the previous one for f € B. In particular,
f(T) € B(X). For general Borel functions, we have the following

Theorem 10.6. Let T be an unbounded selfadjoint operator on the Hilbert
space X, and let E be its resolution of the identity. For f : R — C Borel,
let f(T) be defined as above. Then

(a) D(F(T)) =A{x € X; [ [fPdIEC)z|* < oo};
(b) f(T)
(c) f(T)" = f(T).
Proof. (a) Let D denote the set on the right-hand side of (a).
Since f,(x) = f(z) for all n > |f(z)|, fn — f pointwise. If z € D,
= Ful? < AFP € LNIEQ)a]?)

and |f, — fm|?> — 0 pointwise when n,m — oo. Therefore, by Theorem 9.6 and
Lebesgue’s dominated convergence theorem,

is a closed densely defined operator;

1£0(T)a = frn(D)zl* = [[(fn = fi)(TD)a]|* = /R |fo = fnl? dI E()z]|* — 0

as n,m — oo. Hence © € D(f(T)). On the other hand, if x € D(f(T)), we have
by Fatou’s lemma

[ AR dipO? < tmint [ 17,7 dEC)a?
= timinf ||, (T)a? = ||£(T)a]? < oo,
that is, z € D, and (a) has been verified.

(b) Let € X, and d,, = [|f| < n]. Clearly 65, , C d5 and (45 = 0. Since
|E(-)z|? is a finite positive measure,

lim || B (55, ||* = H (ﬂac)

:07

that is,
lim ||z — E(0,)z]| =0 (z€ X). (1)

Now

/UWW%W@MWz/LWﬂH%WSﬁWW<w
R On

that is, F(d,)x € D(f(T)), by Part (a). This proves that D(f(T)) is dense in X.

Fix x € D(f(T')) and m € N. Since E(d,,) is a bounded operator, we have by
the operational calculus for bounded Borel functions and the relation xs,, fn = fim
for all n > m,
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Similarly
FME@m)z = fm(T)z (x € X). 3)

In order to show that f(7T') is closed, let {z,} be any sequence in D(f(T')) such
that z,, — = and f(T)z, — y. By (2) applied to z,, € D(f(T)),

E(6m)y = hinE((sm)f(T)mn = li7rln i (T)zy = fm(T)z,

since f,(T) € B(X). Letting m — oo, we see that f,,,(T)z — y (by (1)). Hence

xz € D(f(T)), and f(T)x :=lim,, fn(T)x = y. This proves (b).
(c) By the operational calculus for bounded Borel functions, (f,(T)z,y) =
f. (a)), letting
f

(z, fu(T)y) for all 2,y € X. WhenxyED(f_(T)): D(f(T ))(
n — oo implies the relation (f(T)z,y) = (x, f(T)y). Hence f(T) C f(T)*. On
the other hand, if y € D(f(T)*), we have by (3) (for all z € X)

(@, fm(T)y) = (fm(T)z,y) = (F(T)E(dm)z, y)
= (E(@m)z, f(T)"y) = (x, E(0m)f(T)y),

that is, -

The right-hand side converges to f(T)*y when m — oco. Hence y € D(f(T)),
and (c) follows. O

10.5 The semi-simplicity space for
unbounded operators in Banach space

Let T be an unbounded operator with real spectrum on the Banach space X. Its
Cayley transform

Vi=({l -T)il +T) ' = -2R(—;T) - I

belongs to B(X).
By Theorem 10.2 with @ = —i and the corresponding h,

o(R(=1;T)) = h(a(T) U {o0}),
where oo denotes the point at infinity of the Riemann sphere. Therefore

o(V) = —2ih(o(T) U {o0}) — 1 C —2ih(R U {o0}) — 1

i—A
= ;AER -1 r
{ TNNE }U{ }CT,

where I' denotes the unit circle.

Definition 10.7. Let T be an unbounded operator with real spectrum, and
let V be its Cayley transform. The semi-simplicity space for the unbounded
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operator T is defined as the semi-simplicity space Z for the bounded operator V'
with spectrum in T' (cf. Remark 9.13, (4)).
The function

i—s
i+s

¢(s) =

is a homeomorphism of R := R U {oc} onto I', with the inverse ¢~1(\) =
i(1=X)/(1+N).

For any g € C(R), we have g o ¢~! € C(I'), and therefore, by Theorem 9.14,
the operator (go ¢~1)(V|z) belongs to B(Z), with B(Z)-norm < |[go ¢~y =
lgllcm)-

The restriction V|7 is the Cayley transform of Tz, which is the restriction of
T to the domain

D(Ty) :={z € D(T)N Z;Tx € Z}.

The operator T is called the part of T in Z.
It is therefore natural to define

9(Tz) = (go¢™)(Vlz) (g€ CR)). (1)

The map 7 : g — g(Tz) is a norm-decreasing algebra homomorphism of C(R)
into B(Z) such that fo(Tz) = I|z and ¢(Tz) = V|z. We call a map 7 with the
above properties a contractive C(R)-operational calculus for T on Z; when such
T exists, we say that T is of contractive class C(R) on Z.

If W is a Banach subspace of X such that Ty is of contractive class C(R)
on W, then the map

fel) = f(Vw) = (f o ¢)(Tw) € B(W)

is a contractive C(I')-operational calculus for V| in B(W) (note that (f; o
) (Tw) = ¢(Tw) = Vl]w). Therefore W is a Banach subspace of Z, by
Theorem 9.14. We formalize the above observations as

Theorem 10.8. Let T' be an unbounded operator with real spectrum, and let Z
be its semi-simplicity space. Then T is of contractive class C(R) on Z, and Z is
maximal with this property (in the sense detailed in Theorem 9.14).

For X reflexive, we obtain a spectral integral representation for T7.
Theorem 10.9. Let T be an unbounded operator with real spectrum on the

reflexive Banach space X, and let Z be its semi-simplicity space. Then there
exists a contractive spectral measure on Z

F:B(R) — B(2),
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such that
(1) F commutes with every U € B(X) which commutes with T;
(2) D(Tz) is the set Zy of all x € Z such that the integral
b
/de(s)x = limb / sdF(s)x
R a——o00,b—o0 [,
exists in X and belongs to Z;
(3) Tx = [y sdF(s)x for all z € D(Ty);
(4) For all non-real A € C and x € Z,
RO\ T)z = / !
) T = 2\

R — S

dF(s)z.

Proof. We apply Theorem 9.16 to the Cayley transform V. Let then E be the
unique contractive spectral measure on Z, with support on the unit circle T,
such that

f(VIz)e = / fdE()z @)

for all z € Z and f € C(I).

If E({—1}) # 0, each x # 0 in E({-1})Z is an eigenvector for V, cor-
responding to the eigenvalue —1 (the argument is the same as in the proof of
Theorem 9.8, Part 5, first paragraph). However, since V = —2iR(—1;T) — I, we
have the relation

R(=T) = (i/2)(I + V), 3)
from which it is evident that —1 is not an eigenvalue of V' (since R(—i;T) is
one-to-one). Thus

E({-1}) =0. (4)

Define

F(6) = E(¢(0)) (6 € B(R)).
Then F is a contractive spectral measure on Z defined on B(R) (note that the
requirement F(R) = I|z follows from (4):

FR) = EI —{-1}) = E() = I|z.)

If U € B(X) commutes with T, it follows that U commutes with V =
—2iR(—1;T) — I, and therefore U commutes with E, hence with F. By (2)

f(VIz)e = / foddF()e (5)

for all z € Z and f € C(T"). By definition, the left-hand side of (5) is (f o ¢)(Tz)
for f € C(T'). We may then rewrite (5) in the form

o(Tz)e = / gdF()r (z € 2) (6)
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for all g € C(R). Taking in particular g = ¢, we get (since ¢(Tz) = V|z)
Va = / 6dF()z (z € 2). 7
R

By (3) and (7), we have for all z € Z

R(—i;T)z = (i/2) /R (1+ ) dF()z = /}R 7117 _dF(s)z. (8)
Observe that
D(Ty) = R(—i;T)Z. 9)

Indeed, if z € D(T%), then € D(T) N Z and Tz € Z, by definition. Therefore,
z:=(-1I—-T)x € Z, and x = R(—1;T)z € R(—i;T)Z. On the other hand, if
x = R(—1;T)z for some z € Z, then € D(T) N Z (because Z is invariant for
R(—1;T)), and Te = —iz — z € Z, so that x € D(T%z).

Now let © € D(Ty), and write x = R(—i;T)z for a suitable z € Z (by (9)).
The spectral integral on the right-hand side of (6) defines a norm-decreasing
algebra homomorphism 7 of B(R) into B(Z), which extends the C(R)-operational
calculus for 7" on Z (cf. Theorem 9.16). For real a < b, take g(s) = sX[q4,5](5) €
B(R). By ()

/abde(S)x =7(g)r(1/(~i—8))z =7 (9(8)) .

—i—s

b s
= / - dF(s)z — / - dF(s)z
o —1—38 rR—i—s

as a — —oo and b — oo (convergence in X of the last integral follows from the
boundedness of the integrand on R). Thus, the integral [ s dF(s)z exists in X
(in the sense stated in the theorem). Writing s/(—i—s) = [—i/(—i—s)] — 1, the
last relation and (8) show that

/ sdF(s)r = —iR(—1;T)z —z2=TR(-;T)z =Tz € Z. (10)
R

This proves that D(T%) C Z; and Statement 3 of the theorem is valid.

On the other hand, if x € Z;, consider the well-defined element of Z given
by z := [, sdF(s)z. Since R(—i;T) € B(X) commutes with T (hence with F)
and x € Z, we have by (8) and the multiplicativity of 7 on B(R)

b b
R(—1;T)z = lim / sR(—1;T)dF(s)x = liril/ sdF(s)R(—1;T)x

a— —00,b—00

—1—S

_ /R (_i_i - 1) dF(s)z = —iR(—: )z — x.

b s
= lim - dF(s)x = / dF(s)x
R
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Hence v = —R(—1;T)(ix + 2) € R(—;T)Z = D(Tz), and we proved that
D(Ty) = Z.. i

For any non-real A € C, the function gy (s) := (A — s)~! belongs to C(R), so
that g\ (T7) is a well-defined operator in B(Z) and by (6)

g,\(TZ)a::/R/\iSdF(s)a: (x € Z). (11)

Fix x € Z, and let y := g\(Tz)x (€ Z). By the multiplicativity of 7 : B(R) —
B(Z) and (10),

S

/abde(s)y/a”)\:ng(s)ﬂﬂH/}R)\_Sdp(s)j7

/}R<Ai81> dF(s)z = Ay —z € Z.

(The limit above is the X-limit as a — —oo and b — o0, and it exists because
s/(A = s) is a bounded continuous function on R.) Thus, y € D(Tz) and Ty =
Ay — x (by Statements 2 and 3 of the theorem). Hence (A —T)y = x, and since
A € p(T), it follows that y = R(\; T)z, and Statement 4 is verified. O

10.6 Symmetric operators in Hilbert space

In this section, T' will be an unbounded densely defined operator on a given
Hilbert space X. The adjoint operator 7™ is then a well-defined closed operator,
to which we associate the Hilbert space [D(T*)] with the T*-graph norm || - ||*
and the inner product

()" = (z,9) + (T2, T"y) (x,y € D(T")).
We shall also consider the continuous sesquilinear form on [D(T™)]

qb(:c,y) = Z[(ﬁvT*y) - (T*.’Ii,y)] (x,y € D(T*))

Recall that T is symmetric iff T C T%. In particular, a symmetric operator T is
closable (since it has the closed extension T™). If S is a symmetric extension of
T, then T C S C S* C T, so that S = T*|p, where D = D(S), and D(T) C
D C D(T*). Clearly ¢(x,y) = 0 for all z,y € D. (Call such a subspace D of
[D(T*)] a symmetric subspace.) By the polarization formula for the sesquilinear
form ¢, D is symmetric iff ¢(x, z) (= 23(T*xz,x)) = 0 on D, that is, iff (T*x,x)
is real on D. Since T* € B([D(T*)], X), the [D(T*)]-closure D of a symmetric
subspace D is symmetric.

If D is a symmetric subspace such that D(T') C D C D(T*), then D is the
domain of the symmetric extension S := T*|p of T. Together with the previous
remarks, this shows that the symmetric extensions S of T are precisely the
restrictions of T to symmetric subspaces of [D(T™)].
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We verify easily that S is closed iff D is a closed (symmetric) subspace of
[D(T*)] (Suppose S is closed and x, € D — z in [D(T*)], i.e. x, — z and
Sy (=T*z,) — T*2 in X. Since S is closed, it follows that « € D, and so D is
closed in [D(T™*)]. Conversely, if D is closed in [D(T™)], ©,, — = and Sz, — y
in X, then T*x,, — y, and since T* is closed, y = T*z, i.e. ©, — x in [D(T™)].
Hence z € D, and Sx =T*z =y, i.e. S is closed.)

Let S be a symmetric extension of the symmetric operator T'. Since D(S) is
then a symmetric subspace of [D(T™*)], so is its [D(T™*)]-closure D(S); therefore,
the restriction of T* to D(S) is a closed symmetric extension of S, which is
precisely the closure S of the closable operator S. (If x € D(S), there exist z,, €
D(S) c D(T*) such that z,, — x and Sz,, — Sz. Since S C T*, we have z,, — z
in [D(T*)], hence x € D(S). Conversely, if x € D(S), there exist z,, € D(S)
such that z, — « in [D(T*)], that is, z,, — = and Sz, (= T*x,) — T*z, hence
x € D(S). This shows that D(S) = D(S), and S is the restriction of T* to this
domain.)

Clearly S is the minimal closed symmetric extension of S, and S is closed iff
S=S5.

Note that T and T have equal adjoints, since

D(T*) = (QI(T))* = (QT(T))* = (QT(T))* = (QT(T))* =T(T™).

(The L signs and the closure signs in the third and fourth expressions refer to
the Hilbert space X x X.)

Therefore, T and T have the same family of closed symmetric extensions
(namely, the restrictions of T to closed symmetric subspaces of [D(T*)]).

We are interested in the family of selfadjoint extensions of T, which is con-
tained in the family of closed symmetric extensions of 7. We may then assume
without loss of generality that T is a closed symmetric operator.

By the orthogonal decomposition theorem for the Hilbert space [D(T*)],

[D(T™)] = D(T) & D(T)*. (1)

Definition 10.10. Let T be a closed densely defined symmetric operator. The
kernels
Dt :=ker (I +iT*); D~ :=ker (I —iT™)

are called the positive and negative deficiency spaces of T (respectively). Their
(Hilbert) dimensions n™ and n~ (in the Hilbert space [D(T*)]) are called the
deficiency indices of T.

Note that
Dt ={ye D(T*);T*y=iy}; D~ ={yeD(T*);T*y=—iy}. (2)

In particular, (x,y)* = 2(x,y) on DT and on D, so that the Hilbert dimensions
n™ and n~ may be taken with respect to X (the deficiency spaces are also closed
in X, as can be seen from their definition and the fact that T is a closed
operator).
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We have DT 1 D, because if x € DT and y € D™, then
If y € DT, then for all z € D(T),
(@,9)" = (z,9) + (T"z, T"y) = (z,y) + (T2,1y) = (z,y) + (2,iT7y)

= (iE?y) - (iC,y) = 07

and similarly for y € D~. Hence
DT @D~ c D(T)*. (3)
On the other hand, if y € D(T)+, we have
0=(z,9)" = (z,y) + (T=,T"y) (=€ D(T)),

hence (Tz, T*y) = —(x,y) is a continuous function of x on D(T), that is, T*y €
D(T*) and T*(T*y) = —y. It follows that

(I —iT*)(I +iT*)y = (I +iT*)(I —iT*)y = 0. (4)
Therefore
y—iT*y € ker(I +iT*) := D*; y+iT*y € ker(I —iT*) := D™
Consequently
y = (1/2)(y —iT"y) + (1/2)(y +iT"y) € DT ® D~.
This shows that D(T)* ¢ D* @ D~, and we conclude from (3) and (1) that
D(T)Y* =D*a& D™, (5)
and
[D(T*)]=D(T)®D* & D. (6)

It follows trivially from (6) that T is selfadjoint if and only if n* =n~ = 0.

Let D be a closed symmetric subspace of [D(T™*)] containing D(T). By the
orthogonal decomposition theorem for the Hilbert space D with respect to its
closed subspace D(T), D = D(T) @ W, where W = D & D(T) := DN D(T)*
is a closed symmetric subspace of D(T)*. Conversely, given such a subspace W,
the subspace D := D(T) @ W is a closed symmetric subspace of D(T*). By (5),
the problem of finding all the closed symmetric extensions S of T is now reduced
to the problem of finding all the closed symmetric subspaces W of DT & D~.
Let zy,k = 1,2 be the components of z € W in DT and D™ (z = 21 + 2
corresponds as usual to the element [z1,z2] € Dt x D™). The symmetry of D
means that (T, z) is real on W. However

(Trz,x) = (T"x1 + T 29,1 + x2) = i(x1 — 2,1 + T2)

= i([le1]® = [lo2]?) — 2%(21, 22)
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is real iff ||z1]] = ||z2|. Thus, (T*z,z) is real on W iff the map U : 1 — x2 is
a (linear) isometry of a (closed) subspace D(U) of DT onto a (closed) subspace
R(U) of D~. Thus, W is a closed symmetric subspace of D(T)* iff

W = {[1‘1, le];ml c D(U)}

is the graph of a linear isometry U as above. (Note that since |z||* = v/2||z|| on
D™ and D, U is an isometry in both Hilbert spaces X and [D(T*)].)

Suppose D(U) is a proper (closed) subspace of DT. Let then 0 # y € DT N
D(U)*. Necessarily, y € D(S)*, so that for all z € D(S)

0= (m,y)* = (x’y) + (Sl‘,T*y) = (x,y) - I(Sx’y)

Hence (Sz,y) = —i(z,y) is a continuous function of z on D(S), that is, y €
D(S*). Since 0 # y € D(S)*, this shows that S # S*. The same conclusion is
obtained if R(U) is a proper subspace of D~ (same argument!). In other words,
a necessary condition for S to be selfadjoint is that U be an isometry of D™ onto
D~. Thus, if T has a selfadjoint extension, there exists a (linear) isometry of
DT onto D~ (equivalently, nt =n").

On the other hand, if there exists a (linear) isometry U of DV onto D,
define S as the restriction of T* to D(S) := D(T) @ I'(U). Since this domain
D(S) is a closed symmetric subspace of D(T™) (containing D(T)), S is a closed
symmetric extension of T'. In particular, S C S*, and we have the decomposition
(6) for S

D(S*) = D(S)® D" (S) & D™ (S). (1)

Since S* C T*, the graph inner products for S* and T™* coincide on D(S*),
D*(S)c D*,and D= (S)C D~.

If S # S*, it follows from (7) that there exists 0 # z € DT(S) (or € D~(9)).
Hence z + Uz € D(S) (or U 'z + 2 € D(S), respectively). Therefore by (7),
since Uz € D™ and z € DT (U 'z € D* and z € D, respectively),

0= (¢ +Uz,2)" = (2,2)" = 2[a|> > 0

(0= Uz +z,2)* = (z,2)* = 2[|z||* > 0, respectively), contradiction. Hence
S = 5%
We proved the following.

Theorem 10.11. Let T be a closed densely defined symmetric operator on the
Hilbert space X. Then the closed symmetric extensions of T are the restrictions
of T* to the closed subspaces of [D(T*)] of the form D(T) & T'(U), where U is
a linear isometry of a closed subspace of DT onto a closed subspace of D™, and
[(U) is its graph. Such a restriction is selfadjoint if and only if U is an isometry
of DT onto D~ . In particular, T has a selfadjoint extension iff nt = n~ and has
no proper closed symmetric extensions iff at least one of its deficiency indices
vanishes.
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Exercises

The generator of a semigroup

1. (Notation as in Exercise 14, Chapter 9) The generator A of the Cp-
semigroup T'(+) is its strong right derivative at 0 with mazimal domain
D(A): denoting the (right) differential ratio at 0 by A, that is, A, :=
h=YT(h) —I] (h > 0), we have

Az = }liI}]l+ Apz xz€ D(A)={x € X;li}rln Apx exists}.
11—

Prove:

(@) Upso V()X C D(A), and for each t > 0 and z € X, AV (t)x = T(t)x —
x. Hint: Exercise 14(e), Chapter 9.

(b) D(A) is dense in X. Hint: by Part (a), V(t)x € D(A) for any ¢t > 0
and z € X and AV (t)x = T(t)z — z. Apply Exercises 14(d) and 13(c)
in Chapter 9.

(c¢) For x € D(A) and t > 0, T'(t)x € D(A) and
AT () = T(t) Az = (d/dt)T(t)z,

where the right-hand side denotes the strong derivative at ¢ of u :=
T(-)z. Therefore u : [0,00) — D(A) is a solution of class C' of the
abstract Cauchy problem (ACP)

(ACP) v =Au u(0) = x.

Also
/0 T(s)Axds =T(t)x —z (x € D(A)). ()

Hint: for left derivation, use Exercise 14(c), Chapter 9.
(d) A is a closed operator. Hint: use the identity

Vit)Az = AV(t)e=T({t)x —x (x € D(A);t > 0)

(cf. Part a) and Exercise 13(c), Chapter 9.

(e) If v : [0,00) — D(A) is a solution of class C! of ACP, then v =
T(-)z. (This is the uniqueness of the solution of ACP when A is the
generator of a Cy-semigroup.) In particular, the generator A determines
the semigroup 7'(+) uniquely. Hint: apply Exercise 13(d), Chapter 9, to
V :=T(-)v(s — -) on the interval [0, s].
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Semigroups continuous in the u.o.t.

2. (Notation as in Exercise 1.) Suppose T'(h) — I in the w.o.t. (i.e. | T(h) —
I|| — 0 as h — 0+). Prove:

(a) V(h) is non-singular for A small enough (which we fix from now on).
Define A := [T'(h) — IV (h)~! (€ B(X)).

(b) T(t)—I=V(t)Aforallt > 0 (with A as above). Conclude that A is the
generator of T'(+) (in particular, the generator is a bounded operator).

(¢) Conversely, if the generator A of T'(-) is a bounded operator, then
T(t) = ' (defined by the usual absolutely convergent series in B(X))
and T'(h) — I in the u.o.t. Hint: the exponential is a continuous semig-
roup (in the u.o.t.) with generator A; use the uniqueness statement in
Exercise 1(e).

The resolvent of a semigroup generator

3. Let T'(+) be a Cy-semigroup on the Banach space X. Let A be its generator,
and w its type (cf. Exercise 14(f), Chapter 9). Fix a > w. Prove:

(a) The Laplace transform

L(\) := /O h e MT(t) dt

converges absolutely (in B(X)) and ||[L(A)|| = O(1/(RX —a)) for RA >
a. (Cf. Exercises 13(e) and 14(c), Chapter 9.)

(b) LN)(AI — A)x =z for all z € D(A) and R > a.
(¢) L(AMX C D(A), and (A — A)L(X\) = I for R\ > a.

(d) Conclude that o(A) C {A € C;RX < w} and R(N\;A) = L(A) for
RA > w.

(e) Forany A\, >a (k=1,...,m),

I TTOw - arov )| < )
k
where M is a positive constant depending only on a and 7'(-). In
particular
RN™| < M A ; N 2
||()H_m (A>a;m €N). (2)

Hint: apply Part (d), and the multiple integral version of Exercise 13(e),
Chapter 9.
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(f) Let A be any closed densely defined operator on X whose resolvent
set contains a ray (a,00) and whose resolvent R(-) satisfies ||[R(A\)]| <
M/(A—a) for A > Ao (for some A\g > a). (Such an A is sometimes called
an abstract potential.) Consider the function A(-) : (a,00) — B(X):

A(N) := MAR()\) = M2R(\) — AL
Then, as A — oo,
lim ANz = Az (z € D(A));
imAR(A) =1 and limAR(A) =0 in thes.o.t.

Note that these conclusions are valid if A is the generator of a Cy-
semigroup, with a > w fixed. Cf. Exercise 3, Parts (d) and (e).

4. Let A be a closed densely defined operator on the Banach space X such
that (a,00) C p(A) and (2) in Exercise 3(e) is satisfied. Define A(-) as in
Exercise 3(f) and denote T () := e!4(N) (the usual power series). Prove:

(a) ITZ(t)] < M exp(t(ar/(A — a)) for all A > a. Conclude that

ITA ()| < Me** (A > 2a) (3)
and
limsup ||T)(t)| < M e™, (4)
A—o00

(b) If z € D(A), then uniformly for ¢ in bounded intervals,

AT @ = Tl = 0. (5)
Hint: apply Exercise 13(d), Chapter 9, to the function V(s) := Ty (¢t —
s)T},(s) on the interval [0, t]; Exercise 1(c) to the semigroups T)(-) and
T,(-); Part (a), and Exercise 3(f).

(¢) Foreachz € X, {T\(t)x; A\ — oo} is Cauchy (uniformly for ¢ in bounded
intervals). (Use Part (b), the density of D(A), and (3) in Part (a))
Define then

T(t) = lim T)(t)
A—o00
in the s.o.t. Then T'(-) is a strongly continuous semigroup such that
IT(t)|| < M e and

Tt —z = /0 T(s)Azxds (x € D(A)). (6)

Hint: use (*) in Exercise 1(c) for the semigroup e*4™

Exercise 3(f).

, and apply
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(d) If A’ is the generator of the semigroup T'(-) defined in Part (c¢), then
A C A’. Since AT — A and A\ — A’ are both one-to-one and onto for
A > a and coincide on D(A), conclude that A’ = A.

(e) An operator A with domain D(A) C X is the generator of a Cy-
semigroup satisfying ||T(¢)|| < M e for some real a iff it is closed,
densely defined, (a,00) C p(A) and (2) is satisfied. (Collect informa-
tion from above!) This is the Hille-Yosida theorem. In particular (case
M =1 and a = 0), A is the generator of a contraction semigroup iff
it is closed, densely defined, and AR(\) exist and are contractions for
all A > 0. (Terminology: the bounded operators A(\) are called the
Hille-Yosida approzimations of the generator A.)

Core for the generator

5.

Let T(-) be a Cy-semigroup on the Banach space X, and let A be its
generator. Prove:

(a) T(:) is a Cp-semigroup on the Banach space [D(A)]. (Recall that the
norm on [D(A)] is the graph norm ||z||4 := ||z| + ||Az||.)

(b) Let D be a T(:)- invariant subspace of D(A), dense in X. For each
x € D, consider V (t)x := fo )z ds (defined in the Banach space D,
the closure of D in [D(A)]). leen x € D(A), let z,, € D be such that
z, —  (in X, by density of D in X). Then V(t)z,, — V(¢)z in the
graph-norm. Conclude that V(t)z € D for each ¢ > 0, and therefore
x € D, that is, D is dense in [D(A)]. (A dense subspace of [D(A)] is
called a core for A.) Thus, a T(-)-invariant subspace of D(A) which
is dense in X is a core for A. (On the other hand, a core D for A is

trivially dense in X, since D(A) is dense in X and D is | - || a-dense in
D(4).)

(¢) A C*-vector for A is a vector x € X such that T(-)z is of class C*
(‘strongly’) on [0, 00). Let D> denote the space of all C*°-vectors for
A. Then

D> = (1] D(A™). (7)

(d) Let ¢, € C(R) be non-negative, with support in (0,1/n) and integral
equal to 1. Given z € X, let x,, = [ ¢,,(¢)T'(¢)z dt. Then

(i) @p — z in X;
(ii) @, € D(A) and Az,, = — [ ¢, ()T (t)z dt;

(iii) @, € D(A*) and Az, = (~1)F f g/);’“ (O)T(t)z dt for all k € N. In
particular, z,, € D°.

Conclude that D is dense in X and is a core for A. (Cf. Part (b).)
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The Hille-Yosida space of an arbitrary operator.

6. Let A be an unbounded operator on the Banach space X with (a,00) C
p(A), for some real a. Denote its resolvent by R(-). Let A be the multipli-
cative semigroup generated by the set {(A—a)R(A\); A > a}. Let Z := Z(A)
(cf. Theorem 9.11), and consider Az, the part of A in Z. The Hille-Yosida
space for A, denoted W, is the closure of D(Az) in the Banach subspace Z.
Prove:

(a) W is R(M)-invariant for each A > a and R(\;Aw) = R(A)|w. In
particular, Ay is closed as an operator in the Banach space W.

(b) [[R(N; Aw)™ |l owy < 1/(A —a)™ for all A > a and m € N.

(¢) limy—oo AR(A; Ay )w = w in the Z-norm. Conclude that D(Aw ) is
dense in W.

(d) Aw generates a Cy-semigroup T(-) on the Banach space W, such that
1T Bw) < e

(e) If' Y is a Banach subspace of X such that Ay generates a Cp-semigroup
on Y with the growth condition ||T(t)||p(y) < e, then Y is a Banach
subspace of W. (This is the mazimality of the Hille-Yosida space.)

Convergence of semigroups

7. Let {Ts(-);0 < s < ¢} be a family of Cp-semigroups on the Banach space
X, such that
ITy(6)] < Meo (£ 0,0 <5 <) (3)

for some M > 1 and a > 0. Let A, be the generator of Ts(-), and denote
T(-) =To(-) and A = Ag. Note that (8) implies that

BN As)| < M/(A=a)  (A>a;s €0,¢)). 9)

Fix a core D for A. We say that As graph-converge on D to A (as s — 0)
if for each = € D, there exists a vector function s € (0,¢) — z, € X such
that zs € D(Ag) for each s and [zg, Asxs] — [x, Az] in X x X. Prove:

(a) As graph-converge to A on D iff, for each A > a and y € (A — A)D,
there exists a vector function s — ys such that [ys, R(\; As)y] —
[y, R(A\; A)y] in X x X (as s — 0). Hint: y, = (M — Ag)xs and (9).

(b) If As graph-converge to A, then as s — 0, R(A\;As) — R(AA) in
the s.o.t. for all A > a (the later property is called resolvents strong
convergence). Hint: show that (A\I — A)D is dense in X, and use Part (a)
and (9).

(c) Conversely, resolvents strong convergence implies graph-convergence on
D. (Given y € (A — A)D, choose ys; = y constant!)
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(d)

10. Unbounded operators

If T7'(-) is also a Cp-semigroup satisfying (8), and A’ is its generator,
then

RO\ AT (£) ~ T RO A) = / T'(t—u)[R(\ A') — RO\ A)|T(u) du

0
(10)
for R\ > a and t > 0. Hint: verify that the integrand in (10) is the deriv-
ative with respect to u of the function —T"(t — u) R(A\; A")T(u)R(X; A).

Resolvents strong convergence implies semigroups strong convergence,
that is, for each 0 < 7 < o0,

Sup [Ts(t)z — T(t)z| — 0 (11)

as s — 0. Hint: by (8), it suffices to consider x € D(A) = R(\; A)X.
Write [Ts(t) =T ()| R(\; A)y = R(\; A [Ts(t) =T (t)]y+Ts(t)[R(\; A) —
R(X\; Ag)ly + [R(XN; As) — R(A; A)]T'(t)y. Estimate the norm of the first
summand for y € D(A) (hence y = R(\; A)z) using (10), and use the
density of D(A) and (8)—(9). The second summand — 0 strongly, uni-
formly for ¢t < 7, by (8)—(9). For the third summand, consider again y €
D(A), for which one can use the relation T'(t)y = y+ fg T(u)Ay du. Cf.
Exercise 13(b), Chapter 9, and the Dominated Convergence theorem.

Conversely, semigroups strong convergence implies resolvents strong
convergence. Hint: Use the Laplace integral representation of the
resolvents.

Collecting, we conclude that generators graph-convergence, resolvents

strong convergence, and semigroups strong convergence are equivalent
(when Condition (8) is satisfied).

Exponential formulas

8. Let A be the generator of a Cy-semigroup T'(+) of contractions on the Banach
space X.

Let F : [0,00) — B(X) be contraction-valued, such that F(0) = I and

the (strong) right derivative of F(-)x at 0 coincides with Az, for all z in a
core D for A. Prove:

()
(b)
()

Fix t > 0 and define A,, as in Exercise 21(f), Chapter 6. Then et4n —
F(t/n)™ — 0 in the s.o.t. as n — oo.

s — e isa (uniformly continuous) contraction semigroup, for each
n € N. (Cf. Exercise 21(a), Chapter 6.)

Suppose T'(+) is a contraction Cy-semigroup. As n — oo, the semigroups
e*4n converge strongly to the semigroup 7'(s), uniformly on compact
intervals. (Cf. conclusion of Exercise 7 above; note that A, — Az for
all z € D.) Conclude that F(t/n)" — T(t) in the s.o0.t., for each ¢ > 0.
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(d) Let T'(-) be a Cyp-semigroup such that ||T'(¢)|| < e, and consider the
contraction semigroup S(t) := e~ *T(t) (with generator A—al; a > 0).
Choose F as follows: F(0) =T and for 0 < s < 1/a,

F(s):=(s'—a)R(s7HA) =(s"' —a)R(s™' —a; A —al).

Verify that F' satisfies the hypothesis stated at the beginning of the
exercise, and conclude that

T@y:hm[ﬁR(

n

)] (12)
in the s.o.t., for each ¢ > 0.

(e) Let T'(-) be any Cy-semigroup. By Exercise 14(c), Chapter 9, || T(t)]] <
M e for some M > 1 and a > 0. Consider the equivalent norm

|z| ;= sup e” || T(t)z|| (x € X).
>0

Then |T(t)z| < e*|z|, and therefore (12) is valid over (X,| - |), hence
over X (since the two norms are equivalent). Relation (12) (true for
any Co-semigroup!) is called the exponential formula for semigroups.

(f) Let A,B,C generate contraction Cy-semigroups S(-),T(-),U(-),
respectively, and suppose C'= A + B on a core D for C'. Then

U(t) = lim [S(t/n)T(t/n)]" (t>0) (13)

n—oo

in the s.o.t. Hint: Choose F(t) = S(¢)T(t) in Part (c).

Groups of operators

9. A group of operators on the Banach space X is a map T(-) : R — B(X)
such that

T(s+1t)=T(s)T(t) (s,teR).

We assume that it is of class Cy, that is, the semigroup T'(-)|0,0) is of class
Cy. Let A be the generator of this semigroup. Prove:

(a) The semigroup S(t) := T(—t),t > 0, is of class Cp, and has the
generator —A.

(b) o(A) is contained in the strip
Q:—w <RA< w,

where w,w’ are the types of the semigroups T'(-) and S(+), respectively.
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10. Unbounded operators
Fix a > w and @’ > «’, and let
Q' ={NeC;—d <R <a}.

For A ¢ &,

[R(A; A" < (14)

M
N, )’
If A generates a bounded Cy-group, then o(A) C iR and

M
1RO A < e

where M is a bound for ||T°(")]|.

An operator A generates a Cp-group of operators iff it is closed, densely
defined, has spectrum in a strip Q as in Part (b), and (14) is satis-
fied for all real A ¢ [—a’,a]. Hint: apply the Hille-Yosida theorem (cf.
Exercise 4(e)) separately in the half-planes RA > a and R\ > ao’.

Let T(-) be a Cy-group of unitary operators on a Hilbert space X. Let
H = —iA, where A is the generator of T'(-). Then H is a (closed, densely
defined) symmetric operator with real spectrum. In particular, il — H
and —il — H are both onto, so that the deficiency indices of H are both
zero. Therefore H is selfadjoint (cf. (6) following Definition 10.10).

Define e by means of the operational calculus for the selfadjoint
operator H. This is a Cy-group with generator iH = A, and therefore
T(t) = e (cf. Exercise 1(e): the generator determines the semigroup
uniquely). This representation of unitary groups is Stone’s theorem.



Application I

Probability

I.1 Heuristics

A fundamental concept in Probability Theory is that of an event. The ‘real world’
content of the ‘event’ plays no role in the mathematical analysis. What matters
is only the event’s occurrence or non-occurrence.

Two ‘extreme’ events are the empty event () (which cannot occur), and the
sure event §) (which occurs always).

To each event A, one associates the complementary event A, which occurs if
and only if A does not occur.

If the occurrence of the event A forces the occurrence of the event B, one
says that A implies B, and one writes A C B. One has trivially ) ¢ A C Q for
any event A.

The events A, B are equivalent (notation: A = B) if they imply each other.
Such events are identified.

The intersection AN B of the events A and B occurs if and only if A and B
both occur. If AN B =0 (i.e. if A and B cannot occur together), one says that
the events are mutually disjoint; for example, for any event A, the events A and
A° are mutually disjoint.

The union AU B of the events A, B is the event that occurs iff at least one of
the events A, B occurs. The operations N and U are trivially commutative, and
satisfy the following relations:

AUAS=Q;
ANBCACAUB.

One verifies that the algebra of events satisfies the usual associative and dis-
tributive laws for the family P(Q) of all subsets of a set €2, with standard
operations between subsets, as well as the DeMorgan (dual) laws:

CORIEI DAL



284 Application I Probability

for any sequence of events {Ay}. Mathematically, we may then view the sure
event () as a given set (called the sample space), and the set of all events (for a
particular probability problem) as an algebra of subsets of €.

Since limiting processes are central in Probability Theory, countable unions of
events should also be events. Therefore, in the set-theoretical model, the algebra
of events is required to be a o-algebra A.

The second fundamental concept of Probability Theory is that of a probability.
Each event A € A is assigned a probability P(A) (also denoted PA), such that

0 < P(A) <1forall Ae A
(2) P(UAx) =>_ P(Ag) for any sequence of mutually disjoint events Ay; and
(

In other words, P is a ‘normalized’ finite positive measure on the measurable
space (€2, A). The measure space (£2, A, P) is called a probability space. Note that
P(A°) =1—- P(A).

Examples.

(1) The trivial probability space (€2, A, P) has Q arbitrary, A = {0, Q}, P(0) =
0, and P(Q) =

(2) Discrete probability space. §2 is the union of finitely many mutually disjoint
events Aj, ..., A,, with probabilities P(Ay) = px,pr > 0, and > pr = 1.
The family A consists of () and all finite unions A = (J,o; Ax, where
Jc{l,...,n}. One lets P(§) =0 and P(A) = >, Dk

This probability space is the (finite) discrete probability space. When
pr = p for all k (so that p = 1/n), one gets the (finite) uniform probability
space. The formula for the probability reduces in this special case to

where |A| denotes the number of points in the index set J (i.e. the number
of ‘elementary events’ Ay contained in A).

(3) Random sampling. A sample of size s from a population P of N > s
objects is a subset S C P with s elements (|S| = s). The sampling is
random if all ( ) samples of size s are assigned the same probability (i.e.
the corresponding probability space is a uniform probability space, where
) is the set of all samples of given size s; this is actually the origin of
the name ‘sample space’ given to §2). The elementary event of getting any
particular sample of size s has probability 1/ (];[ ).

Suppose the population P is the disjoint union of m sub-populations (‘layers’)
P; of size N;(>_ N; = N). The number of size s samples with s; obJects from
Pi(i=1,...,m; Z s; = s) is the product of the binomial coefficients ( ) There-
fore, if Asl, . denotes the event of getting s; objects from P;(i = 1,...,m) in
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a random sampling of s objects from the multi-layered population P, then

N N
_ GG
<)
An ordered sample of size s is an ordered s-tuple (x1,...,25) C P (we may think
of z; as the object drawn at the ith drawing from the population). The number
of such samples is clearly N(N —1)--- (N — s+ 1) (since there are N possible
outcomes of the first drawing, N — 1 for the second, etc.). Fixing one specific
object, let A denote the event of getting that object in some specific drawing.
Since the procedure is equivalent to (ordered) sampling of size s — 1 from a
population of size N — 1, we have |[A| = (N —1)---[(N —1) — (s —1) + 1], and
therefore, for random sampling (the uniform model!),

(N=1)---(N—=s41)

N(N-1)---(N—-s+1)
This probability is independent of the drawing considered! This fact is referred
to as the ‘equivalence law of ordered sampling’.

P(A) = [A]/19] =

—1/N.

1.2 Probability space

Let (2, A, P) be a probability space, that is, a normalized finite positive meas-
ure space. Following the above terminology, the ‘measurable sets’ A € A are
called the events; Q is the sure event; () is the empty event; the measure P is
called the probability. One says almost surely (a.s.) instead of ‘almost every-
where’ (or ‘with probability one’, since the complement of the exceptional set
has probability one).

If f is a real valued function on €2, it is desirable that the sets [f > ¢] be
events for any real ¢, that is, that f be measurable. Such functions will be called
real random variables (r.v.). Similarly, a complex r.v. is a complex measurable
function on .

The simplest r.v. is the indicator I4 of an event A € A. We clearly have

IAc =1- IA; (1)
Tanp = Ialp; (2)
Tawp=1a+1Ip—Isns (3)

for any events A, B, and
IUk Ar = Z IA’C (4)
k

for any sequence {Ay} of mutually disjoint events.

A finite linear combination of indicators is a ‘simple random variable’; L*(P)
is the space of ‘integrable r.v.’s’ (real or complex, as needed); the integral over 2
of an integrable r.v. X is called its expectation, and is denoted by E(X) or EX:

BE(X) ::/QXdP, X e LY(P).
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The functional E on L'(P) is linear, positive, bounded (with norm 1), and
E1=1.For any A € A,
E(I4) = P(A).

For a simple r.v. X, FX is then the weighted arithmetical average of its values,
with weights equal to the probabilities that X assume these values.
The obvious relations

P(A°)=1-P(A); P(AUB)=PA+PB—P(ANB),

parallel (1) and (3); however, the probability analogue of (2), namely P(A N
B) = P(A)P(B), is not true in general. One says that the events A and B are
(stochastically) independent if

P(ANB) = P(A)P(B).

More generally, a family F C A of events is (stochastically) independent if

P <ﬂ Ak> = H P(Ay)

keJ keJ

for any finite subset {Ap;k € J} C F.

The random variables X1, ..., X,, are (stochastically) independent if for any
choice of Borel sets By, ..., B, in R (or C), the events X; *(Bi),..., X, (B,)
are independent.

Theorem 1.2.1. If X;,...,X,, are (real) independent r.v.’s, and fi,..., f, are
(real or complex) Borel functions on R, then f1(X1),..., fn(X,) are independent
r.u.’s.

Proof. For simplicity of notation, we take n = 2 (the general case is analogous).
Thus, X,Y are independent r.v.’s; and f, g are real (or complex) Borel functions
on R. Let A, B be Borel subsets of R (or C). Then

P(f(X)71(A)ng(Y)"1(B)) = P(X ' f 1A NY g™ (B)])
= P(XTHfTHADPEY g™ (B)) = P(F(X) " (A)P(g(Y) ' (B))-
O

In particular, when X, Y are independent r.v.’s, the random variables a X +b
and cY + d are independent for any constants a, b, ¢, d. For example, if X,Y are
independent integrable r.v.’s, then X — FX and Y — EY are independent central
(integrable) r.v.’s, where ‘central’ means ‘with expectation zero’.

Theorem 1.2.2 (Multiplicativity of E on independent r.v.’s). If
X1,...,Xn are independent integrable r.v.’s, then || Xy is integrable and

E(ka) =T & X0
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Proof. The proof is by induction on n. It suffices therefore to prove the theorem
for two independent integrable r.v.’s X, Y.
Case 1. Simple r.v.’s:

X:ijIAW Y:ZZ/kIBka

with all z; distinct, and all yj, distinct. Thus 4; = X~ '({z;}) and B, =
Y 1({yx}) are independent events. Hence

E(XY)=E > zjylaIp, | =Y zjyeE(la,n5,)
7,k

= wjypP(A; N By) =Y xyxP(A;)P(By)

= 2;P(4;) Y uyxP(Bi) = E(X)E(Y).
; g

Case 2. Non-negative (integrable) r.v.’s X, Y

Forn=1,2,... let
afli-1
A, i=X"1 =
7 <|: 2n 72”))

E—1 k
. v—1
s ([5550)).

with j,k=1,...,n2". Consider the simple r.v’s

and

For each n, X,,, Y, are independent, so that by Case 1, E(X,,Y,,) = E(X,,)E(Y,).
Since the non-decreasing sequences {X,},{Y,.}, and {X,Y,,} converge to XY,
and XY, respectively, it follows from the Lebesgue Monotone Convergence
theorem that

E(XY) =lim E(X,Y,) = lim E(X,))E(Y,) = E(X)E(Y)

(and in particular, XY is integrable).
Case 3. X,Y real independent integrable r.v.’s:
In this case, |X|, |Y| are independent (by Theorem 1.2.1), and by Case 2,

E(XY]) = E(XDE(Y]) < oo,
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so that XY is integrable. Also by Theorem 1.2.1, X', Y’ are independent r.v.’s,
where the prime stands for either + or —. Therefore, by Case 2,

E(XY)=E(X*t - X" )Y+t -Y))
= BE(XYEYY) - BE(X")E(Y*) - E(XT)E(Y™) + E(X")E(Y")
=[B(XT) - BE(X)EYT) - BEY7)] =EBX)E(Y).
The case of complex X, Y follows from Case 3 in a similar fashion. 0

Definition 1.2.3. If X is a real r.v., its characteristic function (ch.f.) is defined
by
fx(u) := E(™¥) (u€R).

Clearly fx is a well-defined complex valued function, |fx| < 1, fx(0) = 1,
and one verifies easily that it is uniformly continuous on R.

Corollary 1.2.4. The ch.f. of the sum of independent real 7.v.’s is the product
of their ch.f.’s.

Proof. If X;,..., X, are independent real r.v.’s, it follows from Theorem 1.2.1
that el“X1 ... el“X» are independent (complex) integrable r.v.’s, and therefore,
it X :=> X and u € R,

fx(u):=FE 1uX <H eluXk> _ HE(eiuXk) — Hka (u)
k k
by Theorem 1.2.2. O

L?-random variables
Terminology 1.2.5. If X € L?(P), Schwarz’s inequality shows that
E(X]) = EQLIX]) < 12Xz = [ X]]2,
that is, X is integrable, and
o X):=||X —EX|2 < o0

is called the standard deviation (s.d.) of X (this is the L?-distance from X to its
expectation). The square of the s.d. is the variance of X.

If X,Y are real L?-r.v.’s, the product (X — EX)(Y — EY) is integrable (by
Schwarz’s inequality). One defines the covariance of X and Y by

cov(X,Y) := E((X — EX)(Y — EY)).

In particular,
cov(X, X) = o*(X).
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By Schwarz’s inequality,
lcov(X,Y)| < o(X)o(Y).
The linearity of F implies that
cov(X,Y) = E(XY) — E(X)E(Y), (5)
and in particular (for Y = X),
o?(X) = B(X?) — (EX)% (6)

By (5), cov(X,Y) = 0if X,Y are independent (cf. Theorem 1.2.2). The converse
is false in general, as can be seen by simple counter-examples.

The L2?-r.v.s X,Y are said to be uncorrelated if cov(X,Y) = 0.
If X=1I4andY = Ig(A, B € A), then by (5),

cov(la,Ig) = E(Ialg) — E(1a)E(Ig) = P(AN B) = P(A)P(B).  (7)

Thus, indicators are uncorrelated iff they are independent! Taking B = A (with
PA = p, so that P(A°) =1 —p:= q), we see from (6) that

o?(Ia) = E(Ia) — E(Ix)* = p— p* = pq. (8)
Lemma 1.2.6. Let Xq,...,X,, be real L?-r.v.s. Then
o? (ZXk> = ZUZ(Xk) +2 Z cov(X;, Xy).
k k 1<j<k<n

In particular, if X; are pairwise uncorrelated, then
- (Z Xk) =Y ()
k k

(BienAyme’s identity).
Proof.

o2 (ZXk) =F (ZXk - ZEXk>2 =F (Z[Xk - EXk])2
- E{Z(Xk — EXp)? +23 (X — EX)) (X — EXk)}

= 0% (Xi) +2)  cov(X;, Xp).

j<k
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Example 1.2.7. Let {4} C A be a sequence of pairwise independent events.
Let

n
Spi=> Ia, n=12,...
k=1

Then N .
ES, =Y PAg;  0%(S,) =) PA(1 - PA).
k=1 k=1
In particular, when PAj = p for all k (the so-called ‘Bernoulli case’), we have

ES,, = np; o?(S,) = npq.

Note that for each w € Q, S, (w) is the number of events Ay with k& < n for which
w € Ay, (‘the number of successes in the first n trials’).

For 0 < j <mn,S,(w) = j iff there are precisely j events Ay,1 < k < n, such
that w € Ay (and w € A§ for the remaining n — j events). Since there are (?)
possibilities to choose j indices k from the set {1,...,n} (for which w € Ay),
and these choices define mutually disjoint events, we have in the Bernoulli case

P[S, = j] = (?)qu"_j. (*)

One calls S,, the ‘Bernoulli random variable’, and (*) is its distribution.

Example 1.2.8. Consider random sampling from a two-layered population (see
Section 1.1, Example 3). Let By be the event of getting an object from the layer
P in the kth drawing, and let Dy = Y7 _, I, . In our previous notations (with

m=2),
(5 (E2)

(%)
where s1 + s9 = s and Ny + Ny = N.
By the equivalence principle of ordered sampling (cf. Section 1.1), PBy =
N;/N for all k, and therefore

P[DS :Sl] =

Ny

ED, = ZPBk =557
Note that the events By, are dependent (drawing without return!). In the case of
drawings with returns, the events By are independent, and D, is the Bernoulli
r.v., for which we saw that ED; = sp = s(NN1/N) (since p := PBy). Note that
the expectation is the same in both cases (of drawings with or without returns).

For 1 < j <k < s, one has

N Ny —1
P(BiNB)) = 5+ 71

by the equivalence principle of ordered sampling. Therefore, by (7),

_NlNl—l_(Nl)Q

COV(IBk,IB].)— N N_1 N
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independently of k, j. By Lemma 1.2.6,
N N Ny N -1 (N\?
2 N e _ S _ (1
c’(Ds) = s (1 >+s(s 1)[ — ( )]

o N —s N1 1 N1

TN-I'N N )
Thus, the difference between the variances for the methods of drawing with or
without returns appears in the correcting factor (N — s)/(N — 1), which is close

to 1 when the sample size s is small relative to the population size N.
One calls Dy the hypergeometric random variable.

Example 1.2.9. Suppose we mark N > 1 objects with numbers 1,...,N. In
drawings without returns from this population of objects, let A, denote the event
of drawing precisely the kth object in the kth drawing (‘matching’ in the kth
drawing). In this case, the r.v.

N
S=> Ia
k=1

‘is’ the number of matchings in N drawings.
By the equivalence principle of ordered sampling, PA;, = 1/N and P(A; N
Aj)=(1/N)(1/(N —1)), independently of k and j < k. Hence

N
ES = ZPAk =1,
k=1

1 1
covllacla) = Fv—1 ~ 3

and consequently, by Lemma 1.2.6,

1 1 N 1 1
200y — N (1 & | =
(5= L (1 1Y a(%) [y - ] =1
Lemma 1.2.10. Let X be any r.v. and € > 0.
(1) If X € L*(P), then

o2(X)
e

PlIX — EX| > d <

(Tchebichev’s inequality).

(2) If | X| <1, then
P[|X|> € > B(IX[?) - €.

(Kolmogorov’s inequality).
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Proof. Denote A = [|X — EX| > €. Since | X — EX|? > |X — EX|?14 > €14,
the monotonicity of E implies that

0?(X):= E(|X — EX|?) > €E(I,) = €P(A),

and Part (1) is verified.
In case | X| < 1, denote A = [|X| > €. Then

|X|? = | X2 T4+ | XPTac < 14+ €%,
and Part (2) follows by applying E. O

Corollary 1.2.11. Let X be an integrable r.v. with | X — EX| < 1. Then for
any € > 0,
o*(X)

e
(Note that X is bounded, hence in L*(P), so that we may apply Part (1) to X
and Part (2) to X — EX.)

0?(X) - < P[|[X —EX|>¢<

Corollary 1.2.12. Let {Ap} be a sequence of events, and let X, =
(1/n) > 4_y La, (the occurrence frequency of the first n events). Then X,, — EX,
converge to zero in probability (i.e. P[| X, — EX,| > €] — 0 as n — oo, for any
e > 0) if and only if 0?(X,) — 0.

Proof. Since 0 < 14,,PA; <1, we clearly have |I4, — PA;| < 1, and therefore

1 n
X, — EX,| < =S |Ia — PAL| < 1.
| |_n’;|Ak k| <

The result follows then by applying Corollary 1.2.11. O

Example 1.2.13. Suppose the events Ay are pairwise independent and PA, = p
for all k. By Example 1.2.7, EX,, = p and 0?(X,,) = pg/n — 0, and consequently,
by Corollary 1.2.12, X,, — p in probability. This is the Bernoulli Law of Large
Numbers (the ‘success frequencies’ converge in probability to the probability of
success when the number of trials tends to co).

Example 1.2.14. Let {X}} be a sequence of pairwise uncorrelated L?-random
variables, with
EXpy=pu, oXp)=oc (k=1,2,...)

(e.g., X} is the outcome of the kth random drawing from an infinite population,
or from a finite population with returns). Let

1 n
M,, ::E;Xk

(the ‘sample mean’ for a sample of size n). Then, by Lemma I1.2.6,

E(M,) = u; o?(M,) = o*/n.
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By Lemma 1.2.10,
2

g
Pl[My, —p| > €] < —

ne
for any € > 0, and therefore M,, — pu in probability (when n — oc). This is
the so-called Weak Law of Large Numbers (the sample means converge to the
expectation p when the sample size tends to infinity). The special case Xj = I4,
for pairwise independent events Ay with PAy = p is precisely the Bernoulli Law
of Large Numbers of Example 1.2.13.
The Bernoulli Law is generalized to dependent events in the next section.

Theorem 1.2.15 (Generalized Bernoulli law of large numbers). Let {4}
be a sequence of events. Set

:::;jg:f%4k

pa(n) ;:T) > P(AnA4y),

2) 1<j<k<n
and
dn, == pa(n) — pi(n).
Let X,, be as in Corollary 1.2.12 [the occurrence frequency of the first n events].
Then X, — EX,, — 0 in probability if and only if d, — 0.

Proof. By Lemma 1.2.6 and relations (7) and (8) preceding it, we obtain by a
straightforvvard calculation

Z [PAy, — (PAR)?] + 32 > [P(AxNA;j) — PAg - PA;j]
k=1 1<j<k<n
+(1/n)[pr(n) = pa(n)). (9)
Therefore
|0 (Xn) = dn| < (1/n)|p1(n) — pa(n)].
However p;(n) are arithmetical means of numbers in the interval [0,1], hence
they belong to [0, 1]; therefore |p; — pa| < 1 and so

lo?(X,,) — d|<l (10)

In particular, 0?(X,) — 0 iff d, — 0, and the theorem follows then from
Corollary 1.2.12. 0

Remark 1.2.16. Note that when the events A, are pairwise independent,

2
n(n—1) Z P(AyP 2ZPA’“ 2ZPAk

1<j<k<n j<k

|dn| =

l/n z{:l)-Ak 4’%:}53 14k

]<k k=1
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Both arithmetical means between the absolute value signs are means of numbers
in [0,1], and are therefore in [0,1]. The distance between them is thus <1, hence
|dn] < 1/n, and the condition of the theorem is satisfied. Hence X,, — EX,
converge in probability to zero, even without the assumption PAy = p (for all k)
of the Bernoulli case.

We consider next the stronger property of almost sure convergence to zero of
X, — EX,.

Theorem 1.2.17 (Borel’s strong law of large numbers). With notations
as in Theorem 1.2.15, suppose that d,, = O(1/n). Then X,, — EX,, converge to
zero almost surely.

This happens in particular when the events Ay are pairwise independent,
hence in the Bernoulli case.

Proof. We first prove the following:

Lemma. Let {X,} be any sequence of r.v.’s such that
ZP[|X,L| >1/m] < o0
n

forallm=1,2,...
Then X,, — 0 almost surely.

Proof of lemma. Observe that by definition of convergence to 0,

(X5 — 0] = (U Xnskl < 1/m],

m n k

where all indices run from 1 to co. By DeMorgan’s laws, we then have

X, — 0 = UKol > 1) (1)

m n k

Denote the ‘innermost’ union in (11) by By, and let By, := ,, Bum. We have
(by the o-subadditivity of P):

PBnm<ZP|Xn+k\ > 1/m] = Z P[IX,]| > 1/m] —p—00 0
r=n-+1

by the Lemma’s hypothesis, for all m. Therefore, since PB,,, < PB,,, for all n,
we have PB,, =0 (for all m), and consequently

P([X, — 0]°) = P(| Bm)

m

Back to the proof of the theorem, recall (10) from Section I1.2.15:

02(X,) — dn| < 1/n.
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Since |d,| < ¢/n by hypothesis, we have 02(X,,) < (¢ + 1)/n. By Tchebichev’s
inequality,

> PlXp2 — EXpe| > 1/m] <m* > 0*(X;2)
k k
< (c+1)m? Z(l/kQ) < oo0.
k

By the lemma, we then have almost surely

X2 — EXjp2 — 0.
For each n € N, let k be the unique k£ € N such that

E* <n<(k+1)>%
Necessarily n — k? < 2k and k — oo when n — co. We have

n

k’2
1 1 1
| Xn — Xp2| = ‘(n - k2> jE:1 Ta; + o E vy

j=k2+1

n — k2 n — k2 n — k2 4k
< k? =2 < = =4/k.
- nk? + n n k2 /

Hence also
|[EX2 — EX,| = |E(Xp2 — X,)| < 4/k,

and therefore
| X — EX,| <X, — Xpz| + | Xp2e — EXj2| + |[EXy2 — EX,|
< 8/k+ |ch2 — EXk2| —0
almost surely, when n — oo. O
1.2.18. Let {A,} be a sequence of events. Recall the notation
limsup A4,, := ﬂ U Aj.
k=1j=k

This event occurs iff for each k € N, there exists j > k such that A; occurs, that
is, iff infinitely many A,, occur.

Lemma 1.2.19 (The Borel-Cantelli lemma). If
> P(An) < oo, )

then
P(limsup 4,,) = 0.
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Proof.
P(limsup A4,,) < P< U Aj) <> P(4))
j=Fk j=k
for all k, and the conclusion follows from (k) by letting k — oo. O

Example 1.2.20 (the mouse problem). Consider a row of three connected
chambers, denoted L (left), M (middle), and R (right). Chamber R has also a
right exit to ‘freedom’ (F'). Chamber L has also a left exit to a ‘death’ trap D.
A mouse, located originally in M, moves to a chamber to its right (left) with a
fixed probability p (¢ := 1 — p). The moves between chambers are independent.
Thus, after 2! moves, we have

P(Fy) =p* P(Dy)=q¢* P(M)=2pq,

where FY, D1, M7 denote, respectively, the events that the mouse reaches F, D,
or M after precisely 2! moves. In general, let M}, denote the event that the
mouse reaches back M (for the first time) after precisely 2¥ moves. Clearly

P(Mj) = (2pq)".
Since Y P(M}) < o0, the Borel-Cantelli lemma implies that
P(limsup M,,) =0,

that is, with probability 1, there exists k& € NU {0} such that the mouse moves
either to F or to D at its 2¥*!-th move. The probability of these events is,
respectively (2pq)¥p? and (2pq)*q?. Denoting also by F (or D) the event that
the mouse reaches freedom (or death) in some move, then F' is the disjoint union
of the F} (and similarly for D). Thus

2

p
PF =% (2p)"p* =
- Pq

and similarly

q2

- 1—2pq’

PD

This is coherent with the preceding observation (that with probability 1, either
F or D occurs), since the sum of these two probabilities is clearly 1.

The case of events with > P(A,) = oo is considered in Theorem I1.2.21.
Notation is as in Theorem 1.2.15.

Theorem 1.2.21 (Erdos—Renyi). Let {A,} be a sequence of events such that

> P(A,) =00 (12)
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and

lim inf EEZ; =1 (13)

Then
P(limsup 4,,) = 1.

Proof. Let X, = (1/n)>_}_, Ia,. Then
EX, =pi(n)

and
o*(Xn) = p2(n) = pi(n) + (1/n)[pi(n) — p2(n)]
(cf. (9) in Theorem 1.2.15). By Tchebichev’s inequality,

Pl X, —p1(n)| > p1(n)/2] < m
= 1\ p,(n) 1
_4[ : n)p%(n) M )
By (12), )
k=1

Hence by (13), the liminf of the right-hand side is 0. Thus
liminf P[|X,, — p1(n)| > p1(n)/2] = 0. (15)

Clearly
[Xn <p1(n)/2] C [|Xn = p1(n)] = p1(n)/2],

and therefore
liminf P[X,, < p1(n)/2] =0. (16)

We may then choose a sequence of integers 1 < n; < ny < --- such that

ZP[Xnk <p1(nk)/2] < 00.
k

By the Borel-Cantelli lemma,

P(limsup[X,, < p1(nk)/2]) =0,
that is, with probability 1, X,,, < p1(ng)/2 for only finitely many ks. Thus, with
probability 1, there exists ko such that X,,, > p1(nk)/2 for all k > ko, that is,

N
Z Ix; > ngpr(ng)/2

J=1
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for all k > ko, and since the right-hand side diverges to co by (14), we have

oo
E IA]. =0
Jj=1

with probability 1, that is, infinitely many Ajs occur with probability 1. O
Corollary 1.2.22. Let {A,} be a sequence of pairwise independent events such
that

Z PA, = .
Then

P(limsup A4,,) =1

Proof. We show that Condition (13) of the Erdos—Renyi theorem is satisfied.
We have

(Z)pg(n)z > PANA)=(1/2) > P(A))P(Ay)

1<j<k<n £k 1<j,k<n
— /| Y PPy - 3 Py
J,k=1 k=1

— (/)i kzp ot

Therefore

p2(n) _ n Sor_, P(Ag)?

pi(n) n—-1 n(n—1)p(n)
However, since PA;, < 1, the sum above is <) ;_; PAy := np;(n). Therefore,
the second (non-negative) term on the right-hand side is <1/[(n—1)p;(n)] — 0 by
(14) (consequence of the divergence hypothesis). Hence, lim pa(n)/p?(n) =1. O

Corollary 1.2.23 (Zero-one law). Let {A,} be a sequence of pairwise inde-
pendent events. Then the event limsup A,, (that infinitely many A, ’s occur) has
probability 0 or 1, according to whether the series > PA,, converges or diverges
(respectively).

1.3 Probability distributions

Let (2, A, P) be a probability space, let X be a real- (or complex-, or R"-) valued
random variable on €2, and let B denote the Borel g-algebra of the range space
(R, etc.). We set

Px(B):= P[X € B]= P(X"Y(B)) (B¢€B).

The set function Py is called the distribution of X.
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Theorem 1.3.1 (stated for the case of a real r.v.).
(1) (R,B, Px) is a probability space.

(2) For any finite Borel function g on R, the distribution of the r.v. g(X) is
given by
Pyx)(B) = Px(9~(B)) (Be€B).

(3) If the Borel function g is integrable with respect to Px, then

B(o(X)) = [ gapx.

Proof.

(1) Clearly, 0 < Py <1, and Px(R) = P(X"1(R)) = P(Q) = 1. If {By} C B
is a sequence of mutually disjoint sets, then the sets X ~1(B},) are mutually
disjoint sets in 4, and therefore

re(Um) = (v (Ur)) = (Y
- zkj P(X~'(By)) =) Px(By).

(2) We have for all B € B:
Pyx)(B) = P(9(X)7'(B)) = P(X~ (g~ (B))) = Px (97 '(B)).

(3) If g = Ip for some B € B, then g(X) = Ix-1(p), and therefore

B(g(X)) = P(X"\(B)) := Px(B) = / gdPy.

By linearity, Statement (3) is then valid for simple Borel functions g. If g
is a non-negative Borel function, there exists an increasing sequence of non-
negative simple Borel functions converging pointwise to g, and (3) follows from
the Monotone Convergence theorem (applied to the measures P and Px). If g is
any (real) Borel function in L'(Pyx), then, by the preceding case, E(]g(X)|) =
JplgldPx < oo, that is, g(X) € L'(P), and E(g(X)) = E(¢"(X) — g~ (X)) =
fR g+dPX - fR g dPx = ngd.Px.

The routine extension to complex g is omitted. O

Definition 1.3.2. The distribution function of the real r.v. X is the function
Fx(z) := Px((—o0,2)) = P[X <z] (x €R).
The integral [, g dPx is also denoted [, g dFx.

Proposition 1.3.3. Fx is a non-decreasing, left-continuous function with range
in [0,1], such that
Fx(=00)=0;  Fx(o0)=1 ()
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Proof. Exercise.

Definition 1.3.4. Any function F' with the properties listed in Proposition 1.3.3
is called a distribution function. If Property (*) is omitted, the function F is
called a quasi-distribution function.

Any (quasi-) distribution function induces a unique finite positive Lebesgue—
Stieltjes measure (it is a probability measure on R if (*) is satisfied), and
integration with respect to that measure is denoted by ngdF. In case g is
a bounded continuous function on R, this integral coincides with the (improper)
Riemann-Stieltjes integral [~ g(z)dF (x).

The characteristic function of the (quasi-) distribution function F is defined
by

fu) = / " dF(z) (x €R).
R
By Theorem 1.3.1, if FF = Fx for a real r.v. X, then f coincides with the ch.f.
fx of Definition 1.2.3.

In general, the ch.f. f is a uniformly continuous function on R, |f| < 1, and
f(0) =1 in case F satisfies (*).

Proposition 1.3.5. Let X be a real r.v., b > 0, and a € R. Then
favox(u) =€ fx(bu) (u € R).
Proof. Write Y = a+ bX and y = a+ bz (z € R). Since b > 0,
Fx(z) = P[X <z] = P[Y <y] = Fy(y),

and therefore
oo . oo . .
fr(u) = / e dFy (y) = / eu(atte) gpy (z) = e fx (bu).
—o0 —o0

O

We shall consider r.v.s of class L"(P) for r > 0. The L"-‘norm’, denoted
| X ||, satisfies (by Theorem 1.3.1)

IXI; = Bx) = [ ladPx ().
This expression is called the rth absolute central moment of X (or of Fx). It
always exists, but could be infinite (unless X € L7).
The rth central moment of X (or Flx) is

m, = E(X") = /_Oo " dFx(x).

These concepts are used with any quasi-distribution function F', whenever they
make sense.
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Lemma I.3.6.
(1) The function ¢(r) :=log E(|X|") is convex on [0,00), and ¢(0) = 0.

(2) | X||» is a non-decreasing function of r. In particular, if X is of class L"
for some r > 0, then it is of class L® for all 0 < s <.

Proof. For any r.v.s Y, Z, Schwarz’s inequality gives
E(YZ]) < IY|20Z]l2-
For 7 > s > 0, choose Y = | X|("=%)/2 and Z = |X|("+%)/2, Then
E(X[") < [E(IX]"*)E(|1X[+*]"/2,
so that
o(r) < (1/2)[¢(r — 5) + ¢(r + s)],
and (1) follows.
The slope of the chord joining the points (0,0) and (r, ¢(r)) on the graph of

¢ is ¢(r)/r, and it increases with 7, by convexity of ¢. Therefore || X ||, = e?(")/"
increases with r. O

Theorem 1.3.7. Let X be an L"-r.v. for somer > 1, and let f = fx. Then for
all integers 1 < k < r, the derwative f*) exists, is uniformly continuous and
bounded by E(|X|*)(< o0), and is given by

O =i [ evatap(a), )
(where F := Fx ). In particular, the moment my, exists and is given by

my = f®0)/iF (k=1,...,[r]).

Proof. By Lemma 1.3.6, E(|X|¥) < oo for k < r, and therefore the integral
in (*) converges absolutely and defines a continuous function gi(u). Also, by

Fubini’s theorem,
t 00 t .
/gk(u)du:/ /ike”‘mduxde(x)
0 —oo J0

= gr—1(t) — gx—1(0).

Assuming (*) for k— 1, the last expression is equal to f#=1 (t) — f(*=1(0). Since
the left-hand side is differentiable, with derivative gy (t), it follows that f*) exists
and equals gj. Since (*) reduces to the definition of f for k = 0, Relation (*) for
general k < r follows by induction. O

Corollary 1.3.8. If the r.v. X is in L* for all k = 1,2,..., and if f := fx is
analytic in some real interval |u| < R, then

flw) =Y i*mpuf /Kl (Ju| < R).

k=0
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Example 1.3.9 (discrete r.v.). Let X be a discrete real r.v., that is, its range
is the set {x}, with z;, € R distinct, and let P[X = x| = pr (D_pr =1). Then

Px(w) =3 c"eep. 1)
k

For the Bernoulli r.v. with parameters n,p, we have z, = k (0 < k < n) and
pi = (31)p"¢" ™% (¢:=1—p). A short calculation starting from (1) gives

fx(u) = (pe™ + )™

By Theorem 1.3.7,

my = fx(0)/i = np,
my = f%(0)/i* = (np)* + npq,

and therefore
o?(X) = ma —mi = npq

(cf. Example 1.2.7).
The Poisson r.v. X with parameter A > 0 assumes exclusively the values k
(k=0,1,2,...) with
PIX = k] = e *\F /R

Then Fx (z) = 0forz < 0,and = ey, _, A¥/k! for > 0. Clearly Fiy (c0) =1,
and by (1),

Fx(u) =e™> e AF k! = G
K

Note that E(|X|") = e * Y, k"A\*/k! < oo for all n, and Corollary 1.3.8 implies
then that my, = f(*)(0)/i* for all k. Thus, for example, one calculates that

mlz)\, m2:>\()\+1),

and therefore
a?(X) =\

(This can be reached of course directly from the definitions.)
The Poisson distribution is the limit of Bernoulli distributions in the following
sense:

Proposition 1.3.10. Let {Ay;k = 0,...,n;n = 1,2,...} be a ‘“riangular
array’ of events such that, for each n = 1,2,..., {Akn;k = 0,...,n} is a
Bernoulli system with parameter p, = A/n (A > 0 fized) (cf. Example 1.2.7).
Let X,, := Y.} _oIa,., be the Bernoulli r.v. corresponding to the nth system.
Then the distribution of X,, converges pointwise to the Poisson distribution when
n — oo:

PIX, =k —p—0oo e "N/E (k=0,1,2,...).
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Proof.

Example 1.3.11 (Distributions with density). If there exists an L!(dx)-
function A such that the distribution function F' has the form

F(x):/_m h(t)dt (z€R),

then h is uniquely determined a.e. (with respect to Lebesgue measure dz on R),
and one has a.e. F'(x) = h(x). In particular, h > 0 a.e., and since it is only
determined a.e., one assumes that h > 0 everywhere, and one calls h (or F’) the
density of F. For any g € L(F),

/ng:/gF’dm (B € B).
B B

We consider a few common densities.

1.3.12. The normal density.
The ‘standard’ normal (or Gaussian) density is

F'(z) = (27)"Y2e7%"/2,

To verify that the corresponding F' is a distribution function, we need only to
show that F(oco) = 1. We write

. 27 oo
F(00)? = (1/2n) //R e~ (+57)/2 gy g = (1/27r)/0 /O e 2rdrdf = 1,

where we used polar coordinates. The ch.f. is

fw = 2m 2 [

e /2 gy = (2m)~1/2 / e~ l@=iw)*+u%1/2 gy
R

R

where c(u) = (27r)_1/2 fR e~ (@=iw*/2 4o The Cauchy Integral theorem is applied
to the entire function e’/ 2. with the rectangular path having vertices at
—M, N, N — iu, and 2—M — iu; letting then M, N — oo, one sees that
c(u) = (2m)~Y2 [%_e7®/2dz = F(c0) = 1. Thus the ch.f. of the standard

. . . . — 2
normal distribution is e~% /2.
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If the r.v. X has the standard normal distribution, and Y = a + bX with
a € R and b > 0, then for y = a + bz, we have (through the change of variable
s =a+bt):

Frly) = Fx(@) = (2m) /2 [ e Par = oty 2 [* om0t g

— 00 —0o0

This distribution is called the normal (or Gaussian) distribution with parameters
a,b? (or briefly, the N(a,b?) distribution). By Proposition 1.3.5, its ch.f. is

fY (u) — eiuae—(bu)2/2.

Since E(|Y|") < oo for all n, Corollary 1.3.8 applies. In particular, one calculates
that
my = fy(0)/i = a; my = —f1(0) = a® + b7,

so that
o?(Y) = my —m? = b2

Thus, the parameters of the N(a,b?) distribution are its expectation and its
variance.

For the N(0,1) distribution, we write the power series for f(u) = e
and deduce from Corollary 1.3.8 that maoj1 = 0 and ma; = (25)!/(2741), j =
0,1,2,...

—u?/2

Proposition. The sum of independent normally distributed r.v.s is normally
distributed.

Proof. Let X be N(ax,b?) distributed independent r.v.s (k = 1,...,n), and
let X =X;3+---+ X,,. By Corollary 1.2.4,

Fx(u) = T f () = [ elvoretie/2 = eiuag—"u/2
k k

with @ = >, a and b* = Y, b. By the Uniqueness theorem for ch.f.s (see
below), X is N(a,b?) distributed. O

1.3.13. The Laplace density.
F'(z) = (1/2b)e~|z=al/b,
where a € R and b > 0 are its ‘parameters’. One calculates that

iua

[§]

) =1

In particular F(co0) = f(0) = 1, so that F is indeed a distribution function. One
verifies that

mi = f'(0)/i=a;  mo=f"(0)/i* =a®+ 1,

so that o2 = b2.
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1.3.14. The Cauchy density.

b
Fl(2)=(1/r)5——
(@) = /™) e
where ¢ € R and b > 0 are its ‘parameters’. To calculate its ch.f., one uses the
Residues theorem with positively oriented rectangles in Rz > 0 and in £z < 0
for u > 0 and u < 0, respectively, for the function €/“* /(b + (2 — a)?). One gets

f(u) _ eiuaefb|u\. (2)

In particular, f(0) = 1, so that F'(co) =1 as needed.

Note that f is not differentiable at 0. Also m; do not exist for k& > 1.

As in the case of normal r.v.s, it follows from (2) that the sum of independent
Cauchy-distributed r.v.s is Cauchy-distributed, with parameters equal to the
sum of the corresponding parameters. This property is not true however for
Laplace-distributed r.v.s.

1.3.15. The Gamma density.

F'(z) = %xp_le_bw (x> 0),

and F(z) = 0 for x < 0. The ‘parameters’ b, p are positive. The special case
p = 1 gives the exponential distribution density.
The function F is trivially non-decreasing, continuous, F(—oo) = 0, and

F(o0) = I‘(p)*l/ e "% (ba)P~ L d(bx) = 1,
0
so that I is indeed a distribution function. We have

bp oo .
— p—1_ —(b—iu)x
flw) ) /0 P e dx
P
=(b—iu)"? b

L'(p)

By Cauchy’s Integral theorem, integration along the ray {(b — iu)x;z > 0} can
be replaced by integration along the ray [0, c0), and therefore the above integral
equals I'(p), and

/ Oo[(b — iu)z]P e 0TI g (b — ju)z.
0

flu) = (1 —iu/b)™". (3)
Thus
F8 ) = p(p+ 1)+ (p+ k= 1)/ (1 /)~ P+

and
my = fF0)/iF =pp+1)---(p+k—1)b"F.

In particular,

my =p/b, ma=p(p+1)/b*, o> =my—mi=p/b°.
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As in the case of the normal distribution, (3) implies the following

Proposition 1. The sum of independent Gamma-distributed r.v.s with paramet-
ers bypr,k =1,...,n, is Gamma-distributed with parameters b, .

Note the special case of the exponential distribution (p = 1):
fu) =1 —iu/b)™Y my=1/b; o*=1/b%

Another important special case has p = b = 1/2. The Gamma distribution with
these parameters is called the standard x? distribution with one degree of freedom.
Its density equals 0 for 2 < 0, and since T'(1/2) = 7'/,

F/((E) _ (271_)—1/2$—1/26—x/2

for z > 0.

By Proposition 1, the sum of n independent random variables with the stand-
ard y2-distribution has the standard x2-distribution with n degrees of freedom,
that is, the Gamma distribution with p = n/2 and b = 1/2. Its density for
xz>0is 1

F/ S n/2—1
@) = )"
Note that m; = p/b =n and o2 = p/b? = 2n.

The x? distribution arises naturally as follows. Suppose X is a real r.v. with
continuous distribution Fy, and let Y = X?2. Then Fy(z) := P[Y < 2] = 0 for
z <0, and for x > 0,

e /2,

Fy(z) = P[-2'/? < X < 2/ = Fx(2'/?) — Fx(—z/?).

If F% exists and is continuous on R, then

Fy () Fi(«'7?) + Fi (~a'/?)]

_ 1
- 2x1/2[

for z > 0 (and trivially 0 for < 0). In particular, if X is N(0,1)-distributed,
then Y = X2 has the density (2r)~%/2z=1/2¢=%/2 for z > 0 (and 0 for
x < 0), which is precisely the standard x? density for one degree of freedom.
Consequently, we have

Proposition 2. Let X1,..., X, be N(0,1)-distributed independent r.v.s and let
X2 = Z X2
k=1
Then F,» is the standard x? distribution with n degrees of freedom (denoted
F\2,,).
If we start with N(u,0?) independent r.v.s Xy, the standardized r.v.s

X, —
7 = k— M

g
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are independent N (0, 1) variables, and therefore the sum V := >";'_, ZZ has the
F,: ,, distribution. Hence, if we let

n

X =Y (Xi — ),

k=1

then, for x > 0,
F\2(z) = P[V < 2/0%] = Fy2 ,,(x/0?).

This is clearly the Gamma distribution with parameters p = n/2 and b = 1/202.
In particular, we have then m; = p/b = no? (not surprisingly!), and o2(y%) =
p/b* = 2not.

I.4 Characteristic functions

Let F' be a distribution function on R. Its normalization is the distribution
function

F*(z):= (1/2)[F(x — 0) + F(z + 0)] = (1/2)[F(z) + F(x + 0)]

(since F is left-continuous). Of course, F*(x) = F(x) at all continuity points x
of F.

Theorem I1.4.1 (The inversion theorem). Let f be the ch.f. of the
distribution function F'. Then
U e—iua _ o—iub
F*(b) — F*(a) = lim —/ —— f(u)du
U 1u
for —oo < a < b < 0.

Proof. Let Jy denote the integral on the right-hand side. By Fubini’s theorem,

U efiua_efiub oo
Ju = (1/27) / L / ¢ AP (2) du

-U —o0
~ [ Kulo)ar)
where
U eiu(x—a) _ eiu(:c—b)
Ky(x): = (1/271')/ . du
U 1u
U(z—a) :
— (1/7) L
t
U(xz—b)

The convergence of the Dirichlet integral [°_(sint/t)dt (to the value ) implies
that |[Ky(z)| < M < oo forall z € Rand U > 0, and as U — oo,

Ky(x) — ¢(v) := Lap(®) + (1/2) L0y + L)) ()
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pointwise. Therefore, by dominated convergence,

lim Jy = / ¢dF = F*(b) — F*(a).
U—oo R
O

Theorem 1.4.2 (The uniqueness theorem). A distribution function is
uniquely determined by its ch.f.

Proof. Let F,G be distribution functions with ch.f.s f,g, and suppose that
f = g. By the Inversion theorem,

F(b) = F*(a) = G*(b) = G*(a)

for all real a < b. Letting a — —o0, we get F* = G*, and therefore F' = G at all
points where F,G are both continuous. Since these points are dense on R and
F, G are left-continuous, it follows that F' = G. O

Definition 1.4.3. Let Cr denote the set of all continuity points of the quasi-
distribution function F' (its complement in R is finite or countable). A sequence
{F,} of quasi-distribution functions converges weakly to F if F,,(x) — F(x) for
all x € Cr. One writes then F;,, —,, F. In case F,,, F' are distributions of r.v.s
X, X respectively, we also write X,, — ,X.

Lemma 1.4.4 (Helly—Bray). Let F,,, F' be quasi-distribution functions, F,, —,,
F, and suppose a < b are such that F,(a) — F(a) and F,(b) — F(b). Then

b b
/ngn—>/ gdF

for any continuous function g on [a,b).
Proof. Consider partitions
a=Tm,1 < " < Tmky,+l = b, Tm,j € Cr,

such that
O 1= sup(mm7j+1 — Tp,j) — 0
J

as m — oo. Let
k

gm = Zg(mm,j)l[rm,j’xm,jﬂ)'
j=1
Then
?ull):]) 19 = gm| —m—oo 0. (1)

The hypothesis implies that

Fn(xm)j-&-l) - Fn(xm,j) - F(xm,j-&-l) - F(xm,j)
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when n — oo, forall j =1,...,ky,; m=1,2,... Therefore
b krn.
| 9m B =3 9o ) Falimsi0) = Fulom)
a ,]21

ko
—“n—oo Zg(xm,j)[F(xm,j-‘rl) - F('Tm,j)]

:/bgmdF (m=1,2..). (2)

Write

b b
‘/ ngn—/ ng‘

b b b b
S/ |g_gm|an+‘/gman_/gmdF‘+/ |gm_g|dF
a a a a

b b
S2sup|g—gm|+‘/ gman—/ gmdF’-
[a,b] a a

If € > 0, we may fix m such that supy, |9 — gm| < €/4 (by (1)); for this m,
it follows from (2) that there exists ny such that the second summand above is
<e/2 for all n > ng. Hence

b b
‘/ngn/ng‘<e (n > no).

We consider next integration over R.

Theorem 1.4.5 (Helly—Bray). Let F,,, F be quasi-distribution functions such
that F,, — F. Then for every g € Co(R) (the continuous functions vanishing

at oo),
/ngn—>/ng.
R R

In case F,,F are distribution functions, the conclusion is valid for all
g € Cp(R) (the bounded continuous functions on R).

Proof. Let € > 0. For a < b in Cr and g € Cp(R), write

b b
‘/ngn/ng‘ g/ g|d(Fn+F)+‘/ ngnf/ ng‘.
R R la,b]° a a

In case of quasi-distribution functions and g € Cpy, we may choose [a,b] such
that |g| < €/4 on [a, b]°; the first term on the right-hand side is then <e/2 for all
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n. The second term is <e/2 for all n > ng, by Lemma 1.4.4, and the conclusion
follows.

In the case of distribution functions and g € C, let M = supg |g|. Then the
first term on the right-hand side is

< M[Fp(a) 41— Fo(b) + F(a) + 1 — F(b)].

Letting n — oo, we have by Lemma 1.4.4

limsup‘/ngn—/ng‘ <2M[F(a)+1— F(b)],
R R

for any a < b in Cg. The right-hand side is arbitrarily small, since F'(—o0) = 0
and F'(o0) = 1. O

Corollary 1.4.6. Let F,,, F be distribution functions such that F,, —,, F, and
let fn, f be their respective ch.f.s. Then f, — [ pointwise on R.

In order to prove a converse to this corollary, we need the following:

Lemma 1.4.7 (Helly). Fvery sequence of quasi-distribution functions contains
a subsequence converging weakly to a quasi-distribution function (‘weak sequential
compactness of the space of quasi-distribution functions’).

Proof. Let {F,} be a sequence of quasi-distribution functions, and let Q = {z,}
be the sequence of all rational points on R.

Since {F,(z1)} C [0,1], the Bolzano—Weierstrass theorem asserts the exist-
ence of a convergent subsequence {F,1(x1)}. Again, {F,;(z2)} C [0,1], and has
therefore a convergent subsequence {F,3(z2)}, etc. Inductively, we obtain sub-
sequences {F,;} such that the kth subsequence is a subsequence of the (k—1)th
subsequence, and converges at the points x1, ..., z;. The diagonal subsequence
{Fn} converges therefore at all the rational points. Let Fg := lim,, F},,,, defined
pointwise on Q. For arbitrary = € R, define

F(z):= sup Fy(r).

reQ;r<z

Clearly, F is non-decreasing, has range in [0, 1], and coincides with Fg on Q. Its
left-continuity is verified as follows: given € > 0, there exists a rational r < x
(for z € R given) such that Fg(r) > F(z) —e. If t € (r, ),

F(z) > F(t) > F(r) = Fg(r) > F(z) — ¢,

so that 0 < F(z) — F(t) <e.
Thus F' is a quasi-distribution function.
Given x € Cp, if r,s € Q satisfy r < x < s, then

Fon(r) < Fun(z) < Fun(s).
Therefore

F(r) = Fg(r) < liminf F,,,,(z) < limsup F,,,,(z) < Fg(s) = F(s).
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Hence
F(z):= sup F(r) <liminf F,,(x) <limsup F,,(z) < F(s),
reQr<z
and since x € C, letting s — x+, we conclude that F,, (z) — F(x). O

Theorem 1.4.8 (Paul Levy continuity theorem). Let F, be distribution
functions such that their ch.f.s f,, converge pointwise to a function g continuous
at zero. Then there exists a distribution function F (with ch.f. f) such that
F, =y Fand f =g.

Proof. Since |f,| < 1 (ch.f.s!) and f,, — g pointwise, it follows by Dominated

Convergence that ., .,
/ Fut)dt — / gB)dt (ueR), 3)
0 0

By Helly’s lemma (Lemma 1.4.7), there exists a subsequence {F,, } converging
weakly to a quasi-distribution function F'. Let f be its ch.f. By Fubini’s theorem
and Theorem 1.4.5,

/ frp (8) dt = / 1 dFm( )
. Aeiu?x_ldF(m):Au Ft)dt

By (3), it follows that [ g(t)dt = [, f(t)dt for all real u, and since both g
and f are continuous at zero, 1t follows that £(0) = ¢(0) := lim f,(0) = 1, that
is, F(00) — F(—o00) = 1, hence necessarily F'(—oco) = 0 and F(oco) = 1. Thus
F' is a distribution function. By Corollary 1.4.6, any distribution function that
is the weak limit of some subsequence of {F,} has the ch.f. g, and therefore,
by the Uniqueness Theorem (Theorem 1.4.2), the full sequence {F,} converges
weakly to F'. O

We proceed now to prove Lyapounov’s Central Limit theorem.

Lemma 1.4.9. Let X be a real r.v. of class L™ (r > 2), and let f := fx. Then
for any non-negative integer n < r —1,

ka iw)*/E! + R, (u),
with
|Ro(w)| < BQX["F)[ul™/(n+ 1)L,
for all u € R.

In particular, if X is a central L3-r.v., then

f(u) =1 —c%u?/2 + Ry(u),
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where 02 := 02(X) and
[Ra(u)| < B(IX])|ul’/3! (u € R).

Proof. Apply Theorem 1.3.7 and Taylor’s formula. O

Consider next a sequence of independent central real r.v.s X, k = 1,2,...
of class L?. Denote o}, := o(X}). We assume that op # 0 (i.e. X is ‘non-
degenerate’, which means that X}, is not a.s. zero) for all k. We fix the following
notation:

fei=Ixii Sni=)_ Xi;  sni=0(Sn).

Of course, s2 =Y} he1 o?. In particular, s,, # 0 for all n, and we may consider
the Standardlzed’ sums S, /s,. We denote their ch.f.s by ¢,:

on(u) = fs, /s, (u H (u/sn). (4)

Finally, we let
=5, B(Xxf) (n=1.2,...).
k=1
Lemma 1.4.10. Let {X} be as above, and suppose that M, — 0 (‘Lyapounov’s
Condition’). Then ¢, (u) — e="*/2 pointwise everywhere on R.

Proof. By Lemma 1.3.6, for all &,
o < || Xklls- (5)

Therefore

3\71/3
‘T’“S[WS’CU} <MY3 k=1,....m n=12,... (6)

Sn £

By (4) and Lemma 1.4.9,
log b (u Zlog ’“ sut/2+ Ry (u/s,)]

and

(\Xk| )

|RY (u/s,)] < Jul®/31. (7)
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Write

|log ¢ (u) — (—u?/2)| = Zlog [1 - %ug/Q + ng](u/sn)]

k=1

B Z { k u?/2 + Rz (U/Sn)] ; R[Qk] (u/sn)

IOg(]- + 2k, n — Zk,n ‘ Z [k] u/Sn (8)
k=1 k=
where
=%k 4 BP(u/s,)
zkm.——s%u 5 (u/sn).
By (6) and (7),
|2kn| < M2/3u2/2 + Mn|u|3/3! (k <n). (9)

Since M,, — 0 by hypothesis, there exists ng such that the right-hand side of (9)
is <1/2 for all n > ng. Thus

lzen] <1/2 (k=1,...,n;n > ng). (10)
By Taylor’s formula, for |z| < 1,

|2%/2

[log(1+2) — 2] < A=

Hence, by (7) and (10),

|10g(1 + Zk,n) - Zk,n| < 2‘216 n|2

for k <n and n > ng. By (6), the first summand above is

3
< B o
The second summand is
X
The third summand is
FE
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Therefore (by (8)),

[log ¢ (u) — (—u?/2)|

— E(|X:[*)
< (MYt /2 4+ MEP ul® /3 + Myu® /18 + [uf®/6] > —
k=1 n

= M3 )2 + M2l /3 + M>2uS /18 + M, |u)? /6 — 0
as n — 00. O

Theorem 1.4.11 (The Lyapounov central limit theorem). Let {X}} be a
sequence of non-degenerate, real, central, independent, L3-r.v.s, such that

lim s, " E(|X;*) = 0.
Then the distribution function of

ZZ:1 Xk (:= Sn
Sn " o(Sn)

)

converges pointwise to the standard normal distribution as n — oo.

Proof. By Lemma 1.4.10, the ch.f. of S, /s, converges poitwise to the ch.f.
e~%"/2 of the standard normal distribution (cf. section 1.3.12). By the Paul
Levy Continuity theorem (Theorem I.4.8) and the Uniqueness theorem (The-
orem 1.4.2), the distribution function of S, /s, converges pointwise to the
standard normal distribution. O

Corollary 1.4.12 (Central limit theorem for uniformly bounded r.v.s).

Let {X} be a sequence of non-degenerate, real, central, independent r.v.s such
that | Xi| < K for all k € N and s,(:= o(Sy,)) — oo. Then the distribution
functions of Sy, /s, converge pointwise to the standard normal distribution.

Proof. We have E(|X|*) < Ko?. Therefore

n

570 Y B(IXi[*) < K/sp — 0,
k=1

and Theorem 1.4.11 applies. O

Corollary 1.4.13 (Laplace central limit theorem). Let {Ay} be a sequence
of independent events with PAy = p,0 < p < 1,k = 1,2,... Let B, be the
(Bernoulli) r.v., whose value is the number of occurrences of the first n events
(‘number of successes’). Then the distribution function of the ‘standardized
Bernoulli r.v.’

_ Bn —np

 (npg)'/?

converges pointwise to the standard normal distribution.

*
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Proof. Let Xj = I4, — p. Then X are non-degenerate (since 02(X;) = pg > 0
when 0 < p < 1), real, central, independent r.v.s, and |X;| < 1. Also s, =
(npq)'/? — oo (since pg > 0). By Corollary 1.4.12, the distribution function of
Sn/$n = Bj: converges pointwise to the standard normal distribution. O

Corollary 1.4.14 (Central limit theorem for equidistributed r.v.s). Let
{Xi} be a sequence of non-degenerate, real, central, independent, equidistrib-
uted, L3-r.v.s. Then the distribution function of S, /s, converges pointwise to
the standard normal distribution.

Proof. Denote (independently of k, since the r.v.s are equidistributed):
E(|X:]?) = o o?(Xy) = o*(>0).

Since X}, are independent, s2 = no? by BienAyme’s identity, and therefore, as
n — o0,

_ 3y, —1/2
M, = (o232 ~ (a/o”)n — 0.
The result follows now from Theorem 1.4.11. O

I.5 Vector-valued random variables

Let X = (X1,...,X,) be an R™-valued r.v. on the probability space (2, 4, P).
We say that X has a density if there exists a non-negative Borel function h on
R™ (called a density of X, or a joint density of X1,...,X,), such that

pwemthm (B € BR™),
B

where dx = dx; .. .dx, is Lebesgue measure on R".

When X has a density h, the later is uniquely determined on R™ almost
everywhere with respect to Lebesgue measure dx (we may then refer to the
density of X).

Suppose the density of X is of the form

h(z) =u(zy, ..., zp)0(Tpa1,---,Tn), *)

for some 1 < k < n, where u,v are the densities of (Xi,...,X}) and
(Xks1,---,X,), respectively. Then for any A € B(R¥) and B € B(R"*), we
have by Fubini’s theorem

Xl, )EA] [(Xk+1,...7Xn>€B]

P([(X1,...,X3) € AN [(Xpt1s ..., Xn) € B)).

udry...doy - / vdTryq ... dxy,
B

hS

hz1,...,zp)dxy ... dx, = P[(X1,...,Xpn) € A X B]

ES
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Thus (Xi,...,Xk) and (Xgy1,...,X,) are independent. Conversely, if
(X1,...,Xg) and (Xg41,...,X,) are independent with respective densities u, v,
then for all ‘measurable rectangles’ A x B with A, B Borel sets in R* and R* ¥,
respectively,

Pl(X1,...,Xn) € Ax Bl = P([(X1,..., Xz) € AN [(Xps, ..., Xn) € B])
= P[(X1,...,X}) € Al P[(Xps1, ..., Xn) € B]

udxl...dxk-/ vdTpyq ... dxy,
A B

= / wdxy . ..dx,,
AxB

P[X € H] :/ uv dx
H
for all H € B(R"™), that is, X has a density of the form (*).
We proved the following:

and therefore

Proposition 1.5.1. Let X be an R"-valued r.v., and suppose that for some k €
{1,...,n—1}, X has a density of the form h = uv, where u = u(x1,...,xx) and
v =0(Tkt1,...,Tn) are densities for the r.v.s (Xi1,...,Xk) and (Xg41,...,Xn),
respectively. Then (Xi,...,Xk) and (Xg41,...,Xn) are independent. Con-
versely, if, for some k as above, (Xi,...,Xs) and (Xgi1,...,X,) are inde-
pendent with densities w,v, respectively, then h = wv is a density for
(X1,...,X5).

If the R™-r.v. X has the density h and z = z(y) is a C'-transformation of
R™ with inverse y = y(z) and Jacobian J # 0, we have

PXeB)= [ )6

for all B € B(R™).

Example 1.5.2. The distribution of a sum.
Suppose (X, Y) has the density h : R? — [0, 00). Consider the transformation

r=u—v;, Yy=v
with Jacobian identically 1 and inverse
u=x+y; v=y.

The set
B={(z,y) eR*z+y <cy€eR}

corresponds to the set

B' = {(u,v) € R*}ju < c,v € R}.
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Therefore, by Tonelli’s theorem,

Fxyy(c):=PX+Y <¢=P[X,Y) € B] :/ h(u — v,v) dudv

/; (/Zh(uv,v)dv) du.

This shows that the r.v. X 4+ Y has the density

hxyy(u) = /00 h(u — v,v) dv.

— 00

In particular, when X,Y are independent with respective densities hx and hy,
then X + Y has the density

hxiy(u) = /th(u —v)hy (v)dv := (hx * hy)(u),

(the convolution of hx and hy).
Example 1.5.3. The distribution of a ratio.

Let Y be a positive r.v., and X any real r.v. We assume that (X,Y) has a
density h. The transformation

T=uv; Y=0v

has the inverse
u=uzxly; v=y,
and Jacobian J = v > 0. Therefore

Fx/y(c) == P[X/Y < d = P[(X,Y) € B,

where
B = {(z,y); —o00 <z < cy,y > 0}

corresponds to
B ={(u,v); —0c0 < u < ¢,v > 0}.

Therefore, by Tonelli’s theorem,

Fxy(c) = //h(uv,v)v dudv = /_CO<> (/000 h(uv, v)v dv) du

for all real ¢. This shows that X/Y has the density

hx/y(u) = /000 h(uv,v)vdv  (u € R).
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When X, Y are independent, this formula becomes

hx/y (u / hx(uv)hy (v)vdv (u € R).

Let X be an R™-valued r.v., and let g be a real Borel function on R™. The r.v.
g9(X) is called a statistic. For example,

)_( = (1/n)iXk
k=1

and
n

S%:=(1/n) > (X) — X)?
k=1
are the statistics corresponding to the Borel functions

Z(x1,...,xn) = (1/n) Zxk
k=1

and

n
s2(x1,...,2,) == (1/n) Zxk—m (x1,...,2,)]%,
k=1

respectively. -
The statistics X and S? are called the sample mean and the sample variance,
respectively.

Theorem 1.5.4 (Fisher). Let X1,...,X,, be independent N(0,0?)-distributed

r.v.s. Let B
X, — X

Zy =
k S )

k=1,...,n.
Then

(1) (Z1,...,Zn_2),X, and S are independent;

(2) (Z1,...,Zn—2) has density independent of o;

(3) X is N(0,02/n)-distributed; and

(4) nS? is x%-distributed, with n — 1 degrees of freedom.

Proof. The map sending X1, ..., X, to the statistics Z,...,Z,_2, X, and S?
is given by the following equations:
T — T

ZE = , kE=1,...,n—2;
S

_:(1/n)zxk; (1)
k=1

=(1/n) Y (zp — 7).

k=1
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Note the relations (for zj defined as in (1) for allk =1,...,n).

n

a0 S dem @)

k=1 k=1
Z r3 = n(z)? + ns’. (3)
k=1
By (2),
n—2
zn_l—l—zn—u(:—z,zk)
k=1
and
n—2
23_1 + Z?L =w (:— n— z,%)
k=1
Thus
(u— zn)2 + 2721 =w,
that is,
22 —uz, + (u* —w)/2 = 0.
Therefore

zn = (u+v)/2; Zn—1 = (u—0)/2,
where v := /2w — u?; a second solution has v replaced by —v. Note that

2w —u? =222 | +222 — (21 +20) = (2n1 — 20)* >0,

so that v is real.
The inverse transformations are then
=T+ sz, k=1,...,n—2;
Tp—1 =T+ s(u—v)/2;
Tp =T+ s(u+v)/2,
with v replaced by —v in the second inverse; u,v are themselves functions of

Zlyeeesfn—2.
The corresponding Jacobian

8(1‘1, ‘e ,:En)
J = -
021,y 2n-2,T, 8)
has the form
$"72g (21, Zn_2),
where g is a function of z1, ..., z,_o only, and does not depend on the parameter

o2 of the given normal distribution of the X (k =1,...,n).
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Replacing v by —v only interchanges the last two columns of the determinant,
so that |J| remains unchanged. Therefore, using (3),

hy(z)dz = (2m0?) /2™ Ziar 70/297 qpy  day,
= 2(27r02)*"/Qe*((”(f)%mz)/%z)5"729(2'1, ey Zn—2)
Xdzy...dz,_odTds,

where the factor 2 comes from the fact that the inverse is bi-valued, with the
same value of |.J| for both possible choices, hence doubling the ‘mass element’.
The last expression can be written in the form

hl (J'_J) dzT hg(S) ds hg(Zl, ey Zn_Q) le e dZn_Q,

where 1
h(7) = —— o~ ((@)?/2(a/vn)*)
1(®) V2ra/\/n

is the N(0, 02 /n)-density;
n(n—l)/an—Q

_ —ns? /202
= 20=9/20((n — 1)/2)0n 1 (s>0)

hQ(S)

(and ha(s) = 0 for s < 0) is seen to be a density (i.e. has integral = 1); and

I'((n—1)/2
h3(21,. .« . ;Zn—Q) - MQ(ZIM . '7Zn—2)

is necessarily the density for (Z1,...,Z,_2), and clearly does not depend on o2.
The above decomposition implies by Proposition 1.5.1 that Statements 1-3

of the theorem are correct. Moreover, for x > 0, we have

F,g>(z) = P[nS? < ] = P[S < \/z/n] =

/Om () da.

Therefore

hns2(x) = %Fnsz (€) = ha(v/x/n)(1/2)(x/n)~/?(1/n)
x(n—l)/2—1e—x/20'2

(202)n=D2T((n — 1)/2)°

This is precisely the x2 density with n — 1 degrees of freedom. O

Fisher’s theorem (Theorem 1.5.4) will be applied in the sequel to obtain the
distributions of some important statistics.

Theorem 1.5.5. Let U,V be independent r.v.s, with U normal N(0,1) and V
X3-distributed with v degrees of freedom. Then the statistic
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has the density
hy(t) = v=Y2B(1/2,v/2) Y (1 + 2 /v)~ /2 (t e R),
called the ‘t-density’ or the ‘Student density with v degrees of freedom’.
In the above formula, B(-,-) denotes the Beta function:

L(s)I'(?)

B(s,t) = TGTo)
(s,t > 0).

Proof. We apply Example 1.5.3 with the independent r.v.s X = U and Y =
\/V/v. The distribution Fy (for y > 0) is given by

Fy(y) := P[\/V/v <y] = P[V < vy?

uy2
— 2—u/2]_-w(y/2)—1 / S(u/2)—1e—s/2 ds
0

(cf. Section 1.3.15, Proposition 2). The corresponding density is (for y > 0)

d VV/Q 1 2
- - v—1,-vy*/2
hy (y) = dyFY(y) = 21//2711—‘(V/2)y ¢ ’

and of course hy (y) =0 for y < 0.
By hypothesis, hx (z) = e’12/2/\/ 27. By Example 1.5.3, the density of T is

hr (1) = / hx (v hy ()0 do
0
I/l//2
CV2m2v /21T (v)2)
Write s = v2(t? 4+ v)/2:

0

v/2 0

v

hn(t) = —s(v+1)/2—-1 ds.

™0 = a )@+ oyeroe /0 € °

Since I'(1/2) = /7, the last expression coincides with h, (t). O

Corollary 1.5.6. Let Xi,...,X, be independent N(u,o02)-r.v.s. Then the
statistic

T:="—"Vn-1 (*)
has the Student distribution with v =mn — 1 degrees of freedom.

Proof. Take U = (X —p)/(0/+/n) and V = nS?/o?. By Fisher’s theorem, U, V
satisfy the hypothesis of Theorem 1.5.5, and the conclusion follows (since the
statistic T in Theorem 1.5.5 coincides in the present case with (*)). O



322 Application I Probability

Corollary 1.5.7. Let X1,..., X, and Y1,...,Y,, be independent N (p, o2)-r.v.s.
Let X, Y, S%, and S% be the ‘sample means’ and ‘sample variances’ (for the
‘samples’ X1,..., X, and Y1,...,Y,,). Then the statistic

W= i\/(n+m72)nm/(n+m)

\/nS% +mSE

has the Student distribution with v =n +m — 2 degrees of freedom.

Proof. The independence hypothesis implies that X and Y are independent
normal r.v.s with parameters (p,02/n) and (i, 0?/m), respectively. Therefore
X —Y is N(0,0%(n + m)/nm)-distributed, and

X-Y

U=——-n-———
o/ (n+m)/nm

is N(0, 1)-distributed.

By Fisher’s theorem, the r.v.s nS% /02 and mSZ /o? are x?-distributed with
n—1 and m — 1 degrees of freedom, respectively, and are independent (as Borel
functions of the independent r.v.s Xi,..., X, and Y3,...,Y,,, resp.). Since the
x2-distribution with 7 degrees of freedom is the Gamma distribution with p = r/2
and b = 1/2, it follows from Proposition 1 in Section 1.3.15 that the r.v.

nS% +mS%

V= 5

o
is x2-distributed with v = (n — 1) + (m — 1) degrees of freedom.

Also, by Fisher’s theorem, U,V are independent. We may then apply
Theorem 1.5.5 to the present choice of U, V. An easy calculation shows that
for this choice T'= W, and the conclusion follows. O

Remark 1.5.8. The statistic 7" is used in ‘testing hypothesis’ about the
value of the mean p of a normal ‘population’;, using the ‘sample outcomes’
X1,...,X,. The statistic W is used in testing the ‘zero-hypothesis’ that two
normal populations have the same mean (using the outcomes of samples taken
from the respective populations). Its efficiency is enhanced by the fact that
it is independent of the unknown parameters (u,o?) of the normal population
(cf. Section 1.6).

Tables of the Student distribution are usually available for v < 30. For v > 30,
the normal distribution is a good approximation. The theorem behind this fact
is the following;:

Theorem 1.5.9. Let h, be the Student distribution density with v degrees of
freedom. Then as v — oo, h, converges pointwise to the N (0, 1)-density, and

b
lim Pla<T <b = (1/@)/ o/ gy *)

V—00

for all real a < b.
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Proof. By Stirling’s formula, I'(n) is asymptotically equal to (n/e)™. Therefore

(since T'(1/2) = /)

o Nors
T(v/2)  ((v+1)/2e)¥+D/2 el/2

B 7 Y (R T R (R Ve

Hence, as v — oo,
hy(t) == [yl/QB(l/Q’y/Q)]—l(l + tZ/V)—y/2—1/2 . (1/\/ﬂ)e_t2/2_

For real a < b,

b
Pla<T < b = [v'/2B(1/2, u/2)]’1/ i+ tQ/Cf,t)(y+1>/2~

The coefficient before the integral was seen to converge to 1/4/27; the integrand
converges pointwise to e~t’/2 and is bounded by 1; therefore (*) follows by
dominated convergence. O

Theorem 1.5.10. Let U; be independent x3-distributed r.v.s with v; degrees of
freedom (i =1,2). Assume Us > 0, and consider the statistic

F .= Ul/yl.
UQ/Z/Q
Then F has the distribution density
yifl/ngz/? uri/2-1

h(u: -
(U7 V1, VQ) B(V1/2, 1/2/2) (I/lu + VQ)(V1+V2)/2

foru >0 (and =0 for u <0).

The above density is called the ‘F-density’ or ‘Snedecor density’ with (v, )
degrees of freedom.

Proof. We take in Example 1.5.3 the independent r.v.s X = Uj/vy and Y =
Us/ve. We have for z > 0:

Fx(z) = P[U; < nz] = [2V1/2r(y1/2)]—1/ /2 e T2 gt
0

and Fx(x) =0 for z < 0. Therefore, for z > 0,

d (V1/2)V1/2xy1/2—1e—1/11/2

hx(r) = %FX(JJ) = T2 7
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and hx(z) =0 for < 0. A similar formula is valid for Y, with v replacing v4.
By Example 1.5.3, the density of F':= X/Y is 0 for u < 0, and for u > 0,

hr(u) = /000 hx (uwv)hy (v)v dv

(1 /2)" 2 (vp/2)2/2
- T(n/2)0(v2/2)

/Oo(U,U)ul/271,01/2/267(1111w+u2u)/2 dv. (*)
0

The integral is
oo
uu1/271 / e*’U(Vlqul/z)/Q,U(l/lJrl/Q)/271 dv.
0
Making the substitution v(v1u + 12)/2 = s, the integral takes the form
ulll /2—1

> —s (vitv2)/2-1
[(V1U+V2)/2](”1+”2)/2/0 © o

Since the last integral is I'((v1 + 12)/2), it follows from (*) that hp(u) =
h(u;vy,v9), for h as in the theorem’s statement. O

Corollary I.5.11. Let X1,...,X, and Yi,...,Y,, be independent N(0,0?)-
distributed r.v.s. Then the statistic

F:= g—);(l —1/m)/(1—1/n)
Y

has Snedecor’s density with vy =n — 1 and vo = m — 1 degrees of freedom.
Proof. Let U; := nS% /o and Uy := mSZ /o?. By Fisher’s theorem, U; are
x3-distributed with v; degrees of freedom (i = 1,2). Since they are independent,

the r.v. F = (Uy/v1)/(Uz/v2) has the Snedecor density with (v1,12) degrees of
freedom, by Theorem 1.5.10. O

1.5.12. The statistic F' of Corollary 1.5.11 is used, for example, to test the
‘zero hypothesis’ that two normal ‘populations’ have the same variance (see
Section 1.6). Statistical tables give u,, defined by

PIF > u] (: /um h(us 11, vs) du) —a,

a

for various values of @ and of the degrees of freedom v;.

1.6 Estimation and decision

We consider random sampling of size n from a given population. The n outcomes
are a value of a R™-valued r.v. X = (X3,...,X,,), where X have the same distri-
bution function (the ‘population distribution’) F(.;); the ‘parameter vector’ 6
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is usually unknown. For example, a normal population has the parameter vector

(u, 02), ete.

Estimation is concerned with the problem of ‘estimating’ 6 by using
the sample outcomes Xi,...,X,, say, by means of some Borel function of
Xl, N ,Xni

0" = g(X1,...,Xy).

This statistic is called an estimator of 6.
Consider the case of a single real parameter 6.
A measure of the estimator’s precision is its mean square deviation from 6,

E(9* —6)2,

called the risk function of the estimator.
We have

E(0* —0)? = E[(6* — E0*) + (E0* — 0))?
= E(0* — E0*)> + 2E(0* — E0%) - (E0* — 0) + (EO* — ).
The middle term vanishes, so that the risk function is equal to
a2(0*) + (EO* — ). ()

The difference 6 — E6* is called the bias of the estimator #*; the estimator is
unbiased if the bias is zero, that is, if £6* = 6. In this case the risk function is
equal to the variance o2 (6*).

Example 1.6.1. We wish to estimate the expectation p of the population
distribution. Any weighted average

n
w= Zaka (ak > O,Zak = 1)
k=1
is a reasonable unbiased estimator of u:

Ep* =Y axEXy=» app=p.

By BienAyme’s identity (since the X are independent in random sampling), the
risk function is given by

) = Yt (Xp) = Y ado?,
k=1

where o2

Zak = 13

is the population variance (assuming that it exists). However, since

Zai = Z(ak —1/n)?>+1/n>1/n,

and the minimum 1/n is attained when ay = 1/n for all k. Thus, among all
estimators of u that are weighted averages of the sample outcomes, the estimator
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with minimal risk function is the arithmetical mean p* = X; its risk function
o 2
is 0% /n.

Example 1.6.2. As an estimator of the parameter p of a binomial population
we may choose the ‘successes frequency’ p* := S, /n (cf. Example 1.2.7). The r.v.
p* takes on the values k/n (k=0,...,n), and

X n n—
P[p* = k/n] = P[S, = k] = (k) prPgnr.
The estimator p* is unbiased, since
Ep* = ES,/n=np/n =p.

Its risk function is
o?(p*) = npg/n® = pg/n < 1/4n.

By Corollary 1.4.13, (p* — p)/+/pg/n is approximately N (0, 1)-distributed for n
‘large’. Thus, for example,

P[lp* — p| < 24/pq/n] > 0.95,

and since pg < 1/4, we surely have

Pllp* —p| < 1/+/n] > 0.95.

Thus, the estimated parameter p lies in the interval (p* —1/y/n, p*+1/y/n) with
‘confidence’ 0.95 (at least). We shall return to this idea later.

In comparing two binomial populations (e.g. in quality control problems), we
may wish to estimate the difference p; — po of their parameters, using samples
of sizes n and m from the respective populations. A reasonable estimator is the
difference V' = S,,/n — S/, /m of the success frequencies in the two samples. The
estimator V is clearly unbiased, and its risk function is (by BienAyme’s identity)

o*(V) = 0*(8n/n) + 0*(S},/m) = prar/n + pagz/m < 1/4n + 1/4m.

For large samples, we may use the normal approximation (cf. Corollary 1.4.13) to
test the ‘zero hypothesis’ that p; —ps = 0 (i.e. that the two binomial populations
are equidistributed) by using the statistic V.

Example 1.6.3. Consider the two-layered population of Example 1.2.8. An
estimator of the proportion N;/N of the layer P; in the population, could be
the sample frequency U := D /s of Pi-objects in a random sample of size s.
We have EU = (1/s)(sN1/N) = N1/N, so that U is unbiased.
The risk function is (cf. Example 1.2.8)

o*(U) = (1/s)

N*SNl Nl
N-1N

1— N) < 1/4s.



1.6. Estimation and decision 327

Example 1.6.4. The sample average X is a natural unbiased estimator A* of
the parameter A\ of a Poissonian population. Its risk function is o2(\*) = \/n
(cf. Example 1.3.9).

Example 1.6.5. Let X1, ..., X, be independent N (u,c?)-r.v.s. For any weights
ai,...,ay,, the statistic

__n - 2 w2
= P lZaka—X ]
k=1
is an unbiased estimator of 2. Indeed,
E(X)?=0*(X) + [EX]* = 0®/n+ 12,

and therefore

v=_" lz ap(o? + p) = (0% /n + 1)
k

n—1

71(1 —1/n)o? = o>,

When ay, = 1/n for all k, the estimator V' is the so-called ‘sample error’

n

V=nS*/(n—1)=

-1
k=1
Example 1.6.6. Let X1, Xo,... be independent r.v.s with the same distribution.
Assume that the moment ps, of that distribution exists for some r > 1. For each
n, the arithmetical means
1 n
= — XT.
S X
k=1

are unbiased estimators of the rth moment g, of the distribution. By
Example 1.2.14 applied to Y, = X}, m,,, — p, in probability (as n — oo). We
say that the sequence of estimators {m, ,}, of the parameter p, is consistent
(the general definition of consistency is the same, mutatis mutandis).

If {6} is a consistent sequence of estimators for 6§ and {a, } is a real sequence
converging to 1, then {a, 0} } is clearly consistent as well. Biased estimators could
be consistent (start with any consistent sequence of unbiased estimators € ; then
((n —1)/n)@; are still consistent estimators, but their bias is /n # 0 (unless

9 = 0)).

1.6.7. Mazimum likelihood estimators (MLESs).

The distribution density f(z1,...,2,;0) of (X1,...,X,), considered as a
function L(0), is called the likelihood function (for Xi,...,X,). The MLE (for
X1,...,Xp) is 65(Xq,...,X,,), where 68* = 0*(xq,...,x,) is the value of 6 for
which L(#) is maximal (if such a value exists), that is,

f(mla"'axn;e*) Zf('r177xn79)
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for all (z1,...,z,) € R™ and 6 in the relevant range. Hence
Pg*[X S B] > PQ[X S B}

for all B € B(R™) and 6, where the subscript of P means that the distribution
of X is taken with the parameter indicated.

We consider the case when X7, ..., X,, are independent N (u,o?)-r.v.s. Thus
L(0) = (2m0?) /2 Zlee—m?/20% g — (4 52).
Maximizing L is equivalent to maximizing the function
6(0) := log L(0) = —(n/2) log(270?) — >y — )2 /20%.

Case 1. MLE for u when o is given. The necessary condition for pu = p*,

o
i Y (ar—p)/o* =0, (1)
implies that pu* = p*(z1,...,2z,) = Z. This is indeed a maximum point, since
82
a—ﬂf =-—n/o? <0.

Thus the MLE for p (when o is given) is
(X, Xp) = X,

Case 2. MLE for o when p is given. The solution of the equation

8?;@) = —n/20% + (1/20%) Z(mk —n)?*=0 (2)

(%) = (1/n) D (an — w)*.

Since the second derivative of ¢ at (02)* is equal to —n/2[(c%)*]? < 0, we got
indeed a maximum point of ¢, and the corresponding MLE for o2 is

(0%)" (X1ye s Xn) = (1/0) Y (Xi — )™,

Case 8. MLE for 0 := (u,0?) (as an unknown vector parameter). We need to
solve the equations (1) and (2) simultaneously. From (1), we get p* = Z; from
(2) we get

(0’2)* — (1/n)z($k _ M*)Q _ (1/H)Z(xk - .i‘)2 — 2.

The solution (#, s?) is indeed a maximum point for ¢, since the Hessian for ¢ at
this point equals n?/2s% > 0, and the second partial derivative of ¢ with respect
to p (at this point) equals —n/s? < 0. Thus the MLE for 6 is

0*(X1,...,X,) = (X,5?).
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Note that the estimator S? is biased, since
n—1
ES? = — o2,

n

but consistent: indeed,

§*=(1/n) Yy Xi - [(UMZXA@] ;
k=1

k=1

S

by the weak law of large numbers, the first average on the right-hand side
converges in probability to the second moment py, while the second average
converges to the first moment p; = p; hence S? converges in probability to
po — p? = o2 (when n — o).

Confidence intervals

1.6.8. Together with the estimator 8* of a real parameter 6, it is useful to have
an interval around 0* that contains 6 with some high probability 1 —« (called the
confidence of the interval). In fact, 8 is not a random variable, and the rigorous
approach is to find an interval (a(6),b(#)) such that

P9* € (a(9),b(0)] =1—c. (3)
The corresponding interval for 6 is a (1 — «)-confidence interval for 6.
Example 1. Consider an N(u,o?)-population with known variance. Let
X —p
Z = .
a/vn

Then Z is N(0,1)-distributed. In our case, (3) for the estimator X of u takes
the equivalent form

plal) —p b(p) — p
o/vn o/vn

For simplicity, take a symmetric Z-interval,

<Z< =1—-qa. (4)

bp) —pm _ . el —p
o/vn ’ a/vn ’

that is,
a(p) =p—co/vn;  blp)=p+co/vn.

Let ® denote the N(0,1)-distribution function. By symmetry of the normal
density,
(—c) =1 - (c),

and therefore (4) takes the form

1—a=®(c) — P(—c) =2%(c) — 1,
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that is,
D(c) =1— /2,
and we get the unique solution for c:
c=® (1 - /2) = 21_q). (5)

By symmetry of the normal density, —c = z,/2. The interval for the estimator
X is then

f+ 2a20 /= a(p) < X < b(p) == p+ z1_a/20/V/n,

and the corresponding (1 — «)-confidence interval for p is

X*Zl_a/gg/\/’ﬁ<ﬂ<X*2a/QO’/\/’ﬁ.

Example 2. Consider an N (u, 0%)-population with both parameters unknown.
We still use the MLE p* = X. By Corollary 1.5.6, the statistic
X—p
T :=
S
has the Student distribution with n — 1 degrees of freedom. By symmetry of the
Student density, the argument in Example 1 applies in this case by replacing ®

with Fr,_1, the Student distribution function for n — 1 degrees of freedom, and

o/v/n by S/v/n—1. Let

n—1

tyn—1= FIT,}AL—1(’Y)~

Then a (1 — a)-confidence interval for p is
X - tl_a/gvn_ls/\/n —-1< n < X - ta/gm_lS/\/n — 1.

Example 3. In the context of Example 2, we look for a (1 — «)-confidence
interval for o2. By Fisher’s theorem, the statistic V := nS?/0? has the x?
distribution with n — 1 degrees of freedom (denoted for simplicity by Fi,_1).

Denote

X?y,n—l =F, (7)) (veR).

Choosing
a= Xi/Q,nA? b= Xffa/lnfl’
we get
Pla<V <b=F,1(b) —Fp—1(a) = (1 —a/2) —a/2=1—aq,

which is equivalent to

nS? nS?
Pl <o’< 52| =1-q,
X1-a/2,n-1 Xa/2,n—1

from which we read off the wanted (1 — «)-confidence interval for o2.
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Testing of hypothesis and decision

1.6.9. Let X;,..., X, be independent r.v.s with common distribution F(.;8),
with an unknown parameter 6. A simple hypothesis is a hypothesis of the form

H0:9:90.

This is the so-called ‘zero hypothesis’.
We may consider an ‘alternative hypothesis’ that is also simple, that is,

H129:01.

Let Pp,(i = 0,1) denote the probability of any event ‘involving’ X;,..., X,
under the assumption that their common distribution is F'(.;6;).

The set C' € B(R™) is called the rejection region of a statistical test if the
zero hypothesis is rejected when X € C, where X = (X1,...,X,,).

The significance of the test is the probability « of rejecting Hy when Hj is
true.

For the simple hypothesis Hy above,

a=a(C):= Py |X €C].
Similarly, the probability
B=p(C):= Py, [X €]
is called the power of the test. It is the probability of rejecting Hy when the
alternative hypothesis H; is true.
It is clearly desirable to choose C' such that « is minimal and 3 is maximal.

The following result goes in this direction.

Lemma 1.6.10 (Neyman—Pearson). Suppose the population distribution has
the density h(.;0). For k € R, let

Cy = {(xl,..-,xn) eR" [ ras:00) > ’th(xj;QO)}'

j=1 j=1
Then among all C € B(R™) with a(C) < a(Ck), the set Cy, has mazimal power.

In symbols, 5(C) < 3(Cy) for all C with a(C) < a(Cy).

Proof. Let C € B(R") be such that a(C) < a(Cy). Denote D = C' N C. Since

C-D=CnNCEcCCE,
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we have

B(C —D)=p(CNCE) := Py [X € CNCY

:/ Hh(xj;ol)dl’l“'dxnﬁk/ Hh(:z:j;ﬂo)dx1~~dxn
cneg oncg

= kPy,[X € C — D] = kPy,[X € C] — kPy,[X € D]
< kPy,[X € Ci] — kPy,[X € D] = kP, [X € C), — D]

:k:/ h(x;;00)dxy --- do

Ck_DE[ (253 00)dzy

S/ Hh(xj,el)dxldacn:Pgl[XEC’k—D]:ﬂ(Ck—D)
Cr—D "

Hence
B(C) = B(C = D)+ B(D) < B(Cx — D) + (D) = B(Ck).
O

Note that the proof does not depend on the special form of the joint density
of (X1,...,Xy). Thus, if Cf is defined using the joint density (with the values 6;
of the parameter), the Neyman—Pearson lemma is valid without the independence
assumption on X1,...,X,.

Application 1.6.11. Suppose F is the N(u,o?) distribution with o2 known,
and consider simple hypothesis

H;:p=p;, =01

For k > 0, we have (by taking logarithms):

n

Cr = {(xl, o xn) € R (=1/207) Z[(CL‘J —wm)? = (zj — po)? > logk}

= {(ml,...,xn);(,ul — o) {ij —n(uy +,uo)/2} > o2 logk}.

Denote N log k
* ul :uO og
o= PR (%) B
—po
Then if pu1 > po,
Cr ={(z1,...,2,);T > k*},

and if py < po,
Cr ={(z1,...,2,);T < k*}.

We choose the rejection region C' = C} for maximal power (l_oy the Neyman—
Pearson lemma). Note that it is determined by the statistic X: Hy is rejected
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if X > k* (in case u; > po). The critical value k* is found by means of the
requirement that the significance be equal to some given a:

a(Cy) = «,

that is, when puy > po, _
P, [X >k]=ca.

Since X is N (o, 0% /n)-distributed under the hypothesis Hy, the statistic

X — o
Z =
a//n

is N(0,1)-distributed. Using the notation of Example 1 in Section 1.6.8, we get
k* — po k* — po
= PL Z — 1 - (b P
“ { >o/\/ﬁ} (wﬁ

k* — po _
U/\/ﬁ 1—a

so that

and
k* = Ho + Zlfao'/\/ﬁ'

We thus arrive to the ‘optimal’ rejection region
Cr ={(z1,...,2n) ER™; T > po + 21-00/v/n}

for significance level « (in case 1 > po).
An analogous calculation for the case p1 < pgo gives the ‘optimal’ rejection
region at significance level o

Ck ={(x1,.,2n); T < po + 2a0//n}.

Application 1.6.12. Suppose again that F is the N(u,o0?) distribution, this
time with p known. Consider the simple hypothesis

Hi:0=0;, i=0,1.

We deal with the case o1 > ¢ (the other case is analogous).
For k > 0 given, the Neyman—Pearson rejection region is (after taking
logarithms)

Cp = {x = (21, ) ER™D (2 — ) > k}

Jj=1

where
_ 2logk +nlog(ay/a0)

—2 -2 :
0g — 04

k* -
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We require the significance level a;, that is,

= a(Cy) = Py, [Z(Xj —0)? > k.

Since (X;—p)/o? are independent N (0, 1)-distributed r.v.s (under the hypothesis
Hy), the statistic

n

1/‘70 Z

Jj=1

has the standard x? distribution with n degrees of freedom (cf. Section 1.3.15,
Proposition 2). Thus

a = Pyy[x* > k*/op) = 1 — Fya (K /og).

Denote
ey =FG'(y) (v>0)

(for n degrees of freedom). Then k* = 03ci_,, and the Neyman-—Pearson
rejection region for Hy at significance level « is

Cr = {:lc € R";Z(xj —u)? > Ugcl,a} .

Tests based on a statistic

1.6.13. Suppose we wish to test the hypothesis
Hy:0=0g
against the alternative hypothesis

Hy: 0+ 6,

about the parameter 0 of the population distribution F' = F(.;6).

Let Xy,...,X, be independent F-distributed r.v.s (i.e. a random sample
from the population), and suppose that the distribution Fy(x) of some statistic
g(X) (where g : R® — R is a Borel function) is known explicitely. Denote this
distribution, under the hypothesis Hy, by Fy. It is reasonable to reject Hy when
g(X) > ¢ (‘one-sided test’) or when either g(X) < a or g(X) > b (‘two-sided
test’), where ¢ and a < b are some ‘critical values’. The corresponding rejection
regions are

C={zeR"g(x)>c} (6)

and
C={xeR"%g(x) <aor g(x) > b}. (7)

For the one-sided test, the significance « requirement is (assuming that Fj is

continuous):
a=a(C):= Pylg(X) >c =1- Fy(e),
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and the corresponding critical value of ¢ is
o =Fy ' (1—a).

In case (7) (which is more adequate for the ‘decision problem’ with the alternative
hypothesis Hy), it is convenient to choose the values a, b by requiring

Py, [g(X) < a] = Py, [9(X) > b] = /2,
which is sufficient for having a(C) = «. The critical values of a,b are then
ao‘:Foil(a/2); ba:Foil(l_Ol/2). (8)

Example 1.6.14. The z-test
Suppose F' is the normal distribution with known variance. We wish to test
the hypothesis

Ho : p= po
against
Hy s # po-

Using the N (0, 1)-distributed statistic Z as in Application 1.6.11, the two-sided
critical values at significance level a are

Qo = 2a/2; ba = Rl—a/2-

By symmetry of the normal density, a, = —b,. The zero hypothesis is rejected
(at significance level a) if either Z < z,/2 or Z > 21_q 2, that is, if [Z] > 21_4 2.

Example 1.6.15. The t-test
Suppose both parameters of the normal distribution F' are unknown, and
consider the hypothesis H; of Example 1.6.14. By Corollary 1.5.6, the statistic

X —p
S/vn—1
has the Student distribution with n — 1 degrees of freedom. With notation as in

Section 1.6.8, Example 2, the critical values (at significance level a, for the test
based on the statistic 7') are

T .=

Qo = ta/2,n—1; b, = tl—a/2,n—1'

By symmetry of the Student density, the zero hypothesis is rejected (at
significance level ) if [T > t1_4 /251

Example 1.6.16. Comparing the means of two normal populations.

The zero hypothesis is that the two populations have the same normal
distribution.

Two random samples X1,..., X, and Y7,...,Y,, are taken from the respect-
ive populations. Under the zero hypothesis Hy, the statistic W of Corollary 1.5.7
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has the Student distribution with ¥ = n + m — 2 degrees of freedom. By sym-
metry of this distribution, the two-sided test at significance level «a rejects Hy if
|W| > tlfa/Q,u-

Example 1.6.17. Comparing the variances of two normal populations.

With Hy, X, and Y as in Example 1.6.16, the statistic F' of Corollary 1.5.11
has the Snedecor distribution with (n — 1,m — 1) degrees of freedom. If Fj
is this distribution, the critical values at significance level « are given by (8),
Section 1.6.13.

1.7 Conditional probability

Heuristics

Let (€2, A, P) be a probability space, and A;,B; € A. Consider a two-stage
experiment, with possible outcomes Ajy,..., A,, in Stage 1 and By,..., B, in
Stage 2.

On the basis of the ‘counting principle’, it is intuitively acceptable that

P(A; N Bj) = P(A;)P(B;|A), (1)

where P(B;|A;) denotes the so-called conditional probability that B; will occur
in Stage 2, when it is given that A; occurred in Stage 1. We take (1) as the
definition of P(B;|A;) (whenever P(A;) # 0).

Definition 1.7.1. If A € A has PA # 0, the conditional probability of B € A
given A is
P(ANB)

PA

It is clear that P(.|A) is a probability measure on A. For any L!(P) real r.v. X,
the expectation of X relative to P(.|A) makes sense. It is called the conditional
expectation of X given A, and is denoted by E(X|A):

P(B|A) =

E(X|A) ::/QXdP(-|A):(1/PA)/AXdP. 2)

Equivalently,
E(X|A)PA = / XdP (Ae A, PA#0). (3)
A
Since P(B|A) = E(Ig|A), we may take the conditional expectation as the basic
concept, and view the conditional probability as a derived concept.

Let {A;} C Abe a partition of 2 (with PA; # 0), and let Ag be the o-algebra
generated by {4;}. Denote

E(X|A) : ZE X|A)NI (4)
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This is an Ap-measurable function, which takes the constant value E(X|A;) on

Ai (i=1,2,...). Any A € Ag has the form A = |J,.; A;, where J C N. By (3),

/ E(X|Ay)dP = ZE X[A)P(AinA) =) E(X|A,)P
A

i€J

_Z/ XdP = /XdP (A€ A). (5)

i€J

Relation (5) may be used to define the conditional expectation of X, given the
(arbitrary) o-subalgebra Ay of A:

Definition 1.7.2. Let Ay be a o-subalgebra of A, and let X be an L!(P)-
real r.v. The conditional expectation of X given Ag is the (P-a.s. determined)
Ap-measurable function E(X|.Ag) satisfying the identity

/E(X|AO)dP:/XdP (A € Ao). (6)
A A

Note that the right-hand side of (6) defines a real-valued measure v on Ay,
absolutely continuous with respect to P (restricted to Ag). By the Radon-
Nikodym theorem, there exists a P-a.s. determined Ap-measurable function,
integrable on (2, Ag, P), such that (6) is valid. Actually, E(X|A) is the
Radon—Nikodym derivative of v with respect to (the restriction of) P.

The conditional probability of B € A given Ay is then defined by

P(B|Ao) := E(I5|Ao).

By (6), it is the P-a.s. determined Ag-measurable function satisfying
/ P(B|Ay)dP = P(ANB) (A € Ay). (1)
A

We show that E(X|Ag) defined by (6) coincides with the function defined before
for the special case of a o-subalgebra generated by a sequence of mutually disjoint
atoms. The idea is included in the following;:

Theorem 1.7.3. The conditional expectation E(X|Ag) has a.s. the constant
value E(X|A) on each P-atom A € Ay. (A € Agy is a P-atom if PA >0, and A
is not the disjoint union of two Ag-measurable sets with positive P-measure.)

Proof. Suppose f : Q@ — [—o00, 0] is Ap-measurable, and let A € Ay be a
P-atom. We show that f is a.s. constant on A.
Denote A, := {w € A4; f(w) < x}, for x > —oo0.
By monotonicity of P, if —oo <y <z < oo and PA, = 0, then also PA, = 0.
Let
h = sup{x; PA, = 0}.

Then PA, = 0 for all x < h. Since

A= {J A

r<h;reQ
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we have

PA, =0. (8)

By definition of h, we have PA, > 0 for x > h, and since A is a P-atom
and A, € Ap (because f is Ag-measurable) is a subset of A, it follows that
P{w € A; f(w) >z} =0 for all z > h. Writing

{wedifw >hn= |J {wedflw=r}

r>h;reQ
we see that P{w € A; f(w) > h} = 0. Together with (8), this proves that
Pl € A f(w) # h} =0,

that is, f(w) = h P-a.s. on A.
Applying the conclusion to f = E(X|.Ap), we see from (6) that this constant
value is necessarily E(X|A) (cf. (2)). O

We collect some elementary properties of the conditional expectation in the
following

Theorem 1.7.4.

(1) E(E(X|A)) = EX.

(2) If X is Ag-measurable, then E(X|Ag) = X a.s. (this is true in particular
for X constant, and for any r.v. X if Ag = A).

(3) Monotonicity: for real r.v.s X,Y € LY(P) such that X
E(X|Ay) < E(Y]Ao) a.s. (in particular, since —|X| <
[E(X[Ao)| < E(|X]|Ao) a-s.).

(4) Linearity: for X,Y € LY(P) and o, 3 € C,

Y a.s.,
<

<
X < x|

E(aX + BY|Ay) = aB(X|Ao) + BE(Y|Ay) as.
Proof.
(1) Take A= Q in (6).
(2) X is Ap-measurable (hypothesis!) and satisfies trivially (6).
(3) The right-hand side of (6) is monotonic; therefore

/E(X|Ao)dP§/E(Y|A0)dP
A A

for all A € Ag, and the conclusion follows for example from the ‘Averages
lemma’.

(4) The right-hand side of the equation in property (4) is Ap-measurable and
its integral over A equals [,(aX + BY)dP for all A € Ay. By (6), it
coincides a.s. with F(aX + Y |Ap).

O



L1.7. Conditional probability 339

We show next that conditional expectations behave like ‘projections’ in an
appropriate sense.

Theorem 1.7.5. Let Ag C A; be o-subalgebras of A. Then for all X € L*(P),
B(E(X|Ao)|Ar) = E(E(X|A)|Ao) = E(X| o) as. (9)

Proof. E(X|Ap) is Ag-measurable, hence also .4;-measurable (since Ay C A;),
and therefore, by Theorem 1.7.4, Part 2, the far left and far right in (9)
coincide a.s.

Next, for all A € Ap(C A1), we have by (6)
/ E(E(X|A1)|Ao)dP = / E(X|A))dP = / X dP = / E(X|Ao)dP.
A A A A

so that the middle and far right expressions in (9) coincide a.s. O

‘Almost sure’ versions of the usual convergence theorems for integrals are
valid for the conditional expectation.

Theorem 1.7.6 (Monotone convergence theorem for E(.|Ay)). Let 0 <
X1 < X5 < -+ (as.) be r.v.s such that lim X,, := X € LY(P). Then

E(X|.Ao) = lim E(Xn|A0) a.S.
Proof. By Part (3) in Theorem 1.7.4,
0 S E(Xl‘.Ao) S E(XQ‘AO) S a.S.

Therefore h := lim,, E(X,|Ay) exists a.s., and is Ag-measurable (after being
extended as 0 on some P-null set). By the usual Monotone Convergence theorem,
we have for all A € A

/th—hm/EX|A0 dP—hm/X dP = /XdP
A

hence h = E(X|Ap) a.s. O

Corollary 1.7.7 (Beppo Levi theorem for conditional expectation). Let
X, >0 (a.s.) be r.v.s such that 3" X, € L*(P). Then

E(zn:Xn]A()) = ZR:E(XH\AO) a.s.

Taking in particular X,, = I, with mutually disjoint B,, € A, we obtain the
a.s. o-additivity of P(.|4p):

oo

P( U Bn|A0> =Y P(Bn]A) as. (10)
n=1

n=1



340 Application I Probability

Theorem 1.7.8 (Dominated convergence theorem for conditional
expectation). Let {X,} be a sequence of r.v.s such that

X, — X as.

and
|X,| <Y e LY(P).

Then
E(X|Ap) =lim E(X,|Ay) a.s.

Proof. By Properties (1) and (3) in Theorem 1.7.4, E(|E(X,|Ao)|) < E(Y) <
0o, and therefore E(X,|Ap) is finite a.s., and similarly E(X|.A4p). Hence
E(X,|Ay)— E(X|Ap) is well-defined and finite a.s., and has absolute value equal
a.s. to

|E(Xn — X[ Ao)| < E(|Xn — X[ Ag) < E(Zn|Ao), (11)

where

Z,, = sup | Xy — X|(€ L*(P)).
k>n

Since Z, is a non-increasing sequence (with limit 0 a.s.), Property (3) in The-
orem 1.7.4 implies that E(Z,|Ap) is a non-increasing sequence a.s. Let h be
its (a.s.) limit. After proper extension on a P-null set, h is a non-negative
Ap-measurable function. Since 0 < Z,, < 2Y € L!'(P), the usual Dominated
Convergence theorem gives

Og/thg/E(Zn|Ao)dP:/anP—>n 0,
Q Q Q

hence h = 0 a.s. By (11), this gives the conclusion of the theorem. O

Property (2) in Theorem 1.7.4 means that Ag-measurable functions behave
like constants relative to the operation E(.|Ag). This ‘constant like’ behaviour
is a special case of the following:

Theorem 1.7.9. Let X,Y be r.v.s such that X,Y, XY € LYP). If X is
Ag-measurable, then

B(XY|A) = X E(Y|4y) as. (12)
Proof. If B € Ay and X = Ip, then for all A € A,
/ XE(Y]Ag)dP = E(Y|Ao) dP = Y dP = / XY dP,
A ANB ANB A

so that (12) is valid for Ap-measurable indicators, and by linearity, for all
Ag-measurable simple functions. For an arbitrary Agp-measurable r.v. X €
LY(P), there exists a sequence {X,,} of Ap-measurable simple functions such
that X,, — X and |X,,| < |X]|. We have

E(X,Y|Ay) = X,E(Y|Ay) as.



L1.7. Conditional probability 341

Since E(Y|Ap) is P-integrable, it is a.s. finite, and therefore the right-hand side
converges a.s. to X E(Y|A).

Since X,Y — XY and |X,,Y| < |XY| € L*(P), the left-hand side converges
a.s. to E(XY]|Ap) by Theorem 1.7.8, and the result follows. O

Conditioning by a r.v.

1.7.10. Given a r.v. X, it induces a o-subalgebra Ax of A, where
Ax = {XY(B);B € B},
and B is the Borel algebra of R (or C). It is then ‘natural’ to define
E(Y[X) = E(YAx) (13)

for any integrable r.v. Y.
Thus E(Y|X) is the a.s. uniquely determined (Ax )-measurable function such
that

/ E(Y|X)dP = / Y dP (14)
X-1(B) X-1(B)

for all B € B.

As a function of B, the right-hand side of (14) is a real (or complex) meas-
ure on BB, absolutely continuous with respect to the probability measure Pyx
[Px(B) = 0 means that P(X~1(B)) = 0, which implies that the right-hand side
of (14) is zero]. By the Radon-Nikodym theorem, there exists a unique (up to
Px-equivalence) Borel L*(Py)-function h such that

/ hdPx :/ YdP (B e B). (15)
B X-1(B)

We shall denote (for X real valued)
h(z):=EY|X =2) (z€R), (16)

and call this function the ‘conditional expectation of Y, given X = x’. Thus, by
definition,

/ E(Y|X = 2)dPx (z) = / YdpP (BeB). (17)
B X-1(B)

Taking B = R in (17), we see that
Epc (E(Y[X = 2)) = E(Y), (18)

where Ep, denotes the expectation operator on L'(R, B, Px).
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The proof of Theorem 1.7.3 shows that E(Y|X = z) is Px-a.s. constant on
each Px-atom B € B. By (17), we have

E(Y|X =2) = D) /Xl(B) Y dP (19)

Px-a.s. on B, for each Px-atom B € B.
As before, the ‘conditional probability of A € A given X = 2’ is defined by
PAIX =2):=E(Is|X =2) (z€R),
or directly by (17) for the special case Y = I 4:

/ P(A|X = x)dPx(x) = P(ANX"Y(B)) (B¢€B). (20)
B

If B € B is a Px-atom, we have by (19)

P(ANX~Y(B))

PAX =2 = =pr1(m))

— P(A|IX € B]) (21)

Px-almost surely on B, where the right-hand side of (21) is the ‘elementary’ con-
ditional probability of the event A € A, given the event [X € B]. In particular,
if B ={z} is a Px-atom (i.e., if Px({z}) > 0; i.e. if P[X = z] > 0), then

P(AIX =) = P(A|[X =2]) (A€ A, (22)

so that the notation is ‘consistent’.
The relation between the .Ax-measurable function F(Y|X) and the Borel
function h(z) := E(Y|X = x) is stated in the next.

Theorem 1.7.11. Let (Q, A, P) be a probability space, and let X,Y be (real)
r.v.s, with Y integrable. Then, P-almost surely,

E(Y|X) = h(X),
where h(z) := E(Y|X = x).
Proof. By (14) and (15),

/ E(Y|X)dP:/ hdPx (B e B). (23)
X-1(B) B

We claim that
/ hdPx :/ hX)dP (B e B) (24)
B X-1(B)

for any real Borel Px-integrable function h on R. If h = I for C € B, (24) is
valid, since

/ hdPx = Px(BNC)=P(X 1 (BnNC))
B

=PXYB)nXH0)) = /

Ix-1(c)dP = / h(X) dP.
X-1(B)

X~1(B)
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By linearity, (24) is then valid for simple Borel functions h. If h is a non-negative
Borel function, let {h,} be a sequence of simple Borel functions such that 0 <
h1 < hg <---, and limh,, = h. Then {h,(X)} is a sequence of Ax-measurable
functions such that

0 < hi(X) < hg(X) <

and lim h,(X) = h(X). By the Monotone Convergence theorem applied in the
measure spaces (R, B, Px) and (9, A, P), we have for all B € B:

/ hdPx = lim/ hy dPx zlim/ B (X) dP:/ h(X)dP.
B n JB n Jx-1(B) X-1(B)

For any real Px-integrable Borel function h, write h = h* — h™; then

/thX ::/ h+dPX—/ h™dPx
B B B

= / ht(X)dP —/ h™(X)dP
X-1(B) X-1(B)
:/ h(X)dP (B € B).
X-1(B)
Thus (24) is verified, and by (23), we have

/AE(Y|X)dP:/ h(X)dP

A

for all A € Ax(:={X~Y(B); B € B}).
Since both integrands are in L'(, Ax, P), it follows that they coincide
P-almost surely. O

Theorem 1.7.12. Let X,Y be (real) r.v.s, with Y € L>(P). Then Z = E(Y|X)
is the (real) Ax-measurable solution in L?(P) of the extremal problem

|Y — Z||2 = min.
(Geometrically, Z is the orthogonal projection of Y onto L*(Q, Ax, P).)
Proof. Write (for Y, Z € L?(P)):
Y - 2)* =Y - EY|X)” + [E(Y]X) - Z)?

+2[E(Y|X)— Z|[Y — E(Y|X)]. (25)
In particular, the third term is < (Y — Z)2. Similarly, we see that the negative
of the third term is also < (Y — Z)?. Hence this term has absolute value <
(Y — Z)? € L}(P). Since E(Y|X) € L'(P), the functions U := E(Y|X) — Z,

V:=Y - E(Y|X), and UV are all in L!(P), and U is Ax-measurable whenever
Z is. By Theorem 1.7.9 with Ag = Ax,

E(UV|X):= E(UV|Ax) = UE(V|Ax) = UE(V|X)
= U[E(Y|X) - E(Y|X)] = 0.
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Hence by (25)
E(Y — Z2)%X) = E(U?|X) + E(V?X).

Applying E, we obtain
E((Y — 2)%) = E(U?) + E(V?) > E(V?),

that is, |[Y — Z||2 > ||Y — E(Y|X)||2, with the minimum attained when U = 0
(P-a.s.), that is, when Z = E(Y|X) a.s. O

Applying Theorem 1.7.11, we obtain the following extremal property of h =
EY|X="):

Corollary 1.7.13. Let X,Y be (real) r.v.s, with Y € L?*(P). Then the extremal
problem for (real) Borel functions g on R with g(X) € L*(P)

1Y = g(X)||2 = min

has the solution

Thus h(X) gives the best ‘mean square approximation’ of ¥ by ‘functions
of X’. The graph of the equation

y = h(z)(:= E(Y|X = x))
is called the regression curve of Y on X.

1.7.14. Linear regression. We consider the extremal problem of Corollary 1.7.13
with the stronger restriction that g be linear. Thus we wish to find values of the
real parameters a, b such that

IV = (aX + b)||2 = min,

where X,Y are given non-degenerate L?(P)-r.v.s. Necessarily, X,Y have finite
expectations puy and standard deviations o > 0, and we may define the so-called
correlation coefficient of X and Y

cov(X,Y
p=p(X,Y):= cor(X,Y)
0109

By 1.2.5, |p| < 1.
We have

IV —(aX + )3
= E([Y — po] — a[X — ] + [p2 — (a1 +)])*
= B(Y — p2)? + a?B(X — p1)* + [p2 — (ap1 +0)]* = 2aE((X — pu) (Y — p2))
=03 +a®07 + [p2 — (apy + )]* — 2apoios
= (a01 = po2)® + (1 = p*)o3 + [u2 — (a1 +0)]* > (1 = p*)o3,
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with equality (giving the minimal L2-distance o94/1 — p?) attained when
aoy — poy =0, p2 — (aps +b) =0,

that is, when
a=a":=poy/oy; b="0":= o —a* .

In conclusion, the linear solution of our extremum problem (the so-called linear
regression of Y on X) has the equation

02
y=p2+p—(x—m).
01

Note that the minimal L?-distance vanishes iff |p| = 1; in that case Y = a*X +
b* a.s.

1.7.15. Conditional distribution; discrete case.
Let X,Y be discrete real r.v.’s, with respective ranges {z,} and {yx}. The
vector-valued r.v. (X,Y) assumes the value (z;,yx) with the positive probability

Djk, where
> pin=1.
Jik

The joint distribution function of (X,Y) is defined (in general, for any real r.v.’s)
by
F(z,y) :=P[X <z,Y <y] (z,y€eR).

In the discrete case above,

F(z,y) = Z Dik-

T; <T,Yr <Y
The marginal distributions are defined in general by
Fx(z):= P[X <z]=F(z,00);  Fy(y):=PlY <y| = F(o0,y).

In our case,

Fx(@)= > pii  Fr)=2 px

z;<T Y <y

where

Dj. IZZijZP[XZin]; Dk 1=Zij=P[Y=yk]~
k J

Each singleton {z,} is a Px-atom (because P[X = z;] = p;. > 0). By (22) in
Section 1.7.10 (with A = [V = yy]), we have

PY =ylX =2;) =25 (jk=1,2,.)

J-
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and similarly
P(X = ;Y = yp) = 2k
Pk

Note that

S P =ylX =x;) =1,
k

and therefore the function of y given by

FylX =z;) =Y P =wlX =a;)=(1/p;) D pjr (i=12...)

Yr <Y Y <y

is a distribution function. It is called the conditional distribution of Y, given
X = .Z’j.

1.7.16. Conditional distribution; Continuous case. Consider now the case where
the vector-valued r.v. (X,Y") has a (joint) density h (cf. Section 1.5). Then the
distribution function of (X,Y) is given by

F(z,y) = /IOO /yOO h(s,t)dsdt (z,y € R).

By Tonelli’s theorem, the order of integration is irrelevant. At all continuity
points (x,y) of h, one has h(x,y) = 0?°F /dx dy. The marginal density functions
are defined by

hx(x) ::/Rh(a:,y)dy; hy (y) ::/Rh(m,y)d:v (z,y € R).

These are densities for the distribution function Fx and Fy, respectively.
If S:= {(v,y) € R% hx(x) = 0}(= h' ({0}) x R), then

PI(X.Y) € 5] = PIX € 5" (0})] = [ gy )=

so that S may be disregarded. On R? — S, define

h(ylz) := (26)

This function is called the conditional distribution density of Y, given X = .
The terminology is motivated by the following

Proposition 1.7.17. In the above setting, we have Px-almost surely

E(Y|X =) = / y h(ylz) dy.
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Proof. For all B € B(R), we have by Fubini’s theorem:

/X_l(B)YdP://Bnyh(%y)dl”dy:/th(SC)/Ryh(m:c)dydx
:/B (Ayh(ylw)dy>dPx(w),

and the conclusion follows from (17) in Section I1.7.10. O

If h is continuous on R?, we also have

Proposition 1.7.18. Suppose the joint distribution density h of (X,Y) is con-
tinuous on R?. Then for all x € R for which hx(z) # 0 and for all B € B(R),
we have

/h(y|:1:)dy: lim P(Y eBlz—d< X <z +9).
B 6—0+
Proof. For § > 0,

P(lY e Blnz—d< X <z +4))
Plr—-d6< X <z+/]

f36+5 fB dy dS
fCL-i-(S hX( )dS

Divide numerator and denominator by 24 and let § — 0. The continuity assump-
tion implies that, for all  for which hx(z) # 0, the last expression has the

limit f d
Jp Mz, y)dy (z,y)dy /h
ylx) dy
hx (@) B(I)

PYeBlz—0<X<z+6)=

O

It follows from (26) that [, h(y|z)dy = 1, so that h(y|x) (defined for all x
such that hx(x) # 0) is the density of a distribution function:

Y
F(yl|x) ::/ h(t|x) dt
called the conditional distribution of Y given X = x.

Example 1.7.19 (The binormal distribution). We say that X,Y are binor-
mally distributed if they have the joint density function (called the binormal
density) given by

h(,y) = (1/c) exp (— Q(I —f B ”))
g1 g9
where @ is the positive definite quadratic form

52 — 2pst + 2

Q(s,t) := - )
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and
c=2mo109y/ 1 — p?

(ur €R, o > 0, =1 < p < 1 are the parameters of the distribution).

Note that

Q(s,t) = [(s — pt)* + (1 — p*)t*]/[2(1 = p*)] 2 0

for all real s,t, with equality holding iff s = ¢t = 0. Therefore h attains its
absolute maximum 1/c¢ at the unique point (x,y) = (u1, 12).

The sections of the surface z = h(x,y) with the planes z = a are empty for
a > 1/c (and a < 0); a single point for a = 1/¢; and ellipses for 0 < a < 1/¢ (the
surface is ‘bell-shaped’).

In order to calculate the integral [, h(z,y) dz dy, we make the transforma-
tion

r=p tois=pm +o(utpt);  y=ps+o2t,

where u := s — pt. Then (u,t) ranges over R? when (z,y) does, and

9(z,y)
O(u,t)

= 0109 > 0.

Therefore the above integral is equal to

(1/c) // o= (=10 5 0y dt
]RQ

= (1/y/2n(1 = p? / oW /200" gy = 1,

since the last integral is that of the N (0,1 — p?)-density.
Thus h is indeed the density of a two-dimensional distribution function.
Since Q(s,t) = s2/2 + (t — ps)?/2(1 — p?), we get (for z € R fixed, with
s=(x—p1)/or and t = (y — p2) /o2, so that dy = o9 dt):

o= (—p1)?/20%

2 2 2 1
z) = (1/c)e™*/? / e~ (t=pe) 200=P") 5 qt =
X( ) ( / ) & 2 \/%0_1
Thus hy is the N(u1,0%)-density. By symmetry, the marginal density hy is the
N (p2,03)-density. In particular, the meaning of the parameters u; and o7 has
been clarified (as the expectations and variance of X and Y).
We have (with s,t related to x,y as before and ¢’ = \/2m03(1 — p?)):

_hy) p*s? — 2pst + 12
h(yle) = () (1/¢) exp {2(1_p2)}
= (1/¢)exp {—(t — ps)*/2(1 = p*)}

o ly = (2 + ploz/o1) (@ — p1)]?
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Thus h(y|z) is the N(uz + p(o2/01)(x — 1), 02 (1 — p?)) density.
By Proposition 1.7.17, for all real x,

E(Y|X =) = pp + ploz/o1)(x — 1),

with an analogous formula for F(X|Y = y).

Thus, for binormally distributed X, Y, the regression curvesy = E(Y|X = x)
and © = E(X|Y = y) coincide with the linear regression curves (cf. Sec-
tion 1.7.14). They intersect at (u1, p2), and the coefficient p here coincides with
the correlation coefficient p(X,Y) (cf. Section 1.7.14). Indeed (with previous
notations),

plxy) —p(F 0 Tl

g2

u® + (1= p)t*
= (1/¢) //R2 u+ pt texp{ 2(1—p ] o109 dudt.

The integrand splits as the sum of two terms. The term with the factor ut is
odd in each variable; by Fubini’s theorem, its integral vanishes. The remaining
integral is

1 2 2 1 2
—u?/2(1—p?) / 2 —#2/2 5,

e du t%e dt =
p\/27r(1—p2)/]R V2 Jr P
Note in particular that if the binormally distributed r.v.s X, Y are uncorrelated,
then p = p(X,Y) = 0, and therefore h(z,y) = hx(z)hy(y). By Proposi-
tion 1.5.1, it follows that X,Y are independent. Since the converse is generally
true (cf. Section 1.2.5), we have

Proposition. If the r.v.s X, Y are binormally distributed, then they are
independent if and only if they are uncorrelated.

1.8 Series of L? random variables

The problem considered in this section is the a.s. convergence of series of
independent r.v.s.

We fix the following notation: {X;}72, is a sequence of real independent
central L?(P) random variables; for n = 1,2,..., we let

n n
Sy = ZXk; s2 =0%(S,) = Zai; ot = o*(Xy);
k=1 k=1
and
T, = max |Sy|.
1<m<n

Lemma 1.8.1 (Kolmogorov). For each e >0 andn=1,2,...,

P[T,, > €] < 52 /2.
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Proof. Write

[T = €] = [I51] = e U{[IS2] = ] N [|S1] < e} U
U{[ISnl = e)N[ISkl<e&k=1,...,n—1]},

and denote the kth set in this union by Ajy.
By independence and centrality of X,

n k
S2dP=>" [ X;dp>> [ X;dP
Ag

j=17 4k

= [ SZdP > P(Ay).
Ay

Since the sets Aj are mutually disjoint, we get

EP[T, > e] =Y EP(4) < Z/ S%dp
k=1 k=1" A%k
= / S2dpP < BE(S?) =
[Ty, >€]

O

Theorem 1.8.2. (For X}, as above.) If }°, o7 < 0o, then >, X}, converges a.s.

Proof. Fix € > 0. For n,m € N, denote

m-+k

A, = [ max E Xl > €

nm 1<k<n| _ |
j=m+1
and

m—+k

A =1 sup E X;| > €.
1<k<oo j=mt1

Then A,, is the union of the increasing sequence { A, }n, so that
P(A,,) =lim P(Aum).

By Lemma 1.8.1,

m+n
P(Anm) < (1)) Y o < (1/€) Z o2,
k=m+1 k=m+1

Hence for all m

P(A,,) < (1/€%) Z oL,

k=m+1
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and therefore

m-+k oo
Plinf sup| Y X;|>€ < (1/€) Y o
A S—g k=m-+1

The right-hand side tends to zero when m — oo (by hypothesis), and therefore
the left-hand side equals 0. Thus

m+k
inf sup | Z X, <e as.,
ok i

hence there exists m, such that for all k, one has | Z;n:trlfﬂ Xl <2e(as.). O
For an a.s. bounded sequence of r.v.s, a converse result is proved below.

Theorem 1.8.3. Let { X} be a sequence of independent central r.v.s such that
(i) | Xx| < c a.s.; and
(ii) P[> poy Xk converges | > 0.

Then >, 02 < 0.

Proof. By (i), |S,| < nc a.s.

Let A be the set on which {S,} converges. Since PA > 0 by (ii), it follows
from Egoroft’s theorem (Theorem 1.57) that {S,,} converges uniformly on some
measurable subset B C A with PB > 0. Hence |S,| < d for all n on some
measurable subset &' C B with PE > 0. Let

E, =[S <d1<k<n] (neN).

The sequence {E,,} is decreasing, with intersection E. Let ap = 0 and
an ::/ S2dP (n€N).
En

Write
Fn:Enfl_En(C Enfl); En:Enfl_Fna

so that

an—an_lz/ SfldP—/ SgdP—/ S2_, dP.
En71 Fn Enfl

Since X,, and S,,_; are central and independent, we have by BienAyme’s identity

/ Sgdpz/ X;idp+/ S2_,dP,
En_1 En_1 E

n—1

and therefore

an—an,lz/ X,%dP—/ S2dp.
En—1 Fp
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On F,(C E,_1), we have

|Sn] < | Xn| +[Sn-1] <c+d as.

Therefore
Qo — 1>/ X2dP — (c+d)*P(F,). (1)
‘n. 1

Since I, , (which is defined exclusively by means of Xi,..., X, 1) and X2 are
independent, it follows from Theorem 1.2.2 that

/ X2dP = E(Ig, ,X?) = P(E,_1)0*(X,) > P(E)o?

Hence, by (1), and summing all the inequalities for n = 1,..., k, we obtain
k
ap > P(E Z on —(c+d) Z
n=1

However, the sets F;, are disjoint, so that

iP(Fn) P( Q Fn> <1

hence

ap > P(E Z o, — (c+ d
Since P(E) > 0, we obtain for all K € N

k _at(etd? _ @4 (ctd)?
D ois <E> =TPE)

n=1
so that Y 02 < oc. O
We consider next the non-central case.

Theorem 1.8.4. Let {Xy} be a sequence of independent r.v.s, such that
| Xkl < e,k = 1,2,... a.s. Then Y, Xj, converges a.s. if and only if the two
(numerical) series Y, E(X}y) and Y, o} converge.

Proof. Suppose the two ‘numerical’ series converge (for this part of the proof,
the hypothesis | X;| < ¢ a.s. in not needed, and X}, are only assumed in L?, our
standing hypothesis). Let Y, = X — F(Xg). Then Y are independent central
L? random variables, and >, 0(Y}) = >, 0?(Xx) < oco. By Theorem 1.8.2,
> Y converges a.s., and therefore Y, X = >, [Yi + E(Xj)] converges a.s.,
since Y F(X}) converges by hypothesis.

Conversely, suppose that > X} converges a.s.
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Define on the product probability space
(Q,A,P)x(Q,A, P)
the random variables
Zn(wr,ws) = Xy (wr) — Xp(wa).

Then Z,, are independent. They are central, since
B(Zo) = [ [Xa(er) - Xa(un)]d(P x P)
QxQ
= / Xp(w1)dP(wy) — / Xpn(w2) dP(w2) = E(X,) — E(X,,) =0.
Q Q

Also | Z,] < 2e.
Furthermore, Y Z,, converges almost surely, because

{(wl,wg) €0 x Q; Z Z, diverges}

C {(wl,wg); Z X (wy) diverges} U { (w1, ws); Z Xn(w2) diverges}7

and both sets in the union have P x P-measure zero (by our a.s. convergence
hypothesis on Y X,,).
By Theorem 1.8.3, it follows that > 0?(Z,) < co. However,

o*(Z,) = /QXQ[Xn(wl) — X, (w2)]?d(P x P).

Expanding the square and integrating, we see that
0*(Z,) =2[E(X}2) — E(X,)?] = 20°(X,,).

Therefore Y 0%(X,) < oo, and since Y, are central, and Y o2%(Y,) =
> 0%(X,) < oo, we conclude from Theorem I.8.2 that Y Y, converges a.s.;
but then > E(X,,) = > (X, — Y,) converges as well. O

We consider finally the general case of a series of independent L? random
variables.

Theorem 1.8.5 (Kolmogorov’s ‘three series theorem’). Let {X,} be a
sequence of real independent L?(P) random variables. For any real k > 0 and
n € N, denote

E, :=[|X.| <k X! =1Ig,X,.

n
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Then the series » . X, converges a.s. if and only if the following numerical
series (a), (b), and (¢) converge

(a) >, P(EY);
(b) >, E(X3);
(c) 32, 0% (Xy,).

Proof. Consider the ‘truncated’ r.v.s
Yn+ = IEan —+ kIEfz’

and Y, defined similarly with —k instead of k.

If > X,(w) converges, then X, (w) — 0, so that w € E,, for n > ng, and
therefore Y,!(w) = Y, (w) = X,,(w) for all n > ng; hence both series > Y, F(w)
and Y Y, (w) converge. Conversely, if one of these two series converge (say the
first), then Y,'(w) — 0, so that Y,F(w) # k for n > ng, hence necessarily
Y, F(w) = Xp(w) for n > ng, and so > X,,(w) converges.

We showed that > X,,(w) converges if and only if the series of Y, and Y,~
both converge at w; therefore > X,, converges a.s. if and only if both Y-series
converge a.s. Since Y, and Y, satisfy the hypothesis of Theorem 1.8.4, we
conclude from that theorem that Y X,, converges a.s. if and only if the numerical
series Y E(Y,;}F), >.02(Y,}), and the corresponding series for Y, converge. It
then remains to show that the convergence of these four series is equivalent to
the convergence of the three series (a)—(c).

Since

E(Y;}) = B(X)) + kP(ES)

(and a similar formula for Y, ), we see by addition and subtraction that the
convergence of the series (a) and (b) is equivalent to the convergence of the two

series
S BV, S EY)
Next
(V1) = E{(Y,)*} - {E(Y,;")}?

= B{(X)*} + k*P(E;) — [E(X) + kP(E;)]”

= 0*(X},) + k*P(En)P(Ey,) — 2kE(X;,) P(Ey), (2)
and similarly for Y, (with —k replacing k).

If the series (a)—(c) converge, then we already know that > E(Y;') and

> E(Y, ) converge. The convergence of (b) also implies that |E(X])| < M
for all n, and therefore

|E(X,)P(E;)| < MP(E),

so that > E(X])P(ES) converges (by convergence of (a)).
Since 0 < P(E,)P(ES) < P(ES), the series >, P(E,)P(ES) converges (by
a

convergence of (a)).
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Relation (2) and the convergence of (c) imply therefore that > o2(Y,})
converges (and similarly for Y, ), as wanted.

Conversely, if the ‘four series’ above converge, we saw already that the series
(a) and (b) converge, and this in turn implies the convergence of the series

> E(X))P(E;) and Y P(E,)P(ES).

By Relation (2), the convergence of Y. ¢(Y,}) implies therefore the convergence
of the series (c) as well. O

1.9 Infinite divisibility

Definition 1.9.1. A random variable X (or its distribution function F', or its
characteristic function f) is infinitely divisible (i.d.) if, for each n € N, F is the
distribution function of a sum of n independent r.v.s with the same distribution
function F,.

Equivalently, X is i.d. if there exists a triangular array of r.v.s

{Xn;1<k<nn=1,2,...} (1)

such that, for each n, the r.v.s of the nth row are independent and equi-
distributed, and their sum 7,, =5 X (if X,Y are r.v.s, we write X =; Y when
they have the same distribution).

By the Uniqueness theorem for ch.f.s, X isi.d. if and only if, for each n, there
exists a ch.f. f,, such that

=1 (2)

In terms of distribution functions, infinite divisibility of F means the
existence, for each n, of a distribution function F,,, such that

F=FM", 3)

where G := G % --- *+ G (n times) for any distribution function G. The
convolution F x G of two distribution functions is defined by

(F % G)(x) ::/RF(x—y)dG(y) (x €R).

It is clearly a distribution function. An application of Fubini’s theorem shows
that its ch.f. is precisely fg (where f,g are the ch.f.s of F,G, respectively). It
then follows from the uniqueness theorem for ch.f.s (or directly!) that convolution
of distribution functions is commutative and associative. We may then omit
parenthesis and write F} * Fy % --- % F,, for the convolution of finitely many
distribution functions. In particular, the repeated convolutions G(™ mentioned
above make sense, and criterion (3) is clearly equivalent to (2).
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Example 1.9.2.

(1) The Poisson distribution is i.d.: take Fj, to be Poisson with parameter A/n
(where M is the parameter of F'). Then indeed (cf. Section 1.3.9):

fi(u) = [0 = ().

(2) The normal distribution (parameters u,c?) is i.d.: take F, to be the
normal distribution with parameters /n, % /n. Then (cf. Section 1.3.12)

fii(u) = [/ e @ 2 = f(u).

(3) The Gamma distribution (parameters p,b) is i.d.: take F, to be the
Gamma distribution with parameters p/n,b. Then (cf. Section 1.3.15):

frw) = [(1 - ;‘)/] )

It is also clear that the Cauchy distribution is i.d. (cf. Section 1.3.14), while
the Laplace distribution is not.

We have the following criterion for infinite divisibility (its necessity is obvious,
by (1); we omit the proof of its sufficiency):

Theorem 1.9.3. A random wvariable X is i.d. if and only if there exists a
triangular array (1) such that (cf. Definition 1.4.3)

Ty —w X. (4)

Some elementary properties of i.d. random variables (or ch.f.s) are stated in
the next theorem.

Theorem 1.9.4.
(a) If X isi.d., soisY :=a+bX.
(b) If f,g are i.d. characteristic functions, so is fg.
(c) If f is an i.d. characteristic function, so are f and |f|*.
(d) If f is an i.d. characteristic function, then f # 0 everywhere.

(e) If {fx} is a sequence of i.d. characteristic functions converging pointwise
to a function g continuous at 0, then g is an i.d. ch.f.

(f) If f is an i.d. characteristic function, then its representation (2) is unique
(for each n).

Proof.
(a) By Proposition 1.3.5 and (2), for all n € N,
fy (u) = €™ f(bu) = [/ f (bu)]" = g7,

where g, is clearly a ch.f.
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(b)
()

(f)

Represent f, g as in (2), for each n. Then fg = [f,¢gn]". By Corollary 1.2.4,
fg and f, g, are ch.f.s; and they satisfy (2) as needed.

First, f is a ch.f., since

flu) = /Re“”” dF (z) = /Re*iw dF (zx)
= [ di = Fea)) = [ ¢ ap () = fxto)

If fis i.d., then by (2), f = (fn)", where f, is a ch.f., as needed. The
conclusion about |f|? follows then from (b).

Since it suffices to prove that |f|? # 0, and |f|? is a non-negative i.d. ch.f.
(by (c)), we may assume without loss of generality that f > 0. Let then
fn := fY" be the unique non-negative nth root of f. Then ¢ := lim f,
(pointwise) exists:

g:IEv E:fil(RJr)'

Since f(0) = 1, the point 0 belongs to the open set E, and so ¢ = 1 in
a neighbourhood of 0; in particular, g is continuous at 0. By the Paul
Levy Continuity theorem (Theorem 1.4.8), g is a ch.f., and is therefore
continuous everywhere. In particular, its range is connected; since it is
a subset of {0,1} containing 1, it must be precisely {1}, that is, g = 1
everywhere. This means that f > 0 everywhere, as claimed.

By the Paul Levy Continuity theorem, g is a ch.f. By (d), fx # 0 every-
where (for each k), and has therefore a continuous logarithm log f%,
uniquely determined by the condition log fx(0) = 0. Since f; is i.d.,
fe = fil,s with fin chfs (by (2)). We have

e(l/n) log fr _ e(l/n) logf,?yn _ fk,n'

The left-hand side converges pointwise (as k — oo) to e(t/m1o89 .= g .
Since g is a ch.f., g(0) = 1, and therefore log g is continuous at 0, and the
same is true of g, (= limg fx). By Paul Levy’s theorem, gy, is a ch.f., and
clearly g7 = g. Hence g is i.d.

Fix n, and suppose g, h are ch.f.s such that

g"=h" = J. )

By (d), h # 0 everywhere, and therefore g/h is continuous, and (g/h)™ = 1
everywhere. The continuity implies that g/h has a connected range, which is a
subset of the finite set of nth roots of unity. Since g(0) = h(0) = 1 (these are
ch.f.s!), the range contains 1, and coincides therefore with the singleton {1}, that
is, g/h = 1 identically. O
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By Example 1.9.2(1) and Theorem 1.9.4 (Part (a)), if Y = a + bX with X
Poisson-distributed, then Y is i.d. We call the distribution Fy of such an r.v. Y
a Poisson-type distribution. By Proposition 1.3.5 and Section 1.3.9,

. iub
fy(’u) _ elua+)\(e 71). (5)

The Poisson-type distributions ‘generate’ all the i.d. distributions in the following
sense (compare with Theorem 1.9.3):

Theorem 1.9.5. A random variable X is infinitely divisible if and only if there
exists an array
{Xpp;1 <k <r(n),n=12,...}

such that, for each n, the r.v.s in the nth row are independent Poisson-type, and

r(n)
T, = Z Xk —w X.
k=1

Proof. Sufficiency. As we just observed, each X, is i.d., hence T}, are i.d. by
Theorem 1.9.4, Part (b), and therefore X is i.d. by Part (e) of Theorem 1.9.4 and
Corollary 1.4.6.

Necessity. Let X be i.d. By (2), there exist ch.f.s f,, such that f := fx =
fron=1,2,... By Theorem 1.9.4, Part (f) and the proof of Part (e), the f,, are
uniquely determined, and can be written as

f, = e/mlog

where log f is continuous and uniquely determined by the condition log f(0) = 0.
Fix u € R. Then

nlfu(u) — 1] = n[e®/™ 18I0 — 1] = n[(1/n) log f(u) + o(1/n)]
—n—oo IOg f(u)7

that is, if F),, denotes the distribution function with ch.f. f,,, then

log f(u) = lim n / (el — 1) dF,(x). (6)

R

For each n, let m = m(n) be such that
1—F,(m)+ F,(—m) < —.

Then for all u € R,

) m(n)
T _ 1) dF, () — QT _ 1) dE, (2)] < —.
/R< ) dF, () /m(n)< ) dF,(z)| <



I1.10. More on sequences of random variables 359
Approximate the Stieltjes integral over [—m(n),m(n)] by Riemann-Stieltjes
sums, such that

T(n)

m(n) ) 1
WARGRED SN AR S s
m(n) 1

where zp, = zk(n) = —m(n) + 2m(n)k/r(n), k = 1,...,r(n). By (6), f is the
pointwise limit (as n — o00) of the products

r(n)
HGXP{A et — 1)}, (7)

where Anp := n[F,(ar) — Fp(zr—1)] and ang := zx(= zr(n)).
The products in (7) are the ch.f.s of sums of r(n) independent Poisson-type
I.V.S. O

1.10 More on sequences of random variables

Let {X,,} be a sequence of (complex) random variables on the probability space
(Q, A, P). For ¢ > 0, set

m(c) := sup/ | X |dP.
n HX7L|>C]
Definition 1.10.1. {X,} is uniformly integrable (u.i.) if

lim m(c) = 0.

CcC— 00

For example, if | X,,| < g € L'(P) for all n, then [|X,,| > ¢] C [g > ¢], so that

m(c) < / gdP — 0
lg=c]

as ¢ — oo.
A less trivial example is given in the following

Proposition. Let A, be sub-c-algebras of A, let Y € L'(P), and
X, = E(Y|A,) n=12,...
Then X,, are u.i.

Proof. Since |X,| < E(|Y|A,), and X,, are A,-measurable (so that A,
[ Xn| > ] € Ay),

[ i< [ BQviAgap= [ |viap
A, A, Ay
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We have
P(An) < E(|Xa])/c < E(JY])/c.

Given € > 0, choose K > 0 such that f[IY\>K] Y| dP < e. Then

/ Y|dP:</ +/ )|Y|dP
An A,N[Y|<K] A,N[Y|>K]

< KP(A,) +e<K|Y|1/c+e,

hence
m(c) < K||Y1/c+e.

Since € was arbitrary, it follows that lim._,., m(c) = 0. O
Theorem 1.10.2. {X,,} is u.i. iff

(1) sup,, | Xn|l1 < oo (‘norm-boundedness’) and
(2) sup,, [, |Xn|dP — 0 when PA — 0 (‘uniform absolute continuity’).

Proof. If the sequence is u.i., let

M = ig}g m(c) (< 00).

Then for any ¢ > 0,

IIXn||1=</ +/ )IXndP§c+m(c)§c+M,
[ Xnl<c] [1Xnl2c]

so that (1) is valid.
Also, for any A € A,

/ X, dP = (/ +/ >|Xn|dP < cPA+m(c).
A AN[| X, |<c] AN[| X |>c]

Given € > 0, fix ¢ > 0 such that m(c) < €/2. For this ¢, if PA < ¢/2¢, then
J41Xn|dP < € for all n, proving (2).
Conversely, if (1) and (2) hold, then by (1), for all n

cPlXal 2 < [

| Xn| dP < sup || X,||1 := R < o0,
HXn|Zc] n

so that
P[|X,| > ¢ < R/c.

Given € > 0, there exists § > 0 such that [, |X,|dP < e for all n whenever
A€ Ahas PA < (by (2)). Therefore, if ¢ > R/4, surely P[|X,| > ¢] < 4, and
consequently m(c) < e. O

Fatou’s lemma extends as follows to u.i. real r.v.s:
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Theorem 1.10.3. Let X,, be u.i. real r.v.s. Then
E(liminf X,,) <liminf F(X,) <limsup E(X,) < E(limsup X,).

Proof. Since [X,, < —¢] C [|X,| > ¢, we have

‘/ X, dP‘ < mf(c)
[Xn<—c]

for any ¢ > 0. Given € > 0, we may fix ¢ > 0 such that m(c) < e (since X,
are u.i.).

Denote A,, = [X,, > —¢].

We apply Fatou’s Lemma to the non-negative measurable functions ¢ +
Xnla,:

E(c+liminf X,,14) < liminf E(c+ X,,14,),
hence
E(liminf X,14,) <liminf E(X,,14,). @)
However
E(X,14,) = E(X,) — X,dP < E(X,) + ¢,
A

and therefore the right-hand side of (*) is
< liminf E(X,) + e.

Since X, 14, > X, the left-hand side of (*) is > E(liminf X,,), and the left
inequality of the theorem follows. The right inequality is then obtained by
replacing X,, by —X,,. O

Corollary 1.10.4. Let X,, be u.i. (complex) r.v.s, such that X,, — X a.s. or in
probability. Then X,, — X in L' (and in particular, E(X,) — FE(X)).

Proof. Let K :=sup,, || X,||1(< 0o, by Theorem 1.10.2(1)). By Fatou’s Lemma,
if X,, — X a.s., then
(IX|lh <liminf || X,,|1 < K,
m

so X € L' and
sup || X, — X1 < 2K.

Also, for A € A, again by Fatou’s Lemma,
/ | X, — X|dP < Hminf/ | X — Xon| dP,
A mJa

hence
sup/ |Xn—X|dP§2sup/ | Xn|dP — 0
n A n A

as PA — 0, by Theorem 1.10.2(2).
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Consequently (by the same theorem) |X,, —X| are u.i., and since | X,,—X| — 0
a.s., Theorem 1.10.3 applied to | X,, — X| shows that || X,, — X||; — 0.

In case X,, — X in probability, there exists a subsequence X,, converging
a.s. to X. By the first part of the proof, X € L', and || X,, — X|1 — 0. The
previous argument with m = ny shows that |X,, — X| are u.i. Therefore any
subsequence of X,, has a subsequence converging to X in L'. If we assume that
{X,} itself does not converge to X in L', then given € > 0, there exists a
subsequence X,,, such that || X, — X||1 > € for all k, a contradiction. O

Definition 1.10.5. A submartingale is a sequence of ordered pairs (X,,,4,),
where

(1) {A,} is an increasing sequence of sub-c-algebras of A;

(2) the real r.v. X,, € L' is A,,-measurable (n =1,2,...); and

(3) Xp < E(Xp41]An) as. (n=1,2,...).

If equality holds in (3), the sequence is called a martingale. The sequence is
a supermartingale if the inequality (3) is reversed.

By definition of conditional expectation, a sequence (X,,.A,) satisfying (1)
and (2) is a submartingale iff

/XndPg/XanP (A€ A).
A A

For example, if A,, are as in (1) and Y is an L!- r.v., then setting
X, =E{Y]|A,), n=12 ...,

the sequence (X,,A,) is a martingale: indeed (2) is clear by definition, and
equality in (3) follows from Theorem 1.7.5.
An important example is given in the following:

Proposition 1.10.6. Let {Y,} be a sequence of L', central, independent r.v.s.
Let A, be the smallest o-algebra for which Y1,...,Y, are measurable, and let
X,=Y1+ - +Y,. Then (X,,A,) is a martingale.

Proof. The requirements (1) and (2) are clear.
If Y, 41 = I with B € A independent of all A € A,,, then for all A € A,

[ YosrdP = PUANB) = PAPB) = [ Ear)ar,
A A

and this identity between the extreme terms remains true, by linearity, for all
simple r.v.s Y, 11 independent of Y7, ..., Y,. By monotone convergence, the iden-
tity is true for all Y,,11 > 0, and finally for all Llrvs Y,+1 independent of
Y1,...,Y,. Therefore

E(Y,i1|Arn) = E(Ynt1)  as,
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and in the central case,
E(Y,41]An) =0 as.

Since X, is A,-measurable,
E(X,|A,) =X, as.
Adding these equations, we obtain F(X,1|A4,) = X,, a.s. O

Proposition 1.10.7. If (X, A,,) is a submartingale, and g : R — R is a con-
ver, increasing function such that g(X,) € L' for all n, then (9(Xy,), An) is
a submartingale. If (X, A,) is a martingale, the preceding conclusion is valid
without assuming that g is increasing.

Proof. Since g is increasing, and X,, < E(X,,+1|4,) a.s., we have a.s.

9(Xn) < g(E(Xn+1|An))-

By Jensen’s inequality for the convex function g, the right-hand side is
< E(9(Xn+1)|An) a.s., proving the first statement. In the martingale case, since
Xn = E(Xpn41]An), we get a.s.

9(Xn) = 9(E(Xni1]|An)) < E(9(Xni1)[An). O
We omit the proof of the following important theorem:

Theorem 1.10.8 (Submartingale convergence theorem). If (X, A,) is a
submartingale such that
sup B(X;[) < oo,

then there exists an L'-r.v. X such that X,, — X a.s.

By the proposition following Definition 1.10.1 and the comments following
Definition I1.10.5, if A,, are increasing sub-o-algebras, Y is an L'-r.v., and X, :=
E(Y|A,), then (X,,A,) is a u.i. martingale. The converse is also true:

Theorem 1.10.9. (X,,, A,) is a u.i. martingale iff there exists an L'-r.v. Y such
that X, = E(Y|Ay) (a.s.) for alln. When this is the case, X, = Y = E(Y|Ax)
a.s. and in L', where A is the o-algebra generated by the algebra |, A,.

Proof. We just observed that if X, = E(Y|A,), then (X,,A,) is a u.i. mar-
tingale. Conversely, let (X,,,.4,,) be a u.i. martingale. By Theorem 1.10.2 (1),
sup,, || Xn|l1 < 0o, hence by Theorem 1.10.8, there exists an L'-r.v. Y such that
X,, — Y a.s. By Corollary 1.10.4, X,, — Y in L' as well. Hence, for all A € A,
and m > n,

/XndP:/dePﬂm/YdP:/E(YMn)dP
A A A A

and it follows that X,, = E(Y|A4,) as.

For any Borel set B C R, we have X, }(B) € A, C Aw. Hence X,, is
Aso-measurable for all n. If we give Y some arbitrary value on the null set where
it is not determined, Y is Ao, measurable, and therefore F(Y]Ax) =Y. O
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Distributions

II.1 Preliminaries

I1.1.1. Let Q be an open subset of R". For 0 < k < oo, let C*(Q) denote the
space of all complex functions on € with continuous (mixed) partial derivatives
of order < k. The intersection of all these spaces is denoted by C°°(Q); it is
the space of all (complex) functions with continuous partial derivatives of all
orders in . For 0 < k < oo, C*(€) stands for the space of all f € C*(Q) with
compact support (in Q). We shall also use the notation C¥(A) for the space of
all functions in C*(R™) with compact support in the arbitrary set A C R™. (The
latter notation is consistent with the preceding one when A is open, since in
that case any C*-function in A with compact support in A extends trivially to
a C*-function on R™.)

Define f : R — [0,00) by f(t) = 0 for t > 0, and f(t) = e'/? for t < 0. Then
f € C(R), and therefore, with a suitable choice of the constant v, the function
#(z) :==vf(|z|*> — 1) on R™ has the following properties:
(1) ¢ € C=(R");
(2) supp¢ = {x € R"; |z| < 1};
(3) ¢>0and [¢dx=1.
(For € R", |z| denotes the usual Euclidean norm; [ -dz denotes integration
over R™ with respect to the n-dimensional Lebesgue measure dz.)
In the following, ¢ will denote any fixed function with Properties (1)—(3).

If w: R® — C is locally integrable, then for any r > 0, we consider its
reqularization

wie)i= [ue=moway=r [uo (") an

(i.e. u, is the convolution of u with ¢, := r~"¢(-/r); note that the subscript r
has different meanings when assigned to v and to ¢.)
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Theorem I1.1.2. Let K be a compact subset of (the open set) Q@ C R™, and let
u € LY (R™) vanish outside K. Then

(1) u, € CX(Q) for all r < 6 := dist(K,Q°);

(2) lim, o u, = u in LP-norm if u € LP(1 < p < o0), and uniformly if u is

continuous.

Proof. Since u, = u * ¢,, one sees easily that (mixed) differentiation of any
order can be performed on w, by performing the operation on ¢,; the resulting
convolution is clearly continuous. Hence u, € C* ().

Let
K, :={z e R"; dist(z, K) <r}. (2)

It is a compact set, contained in € for r < §. If y is in the closed unit ball S of
R™ and z — ry € K, then dist(z, K) < |x — (z —ry)| = |ry| < r, that is, z € K.
Hence for « ¢ K,, x —ry ¢ K for all y € S. Since u and ¢ vanish outside
K and S respectively, it follows from (1) that w, = 0 outside K,. Therefore,
supp u, C K, C £ (and so u, € C°(Q)) for r < 4.

By Property (3) of ¢,

up () — ulz) = / [l — ) — u(z)|p(y) dy.

S

If w is continuous (hence uniformly continuous, since its support is in K), then
for given € > 0, there exists 7 > 0 such that |u(x —ry) — u(z)| < € for all z € R®
and all y € S if r <. Hence |Ju, — ul|oo < € for r < n.

In case u € LP, we have

[urlly = llux érllp < llullpllérlls = [lullp-

Fix v € C.(2) such that ||u—v]|, < € (by density of C.(K) in LP(K)). Let M be
a bound for the (Lebesgue) measure of (suppv), for all » < 1. Then for r < 1,

lur = ullp < |l(w=v)rllp + llvr —vllp + lv — ullp <26+ [lor — v”ooMl/p < 3e
(by the preceding case), for r small enough. O
The inequality
I *glle < I fllpllgllh (F € LP;g € LY) (3)

used in the above proof, can be verified as follows:

||f*g||pzsup{‘/(f*g)hdx

e, <1}
< sup / / (@ — ) llg(w)] dylh(z)| de
o / £z — )] |h(z)| delg(y)]| dy

h

< s%p/ G =)l Rllalg ()l dy = sup [ fllplIRlallgll = [ Fllpllgll1,
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where the suprema are taken over all A in the unit ball of L9. (We used
Theorems 4.6, 2.18, and 1.33, and the translation invariance of Lebesgue
measure. )

Corollary II.1.3.

(1) C*(Q) is dense in LP(Q) (1 <p < o0).
(2) A regular complex Borel measure p on ) is uniquely determined by the
integrals [, f dp with f e C(Q).

Corollary I1.1.4. Let K be a compact subset of the open set 0 C R™. Then
there exists 1) € C°(Q) such that 0 < ¢ <1 and vy =1 in a neighbourhood of K .

Proof. Let § be as in Theorem I1.1.2, r < §/3, and ¢ = u,, where u is the
indicator of K, (cf. (2)). Then suppy C (Ka,)r = K3 C Q, ¢ € C°(Q2),0 <
Pp<1l,and ¥ =1 on K,. O

The last corollary is the special case k = 1 of the following.

Theorem I1.1.5 (Partitions of unity in C°(Q)). Let Q1,...,Q be an open
covering of the compact set K in R™. Then there exist ¢; € CX(Q;) (j =
L,...,k) such that ¢; > 0,5>°,¢; <1, and 3, ¢; = 1 in a neighbourhood of K.

The set {¢;} is called a partition of unity subordinate to the covering {€2;}.

Proof. There exist open sets with compact closures K; C €); such that K C
Uj K. Let 1 be associated with K; and ; as in Corollary I1.1.4. Define ¢1 = 91
and ¢; = ¢;(1—=1j_1) ... (1—=1y) for j = 2,..., k (as in the proof of Theorem 3.3).

Then
> bi=1-]]w
j j

from which we read off the desired properties of ¢;. O

I1.2 Distributions

I1.2.1. Topology on C°(£2).
Let D; := —id/0z; (j = 1,...,n). For any ‘multi-index’ o = (a1,...,0p)
(j =0,1,2,...) and = = (x1,...,2,) € R", set

D := D¢ ... Don,

QAn

al:=aq! oyl ol = g aj;, and =z - ap

We denote also
ololf

Bz - - Dl

for any function f for which the above derivative makes sense.
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Let K be a compact subset of the open set @ C R™. The sequence of
semi-norms on CS°(K)

o= sup|DY|, k=01,...,

la| <k

induces a (locally convex) topology on the vector space C°(K): it is the weak-
est topology on the space for which all these semi-norms are continuous. Basic
neighbourhoods of 0 in this topology have the form

{¢ € CZ(K); l¢lle <€}, (1)

withe >0and £k =0,1,....

A sequence {¢;} converges to ¢ in C°(K) iff D*¢; — D*¢ uniformly, for
all a.

A linear functional u on C¢°(K) is continuous iff there exist a constant C' > 0
and a non-negative integer k such that

[u(@)] < Clllle (¢ € CZF(K)) (2)

(cf. Theorem 4.2).

Let {€;} be a sequence of open subsets of , with union §, such that, for
each 7, ); has compact closure K; contained in £2;1.

Since C°(2) = U, C°(Kj), we may topologize C2°(£2) in a natural way so
that any linear functional v on C$°(€2) is continuous iff its restriction to C°(K)
is continuous for all compact K C €. (This so-called ‘inductive limit topology’
will not be described here systematically.) We note the following facts:

(i) a linear functional u on C2° () is continuous iff for each compact K C Q,
there exist C' > 0 and k € NU {0} such that (2) holds;

(ii) a sequence {¢;} C C°(Q) converges to 0 iff {¢;} C C°(K) for some
compact K C Q, and ¢; — 0 in C°(K).

(iii) a linear functional uw on CZ°(Q) is continuous iff u(¢;) — 0 for any
sequence {¢;} C C°(€2) converging to 0.

Definition I1.2.2. The space C°(2) with the topology described above is
denoted D(Q2) and is called the space of test functions on . The elements of
its dual D’'(Q) (= the space of all continuous linear functionals on D(2)) are
called distributions in €.

The topology on D'(Q) is the ‘weak™ topology: the net {u, } of distributions
converges to 0 iff u, (¢) — 0 for all ¢ € D(Q2).

11.2.3. Measures and functions.

If v is a regular complex Borel measure on {2, it may be identified with a con-
tinuous linear functional on C.(2) (through the Riesz representation theorem);
since it is uniquely determined by its restriction to D(Q2) (cf. Corollary 11.1.3),
and this restriction is continuous (with respect to the stronger topology of D(2)),
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the measure p can (and will) be identified with the distribution u := p|pq). We
say in this case that the distribution w is a measure.

In the special case where du = fdx with f € L}, () (i.e. f ‘locally integ-
rable’, that is, integrable on compact subsets), the function f is usually identified

with the distribution it induces (as above) through the formula

£(9) = /Q ofdr (6 € D(Q)).

In such event, we say that the distribution is a function.

If Q' is an open subset of €2, the restriction of a distribution w in £ to D(Q')
is a distribution in ', denoted u|o (and called the restriction of u to Q). If
the distributions w1, us have equal restrictions to some open neighbourhood of
x, one says that they are equal in a neighbourhood of x.

Proposition I1.2.4. If two distributions in Q are equal in a neighbourhood of
each point of 2, then they are equal.

Proof. Fix ¢ € D(Q), and let K = supp ¢. Each « € K has an open neighbour-
hood €, C Q in which the given distributions w1, us are equal. By compactness
of K, there exist open sets ; := Q; (j =1,...,m) such that K C |J; ;. Let
{¢;} be a partition of unity subordinate to the open covering {;} of K. Then
¢ = Zj ¢¢; and ¢¢; € D(Q;). Hence ui(¢g;) = ua(p¢;) by hypothesis, and
therefore u;(¢) = ua(9). O

I1.2.5. The support.
For any distribution v in 2, the set

Z(u) :={z € Q;u =0 in a neighbourhood of z}

is open, and u|z(,) = 0 by Proposition II.2.4; furthermore, Z(u) is the largest
open subset ' of Q such that u|q: = 0 (if z € Q' for such a set ', then u = 0
in the neighbourhood €' of x, that is, € Z(u); hence ' C Z(u)). The support
of u, denoted suppu, is the set Q — Z(u) (relatively closed in Q). The previous
statement may be rephrased as follows in terms of the support: suppwu is the
smallest relatively closed subset S of € such that u(¢) = 0 for all ¢ € D(§2) such
that suppop N S = 0.

If the distribution v is a measure or a function, its support as a distribution
coincides with its support as a measure or a function, respectively (exercise).

11.2.6. Differentiation.
Fix the open set 2 C R™.
For j=1,...,nand u € D' := D'(Q), we set

(Dju)p = —u(D;p) (¢ € D:=D(Q)).

Then Dju € D’ and the map v — Dju is a continuous linear map of D’ into
itself. Furthermore, Dy D; = D; D, for all j,k € {1,...,n}, and

(Du)p = (—1)1*lu(D¢) (¢ € D).
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For example, if 6 denotes the Borel measure
5(E) = I5(0) (E € BR™)
(the so called delta measure at 0), then for all ¢ € D,
(D6)¢ = (~1)*15(D*¢) = (—1)"*!(D*9)(0).

If u is a function such that du/dz; exists and is locally integrable in €, then for
all ¢ € D, an integration by parts shows that

(D) = —u(Dy0) =1 [ 4(06/01))ds = =i [ @u/ow,)ods = (”)“) (@),

i aa:j
so that D;u is the function (1/i)0u/0x; in this case, as desired.

Proposition I1.2.7 (du Bois—Reymond). Let u,f € C(), and suppose
Dju = f (in the distribution sense). Then Dju = f in the classical sense.

Proof. Case u € C.(2). Let u,, f, be regularizations of u, f (using the same ¢
as in I1.1). Then

r* Djur(z) = /U(y)Dzj¢((w —y)/r)dy = - / w(y) Dy, ¢((z —y)/r) dy

- / (Dju)p((x — y)/r) dy = " f,.

By Theorem I1.1.2, v, — u and Dju, = f. — f uniformly as r — 0. Therefore,
Dju = f in the classical sense.

u € C(Q) arbitrary. Let ¢ € D(Q). Then v := Yu € C.(), and Djv =
(Djp)u+ o f := g € C(R), so by the first case above, Djv = g in the classical
sense. For any point z € {2, we may choose 1 as above not vanishing at x. Then
u = v/v is differentiable with respect to z; at z, and Dju = f at = (in the
classical sense). O

Let w be an open set with compact closure contained in Q (this relation
between w and € is denoted w CC ), and let p = diam(w) := sup{|z —y|;z,y €
w}(<00). Denote the unit vectors in the x;-direction by e;. Given z € w, let t;
be the smallest positive number ¢t such that z + te; € dw. If ¢ € D(w), then
¢(x + tje;) = 0, and by the mean value theorem, there exists 0 < 7; < ¢; such
that

[0(2)] = |¢(z) — ¢z + tje;)| = ;| D;d(x + 7j¢5)| < psup|D;ol.

Hence
sup ¢ < psup|D;¢| (¢ € D(w)).

Therefore, for any multi-index «a with |a] < k,

sup | D%¢| < p"k_|a| sup |D’f e DfL’¢|7
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and consequently
6]l < C"sup|Dy - Digl (6 € D(w)),

where C' = C'(p, k,n) is a positive constant. Let u € D’(€2). By (2), there exist
a constant C' > 0 and a non-negative integer k such that

[u(¢)] < CC'sup DY -+~ D¢l (¢ € D(w)).

Write

(D DEg)(z) = " / DI DE .
[y<z]

where [y < 2] :={y € R"jy; < z; (j =1,...,n)} and ¢ is extended to R™ in
the usual way (¢ = 0 on w®). Writing s := k 4 1, we have therefore

sup | Dt -+ Dol < [ D7+ D3l dy
w
and consequently
u(¢)] < CC|DT - Drdllrw) (¢ € D(w)).
This means that the linear functional
(=1)"Di--- Do — u(9)

is continuous with norm <CC’ on the subspace D5 - -- D$D(w) of L!(w). By the
Hahn—Banach theorem, it has an extension as a continuous linear functional on
L'(w) (with the same norm). Therefore there exists f € L°(w) such that

u(p) = (71)”5/ fD;---Dipdx (¢ € D(w)).
This means that
ul|, = Dj---Df.
We may also define

g(z) =" /[ LIy

Then ¢ is continuous, and one verifies easily that f = D;---Dpg (in the
distribution sense). Hence

uly = Dyt DiFlg
(with g continuous in w). We proved

Theorem I1.2.8. Let u € D'(Q). Then for any w CC €, there exist a non-
negative integer s and a function f € L*°(w) such that u|, = Dj---D3f.
Moreover, f may be chosen to be continuous.
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11.2.9. Leibnitz’ formula.
If ¢, € C*°(9), then for any multi-index «

=> o D%Da e (3)

B<Lla

(the sum goes over all multi-indices § with 3; < «; for all j). This gen-
eral Leibnitz formula follows by repeated application of the usual one-variable
formula.

Multiplication of a distribution by a function.

Let u € D'(R2) and ¢ € C°(Q). Since ¢ € D(Q) for all ¢ € D(Q), the map
¢ — u(ypo) is well defined on D(Q). It is trivially linear, and for any compact
K C Q,if C and k are as in (2), then for all ¢ € C°(K), we have by (3)

[u(d)] < Clvdlle < Cll¢llk,

where C’ is a constant depending on n, k, K, and 1. This means that the map
defined above is a distribution in §2; it is denoted ¢u (and called the product of
u by ¥). Thus

(Yu)(¢) = u(y¢) (¢ € D()) (4)

for all ¢ € C>(Q).

This definition clearly coincides with the usual pointwise multiplication when
u is a function or a measure.

We verify easily the inclusion Z(¢) U Z(u) C Z(¢u), that is,

supp(¢u) C supp ¥ N supp u.

It follows from the definitions that
Dj (wu) = (Djw)u + w(D]’U,)

(v € C°(Q), uw e D), j =1,...,n), and therefore, by the same formal
arguments as in the classical case, Leibnitz’ formula (3) is valid in the present
situation.

If P is a polynomial on R™, we denote by P(D) the differential operator
obtained by substituting formally D for the variable z € R™. Let P,(z) := «®
for any multi-index . Since P(gﬁ)(x) = (a!/(a—B)2*F for B < a (and equals
zero otherwise), we can rewrite (3) in the form

P(D)($u) =Y _(1/8)(D¢) PP (D)u ()

B

for the special polynomials P = P,, hence by linearity, for all polynomials P.
This is referred to as the ‘general Leibnitz formula’.
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I1.2.10. The space E(Q) and its dual.
The space £(f) is the space C*°(Q) as a (locally convex) t.v.s. with the
topology induced by the family of semi-norms

¢ = [|¢llkx == Y sup|D¢|, (6)

lee| <k
with £ =0,1,2,..., and K varying over all compact subsets of (2.

A sequence {¢y} converges to 0 in £(Q) iff D*¢p, — 0 uniformly on every
compact subset of €2, for all multi-indices a.

A linear functional v on £(2) is continuous iff there exist constants k € NU{0}
and C' > 0 and a compact set K such that

[u(@)] < Clldllex (¢ € EQ)). (7)

The dual space &'(£2) of £() consists of all these continuous linear functionals,
with the weak*-topology: the net u, converges to u in &'(Q) if u, (¢) — u(¢) for
all ¢ € £(Q).

If w e £(Q), then by (7), u(¢) = 0 whenever ¢ € £() vanishes in a
neighbourhood of the compact set K (appearing in (7)). For all ¢ € D(9),
lu(¢)| < Cllollk,x < C|@lk, that is, @ := ulpq) € D'(R2). Also, if z € @ — K
and w is an open neighbourhood of x contained in Q — K, then for all ¢ € D(w),
|9k, x =0, and (7) implies that u(¢) = 0. This shows that Q@ — K C Z(a), that
is, suppu C K, that is, u is a distribution with compact support in Q.

Conversely, let v be a distribution with compact support in €2, and let K
be any compact subset of 2 containing this support. Fix ¢ € D(Q) such that
1 =1 in a neighbourhood of K. For any ¢ € £(Q2), define u(¢) = v(¢t)). Then
u is a well-defined linear functional on £(f2), u(¢) = 0 whenever ¢ = 0 in a
neighbourhood of K, and u(¢) = v(¢) for ¢ € D(€2). On the other hand, if w is a
linear functional on £(€2) with these properties, then for all ¢ € £(Q0), o1 € D(R)
and ¢(1 — ¢) = 0 in a neighbourhood of K, and consequently

w(p) = w(gy) + w(o(l —¢)) = v(¢y) = u(¢).

This shows that v has a unique extension as a linear functional on £(2) such
that v(¢) = 0 whenever ¢ vanishes in a neighbourhood of K.

Let @ = supp¢. By (2) applied to the compact set @, there exist C' and k
such that

u(@)] = [v(¢¥)] < Cllgv |k

for all ¢ € £(Q) (because ¢ € D(Q)). Hence, by Leibnitz’ formula, |u(¢)| <
C"||9||k,o for some constant C’, that is, u € £'(Q).

We have established, therefore, that each distribution v with compact support
has a unique extension as an element u € £'(€2), and conversely, each u € £'(Q)
restricted to D(Q) is a distribution with compact support. This relationship
allows us to identify ' (Q) with the space of all distributions with compact support
in €.
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11.2.11. Convolution.
Let uw € D' := D'(R") and ¢ € D := D(R"). For € R™ fized, let

(ux @)(x) := u(d(x — ).
The function u * ¢ is called the convolution of u and ¢.

For z fixed, h # 0 real, and j = 1,...,n, the functions (ih) ! [¢(z + he; —-) —
¢(z — )] converge to (Dj¢)(x —-) (as h — 0) in D. Therefore (ih) ™ [(u* ¢)(z +
hej) —(ux¢)(x)] — (ux(D;o))(x), that is, Dj(ux @) = ux (D;¢) in the classical
sense. Also ux (D;¢p) = (D;u)*¢ by definition of the derivative of a distribution.
Iterating, we obtain that u * ¢ € £ := £(R™) and for any multi-index «,

D*(u* ¢) = ux* (D*®) = (D%u) * ¢. (8)

If supp u N supp ¢(z — -) = 0, then (u * ¢)(x) = 0. Equivalently, if (u * ¢)(x) # 0
then supp v meets supp ¢(z — -) at some point y, that is, x — y € supp ¢ and
Yy € supp u, that is, z € suppu + supp ¢. This shows that

supp (u * ¢) C supp u + supp @. (9)
Hence
ExDcCD (10)
and in particular
DD CD. (11)

Let ¢, — 0 in D. There exits then a compact set K containing supp ¢, for
all m, and D®¢,, — 0 uniformly for all a. Let @ be any compact set in R™. It
follows that supp ¢p(z —+) CQ— K :={zx—y;z € Q,y € K} for all z € Q. By
(2) with the compact set @ — K and the distribution D®u, there exist C, k such
that

[ D (u ém)(x)] = [(Du)(¢m(z —))| < Cllgm(z =)k = Cllomlr — 0

for all z € Q. Hence D*(u * ¢,) — 0 uniformly on @, and we conclude that
ux ¢y, — 01in the topological space €. In other words, the (linear) map ¢ — ux*¢
is sequentially continuous from D to £. If uw € &', the map is (sequentially)
continuous from D into itself (cf. (10)). In this case, the definition of u* ¢ makes
sense for all ¢ € &, and the (linear) map ¢ — ux¢@ from & into itself is continuous
(note that £(Q) is metrizable, so there is no need to qualify the continuity; the
metrizability follows from the fact that the topology of £(Q) is induced by the
countable family of semi-norms {|| - ||x.x,.; k,m = 0,1,2,...}, where {K,,} is a
suitable sequence of compact sets with union equal to ).

If ,7p € D and u € D', it follows from (11) and the fact that u * ¢ € £ that
both u * (¢ * 1)) and (u * ¢) * ¢» make sense. In order to show that they coincide,
we approximate (¢ * )(x) = fQ o(x — y)(y) dy (where @ is an n-dimensional
cube containing the support of ©) by (finite) Riemann sums of the form

Xm(z) =m™" Y d(x —y/m)(y/m).

yeL™
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If xn(z) # 0 for some x and m, then there exists y € Z™ such that y/m €
supp ¥ and & —y/m € supp ¢, that is, z € y/m+supp ¢ C supp 1 +supp ¢. This
shows that for all m, x.,, have support in the fixed compact set supp ¥ + supp ¢.
Also for all multi-indices «,

(D*xm)(x) =m™™ Y D*b(x—y/m)v(y/m) — ((D*¢)x)(z) = (D*(¢*¢))(x)

uniformly (in ). This means that x,, — ¢ * ¢ in D. By continuity of v on D,
[ux (¢ +9)|(2) = u((P*¥)(z =) = imu(xm(z - )

= ligln(u * Xm)(T) = ligln m=" Ny (ux¢)(x—y/m)Y(y/m)

m

= [(ux @) x¥](x),

for all x, that is,

us(¢p1p) =(uxd)x¢ (4,9 € D;ueD). (12)

Fix ¢ as in Section II.1, consider ¢, as before, and define u, := u * ¢, for any
ueD.

Proposition I1.2.12 (Regularization of distributions). For any distribu-
tion u in R™,

(i) u, € € for all r > 0;
(i) suppe C suppu+ {z; 2] < r};
(i4i) u, — w in the space D'.
Proof. Since supp ¢, = {x;|z| < r}, (i) and (ii) are special cases of properties

of the convolution discussed in I1.2.11.
Denote J : ¢(z) € D — ¢(z) := 9(—z). Then

u(¥) = (ux)(0). (13)
By Theorem I1.1.2 applied to ¢, ¢, * ¥ — 1) in D. Therefore, by (13),
ur(9) = [(u* ¢p) % 9](0) = [ (¢, 9)](0)
= u(J (¢ x9)) = u(¥)
for all ¢ € D, that is, u, — u in D', O
In particular, £ is sequentially dense in D'.

Note also that if uw* D = {0}, then w, = 0 for all r > 0; letting » — 0, it
follows that u = 0.
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11.2.13. Commutation with translations.
Consider the translation operators (for h € R™)

Th: ¢(z) = ¢z —h)
from D into itself. For any u € D', it follows from the definitions that

Th(u* @) = w* (Th),

that is, convolution with u commutes with translations. This commutation prop-
erty, together with the previously observed fact that convolution with u is a
(sequentially) continuous linear map from D to £, characterizes convolution with
disributions. Indeed, let U : D — &£ be linear, sequentially continuous, and com-
muting with translations. Define u(¢) = (U(¢))(0), (¢ € D). Then wu is a linear
functional on D, and if ¢, — 0 in D, the sequential continuity of U on D implies

that u(¢x) — 0. Hence u € D’'. For any « € R™ and ¢ € D,
(Ug)(z) = [-2U¢](0) = [U(7-29)](0)
w(J(7-20)) = [u* (T-29)](0) = [Tz (u * $)](0) = (ux ¢)(x),

that is, U¢ = u * ¢, as wanted.

11.2.14. Convolution of distributions.
Let u, v be distributions in R™, one of which has compact support. The map

W:peD—-ux(vxg)el

is linear, continuous, and commutes with translations. By I1.2.13, there exists a
distribution w such that W¢ = w % ¢. By the final observation in I1.2.12, w is
uniquely determined; we call it the convolution of u and v and denote it by w*v;
thus, by definition,

(uxv)xp=ux(xg) (¢€D). (14)

If v = ¢ € D, the right-hand side of (14) equals (u * ©) * ¢ by (12) (where
u * 1) is the ‘usual’ convolution of the distribution v with ). Again by the final
observation of II1.2.12, it follows that the convolution of the two distributions
u,v coincides with the previous definition when v is a function in D (the same
istrueifu € & and v =1 € &).

One verifies easily that

supp(u * v) C supp u + supp . (15)
(With ¢, as in Section II.1, it follows from (9) and Proposition I1.2.12 that

supp[(u * v) * ¢,] = supplu * (v * ¢,-)] C suppu + supp v,
C suppu + suppv + {z;|z| < r},

and we obtain (15) by letting r» — 0.)
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If u,v,w are distributions, two of which (at least) having compact support,
then by (15) both convolutions (u % v) *w and u* (v *w) are well-defined distri-
butions. Since their convolutions with any given ¢ € D coincide, the ‘associative
law’ for distributions follows (cf. end of Proposition 11.2.12).

Convolution of functionsin £ (one of which at least having compact support)
is seen to be commutative by a change of variable in the defining integral. If u €
D’ and ¢ € D, we have for all ¢ € D (by definition and the associative law we
just verified!):

(uxp) x ¢ :=ux (@) =ux(d*1)
= (ux@)xp = (uxg) = (Yxu)xg,
and therefore u 1) = ¢+ u. The same is valid (with a similar proof) when u € &’
and ¥ € £.

For any two distributions u, v (one of which at least having compact support),
the commutative law of convolution follows now from the same formal calculation
with v replaced by v.

Let § be the ‘delta measure at 0’ (cf. I1.2.6). Then for any multi-index o and
ue D,

(D*§) * u = D%u. (16)
Indeed, observe first that for all ¢ € D, (6 x ¢)(z) = [ P(z — y)dé(y) = ¢(z),
that is § % ¢ = ¢. Therefore, for any v € D', (v* ) * d = v * (0 * ¢) = v * ¢, and

consequently
vkd=v (veD). (17)

Now for all ¢ € D,
(ux D*8) x ¢ = ux (D*F x @) = ux (D% x §)
=wux* D% = (D) * ¢,

and (16) follows (cf. end of 11.2.12 and (8)).
Next, for any distributions u, v with one at least having compact support, we
have by (16) and the associative and commutative laws for convolution:

D¥(u*v) = (DY) * (u*v) = (D *u) xv= (D) v
= D%wx*wu) = (D) xu =wux (D).

This generalizes (8) to the case when both factors in the convolution are
distributions.

I1.3 Temperate distributions

I1.3.1. The Schwartz space.
The Schwartz space S = S(R™) of rapidly decreasing functions consists of all
¢ € & =E(R™) such that

18]la,s = sup[a? D*¢(z)| < co.
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The topology induced on S by the family of semi-norms || ||, (where «, 3 range
over all multi-indices) makes S into a locally convex (metrizable) topological
vector space. It follows from Leibnitz’ formula that S is a topological algebra for
pointwise multiplication. It is also closed under multiplication by polynomials
and application of any operator D, with both operations continuous from &
into itself.

We have the topological inclusions
DcScé& SclL':=L'R"Y.
(Let py(x) = [T}—, (1 + 3); since [|1/p, L1 = 7", we have

9]z < 7" sup [pn(z)é(2)]. (1)

If ¢ — 0in S, it follows from (1) that ¢, — 0 in L1.)

Fix ¢ as in I1.1.1, and let x be the indicator of the ball {z;|z| < 2}. The
function ¢ := x * ¢ belongs to D (cf. Theorem I1.1.2), and ?» = 1 on the closed
unit ball (because for |2| < 1,{y; ly| <1 and |z—y| < 2} = {y; |y| < 1} = supp ¢,

and therefore ¥(z) = fsupp¢x(x —yo(y)dy = [ ¢(y)dy =1).
Now, for any ¢ € S and the function ¢ defined above, consider the functions

¢r(x) == ¢(z)(rz), (r > 0) (not to be confused with the functions defined in
I1.1.1). Then ¢, € D and ¢ — ¢ = 0 for |z| < 1/r. Therefore ||¢ — ¢rl|la.g =
SUD|g>1/r |2 D*(¢—¢,-)|. We may choose M such that sup,, [2°|z|2D*(¢p—¢,)| <
M for all 0 <r < 1. Then [[¢ = ¢r[la,s < SUP|g>1/r % < Mr? — 0 when 7 — 0.
Thus ¢, — ¢ in S, and we conclude that D is dense in S. A similar argument
shows that ¢, — ¢ in & for any ¢ € &; hence D (and therefore S) is dense in £.

11.3.2. The Fourier transform on S. .
Denote the inner product in R" by z-y (z-y:= >, z;y;), and let F': f — f
be the Fourier transform on L!:

fo)= [ ei@ds (fe L. 2

(All integrals in the sequel are over R™, unless specified otherwise.)

If p € S,2%¢(x) € S C L for all multi-indices «, and therefore, the integral
[ e Y (—x)*¢(x) dz converges uniformly in y. Since this integral is the result
of applying D® to the integrand of (2), we have ¢ € £ and

D% = F[(—z)*¢(x)]. (3)
For any multi-index g, it follows from (3) (by integration by parts) that
v} (D*$)(y) = FD[(—2)*¢()]. (4)

In particular (o = 0)

yPo(y) = [FD¢)(y). (5)
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Since DP[(—z)*¢(x)] € S C L, it follows from (4) that y?(D*¢)(y) is a bounded
function of y, that is, ¢ € S. Moreover, by (1) and (4),

sup [y (D*9)(v)| < 1D [(~) ()]

P (2) DP[(=2)*d(2)] .

< 7" sup
xr

This inequality shows that if ¢, — 0 in S, then (;Aﬁk — 0 in S, that is, the map
F:¢9eS8— ¢ eS8 isa continuous (linear) operator. Denote

MP:¢p(z) €S — 2Pp(z) €S.
Then (4) can be written as the operator identity on S:
MPD®F = FDP(—M)~. (6)
A change of variables shows that
(F(ry))(s) =r~"d(s/r) (7)

for any 9 € L' and r > 0.
If ¢, € L', an application of Fubini’s theorem gives

[owwe=ray= [e- oyt = [ i) +s)d (8)

Replacing ¢ (y) by ¥(ry) in (8), we obtain by (7) and the change of variable
s=rt

/fb (ry)e®* Y dy =r~ /w s/r)p(x + s ds—/w o(x+rt)dt. (9)

In case ¢,v) € S(C L'), we have 6,0 € S c L', and ¢,v are bounded and
continuous. By Lebesgue’s Dominated Convergence theorem, letting » — 0 in

(9) gives
0) / () dy = () / () dt (10)

for all ¢,1p € S and x € R". 2 R ,

Choose for example 1 (z) = (27) /2 e~12I"/2. Then 1(t) = e~ I*'/2 (cf. 1.3.12)
and [¢(t)dt = (2m)"/2. Substituting these values in (10), we obtain (for all
¢ €S)

— 20 [ Gy (1)

This is the inversion formula for the Fourier transform F on S. It shows that F'
is an automorphism of S, whose inverse is given by

F~!' = (2r) "JF, (12)

where J : ¢ — (;3
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Note that JF = F.J and F? = (27)"J.
Also, by definition and the inversion formula,

By) = / V() dr = (2m)"(F 1) (),

that is,

F(d) = 2m)™b (¢ € S). (13)

(It is sometimes advantageous to define the Fourier transform by F = (27) "/ F;

the inversion formula for F : S — S is then F~! = JF, and the last identities

become F? = .J and FOF = C, where C : 1) — 1) is the conjugation operator.)
An application of Fubini’s theorem shows that

Fox¢)=¢p (p,9 €S). (14)

(This is true actually for all ¢, € L1.)
Replacing ¢, 1 by ¢, (€ S) respectively, we get

F(¢ ) = (F2¢)(F*y) = (2m)*" (J¢)(J¢)
= (2m)2" J(¢n)) = (2m)"F2(g)).

Hence

F(gy) = (2m) "dx¢ (6,4 €S). (15)
For x = 0, the identity (8) becomes

[ovd= [oids (60 eLh). (16)

In case ¥ € S (so that veScC L'), we replace 1 by ’LZ in (16); using (13),
we get

/ i dz = (2m)" / ohdz (61 € S). (17)

This is Parseval’s formula for the Fourier transform.
In terms of the operator F, the formula takes the form

(Fo, F) = (o,9) (9,9 €5), (18)

where (-,-) is the L? inner product.
In particular,

|Follz = ||¢]l2, (19)

where || - || denotes here the L2-norm.

Thus, F is a (linear) isometry of S onto itself, with respect to the L2-norm on
S. Since S is dense in L? (recall that D C S, and D is dense in L?), the operator
F extends uniquely as a linear isometry of L? onto itself. This operator, also
denoted F, is called the L2-Fourier transform.
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Example. Consider the orthonormal sequence {fi; k € Z} in L*(R) defined in
the second example of Section 8.11. Since F is a Hilbert automorphism of L?(R),
the sequence {gx := F fr; k € Z} is orthonormal in L*(R). The fact that f, are
also in L!(R) allows us to calculate as follows

us

au(0) = (V2R) [ fila)do = 12m) [ 0D da

—T
L Sinmy

=V e

Note in particular that

sin?(7y)
[ Ty = ol = 1.

that is, fR sin? t/t? dt = w. Integrating by parts, we have for all a < b real

b b b
/Sin2t/t2dt:/ singtd(fl/t):sin2a/afsin2b/b+/ sin(2t)/t dt.

Letting @ — —oo and b — oo, we see that the integral [ sin(2t)/tdt converges
and has the value 7, i.e,
sint
/ —dt=m.

This is the so-called Dirichlet integral.

If g = Ff is in the closure of the span of {g;} in L?(R), f is necessarily in the
closure of the span of {f;}, hence vanishing on (-, 7)¢; in particular, f is also
in L*(R), and therefore g is continuous. Also g has the unique L?(R)-convergent
generalized Fourier expansion g = Y, ., argr (equality in L?). Since both {ay}
and {||gr|ls} are in [?(Z), it follows (by Schwarz’ inequality for [2(Z)) that
the above series for g converges (absolutely and) uniformly on R; in particular,
> aggr is continuous. Since g is continuous as well, g = > argy everywhere,

that is,

_ sin my ak/ y— k).

Letting y — n for any given n € Z, we get g(n) = a,, Thus

9(9) = T S (1 (k) B,
k

11.3.3. The dual space S'.

If we S, then ulp € D' (because the inclusion D C S is topological).
Moreover, since D is dense in S, u is uniquely determined by its restriction to D.
The one-to-one map u € 8" — u|p € D’ allows us to identify S’ as a subspace of
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D’; its elements are called temperate distributions. We also have & C §':
g csScr,
topologically.

Note that LP C &' for any p € [1, o0].
The Fourier transform of the temperate distribution u is defined by

w(¢) =u(d) (p€8). (20)

If w is a function in L', it follows from (16) and the density of S in L! that
its Fourier transform as a temperate distribution ‘is the function @’, the usual
L'-Fourier transform. Similarly, if u € M(R"), that is, if u is a (reqular Borel)
complex measure, U ‘is’ the usual Fourier—Stieltjes transform of u, defined by

ay) = / ) (e R,

In general, (20) defines @ as a temperate distribution, since the map F' : ¢ — ¢E
is a continuous linear map of S into itself and 4 := uo F'. We shall write F'u for @
(using the same notation for the ‘extended’ operator); F' is trivially a continuous
linear operator on S'.

Similarly, we define the (continuous linear) operators J and F on S’ by

(Ju)(¢) = u(Jp) (¢ €S)

and F = (2m)""/2F.
We have for all ¢ € S

(F?u)(¢) = u(F?¢) = (2m)"u(J¢) = (2m)" (Ju)(¢),

that is
F? = (2n)"J
on &’. It follows that F' is a continuous automorphism of &’; its inverse is given
by the Fourier inversion formula F~! = (27)""JF (equivalently, F~1 = JF)
on §'.
It follows in particular that the restrictions of F' to L' and to M := M (R") are
one-to-one. This is the so-called uniqueness property of the L'-Fourier transform

and of the Fourier—Stieltjes transform, respectively.
If ue L3(C &), then for all p € S

(Fu)(@)] = [u(Fo)| = \/uﬂ:dx

< [lull2|Foll2 = [lul2ll¢ll2-

Thus, Fu is a continuous linear functional on the dense subspace S of L? with
norm < [lul|z. It extends uniquely as a continuous linear functional on L? with
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the same norm. By the (‘little’) Riesz representation theorem, there exists a
unique g € L? such that ||g||2 < |Jul|2 and

(Fu)(6) = / bgdz (peS).

This shows that Fu ‘is’ the L2-function ¢, that is, F maps L? into itself. The
identity u = F2Ju shows that FL? = L2. Also || Ful2 = ||g]l2 < ||ul|2, so that

lullz = [l Jull2 = | F2ull2 < | Full2,

and the equality || Full2 = |lullz follows. This proves that F|r2 is a (linear)
isometry of L? onto itself. Its restriction to the dense subspace S of L? is the
operator JF originally defined on S; therefore F|p2 coincides with the L? Fourier
transform defined at the end of I1.3.2.

The formulae relating the operators F, D%, and M”? on S extend easily to
S’ if u e 8, then for all ¢ € S,

[FDPul¢ = (DPu)(F¢) = u ((~D)’F¢)
=u (FMP¢) = (MPFu)(¢),
that is, FD? = MPF on S'. By linearity of F, it follows that for any polynomial
PonR" FP(D)=P(M)F on S

Theorem I1.3.4. Ifu € &', 4 ‘is the function’ Y(y) := u(e™*Y) (y is a para-
meter on the right of the equation), and extends to C™ as the entire function
P(2) == u(e™¥#), (z € C"). In particular, 4 € £.

Proof.
(i) Case u e D(C &'). Since ¢(z) = [

. .. . A Supp u
entire, and coincides with & on R™.

e~ Zy(x) dx, it is clear that 1 is

(ii) General case. Let ¢ be as in I1.1.1, and consider the regularizations u, :=
u * ¢ € D. By Proposition 11.2.12, u, — u in D’ and supp u, C suppu +
{z;]z] <1} := K for all 0 < r < 1. Given ¢ € &, choose ¢’ € D that
coincides with ¢ in a neighbourhood of K. Then for 0 < r < 1,u,(¢) =
up (@) — u(¢’) = u(@) as r — 0, that is, u, — u in &£, hence also in §'.
Therefore @, — @ in &’ (by continuity of the Fourier transform on S').
By Case (i), tr(y) = u,(e72Y) — u(e™Y), since u, — u in &'. More
precisely, for any z € C™,

(%) = [(ws 6,) % 67)(0) = fu (g0 % € 9)](0).

However,
6, ets = [0y /)y

_ eim‘z /e—it~rz¢(t) dt = eiz~zq3(rz).
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Therefore,

up(€7%) = §(r2) (wx %)(0) = d(rz)ule?),

and so, for all 0 < r <1,
Jup (e77%) — u(e ™3| = |p(rz) — 1] [u(e ™)
[ = ot ute )
|z|<1

< Clle™ ™|k i |2]e!¥Ir,

with the constants C, k and the compact set K independent of r. Consequently

up(e71%%) — u(e™®2) as r — 0, uniformly with respect to z on compact subsets

of C™. Since u,.(e~1#'#) are entire (cf. Case (i)), it follows that u(e™*'#) is entire.
In order to verify that @ is the function u(e™i*"¥), it suffices to show that

/¢ o)

for arbitrary ¢ € D, since D is dense in S. Let K be the compact support of ¢,
and 0 < r < 1. Since ¢(y)t,-(y) — ¢(y)u(e™¥) uniformly on K as r — 0, we
get

(@) = hm U (P) = 11m/ oY)t (y) dy —/ o(y)u(e 1Y) dy,
as desired. O

The entire function u(e~#"*) will be denoted (z); since the distribution @ ‘is’
the above function restricted to R™ (by Theorem I1.3.4), the notation is justified.
The function 4(z) is called the Fourier—Laplace transform of u € &’.

Theorem I1.3.5. Ifue & andv e S, thenuxv €S and F(u*v) =u70.

Proof. By Theorem 11.3.4, @ € £, and therefore the product 4 v makes sense as

a distribution (cf. (4), I11.2.9). We prove next that u xv € §’; then F'(u * v) will

make sense as well (and belong to §’), and it will remain to verify the identity.
For all ¢ € D,

(uxv)(¢) = [(uxv) x J@](0) = [u* (v* J$)](0)
=u(J(v*JP)) = (Ju)(v* Jp). (21)

Since Ju € &', there exist K C R™ compact and constants C > 0 and k£ € NU{0}
(all independent of ¢) such that

[(uxv)(@)] < Cllvx TPk, (22)

(cf. (7) in 11.2.10).
For each multi-index a, D*v € &’. Therefore, there exist a constant C’ > 0
and multi-indices 3,7 (all independent of ¢ and z), such that

(D% % J) ()| = [(D*0)(d(y — x))| < C’ Sup v (D79)(y)]. (23)
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By (22) and (23), |(u * v)(¢)| can be estimated by semi-norms of ¢ in S (for
all ¢ € D). Since D is dense in S,u * v extends uniquely as a continuous linear
functional on S. Thus, uxv € §'.

We shall verify now the identity of the theorem, first in the special case
u € D. Then 4 € S, and therefore 40 € S’ (by a simple application of Leibnitz’
formula).

By (21), if ¢ € S is such that ¢ € D,

[Fux0)]() = (ux0)(§) = (vxu)($) = v(J (wx JP)).

For f,g € D, it follows from the integral definition of the convolution that
J(fxg)=(Jf)*(Jg). Then, by (12) and (15) in I11.3.2,

[F(ux0)]() = o((Ju) * ) = o[(2m) " (F2u) * F)]
= v(F(ay)) = o(ip) = (a0) (),

where the last equality follows from the definition of the product of the dis-
tribution ¢ by the function & € § C £. Hence F(u * v) = 40 on the set
So = {v € S € D}. For ¢ € S arbitrary, since ¥ € S and D is dense in
S, there exists a sequence ¢ € D such that ¢ — z[; in S. Let ¢, = F~l¢y.
Then ¢ € S, Fi, = ¢ € D (that is, ¥ € Sp), and ¥ — ¥ by continuity of
F~'on S (ie., S is dense in S).

Since F(u*wv) and 40 are in S’ (as observed above) and coincide on Sp, they
are indeed equal.

Consider next the general case u € &' . If ¢ € D, ¢xu € D and v € ', and
also ¢ € D and uxv € §’. Applying the special case to these two pairs, we get

(6@)d = [F(¢*u)}d = F[(¢ % u) * v]

= Flp* (uxv)] = oF (u*v).
For each point y, we can choose ¢ € D such that ¢?(y) # 0; it follows that
w0 = F(uxv). O

The next theorem characterizes Fourier-Laplace transforms of distributions
with compact support (cf. Theorem 11.3.4).

Theorem I1.3.6 (Paley—Wiener—Schwartz).

(i) The entire function f on C™ is the Fourier—Laplace transform of a distri-
bution u with support in the ball S4 := {x € R";|z| < A} iff there exist a
constant C' > 0 and a non-negative integer m such that

[f(2)] <O+ [z])m et (zeCm).

(ii) The entire function f is the Fourier—Laplace transform of a function u €
D(Sa) iff for each m, there exists a positive constant C' = C(m) such that

(@) < Cm)(L+ |27t (z e C™).
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Proof. Let r > 0, and suppose u € & with suppu C S4. By Theorem II1.2.8
with w = {z;|z| < A+ r}, there exists g € L*°(w) such that u|, = Dj---Dg.
We may take g and s independent of r for all 0 < r < 1. Extend g to R™ by
setting g = 0 for |z| > A+ 1 (then of course ||g||1 < o0). Since suppu C w, we
have u = Df--- D; g, and therefore

a(2)] = \ [ eni Dyt as

_ \ [ Dt @) da

- ‘ /w(—l)sn(z1 Czp) e g (1) d

< O(l + ‘Z|)me(A+r)\Sz\

< (|z1] -+ |znl)®llgl 2 sUp €® 37
w

)

for any constant C' > ||g||p1,m = sn, and r < 1 (since |z - Sz| < |2]|Sz] <
(A+7r)|Sz| on w, by Schwarz’s inequality). Letting  — 0, we obtain the necessity
of the estimate in (i).

If w € D with support in S4, we have for any multi-index 5 and z € C™

|2%a(2)| = [(FD u)(2)| = | g (D) (x) dx| < || DPul|reS,
A

and the necessity of the estimates in (ii) follows.

Suppose next that the entire function f satisfies the estimates in (ii). In
particular, its restriction to R™ is in L', and we may define u = (27r)_”/2J.7-'f\Rn.
The estimates in (ii) show that y®f(y) € L'(R") for all multi-indices o, and
therefore D® may be applied to the integral defining u under the integration
sign; in particular, u € €.

The estimates in (ii) show also that the integral defining u can be shifted
(by Cauchy’s integral theorem) to R™ + it, with ¢ € R™ fixed (but arbitrary).
Therefore

ju()] < C(m) explAlt] — - 1] / (14 y) ™™ dy

for all x € R™ and m € N. Fix m so that the above integral converges, and
choose t = Az(A > 0). Then for a suitable constant C’ and |z| > A, |u(z)| < C’
exp[—Alz|(Jz] — A)] — 0 as A — oo. This shows that suppu C Sa, and so
u € D(S4). But then its Fourier-Laplace transform is entire, and coincides with
the entire function f on R™ (hence on C"), by the Fourier inversion formula.

Finally, suppose the estimate in (i) is satisfied. Then f|g» € &', and therefore
flrn = @ for a unique u € §’. It remains to show that suppu C S4. Let ¢ be
as in II.1.1, and let u, := u * ¢, be the corresponding regularization of u. By
Theorem 11.3.5, 4, = t¢,. Since ¢, € D(S,), it follows from the necessity part
of (ii) that |¢,(2)] < C(m)(1+ |z|)~™e"132l for all m. Therefore, by the estimate
in (i),

£(2)8r(2)] < C'(k)(1 + |2]) FelATrIS=

for all integers k. By the sufficiency part of (i), the entire function f(z)¢(2)
is the Fourier-Laplace transform of some v, € D(Sa4,). Since F is injective on
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S', we conclude (by restricting to R™) that the distribution wu, ‘is the function’
.. In particular, suppu, C Say, for all » > 0. If x € D has support in
(the open set) S, there exists ro > 0 such that suppx C S% 4, then for
all 0 < 7 < ro,u.(x) = 0 because the supports of u, and x are contained in
the disjoint sets Say, and S4 ., = (respectively). Letting r — 0, it follows that
u(x) = 0, and we conclude that u has support in Sj4. O

Example. Consider the orthonormal sequences {fx;k € Z} and {gp;k € Z}
in L?(R) defined in the example at the end of I1.3.2. We saw that f € L*(R)
belongs to the closure of the span of {f;} in L?(R) iff it vanishes in (—m,7)c.
Since F is a Hilbert isomorphism of L?(R) onto itself, g := Ff € L*(R) belongs
to the closure of the span of {g;} iff it extends to C as an entire function of
exponential type < 7 (by Theorem I1.3.6). The expansion we found for g in the
above example extends to C:

9(z) = (1/m)sinmz Yy _(~1)¥g(k)/(z = k) (2 €C), (24)
k

where the series converges uniformly in |Rz| < r, for each r. We proved that
any entire function g of exponential type < mw, whose restriction to R belongs to
L?(R), admits the expansion (24).

Suppose h is an entire function of exponential type < 7, whose restriction to

R is bounded. Let g(z) := [h(z) — h(0)]/z for z # 0 and g(0) = A’(0). Then g is
entire of exponential type < 7, and g|gr € L?(R). Applying (24) to g, we obtain

;mz):iuoy+u/w)gnwz(h%oy+§:(—1ﬁwuky-hmnu/k+4/(z—kﬂ).(2@

k0

The series s(z) in (25) can be differentiated term-by-term (because the series
thus obtained converges uniformly in any strip |z| < r). We then obtain

h'(z) = cosmz(h'(0) + s(2)) + (1/7) sin 7z Z(—l)kil[h(/ﬂ) —h(0)]/(z — k)2
k#0
In particular,
W(1/2) = (1/m) Y (=1 '[a(k) = h(0)]/(k — 1/2)?
k0
L h(k) = h(0
~ Yy D)

kEZ
Since Y, o7 (—1)"71/(2k — 1)? = 0, we can rewrite the last formula in the form

h(k)

h(1/2) = (4/m) Z(—l)hlm-

keZ

(26)

For t € R fixed, the function h(z) := h(z +t — 1/2) is entire of exponential type
< 7r7sup|iL’R| = Sup|h‘R| := M < oo, and h/(1/2) = K/(t). Therefore by (26)
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applied to i~L,
w1 h(t+k—1/2)

W(t) = (4/7) Z(—l) TeRo1e (27)
kez
Hence (cf. example at the end of Terminology 8.11)
l 1 2
B ()] < (4/m)M Y @12 (4/m)M (7 /4) = 7M. (28)
kEZ
Thus, considering h restricted to R,

17 oo < [l (29)

Let 1 < p < o0, and let ¢ be its conjugate exponent. For any simple measurable
function ¢ on R with ||¢||, = 1, we have by (27) and Holder’s inequality

I _ (_1)k_1
‘/thﬁdt — (4/7) k%(%_w/h(wrk—lﬂ)wt)dt
< @/m Y =gy M lbllele = wlal

kEZ

Taking the supremum over all such functions ¢, it follows that
1B ]lp < |- (30)

(For p =1, (30) follows directly from (27): for any real numbers a < b,

b
| w1 < @/m) S s i = el

kEZ

and (30) for p = 1 is obtained by letting a — —oco and b — 00.)

If f is an entire function of exponential type < v > 0 and is bounded on R,
the function h(z) := f(7z/v) is entire of exponential type < m;||h]lcc = ||flloo
(norms in L*(R)); and h'(t) = («w/v)f'(xwt/v). A simple calculation starting
from (30) for h shows that

£ Ml < vI1F1l (31)
for all p € [1,00]. This is Bernstein’s inequality (for f entire of exponential type
< v, that is bounded on R).

The spaces W, ;,

11.3.7. Temperate weights.
A (temperate) weight on R™ is a positive function k& on R™ such that

k(z +y)
k(y)

for some constants C,m > 0.

<A+ Cl)™ (z,y €R") (32)
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By (32),

o k(z+y)
= kW)

and it follows that k is continuous, satisfies the estimate

(14 Clxl) <A+ Cle)™  (z,y €R"), (33)

EO)(1+Clz))™™ < k(z) <EO)(1+Cl|z))™ (zeR"™), (34)
and 1/k is also a weight.

For any real s, k® is a weight (trivial for s > 0, and since 1/k is a weight, the
conclusion follows for s < 0 as well).

An elementary calculation shows that 1+ |z|? is a weight; therefore, ky(x) :=
(1+ |z|?)%/? is a weight for any real s.

Sums and product of weights are weights. For any weight &, set

k(x) := sgp k(z(—;—)y)’ (35)
so that, by definition,
k(z) <(1+Clz)™ and k(z+y) < Ek(x)k(y). (36)
Also
k(z +y) < k(z)k(y). (37)

By (36) and (37), k is a weight with the additional ‘normal’ properties (37) and
1= E(0) < k(). (38)
(E(0) =1 by (35); then by (37) and (36), for all r = 1,2, ...,
1 = k(0) = k(rz — re) < h(w) k(-r2) < h(z)(1+ Crla)™;

taking the rth root and letting r — oo, we get 1 < k(x).)
Given a weight k£ and ¢ > 0, define

k() = Sup k(x —y) exp(—tlyl) = Sup exp(—tlz —y|)k(y)-

(z,y range in R™.)
We have

k(z) < k'(x) < sgp(l + Clyl)™k(z) exp(—tly|) < Cik(x),

that is,

1<

where C} is a constant depending on t.
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Also
k' (z +2') = sup k(z + 2" — y) exp(~t|y])
Yy

< sup(1+ Cla'|)"k(z — y) exp(—tly|) = (1 + Cl2'))™k" (x),
Y

that is, k? is a weight (with the constants C,m of k, whence independent of t).
By the last inequality,

(1<)E (x) < (14 Claf)™.

Since

K (v+2') = sup exp(—t|z+a’—y|)k(y) < &' sup exp(—tlz—y|)k(y) = ' k! (2),
Y Y

therefore
(1<) () < etlel,

In particular, k* — 1 as ¢t — 04, uniformly on compact subsets of R™.

A weight associated with the differential operator P(D) (for any polynomial
P on R") is defined by
1/2

kp = 9 (39)

Z |P(a) |2

where the (finite) sum extends over all multi-indices .. The estimate (32) follows
from Taylor’s formula and Schwarz’s inequality:

2

kp(z+y) =)

(03

> Py

[Bl<m

<SP N 2t/ p)?
a B

|Bl<m

< kp(y)(1+ Cla|)*™,

where m = deg P.
Extending the sum in (39) over multi-indices o # 0 only, we get a weight k%
(same verification!), that will also play a role in the sequel.

11.3.8. Weighted LP-spaces.
For any (temperate) weight k and p € [1, 00|, consider the normed space

Lyk = (1/k)LP ={f;kf € L"}

(where LP := LP(R")), with the natural norm || f||z,, = ||kf[/p(|| - [, denotes
the LP-norm). One verifies easily that L, ; is a Banach space for all p € [0, 0],
and (Lp)* is isomorphic and isometric to Lg 1 /4 for 1 < p < oo (g denotes the
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conjugate exponent of p): if A € (L, 1)*, there exists a unique g € L 1,5 such
that

Af = / fody (f € Lyy)

and
Al = llgllz,. )W

By (34), S C L, i topologically.
Given f € Ly, Holder’s inequality shows that

Joro

Since § C Lg. 1/ topologically, it follows from (40) that the map ¢ — [ ¢ f dx
is continuous on S, and belongs therefore to §’. With the usual identification,
this means that L, C &', and it follows also from (40) that the inclusion is
topological (if f; — 0 in Ly, then [ ¢f;,dx — 0 by (40), for all ¢ € S, that is,
fi — 0in S8’). We showed therefore that

<A, llelz, (& €8). (40)

ScL,pcS (41)
topologically.

11.3.9. The spaces W .
Let
FiueS — Fu:=2n)""2ue8,

and consider the normed space (for p, k given as before)
Wor i=F 'Lyr={uecS;Fue Ly} (42)

with the norm

[ullp.p = 1Fulle, . = IEFullp  (we Wp). (43)

Note that for any ¢ > 0,
Woke = Wkt

(because of the inequality 1 < k'/k < Cy, cf. 11.3.7).

By definition, F : W, — L, 1 is a (linear) surjective isometry, and therefore
W,k is a Banach space. Since F~! is a continuous automorphism of both S and
&', it follows from (41) in I1.3.8 (and the said isometry) that

ScW,pCS (44)

topologically.

Fix ¢ as in II.1.1, and consider the regularizations u, = u * ¢, € & of
U €Wy, < 00. As r — 04, k()i (x) = k(z)(z)p(rz) — k(z)i(z) pointwise,
and |k, | < |ku| € LP; therefore k@, — k@ in LP, that is, u, — u in W, . One
verifies easily that u, € S, and consequently S is dense in W, .. Since D is dense
in §, and S is topologically included in W, , we conclude that D is dense in
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Wy i (and so W, i, is the completion of D with respect to the norm || - ||p %) for
any 1 < p < oo and any weight k. The special space Wy, is called Sobolev’s
space, and is usually denoted H?®.

Let L € Wy ;. (for some 1 < p < o). Since F is a linear isometry of W, ;. onto
L, k, the map A = LF~! is a continuous linear functional on L, with norm
|IL||. By the preceding characterization of Ly 1., there exists a unique g € Ly 14,

such that ||g[|z, ,, = [IL] and Af = [ fgdx for all f € L, . Define v = Flg.
For all u € W, , denoting f = Fu(€ Ly k), we have ||v||q,1/x = || L] and

Lu=LF'f = Af = / (Fu)(Fv) da. (45)

The continuous functional L is uniquely determined by its restriction to the
dense subspace S of W, . For v € S, we may write (45) in the form

Lu = v(F*u) = v(Ju) = (Jv)(u) (u€S), (46)

that is, L|s = Jv. Conversely, any v € W 1/, determines through (45) an
element L € Wy, such that ||L[| = [|v]|s1/x (and L|s = Jv). We conclude that
W, i is isometrically isomorphic with W, 1 /1,. In particular, (H*)* is isometrically
isomorphic with H~*.

If the distribution v € W, ; has compact support, and v € Wy i/, then by
Theorem I1.3.5, uxv € 8’ and

vl i = 15K F (ux0) [ = (20)"2| (kFu) (k' Fo)
< 2m)" 2|k FullplIk Folloo = (2m)" 2 [ullp ][0 ]l o,k

In particular,
(Wp,k n 8’) * Woo,}c/ C Wp,kk’~ (47)

Let P be any polynomial on R"™. We have P(D)d € £’ C &', and
FP(D)§ = P(M)Fé = (2r)"™2P(M)1 = (2m)""/2P.

Thus
[P(D)d]lookr = (2) "2 ||K' Pllo < o0,

for any weight &’ such that &’ P is bounded (we may take for example k' = 1/kp,
or k' = ks with s < —m, where m = deg P).

Thus P(D)d € Weo i (for such k'), and for any u € W, ., P(D)u = (P(D)d)*
u e Wp,kk’-

Formally stated, for any weight k' such that k' P is bounded,

P(D)Wp,k - Wp,k:k’- (48)
The above calculations show also that
[P(D)ullprer < & Pllocllullpr (€ Wphi), (49)

that is, P(D) is a continuous (linear) map of W), ;, into W), jp.
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If u € Wy and ¢ € D, then @ € Ly and ¢ € S C Ly, 5o that the

convolution é* @ makes sense as a usual integral. On the other hand, ¢u is
well defined and belongs to &’. Using Theorem 11.3.5 and the Fourier inversion
formula on &', we see that

2m)"2F(gu) = (Fo) * (Fu).
Hence (since k(z) < k(z — y)k(y))
@2m)" 2|l pullp = [K(FS) * (Fu)l,
< |IEIF]) * (K| Ful)llp < [IEF Il llkFullp,

that is,
gullp,e < 2m) "2l llull - (50)

Since D is dense in S and S C W i, it follows from (50) that the multiplication
operator ¢ € D — ¢u € W, extends uniquely as an operator from S to Wi, i,
(same notation!), that is, SW, 1 C Wy, and (50) is valid for all ¢ € S and
(RS Wp’k.

Apply (50) to the weights k' associated with k (cf. 11.3.7). We have (for any
p€eS)

1l = / i F o) d

As t — 0+, the integrand converges pointwise to F¢, and are dominated by
(1 + Clz))™|Fp| € L' (with C,m independent of ¢). By Lebesgue’s dominated
convergence theorem, the integral tends to || F¢|1 := ||¢]|1,1. There exists there-
fore tg > 0 (depending on ¢) such that ||¢||1 k¢t < 2||¢||11 for all ¢ < ¢o. Hence
by (50)

[pullp,ke < 22m) 721111l ullppe (51)
forall 0 <t <tg,¢ €S, and u € W, ), = W), j+, with ¢y depending on ¢. This
inequality will be used in the proof of Theorem I1.7.2.

Let j be a non-negative integer. If |y|’ € Lg 1), for some weight k and some
1 < q < oo, then y* € Ly for all multi-indices o with |af < j. Consequently,
for any u € W, x (with p conjugate to q), y*i(y) € L'. By the Fourier inversion
formula, u(z) = (2m)~" [ €"*¥a(y) dy, and the integrals obtained by formal dif-
ferentiations under the integral sign up to the order j converge absolutely and
uniformly, and are equal therefore to the classical derivatives of w. In particular,
w € CJ. This shows that

Wpﬁk C Cj (52)
if |y|’ € Ly 1k This is a regularity property of the distributions in W, .

IT1.4 Fundamental solutions

I1.4.1. Let P be a polynomial on R"™. A fundamental solution for the (partial)
differential operator P(D) is a distribution v on R™ such that

P(D)v = 4. (1)
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For any f € &', the (well defined) distribution u := v * f is then a solution of
the (partial) differential equation

P(D)u = f. (2)

(Indeed, P(D)u = (P(D)v) * f = 6  f = f.) The identity
P(D)(vxu)=v*(P(D)u)=u (uef) (3)
means that the map V : v € £ — vxu is the inverse of the map P(D) : &' — &'.

Theorem I1.4.2 (Ehrenpreis—Malgrange—Hormander). Let P be a poly-
nomial on R™, and € > 0. Then there exists a fundamental solution v for P(D)
such that

sech(e|z|)v € Woo kip

and || sech(€|z|)v| co,kp i bounded by a constant depending only on €,n, and m =
deg P.

Note that sech(e|z|) € € (since cosh(e|z|) = >, €2 (z? + -+ + 22)*/(2k)!),
and therefore its product with the distribution v is well defined.
For any ¢ € D (and v as in the theorem), write

v = [1 cosh(e|z|)][sech(e|x|)v].

The function in the first square brackets belongs to D; the distribution in
the second square brackets belongs to Weo 1. Hence v € Weo i, by (50) in
Section I1.3.9. Denoting

Wik = {u € D'spu € W, for all 1 € D},

p

the above observation means that the operator P(D) has a fundamental solution
in W%,
The basic estimate needed for the proof of the theorem is stated in the

following.

Lemma II.4.3 (Notation as in Theorem II.4.2.). There exists a constant
C > 0 (depending only on €,n, and m) such that, for all u € D,

[u(0)] < Cff cosh(e|z[) P(D)ul

1,1/kp-

Proof of Theorem II.4.2. Assuming the lemma, we proceed with the proof
of the theorem. Consider the linear functional

w: P(D)u— u(0) (ueD). (4)

By the lemma and the Hahn—Banach theorem, w extends as a continuous linear
functional on D such that

[w(®)] < Cl| cosh(e|lz))@ll11/mp (¢ € D). (5)
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Since D C Wj 1k, topologically, it follows that w is continuous on D, that is,
w € D'. By (5),

|[sech(efz)w)(¢)| = [w(sech(elz)@)| < Clidll11/kp

for all ¢ € D. Since D is dense in W ., the distribution sech(e|z|)w extends
uniquely to a continuous linear functional on W; ; /i, with norm < C'. Therefore

sech(e|z|)w € Weoo kp (6)

and
[sech(elz)wloo,kp < C. (7)

Define v = Jw := w. Then the distribution sech(e|z|)v € Weo kp has || - [loo,kp-
norm < C' (the constant in the lemma), and for all ¢ € D, we have by (4)

(P(D)v)(¢) = [(P(D)v) * §](0) = (v * P(D))(0)
= [+ P(D)¢)(0) = @(J[P(D)¢]) = w(P(D))
= 6(0) = $(0) = 6(9),
that is, P(D)v = 4. O

Proof of Lemma I1.4.3. (1) Let p be a monic polynomial of degree m in
one complex variable, say p(z) = Z;-n:o ajz?,a, = 1. The polynomial ¢(z) =

Yot ajz" 7 satisfies ¢(0) = 1 and
eimtz a; et
J

If f is analytic on the closed unit disc, it follows from Cauchy’s formula applied
to the function fq that

()] = = [p(e")]-

FO = 1£0)a0) < - [ 17t de = o [ 1@melan @)

27
Writing p(z) = [[/2, (2 + z;), we have for k <m
PHE=> ) - > I G+=), (9)
ni ’I’ng{nl} nk¢{n1,...7nk,1}j%{nl,...7nk}

where all indices range in {1,...,m}.
Using (8) with the analytic function

& II G+z)
JE{n,...,ni}

and the polynomial

rz)= ] (+2)

je{ni,....,np}
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we obtain

1 27 . .
VO | Y oy AT ES eI
GE{n i} 0
Since the number of summands in (9) ism(m—1)---(m—k+1) = m!/(m — k)!,
it follows that

FORIO < g [ ] d (10)

Since (10) remains valid when p is replaced by c¢p with ¢ # 0 complex, the
inequality (10) is true for any polynomial p and any function f analytic on the
closed unit disc.

(2) If f is entire, we apply (10) to the function f(rz) and the polynomial
p(rz) for each r > 0. Then

m!

o it it
£ O)f2nr < s [ e ptr et e (1)

Let g be a non-negative function with compact support, integrable with respect
to Lebesgue measure on C, and depending only on |z|. We multiply (11) by
rg(re't) and integrate with respect to r over [O, 00). Thus

w00 [ 10t < s [ 1502 s (1)

where dz = rdr dt is the area measure in C.

(3) The n-dimensional version of (12) is obtained by applying (12) ‘one vari-
able at a time’: let f be an entire function on C”, p a polynomial on C", and g a
non-negative function with compact support, integrable with respect to Lebesgue
measure dz on C", and depending only on |z1],...,|z,|. Then

(a) 2% m! 2)p(2)|g(z) dz.
ol [ 1=late)ds < T [ e ds (13)

(4) Let uw € D, fix y € R™, and apply (13) to the entire function f(z) =
i(y + z), the polynomial p(z) = P(y + z), and the function g equal to the
indicator of the ball B := {z € C"; |z| < ¢/2}. Then

i) [ e <

mm!|a|)! /B [y + 2) P(y + 2)| dz.

Therefore
ke@)la() < > [P (y)lla(y)]

la|<m

<G [ Jity+ 2Pl +2) dz = Criem” [ |FPD)+ )]z

— ) (2m) "/2/ Fle==* P(D)u](y)] dz,
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where C is a constant depending only on m and n. Denote k := 1/kp. Then

[

<c [ [ ke POy ) dzdy

(2m)"2[u(0)] = (2m) ="/

= C1/ ||e*i$'ZP(D)u||1’k dz < C1|B| sug He*i"”"ZP(D)uHLk,
B zE

where |B| denotes the C"-Lebesgue measure of B (depends only on n and ¢).

For z € B, all derivatives of the function ¢,(z) := e /cosh(e|x|) are
O(e=c1*1/2) and therefore the family ¢p := {¢.;2 € B} is bounded in S (this
means that given any zero neighborhood U in S, there exists 7 > 0 such that
App C U for all scalars A with modulus < 7. For a topological vector space with
topology induced by a family of semi-norms, the above condition is equivalent
to the boundedness of the semi-norms of the family on the set ¢p; thus, in the
special case of S, the boundedness of ¢ g means that sup,c g [|¢:|la,3 < 00). Since
S C W, i topologically (for any p, k), it follows that the set ¢p is bounded in
W, i, for any p, k. In particular, Mp :=sup,cg ||¢:|/1,x < 00. (Mp depends only
on n and e.) By (50) in I1.3.9,

[u(0)] < C1| B Sug(%)’"/z||¢z[608h(6|w|)P(D)U]||1,k
zE

< (2m)"CL|B] sup [0z l1.£l cosh(elz) P(D)ull1x = Cl| cosh(e|z|) P(D)ull1,k,

where C' = (27)~"C}|B|Mp depends only on n,m and e. O

I1.5 Solution in &’

I1.5.1. Consider the operator P(D) restricted to £'. We look for necessary and
sufficient conditions on f € £’ such that the equation P(D)u = f has a solution
u € &'. A necessary condition is immediate. For any solution ¢ € £ of the
so-called homogeneous ‘adjoint’ equation P(—D)¢ = 0, we have (for u as above)

f(¢) = (P(D)u)(¢) = u(P(=D)¢) = u(0) = 0,

that is, f annihilates the null space of P(—D)|g. In particular, f annihilates
elements of the null space of the special form ¢(x) = q(x)e!**, where z € C"
and ¢ is a polynomial on R™ (let us call such elements ‘exponential solutions’ of
the homogeneous adjoint equation). The next theorem establishes that the later
condition is also sufficient.

Theorem I1.5.2. The following statements are equivalent for f € £':

(1) The equation P(D)u = f has a solution u € £'.
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(2) f annihilates every exponential solution of the homogeneous adjoint
equation.

(8) The function F(z) := f(z)/P(z) is entire on C".

Proof. 1 = 2. See I1.5.1.
2 = 3. In order to make one-complex-variable arguments, we consider the
function

fltw + z)
P(tw + z)
Let P,, be the principal part of P, and fix w € C" such that P,,,(w) # 0. Since

F(t;z,w) := (teC;z,weCh). (1)

P(tw + z) = P, (tw + z) + terms of lower degree

= Z P (tw)z /a! + terms of lower degree

[e%

= P, (tw) 4 terms of lower degree =t P,,,(w) + terms of lower degree,

and P, (w) # 0, P(tw + z) is a polynomial of degree m in ¢ (for each given z).
Fix z = 2z, and let ¢y be a zero of order k of P(tw + 2p). For j < k, set

¢;(2,t) := (z - w)? exp(—iz - (tw + 2p)). (2)

Then

P(—D)¢;(z,t) = P(-D) (1;) exp (—iz - (tw + 20))

_ (iat>j P(=D) exp(—ia - (tw + 20))

- (i§t>j P(tw + z0) exp(—iz - (tw + 20)),

and therefore P(—D)¢;(x,to) = 0, that is, ¢;(-,to) are exponential solutions of
the homogeneous adjoint equation. By hypothesis, we then have f(¢;(-, %)) =0
for all j < k. This means that, for all j < k,

By .

@ t=to f(tw + ZO) =0,
that is, f(tw—i—zo) has a zero of order > k at t = to, and F'(-; 20, w) is consequently
entire (cf. (1)).

Choose 7 > 0 such that P(tw + zg9) # 0 on the circle I' := {¢; |t| = r} (this
is possible since, as a polynomial in ¢, P(tw + zp) has finitely many zeros). By
continuity, P(tw+z) # 0 for all t on I" and z in a neighborhood U of zj. Therefore
the function G(z) := 1/2mi [ F(t; z,w) dt/t is analytic in U, that is, G is entire
(by the arbitrariness of z). However, by Cauchy’s integral theorem for the entire
function F(-;z,w), we have G(z) = F(0;z,w) = f(z)/P(z), and Statement (3).
is proved.



398 Application II Distributions

3 = 1. By Theorem I1.3.6 (the Paley—Wiener—Schwartz theorem), it suffices
to show that F satisfies the estimate in Part (i) of Theorem 11.3.6 (for then F'
is the Fourier-Laplace transform of some u € &’; restricting to R™, we have
therefore Ff = PFu = FP(D)u, hence P(D)u = f).

Fix ¢ € C™ and apply (13) in the proof of Lemma I1.4.3 to the entire function
f(z) = F(C+ =), the polynomial p(z) = P(¢+ z), and ¢ the indicator of the unit
ball B of C". Then

|F(Q)P()|<C /B 1f(¢+2)|dz < C|B| sup 1F(¢C+2)],

where C' is a constant depending only on n and m = deg P. Choose « such that
P(®) is a non-zero constant. Then, by the necessity of the estimate in Part (i) of
Theorem I1.3.6 (applied to the distribution f € £’), we have

|F(C)‘ <C Sup(l + |C + Z|)keA|3(C+Z)\ < 02(1 + |<Dk€A|s<|,
zeB

as desired. O

I1.6 Regularity of solutions

I1.6.1. Let © be an open subset of R™. If ¢ € D(Q?) and u € D'(2), the product
¢u is a distribution with compact support in 2, and may then be considered as
an element of £’ := &'(R™) C &' := §'(R™). Set (for any weight k and p € [1, 00])
Wk(Q) := {u € D'(Q); pu € Wy, for all ¢ € D(Q)}.
(cf. comments following Theorem II1.4.2.) Note that if u € £(Q), then ¢u €
D()) C 8 C Wy for all ¢ € D(Q), that is, £(Q) € WH(Q) for all p, k.
Conversely, if u € WZI)OE(Q) for all p,k (or even for some p and all weights k),
it follows from (52) in Section I1.3.9 that u € £(€2). This observation gives an
approach for proving regularity of distribution solutions of the equation P(D)u =

f in Q (for suitable f): it would suffice to prove that the solutions u belong to

all the spaces W;O,S(Q) (since then u € £(Q)).

11.6.2. Hypoellipticity.
The polynomial P (or the differential operator P(D)) is hypoelliptic if there
exist constants C, ¢ > 0 such that

‘ P(z)

)| > e W

as ¢ € R" — oo, for all multi-indices « # 0.

Conditions equivalent to (1) are any one of the following conditions (2)—(4):

P ()
lim

=0 2)
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for all « # 0;
lim dist(xz, N(P)) = oo, (3)

|z]|— o0

where N(P) := {z € C"; P(z) = 0};
dist(z, N(P)) > C|z|° (4)

as ¢ € R™ — oo, for suitable positive constants C, ¢ (these equivalent descriptions
of hypoellipticity will not be used in the sequel). For example, if the principal
part P, of P does not vanish for 0 # z € R™ (in this case, P and P(D) are
said to be elliptic), Condition (2) is clearly satisfied; thus elliptic differential
operators are hypoelliptic.

Theorem I1.6.3. Let P be a hypoelliptic polynomial, and let €2 be an open subset
of R". If u € D'(Q) is a solution of the equation P(D)u = f with f € 10C(Q),
then u € Wlo,gkp( ). In particular, if f € E(Q), then u € E(N).

[The following converse is also true (proof omitted): suppose that for some Q,
some p € [1,00], and some weight k, every solution of the equation P(D)u = 0

in WIOC( ) is in E(Q). Then P is hypoelliptic.]

Proof. Fixw CcC Q. For any v € D'(Q2) and ¢ € D(w), we view ¢u as an element
of & with support in w (cf. I1.6.1). By the necessity of the estimate in Part (i)
of the Paley—Wiener—Schwartz theorem (I1.3.6), |F(¢u)(x)| < M(1 + |z|)" for
some constants M, r independent of ¢. Hence, for any given p, there exists s
(independent of ¢) such that k_sF(¢u) € LP. Denote k' = k_g for such an s

(fixed from now on). Thus ¢u € W, for all ¢ € D(w), that is, u € WII,O,‘;,( w).

The hypoellipticity condition (1) (Section I1.6.2) implies the existence of a
constant C’ > 0 such that |P(®)/P| < (1/C")|z|=¢1! for all & # 0. Summing
over all o # 0 with |a| < m, we get that kp/|P| < (1/C")(1 + |z|)~ ¢ for some
constant C” > 0 (cf. notation at the end of I1.3.7). Hence

kp 1P| c
k—,flJrk—, C"(1+ |z|)°. (5)
Given the weight k, kkp/k’ is a weight, and therefore it is O((1 + |z])¥) for some

v. Consequently there exists a positive integer r (depending only on the ratio
k/k’) such that kkp/k’ < const.(1 4 |z])". By (5), it then follows that

kkp < CK' (25’ > (6)

for some constant C.

Claim. Ifk is any weight such that f € 10‘3( ) and (6) withr =1 is valid (that

is, k < C(K'/kp)), then any solution u € W;,O,i,( w) of the equation P(D)u = f

is necessarily in Wlogkp (w).
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Proof of claim. We first observe that
P(DYWk(w) C W2k e (w) (7)

(cf. T1.3.9, Relation (48)). Therefore, P(®) (D)u € VVl ks (W) C Wii(w) for all

a # 0 (for u as in the claim, because k < C(k'/ks ))
If ¢ € D(w), we have by Leibnitz’ formula (I1.2.9, (5))

P(D)(¢u) = ¢f + Y _ D*¢P™)(D)u/al.
a#0

The first term is in W, ;, by hypothesis. The sum over o # 0 is in W, by the
preceding observation. Hence P(D)(¢u) € W, i, (and has compact support).

Let v € WlOC »(R™) be a fundamental solution for P(D) (by Theorem II.4.2
and the observatlon following its statement). Then

¢u = v [P(D)(¢u)] € Wy kip
since for any weights k, k1 (cf. 11.3.9, (47))
Wik, (R™) % Wy NE'] C W, -

This concludes the proof of the claim.
Suppose now that r > 1. Consider the weights

o
k-k(:P) j=0,...,7r—1.

k=ky >k > >kp1,
wehavefEWlOC( ) forall j =0,...,7 — 1. Also by (6)

/ r—1
kpk, 1 | = kpk kp ng'k—P.
kp K

We may then apply the claim with the weight k,._; replacing k. Then u €
Wik ok (W), f e Wior (), and k3 = kpky_1/kp. By the claim with
the weights k, k' replaced by k,_o, kpk,_1 (respectively), it follows that u €

loc

Wk ok, _, (). Repeating this argument, we obtain finally (since ko = k) that u €

Wéo,gpk( ) This being true for any w CC €2, we conclude that u € Wlo,‘épk(ﬂ)

Since

I1.7 Variable coefficients

I1.7.1. The constant coefficients theory of II1.4.1 and Theorem I1.4.2 can be
applied ‘locally’ to linear differential operators P(x, D) with (locally) C°°-
coefficients. (This means that P(x,y) is a polynomial in y € R™, with coefficients
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that are C*°-functions of z in some neighborhood Q C R™ of z°.) Denote
Py = P(2°,-). We shall assume that there exist € > 0 and 0 < M < oo such
that the e-neighbourhood V' of x° is contained in Q and for allz € V

2P <y (1)

The method described below regards the operator P(x, D) as a ‘perturbation’ of
the operator Py(D) for x in a ‘small’ neighbourhood of z°.

Let r + 1 be the (finite!) dimension of the space of polynomials @ such that
kq/kp, is bounded, and choose a basis Py, P, ..., P. for this space. By (1), we
have a unique representation

P(z,-)=Py+ > c;(x)P; (2)
j=1

for all z € V. Necessarily ¢;(2") = 0 (take x = 2°) and ¢; € C*(V).

By Theorem I1.4.2, we may choose a fundamental solution v € W!°¢

00,k p,
the operator Py(D). Fix x € D such that x = 1 in a 3e-neighbourhood of x°.
Then

for

w =XV € Weo kp, » (3)
and for all h € £'(V),
Py(D)(w * h) = w * (Py(D)h) = v * Py(D)h = h. 4)
(The second equality follows from the fact that supp Po(D)h C V and w * g =
v x g forall g € £'(V).) By (2) and (4)

P(z,D)(wxh) =h+ Y ¢;(x)P;j(D)(wx h) (5)

j=1

for all h € E'(V).

We localize to a suitable §-neighbourhood of z° by fixing some function ¢ € D
such that ¢ = 1 for |z| < 1 and supp¢ C {x;|z| < 2}, and letting ¢s(z) =
é((z — 29)/68). (Thus ¢5 = 1 for |z — 2°| < & and supp ¢s C {z; ]|z — 2°| < 26.)

By (5), whenever ¢ < € and h € &'(V),

P(,D)(w*h)=h+Y_ ¢sc;P;(D)(w * h) (6)
j=1

in |z — 2% < 4.

Claim. There exists §g < €/2 such that, for & < dg, the equation

h + Z ¢5¢; Pj(D)(w * h) = ¢s f (7)
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(for any f € ') has a unique solution h € &£’.

Assuming the claim, the solution h of (7) satisfies (by (6))

PG, D)(wxh) = osf = f (8)

in Vs := {x; |z —2°] < §}. (Since 26 < ¢, supp ¢ps C V, and therefore, supph C V
by (7), and (6) applies.)
In other words, u = w *x h € &' solves the equation P(-,D)u = f in V;.
Equivalently, the map
T:fe& —wwxhefl 9)

(with h as in the ‘claim’) is ‘locally’ a right inverse of the operator P(-, D),
that is,

P@@,D)Tf = f (f€&zeVy). (10)
The operator T is also a left inverse of P(-, D) (in the above local sense). Indeed,
given u € &£'(Vs), we take f := P(-,D)u and h := Py(D)u. By (4), wxh =
w * Py(D)u = u (since u € E'(V)). Therefore, the left-hand side of (7) equals

Po(D)u+ Y ¢sc;Pj(D)u = P(-,D)u = f = ¢5f
J

in Vj (since ¢s = 1 in V;). Thus ‘our’ h is the (unique) solution of (7) (for ‘our’ f)
in Vs. Consequently

TP(,Du:=wxh=u (ueé& (Vs)) (11)

in Vj. Since 26 < €, (11) is true in V5 for all u € £'(R™). Modulo the ‘claim’, we
proved the first part of the following.

Theorem I1.7.2. Let P(-, D) have C*-coefficients and satisfy
kp(w).) < Mkp, *)

in an e-neighbourhood of x° (where M is a constant and Py := P(x°,-)). Then
there exists a §-neighbourhood Vs of ° (with § < €) and a linear map T : &' — &'
such that

P(,D)Tg=TP(-,D)g=g in Vs (ge&).

Moreover, the restriction of T to the subspace W, NE' of Wy is a bounded
operator into Wy kkp, for any weight k.

Proof. We first prove the ‘claim’ (this will complete the proof of the first part
of the theorem.)
For any ¢ < €, consider the map

Ss:h eS8 = ¢sc;Pi(D)(wxh).

j=1
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Since w € Woo kp, and kp, /kp, are bounded (by definition of P;), we have
|P;Fw| < kp,|Fw| < const - kp)|Fw| <C <oo (j=0,...,7). (12)

Let k be any given weight. By (51) in Section II1.3.9, there exists 3 > 0 such
that, for 0 <t < ¢y,

1S5hllp ke < 202) 72> |l dscsll1a ]| Py (D) (w 5 ) [ ke (13)
j=1
By the inequality preceding (47) in I1.3.9,
125 (D) (w % )|y = I[P (D)w] * Al e < (200)" 2| Py (D)wlloo,p |l ke
for all h € Wy, = W, xt. Since by (12)
1P (D)wllcor = [FIPj(D)wllloc = |1PjFwllec < C
(for j =1,...,r), we obtain from (13)

pikt <20 |ldscjllallh

Jj=1

|Ssh

[kt (14)

for all h € Wy 1.

Since ¢;j(z%) = 0, ¢; = O(8) on supp ¢ by the mean value inequality. Using
the definition of ¢s, it follows that c¢;D%¢s = O(8'~1el). Hence by Leibnitz’
formula, D(¢sc;) = O(6'~1el). Therefore, since the measure of supp(¢sc;) is
O(6™), we have

2 F(91c;) = FID*(dse,)] = O(F"+1o1),

Hence
(1 + 8|z))" T F(psc;) = O™ ).
Consequently,
dz
; = . < st ot 7 .
el = [ 1F(0se)ldo < const 541 [ it = 000)
We may then choose 0 < §y < €/2 such that
. 1
Z [¢scilli < 10 (15)
j=1

for 0 < § < dp. By (14), we then have
1S5hllp ke < (1/2)[ R,k

for all h € Wy = W, e This means that for § < d¢, the operator Ss on
the Banach space W, j+ has norm <1/2, and therefore I + S5 has a bounded



404 Application II Distributions

inverse (I is the identity operator). Thus, (7) (in II.7.1) has a unique solution
h € Wy for each f € W, . By the equation, h is necessarily in &’ (since
¢s € D). If fis an arbitrary distribution in &', the trivial part of the Paley—
Wiener-Schwartz theorem (I1.3.6) shows that f(z) = O(1 4 |z|)V for some N,
and therefore f € W, j, for suitable weight k (e.g. k = k_, with s large enough).
Therefore (for § < dg) there exists a solution h of (7) in W, ,, N E’. The solution
is unique (in &), because if h,h’ € £ are solutions, there exists a weight & such
that f,h,h’ € W, i, and therefore h = A’ by the uniqueness of the solution in
W, k. This completes the proof of the claim.

Since ||Ss|| < 1/2 (the norm is the B(W,, x¢)-norm!), we have ||(I + S5) 7| <
2 (by the Neumann expansion of the resolvent!), and therefore |hl, it <
2||¢s fllp,kt- Consequently (with h related to f as in the ‘claim’, and ¢ small
enough), we have by the inequality preceding (47) and by (51) in I1.3.9:

ITFllputepget = 1w 5 Rllpgpy e < (20)2[[wll o0 gep 1Bl it
< 2021)"2||w]l ooy 196 F |t < Allwlloo gery 051111 llp e

This proves the second part of the theorem, since the norms || - ||p.x (|| - ||p,kpgk)
and [ - |kt (|| - lp,kp, k¢ Tespectively) are equivalent.

Corollary I1.7.3. For P(-,D) and Vs as in Theorem IL.7.2, the equation
P(-,D)u = f has a solution u € C*®(Vs) for each f € C°(R").

Proof. Fix ¢ € D such that ¢ = 1 in a neighbourhood of V. For f € C,
of € Wy, NE' for all k; therefore u := T(¢f) is a solution of P(-,D)u = f in
Vs (because ¢f = f in Vj), which belongs to W) ykp, for all weights &, hence
u € C™(Vy). O

I1.8 Convolution operators
Let h : R™ — C be locally Lebesgue integrable, and consider the convolution

operator
T:u— hx*xu,

originally defined on the space L. of integrable functions u on R™ with compact
support.
We set hf(x) := t"h(tz), and make the following

Hypothesis I.
[ -y =@l <K <so (s <15 t>0) 1)
|z|>2

Lemma II.8.1. Ifu € L} has support in the ball B(a,t) and [udx =0, then

/ |Tu|dx < K||ul|;.
B(a,2t)c
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Proof. Denote uq(z) = u(x + a). Since (Tw)q = Tuq, we have

/ |Tu|d:v=/ |(Tu)a\dx:/ | * ug| da
B(a,2t)¢ B(0,2t)° B(0,2t)¢

= / |t % (uq)t| da.
B(0,2)°

Since (uq)'(y) = t"u(ty +a) = 0 for |y| > 1 and [(u,)'(y) dy = [u(z)dz =0,
the last integral is equal to

/B(o,2)c

< / / (@ — ) — (@) (o) (9)| dy dc
B(O,Q)C \y|<1

dx

J =) = H @) ) dy

-/ (/ |hf<x—y>—ht<x>|dx>|<ua>t<y>|dysf<||<ua>t||1=K||u||1.
lyl<1 \/B(0,2)¢

O

We shall need the following version of the Calderon—Zygmund decomposition
lemma.

Lemma I1.8.2. Fiz s > 0, and let u € L*(R™). Then there exist disjoint open
(hyper)cubes Iy, and functions uy,v € L'(R™) (k € N), such that

(1) suppuy C I and [wudx =0 for all k € N;

(2) |v] <2"s a.e.;

(3) u=v+3, u;

(4) Nwlls + 225 llully < 3llullx; and

(5) >k Mkl < |lulli/s (where |Ii;| denotes the volume of Ij).

Proof. We first partition R™ into cubes of volume >||ul||;/s. For any such cube
Q, the average on Q of |ul,

Ag(luf) = Q! /Q fu d,

satisfies
Aq(ful) < [QI Hlully < s. (2)

Subdivide @ into 2™ congruent subcubes Q; (by dividing each side of @ into two
equal intervals). If Ag,(|u]) > s for all ¢, then

Agli) =10 Y [ ez 1@ @) =5
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contradicting (2). Let Q1 ; be the open subcubes of @ on which the averages of
lu| are > s, and let @ ; be the remaining subcubes (there is at least one subcube
of the latter kind). We have

s|Q1 41 S/
Q

We define v on the the cubes Q1 ; as the constant Aq, ;(u) (for each j), and we
let uy,; be equal to u — v on Q1 ; and to zero on Qf ;.

For each cube Q’l , we repeat the construction we did with @ (since the aver-
age of |u| over such cubes is < s, as it was over @)). We obtain the open subcubes
Q2,; (of the cubes @ ;) on which the average of |u| is > s, and the remaining
subcubes Q/2,l on which the average is <s. We then extend the definition of v
to the subcubes Q3 ;, by assigning to v the constant value Ag, ;(u) on Q2 ; (for
each j). The functions us ; are then defined in the same manner as u; ;, with
Q2,5 replacing Q1 ;.

Continuing this process (and renaming), we obtain a sequence of mutually
disjoint open cubes Ij, a sequence of measurable functions uy defined on R",
and a measurable function v defined on Q := |JIx (which we extend to R™ by
setting v = u on §2¢). By construction, Property 3 is satisfied.

Since the average of |u| on each I, is > s (by definition), we have

sl <Y [ fulde = [ julde < ful
k

and Property 5 is satisfied.
If x € Q, then x € I}, for precisely one k, and therefore

lv(z)| = |Aq, (u)] < Ag, (Jul) <2"s

by (3) (which is true for all the cubes Ij, by construction). If z ¢ 2, there is
a sequence of open cubes Ji containing x, over which the average of |u| is < s,
such that |Ji| — 0. This implies that |u(z)| < s a.e. on Q°, and since v = u on
Q°, we conclude that v has Property 2.

By construction, suppuy C I and [ uy dz = fIk udr — fIk vdz = 0 for all
k € N (Property 1).

Since I, are mutually disjoint and supp uy C I, we have

lolly + 57 el :/Q |v\dx+Z/I (Io] + lug]) da.

However v = u on Q° and ux = uw — v on [; therefore, the right-hand side is

g/ u|d:c+z<2/ |v\dx+/ |u|dz>.
Qe k Iy Iy

Since v has the constant value Aj, (u) on Iy,

ulde < [ fulde < 51Q| = 2"51Qu . ®)
Q

1,5

o] d = | A, (u)] |Tu] < / ful d,
Ik Ik

and Property 4 follows. O
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Consider now u € LY(R™) with compact support and |julj; = 1. It follows
from the construction in the last proof that v has compact support; by 1. in
Lemma I1.8.2, u; have compact support as well, for all k. Therefore, Tv and
Tuy, are well defined (for all k), and

Tu=Tvo+ Y Tu. (4)

For any r > 0, we then have
(1Tl > r] C [|Tw| > r/2] U [Z Tuy| > r/z] (5)
Denote the sets in the above union by F,. and G,..
Let B(ag,t) be the smallest ball containing the cube I and let ¢, be the

ratio of their volumes (depends only on the dimension n of R™). Since uy has
support in B(ay,t;) and [ uy dz = 0, we have by Lemma I1.8.1

/ Tug| dz < K |[ug])1. (6)
B(ak th)c

Let

oo
U ak, th

Then (for s > 0 given as in Lemma I1.8.2)

|E| <> |Blan, 2t)| =2 Y |B(ak, ti)|

k k

=2"¢c, Z [Ix] < 2"%¢,/s. (7)
k

Therefore

|G| = |G, NE°|+|G,NE| <|G,NE°|+|E|
< |G N E°| 4 2%¢, /5. (8)

Since E° C B(ag, 2tx)° for all k, we have by (6)
/ [Tur|de < Kllugllp (k=1,2,...),
EC

and therefore

Gy 1 EF| < (2/r)/CZ|Tuk|dm - (2/7~)Z/EC Ty | da
< (2/ME D |kl < (6/r)K
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by Property 4 of the functions uy, (cf. Lemma I1.8.2). We then conclude from (8)
that
|G| <6K/r+2"¢c,/s. (9)

In order to get an estimate for |F.|, we make the following.

Hypothesis II.
[Tll2 < Cligllz (¢ € D), (10)

for some finite constant C' > 0.
Since v is bounded a.e. (Property 2 in Lemma I1.8.2) with compact support,
it belongs to L2, and it follows from (10) and the density of D in L? that

ITv]13 < C?|loll < C?|lvllsslvlly < 3C22"s, (11)
where Properties 2 and 4 in Lemma I1.8.2 were used. Therefore
|Fr| < (4/r?)||Tol3 < 12C%27s/r?,
and we conclude from (5) and (9) that
[[|Tu| > r]| < 6K/r+2"c,/s +12C?*2"s/r?.

The left-hand side being independent of s > 0, we may minimize the right-hand
side with respect to s; hence

1Tl > r]| < C'/r, (12)

where " := 6K + 2"*2,/3¢c,C depends linearly on the constants K and C of
the hypothesis (1) and (10) (and on the dimension n).

If u € L' (with compact support) is not necessarily normalized, we consider
w = u/||ully (when |lul|; > 0). Then by (12) for w,

1Tul > 7]l = [[ITw| > r/llul1]] < C"lully/r. (13)
Since (13) is trivial when ||u|jy = 0, we proved the following.

Lemma I1.8.3. Let h : R™ — C be locally Lebesgue integrable and satisfy Hypo-
theses I and II (where T' denotes the convolution operator T :u — hxu, originally
defined on LL). Then there exists a positive constant C' depending linearly on
the constants K and C of the hypothesis (and on the dimension n) such that

ITul > )l < Cflull/r (r>0)
for allu e L.

Under the hypothesis of Lemma I1.8.3, the linear operator T is of weak type
(1,1) with weak (1,1)-norm < C’, and of strong (hence weak) type (2,2) with
strong (hence weak) (2,2)-norm < C < C’. By the Marcinkiewicz Interpolation
Theorem (Theorem 5.41), it follows that T is of strong type (p,p) with strong
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(p,p)-norm < A,C’, for any p in the interval 1 < p < 2, where A, depends only
on p (and is bounded when p is bounded away from 1).

Let h(x) := h(—z), and let T be the corresponding convolution operator.
Since h satisfies hypotheses (1) and (10) (when h does) with the same constants
K and C, the operator T is of strong type (p,p) with strong (p, p)-norm < A,
for all p € (1,2]. Let ¢ be the conjugate exponent of p (for a given p € (1,2]).
Then for all u € D,

il s {| <Tu>vdx\;v €.l =1}

—Sup‘// 2 — uly) dy v(z) dz
—Sup‘// y — z)v(z) d u(y)dy‘ :sgp‘/(fv)udy‘

< sup || Tll, llully < ApC" Jull,.
v

Thus, T is of strong type (g, q) with strong (g,¢)-norm < A,C’. Since ¢ varies
over the interval [2,00) when p varies in (1, 2], we conclude that T is of strong
type (p,p) with strong (p,p)-norm < AJC” for all p € (1,00) (4, = A, for
p € (1,2] and A}, = Ay for p € [2,00), where p’ is the conjugate exponent of p).
Observe that A; is a bounded function of p in any compact subset of (1,00). We
proved the following.

Theorem I1.8.4 (Hormander). Let h : R™ — C be locally integrable, and let
T :u — hxu be the corresponding convolution operator (originally defined on
L!). Assume Hypotheses I and II. Then for all p € (1,00), T is of strong type
(p,p) with strong (p,p)-norm < A,C’, where the constant A, depends only on p
and is a bounded function of p in any compact subset of (1,00), and C’ depends
linearly on the constants K and C of the hypothesis (and on the dimension n).

In order to apply Theorem II.8.4 to some special convolution operators, we
need the following

Lemma I1.8.5. Let S :={y € R™;1/2 < |y| < 2}. There exists ¢ € D(S) with
range in [0,1] such that

Yooty =1 (yeR"-{0}).

kEZ
(For each 0 # y € R™, at most two summands of the series are # 0.)

Proof. Fix ¢ € D(S) such that ¢(z) =1 for 3/4 < |z| < 3/2. Let y € R™ — {0}
and k € Z. If (27 %y) # 0, then 27%y € S, that is, log, |[y| — 1 < k < log, |y| + 1;
there are at most two values of the integer k in that range. Moreover, ¥ (27 %y) = 1
if 3/4 < 27k|y| < 3/2, that is, if logy(|y|/3) +1 < k <logy(|y|/3) +2; there is at
least one value of k in this range. It follows that

1< qu(?*ky) < oo

kEZ
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(there are at most two non-zero terms in the series, all terms are > 0 and at
least one term equals 1).

Define
Y(y)

Yjen(27y)’
Then ¢ € D(S) has range in [0, 1] and for each y # 0

ety w(2Thy)
Ejez 1/)(2_"‘@) Zjez w@_jy),

hence Y, o, ¢(27%y) = 1. O

The following discussion will be restricted to the case n = 1 for simplicity
(a similar analysis can be done in the general case). Fix ¢ as in Lemma I1.8.5;
let ¢ := max(1,sup |¢’|), and denote ¢y (y) := (27 *y) for k € Z.

Let f be a measurable complex function, locally square integrable on R.
Denote fi := f¢r. Then

P(y) =

p(27Fy) =

supp fr C 2F supp ¢ C 2FS,
f=Y_fronR—{0},

keZ

and |fx| < |f]-
Let I, denote the indicator of the set 2€S. Then |f| = |frlx| < |fIx|, and
therefore

[fxll2 < [1f Tkll2 < oo (14)

Consider f and fj as distributions, and suppose that Df (in distribution sense)
is a locally square integrable (measurable) function. Since

IDfi| < |Dflér +2 " sup|¢'| || < c(|Df|+27F| f]),
it follows that

IDfellz = (D fi)Ikllz < c((Df)Iill2 + 27| f1k]l2)
= c27F2 27k £ I ||o + 2K/ || (D £) I |12). (15)

Notation. We denote by H the space of all measurable complex functions f on
R, locally square integrable on R, for which

[fll = ilélgﬁ”“”llffkllz +2Y2[(Df) 1] < oo

Assume f € H. It follows from (14) and (15) that
1fillz < 2"2[1fll2c and D fill2 < 272 flls (16)

for all k € Z.
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Let gr = F~!fy. Since F~! is isometric on L? and F~!D = —MF~! (where
M denotes the operator of multiplication by the independent variable), we have
by (16):

/R(l +2%a%) g (2)|* da = || gr |3 + 22| (—M) g13

= [I£ell3 + 21D fill3 < 25+ A f7- (A7)

Therefore, by Schwarz’s inequality

lowlh = [ (1250721014 250 g 0) o

d 1/2 1/2
<([5m:) (Lo+elawra)
2F dx 1/
< V11 &|fln (/ )) = |\ fllx

1+ (2kz
where ¢ = y/7(1 + ¢?). Hence
[fel = 1Fgl < llgull < N flln (k€ Z). (18)

Consider now the ‘partial sums’

Sm = Z fio (m=1,2,...),

|k|<m

and let by, = F~ls,, = 2 k| <m Ik
Since at most two summands f; are # 0 at each point y # 0 (and s,,(0) = 0),
we have by (18)
lsm| < 2| flle (m=1,2,...). (19)

Therefore, for all ¢ € § := S(R) and m € N,
[P # Pll2 = 1 F (A # P)|l2 = V27| Fhm F o)l
= V2r|sm Fll2 < [ flnll Fellz = [ fllle]l2,

where ¢’ := 2v/2nc¢’. Thus, h,, satisfy Hypothesis II of Theorem I1.8.4, with
C = "||flln independent of m.

Claim. h,, satisfies Hypothesis I of Theorem II.8.4 with K = K'|f||3, where
K’ is a constant independent of m.

Assuming the claim, it follows from Theorem 11.8.4 that

[P * Pllp < Cpll fllnll9lly  (meN) (20)

for all p € (1, 00), where C), is a constant depending only on p.
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Let ¢, x € S. By (19)
|smF Fx| < 2¢ || flln|Fo| |Fx| € S € L.

Since s,,, — f pointwise a.e., it follows from the Lebesgue dominated convergence
theorem that

lim [ s, F¢ Fxdx = / fF Fxda. (21)
m R R
On the other hand, by Parseval’s identity and (20) (with p’ = p/(p — 1))
Vor /smfwfxdx = ‘/f(hm*w)}"xdx = ’/(hm*z/))xdx
R R R

< N+ Dllplixllp < Cpllfllellllp X1l

for all m € N. Hence

< 2m) 7 2C, || fll 1l Nl (22)

/R SR du

Let uw € 8 be such that Fu € H. We may then apply (22) to f = Fu. Since
fF = FuFip = (2r) Y2 F(u % 4), the integral on the left-hand side of (22) is
equal to (2m)~1/2 [L (u 1)y dx (by Parseval’s identity). Hence

<Gl 19llp Xl (5 x €8)-

[ s

Therefore
luxdll, <Cpllfllnllell, (¥ €S). (23)

This proves the following result (once the ‘claim’ above is verified).

Theorem I1.8.6. Let u € S'(R) be such that Fu € H. Then for each p € (1,00),
the map T : p € § — u = is of strong type (p,p), with strong (p,p)-norm
< G, || Ful|3, where the constant C,, depends only on p, and is a bounded function
of p in any compact subset of (1,00).

Proof of the ‘claim’. The change of variables tx — x and ty — y shows that
we must prove the estimate

/|>2t|hm(x—y) = ho(a)|dz < K (24)

for all ¢ > 0 and |y| < t. Since h,, = Zlem gr., we consider the corresponding
integrals for gj. B

/I:L’>2t |gk(:z:y)gk(as)clxé/m>21t |gk(z*y)|dx+/ \gi(z)| dz. (25)

|z|>2t

The change of variable ' = z — y in the first integral on the right-hand

side tranforms it to [,y ooy [9(2)] da’. However, for |y| < t, we have
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{2';|2" + y| > 2t} C {a';]2’| > t}; therefore the first integral (and trivially, the
second as well) is < [, -, lgx(2)| da.
By the Cauchy—Schwarz’s inequality and (17),

1/2 1/2
dzx
/ gk (z)] da < /(1+22’“$2)\9k($)|2dw / s
|z|>t R ja|>t 257

1/2
< (14 A)V2 flp2? </ d)
[z] >t

= V201 + )| flln (2" )12,

Therefore, for all ¢ > 0 and |y| <,
[ ) @l e < 2/BTT S e
x|>2t

Another estimate of the integral on the left-hand side of (26) is obtained by

writing it in the form
-y
[ ] e
|z|>2t |Jz

The integrand of the outer integral is < [7 7[g.(s)|ds for y < 0

T

(< J,—, lgi(s)|ds for y > 0). Therefore, by Tonelli’s theorem, the expression in

(27) is < o2, do)lgh(s)]ds for y < 0 (< ful( [ da)lgi(s)] ds for y > 0,
respectively) = [y] [lgillx < tllgills-

Since supp fr C 288 < B(0,2"1) and g, = F'fy = Ffy, the Paley-
Wiener—Schwartz theorem (I1.3.6) implies that g extends to C as an entire
function of exponential type < 2F*! and is bounded on R. By Bernstein’s
inequality (cf. Example in Section I1.3.6, (31)) and (18)

dz. (27)

gkl < 25 Hlgrlls < ¢I1F 12"+,

and it follows that the integral on the left-hand side of (26) is < 2¢'||f|ln2%¢.
Hence (for all ¢t > 0 and |y| < t)

/| | (@ = ) = gu(x)| dx < C|f |l min(2"¢, (25) /%),
x|>2t

where C = 2¢/7(1 + ¢2). It follows that

/ - (2 = ) = i (2)| dz < C'[| Il > min(2Fe, (250)71/2). (28)

keZ

We split the sum as ), ;4> c o, where

Ji={k € Z;2%t < (2"0)7V?} = {k; 28t <1} = {k; k = —7, > log, t},
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and J¢:=7Z — J. We have

1 1 1
Z =t Z 27 - Z 9j—logy t = Z 2li—log, ] <2

keJ j>logy t j—log, t>0 j—log, t>0

Similarly

Z _ t71/2 Z (l/ﬂ)k _ Z (1/\/§)k+10g2 t

keJe k>—1log, t k+log, t>0
1
< Z (1/+/2)lk+los2 1] < .
k+log, t>0 1- (1/\/5)

We then conclude from (28) that h,, satisfies Hypothesis I with K = K'|| f]|#,
where K’ = C(2 + (v/2/+/2 — 1)) is independent of m. O

Notation. Let
K:={feL>*, MDf € L*},

where L>* := L*°(R), M denotes the multiplication by z operator, and D is
understood in the distribution sense.

The norm on K is
I fllx = Iflloc + IMDfloc.

If f € K, we have for all k € Z
2752 £ Illz < 272 o |2*S1M2 = V3| f oo
and

2"\ (D f) Ik |2 = 2¥/ 2| (M D f)(1/) I ||
1/2
< |MDf| (2k / d) — V3| MDf] .
2k S

Therefore

£l < V3 fllx
and I C ‘H. We then have

Corollary I1.8.7. Let u € 8" be such that Fu € K. Then for each p € (1,00),
the map T : ¢ € § — ux*1 is of strong type (p,p), with strong (p,p)-norm
< Cpl|Fullic-

(The constant C, here may be taken as /3 times the constant C, in
Theorem I1.8.6.)
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II.9 Some holomorphic semigroups

I11.9.1. We shall apply Corollary II.8.7 to the study of some holomorphic
semigroups of operators and their boundary groups.
Let Ct = {2z € C;Rz > 0}. For any 2 € CT and € > 0, consider the function

K. (z)=T(z)"te 2x* ! (z>0) (1)

and K, (x) = 0 for z <0.
Clearly, K, € L' C &', and a calculation using residues shows that

(sz,e)(y) = (1/\/%)(62 + y2)—z/2 e—izarctan(y/e)' (2)

We get easily from (2) that

Y

(MDFK., )(y) = R

(FK..o)(y). (3)
Hence

IMDFK, (| < |z||FK, |- (4)
Therefore, for all z = s +it, s € RT, t € R,

IFE. el < (1+ [2DIFKz elloo < (1/v2m)e* ™ 2(1 + |2)). ()

By Corollary 11.8.7, it follows from (5) that the operator
Tz,e : f - Kz,e * f

acting on LP(R) (1 < p < oo) has B(LP(R))-norm < C' €% e™1/2(1 + |2|), where
C is a constant depending only on p. In the special case p = 2, the factor
C(1+ |z|) can be omitted from the estimate, since

IT: e fll2 = 1Kz e ¢ flla = [ F(Kz e )l = V2| (FK. ) (Ff)ll2
< V2r|FE el fllz < €7 ™2 |2,

by (2) and the fact that F is isometric on L?(R).

Consider LP(R™) as the closed subspace of LP(R) consisting of all (equivalence
classes of) functions in LP(R) vanishing a.e. on (—o0,0). This is an invariant
subspace for T, ., and

(T f)() = T(z) " / Nw— gl )y (f € LPRY)).  (6)
We have for all f € LP(R™)

1T efllrey = 1Tz fllne@)y < N Tzell Bor @y 1 f e @)
= |T..cll e @y fllLe )
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hence
1Tz el Bzr@ey < I Ts el Bre@y) < Ce®e™V2(1+|2)) (7)

for all z = s+it € CT. (Again, the factor C(1+ |z|) can be omitted in (7) in the
special case p = 2.)
For z,w € CT and y € R, we have by (14) in I11.3.2 and (2)

[F(K e % K ) (y) = V2r[(FK. ) (FKu.e)l(y)
= (1/\/%) (62 + yg)*(erw)/? e*i(z+w) arctan(y/e)
= [FE 4w, (y)-

By the uniqueness property of the L!-Fourier transform (cf. 11.3.3), it follows
that
Kz,e * Kw,e = Kz+w,e~ (8)

Therefore, for all f € LP,
(T2 eTwe) f =Tz e(Tw,ef) = Kee % (Kue x f)
= (Kee* Ku,e) * f = Kojwe * [ = Toqw e f-
Thus z — T, . is a semigroup of operators on CT, i.e.,
T, Twe=Tetwe (2,weCT). (9)

For any N > 0, consider the space LP(0,N) (with Lebesgue measure) and the
classical Riemann—Liouville fractional integration operators

(JF)() = T(z)"! / @y wdy (f € LP(0,N)).

It is known that z — J* € B(LP(0, N)) is strongly continuous in C*. Since

I(T:c = Tw.e) fllze o,y < NT7 = T*) (e )lleo,m) (10)

the function z — T, . € B(L”(0, NV)) is strongly continuous as well. For the space
LP(RT), we have by (10)

HTz,Ef - Tw,Einp(Rﬂ < ||(JZ w)( 6If)”[,p(o N)

+ /N e PET, (2 )P da

o0
+/N e_em/2|Tw75/2(eE’”/2f)|”dgc.

For f € C.(Rt), e«®/2f € LP(R*), and therefore, for all z = s+it and w = u+iv
in C*, it follows from (7) that the sum of the integrals over (INV,00) can be
estimated by

e—ePN/2p [(6/2)—178 eﬂp\t|/2(1 + |2])P

o (e/2)7F (1 4 [l [l 2]
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Fix z € C*, and let M be a bound for the expression in square brackets when w
belongs to some closed disc B(z,r) C C*. Given § > 0, we may choose N such
that

e~ PN/2CP N ||esr/2f||ip(m+) <P

For this N, it then follows from the strong continuity of J* on LP(0, N') that

limsup [[(T%,c — Tw,e) fllzr@+) < 6.

w—=z

Thus, Ty,f — Toof as w — z for all f € C.(RY). Since || Tw.cllprr@+)) is
bounded for w in compact subsets of C* (by (7)) and C.(R™) is dense in LP(R*),
it follows that T}, . — T . in the strong operator topology (as w — z). Thus
the function z — T, . is strongly continuous in C*. A similar argument (based
on the corresponding known property of J#) shows that T, . — I strongly, as
z € C* — 0. (Another way to prove this is to rely on the strong continuity of
T. . at z = 1, which was proved above; by the semigroup property, it follows that
T,cf — fin LP(RT)-norm for all f in the range of T} ., which is easily seen to
be dense in LP(R*). Since the B(LP(R"))-norms of 7} . are uniformly bounded
in the rectangle Q := {z = s+it; 0 < s < 1, [¢t| < 1}, the result follows.) An
application of Morera’s theorem shows now that T . is an analytic function of
zin CT. (T, is said to be a holomorphic semigroup on C*.)
Fix t € R and 6 > 0. For z € B*(it,d) := {z € C*; |z — it| < ¢}, we have
by (7)
| T..]l < Cmax(e?, 1)e™/DUHFD (1 4 |¢] + 6). (11)

If z, € B*(it,d) converge to it and f = T} g for some g € LP(R"), then

Tzn,ef = Tzn+1,eg - ﬂt+1,eg

in LP(R™T), by strong continuity of T, . at the point it + 1. Thus, {T,, .f} is
Cauchy in LP(R™T) for each f in the dense range of Tj ., and therefore, by (11),
it is Cauchy for all f € LP(RT). If 2/, € BT (it,d) also converge to it, then
T.pef —=T. of — 0in LP(RY) for all f in the range of T} . (by strong continuity
of T, at z = 1+ it), hence for all f € LP(RT), by (11) and the density of
the said range. Therefore the LP-limit of the Cauchy sequence {7, .f} (for
each f € LP(RT)) exists and is independent of the particular sequence {z,} in
B*(it,d). This limit (denoted as usual lim,_;; T . f) defines a linear operator
which will be denoted by Tj .. By (11)

|Tie.e fllp < Cmax(e?, 1)e™ UL 4[] + 5)[| £,
where the norms are LP(R™)-norms. Since § > 0 is arbitrary, we conclude that
|Tieell < Ce™™2(1 +]t]) (¢ eR) (12)

where the norm is the B(LP(R™))-norm and C' depends only on p. (The factor
C(1 + |t|) can be omitted in case p = 2.)
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Since Ty, is a bounded operator on LP(R*") (cf. (7)), we have for each
weCT, teR, and f € LP(RT),

Tw,eﬂt,ef = hm Tw,eTz,ef = hm Tw-i—z,ef = Tw+it,ef-
z—1t z—1t
Also, by definition,
T‘it,eTw@f = lim Tz,eTw7ef = lim Terw,ef = Tw+it7ef-
z—it z—it

Thus
Tw,ecz—‘it,ef = T‘it,eTw,ef = Tw+it,ef (13)

for all w € C* and t € R. (In particular, for all s € R* and t € R,
Ts+it,e = Ts,eTit,e = ,Tit,eTs,e-)

Letting w — is in (13) (for any s € R), it follows from the definition of the
operators T};  and their boundedness over LP(R™) that

ﬂs,eﬂt,ef = CTi(Sth),e.f (Sat € R7 f € LP(R+)) (14)

Thus {Tit; t € R} is a group of operators, called the boundary group of the holo-
morphic semigroup {7.; z € C*}. The boundary group is strongly continuous.
(We use the preceding argument: for f =T} g for some g € L?,

T’is,ef = T1+is,eg - T1+it,eg = ﬂt,ef

as s — t, by strong continuity of T, . at z = 1+ it. By (12), the same is true for
all f € LP, since T} . has dense range in LP.) We formalize the above results as

Theorem I1.9.2. For each ¢ > 0 and p € (1,00), the family of operators
{T..c;z € C*} defined by (6) has the following properties:

(1) It is a holomorphic semigroup of operators in LP(R™);

(2) lim,cc+ 0Tz e =1 in the s.o.t.;

(3) || Tocll < OO+ |2))e*e™/2 for all z = s+ it € CT, where the norm is
the operator norm on LP(RT) and C is a constant depending only on p
(in case p = 2, the factor C(1+ |z|) can be omitted).

(4) The boundary group

Tyt e = (strong) lim T,. (te€R)

z€Ct—it

exists, and is a strongly continuous group of operators in LP(RT) with
Properties (12) and (13).

We may apply the theorem to the classical Riemann—Liouville semigroup J?
on LP(0,N) (N > 0). Elements of LP(0, N) are regarded as elements of LP(R™)
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vanishing outside the interval (0, N'). All p-norms below are LP(0, N)-norms. The
inequality (7) takes the form

T el Berrny) < C(L+ |2z])e*e™/2 (2 =s+it € CF). (15)

For all f € LP(0, N),
175 fllp < 1K=,

where K,(z) = ['(2)712*~! for z € (0, N). Calculating the L'-norm above we
then have

NS
s|T'(2)]

1751l <

(z=s+it € C"). (16)

Since 0 < 1 — e—c(@=¥) <elx—y)for 0 <y <z <N, we get for 2 =s+it € CT

I'(s+1)

Jf—T,.fl <e
=Tl g

Js-|-1|f|7

and therefore by (16)

|Z|Ns+1

”sz - Tz,ef”p < Gm

£ 1lp- (17)

By (15) and (17), we have for all z € Q :={z =s+it € CT;s < 1,|t| <1}

12 fllp < N2 = Tenfllp + 1Ten fllp < M flp, (18)

where

Ns+1\/§
M= sup ——— —+C(1+2)"2
AP PR T
Given t € R, let n = [|t|]] + 1. Then z = s+ it € nQ for s < 1, and therefore, by
the semigroup property (with w = z/n € Q),

T2 = 177 = W) < e < M = i,

This inequality is surely valid in a neighbourhood B (it,d), and the argument
of the preceding section implies the existence of the boundary group J%*, defined
as the strong limit of J* as z — it. By (17) and (15), we also have (for z =
s+it e Ct)

12 fllp < 1T7f = Tee fllp + (1 Tzc fllp

|2| N5t E——
7GmHJIHP‘FCG‘HZD6 e £l

Letting s — 0, we get for all f € LP(0, N)

[t| NV

Jit <
” fHP — €|F(it+ 1)|

1Fllp + O+ e 2] 1]l
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Since € is arbitrary, we conclude that
17U < L+ [¢)e™2 (& € R). (19)
As before, the factor C(1 + |t|) can be omitted in case p = 2. Formally

Corollary I1.9.3. For each p € (1,00) and N > 0, the Riemann—Liouville
semigroup J* on LP(0,N) has a boundary group J* (defined as the strong limit
of J* as z € CT — it). The boundary group is strongly continuous, satisfies the
identity JtJv = JvJit = JvHit (for all t € R and w € CT) and the growth
relation (19).
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111-13, 143, 214, 227, 240-2,
367, 382
Riesz—Schauder Theorem 250
risk function 3256
Runge Theorem 252
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S, 8 380-2, 385, 392, 412
sampling
ordered 290
random 284
Schauder Theorem 249-50 see also
Riesz
Schwartz space 376
Schwarz inequality 33, 35, 129, 169,
227, 288-9, 301, 380, 389, 411
selfadjoint 181-3, 207
element 190
operator 145, 237, 255, 262, 282
spectral measure 226, 2289
subalgebra 143, 145, 215
semi-algebras 57-9, 634
semi-continuity 99-100
semigroups 277-8
generator of 275-6, 278
exponential formula for 281
of operators 256
strong convergence 280
semi-inner product 30, 190
semi-measure 57-8, 62, 64—6
semi-norms 373
semi-simplicity space 237-9
for unbounded operators in Banach
space 267-71 see also Banach
separation 130-2
Separation Theorem 132
for topological vector spaces 134
strict 135, 139
sesquilinearity 30
simple Borel functions see Borel
simple functions 11, 13, 27
simple hypothesis 333
o-additivity 7, 11, 62, 67, 83, 230, 339
o-algebra 1, 8, 21, 54, 61, 66, 84, 336
generated 2
o-compactness 88
o-finite 122, 164
measure 54, 56, 63, 107
positive measure space 35, 39, 74
o-subadditivity 16, 21, 233, 337
singular function 99
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singular element 171
Snedecor density 3234
Sobolev’s space 391
space of test functions 367
spectral integral 225
Spectral Mapping Theorems 175,
184-5, 2456
spectral measure 224, 226
on a Banach subspace 2234
spectral norm 180
spectral operator 229
spectral radius 173, 184, 257
spectral representation 233-5
spectral set 248
Spectral Theorem
for normal operators 229-31
for unbounded selfadjoint operators
2645
spectrum 177, 186, 190, 199, 23940,
248, 268
continuous 173, 231, 260
parts of 231-3
point 231, 260
residual 260
standard deviation (of r.v.) 288
star-algebra (*-algebra) 181
statistic 318
Stieltjes integral 359
Stirling’s formula 323
Stone’s Theorem 282
Stone—Weierstrass Theorem 143-5,
181, 1834, 210, 233, 238-9
strong operator topology (s.o.t.)
162-3, 222, 2567
student density 321-2, 331
sub-o-algebras 362-3
subadditivity 8, 110
subalgebra 141, 142, 144
submartingale 362-3
Submartingale Convergence
Theorem 363
supermartingale 362
support
compact 77
of a function 77
of a measure 92-3
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of distribution 368
symmetric subspace 271
operator 262

t-density 321
t-test 335
Taylor formula 312-13, 389
Taylor Theorem, non-commutative 254
Tchebichev’s inequality 291, 295, 297
temperate distributions 37692
temperate weights 387-9
Tonelli’s Theorem 73, 147, 253, 317,
346, 413

topological

algebra 243

group 113

space 2, 4

vector space 133-5
total variation

of measure 42

of function 98
total variation measure 42, 45
translation invariance 667, 119

of Lebesgue measure 121
translation invariant 114, 116-17, 120
translation operators 375
triangular array 356

of r.v.s 355
‘truncated’ r.v.s 354
truncation of functions 52-3
Tychonoff’s Theorem 115, 137

Uniform Boundedness Theorem 153,

155, 196, 256
general version 154-5

uniform convexity 151

uniform norm 5, 78, 91, 103, 109, 143

uniform operator topology 161

uniformly integrable 359

unimodular locally compact group 120

uniqueness of extension 64

Uniqueness Theorem for characteristic
functions 355

unitary equivalence 212

Urysohn’s lemma 77-8, 86, 88, 90, 92,
201 see also Hausdorff
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variance (of r.v.) 288

variable coefficients 400—4

vector-valued random variables
31524

Vitali-Caratheodory Theorem 100

Von Neumann’s Double Commutant
Theorem 214

weak and strong types 145-9

Weak Law of Large Numbers 293

weak operator topology (w.o.t.)
162-3, 214, 220, 222

Index

weak topology 135-9

weak*-topology 151, 165, 179

weighted LP-spaces 389

Weierstrass Approximation Theorem,
classical 143

Wiener’s Theorem 255

W k spaces 387-92

z-test 335

zero hypothesis 324, 326, 331, 335
Zero-one law 298

Zorn’s lemma 123, 140, 234
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