ABSTRACT ERGODIC THEOREMS AND WEAK
ALMOST PERIODIC FUNCTIONS()

BY
W. F. EBERLEIN

Although the individual ergodic theorem of G. D. Birkhoff is sharper
than the mean ergodic theorem of J. von Neumann, it was soon evident that
the measure-theoretic formulation obscured the greater generality of the
latter result. Thus various authors—notably F. Riesz [28] and Yosida and
Kakutani [33]—extended the mean ergodic theorem to an abstract theorem
asserting the convergence to a fix point of the means Thx = (n+1)=1 > aTix,
where T is a linear transformation of a Banach space E into itself. Alaoglu
and Birkhoff [1] then replaced the iterates (T7) by a semi-group G of linear
transformations and showed that convergence of certain general means of
transforms of an element x of E is equivalent to the existence and unique-
ness of a fix point ¥ in the closed convex hull of the orbit of x under G. The
persistence of the customary countability and uniform boundedness restric-
tions on G in their work, however, severely limits the generality. A fresh
abstraction is thus required, not only to subsume present results in a sharper
and more transparent form, but to extend the domain of the ergodicity phe-
nomena.

In Part I we study a semi-group G of linear transformations operating on
a space €, G ordinarily being restricted by an “ergodicity” condition of the
weakest type. We derive criteria for the validity of a mean ergodic theorem
in an arbitrary locally-convex linear topological space €. Specializing € to a
Banach space E, we obtain not only standard theorems as obvious corollaries
of the general theory, but significantly new results. For example, we obtain a
mean ergodic theorem for an arbitrary bounded Abelian semi-group G on the
one hand, and Fejér’s theorem as an ergodic theorem for an unbounded semi-
group on the other. The role played by weak compactness in E and (weak)
quasi-compactness of the operators T of G is clarified, as well as the relation
of ergodic theory to the mean value problem for generalized almost periodic
functions, the relation being particularly simple in case the underlying group
is Abelian.

In Part II we consider a locally-compact Abelian group G acting as trans-
lations on the Banach algebra C(G) of bounded continuous complex-valued
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functions on G. Calling x(¢) in C(G) weakly almost periodic (w.a.p.) if the
set of translates x(¢+s) (s€G) is (conditionally) weakly compact, we study
the class B of w.a.p. functions. The principal results are: (1) the existence
of the mean value as an ergodic theorem; (2) the closure of ¥ under multi-
plication, in contrast to other classes of generalized a.p. functions; (3) the
fact that B contains all the bounded functions pertinent to Fourier analysis
on Abelian groups—for example, almost periodic functions, positive definite
functions, and continuous functions vanishing at infinity; (4) the uniform
continuity of w.a.p. functions; (5) the almost periodicity of the convolution
of two w.a.p. functions; (6) the Parseval equation for Fourier expansions in
the characters of G; (7) if G=R;, that a w.a.p. function is in the Weyl class
W? for every p=1.

The equivalence of the properties of compactness (=bicompactness),
countable compactness, and sequential compactness for (closed) sets in the
weak topology of a Banach space [13] is vital to the theory, particularly since
we impose no countability restrictions on G.

Terminology. Linearity of an operator denotes continuity and total defini-
tion, as well as linearity in the algebraic sense. A set of operators forms a semi-
group if it is closed under operator multiplication.

PART I. ABSTRACT ERGODIC THEOREMS

1. Weak topology. We summarize some properties of the weak topology of
linear topological spaces (l.t.s.) that are required later. (For the definition
and elementary properties of l.t.s. see, for example, Hyers [20].)

Given an l.t.s. € denote by E* the set of all linear functionals defined on
€. In the only case we consider € is locally convex, whence there exist “suffi-
ciently many” linear functionals—that is, given x#0 in € there exists an f in
€* such that f(x) 0. The elements of € then form a new l.t.s. (weak topology
of €) under the system of neighborhoods N(x; f, * * * , fn, €) = [y] | Sfilxe— y)|
<e, i=1, - - -, n], where €>0 is arbitrary, and (fi, + - -, f.) is an arbitrary
finite set of elements of €*. It follows trivially that the weak closure of a set M
in € implies the strong closure. When M is convex, the converse is valid and
provides the fundamental connection between the two topologies:

THEOREM 1.1 (MAZUR-BOURGIN [6]). In a locally convex 1.t.s. a closed con-
vex set is weakly closed.

The interest of the weak topology is largely due to the vital role played
by weak compactness in the theory of infinite-dimensional linear spaces.
When € is a Banach space the weak compactness theory is almost metric in
its good behavior, and we shall be interested primarily in this case. The funda-
mental results we need are: (1) that the closed convex hull of a conditionally
weakly compact set is weakly compact [26]; (2) that the various standard
notions of weak compactness are equivalent [13]. For our purposes these facts
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are conveniently summarized in

THEOREM 1.2. Let E denote a Banachk space, M a subset of E, and I the
closed convex hull of M. In the weak (as well as in the metric) topology of E the
following conditions are equivalent:

(1) Z is compact (=bicompact);

(2) M is conditionally sequentially compact—that is, every sequence (x,)
in M contains a subsequence (x.;) such that lim,; x,,=x for some x in E;

(3) M is conditionally countably compact—that is, every infinite subset of
M possesses at least one limit point x in E.

In the weak topology of a Banach space, therefore, we need distinguish
only conditional compactness and compactness, depending on the closure of
the set involved, and we may employ sequential compactness notions freely.
The crucial role played by sequential weak convergence is apparent in the
case E=C(Q)=all continuous (real- or complex-valued) functions x(¢) on a
compact Hausdorff space @ with ||x|| =sup.ca | ()] :

THEOREM 1.3. In C(Q), x(£) =lim, x.(t) weakly if and only if (1) ||x.|| is
bounded; (2) lim, x.(t) =x(t) for every t& Q.

Since the general linear functional f(x) on C({) has the form of a Radon
integral

(@) = f (04,

where u is a countably additive regular Borel set function of finite total varia-
tion on © [22], the nontrivial half of the above theorem essentially amounts
to the Lebesgue convergence theorem. Moreover, not only this proof but the
theorem itself breaks down [29] on replacing the sequence x, by a directed
set Xq.

We note also that the above remarks remain valid for a locally compact
Hausdorff space Q if E = Co(Q) now denotes the continuous functions vanish-
ing at infinity. (x(f) vanishes at infinity if given ¢ >0 there exists a compact
set I'C Q such that ]x(t)| SeforteQ-T.)

2. Ergodic semi-groups. Consider now a locally convex l.t.s. € and a semi-
group G of linear transformations of € into itself. We denote by G*
= Za,-le a;20, > a;=1, T;E€G] the family of transformations T* consisting
of all finite convex combinations of the elements T of G; by O(x)
= [T*x| T*EG*] the orbit of x under G*, and by O(x) the closure of O(x) in
€. G* is clearly a semi-group of operators, and O(x) and O(x) are convex sets
invariant under G*. For convenience we shall always assume that G contains
the identity I. ‘

The semi-groups G of chief interest to us are those with the property we
denote as ergodicity.
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DEFINITION 2.1. G is an ergodic semi-group if it possesses at least one system
of almost invariant integrals. By such a system we mean o family of trans-
formations (T ), indexed by the directed set (o), with the following properties:

I. T, is a linear transformation of € into itself for every c.

I1. For every x and all o Tox & O(x).

I11. The transformations T, are equi-continuous.

IV. For every x in € and all T in G:

(a) limg (TTex— Tox) =0;

(b) limg (ToTx— Tex) =0.

We shall see later that the problem of the existence or construction of a
system of almost invariant integrals for a given semi-group G is a difficult
one. In many cases of interest, however, the system appears naturally, and a
complete solution is possible in the important bounded Abelian case (§5,
Example 3). Moreover, it turns out that any two systems of almost invariant
integrals are equivalent for our purposes, whence ergodicity is a property of
the semi-group G rather than of the particular system exhibited.

The following remarks are easy consequences of the above definition:
It is clear that IV remains valid if T is replaced by any element T* of G*.
III follows automatically from II when the T in G are assumed equi-continu-
ous. (As we shall see later, however, this restriction on G is unduly stringent.)
When € is a Banach space E, III and IV take the equivalent forms

I11’: There exists M >0 such that ||Ta|| £ M for all a;

IV’: For all T in G, lim (TTy—T,) =lim (ToT — T.) =0 “strongly” in B(E),
where B(E) is the Banach algebra of linear transformations of E into itself.
We sometimes consider the case where the limits IV’ hold in the “uniform”
(=norm) topology of B(E) as well as in the “strong”; and in either case it is
evident that the content of IV’ is not altered on replacing T by an element
U of G*, where the semi-group G* is the norm closure of G* in B(E). More-
over, it is trivial that Ux&€ O(x) for every UEG*.

3. The mean ergodic theorem. Our definition of an ergodic element of €
is inspired by the following key theorem, valid in any locally convex l.t.s.

TueOREM 3.1. If G is ergodic, x an element of €, and (T.) any system of
element invariant integrals, then the following conditions on an element y in €
are equivalent:

(1) yE0(x), and Ty=vy for all TEG;

(2) y=lim, Tox;

(3) y=limy Tox weakly;

(4) y is a weak cluster point(?) of (Tax).

DEFINITION 3.1. If G is ergodic, x is ergodic with (unique) limit fix point y

(?) ¥ is a cluster point of the directed set (x,) ina T-space if for each 8 and each nbd. U of y
there exists an o> 8 such that z,& U. The compactness of the closure of (x,) implies the exist-
ence of at least one cluster point ¥ (cf. Tukey [31]).
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if and only if there exists a y="T,, x satisfying any of the conditions (1) to (4)
above.

The justification for this definition rests on the following observations:
Since condition (1) is independent of the particular system (T%,), the validity
of (2), (3), or (4) for any system (T,) implies—by way of (1)—the validity
for any other system (7). Hence the property of being an ergodic element is
independent of the particular system of almost-invariant integrals employed,
provided at least one system exists. Moreover, (2) implies that the limiting
fix point v, if it exists, is necessarily unique.

Turning now to the proof of Theorem 3.1, we note that the implications
(2)—(3)—(4) are trivial. We complete the proof by establishing (1)—(2) and
(4)—(1).

(1)—(2). Given any nbd. N(0) C € we must exhibit a 8 such that a>f
implies y—T.x&N(0). Choose a nbd. V(0) such that V4+VCN, and a
nbd. W(0) such that To(W)C V for all a (III). Since v is in O(x) there exists,
by definition, T*&G* such that y—T*x&EW. Now choose B8 such that
(ToT*x—Tox )EV if > (IVDb). Recalling that II implies Toy =y for a fix
point ¥, we can now write

Y= Tox =Toly — T*¢) + (TeT*x — Tox) ET W)+ VCV+ VCNQO
fora > .

(4)—(1). Since T.xE O(x) for all & (II), the y in (4) is a weak limit point

of O(x), whence y& O(x) by the Mazur theorem. To prove that Ty=y for
all TEG note that, since there are sufficiently many linear functionals, it is
sufficient to show that f(Ty—y) =0 for all T in G and all f in €*. Given then
arbitrary €>0, TEG, and fE E*, we note first that setting g(x) =f(Tx)

defines an element g & €*. Since strong convergence implies weak convergence,
IV(a) implies the existence of an index 8 such that

| f(Tar — TTax) | < ¢/3 (@ > B).

Since y is a weak cluster point of T.x there exists some a>f such that
y— TaxGN(O;f» g, 6/3)—that iS,

| f(y — Ta2)| < ¢/3,
| f(TTax — Ty)| = | g(Tax — y)| < ¢/3.

Adding these inequalities we obtain |f(y— Ty)| <e. Since e>0, TEG, fE€ €*
were arbitrary, Ty =y for all TEG.

REMARK. We note that IV(a) was required only to establish (4)—(1),
IV(b) only in proving (1)—(2), and in either case only the validity at the
point x was needed.

4. The ergodic and almost periodic subspaces. Before proceeding to the
applications of our mean ergodic theorem we shall examine the space of
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ergodic elements and its important subspaces. We assume henceforth that € is a
Banach space E.

THEOREM 4.1. If G is ergodic, the ergodic elements of E constitute a closed
invariant linear subspace I'. The transformation T, x =y=1lim, T.x is a linear
transformation of T into itself, and H T””p§ M. Moreover, on T we have To=T2
=T, U=UT, if UEG* or U=some T..

Proof. Theorem 3.1 (2) clearly implies that I' is linear and || T..x|| < M]|«]|
for all x€T'. If x €T, IV(b) implies T, Tx =lim, ToTx =lim, Tox = T .x exists,
whence T is invariant under G. The proof that I' is closed involves the equi-
continuity condition III’: Assuming (x,) CT, x=1lim x,, ¥,=Ilim, T.x,, note
that ||yn—Ym|| =|| Tw(#n—2m|| < M||x, —xn||, whence the sequence is ¥, funda-
mental and y=lim v, exists. That y=Ilim, Tex then follows from the in-
equality

[Taz = 5l = [ Tale = ww| + [ Tatw — yull + [l = 5

on choosing N sufficiently large, and then a suitably.
The remaining statements of the theorem can be given the following more
general setting, in which the ergodicity of G is not assumed.

LeMMA 4.1. If, for every point x of a closed invariant linear subspace T,
O(x) contains a unique fix point Tox, and if UEB(E) has the property Ux
€ 0(x) for every xET, then Tox=T2x=UT .x=T,Ux.

To establish these equalities note first that UT ,x & O(T,x) = T.x. Hence
UT ox =Tyx; similarly, T2x=T,x. To prove T,Ux=T,x, note that Ux
€0(x) CT, O(Ux) CO(x), whence the fix point T, Ux exists, lies in O(x), and
is necessarily T.x. The proof of the theorem is then complete.

The structure of the ergodic subspace having been established, we now
investigate conditions sufficient to insure that a given element x of E be
ergodic. In this connection we shall find (4) of Theorem 3.1 to be the most
useful criterion for ergodicity, and weak compactness the most useful condi-
tion: For example, the required y exists automatically whenever any of the
sets O(x), (Tox), or [Tx| TEG] is (conditionally) weakly compact. (Foot-
note 2 and Theorem 1.2.)

This remark and reference to the theory of almost periodic points of
transformation groups suggest consideration of the following subspaces of
the ergodic space T'.

DEFINITION 4.1. x € E is (weakly) almost periodic under G if and only if
the orbit [Tx[ TEG] is conditionally (weakly) compact. T and W denote the
set of weak and strong almost pertodic points respectively.

The inclusion relations UC W CI' CE are obvious when G is ergodic. When
G is bounded, but not necessarily ergodic, one can establish
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THEOREM 4.2. If || T“ = M for all TEG, the (weak) almost periodic subspace
(W)U 4s a closed linear invariant subspace of E.

Proof. The linearity and invariance under G of I and W are obvious.
Closure of U follows from an obvious application of the diagonal process and
the completeness of E in the norm topology. The incompleteness of E in the
weak topology, however, necessitates modifications in the proof of closure for
. Fortunately we can still restrict consideration to sequential compactness
notions (Theorems 1.2).

Assuming x=lim x,, (x,) C®, and given any sequence (T)(T.EG), we
derive via the diagonal process a subsequence (Tr)C(T;) and a set of ele-
ments y, such that limy Tyx,=y, weakly (=1, 2, - - - ). If we could show
that y=lim, y, exists, it would follow readily that y=lim; T,x weakly,
whence *E%8. But the Hahn-Banach theorem [2] implies that ||ym—va||
=sup|isij=t | f(¥m—Yn) | =supps=alimy |f{ Tv(¥m—%n) } | £ M]|2n—2.)|. Hence
(y4) is fundamental, and y=Ilim, y, exists.

5. Examples and applications. We now justify our description of Theorem
3.1 as a mean ergodic theorem by deriving from it in elementary fashion essen-
tially all standard mean ergodic theorems. We further obtain important ap-
plications to Fourier analysis. The derivation consists of (1) verifying the
ergodicity (Definition 2.1) of the particular semi-group G considered, and (2)
verifying the ergodicity of the particular element x (Definition 3.1) by pro-
ducing the required y—usually by a weak compactness argument.

The following examples are all of the Abelian type, whence (a) and (b) of
IV coalesce. The more difficult noncommutative case will be discussed in §8.

ExampLE 1. Standard Case. Let G consist of the iterates (T™)
(n=0, 1, - - -) of a linear transformation T, and let the T, be the Cesaro
means

1y=m+nﬂin
0

under the natural ordering. I and II are trivially satisfied, and the validity of
IV hinges on the identity

n+m m—1
mn—n=m+w(EW—ZTo (m = 1).
n+1 0

The usual condition that ||7%|| < M for all » then insures the validity of III,
and of IV in the uniform sense. However, as pointed out in examples by
Dunford [10] and Hille [19], uniform boundedness of the T™* is too restric-
tive(®): all one needs is a bound on the ” T,,|| and lim, T"/%#=0 in an appro-
priate sense.

(®) If E=Hilbert space and ”T"” =M (n=0, +1, +2, - - .), T'is effectively no more gen-
eral than a unitary transformation (cf. de Sz. Nagy [30]).
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Theorem 3.1 then specializes to

THEOREM 5.1. Let TE B(E) be such that || T.|| is bounded and lim, T*x/n=0
Sor every x. If the set (T,x) is conditionally weakly compact, then y=1im, T.x
exists and Ty=y.

For the sake of completeness we note some special cases of interest: When
E is reflexive every (metrically) bounded set is conditionally weakly compact
[13], whence every x in E is ergodic. This remark covers Hilbert space and,
more generally, the spaces L? and /7 (p>1). In the spaces L and / Riesz [28],
Birkhoff [1], Kakutani [33] and others observed that a lattice-theoretically
bounded set of functions—that is, [x|a(f) <%(f) <b(¢) identically, a, bEL or
I]—is conditionally weakly compact. In a Lebesgue space L(S) a general
criterion for weak compactness (Riesz [28], Dunford and Pettis [12]) yields
the conditional weak compactness of T,x if T is of the classical form Tx(f)
=x(¢t), where ¢ is a one-to-one measure-preserving transformation of S into
itself(4).

The next example illustrates the fact that our definition of ergodicity sub-
sumes continuous as well as discrete means.

EXAMPLE 2. Almost periodic functions. Let E denote the Banach space of
complex-valued bounded uniformly continuous functions x(¢) (— © <t< )
with ”x” =sup; Ix(t)l. Let G be the group of translations Usx(¢) =x(¢+a),
whose only fix points are the constant functions. One may take as the system
(T.) the Bohr means

T.x(t) = —l—fax(t + s5)ds (> 0)
aJo

under the natural ordering. It is obvious that T, is linear (I) and that
|Ta]| =1 (111’). That IV holds in the uniform sense follows from the in-

equality
ata a
f x(t + s)ds ——f x(t + s)ds
a 0

The proof of II requires uniform continuity to assure the uniform (in ¢) ap-
proximation of T.x(#) by Riemann sums.

Since an almost periodic function is uniformly continuous, and the set of
translates x(t+a) (— © <a < =) is conditionally compact by definition, the
ergodic theorem now yields the existence of the mean value:

1
|0:Te ~ T = — < 2| af [|a /e

THEOREM 5.2(5). If x(f) (— o <t< ) is almost periodic, the limit Tx

(%) Dunford and Miller [11] show that the conditions on ¢ can be weakened if m(S) <
and derive the individual ergodic theorem from the mean ergodic theorem.

(5) It is readily verified that our methods will yield Kawada’s [22] extension of this
formula to a locally compact Abelian connected group.
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=M=limg., (1/a)[¢ x(t+5)ds =lima., (1/c) [iF x(s)ds exists uniformly in ¢
and is a constant.

The fact that this conclusion actually requires only the weak conditional
compactness of the translates of x(¢) provides the motivation for the study
(in Part II) of “weak” almost periodic functions defined on locally compact
Abelian groups. That the corresponding group of translations in this general
case is ergodic is implicit in our next example.

ExAMPLE 3. Bounded Abelian semi-group. Consider an arbitrary semi-
group G that is Abelian and bounded—that is, ||T]| < M for all T in G. This
hypothesis clearly includes Example 2 and the bounded case of Example 1.
We now exhibit a system of almost invariant integrals for G.

Order the elements of G* as follows: UDV if and only if there exists W
in G* such that U=WYV. That this ordering has the composition property
follows from the fact that UV =VU is a common successor of U and V.
Regarding each element of G* as its own index, we find that the elements of
G* under this ordering form a (uniform) system of almost-invariant integrals:
For the conditions I, II, and III are trivially satisfied. To establish IV we
must show that given T in G and €>0 there exists U in G* such that T*D U
implies |]TT*—T*“<e. Simply take U as the Ty of Example 1, N being
chosen so large that | TwT— Tw|| <e¢/M. If T*=VTy is any successor of T,
then

|TT* — T*| = ||T*T — T¥| = ||[V(T~T — Tw)|| £ M||TT — T <
We have therefore established
LeEMMA 5.1. If G is bounded and Abelian, then G is ergodic.

For purposes of reference we now summarize the main features of the
bounded Abelian case:

THEOREM 5.3. If G is bounded and Abelian, x is ergodic if and only if there
exists a fix 1_>_oint v in O(x). y, if it exists, is unique. The conditional weak com-
pactness of O(x) or [Tx| TEG) implies the existence of a fix point y in 0(x)(®).

REMARK. When E=L; (—«, ) and G is the group of translations
x(t)—x(t+a), the situation is degenerate: (1) The space of fix points and the
almost periodic subspaces Il and B reduce to the null function; (2) the ergodic
subspace consists [1] of the functions x(£) such that 2, x(¢)d¢=0. (That the
null function is the only function with a conditionally weakly compact set
of translates is an easy consequence of that part of the weak compactness
criterion [12] peculiar to a o-finite measure space.)

(%) The existence of a fix point in a weakly compact O(x) in the Abelian case also follows
from a fix point theorem of Markoff [21]. The special case of our theorem in which E is re-
flexive is due to Day [9].
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EXAMPLE 4. Summability of Fourier series. The significance of requiring a
bound on the T, (III’) rather than on all the T in G will now be clarified.
This apparently technical generalization is actually the heart of the summa-
bility theory of Fourier series. In fact, we shall exhibit Fejér’s theorem as an
ergodic theorem for an unbounded semi-group.

Let C denote the space of continuous real-valued functions of period 2=
with ||x|| =sup. |x(¢)|. Denote by S, the transformations S.x=s,(t), where
sx(t) is the nth partial sum of the Fourier trigonometrical series corresponding
to x. Let G consist of the identity I and the transformations U,=1—.S,. The
transformations .S,, U, are clearly linear; and the identity U, U, = U,, where
v=max (m, n), implies that G is an Abelian semi-group. That the only fix
point of G is the null function follows from the completeness of the trigono-
metrical system.

The semi-group G is unbounded. Although the U, themselves trivially
satisfy conditions I, II, and IV of a system of almost-invariant integrals for
G, the || U,|| are unbounded. In fact, the Dirichlet representation

1 L]
() = — f s+ 0D, ()

implies that ||S.|| =L.=(4/7?) log n+0(1), where

1 e 2 s 1/2
L,,=—f IDn(u)Idu=—-—f |sm(’f+ LI
T J_x T Jo 2 sin (#/2)

are the Lebesgue constants [34, p. 172].

However, the (C, 1) means T, =(n+1)~1 > 3 U; form a (uniform) system
of almost invariant integrals: I and II are again obvious, and IV follows
from the identity UnTn—Tw=(n+1)"125 (Un—U;) (n>m). To establish
III’ we employ the familiar expression [34, p. 44]

1 L4
T = a(t) = o)) = #() = — f 2t + 6)Ka(w)du,

where

K.(u) =

1 [sin (n + 1)u/2:|22 0
2+ L sin (w/2) 17
and (1/7)[%, K.(u)du=1. It then follows trivially from the positiveness of

the Fejér kernel K,(u) and the crudest of inequalities that || T,|| <2 for all 7.
Hence G is ergodic, and Fejér’s theorem takes the form:

THEOREM 5.4. Every element of C is ergodic under G—for example lim, T,x
=0 for every x in C.

The following proof, although not elementary, is in keeping with our ap-
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proach: The integral representation above implies that the T,x(¢) are uni-
formly bounded and equi-continuous, hence form a conditionally compact set.
A strong limit point ¥ then exists, whence y=lim, T,x by Theorem 3.1, and
y=0 since the null function is the only fix point.

In conclusion, we emphasize once again that ergodicity is a property of the
semi-group G, rather than of the particular system T, exhibited.

6. Quasi-compact operators. Conditions on the operators T of G sufficient
to insure the ergodicity of every x in E are of interest. Yosida and Kakutani
[33] found the special (bounded) case of Example 1 in which T is quasi-
compact fundamental in their abstract treatment of Markoff processes.

DEFINITION 6.1. A linear transformation T is (weakly) compact(") if the
transform T(S) of the unit sphere S is conditionally (weakly) compact. T is
(weakly) quasi-compact if there exists an integer m and a (weakly) compact
linear transformation V such that || Tm— V|| <1.

THEOREM 6.1. If G is ergodic and if some T in G* is (weakly) quasi-compact,
then every x in E is ergodic. The projection T, is (weakly) compact, and the set
To(E) of fix points is a (reflexive) finite-dimensional subspace of E. If T is
quasi-compact and the limits IV hold uniformly for the system Ta, then T,
=limy To uniformly.

The generality of this theorem in comparison with the theorems of Yosida
and Kakutani demands a corresponding simplification in proof. The basic tool
is the identity

(A) Ta=(I—=Dy"WTa+ (I = D) (Ta— T"Ta)

where D=T"—TV. Since “D” <1 by hypothesis, (I—D)~'= D¢ Di exists,
and (A) is readily verified. Recall also that the (weakly) compact operators
form a two-sided ideal in the operator ring B(E).

Given now any x in E we must produce a weak cluster point y of Tux.
Since lim, (To—T™T,)x =0 (IVa), we need exhibit only a weak cluster point
y of the directed set (I —D)~1VT.x. That such a y exists follows from the
(weak) compactness of the operator (I—D)~!'V and the boundedness of the
set T.x. Hence every x is ergodic, and T, =lim, T, strongly. Multiplying
(A) on the right by T, and utilizing the equalities of Theorem 4.1, we obtain
Te=ToTo=(I—D)"'VT,, whence T, is (weakly) compact.

We now show that if T is quasi-compact and the limits IV hold uniformly
for the system T, then T,=Ilim, T, uniformly. Setting U= V(I —D)~! and
R,=(Ty—T.T™)(I—D)™!, note first an identity dual to (A)

(B) To= TJU + R..

(") We prefer Dunford’s terminology [10] to the usual term (weakly) completely continu-
ous. Of particular interest in applications is the Dunford-Pettis [12] result: If U, V in B(L) are
weakly compact, then UV is compact.
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Similarly, we obtain T=T,Ts=T,U. Since lim, R, =0 uniformly, it is suffi-
cient to show that T, =lim, T.U uniformly—that is, lim, (T—T.U)x
=limg (T'— Te) Ux =0 uniformly on S or, equivalently, limg (T— T.)x=0
uniformly on U(S). But the last assertion follows by standard techniques from
the pointwise convergence of the equi-continuous T, on the (conditionally)
metrically compact set U(S): Given €>0, cover U(S) with a finite number of
spheres S(y;; ¢/3M) with centers y; (j=1, - - -, #) and radii ¢/3M. Choose
an index B such that a>p implies || Twy;— Tayil| <e/3 for all j=1, - - -, n.
That o> implies || Twx — Tax|| <e for every « in U(S) then follows from the
inequality

[Twx — Taxl| = || Tule = y0)|| + | Teys = Taysll + | Talyr — )]

on proper choice of y;.

Since the set of fix points of G is a closed linear subspace of E equal to
T,(E), the remaining assertions of the theorem are included in the following
lemma, which is of independent interest.

LeEMMA 6.1. Let T be a (weakly) compact linear transformation of a Banach
space E into itself. Then every closed linear subspace T' contained in T(E) is
(reflexive) finite dimensional(®).

Proof. Write E= Y ;* S;, where S;= [x|||x]| <j]. Then T(E)= 27 T(S;
< D7 T(S;), the bar (=) denoting the closure operation; and I' =N\ T(E)
= Zf TNT(S;). Since T is of the second category in itself and the ITMT(S;)
are closed, one of the latter must contain a sphere of I'. Since the TNT(.S;)
are all (weakly) compact, the unit sphere of I' is (weakly) compact; and T is
respectively ([13], [2]) reflexive or finite dimensional.

7. The uniform ergodic theorem. The results of the last section suggest
consideration of “uniform” ergodic theorems. Since GCB(E) and every ele-
ment of the Banach algebra B(E) may be considered as an operator on B(E),
the norm as element and operator being the same, we may term G “uniformly
ergodic” if it is ergodic as a semi-group of operators on B(E). It is clear that
the characteristic properties of a “uniform system” of almost-invariant
integrals then become: I: T,EB(E) for all «; II: T,EG* for all a: III:
| Tul| < M for all a; IV : for every T'in G,lim, || TT.— TJ|| =lim,|| ToT — TJ|| =0.
Moreover, it is apparent that the ergodicity of the element I implies the
ergodicity of every other element of B(E). Hence the “uniform” ergodic
theorem asserts that lim, To=7T,EB(E) exists uniformly under certain
conditions.

Theorem 3.1 may now be formally translated into the terminology of the
space E=B(E). We note, however, that the weak topology of B(E) as a
Banach space differs from what is commonly termed the “weak operator

(8) Calkin [7, p. 401] has shown that this property characterizes compact operators in
Hilbert space.
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topology.” Unfortunately, the latter topology appears more natural: The
regularity of E is equivalent to the compactness of the unit sphere U; of B(E)
in the weak topology as operators [8], while even in the case E= Hilbert
space 1, is not well-behaved in the weak topology as elements.

The inherent peculiarities of the uniform ergodic theorem noted by Dun-
ford [10] may be regarded as stemming from this distinction. It thus ap-
pears that the uniform ergodic theorem directly involves the algebraic struc-
ture of B(E) and G as well as topological properties of E and the operators
T'(®). This fact is apparent even in the proof of Theorem 6.1.

8. Ergodicity and its generalizations. We now consider briefly the prob-
lem of determining the ergodicity of a given semi-group G. That every
bounded Abelian G is (uniformly) ergodic appears to be the most general
result available. Dropping the Abelian condition, one can find [1] a bounded
G such that some O(x) contains two fix points, whence G is not ergodic. Tak-
ing E as the real numbers, one can construct trivial examples of a non-ergodic
unbounded Abelian G. The complexity of the question is finally apparent on
extending Example 4 (§5) to general Fourier expansions.

In the general non-Abelian case the existence of a system of almost-
invariant integrals and the definition itself of an ergodic element are thus
obscure. If G is bounded, however, the ordering of G* in Example 3, although
no longer necessarily of Moore-Smith type, suggests the following definition
of ergodicity, introduced by Alaoglu and Birkhoff [1]:

DEFINITION 8.1. If G is bounded, an element x of E is ergodic if and only
if the means T*x(T*EG*) converge to a fix point y.

By convergence of the T*x to y we mean: given ¢>0 and any U in G*
there exists VO U such that ”y—- Wx“ <efor all WD V. When v is a fix point,
the form W=T*V of the general successor of 7 and the inequality ” y— Wx”
= ” T*(y— Vx” = M”y— Vx“ imply that it is sufficient to find V2 U such that
|| y— Vx|| <e for given ¢>0 and UEG*. Clearly, either formulation is equiva-
lent to ordinary convergence of a direct set when the ordering of G* has the
composition property, as in the Abelian case. More generally:

TueoreM 8.1. If G is bounded and ergodic, Definitions 3.1 and 8.1 of an
ergodic element are equivalent.

Proof. The implication (8.1)—(3.1(1)) is trivial. Conversely, given the
%, y of Theorem 3.1, >0, and U in G*, the invariance of the ergodic subspace
T expressed in the identity y=Tx=T,Ux implies the existence of T*&G*
such that ||y—T*Ux|| <e. Now set V'=T*UDU. Hence (3.1)—(8.1).

REMARK. The following statements are easy corollaries of Definition 8.1
(cf. [1] and the proof of Lemma 4.1): If the T*x converge to an element y,

(*) Of course, the structure of B(E) characterizes E (Eidelheit’s theorem [15]), but simple
properties of B(E) may translate into complex properties of E and conversely.
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then y is unique and automatically a fix point. The ergodic elements again
form a closed invariant subspace I'. A necessary condition for ergodicity of
x is that O(x) contain a unique fix point; that O(x) contain a unique fix point
for each element x of an invariant set is a sufficient condition.

It turns out that restrictions on the space E [1] or on the semi-group G
may reduce the ergodicity problem to establishing only the existence of a
fix points in O(x). The requirement that G be Abelian is an instance of the
second type (Theorem 5.3). More generally, the following situation is of
interest:

THEOREM 8.2. Let Gy, G be bounded semi-groups that commute elementwise,
and let every fix point of Gy be a fix point of G, and conversely. Then

(1) The fix points of Oi(x) and O.(x) reduce to a unique common fix point.

(2) If both Oi(x) and Oux) contain a fix point y=Tx for every x in an
invariant set T', then every x of T' is ergodic under Gi, Gz, and G =G1Gy=G.Gy
with the limit fix point vy.

Proof. We show first that if ;& 0i(x) and ¥, € Oy(x) are fix points, then
y1=%. Set M=max (M, M.) and choose TF¥EG*, T:&Gs such that
ly1— T#x|| <e/2M, ||yz— Ti#x|| <e/2M, €>0 being arbitrary. Since T#T3
=TT and y1, ¥, are fix points under G; and Gz, we have

91— 3ol = || T5 (9 = Tha) + TE (T2 — 9)|| < e

Hence y1=17..

Since Oi(x) and O:(x) now contain at most one fix point, the asserted
ergodicity of x in (2) under G; and G: follows from the above Remark. It re-
mains to prove the ergodicity of x under G=G1G;=G:G:. Given ¢>0 and
T*= > 7 a;U;V;in G* (a;20, D_ay=1, U;EG, V;EG,) we must exhibit aT**
DT* in G* such that ||y — T**«|| <e. :

Since x is ergodic under Gi we can choose in succession T3, - - -, T in
GY such that

TS T - TYUx — 5| < /M2

Then ||TF - - - T#*U; Vi x—9|| =||Vi(TF - - - T¥Ujx—v)|| <e/M. Setting T**
=Tk...T¥T*DT*, we find

1T*% — 3| = | X aiTx - - - Tia(TF - - - TYU V2 — 9)||
<D aM-¢/M = e

9. Almost periodic functions. We conclude our discussion of ergodicity by
sketching a proof of the von Neumann [25] mean value theorem for almost
periodic functions defined on arbitrary groups. Our aim is to subsume the
mean value theorem under the generalized ergodic theory.
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Given an arbitrary group G, denote by M(G) the space of bounded real- or
complex-valued functions x(t) ((&G) under the norm Hx” =supicaq lx(t)] .G
is then faithfully represented as the group of left translations Gpr: Usx(t)
=x(a~'%), or as the group of right translations Gg: Vex(t) =x(fa). Since
|| Ud|| =|| V|| =1, the only fix points are the constant functions, and the ele-
mentwise commutativity of G and Gg follows from the associativity of group
multiplication, the preliminary conditions of Theorem 8.2 are fulfilled.

By definition x(¢) € M(G) is left (right) almost periodic if the set of trans-
lates [Ux| UEG.] ([-Vx| VEGR]) is conditionally compact. We recall that
Maak [24] has proved the equivalence of left and right almost periodicity,
and that the almost periodic subspace I is a closed invariant linear subspace
of M(G) (Theorem 4.2). Hence to establish ergodicity we must show that
O.(x) or Or(x)(xET) contains a fix point.

Given-x(t) in T' consider finite decompositions of G into disjoint sets,
Gr= YT Gj, such that for any Uy, U: in Gj|| Uix— Usx|| <e. The existence of
at least one such decomposition follows from the conditional compactness of
[le UEG.]. Now choose a minimal decomposition—that is, one with the
least number of elements—and set

Te=—2>T; (T; €G)).
1

3|~

The T thus defined is not unique. If under the same decomposition one sets

m

1
T! = — E T:" (Til S Gi),

it is clear that ||Twe— T!x|| <e. What is crucial, however, is that if one em-
ploys another minimal e-decomposition G= Y = G/, a general combinatorial
lemma of Maak [24] asserts that one can pair off the G; with the G/ in such
fashion that corresponding sets have a non-vacuous intersection. It follows
that if T, 7! are any two means arising from e-minimal decompositions,
then || Tex — T ||x < 2e.

Now order the T in the obvious fashion: T« DT, means e<e’. The di-
rected system thus obtained obviously satisfies I, II, III of Definition 2.1.
Moreover, IV(a) holds: To see this, note that TE€G, implies GL,=TGy
= >.™ TG, is again a minimal e-decomposition, and TT.=(1/m) X7 TT; is
the corresponding mean. Hence || T — TTx|| <2¢ by the above remark.

The validity of I, II, III, and of IV(a) at the point x, plus the metric
compactness of O.(x) are sufficient, as noted in §3, to insure the existence of
a fix point in Or(x). A fix point in Og(x) is similarly obtained, and the
common fix point is a constant function—the mean value of x. All conditions
of Theorem 8.2 are now fulfilled, whence we have:

THEOREM 9.1 (MEAN VALUE THEOREM). Every almost periodic x(t) in
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M(G) is ergodic under G, Gg, and G1Gkr.

On setting E =T we note that T, EB(E), ”Tw” =l,and To=TT.=T.T
for all T &G Gr. G or G is then ergodic by hindsight since T, itself may be
taken as the system T,.

Since every continuous function on a compact group is almost periodic,
the existence of the invariant integral mean for compact groups is, of course,
a special case. Haar measure can then be obtained from the invariant integral
by standard devices. A characteristic (advantage or disadvantage?) of this
approach is that the measure obtained is automatically normalized—that is,
m(G) =1.

PARrT II. WEAK ALMOST PERIODIC FUNCTIONS

10. Introduction. We consider henceforth a locally compact Abelian topo-
logical group G (Weil [32]) and the space C(G) of bounded complex-valued
continuous functions x(f) on G under the norm ||x|| =sup.c ¢ |%(£)|. Since G
is faithfully represented as a bounded Abelian group of translations on
C(G)—U,x(t) =x(t+a)—the considerations of Examples 2 and 3 (§5) sug-
gest a further study of the class of weak almost periodic functions:

DEerFINITION 10.1 x(¢) EC(G) 2s weakly almost periodic (w.a.p.) if the set
of translates [x(t+s)!s€G | is conditionally weakly compact. T denotes the
class of w.a.p. functions.

Two factors complicate our discussion of the class & and dlStlIlnglSh it
from a purely formal generalization of the standard theory of almost periodic
functions. We note first that the operators Usx(¢) =x(¢+a), although equi-
continuous in the norm topology of C(G), are not equi-continuous in the weak
topology. The Bochner and Bohr definitions [18] of almost periodicity split
apart; and our theory differs from the theory of almost periodic points of
transformation groups based on the latter definition. However, we find that
this lack of equi-continuity is compensated to some extent—for example the
existence of a mean value—by the commutativity of G.

The second and more serious complication lies in the obscure structure of
the weak topology of C(G). Even in the case G =R, (additive group of the
reals) no simple or convenient representation for the general linear func-
tional is at hand. Determining the weak almost periodicity of a given func-
tion thus involves some special device to circumvent this difficulty. The fact
that we can limit ourselves to sequential weak compactness notions (Theorem
1.2) provides a crucial simplification. Even sequential weak convergence,
however, is refractory: For example, the sequence x.(t) =exp (i¢/n) does not
converge weakly to 1 in C(R,), despite the fact that lim, x,(t) =1 uniformly
on every finite interval and ||x,|| =1 for all n(1).

11. Examples of w.a.p. functions. It is trivial that every almost periodic

(1) If f(x) denotes some extension of the mean value (of a.p. functions) to a linear func-
tional on C(Ry), then f(xa) =0 for all #, but f(1) =1.




1949] ABSTRACT ERGODIC THEOREMS 233

function is weakly almost periodic. More interesting examples are continuous
functions vanishing at infinity and positive definite functions (hence Fourier-
Stieltjes transforms). In both cases the fundamental difficulty mentioned
above is bypassed by a special device.

THEOREM 11.1. A continuous function x(t) vanishing at infinity is weakly
almost periodic—that is, Co(G) CB.

Proof. Since Co(G) is a closed linear subspace of C(G), and weak sequential
convergence in Co(G) is equivalent (§1) to pointwise convergence and
boundedness, we must show that given any sequence y,(¢) =x(¢t+s,) of trans-
lates of x(¢) ECo(G), there exists a subsequence y,,(f) and 2(¢) & Co(G) such
that lim, y.;(£) =2(¢) for all ¢ in G. The boundedness condition is, of course,
trivially satisfied.

Since the v,(f) vanish at infinity we can find compact sets I',,; CG such
that t€G—T,: implies |y.(t)| <1/i. Setting I'= > ., T; we obtain
¥a(t) =0 for all # if &G —T. Since each I',; is a compact uniform space and
the y,(t) are uniformly bounded and equi-continuous, we can [18] pick out a
subsequence y,,(#) such that y,.(¢) converges uniformly on I'y,;. The diagonal
process then yields a final subsequence y,,(f) and a function z(f) such that
lim, y.(¢) =2(t) for all t¢EI'; and the limit holds for all ¢ on setting z(f) =0,
teG-T(1).

It remains to prove that 2(t) € Co(G). There are two cases: (1) There exists
a compact set Z containing an infinite number of the s.;; (2) no compact set
contains more than a finite number of the s,;. In the first case the s,; in 2
possess a cluster point s, whence it follows readily that z(¢) =x(t+s) € Co(G).
In the second case it is clear that z(¢) =0.

DEeFINITION 11.1. x(¢) is positive definite if it is continuous and if it satisfies

E a,'iijx(s,’ - Si) =0
7

for an arbitrary finite set of complex numbers o; and elements s;EG.
THEOREM 11.2. A positive definite function on G is weakly almost periodic.

Proof. For the properties of positive definite functions see Bochner [4],
Weil [32], Raikov [27], and Godement [17]. The only property we use is
the characteristic correspondence [17] between positive definite functions
and strongly continuous unitary representations t— U, of G in Hilbert space
O, expressed in the relation

x(t) = (X, U.X) (X € §)().

(!Y) We would effectively omit the argument of this paragraph if we imposed the second
countability axiom on G.

(1?) The equivalence of the theorems of Stone and Bochner [32] is contained in this cor-
respondence.
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More generally, given YEP consider the linear transformation TX =x
of 9 into C(G) defined by the relation x(¢) =(X, U,Y). Clearly, ”x”é”X”
Jlo¥|| =1 x||-]| ||, whence ||T||<]| Y|l. We now derive the weak almost
periodicity of every x(¢) arising in this fashion from the weak compactness of
the unit sphere of 9.

Recalling that the adjoint transformation T*f=F, where F(X)=f(TX),
maps C(G)* into $* =9, consider any sequence of translates

2t + 82) = (X, U Y) = (Us X, UY) = TU,.X.

Since “ U;IX ” = ”X ” for all #, there exists a subsequence s; such that
lim, U7'X =X, weakly for some X, in §. Set x0(¢) = TX,. That lim, x(¢+s4)
=x,(t) weakly in C(G) then follows from the above remark—that is, from the
weak continuity of T. Hence x(¢) is w.a.p.

It is apparent that the above proof generalizes to yield

THEOREM 11.3. If 1—U, is a strongly continuous representation of G in a
group of uniformly bounded linear transformations in a Banach space E, if
fEE*, and if [UX ]tEG] is conditionally weakly compact for some X € E,
then x(¢) =f(U.X) is weakly almost periodic.

That the general w.a.p. function is of this type follows trivially on setting
E=B, X=x(), U X=x(t+a), and f(X)=x(0) (Theorems 12.1 and 13.1
infra).

Since the faithful representation of G in L?(G) (p=1) is strongly continu-
ous [32, p. 41], we obtain

CororLrary 11.3.1. If f(s)EL?(G), g(s)EL¥(G), (p>1, p~i4g'=1),
then x(t) = [ ¢ f(t+5)g(s)ds is weakly almost periodic.

12. B as a Banach *-algebra. We now examine the algebraic structure of
the space B of w.a.p. functions.

THEOREM 12.1. B <s an invariant B* subalgebra of C(G)—that is,
(1) W is a closed linear subspace.

(2) x(t) EW implies x(t+s) EW.

(3) 1€BW.

(4) x(t) EW implies (a) x(—t) EW; (b) z(t) EW.

(5) If x(t), y(¢) are in B, then x()y(t) is in W.

(6) x(t) EW implies Ix(t)] e W (p=0).

Proof. (1) and (2) are a specialization of Theorem 4.2. (3) and (4a) are
trivial, and (4b) follows from the almost obvious fact that lim, x.(f) =x(f)
weakly in C(G) implies lim, #,(f) =#(t) weakly. The proof of the seemingly
elementary assertion (5), however, is surprisingly deep: Not only does the
reduction to sequential compactness appear an absolute necessity, rather
than a convenience, but one is forced to go “outside” the space C(G).
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Given x(¢), y(t) in B and any sequence (s,) in G, choose a subsequence
(s4) and elements X (¢), Y(¢) in C(G) such that lim, x(¢+s. ) =X (¢) weakly,
lim, y(¢+si)=Y({) weakly. To conclude that lim, x(¢+si)y(t+si)
=X(t) Y(t) weakly, we must establish

LemMma 12.1. If x=lim, %, weakly, y=Ilim, vy, weakly in C(G), then
xy=lim, x.y, weakly.

If G were compact, weak sequential convergence would reduce to point-
wise convergence and boundedness (Theorem 1.3), and the lemma would
follow immediately. In the general case we therefore represent C(G) as the
ring C(Q) of all complex-valued continuous functions on a compact Hausdorff
space Q: x(t)X (r); ||«]| =|| X]|| =sup.ca IX(T)I; © may be regarded as the
space of maximal ideals of the B* algebra C(G) produced by the Stone-Gel-
fand-Neumark theory [16], or simply as the Cech compactification of the
completely regular space G. The isomorphism x<—X being norm preserving,
the validity of the lemma in C() implies the validity in C(G).

Since B itself may now be regarded as a C(Q’), Ix(t)[ =[x(@)&(t) ]2 is
defined in C(Q’) and hence in 2. Ix(t) ! ? (p=20) exists similarly, and the proof
is complete.

13. Uniform continuity of w.a.p. functions. We have made no explicit.
use, as yet, of the local compactness of G. We now show that the existence
and absolute continuity of Haar measure on G imply the uniform con-
tinuity of w.a.p. functions. Uniform continuity itself will be required later to
establish an analogue of the Fubini theorem for mean values.

THEOREM 13.1. 4 weakly almost periodic function is uniformly continuous.

Proof. We assume x(¢) EW is not uniformly continuous and derive a con-
tradiction. By hypothesis, there is an €>0 such that given any (symmetric)
nbd. N(0) in G there exist %, v in G such that « —vy& N(0) but lx(u) —x(v)l Ze.
We can thus obtain in standard fashion a directed set (%4, %) CGXG such
that (1) lim, (#a—ve) =0; (2) Ix(u.,) -—x(va)] e for all a. Set z.(t) =x(t+ua)
—x(t4v.). Since x(t) is w.a.p., the set of functions z.(¢) possesses a weak cluster
point w(¢). Since |z.,,(0)| =e for all o by (2), we must have |w(0)| =e>0. We
now obtain the desired contradiction by establishing w(¢) =0.

It is clearly sufficient to prove that [; w(f)d¢=0 for every compact set T’
in G. Since w(t) is a weak cluster point of z.(¢) and f(x) = [p x(¢)dt is a linear
functional on C(G), we need only show that lim, [; z.(t)dt =0. Now

fza(t)dt‘= U {x(t + ua) — x(t+va)}dtl
r r

- ,{fu N frm }x@dt} < |lall-m(aa),
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where A, is the symmetric difference of the sets I'+u, and I' +v,. The invari-
ance and absolute continuity of Haar measure [27] in conjunction with con-
dition (1) imply that lims m(A.) =0; and the proof is complete.

14. The mean value. Since every element x of 8 is ergodic under the
group G operating on C(G) (Theorem 5.3), to every x € corresponds a fix
point or constant function Twx. The numerical value M,x(s) =T .x is then the
mean value of x(s). Since the characteristic property of Tx is that it can be
approximated arbitrarily closely in C(G) by convex combinations of trans-
lates of x(s), M,x(s) coincides with the von Neumann [25] mean value.
Regarded as a functional on L8, the characteristic properties of M, are the
following:

TueorEM 14.1. If x(s) and y(s) are w.a.p. all the functions x(t+s), x(—s),
#(s), Ix(s)l, [x(s)lz, x(s)y(s), ax(s) £by(s) (a, b complex numbers; t&G are
w.a.p. (¢f. Theorem 12.1). Furithermore:

(1) M,[ax(s) +by(s) | =aMx(s) +bM,y(s).

(2) M1=1.

(3) x(s)=0 for all sEG implies Mx(s)=0.

(@) | Max(s)| = M| x(5)| <[|«]].

(5) M.x(s)=Mx(s).

(6) Mx(s+t)=Mx(s).

(1) Mux(—s)=Mx(s).

8) | Mu{x(9)y()}| = [M.{]x(s) |2} ]2 [ { ] p(s) |2} ],

Conversely, the formal properties (1)—(8) determine M x(s) uniquely—in fact,
any Mx(s) satisfying (1)—(3) and (6) must equal T x.

Since these assertions are elementary consequences of the above definition
of mean value and the von Neumann [25] derivation for almost periodic
functions requires no modification, we omit the proof. We emphasize at this
point, however, a vital difference between almost periodic and weak almost
periodic functions: If x(¢) is almost periodic a stronger form of (3) is valid—
that is, Msl x(s)l =0, the equality holding if and only if x(¢)=0. This
property fails for weak almost periodic functions. For example, if G=R;
and xEWNL(— », =) it is clear (§5, Example 2) that M,[ x(s)l
=lima.. o 1f5 |x(s) ] ds=0. More generally, if x(¢) EL vanishes at infinity,
we find that M,|x(t)| =0.

Following von Neumann we now consider w.a.p. functions on the product
group G2=GXG and establish a Fubini theorem for the mean value.

THEOREM 14.2. If x(£) EW(G), x(t) and x(t+s) are in W(G?). Conversely,
if x(s, ) EW(G?), x(s, t) is weakly almost periodic as a function of s or t.
Mx(s, £), Mx(s, t) then exist and are weakly almost periodic in the remaining
variable, and

M Mx(s, t)} = M{Mux(s, 8)} = M,,u(s, 0).
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Proof. The first two assertions are obvious. Since s, ¢t appear symmetrically
it is sufficient to consider only M,x(s, t)—as a function of i—where x(s, )
EBW(G?). The boundedness of M,x(s, t) is evident and continuity follows from
the uniform joint continuity (Theorem 13.1) of x(s, £): Given € >0 there exists
a (symmetric) nbd. N(0) such that 4 —&EN(0) implies |x(s, t) —x(s, t2)|
<e for all s, whence |M,, [x(s, ) —x(s, tz)]l <e. Hence M,x(s, t) is in C(G).

That M,x(s, t) is w.a.p. in ¢ follows from the fact that the linear mapping
x(s, )—>Mx(s, t) of B(G?) into C(G) is strongly, and hence weakly, continu-
ous. Since M,[Mx(s, t)] now exists and clearly has the properties (1)—(3)
and (6) (Theorem 14.1) of the double mean, it must coincide with the latter
by the uniqueness theorem—that is, M;{M,x(s, t)} = M,,x(s, t). Inter-
changing s and ¢ we obtain the remaining assertions, and the proof is complete.

15. Fourier expansions of w.a.p. functions. We consider now the Fourier
analysis of w.a.p. functions and obtain the Parseval equation as our final
result, the analogue of the approximation theorem, if any, for w.a.p. functions
remaining open. The procedure combines the methods of von Neumann [25]
and Bochner [4], the crucial fact being that the convolution of two w.a.p.
functions is almost periodic.

DEerFINITION 15.1. If x(t) and y(¢) are w.a.p., the convolution z=x+vy is
defined by z(t) = M, [x(t—s)y(s) | = M, [x(s)y(t —s)].

The equivalence of the two expressions for z(¢) follows from (6) and (7)
of Theorem 14.1 on replacing s by ¢—s, and z(¢) is w.a.p. by Theorem 14.2.
One may then show that ® forms a commutative ring under (pointwise)
addition and the new “multiplication” x =y, the associativity of “multiplica-
tion” following from an interchange of mean values justified by Theorem 14.2.
More to the point, however, is

THEOREM 15.1. If x(t) and y(t) are weakly almost periodic, then z=x +y
s almost periodic(13).

Proof. Let (#.) be any sequence in G. Then z(t+u,) = M, [x(s)y(t+un—s) ]
= M,[x(s+u.)y(t—s)], on replacing s by s+u,. Since x(¢) is w.a.p. there exists
a subsequence (%, ) and X E® such that lim, x(s+u, ) =X(s) weakly. We
now show that lim, z(¢4+u. ) = M,[X(s)y(t—s) ] uniformly in ¢.

The Schwartz inequality (Theorem 14.1 (8)) implies

| 2(t + wa') — ML[X ()3 = )] [
= [ M.[{x(s + w') = X&)}y = 9][?
< M| X(5) = w(s 4+ wd) 2] ML[] 3@ = ) |*]
< [llz- 201 X () = (s + wd) [2].

The last expression not involving ¢, the assertion follows from the remark

(1) Godement [17] obtains an analogous result for a not necessarily Abelian group, but for
more special functions—for example, x(¢) =y(¢) positive definite.
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that lim, ] X(s) —x(s+ui) I 2 =0 weakly (cf. §12), M, being a linear functional
on BW.

We now introduce the characters of G—that is, continuous complex-
valued functions N(¢) = (¢, A\) on G such that (1) (¢1-+£, N) = (¢, N) (%2, N); (2)
| (t, )\)l =1 for all tEG. The characters A form an additive Abelian group G*
on setting (¢, 0)=1, (¢, Mi+N2) = (¢, M) (&, Ne), and (¢, —N) =(¢, N)"t=(—¢, N)
=X(¢). It is trivial that a character is almost periodic and that M,(s, A) =0 if
A0,

Consider the formal Fourier expansion

2(t) ~ 20 et M) (x EW),
\EG*
where a(\) = M, [x(s)(s, =\)]. If a(\)0, we call X a “proper exponent” of
x(f). Exactly as in the ordinary case [3] we obtain

LEMMA 15.1. If (\y, - - -, Ax) is any finite set of proper exponents of x(t)
EW, then

N

x(s) - Z a()‘n)(S, )\n)

1

Py N
a) 0= M[ ] = M, |x0s) > — 2| () |2

Consequently, Y ¥ |a(\.)| 2= M, o| 2(s) | 2. Hence the set of proper exponents is at
most countable—say (\,)—and

(B) Z] a\) |2 = M,l x(s) |2 < oo (Bessel’s Inequality).

LEmMMA 15.2. If x()EW let z(t) = M,[x(s)Z(s—1t) | =x + &, where %(t)
=&(—1t). If (¢, N) is any character, then

¢ = M.[2(5)(s, = N] = | M.[x(s)(s, = N]|2 = [a(V)|2

Proof. ¢(\) = M,[2(s)(s, — N)] = M,[M.{x(w)z(u — s, —N]
=M M {&(u—35)(s, —N}x@)]=M.[x@)(w, —NM{z(—=s)(s, —N}]
=M. [x(w)(w, =N)]- M, [z(s)(—s, —N)]=a)-a\)=|a(\)|? the inversion
of mean values being justified by Theorem 14.2, the other operations by
Theorem 14.1 and the definition of characters.

Consider finally the expansion of the almost periodic function z=ux * %:
2() ~ 2 ¢\ (¢, N). Since c(\) = Ia()\) | 2, z(t) and x(¢) have the same proper ex-
ponents (N;). Moreover, (B) and the uniqueness theorem for almost
periodic functions [32] imply that we can write 2z(¢)=M,[x(s)&#(s—1)]
= Zla()\,.)l 2(t, Na), the series on the right being absolutely and uniformly
convergent. Setting =0, we obtain

THEOREM 15.2 (PARSEVAL's EQUATION). If x(t) €W write formally x(t)
~ Y a(\)(¢, N), where a(\) = M,[x(s)(s, —N)]. Then a(\)#£0 for at most a
countable set of characters (\.)—the proper exponents—and
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M| 5(s) [P = 2| aQha) [

From this theorem and Lemma 15.1 (A) follows

1o

16. W.a.p. functions on the line. We conclude our discussion of w.a.p.
functions by considering the relation of the class ® to other classes of gen-
eralized almost periodic functions in the special case G=R;. We recall first
(Example 3, §5) that Mwx(f) =lim;.., (1/L)[:x(t)dt (xEW), the con-
vergence being uniform in s. Now the Weyl norm is defined [3; 5] as

1 s+L 1/p
lsllwr = [ gim _sup_— [t ot (21,

CoroLLARY 15.2.1 (MEAN CONVERGENCE).
N

lim M.[ x(s) — 2 a(\)(s, )\n>

N—®

Low —wls<

the limit existing, in particular, if x(¢) is bounded and measurable. If
«(t) is w.a.p., it is obvious that ||x||we=[M,|x(£)| ?]/». Since the Weyl class
W? of generalized a.p. functions consists, by definition, of functions x(¢)
that are limits in the W? metric of finite linear combinations of the char-
acters exp (4\f), the corollary above implies that a w.a.p. function x(¢) lies in
the class W2. Consequently, since x(¢) is bounded, x lies in W? for every
p=1 [cf. 5, p. 62].

The relation of B to the Stepanoff class S? (p=1) is implicit in the fol-
lowing theorem of Bochner [3]: A uniformly continuous S? a.p. function is
almost periodic.

Denoting the (Bohr) class of a.p. functions by I, we summarize these
relations in

TrHEOREM 16.1. If G=R,, WCW? and WS?=1U for every p=1.
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