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Paper No 1.

THE A.S. SKOROHOD REPRESENTATION
FOR SUBSEQUENCES IN NONMETRIC SPACES

Abstract

It is shown that in a large class of topological spaces every uniformly tight sequence
of random elements contains a subsequence which admits the usual a.s. Skorohod
representation on the Lebesgue interval.

1.1 The a.s. Skorohod representation

Let (X, p) be a Polish space and let X;, Xs,... be random elements taking values in X and
converging in distribution to Xo:

In his famous paper [29], Skorohod proved that there exist X-valued random elements Yp, Y7,
Y2, ..., defined on the unit interval ([0, 1], Bjp,1)) equipped with the Lebesgue measure ¢, such
that

the laws of X, and Y}, coincide for n =0,1,2,..., (1.2)
p(Yn(w), Yo(w)) — 0, asn — 4oo, for each w € [0, 1]. (1.3)

Later, Dudley [7] extended the Skorohod representation to separable metric spaces, and
Wichura [38] and Fernandez [10] proved its existence in nonseparable metric spaces, provided
the limit has separable range (see also [8]). The price to be paid was larger space required by
the definition of the representation.

It may be worth to emphasize that if we restrict our attention to convergence in distri-
bution of random elements with tight (or Radon) distributions then even in arbitrary metric
spaces the a.s. Skorohod representation exists in its original shape (on [0, 1]). This is an easy
consequence of the fact that each o-compact metric space can be homeomorphically imbedded
into a Polish space, and of Le Cam’s theorem [20] asserting that in metric spaces any sequence
{pn} of tight probability measures weakly convergent to a tight measure pg is uniformly tight,
i.e. for every € > 0 there exists a compact subset K. such that

pn(Ke) >1—¢e, n=1,2,.... (1.4)

When we leave the safe area of metrisable spaces no result on the a.s. Skorohod represen-
tation seems to be known.
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Let us consider, for example, the weak topology 7, = o(H, H) on the infinite dimensional
separable Hilbert space (H, <, >). Suppose that X,,, n =0,1,... take values in (H, B;,) and
that X,, —p X in this space, i.e.

Ef(X,)— Ef(Xy), asn— +oo, (1.5)

for each bounded and weakly continuous function f: H — IR'.

We cannot find the a.s. Skorohod representation for X,. Suppose, however, that while
checking (1.5) we applied the classical procedure based on the direct Prohorov theorem. This
means we were able to prove that for each € > 0 there is a number K. > 0 such that

P(| X, > K:) <e, n=12,..., (1.6)
(uniform 7,-tightness) and then we identified the limiting distribution, via e.g.

<y, X, > - <y,Xo> , asn— +oo, y € H. (1.7)

Consider the following theorem, which is a particular case of a much more general result
proved in Section 1.2.

Theorem 1.1.1 Let X, Xs,... be uniformly 1,-tight, i.e. satisfy (1.6).
Then there is a subsequence {ny} and H-valued random variables Yy, Y1, ... defined on
([0,1], Bjg13, ) such that
Xp ~Ye, k=12, (1.8)

<y, Yi(w) > — <y, Yo(w) >, ask —o0, we|0,1], y€ H. (1.9)

By the above theorem, if (1.5) and (1.6) hold, then in every subsequence
{Xn, ke one can find a further subsequence {Xnkl}lelNy for which the usual a.s. Skoro-
hod representation on the Lebesgue interval erxists. Let us say that {X, },emn possesses the
a.s. Skorohod representation for subsequences.

Notice that in practice the a.s. representation for subsequences is equally useful as the
“full” representation. Typically one needs the Skorohod representation to prove convergence
in distribution of some functionals of the underlying processes (see [4] for standard examples).
In the simplest case the functional is a measurable mapping, g say, which is a.s. continuous
with respect to the limiting law £(Xp). But it follows from the very definition of the weak
convergence of probability laws that ¢(X,,) —p g(Xo) iff in every subsequence {g(Xy, ) }ren
one can find a further subsequence {g(Xp, )} e converging in law to g(Xo). Hence it is clear
that the a.s. Skorohod representation for subsequences is just what we need.

On the other hand, Fernique [11, p.24-25] gives an example of an H-valued 7,-weakly
convergent (to 0) sequence of random elements with no subsequence being uniformly -
tight. For such sequences our Theorem 1.1.1 cannot be applied. Nevertheless results like
Theorem 1.1.1 work perfectly in cases when weak convergence does imply uniform tightness
(e.g. in spaces of distributions - see Section 1.3) and even in the general case Theorem 1.1.1
may be applied every time we get weak convergence indirectly, i.e. first checking relative
compactness (via uniform tightness and the direct Prohorov’s theorem) and then identifying
limits.

We aim at proving a general result on the existence of the a.s. Skorohod representation
for subsequences, which covers most interesting cases, with emphasis on nonmetric spaces.
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1.2 Topological assumption and main theorem

¢ 9

Let (X, 7) be a topological space. Denote by “ —;” convergence of sequences in topology

7. The only assumption we impose on (X, 7) is quite simple:

There exists a countable family {f; : X — [—1,1]}er of

1.10
T-continuous functions, which separate points of X. ( )

This condition is not very restrictive and possesses several nice consequences, which we list
below together with some comments.

X is a Hausdorff space (but need not be regular). (1.11)

If {z,} C X is relatively compact, and for each i € I f;(zy)
converges to some number «;, then z,, converges to some xg and (1.12)
fz(:(}o) =q4, 1 € 1.

K C X is compact iff it is sequentially compact (and then it is

metrisable). (1.13)

The closure of a relatively compact subset consists of limits of its

convergent subsequences (but still need not be compact). (1.14)

Therefore in the definition of uniform 7-tightness we cannot, in general, replace sequential
compactness with measurability and relative compactness.

Finally, notice that in many cases o(f; : i € II) is just the Borel o-algebra. In any case
compact sets are o(f; : ¢ € II')-measurable and so every tight Borel probability measure on
(X, 7) is uniquely defined by its values on o(f; : ¢ € I). Moreover, every tight probability
measure 4 defined on o(f; : i € II) can be uniquely extended to the whole o-algebra of Borel
sets. Henceif X : (2, F, P) — X is o(f; : i € I)-measurable and the law of X (as the measure
on o(f;:i € ) is tight, then X is Borel-measurable after P-completion of F.

By the last property, we will restrict our attention to random elements X such that
fi(X), i € I, are random variables and the law of X is tight.

Theorem 1.2.1 Let (X,7) be a sequential space satisfying (1.10) and let X1, Xs, ... be X -
valued random elements. Suppose for each € > 0 there exists a compact subset K. C X such
that

PX,eK,)>1—¢, n=12,.... (1.15)

Then one can find a subsequence { X, }rew and X-valued random elements Yy, Y1,Yo, ...
defined on ([0, 1], Bjg 1], ) such that

Xn, ~ Y, k=12,..., (1.16)
Yi(w) — Yo(w), ask— oo, wel0,1]. (1.17)
T
PROOF. Assumption (1.10) gives us the mapping

X3z~ f(z) = (fi(r))ier € [-1,1]7, (1.18)

which is one-to-one and continuous, but (in general) is not a homeomorphism of X onto a
subspace of IRT. Nevertheless f is a homeomorphic imbedding, if restricted to each compact
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subset K C X, and so it is a measurable isomorphism, if restricted to each o-compact subspace
of X.
Let compact sets K, C X be such that K,, C Kyp+1, m=1,2,... and

P(X,€Kp)>1-1/m, n=12,.... (1.19)

Let fi, = £(f(X,)) and K,,, = f(K,»). Define on IR an integer-valued functional

_ f min{m :y e K,} if ye U, Kn
®(y) = { +o0o otherwise. (1.20)
Clearly, ¢ is lower semicontinuous, i.e.
liminf ®(y,) > ®(vo), (1.21)

n—oo

whenever 7, converges in IRY to yo. Further, it follows from (1.19) that ® < +o00 fi,-a.s., for
each n € IN, and that {fi, o ®'} is a tight sequence of laws on IN. By the classical direct
Prohorov’s theorem we may extract a subsequence {ny, }xev such that on the space IRY x IV,

fln, o0 t—=yy, ask— oo,

where W(y) = (y, ©(y)).
We need a slight refinement of the original Skorohod construction [29, Lemma 3.1.1].

Lemma 1.2.2 Let S and S’ be Polish spaces, and let ® : S — S’ be measurable. Suppose

(Xn ®(Xa)) —> (X0,¥p) onSx 8. (1.22)

Then there exist random elements X, X{, X5,... (inS) and Yy (in S’) defined on the standard
probability space ([0, 1], Bjg 11, £) and such that

L(Xo,Yy) = L(Xo,Y0); (1.23)
LX) = L(Xn), n=12..; (1.24)
(X (W), 2(X (W) — (Xpw),Yg(w)) inSxS, (1.25)

for L-almost all w € [0, 1].

ProoOF orF THE LEMMA. This is an immediate consequence of the fact that for random
elements with values in a separable metric space, the equality (X,Y) ~ (X, ®(X)) implies
Y = ®(X) a.s. (for details and the proof of a fact similar to Lemma 1.2.2 we refer to [34]). O
PROOF OF THEOREM 1.2.1 (CONTINUED). By Lemma 1.2.2 we find an IR”-valued represen-
tation X}, such that

(X,;(w), @(X,;(w))) — <X6(w), Yo’(w)) t-a.s., as k — oo, (1.26)

and
L(X})=L(f(X,,)), k=1,2,.... (1.27)

Since Yjj(w) < 400 f-a.s., we have also

sup (X}, (w)) < +oo, f-as. (1.28)
k
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This implies that for f-almost all w, points X p(w), k=1,2,... remain inside a compact set
Kp(w) = [(Kp))- Hence also X((w) € Koy, and moreover,

X)) — [ (Xp(w)).

T

Redefining (if necessary) X, on set [ Jpe o (X}) ™! ( Mooy f(ﬁl) of f-measure 0, we obtain the de-

sired Skorohod representation for subsequence X, in the form Y, = f‘l(X,’C), k=0,1,2,....
Notice that the distribution of Yj is tight: since ® is lower semicontinuous we have

P(X|(w)) <Yy as.,
and so

PYo ¢ Ki) = P(fll(X(l)) Z Km)
= P(®(X]) >m)
P(Yy>m)—0 asm — +oo. 0

A

1.3 Some examples

Clearly, Theorem 1.1.1 is an example of application of Theorem 1.2.1. One can go further in
this direction.

Theorem 1.3.1 Let E be a separable Banach space and let E' be its topological dual. If
X1, Xo,... are E'-valued random elements such that the sequence {||X,||} of real random
variables is bounded in probability, then along some subsequence {ny} there exists the Skorohod
representation Y, k=0,1,2,... such that

<z, Yip(w)> — <z,Y(w)>, ask—o00, z€FE, wel01]. (1.29)

Somewhat different results arise when we consider S’-valued (or D’-valued) random ele-
ments or, more generally, random elements with values in the topological dual to a Frechét
nuclear space (or to the strict inductive limit of a Frechét nuclear spaces).

For the sake of brevity we will formulate here results for the simpler case only. Let ® be
a Frechét nuclear space (see e.g. [28]). Let || -]l1 < || |l2 < ... be an increasing sequence of
Hilbertian seminorms defining the topology on ®. Denote by (®,,| - ||,) the Hilbert space
arising by completion of the quotient space ®/|| - ||, and by (®_,,, || - [|-,) the topological dual
of (®p, || - [lp). After obvious identification, ®_, is a subset of &' and &' = [J;2, @' ,. @ is
equipped with the strong topology 3, which on every ®_,, is strictly weaker than the Hilbert
topology of the norm || - |—,. The point is that the convergence of sequences in topology [
may be defined in the following way:

Tn > %0 iff ||z, — 20]|—p — 0, as n — +oo, for some p € IN. (1.30)
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Theorem 1.3.2 Let &' be the topological dual of a Frechét nuclear space ® and let X1, Xo, . ..
be random elements with values in ®'. Suppose that for every ¢ € ® random variables
< ¢, Xy >, n = 1,2,... are uniformly tight. Then there exists a subsequence ny and the
Skorohod representation Yy, Y1,Ya, ... for this subsequence such that for each w € [0,1] one
can find a number p(w) € IN with the property that

[Yi(w) = Yo(w) | —py — 0, as k — oo. (1.31)

PRrROOF. Standard arguments of the Minlos-Sazonov-type (see e.g. [22] or [11]) show that
in & “weak uniform tightness” implies usual uniform tightness: for each ¢ > 0 there are
numbers ¢. € IV and K. > 0 such that

P(I[Xall—g, < K2) > 1—c. (1.32)
O

Corollary 1.3.3 Any sequence convergent in distribution on 8" or D' admits the a.s. Sko-
rohod representation for subsequences.

PROOF. It is proved in [11] that on &’ or D’ relative compactness (in distribution) is equivalent
to uniform tightness. O

Notice that our Theorem 1.2.1 may be viewed as the strong version of the direct Prohorov’s
theorem. Indeed, if f : X — IR' is bounded and continuous and Yp,Y;,Ys,... form the
Skorohod representation for {X,, }, then

Ef(X,,)=EfY,) — Ef(Yy), asn— +oo, (1.33)

and so L£(X,,) weakly converges to L£(Yp) in the classical sense. But (1.33) holds also for
all sequentially continuous and bounded f! It means that in the nonmetric case the direct
Prohorov’s theorem may give relative compactness in the stronger topology than the original
one. Similar observation can be found in [11] where it was proved that convergence in dis-
tribution on D’ equipped with the weak topology coincides with convergence in distribution
with respect to the strong topology. This is not surprising in view of the fact that convergence
of sequences in the weak topology on D’ (and S’) implies convergence in the strong topology.

The above remarks may also suggest that identifying convergence in distribution with
weak convergence of laws is not completely justified for some quite good spaces. We refer to
Paper II for further discussion on this topic.

Finally let us mention that one of the main motivations to prove Theorem 1.2.1 was to deal
with “really” sequential topology on the Skorohod space ID. The reader may find information
on this non-Skorohod and nonmetric topology in Paper III.

Acknowledgment. The author would like to thank T. Bojdecki, B. Goldys and S. Kwapien for
valuable discussions, which influenced the paper in various ways.



Paper No 2.

A UNIFICATION
OF PROHOROV’S AND SKOROHOD’S IDEAS:
CONVERGENCE IN DISTRIBUTION IN NONMETRIC SPACES

Abstract

A new topology has been defined on the space P(X) of tight probability distribu-
tions on a topological space (X, 7). The only topological assumption imposed on
(X, 7) is that some countable family of continuous functions separates points of
X. This new sequential topology, defined by means of a variant of the a.s. Skoro-
hod representation, is quite operational and from the point of view of nonmetric
spaces proves to be more satisfactory than the weak topology. In particular, in this
topology both the direct and the converse Prohorov’s theorems are quite natural
and hold in many spaces. The topology coincides with the usual topology of weak
convergence in case when (X, 7) is a metric space.

2.1 Convergence in distribution of random elements

It is a traditional point of view that the kind of convergence of probabilities encountered in
weak limit theorems of probability theory is exactly the “weak convergence” of distributions
of random elements, i.e. convergence X,, ——p Xy is defined as

Ef(X,) — Ef(Xo), asn— +oo, (2.1)

for each bounded and continuous function f defined on the space X', in which Xg, X1, ...
take values (f € CB(X)). Since the distributions Px, = P o X, ! are measures on some
o-algebra of subsets of X (usually on the Borel or Baire o-algebras), there is a tendency to
avoid probabilistic formulation and consider an abstract convergence p, = o rather than
(2.1), where p, = 1o means

/ F(&) in (dr) —> / f(z) poldz),  f € CB(X). (2.2)
X X

The most successful step towards the abstract setting was done by Prohorov in his fun-
damental paper [26], and the complete theory when X is a Polish space has been given in
excellent books by Parthasarathy [24] and Billingsley [3]. Within this theory, the crucial
method for proving weak convergence is the following “three-stage procedure”:

1.  Check relative compactness of {puy,}, i.e. whether every subsequence {1, } contains a
further subsequence {Nnkl} weakly convergent to some limit.

7
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2. By some other tools (characteristic functionals, finite dimensional convergence, martin-
gale problem, etc.) identify all limiting points of weakly convergent subsequences {1, }
with some distribution pyg.

Then conclude u, = uo.

It is worth to emphasize that this reasoning is based on the following property of the weak
convergence (obvious, when definition (2.2) is in force):

If every subsequence {/in, } contains a further subsequence {4, } weakly
convergent to fig, then the whole sequence {u,} converges weakly to pp.

(2.3)

The main Prohorov’s contribution was providing a very efficient criterion of relative com-
pactness. Due to the direct Prohorov’s theorem, a family {u;}icy of probability laws on a
metric space (S, Bs) is relatively compact, if it is uniformly tight, i.e. for every € > 0 there is
a compact set K. C S such that

wi(Ke) >1—¢, iel. (2.4)

The converse Prohorov’s theorem states that in Polish spaces relative compactness implies
uniform tightness.

There exist, however, separable metric spaces for which the converse Prohorov’s theorem is
not valid [5], with rational numbers Q being the most striking example [25]. Let us notice that
every probability measure on (Q, Bg) must be tight, and so, by LeCam’s theorem ([20], [3])
weak convergence of probability measures on Q implies uniform tightness. LeCam’s theorem
holds also in arbitrary metric spaces, provided we restrict weak convergence to the space
P(X) of tight probability measures on X'. We may summarize the theory for metric spaces by
saying that in P(X) relative compactness is equivalent to relative uniform tightness, with the
latter meaning that in every subsequence there is a further subsequence which is uniformly
tight.

After leaving the (relatively) safe area of metric spaces, the abstract setting brings many
disturbing problems, even if we remain in the world of random elements with tight distribu-
tions. Let us consider, for example, the infinite dimensional separable Hilbert space (H, <, >)
equipped with the weak topology 7, = o(H, H). It is a completely regular space (for it is a
linear topological space), and since H with the norm topology is Polish, (H, 7,) is also Lusin
in the sense of Fernique (“espace séparé” in [11]). But Fernique [11] gives an example of an
H-valued sequence {X,} satisfying

Ef(X,)— f(0), asn— +oo, (2.5)
for each bounded and weakly continuous function f : H — IR', and such that for each K > 0

lim inf P([| X, || > K) = 1. (2.6)

n—-+o0o

This means that on the space (H,7,) there are weakly convergent sequences (to o = dp in
(2.5)) with no subsequence being uniformly tight. It follows that the approach based on the
direct Prohorov’s theorem is no longer a universal tool for the weak convergence on neither
completely regular nor Lusin spaces.
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Nevertheless, since compacts in (H,7,) are metrisable, the direct Prohorov’s theorem
remains valid in (H, 7,) (see [32]). But again the picture is not clear, since uniform tightness
on (H,1y,), i.e.

lim sup P(|| X,[| > K) =0, (2.7)

K—+oco n

implies relative compactness in topology strictly finer than the topology of weak convergence
of measures on (H, 7,), namely the topology of weak convergence of measures on H equipped
with the sequential topology (7,)s of weak convergence of elements of H. The direct proof
of this fact is not difficult, but it seems to be more instructive to apply Theorem 1.1.1 from
Paper I, which asserts that every sequence satisfying (2.7) contains a subsequence {X,, }
which admits the a.s. Skorohod representation: one can define on the Lebesgue interval
([0,1], Bi,1), ¢) H-valued random elements Y, Y1,. .. such that

Xpo ~ Y, k=12, (2.8)
and for each y € H and each w € [0, 1]
<y, Yi(w) > — <y, Yo(w) >, ask— oo (2.9)

By the last line, for every sequentially weakly continuous function f : H — IR' we have
f(Yi(w)) — f(Yo(w)), w € [0,1], and if f is bounded,

Ef(Xn,) = Ef(Y) — Ef(Yo), ask — cc. (2.10)

One may rise a question whether there is a general notion of convergence in distribution
which on a broad class of topological spaces shares the advantageous properties of the weak
convergence of probability measures on metric spaces with respect to Prohorov’s theorems.

In this paper we suggest a new definition of the convergence in distribution of random
elements with tight laws, == say, which is defined by means of a variant of the a.s. Skorohod
representation:

L == po iff every subsequence {ny} contains a further subsequence

{r,} such that po and {un, : 1 =1,2,...} admit a Skorohod repre- (2.11)
sentation defined on the Lebesgue interval and almost surely convergent

“in compacts”.

(For precise definitions we refer to Section 2.3). Somewhat unexpectedly, this apparently very
strong definition may be applied in most cases of interest, is quite operational and proves to
be more satisfactory from the point of view of nonmetric spaces. In particular, P(X) equipped
with the sequential topology determined by == has the following remarkable properties:

e “relatively compact” set of tight probability measures means exactly “relatively uni-
formly tight” (Theorem 2.3.5, Section 2.3);

e the converse Prohorov’s theorem is quite natural and holds in many spaces (Theorems
2.4.1 — 2.4.5 and 2.4.7, Section 2.4);

e no assumptions like the T3 (regularity) property are required for the space X', what is
very important in applications to sequential spaces (Section 2.2);

e on metric spaces the theory of the usual weak convergence of tight probability distribu-
tions remains unchanged (Corollary 2.3.8, Section 2.3).
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2.2 Topological preliminaries

Let (X,7) be a topological space. Denote the convergence of sequences in 7-topology by

“ —.” and by “75” the sequential topology generated by 7-convergence. Recall that

F C X is 1s-closed if F' contains all limits of T-convergent sequences of

(2.12)
elements of F.
Our basic assumption is:
There exists a countable family {f; : X — [-1,1]};er of (2.13)

T-continuous functions, which separate points of X.

This condition is not restrictive and possesses several important implications which allow
to built an interesting theory. As the most immediate consequence we obtain a convenient
criterion for T-convergence:

If {x,} C X isrelatively compact, and for each i € I f;(x,) converges to

. 2.14
some number «;, then x,, T-converges to some xg and f;(z¢) = oy, i € I. ( )

Assumption (2.13) defines a continuous mapping f:xX— [—1,1] given by formula

f(@) = (fi(2))ien- (2.15)
By the separation property of the family {f;}icr
X is a Hausdorff space (but need not be regular). (2.16)

There is an example of Hausdorff non-regular space, which will be referred to as “standard”
and which is also suitable for our needs: take X = [0,1] and let the family of closed sets be
generated by all sets closed in the usual topology and one eztra set A = {1, %, %, i, ...}. Then
X is not a regular space [18], but still satisfies (2.13).

Let us observe that for any compact set K C X the image f(K) C [-1,17 is again
compact and since K = f~1(f(K)) we get

Every compact subset is o(f; : ¢ € II)-measurable (hence is a Baire
subset of X') and is metrisable.

(2.17)

In many cases o(f; : ¢ € II) is just the Borel o-algebra. In any case every tight Borel
probability measure on (X, 7) is uniquely defined by its values on o(f; : ¢ € I). Moreover,
every tight probability measure p defined on o(f; : i € II) can be uniquely extended to the
whole o-algebra of Borel sets. Hence if X : (Q,F, P) — X is o(f; : i € I)-measurable and the
law of X (as the measure on o(f; : ¢ € II')) is tight, then X is Borel-measurable if we replace
F with its P-completion . In particular, if {f/};cy is another family satisfying (2.13), then
X :(Q,F,P)— X is o(f! :i € I')-measurable.

The above remarks show that our considerations do not depend essentially on the choice of
the family { f; };cr satisfying (2.13). Therefore without loss of generality we may fix some fam-
ily {fi}ier and shall restrict the attention to random elements X such that f;(X), i € I,
are random variables and the law of X is tight, and to tight probability measures
defined on o(f; : i € II). As in Section 2.1, the family of such measures will be denoted by
P(X).
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Every tight probability measure on X is the law of some
X-valued random element defined on the standard probability space (2.18)

([Ov 1]a B[O,l]vg)'

To see this, let us notice that f is one-to-one and continuous, but (in general) is not a
homeomorphism of X onto a subspace of [0, 1]” . Nevertheless f is a homeomorphic imbedding,
if restricted to each compact subset K C X', and so it is a measurable isomorphism, if restricted
to each o-compact subspace of X'. If 1 is a tight probability measure, then it is concentrated on
some o-compact subspace &} of X', and po f ~1 is a probability measure on [0, 1]7, concentrated
on the o-compact subspace f(X;). But it is well-known (see e.g. [4]) that then there exists a
measurable mapping Y : [0, 1] — [0, 1]7 such that

pofl=toy™, (2.19)
and, in particular, Y € f (X1) with probability one. It remains to take any xg € &} and define
X(w) = { FHY (W), ifY(w) e f(X); (2.20)

Tg, otherwise.

Using somewhat subtler reasoning than the one used in the proof of (2.17) we see that for

relatively compact K C X, the set f~'(f(K)) is both a 7-closed subset of X and the closure
of K in the sequential topology 7s. Hence we have

The closure of a relatively compact subset consists of limits of its con-

vergent subsequences (but still need not be compact). (2.21)

Here again the standard example exhibits the pathology signalized in (2.21): the whole space
[0,1] is not compact, but it is a closure of a relatively compact set [0,1] \ A. Remark (2.21)
affects the definition of uniform tightness where we cannot, in general, replace sequential
compactness with measurability and relative compactness. In a similar way as (2.21) one can
prove

K C X is compact iff it is sequentially compact. (2.22)

This in turn implies that

The sequential topology 7 is the finest topology on X in which compact

) (2.23)
subsets are the same as in 7.

To prove (2.23) let us observe first that (X, 75) also satisfies (2.13), for 7-continuity implies
sequential T-continuity and so Ts-continuity. By (2.22) compactness and sequential compact-
ness are equivalent for both 7 and 7,. Since sequential compactness in 7 and 75 coincide, 75
preserves the family of T7-compact subsets. It remains to prove that if 7/ D 7, 7/-compacts
coincide with 7-compacts and F' is a 7'-closed subset, then F is 7s-closed, i.e. satisfies (2.12).
Suppose {z,} C F and z, —,xo. Let K = {x¢,21,x2,...}. Then K is 7-compact, hence
also 7/-compact. In particular, F N K is 7/-compact, hence T-compact, hence sequentially
T-compact, hence zg € KNF C F and F € 1.
The important corollary to (2.23) is

Any uniformly 7-tight sequence of random elements in X" is uniformly

To-tight. (2.24)
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Facts like (2.23) and (2.24) suggest that whenever we deal with uniform tightness (or
Prohorov’s theorem) sequential spaces satisfying (2.13) may be of special importance.

To define an “abstract” sequential topology on X one needs the notion of “convergence”
of sequences.

2.2.1 Basic facts about £- and £*- convergencies

We say that X is a space of type £ (Fréchet, [13]), if among all sequences of elements of
X a class C(—) of “convergent” sequences is distinguished, and to each convergent sequence
{zp }new exactly one point zy (called “limit”: z, — () is attached in such a way that

For every x € X, the constant sequence (z,z,...) is convergent (2.25)
to x. .
If 2, — 29 and 1 < n; < ny < ..., then the subsequence {z,,} con- (2.26)
verges, and to the same limit: z,, — ¢, as k — oc. '

It is easy to see that in the space X" of type £ the statement paralleling (2.12):
F C X is closed if F' contains all limits of “—”-convergent sequences (2.27)

of elements of F.

defines a topology, O(—) say. This topology defines in turn a new (in general) class of
convergent sequences, which can be called convergent “a posteriori” (Urysohn, [37]), in order
to distinguish from the original convergence (= convergence “a priori”). So {z,} converges
a posteriori to xg, if for every open set G € O(—) eventually all elements of the sequence
{zn} belong to G. Kantorowich et al [16, Theorem 2.42, p. 51] and Kisynski [17] proved that
this is equivalent to the following condition:

Every subsequence x,, Zpn,, ... of {x,} contains a further subsequence 998
Ty, s Ty s - - - convergent to g a priori. (2.28)
We see that convergence a posteriori shares property (2.3) with the weak convergence of
measures, i.e. satisfies condition

If every subsequence xy,,, Tp,, ... of {z,} contains a further subsequence
Ty, » Tny, , - - - convergent to xo, then the whole sequence {zn} is conver- (2.29)
gent to xg.

If the L-convergence “—” satisfies also (2.29), then we say that X is of type £* and will de-
note such convergence by “—”. Within this terminology, another immediate consequence of
Kantorovich-Kisyriski’s theorem is that in spaces of type L* convergence a posteriori coincides
with convergence a priori.

It follows that given convergence “—” satisfying (2.25) and (2.26), we can weaken this
convergence to convergence “——” satisfying additionally (2.28), and the latter convergence is
already the usual convergence of sequences in the topological space (X, 0(—)) = (X, O(>)).
At least two examples of such a procedure are well-known:

Example 2.2.1 If “—” denotes the convergence “almost surely” of real random variables
defined on a probability space (€2, F, P), then “ .7 is the convergence “in probability”.
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Example 2.2.2 Let X = IR' and take a sequence ¢, \, 0. Say that x,, — x, if for each
n € IN, |x, — x| < &y, i.e. x, converges to xg at given rate {e,}. Then “2.” means usual
convergence of real numbers.

The following obvious properties of sequential spaces will be used throughout the paper
without annotation:

A set K C X is “—"-relatively compact iff it is “——"-relatively com- (2.30)
pact.

A function f on X is O(=>)-continuous iff it is “——”-sequentially contin-
uous (equivalently: “—"-sequentially continuous), i.e. f(x,) converges (2.31)
to f(zo) whenever z, =5 20 (or x,, — x9).

Finally, let us notice that if (X, 7) is a Hausdorff topological space, then 7 C 7, = O(—),
and in general this inclusion may be strict. In particular, the space of sequentially continuous
functions may be larger than the space of 7-continuous functions.

For more information on sequential spaces we refer to [9] or [2].

2.3 The sequential topology of the convergence in distribution

The reason we are interested in topological spaces satisfying (2.13) is Theorem 1.2.1 from
Paper I (restated below) which may be considered both as a strong version of the direct
Prohorov’s theorem and a generalization of the original Skorohod construction [29].

Theorem 2.3.1 Let (X,7) be a topological space satisfying (2.13) and let {pn}nen be a

uniformly tight sequence of laws on X. Then there exists a subsequence n1 < no < ... and
X-valued random elements Yo, Y1,Ya, ... defined on ([0, 1], Bjg 1), £) such that
Xn, ~Ye, k=1,2,..., (2.32)
Yi(w) —Yo(w), ask— oo, wel0,1]. (2.33)
T

Let us notice that contrary to the metric case under (2.13) alone we do not know whether

the set of convergence
{w: Y (w) —Y(w), ask— oo}

is measurable. What we know is measurability of sets of the form

O(K) = {w: Yi(w) —Yo(w), ask — oo} (w: Yi(w) € K}, (2.34)
k=1

where K C X is compact. This becomes obvious when we observe that by property (2.14)
we have

C(K) = {w: f(Yi(w)) = f(Yo(w)), ask— oo} [{w: Yi(w) € K}.
k=1
Now suppose for each € > 0 there is a compact set K. such that
P(C(K.)) >1—e. (2.35)

Then the set of convergence contains a measurable set of full probability and one can say that
Y. converges to Y; almost surely “in compacts”. In particular we have
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Corollary 2.3.2 Convergence almost surely “in compacts” implies uniform tightness.

The a.s. convergence (2.33) has been established exactly the way described above. If the
representation Yy, Y1, Ys, ... satisfies (2.32) and the convergence (2.33) is strengthened to the
almost sure convergence “in compacts”, then we will call it “the strong a.s. Skorohod
representation”. Using this terminology we may rewrite Theorem 2.3.1 in the following
form:

Theorem 2.3.3 Let (X, 1) be a topological space satisfying (2.13) and let {pintnen be a
uniformly tight sequence of laws on X. Then there exists a subsequence pin,, tny,-.. Which
admits the strong a.s. Skorohod representation defined on ([0, 1], B 1), ).

We are also ready to give a formal definition of the convergence “==" introduced in
Section 2.1 for elements of P(X):

tn = po if every subsequence {n,} contains a further subsequence
{ng,} such that po, fin,, fin,, - .. admit the strong a.s. Skorohod repre- (2.36)
sentation defined on the Lebesgue interval.

As an immediate corollary to Theorem 2.3.3 we obtain the direct Prohorov’s theorem for
w_* »
=7,

Theorem 2.3.4 If (X, 7) satisfies (2.13), then in P(X) relative uniform tightness implies
relative compactness with respect to “==".

b

The space P(X) with the induced convergence “Zu7 is of L£* type, ie. “=" satis-
fies (2.25), (2.26) and (2.29). Notice that (2.25) holds by (2.18), and that (2.29) is exactly
condition (2.3) which allows to apply the standard “three-stage procedure” of verifying con-
vergence.

Let us say that the topology O(:*>) is “induced by the strong a.s. Skorohod representa-
tion”.

By the reasoning similar to the one given before (2.10), we see that for any sequentially
continuous and bounded function f : (X, 7s) — IR, the mapping

P(X) 5 o /X (@) plde) € R, (2.37)

is sequentially continuous (hence: continuous) with respect to O(==). In particular, O(==)
is finer than the sequential topology given by the usual weak convergence of elements of
P(X,7s). The standard example shows that in general these two topologies do not coincide.
But even if they do, the definition using the strong a.s. Skorohod representation is more oper-
ational. Moreover, we have a nice characterization of relative =-compactness, as announced
in Section 2.1.

Theorem 2.3.5 Suppose (X, 7) satisfies (2.13). Then the topology O(==) induced by the
strong a.s. Skorohod representation is the only sequential topology O on P(X) satisfying:

O is finer than the topology of weak convergence of measures. (2.38)

The class of relatively O-compact sets coincides with the class of rela-

tively uniformly T-tight sets. (2.39)
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PROOF. Relation (2.39) gives us the family of relatively compact subsets and (2.38) helps us
to identify limiting points. This information fully determines an L£*-convergence. O

Remark 2.3.6 Analysing Fernique’s example quoted in Introduction shows that (2.39) is
not valid in the space P((H, 7)) equipped with the topology of weak convergence. It follows
the topology O(:*>) may be strictly finer than the topology of weak convergence (or weak
topology) on P(X) and the converse Prohorov’s theorem holds in many spaces — see section
2.4.

Remark 2.3.7 In many respects the topological space (P(X), O(==)) is as good as (X, 7)
is: the property (2.13) is hereditary. To see this, take as the separating functions

By iny (1) = /X For (@) fin(@) - o () i), (2.40)

for all finite sequences (i1,42,...,%y,) of elements of . Hence we may consider within our
framework “random distributions” as well.

Theorem 2.3.5 does not contain the case of an arbitrary metric space, since in nonseparable
spaces condition (2.13) may fail. However we have

Corollary 2.3.8 If X is a metric space, then in P(X) the weak topology and O(==) coin-
cide.

PROOF. Let us observe that in P(X’) the a.s. Skorohod representation for full sequences
does exist. This is an easy consequence of the fact that each o-compact metric space can be
homeomorphically imbedded into a Polish space, and of LeCam’s theorem [20], [3]. Following
the proof of LeCam’s theorem one can also prove that in metric spaces almost sure convergence
of random elements with tight laws implies almost sure convergence “in compacts”. Hence in
P(X) the sequential topology of weak convergence and (’)(:*>) coincide. But it is well known
[3] that the weak topology on P(X) is metrisable and so is sequential. [

Remark 2.3.9 One may prefer the stronger convergence defined by means of the Skorohod
representation for the full sequence: pn, == gy, p1o if on ([0, 1], Byg 1), £) there exists the strong
a.s. Skorohod representation Yy, Y7, ... for ug, i1, . . .. However, by the very definition “=g;”
is only L-convergence and so is not a topological notion, while “==” is the £*-convergence
obtained from “=g;” by Kantorovich-Kisynski’s recipe (2.28).

Remark 2.3.10 The definition of the topology induced by the strong a.s. Skorohod repre-
sentation may seem to be not the most natural one. But O(==) fulfills all possible “portman-
teau” theorems (see [36]), coincides with weak convergence on metric spaces and by means of
the Prohorov’s theorem is operational and easy in handling.

2.4 Criteria of compactness and the converse Prohorov’s the-
orem

To make the direct Prohorov’s theorem working, one needs efficient criteria of checking se-
quential compactness. It will be seen that given such criteria relative uniform tightness is
equivalent to uniform tightness and the converse Prohorov’s theorem easily follows.
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We begin with spaces (X, 7) possessing a fundamental system of compact subsets, i.e. an
increasing sequence { K, }mev of compact subsets of X' such that every convergent sequence
Ty, —r o is contained in some K,,, (equivalently: every compact subset is contained in
some K,,,). Locally compact spaces with countable basis serve here as the most important,
but not the only example. For instance, balls K, = {z : ||z|| < m} form the fundamental
system of compact subsets in a Hilbert space H with either the weak topology 7, or the
sequential topology (7,)s generated by the weak convergence in H. The same is true in a
topological dual E’ of a separable Banach space E.

Theorem 2.4.1 Suppose that (X, 7) satisfies (2.13) and possesses a fundamental system
{Kmn} of compact subsets. Then for I C P(X) the following statements are equivalent:

1)

K is = -relatively compact. (24
IC is uniformly T-tight. (2.42)

PROOF. In view of Theorem 2.3.4 we have to prove that (2.41) implies (2.42). Suppose (2.42)
does not hold. Then there is € > 0 such that for each m one can find p,, € K satisfying

L (KC) > e. (2.43)

By ==-relative compactness there exists a subsequence Hm, admitting a strong a.s. Skorohod
representation. By Corollary 2.3.2 {fim, }ren is uniformly tight. This contradicts (2.43). O
As the next step we will consider a more general scheme in which compactness means
boundedness with respect to some countable family of lower semicontinuous functionals. More
precisely, we suppose that there exists a countable family of measurable nonnegative func-
tionals {hj }remx such that
sup hi(z) < 400, k € IK, (2.44)
zeK
implies relative compactness of K, and if z,, —, x¢ then

hi(xo) < liminfhy(x,) < +oo, k € IK. (2.45)

n—oo

Notice that under (2.45) any relatively compact set K satisfies (2.44) and is contained in
some set of the form
K= ({x:hu(z) < Ci}. (2.46)
kelK
Moreover, under both (2.44) and (2.45) every set of the form (2.46) is sequentially compact.

Theorem 2.4.2 Let (X, 1) satisfies (2.13). Suppose compactness in (X,T) is given by
boundedness with respect to a countable family {hy}rem of lower semicontinuous functionals.
Then for IC C P(X) the following conditions are equivalent:

K is = -relatively compact. (2.47)
K is uniformly T-tight. (2.48)
For each k € IK the set {piohy' : p € K} C P(IRY) is uniformly tight,

i.e. (2.49)

lim sup p({z : hx(x) > C}) =0.
C—oo pekl
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ProOF. Conditions (2.48) and (2.49) are obviously equivalent and implication (2.48) = (2.47)
is proved in Theorem 2.3.4. In order to prove that (2.47) implies (2.49) suppose that for some
k € IK there is € > 0 such that for each IV one can find uy € K with the property

un({x: hg(x) > N}) >e, N e IN. (2.50)

If some subsequence of uy admits a strong a.s. Skorohod representation, it must be uniformly
tight and (2.50) cannot hold along this subsequence. This shows that K is not == relatively
compact. U

It is worth to emphasize that Theorem 2.4.2 completely generalizes the ordinary converse
Prohorov’s theorem. To see this, take Polish space (X, p) and choose in it a countable dense
subset D = {x1,29,...}. Set for k € IN

N
hi(z) = inf{N : z € | K, (i, 1/k).
=1

Then every functional hy, is bounded on K C X if, and only if, K is totally p-bounded, hence
conditionally compact by completeness of (X, p). The property (2.45) follows by the very
definition of hy.

Topologically complete spaces and non-metrisable o-compact spaces like (H, 7,,) does not
end the list of cases covered by Theorem 2.4.2. For example on the Skorohod space ID(]0,1] :
IR') there exists (see Paper I1I) a minimal functional topology which is non-metrisable but
satisfies (2.44) and (2.45), hence by our Theorem 2.4.2 is as good as Polish space (at least
from the probabilistic point of view). In fact, the present paper may be considered as an
attempt to find a general framework in which that topology can be placed naturally.

“Countable boundedness” is not a universal criterion for compactness. In general we do
not know any criterion which could pretend to universality. Therefore any particular case
must be carefully analysed. We will show three examples of such an analysis.

The first type of results has been suggested by topologies on function spaces in which
conditional compactness can be described in terms of “moduli of continuity”. A rough gen-
eralization is that on a topological space (X,7) a double array {gy ;}rcm jenw (where IK is
countable) of nonnegative measurable functionals is given and that the functionals possess
the following properties:

Ikj+1 < Grj, kelK,je€IN. (2.51)

If ,, —; xg then for each k € IK

lim sup gy j(z,) = 0. (2.52)

j—oo n

If for each k € IK

lim sup gi ;(z) =0,
j—ooxeK

(2.53)

then K C & is conditionally compact.

Clearly, the new scheme contains the previous one. If we set

1 .
grj(x) = ;hk(az), ke lK,j e N,
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then (2.45) implies (2.52) and (2.44) and lower semicontinuity of hj give conditional com-
pactness in (2.53). Recall that in general in spaces satisfying (2.13) relative compactness does
not imply conditional compactness. In metric spaces, however, it does and so e.g. Skorohod
topology Ja [29] (and not only J;) satisfies the converse Prohorov theorem, as we can see
from the following result.

Theorem 2.4.3 Let (X,7) satisfies (2.13). Suppose conditions (2.51) — (2.53) determine
conditional compactness in (X, 7). Then for KK C P(X) the following conditions are equiva-
lent:

K is = -relatively compact. (2.54)
K is uniformly T-tight. (2.55)
For each k € IK
lim sup p({x : grj(x) >€}) =0, >0. (2.56)
j—oo pek

PRrROOF. Similarly as before, it is enough to show that if (2.56) is not satisfied then one can
find in K a sequence with no subsequence admitting a strong a.s. Skorohod representation.
Let us observe first that if X; —; X( a.s. and j; — oo then by (2.51) and (2.52), for each
k € IK and almost surely,

lim sup g, ;,(X;) < lim limsup g ;(X;) = 0. (2.57)

l—o00 j—oo  l—oo

If (2.56) is not satisfied, then there are k € IK and ¢ > 0 such that for each j € IV one can
find p; € K satisfying
(e gusla) > €}) = e. (2.58)

If X; is the a.s. Skorohod representation for some subsequence 1, then by (2.57)

pi ({2 g.jy(x) > €}) =0,

hence (2.58) cannot hold. O
The second type of results is motivated by the structure of compact subsets in the space
of distributions &’ or, more generally, the topological dual of a Fréchet nuclear space.
Suppose that on (X, 7) there exists a decreasing sequence {¢n, }memn of nonnegative mea-
surable functionals such that

K C X is conditionally compact if for some mg € IN

SUD G (2) < Cpyy < +00. (2.59)
zeK

Notice this implies

sup sup gm(z) < Cryps
m>mo z€K

but it may happen that for some m < mg

sup gm () = +o0.
zeK
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Theorem 2.4.4 Let (X,7) satisfies (2.13) and (2.59). Then for KK C P(X) the following
conditions are equivalent:

K is == -relatively compact. (2.60)
KC is uniformly T-tight. (2.61)
For each € > 0 one can find mg € IN and C > 0 such that
sup p({x : qmy () > C}) < e. (2.62)
HeK

ProOOF. We apply the standard strategy. If (2.62) is not satisfied, then there is € > 0 such
that for every M and for some pyr € K

unv({z:qu(x) > M}) > e. (2.63)

If {X}} is the strong a.s. Skorohod representation for some subsequence iy, , then it is tight
(by Corollary 2.3.2). and so for some mg and C'

P(gmo(Xk) <C) = pp,({x i gmo(z) <C}) >1—¢, k=1,2,.... (2.64)
Hence for k satisfying My > C' and My > mg we get from (2.63) and (2.64)

par, ({2 = qary () < Mi})
MMk({x : qu(x) < C})
/LMk({l' : Qmo(l‘) < C}) >1-—¢,

1—¢

AVARAVARIY]

what is a contradiction. O

Usually results valid for S’ hold also for space D’, despite its more complicated structure.
The reason is that D’ can be identified with a closed subset of a countable product of duals to
Fréchet nuclear spaces and that the properties under consideration are preserved when passing
to closed subspaces and countable products. This is exactly the case with our “Prohorov
spaces”. Recall that (X, 7) is “Prohorov space” if every conditionally compact subset K C
P(X) (with P(X) equipped with the weak topology) is uniformly 7-tight (see [25]). Since
we know that O(:*>) may be strictly finer than the weak topology, the corresponding notion
for (P(X),O(=)) may be different. Therefore we say that (X,7) is an S-P space, if every
= _relatively compact subset of P(X) is uniformly 7-tight.

The present section contains several standard examples of S-P spaces. We conclude the
paper with formal statement of some properties of S-P spaces.

Theorem 2.4.5 Let (X,7) be an S-P space satisfying (2.13). If C C X s either closed or
Gy, then (C,7|c) is again S-P space.

PROOF. The only nontrivial part is proving that if G is open and K C P(QG) is =-relatively
compact (in P(G)!), then K is uniformly 7|g-tight. Since relative compactness in P(G) means
also relative compactness in P(X'), by the S-P property we get uniform 7-tightness of K. By
(2.21) the closure K in P(X) (which consists of limiting points of K) is uniformly 7-tight and
so sequentially compact, both in P(X) and P(G) (the latter by relative compactness in P(G)).
Since in our case sequential compactness is equivalent to compactness, it is now possible to
repeat step by step the reasoning given in the proof of Theorem 1, [25], pp. 109-110. O



20 PAPER NO 2. CONVERGENCE IN DISTRIBUTION

Corollary 2.4.6 Any S-P space satisfying (2.13) has the property that the closure of a
relatively compact set is compact and consists of the set itself and its limiting points. D

Theorem 2.4.7 Let (X, m,), n=1,2,... be S-P spaces satisfying (2.13). Then the product
space 1] (Xn,T,) is an S-P space. O
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pendent source [16] for Kisyniski’s theorem.



Paper No 3.

A NON-SKOROHOD TOPOLOGY
ON THE SKOROHOD SPACE

Abstract

A new topology (called S) is defined of the space ID of functions x : [0,1] — IR!
which are right-continuous and admit limits from the left at each t > 0. This
topology converts ID into a linear topological space but cannot be metricized. Nev-
ertheless, S is quite natural and shares many useful properties with the traditional
Skorohod’s topology Ji. In particular, on the space P(ID) of laws of stochastic
processes with trajectories in ID the topology S induces a sequential topology for
which both the direct and the converse Prohorov’s theorems are valid, the a.s. Sko-
rohod representation for subsequences exists and finite dimensional convergence
outside a countable set holds.

3.1 Introduction

Let ID = ID([0,1] : IR') be the space of functions = : [0,1] — IR! which are right-continuous
and admit limits from the left at each ¢ > 0. We are going to study a new sequential topology
on ID generated by naturally arising criteria of relative compactness. The novelty is that
this topology cannot be metricized. Nevertheless we shall show how to build a complete and
satisfactory theory of the convergence in distribution with respect to this topology.

Despite metric topologies are sequential, the process of defining topology through de-
scription of the family of convergent sequences is not the common approach, especially in
probability theory. We refer to Paper II for rather extensive discussion of sequential methods
in weak limit theorems of probability theory. Here we shall point out only that

every time one proves a limit theorem via the direct Prohorov’s theorem,
one obtains a result for the sequential topology generated by the original
one.

Since Prohorov’s theorems are accepted tools of probability theory the same should happen
to sequential methods, as they fit the original Prohorov’s and Skorohod’s ideas much better
than the theory based on weak-* convergence of distributions.

In order to show our motivations we begin with a simple, well-known example. Let V* Cc D
consists of nonnegative and nondecreasing functions v : [0,1] — IR*. Suppose that for some
subset K C VT we have:

sup v(1) < +oo0. (3.1)
veK
Let Q C [, ] be countable dense and let 1 € Q. By (3.1) we may find a sequence {vy, }nenw C
K such that for each ¢ € Q

vn(q) — (q),

21
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where 9(q) are numbers satisfying 9(¢") < 9(¢"), ¢ < ¢”, ¢',q" € Q. Hence the function

inf 0(q) if t<1,;
vo(t) = gen (3.2)
(1) it t=1,

belongs to V. Moreover, we have as n — oo

vn(t) — wvo(t), (3.3)

provided ¢ = 1 or ¢ is a point of continuity of vy: vg(t) = vo(t—). Define finite measures on
([0,1], Bjg,17) by formula

1n([0,8]) = va(t), t€[0,1], n=0,1,2,...,

and observe that (3.3) is equivalent to the weak convergence of p,’s, i.e. convergence of p,’s
considered as continuous linear functionals on the space C([0, 1] : IR') of continuous functions
on [0, 1] equipped with the weak-* topology:

o= s i [ @ dun(t) = [ £ duote) £ € C01): B,

It follows that condition (3.1) when restricted to V* is a criterion of relative compactness for
some, quite natural topology.
A very similar procedure may be performed for the space ID. Suppose that

sup sup |z(t)| < Cg < 400, (3.4)
€K t€[0,1]

and that for all a < b, a,b € IR

sup N(z) < C% < 400, (3.5)
reK

where N’ is the usual number of up-crossing given levels a < b. (Recall that N**(z) > k
if one can find numbers 0 < t; < to < ... < tog_1 < tor < 1 such that x(t2;—1) < a and
x(te;) > b, i =1,2,...,k). Let, as previously, Q C [F¥,F], Q > ¥, be countable dense. By
(3.4) we can extract a sequence {zp tnenv C K such that, as n — oo

an(q) — 2(q), ¢ € Q. (3.6)

Now the construction of the limiting function x( is not as easy as in the case of V' and one
has to use (3.5) in essential way to see that

lim Z(q) if t<1,;
zo(t) = { ‘eq (3.7)
#(1) if t=1,

is well-defined and belongs to ID. And whether x,, converges to o in some topology on ID is
not clear at all.
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Meyer and Zheng [23] considered on ID so-called pseudo-path topology and proved that
(3.4) and (3.5) imply conditional compactness of K in this topology. However, the pseudo-
path topology was shown to be equivalent on ID to the convergence in (Lebesgue) measure.
And so neither (3.4) nor (3.5) form the proper description of the relative compactness in
the pseudo-path topology, for it is easy to find a sequence {z,} of elements of ID which is
convergent in measure to an element zo € ID and is such that for K = {z, : n =0,1,2,...}
both (3.4) and (3.5) are not satisfied.

In the present paper we construct a topology on ID, say S, which possesses the following
properties.

e K C D is relatively S-compact iff both (3.4) and (3.5) hold.

e S is sequential and cannot be metricized. (ID,S) is a linear topological space.

The o-field Bg of Borel subsets for S coincides with the usual o-field generated by
projections (or evaluations) on ID: Bg = o(m: : t € [0,1]).

The set P(ID,S) of S-tight probability measures is exactly the set of distributions of
stochastic processes with trajectories in ID: P(ID,S) = P(ID).

S is weaker than Skorohod’s Ji-topology. Since the latter is Polish, S is Lusin in the
sense of Fernique. Being a linear topological space, (ID, S) is also a completely regular
topological space.

Hence it is possible to use the full power of the existing theory for regular Lusin spaces ([11],
[12]). The point is that in some Lusin spaces the direct Prohorov’s theorem is not the proper
tool for proving limit theorems based on the weak-* convergence of probability measures (and,
consequently, there is no the a.s. Skorohod representation). And in such a case the classical
weak topology on P(ID,S) becomes difficult to handle. Therefore we suggest an alternative
approach, based on the topology induced by the a.s. Skorohod representation.

e On P(ID) there exists a unique sequential topology (’)(:*>) (where == denotes the
convergence determining the topology) which is finer than the weak topology and for
which ==-relative compactness coincides with uniform S-tightness. In particular, for
O(==) both the direct and the converse Prohorov’s theorems are valid.

o Let X, —*>D X means that the laws of processes X, converge in our sense: £(Xp,) =

L(Xp). Suppose X, —p Xo. Then in each subsequence {Xn, } ke one can find a
further subsequence { X, }iemv such that:

— {Xo} U {Xy,, 1 =12,...} admit the usual a.s. Skorohod representation on
(10, 1], Bo,11);

— outside some countable set Qp C [, ) all finite dimensional distributions of {Xnkl}
converge to those of Xj.

The last statement improves a corresponding result due to Meyer and Zheng [23], where finite
dimensional convergence outside a set of Lebesgue measure null was shown via results on the
pseudo-path topology.

Results on finite dimensional convergence are of quite different flavour than in the case
of the Skorohod Ji-topology: for every t # 1 the projection 7; : ID — IR', mi(x) = x(t), is
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nowhere S-continuous and so the standard continuity arguments cannot be applied. There
exists, however, a simple procedure, completely paralleling the one described for ID in (3.4)
— (3.7) and allowing to determine the finite dimensional distributions of the limiting process
(hence identifying the limits). Suppose that {X,} is a uniformly S-tight sequence. Choose
a dense countable subset Q C [, )], Q 3 ¥, and extract a subsequence {X,,, } such that for
each finite sequence ¢1 < g < ... < ¢, of elements of Q we have

(Xnk (ql)v Xnk (QQ), s 7Xnk (Qm)) ? ﬁ((ﬂ,qg,...,qm)? (38)

where Vg, 4o....qm) 18 @ probability distribution on IR™. Then one can prove that for each
finite sequence t; <ty < ... < t,;, and each approximating sequence q1; < @27 < ... < @m,
g1 "\ tj, as | — 00, (gm,; = 1 if t,, = 1), probability distributions Vgr142.0msamy) WERKLY
converge to some limit v, 4, . +,.). Moreover, there is a stochastic process X with trajectories
in ID such that for every finite sequence t; < to < ... <t

(Xo(t1)7 XU(tQ)) cee 7X0(tm)) ~ V(ty,tayentm)) (39)

and X, —p Xo. This simple procedure was known to hold in the Skorohod .J;-topology
([36]); it is interesting to see that it preserves validity at much lower level.

The paper is organized as follows.

In Section 3.2 we define the topology S and give its basic properties.

In Section 3.3 we apply to the space P(ID,S) the machinery developed in Paper II which
is suitable for spaces with countable continuous separation property (as it is the case). In
particular we prove all the results announced above.

In Section 3.4 we show how the theory can be applied to sets of semimartingales satisfying
so-called Condition UT which implies uniform S-tightness and which is known to be important
in limit theorems for stochastic integrals and stochastic differential equations ([14], [30],[19],
[31], Paper IV).

3.2 The topology S

We shall define the topology S in several steps, following the strategy described in Section
2.2 of Paper II (the reader is referred to that paper for definitions and notation). Here is the
description of subsequent steps.

1. Give equivalent reformulations for the (potential) criteria of compactness (3.4) and
(3.5)—Lemma 3.2.1.

2. Find an L-convergence for which (3.4) and (3.5) are criteria of relative compactness—
Lemma 3.2.7.

3. Define S-topology and construct an L*-convergence using the Kantorovich-Kisyniski
recipe.

4. Show there exists a countable family of S-continuous functions separating points of ID
and conclude the topology S is suitable for needs of probability theory.

5. Investigate in some detail other properties of the topology S (Propositions 3.2.14 and
3.2.15).
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Let us denote by ||z||co the supremum norm on ID:

[z[c = sup |z(t)],
tel0,1]

and by ||v|| the total variation of v:

m

[vll(t) = sup {Jo(0)] + > [v(t:) = v(ti1)] : 0 =to <t1 <...<tm=t, me N}

=1
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For a < b let the number of up-crossings N be defined as above (see the lines after formula
(3.5)) and for n > 0 let the number N,, of n-oscillations be defined by the relation: N, (z) >k
iff one can find numbers 0 < t7 <ty < ... <top_1 < tor < 1 such that |x(te;—1) — z(t2;)| > n,

i=1,2,...,k. Finally, let V=V - VT,
Lemma 3.2.1 Let K C ID and suppose that

sup ||z]|co < 400.
rxeK

Then the statements (1) and (ii) below are equivalent:

(i) For each a < b
sup N(z) < +o0.
TeK
(ii) For eachn >0
sup Ny(z) < 400.
reK
Moreover, either set of conditions (3.10)+(3.11) and (3.10)+(3.12) is equivalent to

(iii) For each € > 0 and for each x € K there exists v, . € V such that

sup ||z — Ux,EHOO <g,
zeK

and
sup [[vz,e[|(1) < +oo.
reK

PROOF. Let us observe first that (iii) implies (3.10):
[£]loo < € 4 [[vz,e(2)[I(1).
Then the chain of implications (iii)=-(ii)=- (i) follows by inequalities

Ny(z) < Ve , n>2>0, ze D,

n—2¢

and
N®b(z) < Ny_q(z), b>a, z€D.

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

Now assume (3.10). First we shall prove (i)=(ii). Let Cs = sup,cx |||lc and suppose that
for some n > 0 and every n € IN there is x,, € K such that N,(x,) > n. In particular,
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for some 0 < th1 < tn72 << tpon-1 < tpon < 1 we have ’:L’n(tnjgi) — l’n(tnjgifl)‘ >,
i=1,2,...,n. Let a; < az < ... < ar be an n/2-net for the interval I = [-C,Cx], i.e.
for each x € I there is a; such that |x — a;| < n/2. In every interval I,,; with ends in points
T (tn2i—1) and xp(t,2;) there are at least two points a;_; and a; which belong to I,,; and
are distinct from the interval’s ends. Let M;(n) be the number of i’s such that both a;_; and
a; belong to I, ;. It follows that for some jg

sup M, (z,,) = +o0. (3.18)
n

But N%o-1%o (x,,) is greater or equal to the integer part of (Mj,(x,) —1)/2 and so by (3.18)

sup Najoflyajo (x) Z sup Najo—lylljo (:Cn) = +400.
zeK n

It remains to prove (ii)=-(iii). The construction of v, is, in some sense, standard. For ¢ > 0
let us define

() = 0 (3.19)
Ti(z) = inf{t > 7 _ () : |z(t) —x(mi_(z))| > €}, k=1,2,.... (3.20)

(where by convention inf() = 400) and let
ve(x)(t) = 2(r (x)) if 7 (x) <t <715 4(2), t€[0,1,k=0,1,2,.... (3.21)
Then by the very definition

£, (3.22)
[#]]oc (2N 2(2) + 1), (3.23)

[l = ve (@)oo

[[oe ()[I(1)

IAIN

and the lemma follows. O

Corollary 3.2.2 For each t € [0,1] the mapping ID > x — (v:(z))(t) defined by (3.21) is
Fiy-measurable, where {ft+}te[0,1] is the natural right-continuous filtration on the canonical
space ID: Fyp = Myso(ms : 0 < s < u). Hence v-(X) is an adapted stochastic process
provided X is adapted to a right-continuous filtration.

Before introducing a convergence in ID which generates the S-topology, let us recall some
facts on the weak-* topology on V. Any element v € V determines a signed measure v on
([0, 1], B) given by the formula

v([0,t]) =wv(t), te]l0,1].

Since the set of signed measures can be identified with the dual of the Banach space C([0, 1] :
IRY), V can be equipped with the weak-* topology. Convergence of elements of V in this
topology will be denoted by —,, . In particular, v, —, vg means that for every continuous
function f : [0,1] — IR

f@)dv,(t) — F(t)dvy(t). (3.24)
[0,1] o Jo]
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Definition 3.2.3 We shall write ,, —g w9 if for every € > 0 one can find elements vy, .,

n=0,1,2,... which are e-uniformly close to x,,’s and weakly-* convergent:
lzn — Vnelloo <€, n=0,1,2,..., (3.25)
Une — V0e, as n — —+00. (3.26)
w

Remark 3.2.4 (3.26) implies that
Une(t) — vo,e(t), (3.27)
for each ¢ outside a countable set D, C [0,1). Taking ¢ =1,1/2,1/3,... we obtain
T (t) — o(t), (3.28)

for each t € [0, 1]\Up_; D1 /m- Hence the limit for —g is determined uniquely. Further, step
functions are dense in ID for the uniform topology and so for the constant sequence x,, = xg,
n=12,..., we have ©,, —g xg. Since also a subsequence of a sequence convergent in the
sense of —g is (obviously) ——g -convergent, we conclude that —g is an L-convergence.
It follows we have enough information to define a topology.

Definition 3.2.5 A set F C ID is closed in S-topology, if it contains all limits of its —g -
convergent subsequences, i.e. if x, € F,n=1,2,..., and x, —g xg then xg € F. The
convergence of sequences in S-topology will be denoted by —>g .

Remark 3.2.6 Similarly as in many other cases, —>g , being an £*-convergence, may be
weaker than the original L-convergence ——g . This is not a real problem in view of the
Kantorovich-Kisyniski recipe [16],[17]:

T, —>g xoif, and only if, in every subsequence {ni} one can find a further (3.29)
subsequence {ny, } such that Ty, —S Zo- ’
In particular, relative —5g -compactness of K C ID and relative ——g -compactness of K
coincide, as well as sequential —-g -continuity (= S-continuity) of g : ID — IR' means the
same as sequential —g -continuity of g.

The reason for our interest in the S-topology is that (3.4) and (3.5) provide criteria of
relative compactness for topology S.

Lemma 3.2.7 If (3.4) and (3.5) hold for K C ID then there exists a sequence {zn,} C K
and xo € ID such that x, —g xg.

Conversely, if in every sequence {x,} one can find a subsequence {x,, } and o € ID such
that x,, —s xo, then K satisfies both conditions (3.4) and (3.5).

PROOF. Suppose (3.4) and (3.5) are satisfied for K C ID. Fix for the time being £ > 0 and
consider the map v.(x) defined by (3.21). By Lemma 3.2.1

sup{||lve(z)||(1) : x € K} < 400, (3.30)

hence the set {v.(z) : € K} is a relatively —,, -compact subset of V and we can extract
a sequence {x.,} C K such that v.(z.,) — ve, for some v, € V.
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Now let us set ¢ = 1,1/2,1/3,... and apply the diagonal procedure in order to find a
sequence {z,} C K such that for every m € IN

V1 /i (Tn) — Ui/m: (3.31)
Let Q C [, ] consists of those ¢ for which
V1 m(Tn) () = v1/m(t), asn— +oo,m=1,2,.... (3.32)

We have 1 € Q and [0,1] \ Q is at most countable, hence Q is dense. In particular, for any
ze D,

||| 0o = sup |z(t)]. (3.33)
teQ

By (3.32)

U1/ (1) — v1/k(2)]
= lm [vy/(20)(t) — v1p(20)(1)]

n—oo
< lmsup vy (2n) () = 20 ()] + |20 (t) — v1/k(2n) (1))
1,1
— m k’
and by (3.33)
1 1
—_ < 4=
11 /m = V1/klloe < m + 2

It follows that vy, uniformly converges to some xg € ID and [|xg — v1/p| < 1/m. Hence
ITn —8 Zo-
The converse part follows immediately from Lemma 3.2.8 below. O

Lemma 3.2.8 Suppose z,, —>g xo. Then

sup |znllee < Coo < +00, (3.34)
nelN
sup N*¥(z,,) < C* < 400, a<b,a,be R, (3.35)
nelN
sup Ny(zp,) < Cp < 400, >0, (3.36)
nelN
sup |[ve(zn)||(1) < Ce < 400, € >0. (3.37)
nelN

PROOF. By (3.29) we may assume x,, —g 9. Because of inequalities (3.15), (3.16) and
(3.17), it is enough to prove (3.37) only. But by the special way of construction of v.(z), for
any y € ID satisfying ||y — 2|/ < £/3, one has

1
1yl (1) = g llve(2)II(1)- (3.38)
If vy, o3 is such that |z, — vy, /3]0 < /3, n=0,1,2,..., and v, .3 — Vg./3, then
100 > 35U [ e/3ll (1) = sup lex(an)l|(1). O
n n

In Remark 3.2.4 we showed that xz,, —g x¢ implies pointwise convergence outside a
countable set D C [0,1). By (3.29) we have
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Corollary 3.2.9 If z, —»g 0, then in each subsequence {zn,} one can find a further
subsequence {xy, } and a countable set D C [0,1) such that

Ty, () — 20(t), t€[0,1]\ D. (3.39)
Given Corollary 3.2.9 we have lower semicontinuity of many useful functionals on ID.

Corollary 3.2.10 Ifz, —g x¢ then:

liminf||zp)lec > [|Z0]co; (3.40)
nelN
liminf N%%(x,) > N%(z), a<b, a,be R, (3.41)
neiN
liminf Ny (z,) > Np(zo), n1n>0, (3.42)
nelN
iminf o)1) > [oe(ao)| (1), &> 0. (3.43)
ne

In view of (3.34) and (3.39) we have continuity for integral functionals.

Corollary 3.2.11 Let ®: [0,1] x IR — IR' be measurable and such that for each t € [0,1]
O(t,-) is continuous and for each C' > 0

sup sup |P(t,x)| < 4o0. (3.44)
tel0,1] |z|<C

Let 1 be an atomless finite measure on [0,1]. Then the mapping

D>z~ ®(t,z(t)) du(t) € R, (3.45)
(0,1]

15 S-continuous.

An important particular case is the Lebesgue measure on [0, 1] and

1
(I)(t,l') = gﬂ[u,u—l-d} (t) © L,

which gives the S-continuity of mappings

(o9

1
D>zl = / x(t)dt. (3.46)

Since for u < 1

lim 20 = z(u) = 7, (z)

N0
and 7y is S-continuous, we conclude that Borel subsets of (ID,S) coincide with o(m, : u €
[0,1]). In addition, running v and ¢ over rational numbers in [0, 1] we get a countable family
of S-continuous functions which separate points in ID. In particular, any S-compact subset
of ID is metrisable. Another useful statement implied by continuity of (3.46) is that (ID,.S)
is a Hausdorff space.
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It should be, however, emphasized that contrary to Skorohod’s topologies, the evaluations
m, are for u < 1 nowhere S-continuous. To see this, take x = 29 € ID and 0 < u < 1 and
define

fL‘n(t) = :C(](t) + ][[u,u-l-(l/n)) (t)

Clearly, x,, —g g, but z,(u) = zo(u) + 1 4 zo(u).

The fact that (ID,S) is a linear topological space in a trivial way follows from the very
definition of convergence ——g . Since any linear topological space (with the Tj-property)
is completely regular, so does (ID,S). But S is not metrisable. In order to prove the latter
statement, let us consider an example.

Example 3.2.12 Let for m,n € IN 2y, (t) = mUj19,1/241/m)(t), t € [0,1]. Then for each
fixed m € IN we have z,,,, —5 0, asn — +oo. Let n, — 00, as m — oo. The sequence

{Zm.n,, ymen does not contain any —g -convergent subsequence, for liminf,,, . _ ||Zm.n, lloo =
+00. And for any convergence generated by a metric there should exist a sequence {n,,} such

that zp, p,, —*>S 0.
We summarize all obtained results in

Theorem 3.2.13 The Skorohod space ID equipped with the sequential topology S is a linear
Hausdorff topological space which cannot be metricized. Moreover:

(i) There exists a countable family of S-continuous functions which separate points in ID.
(ii) Compact subsets K C ID are metrisable.

(iii) A subset K C ID is relatively S-compact if either of equivalent sets of conditions
(8.10)+(3.11), (3.10)+(3.12) and (3.13)+(3.14) is satisfied.

(iv) S-Borel subsets Bg coincide with the standard o-algebra generated by evaluations (pro-
jections).

We conclude this section with two additional properties of the S-topology.
We have observed that the evaluations at ¢ < 1 are nowhere continuous. It is therefore
interesting that the evaluations still can be used for identification of the limit.

Proposition 3.2.14 Let Q C ¥, W], 1 € Q, be dense. Suppose {xy} is relatively S-compact
and
zn(q) — wo(q), asn — 400, g€ Q. (3.47)

Then x, —*>g To.

PROOF. Suppose along a subsequence {nj} we have z,, —g yo. Then for ¢’ in some dense
subset Q' C [, 0), xn(q") — vo(d'). If yo # xo, then for some n > 0 and (u,v) C [0,1) one
has |yo(t) — xo(t)| > n for t € (u,v). Let u < t; <ty < ... < v be such that:

1. t1,t3,...,tom_1,... € Q,

2. to,tg, ... tom, - .. G@/.
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Then for each m € IN N, j5(wy, ) > 2m for k large enough, hence N, /5(xy,) — +oo and {zy, }
cannot be S-convergent. Hence yg = zg. O

Clearly, not all topologies on ID possess the property investigated in Proposition 3.2.14.
For example, it is easy to find a sequence {z"} C ID which converges in measure to 2° = 0
and is such that z"(q) — 1 for each rational ¢ € [0, 1]. Hence Proposition 3.2.14 is not valid
for the “pseudo-path” topology.

Another interesting feature of the S-topology is the continuity of the smoothing operation
D >z s,(x) € C([0,1] : RY), where

s@)(®) = [ a(s)duts) (3.48)

and p is an atomless finite measure on [0,1] (e.g. given by a density p,(s)).
Proposition 3.2.15 The operation s, : (ID,S) — (C, || - ||) is continuous.

PRrROOF. Suppose x,, — g xo. Corollary 3.2.11 shows that for every t € [0,1] s,(zp)(t) —
(o) (t). Hence only relative compactness of {s,(z,)} C C([0,1] : IR') has to be verified.
But this is straightforward:

sup sup |su(xn)(u) — su(zn)(t)| < sup ||znl|eo X sup p([t,t+6]) — 0,
n t<u<t+d n t€0,1]

when 6 — 0. O

3.3 Convergence in distribution on (D, 5)

In the previous section we checked the equality Bg = o{m; : t € [0,1]}. It follows that every
probability measure on (ID,Bg) is tight. Let us denote the set of such measures by P (D).
Further, the notions “random element in (1D, Bg)” and “stochastic process with trajectories
in ID” are synonymous and we see that the theory developed in Section 3.2 applies to usual
objects.

It is a nice feature of Lemma 3.2.7 that we have

Proposition 3.3.1 A family of stochastic processes {X,} with trajectories in ID is uni-
formly S-tight if, and only if, the family of random variables {||Xa||oo} is uniformly tight and
for each pair a < b, a,b € IR, the family of random variables {N%*(X4)} is uniformly tight.
(|

Since S-compact subsets of ID are metrisable, uniform S-tightness of £ C P(DD) im-
plies relative compactness of K with respect to the weak-x topology on P(ID) (the direct
Prohorov’s theorem). The converse, however, is not clear at all. And we are not going to
investigate this question. Instead we shall equip P(ID) with a sequential topology induced
by S, which is finer than the weak-* topology, for which both the direct and the converse
Prohorov’s theorem hold and which is very close to the a.s. Skorohod representation. The
advantage of such an approach is evident: we have effective tools (Prohorov’s theorems, the
a.s. Skorohod representation), more (in general) continuous functionals and if the converse
Prohorov’s theorem is valid for the weak-* topology, then the convergence of sequences in
both topologies coincides (see Paper II).

The advertized “new” convergence in distribution will be denoted by —>p and
X, —p X, will mean the following:
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Definition 3.3.2 In every subsequence {X, } one can find a further subsequence {Xn, }
and stochastic processes {Y;} defined on ([0, 1], B 1}, £) such that

Vi Xp,, 1=1,2,..., (3.49)

for each w € [0, 1]
Y (w) % Yo(w), asl— oo, (3.50)

and for each € > there exists an S-compact subset K. C ID such that
PH{wel0,1]:V(w) e K, l=1,2,...}) >1—¢. (3.51)

One can say that (3.50) and (3.51) describe “the almost sure convergence in compacts” and
that (3.49), (3.50) and (3.51) define the strong a.s. Skorohod representation for subsequences
(“strong” because of condition (3.51)).

We shall write p,, = po whenever u,, = L(X,) and X, =0 Xo.

It follows from Lemma 3.2.7 and Corollary 3.2.10 that on (ID, S) there exists a countable
family of lower continuous functionals {;};cy such that K C ID is conditionally compact iff
each &; is bounded on K, ¢ € II. Therefore we can apply Theorem 2.4.2 of Paper II to obtain
the direct and converse Prohorov’s theorems for Og(==).

Theorem 3.3.3 Let {X,} be a family of stochastic processes with trajectories in ID. The
following statements are equivalent.
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(1) {Xa} is relatively compact with respect to “ ——p 7 on (ID, S).

(ii) {Xa} is uniformly S-tight.

(iil) {| Xalloo} is @ uniformly tight family as well as for each a < b {N®*(X,)} is uniformly
tight.

(iv) {|| Xalloo} is uniformly tight and for each n >0 {Ny(Xq4)} is uniformly tight.

(v) For each € > 0 the family {||ve(Xa)|[(1)} is uniformly tight (where v, is defined by
(3.21)).

We have shown the topology (’)S(:*>) induced by S is as good as the weak-x-star topology
on P(ID, Jy), at least from the point of view of proving limit theorems. Theorem 3.3.3 does not
end the list of (formal) similarities between the mentioned topologies. We shall point three
other properties of the topology OS(=*>) which belong to standard tools of limit theory.
It will be proved first that convergence of finite dimensional distributions can be used for
identification of limits in ==-convergence (although the projections are nowhere continuous).

Theorem 3.3.4 Let Q C [/, ] be dense, 1 € Q. Suppose that for each finite subset Qp =
{ipe < g < ... <ns} C Q we have as n — 0o

(Xn(q1)7 XTL(QZ)v s 7Xn(qm)) ? (XO(ql)a XO(QQ)a s vXO(qm))a (3'52)

where Xy is a stochastic process with trajectories in ID.
If {X,} is relatively compact with respect to b, then X, —p Xp.
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PROOF. Let 9o(x) = [[z]lec and let 9;(x) = Nyj(z), i@ = 1,2,.... Define also ¥(z) =

(¥i(2))i=0,1,2,.. € R and ®(x) = (2(g))geq € R
By Theorem 3.3.3 {¥U(X,,)} is uniformly tight in IR>°. Hence at least along some subse-
quence we have in R® x IR?

(D(Xn), W(Xn)) —> (2(Xo), ). (3.53)

By Skorohod’s theorem on the a.s. representation there exist random elements (U, V;,),
n=0,1,2,..., defined on ([0, 1], Bjg 1], ¢) and such that

(Un, Vi) ~ (®(Xp),¥(X,)), n=12,..., (3.54)
(Uo, Vo) ~ (®(Xo),2), (3.55)

and for each w € [0, 1]
Un(w) — Up(w) in R, Vp(w) — Vo(w) in RV, (3.56)

We claim that

there exists a measurable mapping © : IR* — ID such that ©(U,,) ~ X,

n=0,1,2...,and V, = 0o O(Uy), f-as, n=1,2,... (3.57)

® is a measurable and one-to-one mapping from ID into IR*°. We know S-compact subsets
of ID are metrisable, hence ® maps each S-compact subset K onto a Borel subset ®(K) of
IR*°. The same holds also for any o-compact subset of ID. Since laws of all Xg, X1, Xo, ... are
S-tight, we can find a common o-compact support Ko, i.e. P(X, € Kp) =1, n=0,1,2,....
If we set O(y) = @~ 1(y) for y € ®(Kp) and O(y) = 0 outside ®(Kp), then X,, = O(®(X,,))
almost surely on the probability space where X, is defined and U,, = ®(©(U,,)) f-a.s. We
have also ¥U(X,) = ¥(O(®(X,))) almost surely and so V,, = ¥(O(U,)) f-a.s. by (3.54).

Choose w € [0, 1] in a “good” subset of full measure and consider {x,, = O(Uy,(w)) }nen C
ID. We have z,(q) — z0(q), ¢ € Q, and for each i = 0,1,2,... ¥;(z,) — (Vo(w))i, hence
sup,, ¥i(x,) < 400. By Proposition 3.2.14 z,, —»g z. Hence ©(U,) is the a.s. Skorohod
representation for X, (in fact, for a subsequence of X;,) and so X, 0 Xo.DO

Only a slightly modified proof give us

Theorem 3.3.5 Let Q C [/, K] be dense, 1 € Q. Suppose {X,} is a uniformly S-tight
sequence and that for each finite sequence q1 < g2 < ... < qm of elements of Q we have

(Xn(q1)7 Xn(q2)’ s 7X7’L(qm)) ? I;(qhqz,...,qm)? (358)

where Vg, ga.....qm) S @ probability distribution on IR™. Then for each finite sequence t1 <
to < ... <ty and each approximating sequence q1; < qo1 < ... < @mi, @i \ tj, asl — oo,
(gm; = 1 if t,, = 1), probability distributions V(g1 1:42.00mmsm 1) weakly converge to some limit
V(ty ta,eitm)- Moreover, there is a stochastic process Xo with trajectories in ID such that for
every finite sequence t1 < to < ... <ty

(Xo(t1), Xo(t2), - s Xo(tm)) ~ Vit to,.. tm) (3.59)

and Xnk —*>D X().
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Remark 3.3.6 The Skorohod Ji-topology also possesses the properties described in Theo-
rems 3.3.4 and 3.3.5 (see [36]).

An especially convenient tool for investigations of the topology Os(é) is provided by
the following decomposition.

Theorem 3.3.7 A family {X,} of stochastic processes with trajectories in ID is uniformly
S-tight if, and only if, for each € > 0 we can decompose processes X,, in the following way:

Xa(t) = Ra,s(t) + Ua,s(t) - Voz,E(t)a te [Oa 1]7 (360)

where all processes Ry e, Uae and Voo are adapted to the natural right-continuous filtration
generated by X, trajectories of Ra e are uniformly small:

[Racllos <, (3.61)

Uae and Vo are nonnegative and nondecreasing (i.e. have paths in V1) and both {U, (1)}
and {Vo (1)} are uniformly tight families of random variables.

Proor. By Theorem 3.3.5, the family {X,} is uniformly S-tight iff for each ¢ > 0 the
family of random variables {|lv-(X4)||(1)} is uniformly tight, where processes v.(X,)(t) are
defined by (3.21) and are adapted by Corollary 3.2.2. Hence it is enough to set R,(t) =
Xa(t) — ve(Xo)(t) and decompose v:(X,)(t) into a difference of two increasing processes
Ua(t) and V, ((t) in such a way that

[ve(Xa)[|(1) = Uqe(1) + Va,e(1). O

Remark 3.3.8 It follows from (3.60) that any fact on increasing processes may contribute
to the knowledge of S-topology. The very close relation between the weak topology on VT and
the S-topology on ID becomes clear, if we realize that the topology S induces on VT exactly
the topology of weak convergence (notice, however, that on V.= V* — VT the topology S is
weaker!). So we can consider the S-topology on ID as a natural extension of the notion of
weak convergence of elements of V.

Theorem 3.3.9 Let {V,} be a family of stochastic processes with trajectories in V. Sup-
pose that {V, (1)} is uniformly tight. Then there exists a sequence {V,} C {V,}, an increasing
process Vy and a countable subset D C [0,1) such that for all finite sets Qp = {ip < g <
LL<is}CFKE\D

(Vala): Va(az), -, Valam))  —> (Vo(ar), Vo(az), - - - Vo(gm))- (3.62)

PROOF. Let ji, be a random measure on ([0, 1], Bjg 1)) given by formula

([0, 8], w) = % te0.1]. (3.63)

Since po takes values in the space M<; = M<([0,1]) of measures on compact space [0, 1]
with total mass smaller than 1, we can extract a sequence pu,, such that on the space M<q xR

(ks V(1)) —> (1o, Zo)- (3.64)
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Since M<; x IR is a Polish space we may assume without loss of generality that almost
surely
pn (-, w) = po(-,w), Vp(l,w) — Zp(w). (3.65)

Let us consider the mapping [0,1] 3 t — Eug([0,t],w) = (Euo)([0,¢]). Outside a countable
set D C [0,1) we have (Eug)({t}) = 0, hence po({t},w) = 0 for almost all w, and so by (3.65)
and for t ¢ D

:U’n([o’t]vw) - NO([O)th)’ (366)

or

Va(t,w) — (1 + Zo(w))po([0,t], w) =: Vo(t,w). (3.67)

The theorem has been proved. O

Now we are ready to prove a corresponding result for (ID,S) which (in some sense) im-
proves Theorem 5 of [23], where finite dimensional convergence outside a set of Lebesgue
measure 0 was obtained (but only convergence in distribution with respect to the “pseudo-
path topology” was assumed).

Theorem 3.3.10 Let {X,} be a uniformly S-tight family of stochastic processes with tra-
jectories in ID. Then there exists a sequence {X,} C {Xa}, a process Xy with trajectories
in ID and a countable subset D C [0,1) such that for all finite sets Qu = {ip < p < ... <
s} C KK\ D

(Xn(@1), Xn(g2), - Xnlam)) —> (Xolar), Xo(gz),- -, Xo(gm)). (3.68)

In particular, X,, —p Xo.
PROOF. According to (3.60), for each m € IN we can decompose
Xa = Ra,l/m + Ua,l/m - Va,l/m

with Uq 1/m and V1, uniformly tight on (V*,S). By tightness assumptions one can find a
subsequence such that on the space (D, S) x (V*,S)N

(X, Unts Vot - - s Un s Vit s - - -)
% (X0, Ui, Vi, ..., Uny Vin, .. ).

It means that passing again to a subsequence we have the a.s. Skorohod representation, i.e.
without loss of generality we may assume that

Xn(w) % Xo(w) in D,
Up1/m(w) ? Un(w) in VT, »eN,

Vot jm(w) ? Vi(w) in VF, »>eN

Since X,(w) —=s Xo(w) and because of (3.60) we have

1Um(w) = Vin(w) = Xo(w)[leo < 2/m
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and so for every finite subset {t; < ts < ... <t} C[0,1] we have as m — oo

(Un(t1) — Vin(t1), Un(t2) — Vin(t2), ..., Un(tr) — Vin(tr))
—p  (Xo(t1), Xo(t2),..., Xo(tr))-

On the other hand, applying Theorem 3.3.9 we see that as n — oo

(Un,l/m((h)a Vn,l/m(‘h)? Un,l/m(qQ)v Vn,l/m(q2)7 SO Un,l/m(%‘)a Vn,l/m(%’))
—  (Un(q1), Vin(q1),Umn(q2), Vin(@2), - - - - Un(ar): Vin(ar))

for every finite subset Qr = {ip < g < ... < u} C [, W] outside a countable subset
D,, C [0,1). Hence outside D = D; U Dy U ... we have (3.68). O

3.4 Uniform S-tightness and semimartingales

Theorem 3.3.3 provides several sets of conditions equivalent to uniform S-tightness. Inequali-
ties (3.16) and (3.17) suggest the easiest way of proving uniform S-tightness: one has to check
whether families {|| X,|loo} and {N®*(X,)}, for each a < b, are bounded in probability. For
example, if X is a supermartingale, then one can use the classical Doob’s inequalities (see [6],
Ch. VI):

P( sup |X(t)] > X) <3X7! sup E|X(1)], (3.69)
t€[0,1] t€[0,1]
1
EN®*(X) < (la| + sup E|X(t)]). (3.70)
b—a t€[0,1]

It follows immediately that any sequence {X,} of supermartingales satisfying

sup E|X,(t)] < +oo, (3.71)
t€[0,1]
is uniformly S-tight. The most general result of such kind concerns semimartingales and
belongs to Stricker [33]. We shall restate it using terminology of the paper [14] and the
setting of S-topology.

Let { X, } be a family of stochastic processes with trajectories in ID, with X, defined on the
stochastic basis (Q%, F*, {F{ }ejo,1), P¢) and adapted to filtration {F*},cp0,1). We say that
Condition UT holds for {X,}, if the family of elementary stochastic integrals { [ H* dX,(1)}
with integrands bounded by 1 is uniformly tight. (By an elementary stochastic integral with
integrands bounded by 1 we mean random variable of the form

Z Ha(ti_l) (Xa(ti) - Xa(ti—l)) ’
=1

where m € IN, 0 =ty < t; < ... <ty =T, H*(t;) <1 and H*(t;) is F*(t;)-measurable
for i = 0,1,...,m. Condition UT was considered for the first time in [33]. The reader may
find conditions which follow the line of (3.71) and are sufficient for Condition UT in [14].
For equivalent reformulations in terms of predictable characteristics we refer to [21]. Here we
stress the fact that the family consisting of a single process X satisfies Condition UT if, and
only if, X is a semimartingale (see e.g. [27]). Therefore in what follows we shall deal with
semimartingales only.
The essential step in the proof of Theorem 2 of [33] gives us
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Theorem 3.4.1 Condition UT implies uniform S-tightness.

By Theorem 3.3.10 any set {X,} of semimartingales satisfying Condition UT contains a
sequence X, —*>D Xo for which finite dimensional convergence holds outside a countable
set D C [0,1): for every finite subset {0 < g1 < @@ < ... <gn <1} CQ=[F,¥|\D

(XM a1), X"(g2), .. X (am)) —> (X%q1), X°(g2), -+, X°(am)) (3.72)

on the space IR™. If (3.72) is satisfied for every finite subset {0 < ¢; < g2 < ... < ¢ < 1} of
some set Q, we shall write X,, —D;(Q) Xo.

Since Q = [, ]\ D is dense in [0, 1] we can apply Lemma 1.3 of [14] and conclude that Xg
is a semimartingale. Let us observe that the pseudo-path topology gives the finite dimensional
convergence over a set of full Lebesgue measure only and so our methods give an improvement
of Theorem 2 in [33].

Theorem 3.4.2 Suppose Condition UT holds for a family of semimartingales {X}. Then
there exists a sequence {X,} C {Xa} and a semimartingale Xy such that X, —*>D Xo and
Xn —p,(q) Xo, where 1 € Q and the complement of Q in [0, 1] is at most countable.

The two subsequent results are based on Theorems 3.3.4 and 3.3.5 and are not valid for
the pseudo-path topology.

Theorem 3.4.3 Suppose Q C [, ] is dense, 1 € Q and X, — Q) Xo, where Xo has
trajectories in ID.
If Condition UT is satisfied for {X,}, then Xo is a semimartingale and X, b Xo.

Theorem 3.4.4 Let Q be as in Theorem 3.4.3. Suppose for each finite sequence q1 < qa <
... < gm of elements of Q we have

(Xn(ql)v Xn(q2)’ oo 7Xn(qm)) ? D(qhqz,‘..,qm)» (3'73)

where Vg, q4o.....qm) S @ probability distribution on IR™.

If Condition UT holds for { X, }, then there exists a semimartingale Xo such that X, i
Xo. Moreover, for each finite sequence t1 < to < ... < t,, and each approximating sequence
Q1< @ <o < Gmis G\ tj, as 1 — 00, (gmg =1 if t, = 1), probability distributions

Dar 1:00.10am) WEaKLY converge to the joint distribution of (Xo(q1), Xo(g2), - -, Xo(qm))-

Eventually, let us notice that the topology S arises in a quite natural manner in limit
theorems for the Ito stochastic integrals (see Paper IV).
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Paper No 4.

CONVERGENCE IN VARIOUS TOPOLOGIES
FOR STOCHASTIC INTEGRALS
DRIVEN BY SEMIMARTINGALES

Abstract

We generalize existing limit theory for stochastic integrals driven by semimartin-
gales and with left-continuous integrands. Joint Skorohod convergence is replaced
with joint finite dimensional convergence plus assumption excluding the case when
oscillations of the integrand appear immediately before oscillations of the integra-
tor. Integrands may converge in a very weak topology. It is also proved that
convergence of integrators implies convergence of stochastic integrals with respect
to the same topology.

4.1 Introduction

Let us begin with a simple example demonstrating one of central difficulties in limit theory
for integrals with discontinuous integrators.

Example 4.1.0 Let ko(t) = ]1[1/2’1} (t), kn(t) = H[1/2,1/n,1](t), n = 1,2, ... and let x”(t) =
0y )21)(t), n=0,1,2,.... Then k" — k% and 2™ — z° in the Skorohod space ID = ID ([0, 1] :
IRY), but

/k”d:cnzxof/kodxozo.

(Here—and in the sequel—we consider integrals over the interval excluding 0, i.e.

k_dx = k(s—)dx(s),
(/ )() /]O’t] (s—)dz(s)
with £(0—) = 0).

One can eliminate such pathological situation by assuming joint convergence of (k™ z™),
i.e. convergence in ID ([0,1] : IR?). A very general result in this direction was proved in [14,
Theorem 2.6].

Theorem 4.1.1 For eachn € IN, let X™ be a semimartingale with respect to the stochastic
basis (", F", AF] bep), P*) and let K™ be adapted to {F{'}ie01) and with trajectories in
ID. Assume that

(K" X" — (K° X9 (4.1)

39
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on the space ID ([0,1] : IR?). Then XY is a semimartingale with respect to the natural filtration
generated by (K%, X°) and

/K” dx" — /KO dX°% on D ([0,1] : R"), (4.2)
as well as
(K”,X",/Kﬁ dx") — (KO,XO,/KE dX%) on ID ([0,1] : IR?), (4.3)

provided so called Condition UT holds, i.e. the family of elementary stochastic integrals
{[H™dX"(1)} with integrands bounded by 1 is uniformly tight.

To be explicit, Condition UT means that the family of all random variables of the form

Somp, (xp-xp)
i=1

is uniformly tight, where m € IN, 0 =1y < t; < ... <t, =T, H{i <1 and H{ is Fj-
measurable for ¢ = 0,1,...,m. Condition UT was considered for the first time in [33]. The
reader may find sufficient conditions for Condition UT in [14] and equivalent reformulations in
[21]. Here we shall mention only that Condition UT plays also a crucial role in approximation
of solutions of stochastic differential equations. For the corresponding results in this area as
well as for interesting examples we refer to [30], [31] and [19].

Theorem 4.1.1 suffices for most applications related to stability problems of stochastic
differential equations. On the other hand, within limit theory for stochastic integrals there
exist phenomena which are not covered by this theorem.

Example 4.1.2 Normalized sums of moving averages with summable positive coefficients
of i.i.d. random variables with laws belonging to domain of attraction of an a-stable law
(a < 2) in general do not converge in functional manner when ID is equipped with the usual
Skorohod’s J; topology. But they do converge to an a-stable Lévy’s motion if we consider
another, weaker topology on ID, known as M; (see [1], also [29] for definitions of Skorohod’s
topologies).

There exists a satisfactory theory of stochastic integration with respect to a-stable pro-
cesses (see e.g. [15]). It follows that for some naturally arising integrators the requirement of
convergence in the usual Skorohod topology may be too strong.

Example 4.1.3 Let, as in Example 4.1.0, 2™(t) = T[3/9)(t), n = 0,1,2,... and KO(t) =
1}1 /2,11 (t). The difference will be in the choice of k™:

kn(t) = ][[1/2_;'_1/”71] (t), n = ]., 2, e

As before we have k" — kY and 2™ — 2¥ in ID with the standard topology and (k", ™) /£
(k9 2%) in ID (]0,1] : IR?). But this time

/kﬁdﬂ?nEOH/k‘o_dﬂ?OEo.
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Example 4.1.4 The preceding example may seem to be artificial and related to the ex-
tremely simple structure of involved processes. To convince the reader the example illustrates
a general rule, let us consider a much less obvious fact.

Let X be a semimartingale on (2, 7, {F;}¢eo,1], P) and let K be adapted to {F;}eejo]
and with trajectories in ID. Choose a partition 7 = {0 = tp < t1 < ta < ... < t;, = 1} of
[0, 1] and define 7-discretizations of the integrand K:

K™(t) = K(tg), if t), <t <tpy1, k=0,1,...,m—1, K™(1) = K(1). (4.4)

Then it follows from the “dominated convergence” theorem (see [6, VIII.14]) that the ele-
mentary stochastic integrals [ K™ dX converge uniformly in probability to [ K_ dX when T
condenses in a suitable manner. Here again the pair (K7, X) does not converge jointly to
(K, X) unless the relations between K and X are very special.

The purpose of the present note is to provide a criterion for finite dimensional conver-
gence of stochastic integrals and to demonstrate how this criterion can be used in particular
situations to obtain results on functional convergence with respect to various topologies on
the space ID.

4.2 The results

Let us denote by —p +(@Q) the finite dimensional convergence over set Q. For example
(K™, X™) —>Df(Q)(KO,XO) means that for every finite subset {0 < ¢} < t2 < ... < t;, <
1}cQ

(K™(t1), X™(t1), K" (t2), X" (t2) . . ., K™(tm), X" (tm))
— (KO(t1), XO(t1), K°(t2), X%(t2) . .., K (tm), X°(t))

on the space IR?>™.

It is finite dimensional convergence of (K™, X™) on a dense set Q C [, ] and Condition
UT for {X™} what implies that X is a semimartingale with respect to the natural filtration
generated by (K XY) (see [14, Lemma 1.3]). In what follows we will use this fact without
further reference.

For k € ID, let Ny(k) be the number of n-oscillations of k£ in the interval [0,1]. More
precisely: Ny (k) > m if there are points 0 < ¢ < to < ...to,—1 < to < 1 such that
|k(to;) — k(t2j—1)| > m, 7 = 1,2,...,m. By reasons to be clear later we shall say that a
sequence {K"™} of processes with trajectories in ID is uniformly S-tight if both {||K"|lec =
supyep,1) K" (1)} and {N,(K™)}, for each n > 0, are uniformly tight sequences of random
variables.

We will also need a variant of the well-known modulus of continuity w”. For k,z € ID let

wj (k,x) = sup{min(|k(s) — k)], |z(t) —z(u)]) : 0<s<t<u<(s+0)Al}.
Theorem 4.2.1 For eachn € IN, let X™ be a semimartingale with respect to the stochastic

basis (", F" , {F{ }eo,1), P"), and let K™ be adapted to {F}'}iepo,1) and with trajectories in
ID. Let Q C [, )], 0,1 € Q, be dense.



42 PAPER NO 4. CONVERGENCE OF STOCHASTIC INTEGRALS

Suppose Condition UT holds for {X™}, { K"} is uniformly S-tight and we have joint finite
dimensional convergence over Q:

K" X" K° x0 4.5
( ) )Dﬁ@)( ) )7 ( )

where both K9 and X° have trajectories in ID. Further, suppose there are no oscillations of
K™’s preceding oscillations of X™’s:

lim lim sup P" (w5 (K™, X™) >¢) =0, &> 0. (4.6)
ON\0 mn—oo
Then we have
/ K"dXx" — | K°dx°. (4.7)
Ds(Q)

The proof (as well as proofs of other results below) is deferred to the next section.

Remark 4.2.2 Stricker [33] proved that Condition UT implies uniform S-tightness. Hence
all methods of verifying Condition UT apply to uniform S-tightness as well.

It was announced in the Introduction that Theorem 4.2.1 may serve as a tool for iden-
tification of the limit in various kinds of functional convergence of stochastic integrals. By
“functional” we mean convergence in distribution with respect to any topology 7 on ID such
that relative compactness (in law) and finite dimensional convergence over a dense subset
Q C ¥, K], 0,1 € Q, imply convergence in law. By the result due to Topsge [36] Skorohod’s
J1 topology is functional in our sense. On the other hand, so called “pseudo-path” topology
considered by Meyer and Zheng [23] is not “functional”, for it is known that convergence of
sequences in this topology is just the convergence in (Lebesgue) measure. And it is easy to
find a sequence {#"} C ID which converges in measure to 2° = 0 and is such that 2"(q) — 1
for each rational ¢ € [0, 1].

Corollary 4.2.3 Suppose all assumptions of Theorem 4.2.1 are in force and we know that
the laws of stochastic integrals [ K"dX™ are relatively compact when ID is equipped with some
topology T generating “functional” convergence.

Then the sequence { [ K™ dX™},en converges in law with respect to T (and the limiting
process is [ K° dX°).

Given uniform 7-tightness of X™’s the task of verifying uniform tightness of { [ K"dX"},e v
can be quite easy. This is so, for instance, in Theorem 4.2.10 below. For metric topologies
on ID we have, however, results more direct than Corollary 4.2.3. We begin with the classical
Skorohod’s Ji topology, to emphasize the generality of the present approach.

Theorem 4.2.4 Let K™’s, X™’s and Q be as in Theorem 4.2.1. Suppose {X™} fulfills
Condition UT, {K™} is uniformly S-tight and finite dimensional convergence (4.5) holds.

If (4.6) is satisfied and X" —p X° on the space (ID,J1) then on the space (ID ([0,1] :
RQ)’ Jl)

X", / K™ dX") — (x°, / K% dx©). (4.8)
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Remark 4.2.5 Comparing to Theorem 4.1.1 we require very weak convergence of K™’s (in
S-topology—see below) and much less information on the joint convergence - finite dimen-
sional convergence and (4.6).

Remark 4.2.6 The crucial property (4.6) (or (4.19) below) holds if either X™’s or K™’s
are C-tight, i.e. are uniformly Ji-tight with all limiting laws concentrated on C([0,1] : IR%).
Hence our Theorem 4.2.4 generalizes Theorem 4.7 of [19] and is a step in a similar direction
as Theorem 4.8 ibid., with dramatically simpler formulation.

Without any change in the proof one can obtain limit results for a variety of topologies
on ID. Let p be a metric on ID such that the topology O, generated by p is coarser than
Skorohod’s J; topology, but rich enough to preserve the same family of Borel subsets. This
guarantees that all probability measures on (ID,O,) are tight and that X" —p X" on
(ID,0,) if, and only if, X", n = 0,1,2,... admit the almost surely convergent Skorohod
representation on the Lebesgue interval ([0, 1], Bjg 1], £). In addition we assume that p satisfies

p(x,y) < Cllz =y, =,y € D. (4.9)

for some C' > 0

From the point of view of limit theorems it is natural to consider only metrics which are
consistent with convergence of elementary integrals. To explain this notion, take a partition
T={0=1ty < t1 <te <...<ty =1}, asequence a” = (ap,a1,...,ay,) € R™ and = € ID
and define

([ )0 =3 s (alts A1) = s A0
k=1

The consistency means that for every 7 and every sequence (a™)” — (a®)7 (in IR™), p(2", 2°) —
0 implies

o / ()" da", / (a®)7 dz®) — 0. (4.10)
(At least metrics generating Skorohod’s topologies J; and M are consistent with convergence

of elementary integrals).
Let us say that p is compatible with integration if all above requirements are satisfied.

Theorem 4.2.7 Let K"’s, X"’s and Q be as in Theorem 4.2.1 and let metric p on ID be
compatible with integration. Suppose {X™} fulfills Condition UT, {K™} is uniformly S-tight
and finite dimensional convergence (4.5) holds.

If (4.6) is satisfied and X" —p X9 on the space (ID,0,) then on the same space

/K” X" — /KO dx"°. (4.11)
Remark 4.2.8 Suppose all processes are defined on the same probability space (2, F, P)

and in assumptions of Theorem 4.2.7 we replace relation (4.5) with

K"(t) —> KOt), X™(t) — X%, teq, (4.12)

and X" —p X0 with

lim P(p(X", X% >¢)=0, >0. (4.13)

n—oo
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Then it follows from the proof of Theorem 4.2.7 that (4.11) changes to

lim P(p(/Kﬁ dX”,/KE dX°)>¢)=0, &>0. (4.14)

n—oo

In a similar way one can transform Theorem 4.2.1.

Dealing with metrics p generating topologies strictly finer than the Skorohod’s J; topology
is difficult since such topologies (if any interesting) may be nonseparable. Despite this we
have a result for the convergence uniformly in probability, generalizing Theorem 1.9 of [21].

Theorem 4.2.9 Let K™’s, X"’s and Q be as in Theorem 4.2.1, with the additional assump-
tion that all processes are defined on the same probability space: (Q", F", P") = (Q,F,P) .
Suppose Condition UT holds for X™’s, the sequence {K"} is uniformly S-tight, (4.6) is sat-
isfied and

K'(t) — K°t), teQ, [X*—-X"| — (4.15)

P
Then also
H/K" dX”—/KO dX°)| o — 0. (4.16)

In fact in Theorem 4.2.1 we have more than finite dimensional convergence only: stochastic
integrals already “functionally” converge with respect to an ultraweak topology on ID, intro-
duced in Paper III and called there “S-topology”. This non-Skorohod sequential topology is
not metrisable, but it is still good enough to build a satisfactory theory of the convergence in
distribution. In particular:

e K C ID is S-relatively compact iff

sup sup |k(t)] < Cx < 400, sup Ny(k) < C, < 400, > 0. (4.17)
keK te[0,1] keK

e The o-field Bg of Borel subsets for S coincides with the usual o-field generated by
projections (or evaluations) on ID: Bg = o(m : t € [0,1]).

e The set P(ID,S) of S-tight probability measures is exactly the set of distributions of
stochastic processes with trajectories in ID: P(ID,S) = P(ID). And for a family {K"}
of stochastic processes uniform tightness with respect to S coincides with the uniform
S-tightness introduced at the beginning of this section.

e S is weaker than Skorohod’s Ji-topology. Since the latter is Polish, S is Lusin in the
sense of Fernique. Even more is true: (ID,S) is a linear topological space and so is
completely regular.

e On P(ID) there exists a unique sequential topology O(==) (where == denotes the
convergence determining the topology) which is finer than the S-weak topology and for
which ==-relative compactness coincides with uniform S-tightness. In particular, for
O(==) both the direct and the converse Prohorov’s theorems are valid.

o Let X, 5 X means that the laws of processes X, converge in our sense: £(X,) =

L(Xp). Suppose X, —» Xp. Then in each subsequence {Xn, }kev one can find a
further subsequence { X, }icv such that:
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— {Xo} U {Xy,, : 1 =1,2,...} admit the usual a.s. Skorohod representation on
([07 1]78[0,1});

— outside some countable subset of [0, 1) all finite dimensional distributions of {Xnkl}
converge to those of Xj.

e There are many S-continuous functionals. As examples may serve mappings of the form
D>z~ fol ®(x(s)) du(s) € IR, where p is a finite atomless measure on [0,1] and ®
is continuous.

Theorem 4.2.10 In assumptions of Theorem 4.2.1 we have

/K” dx" — /KO dx®.
on the space (ID, S).

We have noticed that uniform S-tightness implies convergence of finite dimensional dis-
tributions outside a countable subset of [0,1) and for some subsequence. By Remark 4.2.2
Condition UT also possesses this property. Hence under tightness assumptions only we can
always extract a subsequence (K™, X™) and a dense set Q' ¢ R¥, 1 € @/, for which joint
finite dimensional convergence over Q' holds. It is however possible that 0 ¢ Q" and this fact
may influence the convergence of stochastic integrals.

Example 4.2.11 Let k"(t) = 1 # 0 and let 2"(t) = M}y, 5(¢), n = 1,2,.... Then all
assumptions of Theorem 4.2.1 are satisfied, except that (4.5) holds for Q' = (¥, ]. But

/kﬁdm”:x”#O:/kgdxo,

in any topology which generates “functional” convergence.

There is an easy way to overcome this difficulty. Let us consider an embedding ID ([0, 1] :
RY > 2w 7€ D([-1,1] : R") given by

N z(t) ifte0,1];
w(t)_{ 0 ifte[-1,0). (4.18)

and let .
w5 (k, ) = wj (k, 7),

with wf redefined on D ([—1,1] : IR') in a natural manner.

Theorem 4.2.12 Let K™ and X™ be as in Theorem 4.2.1. Suppose Condition UT holds for
{X"}, K™’s are uniformly S-tight and

lim limsup P"(@§ (K™, X™) >¢) =0, &>0. (4.19)
ON\,0 mn—oo

Then along some subsequence {ny}
/ K™ dX™ — / K% dXx°, (4.20)
on the space (ID, S), where K° has trajectories in ID and X° is a semimartingale.

If, in addition, {X™} is uniformly O,-tight for metric p compatible with integration, then
(4.20) may be strengthen to convergence on (ID,O,)
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Remark 4.2.13 The above theorem may be viewed as a specific criterion of compactness
for sets of stochastic integrals: the closure (in a suitable topology) still contains stochastic
integrals only.

4.3 Proofs

4.3.1 Basic lemma

Lemma 4.3.1 Suppose {K"} is uniformly S-tight, {X™} satisfies Condition UT and (4.6)
holds. Then for any sequence Ty = {0 =t 0 < tm1 < ... <tmp,. = 1} of partitions of [0, 1]
such that

‘Tm| = max{tm,k bmk—1: tk=1,2,. km} — 0, (4.21)
we have
lim sup P( sup | [ (K™)™dX"(t /K” dX"(t)] >¢e)=0, € >0. (4.22)
m—oo mn t€[0,1]

PROOF. Recall that (K™)™ is the discretization of K" given by formula (4.4). If n € IN is
fixed and m — oo then by the “dominated convergence” theorem

lim P(sup | [ (K™)™dX"(t /K” dX"(t)] >e)=0, € >0. (4.23)

m—oo  te€[0,1]

It follows that we may replace [ K™ dX™ with [(K™)™" dX", if m,, is large enough. Sum-
marizing, it is enough to prove that for each £ > 0 and m,, such that |7, | < |7/

lim sup P( max ]/ (K™)™™dX"™(t) — /(K")Z’"" dX"(t)] >¢e)=0. (4.24)
m—o00 neIN te(0,1]

Let us fix n > 0, n € IN, 7y, and Ty, , |Tin,,| < |7m|- To make the formulas more readable, let
us change slightly the notation and set

Tm = {0=t0<t1<...<tkm:1};
Tm, = 10=s50<s1<...<8p, =1}

n

For k=1,...,ky, and j =0,1,2,... define

O’k’(] = tk,1 (425)
Okjr1 = min{s;_1 > op; : |[K"(si-1) — K" (ok;)| > n} At (4.26)

(We use the convention that min() = 1). Then for ¢ € [0, 1] we can decompose

/ (™)™ dX7(t) — / (™)™ dX7 (1) =
Z (K”(U@o) — Kn(slfl))(Xn(Sl VAN t) — X"(sl,l VAN t))
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Let us observe that

> (K™ (0i0) = K™(s1-1)) (X" (si A t) = X" (s1-1 A 1))

Oi,j—1581-1<04 j

= > (K" (0i0) = K"(03,j-1)) (X" (81 At) = X" (s1-1 A 1))

0i,j—1581-1<0; j

+ Y (BMoue1) - KM (s) (X (s A L) = X(sim1 A L))

0i,j—1581-1<05;
= (K"(0i0) — K"(0i;-1)) (X" (035 A t) = X" (03,j-1 N 1))
+ > (K" (0ij-1) = K™ (s1-0))(X" (st A t) = X" (s1-1 A t))
0i,j—1581-1<04,j

Finally, we have

/ (K™ dX"(t) — / (K™ dX"(t) =

koo
= D > (E"(0i0) = K™(0i;-1))(X™(05 A1) = X" (0451 A 1))
=1 j=2
k oo
XYY K eu) - KM (X7t M) — X (s A D)
i=1j=104;-1<51-1<0

= Iy(t)+ J; (1)

Using definitions of N, (-) and w§(-,-) given at the beginning of Section 3.2 and taking into ac-
count that for fixed w in the sum I}}(¢,w) there is no more than N, (K" (w)) nonzero summands
we can estimate

Sup 11 (1)]
telo,1
< Nn(K”)'
sup {max{|K"(g50) — K" (0i-1)], | X"(0ij At) — X" (0551 A1)|} -
1<z m
jeIN, t€[0,1]

-min{|K" (0i,0) — K"(0,1)|, | X" (0 At) — X" (01 A )] }}
< N (E™) - 21K oo + [1X o) - wfr,, | (K", X7).

Since Condition UT implies tightness of || X"||» (see e.g. [14], Lemma 1.2) we see that when
n is fixed and |7, | — 0 then sup,cp 17 [£;) (¢)| converges in probability to 0 uniformly in n.

It remains to prove that by the choice of 7 random variables sup,¢(o 1) [./;/ (t)| can be made
as small as desired (in probability, uniformly in n). But the processes ! - Jy are elementary
stochastic integrals appearing in the definition of Condition UT. By Lemma 1.1 [14] the family
of random variables {sup;¢o 1 n~t - || : m € IN,n > 0} is uniformly tight and we obtain
the required property. O

4.3.2 Proof of Theorem 4.2.1

If Q is not countable, replace it with its proper countable dense subset containing 0 and 1.
Let us choose a sequence {7,,} of partitions of [0, 1] such that |7,,| — 0, 7, C Tmt1 C Q,
m=1,2,...and Uy°_ 7, = Q.
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Let Qe = {ig < ... <} C Q and let m be so large that Qp C 75 = {F ==p < =g <
... <=7, } as well as

sup P(sup | [ (K™)™ dX"(q) — /Kf dX"(q)| >¢) <e, (4.27)
n q€Qy

for n =0,1,2,... (the latter by Lemma 4.3.1). For each ¢ € 7,,, the integral [(K™)™™ dX"(t)
is a continuous function of the vector

(K™(0),X™(0), K" (t1), X" (t1), ..., K"(t,,), X" (tk,,))-

Hence (4.5) implies

K™ dx" — K™ dxV.
/( yax — [ ()

and by Qu C 7 also

K™™dx" —s K™ qx0. 4.28
Ju oo ) (4.28)

The theorem follows now by (4.27) and (4.28). O

4.3.3 Proof of Theorems 4.2.4-4.2.9

We shall prove Theorem 4.2.7 first.
A variant of the Skorohod representation theorem is necessary.

Lemma 4.3.2 For each subsequence ny, there exists a further subsequence ny, and random
elements LO, L, ... with values in RQ and Y°, Y1, ... with values in (ID,0,) and defined on
the Lebesgue interval such that

(L%(a), Y (@))gen, Y) ~ (K"(0), X°(9))gen, X°),

for eachl=1,2,...

((L9), Y (@))geq, Y1) ~ (K™ (g), X™1(q))geq, X ™),
and for almost every w € [0, 1]
LY(g,w) = L°(q,w), Y'(q,w) = Y*(q,w),q € Q,

and
p(Y!(w), YOw)) — 0.

ProoF. We have separate information on joint finite dimensional convergence and conver-
gence on (ID,0,). By tightness of both components, in each subsequence we may extract a
further subsequence such that the joint convergence holds. Let (U!, V!, Z!) be the Skorohod
representation for such subsequence. In particular, we have

(VL ZY ~ (R(X ™), X ™), (4.29)

where h : ID — IR? is a measurable mapping given by h(x) = (2(q)),eq- Hence (4.29) implies
that V! = h(Z') f-a.s. and so the lemma follows. O
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Because of Lemma 4.3.2 we may and do assume that p(X"(w), X°(w)) — 0 and that
K"(q,w) — K%q,w), X"(¢q,w) — X°(q,w), ¢ € Q. Using the consistency of p with respect
to elementary integrals we get for each fixed 7,

p( /(K”)T_m dXx", /(KO)T_m dX% — 0 a.s.
Further, by (4.9) and (4.22) we have for each € > 0 and as m — oo

SSI%P(;)(/(K")T_’” dX”,/Kn dX") > e)

< sup (] /(K”)T_’" dxX" — /K” dX"|. > Z) —o.
nelN C

Similarly, by (4.23)

P(p(/(KO)T_m dXO,/KO dXx%) > ¢)

< P(||/(K0)TMdX0—/K2dX0HOO>é)—m), as m — 00,& > 0.

Hence fKT” dX"™ —p fK9 dX on (DD, O,). This concludes the proof, for n;, was a
subsequence of an arbitrary subsequence ng. O

The proof of Theorem 4.2.9 is essentially the same (except it does not require reduction
via the a.s. Skorohod representation). O

4.3.4 Proof of Theorem 4.2.10

It has been proved in Paper III that the convergence == in P(ID) (induced by S-topology)
is “functional” in our sense, i.e. finite dimensional convergence and relative =-compactness
imply ==-convergence. Hence in view of (4.7) it suffices to prove S-uniform tightness of
{J/ K™ dX™}. Using [21, Lemma 1.6], we check that processes { [ K™ dX"} satisfy Condition
UT. Now the mentioned already result due to Stricker [33] (see Remark 4.2.2) gives us S-
uniform tightness of { [ K™ dX"} and finishes the proof of Theorem 4.2.10. O

4.3.5 Proof of Theorem 4.2.12

Let us embed our processes into the space ID [-1,1] : IR!) via mapping (4.18). Then we have
finite dimensional convergence on Qg = Q U [, F). Since the left end of the interval of
integration belons to Qy, it is possible to apply previous results. It remains to observe that

K"(s—)dX"(s) = K"(s—)dX"(s), n=1,2,....
1—1,¢] 10,¢]
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