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Abstract

The distribution g of a Poisson cluster process in X = RY (with i.i.d. clusters) is studied
via an auxiliary Poisson measure on the space of configurations in X = | |, X", with
intensity measure defined as a convolution of the background intensity of cluster centres
and the probability distribution of a generic cluster. We show that the measure p is quasi-
invariant with respect to the group of compactly supported diffeomorphisms of X and prove
an integration-by-parts formula for pi.). The corresponding equilibrium stochastic dynamics
is then constructed using the method of Dirichlet forms.
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integration by parts; Dirichlet form; stochastic dynamics
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1 Introduction

In the mathematical modelling of multi-component stochastic systems, it is con-
ventional to describe their behaviour in terms of random configurations of “par-
ticles” whose spatio-temporal dynamics is driven by interaction of particles with
each other and the environment. Examples are ubiquitous and include various mod-
els in statistical mechanics, quantum physics, astrophysics, chemical physics, biol-
ogy, computer science, economics, finance, etc. (see [16] and the extensive bibli-
ography therein).

Initiated in statistical physics and theory of point processes, the development of
a general mathematical framework for suitable classes of configurations was over
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decades a recurrent research theme fostered by widespread applications. More re-
cently, there has been a boost of more specific interest in the analysis and geometry
of configuration spaces. In the seminal papers [5,6], an approach was proposed to
configuration spaces as infinite-dimensional manifolds. This is far from straight-
forward, since configuration spaces are not vector spaces and do not possess any
natural structure of Hilbert or Banach manifolds. However, many “manifold-like”
structures can be introduced, which appear to be nontrivial even in the Euclidean
case. We refer the reader to papers [2,6,7,25,29] and references therein for further
discussion of various aspects of analysis on configuration spaces and applications.

Historically, the approach in [5,6] was motivated by the theory of representations
of diffeomorphism groups (see [17,20,33]). To introduce some notation, let Iy be
the space of countable subsets (configurations) without accumulation points in a
topological space X (e.g., Euclidean space R%). Any probability measure 1 on Iy,
quasi-invariant with respect to the action of the group Diff((X) of compactly sup-
ported diffeomorphisms of X (lifted pointwise to transformations of Iy ), generates
a canonical unitary representation of Diffy(X) in L?(I'x, ut). It has been proved in
[33] that this representation is irreducible if and only if y is Diff (X )-ergodic. Rep-
resentations of such type are instrumental in the general theory of representations
of diffeomorphism groups [33] and in quantum field theory [17,18].

According to a general paradigm described in [5,6], configuration space analy-
sis 1s determined by the choice of a suitable probability measure ;2 on Iy (quasi-
invariant with respect to Diffy(.X)). It can be shown that such a measure y satisfies
a certain integration-by-parts formula, which enables one to construct, via the the-
ory of Dirichlet forms, the associated equilibrium dynamics (stochastic process) on
I'x such that g is its invariant measure [5,6,27]. In turn, the equilibrium process
plays an important role in the asymptotic analysis of statistical-mechanical systems
whose spatial distribution is controlled by the measure p; for instance, this process
is a natural candidate for being an asymptotic “attractor” for motions started from
a perturbed (non-equilibrium) configuration.

This programme has been successfully implemented in [5] for the Poisson mea-
sure, which is the simplest and most well-studied example of a Diff,(.X)-quasi-
invariant measure on [ x, and in [6] for a wider class of Gibbs measures, which
appear in statistical mechanics of classical continuous gases. In particular, it has
been shown that in the Poisson case, the equilibrium dynamics amounts to the
well-known independent particle process, that is, an infinite family of independent
(distorted) Brownian motions started at the points of a random Poisson configura-
tion. In the Gibbsian case, the dynamics is much more complex due to interaction
between the particles.

The Gibbsian class (containing the Poisson measure as a simple “interaction-
free” case) is essentially the sole example so far that has been fully amenable to
such analysis. In the present paper, our aim is to develop a similar framework for
a different class of random spatial structures, namely the well-known cluster point
processes (see, e.g., [14,16]). Cluster process is a simple model to describe effects



of grouping (“clustering”) in a sample configuration. The intuitive idea is to assume
that the random configuration has a hierarchical structure, whereby independent
clusters of points are distributed around a certain (random) configuration of invis-
ible “centres”. The simplest model of such a kind is the Poisson cluster process,
obtained by choosing a Poisson point process as the background configuration of
the cluster centres.

Cluster models have been very popular in numerous practical applications rang-
ing from neurophysiology (nerve impulses) and ecology (spatial distribution of off-
spring around the parents) to seismology (statistics of earthquakes) and cosmology
(formation of constellations and galaxies). More recent examples include applica-
tions to trapping models of diffusion-limited reactions in chemical kinetics [1,9,12],
where clusterization may arise due to binding of traps to a substrate (e.g., a poly-
mer chain) or trap generation (e.g., by radiation damage). An exciting range of new
applications in physics and biology is related to the dynamics of clusters consisting
of a few to hundreds of atoms or molecules. Investigation of such “mesoscopic”
structures, intermediate between bulk matter and individual atoms or molecules, is
of paramount importance in the modern nanoscience and nanotechnology (for an
authoritative account of the state of the art in this area, see a recent review [15] and
further references therein).

In the present work, we consider Poisson cluster processes in X = R?. We prove
the Diffy(X)-quasi-invariance of the Poisson cluster measure /i and establish the
integration-by-parts formula. We then construct an associated Dirichlet form, which
implies in a standard way the existence of equilibrium stochastic dynamics on the
configuration space [x. Our technique is based on the representation of . as a nat-
ural “projection” image of a certain Poisson measure on an auxiliary configuration
space I'x over a disjoint union X = | |, X, comprising configurations of “droplets”
representing individual clusters of variable size. A suitable intensity measure on X
is obtained as a convolution of the background intensity A(dz) (of cluster centres)
with the probability distribution 7(dy) of a generic cluster. This approach enables
one to apply the well-developed apparatus of Poisson measures to the study of the
Poisson cluster measure /.

Let us point out that the projection construction of the Poisson cluster measure
is very general, and in particular it works even in the case when “generalized” con-
figurations (with possible accumulation or multiple points) are allowed. However,
to be able to construct a well-defined differentiable structure on cluster configura-
tions, we need to restrict ourselves to the space I'x of “proper” (i.e., locally finite
and simple) configurations. Using the technique of Laplace functionals, we ob-
tain necessary and sufficient conditions of almost sure (a.s.) properness for Poisson
cluster configurations, set out in terms of the background intensity A(dz) of cluster
centres and the in-cluster distribution 7(dy). To the best of our knowledge, these
conditions appear to be new (cf., e.g., [16, §6.3]) and may be of interest for the
general theory of cluster point processes.

Some of the results of this paper have been sketched in [11] (in the case of



clusters of fixed size). We anticipate that the projection approach developed in
the present paper can be applied to the study of more general cluster measures
on configurations spaces, especially Gibbs cluster measure (see [10] for the case
of fixed-size clusters). Such models, and related functional-analytic issues, will be
addressed in our future work.

The paper is organized as follows. In Section 2.1, we set out a general framework
of probability measures in the space of generalized configurations F)u(. In Section
2.2, we recall the definition and discuss the construction and some basic properties
of the Poisson measure on the space F)ﬁ(, while Section 2.3 goes on to describe
the Poisson cluster measure. In Section 2.4, we discuss criteria for Poisson clus-
ter configurations to be a.s. locally finite and simple (Theorem 2.7, the proof of
which is deferred to the Appendix). An auxiliary intensity measure \* on the space
X = |4, X" is introduced and discussed in Section 3.1, which allows us to define
the corresponding Poisson measure 7« on the configuration space F& (Section 3.2).
Theorem 3.6 of Section 3.3 shows that the Poisson cluster measure (i can be ob-
tained as a push-forward of the Poisson measure 7y« on Faﬁe under the “unpacking”
map X 3 T — p(T) := U, ex{wi} € I'L. In Section 3.4, we describe a more gen-
eral construction of . using another Poisson measure defined on the space F)ﬁ(x x
of configurations of pairs (z,y) (x = cluster centre, § = in-cluster configuration),
with the product intensity measure A(dz) ® n(dy). Following a brief compendium
on differentiable functions in configuration spaces (Section 4.1), Section 4.2 deals
with the property of quasi-invariance of the measure p. with respect to the dif-
feomorphism group Diffy(X) (Theorem 4.3). Further on, an integration-by-parts
formula for p is established in Section 4.3 (Theorem 4.5). The Dirichlet form
&, associated with y is defined and studied in Section 5.1, which enables us to
construct in Section 5.2 the canonical equilibrium dynamics (i.e., diffusion on the
configuration space with invariant measure /i.;). In addition, we show that the form
&, 1s irreducible (Theorem 5.4, Section 5.3). Finally, the Appendix includes the
proof of Theorem 2.7 (Section 6.1) and the proof of a well-known general result on
quasi-invariance of Poisson measures, adapted to our purposes (Section 6.2).

2 Poisson and Poisson cluster measures in configuration spaces

In this section, we fix some notations and describe the setting of configuration
spaces that we shall use. As compared to a standard exposition (see, e.g., [14,16]),
we adopt a more general standpoint by allowing configurations with multiple points
and/or accumulation points. With this modification in mind, we recall the definition
and some properties of Poisson point process (as a probability measure in the gen-
eralized configuration space F}j(). We then proceed to introduce the main object of
the paper, the cluster Poisson point process and the corresponding measure /i in
F)ﬁ(. The central result of this section is the projection constriction showing that i
can be obtained as a push-forward of a suitable Poisson measure in the auxiliary
“vector” configuration space [’ ? where X = L], X™.



2.1 Generalized configurations

Let X be a Polish space (i.e., separable completely metrizable topological space),
equipped with the Borel o-algebra B(X ) generated by the open sets. Denote Z, :=
Z.U{oo}, where Z, = {0,1,2, ...}, and consider the space X built from Cartesian
powers of X, that is, a disjoint union X := | |, .z, X" including X 0= {0} and the
space X > of infinite sequences (z1, s, ...). Thatis to say, T = (z1,22,...) € X
if and only if 7 € X" for some n € Z,. For simplicity of notation, we take the
liberty to write x; € Z if x; is a coordinate of the vector .

Each space X" is equipped with the product topology induced by X, that is,
the coarsest topology in which all coordinate projections (z1,...,z,) — x; are
continuous (z = 1,...,n). Hence, the space X is endowed with the natural disjoint
union topology, that is, the finest topology in which the canonical injections j, :
X" — X are continuous (n € Z,). In other words, a set U C X is open in
this topology whenever U = |, .z, Un, where each U, is an open subset in X"

(n € Z,). Hence, the Borel o-algebra on X is given by B(X) = Dz, BX"),
nez, Bn, where B, € B(X"), n € Z,.

Remark 2.1. Note that a set K C X is compact if and only if K = ||, K,,, where
N < oo and K, are compact subsets of X", respectively. This becomes clear by
considering an open cover of K by the sets U, = X", n € Z.

Denote by N (X) the space of Z -valued measures N (+) on B(X) with countable
(i.e., finite or countably infinite) support supp N := {z € X : N{z} > 0} (here
and below, we use N{z} as a shorthand for a more accurate N({z}); the same
convention applies to other measures). Consider the natural projection

that is, consists of sets of the form B = | |

X3z p(@) =) b, e N(X), 2.1)

T, ET

where ¢, is Dirac measure at point x € X. Gathering any coinciding points z; € 7,
the measure N = 3_, .- 0,, in (2.1) can be written down as N = Zx;esupp N ki 6@,
where k; = N{z}} > 0 is the “multiplicity” (possibly infinite) of the point z} €
supp N. Any such measure /N can be conveniently associated with a generalized
configuration y of points in X,

Neqy= || {zi}u--u{a},

xf €supp N g

where the disjoint union {z*} Ll - - - U {z*} signifies the inclusion of several dis-
tinct copies of point 2* € supp N. Thus, the mapping (2.1) can be symbolically
rewritten as

p(z) == | | {=}, T=(v1,19,...) € X. (2.2)

T;ET

That is to say, under the projection mapping p each vector from X is “unpacked”
into distinct components, resulting in a countable aggregate of points in X (with



possible multiple points), which we interpret as a generalized configuration ~y. Note
that, formally, Z may be from the “trivial” component X° = {@}, in which case the
union in (2.2) (as well as the sum in (2.1)) is vacuous and hence corresponds to the
empty configuration, v = ().

Even though generalized configurations are not, strictly speaking, subsets of X
(due to possible multiple points), it is convenient to keep using set-theoretic nota-
tions, which should not cause any confusion. For instance, we write 5 := 7N B for
the restriction of configuration  to a subset B € B(X). Similarly, for a function
f X — R we denote

(=Y fla)= ¥ Ne}fa)= [ f@Nd@). @3

T €Y z; €supp N

This formula motivates the following convention that will be used throughout: if
y=0theny . f(z):=0.

In what follows, we shall identify generalized configurations ~y with the corre-
sponding measures N = 3, .. d,, and we shall opt to interpret the notation -y
either as an aggregate of (multiple) points in X or as a Z -valued measure or both,
depending on the context. For example, if 15(z) is the indicator function of a set
B € B(X) then (15,7) = ~(B) is the total number of points (counted with their
multiplicities) in the restriction -z of the configuration ~y to 5.

Definition 2.1. Configuration space F)n( is the set of generalized configurations 7 in
X, endowed with the cylinder o-algebra B(I'%) generated by the class of cylinder
sets Ot == {ye 't :v(B) =n}, Be B(X), neZ,.

Remark 2.2. Note that the set 5 = {y € I't : v(B) = oo} is measurable:

€5 = (v e Tk inaB) =0} = () U b e BIY).

n=0 n=0 k=n

The mapping p : X — F)ﬁ( defined by formula (2.2) is measurable, since for any
cylinder set C € B(I'%) we have

p~H(Cp) = Dpy = {x €X: ) 1p(x) = n} € B(%). (2.4)

T, €T

As already mentioned, conventional theory of point processes (and their dis-
tributions as probability measures on configuration spaces) usually rules out the
possibility of accumulation points or multiple points (see, e.g., [16]).

Definition 2.2. Configuration v € I'% is said to be locally finite if y(K) < oo
for any compact set K C X. Configuration € I'% is called simple if v{z} < 1
for each x € X. Configuration v € F)ﬁ( is called proper if it is both locally finite
and simple. The set of proper configurations will be denoted by /'y and called the

proper configuration space over X . The corresponding o-algebra B(['x) is gener-
ated by the cylinder sets {y € I'x : 7(B) =n} (B € B(X), n € Z).



Like in the standard theory for proper configuration spaces (see, e.g., [16, § 6.1]),
every measure f on the generalized configuration space F)ﬁ< can be characterized
by its Laplace functional

Llfli= [, e U7 uldy),  f € My(X), (2.5)

where M, (X) is the set of measurable non-negative functions on X (so that the
integral in (2.5) is well defined since 0 < =7} < 1). To see why L[] completely
determines the measure ; on B(I'%), note that if B € B(X) then L,[s15] as a
function of s > 0 gives the Laplace-Stieltjes transform of the distribution of the
random variable v(B) and as such determines the values of the measure ;. on the
cylinder sets Ct € B(I'%) (n € Z,). In particular, L,[s1p] = 0 if and only if
v(B) = oo (p-a.s.). Similarly, using linear combinations % | s;1 5, we can recover
the values of y on the cylinder sets

,,,,,

and hence on the ring C(X) of finite disjoint unions of such sets. Since the ring
C(X) generates the cylinder o-algebra B(I'%), the extension theorem (see, e.g.,
[19, §13, Theorem A] or [16, Theorem A1.3.II1]) ensures that the measure y on
B(I'%) is determined uniquely.

2.2 Poisson measure

We recall here some basic facts about Poisson measures in configuration spaces.
As compared to the customary treatment, another difference, apart from working
in the space of generalized configurations F)ﬁ(, is that we use a o-finite intensity
measure rather than a locally finite one.

Poisson measure on the configuration space F)ﬁ( is defined descriptively as fol-
lows (cf. [16, §2.4]).

Definition 2.3. Let ) be a o-finite measure in (X, B(X)) (not necessarily infinite,
i.e., A(X) < 00). The Poisson measure ) with intensity X is a probability measure

on B(F}j() satisfying the following condition: for any disjoint sets By, ..., B €
B(X) (i.e., B;N B; = () for i # j), such that A(B;) < oo (i = 1,...,k), and any
ni,...,nx € Z,, the value of 7y on the cylinder set C', """ is given by

(2.6)

(with the convention 0° := 1). That is, for disjoint sets B; the values (B;) are mu-
tually independent Poisson random variables with parameters \(B;), respectively.

A well-known “explicit” construction of the Poisson measure 7, is as follows
(cf. [5,31]). For a fixed set A € B(X) such that A\(A) < oo, consider the restriction



mapping py,

It sy~ pry=yNA=y, €T}
Clearly, pA(C7) = {7 € I'} : 4(A) = n}. For A € B(I'}) and n € Z_, let
Ap = ANpa(C) € B(I'}) and define the measure

Td(A) = e >

n=0

Ao p Y (Ann),  AeBIY), 2.7)

n!
where A" = A®---® A\ is the product measure in (X", B(X™)) (we formally
—_———

set A?Y:= dy¢y) and p is the projection operator defined in (2.2). In particular, (2.7)
implies that 7{ is a probability measure on Fﬁ. It is easy to check that the “cylindri-
cal” measure 74 o p, in F)ﬁ( (in fact, supported on ;> , C'}) satisfies equation (2.6)
for any disjoint Borel sets B; C A. It is also clear that the family {7{, A C X} is
consistent, that is, the restriction of the measure 74 to a smaller configuration space
I'%, (with A’ C A) coincides with 7', that is, 7 o (papy}) = 7.

Existence (and uniqueness) of a measure 7, in (I'%, B(I'%)) such that, for any
A € B(X), the push-forward measure p*, 7y = 7 o p,;* coincides with 7{! (which
implies that 7, satisfies Definition 2.3 and is therefore a Poisson measure on the
configuration space F)ﬁ(), now follows by a projective version of the fundamen-
tal Kolmogorov extension theorem (see, e.g., [16, § A1.5] or [28, Ch. 5]). More
precisely, recall that the measure A on X is o-finite, hence there is a countable
family of sets B, € B(X) such that A\(B;) < oo and Uy, Bx = X. Then
Ay = UL, By € B(X) (m € N) is a monotone increasing sequence of sets
such that A(A,,) < oo and Uyr_; A, = X. By the construction (2.7), we obtain
a consistent family of probability measures wfm on the configuration spaces Fﬁm,
respectively. Using the metric in X (which is assumed to be a Polish space, see Sec-
tion 2.1), one can define a suitable distance between finite configurations in each
space F/ﬁlm and thus convert F/ﬁlm into a Polish space (see [31]), which ensures that
the Kolmogorov extension theorem is applicable.

Remark 2.3. Even though the paper [31] deals with simple configurations only,
its methods may be easily extended to a more general case of configurations with
multiple points. However, finiteness of configurations in each 4,, is essential.

Remark 2.4. The requirement that X is a Polish space (see Section 2.1) is only
needed in order to equip the spaces of finite configurations in the sets /A,, with the
structure of a Polish space and thus to be able to apply the Kolmogorov extension
theorem as explained above (see [31]). This assumption may be replaced by a more
general condition that (X, B(.X)) is a standard Borel space (i.e., Borel isomorphic
to a Borel subset of a Polish space, see [21,28]).

Remark 2.5. Formula (2.7), rewritten in the form

= A(A) e Ao pi(A,y,)

w4 =3 S5 T

gives an explicit way of sampling a Poisson configuration -, in the set A: first,



a random value of (/) is sampled as a Poisson random variable with parameter
A(A) < o0, and then, conditioned on the event {(A) = n} (n € Z,), the n points
are distributed over A independently of each other, with probability distribution
A(dz)/\(A) each (cf. [22, §2.4]).

Decomposition (2.7) implies that if F'(v) = F'(y,) for some set A € B(X) such
that \(A) < oo, then

[ FOIm@) = [ P = [ Fe) i)

X A

3 L B )M da) - Aldz). 29
n—0 n! n

A well-known formula for the Laplace functional of a Poisson point process
without accumulation points (see, e.g., [5,16]]) is easily verified in the case of gen-
eralized configurations.

Proposition 2.1. The Laplace functional Ly, [f] := [ e~ 7y (dy) of the Pois-
X

son measure T on the configuration space I’ §( is given by

L. [f] = exp {— /X (1—e77®) )\(dx)} . feEMLX). (29

Proof. Repeating a standard derivation, suppose that \(/A) < oo and set f, :=
f - 14. Applying formula (2.8) we have

[t mian =S | e {— ;m»} M) -+ A(dz)
_eny L (/Ae—fm A(dx))"

“~ n!
— exp {—/i (1—e 1) )\(dx)} . (2.10)

Since f4(z) T f(xz) as A T X (more precisely, setting A = A,, as in the above
construction of 7 and passing to the limit as m — c0), by applying the monotone
convergence theorem to both sides of (2.10) we obtain (2.9). L]

Formula (2.6) implies that if B; N By = () then the restricted configurations 7z,
and ~yp, are independent under the Poisson measure 7). That is, if B := By U By
then the distribution 72 = p%m, of composite configurations v = v, Ll V3,
coincides with the product measure 7' ® 73> (13 = P, 7). Building on this
observation, we obtain the following useful result.

Proposition 2.2. Suppose that (X,,, B(X,,)) (n € N) is a family of disjoint mea-
surable spaces (i.e., X; N X; = 0, © # j), with measures \,, respectively, and
let wy, be the corresponding Poisson measures on the configuration spaces I’ )ﬁ(n
(n € N). Consider the disjoint-union space X = |32, X,, endowed with the o-
algebra B(X) = @, , B(X,,) and measure A\ = @.,> | \,. Then the product mea-

n=1



sure ™\ = Q.- Ty, exists and is a Poisson measure on the configuration space
I )ﬁ( with intensity measure \.

Proof. Note that I’ §< is a Cartesian product space, [’ )ﬁ( =X, I )ti(n, endowed with
the product o-algebra B(I'%) = @, B(I" §(n) The existence of the product mea-
sure 7y 1= ®°2, m, on (I'%, B(I'})) now follows by a standard result for infinite
products of probability measures (see, e.g., [19, § 38, Theorem B] or [21, Corol-
lary 5.17]). Let us point out that this theorem is valid without any regularity condi-
tions on the spaces X,,.

To show that 7y is a Poisson measure, one could check the cylinder condition
(2.7), but it is easier to compute its Laplace functional. Note that each function
f € M (X) is decomposed as f = >.>°, fx, - 1x,, where fx, € M (X,) is the
restriction of f to X,,; similarly, each configuration v € F)ﬁ( may be represented as
v = LR, vx,.» where vx, = px,y € T, Hence, (f,7) = ¥, (fx,,7x,) and,
using Proposition 2.1 for each ), we obtain

17 Xn n=

X n=
=11 /,j e~y (dyn)
n=1 Fxn

= { Z/ 1—e an("”"))\n(dxn)}
:exp{—/x(l—e x))\(dx)},

and it follows, according to formula (2.9), that 7, is a Poisson measure. L]

Remark 2.6. Using Proposition 2.2, one can give a construction of a Poisson
measure 7, on the configuration space [’ )ﬁ( avoiding any additional topological
conditions upon the space X (e.g., that X is a Polish space) that are needed for
the sake of the Kolmogorov extension theorem (similar ideas are developed in
[22,23] in the context of proper configuration spaces). To do so, recall that the
measure A is o-finite and define X,, := A, \ 4,_1 (n € N), where the sets
p=AyCcA C---CA, C-- CX,suchthat \(4,) < coand U2, 4, = X,
were considered above. Then the family of sets (X,,) is a disjoint partition of X
(e, X;NX; =0fori# jand Uy, X,, = X), such that A\(X,,) < oo for all
n € N. Using formula (2.6), we construct the Poisson measures 7, = px, 7T on
each I _» where \,, = A\x, is the restriction of the measure A to the set X,,. Now, it
follows by Proposition 2.2 that the product measure 7y = @, 7», is the required
Poisson measure on [ )ﬂ(

Remark 2.7. Although not necessary for the existence of the Poisson measure,
in order to develop a sensible theory one needs to ensure that there are enough
measurable sets and in particular any singleton set {x} is measurable. To this end,
it is suitable to assume (see [22, § 2.1]) that the diagonal set {x = y} is measurable
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in the product space X2 = X x X, that is,
D:={(z,y) € X*: 2 =y} € B(X?). (2.11)

This condition readily implies that {z} € B(X) for each x € X. Note that if X is
a Polish space, condition (2.11) is automatically satisfied because then the diagonal
D is a closed set in X2,

Let us also record one useful general result known as the Mapping Theorem (see
[22, §2.3], where configurations are assumed proper and the mapping is one-to-
one). Let o : X — Y be a measurable mapping (not necessarily one-to-one) of X
to another (or the same) measurable space Y endowed with Borel o-algebra B(Y").
The mapping ¢ can be lifted to a measurable “diagonal” mapping (denoted by the
same letter) between the configuration spaces F}@ and F)ﬁ/:

I 390 () = | [{ela)} € I} (2.12)

ey

Proposition 2.3 (Mapping Theorem). If m\ is a Poisson measure on I’ )ﬁ( with
intensity measure )\, then under the mapping (2.12) the push-forward measure
p*my = myop~Lis a Poisson measure on ]}ﬁ/ with intensity measure p*\ = \op™1,

Proof. 1t suffices to compute the Laplace functional of ¢*m,. Using Proposition
2.1, forany f € M (Y) we have

e~ (Sp*ﬂ/\)(dfy) _ / e (fre(n) 7r,\(d’y)

rt

Lso*m[f] = /Y t

= exp {—/ (1 - e_f(‘p(””))> /\(dx)}
b's
—exp{= [ (1=e7) (X))} = L., ),
Y
and the proof is complete. [

We conclude this section with necessary and sufficient conditions in order that
my-almost all (a.a.) configurations v € F)ﬁ( be proper (see Definition 2.2). Although
being apparently well-known folklore, these criteria are not always proved or even
stated explicitly in the literature, most often being mixed up with various sufficient
conditions, e.g., using the property of orderliness etc. (see, e.g., [14,16,22]). We do
not include the proof here, as the result follows from a more general statement for
the Poisson cluster measure (see Theorem 2.7 below).

Proposition 2.4. (a) If B € B(X) then v(B) < oo (my-a.s.) if and only if \(B) <
oo. In particular, in order that my-a.a. configurations v € I’ ;j( be locally finite, it is
necessary and sufficient that \(K') < oo for any compact set K € B(X).

(b) In order that my-a.a. configurations v € I’ )ﬁ( be simple, it is necessary and
sufficient that the measure \ be non-atomic, that is, N{x} = 0 for each x € X.

11



2.3 Poisson cluster measure

Let us first recall the notion of a general cluster point process (CPP). The intuitive
idea is to construct its realizations in two steps: (i) take a background random con-
figuration of (invisible) “centres” obtained as a realization of some point process 7.
governed by a probability measure zi. on I'%, and (ii) relative to each centre z € Yes
generate a set of observable secondary points (referred to as a cluster centred at x)
according to a point process 7y, with probability measure f, on I’ )ﬁ< (z € X).

The resulting (countable) assembly of random points, called the cluster point
process, can be symbolically expressed as

v=Uerk
T€Ye
where the disjoint union signifies that multiplicities of points should be taken into
account. More precisely, assuming that the family of secondary processes 7.(-) is
measurable as a function of z € X, the integer-valued measure corresponding to a
CPP realization -y is given by

1(B) = [ Ai(B)ulde) = S 4U(B) = X X 6,(B),  BeB(X).

TEYe TEYc yEY,,
(2.13)

A tractable model of such a kind is obtained when (i) X is a linear space so that
translations X > y — y + = € X are defined, and (i1) random clusters are inde-
pendent and identically distributed (i.i.d.), being governed by the same probability
law translated to the cluster centres,

pa(A) = po(A—1z),  AeB(I¥). (2.14)

From now on, we make both of these assumptions.

Remark 2.8. Unlike the standard theory of CPPs whose sample configurations are
presumed to be a.s. locally finite (see, e.g., [16, Definition 6.3.1]), the description of
the CPP given above only implies that its configurations «y are countable aggregates
in X, but possibly with multiple and/or accumulation points, even if the background
point process 7. is proper. Therefore, the distribution p of the CPP (2.13) is a prob-
ability measure defined on the space I’ )ﬂ( of generalized configurations. It is a matter
of interest to obtain conditions in order that 1 be actually supported on the proper
configuration space [y, and we shall address this issue in Section 2.4 below in the
case of Poisson CPPs.

Let v, := 7.(X) be the total (random) number of points in a cluster -y, centred
at point z € X (referred to as the cluster size). According to our assumptions, the
random variables v, are i.i.d. for different x, with common distribution

Pn = pofvo = n} (n€Zy) (2.15)

(so in principle the event {1y = co} may have a positive probability, p., > 0).
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Remark 2.9. One might argue that allowing for vacuous clusters (i.e., with v, = 0)
is superfluous since these are not visible in a sample configuration, and in particular
the probability p, cannot be estimated statistically [16, Corollary 6.3.VI]. In fact,
the possibility of vacuous cluster may be ruled out without loss of generality, at the
expense of rescaling the background intensity measure, A — (1 — po) A. However,
we keep this possibility in our model in order to provide a suitable framework
for evolutionary cluster point processes with annihilation and creation of particles,
which we intend to study elsewhere.

The following fact is well known in the case of CPPs without accumulation
points (see, e.g., [16, § 6.3]).

Proposition 2.5. The Laplace functional L,,[-] of the probability measure v on I" )ﬁ(
corresponding to the CPP (2.13) is given, for all functions f € M, (X), by

Lulf] = Lu (= L, [f]) = Ly (=10 Ly [ (- + 2)]), (2.16)
where L, acts in variable .

Proof. The representation (2.13) of cluster configurations ~ implies that

(=2 f) =2 > fly)

ZEY TEYc yEY,,

Conditioning on the background configuration 7. and using the independence of
the clusters ~_. for different x, we obtain

/F’i e ) p(dy) = /u H (/F" e_zyeﬁ” @ :ux(d%/c)> fe(dye)

X TEY:

= /F)”( exp{ Z In(L,, [f])} pe(dye) = Luc(_ InL,, [f])?

TEYc

which proves the first formula in (2.16). The second one easily follows by shifting
the measure fi, to the origin using (2.14). [

In this paper, we are mostly concerned with the Poisson CPPs, which are speci-
fied by assuming that p. is a Poisson measure on configurations, with some inten-
sity measure \. The corresponding probability measure on the configuration space
F)ﬁ( will be denoted by /i and called the Poisson cluster measure.

The combination of (2.9) and (2.16) yields a formula for the Laplace functional
of the measure /).

Proposition 2.6. The Laplace functional L, [ f] of the Poisson cluster measure fi)
on I'k is given, for all f € M, (X), by

Lulf) = exp {— / ( [, (e B o) uo(d’yé)> A(da»} BERT)
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According to the convention made in Section 2.1 (see after equation (2.3)), if
74 = 0 then the function under the internal integral in (2.17) vanishes, so the inte-
gral over I'% is reduced to that over the subset {7} € I'% : 7/ # 0}.

2.4 Criteria of local finiteness and simplicity

In this section, we give criteria for the Poisson CPP to be locally finite and sim-
ple. As mentioned in the Introduction, these results appear to be new (e.g., a general
criterion of local finiteness in [16, Lemma 6.3.1I and Proposition 6.3.11I] is merely
a more formal rewording of the finiteness condition).

For a given set B € B(X) and each in-cluster configuration 7/, centred at the
origin, consider the set (referred to as droplet cluster)

Dg(y) = U (B—-y), (2.18)

Y€
which is a set-theoretic union of “droplets” of shape B shifted to the centrally
reflected points of /.

Theorem 2.7. Let ji.) be a Poisson cluster measure on the generalized configura-
tion space I’ )ﬁ(

(a) In order that pq-a.a. configurations v € I’ ;j( be locally finite, it is necessary
and sufficient that the following two conditions hold:

(a-i) in-cluster configurations ~, are a.s. locally finite, that is, for any compact
set K € B(X),
YW(K) <o (po-as.) (2.19)

(a-ii) for any compact set K € B(X), the mean A\-measure of the droplet cluster
Dk () is finite,
], M(Dwd)) mofrg) < oo, (2.20)
X

(b) In order that ng-a.a. configurations v € I’ )ﬁ( be simple, it is necessary and
sufficient that the following two conditions hold:

(b-i) in-cluster configurations ~(, are a.s. simple,

sup vilz} <1 (po-a.s.) (2.21)
Te

(b-ii) for any x € X, the “point” droplet cluster D,y (7) has a.s. zero \-
measure,

MDiy() =0 (m-as.) (2.22)
The proof of Theorem 2.7 is deferred to the Appendix (Section 6.1).

Let us discuss the conditions of properness. First of all, the interesting question
is whether the local finiteness of the Poisson CPP is compatible with the possibility
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that the number of points in a cluster, vy = 7} (X), is infinite (see (2.15)). The next
proposition describes a simple situation where this is not the case.

Proposition 2.8. Let both conditions (a-1) and (a-ii) be satisfied, and suppose that
for any compact set K € B(X), the \-measure of its translations is uniformly
bounded from below,

CK = ;g)f()\(K +x) > 0. (2.23)

Then vy < oo (pp-a.s.).

Proof. Suppose that 7/, is an infinite configuration. Due to (a-i), 7, must be locally
finite (uo-a.s.), which implies that there is an infinite subset of points y; € 7 such
that the sets &' — y; are disjoint (j € N). Hence, using (2.23) we get

A(D(d) = A — ) = o0,

j=1
which, according to condition (a-ii), may occur only with zero probability. O

On the other hand, it is easy to construct examples of locally finite Poisson CPPs
with a.s.-infinite clusters.

Example 2.1. Let X = R? and choose a measure \ such that, for any compact set
K CRUNK —z) ~ Cy\K)|z|~ as x — oo, where a > 0 (e.g., take \(dz) =
(1+ |z|)~*~9*1 dz). Suppose now that the in-cluster configurations ~y}, = {z,,} are
such that n¥® < |z,,| < (n +1)¥*,n € N (up-a.s.). Then for any compact set K

)\(DK(’yé)) < D> ME —x,) < oo,
ZTn €Y
because AN(K — ) ~ Cy \(K)|z,|7* = O(n?) as n — oo.

It is easy to give conditions sufficient for (a-ii). The first set of conditions below
is expressed in terms of the intensity measure A and the mean number of points in
a cluster, while the second condition focuses on the location of in-cluster points.

Proposition 2.9. Suppose that vy < oo (ug-a.s.). Then either of the following con-
ditions is sufficient for condition (a-ii) in Theorem 2.7.

(a-ii") For any compact set K € B(X), the \-measure of its translations is uni-
formly bounded from above,

Ck :=sup AM(K + ) < o0, (2.24)
zeX

and, moreover, the mean number of in-cluster points is finite,

/Fﬁ %0(X) Ho(dyg) = D npy < 00 (2.25)

X n€Z+

(this necessarily implies that p,, = 0).
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(a-ii") In-cluster configuration v as a set in X is jip-a.s. bounded, that is, there
exists a compact set Ko € B(X) such that ) C Ky (119-a.s.).

Proof. From (2.18) and (2.24) we obtain

)\(DK "}/0 ) < Z )\ < CK’)/O( ) CKI/D7

Y€V,

and condition (a-i1) follows by (2.25),

/pﬁ A(DK(%/))) po(dyg) < Ck /pﬁ (X)) po(d) < oo

X

If condition (a-ii”) holds then

fyO C U K KOJ

yEKo

where the set K — K is compact. Therefore,

/rﬁ )\(DK(%/))) fio(dryg) < MK — KO)/Fn fo(dyg) = MK — Ko) < oo,

X

and condition (a-ii) follows. ]

The impact of conditions (a-ii’) and (a-ii”) is clear: (a-ii’) imposes a bound on
the number of points which can be contributed from remote clusters, while (a-ii”)
restricts the range of such contribution.

Similarly, one can work out simple sufficient conditions for (b-ii). The first con-
dition below is set in terms of the measure )\, whereas the second one exploits the
in-cluster distribution 4.

Proposition 2.10. Suppose that vy < oo (ug-a.s.). Then either of the following
conditions is sufficient for condition (b-ii) of Theorem 2.7.

(b-ii") The measure \ is non-atomic, that is, N{xz} = 0 for each x € X.

(b-ii") In-cluster configurations ~ have no fixed points, that is, po{v, € I )ﬁ( :
x €7} =0foreachz € X.

Proof. Condition (b-ii’) readily implies (b-ii):

0<A(Dy(%)) < X Ma =y} =0.

Y€V
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Further, if condition (b-ii”) holds then
/ N /
/F . MDDy (1)) po(dng) = /X ( /F  Loyergten(?) ,uo(dvo)> A(d2)

N /X ( /pu Lyg(z — ) uo(d76)> A(dz)

X

= [ mofage Ik iz =z e 5k A@z) =0, 226)

and condition (b-ii) follows. ]

3 Poisson cluster processes via Poisson measures

In this section, we construct an auxiliary Poisson measure 7, on the “vector”
configuration space X and prove that the Poisson cluster measure i) coincides with
the projection of 7y« onto the configuration space F)ﬁ( (Theorem 3.6). This furnishes
a useful description of Poisson cluster measures that will enable us to apply to their
study the well-developed calculus on Poisson configuration spaces.

3.1 An auxiliary intensity measure \*

Recall that the space X = ||, .z, X" of finite or infinite vectors Z = (21,2, ... )
was introduced in Section 2.1 The probability distribution 1o of a generic cluster
7, centred at the origin (see Section 2.3) determines a probability measure 1 in X
which is symmetric with respect to permutations of coordinates. Conversely, 1 is
a push-forward of the measure 7 under the projection mapping p : X — Fg( defined

by (2.2), that is,
fo=pn=nop " 3.1)

Conditional measure induced by 7 on the space X" via the condition v/(X) = n
will be denoted 7,, (n € Z.); in particular, 79 = d1py- Hence (recall (2.15)),

n(B) = > pum(BNX"), B e B(X%). (3.2)

TLEZ+

Note that if p, = n{7,(X) = n} = 0 then 7, is not well defined; however, this is
immaterial since the corresponding term vanishes from the sum (3.2) (cf. also the
decomposition (3.5) below).

The following definition is fundamental for our construction.

Definition 3.1. We introduce the measure \* on X as a special “convolution” of the
measures 77 and \:

N (B) = /Xn(B —2)\dz),  BeB(X):; (3.3)
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equivalently, if M, (X) is the set of all non-negative measurable functions on X
then, for any f € M (%),

/f ) M (dg) = /</fy+:1: (dy)) Ada). (3.4)

Here and below, we use the shift notation

g+‘r::(y1+x7y2+x7"'>7 /g:(ylay%"')E%? Z'EX

Using the decomposition (3.2), the measure A\* on X can be represented as a
weighted sum of contributions from the constituent spaces X":

N(B)= Y pAy(BNX"),  BeBX) (3.5)

nez+
where, for eachn € Z,
N (By) = / (B — 1) Ndz), B, € B(X"). (3.6)
X

Remark 3.1 (Case n = 0). Recall that X° = {0} and B(X°) = {0, X°} =
{0,{0}}. Since @ — z = 0, {0} — 2 = {0} (z € X) and 1y = Iy}, formula (3.6)
for n = 0 must be interpreted as follows:

X0 = [ (@) Ad) = 0,

(3.7
NUOD) = [ m({0}) Ada) = [ Ade) = A(X) = o0.

If p.o = 0 (i.e., clusters are a.s. finite) and X = R<, then in order that the
measure 7) be absolutely continuous (a.c.) with respect to the “Lebesgue measure”
dy = 0qpy(dy) @ B2 dy1 ® - - - @ dy,, on X = |2 ) X™, with some density h,

n(dy) = h(y) dy, y € X, (3.8)

it is necessary and sufficient that each measure 7, is a.c. with respect to Lebesgue
measure on X", that is, 7, (dy) = h,(y)dy, y € X™ (n € Z,); in this case, the
density h is decomposed as

Moreover, it follows that the measures A* and A\ (n € Z,) are also a.c., with the
corresponding densities

IV DR
s(y) = *dgi —/Xh(y ) A(dz) 7y € X, 510
sn(y) = n(gjy = /th(y ) A(dx) ye X"



related by the equation (cf. (3.5), (3.9))
ansn ) 1xn(7), y € X. (3.11)
Remark 3.2. In the case n = 1, the definition (3.6) is reduced to
A (By) = /)(771(31 —z) A(dz) = /X A(B1 —z) m(dz), By € B(X). (3.12)
In particular, if X is translation invariant (i.e., A(B; — x) = A(By) for each By €

B(X) and any = € X), then A} coincides with .

Remark 3.3. There is a possibility that the measure A7 defined by (3.6) is not
o-finite (even if A is), and moreover, A\ may appear to be locally infinite, in that
Ar(B) = oo for any compact set B C R" with non-empty interior, as in the fol-
lowing example.

Example 3.1. Let X = R, and forn > 1 set

|z| dz

A(dz) = el da, n(dz) = m

(x € R),

and 7,(dz) := m(dzy) @ -+ - @ m(dzy), T = (x1,...,2,) € R™ Note that for
a <bandany x ¢ [a,b],

(b—a)|la+b—2x| _b—a
2la—x)2+ 1) ((b—2x)2+1) |z]?

so, for any rectangle B = X' [a;, b;] C R" (a; < b;), by (3.12) we obtain

B) :/OO [T mlai —2,b; — 2] el dz = o
=1

mla—x,b—x] = (x — o00),

The next example illustrates a non-pathological situation.
Example 3.2. Let X = R, and forn > 1 set

1 a2
ho(f) = ———=e W02 5= (4 y,) €R"
(y) (2’/T)n/2 € ) Yy (y17 Y ) )
where || - || is the usual Euclidean norm in R". Thus, 7, is a standard Gaussian

measure on R™. Assume that X is the Lebesgue measure on R, A\(dz) = dz. For
n = 1, from equation (3.10) we obtain

yz/?d

S
1(y) /—27T /
hence \] = A, in accord with Remark 3.2. If n = 2 then from (3.10) we get

1
o

/‘X’ ()2 1y = )/

2y

(?Jh yz)
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Via the orthogonal transformation 21 = (y; + ¥2)/V2, 22 = (y1 — ¥2)/V/2, the
measure A} is reduced to

A5(dzy, dze) = e /2 dz, dzo,

1
2\/m
which is a product of the standard Gaussian measure (along the coordinate axis z;)
and the scaled Lebesgue measure dz;/+/2. Note that \5(R?) = oo, but any vertical
or horizontal strip of finite width (in coordinates %) has finite A\3-measure.

In general (n > 2), integration in (3.10) yields

_ 1 Loiwe 1 } _
Sp(Y) = ————=exp{—= —n + 4 Y| e R",
It is easy to check that after an orthogonal transformation z = y U such that z; =

n~Y2(y; + - - - + y,), the measure \* takes the form

d 1
Ar(dz) = Rt S dzg---dz,, Z=(21,--+,2n)

Vi (Ve

That is, A} (dZ) is a product of the scaled Lebesgue measure dz;/+/n and the stan-
dard Gaussian measure in coordinates zy, . . ., z,. Hence A% (R™) = oo, but for any
coordinate strip C; = {g € R" : |y;| < ¢} we have \}(C;) < oo.

Example 3.2 can be generalized as follows.

Proposition 3.1. Suppose that p.. = 0 and X = R%. For each n > 1, consider an
orthogonal linear transformation z = y U, of the space X" such that

y++yn — _
zlle, E= (210 20)s T= (Y- bn). (3.13)

Set z':= (29, ..., z,) and consider the measures

0 (B') = /Xnn(dzl,B’) — (X x B'), B'eBX"), (.14

~ B, —
An(B1]2) = /X)\ ( 1\/521> N (dz1] 27), B, € B(X), (3.15)

where 1, (dz1|Z') is the measure on X obtained from n,, via conditioning on z'.
Then the measure \* can be decomposed as

M (dZ) = poA§(d2) +an (dz1| 2") n) (A2, (3.16)

n=1

where \} is defined in (3.7). In particular, if the measure X\ on X = R is translation
invariant then

> le

N (dz) = poAj(dz) + Z o n, (dz"). (3.17)
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Proof. For a fixed n > 1, let z = y U, and consider a Borel set in X" of the form
B, ={y € X™: z € By, € B/ }. By equation (3.13) and orthogonality of U,
wehave B, —x ={z € X" : 2y € By —z+/n, Z' € B} }. Therefore, from (3.6) we
obtain

VB = [ ([ 1 ey () a(d2) ) A(do)

— [ ([ tsieylon) M) ) 1, () (02
/. X (/ 1, (2) M) ) 1, () (1] 2) 7 (02)
= [, (J .2 (@ = =0/va) ma(aa] ) miaz)

—/ An( Bl|z n (dz'),

and by inserting this into equation (3.5) we get (3.16). Finally, the translation in-
variance of A implies that A((By — z1)/v/n) = n=%?X(By). Formula (3.15) then
gives \,(B1|z") = n=¥2\(B)), and (3.17) readily follows from (3.16). O

Using decomposition (3.16), it is easy to obtain the following criterion of abso-
lute continuity of the measure \*.

Corollary 3.2. Suppose that p,, = 0 and X = RY. Then the measure \*(dz) on X
is a.c. with respect to the Lebesgue measure dZ = 6y (d7) @@, dr1® - - - @ du,,
if and only if the following two conditions hold:

(i) for each n > 1, the measure 0, (dz’) is a.c. with respect to the Lebesgue
measure dz' on X" 1;

(ii) for a.a. 7', the measure \,(dz|Z') is a.c. with respect to the Lebesgue mea-
sure dz; on X.

In particular, if X is translation invariant then condition (ii) is automatically ful-
filled and hence condition (i) alone is necessary and sufficient for the absolute
continuity of \*.

Remark 3.4. The absolute continuity of 7 is sufficient (cf. (3.8), (3.10)), but not
necessary, for condition (i). This is illustrated by the following example:

1 1
n(dyy, dys) = 3 dg1y(dyr) f(y2) dya + 5 g1y (dya) f(y1) dyi, (y1,92) € R?,

where f(y) (y € R) is some probability density function. Then the projection mea-
sure 17" on R (see (3.14)) is given by

D) —
\é_<f(1_\/§Z/)+f(1+\/§z/)> dzl7 Z/: U1 Y2

n'(dz’) = 7

and so 1'(dz") is absolutely continuous.

The next result shows that the absolute continuity of \* implies that the Poisson
cluster process a.s. has no multiple points (see Definition 2.2).
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Proposition 3.3. Suppose that p,, = 0, X = R, and the measure \*(dz) on X is
a.c. with respect to the Lebesgue measure dx. Then piq-a.a. configurations v € I’ )ﬁ(
are simple.

Proof. By Theorem 2.7, it suffices to check conditions (b-i) and (b-ii). First, note
that if condition (b-1) is not satisfied (i.e., if the set of points y € X with two or more
coinciding coordinates has positive 7-measure), than the projected measure 7’(dz’)
charges a hyperplane (of codimension 1) in the space X’ spanned over the coordi-
nates Z’. But this contradicts the absolute continuity of A\*, since such hyperplanes
have zero Lebesgue measure.

Furthermore, similarly to (2.26) and using the definition (3.3), for each x € X
we obtain

J M Uyep{z =) n(as) = [ nfye x:z—a e ghade)

=\{geX:—vep(y)} =0,

by the absolute continuity of A*. Hence, A ( Uyestz — yz}) = 0 (n-a.s.) and condi-
tion (b-ii) follows. L]

3.2 An auxiliary Poisson measure Ty

Recall that the “unpacking” map p : X — I’ )ﬁ( is defined in (2.2). For any Borel
subset B € B(X), denote

X¥p:={Te€X: p(@)NB#0}eBIL). (3.18)

The following result is crucial for our purposes (cf. Example 3.2).

Proposition 3.4. Let B € B(X) be a set such that \(B) < oo. Then condition
(2.20) of Theorem 2.7(a) (i.e., that the mean \-measure of the droplet cluster Dpg
is finite) is necessary and sufficient in order that \*(Xp) < oo, or equivalently,
Y(Xp) < oo for my«-a.a. y € I'y.

Proof. Using (3.3) we obtain

N (&) = [ nEs = 0)Ade) = [ [ 1@+ 2)Ado) ) nidg). 319

By definition (3.18), § + v € Xp if and only if v € U,¢;(B — v:i) = Dp(¥)
(see (2.18)). Hence, (3.19) can be rewritten as

=/3€>\ Dg(g)) n(dy) = / DB % uo(d%’)),
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by the change of measure (3.1). Thus, the bound A*(Xp) < oo is nothing else but
condition (2.20) applied to B. The second part follows by Proposition 2.4(a). [l

Let us consider the cluster configuration space [ ; over the space X with generic
elements 7 € Faﬁe. Our next goal is to define a Poisson measure 7y~ on F3ti€ with
intensity A\*. However, as Remark 3.3 and Example 3.1 indicate, the measure \*
may not be o-finite, in which case a general construction of the Poisson measure as
developed in Section 2.2 would not be applicable. It turns out that Proposition 3.4
provides a suitable basis for a good theory.

Proposition 3.5. Suppose that condition (2.20) of Theorem 2.7(a) is fulfilled for
any set B € B(X) such that \(B) < oo. Then the measure \* on X is o-finite.

Proof. Since the measure A on X is o-finite, there is a sequence of sets By €
B(X) (k € N) such that A(By) < oo and Uj2,; Br = X. Hence, by Proposi-
tion 3.4, \*(Xp,) < oo for each By, and from the definition (3.18) it is clear that
Uy X, = X. O

By virtue of Proposition 3.5 and according to the discussion in Section 2.2, the
Poisson measure 7y« on the configuration space FaﬁE does exist. Moreover, due to Re-
mark 2.6, this is true even without any extra topological assumptions, except that of
o-finiteness of the basic intensity measure A. The construction of 7« may be elabo-
rated further by applying Proposition 2.2to X = ||, .z, X" and \* = @, .7, P}
namely, one first defines the Poisson measures 7, on the constituent configura-
tion spaces I'%.. (of course, the measures A are o-finite together with \*) and then
constructs the Poisson measure 7y« on I’y = X r )ﬁ{n as a product measure,

T = ®n€i+ Trpn)‘ﬁ'

nEZJr
Remark 3.5. A degenerate Poisson measure 7« on F)ﬁ(O is defined as 7\« =
0 0

O(5..1» Where oo = ({0}, {0},...), i.e., Joo(X?) = oco. The component s is
actually irrelevant in the projection construction described in the next section.

3.3 Poisson cluster measure via the Poisson measure Ty«
We can lift the projection mapping (2.2) to the configuration space FaﬁE by setting

risy-p(A) =] p@ erk. (3.20)

ey
Disjoint union in (3.20) highlights the fact that p(7) may have multiple points, even

if 7y is proper. It is not difficult to see that (3.20) is a measurable mapping. Indeed,
using the sets D} introduced in (2.4), for any cylinder set C5 C I’ )ﬁ( (B € B(X),
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n € Z.) we have p~1(Cp) = A% € B(I'%), where, for instance,
A = {7 € It : 5(X\ Dj) = 0},
Ap={y €It 1(Dp) =1},
Ap={y€I%: 5(Dj) =1 or (D) =2},
and, more generally, A = U, )iz {7 € It : 5(DE) = ny}, where the union

is taken over integer arrays (ny) = (nq, ng,...) such that n, > 0 and >_; kng = n.

Finally, we introduce the measure ;. on F)ﬁ( as a push-forward of the Poisson
measure 7y« under the mapping p,

p(A) = (p'me)(A) =m(p7(4), A€ BIY). (3.21)

The next theorem is the main result of this section.

Theorem 3.6. The measure |1 = p*my« on I’ )ﬁ( defined by (3.21) coincides with the
Poisson cluster measure [i.).

Proof. According to Section 2.1, it is sufficient to compute the Laplace functional
of the measure . For any f € M, (X), by the change of measure (3.21) we have

/u e~ p(dry) :/ e~ P gy, (d7) :/ o= T (A7), (3.22)
where f(7) := Syies f (i) € M (X). According to (2.9) and (3.4), the right-hand
side of (3.22) takes the form

exp {— /3€ <1 - e_f(g)) )\*(dgj)} = exp {— /X /3€ (1 — e_f(g”)) n(dy) )\(dx)}
oo (15 ) ).

which, after the change of measure (3.1), coincides with the expression (2.17) for
the Laplace functional of the Poisson cluster measure /. 0

Remark 3.6. As an elegant application of the technique developed here, let us give
a transparent proof of Theorem 2.7(a) (cf. the Appendix, Section 6.1). Indeed, in
order that a given compact set ' C X contain finitely many points of configuration
v = p(7), it is necessary and sufficient that (i) each cluster “point” = € 7 is locally
finite, which is equivalent to the condition (a-i), and (ii) there are finitely many
points € 7 which contribute to the set A under the mapping p, the latter being

equivalent to condition (a-ii) by Proposition 3.4.
3.4 An alternative construction of the measures Ty~ and [

The measure 7, was introduced in the previous section as a Poisson measure on
the configuration space [’y with a certain intensity measure \* prescribed ad hoc by
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equation (3.3). In this section, we show that 7+ can be obtained in a more natural
way as a suitable skew projection of a canonical Poisson measure 7 defined on a
bigger configuration space F)ﬁ(xx, with the product intensity measure A ® 7).

More specifically, given a Poisson measure 7 in F)ﬁ(, let us construct a new
measure /i in [’ )ﬁ(x x as the probability distribution of random configurations 74 €
F)ﬁ(x36 obtained from Poisson configurations v € F)u( by the rule

v 7= {(2,5) sz €7, I € X}, (3.23)

where the random vectors {7, } are i.i.d., with common distribution 7(dy). Geo-
metrically, such a construction may be viewed as pointwise i.i.d. translations of the
Poisson configuration v € X into the space X x X,

Xoz e (2,0)— (2,7,) € X x X.

Remark 3.7. Vector g, in each pair (z,7,) € X x X can be interpreted as a mark
attached to the point x € X, so that 4 becomes a marked configuration, with the
mark space X (see [16,24]).

Theorem 3.7. The probability distribution [i of random configurations 7y € I’ )ﬁ(x x
constructed in (3.23) is given by the Poisson measure 7 on the configuration space

I v, with the product intensity measure Ai=A®7.

Proof. Let us check that, for any non-negative measurable function f(x,7) on
X x X, the Laplace functional of the measure /i is given by formula (2.9). Using
independence of the vectors ¥, corresponding to different x, we obtain

[ e = [ T1( e e dn)) maid)

XxX X xey

= exp {—/X <1 - /xe_f(“"’g)n(dy)) /\(dx)}
= exp {— /X /3€ (1 — e_f(m’g)) A(dx) n(dy)}

= exp {—/ (1 — e_f(m’g)) A(dz, dy)}
XxX
= Au e_(fvf)/)ﬂ—,)\\(d;)\/)?

XxX

where we have applied formula (2.9) for the Laplace functional of the Poisson
measure 7, with the function f(z) = —In (fx e~ /@D n(dgj)) € M, (X). O
Remark 3.8. The measure /i, originally defined on configurations 7 of the form
(3.23), naturally extends to a probability measure on the entire space F;j(xx.

Remark 3.9. Theorem 3.7 can be regarded as a generalization of the well-known
invariance property of Poisson measures under random 1i.i.d. translations (see, e.g.,
[14,16,22]). A novel element here is that starting from a Poisson point process in
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X, random translations create a new (Poisson) point process in a bigger space, X x
X, with the product intensity measure. On the other hand, note that the pointwise
coordinate projection X x X > (z,y,) — x € X recovers the original Poisson
measure 7y, in accord with the Mapping Theorem (see Proposition 2.3). Therefore,
Theorem 3.7 provides a converse counterpart to the Mapping Theorem. To the best
of our knowledge, these interesting properties of Poisson measures have not been
pointed out in the literature so far.

Theorem 3.7 can be easily extended to more general (skew) translations.

Theorem 3.8. Suppose that random configurations v, € I’ )ﬁ(xx are obtained from

Poisson configurations v € I’ )ﬁ( by pointwise translations x — (x,y, + x), where
Ur € X (z € X) are i.i.d. with common distribution 1(dy). Then the corresponding
probability measure ji, on I’ )ﬁ(xx coincides with the Poisson measure of intensity

~

Ay (dz,dy) = A(dz) n(dy — z). (3.24)

Corollary 3.9. Under the pointwise projection (x,y) — Y applied to configura-
tionsy, € I’ )ﬁ(X x the Poisson measure |1 of Theorem 3.8 is pushed forward to the

Poisson measure 7y~ on I 3”5 with intensity measure \* defined in (3.3).

Proof. By the Mapping Theorem (see Proposition 2.3), the image of the measure
i+ under the projection (x,y + =) — ¥y + x is a Poisson measure with intensity
given by the push-forward of the measure (3.24), that is,

/X A (dz, B) = /X n(B — z)\dz) = \(B), B e B(X),

according to the definition (3.3). ]

Remark 3.10. According to Corollary 3.9, o-finiteness of the intensity measure \*
(see Proposition 3.5) is not necessary for the existence of the Poisson measure 7.

Finally, combining Theorems 3.7, 3.8 and Corollary 3.9 with Theorem 3.6, we
arrive at the following result.

Theorem 3.10. Suppose that all the conditions of Theorems 3.7 and 3.8 are ful-
filled. Then, under the composition mapping

p:(@y) = @y+z)—y+z—pl+a),

the Poisson measure 5 constructed in Theorem 3.7 is pushed forward from the

space I’ )ﬂ(X x directly to the space I’ )ﬁ< where it coincides with the prescribed Poisson
cluster measure [i.),

(Fm5)(A) = m5(p 7' (A) = pa(4), A€ B(I%).

Remark 3.11. The construction used in Theorem 3.10 may prove instrumental
for more complex (e.g., Gibbs) cluster processes, as it enables one to avoid the
intermediate space F3ﬁ€ where the push-forward measure (analogous to my+) may
have no explicit description.

26



4 Quasi-invariance and integration by parts

From now on, we restrict ourselves to the case where X = R% We shall as-
sume throughout that conditions (a-1) and (a-ii) of Theorem 2.7 are fulfilled, so that
la-a.a. configurations v € [’ )ﬁ( are locally finite. Furthermore, all clusters are as-
sumed to be a.s. finite, hence po, = po{ro = oo} = 0 and the component X
may be dropped from the disjoint union X = [ ],, X™. We shall also require the ab-
solute continuity of the measure \* (see the corresponding necessary and sufficient
conditions in Corollary 3.2). By Proposition 3.3, this implies that configurations y
are fiq-a.s. simple (i.e., have no multiple points). In particular, these assumptions
ensure that ;i.-a.a. configurations ~ belong to the proper configuration space ['x.

Under these conditions, in this section we prove the quasi-invariance of the mea-
sure ji With respect to the action of compactly supported diffeomorphisms of X
and establish an integration-by-parts formula. We begin with a brief description
of some convenient “manifold-like”” concepts and notations first introduced in [5],
which provide the suitable framework for analysis on configuration spaces.

4.1 Differentiable functions on configuration spaces

Let 7, X be the tangent space of X = R? at point 2 € X. It can be identified in
the natural way with R?, with the corresponding (canonical) inner product denoted
by a “fat” dot -. The gradient on X is denoted by V. Following [5], we define
the “tangent space” of the configuration space Iy at v € ['x as the Hilbert space
T.I'x = L*(X — TX;dy), or equivalently T,I'x = @D.e, T X. The scalar
product in 7°, [y is denoted by (-, -)... A vector field V over [y is a mapping I'x >
v = V(y) = (V(V)s)wey € T,1x. Thus, for vector fields V4, V5 over I'x we have

Vi), Va(M)), = D Vi(V)e - Va(W)e, v € Ik

xrey

For v € I'x and = € v, denote by O, , an arbitrary open neighbourhood of x in
X such that O,, , Ny = {x}. For any measurable function F' : [’y — R, define the
function F,(7,-) : O, ., — Rby F,(v,y) := F((v\ {z}) U {y}), and set

Vo F(v) = V9, Y)l,e., T€X,

provided F (7, -) is differentiable at x.
Denote by FC(I'x) the class of functions on I'x of the form

F(y) = f((é1,7)s -5 {Pw7), v €T, (4.1)

where k € N, f € C°(R¥) (:= the set of C*°-functions on R* bounded together
with all their derivatives), and ¢y, ..., ¢, € C3°(X) (:= the set of C*°-functions
on X with compact support). Each F' € FC(I'x) is local, that is, there is a compact
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set K C X (which may depend on F') such that F'(y) = F(vk) forall v € I'x.
Thus, for a fixed v there are only finitely many non-zero derivatives V, F' (7).

For a function F' € FC(I'x), its I'-gradient V' F is defined as follows:
VIF() = (VaF(V))oey € T, I, 7 € Tx, (4.2)
so the directional derivative of F’ along a vector field V' is given by

ViF() = (VTF(®), V) =D VuF(7) - V(Y)., v eTlX

rey

Note that the sum on the right-hand side contains only finitely many non-zero terms.
Further, let 7V (['x) be the class of cylinder vector fields V' on [y of the form

k

=1

where A; € FC(I'x) and v; € Vecto(X) (:= the space of compactly supported
C*°-smooth vector fields on X), ¢ = 1,...,k (k € N). Any vector filed v €
Vecto(X') generates a constant vector field V' on I'y defined by V (7), := v(z). We
shall preserve the notation v for it. Thus,

VIF() =Y. V.F(7)-v(z), €Tk (4.4)

xey

Recall (see Proposition 2.4(a)) that if A\(A) < oo then y(A) < oo for my-a.a. v €
I'x. This motivates the definition of the class FC,(I'x) of functions on Iy of the
form (4.1), where ¢, . . ., ¢y are C°°-functions with A(supp ¢;) < co,7 = 1,..., k.
Any function F' € FC,(I'x) is local in the sense that there exists a set B € B(X)
(depending on F’) such that A(B) < oo and F(vy) = F(yg) forall v € I'y. As
in the case of functions from FC(['x), for a fixed  there are only finitely many
non-zero derivatives V, F'(7).

The approach based on “lifting” the differential structure from the underlying
space X to the configuration space ['x as described above can also be applied to
the spaces X = [[°°, X" and ['x. First of all, the space X is endowed with the
natural differential structure inherited from the constituent spaces X". Namely, the
tangent space of X at point € X is defined piecewise as 7;X := T; X" forz € X"
(n € Z,), with the scalar product in 73X induced from the tangent spaces 77 X"
and again denoted by the dot - ; furthermore, for a function f : X — R its gradient
Vf acts on each space X" as Vf(z) = (V,, f(Z),..., V., f(Z)) € Tz X", where
V., 1s the “partial” gradient with respect to the component z; € = € X". A vector
field on X isamap X > = — V(Z) € TzX; in other words, the restriction of V' to
X" is avector field on X" (n € Z. ). The derivative of a function f : X — R along
a vector field V on X is then defined by Vy f(z) := Vf(z) - V(Z) (T € X).

The functional class C*°(X) is defined, as usual, as the set of C'°°-functions
f X — R;similarly, C§°(X) is the subclass of C'*°(X) consisting of functions
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with compact support. Since differentiability is a local property, C*°(X) admits a
component-wise description: f € C°°(X) if and only if for each n € Z the restric-
tion of f to X™ is in C°>°(X™). However, this is not true for the class Cy(X) which,
according to Remark 2.1, involves a stronger condition that f(z) = z (z € X™)
for all large enough n.

Now, lifting this differentiable structure from the space X to the configuration
space [ can be done by repeating the same constructions as before with only ob-
vious modifications, so we do not dwell on details. This way, we introduce the
tangent space T51'x = @5 Tz X, vector fields V' over I'x, and differentiable func-
tions @ : I'y — R. Similarly to (4.1) and (4.3) one can define the spaces FC([x),
FCy(I'x) and FV(I'x) of C*°-smooth local functions and vector fields on X, and
we shall use these notations without further explanation.

4.2 Diffy-quasi-invariance

In this section, we discuss the property of quasi-invariance of the measure i
with respect to diffeomorphisms of X. Let us start by describing how diffeomor-
phisms of X act on configuration spaces. For a measurable mapping ¢ : X — X,
its support supp ¢ is defined as the smallest closed set containing all x € X such
that p(z) # x. Let Diffy(X) be the group of diffeomorphisms of X with com-
pact support. For any ¢ € Diffy(X), we define the “diagonal” diffeomorphism
@ : X — X acting on each space X" (n € Z.) as follows:

X"3Z=(x1,...,2,) — @(Z) = (p(x1),...,p(x,)) € X"

Remark 4.1. Although K := supp ¢ is compact in X, note that the support of the
diffeomorphism @ (again defined as the closure of the set {Z € X : ¢(Z) # z}) is
given by supp ¢ = Xk (see (3.18)) and hence is not compact in the topology of X
(see Remark 2.1). However, A\*(Xx) < oo (by Proposition 3.4), which is sufficient
for our purposes.

The mappings ¢ and ¢ can be lifted to measurable “diagonal” transformations
(denoted by the same letters) of the configuration spaces [y and [y, respectively:

I'x 29— p(y) ={p(@), v €} € I,

oY DG (4.5)
I35+ ¢(7y) :={p(7), T €7} € Ik

LetZ : L*(I'x, pta) — L*(I'x, mx+) be the isometry defined by the projection p,

(ZF)(7) = Fp®), 7€l (4.6)

and let Z* : L*(I'x, ma«) — L*(I'x, uua1) be the adjoint operator.

Remark 4.2. The definition implies that Z*7 is the identity operator in L?(I'x, fle1).
However, the operator ZZ* acting in the space L?(I'x, T~) is a non-trivial orthogo-
nal projection, which plays the role of an infinite particle symmetrization operator.

29



Unfortunately, general explicit form of the operators Z* and ZZ* is not known, and
may be hard to obtain.

By the next lemma, the action of Diff(.X') commutes with the operators p and Z.

Lemma 4.1. For any ¢ € Diffy(X), we have ¢ o p = p o ¢ and furthermore,
I(Fop)=(IF)o¢ forany F € L*(I'x, pie1)-

Proof. The first statement follows from the definition (3.20) of the mapping p and
the diagonal form of ¢ (see (4.5)). The second statement then readily follows by
the definition (4.6) of the operator Z. L]

Let us now consider the configuration space 'y equipped with the Poisson mea-
sure 7+ introduced in Section 3.2. As already mentioned, we assume that the inten-
sity measure \* is a.c. with respect to the Lebesgue measure on X and, moreover,

A*(dz)

s(z) := e 0 for aa. 7 € X. 4.7)

This implies that the measure \* is quasi-invariant with respect to the action of
diagonal transformations ¢ : X — X (¢ € Diffs(X)) and the corresponding
Radon—Nikodym derivative is given by

s
p%. (%) = sle” (@) Jo(7)7? for \*-a.a. 7, 4.8)

where J; is the Jacobian determinant of ¢ (we set p$.(z) = 1if s(z) = 0 or
s(e~!(z)) = 0).

Proposition 4.2. The Poisson measure wy« is quasi-invariant with respect to the
action of diagonal diffeomorphisms ¢ : I'x — I'x (p € Diffg(X)). The corre-
sponding Radon—Nikodym density R? .= d(@*m«)/dmy« is given by

TA\*

re. ) =exp{ [(1= @)@} [T @), 7elx @9

zey
where p%. is defined in (4.8).

Proof. The result follows from Remark 4.1 and Proposition 6.1 in the Appendix
below (applied to the space X with measure \* and mapping ¢). [

Remark 4.3. The function Rfﬂ is local in the sense that, for my«-a.a. ¥ € ['x, we
have R? , (7) = RZ , (7N Xk), where K := supp ¢.

Remark 4.4 (Explicit form of RZ ). Let the measure 7(dy) be a.c. with respect to
Lebesgue measure dy on X, with density h(7y) (see (3.8)). According to (4.8),

@ _Jx h(o™ ) —z,. .., 0 Yyn) — x) AM(dz) L& L i )
y) = Ixhyr — ..., yn — x) M(dx) i:rlngo(yz) ; ye X",
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where .J,,(y) = det(0p;/0y;) is the Jacobian determinant of ¢ (note that J;(y) =
T (yz) for gy € X™). Then R? , () can be calculated using formula (4.9). In
partlcular if clusters have i.i.d. pomts so that h(y) = [174 ho(y;), then

@ kIl Jo(yi) " ho(e ™ (i) — o) A(dx)

Y O 0y Y A DT R A
and

@ (= fX YEY ( ) lhO(SO l(y)_x) )\(dl’) _

e 0 = o o — a0 €

where C' := exp { J(1 = p$.(9) )\*(dﬂ)} is a normalizing constant.
Now we can prove the main result of this section.

Theorem 4.3. Under condition (4.7), the Poisson cluster measure ji on ['x is
quasi-invariant with respect to the action of Diffo(X) on I'x. The Radon—Nikodym
density Rf | = d(¢*pa)/dpa is given by Rf, = T*RZ ,, where the density RY | =
d(@*mae) /dmas is defined in (4.9).

Proof. According to Theorem 3.6 (see (3.21)) and Lemma 4.1,

@ = (p*ma) 0ot =m0 (pop)”!

=mywo(po@) = (g'm)op™ =p* (P ma).

Hence, by the change of variables v = p(%), for any non-negative measurable
function F' on Iy we obtain

| PO @t = [ PO (@) = [ TFE) @ me) ()

X X

= [ PG RE3) medn) = [ F() (T RE D) pa(d),

where we have also used formula (4.6) and Proposition 4.2. Thus, the measure
©* e 18 a.c. with respect to the measure i, with the Radon—Nikodym density
Rt =T *PUP and the theorem is proved. [

Remark 4.5. We do not know an explicit form of the density R (cf. Remark 4.2).
Remark 4.6. The Poisson cluster measure ji, on the configuration space ['x can

be used to construct the canonical unitary representation U of the diffeomorphism
group Diffo(X) by operators in L*(I'y, jia), given by the formula

U (7) = Ria (1) F(07' (7)), F € L*(I'x, pa)-

Such representations, which can be defined for arbitrary quasi-invariant measures
on [y, play a significant role in the representation theory of the diffeomorphism
group Diffy(X) [20,33] and quantum field theory [17,18]. An important question
is whether the representation U is irreducible. According to [33], this is equivalent
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to the Diffy(X)-ergodicity of the measure i, which in our case is equivalent to
the ergodicity of the measure 7y~ with respect to the group of transformations ¢,
where ¢ € Diffy(X). The latter is an open question.

4.3 Integration-by-parts formula

The main objective of this section is to establish an integration-by-parts (IBP)
formula for the Poisson cluster measure i, in the spirit of the IBP formula for
Poisson measures proved in [5]. To this end, we shall use the projection operator
p and the properties of the auxiliary Poisson measure 7y+. Since our framework is
somewhat different from that in [5], we give a proof of the IBP formula for 7.

First, recall that the classical IBP formula for a Borel measure wo on a Euclidean
space R™ (see, e.g., [13, Ch. 5]) is expressed by the following identity that should
hold for any vector field v € Vecty(R™) and all functions f, g € C5°(R™):

L f@) Vo) @(dy) = = [ 9() VS () (dy)
. (4.10)
= o T 9() B () w(dy),
where V,¢(y) is the derivative of ¢ along v at pointy € Y and 82 € L (R™, w)
is a measurable function called the logarithmic derivative of w along the vector
field v. It is easy to see that 32 can be represented in the form

Be(y) = Be(y) - v(y) + divu(y),

where the corresponding mapping (5, : R™ — R™ is called vector logarithmic
derivative of w. Suppose that the measure w is a.c. with respect to the Lebesgue
measure dy, with density w such that w'/? € H)?*(R™) (:= the local Sobolev
space of order 1 in LQ(Rm; dy), i.e., the space of functions on R whose first-order
partial derivatives are locally square integrable). Then the measure w satisfies the
IBP formula (4.10) with the vector logarithmic derivative 3, (y) = w(y) ™ Vw(y)
(note that w(y) # 0 for w-a.a. y € R™).

Assume that the density s(z) = N (dz)/dz (z € X) satisfies the condition
s/ € H?(%) (:= the local Sobolev space of order 1 in L(%;dZ)). By formula
(3.10) and decompositions (3.5) and (3.11), the latter condition is equivalent to the
set of analogous conditions for the restrictions of s(Z) to the spaces X™. That is,
assuming without loss of generality that p, # 0, for each s,(z) = A\:(dz)/dz
(Z € X™) we have 51/2 € HL?(X"). By the general result alluded to above, this
ensures that the IBP formula holds for each measure )\, with the vector logarithmic
derivative B« (Z) = (61(Z), ..., 0,(2)) ( € X™), where

~ Visa(T)  [x Vihp(zi — 2, .. 20 — ) Md2)

Bi(T) - sn(T) [y ho(zy — 2, 2, — ) A(dD) “.10)

if 5,(Z) # 0 and §;(7) := 0if 5,(z) = 0.
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For any v € Vect(X), let us define the vector field v on X by setting
0(z) = (v(x1),...,v(x,)), T=(r1,...,2,) €EX" (MEZy). (4.12)

The logarithmic derivative of the measure A} along the vector field v is given by

B (1) =Y (ﬁi(f) o(x;) + divv(xi)), e X" (4.13)

T;€ET

Proposition 4.4. The measure \* satisfies the following IBP formula:
[ F@) Vog(@) X(az) = = [ 9(2) Vs f(z) X*(d2)
— [ f(@)g() B3 (@) X (d),

where f,g € C3°(X) and (35.(z) = B}, (%) if * € X" (n € Zy).

(4.14)

Proof. The result easily follows from the decomposition (3.5) of the measure \*
and the IBP formula for each measure A7 such that p,, # 0 (n € Z,). L]

Remark 4.7. Formula (4.14) can be rewritten in the form
/@ +9(2)- (@) X'(d2) = = [ g(@) 3 (Vaf(@)-o(x)) X'(d2)
Gp(z) zep(z)

— [ @) g(@) 8. () *(d2).

Recall that the functional classes FC(I'x), FC(I'x), and FC«(I'x) of local func-
tions on the configuration spaces [’x and [y are defined in Section 4.1.

Theorem 4.5. For each v € Vecto(X) and any F,G € FC(I'x), the following IBP
formula holds:

/F F (V) Vi G(Y) pa(dy) = — /F : G(y) Vi F(y) pa(dy)

— | F(v)G() B, (v) pal(dy),

I'x

(4.15)

where VI is the I'-gradient along the vector field v defined by (4.4), B (7) =
I*(BY.,7), and (Y. is the logarithmic derivative of \* along the corresponding
vector field v (see (4.12)).

Proof. Denote

Q(Y) = F()V,G(y) = F(7) Y V.G () - v(x),
then
ZQ)(¥) = (ZF)(#) Y. V.G(r())-v(z). (4.16)
zep(y)
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Note that Z¢) € FCy+(I'x), so we can use (2.8) in order to integrate Z() with
respect to my~. Using Theorem 3.6 (see (3.21)) and formula (4.16), we obtain

| FOVICm pald) = [ TF)E) Y VGeE) - o) me(d7)

* zep(y)

o™V () Z < m! /xK)m ({p(@1), - p(@m)})

X Z > VuG({p(x1), - p(@m)}) - v(z) Q)N (dzs)

=1 zep(z;) =1

) & m‘i/ (/ {p(0), - p(Em)})
= 4.17)
S VuGUPE  pE ) () dxz)@x az;).
xep(T;) JF

By the IBP formula for \*, the inner integral in (4.17) can be rewritten as

- XKG({p(fl),---,P(fm)})( > VeF({p(@1),. . p(Zm)}) - v(x)

z€p(Z;)

F({p(z1),... p(@m)}) B3- (%)) A" (dzy).

Hence, the right-hand side of (4.17) is reduced to
_>\* XK) _
3 o e GRGED.p(E))

><< (Z VaF({p(21), .. p(Zm)}) - v(2)

{Z1,....,Zm})

+ F({p(z1), ... p(@m)}) By, ({Z1, -, Tm}) ) (%M* (dz;)

~ [ cw ( S VLF(p(9)) - v(x) + F(p(7)) BE,. (7)) e (d7)

z€p(Y)

- _ /F G(v)VIF () pra(dy) — / F(v)G(v) B, (v) pra(dy),

X I'x

where
7r)\* Z /6/\* Q_: 5)\*75/)7 v E Fff7 (418)

ey

and B;, :=TI"B] ,.Notethat B}  is well defined since \*(supp v) < oo, so there
are only finitely many non-zero terms in the sum (4.18). Moreover, finiteness of the
first and second moments of 7. implies that BY , € L*(I'x, ). O]
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Remark 4.8. The logarithmic derivative B;;’A* can be written in the form (cf. (4.11))

Bl ( => > (ﬁl v(x;) + div U(l‘l))

TEY T, ET

_ 2(5» (@)-0(z) + dive(z)), 7€ I

Formula (4.15) can be extended to more general vector fields on ['yx. For any
vector field V' € FV(I'x) of the form (4.3), we set

le()._i@()Bvl )+ 3 VLAY (@), v e Ty.

=1 rey

Theorem 4.6. ForanyV € FV(I'x) and all F,G € FC(I'x), we have

[ FOVECE) paldy) == [ CEIVEF() paldy) o
— [ F(y)G)BY,(3) paldy). '

I'x

Proof. The result readily follows from Theorem 4.5 and linearity of the right-hand
side of (4.13) with respect to v. 0

Remark 4.9. An explicit form of Bl‘fd is not known (cf. Remarks 4.2 and 4.5).

Remark 4.10. The logarithmic derivative B/‘jd can be represented in the form
B) = I*BL', where BL' is the logarithmic derivative of 7. along the vector

Tax? TCA*

ﬁeld IV (7) := V(p(¥)). Note that the equality

TilIx=@PLX=PDTX= P TX =Tyylx

rey TEY T ET g;ep(f?/)

implies that V (p(7)) € 751 %, and thus ZV' (%) is a vector field on [%.

5 Dirichlet forms and equilibrium stochastic dynamics

In this section, we construct a Dirichlet form &, associated with the Pois-
son cluster measure /i and prove the existence of the corresponding equilibrium
stochastic dynamics on the configuration space. We also show that the Dirichlet
form &, is irreducible. We assume throughout that the measure \* satisfies all the

conditions set out at the beginning of Section 4 and in Section 4.3.
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5.1 The Dirichlet form associated with [i

Let us introduce the pre-Dirichlet form &, associated with the Poisson cluster
measure /i, defined on FC(I'x) C L*(I'x, pta1) by

ExlF.C) 1= [ (VF().VCO), paldr),  F.GEFCUY), ()

where V! is the I'-gradient on the configuration space I'x (see (4.2)). The next
proposition shows that the form £, is well defined.

Proposition 5.1. For any F,G € FC(I'x), we have &, (F,G) < oc.

Proof. The statement follows from the existence of the first moments of 1. Indeed,
let F', G € FC(I'x) have representations

F(y) = f(on,7), - (D7), G(v) = g((W1,7), - (e, 7))

(see (4.1)), then a direct calculation shows that

(VIF(7), VIG(7))y = X VaF (7) - VaG(7) = 3 Qi(71) (@i ),

where ¢;;(z) := V¢;(x) - Vipj(x) € Cp(X) and
QU(V) = vlf(<¢17 7)7 BRI <¢k7 7)) ng<<1/)17’7>7 R <¢€77>) € FC(FX)

Denoting for brevity ¢(z) := ¢;;(z) and setting G(Z) := >_,¢z q(z), by Theorem
3.6 we have

[, (a7 pal) = [ (a.p(3) me (@)

X X
= [ @ me(@d) = [ o)X (dp) <,
because \*(supp G) = A (Xsuppq) < 00 by Proposition 3.4. Therefore, (g,v) €

L' (I'x, puq) and the required result follows. [l

Let us also consider the pre-Dirichlet form &, associated with the Poisson mea-
sure T+, defined on the space FC(I'x) C L*(I'x, ma+) by

Erpe (@,9) = [ (VT0(), VWF))s me(@9), 9, € FO(I)

Iy

(here V! is the I'-gradient on the configuration space I, cf. (4.2)). Pre-Dirichlet
forms of such type associated with general Poisson measures were introduced and
studied in [5]. Finiteness of the first moments of the Poisson measure 7« implies
that &£, is well defined. It follows from the IBP formula for 7. that

Ent (B,0) = /F He 23 VE) me (). SV EFC(TY), (52
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where H,,, is a symmetric non-negative operator in L?(I'x, my« ) (called the Dirich-
let operator of the Poisson measure 7+, see [5]) defined on the domain FC(I'x) by

(Hro®)(7) = = > (8:0(3) + V2 ®(7) B (7)) (FE€TR).  (53)
z€y
Since function ¢ € FC([%) is local (see Section 4.1), there are only finitely many
non-zero terms in the sum (5.3).

Remark 5.1. Note that the operator H,, is well defined by formula (5.3) on the
bigger space FCy«(I%x). Similar arguments as before show that the pre-Dirichlet
form &, (®,¥) is well defined on FCy«(I%) and formula (5.2) holds for any
DU € FCu(I'y).

Consider a symmetric operator in L?(I'x, y1) defined on FC(I'x) by the formula

H

Hel

= T"H, .T. (5.4)

Note that the domain FC(I'y) is dense in L*(I'x, fie).
Theorem 5.2. For any F,G € FC(I'x), the form (5.1) satisfies the equality

Sﬂcl(F> G) = Huch(’Y) G(P)/) Mcl(d’y)' (5.5)

I'x
In particular, this implies that H,  is a non-negative operator on FC(I'x).

Proof. Let us fix F,G € FC(I'x) and set Q(v) = (VI'F(v),VI'G(v)),. From
the definition (4.6) of the operator Z, it readily follows that

ZQ)(V) = Y. VLIF(®)-VL.IGH) =Y V:IF(®)-ViIG(H), (5.6)

zep(7) zeY

where V; = (V,,,...,V,,) when Z = (z1,...,2,) € X" (n € N). Thus, by
Theorem 3.6 and formulas (4.6) and (5.6) we obtain

£.(F.0) = [ Q0 paldy) = [ (ZQ)F) m(d7)
— | L VIF(3) - IGE) me (d9) = £, (TR IG)  (57)

X rey

(note that ZF,ZG € FCy«(I'x) C D(&x,.)). Finally, combining (5.7) with formula
(5.2) we get (5.5). [

Remark 5.2. The operator H,, , defined in (5.4) can be represented in the following
form separating its diffusive and drift parts:

(Hy, F)(7) = = S AF(y) — (TUp)(7),  F e FC(Iy), (5.8)

ey

where Vi () := Yzey VaIF () B+ (T) (7 € I'p).
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Remark 5.3. Formulas (5.5) and (5.8) can also be obtained directly from the IBP
formula (4.19).

5.2 The associated equilibrium stochastic dynamics

Formula (5.5) implies that the form &, is closable on L*(I'x, 1), and we pre-
serve the same notation for its closure. Its domain D(&,, ) is obtained as a comple-
tion of FC(I'x) with respect to the norm

1/2
1PN, = (Sl PP + [ Frdua)

In the canonical way, the Dirichlet form (€, ,, D(€,,,)) defines a non-negative self-
adjoint operator in L2(FX, pa) (i.e., the Friedrichs extension of H, , = 1*H..1T
from the domain FC([x)), for which we keep the same notation H,, . In turn, this
operator generates the semigroup exp(—tH,, ) in L*(I'x, ic1).

According to a general result (see [27, § 4]), it follows that &,  is a quasi-regular
local Dirichlet form on a bigger space L?(I'x, ji), where I'x is the space of all
locally finite configurations ~ with possible multiple points (note that Iy can be
identified in the standard way with the space of Z-valued Radon measures on X,
cf. [5,27,30]). Then, by the general theory of Dirichlet forms (see [26]), we obtain
the following result.

Theorem 5.3. There exists a conservative diffusion process X = (Xy, t > 0)
on I'y, properly associated with the Dirichlet form £, ; that is, for any function
F € I*(I'x, jta1) and all t > 0, the mapping

Ix 37y pF(y) = /Q F(X,)dP,

is an &, -quasi-continuous version of exp(—tH, )F. Here (2 is the canonical
sample space (of I x-valued continuous functions on R.) and (P,, v € I x) is
the family of probability distributions of the process X conditioned on the initial
value v = Xy. The process X is unique up to jiq-equivalence. In particular, X
is pe-symmetric (i.e., [ Fp,Gdug = [GpF due for all measurable functions
F.G: r x — Ry) and p is its invariant measure.

Remark 5.4. It can be proved that in the case of Poisson and Gibbs measures,
under certain technical conditions the diffusion process X actually lives on the
proper configuration space [y (see [30]). It is plausible that a similar result should
be valid for the Poisson cluster measure, but this is an open problem.

Remark 5.5. Formula (5.2) implies that the “pre-projection” form &, is closable.
According to the general theory of Dirichlet forms [26,27], its closure is a quasi-
regular local Dirichlet form on I'y and as such generates a diffusion process X on

I'x. This process coincides with the independent infinite particle process, which
amounts to independent distorted Brownian motions in X with drift given by the
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vector logarithmic derivative of A (see [5]). However, it is not clear in what sense the
process X constructed in Theorem 5.3 can be obtained directly via the projection
of X from Iy onto .

5.3 Irreducibility of the Dirichlet form &,

Let us recall that a Dirichlet form & is called irreducible if the condition E(F, )
= 0 implies that F' = const.

Theorem 5.4. The Dirichlet form (£, D(E,.,)) is irreducible.

Hel?

Proof. Forany F' € D(E,,), we have

||FHZHC1 = guc1<F7 F) + F2 dﬂcl

I'x

= & (TRIF)+ [ (TF)Pdme = |TFI,
I'x *

which implies that ZD(E, ) C D(&x,,). It is obvious that if 7F = const (my«-

a.s.) then F' = const (uq-a.s.). Therefore, according to formula (5.7), it suffices to

prove that the Dirichlet form (&, , D(E,, )) is irreducible, which is established in

Lemma 5.6 below. O

We first need the following general result (see [3, Lemma 3.3]).

Lemma 5.5. Let A and B be self-adjoint, non-negative operators in separable
Hilbert spaces H and IC, respectively. Then Ker(AH B) = Ker A ® Ker B, where
A W B is the closure of the operator A @ I + I ® B from the algebraic tensor
product of the domains of A and B.

Proof. Ker A and Ker B are closed subspaces of H and /C, respectively, and so
their tensor product Ker A ® Ker B is a closed subspace of the space H ® K. The
inclusion Ker A ® Ker B C Ker(AH B) is trivial. Let f € Ker(AHB B). Using the
theory of operators admitting separation of variables (see, e.g., [8, Ch. 6]), we have

0= (ABBf.f) = [ (@1 + ) d(B(y,22)f. 1)

+

= 1 d(E(xy,z2)f, f) + /R2 v d(E(x1,12) f, f)

2
R

=(AxIf,f)+ (I ®Bf, f), (5.9)

where F is a joint resolution of the identity of the commuting operators A ® I and
I ® B. Since both operators A ® I and I ® B are non-negative, we conclude from
(5.9) that

feKer(AxI)NKer(I ® B) = Ker A ® Ker B,

which completes the proof of the lemma. 0

Lemma 5.6. The Dirichlet form (E;,,,D(Ex,.)) is irreducible.
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Remark 5.6. Irreducibility of Dirichlet forms associated with Poisson measures on
configuration spaces of connected Riemannian manifolds was shown in [5]. How-
ever, the space X consists of countably many disjoint connected components X",
so we need to adapt the result of [5] to this situation.

Proof of Lemma 5.6. Let us recall that, according to the general theory (see, e.g.,
[4]), irreducibility of a Dirichlet form is equivalent to the condition that the ker-
nel of its generator consists of constants (uniqueness of the ground state). Thus, it
suffices to prove that Ker H,, = {const}.

Let us consider the “residual” spaces in =, X kone 7., , endowed with
the measures \* := %° p\f. Hence, ¥ = XO U X' --- U X" LI X,41, which
implies that I’y = I'yo X ['x1 XX ['xn X F5€n+1 and, according to Proposition 2.2,
Ty = TR @+ @y, @ Tpy1, Where we use a shorthand notation 7, := 7, 1+,
T = T - Therefore, there is an isomorphism of Hilbert spaces

L2(Fx7 7T)\*) = L2(Fx, 7T1) (SRR LQ(FXn, 7Tn) X L2(F}:n+17ﬁ-n+l)-
Consequently, the Dirichlet operator H,, can be decomposed as

H,.=H,B- - -BH, BH; (5.10)

n+1"°

Since all operators on the right-hand side of (5.10) are self-adjoint and non-negative,
it follows by Lemma 5.5 that

Ker Hy,, = Ker H;, ® --- ®@ Ker H,, ® Ker Hz,_,. (5.11)

The Dirichlet forms of all measures 7, are irreducible (as Dirichlet forms of Pois-
son measures on connected manifolds), hence Ker H,;, = R and (5.11) implies
that Ker ., = Ker H3 . Since n is arbitrary, it follows that every function I’ €
Ker Hy,, does not depend on any finite number of variables, and thus /' = const

(my+-a.8.). []

Remark 5.7. The result of Lemma 5.6 (and the idea of its proof) can be viewed as a
functional-analytic analogue of Kolmogorov’s zero—one law (see, e.g., [21, Ch. 3]),
stating that for a sequence of independent random variables (X,,), the correspond-
ing tail o-algebra F, := ), F>y is trivial (where F>,, := 0{X} : k > n}), and in
particular, all F,-measurable random variables are a.s. constants.

Remark 5.8. According to the general theory of Dirichlet forms (see, e.g., [4]), the
irreducibility of £, is equivalent to each of the following properties:

(i) The semigroup e ~"ua js L2-ergodic, that is, as t — oo,

/rx <e_tH”“'F (7) = /FX F(v) ucl(dv)>2ucl(dv) — 0.

(i) If F € D(H,,) and H, F = 0 then F' = const.
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6 Appendix
6.1 Proof of Theorem 2.7

Note that the droplet cluster D () = Uyeq; (B — y) (see (2.18)) can be decom-
posed into disjoint components according to the number of constituent “layers”
(including infinitely many):

Dp(v)= U Ditw)

1</<co

where
Di(w) ={re X:w(B-x)=1}, (€l

(@) Set f,:=—Ing-1x € M;(X) (0 < ¢ < 1), then

Ly lfe] = /q”(K pa(dy) = Zq paly € I - v(K) = n} (6.1)

— pafy € Tk 1 7(K) <00l (q¢11).

Therefore, v(K) < 0o (p1a-a.s.) if and only if lim, In L, [f,] =0

Clearly, condition (2.19) is necessary for local finiteness of y-a.a. configura-
tions v € I' )ﬁ( Furthermore, (2.19) implies that, for any compact set X' C X and
any x € X, we have (K — x) < oo (up-a.s.). Hence, according to (2.17),

(1= 5570) ufan ) Ao

N /pu (/ ;_O:(l =4 1pg (@) de)) po(dg)
B /F” (1 ¢) MDic(%)) po(dg). 6.2)
X (=1

=1 =1

so if condition (2.20) is satisfied then we can apply Lebesgue’s dominated con-
vergence theorem and pass termwise to the limit on the right-hand side of (6.2) as
q T 1, which gives limgy; In L, [ f,] = 0, as required.

Conversely, since

S (- ) A(DL) = (1—q) f; (D) = (1= ) A(Die(ad)) = 0,
(=1 =1
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from (6.2) we must have

(1=a) [, MDils)) pol@ip) =0 (a11);

X
which implies (2.20).

(b) Let us first prove the “only if” part. Clearly, condition (2.21) is necessary in
order to avoid any in-cluster ties. Furthermore, each fixed z, € X cannot belong to
more than one cluster; in particular, for any 2 < ¢ < oo,

MDLoy (1) =0 (no-as) (6.3)

Let f; := —1Ing- 1,3 (0 < ¢ < 1). The expansion (6.1) then implies that in order
for x to be simple (yiq-a.s.), L, [f,] must be a linear function of ¢. But from (6.2)
and (6.3) we have

Lualfil = exo{ == 0) [, A(DEH00) mo(dp)

X

and it follows that )\(D (70)> =0 (up-a.s.). Together with (6.3), this gives
)‘(D{ZO}(% ) Z )‘<D{x0}(70)) =0 (po-a.s.),
1<t<0

and condition (2.22) follows.

To prove the “if” part, it suffices to show that, under conditions (2.21) and (2.22),
with probability one there are no cross-ties between the clusters whose centres be-
long to aset A C X, AM(/) < oo. Conditionally on the total number of cluster
centres in A (which are then i.i.d. and have the distribution A(-)/\(A)), the proba-
bility of a tie between a given pair of (independent) clusters is given by

A(l/l)z /Fixp)ﬁ( A2(Ba(y1,72)) po(dm) po(da),
where
Ba(71,72) i= {(z1,29) € A*: 11 +y1 = x5 + yo for some y; € 1, Y2 € Y2}
But
>‘®2(BA(71, 72)) = /AA (UylefnUerw{xl +y — yg}) A(dxq)
<> / Upsers {71+ 11 — }) A(dzy)

Y€

= 3 [ MO (2) Mda) =0 (uo-as.),

Y1€71

since, by assumption (2.22), A(D{x1+yl}(72)) = 0 (up-a.s.) and v, is a countable
set. Thus, the proof is complete.
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6.2 Quasi-invariance of Poisson measures

The next general result is a direct consequence of Skorokhod’s theorem [32] on
the absolute continuity of Poisson measures (see also [5]). Although essentially
well known, we give its simple proof adapted to our slightly more general setting,
whereby transformations ¢ have support of finite measure rather than compact.

Suppose that 7 is a Poisson measure on the configuration space ['x with inten-
sity measure \. Let ¢ : X — X be a measurable mapping; as explained earlier
(see (4.5)), it can be lifted to a (measurable) transformation of ['x:

I'x 29— @(y) :={¢(x), v €~} € I'x. (6.4)

Proposition 6.1. Let o : X — X be a measurable bijection such that \(supp ¢) <
00. Assume that the measure X is quasi-invariant with respect to @, that is, the push-
forward measure *\ = \ o o1 is a.c. with respect to )\, with density

@t A(dz)
pf(x) = Ndz) r e X. (6.5)

Then the measure )y, is quasi-invariant with respect to the action (6.4), that is,
e'ma(dy) = RZ (v)ma(dy), v €Tk, (6.6)

where the density RY, is given by

0 =espl [ (1= @) A0} TLi,  verx  ©7

and moreover, RZ € L*(I'x, ).

Proof. Note that p§ = 1 outside the set K := supp ¢. By Proposition 2.4(a), the
condition A\(K') < oo implies that, for 7y-a.a. v € I'y, there are only finitely many
terms in the product [],., p5 () not equal to 1, thus the right-hand side of equation
(6.7) is well defined. Using formulas (6.5), (6.7) and Proposition 2.1, the Laplace
functional of the measure 7§ := R? , is obtained as follows:

Leglf) = exp { [ (1= @) M) | - [ e 9 T pf(@) ma(a)

rey

= exp {/X(l — pf(l‘)) )\(dx)} - exp {— /X (1 — e_f(x)HnPf(“’)) /\(dx)}
= exp {— /X(l - e_f(x)) P () )\(dx)}
—exp{— [ (1-e7) p'Adn) b = L, 1)

and so w5 = . But, according to the Mapping Theorem (see Proposition 2.3),
we have 7 -\ = p*m,, and formula (6.6) follows.
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To check that R € L*(I'x, ), let us compute its L*-norm:

/Fx |RZ. (7)]? ma(dy) = exp {/ (1 — X (m)) (dg;)} / (2Inp%, ) ma(dy)
= exp {/X(l — pf(a:)) } exp{ /X (1 o2 pf (@ ) )\(d:c)}
= e { [ (I5)P = p5() Mda) | <,

because |p%(z)|> — pf(z) = 0 outside the set K = supp . O
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