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MICROSCOPIC DYNAMICS AND KINETIC DESCRIPTION OF
SPATIAL ECOLOGY MODELS

Oleksandr Kutovyi,' Pasha Tkachov?

Abstract. We consider a method for the construction of Markov sta-
tistical dynamics for a class of birth-and-death ecological models in the
continuum. Mesoscopic scaling limits for these dynamics lead to the ki-
netic equations for the density of a population. The resulting evolution
equations are non-local and non-linear ones. We discuss properties of solu-
tions to kinetic equations which strongly depend on characteristics of the
models considered. The survey paper is devoted to giving an overview of
our recent progress on the subject and it is not intended to be a complete
review of the field.

1 Introduction

Dynamics of interacting particle systems appear in several areas of the
complex systems theory. In particular, we observe a growing activity in the
study of Markov dynamics for continuous systems. The latter fact is moti-
vated, in particular, by modern problems of mathematical physics, ecology,
mathematical biology, and genetics, see e.g. [16, 17, 20, 35] and literature cited
therein. Moreover, Markov dynamics are used for the construction of social,
economic and demographic models. Note that Markov processes for conti-
nuous systems are considering in the stochastic analysis as dynamical point
processes [28, 29, 31] and they appear even in the representation theory of big
groups [7, 8].

A mathematical formalization of the problem may be described as the
following. As a phase space of the system we use the space I'(R?) of locally
finite configurations in the Euclidean space R?. An heuristic Markov generator
which describes considered model is given by its expression on a proper set
of functions (observables) over T'(R?). With this operator we can relate two
evolution equations. Namely, backward Kolmogorov equation for observables
and Kolmogorov forward equation on probability measures on the phase space
I'(R?) (macroscopic states of the system). The latter equation is a.k.a. Fokker—
Planck equation in the mathematical physics terminology. Comparing with
the usual situation in the stochastic analysis, there is an essential technical
difficulty: corresponding Markov process in the configuration space may be
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constructed only in very special particular cases. As a result, a description of
Markov dynamics in terms of random trajectories is absent for most of models
under considerations.

As an alternative approach we use a concept of the statistical dynamics
that substitutes the notion of a Markov stochastic process. A central object
now is an evolution of states of the system that shall be defined by mean of the
Fokker—Planck equation. This evolution equation with respect to probability
measures on I'(R?) may be reformulated as a hierarchical chain of equations for
correlation functions of considered measures. Such kind of evolution equations
are well known in the study of Hamiltonian dynamics for classical gases as
BBGKY chains but now they appear as a tool for construction and analysis
of Markov dynamics. As an essential technical step, we consider related pre-
dual evolution chains of equations on the so-called quasi-observables. As it
will be shown in the paper, such hierarchical equations may be analyzed in
the framework of semigroup theory with the use of powerful techniques of
perturbation theory for the semigroup generators etc. Considering the dual
evolution for the constructed semigroup on quasi-observables we introduce then
the dynamics on correlation functions. Such a scheme of constructing the
dynamics comes as a surprise because one cannot expect any perturbation
techniques for the initial Kolmogorov evolution equations. The point is that
states of infinite interacting particle systems are given by measures which are, in
general, mutually orthogonal. As a result, we can not compare their evolutions
or apply a perturbative approach. But under quite general assumptions they
have correlation functions and corresponding dynamics may be considered in a
common Banach space of correlation functions. Proper choice of this Banach
space means, in fact, that we find an admissible class of initial states for which
the statistical dynamics may be constructed. There we see again a crucial
difference comparing with the framework of Markov stochastic processes, where
the evolution is defined for any initial distribution.

Another interesting topic is related to the study of different scalings of
the microscopic systems. Among others, the crucial role from the point of
view of applications is played mesoscopic (Vlasov) description of the mentioned
above microscopic systems. Originally, the notion of the Vlasov scaling was
related to the Hamiltonian dynamics of interacting particle systems. This is a
mean field scaling limit when the influence of weak long-range forces is taken
into account. Rigorously, this limit was studied by W. Braun and K. Hepp
in [5] for the Hamiltonian dynamics, and by R.L. Dobrushin [11] for more
general deterministic dynamical systems. In [15], we proposed a general scheme
for a Vlasov-type scaling of stochastic Markovian dynamics. Our approach is
based on a proper scaling of the evolutions of correlation functions proposed
by H. Spohn in [46] for the Hamiltonian dynamics. The present paper is meant
to provide a comprehensive overview of our recent approaches to the birth and
death stochastic dynamics. In particular, the approach proposed in [15] gives
us a rigorous framework for the study of convergence of the scaled hierarchical
equations to a solution of the limiting Vlasov hierarchy, and for the derivation
of a resulting non-linear evolutional equation for the density of the limiting
system. We consider some special birth-and-death models to show how the
general conditions proposed in the paper may be verified in applications.
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In the last section we study the kinetic (Vlasov) equation which corre-
sponds to the birth-death Bolker—Pacala—Dieckman-Law (BDLP) model [9].
Namely, we consider a non-linear non-local evolution equation with non-local
terms, which are convolutions with probability densities. We demonstrate that
the long-time behavior of the solution depends on the asymptotic of the birth
kernel and the initial condition, where either constant speed of the propagation
or acceleration may be observed. Under additional assumptions, we also prove
existence and uniqueness of traveling waves.

The results introduced in this article do not pretend to be novel. The
present survey work provides a thorough summary of our papers [14-16, 18,
19, 21, 22, 24-26] as well as our understanding of fundamental ideas and results
on the subject.

The structure of the paper is following. Section 2 contains a brief summary
of the mathematical description of complex systems. In Section 3 we discuss
general concept of statistical dynamics for Markov evolutions in the continuum
and introduce necessary mathematical structures. Then, in Section 4, this
concept is applied to an important class of Markov dynamics of continuous
systems, namely, to birth-and-death models. Here general conditions for the
existence of a semigroup evolution in a space of quasi-observables are obtained.
Then we construct evolutions of correlation functions as dual objects. It is
shown how to apply general results to the study of particular models of statis-
tical dynamics coming from mathematical physics and ecology. In Section 5 we
discuss the Vlasov-type scaling for birth-and-death stochastic dynamics. Fi-
nally, in Section 6 we study the kinetic (Vlasov) equation for the birth-death
BDLP model.

2 Mathematical description of complex
systems

We proceed to the mathematical realization of complex systems.

Let B(R?) be the family of all Borel sets in RY, d > 1; By, (R%) denotes the
system of all bounded sets from B(R?).

The configuration space over space R? consists of all locally finite subsets
(configurations) of R%. Namely,

I =T (RY) = {7 c R? ‘ [val < oo, for all A € Bb(Rd)}.

Here | - | means the cardinality of a set, and 5 := v N A. We may identify
each v € I with the non-negative Radon measure ) .. 0, € M(R?), where §,
is the Dirac measure with unit mass at x, >, cg 0, is, by definition, the zero
measure, and M (R?) denotes the space of all non-negative Radon measures on
B(R4). This identification allows us 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
P>y~ Z f(z) eR

xTeEY

are continuous for any f € Cp(RY), the set of all continuous functions on
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R? with compact supports. It is worth noting the vague topology may be
metrizable in such a way that T' becomes a Polish space (see e.g. [33] and
references therein).

Corresponding to the vague topology the Borel o-algebra B(I") appears
the smallest o-algebra for which all mappings

'35 Na(y) := Jya] € No := NU {0} (2.1)

are measurable for any A € By,(R9), see e.g. [3].

Among all measurable functions F : I' — R := R U {c0} we mark out
the set Fo(I') consisting of such of them for which |F(v)] < oo at least for
all |y] < oo. The important subset of Fo(I') formed by cylindric functions
on T'. Any such a function is characterized by a set A € By, (RY) such that
F(y) = F(va) for all v € T. The class of cylindric functions we denote by
Fei(T') C Fo(I).

Functions on I' are usually called observables . This notion is borrowed
from statistical physics and means that typically in course of empirical inves-
tigation we may estimate, check, see only some quantities derived from the
system as a whole rather then look into the system itself.

We denote the class of all probability measures on (I', B(I")) by M*(T).
Given a distribution g € M*(T") one can consider a collection of random vari-
ables Na(-), A € By(R?) defined in (2.1). They describe random numbers of
elements inside bounded regions. The natural assumption is that these random
variables should have finite moments. Thus, we consider the class M} _(I") of
all measures from M*!(T) such that

/ml" du(y) <oo, A €BL(RY),neN.
T

Example 2.1. Let o be a non-atomic Radon measure on (R, B(R?)). Then
the Poisson measure m, with intensity measure o is defined on B( ) by

(c(r)"

7o ({7 €T|NA(Y) = |al =n}) = o exp{—0c(A)}, A€ B,(R?),n e N.

In the case of the Lebesgue measure o(dx) = dx one can say about the ho-
mogeneous Poisson distribution (measure) m := 74, with constant intensity 1.

The space of (finite) configuration which belong to a bounded domain
A € By (R?) will be denoted by I'(A). The o-algebra B(I'(A)) may be generated
by family of mappings T'(A) > v + Na/(y) € No, A’ € Bp(R?), A’ C A.
A measure p € M} (T) is called locally absolutely continuous with respect
to the Poisson measure 7 if for any A € B,(R?) the projection of y onto
T'(A) is absolutely continuous with respect to (w.r.t.) the projection of 7 onto
T'(A). More precisely, if we consider the projection mapping pp : I' — T'(A),
pa(7y) :=ya then p? == pu Opx1 is absolutely continuous w.r.t. mp (=7 Opxl.

By e.g. [32], for any u € M} (T') which is locally absolutely continuous
w.r.t the Poisson measure, there exists the family of (symmetric) correlation
functions k; : (RH)™ — R, := [0,00) which defined as follows. For any
symmetric funct1on f@) : (R%)"™ — R with finite support the following equality
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holds
/ oo I, me) du(y)
F{mb””mn}CW
1
= F (2, ... 73371)]4;,(7)(%17 cosy) day ..o dx, (2.2)
. (Rd)n

for n € N, and k/(Jo) =1.
The meaning of this notion is the following: the correlation function

k&n)(xl, ...,Zn) describes the non-normalized density of probability to have
points of our systems in the positions 1, ..., T,.

The symmetric function of n variables from R? can be considered as functi-
ons on n-point subsets from R%. We proceed now to the exact constructions.
The space of n-point configurations in Y € B(R?) is defined by

rm(y) = {ncy|nl=n}, n € N.

We put F(O)(Y) = {0}. As a set, F(")(Y) may be identified with the symme-
trization of

Hence, one can introduce the corresponding Borel o-algebra, which we denote
by B(F(")(Y)). The space of finite configurations in Y € B(R?) is defined as

Lo(Y):= | | T™(¥).
neNy

This space is equipped with the topology of the disjoint union. Let B (FO(Y))
denote the corresponding Borel o-algebra. In the case of Y = R? we will omit
the index Y in the previously defined notations. Namely,

To:=To(RY), T .=T™R?Y), neN.

The restriction of the Lebesgue product measure (dz)" to (I'™), B(I'(™))

we denote by m(™. We set m(©®) := d19y- The Lebesgue—Poisson measure A on
Ty is defined by

(o] 1 N
A=) mm( ), (2.3)
n=0

For any A € By,(R?) the restriction of A to I'g(A) = I'(A) will be also denoted
by A.

Remark 2.1. The space (I‘, B(F)) is the projective limit of the family of measu-
rable spaces {(I'(A), B(T'(A))) }AeBb(Rd)' The Poisson measure 7 on (I', B(T'))
from Example 2.1 may be defined as the projective limit of the family of
measures {71} AeB,(R4), Where 7l = e ™M)\ is a probability measure on
(D(A), B(I'(A))) and m(A) is the Lebesgue measure of A € By,(R?) (see e.g. [3]
for details).
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Functions on I'g will be called quasi-observables . Any B(T'y)-measurable

function G on T is, in fact, defined by a sequence of functions {G(”)}n er

where G(") is a B(I'™)-measurable function on (™). We preserve the same
notation for the function G(™ considered as a symmetric function on (R%)™.
Note that G(®) € R.

A set M € B(Iy) is called bounded if there exists A € By,(R?) and N € N
such that

N
Mc | |T™(A).

n=0

The set of bounded measurable functions on I'y with bounded support we
denote by Bys(I'g), i.e., G € Byps(To) iff G [ry\pr= 0 for some bounded M ¢
B(Ty). For any G € Bys(I'y) the functions G(™ have finite supports in (R%)"
and may be substituted into (2.2). But, additionally, the sequence of G
vanishes for big n. Therefore, one can sum up equalities (2.2) over n € Ny.
This requires the following definition.

Let G € Bps(T'g), then we define the function KG : I' — R by

(KG)(7) == G(n)

ney

=GO+ Y 6™(a,.. @), yeET, (2.4)

n=1{x,....xn}Cy

see e.g. [32, 37, 38]. The summation in (2.4) is taken over all finite subconfi-
gurations 1 € I’y of the (infinite) configuration v € I'; we denote this by the
symbol, n € . The mapping K is linear, positivity preserving, and invertible,
with
(K™'F)(n) =Y (~)"IFP(©), neTo. (2.5)
&Cn

By [32], for any G € Byg(T'y), we have KG € Fgy(I'), moreover, there exists
C=C(G)>0,A=AG) € B,(R?), and N = N(G) € N such that
)N

[KGI < C(A+ml)", ~el.

The expression (2.4) can be extended to the class of all nonnegative measurable
G : Ty — Ry, in this case, evidently, KG € Fo(I"). Stress that the left hand
side (Lh.s.) of (2.5) has a meaning for any F' € Fy(I"), moreover, in this case
(KK~'F)(y) = F(y) for any v € T.

For G as above we may sum up (2.2) over n and rewrite the result in a
compact form:

[ e aut = [ ctmmarm. (2.6)
r o

As was shown in [32], the equality (2.4) may be extended on all functions G
such that the L.h.s. of (2.6) is finite. In this case (2.4) holds for y-a.a. v € T
and (2.6) holds, too.
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3 Statistical descriptions of Markov evolutions

Spatial Markov processes in R? may be described as stochastic evolutions
of configurations v C R%. In course of such evolutions points of configurations
may disappear (die), move (continuously or with jumps from one position to
another), or new particles may appear in a configuration (that is birth). The
rates of these random events may depend on whole configuration that reflect
an interaction between elements of the system.

The construction of a spatial Markov process in the continuum is a highly
difficult question which is not solved in a full generality at present, see e.g.
the review [44] and more detail references about birth-and-death processes in
Section 3. Meanwhile, for discrete systems the corresponding processes have
been constructed under quite general assumptions, see e.g. [39]. One of the
main difficulties for continuous systems includes the necessity to control number
of elements in a bounded region. Note that the construction of spatial processes
on bounded sets from R? is typically well understood, see e.g. [23].

The existing Markov process I' v — X, € ', ¢ > 0 provides solution to
the backward Kolmogorov equation for bounded continuous functions:

%Ft == LFt,

where L is the Markov generator of the process X;. The question about exis-
tence for a Markov process with a generator L is still open. On the other hand,
the evolution of a state in the course of a stochastic dynamics is an important
question in its own right. A mathematical formulation of this question may
be realized through the forward Kolmogorov equation for probability measures
(states) on the configuration space I'. Namely, we consider the pairing between
functions and measures on I' given by

(Fyp) = /FF(V) dp(y). (3.1)

Then we consider the initial value problem

d
E<F7 .UJt> = <LF7 .ut>7 t> Oa .ut|t:0 = Mo, (32)
where F' is an arbitrary function from a proper set, e.g. F € K(Bbs(ro)) C
Feyi1(T). In fact, the solution to (3.2) describes the time evolution of distributi-
ons instead of the evolution of initial points in the Markov process. We rewrite
(3.2) in the heuristic form

—u =L" 3.3

a Mt i, (3.3)
where L* is the (informally) adjoint operator of L with respect to the pairing
(3.1).

In the physical literature, (3.3) is referred to the Fokker—Planck equa-
tion. The Markovian property of L yields that (3.3) might have a solution in
the class of probability measures. However, the mere existence of the corre-
sponding Markov process will not give us much information about properties
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of the solution to (3.3), in particular, about its moments or correlation functi-
ons. To get it, we suppose now that a solution y; € Mj (T') to (3.2) exists
and remains locally absolutely continuous with respect to the Poisson measure
m for all t > 0 provided po has such a property. Then one can consider the
correlation function k; := k,,, t > 0. If we suppose that

LF € Fo(T)  for all F € Fop(T), (3.4)

then, one can calculate K~!LF using (2.5), and, by (2.6), we may rewrite
(3.2) as

LUK F k) = (KT'LERY, t>0,

T = ko, (3.5)

t|t:0
for all F' € K(Bbs(Fo)) C Feui(I'). Here the pairing between functions on I'y
is given by

(G, k)= | G(k(n) dA(n). (3.6)

To
Let us recall that then, by (2.3),

— 1
(G, kY = — G(")(xl,...,xn)k(")(xl,...,xn) dz ... dz,,
Next, if we substitute F' = KG, G € Bps(I'g) in (3.5), we derive

4
dt
for all G € Bys(T'g). Here the operator

(G k) = (LG, k), t>0, ke|,_,= ko, (3.7)

(LG)(n) == (K"'LKG)(n), neTly

is defined point-wise for all G € Bps(I'g) under conditions (3.4). Consequently,
we are interested in a weak solution to the equation

d -
akt L*ky, t>0, kt’t:o = ko, (38)

where L* is dual operator to L with respect to the duality (3.6), namely,

/F (L&) k() dA(m) = [ Gn)(L*k)(n) dA(n). (3.9)

o

The procedure of deriving the operator Lfora given L is fully combinato-
rial meanwhile to obtain the expression for the operator L* we need an analog
of integration by parts formula.

We recall that any function on I'g may be identified with an infinite vector
of symmetric functions of the growing number of variables. In this approach,

the operator L* in (3.8) will be realized as an infinite matrix (Lz)m)n meNg?

where L;‘L,m is a mapping from the space of symmetric functions of n variables
into the space of symmetric functions of m variables. As a result, instead of
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equation (3.2) for infinite-dimensional objects we obtain an infinite system of

equations for functions k,g") each of them is a function of a finite number of
variables, namely

d ~
Ekt(m)(:m, ey X)) = Z (L:z,mkt("))(l’l, ceyT), t>0, m e Ny,
neNp (310)
kgm)(xla N ’xm)’t:O = kém)(xl, N ,l’m).

Of course, in general, for a fixed n, any equation from (3.10) itself is not

closed and includes functions kim) of other orders m # n, nevertheless, the

system (3.10) is a closed linear system. The chain evolution equations for k,g")
consists the so-called hierarchy which is an analog of the BBGKY hierarchy for
Hamiltonian systems, see e.g. [12].

In the present paper the restrict our attention to the so-called sub-Poisso-
nian correlation functions. Namely, for a given C' > 0 we consider the following
Banach space

Kci={k:To =R |k-CIeL>Td\} (3.11)

with the norm
IEllce = 1CR() | Lo rg.an) -
It is clear that k € K¢ implies,

\k(n)] < 1k|lke ¢l for M-a.a. n € T'y. (3.12)

In the following we study the initial value problem (3.8) using the fol-
lowing scheme. We solve this equation in space K. The well-posedness of
the initial value problem in this case is equivalent with an existence of the
strongly continuous semigroup (Cp-semigroup in the sequel) in the space K¢
with a generator L*. However, the space IC¢ is isometrically isomorphic to the
space L= (T, C!'ld)\) whereas, by the H. Lotz theorem [40], [1], in a L> space
any Cop-semigroup is uniformly continuous, that is it has a bounded generator.
Typically, for the operator L, any operator Ly, ,,, cf. (3.10), might be bounded
as an operator between two spaces of bounded symmetric functions of n and
m variables whereas the whole operator L* is unbounded in K¢.

To avoid this difficulties we use a trick which goes back to R. Phillips [45].
The main idea is to consider the semigroup in L° space not itself but as a dual
semigroup T*(t) to a Cp-semigroup T'(¢) with a generator A in the pre-dual
L' space. In this case T*(t) appears strongly continuous semigroup not on the
whole L but on the closure of the domain of A* only.

In our case this leads to the following scheme. We consider the pre-dual
Banach space to K¢, namely, for C > 0,

Lo = L' (Do, CMlaN). (3.13)

The norm in £¢ is given by

IGllc : = / G| dA(n)

o0 Cn
S Ly (T P
n:() . R n
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Consider the initial value problem, cf. (3.7), (3.8),
d ~
aGt == LGt, t> 0, Gt|t:0 = G() S SC. (314)

As long as (3.14) is well-posed in £¢ there exists a Cp-semigroup f(t) in £¢.
Then using Philips’ result we see that the restriction of the dual semigroup

T (t) onto Dom(f*) will be Cp-semigroup with generator which is a part of
L* (see Section 4 below for details). This provides a solution to (3.8) which

continuously depends on an initial data from Dom(f*). And after we would
like to find a more useful universal subspace of K¢ which is not depend on the
operator L*. The realization of this scheme for a birth-and-death operator L
is presented in Section 4 below. As a result, we obtain the classical solution
to (3.8) for t > 0 in a class of sub-Poissonian functions which satisfy the
Ruelle-type bound (3.12). Of course, after this we need to verify existence and
uniqueness of measures whose correlation functions are solutions to (3.8). This
usually can be done using proper approximation schemes, see e.g. Section 5.

4 Birth-and-death evolutions in the continuum

4.1 Microscopic description

One of the most important classes of Markov evolution in the continuum is
given by the birth-and-death Markov processes in the space I of all configurati-
ons in R?. These are processes in which an infinite number of individuals exist
at each instant, and the rates at which new individuals appear and some old
ones disappear depend on the current configuration of existing individuals [31].
The corresponding Markov generators have a natural heuristic representation
in terms of birth and death intensities. The birth intensity b(z,v) > 0 cha-
racterizes the appearance of a new point at € R? in the presence of a given
configuration v € T'. The death intensity d(z,~) > 0 characterizes the probabi-
lity of the event that the point x of the configuration v disappears, depending
on the location of the remaining points of the configuration v \ {z} (in the
sequel v \ x). Heuristically, the corresponding Markov generator is described
by the following expression,

(LF)(y) =Y _d(@,y\z) [F(y\z) = F(y)]

+ / b(z,7) [F(yUz) — F(7)] dz, (4.1)
Rd

for proper functions F' : I' — R.

4.2 Expressions for L and L*. Examples of rates b and d

We always suppose that rates d,b: R? x I' — [0; +-oc] from (4.1) satisfy
the following assumptions

d(z,m),b(z,n) > 0, n€To\ {0}, z € R\ n,
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d(xvn)?b(xvn) < 0, nely xe IRd\?’]7

/ (d(z,m) + b(z,n)) dA(n) < 00, M € B(I'y) bounded, a.a. = € RY,
M

/A(d(x,n) +b(x,n)) dz < oo, n ey, A € By(RY).

We start with the expression for L=K LK ,

Proposition 4.1 ([20, Proposition 5]). For any G € Byns(Ty) the following
formula holds

=Y GE> (K d(z,-Ug\z))(n\ )

£Cn FASIS
(4.2)
—I—Z/ GEUz) (K b(z,-U&))(n\ &) da, n € Ly.
€Cn

Using this, one can derive the explicit form of L*.

Proposition 4.2 ([20, Corollary 9]). For any k € Byps(Tg) the following for-
mula holds

=% [ kU (- ate un\2) © axe)

xen

+Z/ (CU G\ @) (Kb, Un\ 2) (€ dAQ),

xen

where L*k is defined by (3.9).

4.3 Semigroup evolutions in the space of quasi-observables

We proceed now to the construction of a semigroup in the space £¢,
C > 0, see (3.13), which has a generator, given by L, with a proper domain.
To define such domain, let us set

n) =Y d(zn\z) >0, nely; (43)
zreN
D:={Gefc|D()GeLe}. (4.4)

Note that Bys(I'g) C D and Bps(To) is a dense set in £o. Therefore, D is also
a dense set in £¢. We will show now that (L, D) given by (4.2), (4.4) generates
Co-semigroup on £¢ if only ‘the full energy of death’, given by (4.3), is big
enough.

Theorem 4.3 ([18, Theorem 3.2]). Suppose that there exists ay > 1, ag > 0
such that for all ¢ € Ty and a.a. x € RY

S KT, ug\x)| () CMdA (n) < a1 D(9), (4.5)

zel To



Microscopic dynamics and kinetic description of spatial ecology models 15

3 / Kb (2, U\ )] () C1 X (1) < a2 D(€) (46)

TEE

and, moreover,

a9 3
— < —. 4.7
at+ 5 <y (4.7)

Then (E, D) is the generator of a holomorphic semigroup f(t) on L£¢.

4.4 Evolutions in the space of correlation functions

In this Subsection we will use the semigroup T (t) acting oh the space
of quasi-observables for a construction of a solution to the evolution equation
(3.8) on the space of correlation functions.

We denote d\¢ := Cl'ld); and the dual space (£¢) = (Ll(l"o,d)\c))/ =
L>(Ty,d\¢). As was mentioned before the space (£¢)’ is isometrically isomor-
phic to the Banach space K¢ considered in (3.11)—(3.12). The isomorphism is
given by the isometry R¢

(Lc) 3 k+— Rek:=k-Cll e K¢. (4.8)

Recall, one may consider the duality between the Banach spaces £- and
K¢ given by (3.6) with

(G k) < Glic - [KlIxe-

Let (E’,Dom(f/)) be an operator in (£¢)" which is dual to the closed
operator (Z, D) We consider also its image on K¢ under the isometry Re.
Namely, let L* = RoL'Re-1 with the domain Dom( *) = RCDom(L’) Si-
milarly, one can consider the adjoint semigroup T'(¢ (t) in (£¢)" and its image
T*(t) in K¢.

The space £¢ is not reflexive, hence, T (t) is not Cy-semigroup in whole
Kc. The last semigroup will be weak*-continuous, weak*-differentiable at 0
and L* will be weak*-generator of f*(t) Therefore, one has an evolution in
the space of correlation functions. In fact, we have a solution to the evolution
equation (3.8), in a weak™-sense. This subsection is devoted to the study of
a classical solution to this equation. The restriction fQ(t) of the semigroup
T*(t) onto its invariant Banach subspace Dom(L*) (here and below all closures
are in the norm of the space K¢) is a strongly continuous semigroup. Moreover,
its generator L® will be a part of L* , namely,

Dom(L®) = {k € Dom(L*) | L*k € Dom(i*)} (4.9)

and L9k = L*k for any k € Dom(L®).

One can consider the restriction T79%(¢) of the semigroup 7° () onto Kac:
It will be strongly continuous semigroup with the generator Lo which is a re-
striction of L onto Kac. Namely, cf. 4.9,

Dom(L®%) = {k € Kac ’ L'k e m},
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and. Lok = LOk = L*k for any k € Kac. In the other words, LO% is a part
of L*.
And now we may proceed to the main statement of this Subsection.

Theorem 4.4 ([19, Theorem 3.16]). Let (4.5), (4.6) hold together with the
following assumptions

d(z,€) < AL+ |EhNvle, (4.10)

(G- a)
1< —| == . 4.11
<v< o \2 ay ( )

and let o be chosen in the following way
1
B a<l
0(5 - al)

Then for any ko € Koo there exists a unique classical solution to (3.8) in the
space Koo, and this solution is given by ky = TQO‘(t)k:o. Moreover, ko € Koo
implies ky € Koo fort > 0.

Example 4.1. (BDLP model) This example describes a generalization of the
model of plant ecology (see [14] and references therein). Let L be given by
(4.1) with

dzy\z)=m(x)+sx (z) Y a (x—y), axecy, yeT,
yeY\z
b(w,7) =" (2) Y at(z—y), zeR\y, veT,
yeY
where 0 < m € L®(R%), 0 < »* € L®(RY), 0 < a* € L}(R?, dz)NL>®(RY, dx),
fRd a*(z)dr = 1. Let us suppose, cf. [14], that there exists § > 0 such that

(44 6)Cx (z) <m(zx), =eRY (4.12)
(448t (z) <m(x), =e€RY (4.13)
4t (x)at (z) < Co (v)a” (z). = €RY, (4.14)
Then
A, €) + O (1) < dl,) + 100 < (14 o) dle ),
b(z,€) + Crxt(z) < %%_(:c) Za (x —y) + iﬂj_(? < %d(:c, ),

1 C
Hence, (4.5), (4.6) hold with a1 = 1+ 2= that fulfills (4.7). Next,

+6
under conditions (4.12), (4.14), we have
d(x, &) < [[ml| poo(ray + [|2¢7 | oo mayll@™ | oo ray €], € € To,
and hence (4.10) holds with v = 1, which makes (4.11) obvious.

Remark 4.5. Tt was shown in [14] that, for the case of constant m, »*, the
condition like (4.12) is essential. Namely, if m > 0 is arbitrary small the

operator L will not even be accretive in £¢.
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5 Vlasov-type scalings

For the reader convenience, we start from the idea of the Vlasov-type
scaling. The general scheme for the birth-and-death dynamics as well as for
the conservative ones may be found in [15]. The realizations of this approach
for the Glauber dynamics (Example 1 with s = 0) and for the BDLP dynamics
(Example 2) were considered in [16, 17], correspondingly. The idea of the
Vlasov-type scaling consists in the following.

We would like to construct some scaling L., € > 0, of the generator L,
such that the following scheme holds. Suppose that we have a semigroup Ue(t)
with the generator L. in some Lc., € > 0. Consider the dual semigroup (A]E* (t).
Let us choose an initial function of the corresponding Cauchy problem with
a singularity in e. Namely, s‘n‘k((f)(n) ~1o(n), e = 0, n € I'y for some function
rg, which is independent of €. The scaling L — L. should be chosen in such
a way that first of all the corresponding semigroup UE* (t) preserves the order
of the singularity:

(@ (k) () ~ re(n), € =0, neTy,

and, secondly, the dynamics r¢ — r; preserves the Lebesgue—Poisson exponents.
There exists explicit (in general, nonlinear) differential equation for p;:

< i) = vlp) (@) (5.1)

which will be called the Vlasov-type equation.
Now we explain an informal way to realize such a scheme. Let us consider
for any £ > 0 the following mapping (cf. (4.8)) defined for functions on I'y

(Rer)(n) := "l (n).

This mapping is “self-dual” with respect to the duality (3.6), moreover, R-1 =
R.-1. Having R.k() ~ 1o, £ — 0, we need 1y ~ R-U*(£)k) ~ RUZ(t)Ro-1r,
€ — 0. Therefore, we have to show that for any ¢ > 0 the operator family
R.U*(t)R.-1, € > 0 has limiting (in a proper sense) operator U(t) and

U(t)ex(po) = ex(pr)- (5:2)

But, heuristically, U*(t) = exp {tL*} and R.U*(t)R.—1 = exp {tR.L*R.-1}.
Let us consider the “renormalized” operator

LY en=R-L:R.. (5.3)
In fact, we need that there exists an operator f/’{, such that exp {tR.L*R.—1} —
exp {tL{,} =: U(t) satisfying (5.2). Therefore, an heuristic way to produce
scaling L — L. is to demand that

. d -
lim (Eex(pt,n) - Le,renex(pt,n)) =0, ne€Tlo

e—0

*
€, ren

provided p; satisfies (5.1). The point-wise limit of L will be natural can-

didate for L}



18 O. Kutovyi, P. Tkachov

Note that (5.3) implies informally that IAJEJen = Rsfll/\/&-Rg. We propose
below the scheme to give rigorous meaning to the idea introduced above. We
consider, for a proper scaling L., the “renormalized” operator IA/E,ren and prove
that it is a generator of a strongly continuous contraction semigroup Ug7ren(t)
in Lo. Next, we show that the formal limit Ly of -Z/e,ren is a generator of
a strongly continuous contraction semigroup Uv(t) in Lo. Finally, we prove
that U. en(t) — Uy(t) strongly in L. This implies weak*-convergence of
the dual semigroups UE* ren(t) to U (t). We explain also in which sense U (t)
satisfies the properties above.

Let us consider for any e € (0; 1] the following scaling of (4.1)

= st(z,'y\:zz) [F(vy\z)— F(v)]

rey

7 [ bl (PG V) = PO)] e,

and define the renormalized operator ﬁg,ren = R.1K'L.KR,. Using the
same arguments as in the proof of Proposition 4.1, we get

(LewenG) () = =D G M (K de(z,- U\ ) (n\ €)

£Cn ze€
+Z/ G(¢ Ua)e N (K b (2, - U ) (n\ €) da
£Cn
For ¢ € (0;1], D.(n) := ng(x,n\a:

xen

Suppose that there exists a; > 1, as > 0, such that for all £ € Ty, for a.a.
r € R%, and for any ¢ € (0;1]

Do K e (2 uEN @) (e MO AN () < D2 (€), (5.4)

1SS Lo
Z/ K5 b (.- UE\ @) () e O N () < azD (), (5.5)
rel

a1+%<; (5.6)

For all n,£ € Iy and a.a. x € R? the following limits exist and coincide:

lim e~ 1" (K e (2, U €)) () = lim e (Kqde () () =2 D (n); (5.7)

e—0

lim e~ 1" (K . = lime "(K = BY(n). (5.
tim =17 (K b (- U ) () = lim &1 (550, (2,)) () = BY (n). (5.8)
We would like to emphasize, that above limits should not depend on £. The
collection of examples for such d, b, can be found in [15].

Now we are able to state result about convergence in L¢.
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Theorem 5.1 ([18, Theorem 4.4]). Let conditions (5.4), (5.5), and (5.6) are
satisfied. Suppose that convergences (5.7), (5.8) take place for all n € Ty as
well as in the sense of Lo. Assume also that there exists o > 0 such that either

de(z,§) <oDY(B)  or  d.(z,€) >oDY(0)

is satisfied for all € € Ty and for a.a. = € R%. Then U.(t) = Uy (t) in Lc
uniformly on finite time intervals.

Example 5.1 (BDLP model, revisited). Let

do(z,y\z) =m+ex” Y a (z—y),
yeY\z

be(z,7) = ext Zcﬁ(m —9).

yey

Comparing with the previous notations we have changed % onto ex*. Clearly,
conditions (4.12), (4.14) implies the same inequalities for *. Note also that
de is decreasing in € — 0. Therefore, to apply all results of this section to
BDLP-model we should prove the convergence (5.7), (5.8) in L¢. Note, that

e MEKG e (2,- UE) () = de(2, )0 + Tray () D a™ (v —y)

=m0 + pay ()Y a™(x —y) =: DY (n)
Yyen

and, analogously,

e MKG b (,- U E) (n) = be(a, )01 + 1 pe) () Za"’(m —y)
yen

— lpay () Y at(z —y) = BY (n).

yen

The convergence in L¢ is obvious now. The kinetic (Vlasov) equation has the
following form

) =t (@ e p)(@) — @0 p) (@) —mprle). (59)

We study the obtained equation in the following section.

Remark 5.2. By duality (3.6), Theorem 5.1 yields weak*-convergence of the
semigroups U (t) to 0‘9 %(t) in Ko To prove such convergence in the strong
sense we need additional analysis of their generators. The problem concerns
the fact that we have explicit expression for the generator I:ga = f/*v only

on the core {k: € Kac ‘ [:{}k S lCac}. However, we are able to show such
convergence for the Glauber dynamics described in Example 1 for s = 0 using
modified technique (see [16]).
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6 Kinetic equation of a spatial ecology model

6.1 Introduction

In this section we study the mesoscopic equation of the BDLP model (5.9)
from different perspectives. Namely we will deal with the following nonlinear
nonlocal evolution equation, for z € R?,

%(xﬁ) = (aT xu)(z,t) — mu(z,t) — s u(x, t)(a” *u)(x,t), t>0,
(6.1)
which we will study in a class of bounded in x nonnegative functions.

The solution v = u(z,t) to (6.1) describes approximately a density (at the
moment of time ¢ and at the position z of the space R?) for a particle system
evolving in the continuum. In course of the evolution, particles might reproduce
themselves, die, and compete (say, for resources). Namely, a particle located
at a point y € R? may produce a ‘child’ at a point z € R? with the intensity
»T and according to the dispersion kernel a¥(x — y). Next, any particle may
die with the constant intensity m. And additionally, a particle located at x
may die according to the competition with the rest of particles; the intensity
of the death because of a competitive particle located at y is equal to »~ and
the distribution of the competition is described by a™ (z — y).

This model was originally proposed in mathematical ecology, see [9]. Ri-
gorous mathematical constructions were done in [14, 23]. In [14], the mathe-
matical approach was realized using the theory of Markov statistical dynamics
on the so-called configuration spaces expressed in terms of evolution of time-
dependent correlation functions of the system, see e.g. [20, 32, 34].

Here m > 0, »F > 0 are constants, and functions 0 < a* € L*(R%) are
probability densities:

/Rd a*(y)dy = /Rd a”(y)dy = 1.

Here and below, for a function u = u(y,t), which is (essentially) bounded in
y € R% and a function (a kernel) a € L'(R?), we denote

(axu)(z,t) = / a(x — y)u(y, t) dy.

Rd

We assume that ug is a bounded function on R%. For technical reasons, we
will consider two Banach spaces of bounded real-valued functions on R%: the
space Cyp(R?) of bounded uniformly continuous functions on R? with sup-norm
and the space L>®(R?) of essentially bounded (with respect to the Lebesgue
measure) functions on RY with esssup-norm. Let also Cy(R?) and Cp(R?)
denote the spaces of continuous functions on R? which are bounded and have
compact supports, correspondingly.

Let E be either Cy;(R?) or L>(R%). Consider the equation (6.1) in E;
in particular, v must be continuously differentiable in ¢, for ¢ > 0, in the sense
of the norm in E. Moreover, we consider u as an element from the space
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Cy(I — E) of continuous bounded functions on I (including 0) with values in
E and with the following norm

lullcy(1—E) = sup [lu(-,t)| &
tel

Such a solution is said to be a classical solution to (6.1); in particular, u will
continuously (in the sense of the norm in E) depend on the initial condition
ug-

We will also use the space Cp(I — E) with I = [11,T3], T3 > 0. For
simplicity of notations, we denote

XT11T2 = Cb([TlaTQ] — E), T, >1T, >0,

and the corresponding norm will be denoted by || - |7, 7,. We set also Xr :=
Xor, |- NIz =1l llo,z, and

Xy = Cy(Ry — E)

with the corresponding norm ||-||«. The upper index ‘+’ will denote the cone
of nonnegative functions in the corresponding space, namely,

Xu+::{u€?(ﬁ|u20},

where f is one of the subscripts above.
We will also omit the subscript for the norm || - |[|g in E, if it is clear
whether we are working with sup- or esssup-norm.

6.2 Basic properties
The following theorem yields existence and uniqueness of a solution

Theorem 6.1. Let ug € E and ug(x) > 0, x € R Then, for any T > 0,
there exists a unique nonnegative solution u to the equation (6.1) in E, such
that u € Xr.

Proof. The proof is based on the fixed point argument applied to the map
u = ®,v, where, for a fixed 0 < v € Xp, the function u solves the following
equation

%(z,t) = —mu(z,t) — s u(z,t)(a” *v)(x,t) + 2 (a¥ xv)(x,t), te(r,T),

u(z, 7) = u-(z).

One can show that, for 7 = 0, ®, will be a contraction mapping on a time
interval [0,7p]. Hence a fixed point u = ®u exists on [0,7Tp]. There exists
Ty > To such that, for 7 = Ty, ®, is a contraction mapping on [Ty, 71] and
the fixed point u may be extended to [0,T}]. Iterating this scheme, we obtain
a sequence {71 }nen, such that T,, — oo and u = ®u on each [0,7,]. Hence
u = ®u on [0,00). Tt is left to note that u is a fixed point of ® if and only if it
satisfies (6.1).

For the details see [21, Theorem 2.2]. O
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Below, |- | = | - |ga denotes the Euclidean norm in R?, B,(z) is a closed
ball in R? with the center at x € R? and the radius » > 0; and b, is a volume
of this ball.

The following theorem is an extension of Theorem 6.1 for E = C\;(R?),
in which case the global boundedness of the solutions holds in both space and
time under additional weak assumptions.

Theorem 6.2. Suppose that there exists rqg > 0 such that

a:= inf a (x) >0,

|z|<ro

and, for some £, A > 0, one have a™ (x) , for all x € R?. Then,

< A
= 14 |z|dte
the solution u > 0 to (6.1), with 0 < ug € Cup(R?), belongs to Cup(R? x Ry).

Proof. The idea of the proof goes back to [30, Theorem 1.3]. We consider

v(z,t) = (]lBr(O) xu)(x,t) = / u(y,t) dy.

B, (x)

It is possible to prove by contradiction that under conditions of the theorem
v is globally bounded, which implies that u is bounded on R% x R, . For the
details see [21, Theorem 2.8]. O

The main difficulty in studying non-local monostable evolution equations
is the lack of techniques for the class of equations. In particular, variational
methods may be hardly applied here because of the type of the non-linear
(reaction’) term, which is not a potential operator. Nevertheless, under re-
strictions on the kernels a™, a~, a version of the comparison principle may be
proven. This result will be needed in the rest of the article. Let T" > 0 be fixed.
Define the sets X} of functions from Xr, which are continuously differentiable
on (0,7 in the sense of the norm in E. Here and below we consider the left
derivative at t = T only. For any u from X} one can define the following
function

du + +

fu::a—% a” xu 4+ mu+ 2 ula” *u), te(0,7], z € R (6.2)

Theorem 6.3. Let there exist ¢ > 0, such that
wxTat(z) > ex a (x), a.a xeRL

Let T € (0,00) be fized and functions uy,us € X; be such that, for any (z,t) €
R (0,7,

(Fur)(z,t) < (Fug)(z,t), (6.3)
uy(z,t) >0, 0 < ws(x,t) <e up(x,0) < us(z,0).

Then uy(x,t) < ua(w,t), for all (z,t) € R x [0,T]. In particular, u; < c.
Proof. We consider

v(x,t) = X (ug(x,t) —ui(z,t)), xR tel0,T].
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By the fixed point method applied to the integral equation that is satisfied by
v we can show that v > 0, provided K > 0 is sufficiently large. Hence us > uy.
Also see [21, Theorem 3.1]. O

For E = C,;(R?) one can prove a refined version of Theorem 6.3 for non-
differentiable in time functions. For any T € (0, 00|, define the set Dy of all
functions u : R x Ry — R, such that, for all ¢t € [0,T), u(-,t) € Cyup(R?),
and, for all z € R%, the function f(z,t) is absolutely continuous in ¢ on [0, T).
Then, for any u € Dr, one can define the function (6.2), for all z € R? and a.a.
tel0,T).

Proposition 6.4 (|21, Proposition 3.3]). The statement of Theorem 6.3 re-
mains true, if we assume that ui,us € Dy and, for any x € R?, the inequality
(6.3) holds for a.a. t € (0,T) only.

We introduce a notation for the non-zero constant solution
.= — e R. (6.4)

It is easy to show using Duhamel’s principle, that if 2t < m, then the solutions
to (6.1) converges to 0 exponentially fast and uniformly in space, as time tends
to infinity. The case »T = m was partially considered by Terra and Wolanski
(see [48, 49]) and we omit it in the present article. Hence we make the following
assumption in the rest of the article,

x> m. (A1)

It yields in particular that the constant solution € is greater than zero. We
will study solutions with initial conditions, that are non-negative and bounded
by 6.

Definition 6.5. For 6 > 0, given by (6.4), consider the following sets
Up:={f € Cup(RY) |0 < f(z) <0, x € R,
Ly :={f € L®RY) | 0< f(z) <0, for a.a. x € R},
Eg:={fcE|0< f(z) <0, z € R

Hence Ejy is either Uy or Ly.

By virtue of Theorem 6.3, we assume,
wxtat(z) > (37 —m)a”(z), a.a. xcRL (A2)
Let us mention an important consequence of Theorem 6.3.

Proposition 6.6 ( [21, Proposition 3.4]). Suppose that (A1) and (A2) hold.
Let 0 < ug € Ey be an initial condition to (6.1) and u € Xr be the corresponding
solutions on any [0,T], T > 0. Then u € Xy, with ||u|e < 0.

Let vg € Ey be another initial condition to (6.1) such that ug(z) < vo(z),
x € RY; and v € Xy be the corresponding solution. Then

u(z,t) <wv(x,t), = eRYt>0.
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Let us show that if ug # 0, then the solutions to (6.1) are strictly positive;
this is quite common feature of linear parabolic equations, however, in general,
it may fail for nonlinear ones. It is required that

there exists p,d > 0 such that a*(z) > p, for a.a. € Bs(0). (A3)

Proposition 6.7 ( [21, Proposition 3.8]). Let (Al), (A2), (A3) hold. Let
ug € Uy, ug 20, ug # 0, be the initial condition to (6.1), and u € X be the
corresponding solution. Then

u(z,t) > inf u(y,s) >0, reRLt>0.
y€ER?
s>0
As a matter of fact, under (A4), a much stronger statement than unat-
tainability of 6 does hold. To show this we assume that

there exists p,d > 0, such that

Jo(x) = T a™(z) — (37 —m)a" () > p, for a.a. = € Bs(0). (A4)

Theorem 6.8 ( [21, Theorem 3.9]). Let (Al), (A2), (A4) hold. Let ui,ug €
X be two solutions to (6.1), such that ui(x,0) < ua(x,0), x € RY, are from
Up. Then either ui(z,t) = uz(z,t), © € R t > 0 or up(x,t) < ug(w,t),
zeR? t>0.

By choosing us = 6 in Theorem 6.8, we immediately get the following

Corollary 6.9 ( [21, Corollary 3.10]). Let (A1), (A2), (A4) hold. Let ug € Uy,
ug £ 0, be the initial condition to (6.1), and u € X, be the corresponding
solution. Then u(z,t) < 6, z € RY, t > 0.

6.3 Traveling waves

For simplicity, we consider one-dimensional space (d = 1) in the following.
For many-dimensional analogues of the statements, see [21, 22, 24-26].

Traveling waves were studied intensively for the original Fisher—KPP
equation, see e.g. [4, 13, 36]; for locally nonlinear equation with nonlocal dif-
fusion, see e.g. [10, 47, 51]; and for nonlocal nonlinear equation with local
diffusion, see e.g. [2, 6, 30, 43].

Through this section we will mainly work in L*>-setting. Recall that we
will always assume that (A1) and (A2) hold, and @ > 0 is given by (6.4).

Let us give a brief overview for the results of this Section. The existence
and properties of the traveling wave solutions will be considered under the so-
called Mollison condition (A5), cf. e.g. [41, 42]. Namely, in Theorem 6.12 we
will prove that, for any ¢ € S9!, there exists c.(¢) € R, such that, for any
¢ > c.(£), there exists a traveling wave with the speed ¢ in the direction &, and,
for any ¢ < ¢4(€), such a traveling wave does not exist. Moreover, we will find
an expression for ¢, (€), see (6.7). We will prove that the profile of a traveling
wave with a non-zero speed is smooth, whereas the zero-speed traveling wave
(provided it exists, i.e. if ¢,(§) < 0) has a continuous profile (Proposition 6.13,
Corollary 6.14). Next, we will demonstrate the uniqueness (up to shifts) of a
traveling wave wave profile with a given speed ¢ > ¢,(§) (Theorem 6.18).
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Definition 6.10. Let My (R) denote the set of all decreasing and right-continuous
functions f: R — [0,0].

Definition 6.11. Let XL := X,,NC"((0,00) — L=(R%)). A function u € XL
is said to be a traveling wave solution to the equation (6.1) with a speed ¢ € R
and in a direction ¢ € S9! if and only if (iff, in the sequel) there exists a
function 1 € My(R), such that for all ¢t > 0, a.a. x € R%,

u(@,t) =z -§—ct), P(-00) =0, P(+o0)=0. (6.5)

Here and below the function 1 is said to be the profile for the traveling wave,
whereas c is its speed.

For a given & € S471, consider the following assumption on a*:

There exists p = p(§) > 0 such that ag(u) := /a*(x)e“g'“" dr < co. (AD)
Rd

Theorem 6.12. Let (A1) and (A2) hold and £ € S?~! be fized. Suppose also
that (A5) holds. Then there exists c.(£) € R such that

1. for any ¢ > c.(§), there exists a traveling wave solution (in direction &),
in the sense of Definition 6.11, with a profile 1» € My(R) and the speed c,

2. for any ¢ < c.(§), such a traveling wave does not erist.

Proof. Since the semi-flow generated by (6.1) is commutative with the trans-
lation in RY, there is no loss of generality in considering the one-dimensional
space (d =1). Then one can show there exists p > 0 such that

©(s) :=0min{e "1}, seR,

is a super-solution to (6.1). Now one can apply [51, Theorem 5]. Also see [21,
Theorem 4.9]. O

Next statements describe the properties of a traveling wave solution.

Proposition 6.13 ([21, Proposition 4.11]). Let 1) € My(R) and ¢ € R be such
that there exists a solution u € XL to the equation (6.1) such that (6.5) holds,
for some € € S¥1. Theny € CY(R — [0,6)), forc# 0, and+p € C(R — [0,6]),
otherwise.

Corollary 6.14 ([21, Corollary 4.12, Proposition 4.13]). In conditions and
notations of Proposition 6.13, v is a strictly decaying function, for any speed
¢, and for any speed c # 0, the profile ¢ € Cg°(R).

We assume that the first moment of a® in direction & € S ! exists,
namely,

/ |z - & at (x) dao < oo. (A6)
R4
The following assumption is a weaker form of (A3).

There exist r = (&) >0, p=p(§) >0, § = §(§) > 0, such that

a®(x) > p, for a.a. x € Bs(r€). (A7)
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We set,

-+

/ ai(71771+...+7d_177d_1+s§) dry...drg—1, d>2,
a*(s) = Rd—1

a*(sg), d=1.

There exists a critical situation: when the abscissa of the traveling wave
coincides with the abscissa of the kernel a*. In this case, properties of the
traveling waves may be different from the ‘generic’ case. To distinguish this
cases and simplify the further statements, we introduce the following two classes
of functions.

Definition 6.15. Let m > 0, »* > 0, 0 < a~ € L'(R?) be fixed, and
(A1) holds. For an arbitrary £ € S?71, we denote by V¢ the the class of all
kernels 0 < a™ € L*(R?) such that (A2), (A5)-(A7) and one of the following
assumptions does hold:

1. Xo :=sup{A € R:as(\) < oo} = o0;
2. A < 00 and ag(Ag) = oo;

3. Ao < 00, ag(Ag) < 0o and te(Ag) € [—00,m), where t¢()) is given by

te(N) == %+/(1 —\s)at(s)er ds € [—oo, »T), A €0, )N).
R
Correspondingly, we denote by W the class of all kernels such that Ay < oo,
ag(Xo) < 00, and te(Ao) € [m, »T) instead of (1) — (3).
For at € Ve UW, denote the interval Iz C (0, 00) by
(0,00), if Ao = o0,
If = (0,)\0), if A\g < 00 and (£d+)()\0) = 00
(0,X0], if Ao < oo and (L£a™)(Xo) < oco.

Consider the following complex-valued function

Ge(z) = - M Rez>0, (6.6)

Proposition 6.16. Let & € S be fired and a™t € Ve UWe. Then there exists
a unique N, = A\ (§) € I¢ such that

. _ . _ —+
ir;f(’) Ge(N\) = )I\l’él]l; Ge(N) = Ge(Ay) > s mg.

Moreover, G is strictly decreasing on (0, \.] and G¢ is strictly increasing on
Ie \ (0, \i] (the latter interval may be empty).

The following theorem provides expressions of for the minimal speed of
traveling waves.
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Theorem 6.17. Let & € S be fived and a* € Ve UWs. Let c.(€) be the
minimal traveling wave speed according to Theorem 6.12, and let, for any ¢ >
¢« (&), the function ¥ = 1. € My(R) be a traveling wave profile corresponding
to the speed c. Let A, € I¢ be the same as in Proposition 6.16.

1. The following relations hold

¢+(§) = min xtag(N) —m  xTac(\) —m

+
in N = . > mg. (6.7)

2. For a™ € Vg, there exists another representation for the minimal speed,
cu(€) = »" / x-Eat(x)eMt do = %+/ sat(s)eM® ds > »Tmg.
R R

Proof. First, we apply the Laplace transform to (6.1) with the traveling wave
solution w(z,t) = ¥(x - £ — ct). Then, analysis of the minimal speed ¢, (§) will
be reduced to the analysis of the function G¢ defined by (6.6). In particular,
(6.7) follows from Proposition 6.16. For the details see [21, Theorem 4.23]. O

Now we will formulate the uniqueness (up to shifts) of a profile ¢ for a
traveling wave with the given speed ¢ > ¢, (£), ¢ # 0.

Theorem 6.18. Let £ € S9! be fized and at € Ve UWe. Suppose, additio-
nally, that (A4) holds. Let c.(§) be the minimal traveling wave speed according
to Theorem 6.12. For the case at € We with m = t¢(\o), we will assume,
additionally, that [, s*a™(s)e**® ds < oo. Then, for any ¢ > c., such that
¢ # 0, there exists a unique, up to a shift, traveling wave profile ¥ for (6.1).

Proof. We will follow the sliding technique from [10]. Let 1,12 € CY(R) N M
are traveling wave profiles with a speed ¢ > ¢y, ¢ # 0. On can prove that, for
any 7 > 0, there exists ' = T'(7) > 0, such that

Yi(s —7) > pa(s), s>T.
Then there exists v > 0, such that,
P1(s —v) > ha(s), seR.
Similarly, there exists o > 0, such that,
Pa(s — ) > 11(s), seR.
We can shift ¢; and 19 such that v = 7 = 0. As a result ¢; = 9. See [21,

Theorem 4.33] for the detailed proof. O

6.4 Propagation with a constant speed

We will study here the behavior of u(tz,t), where u solves (6.1), for big
t > 0. The results of Section 6.3 together with the comparison principle imply
that if an initial condition ug(z) to (6.1) has a minorant/majorant which has
a form ¥(x - &), € € 8971 where 1 € My(R) is a traveling wave profile in
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the direction £ with a speed ¢ > ¢, (), then for the corresponding solution u
to (6.1), the function u(tx,t) will have the minorant/majorant ¥ (t(z - £ — ¢)),
correspondingly. In particular, if the initial condition is “below” of any trave-
ling wave in a given direction, then one can estimate the corresponding value
of u(tz,t) (Theorem 6.19). Considering such a behavior in different directions,
one can obtain a (bounded) set, out of which the solution exponentially decays
to 0 (Theorem 6.20). Inside of this set the solution will uniformly converge to
0 (Theorem 6.21).

Here and below, for any measurable A C R, we define tA := {tz | z €
A} CR.

By g(BY) = {f & I¥ R 2= sup 1)} < oo}

We are going to explain now how a solution u(x,t) to (6.1) behaves outside of
the sets

Tie={ze R |z €< te (€)}, €€ S,
Theorem 6.19. Let £ € S and a™ € Ve UWg; i.e. all conditions of De-
finition 6.15 hold. Let A\, = \.(§) € I¢ be the same as in Proposition 6.16.
Suppose that ug € Ey, ¢(RY) N Ey and let u € X be the corresponding

solution to (6.1). Let O C R be an open set, such that T1¢ C O¢ and
§:=dist (Y1,¢,RY\ O¢) > 0. Then the following estimate holds

sup u(z,t) < [luo|lx, ce M, t>0.
I%tOg

Proof. is based on the proof of Theorem 6.1. We consider the map ®(v) in the
weighted L>-space E) ¢(R?). We can show there exists A, such that

0 < u(w,t) < [lugla. e exp{pst — Az - £}, aa. z € RY,

where p, = " [o, at(x)er"C dw —m.
Also see [21, Theorem 5.4]. O

We are going to consider now the global long-time behavior along both
directions £ € S9! simultaneously. Define,

Tr = ﬂ TT7§ = ﬂ TTL& = TTl, T > 0.
gesd-t gegd-t

We are ready now to state a result about the long-time behavior at infinity
in space.

at € L®(RY). (A8)
There exists pg > 0, such that / at(z)etl dz < . (A9)
Rd

Clearly, (A9) implies
/ |z|a™ (x) dz < co. (6.8)
Rd
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Theorem 6.20. Let the conditions (Al), (A2), (A3), (A8), (A9) hold. Let
ug € Ey be such that

luoll| := max luo|

o, A (8),6 < 09,

and let u € X be the corresponding solution to (6.1). Then, for any open set
O D Yy, there exists v = v(0) > 0, such that

sup u(a,1) < |[[uollle™, ¢ > 0.
O

Tt

Proof. The proof follows from Theorem 6.19. See [21, Theorem 5.9] for details.
O

Our second main result about the long-time behavior states that the so-
lution u € X, uniformly converges to 6 inside the set tT; = ;.
For a closed set A C R?, we denote by int(A) the interior of A.

Theorem 6.21. Let the conditions (A1), (A2), (A4), (A8), (A9) hold. Let
ug € Uy, ug Z0, and u € Xy be the corresponding solution to (6.1). Then, for
any compact set C' C int(Yq),

tlgglo min u(z,t) = 6. (6.9)
Proof. The result of the theorem is a special case of the general result for

dynamical systems on the space of bounded continuous functions by H. Wein-
berger [50]. See [21, Theorem 5.10] for the detailed proof. O

All result above about traveling waves and long-time behavior of the so-
lutions were obtained under exponential integrability assumptions, cf. (A5) or
(A9). In [27], it was proved, in the case of the local competition (e.g. a= = dp),
on R with local nonlinear term, that the case with a* which does not satisfy
such conditions leads to ‘accelerating’ solutions, i.e. in this case the equality
like (6.9) holds for arbitrary big compact C' C R. The detailed analysis of the
propagation for the slow decaying a™ is done in the following section.

We will formulate an analog of the first statement in [27, Theorem 1].

Theorem 6.22 ( [21, Theorem 5.21]). Let the conditions (Al), (A2), (A4),
(A8), and (6.8) hold. Suppose also (cf. (A9)), that for any X > 0 and for any
I ag(A) = oo. Let ug € Ey be such that there exist zo € R, n > 0,
r > 0, with ug > n, for a.a. © € B.(xg). Let u € Xy be the corresponding
solution to (6.1). Then, for any compact set K C RY,

lim inf u(z,t) =06.
t—oo zetll

6.5 Accelerating propagation

The main result of this subsection is Theorem 6.25, where we demonstrate
the accelerated propagation of solutions to (6.1) in the case when either of the
dispersion kernel or the initial condition has regularly heavy tails at oo, per-
haps different. We show that, in such case, the propagation is fully determined
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by either the kernel or the initial condition. Our approach in this subsection is
based, in particular, on the extension of the theory of sub-exponential distri-
butions, which we introduced early in [25].

To formulate our main result, we start with the following definition.

Definition 6.23. A function b : R — R is said to be

— (right-side) long-tailed, if there exists p = pp > 0, such that b(s) > 0 for all
s > p; and, for any 7 > 0,

fim 25Ty
5—00 b(s)

— (right-side) tail-decreasing, if there exists p = pp > 0, such that b = b(s) is
strictly decreasing on [p, 00) to 0. In particular, b(s) > 0, s > p;

— (right-side) tail-log-convez, if there exists p = p, > 0, such that b(s) > 0,
s > p, and the function logb is convex (and hence continuous) on (p, 00).

Definition 6.24. Let Syeq.q be the set of all bounded functions b : R — R
such that

1. b is tail-decreasing and tail-log-convex with the same p = p, > 1, such
that b(p) <1 (without loss of generality); and

p oo
/ b(s)ds + / b(s)s? 1 ds < oo
—oo o

2. there exist 6 = &, € (0,1) and an increasing function h = hy : (0,00) —
(0,00), with h(s) < g and lim h(s) = oo, such that
5— 00

 b(s£h(s)
Jim o(s) L
SILI{}O b(h(s))sH‘S =0.

3. if d > 1, then we assume additionally that

— either, for some u, M > 0,

b(s) = seRy,

(14 s)d+r’
— or, forall v > 1,

lim b(s)s” = 0.

L de el

Any function which is asymptotically proportional at oo to either of

(log s)ysf(d+6), sV exp(fD(log S)Q), P exp(fsa)’ s eXP(*@)a

belongs to the class g}eg,d, provided that D,6 >0, ¢,v> 1, a € (0,1), v € R.
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We will choose an appropriate function ¢ : R? — (0, 00) and set
A(t,c):={z e R? | c(z) > G_Bt}7

where 8 := s —m > 0. Two model examples for us will be

/ by dy, = eRY,
A(x)

where A(z) :={y e R%:y; > z;, 1 <j <d}.
We are aimed to show that, for a small enough & > 0,

c(x) =b(|z]) and c(x)

lim essinf w(z,t) =0, (6.10a)
t—=00 pe AT (t,c)
lim esssup wu(z,t) = 0. (6.10b)
70 wg AT (1)

We formulate now our main result.
Theorem 6.25. Let b,q: Ry — Ry be bounded functions such that, for some
M7 u’ r, 5 > 07

b(s) +q(s) < for a.a. s >,

M
(1+ s)d+n
and q(s) > 6 for a.a. s € [0,p]. Let (Al)—(A4), (6.8) hold. Suppose that
at(z) = b(|z]), * € RY. Let either of the following conditions holds

SseuRp Zgg < 00, (6.11)
Sseli{p 2?3 < 00. (6.12)

1. Let ¢ : R —[0,6] and
uo(r) = q(|z|), =R
Then

(a) if b e greg@ and (6.11) holds, then (6.10) holds with ¢ = a™;
(b) ifq € greg’d and (6.12) holds, then (6.10) holds with ¢ = ug.

2. Let/ q(s)s?1ds € (0,6] and
0

w(@) = [ allyhdy. =R
Az)
Then
(a) if b e :S'vregyd and (6.11) holds, then (6.10) holds with

c(x) == / at(y)dy, zeRY
A(z)

(b) if g€ grcg’d and (6.12) holds, then (6.10) holds with ¢ = ug.
Proof. See [22, Theorem 1.5]. O

Note that in [22] the case when (6.8) does not hold was also covered.
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