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CONVERGENCE OF COMPOUND PROBABILITY
MEASURES ON TOPOLOGICAL SPACES

BY

JUN KAWABE (NAGANO)

1. Introduction. Let X and Y be topological spaces. In this paper, we
present a sufficient condition imposed on transition probabilities that assures
the weak convergence or the relative compactness of compound probability
measures o A\ defined by

o X(D) = [ A, Dy) pda)

for a measure p on X and a transition probability A on X x Y.

In information theory, a transition probability A on X X Y is called
an information channel with input space X and output space Y, and for a
probability measure p on X (which is called the input source) the compound
probability measure p o X plays an important role (see, e.g., Umegaki [11]).

On the other hand, compound probability measures can be viewed as a
generalization of convolution measures. In fact, if X = Y is a topological
group and a transition probability A is given by \(z, B) = v(Bx~!) for all
x € X and all Borel subsets B of Y, where v is a probability measure on X,
then the projection puA of poA onto Y defined by uA(B) = puoA(X x B) is the
convolution measure p * v. The weak convergence of convolution measures
has been looked into in great detail by Csiszar [2, 3].

In Section 2 we recall notations and necessary definitions and results
concerning probability measures on topological spaces, and in Section 3
we show that compound probability measures can be defined on the Borel
subsets of X x Y for continuous 7-smooth transition probabilities.

In Section 4 we present a sufficient condition that assures the weak con-
vergence of a net of compound probability measures, and also give a relative
compactness criterion for a set of compound probability measures which ex-
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tends Prokhorov’s compactness criterion for probability measures. In this
and the following sections, the equicontinuity of a set of transition proba-
bilities plays an important role.

In Section 5, for Gaussian transition probabilities we express the assump-
tions of our theorems of Section 4 in terms of the corresponding mean and
covariance functions. In Section 6 we give several examples and counter-
examples concerning the convergence and uniform tightness of compound
probability measures.

Throughout this paper, we suppose that all the topological spaces and
all the uniform spaces considered are Hausdorff.

2. Transition probabilities on topological spaces. Let X be a
topological space and B(X) be the o-algebra of all Borel subsets of X. By
a Borel measure on X we mean a finite measure defined on B(X) and we
denote by P(X) the set of all Borel probability measures on X.

In this paper, the following concept of regularity for Borel measures is
useful. We say that a Borel measure p on X is 7-smooth if for every increas-
ing net {G} of open subsets of X, we have u(J, Go) = sup, (Go). We
denote by P (X) the set of all 7-smooth probability measures on X. Every
Radon measure is 7-smooth, and if X is regular every T-smooth measure is
regular (see, e.g., Proposition 1.3.1 of Vakhania et al. [12]). We also know
that if X is strongly Lindelof, that is, every open cover of any open subset
of X has a countable subcover (this is satisfied, for instance, if X is a Suslin
space), then every Borel measure is 7-smooth (see, e.g., Proposition 1.3.1 of
[12]). Here we recall that a topological space is called a Suslin space if it is
a continuous image of some Polish space (see Schwartz [9]).

If X is completely regular, we equip P(X) with the weakest topology for
which the functionals

P(X)3p— [ flx)u(d), e Cuy(X),
X

are continuous. Here Cy,(X) denotes the set of all bounded continuous real-
valued functions on X. This topology on P(X) is called the weak topology,
and we say that a net {1, } in P(X) converges weakly to a Borel probability
measure u, and we write o, — p, if

lim [ f(x) po(dz) = [ f(x) p(d)

for every f € Cp(X), and this is equivalent to the condition that for each
open subset G (resp. closed subset F') of X,

liminf p(G) > u(G)  (resp. limsup pq(F) < p(F)),
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provided that p € P(X). It is known that the weak topology on P,(X)
is also completely regular, and hence it is uniformizable, that is, it can be
derived from a uniformity on P,(X) (see Topsge [10, Theorem 11.2]).

Let us recall now Prokhorov’s criterion of weak relative compactness of
a set of probability measures which is a basic tool in the study of weak con-
vergence. A subset P of P(X) is said to be uniformly tight if for each € > 0,
there exists a compact subset K. of X such that u(X—K.) < e forall u € P.
It is well known that if X is completely regular, every uniformly tight subset
of P-(X) is relatively compact in P(X) (see, e.g., Theorem 1.3.6 of [12]).
We say that a completely regular topological space X is a Prokhorov space if
the converse holds, that is, every relatively compact subset of P, (X) is uni-
formly tight. According to Prokhorov [8], every Polish space is a Prokhorov
space. See Fernique [4] for other examples of Prokhorov spaces.

Let X be a topological space and Y be a completely regular topological
space. A (Borel) transition probability A on X xY is defined to be a mapping
from X into P(Y') which satisfies

(T1) for every B € B(Y), the function X > x +— A(z, B) is Borel measur-
able.

Let p € P(X) and A be a transition probability on X x Y which satisfies

(T2) for every D € B(X x Y), the function X > z — A(z, D,) is Borel
measurable.

Here for a subset D of X xY and z € X, D, denotes the section determined
by z, that is, D, = {y € Y : (x,y) € D}. Then we can define a Borel
probability measure po A on X XY, which is called the compound probability
measure of y and A, by

o N(D foD) (dz) for all D € B(X x Y).

By a standard argument, we can show that Fubini’s theorem remains valid
for all Borel measurable and u o Ad-integrable functions f on X x Y:

ffxy po Xdx,dy) = fffxy (x,dy) u(dz).

XxY

It is obvious that (T2) implies (T1), and (T2) is satisfied, for instance, if
the product o-algebra B(X) x B(Y') coincides with B(X xY) (this is satisfied
if X and Y are Suslin spaces; see [9]).

We say that a transition probability A is 7-smooth if the probability
measure A\, = A(z,-) is 7-smooth for each z € X, that is, it is a mapping
from X into P,(Y). We also say that A is continuous if it satisfies

(T3)  the mapping X 3z — A, € P(Y) is continuous.
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Let us denote by C(X,P.(Y)) the set of all continuous mappings from
X into P-(Y).

The following proposition clarifies the relation between continuous
T-smooth transition probabilities on X x Y and continuous mappings from
X into P,(Y), and gives a sufficient condition, imposed on transition prob-
abilities, under which (T2) is satisfied.

PROPOSITION 1. Let X be a topological space and Y be a completely
regular topological space. Let \ be a mapping from X into Pr(Y).

(1) X is continuous if and only if for each open subset U of X x Y, the
function X > x+— N x,U,) is lower semi-continuous on X.

(2) If X is continuous then for each Borel subset D of X XY, the function
X 3>z ANz, D,) is Borel measurable.

Therefore C(X, P-(Y')) coincides with the set of all continuous T-smooth
transition probabilities on X XY, and every continuous T-smooth transition
probability on X x'Y satisfies (T2).

Proof. (1) The condition is clearly sufficient for A to be continuous.
Conversely, let U be an open subset of X xY. Then we can find an increasing
net {U,} of finite unions of open rectangles with U = |J,, U..

Since A, is 7-smooth we have \(z,U,) = sup, A(z, [U,],) for all x € X.
Since A : X — P,(Y) is continuous, it is not too hard to prove that the
function X 3 x — A(z,[Ua],) is lower semi-continuous on X for each a.
Thus the function X 3 z — A(x, U,) is lower semi-continuous on X, because
it is the supremum of a family of lower semi-continuous functions on X.

(2) Let A be the family of sets D € B(X x Y) for which the function
X 5 z — Ax,D,) is Borel measurable. It is easy to see that A is a
o-additive class. Since, according to (1), open subsets of X x Y belong to
A, the Borel o-algebra B(X x Y) coincides with A (see, e.g., Neveu [7]),
and the proof of (2) is complete.

If A € C(X,P-(Y)) then X clearly satisfies (T3), and, by (2), A also
satisfies (T2) and hence (T1). Therefore C'(X,P-(Y)) is contained in the
set of all continuous 7-smooth transition probabilities on X x Y, and the
reverse inclusion is obvious.

Let us denote by pA the projection of po A onto Y, that is, uA\(B) =
po (X x B) for all B € B(Y). Now we give typical examples of continuous
T-smooth transition probabilities. Other examples are Gaussian transition
probabilities, to be considered in Section 4.

ExXAMPLE 1. (1) For v € P.(Y), put A(z,B) = v(B) for all x € X
and all B € B(Y). Then A € C(X,P-(Y)), and ppo X = p x v for each
€ P(X), where u X v is the product measure.
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(2) Let X =Y = G be a topological group and v € Pr(G). Put \(xz, B) =
v(Bx™Y) for all € G and all B € B(G). Then X € C(G,P-(G)), and for
each p € P(G), pX = px v, where p* v is the convolution measure.

(3) Let T be a topological space and Y be a Suslin uniform space. Let
(2, A, P) be a probability measure space and X (t,w), t € T and w € 2, be
a B(T) x A-measurable, Y -valued stochastic process which is continuous in
probability, that is, for every tg € T, every e > 0 and every uniformity V
on'Y there ezists a neighborhood U of to such that if t € U then P({w € (2 :
(X(t,w), X (tp,w)) €V})>1—e. Put A(t,B) = P({w € 2 : X(t,w) € B})
forallt € T and all B € B(Y). Then A € C(T,P-(Y)).

Proof. (1) Clearly A is 7-smooth, and the continuity of A follows from
Lemma 1.4.1 of [12] and Proposition 1.

(2) Tt is easily seen that A is 7-smooth, and the continuity of A is an im-
mediate consequence of Lemma 1.4.1 of [12] and Proposition 1, together
with the fact that for each open subset U of G x G and each z € G,
U={(r,y) € GxG: (x,yr) € U} is also an open subset of G x G and
(Up)z™t = [ﬁ]z

(3) The proof is easy and we omit it.

PROPOSITION 2. Let X be a topological space and Y be a completely
reqular topological space. If u € Pr(X) and A € C(X,P-(Y)) then o X €
P-(X xY) and therefore u\ € P-(Y).

Proof. Let {U,} be an increasing net of open subsets of X x Y, and
set U =J, Ua. Then Xz, U,) = sup, A(z, [Ua]z), because A, is 7-smooth
for each x € X. Since for each «, the bounded positive function X > z +—
Az, [Uqa]z) is lower semi-continuous on X by Proposition 1(1), and the net
of such functions is increasing, we have

o MU) = [ sup A, [Ual) pu(de)

=sup [ A, [Uals) p(de) = sup p o A(Ua)
X

by the 7-smoothness of p. Hence p o A is 7-smooth, and from this the
T-smoothness of puA follows.

3. Convergence of compound probability measures. In this sec-
tion, we study the convergence and relative compactness of compound prob-
ability measures.

Let X be a topological space and Y be a uniform space. Denote by
C(X,Y) the set of all continuous mappings from X into Y. If ¥ = R we
write C(X) for C(X,R). We say that a subset H of C'(X,Y) is equicontin-
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wous at x € X if for each uniformity V', there exists a neighborhood U of z
such that (f(z), f(u)) € V forallu € U and all f € H. H is equicontinuous
on X if it is equicontinuous at every x € X. In this paper, we need the
following variant of the notion of equicontinuity. We say that a subset H
of C(X,Y) is equicontinuous on a set A C X if the set of all restrictions of
functions of H to A is equicontinuous on A.

A topological space X is called a k-space if it satisfies the condition that a
subset A of X is closed whenever its intersection with every compact subset
of X is closed. Every locally compact space and every space which satisfies
the first axiom of countability (in particular, a metric space) is a k-space,
and a mapping defined on a k-space into a topological space is continuous
if it is continuous on each compact set.

In the proofs of theorems below we need the following form of the Ascoli
theorem (see, e.g., Kelley [6, p. 234]): If X is a k-space, then H C C'(X,Y)
is relatively compact with respect to the topology of uniform convergence
on compact subsets of X if and only if

(a) H is equicontinuous on every compact subset of X, and
(b) Hjz] ={f(x) : f € H} is relatively compact in Y for each z € X.

It is not too hard to prove that a subset @ of C(X,P.(Y)) is equicon-
tinuous on every compact subset of X if and only if for each h € C},(Y), the
set of the functions

X3 [ hy)Ma,dy),  AeQ,
Y

is equicontinuous on every compact subset of X.

In what follows, for P C P(X) and Q C C(X,P,(Y)), we set Po Q =
{poX:p€ Pand A € Q} and PQ = {uX : p € Pand A € Q}. Now we
state our result about the convergence of compound probability measures.

THEOREM 1. Let X be a completely reqular k-space and let Y be a com-
pletely regular topological space. Assume that a net {\,} in C(X,P-(Y))
satisfies

(a) {Aa} is equicontinuous on every compact subset of X,

(b) {Aa(z,-)} is uniformly tight for each x € X, and

(c) there exists A € C(X,P-(Y)) such that \o(,-) — \(z,-) forz € X.
Then for any uniformly tight net {us} in Pr(X) converging weakly to p €
P-(X), we have o 0 Aoy — 110 .

The following two theorems extend Prokhorov’s criterion of relative com-

pactness of a set of probability measures.

THEOREM 2. Let X andY be as in Theorem 1. Assume that P C P(X)
is uniformly tight and Q C C(X,P-(Y)) satisfies
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(a) Q is equicontinuous on every compact subset of X, and

(b) Qlx] = { Az : A € Q} is uniformly tight for each xz € X.

Then for every net {pa o Ao} in P o @, we can find a subnet {jq o Ay} of
{tta 0 Ao}, 1t € P-(X) and X € C(X,P-(Y)) which satisfy

(1) Ho — 112
(2) Ao (z,-) = Nz, -) for each x € X, and
(3) Mot O)\a/ i} IU,O)\
Therefore P o Q is a relatively compact subset of Pr(X xY).

Remark 1. If we set X = {xo} (zo is a fixed element of X) and
P = {0,,} (04, is the Dirac measure on X which is concentrated at zp) in
Theorem 2, then we have Prokhorov’s criterion for relative compactness of
a set of probability measures (see Section 2).

THEOREM 3. Let X and Y be as in Theorem 1 and assume that Y
is a Prokhorov space. Assume that P C P.(X) is uniformly tight and
Q C C(X,P.(Y)) satisfies

(a) Q is equicontinuous on every compact subset of X, and

(b) Q[z] is relatively compact in Pr(Y) for each x € X.
Then PoQ C P-(X xY) is uniformly tight.

We have more direct proofs of Theorems 1 and 2 than our proofs below
when Y is a Prokhorov space (see the proof of Theorem 3 and Remark 2).

However, in the case when Y is an arbitrary completely regular topological
space, we first prove the lemmas below.

LEMMA 1. Let X be a k-space and Y be a compact space.
(1) For each f € Cp(X xY) and each A € C(X,P-(Y)), the function

X3 [ f() M, dy)

s conlinuous on X.

(2) Assume that Q C C(X,P,(Y)) is equicontinuous on every compact
subset of X. Then for every net {\.} in Q, we can find a subnet {\o} of
{Aa} and X € C(X,P-(Y)) such that

(31)  timsup | [ f(ey) A (@ dy) = [ S, y) Az, dy)| =0
¢ weK Ty, Y

for each f € Co(X xXY) and each compact subset K of X.

Proof. (1) Let K be a compact subset of X. By the Stone-Weierstrass
theorem, f can be uniformly approximated on K x Y by functions of the
form Y"1 | gih;, where the g;’s are in C(K) and the h;’s are in C'(Y"). Then
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the function X 5 = — [, f(x,y) Az, dy) is continuous on K, and since X is
a k-space, it is continuous on X, because it is uniformly approximated on K
by the functions X 3 @ — >_1" | gi(x) [y hi(y) A(«, dy) which are continuous
on K by the continuity of .

(2) Since Y is compact, Q] is clearly uniformly tight for each = € X.
Thus by the Ascoli theorem, @ is relatively compact in C(X,P,(Y)) with
respect to the topology of uniform convergence on compact subsets of X.
Therefore for every net {\,} in @, we can find a subnet {\,/} of {\,} and
A€ C(X,P-(Y)) such that

(3.2) lis sup | [ h(y) Ao (2, dy) = [ h(y) Az, dy)| =0
& zeK v v

for each h € C(Y) and each compact subset K of X. Then it is easily verified

that (3.2) remains valid for every f € Cp,(X x Y') by the Stone-Weierstrass

theorem and a standard argument.

If X is a uniform space, we denote by Up(X) the set of all bounded
uniformly continuous real-valued functions on X. Let us remark that a net
{1a} of probability measures on a uniform space X converges weakly to a
T-smooth probability measure p on X if and only if

lim [ @) paldz) = [ f(x)p(dz)
X X

for every f € U, (X) (for a proof see, e.g., Lemma 3 of [2]). In the following
lemma, we have the advantage of considering uniform spaces and Up (X xY)
instead of topological spaces and Cp(X x Y).

LEMMA 2. Let X be a uniform k-space and Y be a totally bounded uni-
form space.

(1) For each f € Upy(X xY) and each A € C(X,P-(Y)), the function
Xsae [ fe,y) A\, dy)
Y

s continuous on X.

(2) Assume that Q C C(X,P-(Y)) satisfies (a) and (b) of Theorem 2.
Then for every net {\o} in @, we can find a subnet {\o} of {\a} and
A€ C(X,P-(Y)) such that (3.1) is valid for each f € Un(X X Y) and each
compact subset K of X.

(3) Assume that Q C C(X,P-(Y)) satisfies (a) and (b) of Theorem 2.
Then for each f € Uyn(X xY), the set of the functions

Xz [ flzy) Me,dy), A€Q,
Y

s equicontinuous on every compact subset of X.
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Proof. Denote by Z the completion of Y. Since Y is totally bounded,
Z is compact and there exists a uniform isomorphism 6 of Y onto a dense
subset of Z. Let us first note that the following (i) and (ii) are valid:

(i) If f € Up(X xY') then it has a unique uniformly continuous extension
f? € Up(X x Z) which satisfies % (z,0(y)) = f(z,y) for all x € X and all
yey.

(ii) For each A € C(X,P-(Y)), if we define

M (z,D) = \Nz,0~Y(D)) forallz € X and all D € B(Z),
then \? € C(X,P-(Z)) and

ffZ$z)\Zmdz ff:cy (x,dy)

for every f € Ub(X x Y) and every z € X.

(1) From (i), (ii) and Lemma 1(1), (1) follows.

(2) Set Q% = {\? : X € Q}. Then it is easily verified that Q% C
C(X,P-(Z)) is equicontinuous on every compact subset of X. Therefore by
Lemma 1, for every net {\,} in @, we can find a subnet {\,/ } of {\,} and
v € C(X,P-(Z)) such that

(3.3) lim sup ‘f flz,2) Aa (x,dz) f f(z,2)y(z,dz)| =0
@' peK
for every f € Up(X x Z) and every compact subset K of X. From (i), (ii)
and (3.3), it is sufficient to prove that there exists A € C(X,P,(Y)) with
A = 7.
To prove this we first show that 0(Y') is a ~,-thick subset of Z for all
x € X, that is,

(V2)«(Z = 0(Y)) =sup{1.(D): D e B(Z)and D C Z—-0(Y)} =0.

Fix z € X. Since Q[z] is uniformly tight, we can find a sequence {K,} of
compact subsets of Y such that A\(z,Y — K,,) < 1/n for all A € Q. On
the other hand, it follows from (3.3) that A\Z,(z,-) converges weakly to the
T-smooth probability measure (z,-). Let D € B(Z) with D € Z — 0(Y).
Then for all n > 1, D is contained in Z — 0(K,), which are open subsets
of Z. Hence

v(z, D) <v(x, Z — 0(K,)) < lim inf N2, Z — 0(K,))
= liminf Ao/ (2, Y — K,,) < 1/n.
Letting n — oo we obtain y(x, D) = 0, and so 6(Y) is ~y,-thick for all z € X.

According to Halmos [5; Theorem A, p. 75], if we define for each z € X
and each B € B(Y),

)\(ZC, B) - 7(x7 D)7
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where D € B(Z) with 0(B) = 0(Y') N D, it is easily verified that A is well
defined and A € C(X,P,(Y)) with AZ = 5. So the proof of (2) is complete.

(3) Fix f € Up(X x Y). Note first that for each A € C(X,P,(Y)), by
(1), we can define a bounded continuous function ¢y on X by

:ff(m,y))\(a:,dy), x e X.
y

By the Ascoli theorem, we only have to show that @ = {¢\ : A € Q} is rela-
tively compact in C'(X) with respect to the topology of uniform convergence
on compact subsets of X.

Let {¢x,} be a net in &g and let K be a compact subset of X. For
simplicity, we write ¢, for ¢y, . Then by (2), we can find a subnet {p,/} of
{¢a} and A € C(X,P-(Y)) such that

P ( ffxy (2, dy)| =

lim sup
o' zeK
Put p(z) = [, f( (z,dy) for x € X. Then ¢ € C,(X) by (1), and
lim,,/ Sng;eK |0 ( ) - ( )\ = 0. Hence @, is relatively compact in C'(X).

LEMMA 3. Let X be a completely regular topological space and let {pq}
be a net in P(X) which is uniformly tight. Assume that a net {ps} in
Cy(X) satisfies

(a) {pa} is uniformly bounded, and
(b) {@a} is equicontinuous on every compact subset of X.

If u € Pr(X) and po — p, and if o € Cp(X) and po(z) — @(x) for each
x € X, then

lim [ Ga(@)paldz) = [ o(a)p(d).
X X
Proof. We omit the proof, which is an easy modification of the proof

of Theorem 2 in [2].
Now we prove the theorems of this section.

Proof of Theorem 1. First note that any completely regular topo-
logical space is uniformizable and it can be totally bounded for uniformities
yielding its topology. Thus we assume that X is a uniform k-space and Y
is a totally bounded uniform space.

To prove the theorem, we only have to show that for each f € Up(X xY),
we have

lim [ f(2,) Aa(z,dy) pa(dz) = [ f(z,y) Ma, dy) p(dz).
XXY XxXY

Fix f € Up(X xY). By Lemma 2(3), if we put for each = € X,
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ffxy ol dy) and  p(z ff:ry (2, dy),

then {p,} satlsﬁes (a) and (b) of Lemma 3, and Lpa(x) — p(z) for each

x € X, since Ay (z,-) — Xz, -) for each 2 € X. Consequently, by Lemma 3,
we have

lim f a() paldr) = [ o(z) p(dx),

X
and this implies pq © /\a 5 o .

Proof of Theorem 2. As noticed at the beginning of the proof
of Theorem 1, we assume that X is a uniform k-space and Y is a totally
bounded uniform space.

Since P is uniformly tight, it is relatively compact in P.(X). Conse-
quently, by Lemma 2(2), for every net {us o Ao} in P o @ we can find a
subnet {0 Aor } of {fta 0 Ao}, € Pr(X) and A € C(X,P,(Y)) such that
for every f € Up(X x Y) and every compact subset K of X,

(36) 2% - ©

and

(3.7) hmsup‘ffxy (x,dy) — ff:cy (z,dy)| = 0.
A zeK

From (3.7) it follows that Ay (z,-) — A(z,-) for each € X. So, by
Theorem 1 we have fiq © Aor — o A, and the proof is complete.

Proof of Theorem 3. By (a), (b) and the Ascoli theorem, @ is
relatively compact in C(X,P,(Y)) with respect to the topology of uniform
convergence on compact subsets of X, while P is relatively compact in
P-(X) since it is uniformly tight. Hence for every net {u,Aq} in PQ, we
can find a subnet {po Ao} of {HaAa}, 4 € P-(X) and XA € C(X,P,(Y))
such that for every h € C,(Y) and every compact subset K of X,

(3.8) par = 1

and

(3.9) lim sup ‘f (z,dy) — f h(y) /\(x,dy)’ =
o' ek v

Define bounded continuous functions ¢, and ¢ on X by

fh o (z,dy) and ¢(z fh Mz, dy).

Then {p,} satlsﬁes (a) and (b) of Lemma 3, while from (3.9) it follows that
Yo' () — p(z) for each x € X. Therefore by Lemma 3 we have
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lim [ o (@) por(de) = [ p(2) p(de),
X

X

which implies ftos Aoy — pA, and hence PQ is relatively compact.

Since Y is a Prokhorov space by assumption, P(@ is uniformly tight.
Noting that P and PQ are the projections of P o @ C P,(X x Y) onto
X and Y respectively, P o () is uniformly tight by an easily verified result
that X' € P(X x Y) is uniformly tight if and only if so are X'x = {ox :
ce X} CP(X)and Xy = {oy : 0 € ¥} C P(Y), where ox and oy denote
the projections of o onto X and Y, respectively.

Remark 2. The author does not know whether PQ is uniformly tight
or not under the assumptions of Theorem 2. However, we know that even for
subsets of probability measures on Suslin spaces, relative compactness does
not imply uniform tightness in general (see Example 1.6.4 of Fernique [4]).

4. Gaussian transition probabilities. In this section we treat Gaus-
sian transition probabilities which are important examples of equicontinuous
sets of transition probabilities. Let us first give necessary information about
Gaussian measures needed in the sequel.

Let H be a real separable Hilbert space with norm ||-|| and inner product
(-,-). A Borel probability measure p on H is said to be Gaussian if for each
u € H, the function H 3 w — (w, u) is a real (possibly degenerate) Gaussian
random variable on the probability measure space (H, B(H), pt). Since every
Gaussian measure p on H satisfies

[ wlf? p(dw) < oo,
H
there are a mean vector me H and a covariance operator SES(H) such that

(m,u) = f (w,u) p(dw) and (Su,v) = f (w —m,u)(w —m,v) u(dw)
H H
for all u,v € H. Here S(H) denotes the set of all non-negative symmetric
trace class operators on H; it is endowed with the metric topology derived
from the trace norm || - ||,

The following lemma is well known for Gaussian measures on a Hilbert
space, and acutually shown in Chevet [1], using the method of tensor prod-
ucts, for Gaussian measures on a real separable Banach space which is of
type 2 and has the approximation property.

LEMMA 4. (1) Let A be a set of Gaussian measures on H with mean
vectors {m, : p € A} and covariance operators {S, : p € A}. Then A is
uniformly tight if and only if {m, : pn € A} and {S, : p € A} are relatively
compact in H and S(H), respectively.
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(2) Let py, (n > 1) and p be Gaussian measures on H with mean vectors
my, and m and with covariance operators S, and S, respectively. Then
pin —— 1 if and only if

lim ||m, —m| =0 and lim [|S, — S| =0.
n—oo n—oo

Let X be a topological space. A transition probability A on X x H is said
to be Gaussian if for each x € X, A, is a Gaussian measure on H. For each
x € X, we denote by m(x) and S(z) the mean vector and the covariance
operator of A, respectively, and we say that the functions m : X — H
and S : X — S(H) are the mean function and the covariance function of
A, respectively. Since a Gaussian measure is uniquely determined by its
mean vector and covariance operator, it is easily verified that a Gaussian
transition probability A is also uniquely determined by its mean function m
and covariance function S, and hence we write A = TN [m, S].

In what follows, let X be a completely regular k-space and assume that
every compact subset of X satisfies the first axiom of countability. These
conditions are satisfied, for instance, when X is either (1) a first countable
locally compact space, or (2) a metric space, or (3) a regular Suslin k-
space. From Lemma 4, it follows that a Gaussian transition probability
A = TN[m,S] on X x H is continuous if and only if m € C(X, H) and
S € C(X,S8(H)), and X is 7-smooth since every Borel measure on H is
T-smooth.

The following theorem states that for Gaussian transition probabilities,
we can express the conditions (a) and (b) of the theorems of Section 3 in
terms of the corresponding mean and covariance functions.

THEOREM 4. Let A\, = TN[m,,S,] (n > 1) and X\ = TN|m, S| be
continuous Gaussian transition probabilities on X x H. Assume that

(a) {m,} C C(X,H) and {S,} C C(X,S(H)) are equicontinuous on
every compact subset of X, and

(b) limy, o ||mn(z) — m(x)|| = 0 and lim, . ||Syp(z) — S(z)|[tr =0 for
each x € X.

Then {\,} satisfies (a) and (b) of Theorems 1-3. Therefore for any
uniformly tight sequence {p,} in Pr(X) converging weakly to p € Pr(X),
we have fiy, 0 Ay N pwo X and {p, o A\p} is uniformly tight.

In order to prove the theorem above, we need the following lemma, which
is known (see, e.g., Kelley [6; Problem M, p. 241]).

LEMMA 7. Let {¢n} be a sequence of real-valued functions defined on a
topological space X which satisfies the first axiom of countability, and let
x € X. Assume that



174 J. KAWABE

(a) pn is continuous for alln > 1, and
(b) @n converges continuously to a function ¢ at x, i.e., lim, . @n(Ty)
= @(x) for any sequence {x,} converging to x.

Then {@n} is equicontinuous at x.

Proof of Theorem 4. By (b) and Lemma 4, \,(z,-) — \(z,")
for each z € X, and this implies that {\,(z,-)} is uniformly tight for each
x € X, since H is a Prokhorov space. Hence the conditions (b) of Theorems

1-3 are valid.
Fix h € Cp(X) and put for each z € X,

on(x) = f h(u) A\p(z,du) and o(z) = f h(u) Mz, du).

H H
Now we show that {¢,} C C(H) is equicontinous on every compact subset
K of X in order to prove that the conditions (a) of Theorems 1-3 are valid.
From (a) and (b) of the present theorem, it is easily proved that m,, and S,
converge continuously on K to m and .S, respectively. Hence if a sequence
{x,} in K converges to x € K, then \,(z,,-) — A(z,-) by Lemma 4. From
this we have ¢, (x,) — ¢(x), and hence ¢,, converges continuously to ¢
on K. Since K is first countable by assumption, {¢,} is equicontinuous on
K by Lemma 7. Consequently, by Theorem 1 we have fi,, 0 Ay —— 10 \,
and from Theorem 3 it follows that {u, o A, } is uniformly tight since H is
a Prokhorov space.

Remark 3. In Theorem 4, the condition that {su,} is uniformly tight
is automatically satisfied if X is a Prokhorov space.

Remark 4. We can obtain a similar result to Theorem 4 for Gaussian
transition probabilities on nuclear spaces such as, for instance, the space of
slowly increasing functions and the space of distributions.

5. Examples and counter-examples. In this section we give the
following examples and counter-examples concerning the uniform tightness
and the convergence of compound probability measures:

e P is not uniformly tight and @ is not equicontinuous, but PQ) is uni-
formly tight (see Example 2(2)).

e P is uniformly tight, but PQ and P o @ are not (see Example 2(3)).

e () is not equicontinuous, but P o @ and PQ are uniformly tight (see
Example 3(2)).

® [lo — f1, Aa(2,) —= A(w,-) for each € X and p, 0 A, converges
weakly, but p o X is not a limit point of u, 0 Ay (see Example 3(3)).

In what follows, J, denotes the Dirac measure concentrated at z, that
is, 0;(B) =1ifx € B, and 6,(B) =0if x ¢ B.
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EXAMPLE 2. Let X =Y =R. For eachn > 1, put

0 for x <0,
9 n’x for0<x<1/n,
sn(@) = 2n —n?x  for 1/n <z < 2/n,
0 for2/n < x.

Define a continuous T-smooth transition probability A, on R x R by A\, =
TNI0, 2] and put Q = {\,}.

(1) For each z € R, Qlz] = {Au(x,-)} is uniformly tight, but Q is not
equicontinuous at x = 0.

(2) Put P ={d,}. Then P and PoQ are not uniformly tight, while PQ
is uniformly tight.

(3) Put P = {d1/n}. Then P is uniformly tight, but PQ and P o Q are
not uniformly tight.

Proof. Put

on(x) = f e A (z,dv) = exp{—3s2(2)}
R
for each n > 1 and each z € R. Then ¢,(1/n) = e™? and ¢, (0) = 1.
Therefore {¢,} is not equicontinuous at = 0, and neither is . On the
other hand, since sup,,~; s2(z) < oo for each = € R, Q[x] is uniformly tight.
Consequently, (1) is proved.
Before starting to prove (2) and (3), note that a subset A of P(R") is

uniformly tight if and only if the set {11 : p € A} of characteristic functions
defined by

Aprs . pn) = [ €= p(duy, . duy,)
R"
for p = (p1,...,pn) € R™ is equicontinuous at p = 0 € R™.

Since 6, (p) = €™ and (6, o An) (p,q) = €™ for all p,q € R, {5,}
and {(d, o A\,)"} are not equicontinuous at p = 0 and at (p,q) = (0,0),
respectively. Therefore P and P o Q are not uniformly tight. On the other
hand, PQ is uniformly tight, since (6,\,)"(q¢) = 1 for all ¢ € R and hence
{(6,An)"} is equicontinuous at ¢ = 0. Consequently, (2) is proved, and (3)
is proved similarly.

EXAMPLE 3. Let X =Y = R. For each n > 1, put
__ njz|
14 n222’

Define a continuous 7-smooth transition probability A, on R x R by A, =
TN[0,s2] and put Q = {\,}.

s2(z) z eR.
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(1) For each x € R, Q[z] is uniformly tight, but @ is not equicontinuous
at x = 0.

(2) Put P = {61/,}. Then P o Q and PQ are uniformly tight.

(3) Put py = 01/n, 4 = 0o and A(z,-) = do for each x € R. Then,
though p1, —— g, Ap(z,) — Az, -) for every z € R and p, o \,, converges
weakly, 120 X is not a limit point of p, o A, (actually, p,A\, — wy and
fin © Ap — 107y, where v = TN[0,1/2]).

Proof. (1) and (2) are proved in the same way as Example 2. By Levy’s
continuity theorem, (3) is proved by noticing that

(n © M) (p, @) — exp{—3¢*} = (Lo7)"(p,q) asn — oo,
while (o A (p,q) =1 for all (p,q) € R x R.
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