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Abstract: We study the dynamics of classical solutions of a two-stage structured population model
with nonlocal dispersal in a spatially heterogeneous environment and address the question of
the persistence of the species. In particular, we show that the species’ persistence is completely
determined by the sign of the principal spectrum point, A, of the linearized system at the trivial
solution: the species goes extinct if A, < 0, while it persists uniformly in space if A, > 0. Sufficient
conditions are provided to guarantee the existence, uniqueness, and stability of a positive steady
state when the parameters are spatially heterogeneous. Furthermore, when the model parameters are
spatially homogeneous, we show that the unique positive equilibrium is globally stable with respect
to positive perturbations.
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1. Introduction

In this work, we study the dynamics of solutions of the nonlocal system of partial
differential equations (PDE)

oty = 1y fQ w(x,y)(ur(t,y) — uy(t,x))dy + rug — suy — (a+buy +teup)u; x€Q, t>0, (1)

Optiy = pp [ k(x,y) (ua(t,y) — up(t, x))dy + suy — (e + fup + TqU1 Uz xeQ, t>0,

where u(t, x) = (u1(t, x), ux(t, x)) represents the density function of a single species struc-
tured into two stages (juveniles and adults) and living in a bounded habitat O C R™:
uj (t, x) denotes the density function of the juveniles and u;(t, x) that of the adults who
have reached reproductive maturity age. The adults have local reproductive rate r(x) and
the juveniles attain reproductive maturity at the rate s(x). The juveniles have local death
rate a(x) and self-limitation rate b(x) due to their size in space. The adults have a local
death rate e(x) and local self-limitation rate f(x) induced by their size. Due to the inter-
action between the adults and the juveniles, there may exist an interspecific competition
for local resources. Then, we denote by 7c(x) and 7g(x) the interspecific local competi-
tion rates of the adults and juveniles, respectively. Here, T is a non-negative number and
measures the strength of the interspecific competition. See Figure 1 below for a schematic
illustration of the model. Throughout this work, we shall suppose that the kernel function
« is uniformly continuous, positive, and symmetric, i.e., x(x,y) = x(y,x) > 0 for every
x,y € Q. Furthermore, we suppose that the parameters of system (1) satisfy the following
standing hypothesis.

Hypothesis 1. The functions a,b,c,e, f, g, 1, and s are Holder continuous on Q and non-negative,
r and s are non-identically zero, and b and f are strictly positive.
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Figure 1. Illustrative diagram of the dynamics of a population structured in two stages, where u; is
the density of the juveniles and u; is the density of the adults.

System (1) is the nonlocal dispersal counterpart of the following population system
with random (local) dispersal and Neumann boundary conditions

oruy = p1Auq + rug — sug — (a+buy + Teup)uy x € Q, >0,
dtuy = ppAuy + suy — (e + fup + TQUY Uy xeQ, t>0, ()
Vui-v=Viu,-v=00ndQ0), t >0,

where v is the outward unit normal to dQ). The parameters of system (2) have the same
meaning as those of system (1). The models (1) and (2) describe the population dynamics of
a dispersing species structured into two-stage subpopulations. The authors in [1,2] studied
the model (2) as a problem in optimal control. Most studies on population models typically
investigate different species competing for shared resources under the assumption that
each species has similar characteristics among its kind. However, it is natural for species
to involve individuals at different maturity stages who exhibit varying characteristics
which significantly influence their survival or extinction. Consequently, several authors
have studied the population dynamics of stage-structured species with a random dispersal
mechanism (see for example [1-7] and the references therein). Typically, their analysis
on the dynamics of the system depends on the sign of the principal eigenvalue of the
linearization of the system at the zero solution. In particular, it was shown in [3] that when
b = tcand f = Tg are positive constants, system (2) has a positive steady state if and only
if the principal eigenvalue of its linearization at the zero solution is positive.

For unstructured population models for which species dispersal is modeled by pure
diffusion, it is known that slow diffusion is advantageous for species’ survival (see [8-11]
and the references therein). Recently, in [4], the authors examined the influence of diffusion
rates on the persistence and extinction of the stage-structured model with random disper-
sal (2). Their theoretical results indicated that the persistence and extinction of the species
depend on the spatial distribution of favorable habitats for the different subpopulations.
Essentially, if the regions where adults can reproduce are the same as those where juve-
niles can mature, typically slow diffusion guarantees persistence, but if those regions are
separated, then faster diffusion may be advantageous for the species’ survival.

It is typical to assume that a species’ dispersal is governed by random walking between
adjacent spatial locations. Such an assumption give rise to local dispersal models such as (2).
However, some organisms can move between non-adjacent spatial locations, exhibiting
long-range dispersal. Nonlocal dispersal equations of the form (1) have been employed to
model the population dynamics of such species (see [12-17]). For the nonlocal dispersal
operator [ «(x,y)(ui(t,y) — u;(t,x))dy in (1), x(x,y) is a probability density function
that gives the probability of jumping from location y to x. Thus, since u;(t,x) gives the
population density at time ¢ and location x, [ x(x,y)u;(t,y)dy gives the rate at which
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individuals from other places arrive at location x and — [, x(x, y)u;(t, x)dy gives the rate
at which they leave location x.
Typical examples of such kernel function include the probability density function of
the normal distribution
1 vyl

k(x,y) =x(x—y) = We 7 x,yeR™M

In [16], the authors established the relationship between such random dispersal equations
such as (2) with Neumann boundary conditions and the nonlocal dispersal Equation (1).
Hence, Equation (1) can be said to have a Neumann-type boundary condition. The tech-
niques developed in the current work hold for general kernel functions having singularities
at x = y. Depending on the strength of the singularity in the later types of kernels at x = y,
they can be used to approximate solutions of fractional Laplacian operators (see [16,18-21]
and the references therein ).

Our goal in this study is to examine to what extent the results obtained for model (2)
extend to (1); hence, we study the dynamics of the model (1). Our analysis is based on
the spectral bound of the linearization of the model (1) at the zero solution. Our results
show that the principal spectrum point (see Definition 2 below) completely determines
the persistence or extinction of the species modeled by (1) in the sense that the species die
out if the principal spectrum point is nonpositive, but persist uniformly in time when it is
positive (see Theorem 1). When persistence occurs, it is appropriate to examine the existence
of a strictly positive steady state for the model and its stability with respect to positive
perturbations. Understandably, such a steady state depends on the interaction magnitude
7. In the case of a spatially homogeneous environment, our studies show that for any T > 0,
the system (1) has a unique positive steady state which attracts every positive solution
(see Theorem 2). It is pertinent to mention that due to the lack of compactness induced
by the nonlocal operators, the analysis of nonlocal dispersal systems pose extra challenge
than their local dispersal counterparts. Nevertheless, for the spatially heterogeneous
environment, we obtained sufficient conditions for the existence, uniqueness and local
stability of a positive stationary solution of (1) when T > 0 (see Theorems 3 and 4). Given
that the persistence of the species modeled by (1) depends on the sign of the principal
spectrum point, we established some criteria on the model parameters for the positivity or
otherwise of the principal spectrum point. Thus, Theorem 5 provides sufficient conditions
on the parameters for the persistence or extinction of the species.

The rest of the paper is organized as follows. Section 2 contains notations, definitions,
and the main results. In Section 3, we provide a brief discussion of our theoretical results on
model (1), compare them to some related results on model (2), and highlight some future
directions. The proof of our main results are presented in Appendices A-C.

2. Notations, Definitions and Main Results
2.1. Notations and Definitions

Before stating our main results on the classical solutions of (1), we first introduce a few

notations and definitions. Let X := C(()) denote the Banach space of uniformly continuous
and bounded functions on Q) endowed with the sup-norm; ||u|| = sup|u(x)| for every

xeQ)
u € X. Since the density functions are non-negative, we will be interested in the following
subsets of X:
XtT={ueX|ukx)>0, xeQ},
and

Xt ={u e X" inf u(x) > 0}.
xeQ)

We shall use bold-face letters to represent vectors. In particular, we use u = (uy, 1) to
denote vectors in R?. For convenience, we also use u = (u1,us) for elements of X x X.
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Hence, any vector in R? can be understood as a constant vector valued function on Q; this
would not cause any confusion in the paper. We endow X x X with the norm

[l := max{[lu1[|eo, [[u2]l} Vu= (u1,u2) € X xX.
Hence, X x X is also a Banach space. Given a function / € X, we set

Imin ;== minl(x) and Ipax = maxI(x).
xeQ xeQ)

We consider the following ordering in X x X :
u<vifo,—u; € X",i=12 and u<jvifo,—u; € X, i=1,2. 3)
We adopt the following definition for classical solutions of (1).

Definition 1. Let T > 0, ug = (11,0, 20) € X x Xt and T € (0, 00]. We say that a function
u(-,+;T,u9) € C([0,T) x Q) is a classical solution of (1) with initial data ug if it is continuously
differentiable with respect to t on [0, T), satisfies (1) in the classical sense, u(t, -;T,up) € X x X
for every t € [0, T) and

lim |lu(t,-;7,ug) —ug|| = 0.

t—=0"

When T = oo, we say that the classical solution u(-,-; T, wg) is globally defined in time.

Thanks to the type of nonlinearity in (1), the following result on the existence and
uniqueness of classical solutions of system (1) follows from standard arguments from
the literature on semigroup theory and positivity of semigroup generated by nonlocal
operators [22,23].

Proposition 1. Let T > 0. Given any initial data ug € X x X, there is a unique corresponding
global and bounded classical solution u(t,-; T, ug). Moreover, if g is not identically null, then
u(t,;t,ug) € Xt x Xt forall t > 0.

It is clear that the null function 0 = (0, 0), called the trivial solution, is an equilibrium
solution of (1). To study the stability of the trivial solution, the sign of the "principal
spectrum point" of the linearization of model (1) at 0 will be essential. For convenience, we
first recall the following definition.

Definition 2 (Principal spectrum point). Let E be a Banach space and B : dom(B) — E be a
linear map where dom(B) is a linear subspace of E. Let o (B) denote the spectrum of B. The principal
spectrum point (PSP) of B, denoted by A,(B), is defined as

Ap(B) = {SuP{Re(A) tA€a(B)} ifo(B) #9,
T e ifo(B) = ©.

For our purpose in the current work, the Banach space in Definition 2 will be either
E = X or E = X x X, while the linear operator B will always be a bounded linear map on
E. Hence, in the current work, o(B) will always be nonempty and bounded, so that the
PSP Ay, (B) is a real number.

Given h € X, consider the bounded linear operators K, Z, hZ : X — X

Ku(x) = /QK(x,y)(u(y) —u(x))dy Vue X, x€Q, 4)

Tu(x) =u(x) VueX, xe€Q, (5)



Mathematics 2023, 11, 925

5of 27

and
(hZ)u(x) = h(x)u(x) VueX, xeQ. (6)

Next, given a bounded linear operator B on X and a real vector z = (z1,23) € R?, we
denote by z o B the bounded linear operator on X x X given by

zoBu=<ZgZ;) VueXxX. @)
For convenience, set
Ax) = ( _(11(9;)(;5(3()) IEE:)C) > Vx € Q, (8)

and define the bounded linear operator A : X x X — X x X,

() = Alwpu) = ( TOED =GO LG ) ek e o

Note that by the Perron-Frobenius theorem, for every x € ), the cooperative matrix A(x)
has a maximal eigenvalue, which we shall denote by A(x).

2.2. Main-Results

We state our main results in the current subsection. Our first result is on the global
stability of the trivial solution 0.

Theorem 1. Let T > 0 and Ay (p o K + A) be the PSP of the bounded linear map p o IC + A. Let
u(-,-;T,ug) be a classical solution of (1) with a positive initial data ug € X+ x X* \ {0}.
(i) IfAp(po K+ .A) <O, then for every ¢ € (0,1), there is t; > 0, independent of initial data
and T such that
[u(t, 7, up)|| < S KT ug |, V>t (10)

(i) IfAp(po K+ .A) =0, then

lim sup [Ju(t,-; T, ug)|| = 0. (11)

t—ro0 >0
(i) IfAp(po K+ A) >0, then there is 1. > 0, independent of initial data, such that

limsup |lu(t, -; T, up)|| > #+. (12)

t—o0

Furthermore ifr € X+ and s € X, then there is y* > 0 which depends on the initial data
ug and T, such that

u(t,x;T,u9) >n*, t>1,xe€Q,i=1,2. (13)

It follows from Theorem 1 that the sign of A, (o K 4 A) determines completely the
persistence of the species. Indeed, if A,( o K + A) < 0, then by Theorem 1 (i)—(ii), every
classical solution eventually goes extinct in the long run uniformly in space. However,
if Ap(p o K+ A) > 0, then the species persists uniformly in the sense of (13). It is important
to note that A, (y o £ + A) is independent of the non-negative parameter T > 0. Hence,
the persistence or extinction of the species is independent of the magnitude of 7.

A natural quest is to understand the long-time behavior of classical solutions of (1)
when A, (p o K4 A) > 0. In particular, we are interested in whether (1) has a stable steady-
state solution which attracts all positive solutions whenever A, (y o K + A) > 0. In this
direction, when all the parameters are independent of x, our next result shows that (1) has a
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unique positive equilibrium point which attracts every classical solution. More specifically,
the following result holds.

Theorem 2. Suppose that Ay (po KC+ A) > 0and a,b,c,e, f, v, and s are spatially homogeneous.
Then for every T > 0, (1) has a unique constant positive steady-state solution u®. Moreover, given
any positive initial data ug, u(t, -; T, ug) converges to u® as t tends to infinity in the sense that

lim |lu(¢,;T,up) —u|| = 0. (14)
t—co

Thanks to Theorems 1 and 2, the global dynamics of classical solutions of system (1) are
well understood when the parameters in the model are spatially homogeneous. However,
when these parameters depend on x and A, (o K 4- A) > 0, the existence and uniqueness
of a positive steady state remain unclear. This is due to the lack of compactness induced by
the nonlocal operators used to describe the dispersal modes of the species and the fact that
the flow of classical solutions induced by (1) is not monotone when © > 0.

When the parameters depend on x and T = 0, system (1) is cooperative, and some
standard methods, based on the theory of monotone dynamical systems from the literature,
can be employed to study the global dynamics of the classical solutions (see [24]). Our next
result provides some sufficient conditions, which guarantees the existence, uniqueness,
and local stability of a positive steady state of system (1) when T > 0. In the next two
results, we suppose that the parameter functions depend on the variable x.

Theorem 3. (i) Let u > 0 such that Ap(p o KL+ A) > 0. Then there is T € (0, 00] such
that for every T € [0, T*), (1) has a unique positive steady state solution u® € X+ x X,
Moreover, for every T € [0, T*), u” is linearly stable.

(i) If Amin > 0, then for every T > 0, there is u* > 0 such that for every diffusion rate
w = (p1,m2) satisfying 0 < p; < u®, (1) has a unique positive steady state solution
uhT e Xt x Xt Furthermore, u?* is linearly stable.

For each p for which A, (y o K 4- A) > 0, Theorem 3 (i) shows that system (1) has a
unique and linearly stable positive steady state for every T € [0, T*). Note from Theorem 2
that T = co when the parameters are spatially homogeneous. In general, when the
parameters depend on the spatial variable, it is unclear whether 7" = co. Our next result is
concerned with the global stability of the positive steady state given by Theorem 3.

Theorem 4. Suppose that A, (o K+ A) > 0. The following conclusions hold.

(i) IfT =0, then the unique strictly positive steady state u® of (1) is globally stable with respect
to positive perturbations in the sense of (14).

(i) If rmin > 0and smin > O, then there is T** € (0, T*], where T* is given by Theorem 3 (i) such
that for every T € [0, T**) the unique positive steady state u of (1) is globally stable with
respect to positive perturbations in the sense of (14).

Next, we examine some sufficient conditions on the spatial heterogeneity of model (1)
to determine the sign of A, (u o KC + A) for any diffusion rate y = (i1, i2). First, note that
Ap(p o K + A) is independent of the diffusion rate y when all the parameters are spatially
homogeneous. In this case, A, (¢ o K 4 A) equals the maximal eigenvalue of the cooperative
matrix A. In general, when the parameters depend on the space variable x, A,(y o K + A)
may not be an eigenvalue (see [25,260] for examples). Moreover, in such a case, there is
no explicit variational characterization formula for A, (y o K + A). From the application
viewpoint, it is of particular importance to find sufficient conditions to determine the sign
of Ay (o KK 4 A). Inspired by the results in [4], we have the following result.

Theorem 5. Suppose that (a + $)min > 0 and emin > 0.
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(i) If either (2

e)max(ﬁ)max
diffusion rate yu = (uy1, ya).

(i) Ifeither (£) . (s55) > 107 Jo Vs > 3 [ola+s+e), then Ay(uo K+ A) > 0 for
any diffusion rate p = (1, p2).

< lor (i((rﬂfs))z)max <1, then Ay(poK + A) < 0 for any

Theorem 5 provides sufficient hypotheses on the parameters which guarantee that the
sign of A, (p o K + A) is independent of the diffusion rate y of the species. Note that, when
the parameters are spatially homogeneous, A := A(x) is independent of y and A > 0 if
sr> (a+s)e, A=0ifrs = (a+s)e,and A < 0if rs < (a+ s). Hence, the first assumption
in Theorem 5 (i) and (ii) are consistent with that of the ODE model. Next, observe that
5 (resp. ;1) is the ratio of the growth rate to the self-limitation rate of the adults (resp.
juveniles). Hence, on one hand, Theorem 5 (i) indicates that if the product of the maximum
of these ratios is smaller than one, then species cannot survive and will go extinct in the long
run irrespective of the diffusion rate. On the other hand, if the product of the minimum of
these ratios is greater than one, Theorem 5 (ii) indicates that the species will always persist
uniformly in space for any diffusion rate.

3. Conclusions and Future Directions

In this study , we examined the dynamics of classical solutions of a population adopt-
ing a long-range dispersal migration and structured in two stages, juveniles and adults.
In particular, we addressed the question of the persistence of the species. In this direction,
Theorem 1 indicates that the sign of the principal spectrum point A, of the linearization of
system (1) at the trivial solution completely determines the species’ persistence or extinc-
tion. More precisely, if A, < 0, the species eventually goes extinct uniformly in space while
it persists uniformly in space if A, > 0. This result agrees with the dynamics of classical
solutions of model (2) where a random local dispersal is used to describe the evolution
of the species. Indeed, Cantrell, Cosner, and Martinez (Lemma 2 in [4]) showed that if
the principal eigenvalue, A, of the linearization of system (2) at the trivial solution is
positive, then the species persists uniformly in space while it goes extinct otherwise. Note
that the analyses of system (2) rely largely on the compactness of its solution operator;
however, the semiflow generated by classical solutions of (1) is not compact. Consequently,
Ap might not be an eigenvalue. This lack of compactness of the semiflow generated by
classical solutions of system (1) induces some difficulties, and several techniques developed
for system (2) cannot be applied to system (1).

When A, > 0 and the environment is homogeneous, Theorem 2 shows that the species
eventually stabilize in the long run at the unique stationary equilibrium solution. Our
proof of this result relies on constructing a delicate Lyapunov function (see Lemma A3).
This Lyapunov function is concave and can also be used to obtain the global stability of
classical solutions of system (2) and the corresponding kinetic model. It is important to
note that Bouguima and Mehlia (Theorem 2.1 in [27]) used the Poincaré-Bendixon theory
to conclude the uniqueness and global stability of the unique stationary equilibrium for the
kinetic model. However, this method is only suitable for the ODE model.

When the environment is heterogeneous, and A, > 0 under suitable smallest as-
sumption on the interspecific competitions terms between the juveniles and the adults,
Theorems 3 and 4 guaranteed the existence and stability of a positive steady state solution
of system (1). It would be of great interest to know whether (1) always has a unique and
globally stable positive steady state solution whenever A, > 0. This question also remains
open for system (2). In this direction, for system (2) and when A , > 0, it is important to
note that Brown and Zhang (Theorem 3.2 in [3]) established the existence of at least one
positive steady state, Bouguima and Mehlia (Propositision 6.1 in [27]) obtained a sufficient
condition of the initial data which guarantee the global stability of the unique positive
steady state solution, and Cantrell, Cosner, and Martinez (Lemma 3 in [4]) conclude the
global stability of the positive steady solution if 7 is sufficiently small.
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There are several important prospects to consider in future studies on the dynamics
of solutions of (1).

(i) Effect of dispersal rates on A,. The necessary and sufficient condition for persistence
is the positivity of A,. Unlike the case of unstructured single species and local reaction
diffusion equation, there is no explicit formula for A,. This makes the study of A,
with respect to the diffusion rates difficult. However, in several instances, juveniles
do not move or move very slowly whereas adults have a high movement rate. This
is the case for some species of birds. Hence, it is of great biological interest to study
the asymptotic behavior of A, when one of the diffusion rates is small while the other
is large.

(ii) Global stability of positive steady states. Understanding the long-time behavior of
classical solutions of model (1) is essential since it helps to provide some accurate
prediction on the future of the species. In the current work, we completely settled this
question in the case of a homogeneous environment or the smallest assumption on 7.
Further efforts are needed for the case of arbitrary T > 0.

(iii) Asymptotic profile of positive steady states with respect to diffusion rates. When
species persist and eventually stabilize, from an ecological viewpoint, it is important
to know the spatial distribution of the species. This would be determined by the
influence of the diffusion rates on the steady states. In this direction, we hope that
future works would explore the dependence of positive steady-state solutions of
system (1) on the diffusion rates.

(iv) Effect of temporal heterogeneity on the dynamics of (1). An important fact not
considered in our study is the effect of temporal heterogeneity on the dynamics of
solutions of model (1). It would be of important biological interest to study the
dynamics of solutions of (1) in time-periodic environments.
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Appendix A. Proof of Theorem 1

For convenience, we first present some preliminary results to be used in the proofs of
our main results in the subsequent sections. Linearizing (1) at the trivial solution gives

ol = mK(Uh) +rlp — (a+s)U; x€Q, (A1)
ol = “l/lle(uZ) + sl — el x e Q.
Note that (A1) can be rewritten as
%]:yolC(U)—l—AU £>0. (A2)

Let {U¥(t) }4>0 denote the uniformly continuous semigroup generated by the bounded
linear operator y o K + A on X x X. Hence, for every Uy € X x X, U(t,Up) := UF(t)Uj
is the unique solution of (A2), equivalently (A1), with initial data Uy. Since A(x) is
cooperative for each x € Q, the uniformly continuous semigroup {U¥(t) };>¢ is strongly
positive, in the sense that
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UF()(XT x XT)Cc XT x X" and UF(£)((XT x XT)\{0}) c XTt xXTt Vt>o. (A3)

Define the nonlinear continuous function F : [0,00) X X x X — X x X,

F(t,u) = —bun —Teu, ou YueXxX, >0 (A4)
—fuy — Uy

Hence, the nonlocal PDE (1) can be rewritten in the compact form
oru(t,-) = (o K+ A)u(t,-) + F(t,u(t,-)) Vt>0. (A5)

Therefore, by the variation of constants formula, for a given initial data uy, if u(t, -; T, ug)
exists on a time interval [0, T) for some T > 0, then it can be rewritten as

u(t,-) = U"(H)ug + /Ot U¥(t—n)F(t,u(y,;7,u))dy YVtel0,T). (A6)

The following result shows that the principal spectrum point A, (y o K 4 A) equals the
exponential growth bound of the uniformly continuous semigroup {U*(t)};>o. This
result turns out to be of particular importance in the arguments used to prove some our
main results.

Proposition Al. Ay(poK+ A) € o(po K+ A) and

Ap(po K+ A) = lim M (A7)

Proof. Since {U¥(t)};>¢ is a uniformly continuous semigroup, (A7) follows from
(Chapter IV, Proposition 2.2 and Corollary 2.4 in [28]). Furthermore, since A, (o KC + A)
is a finite number and the uniformly continuous semigroup {U¥(t) };>1 is positive, then
Ap(po K+ A) € o(po K+ A) by (Chapter 6, Theorem 2.10 in [28]). O

Let {eX} ;> denote the uniformly continuous semigroup of bounded linear operators

generated by the bounded linear operator K on X. This means that given any 1y € X,

u(t, x;ug) := (eFug)(x) is the unique solution of

{atu = Ku(t,x) xe€Q, (A8)

u(0,-) = up(x) xeQ.

By the comparison principle for linear nonlocal operators, {¢/*};> is strongly monotone,
in the sense that

et®u < e®v  forallt > 0 whenever u <, #v, u,v € X. (A9)

Finally, we introduce the function

K(x) = /QK(x,y)dy VxeQ.

Note that K € X 7.
Now, observe that when T = 0 in (1), it reduces to the following cooperative system

{atul:yllCul—i—ruz—sul—(a—b—bul)ul xeQ, t>0, (A10)

Ottty = upKup + sug — (e + fup)up xeQ, t>0.
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Choose a positive constant vector M = (M7, My) such that

b(x) M7
flo)M3
Then, up(x) = M is a supper solution of (A10), which implies that the unique classical

solution u(t, -;0, M) of system (A10), equivalently of (1) with T = 0, with initial data M
decreases over time. Let

A(M) + F(0,M)(x) = A(x)M — ( ) <10 VxeQ. (Al1)

u*(x;0,M) = lim u(t,x;0,M) Vxel. (A12)
— 00

The following result holds.
Lemma A1l. Let u*(x;0, M) be defined by (A12). Then u*(-;0,M) € X x X and is a steady
state solution of (A10). Moreover, if Ay(po K+ A) < 0, then u*(-;0,M) = 0. However,
ifAp(po K+ A) >0, then u*(-;0,M) € X+ x Xt and is the unique positive steady state
solution of (A10).
Proof. Step 1. We first show that u* := u*(-;0,M) is a steady state solution of (A10).
To do this, we observe that u(t, x) := u(t,x;0,M) is a solution to (A10) with initial M;

therefore,

drup (t,x) = 1 Kug + rup(t,x) — (a+ s+ buq (t, x))uq (¢, x)
orup(t,x) = pupKuy +suq(t,x) — (e + fua(t, x))uaz(t, x).

Observe that, for each x € ),
1
u(t+1,x) —uy(t, x) :/0 oruq (t+ 17, x)dy
1
2/0 (u1 Kuq(t, x) + rug(t, x) — suq(t,x) — (a + buy(t, x)uq (t, x))dy

Taking the limit of both sides, using the dominated convergence theorem yields

1
0= /0 (K (x) + ru (x) — (a+s + bl (x))ui (x))dy  ¥xeQ,
which implies that

0= /QK(x,y)(ui‘(y) —up(x))dy +ruz(x) — (a+s+bui(x))ui(x) VxeQ

Similar arguments can be applied to the second equation of (A10) to show that

0= /QK(x/y)(ui(y) — up(x))dy +s(x)uy(x) — (e(x) + f(x)uz(x))uz(x) VxeQ.

Hence, u* is a steady state solution of (A12).
Step 2. We show that this limit function is continuous, i.e., u* € X x X™*. First note that

u* satisfies

{o = r(3)3(3) ~ (a(x) +5(2) + K(x) + U N () + ki (1) x€Q,
0 = s(x)uf (x) — (e(x) + 2K (x) + Fx)u5 (6))s3 (3) + K3 () xe0

where
K (%) :/ (o, y)ul()dy YxeQ, i=12.
Q
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Now, we distinguish two cases.

Case 1. In this case, we suppose that there is some xg € Q and i € {1,2} such that
u; (xg) = 0. Without loss of generality, we suppose that i = 1. Then, from the first equation
of (A13), we obtain that

r(xo)uy(x9) =0 and 1K (x0) =0, (A14)

since ruy > 0 and y1 K > 0 on Q. It then follows from the formula for K, the positivity
of the kernel «, and the fact that u7 > 0 on O and measurable, that uj equals zero almost
everywhere on Q) and K; = 0. Consequently, we obtain from the first equation of (A13)
that ru35 = 0 almost everywhere on (). Thus, by multiplying the second equation of (A13)
by r and using the fact that u] = 0 almost everywhere on (), we obtain that

r(x)K5(x) =0 almost everywhere on ),

from which we deduce that K3 (x1) = 0 for some x; € Q) because r > 0 on a set of positive
measure. Whence, as above, we also obtain that uz = 0 almost everywhere on () and
K5 = 0. Let

Nii={xeQ :ul(x) >0}

Since Kf = 0 foreveryi=1,2and K > 0 on ), we then obtain from (A13) and the fact that
u; = 0 almost everywhere on (), that
N=M=Mc{xeQ : :s(x)>0}n{xeQ : r(x) >0} and [N|=0.

Now, we claim that ' = @. To this end, we assume that N # @. Let 4,b,¢, f, 7, and § be
Holder continuous functions which extend the functions a, b, ¢, e, f a nd s on some
open neighborhood, O, of O, respectively. Consider the function F : () x R?> — R? by

F(x,u) = (Fi(x,u), B(x,u))

where

1= F(x)uz — (@(x) +5(x) + 1K (x) + b(x)ur)us + K (x)

and
By = 3(x)ug — (8(x) + p2K(x) + f(x)uz(x)) 2 + p2K5 (x).

Clearly, F is Holder continuous in x € Q) locally uniformly for u and of class C* in u € R2.
Calculating the Jacobian of F at u yields

Fowo | (#(x) +8(x) + K (x) +2b(x)u ) ")
u 5(x) - (é(x) + nK(x) + Zf(x)uz)

Evaluating the determinant of at (x*,u*(x*)) for x* € N, we obtain

det(gi:(x Ju(x)))
= (a(x") +5(x") + pK(x") +2b (") (x7) ) (e(x7) + oK (") + 2f ()3 (x") ) = r(x)s(x").

In this case, we observe that (A13) yields

(@(x") +5(x%) + 1 K(x") +b(x")uq (x7)) = r(x7)
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and

(e(x®) + pK(x™) + f(x)uz (x7)) = s(x7)

Therefore, the above determinant becomes

det(%(x*,u(x*))) _
(r(x)ng; +b(x*Jui (x")) (s(x)ZlEfC; + (O Nu3(x)) = r(x)s(x) > 0.

Hence, by the implicit function theorem (Theorem 1.1 in [29]), there exist open neighbor-
hoods O C Q of x* and U C R? of u(x*), and a continuous function i : O — U such that
for every x € O, the algebraic equation F(x, u) = 0 has a solution if and only if u = @(x).
Therefore, u*(x) = ii(x) for all x € QO N O. Moreover, by the continuity of ii at x* and the
fact that min{u} (x*), u3(x)} > 0, there is an open neighborhood O CC O of x* such that
n* :=min__5{i1(x),i2(x)} > 0. In particular,

min{u (x),u}(x)} >n* VxeONnQ,
which implies that O N Q) € V. Hence, 0 < |O N Q| < |V, which gives a contradiction.
Therefore, N' = @. Therefore, we obtain here that u* =0 € X+ x X+.
Case 2. Suppose here that u} (x) > 0 for every x € ). We show that u* € X x X*.

Consider again the function F defined above. This time, for every x € (), we have

det(g—i(x, u*(x)))
uz(x) | Ki(x) ui(x) K3 (

(0 g F g OO ) (s e

=
~—

=
S~—
+
-
—
=
~—
=
N *
—
=
~—
N—
[
<
—
=
N—
»
—~
=
~—

>0.

Hence, it follows from the implicit function theorem (Theorem 1.1 in [29]) that the continu-
ous function i exists on () as in the previous case and that u* = @ on (). Therefore, u* is
continuous on Q).

From cases 1 and 2 above, we have that u* € Xt x X*.

Step 3. Suppose that A,(y o K, A) < 0; we show that u* = 0. From the above, we
have that either u* = 0 or 0 <; u*. Suppose, for contradiction, that 0 <; u*. We
observe that since u* is a steady state solution of (A10) and (H) holds, taking Ay :=
min, 5{b(x)uj(x), f(x)u;(x)} > 0, then

Au® <q (o K+ A)u*.
This implies that
ehou* < UF(Hu* Vit >0.
Hence, since e*ou* € X+ x X*+ for every ¢ > 0, then
0 <eoflu|| < U (Hu*| < [U*()]l[lu*]] ¥¢> 0.
Thus, using (A7), we obtain

M
<<t PUTOD



Mathematics 2023, 11, 925

13 of 27

This contradicts the fact that A, (y o K + .A) < 0. Therefore, we must have u* = 0.

Step 4. Suppose that A, (0 K + .A) > 0. We show that u* € X** x X*F. Since u* €
X* x X, by Dini’s theorem, the limit in (A12) holds uniformly in x € Q. This implies that
for every € > 0, there is t, > 0 such that

lu(t,;0,M)|| < |[u*||+¢& Vt>t.
Hence, taking A1 := max{||b||c, || f|| }, and observing that
(o K+ A)u(t+te,50,M) <1 A (|Ju”|| +€)u+oru(t +t,;0,M) V>0,

we obtain,
U (H)u(te, 5 0,M) <q MU+t gt 41, ;0,M) V>0,

Now, choose I1 >> 1 such that lju;(t, -;0,M) > 1 for each i = 1, 2. It then follows from the
above inequality that

UM (1) (lhu(te, 50,M)) <q MU 1498 (a4 £0,-, M) V> 0.
From which we deduce that
[UF () (Lru(te, 0, M))[| <y MU 1t + t, 0, M)|| V> 0. (A15)
Since Iju} (te,-;0,M) > 1 for every i = 1,2, we deduce that
[UH(B)] < [IU* () (hu(te, 50,M))|| Vt>0. (Al6)
(A15) and (A16) yield

In(l1) + In(flu(t + t,;0,M)|}) _ In(JU*()])

Ml +e) + t > 25

Vi>0. (Al7)

Therefore, since (A7) holds and ||u(t,-;0,M)|| < |[M|| for all t > 0, letting t — oo in (A17)
gives
M([u*]|+&) > Ap(po K+ A).

We then conclude that |[[u*|| > 0 since ¢ is arbitrary chosen and A; > 0. It then follows
from case 2 of step 1 that u* € X* x X*+. Moreover, since T = 0, it is easily seen that (1)
is strongly cooperative and subhomogeneous, therefore, u* is the unique strictly positive
steady-state of (1). O

Remark Al. When T = 0 and Ay(po K+ A) > 0, Lemma Al shows that (1) has a unique
strictly positive steady state u®. This shows that the function u*(-;0,M) in (A12) is independent
of the positive constant vector M. In what follows, we shall let u®(-) = u*(-;0, M).

Lemma A2. Suppose that Ap(p o K + A) > 0and let T > 0 be fixed. Suppose also that 1min > 0

and smin > 0. Let u be the unique positive steady state solution of (A10) given by Lemma Al.

There is e > 0 such that for every 0 < & < g, eu? <4 u(t,-;T,up) forall t > 0 whenever
0

eu” <q up.

Proof. Let &€ := min { (b(u(ll)2> , (f(u8)2>min/ rmin,smm} and

0 0
2uy 2uy

£ 1= min{1 ‘ ‘ }
T 2" 1+ tf|eulllo0” 1+ 7] gudloo !

Let0 < ¢ < er and up € X+ x Xt satisfy eu® <; ug. Consider the mapping M,
defined by
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Mi(¢1) = m /Q k(x, )1t y) — 1(t, x)]dy + (r — Tedr)ua(t, - T, ug) — (a + s + b1 )1
and
Ma(¢2) = pa /Q k(x, y)[p2(t, y) — 2(t, x)]dy + (s — TgP2)ur (t, 5T, u0) — (e + fp2) 2

for every ¢1,¢» € C([0,00) x O : RT). Since u(t,-;7,up) solves (1), then u(t, x;7,up)
satisfies
du=M(u) xeQ, t>0. (A18)

Next, fix £ € (0,¢) and let

Tmax, :=sup{T >0 : tu’ <qu(t, 5 T,u) VO <t < T}
Since ¢ < e and eu’ <1 ug, then Thaxz € (0, 00]. Now, we claim that Tipax ¢ = 0. If not, then
there is some xp € Q and i € {1,2} such that

£ul(x0) = 11;(Tmax,e, X0 T, o). (A19)
Without loss of generality, we may suppose that i = 1, since the case of i = 2 can be proved
similarly. From (A18), u1(t, x; T, ug) is the unique classical solution of

{E)tu = Mq(u) xeO, t>0, (A20)

u(0,) = u1(0, 7, up).

0

Now, since u® is a positive steady state solution of (A10), then

g(u?)z — &) + (r — &) (ug — &ud) + (2 — ercud)uy + (1 —8)eb(u)?

2

for all t € [0, Tmax,¢], where v := (% — é)bminu(l),min > 0. As a result, choosing 0 < 7 < 1
such that

A R 5 r N
(e 1) (bl 1o+ e L= sup (e, 7, u0) ) + 7 < v,
1,min t>0

the function #1(t, x) = e”*2u’(x) satisfies

My (1) =m /Q w(x,y)[d1(t,y) — d1(¢, x)|dy + (r — Tchy)ua(t, 5T, u0) — (a+ s+ bily) (i)
+b2ud (1 — ™)y + (1 — e™)ruy(t, -5 T, up)
1—e"™)iay + (1 —e™)ruy(t, 5T, up)

. R £
ot 1) _ (1 B efvt) ”rHOOHu( ’ /T/UO)H )ﬁl

>vi + béu(l)

)
(

21,0

> (v = [lell ot -
1,min

" . _o |7 u(t,;7,u N
(= @ = 1) (ot + oo =l 0l g
1,min

>0 = dsily
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for all t € [0, Timaxz]. Therefore, by the comparison principle for single-species nonlocal
equations we obtain that 11 (£, x) < uq(t,x;7,ug) for all t € [0, Tiyax¢|. In particular,

eud(xg) < e "Tmaxé sy (Trax e, %0; T, 80) < U1 (Tmaxe, X0; T, Ug),

which contradicts (A19). Therefore, Tinax s = 0. This implies that tu’ < u(t, T, ug) for
any t > 0and 0 < & < e. Letting £ — ¢, yields the desired result. [

Now, we present the proof of Theorem 1.

Proof of Theorem 1. (i) Let u(-,-; T, ug) be a classical solution of (1) with a non-negative
initial data ug. We first suppose that A,(p o K + A) < 0. Observe that u(t, x;T,up) is a
subsolution of the linear cooperative system (A1), that is

oy < i Jo (%, y) (ui(t,y) —ui(t,x))dy +rup — (s +a)u; x € Q, t >0,
Opty <ty [ x(x,y) (ua(t,y) — up(t, x))dy + suy — euy xeO, t>0,

Hence u(t,-;7,up) < U(t,ug) forall t > 0. If ug = 0, then u(t,-; 7,up) =0 for every t > 0,
and the result follows. Now, suppose that ug € X x X* \ {0}. Hence u(t, -; T, ug) > 0 for
all t > 0. Since u(t,-;T,ug) < U(t, ug) for all t > 0, then

In(Jlutt, ;7 uw)|) o In([UE - wo)l)  In(UB]) | In(luol)

t . A21
t - t t t vi=0 (A21)

Now, let ¢ € (0,1). By (A7), there is tz > 1, independent of ug and 7, such that

M
M < gAp(yo]C+A) Vit > tgz
which together with (A21) yields
u(t, 5T, u)|| < [|ugllefr A v i > a
g

Hence, (10) holds.

(ii) Choose M such that ug <1 M. Since u(t, -; T, up) is a subsolution of (A10), it follows
that

supu(t,-; T, up) < u(t,-;0,M)

™0

Hence, from Lemma A1, we have thatif A(y o £ 4+ A) = 0, then

li ; < i . =0.
tggoililgllu(t, ;Touo)|| < limflu(t, - 0,M)| =0

(iii) Set L := limsup,_, , ||u(t,-; T, up)||. For all € > 0 there exists t. such that
lu(t,sT,uol| <L+e ¥V t>t.
Taking Ay = max{||b[/cc, || flleo }, A2 = max{]|¢||co, [|§]|ec }, and Ar = A1 + TA; we have
(o K+ A)u(t+te,57,u9) <1 A(L+e)u+opu(t+te,;T,u9) Vi>0.

Whence,
U (H)u(te, 5 T,u0) <q M a(t+t, 5 1,u0) V> 0.

Following a similar argument as in Step 4 of Lemma A1 we obtain that

Ap(po K+ A) < Ar(L +e).
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Since & > 0 is arbitrary, we conclude that

limsup||u(t,; T, uo|| > 7*
t—oc0

A K
where 7* = 77’(”3\ +A)

depends only on 7 but is independent of the initial ug. This
proves (12). Finally, since u(1,-;7,up) € X1 x X*1, there is 0 < ¢ < &; (where &
is given by Lemma A2) such that eul < u(1,-;T,up). It then follows from Lemma A2 that

eu’ <y u(t,;T,up) for every t > 1, which yields (13). O

Remark A2. Suppose that Ap(po K+ A) > 0and let T > 0. Let u be the unique positive
steady state solution of (A10) and er > 0 be given by Lemma A2. Then, for every 0 < & < e,
the closed interval [eu®, u®] is an invariant set for the flow generated by the solution of (1).

Appendix B. Proof of Theorem 2

We shall suppose that all the parameters a, b, ¢, ¢, f,r, and s are constant. In this case, we
have that A, (p o K + A) is independent of the diffusion rate y and A, (0 K + A) = Amax-
Throughout this section, we suppose that Amax > 0. By Remark A2, the kinetic model
of (1),ie., y1 = 2 = 0, is weakly uniformly persistent. Therefore, since solutions of (1) are
eventually bounded, we can apply the persistence theory of dynamical systems [30,31] to
conclude that for every T > 0, there is a positive equilibrium solution u® of
0 =ruj — (a+s+buj + tcuj)uf (A22)

0 =suj — (e+ fuj + Tgui)uj.
Note that u® is a positive spatially homogeneous equilibrium solution of (1). As we

shall see from Lemma A3 below, u? is the unique positive solution of system (A22). For
convenience, let

r s rs — (a+s)e— (a+s)fuy — beuj
h1,2 = 7{ — TcC, h2,1 = ?5 — T4, and A] = u_ll_u_zl_ .
Observe from (A22) that
a+s+buf e+ ful
hLz = $ >0 and h2,1 = +{ 2 > 0.
Uy G}

Observe also from (A22) that

rs =(a+s+ buj + tcuy) (e + ful +Tgui)
=(a+s)e+ (a+s)fuy + t(a+s)guj + beui + (fuj + tguyj)bu
+ t(e+ fuj + Tgui)cu;.

Hence,
o TlaS)gul + (Fuf + Tgu)bul + (e + fuf +Tgu)ent
= w3 |
Next, let
M M _ hip
A1 :=min {?,f}, Ap o = min {T,b}, and h:= E (A23)

It follows from the above computations that A;; > 0, Ay» > 0 and & > 0. Finally, we
introduce the function

Ln)=n—-1—In(y) Yy >0. (A24)
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Note that £(57) > 0 for all 7 > 0 with equality if and only if 7 = 1. Note also that the
function £ is strictly convex. The function £ will be used to construct a Lyapunov function
in the proof of Theorem 4.

Lemma A3. Let T > 0 be fixed, and u® be a positive solution of (A22). Let Ay, App and h
be defined by (A23). Let u(t,-;T,ug) be a classical solution of (1) with a positive initial data
uy € X x XTF. Define

~(ui(t,x;T,ug) .
ci(t):/nu}ﬁ(lT)dx VE>0,i=12,

where L is defined by (A24) and set
L(t) = Ly(t)+hLr(t) ViE>0.

Then, forall t > 0,

dﬁ(f) 2, piufh’ / / ) ui(t, x))? N R 2
dydx — / u; —ul)’. A25
; )Mi(t,]/) vl 1:21 T Q( i 1) ( )
Proof. Note also that 111 5, h 1 and h are constants. For convenience, we set
1’142 . Suq
o and hyp = f+ WTuz

By computations, thanks to (A22) and the fact that « is symmetric, we obtain
d£1 uj
/ oruq(t, x) (1 Tl x))dx
= /Q ru—l —(a+s+buy + Tcuz)) (ug — ui)dx

b [ kG (ey) 0] (1 - o) dyax

:/ r& —(a+s+ buf + tcuy) — (b(ug —ui) + tc(up — ug))) (ug —ufj)dx

_P‘lul/ / x, y )(t x)(t'x)]dydx

_ / @ ~ 2 — (b — uf) + Te(a — 1) ) (11 — u])x
*P‘l”l/ / e tiiu,fci(t'x”dyd"

[ (- 7 Z? _ f) — (b — )+ 7e(u — uf)) ) (1 — uf)dx
—Vlul// () ul ui(t x)(t’x)]dydx

= o ((

_F‘lul// (x,y) ul (ty) —m(t, x)]dydx

up (t, x)
= [, (i = w3) a1 = ) = o1 (1 = )2

— ylul/ / X, Y) ul (t, y)(t Z;(t'x)]dydx. (A26)

—) 4 e ) = (0 — )+ 7e(un — 1)) (s — e
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Similarly,

TE) [ (o )2 — ) — oz — )2

_P‘zuz// (x,v) uzty)( w2t )] 4

£, x)

It follows from (A26) and (A27) that

dL(t
L) _ _ /Q <h1,1(”1 —ul)? = (hp + hhop) (g — uf) (up — ud) + hhap(up — u§)2>

dt
— ZVl Thl 1/ / X, y (t x)( 'x)}dydx.

Next, since « is symmetric, for every w € X,

[ ) D g L[ [ 008000 o) )

1 (w(y) —w(x))?
_E/Q/Qx(x,y) 0 () dydx.

Then, by (A28) and (A29),
%ﬁt) =— / (i = )2 = (o + ) (11— u})(uz —uf) + o (1w — u)?)
z Thl 1

Now, note that

s sbuy  frup
T4T T T
Tuy  ujupy  uiug

) — (h1o + hhop)?.

A :=4hhy 1hpp — (h1,2 + hhzll)z =4h (bf + ”

Observe from (A23) that

(A27)

(A28)

(A29)

(A30)

(A31)

highpuiuy = (a+s+bui)(e+ ful) = (a+s)e+ (a+s)ful + beuj +bfujus,

from which we obtain

(at+s)e (a+s)f be

T4,T T T
Ujiy Uq L]

bf = h1phy1 —

Combining (A32) and (A31) and the fact that /11 » = hhy; yield

rs sbuq fruz (a+s)e (a+s)f be

A :4h(
T4, T T T4T T
uiuy  ujup u1u1 ujug uj uj

4h . . sbu;  frup
= —_ J— —_ 4
Wt (rs (a+s)e—(a+s)fu; beu1> + h(ufuz + MIM1>
=4h(A + D))

) (h1p — hhy1)?

(A32)

(A33)

where A, := sbug f 2 Ttis clear that Aj is a positive constant and that A, > 0 for every

uz Us

t > 0. Therefore, by (}%30) we have
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dﬁ(t) T (h1,2 + hh2,1> T 2 h T\2
—ar / (hl,l ((Ml —uj) — T(uz - ”2)) + W(Al + Ao) (up — u3) )dx
uth’lk/ /‘ ) ui(t, %))
dxd (A34)
Z Al
Using the inequality
M min{l, ™} Vg >0, my>0,5>0,
my + 8 my
we obtain , f
A+ T4 2
Bith l”g’”1>mm{ Y =0211>0 (A35)
hl,l b+ T ;
1%
and ) ;
A + s u1 + iy
A4y 71 ity AT
> min{—,b} = Ay > 0. (A36)
s Fr b=tz
By (A34) and (A35),
L(t) (h1,2 + hhop) 2
e <o (hL1<(u1——uf)——AAAEEI;———(uz——u§)> + 1 (2 — uf)? ) dx
#zTh’lk/ /‘ ) ui(t,x))?
dxdy. (A37)
Z Auitty)
By rewriting (A28) as
(1 +hhy 1) 2 1 2
Ty , . _ T = —ut
=~ [ (a2 (a2 ) = PR =) (B4 Ao) o — )2
Q
2 Thl 1 ) ( ))
x(x, dxdy,
LM e M

where we have used the fact

4k sl — (o + K3 )

(A1 +Ay)
4hhs s

7

ha
it follows from (A36) that

dL(t) o (mp+hhyy) )2 2
T <- /Q (hz,z((uz —up) — T(ul - “1)) + Do (ug —uy) )dx

_Zm%”// )uﬁﬂﬁ

dxdy. (A38)
uity) Y
Finally, we deduce from (A37) and (A38) that
2 Thl 1 ) u-(t x))z 2 hzfiA”
< i - 1,1/ T2
= Z / / t x) (t y) dydx 1221 2 Q(ul ul) 7

which shows that (A25) holds. O

Observe from Lemma A3, mainly inequality (A25), that u® is the unique positive
steady state solution of (1). In particular, system (A22) has a unique positive solution. As a
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i
dof

dt

1
doy

dt

4
K

1

2

first application of Lemma A3, we have the convergence of u(t,-; T,up) tou” ast — coin
the LP (Q))-space for any finite p > 1.

Lemma A4. Let T > 0 be fixed, and u® be a positive solution of (A22). Let Ay, Ayp and h
be defined by (A23). Let u(t,-;T,ug) be a classical solution of (1) with a positive initial data
ug € Xt x X+, Then,

hmZHu tt,uo) —ufllppoy =0 Vp>1

t—)oo

Proof. Since u(t,;7,up) < u(t,-;0,up) for every T > 0 and u(t,-;0,up) is eventually
bounded, to complete the proof of the lemma, it is enough to show the result for p = 2.
It is easy to see from (1) and the uniform boundedness of u(t, -; T, ug) that the function
ts Y2 |Jug(t, 5T, ug) — uiT||%2(Q) is Lipschitz continuous on [0, ). On the other hand,
by Lemma A3, there is a positive constant m, > 0 such that

t 2
/O Y i, 7, u0) — |22 gyt < m (£(0) = £(8)) ¥ > 0.
i=1

However, since £(#) > 0 for all 7 > 0, then £(t) > 0 for all t > 0, which in view of the
above inequality yield

oo} 2
| 3 s, 57 0) = sy < . £0).
1=

Hence, 21221 l|ui(t, T, u9) — uf||%2(0) — 0 as t — oo since the mapping [0,00) > t

Y2 lui(t, 5T, up) — uf||%2(0) is Lipschitz. O
Next, we show that u(t, -; T, up) is uniformly bounded away from zero.

Lemma A5. Let T > 0 be fixed. Let u(t, -; T, ug) be a classical solution of (1) with a positive initial
dataug € X x X+, Then there is n* > 0 such that

lim inf min min u;(t, x; T,ug) > 5*.

t—=oo  yec)i=1.2
Proof. It follows from Theorem 1(iii). [
Thanks to Lemmas A4 and A5, we can now complete the proof of Theorem 2.

Proof of Theorem 2. We proceed by contradiction. Suppose that there exist {(ty, X1) }n>1
with ¢,, — oo such that

lim inf max |u;(ty, xn; T, up) — uf | > 0. (A39)
n—0o =172

Consider the sequence v"(t) = u(t, +t, x,; T, ug). Observe that for t > —t,, v"* solves

K(xn, y) (w1 (t 4 tn, y) — ul)dy — p1 (0] — u])K(xy) + rvf — (a + s+ bo + tcvl)olf

K (xn, y) (ua(t 4 tu, y) — uz)dy — pup (05 — uz)K(xn) + svf — (e + fo§ + tgol)vs.

Since Q) is compact, without loss of - generality (if possible after passing to a subse-
quence), we may suppose there is xe € (2 such that x, — x, as # — co. By Lemma A4
and Holder’s inequality, we have
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| Ko ) t + ta,) = f | <l e e+ ) = ] ey

1
<lxelleo |2 (i (t + tn, ) — uf || 12(r)

—0as n — oo,

uniformly for t € [T, ) for every T € R. Furthermore, since sup,- [lu(t, -; T, up)| < oo,

then
" doy (t)
Mj :=sup sup [[v'(t)|| < oo and sup sup max\ |
n>1 t> by n>1 t>—t, i=12  dt

Therefore, it follows from Arzela—Ascoli’s theorem that there is a non-negative function
v® € C(R : R?) such that, up to a subsequence, v"' — v*® as n — o9, locally uniformly on
R. Moreover, v® satisfies

{d;)? = —p1 (v — u])K(xeo) + 105 — (a + 5 + bo° + 1cvP)vP® tER, (A40)
d g (o'} (oe] (o] (o]
2 = — (05 — Y )K (xe0) + 50T — (e + f05° + TgUT) 03 teR.

Furthermore, using Lemma A5 and uniform boundedness of u(t, -; T, up), there is M, > 0
such that

TL SO <M. ViER i=12 (A41)

Moreover, it follows from (A39) that
[[v°(0) —u"|| > 0. (A42)
Next, define the Lyapunov function
A 503 (F) <05 (F)
L(t) = £<1MT) +h£(2u—{> VteR,

where 1 is the positive number in (A23) and £ is given by (A24). Using computations
similar to those leading to (A25), we obtain

ﬁ 2 hl 1 K - 2 A ‘hZ—i -

Z )u =) (g )2 - Y~ — O —u)?, (A43)
i=1 i i=1

where A; 1 and A ; are the constants in (A23). Taking 6* = min{ %, %, hAzl 4, Aéz 1%

it follows from (A41) and (A43) that

dfii L <o (o D+ (05 —u52) ViR (A44)
Hence,
/ W )2do < f(ﬁ( t) — £(1) < %ﬁ( ) Vit
ty /=
Notice from (A43) and (A41) that sup, . ﬁ(t) < oo, we then conclude from the last inequal-
ity that
o0 2
/ Y (02 (0) — uF)2do < oo
—®i=1
Hence,

2

lim ) (oP(t) — uf)? =0.

t—+o0 =
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This, in turn, yields

}:ltrg L(t) =0.

Consequently, we deduce from (A44) that £(t) = 0, which yield that v®°(¢) = uT for all
t € R. This clearly contradicts (A42). Therefore, the result follows. O

Appendix C. Proof of Theorems 3 and 4
Notice that the function F in (A4) satisfies 7 € C®([0,00) x X x X) and

—(2buq + Tcuy) —Tcuq
—TQllp —(2fuy + tQuy)

Bu}"(T,u)(v)—< )v VuveXxX, t>0.

Thus, we have the following:

Lemma A6. Suppose that Ap(po K+ A) > 0and let u’ be given by Lemma A1. Then there is
™ >0anda Cl-mapu : [0,7%) > T — u(;;7) € Xt x Xt satisfying u(-;0) = u® such
that

(o K+ Ayu(;7)+ F(t,u(;1)) =0 VYrelo,th). (A45)

Moreover, for every T € [0,7T*), u(-;T) is the unique solution of (A45) in X+ x X** and
Ap(po K+ A+ 9y F(T,u(-;1))) <O0.

Proof. Observe that the mapping on X x X, defined by
—(a+s+2bu r

V»—>(],tolC—l—A)(v)—b—Bu]:(O,uO)(v):yOIC(V)—i-( ( s v —(e—|—2fug) >v,

0

is cooperative. Furthermore, setting A? := min,,_g{b(x)u(x), f(x)ud(x)} > 0, since u’ is

a steady state solution of (1), we have

(00 K+ A) (%) + 3T (0,u) (u?) =10 K+ A) %)+ F(0,u) () — bu 0 ot

0 ful
. bu(l) 0 0
“( 0 ful )“

< - A0,

Hence, since u® € X x X and A% > 0, A, (0 K + A + 94 F(0,u’)) < —A% < 0. This
implies that the linear functional y1 0 K 4 A + 9y F (0, u®) is invertible. Hence, by the implicit
function theorem, thereis ¥ > 0and a C! map u : [0,7%) 2 T+ u(;7) € XT+ x X*+*
satisfying u(-;0) = u’(-) such that (y o K + A)(u(;7)) + F(t,u(-;7)) = 0forall T €
[0, T%). Moreover, for every T € [0, T%), u(-; 7) is the unique positive solution of (y o K +
A)(u) + F(t,u) = 0in X" x X", Furthermore, since A,(y 0 K + A + 9, F(0,u’)) <
—A% < 0and u(+;7) is continuous in T € [0, T*), if possible, by taking T* sufficiently small,
we have that Ap(y o K+ A+ 9y F(7,u(-;7))) <O0forevery T € [0,7%). O

Proof of Theorem 3. (i) It follows from Lemma A6. B
(ii) Suppose that Amin > 0 and let T > 0. Then, by Theorem 2, for every x € (), there
is a unique positive equilibrium solution of the system

{0 = r(x)uz(x) — (a(x) +s(x) + b(x)ug + te(x)uz)uq (Ad6)

0 = s(x)ur — (e(x) + f(x)uz + Tg(x)ur )i,

which we denote by u%?(x). Moreover, the function u%7(-) € X+ x X*T. Now, consider
the function G : R? x X x X — X x X defined by
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G(u,u) = (po K+ A)u+ F(t,u)

where F is defined in (A4). Hence, the function G is of class C*. Furthermore, for every
veXXxX,

0uG(0,u’7)v = < —

a+s+20ud" + Tcuy") r—Teud”
s —Tquy” —(e+2fud™ +tgu)™)

Note from (A46) that

(a(x) +5(x) + b(x)uy”™ (x) )uy" (x)

r(x) — te(x)ud™(x) = 2 (1) >0
" (e(x) + £ ()3 ()" (x)
s(x) — tg(x)uy™(x) = flu 2 >0

Y (x)

for every x € Q. Hence, 9,G (0, u%7) is cooperative. Furthermore,

0,7\,,0T _ b(utlm—)z 3 407
PO = <f(u(z’/T>2(v0) =T

where A9 = min{(bu)")min, (43 )min} > 0. This shows that A,(d4G(0,u®")ud™) <
—Ap < 0. Therefore, we can apply the implicit function theorem as in the proof of
Lemma A6 to derive the desired result. O

We give a proof of Theorem 4.

Proof of Theorem 4. (i) Suppose that T = 0 and A,(u o K + A) > 0. In this case, (1) is
cooperative and subhomogeneous. By Lemma A1, we know that (1) has a unique strictly
positive steady state, u’. Furthermore, since (1) is cooperative and subhomogeneous, it
follows from standards arguments that u" is globally stable with respect to positive pertur-
bationS.

(ii) Suppose that rin > 0 and smin > 0. Take

Tmin Smin

T 0 'T*}
(llelleo +2)ll13lle0” (lIglleo +2) {147 [leo

T = min {

where u® = (19, u9) is the unique strictly positive steady state solution of (1) for T = 0, T*

is given by Theorem 3. Next, consider the closed-bounded interval
0,20 := {u € XT x XT : u <y 2u’}.

Let T € (0, 7**] be fixed and u” be the unique strictly positive steady state solution of (1)
guaranteed by Theorem 3. Since every non-negative classical solution of (1) is subsolution
of (A10), and u? is globally stable for (A10), then every solution of (1) eventually lies in
[0,2u’]. Observe that, on [0,2u"], the semiflow generated by the classical solution of (1) is
positive and subhomogeneous. Therefore, the unique strictly positive steady state, u®, is
globally stable with respect to positive perturbations. [

The rest of this section will be devoted to prove Theorem 5. Hence, throughout the
rest of the paper, we suppose that (2 + $)min > 0 and epin > 0 and prove Theorem 5.

Proof. (i) We divide the proof in two cases.
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r

max ( s+a )max

A
(%)max < (1 B H[H'(S)HOO) .

1— 2o (L)
llelleo a+s ) hax

Now, choose two positive numbers q; > 1 and g, > 1 satisfying

Case 1. Suppose that (2) < 1. Chose 0 < Ag < min{||e||es, ||a + 5|0 } satisfy-

mg

s 1— 2o
(E)max < @ < ( ‘|11+SH0°) (A47)

1— 2o g (L) ’
el )

and consider the constant vector q = (41, ¢2). It follows from (A47) that

—(a(x) +5(x))g1 +7(x)g2 < —Apq1 and s(x)q; —e(x)g2 < —Agq2 Vx € Q.

Therefore,
(o K+ A)q= A(x)q <1 —Aoq.

Hence, in view of the monotonicity of {U*(t) };>0, we obtain
0 <, Uk(t)q <qe Mg Vi>0.
This along with the fact that q;,42 > 1 implies that
o ()l < [U*(hall < e lql| ¥t >o.
Whence, by Proposition A1l

In([[U*(£)])

; < —Ap <0.

Ap(po K+ A) = }Lrglo

Case 2. Suppose that ( 4({ ;fg)ze

the cooperative two-stage nonlocal system,

) < 1. Let 4 = (p1, u2) be fixed and € > 0. Consider,
max

{atul =wmKuy +rup —(a+s+Ap(po K+ A) —e+buj)u; xeQ, t>0, (A48)

Oty = uoKuy +suy — (e + Ap(po K+ A) — e+ bup)up xeQ, t>0.

Since Ap(po K+ A—Ap(po K+ A) +¢) = e > 0, it follows from Lemma A1 that (A48)
has a unique positive steady state solution u(+; ¢), that is u(-; €) solves

{0—yllCul—l—ruz—(a+s+Ap(yolC+A)—s+bu1)u1 xeQ, (A49)

0= poKuy +su; — (e+Ap(o K+ A) —e+ fup)up x e Q.

Moreover, since the right hand side of (A48) is strictly increasing in ¢, u(-; €) is strictly
increasing in €. Therefore, by the arguments in the proof of Lemma A1, there is u(+;0) €
X x XT such thatu(+;¢) — u(-;0) as ¢ — 0 uniformly in Q). In addition, u(-;0) solves

0=mKui+rup—(a+s+A,(po K+ A)+buj)u; xeQ, (A50)
0 = uaKup +suy — (e +Ap(po K+ A) 4 buz)u, x e Q.

Hence, since Ap(po K+ A —Ap(po K+ A)) = 0, we conclude from Lemma Al and (A50)
that u(-;0) = 0. Now, for every ¢ > 0, multiply the first equation of (A49) by u;(+;¢) and
integrate on () to obtain
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oK+ A) o) [ wd(ie)+ [ bude) = [ [ () (vie) = (xe)u (x;e)xdy

_ 2

+ /Q ruiiy /Q(a +s)uj
< / gty — / (a+s)us. (A51)

Q Q
Similarly, multiplying the second equation of (A49) by u5(+; ¢) yields

Ap(po K+ A) —s)/ﬂu%(y's) +/qug(~;s) < /quluz - /Qeu%. (A52)

From (A51) and (A52), we obtain
Moo K+ 4) o) [ (e +18(50)) < = [ (@) = (r+ sz + )

Now, observe that

4(a+s)e— (r+s)?
4(a+s)

(a+s)u? — (r+s)uguy +eus =(a+s)(u; — %uz)z +

emin (1= (%) )13

and
r—+s 4(a+s)e— (r+s)?
(a+s)u? — (r+s)ugup + eud =e(uy — ;—e u)? + (a+ )46( +5) 2
(r+5s)? 2
> : [ R S
—(u+s)mm(1 <4(a—|—s)e>max)ul

Hence, it follows from (A53) that

(/\p(y oK+ A)—e+ %min{emin, (a +s)min}(1 - (M)max)) /Q(u%(.;e) +u3(-;¢)) <0,

from which we deduce that

1. . . (r+s)?
)\p(}l O ’C + A) S & — Emln{emm, (IZ "_S)mm} <1 - (m)max) VS > 0,

since [ (u3(-;€) + u3(-;€)) > 0. Letting ¢ — 0 in the last inequality yields

1 . (r+s)?
Ap(po K+ A) < —5 min{emin, (@ +5)min} (1 - (m)max) <0.
(if) We also distinguish two cases.

Z)min(SJrLﬂ)min

Ao )
(%)min > (1 + (‘H'S)min
Ao '
1 + €min (ﬁ)min

Case 1. Suppose that ( > 1 and choose Ag > 0 such that

(A53)

3



Mathematics 2023, 11, 925

26 of 27

References

Now, choose two positive numbers g, g2 such that g1 + g2 = 1 and

s 1+
(E)min > q2 > ( (a+s)m1n> (A54)

1+ " ¢ _r ’
€min a-+s min

and consider the constant vector q = (41, g2). It follows from (A54) that

—(a(x) +s(x))g1 +7r(x)g2 > Aoq1 and  s(x)g; —e(x)ga > Apga Vx € Q.

Therefore,
(noK+A)q = A(x)q = Aogq

Hence, the monotonicity of {U¥(t) };>¢ yields
0 < eMfq <y Uk(t)q V>0,
This along with the fact that g1 + g2 = 1 implies that
1o (D)l > [[u*(t)qll = ' [lqf ¥t>o0.

Whence, by Proposition Al
In(||U* (¢
Ap(po K+ A) = lim In(lu"(®)1) > Ap > 0.
t—00 t

Case 2. Next, we suppose that [ /75 > 3 [(a+s+e). Let u = (1, 12) be fixed and
€ > 0. Let u(-; ) be the unique positive solution of (A49). Divide the first equation of (A49)
by ui(-;€), integrate the resulting equation, and after using (A29), we obtain

up
QA — buy > = — .
[OIAp(ro ko + A £)+/Q ul_/nrm /Q(a—i—s)

Similarly, we obtain

QA (o K+ A—e) +/fu2>/s——lﬂe.

Adding up the last two inequality and using the inequality r% + s% > 2,/rs, we obtain
200y (o K+ A=)+ (bl -+ [flle) [ (m1(50) +ua(2) 22 [ Vis= [ (a+s+e).

Therefore, since u(; e) — 0 as ¢ = 0 uniformly in (2, we deduce from the last inequality,
after letting e — 0,

Ap(po K+ A) > /\/> (a+s—|—e))>0.
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