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Abstract

We introduce adapted sets and optional sets and we study a type of
strong Markov property for set-indexed processes, that can be associated
with the sharp Markov property defined by Ivanoff and Merzbach (2000a).
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1 Background and Preliminaries

In the classical theory, the notion of a Markov process is based on the represen-
tation of a process whose behaviour satisfies the hypothesis of “independence of
the future from the past”, or equivalently, “the absence of the after-effect” at
any fixed moment of time; the process is said to be strong Markov if the prop-
erty of the absence of the after-effect remains valid at any random moment of
time. Markov processes indexed by discrete subsets of the real line (i.e. discrete
totally ordered sets) always possess this property (Gihman and Skorohod, 1974,
p. 86-88), while in the continuous case, one can give a criterion for the process
to be strong Markov, and prove that in many important cases there exists a
version of the process satisfying this criterion (Gihman and Skorohod, 1975, p.
60-62).

The literature is rather scarce when it comes to the strong Markov property
for processes indexed by partially ordered sets, the main difficulties being: 1.
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to decide which is the right Markov property to work with; and 2. to find the
appropriate analogue for the notion of stopping time, for the stopped o-field,
for the ‘future events’ o-field and for the ‘present’ o-field.

In what follows we will give a brief review of the subject in the literature,
trying to use, as much as possible, a unified notation for various papers, which
will be consistent with the notation that we subsequently use in this paper.

We will use the notation F L H | G, if the o-fields F and H are conditionally
independent given G.

First we mention in passing that Wong and Zakai (1985) introduced briefly
the notion of strong Markov property for path-parametrized processes; however,
these are not examples of processes indexed by partially ordered sets.

In the case when the index set is a countable partially ordered set T', various
authors seem to agree that the best way to define a Markov chain X :=
(X¢)ter is to say that for any ¢t € T, A1(t) L Aa(t) | 0(Xy), where A;(t) =
o({Xy;t < t}) and As(t) := o({Xp;t’ > t}). Cairoli and Dalang (1996) use
the assumption that the underlying probabilistic model is a Markov chain to
solve an optimal control problem; as our framework is different, we will not
discuss this case here. On the other hand, Greenwood and Evstigneev (1990)
introduced the notion of splitting element to denote a random element 7 in
T which has the property that for any ¢ € T we can write {T =t} = F; N F;
with F; € A;(t);4 = 1,2; to any splitting element 7, they associated the o-fields

Ai(r) =c({Fn{r=t}; Fe A(t),te€T}); i=1,2

The fact that is relevant for our discussion here is that any Markov chain
X is strong Markov, in the sense that for any splitting element 7, A;(r) L
As(r) | o({r, X }).

The case of a very general uncountable partially ordered set does not seem
to be discussed anywhere in the literature. Instead, three important particular
situations are considered. These are in fact three increasing levels of generality;
the present paper will address the most general of them.

The first level deals with the case when the index set is the Euclidean space
Ri (or, more generally Ri) and therefore it inherits the extra structure intro-
duced by the total ordering of the coordinate axes. The sharp Markov prop-
erty (with respect to a set D C R2) of a two-parameter process X := (Xz)zeRi
has been in the literature for a long time (first time introduced by Lévy, 1948)
and it requires that Fp L Fpe | Fop, where Fu := o({X,;2z € A}) for any
A C R3. Merzbach and Nualart (1990) defined a stopping line as a random
decreasing line L for which {z < L} € F, := Fjp,) Vz € Ri, where a ‘decreas-
ing line’ [ is in fact the boundary of a lower set D(l) C Rﬁ_; the stopped o-field
associated to any stopping line L is

Fpy ={F € F; FN{L <1} € Fp( for any decreasing line [}



For each random set «, the same authors defined the o-field
FX = o0({X.14(2),1a(2); 2 € Ri})

and they showed that in fact F g( L = Fp(ry- The important fact proved by
Merzbach and Nualart (1990) is that certain point processes, which are sharp
Markov with respect to the sets D(l), have the property that for any stopping
line L, Fpry L F5 e | Fi-

The second level of generality deals with the case of processes indexed by
a collection of closed subsets of a d-dimensional Euclidean space. When this
collection contains all closed subsets of the space, Evstigneev (1977) intro-
duced a type of Markov property for general ‘random fields’ i.e., for filtra-
tions (Fa)a (which can arise in particular from a process X := (X4)a4, if we
set Fp := 0({Xa;A C B, A closed})). More precisely, a random field (Fa)a
(or, in particular a process X) is called locally Markov, if for any disjoint
closed sets A and B, Fa L Fp | Faa, or equivalently if for any closed set A,
Fa L Fac| Foa. A closed-valued random set « is called a Markov random
set if {& C A} € Fy4 for any closed set A; to any Markov random set « one can
associate the o-fields A, := Ne>0AS and By = NesoBS,, where

A, =oc({FN{a. D A}; F € Fa, A closed}) Vo(a)

B, =c({FNn{(0a). 2 A}; F € Fa, A closed}) V o(«)

The main result of Evstigneev (1977) is that any locally Markov random field
(or process) has the property that for any compact-valued Markov set «, for
any closed set A and for any F' € Fy4, we have P[F'|A,] = P[F|B,] a.s. on the
set {w; a(w) N A = 0}.

The third level of generality deals with the case of processes indexed by a
collection A of compact subsets of a Hausdorff topological space T', collection
which does not contain disjoint (non-empty) sets, is a semilattice (i.e. closed
under arbitrary intersections), and separable from above, in a sense which will
be specified below. The general theory of these processes was initiated and
developed by Ivanoff and Merzbach in the late 80’s and it produced impressive
results in the martingale case (e.g. Ivanoff and Merzbach, 2000b). In the present
paper we will consider a type of strong Markov property for these set-indexed
processes, which can be associated to the ‘sharp Markov property’, one of the
various types of Markov properties that have been introduced in this framework
(e.g. Balan and Ivanoff, to appear; Ivanoff and Merzbach, 2000a).

The separability from above property of the indexing collection A allows
us to approximate from above a set A € A as

A= 00gn(A); gnt1(A) C gn(A), A C gn(A)" ¥n

where the approximation set g, (A) can be written as a finite union of sets that
lie in a finite sub-semilattice A,, of A; moreover, A,, C A,11 Vn and g,, preserves



arbitrary intersections and finite unions i.e. g,(NaerAa) = Nacagn(Aa), VAq
€ A; and Ui Ay = UL AL = Ui g0 (Ai) = UL gn(A)), YA, A € A; note
that this implies that the function g, is monotone i.e. A, A’ € A, A C A’ =
gn(A) C gn(A’). By convention, g, (0) = 0.

There are many examples of classes of sets which have these properties, from
which one can recognize easily the case of processes indexed by the lower sets
of the d-dimensional space R (A is a ‘lower set’ if 2 € A implies [0, 2] C A),
and in particular the case of processes indexed by the ‘rectangles’ [0, z], z € Ri
(or equivalently, the case of multi-parameter processes).

In this framework A(u) denotes the class of all finite unions of sets in A,
C is the semi-algebra of all sets of the form C' = A\B,A € A, B € A(u), and
C(u) is the algebra of all finite unions of sets in C. Note that the function g,
can be extended to A(u) by setting ¢g,(B) := Uaca,acBgn(A), B € A(u); the
extension preserves finite unions and finite intersections and is monotone.

All the processes X := (X4)aca are assumed to have a unique additive
extension to A(u),C and C(u) i.e., whenever the set B € A(u) can be written
as B=U 1 A; = U A with Ay, ... Ap, A, A €A

n
+1 _
> X = Y Xagna, +oo+ (D X0, =
i=1 1<i1<ia<n
m
+1 .
E Xar — E Xag nay 4+ (D) Xagnnay, as;
j=1 1<j1<j2<m

whenever the set C' € C can be written as C = A\B = A'\B’ with A, A’ €
A; B,B' € A(u)
Xa—Xanp=Xa — Xanp as.;

and the additive extension to C(u) is defined in the obvious manner.

A process X := (X 4)ac4 is said to be monotone outer-continuous if for any
decreasing sequence (4,), C A, Xn, 4, = lim, X4, . Note that by additivity, X
is monotone outer-continuous as well for a decreasing sequence (B,,), C A(u),
provided that N, B, € A(u).

An increasing collection (Fa)aca of o-fields is called a filtration; an A-
indexed filtration (F4)aca can be extended to a filtration indexed by A(u) by
defining Fp := Ve 4cpFa, B € A(u). A filtration (Fg)pea(u) is called
monotone outer-continuous if for any decreasing sequence (B,,), C A(u) with
NpBn € A(u), we have Fr g, =N, Fg, .

A process X := (X4)aea is adapted with respect to a filtration (Fa)aca
if X4 is Fa-measurable VA € A (by additivity this implies that Xp is Fp-
measurable VB € A(u)). The minimal filtration with respect to which a process
X is adapted is given by Fp := oc({X4; A € A, A C B}),B € A(u).

According to Ivanoff and Merzbach (2000a), a process X := (X4)aca is
called sharp Markov if Fg L Fpe | Fyp, where Fop := c({Xa;A € A, A C
B,AZ B%}), Fge :=0({Xa;A € A, AL B}).




The notion of stopping set was introduced by Ivanoff and Merzbach (1995)
to denote an A(u)-valued random set & which can be written as the finite union
of some A-valued random sets and has the property that {£ D A} € F4,VA € A
and {{ =0} € Fy.

Unfortunately, the approximation g, () of a stopping set ¢ may not be a
stopping set, and this is the point where Ivanoff and Merzbach (2000a) were
forced to introduce the additional assumptions of the monotone outer-continuity
of the process and of the filtration. These assumptions are satisfied by point
processes but they are not satisfied by many other important classes of processes,
like the Brownian motion, for instance.

In the present paper we will be able to get around this difficulty by replacing
the stopping sets with random sets called ‘adapted sets’, respectively ‘optional
sets’, which are defined using the set-inclusion in the natural direction, not in
the reverse direction as with the stopping sets. Using optional sets, we will
obtain the same results as Ivanoff and Merzbach (2000a), which will be applied
this time to a much broader class of processes. The importance of this work is
that it indicates that the natural generalization of a Markov time is an optional
set, and not a stopping set.

2 The Strong Markov Property

In this section we will introduce the adapted sets and the optional sets and we
will study a type of strong (sharp) Markov property that can be associated to
these objects.

We will assume that the approximating functions g,, have the following def-
inition:

gn(B) == Npeu, (w);Bcpo D, VB € A(u)

This is the case of many examples of indexing collections, including the lower
layers of R‘_f_ and the rectangles [0, z], z € R‘_i._.

From the separability from above of the indexing collection A we have

VD, B € A(u),D C B = 3n such that g, (D) C B° (1)

Let (FB)BeA(u) be the extension to A(u) of a set-indexed filtration and
(FB)BeA(u) its minimal outer-continuous filtration, defined by Fp, := N, Fy, (p),
D € A(u). Then

Fp = ﬂBeA(u),DgBO}—& D e A(u) (2)

The following assumption gives the approximation from below for a set in

A(u).

Assumption 2.1 For any B € A(u) there exists a monotone increasing se-
quence (dp(B))n>1 C A(u) such that B® = U,d,(B),d,(B) C d,+1(B)° Vn.



Consequently,
VD,B € A(u),D C B = 3n such that D C d,(B)° (3)

A random set o is a function with values in A(u), defined on a measurable
space (2, F).

Definition 2.2 A random set « is called an adapted set of the filtration
(FB)BeAw) if {o € B} € Fp for every B € A(u); it is called an optional
set of the filtration (Fp)peaw) if {a € B°} € Fp for every B € A(u).

To any adapted set a we can associate the o-field:

Fo ¥ {FeF:Fn{aCB}eFzVBe Al)}

To any optional set o we can associate the o-field:
Fr P e F:Fn{aC B} € F5 VB € A(u)}
The following facts are completely analogous to the classical case.

Lemma 2.3 (a) If « = B € A(u), then « is an adapted set and F, =
Fp,FL =Fk.

(b) A random set is an optional set of the filtration (Fp)pea(w) if and only if it
is an adapted set of the filtration (Fg)peca(w)- In particular, any adapted
set is an optional set.

(¢) If « is an optional set, then Fl, = {F € F : FN{a C B} € F VB € A(u)}.
In particular, if o is an adapted set then F, C FJ.

(d) If a is an optional set and (3 is an adapted set such that o C 3°, then
FiL C Fa.

Proof: (a) Clear.

(b) If a is an optional set of the filtration (Fg)peca(u), then {a C B} =
Mn>m{a C gn(B)} € Fy, (p¥m > 1 and hence {a C B} € Ny Fy, () = Fp-
Conversely, if a is an adapted set of the filtration (F};) pe a(u), then {a € B} =
Un{a C dn(B)} € Fp, because {a C dn(B)} € Fj (5) € FB-

(c) Same type as argument as (b).

(d) For each F € F. we have FN{8C B} = (FN{a CB°})Nn{BC B} €
Fp VB € A(u) i.e. F e Fg. O

Comment 2.4 If « is a discrete random set i.e., it takes on only countably
many configurations, then « is an adapted set if and only if {o« = B} € Fp VB €
A(u). In this case Fp, ={F € F: FN{a =B} € Fp VB € A(u)}.



Proposition 2.5 If a is an optional set then g,(a) is a (discrete) adapted set
and FL = ﬂnf ()

Proof: We claim that the following relation holds:

{m@=By={aCB'N\ |J {aCD VBeAw) (4

DeA, (u),DCB

where C denotes the strict inclusion.

(Suppose that g,(a) = B. Clearly a C g,(a)? = BY. If there were some
D € A,(u),D C B such that o C D°, then by the definition of g, we would
have g,(a) C D, which is impossible. Conversely, suppose that a C BY and
a € DY VD € A(u),D C B. Since a C B°, there exists an n such that
gn(a) C B. Since g,(a) € A(u) and a C g,(a)°, we cannot have g,(a) C B;
hence g, (a) = B.)

From (4) it follows that {g,(«) = B} € Fp VB € A(u) i.e., g,(a) is an
adapted set.

Let us prove now that F, = NpFy, (o). Since o C gn(a)?, we have F), C
Fon(a)- Conversely, let F' € N, Fy (o). For each B € A(u) FN{a C B} =
Nnsm(F N {gn(a) C gn(B)}) € Fy,.(3)¥m > 1; hence FN{a C B} € N,,Fy, (B)
= Fhie FeFr O

The following result is completely analogous to processes indexed by R .

Proposition 2.6 If X := (Xa)aca s a monotone outer-continuous process,
which is adapted with respect to the filtration (Fp)pea(u), then

(a) X, is Fo-measurable for any discrete adapted set «; and
(b) X, is Fl-measurable for any optional set c.

Proof: (a) For any arbitrary a € R, {X, < a} N{a = B} = {Xp <
a} N{a =B} € Fp,VB € A(u) i.e, {X, <a} € F,.

(b) By the monotone outer-continuity of the process, X, = lim,, Xy (o) and
{Xa < a} =Unsm Musn {Xg, (o) < a} € Fy, (a),¥m > 1. Hence {X, < a} €
nFg(a) = Fo-

For the rest of the section we will assume that X := (Xa)aca is a fixed
set-indexed process and (Fa)ac.4 is its minimal filtration. We will denote with
B(R) the class of all Borel subsets of R.

The following o-fields have been introduced by Ivanoff and Merzbach (2000a)
for any random set a:

=4 o({Xalpacay, I{acay; A € A})

.775 :
def
Foo 1= o({Xal{aca,agaoys I{aca,aga0y; A € A})

def
F = o({Xaliagay, Itagay; A € A})



Lemma 2.7 (Lemma 4.1 of Ivanoff and Merzbach, 2000a) (a) If o = B € A(u)
then .7'—5 = .7:3,.7'—5; = faB,f(i(c = Fpge.
(b) For any random set o we have Fgx, C FX.

Lemma 2.8 (a) For any discrete adapted set a we have FX = F,.

(b) For any optional set a we have F!, = N, FX,  FX

X
(@)L gnir(@) € Fon(a) T

(c) For any optional set o we have FX C FI.

Proof: (a) To prove that {A C a} € F,, note that {A C a} N {a = B} is 0 if
A ¢ B and it is exactly {« = B} otherwise; in either case this intersection lies
in Fp. Similarly {X4 € T} N{A C a} € F, for every I' € B(R). Conversely,
let FF € F,. Using Lemma 4.6 of Ivanoff and Merzbach (2000a), F N {a =
B} € Filia=ny = Filja=py C Fx since {& = B} € Fg, C FX. Finally
F = UBecrange(a) (Fn{a=B}) e .7:5.

(b) Using (a), ffn(a) = Fyn(a) and hence FJ = NpFy (a) = Mn F o (0)"

(C) For each A € A we have I{Aga} = lim,, I{Agg”(a )} and XAI{ACa} =
limn XAI{Aggn(a)}- Since I{Aggn(a)} and XAI{Aan(a)} are f  (a )—measurable

and the o-fields (]:;((a)) are decreasing, it follows that the hmlts I{ACa} and

Xalgacay are measurable with respect to the intersection Ny, .7: (a) = =F..

Ideally, we would like to say that a sharp Markov process X (Xa)aca is
strong Markov if for any optional set «, we have

Fa L Fae | Foa (5)

which would imply that FY L FX | Fz, using Lemma 2.8, (c). However,
we would rather not introduce a new terminology, since we could not find an
example of a process satisfying this property.

In what follows we will see how close we can get of the desired conditional
independence (5) for an arbitrary sharp Markov process. The following o-field
has been introduced by Ivanoff and Merzbach (2000a) for any random set «:

def
Fixgne) - = 0({Xal{acg, (a).4200)s 1{ACy, (o), Aga0}; A € A})

Lemma 2.9 Suppose that gn( ) € Ay, YA € A, Vn > 1. Then for every

optional set «, ]—'a -7'—[(1 cFX

gn(a) = sgn(a@)] =7 gn(a)”

Proof: The first inclusion is valid for any random set «. To prove it, it will be
enough to show that the generators of fag (a) AT€ in ]-'[ﬁ ()]’ Note that the

set {A C gn(a)}N{A Z g,(a)} can be written as the difference

({AC gu(@}N{AZ "\ {AC gn(@)’} N{AZa’})

and the first set {A C gn ()} N{A € a°} lies in Fy g, (a)]- As for the second
set {A C gn(a)’} N{A & a®}, it can be written as

Uk({g1(4) € gn(a)}n{A Z a"}) = UpNimzk ({gm(A) € gn(@)}N{gm(A) Z a°})



which belongs to .7-' [, gm ()] since g, (A) € A. A similar argument shows that
{XaeTIN{AC gn(a)} N{AZ gn(a)’} € Fla,g,(ay for any T € B(R).

To prove the second inclusion we will assume that « is an optional set and
we will show that the generators of .7-'& on (a)] are in f;fl(a). Note that {A €

a®} = Np{ge(A4) € a} 6 FX C Fr C fg" (a) by Lemma 2.8. Hence {4 ¢

Y N{A C gn(a)} € F (a) Finally, a similar argument shows that {X4 €
IIn{AZa’}n{AC gn( )} € F;i(a) for any I' € B(R). O

Since the o-fields (F, é ,gn(a)])" may not necessarily be monotonically decreas-
ing, we let

X,m
F = \/ F gn(oy and FL = ﬁn]-'[

[ty ()] a,gn ()]
N>n

Note that fa - FX

fargn(a) SinCe {4 € a, A Z o} = ﬂk>n{A C gi(),A €

a’} e F [ag (ay and similarly {Xa €T, ACa,AZa € F [ag (ay) for any
I' € B(R); hence F§, C F¥,.
By Lemma 2.9, for every optional set «
X X,m X
Fogu(e) € Flalgn(an € Fonia) (6)

Theorem 2.10 If X := (X4)aca is a sharp Markov process, then for every
optional set o, F | FX | FX

Proof: The argument is similar to the one used in the proof of Theorem 4.19
of Ivanoff and Merzbach (2000a). Let Y be a bounded, F.X-measurable ran-
dom variable. Then Y = lim,, Y,,, where Y,, is a bounded, F ;i (a)c—measurable
random variable. Using Theorem 4.7 of Ivanoff and Merzbach (2000a) and (6),

EYa|FE o)) = EYalFa, o) = ENalFp o o)) Since Fi = N, FyX ) and
X,m
Fx = ﬂn}"[a’g"(a)] we get

E[Y|F;) = im E[Y,| ) o)) = im EY, | FL7 )] = E[Y|F5)]

using a generalized form of the Martingale Convergence Theorem. O

Corollary 2.11 If X := (Xa)acu is a sharp Markov process, then for every
optional set o, FoX L F2X | FX

Comment 2.12 The applicability of the preceding results extends to all sharp
Markov processes, without any requirement for regularity of sample paths or
filtrations. Therefore, this holds for all processes with independent increments,
including the Brownian motion on the lower layers, which is known to be a.s.
unbounded, and therefore a.s. discontinuous.
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