Mathematica Aeterna, Vol. 2, 2012, no. 5, 389 - 408
Passage to the limit in [ f,du,
Andriy Yurachkivsky

Taras Shevchenko National University, 01601 Kyiv, Ukraine
yap@univ.kiev.ua

Abstract
Let (X, X) be a measurable space, ji1, 2. ..; i be signed measures
on X and fy, fa...; f be X-measurable functions on X. Several sets of

sufficient conditions for f fndptn — f fdp and f fndpn— f fdu, — 0 are
found. Two statements do not contain topological assumptions and are
generalizations of the dominated convergence theorem; others concern
topological spaces. Furthermore, a theorem about passage to the limit in
[ dvn(s) [ fu(s,z)¥n(s,dz) is proved and applied to evolution equations
for measures.
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Introduction
Let (X, X) be a measurable space, i1, fio .. .; i be signed measures on X and
fi, fo-..; f be X-measurable functions on X. The main goal of the article is

to find sufficient conditions for [ f,du, — [ fdw or [ fudp, — [ fdu, — 0.
Two general results of this sort are proved in Section 2. They do not contain
topological assumptions and generalize the dominated convergence theorem.
Both contain the condition

Vo> 0 lim o s |fu(e) = F@)] > 2} =0

which is not easily verifiable unless all the p,’s coincide (in which case this
condition means that the sequence (f,,) converges to f in measure |u|). So in
the remaining part of the article we search coarser but more efficiently verifiable
conditions.

The Baire and the Borel o-algebras in a topological space X will be denoted
By(X) and B(X), respectively. It is well known that By(X) C B(X) and the
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equality is attained if X is metrizable (or, more generally, completely normal).
Recall that a topological space X is called Polish if it is separable and there
exists a metric p in X inducing the original topology and such that the metric
space (X, p) is complete.

In our approach, some of the conditions justifying passage to the limit
under the sign of integral are of topological nature. In particular, beginning
from a certain place, X is a topological space and X = By(X). This opens
the gate to the key condition of weak convergence of a sequence of signed
measures. This condition enters all final results in Sections 3 — 6. The other
conditions are of two sorts: measure-theoretical (they concern both (f,) and
(i) and are cognate to uniform integrability); topological (concerning only
the functions). In Section 3, we consider functions on a Polish space and
proceed from the recently discovered by Bogachev generalization, for signed
measures, of Prokhorov’s theorem. In Section 4, we deal with functions on
a topological space which is not assumed metrizable (but may be subject to
some other assumptions, e.g. first-countability). In this setting, the Prokhorov
— Bogachev theorem is no more applicable, so one would not expect such nice
sets of conditions as in Polish spaces. Nonetheless, they are the same as in
the previous section, plus the extra demand that the pre-limit functions are
continuous, — but the theorems are proved quite differently. The rationale is
based on two fundamental facts discovered by Alexandroff 1] and suitably for
our purposes modified by Bogachev [2].

In Section 5, we prove that, under rather general assumptions, weak con-
vergence of sequences (u,) and (v,) implies weak convergence of (i, ® v,).
These statements turn out simple consequences of the results of the previous
sections.

In Section 6, we derive, relying on the results of Sections 3 — 5, sufficient
conditions for passage to the limit in [ du,(s) [ fu(s, 2)¢,(s,dz) and give an
idea how such results can be used for studying evolution equations for mea-
sures.

1 Preliminaries

Let us recall some definitions. A sequence (u,) of signed measures on a o-
algebra X C 2% is called uniformly bounded in variation if sup |u,|(X) < oco.

Let X be a topological space. They say that a sequence (1,,) of signed measures
on a o-algebra X C 2% containing By (X ) weakly converges to a signed measure

1 if the relation
[ o [ ran 1)
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holds for every bounded continuous function f on X. A sequence (u,) of
signed measures on the Borel g-algebra of a topological space X is called
uniformly tight if for any € > 0 there exists a compact set K € B(X) such that
sup |, |(X \ K) < € (so it is clear what is a tight signed measure on B(X)).

n
A sequence in an arbitrary set endowed with convergence (topological, ordinal

or defined descriptively, as just above) is called relatively compact if each its
subsequence contains, in turn, a convergent subsequence.

Proposition 1.1. Fvery weakly convergent sequence of signed measures is
uniformly bounded in variation.

This is a particular case of Proposition 8.1.7 in [2] which is, in turn, an
easy consequence of the Banach — Steinhaus theorem.
We shall use the following generalization of Prokhorov’s theorem.

Theorem 1.2 ([2, Theorem 8.6.2]). In order that a sequence of signed mea-
sures on the Borel o-algebra in a Polish space be relatively compact w.r.t. the
weak convergence it is necessary and sufficient that it be uniformly bounded in
variation and uniformly tight.

From now on we abridge the term “signed measure” to “measure”. If
(X, X) is a measurable space (it will be implied tacitly that X = By(X) in
case X is a topological space), then the collection of all measures on X will be
denoted M(X).

Recall that a set F' C X is called functionally closed if there exist a real
number ¢ and a continuous function f: X — R such that F' = {z: f(x) > ¢}
(a formally different but obviously equivalent definition is given in [2, Sec.
6.3]).

Proposition 1.3. Let X be a topological space and (u,) be a sequence in
M(X) such that for any h € Cy(X) the sequence (f hd,un) converges. Let,
further, (Z,) be a sequence of pairwise disjoint functionally closed subsets in

X such that for any J C N the set \J Z, is functionally closed. Then
neJ

lim sup [/ (Z,) = 0. (2)
n—o0 k

This is Proposition 8.1.10 [2] minus the assumption, not used in the proof,
that the limit of ([ hdu,) has the form [ hdu. That statement is, in turn,
a slight modification of Theorem 19.2 [1]. The latter concerns more general
than signed measures entities called in [1] charges and does not contain the
above-mentioned assumption (which in [1] need not be an assumption, because
it is the conclusion of Theorem 19.3).
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Proposition 1.4. Let X be a topological space and (p,) be a sequence in
M(X) such that equality (2) is valid for every sequence (Z,) satisfying the
assumptions of Proposition 1.3. Then

lim sup |jue] (F) = 0 (3)

n—00
for every sequence (F,,) of functionally closed subsets in X such that F,, 0.
This is Proposition 8.1.12 [2] and a slight modification of Theorem 19.1 [1].

Corollary 1.5. Let X be a topological space and (p,) be a sequence in
M(X) such that for any h € Cy(X) the sequence ([ hdpu,) converges. Then
equality (3) holds for every sequence (F,) of functionally closed subsets in X
such that F,, 0.

For arbitrary d € N, b € C* and N > 0 we denote bV = N]X?b‘. For a
function g : X — C? we write g!N(x) instead of g(z)¥. All the functions

under consideration are meant C%valued.

Lemma 1.6. Let X be a topological space, X be a o-algebra such that
By(X) Cc X C 2% and (u,) be a sequence of measures on X weakly converg-
ing to a measure u. Let, further, (f,) and f be a sequence of X-measurable
functions on X and a continuous function on X such that

[ 15l dlnal <o, (@)

=0, ()

. - [N
i \ [ o) e
/ 1l i < o0 (6)

and the equality
1m¢/ ﬂvdu' (7)

holds for all N > 0. Then
[ i [ e (8)

Proof. From (6) we have by the dominated convergence theorem
J(If1 = N)id|p| = 0 as N — oo, which together with the evident inequality
1BINT — b| < ([b] — N)4 yields

Jin [ 1%~ gl o )
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Writing

/fndun /fdu / — /MY dy,, +/(f£N]—f[N})dun
+/f[N}dMn_/f[N]du+/(f[N]_f) du,

we get from (7), continuity of f and weak convergence of (u,) to p

hm‘/fndun /fdu'<hm'/ 7y du‘ J 17 £,

hereupon (8) emerges from (5) and (9). O

A pair (X, cnvr), where X is a nonvoid set and cnvr is a mapping of X
into 2% will be called a convergence space if for each € X the set cnvr |[x]
possesses the properties: (i) (z,2...) € cnvr[z]; (ii) if cnvr[z] contains some
sequence, then it contains all its subsequences; (iii) if (yx) € cnvr[z] and

Tp =Yk &S Ng—1 <N < N,

where ng = 0 and (ng) is a strictly increasing sequence of natural numbers,
then (z,) € cnvr[z]. The last relation will be otherwise written as x, — =
(which does not exclude that z,, — y # x) and read as “(z,) converges to z”,
herein  will be called a (not certainly the) limit of the sequence (z,).

A set in a convergence space will be called sequentially compact (respec-
tively: sequentially precompact) if every sequence of its members has a subse-
quence converging to some point of this set (respectively: of this space).

A sequence (f,,) of functions on a convergence space X will be called asymp-
totically sequentially equicontinuous (briefly: a.s.e.c.) at a point z (respec-
tively: on X, but “on X” will be suppressed) if the relation

falan) = fu(x) =0 (10)

holds for every converging to = sequence (x,,) (respectively: for any z € X and
(x,) € cnvr|z]). We will say that a sequence (f,,) of mappings of a convergence
space X into a convergence space Y converges to f uniformly at a point x
(respectively: firmly converges to f) if the relation

fa(zn) = f(x) (11)

holds for every converging to x sequence (z,) (respectively: for any x € X
and (z,) € cnvr[z]). We will also say that a sequence (f,,) of functions on a
convergence space X locally uniformly converges to a function f if

lim sup | f,(x) — f(x)| = 0

n—o0 reK
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for every sequentially precompact set K C X.

We shall regard any topological space as a convergence one, identifying
tacitly envr[z] with the set of sequences topologically converging to x.

The family of all neighborhoods of a point z in a topological space will be
denoted 7(z). It is a directed set w.r.t. the succession relation D. The limit

of a net ¢ : 7(x) — R will be denoted Ulirr(l : q(U).
eTr(z

The next three statements are obvious.

Lemma 1.7. Let X be a convergence space, x be a point in X, f be a
function on X and (f,) be an a.s.e.c. at x sequence of functions on X such
that

fulz) = f(2). (12)
Then (f,) converges to f uniformly at this point.

Lemma 1.8. Let X be a convergence space and (f,) be an a.s.e.c. sequence
of functions on X pointwise converging to a sequentially continuous function
f. Then it converges to f firmly and locally uniformly.

Lemma 1.9. Let X be a topological space and (f,) be a sequence in (C4)X
satisfying the condition

lim lim sup |fn<x/) — falz)] =0 (13)

Uer(x) n—>00 41 cy

at a point x € X. Then it is a.s.e.c. at x. If, furthermore, (f,) pointwise
converges to f in some neighborhood of x, then f is continuous at this point.

Writing
fn(xn) - f($n> = fn(xn) - fn(x) + fn(x) - f((L’) + f(l’) - f($n>7
we deduce from the last three lemmas

Corollary 1.10. Let X be a topological space and (f,) be a sequence in
(CHX satisfying, for all v € X, conditions (12) and (13). Then f is continu-
ous and (f,) converges to [ firmly and locally uniformly.

2 Theorems without topological assumptions

Denote
H;, ={z € X t|falz) — f(z)| > €}. (14)
The indicator of a set {x : h(z) > N} will be written as [{h > N}.
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Theorem 2.1. Let (X, X) be a measurable space, (u,) be a uniformly
bounded in variation sequence in M(X) and (f,) be a sequence of X -measurable
functions on X. Suppose that

Jin T [ A1) > N} da] = (15)
Jm T [ 17110171 > N disa| = 0 (16

and for all € > 0
lim || (HE) = 0, (17)

where HF is defined by (14). Then [ f,du, — [ fdu, — 0.

Proof. Condition (15) implies, obviously, that inequality (4) holds for eventu-
ally all n. Evidently, for any b € C¢ and N > 0 |b— 6| < [b|I{|b] > N}.
So conditions (15) and (16) yield

lim Tm / [ — £ dlpa] =0, (18)

N—o00 n—o0

N—00n—00

lim lim /\f—f[NWde\ =0. (19)

Obviously,
/ LAY FN] ] < el (), / £ V1] Q| < 2N | (FD).
X\Hg Hg

So condition (17) implies that for any positive N and ¢

n—o0

T [ |9~ 7 dlpa] < sup [ (X). (20)

Hence and from uniform boundedness of (u,) in variation we obtain equal-
ity (7) which together with (18), (19) and the identity [ f,du, — [ fdp, =

/ (fn — ’f[LN]> dpn + [ (fy[LN] — f[N}) dpn + [ (f[N} — f) dp, proves the theo-

rem. O

Corollary 2.2. Let (X,X) be a measurable space, (u,) be a uniformly
bounded in variation sequence in M(X), p be a measure on X, (f,) be a
uniformly bounded sequence of X-measurable functions on X and f be an X-
measurable function on X. Suppose that conditions (15), (16), (6), (31) and,
for any e > 0, (17) (with HS defined by (14)) are fulfilled. Then relation (8)
holds.
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In case p, = p condition (17) becomes none other than the demand of
convergence of (f,,) to f in measure |u|, condition (16) becomes a consequence
of (15) and (17) and so does (6). Condition (15) in this case will be, obviously,
fulfilled if there exists a function F' € Ly(X, X, |u|) such that |f,| < F for all
n. Thus both Theorem 2.1 and Corollary 2.2 generalize Lebesgue’s dominated
convergence theorem.

3 Theorems for functions on a Polish space

Theorem 3.1. Let X be a Polish space and (u,) be a sequence in M(X)
weakly converging to a measure u. Let, further, (f,) and f be a sequence of
Borel functions on X and a continuous function on X such that: conditions
(4) — (6) are fulfilled; for any compactum K C X and positive number e

lim [pea (HE 0 ) = 0, (21)
n—o0

where HS is defined by (14). Then relation (8) holds.

Proof. Obviously,

' [ =y dun' < il V) + [ 112 1 .

£
n

The evident inclusion H C HE N K U X \ K and the definition of HE yield
1A= £9] | < 2N (B 0 K) + 2N (X ),
Hg

So condition (21) implies that for any N > 0, ¢ > 0 and compactum K

n—o0

i | [ (729 = 19 ] < <up ] 06+ 2 s ] O ),

Now, equality (7) follows from the properties of (u,) asserted by Theorem 1.2
in the necessity part. Thus all the conditions of Lemma 1.6 are fulfilled and
therefore its conclusion is valid. O

Proposition 3.2. Let X be a Polish space, (1) be a sequence in M(X)
weakly converging to a measure p and (f,) be a uniformly bounded sequence of
Borel functions on X locally uniformly converging to a continuous function f.
Then relation (8) holds and

/ Ll < i [ 1] dlpal. (22)

n—o0
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Proof. Obviously, for any A C H,

al(A) < 7! / = £ L.

Herein
|fo = fl dlpn] < sup | fa(2) = f(@)] - |pa] (X).
HENK zeK
Hence we conclude with account of Proposition 1.1 that local uniform conver-
gence of (f,) to f implies (21) for all compacta K. Now, the first statement fol-
lows from Theorem 3.1, once one has noted that £ = f, as N > sup || fu|lo.

Let us define the signed measures s, and s by 3,(A) = [, fadpy, 2(A) =
J fdp. Then for any h € Cp(X) [ hdse, = [ hfndp, (and the same without
n). So Theorem 3.1 asserts that the sequence (s¢,) weakly converges to s¢. Con-
sequently, |s|(X) < lim |5,|(X). Herein by construction |s|(X) = [ |f| d|u|

n—o0

(and the same with n). O

Proposition 3.3. Let X be a Polish space, (1) be a sequence in M(X)
weakly converging to a measure p and (f,,) be a sequence of Borel functions on
X locally uniformly converging to a continuous function f and satisfying the
condition

inf lim [ [fu|I{]fn] > N}d|p] < oo. (23)

N>0p 00

Then inequality (6) is valid.

Proof. We consider, without loss of generality, that all the functions are R -
valued.

The evident inequality ‘b[lL] - b[QL]‘ < |by — be| and the first assumption
about (f,) show that, for an arbitrary L > 0, the sequence ( fr[LL},n € N)

locally uniformly converges to fIX1. By construction it is uniformly bounded.
Thus Proposition 3.2 asserts that

/ APl < tim [ 5],

n—o0

Herein for any positive L and N < fo <N+ fol{f, > N}, so that

lim ff[LL}d“J’TL‘ < Npl(X) + lm [ foI{f, > N}d|p.|.
n—00 n—o0
Consequently,
[ il < M)+ ti [ £u1{f > Nl

n—o0
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By condition (23) the r.h.s. is finite for some N. It remains to note that, by
the Beppo Levi theorem, [ fd|u| = ]\}im [ ™| p). O
—00

Theorem 3.4. Let X be a Polish space, (1i,) be a sequence in M(X) weakly
converging to a measure p and (f,) be a sequence of Borel functions on X

locally uniformly converging to a continuous function f and satisfying condition
(15). Then relations (6) and (8) hold.

Proof. Noting that condition (15) is stronger than (23), we obtain (6) from
Proposition 3.3.
Condition (15) implies, as was already noted, that inequality (4) holds for

eventually all n. It entails (5), as well <since ’fn — fr[LN]’ <|\full{lfu] > N})

The first assumption about (f,,) implies, as was shown in the proof of Propo-
sition 3.2, that relation (21) holds for all ¢ > 0 and compacta K C X. So
all the conditions of Theorem 3.1 are fulfilled and therefore its conclusion is
valid. ]

Juxtaposing Theorem 3.4 and Corollary 1.10, we obtain

Corollary 3.5. Let X be a Polish space, (,) be a sequence in M(X) weakly
converging to a measure p and (f,) be a sequence of Borel functions on X
pointwise converging to a function f and satisfying conditions (13) (for all
x € X) and (15). Then relations (6) and (8) hold.

4 Theorems for functions on a general topo-
logical space

In this section, X is a topological space. The first result is similar to Theo-
rem 3.1, but without mentioning a set K.

Theorem 4.1. Let X be a topological space and (ji,,) be a sequence in M(X)
weakly converging to a measure u. Let, further, (f,) and f be a sequence of
Baire functions on X and a continuous function on X such that conditions
(4) - (6) are fulfilled and for any e > 0

Tim [y |(H7) = 0, (24)
where HS is defined by (14). Then relation (8) holds.

Proof. Obviously,

/ A FN] ] < el (30, / £ V] ] < 2N | (FD).
X\Heg HE,
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So condition (24) implies that for any positive N and ¢

T \ [ 02— ) | < <sup (),

n—o0

Hence and from uniform boundedness of (u,,) in variation asserted by Proposi-
tion 1.1 equality (7) follows. Thus all the conditions of Lemma 1.6 are fulfilled
and therefore its conclusion is valid. O

Theorem 4.2. Let X be a topological space and (ji,,) be a sequence in M(X)
such that for any h € Cy(X) the sequence (f hd,un) converges. Then the re-
lation [ |gn| d|pn] — 0 holds for every uniformly bounded pointwise converg-
ing to zero sequence (g,) of continuous functions such that all the functions

sup |gx|, n € N, are continuous.
k>n

Proof. Proposition 1.1 asserts existence of a constant C' such that

sup |1n] (X) < C. (25)

Let us fix ¢ > 0 and denote h, = sup|gi|, Fr, = {x : h,(z) > ¢/C}.
k>n

By assumption each h, is a continuous function, so each F, is a functionally
closed set. The sequence (F},) decreases, since so does, by construction, (h,).

Obviously,
N F. = {x: T [ga(2)] > 5}.
et n—oo C

Pointwise convergence of (g,) to zero implies that the r.h.s. of this equality is
the empty set. Thus F,, N\ (). Hence and from the assumption about (u,) we
have by Corollary 1.5

|kl (F) — 0. (26)
Writing

[ il < [ il + gl Dl ()
X\F,UF, X\F,

< el (X) + [lgnlloo Ll (F2)

and taking to account (25), (26) and uniform boundedness of (g,), we get
lim [ [gn|d|pn| < e. O

We will say that a set is an additive lattice if it is both a commutative
group and a lattice with translation-invariant order.

Lemma 4.3. Let aq,as, by, by be arbitrary members of an additive lattice.
Then |CL1 V bl —ay V bg| S ‘CLl — CLQ‘ V |bl — bg‘
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Proof. 1t suffices to to prove that a; V by — as V by < |ag — as| V [by — bol.
To this end we write a; V by —as V by = (a1 — (ag V be)) V (b1 — (as V b)),
al—(ag\/b2)§a1—a2§\al—a2|, bl—(CLQ\/b2>Sbl—bgg‘bl—bﬂ. ]

Lemma 4.4. Let x be a point in X and (vr) be a pointwise bounded sequence
in (CHX such that

lim sup sup |px(2") — @r(z)| = 0. (27)
ver@ K areu

Then the function f = sup || is continuous at x.
k

Proof. Denote f,, = |¢1] V...V |pn|. The sequence (f,,) pointwise converges to
f. So, to deduce the desired conclusion from Lemma 1.9 it suffices to verify
condition (13).

Writing on the basis of Lemma 4.3

(@) = fa(@)] <\ lon(a’) = ou(@)],

we get
sup | fu(2') = fu(2)] < \/ sup |pi(2’) — @(x)],
z'eU k=1 z'eU
whence
lim sup sup | fu(2') — fu(2)] = 0. (28)
Uer(z) n gz'eU
Thus (27) entails (13). O

Theorem 4.5. Let X be a topological space, (i) be a sequence in M(X)
weakly converging to a measure u, (f,) and f be a sequence of functions on X
and a function on X satisfying conditions (4) — (6). Suppose also that for any
re X and N >0

lim sup sup [ £ (2) = £ (@) =0 (29)

Uet(z) n z/'cU
and condition (12) is fulfilled. Then relation (8) holds.

Proof. Denote gV = fIN — fIM_ Condition (12) implies that the sequence
(V]

( n,n € N) pointwise converges to fIM, which together with (29) entails
continuity of fIV and the relation

: NN | N _
2 2 ok @Ol el | =0
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for all z € X and n € N. By construction the sequence (¢, n € N) is uni-

formly bounded. So Lemma 4.4 applied to ¢ = ‘ gﬁrn_l} asserts that all the

functions sup ‘ g¥|, n € N, are continuous, hereupon Theorem 4.2 asserts that
k>n

[ gNdun —;0, which together with weak convergence of (u,,) to p yields

/fiLN]dun—)/f[N]du as n — oo.

This relation together with condition (5) and relation (9) derived above from
condition (6) entails (8). O

The next statement is obvious.

Lemma 4.6. Relation (28) at a point v € X entails (29) (for any N > 0)
and is tantamount to (13) at x plus continuity of all the functions at this point.

The following three statements ensue from Theorem 4.5, with account of
Lemma 4.6, in the same way (with obvious technical changes) as Proposi-
tion 3.2, Proposition 3.3 and Theorem 3.4 were derived from Theorem 3.1.

Proposition 4.7. Let X be a topological space, (11,,) be a sequence in M(X)
weakly converging to a signed measure p and (f,) be a uniformly bounded
sequence of continuous functions on X pointwise converging to a function f
and satisfying condition (13). Then relations (8) and (22) hold.

Proposition 4.8. Let X be a topological space, (p1,,) be a sequence in M(X)
weakly converging to a measure p and (f,) be a sequence of continuous func-
tions on X pointwise converging to a function f and satisfying conditions (13)
and (23). Then inequality (6) is valid.

Theorem 4.9. Let X be a topological space, (i) be a sequence in M(X)
weakly converging to a measure p and (f,) be a sequence of continuous func-

tions on X pointwise converging to a function f and satisfying conditions (13)
(for all z € X ) and (15). Then relations (6) and (8) hold.

Theorem 4.9 is the analog, for functions on a general topological space,
of Corollary 3.5 (with the additional condition of continuity of the pre-limit
functions). The next four statements will allow us to modify, for a class of
topological spaces, this theorem, making it more alike to Theorem 3.4.

Lemma 4.10. Let x and (f,,) be a point in X and a sequence in (CH)X such
that, firstly, relation (13) fails and, secondly,

N U=\t (30)
Uer(x) k=1

for some decreasing sequence (Uy) in 7(x). Then there exists a sequence (x,) €
cnvr(z] such that (10) fails.
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Proof. Note first that the limit of every subnet of a decreasing net is not less
than the limit of the whole net. So the assumptions of the lemma imply
existence of a positive number ¢ such that

lim sup |fu(2') — fu(@)] > c

n—o0 ZBIEUk

for all £ € N. Consequently, there exist a strictly increasing sequence (ny) of
natural numbers and a sequence (y;) € X" such that y;, € Uy (and therefore
yr — x by condition (30)) and |f,, (yx) — fa, ()| > c. It remains to note that
Yp = Ty, Where x, =y as nu_1 < n < n, (ny = 0), so that (x,) also
converges to . O

Corollary 4.11. Let X be a first-countable topological space and (f,) be a
sequence in (CH)X such that relation (10) holds for every x € X and (x,) €
covrlz]. Then relation (13) holds for all z € X.

We will say that a topological space is locally sequentially compact if each its
point has a sequentially precompact neighborhood. The following statement
is obvious.

Lemma 4.12. Let X be a first-countable locally sequentially compact topo-
logical space and (f,,) be a sequence in (C4)™ locally uniformly converging to a
function f. Then relation (10) holds for every x € X and (z,) € cnvr[z].

Juxtaposing Lemma 4.12 and Corollary 4.11, we get

Corollary 4.13. Let X be a first-countable locally sequentially compact
topological space and (f,) be a sequence in (C)X locally uniformly converg-
ing to a function f. Then for any x € X condition (13) is fulfilled.

Theorem 4.9, Lemma 4.6 and Corollary 4.13 yield

Theorem 4.14. Let X be a first-countable locally sequentially compact topo-
logical space, (i) be a sequence in M(X) weakly converging to a measure p
and (fn) be a sequence of continuous functions on X locally uniformly con-

verging to a function f and satisfying condition (15). Then relations (6) and
(8) hold.

5 Sequential continuity of direct multiplica-
tion of signed measures

The following byproduct of Theorem 4.9 is interesting on its own right.
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Theorem 5.1. Let X and Y be topological spaces, (u,) and (v,) be se-
quences in M(X) and M(Y), respectively, weakly converging to measures ji
and v, respectively. Suppose also that for any positive € there exists a compact
set K € By(Y') such that v, (Y \ K) < ¢ for alln. Then the sequence (fi, @ vy,)
weakly converges to p ® v.

Proof. Let us fix g € Cp(X x Y) and denote

fulz) = / oo y)aldy), flz) = / 9z, y)v(dy).

By Fubini’s theorem [[ gdp,dv, = [ f,du, and the same without n, so all we
need is to establish relation (8).

By the choice of g and due to weak convergence of (v,) to v the se-
quence (f,) pointwise converges to f. Herein by construction |f,| < M, =
19|00 |Va] (Y) and therefore

FulT{ful > N} < N1022, / FalT{fal > Nydia] < N~ M2} (),

These inequalities together with asserted by Proposition 1.1 uniform bound-
edness in variation of (u,) and (v,) entail (15).
By construction for any B € By(Y)

[fn(a) = fu(@)] < 2[|glloclrnl(Y\ B) + |va|(Y) sup (=", y) — g(x, ).

So, to deduce (13) from the last assumption of the theorem and uniform bound-
edness in variation of (v,) it suffices to show that

lim sup max|g(2’,y) — g(z,y)| =0 31
oo sup max |g(x',y) = g(z, y)| (31)

for every z € X and compact set K C Y.

Assume the contrary: there exist a point x € X, a compact set K C Y,
a positive number a and, for each U € 7(x), points z(U) € U and y(U) € K
such that

9(z(U),y(U)) = g(z,y(U))| > a. (32)
By the construction of the net U — z(U)

x(U) - x as U runs through 7(x). (33)

Compactness of K implies existence of a cofinal subset & C 7(x) and a point
y € K such that

y(U) —y as U runsthrough U. (34)
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From (33) and cofinality of & we have x(U) — x as U runs through U, which
together with the previous relation and continuity of g yields g(x(U),y(U)) —
g(x,y) as U runs through #. Comparing this with (32), we get |g(z,y(U)) —
g(x,y)| > a for all U € U, which in view of (34) contradicts to continuity of
g. Thus we have proved relation (31). Now Theorem 4.9 whose conditions we

have verified asserts (8). O
Corollary 5.2 (from Theorems 5.1 and 1.2). Let X7, ..., X; be Polish spaces
and let, for each i € {1,...,1}, (u’,n € N) be a sequence of signed measures

on B(X;) weakly converging to a signed measure pt. Then the sequence (uk ®
... @ ul,n € N) weakly converges to u* @ ... @ .

6 Passage to the limit in [ dv,(s) [ f,.(s, ), (s, dx)

Let (X, X) be a measurable space (it will be implied tacitly that X = By(X)
in case X is a topological space). For a mapping ¢ : T'x X — C, where T is a
nonvoid set, and for a point s € T', we denote W(s) = (s, -), which will be not
explained repeatedly. If X is a topological space, then, equipping M(X) with
the weak convergence, we convert the latter into a convergence space. If herein
T is a convergence space, then we substitute, for M[(X)-valued functions on T,
the term “firm convergence” introduced in Section 1 by the more minute one
“firm weak convergence”.
The following statement is immediate from Corollary 5.2

Corollary 6.1. Let X, ..., X; be Polish spaces and let, for eachi € {1,...,1},
(Ve n € N) be a sequence of M(X;)-valued functions on some set (the same
for all i) firmly weakly converging to some M(X;)-valued function W'. Then
the sequence (V! @ ... ® Wl n € N) weakly converges to ' @ ... @ W'

Lemma 6.2. Let X be a Polish space, T be a nonvoid set, s be a point in
T, (sn) be a sequence in T and W, Wy, Wy ... be M(X)-valued functions on T
such that the sequence (V,(s,)) weakly converges to W(s). Then the relation

/ (52 (5, d) = / g(s, ) (s, dx) (35)

holds for every bounded function g on T x X such that: g(sp,x,) — g(s,x) for
any x € X and (x,) € cuvr[z]; g(s,-) € C(X).

Proof. The first assumption about g implies, obviously, that
lim sup |g(sn, z) — g(s,z)| =0
n—oo zeK

for any sequentially precompact set K C X. Now, relation (35) follows from
the second assumption about g and the assumption about (V¥,) by Proposi-
tion 3.2. 0
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Referring in the proof of Lemma 6.2 to Theorem 4.14 instead of Proposi-
tion 3.2, we modify that lemma as follows.

Lemma 6.3. Let X be a first-countable locally sequentially compact topo-
logical space, T' be a nonvoid set, s be a point in T, (s,) be a sequence inT and
U Wy, Wy ... be M(X)-valued functions on T such that the sequence (¥, (s,))
weakly converges to W(s). Then relation (35) holds for every bounded function
g on T x X such that: g(sp, ) — g(s,x) for any x € X and (z,) € cavr[z];
g(sn,-) € C(X), neN.

Corollary 6.4. Let X be either a Polish space or a first-countable locally
sequentially compact topological space, T be a convergence space and (V) be a
sequence in M(X)T firmly weakly converging to some ¥ € M(X)T. Then the
relation

sup —0

s€Q /g(s’x)w"(s’dx) —/g(s,x)w(s,dx)

holds for every sequentially precompact set Q C T and bounded sequentially
continuous function g on T x X such that for any s €T g(s,-) € C(X).

Proof. For any z € X,s € T and (s,,) € cnvr[s] we have g(s,,x) — g(s,z) due
to sequential continuity of ¢ in the first argument. Hence and from bounded-
ness of g we get by the dominated convergence theorem [ g(s,,z)y(s, dz) —
[ g(s,x)1(s,dx), which together with relation (35) asserted by Lemma 6.2 (if
X is a Polish space) or by Lemma 6.3 yields

/Q(Sn,x)iﬁn(sn,dx) - /g(sn,x)w(s,dm) — 0.

And this is, since s € T and (s,) € cnvr[s] are arbitrary, tantamount to the
conclusion of the corollary. O

Let (T, T) and (X, X) be measurable spaces (it will be implied tacitly that
T = By(T) in case T is a topological space). A mapping ¥ : " — M(X) such
that for each h € Lo(X, X) the function [ h(z)y(-,dx) is T-measurable will
be called a transition measure on T'x X. Obviously, for any transition measure
U on T x X and function g € Loo(T x X, T ® X) the function [ g(-, z)¥(-, dz)
is T-measurable, too.

Lemma 6.5. Let X be either a Polish space or a first-countable locally
sequentially compact topological space, T be a Polish space, v, be a sequence in
M(T') weakly converging to some v € M(T), (V,,) be a sequence of transition
measures on T x B(X) firmly weakly converging to some transition measure W
and g be a bounded continuous function on T x X. Suppose also that

sup sup < 00 (36)

n seT

[ sts.pvuts.o)
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and the function [ g(-,x)y(-,dx) is continuous. Then

[ntas) [ ats.opintsdn) » [vias) [gts.oppisdo. (57

Proof. Denote h,(s) = [ g(s,x)¢,(s,dx), h(s) = [g(s,z)i(s,dz). Bound-
edness of ¢g and condition (36) imply uniform boundedness of the sequence
(hy). Corollary 6.4 asserts local uniform convergence of (h,) to h. This func-
tion was assumed continuous. So (37) is, up to notation, the conclusion of
Proposition 3.2. 0

Lemma 6.6. Let X be either a Polish space or a first-countable locally
sequentially compact topological space, T be a sequentially compact convergence
space and (¥,) be a sequence in M(X)T firmly weakly converging to some
U e M(X)T. Then inequality (36) is valid for every bounded sequentially
continuous function g on T x X such that for any s € T g(s,-) € C(X).

Proof. 1f (36) is wrong, then, due to sequential compactness of T', there exist
g € Cp(T x X), an infinite set J C N and a convergent sequence (s,,n € J)
in 7" such that Ug(sn,x)wn(sn,dx)} — o0 asn — oo, n € J. And this
contradicts to relation (35) asserted by Lemma 6.2 (if X is a Polish space) or
by Lemma 6.3. U

Lemmas 6.5 and 6.6 yield together

Corollary 6.7. Let X be either a Polish space or a first-countable locally
sequentially compact topological space, T be a compact metrizable topological
space, vy, be a sequence in M(T) weakly converging to some v € M(T) and (¥,,)
be a sequence of transition measures on T x By(X) firmly weakly converging to
a transition measure W. Then relation (37) holds for every bounded continuous
function g on T x X such that the function [ g(-,z)(-,dx) is continuous.

Theorem 6.8. Assume the following: X is a Polish space, T is a compact
metrizable topological space; (v,) is a sequence of measures on B(T) weakly
converging to a measure v; (V,,) is a sequence of transition measures on T X
B(X) firmly weakly converging to a transition measure W such that for any
g € Co(T x X) the function [ g(-,z)(-,dx) is continuous; (f,) is a sequence
of Borel functions on T x X such that

N—o00 n—00

lim T [ al(ds) [ (s, o)1 fuls )] > N} [il(s,d0) =0 (39
f is a continuous function on T x X such that for any compactum K C X

lim sup |fu(s,z)— f(s,x)]=0. (39)

N0 (s )eTx K
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Then
/ 1v](ds) / (s, )] [](s, dz) < oo (40)

and

[ @) [ futsiznts.dn) + [ods) [ ssopisan. @

Proof. Let us define the measures p,, and p on B(T) @ B(X) by p,(S x A) =
Jg Vn(ds)thn(s, A) (likewise without n), so that for every bounded Borel func-
tion g on T' x X

[ ot = [nias) [ots.opnisdn) (o= (s.)

Corollary 6.7 asserts weak convergence of (p,,) to p.

Relations (15), (6) and (8) for thus defined p,’s turn into (38), (40) and
(41), respectively. Condition (39) amounts to local uniform convergence of
(fn) to f. So (41) is asserted by Theorem 3.4, if one substitutes in it = by
(s,z) and X by T" x X. O

Remark 6.9. Referring to Theorem 4.1/ instead of Theorem 3.4, we obtain
the modification of Theorem 6.8, where X is a first-countable locally sequen-
tially compact topological space, K in (39) is a sequentially precompact set and
all the functions f,, are assumed continuous.

Denote LBV the class of all real-valued right-continuous functions on R,
starting from zero and having finite variation in each interval. Every F' € LBV
uniquely determines the signed measure p on B(R,) whose value on [0, s
equals F'(s). Let cont(F) denote the set of continuity points of F'. We will
say that a sequence (F),) in LBV basically converges to F' € LBV if, firstly,
F,.(s) — F(s) at every point s € cont(F') and, secondly, sup f(f |dF,(s)] < oo

for all t € Ry. By Proposition 8.1.8 [2] these properties of (F,,) imply that for
any t € cont(F) the sequence of the corresponding signed measures on B(|0, t])
(not on B(R,)!) weakly converges to p.

The following statement is immediate from Theorem 6.8 and Corollary 6.1.

Theorem 6.10. Let X be a Polish space, E be a topological vector space,
0: X =5C0V:X — E and x : X? — E' be continuous (w.r.t. the vague
topology in E') mappings. Let, further, for each n € N a transition measure
U, on Ry x B(X) satisfy the equation

[e@uatt.dn) = [e@u. 0.0+ [ AR [ 9@ (s, a)ins,do)

0

v 4G () [ <t pbats.zgyints. daints.ay). (12)



408 Andriy Yurachkivsky

where F,, € LBV, G, € LBV, a,: Ry x X — E is a B(R,) ® B(X)|By(FE)-
measurable mapping and b, : Ry x X? — E is a B(R,)@B(X)QB(X)|By(E)-
measurable mapping. Suppose that there exist a transition measure W on
R, x B(X), continuous functions F' € LBV, G € LBV and continuous map-
pingsa: R, x X — E, b:R, x X? — F such that: the sequence (V,,) firmly
weakly converges to V; the sequences (F,,) and (G,) basically converge to F
and G, respectively; for any t > 0 and compactum K C X

lim sup |d(x)a,(s,x) — I z)a(s,z)| =0, (43)

n—=0 3t xeK

Jim - sup X (2, y)ba(s, 2, y) — x(2,9)b(s, z,y)| = 0. (44)
z,yeK

Then VU satisfies the equation
[ e@ut.dn) = [ o(@p0.d0) + / AF(s) [ dw)als. 2005, do)
n / aG(s) / / © y)b(s, 2, yb(s, da)(s, dy). (45)

Remark 6.11. If the topology in E is induced by some metric p, then,
obviously, equalities
lim  sup p(an(s,x),a(s,z)) =0, lim sup p(by(s,z,y) —b(s,2,y)) =0

n—00 s<t, xeK n—oo g<y
z,ye K

imply (43) and (44).

To make use of Theorem 6.10 one has to prove relative compactness of (V,,)
w.r.t. the firm weak convergence and to show that the class of triplets (¢, 9, x)
such that equality (42) (and therefore (45)) holds for all ¢ is wide enough to
ensure uniqueness of the solution of equation (45) (more exactly, of the family,
parametrized by ¢, 1 and x, of these equations). Both tasks are quite feasible,
but they require another ample article, with its own concepts and techniques.
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