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Introduction

This article deals with spatial birth-and-death processes which may describe
stochastic dynamics of spatial population. Specifically, at each moment of
time the population is represented as a collection of motionless points in R?.
We interpret the points as particles, or individuals. Existing particles may die
and new particles may appear. Each particle is characterized by its location.

The state space of a spatial birth-and-death Markov process on R? with
finite number of points is the space of finite configurations over R¢,

Io(RY) = {n c R?: || < oo},

where |n| is the number of points of 7.

Denote by %(R%) the Borel o-algebra on R%. The evolution of a spa-
tial birth-and-death process in R? admits the following description. Two
functions characterize the development in time, the birth rate coefficient b :
R? x To(R?) — [0; 00) and the death rate coefficient d : R? x T'g(R?) — [0; c0).
If the system is in state n € I'o(RY) at time ¢, then the probability that a new
particle appears (a “birth”) in a bounded set B € %(R%) over time interval
[t:t + At] is

At [ b(x,n)dz + o( At),
/

the probability that a particle x € n is deleted from the configuration (a
“death”) over time interval [t;t + At] is

d(z,n)At 4+ o(At),

and no two events happen simultaneously. By an event we mean a birth or a
death. Using a slightly different terminology, we can say that the rate at which
a birth occurs in B is [, b(x,n)dz, the rate at which a particle z € 7 dies is
d(x,n), and no two events happen at the same time.

Such processes, in which the birth and death rates depend on the spatial
structure of the system as opposed to classical Z-valued birth-and-death pro-
cesses (see e.g. [22], [5], [18, Page 116], [3, Page 109], and references therein),
were first studied by Preston in [36]. A heuristic description similar to that
above appeared already there. Our description resembles the one in [14].

The (heuristic) generator of a spatial birth-and-death process should be
of the form

LEG) = [ WalFyu) — F(n)lds
zeR4

+Y d(z,m)(F(n\ =) — F(n), (0.1)

xEN

for F' in an appropriate domain, where nUx and 5\ z are shorthands for nU{z}
and 1\ {x}, respectively.

Spatial point processes have been used in statistics for simulation pur-
poses, see e.g. [32], [33, chapter 11] and references therein. For application of
spatial and stochastic models in biology see e.g. [29], [9], and references therein.
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To construct a spatial birth-and-death process with given birth and death
rate coefficients, we consider in Section 2 stochastic equations with Poisson
type noise

n(B) = / Ti:p(2,n. ) (w)dN1 (2, 5, 1)
Bx (0;t] x [0;00]

- / Iz, en_nByL0:d(as m,—) (V)ANa(i, 7, 0)  (0.2)
Zx (0;t] x [0;00)

where (1;)¢>0 is a suitable I'g(R?)-valued cadlag stochastic process, the “solu-
tion” of the equation, I4 is the indicator function of the set A, B € #(RY) is
a Borel set, N; is a Poisson point processes on R? x R, x R, with intensity
dx x ds X du, N2 is a Poisson point process on Z x Ry x Ry with intensity
# x dr x dv, # is the counting measure on Z%, 1y is a (random) initial finite
configuration, b,d : R% x T'o(R?) — [0;00) are functions that are measurable
with respect to the product o-algebra Z(R) x Z(T'o(R)) and {z;} is some col-
lection of points satisfying ns C {x;} for every moment of time s (the precise
definition is given in Section 1.3.1). We require the processes N1, No, 79 to be
independent of each other. Equation (0.2) is understood in the sense that the
equality holds a.s. for all bounded B € #(R%) and t > 0.

Garcia and Kurtz studied in [14] equations similar to (0.2) for infinite
systems. In the earlier work [13] of Garcia another approach was used: birth-
and-death processes were obtained as projections of Poisson point processes.
A further development of the projection method appears in [15]. Xin [40]
formulates and proves functional central limit theorem for spatial birth-and-
death processes constructed in [14]. Fournier and Meleard in [11] considered
a similar equation for the construction of the Bolker-Pacala-Dieckmann-Law
process with finitely many particles.

Holley and Stroock [19] constructed a spatial birth-and-death process as
a Markov family of unique solutions to the corresponding martingale problem.
For the most part, they consider a process contained in a bounded volume, with
bounded birth and death rate coefficients. They also proved the corresponding
result for the nearest neighbor model in R! with an infinite number of particles.

Kondratiev and Skorokhod [25] constructed a contact process in contin-
uum, with the infinite number of particles. The contact process can be de-
scribed as a spatial birth-and-death process with

b(xﬂl) 2)\20,(.23—3/), d(%ﬁ) =1,

yen

where A > 0 and 0 < a € L'(R%). Under some additional assumptions, they
showed existence of the process for a broad class of initial conditions. Further-
more, if the value of some energy functional on the initial condition is finite,
then it stays finite at any point in time.

In the aforementioned references as well as in the present work the evo-
lution of the system in time via Markov process is described. An alternative
approach consists in using the concept of statistical dynamics that substitutes
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the notion of a Markov stochastic process. This approach is based on consid-
ering evolutions of measures and their correlation functions. For details see
e.g. [7], [8], and references therein.

There is an enormous amount of literature concerning interacting particle
systems on lattices and related topics (e.g., [30], [31], [24], [1], [12], [39], etc.)
Penrose in [34] gives a general existence result for interacting particle systems
on a lattice with local interactions and bounded jump rates (see also [30, Chap-
ter 9]). The spin space is allowed to be non-compact, which gives the opportu-
nity to incorporate spatial birth-and-death processes in continuum. Unfortu-
nately, the assumptions become rather restrictive when applied to continuous
space models. More specifically, the birth rate coefficient should be bounded,
and for every bounded Borel set B the expression

> d(z,m)

zenNNB

should be bounded uniformly in 7, € I'(R?).

Let us briefly describe the contents of the article.

In Section 1 we introduce give some general notions, definitions and results
related to Markov processes in configuration spaces. We start with configura-
tion spaces, which are the state spaces for birth-and-death processes, then we
introduce and discuss metrical and topological structures thereof. Also, we
present some facts and constructions from probability theory, such as integra-
tion with respect to a Poisson point process, or a sufficient condition for a
functional transformation of a Markov chain to be a Markov chain again.

In the second section we construct a spatial birth-and-death process (1;)¢>0
as a unique solution to equation (0.2). We prove strong existence and pathwise
uniqueness for (0.2). A key condition is that we require b to grow not faster
than linearly in the sense that

/b(z,n)dz < el + e 0.3)
]Rd

The equation is solved pathwisely, “from one jump to another”. Also,
we prove uniqueness in law for equation (0.2) and the Markov property for
the unique solution. Considering (0.2) with a (non-random) initial condition
a € T'g(R?) and denoting corresponding solution by (1(a,t))i>0, we see that a
unique solution induces a Markov family of probability measures on the Sko-
rokhod space Drp (ra)[0;00) (which can be regarded as the canonical space for
a solution of (0.2)).

When the birth and death rate coefficients b and d satisfy some continuity
assumptions, the solution is expected to have continuous dependence on the
initial condition, at least in some proper sense. Realization of this idea and
precise formulations are given in Section 2.1. The proof is based on considering
a coupling of two birth-and-death processes.

The formal relation of a unique solution to (0.2) and operator L in (0.1)
is given via the martingale problem, in Section 2.2, and via some kind of a
pointwise convergence, in Section 2.5.



Markov birth-and-death dynamics of populations 9

In Section 2.4 we formulate and prove a theorem about coupling of two
birth-and-death processes. The idea to compare a spatial birth-and-death pro-
cess with some “simpler” process goes back to Preston, [36]. In [11] this tech-
nique was applied to the study of the probability of extinction.

1 Configuration spaces and Markov processes:
miscellaneous

In this section we list some notions and facts we use in this work.

1.1 Some notations and conventions

Sometimes we write co and +oo interchangeably, so that f — oo and f — 400,
or a < oo and a < +00 may have the same meaning. However, +oo is reserved
for the real line only, whereas co have wider range of applications, e.g. for a
sequence {z, }nen C R? we may write x,, — 0o, n — oo, which is equivalent to
|2,| = 400. On the other hand, we do not assign any meaning to x,, — +o00.

In all probabilistic constructions we work on a probability space (2, %, P),
sometimes equipped with a filtration of o-algebras. Elements of 2 are usually
denoted as w.

The set A€ is the complement of the set A C Q: A° = Q\ A. We write
[a; b], [a;b) etc. for the intervals of real numbers. For example, (a;b] = {x €
R|a<z<b}, —o0 <a<b< +oo. The half line Ry includes 0: Ry = [0; 00).

1.2 Configuration spaces

In this section we introduce notions and facts about spaces of configurations,
in particular, topological and metrical structures on I'(R%) as well as a charac-
terization of compact sets of I'(R?). We discuss configurations over Euclidean
spaces only.

Definition 1.1. For d € N and a measurable set A C R, the configuration
space T'(A) is defined as

T'(A) ={yCA:|yNK| < +4oo for any compact K C Rd}.

We recall that |A| denotes the number of elements of A. We also say that
['(A) is the space of configurations over A. Note that & € T'(A).

Let Z4 be the set {0,1,2,...}. We say that a Radon measure p on
(R4, B(R?)) is a counting measure on R? if u(A) € Z, for all A € B(R?).
When a counting measure v satisfies additionally v({z}) < 1 for all z € R?, we
call it a simple counting measure.

As long as it does not lead to ambiguities, we identify a configuration
with a simple counting Radon measures on R%: as a measure, a configuration

v € T(R?) maps a set B € % into |y N B|. In other words, v = 3" d,.
xrey

One equips I'(R?) with the vague topology, i.e., the weakest topology such
that for all f € C.(R%) (the set of continuous functions on R? with compact
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support) the map

TRY) 3y (v, f):=> flx)eR

xEeY

is continuous.

Equipped with this topology, I'(RY) is a Polish space, i.e., there exists
a metric on I'(R%) compatible with the vague topology and with respect to
which T'(RY) is a complete separable metric space, see, e.g., [27], and refer-
ences therein. We say that a metric is compatible with a given topology if the
topology induced by the metric coincides with the given topology.

For a bounded B C R? and « € T'(R%), we denote 6(vy, B) = min{|z —y| :
x,y € yN B,r # y}. Let B,(z) denote the closed ball in R? of the radius r
centered at x.

A set is said to be relatively compact if its closure is compact. The fol-
lowing theorem gives a characterization of compact sets in T'(R%), cf. [27], [19].

Theorem 1.2. A set F C I'(RY) is relatively compact in the vague topology if
and only if

sup{7(Bn(0)) + 0~ (v, Bu(0))} < o0 (L.1)
YEF

holds for all n € N.

Proof. Assume that (1.1) is satisfied for some F C T'(RY). In metric spaces

compactness is equivalent to sequential compactness, therefore it is sufficient to

show that an arbitrary sequence contains a convergent subsequence in I'(R%).

To this end, consider an arbitrary sequence {y,}nen C F. The supremum

sup v, (B1(0)) is finite, consequently, by the Banach—Alaoglu theorem there
n

exists a measure a; € C(B1(0))*; here C(B1(0))* is the dual space of C'(B1(0));
and a subsequence {'yr(bl)} C {7} such that 'yr(Ll)|Bl(o) — ap in C(B1(0))*.
Furthermore, one may see that a; € I'(B1(0)) (it is particularly important

here that sup{d—!(v, B1(0))} < oo ). Indeed, arguing by contradiction one
YEF

may get that a1(A) € Z, for all Borel sets A, and Lemma 1.6 below ensures

that a; is a simple counting measure.

Similarly, from the sequence 'yr(Ll) we may extract subsequence {77(12)} C

{fy,(})} in such a way that '77(,2) converges to some as € I'(B2(0)). Continuing

in the same way, we will find a sequence of sequences {%(Im)} such that %(Lm) —

am € T'(B,,(0)) and {7&m+1)} C {’y,gm)}. Consider now the sequence {fy,(Ln)}neN.
For any m, restrictions of its elements to B,,(0) converge to a,, in I'(B,(0)),
Therefore, 7 — o in T(R?), where o = | vy,

Conversely, if (1.1) is not fulfilled for some ny € N, then we can construct
a sequence {Y, }neny C F such that either the first summand in (1.1) tends to
infinity:

v (Bny(0)) = 00, j— 00

in which case, of course, there is no convergent subsequence, or the second

summand in (1.1) tends to infinity. In the latter case, a subsequence of the
sequence {Yn|p, (0)}nen may converge to a counting measure (when all v, are
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considered as measures). However, the limit measure can not be a simple count-
ing measure. Thus, the sequence {7, }nen C F does not contain a convergent
subsequence in I'(R%). O

We denote by C'S(I'(R?)) the space of all compact subsets of I'(R%).
Proposition 1.3. The topological space T'(R?) is not o-compact.
Proof. Let {K,}nen be an arbitrary sequence from C'S(I'(R%)). We will show
that |J K, # I'(R%). To each compact K,, we may assign a sequence q§m)7
qém), ... of positive numbers such that
sup {7(B.(0)) +8 (7, Ba(0)} < ¢
YEKm

There exists a configuration whose intersection with B, (0) contains at

least q( "1 points, for each n € N. This configuration does not belong to any
of the sets { K, }men, hence it can not belong to the union | K. O

m

Remark 1.4. Since I'(RY) is a separable metrizable space, Proposition 1.3
implies that I'(R%) is not locally compact.

For another description of all compact sets in I'(R?) we will use the set & C
C(R9) of all positive continuous functions ¢ satisfying the following conditions:

1) 6(x) = 6ly) whenever [2] = |yl, @,y € RY,

2) lim;| 00 ¢(2) = 0.

For ¢ € ® we denote

[z —yl+1,
lz —y

U =Wy(x,y) = o(x)o(y) Hzx # y}.

Proposition 1.5. (i) For all¢> 0 and ¢ €
Koo {vo [[ watentasntan <} € osren)
R4 xR4

(ii) For all K € CS(T'(RY)) there exist ¢ € ® such that

Proof. (i) Denote 6,, = 1%11%0) ¢(x) > 0. For v € K. we have
xeby

/ / Wz, y)(dw)(dy)

B, (0)x Bn(0

// ¢~ W) I{z £ v}y (dz)y(dy) > 027 (Ba(0))(4(Ba(0)) — 1)

By (0)x B (0
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and
57 1(y, Bn(0)) + 1 _
> 2 » N > 2 1 .
n(0) X By (

Consequently,

sup (B, (0)) < Opv/e+ 1,

vEK,
and

sup 61 (7, Bn(0)) < %

WEKC on

It remains to show that K. is closed, in which case Theorem 1.2 will imply
compactness of K.. The space I'(R?) is metrizable, therefore sequential closed-
ness will suffice. Take v, € K, v, — 7 in T(R%), k — co. For n € N, let
U, € C.(R? x R?) be an increasing sequence of functions such that ¥,, < V¥,

1
U, (z,y) = ¥(x,y) for ,y € R? satisfying |z|, |y| < n, |z —y| > —. For such
n

a sequence we have W, (z,y) T U(z,y) for all z,y € R% = # y. For each
f € Co(RT x RY), the map

N (nxn, f): /ffcy (dz)n(dy)
R4 xR4

is continuous in the vague topology. Thus for all n € N, (yx X 7%, U,,) —
(v x v,¥,). Consequently, (v xv,¥,) <c¢, n €N, and by Fatou’s Lemma

(v xv,¥) = // V(z,y)y(dz)y(dy)

= // hnzinf U, (2, y)y(dz)y(dy) < limninf // U, (2, y)y(dz)y(dy) < c

R4 xR R4 x R4

To prove (ii), for a given compact set K C I'(R?) and a given function
¢ € @, denote

an (K) == sup {7(B,(0)) + 67" (7, Ba(0))}

yeK

and

bn (@) := sup |¢(z)].

|z|>n

Theorem 1.2 implies a,, (K) < oo, and we can estimate
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/ / (e, )y (dr)y(dy)
n+1(0 \B, (0)) (B,1+1(0)\Bn(0))
- / / o)) I 1 ) (e a)

(B7L+1(0)\Bn(0 Bn+1 0)\Bn(o))

< / / B2 (@ + 1) (da)y(dy) < b2(an + 1)°.
(Brt1(0\Bw(0)) % (Bat1(0\Bn (0))

Taking a function ¢ € ® such that

9 3 6 1
305 (o) (an +1)° < ﬁm,

sup { / / ‘I’(xyy)v(dx)v(dy)} <L O

R4 xRd

we get

1.2.1 The space of finite configurations
For A C R?, the space I'g(A) is defined as
To(A) :=={n C A:|n| < oo}.

We see that T'o(A) is the collection of all finite subsets of A. We denote the

space of n-point configurations as T (A):

LSV (A) i= {n € To(A) | [n] =n}, neN,

and I‘(()O)(A) := {@}. Sometimes we will write I'y instead of I'o(R?). Recall
that we occasionally write n \ « instead of n\ {2} , n Uz instead of n U {x}.

To define a topological structure on I'g(R?), we introduce the following
surjections (see, e.g., [26] and references therein)

oo /_\_/n ,
sym n|Z|O (R — T'p(R?) (12)
sym((x1,...,xn)) ={z1,..., 20},

where

—_—

R = {(21,...,2,) € R |z; e RE G =1,...,n,2; # 25,0 # 5}, (1.3)

and, by convention, (R?)? = {&}.
The map sym produces a one-to-one correspondence between 1“(()") (RY),

n > 1, and the quotient space (R%)"/ ~,,, where ~,, is the equivalence relation
on (RY)",
(@1, @) ~n (Y155 Yn)
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when there exist a permutation o : {1,...,n} — {1,...,n} such that
(1’0(1), e »xo(n)) = (yl, N ,yn).

We endow Fén)(Rd) with the topology induced by this one-to-one corre-

spondence. Equivalently, a set A C Fén)(]Rd) is open iff sym~1(A) is open in

M. The space @ C (R%)™ we consider, of course, with the relative, or
subspace, topology. As far as I‘(()O) (RY) = {2} is concerned, we regard it as an
open set.

Having defined topological structures on F(()”)(Rd), n > 0, we endow

I'o(RY) with the topology of disjoint union,

o0

To(RY) = | | T6 (RY). (14)

n=0

N
In this topology, a set K C I'g(R?) is compact iff K C || F(()n)(Rd) for

n=0

some N € N and for each n < N the set K N F(()n) (R9) is compact in Fé") (R9).
A set K, C I‘én) (R9) is compact iff sym~1(K,,) is compact in (R%)". We note
that in order for K, to be compact, the set sym ' K,,, regarded as a subset of
(R4)™, should not have limit points on the diagonals, i.e. limit points from the
set (R4)™\ (R4)n.

Let us introduce a metric compatible with the described topology on
[o(R?). We set

dist(C,n) = { LA dpua(C,m), ¢ = Inl,

1, otherwise.

Here dgue(¢,n) is the metric induced by the Euclidean metric and the map
sym:

diuc(C,n) = inf{|z —y| : 2 € sym™ ¢,y € sym™ '}, (1.5)

where |z—y| is the Euclidean distance between z and y, sym~1n = sym~1({n}).

In many aspects, this metric resembles the Wasserstein type distance in [37].

The differences are, dist is bounded by 1 and it is defined on I'g(R?) only.
Note that the metric dist satisfies equalities

dist(CUx,nUx) = dist(¢,n) (1.6)
for <>77 € FO(Rd)7 T e Rda €z ¢ <a777 and

dist(C\ x,n\ z) = dist(¢,n), (1.7)

x € ¢,n. We note that the space I'o(R?) equipped with this metric is not
complete. Nevertheless, I'g(R9) is a Polish space, i.e., ['o(R?) is separable and
there exists a metric p which induces the same topology as dist does and such
that T'o(R?) equipped with j is a complete metric space. To prove this, we
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embed T (R?) into the space I'{" (R%) of n-point multiple configurations,
which we define as the space of all counting measures 1 on R? with n(R%) = n.
Abusing notation, we may represent each 1 € fén)(Rd) as a set {x1,...,2,},

where some points among z; € R? may be equal (recall our convention on
n

identifying a configuration with a measure; as a measure, n = > d;,). One

j=1
should keep in mind that {x1,...,2,} is not really a set here, since it is possible
that ; = z; for i # j, ¢,7 € {1,...,n}. The representation allows us to extend

sym to the map

sgm | | (R — T (RY)
m=0

sym((z1,...,2,)) ={x1,...,Tn},

(1.8)

and define a metric on I (R): for ¢,n € IV (RY) we set dist(C,n) = 1 A
dEuct(¢,n)s dpuci(¢,n) is the metric induced by the Euclidean metric and the
map Sym:

diuc(C,n) = inf{|z —y| : x € sym ¢,y € sym '}, (1.9)

The metrics dist and dist coincide on F((Jn) (R9) x Fén)(Rd) (as functions).
Furthermore, one can see that (fé")(Rd),ﬂ) is a complete separable metric
space, and thus a Polish space. The next lemma describes convergence in
f‘én)(Rd) (compare with Lemma 3.3 in [27]).

Lemma 1.6. Assume that n"™ — n in f‘é")(Rd), and let n = {x1,...,2,}.
Then 0™, m € N, may be numbered, n™ = {z*,..., 2™}, in such a way that

" —x;, m— o0
in RY.

Proof. The inequality dist(n™,n™) < e implies existence of a point from 7™
in the ball B.(z;) of radius € centered at z;, i € {1,...,n}. Furthermore, in
the case when z; is a multiple point, i.e., if ; = x; for some j # ¢, then there
are at least as many points from ™ in B.(z;) as n({z;}). Observe that, for

1
€<y inf{|z — y| : n({z}),n({z}) > 1} A 1, we have in the previous sentence

“exactly as many” instead of “at least as many”, because otherwise there would
not be enough points in 7. The statement of the lemma follows by letting
e —0. O

Lemma 1.7. To(R?) is a Polish space.

Proof. Since I'g(R%) is a disjoint union of countably many spaces Fén) (RY), it
suffices to establish that each of them is a Polish space. To prove that I‘(()n)(Rd)
is a Polish space, n € N, we will show that it is a countable intersection of open
sets in a Polish space f(()n)(]Rd). Then we may apply Alexandrov’s theorem:
any G5 subset of a Polish space is a Polish space, see §33, VI in [28].
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To do so, denote by B,,, the closed ball of radius m in R¢, with the center
at the origin. Define F,,, := {n € fgL)(Rd) | n({x}) > 2 for some xz € B,,} and
note that

ﬂ F(n) Rd )\ Fon]

m=1
Since f‘(()n) (R%) is Polish, it only remains to show that £}, is closed in f‘(()") (R9).
This is an immediate consequence of the previous lemma. O

1.2.2 Lebesgue-Poisson measures

Here we define the Lebesgue-Poisson measure on I'g(R?), corresponding to a
non-atomic Radon measure ¢ on R?. Our prime example for ¢ will be the
Lebesgue measure on R?. For any n € N the product measure ¢®” can be

considered by restriction as a measure on (R?)™. The projection of this measure
on F(()") via sym we denote by o™, so that

oM (A) = o®"(sym™14),  Ae BT

On Féo) the measure ¢(?) is given by o(?) ({@}) = 1. The Lebesgue-Poisson
measure on (I'g(R?), B(T(R%))) is defined as

i i (1.10)

The measure A, is finite iff o is finite. We say that o is the intensity
measure of A, .

3

1.2.3 The Skorokhod space

For a complete separable metric space (E,p) the space D of all cadlag F-
valued functions equipped with the Skorokhod topology is a Polish space; for
this statement and related definitions, see, e.g., Theorem 5.6, Chapter 3 in [6].
Let pp be a metric on D compatible with the Skorokhod topology and such
that (Dg,pp) is a complete separable metric space. Denote by (P(Dg), pp)
the metric space of probability measures on ZA(Dp), the Borel o - algebra of
Dp, with the Prohorov metric, i.e. for P,Q € P(Dg)

pp(P,Q) =inf{e > 0: P(F) < Q(F°) +¢cforall F € #(Dgp)}  (L11)

where
={x € Dg:pp(x,F) <ce}.

Then (P(Dg),pp) is separable and complete; see, e.g., [6], Section 1,
Chapter 3, and Theorem 1.7, Chapter 3. The Borel o-algebra Z(Dg) co-
incides with the one generated by the coordinate mappings; see Theorem 7.1,
Chapter 3 in [6]. In this work, we mostly consider Dp ga)[0; 7] and Dp(gay[0; 7]
endowed with the Skorokhod topology.
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1.3 Integration with respect to Poisson point processes

We give a short introduction to the theory of integration with respect to Pois-
son point processes. For construction of Poisson point processes with given
intensity, see e.g. [21, Chapter 12], [23], [38, Chapter 12, § 1] or [20, Chapter
1, § 8,9]. All definitions, constructions and statements about integration given
here may be found in [20, Chapter 2, § 3]. See also [17, Chapter 1] for the
theory of integration with respect to an orthogonal martingale measure.

On some filtered probability space (2, %, {.Z };>0, P), consider a Poisson
point process N on R} x X x Ry with intensity measure dt x 5(dz) x du, where
X = R? or X = Z?. We require the filtration {#};>¢ to be increasing and
right-continuous, and we assume that .%; is complete under P. We interpret the
argument from the first space Ry as time. For X = R? the intensity measure
S will be the Lebesgue measure on R?, for X = Z% we set § = #, where

#A=|A|, AcB(Z.

The Borel o-algebra over Z¢ is the collection of all subsets of Z%, i.e. B(Z%) =
9% Again, as is the case with configurations, for X = R¢ we treat a point
process as a random collection of points as well as a random measure.

We say that the process N is called compatible with (F,t > 0) if N is
adapted, that is, all random variables of the type N(T1,U), T1 € %([0;t]),
U € #(X x R;), are F-measurable, and all random variables of the type
N(t+h,U)—N(t,U), h > 0,U € Z(XxR,), are independent of %, N(t,U) =
N([0;t],U). For any U € (X x Ry) with (8 x I)(U) < oo, I is the Lebesgue
measure on R?, the process (N ([0;¢],U) —t8x1(U),t > 0) is a martingale (with
respect to (F,t > 0); see [20, Lemma 3.1, Page 60]).

Definition 1.8. A process f : Ry x X x Ry x Q — R is predictable, if it is
measurable with respect to the smallest o - algebra generated by all g having
the following properties:
(i) for each t > 0, (z,u,w) — g(t,z,u,w)) is B(X x Ry ) X .Z; measurable;
(ii) for each (z,u,w), the map t — g(t, z,u,w)) is left continuous.

For a predictable process f € L'([0;7] x X x Ry x Q), t € [0;T] and
U € (X xR;) we define the integral I,(f) = [ f(s,z,u,w)dN(s,x,u) as
[0;¢] xU
the Lebesgue-Stieltjes integral with respect to the measure N:

f(s,z,u,w)dN(s,z,u) = Z fls,z,u,w).

[0;t] xU s<t,(s,z,u)EN

This sum is well defined, since

E Z |f (s, 2, u,w)| = / |f(s,z,u,w)|dsB(dr)du < oo
s<t,(s,z,u)EN [0s6] XU

We use dN (s, x,u) and N(ds, dx,du) interchangeably when we integrate over
all variables. The process I;(f) is right-continuous as a function of ¢, and



18 V. Bezborodov

adapted. Moreover, the process

IL(f) = / f(s,z,u,w)[dN (s, x,u) — dsp(dx)du)

[0;t]xU

is a martingale with respect to (F,t > 0), [20, Page 62]. Thus,

E / f(s,z,u,w)dN(s,z,u) = F / f(s,z,u,w)dsB(dz)du.  (1.12)
[0;t]xU [0;t]xU
This equality will be used several times throughout this work.

Remark 1.9. We can extend the collection of integrands, in particular, we
can define [ f(s,z,u,w)dN(s,x,u) for f satisfying
[0st]xU

B[ (fsme)| A )dsp(d) < oc.
[0;t]xU
However, we do not use such integrands.

The Lebesgue-Stieltjes integral is defined w-wisely and it is a function of
an integrand and an integrator. As a result, we have the following statement.

The sign 2 means equality in distribution.

Statement 1.10. Let My be Poisson point processes defined on some, possi-
bly different, probability spaces, and let oy, be integrands, k = 1,2, such that

integrals [ adMy, are well defined. If (o, M) 4 (ag, M), then

/Oéldj\41i /Oéngg.

The proof is straightforward.

1.3.1 An auxiliary construction
Let # be the counting measure on [0,1], i.e.
#C =1C|, CeB(0:1]).
The measure # is not o-finite. For a cadlag T'g(R?)-valued process (Nt)te0i00]»

adapted to {Z;}ie[0:00), We would like to define integrals of the form

I{xeanT_}f(CC,’l",’U,UJ)dNQ(.’L‘,T,U) (113)
R4 x[0;00] X [0;00)
where B is a bounded Borel subset of R?, f is a bounded predictable process and

N is a Poisson point process on R x [0; T] x [0; 00) with intensity #x dr x dv,
compatible with {.%; }+c(0;00]-
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We can not hope to give a meaningful definition for an integral of the type
(1.13), because of the measurability issues. For example, the map

Q- R,
w = Na(u(w), [0; 1], 05 1)),

where  is an independent, of Ny uniformly distributed on [0; 1] random variable,
does not have to be a random variable. Even if it were a random variable, some
undesirable phenomena would appear, see, e.g., [35].

To avoid this difficulty, we employ another construction. A similar ap-
proach was used in [11]. If we could give meaningful definition to the integrals
of the type (1.13), we would expect

Iizeam,_yf(z,m0, w)ng(os, r,v)

R%x[0;t] x [0;00)

- / I{xeanri}f(l’,T,U,w)#(d%)d?"dv
R4 x [05¢] x [0;00)
to be a martingale (under some conditions on f and B).

Having this in mind, consider a Poisson point process Ny on Z x Ry xR
with intensity # Xx dr x dv, defined on (Q,.%#,{.Z };>0,P) (here # denotes
the counting measure on Z. This measure is o-finite). We require Ny to
be compatible with {# };>0. Let (1¢)tc[0,0c] be an adapted cadlag process in
I'o(RY), satisfying the following condition: for any 7' < oo,

Rr=| |J ml<oo as (1.14)
t€[0;T]

The set Roo = Ue[0,00) Tt 18 at most countable, provided (1.14). Let < be the
lexicographical order on R¢. We can label the points of 1,

no ={r0,T_1,...,T_¢}, ToST1=X...XT_g

There exists an a.s. unique representation

Roo \ Mo = {.Tl,xg, . }
such that for any n,m € N, n < m, either ir>11;{s FXy €M) < ig%{s ST € Mst
s> s§2
or iI>1{("){s DXy € Mst = i1>1g{s DTy € mst and 2, X . In other words,
s> s>

as time goes on, appearing points are added to {z,xs,...} in the order in
which they appear. If several points appear simultaneously, we add them in
the lexicographical order.

For the sake of convenience, we set x_; = A, i < —q — 1, where A ¢ Z.
We say that the sequence {...,z_1,21,22,...} is related to (1:)ie[0;00]-

For a predictable process f € L*(R? x Ry x Ry x Q) and B € #(RY),
consider

I{J;i,Em«fﬂB}f(xiaTavaw)dNQ(iara U)' (115)
Zx (t15t2]x[0300)
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Assume that Ry is bounded for some T' > 0. Then, for a bounded pre-
dictable f € LY(R? x Ry x R, x Q) and B € %(R%), the process

I{w¢€m«,ﬁB}f(xia r,v,w)dNa(i,r,v)
Zx (0;t] x [0;00)

- / Itz,en_nBy f(xi,mv,w)#(di)drdv
Zx(0;t] x [0;00)

is a martingale, cf. [20, Page 62].

1.3.2 The strong Markov property of a Poisson point process

We will need the strong Markov property of a Poisson point process. To sim-
plify notations, assume that N is a Poisson point process on R, x R? with
intensity measure dt x dz. Let N be compatible with a right-continuous com-
plete filtration {.%; },>0, and 7 be a finite a.s. {#, };>o-stopping time (stopping
time with respect to {%; }1>0). Introduce another Point process N on R, x R¢,

N([0;8] x U) = N((1;7+ 8] x U), U € BRY).

Proposition 1.11. The process N is a Poisson point process with intensity
dt x dx, independent of F.

Proof. To prove the proposition, it is enough to show that

(i) for any b > a > 0 and open bounded U C R%, N((a;b),U) is a Poisson
random variable with mean (b — a)5(U), and

(ii) for any by > ap > 0, k = 1,...,m, and any open bounded U C R?,
such that ((a;;b;) x U;) N ((a;3b;) x Uj) = @, i # j, the collection {N ((ay; by) %
Uk) }k=1,m is a sequence of independent random variables, independent of .7, .

Indeed, N is determined completely by values on sets of type (b—a)B3(U),
a,b,U asin (i), therefore it must be an independent of .%, Poisson point process
if (i) and (ii) hold.

Let 7, be the sequence of {.%;};>¢-stopping times, 7, =
k—1 k
(27”; on
take only countably many values. The process IV satisfies the strong Markov
property for 7,,: the processes N,,, defined by

k
1 on OO0 {r €
I}, keN. Thenr, | 7and 7, — 7 < on The stopping times 7,

N ([058] x U) := N((1; 70 + 8] x U),

are Poisson point processes, independent of .%,, . To prove this, take k& with
k _

P{r, = 27} > 0 and note that on {7, = 2—"}, N, coincides with process the

Poisson point process N ;. given by

2n

Nﬁ([O;S] x U) ¢=N<(2k;;2kn+8] X U)), U € BRY).
2’ﬂ
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Eoo-
Conditionally on {7, = Q—n}, N}, is again a Poisson point process, with the
on
Eoo-
same intensity. Furthermore, conditionally on {7, = Q—n}, N . is independent

of # ., hence it is independent of .7, C 7 . . :

2n o on

To prove (i), note that N, ((a;b) xU) — N((a;b) xU) a.s. and all random
variables N,,((a;b) x U) have the same distribution, therefore N((a;b) x U) is
a Poisson random variable with mean (b — a)A(U). The random variables
N, ((a;b) x U) are independent of .%,, hence N((a;b) x U) is independent of
F-, too. Similarly, (ii) follows. O

Analogously, the strong Markov property for a Poisson point process on
R, x N with intensity dt x # may be formulated and proven.

Remark 1.12. We assumed in Proposition 1.11 that the filtration {.%; },>0,
compatible with N, is right-continuous and complete. To be able to apply
Proposition 1.11, we should show that such filtrations exist.

Introduce the natural filtration of IV,

F0 = o{Ni(C, B), B € BR?),C € B(0:1))},

and let .#; be the completion of .# under P. Then N is compatible with
{Z,}. We claim that {.%,;},>¢, defined in such a way, is right-continuous (this
may be regarded as an analog of Blumenthal 0 — 1 law). Indeed, as in the
proof of Proposition 1.11, one may check that N, is independent of .%, . Since

F oo = 0(Ny) V ZFy, 0(N,) and .%, are independent and %, C F,, one sees
that .y C %#,. Thus, F,4 = Z,.

Remark 1.13. We prefer to work with right-continuous complete filtrations,
because we want to ensure that there is no problem with conditional probabil-
ities, and that the hitting times we will consider are stopping times.

1.4 Miscellaneous

When we write £ ~ Exp(\), we mean that the random variable £ is exponen-
tially distributed with parameter .

Lemma 1.14. If a and 8 are exponentially distributed random variables with
parameters a and b respectively (notation: o ~ Exp(a), B ~ Exp(b) ) and they
are independent, then

a
Pla< g} = .
fa <8} a+b
Proof. Indeed,
P{a < g} = / aP{z < Ble”* = a/ e(atb)e — 4 =
0 0 a+b
Here are few other properties of exponential distributions. If £&1,&s,...,&,

are independent exponentially distributed random variables with parameters
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.....

rameter ¢; + ...+ ¢,. Again, the proof may be done by direct computation. If
£1,&9, ... are independent exponentially distributed random variables with pa-
rameter ¢ and aq, g, ... is an independent sequence of independent Bernoulli
random variables with parameter p € (0;1), then the random variable

0
€= & O=min{keN:a=1}

i=1

¢
is exponentially distributed with parameter —. The random variable ¢ is the

time of the first jump of a thinned Poisson point process with intensity ¢. The
statement about the distribution of £ is a consequence of the property that the
independent thinning of a Poisson point process with intensity A is a Poisson
point process with intensity pA, see [21, Theorem 12.2,(iv)].

We will also need the result about finiteness of the expectation of the
Yule process. A Yule process (Z;)¢>0 is a pure birth Markov process in Z
with birth rate un, p > 0, n € Z,. That is, if Z; = n, then a birth occur at
rate un, i.e.

P{Zt-i-At - Zt =1 | Zt = Tl} = ‘UTL—FO(At)

For more details about Yule processes see e.g. [3, Chapter 3], [18, Chapter
5], [2] and references therein. Let (Zi(n))¢>0 be a Yule process started at n.
The process (Z;(n))i>0 can be considered as a sum of n independent Yule
processes started from 1, see e.g. [2]. The expectation of Z;(1) is finite and
EZ(1) = eM| see e.g. [3, Chapter 3, Section 6] or [18, Chapter 5, Sections 6,7].
Consequently, if (Z;);>0 is a Yule process with EZy < oo, then EZ; < oo and
EZ, = EZyeH.

Here are some other properties of Poisson point processes which are used
throughout in the article. If N is a Poisson point process on R, x R% x R,
with intensity ds x dx x du, then a.s.

Ve eRY: N(Ry x {z} x Ry) < 1. (1.16)

Put differently, no plane of the form Ry x {z} x Ry contains more than 1 point
of N. Using the o-additivity of the probability measure, one can deduce (1.16)
from

Vo e RY: N([0;1] x {z} x [0;1]) < 1. (1.17)
We can write

{Vx € R%: N([0;1] x {z} x [0;1]) < 1}

5 {Vke{0,1,...,n—1}:N([0;1] <[5 o) < 1}7
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and then we can compute

P{Vke{0,1,...,71—1}:]\7([0;1]><[fl;k

Thus, (1.17) holds.
Let ¢ € L'(R?), ¢ > 0. Consider the time until the first arrival

F—int{t>0: / Tioso (o) ()N (ds, i, du) > 0} (1.18)

[0;t] x R4 xR,

The random variable 7 is distributed exponentially with the parameter ||¢||p1.
From (1.16) we know that a.s.

N({r} xR xRy) = N({(r,z,u) | € R, u € [0;9(2)]}) = 1
Let 2, be the unique element of R¢ defined by
N7} % {2} x Ry) = 1.

Then
. B [ (x)dx J
P{x, € B} = 7]3@ @)z’ B € B(R?). (1.19)

1.5 Pure jump type Markov processes

In this section we give a very concise treatment of pure jump type Markov
processes. Most of the definitions and facts given here can be found in [21,
Chapter 12]; see also, e.g., [16, Chapter 3, § 1].

We say that a process X = (X;);>0 in some measurable space (5, S) is of
pure jump type if its paths are a.s. right-continuous and constant apart from
isolated jumps. In that case we may denote the jump times of X by 7, 79,.. .,
with understanding that 7,, = oo if there are fewer that n jumps. The times
T, are stopping times with respect to the right-continuous filtration induced
by X. For convenience we may choose X to be the identity mapping on the
canonical path space (Q,.7) = (5192 Sl0)) When X is a Markov process,
the distribution with initial state x is denoted by P,, and we note that the
mapping x — P, (A) is measurable in z, A € Q.

Theorem. [21, Theorem 12.14] (strong Markov property, Doob). A pure jump
type Markov process satisfies strong Markov property at every stopping time.

We say that a state x € S is absorbing if P,{X =z} = 1.

Theorem. [21, Lemma 12.16]. If = is non-absorbing, then under P, the time
71 until the first jump is exponentially distributed and independent of 6., X.
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Here 6, is a shift, and 0., X defines a new process,
0, X(s)=X(s+m).

For a non-absorbing state x, we may define the rate function c(z) and
Jump transition kernel u(x, B) by

c(x) = (Eym1)~ Y, w(x,B)=P,{X, €B}, xS, BES.

In the sequel, ¢(x) will also be referred to as jump rate. The kernel cu is
called a rate kernel.

The following theorem gives an explicit representation of the process in
terms of a discrete-time Markov chain and a sequence of exponentially dis-
tributed random variables. This result shows in particular that the distribution
P, is uniquely determined by the rate kernel cu. We assume existence of the
required randomization variables (so that the underlying probability space is
“rich enough”).

Theorem. [21, Theorem 12.17] (embedded Markov chain). Let X be a pure
jump type Markov process with rate kernel cu. Then there exists a Markov
process Y on Zy with transition kernel pv and an independent sequence of i.i.d.,

exponentially distributed random variables 1,7z, ... with mean 1 such that a.s.
X =Y., tE€[Th,Tat1), n €2y, (1.20)

where .
T”:;c(ij:l)’ nez,. (1.21)

In particular, the differences between the moments of jumps 7,41 — 7,
of a pure jump type Markov process are exponentially distributed given the
embedded chain Y, with parameter ¢(Y,,). If ¢(Y;) = 0 for some (random) &,
we set 7, = oo for n > k + 1, while Y;, are not defined, n > k + 1.

Theorem. [21, Theorem 12.18] (synthesis). For any rate kernel cu on S
with p(z,{z}) = 0, consider a Markov chain Y with transition kernel p and
a sequence 1,7, - - . of independent exponentially distributed random variables

with mean 1, independent of Y. Assume that ", (ern)

c
initial distribution for Y. Then (1.20) and (1.21) define a pure jump type
Markov process with rate kernel cp.

= 00 a.s. for every

Next proposition gives a convenient criterion for non-explosion.

Theorem. [21, Theorem 12.19] (explosion). For any rate kernel cu and initial
state x, let (Y,,) and (7,) be such as in Theorem 12.17. Then a.s.

Tw =00 iff Y @ = 0. (1.22)

In particular, 7, — o0 a.s. when x is recurrent for (V).
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1.6 Markovian functions of a Markov chain

Let (S,2%(S)) be a Polish (state) space. Consider a (homogeneous) Markov
chain on (S, 4(5)) as a family of probability measures on S°°. Namely, on
the measurable space (2,.7) = (5°°,%2(5°)) consider a family of probability
measures {Ps}ses such that for the coordinate mappings

X,: Q= 5,

Xn(s1,82,...) = sp
the process X = {X,,}nez, is a Markov chain, and for all s € S

PS{XQ:S}:L
Ps{Xnerj EAj7j:17...,k1|yn}:PXn{ij EAj,jZl,...,kl}.
Here A; € A(S), mj € N, ky € N, %, = 0{X1,...,X,,}. The space S is

separable, hence there exists a transition probability kernel @ : S x A(S) —
[0; 1] such that

Q(s,A) = P,{X, € A}, seS, Ac A(S).

Consider a transformation of the chain X, Y,, = f(X,,), where f : S — Z
is a Borel-measurable function, with convention %(Z,) = 2%+. In the future
we will need to know when the process Y = {Y,,}z, is a Markov chain. A
similar question appeared for the first time in [4].

A sufficient condition for Y to be a Markov chain is given in the next
lemma.

Lemma 1.15. Assume that for any bounded Borel function h: S — S
Eh(X1) = Ejh(X1) whenever f(s) = f(q), (1.23)
Then 'Y is a Markov chain.

Remark 1.16. Condition (1.23) is the equality of distributions of X; under
two different measures, Ps and P,.

Proof. For the natural filtrations of the processes X and Y we have an inclusion

FX o> FZY,

neN, (1.24)

since Y is a function of X. For k € N and bounded Borel functions h; : Z; — R,
j=1,2,... k (any function on Z, is a Borel function),

k
Es | [T hi(Yass) | 7| = Ex, H hi(f(X5))

Jj=1

- / Q0. dwy)hy (f(a1)) / Qe daa)hs(f(x2) ..
S S

x /S Qa1 ) (f(20)) (1.25)

I(]ZXn
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To transform the last integral, we introduce a new kernel: for y € f(5)
chose x € S with f(z) =y, and then for B C Z, define

Q(y, B) = Q(z, f1(B)); (1.26)

The expression on the right-hand side does not depend on the choice of z
because of (1.23). To make the kernel @) defined on Zy x ZB(Z,), we set

Q(y, B) = Ioepy, y ¢ f(9).

Then from the change of variables formula for the Lebesgue integral it
follows that the last integral in (1.25) allows the representation

/S Qenmrdra)ha(Fea) = [ QF(wa),den)ha(zn).

Likewise, we set z,_1 = f(2,—1) in the next to last integral:

/ Q2 dn1)lin(F(2n_1)) / Q@n_1, dz)hn(f (20)
S S
_ /S Qn_s, dtn)hn(f(@n) | T (@nv)sdzn)hn(zn)

Zy

@(f(xn—Q)den—l)hn(zn—l) @(zn—ladzn)hn(zn)

y 7y

Further proceeding, we get

/on,diﬁ)fh (x1) /Qﬂﬁhdzz Yha(f(x2)) / (Tn—1,dxp)hn(f(zn))

@(ZOadzl)hl(zl) Q(Zl,dzz h2 22 / Zn 1,dZn)h (Zn)a

where zp = f(xo).

Thus,
k
H Yoig) | i
Q(f(Xo),dz1)h1(21) Q(z1,dzo)ha(22) ... Q(zn_1,dzp)hn(2n).
Z4 Zy Zy
This equality and (1.24) imply that Y is a Markov chain. O

Remark 1.17. The kernel Q and the chain f(X,,) are related: for all s € 3,
n,méeNand M CN,

P{f(Xn+1) € M | f(Xn) =m} :Q(va)

whenever P.{f(X,4+1) = m} > 0. Informally, one may say that @ is the
transition probability kernel for the chain {f(X;)}nez. -

Remark 1.18. Clearly, this result holds for a Markov chain which is not
necessarily defined on a canonical state space, because the property of a process
to be a Markov chain depends on its distribution only.
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2 A birth-and-death process in the space of
finite configurations: construction and basic
properties

We would like to construct a Markov process in the space of finite configurations
['o(R%), with a heuristic generator of the form

LEG) = [ WanlF(yuo) — F(n)lds
z€RY

+ Y d@,n)(F(n\ )~ F(n)). (2.1)

xeEN

for F in an appropriate domain. We call the functions b : R% x T'g(R%) — [0; 00)
and d : R? x To(R?) — [0;00) the birth rate coefficient and the death rate
coefficient, respectively. Theorem 2.16 summarizes the main results obtained
in this section.

To construct a spatial birth-and-death process, we consider the stochastic
equation with Poisson noise

n(B) = / Tio:p(a,n. ) (w)dN1 (2, 5, 1)
B x (0;t] x [0;00]

- / I{zienr_ﬂB}I[O;d(xi,nr_)] (U)dNQ(iv T, U) +no(B), (2-2)
Zx (0;t] x [0;00)

where (1;)¢>0 is a suitable cadlag T'o(R%)-valued stochastic process, the “solu-
tion” of the equation, B € %(R?) is a Borel set, ] is a Poisson point process
on R? x R, x R, with intensity dz x ds x du, N is a Poisson point process on
Z xRy xR with intensity # x dr x dv ; 19 is a (random) finite initial configura-
tion, b,d : R? x Ty(R?) — [0;00) are functions measurable with respect to the
product o-algebra Z(R) x Z(T((R)), and the sequence {...,x_1,zg,z1,...} I8
related to (7¢)¢e[0;00]; @s described in Section 1.3.1. We require the processes
N1, Na, 1o to be independent of each other. Equation (2.2) is understood in
the sense that the equality holds a.s. for every bounded B € %(R?) and t > 0.

As it was said in the preliminaries on Page 9, we identify a finite configu-
ration with a finite simple counting measure, so that a configuration - acts as
a measure in the following way:

Y(A) = |yNA4|, Aec BRY.

We will treat an element of T'g(R?) both as a set and as a counting mea-
sure, as long as this does not lead to ambiguity. An appearing of a new point
will be interpreted as a birth, and a disappearing will be interpreted as a death.
We will refer to points of 7; as particles.

Some authors write d(z, 7\ ) where we write d(z, ), so that (2.1) trans-
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lates to

LEG) = [ WanlF(yuo) ~ F(n)lds
z€R?
+ 3w\ D) (F\2) — Fln), (23)
TeEN
see e.g. [36], [10]. )
These settings are formally equivalent: the relation between d and d is
given by ~
d(z,n) = d(z,n\z), n€To(R?),z e,

or, equivalently,
d(z,£Uz) = d(2,6), €eTo(RY),zeR\E.

The settings used here appeared in [19], [14], etc.
We define the cumulative death rate at ¢ by

D(¢) =Y _d(x,¢), (2.4)

zel

and the cumulative birth rate by

B(¢) = / b(z, ¢)dz. (2.5)

zeRd

Definition 2.1. A (weak) solution of equation (2.2) is a triple ((1;)i>0, N1, Na),
(Q,7,P), ({Z#}i>0), where

(i) (Q,.7,P) is a probability space, and {.%; };>¢ is an increasing, right-
continuous and complete filtration of sub - o - algebras of .7,

(ii) N; is a Poisson point process on R? x R, x R, with intensity dz x
ds X du,

(iil) N3 is a Poisson point process on Z xR xR with intensity # x dsxdu,

(iv) no is a random Fp-measurable element in T'g(RY),

(v) the processes Ny, Ny and 7y are independent, the processes Ny and
Ny are compatible with {.%; }1>o,

(vi) (m¢)e>o0 is a cadlag T'g(RY)-valued process adapted to {Z; }1>0, m
7o,

(vii) all integrals in (2.2) are well-defined, and

(viii) equality (2.2) holds a.s. for all ¢ € [0; oo] and all bounded Borel sets
B, with {x,, }mez being the sequence related to (1:)i>0.

|t:0 =

Note that due to Statement 1.10 item (viii) of this definition is a statement
about the joint distribution of (1), Ny, Na.
Let

%, = o {no, N1(B, [0; 4], C), Na(i, [0; g, O);
Be BRY),C e BR,),qe€(0;t],i€Z},

and let ¢; be the completion of 4 under P. Note that {%;}:>0 is a right-
continuous filtration, see Remark 1.12.



Markov birth-and-death dynamics of populations 29

Definition 2.2. A solution of (2.2) is called strong if (n;);>0 is adapted to

Remark 2.3. In the definition above we considered solutions as processes
indexed by ¢t € [0;00). The reformulations for the case t € [0;T], 0 < T < oo,
are straightforward. This remark applies to the results below, too.

Sometimes only the solution process (that is, (1;);>0) will be referred to
as a (strong or weak) solution, when all the other structures are clear from the
context.

We will say that the ezistence of strong solution holds, if on any prob-
ability space with given Ny, N, 1, satisfying (i)-(v) of Definition (2.1), there
exists a strong solution.

Definition 2.4. We say that pathwise uniqueness holds for equation (2.2) and
an initial distribution v if, whenever the triples ((n:)i>0, N1, N2), (Q, F#, P),
({F}i>0) and ()0, N1, N2), (2,.F, P), ({F}+>0) are weak solutions of
(2.2) with P{no =1jo} = 1 and Law(n) = v, we have P{n, = 7j;,t € [0;T]} =1
(that is, the processes 7,7 are indistinguishable).

We assume that the birth rate b satisfies the following conditions: sublin-
ear growth on the second variable in the sense that

/b(x,n)dx < ci|n| + e, (2.6)
R4
and let d satisfy
VmeN: sup d(z,n) < . (2.7)
J;ERd7|17|Sm

We also assume that
Eno| < 0. (2.8)

By a non-random initial condition we understand an initial condition with
a distribution, concentrated at one point: for some ' € I'y(R?),

P{ny=n'} =1

From now on, we work on a filtered probability space (2, .7, ({ % }+>0), P).
On this probability space, the Poisson point processes N1, Ny and 79 are de-
fined, so that the whole set-up satisfies (i)-(v) of Definition 2.1.

Let us now consider the equation

B = [ e dN s+ m®). (2.9)

B x (0;t] x [0;00]

where b(x,n) := supb(x,¢). Note that b satisfies sublinear growth condition
£Cn
(2.6), if b satisfies it.

This equation is of the type (2.2) (with b being the birth rate coefficient,
and the zero function being the death rate coefficient), and all definitions of ex-
istence and uniqueness of solution are applicable here. Later a unique solution
of (2.9) will be used as a majorant of a solution to (2.2).
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Proposition 2.5. Under assumptions (2.6) and (2.8), strong existence and
pathwise uniqueness hold for equation (2.9). The unique solution (7j;)i>0 sat-
isfies

E|i| < oo, t>0. (2.10)

Proof. For w € { [ b(z,mo)dx = 0}, set ¢, = no, 0, = 00, n € N.
Rd

For w € F :={ [ b(x,no)dz > 0}, we define the sequence of random pairs
Rd
{(on,¢s,)}, where o9 =0,

e inf{t >0: / Lob(a.c, y (WdN1(z, s,u) > 0} + o,
REX (0 ;0,+t] x[0;00)

and
CO =To, Can+1 = Co'n U {z’ﬂ+1}

for z,11 = {z € R : Ny(2,0,41,[0;b(x,(,,)]) > 0}. From (1.16) it follows
that the points 2, are uniquely determined almost surely on F. Moreover,
Ont1 > 0y as., and o, are finite a.s. on F (particularly because b(x,(,,) >
b(z,m0)). For w € F, we define (; = (,, for t € [0,;0,11). Then by induction
on n it follows that ¢, is a stopping time for each n € N, and (,,, is #,, N F-
measurable. By direct substitution we see that ((;);>0 is a strong solution for
(2.9) on the time interval ¢ € [0; nlgr()lo oy). Although we have not defined what

is a solution, or a strong solution, on a random time interval, we do not discuss
it here. Instead we are going to show that

lim 0, =00 as. (2.11)
n— oo

This relation is evidently true on the complement of F. If P(F) = 0, then
(2.11) is proven.

If P(F) > 0, define a probability measure on F, Q(A) = ——, A €

& :=FNF, and define %, = % NF.

The process N7 is independent of F', therefore it is a Poisson point pro-
cess on (F,.,Q) with the same intensity, compatible with {.#};>0. From
now on and until other is specified, we work on the filtered probability space
(F, {S}1>0,Q). We use the same symbols for random processes and ran-
dom variables, having in mind that we consider their restrictions to F'.

The process ((t)iefo; lim o) has the Markov property, because the pro-

cess N7 has the strong Markov property and independent increments. Indeed,
conditioning on .7,

Jb(z, ¢y, )d
E[I{Ca,,ﬁl:(,nplx for some z€B} | yon] 37
TG

thus the chain {(s, }nez, is a Markov chain, and, given {(s, }nez,, Ont1 —0n
are distributed exponentially:

BTt 1o oay | {ConYnez,} = exp{—a / b<x,<an>dx}.
Rd
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Therefore, the random variables v, = (o, — op—1)( [ b(z,(,, )dr) constitute
Rd

a sequence of independent random variables exponentially distributed with

parameter 1, independent of {(,, }nez, . Theorem 12.18 in [21] (see above)

implies that (C):epo; 1im o,) is @ pure jump type Markov process.

The jump rate of (C¢)ie(o; 1im o,) is given by

cla) = /E(x,a)dac.

Rd
Condition (2.6) implies that c¢(a) < ¢1|a| 4 ¢2. Consequently,

c(Co,) < e1lCo, | +c2 = c1|Co] + c1n + ca.

1
We see that ) ——— = oo a.s., hence Proposition 12.19 in [21] (given

C( 0n>

in Section 1.5) implies that o, — occ.
Now, we return again to our initial probability space (Q,.%,{.%; }+>0, P).
Thus, we have existence of a strong solution. Uniqueness follows by in-
duction on jumps of the process. Indeed, let (ét)tZO be another solution of
(2.9). From (viii) of Definition 2.1 and equality

I[O;E(x,no)]le (z,s,u) =0,
R4 x (0;01) % [0;00]
one can see that P{f has a birth before o1} = 0. At the same time, equality
I[O;E(xmo)]dl\h(w, s,u) =1,
R4 x {01} x[0;00]
which holds a.s., yields that 5 has a birth at the moment o1, and in the same
point of space at that. Therefore, { coincides with { up to o1 a.s. Similar
reasoning shows that they coincide up to o, a.s., and, because o,, — oo a.s.,

P{C, = ¢ forall t>0}=1.

Thus, pathwise uniqueness holds. The constructed solution is strong.
Now we turn our attention to (2.10). We can write

Gt = Inol + > I{IG] = ol = n} = |nol + D I{ow < t}. (2.12)

n=1 n=1

Since

= Vi
o =) =
; f b(w, (o, )dx
R4
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we have
{on <t} = g Bxg,) t}C{;qKﬂ_’_@gt}
- Vi B - )
: {; (c1 +c2)(Imol + 1) <t} ={Z— Zy 2 n},

where (Z;) is the Yule process (see Page 22) with birth rate defined as follows:
Zy — Zy = n when

n n+1

i Vi
~ <t< <~
;(01+02)(\770|+2) ; (c1 4 c2)(|nol +1)

and Zy = |no|. Thus, we have |(;| < Z; a.s., hence E|¢;| < EZ; < oc. O

Theorem 2.6. Under assumptions (2.6)-(2.8), pathwise uniqueness and strong
existence hold for equation (2.2). The unique solution (1) is a pure jump type
process satisfying

Eln| < o0, t>0. (2.13)
Proof. Let us define stopping times with respect to {%;,t > 0}, 0 =6y < 6y <
2 < 03 < ..., and the sequence of (random) configurations {7y, } jen as follows:
as long as

B(ng,) + D(ns,,) >0,

we set
Ops1 =001 N0y + On,
60, =int{t>0: / Lo oy (W)dN: (2, 5, u) > 0},
R X (0,30, +t] X [0;00)
9g+1 = inf{t >0: / I{wiETlen}I[O;d(ﬂli,nen)](U)dNQ(i7 T, 11) > O},

(01,;0,+t] x [0;00)

Bower = Tow U Lns1} I By < 08, where {zui} = { € RY 5 Ni(2,0, +
01, Ry) > 0% 6,y = mo, \ {zng1} if 004y > 0504y, where {2,401} = {z; €
no, © No(i,0, + 02,1, R ) > 0}; the configuration g, = 1o is the initial condi-
tion of (2.2), ny = ng, for t € [0,,;0,41), {z:} is the sequence related to (1;)>0-
Note that

P{Gn_‘_1 = 9ﬁf+1 for some n | B(ng, )+ D(ng,) >0} =0,
the points z,, are a.s. uniquely determined, and
P{zni1 €mo, | 0541 <001} =0.

If for some n
B(no,.) + D(ng,,) =0,

then we set 0,4, =00, k € N, and n; =1ny,, t > 0,,.
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As in the proof of Proposition 2.5, (1) is a strong solution of (2.2), t €
[0; lim,, 0,,).

Random variables 6,,,n € N, are stopping times with respect to the filtra-
tion {.%;,t > 0}. Using the strong Markov property of a Poisson point process,
we see that, on {6, < oo}, the conditional distribution of 6%, given Z,
is exp( [ b(x,ng,)dx), and the conditional distribution of 64, given Zy, is

Rd
exp( Y. d(z,mp,)). In particular, ¢
TENG,,
pure jump type.

Similarly to the proof of Proposition 2.5, one can show by induction on n
that equation (2.2) has a unique solution on [0; 8,,]. Namely, each two solutions
coincide on [0;6,] a.s. Thus, any solution coincides with (1) a.s. for all ¢ €
(05 6,,].

Now we will show that 6, — oo a.s. as n — co. Denote by ¢}, the moment
of the k-th birth. It is sufficient to show that 6}, — oo, k — oo, because only
finitely many deaths may occur between any two births, since there are only
finitely particles. By induction on k' one may see that {0} }ren C {0 }ien,
where o; are the moments of births of (7;);>0, the solution of (2.9), and 7, C 7,
for all ¢ € [0;1im,, 0,,). For instance, let us show that (77,);>0 has a birth at 6;.
We have Mg, — 2 Mo = Mo, and 79, — C 1 |t=0= 10, hence for all z € R?

bed

n’n

> 0, n € N, and the process (1) is of

B(,’L'7ﬁ9/17) > 5(3777791*) > b($7n937)

The latter implies that at time moment 6] a birth occurs for the process
(7;)t>0 in the same point. Hence, 19, C T, , and we can go on. Since o — 00
as k — 0o, we also have 6}, — oo, and therefore ,, — 0o, n — co.

Since 1y C 7, a.s., Proposition 2.5 implies (2.13). O

In particular, for any time ¢ the integral

I[O;b(mms_)] (u)dNi(z,s,u)

R4 x (05t] x [0;00]
is finite a.s.

Remark 2.7. Let 7y be a non-random initial condition, 7y = a, o € I'o(R?).
The solution of (2.2) with 79 = « will be denoted as (n(a,t))i>0. Let P, be
the push-forward of P under the mapping

Q3w (n(a,-)) € Dryway[0;T7]. (2.14)

From the proof one may derive that, for fixed w € 2, constructed unique
solution is jointly measurable in (¢,«). Thus, the family {P,} of probability
measures on Drgay[0; 7] is measurable in o. We will often use formulations
related to the probability space (Dr,ga)[0;T], B(Dr,wa)[0;T]), Pa); in this
case, coordinate mappings will be denoted by 7,

ne(x) = x(t), x € Dpyra)[0;T].

The processes (7:)¢ejo;r) and (1(a, -))¢ejo;r) have the same law (under P,
and P, respectively). As one would expect, the family of measures {P,,a €
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[o(R%)} is a Markov process, or a Markov family of probability measures; see
Theorem 2.15 below. For a measure p on I'g(RY), we define

Fu= [ Pan(da)

We denote by F, the expectation under P,.

Remark 2.8. Let by,d; be another pair of birth and death coefficients, sat-
isfying all conditions imposed on b and d. Consider a unique solution (7;)
of (2.2) with coefficients by, d; instead of b,d, but with the same initial con-
dition 79 and all the other underlying structures. If for all ¢ € D, where
D e '@(FO(Rd)) ) bl(,C) = b(aC)’ dl(aC) = d(7€)7 then ﬁt = N fO’/‘ all
t <inf{s >0:ns ¢ D} = inf{s > 0: 7, ¢ D}. This may be proven in the
same way as the theorem above.

Remark 2.9. Assume that all the conditions of Theorem 2.6 are fulfilled except
Condition (2.8). Then we could not claim that (2.13) holds. However, other
conclusions of the theorem would hold. We are mostly interested in the case
of a non-random initial condition, therefore we do not discuss the case when
(2.13) is not satisfied.

Remark 2.10. We solved equation (2.2) w-wisely. As a consequence, there is
a functional dependence of the solution process and the “input”: the process
(nt)e>0 is some function of 1y, N1 and N,. Note that 6,, and z, from the proof
of Theorem 2.6 are measurable functions of 19, N; and N> in the sense that,
e.g., 01 = Fi(no, N1, N2) a.s. for a measurable I} : I'o(R?) x T(R? x Ry x
Ry) xT(Z4 xRy xRy) — R,

Proposition 2.11. If (1n;)¢>0 is a solution to equation (2.2), then the inequality
Elne| < (cat + Elno|)e

holds for all t > 0.

Proof. We already know that E|n,| is finite. Since n, satisfies equation (2.2)
we have

n(B) = / Ti0:p(2 .y (w)dN1 (2, 5, 1)
Bx (0;t] x [0;00]

- / I{:EL €Ny ﬂB}I[O;d(zi Mr—)] (U)dNQ (ia T, U)
Zx (0;t] x [0;00)

< / Loz, (w)dN1 (2, 8,u) + 10(B).

B x (0;t] x [0;00]

For B = R, taking expectation in the last inequality, we obtain

Elnl = Enu(R%) < E / Loy (w)AN: (x5, u) + Eno(RY)

R%x (05¢] X [0;00]
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=F / I[O;b(m,nsf)] (u)dmdsdu + Eno (Rd)

R4 x (05t] X [0;00]

=F / b(x,ns_)dzds + Eng(RY).

R4 x (05t

Since 7 is a solution of (2.2), we have for all s € [0;¢] almost surely
Ns— = 1ns. Consequently, E|ns_| = E|ns|. Applying this and (2.6), we see that

Ent(Rd) <F / (c1ms—| + c2)ds + Eno(Rd) =c / E|ng|ds + cot + Eno(Rd),
(05t] (03t]

so the statement of the lemma follows from (2.8) and Gronwall’s inequality. [

Definition 2.12. We say that joint uniqueness in law holds for equation (2.2)
with an initial distribution v if any two (weak) solutions ((n:), N1, N2) and
((ne)’, N{, N3) of (2.2), Law(ng) = Law((ny)") = v, have the same joint distri-
bution:

Law((n:), N1, N2) = Law((nt)/v N{a Né)

The following corollary is a consequence of Theorem 2.6 and Remark 2.10

Corollary 2.13. Joint uniqueness in law holds for equation (2.2) with initial
distribution v satisfying

[ vty <o,
Lo (R9)

Remark 2.14. We note here that altering the order of the initial configuration
does not change the law of the solution. We could replace the lexicographical
order with any other. To see this, note that if ¢ is a permutation of Z (that is,
¢ :Z — Z is a bijection), then the process N> defined by

Ny(K,R,V) = Ny(sK,R,V), K CZ,RV e ABR,), (2.15)

has the same law as Ny, and is adapted to {.%;};>0, too. Therefore, so-
lutions of (2.2) and of (2.2) with No being replaced by Ny have the same
law. But replacing Ny with Ny in equation (2.2) is equivalent to replacing
{2 jnol415 -+ > 0, T1, .. .} With

{xC_l(—\ﬂoH'l)’ N ,xg—l(o),xg—l(l), . }

Let v be a distribution on I'o(R?), and let 7' > 0. Denote by .Z(v,b,d,T)
the law of the restriction (7;)¢cjo;7) of the unique solution (7;);>0 to (2.2) with
an initial condition distributed according to v. Note that £(v,b,d,T) is a
distribution on DFO(Rd)([O; T]). As usually, the Markov property of a solution
follows from uniqueness.

Theorem 2.15. The unique solution (1:)icjo;r) of (2.2) is a Markov process.
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Proof. Take arbitrary t' < ¢, ¢/, ¢ € [0;T]. Consider the equation

&(B) = / Ti0:b(2.6,)] (u)dNy(x, s,u)
Bx (t';t] x [0;00]

- / Iwrce,_nByliod(ar 6, ) AN2(i, 7, 0) + i (B),  (2.16)
Zx (t';t] x [0;00)

where the sequence {x;} is related to the process (£s)sejoy, §s = 7s- The unique
solution of (2.16) is (7s)se[r;- As in the proof of Theorem 2.6 we can see that
(ns)sefe;y) is measurable with respect to the filtration generated by the random
variables Ny (B, [s;q],U), Na(i,[s;q],U), and 7, (B), where B € %(R%), i €
Z,t <s<q<t Ue PBR,). Poisson point process have independent
increments, hence

P{(nt)tG[S;T] ev | ys} = P{(nt)te[s;T] eU ‘ ns}

almost surely. Furthermore, using arguments similar to those in Remark 2.14,
we can conclude that (7s)sefsyy is distributed according to £ (vy,b,d,t — 1),
where vy is the distribution of 7. O

The following theorem sums up the results we have obtained so far.

Theorem 2.16. Under assumptions (2.6), (2.7), (2.8), equation (2.2) has a
unique solution. This solution is a pure jump type Markov process. The family
of push-forward measures {P,,a € To(R?)} defined in Remark 2.7 forms a
Markov process, or a Markov family of probability measures, on Dr, (ga)[0; 00).

Proof. The statement is a consequence of Theorem 2.6, Remark 2.7 and Theo-
rem 2.15. In particular, the Markov property of {P,,a € I'o(R?)} follows from
the statement given in the last sentence of the proof of Theorem 2.15. O

We call the unique solution of (2.2) (or, sometimes, the corresponding
family of measures on Dr(ray[0;00)) a (spatial) birth-and-death Markov pro-
cess.

Remark 2.17. We note that d does not need to be defined on the whole
space R? x Ty(R9). The equation makes sense even if d(x,7) is defined on
{(z,n) | x € n}. Of course, any such function may be extended to a function
on RY x To(RY).

2.1 Continuous dependence on initial conditions

In order to prove the continuity of the distribution of the solution of (2.2) with
respect to initial conditions, we make the following continuity assumptions on
b and d.

Continuity assumptions 2.18. Let b, d be continuous with respect to both
arguments. Furthermore, let the map

Lo(RY) 35— b(-,n) € L*(RY).

be continuous.
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In light of Remark 2.17, let us explain what we understand by continuity
of d when d(z,n) is defined only on {(z,n) | € n}. We require that, whenever
N — n and 1, O 2z, — x € n, we also have d(z,,n,) — d(z,n). Similar
condition appeared in [19, Theorem 3.1].

Theorem 2.19. Let the birth and death coefficients b and d satisfy the above
continuity assumptions 2.18. Then for every T > 0 the map

FO(Rd) Sar Law{n(a, ')-ﬂ € (OﬂT]}?

which assigns to a non-random initial condition ng = « the law of the solution
of equation (2.2) stopped at time T, is continuous.

Remark 2.20. We mean continuity in the space of measures on Dp, (ga)[0; T7;
see Page 16.

Proof. Denote by n(c,-) the solution of (2.2), started from «. Let «,, — «,

an,a € To(RY), a = {zo,z_1,...,2 o141}, To S 221 S .. S Z_|g)41. With
no loss in generality we assume that |a,| = |a|, n € N. By Lemma 1.6 we
can label elements of a,,, o, = {a:(()"),x(fl), . ,w(_rl‘)a|+1}, so that x(f? — T_j,
i=0,...,]a| — 1. Taking into account Remark 2.14, we can assume

x(()n) < x(fl) <= x(j)alﬂ (2.17)

without loss of generality (in the sense that we do not have to use lexicograph-

ical order; not in the sense that we can make asén), x(fl), ... satisfy (2.17) with
the lexicographical order).
We will show that

sup dist(n(a,t),n(om,t)) 20, n— co. (2.18)
te[0;T)

Let {0;};en be the moments of jumps of process n(«, - ). Without loss of
generality, assume that d(x,a) > 0, x € a, and ||b(-,@)|[z1 > 0, L := L}(R?)
(if some of these inequalities are not fulfilled, the following reasonings should
be changed insignificantly).

Depending on whether a birth or a death occurs at 6;, we have either

Ni({z1} x {61} x [0;b(z1,m0)]) =1 (2.19)
or for some z_j € «
No({=k} x {01} x [0;d(x_k,)]) = 1.

The probability of last two equalities holding simultaneously is zero, hence
we can neglect this event. In both cases Ny(z1,{6:},{b(z1,a)}) = 0 and
No(—=k,{01},{d(x_k,a)}) =0 a.s. We also have

N1 (R x [0;0y) x [0;b(z,a)]) =0,
and for all j €0,1,...,]a| —1

Np({=7} x [0;601) x [0;d(x—;, a)]) = 0.
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Denote

m = b(xy,a) Amin{d(z,a) : x € a} A|b(-,@)||pr A1

and fix e > 0. Let §; > 0 be so small that for v € To(R?), v = {zf, 2" ,,... ’m/—IOéH-l}’
lz_; — x’_j| < &7 the inequalities
Ay 0) — d(e_po) <em, |b(s) — b0l < em
hold. Then we may estimate
P / I[O;b(w,u)] (u)dN1 (x, S, U) > 1} < €. (220)

R4 x[0;6071) % [0;00]

and

P{ / I{$,_i€V}I[0§d(1/_i7V)] (v)dNy(i,7,v) > 1} < elal. (2.21)

7Zx[0;01) x[0;00]
Indeed, the random variable

0 := tlI>1£{ / Tosov {b(2,0)—b(z,ap)]) (W AN (2, 5,u) > 1} (2.22)

R4 x[0;t) x [0;00]

is exponentially distributed with parameter ||(b(-,v)—b(-, @))+||r < €]|b(:, @)||L1-
By Lemma 1.14, el
~ ellb S Q)|
P{0 <0} < 160, )| x €, (2.23)

which is exactly (2.20). Likewise, (2.21) follows.

Similarly, the probability that the same event as for n(«, -) occurs at time
01 for n(v,-) is high. Indeed, assume, for example, that a birth occurs at 6y,
that is to say that (2.19) holds. Once more using Lemma 1.14 we get

P{Ny({x1} x {01} x [0;b(x1,v)]) =0} < [1(b(, v) = b(, @) 4[| <e
[[o(; )|

The case of death occurring at #; may be analyzed in the same way.
From inequalities (1.6) and (1.7) we may deduce

sup dist(n(a,t),n(an,t)) 2 0,n — oc. (2.24)
t€(0;601]

Proceeding in the same manner we may extend this to

sup dist(n(a,t), n(an,t)) 50,0 — oo, (2.25)
te(0;0,]

particularly because of the strong Markov property of a Poisson point process.
In fact, with high probability the processes (., ) and n(«, ) change up to
time 6,, in the same way in the following sense: births occur in the same places
at the same time moments. Deaths occur at the same time moments, and when
a point is deleted from n(c,-), then its counterpart is deleted from n(c,, ).
Since 6,, — 0o, we get (2.18). O
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Remark 2.21. In fact, we have proved an even stronger statement. Namely,
take v, — . Then there exist processes (ft(n))te[o;:r] such that

n d
(ft( ))tG[O;T] = (n(am, t))te[O;T}
and
sup dist(n(a,t), t(")) 50, n— .
te[0;T)

Thus, Law{n(a,-),-€ (0;71} and Law{n(on,-),-€ (0;T]} are close in the
space of measures over Dr,, even when Dr, is considered as topological space
equipped with the wuniform topology (induced by metric dist), and not with
the Skorokhod topology.

2.2 The martingale problem

Now we briefly discuss the martingale problem associated with L defined in
(2.1). Let Cy(T'o(R?)) be the space of all bounded continuous functions on
[o(R?). We equip Cy(To(R?)) with the supremum norm.

Definition 2.22. A probability measure ¢ on (Dr,[0;00), B(Dr,[0;00))) is
called a solution to the local martingale problem associated with L if
t
M{ = fy(®) - F6(0) ~ [ Liws-)ds, A, 0<t <o,
0

is a local martingale for every f € Cy(T'g). Here y is the coordinate mapping,
y(t)(w) = w(t), w € Dr,[0;00), .# is the completion of o(y(s),0 < s < t)
under Q.

Thus, we require M{ to be a local martingale under @ with respect to
{A}1>0. Note that L can be considered as a bounded operator on Cy,(T'g (RY)).

Proposition 2.23. Let (n(a,t));>0 be a solution to (2.2). Then for every
f € C(Ty) the process

t

MY = fOn(ent)) — F(n(ant)) — / Lf (nla, s-))ds (2.26)

0

is a local martingale under P with respect to { % }1>0.

Proof. In this proof ¢; will stand for n(«,t). Denote 7, = inf{t > 0 : |¢;| >
nor ¢ ¢ [-n;n]?}. Clearly, 7,,, n € N, is a stopping time and 7,, — 0o a.s.
Let (' = Cinr, . We want to show that ((”)Mtf)tzo is a martingale, where

A = F(CP) - F(C) - / L™ )ds. (2.27)
0

The process ((;)¢>0 satisfies

G= Y -G+ (2.28)
5<t,(s#Cs—
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In the above equality as well as in few other places throughout this proof we
treat elements of I'g(R?) as measures rather than as configurations. Since (¢;)
is of the pure jump type, the sum on the right-hand side of (2.28) is a.s. finite.
Consequently we have

RN (O E N DGO T {(¢48)] (2.29)
5<t,(s#Cs—

= / [f(Cs) = F(Cs— ) s<ruy L0ib(a, o)) (W)AN () 5, 1)
B x (0;t] x [0;00]

- / I{z7 €Cs—} [f(gs) - f((sf)}I{sgfn}j[();d(zi,(s_)] (U)dNZ (7’7 S, U)'
Zx (0;t] x [0;00]

Note that (s = (s— Uz a.s. in the first summand on the right-hand side
of (2.29), and ¢; = (s— \ @; a.s. in the second summand. Now, we may write

t
/I{SSTTL}Lf<<s)dS (230)
. 0
= / / Is<r 3 Tow(e.co ) (W[ f (Cs— Uz) = f(Cs-)]daduds
0

- / / Ttz ooy @) (Com \ ) — F(Gum)]Cor (dar)duds.
0

z€RL u>0

Functions b,d(-,-) and f are bounded on R? x {a : |a| < nand a C
[-n;n]?} and {a : |a| < n and o C [—n;n]?} respectively by a constant C' > 0.
Now, for a predictable bounded processes (vs(z,u))o<s<: and (Bs(z,v))o<s<t,
the processes

Its<ryvs(@,u)[dNy (2, 8,u) — drdsdul,
Bx(0;t]x[0;C]
Its<r o, ec. 1 Bs(wi,v)[dNo(i, 5,v) — #(di)dsdv].

Zx (0;t] x [0;C]

are martingales. Observe that

Its<ri o, ec. 1 Bs(wi,v)#(di)dsdv
Zx (0;t] x [0;C]

= / Its<r 1 Bs(w,v) (s (dx)dsdv
Zx (0;t] x [0;C]

Taking
Vs (xvu) = I[O;b(m,CS_)] (u) [f(Cs— Uz) — f(CS*)]v
58(1'7 U)) = I[O;d(m,g's_)] (U)[f(Csf \x) - f((s—)},
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we sce that the difference on the right hand side of (2.27) is a martingale
because of (2.29) and (2.30). O

Corollary 2.24. The unique solution of (2.2) induces a solution of the mar-
tingale problem 2.22.

Remark 2.25. Since y(s) = y(s—) Py-a.s., the process

t

(1) — F(0)) - / Lf(y(s))ds, 0 <t < oc,

is a local martingale, too.

2.3 Birth rate without sublinear growth condition

In this section we will consider equation (2.2) with the a birth rate coefficient
that does not satisfy the sublinear growth condition (2.6).

Instead, we assume only that

sup  b(z,n) < . (2.31)
z€R,|n|<m

Under this assumption we can not guarantee existence of solution on the
whole line [0; 00) or even on a finite interval [0; T]. Tt is possible that infinitely
many points appear in finite time.

We would like to show that a unique solution exists up to an explosion
time, maybe finite. Consider birth and death coefficients

bn(xa 77) = b(%ﬁﬂ{hﬂgn}’ dn(fUﬂ?) = d(x7 n)I{Inlgn}- (2'32)

Functions b,,, d,, are bounded, so equation (2.2) with birth rate coefficient
b, and death rate coefficient d,, has a unique solution by Theorem 2.6. Remark
2.8 provides the existence and uniqueness of solution to (2.2) (with birth and
death rate coefficients b and d, respectively) up to the (random stopping) time
T, = inf{s > 0 : |ns| > n}. Clearly, 7,41 > 7; if 7, — 00 a.s., then we have
existence and uniqueness for (2.2); if 7,, T 7 < oo with positive probability, then
we have an explosion. However, existence and uniqueness hold up to explosion
time 7. When we have an explosion we say that the solution blows up.

2.4 Coupling

Here we discuss the coupling of two birth-and-death processes. The theorem
we prove here will be used in the sequel. As a matter of fact, we have already
used the coupling technique in the proof of Theorem 2.6.

Consider two equations of the form (2.2),
I[O;bk(z,si’i))] (u)dNy(x, s,u)
Bx(0;t] x [0;00]

— I

7% (0;t] x [0;00)

= ®ee®npyloaE® .y (©)dN2(6 7, 0) (2:33)

+¢(B), k=1,2,
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where t € [0;T] and {xgk)} is the sequence related to (§t(k))te[o;T]-
Assume that initial conditions f(()k) and coefficients by, dj, satisfy the con-
ditions of Theorem 2.6. Let (ft(k))te[o;T] be the unique strong solutions.

Theorem 2.26. Assume that almost surely f(()l) C 562), and for any two finite
configurations n' C n?,

bi(z,n') < ba(z,n?), z€R? (2.34)

and
di(z,n') > do(x,7%), xen’.

Then there exists a cadlag T'o(R)-valued process (m;)ieo;r) such that (1n:)se(o:1]

and (ft(l))te[o;T] have the same law and
(2) .
ne C &, tel0;T). (2.35)

Proof. Let{... ,x(_?, a:éQ), J;P, ...} be the sequence related to (£§2))t€[O;T]. Con-
sider the equation

n(B) = / Lo (o) (W)d N (2, 5, )
B x (0;t] x [0;00]
a / I{xEQ)Enr—mB}I[Oﬂi(xEQ)?nr—)](v)dN2(i’T,U) (2'36)

Zx (0;t] x [0500)

+eB), k=1,2

Note that here {x?)} is related to (5,52))%[0@] and not to (7:)iefo;r)- Thus
(2.36) is not an equation of form (2.2). Nonetheless, the existence of a unique
solution can be shown in the same way as in the proof of Theorem 2.6. Denote
the unique strong solution of (2.36) by (1:)¢cjo;1)-

Denote by {7, }men the moments of jumps of (1;)¢cjo;7] and (§§2))tE[O;T]7
0<7 <7 <73 <.... More precisely, a time t € {7, }imen iff at least one of
the processes (71¢):c[o;r) and ({,52)),56[0;;” jumps at time t.

We will show by induction that each moment of birth for (1:)¢cjo;r) is a

moment of birth for (ft(Q))te[o;T] too, and each moment of death for (gt@))te[o;ﬂ
is a moment of death for (1;).c[0,r) if the dying point is in (n;)seo,7). More-
over, in both cases the birth or the death occurs at exactly the same point.
Here a moment of birth is a random time at which a new point appears,
a moment of death is a random time at which a point disappears from the
configuration. The statement formulated above is in fact equivalent to (2.35).

Here we deal only with the base case, the induction step is done in the
same way. We have nothing to show if 71 is a moment of a birth of (§t(2))te[0;;p]
or a moment of death of (1;);ejo;7). Assume that a new point is born for
(nt)tefo;r) at 71,

My \777'1— = {171}
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The process (7;)¢cjo;) satisfies (2.36), therefore Ny ({z}, {71}, [0; b (21,7, )]) =
1. Since

S R T
by (2.34)
Ny ({&}, {m}, [0 by (a1, €20 ))) = 1,

hence

D\ e? = {a}.

The case when 75 is a moment of death for (§§2))t€[O;T] is analyzed analogously.

It remains to show that (1:):co,r) and (ft(l))te[o;T] have the same law.
We mentioned above that formally equation (2.36) is not of the form (2.2),
so we can not directly apply the uniqueness in law result. However, since
m € Et(Q) a.s., t € [0;T), we can still consider (2.36) as an equation of the form
(2.2). Indeed, let {...,y_1,Y0,¥1,...} be the sequence related to n;. We have
{y_‘gél)lﬂ, e Y1, Y0, Y1yt C {x—\§§)2)|+1’ . ,x(ﬂ,ng),xg?), ...}. There ex-
ists an injection ¢ : {—|§((Jl)| +1,...,0,1,...} — {—|§(()2)| +1,...,0,1,...} such
that y.;) = x;. Denote 0; = inf{s > 0:y; € n,}. Note that 6; is a stopping
time with respect to {.#;}. Define a Poisson point process Ny by

No({i} x RxV)=No({i} x Rx V), i € Z,RC[0;0;],V C Ry,
and
No({i} x Rx V) = Na({s(i)} x Rx V), i € Z,RC (6;:00),V C R,

The process Ny is {# }-adapted. One can see that (1;)c(o;r] is the unique
solution of equation (2.2) with N3 replaced by N,. Hence

d
(t)tejo;r) = (§t(1))te[o;T]~ O

2.5 Related semigroup of operators

We say now a few words about the semigroup of operators related to the unique
solution of (2.2). We write n(«,t) for a unique solution of (2.2), started from
a € I'g(R%). We want to define an operator S; by

Sif(@) = Ef(n(est)) (= Eaf(n(t))) (2.37)

for an appropriate class of functions. Unfortunately, it seems difficult to make
S; a Cy-semigroup on some functional Banach space for general b, d satisfying
(2.6) and (2.7).

We start with the case when the cumulative birth and death rates are
bounded. Let Cj, = Cy(I'o(R?)) be the space of all bounded continuous func-
tions on I'o(RY). It becomes a Banach space once it is equipped with the
supremum norm. We assume the existence of a constant C' > 0 such that for
all ¢ € To(R?)

1B(O)|+ D) < C, (2.38)
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where B and D are defined in (2.4) and (2.5). Formula (2.1) defines then
a bounded operator L : C}, — Cp, and we will show that S; coincides with
etl’. For f € Cy, the function S, f is bounded and continuous. Boundedness
is a consequence of the boundedness of f, and continuity of S;f follows from

Remark 2.21. Indeed, let o, = o, §t(n) 4 1(an, t) and
dist(n(mt),{“t(n)) 250, n— .

Unlike T'(R?), the space I'o(R?) is a o-compact space. Consequently, for all
£ > 0 there exists a compact K. C I'g(R%) such that for large enough n

P{n(a,t) € K., ¢ e K.} > 1—e.
Also, for fixed § > 0 and for large enough n
P{dist(n(e,t),&™) <6} >1-6.
Fix € > 0. There exists 6. € (0;¢) such that |f(5) — f(7)| < & whenever
dist(B8,7v) < e, B,y € K.. We have for large enough n
B[ (e 1) = FE™)]
< Blf(n(e.1) = FE I n(a,1) € Ko, &) € K., dist(n(e.1),6") < 6.}
+2(0e + o)l fI| < e+ 2(d +&)|I 1],
where || f[| = sup¢er,ra) |f(C)]. Letting e — 0, we see that

Ef(n(an,t)) = Ef(&") = Ef(n(a,t)).

Thus, Sif is continuous (note that the continuity of S;f does not follow from
Theorem 2.19 alone, since for a fixed ¢ € [0; 7] the functional Dy gay[0;7] >
x — x(t) € R is not continuous in the Skorokhod topology). Furthermore,
since for small ¢ and for all A € Z(R?),

P{n(a,t) =a} =1—t[B(a)+ D(a)] + o(t), (2.39)
P{n(a,t) = aU{y} for some y € A} =t / by, a)dy + o(t), (2.40)
yeA
and for z € a
P{n(a,t) = a\ {z}} = td(z, @) + o(t), (2.41)

we may estimate

1S:f () = f(a)| < t[B(a) + D(@)][f]] + o@)|[f]| < ClIf][t + oft).
Therefore, (2.37) defines a Cjy semigroup on Cj. Its generator

Lf(a) = Jim FT1

= lim /b(fc,a)[f(OéUl‘)*f(a)}dIJer(%a)(f(a\x)*f(Oé))vLO(t)

rea

=Lf(a).

Thus, S; = et’, and we have proved the following
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Proposition 2.27. Assume that (2.38) is fulfilled. Then the family of op-
erators (Sg,t > 0) on Cy defined in (2.37) constitutes a Cy-semigroup. Its
generator coincides with L given in (2.1).

Now we turn out attention to general b, d satistying (2.6) and (2.7) but not
necessarily (2.38). The family of operators (S;);>¢ still constitutes a semigroup,
however it does not have to be strongly continuous anymore. Consider trun-
cated birth and death coefficients (2.32) and corresponding process n™(«, t).
Remark 2.8 implies that n"(«,t) = n(a,t) for all ¢ € [0;7,], where

T = inf{s > 0: [5(a, 5)| > n}. (2.42)

Growth condition (2.6) implies that 7,, — oo for any o € I'g(R%).
Truncated coefficients b,, d,, satisfy (2.38) and

S fla) = Bf (1™ (a,1)) (2.43)
defines a Cj - semigroup on Cj. In particular, for all o € I'g(R?)

n _ i Bf0™(ent) = f(o)
L™ f(a) = t1—1>r(§1+ t

where L™ is operator defined as in (2.1) but with b,,, d,, instead of b, d. Letting

n — oo we get, for fixed a and f,

Lite) = g, FEORLD - g SEEEEL g

Taking limit by n is possible: for n > |a| 4 2, 7™ (a,t) satisfies (2.39),
(2.40) and (2.41), therefore n(«, t) satisfies (2.39), (2.40) and (2.41), too. Thus,
we have

Proposition 2.28. Let b and d satisfy (2.6) and (2.7) but not necessarily
(2.38). Then the family of operators (Si,t > 0) constitutes a semigroup on Cp
which does not have to be strongly continuous. However, for every a € T'o(R9)
and f € Cy, we have (2.44).

Formula (2.44) gives us the formal relation of (1(«,t));>0 to the operator
L. Of course, for fixed f the convergence in (2.44) does not have to be uniform
in a.

Remark 2.29. The question about the construction of a semigroup acting on
some class of probability measures on I'g(R?) is yet to be studied.
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