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Abstract

These notes are largely concerned with the strong and weak operator
topologies on spaces of bounded linear operators, especially on Hilbert
spaces, and related matters.
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Part 1
Basic notions

1 Norms and seminorms

Let V' be a vector space over the real numbers R or the complex numbers C.
A nonnegative real-valued function N on V is a seminorm if

(1.1) N(tv) = [t| N(v)
for every t € R or C, as appropriate, and v € V, and
(1.2) N(v+w) < N(v)+ N(w)

for every v,w € V. Here [t| denotes the absolute value of t € R or the modulus
of t € C. If also N(v) > 0 when v # 0, then N is a norm on V.
If N is a norm on V, then

(1.3) d(v,w) = N —w)

is a metric on V. A collection A/ of seminorms on V will be called nice if for
every v € V with v # 0 there is an N € A such that N(v) > 0. In this case,
the topology on V associated to A is defined by saying that U C V is an open
set if for every u € U there are finitely many seminorms Ni,..., N; € A and
finitely many positive real numbers 71, ...,r; such that

(1.4) {veV:Njlu—v)<r;forj=1,...,1} CU.

It is easy to see that V' is Hausdorff with respect to this topology, and that the
vector space operations of addition and scalar multiplication are continuous.

2 (P spaces

Let p be a real number, p > 1, and let £¥ be the space of sequences a = {a;}%2,
of real or complex numbers such that the infinite series

(1) > lal



converges. It is well known that this is a vector space with respect to termwise
addition and scalar multiplication, and that

(2:2) lall, = (i )"

defines a norm on this space. Similarly, the space > of bounded sequences of
real or complex numbers is a vector space, and

(2.3) lalloe = sup{la,| : j = 1}

is a norm on £>°.

If a; = 0 for all but finitely many j, then a is contained in ¢? for each p.
Moreover, the space of these sequences is a dense linear subspace of /P when
p < co. The closure of this space of sequences in £°° is the space ¢ of sequences
that converge to 0.

These spaces may also be denoted ¢P(Z.), co(Zy), where Z, is the set of
positive integers. There are versions of these spaces for doubly-infinite sequences
a={a;}32_, as well, denoted (P(Z), co(Z), where Z is the set of all integers.
More precisely, if p < oo, then ¢P(Z) is the space of doubly-infinite sequences
such that -

(2.4) > lal?

j=—o0

converges, which is the same as saying that

[ee] [ee]
(2.5) > laP, D layl

j=1 j=0
both converge, equipped with the norm

> 1/p
(2.6) lally = (3 lasl)
j=—00

The space £°°(Z) consists of bounded doubly-infinite sequences, with the norm
(2.7) lalloo = sup{la;] : j € Z}.

As before, the space of doubly-infinite sequences a such that a; — 0 as j — £oo
defines a closed linear subspace c(Z) of £*°(Z).

3 Bounded linear mappings

Let V, W be vector spaces, both real or both complex, and equipped with norms
lvllv, [Jw|lw, respectively. A linear mapping T : V' — W is said to be bounded
if there is an L > 0 such that

(3.1) 1T ()llw < Ljv]lv



for every v € V. It is easy to see that bounded linear mappings are continuous
and even uniformly continuous with respect to the metrics on V', W associated
to their norms. Conversely, a linear mapping is bounded if it is continuous at
0. The operator norm of a bounded linear mapping 7" : V' — W is defined by

(3-2) 1T [lop = sup{[|T(v)[lw : v €V, [Jolly <1}

Equivalently, L = ||T||,p is the smallest nonnegative real number that satis-
fies the previous condition. The space BL(V, W) of bounded linear mappings
from V into W is a vector space with respect to pointwise addition and scalar
multiplication, and it is easy to see that || T||,p defines a norm on this space.

Suppose that Vi, Va, V3 are vector spaces, all real or all complex, and
equipped with norms || - ||1, || - |2, || - l|ls- ¥ 71 : Vi — Vo and T : Vo — V3 are
bounded linear mappings, then their composition T o T} : V3 — V3 is also a
bounded linear mapping, with

(3.3) 172 0 Tt |lop,13 < [|T1lop,12 [| T2l 0p,23,

where the subscripts indicate the spaces and norms involved. In particular,
the space BL(V) = BL(V,V) of bounded linear operators on a real or complex
vector space V' with a norm ||v||y is an algebra with respect to composition. Of
course, the identity operator I on V has operator norm 1.

4 Dual spaces

Let V be a real or complex vector space, equipped with a norm |[|v]|y. A bounded
linear functional on V is a bounded linear mapping from V into R or C, using
the standard absolute value or modulus as the norm on the latter. The vector
space of bounded linear functionals on V' is the same as BL(V,R) or BL(V, C),
and will be denoted V’. The dual norm of A € V' is the same as its operator
norm as a bounded linear mapping from V into R or C, and may be denoted
[y

Suppose that 1 < p,q < co are conjugate exponents, in the sense that

1 1

(4.1) PRI
where 1/00 = 0. If a = {a;}52,, b = {b;}32, are sequences of real or complex
numbers, then let ab the sequence {a;b;}32; of products of the terms of a, b.
Hélder’s inequality implies that ab € ¢! when a € (P, b € £9, and that

(4.2) [lablly < llallp [[b]]q-

The analogous statements for doubly-infinite sequences also hold.
It follows that

(4.3) Mo(a) = a;b;



defines a bounded linear functional on P for each b € ¢4. Furthermore,

(4.4) Aol ey = 1[bllg,

because the dual norm of A, on ¢P is less than or equal to ||b||, by Holder’s
inequality, while the opposite inequality can be derived from specific choices of
a € (P for a given b. It is well known that every bounded linear functional on ¢?
is of this form when p < oo. If b € ¢!, then the restriction of A\, to ¢ defines a
bounded linear functional on ¢y with respect to the £ norm, the dual norm of
this linear functional is also equal to ||b||1, and every bounded linear functional
on ¢y is of this form. Again, there are analogous statements for doubly-infinite
sequences.

5 Shift operators

If a = {a; };‘;700 is a doubly-infinite sequence of real or complex numbers, then
let b= T(a) be defined by
(51) bj = Qj—1-

This is the (forward) shift operator on the vector space of all such sequences,
which is a one-to-one linear mapping of this vector space onto itself, whose
inverse is known as the backward shift operator. Observe that T' sends ¢P(Z),
1 < p < oo, and ¢p(Z) onto themselves, and satisfies

(5:2) IT(@)llp = llallp

for every a € ¢P(Z). Thus T is a bounded linear operator on £P(Z) with operator
norm 1, and its inverse has the same property.

Now let a = {a; };‘;1 be an ordinary sequence of real or complex numbers,
and let b = T'(a) be defined by

(53) bj = aj-1 Whel’lj Z 1, b1 =0.

This is the forward shift operator on the vector space of all such sequences, which
is a one-to-one linear mapping of this vector space into itself. Clearly T sends
P(Zy), 1 < p < oo, and ¢o(Z4) into themselves, and satisfies (5.2) for every
a € (P(Zy), so that T is a bounded linear operator on ¢P(Zy) with operator
norm 1. If we identify ordinary sequences a = {aj}j‘?';l with doubly-infinite
sequences {a;}?°_ . such that a; = 0 when j < 0, then this shift operator is
the same as the previous one restricted to this linear subspace.

The backward shift operator R on the space of ordinary sequences a =
{a;}52, is defined by ¢ = R(a), where

(54) Cj = Qj41-

This is the same identifying a with a doubly-infinite sequence as in the previ-
ous paragraph, applying the earlier backward shift operator on doubly-infinite

10



sequences, and projecting the result to an ordinary sequence by restricting the
indices to positive integers. In particular, R sends ¢((Zy), 1 < p < oo, and
¢o(Z4) onto themselves, and satisfies

(5-5) [1B(a)llp < llall,

when a € fP(Z;). This means that R has operator norm less than or equal to
1 on ¢P(Z,) for each p, and one can check that the operator norm is actually
equal to 1. Similarly, R has operator norm 1 on ¢o(Z).

6 Arbitrary sequences

Let V be the vector space of doubly-infinite sequences a = {a;}32_ of real or

complex numbers, with respect to termwise addition and scalar multiplication.
For each j € Z,
(6.1) Nj(a) = |a;|

defines a seminorm on V. The topology on V associated to this family of
seminorms is the same as the product topology, where V' is identified with the
Cartesian product of infinitely many copies of R or C. The shift operator on
V' described in the previous section is a homeomorphism with respect to this
topology. The vector space W of ordinary sequences a = {aj}j‘?';l of real or
complex numbers can be identified with the linear subspace of V consisting of
doubly-infinite sequences {a;}32_ such that a; = 0 when j < 0. On W, we
may as well consider only the seminorms N; corresponding to j € Z;. The
topology on W determined by these seminorms is the same as the topology
induced by the one on V. This is also the same as the product topology on W
as the Cartesian product of infinitely many copies of R or C. Note that the
linear subspace of V' identified with W in this way is closed. The forward shift
operator is a linear homeomorphism of W onto a proper closed linear subspace,
while the backward shift operator determines a continuous linear mapping of
W onto itself.

7 Metrizability

Let V be a real or complex vector space, and let AV be a nice collection of

seminorms on V. If Ny,..., N; are finitely many seminorms on V', then it is
easy to see that
(7.1) N(v) = max(Ni(v),...,Ni(v))

is also a seminorm on V. If A has only finitely many elements, then it follows
that their maximum is a norm on V that determines the same topology. If A/

is countably infinite, and N1, Na, ... is an enumeration of its elements, then one
can check that
(7.2) p(o, w) = max (min(N; (v — w), 1/))

iz
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is a metric on V that determines the same topology as N. Conversely, if NV is
a nice collection of seminorms on V for which there is a countable local base
for the corresponding topology at 0, then the same topology is determined by
only finitely or countably many elements of A/. It also happens sometimes that
a countable subcollection of N suffices to determine the same topology on some
interesting subsets of V. Hence the induced topology on these subsets can also
be described by a metric.

8 Completeness

Remember that a metric space M is said to be complete if every sequence of
elements of M converges to an element of M. For example, the real line and
the complex plane are complete with respect to their standard metrics. A real
or complex vector space V with a norm ||v| is said to be a Banach space if
it is complete with respect to the metric associated to the norm. It is well
known that the ¢P spaces described in Section 2 are complete. A closed subset
Y of a complete metric space M is automatically complete, with respect to the
restriction of the metric to Y, and thus ¢g is also a Banach space with respect
to the £°° norm.

Let V be a real or complex vector space equipped with a nice collection N
of finitely or countably many seminorms. As in the previous section, there is
a metric p(v,w) on V that determines the same topology on V as N and is
translation-invariant in the sense that

(8.1) p(v+u,w+u) = p(v,w)

for every w,v,w € V. It is easy to check that any other translation-invariant
metric on V' that determines the same topology also determines the same class
of Cauchy sequences, which can be characterized directly in terms of differences
of terms in the sequence and the topology of V at 0 as well. In this case, V is
said to be a Fréchet space if it is complete. Banach spaces are automatically
Fréchet spaces, and the spaces of arbitrary sequences of real or complex numbers
give examples of Fréhet spaces for which the topology is not determined by a
single norm.

9 Continuous extensions

Let M and N be metric spaces, and suppose that N is complete. If E is a dense
set in M and f : E — N is uniformly continuous, then it is well known that
there is a unique extension of f to a uniformly continuous mapping from M into
N. For if z is any element of M, then there is a sequence {z;}32; of elements
of E that converges to x. Thus {xj};?‘;l is a Cauchy sequence as a sequence
of elements of E, and uniform continuity implies that {f(z;) 52, is a Cauchy
sequence in N that converges by completeness. If {y; }‘;‘;1 is another sequence
of elements of £ that converges to x, then {f(y;)}32, converges to the same

12



element of N as {f(z;)}52,. The extension of f to M at x can be defined as
this limit, which does not depend on the choice of the sequence of elements of F
that converges to . Uniform continuity of this extension is easily inherited from
uniform continuity of f. Uniqueness holds because two continuous functions on
M that agree on a dense set are the same.

Now let V', W be vector spaces, both real or both complex, and equipped
with norms ||v||v, |Jw|lw. If U is a dense linear subspace of V, T is a bounded
linear mapping from U into W, and W is complete, then there is a unique
extension of T' to a bounded linear mapping from V into W. It follows from
the statement in the previous paragraph that T has a unique extension to a
uniformly continuous mapping from V into V, since bounded linear mappings
are automatically uniformly continuous. One can also check that the extension
is linear, because T is linear, and that the operator norm of the extension is the
same as the operator norm of T'.

10 Uniform boundedness

Let V', W be vector spaces, both real or both complex, and equipped with norms
lv|lv, [Jw|lw. Suppose that T is a collection of bounded linear mappings from
V into W which is uniformly bounded pointwise on V, in the sense that

(10.1) IT(W)lw, T T,

are bounded for every v € V. If V is complete, then the Banach—Steinhaus
theorem implies that 7 is uniformly bounded, in the sense that the elements of
7T have uniformly bounded operator norm. To see this, consider

(10.2) A, ={v eV ||TWw)|lw <nforeveryT €T}

for each positive integer n. The hypothesis of pointwise boundedness implies
that

(10.3) A, =V.

1C3

Each A, is also a closed set in V', because every T' € 7 is bounded and hence
continuous. Since V is complete, the Baire category theorem implies that A,
contains a nonempty open set for some n. Using linearity, one can show that
the elements of 7 are uniformly bounded on the unit ball in V| which means
exactly that they have uniformly bounded operator norms.

11 Bounded linear mappings, 2

Let V, W be vector spaces, both real or both complex, and equipped with
norms. If W is complete, then the space BL(V, W) of bounded linear mappings
from V into W is also complete, with respect to the operator norm. For suppose
that {7} }joil is a Cauchy sequence of bounded linear mappings from V' into W

13



in the operator norm. This implies that {7}(v)}52, is a Cauchy sequence of

elements of W for each v € V, which converges to an element T'(v) of W by
completeness. Thus {Tj}?i1 converges pointwise on V to T : V — W and it
is easy to see that 7' is linear, since 7} is linear for each j. Using the fact that
{T;}52, is a Cauchy sequence in the operator norm, one can show that 7' is
bounded, and that {7}}52, converges to T in the operator norm, as desired. In
particular, the dual space V' is complete, with respect to the dual norm.

12 Separability

Remember that a metric space is said to be separable if it contains a dense set
with only finitely or countably many elements. For example, the set of rational
numbers is a countable dense set in the real line, which is therefore separable.
The complex plane is separable as well, since the set of complex numbers with
rational real and imaginary parts is countable and dense. Let V be a real or
complex vector space equipped with a norm. In order for V to be separable
with respect to the metric associated to the norm, it suffices that there be a set
E C V with only finitely or countably many elements whose linear span span £
is dense in V. By definition, span E consists of all finite linear combinations
of elements of F, and is the smallest linear subspace of V' that contains F. It
is easy to see that the set of finite linear combinations of elements of E with
rational coefficients is dense in span F in the real case, and that the set of finite
linear combinations of elements of £ whose coefficients have rational real and
imaginary parts is dense in span F in the complex case. If F has only finitely
or countable many elements, then these subsets of span E have only finitely or
countably many elements too, and are dense in V when span F is dense in V.
It follows from this criterion that finite-dimensional spaces are automatically
separable. The fP spaces in Section 2 are separable when p < oo, and ¢y is
separable with respect to the £°° norm.

13 Inner product spaces

Let V be a real or complex vector space. An inner product on V is a function
(v, w) defined for v,w € V and with values in the real or complex numbers, as
appropriate, with the following three properties. First, (v, w) is linear in v for
each w € V. Second,

(13.1) (w, vy = (v, w)

for every v,w € V in the real case, and

(13.2) (w,v) = o, w)
for every v,w € V in the complex case. Here Z denotes the complex conjugate

of a complex number z. Note that this symmetry condition implies that (v, w)
is also linear in w in the real case, and is conjugate-linear in the complex case.

14



This also implies that (v,v) is automatically a real number for every v € V in
the complex case. The third condition asks that

(13.3) (v,0) >0

for every v € V such that v # 0, in both the real and complex cases.
Put
(13.4) o]l = (v, )"/,

The Cauchy—Schwarz inequality

(13.5) (v, w)| <[]l [|wl]
can be derived from the fact that

(13.6) (v+tw,v+tw) >0

for every v,w € V and t € R or C, as appropriate. By expanding ||v + w||? into
a sum of inner products and applying the Cauchy—Schwarz inequality, one can
show that ||v|| satisfies the triangle inequality, and hence defines a norm on V.
The parallelogram law states that

(13.7) lv +wl]? + [lo = w]|* = 2 [Jv]|* + 2|w]|?

for every v, w € V, which follows easily by expanding the terms on the left side
into sums of inner products.
The standard inner products on R™, C™ are given by

(13.8) (v,w) = Zvj wj

in the real case and

(13.9) (v,w) = Zvjw_j

in the complex case, where v = (v1,...,v,), w = (w1, ..., w,). The associated
norm

(13.10) ol = (3 hyl2)

is the same as the standard Euclidean norm. It is well known that a finite-
dimensional inner product space V' of dimension n is equivalent to R™ or C™
with the standard inner product, using the Gram—Schmidt process to convert
an ordinary basis for V into an orthonormal basis.

Similarly, the standard inner products on the spaces of sequences of real or
complex numbers in ¢? are defined by

(13.11) (a,b) = i%‘ b

15



in the real case and

(13.12) {a,b) = iajb_j

in the complex case, where a = {a;}22,, b = {b;}32,. More precisely, the
absolute convergence of these series can be derived from the Cauchy—Schwarz
inequality for the standard inner products on R", C”, or from the p = ¢ = 2
case of Holder’s inequality, which is basically the same. The associated norms
are equal to |lall2 in Section 2. The standard inner products on the spaces
of doubly-infinite sequences of real or complex numbers in ¢%(Z) are defined
analogously, and the associated norms are also equal to ||a||2 in Section 2.

14 Hilbert spaces

A real or complex inner product space (V, (v,w)) is said to be a Hilbert space
if it is complete with respect to the associated norm ||v||. Finite-dimensional
inner product spaces are complete, as are the £? spaces in Section 2.

Suppose that V' is a Hilbert space, and that vy, vs,... is an orthonormal
sequence of vectors in V. This means that
(14.1) (vj,v) =0
when j # [, and |lv;]| = 1 for every j. If a = {a;}32, is a square-summable

sequence of real or complex numbers, as appropriate, then
o0

(14.2) Z a5 Vj
j=1

converges in V. To see this, it suffices to show that the corresponding sequence
of partial sums Z?Zl a; v; is a Cauchy sequence, which then converges by com-
pleteness. Because of orthonormality,

n 2 n
D ajvif| = lagl?
=k j=k

when n > k > 1, and this tends to 0 as k — oo since a € ¢2, as desired.

Suppose now that V is infinite-dimensional and separable, so that there is a
sequence v1,v1, . .. of elements of V' whose linear span is dense in V. Using the
Gram—Schmidt process, we may ask also that the v;’s be orthonormal. In this
case,

(14.4) ar Y ajv;
=1

(14.3)

defines a linear mapping from ¢2 into V. It is not difficult to show that this
mapping is one-to-one, and that the standard inner product on ¢2 corresponds
exactly to the given inner product on V' under this mapping. One can also show
that this mapping sends £% onto V, because the linear span of the v;’s is dense
inV.

16



15 Orthogonal projections

Let (V, {(v,w)) be a real or complex Hilbert space, and let ||v|| be the associated
norm. Suppose that A is a nonempty closed convex set in V', and let v be any
element of V. If

(15.1) r=inf{||jv — w| : w € A},

then there is a w € A such that ||v — w|| = r. Of course, there is a sequence
{w;}52, of elements of A such that

(15.2) lim v —wj|| =1
J— 00

It suffices to show that this sequence converges, because its limit would then have
the required properties. By completeness, it is enough to show that {w, }]D‘;l is
a Cauchy sequence. This can be done using the parallelogram law, and the fact
that

(15.3) Wi W

A
9 S

for each j,1 > 1, by convexity.
Suppose now that A is a closed linear subspace of V. If v, w are as in the
previous paragraph, and u € A, then w — u € A too, and hence

(154) o-wl2=r2 < fo—w-+ul?
= o —w|* + (v —w,u) + (u,0 —w) +[|ul*.

This can be used to show that
(15.5) (v —w,u) =0.

Conversely, if v € V, w € A, and (15.5) holds for each u € A, then
(15.6) o —w+ul® = [l —wl* + [[u]?
for every u € A, which implies that
(15.7) v —wl| < [lv —w+wul,
and ||v —w| = r. Applying (15.6) to u = w, we also get that
(15.8) oll2 = o — w]2 + flw]

Suppose that v € V, w,w’ € A, and w, w’ both satisfy (15.5) for each u € A.
This implies that w — w' € A,
(15.9) (w—w' w—w)=(w—v,w—w)+{(v—w,w—w) =0,
and hence w = w’. Thus w € A is uniquely determined by the condition that
(15.5) hold for every u € A, and the orthogonal projection Py of V onto A is

defined by P4(v) = w. It is easy to see from this characterization that P, is a
linear mapping on V', and that

(15.10) [Pa(w)[| < [lv].

Of course, P4(v) = v when v € A, so that P4 has operator norm equal to 1,
unless A = {0}, in which case P4 = 0.
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16 Orthogonal complements

Let (V,(-,-)) be a real or complex Hilbert space, and let W be a linear subspace
of V. The orthogonal complement W= of W is defined by

(16.1) Wt ={veV: (v,w) =0 for every w € W}.
It is easy to see that this is a closed linear subspace of V', and that
(16.2) wWnwt ={o}.

If W is a closed linear subspace of V', then it follows from the previous section
that every element of V' can be expressed in a unique way as a sum of elements of
W and W+, and that W+ is the same as the kernel of the orthogonal projection
of V onto W. Note that the orthogonal complement of W is equal to the
orthogonal complement of its closure in V', and so we may as well restrict our
attention to closed linear subspaces of V.
Clearly
(16.3) W c Wt

If W is a closed linear subspace of V', then
(16.4) W= W)+

For suppose that v € (W)L, and let us check that v € W. As in the previous
section, there is a w € W such that v — w € W=. However, v —w € (W)*,
since v € (W+)+ and w € W C (W)+, and hence v — w = 0, as desired.

17 Dual spaces, 2
Let (V,{-,-)) be a real or complex inner product space. For each w € V,
(17.1) Aw (V) = (v, w)

defines a linear functional on V. The Cauchy—Schwarz inequality implies that
Aw is a bounded linear functional on V', with dual norm less than or equal to
the norm of w. The dual norm of \,, is actually equal to the norm of w, because
Aw(w) = ||w||?. Suppose now that A is an arbitrary bounded linear functional on
V', and that V is a Hilbert space. The kernel Z of X is a closed linear subspace
of V, since A is continuous. Of course, Z = V if and only if A = 0. Otherwise,
Z has codimension 1 in V, and one can check that A = \,, for some w € Z*.

18 The Hahn—Banach theorem

Let V be a real or complex vector space equipped with a norm || - ||. The Hahn—
Banach theorem states that a bounded linear functional A on a linear subspace
W of V can be extended to a bounded linear functional on V' with the same
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norm. More precisely, the norm of A on W is defined using the restriction of
the norm || - || to W. In the proof, one first extends A to a linear functional
on a linear subspace of V' spanned by W and a single vector, while keeping the
norm of the linear functional constant. If W has finite codimension in V', then
it suffices to do this finitely many times. If V' is separable, then a sequence of
these extensions can be used to get an extension of A to a dense linear subspace
of V, and then to V itself, as in Section 9. If V is a Hilbert space, then the
Hahn—Banach theorem can be derived from the characterization of bounded
linear functions in the previous section.

As a corollary, for each v € V there is a bounded linear functional on V' with

norm 1 such that
(18.1) AW) = o]

Indeed, one can start by defining A on the subspace W of V' spanned by v, and
then use the Hahn-Banach theorem to extend A to all of V. This corollary can
be verified directly for the ¢P spaces in Section 2, as well as any inner product
space.

Note that every v € V determines a bounded linear functional L, on the
dual space V' of bounded linear functionals on V', given by

(18.2) Ly(A) = A(v)

for each A € V', It is easy to see that the dual norm of L, on V' is less than or
equal to the norm of v, just by the definition of the dual norm. The corollary
of the Hahn—Banach theorem mentioned in the previous paragraph implies that
the dual norm of L, is equal to the norm of v. Thus v — L, is an isometric
linear embedding of V into the dual V" of V.

A Banach space V is said to be reflerive if every bounded linear functional
on V' is of the form L, for some v € V. Hilbert spaces are reflexive, by the
characterization of their bounded linear functionals in the previous section. If
1 < p < o0, then the P spaces in Section 2 are reflexive, by the description of
their duals in Section 4.

19 The weak topology

Let V be a real or complex vector space equipped with a norm. For each
bounded linear functional A\ on V,

(19.1) Ni(v) = [A(v)|

defines a seminorm on V. The collection of all of these seminorms Ny, A € V|
is a nice collection of seminorms on V' in the sense of Section 1, because of the
Hahn—Banach theorem. The topology on V' that they determine is known as the
weak topology. It is easy to see that every open set in V' in the weak topology
is also an open set in the topology determined by the norm, since bounded
linear functionals are continuous. The converse holds only when V has finite
dimension. For example, an open ball in V' cannot be an open set in the weak
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topology when V is infinite-dimensional, because it does not contain an affine
subspace of finite codimension.

Similarly, every closed set in V' with respect to the weak topology is a closed
set in the topology determined by the norm. The Hahn—Banach theorem implies
that the converse holds for closed linear subspaces of V. For if W is a closed
linear subspace of V' with respect to the norm and v € V' is not in W, then one
can show that there is a bounded linear functional A on the linear span of W
and v such that A(w) = 0 for every w € W and A(v) # 0. The Hahn-Banach
theorem implies that A has an extension to a bounded linear functional on V,
and this implies that there is a neighborhood of v in the weak topology on V'
that is disjoint from W.

Suppose that A is a collection of bounded linear functionals on V' whose
linear span is dense in V' with respect to the dual norm. In this case, Ny,
A € A, is also a nice collection of seminorms on V. If E C V is bounded, which
means that F is contained in a ball with respect to the norm, then the topology
on FE induced by the weak topology on V' is the same as the topology induced
by the seminorms Ny, A € A. If V' is separable with respect to the dual norm,
then it follows that the topology induced on bounded subsets of V' by the weak
topology is metrizable, as in Section 7.

20 The weak* topology

Let V be a real or complex vector space equipped with a norm. For each v € V,
(20.1) Nu(A) = [A(v)]

defines a seminorm on the dual space V'’ of bounded linear functionals on V. The
collection of all of these seminorms is a nice collection of seminorms on V’ in the
sense of Section 1, simply because a linear functional A on V' is equal to 0 when
A(v) = 0 for every v € V. The topology on V' determined by this collection of
seminorms is known as the weak* topology. Every open set in V'’ with respect to
the weak™* topology is also an open set with respect to the topology determined
by the dual norm, because L,(\) = A(v) is a bounded linear functional on V'
for each v € V.

Suppose that the linear span of A C V is dense in V. This implies that
N,, v € A, is also a nice collection of seminorms on V’. If E C V' is bounded
with respect to the dual norm, then the topology on F induced by the weak*
topology on V' is the same as the topology determined by the seminorms N,
v € A. If V is separable, then it follows that the topology induced on bounded
subsets of ¥V’ with respect to the dual norm by the weak* topology is metrizable,
as in Section 7.

The Banach—Alaoglu theorem states that the closed unit ball B’ in V' with
respect to the dual norm is compact in the weak™ topology. If V' is separable,
then the topology induced on B’ by the weak* topology is metrizable, as in
the previous paragraph. It is well known that compactness is equivalent to
sequential compactness in this case.
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21 Convergence of sequences

Let V be a real or complex vector space equipped with a norm. A sequence of
elements {v;}32; of V' converges to v € V' in the weak topology if and only if
(21.1) lim A(vj) = A(v)

j—00

for every A € V’. Similarly, a sequence {);}32; of bounded linear functionals
on V converges to A € V' in the weak* topology if

(21.2) hﬂm Aj(v) = A(v)

for every v € V. If {)\;(v)}32, converges as a sequence of real or complex
numbers for every v € V, then the limit automatically defines a linear functional
Aon V. If the dual norms of the A;’s are uniformly bounded, then it is easy to
see that A is also bounded.

If {A;}%2, is a sequence of bounded linear functionals on V' which converges
in the weak* topology, then {\;(v) 72, is a bounded sequence of real or complex
numbers for every v € V. If V is complete, then it follows from the Banach—
Steinhaus theorem in Section 10 that the A;’s have uniformly bounded dual
norms. If {v;}52,; is a sequence of elements of V' that converges in the weak
topology, then one can use the Banach—Steinhaus theorem to show that the v;’s
have bounded norm in V. More precisely, this uses the completeness of V', as in
Section 11, instead of the completeness of V. This also uses the Hahn—Banach
theorem, to get uniform boundedness of the v;’s from the uniform boundedness
of A(v;) over A\ € V'’ with dual norm less than or equal to 1.

For any sequence {\; }joil of linear functionals on V', the set of v € V such
that {\;(v)}32, converges in R of C is a linear subspace of V. If the \;’s are
bounded linear functionals on V' with uniformly bounded dual norms, then one
can show that this set is closed. It follows that a sequence {\;}52, of bounded
linear functionals on V' with uniformly bounded dual norms converges in the
weak™ topology when {);(v)}32; converges in R or C for a set of v’s with dense
linear span in V.

Remember from Section 4 that ¢ can be identified with the dual of P when
1<p<ooand1/p+1/g=1, and that £ can be identified with the dual of ¢,
equipped with the ¢*° norm. Suppose that

(21.3) a(1) = {a(1)}iZ1,a(2) = {@m(2)}2,, -

is a sequence of elements of ¢? with uniformly bounded ¢¢ norms such that
{a;(5) 521 converges as a sequence of real or complex numbers for each [. If

(21.4) lim a;(j) =
j—oo
and a = {a;}j°,, then ¢ € ¢9 and a(1),a(2),... converges to a in the weak*

topology, as bounded linear functionals on P or ¢y when ¢ = 1. The analogous
statement for £9(Z) holds as well.
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22 The strong operator topology

Let V', W be vector spaces, both real or both complex, and equipped with norms
lvllv, |lw|lw, respectively. For each v € V|

(22.1) No(T) = ||T(v)[|w

defines a seminorm on the vector space BL(V, W) of bounded linear mappings
from V into W. The collection of these seminorms is a nice collection of semi-
norms in the sense of Section 1, since T'= 0 as a linear mapping exactly when
T(v) = 0 for every v € V. The topology determined on BL(V,W) by this
collection of seminorms is known as the strong operator topology.

If W = R or C, as appropriate, then BL(V,W) is the same as the dual
V' of V, and the strong operator topology reduces to the weak* topology. If
instead V' = R or C, then there is a natural identification between BL(V, W)
and W. In this case, the strong operator topology reduces to the topology on
W determined by the norm |lw||w .

Of course, open subsets of BL(V, W) in the strong operator topology are
also open with respect to the topology determined by the operator norm. It is
easy to see that closed balls in BL(V, W) with respect to the operator norm are
closed sets in the strong operator topology.

If the linear span of A C V is dense in V, then N,(T), v € A, is also a
nice collection of seminorms on BL(V, W), because T'(v) = 0 for every v € V
when T : V — W is a bounded linear transformation and T'(v) = 0 for every
veA If EC BL(V,W) is bounded with respect to the operator norm, then
the topology induced on E by the strong operator topology is the same as
the topology determined by the seminorms N, (T'), v € A. Hence the topology
induced on F by the strong operator topology is metrizable when V is separable,
as in Section 7.

23 Convergence of sequences, 2

Let V', W be vector spaces, both real or both complex, and equipped with norms.
A sequence {7} }joil of bounded linear mappings from V into W converges to
another bounded linear mapping T : V' — W in the strong operator topology
when
(23.1) lim T;(v) = T(v)

J—0o0
for every v € V. If {T;(v)}52, converges in W for every v € V, then the limit
defines a linear mapping T' : V. — W. If the operator norms of the 7}’s are
uniformly bounded, then it is easy to see that T is bounded too.

If {T; }joil is a sequence of bounded linear mappings from V into W such
that {T(v)}32, converges in W for every v € V, then {T}(v)}32, is bounded
in W for every v € V. If V is complete, then the Banach—Steinhaus theorem in
Section 10 implies that the operator norms of the T}’s are uniformly bounded.
Hence the limit is bounded as well, as in the previous paragraph.
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Suppose that {Tj}‘;';l is a sequence of linear mappings from V into W, and
that T : V — W is another linear mapping. The set of v € V such that
{T;(v)}32, converges to T'(v) in W is a linear subspace of V. If the T};’s and T
are bounded linear mappings, and if the T}’s have bounded operator norms, then
the set of v € V' such that {T};(v)}32, converges to T'(v) in W is closed. Under
these conditions, it follows that {7}}3%, converges to 7" in the strong operator
topology when {T};(v)}32, converges to T'(v) in W for a set of v’s whose linear
span is dense in V.

For any sequence {Tj };";1 of linear mappings from V into W, the set of v € V
such that {7} }joil converges in W is a linear subspace of V. Similarly, the set
of v € V such that {7}(v)}32, is a Cauchy sequence in W is a linear subspace
of V. If the T}’s are bounded linear mappings with uniformly bounded operator
norms, then the set of v € V' such that {T)(v)}32, is a Cauchy sequence in W
is closed in V. If W is complete, then it follows that the set of v € V such that
{T;(v)}32, converges in W is closed in V' when the T)’s are uniformly bounded.
Thus {T; }jo‘;l converges in the strong operator topology when W is complete,
the T}’s are uniformly bounded, and {7 (v)}52, converges in W for a set of v’s
whose linear span is dense in V.

24 Shift operators, 2

Let R be the backward shift operator acting on sequences of real or complex
numbers, as in Section 5. Thus if a = {a;}32; is such a sequence, then R(a)
is the sequence {aj“};";l. If n is a positive integer and R is the composition
of n R’s, then R"(a) is the sequence {ajJrn};?‘;l. It is easy to see that R™ has
operator norm equal to 1 on /? for every n > 1 and 1 < p < oo, and also
on ¢y equipped with the ¢°° norm. Moreover, {R"}52 ; converges to 0 in the
strong operator topology as a sequence of bounded linear operators on ¢ when
1 < p < o0, and on ¢y with the £*° norm.

Now let T be the forward shift operator acting on sequences of real or com-
plex numbers, so that the jth term of T'(a) is equal to aj—; when j > 2 and to
0 when j = 1. Thus the jth term of 7" (a) is equal to a;_,, when j > n+1 and
to 0 when 1 < j < n. In particular, T7"(a) — 0 termwise as n — oo for every
sequence a of real or complex numbers. However, {77}, does not converge
to 0 in the strong operator topology as a sequence of bounded linear operators
on /P for any p, or on ¢y equipped with the £°° norm. This is because

(24.1) 1T (@)llp = llally

for every a € /P, 1 < p < oo, and n > 1.

Similarly, forward and backward shift operators acting on doubly-infinite
sequences preserve P norms for every p, and so their iterates do not converge
to 0 in the strong operator topology. If a € ¢o(Z), then the iterates of the shift
operators applied to a do converge to 0 termwise. This also works for a € ¢P(Z)
when 1 < p < o0, since P C ¢y when p < co.
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25 Multiplication operators

Let (X, ) be a o-finite measure space, and consider the corresponding Banach
spaces LP(X), 1 < p < co. For each measurable function b on X, let M}, be the
corresponding multiplication operator defined by

(25.1) My(f)=0bf.

It is well known that this determines a bounded linear operator on LP(X) for
some p if and only if b is essentially bounded. If b is essentially bounded, then
My, determines a bounded linear operator on LP for each p, with operator norm
equal to the L> norm ||| of b.

Suppose that {b; }joil is a sequence of essentially bounded measurable func-
tions on X with uniformly bounded L* norms. If {b;}22; converges pointwise
almost everywhere to an essentially bounded measurable function b on X, then
the dominated convergence theorem implies that the corresponding multiplica-
tion operators My, converge to M, in the strong operator topology as bounded
linear operators on LP(X) when 1 < p < oo. This also works when {b;}22,
converges in measure to b on any measurable set in X with finite measure.
Conversely, if { M, 52, converges to My in the strong operator topology as a
sequence of bounded linear operators on L?(X) for some p < oo, then {bj}}?i1
converges to b in measure on every measurable set in X with finite measure.

For example, let X be the set Z, of positive inetegers equipped with count-
ing measure. In this case, all subsets of X are measurable, as are all functions on
X, and only the empty set has measure 0. Also, L?(X) reduces to P, essentially
bounded functions are simply bounded in particular, and pointwise convergence
almost everywhere or convergence in measure on sets of finite measure are the
same as pointwise convergence on X. If {bj};?‘;l is a uniformly bounded se-
quence of functions on Z, that converges pointwise to a function b, then the
corresponding sequence of multiplication operators { My, }‘;‘;1 converges to M,
in the strong operator topology on ¢y equipped with the /> norm as well as on
P 1<p< 0.

26 The weak operator topology

Let V, W be vector spaces, both real or both complex, and equipped with
norms. For each v € V and A € W',

(26.1) Noa(T) = AT (v))|

defines a seminorm on the vector space BL(V, W) of bounded linear mappings
from V into W. The collection of all of these seminorms is a nice collection of
seminorms on BL(V, W) in the sense of Section 1, because the Hahn—-Banach
theorem implies that for each w € W with w # 0 there is a A € W’ such
that A(w) # 0. The topology on BL(V,W) determined by this collection of
seminorms is known as the weak operator topology.
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If V = R or C, as appropriate, then BL(V,W) can be identified with W
as before, and the weak operator topology reduces to the weak topology on
W. If W = R or C, so that BL(V,W) is the same as V', then the weak
operator topology reduces to the weak™ topology. For any V', W, open subsets
of BL(V,W) in the weak operator topology are also open sets in the strong
operator topology, and hence in the topology determined by the operator norm.
It is easy to see that closed balls in BL(V, W) with respect to the operator norm
are closed sets in the weak operator topology.

If the linear span of A C V is dense in V, and the linear span of A C W’
is dense in W’ with respect to the associated dual norm, then N, »(T"), v € A,
A € A, is also a nice collection of seminorms on BL(V,W). If E C BL(V,W)
is bounded with respect to the operator norm, then the topology induced on
FE by the weak operator topology is the same as the topology determined by
the seminorms N, z(T), v € A, A € A. Hence the topology induced on E by
the weak operator topology is metrizable when V and W' are separable, as in
Section 7.

27 Convergence of sequences, 3

Let V., W be vector spaces, both real or both complex, and equipped with norms.
A sequence {7}}32, of bounded linear mappings from V' into W converges to
another bounded linear mapping 7" : V' — W in the weak operator topology
when

(27.1) jlirgo AT () = MT(v))

for every v € V and A € W'. If {T;}32, is a uniformly bounded sequence of
bounded linear mappings from V into W that converges to a linear mapping
T :V — W in this way, then T is automatically bounded. This uses the Hahn—
Banach theorem to control the norms of elements of w in terms of bounded
linear functionals.

If {w;}72, is a sequence of elements of W such that {A(w;)}52, is bounded
in R or C, as appropriate, for every A € W', then {wj};»";l is bounded with
respect to the norm on W. This follows from the Banach—Steinhaus theorem
in Section 10 applied to the linear functionals A — A(w;) on W', using the fact
that W' is automatically complete, as in Section 11. This also uses the Hahn—
Banach theorem to say that the norm of w; is equal to the norm of A — A(w;)
as a linear functional on W', as in Section 18. Suppose now that {7}}32; is a
sequence of bounded linear mappings from V' into W' such that {\(T;(v))}52, is
a bounded sequence of real or complex numbers for every v € V and A € W'. In
particular, this happens when {7} }]D‘;l converges in the weak operator topology.
As in the previous remarks, this implies that {7}(v)}32, is a bounded sequence
in W for every v € V. If V is complete, then the Banach—Steinhaus theorem
implies that the 7};’s have uniformly bounded operator norm.

Let {T} }joil be a sequence of linear mappings from V into W, and let T" be
another linear mapping from V into W. For each A € W', the set A(X) of v € V
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such that {A(T}(v))}32; converges to A(T'(v)) is a linear subspace of V. If the
T}’s are bounded linear mappings with uniformly bounded operator norms, and
if T is bounded, then A(\) is also a closed set with respect to the norm on V.
Under these conditions, the set of A € W’ such that A(\) = V is a closed linear
subspace of W’ with respect to the dual norm too. Of course, {7}}32, converges
to T in the weak operator topology when A(\) =V for every A € W',

If T is the forward shift operator acting on sequences of real or complex
numbers, then {7T7}°2 , converges to 0 in the weak operator topology as a se-
quence of bounded linear operators on P when 1 < p < oo, and on ¢y equipped
with the £°° norm. The analogous statement also holds for forward and back-
ward shift operators acting on doubly-infinite sequences. If (X, u) is a o-finite
measure space and 1 < p < oo, then the topology on L*°(X) induced by the
weak operator topology on the corresponding space of multiplication operators
on LP(X) is the same as the weak* topology on L>(X) as the dual of L!(X).
This uses the well-known identification of the dual of LP(X) with L9(X) when
1<p<oocand 1/p+1/qg=1.

28 The weak® operator topology

Let V, Z be vector spaces, both real or both complex, and equipped with norms,
and suppose that W is the dual of Z. For each v € V and z € Z,

(28.1) Noo(T) = |T(v)(2)]

defines a seminorm on the vector space BL(V, W) of bounded linear mappings
from V into W. More precisely, if T is a linear mapping from V into W, v € V|
and z € Z, then T'(v) is a bounded linear functional on Z, and T'(v)(z) is the
value of this functional at z. As usual, this is a nice collection of seminorms in
the sense of Section 1, and the topology that they describe may be described as
the weak™ operator topology.

For example, if V' = R or C, as appropriate, so that BL(V, W) can be iden-
tified with W, then the weak* operator topology reduces to the weak* topology
on W as the dual of Z. If T is the forward shift operator acting on the space £*°
of bounded sequences of real or complex numbers, as in Section 5, then {77} |
converges to 0 in the weak™ operator topology, where the range is identified with
the dual of #'. This uses the fact that T introduces a 0 in the first term of the
sequence, and the analogous statement does not work for the shift operators on
doubly-infinite sequences. Moreover, {T"}22 ; converges to 0 as a sequence of
operators on ¢! in the weak* operator topology, where the range is identified
with the dual of ¢y, and this works as well for shift operators on doubly-infinite
sequences. If (X, ) is a o-finite measure space, then the topology induced on
L>(X) by the weak* operator topology on the corresponding multiplication op-
erators on L>°(X) is the same as the weak* topology on L*°(X), where L*>°(X)
is identified with the dual of L'(X).

A sequence {7;}32, of bounded linear operators from V into W converges
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to a bounded linear operator T': V. — W in the weak™ operator topology when

(28.2) lim Tj(v)(2) = T(v)(2)
J—0o0

forevery v € V and z € Z. If {T;(v)(2)}72, converges in R or C, as appropriate,
for every v € V and z € Z, then the limit automatically defines a linear mapping
T :V — W. If the T}’s have uniformly bounded operator norms, then 7' is
bounded too. If V, Z are complete, then one can use the Banach—Steinhaus
theorem to show that a sequence {7}}52, of bounded linear mappings from V'
into W have uniformly bounded operator norms when {7 (v)(z)}32; is bounded
in R or C for every v € V and z € Z. More precisely, one can apply the Banach—
Steinhaus theorem first to show that {7} (v)}32, is bounded in W for each v € V/,
and then again to get the uniform boundedness of the T)’s.

It is easy to see that closed balls in BL(V, W) with respect to the operator
norm are closed sets in the weak* operator topology. If E C BL(V,W) is
bounded with respect to the operator norm and V, Z are separable, then the
topology induced on E by the weak™ operator topology is metrizable. A variant
of the Banach—Alaoglu theorem implies that the closed unit ball in BL(V, W)
with respect to the operator norm is compact in the weak* operator topology.
This is equivalent to sequential compactness when V', Z are separable, because
of metrizability. Of course, the weak* operator topology on BL(V,W) is the
same as the weak operator topology when Z is reflexive.

29 Fourier series

Let T be the unit circle in the complex plane, which is to say the set of z € C
such that |z] = 1. The standard integral inner product for complex-valued
functions on T is defined by

(29.1 ()= 5= | FTE )

The functions 27, j € Z, on T are orthonormal with respect to this inner
product, because

(29.2) / 2 |dz| =0
T

when j # 0, and the integral is equal to 27 when j = 0 since 2/ reduces to 1. It
is well known that these functions form an orthonormal basis for L?(T).

This leads to a natural one-to-one mapping from doubly-infinite sequences
a = {a;}32_, of complex numbers in £*(Z) onto complex-valued functions in
L?(T), namely,

(29.3) a— Z aj 2.

j=—00

More precisely, this doubly-infinite series can be treated as a sum of two ordinary
infinite series, whose partial sums converge in the L? norm, as in Section 14.
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Because of orthonormality, the standard inner product on ¢?(Z) corresponds
exactly to the integral inner product on L?(T) under this mapping.

The (forward) shift operator that sends a € £%(Z) to {a;j-1}52; corresponds
in this way to the multiplication operator on L?(T) associated to the function
z. We have also considered shift operators on ¢ and multiplication operators
on LP, but they do not match up as well as when p = 2.

30 Adjoints

Let (V, (v,w)) be a real or complex Hilbert space, and let T' be a bounded linear
operator on V. For each w € V,

(30.1) v (T (v),w)

is a bounded linear functional on V. Hence there is a unique element 7 (w) of
V such that
(30-2) (T(v),w) = (v, T*(w))

for every v € V, as in Section 17. It is easy to see that T*(w) is linear in w,
because of uniqueness. Let us check that T is also bounded, and that

(30.3) 1T lop = 1T"[lop-
Because of (30.2),
(30.4) (v, T (w))| < [ Top 0[] flw]l

for every v,w € V. This implies that 7™ is bounded, with || T7*{/op < ||T||op, and
an analogous argument shows that ||T||op < ||77||op. This operator T* is known
as the adjoint of T.

If Ty, T5 are bounded linear operators on V', then

(30.5) (M +Ta) =T +T5
and
(30.6) (Th o TR)" =T o TY.

If V is a real Hilbert space, then

(30.7) (aT) =aT*

for every a € R and bounded linear operator 7" on V', while
(30.8) (aT) =aT*

in the complex case. Thus T — T is linear in the real case, and conjugate-linear
in the complex case. Of course, I* = I, where I denotes the identity operator
on V. For any bounded linear operator T on V,

(30.9) (T =T.
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Let (X, p) be a measure space, and consider the Hilbert space L?(X) with
the inner product defined by integration, as usual. If b is a bounded measurable
function on X, then the operator M, of multiplication by b is bounded on L?(X),
as in Section 25. It is easy to see that the adjoint of My is itself in the real case,
and is given by multiplication by b in the complex case.

Observe that T — T* is a homeomorphism from BL(V) onto itself with
respect to the weak operator topology. However, this does not work for the
strong operator topology. For example, if R is the backward shift operator
on £? as in Section 5, then one can check that its adjoint is the forward shift
operator T. As in Section 24, {R™}5%; converges to 0 in the strong operator
topology, but {77} ; does not. Note that {T™}22; does converge to 0 in the
weak operator topology, as in Section 27.

31 Unitary transformations

Let (V, (v,w)) be a real or complex Hilbert space. A bounded linear mapping
T :V — V is invertible if it has a bounded inverse T~' : V — V., which is to
say that 77! is a bounded linear operator on V that satisfies

(31.1) ToT '=T"1oT =1,

and which is unique when it exists. If 77, T5 are invertible bounded linear
operators on V, then T o T3 is also invertible, and

(31.2) (TyoTy) ' =Ty toTy

If T is an invertible bounded linear operator on V', then its adjoint T™* is also
invertible, and
(31.3) (T*)~' = (T

A linear mapping T from V onto itself is said to be unitary if
(31.4) (T(0), T(w)) = (v, w)
for every v, w € V, which implies that
(31.5) 1T @)] = [lol

for every v € V. Thus unitary transformations are bounded in particular.
Conversely, one can show that (31.5) implies (31.4), using polarization identities.
Note that (31.5) implies that T has trivial kernel, and hence is one-to-one. It
follows that unitary transformations are invertible, since they are surjective
by definition. The inverse of a unitary transformation is clearly unitary as
well. Compositions of unitary transformations are unitary too. As another
characterization, a bounded linear mapping 7" : V' — V is unitary if and only if
it is invertible and

(31.6) 7! =1*.
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For example, forward and backward shift operators on ¢2(Z) are unitary, and
in fact are inverses and adjoints of each other. Consider now the forward and
backward shift operators 7', R on ¢2(Z.), as in Section 5. Note that R = T*,
as in the previous section, and that

(31.7) RoT =1

Although T satisfies (31.4), it is not unitary, because it is not surjective, and
indeed
(31.8) ToR#I.

Similarly, R is not injective, but it is an isometry on the orthogonal complement
of its kernel.

32 Self-adjoint operators

Let (V, (v,w)) be a real or complex Hilbert space. A bounded linear mapping
A:V — V is said to be self-adjoint if

(32.1) A* = A,

which is the same as

(32.2) (A(v),w) = (v, A(w))

for every v,w € V. In the complex case, this implies that
(32.3) (A(v),v) = (v, A(v)) = (A(v), v),

so that (A(v),v) € R for every v € V when A is self-adjoint. For example,
if (X, u) is a measure space, then multiplication operators on L?(X) are self-
adjoint in the real case, while multiplication operators associated to real-valued
functions are self-adjoint in the complex case.

If A, B are bounded self-adjoint linear operators on V, then it is easy to see
that A + B is also self-adjoint. Furthermore, r A is self-adjoint when A is self-
adjoint and r € R. Hence the self-adjoint operators form a real-linear subspace
of BL(V), and the restriction to real scalars is important in the complex case.
Note that this subspace is closed in the weak operator topology.

Let W be a closed linear subspace of V', and consider the orthogonal pro-
jection Py of V onto W, as in Section 15. Thus Py is characterized by the
conditions Py (v) € W and v — Py (v) € W for every v € V. This implies that

(32.4) (P (v), w) = (Pw (v), Pw (w)) = (v, Pw (w))

for every v,w € W. In particular, Py is self-adjoint.
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33 Nonnegative self-adjoint operators

Let (V, (v, w)) be a real or complex Hilbert space. A bounded self-adjoint linear
mapping A : V — V is said to be nonnegative if

(33.1) (A(v),v) >0

for every v € V, which may be expressed by A > 0. If A, B are bounded
self-adjoint operators such that A — B > 0, then we put A > B.

If A, B are bounded nonnegative self-adjoint linear operators on V', then
A+ B is nonnegative, and r A is nonnegative for every real number r > 0. Thus
the bounded nonnegative self-adjoint linear operators on V form a real convex
cone in BL(V). This cone is also a closed set in the weak operator topology.

For example, if (X, u) is a measure space, then multiplication operators
associated to nonnegative real-valued functions are nonnegative on L?(X). It
follows easily from (32.4) that orthogonal projections are nonnegative as well.
If T' is any bounded linear operator on V', then 7% o T is self-adjoint, because

(33.2) (T*oT) =T o (T*)"=T"0T.
Moreover, T* o T' > 0, because

(33.3) (T o T)(v),v) = (T*(T(v)),v) = (T(v), T(v)) > 0.

34 Cauchy—-Schwarz, revisited

Let (V,{v,w)) be a real or complex Hilbert space, and let A be a bounded
nonnegative self-adjoint linear operator on V. Thus (A(v),w) is like an inner
product on V, except that (A(v),v) may be 0 even when v # 0. There is an
analogue of the Cauchy—Schwarz inequality in this context, which states that

(34.1) [{A(v), )] < (A(v),0)'* (A(w), w)"/?

for every v,w € V. This can be established in the same way as for ordinary
inner products.
As a consequence,

(34.2) [Allop = sup{{A(v),v) : v € V, [[o] < 1}.

More precisely, the right side is less than or equal to ||A|op by the ordinary
Cauchy—Schwarz inequality, while the other direction uses (34.1). Similarly,

(34.3) IA)I| < | Allg? (Av), 0)'/

for every v € V, as one can see by by taking the supremum over w € V with
lw]] <1in (34.1).

Suppose that Aj, As,... is a sequence of bounded nonnegative self-adjoint
linear operators on V' that converges to 0 in the weak operator topology. The
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Banach-Steinhaus theorem implies that the operator norms of the A;’s are uni-
formly bounded, although one could just as well include this as an additional
hypothesis if V' were not complete. Under these conditions, {A; }joil also con-
verges to 0 in the strong operator topology, since ||A;(v)|| can be estimated in
terms of (A4;(v),v), as in the previous paragraph.

Now suppose that Bi, Bs,... is a sequence of bounded self-adjoint linear
operators on V' which is increasing in the sense that

(34.4) Bi<By<---.

If the operator norms of the B;’s are uniformly bounded, then there is a bounded
self-adjoint linear operator B on V' such that B; < B for each j and {B;}%2,
converges to B in the strong operator topology. Indeed, under these conditions
{{B;(v),v)}32, is a bounded monotone increasing sequence of real numbers for
every v € V, and therefore converges in R. One can use this and polarization
identities to show that {(B;(v),w)}$2; converges in R or C, as appropriate,
for every v,w € V, and hence that {B;}32, converges in the weak operator
topology. Convergence in the strong operator topology can be derived from this
as in the preceding paragraph.

35 Continuity of compositions

Let V, W, and Z be a vector spaces, all real or all complex, and equipped with
norms. If A is a bounded linear mapping from W into Z, then

(35.1) T AoT

is a bounded linear mapping from BL(V, W) into BL(V, Z) with respect to the
corresponding operator norms. It is also continuous with respect to the strong
and weak operator topologies. Similarly, if B is a bounded linear mapping from
V into W, then

(35.2) T—ToB

is a bounded linear mapping from BL(W, Z) into BL(V, Z) with respect to the
corresponding operator norms, and is continuous with respect to the strong and
weak operator topologies.

Now let {A4;}%2, be a sequence of bounded linear mappings from W into
Z with uniformly bounded operator norms, and let {B;}32, be a sequence of
bounded linear mappings from V into W. If {Bj};?‘;l converges to 0 in the
strong operator topology, then {4; o B; };";1 also converges to 0 in the strong
operator topology. If {A; };";1 converges in the strong operator topology to a
bounded linear mapping A : W — Z, and {B;}32, converges in the strong
operator topology to a bounded linear mapping B : V' — W, then {4, o Bj}(j?il
converges to A o B in the strong operator topology. This is because

(353) AjOBjZAjO(Bj—B)+AjOB,
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where the first term on the right converges to 0 and the second term converges
to A o B in the strong operator topology by the previous remarks. Similarly,
if {Aj};?‘;l converges to a bounded linear mapping A in the weak operator
topology, and {B; };";1 converges to a bounded linear mapping B in the strong
operator topology, then {A4; o B; }]D‘;l converges to A o B in the weak operator
topology.

However, if {A4;}72; converges to A in the strong operator topology, and
{B, };";1 converges to B in the weak operator topology, then it may not be that
{AjoB; };‘;1 converges to Ao B in the weak operator topology. For instance, let
R, T be the backwards and forward shift operators acting on fP(Z), 1 < p < oo,
or on co(Zy). If Aj = R/ and B; = T7, then {4;}52, converges to 0 in the
strong operator topology, {Bj}‘j‘;l converges to 0 in the weak operator topology,
the A;’s and Bj;’s have operator norm equal to 1, and A; o B; = I for each j.

There are analogous continuity statements for the weak* operator topology
instead of the weak operator topology, under suitable conditions. If W, Z are
dual spaces and one is interested in the continuity of 7' — Ao T with respect to
the weak* operator topologies on BL(V, W) and BL(V, Z), then it is appropriate
to ask that A be the dual of a bounded linear operator from the predual of Z
into the predual of W. For the rest, it suffices that Z be a dual space, and the
necessary changes are straightforward.

36 Multiplication operators, 2

Let (X, ) be a o-finite measure space, and let us check that the collection of
multiplication operators M} associated to bounded measurable functions b on X
is closed in the weak operator topology on BL(LP(X)) for each p, 1 < p < oco. If
p = 00, then we can use the weak* operator topology, where L>°(X) is identified
with the dual of L!(X). To see this, suppose that T is a bounded linear operator
on LP(X) which is in the closure of the multiplication operators with respect to
the weak operator topology or weak™ operator topology, as appropriate. Because
multiplication operators commute with each other, it follows from the continuity
of T+— AoT and T — T o B as in the previous section that

(36.1) ToMy=MyoT

for every b € L®(X). If p=o00, or 1 < p < 0o and u(X) < oo, then it follows
that T is the same as multiplication by T'(1). Otherwise, suppose that E is a
measurable set in X such that 0 < p(E) < oo, and let 15(x) be the characteristic
function of E on X, equal to 1 when € E and to 0 when z € X\E. In this
case, T is the same as multiplication by T'(1g) when acting on functions f equal
to 0 on X\FE, and T(1g) is equal to 0 on X\ E. To deal with arbitrary functions
on X, one can apply this to a sequence of disjoint subsets of X whose union is
X.
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37 Complex Hilbert spaces

Let (V, (v,w)) be a real or complex Hilbert space. A bounded linear operator
A on V is said to be anti-self-adjoint if

(37.1) A" = —A.

In the complex case, this happens exactly when A = ¢ B, where B is a bounded
self-adjoint operator on V.

Suppose that T is any bounded linear operator on V. In both the real and
complex cases, we can express T  as

T4T* T-T*

37.2 T
(37.2) 5 T

where the first term on the right is self-adjoint, and the second term is anti-self-
adjoint. If V' is complex, then this implies that

(37.3) T =T +iTs,

where 17 and T3 are both self-adjoint.

If V is a complex Hilbert space, and T is a bounded self-adjoint linear
operator T on V', then
(37.4) (T'(v),v) €eR

for every v € V, as in Section 32. Conversely, suppose that T is a bounded
linear operator on V' such that (37.4) holds for every v € V, and let Ty, Ts
be bounded self-adjoint linear operators on V such that T' = T} + ¢7T5, as in
the previous paragraph. Thus 77, T> have the same property, which implies
that (T»(v),v) = 0 for every v € V. Using polarization, one can show that
(Ta(v), w) = 0 for every v,w € V, and hence that T = 0. The same conclusion
also follows from Section 34.

38 The C* identity

Let (V, (v,w)) be a real or complex Hilbert space, and let T' be a bounded linear
operator on V. The C* identity states that

(38.1) 17" 0 Tllop = T3,

To see this, observe first that

(38.2) IT* 0 Tllop < IT*lop 1T llop = IT112,.
by basic properties of the operator norm. In the other direction,
(38.3) T =(T(v), T(v)) = (T*(T(v)),v) < |T" 0 Tlop ||v]*

for every v € V implies that ||T]|2, < ||T* o T|op, as desired.
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Of course, the latter computation is basically the same as the proof that
T*oT > 0, as in Section 33. Note that the Cauchy—Schwarz inequality (34.1)
follows easily from the usual version when A = T* o T, since

(384) (T o T)(w),w)| = [T(),T(w))] <T@ IT(w)]

| ;
(T* o T)(v), ) /> ((T* o T)(w), w)"/?

for every v,w € V. Similarly, the fact that the operator norm of 7 o T" is the
same as the supremum of ((T* o T')(v),v) over v € V with ||v|| <1 is implicit
in the computations in the previous paragraph.

39 Finite-dimensional spaces

Let V be a real or complex vector space, and let N be a seminorm on V. The
triangle inequality implies that

(39.1) N(v) — N(w), N(w) — N(v) < N(v —w)
and hence
(39.2) |IN(v) — N(w)| < N(v —w)

for every v,w € V. If V. = R"™ or C” for some positive integer n, and |v||
denotes the standard Euclidean norm, then there is a nonnegative real number
C' such that

(39.3) N() < C o

for every v € V. This can be shown by expressing v as a finite linear combination
of the standard basis vectors, and applying the triangle inequality. It follows
that N is continuous with respect to the standard topology defined by the
Euclidean norm. If N is a norm on R™ or C"”, then it follows that there is a
¢ > 0 such that

(30.4) N() = c]lo]

for each v. Specifically, one can take ¢ to be the minimum of N on the unit
sphere associated to the Euclidean norm, which is attained because the sphere
is compact.

If V is a finite-dimensional real or complex vector space of dimension n,
then V is isomorphic to R™ or C”, as appropriate. The previous remarks show
that the topology on V' determined by any norm is equivalent to the topology
induced by the standard topology on R™ or C™ by a linear isomorphism. It
also follows that V' is complete with respect to any norm, since R" and C" are
complete with respect to the standard norms. If V is an infinite-dimensional
vector space equipped with a norm, then the same statements can be applied
to any finite-dimensional subspace W of V. In particular, W is automatically a
closed subspace of V', because it is complete.
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40 Continuous linear functionals

Let V be a real or complex vector space equipped with a nice collection of
seminorms N. Thus A determines a topology on V, and it makes sense to
talk about continuous linear functionals on V. Omne can check that a linear
functional A on V is continuous if and only if there are finitely many seminorms
Niy,...,N; € N and a C > 0 such that

(40.1) [A(v)] < C max(Ny(v),...,Ni(v))

for every v € V. For if \ satisfies this condition, then it is easy to see that A is
continuous. Conversely, if A is continuous at 0, then there is a neighborhood U
of 0 in the topology on V determined by N such that

(40.2) IAw)| < 1

for every v € U. This means that there are finitely many seminorms Ny, ..., N;
in A and 7q,...,7 > 0 such that

(40.3) {veV:Ni(v)<ry,....,Ni(v) <m} C{veV:|\(v)| <1}

This implies the previous estimate, with C' = (min(ry,...,7)) " .
As a special case, let A be a collection of linear functionals on V' such that
for each v € V' with v # 0 there is a A € A such that A(v) # 0. In this case,

(40.4) Ni(v) = [A(v)|

is a seminorm on V for each A € A, and these seminorms form a nice collection of
seminorms on V. By construction, each A € A is a continuous linear functional
on V with respect to the topology determined by this collection of seminorms,
as in any finite linear combination of the elements of A. Conversely, if p is a
continuous linear functional on V with respect to this collection of seminorms,
then the characterization of continuity in the previous paragraph implies that
the kernel of i contains the intersection of the kernels of finitely many elements
of A. This implies that p is a linear combination of these elements of A.

Let NV be any nice collection of seminorms on V again. Suppose that W is a
closed linear subspace of W in the topology determined by A/, and that v € V/
is not an element of W. This implies that there are finitely many seminorms
Ni,...,N; € N and rq,...,7 > 0 such that

(40.5) {ueV:N(v—u)<ry,...N(v—u)<r} CV\W
If ¢ = min(ry,...,7), then it follows that
(40.6) max(Ny (v — w),...,Nj(v—w)) >¢

for every w € W. Let A be the linear functional on the linear span of W and v
defined by
(40.7) Mw+tv)=t
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forw € W and t € R or C, as appropriate. The previous estimate implies that
(40.8) IA(2)] < et max(Ny(2),...,Ni(2))

for every z in the span of W and v, so that X is a continuous linear functional
on this subspace. The Hahn—-Banach theorem works just as well for seminorms
as for norms, and thus there is an extension of A to a linear functional on V'
which satisfies the same condition, and hence is continuous.

41 Operator topologies, revisited

Let V', W be vector spaces, both real or both complex, and equipped with norms
lv|lv, [Jw]lw. Suppose that ¢ is a continuous linear functional on BL(V, W) with
respect to the strong operator topology. As in the previous section, there are
finitely many vectors vy,...,v; € V and a C' > 0 such that

(41.1) [6(T)| < C max(|T(v1)llw, - -, [|T'(ve)l|w)
for every bounded linear mapping 7" : V. — W. We may as well ask that
v1,...,v; be linearly independent, since otherwise we can use fewer vectors and
still get an analogous estimate.

Let A1,...,\; be a dual basis of linear functionals on the span of vy, ..., vy,
so that
(41.2) Aj(vg) =0 when j # k, and A;(v;) = 1.

By the Hahn-Banach theorem, Ai,...,\; may be extended to bounded linear
functionals on V. If wy, ..., w; are arbitrary elements of W, then

(41.3) T(v) =) N w;

j=1
is a bounded linear mapping from V into W such that
(41.4) T(vj) = wj.

Let W' be the vector space of I-tuples (w,...,w;) of elements of W, with
the norm

(41.5) [(wi, ..., w)llwr = max(flwiflw, - ., [lwiflw)-
Note that ¢(T") depends only on T'(v1),...,T(v;), because ¢(T) = 0 when
T(vi) = --- = T(v;) = 0, by (41.1). Every element of W' can be expressed

as (T'(v1),...,T(v;)) for some bounded linear mapping 7 : V — W, as in the
previous paragraph. Hence there is a unique linear functional ¥ on W' such
that

(41.6) W(T(01),...,T(u)) = ¢(T)

for every bounded linear mapping T : V — W, and which satisfies

(41.7) [Y(wr, - w) < Cll(wr, o w)]fwe
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for every (wi,...,w;) € W', by (41.1). Thus ¢ is a bounded linear functional

on W', and it is easy to see that there are bounded linear functionals 1, ..., 1
on W such that
(41.8) Y(wy, ... wr) = pa(wr) + -+ pa(wi)
for every (wy,...,w;) € W'
Equivalently,
(41.9) (T) = pa(T(v1)) + -+ + pu(T'(wr))

for every bounded linear mapping 7' : V' — W. This shows that every continu-
ous linear functional on BL(V, W) with respect to the strong operator topology
is also continuous with respect to the weak operator topology. The converse
is trivial, since the strong operator topology contains the weak operator topol-
ogy. As a consequence, any closed linear subspace of BL(V, W) with respect to
the strong operator topology is also closed with respect to the weal operator
topology. This uses the Hahn—Banach theorem, as in the previous section.

42 Continuous functions

Let X be a compact Hausdorff topological space, and let C'(X) be the vector
space of real or complex-valued continuous functions on X. If f is a continuous
function on X, then its supremum norm is defined as usual by

(42.1) 1/ lsup = sup{|f(z)[ : 2 € X}

It is well known that C(X) is complete with respect to the supremum norm.
Let p be a positive Borel measure on X such that p(X) < oo and p(U) > 0
when U is a nonempty open set in X. In this case, the essential supremum or
L norm of continuous function f on X with respect to p is the same as the
supremum norm of f. Hence the operator norm of multiplication by a continuous
function b on LP(X) is equal to the supremum norm of b. In particular, the
collection of multiplication operators associated to continuous functions on X
is closed in the space of bounded linear operators on LP(X) with respect to
the operator norm. However, multiplication operators associated to bounded
Borel measurable functions on X are in the closure of the set of multiplication
operators associated to continuous functions in the strong operator topology
when 1 < p < oo, at least under suitable regularity conditions on the measure.

43 von Neumann algebras

Let V be a complex Hilbert space, and let A be an algebra of bounded linear
operators on V. Thus A is a linear subspace of BL(V'), and Ao B € A whenever
A, B € A. We also ask that the identity operator I on V be contained in A. If
A* € A whenever A € A, then A is a *-algebra.

A von Neumann algebra of operators on V' is a x-algebra A C BL(V') which
is closed in the weak operator topology. The algebra BL(V) of all bounded
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linear operators on V is automatically a von Neumann algebra. If (X, pu) is a
o-finite measure space, then the algebra of multiplication operators on L%(X)
associated to bounded measurable functions is a von Neumann algebra.

Suppose that X is a compact Hausdorff space, and that pu is a positive finite
Borel measure on X such that u(U) > 0 when U is a nonempty open set in
X, as in the previous section. The collection of multiplication operators on
L?(X) associated to continuous functions on X is a *-algebra that is closed in
the topology determined by the operator norm, but it is not closed in the strong
operator topology even when X = [0, 1] and p is Lebesgue measure. A x-algebra
A C BL(V) that is closed in the topology determined by the operator norm is
a C* algebra. More precisely, C'* algebras can be defined abstractly, without
reference to bounded linear operators on a Hilbert space. In particular, C(X)
is already a C* algebra with respect to the supremum norm.

44 Commutants

Let V be a real or complex vector space equipped with a norm, and let £ be
a collection of bounded linear operators on V. The commutant C(E) is the set
of bounded linear operators T on V' that commute with every element of &, so
that

(44.1) ToA=AoT

for every A € £. For example, if £ consists of scalar multiples of the identity op-
erator I, then C(€) = BL(V). Similarly, C(BL(V)) is the set of scalar multiples
of the identiy operator.

It is easy to check that C(€) is a subalgebra of BL(V') that contains the iden-
tity and is closed in the weak operator topology. If A is the algebra generated
by & in BL(V), then C(A) = C(€). Similarly, the commutant of the closure of
€ in the weak operator topology is the same as C(€). If & C &, then

(44.2) C(&2) CC(&).
Suppose now that V is a complex Hilbert space. If £ C BL(V), then put
(44.3) Er={A": A&}
It is easy to see that
(44.4) C(E) =C&)

for any £ C BL(V), since (Ao B)* = B*o A* for every A, B € BL(V). It &* =€,
then it follows that C(E) is a von Neumann algebra. In particular, C(A) is a
von Neumann algebra when A C BL(V) is a *-algebra.

45 Second commutants

Let V be a vector space equipped with a norm. The second commutant C%(&)
of £ C BL(V) is the commutant C(C(€)) of the commutant C(E) of £. Thus

(45.1) £CCE)
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automatically, and one can check that
(45.2) C(C*(&)) =C(&).

If V is a complex Hilbert space, then von Neumann’s double commutant
theorem states that

(45.3) C?*(A) = A

when A C BL(V) is a von Neumann algebra. If A is any *-algebra that contains
the identity, then the theorem states that every element of C2(A) is contained
in the closure of A with respect to the strong operator topology. Hence C?(A)
is the same as the closure of A in BL(V) in the strong and weak operator
topologies in this case.

Here are some of the ingredients in the proof. If T is a bounded linear
operator on V' and W is a closed linear subspace of V' such that

(45.4) T(W)CW,
then
(45.5) T (W) C W,

where W+ is the orthogonal complement of W in V. If T*(W) C W, then it
follows that T(W+) C W+. If Py is the orthogonal projection of V onto W,
then

(456) TOPW:PWOT

if and only if T(W) C W and T(W+) C W,

Suppose that W is invariant under the x-algebra A C BL(V), in the sense
that T(W) C W for every T € A. Because A is a *x-algebra, T*(W) C W for
every T' € A, and hence T(W+) C W+ for every T € A. As in the previous
paragraph, this implies that every element of A commutes with Py, or

(45.7) Pw € C(A).

By definition of the second commutant, Py commutes with every element of
C%(A), which implies that W and W* are also invariant under C%(A).

46 Invertibility

Let V' be a real or complex vector space equipped with a norm |lv||, and T
be a bounded linear operator on V. By definition, T is invertible if there is a
bounded linear operator 7! on V such that

(46.1) Tl'oT=ToT '=1,
where I is the identity operator on V. In particular, this implies that

(46.2) loll = 1T~ HT @) < 1T lop 1T ()]
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for every v € V.
Conversely, suppose that there is a § > 0 such that

(46.3) IT()|| =& ||| for every v e V.

In this case, the kernel of T is trivial, and so T is one-to-one. Moreover, T is
invertible as a bounded linear mapping from V onto T'(V'), and the norm of the
inverse of T as a linear mapping from T(V') onto V is less than or equal to 1/0.
However, T' may not be invertible as a linear operator on V', because T'(V') may
be a proper linear subspace of V. For example, if T is the forward shift operator
on V =1(P(Zy) or co(Zy), then T is an isometry of V onto T'(V) # V.

If V' is complete and T satisfies (46.3), then T'(V) is a closed linear subspace
of V, basically because T'(V') is complete. For if {v;}52, is a sequence of vectors
in V such that {7'(v;)}32; converges in V, then (46.3) implies that {v;}32, is a
Cauchy sequence in V', which converges to some v € V by completeness. Thus
{T'(vj)}32; converges to T'(v), which is in T'(V'), as desired. If V' is complete,
T satisfies (46.3), and T'(V') is dense in V, then it follows that T (V) =V, T is
invertible as a linear operator on V', and

(16.4 1T ey < 5

If V is a Hilbert space, then the orthogonal complement of T (V) in V is
the same as the kernel of the adjoint T* of T'. Hence T'(V) is dense in V' when
the kernel of T* is trivial. If T is self-adjoint and satisfies (46.3), then T is
invertible, since the kernel of T* = T is trivial. Note that T~! is self-adjoint
when T is invertible and self-adjoint, because (T~1)* = (T*)~! =T~1.

47 Positivity

Let (V,{v,w)) be a real or complex Hilbert space, and let A be a bounded
nonnegative self-adjoint linear operator on V. Let us say that A is uniformly
strictly positive if there is a 6 > 0 such that

(47.1) (A(v),0) > 4 |v|?
for every v € V. Using the Cauchy—Schwarz inequality, this implies that
(47.2) [A@)I[ = 6o

for every v € V, and it follows from the remarks in the previous section that A
is invertible. Conversely, if A is invertible, then A is uniformly strictly positive,
because of (34.3).

If A is invertible, then A~! is also self-adjoint, as in the previous section.
Let us check that A~! is nonnegative too, so that

(47.3) (A~ (w),w) >0
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for every w € V. Because A is invertible, it suffices to show that this holds
when w = A(v) for some v € V. In this case,

(47.4)  (A7H(w),w) = (AT (A(v)), A(v)) = (v, A(v)) = (A(v),v) >0,

as desired.

If T is any bounded linear operator on V, then T* o T is self-adjoint and
nonnegative, as in Section 33. If T is invertible, then T is invertible, and hence
T* o T is invertible. More precisely, T* o T' is invertible when T satisfies (46.3),
because
(47.5) (T* 0 T)(w),0) = (T(v), T()) = | T(0)]?

implies that T o T' is uniformly strictly positive. For example, T* oT = I when
T is the forward shift operator on ¢2(Z, ), even though T is not invertible on £2.
In this example, T is the backward shift operator, and 7' o T™* is nonnegative
and self-adjoint but not invertible.

Similarly, if A, T" are bounded self-adjoint linear operators on V and A is
nonnegative, then 7% o A o T is self-adjoint and nonnegative, because

(47.6) (T*"0oAoT) =T "0 Ao (T*)*=T*"0AoT
and
(47.7) (T* 0o Ao T)(v),v) = (A(T(v)), T (v))

for every v € V. If A and T are also invertible, then 7% o0 AoT is invertible too. If
A is invertible and T satisfies (46.3), then T*0 AoT is uniformly strictly positive,
and hence invertible. If A is invertible and T = A™!, then T* 0 Ao T = A~1,
which gives another way to look at the positivity of A=!.

48 Invertibility, 2

Let (V,||v]|) be a real or complex Banach space, and suppose that T is a bounded
linear operator on V with ||T'||,, < 1. For each v € V,

(48.1) [oll < llv =T + 1T < [lo =T @)+ 1T llop [[0]l;
which implies that
1
(48.2) o]l € 77— llv =T ()]|.
L= |[Top

In particular, I — T is one-to-one on V', because it has trivial kernel. Let us
show that I — T maps V onto itself, and hence is invertible.
Consider the infinite series

(48.3) > Ti(v),
7=0
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where TV is interpreted as the identity operator I on V. This series converges
absolutely, in the sense that Z;io 77 (v)|| converges as an infinite series of
nonnegative real numbers, because

— 1
(48.4) DT )| < Z 15, ol = v
=0 o’

As in the context of series of real or complex numbers, one can use this to
show that the partial sums Z?:o TY(v) form a Cauchy sequence in V, which
converges by completeness. This means that the infinite series converges in V,
and it is easy to see that the sum satisfies

(48.5) (I-T) ( 3 TJ’(U)) =3 T - 1) =
=0 J=0 J=0

Thus I — T maps V onto V, so that I — T is invertible on V, with
1
(48.6) I =T) Hop < T
"7 1= |Tllop

Alternatively, one can consider
o0
(48.7) > T
as an infinite series in BL(V'), which converges absolutely because

(48.8) Z|\Tﬂ||op<z|\ o= =T

Again this implies that the partial sums Z;io TJ form a Cauchy sequence in
BL(V) with respect to the operator norm, which converges by completeness.
As usual,

a9 a-n) (T = (ST a-T) -1
i=0 =0

for each nonnegative integer n, and
(48.10) 17" lop < 17155 — 0

as n — 00, since ||T'||op < 1. This shows that
(48.11) (I-17)"'=> 1.
3=0

Suppose now that (V, (v, w)) is a Hilbert space, and that A is a bounded
nonnegative self-adjoint linear operator on V' which is also invertible. It will be
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convenient to make the normalization ||A||,, = 1, which can always be arranged
by multiplying A by a positive real number. As in the previous section, A is
uniformly strictly positive, so that there is a § > 0 such that

(48.12) 3 llv]* < (A(v),v) < Jlv]?

for every v € V. If B =1 — A, then B is a bounded self-adjoint linear operator
on V such that
(48.13) 0 < (B(v),v) < (1=6) o]

for every v € V. Thus B is nonnegative and || B||op < 1 — 6, by (34.2). Because
A = I— B, the invertibility of A can also be seen as an instance of the discussion
in the preceding paragraphs. In particular, A~ = E;io Bi.

49 Invertibility, 3

Let V be a real or complex vector space equipped with a norm, and let £ be a
collection of bounded linear operators on V. If A € £ is invertible, then

(49.1) ATt e c?(&).

For if T € C(£), then T commutes with A, and hence T commutes with A~
Suppose that A is an algebra of bounded linear operators on V' that contains
the identity operator. If T is a bounded linear operator on V with ||T]|op < 1
and V is complete, then I — T is invertible on V', as in the previous section. If
T € A and A is closed in the topology determined by the operator norm, then

(49.2) (I-T)'eA

This is because Z?:o T7 converges to (I —T)~! in the operator norm as n — oc.

Suppose now that V is a Hilbert space, and that A is a *-algebra of bounded
linear operators on V' that contains the identity operator and is closed with
respect to the operator norm. If A is a bounded nonnegative self-adjoint linear
operator on V which is invertible, and if A € A, then A~! € A, by the remarks
at the end of the previous section. If T' is any element of A, then T* € A, and
hence T*oT € A. If T is invertible, then T o T is invertible, and the preceding
observation implies that (7% o T)~1 € A. Hence

(49.3) T =(T*oT)  oT* c A

If U is a unitary transformation on V, then U~! = U*. Thus U~! € A
whenever A is a *-algebra that contains U. Also, U* € C?(£) whenever U €
E CBL(V), by (49.1).

50 The Hardy space

In this section, we are concerned with complex-valued functions on the unit
circle T, as in Section 29. The Hardy space H? = H?(T) may be defined as the
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set of f € L?(T) such that
(50.1) / f(2)27]dz| =0
T

for every positive integer j. Equivalently, f € H? when f € L? is orthogonal
to the functions 27 = z/, j € Z,, with respect to the standard integral inner
product on T. Alternatively, H? is the closure of the linear span of z7/, j > 0,
in L2

Every f € L? corresponds to a Fourier series

(50.2) Z a;j 2,
j=—00

where {a;}%2 € (*(Z). If f € H?, then this reduces to

j=—o0

(50.3) > a;

Jj=0

which also defines a convergent power series for |2| < 1. Thus elements of H?
have natural extensions to holomorphic functions on the unit disk in C, and
this is another way to characterize the Hardy space.

Let H* = H*>(T) be the set of f € L>®(T) that satisfy (50.1) for every
j € Z., which is the same as the intersection of L> with H?. This description
in terms of integrals shows that H> is a closed linear subspace of L>° with
respect to the weak* topology, when L is identified with the dual of L. Let
us check that
(50.4) bfeH?

whenever f € H? and b € H*. Of course, b f € L? when f € L? and b € L™,
and f +— b f is a bounded linear operator on L. If b € H> and f(z) = 2! for
some [ > 0, then it is easy to see that b f € H2. The same conclusion holds for
any f € H? by linearity and continuity, since H? is the closed linear span of the
2V’s, 1 > 0. It follows too that b f € H*® when b, f € H®.

Let A be the algebra of bounded linear operators on L? corresponding to
multiplication by elements of H*. This is a subalgebra of the algebra B of
bounded linear operators on L? corresponding to multiplication by bounded
measurable functions. We have already see that B is a closed subalgebra of the
algebra of bounded linear operators on L? with respect to the weak operator
topology, and it is easy to see that A is closed in the weak operator topology
as well. However, A is not a x-algebra, because H* is not invariant under
complex conjugation. For example, if b(z) = z, then b € H* and 1/b(z) = Z is
an element of L>° but not H°°. Multiplication by b defines an element of A that
is also a unitary transformation on L2, but whose inverse is not in A. By the
remarks in the previous paragraph, A can also be described as the subalgebra
of B consisting of operators that map H? into itself.
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51 Fourier series, 2

If f is an integrable complex-valued function on the unit circle T and j is an
integer, then the jth Fourier coefficient of f is defined by

(51.1) F) = 5= | rtw)u jdul

One can also think of this as the inner product of f with w’, especially when
f € L%. Note that

~ . 1
(51.2) 7)< 5= [ 17wl law

for each j, so that the Fourier coefficients of an integrable function are bounded.
Formally, the corresponding Fourier series is given by

(51.3) PIRIOES

This is the same as

(51.4) > FiA+ Y f=nF

on the unit circle. However, an advantage of (51.4) is that these series auto-
matically converge absolutely when |z| < 1, because of the boundedness of the
Fourier coefficients.

The first series in (51.4) defines a holomorphic function on the unit disk,
and the second series defines a conjugate-holomorphic function. In particular,
their sum is a harmonic function on the unit disk. The second series is equal to
0 for every z with |z| < 1 if and only if f(—j) = 0 for each j > 1. Equivalently,
(51.4) is holomorphic on the unit disk if and only if f(—j) =0 when j > 1.

An advantage of (51.3) is that multiplication by z clearly corresponds to
shifting the Fourier coefficients. If f(—j) = 0 for j > 1, then this extends to
|z|] < 1, but this does not work using (51.4) for arbitrary functions when |z| < 1.
Similarly, if fl(—j) = fg(—j) = 0 for j > 1, then the product of f; and f3 on the
unit circle corresponds to the product of the corresponding power series on the
unit disk under suitable conditions. This is related to the fact that the product
of two holomorphic functions is holomorphic, while the product of harmonic
functions is not normally harmonic.

52 Multiplication on H?

If b is a bounded measurable function on the unit circle, then f +— b f defines a
bounded linear operator on L?(T), with operator norm equal to the L® norm
of b. If b € H*(T), then H*(T) is an invariant linear subspace of this operator,
as in Section 50. In this case, we can also think of f — b f as a bounded
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linear operator on H?. Let us check that the operator norm of multiplication
by b € H* is the same on H? as on L2. Of course, the operator norm on H? is
automatically less than or equal to the operator norm on L2.

By definition, the operator norm on H? is the supremum of

(52.1) (55 [P Ra:l)

over f € H? with

(52.2) (5 /T R <

Similarly, the operator norm on L? is equal to the supremum of (52.1) over
f € L? that satisfy (52.2). For the latter, we may as well restrict our attention
to functions f given by finite sums of the form

(52.3) fiz)= Z a; 2

Jj=—n
since these functions are dense in L2. If f is of this form, then
(52.4) fi(z) = 2" f(2) € H?,

and |f1(2)]? = |f(2)[?. Hence (52.1) and (52.2) are the same for f; as for f, and
it follows that the operator norms on L? and H? are the same.

Suppose that A is a bounded linear operator on H? that commutes with
multiplication by b for every b € H*°. Actually, it suffices to ask that A commute
with multiplication by z. If a = A(1), then a € H?, and A(f) = a f whenever f
is a finite linear combination of the z7’s. Using the boundedness of A, one can
show that a € H*, and that A(f) = a f for every f € H?.

In particular, this implies that the algebra A; of operators on H? defined
by multiplication by functions in H* is a closed subalgebra of the algebra
of bounded linear operators on H? in the weak operator topology. This is a
bit different from the situation discussed in Section 50, where the multiplication
operators were considered as acting on L? instead of H2. However, A is still not
a von Neumann algebra, because it is not a x-algebra. Note that multiplication
by a € H® is invertible as an operator on H? if and only if 1/a € H*, in
contrast with the situation in Section 50.

53 The Poisson kernel

For the sake of completeness, let us briefly review some aspects of the Poisson
kernel. This is defined for z,w € C with |z] < 1 and |w| = 1 by

(53.1) P(z,w)z%(izjwj—l-iijwj).
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Thus
(53.2) /T P(zw) f(w) |du|

is equal to (51.4) for every integrable function f on the unit circle. There is
no problem with interchanging the order of summation and integration here,
because the series in (53.1) converge uniformly in w for each z € C with |z] < 1.
In particular,

(53.3) /FP(z,w) |[dw] =1

for every z € C with |z| < 1.
Observe that

o0 o0 o0
(53.4) szﬁj+22jwj:2ReszEj—l,
i=0 =1 =0
where Re a is the real part of a complex number a. Of course,
< 1 1-Zw
53.5 Tw! = =
(53.5) Zzw l—zw |1—z2w?’
7=0
and so
= 227w — |1 — 2|
53.6 2 Tw! -1 =
(53.6) ; T w 11— 2w

1—Zw+ 2w — |2|?

3

|1 —zw|?
using the fact that |w| = 1 in the last step. Hence

1 1—|2?

. P = =

because Re(zw — zZw) = 0.
This formula implies that
(53.8) P(z,w) >0

for every z,w € C with |2| < 1 and |w| = 1, and that
(53.9) P(z,w) — 0

as z tends to any point on the unit circle other than w, with uniform convergence
outside of any neighborhood of w. If f is a continuous function on the unit
circle, then one can use these properties of the Poisson kernel to show that
(53.2) converges to f(¢) as z — ¢ when || = 1. Thus the Poisson integral
(53.2) defines a continuous extension of f to the closed unit disk.

Let P.(f)(¢) be the Poisson integral (53.2) of f evaluated at z = r (, where
0 <r<1land]|¢(|] =1. If fis a continuous function on the unit circle, then
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P.(f) converges to f uniformly as r — 1, because of uniform continuity. If
fe P 1<p< oo, then one can show that

(53.10) 1B (D)llp < £ 115

for every r € [0,1). This is straightforward when p = 1 or oo, and otherwise
can be seen as an integrated version of the triangle inequality. If p < oo, then
continuous functions are dense in L?, and one can show that P.(f) converges
to f in the LP norm as r — 1.

54 Fourier series, 3

The identification between the Poisson integral (53.2) and the series (51.4) when
|z| < 1 can be re-expressed as

(54.1) B(NQ= 3 MG ¢

for [(| =1 and 0 < r < 1. Of course, the Fourier series associated to f is the
same as the right side of (54.1) with » = 1. If r < 1, then the right side of
(54.1) is known as the Abel sum of the Fourier series of f associated to r. The
convergence of P.(f) to f as 7 — 1 can then be rephrased as the convergence
of the Abel sums of the Fourier series of f to f.

If f is continuous, then P,.(f) converges to f uniformly on the unit circle as
r — 1. For each r < 1, the partial sums of the series on the right side of (54.1)
converge uniformly on the unit circle, because of the boundedness of the Fourier
coefficients of f. In particular, finite linear combinations of the ¢7’s are dense in
C(T) with respect to the supremum norm. Similarly, finite linear combinations
of the (/’s are dense in LP(T) when 1 < p < co. This can be used to show that
the ¢/’s form an orthonormal basis for L?(T), as in Section 29.

If f € L?, then the orthonormality of the (?’s implies that

(54.2) 1Pl = (D 2 lf(ﬂ')'Q)l/Z-

j=—00

This is clearly less than or equal to

(543 7= (32 170r)”

j=—o00

for each < 1. Thus (53.10) is an extension of this to any p.

55 Hardy spaces, continued

The Hardy space HP = HP(T) can be defined for 1 < p < oo as the closed
linear subspace of LP(T) consisting of functions f such that

(55.1) f(—j) =0 for each j € Z,.
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In this case,

(55.2) PO =1 i) ¢

=0

If p < oo, then the convergence of P,.(f) to f asr — 1 in L? and the uniform
convergence of the series on the right side of (55.2) imply that each f € HP can
be approximated in the LP norm by finite linear combinations of the ¢7’s with
j > 0. Of course, (Y € HP for each j > 0, and it follows that H? is the closed
linear span of the ¢7’s, j > 0, in L? when p < oc.

If f e LP and g € L9, then Holder’s inequality implies that their product
fgisin L™ and

(55.3) If gl < 1 fll»llgllq,
where 1 L1
(55.4) =1z

r P q

If f € HP, 1 < p < oo, then f(¢)¢" € HP for each I > 0. Hence fg € H"
when g € H?, 1 < ¢ < 00, and r > 1, where r is as in (55.4), as one can show
by approximating ¢ by linear combinations of the ¢!’s. This also works when
q = oo and p < oo, by approximating f by linear combinations of the ¢!’s. If
p = q = oo, then the same argument implies that fg € H" for every r < oo,
and it follows that fg € H*, since fg € L.

Similarly, let A = A(T) be the set of continuous functions f on the unit
circle that satisfy (55.1). The uniform convergence of P,(f) to f as r — 1 and
of the partial sums of the right side of (55.2) imply that each f € A can be
approximated uniformly by finite linear combinations of the (7’s with j > 0. As
before, ¢/ € A for each j > 0, and so A is the same as the closed linear span
of the (’’s, 7 > 0, in C(T). If f,g € A, then one can use these approximations
to show that f g € A, as in the previous paragraph. In particular, A is a closed
subalgebra of C(T).

56 Multiplication, continued

The Fourier coefficients of a products of two functions f, g on the unit circle
are given formally by

(56.1) Fotm)y= 3" Fn—4530),

j=—o0

as one can see by multiplying the corresponding Fourier series for f, g. It is easy
to verify this formula when one of f(z), g(z) is an integrable function on the unit
circle and the other is z! for some integer I, or a linear combination of finitely
many z'’s. One can also check that this formula holds when f,g € L?(T). In
this case, fg € L'(T), and the sum in (56.1) converges absolutely for each
n € Z, because the Fourier coefficients of f, g are square-summable. Thus both
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sides of (56.1) make sense, and one can show that they are equal using the
convergence of Fourier series in L2.
Suppose that f, g are of analytic type, in the sense that

(56.2) f(=§) =3(=5) =0

for every positive integer j. Thus (56.1) reduces to
(56.3) Fam) =YY" fn—5)30),
§=0

and there is no problem about the convergence of the sum on the right. If
feHP, ge H, 1/r=1/p+1/q, and r > 1, then fg € H", and one can get
(56.3) using approximation arguments.

Remember that the Cauchy product of a pair of infinite series E;’io aj,

o0 . . . . o0
El:o b; is the infinite series ano Cn, Where

(564) Cp = zn: Qp—j bj.
j=0
Formally,
(56.5) Se=(Xa) (X n).
n=0 j=0 1=0

and more precisely

(56.6) icnz" = (iaj zj) (ibl zl)
n=0 i=0 1=0

as a product of formal power series. If E;io aj, Z?io b; converge absolutely,
then it is well known that >~ ; ¢, also converges absolutely and satisfies (56.5).
In particular, if Z;io a; 29 and Y2, by 2! converge absolutely when |z| < 1, then
(305 cn 2™ also converges absolutely when |z| < 1 and satisfies (56.6).
If f, g are of analytic type, then we have the associated power series

o0 o0
(56.7) IOESESF U

§=0 1=0

on the unit disk, and (56.3) says exactly that
(56.8) Z fgln)z"
n=0

is their Cauchy product. If f € HP, g € HY, and 1/r = 1/p+ 1/q < 1, then
fg € H", and these power series converge absolutely on the unit disk. The
product of the series in (56.7) is equal to the one in (56.8) when |z| < 1, as in
the previous paragraph. Note that HP spaces can be defined directly in terms
of holomorphic functions on the unit disk for all p > 0, and have analogous
properties in terms of products.
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57 Convolution on Z

If a={a;}72_, b={b;}32_, are doubly-infinite sequences of complex num-
bers, then their convolution a*b is the doubly-infinite sequence defined formally

by
(57.1) (@*b)n= > an_jbj.

j=—o00

Let us say that a has finite support if a; = O for all but finitely many j. If
at least one of a, b has finite support and the other is arbitrary, then a * b is
defined. If both a and b have finite support, then a b has finite support too. If
a_j =b_; =0 for each j > 1, then (a * ), is the same as the Cauchy product
(56.4), and makes sense without additional restriction on a, b.

Suppose that a € ¢P(Z) and b € (1(Z), where 1 < p,q < ocoand 1/p+1/g=1.
By Holder’s inequality, the series in the definition of (a*b),, converges absolutely
for each n € Z, and is uniformly bounded in n, with

(57.2) llaxblloc < llallp [[b]lq-
If 1 < p,q < o0, then one can also check that
(57.3) ax*xb e co(Z).

This works as well when one of a, b is in /1(Z) and the other is in co(Z).

It is easy to see that convolution of sequences is commutative, which is to
say that
(57.4) axb=bxa

when the convolutions are defined. This especially clear when the convolution

is expressed by

(57.5) (axb), = Z a; by

JlEZ
jH+l=n

Of course, a x b is also linear in a and b.
Similarly, convolution is associative, in the sense that

(57.6) (axb)xc=ax(bxc)

under suitable conditions so that the convolutions are defined. More precisely,

(57.7) ((axb)xc)p =(ax(bxc))y = Z a; by ¢

.k, lEZ
Jtk+l=n

For instance, this certainly works when a, b, ¢ have finite support, or at least
two of them have finite support. It also works when a_; = b_; = c_; = 0 for
each j > 1.
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Suppose that a,b € ¢1(Z). Thus a, b are bounded, the series in the definition
of (a xb),, converges absolutely for each n € Z, and

oo

(57.8) (@ b)ul < > lan—|Ibs].
j=—00
This implies that
(57.9) S lasnal < (3 lal) (X 1),
n=-—o00 j=—00 l=—00

by interchanging the order of summation, so that a * b € £1(Z) too, and
(57.10) l[axbllx < lall1 [[b]]1-

In particular, (a * b) * c and a * (b * ¢) are defined when a, b, ¢ € £}(Z), and one
can show that they are the same, as in the previous paragraph. Hence (!(Z) is
an associative algebra with respect to convolution.

Let 6(1) = {9,(1)}32 be defined for each | € Z by

j=—o0

(57.11) J;() = 1 whenj=1
= 0 when j#I.

If a is any doubly-infinite sequence of complex numbers, then

(57.12) (ax8(D)n=(0() *a), = an—;

for each I,n € Z. Thus a * §(1) is the same as a shifted [ steps. In particular,
(57.13) a*d(0) =6(0) * a = a.

This shows that §(0) is the multiplicative identity element in ¢!(Z) as an algebra
with respect to convolution.

Suppose that a € (P(Z), 1 < p < oo, and b € ¢*(Z). Thus a is bounded, and
a* b is well defined. It is not too difficult to show that a x b € ¢P(Z), with

(57.14) llaxbllp, < llallp (6]l

This basically follows from the triangle inequality for the ¢? norm, since a (1)
is a shift of a for each [, and hence has the same ¢ norm as a.

58 Convolution on Z, 2

If a € /(Z), then the Fourier transform of @ is the function on the unit circle
defined by

(58.1) a(z) = ‘Z aj 2.



More precisely, this series converges uniformly to a continuous function on the
unit circle, and

(58.2) sup [a(z)| < [|a]1.
z€T

Using the orthonormality of the z7’s with respect to the standard integral inner
product on the unit circle, one can check that the jth Fourier coefficient of @ is
equal to a; for each j € Z.

If f is a function on the unit circle whose Fourier coeflicients f( 7) happen to
be summable, then the Fourier transform of { f ( )}52 o is given by the Fourier
series associated to f, and is the same as f. This follows from the convergence
of the Abel sums of the Fourier series of f to f, as in Section 54. More precisely,
the Abel sums converge to the ordinary sum when the series converges.

If a,b € ¢1(Z), then

(58.3) (a*b)(z) =a(z)b(2)

for each z € T. Indeed,

(58.4) (axb)(z)= > (axb),z"

can be expanded into
(58.5) Z Z Ap—j;b; 2" = Z Z an—; 2"77) (b; 27).
Nn=—00 j=—00 n=—00 j=—00

Because of absolute convergence, we can interchange the order of summation,
to get that this is equal to

oo

(58.6) Z Z an_j 2" ) (0;2) = Y () by 27 =a(2) b(2),

j=—0c0on=—0o0 j=—00

as desired. Of course, this is basically the same as multiplying the series asso-
ciated to @, b and collecting terms, as in Section 56.

Ifa e ﬁz( ), then the series in the definition of the Fourier transform of a
converges in L2(T), because of the orthonormality of the z7’s. The latter also
implies that

(55.7) (5 [ 1) " = fal

As before, the jth Fourier coefficient of @ is equal to a; for each j € Z.

59 Convolution on T

The convolution of two functions f, g on the unit circle is defined by

(59.1) (f*9)(z / fzw™) g(w) |dw].

54



This actually makes sense as an integrable function on T when f, g are integrable
functions, because

-1 = zwil w z| ldw
(59-2)/T/T|f(zw ) lg(w)] dul |dz|—/T/T|f< ) lg(w)] dz| |dul

by Fubini’s theorem, which reduces to

(5.3 ([1sGnae) ( [ laiao),

since Lebesgue measure on T is invariant under rotations. It is easy to see that
convolution is commutative, using the change of variables w — zw™! in the
integral defining (f % g)(z). One can also check that convolution is associative,
directly from the definition.

Let us check that the Fourier coefficients of f* g are the same as the product
of the Fourier coefficients of f, g, which is to say that

o~

(59.4) (F*9)() = F(1)30)
for each j € Z. By definition,

695 (o) = 3= [ (o))

ﬁ /T /T Flz w1 glw) 2 |du |dz].

Using Fubini’s theorem again, this can be re-expressed as

(59.6) ﬁ /T /T Flew™) () g(w)w |dz] |dul,

which reduces to

697 (5 [ 1627 1) (55 [ otwrw ldl) = 7 a0

It is convenient to take the LP norm of a function f € LP(T), 1 < p < oo,
to be

(59.9) 191 = (5 [ 15 1asl) "

The L*° norm can be taken to be the same as usual. If f € LP, g € L9, and
1/p+1/q =1, then the convolution f g is bounded, with

(59.9) I * gllse < [[f1lpllglla;

by Holder’s inequality. One can also check that f x g is a continuous function
on the unit circle in this case. If f € LP, 1 < p < o0, and g € L', then one can
show that f g € LP, and that

(59.10) 1+ gllo < [1£1lp llglls-
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This follows from Fubini’s theorem as at the beginning of the section when
p = 1, and is straightforward when p = oco. Otherwise, this is basically an
integrated version of the triangle inequality for the LP norm, since f(zw™!) is
in LP as a function of z and with the same norm as f for each w € T.

Put

1—72
59.11 r(2) = ————
(59.11) Prle) = T

for z€ T and 0 <r < 1. If f is an integrable function on the unit circle, then

(5912) Pr(f):pr*fa

where P,.(f) is the Poisson integral of f, as in Section 53.

Part 11
Topological groups

60 Topological groups

A topological group is a group G equipped with a topology such that the group
operations are continuous. It is customary to ask that the set consisting of only
the identity element e be a closed set, which implies that all one-element sets
in the group are closed, by continuity of translations. One can use continuity of
the group operations to show that G is also Hausdorff, and even regular.

If a,b € G and E C G, then we put

(60.1) aE={ax:ze€FE}, Eb={zb:xz€FE}.

Similarly, if A, B C G, then we put

(60.2) AB={ab:ac A be B}.

Thus

(60.3) AB=JaB=] A,
acA beB

and it follows that A B is an open set whenever A or B is an open set.

Let U be an open set that contains e. For any set £, EU and U F are open
sets that contain F, and
(60.4) ECFEU UE.

Moreover, E is equal to the intersection of EU or U E over all neighborhoods
U of E.

Suppose that H is a subgroup of G that is also an open set. Hence the
cosets a H and Hb of H are open sets too. By elementary group theory, the
complement of H is a union of cosets. It follows that H is automatically a closed
set as well.
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61 Locally compact groups

We shall be primarily concerned here with topological groups G that are locally
compact. Because of continuity of translations, local compactness is equivalent
to asking that there be an open set U such that e € U and U is compact. We
may also ask that U be symmetric in the sense that 2~ € U when = € U, since
otherwise we can take the intersection of U with U™ = {z71 : z € U}.

For each positive integer n, let U™ be the set of products z1---x, of n

elements x1,...,x, of U. This is the same as the product U---U of n U’s, in
the notation of the previous section. Thus U™ is an open set for each n. Also,
(61.1) Ur cyntt

for every n.

If A, B are compact sets, then A B is compact as well. This follows from
continuity of the group operation, and compactness of A x B in the product
topology. Hence the product K, of n U’s is compact for each n. Of course,
U, C K,, and so

(61.2) U" C K,
is compact too. Note that continuity of the group operation implies
(61.3) K, CcU".

It is easy to see that

(61.4) H= [j U
n=1

is a subgroup of G. This is also an open set in G, since U is open. Moreover,
H is o-compact, meaning that it is the union of a sequence of compact sets, by
the remarks in the previous paragraph.

62 Uniform continuity

Let G be a topological group, let f be a continuous real or complex-valued
function on G, and let K be a compact set in G. Also let € > 0 be given. For
each z € K, there is an open set U(x) such that e € U(z) and

(62.1) F@) - FW < 5

when y € xU(x). By continuity of the group operation at e, there is another
open set Uy (e) such that e € Uy (z) and

(62.2) Ui(z) Ur(x) C U(x).
Consider the covering of K consisting of the open sets Uy (z), x € K. By
compactness, there are finitely many elements x1, ..., x, of K such that
(62.3) K C |z Ui(a)).
j=1
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Put N
(62.4) Uy = () U(zy),
j=1

which is also a neighborhood of e.
Let us check that

(62.5) |f(z) = fly)l <e

for every x € K and y € 2 U;. Let z € K be given, and choose j € {1,...,n}
such that « € «; Ui (z;). If y € 2 Uy, then

(626) Yyecx; Ul(xj)Ul ng Ul(xj)Ul(a:j) gl‘j U(Z‘J)

This implies that
€

2

(62.7)  |f(2) = FW < |f(@) = f2p)] + [f(z;) = Fy)] < §+ =,
as desired.

Similarly, there is a neighborhood V; of e for which the same conclusion
holds when = € K and y € V3 z. This can also be derived from the previous
assertion, applied to f(z=!) and K~!. If f has compact support, then these
uniform continuity conditions hold on the whole group.

Note that G is locally compact as soon as there is a nonempty open set with
compact closure. In particular, G is locally compact when there is a continuous
function with compact support that is not identically zero.

63 Haar measure

If G is a locally compact topological group, then there are Haar measures Hr,
Hp on G that are invariant under translations on the left and right, respectively.
More precisely, H;, and Hp are Borel measures on G such that

(63.1) Hy(K), Hr(K) < o0

when K C G is compact and

(63.2) Hrp(U), Hr(U) >0

when U C G is nonempty and open. Translation-invariance means that
(63.3) Hi(a E) = H(E), Hp(Eb) = Hp(E)

for every a,b € G and Borel set £ C G. These measures also enjoy some
standard regularity properties, which make them unique up to multiplication
by positive real constants.

If G is a Lie group, so that G is a smooth manifold and the group operations
are smooth mappings, then the Haar measures correspond to smooth left and
right-invariant volume forms, which are uniquely determined by their values at
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the identity element. If G is equipped with the discrete topology, then one can
use counting measure for both the left and right Haar measures. Of course, left
and right invariance are the same for an abelian group. It is well known that
Haar measure on a compact group is also invariant under both left and right
translations, as we shall see in a moment.

Observe that Hy(E~1!) is invariant under translations of F on the right, and
Hgr(E™1) is invariant under translations on the left. Thus Hy(E~!), Hr(E™!)
are positive constant multiples of Hg(E), Hy(E), respectively. By multiplying
the Haar measures by suitable constants, if necessary, we may also ask that

(63.4) Hr(E)=Hp(E™).

Observe also that Hg(a E) is invariant under translations of E on the right
for each a € G, and H(E b) is invariant under translations of E on the left for
each b € G. Hence there are positive real-valued functions ¢, ¢» on G such that

(63.5) Hgr(aE) = ¢(a) Hr(E), Hr(Eb) =(b) HL(E).

If G is compact, then ¢(a) = 1(b) = 1, as one can see by taking E = G.
These relations imply that

(63.6) / fla™'z)dHp(z / f(z)dHg(z

and

(63.7) / Flzb ) dH(z / f(z)dH (z

for every continuous real-valued function f on G with compact support. By
applying these identities to a nonnegative function f that is positive somewhere,
and using uniform continuity as in the previous section, we get that ¢, ¢ are
continuous functions. It is easy to see from their definitions that ¢, ¢ are also
homomorphisms from G into the positive real numbers as a group with respect
to multiplication. Moreover, ¢ = 1/¢, by (63.4). Note that ¢ and ¢ do not
depend on the choice of Haar measure, which is to say that they are unaffected
by multiplication of Haar measure by a positive constant.
One can also check that

(63.8) ¢(x)”" dHp(z), P(x)”' dHL(x)

determine left and right-invariant measures on G, respectively, and hence are
constant multiples of dHp,(x), dHg(x). With the normalization (63.4), these
constants are equal to 1, because these measures are approximately the same
on sets F near e with positive finite measure and E~! = E. This uses the fact
that ¢, 1 are continuous and equal to 1 at the identity. In particular, Hy, Hg
are mutually absolutely continuous.

Suppose that « is an automorphism of G as a topological group, which is to
say a group automorphism that is also a homeomorphism. Thus

(63.9) Hr(a(E)), Hr((E))
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have the same properties as Haar measure, and are therefore constant multiples
of Hr(E), HL(E). If G is compact, then these multiples are equal to 1, as one
can see by taking F = G. Similarly, if G is discrete, then these multiples are
equal to 1. If o is an inner automorphism, so that a(zr) = aza™! for some
a € G, then this reduces to the earlier discussion.

Note that

(63.10) / f(z)dHg(x / flz)dH(z

are positive linear functionals on the space of continuous real-valued functions
with compact support on G that are invariant under translations on the right
and left, respectively. Conversely, one can start with positive linear functionals
of this type, and use the Riesz representation theorem to get positive measures
from them. Thus the existence and uniqueness of Haar measure can also be
formulated in terms of these linear functionals, also known as Haar integrals.

64 Convolution, revisited

Let G be a locally compact topological group with left and right-invariant Haar
measures Hy,, Hp satisfying (63.4), as in the previous section. Under suitable
integrability conditions, the left and right convolutions of functions f, g on G
are defined by

(64.1) (f *1 9)( / " x) 9(y) dHL(y)
and
(64.2) (f *r 9)( / f(z =) g(z) dHp(2),

respectively. Of course, these are the same when G is commutative. Using the
change of variables y — y~! and (63.4), we get that

(64.3) (f %1 9)( / ) oly™) dHr(y),

and hence, using the change of variables y — y 21,

(644)  (f 1) / F@) 9(ey™Y) dHR(y) = (g %5 £)(2).

If G is commutative, then it follows that convolution is commutative.
Moreover,

(645) (f*Lg)*Rh:(f*Rh)*Lg-

This says that left and right convolution operators acting on f commute with
each other. To see this, one can simply express the convolutions as integrals
and apply Fubini’s theorem, because left and right translations on the group
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automatically commute with each other. This implies the usual associativity
conditions

(64.6) (f*rg)*Lh=f*L(g*Lh)
and
(64.7) (f*rg)*rh = f*r(g*rN),

using the commutativity conditions described in the previous paragraph.

As in the previous situations, convolutions with f are basically combinations
of translations of f. Because of possible noncommutativity, one has to be careful
to distinguish between translations on the left and on the right. However, left
and right translations have the nice feature of commuting with each other.

One can also simply look at linear transformations acting on functions on the
group that commute with left or right translations. This includes convolutions
with functions, measures, or other types of objects, as appropriate.

65 Convolution of measures

Let G be a locally compact topological group. Under suitable conditions, the
convolution p * v of Borel measures u, v on G can be defined by

(65.1) Ledws = [ [ o) duto)aviy).

where z y uses the group operation on the right side. For example, if u, v are
real or complex measures with finite total mass, then this can be used to define
w*v as a measure with finite total mass. If u, v have compact support, then puxv
has compact support. If one of i, v has compact support and the other is locally
finite, then p % v can be defined as a locally finite measure, by considering only
functions ¢ with compact support. Note that it is not necessary to distinguish
between left and right convolution in this definition, but convolution is not
commutative unless G is commutative. However, associativity follows easily
from the definition.

As a very basic example, consider the point mass d, at a, so that §,(E) =1
when a € E and 6,(E) =0 when a ¢ E. It is easy to see that

(65.2) 0a * 0p = Oab

for each a,b € G. If e is the identity element of G, then

(65.3) Sex = %0 =p

for every measure p. Otherwise,

(65.4) (% 0,)(E) = u(Ea™t), (6,+v)(E)=v(a"'E).

The convolution of a function and a measure can also be defined directly as
a function, by

(65.5) (f *v)(x) = /G flay™) du(y)
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and

(65.6) (s P(y) = /G et y) du(x).

Equivalently, if Hp is a right-invariant Haar measure, then
(65.7) (f*v)dHr = (fdHR) * v,

because

(65.8) /G o(z) (f *v)(z) dHp(z) = /G /G o(z) flay™) du(y) dHp(z)
/ / o(xy) f(x) dHp(x) dv(y).
GJG

Similarly, if Hy, is a left-invariant Haar measure, then

(65.9) (= f)dHp = p= (fdHy),

because

(65.10) /G o) (% )y) dHL(y) = /G /G o(y) F(z™" y) dp(e) dH (y)
/ / o(xy) F(y) du(z) dHL ().
GJG

As usual,
(65.11) (nxf)xv=px*(f*v),

since left and right translations commute with each other. If §, is the point
mass at a, then

(65.12) (6a* f)(y) = fla™y), (f*da)(x) = flza™").

If f, g are functions on G, then their right and left convolutions can be
described by

(65.13) f*rg=f*(gdHR), f*rg=(9dHL)*f.
Hence

(65.14) (f*rg)dHR = (f dHR) * (9 dHR)

and

(65.15) (f*Lg)dHy = (9dHr) * (f dHL),

as in the previous paragraph.
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66 Locally compact Hausdorff spaces

Let X be a locally compact Hausdorff topological space. A continuous real or
complex-valued function f on X wanishes at infinity if for every € > 0 there is
a compact set K C X such that

(66.1) [f(x)] <e

when = € X\ K. In particular, this implies that f is bounded on X.

As usual, the space Co(X) of continuous functions on X vanishing at infinity
is a vector space with respect to pointwise addition and scalar multiplication.
It is also a Banach space with respect to the supremum norm

(66.2) [fllsup = sup{|f(z)] : © € X}.

Continuous functions on X with compact support are dense in Cp(X).
It is well known that every bounded linear functional A on Cy(X) can be
represented in a unique way as

(66.3) A(f) = /X fdu,

where p is a real or complex regular Borel measure on X, as appropriate. The
dual norm of X is equal to

(66.4) [l = 1l (X),

where |u| is the positive Borel measure associated to u. This representation
permits A(f) to be extended to integrable functions f on X with respect to
|| in the usual way. In particular, A\(f) is defined for bounded measurable
functions f on X.

Note that continuous functions vanishing at infinity on a locally compact
group satisfies the same uniform continuity conditions as mentioned earlier for
functions with compact support.

67 Simple estimates
If u, v are real or complex measures on a locally compact group G, then

(67.1) vl < vl

For that matter,
(67.2) [ x vl < el (],

where p X v is the corresponding product measure on G X G. Similarly, if f is a
bounded measurable function on G, then p* f, f * v are bounded, and satisfy

(67.3) sup |+ £)(y)] < Jlall (sup | £ ()1
yeG yeG
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and

(67.4) sup |(f « ) (a)| < ( sup 7)) 1]

zeG

Suppose now that 1 < p < oo, and that Hy, Hr are left and right-invariant
Haar measures on G, respectively. If f € LP(Hp,), then px f € LP(H), and

(67.5) N flloecegy < el flloeces)-

As usual, this is basically an integrated version of the triangle inequality. If
p =1, then this can be derived from Fubini’s theorem, since

(67.6) ()W) S/glf(w’ly)ldwl(x),

or seen as a special case of the previous estimate for convolution of measures.
A nice way to deal with p > 1 is to use Jensen’s inequality when ||u| <1 to
get that

(67.7) (e F) ()P S/GIf(x‘ly)lpdlul(x)-

Integrating with respect to Hy, and applying Fubini’s theorem, we get that
67.8 * PdH “LyrPd dH
(67.8) /Gm DWPdHL(y) < /G/Gu(x I dlpe|(x) dH 1 ()
/ / Fa )P dH L (y) dl|(z)
GJG
- / / | F@)I? dH L (y) dlul(2)
GJG
/ F)I? dHL ().
G

IN

IN

This also uses the left-invariance of Hy, and the hypothesis that ||u] < 1 at the

end.
If, in addition, g € L'(Hy), then f*; g € LP(Hy), and

(67.9) I+ glleecmyy < 1 fllzeg) |9l o)

This follows from the previous discussion applied to u = gdHp. Similarly, if
f € LP(HR), then fxv € LP(HR), and

(67.10) If* vllLocagy < I fllzeceg) V-

If g € LY(Hpg) as well, then f xr g € LP(Hg), and
(67.11) I *r gllLer) < I fllLeciq) 191l (R),

by the preceding estimate applied to v = gdHR.
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68 Translation operators

Let G be a locally compact topological group. For each a € G, the left and right
translation operators L,, R, acting on functions on G are defined by

(68.1) Lo(f)(@) = f(a™ 2), Ra(f)(x) = f(za).
Equivalently,
(68.2) Lo(f)=0daxf, Ra(f)=f*0dq-1.

As usual, left and right translations commute with each other, so that
(68.3) LooRy=RpolL,

for every a,b € G.
Note that

(63.4) (LalLo(HN@) = (Lo(f)a a) = F"a ' a)
— 7

which implies that

(68.5) L,oLy=Lgp.
Similarly,

(686) Ra o Rb = Raba
because

(68.7) (Ra(Ro () (@) = (Bp(f)(xa) = f(zab) = Rap(f) ().

This can also be seen in terms of convolution with § measures.

Of course, these translation operators determine isometries of Cy(G) onto
itself. Moreover,
(68.8) ar— Ly, Ry

are continuous mappings from G into the space of bounded linear operators
on Cp(G) with the strong operator topology, because of the uniform continuity
properties of functions in Co(G). Similarly, L,, R, determine isometries of
LP(Hyp), LP(Hg) onto themselves, respectively, that are continuous in a relative
to the strong operator topology on BL(LP(Hy,)), BL(LP(Hg)) when p < co. As
usual, the latter can be verified using the fact that continuous functions on G
with compact support are dense in LP(Hp,), LP(Hg) when p < oo.

For each a € G, L, and R, also determine bounded linear operators on
LP(HpR) and LP(Hp), respectively, that are isometries multiplied by positive
real numbers. This follows from the fact that translations on the left correspond
to multiplying Hg by a positive real number, and similarly for translations on
the right and Hy. As in the previous situation, L, and R, are continuous in a
relative to the strong operator topology on BL(LP(Hpg)) and BL(LP(Hp)) when
p < o0.
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69 Uniform continuity, 2

Let G be a topological group, and let f be a real or complex-valued function on
G. Let us say that f is right-uniformly continuous on G if for every e > 0 there
is a neighborhood U of the identity element e such that

(69-1) 1f(z) = f(y)| <e

for every x,y € G with y € x U. Similarly, f is left-uniformly continuous if for
every € > 0 there is a neighborhood V of e such that this condition holds when
y € Vx. We have seen before that continuous functions with compact support
satisfy both of these conditions, as well as continuous functions that vanish at
infinity on a locally compact group.

Equivalently, f is right-uniformly continuous if for every € > 0 there is a
neighborhood U of e such that

(69.2) [f(z) = flzu)| <e

for every x € G and w € U. Similarly, f is left-uniformly continuous if for every
€ > 0 there is a neighborhood V of e such that

(69.3) |f(z) = floz)| <e

for every x € G and v € V.

If f is right-uniformly continuous on G, then every left translate Lo(f) is
right-uniformly continuous, using the same neighborhood U of e for a given € as
for f. Every right translate R, (f) is also right-uniformly continuous, because

(69.4) |f(xa)— fxwa)| <e

when w € aUa™! and f satisfies (69.2). Similarly, if f is left-uniformly con-
tinuous, then every right translate of f is left-uniformly continuous with the
same neighborhood V of e for a given € as for f. A left translate L,(f) of f is
left-uniformly continuous, with

(69.5) If(a™tz) = fla "t za)| < e

when z € aV a™! and f satisfies (69.3).

Let W be a neighborhood of e, and let K be a compact set in G. By the
continuity of the group operations, there are neighborhoods Wy, W5 of e such
that

(69.6) ryzteWw

for every x € Wi and y € Wy, The sets W1 z, z € K, form an open covering of
K, and so there are finitely many elements z1, ..., z, of K such that

(69.7) Kc|Jwa.

=1
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If W5 = ﬂ?’zl zfl Wy z;, then W3 is a neighborhood of e, and
(69.8) awa €W

for every a € K and w € Ws3. This implies a uniform version of right-uniform
continuity for the right translates R, (f) of a right-uniformly continuous function
f when a € K, and a uniform version of left-uniform continuity for the left
translates L, (f) of a left-uniformly continuous function f when a € K.

70 Continuity and convolution

Let G be a locally compact topological group, let f be a real or complex-valued
continuous function on G, and let u be a Borel measure on G. We would like to
consider continuity properties of f * u and p* f, under appropriate conditions.
For instance, if f has compact support and p is locally finite, then it is easy
to see that f * p and p * f are continuous, using uniform continuity of f. In
particular, f x;, g and f *p g are continuous when f is a continuous function
with compact support and g is locally integrable.

Suppose now that p is a finite measure with compact support, and that f is
an arbitrary continuous function on GG. Again one can check that fxpu and px* f
are continuous, using uniform continuity of f on compact sets. If f is left or
right-uniformly continuous, then f * p and p * f have the same property. This
uses the uniform versions of uniform continuity of translates of f discussed in
the previous section. In some situations, one may only have uniform versions of
uniform continuity of translations of f over compact sets, and this is sufficient.

If 1 is a finite regular measure with arbitrary support, then f * p and pu* f
are defined for bounded continuous functions f. In this case, there are compact
sets whose complements have arbitrarily small |u|-measure, and so p can be
approximated in the measure norm by measures with compact support. This
permits one to get analogous continuity and uniform continuity conditions for
f*pand px* f as when p has compact support. More precisely, the boundedness
of f implies that this approximation of p corresponds to uniform approximation
of the convolutions.

Of course, f * u and p * f have compact support when f and g both have
compact support. If f has compact support and p is a finite regular measure
with arbitrary support, then fxp and p* f vanish at infinity, because they can be
approximated uniformly by functions with compact support as in the previous
paragraph. If f vanishes at infinity and p is a finite regular measure, then f * p
and p * f vanish at infinity, as one can see by approximating f uniformly by
functions with compact support.

71 Convolution operators on ()

Let G be a locally compact topological group, and suppose that T is a bounded
linear operator from Cy(G) into itself that commutes with left translations.
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More precisely, this means that
(71.1) ToL,=LgoT

for every a € GG. For example, if there is a real or complex regular Borel measure
v on G such that

(71.2) T(f) = f*v

for every f € Cy(G), then T has this property. Conversely, let us check that
every such operator can be represented in this manner.
The main point is that

(71.3) Af) =T(f)(e)

defines a bounded linear functional on Cy(G). Hence there is a regular real or
complex Borel measure p on G, as appropriate, such that

(71.4) A(f)z/gftht

for every f € Co(G@). This implies that (71.2) holds, with v(E) = u(E™1),
because T" commutes with left translations.

Similarly, convolution with a finite regular measure on the left defines a
bounded linear operator on Cy(G) that commutes with translations on the right.
Conversely, every bounded linear operator on Cy(G) that commutes with right
translations can be represented in this way.

Note that the same argument would work for bounded linear mappings from
Co(G) into the space of bounded continuous functions on G, equipped with the
supremum norm. Also, the representation (71.2) is unique for regular Borel
measures v, as in the case of bounded linear functionals on Cy(G).

72 Compactness and o-compactness

Let G be a locally compact topological group. If G is compact, then G has
finite left and right invariant Haar measure. Conversely, let us check that finite
Haar measure implies compactness. Let U be a neighborhood of e with compact
closure. If z1,...x, are elements of G such that the corresponding translates

z1U,...,z, U are pairwise disjoint, then
(72.1) HL(Uin) =3 " Hi(eU) = n Hy(U).
i=1 i=1

This leads to an upper bound on n, since U has positive measure. Suppose now
that n is as large as possible. This means that for each y € G there is an i,
1 <i < n, such that

(72.2) yUNZU £0,
and hence
(72.3) yex, UU L.
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By hypothesis, U is compact, which implies that U_l and thus UU_l are
compact, because of the continuity of the group operations. It follows that G
is compact, since G is the union of the compact sets inU’l, 1<i<n. Of
course, the same argument would work with right-invariant Haar measure and
right translations instead of left-invariant Haar measure and left translations.

As in Section 61, there is an open subgroup H of G which is o-compact. If
H has only finitely or countably many cosets in G, then G is also o-compact.
Conversely, if G is o-compact, then H has only finitely or countably many cosets
in G. This is because every compact set in G is contained in the union of finitely
many cosets of H.

Suppose that F is a Borel set in G with finite left or right-invariant Haar
measure. For each € > 0, there are only finitely many left or right cosets of H,
as appropriate, whose intersection with £ has Haar measure greater than e. It
follows that there are only finitely or countably many left or right cosets of H,
as appropriate, whose intersection with E has positive Haar measure.

If G is o-compact, then the left and right-invariant Haar measures on G are
o-finite. Conversely, if G has o-finite Haar measure, then the remarks in the
previous paragraph imply that H has only finitely or countably many cosets,
and hence that G is o-compact.

73 Equicontinuity

Let G be a topological group, and let £ be a collection of real or complex-valued
functions on G. We say that £ is equicontinuous at a point x if for every € > 0
there is a neighborhood U of z such that

(73.1) |f(z) = fly)l <e

for every f € £ and y € U. Let us say that & is right-uniformly equicontinuous
on a set E if for every ¢ > 0 there is a neighborhood U of e such that the
same condition holds for every f € £, ¢ € F, and y € zU. Similarly, £ is
left-uniformly equicontinuous on E if for every € > 0 there is a neighborhood V'
of e such that this condition holds for every f € £, x € E, and y € V .

If F is compact and £ is equicontinuous at every element of F, then one
can check that & is left and right-uniformly equicontinuous on F. This follows
from the same argument as for a single function, as in Section 62. Of course,
£ is equicontinuous at every element of £ when £ is left or right-uniformly
equicontinuous on F.

A function f is right-uniformly continuous on G if and only if the collection of
left translates L,(f), a € G, is equicontinuous at e, in which case the collection
of left translates of f is right-uniformly equicontinuous on G. In particular,
the collection of left translates is equicontinuous at any element b of G, which
implies that the left translates of Ry(f) are equicontinuous at e, and that Ry (f)
is right-uniformly continuous, as in Section 69. Moreover, the left translates of
f are left-uniformly equicontinuous on every compact set, by the remarks in the
previous paragraph, which corresponds to another observation in Section 69.
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Similarly, f is left-uniformly continuous on G if and only if the collection of
right translates R,(f), a € G, is equicontinuous at e, in which case it is left-
uniformly equicontinuous on G. This implies that the right translates of f are
equicontinuous at every point, and right-uniformly equicontinuous on compact
sets.

74 Locally compact spaces, 2

Let X be a locally compact Hausdorff topological space, and let i be a positive
Borel measure on X. A standard regularity condition asks that for each open
set U in X,

(74.1) w(U) = sup{p(K) : K C U is compact}.

If p is a real or complex Borel measure on X, then one would ask that the
associated positive measure |u| have this property. This is one of the regularity
properties in the conclusion of the Riesz representation theorem for positive
linear functionals on the space of continuous functions with compact support
on X, as well as bounded linear functionals on Cp(X).

If i is a positive Borel measure on X with this property, and if {U, }aca is
a family of open subsets of X such that p(U,) = 0 for each o € A, then

(74.2) w( U Ua) =0.

acA

To see this, it suffices to show that
(74.3) wK)=0

for every compact set K C |J,c 4 Ua. By compactness, there are finitely many
indices a1, ..., 0, € A such that K C U;L:l Ua,, and so

(74.4) ) <Y pUa,) =0,

as desired. In particular, if W is the union of all of the open sets U C X such
that p(U) = 0, then pu(W) = 0.

The support supp p of p is defined to be the complement of the open set
W just mentioned. Thus supp u is a closed set in X, u(X\supppu) = 0, and
#(V) > 0 whenever V is an open set in X such that V Nsuppu # 0. For
any positive Borel measure 4 on X, one can say that u has compact support
when there is a compact set in X whose complement has p-measure 0. This is
equivalent to the compactness of supp p when p satisfies the regularity condition
under consideration.

Let G be alocally compact topological group, and let H be an open subgroup
of G. If p is a positive Borel measure on G with compact support, then p
is identically 0 on the complement of finitely many cosets of H. If p is any
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positive finite measure on G, then there are only finitely many cosets of H with
p-measure at least € for any € > 0. Hence there are only finitely or countably
many cosets of H with positive g-measure. The same conclusion holds when p
is o-finite. If y also satisfies the regularity condition described before, then the
support of u is contained in the union of only finitely or countably many cosets
of H. In particular, this can be applied to a o-compact open subgroup, as in
Section 61. It follows that the support of y is o-compact when p is o-finite and
satisfies this regularity property.

75 Convolution operators on L!

Let G be a locally compact topological group with right-invariant Haar measure
Hpg, and let T be a bounded linear operator on L'(Hg) that commutes with
translations on the left, so that

(75.1) ToLy=LgoT
for every a € G. As in Section 71,

(75.2) T(f) = f*v

has these properties when v is a real or complex regular Borel measure on G.
We would like to show that every such operator can be represented in this way.
It is easy to see that v has to be unique, by considering continuous functions f
with compact support.

For each neighborhood U of e in G, let ¢y be a nonnegative real-valued
continuous function on G with compact support contained in U and

(75.3) /Gqu dHp = 1.

It suffices to consider a local base for the topology of G at e, and thus sequences
of U’s and ¢’s when there is a countable local base. The boundedness of T' on
LY(Hg) implies that

(75.4) IT(¢v)llLr(mr) < 1T lop

for each U, where ||T'||,p is the operator norm of T on L'(Hg). Equivalently,

(75.5) o(f) = /G 1(2) T(éu) () dHr (z)

is a bounded linear functional on Cy(G), with dual norm bounded by ||T'||op-
Now we would like to use compactness of closed balls in the dual of Cy(G)
with respect to the weak® topology. In nice situations, we could use sequential
compactness, and otherwise one can work with nets, for instance. The bottom
line is that there is a bounded linear functional A\ on Cy(G) with dual norm
less than or equal to the operator norm of 7" which can be approximated in
the weak™* topology by Ay’s, where the U’s can be taken to be arbitrarily small
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neighborhoods of e. More precisely, for each neighborhood V' of e one can take
A(V) to be the set of A\y’s with U C V, and A(V) to be the closure of A(V)
in the weak* topology. If Vi, ..., V,, are finitely many neighborhoods of e, then
their intersection is too, and

(75.6) A( (n] v;) -

=1

n

<.
BN
=

which implies that

(75.7) A( (n] v;) € fn] A(V)).

In particular, the intersection of finitely many m’s is nonempty, and so the
intersection of all of the A(V)’s is nonempty, by compactness. The desired
bounded linear functional A can be taken to be any element of this intersection.
As usual, A can be represented by a unique regular Borel measure v on G,
and we would like to show that T' can be given by convolution on the right by
v, using the hypothesis that 7" commutes with translations on the left. If f is a
continuous function with compact support on G, then the latter implies that

(75.8) T(¢u =1 ) =T(dv) *L f
for each U, and hence
(75.9) T(f*rdv) = f*r T (dv).

For sufficiently small U, f *r ¢y is close to f in L*(Hg), and so T(f *r ¢v) is
close to T'(f) in L*(Hpg). For some very small U, \y is close to A in the weak*
topology, which can be used to approximate f * v by f xr T(¢y) uniformly
on compact sets. Thus one can show that (75.2) holds when f is a continuous
function with compact support, and hence for all f € L'(Hg). Analogous
arguments can be applied to bounded linear operators on L'(H,) that commute
with translations on the right. This can also be reduced to the previous situation

using f(x) — f(z7).

76 Simple estimates, 2

Let G be a locally compact topological group, and let 1 < p, g < co be conjugate
exponents, so that 1/p + 1/¢ = 1. Using Holder’s inequality, we can estimate
the convolution f %7, g pointwise by

/a
6.0 (F e a)@l < ([ o oramw) " ([ ol am) "

Because of (63.4), we can make the change of variables y — y~! to get that

162) [ 1167 0 dHul) = [ ) dHat) = [ 1f@)F dHrly)
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where translation-invariance of Haar measure is applied in the second step. Thus
f *1 g is bounded when f € LP(Hg) and g € LY(H},), and

(76.3) blelg [(f *2 9)(@)| < Ifllzecan) 9l LacaL)-

Under these conditions, f % g is a continuous function that vanishes at
infinity. The continuity of f x;, g follows by approximating f in LP(Hpg) by
continuous functions with compact support. To get that f %, g vanishes at
infinity, one can also approximate g in L?(Hp) by continuous functions with
compact support.

Similarly, f *g ¢ is bounded when f € LP(H) and g € LY(Hg), and

(76.4) Slelg|(f *r 9)(@)| < N flloec) |9l Lacag)-

Moreover, f xg g is a continuous function that vanishes at infinity under these
conditions.

As in Section 64, f xp g = g xg f. It is easy to see that the preceding
statements are consistent with this fact.

77 Convolution operators into ()

Let G be a locally compact topological group, and let 1 < p, g < co be conjugate
exponents again. If g € LY(H|), then

(77.1) T(f)=1rf*Lyg

defines a bounded linear operator from LP(Hp) into Cy(G) that commutes with
translations on the right. Conversely, let us show that any bounded linear
operator T from LP(HRg) into Cp(G) that commutes with translations on the
right is of this form. Note that translations on the right preserve both the
LP(Hp) and supremum norms.

As in Section 71,

(77.2) Af) =T(f)(e)

is a bounded linear functional on LP(Hpg) under these conditions. Hence there
is a g1 € LY(Hg) such that

(773) N = [ 1) a(w) dtinty)

for every f € LP(Hg). Equivalently, g(y) = g1(y~') € LY(Hy), and

(77.4) A(f) = /G o) gly) dH (y).

This implies that (77.1) holds at e, and therefore at every point, because T
commutes with translations on the right. This argument works as well for
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bounded linear mappings from LP(Hpg) into the space of bounded continuous
functions with the supremum norm.

Similarly, T'(f) = f*gr g defines a bounded linear operator from L?(H,) into
Co(G) that commutes with translations on the left when g € LI(Hpg), as in the
previous section. Conversely, if 7" is a bounded linear operator from LP(H ) into
Co(G) that commutes with translations on the left, then T' can be represented
in this way for some g € LY(Hpg). The same statement holds for bounded linear
operators from L?(H,) into the space of bounded continuous functions with the
supremum norm.

Note that the identification of the dual of L? with L? works for arbitrary
measures spaces when 1 < p < oo, even if they may not be o-finite. In the
present setting, it is somewhat easier to reduce to the o-finite case, using a
o-compact open subgroup H, as in Section 61. The left or right cosets of H
form a natural partition of the group into o-finite pieces, and one can begin by
representing a bounded linear functional on LP by an element of L? on each of
the cosets. One can show that the restriction of the bounded linear functional on
LP to functions supported on cosets of H is nonzero for only finitely or countably
many cosets of H, because the L? norms of combinations of the representing
functions on the cosets is bounded by the dual norm of the linear functional. The
finitely or countably many nonzero representing functions on the corresponding
cosets may be combined into an element of L? that represents the whole linear
functional on LP, using the fact that elements of LP are also combinations of
their restrictions to finitely or countably many cosets.

78 L' and L™

Let G be a locally compact topological group, and suppose for the moment that
G is o-compact, so that Haar measure is o-finite. If f € L'(Hg) and g € L*°,
then f %7 g is bounded, and

(78.1) sup [(f +L (@) < N Fllrp) 19lloo-

Similarly, if f € L1(Hy) and g € L*°, then f xg g is bounded, and

(78.2) Slelgl(f *r 9)(2)] < 1 fllzr ) 19]loo-

In both cases, one can check that the convolution of f and g is continuous, by
approximating f in the L' norm by continuous functions with compact support.
However, the convolution may not vanish at infinity.

Conversely, if T' is a bounded linear mapping from L!(Hpg) into the space of
bounded continuous functions on G with the supremum norm that commutes
with translations on the right, then there is a g € L™ such that T(f) = f 1 g.
This follows from the same argument as in the previous section, since the dual
of L' may be identified with L>°. Similarly, if 7" is a bounded linear mapping
from L'(Hy) into the space of bounded continuous functions with the supremum
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norm that commutes with translations on the left, then there is a g € L° such
that T(f) = f *r g.

Analogous arguments can be employed without o-compactness, but one
should then be more careful about the dual of L'. As in the previous section,
one can use the cosets of an open o-compact subgroup to localize to o-finite
pieces in a convenient way. Alternatively, if A is a bounded linear functional on
LY(Hp), then f %1, A can be defined for f € L'(Hg) by

(78.3) (f x2 M) = A fa,),

where f, 1(y) = f(y~'z) is an element of L'(H) as a function of y. If X is a
bounded linear functional on L'(Hg), then f*r\ can be defined for f € L'(H})
by

(78.4) (f *r A)(@) = Mfa.R),

where f, p(z) = f(z271!) is an element of L'(Hg) as a function of z. It is
easy to see that these satisfy the same properties as before, and that bounded
linear mappings from L*(Hg) or L'(H[) into the space of bounded continuous
mappings that commute with translations on the right or left, respectively, can
be represented in this way.

In the same way, f *1, A can be defined directly when A is a bounded linear
functional on LP(Hp) and f € LP(Hpg), and f g A can be defined directly when
A is a bounded linear functional on LP(Hg) and f € LP(H}). These expressions
reduce to f xr g, f *xr g when A is given by integration of a function times
g € L1(Hy), LY(HR) with respect to Hy,, Hg, respetively.

79 Conjugation by multiplication

Let G be a locally compact topological group, let T be a linear mapping from
continuous functions with compact support on G to locally-integrable functions
on G, and let p be a continuous complex-valued function on G such that p(z) # 0
for each x € G. Consider the linear mapping

(79.1) T,(f) =pT(p~" f)

also from continuous functions with compact support on G to locally-integrable
functions on G.

Suppose that p is a homomorphism from G into the group of nonzero complex
numbers with respect to multiplication, so that

(79.2) p(zy) = p(x) p(y)

for every z,y € G. If T commutes with translations on the left or on the right,
then it is easy to see that T}, has the same property.

Let ¢, ¥ be the continuous homomorphisms from G into the positive real
numbers described in Section 63, so that

(79.3) dH, = ¢ ' dHp, dHp=1""dHy.
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If 1 <p < oo, then

(79.4) fro VP y
defines an isometric linear mapping from LP(H,) onto LP(Hpg). Similarly,
(79.5) fyT VP g

is an isometric linear mapping from LP(Hpg) onto LP(Hp).
If T is a bounded linear operator on LP?(Hpg), then

(79.6) T,, p=¢'",

is a bounded linear operator on LP(H,), with the same operator norm. If instead
T is a bounded linear operator on LP(Hy,), then

(79.7) Ty, p= 07,

is a bounded linear operator on LP(Hpg), with the same operator norm. If the
initial operator T' commutes with translations on the left or on the right, then
the new operator T, has the same property, by the earlier remarks. Note that

(79.8) Vv =1/¢,

which implies that the isometric linear mappings in the preceding paragraph
are inverses of each other, as are the transformations between bounded linear
operators on LP(Hp,) and LP(Hpg) given here.

80 L' into L?

Let G be a locally compact topological group, and fix 1 < p < co. If f € L'(HR)
and g € LP(HR), then f x;, g € LP(Hg), and

(80.1) 1 *2 gllLecan) < I fllLr gy 190l o)

This is because f*1 g = g*g f, as in Section 64, and the latter can be estimated
as in Section 67. Thus

(80.2) T(f)=Ff+*Lyg

defines a bounded linear operator from L'(Hp) into LP(Hp) that commutes
with translations on the right. Note that translations on the right determine
isometries on L'(Hg), LP(HR).

Conversely, suppose that T is a bounded linear mapping from L'(Hpg) into
LP(Hp) that commutes with translations on the right, where 1 < p < oo.
For each neighborhood U of e, let ¢y be a nonnegative real-valued continuous
function with compact support contained in U and

(80.3) /G v dHp = 1,
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as in Section 75. Thus
(80.4) 1T (v ) Lrrr)y < 1T llops

where ||T||op is the operator norm of T from L'(Hg) into LP(HR). If ¢ is the
exponent conjugate to p, then

(30.5) Mo(f) = /G £(2) T(éu) () dHp (z)

is a bounded linear functional on L9(Hpg), with dual norm bounded by ||T||op-
By compactness of closed balls in the dual of LY(Hpg) with respect to the weak*
topology, there is a bounded linear functional A on L9(Hpg) which can be approx-
imated in the weak* topology by Ay’s for some arbitrarily small neighborhoods
U of e, as in Section 75.

In the present situation, there is a g € LP(Hpg) such that

(30.6) () = /G f(2) g(x) dH ()

for every f € L9(Hp). Because T' commutes with translations on the right, one
can check that

(80.7) T(¢v *r ) =T(¢v) *r f
for every continuous function f with compact support, and hence
(80.8) T(f L du) = f*LT(¢v).
Observe that
(80.9) / ¢u dHL,
G

is arbitrarily close to 1 for sufficiently small U, because H; and Hp are ap-
proximately the same near e, as in Section 63. This implies that f *p ¢y is
close to f in L'(Hpg) when U is sufficiently small, and so T'(f 1, ¢r/) is close
to T(f) in LP(HRg). One can also approximate f *z, g by f 7 T(¢y) uniformly
on compact sets for some arbitrarily small U, since A is approximated by Ay
for some arbitrarily small U in the weak™ topology. This uses the fact that
left and right-invariant Haar measures are mutually absolutely continuous, with
continuous densities. Thus (80.2) holds when f is a continuous function with
compact support, and hence for every f € L*(Hpg).

The same arguments can be applied when p = oo, at least if G is o-compact.
Otherwise, one should be more careful about the duality between L' and L.
One can also look at bounded linear operators from L'(Hp) into LP(H[) that
commute with translations on the left. As before, f — f xp g satisfies these
properties when g € LP(H,), and one can go in the other direction when p > 1.
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81 Integral pairings

Let G be a locally compact topological group, and let 1 < p, ¢ < co be conjugate
exponents. If f € LP(Hg) and g € LY(H), then put

(s1.1) (e = [ 1) go) AT (),
This makes sense because of Holder’s inequality and (63.4), and satisfies

(81.2) \(fs )l < 1 fllran) 19l Lacay)-

Similarly, if f € LP(H) and g € LY(Hpg), then we can put

(813) (f.9)r = /G FY) 9(y) dHR(y),

and this satisfies
(81.4) \(fs9)rl < N flleca) |9l Laceg)
1

by Holder’s inequality. Using (63.4) and the change of variables y — y~', we
also get that

If 1 < p,q < oo, then one can use (f,g)r to identify LP(Hpg) with the dual
of Li(Hy). This is a bit more natural than the identification of LP(Hpg) with
the dual of L4(Hpg) in the argument in the preceding section, and there was an
analogous point in Section 77. One can also identify L°°(Hpg) with the dual
of L'(Hp) when G is o-compact. Otherwise, one can use the dual of L'(Hy)
as a substitute for L>°(Hp) as in Section 78, which is quite convenient for the
p = oo case of the argument in the previous section. Of course, one can also use
(f,9)r to identify LP(H) with the dual of LY(Hg) when 1 < p,q < oo, and
when ¢ =1, p = o0, and G is o-compact.

Observe that

(816) (Ra(f)vg)L = (fv La_l(g))L
and
(817) (La(f);g)R = (fa Rafl(g))R;

where Ly, R, are the operators corresponding to translations on the left and on
the right as in Section 68, respectively. There are analogous formulae in which
translations on the left and on the right are exchanged, with additional constant
factors. This uses the fact that translations on the left send Hgr to constant
multiples of itself, and translations on the right send Hy to constant multiples
of itself, as in Section 63.
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82 Operators on L?

Let G be a locally compact topological group, and consider the algebra of
bounded linear operators on L?(Hg) that commute with translations on the
right. It is easy to see that this is a von Neumann algebra. This uses the fact
that translations on the right determine unitary transformations on L?(Hg)
to get that this algebra is self-adjoint. One can also check that the algebra of
bounded linear operators on L?(Hp) that commute with translations on the left
is a von Neumann algebra, because translations on the left correspond to con-
stant multiples of unitary transformations on L?(Hg). Similarly, the algebras
of bounded linear operators on L?(H}) that commute with translations on the
left or on the right are von Neumann algebras.

The algebras of bounded linear operators on L?(Hg), L?(H ) that commute
with translations on the right are equivalent to each other in a simple way, as
in Section 79. The algebras of bounded linear operators on L*(Hpg), L*(Hy)
that commute with translations on the left are equivalent in the same way. The
mapping x +— ! determines an isometry between L?(Hg) and L?*(Hy), and
exchanges translations on the right and left. Thus these various algebras amount
to basically the same thing.

83 Dual operators

Let V', W be vector spaces, both real or both complex, and equipped with norms
- llvs Il - llw. Let V', W’ be their dual spaces of bounded linear functionals
with the dual norms || - |lv/, || - |lw’, as in Section 4. If T is a bounded linear
operator from V into W, then the dual operator T' : W/ — V' sends a bounded
linear functional A on W to the bounded linear functional 7"(\) on V defined
by

(83.1) T'(\)(v) = MT(v)).

It is easy to see from the definitions that
(83.2) 17" Nllve < ITllop I Ml w,

so that 7" is a bounded linear operator from W’ to V' whose operator norm
is less than or equal to the operator norm |7, of T as a bounded linear
operator from V into W. Using the Hahn—Banach theorem, one can check that
the operator norms of T and 7" are the same.

Suppose that Vi, Va, V3 are vector spaces, all real or all complex, and
equipped with norms. If 77 : Vi — V5 and Ty : Vo — V3 are bounded lin-
ear operators, then
(833) (T2 o Tl)/ = Tll 9 T2/

as bounded linear operators from VJ into V7. The dual of the identity operator
on a vector space V is equal to the identity operator on the dual space V'. Of
course, the mapping that sends a bounded linear operator T : V' — W to its
dual 77 : W’ — V' is linear as a mapping from BL(V, W) into BL(W',V').
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If V is a real Hilbert space, then the dual space V' can be identified with
V using the inner product, and the dual 7" of a bounded linear operator T on
V is the same as its adjoint 7", as in Section 30. In the complex case, the
dual operator may not be quite the same as the adjoint, because of complex
conjugation. Now let (X, ) be a measure space, and let 1 < p,g < oo be
conjugate exponents, so that the dual of LP(X) can be identified with LI(X)
in the standard way. If T is a bounded linear operator on LP(X), then the
corresponding dual operator 77 on L4(X) is characterized by

(83.4) /X T(f) (@) glx) dpa) = /X F(2) T'(9) (@) du(z)

for every f € LP(X) and g € LY(X).

Let G be a locally compact topological group. The dual of a right-translation
operator R, on LP(Hpg) corresponds as in the previous paragraph to R,-1 on
Li(Hpg), and the dual of a left-translation operator L, on LP(H,) corresponds to
Ly-1on LY(Hyp,). The dual of L, as an operator on LP(Hp) is a constant multiple
of Ly,-1 on LY(Hp), and the dual of R, as an operator on LP(Hp) is a constant
multiple of R,-1 on LY(Hy,). Alternatively, the duals of LP(Hg), LP(Hp) can
be identified with LY(Hp,), LY(HR), respectively, as in Section 81. Using these
identifications, the duals of translation operators exchange translations on the
right with translations on the left, and vice-versa, again with additional constant
factors in some cases.

84 Operators on L?

Let G be a locally compact topological group, and let 1 < p < oo be given.
The algebras of bounded linear operators on LP(Hpg) or LP(H ) that commute
with translations on the right or on the left are closed with respect to the
weak operator topology on BL(LP(Hp)) or BL(LP(Hp)), as appropriate. The
algebras of bounded linear operators on LP(Hg) or LP(Hp,) that commute with
translations on the right are equivalent to each other through conjugation as
in Section 79, as are the algebras of bounded linear operators on LP(Hpg) or
LP(Hp) that commute with translations on the left. The mapping z — 27!
also determines an isometric equivalence between LP(Hpg) and LP(H) that
exchanges translations on the right and on the left, as in Section 82.

Let 1 < g < oo be the exponent conjugate to p, so that 1/p+ 1/g=1. If
T is a bounded linear operator on LP?(Hg), then there is a corresponding dual
bounded linear operator T on L4(Hpg), as in the previous section. Similarly, if
T is a bounded linear operator on LP(H,), then there is a corresponding dual
bounded linear operator 77 on L%(Hp). In either case, if T commutes with
translations on the left or on the right, then the dual operator 7" has the same
property. This follows from (83.3) and the description of the duals of translation
operators mentioned in the previous section.

Alternatively, the duals of LP(Hg) and LP(Hy) may be identified with
L(Hp) and L9(HR), respectively, as in Section 81. Using these identifications,
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the dual of a bounded linear operator on LP(Hp) corresponds to a bounded lin-
ear operator on LY(Hp ), and the dual of a bounded linear operator on L?(H,)
corresponds to a bounded linear operator on LI(Hpg). The dual of a bounded
linear operator that commutes with translations on the right then commutes
with translations on the left, and vice-versa. Of course, these identifications are

related to the previous ones through the mapping x — z~!.

85 Group representations

A representation of a group G on a vector space V' is a homomorphism from G
into the group of invertible linear mappings on V. If V' is a real or complex vector
space equipped with a norm, then one may restrict one’s attention to bounded
linear mappings on V' with bounded inverses. If G is a topological group, then it
is natural to ask that the representation satisfy additional continuity conditions.

The right and left translation operators described in Section 68 determine
representations of a group G on spaces of functions on G, known as regular
representations. If G is a topological group, then one may consider translation
operators acting on continuous functions, for instance. Bounded continuous
functions form a Banach space with respect to the supremum norm, on which
translation operators act isometrically. If G is locally compact, then one can
consider translation operators acting on continuous functions that vanish at
infinity, or on L? spaces with respect to Haar measure.

Let V be a real or complex vector space with a norm, and let BL(V) be
the space of bounded linear operators on V', as usual. A representation of a
topological group on V might be continuous with respect to the topology on
BL(V) determined by the operator norm. This is a natural condition when V
is finite-dimensional, but otherwise it is often too restrictive. One can consider
the strong or weak operator topologies on BL(V) instead, which are of course
the same as the topology associated to the operator norm when V is finite-
dimensional.

The right and left regular representations of a locally compact group on
the space of continuous functions that vanish at infinity equipped with the
supremum norm is continuous with respect to the strong operator topology,
because of the uniform continuity properties of these functions. Similarly, the
right and left regular representations of any topological group on the space
of right or left-uniformly continuous functions equipped with the supremum
norm, respectively, is continuous relative to the strong operator topology. The
regular representations of a locally compact group on LP spaces associated to
Haar measure are also continuous relative to the strong operator topology when
1 < p < oo. These statements do not work for the topologies determined by the
operator norm even for the compact abelian group T of complex numbers with
modulus 1 under multiplication.
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86 Local uniform boundedness

Let V, W be vector spaces, both real or both complex, and equipped with
norms. Also let X be a topological space, and

(86.1) x— T,

be a mapping from X into the space BL(V, W) of bounded linear mappings
from V into W. If K C X is compact and (86.1) is continuous with respect to
the strong operator topology on BL(V, W), then

(86.2) K, ={T,(v) :z € K}

is a compact set in W for each v € V. In particular, K, is a bounded set in W,
and it follows from the Banach—Steinhaus theorem in Section 10 that

(86.3) {T::z € K}

is a bounded set in BL(V, W) with respect to the operator norm when V' is
complete. Similarly, if (86.1) is continuous with respect to the weak operator
topology, then

(86.4) Kyx={\Tz(v)) :z € K}

is a compact set of real or complex numbers, as appropriate, for each v € V and
bounded linear functional A on W. Using the Banach—Steinhaus and Hahn—
Banach theorems, one can then show that K, is a bounded set in W for each
v € V. If V is complete, then another application of the Banach—Steinhaus
theorem implies that (86.3) is a bounded set in BL(V, W) with respect to the
operator norm.

Another way to look at the continuity of (86.1) is in terms of the continuity
of T;(v) as a function of both x and v. The continuity of (86.1) as a mapping
from X into BL(V,W) with the strong operator topology is the same as the
continuity of 73 (v) in = and v separately. The continuity of T}, (v) as a mapping
from X x V with the product topology into W is a stronger condition a priori.
This stronger condition implies that (86.1) is locally uniformly bounded, in the
sense that each element of X has a neighborhood on which T, has uniformly
bounded operator norm. Conversely, if (86.1) is locally uniformly bounded
and continuous as a mapping from X into BL(V, W) with the strong operator
topology, then it is easy to see that T,(v) is continuous as a mapping from
X x V into W. If X is locally compact, V is complete, and (86.1) is continuous
as a mapping from X into BL(V, W) with the strong operator topology, then it
follows from the earlier observations that (86.1) is locally uniformly bounded.
Thus continuity of (86.1) as a mapping from X into BL(V, W) with the strong
operator topology is equivalent to continuity of T, (v) as a mapping from X x V'
into W when X is locally compact and V is complete.

There is an analogous relationship between the continuity of (86.1) from X
into BL(V, W) with the weak operator topology and the continuity of A(7,(v))
as a function of x € X, v € V, and A\ € W’. The boundedness of T, : V — W
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implies that A(T,(v)) is continuous as a function of (v, \) € V x W' for each
x € X, and continuity with respect to the weak operator topology means that
ATy (v)) is continuous in x for each v € V, A € W’. The continuity of A(Ty(v))
as a function of (z,v,\) € X x V x W' is a stronger condition a priori, which
implies that T is locally uniformly bounded in particular. Conversely, if (86.1)
is locally uniformly bounded and continuous in the weak operator topology, then
AT, (v)) is continuous as a function of (x,v, A). If X is locally compact, V is
complete, and (86.1) is continuous with respect to the weak operator topology,
then the earlier remarks imply that T, is locally uniformly bounded, and hence
that M\(T(v)) is continuous as a function of (x, v, A).

Suppose that there is a countable local base for the topology of X at a point
p € X. If (86.1) is not uniformly bounded on a neighborhood of p, then there is
a sequence {p;}7°; of elements of X that converges to p such that || T, ||op — o0
as | — oo. However, the Banach—Steinhaus theorem implies that || T, |lop is
uniformly bounded when V is complete, (86.1) is continuous with respect to the
strong or weak operator topology, and {p;}7°, converges to p. It follows that
(86.1) is locally uniformly bounded when it is continuous with respect to the
strong or weak operator topology, V is complete, and X has a countable local
base for its topology at each point.

87 Uniform convexity

Let V' be a real or complex vector space with a norm |[v||. We say that V is

locally uniformly conver at uw € V with |lu|]| = 1 if for every € > 0 there is a
6 > 0 such that
(87.1) lu —v|| <e

for every v € V that satisfies ||v]| = 1 and

(87.2) H“‘L”H>1—5.
Of course,
(87.3) H“”H <1

under these conditions by the triangle inequality. Similarly, v is locally uni-
formly convex if it is locally uniformly convex at every u € V with [jul| = 1,
and V is wuniformly convex if for every € > 0 there is a § > 0 such that the
previous property holds uniformly in u. Inner product spaces are uniformly
convex because of the parallelogram law, and LP spaces are uniformly convex
when 1 < p < oo by Clarkson’s inequalities.

Suppose that V is locally uniformly convex at u € V with ||u| = 1. The
Hahn—Banach theorem implies that there is a bounded linear functional A on V'
with dual norm 1 such that
(87.4) Au) = 1.
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Let €, § be as in the previous paragraph, and suppose that v € V, |jv|| = 1, and

(87.5) IA(v) = A(u)] < 26.

Thus

(87.6) '/\(U;U) _ 1’ <3,

and so

(87.7) H“;L”Hﬂx(“;”)‘n—&.

This shows that the topology on the unit sphere {v € V : |jv|| = 1} induced
by the weak topology on V is the same as the topology induced by the norm
when V is locally uniformly convex. However, this does not mean that the unit
sphere is a closed set in the weak topology. Of course, the closed unit ball in V'
is a closed set in the weak topology.

A linear mapping T" of V onto itself is said to be an isometry if

(87.8) 1T )] = ]l

for every v € V. If V is locally uniformly convex, then it follows from the
remarks in the previous paragraph that the topology on the set of isometries on
V induced by the weak operator topology is the same as the topology induced
by the strong operator topology. The same argument works for the collection
of linear isometric embeddings of a vector space into a locally uniformly convex
space. As before, this does not mean that the isometries form a closed set in
the weak operator topology. The set of isometric linear embeddings is closed
in the strong operator topology, and the set of linear mappings with operator
norm less than or equal to 1 is closed in the weak operator topology.

Let X be a topological space, and let f be a function on X with values in
V. If f is continuous at a point p € X with respect to the weak topology, | f]| is
continuous at p, and V is locally uniformly convex at f(p), then one can show
that f is continuous at p with respect to the topology on V associated to the
norm. Instead of continuity of ||f]| at p, it suffices to ask that ||f|| be upper
semicontinuous at p, in the sense that for every n > 0 there is a neighborhood
U of p such that

(87.9) IF @I < If @Il +n

for every z € U. If T}, is a function on X with values in bounded linear mappings
on V such that T}, = I for some p € X, T}, is continuous at p in the weak operator
topology, ||T%||op is upper semicontinuous at p, and V' is locally uniformly convex,
then T, is continuous at p with respect to the strong operator topology. This
follows from the previous statement applied to f(z) = T, (v) for each v € V,
and this also works when the T,’s are bounded linear mappings into a locally
uniformly convex space such that 7}, is an isometric linear embedding.
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88 Bounded representations

A representation p of a group G on a vector space V with a norm is said to be
bounded if there is a C' > 1 such that

(88.1) 1pgllop < C
for each g € G. This implies that
(88.2) g Hlop < C

for each g € G, since ,og_1 = pg—1. If G is a compact topological group, V'
is complete, and p is continuous with respect to the strong or weak operator
topology on BL(V'), then p is automatically bounded, as in Section 86. Note
that p is bounded with C' = 1 if and only if p, is an isometry on V for each
g € G. In particular, a unitary representation is a representation that acts by
unitary transformations on a Hilbert space.

Suppose that p is a representation of a compact topological group G on a
Hilbert space (V, (v, w)) which is continuous with respect to the strong operator
topology. Thus p is bounded, and we can put

(83.3) (v, w)t = /G (9 (), pg(w)) dH (g),

where H is Haar measure. Continuity of p with respect to the strong operator
topology ensures that (pg(v), pg(w)) is continuous for every v,w € V, so that
the integral makes sense. This defines an inner product on V' that satisfies

(88.4) (p2(v), pa(w))1 = (v, wh

for every x € G and v,w € V, because of translation-invariance. Hence p is
unitary with respect to (v, w);, which is the famous “unitary trick” of Weyl.
More precisely, if the operator norm of p is bounded by C with respect to

[v]| = (v, v)!/2, then
(88.5) CH ol < Jlvlly < ol
for every v € V, where |jv||; = <v,v>i/2. This implies that || - || and || - |1 are

equivalent norms on V.

Suppose now that p is continuous with respect to the weak operator topology,
and that V is infinite-dimensional and separable. If e1, eq, ... is an orthonormal
basis for V', then

(88.6) (pg(v): pg(w)) =Y (pg(v), 1) (€1, pg(w)).

=1

Continuity with respect to the weak operator topology implies that

(83.7) {pg(v),e1), (€1, pg(w))
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are continuous for each [, and hence that (p4(v), pg(w)) is the pointwise limit of
a sequence of continuous functions which is therefore Borel measurable. Thus
we can still make sense of the integral, and the rest of the argument works as
before.

If A is a bounded linear operator on V', then

(88.8) (A(v), w)

is a bilinear form on V in the real case and Hermitian-bilinear in the complex
case, meaning that it is linear in v and either linear or conjugate-linear in w, as
appropriate. The boundedness of A implies that

(83.9) [{(A(v), w)| < [|Allop [|v]| [[w]]

for every v,w € V. Conversely, it is well known that every bounded bilinear
form on V corresponds to a bounded linear operator A on V in this way, as
a consequence of the bounded linear functionals on V in terms of the inner
product. Self-adjointness and positivity of A can also be described in terms of
the associated bilinear form. Applying this to the inner product (v, w); defined
before, one can show that there is a bounded invertible linear mapping 7" on V'
such that T'o p, o T~! is unitary with respect to (v, w).

89 Dual representations

Let p be a representation of a group G on a real or complex vector space V' with

anorm || - ||y, and let V' be the dual space of bounded linear functionals on V'
with the dual norm | - |[y. The corresponding dual representation p’ of G on
V' is defined by

(89.1) Py = (pg—1)"-

As in Section 83, T’ : V/ — V' denotes the dual of a bounded linear operator
T :V — V. This is applied to p,-1 = (pg)~* instead of py in the definition of
the dual representation because of (83.3). Note that (T71)" = (T’)~! when T
is invertible.

Remember that the operator norm of T” is equal to the operator norm of
T on V., because of the Hahn—Banach theorem. Hence the dual of a bounded
representation is also bounded. Similarly, the dual of a representation consisting
of isometries has the same property. If V is a real Hilbert space, then the dual of
V' can be identified with V using the inner product, and the dual of a bounded
linear operator on V' can be identified with its adjoint. This is a bit more
complicated in the complex case, because of complex conjugation.

Observe that T +— T" is a continuous linear mapping from BL(V') with the
weak operator topology into BL(V') with the weak™ operator topology. If p is
continuous with respect to the weak operator topology, then it follows that p’
is continuous with respect to the weak™ operator topology. If p also consists
of isometries on V, so that p’ consists of isometries on V’, and V' is locally
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uniformly convex, then one can argue as in Section 87 to get that p’ is continuous
with respect to the strong operator topology.
If V is a Hilbert space, then the adjoint of p can be defined directly by

(89.2) Py = (pg-1)"

As before, this is applied to p,-1 instead of p, because of (30.6). Note that p
is a unitary representation if and only if p = p*. The continuity properties of p
and p* are obviously the same in this case.

90 Invertibility, 4

Let V be a real or complex vector space with a norm ||v]], and let A be a bounded
linear operator on V with a bounded inverse. Thus

(90.1) [l < 1A™ o 1 A(w)l

for every v € V. If B is a bounded linear operator on V such that

(9()'2) ||A71H0p HA - B”Op < 1’

then

(90.3) o]l < 1A op 1B+ [[A™ op [I[(A = B) ()|
< A lop 1B+ 1A Hlop 1A = Bllop ||l

implies that

A7Y,

o]l < - 1B()]-
1—[[A" |op [A = Bllop
If B is invertible, then it follows that

1A ey
= Aoy [ 4= Blloy

(90.5) 1B lop <

Of course, (90.4) implies that B is one-to-one, so that B is invertible when
B(V) = V. One can show that B maps V onto a dense linear subspace of V'
under these conditions, which implies that B is invertible when V' is complete.
One can also express B as

(90.6) B=A(I-A"1(A-B)),
and use the fact that I — A= (A — B) is invertible since
(90.7) A= (A= B)llop < [[A lop 1A = Bllop < 1,

as in Section 48.
If B is invertible, then

(90.8) B '-A'=B1'AA'-B'BA'=B"'(A-B)A™,
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and hence

A3,
L= [|A=|op [|A = Bllop

(9()'9) ”371 _A71H0p < HA_B”OP'

This shows that A — A~! is a continuous mapping on the group of invertible
operators on V with respect to the topology associated to the operator norm,
so that this group is a topological group with respect to this topology. If V'
is complete, then this group is an open subset of BL(V), as in the previous
paragraph. If V is finite-dimensional, then this group is locally compact as well.

Using (90.8), one can also check that A — A~! is continuous with respect to
the strong operator topology on any set of invertible operators whose inverses
have uniformly bounded operator norms. Similarly, composition of operators is
continuous with respect to the strong operator topology on any set of bounded
linear operators with uniformly bounded operator norm. It follows that a group
of invertible operators with uniformly bounded operator norms is a topological
group with respect to the strong operator topology.

91 Uniform continuity, 3

Let G, H be topological groups, and let ¢ be a function on G with values in H.
We say that ¢ is right-uniformly continuous if for every neighborhood W of the
identity element in H there is an neighborhood U of the identity element in G
such that

(91.1) o(y) € p(x) W

for every x,y € G with y € x U. Similarly, ¢ is left-uniformly continuous if for
every neighborhood W of the identity element in H there is a neighborhood U
of the identity element in G such that

(91.2) d(y) € W (z)

for every z,y € G with y € Uz. If ¢ : G — H is a continuous homomorphism,
then ¢ is both right and left-uniformly continuous. If H = R or C as a group
with respect to addition and equipped with the standard topology, then this is
the same as uniform continuity as in Section 69.

Let p be a representation of a topological group G on a vector space V with
a norm |[v||. Thus p is a homomorphism from G into the group of invertible
operators on V. If p is continuous with respect to the operator norm on BL(V),
then p is right and left-uniformly continuous in the multiplicative sense described
in the previous paragraph. If p is also bounded, then it follows that p is right
and left-uniformly continuous as a mapping from G into BL(V') as a group with
respect to addition and with the topology determined by the operator norm.

Suppose now that p is a bounded representation which is continuous with
respect to the strong operator topology on BL(V). Thus p takes values in a
bounded subgroup of the group of invertible operators on V', which is a topo-
logical group with respect to the strong operator topology, as in the previous
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section. Hence p is right and left-uniformly continuous in the multiplicative
sense described before, and we would like to see what this means in terms of
uniform continuity with respect to addition.

Let w € V and € > 0 be given, and consider

(91.3) W =A{T € BL(YV) : |[T(w) —w| < e€}.

The continuity of p with respect to the strong operator topology implies that
there is a neighborhood U of the identity in G such that

(91.4) pg €W

when g € U, or equivalently

(91.5) llpg(w) —w]| <€

for every g € U. Because p is bounded, there is a C' > 1 such that
(91.6) 1pzllop < C

for every x € G. It follows that

(91.7) 192 g(w) = pa(w)]| < C'e

for every x € G and g € U, so that p,(w) is right-uniformly continuous on G
for each w € V' with respect to addition on V.

92 Invariant subspaces

Let p be a representation of a group G on a vector space V. A linear subspace
W of V is said to be invariant under p if

(92.1) py(W) C W
for every g € GG. This is equivalent to saying that
(92.2) py(W) =W

for every g € G, since (92.1) applied to g~—! implies that p;l(W) cw. If
V is equipped with a norm and the representation consists of bounded linear
operators on V, then it is customary to restrict one’s attention to invariant
subspaces that are closed. Note that the closure of an invariant subspace is
also invariant under these conditions. A closed subspace of a complete space
is complete as well. At any rate, the restriction of p, to an invariant linear
subspace W of V defines a representation of G on W.

If p is a unitary representation on a Hilbert space V', and W is a closed linear
subspace of V which is invariant under p, then the orthogonal complement W+
of W in V is invariant under p too. However, even on a finite-dimensional
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vector space V', one can have an invertible linear transformation 7' and a linear
subspace W C V such that T(W) = W and there is no linear subspace of
V' which is complementary to W and invariant under 7. This corresponds to
invertible matrices with nontrivial Jordan canonical form. Moreover,

(92.3) ne—T"

then defines a representation of the additive group Z of integers on V under
which W is invariant, and for which there is no invariant complement to W.

Let V be a real or complex vector space with a norm, and let W be a closed
linear subspace of V. If W is the set of bounded linear functionals A on V
such that A(w) = 0 for every w € W, then it is easy to see that W is a closed
linear subspace of the dual V’ of V. For each bounded linear mapping 7' on V/
such that T (W) C W, one can check that the dual mapping T’ on V' satisfies
T’(W) C W. If W is invariant under a representation p on V, then it follows
that W is invariant under the dual representation p’ on V.

One can also look at the quotient V/W of V modulo W, equipped with
the usual quotient norm. If T is a bounded linear mapping on V such that
T(W) C W, then T determines a bounded linear mapping on V/W in a natural
way. If T is invertible and T (W) = W, then the induced mapping on V/W is
invertible as well. If p is a representation of a group G on V and W is invariant
under p, then p determines a representation of G on V/W too. Note that the
dual of V/W can be identified with the linear subspace W of the dual V' of V
described in the previous paragraph, since a bounded linear functional on V/W
is basically the same as a bounded linear functional on V that vanishes on W.
If T is a bounded linear mapping on V' such that T (W) C W, then the dual
of the associated mapping on V/W can be identified with the restriction of the
dual T’ of T to W. If p is a representation of a group G on V for which W is
an invariant subspace, then the dual of the associated representation on V/W

corresponds to the restriction of the dual p’ of p to w.

93 Dual subspaces

Let V be a real or complex vector space with a norm, and let V’ be the dual
space of bounded linear functionals on V' with the dual norm. If W is a linear
subspace of V', then put

(93.1) W= {IXe V' Aw) =0 for every w € W},

as in the previous section. This is a linear subspace of V'’ which is closed
with respect to the weak™ topology. If V' is reflexive, then the weak and weak*
topologies on V' are the same, and a closed linear subspace of V/ with respect to
the dual norm would also be closed in the weak™ topology. The latter statement
uses the fact that norm-closed linear subspaces are closed in the weak topology,
by the Hahn—Banach theorem.
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If L is a linear subspace of V’, then put
(93.2) L={veV:\v)=0 for every A € L}.

This is a closed linear subspace of V', and

o~

(93.3) LC (L)

automatically. If L is the weak* closure of L in V', then it is easy to see that

f/; = L. One can check that (E) is equal to the weak* closure of L, so that

~

(93.4) L=(L)

if and only if L is closed in the weak* topology. Equivalently, if A € V' is not
an element of the weak* closure of L, then there is a v € V such that v € L and
A(v) # 0.

Let T be a bounded linear mapping on V, and let 7" be the corresponding
dual mapping on V. If T'(L) C L for some linear subspace L of V', then

(93.5) T(L) C L.

Note that T” is continuous with respect to the weak* topology on V', and hence
T’ maps the weak* closure of L into itself when 7’(L) C L. Thus one might as
well ask that L be closed in the weak* topology on V’. If p is a representation
of a group G on V and L C V' is invariant under the dual representation p,
then it follows that L is invariant under p.

We also have that -

(93.6) W C (W)

for every linear subspace W of V. Of course,_W = /VI7, where W is the closure of
W in V with respect to the norm. If v € V\W, then the Hahn-Banach theorem
implies that there is a A € W such that A(v) # 0. This means that v is not an

element of (W), and it follows that (W) = W. In particular,

(93.7) W= (/\W)

when W is a closed linear subspace of V.

94 Irreducibility

A representation p of a group G on a vector space V is said to be irreducible if
there are no nontrivial invariant subspaces. Here we suppose that V' is equipped
with a norm and the representation consists of bounded linear operators on V,
and we are concerned only with closed invariant subspaces of V. Equivalently,
p is irreducible if for every v € V with v # 0,

(94.1) span{py(v) : g € G}
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is dense in V. If V' has dimension equal to 1, then any representation on V is
automatically irreducible.

Let A be a bounded linear functional on V', and consider the linear mapping
T from V into functions on G defined by

(94.2) Tx(v)(g) = Mpg(v)).

Observe that

(94.3) Tx(v)(g h) = Mpgn(v)) = Apg(pr(v)) = Tx(pn(v))(9)
for every g,h € G and v € V. Thus

(94.4) Ry (TA(v)) = Tx(pn(v))

for every h € G and v € V, which can be expressed as well by
(945) Rh e} TA == TA O Ph

for every h € G. This may be described by saying that T intertwines p and
the right regular representation of G.
Consider the kernel of T},

(94.6) {v eV :T\(v)(g) =0 for every g € G}.
This is a closed linear subspace of V' contained in the kernel of A,
(94.7) {veV:Av)=0},

because Ty (v)(e) = A(v). Hence the kernel of T} is a proper subspace of V' when
A # 0. If p is irreducible, then it follows that the kernel of 7 is trivial. The
intertwining property in the previous paragraph implies that T (V) is invariant
under translations on the right on G.

Note that Th(v) is a continuous function on G for each v € V when G
is a topological group and p is continuous with respect to the weak operator
topology. If p is also a bounded representation, then T is a bounded linear
mapping from V into the space of bounded continuous functions on G with the
supremum norm. If p is bounded and continuous with respect to the strong
operator topology, then T)(v) is right-uniformly continuous on G for every v
in V, as in Section 91. Similarly, if p is bounded and the dual representation
p' is continuous with respect to the strong operator topology, then Ty(v) is
left-uniformly continuous on G for every v € V. Of course, these continuity
conditions on p are the same when V is finite-dimensional.

95 Vector-valued integration

Let V be a real or complex vector space with a norm ||v||y, and let & be a real
or complex measure on a measurable space X, according to whether V is real or
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complex. If A is a measurable subset of X, then the corresponding characteristic
function 14(x) on X is equal to 1 when x € A and to 0 when z € X\ A. Let

(95.1) s@) =3 v 14,

be a measurable V-valued simple function on X, so that A;,..., A, C X are
measurable, and vq,...,v, € V. The integral of s(z) with respect to pu is given
by

(95.2) [ @ dnte) = 30 u4,).

It is easy to check that this does not depend on the particular representation
(95.1) of s. If A is a bounded linear functional on V, then

(95.3) )\( /X s(x)du(w)) - /X A(s(x)) du(z).

Similarly,
(95.4) |[ s, < [ ls@ivaue
X v X
as one can see by reducing to the case where Aq,..., A, are pairwise disjoint.

Suppose now that X is a locally compact Hausdorff topological space, and
that u is a regular Borel measure on X. Let f be a continuous V-valued function
on X, which implies that ||f(x)|v is a continuous real-valued function on X.
Hence the integrability condition

(95.5) J 1@y dud(e) < o
makes sense, and is satisfied when f is bounded or p has compact support. If

V' is complete, then we would like to show that the integral of f with respect
to p can be defined in such a way that

(95.6) M [ f@ (@) = [ Af@) duta)
b's X
for every bounded linear functional A on V', and
(95.7) | [ @ aua), < [ 1@ .
X v X
Let € > 0 be given, and let K be a compact set in X such that

€

(95.5) | @l diel) < 5.
X\K

For each z € K, there is an open set U(x) in X such that x € U(z) and

(95.9) 17 =FWllv < s amy
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for every y € U(x). By compactness, there are finitely many elements z1, . .., 2,
of K for which

(95.10) Kc|JUu@
=1

Using this, it is easy to get a Borel measurable V-valued simple function s on
X that satisfies c

(95.11) I7(@) = s@)llv < sa=7 @y

for every € K and s(z) = 0 when z € X\ K, and hence

(95.12) / 1£(2) — s(@)llv dipl(z) <

Applying this to € = 1/, | € Zy, we get a sequence of Borel measurable
V-valued simple functions si, sg,... on X such that

(95.13) Jim / 1) — su(@) v dul(z) =

In particular, {s;}7°, is a Cauchy sequence with respect to the L' norm for
V-valued functions on X, in the sense that

(95.14) lim / lIsk() — s1(@)llv dlpel(z) =

k,l—oo Jx

Because of (95.4), this implies in turn that

[ss@in) - [ s@ @), =0

so that the integrals of the s;’s form a Cauchy sequence in V. If V' is complete,
then this sequence converges, and we put

(95.16) [ 1@ @) = jim [ @ duta)

It is easy to see that this limit does not depend on the sequence of simple
functions approximating f. More precisely, suppose that {s;}7°, is another
sequence of Borel measurable V-valued simple functions such that

(95.15) lim

k,l—o0

(95.17) Jim / 1f (@) = si(@)lv dul(x) =
This implies that
(95.15) Jim [ (o) = si@)lv dlul(e) =

and hence that

(95.19) lim H/Xsl(x) dp(z) —/Xs;(x) du(x)”v —0,

l—o0
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which ensures that

(95.20) lim [ s;(z)du(x) = lim / sy(z) dp(x),
l—oo Jx l—oo Jx

as desired. This definition of the integral of f also satisfies (95.6) and (95.7),

because of the corresponding properties of simple functions. Note that the

integral of f is uniquely determined by (95.6), by the Hahn—Banach theorem.

96 Strongly continuous representations

Let (V, ||v]|v) be areal or complex Banach space, and let p be a representation of
a locally compact topological group G by bounded linear operators on V' which
is continuous with respect to the strong operator topology on BL(V). Thus p is
uniformly bounded on compact subsets of G by the Banach—Steinhaus theorem,
as in Section 86. Let u be a finite regular Borel measure on G which is real or
complex according to whether V is real or complex, as in the previous section.
We would like to define the convolution of p with v € V' with respect to p by

(96.1) u*pv:/apg(v)du(g),

under suitable integrability conditions.
More precisely, we can do this when

(96.2) [ sl diulta) < .

This condition holds in particular when p has compact support, and when p is
bounded. It is also implied by

(96.3) [ 1oallop (@) < .

Note that the operator norm of p is lower semicontinuous, in the sense that
llpgllop > t determines an open set in G for every ¢t € R. This follows from
continuity of p even with respect to the weak operator topology, and it implies
that ||pg||op is Borel measurable.

In addition,

(96.4) ||M*pv||vS/g”ﬂg(U)HVdWKQ)

when (96.2) holds, by (95.7). Hence %, v defines a bounded linear operator on
V when (96.3) holds, with operator norm bounded by the integral in (96.3).

If p is the left regular representation on an appropriate space of functions,
then 11%,v corresponds to convolution with p on the left, as discussed previously.
If p is the right regular representation, then p *, v corresponds to convolution
with f1(E) = p(E~1) on the right.
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97 Dual representations, 2

Let p be a representation of a locally compact group G by bounded linear
operators on a real or complex vector space V with a norm ||v||y, and let p’ be
the corresponding dual representation on the dual space V' of bounded linear
functionals on V, as in Section 89. Thus p’ is continuous with respect to the
weak™ operator topology when p is continuous with respect to the weak operator
topology. Also let u be a finite regular Borel measure on G which is real or
complex, according to whether V is real or complex. We can try to define the
convolution %, A of p with A € V’ with respect to p’ by

0T Grey D) = [ 4@ dute) = | Moy (o) duto)

More precisely, we want to define u *,» A as a bounded linear functional on V/,
and (97.1) is supposed to be the value of this linear functional at v € V.

The integrand p;(A)(v) = A(pg-1(v)) is continuous by hypothesis, but we
should still be careful about its integrability with respect to |u|. This certainly
holds when

(97.2) /G 1, lop dlil(g) = /G 109-1 lop dlul(g) < .

Here ||p}[|op is the operator norm of pj, on V', which is equal to the operator
norm |pg-1llop of pg—1 on V. As in the previous section, this condition holds
when p has compact support, and when p is bounded. This condition implies
that

(97.3) (% V()] < ( /G 1091 llop dliel(9) ) 1INy [l

so that p *, A is a bounded linear functional on V.
If p is continuous with respect to the strong operator topology on V', then

(97.4) (1 M) = Al #, v),

where [i(E) = p(E~1) and fi %, v is as in the previous section. This assumes
the integrability of ||p,-1||op With respect to |u| as in the preceding paragraph,
which is the same as the integrability of ||pg||op With respect to |g|. Thus fr*,v is
defined, and A(f *, v) can be evaluated as in (95.6). Equivalently, the operator
p o+, Aon V' is the dual of the operator ji %, v on V under these conditions.
For example, this applies to regular representations on L™ as the dual of L',
or to finite regular Borel measures as the dual of Cy(G). These representations
are not continuous with respect to the strong operator topology even on the
unit circle. If V' is reflexive, so that V' can be identified with the dual of its own
dual space V', then this can also be a nice way to deal with convolutions on V.

98 Compositions

Let p be a representation of a locally compact topological group G by bounded
linear operators on a real or complex Banach space V. Also let u, v be finite
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regular Borel measures on G that are real or complex, according to whether V'
is real or complex. We would like to show that

(98.1) P, (Va,v) = (uxv)*,0

for each v € V, under suitable conditions. Let us begin with the case where p is
continuous in the strong operator topology as in Section 96, and then consider
the analogous statement for dual representations as in Section 97.

If © and v have compact support, then their convolution p * v does too, and
additional condition is required. Similarly, if p is bounded, then no additional
conditions on y, v are necessary. Otherwise, suppose that

(98.2) /G 106llop dlial(9), /G ollop dl|(g) < 00

This implies that
(98.3) / / g llop dlpel(g) dlv|(2)
GJG
/ / 106 lon lonllop dlil (9) dl|(R)

([ 1sbndieli@)) ( [ onllpel ) < o

and hence pxv has the same property. Thus v*,v, u*,(v+,v), and (u*v)*,v are
defined under these integrability conditions when p is continuous in the strong
operator topology.

It suffices to show that

(98.4) Aty (v 55 0)) = M # ) %, 0)

for every bounded linear functional A on V and v € V. Using (95.6), we get
that

085)  Awn ) = [ Moy, 0) duto)

/ / Ao (on(v))) dpu(g) du(h)
GJG

/ / A(poh(v) dulg) du(h).
GJG

IN

Similarly,
(93.6) A(pxv)#p) = /G Aoy (0)) (s % )(9)
= [ Nounte)) dutg) dvin,
GJG
as desired.



Suppose now that p is continuous with respect to the weak operator topology
on V, and let us show that

(98.7) oty (Vi A) = ([ v) % A

for every A € V' under suitable conditions. As before, it suffices to ask that
lpg-1llop be integrable with respect to ||, |v|, and hence |u * v|. Of course,
(98.7) is the same as

(98.8) (h#pr (v A))(v) = (1% v) pr A)(0)

for every A € V' and v € V. This follows from (97.1) in practically the same
way as in the previous situation.

99 Unbounded continuous functions

Let Y be a locally compact Hausdorff topological space, and let C(Y) be the
space of real or complex-valued continuous functions on Y. If K is a nonempty
compact subset of Y, then

(99.1) Ni (f) = sup{|f(z)] : v € K}

defines a seminorm on C(Y'), the supremum seminorm associated to K. As in
Section 1, the collection of these seminorms determines a topology on C(Y).
If Y is compact, then the seminorm associated to K = Y is the same as the
supremum norm, and C(Y) is a Banach space.

In this section, we would like to focus on the case where Y is not compact.
Thus continuous functions on Y need not be bounded, and the topology on Y
is not determined by a single norm. If Y is o-compact, so that Y is the union
of a sequence of compact sets, then the topology on Y may be described by a
sequence of seminorms. More precisely, one can use o-compactness and local
compactness to show that there is a sequence of compact subsets K1, Ko, ... of
Y such that Y = Ufil K; and K is contained in the interior of K;,; for each
[. Hence each compact set K C Y is contained in the interior of K; for some
[, because K is contained in the union of the interiors of finitely many K;’s by
compactness.

Suppose that A is a continuous linear functional on C(Y) with respect to
the topology determined by the supremum seminorms on compact sets. As in
Section 40, there are finitely many compact sets Ki,..., K, CY anda C >0
such that

(99.2) IA(f)] < C max(Nk, (f),.-.. Nk, (f))
for every f € C(Y). Equivalently,
(99.3) IA(f)] < CNk(f),

where K = K1 U---U K,,. In particular,
(99.4) Af)=0
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when f =0 on K. As usual, A can be represented by a real or complex regular
Borel measure on Y with support contained in K, as appropriate.

Now let X be another topological space, and suppose that ® is a continuous
mapping from X into C(Y"). Let ¢(x,y) be the function on X x Y whose value at
(x,y) is the same as the value of ®(z) € C(Y) at y. Thus ¢(z,y) is continuous in
y for each x € X, because ®(x) € C(Y). The continuity of ® as a mapping from
X into C(Y') means that for each compact set K C Y, the family of functions
on X of the form ¢(z,y) with y € K is equicontinuous at each point in X. It
is easy to see that ¢(z,y) is a continuous function on X x Y with respect to
the product topology under these conditions, and conversely that a continuous
function ¢(z,y) on X x Y determines a continuous mapping ® : X — C(Y) in
this way.

Suppose that X is locally compact and that p is a real or complex regular
Borel measure with compact support on X, as appropriate. Of course, one could
just as well take X to be the support of y, so that X is compact. In this case,
the integral of a continuous mapping ® : X — C(Y') with respect to p can be
defined directly by

(99.5) (/ @dy, / oz, y) dulz

It is easy to see that this is a continuous function of y when ¢(z, y) is a continuous
function on X x Y and p has compact support, because the family of functions
on Y of the form ¢(x,y) with z in a compact subset of X is equicontinuous at
each point in Y.

If A is a continuous linear functional on C(Y"), then

(99.6) )\(/X<I>du) :/XA(CP) dp.

Note that A\(®) is a continuous real or complex-valued function on X when
® : X — C(Y) is continuous, so that the right side of the equation is well-
defined. If )\ is represented by a regular Borel measure v with compact support
on Y, then (99.6) reduces to

(99.7) //(ﬁxydu dv(y //¢xydu ) dp(x).

One can also check that
(99.8) NK(/ @du) g/ Ny (@) djul
X X

for each compact set K C Y.

If Y is compact, then C(Y') is a Banach space, and this discussion of the
integral of a continuous function with values in C(Y') is consistent with the
one in Section 95. Otherwise, the restriction of continuous functions on Y to
a nonempty compact set K C Y defines a continuous linear mapping from
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C(Y) into C(K), where C(K) is equipped with the supremum norm. Thus
continuous mappings into C(Y) lead to continuous mappings into C(K) by
composition. This is a convenient way to compare functions with values in
C(Y') with functions with values in a Banach space, as in Section 95.

Let G be a locally compact topological group. It is easy to see that the usual
right and left translation operators on C'(G) are continuous with respect to the
topology determined by the supremum seminorms on compact sets. The right
and left regular representations of G on C(G) are also continuous with respect
to the analogue of the strong operator topology on C(G) in this context, in
the sense that a — L,(f), Ro(f) are continuous mappings from G into C(G) for
each continuous function f on G, as in Section 62. Convolutions of regular Borel
measures with compact support on G and continuous functions on G may be
considered as convolutions associated to the regular representations on C(G),
as in the previous sections.

100 Bounded continuous functions

Let Y be a locally compact Hausdorff topological space, and let Cy,(Y') be the
space of bounded continuous real or complex-valued functions on Y. Of course,
this is the same as the space C(Y") of all continuous functions on Y when Y is
compact. It is well known that C,(Y') is a Banach space with respect to the
supremum norm

(1001) ”f”sup = b11p{|f(y)| HEAS Y}

The space Co(Y) of continuous functions on Y that vanish at infinity is a closed
linear subspace of Cy(Y).

Suppose that 4 is a positive Borel measure on Y such that u(K) < oo when
K CY is compact and u(U) > 0 when U C Y is nonempty and open. This
implies that the essential supremum norm of a bounded continuous function b
on Y with respect to p is the same as the supremum norm. This is also the same
as the operator norm of the multiplication operator associated to b on LP(Y),
1 < p < oco. In particular, the multiplication operators on LP(Y") associated to
bounded continuous functions form a closed linear subspace of the space of all
bounded linear operators on LP(Y") with respect to the operator norm.

One can also consider multiplication by b € Cy(Y) as a bounded linear
operator on Cy(Y) or Cp(Y), whose operator norm is again equal to [|b]|sup. If
T is a bounded linear operator on Cy(Y) that commutes with multiplication
operators, then

(100.2) T(f)=T)f

for every f € Cp(Y), so that T is a multiplication operator too. Similarly,
one can show that a bounded linear operator T' on Cy(Y") that commutes with
multiplication operators is a multiplication operator as well.

If {b;}32, is a uniformly bounded sequence of continuous functions on Y’
that converges uniformly on compact subsets of Y to a function b, then b is also
a bounded continuous function on Y. It is easy to check that the corresponding
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sequence of multiplication operators on Cy(Y) converges to the multiplication
operator associated to b in the strong operator topology. More precisely, the
topology on a bounded set E C Cy(Y) with respect to the supremum norm
induced by the strong operator topology on the corresponding multiplication
operators on Cy(Y") is the same as the topology induced on E by the topology on
C(Y) described in the previous section. However, the strong operator topology
on multiplication operators on C,(Y) is the same as the topology determined
by the operator norm, because of the way that a multiplication operator 1" on
Cy(Y) is determined by T'(1).

Let X be another topological space, and let ¢(z,y) be a continuous real or
complex-valued function on X X Y with respect to the product topology. Thus
¢(x,y) determines a continuous mapping ® : X — C(Y) as in the previous
section, where the value of ®(x) at y € Y is ¢(x,y). Suppose that ¢(x,y)
is uniformly bounded in y for each x € X, which is the same as saying that
®(z) € Cp(Y). This does not necessarily mean that ® is a continuous mapping
from X into C,(Y) with respect to the supremum norm, unless Y is compact.

Observe that

(100.3) 1@ ()| sup = sup{|¢(z, y)| : y € Y}

is lower semicontinuous as a function of x under these conditions. This is because
(100.4) 2 (@) sup >t

if and only if |¢(z,y)| > ¢ for some y € Y, in which case |¢p(w,y)| > ¢ for w in a
neighborhood of . Thus (100.4) implies that ||®(w)||sup > ¢ on a neighborhood
of z, as desired.

Suppose that X is a locally compact Hausdorff space, and that p is a real or
complex regular Borel measure on X, as appropriate. The lower semicontinuity
of ||®(z)||sup implies that it is Borel measurable, and we would like to ask now
that it also be integrable with respect to |u|. If ¢(x,y) is uniformly bounded in
x and y, then this follows from the finiteness of |u|(X). Under this integrability
condition, we can define the integral of ® with respect to p pointwise on Y, as
in (99.5). The resulting function on Y is uniformly bounded, with supremum
norm less than or equal to the integral of ||®(z)||sup With respect to |ul, as usual.

If ®: X — Cy(Y) is continuous with respect to the supremum norm, then
the integral of ® can be defined as in Section 95, and it is easy to see that this is
consistent with the pointwise definition. Otherwise, one can restrict functions on
Y to a compact set K C Y, to get a continuous mapping from X into C(K), to
which the discussion in Section 95 can be applied. Alternatively, if the support
of u is compact, then the remarks in the previous section are applicable. The
integral of ® over X can be approximated by integrals of ® over compact subsets
of X under the integrability condition in the preceding paragraph, where the
remainder has small supremum norm on Y. In particular, the integral of ® with
respect to u determines a continuous function on Y under these conditions.

Let G be a locally compact topological group. The right and left regular
representations of G on Cy,(G) are uniformly bounded, and they are continuous
with respect to the strong operator topology associated to the topology on C(G)
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described in the previous section. Continuity in the strong operator topology
associated to the supremum norm on Cy(G) requires uniform continuity of the
functions on which the regular representations act. Convolution of a finite
regular Borel measure on G with a bounded continuous function can be seen as
an integral of translates of the function in the sense of the preceding paragraphs.

101 Discrete sets and groups

Let X be a discrete set, which is to say a set with the discrete topology. In
practice, one might be especially interested in the case where X has only finitely
or countably many elements. We also take X to be equipped with counting
measure, so that integrals on X are reduced to sums. This can be handled
directly, as follows.

If f(x) is a nonnegative real-valued function on X, then

(101.1) > fx)

zeX

can be defined as the supremum of the subsums

(101.2) > fa)

zeE

over all finite subsets E of X. This is interpreted as being +oc when the finite
sums are unbounded. We say that f is summable on X when the subsums
(101.2) are bounded, so that (101.1) is finite. If f, g are nonnegative real-
valued summable functions on X and a, b are nonnegative real numbers, then
it is easy to see that a f + b g is summable too, and that

(101.3) > (af(@)+bgl@) =ad fla)+b) g(x).

reX rzeX rzeX

If f is a real or complex-valued function on X, then f is said to be summable
on X when |f| is summable on X. The sum (101.1) of a summable real or
complex-valued function f on X can be defined by first expressing f as a linear
combination of nonnegative real-valued summable functions and then applying
the previous definition to those functions. Note that linear combinations of
summable real or complex-valued functions on X are summable, and that the
sum (101.1) is linear in f over the real or complex numbers.

Because X is discrete, the support of a function f on X is simply the set of
x € X such that f(z) # 0. If f has finite support, then f is obviously summable,
and (101.1) reduces to a finite sum. The support of any summable function on
X has only finitely or countably many elements, and the sum (101.1) can be
identified with an infinite series when f has infinite support. Summability of
the function corresponds to absolute convergence of the series, which implies
that the sum is invariant under rearrangements.
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Suppose now that (V, ||v]|v) is a real or complex Banach space, and that f is
a V-valued function on X. Under these conditions, we say that f is summable
on X if || f(z)||v is summable as a nonnegative real-valued function on X. Let
?1(X,V) be the space of V-valued summable functions on X. It is easy to see
that this is a vector space over the real or complex numbers, as appropriate,
and that
(101.4) 1l = e ey = 32 17 @)l

reX

defines a norm on ¢!(X, V). One can also use completeness of V to show that
(1(X,V) is a Banach space with respect to this norm.

If f is a summable V-valued function on X, then one would like to define
the sum (101.1) as an element of V', and with the property that

(101.5) I @], < X 1@
zeX

zeX

If f has finite support, then (101.1) reduces to a finite sum, and (101.5) follows
from the triangle inequality. The collection of V-valued functions with finite
support on X is a dense linear subspace of £} (X, V), and this version of the sum
determines a bounded linear mapping from this dense linear subspace into V.
As in Section 9, the completeness of V' implies that there is a unique extension
of this mapping to a bounded linear mapping from ¢! (X, V) into V with norm 1,
which can be used as the definition of (101.1) for any f € ¢}(X, V). In particular,
this approach to the sum can also be used when V = R or C. Alternatively,
the sum can be treated in terms of infinite series, as in the previous paragraph.

If X is a bounded linear functional on V and f is a V-valued summable
function on X, then Ao f is a summable real or complex-valued function on X,
as appropriate, because

(101.6) > @L< Y0 I v I @l < v I lles vy

zeX reX

where ||A||y+ denotes the dual norm of A. Moreover,

(101.7) /\( > f(x)) =Y A(f(@).

rzeX zeX

This is clear when f has finite support, and otherwise one can approximate f
in /1(X,V) by functions with finite support. Note that this discussion of the
sum of a summable V-valued function on X may be considered as a special
case of the integrals in Section 95, since discrete spaces are locally compact and
arbitrary functions on them are continuous.

Now let T' be a discrete group, which is to say a group equipped with the
discrete topology. In practice, one may be especially interested in groups with
only finitely or countably many elements, including finitely-generated groups.
As in Section 63, counting measure on I is obviously invariant under translations
on the right and on the left, and may be used as Haar measure.
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Let (V,||v||v) be a real or complex Banach space, and suppose that p is a
representation of I' by bounded linear operators on V. Because I is discrete, one
need not be concerned with continuity properties of p. Also let f be a summable
real or complex-valued function on I', as appropriate. The restriction of f to
any set £/ C I' is summable as well, and so we get a measure py on I' defined by

(101.8) () = 3 fla).

zeE
As in Section 96, we can define the convolution of iy with v € V' with respect
to p by
(101.9) prxpv =3 f(@)pa(v)

zel

under the summability condition

(101.10) S @) ey < oo.

zel

This summability condition holds for every v € V when

(101.11) Y1 @) lpellop < oo,

zel

where ||pz|lop is the operator norm of p, on V, as usual. In particular, this
condition is satisfied when p is bounded. More precisely, (101.10) says exactly
that f(z) py(v) is a summable V-valued function on I', and so its sum can be
defined as before. Similarly, (101.11) says that f(x) py is a summable BL(V)-
valued function on I', which implies that its sum can be defined as an element
of BL(V) as before.

102 Group algebras

Let G be a group. The corresponding group algebra over the real or complex
numbers consists of formal sums

l
(102.1) > rigs
j=1

where g1,...,91 € G and r1,...,7; € R or C, as appropriate. Addition and
scalar multiplication are defined termwise, so that elements of the group form
a basis of the group algebra as a vector space. Multiplication is defined as a
bilinear extension of group multiplication, which can be given explicitly by the
equation

(102.2) (zl:rj 9) (zn:tk h) = zl:irj tr g i
=1 k=1

j=1k=1
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It follows from associativity of the group operation that multiplication in the
group algebra is associative too. If the group is commutative, then the group
algebra is commutative as well. The identity element of the group is also the
multiplicative identity element of the group algebra.

Suppose that p is a representation of G on a real or complex vector space V.
If V is equipped with a norm, then we may ask that p act by bounded linear
operatorson V. If 22:1 7T; g; is an element of the corresponding real or complex
group algebra, as appropriate, then we get a linear operator on V' defined by

!
(102.3) v = er pg; (V).
j=1

Equivalently, this determines a mapping

l l
(102.4) er gj — er Py,
j=1 j=1

from the group algebra into the space of linear operators on V. It is easy to see
that this mapping is a homomorphism from the group algebra into the algebra
of linear mappings on V' with respect to composition.

Real or complex regular Borel measures on a locally compact group also form
an associative algebra with respect to convolution. Elements of the group may
be identified with Dirac measures on the group, so that linear combinations of
elements of the group are identified with linear combinations of Dirac measures.
With respect to this identification, convolution of these measures is the same
as the previous definition of multiplication. The convolution of a measure with
a representation of the group is also compatible with the mapping described in
the preceding paragraph.

Alternatively, one can consider convolution algebras of integrable functions
with respect to right or left-invariant Haar measure on a locally compact group.
This is basically the same a looking at measures on the group that are absolutely
continuous with respect to right or left-invariant Haar measure. On discrete
groups, this reduces to convolution algebras of summable functions. Summable
functions include functions with finite support as a dense linear subspace, which
can be identified with linear combinations of group elements as before.

Part 111
Self-adjoint linear operators

103 Self-adjoint operators, 2

Let (V,{v,w)) be a real or complex Hilbert space, and let A be a bounded
self-adjoint linear operator on V. Put

(103.1) a(A) = inf{(A(v),v) : v e V,|v| = 1}.
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Thus A — «a(A) I is a nonnegative self-adjoint operator which is not uniformly
strictly positive in the sense of Section 47. Conversely, one can check that «(A) is
uniquely determined by these two conditions. Equivalently, A — A I is uniformly
strictly positive when A € R satisfies A < a(A), while A— X[ is not nonnegative
when A > a(A). As in Section 47, a bounded nonnegative self-adjoint linear
operator on V is invertible if and only if it is uniformly strictly positive. Hence
A — «a(A) I is not invertible, and A — A [ is invertible when A < a(A). If

(103.2) o(A) ={A € R:A— A is not invertible},

then it follows that
(103.3) a(A) = mino(A).
In particular, A > 0 if and only if A + ¢ I is invertible for every ¢ > 0, which is
the same as saying that mino(A) > 0.
Similarly, put

(103.4) B(A) = supl(A(v),0) : v € V, o] = 11,
Note that

(103.5) a(A) < B(A)

and

(103.6) —B(A) = a(—A).

Also,

(103.7) a(rA) =ra(d), B(rA) =rp(A)

for each nonnegative real number r, and

(103.8) a(A+tl)=a(A)+t, BA+tI)=p0(A)+1

for every t € R. Of course,

(103.9) a(l)=p(I) =1,

and if B is another bounded self-adjoint linear operator on V', then
(103.10)  «a(A)+«a(B) <a(A+ B), [(A+ B)<p(A)+ 5(B).
If «(A) = B(A), then one can check that

(103.11) A=a(A)I =p(A)I1,

by reducing to the case where a(A) = B(A) = 0 and applying the Cauchy—
Schwarz inequality as in Section 34.

Observe that
(103.12) o(—A)=—-c(A)={-A: X ea(4)}.

More precisely, this is the same as saying that

(103.13) (—A) — (=N I = —(A— A1)
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is invertible if and only if A — AT is invertible. Using (103.6), we get that
(103.14) B(A) = maxo(A).

It is easy to see that o(r I) = {r} for each r € R. Conversely, if 0(A) = {r} for
some r € R, then a(A) = 5(A) =r,and A =r1.

If V is a complex Hilbert space, A is a bounded self-adjoint linear operator
on V', and X is a complex number with nonzero imaginary part, then A — A1 is
automatically invertible on V. To see this, remember that

(103.15) (A(v),v) e R
for every v € V. This implies that
(103.16) Im((A = XI)(v),v) = (Im ) ||v||?,

and therefore
(103.17) [(A=AD) ()] = [Tm Al [|v]|,

for every v € V. Of course, A — M1 has the same property, which shows that
the kernel of (A — AI)* = A — A1 is trivial. The invertibility of A — AT when
Im X # 0 now follows as in Section 46.

104 Invertibility and compositions

Let V be a real or complex vector space, and let A, B be linear transformations
on V. If A, B are invertible, then so is their composition A o B, and

(104.1) (AoB)'=B"ltoA™l.

Conversely, if A o B is invertible, then A is invertible on the right and B is
invertible on the left, because

(104.2) Ao(Bo(AoB)™')=(AoB)o(AoB)™ ' =1
and similarly
(104.3) (AoB)™'oA)oB=(AoB)'o(AoB)=1.

This is sufficient to imply the invertibility of A, B when V' has finite dimension,
but not when V is infinite-dimensional, as one can see from examples of shift
operators on spaces of sequences of real or complex numbers.

However, if A and B commute, then the invertibility of Ao B does imply the
invertibility of A, B. In this case, A and B commute with Ao B, and hence with
(Ao B)~!. This implies that the one-sided inverses in the previous paragraph
are actually two-sided inverses.

If V is equipped with a norm, then we may be especially interested in
bounded linear operators on V', and operators with bounded inverses. If A, B
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are commuting bounded linear operators on V such that A o B has a bounded
inverse, then the same argument shows that A and B have bounded inverses.

Suppose now that V' is a complex Hilbert space, and that A is a bounded
self-adjoint linear operator on V. Thus

(104.4) (A=A o(A=XI)=(A—ReA)I)>+ (ImN)>*T

for each complex number . Observe that A — (Re\) I is self-adjoint, which
implies that (A — (Re\)I)? is self-adjoint and nonnegative. Hence (104.4) is
uniformly strictly positive when Im A # 0, and is therefore invertible. Because
A — X1 and A — X1 commute, it follows that they are also invertible when
Im X # 0, as in the previous section.

105 A few simple applications

Let (V,{v,w)) be a real or complex Hilbert space, and let A be a bounded
self-adjoint linear operator on V. Note that A? is self-adjoint and nonnegative,
which implies that

(105.1) a(A?%) C [0,00).

We would like to check that

(105.2) a(A%) ={N: e ao(A)}.
The main point is that

(105.3) A2 = NT=(A+ X))o (A—N\I)

for every real number A\. This implies that A% — A2 I is invertible if and only if
A+ AT and A — A\ are invertible, by the remarks in the previous section. Of
course, A+ A I and A — X\ I obviously commute with each other. It follows that
A? — X2 is not invertible if and only if at least one of A+ AI and A — AT is
not invertible. This is exactly the same as (105.2), as desired.

Let us now use this to show that

(105.4) | Allop = max{|A| : A € o(A)}.

Observe that
(105.5) max{|A| : A € 0(4)} = max(—a(4), 8(4)),

since @(A) = mino(A) and B(A) = maxo(A), as in Section 103. The Cauchy—
Schwarz inequality and the definition of the operator norm imply that

(105.6) (A 16(A)] < [|Allop-
If A is nonnegative, then 5(A) = ||Allop, as in Section 34. It is easy to see that

(105.7) B(A%) = || All}

op?
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because

(105.8) (A%(v),v) = (A(v), A(v)) = [|A(v)]]?
for each v € V. Hence
(105.9) max o(A%) = || Al|Z,,

because max o(A?) = 3(A?). Thus (105.2) implies that
2 2.
(105.10) [|All5, = max{\": X € o(A)},

which is the same as (105.4).
Suppose now that A is invertible, and let us determine o(A™1!). In this case,
0¢o(A),0(A71), and we would like to show that

(105.11) c(A™H ={A e a(A)).
This time, we use the identity
(105.12) ATt =0 A)THA -

for each real number A # 0. Because (A A)~! is invertible and commutes with
A — )1, it follows from the remarks in the previous section that A=! — A= I is
invertible if and only if A — AT is invertible. Equivalently, A=! — A~' T is not
invertible if and only if A — A [ is not invertible, which is what we wanted.

In particular, this applies to the situation where A is uniformly strictly
positive. This is the same as saying that a(A4) > 0, and we also have that
A~1 >0, as in Section 47. It is easy to see that

(105.13) 1A lop < a(4) 7,

as in Sections 46 and 47. Using the identification of o(A™!) in the preceding
paragraph, we get that
(105.14) 1A= op = a4)~.

More precisely, |A7|,p = B(A™1) = maxo(A~1) is equal to the reciprocal of
mino(A) = a(A).

106 Polynomials

Let
(106.1) p(z) =anz" 4+ an-1 2Pl h o daz+ao

be a polynomial of degree n with complex coefficients, which is to say that
ag,--.,a, € C and a, # 0. The fundamental theorem of algebra implies that
there are complex numbers a, 21, . .., 2, such that a # 0 and

(106.2) p(z)=a H(z — zj).
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More precisely, z1,...,2, are exactly the zeros of p(z) as a function on the
complex plane, with their appropriate multiplicities, and a is the same as the
leading coefficient a,, of p(z).

Now let V' be a complex vector space, and let T' be a linear transformation
on V. We can define p(T) as a linear transformation on V' by

(106.3) p(T)=a,T"+an 1 T" '+ +a1 T +apl,

where TV is the composition of j T’s, which is interpreted as being the identity
operator I when j = 0. Using (106.2), this is the same as

(106.4) =a H —z 1

where the product represents the composition of the factors T'— z; I. The order
of the factors in the product does not matter, because they commute with each
other. As in Section 104, p(T') is invertible if and only if T' — z; I is invertible
forj=1,...,n

Suppose now that p is a real polynomial, in the sense that the coefficients

ag, . .., ay, are real numbers. This is equivalent to the conditions that

(106.5) p(z) =p(Z)

for each z € C, or that

(106.6) p(z) € R

for every € R. In this case, the zeros of p(z) as a function on C consist of
the real zeros z1,...,x;, the complex zeros (i,..., (- in the upper half plane

Im ¢ > 0, and the complex conjugates of the latter (3,...,(., sothat n =1+27r.
This leads to the expression

T

!
(106.7) =a H T — ;) H (z —Re () + (Im¢x)?)

for x € R.

If V is a real vector space, T is a linear transformation on V, and p is a
real polynomial, then we can define p(T') as a linear transformation on V in the
same way as before. We can also use (106.7) to express p(T') as a product of
commuting factors,

T

l
(106.8)  p(T H —a; 1) [T = Re (i I)? + (Im §)? 1).

k=1

If V is a real or complex Hilbert space, T is a bounded linear operator on V/,
and p is a real polynomial, then

(106.9) p(T") = p(T)".

In particular, p(7T') is self-adjoint when T is self-adjoint and p is real.
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107 Nonnegative real polynomials
Let p be a polynomial with real coefficients such that
(107.1) p(z) >0

for each x € R. In this case, the real roots of p have even multiplicity, and the
fundamental theorem of algebra implies that

l
(107.2) p(x) =a H((w - z;)* +y5)

for some real numbers a, x1,y1, - . ., 21, Y, with a > 0. By expanding the product
of sums into a sum of products, we can express p as

(107.3) p(x) =Y an(x)?,
k=1

where q1,...,qr are also polynomials with real coefficients. If p(xz) > 0 for
every ¢ € R, then y1,...,y # 0, and we can take one of the ¢;’s to be a
nonzero constant. Conversely, a polynomial of the form (107.3) is automatically
nonnegative, and strictly positive when one of the ¢x’s is a nonzero constant.

Here is a more elementary derivation of (107.3), using induction. The base
case concerns constant polynomials, and is clear. If p is a nonnegative real
polynomial of positive degree, then p(z) — oo as |z| — oo, and the minimum
of p on R is attained at some zy € R. This implies that

(107.4) p(x) = (z = 20)* p1(z) + p(zo)

for some nonnegative real polynomial p;(x). More precisely, this uses the fact
that p(x) — p(xo) is a nonnegative real polynomial, so that its root z has even
multiplicity. If the multiplicity is larger than 2, or if p(x) — p(zo) has other
roots, then additional factors can be extracted from p(x) — p(zg), but the main
point is that the degree of p; is strictly less than the degree of p. Hence p; is a
sum of squares by induction, and it follows that p is a sum of squares too. If p
is strictly positive, then p(xg) > 0, and one of the terms can be taken to be the
square of a nonzero constant.

Let V be a real or complex Hilbert space, and let A be a bounded self-adjoint
linear operator on V. If p is a nonnegative real polynomial, then it follows from
(107.3) that p(A) is a sum of squares of self-adjoint operators on V', and hence

(107.5) p(4) > 0.

If p is strictly positive, then
(107.6) p(A)>01

for some 0 > 0, and p(A) is invertible.
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Suppose now that p is a real polynomial which is not identically zero, and
let x1,...,x; be the real roots of p, with their appropriate multiplicity. Thus

l
(107.7) p(z) = tpi(z H T — ),

where p; is a real polynomial with no real roots, and the sign can be chosen
so that py is positive. This uses the fact that a continuous non-vanishing real-
valued function on the real line has constant sign, by the intermediate value
theorem. If A is a bounded self-adjoint linear operator on a real or complex
Hilbert space V, then pi(A) is invertible on V, as in the previous paragraph.
It follows from the remarks in Section 104 that p(A) is invertible if and only if
A —z; 1 is invertible for j =1,..., L

108 Polynomials and operators

Let V be a real or complex Hilbert space, and let A be a bounded self-adjoint
linear operator on V. Also let p be a polynomial with real coefficients, so that
p(A) is self-adjoint on V' as well. We would like to check that

(108.1) o(p(4)) = {p(N) : A € o(A)}.

As in the previous section, p(A) is invertible if and only if A — AT is invertible
for each A € R such that p(A) = 0. Thus p(A4) is not invertible if and only
if A— AT is not invertible for some A € R such that p(\) = 0. Equivalently,
0 € o(p(A)) if and only if p(\) = 0 for some X\ € o(A). If u € R, then we can
apply the preceding statement to p(z) = p(x) — p to get that p € o(p(A)) if and
only if p(A) = p for some A € o(A), which is the same as (108.1).

Note that o(A) is automatically a closed set in the real line, because the set
of A € R such that A — A\ [ is invertible is an open set, as in Section 90. Since
a(p(A)) = mino(p(A4)), as in Section 103, we get that

(108.2) a(p(A)) = min{p(A) : A € 0(A)}.
In particular, p(A) > 0 if and only if p(A\) > 0 for every A € o(A). Similarly,

(108.3) 1p(A)llop = max{[p(M)] : A € o(A)}

by (105.4) applied to p(A).

We can extend these results to real rational functions without poles in o(A),
as follows. Let ¢ be a real polynomial such that g(A) # 0 for every A € o(A).
Thus ¢(A) is an invertible self-adjoint linear operator on V', which implies that
q(A)~! is self-adjoint as well. If p is any real polynomial, then p(A) and
q(A) commute, and so p(A) commutes with q(A)~! too. This implies that
p(A) q(A)~1 is self-adjoint, because the composition of commuting self-adjoint
operators is also self-adjoint.
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Observe that p(A) g(A)~! is invertible if and only if p(A) is invertible, since
q(A)~1! is invertible. Similarly, for each u € R,

(108.4) p(A) q(A)™" = pI = (p(A) — pa(A)) g(A)~

is invertible if and only if p(A4) — pq(A) is invertible. Equivalently, (108.4)
is not invertible exactly when p(A) — pq(A) is not invertible. As before, this
happens if and only if p(A) — p ¢(A) = 0 for some A € o(A), which is the same as
pw=p(\)/q()\). Hence o(p(A)q(A)~1) consists of the real numbers of the form
p(A)/q(X) with A € o(A), which can be used to analyze the operator norm and
nonnegativity of p(A4) ¢(A)~! as in the previous situation.

109 Functional calculus

Let V' be a real or complex Hilbert space, and let A be a bounded self-adjoint
linear operator on V. Thus o(A) is a nonempty compact set in the real line,
and we let C'(0(A)) be the space of continuous real-valued functions on o(A).
Also let P(0(A)) be the linear subspace of C(o(A)) consisting of the restrictions
of real polynomials to 0(A4). The Lebesgue—Stone—Weierstrass theorem implies
that P(o(A)) is dense in C(o(A)) with respect to the supremum norm. Note
that the restriction of a real polynomial p(x) to o(A) uniquely determines p(x)
when o(A) has infinitely many elements. Even if o(A) has only finitely many
elements, p(A) is uniquely determined by the restriction of p to o(A). This is
because p(A) = 0 when p(A\) = 0 for every A € o(A), by (108.3).
It follows that
(109.1) Fo f(A)

defines a linear mapping from P(c(A)) into the vector space of bounded self-
adjoint linear operators on V. Moreover, (109.1) is an isometry with respect to
the supremum norm on P(c(A)) and the operator norm on BL(V'), because of
(108.3). This implies that (109.1) has a unique extension to an isometric linear
embedding of C(o(A)) with the supremum norm into the space of bounded
self-adjoint linear operators on V with the operator norm, as in Section 9. If
f1, fo € C(c(A)), then one can check that this embedding sends their product
to the composition of the corresponding operators f1(A), f2(A) on V, or

(109.2) (f1 f2)(A) = f1(A) f2(4),

because of the analogous statement for polynomials. In particular, if f(z) =
p(x)/q(z), where p, q are real polynomials and g(A) # 0 for each A € o(A), then
7(A) = p(4) g(A) .

If f is a continuous real-valued function on o(A) such that f(\) # 0 for each
A € 0(A), then 1/f is also a continuous function on o(A). It follows that f(A)
is invertible on V, with f(A)~ = (1/f)(A). Conversely, if f(A) is invertible as
a linear operator on V, then f(\) # 0 for every A € o(A). For if f()\g) = 0 for
some \g € o(A), then f can be approximated uniformly on o(A) by polynomials
p such that p(Ao) = 0. As before, p(A) is not invertible when p has this property.
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However, if f(A) is invertible, then any bounded linear operator on V' which is
sufficiently close to f(A) in the operator norm is invertible, as in Section 90.
This is a contradiction, since the operator norm of f(A) — p(A) is equal to the
supremum norm of f — p on o(A).

This implies that

(109.3) o(f(A) ={f(A): Aea(A)}

for every f € C(o(A)). More precisely, 0 € o(f(A)) if and only if f(\) =0
for some A € o(A), by the remarks in the preceding paragraph. Similarly,
w € o(f(A)) if and only if p = f(A) for some A € o(A), by the previous
argument applied to f(z) = f(z) — p. As a consequence, note that

(109.4) a(f(A4)) =min{f(N\) : A € 0(A)},

since a(f(A4)) = mino(f(A)), as in Section 103. In particular, f(A) > 0 if and
only if f(A) > 0 for each A € o(A).

110 Step functions

For each positive integer j, let f; be the continuous piecewise-linear function on
the real line defined by

(110.1) fil) = 0 when z < —277,
= 142z when —277<2<0
1 when z > 0.
Thus
(110.2) 0< fim(@) < f(2) < 1

for every x € R and j > 1, and {fj};";l converges pointwise on R to the step
function f defined by

(110.3) f(z) = 0 whenz <0
= 1 when x> 0.
Moreover,
(110.4) fira(e) < fi(2)* < f(2),
because
(110.5) (1+22)2 =142y 42222 > 1420y

for each x and j.

Let V be a real or complex Hilbert space, and let A be a bounded self-adjoint
linear operator on V. If f;(A) is the self-adjoint operator on V associated to f;
as in the previous section, then

(110.6) 0< f(A) < f(A) <1
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for each j > 1, because of (110.2). As in Section 34, {f;(A)}32, converges in
the strong operator topology to a bounded self-adjoint linear operator P on V'
that satisfies

(110.7) 0<P<I

Basically, this is a way to define f(A), even though f is not continuous on R
and hence perhaps not on o(A).
Similarly, (110.4) implies that

(110.8) Fir1(A) < f3;(A)* < f5(A),

which is the same as

(110.9) (fi+1(A)(v),v) < (f;(A)(v), f;(A)(v)) < (f;(A)(v),v)
for each v € V and j > 1, because f;(A) is self-adjoint. Hence
(110.10) (P(v),v) = (P(v), P(v)),

by the strong convergence of {f;(A)}72; to P. Using the self-adjointness of P
and polarization, we get that

(110.11) (P(v),w) = (P(v), P(w)) = <P2(v),w>

for each v,w € V, which is to say that P? = P. This corresponds to the fact
that f2 = f on R.

Thus P is a bounded self-adjoint projection operator on V, which means
that P is the orthogonal projection of V' onto W = P(V'). More precisely, W
can also be characterized as the kernel of I — P, which makes it clear that W
is closed. Because P is self-adjoint, it is easy to see that the kernel of P is
the same as the orthogonal complement of W. For each v € V|, P(v) € W,
and v — P(v) is in the kernel of P. This shows that P(v) is the same as the
orthogonal projection of v onto W.

111 Composition of functions
Let A be a bounded self-adjoint linear operator on a real or complex Hilbert

space V, let 1 be a continuous real-valued function on o(A), and let ¢ be a
continuous real-valued function on

(111.1) o((A)) = (o(A)).

Thus the composition

(111.2) (9o 9)(x) = d(¢())

of ¢ and v is a continuous real-valued function on o(A4). Let us check that
(111.3) (@0 9)(A) = ¢(¥(A4)),
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where ¢(A) and (¢ o 9)(A) are defined using the functional calculus applied to
A, and ¢(1)(A)) is defined using the functional calculus applied to ¢(A). If ¢ is
a polynomial, then this follows from the fact that the functional calculus is an
algebra homomorphism from continuous functions on ¢(A) into bounded linear
operators on V. If ¢ is an arbitrary continuous function on ¥(o(A)), then ¢
can be approximated by polynomials uniformly on t(c(A)), and one can use
the isometric property of the functional calculus with respect to the supremum
norm to pass to the limit.
As another way to look at this,

(111.4) G porh

defines an algebra homomorphism from C(¥(o(A))) into C(o(A)), which is

also an isometry with respect to the supremum norm. The functional calculus

determines algebra homomorphisms from C(¢(c(A))) and C(c(A)) into BL(V).

The statement in the previous paragraph is equivalent to the identification of

the homomorphism from C(¢(0(A4))) into BL(V) with the composition of the

homomorphisms from C(1(c(A))) into C(c(A)) and from C(o(A)) into BL(V).
For example, let t be a real number, and consider

(111.5) Y(x) =z —t.
Thus ¢(A) = A—tI, and
(111.6) o(A—tl)={N—t: Xeo(A)}.

If ¢(x) is a continuous real-valued function on o(A — ¢ T), then

(111.7) ¢i(x) = ¢z — 1)
is a continuous real-valued function on o(A4), and
(111.8) d1(A) = dp(A—tI).

In particular, we can apply this to the continuous piecewise-linear functions
fj(z) on R described in the previous section. If f;.(x) = f;j(x —t), then we get
that f;+(A) = fj(A—tI). As in Section 110, {f;(A —t1)}32, converges in the
strong operator topology to an orthogonal projection P; on V. This is the same
as saying that {f;:(A)}32; converges strongly to P;.

112 Step functions, continued

Let a, b be real numbers with a < b, and let n be a positive integer. Put
k

(112.1) th=a+~(b—a)
n

for k=0,1,...,n, so that

(112.2) a=tg<t1 <---<tp,=b
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and t — tx—1 = (b — a)/n when k > 1. Consider

n

(112.3) ¢j(x):a+b_a2fj(x—tk),

n
k=1

where f;(x) is as in Section 110.
Let us restrict our attention to sufficiently large j, in the sense that

R -
(112.4) i —
n
If £ > 1, then
(112.5) filw —tx) = 0 whenz <ty
= 1 when x > t;.
Thus
(112.6) ¢j(x) = a whenz <aq,
= b when z > b,
= tr when x = tg,
and
(112.7) te—1 < ¢J(x) <t
when tp_1 <z < tg, k > 1. More precisely,
(112.8) ¢j(x) <
when a < z <b. Hence )
(112.9) 0<z—¢(z) < ;“
on [a,b], and
h—
(112.10) max |¢;(z) — 2 < ——.

a<lz<b

Let A be a bounded self-adjoint linear operator on a real or complex Hilbert
space V' with o(A) C [a,b]. Since ¢;(x) is a continuous real-valued function on
the real line, we get a bounded self-adjoint linear operator ¢;(A) on V as in
Section 109. The estimates in the previous paragraph imply that

(112.11) hj(A) < A
and -
(112.12) 16;(A) = Aflop < —2.

If fjr(z) = fj(x — tx), then f;x(A)}52, converges in the strong operator
topology to an orthogonal projection P, on V, as in the preceding section.

Hence {¢;(A)}72; converges strongly to

(112.13) An:a1+b_a§ Py.
n
k=1
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Of course, t;, and ¢; depend on n as well, but we have suppresed this from the
notation for simplicity. Using (112.12), we also get that

(112.14) [An — Allop < b

113 Algebras of operators

Let V be a real or complex vector space, and let A be an algebra of linear
operators on V' that includes the identity operator I. If A € A and p is a
polynomial with real or complex coefficients, as appropriate, then p(A4) € A.

Suppose that V is a real or complex Hilbert space, and that A is an algebra
of bounded linear operators on V' that contains I and is closed with respect to
the operator norm. If A € A is self-adjoint and f is a continuous real-valued
function on o(A), then f(A) € A. This is because f(A) can be approximated
in the operator norm by polynomials of A, as in Section 109.

If A is closed with respect to the strong operator topology, then A also
contains the orthogonal projections associated to a self-adjoint operator A € A
as in Sections 110 and 111. By construction, these projections were obtained as
strong limits of sequences of continuous functions of A, which are contained in
A as in the preceding paragraph.

If V is complex and A is a *-algebra, then every T' € A can be expressed
as A+ i B, where A, B € A are self-adjoint, as in Section 37. The discussion
in Section 112 implies that A, B can be approximated in the operator norm by
linear combinations of orthogonal projections that are also elements of A. It
follows that every element of A can be approximated in this way.

114 Irreducibility, 2

Let V be a real or complex vector space, and let £ be a collection of linear
transformations on V. A linear subspace W of V is said to be invariant under
& if

(114.1) TW)CwW

for every T € £. Thus V, {0} are automatically invariant under £, and & is
said to be irreducible if these are the only invariant subspaces. Note that this
includes the case of group representations discussed in Section 94, by taking &
to be the collection of operators in the representation. As before, we normally
suppose here that V' is equipped with a norm, and that £ consists of bounded
linear operators on V', and we are only concerned with closed linear subspaces
of V.

If A is the algebra of operators on V' generated by &, then A and £ have
the same invariant subspaces. In particular, A is irreducible if and only if £ is
irreducible. If V is a Hilbert space, £ consists of bounded linear operators on
V,and £ = &, then A* = A, which is to say that A is a x-algebra. Observe
that £ = € when £ consists of the operators in a unitary group representation.
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Suppose that V is equipped with a norm, and that £ consists of bounded
linear transformations on V. It is easy to see that the closure of £ with respect
to the operator norm has the same closed invariant subspaces as £. This also
works for the closure of £ with respect to the strong operator topology. Using
the Hahn—Banach theorem, one can check that this holds for the weak operator
topology too. Of course, one might as well take £ to be a linear subspace of
BL(V), for which the closure in the strong and weak operator topologies is the
same, as in Section 41.

Suppose now that V is a Hilbert space, £ consists of bounded linear operators
onV,and £ = £. If W is a closed linear subspace of V' which is invariant under
£, then the orthogonal complement W+ of W is also invariant under £, as in
Section 45. This implies that the orthogonal projection Py of V onto W is
in the commutant C(£) of €. Conversely, if Py € C(£), then W and W+ are
invariant under €. It follows that £ is irreducible if and only if C(£) does not
contain any orthogonal projections other than the trivial ones corresponding to
W =V, {0}.

As in Section 44, C(€) is a x-subalgebra of BL(V) when £ C BL(V) satisfies
E* = &. Moreover, C(€) is closed with respect to the weak operator topology.
If £ is irreducible, then it follows from the discussion in the previous section
that every self-adjoint operator A € C(£) can be expressed as A = r I for some
r € R. Otherwise, there would be nontrivial orthogonal projections in C(£), and
hence nontrivial invariant subspaces of £. Conversely, if the only self-adjoint
operators in C(£) are multiples of the identity operator, then the only orthogonal
projections in C(€) are I, 0, and & is irreducible.

If V' is complex, then every element of C(€) is a linear combination of self-
adjoint operators in C(£). Under these conditions, £ is irreducible if and only
if C(€) consists of only complex multiples of the identity operator.

The analogous argument does not work in the real case. There are even
counterexamples, as in the next sections.

115 Restriction of scalars

Let V be a complex vector space. We can also consider V' to be a real vector
space, by restricting scalar multiplication to real numbers. Let this real version
of V be denoted V..

Let A be an algebra of linear transformations on V' that contains the identity
operator I. More precisely, A is supposed to be an algebra over the complex
numbers, and so A contains i I too. Complex-linear mappings on V' can also be
considered as real-linear mappings on V., so that A can be seen as an algebra of
linear transformations on V,. as well. If W is a real-linear subspace of V' which
is invariant under A, then W is invariant under ¢ I in particular, and hence is a
complex-linear subspace of V. If A is irreducible as an algebra of complex-linear
transformations on V', then it follows that A is also irreducible as an algebra of
real-linear transformations on V..

If ||v|| is a norm on V with respect to the complex numbers, then ||v|| is also
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a norm on V, with respect to the real numbers. The corresponding metric
(115.1) d(v,w) = ||lv — w|

is the same in either case, and determines the same topology on V. A bounded
complex-linear transformation on V is also a bounded real-linear transformation
on V, with respect to this norm, and the remarks in the previous paragraph can
be applied to algebras of bounded linear mappings and closed linear subspaces.
In particular, the algebra BL(V) of bounded complex-linear mappings on V
may be considered as a subalgebra of the algebra BL(V,.) of bounded real-linear
mappings on V,.. Of course, BL(V) is irreducible as an algebra of operators on
V, and it follows that BL(V) is also irreducible as an algebra of operators on
7
If (v,w) is an inner product on V, then it is easy to see that

(115.2) (v, w)r = Re(v, w)
is an inner product on V,. that determines the same norm
(115.3) loll = (v, 0)"/? = (v, 0),/2.

If T is a bounded complex-linear mapping on V, then the adjoint 7% of T with
respect to (v, w) is the same as the adjoint of T as a bounded real-linear mapping
on V, with respect to (v, w),. Hence the algebra BL(V') of bounded complex-
linear operators on V is also a x-algebra as an algebra of bounded real-linear
operators on V,. Note that complex-linear mappings on V are characterized
among real-linear mappings by the property of commuting with 4 I, so that the
commutant of BL(V) consists of complex multiples of the identity operator,
even as a subalgebra of BL(V,.). By contrast, the commutant of BL(V}.) consists
of real multiples of the identity.

116 Quaternions
A quaternion x may be expressed as
(116.1) r=x1+x2i+x37]+ x4 K|

where 1, x2, x3, x4 are real numbers,

(116.2) i? =42 =k*=—1,
and
(116.3) ij=—ji=F,

which implies that

(116.4) ik=—ki=—j, jhk=—kj=i.
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More precisely, the quaternions H form an associative algebra over the real
numbers which contains the real numbers as a subalgebra. The real number
1 is also the multiplicative identity element for H, and real numbers commute
with arbitrary quaternions. As a vector space over the real numbers, H has
dimension 4, and 1,1, j, k is a basis for H.

The norm of a quaternion (116.1) is defined as usual by

(116.5) o] = (23 + o3 + 2§ + ) 1/2,

If x* =21 — x99 — x3j — x4 k, then it is easy to see that

(116.6) rr* =z r = |z)%
Moreover,
(116.7) (xy) =y "

for every z,y € H. Therefore
(116.8) zyl =y (zy)” =wyy*a* =za” |y|* = |2 |y,

and hence |zy| = |z| |y|.
The standard inner product on H as a real vector space is defined by

(116.9) (T,y) = 7191 +T2Y2 + T3Y3 + T4 Ya-
This is the same as the real parts of z* y, x y*, y2*, and y* x. For each w € H,
(116.10) Ty(x)=wx

is a linear transformation on H as a real vector space whose adjoint with respect
to the standard inner product is equal to Ty,«. We also have that

(116.11) Ty(Tw(z)) =vTw(x) =vwa =Ty,

for every v, w,z € H.

Thus the collection of linear transformations T,,, w € H, is a *-algebra of
operators on H, since Ty, + Ty, = Ty4w. Note that each nonzero quaternion x
is invertible in H, with =1 = 2*/|2|?. This implies that the algebra of T,,’s is
irreducible on H. The commutant of this algebra consists of the linear operators
of the form z — x 2z, z € H.

117 Real x-algebras

Let V be a real Hilbert space, and let B be a x-algebra of bounded linear
operators on V that contains the identity I. Suppose that every self-adjoint
operator in B is of the form r I for some r € R. In particular, this happens
when B is the commutant of an irreducible x-algebra of bounded linear operators
on V. Every bounded linear operator 7" on V can be expressed as T +715, where
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T, = (T+T%)/2 is self-adjoint and Ty = (T'—T*)/2 is anti-self-adjoint. If T € B,
then T* € B, and so T1,T> € B too. By hypothesis, 71 = r I for some r € R,
and we would like to know more about T5. If A is any bounded anti-self-adjoint
linear operator on V, then A? is self-adjoint, and moreover A? < 0, because

(117.1) (A%(v),v) = —(A(v), A(v)) = ~[A@)|I* <0

for every v € V. If A € B, then A% € B, and it follows that A% = ¢ I for some
¢ € R with ¢ < 0. Note that 4?2 = 0 implies that A = 0, by the previous
computation. Thus ¢ < 0 when A # 0.

If R, T are bounded linear operators on V, then RT* 4+ T R* is self-adjoint,
and is therefore a multiple of the identity when R, T € B. Let (R,T) be the
real number defined by

RT* +TR*
(117.2) (R,T)I = +

when R,T € B. One can check that this is an inner product on B, for which
the anti-self-adjoint elements of B are orthogonal to I, and (I,I) = 1. More
precisely, (T',T) > 0 because TT*,T*T > 0 as self-adjoint linear operators, and
(T, T) = 0 implies that T'T* = T*T = 0, which implies that 7" = 0.

If A, B are anti-self-adjoint elements of B, then (A, B) = 0 if and only if

(117.3) AB=-BA.
This implies that C = A B € B is anti-self-adjoint as well, and that
(117.4) AC=-CA, BC=-CB.

Thus (A4,C) = (B,C) = 0. Also, C? = —A? B?, so that C # 0 when A, B # 0.
If T € B is anti-self-adjoint and orthogonal to A and B, then

(117.5) AT=-TA and BT =-TB,

which implies that
(117.6) CT=TC.

If T is also orthogonal to C, then

(117.7) CT=-TC,
and hence
(117.8) CT=0.

If C' # 0, then C? is a nonzero multiple of the identity, so that C' is invertible,
and
(117.9) T=0.

Of course, it may be that every element of B is a multiple of the identity. If
the linear subspace of B consisting of anti-self-adjoint operators has dimension 1,
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then B is isomorphic to the complex numbers as an algebra over R. Otherwise,
suppose that B contains two linearly independent anti-self-adjoint operators A,
B. Without loss of generality, we may suppose that (A, B) = 0. As in the
previous paragraph, C' = A B € B is nonzero, anti-self-adjoint, and orthogonal
to A and B. Moreover, every anti-self-adjoint element of B orthogonal to A, B,
and C is equal to 0. Thus the anti-self-adjoint elements of B are spanned by
A, B, and C, which means that B is spanned by A, B, C, and I. One can also
normalize A, B so that A? = B? = —I, which implies that C? = —1I. It follows
that B is isomorphic to the quaternions as an algebra over R in this case.

118 Another approach

Let V' be a real or complex Hilbert space, and let A be a bounded self-adjoint
linear operator on V. If 0(A) contains only one element, then a(A) = 5(A4),
and A is a multiple of the identity operator on V. Otherwise, 0(A) has at least
two elements, and there are continuous real-valued functions fi, fo that are not
identically 0 on o(A) and satisfy

(118.1) fi(A) f2(A) =0
for every A € o(A). This implies that fi1(A), f2(A) # 0 and
(118.2) f1(A) f2(A4) =0,

so that the kernel of f1(A) is a nontrivial proper closed linear subspace of V.

Suppose that T is a bounded linear operator on V' that commutes with A.
Thus T commutes with p(A) for any polynomial p with real coefficients. If f is
a continuous real-valued function on o(A), then T commutes with f(A) as well,
since f(A) can be approximated by polynomials of A in the operator norm. In
particular, T commutes with f;(A), which implies that the kernel of fi(A) is
invariant under 7. If £ is a collection of bounded linear operators on V' and
A € C(E), then it follows that the kernel of fi(A) is invariant under €.

If £ is an irreducible collection of bounded linear operators on V and A is a
bounded self-adjoint linear operator on V in the commutant of £, then we may
conclude that A = r I for some r € R, as before. Of course, this is especially
interesting when £* = &£, so that C(€) is a x-algebra, and hence contains the
self-adjoint parts of its elements.

If V has finite dimension, and A is a self-adjoint linear transformation on
V, then A is diagonalizable. If A is not a multiple of the identity, then the
kernel of A — A1 is a proper nontrivial linear subspace of V' for some A € R.
This does not necessarily work in infinite dimensions, since there are self-adjoint
multiplication operators A such that the kernel of A — AT is always trivial.

119 Finite dimensions

Let V be a vector space over the real or complex numbers, let T' be a linear
transformation on V, and let W be the kernel of T. If R is another linear
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transformation on V' that commutes with T, then it is easy to check that
(119.1) R(W)CW.

Similarly, if Z =T(V), then R(Z) C Z. If V is equipped with a norm and T is
a bounded linear transformation on V', then W is automatically a closed linear
subspace of V, but T'(V) may not be. In this case, it is better to take Z to be
the closure of T'(V'), and we still have R(Z) C Z when R € BL(V) commutes
with T

If € is a collection of linear transformations on V, and T' € C(£), then W
and Z are invariant under £. If £ is irreducible, then it follows that W =V or
W = {0} and Z =V or {0}. More precisely, W = {0} if and only if Z = {0},
and so either W = Z = {0} or W = Z = V. If V has finite dimension, then
we can simply say that T'= 0 or T is invertible on V. Otherwise, irreducibility
is normally defined in terms of closed linear subspaces of V', and we get that
T =0 or T is one-to-one and T'(V) is dense in V.

Suppose that V' is a finite-dimensional complex vector space, and let T" be a
linear mapping on V. It is well known that there is a A\g € C such that T'— \g I
has a nontrivial kernel, because the determinant of 7' — A I is a polynomial in
A and thus has a root. If £ is an irreducible collection of linear transformations
onVand T € C(£), then T — A1 € C(E) for each A € C, and hence T = Ao I.

Now suppose that V is a finite-dimensional real vector space. If £ is an
irreducible collection of linear transformations on V', then every nonzero element
of C(€) is invertible as a linear mapping on V. It is easy to check that the
inverse of an invertible element of C(£) is also an element of C(£). Of course,
the dimension of C(£) as a real vector space is less than or equal to the dimension
of the algebra of all linear transformations on V', which is equal to the square
of the dimension of V. Thus C(€) is a finite-dimensional division algebra over
the real numbers, and is therefore isomorphic as an abstract algebra over R to
the real numbers, the complex numbers, or the quaternions, by a well-known
theorem in algebra.

120 Multiplication operators, 3

Let (X,u) be a o-finite measure space, and let b be a bounded measurable
function on X. As in Section 25, the corresponding multiplication operator Mj
is bounded on LP(X) for 1 < p < oo, with operator norm equal to the L* norm
of b. Let us restrict our attention to the case where p = 2 and b is real-valued,
so that M is a self-adjoint operator on a Hilbert space.

It is easy to see that a(My), B(My) are the essential infimum and supremum
of b on X. Equivalently,

(120.1) a(My) < b(z) < B(Mp)

for almost every x € X, and a(My) is the largest real number for which the first
condition holds, and (M,) is the smallest real number for which the second
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condition holds. In particular,
(120.2) max(—a(My), B(Ms)) = [0l

and M, > 0 as a self-adjoint operator if and only if b(z) > 0 for almost every
x € X. If there is a § > 0 such that

(120.3) b(z)| > 6

for almost every x € X, then 1/b also determines and L* function on X, and
the corresponding multiplication operator is the inverse of M;. Conversely, if
M, has a bounded inverse, then one can check that b satisfies this property for
some ¢ > 0. Similarly, M, — A\ I = M;_) has a bounded inverse for some A € R
if and only if there is a 6 > 0 such that

(120.4) b(x) — A >0

for almost every € X. Thus o(Mj;) consists of the A € R for which there is
no such § > 0, also known as the essential range of b.

Suppose that X is a locally compact Hausdorff topological space, and that u
is a positive Borel measure on X such that u(K) < co when K C X is compact
and p(U) > 0 when U C X is open and nonempty. If b is a bounded continuous
function on X, then the L norm of b is equal to the supremum norm of b, and
a(My), B(My) are equal to the infimum and supremum of b on X. The essential
range of b reduces to the closure of the set b(X) of values of b in R in this case.
If X is compact, then the maximum and minimum of b are attained on X, and
My, is invertible when b(z) # 0 for every x € X. Hence My — Al = M,_) is not
invertible exactly when b(z) = A for some z € X, so that o(Mp) = b(X).

If f is a polynomial with real coeflicients, then

(120.5) f(My) = My).

This also works for continuous real-valued functions f on the essential range of
b, by suitable approximation arguments. It is easy to check directly that

(120.6) [[f oblloc = max{|f(N)|: A € o(Ms)}
and
(120.7) o(f(My)) = f(o(Mp)).

If b is a bounded continuous function on a locally compact Hausdorff space X,
as in the preceding paragraph, then f(b) is also a bounded continuous function
on X.

121 Measures

Let A be a bounded self-adjoint linear operator on a real or complex Hilbert
space (V, (v,w)). If f is a continuous real-valued function on o(A) and v € V,
then we put

(121.1) Ly(f) = (f(A)(v),v).



Thus L, is a linear functional on C(c(A4)), and

(1212) L)) < F(A)llop [0]2 = max{If ()] : X € o(A)} o]
If f>0on o(A), then f(A) > 0, and hence

(121.3) L,(f)>0.

The Riesz representation theorem implies that there is a unique positive
Borel measure p,, on o(A) such that

(121.4) Ly(f) = /(A) JN) dpo (N)

for every f € C(0(A)). Remember that f(A) = I when f =1, and so
(121.5) o(0(A)) = Lo(1) = [lv]|*.

In particular, the dual norm of L, as a bounded linear functional on C(c(A))
with respect to the supremum norm is equal to ||v||?. If f € C(0(A)), then
f2 >0, and in fact

(121.6) Lo(f?) = (f(A) (), F(A) () = [IF(A) ()],

because f(A) is self-adjoint. Equivalently,

(120.7) [ fi(A)(v) = f2(A)()]* = / (f1(A) = f2(N)? dpu(N)

o(A)

for every f1, fo € C(c(A4)).

Suppose that p is a positive finite Borel measure with compact support on
the real line, and consider the Hilbert space L?(y), with the standard inner
product defined by integration. By hypothesis, b(z) = x is bounded on the
support of u, and so the corresponding multiplication operator M} is bounded
on L2(u). This operator is also self-adjoint, since b is real-valued, with o (M)
equal to the support of u. If f is a continuous real-valued function on the
support of p, then f(Mp) reduces to multiplication by f(b(x)) = f(x), as in the
previous section. In this case, du, = |v|? du for each v € L?(p).

If b is a bounded measurable real-valued function on a o-finite measure
space (X, u), then the situation is a bit more complicated. The main point
is to transform integrals on X to integrals on the essential range of b. Each
continuous real-valued function f on the essential range of b leads to a bounded
measurable function f(b(z)) on X. If v € L*(X), then |v|? dy is a finite measure
on X, and f(b(z)) is integrable with respect to this measure. This integral can
also be expressed as the integral of f times a positive Borel measure on the
essential range of b, and this measure is the same as .
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122 Measures, 2

Let A be a bounded self-adjoint linear operator on a real or complex Hilbert
space (V, (v, w)) again, as in the previous section. If f is a continuous real-valued
function on ¢(A4) and v, w € V, then we put

(122.1) Lv,w(f) = <f(A)(U)a w>

Thus L, ,, is a real-linear mapping from C(c(A)) into R or C, depending on
whether V' is a real or complex Hilbert space, and

(122.2) [ Lo (/)] < [ f (Alop 0] 1w]] = max{[f(N)] : A € o(A)} o] [|w]-

The Riesz representation theorem implies that there is a unique real or complex
Borel measure fi, 4, on o(A), as appropriate, such that

(122.3) Lyw(f) = /(A) JN) dpio,w ()

for every f € C(0(A)). Clearly L, , = Ly, and so0 pty, = fty. Using polarization
identities, L, ., can be expressed as a linear combination of L.’s for suitable
z € V. Similarly, ., can be expressed as a linear combination of p,’s.

123 Complex-valued functions

Let (V, (v, w)) be a complex Hilbert space, and let A be a bounded self-adjoint
linear operator on V. If f is a continuous complex-valued function on o(A),
then f can be expressed as f = f1 + i fo, where f1, fo are continuous real-
valued functions on o(A). In this case, we can define f(A) by

(123.1) f(A) = f1(A) + i f2(A).

This is a bounded linear operator on V', whose adjoint is given by
(123.2) FA)" = fi(A) =i fo(A) = f(A).

Thus

(123.3) FA) f(A) = f1(A) + f2(4)* = [ f*(A).

Because | f|? is a continuous real-valued function on o(A), we have that
(123.4) 11£12(A)]lop = max{|f(A)* : X € o(A)}.

This implies that

(123.5) 1 (A)llop = max{[f(A)] : A € a(A)},

since || f(A)[1Z, = I/ (A)* f(A)]lop, by the C* identity. As in the previous section,
Lyw(f) = (f(A)(v), w) defines a linear functional on the space of continuous
complex-valued functions on o(A), and satisfies

(123.6) | Lo (f)] < max{|f(N)] : A € a(A)} [[o]| [Jw]].

127



Similarly,
(123.7)  [f(A) )]

A ©), FA)®) = A (FA)w)), v)
= L(fP) = / PO i (),
o(A)

as in Section 121.

124 Pointwise convergence

Let A be a bounded self-adjoint linear operator on a real or complex Hilbert
space (V, (v, w)), and suppose that {f; 321 is a uniformly bounded sequence
of continuous real-valued functions on o(A) that converges pointwise to a real-
valued function f on o(A). Thus f is bounded and Borel measurable, and the
dominated convergence theorem implies that

(124'1) Jlirgo<fj (A) (U)a w> = ) f()‘) dﬂv,w()‘)

for every v,w € V. Hence {f; (A)}52, converges in the weak operator topology

to a bounded self-adjoint linear operator on V' that might be denoted f(A).
Equivalently, f(A) may be defined by

(124.2) (f(A)(v), w) = " F) dpo -

Using (121.7), one can show that {f;(A)}32; converges to f(A) in the strong
operator topology. More precisely, the dominated convergence theorem implies
that

(124.3) fim (A)(fj(A) — F()? dpu () =0

for each v € V. Hence

(1244)  [[£5(A)(v) = fe(A)I* = / (fiN) = fr(N)? dpo(X) — 0

o(A4)

as j, k — oo, so that {f;(A)(v)}52, is a Cauchy sequence in V' which therefore

converges. Of course, the limit is the same as the weak limit f(A)(v).

125 Borel functions

Let A be a bounded self-adjoint linear operator on a real or complex Hilbert
space (V, (v,w)), and let f be a bounded real-valued Borel measurable function
on o(A). There is a unique bounded self-adjoint linear operator f(A) on V such
that

(125.1) {(F(A)(v),w) = FON) dp,w(X)
o(A)
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for every v,w € V. Observe that L, , is linear in v and either linear or
conjugate-linear in w, depending on whether V is real or complex. Hence [ty
is also linear in v and linear or conjugate-linear in w, as appropriate. Similarly,
Lw,o 1S equal to f, 4, in the real case and to i, ., in the complex case, by the
corresponding properties of L,, ,,. Moreover,

(125.2) F) dpo,w(N)| < sup{|f(N)] = A € a(A)} o] [|w]]

a(A)

for every v, w € V, so that

(125.3) £ (A)llop < sup{[f(A)] : A € o(A)}.
If f(A) > 0 for every A € o(A), then f(A) > 0.

126 Approximations

Let A be a bounded self-adjoint linear operator on a real or complex Hilbert
space (V, (v,w)), and let f be a bounded real-valued Borel measurable function

on o(A). Also let vi,w1,..., v, w, €V be given, so that
(1261) n= Z |M'thl|
=1

is a positive Borel measure on o(A). For each € > 0, there is a continuous
real-valued function g on o(A) such that

(126.2) W(Dh € 0(A): 1) £ g0} < e
and
(126.3) max{|g(\)|: A € 0(A)} <sup{|f(N)]|: X €c(A4)}.

This is a well known theorem in measure theory, which implies that

(126.4) zn:
=1

/ ) ditng oy (V) — / 9N ity (M)
a(A) a(A)

< § / ) = gl )
< 2 sup{|f(N)] : A € o(A)}.

In particular, f(A) can be approximated by continuous functions of A in the
weak operator topology, since

n

(126.5) Y [(f(A)(wr), wi) = (g(A)(wn), wn)| < 2€ sup{|f(A)] : A € o (A)}.

=1
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This can also be used to estimate L? norms of f — g. More precisely,

n

(126.6) > / 1 ) = 0OV () < e sup{ S A € o(4)).

=1
This is especially helpful when v; = wj, in which case py,,w, = by, is already
positive.
As an application of this, let us check that

(126.7) FO? duv)l/z ]

P = (

o(A4) o(4)

for every v,w € V. If g is a continuous real-valued function on o(A), then

(126.8)

/(A)g(k) duv,w()‘)‘ = [{g(A)(v),w)| < [lg(A) ()] [lw]]

(], o)™ ol

To get (126.7) from this, one can approximate f by continuous functions g as
before, with n = 2, v1 = wy; = v9 = v, and wy = w. Hence

(126.9) el < ([ o) o

and therefore

(126.10) IFA@I < ( / i )"

Let us apply this to f — g, where ¢ € C(0(A)) approximates f as before,
with v; = w; for [ =1,...,n. Using (126.6), we get that

n

(12610 £ (A) () — g @2 < 3 / ) = 9OV di )
=1 g

1=1
< Adesup{|f(N)|>: A€ a(A)}.

This shows that f(A) can be approximated in the strong operator topology by
continuous functions of A. Using this approximation with n = 1 and v; = v, we
get that

(12612 = ([ | roranw)”

for each v € V, by reducing to the case of continuous functions, for which the
identity was already established. Similarly, if f; and f; are bounded real-valued
Borel measurable functions on o(A), then one can check that

(126.13) (f1 f2)(A) = f1(A) f2(A),

by reducing to the case of continuous functions.
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127 Densities

Let (V, (v, w)) be a real or complex Hilbert space, and let A be a bounded self-
adjoint linear operator on V. Also let f be a continuous real or complex-valued
function on o(A), depending on whether V' is real or complex. Thus

(127.1) [(F(A) (), w)| < [IF (A )] |wl,

by the Cauchy—Schwarz inequality, and so

(1272) |va(,f)| S (/ |f(A)|2 d:uv)l/Q H’LUH

o(A)

It follows that L, . determines a bounded linear functional on L?(u,). The
Riesz representation theorem implies that there is a unique h,, € L?(u,) such
that

(127-3) me(f) = o f()‘) hul()‘) dﬂv(/\)

in the real case, and

(127-4) me(f) = o f()‘) hw()‘) dﬂ?)(A)

in the complex case. Hence dpy v = hyy djty in the real case, and dpiy o = h_wd,uv
in the complex case. Of course, h,, also depends on v, even if that has been
suppressed from the notation.

128 Eigenvalues

Let V be a real or complex vector space, and let A be a linear transformation
on V. A real or complex number A\, as appropriate, is an eigenvalue of A if
there is a v € V such that v # 0 and

(128.1) Av) = Av,

in which case v is an eigenvector of A. Thus X is an eigenvalue of A if and only
if A — A1 has nontrivial kernel. In particular, A — A\ [ is not invertible when A
is an eigenvalue of A, and the converse holds when V has finite dimension. If
v € V is an eigenvector of A with eigenvalue A and p is a polynomial with real
or complex coefficients, as appropriate, then

(128.2) p(A)(v) = p(A)v,

so that v is an eigenvector of p(A) with eigenvalue p(\).
Suppose now that V' is a Hilbert space, and that A is a bounded self-adjoint
linear operator on V. Suppose also that A is an eigenvalue of A, and that v € V'
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is an eigenvector of A associated to A. Note that A € R even when V' is complex,

because _
(128.3) A0,0) = (A@), ) = (v, Aw)) = X {0,0)
implies that A = A when v # 0. Of course, A € o(A), since A — A\ is not

invertible, as in the previous paragraph.
Let f be a continuous real-valued function on o(A). It is easy to see that

(128.4) fA)(v) = f(A)v,

by approximating f by polynomials and applying the earlier statement in that
case. Hence v is an eigenvector of f(A) with eigenvalue f(A). In particular,
f(A) € o(f(A)), as in Section 109.

It follows that

(128.5) Ly(f) = fN) [l0l%,
which means that p, = ||v||? 8, where d is the Dirac measure at A. Similarly,
(128.6) Lyw(f) = f(A) (v, w)

for each w € V, and so py,w = (v,w) dx. If f is a bounded Borel measurable
function on o(A), then we get that

(128.7) (F(A)(0), w) = / o = 1O (o)

for every w € V. Thus (128.4) holds in this case as well.

129 Another limit

Let (V,{v,w)) be a real or complex Hilbert space, and let A be a bounded
self-adjoint linear operator on V. Suppose that

(129.1) 0<A<I,

which implies that ||All,p < 1, as in Section 34. Of course, A™ is also a bounded
self-adjoint linear operator on V for each positive integer n, with

(129.2) A [[op < [ AllG, < 1.

If ||Allop < 1, then {A™}5° , converges to 0 in the operator norm.
Let us check that
(129.3) 0< AT <A™ < T

for each n. If n = 2k is an even integer, then A™ > 0, because
(120.4) (A% (v),0) = (A%(v), A¥(w)) = | A5 (0)]> > 0.
If n =20+ 1 is odd, then

(129.5) (A2 (0),0) = (A(A'(v)), A (v) > 0,
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because A > 0. Moreover,

(129.6) (AP (0),0) = (AFH (0), A'(v)) < [|A ()] 1A' ()],
by the Cauchy—Schwarz inequality, and so

(120.7) (A% (0),0) < | Allop A" ()17 < A (0)[1? = (A% (v), 0),
which shows that A%+1 < A2, Similarly,

(129.8)  (A%*2(v),0) = [[A(A ()] < | Allop (A(A' (0)), A’ (v)),
as in Section 34, and thus

(129.9) (A2F2(v),0) < (A (v), A (v)) = (A% (v), ),

which is the same as A%*2 < A2*+1 This shows that A"t < A" for each n, and
A™ < I because ||A™||,p < 1. Alternatively, (129.1) implies that o(A4) C [0, 1],
and these properties of A™ can be obtained from the fact that

(129.10) o< A"l <A <1

when 0 < X\ < 1.
As in Section 34, it follows that {A™}52, converges in the strong operator
topology to a bounded self-adjoint linear operator P on V such that

(129.11) o<P<I.

We also have that
(129.12) P?=P,

because {47} | is a subsequence of {A"}°°; and hence converges in the
strong operator topology to the same limit. Thus P is the orthogonal projection
of V onto a closed linear subspace W. Similarly, {A"*1}2° | converges to P in
the strong operator topology, and so

(129.13) AP=P.

This implies that W is contained in the kernel of A—1I. If v € V is an eigenvector
of A with eigenvalue 1, then
(129.14) A"(v) =wv

for each n, and hence
(129.15) Pv) =w.

This shows that W is equal to the kernel of A — I.

Note that f,(A) = A" converges pointwise on [0, 1] to the function defined
by f(A) =0 when 0 < A <1 and f(1) = 1. As in Section 124, the dominated
convergence theorem implies that {A"}22; converges in the strong operator
topology to f(A), where the latter is the same as in Section 125. Thus f(A) = P.
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130 Kernels and projections

Let (V, (v,w)) be a real or complex Hilbert space, and let A be a x-algebra of
bounded linear operators on V' that contains the identity operator I. If T' € A,
then T* € A, and hence T*T € A. The kernel of T is obviously contained in
the kernel of T* T, and in fact the two are the same, because

(130.1) (1" T)(v),0) = (T(v), T(v)) = IT(v)|>

Suppose also that | T||op < 1, which can always be arranged by multiplying T’
by a positive real number, without affecting the kernel of T.

Consider A = —T*T € A. This is a bounded self-adjoint linear operator
on V which satisfies 0 < A < I. As in the previous section, {A"}52 ; converges
in the strong operator topology to the orthogonal projection P of V' onto the
kernel of A — I, which is the same as the kernel of T'. If A is closed with respect
to the strong operator topology, then P € A.

Similarly, if 71, ..., T, € A, then the intersection of their kernels is the same
as the kernel of 7711 +-- -+ T T,,. If P is the orthogonal projection of V' onto
the intersection of the kernels of T7,...,T;, and A is closed with respect to the
strong operator topology, then P € A. Conversely, if P € A is a projection,
then P(V) is equal to the kernel of I — P € A.

Let T be any element of A, and let W be the closure of T(V) in V. This is
a closed linear subspace of V| whose orthogonal complement is the same as the
kernel of T*. If Q is the orthogonal projection of V' onto W+ and A is closed
with respect to the strong operator topology, then @ € A. In this case, I — Q
is the orthogonal projection of V onto W, and I — Q € A.

131 Projections and subspaces

Let (V, (v,w)) be a real or complex Hilbert space, and let P be an orthogonal
projection on V. Thus

(131.1) (P(v),v) = (P(v), P(v)) = || P(v)|

for each v € V. If @) is another orthogonal projection on V', then it follows that
P < @ as self-adjoint linear operators on V if and only if

(131.2) 1Pl < Q)

for every v € V.

Now let W, Z be closed linear subspaces of V, and let Py, Pz be the
orthogonal projections of V onto W, Z, respectively. If W C Z_ then it is easy
to see that Py < Py as self-adjoint linear operators on V. More precisely, if
Y = W+ N Z, and Py is the orthogonal projection of V onto Y, then

(131.3) Pw + Py = Py.
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In particular,
(131.4) ||PZ_PWHop: ”PYHOP

is either 0 or 1. As another approach, one can check that Py = Py Pz when
W C Z, because Z+- C W+, and hence

(131.5) [ Pw (0)[| = [[Pw (Pz(0)) || < [|Pz(v)]l

for each v € V.

Conversely, if Py < Pz, then W C Z. To see this, it suffices to check
that Z+ C W+. Of course, W+, Z* are the kernels of Py, Pz, respectively.
As before, the hypothesis that Py < Pz implies that ||Pw (v)] < ||Pz(v)]| for
each v € V, and hence the kernel of Pz is contained in the kernel of Py, as
desired. Alternatively, if w € W, then Py (w) = w, and so |Pw (w)|| = |Jw].
This implies that |Pz(w)|| = ||w||, since ||Pw(w)|| < ||Pz(w)| by hypothesis
and | Pz(w)|| < ||lw]| for every w € V. Hence w € Z, because ||Pz(w)| < |Jw]|
otherwise.

Suppose that W C Z, and

(131.6) (P (v),v) = (Pz(v),v)
for some v € V, which is the same as
(131.7) [Pw (0)]| = [[Pz(v)]l

If Y = ZNW+, as before, then Py (v) and Py (v) are orthogonal to each other,
and hence
(131.8) 1Pz (@)II* = [1Pw ()II* + | Py (0)]*.

It follows that Py (v) =0, and so Py (v) = Pz (v).

132 Sequences of subspaces

Let (V, (v,w)) be a real or complex Hilbert space, and let Wy, Wa, W3, ... be a
sequence of closed linear subspaces of V' such that

(132.1) W; C Wi

for each j. Thus Ujoil W; is a linear subspace of V, and

(132.2) w=|Jw;,

T

1

J

is a closed linear subspace of V. Also let P; be the orthogonal projection of
V onto Wj, and let P be the orthogonal projection of V' onto W. As in the
previous section,

(132.3) P<P <P
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for each j.
Let us check that
(132.4) lim P;(v) = P(v)

J—0o0
for each v € V, so that {P;}32, converges to P in the strong operator topology.
If v € W, for some I, then Pj(v) = P(v) = v when j > [. This implies
that (132.4) holds for every v € [J;2, W, and hence for every v € W, since
the P;’s have uniformly bounded operator norm. Similarly, if v € W+, then
Pj(v) = P(v) = 0 for each j. Thus (132.4) holds for every v € V, because of
linearity.

Suppose now that Y7,Y5,... is a sequence of closed linear subspaces of V'
such that
(132.5) Vi CY;
for each j, and consider
(132.6) Y=Y
=1

J
If Q;, Q are the orthogonal projections of V' onto Y}, Y, respectively, then
(132.7) Q<Qjp <0

for each j. Again we have that {Q; 521 converges to @ in the strong operator
topology. This can be derived from the previous case applied to W; = le-, SO
that W =Y+, P, =1—Qj, and P = I — Q. Alternatively, one can argue as in
Section 34 that {Q; }‘;‘;1 converges in the strong operator topology to a bounded
self-adjoint linear operator R on V. Because Q? = @Qj for each j, R? = R, and
so R is the orthogonal projection of V' onto a closed linear subspace Z of V. We

also have that
(132.8) Q<R<Q

for each j, by (132.7), which implies that Y C Z C Yj for each j, as in the
previous section. Hence Z C ﬂ;’;l Y; =Y, and therefore Y = Z, as desired.

By contrast, if {P;}32; converges to P in the operator norm, then P; = P
for all but finitely many j, because ||P; — P|lop = 0 or 1 for each j, as in the
previous section. Similarly, if {Q; 521 converges to () in the operator norm,
then @; = @ for all but finitely many j. Of course, it is important that these
are monotone sequences of projections for this argument.

133 Families of subspaces
Let (V, (v,w)) be a real or complex Hilbert space, and let Py be the orthogonal
projection of V' onto a closed linear subspace W of V| as usual. Suppose that £

is a nonempty collection of closed linear subspaces of V' with the property that
if Wq,..., W, are finitely many elements of £, then there is a W € £ such that

(133.1) Uwicw.
=1
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For instance, it may simply be that the closure of the linear span of Wy, ..., W,
is an element of £. This condition implies that (Jy;,c W is a linear subspace of
V', whose closure will be denoted by Z.

Let us check that Pz can be approximated in the strong operator topology
by Pw, W € £. Thus if vy,...,v, are finitely many elements of V', then we
would like to show that there is a W € & such that Pz(v;) is approximated
by Pw(v;), 1 <1 < n. We may as well suppose that v; € Z for each [, since
Py (v) = Pz(v) =0 for every W € £ when v € Z+. Hence Pz(v;) = v for each
I, and we would like to choose W € & such that v; is approximated by Py (v;)
for each [. Equivalently, we would like to choose W € & such that each v; is
approximated by an element of W. This is easy to do, by the definition of Z,
and the hypothesis on £.

Suppose now that &£ is a nonempty collection of closed linear subspaces of
V such that if Y7,...,Y,, are finitely many elements of £;, then

(133.2) (Yieé.
=1

It would also be sufficient to ask that ();_, ¥; contain a subspace of V that is
an element of &£;. If

(133.3) x=[v

then Px can be approximated in the strong operator topology by Py, Y € &;.
This follows from the previous case applied to & = {Y+ : Y € &}, because
Py . =1 — Py for each closed linear subspace Y of V.

Let A be a x-algebra of bounded linear operators on V' that includes the
identity operator, and let & be a nonempty collection of kernels of elements of
A. As in Section 130, the intersection of the kernels of finitely many elements
of A is also the kernel of an element of A. Thus we may as well ask that
the intersection of finitely many elements of £ also be an element of &. If A
is closed with respect to the strong operator topology, then Py € A for each
Y € &1, as in Section 130 again. It follows from the remarks in the previous
paragraph that the orthogonal projection of V' onto the intersection (133.3) is
also contained in A under these conditions.

134 The positive square root

Let (V,{v,w)) be a real or complex Hilbert space, and let A be a bounded
nonnegative self-adjoint linear operator on V. Thus o(4) C [0, ), and

(134.1) flz) =z

is a continuous real-valued function on o(A). If B = f(A) is as in Section 109,
then B is a bounded nonnegative self-adjoint linear operator on V', and

(134.2) B? = A.
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Let us check that B is uniquely determined by these properties.

Suppose that C is a bounded linear operator on V that commutes with A,
so that
(134.3) AC =CA.

It is easy to see that C also commutes with B,
(134.4) BC=CB,

since B can be approximated by polynomials of A. In particular, C' commutes
with A when C? = A, and hence with B too.

Suppose now that C' is nonnegative, self-adjoint, and satisfies C? = A. For
eachv e V|

(134.5) (A(v),v) = (B2(v),0) = (B(v), B@)) = | Bv)|%
and similarly
(134.6) (A(v),0) = |C(v)]*.

Hence A(v) = 0 implies that B(v) = C(v) = 0. Conversely, A(v) = 0 when
B(v) =0 or C(v) = 0, because A = B? = C2.

This shows that A, B, and C have the same kernel, which will be denoted
W. Observe that
(134.7) AW, BWhH), c(wt) c w,

by self-adjointness. If v € W+ and v # 0, then
(134.8) A(v), B(v), C(v) #0,
since v € W. Because of positivity,

(134.9) (B(v),v), (C(v),v) >0,
as in Section 34, and hence

(134.10) (B(v),v) + (C(v),v) > 0.

It follows that B(v) + C(v) # 0, which means that the kernel of B + C' is equal
to W as well.
Using the fact that B and C' commute, we get that

(134.11) (B+C)B-C)=DB*-C*=0.

This implies that B —C = 0 on W+ and hence on V, because B — C maps W+
into itself and B + C is injective on W+, as in the previous paragraph. Thus
B = C, as desired.

As an application, suppose that A; and As are bounded self-adjoint linear
operators on V' that commute with each other. Thus their product A; A, is also
self-adjoint. If A; > 0, then there is a a bounded nonnegative self-adjoint linear
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operator By on V such that B? = A, as before. Moreover, B; commutes with
As, and so

(134.12)  ((A142)(v), v) = ((B1 Az B1)(v),v) = (A3(B1(v)), B1(v))

for every v € V. If As > 0, then it follows that A;As > 0, so that the
product of commuting bounded nonnegative self-adjoint linear operators is also
nonnegative.

Alternatively, if A > 0, then there is a bounded nonnegative self-adjoint
linear operator By on V such that BS = As. Because B; commutes with As,
Bj commutes with By too. Hence B;Bs is self-adjoint and (B Bz)? = A; A,,
which implies that A; A > 0.

135 Positive self-adjoint part

Let (V, (v, w)) be a real or complex Hilbert space, and let T' be a bounded linear
operator on V. As in Section 37, T' can be expressed as A + B, where

T+T*
(135.1) A=t
2
is self-adjoint, and
T-T*
(135.2) B=~—

is anti-self-adjoint. In the complex case, B = i C, where C is self-adjoint. It
follows that
(135.3) (T(v),0) = (A(v), )

for every v € V in the real case, and
(135.4) Re(T'(v),v) = (A(v),v)

in the complex case. If A is uniformly strictly positive, as in Section 47, then
there is a § > 0 such that

(135.5) 8 [[oll* < KT(v),v)| < IT@)] vl],

and hence ||T'(v)|| > ¢ ||v|| for every v € V. Of course, T* = A — B has the same
property, which implies that the kernel of T* is trivial, and that T'(V) is dense
in V. Thus T is invertible on V, as in Section 46.

Suppose that T' commutes with 7, which may be described by saying that
T is normal, at least in the complex case. Using

(135.6) 1T (0)|1> = (T (v), T(v)) = ((T*T)(v),v)
and
(135.7) IT*()[|* = (T T*)(v),v),
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we get that
(135.8) 1T ()| = 1T ()]

for every v € V. Conversely, (135.8) implies that
(135.9) (T T)(v),v) = {(T'T)(v),v)

for every v € V', and hence that T*T =T T*, by polarization. Note that T* T,
TT* are self-adjoint.
Equivalently, T commutes with 7" when A, B commute. This implies that

(135.10) T*T =(A-B)(A+ B) = A*> - B?
and therefore

(135.11) IT@)I* = {(A* = B*)(v),v)
(A(v), A(v)) + (B(v), B(v))
=A@+ 1B)I?,

since B is anti-self-adjoint. If A or B is invertible, then
(135.12) [T = [Ty ()| = &[]l

for some ¢ > 0 and each v € V, and T* satisfies the same condition by (135.8).
It follows that T is invertible, as in Section 46.

By contrast, if T' does not commute with 7%, then T" may not be invertible
even though A and B are invertible. There are counterexamples already for
V = R? or C? with the standard inner product. One can take A to correspond

to a 2 x 2 matrix (“01 ;)2) with a1, a2 € R and a1, as # 0, and B to correspond to

a matrix (_Ob 8) with b € R and b # 0. Thus T corresponds to ( “ ab2), whose

determinant is equal to
(135.13) ay as + b2

This is automatically positive when a1, as have the same sign, but may vanish
when a1, as have opposite sign.

136 Polar decompositions

Let (V,{v,w)) be a real or complex Hilbert space, and let T' be a bounded
linear operator on V. Thus A = T* T is self-adjoint and nonnegative, and has
a nonnegative self-adjoint square root B. Observe that

(136.1) IB(@)|? = (B(v), B(v)) = (B*(v),v) = (T* T)(v),v),
and so
(136.2) |B@)|| =T ()]

for each v € V. In particular, the kernels of B and T are the same.
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It follows that
(136.3) R(B(v)) =T(v)

is a well-defined linear mapping from B(V') into V, and satisfies
(136.4) [R(w)]| = [lwl]

for each w € B(V). As in Section 9, R has a unique extension to an isometric
linear mapping of the closure of B(V) into V. Put R(w) = 0 when w € B(V)*,
so that R is a bounded linear operator on V. Note that B(V)* is equal to the
kernel of B, since B is self-adjoint, which is the same as the kernel of T, as in
the previous paragraph. Hence (136.3) holds for every v € V.

Ift > 0, then Ay, = T*T + t I is self-adjoint, nonnegative, and invertible,
and its nonnegative self-adjoint square root By is invertible as well. Consider

(136.5) R, =TB; .

Observe that
(136.6) RIR =B 'T*TB ' =T"TA ',

because B; and hence B, I commutes with T* T. Thus
(136.7) I—RI R =tA;' >0,

which implies that R} R, < I, and therefore || R||op < 1.

Let us check that R; converges to R ast — 0 in the strong operator topology,
which is to say that
(136.8) }gr(l) Ri(w) = R(w)

for every w € V. If w is in the kernel of T, then w is in the kernel of T*T
too, Ai(w) = tw, and By(w) = t'/2w, as in Section 128. This implies that
B; Y(w) = t~?w, and hence R;(w) = 0, while R(w) = 0, because the kernel
of T is the same as B(V)*. Thus (136.8) holds trivially when w € B(V)=*, and
it remains to verify (136.8) when w € B(V).

Because ||R¢||op < 1 for each t, it suffices to show that (136.8) holds when

w € B(V). If w= B(v) for some v € V, then (136.8) reduces to

(136.9) lim Ry (B(v)) = R(B(v)) = T(v),
or equivalently

(136.10) lim T(B; Y(B(v)) —v) = 0.
This is the same as

(136.11) lim B(B;'(B(v)) —v) =0,

because of (136.2).
Of course, B commutes with B; !, since they are both functions of T* T,
and so

(136.12) BB;'B = B;'B*=B;'T*T
= BN T*T+tI)—tB;' =B, —tB "
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It is easy to see that By — B as t — 0 in the operator norm, by properties of the
functional calculus. The C* identity implies that || B, 1||(2)p = || B; || op, Which is
the same as ||A; '||op, and hence less than or equal to ¢t~ by the definition of
Ay Thus | By Y|op < t~1/2, which implies that ¢ ||B; |, — 0 as t — 0, and
(136.9) follows.

More precisely, this argument also shows that Ry B — RB =T ast — 0
in the operator norm. If T is invertible, then A = T* T is invertible, B = A/2
is invertible, and R = T'B~!. In this case, one can show that B; ' — B; ! as
t — 0 in the operator norm, using basic properties of the functional calculus
again. This implies that Ry — R as t — 0 in the operator norm as well.
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