CONVERGENCE TOPOLOGIES FOR MEASURES
AND THE EXISTENCE OF TRANSITION PROBABILITIES

SOLOMON LEADER

1. Introduction. A recent approach to measure theory is the in-
troduction of measures as functionals on spaces of continuous functions
[2]. To the probabilist, however, the measures are of primary concern,
with the functions occurring as integrands playing a secondary role as
random variables. We are thus motivated to reverse the modern pro-
cedure. We shall introduce various topologies into spaces of measures
and shall in each case investigate the dual space consisting of all con-
tinuous linear functionals on the measures. From this point of view
the continuous functions form only one of many possible dual spaces to
a space of measures.

The study of the dual spaces yields a necessary and sufficient con-
tinuity condition for the existence of transition probabilities in a sto-
chastic semigroup, thus solving a problem posed by W. Feller.

We introduce topologies through the convergence of nets [5], an
elegant device for analysis. The spaces of measures considered are
vector spaces and usually vector lattices [1]. We admit any topology
for which the vector operations are continuous, but do not require that
the lattice operations be continuous.

\ Let A be a Boolean algebra of sets in an abstract space X. Where-
ver A is required to be a os-algebra, it shall be denoted by 2,. A
partition p of X is a finite collection {FE,} of sets in 9 which form a
disjoint covering of X. The partitions of X form a lattice [1] if we
define p<p" whenever p” is a refinement of p. In this way the parti-
tions p will be used extensively as directed indices for nets.

For each = in X define the unit point mass H, by

0 if x is not in £.
(1.2) Hx(E)={

1 if zisin E.
Such H, will belong to all spaces of measures considered below. A
discrete measure is any finite linear combination of point masses. We
shall use the symbol E to denote the characteristic function of a set
E, since the context will serve to distinguish between the set and its
characteristic function. Thus,
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(1.2) E(x)=HJ(E) .

A step function is any finite linear combination of characteristic func-
tions of sets in 9. For each step function f there exists a partition
p=1{E,} such that

(1.3) f(@)= ; a B () .

If f is any real-valued function on X, f(&) will denote the set of all
S(x) for « in E. Bars will be used to denote the diameter of a set of
numbers. Thus,

(1.4) |f(&)|=sup f(E)—inf f(E) .

2. The topology of simple convergence. Let S consist of all finitely
additive functions on . That is, F belongs to S if

2.1) — o< F(E)<co for all E in A, and
(2.2) F(A+ E)=F(A)+ F(F) for A and E disjoint.

S is a vector space with the obvious definitions of addition and scalar
multiplication.

Let {F,} be a net in 5. We induce a topology in S by defining:
F, converges simply to F if lim F(E)=F(E) for each E in .

THEOREM 1. The discrete measures are dense in S. In particular,
(2.3) =\ HiF@),
JX

where the latter integral is defined to be lim >, F(E,)H, with p={E.}
P P

and w, wm E,. S*, the dual space of S, conmsists of all step functions
(1.8). With the topology of stepwise convergence in S*, defined below,
S** =S,

Proof. For p fine enough to partition E and its complement L,
>, F(E\)H, (E)=F(E). Hence, (2.3).
P

Each ¢ in S* defines a function f on X through
(2.4) f(x)=¢(H,) for all z in X.

Suppose f were not a step function. Then, for each partition p
we could choose z, and y, in some set E, in p such that f(x,)5% f(y,).
Define
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(2.5) G= Y _(m,-m).
@) — 1 ()
Then, ¢(G,)=1 for all p. But, for all p=>{E, E}, G(E)=0. Hence,
G, converges simply to 0. Since ¢ is continuous, lim ¢(G,)=0, a con-
P

tradiction. So f must be of the form (1.83). Then, of course,

2.6) ¢<Fo=;akF<Ek)=§f dF.

A sequence of step functions f, converges step-wise to a step func-
tion f, if there exists a partition g such that eventually

(2.7) Sal@)= ; U ()
and
(2.8) f(@)=>lima,, E(x) .

In this topology, every linear functional on S* is continuous. Since
every linear functional on S* defines an additive funection on A with
a unique linear extension to S*, S=8**.

3. The topology of bounded convergence. The functions in S that
are bounded form the space B. The condition (2.1) is strengthened to

(3.1) —M<F(E)<M  for all E.

The usual topology for B is the topology of uniform convergence, that
is, the topology induced by the norm

(3.2) I|F]|=sup F(E)— F(E)=lim 3, |[F(E,)] .

With this norm B is a Banach space [1]. The norm topology is defec-
tive in that there may exist bounded (that is, continuous) linear func-
tionals on B which have no representation as integrable functions on
X, and B is not reflexive.

These defects are removed by introducing the topology of bounded
convergence: F, converges boundedly to F if lim F(E)=F(E) for each
E in ¥, and |[F(E)|<M for all aZ>«a, and all E in 9.

THEOREM 2. In the topology of bounded convergence the discrete
measures qre dense in B. In particular,

(3.3) F=SXHx aF)

defined as wn (2.3). The dual space B* consists of uniform limits of
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step functions (1.8). That s, to every continuous linear functional ¢
there corresponds biuniquely o function f on X such that f is & uniform
limit of step functions and, for all F iwn B,

(3.4) W)= £@) dF) .
With the topology of uniform convergence on B*, B**=B.

Proof. By Theorem 1, (3.3) holds for simple convergence. Since
| 3 F(E,) H, (E)| < S IF(E)IZ||F||, the convergence is bounded for #
P P
in B.
For ¢ in B* let f be defined by (2.4). Now, suppose f were not
a uniform limit of step functions. Then there would exist some ¢ >0

such that for each partition p we could choose z, and y, in some set
E; belonging to p such that |f(z,)— f(y,)|>e. Define

(3.5) F,=H, —H,, .

Then, F, converges boundedly to 0, since ||F,||=2 for all p and F,(E)
=0 for p=>1{E, E'}. Since ¢ is continuous, lim ¢(F,)=0. But, since ¢

is linear, ¢(F,)=f(x,)— f(y,). Hence, |¢(F,,)|p>e, a contradiction. So
f is a uniform limit of step functions. The existence of (3.4) follows
from (3.3) and the continuity of ¢. Since step functions are bounded,
f is bounded.

Conversely, the integral (3.4) exists for any uniform limit of step
functions f and thus defines a linear functional ¢ on B. For, given
any >0 there exists a partition p, such that |f(4;)| < e for all 4, in p..
Hence, Z[f(Ek)[ lF(Ek)l<Ze[F(Ek)[<eIIFI[ for all p—>p,. Moreover,

the functlonal ¢ defined by (3 4) is continuous. For, let F, converge
boundedly to 0. Now,

(3.6) G (AT R )

where f,=>oE, and |f(2)—f.(x)]<e for all 2. Hence,
3.7) |{rar.|< (B

and

(3.8)

So, lim ¢(F,)=0.

For f in B* define
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(3.9) Il ll=sup [f@) .

Then B* is a Banach space and the norm topology is equivalent to the
topology of uniform convergence. With this topology a continuous linear
functional on B* is a bounded linear functional. A bounded linear func-
tional @ an B* defines, a fortiori, a bounded additive set function on
A. Since A is fundamental in B*, the correspondence between @ and F
is biunique. Hence, B**=B.

For positive measures bounded convergence is equivalent to simple
convergence, and hence to weak convergence over B*. To show that
bounded convergence in B is, in general, stronger than weak conver-
gence over B* we prove the following.

THEOREM 3. There may exist a net {F,} wn B such that lim S fdF,
=0 for every f in B*, but F, does not converge boundedly.

Proof. Let X consist of all real-valued functions z(f) on (— oo, o).
Let A, be the s-algebra in X generated by sets of the form

(3.10) I,={z|x(t) e I}

where I is any interval. Let {E,} be the class of all £ in 2, which
contain the zero function 0. The indexing set {a} is directed by de-
fining a« <&’ whenever E,, CE,. For each real s define =, by

0 for t#s.
(3.11) xs(t)={
1 for t=s.

Then each E, contains all but a countable set of z,. Hence, we may
choose x;, in E,. Also, choose a, such that lima,=o. Finally, define

(3.12) Fo=a,H, —H,).

Then, ||F|=2la.|. So lim|[|F,]|—c. For f in B¥, gdeU exists.
Therefore, lim |f(&,)|=0. Iu-bIence, |f () — f(0)] >1/n for only countably
many values wof s, and thus f(x,)% f(0) for only countably many values
of s. Therefore, f(z,,)=s(0) eventually. Since S SfaF,=a,[f(xs,)

— (0], Sde,,=0 eventually. A fortiori, 1im§ FAF,=0.

A modification of the above example shows that the lattice opera-
tions [1] need not be continuous. Let A be the algebra generated by
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sets of the form (3.10). Then, H,, converges boundedly to H,, where
x, is defined by (3.11). However, H, /\ H,=0 which does not converge
to Hy=H,\H,.

If our algebra of sets is also a s-algebra 2[,, we may consider the
space of countably additive set funections on %,. With the topology of
bounded convergence, this space L is dense in B because of (3.3). The
proof of theorem 2 shows that L*=B*. However, L is reflexive only
with respect to the pseudo-topology on L* induced by the bounded

convergence of sequences: f, converges to f if lim f,(zx)=f(x) for

each z in X, and || f,||<M for all n. That L**=L follows from the Le-
besgue bounded convergence theorem [4].

4. The topology of regular convergence. Let X be a normal
Hausdorff space and %, be the Borel sets in X. Let R be the space
of bounded, regular, signed measures on %,. That is, F is in R if

(4.1) F(\J E) =5 F(E,)

for every sequence {E,} of disjoint sets in 2(,,
4.2) |[F(E)| <M

for all £ in ¥U,, and if {4,} is the class of all open sets containing FE
and |F'| is the total variation of F' [1], then

4.9) inf |F|(4y—E)=0.

With norm (3.2) R is a Banach space and with the natural ordering a
Banach lattice [1]. Since every F' in R is the difference of two positive
measures in R, we may define convergence for positive measures, a net
of signed measures being convergent if it is the difference of two posi-
tive convergent nets.

A net {F,) of positive measures in R converges regularly to F in
R if
4.4) F(bdy E)=0 implies lim F(E)=F(E),

where bdy E is the boundary of E. Since bdy X is empty, (4.4) im-
plies that eventually
(4.5) |Full <M.

This type of convergence, under more restrictive conditions, has been
considered by de La Vallée Pousisn [6].

THEOREM 4. For a net of positive measures in R the following
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conditions are equivalent:
(i) F, converges reqularly to F.
(ii) For every bounded, measurable function f on X continuous al-

most everywhere relative to F, S fdF, converges to S Far.
(iii) For every bounded, continuous function f on X, g fdF, con-

verges to S fdF.

(iv) FyX) converges to F(X) and, for every closed set E, lim F(K)
<F(E). )
The dual space R* of R consists of all bounded, continuous functions f
on X with the functionals defined by (3.4). Thus, for positive measures
regular convergence is equivalent to weak convergence over R*.

Proof. Given (i) and f bounded, measurable, and continuous almost
everywhere relative to F', consider the sets A,=f-'(¢). Since F is
additive and bounded, and the sets A, are disjoint, F(4,) 540 for at
most countably many values of . Hence, for arbitrary ¢>0 we can
partition the range of f by means of ¢ <{t,< ... <t, so that #,.,—t;
<eand F(4,,)=0. Let E,=A, + f'(t te). Then bdy E, Z A4, +A4,,,,
+D where D consists of discontinuities of f. Hence, F(bdy E,)=0.
By (1), lim Fo(Ey)=F(E;).

Let p={E;} and f,=>¢tE,. Then

(4.6) |[rar— | rar|<| (r—raar.

+ ‘ Sf,,de— gf,,dFl + | S(f,,——f)dFl
e ||Fll+] pE LLFAE)—F(E)] +e|lF]].
Hence,

4.7 lim

Sde,,,—SdelgzMe.
Since ¢ is arbitrary,
(4.8) lim S r dF,,=Sf ar.
Since a continuous function is, a fortiori, continuous almost every-
where as well as measurable, (ii) implies (iii).

Given (iii), the convergence of F,(X) to F(X) follows if we take
S(@)=1 in (ili). Given a closed set E, let A4 be any open set containing
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E. By Urysohn’s lemma [7], there exists a continuous function g such
that E<g<A. Hence Fw(E)_gSng,, and SnggF(A). Thus, (iii)

gives lim F(E)<F(A). (iv) follows from (4.3).

Given (iv), let E be any set with F(bdy E)=0. Let E=E\Jbdy E,
a closed set. Then FL(E)<F.E), so lim F,(E)<lim F(E)<F(E) by
(iv). But F(E)—F(E) since F(bdy E)—=0. Hence

4.9) lim F(E)<F(E).
Similarly (4.9) holds for the complement E’, since bdy E'=bdy E. Thus
(4.10) lim F(X—E)<F(X—E).

Since F,(X) converges to F(X) by (iv), (4.10) gives

(4.11) F(X)—lim F(E) < F(X)—-F(E) .
Hence
(4.12) FE)<lim F(F) .

Thus, (i) follows from (4.9) and (4.12).

Since (i) implies (iii), every bounded, continuous function f on X
defines a continuous linear functional ¢ on R of the form (3.4). We
need only prove conversely that every ¢ is of this form.

Since H, is regular and simple convergence implies regular conver-
gence for positive measures, we have (3.3). So discrete measures are
dense in R. Hence, for ¢ in R* we have (3.4) with f defined by (2.4).
Moreover, f is continuous: If {x,} is a net in X converging to =,
then H,, converges regularly to H,. Hence, f(x,) converges to f(x).
Also, f is bounded: Otherwise there would exist a sequence {w,} such

that |f(x,)]>2". We could then define F,,,in(l/ f(@n) H,,. Let F(E)
=lim F,(£). Then F, converges regularly to F in R. Hence, ¢(F),)
converges to ¢(F). But, ¢(F),)=m which diverges, a contradiction.

5. Transition probabilities for stochastic semigroups. A system of
stationary transition probabilities is a function p(x, t, E) of three vari-
ables: a in the sample space X, ¢ in (0, «), and £ in the o-algebra
A, in X such that

(5.1) p(z, t, ) is a probability measure on 9, for each x and ¢,

(5.2) p( , ¢, E) is a measurable function on X for each ¢ and E,



CONVERGENCE TOPOLOGIES FOR MEASURES 487
and
(5.3) (Y, s+t, E)=Lp(w, t, E) ply, s, dx) .

Such a system defines a family of operators {T.} on L through

(5.4) FT(B)=| s, t, B) dF (@)

with the readily verified properties:

(56.5) T, is a positive linear operator on L.
(5.6) For F>0, LET.||=||Fl .

(6.7 T.T,=T:,

We call any {7} satisfying (5.5)—(5.7) a stochastic semigroup. These
have been studied by W. Feller [3].

If we try to define Markov processes abstractly by means of sto-
chastic semigroups, we encounter the following obstacle:

THEOREM 5. There exist stochastic semigroups {T,} for which there
are no transition probabilities satisfying (5.1)—(5.4).

Proof. This simple, but striking, example is due to Feller. Let
X be the real numbers and 9, the Borel sets of X. For each F in L
let F’=F,+F be the Lebesgue decomposition [4] where F, is absolutely
continuous and F is singular. Define

(5.8) T.E={zx|x—teE}
for each E in U,, and
(5.9) FT(E)=F(T_..E)+F(T.E).

Thus, continuous measures drift to the right and singular measures drift
to the left as ¢ increases. If transition probabilities exist for this pro-
cess, (5.4) implies

(5.10) v(z, t, B)y=H,T,(E)=H,T.E) .
Hence,
(.11) FT(E)= S H,(T.E) dF@)=F{T.E),

1 We express operators on measures as right operators and their adjoints as left opera-
tors, using the same symbol for both.
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which contradicts (5.9) if F' is absolutely continuous.

The preceding example suggests that we examine the adjoint oper-
ators to {T,}. We see then that a system of transition probabilities
defines a semigroup of operators on L* through

(5.12) T.f @)= @) piy, ¢, do) .

That T,f is a bounded, measurable function follows from the fact that
S is a uniform limit of step functions f,, so 7.f is a uniform limit of
T.fn and T,f, is bounded and measurable. Thus, L* is invariant under
{T,}. The topological significance of this is given by the following.

THEOREM 6. A linear operator T on B (or L) is continuous in the
topology of bounded convergence &f, and only if, the adjoint to T defines
a bounded operator on the dual space B* (resp. L*).

Proof. Let the adjeint to 7" be a bounded operator on B*. Then,
if I, converges boundedly to F', we have lim F,TE=FTE for all E, since

TE is in B*. Thus, F,T converges simply to FT. Since 7T is bounded,
NFTNZ N F T, so F,T converges boundedly to F7T. Hence, T is
continuous with respect to bounded convergence.

Conversely, if T is continuous in the topology of bounded conver-
gence, then 7 is bounded. To prove this we need only show that the

function w(x)=||H,T|| is bounded, since by (3.3), FT=SHzT dF(x), so
IWFT)| <supu(x)||F]|. Suppose u(x) were unbounded. Then, by Zorn’s

lemma, there is a maximal collection 9t of sets such that 9 has the
finite intersection property and u(x) is unbounded on every finite inter-
section of sets in M. Thus, for each partition p there exists a unique
E, belonging to both p and WM. Choose x, and y, in E, such that
lim u(x,) —u(y,)=cc. Let F,=H, —H,. Then F, converges boundedly
p

to 0. So F,T converges boundedly to 0. Hence, ||F,T| is eventually bound-
ed. But u(x,)—u(y,) <||F,T||, a contradiction. So u(x) must be bounded.

Now, the dual of a continuous operator always exists; that is, the
dual space is invariant under the adjoint operator. For, if F, converges
to F, F',T converges to F'T, and so F,T¢ converges to F'T¢ for each ¢
in the dual space. Thus, T¢ is a continuous, linear functional. Hence,
T¢ is in the dual space.

The same proof holds for the space L. With an analogous argu-
ment, theorem 4 gives a similar result for the space R:

THEOREM 7. A positive linear operator on R s continuous in the
topology of regular convergence if, and only if, the adjoint defines &
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positive operator on the dual space R*.

We can now remedy the defect given by Theorem 5. To (5.5)—
(5.7) we add the condition

(5.13) T, is continuous in the topology of bounded convergence.

THEOREM 8. To every system of transition probabilities oz, t, E)
there corresponds biuniquely a stochastic semigroup {T,} satisfying (5.13)
such that (5.4) holds.

Proof. We need only prove that (5.5)—(5.7) and (5.13) are suf-
ficient, since the necessity of these conditions has already been discussed.
Given {7T,} we define

(5.14) oz, t, B)=H.T,E.

Condition (5.13) implies, by Theorem 6, that T,E is in L*. Hence,
(5.2). (5.1) follows from (5.5), (5.6), and (5.14). (5.3) is a direct result
of (5.7), (5.14), and

(5.15) FT&E=§ HT,EdF(@) .
X

which results from T,E being in L*. Finally, (5.4) follows from (5.14)
and (5.15).

For the space B we have the following.

THEOREM 9. Suppose (5.4) defines a stochastic semaigroup of opera-
tors on R. Then the following conditions are equivalent:

(i) oz, t, E) is continuous at x of p(z, t, bdy E)=0.

(ii) T, %s continuous in the topology of regular convergence.

(iii) If f 4s a bounded, continuous function, then so is T,f.

Proof. The equivalence of (ii) and (iii) follows directly from
Theorem 7.

Given (ii), let =, converge to = in X. Then H,, converges regularly
to H, so H,, T, converges regularly to H,T,. Thus, H,,T,E converges
to H,T.KE if HT,(ody E)=0. This, through (5.14), gives (i).

Given (i), consider positive measures such that F, converges regu-
larly to #. Let FT,(bdy E)=0. Then (5.4) implies p(z, ¢, bdy E)=0
except for  in D, where F(D)=0. Let f(x)=»(w, ¢, E). By (i), f is
continuous almost everywhere relative to F. Thus, condition (ii) of



490 SOLOMON LEADER

Theorem 4 applied to (5.4) gives lim F,T,E=FT,E. So F,T converges
regularly to F7. [Hence, (ii).
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