Communications in Mathematical Analysis

Volume 13, Number 1, pp. 107-141 (2012) www.math-res-pub.org/cma
ISSN 1938-9787

CoNSTRUCTIVE ANALYSIS IN INFINITELY MANY VARIABLES

TeppER L. GILL*
Department of Mathematics and E & CE
Howard University
Washington, DC 20059, USA

Goat R. PantsuLaia’
Department of Mathematics
Georgian Technical University
Tbilisi 0175, Georgia
I. Vekua Institute of Applied Mathematics
Thilisi State University
Thilisi 0143, Georgia

Wooprorp W. ZACHARY *
Department of Electrical & Computer Engineering
Howard University
Washington, DC 20059, USA

(Communicated by Hitoshi Kitada)

Abstract

In this paper we investigate the foundations for analysis in infinitely-many (indepen-
dent) variables. We give a topological approach to the construction of the regular
o-finite Kirtadze-Pantsulaia measure on R™ (the usual completion of the Yamasaki-
Kharazishvili measure), which is an infinite dimensional version of the classical method
of constructing Lebesgue measure on R” (see [YA1], [KH] and [KP2]). First we show
that von Neumann’s theory of infinite tensor product Hilbert spaces already implies
that a natural version of Lebesgue measure must exist on R®. Using this insight, we
define the canonical version of L2[R°°,/loo], which allows us to construct Lebesgue
measure on R* and analogues of Lebesgue and Gaussian measure for every separable
Banach space with a Schauder basis. When H is a Hilbert space and A4, is Lebesgue
measure restricted to H, we define sums and products of unbounded operators and
the Gaussian density for L2[H, Ag¢]. We show that the Fourier transform induces two
different versions of the Pontryagin duality theory. An interesting new result is that the
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character group changes on infinite dimensional spaces when the Fourier transform is
treated as an operator. Since our construction provides a complete o-finite measure
space, the abstract version of Fubini’s theorem allows us to extend Young’s inequality
to every separable Banach space with a Schauder basis. We also give constructive ex-
amples of partial differential operators in infinitely many variables and briefly discuss
the famous partial differential equation derived by Phillip Duncan Thompson [PDT],
on infinite-dimensional phase space to represent an ensemble of randomly forced two-
dimensional viscous flows.
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Introduction

On finite-dimensional space it is useful to think of Lebesgue measure in terms of geometric
objects (e.g.,volume, surface area, etc.). Thus, it is natural to expect that this measure
will leave these objects invariant under translations and rotations, so that rotational and
translational invariance is an intrinsic property of Lebesgue measure. However, we then find
ourselves disappointed when we try to use this property to help define Lebesgue measure
on R®. A more fundamental problem is that the natural Borel algebra for R, B[R*], does
not allow an outer measure (since the measure of any open set is infinite).

The lack of any definitive understanding of the cause for this lack of invariance on R*
has led some researchers to believe that it is not possible to have a reasonable version of
Lebesgue measure on R™ (see, for example, DaPrato [DP] or Bakhtin and Mattingly [BM]).
In many applications, the study of infinite dimensional analysis is restricted to separable
Hilbert spaces, using Gaussian measure as a replacement for (the supposed nonexistent)
Lebesgue measure. In some cases the Hilbert space structure arises as a natural state space
for the modeling of systems. In other cases, both the Hilbert spaces and probability mea-
sures are imposed for mathematical convenience and are physically artificial and limiting.
However, all reasonable models of infinite dimensional (physical) systems require some
functional constraint on the effects of all but a finite number of variables. Thus, what is
needed, in general, is the imposition of constraints on the functions while preserving the
modeling freedom associated with infinitely-many independent variables (in some well-
defined sense). Any attempt to solve this problem necessarily implies a theory of Lebsegue
measure on R™.

Even if a reasonable theory of Lebsegue measure on R™ exists, this is not sufficient to
make it useful in engineering and science. In addition, all the tools developed for finite-
dimensional analysis, differential operators, Fourier transforms, etc are also required. Fur-
thermore, researchers need operational control over the convergence properties of these
tools. In particular, one must be able to approximate an infinite-dimensional problem as a
natural limit of the finite-dimensional case in a manner that lends itself to computational
implementation. This implies that a useful approach also has a well-developed theory of
convergence for infinite sums and products of unbounded linear operators.
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Historical Background

Research into the general problem of Lebesgue measure on infinite-dimensional vector
spaces and R* in particular, has a long and varied past, with participants living in a number
of different countries, during times when scientific communication was constrained by war,
isolation and/or national competition. These conditions allowed quite a bit of misinforma-
tion and folklore to grow up around the subject, so that even experts may have a limited
view of the history. Our own experience suggest that at least a brief survey of some impor-
tant events is in order. (We do not claim completeness and apologize in advance if we fail
to mention equally important contributions.)

Early studies in infinite dimensional analysis focused on the foundations of probability
theory and had a broad base of participation. However, the major inputs were made by
researchers in Poland, Russia, and France, with later contributions from the US. The first
important advance of the general theory was made in 1933 when Haar [HA] proved the
following theorem:

Theorem 0.1. On every locally compact abelian group G there exists a non-negative regu-
lar measure m (Haar measure) on G, which is not identically zero and is translation invari-
ant. That is, m(A + x) = m(A) for every x € G and every Borel set A in G.

This theorem stimulated interest in the subject and von Neumann [VIN1] proved that
it is the only locally finite left-invariant Borel measure on the group (uniqueness up to a
mulitplicative constant). Weil [WE] developed an axiomatic approach to the subject, made
a number of important refinements and, proved the “Inverse Weil theorem” (in moderm
terms):

Theorem 0.2. If G is a (separable) topological group and m is a translation invariant Borel
measure on G, then it is always possible to define an equivalent locally compact topology
onG.

In 1946, Oxtoby [OX] initiated the study of translation-invariant Borel measures on
Polish groups (i.e., complete separable metric groups). In this paper, Oxtoby provides a
proof of the following result which he attributes to Ulam:

Theorem 0.3. Let G be any complete separable metric group which is not locally compact,
and let m be any left-invariant Borel measure in G. Then every neighborhood contains an
uncountable number of disjoint mutually congruent sets of equal finite positive measure.

Stated another way, he proved that

Theorem 0.4. There always exists a left-invariant Borel measure on any Polish group which
assigns positive finite measure to at least one set and vanishes on singletons. However, a
locally finite measure is possible if and only if the group is locally compact.

(In 1967, Vershik [V] proved a related result for probability measures.) Apparently
uninformed of Oxtoby’s work, In 1959 Sudakov [SU] independently proved a special case
of Theorem 0.4: If R*™ is regarded as a linear topological space, then there does not exist
a o-finite translation-invariant Borel measure for R*. In 1964, Elliott and Morse [EM]



110 T. L. Gill, G. R. Pantsulaia, and W. W. Zachary

developed a general theory of translation invariant product measures (non-o-finite) and, in
1965, C. C. Moore [MO] initiated the study of measures that are translation invariant with
respect to vectors in R (i.e., the set of sequences that are zero except for a finite number
of terms). This work was extended and refined by Hill [HI] in 1971.

Motivated by Kakutani’s work on infinite product measures [KA], a number of young
Japanese researchers entered the field. In 1973, Hamachi [HA] made major improvements
on Hill’s work which, indirectly suggested the problem of identifying the largest group ¥,
of admissible translations in the sense of invariance for any o-finite Borel measure ¢ on
R* which assigns the value of one to [—%, %]NU and is metrically transitivity with respect
to Ry (equivalently, for each A with u(A) > 0, there is a sequence () € R such that
HRZ VU (A +hy) = 0).

Yamasaki [YA1] solved this problem in 1980. Unaware of the Yamasaki’s proof,
Kharazishvili independently solved the same problem in 1984. In 1991 Kirtadze and Pantsu-
laia [KP1] provided yet another solution (see also Pantsulaia [PA]). Finally, In 2007, Kir-
tadze and Pantsulaia proved that, if x is the completion of the measure yu, then: (see [KP2])

Theorem 0.5. The measure [ is the unique regular o-finite measure on R™ (uniqueness up
to a mulitplicative constant), which is assigns the value one to the set [—%, %]N", is invariant
under translations from the group £\ and has the metrically transitivity property with respect
to ;.

In the mean time, in 1991 Baker [BA1], unaware of the Elliott-Morse measures, dropped
the requirement that the measure be o-finite and constructed a translation invariant measure,
v, on R* (see also Baker (2004), [BA2]). In 1992, Ritter and Hewitt [RH] constructed a
translation invariant measure related to that of Elliott Morse.

Starting in 2007, A. M. Vershik (see [V1], [V2], [V3] and references contained therein)
started an investigation of an infinite-dimensional analogue of Lebesgue measure that is
constructed in a different manner than that studied in the previous papers. Roughly stated,
he considers the weak limit as n — oo of invariant measures on certain homogeneous spaces
(hypersurfaces of high dimension) of the Cartan subgroup of the Lie groups SL(n,R) (i.e.,
the subgroups of diagonal matrices with unit determinant). Vershik’s measure is also unique
and invariant under the multiplicative group of positive functions, suggesting that a loga-
rithmic transformation may lead to a version of the measure in this paper. (The paper of
Vandev [VA] should also be consulted.)

Purpose

The purpose of this paper is to show that a minor change in the way we represent R*
makes it possible to construct a o-finite regular version of Lebesgue measure using basic
methods of measure theory from R”. Since the measure is regular, it turns out to be the
Kirtadze and Pantsulaia [KP1] measure, which is unique (see Theorem 0.5). Using our
approach, we construct an analogue of both Lebesgue and Gaussian measure (countably
additive) on every (classical) separable Banach space with a Schauder basis. The version
of Gaussian measure constructed is also rotationally invariant (a property not shared by
Wiener measure). This approach also allows us to satisfy all the requirements of a useful
infinite dimensional theory.
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Summary

In the first section, we show how von Neumann’s infinite tensor product Hilbert space
theory implies that a natural version of Lebesgue measure must exist on R™ and points to
a possible approach. In the first part of Section 2, we show that a slight change in thinking
about the cause for problems with unbounded measures on R makes the construction of
Lebesgue measure not only possible, but no more difficult then the same construction on
R”. (We denote it by R}, for reasons that are discussed in this section.) We also provide
natural analogues of Lebesgue and Gaussian measure for every separable Banach space
with a Schauder basis and show that ¢; is the maximal translation invariant subspace. In
the last part of Section 2, we show that ¢, is the maximal rotation invariant subspace. In
Section 3, we study the convergence properties of infinite sums and products of bounded
and unbounded linear operators. In Section 4, we investigate some of the function spaces
over R} and in Section 5, we discuss Fourier transforms and Pontryagin duality theory for
Banach spaces. A major result is that there are two different extensions of the Pontrjagin
Duality theory for infinite dimensional spaces. In this section, we also show that our theory
allows us to extend Young’s inequality to ever separable Banach space with a Schauder
basis. In Section 6, we give some constructive examples of partial differential operators in
infinitely many variables. This allows us to briefly discuss the famous partial differential
equation derived by Phillip Duncan Thompson [PDT], on infinite-dimensional phase space
to represent an ensemble of randomly forced two-dimensional viscous flows.

1 Why A, Must Exist

In order to see that some reasonable version of Lebesgue measure must exist, we need to
review von Neumann’s infinite tensor product Hilbert space theory [VN2]. To do this, we
first define infinite products of complex numbers. (There are a number of other possibilities,
see [EM], [GU] and [PA], pg. 272-274.) In order to avoid trivialities, we always assume
that, in any product, all terms are nonzero.

Definition 1.1. If {z;} is a sequence of complex numbers indexed by i € N (the natural
numbers),

1. We say that the product || ,en zi is convergent with limit 7 if, for every € > 0, there is a
finite set J(€) such that, for all finite sets J C N, with J(g) C J, we have |]_[,-€J Zi— Z' <e.

2. We say that the product [ |;en 2i is quasi-convergent if [ [;en|zil is convergent. (If the
product is quasi-convergent, but not convergent, we assign it the value zero.)

We note that
0<|[ ]z <coitandonlyif 31—zl <co. (1.1)

Let H; = L*[R, 4] for each i € N and let H2 = &;-, L*[R, ] be the infinite tensor product of
von Neumann. To see what this object looks like:

Definition 1.2. Let g= ® gjand h= ® h; be in Wé.
ieN ieN
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1. We say that g is strongly equivalent to h (g =° h) if and only if . |1 - (gi,h,-),-| <00,
ieN

2. We say that g is weakly equivalent to h (g =" h) if and only if . '1 - |(g,-,hl~)l-|| < o0,
ieN

Proofs of the following may be found in von Neumann [VN2] (see also [GZ], [GZ1]).
Lemma 1.3. We have g =" h if and only if there exist z;, |z;| = 1, such that .@Nz,-g,- =¥ 'é%h,-.
1€ 1€
Theorem 1.4. The relations defined above are equivalence relations on H2, which decom-
poses 7{% into disjoint equivalence classes (orthogonal subspaces).

Definition 1.5. For g = .8& gi € ?{é, we define ?(é(g) to be the closed subspace generated
€

by the span of all h =° g and we call it the strong partial tensor product space generated by
the vector g. (von Neumann called it an incomplete tensor product space.)

Theorem 1.6. For the partial tensor product spaces, we have the following:
1. If hi # g; occurs for at most a finite number of i, then h = .%h,- =fg= .é%g,-.
1€ 1€
2. The space Wé(g) is the closure of the linear span of h = _% h; such that h; # g; occurs
IE.
for at most a finite number of i.

3. If g = Qiengi and h = ®;ewh; are in different equivalence classes of H2, then (g, Mg =
[Tieri (gishi); = 0.

4 Hy9)" = e | H2(h)].

5. Foreach g, Wé(g)s is a separable Hilbert space.
6. Foreach g, Wé(g)w is not a separable Hilbert space.

It follows from (6) that 7-(% = ®§:1L2 [R, 2] is not a separable Hilbert space.

From (5), we see that it is reasonable to define L2[R®, Ao] = Wé(h)s, for some h =
®: hi. This definition is ambiguous, but, in most applications, the particular version does
not matter. To remove the ambiguity, we should identify a canonical version of & = ®7°, ;.
Any reasonable version of A, should satisfy A.(lp) = 1, where [ = [_71, %] and Ip = X2, 1.

Definition 1.7. If x; is the indicator function for I and h; = x|, we set h = @ h;. We define
the canonical version of L*[R®, Ae] = L*[R®, Ao ] (h)".

2 Lebesgue Measure on R

2.1 The Construction

We now have the problem of identifying the measure space associated with L>[R*, 1.,](h)*.
In the historical approach to the construction of infinite products of measures {u, k € N} on
R, the chosen topology defines open sets to be the (cartesian) product of an arbitrary finite
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number of open sets in R, while the remaining infinite number are copies of R (cylindrical
sets). The success of Kolmogorov’s work on the foundations of probability theory naturally
led to the condition that w;(R) be finite for all but a finite number of k (see [KO]). Thus,
any attempt to construct Lebesgue measure via this approach starts out a failure in the
beginning. However, Kolmogorov’s approach is not the only way to induce a total measure
of one for the spaces under consideration.

Our definition of the canonical version of L*[R™, A.] offers another approach. To see
how, consider a simple extension of the theory on R. Let I = [-3 11 ,>] and define Ry = R X 1,

where I; = >< 1. If B(R) is the Borel o-algebra for R, let FB(RI) be the Borel o-algebra

for R;. For each set A € B(R) with A(A) < oo, let A; be the corresponding set in B(R;),
A;=AXxI;. We define A(Aj) by:

o(A]) = A(A) X ]_[ A(I) = A(A).

i=2

We can construct a theory of Lebesgue measure on R; that completely parallels that on R.
This suggests that we use Lebesgue measure and replace the (tail end of the) infinite product
of copies of R by infinite products of copies of /. The purpose of this section is to provide
such a construction. Since we will be studying unbounded measures, for consistency, we
use the following conventions: 0-co =0 and 0 c0® = co.

Recall that R is the set of all x = (x1, x»,---), where x; € R. This is a linear space which
is not a Banach space. However, it is a complete metric space with metric given by:

o 1 —
d(x,y) = Z ) _M

n=1 2" 1+ |xp = yul
Remark 2.1. R* is a special case of a Polish space, which Banach called a Fréchet space

i.e., a Polish space with a translation invariant metric (see Banach [BA]). The topology
generated by d(-,-) is generally known as the Tychonoff topology.

For each n, define R;’ =R"x1,, where I, = i:§+1 1.

Definition 2.2. If A, = Ax1,, B, = Bx 1, are any sets in R}, then we define:
1. A,UB,=AUBXI,,
2. A,NnB,=ANBxI, and

3. B¢ = B°xI,

In order to avoid confusion, we always assume that Ip = X2 1 C R}. We can now define
the topology for R} via the following class of open sets:

O, ={U,:U,=UxI,, UopeninR"}.
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2.1.1 Definition of R;"

It is easy to see that R} C R}“l. Since this is an increasing sequence, we can define R’}° by:

%) . k
R’y =limyLeR] = U Ry.

Tcs

Let 7; be the topology on R’y” = ¥, induced by the class of open sets O defined by:

o= Jo. = J{U,: Uy =Ux1,, UopeninR"},

n=1 n=1

and let 75 be topology on R* \R’}” = X, induced by the metric d», for which d»(x,y) =1, x #
yand d>(x,y) =0, x =y, for all x,y € X,.

Definition 2.3. We define (R°,7) to be the sum (X1,7) and (X;,72), so that every open set
in (R}, 7) is union of two disjoint sets G1 UG, where Gy is open in (X1,71) and G, is open
in (X5,72).

It now follows from the above construction that R}> = R* as sets. (However, they are not
equal as topological spaces.) The following result shows that convergence in the 7-topology
always implies convergence in the Tychonoff topology.

Theorem 2.4. If y, converges to x in the T-topology, then yi converges to x in the Tychonoff
topology.

Proof. Case 1. If x e R*®\R’}° then there is N such that y; = x for all kK > N. Indeed, for
a neighborhood of diameter % about x, there is a N such that d>(x,y;) < 1/2 for all k > N.
This means that y; = x for k > N ({z: d2(x,2) < 1/2} only contains x), so that y; converges
to x in the Tychonoff topology.

Case 2. If x € R’}” and y, converges to x, then for any neighborhood U,, ¢ O, there is
N such that or all k > N, y € U,,. This means that y; € R’y" for k > N, so that y; converges
to x in the Tychonoff topology. O

2.1.2  Definition of B(R}")

In a similar manner, if B(RY) is the Borel o-algebra for R} (i.e., the smallest o-algebra
generated by the O,), then B(R}) C QS(R’}“), so we can define B'(R}’) by:

B (RS) = limy o BRY) = kﬁl BRY).

If P(-) denotes a powerset of a set (i.e., P(A) = {X : X C A}), let B(R}) be the smallest o-
algebra containing B’'(R7") UP(R7 \ U™ | R7). (It is obvious that the class B(R;") coincides
with Borel o-algebra generated by the 7-topology on R®.) From our definition of B(R}")
we see that B(R™) c B(R;°) and the containment is proper.

Theorem 2.5. A.(-) is a measure on B(R]), equivalent to n-dimensional Lebesgue measure
onR".
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Proof. If A = ,0>21A[- € B(R}), then A(A;) = 1 for i > n so that the series A(A) = [T, AA)
=

always converges. Furthermore,
[o0] n n
0<ud)=[ | 20 =] | 240 = 1.(x 4. @.1)
Since sets of the type A = _;1<1A,- generate B(R"), we see that A.(-), restricted to R7, is
=
equivalent to A,(-). O
Corollary 2.6. The measure A(-) is both translationally and rotationally invariant on

(R?, B[R]]).

2.2 The Extension to R}®
It is not obvious that A.(-) can be extended to a countably additive measure on B(R}”).

Definition 2.7. Let

Ao ={K, = Kx1I, € B(R}) Cc B(R}"):neN, K is compact and 0 < A(K,) < o0},

N
A={Py=| ]  Ki,NeN;K, €Agand do(Ky NK,,) =0, [ m}.
=
Definition 2.8. If Py € A, we define

APy = " (K.
Since Py € B(R}) for some n, and () is a measure on B(RY), the next result follows:
Lemma 2.9. If Py,, Py, € A then:
1. If Py, C Pp,, then Aoo(Pp,) < Aco(P,).
2. If (PN, N Pp,) =0, then Aoo(Pn, U Pp,) = Aeo(Pn,) + Aeo(Ph,)
Definition 2.10. If G C R}® is any open set, we define:

Ao(G) = 1\1/1_{20 sup{le(Py): Py €A, Py CG,}.

Theorem 2.11. If O is the class of open sets in B(R}), we have:
1. Ao(R}?) = oo
2. If G, G2 € D, G| C Gy, then 1(G1) < A(G2).

3. If{Gy} € O, then
A Go<) " AsGo.
4. Ifthe Gy are disjoint, then

W Go=3"" Au(Go.
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Proof. The proof of (1) is standard. To prove (2), observe that
{Py: PycGiic{Py: Py cGal,

s0 that 1(G1) < A (G2). To prove (3), let Py C ;2 Gk. Since Py is compact, there is a
finite number of the G which cover Py, so that Py C Ué:] G. Now, for each Gy, there is a
Py, C G. Furthermore, as Py is arbitrary, we can assume that Py = P’y = Ué:l Py,. Since
there is an n such that all Py, € B(R}), we may also assume that Ae(Py, N Py,,) =0, [ # m.
We now have that

L L 0o
Ao(Py) = ) Ae(Pr) < D A(G) < ) A(G).
k=1 k=1 k=1

It follows that

Aol G0 < Y, Ael(G.
If the Gy, are disjoint, observe that if Py C Py,

L

Ao(P' 1) 2 A (PN) = D Aeol(Pry).
k=1

It follows that . .
A Go= )" AsGo.

This is true for all L so that this, combined with (3), gives our result. O
If F is an arbitrary compact set in B(R}°), we define
Aoo(F) = inf{1(G) : F C G, G open}. 2.2)

Remark 2.12. At this point we see the power of B(R}). Unlike B(R®™), equation (2.2) is
well-defined for B(R}") because it has a sufficient number of open sets of finite measure.

Theorem 2.13. Equation (2.2) is consistent with Definition 2.6 and the results of Theorem
2.11.

Definition 2.14. Let A be an arbitrary set in R}
1. The outer measure (on R}) is defined by:
A5 (A) = inf{A(G) : A C G, G open}.
We let &g be the class of all A with A% (A) < oo.
2. If A € Ly, we define the inner measure of A by

Aoo,(+)(A) = sup{de(F) : F C A, F compact}.

3. We say that A is a bounded measurable set if 15,(A) = Ao (+)(A), and define the mea-
sure of A, A(A), by A(A) = A5, A).
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Theorem 2.15. Let A, B and {A;} be arbitrary sets in R} with finite outer measure.
1. Ao ()(A) < A5, (A).
2. If AC B then 1%,(A) < A3, (B) and Adeo (+)(A) < Adoo (4 (B).
3 25U A0 < 52, (A
4. If the {Ay} are disjoint, Ao () (Upe Ak) = 2 Aco,(x)(Ak).

Proof. The proofs of (1) and (2) are straightforward. To prove (3), let £ > 0 be given. Then,
for each £, there exists an open set Gy, such that Ay C Gy and A (Gy) < A% (Ag) + £27%. Since

(Upe; Ax) € (U Go), we have

A (U:;Ak) <o (U::I Gk) S Z/c; A (Gr)

<Y A0+ = )T (A .

Since ¢ is arbitrary, we are done.
To prove (4), let Fy, F»,..., Fy be compact subsets of Ay, As,..., Ay, respectively.
Since the Ay, are disjoint,

Aoo(s) (U:’:] Ak) > A, (Uivzl Fk) = Zszl A (Fp).
Thus,

) N
Aoo () (Uk:l Ak) > Zk:l Aco(1)(Ak).

Since N is arbitrary, we are done. O

The next two important theorems follow from the last one.

Theorem 2.16. (Regularity) If A has finite measure, then for every & > 0 there exist a
compact set F and an open set G such that F C A C G, with 1(G\ F) < &.

Proof. Let € > 0 be given. Since A has finite measure, it follows from our definitions of
Ao (+) and A, that there is a compact set /' C A and an open set G D A such that

Aeo(G) < AL (A) + % and  Ae(F) > Adeo ()(A) — %
Since Ao (G) = Ao (F) + Ao(G \ F), we have:
A(G\ F) = A(G) = A (F) < (A(A) + §) — (A(A) - §) = &.
O

Theorem 2.17. (Countable Additivity) If the family {Ay} consists of disjoint sets with bounded
measure and A = | ;2 Ar, with 5,(A) < co. then Aeo(A) = 217 | deo(A).
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Proof. Since A% (A) < oo, we have:

LA <D AAD = D Ao (AR < oo ) (A) < A(A).
It follows that Ae(A) = A5,(A) = Adeo () (A), so that

Aoo(A) = Ao (UZ;Ak) - Z:’:l Aoo(Ap).

O

Definition 2.18. Let A be an arbitrary set in R}°. We say that A is measurable if ANM € £
for all M € L. In this case, we define As(A) by:

Aeo(A) = sup{dec(ANM) : M C Lo}.
We let L7° be the class of all measurable sets A.
Proofs of the following results are standard (see Jones [J], pages 48-52).
Theorem 2.19. Let A and {A} be arbitrary sets in £7°.
1. If 1,(A) < oo, then A € L if and only if A € L. In this case, A(A) = A5, (A).

2. 53;" is closed under countable unions, countable intersections, differences and com-
plements.

/l""(Ul(:l A < Zlil Ao (Ar).

/l‘x’(Uk=1Ak) B Zkzl Al Ap)-
5. If Ay C Ay+1 for all k, then

4. If {Ax} are disjoint,

Aol A = Jim Aoo(Ap).
6. If A1 C Ay forall k and A(A1) < oo, then

Ao ), A0 = lim A(Ap).

We end this section with an important result that relates Borel sets to £;°-measurable
sets (Lebesgue).

Theorem 2.20. Let A be a Qf-measurable set. Then there exists a Borel set F and a set N
with Ae(N) = 0 such that A= F UN.

Thus, we see that A (-) is a regular countably additive o-finite Borel measure on R}® =
R™ (as sets). More important is the fact that the development is no more difficult than the
corresponding theory for Lebesgue measure on R”.

Throughout the remainder of the paper we will also use B[R}°] for its completion £°
when convenient. This should cause no confusion since the given context will always be
clear.
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2.3 Separable Banach Spaces

In order to see what other advantages our construction of (R}, B[R}°], A« (+)) offers, in this
section we study separable Banach spaces. Let B be any separable Banach space.
Recall that (see Diestel [DI], page 32):

Definition 2.21. A sequence (u,) is called a Schauder basis for B if ||ul|lg = 1 and, for each
f € B, there is a unique sequence (ay) of scalars such that

. n
f = hm,l_,oo Zk*] aiUy.

Definition 2.22. A sequence (vy) is called an absolutely convergent Schauder basis for B
if Yoo vallg < 0o and, for each f € B, there is a unique sequence (by) of scalars such that

. n
£ =1limy e Zk:l bivi.

Lemma 2.23. Let (u,) be a Schauder basis for B, then there exists an absolutely convergent
Schauder basis for B.

Proof. Let (v,) = (55). Then

N O llalls _ S 1
Dilvalls=Y B =Y =1 <,
n=1 n=1 n=1

To see that (v,,) is a Schauder basis for B, let f € 8. By definition, there is a unique sequence
(ay,) of scalars such that

. n
f=1lim, Zk:l arly.
If we take the sequence (b,) = (2"a,), then
. n . n
llrnn_,(xJ Zk:l bkvk = hmn_m Zk:l aiUy = f
O

It is known that most of the natural separable Banach spaces, and all that have any use
for applications in analysis, have a Schauder basis. In particular, it is easy to see from the
definition of a Schauder basis that, for any sequence (a,) € R}® representing a function f € 8,
we have lim,,_,» a, = 0. It follows that every separable Banach space (with a Schauder basis)
is isomorphic to a subspace of R}".

Let B; be the set of all sequences (aj,,) for which lim,,_, 3};_, aruy exists in B. Define

n
a = Su arpu .
Ianllg, = sup|| 3, aw,

Lemma 2.24. An operator

T:(8.lllg) = Bz,

defined by T(f) = (ax) for f =1im, . >y, axuy € B, is an isomorphism from B onto Bj.
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Let B be a separable Banach space with a Schauder basis and let B; = T[B]. If B(B;) =
B;N B[R], we define the o—algebra generated on B, and associated with B(By) by:

B8] ={T""(A)|AeB[B]} =T~ (B[B/]}.

Note that, just as B[R] ¢ B[R}’], we also have B[B] c B;[B] (with the containment
proper).

Theorem 2.25. Let A € B;(B) and set Ag(A) = A[T(A)]. Let Ag be the completion of Ag,
then Ag is a non-zero o-finite Borel measure on B.

Proof. Let {v;} be an absolutely convergent Schauder basis. We first prove that, for any
L > 0 and any sequence (ay) € [-L, L], the function f =22 axvk € B. We then prove that
Ag 1s nonzero.

Part 1

Let L be given. Since (v,) is an absolutely convergent Schauder basis, given € > 0 we
can choose N such that 32\ [[vll < 7. It follows that, for N <m < n, we have

n
<) Ivdi<e.
k=m

Thus, the sequence {f,}, defined by f, = ZZZI avy, is a Cauchy sequence in 8. Since B is
a Banach space, the sequence converges.

Part 2

To prove that Ag is nonzero, it suffices to show that /lgg[T‘l (Io)] # 0, where (Iy) =
[—%, %]N”. First, we note that T is an injective linear map into R7°, so that B = T~y €
B;(B). Thus,

n

D

k=m

A5(B) = A | T (77" (I0))] = Aesllo) = 1.

2.4 Translations

In the theorem below, we will provide a new proof that ¢ is the largest (dense) group of ad-
missible translations for R}”, so necessarily ¢ is the largest group of admissible translations
for every separable Banach space B.

Recall that h(x) = ®;>  hx(xx), where hy(x;) = 1, for x; € [—%, %]. It follows from dv =
hd A, that v is absolutely continuous with respect to Aw. Thus, v is equivalent to A. Let
T, be the set of admissible translations for R} (i.e., Ao[A —x] = A [A] for all A € B[R]
and xe Ty ).

Theorem 2.26. If A € B[R}°] then A[A — x] = Ax[A] if and only if T, = {;.

Proof. Suppose that x € £;. Since v ~ A, we have that T, = T,_ (see Yamasaki [YA1]).
Thus, it suffices to prove that v[A — x] = v[A]. By Kakutani’s Theorem ([KA], see also
[HHK] pg. 116), v[A — x] ~ v[A] if and only if

l_[f Ve ) b i = x1)d Ayg) > 0. (2.3)
k=1Y "%
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Now,

[ VGRG0 = [, dioo=a-b.
—o0 [- 3 2]r\[ 5+ Xk, 2+xk]
where r,. = max(0,r). Since x € £y, [];2, (1 =|xc[)+ > O for n large enough. Thus, equation
(2.3) will be satisfied for every x € €1, so that {; C T,.

Now, suppose that x € T,_, so that A.[A — x] = Ax[A] for all A € B[R}°]. Thus, for
A € B[R]], we have

(o8]

AolA=x1= LlAn—xa0- [ | A{[-3.3]0[-3 -2 3 - x|

k=n+1

= blad- || -5 3]0 [-3 -2 3 -} = 2144 ]_[(1—|xk|>+

k=n+1 k=n+1

If A, =1, =x!_,[-3,1], we have 1 = lim r[ (1 —|xk])y. It follows that 332 | |xk| < o0, s0
n= f=n+1

that x € £;. O

In closing, we note that, since Ao, is complete and regular, it is metrically transitivity
with respect to Rp. It follows from Theorem 0.5 that A is unique (this comment also
applies to Ag).

2.5 Gaussian measure

If we replace Lebesgue measure by the infinite product Gaussian measure, e, on R, we
get countable additivity but lose rotational invariance. Furthermore, the u., measure of
[ is zero. On the other hand, another approach is to use the standard projection method
onto finite dimensional subspaces to construct a probability measure directly on /;. In this
case, we recover rotational invariance but not translation invariance (and lose countable
additivity). The resolution of this problem led to the development of the Wiener measure
[WSRM] and this is where we are today. A nice discussion of this and related issues can be
found in Dunford and Schwartz [DS] (see pg. 402).

We now turn to take a look at infinite product Gaussian measure from our new perspec-
tive. The canonical Gaussian measure on R is defined by:

L o {—E}dﬂ( ).
Nt

Recall that ue = ®; i is countably additive on R*, but its measure of ¢, is zero. If we
introduce a scaled version of Gaussian measure on R}°, we can resolve this difficulty. We
seek a family of variances {0'%} such that

du(x) =

Hs(B)= & u(T[8] =1,

where py is a linear Gaussian measure on R with parameters (0,07%) for kK € N and ug is
defined by:

ns(B) = ® ju(TIB)).
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for any Borel subset B of 8.

Lemma 2.27. Let {O'i} be a family of variances such that
Z O-i < 00,
k=1

then ug (T’l([—L, L]&’)) > 0 for every positive number L.

Proof. Let {X;} be the family of independent Gaussian random variables defined on some
common probability space, (2, B, P[-]), with law y;. If X = (X,X>,...), then

P[{w €Q| X(w)e[-L, L]“v}] = P[ﬂ:’:] {we Q| X (w) € [-L, L]}]

2
Oy

= l_[kzl Pl{we Q| | Xr(w) <L} = l_lkzl [l - ﬁ]’ by Chebyshev’s inequality.

Clearly the product is positive. We are done since B =T~!([-L, L]™) € B(B) and

ps(B) = (&) (TIT™ (L, LI™)]) = P[{w € Q| X(w) € [-L, L1™}].

O
Theorem 2.28. If the family of variances {o’i} satisfies the stronger condition
o O'%
— 2.4)
i x|

for some sequence (xi) € €1, then ug([B]) = 1.

Proof. By definition, if f € 8 and (u,) is a Schauder basis for 8, then there is a sequence
of scalars (ay) such that f = lim,_, ZZ:] apuy. Since T(f) = (a),

o0
ka
k=1

n

2wt

k=1

<

lll(@n)lllg, = sup
" 8
so that, if (a,) € {1, then (a,) € T(B) = B;.
Suppose that there is a sequence (xx) € {1 such that such that the inequality (2.3) is
satisfied. As in Lemma 2.24, by Chebyshev’s inequality and inequality (2.3) we have

) T—l(;’ 2, 1/2)} .
s {77 (X [~ 2, 1l 2] )} > 0

If A, = R"X (X2, [ Ixel'/2 x| /21), then A, C A,41 and A,, C B; for all natural n. Thus,
we have | .
us[T™'(B)] 2 lim pg[ T~ (4,)]

[ [Se] 2
o

= lim | |,uk([—|xk|1/2,|xk|1/2])2 lim | | ——k1=1.
n—oo ”—>°°k:n+1 | x|

k=n+1
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Definition 2.29. We call ug a scaled version of Gaussian measure for B.
Theorem 2.30. The measure ug is a countably additive version of Gaussian measure on B.

In particular, observe that we obtain a countably additive version of Gaussian measure
for both £, and Cy[0, 1] (the continuous functions x(¢) on [0, 1] with x(0) = 0).

2.6 Rotational Invariance

In this section we study rotational invariance on subspaces of (Rf’, B[R] /100). First, we
need a little more information about Gaussian measures on vector spaces. (See Yamasaki
[YA], pg. 151, for a proof of the next Theorem).

Let ¥ be a a real vector space, let ¥¢ be its algebraic dual space, and let B# be the
smallest o-algebra such that £(x) is measurable for each functional £ € ¥ and all x € 7.

Theorem 2.31. If u is a measure on (F°, By), then the following are equivalent.
1. The Fourier transform of u, fi, is of the form:
0 = exp{-3¢x, 0},
for some inner product on F.

2. For every x € ¥, the distribution of 2(x) is a one-dimensional Gaussian measure.

In this general setting, a measure u is said to be Gaussian on (¢, B#) if it satisfies
either of the above conditions.

Example 2.32. Let ¥ =R, the set of sequences that are zero except for a finite number
of terms and let (-, -) be the inner product on R{. It is easy to show that the corresponding
measure on ¢ = R (satisfying either (1) or (2) above) is the infinite product Gaussian
measure.

To understand the importance of this example, let (a,) be any sequence of positive
numbers and let

Wu:{xeR”| Zaﬁxﬁmo}. (2.5)

The proof of the following is due to Yamasaki ([YA], pg. 153).
Lemma 2.33. Ifa € t, u[H,) =1, and ifa ¢ €», u[H,] =0.

Now, let us note that the standard one-dimensional Gaussian density, which is normally
written as fx(x) = [ V2n]~'exp{-1|x|*}, may also be written as fx(x) = exp{—r|x|*} with

no factors of V2r if we scale x - —=. With this convention, we can write the infinite

Var
dimensional version for L?[H, A4/] as the derivative of the Gaussian distribution p¢; with

respect to the Lebesgue measure on H':
_ dpn(x)
dAg((x)’

This shows that, with the appropriate definition of Lebesgue measure, there is a correspond-
ing density for a Gaussian distribution on Hilbert space.

f(x) = exp{-n|x[3,} (2.6)
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Remark 2.34. In the general case (see DePrato [DP]), when Q is a (positive definite)
trace-class operator and X is a Gaussian random variable with mean m and covariance Q,
we can write equation (2.6) as:

dpg(X)
dAp(x)

F) = [det Q)™ exp(-n(Q7 (x—m), (x-m))_ |

Definition 2.35. A rotation on H is a bijective isometry U : H — H.

It is well-known that u4, is invariant under rotations over (H, B4¢) (see Yamasaki [YA],
pg. 163).

Theorem 2.36. The measure, Ay, is invariant under rotations and R =: (T~(£»)) is dense
in H and the maximal rotation invariance subspace for 4.

Proof. Let any measurable set A € Byy. If U is any rotation on H, then ug (UA) = ug(A)
and |Ux3, = [x|3,. It follows from equation (2.6) that A(UA) = A¢(A).

It follows from Rg" C R C H, that R is dense, and from Lemma 2.33 that R is maximal.

m|

Discussion

In this section, we have shown that what appears to be a minor change in the way we rep-
resent R™ makes it possible to define an analogue of both Lebesgue and Gaussian measure
(countably additive) on every (classical) separable Banach space with a Schauder basis. Fur-
thermore, our version of Gaussian measure is rotationally invariant, a property not shared
by Wiener measure. (What is more important, we have obtained our core results using basic
methods of Lebesgue measure theory from R”.)

3 Operators

This section provides the background to understand the relationship between operators de-
fined on ‘H@Z, (which is nonseparable), and their restriction to Wé(h). We also obtain general
conditions that allow us to define infinite sums and products of linear operators on Wé(h)
for a given h.

3.1 Bounded Operators on 72

In this section we review the class of bounded operators on 7—% and their relationship to
those on each H;. Many of the results are originally due to von Neumann [VN2]. However,
the proofs are new or simplified versions (some from the literature).

Let L[Wé] be the set of bounded operators on WQ%. For each fixed ip € N and A;, €
L(H;,), define A;, € L(H2) by:

N N
Aip(Y ienigd) = > Aigh ® @isiyl)
k=1 k=1
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for Z]kvzl ®,~6Ng§C in H2 and N finite but arbitrary. Extending to all of H2 produces an
isometric isomorphism of L[;,] into L[ﬂé], which we denote by L[H(ip)], so that the
relationship L[H;] < L[H(i)] is an isometric isomorphism of algebras. Let L* [7-(0%,] be the
uniform closure of the algebra generated by {L[H(i)], i € N}. Tt is clear that L#[?{é] C
L[?{é]. von Neumann has shown that the inclusion becomes equality if and only if N is
replaced by a finite set. On the other hand, L#[‘Hé] clearly consists of all operators on Wé
that are generated directly from the family {L[H(i)], i € N} by algebraic and topological
processes.

Let P, denote the projection from 7-{; onto Wé(g)s, and let P, denote the projection
from 7—% onto Wé(g)w.

Theorem 3.1. If T € L*(H;), then P;T = TP} and P;T = TP}.

Proof. The weak case follows from the strong case, so we prove that P, T =T P;. Since

vectors of the form G = Zé:l ®,~€Ngf.‘ , with gi.‘ = g; for all but a finite number of i, are dense
in Wé(g)f; it suffices to show that Tf € Wé(g)s. Now, T € L#(Wé) implies that there exists a
sequence of operators T, such that ||T —T,||s — 0 as n — oo, where each T, is of the form:

T, = ZkN:” L@ T}, with @} a complex scalar, N, < co, and each T} = &cig, T} ®icrvva, fi for

some finite set of i-values My, where I; is the identity operator on ;. Hence,
_ L Na n n 1 )
T.f= Z 1 Z it U Biev Thi8 ®ienyy 8-

Now, it is easy to see that, for each [, ®;an, T,Z’l.gﬁ ®ieN\M, gf =’ ®jeng;. It follows that T, f €
Wé(g)“' for each n, so that T, € L[‘Hé(g)“']. Since L[Wé(g)s] is a norm closed algebra,
Te L[?—(é(g)s] and it follows that Py T = TP,. O

Let z; € C, |z;] = 1, and define U[z] by: U[z] Qe &i = Qienzigi-

Theorem 3.2. The operator Ulz] has a unique extension to a unitary operator on H2,
which we also denote by U|z), such that:

1. Ulzl: Hg(g)" — H(8)", so that PyU[z] = U[z]P}.

2. If T1, zv is quasi-convergent but not convergent, then Ulz] : ?{é(g)“ - Wé(h)“', for
some h € ?(é(g)w with g_Lh.

3. Ulz] : ?{é(g)s — Wé(g)“' if and only if [1;z; converges and Ulz] = ([];z:)le, where
Iy is the identity operator on 7—%. This implies that P,U[z] = U[z]P,.

Proof. For (1), let h = ZkN: | ®,-6Nhf, where ®,~€Nhf =" ®jengi, N is arbitrary and 1 <k < N.
Then

N

U[21U[21h = ) @ienzjzihf = h = Ulz]U"[z]h.

k=1
Thus, we see that U[z] is a unitary operator, and since / of the above form are dense, U|[z]
extends to a unitary operator on ?{é. By definition, ZkN: ! ®ieNz,~hf € ?{é(g)w if ZQ’: ! ®ieNh’§ €
?{é(g)w, so that U[z] : ‘Hé,(g)w — ‘Hé,(g)w and Py'U[z] = U[z]Py . To prove (2), use Theo-
rem 1.6 (3) and (4) to note that [];z; = 0 and ®;aht =* ®eng; imply that ®;cnziht € HZ(f)*
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with H2(f)* LHZ(g)*. To prove (3), note that, if 0 < |[];z| < oo, then Ulz] = [(IT;z)Ls],
that Ulz] : 7—(82,(g)5 —H. Z(g)s Now suppose that U[z] : H. Z(g)s —>H z(g)s then ®leNZ,hi =
®ieng; and so [];z; must converge. Therefore, Ulz]h = [(]];z:)ls]h and PyU[z] = U [z]Pg.
It is easy to see that, for each fixed i € N, A(i) € L[H(i)] commutes with any P%, P;,“ or
Ul[z], where g and z are arbitrary. O

Theorem 3.3. Every T € L#[Wé] commutes with all P$, P;,“ and U|[z), where g and z are
arbitrary.

Proof. Let £ be the set of all P?, P(VgV or Ulz], with g and z arbitrary. From the above
observation, we see that all A; € L[H(D)], i € N, commute with £ and hence belong to its
commutator &’. Since £’ is a closed algebra, this implies that L#[V-(é] C & so that all
Te L#[Wé] commute with €. O

3.2 Unbounded Operators on 3

In this section, we consider a restricted class of unbounded operators and the notion of a
strong convergence vector introduced by Reed [RE].

For each i € N, let A; be a closed densely defined linear operator on H;, with domain
D(A;), and let A; be its extension to 7—%, with domain D(A;) > D(A;) = D(A;) ® (=i Hy).
The next theorem follows directly from the definition of the tensor product of semigroups.

Theorem 3.4. Let A;, 1 < i< n, be generators of a family of Cy-semigroups S i(t) on H;
with (IS i(Dllg, < Mie®". Then Sy(t) = ®i=1,,S (1), defined on &1, H;, has a unique ex-
tension (also denoted by S,(t)) to all of H2, such that, for all vectors Z,f: | ®,~6Ngf with
gf € D(A)), 1 << n, the infinitesimal generator for S,(t) satisfies:

K
Z ®jeng’ Z ZAlgl (®78)-
=l

=1 k=1
Definition 3.5. Let {A;}, i € N, be a family of closed densely defined linear operators on H;
and let g; € D(A;) (respectively, f; € D(A;)), with ||gilly = 1 (respectively, ||fillg = 1), for all
ieN.

ﬂn

1. We say that g = ®;eng; is a strong convergence sum (scs)-vector for the family {A;} if
s - lim Tho Aukg = Yy Argu(®kgi) exists.

2. We say that f = ®;enfi is a strong convergence product (scp)-vector for the family
(A} if s ,[_,liom [Tioy Arf = ®icnAif; exists.

Let D, be the linear span of {y = ®;enxi, xi € D(A))}, with x; = g; (and let D be the
linear span of {n = Qienmi, ;i € D(A;))}, with n; = f;) for all i > L, where L is arbitrary
but finite. Clearly, D, is dense in ﬂé(g)s (D,, is dense in 7—(;( £)¥). If there is a possible
chance for confusion, we let Ay, respectively A,, denote the closure of 3,7 | A on ?[é(g)s
(respectively [];2, Ay on (Hé( 1)*). It follows that Wé(g)s (respectively ‘Hé( £)*) are natural
spaces for the study of infinite sums or products of unbounded operators. (The notion of a
strong convergence sum vector first appeared in Reed [RE].)
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Definition 3.6. We call H3(g)* an RS-space (respectively, H2(f)* an RP-space ) for the
family {A;}.

Let {U(1)} be a set of unitary groups on {Hy}. It is easy to see that U(¢) = ®Z°:1 Ui(t)
is a unitary group on ‘HQ%. However, we know from Theorem 3.2 (2), that it need not be
reduced on any partial tensor product subspace. The following results are due to Streit [ST]
and Reed [RE], as indicated.

Theorem 3.7. (Streit) Suppose { A} is a set of selfadjoint linear operators on the space
Wé(g)s, with corresponding unitary groups {Ui(t)}. If U(t) = ®z°:1Uk(t), then Pg;U(t) =
U (t)Pg, (i.e., U(?) is reduced on Wé(g)s ) and U(t) is a strongly continuous unitary group on
?{é(g)s if and only if, for each c > 0, the following three conditions are satisfied:

1. 302 KAE[—c,clgr, gl < oo,
2. Z/(:o:l Kﬂ/%Ek[_CaC]gk’gkﬂ,

3. Xt KUk = Exl=c,clgr, g1l < oo,
where Ex[—c,c] are the spectral projectors of Ay and, in this case, U(t) = s—lim,_, ®Z:1 Ur(0).

Corollary 3.8. Conditions 1-3 are satisfied if and only if there exists a strong convergence
vector g = @, gk for the family {Ax} such that gy € D(Ax) and

(o) [ 2
D K Augi gl <o, D" KAl < oo,

Theorem 3.9. (Reed) U(t) is reduced on Wé(g)s and U(t) is a strongly continuous unitary
group on ?{é(g)s if and only if g = ®,7 g is a strong convergence vector for the family {A;}
and 37 KAkgk i)l < oo If each Ay is positive, the statement is true without the above
condition. In either case, A, the closure of Zz‘;l Ay, is the generator of U(t).

The next result strengthens and extends Reed’s theorem to contraction semigroups (i.e.,
the positivity requirement above can be dropped).

Theorem 3.10. Let {S(2)} be a family of strongly continuous contraction semigroups with
generators {Ay} defined on {Hy}, and let g = ® gk be a strong convergence vector for
the family {Ai}. Then S(t) = &S () is reduced on Wé(g)“ and is a strongly continuous
contraction semigroup. If S(t) = &S (t) is reduced on Wé(g)s and is a strongly con-
tinuous contraction semigroup on Wé(g)“', then there exists a strong convergence vector
=8, f € H3(8)® for the family {A}.

Proof. Let g = ®,7 gk be a strong convergence vector for the family {A;}. Without loss,
we can assume that ||gil| = 1. Let S,(r) = &S (D&®. . Ix) and observe that S,(¢) is a
contraction semigroup on ?{é(g)s for all finite n . Furthermore, its generator is the closure

of A" = /| Ar, where Ay = Ak®(®§kli). If n and m are arbitrary, then

1

d

S, =Su(0]g = [ 51 1S,418,1(1 - rl g
0

1
=t f S, [AS,[(1 = Vel [A" — A™] gd A,
0
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where we have used the fact that, if two semigroups commute, then their corresponding
generators also commute. It follows that:

I1Su(O) = Su(®]gll < t||[A" - A™] g]|-

Since g = ®_, g is a strong convergence vector for the family {Az}, it follows that

s —lim, & S, () = S(¢) exists on a dense set in ‘Hé(g)s and the convergence is uniform on
bounded ¢ intervals. It follows that S(¢) extends to a bounded linear operator on ?{é(g)s.
To see that the closure of S (f) must be a contraction, for any & > 0, choose n so large that
IS, (1) —=S(1)]gllg < £llgllg- It follows that

IS()8lle < ISa()gllg +I[Sx (1) =S gllg < lIgllg (1 +&).

Thus, S(¥) is a contraction operator on Wé(g)“'. It is easy to check that it is a Cp-semigroup.

Now suppose that S(r) = &, ;S x(?) is a strongly continuous contraction semigroup which
is reduced on Wé(g)“'. It follows that the generator (A of S(¢) is m-dissipative, and hence de-
fined on a dense domain D(A) in ﬁé(g)s with S'(t) f = S(OAf = AS(¢) f for all f € D(A).
Since any such f is of the form f = Zloil®z°:1f,f, each f! = ®,‘;°:1f]f is in D(A). A simple
computation shows that Af! = 2ot Af !, so that any f! is a strong convergence vector for
the family {Ag}. O

Itis easy to see that, in the second part of the theorem, we cannot require that g = ®;? | g«
itself be a strong convergence vector for the family {A;} since it need not be in the domain
of A. For example, g1 ¢ D(A}), while gx € D(Ay), k # 1.

4 Function Spaces

Let x;, be the indicator (or characteristic) function of [, = x;? , I. If we let £(R") represent
the class of measurable functions on R”, then for each measurable function f, € £(R") we
identify f € L(R}) by f = f, ®x1,.

Definition 4.1. A real-valued function f defined on the measure space (R‘;", %[R‘;’],/lm) is
said to be measurable iff_l(A) € B[R] for every A € B[R].

In this section we develop those aspects of function space theory that will be of use
later. We note that all the standard theorems for Lebesgue measure apply. (The proofs are
the same as for integration on R".)

4.1 L'-Theory

Let Ll[Rﬂ be the class of integrable functions on R}. Since LI(R}’) C Ll(R?“), we define
L! [R71=U; 2, L! (R7) and let L! [R;°] be the norm closure of L! [R’7°]. It follows that every
function in L! [R;°] is the limit of a sequence of functions in L [R;’k ], for some sequence
{nr} C N,

Let C.(R7}) be the class of continuous functions on R} which vanish outside compact
sets. We define C.(R}”) to be the closure of Unes C.R)) = Cc(R’}?) in the sup norm. Thus,
for any f € C.(R}’), there always exists a sequence of functions {f,,} € CC(R;”‘) such that
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Jue — [, for some sequence {n;} C N. We define Co(R}”), the functions that vanish at oo, in
the same manner.

Lemma 4.2. If f € C.(R}) or Co(RY), then f is continuous.

Proof. Let f(x) € C.(R}°) and let {x,, | n =1,2,...} be any sequence in R} such that x,, — x
asn — oo. If £ > 0 is given, choose K so that for k > K and fi € Co(R}), |fi(Xn) — f(Xn)| <
%. Then choose K> so that for k > K>, |fi(x)— f(x)| < §. Choose N so that for n >
N, |fi(%,) = fi(®)| < §. If n > N and k > max{Ky, K>}, we have:

Lf(Xn) = FOI < fe(Xn) = F X+ 1fi(X) = frXn)| + 1 fu(x) = f(X)] < &.

The same proof applies to Co(R;") O

Theorem 4.3. C.(R°) is dense in L'(R).

Proof. We prove this result in the standard manner, by reducing the proof to positive sim-
ple functions and then to one characteristic function and finally using the approximation
theorem to approximate a measurable set which contains a closed set and is contained in an
open set.

First note that, since lim;_; e ” Sxs00—f Hl =0 forall fe L (by the DCT), we can
prove the result for functions that vanish outside a compact set. In this case, as f = f, —
J-, we need only consider positive f. However, this function can be approximated by
simple functions in S ;. Since each simple function is a finite sum of characteristic functions
(of bounded measurable sets) multiplied by finite constants, it follows that we need only
show that we can approximate the characteristic function of a bounded measurable set by
a continuous function which vanishes outside a compact set. Let € > 0 be given and let
g = xa, where A is any bounded measurable set. By the regularity of Ao, there exists an
open set O and a compact set H with H CA C O and A(O\ H) < e.

Let {V,,} be the class of open intervals with rational end points. For each n € N, let
F,c g '[V,] and G, c (O\ g '[V,]) be compact sets, such that 2[(O\ F,UG,)] < &. If
H=n> [F,UG,], then 1(O\ H) < e.

If x € H, there is an n such that f(x) € V,, and x € G, so that g[G, N H] C V,,. It follows
that g restricted to H is continuous and A(A\ H) < A(O\ H) < &. O

In a similar fashion we can define the L” spaces, 1 < p < co. We should note that, each
space is defined relative to the family of indicator functions for /. Thus, each space is the
canonical one for that particular class of spaces.

5 Fourier Transform Theory
In this section, we study the implications of Lebesgue measure on R* for the Fourier

transform and discuss two different extensions of the Pontrjagin Duality theory for Banach
spaces.
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Background

Let G be a locally compact abelian (LCA) group (c.f., R"). The following is a restatement
of Theorem 0.1 (see Rudin [RU1]).

Theorem 5.1. If G is a LCA group and B(G) is the Borel o-algebra of subsets of G, then
there is a non-negative regular translation invariant measure u (i.e., u(g +A) = u(A), A €
B(G). The (Haar) measure u is unique up to multiplication by a constant.

Definition 5.2. A complex valued function a : G — C on a LCA group is called a character
on G provided that « is a homomorphism and |a(g)| = 1 for all g € G.

The set of all continuous characters of G defines a new group G, called the dual group

of G and (a1 +a2)(g) = a1(g) - ax(g). If we defineamapy:G — G, by v.(a) = a(g), then
the following theorem was proven by Pontryagin:

Theorem 5.3. (Pontryagin Duality Theorem) If G is a LCA-group, then the mapping vy :
G — G is an isomorphism of topological groups.

Thus, Pontrjagin Duality identifies those groups that are the character groups of their
character groups. If the group is not locally compact Theorem 5.1 does not hold (e.g., there
is no Haar measure). However Kaplan [KA 1] has shown that the class of topological abelian
groups for which the Pontrjagin Duality holds is closed under the operation of taking infinite
products of groups. This result immediately implies that this class is larger than the class of
locally compact abelian groups because the infinite product of locally compact groups (for
example, R™) may be non-locally compact (see also [KA2]).

5.1 Pontryagin Duality Theory I

In this section, we treat the Fourier transform as an operator. As will be seen, this approach
has the advantage of being constructive. It also provides us with some insight into the
problem that arises when we look at analysis on infinite dimensional spaces.

We define § on L'[R, 1] by

200 = F(@Hw = [ expl-2niaylg)dy
R
It is easy to check that &1 is defined by

{0 =F' @) = fR exp{2riy}2(x)dx.

This representation is more convenient for the infinite-dimensional case, because we have
no factors of V27 to worry about.

It is possible to define & as a mapping on L'[R”, 2] to Co[R", A] for all n as one fixed
linear operator. However, in the case of Hilbert spaces,Theorem 3.2(2) requires that we
clearly specify our canonical domain and range space. The same is also true for L![R”, A](h)
and Co[Ry,/l](ﬁ) (see [GZ]). Since h = ®;2 x1(xx), an easy calculation shows that h =

ey sin(rxg), Thus, we can define §(f,)(x), mapping L! [R}](h) into Co [R;‘](ﬁ) by

TN = Gy Falf ) Oper I (x0). (5.1)
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Theorem 5.4. The operator § extends to a bounded linear mapping of L' [R°1(h) into
Co[R}°1(h).
Proof. Since

lim L'[R}1(h) = | L' [R}1() = L'[R'F1(h)

n—oo

n=1
and L'[R°](h) is the closure of L'[R’{°](h) in the L' - norm, it follows that & is a bounded
linear mapping of L [R’7°](h) into CO[R;"](E).
Supposed that {f,} C LI[R’}X’](h), converges to f € LI[R‘;"](h). Thus, the sequence is

Cauchy, so that || f;, — fill; = 0 as m, n — oo. It follows that

1T (fu(X) = fn (| < wa /2 (¥) = finDId Ao (Y) = I1fn = finll1 5

so that |F (f,(x) — fin(x))| is a Cauchy sequence in CO[R?](E). Since L! [R';°1(h) is dense in
L [R}°1(h), it follows that § has a bounded extension, mapping L [R;°](h) into CO[R‘IX’](lAl).
O

5.2 L’-Theory

In the case of L?, the Fourier transform is an isometric isomorphism from L*[R"] onto
L2[R"].

Theorem 5.5. The operator & is an isometric isomorphism of ? [R}°](h) onto ? [R;"](iz).

Proof. Let f € LZ[R;"](h). By construction, there exists a sequence of functions {f; €
[? [R'I”'], ni € N} such that klim Ilf = fill, (h) = 0. Furthermore, since the sequence converges,

it is a Cauchy sequence. Hence, given & > 0, there exists a N(g) such that m,n > N(g)
implies that || f;, — full, (h) < &. Since § is an isometry, ||F(fin) — F(f)ll» (iz) < g, so that the
sequence F(f) is also a Cauchy sequence in L? [Rf](fz). Thus, there is a f el? [R}X’](iz) with
kh_)rg “f— Ty(fk)Hz (fz) =0, and we can define F(f) = f It is easy to see that f isunique. O

We can also prove a version of Theorems 5.4 and 5.5 for every separable Banach space
(with a basis). Fix 8B and for each n, let 8] = BNR]. Itis clear that B} C B’}”, so that B is
the norm closure of lim $}. The following have the same proofs as Theorems 5.4 and 5.5.

n—oo

Theorem 5.6. The operator § extends to a bounded linear mapping of L'[B](h) into
ColBI(h).

Theorem 5.7. The operator § is an isometric isomorphism from L*[B](h) onto L? [B1(h).

Theorems 5.4 - 5.7 show that ®;’ilizi is a strong (product) convergence vector for the
Fourier transform operator &. In the L2—theory, we know that L2 [R}°](h) and ? [R;"](iz) are
orthogonal subspaces of 7—%. Thus, in this approach, the natural interpretation is that the
Fourier transform induces a Pontryagin duality like theory that does not depend on the group
structure of R}°, but depends on the pairing of different function spaces. This approach is
direct, constructive and applies to all separable Banach spaces (with a basis). Thus, the
group structure of the underlying measure space plays no role.
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5.3 Pontryagin Duality Theory II

In this section, we show that the standard form of Pontryagin duality theory is also possible,
using the underlying measure space group structure. It is constructive but restrictive, in that,
it does not apply to every separable Banach space with a basis.

Let B be any uniformly convex separable Banach space UCB over the reals, so that
B = B** (second dual). The next theorem follows from our theory of Lebesgue measure on
Banach spaces.

Theorem 5.8. If Ag is our version of Lebesgue measure on B, then B and B* are also duals
as character groups (i.e., B* = B).

Proof. If we consider the restriction to L*[B, Ag], we can define & directly by:

[FOIX) = f(x*) = fza exp{=2mi(y,x")} f(y)dAg(y), (5.2)
where (y,x*) is the pairing between 8 and 8*. From Plancherel’s Theorem, we have:

1A= (7.4), = (P2 = 1713,

It follows that 8 and 8* are duals as character groups and

)= [ expl2mi (i s ().
O

If 87 = B;NR7}, we can represent fn directly as a mapping from L*[B", 5] — L? [B}"”, Ag+],
by

[FUIX) = fulx*) = fB exp{=27i (y.X" ), } fu(¥)dA5(Y),

where (y,x"), is the restricted pairing of y and x* to 8} and B;’" respectively. It follows
that equations 5.1 and 5.2 provide two distinct definitions of the Fourier transform for 5.
Thus, in this approach the group structure of the underlying measure space changes.

It is clear that representation for f (x*) also applies if we use L![8, Ag], but in this case
fex) eColB°.

If we define y(-) mapping B — C, by y(x) = exp{—2mi(y,x*)}, then y(x) is a character of
B. Furthermore, it is easy to see that (y; +y2)(X) = y1(X) - y2(x). We now have the extension
of the Pontryagin Duality Theorem to all UCB (with a basis).

Theorem 5.9. If B is a UCB, then the mapping yx : B — 23, defined by yx(y) = y(x), is an
isomorphism of topological groups.

In case B = H, is a Hilbert space, we can replace equation (5.2) by

fx) = FIf1x) = fH exp{=27i (X, V)¢ } f(Y)d A3 (y), (5.3)
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so that H is self-dual (as expected). From equation (5.3), we also get the expected result
that:
& |expl-nixi3}| = expl-nIxiy ).

In closing, we observe that by Theorem 2.31 (see Example 2.32), if we use Gaussian
measure on R®, the dual character groups are R® and R® = Ry. From this we see that
probability measures on (R*, B[R™]) induce a different character theory compared to that
induced by A on (R}, B[R}]).

5.4 LP-Theory

We can obtain LP[R}°] as in the construction of L [R}°]. In this section we want to show the
power of our approach to measure theory by establishing a version of Young’s Theorem for
every separable Banach space with a Schauder basis:

Theorem 5.10. (Young) Let p,q,r € [1,00] with

1 1 1
-—=—+--1.
r-p q
If f € LP[R}’] and g € L[R}’], then the convolution of f and g, f * g, exists (a.s.), belongs
to L'[R}°] and
1 < gll, < 1A, ligl, -
Corollary 5.11. Let B be a separable Banach space with a Schauder basis and let p,q,r €

[1,00] with
111
-
ropoq

If f € LP|B] and g € L1[B)], then the convolution of f and g, f * g, exists (a.s.), belongs to
L"[B] and
17 # gl < 1171, llgll,

In order to prove Theorem 5.10, we first need the appropriate version of Fubini’s The-
orem. Since (R;",Q‘;",/loo) is a complete o-finite measure space, a proof of the following
may be found in Royden [RO] (see Theorems 19 and 20, pgs. 269-270):

Theorem 5.12. (Fubini) If f € L! [R7° XR}°], then
1. for almost all x € R} the function f defined by fi(y) = f(x,y) € L! [RP1():

2. for almost all y € R} the function f, defined by f,(x) = f(x,y) € L! [R71(x):
&_&Tf(nwdAWQOEIIRfox

4. [ Fy)dA(x) € LIRTIO);

5.
f F,)d (Ao @ Aeo) (,Y)
RTXR?

= fR ) [ fR i f(x,y)d/loo@)l (%) = fR

1 1 1

[ [ f(x,y)d/loo(X)l a1e0).

1
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Theorem 5.13. Let f,g € L'[R}°], then (f = g)(x) exists (a.s.); that is f(y)g(x—y) € L'[R}°].
In addition, f*g € L'[R°] and
1S = glly < IF113 gl -

Proof. First, it is easy to see that f(y)g(x—y) is a measurable function on R}°. (There is no
change from the case of R".) We can apply Fubini’s theorem to get that:

fR (@A)

= f d/loo(x)l f f(y)g(x—y)dﬂw(y)]= f dﬂoo(y)[ f F(glx—y)dAs(x)
RP Ry Ry Ry

= [ 10310 [ etdron.

1

It follows from the last equality that |[f = gll; < || f1l; llgll;- O

5.4.1 Proof of Young’s Theorem

Proof. First, assume that f and g are nonnegative and || f]| »=llgll, = 1. Let % =1- clz and

1 _q1_1
T =1 > Now note that

P\, _ (1 1}, _ A
I-=|¢ =p|=-==)d =p\1-—|q =p;
r pr q

ay (L 1), _ o
I=2)p =q|-——|p=q|l-—]p" =q.
r q r p

If we use Holder’s inequality (for three functions), we can write (f * g)(x) as:

(f*g)(x) = fR [rOrmee=yy || f ) g =) dAs ()

1/q' 1/p

f =) 1P g (y)

4

1/r
< [ fR ) f(y)”g(x—y)"d/loo(y)} [ fR ) f(y)“_”/’)"'dxloo(y)}

This last inequality shows that

1/r
(o [ mf(y)ﬂg(x—y)‘ldamcy)} -

= (f*8)" () < (fP ") (x).

(f0r < { [ forse-praro)

From Theorem 5.13, we have [|(f*g)"ll; < IIf”ll; lIg?ll; = 1. In the general case, we know
that | f]+ |g| exists (a.e.), so that |f(y)g(x —y)| € L'[R°]. But then, f(y)g(x—y) € L'[R}°]. O

In closing we note that, Beckner [BE] and Brascamp-Lieb [BL] have shown that on
R" we can write Young’s inequality as ||f* gll, < (Cp g.rn)" 11, 1181l where Cprn < 118
sharp. We conjecture that 1 is the sharp constant for R}°.
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6 Partial Differential Operators (Examples)

In this section, we give examples of strong product and sum vectors for differential operators
that have found interest in infinite dimensional analysis.

Definition 6.1. For x€R, 0 <y < o0 and 1 < a < co define g(x,y), h(x) by:
g(x.y) = exp{-y“e},
f g(x9y)dy’ XE[_%,%],
0

h(x) = 0 otherwise .

The following properties of g are easy to check:

1.
0g(x, . ax
gf(ax D —iayeg(x,y),
X
2. e
g(ax’y) — _aya—leiaxg(x,y)’
y
so that
3.

i@ww:%mw
y@y ox

It is also easy to see that 4(x) is in L![R] for x € [-755 3,1 and,

dh(x) _ f 9g(x,y) dy = f l.yc?g(x,y) dv. (6.1)
dx 0 Ox 0 ay

Integration by parts in the last expression of equation (6.1) shows that /’(x) = —ih(x), so
that 2(x) = h(0)e™™ for x € [—2”—a, %]. Since A(0) = fooo exp{—y“}dy, an additional integration
by parts shows that 4(0) = F(é +1).

Leta = 7%, h(x) = he(x), x € [-5, 5-], where 0 < & < 1, and define

1-g°
82
fo={  conlais) ween 6:2)
0 x> &/2,

2

where c is the standard normalizing constant. We now define £(x) = (h * f;)(x), so that
spt(é) = [—%, %] = I.. Thus, &(x) =0, x ¢ I, and otherwise,

£(x) = f Rl -2 f(dz = it f (s = e,

(%) —00

It follows from this that:
et, xel,

a;‘gf(ix):{ 0 xal

Define A, = A and,
IF =52 I, I =37 and, A5, = ®7 A,
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Example 6.2. In this example, we let hi(x;) = a/glf(ixk), for each k € N so that Dyhy = hy,
for xi € I Let L[R}] = L*[R},A%,]. If D™ = [, Di and f, € LZ[RY] N D(D%), we can
define D on R} by D™ f(x) = D" f,(x) = [T\, D finy(¥) (&, 1u). (a.5). This operator
is well-defined and has a closed densely defined extension to Lg [R}°1(h), where h = ®,7 .
Thus, h is a strong product vector for D,

The operator D™ is required if we want to obtain the probability density for a distri-
bution function. (Note, by construction the density can be approximated from below by
densities in a finite number of variables.)

In the following example, we construct a general elliptic operator on L2 [R°].

Example 6.3. If V =(D1,D»,--) and o : R} — R is a bounded analytic function for each
k €N, then let o(x) = (01(x),02(x),---). We assume that

(e8]

D @)+ D b
k=1

2 < 0o, where by(x) = ijl 0 j(X)Djo(x).
Jik=

2

We can now define A by:
Ao = (@) V)’ = 3" 0()TuN)D;Di+ ) bi(x)Dy.
k=1 k=1

For the same version of Lg [R°] as in the last example, if g, € Lz[R;’] ND(As) and c,(x) =
Z;inﬂ o j(x) [DjO'k(x)], then A is defined on R} and

Acogn(x) = Z 0 (X)) (X)D jDign(x) + Z b Dy (x) + cn(x)gn(x).
Jk=1 k=1

In order to obtain the same equation with c,(x) = 0, we use the version of Lg [R}°] defined
with hy = £1(0), k > n+ 1. In this case, for g,(x) € Lg[R;O] N D(A), we see that

Acogn(x) = Z 0 j(X)01(X)D jDign(x) + Z br(x)Dygn(x).
Jk=1 k=1

In either case, A is well-defined for each n and has a closed densely defined extension to
Lg [R7] and gn(x) — g(x) implies that limy,—,coAcogn(x) = Acog(x).

It follows that different versions of L? [R°] offer advantages for particular types of dif-
ferential operators. (For other approaches, see [BK], [GZ] and [UM].)

The following special cases have appeared in the literature (all can be obtained from the
last example):

1. The natural infinite dimensional Laplacian:

A=Ao=) " &lox.
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2. The nonterminating diffusion generator in infinitely many variables (also known as
the Ornstein-Uhlenbeck operator):

_1 _ LN 92/9.2 ©
A=LAu-Bx-Ve=1 )" Ploxi- )" bixidfox:

The infinite dimensional Laplacian of Umemura [UM]:

N

Berezanskii and Kondratyev ([BK], pages 520-521) have also discussed operators analo-
gous to (2) and (3).

6.1 Discussion

In a very interesting paper, Phillip Duncan Thompson [PDT] used the amplitudes of a set
of orthogonal modes as the co-ordinates in an infinite-dimensional phase space. This al-
lowed him to derive the probability distribution for an ensemble of randomly forced two-
dimensional viscous flows as the solution of the continuity equation for the phase flow. He
obtained the following equation for the probability density:

o = 3, =9 -

where

=

Me(x) = ii a ﬂljk lﬂ]/Jk) xix;.

a;aa,
i=1 j=1 %)%k

The coeflicients 3, vanishes if any two indices are equal, is invariant under cyclic per-
mutation of indices and reverses sign under non-cyclic permutation of indices, while the
coeflicients «@; and y; are positive constants, determined by the problem. Thompson im-
posed the natural condition

(o8]

f f o(x, t)l_ldxk =1. (6.4)
k=1

—00

At that time, he ran into the obvious mathematical criticism because equation (6.4) was
meaningless at the time. He also derived the equilibrium density

k=1

po(x) = Cexp{ szakxk} (6.5)

The results in section 2.5, see also equation (2.5), along with those in section 4.4, show that
Thomson’s paper was prescient.
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7 Conclusion

In this paper we provided a reasonable version of Lebesgue measure on R*, which together
with the standard Gaussian measure on R™, have allowed us to construct natural analogues
of Lebesgue and Gaussian measure for every separable Banach space with a Schauder ba-
sis. We have extended the Fourier transform to L'[R®, 1e], L*[R*, 1], defined sums and
products of unbounded operators, and presented a few constructive examples of partial dif-
ferential operators in infinitely many variables.
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