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Abstract

General birth-and-death as well as hopping stochastic dynamics of
infinite particle systems in the continuum are considered. We derive cor-
responding evolution equations for correlation functions and generating
functionals. General considerations are illustrated in a number of con-
crete examples of Markov evolutions appearing in applications.
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1 Introduction

The theory of stochastic lattice gases on the cubic lattice Z%, d € N, is one of
the most well developed areas in the interacting particle systems theory. In the
lattice gas models with spin space S = {0, 1}, the configuration space is defined
as X = {0,1}2". Given a configuration o = {o(z) : # € Z4} € X, we say that
a lattice site x € Z< is free or occupied by a particle depending on o(x) = 0 or
o(x) = 1, respectively. The spin-flip dynamics of such a system means that, at
each site x of the lattice, a particle randomly appears (if the site z is free) or
disappears from that site. The generator of this dynamics is given by

(L)(o) =Y alz,0)(f(0") - f(0)),

z€Z

where ¢% denotes the configuration ¢ in which a particle located at = has dis-
appeared or a new particle has appeared at x. Hence, this dynamics may be
interpreted as a birth-and-death process on Z?¢. An example of such a type of
process is given by the classical contact model, which describes the spread of an
infectious disease. In this model an individual at = € Z% is infected if o(z) = 1
and healthy if o(z) = 0. Healthy individuals become infected at a rate which is
proportional to the number of infected neighbors (A}, .\, _,—; o(y), for some
A > 0), while infected individuals recover at a rate identically equal to 1. An
additional example is the linear voter model, in which an individual located at
a x € Z% has one of two possible positions on an issue. He reassesses his view
by the influence of surrounding people. Further examples of such a type may
be found e.g. in [27], [28].

In all these examples clearly there is no conservation on the number of par-
ticles involved. In contrast to them, in the spin-exchange dynamics there is
conservation on the number of particles. In this case, particles randomly hop
from one site in Z¢ to another one. The generator of such a dynamics is given
by

CHo =3 3 ayo)(fe™) - flo)),
z€L yeZd:|y—z|=1
where ¢®¥ denotes the configuration ¢ in which a particle located at x hops to
a site y.

In this work we consider continuous particle systems, i.e., systems of particles
which can be located at any site in the Euclidean space R%, d € N. In this case,
the configuration space of such systems is the space I" of all locally finite subsets
of R%. Thus, an analog of the above mentioned spin-flip dynamics should be a
process in which particles randomly appear or disappear from the space R?, i.e.,
a spatial birth-and-death process. The generator of such a process is informally
given by

(LF)(7) =Y d(@.y\ {z}) (F(y \ {z}) = F(7))

rey

N / dzb(z,7) (F(yU {z}) — F(v)),
Rd



where the coefficient d(z, ) indicates the rate at which a particle located at x
in a configuration ~ dies or disappears, while b(z,~y) indicates the rate at which,
given a configuration -y, a new particle is born or appears at a site x.

By analogy, one may also consider a continuous version of the contact and
voter models above presented. Both continuous versions yield a similar informal
expression for the corresponding generators.

Moreover, one may also consider the analog of the spin-exchange dynam-
ics. We consider a general case of hopping particle systems, in which particles
randomly hop over the space R%. In terms of generators, this means that the
dynamics is informally given by

(LE)(v) = Z/Rd dyc(z,y,7) (F(y\ {z} U{y}) — F(7)),

ey

where the coefficient ¢(z,y,7) indicates the rate at which a particle located at
x in a configuration v hops to a site y.

Spatial birth-and-death processes in the continuum were first discussed by
C. Preston in [33]. Under some conditions on the birth and death rates, b and
d, the author has proved the existence of such processes in a bounded volume
on R?. In this case, although the number of particles can be arbitrarily large, at
each moment of time the total number of particles is always finite. Later on, the
problem of convergence of these processes to an equilibrium one was analyzed
in [29], [30]. Problems of existence, construction, and uniqueness of spatial
birth-and-death processes in an infinite volume were initiated by R. A. Holley
and D. W. Stroock in [9] for a special case of neighbor birth-and-death processes
on the real line. An extension of the uniqueness result stated therein may be
found in [3].

E. Gl6tzl analyzed in [7], [8] the birth-and-death and the hopping dynamics
of continuous particle systems for which a Gibbs measure p is reversible. Al-
though he could not prove the existence of such processes, he has identified the
conditions on the coefficients, b,d and ¢ under which the corresponding gen-
erators are symmetric operators on the space L?(u). For the particular case
of the Glauber stochastic dynamics, such a process was effectively constructed
in [19]. The procedure used therein was extended in [20] to a general case of
birth-and-death dynamics and to the hopping dynamics. Recently, in [22] the
authors have proved the existence of a contact process.

In this work we propose an approach to the study of a dynamics based on
combinatorial harmonic analysis techniques on configuration spaces. This par-
ticular standpoint of configuration space analysis was introduced and developed
in [10], [23] (Subsection 2.1). For this purpose, we assume that the coefficients
b,d and c are of the type

CL(JI,’)/): Z Ax(ﬁ)’ a=b,d, C(xvy77): Z Cx,y(n)v (11)

nCy ncy
In|<oo In|<oo

respectively. This special form of the coefficients allows the use of harmonic
analysis techniques, namely, the specific ones yielding from the natural rela-



tions between states, observables, correlation measures, and correlation func-
tions (Subsection 2.2). Usually, the starting point for the construction of a
dynamics is the Markov generator L related to the Kolmogorov equation

%Ft = LF,.

Given an initial distribution p of the system (from a set of admissible initial
distributions on T'), the generator L determines a Markov process on I' with
initial distribution p. In alternative to this approach, the natural relations be-
tween observables (i.e., functions defined on T'), states, correlation measures,
and correlation functions yield a description of the underlying dynamics in
terms of those elements (Subsection 2.2), through corresponding Kolmogorov
equations. Such equations are presented under quite general assumptions, suf-
ficient to define these equations. However, let us observe that on each concrete
application the explicit form of the rates determines specific assumptions, which
only hold for that concrete application. Such an analysis is discussed separately.
In Subsection 2.3 we widen the dynamical description towards the Bogoliubov
functionals [2], cf. [14].

Let us pointing out that assumptions (1.1) are natural and quite general. As
a matter of fact, the birth and death rates on the Glauber, the contact model
and the linear and polynomial voter models dynamics, are both of this type
(Subsections 3.2.1-3.2.4), as well the coefficient ¢ for the Kawasaki dynamics
(Subsection 4.2.1).

From the technical point of view, the approach that is presented here turns
out to be an effective method for the study of Markov evolution for infinite
particle systems in the continuum, see Subsection 2.2 for details. This has been
recently emphasized in the construction of a non-equilibrium Glauber dynamics
domne in [18], cf. considerations at the end of Subsection 3.2.1 (see also [4], [16]).
In our forthcoming publication [6] we present an extension of this technique
towards multicomponent systems.

2 Markov evolutions in configuration spaces

2.1 Harmonic analysis on configuration spaces

The configuration space I' :== I'ga over R?, d € N, is defined as the set of all
locally finite subsets of R,

= {7 C R?: |yA| < oo for every compact A C Rd} ,

where |-| denotes the cardinality of a set and 5 := v N A. As usual we identify
each v € I' with the non-negative Radon measure . 0, € M(R?), where 4,
is the Dirac measure with unit mass at x, Eze@ 0, is, by definition, the zero
measure, and M (R?) denotes the space of all non-negative Radon measures

on the Borel o-algebra B(R?). This identification allows to endow I' with the



topology induced by the vague topology on M(R?), i.e., the weakest topology
on I' with respect to which all mappings

Doy ()= [ o) fa) = 3 fa), 1€ Cur),

TEY

are continuous. Here C.(RY) denotes the set of all continuous functions on R?
with compact support. We denote by B(I") the corresponding Borel o-algebra
on I

Let us now consider the space of finite configurations

Ty := |j ),
n=0

where T'(") := F]gfi) ={yeTl:|y|=n}forneNand I'? := {}}. For n € N,
there is a natural bijection between the space I'™ and the symmetrization

(R4)n /S, of the set (R)" := {(x1,...,2,) € (R)™ : x; # x; if i # j} under
the permutation group S, over {1,...,n} acting on (R?)” by permuting the
coordinate indexes. This bijection induces a metrizable topology on I'™ and
we endow 'y with the topology of disjoint union of topological spaces (for more
details see [10]). By B(I'™) and B(I'g) we denote the corresponding Borel
o-algebras on T'™) and Ty, respectively.

We proceed to consider the K-transform [24], [25], [26], [10], that is, a map-
ping which maps functions defined on T'g into functions defined on the space
[. Let B.(R?) denote the set of all bounded Borel sets in R?, and for any
A€ Bu(RY) let Ty := {np € T : y C A}. Evidently Ty = |72, T'{", where
I‘E\n) :=TANT® for each n € Ny, leading to a situation similar to the one for
Iy, described above. We endow I'y with the topology of the disjoint union of
topological spaces and with the corresponding Borel o-algebra B(T'y).

Given a B(I'g)-measurable function G with local support, that is, G[pr\p,= 0
for some A € B.(R?), the K-transform of G is a mapping KG : ' — R defined
at each v € I by

(KG)(y) = Y G(n). (2.1)

nCy

Inl<oo
Note that for every such function G the sum in (2.1) has only a finite number
of summands different from zero, and thus K G is a well-defined function on T'.
Moreover, if G has support described as before, then the restriction (KG)|r, is
a B(T's)-measurable function and (KG)(v) = (KG)|r, (7va) for all y € T, i.e.,

KG is a cylinder function.

Let now G be a bounded B(T'p)-measurable function with bounded support,

. — d . . .
that is, GFFo\(LIf:o Fxl))_ 0 for some N € Ng,A € B.(R%). In this situation,

for each C > |G| one finds |(KG)(y)| < C(1 + |ya|)Y for all y € . As a
result, besides the cylindricity property, KG is also polynomially bounded. In



the sequel we denote the space of all bounded B(T'y)-measurable functions with
bounded support by Bps(I'o). It has been shown in [10] that the K-transform
is a linear isomorphism which inverse mapping is defined on cylinder functions
by
(KLF) () := S (-l E(g), neTy.
£Cn

As a side remark, we observe that this property of the K-transform yields a full
complete description of the elements in FP(T') := K (Bys(Ig)) which may be
found in [10], [13]. However, throughout this work we shall only make use of
the above described cylindricity and polynomial boundedness properties of the
functions in FP(T).

Among the elements in the domain of the K-transform are also the so-called
Lebesgue-Poisson coherent states ey(f) corresponding to B(R?)-measurable
functions f. By definition, for any B(R?)-measurable function f,

ex(f.n) =[] f(z), n€To\{0}, ex(£.0):=1.

xen

If f has compact support, then the image of e)(f) under the K-transform is a
function on I' given by

(Kea(£) () = [J(0+ f(@), veT.

rey

As well as the K-transform, its dual operator K* will also play an essential
role in our setting. Let M} (T') denote the set of all probability measures y on
(T, B(T")) with finite local moments of all orders, i.e.,

/ du(y) |ya|™ < oo for all n € N and all A € B.(R?). (2.2)
r

By the definition of a dual operator, given a pn € M__(T'), the so-called correla-
tion measure p,, := K*u corresponding to x is a measure on (I'g, B(T'g)) defined
for each G € Bys(T'g) by

/F dpu(n) G(n) = / du(7) (KG) (7). (2.3)

r

Observe that under the above conditions K|G| is p-integrable. In terms of
correlation measures this means that Bys(T'g) C L* (Lo, p,,).

Actually, Bys(T) is dense in L*(Tg, p,,). Moreover, still by (2.3), on Bps(I)
the inequality |[KG||L1(,) < [|Gl[L1(p,) holds, allowing then an extension of the
K-transform to a bounded operator K : L*(T, p,,) — L*(I', 1) in such a way
that equality (2.3) still holds for any G € L*(I'¢, p,,). For the extended operator
the explicit form (2.1) still holds, now p-a.e. This means, in particular,

(Kex(£) () = [0+ f(2)), p—aaryeT, (2.4)

xrey



for all B(R?)-measurable functions f such that ex(f) € L*(To, pu), cf. e.g. [10].

We also note that in terms of correlation measures p,, property (2.2) means
that p,, is locally finite, that is, pM(FE\n)) < oo for all n € Ny and all A € B.(R?).
By M¢(Ty) we denote the class of all locally finite measures on T'y.

Example 2.1. Given a constant z > 0, let 7, be the Poisson measure with in-
tensity zdz, that is, the probability measure on (I', B(T")) with Laplace transform

given by
/F dm,(7) exp (Z <p(a:)> = exp <z /R da (ew(z) _ 1))

xTEY

for all p € D. Here D denotes the Schwartz space of all infinitely differentiable
real-valued functions on R? with compact support. The correlation measure
corresponding to m, is the so-called Lebesgue—Poisson measure

where each m(™, n € N, is the image measure on ') of the product measure

dxy...dz,, under the mapping (R4)™ > (x1,...,2,) + {1, ...,2,} € T, For
n =0 we set mO({P}) := 1. This special case emphasizes the technical role
of the coherent states in our setting. First, ex(f) € LP(To, \,) whenever [ €
LP(R?,dz) for some p > 1, and, moreover, |lex(f)lox.) = exp(zllfl175(an))-

Second, given a dense subspace L C L?(R? dx), the set {ex(f): f € L} is total
m L2(F0, )\z)

Given a probability measure p on T’ let MOpxl be the image measure on the
space 'y, A € B.(R?), under the mapping py : I' — T's defined by pa () := Y4,
v €T, i.e., the projection of p onto I'y. A measure u € M} (T) is called locally
absolutely continuous with respect to 7 := 71 whenever for each A € B.(R%)
the measure p o le is absolutely continuous with respect to 7 o pxl. In this
case, the correlation measure p, is absolutely continuous with respect to the
Lebesgue—Poisson measure A := A;. The Radon-Nikodym derivative k,, := d;/\“
is the so-called correlation function corresponding to p. For more details see

e.g. [10].

2.2 Markov generators and related evolution equations

Before proceeding further, let us first summarize graphically all the above de-
scribed notions as well as their relations (see the diagram below). Having in
mind concrete applications, let us also mention the natural meaning of this
diagram in the context of a given infinite particle system.
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The state of such a system is described by a probability measure x4 on I' and
the functions F' on I' are considered as observables of the system. They represent
physical quantities which can be measured. The expected values of the measured
observables correspond to the expectation values (F, p) := [ du(7y) F(7).

In this interpretation we call the functions G on I'g quasi-observables, be-
cause they are not observables themselves, but they can be used to construct
observables via the K-transform. In this way we obtain all observables which
are additive in the particles, namely, energy.

The description of the underlying dynamics of such a system is an essentially
interesting and often a difficult question. The number of particles involved,
which imposes a natural complexity to the study, on the one hand, and the
infinite dimensional analysis methods and tools available, once in a while either
limited or insufficient, on the other hand, are physical and mathematical rea-
sons for the difficulties, and failures, pointed out. However, it arises from the
previous diagram an alternative approach to the construction of the dynamics,
overcoming some of those difficulties.

As usual the starting point for this approach is the Markov generator of the
dynamics, in the sequel denoted by L, related to the Kolmogorov equation for
observables 9
Given an initial distribution p of the system (from a set of admissible initial
distributions on T'), the generator L determines a Markov process on I' which
initial distribution is p. Within the diagram context, the distribution p; of
the Markov process at each time ¢ is then a solution of the dual Kolmogorov
equation
%Mt = L, (KE)*
L* being the dual operator of L.

The use of the K-transform allows us to proceed further. As a matter of fact,
if L is well-defined for instance on FP(I'), then its image under the K-transform



L:=K LK yields a Kolmogorov equation for quasi-observables

th = LG, (QKE)
ot

Through the dual relation between quasi-observables and correlation measures
this leads naturally to a time evolution description of the correlation function
k, corresponding to the initial distribution u given above. Of course, in order
to obtain such a description we must assume that at each time ¢ the correla-
tion measure corresponding to the distribution p; is absolutely continuous with
respect to the Lebesgue—Poisson measure A. Then, denoting by L* the dual
operator of L in the sense

dA(n) (LG)(m)k(n) = [ dA(n) G(n)(L*k)(n),

Ty To
one derives from (QKE) its dual equation,

%kt = L*k;. (QKE)*
Clearly, the correlation function k; corresponding to pu, t > 0, is a solution of
(QKE)*. At this point it is opportune to underline that a solution of (QKE)*
does not have to be a correlation function (corresponding to some measure on
'), a fact which is frequently not taken into account in theoretical physics dis-
cussions. An additional analysis is needed in order to distinguish the correlation
functions from the set of solutions of the (QKE)* equation. Within our setting,
some criteria were developed in [1], [26], [10], [23].

In this way we have derived four equations related to the dynamics of an
infinite particle system in the continuum. Starting with (KE), one had de-
rived (QKE)*, both equations being well-known in physics. Concerning the
latter equation, let us mention its Bogoliubov hierarchical structure, which in
the Hamiltonian dynamics case yields the well-known BBGKY-hierarchy (see
e.g. [2]). In our case, the hierarchical structure is given by a countable infinite
system of equations

%kﬁ") = (L k)™, k™ = kylpen, (Bk)™ = (k) Ipen, n € No. (2.5)
In contrast to (KE), note that each equation in (2.5) only depends on a finite
number of coordinates. This explains the technical efficacy of equation (QKE)*
in concrete applications.

Although equations (QKE) and (KE)* being also known in physics, their
studied is not so developed and usually they are not exploit in concrete appli-
cations. However, in such applications those equations often turn out to be an
effective method.

Before proceeding to concrete applications, let us observe that for some con-
crete models it is possible to widen the dynamical description towards Bogoli-
ubov functionals [2].



2.3 Generating functionals

Given a probability measure p on (I, B(I')) the so-called Bogoliubov or gener-
ating functional B, corresponding to p is the functional defined at each B(RY)-
measurable function 6 by

Bu(0) = [ aut) L0+ 0(a)) (2.6

rey

provided the right-hand side exists for |@|. In the same way one cannot define
the Laplace transform for all measures on T, it is clear from (2.6) that one
cannot define the Bogoliubov functional for all probability measures on I' as
well. Actually, for each § > —1 so that the right-hand side of (2.6) exists, one
may equivalently rewrite (2.6) as

B,.(6) := /F du(y) e+,

showing that B, is a modified Laplace transform.

If the Bogoliubov functional B,, corresponding to a probability measure p
exists, then clearly the domain of B,, depends on the underlying measure. Con-
versely, the domain of a Bogoliubov functional B,, reflects special properties
over the measure u [14]. For instance, if p has finite local exponential moments,
ie.,

/ du(y) el < 0o for all @ > 0 and all A € B.(R?),
r

then B, is well-defined for instance on all bounded functions 6 with compact
support. The converse is also true. In fact, for each o > 0 and each A € B.(R%)
the latter integral is equal to B,,((e*—1)14). In this situation, to a such measure
i one may associate the correlation measure p,,, and equalities (2.3) and (2.4)
then yield a description of the functional B, in terms of either the measure p,:

B,(0) = / ) (Kex(©) () = | doum)ertb.m).

or the correlation function &, if p, is absolutely continuous with respect to the
Lebesgue—Poisson measure \:

Bu(0) = / dA(n) ex (8, 7k, ().

Within the framework of Subsection 2.2, this gives us a way to express the
dynamics of an infinite particle system in terms of the Bogoliubov functionals

Bi(6) = / dA(n) ex (8 )k (1)

corresponding to the states of the system at each time ¢ > 0, provided the
functionals exist. Informally,

0

550 = [ e grin = [ nm Eaoimhm. @

10



In other words, given the operator L defined at
B(0) ::/ dA(n) ex(8,m)k(n) (k:To — RY :=[0,+00))
To

by

(LB)(6) = / dA(n) (Lex(0))(n)k(n),

heuristically (2.7) means that the Bogoliubov functionals By, t > 0, are a solu-
tion of the equation

%Bt = LB;. (2.8)
Besides the problem of the existence of the Bogoliubov functionals By, ¢ > 0,
let us also observe that if a solution of equation (2.8) exists, a priori it does
not have to be a Bogoliubov functional corresponding to some measure. The
verification requests an additional analysis, see e.g. [14], [23].

In applications below, in order to derive explicit formulas for L, the next
result turns out to be useful. Here and below, all Ll-spaces, p > 1, consist of
p-integrable complex-valued functions.

Proposition 2.2. Given a measure i € M}, (') assume that the corresponding
Bogoliubov functional B,, is entire on L (RY,dz). Then each differential of n-th
order of B,,, n € N, at each 8y € L&(RY, dx) is defined by a symmetric kernel

in L (RN)", dx1...dx,) denoted by % and called the variational

derivative of n-th order of B,, at 0y. In other words,
z21=...=2p=0

on "
B21..02. Dn (90 + ; ZH)
5nBu(00)

:Ad dzy el(xl)”'/Rd dxnen(xn)éeo(xl)éeo(xn)a

for all 61, ...,0, € LE(RY, dx). Purthermore, using the notation

" v 0"Bu(bo)
(P"B,.) (6o m) = o) 560 ()

the Taylor expansion of B, at each 6y € L(lc(IRd7 dz) may be written in the form

B,(00+0) = /

To

forn={z1,..,x,} € '™ neN,

dX(n) ex(0,m) (D'"'BH) (0o:n), 0 € LE(RY, dx).

In terms of the measure g, the holomorphy asssumption in Proposition 2.2
implies that p is locally absolutely continuous with respect to the measure 7 and
the correlation function &, is given for A-a.a n € I'g by k,(n) = (D‘"‘BM) (0;7m).
Moreover, for all § € LL(RY, dx) the following relation holds

(DM5) G5 = [ aNO R U0, A-ne,  (29)

0

showing that the Bogoliubov functional B, is the generating functional for the
correlation functions k,[rm), n € Ng. For more details and proofs see e.g. [14].

11



2.4 Algebraic properties

As discussed before, the description of the dynamics of a particle system is
closely related to the operators L, ﬁ, and L*. To explicitly describe these
operators in the examples below, the following algebraic properties turn out to
be powerful tools for a simplification of calculations.

Given G; and Gy two B(I'g)-measurable functions, let us consider the -
convolution between G and Ga,

(G1xG2)(n) := > G1(m Unz)Ga(nz Uns)

(n1,m2,m3)€P3(n)

=36 Gal(n\ ) UQ), neTy,

£Cn qas

where P3(n) denotes the set of all partitions of n in three parts which may be
empty, [10]. It is straightforward to verify that the space of all B(I'g)-measurable
functions endowed with this product has the structure of a commutative algebra
with unit element ey(0). Furthermore, for every G1,Go € Byps(Iy) we have
GixGq € Bbs(ro), and

K (G1xG2) = (KG,) - (KG2) (2.10)
cf. [10]. Concerning the action of the x-convolution on coherent states one finds

ex(f) xex(g) =ex(f + 9+ f9) (2.11)

for all B(R%)-measurable functions f and g. More generally, for all B(Ty)-
measurable functions G and all B(R%)-measurable functions f we have
(Grex(N) ) =) G@ex(f+1LEex(fin\8). (2.12)
£Cn

Technically the next result turns out to be very useful. We refer e.g. to [32]
for its proof. In particular, for n = 3, it yields an integration result for the
*-convolution.

Lemma 2.3. Let n € N, n > 2, be given. Then

/Fd/\(m)--/F A1) G(m U .. Uny ) H (01, o5

= [ amem X Homen)

(MM ) EPR(N)

for all positive measurable functions G : Tyg — R and H : Ty x ... x g — R.
Here P, (n) denotes the set of all partitions of n in n parts, which may be empty.

Lemma 2.4. For all positive measurable functions H,G1,G2 : T'g — R one has

/F d\(n) H(n)(G1 * G2)(n)

- / dA(m) / dA(n2) / d(ms) H (1 U Ugs) G (11 U2 ) Gla (172 U ).

12



3 Markovian birth-and-death dynamics in con-
figuration spaces

In a birth-and-death dynamics, at each random moment of time and at each
site in R, a particle randomly appears or disappears according to birth and
death rates which depend on the configuration of the whole system at that
time. Informally, in terms of Markov generators, this behaviour is described
through the operators D, and D] defined at each F': ' — R by!

(D, F)(v) == F(y\2) = F(v), (DiF)(y):=F(yUz)—F(y),

corresponding, respectively, to the annihilation and creation of a particle at a
site . More precisely,

(L) = L da\ oD PO)+ [ deba)DIFG). G1)

xeEY

where the coefficient d(z,7) > 0 indicates the rate at which a particle located
at x in a configuration v dies or disappears, while b(z,~) > 0 indicates the rate
at which, given a configuration 7y, a new particle is born or appears at a site x.

3.1 Markovian birth-and-death generators

In order to give a meaning to (3.1) let us consider the class of measures u €
M (T) such that d(x,-),b(z,-) € L*(T, ), € RY, and for all n € Ny and all
A € B.(R%) the following integrability condition is fulfilled:

/F ap() Pl 3 d(a v\ @) + / dp(y) [l / drb(z,7) <oco.  (3.2)

TEYA

For F € FP(I') = K(Bps(T'o)), this condition is sufficient to insure that LF is
p-a.e. well-defined on I'. This follows from the fact that for each G € Bys(Ty)
there are A € B.(R%), N € Ny and a C' > 0 such that G has support in Uﬁzofxb)
and |G| < C, which leads to a cylinder function F' = KG such that |F(y)| =
|F(va)| < C(1+ |ya|)Y for all v € T (cf. Subsection 2.1). Hence (3.1) and (3.2)
imply that LF € LY(T, u).

Given a family of functions B,, D, : Ty — R, z € R?, such that KB, > 0,
KD, > 0, in the following we wish to consider KB, and KD, as birth and
death rates, i.e.,

b(z,v) = (KBy) (), d(z,7) = (KDz)(7). (3.3)

We shall then restrict the previous class of measures in Mj  (T') to the set of all
measures 1 € M} (T) such that By, D, € L'(Tg,p,), * € R, and

/qu(v) [yal” { > (K|Dx|)<7\x)+/

TEYA A

dx (K|By|) (’Y)} <oo  (34)

IHere and below, for simplicity of notation, we have just written 2 instead of {z}.
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for all n € Ng and all A € B.(R?). Under these assumptions, the K-transform of
each B, and each D,, r € R?, is well-defined. Moreover, K B,, KD, € L*(T, 1),
cf. Subsection 2.1. Of course, all previous considerations hold. In addition, we
have the following result for the operator L on quasi-observables.

Proposition 3.1. The action ofIA/ on functions G € Bys(Ly) is given for p,,-
almost all n € T'y by

(LG)(n) = = (D G(-U)) (n\ ) + /Rd dx (B, xG(-Ux)) (). (3.5)
xren

Moreover, L (Bys(To)) C LY(Tq, p,.).

Proof. By the definition of the K-transform, for all G € Bys(Tg) we find
(KG)(v\ ) = (KG)(7) = —(K(G(- V) (v \z), =€,
(KG)(yUz) = (KG)(7) = (K(G(-V2)(7), ¢

Given a ' € FP(I') of the form F' = KG, G € Bys(I'y), these equalities

combined with the algebraic action (2.10) of the K-transform yield

=Y d(z,y\ ) (K (G(-U2))) (v\ =)

+ [ deble) (K (GGu) ()
{z:x¢~}
== S (K (Do GCU) (1\2)+ [ do (K (Bex G 0) ().

Hence, for LG = K~'(LF), we have
(LG)(n) = =Y _(~=1)MY (K (D, xG(-U2))) (€ \ @) (3.6)

£Cn T€E
+/ de K1 (K (B, x G(-Ux))) (n). (3.7)
]Rd

A direct application of the definitions of the K-transform and K ! yields for
the sum in (3.6)

D (EDIMEN (K (D x G(-U))) (€\ )
£ECn rel
=3 > (—)MERINE (D, «G(-u ) (EU)\ @)

TEN ECH\=

=5 3 (-)IDNHK (D, % G(-Uw))) ()

TEN ECn\w

=Y K (K (D, *G(-Ux))) (n\ x)

xren

=3 (e x G U) () 2,

xren
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and for the integral (3.7)
/ dx K (K (B, » G(- U)) () = / dx (B, x G(-U)) ().
Rd Rd

In order to prove the integrability of \ﬁG| for G € Bys(Ty), first we note that
each G € Bys(T'g) can be majorized by |G| < C1, » y for some C > 0 and for

n=0
the indicator function ]ll_lﬁv e € Bys(Ip) of some disjoint union |_| o I‘E\"),

i

N € Ny, A € B.(R?). Hence the proof amounts to show the integrability of
|L]1|_|N pem| for all N € N and all A € B.(R%). This follows from
n=0" A

[ o) X (10ad 51y o 0) 0\ 2)

xen
f o) [ @ (|Bz| 1 (U)) ()
< [ doutn) 3 0ate) (1Dl 35 0) (012 (39
xen
+/Adx . dp,.(n) (\Bm\*lugz—ol FX“) () (3.9)

- [ aun & (Z 1a(@) (D2l % B o) ) x)) IR CEL)
/dm/dp \B [T F(An)) (), (3.11)

where a direct calculation using the definition of the K-transform gives for the
integral (3.10)

mG’y

_ / au(r) 32 (KID:]) (7 \ ) (K1 s ) (0 ),

TEYA

cf. (2.10).
Taking into account that ]ll_IN’l o € Byps(Ty), and thus
n=0 A

(K]luﬁ;ol F‘A")) (7) < (14 )™,

one may then bound the sum of the integrals (3.10) and (3.11) by

/F au() ¥ S (K|Da]) (o) + / dpu(y) (1 )V /A de (K|B.]) (7).

TEYA

which, by (3.4), shows the required integrability. O
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Remark 3.2. Integrability condition (3.4) is presented for general measures
p € M} (T) and generic birth and death rates of the type (3.3). From the
previous proof it is clear that (3.4) is the weakest possible integrability condition
to state Proposition 3.1. In addition, its proof also shows that for each measure
p € My(To) such that By, D, € L*(Tg, p) and such that for all n € Ny and all
A € B.(R?)

/FD dp(n) { > (10s et ) 0\ o)+ [ (1B« 1) (77)} < o0,

TENA

one has L (Bys(To)) C L*(To, p). Moreover, this integrability condition on p €

Me(To) is the weakest possible one to yield such an inclusion. This follows

from (3.8), (3.9) and the fact that Ly po = SN 1
n=0" A

n=0 FE\") .

Remark 3.3. Taking into account (2.12), we note that:
(1) if each D, is of the type D, = ex(d;), then the sum in (3.5) is given by

Y D Gléuaer(ds + 1, &ex(ds, (n\ 2) \ €);

TEN ECn\w
(2) analogously, if B, = ex(by), then the integral in (3.5) is equal to
> [ drGeuens, + 1. Oer(brn\ 6).
ecn /R

Remark 3.4. For birth and death rates such that |B;| < ex(bs),|Dz| < ex(dz),
for some 0 < b,,d,, € L*(R?, dx), and for measures p € M}, (T) that are locally
absolutely continuous with respect to m and the correlation function k, fulfills
the so-called Ruelle bound, i.e., k,, < ex(C) for some constant C > 0, one may
replace (8.4) by the stronger integrability condition

/Adl” (exp (QCHb:c”Ll(Rd,dw)) + exp (QOHd:c”Ll(]Rd,dx))) <0 (3.12)

for any A € B.(R?).

Corollary 3.5. Let k: Ty — R be such that

o dA\(n) k(n) < oo for alln € Ny and all A € B.(R?). (3.13)
r{

If B,, D, € L*(Tg,k\) and for alln € Ny and all A € B.(R?) we have

AN () () { > (1Dl 1) o) + [

Lo TENA A

dx (|BI| * ]lrﬁ\n)) (77)} < 00,
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then

ERm=- [ QKUY 3 Dacu) (3.14)
To TENECH\7
+ [ O UM e) 3 Bacuo. (315)
Fo z€n £Cn\z

for A-almost all n € Ty.

Proof. According to the definition of the dual operator L*, for all G € Byps(To)
we have

| o Epmen = [ amEomim. 610

o

Due to (3.13), we observe that the measure k(n)A(dn) on Iy is in Mye(T).
Therefore, according to Remark 3.2, under the fixed assumptions the integral
on the right-hand side of (3.16) is always finite. The proof then follows by
successive applications of Lemmata 2.3 and 2.4 to this integral. This procedure
applied to the sum in (3.5) gives rise to

| k) X (Do Gl ua) (1)

xen

:/Rddx [ x) (D2 G L) (kU )

:/Rddx/Fodx(m)/rodk(ng)l?m(m Ung)

X / dA(n3) G(n2 Unz Ux)k(n Unz Unz U )
o

= [ axom) [ axn) Gekenum 3 3 Dutm v )

TE€N ECn\x

Similarly, for the integral expression which appears in (3.5) we find

/F dA(n) k(n) /R dr (B, «G(-Ux)) (n)
~[aef D) / ) / ) Beltm U
x G(ne Unz Uz)k(n Uny Uns)
:/Fod/\(nl)/Rd dx/rod/\(ng) Fod/\(???,) G(neUnsUx)
X By (m Umnz)k(m Uns Uns)
= [ &) [ DDEDY T Balm Uk U\ 2))

TEN ECn\w
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Taking into account the density of the space Bys(I'g) in L*(I'g, \), the required
explicit formula follows. O

Remark 3.6. Concerning Corollary 3.5, observe that:
(1) if each D, is of the type D, = ex(d;), then the integral in (3.14) is given by

: dAQk(UC) Y ex(ds + 1,n\ z)ex(da, €);

xren

(2) analogously, if B, = ex(by), then (8.15) is equal to

(©) D k(U \ x))ea(bs + 1,1\ )ex(ba, €)-

xen

Under quite general assumptions we have derived an explicit form for the
operators L L* related to the generator of a birth-and-death dynamics. Within
Subsection 2.2 framework, this means that we may describe the underlying
dynamics through the time evolution equations (KE), (QKE), and (QKE)",
respectively, for observables, quasi-observables, and correlation functions. The
next result concerns a dynamical description through Bogoliubov functionals.

Proposition 3.7. Let k: Ty — R be such that for all € LL(R?,dz) one has
ex(0) € LE(To, kN), and the functional
BO) == [ @ er(O k)
0

is entire on the space LE(R®, dz). Suppose also that By, D, € L*(To,k\) and
Lex(0) € LE(To, kX) for all 6 € LE(R?, dx). Then

LB)O) =~ [ aNweav+ 1) [ deo@)(D"HB)O.qU D)D)
+ [ o @B Omen-+ 1) [ deo(w)B.o)

for all 0 € LL(RY, dx).
Proof. In order to calculate

(LB)(0) = / dA(n) (Bex(0))(n)k(n),

first we observe that the stated assumptions allow an extension of the operator
L to coherent states ey (#) with 6 € LL(R?, dx):

(Eea®)(n) = = 3 0(a) (D ex() (1) + | de0(a) (B xex(0)) (1)

xen

18



Using the special simple form (2.12) for the x-convolution, a direct application
of Lemma 2.3 for n = 2 yields

/F dA(n) k(n) D 0(x) (Ds % e(9)) (n\ 2)

zen

= [ deota) [ axm Daler(®+ 1) [ dNOmUEUD)er0.6).
R4 o Lo

Due to the holomorphicity of B on L%:(Rd,dx), the latter integral is equal to
(DMY7IBY(0, 7 U x) cf. equality (2.9). Similarly,

/ dA(n) k() / 4z 0(z) (Bs x ex(68)) (n)
To

Rd

- / dA(n) (D BY(6, n)ex(6 + 1,1) / d () B (). 0
Ty R4

Remark 3.8. For functions k : Ty — R{ such that k < e\(C) for some
constant C > 0, the functionals B defined as in Proposition 3.7 are well-defined
on the whole space L}C(Rd,dx), cf. FExample 2.1. Moreover, they are entire
on LE(RY dx), see e.g. [12], [14]. For such functions k, one may then state
Proposition 3.7 just under the assumptions By, D, € L'(To,k\) and IA/eA(G) €
LE(To, k) for all 0 € LE(RY, dx).

Remark 3.9. Proposition 3.7 is stated for generic birth and death rates of
the type (5.3). In applications, the concrete explicit form of such rates allows
a reformulation of Proposition 3.7, generally under much weaker analytical as-
sumptions. For instance, if B, and D, are of the type B, = ex(b,), D, = ex(d),
where d is independent of x, then the expression for LB given in Proposition
3.7 reduces to

(LB)(0) = /IR dz 0(z) (B(G(bm +1)+b,) —

SB(O(d+1) + d) )
5Od+1)+d)(x))

In contrast to the general formula, which depends of all variational derivatives of
B at 0, this closed formula only depends on B and its first variational derivative
on a shifted point. Further examples are presented in Subsection 3.2 below.
Although in all these examples Proposition 3.7 may clearly be stated under much
weaker analytical assumptions, the assumptions in Proposition 3.7 are sufficient
to state a gemeral result.

3.2 Particular models

Special birth-and-death type models will be presented and discussed within
Subsection 3.1 framework. By analogy, all examples presented are a continuous
version of models already known for lattices systems, see e.g. [27], [28].
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3.2.1 Glauber dynamics

In this birth-and-death type model, particles appear and disappear according
to a death rate identically equal to 1 and to a birth rate depending on the
interaction between particles. More precisely, let ¢ : R — RU {+oco} be a pair
potential, that is, a Borel measurable function such that ¢(—zx) = ¢(z) € R for
all z € R\ {0}, which we assume to be bounded from below, namely, ¢ > —2B,
on R? for some By > 0, and which fulfills the standard integrability condition

/ dx ‘6—(#(1) - 1’ < 00. (3.17)
Ra

Given a configuration +, the birth rate of a new particle at a site z € R?\
is then given by b(x,~) = exp(—FE(z,7)), where E(z,) is a relative energy of
interaction between a particle located at  and the configuration v defined by

Y odla—y). it Y lé(z —y)| < oo

E(z,v) =g ¥ vey . (3.18)

400, otherwise

In this special example the required conditions (3.3) for the birth and death
rates are clearly verified:

d

1=Kex(0), b(z,7)=e F=7 = (KeA(e““””") - 1)) (7)-

Comparing with the general case (Subsection 3.1), the conditions imposed to the
potential ¢ lead to a simpler situation. In fact, the integrability condition (3.17)
implies that for any C' > 0 and any A € B.(R?) the integral appearing in (3.12)
is always finite. According to Remark 3.4, this implies that for each measure
p € M} (D), locally absolutely continuous with respect to 7, for which the
correlation function fulfills the Ruelle bound we have L(FP(T)) C L*(T, p).

The especially simple form of the functions B, = ex(e~¢*~) —1) and D, =
ex(0) also allows a simplification of the expressions obtained in Subsection 3.1.
First, as D, is the unit element of the x-convolution, using (2.12) we obtain
for (3.5)

(EG)n) = ~lGn) + [ do (ex(e*) 1 xGLUD) ) B19)

=06 + Y [ dre PEOG(EUer )~ 1\ 6,

£Cn

Due to the semi-boundedness of ¢, we note that this expression is well-defined
on the whole space I'g. This follows from the fact that any G € Bys(Tp) may be
bounded by |G| < Cey(14), for some C' > 0 and some A € B.(R?%), and thus,
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by (2.11),
/Rd dx ‘(e,\(e_d’(x_') —1)xG(-U 95)) (77)‘
<C ” dz 1x(n) (eA(|e_¢(’”_') -1)) *e,\(ﬂA)) (n) < C[A](3+ 2¢>Pe) Ml

Here |A| denotes the volume of the set A. Second, by Remark 3.6, for A-almost
all n € Ty we find

(L*k)(n) (3.20)
=/ dMC) k(U Q)Y ea(L,n\ )ex(0,¢)
+ /F dA(C) D> k(CU (m\ @)eale *@ )\ )ea(e™ ) — 1,¢)
= —[nlk(n) + ) _ e ) / dA(C) ex(e ™) — 1, O)k((n\ 2) U Q).
TEN To

According to Remark 3.9, we also have a simpler form for L,

(LB)(0) = f/ i 0(z) (53(9) ~B((1+0)(e ) — 1) + 9)> . 3.21)
R4 (59(%)

The Glauber dynamics is the first example which emphasizes the technical
efficacy of our approach to dynamical problems. As a matter of fact, for a
quite general class of pair potentials one may apply standard Dirichlet forms
techniques to L to construct an equilibrium Glauber dynamics, that is, a Markov
process on I' with initial distribution an equilibrium state. This scheme was
used in [19] for pair potentials either positive or superstable. Recently, in [20],
this construction was extended to a general case of equilibrium birth-and-death
dynamics. However, starting with a non-equilibrium state, the Dirichlet forms
techniques do not work. Such states can be so far from the equilibrium ones
that one cannot even use the equilibrium Glauber dynamics (obtained through
Dirichlet forms techniques) to construct the non-equilibrium ones. Within this
context, in a recent work [18] the authors have used the (QKE)* equation to
construct a non-equilibrium Glauber dynamics. That is, a Markov process on I'
starting with a distribution from a wide class of non-equilibrium initial states,
also identified in [18]. The scheme used is the one described in Subsection 2.2.

3.2.2 Linear voter model

In contrast to the lattice case (see, e.g., [27], [28]) we may consider a voter
type model in the continuum for the non-symmetric situation when there is a
configuration of members of only one (political) organization. This configuration
may obtain a new member somewhere in the society due to an influence of the
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existing ones. At the same time, the configuration may lose an existing member
due to contradictions between its members. Mathematically, this means that,
given a population 7 of possible voters, an individual x € ~ loses his willingness
to vote according to a rate

z,7) =Y a_(x,y) = (Ka_(z,-)) (7),
yeY
for some symmetric function a_ : R? x R? — Ry such that
sup / dya_(z,y) < o0
z€R4 JRd

while an individual = wins a perception of the importance of joining the popu-
lation ~ according to a rate

7= ar(zy) = (Kay(z,) (),

yeY

for some symmetric function ay : R? x R? — R such that

sup dyas(z,y) < oo
z€R JRd

Here ax(z,-) are understood as functions on I'g, namely,
a:F(xv 7]) = ]l{nel"(l),n:{y}}aq:(x’ y)

Within Subsection 3.1 framework, one straightforwardly derives from the
general case corresponding expressions for this special case:

==Y > a G\ y)+G(n)) (3.22)

TEN yen\z
+Z/ dzay (2,y) (GO1U) + G((n\ 1) Uw)),
and
(E k) ) = — / k(U Y a (oy) - kS S a @y (323)
TEN zEN yen\z
+/ dy Y k(n\z)Uylay(x,y)+ Y k(n\z) > ai(z,y).
€N z€n yeEn\z

In addition,

B 5B(9)
= [ o [ dyas e+ 00 55

[ w u(z o 5BO)
/R d / Ay (e, y)(1+ 0)0(a) g

(3.24)
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3.2.3 Polynomial voter model

More generally, one may consider rates of polynomial type, that is, the birth
and the death rates are of the type

d(xarY) = Z a.’(EQ)(I17"'ﬂ‘Tq)? b(l‘,’}/) = Z agcp)(xlv"'vxp)a

{wlv--wwq}c"/ {Il,...,IP}C"{

= (Ka{®)(v) = (Ka{)(7)

for some symmetric functions 0 < ag(cq) S Ll((]Rd)q,cl:zcl...dgcq)7 0 < ag(f) €
LY((RYP, dxy...dx,), * € R, p,q € N, where

] ag)(x17...7xi), ifn:{xl,...,a?i} EF(I)
al (n) = R
0, otherwise

A straightforward application of the general results obtained in Subsection
3.1 yields for this case the expressions

(L)) ==Y (a2« G(-ua)) (n\ @) + / do (¥ x G(-U D)) (n)

xzen
==Y Y a9 Gum\2)\)
i =
+ > Z/ dzaP) ()G(CU (n\ &) Ux) (3.25)
£Cn CCE
él=p
and
q
. B 1
ERm=-3 7 |, i ORcun Y 3 @cuy  30)
|€l=q—i
#3050 kU a) Y aPue),
i—o " J/T® z€n éCn\z

[€|=p—i

where m(® is the measure on I'¥ defined in Example 2.1 (Subsection 2.1).
Moreover,

(LB)(6)
— 2 [ a9 myeo+1.m) / dx §(x)(D B)(8,n U 2)a? (n)
q: Jr Rd

o [ am® ) 0B Omen© + 1) [ deo@aPm). (20
D Jr» Rd
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3.2.4 Contact model

The dynamics of a contact model describes the spread of an infectious disease
in a population. Given the set 7 of infected individuals, an individual = €
recovers at a constant rate d(z,7) = 1 = e)(0), while an healthy individual
r € R%\ 7 becomes infected according to an infection spreading rate which
depends on the presence of infected neighbors,

b(z,7) =AY _alz —y) = (K(QAa(z —))) (7)

for some function 0 < a € Ll(Rd,dx) and some coupling constant A > 0.
For this particular model, the application of the general results then yields the
following expressions

(EG)n) = ~nGm+A Y [ dzata=9) (Gnua) + G\ 9) ), (329
and

(LR = ~lnlk)+A [ dy 3Dk 2) Upate =)

zen

—|—)\Zk(n\x) Z alx —y). (3.29)

z€n yen\z

In addition,

(LB)(#) = — /R dz 0(x) fsf((j)) + A/Rd dy /]R dz a(z —y)(1 + 0(y))0(z)

Concerning the corresponding time evolution equation (2.8), the contact model
gives a meaning to the considerations done in Subsection 2.3. As a matter of
fact, one can show that there is a solution of equation (2.8) only for each finite
interval of time. Such a solution has a radius of analyticity which depends on t.
For A > 1 the radius of analyticity decreases when ¢ increases [17]. Therefore,
for A > 1 equation (2.8) cannot have a global solution on time.

For finite range functions 0 < a € L'(R%, dx), |la||f1(ra,qr) = 1, being ei-
ther a € L® (R4, dz) or a € L'*9(R¢, dz) for some § > 0, the authors in [22]
have proved the existence of a contact process, i.e., a Markov process on I,
starting with an initial configuration of infected individuals from a wide set of
possible initial configurations. Having in mind that the contact model under
consideration is a continuous version of the well-known contact model for lattice
systems [27], [28], the assumptions in [22] are natural. In particular the finite
range assumption, meaning that the infection spreading process only depends
on the influence of infected neighbors on healthy ones. Concerning the infection
spreading rate itself, its additive character implies that each individual recovers,
independently of the others, after a random exponentially distributed time [22].
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Within Subsection 2.2 framework, in a recent work [17] the authors have used
the (QKE)* equation to extend the previous existence result to Markov pro-
cesses on I' starting with an initial distribution. Besides the construction of
the processes, the scheme used allows to identify all invariant measures for such
contact processes.

4 Conservative dynamics

In contrast to the birth-and-death dynamics, in the following dynamics there is
conservation on the number of particles involved.

4.1 Hopping particles: the general case

Dynamically, in a hopping particles system, at each random moment of time
particles randomly hop from one site to another according to a rate depending
on the configuration of the whole system at that time. In terms of generators
this behaviour is informally described by

@O =3 [ dvetan) (FO\aUN = FO). (@D

TEY

where the coefficient c¢(x,y,~y) > 0 indicates the rate at which a particle located
at z in a configuration v hops to a site y.

To give a rigorous meaning to the right-hand side of (4.1), we shall consider
measures 4 € M} (') such that c(x,y,-) € LY(T', n), x,y € R? and which fulfil,
for all n € Ny and all A € B.(R9), the integrability condition

[ aut) DY | dvetenn) @ + i) <. (42

In this way, given a cylinder function F' € FP(T), |F(y)| = |F(y)] < C(1 +
|va|)Y for some A € B.(R%), N € Ny,C > 0, for all v € T one finds

[F(y\zUy) — F(7)] <202+ 7)Y (1a(z) + 1a(y)).

By (4.2), this implies that p-a.e. the right-hand side of (4.1) is well-defined and
finite and, moreover, it defines an element in L'(T, 11).

Given a family of functions C,,, : I'o — R, z,y € R, such that KC,, > 0,
in the following we wish to consider the case

(@, y,7) = (KCry)(y\ 7). (4.3)

Therefore, we shall restrict the previous class of measures in M} (T') to all
measures yu € M} (T) such that C,,, € L*(To, pu), x,y € R, and

[l [y (KICo) 0\a) @)+ 1a) <50 (4)

TEY
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for all n € Ny and all A € B.(R?). In this way, the K-transform of each C, ,,
z,y € R is well-defined, KC,,, € LY(T', 1), and L(FP(T)) C LY(T, p).

Proposition 4.1. The action of the operator L on functions G € Byps(Tg) is
given by

D= [0 (Coy (60D = GLUD) (1),

TEN

for pu-almost all ) € Tg. We have L (Bys(To)) € L*(To, pu)-

Proof. By the definition of the space FP(T'), any element F' € FP(T) is of
the form F = KG for some G € Bys(I'g). The properties of the K-transform,
namely, its algebraic action (2.10), then allow to rewrite LF' as

(LEF)(y) = Z/{ o }dyC(Ly,v) (K (G(-Uy) - G(-Ux))) (v\z)

TeEY

=3 [y (K (Coy # (G-U3) = GEUR) 60).

IS

Hence
(LG)m) = K~ (Z [y 0 (€ (G L) = G L)) (- x)) ()

-3 (- In\E\Z/ dy (K (Cay* (G(-Uy) — G(-Uw)))) (§\x)

£Cn z€E
= [ S Y (K (Coy (G up) ~ GEU)) ()
) £Cn x€€
- / dy 3 3 (—1)IMNE () (O, % (G- Uy) — G(U)))) (€)
TEN ECn\z

—Z/ dy (Cay % (G(-Uy) — G(- U))) (1\a).

zen

As in the proof of Proposition 3.1, to check the required inclusion amounts to
prove that for all N € N and all A € B.(R%) one has LU x pon € LY (To, pp)-
n=0" A

Similar arguments then yield

/FO dp.(n) ‘(f} A OF(")) (77)’
S/r dp,.(n) Z/ddy (|Cx7y|*]1unN:OF<An>(-Uy)) (n\z)

+/F dp,(n Z/ dy |Czy|*]1|_|N pio ( Ufﬂ)) (n\z)

xen
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< /A dy / ap(y) (1+ )Y 3 (KICay ) (4\2)

iSie

[y [l S (I (M),

TEYA
which, by (4.4), complete the proof. O

Remark 4.2. Similarly to the proof of Proposition 3.1, the proof of Proposi-
tion 4.1 shows that (4.4) is the weakest possible integrability condition to state
Proposition 4.1 for generic measures p € M} (I') and generic rates ¢ of the
type (4.3). Its proof also shows that for each measure p € Mye(Tg) such that
Cyy € LY (Do, p) and such that for all n € Ny and all A € B.(R?)

| doto) > s (1Ceal* 1y ) (1\0) (1(0) + 1a(0) < .

we have L (Bys(To)) C LY(To, p). This integrability condition for measures p €
Ms(To) is the weakest possible one to yield this inclusion.

Remark 4.3. Concerning Proposition 4.1 we note that if each Cy , is of the

type Cyy = ex(cqy), then

Laym=>_ > / dy (G(€Uy) —G(EUx))en(cay + 1, €)en(cay, (n\2)\E),
venecn\a B

cf. equality (2.12).

Remark 4.4. For rates Cy,, such that |Cy | < ex(cgy) for some 0 < ¢, €
LY(R%,dx), and for measures u € M} (') that are locally absolutely continu-
ous with respect to m and the correlation function k, fulfills the Ruelle bound
for some constant C > 0, one may replace (4.4) by the stronger integrability
condition

/Rd do /R dy exp(2C]cay s ma.amy) (1) + 1a(y)) < 00, VA € Bo(RY).

Similarly to the proof of Corollary 3.5, successive applications of Lemmata
2.3 and 2.4 lead to the next result.

Proposition 4.5. Let k: Ty — Ry be such that

/( ) d\(n) k(n) < oo for alln € Ny and all A € B.(R?).
F;

If Cyy € LY (Do, kX) and for alln € Ng and all A € B.(R?) we have

| xo S [ (1Ceal = 1) (0\2) (1a(2) + 1a(0) < o
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then the action of the operator L* onk is given by

Z/ dx/ A& EEUM\y)Uz) Y Cay(6UQ)

yen ¢Cn\y
/ keun Y 3 [ avceyevo,
z€N (Cn\z
for A-almost all n € Ty.

Remark 4.6. Under the conditions of Proposition 4.5, if each Cy .y is of the
type Cy .y = ex(cyy), then

(L drex(czy +1,m\y) [ dAE) KU (n\y) Uz)er(cs,y, &)
> =X [ drerten, | axe )
_/ (5 £U77 Z/ dy ex Cmy+1 77\90)6/\(% yag)
Lo TEN

Proposition 4.7. Let k : Ty — Ry be such that ex(0) € LE(To, k) for all
0 € LL(R?, dz), and the functional

B(0) = / dA(n) ex(6,m)k(n)

is entire on the space LL(RY, dx). If Cy,, € LY(To, kX) and IZ@A(Q) € L{(To, k)
for all € LE(R?,dx), then for all § € LE(R?, dx) we have

LB)O) = [ axmesv-+ 1) [ da (DB 0.0 )

< [ 61) = 0(a))Cr 1)

Proof. This proof follows similarly to the proof of Proposition 3.7. In this case
we obtain

(Lex(®))(n)

=2 / dy (6(y) = 6(@))(Cuy e (6))(1\)
xen

=2/, 0(x) D Coy(©er (@ + 1. er®. (n\ )\ &),
zen £Cn\z

where we have used the expression (2.12) concerning the x-convolution. Argu-
ments similar to those used in the proof of Proposition 3.7 lead then to

/F dA(n) k(n) (Lex(6)) ()

- / dx / dA(n) (D" B) (8,7 U z)ex (8 + 1,7) / dy (0(y) — 0(2))Car y (). O
R To R
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Remark 4.8. According to Remark 3.8, for functions k : I'y — RS‘ such
that k < ex(C) for some constant C > 0, one may stalte Proposition 4.7
just under the assumptions Cy, € L'(To,k\) and Lex(9) € L&(To, k) for
all € LL(RY, dx).

Remark 4.9. As before, in applications, the concrete explicit form of the rate
Cy,y allows a reformulation of Proposition 4.7, in general under much weaker
analytical assumptions. For instance, if Cy . = ex(cy) for some function c,
which is independent of x, then the expression for LB given in Proposition 4.7
reduces to

(L5)®) = /]R e /R dy (0(y) — 0(z)) 2B + D +e)

3(0(cy +1) +¢y)(@)

In contrast to the general formula, which depends of all variational derivatives of
B at 0, this closed formula only depends on the first variational derivative of B
on a shifted point. Further examples are presented in Subsection 4.2. Although
i all such examples Proposition 4.7 may clearly be stated under much weaker
analytical assumptions, the assumptions in Proposition 4.7 are sufficient to state
a general result.

4.2 Particular models

Special hopping particles models will be presented and discussed within Sub-
section 4.1 framework. By analogy, such examples are a continuous version of
models already known for lattice systems.

4.2.1 Kawasaki dynamics

In such a dynamics particles hop over the space R? according to a rate which
depends on the interaction between particles. This means that given a pair
potential ¢ : R? — R U {+oo}, the rate c is of the form

c(z,y,7) =cs(@,y,7) = az — y)e*PEND= =B WD)

:K<a($ — )emIE) o (p50a—)=(1=)9(y—) _ 1)) (Y\z) (4.5)

for some s € [0,1]. Here a : RY — R} and E is a relative energy defined as
in (3.18).

For a € L'(R%, dz) and for ¢ bounded from below and fulfilling the integra-
bility condition (3.17), the condition (4.4) is always fulfilled, for instance, by
any Gibbs measure p € M} (T) corresponding to ¢ for which the correlation
function fulfills the Ruelle bound. We recall that a probability measure p on
(T, B(T")) is called a Gibbs or an equilibrium measure if it fulfills the integral
equation

z,y\x) = z H(z,~)e F@) .
/qu(v)ZH( 7\x) /qu(v)/wd H(z,7) (4.6)

TEY
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for all positive measurable functions H : RY x I' — R ([31, Theorem 2], see
also [11, Theorem 3.12], [23, Appendix A.1]). Correlation measures correspond-
ing to such a class of measures are always absolutely continuous with respect
to the Lebesgue—Poisson measure A. For Gibbs measures described as before,
the integrability condition (4.4) follows as a consequence of (4.6), applying the
assumptions on ¢ and the Ruelle boundedness. For such Gibbs measures p and
for a being, in addition, an even function, it is shown in [20] the existence of an
equilibrium Kawasaki dynamics, i.e., a Markov process on I' which generator is
given by (4.1) for ¢ defined as in (4.5). Such a process has p as an invariant
measure.

The general results obtained in Subsection 4.1 yield for the Kawasaki dy-
namics the expressions

LG =Y ¥ e [ dyafo—g)es-hFOen @)

TEN ECn\z
x ex(e??r )09 (n\ 1)\ §)(G(EUy) — G(EUm)),

and
(L*k)(n) = Z/ dz a(z — y)esB@n\v)—(1=)E(ym\yuz) (48)
yen Re
X d}\(g) k’(€ U (’I’]\y) @] x)e)\(e‘9¢($—')—(1—8)¢(y—~) _ 17€>
o
- /ro dA(E) k(EUn)Z/Rd dya(z —y)

xren
x e E@mMa)=(1=s) By e, (es¢(@=)=(1=9)d(y=) _q ¢)

where we have taken into account Remark 4.6. In terms of Bogoliubov func-
tionals, Proposition 4.7 leads to

(LB)() :/Fd/\(n)eA(QJrl,n) /Rddx(DerlB)(Q,nUx) /Rddya(xfy) (4.9)

% e(s—l)ab(af—y)(g(y) _ g(x))ex(es¢(x—~)—(1—3)¢(y—~) _ 17,7).

In particular, for s = 0, one obtains

(LB)(6) =/ de [ dya(z —y)e " (0(y) - 6()) (4.10)

]Rd Rd
SB((1+0)(e=*0=) — 1) +9)
S(1+6)(e2v=) —1)+6)(x)’

cf. Remark 4.9.

Remark 4.10. In the case s =0, in a recent work [5] the authors have shown
that in the high-temperature-low activity regime the scaling limit (of a Kac type)
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of an equilibrium Kawasaki dynamics yields in the limit an equilibrium Glauber
dynamics. More precisely, given an even function 0 < a € L'(R? dx) and a
stable pair potential ¢, i.e.,

3By >0: Y d(x—y) > —Bylnl, Vn €T,
{z,y}Cn

such that
/ dzx ‘e_‘b(l') — 1‘ < (2€1+23¢)71
]Rd

(high temperature-high temperature regime), the authors have considered an
equilibrium Kawasaki dynamics which generator L¢ is given by (4.1) for ¢ de-
fined as in (4.5) for s = 0 and a replaced by the function e%a(e-). We observe
that such a dynamics exists due to [20]. Then it has been shown that the gener-
ators L. converge to

—a Y (F(y\2) - F(7)) — / dze~P@) (P(y U ) — F(y)),

rey R4
which is the generator of an equilibrium Glauber dynamics. Here the constant

« is defined by o := k&l) fRd dz a(x) for k,(}) = kulra) being the first correlation
function of the initial distribution p.

4.2.2 Free hopping particles

In the free Kawasaki dynamics case one has ¢ = 0, meaning that particles hop
freely over the space R%. Therefore, all previous considerations hold for this
special case. In particular, for every even function 0 < a € L'(R? dx) the
construction done in [20] yields the existence of an equilibrium free Kawasaki
dynamics. Actually, in this case the generator L is a second quantization op-
erator which leads to a simpler situation. The existence result extends to the
non-equilibrium case [21] for a wide class of initial configurations also identi-
fied in [21]. This allows the study done in [15] of the large time asymptotic
behaviours and hydrodynamical limits.

4.2.3 Polynomial rates

In applications one may also consider rates of polynomial type, i.e.,

c(z,y,7) = Yo (@, my) = (KEP) (v )\ x)
{z1,....,2p}CY\

for some symmetric function 0 < c§§,’§, € LY(RYP,dz;...dx,), x € RY, p € N,
where

cgf,);(zl, wn@p), fn=A{x1,..,2,} € r®

0, otherwise
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A straightforward application of the general results obtained in Subsection 4.1
yields for this case the expressions

(LG)m) = / dy (&0 (GLUy) —GU)) (), (411

xren
and

(L*k)(n) (4.12)
=Zii / dm'”(€) / dr k(€U (n\y)uz) D &)U

yE€n =0 it Jre Rd lglc_"\y, ’

P 1 )
> [ amO©reunY S [ adneuo, @)
=0 Q) z€n|C|Cn\x Rd
Cl=p—1i

where m(® is the measure on I'¥) defined in Example 2.1 (Subsection 2.1). In
terms of Bogoliubov functionals, the statement of Proposition 4.7 leads now to

LB)O) =~ [ amPmyer®+1,m) [ dw(DPFB) (0, U)
P Jrm» R4
x / dy &) () (8(y) — 6(z)). (4.14)
Rd

As a particular realization, one may consider

c(x,y,y) =bxy)+ >, @) =K (b(fm y)ex(0) + 59,2,) (v\ z),

)

r1E7\Z

where b is a function independent of . From the previous considerations we
obtain

(La)m) =3 /Rd dyb(z,y)(G((n\ z) Uy) = G(n)) (4.15)

xen

+ Z Z /Rd dy cggl,g),(m)(G((n \{z,21}) Uy) — G(n\ z1))

TEN z1EN\T

+3 [ G\ un -G X A,

xrEN z1EN\T
and

IOES /R dr, /R drk(z U (n\y) Ua)el) () (4.16)

yen

1
_/Rd dzq k(nle)Z/Rd dycgg,;(m)

xen
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+Z/Rd drﬂk((n\y)U/JL”)(b(ﬂﬂ,l/)Jr > C-(@vé(xl))

yen z1EN\Y

Y [ (e + X o).

ren z1EN\T

In addition,

oo = [ Gl [ aypea)ow) o) @
52B(0)
+Addx1(9(x1)+1)[Rddx(W

< [ vty 6 - 0).

4.3 Other conservative jump processes

Before we have analyzed individual hops of particles. We may also analyze hops
of groups of n > 2 particles. Dynamically this means that at each random mo-
ment of time a group of n particles randomly hops over the space R? according
to a rate which depends on the configuration of the whole system at that time.
In terms of generators this behaviour is described by

(ZATOED DI IR (I CNN R e

{z1,..,xn }Cv

where c({z1,...,Zn},{¥1,-.-,Yn},y) = 0 indicates the rate at which a group of
n particles located at z1,...,z, (z; # x;, i # j) in a configuration v hops to

the sites y1,...,Yn (y; #yj, @ # j). As before, we consider the case

C({(El, ...,$n}7 {ylv 7yn}a’y) = (Kc{xl},{yl})(v \ {xla ,.’ﬂn}) >0,

where Cu.3.4v:1 = Clar,.... w0} {y1,.oyn}- Similar calculations lead then to the
expressions

EG)m =1 ) Y / dyr... / dyn (4.19)

{z1,....,zn }Cn Re R
x Z (C{zi},{yi}*G('U@) (n\{xlv""xn}’>
EC{y1,--syn}
— e e (1) > / dy1---/ dyn
{Il ..... iEn,}Cn R4 Re

<3 (Clapy *GCUE) 0\ {21, ooz }),

gc{l'lyn-yfn}
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and

(L*k)(n) = /F AQ) | dm©) 3 kCUM\m)UE  (4.20)

man

x /F A (mUT) S Comun(CUm)

n2Cn\n

- /F d\(¢) /F dX(€) k(CUnUE) Z Tpe (m U§)

man

- /r( ) dm'™) (7) Z Cryue,r (CUM2).

N2Cn\n1

Moreover

LB)O) = [ dwe@+1m) [ ™ OB 00U

n: T(n)

< [ O Cec(ea@+ 1.0 - a0 +1,9). (@21
F n
Remark 4.11. If the rate ¢ does not depend on the configuration,

c{z1s b {yt, s un ) = c{on, o wn b {yn, - Y )),

one can show that each Poisson measure 7., z > 0, is invariant. If, in addition,
the rate c({x1, ..., nt, {Y1, ..., Yn}) @S symmetric in x1, ..., Tn, Y1, .., Yn, then
these Poisson measures are symmetrizing.

In particular, the conditions of the previous remark hold for n = 2 and
Clar.wa) fyrwey = P(&1 = y1)P(21 = Y2)p(22 — y1)p(22 — y2)er(0),
where p : R? — R(J{ is either an even or an odd function. In this case, denoting

by c(z1, 22, y1,y2) = p(x1 — y1)p(@1 — y2)p(x2 — y1)p(x2 — y2), one obtains the
following explicit formulas

(LG) (n) (4.22)

—ﬂmeg{%cn/wdx [ avele.a )G U (e o)) = G (o)
+2- 1)y >2 {w§@ /Rd de' G (nuz'\ {z,y}) /Rd dy'c(z,y,2',y)
ﬂmm{%@(a(n\m+G<n\y>>/wdsc [ e,
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and

(L*k)(n) (4.23)
“tpse 3 [ [ ayelana ) ey L)) < ()
{z,y}Cn
+> [ /dy/ dye e,y y/) KU {5/} \ 2) — kn U],
Additionally,
*%/Rddx/Rd 6 59 /Rddz/kddyc:vy,x y') (4.24)
x [(0() +1)( ( )+1) (0(z) + 1)(0(y) + 1)].
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