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Abstract

Some topics related to shift operators are discussed, in connection with
absolute value functions on fields, and norms on vector spaces over such
fields.
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Part 1
Basic notions

1 Vector spaces and linear mappings

Let k£ be a field, and let V', W be vector spaces over k. The space of linear
mappings from V into W will be denoted £(V, W), and is a vector space over
k with respect to pointwise addition and scalar multiplication. If V' = W, then
this space may be denoted £(V'). This is an associative algebra over k, with
composition of linear mappings as multiplication. The identity mapping from V'
into itself may be denoted I or Iy, which is the multiplicative identity element
in L(V).

As usual, a linear functional on V is a linear mapping from V into k, where
k is considered as a one-dimensional vector space over itself. The space of linear
functionals on V' is known as the algebraic dual of V', which may be denoted
Val&, This is the same as £(V, k), using the notation in the preceding paragraph,
and in particular this is a vector space over k. If V has finite dimension, then
it is well known that V2% has the same dimension. A version of this will be
discussed in the next section.

Let W be another vector space over k, and let T' be a linear mapping from
V into W. If A is a linear functional on W, then the composition AoT of A and
T defines a linear functional on V. Put

(1.1) T8(\) = Ao T,
which defines a linear mapping from W## into V&, dual to 7. Note that
(1.2) T +— T8

defines a linear mapping from £(V, W) into L(W?& Val&) If V = W, then we
can apply this to T' = Iy, and it is easy to see that

(13) (Iv)alg = IValg,

the identity mapping on V2,

Let V, W, and Z be vector spaces over k, let T} be a linear mapping from V'
into W, and let T5 be a linear mapping from W into Z, so that the composition
Ty 0T is a linear mapping from V into W. If X is a linear functional on Z, then

(1.4) (To0T1)™8(A) = Ao(TyoTy) = (AoTy)oTy = (T2'8(N))oTy = THE(THE(N)).

This implies that
(1.5) (Ty o Ty)M8 = TM8 o T8



as linear mappings from V3alg into Vlalg . Suppose now that T is a one-to-one lin-
ear mapping from V onto W, and let T~ be the corresponding inverse mapping
from W onto V. Under these conditions, 7?8 is a one-to-one linear mapping
from W& onto V&, with

(16) (1)~ = (1)

as linear mappings from V& onto Wale.
Let V be a vector space over k again, and put

(1.7) Lv()‘) = LV,U()\) = )\(’U)

for each v € V and A € V2. This defines a linear functional on V2 for each
v € V, which is to say an element of (V38)al&. Moreover,

(1.8) v Ly

defines a linear mapping from V into (V28)212. Let W be another vector space
over k, and let T be a linear mapping from V into W, so that T is defined
as a linear mapping from W#8 into V218 as before. If v € V, then Ly, o T is
defined as a linear functional on W28 so that (Ly,, o T%2)(u) is defined as an
element of k for each u € W28, Observe that

(1.9) (Lv,y o T*8)(11) = Ly, (T*2(1)) Lyu(uoT)

= (poT)(v) = u(T(v)) = Lw,pw) (1)

for every v € V and pp € W28 where Ly, is defined as an element of (W?21&)als
for every w € W as in (1.7). Thus

(1.10) L,oT™8 = Ly 1,

as linear functionals on W18 for every v € V. Note that (T*#)2!¢ can be defined
as a linear mapping from (V#8)212 into (Wa8)ale ag before. Using (1.10), we
get that

(1.11) (T*8)™&(Ly,,) = Ly,, o T™& = Ly ()

for each v € V.

2 k-Valued functions

Let k£ be a field, and let X be a nonempty set. The space of k-valued functions
on X will be denoted ¢(X, k), which is a vector space over k with respect to
pointwise addition and scalar multiplication. The support of a k-valued function
f on X is defined by

(2.1) supp f = {z € X : f(z) # 0}.



The space of k-valued functions on X whose support have only finitely many
elements is denoted coo(X, k), and is a linear subspace of ¢(X,k). If y € X,
then 6, = x4 is defined as a k-vaued function on X by

(2.2) Oy(x) =0xy(x) = 1 whenz=y
= 0 when z #y.

Thus d, € coo(X, k) for each y € X, and
(2.3) {0, :ye X}

is a basis for coo(X, k) as a vector space over k. Of course, if X has only finitely
many elements, then coo(X, k) is the same as ¢(X, k).
If f € CO(](X, k), then
(2.4) > f@)
zeX

reduces to a finite sum in &, and thus defines an element of k. The mapping
from f € coo(X, k) to the sum (2.4) defines a linear functional on coo(X, k).

Let g € ¢(X, k) be given. If f € coo(X, k), then the product fg of f and ¢
has finite support in X as well. Thus

(2.5) A(f) =Y fl)g(x)

zeX

defines an element of k, as in the preceding paragraph. Hence (2.5) defines a
linear functional on cyo(X, k). Note that

(2.6) Ag(0y) = g(v)
for every y € X. If A is any linear functional on ¢ (X, k), then we can put
(2.7) 9x(y) = A(dy)

for each y € X. This defines a k-valued function on X, and one can check that
(28) A= )\9)\

as linear functionals on coo(X, k). It follows that g — A, defines a one-to-one
linear mapping from ¢(X, k) onto coo(X, k)28, with inverse given by A — gy.
Similarly, if h € ¢go(X, k), then

(2.9) in(g) = 3 g(@) ()
rzeX

defines a linear functional on ¢(X, k), where the sum on the right side of (2.9)
also reduces to a finite sum in k. The restriction of up to coo(X, k) is the same
as Ap as defined in the preceding paragraph. In particular,

(2.10) pr(0y) = h(y)



for every y € X, so that h — pj defines a one-to-one linear mapping from
coo(X, k) into c(X, k). If f € coo(X, k), then we can define L; as a linear
functional on coo(X, k)& as in (1.7). This linear functional is given by

(2.11) Li(Ag) = Ag(f) = p5(9)

for each g € ¢(X, k), where ), is as in (2.5).

3 Bilateral shift operators

Let k be a field, and let ¢(Z, k) be the space of k-valued mappings from the set
Z of integers into k, as in the previous section. Consider the linear mapping T'
from ¢(Z, k) into itself defined by

(3.1) (TG =1G-1

for every f € ¢(Z,k) and j € Z. This is the standard forward shift operator on
¢(Z, k), which is a one-to-one linear mapping from ¢(Z, k) onto itself. Note that
T maps coo(Z, k) onto itself. The inverse of T is given by

(3.2) (TH NG =G +1)
for each f € ¢(Z,k) and j € Z, which is the standard backward shift operator
on c¢(Z, k).

Let 7" be the Ith power of T as a linear mapping from c¢(Z, k) into itself
with respect to composition for each positive integer I. If [ = 0, then T is
interpreted as being the identity mappping on ¢(Z, k). In this situation, we can
also define 7" for negative integers I, by taking powers of T~! on ¢(Z, k). Thus
T' is defined as a linear mapping on ¢(Z, k) for every integer I, and it is easy to
see that

(3:3) (THMNG) = fG=1)
for every f € ¢(Z,k) and j,l € Z.

Let , = 0z, be the k-valued function defined on Z as in (2.2) for each
n € Z. Observe that

(3.4) (T'(60))(G) = 0n(G — 1) = n1a(4)
for every j,l,n € Z. Thus
(35) Tl(5n) = 5n+l

for every I,n € Z. If A C Z and [ € Z, then let A+ be the subset of Z defined
by
(3.6) A+l={a+1:a€ A}.

Using (3.3), we get that

(3.7) supp T (f) = (supp f) +1



for every f € ¢(Z,k) and | € Z.
If g € ¢(Z, k), then

(3.8) M) = 2 F)90)

defines a linear functional on c¢yo(Z, k), as in (2.5). Observe that
(39) X(T(f) = > fG-Dgli) = D (gl +1) = Ar-r5)(f)

for every f € coo(Z,k) and g € ¢(Z,k). This says that the algebraic dual of
T as a linear mapping from coo(Z, k) into itself corresponds to T-! as a linear
mapping from ¢(Z, k) into itself. This uses the identification of coo(Z, k)& with
¢(Z, k) given by (3.8), as in the previous section. Similarly, if h € coo(Z, k),
then

(3.10) pa(9) = Y 9(i) h(j)

j=—o0

defines a linear functional on ¢(Z, k), as in (2.9). As before, we have that

(3.11) pn(T(g)) = pr-1a)(9)

for every g € ¢(Z,k) and h € coo(Z,k). In this situation, we can identify
coo(Z, k) with a linear subspace of ¢(Z, k)8, using (3.10). With respect to
this identification, the restriction of the algebraic dual of T to this subspace of
c(Z,k)™# corresponds to the restriction of 77! to coo(Z, k), by (3.11).

4 Nonnegative sums

Let f(x) be a nonnegative real-valued function on a nonempty set X. If X has
only finitely many elements, or if f has finite support in X, then the sum

(4.1) > fa)
zeX

can be defined as a nonnegative real number in the usual way. Otherwise, (4.1)
can be defined as a nonnegative extended real number as the supremum of

(4.2) > f)

over all nonempty finite subsets £ of X. If X is the set Z of positive integers,
then (4.1) is the same as

n

(4.3) Zf(j) = supim,



where more precisely the supremum is taken over all positive integers n. Simi-
larly, if X = Z, then (4.1) is the same as

(4.9) i f(5) = sup Z f(j) = sup Z G

L ln>1 n>1 .7
j=—00 - j=—n

Let X be any nonempty set again, and let f, g be nonnegative real-valued
functions on X. If X has only finitely many elements, or if f and g have finite
support in X, then

(4.5) > (f@) + (Zf )+ (X 9@).

One can check that (4.5) holds without these additional conditions, by approx-
imating these sums by finite subsums. This also uses standard conventions for
sums of nonnegative extended real numbers. Similarly,

(4.6) S i@ =ty f@)
rzeX zeX

for every nonnegative real number ¢t when X has finitely many elements, or f has
finite support in X. This also holds without these additional conditions when
t > 0, where the right side is interpreted as being +oco when (4.1) is infinite. If
t = 0, then it is customary to interpret the right side as being 0 even when (4.1)
is infinite.

If f is a nonnegative real-valued function on X and r is a positive real
number, then we put

(4.7) 17 = (3 @)

rzeX

which is interpreted as being +o0o when the sum is infinite. As usual, we can
extend this to r = oo by putting

(4.8) [flloc = sup f(z),
reX
which is defined as a nonnegative extended real number. Observe that

(4.9) [flloe < I1£1l

for every r > 0. If 0 < r; <7y < 00, then we have that

(420) [IFI72 =D f@)= <A™ D fl@)™ = 112 1A < I

zeX zeX

using (4.9) in the last step. This implies that

(4.11) £y < £

when 71 < ry, which also works when o = oo, by (4.9).



If f, g are nonnegative real-valued functions on X and 1 < r < oo, then it
is well known that

(4'12) ||f +g||7' < ||f||7 + HgHT;

by Minkowski’s inequality for sums.. Of course, equality holds trivially when
r = 1, and it is easy to check directly that this inequality also holds when r = oc.
If 0 <r <1, then

(4.13) (a+b)" <a"+b"

for all nonnegative real numbers a, b. This follows from (4.11), with r, = 7,
ro = 1, and where X has exactly two elements. It follows that

S (F(2) + g(a))"

rzeX

> (fl@) +g(@))

zeX

= Y f@+ > 9@ = fl7+ gl

reX zeX

(4.14) I1f +gllr

IN

for all nonnegative real-valued functions f, g on X when 0 < r < 1, using (4.13)
in the second step, and (4.5) in the third step.

5 ¢-Semimetrics

Let X be a set, and let g be a positive real number. A nonnegative real-valued
function d(z,y) defined on X x X is said to be a g-semimetric on X if it satisfies
the following three conditions. First,

(5.1) d(x,z) =0 for every z € X.

Second,

(5.2) d(z,y) =d(y,z) for every z,y € X.

Third,

(5.3) d(z,2)? < d(x,y)?+d(y,2)? for every x,y,z € X.

If we also have that
(5.4) d(z,y) >0

for every x,y € X with & # y, then d(-,-) is said to be a g-metric on X. A
g-semimetric or g-metric with ¢ = 1 is also known as a semimetric or metric, as
appropriate. Note that (5.3) may be reformulated as saying that

(5:5) d(w,2) < (d(z,y)* + d(y, 2))"/

for every z,y,z € X. The right side of (5.5) decreases monotonically in ¢, by
(4.11). This means that the property of being a g-semimetric or a g-metric
becomes more restrictive as ¢ increases.
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A nonnegative real-valued function d(z,y) defined on X x X is said to be a
semi-ultrametric on X if it satisfies (5.1) and (5.2), and also

(5.6) d(z, z) < max(d(z,y),d(y, 2))

for every z,y, z € X. If (5.4) holds as well, then d(-, -) is said to be an ultrametric
on X. Observe that the right side of (5.6) is less than or equal to the right side
of (5.5), so that (5.6) implies (5.5). This means that a semi-ultrametric is a
g-semimetric for each ¢ > 0, and similarly an ultrametric is a g-metric for every
q > 0. Semi-ultrametrics and ultrametrics will be considered as g-semimetrics
and g-metrics with ¢ = oo, respectively.

The discrete metric is defined on any set X by putting d(z,y) equal to 1
when z # y, and equal to 0 when = = y. It is easy to see that this defines an
ultrametric on X. Let d(z,y) be any g-semimetric on a set X, 0 < ¢ < oo, and
let a be a positive real number. Under these conditions, one can check that

(5.7) d(z,,y)*

defines a (¢/a)-semimetric on X. Similarly, if d(x,y) is a g-metric on X, then
(5.7) is a (¢/a)-metric on X.

Let d(-,-) be a g-semimetric on a set X for some ¢ > 0 again. The open ball
in X centered at x € X with radius » > 0 with respect to d(-,-) is defined as
usual by
(5.8) B(z,r) = By(z,r) ={y € X : d(z,y) <r}.

Similarly, the closed ball in X centered at x € X with radius r > 0 with respect
to d(-,-) is defined by

(5.9) B(z,7) = By(z,7) = {y € M : d(z,y) < r}.

Let a be a positive real number, so that (5.7) is a (g/a)-semimetric on X, as
before. If x € X, then
(5.10) By (z,7%) = Bg(z,r)

for every r > 0, and - -
(5.11) Bga(z,r) = Ba(z,7)

for every r > 0.
A subset U of X is said to be an open set with respect to d(-, ) if for every
x € U there is an r > 0 such that

(5.12) B(z,r) C U,

which defines a topology on X. If a is a positive real number, then (5.7) defines a
(¢/a)-metric on X, and the topology determined on X by (5.7) is the same as the
topology determined by d(-,-), because of (5.10). One can verify directly that
the topology determined on X by d(-, -) satisfies many of the same properties as
for ordinary semimetrics, but one can also use the preceding remark to reduce
to that case. In particular, open balls in X with respect to d(-,-) are open sets,
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and closed balls are closed sets. If d(-,-) is a g-metric on X, then it follows that
X is Hausdorff with respect to this topology.

Suppose for the moment that d(-,-) is a semi-ultrametric on X. If z,y € X
satisfy d(x,y) < r for some r > 0, then it is easy to see that

(5.13) B(y,r) C B(z,T).

It follows that
(5.14) B(x,r) = B(y,r)

under these conditions, since we can interchange the roles of z and y. Similarly,
if d(z,y) < r for some r > 0, then

(5.15) B(y,r) C B(x,r),
and hence
(5.16) B(z,r) = B(y,r),

by interchanging the roles of  and y again. Using (5.15), we get that B(z,r)
is an open set in X when r > 0, and one can check that open balls in X are
closed sets in this situation too.

Let dx be a gx-metric on X for some gx > 0. One can define the notions of
Cauchy sequences in X and completeness of X with respect to dx in the usual
way. If a is a positive real number, then dx (-,)* determines the same collection
of Cauchy sequences in X, and the same notion of completeness. Similarly, if Y
is another set, and dy is a gy-metric on Y for some gy > 0, then one can define
the notion of uniform continuity of mappings from X into Y with respect to dx
and dy in the usual way. If a, b are positive real numbers, then dx(-,-)* and
dy (-,+)® determine the same collection of uniformly continuous mappings from
X into Y.

6 ¢-Absolute value functions

Let k be a field, and let ¢ be a positive real number. A nonnegative real-valued
function |z| defined on k is said to be a g-absolute value function on k if it
satisfies the following three conditions. First,

(6.1) |z] =0 if and only if = =0.

More precisely, this means that |z| = 0 as a real number if and only if x = 0 as
an element of k. Second,

(6.2) |zy| = |z||y| for every x,y € k.

Third,

(6.3) |z +yl? <|z|?+ |y|? for every z,y € k.

If these conditions hold with ¢ = 1, then | - | is said to be an absolute value

function on k. It is well known that the standard absolute value functions on
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the fields R and C of real and complex numbers, respectively, are absolute value
functions in this sense.

Using (6.1) and (6.2), one can check that |1| = 1, where the first 1 is the
multiplicative identity element in k, and the second 1 is the multiplicative iden-
tity element in R. If x € k satisfies " = 1 for some positive integer n, then it
follows that |z| = 1, using (6.2) again. In particular, this holds when x = —1,

the additive inverse of 1 in k. This implies in turn that | — y| = |y| for every
y € k, using (6.2). If | - | is a g-absolute value function on k, then we get that
(6.4) d(z,y) =z —y|

defines a g-metric on k.
As in the previous section, (6.3) is equivalent to asking that

(6.5) o+ y| < (|2|7 + [y|)T

for every x,y € k. The right side of (6.5) decreases monotonically in ¢, as in
(4.11), so that the property of being a g-absolute value function becomes more
restrictive as ¢ increases. A nonnegative real-valued function |- | on k is said to
be an ultrametric absolute value function if it satisfies (6.1), (6.2), and

(6.6) |z +y| < max(|z, [y])

for every x,y € k. This implies that |- | is a g-absolute value function on k for
every q > 0, because the right side of (6.6) is less than or equal to the right side
of (6.5). If | - | is an ultrametric absolute value function on k, then (6.4) is an
ultrametric on k. As before, an ultrametric absolute value function on k& may be
considered as a g-absolute value function with ¢ = co. The trivial absolute value
function is defined on any field &k by putting |z| = 1 when 2 # 0 and [0| = 0. It
is easy to see that this defines an ultrametric absolute value function on k, for
which the corresponding ultrametric is the discrete metric.

If | - | is not the trivial absolute value function on k, then there is an x € k
such that = # 0 and |z| # 1. This implies that there are y,z € k such that
0 < |yl < 1and |z| > 1, using z and 1/z. It follows that |y/| = |y|’ — 0 and
|27] = |z|/ — oo as j — oo under these conditions.

If | - | is a g-absolute value function on a field k for some ¢ > 0 and a is a
positive real number, then one can verify that

(6.7) ||

defines a (¢/a)-absolute value function on k. Of course, the (¢/a)-metric on k
associated to (6.7) as in (6.4) is given by

(6.8) |z —y|*.

This corresponds to the g-metric (6.4) associated to |-| on k as in (5.7), so that
many of the remarks in the previous section are applicable in this situation. Let
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|1, | |2 be q1, ga-absolute value functions on k, respectively, for some ¢, g2 > 0.
If there is a positive real number a such that

(6.9) |2 = ||t

for every x € k, then |- |; and | - |2 are said to be equivalent on k.

If p is a prime number, then the p-adic absolute value |z|, is defined on the
field Q of rational numbers as follows. Of course, we put |0[, = 0. Otherwise,
if x is a nonzero rational number, then x can be expressed as p’ (a/b), where
a,b,j € Z,a,b#0, and a, b are not integer multiples of p. In this case, we put

(6.10) x|y =p7,

and one can check that this defines an ultrametric absolute value function on
Q. A famous theorem of Ostrowski implies that every g-absolute value function
on Q is either trivial, or equivalent to the standard absolute value function on
R, or equivalent to the p-adic absolute value function for some prime p.

Let | - | be a g-absolute value function on a field k for some ¢ > 0. If k is
not already complete with respect to the associated g-metric (6.4), then one can
pass to a completion. This leads to a field k; with a g-absolute value function
| - |1, such that kq is complete with respect to the associated g-metric, and an
isomorphism from k onto a subfield of k1. This isomorphism should be isometric
in the sense that |- | on k corresponds to |- |; on the image, which implies that
the associated g-metrics correspond in the same way. The image of k£ should also
be dense in k1, with respect to the g-metric associated to |- |1. This completion
is unique up to isometric isomorphic equivalence. If p is a prime number, then
the completion Q, of Q with respect to the p-adic absolute value function is
known as the field of p-adic numbers.

Let k be a field with a g-absolute value function | - | for some ¢ > 0 again. If
x € kandn € Z, then we let n-x be the sum of n x’s in k. If there are positive
integers n such that |n - 1| is arbitrarily large, then |- | is said to be archimedian
on k. Otherwise, if there is a finite upper bound for |n - 1| with n € Z,, then
| - | is said to be non-archimedian on k. It is easy to see that (n-1) =n’-1in
k for every j,n € Z, so that

(6.11) Ind 1] =|(n-1)/| = |n-1].
If |n- 1| > 1, then it follows that
(6.12) In? 1] =|n-1 = 00 asj — oo,

which means that || is archimedian on k. Equivalently, if |- | is non-archimedian
on k, then it follows that
(6.13) n-1<1

for every n € Z,. Ultrametric absolute value functions satisfy (6.13), and
hence are non-archimedian. Conversely, it is well known that non-archimedian
g-absolute value functions are ultrametric absolute value functions.
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Let | - | be a g-absolute value function on a field k for some ¢ > 0 again.
Observe that
(6.14) {lz|:x € k, z # 0}

is a subgroup of the multiplicative group R of positive real numbers. If 1 is
not a limit point of (6.14) with respect to the standard topology on R, then |- |
is said to be discrete on k. In this case, one can check that (6.14) has no limit
points in R4 with respect to the standard topology on R. However, 0 is a limit
point of (6.14) in R when | - | is nontrivial on k.

In order to be more precise, put

(6.15) p1 =sup{|z|:z €k, |z] < 1}.

Thus 0 < p; < 1 automatically. It is easy to see that p; < 1 if and only if | - |
is discrete on k, and that p; > 0 if and only if | - | is nontrivial on k. If | - |
is discrete and nontrivial on k, then the supremum in (6.15) is attained, and
(6.14) consists of integer powers of py. If | - | is not discrete on k, then one can
verify that (6.14) is dense in R4 with respect to the topology induced by the
standard topology on R.

One can also show that | - | is non-archimedian when | - | is discrete on k.
This is trivial when k has positive characteristic, and so it suffices to consider
the case where k has characteristic 0. In this case, there is a natural embedding
of Q into k, so that |- | induces a discrete g-absolute value function on Q. Using
discreteness, it is easy to see that this induced absolute value function on Q
cannot be equivalent to the standard absolute value function. Ostrowski’s theo-
rem implies that the induced absolute value function on Q is non-archimedian,
and hence that | - | is non-archimedian on k.

Let k be a field with a g-absolute value function | - | for some ¢ > 0, and
suppose that | - | is archimedian on k, and that k is complete with respect to
the corresponding g-metric (6.4). Under these conditions, another theorem of
Ostrowski implies that k is isomorphic to R or C, where | - | corresponds to a
g-absolute value function on R or C that is equivalent to the standard one.

7 @-Seminorms

Let k be a field with a gg-absolute value function for some ¢ > 0, and let V' be
a vector space over k. A nonnegative real-valued function N on V is said to be
a g-seminorm on V for some positive real number ¢ and with respect to |- | on
k if it satisfies the following two conditions. First,

(7.1) N(tv) =[t| N(v) foreveryte€kandveV.
Second,
(7.2) N(v+w)? < Nw)?+ N(w)? for every v,w € V.

Note that the first condition implies that N(0) = 0, by taking ¢t = 0. If we also
have that
(7.3) N(v)>0
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for every v € V with v # 0, then N is said to be a g-norm on V. A g-seminorm
or g-norm with ¢ = 1 is also known as a seminorm or norm, respectively. As
before, (7.2) is equivalent to asking that

(7.4) N(v+w) < (N(v)? + N(w))'/e

for every v,w € V. The right side of (7.4) decreases monotonically in ¢, by
(4.11), so that this condition becomes more restrictive as ¢ increases.

Similarly, a nonnegative real-valued function N on V is said to be a semi-
ultranorm on V with respect to | - | on k if it satisfies (7.1) and

(7.5) N(v+w) <max(N(v), N(w))

for every v,w € V. If N also satisfies (7.3), then N is said to be an ultranorm
on V with respect to | - | on k. The right side of (7.5) is less than or equal
to the right side of (7.4), so that (7.5) implies (7.4). Thus semi-ultranorms
and ultranorms are automatically g-seminorms and g-norms for every ¢ > 0,
respectively. As usual, semi-ultranorms and ultranorms will be considered as
g-seminorms and ¢-norms with ¢ = oo, respectively. If N is a g-seminorm or
g-norm on V for some g > 0, then it is easy to see that

(7.6) d(v,w) =dy(v,w) = N(v —w)

defines a g-semimetric or g-metric on V', as appropriate. Of course, | - | may be
considered as a gi-norm on k, where k is considered as a one-dimensional vector
space over itself.

If N is a g-seminorm on V with respect to | - | on k for some ¢ > 0, and if
N (vg) > 0 for some vg € V, then one can check that | - | has to be a g-absolute
value function on k, using (7.1). More precisely, this is trivial when ¢ < g, and
otherwise one can get the stronger version of the triangle inequality for |- | from
the one for N when ¢ > ¢x. If | | is the trivial absolute value function on k,
then the trivial ultranorm is defined on V' by putting N(0) = 0 and N(v) =1
for every v € V with v # 0. It is easy to see that this defines an ultranorm on
V, for which the corresponding ultrametric as in (7.6) is the discrete metric.

Let |- | be any gi-absolute value function on k for some g, > 0 again. If a is
a positive real number, then |- |* defines a (qi/a)-absolute value function on k,
as in the previous section. Similarly, if N is a g-seminorm or g-norm on V with
respect to | - | on k, then
(7.7) N(v)®
defines a (g/a)-seminorm or (¢/a)-norm on V with respect to |- |* on k, as
appropriate. Of course, the (¢/a)-semimetric or (¢/a)-metric on V associated
to (7.7) as before is the same as the ath power of the g-semimetric or g-metric
on V associated to N, respectively.

‘ a

8 r-Summable functions

Let k be a field with a g-absolute value function | - | for some ¢ > 0, let X be
a nonempty set, and let r be a positive real number. A k-valued function f on
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X is said to be r-summable with respect to |- | on k if |f|” is summable as a
nonnegative real-valued function on X, in the sense that

CRY S @) < oo

zeX

We may also simply say that f is summable on X when this holds with r» = 1,
especially for kK = R or C with the standard absolute value function. Let
{"(X, k) be the space of r-summable k-valued functions on X. If f is any k-
valued function on X, then

(32) 17l = Il = (S 1@r)”"

reX

is defined as a nonnegative extended real number, which is finite exactly when f
is r-summable on X. Similarly, let £°°(X, k) be the space of k-valued functions
f on X that are bounded, which means that |f| is bounded as a nonnegative
real-valued function on X. As before,

(83) 1flloe = 1 fllese (x,1) = sup [ f(@)]
reX

is defined as a nonnegative extended real-number for any k-valued function f
on X, and is finite exactly when f is bounded on X. If 0 < r; <7y < o0, then
we have that

(8.4) £l < 11
for every k-valued function f on X, as in (4.11). It follows that

(8.5) (X, k) C (X, k)

under these conditions, by the definition of ¢ (X, k).
If f is a k-valued function on X, t € k, and ¢ # 0, then it is easy to see that

(8.6) 1t £l = [ f]]r

for every r > 0. This also holds trivially when t = 0 and f € ¢"(X, k), so that
the right side is defined. If g is another k-valued function on X, then we have
that

(8.7) 1+ gllz < I1£17 + llgll
when r < ¢ and r < oo,
(8.8) 1+ gllF < IFIEF+ Nlgll?

when ¢ < r and ¢ < oo, and

(8.9) 1+ 9glloo < max(|[fllco; l9lc)

when ¢ = co. More precisely, (8.7) and (8.8) are the same when r = ¢ < oo,
in which case they can be verified directly from the definitions. Similarly, (8.9)
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corresponds to r = ¢ = oo, and it is easy to check directly. If r < ¢, then
| - | is also an r-absolute value function on k, as in Section 6. This permits
one to obtain (8.7) as in the r = ¢ case. One can get (8.8) using Minkowski’s
inequality for sums, applied to the exponent ¢/r > 1. It follows that ¢"(X, k) is a
vector space over k with respect to pointwise addition and scalar multiplication
for every r > 0, and more precisely ¢"(X, k) is a linear subspace of the space
c(X, k) of all k-valued functions on X. We also get that | f], is an r-norm
on {*(X,k) when r < ¢, and that ||f|, is a ¢-norm on ¢"(X, k) when r > gq.
Of course, the space cgo(X, k) of k-valued functions with finite support on X
is contained in ¢"(X, k) for every r > 0. If r < oo, then one can check that
coo(X, k) is dense in ¢"(X, k) with respect to the r or g-metric associated to
I/, as appropriate. If |- | is the trivial absolute value function on k, then
"(X, k) is equal to coo(X, k) when r < oo, and £°°(X, k) is the same as ¢(X, k).
A k-valued function f on X is said to vanish at infinity if for each € > 0 we
have that
(3.10) (@) < e

for all but finitely many = € X. The space of k-valued functions on X that
vanish at infinity is denoted ¢o(X, k). This is a linear subspace of £*°(X, k),
which is a closed set with respect to the g-metric associated to || f||c. It is easy
to see that

(8.11) (X, k) Cco(X, k)

when 0 < r < 00, and in particular cgo(X, k) is contained in ¢o(X, k). We also
have that coo(X, k) is dense in ¢o(X, k) with respect to the g-metric associated
t0 || f]|co, and the two spaces are the same when | | is the trivial absolute value
function on k.

Suppose now that k is complete with respect to the g-metric associated
to | - |. Using standard arguments, one can check that ¢"(X, k) is complete for
every r > 0, with respect to the r or g-metric associated to || f||,-, as appropriate.
More precisely, if {f;}32, is a Cauchy sequence in £ (X, k) for some r > 0, then
{fi(z)}52, is a Cauchy sequence in k for every x € X. If k is complete, then it
follows that {f;(z)}32, converges to an element f(x) of k for each z € X. One
can verify that f € £"(X, k) under these conditions, and that {f;}52, converges
to f with respect to || - ||

9 Bounded linear mappings

Let k be a field with a gg-absolute value function | - | for some g, > 0, and
let V, W be vector spaces over k. Also let Ny, Nw be qv, qw-norms on V,
W, respectively, for some qy,gw > 0, and with respect to | - | on k. A linear

mapping T from V into W is said to be bounded with respect to Ny and Ny
if there is a nonnegative real number C' such that

9.1) Nw (T(v)) < C Ny (v)
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for every v € V. This implies that
(9.2) N (T(v) = T(t')) = Ny (T(v — o)) < C Ny (v — o)

for every v,v’ € V. In particular, it follows that T is uniformly continuous with
respect to the gy, gw-metrics on V', W associated to Ny, Ny, respectively.

Suppose for the moment that |- | is not the trivial absolute value function on
k. If a linear mapping 7" from V into W is continuous at 0, then one can check
that T is bounded in the sense of (9.1). More precisely, it suffices to ask that
Nw (T'(v)) be bounded on a ball in V' with respect to Ny centered at 0 with
positive radius. This uses the fact that there are ¢ € k such that || is within
a bounded factor of any positive real number, and the homogeneity property
(7.1) of g-norms.

The space of bounded linear mappings from V into W is denoted BL(V, W),
or simply BL(V) when V = W and Ny = Ny. If T is a bounded linear mapping
from V into W, then we put

(9.3) ITllop = | Tllopvw = inf{C' > 0: (9.1) holds},

where more precisely the infimum is taken over all nonnegative real numbers C'
for which (9.1) holds. It is easy to see that the infimum is always attained, so
that (9.1) holds with C' = ||T||op. If t € k, then ¢ T is a bounded linear mapping
from V into W too, and

(9.4) ¢ Tlop = [T -

This uses the analogous homogeneity properties of Ny and Nyy.
Suppose that T;, T» are bounded linear mappings from V into W, and let
C1, C3 be nonnegative real numbers such that

(9.5) Nw (T;(v)) < Cj Ny (v)

for every v € V and j = 1,2. This implies that

(9-6) Nw (T1(v) + T2(v))™ < (Cf" + C3") Ny (0)™
for every v € V when qy < 0o, and that

(9.7) Ny (T1(v) + T>(v)) < max(Cq,Cy) Ny (v)

for every v € V when gy = co. In both cases, it follows that 77 +7T5 is bounded
as a linear mapping from V into W. Thus BL(V, W) is a vector space over k
with respect to pointwise addition and scalar multiplication, which is a linear
subspace of the space L(V,W) of all linear mappings from V into W. It also
follows easily from this that (9.3) defines a gy -norm on BL(V,W).

Let T be a linear mapping from V into W, and consider the following con-
dition on T

(9.8) Nw (T'(v)) is bounded for v € V' with Ny (v) < 1.
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This means that
(9.9) sup{Nw (T (v)) : v € V, Ny (v) < 1}

is defined as a nonnegative real number. If T is a bounded linear mapping from
V into W, then (9.8) holds, and (9.9) is less than or equal to || T||op. If | - | is
nontrivial on k, then (9.8) implies that 7" is bounded as a linear mapping from
V into W, as before. In this case, one can verify that (9.1) holds with C' equal
to a constant multiple of (9.9), where the extra constant factor depends on |- |.
It follows that ||T'||,p is less than or equal to a constant multiple of (9.9) in this
situation. If £ = R or C with the standard absolute value function, then this
constant multiple is equal to 1, so that ||T|op is equal to (9.9). This also works
when | - | is not discrete on k, for any field k.

Let Z be another vector space over k, and let Nz be a gz-norm on Z with
respect to | - | on k, for some gz > 0. Suppose that T; is a bounded linear
mapping from V into W, and that 75 is a bounded linear mapping from W into
Z. Thus there are nonnegative real numbers C;, C5 such that

(9.10) Nw (T1(v)) < C; Ny (v)
for every v € V, and
(9.11) Nz(Tg(w)) S CQ Nw(w)

for every w € W. Combining these two statements, we get that
(9.12) Nz(Tg(Tl(U))) < CQ Nw(Tl(U)) < Cl CQ Nv(v)

for every v € V. Hence the composition 15 o T} of 17 and T» is bounded as a
linear mapping from V into W, with

(9.13) T2 0 Thllop,vz < 1 T1llop.vw [ T2llopwz-

In particular, BL(V) is closed under composition of mappings. Note that the
identity mapping Iy on V is bounded as a linear mapping from V into itself,
with || Iy ]lop = 1 when V' # {0}.

If T is a one-to-one linear mapping from V onto W, then the inverse 7' of
T is a linear mapping from W onto V. A one-to-one bounded linear mapping T’
from V onto W is considered to be invertible as a bounded linear mapping if 7!
is bounded as a linear mapping from W onto V. As before, the boundedness of
the inverse means that

(9.14) Ny (T H(w)) < C’" Ny (w)

for some C’' > 0 and every w € W. In this situation, this is the same as saying
that
(9.15) Ny (v) < C' Nw (T'(v))

for every v € V. Note that (9.15) implies that the kernel of T is trivial, so that
T is injective.
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A linear mapping T from V into W is said to be an isometry if
(9.16) Nw (T(v)) = Ny (v)

for every v € V. This is the same as saying that (9.1) and (9.15) hold with
C,C’" =1. If T is an isometric linear mapping from V onto W, then the inverse
mapping 7! is an isometry from W onto V. Of course, the identity mapping
Iy is an isometric linear mapping from V onto itself. The shift operator T'
discussed in Section 3 defines an isometry from ¢"(Z, k) onto itself for every
r >0, and T maps co(Z, k) onto itself as well.

Remember that £ may be considered as a one-dimensional vector space over
itself, and that |- | may be considered as a gx-norm on k as a vector space over
itself. A bounded linear functional on V is a linear functional A on V that is
bounded as a linear mapping from V into k, with respect to |-| as a norm on k.
The corresponding gg-operator norm of A is known as the dual qi-norm of \.

If W is complete with respect to the gy -metric associated to Ny, then
BL(V, W) is complete with respect to the gy -metric associated to (9.3), by stan-
dard arguments. More precisely, if {7}}%2, is a Cauchy sequence in BL(V, W)
with respect to this gy -metric, then {7}(v)}32, is a Cauchy sequence in W for
every v € V., with respect to the gy -metric associated to Ny . Hence this se-
quence converges in W for every v € V| because W is complete, by hypothesis.
It is easy to see that the limit defines a linear mapping 71" from V into W. One
can verify that 7" is bounded, and that {7}}32, converges to T with respect to
the operator gy -norm, as desired.

10 Summable functions

In this section, we take £ = R or C, with the standard absolute value function.
Let X be a nonempty set, and let f be a real or complex-valued summable
function on X, so that > _ [f(z)| < co. It is well known that one can define
the sum
(10.1) S f@)

zeX
as a real or complex number, as appropriate, in a natural way under these
conditions. More precisely, if f is a nonnegative real-valued function on X, then
this sum can be defined as in Section 4. Otherwise, if f is a real or complex-
valued summable function on X, then f can be expressed as a linear combination
of nonnegative real-valued summable functions on X, which permits one to
reduce to the previous case. This is a bit simpler in the real case, where f can
be expressed as a difference of nonnegative real-valued summable functions on
X. The complex case can be reduced to the real case, because the real and
imaginary parts of a complex-valued function on X are summable as well. Of
course, one should also verify that the value of the sum (10.1) does not depend on
the particular representation of f in terms of nonnegative real-valued summable
functions on X. This uses the linearity properties of the sum for nonnegative
real-valued functions on X mentioned in Section 4.
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Remember that the spaces ¢1(X,R), ¢}(X,C) of real and complex-valued
summable functions on X, respectively, are vector spaces over R, C with respect
to pointwise addition and scalar multiplication, as in Section 8. One can check
that
(10.2) e Y f@)

rzeX
defines a linear functional on these spaces, using the linearity properties for
sums of nonnegative real-valued functions as in Section 4 again, or the remarks
in the preceding paragraph about how the sum (10.1) is well defined when f is
summable on X. Moreover, we have that

Y@< f @)

reX zeX

(10.3)

for every real or complex-valued summable function f on X. In the real case,
this can be obtained by decomposing f into its positive and negative parts. In
the complex case, one can get a slightly weaker estimate with an extra factor
of 2 on the right side using the real case applied to the real and imaginary
parts of a complex-valued summable function on X. Of course, if a complex-
valued function f on X has finite support, then (10.3) reduces to the triangle
inequality for the standard absolute value function on R or C. One can use
this and an approximation argument to get that (10.3) holds for every complex-
valued summable function on X.

It is easy to see that (10.2) is a bounded linear functional on ¢!(X,R) and
?*(X, C), with dual norm equal to 1, using (10.3). Remember that coo(X,R)
and cpo(X, C) are dense linear subspaces of £!(X,R) and ¢!(X, C), respectively,
as in Section 8. It follows that (10.2) is uniquely determined as a bounded linear
functional on £*(X,R) or 1(X, C) by its restriction to coo(X,R) or coo(X, C),
respectively, because bounded linear mappings are continuous. Of course, if a
real or complex-valued function f on X has finite support, then (10.1) reduces
to a finite sum in R or C, as appropriate.

If X =Z,, then the sum (10.1) may be treated as an infinite series. In this
case, the hypothesis that f be summable on Z says exactly that this infinite
series is absolutely convergent. Similarly, if X = Z, then the sum may be treated
as a doubly-infinite series, which reduces to a sum of two ordinary infinite series.

11 Hilbert spaces

In this section, we take k = R or C again, equipped with the standard absolute
value function. Let V be a vector space over R or C, and let (v,w) be an
inner product on V, which is Hermitian in the complex case. Thus (v,v) is a
nonnegative real number for every v € V', and we put

(11.1) o]l = (v, 0)"/?
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for each v € V, using the nonnegative square root of (v, v) on the right side. It
is well known that
(11.2) (v, w)| < lv]| f|wl]

for every v,w € V, which is the Cauchy-Schwarz inequality in this context,
and that ||v|| defines a norm on V. If V is complete with respect to the metric
associated to this norm, then V is said to be a Hilbert space.

Let X be a nonempty set, and let 2(X,R) and ¢?>(X,C) be as in Section
8. If f and g are elements of either of these spaces, then it is well known that
|f(z)]]g(z)| is summable on X. This can be obtained from the Cauchy—Schwarz
inequality, or by comparing this function more directly with |f(z)|? + |g(z)|?.
The standard inner product on £2(X,R) is defined as usual by

(11.3) (f.9) =" f)g(a),

zeX

and similarly the standard inner product on ¢2(X, C) is defined by

(11.4) (f.9) = 3 fla) g(@),

zeX

where @ denotes the complex conjugate of a complex number a. The sums on
the right sides of (11.3) and (11.4) are defined as in the previous section, and
it is easy to see that the norms corresponding to these inner products are the
same as the £2 norms defined in Section 8.

Now let (X, A, 1) be a measure space, and let L?(X) be the corresponding
space of real or complex-valued square-integrable functions on X. If f, g are
square integrable functions on X, then it is well known that |f(z)| |g(z)| is also
integrable on X, as before. This permits us to define

(11.5) mmzﬁjwmmwm
in the real case, and
(11.6) mmzﬁjwaﬂwm

in the complex case. These determine inner products on the real and complex
versions of L?(X), for which the corresponding norm is the usual L? norm

(11.7) ([ 1r@P )",

Remember that square-integrable functions on X are considered the same in
L?(X) when they are equal almost everywhere on X with respect to p.

Let (V,{-,-)v) and (W, {-,-)w) be inner product spaces, both real or both
complex. A linear mapping T from V onto W is said to be unitary if

(11.8) (TW), TW)w = (v,v")y
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for every v,v’ € V. This implies that T is an isometry with respect to the
corresponding norms, by taking v = v’. Conversely, if T is an isometric linear
mapping from V into W, then it is well known that T satisfies (11.8), because
of polarization identities. It is easy to see directly that the shift operator T in
Section 3 defines a unitary transformation from ¢%(Z,R) onto itself, and from
(?(Z, C) onto itself.

12 Infinite series

Let k be a field with a gg-absolute value function |- | for some ¢ > 0, and let V/
be a vector space over k with a g-norm N for some ¢ > 0, with respect to |- | on
k. As usual, an infinite series Z;’il v; with terms in V' is said to converge in V'
if the corresponding sequence of partial sums Z?Zl v; converges in V, in which
case the value of the infinite series is defined to be the limit of the sequence of
partial sums. Note that the sequence of partial sums is a Cauchy sequence in
V' if and only if for each € > 0 there is a positive integer L such that

(12.1) N(iuj) <e

j=l
for every n > 1 > L. In particular, this implies that {v; 521 converges to 0 in
V, by taking [ = n. Another necessary condition for the sequence of partial

sums to be a Cauchy sequence in V' is that the partial sums be bounded in V.
Suppose for the moment that ¢ < oo, so that

n n
q

(12.2) N(Yw) <Y N

j=l j=l
for every n > 1 > 1. Let us say that Zji1 v; converges g-absolutely in V if
Z;’il N(v;)? converges as an infinite series of nonnegative real numbers. This
implies that the sequence of partial sums Z?:1 v; is a Cauchy sequence in
V', using the reformulation of the Cauchy condition mentioned in the previous
paragraph. If V' is complete with respect to the g-metric associated to N, then
it follows that Zjoil v; converges in V. Under these conditions, one can also
check that -

(oo}
q
(12.3) N(Dw) <3 N,
j=1 j=1
using (12.2) with [ = 1.
Suppose now that ¢ = oo, so that

(12.4) N(f:vj) < max N(v))

- T I<i<n
Jj=l

for every n > 1 > 1. If {v;}32, converges to 0 in V, then it is easy to see that
the sequence of partial sums Z?zl v; forms a Cauchy sequence, using the earlier
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reformulation of the Cauchy condition again. If V' is also complete with respect

to the ultrametric associated to N, then 2;11 v; converges in V, and we get
that

o]
(12.5) N(Zvj) < sup N(v;),

j=1 j=>1

using (12.4) with [ = 1. Note that the supremum on the right side of (12.5) is
attained in this situation, because N(v;) — 0 as j — oo, by hypothesis.

Let us now take £k = R or C, with the standard absolute value function, and
let (V, (v,w)) be a real or complex inner product space, with the corresponding
norm ||v||. Suppose that Z‘;il v; is an infinite series of pairwise-orthogonal
vectors in V', so that
(12.6) (vj,v) =0

when j # [. This implies that
2 n
= > llvll?

J=l

(12.7)

n
v
i=l

foreachn >1>1. If 2;11 lvj]|* converges as an infinite series of nonnegative
real numbers, then it follows that the sequence of partial sums Z?:l v; is a

Cauchy sequence in V. If V is a Hilbert space, then z;’il v; converges in V,
and - s s
(12.8) ool =D Nl

j=1 j=1

Of course, 372, llv;]|? converges if and only if the partial sums > |vj]|? are
bounded. In this situation, this happens exactly when the partial sums Z;;l vj
are bounded in V.

13 Completeness

Let (X,dx) and (Y,dy) be ¢x, gy-metric spaces for some gx,qy > 0, and
let £ be a dense subset of X. Also let f be a uniformly continuous mapping
from F into Y, with respect to the restriction of dx to elements of E. If Y is
complete with respect to dy, then there is a unique extension of f to a uniformly
continuous mapping from X into Y. This is well known for ordinary metric
spaces, and essentially the same argument works for g-metric spaces. One can
also reduce to the case of ordinary metric spaces, by replacing dx or dy with d%4*
or d{¥ when gx <1 or gy < 1, respectively. More precisely, uniform continuity
of f is needed for the existence of such an extension, but ordinary continuity
of the extension is sufficient for its uniqueness. Similarly, completeness of Y is
only used for the existence of the extension, and not uniqueness.

Let k be a field with a gg-absolute value function | - | for some ¢ > 0, and
let V', W be vector spaces over k with gy, quw-norms Ny, Ny, respectively, for
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some qy,qgw > 0, and with respect to | - | on k. Also let V be a dense linear
subspace of V', and let T' be a bounded linear mapping from Vj into W, with
respect to the restriction of Ny to V. Thus T is uniformly continuous with
respect to the gy, gw-metrics associated to Ny, Ny, respectively, as in Section
9. If W is complete with respect to the gy -metric associated to Ny, then T
has a unique extension to a uniformly continuous mapping from V into W, as
in the preceding paragraph. In this context, one can check that this extension
is a bounded linear mapping from V into W, with the same operator norm as
T has on Vj.

Let X be a nonempty set, and let us take £ = R or C with the standard
absolute value function for the moment. If f is a real or complex-valued function
on X with finite support, then one can define ) .\ f(z) as a real or complex
number by reducing to a finite sum. It is easy to see that

D@ <Y (@)

rzeX zeX

(13.1)

under these conditions, using the ordinary triangle inequality on R or C. Of
course,

(13.2) e f@)

reX

defines linear functionals on coo(X,R) and cgo(X,C). More precisely, these
are bounded linear functionals on cpo(X,R) and cpo(X, C) with respect to the
restrictions of the corresponding ¢! norms to these spaces, with dual norms
equal to 1, because of (13.1). Remember that coo(X,R) and c¢oo(X,C) are
dense in ¢(X,R) and (X, C), with respect to the metrics corresponding to
the ¢! norms, as in Section 8. It follows that there are unique extensions of
(13.2) to bounded linear functionals on £*(X,R) and ¢!(X, C) with dual norms
equal to 1, as in the preceding paragraph, and because R and C are complete
with respect to their standard metrics. These extensions can also be obtained
as in Section 10.

Now let k be any field with an ultrametric absolute value function | - |. If f
is a k-valued function on X with finite support, then )+ f(x) can be defined
as an element of k, by reducing to a finite sum, as before. In this case, we have

that
> flx)

(13.3)
zeX

)

< max|f(z)

by the ultrametric version of the triangle inequality. This implies that (13.2)
defines a bounded linear functional on oo (X, k) with respect to the supremum
ultranorm, with dual norm equal to 1. As in Section 8, ¢oo(X, k) is dense in
co(X, k) with respect to the ultrametric associated to the supremum ultranorm.
If k is complete with respect to the ultrametric associated to | - |, then there
is a unique extension of (13.2) to a bounded linear functional on c¢o(X, k) with
respect to the supremum ultranorm, and with dual norm equal to 1. This
extension may be used as the definition of ) _\ f(z) when f is a k-valued
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function on X that vanishes at infinity and k is complete. If X = Z, then this
sum can be treated as an infinite series, as in the previous section. Similarly, if
X =7Z, then the sum can be reduced to a sum of two infinite series.

14 Orthonormal systems

In this section, we take £ = R or C again, with the standard absolute value
function. Let (V, (v, w)y ) be a real or complex inner product space, and let ||v]|y

be the corresponding norm on V. Suppose for the moment that vy, ..., v, are
finitely many orthonormal vectors in V', so that ||v;||y = 1 foreach j =1,...,n,
and

(14.1) <Uj7vl>V =0

when j # [. Let v € V be given, and put

n

(14.2) w = Z(v,vj>v vj.

j=1

By construction, (v,v;)v = (w,v;)y for each j = 1,...,n, so that v — w is
orthogonal to v;. This implies that v — w is orthogonal to w, and hence

(14.3) Pl =0 —w) +wlli, = Jo—wl} + w]f
= Jlo—wl + D o, vvl
j=1

In particular, we have that

n
(14.4) (v, 05)v[* < [[0lf}-
j=1
If v is in the linear span of vy,...,v, in V, then w = v, and equality holds in
(14.4). If u is any element of the linear span of vy, ...,v, in V, then w — u is
also in the linear span of vy,...,v,, so that v — w is orthogonal to w — u. This

implies that

(14.5) Jo—ully = (v —w) + (w =)y, = Jo-wl} + [w—ul}

> v —wlly,

and hence that w minimizes the distance to v in V' among elements of the linear
span of vy, ..., uy,.

Now let A be a nonempty set, and let {v,}sca be an orthonormal family
of vectors in V' indexed by A. As before, this means that ||v,|y = 1 for every
a € A, and that (ve,vp)y =0 when a # b. If v € V, then

(14.6) D lwva)v < ollf

a€A
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More precisely, the sum on the left is defined as in Section 4, as the supremum
of the corresponding sums over all finite subsets of A. These finite subsums can
be estimated as in (14.4), to get (14.6). If v is an element of the linear span of
the vy’s, a € A, in V| then equality holds in (14.6), as before. Similarly, if v is
an element of the closure of the linear span of the v,’s, a € A, in V, then one
can check that equality holds in (14.6).

Let coo(A) and £2(A) denote coo(A, k) and (2(A, k) with k = R or C, as
appropriate. If f € ¢go(A), then

(14.7) T(f) = fla)va

acA

reduces to a finite sum in V, so that T' defines a linear mapping from cyo(A)
into V. It is easy to see that

(14.8) (T'(f), T(g)v = (f,9)e2(a)

for every f, g € coo(A), where the right side of (14.8) is given by (11.3) or (11.4),
as appropriate, with X = A. In particular, we have that

(14.9) 1Ty = [ flle2a)

for every f € coo(A), by taking f = g in (14.8). Note that T maps cpo(A) onto
the linear span of the v,’s, a € A, in V.

If V is a Hilbert space, then T has a unique extension to a bounded linear
mapping from £2(A) into V, as in the previous section. This extension satisfies
(14.8) for every f,g € *(A), and hence (14.9) for every f € ¢*(A). One can
check that this extension maps ¢?(A) onto the closure of the linear span of the
va's, a € A, in V. If A =7Z,, then the right side of (14.7) can be treated as
an infinite series in V, as in Section 12. Similarly, if A = Z, then (14.7) can be
reduced to a sum of two infinite series in V.

15 Fourier series
In this section, we take k = C, with the standard absolute value function. Let
(15.1) T={ze€C:|z| =1}

be the unit circle in C, and let © be a complex Borel measure on T. If j € Z,
then the jth Fourier coefficient of u is defined by

(15.2) i) = [ 2 du).

Observe that
(15.3) (7)) < |pl(T)
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for each j € Z, where |u| denotes the total variation measure on T associated
to p. It is well known that p is uniquely determined by its Fourier coefficients,
in the following way.

Let C(T) be the space of complex-valued continuous functions on T, which
is a vector space over C with respect to pointwise addition and scalar multipli-
cation. Observe that

(15.4) M(é) = [ o
T
defines a linear functional on C(T), and that
(15.5) Aa(@)] < (supo(2)]) (T
z€T

for every ¢ € C(T). Thus A, is a bounded linear functional on C(T) with
respect to the supremum norm on C(T), and the corresponding dual norm
of A, is less than or equal to |u|(T). It is well known that p automatically
satisfies certain regularity properties in this situation, which implies that u is
uniquely determined by A, on C(T). In fact, |x|(T) is equal to the dual norm
of A, with respect to the supremum norm on C(T). It is also well known that
every bounded linear functional on C(T) with respect to the supremum norm
corresponds to a complex Borel measure on T in this way. In order to show that
i is uniquely determined by its Fourier coefficients, it suffices to show that A, is
uniquely determined as a linear functional on C(T) by the Fourier coefficients
of p.

Note that (15.2) is the same as A, applied to % as a complex-valued con-
tinuous function on T for each j € Z. If [i(j) = 0 for each j € Z, then it follows
that
(15.6) Nu(9) = 0
when ¢ is of the form z’ for some j € Z. This implies that (15.6) also holds
when ¢ is a linear combination of finitely many such functions, by linearity. It
is well known that these linear combinations are dense in C(T) with respect to
the supremum norm. Under these conditions, we get that (15.6) holds for every
¢ € C(T), because A, is bounded on C(T) with respect to the supremum norm,
as desired.

Let v be the complex Borel measure on T defined by putting

(15.7) V(E):/EZdM(Z)

for every Borel set £ C T. It is well known that

(15.8) /T b(2) du(z) = /T 6(2) 2 dp(z)

for every bounded complex-valued Borel measurable function ¢ on T. In par-
ticular, for each j € Z, we have that

(15.9) o) = [ #ave) = [ #7auz) =7t - .

Note that |v| = || as nonnegative Borel measures on T.
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16 Fourier series, continued

Let us continue to take & = C with the standard absolute value function. Of
course, there is an analogue of Lebesgue measure on the unit circle T, which cor-
responds to ordinary Lebesgue measure on [0, 27) with respect to an arclength
parameterization of T. If f is a complex-valued integrable function on T with
respect to this measure, then the jth Fourier coefficient of f is defined for each
j € Zby

(16.1) f) = 5= | 1%zl

where |dz| denotes the arclength measure on T just mentioned. In this case, we
have that

(16.2) |<f/U'HM

for every j € Z, and
(16.3) lim f(j) =

|j]—00

by the Riemann-Lebesgue lemma. If we put

(16.4) fi(z) =2 f(2)

for each z € T, then f; is integrable on T too, and

(16.5) £.0) 27r/f )2 =f(j - 1)

for every j € Z.
In this situation,

(16.6) irB) = 5= [ 1)

defines a complex Borel measure on T, with

(16.7) g |(E /u ) ldz|

for every Borel set E C T. If ¢ is a bounded complex-valued Borel measurable
function on T, then

(16.9) [ odns = [ o0 1) .

In particular, R

(16.9) fr(3) = f(j)

for each j € Z, where fiy is as defined in (15.2). Similarly, (16.2) corresponds to
(15.3) with 4 = py, py, corresponds to (15.7), and (16.5) corresponds to (15.9).

Note that f is uniquely determined by its Fourier coefficients, as in the previous
section.
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Let L?(T) be the space of complex-valued square-integrable functions on T
with respect to arclength measure. This is a Hilbert space with respect to the
inner product

(16.10) (o) = )reemy = 5 [ £ Tz,

and the corresponding norm

1 1/2
(16.11) £l = ez = (57 [ £GP 1ae1)

It is well known that

(16.12) / 2 |dz| =0
T

for every j € Z with j # 0, which implies that the functions 27 on T with j € Z
are orthonormal with respect to (16.10). If f € L?(T), then f(j) is the same
as the inner product of f with 2/ with respect to (16.10) for each j € Z. This
implies that

— = 1
12 2
(16.13) PO | 15GIR a1
as in (14.6). It is well known that the linear span of the functions 27/ with j € Z
is dense in L?(T), since it is dense in C(T) with respect to the supremum norm.
Thus we actually have that

~ 1
(16.14) > F0E =52 [P

j=—00

for every f € L?(T), as in Section 14.
Let {a;}52_. be a doubly-infinite sequence of complex numbers that is
square-summable, in the sense that

(16.15) > o < oo
j=—00
Thus {a;}52 ., corresponds to an element of ¢*(Z, C), and

(16.16) fz)= > a;#

j=—o00

determines an element of L?(T), because of the orthonormality of the functions
27 in L?(T), as in Sections 12 and 14. By construction,

(16.17) f) =a;
for each j € Z, and

(16.18) i aj_1 2 = i a; 22 =2 f(2).

j=—o00 j=—o00
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If {a;}32 ., is summable, in the sense that

[ee]
(16.19) > lajl < oo,

j=—o0

then the right side of (16.16) can be treated as the sum of a summable complex-
valued function on Z for each z € T, as in Section 10. In this case, the right
side of (16.16) can also be considered as the sum of two absolute convergent
series in C'(T) with respect to the supremum norm, as in Section 12.

17 Some bounded linear functionals

Let us begin with the case where k = R or C, with the standard absolute value
function. Let (V, (v, w)) be a real or complex inner product space. If w € V,
then

(17.1) Aw (V) = (v, w)

defines a linear functional on V. This linear functional is bounded on V with
respect to the norm ||v|| corresponding to the inner product, because

(17.2) [Aw ()] < [lo] [|w]

for every v € V, by the Cauchy—Schwarz inequality. More precisely, this implies
that the corresponding dual norm of \,, is less than or equal to ||w]|. It is easy
to see that the dual norm of \,, is equal to |w||, since

(17.3) Ao (W) = (w, w) = |Jw|*.

If V is a Hilbert space, then it is well known that every bounded linear functional
on V is of this form. Note that this representation is unique, because A, # 0
when w # 0.

Let X be a nonempty set, and let us use the notation coo(X), co(X), and
¢"(X) for the usual spaces of real or complex-valued functions on X, as ap-
propriate. Suppose that 1 < r,r’ < oo are conjugate exponents, in the sense
that
(17.4) r+1/r=1.

If fet(X)andge€ e (X), then Holder’s inequality implies that their product
f(z) g(z) is summable on X, with

(17.5) S @) g@) < £ gl
rzeX
Thus
(17.6) A(f) =D @) g(a)
zeX
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can be defined as a real or complex number, as appropriate, as in Section 10.
We also have that

(17.7) Ag(O < MA N Nlgll,

by (17.5). This implies that A defines a bounded linear functional on ¢7(X) for
each g in £" (X)), with dual norm less than or equal to [|g||,». One can check that
the dual norm of A; on ¢7(X) is equal to g, by considering suitable f € £"(X).

If 1 <r < oo, then it is well known that every bounded linear functional
on £"(X) is of this form. Remember that any linear functional on cgo(X) can
be expressed as (17.6) for some real or complex-valued function g on X, as
apprpriate, and as in Section 2. If this linear functional is bounded on ¢gp(X)
with respect to || f]|,, then one can verify that g € €T/(X ). More precisely, one
can show that ||g[|,~ is less than the corresponding dual norm of A\, on coo(X)
with respect to || f|, on ¢go(X), by considering suitable f € coo(X), as in the
preceding paragraph. It follows that A, defines a bounded linear functional on
¢"(X), as in the previous paragraph again. If 1 < r < oo, then cgo(X) is dense
in ¢7(X), and the original bounded linear functional on ¢"(X) is equal to A,
on all of ¢"(X). Essentially the same argument shows that a bounded linear
functional on ¢o(X) with respect to the supremum norm can be expressed as
(17.6) for some g € ¢}(X). Note that the case where r = ' = 2 also corresponds
to the earlier discussion of Hilbert spaces.

Suppose now that g € ¢*°(X), so that A, as in (17.6) defines a bounded
linear functional on ¢*(X). In this case, (17.5) is very simple, and one can get
that the dual norm of A\, on ¢*(X) is equal to ||g|lec using (2.6). If 0 < r < 1,
then ¢7(X) is contained in ¢!(X), and

(17.8) 1l < £l

for every f € £"(X), as in (8.4) and (8.5). This implies that the restriction of
Ag to £7(X) defines a bounded linear functional on ¢"(X), with dual norm less
than or equal to ||g|lcc. One can check that the dual norm of A\; on ¢"(X) is
equal to ||g]lcc when 0 < 7 <1, using (2.6) again.

It is well known that every bounded linear functional on ¢"(X) is of this form
when 0 < r < 1. As before, the restriction of a bounded linear functional on
£7(X) to coo(X) can be expressed as in (17.6) for some real or complex-valued
function g on X. The boundedness of this linear functional on coo(X) with
respect to ||f|| implies that g € ¢>°(X), because of (2.6). This implies that
Ag extends to a bounded linear functional on ¢"(X) when 0 < r <1, as in the
preceding paragraph. The original bounded linear functional on £"(X) is equal
to Ay on £7(X), because coo(X) is dense in ¢"(X) when r < co.

Now let k be a field with an ultrametric absolute value function | - |, and
suppose that k is complete with respect to the associated ultrametric. If f, g are
bounded k-valued functions on X and at least one of f, g vanishes at infinity on
X, then it is easy to see that their product f(z)g(x) vanishes at infinity on X
too. This permits us to define Ay(f) as an element of & as in (17.6), as discussed
in Section 13. We also get that

(17.9) Mg (£ < max(| f ()l g()]) < [ fllc 9]l
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where the first step is as in Section 13. This implies that A, defines a bounded
linear functional on co(X, k) with respect to the supremum ultranorm when
g is in (X, k), and similarly that A\, defines a bounded linear functional on
(X, k) when g € co(X, k). Inboth cases, (17.9) implies that the corresponding
dual norm of A, is less than or equal to ||g||o, and one can check that the dual
norm of A, is equal to ||g[/sc, using (2.6). Of course, if X has only finitely many
elements, then the completeness of k is not needed, and vanishing at infinity on
X is trivial.

It is easy to see that every bounded linear functional on ¢o(X, k) is of this
form, using the same type of argument as in the archimedian case. More pre-
cisely, every linear functional on cyo(X, k) can be expressed as in (17.6) for some
k-valued function g on X, as in Section 2. If this linear functional on cgo(X, k)
is bounded with respect to the supremum ultranorm, then one can verify that
g is bounded on X, using (2.6) again. This implies that A, defines a bounded
linear functional on c¢y(X, k) with respect to the supremum ultranorm, as in
the preceding paragraph. The original bounded linear functional on ¢o(X, k) is
equal to A, on all of ¢y(X, k), because coo(X, k) is dense in ¢y(X, k) with respect
to the supremum norm.

Let g be any bounded k-valued function on X again, so that (17.6) defines
a bounded linear functional A, on ¢o(X, k), as before. If r is a positive real
number, then ¢ (X, k) is contained in ¢o(X, k), as in (8.11). We also have that

(17.10) [fllso < I£1lx

for every f € £7(X, k), as in (8.4). Hence the restriction of A, to £"(X, k) defines
a bounded linear functional on £"(X, k), with dual norm less than or equal to
llglloo- As before, one can verify that the dual norm of Ay on ¢"(X, k) is equal
t0 [|glco, using (2.6).

Every bounded linear functional on £"(X, k) is of this form when 0 < r < oo,
by an argument like the one in the archimedian case. More precisely, any linear
functional on ¢ (X, k) can be expressed as in (17.6) for some k-valued function
g on X, as before. If this linear functional on ¢ (X, k) is bounded with respect
to || f||», then g is bounded on X, because of (2.6). Thus ), extends to a bounded
linear functional on ¢"(X, k) when 0 < r < o0, as in the preceding paragraph.
It follows that the original linear functional on ¢ (X, k) is equal to A4 on all of
"(X, k), because coo(X, k) is dense in ¢" (X, k) when r < oco.

18 Some bounded linear mappings

Let k be a field, let X be a nonempty set, and let V' be a vector space over k.
Also let a(x) be a V-valued function on X, and put

(18.1) To(f) = f(x)a(z)

for every f € cpo(X, k). More precisely, the right side reduces to a finite sum
in V', and so defines an element of V. Thus T, defines a linear mapping from
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coo(X, k) into V. Note that
(18.2) Ta(0y) = a(y)

for every y € X, where 6, € coo(X,k) is as in (2.2). It is easy to see that
every linear mapping from coo(X, k) into V' is of this form, since the d,’s with
y € X form a basis of cgo(X, k) as a vector space over k. More precisely, a linear
mapping T' from coo(X, k) into V' can be expressed as T,, where a(y) = T(d,)
for each y € X.

Let | - | be a gg-absolute value function on k for some g; > 0, and let Ny
be a gy-norm on V with respect to |- | on k for some gy > 0. Also let a be
a V-valued function on X again, so that (18.1) defines a linear mapping from
coo(X, k) into V', and let 0 < r < oo be given. If T, is bounded with respect to
If 1+ on coo(X, k) and Ny on V, then it is easy to see that Ny (a(y)) is less than
or equal to the corresponding operator g-norm of V for every y € X, because
of (18.2). In the other direction, if Ny (a(z)) is bounded on X, and if r < gy,
then we have that

(18.3) Ny (T()) < ( sup Ny (a(@) 1]

for every f € coo(X, k). To see this, remember that Ny is an r-norm on V' when
r < qv, as in Section 7. Using this, (18.3) follows easily from the definition of T,
and the r-norm version of the triangle inequality. Of course, (18.3) says that Ty,
is bounded with respect to || f||» on coo(X, k) and Ny on V, with operator norm
less than or equal to sup,¢ x Ny (a(z)). In this situation, the operator norm of
T, is equal to this supremum, since the reverse inequality holds for every r > 0,
as before.

Suppose for the moment that V' is complete with respect to the gy -metric
associated to Ny. Let us continue to ask that Ny (a(x)) be bounded on X, and
that 0 < r < qy. If r < oo, then coo(X, k) is dense in £"(X, k), and it follows
that T, extends to a bounded linear mapping from ¢" (X, k) into V', as in Section
13. Similarly, if r = oo, then coo (X, k) is dense in ¢o (X, k) with respect to || f||oos
and T, extends to a bounded linear mapping from ¢y(X, k) into V, using || f||oo
on ¢p(X, k). In these cases, the sum on the right side of (18.1) can be treated
as an infinite series when X = Z, or reduced to a sum of two infinite series
when X = Z.

If A, is a linear functional on V for each x € X, then

(18.4) v Az (V)

defines a linear mapping from V into the space ¢(X, k) of all k-valued functions
on X. Clearly every linear mapping from V into ¢(X, k) corresponds to a family
of linear functionals on V indexed by X in this way. If A, is a bounded linear
functional on V' with respect to Ny for each x € X, and if the corresponding
dual norm of A, is uniformly bounded as a function of x € X, then (18.4)
defines a bounded linear mapping from V into £°(X, k). More precisely, the
operator gi-norm of this linear mapping from V into £*°(X, k) is equal to the
supremum of the dual norm of A\, on V with respect to Ny over z € X. As
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before, every bounded linear mapping from V into £°°(X, k) corresponds to a
family of bounded linear functionals on V' indexed by X with uniformly bounded
dual norms.

19 Multiplication operators

Let k be a field, and let X be a nonempty set. The space ¢(X, k) of k-valued
functions on X is a commutative algebra over k, with respect to pointwise
multiplication of functions. The constant function 1x = 1x  on X equal to the
multiplicative identity element 1 = 1; in k£ at every point is the multiplicative
identity element in ¢(X, k). A k-valued function a has a multiplicative inverse in
¢(X, k) if and only if a(z) # 0 for every z € X, in which case the multiplicative
inverse is given by 1/a(z). The space coo(X, k) of k-valued functions on X with
finite support is an ideal in ¢(X, k).

Put
(19.1) Mo(f)=af
for all k-valued functions a, f on X. This defines a linear mapping M, from
¢(X, k) into itself, which is the multiplication operator associated to a. Note
that M, sends coo(X, k) into itself. Clearly

(19.2) M,(1x)=a

for every a € ¢(X, k). If y € X and §, € coo(X, k) is as in (2.2), then
(193 Ma(8,) = aly)

for every a € ¢(X, k). The mapping

(19.4) ars M,

is an algebra homomorphism from ¢(X, k) into the algebra of linear mappings
from ¢(X, k) into itself. In particular, this mapping sends a = 1x to the identity
operator on ¢(X, k).

Let | - | be a g-absolute value function on & for some ¢ > 0, so that ¢"(X, k)
can be defined for each r > 0 as in Section 8. If a is a bounded k-valued function
on X, then M, maps ¢"(X, k) into itself for every r > 0. More precisely, the
restriction of M, to £"(X, k) is a bounded linear mapping with respect to the
usual ¢ norm, and the corresponding operator norm of M, is equal to the
supremum norm ||alle of a. Similarly, M, maps the space co(X, k) of k-valued
functions on X that vanish at infinity into itself when a is bounded on X. In this
case, the operator norm of M, with respect to the restriction of the supremum
norm to ¢o(X, k) is equal to ||a|| too.

Let us now take £ = R or C, with the standard absolute value function. Let
(X, A, 1) be a measure space, so that X is a set, A is a o-algebra of measurable
subsets of X, and p is a nonnegative measure defined on A. The corresponding
Lebesgue spaces L"(X) can be defined in the usual way for each r > 0. Re-
member that the L" norm defines a norm on L"(X) in the usual sense when
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r > 1, and it defines an r-norm on L"(X) when 0 < r < 1. If a is an essentially
bounded measurable real or complex-valued function on X, as appropriate, then
the corresponding multiplication operator M, defines a bounded linear mapping
from L"(X) into itself for each » > 0. The operator norm of M, on L"(X) is
less than or equal to the essential supremum norm ||aljcc = [|a/L(x) of a on
X for each > 0. It is easy to see that the operator norm of M, on L>(X)
is equal to ||al|co. In order to get that the operator norm of M, on L"(X) is
equal to |lal|cc when r < oo, an additional condition on X is needed. Namely,
this works when every measurable set A C X with u(A) > 0 has a measurable
subset B such that 0 < u(B) < .

20 Dual linear mappings

Let k be a field with a gi-absolute value function for some ¢ > 0, let V be a
vector space over k, and let Ny be a gy-norm Ny on V with respect to | - | on
k for some gy > 0. The dual space V' associated to V is the space of bounded
linear functionals on V, as in Section 9. This is the same as BL(V, k), where k
is considered as a one-dimensional vector space over itself, and |- | is considered
as a gg-norm on k as a vector space. In particular, V' is a vector space over k,
which may be considered as a linear subspace of the algebraic dual V*&. The
corresponding operator gi-norm on V' is known as the dual gg-norm, as before,
and is denoted Ny-.

Let W be another vector space over k, and let Ny be a qu-norm on W with
respect to | - | on k for some gy > 0. Also let T' be a bounded linear mapping
from V into W with respect to Ny and Ny, respectively. If A is a bounded
linear functional on W, then

(20.1) T'A) =XoT
defines a bounded linear functional on V. More precisely,
(20.2) Ny (T'(N) < | Tllop,vw Nw-(N),

as in (9.13), where ||T'||op,vw is the corresponding operator gy -norm of T', as in
(9.3). Tt is easy to see that T” defines a linear mapping from W' into V', which
is the same as the restriction of the algebraic dual linear mapping 728 to V'.
Using (20.2), we get that T’ is bounded with respect to the corresponding dual
norms, with

(20.3) 1T op,wrvr < (1T ]lop,v v
Observe that
(20.4) T—T

is a linear mapping from BL(V,W) into BL(W’', V'), as in (1.2). This lin-
ear mapping is bounded with respect to the corresponding operator norms, by
(20.3).
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Suppose for the moment that V' = W, and that Ny = Ny . As in Section 9,
the identity mapping Iy is a bounded linear mapping from V into itself. The
corresponding dual mapping is the identity mapping Iy on V', so that

(20.5) (Iv)' = Iy,

as in (1.3).

Let Z be a third vector space over k, with a gz-norm Nz with respect to |- |
on k for some qz > 0. Suppose that 77 and T, are bounded linear mappings
from V into W and from W into Z, respectively, so that T5 o T} is a bounded
linear mapping from V into Z. Under these conditions, we have that

(20.6) (TlyoTy) =TjoT;

as linear mappings from Z’ into V', as in (1.5). Suppose now that T is a one-
to-one bounded linear mapping from V onto W whose inverse T~ is bounded
as a linear mapping from W onto V. In this case, one can check that T” is a
one-to-one linear mapping from W’ onto V’. The inverse of T” is given by

(20.7) (1)~ = (7Y,

as linear mappings from V' into W, as in (1.3). In particular, the inverse of T” is
bounded as a linear mapping from V' into W', with respect to the corresponding
dual norms.

21 Hilbert space adjoints

In this section, k = R or C, with the standard absolute value function. Let
(V,{-,-yv) and (W, (-, -)w) be inner product spaces, both real or both complex,
with corresponding norms || - ||y and || - |w, respectively. If u € W, then

(21.1) [ullw = sup{|{u, wyw| : w e W, [lwllw < 1}.

More precisely, the right side of (21.1) is less than or equal to ||u|lw, by the
Cauchy—Schwarz inequality. The opposite inequality is trivial when u = 0, and
otherwise can be obtained by taking w = u/||u||w .

Let T be a linear mapping from V into W, and consider the following con-
dition on T

(21.2) [{T(v),w)w] is bounded for v € V and w € W with ||v|lv, |Jw|lw < 1.
Of course, this means that

(21.3) sup{[(T(v), wyw| : v € V, w € W, [ollv, fwlw < 1}

is defined as a nonnegative real number. Observe that

(21.4) IT()lw = sup{|(T(v), w)w| : w € W, [Jw|lw <1}
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for every v € V, by applying (21.1) to u = T'(v). Thus (21.2) is equivalent to
following condition on 7"

(21.5) IT(v)||w is bounded for v € V with ||v||y < 1.
In this case, (21.3) is equal to
(21.6) sup{||T(W)|lw : v € V, ||v]lv <1},

because of (21.4). Note that (21.5) corresponds to (9.8) in this situation, and
that (21.6) corresponds to (9.9). Thus T is bounded as a linear mapping from
V into W if and only if (21.5) holds, as in Section 9, in which case the operator
norm ||T'||op,vw of T is equal to (21.6). It follows that (21.2) holds if and only
if T is bounded as a linear mapping from V into W, in which case ||T||op,vw is
equal to (21.3).

Let T be a bounded linear mapping from V into W, and observe that

(2L.7) (T (), wyw| < T ()llw l[wllw < | Tlop,vw [0l [[wl]lw

for every v € V and w € W, using the Cauchy—-Schwarz inequality in the first
step. This implies that

(21.8) v (T(v), w)w

is a bounded linear functional on V for each w € W, with dual norm less than

or equal to | T||op,vw |[w]w. If V is a Hilbert space, then for each w € W there
is a unique element T (w) of V such that

(21.9) (T(v), wyw = (v, T"(w))v

for every v € V, as in Section 17. One can check that 7% is a linear mapping
from W into V, because T*(w) is uniquely determined by (21.9). We also have
that

(21.10) 1T ()llv < [ Tllopvw [lwllw

for every w € W, because of the corresponding bound for the dual norm of
(21.8). This implies that T* is bounded as a linear mapping from W into V,
with operator norm less than or equal to ||T'||op,vw. In fact,

(21.11) 1T {lop,wv = T llop,vw,

because of (21.9) and the characterization of ||T||op, v as (21.3).
Let us continue to ask that V be a Hilbert space, so that

(21.12) T — T*
defines a mapping from BL(V, W) into BL(W, V). This mapping is linear in the
real case, and conjugate-linear in the complex case. Of course, if W is a Hilbert

space, then the adjoint of a bounded linear mapping from W into V is defined
as a bounded linear mapping from V into W in the same way. If V" and W are
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Hilbert spaces, and T is a bounded linear mapping from V into W, then T™ is
defined as a bounded linear mapping from W into V, and the adjoint (7*)* of
T* is defined as a bounded linear mapping from V into W. It is easy to see that

(21.13) (T*)* =T,

directly from the definitions.

Let us suppose that V and W are Hilbert spaces for the rest of the section.
Remember that the identity mapping Iy on V is bounded as a linear mapping
from V into itself. Observe that

(21.14) L=1y

as a bounded linear mapping from V into itself.

Let (Z, (-,-)z) be another Hilbert space, which is real or complex depending
on whether V' and W are real or complex. Also let 77 be a bounded linear
mapping from V into W, and let T, be a bounded linear mapping from W into
Z. Thus the adjoint T} of T} is defined as a bounded linear mapping from W
into V, and the adjoint 7% of T3 is defined as a bounded linear mapping from
Z into W. If v € V and z € Z, then we have that

(21.15) (T2(T1(v), 2)z = (T1(v), T3 (2))w = (v, TT (T5(2))) v,

using the definition of 7% in the first step, and the definition of 75 in the second
step. This implies that
(21.16) (ThoTy)" =T7 o T3

as bounded linear mappings from Z into V.

Suppose that T is a one-to-one bounded linear mapping from V onto W
whose inverse is bounded as a linear mapping from W onto V. Thus T™ is
defined as a bounded linear mapping from W into V, and (T~1)* is defined as
a bounded linear mapping from V into W. Observe that

(21.17) T o (T ) =(T'oT) =1}, = Iy,

using (21.16) in the first step, and (21.14) in the third step. Similarly,

(21.18) (T~ oT*=(ToT V) =1 = Iy.

This implies that T* is invertible as a bounded linear mapping from W into V,
with

(21.19) (T~ = (T~

Let T be any bounded linear mapping from V into W again. Remember
that T is an isometry if and only if

(21.20) (T(), T(W"))w = (v,v")v
for every v,v’ € V, as in (11.8). This condition is equivalent to asking that

(21.21) (0, T(T(V"))y = (v,0")
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for every v,v’ € V, by definition of the adjoint. It is easy to see that (21.21)
holds if and only if
(21.22) T*oT =1y

as linear mappings from V into itself. Thus 7T is an isometry from V into W if
and only if (21.22) holds.

Suppose now that T is a one-to-one bounded linear mapping from V onto
W. In this case, (21.22) is the same as saying that

(21.23) T =T

Thus T is a unitary mapping from V onto W if and only if (21.23) holds.

Part II
Invertibility and related topics

22 Invertibility of multiplication operators

Let k be a field, let X be a nonempty set, and let a be a k-valued function on
X. Thus

(22.1) Ma(f) =af

defines a linear mapping from the space ¢(X, k) of k-valued functions on X into
itself, as in Section 19. If a(x) # 0 for every x € X, then M, is invertible
on ¢(X, k), with inverse equal to the multiplication operator M, associated
to 1/a. If a is any k-valued function on X, then the kernel of M, on ¢(X, k)
consists of the k-valued functions f on X such that

(22.2) supp f C {z € X : a(z) = 0}.
We also have that

(22.3) supp M (f) = supp(a f) = (suppa) N (supp f) C suppa

for every f € ¢(X,k). More precisely, M, maps ¢(X, k) onto the space of k-
valued functions on X whose support is contained in the support of a. There
are analogous statements for M, as a linear mapping from coo(X, k) into itself.

Let | - | be a g-absolute value function on k for some ¢ > 0, and let a be a
bounded k-valued function on X. Thus M, defines a bounded linear mapping
from ¢"(X, k) into itself for each r > 0, as in Section 19. As before, the kernel
of M, on ¢"(X, k) consists of the f € ¢£"(X, k) that satisfy (22.2). Using (22.3),
we get that M, maps ¢"(X, k) into the subspace of functions whose support is
contained in the support of a. Remember that M, maps ¢o(X, k) into itself as
well under these conditions, for which there are analogous statements.

If a(x) # 0 for each € X, and if 1/a is bounded on X, then M, has
a bounded inverse on ¢"(X, k) for every r > 0, which is given by M,/,. In
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this case, M/, maps co(X, k) into itself too, as before. In the other direction,
suppose that for some r > 0 there is a positive real number ¢ such that

(22.4) [Ma(f)llr = el f[lr
for every f € £"(X, k). This implies that
(22.5) la(y)| = ¢

for every y € X, by taking f to be the function 6, on X that is equal to 1 at
y and to 0 on X \ {y}. In particular, this works as well when (22.4) holds for
every f € co(X, k) and r = oo.

Let us now take £ = R or C, with the standard absolute value function,
and let (X, A, ) be a measure space. Also let a be an essentially bounded
measurable real or complex-valued function on X, so that the corresponding
multiplication operator M, defines a bounded linear mapping from L"(X) into
itself for every r > 0, as in Section 19. The kernel of M, on L"(X) consists of
the f € L™ (X) such that f(z) = 0 for p-almost every x € X such that a(x) # 0.
Similarly, M, maps L"(X) into the subspace of functions that are equal to 0
for p-almost every x € X such that a(x) = 0. If a(x) # 0 for p-almost every
x € X, and if 1/a is essentially bounded on X, then M, has a bounded inverse
on L"(X), which is given by M;/,. In the other direction, suppose that (22.4)
holds for some r > 0, ¢ € Ry, and every f € L"(X). If r = oo, then one can
check that (22.5) holds for p-almost every y € X. If every measurable subset of
X of positive measure contains a measurable subset of positive finite measure,
then the analogous argument works when r < oo too.

23 The usual series

Let k£ be a field, and let V be a vector space over k. Remember that the
space L(V) of linear mappings from V into itself is an associative algebra with
respect to composition of operators, which may also be expressed using the
usual notation for multiplication. Let T be a linear mapping from V into itself,
and let 77 be the jth power of T with respect to composition for each positive
integer j. This is interpreted as being the identity operator I = Iy on V when
7 =0. It is well known and easy to see that

l l
(23.1) (1-17)Y 17 = (ZT-j) (I-T)=1—T"!
=0

Jj=0

for each nonnegative integer .

Suppose now that | - | is a gg-absolute value function on & for some g > 0,
and that Ny is a gy-norm on V with respect to |- | on k for some gy > 0.
As in Section 9, BL(V) is the algebra of bounded linear mappings on V' with
respect to Ny, and ||T'||,p denotes the corresponding operator gy-norm. If T is
a bounded linear mapping from V into itself, then

(23.2) IT7llop < 1713,

42



for every j > 1, by (9.13). This also works when j = 0, with the right side
interpreted as being equal to 1. Suppose from now on in this section that

(23.3) 1T Mlop < 1,

so that ‘

(23.4) lim || T7]op = 0,
j—o0

by (23.2). If ¢ is any positive real number, then [|T|¢, < 1, and

(23.5) S OITIE, < ZIITH“ == |T)g,) "
=0

by summing the geometric series in the second step. In particular, the sum on
the left converges as an infinite series of nonnegative real numbers under these
conditions.

Suppose for the rest of the section that V is complete with respect to the
qv-metric associated to Ny . This implies that BL(V) is complete with respect
to the gy-metric associated to || - ||op, as in Section 9. Suppose for the moment
that ¢y < oo, so that Z;io T7 converges qy-absolutely with respect to || - ||op,
as in the previous paragraph. This implies that Z;io T7 converges in BL(V)
with respect to || - |lop, as in Section 12, because of completeness. We also get
that

(23.6) (I-T) iTj: (iTj) (I-T)=1,
7=0 3=0

by taking the limit as [ — oo in (23.1). It follows that I — T is invertible on V,
with

oo
(23.7) (I-7)'=>) 1.
j=0
Note that
(238) I -1)7 % = ZTJ <ZIITj & < (=74~
j=0 op j=0

using (12.3) in the second step, and (23.5) in the third step.

If qy = oo, then (23.4) implies that E;io T7 converges in BL(V) with
respect to || - [|op, as in Section 12 again. It follows that I — T is invertible on
V', with inverse given as in (23.7), as before. In this case, we have that

ZTJ

using (12.5) in the second step. We also have that
(23.10) 1 = Tllop < max(|[L]lop, I Tlop) <

(23.9) I =) lop

< sup ||Tj||op <1,
j=>0

op

because || - ||lop is an ultranorm on BL(V). Thus I — T is an isometry from V
onto itself in this situation, as in Section 9.
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24 Some consequences

Let k be a field with a gg-absolute value function | -| for some g > 0, and let V
be a vector space over k with a gy-norm Ny with respect to | - | on & for some
gv > 0. Thus || - [|op defines a gy-norm on BL(V), as in Section 9. Suppose that
V' is complete with respect to the gy-metric associated to Ny, so that BL(V)
is complete with respect to the gy-metric associated to || - ||op, as before.

Let T, T be bounded linear mappings from V into itself, and suppose that
T, has a bounded inverse on V. Observe that

(24.1) T —To=Tio(I-T; ' oT).
If
(24.2) 1T o Tollop < 1,

then I — Ty o T; ! has a bounded inverse on V, as in the previous section. This
implies that T7 — T5 has a bounded inverse on V, with

(24.3) (T, —To) P =T ~T; ' oTy) ot t,

by (24.1).
Under these conditions, we have that

(24.4) (T = T2) M lop < I = T3 0 T2) " lop T3 llops
as in (9.13). If gy < oo, then it follows that
(24.5) (T2 = T2) " Hlop < (1= 177 o Tl ) /9 1T lop,

because of (23.8). If gy = oo, then I — Ty o Ty is an isometry from V onto
itself, as in the previous section. This means that (I —T; 'oTy)~! is an isometry
from V onto itself too. In particular, this implies that

(24.6) (T2 = T2) " lop = IIT7 " llops
using (24.3) again.

Note that
(24.7) 177" 0 Tallop < 175 Hlop 1 T2 lop,

as in (9.13). Thus (24.2) holds when the right side of (24.7) is strictly less than
1. In this case, (24.5) implies that

(24.8) (T = T2) " lop < (L= T3 18 I T2llE) ™4 1T lop

when gy < co.
Suppose now that 77 is an isometry from V onto itself, so that Tfl is an
isometry on V' as well. This implies that

(24.9) 1T 0 Tallop = [ T2lop-
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If || T2]|op < 1 and gy = oo, then
(24.10) Ty — Ty is an isometry from V onto itself,

because of (24.1) and the fact that I — T, * o Ty is an isometry on V, as before.
Let T be a bounded linear mapping on V', and let a € k be given. Suppose
for the moment that a # 0, so that

(24.11) al -T=a(l—a'T).
If

(24.12) [ITlop < lal,

then

(24.13) la™" Tllop = lal ™ [ T]lop < 1,

and I —a~!' T has a bounded inverse on V, as in the previous section. This
implies that a I — T has a bounded inverse on V', with

(24.14) (al =T) '=a (T -a'T)7 Y,
by (24.11). If gy < oo, then it follows that
(24.15) [(al - T)_1H0p = oM —a7! T)_1||0p

< Jal T~ fal T T ),

because of (23.8). If gy = oo, then I — a1 T is an isometry from V onto itself,
as before. Of course, this implies that (I —a~*T)~! is an isometry on V too.

Suppose that T has a bounded inverse on V', and let a € k be given again.
Observe that

(24.16) (al =T)=-To(I —aT™).
If
(24.17) laT ™ op = lal [T~ lop < 1,

then I —aT~! has a bounded inverse on V, as in the previous section. This
implies that a I — T has a bounded inverse on V', with

(24.18) (al =T) ' =—T—aT ) toT™!,
because of (24.16). If gy < oo, then
(2419) (@I =T)"Mop < NI =aT™ ) lop 1T lop
< @ =a|™ TG YT ops
by (9.13) and (23.8). If qyy = oo, then I —a T~ is an isometry on V, as before,
so that (I —aT~1)~! is an isometry on V as well. This implies that
(24.20) @l =T)"Hop = 1T lops

using (24.18).

Suppose now that T is an isometry from V onto itself, so that T~! is an
isometry on V too. In this case, the remarks in the previous two paragraphs
imply that a I — T has a bounded inverse on V when |a| # 1. If |a|] < 1 and
qv = o0, then a I — T is an isometry on V, because of (24.16) and the fact that
I —aT~! is an isometry on V, as before.
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25 Eigenvalues and eigenvectors

Let k be a field, let V' be a vector space over k, and let T' be a linear mapping
from V into itself. As usual, a € k is said to be an eigenvalue of T on V if there
isa v € V such that v # 0 and

(25.1) T(v) =aw.

In this case, v is said to be an eigenvector of T on V with respect to the
eigenvalue a. Of course, v = 0 satisfies (25.1) trivially, and one may include
v = ( as an eigenvector associated to an eigenvalue a.

The collection of v € V that satisfy (25.1) for a given a € k is the same as
the kernel of al —T on V. Thus a € k is an eigenvalue of 7" on V if and only
if the kernel of al — T on V is not trivial, which means that al — V is not
one-to-one on V. In particular, this implies that a I — V' is not invertible as a
linear mapping on V. If V has finite dimension, then it is well known that a
one-to-one linear mapping from V into itself is surjective, and hence invertible.
In this case, a € k is an eigenvalue of T if and only if a I — T is not invertible
on V.

Let V218 be the algebraic dual of V, and let 78 be the dual linear mapping
from V2!# into itself corresponding to T, as in Section 1. If a € k is an eigenvalue
of T?8 on V28 then there is a nonzero linear functional A on V such that

(25.2) AoT =T¥8()\) = al.
Equivalently, this means that
(25.3) Ao(al-T)=0

as a linear functional on V', so that a I — T maps V into the kernel of A\. The
condition that A # 0 as a linear functional on V' means that the kernel of A is a
proper linear subspace of V. It follows that a I — T does not map V onto itself
when a is an eigenvalue of T2,

Suppose for the moment that T is a one-to-one linear mapping from V onto
itself, so that T is invertible as a linear mapping on V. In particular, this
implies that 0 is not an eigenvalue of T on V. Let a € k with a # 0 be given,
and observe that (25.1) holds for some v € V' if and only if

(25.4) T v) = (1/a) v.

Thus a is an eigenvalue for T on V if and only if 1/a is an eigenvalue for 71
on V. In this case, the corresponding eigenspaces in V' are the same.

Let | - | be a gg-absolute value function on k for some gx > 0, and let Ny
be a gy-norm on V with respect to | - | on k for some gy > 0. This leads to
an operator gy-norm || - |lop on BL(V), as in Section 9. Suppose now that T is
a bounded linear mapping from V into itself with respect to Ny . If a € k and
v € V satisfy (25.1), then we get that

(25.5) la| Nv(v) = Nv(av) = Ny (T'(v)) < [[T][op Nv (v).
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This implies that

(25.6) lal < [[T'op
when v # 0.

Similarly, suppose that
(25.7) ¢ Ny (v) < Ny (T(v))

for some positive real number ¢ and every v € V. If a € k and v € V satisfy
(25.1), then we have that

(25.8) ¢ Ny (v) < Ny (T(v)) = Ny (av) = |a| Ny (v).
It follows that
(25.9) ¢ < |al

when v # 0. In particular, if 7' has a bounded inverse on V', then (25.7) holds
with ¢ = 1/[|T7Y,p, as in Section 9.

Suppose now that 7' is an isometric linear mapping from V into itself. This
implies that T is a bounded linear mapping on V, with | T'||,, = 1 when V' % {0}.
In this case, (25.7) holds with ¢ = 1. If a € k is an eigenvalue of T, then

(25.10) la| =1,

by (25.6) and (25.9).

Let V' be the dual space of bounded linear functionals on V', as in Section 20,
with the corresponding dual gg-norm Ny~. If T is any bounded linear mapping
from V into itself, then the corresponding dual linear mapping 71" is a bounded
linear mapping from V' into itself, as before. Of course, V' is a linear subspace
of V& and T’ is the same as the restriction of 728 to V'. If ¢ € k is an
eigenvalue of T”, then there is a nonzero bounded linear functional A on V that
satisfies (25.3). This is the same as saying that a I — T maps V into the kernel
of A. Note that the kernel of X is a closed linear subspace of V', because \ is
continuous, and the kernel of A is a proper linear subspace of V' when \ # 0.
Thus a I — T maps V into a proper closed linear subspace of V' when a is an
eigenvalue of T".

Now let (V,(v,w)y) be a real or complex Hilbert space, and let T' be a
bounded linear mapping from V into itself. Thus the adjoint 7™ of T is defined
as a bounded linear mapping on V too, as in Section 21. Suppose that a is
a real or complex number, as appropriate, which is an eigenvalue of T™. Let
w € V be an eigenvector associated to T, so that

(25.11) T (w) = aw.
If v € V, then
(25.12) (T(),w)y = (v, T"(w))y =a (v,w)y,

using (21.9) in the first step. Of course, the complex-conjugate @ of a is auto-
matically equal to a in the real case. Equivalently,

(25.13) (@I =T)(v), why = (v, why — (T(v),w)y =0

for every v € V.
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26 Eigenfunctions for bilateral shifts

Let k be a field, and let T be the forward shift operator on ¢(Z, k), as in Section
3. Thus

(26.1) TG =rfG-1)
for every k-valued function f on Z and j € Z, as before. Of course, T is one-

to-one on ¢(Z, k), so that 0 is not an eigenvalue of T. Let a € k with a # 0 be
given, and put

(26.2) ealj) = o

for each j € Z. Observe that

(26.3) (T(ea))(j) = €ali = 1) =0’ " =a"" ea(j)
for every j € Z, so that

(26.4) T(e,) =a e,

as elements of ¢(Z, k). This shows that e, is an eigenvector of T on ¢(Z, k) with
eigenvalue a~!, and it is easy to see that every eigenvector of T on c(Z, k) with
eigenvalue a~! is a scalar multiple of e,. Remember that T maps coo(Z, k) into
itself. As a mapping on coo(Z, k), T has no eigenvalues.

Note that
(26.5) T(fg)=T(f)T(9)
for every f,g € ¢(Z,k). If f € ¢(Z,k), a € k, and a # 0, then it follows that
(266) T(ea f) = T(ea) T(f) =a" €aq T(f)7

by (26.4). This is the same as saying that
(26.7) ToM, =a*M, oT,

where M., is the multiplication operator on ¢(Z, k) corresponding to e,, as
before. Equivalently,
(26.8) ToM;'=aM_'oT,

which can be obtained directly from (26.7), or using the facts that 1/e, = e1/4
and M, ' = My, = M., ,,. This implies that

(26.9) M., oToM;'=aT

as linear mappings from ¢(Z, k) into itself.

Let | - | be a g-absolute value function on k for some ¢ > 0. If @ € k and
|a] =1, then
(26.10) lea(4)] = o’ = lal! =1
for every j € Z, so that e, € (*°(Z, k). However, if a € k, a # 0, and |a| # 1,
then e, is not bounded on Z. It follows that e, is not an element of ¢y(Z, k) for

any a € k\ {0}, and in particular that e, is not an element of ¢"(Z, k) when
0<r<oo. Ifa€kand |a] =1, then (26.10) implies that M., is an isometric
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linear mapping from ¢"(Z, k) onto itself for every r > 0, and that M., maps
co(Z, k) onto itself.
Using (26.9), we get that

(26.11) M, o(I-T)oM;'=I—-M, oToM; '=I-aT

for every a € k with a # 0, as linear mappings from c¢(Z, k) into itself. We
may also consider T' and M., as linear mappings from coo(Z, k) into itself. If
|a| = 1, then we can consider T and M., as linear mappings on ¢ (Z, k) for any
r >0, or on ¢o(Z, k), as in the previous paragraph. In these situations, (26.11)
permits us to reduce questions about I —aT to the case where a = 1. Thus we
shall often focus on I — T in the next sections.

27 Finite support in Z

Let k be a field. If f € cpo(Z, k), then

o0

(27.1) > )

j=—00

can be defined as an element of k, by reducing to a finite sum. The mapping
from f € coo(Z, k) to the sum (27.1) defines a linear functional on cyo(Z, k). We
also have that

(27.2) D@m= 3 fG-D= > f0),

where T is as in (26.1). Thus

(27.3) > (FG) = (T())G) =0

j=—00

for every f € coo(Z, k), so that I —T maps coo(Z, k) into the kernel of the linear
functional on cgo(Z, k) defined by (27.1).
If f € coo(Z,k) and j € Z, then put

(27.4) (RUNG) =D _fG—1),
=0

where the sum on the right reduces to a finite sum in k, and hence defines an
element of k. This defines R(f) as a k-valued function on Z, and R defines a
linear mapping from coo(Z, k) into ¢(Z, k). Observe that

(27.5) (RUNG) = D fn)

n=-—oo
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when j € Z is sufficiently large, depending on f € coo(Z, k), because f(n) =0
when n € Z is sufficiently large. If

(27.6) > fm)=

then it follows that R(f)(j) = 0 when j is sufficiently large. This implies that
(27.7) R(f) € coo(Z, k)

when f € coo(Z, k) satisfies (27.6), because f(n) = 0 when —n is sufficiently
large, and hence (R(f))(j) = 0 when —j is sufficiently large.
Let f € coo(Z, k) and j € Z be given, and observe that

(27.8) (REITONG) =D (TUNG =D =D fGi—1-1)
=0

1=0
and -
(27.9) (T(R(M)G) = (RUNG =1 =D fG-1-1).
1=0
The sums on the right sides of (27.8) and (27.9) are both equal to
(27.10) D FG=0=REG) - 16).
=1
Thus
(27.11) R(T(f)) =T(R(f)) = R(f) = f

for every f € coo(Z, k). This shows that
(27.12) ToR=RoT=R-1

as linear mappings from coo(Z, k) into ¢(Z, k). More precisely, the first T in
(27.12) is considered as a mapping from ¢(Z,k) into itself, the second T is
considered as a mapping from cgo(Z, k) into itself, and I is the identity mapping
on cgo(Z, k). Tt follows that

(27.13) (I-TYoR=Ro(I-T)=1

as mappings from coo(Z, k) into ¢(Z, k), where the first I and T are considered
as mappings on ¢(Z, k), and the other I’s and T are considered as mappings on
coo(Z, k). Alternatively,

(27.14) (R()() =D (T"

=0

for every f € coo(Z, k) and j € Z, because the [th power T' of T with respect
to composition is as in (3.3). Basically, R corresponds to > ;2 T" as a linear
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mapping from coo(Z, k) into ¢(Z, k), where this sum is interpreted as in (27.4)
and (27.14).

One can check that I —T is injective on cgo(Z, k). This is the same as saying
that 1 € k is not an eigenvalue of T" on cyo(Z, k), and indeed T has no eigenvalues
on coo(Z, k), as mentioned in the previous section. The injectivity of I — T on
coo(Z, k) also follows from the second equality in (27.13). If f € coo(Z, k), then

(27.15) (I =T)R(f) = f,

because the left side of (27.13) is equal to the identity as a mapping from
coo(Z, k) into ¢(Z,k). Remember that R(f) has finite support in Z when f
satisfies (27.6), as in (27.7). In this case, (27.15) implies that f is in the image
of I —T on coo(Z, k). Thus the image of I — T on coo(Z, k) is the same as the
kernel of (27.1) as a linear functional on ¢ (Z, k), because the other inclusion
follows from (27.3).

28 Arbitrary functions on Z

Let k be a field, and let f be a k-valued function on Z. If j € Z, then put

(28.1) (Ro(fNG) = Df()  whenj>0

—

0
= — > f() whenj<0,

where both sums are interpreted as being 0 when j = 0. This defines a k-valued
function on Z, and Ry defines a linear mapping from ¢(Z, k) into itself. If f has
finite support in Z, then (27.4) is the same as

(28.2) (RUNG) = D 1),

l=—0c0

In this case, we have that

0
(28.3) (Ro(f)() = (RUNG) — Y fO)

l=—00

for every j € Z, where the sum on the right side of (28.3) reduces to a finite
sum in k.

Let T be the forward shift operator on ¢(Z, k) again, as in (26.1). Let us
check that

(28.4) (Bo(T())) () = (Ro(f))(4) — f(5) + f(0)
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for every f € ¢(Z,k) and j € Z. If j = 0, then both sides of (28.4) are equal to
0. If j > 1, then

=1

(Ro(T(f))G) =D _(TNW) = D fu-1)=>f1)
=1
(28.5) = (Ro

If j < —1, then

0 0 -1
(Ro(T(1))G) == D (T(MNHD) = = > fu-1)== Q)
l=j+1 I=j+1 1=j
(28.6) = (Ro(f))() = f() + f(0).
Similarly, let us check that
(28.7) (T(Ro(f)))(G) = (Bo(f)(G —1) = Ro(f) () — f(4)

for every f € ¢(Z,k) and j € Z. Of course, the first step in (28.7) follows from
the definition of T'. If j > 1, then

j—1

(28.8) (Ro())(J = 1) =D _ () = (Ro(N)G) = F(5),

=1

where the sum in the middle is interpreted as being equal to 0 when j = 1. If
7 <0, then

0

(28.9) (Ro(fNG = 1) == f(1) = (Ro(/)() = 1)

l=y
Equivalently, (28.7) says that
(28.10) T(Ro(f)) = Ro(f) — f
for every f € ¢(Z,k). Thus
(28.11) ToRy=Ry—1I
as linear mappings on ¢(Z, k). This implies that
(28.12) (I-T)oRy=Ro—ToRy=1

as linear mappings on ¢(Z, k). It follows that I — T maps ¢(Z, k) onto itself.
Let Ao be the linear functional on ¢(Z, k) defined by

(28.13) Ao(f) = f(0)
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for every f € ¢(Z,k). As in Section 19, we let 1z = 1z be the constant
function equal to 1 = 1 € k on Z. Using (28.4), we get that

(28.14) Ro(T(f)) = Ro(f) = f + f(0) 12
for every f € ¢(Z, k). Hence
(2815) ROOT:RQ —I—f—)\o ]-Z

as linear mappings on ¢(Z, k). More precisely, f — Ao(f) 1z defines a linear
mapping from ¢(Z, k) into itself, which sends f € ¢(Z, k) to the constant function
on Z equal to (28.13). It follows that

(2816) ROO(I—T):R()—ROOT:I—)\()].Z

as linear mappings on ¢(Z, k). Note that the kernel of I — T on ¢(Z, k) consists
of constant functions, which is the same as the kernel of the right side of (28.16).

29 Summable functions on Z

In this section, we take £ = R or C, with the standard absolute value function.
It will be convenient to let ¢"(Z) refer to either ¢"(Z,R) or ¢"(Z,C) for each
r > 0, and similarly for coo(Z), co(Z), and ¢(Z).

If f is a summable real or complex-valued function on Z, then

(20.1) S 1G)

j=—00

can be defined as a real or complex number. This may be treated as a sum over
Z, as in Section 10, or as a sum of two absolutely convergent infinite series. Of
course, the mapping from f € ¢*(X) to the sum (29.1) defines a bounded linear
functional on ¢!(X) with respect to the ¢! norm. It is easy to see that (27.2)
and (27.3) still hold in this situation, where T is as in (26.1) again. Thus I — T
maps ¢! (X) into the kernel of the linear functional defined by (29.1), as before.

Let f be a summable real or complex-valued function on Z again, and observe
that

(29.2) D=0
=0

converges absolutely for each j € Z. This is the same as the right side of
(27.4), so that (R(f))(j) can be defined as before. Equivalently, this sum can
be expressed as the right side of (28.2). This implies that

(29.3) ((RUNGDI< D 1FOI<IfIh

l=—00
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for every j € Z. Thus R(f) is a bounded real or complex-valued function on Z,
as appropriate, with

(29.4) IR(F)lloo < [1£]1-
Note that
(295) lim_(R(N)(G) =0

for every f € (1(Z), by the first inequality in (29.3). If (29.1) is equal to 0, then
we have that

(29.6) (RUNG) == D )
I=j+1

for each j € Z. This implies that

(29.7) (RUNGI < D 1)
I=j+1

for each j € Z. It follows that

(29.8) lim (R(f))(j) =0

j—o0
under these conditions. Combining (29.5) and (29.8), we get that
(29.9) R(f) € co(Z)

for every f € ¢}(Z) such that (29.1) is equal to 0.
If f € ¢*(Z), then (27.8) and (27.9) hold for every j € Z, for the same
reasons as before. This implies that (27.11) holds for every f € £}(Z), so that

(29.10) ToR=RoT=R-1I

as linear mappings from ¢*(Z) into ¢>°(Z), as in (27.12). More precisely, the
first T in (29.10) is considered as a mapping from ¢°°(Z) into itself, the second
T is considered as a mapping from ¢1(Z) into itself, I is the identity mapping
on (*(Z), and R is considered as a mapping from ¢!(X) into £>°(X). Hence

(29.11) (I-TYoR=Ro(I-T)=1

as linear mappings from ¢(Z) into £>°(Z), as in (27.13), where the first I and
T in (29.11) are considered as mappings on £*°(Z), and the other I's and T are
considered as mappings on (*(Z).

Remember that 7" has no eigenvalues on ¢*(Z), as in Section 26. In partic-
ular, 1 is not an eigenvalue of T on ¢(Z), which means that I — T is injective
on (1(Z). This can also be obtained from the second equality in (29.11), as in
Section 27. More precisely, if f € ¢1(Z), then

(29.12) R(f =T(f) =1,

o4



by the second equality in (29.11). This implies that

(29.13) [fllee = 1R =T Do < I1f =T ()1,

using (29.4) in the second step.
Remember too that I — T maps ¢*(Z) into

o0

(29.14) {geel(Z): > g(j):()},

j=—00

as mentioned earlier. Note that (29.14) is a closed linear subspace of /1 (X) with
respect to the metric associated to the ¢! norm, because it is the kernel of the
bounded linear functional defined by (29.1). Of course,

(20.15) {sea@: 3 s -0}

j=—00

is a linear subspace of (29.14). One can check that (29.15) is dense in (29.14)
with respect to the metric associated to the £* norm. More precisely, coo(Z) is
dense in ¢*(Z), as in Section 8. An additional adjustment is needed to show
that (29.15) is dense in (29.14), to get the condition on the sum. We have seen
that I — T maps cgo(Z) onto (29.15), as in Section 27. It follows that [ — T
maps ¢1(Z) onto a dense linear subspace of (29.14).

30 Approximate eigenvalues

Let k be a field with a gg-absolute value function | - | for some ¢ > 0, and let
V', W be vector spaces over k with gy, gy-norms Ny, Ny with respect to | - |
on k for some gy, qw > 0, respectively. Also let T be a linear mapping from V'
into W, and consider the condition that there be a positive real number ¢ such
that

(30.1) c¢Ny(v) < Nw (T(v))

for every v € V. This implies that the kernel of T is trivial, so that T is injective.
If T is a one-to-one linear mapping from V onto W, then this condition is
equivalent to the boundedness of the inverse T~! as a linear mapping from W
onto V. In this case, (30.1) is the same as saying that

(30.2) 1T~ opwv < 1/c,

where || T ,p.wv is the operator gy-norm of T~ associated to Ny and Ny,
as in Section 9.

Let us now consider the condition that there is no ¢ > 0 such that (30.1)
holds for every v € V. In particular, this implies that T’ does not have a bounded
inverse mapping. This condition is the same as saying that for each € > 0 there
is a v. € V such that
(303) NW(T(US)) < GNV(UG)'
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Equivalently, this means that there is a sequence {v; 521 of nonzero vectors in
V such that
(30.4) lim Ny (T(v;)) Ny (v;)~ " = 0.
Jj—o0

If the kernel of T' is nontrivial, then we can take {v;}52, to be a constant
sequence in V.

Let us take V. = W for the rest of the section. Let T be a linear mapping
from V into itself, and let a € k be given. Consider the condition that

(30.5) ¢Ny () < Ny((al —T)(w)) = Ny(av—T(v))

for some ¢ > 0 and every v € V. This condition holds when al — T has a
bounded inverse on V', as before. If this condition does not hold, then there is
a sequence {v;}32; of nonzero vectors in V' such that

(30.6) lim Ny (av; — T(v;)) Ny (v;)~' =0,

j—o0

as in the preceding paragraph. In this case, one may say that a is an approximate
eigenvalue of T on V. If a is an eigenvalue of T, then a is an approximate
eigenvalue in this sense. If a is an approximate eigenvalue of T', then a I — T
does not have a bounded inverse on V.

Let a € k and a sequence {v;}52; of nonzero vectors in V' be given. If
qv < 00, then one can check that

(30.7) |Nv(av;)? — Ny (T'(v;))" | < Ny (av; —T(v;))?

for each j, using the gy-norm version of the triangle inequality. Thus (30.6)
implies that

(30.8) lim [Ny (av;)? — Ny (T(v;))?| Ny (v;)"9 = 0.

j—oo
Equivalently, this means that
(30.9) lim |\a|qV Ny (vj)? — Ny (T (v;))? ’ Ny (v;)"% =0.
j*)OO
If gy = oo, then one can use the ultranorm version of the triangle inequality

to get that
(30.10) Ny (av;) = Ny (T(v;))

for every j > 1 such that
(30.11) Nv(avj —T(v;)) < max(Ny(av;), Nv(T(v;))).

This is the same as saying that

(30.12) la| Ny (v;) = Nv (T (v;))
when
(30.13) Ny (av; —T(v;)) < max(|a| Nv (v;), Nv(T'(v;))).
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If a # 0, then (30.6) implies that (30.13) holds for all sufficiently large j. Thus
(30.12) holds for all sufficiently large j when a # 0 and (30.9) holds.

Suppose that T' is a bounded linear mapping from V' into itself, and let || T||op
be the corresponding operator gqy-norm of 7', as in Section 9. If a € k is an
approximate eigenvalue of T on V', then

(30.14) la] < [|T|op-

To see this, let {v;}52, be a sequence of nonzero vectors in V' that satisfies
(30.6). Note that
(30.15) Ny (T (v5)) < ITop Nv (v;)

for each j, by definition of ||T'||,p. If |a| > ||T||op and g < oo, then one can get
a contradiction using (30.9) and (30.15). If ¢y = oo and a # 0, then (30.12)
holds for all sufficiently large j, as in the preceding paragraph. This implies
that (30.14) holds when ¢y = oo and a # 0, and of course (30.14) is trivial
when a = 0.

Suppose now that
(30.16) ¢ Ny (v) < Ny (T(v))

for some ¢ > 0 and every v € V. Let a € k be an approximate eigenvalue of T
on V', and let us check that
(30.17) ¢ <lal.

Let {v;}32; be a sequence of nonzero vectors in V' that satisfies (30.6) again. It
is easy to see directly that a # 0 in this case, which corresponds to the remarks
at the beginning of the section. If ¢y < oo and |a| < ¢, then one can get a
contradiction using (30.9) and (30.16). If ¢y = oo and a # 0, then (30.12)
holds for all sufficiently large j, as before. Combining this with (30.16), we get
(30.17), as desired.

If T is an isometric linear mapping from V into itself, then T is bounded in
particular, with ||T||,p = 1, unless V' = {0}. In this case, (30.16) holds with
c=1 as well. If a € k is an approximate eigenvalue of T" on V, then it follows
that |a] = 1, by (30.14) and (30.17).

Let T be a one-to-one linear mapping from V onto itself, and suppose that
T~ is bounded as a linear mapping on V. This implies that (30.16) holds, with

(30.18) ¢=1/IT"lop,

at least if V' # {0}, so that |T7!|,p > 0. Alternatively, if a € k is an approxi-
mate eigenvalue of T, then one can check that a # 0 and 1/a is an approximate
eigenvalue of T~'. More precisely, if {v; };’021 is a sequence of nonzero vectors in
V that satisfies (30.6), then {v;},;—1 satisfies the analogous condition for 7"~
and 1/a. This uses the fact that

(30.19) Ny (aT™(v)) —v)) Ny (T~ av; — T(v))))

1T~ op Ny (av; = T(v;))

N
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for each j. It follows that
(30.20) /lal = [1/al < T o,

as in (30.14). This is the same as (30.17), with ¢ as in (30.18).

31 Eigenvalues of multiplication operators

Let k be a field, and let X be a nonempty set. Also let b be a k-valued function
on X, and let

(3L.1) My(f) =bf

be the corresponding multiplication operator on ¢(X, k), as in Section 19. If
a € k is an eigenvalue of M;, on ¢(X,k), then there is a nonzero k-valued
function f on X such that

(31.2) b(x) f(x) = a f(z)
for every x € X. This implies that
(31.3) b(z) =a

for every x € X such that f(x) # 0. In particular, (31.3) holds for some z € X,
because f is not identically zero on X. In the other direction, (31.2) holds for
every f € ¢(X, k) whose support is contained in the set of x € X such that
(31.3) holds. If (31.3) holds for some x € X, then a is an eigenvalue of M on
¢(X, k). In this case, a is an eigenvalue for the restriction of M, to coo(X, k) as
well.

Let | - | be a g-absolute value function on k for some ¢ > 0, and suppose
that b is a bounded k-valued function on X. Thus M, defines a bounded linear
mapping from ¢"(X, k) into itself for every r > 0, and M, maps ¢o(X, k) into
itself, as in Section 19. As in the previous paragraph, a € k is an eigenvalue
of Mj on any of these spaces if and only if (31.3) holds for some z € X. In
this case, the corresponding eigenfunctions are the functions in the appropriate
space that are supported in the set of € X such that (31.3) holds, as before.

Suppose that a € k is an element of the closure of b(X) in k, with respect to
the g-metric associated to | - |. This means that there is a sequence {z;}32; of
elements of X such that {b(z;)}72; converges to a in k. Let d,; be the k-valued
function on X equal to 1 at =; and 0 everywhere else, as in (2.2). Thus

(31.4) Mp(6.,) = bla;) 6,

for each j, as in (19.3), and
(31.5) 1621 = 1

for every 7 and r > 0. This implies that a is an approximate eigenvalue of M, on
"(X, k) for each r > 0, and also on ¢o(X, k), using the ¢>° g-norm on c¢y(X, k).
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Note that
(31.6) Maleb:aI—Mb

as linear mappings from ¢(X, k) into itself. If a & b(X), then a 1x —b is nonzero
on X, so that
(31.7) 1/(alx —b)

is defined as a k-valued function on X. The multiplication operator on ¢(X, k)
associated to (31.7) is the inverse of (31.6), as in Section 22. Suppose that a is
not in the closure of b(X) in k, so that there is a positive real number ¢ such
that

(31.8) la —b(z)| > ¢

for every x € X. This implies that (31.7) is bounded on X, so that the multi-
plication operator associated to (31.7) is bounded on ¢" (X, k) for each r > 0.
This means that (31.6) has a bounded inverse on ¢" (X, k) for each r > 0, and on
co(X, k). It follows that a is not an approximate eigenvalue of Mj, on " (X, k) for
any r > 0. In particular, a is not an approximate eigenvalue of M; on cy(X, k)
with respect to the £>° g-norm.

Let us take & = R or C with the standard absolute value function for
the rest of the section, and let (X, A, ) be a measure space. Let b be an
essentially bounded measurable real or complex-valued function on X, so that
the corresponding multiplication operator M, defines a bounded linear mapping
from L"(X) into itself for each r > 0. If a is a real or complex number, as
appropriate, and f € L"(X) for some r > 0, then

(31.9) My(f)=af

in L"(X) means that b f = a f almost everywhere on X with respect to u. If
this holds for some f that is not equal to 0 almost everywhere on X, then

(31.10) p({z € X : b(xz) =a}) > 0.

If E C X is a measurable set such that b = a almost everywhere on E with
respect to u, then (31.9) holds with f = 1. Here 1g denotes the indicator
function on X associated to E, which is equal to 1 on F and to 0 on X \ E.
Of course, 1 is not equal to 0 almost everywhere on X with respect to u
when p(E) > 0. In this case, 1g is a nonzero eigenvector of M, on L*(X)
corresponding to the eigenvalue a. If u(E) < oo too, then 1g is a nonzero
eigenvector of My on L"(X) for every r > 0, corresponding to the eigenvalue a.
A real or complex number ¢ is said to be an element of the essential range
of b if
(31.11) p{zx e X : |b(x) —al <e€}) >0

for every € > 0. Equivalently, this means that for each e > 0 there is a measur-
able set F. C X such that u(F.) > 0 and

(31.12) p({z € Ec : |b(z) —a| > €}) =0.
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Thus
(3113) |Mb(1E€) - G,]_EEI S 6]_Ee

almost everywhere on X with respect to p. This implies that a is an approximate
eigenvalue of M; on L*°(X). If we can also choose F, so that u(E.) < oo for
each € > 0, then it is easy to see that a is an approximate eigenvalue of M} on
L™(X) for every r > 0.

If a real or complex number a, as appropriate, is not in the essential range
of b on X, then alyx — b is nonzero almost everywhere on X with respect to
w, and 1/(alx — b) is essentially bounded on X. This implies that a I — M,
has a bounded inverse on L"(X) for every r > 0. It follows that a is not an
approximate eigenvalue of M on L"(X) for any r > 0.

32 Eigenvalues of bilateral shifts

Let k be a field, and let | - | be a g-absolute value function on & for some ¢ > 0.
Also let T be the forward shift operator on ¢(Z, k), as in Section 3 and (26.1).
The eigenvalues of T on various subspaces of ¢(Z, k) were discussed in Section
26, and we would like to consider approximate eigenvalues of T on some of these
spaces in this section. If @ € k and |a| # 1, then a cannot be an approximate
eigenvalue of T on ¢"(Z,k) for any » > 0. This follows from the remarks in
Section 30, and the fact that T is an isometry on ¢"(Z, k) for each r > 0. If
la| = 1, then we have seen that a is an eigenvalue of T on ¢°°(Z, k). We have
also seen that a is not an eigenvalue of T on ¢"(Z, k) when 0 < r < 0.

Let a € k with |a| = 1 and a positive real number r be given, and let j1, jo
be integers with j; < js. Let f be the k-valued function defined on Z by

(32.1) fG) = a7 whenj; <j<js
= 0 otherwise.
Thus
(32.2) (T(MG)=fG-1) = a7 whenji+1<j<jo+1
= 0 otherwise.

It follows that

(32.3) af(j) = (T(f)G) = a'™  whenj=j

= —a'7? when j=j,
0 otherwise.
This implies that
(32.4) laf—T(H)ll, = 2V/7.
Similarly,
(32.5) £l = (G2 = 1+ DY
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This shows that a is an approximate eigenvalue of T on £"(Z, k), because we
can choose j1, j2 so that (32.5) is arbitrarily large.

Let us now take £ = R or C with the standard absolute value function
for the rest of the section. Let a € R or C be given, as appropriate, with
|a] = 1, and let a nonnegative integer n be given as well. Consider the real or
complex-valued function f,, as appropriate, defined on Z by

(32.6) fn(3)

a” (n—|jl) when |j| <n
0 when |j] > n.

Note that f,,(j) = 0 when |j| = n. Using (32.6), we get that

@B27) (T(fa)(G) = falG=1) = @7 (n=|j—1) when|j—1]<n

= 0 when |j — 1] > n,
which is equal to 0 when |j — 1| =n. If —n+1 < j < n, so that |j| < n and
|7 — 1] < n, then
(32.8)  afu(y) = (T(fa))(G) = @' (n—1jl)—a’~ (n—1]j—1)

a1 (lj =1 = i)

This implies that
(32.9) la fn(3) = (T(fa)) ()] =1

when —n + 1 < j < n. Otherwise, if j > n+ 1 or j < —n, then f,(j) =
fn(4 — 1) =0, which implies that

(32.10) a fu(id) = (T(f2))(J) = 0.
It follows that
(32.11) la fo = T(fa)llr = (20)"/"

for every r > 0, where the right side of (32.11) is interpreted as being equal to
1 when r = oo, as usual. Observe that

(32'12) ”anoo = |fn(0)| =n,
and that
(32.13) |fu(G) =n— i = n/2

when |j| < n/2. There are always at least n integers j with |j| < n/2, so that
(32.14) 1 falls > (n/2) n*/"

when 0 < r < co. Using (32.11) and (32.14), we get that a is an approximate
eigenvalue of T on ¢"(Z,R) and ¢"(Z,C) when 0 < r < co. Similarly, (32.11)
and (32.12) imply that a is an approximate eigenvalue of T on ¢o(Z,R) and
¢o(Z, C) with respect to the supremum norm.
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33 The ultrametric case

Let k be a field, and suppose that | - | is an ultrametric absolute value function
on k. Also let f be a k-valued function on Z, and let a € k be given, with
|a] = 1. If ji, jo are integers with j; < jo, then

J2

(33.1) @ f(ja) —a" f()) = D (@ f(G)—dT (1))

Jj=j1+1
J2
= > dNaf(G) - fG-1).
Jj=j1+1
This implies that
(332)  la® fG2) ~ " S| < max o f() - £~ D,

by the ultrametric version of the triangle inequality. Equivalently,

(333 0”f02) = JG)I < max o f(G) = (TG

where T is the forward shift operator on ¢(Z, k), as in Section 3 and (26.1).
If a f —T(f) is bounded on Z, then

(33.4) la” f(j2) = a” ()| < llaf = T(f)]l

for every ji,j2 € Z, by (33.3). Using the ultrametric version of the triangle
inequality again, we get that f is bounded on Z, with

(33.5) I flloe < masx (Jla.f = (Dl inf |£()])-

In particular, if f vanishes at infinity on Z, then

(33.6) [fllso < llaf =T (f)loe-

This shows that a is not an approximate eigenvalue of T on ¢o(Z, k) with respect

to the supremum ultranorm when |a| = 1. The analogous statement for |a| # 1

follows from the remarks in Section 30, as mentioned in the previous section.
More precisely, if a f — T(f) is bounded on Z, then

(33.7) sup_|a’ f(j2) — a”* f(ju)l = la f = T(f)llo-

J1,J2€Z

This uses (33.4) to get that the left side of (33.7) is less than or equal to the
right side. The opposite inequality follows directly from the definitions, with
j2 = j1 + 1. Of course,

(33.8) la f=T(f)lleo <max(llaflloo, IT(f)lloc) = [[fllo
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for every f € €°(Z,k), by the ultrametric version of the triangle inequality.
Combining this with (33.6), we get that

(33.9) llaf=T(lloo =l

when f € ¢y(Z, k).

Let f € £°(Z, k) be given, and let Ry(f) be defined on Z as in (28.1). Using
the ultrametric version of the triangle inequality, we get that Ro(f) is bounded
on Z too, with

(33.10) [Ro(f)llso < N1f oo

In particular, it follows that I — T maps £>°(Z, k) onto itself, by (28.12). We
also have that

(33.11) 1o = 1T = T)Ro(F) oo < IR0l
using (28.12) in the first step, and (33.8) in the second step, with a = 1. Thus
(33.12) [1Bo(f)llse = I lloo>

by (33.10) and (33.12). Remember that

(33.13) (Ro(f))(0) =0

automatically, by the definition (28.1) of Ro(f). In fact, Ry maps ¢>*(Z,k)

onto the subspace of bounded k-valued functions on Z that are equal to 0 at 0,
because of (28.16).

34 k Complete

Let k be a field with an ultrametric absolute value function | - | again, and
suppose that k is complete with respect to the ultrametric associated to | - |. If
f € co(Z, k), then the infinite series

o0 o0
(34.1) SFG). D f(=h)

j=1 §=0

converge in k, as in Section 12. This permits us to define

(34.2) i fG)

j=—o00

as an element of k, by combining the sums in (34.1). We also have that

(34.3)

> 16)] < suplsi),

j=—o00
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because of the analogous statement for the sums in (34.1), as in (12.5). The
sum (34.2) can be treated as a sum over Z as in Section 13 as well. Note that
the mapping from f € ¢o(Z, k) to the sum (34.2) is linear in f. This mapping
defines a bounded linear functional on ¢q(Z, k) with respect to the supremum
norm, with dual norm equal to 1.

If f € ¢o(Z,k), then one can check that

o

(34.4) D@ =Y fG-1= > i)

j=—o00 j=—00 j=—o00

as in (27.2), where T is the usual forward shift operator. This implies that

(34.5) > () = (@(UNE) =0,

j=—c0

as in (27.3). It follows that I — T maps co(Z, k) into

(34.6) {g € co(Z, k) : i 9(j) :0}.

j=—o0

Of course, this is the kernel of the linear functional defined on ¢ (Z, k) by (34.2),
as in the preceding paragraph. Thus (34.6) is a closed linear subspace of ¢ (Z, k)
with respect to the topology determined by the supremum metric, because (34.2)
defines a bounded linear functional on ¢o(Z, k) with respect to the supremum

norm, as before.
If f €co(Z,k) and j € Z, then

(34.7) D G-
=0

converges in k, as in Section 12 again. Let (R(f))(j) denote the value of this
sum for each j € Z, as in (27.4). Equivalently, this sum can be expressed as

(34.8) > F)

l=—00

for every j € Z, as in (28.2). It follows that

(34.9) [(R(f)()] < sltg?\f(l)l < [l

for every j € Z, using (12.5) in the first step. Thus R(f) defines a bounded
k-valued function on Z, with

(34.10) IR oo < [1flloe-
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The first inequality in (34.9) implies that

(34.11) lim |(R(f)(5)] =0

Jj——00

for every f € co(Z, k). If (34.2) is equal to 0, then

(34.12) (RUMNG) == D f)

I=j+1
for each j € Z. This implies that

(34.13) (RG] < sup |f(D)]

>j+1
for each j € Z, as in (12.5). Hence

(34.14) lim |(R(f))(4)| =0,

j—o0
because f vanishes at infinity on Z. This shows that
(34.15) R(f) € co(Z, k)

when f € ¢p(Z, k) and (34.2) is equal to 0, by combining (34.11) and (34.14).
If f € cy(Z,k), then (27.8) and (27.9) hold for every j € Z, which implies
that (27.11) holds in this situation as well. This means that

(34.16) ToR=RoT=R-1I

as linear mappings from cy(Z, k) into £°°(Z, k), as in (27.12). More precisely, the
first T in (34.16) is considered as a mapping from ¢>°(Z, k) into itself, the second
T is considered as a mapping from cy(Z, k) into itself, I is the identity mapping
on ¢o(Z, k), and R is considered as a mapping from co(Z, k) into £°(Z, k). It
follows that

(34.17) (I-T)oR=Ro(I-T)=1I

as linear mappings from c¢o(Z, k) into £°(Z, k), as in (27.13), where the first I
and T are considered as mappings on ¢*°(Z, k), and the other I’s and T are
considered as mappings on cy(Z, k).

The second equality in (34.17) implies that

(34.18) R(f=T(f))=f
for every f € ¢o(Z, k). Thus
(34.19) [flloe = IR(f = T(fNlloo < I1f = T(F)llos

for every f € co(Z, k), using (34.10) in the second step. This gives another way
to look at (33.6), with a = 1.
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If fecy(Z,k), then
(34.20) (I =T)(R(f)) = f,

because the left side of (34.17) is equal to the identity as a mapping from
co(Z, k) into £>°(Z, k). If we also have that the sum in (34.2) is equal to 0, then
R(f) € co(Z, k), as in (34.15). This shows that f € co(Z, k) lies in the image of
I —T on ¢y(Z, k) when the sum in (34.2) is equal to 0. We have already seen
that I —T maps co(Z, k) into (34.6), and the previous remarks imply that 7 —T
maps ¢o(Z, k) onto (34.6).

35 The domain of R

Let k be a field, and let T be the usual forward shift operator on ¢(Z, k), as in
Section 3 and (26.1). If f € ¢(Z,k), j1,j2 € Z, and j; < jo, then

S =D G-

J2

S (FG) = (T G))

J=n J=n J=n
J2 J2—1
(35.1) = D 0= D f6) =102~ f—1).
J=n Jj=j1—1
Let | - | be a g-absolute value function on k for some ¢ > 0. Consider the

space cr(Z, k) of k-valued functions f on Z such that

(35.2) Zf(*j)

Jj=0

converges in k. This is a linear subspace of ¢(Z, k), because linear combinations
of convergent series converge as well. If f € cg(Z, k), then

(35.3) lim [f(j)] =0,
j——o0
as in Section 12. If ¢ = oo, and if k is complete with respect to the ultrametric
associated to |-|, then (35.3) implies the convergence of (35.2) in k, as in Section
12 again. Note that 7' maps cg(Z, k) onto itself.
If f € cr(Z,k), then

(35.4) S fG-1)
=0

converges in k for every j € Z, and we let (R(f))(j) be the value of this sum,
as in (27.4). This defines R as a linear mapping from cr(Z, k) into ¢(Z, k).
Equivalently,

(35.5) (RUNG) = D F@)

l=—0c0
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for every f € cr(Z,k) and j € Z, as in (28.2) and (34.8). It is easy to see that

(35.6) dim (R(£))() =0
j——o00
in k for every f € cr(Z,k), because of the convergence of the series (35.2).
If f € cgr(Z,k), then it is easy to see that (27.8) and (27.9) hold for every
J € Z. This implies (27.11), as before, so that

(35.7) ToR=RoT=R-1

as linear mappings from cg(Z,k) into c¢(Z,k), as in (27.12). As in previous
situations, the first T in (35.7) is considered as a mapping from ¢(Z, k) into
itself, the second T is considered as a mapping from cg(Z, k) into itself, I is the
identity mapping on cr(Z, k), and R is considered as a mapping from cg(Z, k)
into ¢(Z, k). Thus

(35.8) (I-T)oR=Ro(I-T)=1

as linear mappings from cg(Z, k) into ¢(Z, k), as in (27.13), where the first T and
T are considered as mappings on ¢(Z, k), and the other I’s and T are considered
as mappings on cr(Z, k).

Let f be a k-valued function on Z that satisfies (35.3). Using (35.1), we get
that

(35.9) D _(f() — (T(NHW) = F() = fh = 1) = f(j) asji = o0
l=j1

for each j € Z. This implies that

(35.10) f=T(f) € cr(Z,E),

by taking j = 0 in (35.9). We also get that

(35.11) (R(f =T = D (fO) = (T(ND) = f)

for each j € Z, by (35.5). This corresponds to the second equality in (35.8)
when f € cr(Z, k).

36 Doubly-infinite sums

Let k be a field with a g-absolute value function | - | for some ¢ > 0 again. If
fec(Z,k) and
(36.1) >_fG)
j=1
converges in k, then
(36.2) T |£(7)| =0,
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as in Section 12. As before, (36.2) implies that (36.1) converges in k when
g = oo and k is complete with respect to the ultrametric associated to | - |.

Let ¢s(Z, k) be the space of k-valued functions f on Z such that (35.2) and
(36.1) both converge in k. In this case,

(36.3) > G

Jj=—o0

can be defined as the sum of (35.2) and (36.1). Of course, c¢s(Z, k) is a linear
subspace of the subspace cr(Z, k) of ¢(Z, k) defined in the previous section. It
is easy to see that the usual forward shift operator T' maps cs(Z, k) onto itself.
If f € cs(Z,k), then one can check that

o

(36.4) Yo (@MG) = Y ),

j=—o00 Jj=—00

as in (27.2).
Suppose that f € cs(Z, k), so that f € cg(Z, k) in particular, and R(f) can
be defined as in the previous section. If (36.3) is equal to 0, then we have that

(36.5) (RUNG) == D f)

I=j+1

for each j € Z, because of (35.5). Note that the convergence of the sum on the
right side of (36.5) follows from the convergence of (36.1). This implies that

(36.6) lim (R(f))(7) =0

jro0
in k under these conditions. Combining (35.6) and (36.6), we get that
(36.7) R(f) € co(Z, k).
Let f be a k-valued function on Z that satisfies (36.2). Observe that
J2
(36.8) D _(f()) = (TUNG)) = f(i2) = FT=1) = =f(G—1) asjo — o0
=3
for each j € Z, using (35.1) in the first step. If we take j = 1, then we get that

o0

(36.9) (f() = (T())D) = =£(0),

=1

and in particular the series on the left converges in k. If f € ¢o(Z, k), then it
follows that
(36.10) f=T(f) € cs(Z, k),
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by combining the previous statement with (35.10). In this case, we also have
that

(36.11) Yo () = (T(H)WD) = f(0),

l=—00

by (35.9). Combining (36.9) and (36.11), we obtain that

(36.12) Y (O =@My =0

l=—o0

under these conditions. This could be derived from (36.4) as well when f is an
element of c¢g(Z, k).

37 Bounded partial sums

Let k be a field with a g-absolute value function |-| for some ¢ > 0. If f € ¢(Z, k),
then

J2
> f(j)‘ Lj1,d2 € Z, i sz}

J=i

(87.1) IIflars = Iflzrsm = sup{

is defined as a nonnegative extended real number. Let us say that f has bounded
partial sums on Z when (37.1) is finite. Observe that

(37.2) I flle < IfllBPS

for every f € ¢(Z,k), by taking j; = jo in (37.1). Let BPS(Z, k) be the space
of f € ¢(Z, k) with bounded partial sums, so that

(37.3) BPS(Z,k) C (>(Z, k),

by (37.2). One can check that BPS(Z, k) is a linear subspace of ¢*°(Z, k), and
that (37.1) defines a g-norm on BPS(Z, k). In particular, (37.2) implies that
I fllzps > 0 when f(j) # 0 for some j € Z.

Suppose for the moment that ¢ = co. In this case, it is easy to see that

(37.4) [fllzps < [Iflls

for every f € ¢(Z,k), by the ultrametric version of the triangle inequality. Of
course, (37.2) and (37.4) imply that

(37.5) IfllBPs = [ flloo
for every f € ¢(Z, k). Thus

(37.6) BPS(Z,k) = (>(Z, k)

in this situation.
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Suppose now that ¢ < oo, and let f € ¢(Z, k) be given. Observe that

3 10)| < (3o

J=i1 J=i

(37.7)

for every ji,j2 € Z with j; < jo. This implies that

(37.8) | fllBrs < fllg,
and hence
(37.9) t4(Z,k) C BPS(Z,k).

If ¥ = R with the standard absolute value function, and f is a nonnegative
real-valued function on Z, then

(37.10) Ifllzps = D fG) = IIflh-

j=—oc0

In this case, f has bounded partial sums if and only if f is summable on Z.
Let T be the usual forward shift operator on ¢(Z, k), as in Section 3 and
(26.1). If f € ¢(Z,k), j1,j2 € Z, and j; < ja, then

J2 J2 J2—1

(37.11) DTG =D 1G-1)= > )

J=i1 J=j Jj=j1—1
It follows that
(37.12) IT(H)sps = I flsps;
and that T maps BPS(Z, k) onto itself.
38 Normalized partial sums
Let k be a field with a g-absolute value function | - | for some ¢ > 0, and let

f € ¢(Z,k) be given. As before,

J2

(38.1) Ifles, =suw {3 1) o< 2.
j=1

and .

(38.2) Iflses. =suw {3 1) € 2 <0}

Jj=i1

are defined as nonnegative extended real numbers. Put

(38.3) [fllBPsy = max([|fllsps, [ flBPs_),
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which is also defined as a nonnegative extended real number. Clearly

(38.4) Ifllzps. <[ fllBps,

because the partial sums in (38.1) and (38.2) are particular cases of the par-
tial sums in (37.1). Similarly, we would like to estimate ||f||pps in terms of

1fllBPs. -
Let j1,j2 € Z be given, with j; < js. If j3 <0 and 1 < j,, then

J2 0 J2
(38.5) STFG) =D+ fG)
J=j1 J=J1 Jj=1
If 1 < 71, then 4 ‘ .
(38.6) Z fG) = Zf(j) — Z £,

where the second sum on the right side is interpreted as being equal to 0 when
j1 =1.1If j2 S O, then

J2 0 0
(38.7) IRIOEDIFIHENDDIFOE

J=j1 J=i1 Jj=j2+1

where the second sum on the right side is interpreted as being equal to 0 when
j2 = 0. In each of these three cases, one can check that

J2
(3.9 S 1| <20 1 lmes..

J=J1

using the g-absolute value function version of the triangle inequality. Here 21/¢
is interpreted as being equal to 1 when ¢ = co. This implies that

(38.9) Ifllzps < 2Y||fllpPs.-

Thus f has bounded partial sums on Z if and only if || f||pps. is finite. It is
easy to see that ||f|sps,. ||f|Bps_ are g-seminorms on BPS(Z,k), and that
| fllBps. is a g-norm on BPS(Z, k). If ¢ = oo, then

(38.10) Ifllepss = [[fllBrs = I/l

for every f € ¢(Z,k), by (37.5), (38.4), and (38.9).
Let f € ¢(Z,k) be given again, and let Ry(f) be the k-valued function
defined on Z as in (28.1). By construction,

(38.11) [Ro(f)llec = lfllBPs.-

In particular, Ry(f) is bounded on Z if and only if f has bounded partial sums
on Z. If ¢ = oo, then (33.12) follows from (38.10) and (38.11).
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Suppose that f is an element of the space cr(Z,k) defined in Section 35.
This means that the infinite series (35.2) converges in k, which implies that the
corresponding sequence of partial sums is bounded. Thus

(38.12) ||fHBp57 < 0.

If R(f) is defined on Z as in Section 35, then

(38.13) (RN < [ flBPs
for every j € Z, by (35.5) and the definition (37.1) of ||f||pps. It follows that
(38.14) [B(Pllee < [If1IBPs-

If J1,J2 €4 and 71 < ja, then

(38.15) > FG) = (R(F)(G2) — (R()) (1 — 1),

J=i1

by (35.5). This implies that

J2
(35.16) > 16)] < 2/ IR
J=J1
and hence
(38.17) 1£llBps < 29 | R(f)lloo-
If ¢ = 0o, then we get that
(38.18) [R(F)lloo = IflIBPs = [ flloo

using (38.14) and (38.17) in the first step, and (37.5) in the second step.

If f is an element of the space cg(Z, k) defined in Section 36, then f is an
element of cg(Z, k), and the infinite series (36.1) converges in k. It follows that
the sequence of partial sums corresponding to (36.1) is bounded, so that

(38.19) HfHBPSJr < 0.
Combining this with (38.12), we get that
(38.20) cs(Z,k) C BPS(Z, k),

using also (38.3) and (38.9).
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39 Connections with 7 — T

Let k be a field with a g-absolute value function | - | for some ¢ > 0, and let
T be the usual forward shift operator on ¢(Z, k), as in Section 3 and (26.1). If
f€cZ,k), j1,j2 € Z, and ji < ja, then

J2

(39.1) 26 = (@G| < 1£(=) = FGr = 1),
by (35.1). This implies that
(39.2) If =T(Hllsps = sup_|f(l2) — f(l)],

l1,l2€Z

where ||-||gps is as in (37.1). Tt follows that f —T'(f) has bounded partial sums
on Z if and only if f is bounded on Z. Note that

(39.3) 5P 1f2) = F()] < 29| oo,
and that
(39.4) [ flloo < sup |f(l2) — f(1)]

when inficz | f(I)] = 0.

Suppose now that f has bounded partial sums on Z. If Ry(f) is defined on
Z as in (28.1), then Ro(f) is bounded on Z, as in the previous section. We also
have that
(39.5) Ro(f) = T(Ro(f)) = f,
by (28.10). This implies that I — T maps £*°(Z, k) onto BPS(Z,k). If ¢ = oo,
then BPS(Z,k) is the same as ¢>°(Z, k), as in Section 37. In this case, the
previous statement is the same as saying that I — T maps (*°(Z, k) onto itself.
This was mentioned more directly in Section 33.

Let us take £ = R or C with the standard absolute value function, for the
rest of the section. Let f be a real or complex-valued function on Z, and let
J1,J2 € Z be given, with j; < jo. Observe that

5 10| €y 317G < e

J=J J=i1

1

39.6 - -
(39.6) Je—J+1

Consider the collection of bounded functions f on Z such that

1 J2 .
(39.7) e I OR IO R

J=i
uniformly as jo — j1 — 00. More precisely, this means that for each € > 0 there
should be a nonnegative integer L such that

if(j)’ <€

Jj=Jj1

(39.8)

1
Je—J1+1

73



for every ji,j2 € Z such that j; < js and jo — j1 > L. It is easy to see that
this is a linear subspace of the space £°°(Z) of bounded real or complex-valued
functions on Z, as appropriate. One can also check that this is a closed set
in ¢°°(Z) with respect to the supremum metric. Of course, nonzero constant
functions on Z do not have this property.

Note that

1

39.9 B —
( ) Jo—n+1

J2
3 f(j)‘ <L fllses

J=i J2 =+l

for every real or complex-valued function f on Z and j1,j2 € Z with j; < js.
This implies that (39.7) holds when f has bounded partial sums on Z. It follows
that the space of real or complex-valued functions on Z with bounded partial
sums is not dense in ¢°°(Z) with respect to the supremum metric, by the remarks
in the preceding paragraph.

40 Some density conditions

Let k be a field, and let T' be the usual forward shift operator on ¢(Z, k), as in
Section 3 and (26.1). Remember that I — T maps coo(Z, k) onto

(10.1) {reazn: 3 16)=0}.

j=—o00

as in Section 27. More precisely, I — T maps coo(Z, k) into (40.1), because of
(27.3). The fact that I —T maps coo(Z, k) onto (40.1) was obtained from (27.15).
In this section, we would like to use this to look at the image of I — T on some
other spaces of functions on Z.

Let | - | be a g-absolute value function on k for some ¢ > 0. Remember
that coo(Z, k) is dense in ¢"(Z, k) when 0 < r < 0o, as in Section 8. Similarly,
coo(Z, k) is dense in ¢g(Z, k) with respect to the supremum g-metric.

Suppose first that £ = R or C, with the standard absolute value function.
If 1 < r < oo, then there are real or complex-valued functions f on Z, as
appropriate, such that f has finite support in Z,

(40.2) Z £5)

is any given real or complex number, and || f]|, is arbitrarily small. More pre-
cisely, if a is any real or complex number, n € Z, f(j) = a/n for n integers j,
and f(j) = 0 otherwise, then (40.2) is equal to a, and

(40.3) I £]lr = |a| nt*/" =1

for every » > 0. If r > 1, then (40.3) tends to 0 as n — oo, as desired. Using
this, one can check that (40.1) is dense in coo(Z, k) with respect to the £" norm
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when r > 1. This implies that (40.1) is dense in ¢"(Z,k) when 1 < r < oo,
because coo(Z, k) is dense in £7(Z, k), as in the previous paragraph. It follows
that I —T maps £"(Z, k) onto a dense linear subspace of itself when 1 < r < oo,
because I — T maps coo(Z, k) onto (40.1). Similarly, (40.1) is dense in ¢o(Z, k)
with respect to the supremum metric, because coo(Z, k) is dense in ¢y(Z, k) with
respect to the supremum metric, as before. Hence I — T maps ¢o(Z, k) onto a
dense linear subspace of itself with respect to the supremum metric.

If 0 < r < 1, then r-summable functions on Z are summable on Z, as in
Section 8. If f is a summable real or complex-valued function on Z, then the
sum (40.2) can be defined as a real or complex-number, as appropriate. Thus
the sum (40.2) can be defined as a real or complex number when f is a real or
complex-valued r-summable function on Z and 0 < r < 1. In this case, we have
that

(10.4) 3 f(j)‘ <1l < 1£1s

j=—o00

using (8.4) in the second step. This implies that (40.2) defines a bounded linear
functional on £7(Z, k) when 0 < r < 1, so that

(40.5) {feKTZk Zf }

j=—00

is a closed linear subspace of £"(Z, k) when 0 < r < 1.

Observe that I — T maps ¢"(Z, k) into (40.5) when 0 < r < 1. This was
mentioned in Section 29 when r = 1, which implies the analogous statement for
0 <r <1 Infact, I — T maps £"(Z,k) onto a dense linear subspace of (40.5)
when 0 < r < 1. This was also mentioned in Section 29 when r» = 1, and the
analogous statement for 0 < r < 1 can be shown in essentially the same way.
The main point is that (40.1) is dense in (40.5) with respect to the ¢ r-norm
when 0 < r < 1, as before.

Now let k be a field with an ultrametric absolute value function |- |, and
suppose that k is complete with respect to the associated ultrametric. If f is
an element of ¢g(Z, k), then the sum (40.2) can be defined as an element of k,
as in Section 34. More precisely, this sum defines a bounded linear functional
on ¢o(Z, k) with respect to the corresponding supremum norm, as before. Thus

(40.6) {fe(:o (Z, k) Z fi }

Jj=—00

is a closed linear subspace of ¢yo(Z, k), with respect to the supremum metric.
Remember that I — T maps ¢o(Z, k) onto (40.6) under these conditions, as in
Section 34. One can check directly that (40.1) is dense in (40.6) with respect to
the supremum metric.

Let r be a positive real number, and remember that ¢"(Z, k) is contained in
co(Z, k), as in Section 8. If f € £"(Z, k), then it follows that the sum (40.2) can
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be defined as an element of k, as before. We also have that

(40.7) 3 f(j)‘ < flloe < £

j=—00

using (34.3) in the first step, and (8.4) in the second step. Thus the sum (40.2)
defines a bounded linear functional on ¢"(Z, k) as well, which implies that (40.5)
is a closed linear subspace of ¢"(Z, k). Of course, I —T maps (" (Z, k) into (40.5),
because I — T maps ¢o(Z, k) into (40.6), as before.

One can check directly that (40.1) is dense in (40.5) with respect to the ¢"
r-norm in this situation. This is analogous to the corresponding statements
for real and complex-valued functions on Z, mentioned earlier. As before, this
basically uses the density of coo(Z, k) in £7(Z, k), with an additional adjustment
to deal with the condition on the sum. It follows that I — T maps ¢"(Z, k) onto
a dense linear subspace of (40.5) with respect to the ¢ r-norm, because I — T
maps coo(Z, k) onto (40.1).

41 Limits of partial sums

Let k be a field with a g-absolute value function | - | for some ¢ > 0, and let f
be a k-valued function on Z. To say that the limit

(41.1) Jlim Y f()

jo—roo  j=j1

exists and is equal to a € k£ means that for each ¢ > 0 there is a nonnegative
integer L such that

J2

> i) —a

J=i

(41.2) <e

for every j; < —L and jy > L. It is easy to see that the limit a is unique when
it exists, by standard arguments. In this case, (41.1) can be used as another
way to define the sum of f(j) over j € Z. If f is in the space cg(Z, k) defined
in Section 36, then this limit exists and is equal to the value of the sum defined
there. Let cg2(Z,k) be the space of k-valued functions f on Z such that the
limit (41.1) exists. This is a linear subspace of ¢(Z, k), and the value of the limit
(41.1) defines a linear functional on cg2(Z, k).

Let BPSy(Z, k) be the space of k-valued functions on Z with the following
property: for each € > 0 there is a nonnegative integer L such that

Zf(j)—Zf(j)‘ <e

i=i i=3

(41.3)

for every ji,j2, 41,745 € Z such that ji,j; < —L and js,j5 > L. This may be
considered as the Cauchy condition corresponding to the existence of the limit
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(41.1). In particular, if the limit (41.1) exists, then this Cauchy condition holds,
by standard arguments. If we restrict our attention to j; = jj in this Cauchy
condition, then we get that

(41.4) > 1)<

Jj=j2+1

when j} > jo > L. Similarly, if we restrict our attention to jo = j4, then we get
that

Jji—1

> f(j)‘ <

J=J

(41.5)

when ji < j; < —L. Conversely, if these two conditions are satisfied, then one
can check that the earlier Cauchy condition holds too. More precisely, one can
use (41.4) and (41.5) to get a condition like (41.3), with an extra factor of 21/
on the right side.

The condition (41.4) is equivalent to saying that the sequence of partial
sums corresponding to the infinite series Z;‘;l f(4) is a Cauchy sequence in k.
Similarly, the condition (41.5) is equivalent to saying that the sequence of partial
sums corresponding to Z;io f(=7) is a Cauchy sequence. If k is complete with
respect to the g-metric associated to | - |, then these Cauchy conditions imply
that the two series converge in k. This means that f is in the space cs(Z, k)
defined in Section 36. In particular, this implies that the limit (41.1) exists in
k, as before.

If f € BPSy(Z,k), then one can check that f has bounded partial sums on
Z, as in Section 37. More precisely, BPSy(Z, k) is a closed linear subspace of
BPS(Z, k), with respect to the BPS ¢g-norm. In fact, BPSy(Z, k) is the closure
of coo(Z, k) in BPS(Z,k). In particular, BPSy(Z,k) is contained in co(Z, k).
If ¢ = 0o, then BPSy(Z, k) is the same as ¢o(Z, k).

If f €cs2(Z,k), then

J2
(41.6) Jm_ 3 0| < fles,

j2—oo j=j1

where ||f||pps is the BPS ¢-norm of f, as in (37.1). Thus the mapping from f
to the value of the limit (41.1) defines a bounded linear functional on cg2(Z, k)
with respect to the BPS g-norm. The kernel of this linear functional is the
collection of k-valued functions f on Z such that

J2
(41.7) Jim > JG)=0.
jg—re0 j=j1

The boundedness of this linear functional implies that its kernel is relatively
closed in cg2(Z, k), with respect to the topology determined by the BPS ¢-
norm. In fact, one can check that the collection of k-valued functions f on Z
for which (41.7) holds is a closed linear subspace of BPS(Z, k), with respect to
the topology determined by the BPS g-norm.
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42 The inverse of [ —aT

Let k be a field with a g-absolute value function |- | for some ¢ > 0, and suppose
that k is complete with respect to the associated g-metric. Also let T be the
usual forward shift operator on ¢(Z, k), as in Section 3 and (26.1). Of course, T
maps {"(Z, k) isometrically onto itself for each » > 0. If a € k and |a| < 1, then
I —aT has a bounded inverse on ¢"(Z, k) for every r > 0, as in Section 23. The
inverse is given by

(42.1) I—aT)” Za T,

where the series converges in BL({"(Z, k))7 as before.
In particular, if f € £"(Z, k) for some r > 0, then

(42.2) (I—aT)~ Za T(f
where the series converges in ¢"(Z, k). It follows that

(42.3) (I —aT)” ial

=0

for each j € Z, where the series converges in k. Equivalently,
(42.4) (I =aT) YNNG =D d fGi-1D
1=0

for each j € Z, using (3.3) on the right side. The convergence of the series on
the right side of (42.4) in k for each j € Z can be obtained directly from the
remarks in Section 12 when |a| < 1 and f is bounded on Z. Similarly, let us
look more directly at some of the properties of the linear mapping defined by
this series.

Suppose for the moment that r € Ry, r < ¢, and f € ¢"(Z,k). Remember

that | - | can also be considered as an r-absolute value function on k, because
r < q. Thus
(42.5) Z lal' " [£(G = DI

for every j € Z, as in (12.3). This 1mphes that

(42.6) S D d G- S a1 -l

j=—00'l=0 j=—00 1=0

r

Interchanging the order of summation, we get that this double sum is equal to

@27 > > lal'IfG =0 =)0 Y lalIFG)IT = @ = lal") M IF-
=0 j=—o00 =0 j=—o00
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This corresponds to (23.8), with V' = ("(Z,k) and gy = r. Note that the
previous inequalities are equalities when f(j) = 0 for all but one j € Z. This
implies that the operator r-norm of (42.1) on £"(Z, k) is equal to

(42.8) (1—|a|")~ /"

for every a € k with |a] < 1 when r < g.

Suppose now that £ = R or C, with the standard absolute value function,
and that 1 < r < co. In this case, the operator norm of (42.1) on ¢"(Z, k) is
equal to
(42.9) (1= la)™"

when |a| < 1. The fact that the operator norm is less than or equal to (42.9)
corresponds to (23.8) again, with V = ¢"(Z, k) and gy = 1. Of course, if a = 0,
then (42.1) is the identity operator, which has operator norm 1. Otherwise,
suppose that a # 0, and let b be the real or complex number, as appropriate,
such that ab = |a|. Thus |b| = 1, so that b is an approximate eigenvalue of T'
on ¢"(Z, k), as in Section 32. This implies that a b is an approximate eigenvalue
of aT on ("(Z,k), so that 1 — ab is an approximate eigenvalue of I — aT on
("(Z, k). Tt follows that

(42.10) 1—l]a) ' =1 —abl™!

is less than or equal to the operator norm of (42.1) on ¢"(Z, k), as in (30.20).
Thus the operator norm of (42.1) on ¢"(Z, k) is equal to (42.9), as desired. Note
that b is an eigenvalue of T on (*°(Z, k), as in Section 26, so that 1 — ab is an
eigenvalue of I —aT on (*°(Z, k). This does not work for the restriction of T' to
co(Z, k), but b is an approximate eigenvalue for the restriction of T' to ¢o(Z, k)
with respect to the supremum norm, as in Section 32 again. Hence the operator
norm of (42.1) on ¢o(Z, k) with respect to the supremum norm is equal to (42.9)
when |a| < 1, by the same type of argument as before.

Part III
Unilateral shift operators

43 Forward and backward shifts

Let k be a field, and let Zoy = Z4 U {0} be the set of nonnegative integers. If
f is a k-valued function on Zg,, then let A(f) be the k-valued function defined
on Zo4+ by

(43.1) (AUNG) = FG—1) whenj>1
= 0 when j = 0.

This defines a linear mapping A from ¢(Zg4, k) into itself, which is the forward
shift operator on ¢(Zo, k). Similarly, let B(f) be the k-valued function defined
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on Zoyt by
(43.2) (B()G) = fG+1)

for every j > 0. This defines a linear mapping B from c¢(Zoy, k) into itself,
which is the backward shift operator on c¢(Zoy, k).

More precisely, A is a one-to-one linear mapping from ¢(Zo4, k) into itself,
and B maps ¢(Zgy, k) onto itself. If f is any k-valued function on Zg,, then

(43.3) (BAU)G) = f()
for every j € Zo4. Thus
(43.4) BoA=1

as linear mappings from ¢(Zgy, k) into itself. Similarly,

(43.5) (ABENG) = f(G) whenj>1
= 0 when j =0

for every f € ¢(Zo+, k). Note that A maps ¢(Zo, k) onto the space of k-valued
functions f on Zg; such that f(0) = 0, and the kernel of B consists of the
k-valued functions f on Zgy whose support is contained in {0}.

Let [ be a positive integer, and let A’, B! be the ith powers of A, B as linear
mappings from ¢(Zg4, k) into itself with respect to composition, as usual. If
f € c(Zos, k), then

(43.6) (A'(NG) = fG—1) whenj>1

= 0 when 0 <5 <1 —1.
Similarly,
(43.7) (B(MNG) = fG+1)

for every j > 0. In particular,
(43.8) BloAl =1

as linear mappings from ¢(Zo4, k) into itself, which can also be obtained from
(43.4). If f € ¢(Zoy, k) again, then

(43.9) (A'BHNG) = fG) whenj>1
= 0 when 0 < j <1 —1.

Let n € Zo4 be given, and let 0,,(j) = dz,, n(j) be the k-valued function
defined on Zg; as in (2.2), which is equal to 1 when j = n and to 0 otherwise.
Also let | € Z, be given, and observe that

(43.10)  (A'(0))(J) = 6n(j—1) =6nsu(j) when j>1
= 0="0,+10J) when 0 < j <1[-—1.

This implies that
(43'11) Al(dn) = 6n+l-
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If j € Zopy, then

(43.12) (B'(6,))(J) = 6n(j +1) = dnu(j) whenl<n
=0 when [ > n.

It follows that

(43.13) BY(6,) = 0,y whenl<n
0 when [ > n.

Let T be the usual forward shift operator on ¢(Z, k), as in Section 3. Also
let f be a k-valued function on Z such that

(13.14) ) =0
when j < 0, and let fy be the restriction of f to Zgy. If | € Z, then
(43.15) (TH()G) = (A (fo)) ()

for every j > 0. Thus A'(fy) is the same as the restriction of T'(f) to Zoy.
Note that (T'(f))(j) = f(j —1) = 0 when j < 0, 1 > 1, and f satisfies (43.14).
Similarly,

(43.16) (T (NG) = fG+1) = (B'(f0))(5)

for every j > 0 and [ > 1, so that B'(f) is the same as the restriction of T~!(f)
to Zo4. More precisely, (43.16) holds for every f € ¢(Z,k), j > 0, and | > 1,
without the additional condition (43.14).

44 Polynomials and power series

Let k be a field, and let X be an indeterminate. As in [4, 7], we use upper-case
letters like X for indeterminates, and lower-case letters like x for elements of k.
If f € ¢(Zoy, k), then

(44.1) F(X)=) f(j) X’
j=0

is a formal power series in X with coefficients in k. The space of formal power
series in X with coefficients in % is typically denoted k[[X]]. Of course, a formal
power series is characterized by its coefficients, so that the mapping from a
k-valued function f on Zgy to F(X) is a one-to-one correspondence between
c(Zoy, k) and k[[X]]. Thus one may use ¢(Zo4, k) as a precise definition of
E[[X]], and use (44.1) as notation for elements of k[[X]]. Note that k[[X]] is a
vector space over k with respect to termwise addition and scalar multiplication
of formal power series, which correspond exactly to pointwise addition and scalar
multiplication of k-valued functions on Zg,. .
There is a natural way to multiply formal power series, where

(44.2) XIxt = xi+t
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for all nonnegative integers 7, [. It is well known and easy to see that k[[X]] is
a commutative algebra over k with respect to multiplication. Let f € ¢(Zo4, k)
be given, and let A(f) be as defined in (43.1). Thus f and g = A(f) determine
formal power series F'(X) and G(X), as in (44.1). Observe that

(44.3)  GX)=) (AN X = Y fGi-1x/
=0

J

<.
Il
—

f(G) X7 = P(X) X.

I
NE

<.
Il
o

A formal polynomial in X with coefficients in k& may be considered as a
formal power series in which all but finitely many coefficients are equal to 0. If
| € coo(Zo+, k), then the corresponding formal power series (44.1) is a formal
polynomial. The space of formal polynomials in X with coefficients in k is
typically denoted k[X], and is a subalgebra of k[[X]]. As before, one can use
co0(Zo+, k) as a precise definition of k[X]. Note that the shift operators A, B
map coo(Zo+, k) into itself.

If fe€c(Z,k), then

o0
(44.4) F(X)= Y f(iHx’
j=—00

may be considered as a formal Laurent series in X with coefficients in k. As
usual, one can use ¢(Z, k) as a precise definition of the space of formal Laurent
series in X with coefficients in k. Pointwise addition and scalar multiplication
of k-valued functions on Z corresponds to termwise addition and scalar mul-
tiplication of formal Laurent series, by construction. Although the product of
two formal Laurent series is not always defined, it can be defined in some situ-
ations. In particular, it is easy to multiply a formal Laurent series F'(X) with
a monomial X' for any [ € Z. Let f € ¢(Z, k) be given, and let g = T(f) be as
n (3.1). If F(X) and G(X) are the corresponding Laurent series, as in (44.4),
then

@5 G = 3 TNGX = 3 fG-DX
- ) )X =FE)X.

Of course, one can identify formal power series in X with formal Laurent series
in X such that the coefficient of X7 is equal to 0 when j < 0.

45 Extension and restriction mappings

Let k be a field, let X be a nonempty set, and let Y be a nonempty subset of
X. If fis a k-valued function on X, then let Ry (f) be the restriction of f to
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Y. Thus Ry defines a linear mapping from ¢(X, k) onto ¢(Y, k). Note that Ry
maps coo(X, k) onto coo(Y; k).

If fo is a k-valued function on Y, then let Ey (fp) be the k-valued function
on X defined by

(45.1) (By (fo))(x) = fo(z) whenzeY
=0 when z € X \ Y.

This defines a one-to-one linear mapping from ¢(Y, k) into ¢(X, k). More pre-
cisely, Ey maps ¢(Y, k) onto the linear subspace

(45.2) ey (X, k) = {f € (X, k) : supp f C Y}
of ¢(X, k), and

(453) Ey (000()/, k)) = Cy (X, k) M coo (X, k)
Of course,

(45.4) Ry (Ey(fo)) = fo

for every fo € ¢(Y, k), so that Ry o Ey is the identity mapping on ¢(Y, k).
If f € ¢(X,k), then let Py (f) be the k-valued function defined on X by

(45.5) (Py(f)(z) = f(z) whenzeY
=0 when z € X \ Y.

This defines a linear mapping from ¢(X, k) onto cy (X, k), which maps cgo (X, k)
onto (45.3). Observe that
(45.6) Py o Py = Py,

so that Py defines a projection on ¢(X, k). We also have that

(45.7) Ey(Ry(f)) =Py (f)

for every f € ¢(X, k), so that Ey o Ry = Py as linear mappings on ¢(X, k). Note
that Py is the same as the multiplication operator on ¢(X, k) corresponding to
the k-valued function on X that is equal to 1 on ¥ and to 0 on X \ Y, as in
Section 19.

Let us now take X = Z and Y = Zo, so that the restriction operator Rz, ,
the extension operator Ez,, , and the projection Pz,  can be defined as before.
Also let A, B be the forward and backward shift operators on ¢(Zg4, k), as in
Section 43, and let T be the forward shift operator on ¢(Z, k), as in Section 3.
The condition (43.14) means that f € cz,, (Z, k), using the notation in (45.2).
Thus (43.15) says that

(45.8) Rz, (T'(f)) = A'(Rz,, (f))
for every f € cz,, (Z,k) and [ > 1. Similarly,
(45.9) Rz, (T7'(f)) = B'(Rz,, (f))
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for every f € ¢(Z,k) and [ > 1, as in (43.16).
Observe that

(45.10) T(czo, (Z,k)) C cz,. (Z, k).
If fo € c(Zoy, k), then f = Ez,, (fo) € cz,, (Z,k), and
(4511) Tl(Ezo+ (fo)) = EZO+ (Al(f()))

for every I > 1. This is a more precise version of (43.15) and (45.8). If we identify
c(Zo+, k) with cz,, (Z,k) using Ez,, , then A’ corresponds to the restriction of
T to cz,, (Z,k) for each | > 1. We also have that

(45.12) Pz, (T_l(EZ0+ (fo)) = Ez,, (Bl(fO))
for every fo € ¢(Zo+, k) and I > 1, as in (43.16) and (45.9).

46 Dual mappings

Let k be a field. If f € coo(Zo+, k) and g € ¢(Zo4, k), then

(46.1) Ao(f) =2 F(0)90)

j=0

reduces to a finite sum in k. This defines a linear functional on cpo(Zo4, k) for
each g € ¢(Zo4, k), and every linear functional on coo(Zos+, k) is of this form, as
in Section 2. Thus

(46.2) g Ag

defines an isomorphism between c(Zo, , k) and the algebraic dual coo(Zo , k)&
of coo(Zo4, k) as vector spaces over k, as before.

Let A, B be the forward and backward shift operators on ¢(Zg4, k), as in
Section 43. Remember that A, B map coo(Zo+, k) into itself. If f € coo(Zos, k)
and g € ¢(Zo+, k), then

(46.3) A (A(F) =D fG =1 g0,

Jj=1

by the definition (43.1) of A(f). It follows that

oo

(46.4)  AJ(AW)) =D _FG) gl +1) =D F() (B9)(4) = Ap(g)(f)
j=0

using the definition (43.2) of B in the second step. This shows that the algebraic
dual A%# of A on coo(Zos,k) corresponds to B on ¢(Zoy, k), with respect to
the isomorphism between coo(Zo, k)*® and ¢(Zo , k) mentioned in the previous
paragraph. Similarly,

(46.5) Ag(B(f)) = Z fG+1)g0)

j=0
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for every f € coo(Zo+, k) and g € c(Zo+, k), by the definition (43.2) of B(f).
Hence

(46.6)  A(B(f) =Y _ f(i)gli—1) = Zf = Aacg) (),

using the definition (43.1) of A in the second step. Thus the algebraic dual B8
of B on coo(Zo+, k) corresponds to A on ¢(Zo4, k), in the same way as before.

Let X be a nonempty set, and let ¥ be a nonempty subset of X. The
corresponding projection operator Py defined in (45.5) maps ¢(X, k) into itself,
and cgo(X, k) into itself. If f € coo(X, k) and g € ¢(X, k), then

(46.7) > (Px(f) = f@g@) =) f@)(Pr(g))().

rzeX zeY reX

This implies that the algebraic dual (Py )& of Py on coo(X, k) corresponds to
Py on ¢(X, k), with respect to the usual identification between the algebraic
dual coo(X, k)8 of coo(X, k) and ¢(X, k), as in Section 2.

The restriction operator Ry defined in the previous section maps ¢(X, k)
into ¢(Y, k), and coo(X, k) into coo(Y, k). The extension operator Ey defined in
(45.1) maps ¢(Y, k) into ¢(X, k), and coo(Y, k) into coo(X, k). If f € coo(X, k)
and go € ¢(Y, k), then

(46.8) Z(RY(f))(fU) go(x) = Z f(z) g0 Z f(z) (Ey(g0))(z).

z€Y zeY rzeX

This means that the algebraic dual (Ry)*# or Ry as a linear mapping from
coo(X, k) into coo(Y, k) corresponds to Ey as a linear mapping from c(Y, k)
into ¢(X, k). This uses the identification of the algebraic dual coo(X,k)*® of
coo(X, k) with ¢(X, k) discussed in Section 2, and the analogous identification
of the algebraic dual coo(Y, k)& or coo(Y, k) with (Y, k). If fo € coo(Y, k) and
g € ¢(X, k), then

(469) 3 (By (o) (@) 9@) = 3 fo(@) g(2) = 3 folw) (Ry (9))(@).

reX zeY zeY

This implies that the algebraic dual (Ey)*® of Ey as a linear mapping from
coo(Y, k) into coo(X, k) corresponds to Ry as a linear mapping from ¢(X, k) into
¢(Y, k), using the same identifications of the algebraic dual spaces as before.

47 Boundedness on /" spaces

Let k be a field with a g-absolute value function |- | for some ¢ > 0, and let
r > 0 be given. If f € £"(Zo4, k), then it is easy to see that

(47.1) A(f), B(f) € '(Zoy, k),
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where A(f) is as in (43.1), and B(f) is as in (43.2). More precisely,
(47.2) IACH - = L£11-

for every f € £"(Zo4+,k), so that A defines an isometric linear mapping from
0" (Zoy, k) into itself. We also have that

(47.3) B < [1.f [l

for every f € ("(Zoy,k), so that B defines a bounded linear mapping from
0"(Zo4+, k) into itself, with operator ¢ or r-norm less than or equal to 1. If
le€Zy and f € £"(Zoy, k) satisfies f(j) = 0 when 0 < j <[, then one can check
that

(47.4) IBYH)llr =[£Il

using (43.7). In particular, this implies that the operator ¢ or r-norm of B! on
0" (Zoy, k) is equal to 1 for every I > 1. Note that B maps £"(Zo4, k) onto itself.

Similarly, A maps co(Zo+, k) into itself, and B maps co(Zo+, k) onto itself.
If | € Z,, then the restriction of B! to ¢o(Zo+, k) has operator g-norm equal
to 1 with respect to the supremum ¢-norm on ¢g(Zo4, k). This uses (47.3) and
(47.4), with r = oo.

Let X be a nonempty set, let Y be a nonempty subset of X, and let Py be
the projection operator defined in (45.5). If f € ¢"(X, k) for some r > 0, then
Py (f) e "(X, k), and
(47.5) 1Py ()l < (1Ll

with equality when f is supported in Y. Thus Py defines a bounded linear
mapping from ¢"(X, k) into itself, with operator ¢ or r-norm equal to 1. Simi-
larly, Py maps co(X, k) into itself, with operator g-norm equal to 1 with respect
to the supremum g-norm on ¢o(X, k). These statements about operator norms
can also be obtained from the remarks in Section 19, because Py corresponds
to multiplication by a k-valued function on X with supremum ¢-norm equal to
1, as in Section 45.

Let Ry be the restriction mapping from ¢(X, k) onto ¢(Y, k), as in Section
45. If f € £"(X, k) for some r > 0, then Ry (f) € ¢"(Y, k), and

(47.6) Ry ()ller vy < N1fllerx )

with equality when f is supported in Y. Hence Ry defines a bounded linear
mapping from ¢"(X, k) into ¢"(Y, k), with operator ¢ or r-norm equal to 1.
Similarly, Ry maps ¢o(X, k) into ¢o(Y, k), with operator g-norm equal to 1
with respect to the corresponding supremum g-norms. Let Ey be the extension
mapping from c(Y, k) into ¢(X, k), as in (45.1). If fo € £"(Y, k) for some 7 > 0,
then Ey (fo) € ¢"(X, k), and

(47.7) | By (fo)llerx k) = lfoller vk,

so that Ey defines an isometric linear mapping from ¢"(Y, k) into ¢"(X, k). Note
that Ey maps (Y, k) into ¢o(X, k) too. It is easy to see that Ry maps ¢" (X, k)
onto ¢"(Y, k) for every r > 0, and that Ry maps co(X, k) onto ¢o(Y, k), using
(45.4).
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48 Adjoint mappings

In this section, we take k = R or C, with the standard absolute value function.
Remember that the standard inner products on ¢%(Zg,R) and ¢?(Zgy,C) are
given by

(48.1) (f,9)=>_ (i) g0
j=0

and -

(48.2) (f.9) = Z £() (i),

I
o

J

as in (11.3) and (11.4), respectively. The forward and backward shift oper-
ators A, B from Section 43 define bounded linear mappings from ¢?(Zg,R)
and (?(Zoy,C) into themselves, as in the previous section. If f, g are square-
summable real or complex-valued functions on Zg,, then one can check that

(48.3) (A(f), 9) = (£, B(9)):

This is analogous to (46.4). It follows that
(48.4) A =B

as bounded linear mappings on £2(Zo, , R) or £2(Z¢,, C), where A* is the adjoint
of A, as in Section 21. Of course,

(48.5) B* = A,
for essentially the same reasons, or by taking the adjoints of both sides of (48.4).

Let X be a nonempty set, and let Y be a nonempty subset of X. As before,
the standard inner products on £?(X,R) and ¢%(X, C) are given by

(48.6) (f.9)x = _ f(x)g(x)

zeX

and

(48.7) (f.9)x = > fx)g(x),

reX

respectively. The projection mapping Py in (45.5) determines a bounded linear
mapping from each of /2(X,R) and ¢2(X,C) into itself, as in the previous
section. If f, g are square-summable real or complex-valued functions on X,
then

(48.8) (Py(f),9)x = ([, Py (9))x,
as in (46.7). This means that
(48.9) Py = Py

as bounded linear mappings on ¢?(X,R) or £2(X, C).
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The standard inner products on ¢2(Y,R) and ¢?(Y, C) are given by

(48.10) (fo,g0)y =Y fo(x) go(z)
rzeX

and

(48.11) (forg0)y =Y folx) go(2),
reX

respectively. As in the previous section, the restriction mapping Ry from Sec-
tion 45 defines a bounded linear mapping from ¢2(X, k) into ¢*(Y, k) for k = R,
C. Similarly, the extension mapping Ey in (45.1) defines a bounded linear
mapping from ¢2(Y, k) into (?(X, k) for k = R, C. If f is a square-summable
real or complex-valued function on X, and gg is a square-summable real or
complex-valued function on Y, then

(48.12) (Ry (f); 90)y = (f, By (90))x,
as in (46.8). This implies that
(48.13) R} = By

as bounded linear mappings from ¢2(Y, k) into ¢*(X, k), for k = R, C. We also
have that
(48.14) Ey = Ry

as bounded linear mappings from ¢2(X, k) into £2(Y, k), for k = R, C. This can
be obtained in essentially the same way, or by taking adjoints of both sides of
(48.13).

49 Eigenfunctions for unilateral shifts

Let k be a field, and let A and B be the forward and backward shift operators on
¢(Zo4+, k), as in Section 43. One can check that A has no nontrivial eigenvectors
in ¢(Zo+, k), so that A has no eigenvalues in k as a linear mapping from ¢(Zg4., k)
into itself. More precisely, 0 is not an eigenvalue of A, because A is injective
on ¢(Zos, k). fa€k,a+#0,f € c(Zos,k), and A(f) = a f, then one can
verify that f = 0 on Zg+, using the definition of A. This corresponds to the fact
that the bilateral shift operator T' on ¢(Z, k) has no nontrivial eigenfunctions
supported in Zg,, as in Section 26.

Let a € k be given, and let e, ¢ be the k-valued function defined on Zg by

(49.1) ean(j) =a’

for every j > 0. This is interpreted as being equal to 1 when j = 0, as usual,
even when a = 0. If a # 0, then e, is the same as the restriction to Zo of the
function e, defined on Z in (26.2). Observe that

(49.2) (B(ea,0))(s) = €ao(j +1) = a’™ = aeq0(j)
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for every a € k and j > 0, so that
(49.3) B(ean) = aeqy

as elements of ¢(Zoy, k). Thus e, is an eigenvector for B on ¢(Zo4, k) with

eigenvalue a for each a € k. It is easy to see that every eigenvector of B on

¢(Zo4+) with eigenvalue a is a multiple of e, o. Note that e, ¢ has finite support

in Zo only when a = 0, so that 0 is the only eigenvalue of B on c¢yo(Zo+, k).
Ifaek,a#0,and f € ¢(Zos, k), then

(49.4) (A(ea0 f))(7) = @ (A(F)() = ™ ean (i) (A(F))()

for every j > 0. Of course, each of these three expressions is equal to 0 when
j =0, by the definition (43.1) of A. Thus

(49.5) Aleao f) = a" ean A(f)

as k-valued functions on Zgy. Let M., , be the multiplication operator on
c(Zo. , k) corresponding to eq g, as in (19.1). Using this, (49.5) can be reformu-
lated as saying that

(49.6) Ao M,

€a,0

oA

as linear mappings from ¢(Zoy, k) into itself. Note that (49.1) is nonzero for
every j € Z when a # 0, in which case 1/eq0 = €140 and M} = M., , =

=a ' M,

€a,0

M, ,, .- It is easy to see that
(49.7) AOM;L}O:aM;L}OOA

for every a € k\ {0}, by rearranging the operators in (49.6), or by applying
(49.6) to 1/a. It follows that

(49.8) M., ,0 Ao M, =aA

for every a € k\ {0}, as linear mappings from ¢(Zg4, k) into itself.
If f,g € c(Zoy, k), then

(49.9) B(fg) = B(f)B(9)
as k-valued functions on Zg4, by the definition (43.2) of B. In particular,
(49.10) Blea,o f) = Blea,0) B(f) = aeao B(f)

for every a € k and f € ¢(Zo4, k), using (49.3) in the second step. This implies
that
(49.11) BoM

€a,0

=aM,

€a,0

oB

for every a € k, as linear mappings from ¢(Zg4, k) into itself. If a # 0, then we
have that

(49.12) BoM; ' =a "M oB,

by rearranging the operators in (49.11), or applying the previous statement to
1/a. Thus

(49.13) M,,oBoM; ' =a™'B

as linear mappings on ¢(Zo, k) when a # 0.
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50 Eigenvalues of unilateral shifts

Let k be a field, and let | - | be a g-absolute value function on k for some ¢ > 0.
Also let @ € k be given, and let e, be defined on Zg; as in (49.1). Observe
that

(50.1) €a,0 € {°(Zo4, k) if and only if |a| < 1.
Similarly,
(50.2) a0 € co(Zoy, k) if and only if |a| < 1.

If 0 < r < 00, then
(50.3) a0 € 0" (Zoy, k) if and only if |a| < 1.

Let A, B be the usual forward and backward shift operators on ¢(Zo+, k),
as in Section 43. Remember that the restrictions of A and B to ¢"(Zo4, k)
define bounded linear mappings from ¢"(Zg+, k) into itself for every r > 0, as in
Section 47. Tt follows from (50.1) and the remarks about eigenfunctions of B on
¢(Zo4+, k) in the previous section that a € k is an eigenvalue of B on £*°(Z4, k)
if and only if |a| < 1. Using (50.2), we get that a € k is an eigenvalue of B on
co(Zo+, k) if and only if |a| < 1. If 0 < r < oo, then a € k is an eigenvalue of B
on ¢"(Zoy, k) if and only if |a| < 1, by (50.3).

Let us now consider approximate eigenvalues of A and B on ¢"(Z4, k) and
co(Zos, k). Of course, if a € k is an approximate eigenvalue of A or B on
¢o(Z4, k) with respect to the supremum norm, then a is an approximate eigen-
value of A or B, respectively, on ¢*°(Zo4,k). Remember that A defines an
isometric linear mapping from ¢"(Zo4, k) into itself for every r > 0, as in Sec-
tion 47. If a € k is an approximate eigenvalue of A on ¢"(Zg., k) for some r > 0,
then it follows that |a| = 1, as in Section 30. Similarly, the restriction of B to
0"(Zo4+, k) has operator g or r-norm equal to 1, as appropriate, as in Section
47. If a € k is an approximate eigenvalue of B on ¢"(Zgy, k) for some r > 0,
then |a| < 1, as in (30.14). We shall restrict our attention to |a| = 1 for B as
well, since the case where |a] < 1 is covered by the remarks in the preceding
paragraph.

Let a € k with |a| = 1 be given, and let r be a positive real number. Also let
T be the forward shift operator on ¢(Z, k), as in Section 3, and remember that
A basically corresponds to the restriction of T" to k-valued functions on Z that
are supported in Zg;. We have seen that a is an approximate eigenvalue for
T on ¢"(Z,k), as in Section 32. The same type of construction can be used to
show that a is an approximate eigenvalue for A on ¢"(Zg, k). More precisely,
one can use functions defined as in (32.1), with j; > 0, restricted to Zo4 .

There are a few minor differences between the analogous argument for B
and the previous situation. Let jo be a nonnegative integer, and let fy be the
k-valued function defined on Zy4 by

(50.4) fo(j) = & when0<j<jy
= 0 whenj>jo+1.
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This corresponds to (32.1), restricted to Zg4, with j1 = 0, jo = Jo, and a
replaced with 1/a. Using the definition (43.2) of B, we get that

(50.5) (B(fo))(§) = fo(i +1) = @™ when j <jo—1
= 0 when j > jg.

Thus

(50.6) afo(j) — (B(f0))(j) = o™ when j=jo
= 0 otherwise,

so that

(50.7) la fo—B(fo)ll- =1.

We also have that

(50.8) I foll» = (jo + 1)/,

which implies that a is an approximate eigenvalue for B on ¢"(Zo, k). Of course,
B basically corresponds to T~ in the earlier discussion, and the restriction to
Z permits us to avoid an extra term in (50.6).

Suppose for the rest of the section that £ = R or C, with the standard
absolute value function. Let a be a real or complex number with |a| = 1, and
let f,, be the real or complex-valued function defined on Z for each nonnegative
integer n as in (32.6). In order to get functions that are supported in Zgy, one
can take

(50.9) FalG) = fulG — ),

for instance. Using the restrictions of these functions to Zgy,, one can show
that @ is an approximate eigenvalue for A on ¢"(Zg4,k) when 0 < r < oo,
and on ¢g(Zo4, k) with the supremum norm. This is basically the same as in
Section 32, with additional translations as in (50.9), because A corresponds to
the restriction of T' to functions supported in Zg, .

As before, there are analogous arguments for B, with some minor differences.
In order to use the same type of functions for B, one should replace a with
1/a, because B corresponds to T~!. It is not necessary to use translations as
in (50.9), and instead one can simply restrict the functions to Zgy. However,
instead of using the same type of functions as in (32.6), one can do the following.
Let {a,}22; be a sequence of real or complex numbers, as appropriate, that
converges to a, and satisfies |a,| < 1 for each n. If e,, o is defined on Zy; as
in (49.1), then e,, o is an eigenfunction for B with eigenvalue a,, for each n, as
in (49.3). We also have that e, o € co(Zo+, k) for each n, by (50.2), and that
€a,.0 € U"(Zo4, k) for every positive real number r and n > 1, by (50.3). Using
this, one can check that a is an approximate eigenvalue of B on ¢"(Zg4, k) when
0 <r < oo, and on ¢g(Zo4, k) with respect to the supremum norm.
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51 The case where ¢ =7 =

Let k be a field with an ultrametric absolute value function |- |, and let a € k
be given, with |a| = 1. If f € ¢(Zo4, k) and A(f) is as in (43.1), then

(51.1) af(j)—(A(f))G) = af(i)—f(G—-1) whenj=>1
= af(0) when j = 0.

Let [ be a nonnegative integer, and observe that

l
(51.2) a f(l)=> (@ f(G) —a " f(j = 1) + f(0),

j=1

where the summation on the right side is interpreted as being equal to 0 when
! = 0. Equivalently,

l
(51.3) a f(1)=>_a " (a f(5) - (A(F) (),
=0

where the f(0) term on the right side of (51.2) corresponds to the j = 0 in the
sum on the right side of (51.3). Thus

(514 701 < max [a fG) = (AU

by the ultrametric version of the triangle inequality.

If a f — A(f) is bounded on Zg, then it follows that f is bounded on Zg,
with
(51.5) [flloo < llaf = A(f)lso-

This could also be obtained from (33.5), applied to k-valued functions on Z
supported in Zg,. It follows that a is not an approximate eigenvalue of A on
£ (Zo4, k). Note that

(51.6) laf = A(f)lloo < max(fla flloo, [[A(f)lloc) <[]l

for every f € £°°(Zo4+, k), by the ultrametric version of the triangle inequality.
Hence

(51.7) la f = A(flloe = [Ifllo
for every f € £*°(Zo4, k), by (51.5) and (51.6).
Let f € ¢(Zo+,k) and nonnegative integers ji, jo be given, with j; < ja.
Observe that
d (@ fG) = a T G+ 1)

J=J1

(51.8)  a ™ f(j1) —a 7 f(ja)
= Y a7 af(G) - (BU)G))

Jj=Jj1
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where B(f) is as in (43.2). This implies that

(51.9) @™ f(j1) —a™ f(j2)| < max af(5) = (B(£)(),

J1<j<j2—1

by the ultrametric version of the triangle inequality. If a f — B(f) is bounded
on Zo,, then we have that

(51.10) @™ f(j1) — a7 f(j2)| < lla f = B(f)lloo

for every ji,j2 > 0. It follows that f is bounded on Zg,, with
(51.11) 1l < max (Jla.f = B o inf 7))

by the ultrametric version of the triangle inequality.
If f vanishes at infinity on Zg,, then

(5L.12) [flloo < llaf = B(f)lloo>

by (51.11). This means that a is not an approximate eigenvalue of B on
¢o(Zo+, k) with respect to the supremum ultranorm. As before,

(51.13) laf = B(f)lleo <max(la flloc, [B(f)llsc) < [flloc

for every f € £>°(Zo4+, k), by the ultrametric version of the triangle inequality.
Thus

(51.14) la f = B(f)llec = [[flloo
for every f € co(Zo+, k). Note that
(51.15) sup Ja™7 f(G1) —a? f(2)] = lla f = B(F) oo

for every f € £°°(Zo+, k), because of (51.10) and the definition of B.

52 Multiplicative inverses in k[[X]]

Let k be a field, and let X be an indeterminate. Of course, elements of k£ can
be identified with formal polynomials in X of degree 0. More precisely, such a
constant polynomial is a scalar multiple of X°, which is typically omitted from
the notation. This defines a natural embedding of k into k[X]. In particular, the
multiplicative identity element 1 in k£ corresponds to a constant polynomial in
X, which may be denoted 1 as well. This is the multiplicative identity element
in k[[X]]. Thus F(X) € k[[X]] has a multiplicative inverse in k[[X]] when there
is a G(X) € k[[X]] such that

(52.1) F(X)G(X) =1.
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Let a € k and a nonnegative integer n be given, so that Z;L:O a? X7 defines
an element of k[X]. As usual,

(52.2) (1-aX)) a X =1-a"" xX"F
j=0

Similarly, -7, a’ X7 defines an element of k[[X]], and

(52.3) (1-aX) iaj X7 =1.
j=0

Thus 1 — a X is invertible in k[[X]], with
o . .
(52.4) (1-aX)'=>"d X/
=0

Now let a(X) € k[[X]] be given, so that (a(X) X)! = a(X)! X! is defined as
a formal power series in X for every nonnegative integer [. If n is a nonnegative
integer, then

(52.5) (1—a(X)X) zn: a(X) X' =1 —a(z)"t XntL,
=0

as in (52.2). The sum

(52.6) > a(X) X!

1=0
can be defined as a formal power series in X as well, because the coefficient of
X7 reduces to a finite sum for each j > 0. One can also check that

(52.7) (1—a(X)X) ia(X)l X =1,
=0

as in (52.3). This implies that 1 — a(X) X is invertible in k[[X]], with inverse
equal to (52.6).

Let F(X) € k[[X]] be given. If F(X) has a multiplicative inverse in k[[X]],
then it is easy to see that the constant term in F(X) is not equal to 0. Con-
versely, if the constant term in F(X) is not equal to 0, then F(X) can be

expressed as
(52.8) F(X)=b(1-a(X)X),

where b € k, b # 0, and a(X) € k[[X]]. This implies that F(X) has a multi-
plicative inverse in k[[X]], by the remarks in the preceding paragraph.
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53 Inverting [ —a A on ¢(Zy,, k)

Let k be a field, and let a € k be given. If n is a nonnegative integer, then put
(53.1) Can =y _d A",
1=0

where A is as in (43.1). This defines a linear mapping from ¢(Zo4, k) into itself.
Equivalently,

min(j,n)

(53.2) (Can($))G) =D " AMNG) = Y. ' fG-1)
=0

1=0
for every f € ¢(Zo4, k) and j > 0, using (43.6) in the second step. Note that
(53.3) (I-aA)oCup=Copno(l—aA)=1-—a" "t A"

as linear mappings on ¢(Zo, k) for each n > 0, as in (23.1).
If f€c(Zos,k) and j € Zpy, then put
J
(53.4) (CalFN@) =D _a'F(G =D

=0

This defines a k-valued function on Zy, and C, defines a linear mapping from
c(Zo4, k) into itself. Comparing (53.4) with (53.2), we get that

(53.5) (Ca(f)) = (Can(£))()

when j < n. Equivalently,

(53.6) (Ca())G) =D d (A'(F)()

=0

for every j > 0, where the right side of (53.6) reduces to the finite sum in (53.4),
because of (43.6). Basically, C,, corresponds to > ;- a' A, which is made precise
by (53.4) and (53.6).

Let f € ¢(Zo4+, k) be given, and observe that

(53.7) (Cala ANNG) = 3 a™H (ATH)G)
=0

for each j > 0, by applying (53.6) to A(f) in place of f. Similarly,

oo

(53.8) a(A(Ca(N))G) =D aTH (AT())G)

=0
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for each j > 0, by applying A to both sides of (53.6). We also have that
(53.9) Y aTHATHN)G) = D a (ANG) = (CalMG) = 1)
1=0 =

for each j > 0, using (53.6) in the second step. Combining this with (53.7) and
(53.8), we get that

(53.10) aA(Ca(f)) = Ca(aA(f)) = Ca(f) - f-
Thus

(53.11) aAoC,=aC,0A=C, -1

as linear mappings from ¢(Zg, k) into itself, so that
(53.12) (I—aA)oC,=Cho(I—aA)=1

Of course, this means that [ —a A is invertible as a linear mapping from ¢(Zo, k)
into itself, with
(53.13) (I—aA)~t=C,.

If | - | is an ultrametric absolute value function on k and |a| < 1, then it is easy
to see that C, maps (>°(Zo, k) into itself.

If b € k and b # 0, then it follows that b1 — A = b(I —b~! A) is invertible
as a linear mapping from ¢(Zoy, k) into itself, with

(53.14) OI—A) =T -b"A) T =07 Crpp

We have already seen in Section 49 that A has no eigenvalues in k as a linear
mapping from ¢(Zg4, k) into itself, which is the same as saying that b1 — A is
injective on ¢(Zo4, k) for every b € k. If b = 0, then b1 — A = — A does not map
¢(Zo4, k) onto itself, and hence is not invertible on ¢(Zg4, k).

54 (" Estimates, r < ¢q, r < 00

Let k be a field with a g-absolute value function |- | for some ¢ > 0, and let r be
a positive real number with r < ¢q. Remember that the forward shift operator
Ain (43.1) defines an isometric linear mapping from ¢"(Zg4, k) into itself, as in
Section 47. Let a € k and n € Zoy be given, and let C, ,, be as in (53.1). If
f el (Zoy, k), then

(54.1) ||Can( N7 =

<l 1A = (Z Ia\”) I1£1I7-

T =0 =0

=0

This uses the fact that || - ||, defines an r-norm on ¢"(Zg4, k) when r < g, as
in Section 8, in the second step. Thus C, , defines a bounded linear mapping
from £"(Zo4, k) into itself, with operator r-norm less than or equal to

(54.2) (im“)w
=0
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If f(j) = 0 for every j > 1, then (A!(f))(j) = 0 when j # I, as in (43.6). In
this case, one can check that equality holds in the second step in (54.1). This
implies that the operator r-norm of C,_,, on ¢"(Zy4, k) is equal to (54.2).

Let C, be as in (53.4), and let f € ¢(Zo4, k) be given. Observe that

(54.3) Y Cal DI =Y U Can(HYDI
§=0

Jj=0

for each n > 0, by (53.5). Of course,

(54.4) (Can (NI <D N Carn NI = 1Can (D
§=0

n
§=0
for every n > 0. If f(j) = 0 when j > 1, then (C,(f))(5) = 0 when j > n,
by (53.2). This implies that equality holds in the first step in (54.4) for every
n > 0 in this situation.

Suppose that |a| < 1, so that (54.2) is less than or equal to

(54.5) (Swatr)” = (1 —fary
1=0
for each n > 0. If f € £"(Zo4+,k), then it follows that
(54.6) Zn% [(Ca(MDI" < (L~ la)THIFIT
=
for every n > 0, by (54.1), (54.3), and (54.4). This implies that
(54.7) ICa(HI7 = i (Cal NN < @ =]a) I
=0

and in particular that C,(f) € ¢"(Zo4,k). Thus C, defines a bounded linear
mapping from £"(Zo4, k) into itself when |a| < 1, with operator r-norm less
than or equal to (54.5). If f(0) =1 and f(j) =0 when j > 1, then

(54.8) (CalFNG) =

for every j > 0, by (53.4). In this case, ||Co(f)|| is equal to (54.5), so that
equality holds in the second step in (54.7). Hence the operator r-norm of C, on
0"(Zoy, k) is equal to (54.5).

By construction, C, ,, is the same as the n partial sum of the infinite series

(54.9) > d Al
=0

of linear mappings on ¢(Zg., k). Of course, the operator r-norm of a' A’ on
0" (Zoy , k) is equal to |a|’ for every [ > 0, because A' is an isometry on £7(Zg , k).
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If |a] < 1, then it follows that (54.9) converges r-absolutely as an infinite series
of bounded linear mappings on ¢"(Zg, k), with respect to the operator r-norm.
One can check that C, , converges to C, as n — oo as a sequence of bounded
linear mappings on " (Zo, k) with respect to the operator r-norm when |a| < 1,
using the same type of simple estimates as before. This means that (54.9)
converges to C, as an infinite series of bounded linear mappings on ¢"(Zo4, k).
Note that k is not required to be complete with respect to the g-metric associated
to | - | here. In this situation, we were able to define C, directly, in terms of
finite sums.

55 Estimates for £ = R,C

Let us take £ = R or C with the standard absolute value function in this section,
so that ¢ = 1. We shall also restrict our attention to r > 1, since the case where
r < 1is covered by the discussion in the previous section. As before, the forward
shift operator A in (43.1) defines an isometric linear mapping from ¢"(Zg4, k)
into itself for each r. Let a € k and n € Zy; be given again, and let C, ,, be as
in (53.1). If r > 1 and f € " (Zo4, k), then

S A <l 1A Ol = (X lal) 111
=0 =0 =0

This uses the fact that || - ||, defines a norm on ¢"(Zg4, k) when r > 1, as in
Section 8. Thus C,, ,, defines a bounded linear mapping from ¢"(Zo4, k) into
itself when r > 1, with operator norm less than or equal to

(55.2) Z lal’.
=0

Let C, be as in (53.4) again, and let f € ¢(Zo+, k) be given. As in (54.3)
and (54.4), we have that

(65.1) (|Can()llr =

r

65.3) (L 1CmENT) " = (X ICantGI)" < 1Cun(l-
j=0 j=0

when r < oo, and

(55.4) max |(Co(f))(5)] = max [(Con ()G < 1Can(f)lloo;

0<j<n 0<j<n

using (53.5) in the first step of each. Suppose that |a| < 1, so that (55.2) is less
than or equal to

(55.5) D lal' = (1 —la)~!
1=0
foreach n > 0. If r > 1 and f € ¢"(Zoy, k), then we get that

(55.6) ICa(Hllr < (X = la) ™ I £,
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using (55.1), (55.3), and (55.4). This shows that C, defines a bounded linear
mapping from £"(Zg4, k) into itself when |a| < 1 and r > 1, with operator norm
less than or equal to (55.5).

As before, C, basically corresponds to the infinite series

(55.7) > at Al
=0

If |a] < 1, then this series converges absolutely as an infinite series of bounded
linear mappings on £"(Zo+, k) with respect to the corresponding operator norm,
as in Section 23. One can also check that C, maps ¢o(Zo4+, k) into itself when
|a| < 1. This can be verified directly from the original definition of C,, or by
considering (55.7) as an absolutely convergent series of bounded linear mappings
on ¢o(Zo4, k) with respect to the supremum norm. This is basically the same
as approximating Cy, by C, ,, and using the fact that C, , maps co(Zoy, k) into
itself for every n > 0.

As in Section 42, one can show that the operator norm of C, on ¢"(Zgy, k)
is equal to (55.5) for every r > 1 when |a| < 1. Similarly, the operator norm of
Cy on ¢o(Zoy, k) with respect to the supremum norm is equal to (55.5) when
la| < 1. Of course, C, is the same as the inverse of I —a A on these spaces when
la| < 1. If b € k and |b| = 1, then b is an approximate eigenvalue of A on these
spaces, as in Section 50. This permits one to show that the operator norm of
C, on these spaces is greater than or equal to (55.5), in the same way as before.

56 Convergent power series

Let k be a field with a g-absolute value function |- | for some ¢ > 0, and suppose
that k is complete with respect to the associated g-metric. Let f € £>°(Zo4, k)
and z € k be given, with |z| < 1. Under these conditions,

(56.1) PIOES

=0

converges in k, by the remarks in Section 12. More precisely, if ¢ < oo, then
(56.1) converges g-absolutely, by comparison with the convergent geometric se-
ries Z;io |¢|27. If ¢ = oo, then it suffices to observe that the terms of the series
converge to 0.

Let F(z) denote the value of the sum (56.1). Put g = A(f), where A is the
forward shift operator defined in Section 43, as usual. Thus g € £°°(Zo4, k),
as in Section 47, so that G(z) can be defined as the sum of the corresponding
series. In fact,

(56.2) G(z) =Y (AMNG) 2 =) fGi—1)a? =) f(j)a’t! =z F(a),
7=0

=0 =1

as in (44.3).
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Put \;(f) = F(x), considered now as a linear functional on ¢>°(Zg, k).
Using (56.2), we get that

for every f € €°(Zo,k). It is easy to see that A, defines a bounded linear
functional on £*°(Zg4, k). This implies that the restriction of A, to co(Zo4, k) is
a bounded linear functional with respect to the supremum ¢-norm. Similarly, the
restriction of A, to €"(Zo+, k) is a bounded linear functional for every positive
real number r. Note that A, is not identically 0 on £"(Zg, k) for any r > 0,
or on ¢g(Zoy, k). It follows from (56.3) that I — A maps ¢"(Zo4+, k) into the
kernel of the restriction of A, to £"(Zo4, k) for each r > 0, and that « I — A maps
co(Zo4+, k) into the kernel of the restriction of A, to co(Zo4, k). In particular,
x I — A is not surjective on these spaces, and hence not invertible.

Of course, if f € coo(Zos, k), then (56.1) reduces to a finite sum in & for
every x € k, and the value of the sum can be defined without asking k£ to be
complete. If g = A(f), then g € coo(Zo+, k) too, and (56.2) holds for every
x € k. Thus \;(f) = F(x) defines a linear functional on cyo(Zo4, k) for every
x € k, and satisfies (56.3) for every f € coo(Zo+, k) and = € k. This means that
x I — A maps coo(Zo+, k) into the kernel of A\, on coo(Zo4, k) for every z € k.
As before, A, is not identically 0 on cog(Zo+, k) for any © € k, and so x I — A is
not surjective on cop(Zo+, k) for any x € k.

57 Hardy spaces

In this section, we take k = C, with the standard absolute value function. Let
f be a complex-valued function on Zg such that

(57.1) O
j=0

converges for every nonnegative real number p < 1. The convergence of (57.1)
implies that |f(j)] p’ — 0 as j — oo, and hence that |f(j)|p’ is bounded on
Zo,. If

(57.2) £ (5)] o1

is bounded on Zg; for some p; > 0, then (57.1) converges when 0 < p < p1, by
comparison with a convergent geometric series. Thus (57.1) converges for every
0 < p < 1if and only if (57.2) is bounded on Zg, for every 0 < p; < 1.

Under these conditions,

(57.3) F(z) =) f()#
j=0

defines a holomorphic function on the open unit disk

(57.4) U={zecC:|z] <1}
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in the complex plane. It is well known that every holomorphic function on U
can be expressed in this way. If A(f) is the complex-valued function defined on
Zo. asin (43.1), then it is easy to see that A(f) satisfies the same type of condi-
tions as in the preceding paragraph. Thus A(f) also determines a holomorphic
function on U, which is the same as z F'(z), as in (56.2).

Let 0 < p < 1 be given, so that F'(p z) defines a continuous complex-valued
function on the unit circle T. If r is a positive real number, then

(57.5) (5 [1F@ar ax) "

can be defined using a Riemann integral with respect to the element |dz| of
arclength on T. The analogue of this for r = oo is

(57.6) sup [F(p z)|,
zeT

where the supremum is attained because T is compact. This is the same as
(57.7) sup{|F(w)| : w € U, |w| < p},

by the maximum principle. Clearly (57.7) increases monotonically in p, which
means that (57.6) increases monotonically in p. It is well known that (57.5)
aldo increases monotonically as a function of p for each r € R, because F'
is holomorphic on U. There are analogous statements for harmonic functions
when r > 1.

If 0 < r < oo, then we put

1 , 1/r
(57.8) |Fllae = sup (5= | [F(p2)I"Ide)
0<p<1 T JT

where the supremum is defined as a nonnegative extended real number. The
Hardy space H" is defined to be the space of holomorphic functions F' on U
such that (57.8) is finite, which means that (57.5) is bounded. This is a linear
subspace of the space of all holomorphic functions on U. If r > 1, then (57.8)
defines a norm on H", and (57.8) defines an r-norm on H" when 0 < r < 1.
Equivalently, )

1 1/r
(57.9) 1Pl = i (5= [ 1P 1asl) "

p—

because (57.5) increases monotonically in p.

Similarly, H> is defined to be the space of bounded holomorphic functions
on U. This is a subalgebra of the algebra of all holomorphic functions on U.
The H* norm
(57.10) [F |l = sup |F(2)

is the same as the supremum norm on U, which can also be expressed as

(5711) IFll = Jim (sup|F(p2)]).
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because of the monotonicity of (57.6).

It is well known that (57.5) increases monotonically as a function of r for
each p € [0, 1), by the inequalities of Jensen or Holder. It is easy to see directly
that (57.5) is less than or equal to (57.6) for every » € Ry and p € [0,1). If
0 <7y <ry < oo, then it follows that

(57.12) H™ CH",
with
(57.13) 1E ([ < ([ F | mra

for every FF € H™. If F € H" for some r > 0, then one can check that
G(z) = z F(z) defines an element of H" as well, with

(57.14) Gl = 1| -

This uses (57.9) when r < 0o, and (57.11) when r = 0.
If F is given as in (57.3), then

(57.15) 3 | IF0aR 1@ = S 7GR
§=0

for every 0 < p < 1. This follows from the orthonormality of the z7’s with
respect to the usual integral inner product (16.10) for L?(T). Using this, we
get that F' € H? if and only if f € ¢3(Zo,,C), with

e 1/2
(57.16) 1Fll = (3 1FG2) T = 1 llezo. 0
j=0

Note that a complex-valued function f on Zg satisfies the conditions mentioned
at the beginning of the section when f is bounded on Zgy, and in particular
when f € (*(Zos, k).

If FF € H" for some r > 0, then it is well known that the limit of F'(pz) as
p — 1— exists for almost every z € T with respect to Lebesgue measure. More
precisely, nontangential versions of this limit exist almost everywhere on T. If
r < oo, then F(pz) converges to the pointwise limit as p — 1— with respect
to the L™ norm on T. In particular, this implies that | F|/gr is equal to the
L™ norm of the boundary value function with respect to normalized arclength
measure on T. If r = oo, then || F|| g~ is equal to the L> norm of the boundary
value function.

If F € H" for some r > 0, then the product of F' with a bounded holomorphic
function on U is in H" too. This defines another type of multiplication operator
in this situation.
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