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1. Introduction

We present here a brief introduction to the subject of measures on infinite dimensional spaces.
The author’s background is mathematical physics and quantum field theory, and that is likely to be
reflected in the text, but an hopefully successful effort was made to produce a review of interest to a
broader audience. We have references [1-3] as our main inspiration. Obviously, some important topics
are not dealt with, and others are discussed from a particular perspective, instead of another. Notably,
we do not discuss the perspective of abstract Wiener spaces, emerging from the works of Gross and
others [4-7]. Instead, we approach measures in general linear spaces from the projective perspective
(see below).

For the sake of completeness, we include in Section 2 fundamental notions and definitions
from measure theory, with particular attention to the issue of o-additivity. We start by considering
in Section 3 the infinite product of a family of probability measures. In Section 4 we consider
projective techniques, which play an important role in applications (see e.g., [8,9] for applications to
gauge theories and gravity). Sections 5 to 7 are devoted to measures on infinite dimensional linear
spaces. In Section 6 results concerning the support of the measure are presented, which partly justify,
in this context, the interest of nuclear spaces and their (topological) duals. The particular case of
Gaussian measures is considered in Section 7. There are of course several possible approaches to
the issue of measures in infinite dimensional linear spaces, and to Gaussian measures in particular,
including the well known and widely used framework of Abstract Wiener Spaces or other approaches
working directly with Banach spaces (see, e.g., [10-12]). We follow here the approach of Ref. [1],
taking advantage of the facts that the algebraic dual of any linear space is a projective limit (of
finite dimensional spaces) and that any consistent family of measures defines a measure on the
projective limit. In Section 8 we present the main definitions and some fundamental results concerning
transformation properties of measures, discussing briefly quasi-invariance and ergodicity. Finally,
in Section 9 we consider in particular measures on the space of tempered distributions.

Generally speaking, and except when explicitly stated otherwise, we consider only finite
(normalized) measures. (A notable exception is the Lebesgue measure on R", to which we
refer occasionally.)
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2. Measure Space

We review in this section some fundamental aspects of measure theory, focusing (although not
exclusively) on finite measures. A very good presentation of these subjects can be found in [13-17].

Definition 1. Given a set M, a family F of subsets of M is said to be a (finite) algebra if it is closed under the
operations of taking the complement and finite unions, i.e., if B € F implies B° € Fand By € F,...,B, € F
implies U;B; € F.

Definition 2. A non-negative real function y on an algebra F is said to be a measure if for any finite set of
mutually disjoint elements By, B, ..., By of F (B; N\ Bj = @ for i # j) the following additivity condition
is satisfied:
u(UiB) = ZV (Bi).- @
1

Particularly important is the notion of measures on o-algebras, in which case the measure is
required to satisfy the so-called c-additivity condition.

Definition 3. Given a set M, a family BB of subsets of M is said to be a o-algebra if it is closed under complements
and countable unions, i.e., B € B implies B € Band B; € B, i € N, implies U°B; € B. The pair (M, B) is
called a measurable space and the elements of I3 are called measurable sets.

It is obvious that for any measurable space (M, B ) the c-algebra B contains M and the empty
set, and it is also closed under countable intersections. Another operation of interest in a o-algebra
(or finite algebra) is the symmetric difference of sets AAB := (A\ B)U(B\ A) = (AUB)\ (ANB).

Definition 4. Given a measurable space (M, B ), a function y : B — [0, 00|, with u(@) = 0, is said to be a
measure if it satisfies the o-additivity property, i.e., if for any sequence of mutually disjoint measurable sets
{B;}icy one has

()

u(UPBi) = Y p (Bi), @
i
where the right hand side denotes either the sum of the series or infinity, in case the sum does not converge.
The structure (M, B, u) is called a measure space. The measure is said to be finite if (M) < oo, and normalized
if u(M) =1, in which case (M, B, i) is said to be a probability space.

An important property following from c-additivity is the following.

Theorem 1. Let u be a o-additive finite measure and By D By D ... a decreasing sequence of measurable
sets. Then

‘M(ﬂan> = nlglgo]’l (Bn>- 3)
also,
#(UnAn) = lim p(Az), €Y

for any increasing sequence Ay C Ap C ... of measurable sets.

Let us consider the problem of the extension of measures on finite algebras to (c-additive)
measures on c-algebras. Note first that given any family A of subsets of a set M there is a minimal
o-algebra containing .A. We will denote this o-algebra by B(.A), the c-algebra generated by .A.

Theorem 2 (Hopf [18]). A finite measure y on an algebra F can be extended to o-additive finite measure
on the o-algebra B(F) if and only if for any given decreasing sequence By D By D ... of elements of F the
condition limy,_eo t (By) > 0 implies Ny By # @.
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Theorem 3. If it exists, the extension of a finite measure on F to a o-additive finite measure on B(F) is unique.
Among non-finite measures, so-called o-finite measures are particularly important.

Definition 5. A measure is said to be o-finite if the measure space M is a countable union of mutually disjoint
measurable sets, each of which with finite measure.

The Lebesgue measure on R” is of course o-additive and o-finite.

Definition 6. Let (M, T) be a topological space, T being the family of open sets. The o-algebra B(T) generated
by open sets is called a Borel o-algebra. The measurable space (M, B(7)) is said to be Borel (with respect to T).
A measure on (M, B(7)) is called a Borel measure.

Except when explicitly said otherwise, R" and C" are considered to be equipped with the usual
topology and corresponding Borel o-algebra.

Definition 7. A Borel measure y is said to be reqular if for any Borel set B one has:

inf{u(O) | O D B, O open}
= sup{u(K)| K C B, K compact and Borel}. )

#(B)

Proposition 1. Any Borel measure on a separable and complete metric space is regular.

Definition 8. Let (M, B, i) be a measure space and N, := {B € B | u(B) = 0} the family of zero measure
sets. Two sets B1,By € B are said to be equivalent modulo zero measure sets, By ~ By, if and only if
BiAB, € ./\/;4.

The family N, of zero measure sets is an ideal on the ring of measurable sets B defined by the
operations A and N, and therefore the quotient B/N), is also a ring. It is straightforward to check that
the measure is well defined on 3/N,,. From the strict measure theoretic point of view, the fundamental
objects are the elements of B/, and naturally defined transformations between measure spaces
(M, B, i) and (M’, B', ') are maps between the quotients B/, and B’/ N,

Definition 9. Two measure spaces (M, B, ) and (M, B', u") are said to be isomorphic if there exists a bijective
transformation between B/ N, and B' /Ny, mapping  into p'.

In the above sense, zero measure sets are irrelevant. (When the measure is defined in a topological
space, a more restricted notion of support of the measure is sometimes adopted, namely the smallest
closed set with full measure. We do not adhere to that definition of support.)

Definition 10. Let (M, B, jt) be a measure space. A (not necessarily measurable) subset S C M is said to be a
support of the measure if any measurable subset in its complement has zero measure, i.e., Y C SCandY € B
implies u(Y) = 0.

Given a measurable space (M, B) and a subset N C M, let us consider the o-algebra of measurable
subsets of N,
BNN:={BNN| B < B}. (6)

If (M, B, u) is a measure space and N C M is measurable, there is a naturally defined measure
My on (N, BN N), by restriction of y to BN N, y‘N(B AN) := u(BNN), VB € B. The restriction of the
measure is also well defined for subsets S C M supporting the measure, even if S is not a measurable
set. In this case we have . (BN S) = j(B). One can in fact show the following [1].
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Proposition 2. If i is a measure on (M, B) and S is a support of the measure then y (BN S) := u(B),
VB € B, defines a (c-additive) measure on (S, NS). The measure spaces (M, B, u) and (S, BN S,‘M‘S)
are isomorphic.

[The measure on S is well defined, since By NS = B, N S implies (B; A By) NS = @, which in
turns leads to y(B; A By) = 0, given that S supports the measure.]

Definition 11. A transformation ¢ : My — M between two measurable spaces (M1, B1) and (M, By) is
said to be measurable if =B, C By, i.e., if p"'B € By, VB € By, where ¢~ ' B is the preimage of B.

Given a measurable transformation ¢ : M; — M, between measurable spaces (M, B1) and
(M, B,), one gets a map ¢ : By — By, defined by @(B) = ¢~ !B. If i is a measure on (M, By), the
composition map yu o ¢ is therefore a measure on (My, BB,), defined by:

(wo @)(B) = u(¢p~'B), VB € By. @)

This measure is usually called the push-forward of y with respect to ¢. [Given that a measure
pon (M, B) is in fact a function on B, the measure y o ¢ is actually the pull-back of y by @; we will
use however the usual expression “push-forward”.] Besides y o @, we will use also the alternative
notations ¢, p and p, to denote the push-forward of a measure.

Measure theory is naturally connected to integration. From this point of view, the
(in general complex) measurable functions f : M — C are particularly important, in a measure
space (M, BB, jt). More precisely, the relevant objects are equivalence classes of measurable functions.

Definition 12. Given a measure space (M, B, i), a condition C(x), x € M, is said to be satisfied almost
everywhere if the set:
{x € M| C(x) is false}

is contained in a zero measure set.

Definition 13. Two measurable complex functions f and g on a measure space are said to be equivalent if the
condition f(x) = g(x) is satisfied almost everywhere.

The set of equivalence classes of measurable functions is naturally a linear space. With a finite
measure y, the integral defines a family of norms, by:

ity = (frevan) ®

with p > 1. With the norm || ||, the linear space of equivalence classes of measurable functions is
denoted by LP (M, u). The space L? is defined analogously for non-finite measures, considering only
functions such that the integral over the whole space is finite, [ |f|Pdu < oo. Let us recall still that in
the particular case p = 2 the norm comes from an inner product, (f,g) = [ f*gdu, and therefore the
space L?(M, ) of (classes of) square integrable (complex) functions on (M, B, 1) is an inner product
space. In this context, the interest of s-additive measures is rooted in the crucial fact that the L
spaces associated with these measures are complete. Except when explicitly stated (namely when the
question of o-additivity is explicitly concerned), we will drop the qualifier “o-additive” when referring
to measures on c-algebras.

The next result, which follows from the definition of integral, generalizes the usual change
of variables.
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Proposition 3. Let (M, B, u) be a measure space, (M’, B") a measurable space and ¢ : M — M’ a measurable
transformation. Consider the measure space (M', B, i), where ., denotes the push-forward with respect to
@. Then, for any pe-integrable function f : M' — C, the function f o ¢ : M — C is integrable with respect
to y and:

| o= [ fu,. ©

3. Product Measures

Let {(M', B, ul),...,(M",B",u")} be a finite set of probability spaces. Consider the
Cartesian product:

n
M, =[] M, (10)
k=1
the projections:
PR My — M (11)
and the c-algebra of subsets of M,;:
n
By :=B(U<p’z>18")- (12)
k=1

The measurable product space of the spaces {(Ml, BY,...,(M", B”)} is the pair (M, B,). Note
that B, is the smallest o-algebra such that all projections pX are measurable.

The o-algebra B, obviously contains the Cartesian products of measurable sets w* € BF,
k =1,...,n,ie., B, contains all sets of the form:

n
(wl,...,w”) ::Hwk, W eBfk=1,...,n (13)
k=1

It is a classic result that there exists a unique probability measure p, in (M,, By,) such that:
- k - k¢, k

ﬂn(Hw)IHH(w ) (14)

k=1 k=1

which is called the product measure and is represented by:

= k

Hn = 1_[ H. (15)
k=1

Let us consider now the infinite product, not necessarily countable. As we will see immediately,
the existence and uniqueness of the product measure continue to take place.

Definition 14. Let {(M", B})} ren be a family of measurable spaces labeled by a set A and let M be the
Cartesian product of the spaces M*, A € A. For each A € A let p/\ be the projection from M to M.

The measurable product space of the family {(M*, B)} \en 18 defined as the pair (M, By ), where:
B = B( U (pk)‘%“) (16)
AEA

is the smallest o-algebra such that all projections py are measurable.
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Consider now a family {(M*, B, u*)} 1ep Of probability spaces and let £ be the family of finite
subsets of A. For each L € L let us consider the (finite) product probability space (M, By, ur.) defined
as above, i.e.,

Mp =T M, (17)
AEL
B, = B( U (p%)lBA) (18)
A€EL

(where p? is the projection from M|, to M*) and,

ne= 1wt (19)

A€L

Consider still the natural measurable projections,
pLa : MaA — Mg. (20)
The following result can be found in [1].

Theorem 4. There is a unique (o-additive) probability measure pp in (Ma, Bp) such that:

(PLA)s Ha = B, VL € L. (21)

The measure defined by this theorem is called the product measure.

Example: A simple but important example of a product measure on an infinite dimensional space
is the following, which generalizes the notion of product Gaussian measures in R". Consider the
countable family of measurable spaces { (M, B¥)} ren Where, for each k, (MK, B¥) coincides with R
equipped with the Borel o-algebra. The measurable product space is the space R" of all real sequences:

X = (xk) = (xll X2, ')/ (22)

equipped with the smallest c-algebra such that all projections x — xj are measurable. Let us consider
in each of the spaces R of the family the same Gaussian measure of covariance p € RT, i.e.,

() = o2 P ey, (23)

\/2mp’
According to the Theorem 4, the product measure, here denoted by ),

o

dtp(x H 2/20 ﬂ, (24)

Pl V2mp

is uniquely determined by its value on the sets of the form [ ;e w¥, where only for a finite subset of N
the Borel sets (in R) wk differ from R.

Obviously, the above example can be generalized for any infinite sequence of probability measures
on R, not necessarily identical. The correspondent of the Lebesgue measure, ”Hl‘f:l dx,”, however,
does not exist, i.e., the infinite product of Lebesgue measures in R does not define a measure.

Given any product measure, defined by a not necessarily countable family of probability spaces,
it is also trivial to determine the measure of sets of the form:

Z({w"}) =[] &*, w*eB?, (25)
AEA
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where only for a countable subset Ag = {A;};cy C A the sets w” differ from M". Since it is a typical
argument in measure theory, we present it next in some detail. Let us start by showing that the sets (25)
are measurable. Consider the finite subsets of Ag, L, := {A1,..., Ay}, n € N, and let Z, be the sets
defined as in (25), but where w’t (A, € Ag) is replaced by M for k > n. It is clear that:

n
Zn=pioa 1™ (26)
k=1

and it follows that Z, is measurable. Since Z,; C Z, for n’ > n, the sets {Z, },cn form a decreasing
sequence of measurable sets. The intersection NyZ, is therefore measurable, since B, is a o-algebra.
But Z ({w)‘}) coincides precisely with NyZ;,. Invoking the o-additivity of the measure we then get
from theorem 1 and (21):

ia(Z({0'))) = timusepia(Zs)
k=1

n
= limnﬁm]/an (H a))\k>

k=1

n
= limpoe [ | e (). (27)
k=1

4. Projective Limits

We present in this section the notion of measurable projective limit space.
Let us start by recalling that a set £ is said to be partially ordered if it is equipped with a partial
order relation, i.e., there is a binary relation “>" such that:

(1) (reflexivity) L> L, VL€ L
(2) (transitivity) L > L'and L' > L” = L > L"
(3) (anti-symmetry) L>L'and L' >L=L=1L"

Recall still that a set £, partially ordered with respect to the partial order relation “>", is said to
be directed if VL', L € L there exists L € £ suchthatL > L' and L > L".

Definition 15. Let L be a directed set and { My} a family of sets labeled by L. Suppose that for each pair
L', L such that L' > L there are surjective maps:

pLr s Mp — Mg (28)

satisfying:
PL,L’ o PL’,L” = pL’LH, for L// 2 L/ 2 L. (29)

The family {Mp, p1 1/ }1 17 of sets My, and maps py 1/ is called a projective family.

>From now on, the maps p; 1/ of the projective family will be called projections. Let us consider
the Cartesian product of the sets M :

Mg =[] My, (30)
LeLl

and denote its generic element by (x1)rcz, XL € Mr.

Definition 16. The projective limit of the family {Mp, pp 1/} 1 1/ is the subset Me of the Cartesian product
M defined by:
Mo := {(xL)LGE c ME | L > L= Pri Xp = xL}. (31)
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The projective limit is therefore formed by consistent families of elements x; € M, in the sense
that x| is defined by x;/, for L’ > L.

Definition 17. A family {(My,BL),pri }; 1/ ¢ 1s said to be a measurable projective family if each pair
(My, By ) is a measurable space and if {My,py 1/} is a projective family such that all projections py p/
are measurable.

Given a measurable projective family, the structure of measurable space in the projective limit
M, is defined as follows. Let B be the product o-algebra defined in the previous section, i.e., B is
the smallest o-algebra of subsets of the product space M such that all the projections from M, to My
are measurable (note that, with respect to the product, the spaces M|, play here the role of the spaces
M?" of the previous section). Let us consider the -algebra B of subsets of M given by:

Beo :=B; N My = {BNMx | B € B} (32)

The family Be is closed under countable unions, since:

Un (BiN M) = (Un B ) N M. (33)

Let us also show that By is closed under the operation of taking the complement, i.e.,
that Mo\ (BN Me) € Beo, VB € B. Taking Mo and B N M, as subsets of M, we get:

Moo\ (BN M)

Moo N (M \ (BN Ma))
Moo N ((M\B) U (M£\Meo))
= MenN (Mg\B),

which proves the statement, since M/\B € B,. It follows that Be as defined above is indeed a
o-algebra.

Definition 18. The pair (Mo, Boo) is called the measurable projective limit of the measurable projective family
{ (MLI BL)/ PL,L’ }L,L’G,C'

Let 71, be the projection from M, to M| and p;, the restriction of 717, to M, i.e.,
pL = 7L 0 leo, (34)

where iy is the inclusion of M in M. Since the maps 71 and i are measurable by construction,
pr is measurable VL € L. The consistency conditions that define My, are equivalent to:

pL=prropy, VLL: L' > 1L, (35)
which in particular shows that:
Foor= U pr'Br (36)
LeL

is an algebra. The algebra F is formed by all the sets of the type pElB L, B € By, L € £, which are
called cylindrical sets. One can further show that:

Beo = B(Fw), (37)

and it follows that Be is the smallest o-algebra such that all projections p; : Meo — My are
measurable [1].
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Suppose now that we are given a measure jt on (M, B ). The push-forward:

pL = (pL)« p (38)

of i by pr is a measure on (M, By ). Explicitly:
ur(BL) = u(p;'BL), VBL € By. (39)
From (35) it follows that the family of measures {y } 1 satisfy the self-consistency conditions:
ue = (pru)s«pr, VL L' L' > L. (40)

The problem of introducing a measure on a projective limit space is the inverse problem, i.e.,
we look to define a measure on (M, Beo) starting from a self-consistent family of measures {yp }.

Note that given a self-consistent family { [ } one can always define, by means of (39), an additive
measure y, called cylindrical, in F. So, the problem consists in the extension of additive measures
on F to o-additive measures on B(F«). An important case where the cylindrical measure can be
extended to a o-additive measure is that of the product measure of probability measures, discussed
in the previous section. In fact, the product space can be seen as the projective limit of the family of
finite products. In general, the existence of measure on (M, Boo) depends on topological conditions
on the projective family. Another particularly interesting situation where the extension is ensured is
the following [1,8].

Definition 19. A projective family {My, pp 1/} e of compact Hausdorff spaces is said to be a compact
Hausdorff family if all the projections py 1/ are continuous.

One can show that the projective limit of a compact Hausdorff family is a compact Hausdorff
space, with respect to the topology induced from the Tychonov topology (in the product space (30)) [19].

Theorem 5. Let {Mp, pr 1/} er be a compact Hausdorff projective family. Any self-consistent family of
regular Borel probability measures {p } e in the family of spaces { M| } ¢ o defines a reqular Borel probability
measure on the projective limit Meo.

Let us conclude this section with the notion of cylindrical functions and a typical application of
o-additivity, analogous to the result (27) of the previous section. Let us suppose then that we are given
ameasure y on (Mo, Beo) and let {1 } be the corresponding self-consistent family of measures in the
spaces M. Given an integrable function F on M|, one gets by pull-back an integrable function F o py,,
on M. Functions of this type are called cylindrical and they are the simplest integrable functions on
Moo. From Proposition 3 we get:

/M (Fopr,)du = /ML Fduy,. 1)
© 0

As a typical example of the construction of a non-cylindrical measurable set whose measure is
trivially determined, let us consider a countable subset Ly of £, i.e., Lo = {L1, Ly, ...}, with L,,;1 > L,
and let { B, € By, }nen be a sequence such that:

pgn{LnHBn C By (42)

It is then clear from (35) that:
pr Bn C P Bus1, (43)
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and {p{nan} is therefore an increasing sequence of cylindrical sets. The union of the sets piﬂl Byisa

measurable set which is in general non-cylindrical (it may be cylindrical if all sets pgﬂl By, coincide after
some order). From Theorem 1 one therefore gets:

#(Unpi'Ba) = lim g, (By). (44)

Example: The space known as the Bohr compactification of the line admits a projective characterization
as follows (see [20,21] for details). For arbitrary n € N, let us consider sets v = {ky,...,k,} of real
numbers k1, ..., k;;, such that the condition:

n
Y miki =0, m;€Z, (45)
i=1

can only be satisfied with m; = 0, Vi. (These are of course sets of linearly independent real numbers,
with respect to the field of rationals.) For each set v = {k, ..., k,}, let us consider the subgroup of R
freely generated by 1:

n
GV = {Zmiki, m; € Z} . (46)
i=1
Let now T denote the group of unitaries in the complex plane, and for each y consider the group
R, of all group morphisms from G, to T,

R, := Hom[G,, T]. (47)

It can be checked that this family of spaces R,, is a (compact Hausdorff) projective family, and
that the projective limit of this family is the set of all, not necessarily continuous, group morphisms
from R to T. This coincides of course, with the dual group of the discrete group R, which is one of
the known characterizations of the Bohr compactification of the line. Let us denote this space by
R = Hom|[R, T]. Being a (commutative) group, R is naturally equipped with the Haar measure. From
the above discussion, and in particular from Theorem 5, it follows that the Haar measure is fully
determined by the family of measures obtained by push-forward, with respect to the projections:

Py R—= Ry, %%, (48)

where ¥, denotes the restriction of X to the subgroup G,. Because each G, is freely generated,
it follows that each space R, is homeomorphic to a n-torus T", where n is the cardinality of the set
v = {ky,...,kn}. Furthermore, one can check that the push-forward with respect to the projections (48)
produces precisely the Haar measure on the corresponding torus T", V7. Thus, the measure space R
with corresponding Haar measure can be seen as the projective limit of a projective family of finite
dimensional tori, each of which equipped with the natural Haar measure.

5. Measures on Linear Spaces

The infinite dimensional real linear space where a measure can be defined in the most natural
way is the algebraic dual of some linear space. We will start by showing that, given any real linear
space E, its algebraic dual E? is a projective limit.

Let then E be a real linear space and let us denote by L the set of all finite dimensional linear
subspaces L C E. The set L is directed when equipped with the partial order relation “>":

L>L'ifandonlyif L D L’, (49)

Let us consider the family {L?}; <, of all spaces dual to subspaces L € L. For each pair L, L’
such that L’ > Llet p; ;» : L' — L® be the linear transformation such that each element of L is
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mapped to its restriction to L. The transformations p; ;, are surjective, since any linear functional on L
can be extended to a linear functional on L’ D L, and the following conditions are satisfied:

pL,L” = pL,L, ¢} pL/,L” fOr L” Z L/ Z L. (50)

It follows that {L?, p; 1/ }1 1/¢ is a projective family of linear spaces. Let Eq, be the corresponding
projective limit. It is clear that E, is a linear subspace of the direct product of all spaces L?, since the
projections py ; are linear. Let ¢ be a generic element of E” and ¢ its restriction to L. Given that, for
L' > L, ¢ coincides with the restriction of ¢, to the subspace L, one gets a linear injective map:

@: E" = Ee (51)
¢ = (L) 1er (52)

On the other hand, the consistency conditions that define E, ensure that any element of E., defines
a linear functional on E. So, the map @ is also surjective, and therefore establishes an isomorphism
between the linear spaces E” and Ec.

Let us consider the measurable projective family { (L%, By), py 1+ }, where By, is the Borel -algebra
in L” (recall that L? is finite dimensional VL). Let (Ec, Beo) be the measurable projective limit of this
family and define:

Bre := @ ' Beo. (53)

The measurable spaces (Eeo, Beo) and (E?, Bra) are therefore isomorphic, and we will make no
distinction between them. The o-algebra Bg. is the smallest o-algebra such that all the real functions:

E*5 ¢S5 ¢(¢), E€E (54)

are measurable, i.e.,

Bpe = IB%( U g—ls(R)), (55)

CeE

where {1 B(R) denotes the family of inverse images of Borel sets of R by the map (54).
The fundamental result concerning the existence of measures on infinite dimensional real linear
spaces is the following [1].

Theorem 6. Any self-consistent family of finite Borel measures py, on the subspaces L* C E* defines a
(o-additive) finite measure on (E®, Bga).

The above result can be presented in a different way, invoking Bochner’s classical theorem.

Definition 20. Let E be a real linear space and y a finite measure on (E®, Bga) (if E is finite dimensional,
then E = E* = R", Bra is the Borel o-algebra in R" and y is a Borel measure). The Fourier transform, or
characteristic function, of the measure is the (in general complex) function on E given by:

E>&— /E P Ody(g). (56)

Definition 21. A complex function x on a real linear space E is said to be of the positive type if
21131:1 clix(&—¢&)>0,VYmeN, c1,...,c,, €Cand &q,...,Em € E.

Theorem 7 (Bochner). A complex function x on R" is the Fourier transform of a finite Borel measure on R" if
and only if it is continuous and of positive type. The measure is normalized if and only if x(0) = 1.

Bochner’s theorem is generalizable to the infinite dimensional situation as follows.
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Theorem 8. Let x be a complex function on an infinite dimensional real linear space E. The function x is the
Fourier transform of a finite measure on (E, Bga) if and only if it is of the positive type and continuous on every
finite dimensional subspace. The measure is normalized if and only if x(0) = 1.

This result can be proved using Theorem 6 and Bochner’s theorem. We present next the essential
arguments. The fact that the Fourier transform of a measure y on (E?, Bga) is necessarily of the positive

J-

From (9) and (38) one can see that the restriction of the Fourier transform of u to a finite
dimensional subspace L C E coincides with:

type on E is a consequence of:

2
dp(¢) = 0. (57)

m
chei‘P(ék)
k

[ e Do), cet, (59)

and it is therefore the Fourier transform of yj, hence continuous. Conversely, a function x of the
positive type on E defines, by restriction, a family {1 } of positive type functions on the subspaces L:

XL = X, VL. (59)

If x is continuous in each L one then have well-defined measures on L?, whose self-consistency is
ensured by (59).

To conclude this section, note that for the existence of a measure on E?, Theorem 8 requires
only continuity of the characteristic function on the finite dimensional subspaces. Analogously to
the situation in finite dimensions, one can expect that a smoother Fourier transform will produce
a measure supported in proper subspaces of E?. The support of the measure is indeed related to
continuity properties of the Fourier transform [1-3,22,23]. As an extreme example of this relation,
consider the weakest possible topology in E, having only the empty set and E itself as open sets. The
only continuous functions in this topology are the constant functions, and it should be clear that a
measure with constant Fourier transform is a Dirac-like measure, supported on the null element of
E?. In the next section we will discuss two important cases where the characteristic functions are
continuous with respect to a weaker topology than the one defined by continuity in finite dimensional
subspaces. In these cases, the measure is supported in a proper (infinite dimensional) subspace of E?,
which is equivalent to give a measure on that subspace, by Proposition 2 of Section 2.

6. Minlos’ Theorem

In this section we consider the relation between continuity of the characteristic function and the
support of the corresponding measure, for two situations of interest.

In the first case the characteristic function is continuous in a nuclear topology. In the second case
the characteristic function is continuous with respect to fixed inner product.

Let us start by recalling that any family of norms {|| ||« }xer in a linear space E defines a locally
convex topology (see, e.g., [24], where the more general case of semi-norms is also considered). In fact,
one can take as basis of the topology the finite intersections of sets of the form:

Vin)={E€E| |Ella<1/n}, a €T, neN. (60)

Also, any family of norms in the same space E is partially ordered by the natural order relation
Il llr > |l |l if and only if || & ||o > || & ||a, VE € E. For typical applications, it is sufficient to consider
the case where the topology is defined by a countable and ordered family of norms, i.e., we consider
sequences of norms {|| ||x }xen such that || || > || ||;, for k > . (In this case the corresponding topology
is actually metrizable, see, e.g., [14].)
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For the current application, we restrict attention further to the situation where the ordered
sequence of norms {|| ||x}xen is associated with a sequence of inner products {(, )¢ }tken, || - Ik =
V (-, )k, Yk € N. With this set-up, let 7, be the completion of E with respect to the inner product (, ).
For k > | we have H; C H,, since the topology defined by || || is stronger. One can show that the
topological linear space E defined in this way is complete if and only if E = (32 ; Hy [14].

Definition 22. An operator H on a separable Hilbert space (H, (, )) is said to be a Hilbert-Schmidt operator
if given an (in fact any) orthonormal basis {ey } we have:

agk

(Hek,Hek) < oo. (61)
k

1

We next define the notion of nuclear space, following [1]. (Note however that [1] considers a
more general notion, admitting non-countable families of semi-norms, associated with degenerate
inner products.)

Definition 23. Let E = (2 Hj be a complete linear space, with respect to the topology defined by an ordered
sequence of norms {|| ||k }xen associated with a sequence of inner products {(, ) }xen. The space E is said
to be nuclear if VI there is k > | and an Hilbert-Schmidt operator H on Hy such that (¢, n); = (HE, Hy)y,
Vgln € Hk'

The most common examples of nuclear spaces are the following.

Example 1: Consider the space S of rapidly decreasing real sequences y = (yu)nen such that
im0 nkyn =0, Yk € N, with inner products:

(y,z)x = Z nZkynzn, ke N. (62)

n=1

For any k, the operator H on H; (the completion of S by means of (, )) defined by (Hy), = yn/n
is obviously Hilbert-Schmidt. On the other hand, it is clear that (§, ) = (H&, Hy)x, 1, and it follows
that S is nuclear.

Example 2: The real Schwartz space S(R) of C®-functions f on R? such that:

ky Ky BRI old
sup |x;' .. X —— . —
xerd alel axzjd

(x) < o, Vkl,...,kd,jl,...,jdEN (63)

is a nuclear space for an appropriate sequence of inner products, whose topology coincides with
the topology defined by the system of norms (63) [1,22] (see also [25] for more information on the
Schwartz space).

We present next the classical Bochner-Minlos theorem (whose proof can be found, e.g., in [1]),
which partially justifies the relevance of nuclear spaces in measure theory. According to this result,
a characteristic function which is continuous in a nuclear space E is equivalent to a measure on the
topological dual of E. Note that a linear functional ¢ on a space of the type E = N2, Hy is continuous
if and only if it is continuous with respect to (any) one of the inner products (, ); [14]. Equivalently,
¢ belongs to the topological dual E’ if and only if 3k such that ¢ € H_;, where H_j denotes the
(Hilbert space) dual of Hy. So, the topological dual of a space E = N} ; H is a union of Hilbert spaces,
E' = U H_, where H_; C H_y, for k > . In the case of the space S of example 1, the dual S’ can
be seen as the linear space of real sequences x = (x,,) for which there exists k € N such that:

n*ka,zl < 00, (64)
n=1
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In the case of the space S(R?) of example 2, the dual is the space S’(R?) of tempered distributions,
which includes “Dirac delta functions” and derivatives thereof (see, e.g., [22]).

Theorem 9 (Bochner-Minlos). Let E be a real nuclear space and p a measure on (E®, Bga). If the characteristic
function of the measure is continuous in the nuclear topology, then the measure is supported on the topological
dual E' C E®. So, a function of the positive type and continuous on a nuclear space E defines a measure on
(E', Bgr), where Bp := Bga N E is the smallest o-algebra such that all functions on E' of the type ¢ — ¢(&),
¢ € E, are measurable.

Measure theory in S'(R?) plays a distinguished role in applications. The following result
establishes the relation between the c-algebra Bg ;4 and the strong topology in S'(RY) [26]

(see also [23]). Recall that the strong topology in S’ (R¥) is generated by the family of semi-norms
{oa| A Cc S(RY) and bounded}, with p4(¢) = supzea [9(8)], ¢ € S'(RY).

Lemma 1. The o-algebra Bg 1) generated by the functions ¢ — (), ¢ € &' (RY), & € S(RY), coincides
with the Borel o-algebra associated with the strong topology in S'(RY).

Corollary 1. A continuous function of the positive type on S(R?) is equivalent to a Borel measure on S'(R?).

In particular situations, namely for Gaussian measures, the characteristic function is continuous
in a topology defined by a single inner product. In that case Minlos’ theorem applies. Minlos’ theorem
is presented in the literature in several different ways (see, e.g., [1,22,23,27]), being most commonly
formulated for the case of nuclear spaces. We start by presenting a more general version, following [1],
considering next the nuclear space case.

Theorem 10 (Minlos). Let E be a real linear space, Ey C E a subspace, (,) a inner product in E and (, ) a
inner product in Eq such that the corresponding topology in Ey is stronger than the one induced from (E, (,)).

Let (E1, (,)1) be the completion of Eq with respect to (,)1. Let H be a Hilbert-Schmidt operator on (El, 1
such that:

(¢,m) = (HE, Hny)1, VE, 1 € (Ev, (L)) (65)

Then, a characteristic function x on E continuous with respect to (), defines a measure supported on the
subspace of E* of those functionals whose restriction to Eq is continuous with respect to (, )1.

In the case of a nuclear space E, let us suppose that the characteristic function y is continuous
with respect to one of the inner products (, )i, of the family {(, )i }xcn that defines the topology of E.
By the very definition of nuclear space, there exist k; > kg and a Hilbert-Schmidt operator H such that
(,*)k, = (H-, H-)g,. The measure is therefore supported in H_y, , the dual of the completion Hy, of E
with respect to (, )i,. More generally we have the following

Corollary 2. Let E be a real nuclear space and (, ), (, )1 two inner products in E such that the corresponding
topologies are weaker than the nuclear topology. Assume that the ( , )-topology is weaker than the (, )1-topology.
Let (E,(,)1) be the completion of E with respect to (,)1 and H a Hilbert-Schmidt operator on (E, (,)1)
such that:

(€,m) = (HE, Hy, VE, € (E (). (66)

Then, a characteristic function x on E continuous with respect to (), defines a measure supported on the
subspace of E' of the functionals which are continuous with respect to (, ).
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7. Gaussian Measures

In this section we consider Gaussian measures on infinite dimensional real linear spaces,
following [1-3]. In this approach, and following the lines of Section 5, we start with a characteristic
function—determined in this case by an inner product—in a linear space E, thus defining the
measure initially on the algebraic dual E*. As already mentioned in the Introduction, in other
approaches [7,11,12], Gaussian measures are defined directly on topological vector spaces. The
two perspectives are nevertheless equivalent: the algebraic dual E? is simply the “universal home”
for Gaussian measures associated with inner products defined in E. The space where the measure is
actually supported is at the end determined by the inner product itself, regardless of what space one
injtially considers the measure to be defined in.

As in finite dimensions, Gaussian measures are associated with inner products, defining the
measure’s covariance. (Note that positive semi-definite bilinear forms also give rise to measures, with
the peculiarity that the measure degenerates into a Dirac measure along the null directions. We shall
not consider that generalization.)

The fact that the Fourier transform of a Gaussian function (centered at zero) is also Gaussian
allows one to define Gaussian measures on R" as follows.

Definition 24. Let C = (C;;) be a n x n positive definite symmetric matrix. The Gaussian measure pic on R"
of covariance C is the Borel measure whose Fourier transform is:

xcWr, - yn) = exp(—3 L jCijyiyj)- (67)
Using the Lebesgue measure d"x, the Gaussian measure of covariance C is given by:
duc(x1,...,xy) = (2) "/?(detC) % exp(—3 Zi/jCl-;lxix]-)d”x. (68)

A positive definite symmetric matrix is equivalent to an inner product, and therefore Gaussian
measures on R" are determined by inner products. One can define Gaussian measures on infinite
dimensional spaces in exactly the same way.

Definition 25. Let E be an infinite dimensional real linear space and (, ) an inner product in E. The measure
on (E%, Bga) with Fourier transform x (&) = e~(©:¢)/2, & ¢ E, is called a Gaussian measure, of covariance ().

The existence and uniqueness of the measure are ensured by Theorem 8 of Section 5. The following
characterization of Gaussian measures, sometimes taken as definition, is crucial.

Theorem 11. A measure p on (E®, Bge) is Gaussian if and only if the push-forward pg of p by the map:
E">¢—¢() eR (69)
is a Gaussian measure on R, V¢ € E.

The theorem is easily proved. Note first that for any Gaussian measure y on E*, the push-forward
ji¢ is a Gaussian measure on R of covariance (g, ¢). Conversely, let u be a measure on E? such that y¢
is a Gaussian measure on R, V¢. Let cz be the covariance of jiz. The Fourier transform x of the measure
y is then:

X(&) =e /2, g, (70)

where:

e = [ Pdne(v) = [ (9(0)dn(9). 7
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On the other hand, it is clear that:

@182) = [ #@)#(E)AN(), E1,E € E 72)

defines an inner product, thus proving that x () is of the required form x(¢) = exp(—(&,&)/2).

Expression (72) for the moments of the Gaussian measure of covariance (, ) is easily generalized.
The result is the well-known Wick’s theorem (see [3]). If §1,...,C2nt1 is an odd set of elements
of E then:

[, #E) - p(Cans)dp = 0. 73)
If on the other hand ¢y, .. ., ¢y, is an even set of elements of E then:
L@ p@ndp = ¥ (@& (8, 74)
' pairs

where Epairs stands for the sum over all possible ways of pairing the 21 labels 1, ..., 2n into n pairs.

Let us note the following. Independently of the linear space E where the covariance (,) is
originally defined, a characteristic function of the type x(¢) = e (68)/2 s always obviously extendable
to the Hilbert space completion # of E. So, the inner product (, ), taken as a covariance in the Hilbert
space H, defines a Gaussian measure on ('H“, B”Hu), where H” is the algebraic dual of H and:

By = ]B( U g—lg(R)>. (75)

ceH

One can show that the natural map from H? to E? (defined by the restriction to E of the elements
of H") is an isomorphism of measure spaces. (From Proposition 3, the push-forward of the measure
on H" is the Gaussian measure on E? of covariance (, ), and it follows that H? C E? is a support of
the Gaussian measure on E”. To be precise, this map is not strictly measurable, but it establishes an
isomorphism between the families of measurable sets modulo zero measure sets, which maps the
measure on H*? to the measure on E.) Thus, whenever necessary, one can always assume that the
covariance of a Gaussian measure is defined in a Hilbert space.

Example 1: As in the example of Section 3, let us consider the space R" of real sequences and the
measures }i,, given by the product of an infinite sequence of identical Gaussian measures on R, each of
covariance p. Let RY C R" be the linear space of those sequences that are zero after some order, i.e.,

Ry := {(x,) | 3Ny € N such that x, =0 for n > Ny}. (76)
The space R" is naturally seen as the algebraic dual of R, with the action:

x(y) =Y xuyn, x €eRY, y €RY, (77)

and it is clear that the product c-algebra in R" coincides with c-algebra associated with the
interpretation of R" as a projective limit. The Fourier transform of the measure i, is easily seen
to be:

Xp(y) == /]RN eix(y)dyp(x) = e 20Lali, Vy € RY. (78)

So, the product measure Ho coincides with the Gaussian measure associated with the
inner product:

W v)p =0 YnYns (79)

n=1
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which we assume to be defined on the real Hilbert space ¢ of square summable sequences. Consider
now the space S of rapidly decreasing sequences (Example 1, Section 6). Like RY, S is dense in (2
with respect to the topology defined by (, ), (which is in fact the natural > topology). Moreover, the
restriction of x, to S is continuous in the nuclear topology, since the latter is stronger than the topology
induced in S from the /2-norm. It then follows from the Bochner-Minlos theorem that the measure Hp
is supported on the topological dual S’ of the nuclear space S, for any value of p. Furthermore, Minlos’
theorem allows us to find proper subspaces of S’ that still support the measure. Let us now describe
this application of Theorem 10. Let then a = (a,) be an element of 2 such that1 > a,, > 0, Vn and let
(,)a be the inner product in R{ given by:

W, y)a = Y 22, (80)

2
n

It is clear that the (, ),-topology is stronger than the ¢? topology in RY. Let H, be the operator on
R{ defined by:
(Hay)n = anyn. (81)

The operator H, is clearly Hilbert-Schmidt with respect to (, ), and we have (y,y); =
(Hay', Hay)a- Then, using the usual characterization of continuous functionals on a Hilbert space,
it follows from Theorem 10 that the measure 1, is supported on the subspace of R" of sequences x
such that:

Y 242 < oo (82)
n=1

The subspace defined by (82) is H, 102 je. the space of sequences x = (x,) of the form x,, = z,/ay,
with z = (z,) € £2. [Since a € ¢2, one could be tempted to conclude that the measure is supported on
the space £ of bounded sequences, but that is not the case. It is true that the intersection .2 H, 142
of all the spaces H, 1 ¢? coincides with ¢°, but in fact the space ¢ is contained in a zero measure set.
There is no contradiction with c-additivity, since the intersection is not countable.]

Let us remark that given any Gaussian measure y of covariance (, ) in a (real, infinite dimensional
and separable) Hilbert space H, it is always possible to construct an isomorphism (of measure spaces)
mapping the given measure to the Gaussian measure on R" of the example above, with p = 1 [1,3].
This can be understood as follows. Let {¢,, } nen be an orthonormal basis in H and consider the map
6 : H? — R" defined by:

6(¢) = (9(Cn))- (83)
Let 6, u be the measure on R" obtained by push-forward of ;1. We then have (see Proposition 3):
iY, Ynx ip (Zn yngn) N
/Ne nVnn (9, 1) = /H e du, V(yn) € RY. (84)
R a
Given that:
/ el¢():n]/n§n)dy _ e—%):n]/%z, (85)

it follows that 8, u coincides with the Gaussian measure of the above example, with p = 1.

Example 2: An important family of Gaussian measures on S'(R?) is defined by the following family
of inner products:

(fogm = [ fln? —8)Ngd'x, £, g e SR, (86)

where m € RT and A is the Laplacian operator. These measures are relevant e.g., in quantum theory
and in certain stochastic processes.
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We conclude this section with a variant of Minlos’ theorem tailored for Gaussian measures,
following immediately from Corollary 2, Section 6.

Corollary 3. Let E be a real nuclear space and (, ), (, )1 two inner products in E such that the corresponding
topologies are weaker than the nuclear topology. Assume that the ( , )-topology is weaker than the (, )1-topology.
Let (E,(,)1) be the completion of E with respect to (,)1 and H a Hilbert-Schmidt operator on (E, (,)1)
such that:

(&m) = (HZ, Hn), YE,m € (E (,)). (87)

Then the Gaussian measure of covariance () is supported on the subspace of E' of the functionals which are
continuous with respect to (, )1.

Another version of this result, closer to the quantum field theory literature [23,27], is the following.

Corollary 4. Let E be a real nuclear space, (, ) a continuous inner product in E and H the completion of E with
respect to (). Let be H be an injective Hilbert-Schmidt operator on H such that EC HH and H™' : E — H
is continuous. Denote by ()1 the inner product in E defined by (f,¢)1 = (H™'f, H™'g). Then the Gaussian
measure of covariance (, ) is supported on the subspace of E" of the functionals which are continuous with respect

to (,)1.

These two versions are related as follows. Let H be a Hilbert-Schmidt operator on #, on the
conditions of Corollary 4. The image HH, equipped with the inner product (, )1, coincides with the
(,)1-completion of E. Since H : H — H™H is unitary and H : HH — H*H is well defined, it follows
that H is Hilbert-Schmidt on HH. On the other hand we have that:

(f,8) = (Hf, Hg), (88)

which shows that the (, )-topology is weaker than the (, );-topology. Finally, since (, ) is continuous,
the continuity of H 1. FE>5H implies that (, ); is also continuous, and therefore both topologies
defined by (,) and (,); are weaker than the nuclear topology. All conditions of Corollary 3 are
thus satisfied.

8. Quasi-invariance and Ergodicity

We present in this section some concepts relevant to the study of transformation properties of
measures. The notions of quasi-invariance and ergodicity are presented, together with two important
results concerning Gaussian measures. We start by reviewing general notions [13], illustrated with
straightforward examples.

Definition 26. Let p1 and piy be two measures on the same measurable space (M, B). The measure yy is said
to be absolutely continuous with respect to pp, and we write yy < py, if pa(B) =0 = pu1(B) = 0.

As an example, consider the measures g and v on R, where p is the Lebesgue measure and v is
the measure supported on the interval I = [0, 1] defined by v(B) = po(B N I), for any Borel set B C R.
It is clear that vy < po, whereas it is not true that yy < vg. On the other hand we have for instance the
measure Ucantor defined by the Cantor function, which is supported on the Cantor set (see, e.g., [13]).
The Cantor set has Lebesgue measure zero, and therefore the measures yp and picantor are supported
on disjoint sets.

Definition 27. Two measures yy and yy on the same measurable space (M, B) are said to be mutually singular,
and we write py L py, if there exists a measurable set B € B such that p1(B) = 0 and p(B) = 0, where B is
the complement of B.
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Theorem 12 (Radon-Nikodym). Let (M, B') be a measurable space and pq and py two o-finite measures.
The measure yy is absolutely continuous with respect to uy if and only if there is a real non-negative measurable
function f =: dpy/dps on M such that duy = fduy, ie., p1(B) = [ fduz, VB € B.

The function dyuq /dyy in the previous theorem is said to be the Radon-Nikodym derivative.

Definition 28. Two measures yuy and yy on the same measurable space are said to be mutually absolutely
continuous, or equivalent, and we write py ~ po, if p1 < po and pp < py, i.e., if uo(B) = 0 if and only if
p1(B) =0.

—x2/2 dx
V2’

The measures yg and vy above are not equivalent. The Gaussian measure e for instance,
is equivalent to the Lebesgue measure.
The next result establishes sufficient and necessary conditions for the equivalence of two Gaussian

measures (centered at the null element) [1,3].

Theorem 13. Let E be a real infinite dimensional linear space, (, ) and (, )1 two inner products and p, yy
the corresponding Gaussian measures. The measures are equivalent if and only if the inner product (, )1 can
be written in the form (f,g)1 = (f, Ag), where A is a linear operator defined on the (, )-completion of E
such that:

(1) A s bounded, positive and with bounded inverse;
(2) A —1is Hilbert-Schimdt.

Definition 29. Let (M, B, ) be a measure space, ¢ : M — M a measurable transformation and p, the
push-forward of p. The measure i is said to be invariant under the action of ¢, or g-invariant, if up = p. If G
is a group of measurable transformations such that y is invariant for each and every element of G, we say that u
is G-invariant.

As an example, consider the action of R on itself, by translations:
x—=x+y VxER, (89)

where y € R. Modulo a multiplicative constant, the Lebesgue measure is the only (c-finite) measure on
R which is invariant under the action of translations (89). This is a particular case of the well-known
Haar theorem, which establishes the existence and uniqueness (modulo multiplicative constants) of
(regular Borel) invariant measures on locally compact groups.

The situation is radically different in the case of infinite dimensional linear spaces. The following
argument [28] shows for instance that there are no (non-trivial) translation invariant o-finite Borel
measures in infinite dimensional separable Banach spaces. Let us suppose then that such an invariant
measure exists, and it does not assign an infinite measure to all open balls. It follows that there is
an open ball of radius R with finite measure. Since the space is infinite dimensional, one can find
an infinite sequence of disjoint open balls, of radius » < R, all contained in the first ball. Since by
hypothesis the measure is invariant under all translations, all balls of radius  have the same measure.
It follows that this measure is necessarily zero, since all the balls are contained in the same set, which
has finite measure. Finally, since the space is separable, it can be covered by a countable set of open
balls of radius r, all of them with zero measure. It is therefore proved that the whole space has zero
measure, in contradiction with the hypothesis. There are, of course, non o-finite invariant measures,
e.g., the counting measure which assigns measure 1 to each and every point of the space. There
are also o-finite measures on infinite dimensional spaces which are invariant under a restricted set
of translations.
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Given a group of measurable transformations G on a space M, every G-invariant measure y
defines a unitary representation U of G in L2(M, i), by:

(U(p)yp)(x) = (¢ 'x), p € L*(M, ), 9 €G. (90)

One can still construct unitary representations of G using measures that are not strictly invariant,
but instead satisfy a weaker condition known as quasi-invariance.

Definition 30. Let (M, B, i) be a measure space, ¢ : M — M a measurable transformation, and let
denote the push-forward of u by ¢. The measure y is said to be quasi-invariant under the action of ¢, or
@-quasi-invariant, if py ~ p. If G is a group of transformations such that y is quasi-invariant for all elements
of G we say that y is G-quasi-invariant.

Regarding the group of translations in R (or R"), one can show that any two quasi-invariant
measures are equivalent, and therefore equivalent to the Lebesgue measure. More generally, when
considering continuous transitive actions of a locally compact group G on a space M, there is a unique
equivalence class of quasi-invariant measures [29].

Proposition 4. Let G be a group of measurable transformations on (M, B') and y a G-quasi-invariant measure.
The following expression defines a unitary representation U of G in L2(M, u):

d Ho 1/2
Wlgwp) ) = (52 ) wlo ), o1
where i, denotes push-forward of y by ¢ € G.
Going back to the examples above, one can see that the measure e/ 2% is quasi-invariant

under the action (89), and thus defines a unitary representation of translations:

(Uy)p) (x) = e V2V p(x —y). (92)

On the contrary, the measure vy, supported on the interval [0, 1], is not quasi-invariant and cannot
possibly provide a unitary representation.

Concerning the existence of translation quasi-invariant measures on infinite dimensional spaces,
those are not available either, in most cases of interest. In particular, one can show the following.
In infinite dimensional locally convex topological linear spaces there are no (non-trivial) translation
quasi-invariant (i.e., quasi-invariant under all translations) o-finite Borel measures (see [1,28,30] and
references therein). Typically, one finds situations of quasi-invariance under a subgroup of the group
of all translations (like in Theorem 17 below).

We review next some concepts and results from ergodic theory, following [1,31,32]. Only finite
measures are considered.

Definition 31 (Ergodicity). Let (M, B, i) be a probability space, where the measure y is G-quasi-invariant
with respect to a group G of measurable transformations. The measure is said to be G-ergodic if, for B € B,
the condition:

u(BA@B) =0, Vo € G,

implies y(B) = 0 or u(B) = 1.

In favorable cases of continuous actions in certain topological spaces, G-ergodic measures are
supported in a single orbit of G (see [29]). In general we have the following [1].
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Theorem 14. Let y be a G-quasi-invariant probability measure in a measurable space (M, B). The measure is
G-ergodic if and only if for every B € B with u(B) > 0, there exists a countable set { ¢y }xey of elements of G

such that y (U,‘f’:l (pkB) =1

Theorem 15. Let yy and yy be two G-ergodic measures on the same measurable space. Then yy ~ pp or
w1 L po. If in particular yy and py are G-invariant (and normalized) then py = pp or pp L po.

The following result establishes also necessary and sufficient conditions for ergodicity.

Theorem 16. Let u be a G-quasi-invariant probability measure. The measure is G-ergodic if and only if the
only G-invariant measurable (real) functions are constant, i.e., if and only if the condition:

f(x) = f(ex) (almost everywhere) Yo € G

implies:
f(x) = constant (almost everywhere).

This last result can be proven with the following arguments [1,13,32]. Suppose that y is G-ergodic.
Given any invariant real function, the inverse image of any Borel set satisfies (93), and it is therefore
proven that ergodicity implies that invariant functions are constant almost everywhere. Conversely,
if a set B satisfies (93), then its characteristic function xp (equal to 1 for x € B and 0 for x ¢ B) is
invariant, and the second condition on the theorem implies y(B) = 0 or u(B) = 1.

For Gaussian measures the following important theorem holds [1]. (Essentially, point 1 of
Theorem 17 is what is usually known as the Cameron-Martin theorem. The discussion following
Theorem 17, as well as the content of Lemma 2 below, provide in fact illustrations of that theorem.)

Theorem 17. Let (, ) be an inner product in a real linear space E and y the corresponding Gaussian measure
on E®. Let E* be the subspace of E” of those functionals that are continuous with respect to the topology defined
by (,), and X a subspace of E?, considered as a subgroup of the group of translations in E®. Then:

(1)  the measure y is X-quasi-invariant if and only if X C E*,
(2)  the measure y is X-ergodic if and only if X is dense in E*.

The following simplified arguments illustrate point 1 of the theorem. Consider the Gaussian
measure on R":

n 29 dX;
du(x) = [e "2 (93)
H(x) ]IJ e

and its translation with respect to y € R". The Radon-Nikodym derivative is:
du(x — L 1
it <en(f) ()
j=1 j=1

When considering the limit 7 — oo, which corresponds to a measure on R, one can see that the
derivative vanishes unless y = (y;);cy is an element of 2. Note that the condition y € ¢2 is actually

sufficient for equivalence of the measures, since in that case exp (27:1 xjy]') defines an integrable

function on the limit 7 — oo, with respect to the measure (93). When, on the other hand, one considers
translations by more general elements of R, one obtains two (quasi-invariant with respect to £2)
mutually singular measures.



Mathematics 2017, 5, 44 22 of 25

9. Gaussian Measures on S’(R?)

To conclude, we consider the particular, but important case of measures on the space of
distributions S’(R?) (equipped with the Borel c-algebra associated with the strong topology-see
Lemma 1, Section 6).

Given g € S(RY) one can naturally define an element of S’ (R%), by:

I /ghddx, Vh € S(RY). (95)

We will continue to denote that element by g, even if considered as an element of S’(R“). The
inclusion of S(R?) in S'(R?) defined by (95) induces an action of S(R) in S’(R?), as a subgroup of
the group of translations. Explicitly, given ¢ € S(R?) we get a measurable transformation in S’(R%):

P Pp+g VpeS(RY. (96)

Let us say in advance that there are quasi-invariant normalized Borel measures, with respect to
the action of S(R?) (96). These measures will simply be called S-quasi-invariant measures.

Let then p be a S-quasi-invariant measure. From Proposition 4, we then have a unitary
representation of (the commutative group) S(R?) in L2(S'(R%), u):

dpg V2 d
VW)@ = (Z1@) v@-g), g SE, 97)
where jio denotes the push-forward of p with respect to the map (96).

On the other hand, as is typically the case in infinite dimensions, there are no Borel measures on
S'(R?) which remain quasi-invariant under the transitive action of all translations, i.e., with respect to
the natural action of S’ (Rd) (seen as a group) on itself [1,2]. [Just like in the discussion at the end of the
previous section, this immediately leads to the existence of non-equivalent S-quasi-invariant measures.
In fact, given a S-quasi-invariant measure y, it is obvious that the push-forward g, (¢) = p(¢ — ¢o)
defined by any ¢y € S’ (RY) is also a S-quasi-invariant measure, and there is ¢y (¢S (Rd)) such that
the two measures are not equivalent.]

The simplest examples of S-quasi-invariant measures are Gaussian measures, which we now
consider. In order to simplify the discussion, we impose very strong conditions on the measures
covariance. Let then C be a linear continuous bijective operator on S(R?), with continuous inverse.
We say that C is a covariance operator C if it is bounded, self-adjoint and strictly positive in L?(RY) and
if C~1, considered as a densely defined operator on L2(R?), is (essentially) self-adjoint and positive.
It is then obvious that the bilinear form:

7

(f.8)c = /ngddx, f,8 € S(R?), (98)

in S(R?) x S(RY) is symmetric, positive and non-degenerate, thus defining an inner product (, )¢ in
the real linear space S(R?). A covariance operator C therefore defines a Gaussian measure, which is
supported in §’(R?), since the L2(R?)-continuity of C ensures that the topology defined by the inner
product (, )¢ is weaker than the nuclear topology. We will say also that C is the measure’s covariance,
with the understanding that we are referring to an inner product of the type (98).

Using Theorem 17, one can easily check that these measures are S-quasi-invariant and S-ergodic.
In fact, from the required properties of the operator C one can write:

/ ghdix = / (Cg)(Ch) dx = (Clg, ke, Vg, € S(RY), (99)
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from what follows that the functionals on S(RY) defined by (95) are continuous with respect to
the (,)c-topology. Also, the inclusion of S(R?) in the dual S’(R?) is dense with respect to the
(,)c-topology, since C~1(S (Rd)) = S(R%). The conditions of Theorem 17 are therefore satisfied.

In the case of Gaussian measures, the Radon-Nikodym derivative appearing in (97) is easily
determined, generalizing the correspondent result in finite dimension:

Lemma 2. Let C be a covariance operator on S(R?) and y the corresponding measure on S'(R?). Then:

du(¢—8) _ 1 [gclga -1
= 2/ 8CT 8 #(CT8)  yo e S(RY). 100
du(9) g € S(RY) (100)

We present next a result [26] applicable to the important situation of measures that remain
invariant under R?-translations. This result characterizes the support of the measure in terms of the

local behavior of typical distributions. To formulate it we need to consider the kernel C of a covariance
C, defined by:

/ngddx =: /ddxddx/f(x)C(x,x’)g(x/), Vf,g € S(RY). (101)

In general, the kernel of the covariance is a distribution on R? x R?. The corresponding measure
is invariant under R-translations if and only if C(x, x") = C(x — x). Let us further recall that a signed
measure on a measurable space M is a function on the o-algebra of M of the form:

B s / Fdv, (102)
B

where v is a measure on M and F is an integrable function. In particular, an (Lebesgue) integrable
function on an open set U C R defines a signed measure on U. We will also say that a distribution
¢ € S'(R?) is a signed measure in U C R if there exists a measure v on U and an integrable function
F such that ¢(f) = [, fFdv, for any function f € S(R?) supported in U. Then [26]:

Proposition 5. Let j be a Gaussian measure on S'(R), invariant with respect to R-translations and such that
the kernel C of the covariance is not a continuous function. Then the support of u is such that for y-almost every
distribution ¢ € S'(R?) there is no (non-empty) open set U C R on which ¢ can be seen as a signed measure.

Example 1: Let us consider the so-called white noise measures, defined by a covariance proportional
to the identity operator , C = ¢1, where ¢ € R™. Since the covariance is a scalar, these measures
are invariant under R%-translations, with covariance kernel C(x) = 0é(x), where J is the evaluation
distribution at x = 0, i.e. 6(f) = f(0), Vf € S(R?). It follows from the previous proposition that
distributions that can be seen as signed measures on some open set do not contribute to the measure.
One concludes also immediately, from Theorem 13, that white noise measures are not equivalent to
each other, for ¢ # ¢’. Furthermore, from Theorem 17 it follows that the measures are S-ergodic for
any o, and one concludes from Theorem 15 that the measures are in fact mutually singular, for o # ¢’

Example 2: Let us consider again the measures of Example 2, Section 7, defined by the
covariance operators:
C = (m* =)~ (103)

where m € R* and A is the Laplacian operator. The kernel of Cy, is easily found to be:

eipx

_ 1 d
Cn(x) = (o7 /d Pt (104)

The case d = 1 (m # 0) corresponds to the path integral for the quantum harmonic oscillator.
(The particular case d = 1, m = 1 corresponds to the Ornstein-Uhlenbeck measure.) For 4 > 1 we find
measures associated with the path integral formulation of quantum field theory. For m = 0 we get
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the well-known Wiener measure. (The case m = 0, d < 3, requires special care, since the integral (104)
diverges in the region p ~ 0. An appropriate modification leads to the so-called conditional Wiener
measure.) It is well known that these measures are supported on continuous functions for 4 = 1 and
on distributions for d > 2 (see, e.g., [22,23]). In d = 1 this result comes from the fact that (m2 + pz)’l is
integrable, with Fourier transform (104) proportional to %e’m‘x‘. In this situation the test functions in
S(R) can be replaced by “delta functions”, and it makes sense to talk about the two point correlation
function Cp, (x, x"), which is proportional to %e_m"‘_"q.

Example 3: In the canonical approach to the quantization of real scalar field theories in d 4+ 1 dimensions
one looks for representations of the Weyl relations:

V(e U(f) = e 24U ()V(g), (105)

where f and g belong to S(RY). What is actually meant by this is a pair (¢4, V) of (strongly continuous)
unitary representations of the group S(R?), satisfying (105). Any S-quasi-invariant measure y
on S'(R?) produces such a representation. In fact, one just needs to consider the Hilbert space
L2(S'(R%), 1), a unitary representation V like in (97) and a second unitary representation ¢ simply
defined by:

UF)) (@) = e ?Dy(p). (106)

Note that whereas the unitary representation U is obviously well defined for any measure, the
construction of V depends critically on the S-quasi-invariance of the measure. It is moreover required
that the combined action of ¢/ and V be irreducible, which can in turn be seen to be equivalent to
S-ergodicity of the measure. Any Gaussian measure therefore satisfies all these criteria. However,
contrary to the situation in finite dimensions, to produce a physically meaningful quantization of a
given field theory, the measure must satisfy additional conditions, typically in order to achieve a proper
quantum treatment of the dynamics, and/or symmetries. For instance, the canonical formulation
of the free quantum scalar field of mass m (see, e.g., [33] for details) is uniquely associated with the
Gaussian measure of covariance:

Cp = =(m*—A)~12, (107)
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