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PALM MEASURE DUALITY AND CONDITIONING IN
REGENERATIVE SETS

By OLAV KALLENBERG

Auburn University

For a simple point process E on a suitable topological space, the associ-
ated Palm distribution at a point s may be approximated by the conditional
distribution, given that E hits a small neighborhood of s. To study the corre-
sponding approximation problem for more general random sets, we develop
a general duality theory, which allows the Palm distributions with respect
to an associated random measure to be expressed in terms of conditional
densities with suitable martingale and continuity properties. The stated
approximation property then becomes equivalent to a certain asymptotic
relation involving conditional hitting probabilities. As an application, we
consider the Palm distributions of regenerative sets with respect to their
local time random measures.

1. Introduction. Palm measures were originally devised to deal with
problems involving conditioning in point processes [cf. Matthes, Kerstan and
Mecke (1978), Daley and Vere-Jones (1988) and Kallenberg (1986)]. In that
context, let = be a locally finite random set on a suitable topological space S
and introduce the elementary conditional distributions @; = P[E € -|[ENI #
] where [ is a bounded Borel set in S. General results such as Theorem 12.8
of Kallenberg (1986) ensure that, as I shrinks toward a single point s € S, the
measures @; converge in a suitable average sense to the Palm distribution
Q, at s.

Our present aim is to study the corresponding approximation problem for
random sets E that are not necessarily locally finite. Since trivially @; — @ {s}
when P{s € £} > 0, we may restrict our attention to random sets = such that
s ¢ E a.s. for all s € S. The stated conditions are satisfied (outside the origin)
for broad classes of regenerative sets—the archetype being the zero set of
Brownian motion—and we shall use such sets as test objects for our general
theory. [For an elementary introduction to regenerative sets, see Chapter 19
in Kallenberg (1997).]

The modern definition of Palm distributions is based on random measure
theory. Assuming = to be locally finite, we may introduce the associated ran-
dom counting measure ¢B = card(E N B), where B € #(S), the class of Borel
sets in S. If the corresponding intensity measure E¢ is o-finite, the Palm
distributions of E with respect to ¢ are defined by the formula

E[£(ds); E € A]
E&(ds)
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where E[{; A]l = [, £dP as usual. Here & denotes the o-field in the space of
closed subsets F C S [cf. Chapter 14 in Kallenberg (1997)]. Since = is measur-
ably determined by &, we may prefer to consider the Palm distributions of the
random measure ¢ itself, which are defined in a similar way. Under suitable
conditions on S, for example when S is locally compact, second-countable, and
Hausdorff (henceforth abbreviated as lescH), the associated spaces of sets and
measures are Borel, which ensures the existence of regular versions of the set
functions Q..

Though the definition of Palm measures continues to makes sense for any
random measure ¢ with o-finite intensity E¢, there is no reason in general
why the mentioned approximation property should remain valid. Indeed, one
may easily construct two random measures ¢ and n with the same support =
but with different Palm distributions. If the approximation property holds for
¢, it will then necessarily fail for 7. Often in applications, the random closed
set E is given, and it becomes a challenging problem to find an associated
random measure ¢ with appropriate approximation properties. Though there
is often a natural candidate for £, no general approch to the approximation
problem seems to be available, and it may be necessary to examine each case
separately.

To provide a convenient framework for such studies, we shall develop a
duality theory that applies under weak regularity conditions on ¢. In the sim-
plest setting, let .7 be a sub-o-field in the basic probability space ) such
that the conditional intensity measure E[£|.7] is a.s. absolutely continuous
with respect to the unconditional version E¢. We may then choose the associ-
ated density X to be an % -measurable process on S, in which case the Palm
measures P, on % may be represented as P, = X, - P or, equivalently, as
P,A=E[X;A]

Typically the condition E[¢|.7] « E¢ is not fulfilled for the entire o-field
F of interest, so we may have to apply the previous construction to a suit-
able family of generating sub-o-fields . c . For each . we obtain an as-
sociated set of Palm distributions P7 = X7 P on &, and to guarantee the
existence of an extension to %, we need to impose a consistency constraint
on the family {P7 }. The required condition turns out to be equivalent to the
martingale property of the density process X7, regarded as a function of .7
for fixed s. Thus, we see how martingales indexed by directed sets [previ-
ously studied extensively, for example by Krickeberg (1956), Kurtz (1980) and
Ivanoff, Merzbach and Schiopu-Kratina (1993)] arise naturally in the present
context.

With the indicated construction, the Palm measures P, are still defined
only up to the values on an E¢-null set, which leaves us with some freedom to
select convenient versions. An especially attractive case is when the densities
X7 can be chosen to be L!-continuous in s for fixed 7, since the associated
Palm measures P, will then be continuous in total variation on .#. Under
those conditions, the previously described approximation property becomes
equivalent to a certain asymptotic relation involving the conditional hitting
probabilities P[¢] > 0.7 ]. Thus, the inherent duality enables us to study
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the basic continuity and approximation properties of Palm distributions in
terms of associated properties of the more accessible conditional intensities
and hitting probabilities. As a further benefit of the general theory, we shall
see how the martingale property required for consistency holds automatically
in the continuous case.

The basic principles of duality are developed in Section 3 below, following
an auxiliary Section 2 that lists some technical preliminaries. In Sections 4
and 5 we shall see how the general theory applies to an extensive class of
regenerative sets. For the latter it is natural to choose ¢ as the associated
local time random measure, the measure on R, induced by the generating
subordinator X. To ensure the required absolute continuity, we adopt from
Kallenberg (1981) the exceedingly weak condition (C), the requirement that
the characteristic functions i, of X, be integrable for all ¢ > 0. This implies
pu, = Po X;1 « A for every ¢t > 0 with a continuous density p’, and we get
E¢ = p-Awith p= [ p'dt. (Here A denotes Lebesgue measure on R, and
p - A is the measure with A-density p.)

Now let 2;, denote the o-field generated by 1jy 4 - §, the restriction of §
to [0, a]. In Proposition 4.5 we show that a.s. E[£|2,] < A on (a, c0) and we
provide an explicit representation of an associated density process M? with
required martingale and continuity properties. By duality we get a correspond-
ing expression for the associated Palm distributions, and in Theorems 5.5 and
5.6 the latter are shown to possess desirable continuity and approximation
properties at every continuity point of p.

Primitive versions of the quoted results for regenerative sets were stated
more or less explicitly already in Section 4 of Kallenberg (1981). Unfortunately,
the earlier proofs are flawed by some rather subtle gaps that are not easily
filled. Though our present purpose is quite different: to exhibit the power
of the basic duality theory in an important special case, we shall also, as a
by-product of our general discussion, supply complete proofs of the basic theo-
rems in the regenerative case. Other applications of interest will be considered
elsewhere.

2. Some technical preliminaries. In order to avoid subsequent inter-
ruption by technical details, we have collected in this section some elementary
results on measures and densities that will be needed later. The reader might
skip to Section 3 and return for reference when required.

The following result shows how an order relation between two absolutely
continuous measures may carry over to the associated densities.

LEMMA 2.1. Consider some o-finite measures A and u < v on a metric space
S such that w = p- A and v = q - A where p is lower semicontinuous. Then

P < llqll on supp A.

PRrROOF. Since p < v, we have (¢ — p)- A >0, and so p < q a.e. A. Fixing
any s € supp A, we may choose some s, — s with p(s,) < q(s,) for each n.
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Using the semicontinuity of p, we get
p(s) < liminf p(s,) < liminf q(s,,) < |9l - a
n—oo n—o0o

The next result gives conditions for L!-convergence of the integrals of a
sequence of random processes.

LEMMA 2.2. Let X, X' X2,..- >0 be measurable processes on some o-
finite measure space (S, un) such that X' —p X, for p-ae. s € S and
E[X"dy— E [Xdu. Then [ X"du — [ X duin LY(P).

PROOF. Since u is o-finite, we may choose some measurable function f > 0
on S such that uf < co. By dominated convergence,

[ BUX2 = X A DF, w(ds) — 0,

and so X® - X in P ® (f - n)-measure. Applying Lemma 1.32 in Kallenberg
(1997) to any a.e. convergent subsequence, we get X" — X in L1(P ® p).
Hence,

E'/X”d,u,—/XdM

5E/|X"—X|d,u—>0. 0

We proceed to show that, under suitable conditions, the martingale property
of an absolutely continuous, measure-valued process carries over to the process
of densities.

LEMMA 2.3. Fix a o-finite measure . on some metric space (S, .”) and
an x € supp u. Let (&) be a measure-valued martingale on S with induced
filtration F such that £, = M- a.s. for each t, where M' is F,®./-measurable
and L'-continuous at x. Then M' is a martingale in ¢.

PrOOF. Fix any times s < ¢, and let A € %, and B € .. By Fubini’s
theorem and the martingale property of £, we have

E[M3; Alu(dy) = E| [ M}, u(dy); A
B B

= E[¢,B; A]l = E[¢,B; A]
— B[ [, M} utavy; 4]

= [ E[M;: Al u(dy).

Here B is arbitrary, and so E[M3; A] = E[M/; A] for y € S a.e. u. Since x €
supp 4, we may choose some x,, — x with E[M3 ; A] = E[Mﬁcn; Al for all n. By
the L!-continuity on each side, the relation extends to E[M$; A] = E[M*; A],
and since A is arbitrary we get M$ = E[M’|7;] a.s. O
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The following result gives the uniqueness of the density. Recall that L°
denotes the space of finite random variables with the topology of convergence
in probability.

LEMMA 2.4. Fix a o-finite measure p on some metric space S and let X
and Y be measurable and L°-continuous processes on S with X -n=Y -u a.s.
Then X, =Y, a.s. for all s € supp u.

ProOF. Since (X —Y)-u =0 a.s., we have
u{seS; X, #2Y,} =0 as,

and since X and Y are measurable, Fubini’s theorem yields X, = Y, a.s.
for p-a.e. s € S. Fixing any s € supp u, we may choose some s, — s with
X, =Y, as foralln. Then X, —»p X;and Y, —p Y, andso X, =Y,
a.s. O

The next result expresses the total variation of a signed measure @ = «- P
in terms of the density «. Here ||u|»~ denotes the total variation of u on the
o-field 7. Note that |u| 5+ = supy |uf|, where the supremum extends over all

& -measurable functions f with |f| < 1.

LEMMA 2.5. If @ = a- P with a € L1, then for any sub-o-field F in Q,
Q|+ = E|E[a|7]|.

PrROOF. For any & -measurable random variable ¢ with |¢| < 1, we have
[ £4Q = B(éo)| = B¢ Blal)) < ElElal7 ]|

with equality when ¢ = sgn E[«

F]. O

We conclude with a simple estimate of the total variation distance between
two product measures.

LEMMA 2.6. Let py,..., u, and vy, ..., v, be probability measures on some
measurable spaces Sy, ..., S,. Then

|
®Mk—®”k|
k k I

<> llwr — vl
3

PROOF. For any probability measures u, v on S and u/, v on T, we have
lp@u —v@v| =l(k-—v)@u|+[rew -
= u—vl+ =]

Now continue by induction. O
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3. General duality theory. We are now ready to develop the general
duality theory outlined in Section 1. The basic duality relation between Palm
measures and conditional intensity measures is displayed in Proposition 3.1.
In Proposition 3.2 we show how the fundamental continuity and approxima-
tion properties of Palm measures are equivalent to certain continuity and
convergence properties of the corresponding density processes. Proposition 3.3
shows how the consistency of a family of Palm measures translates into a mar-
tingale property for the associated family of density processes; in addition, it
provides the previously advertised relationship between continuity and mar-
tingale properties. The extension of a consistent family of Palm measures is
examined in Proposition 3.4. Finally, a general criterion for tightness and ap-
proximation in the vague topology is provided in Proposition 3.5.

To introduce the basic notation, let ¢ be a random measure with o-finite
intensity measure E¢, defined on some measurable space (S,.”). For any
random element 7 in some measurable space (7,7 ), we define the Palm
probabilities Q,(C) = Q,C as the Radon—Nikodym derivatives

E[¢(ds); n € C]
E&(ds)

If the space T is Borel, we may choose the function (s, C) — Q,C to form a
probability kernel (Q,) from S to T, in which case we refer to the individual
measures @, as Palm distributions of n with respect to £. In particular, we
may fix a suitable sub-o-field & in the basic probability space (Q, &, P) and
let n be the identity mapping from (£, &) to (Q, 7). In that case, we may
write P, instead of @, and refer to (P,) as the set of Palm distributions on &
with respect to £.

For any ¢ and 7 as above, we shall also consider the set of conditional
expectations E[¢(B|7 ], B € .. If even S is Borel, we may choose the function
B +— E[¢(B|7 ] tobe arandom measure on S, the so-called conditional intensity
E[¢|T] of ¢ given 7.

The following basic duality relationship between Palm measures and con-
ditional intensities is suggested by the componentwise disintegrations of the
so-called Campbell measure E[(éB; n€ Clon S x T.

Q.C= seS, Ced.

PROPOSITION 3.1. Fix two Borel spaces (S, .”) and (T, ), let ¢ be a ran-
dom measure on S with o-finite intensity E¢, and let n be a random element
in T. Then the Palm distributions @ of n with respect to ¢ and the conditional
intensity E[£|n] both exist, and the following two conditions are equivalent:

(1) E[¢m] < E€on .7 a.s. P;
(i) @, <« Pon~ton T ae. EE.

Under (i) and (ii), the Palm measures P, exist on F = o{n}, and we have:
(iii) P« Pon & a.e. E¢.

Furthermore, product-measurable densities exist in all three cases, and any
such density in (i) or (iii) is a density for both.
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PROOF. Since S and T are Borel, the existence of the Palm distributions
Q. and the conditional intensity E[£|n] may be proved as in Theorem 5.3
of Kallenberg (1997). Since ./, .77, and % are all countably generated, it is
also clear from Theorem V.58 in Dellacherie and Meyer (1980) that product-
measurable densities exist in all three cases.
Now assume (ii) with an ./ ® .7 -measurable density f. Define a kernel (P,)
from (S, .”) to (Q, %) by
P.A=E[f(s,n);A], sefS, AeZ,
and note that (iii) holds with density f(s, ). Fix any A € & and B € ./, and

choose a C € 7 with A = n~1C. Using Fubini’s theorem and the definitions
of P, and Q,, we get

[ (P.A) E&(ds) = [ Elf(s, m); m € ClE&(ds)
B B
= | Béds) | f(s.) Pon(dD)
B C

= [ (Q.0) E&(ds)
= E[¢{B; n € C] = E[{B; A].

Thus, the P, are Palm measures on . with respect to &.
Next assume (iii) with an ¥ ® .”-measurable density X. Letting A € 7
and B € .7, we get by Fubini’s theorem and the definitions of P, and E[£|n]

E[E[¢B[n]: A] = E[£B; A] = [ (P,A) E&(ds)
= [ E[X; Al E&(ds)
B
- E[/ X E&(ds); A].
B
Since A is arbitrary and both integrands are . -measurable, we get
E[¢B|n] :/ X,E&(ds) as., Be ./,
B

and S being Borel, we may choose the exceptional null set to be independent
of B. Thus, (i) holds with the same density X.

Conversely, assume (i) with an . ® ./-measurable density X. Define a
kernel (P,) from (S, .”) to (Q,.5) by

P,A=E[X;A], scS, AecZ,
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and note that (iii) holds with density X. Using Fubini’s theorem and the
definitions of X, P, and E[£|n], we get for any A € . and B € .7,

| (P.A)E&(ds) = | E[X; Al Eé(ds)
B B

= E[ fB XSEg(ds);A}
= E[E[{B|n]; Al = E[¢B; A].

Thus, the P, are Palm measures on . with respect to ¢. To deduce (ii), we
may write

Q.B=P{neB}=E[X, n¢eB] seS, BeZ,
and note that the right-hand side vanishes when P{n € B} =0. O

Now assume that S is lescH. In the context of Proposition 3.1, we shall
establish a basic relationship between continuity properties of the Palm mea-
sures and the conditional density process. Write |||+ for the total variation
of the signed measure u on the o-field % and denote the corresponding con-
vergence ||u,, — mlls = 0 by n,, =, p. For any sets I € .7 with E¢1 € (0, 00),
we define

P[¢l > 0\F
Pr=PLIET= 0L pr=
1= Tger PI=""ger -

By I | s we mean that s € I and that [ is ultimately contained in any fixed
neighborhood of s.

PrOPOSITION 3.2. Let P, = X, - P on & a.e. E¢, where X is & ® /-
measurable with EX = 1. Then for any points r,s € S and sets I € ./ with
E¢I € (0, 00), we have:

(i) P, -4 Poon 7 iff X, —p X;
(i) Py =>4 Pyon & iff pr —>p X
(iii) if X is L°-continuous at s, then P} —,, P, on & and p; —p X, as
I s.
PrROOF. (i) By Lemma 2.5 we have
”Pr_PsllJ:Eer_Xs" r,ses.

Furthermore, E| X, — X,| — 0iff X, —»p X, since EX, = EX_ = 1.
(i1) Noting that

P[A; ¢éI > 0] = E[P[¢] > 0|F; A, AecT,
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we get P; = p;- P on 7. Hence, Lemma 2.5 yields
|P; — Plls = Elp; — X, se S, I e” with E¢I € (0, 00).
Since Ep; = EX, = 1, the assertion follows as before.
(iil)) Writing
E[¢(L; Al = E[E[ST|7); A, AeZ,
we get P; = p;- P on .7, and so as before
|P; — Pylls = E|p; — X, se S, I e.” with E¢I € (0, 00).

Since Ep; = EX; = 1, we conclude that P; —,, P, on 7 iff p; —p X,. Now
Proposition 3.1 yields E[£|.7 ] = X - E¢, and hence

prEEI = E[¢1|7] = | X, Ee(dr).
Therefore,

Elpy — X,| < (BN [ EIX, - X,| E&(dr) < sup B|X, — X,|.
re

If X is L%-continuous at s, then the right-hand side tends to 0 as I | s, and
we get E|p; — X | — 0. O

The last result shows that, if X is L%-continuous at some point s € supp E¢,
then the associated Palm measure P, is well defined by continuity and may
be approximated as I | s by the probabilities P;. We may even approximate
by the elementary conditional distributions P;, provided that p; — p; —p 0.
It is suggestive to write the latter condition as

P[¢1>017]  P{&1>0}
E[¢11T] P"Eer

where ~p denotes asymptotic equivalence in the sense of convergence in prob-
ability. This shows that the problems of approximating Palm measures and
conditional hitting probabilities are essentially equivalent.

To examine the dependence on the o-field 7, fix a measurable space (Q, &7)
and a class ¢ of sub-o-fields & C &7, and consider for each .7 € ¢ a probability
measure pg on .7 . Say that the measures ug are consistent if

Writing ¢ for the class of sub-o-fields . C F € ¢, it is clear that the collection
{u+} extends uniquely to a consistent family indexed by £. Without loss of
generality, we may then assume that ¢ is ideal in the sense that & ¢ F € ¢
implies ¢ € ¢. In that case, we define a martingale on ¢ as a process M7 ¢
LY (9), 7 € ¢, with

M7 = E[M?|7], F C&in¢€.

In the context of Palm measures, we may relate the consistency to suitable
martingale and continuity properties.
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PROPOSITION 3.3. Fix a random measure & on S with o-finite intensity E¢
and an ideal class € of sub-o-fields & C /. For each & € ¢, consider an
F ® /-measurable process (M7 such that the measures P7 = M7 - P are
Palm distributions on . with respect to &. Then for fixed s € S, the family
{P7} is consistent iff M7 is a martingale in . This holds in particular if
s € supp E¢ and M7 is L'-continuous at s.

PROOF. For any A € ¥ C &, we have
P{A = E[M?; A] = E[E[M]|7]; A].
Thus, P7 = PZ on & iff
E[E[M?|7];Al = E[M7; A], Ae7,

which is equivalent to the martingale property of M. Furthermore, it is seen
as in Proposition 3.1 that E[£|.7 ] = M7 -E¢ a.s. Since the kernels E[¢|.7 ] form
a measure-valued martingale, the last assertion follows by Lemma 2.3. O

We may now specialize to the case of Palm distributions @, of a random
measure ¢ with respect to itself. For s € I ¢ S with I open, let Q! denote
the Palm distribution of the restriction of ¢ to the complement I¢. The duality
theory may often be exploited to yield specific versions of the measures @,
and we need to extend the latter to a set of Palm distributions @ on the whole
space S. The extension clearly requires the family {@Q!} to be consistent, which
may be verified by means of the criteria in Proposition 3.3.

For precise statements, let 77 denote the restriction of the measure u to
the complement I¢. The measures Q! are said to be consistent if

(3.1) R =Qlom;t, selcdcS.

In that case, we are looking for versions @, of the full Palm distributions
satisfying

(3.2) Rl =Q,om!, selcS.

PROPOSITION 3.4. Let & be an a.s. diffuse random measure on S with locally
finite intensity E¢, and consider a consistent family of Palm distributions Q!
on I¢, where s € I C S with I open. Then there exist unique extensions of the
measures Q! to Palm distributions @, on S with Q,{u; u{s} =0} =1.

PrOOF. Fix any s € S and choose a sequence of neighborhoods I, | s.
By the consistency in (3.1) and the Daniell-Kolmogorov theorem, there exists
some probability measure @, satisfying (3.2) for all I,,. The general relation
in (3.2) then follows by means of (3.1). The value @, {u; u{s} = 0} remains
arbitrary and may be chosen as 1, which determines @, completely as the
distribution of a random measure on S.

Now fix any compact set K and a dissecting system of subsets I,; C K,
as defined in Chapter 10 of Kallenberg (1997). Next choose some open sets
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G,; D I,; with G, (s) | s for each s € K, where G, (s) denotes the unique set
G,;o1I,;>s. If Be.” and s € K, we have w(B\ G,(s)) 1t uB for Q;-a.e. u.
Hence, for any B;,...,B,, ¢ and rq,...,r,, >0,

Qs [ Hms w(Bp\ Go(8)) < 7} = Q5[ Wi wBy, < 14}
k k

Here the left-hand side is clearly measurable in s € K, and so the same thing
is true for the expression on the right. The general measurability now follows
by a monotone class argument.

Now fix any versions @) of the Palm distributions of £. For any open set
I c S, the Palm distributions on I¢ are unique up to an E¢-null set, and
so Q. satisfies (3.2) for almost every s € I. Here we may choose a common
exceptional null set N for all sets I belonging to some countable base .#. Given
any s ¢ N, choose I;,1,,... € Z with I, | s and conclude by a monotone
class argument that @, = Q) on {s}°. Moreover, @ ,{u; u{s} = 0} = 1 by
definition, and for @’ the corresponding value is 1 a.e. E¢ since ¢ is diffuse.
Thus, @, = @/ for almost every s, and so even the measures @, are Palm
distributions. O

Further conditions may be needed to ensure that the measures @, be tight,
in the sense that each @ is the distribution of a locally finite random measure.
We shall establish tightness along with a related continuity property, stated
in terms of the weighted Palm distributions

B[l Bl _ oo
e = (EOT [(QB)Eds),

where I C S is measurable with E£I € (0, 00). Say that the Palm measures
Q. are mean continuous at some s € supp E¢ if I | s implies Q; —, @, with
respect to the vague topology on .Z(S), the space of locally finite measures on
S. To ensure mean continuity @; —, @, along a specific sequence I, | s, we
may impose the requirement

QB =

o E¢l (¢, A1)
(3.3) n{grgo 111;1_)80101[) Bl =0.

PROPOSITION 3.5. Let & be a diffuse random measure on S with Palm mea-
sures @, whose restrictions are given by QL = MI . (Po¢ Y forallseIcC S
with I open, where the processes M! are L'-continuous. Fix an s € supp E¢
with bounded neighborhoods I, | s satisfying (3.3). Then Q. is tight and
Q;, —, Qs with respect to the vague topology on .#(S).

PrOOF. By Lemma 2.5 we have || an — Q!| — 0 for any neighborhood I of
s. In particular, @; —, @, with respect to the vague topology on .Z(S\ {s}).
Furthermore, (3.3) yields

lim limsup [(nl, A1) @ (du)=0.

m— 00 n— 00
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We may now conclude, as in Theorem 4.9 in Kallenberg (1986), that
Qs{/*“‘> MIn < OO} =1land an —w Qs‘ U

Under the stronger hypothesis

lim limsup ZELESAT)
S AR T Rer T

the same argument yields the unrestricted mean continuity at s. The conver-
gence @, —,, @, as t — s requires even stronger conditions.

4. Conditional densities of regenerative sets. We now specialize to
the case when E is an unbounded regenerative set with associated local time
random measure £. Recall that, in this case, there exists an a.s. unique subor-
dinator X such thata.s. éB = [;° 15(X,)d¢ for all B € #(R,). In particular, X
has the continuous inverse L, = £[0, x]. Furthermore, the closure of 5 agrees
a.s. with the support of ¢ as well as with the closed range of X. An elemen-
tary introduction to regenerative sets and processes appears in Chapter 19
of Kallenberg (1997). For more detailed information, we refer to Maisonneuve
(1974) and to Dellacherie, Maisonneuve and Meyer (1987, 1992), Chapters XV
and XX.

To avoid trivialities, we assume that X has unbounded Lévy measure » and
vanishing drift component. (Otherwise, E is a renewal process or P{x € E} > 0
for all x > 0, respectively.) We need the fact that

4.1) P{x¢E}=Plo, <x<ol}=1, x>0,
where

o, =sup(E N[0, x]),

ol =inf(E N[x, 00)), x> 0.

The result in (4.1) is surprisingly hard in general. An equivalent statement
was originally conjectured by K. L. Chung and subsequently proved, inde-
pendently, by L. Carleson and H. Kesten [cf. Assouad (1971) and Bretagnolle
(1971)]. Under condition (C), however, the result is elementary and may be
easily deduced from Lemma 5.3 below.

The main result of this section is Proposition 4.5, which provides a condi-
tional density with nice properties. Some auxiliary results are needed for the
proof, and we begin with a basic formula that exhibits the joint distribution
of o} and o, and provides some pertinent information about the dependence
on the past. Say that a process Y on R, is X-predictable if it is predictable
with respect to the right-continuous and complete filtration induced by X [cf.
Kallenberg (1997), Chapter 22].

LEMMA 4.1. Consider an X-predictable process Y > 0 and a measurable
function f: Ri — R,. Then for any x > 0,

42)  Ef(or,00)Y(L,) = E[O Y(L,)Edu) [ f(u,u+0)v(dv).
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PROOF. Let 1 denote the point process of jump times and sizes of X and
note that 7 is a Poisson process on (0, 00)? with compensator 1§ = A ® v. First
we assume that [ is supported by [0, x) x (x, c0). Noting that L(X,) = s
and X, = X,_ a.s., we get by dual predictable projection followed by the
substitution X, = u,

Ef(o;,00)Yy, =E [[ Y (X, X, +v)n(dsdv)
- E// Y. f(X, , X, +v)dsv(dv)

- E// Y, f(u, u+v)v(dv) &(du).

By (4.1) we may extend the relation to general f, in the form of (4.2). O
We need a simple application involving the measure-valued process,

¢B = ¢([0, X,]NB) = fot 15(X,)ds, Be#R,), t>0.

LEMMA 4.2.

/Ox W(x —u, 00) Eé,(du) = P{X, > x},  x,t>0.

PROOF. Using Lemma 4.1 with /=1 and Y = 1}y ;(s), we get
P{X,>x}=P{X,>x}=P{L, <t}

- E/ UL, < £} v(x — u, 00) £(du)
0

- /0 W(x — u, 00) E&,(du). 0

Now define 2, = 0(1}g 4&). For convenience we record the fact that o, and
2, are conditionally independent given o, here suggestively expressed by
means of the symbol I .

LEMMA 4.3. of 1L 2, a>0.

PROOF. The result is an immediate consequence of the formula

v(b— o, ,00)

(4.3) Plof > b|2,] = a.s.,a<b,

v(a — oy, 00)

well known from excursion theory. [See, e.g., XV.88 or XX.70 in Dellacherie,
Maisonneuve and Meyer (1987, 1992).] Note that (4.3) can also be derived by
routine arguments from Lemma 4.1. O
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Next let u’ denote the distribution of X, and write i’ for the corresponding
characteristic function. We shall henceforth assume condition (C), the integra-
bility of if for all £ > 0. Then u! = p?- A for each ¢ > 0, where the densities p?
are continuous on R and vanish on R_. Put p(x) = [;° p’(x) dt and note that
E¢ = p- A The following identity plays a crucial role for our construction of
conditional densities and Palm measures.

LEMMA 4.4. Ep(x — o)) = p(x), a < x.

A knowledgeable referee points out that if g(x, y) is a “good” potential
density of a Markov process X, then for any open set G we have

(44) Exg(X7G>y)=g(x’y)’ yeG’

where 75 = inf{¢; X, € G}. The asserted relation follows from (4.4) if we take
g(x,y) = p(y — x), G = (a,00) and x = 0. The choice of a good potential
density is a classical problem [cf. Blumenthal and Getoor (1968)]. However,
it is not clear (even to the expert referee) whether the general results apply
here.

PROOF. The relation for ¢ < 0 being trivial, we may assume that a > 0.
Noting that X(L,) = o, and using the strong Markov property at L, together
with the disintegration theorem [cf. Kallenberg (1997), Theorem 5.4], we get
for any B € #((a, o)) and ¢ > 0,

w'B=P{X,eB}=P{X,eB, L, <t}
= P{(0,X), € B—0}; L, =1}
= E[p""(B-0o)); L, <.

Taking densities of both sides, we obtain for almost every x > a,
(4.5) p'(x) = E[p" " (x - o)); L, <t].

To extend this to an identity, we may use Lemmas 4.1 and 4.2, Fubini’s theo-
rem, and the uniform boundedness of p®(u) for s > ¢ — ¢ to get

E[p'La(x — o), L, e (t—e,t]]
t a x—u
= d *(u)d S5 —u — d
[ ds [ prwdu | pi(a—u—v)p(d)
Sd a d lo¢] s _ _ d
ffo s/_oo u/a_up(x u—v)v(dv)

:/()Edsfooov(dv)/:vps(x—u—v)du
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:/0 ds/0 1/(dv)/0 p’(x —a—r)dr
=/€ds/ ) pP’(x—a—r)v(r,o0)dr
0 0
=/ ds/ ) v(x —a—r, o0)p’(r)dr
0 0
=/ CWx—a—r, ) EE,(dr) = P{X, > x —a)},
0

where < denotes boundedness up to a constant factor. As ¢ — 0, the right-
hand side tends to 0, uniformly for x > a bounded away from a, and so

4.6)  E[p""(x—0)); L,<t—e]—> E[p'" " (x—0])); L, <t],

uniformly on compacts in (a, 00). Since the family {p®; s > ¢} is uniformly
equicontinuous, the left-hand side of (4.6) is continuous in x, and the conti-
nuity extends to the limit because of the uniformity of the convergence. Thus,
both sides of (4.5) are continuous, and the relation holds identically. Integrat-
ing with respect to ¢ and using Fubini’s theorem, we get

p(x) = /Ow pH(x)dt = /OOO E[p"te(x — o) L, < t]dt

_ E/OO ple(x — o) dt = Ep(x — o). O
La

We now introduce the processes
(4.7 M¢ = E[p(x — o;)|Z,], 0<ac<x.

To ensure product measurability for each a, we may assume that all condi-
tional expectations are computed from a common regular conditional distribu-
tion P[o; € -|2,]. The following result clarifies the role of the processes M*
as conditional densities and provides some basic martingale and continuity
properties.

PROPOSITION 4.5. Ifthe processes M® in (4.7) are product-measurable, then:

(1) E[¢2,]=M*-Aa.s.on (a,) forall a > 0.
(ii) Each M® is L'-continuous at all continuity points x > a of p.
(iii) M¢ is a martingale in a < x for each x > 0 with p, < oo.

PrOOF. (i) Let 2, be the o-field generated by 2, and o, . Using the re-
generative property at o and the disintegration theorem, we get for any
B e %((a, »)),

E[¢B|2, ] = E[(0,;6)(B — 0)|2,"] = (E£)(B - 0,).
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Hence, Fubini’s theorem yields, for A € 2,
E[/ M dx; A} - / E[M%; A]dx
B B
= [ Elp(x - o)) Aldx
B

- E[fB p(x — o) dux; A}
= E[(E¢)(B - 0, ); Al = E[¢B; A].

Choosing a kernel version of E[¢|2,], we get a.s.
[, M¢ dx = E[¢Bl2;] = E[£|2,1(B).

Since both sides are measure-valued, we may choose the exceptional null set
to be independent of B, and the assertion follows.
(i1) By Fubini’s theorem,

M = /0 E[p'(x — o})|2,]dt,  x>a,

X

and by dominated convergence the integrand is continuous in x for each ¢ > 0.
Furthermore, by Lemma 4.4,

(4.8) EM¢ = Ep(x — o) = p(x), x> a.

The assertion now follows by Lemma 2.2.
(iii) If x > 0 with p(x) < oo, then (4.8) yields EM¢ < oo for all @ < x.
Writing 7 = ¢ and & = 6,&, we note that 7L £ =; £ by the regenerative

a
property at 7. Now fix any a < b < x and let 6+ be the process o+ associated

with &, so that 0'; =71+ &;_T. Using Lemma 4.4, Fubini’s theorem, and the
regenerative property at 7, we get

E[p(x — o,)|2;}]1 = E[p(x — 0y )| ]
= E[p(x — 7~ G,_,)|7]
= p(x — o),
and so
E[M|2;] = E[p(x — 0})|Z,]
= E[p(x — 03)|2,] = M3. O

Since E¢ = p - A, we get formally E[£|2,] = (M%/p) - E£. The division is
justified by the following result.

LEMMA 4.6. p’(x) > 0 for all ¢, x > 0.
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PrROOF. First we note that supp u’ = R, for each ¢ > 0. An abstract ver-
sion of this statement appears in Theorem 6.8 of Kallenberg (1986). To give a
direct elementary proof, note that if u and u’ are measures on R, with sup-
ports A and B, then supp(un * u') = A + B. Applying this result to suitable
decompositions u’ = u, * ), with u/, - §,, we may reduce the assertion to the
case where u! is compound Poisson with a characteristic measure v satisfying
0 € suppv. Each u’ is then the distribution of a finite sum &; +- - -+ &,, where
&1, &9, ... areiid. v and k is an independent Poisson random variable. By the
convolution property, supp ! is then the closed additive semigroup generated
by supp» and hence equals R, .

Now fix any ¢, x > 0 and put s = #/2. Since p® is continuous with dense
support in R, we have p® > £ > 0 on some interval [a, b] C (0, x), and so

x b
P = [ px—wp'wduze| px—u)du
=ep’(x—b,x—a)>0,

where the support property is used again in the last step. O

In view of Proposition 4.5 and the results of Section 3, it is useful to know
where the density p is continuous. In Theorem 5.2 of Kallenberg (1981) we
identified a subset of R, where E¢ has a continuous density. We proceed to
show that the result remains true for the specific density p(x) = [ p‘(x)dt.
For a precise statement, we introduce, as before, the index

a= sup{r > 0; lir% u " 2vy(u) = oo},
u—

where vy(u) = [i x?v(dx). Put d = [1/a] — 1, and note that d > 0 since
a € [0, 1]. Let S consist of all points x > 0 such that » has no bounded density
in any neighborhood of x, and note in particular that 0 € S. Write S, for the
d-fold sum

Sqg=S+---+S={sy+---+54 S1,...,8¢ € S}.
PROPOSITION 4.7. If a > 0, then p is continuous on [0, c0] \ S,.
PROOF. For any s, ¢t > 0 we have u** = u® x u!, and so
@9) P = a0 = [ P - (), xz0ae
Now p*® is bounded and continuous for each s, and by dominated convergence
the continuity carries over to p® x u!. Thus, both sides of (4.9) are continuous,

and the relation holds identically.
Now write p = fol p®ds. By (4.9) and Fubini’s theorem,

n+1 1 1
[ ptds=[ pds= [ (peptyds =T,
n 0 0
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and so
[} n+1 [} 00 o)
p=2/ pPds=) (p*xp")=D*) n' ' =D+Dx* ) u"
n=0"" n=0 n=0 n=1

From Kallenberg (1981) we know that }_,.; u” < A with a bounded, continu-
ous density f. Hence,

Pr Y W =B*(f-N) =B,

n>1

where the right-hand side is continuous by dominated convergence.

By scaling, it follows that f;o p®ds is continuous for every & > 0. To estab-
lish the continuity of p on some interval I, it is then enough to show that
foe p®ds — 0 as ¢ — 0, uniformly on I. If I C [0, c0] \ Sy, this holds by the
arguments in Kallenberg (1981) combined with Lemma 2.1 above. O

5. Palm distributions of regenerative sets. Here we continue our dis-
cussion of regenerative sets E and their local time random measures ¢, as
specified in Section 4. For convenience we assume condition (C) throughout
the section, although some statements may be true more generally.

Our present aim is to use the conditional densities in Proposition 4.5 to
construct specific versions of the Palm distributions @, which will be shown
in Theorems 5.5 and 5.6 to possess desirable continuity and approximation
properties. Again some auxiliary results are needed, and we begin with a
representation of the Palm distributions of ¢ in terms of ordinary conditional
distributions for the generating process X. For convenience, we may write

p(s) = p, and p'(s) = p;.
LEMMA 5.1. There exists a kernel k from Ri to #(R,) satisfying
Pl¢e AlX,|=«k(X,,t,A) as., t >0,
and we have

(5.1) QA = (ps)*lfx(s, t,A)ptdt, s>0ae A\

PrOOF. To construct «, fix a nested array (I,;) of partitions of R, with
supy, |I,,] — 0 as n — oo, and define
P{¢ée A, X, el,;,}
P{X, e 1}

M, (s, t,A)=)_
k

17 ,(s), s,t>0, neN.

By the measurability of X and Fubini’s theorem, the functions M, (s, ¢, A) are
measurable in the pair (s, t) for each A. Introducing the product-measurable
functions

m(s,t, A) =limsup M, (s, t, A), s, t>0,
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we get by martingale theory
Pl AlX,|=m(X,,t, A) as., t > 0.

We may finally proceed as in the proofs of Theorem 5.3 and Proposition 6.26
in Kallenberg (1997) to construct a regular version « of m.

Using Fubini’s theorem and the definitions of p, p?, @, £ and «, we get for
any measurable subsets A C .#Z(R,) and BCR,,

[(Q.A)p,ds = [ (Q,A) E&(ds) = E[¢B; ¢ e Al
- E[/ 15(X,)dt; £ A]
:/P{Xt €B, £c A}dt
= /E[P[g € A|X,]; X, B]dt
:/E[K(Xt,t, A); X, e B]dt
— /dt/BK(s, t, A)p ds

- /B ds/K(s, t, A)p' dt.

Relation (5.1) now follows since B is arbitrary and since p > 0 on (0, co0) by
Lemma 4.6. O

The last result may be used to derive a basic factorization of the Palm
distributions @,, which justifies the notation @, = P o é~!. For measures u
on R,, the restriction and shift operators &, and 6, are given by

(ksw)B = w(B N[0, s]), (O;u)B=pu(B+s), s=0.

LEMMA 5.2. The Palm distributions @ of ¢ satisfy
Q.o (ky, 0,)' =(Q,0k;)®Qy,  s=0ae. EE
PrOOF. Fix any ¢ > 0 and conclude from the Markov property of X that,
for measurable A, B C .#(R,),
Plkx, ¢ € A, 0x.¢ € B|X,]| = Plkyx,§ € A|X,]Q¢B as.

Using the disintegration theorem, we may express this in terms of the kernel
k in Lemma 5.1 as

[ Lasn(bx s 0, m) (X st dp) = [ 1alkx,p) (X, du) @B as,

or, equivalently, as
k(s,t, ;AN 60, B) = k(s, t, kP A) QyB, s>0ae p'-A.
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Hence, by Fubini’s theorem and Lemmas 4.6 and 5.1,
Q,(k;'ANO;'B) = Q,(k;'A) Q,B, s>0ae. A

By a monotone class argument, we may choose a common exceptional null set
for all A and B, and the assertion follows. O

The next result gives the shift continuity of the distribution @, of ¢.

LEMMA 5.3. The function s — @, o 0;! is continuous in total variation on
(0, 00).

PrROOF. By the Markov property of X we have, for any s, ¢, A > 0,

[Qoo0;' — Qoo 6}, < P{X,>st+ |PoX;'—Po(X,—h)"|

<3P{X, > s}—l—/osipt(x) — p'(x+ h)|dx.

By the continuity of p’ and the right-continuity of X, the right-hand side
tends to 0 as &~ — 0 and then ¢ — 0, uniformly for s in any compact subset of
(0, 00). O

Next we record a simple invariance property of the distribution of £&. We say
that a random measure 7 is symmetric on an interval [0, a], if its restriction
to [0, a] has the same distribution as the reflected measure 1B = n(a — B).

LEMMA 5.4. Conditionally on o, for a fixed x > 0, the random measure &
is a.s. symmetric on [0, o |.

Proor. Fix any x > 0, put r =L, and let 7, =27"[2"7 - 1] Vv 0, n € Z,.
Define Xi = X, — X, _, fort <7, and X} = X, otherwise. Note that the
random measure ¢, generated by X" is the reflection of £ on [0, X, ]. Since
7, 1 7, we have X, 1+ X, =o0_,and so0 §, —, £ where ¢ is the reflection of
Eon [0, 0.

For each s > 0, the process X is a.s. exchangeable on [0, s], conditionally on
0. X.PuttingY, =X, — X, ,fort <sand Y, = X, otherwise, it follows that Y
has conditionally the same distribution as X. Noting that {7, = s} € 0{6,X}
for all n and s, we get X" =, X, so &, =, £, and in the limit £ =, £. Since
o, is preserved by the mapping & — £, we obtain (€, o;) =4 (& 0,), and the
assertion follows. O

A more elaborate argument shows that ¢ is conditionally exchangeable on
[0, o ], in the sense of Kallenberg (1982).

We may now use the duality theory of Section 3 to construct specific ver-
sions of the Palm distributions @, of £. Propositions 3.1 and 4.5 together with
Lemma 5.2 suggest that we choose

(5.2) Qo (kg 0" = p E[p(s — o) ki € 1®Qp, O <a<s.
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The following result shows that the Palm distributions are uniquely specified
by (5.2); it also provides some basic continuity properties. Unless otherwise
specified, the weak convergence of probability measures on .#Z(R, ) is defined
with respect to the vague topology.

THEOREM 5.5. The Palm distributions @ of ¢ are consistently and tightly
defined by (5.2) for all s > 0 with p, < oco. The resulting family (Q,) is con-
tinuous at every continuity point x of p, both weakly on .#(R,) and in total
variation outside any neighborhood of x.

PROOF. By Proposition 4.5(1) and Lemma 4.6, we have
E[¢l2,]=M* - A=(M%/p)- E{ a.s. on (a, ).

Thus, by Proposition 3.1 the left Palm distributions satisfy (5.2) a.e. for every
a > 0. The normalization and consistency for different values of a follow from
Propositions 3.3 and 4.5(iii), whereas Proposition 3.4 ensures the existence of
a unique extension to the interval [0, s). By Lemma 5.2 we may then define
the full Palm distributions on R, by (5.2).

To prove the asserted tightness, we may fix any s > 0 with p, < co and let
a,e>0with 2e va < s <a+ e. By (5.2) and Lemmas 4.3 and 5.4,

J{n(s = ,a) A 1} Qu(dw) = P 'E p(s — o) {é(s — £,0) A 1}

< p,'E p(s — o) ){&(oy —&,0,) A1}

= ps’lE p(s — o )E[é(o, —&,0,) A1|o,]
= p;"E p(s — 0 )E[£(0, £) A |0, ]

= p; E p(s — 0 )(£(0, ) A 1)

= [{1(0.2) A 1} Q,(dw).

As a — s, it follows by (5.2) and monotone convergence that

Jnls = ,9) A 1} Qu(dp) = [{(0, £) A 1} Q,(d)
= P, E p(s = 015)((0, &) A D).

By Lemma 4.4 and dominated convergence, the right-hand side tends to 0 as
& — 0, and the required tightness follows.

Now fix any continuity point x > 0 of p. For the left Palm distributions, the
continuity in total variation at x follows from Propositions 3.2(1) and 4.5@ii);
for the right Palm distributions it holds by Lemma 5.3. By Lemma 2.6 we may
combine the two properties into the asserted continuity outside any neighbor-
hood of x. In particular, @, —,, @, as s — x, in the sense of the vague topology
on .4/(R, \ {x}).

(5.3)
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To extend the convergence to the vague topology on .Z(R_), we conclude
from (5.3) that, as s — x,

[An(s = 2,9) A1} Qu(dp) = [{1(0, 2) A1} Qu(dp)
~ [{1(0. &) A1} Qu(dp).

which tends to 0 as € — 0. Since also
[{ns, s+ 2) A1} Qu(dp) = EI£(0, £) A 1] = 0,
we obtain

lim lim sup /{M(x — e, x+&) A1} Q (dp) = 0.

The strengthened convergence now follows as in Theorem 4.9 of Kallenberg
(1986). O

We proceed to show how the specific versions of Palm distributions @, given
by (5.2) admit approximation by elementary conditional distributions. For any
bounded interval I C R, we put @; = P[¢ € -|(I > 0]; by I — {x} we mean
that both endpoints of I tend to x. Write

h 00
my, =/ v(u, 00) du =/ (x Ah)p(dx) <00,  h>0,
0 0
where the second equality holds by Fubini’s theorem.

THEOREM 5.6. For any continuity point x of p and intervals I — {x} with
|I| = h, we have:

(1) m;'P{¢I > 0} — p;
(i) Q; — @, both weakly on .#(R.) and in total variation outside any
neighborhood of x.
ProOOF. (i) Assuming I = (y — h, y), we get by Lemma 4.1
¥
P{e1> 0= [ p,u(y - u, 00)du
y—h

y
pr/ hv(y—u,oo)du:mhpx.
yo

(ii) Let @ < y — h and put 2, = 2, v o{o;}}. By Lemma 4.1 and the
regenerative property at o, we get

PIEL= 012 ) = [ plu— o) u(y - u,o0) du
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Hence, by Fubini’s theorem and the definition of M?,

¥
Pl¢1 > 012;] = [ Elp(u - o})|2,]n(y — u, 00) du
h
y
=[ Miv(y —u,00)du.
y—nh
Using Proposition 4.5(ii), we obtain

Y
E|m;Pl¢I > 0|2,] — M?| < m,;lf E|M® — M| u(y — u, 0o)du
y—nh

<sup E|M{ — M| — 0.

uel

Combining this with (i) and recalling that p, > 0 by Lemma 4.6, we get

P[£I > 0[2,] _ P[E1>0[2,]  my M3
P{¢I >0} my, P{eI=0y " p,

By Proposition 3.2(ii), it follows that @; — @, in total variation on Z7,.

To deduce the corresponding two-sided convergence, fix any ¢ < x < b with
I C (a,b). Letting ¢ be the left endpoint of I, we get by regeneration at o
and the disintegration theorem,

Qr o (kas 0,) " = Pl(kq, O5)€ € -|0f € 1]
= E[P(kq, 65)¢ € |0 |0 € 1]
= E[P[k.¢ € |0/]1®(Qoo0 0,  )|of € I].
In particular,
(Qrok,)® Q= E[P[k,¢ € -|0f]® Qo|af €I,
and by combination
H QI © (ka7 eb)_l - (QI o kgl) ® (QO © 0;—1x)H
= | B[Pkt < 10719 (@00 0,7, — Qo 03|07 € ]|
< E[|Qo 0;_10: — Qoo 0, | |of e1I].
Hence,
” QI © (ka7 eb)_l - Qx © (kaa ob)_lH
< su113|| Qoo 0y, — Qoo b,',] + | Qrok,' — Qo k!
ye

2

which tends to 0 as I — {x}, by the preceding paragraph and Lemma 5.3. In
particular, @; —, @, for the vague topology on .Z(R_ \ {x}).
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To extend the convergence to the vague topology on .#Z(R,), we may use
Lemmas 4.3 and 5.4 as before to get, as I — {x},

[{nle = 2,¢) A1} Qi(dp) = E[é(c — &,c) A1 o7 € 1]
< E[¢(o, —e,0.)A1|of €]
= E[E[&(o; —&,0,) Ao, ]| o) 1]
= E[E[£(0, &) Ao, ]|o) € I]
= E[£(0, &) Allo) € 1]

= /{,u,(O, e) A1} Qr(du)

[
[

~ {10, &) A 1} Qu(dp),

which tends to 0 as ¢ — 0. Furthermore, by the regeneration at o,

[inle, c+2) A1} Qu(dp) = Elé(c, c+ &) A1 o €T
<E[éo], 0} +e)Al|a} €]
= E[£(0, &) A 1] — 0.

Thus, by combination,

lim limsup [{u(x — &, x + &) A1} Q;(du) =0,

=0 1 x}

and so the strengthened convergence follows again as in Theorem 4.9 of
Kallenberg (1986). O
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