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Abstract

Spatial and/or temporal evolutions are very important topics in epidemiology and
ecology. This thesis is devoted to the study of the global dynamics of some population

models incorporating with environmental heterogeneities.

Vector-borne diseases such as West Nile virus and malaria, pose a threat to public
health worldwide. Both vector life cycle and parasite development are highly sensitive
to climate factors. To understand the role of seasonality on disease spread, we start
with a periodic West Nile virus transmission model with time-varying incubation
periods. Apart from seasonal variations, another important feature of our environment
is the spatial heterogeneity. Hence, we incorporate the movement of both vectors and
hosts, temperature-dependent incubation periods, seasonal fluctuations and spatial
heterogeneity into a general reaction-diffusion vector-borne disease model. By using
the theory of basic reproduction number, Ry, and the theory of infinite dimensional
dynamical systems, we derive Ry and establish a threshold-type result for the global

dynamics in terms of Ry for each model.

As biological invasions have significant impacts on ecology and human society, how
the growth and spatial spread of invasive species interact with environment becomes an
important and challenging problem. We first propose an impulsive integro-differential
model to describe a single invading species with a birth pulse in the reproductive stage
and a nonlocal dispersal stage. Next, we study the propagation dynamics for a class

of integro-difference two-species competition models in a spatially periodic habitat.
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Lay summary

This thesis is devoted to the study of the global dynamics of some population models

incorporating with environmental heterogeneities.

Vector-borne diseases such as West Nile virus and malaria, pose a threat to public
health worldwide. Both vector life cycle and parasite development are highly sensitive
to climate factors. To understand the role of seasonality on disease spread, we started
with a periodic West Nile virus transmission model with time-varying incubation pe-
riods. We then derived the mosquito reproduction number and basic reproduction
number, and showed these two numbers serve as threshold parameters that determine
whether the disease would spread. As an application, we conducted a case study for
the disease transmission in Los Angeles County, CA. Apart from seasonal variations,
another important feature of our environment is the spatial heterogeneity. Hence, we
incorporated the movement of both vectors and hosts, temperature-dependent incu-
bation periods, seasonal fluctuations and spatial heterogeneity into a general reaction-
diffusion vector-borne disease model. We introduced the basic reproduction number
and established a threshold-type result on its global dynamics. Numerically, we stud-

ied the malaria transmission in Maputo Province, Mozambique.

As biological invasions have significant impacts on ecology and human society,
how growth and spatial spread of invasive species interact with environment becomes
an important and challenging problem. We first proposed an impulsive integro-
differential model to describe a single invading species with a birth pulse in the
reproductive stage and a nonlocal dispersal stage. Next, we studied a class of integro-
difference two-species competition models in a spatially periodic habitat. We mainly
focused on the propagation behaviors, including the threshold dynamics, spreading
speeds, and monostable traveling waves. Those are the crucial factors to characterize

and predict the evolution of species in spatial ecology.
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Chapter 1

Preliminaries

In this chapter, we introduce some terminologies and known results which will be used
in the rest of this thesis. They are involved in global attractor and chain transitivity,
uniform persistence and coexistence states, monotone and subhomogeneous systems,
and the theories of basic reproduction numbers, spreading speeds and traveling waves.

1.1 (Global attractor and chain transitivity

Let X be a metric space with metric d and f : X — X a continuous map. A bounded
set A is said to attract a bounded set B in X if lim,,, oo sup,cp{d(f™(x), A)} = 0. A
subset A C X is said to be an attractor for f if A is nonempty, compact, and invariant
(f(A) = A), and A attracts some open neighborhood U of itself; a global attractor
for f is an attractor that attracts every point in X; and a strong global attractor for
f if A attracts every bounded subset of X. For a nonempty invariant set M, the set
Ws(M) :=={z € X : lim, o d(f"(z), M) = 0} is called the stable set of M. The
omega limit set of x is defined as w(z) = {y € X : f™(x) — vy, for some n; — +oo0}
[145, Section 1.1].

Recall that the Kuratowski measure of noncompactness, x, is defined by
k(B) = inf{r : B has a finite cover of diameter < r},

for any bounded set B of X. A continuous map f : X — X is said to be compact
(completely continous) is f maps any bounded set to a precompact set in X.

Definition 1.1.1. A continuous mapping f : X — X is said to be point dissipative if
there is a bounded set By in X such that By attracts each point in X; k-condensing
(k-contraction of order k, 0 < k < 1) if f takes bounded sets to bounded sets and
k(f(B)) < k(B) (k(f(B)) < k- k(B)) for any nonempty closed bounded set B C X
with k(B) > 0; asymptotically smooth if for any nonempty closed bounded set B C X



for which f(B) C B, there is a compact set J C B such that J attracts B.

Theorem 1.1.1. [145, THEOREM 1.1.3] Let f : X — X be a continuous map.
Assume that f is point dissipative on X, and one of the following condition holds:

(i) f™ is compact for some integer ng > 1, or

(i) f is asymptotically smooth, and for each bounded set B C X, there exists k =
k(B) > 0 such that the positive orbits v (f*(B)) is bounded.

Then there is a strong global attractor A for f.

Definition 1.1.2. Let A C X be a nonempty invariant set (i.e., f(A) = A). A is
said to be internally chain transitive if for any a,b € A and any € > 0, there is a

finite sequence x1,...,x, in A with 1 = a, ,, = b such that d(f(x;),xi11) < €,
1 <i<m-—1. The sequence {x1,...,xy} is called an e-chain in A connecting a and
b.

Lemma 1.1.1. [145, LEMMA 1.2.1] Let f : X — X be a continuous map. Then the
omega (alpha) limit set of any precompact positive (negative) orbit is internally chain
transitive.

Theorem 1.1.2. [145, THEOREM 1.2.1] Let A be an attractor and C' a compact
internally chain transitive set for f: X — X. If CNW?3(A) #£ 0, then C C A.

Theorem 1.1.3. [145, THEOREM 1.2.2] Assume that each fized point of f is an
1solated invariant set, that there is no cyclic chain of fired points, and that every
precompact orbit converges to some fixed point of f. Then any compact internally
chain transitive set is a fived point of f.

1.2 Uniform persistence and coexistence states

Let f: X — X be a continuous map and Xy C X an open set. Define 90X, := X \ X,
and My :={z € 0X,: f"(z) € 0Xo,n > 0}, which may be empty.

Theorem 1.2.1. [145, THEOREM 1.3.1 AND REMARK 1.3.1] Assume that

(C1) f(Xo) C Xo and f has a global attractor A;

(C2) There exists a finite sequence M = {My,..., My} of disjoint, compact, and
isloated invariant sets in 0Xy such that
(a) QUMp) := Upenryw(x) C UF M;;
(b) no subset of M forms a cycle in 0Xy;



(¢) Each M; is isolated in X;
(d) W*(M;) N Xo =0 for each 1 <1i < k.

Then f : X — X is uniformly persistent with respect to (Xo,0Xo) in the sense that
there exists 7 > 0 such that liminf,,_, . d(f™(z),0Xo) > n for all z € X.

Next, we assume that X is closed, and that X, is a convex and relatively open
subset of X. Then 0X, := X \ X is relatively closed in X.

Theorem 1.2.2. [145, THEOREM 1.3.10] Assume that

(1) f is point dissipative and uniformly persistent with respect to (Xo,0Xo).
(2) One of the following two conditions holds:

(i) fm is compact for some integer ng > 1, or

(ii) Positive orbits of compact subsets of X are bounded.

(3) f is Kk-condensing.
Then [ : Xo — Xy admits a global attractor Agy, and f has a fixed point in Ag.

Suppose T' > 0, a family of mappings ®(¢) : X — Xt > 0, is called a T-periodic
semiflow on X if it possesses the following properties:

(1) ®(0) = I, where [ is the identity map on X.
(2) ®(t+T)=D(t) o ®(T), Vt > 0.

(3) ®(t)x is continuous in (t,z) € [0,00) x X.

The mapping ®(7') is called the Poincaré map associated with this periodic semiflow.
In particular, if (2) holds for any 7" > 0, ®(¢) is called an autonomous semiflow.

1.3 Monotone and subhomogeneous systems

Let E be an ordered Banach space with an order cone P having nonempty interior
Int(P). For any x,y € E, we write t > yifx —y € P,z >yif x —y € P\ {0}, and
x> yifx —yeInt(P). If a <b, we define [a,b]gp :={z € E:a <z <b}.

Definition 1.3.1. A linear operator L : E — E is said to be positive if L(P) C P;
strongly positive if L(P \ {0}) C Int(P).



Theorem 1.3.1. (KREIN-RUTMAN THEOREM) [52, THEOREMS 7.1 AND 7.2] As-
sume that a compact operator K : E — E is positive and r(K) be the spectral radius
of K. If r(K) > 0, then r(K) is an eigenvalue of K with an eigenfunction x > 0.
Moreover, if K is strongly positive, then r(K) > 0 and it is an algebraically sim-
ple eigenvalue with an eigenfunction x > 0; there is no other eigenvalue with the
associated eigenfunction x > 0; |\| < r(K) for all eigenvalues X # r(K).

Definition 1.3.2. Let U be a subset of E. Then a continuous map f : U — U 1is said
to be monotone if x >y implies that f(x) > f(y); strictly monotone if x >y implies
that f(x) > f(y); strongly monotone if x >y implies that f(z) > f(y).

Recall that a subset K of E is said to be order convex if [u,v]p € K whenever
u,v € K satisfy u < v.

Definition 1.3.3. Let U C P be a nonempty, closed and order convex set. A contin-
uwous map f: U — U is said to be subhomogeneous if f(Ax) > Af(z) for any x € U
and X € [0,1]; strictly subhomogeneous if f(Ax) > \f(z) for any v € U with x > 0
and X € (0,1); strongly subhomogeneous if f(Ax) > \f(x) for any x € U with x> 0
and X € (0,1).

Lemma 1.3.1. [145, LEMMA 2.3.1] Assume that f : U — U satisfies either

(i) f is monotone and strongly subhomogeneous; or

(i) f is strongly monotone and strictly subhomogeneous.

Then for any two fized points u, v € U N Int(P), there is o > 0 such that v = ou.

Theorem 1.3.2. [145, THEOREM 2.3.2] Assume that f : U — U satisfies either

(i) f is monotone and strongly subhomogeneous; or

(ii) f is strongly monotone and strictly subhomogeneous.

If f U — U admits a nonempty compact invariant set K C Int(P), then f has
a fixed point e > 0 such that every nonempty compact invariant set of f in Int(P)
consists of e.

Denote the Fréchet derivative of f at u = a by Df(a) if it exists, and let r(D f(a))
be the spectral radius of the linear operator D f(a) : E — E.

Theorem 1.3.3. (THRESHOLD DYNAMICS) [145, THEOREM 2.3.4] Let either V =
[0,b]p with b>> 0 or V = P. Assume that

(1) f:V =V satisfies either



(i) f is monotone and strongly subhomogeneous; or

(i1) f is strongly monotone and strictly subhomogeneous.

(2) f 'V — V is asymptotically smooth, and every positive orbit of f in V is
bounded.

(8) f(0) =0, and Df(0) is compact and strongly positive.
Then exists threshold dynamics:

(a) If r(Df(0)) <1, then every positive orbit in V converges to 0;

(a) If r(Df(0)) > 1, then there exists a unique fized point u* > 0 in V such that
every positive orbit in V' \ {0} converges to u*.

1.4 Basic reproduction numbers

In epidemiology, the basic reproduction number (ratio) Ry is the expected number
of secondary cases produced, in a completely susceptible population, by a typical
infective individual [123]. Ry serves as a threshold value to measure the effort needed
to control the infectious disease. Ever since the celebrated works by Diekmann et
al. [30] and by van den Driessche and Watmough [123], there have been numerous
papers on the analysis of Ry for various autonomous epidemic models. Recently, there
are also quite a few investigations on the theory and applications of Ry for models
in a periodic environment ( see, e.g., [9-11,58,119,127] and the references therein).
More recently, the theory of basic reproduction number Ry has been developed by
Zhao for periodic and time-delayed population models with compartmental structure
(see [144]).

In this section, we introduce the theory of the basic reproduction number for
periodic and time-delayed models developed by [79,144]. Let 7 be a nonnegative real
number and m be a positive integer, C' = C([—7,0],R™), and C* = C([-7,0],RT).
Then (C,C%) is an ordered Banach space equipped with the maximum norm and the
positive cone C*. Let F: R — L£(C,R™) be a map and V() be a continuous m x m
matrix function on R. Assume that F(¢) and V(t) are w-periodic in ¢ for some real
number w > 0. For a continuous function u : [—7,0) — R™ with ¢ > 0, define u; € C
by

u(0) =u(t+6), VOel[-r0

for any t € [0, 0).
We consider a linear and periodic functional differential system on C"

du(t)
dt

= F(t)u, — V(H)u(t), t>0. (1.4.1)



System (1.4.1) may come from the equations of infectious variables in the linearization
of a given w-periodic and time-delayed compartmental epidemic model at a disease-
free w-periodic solution. As such, m is the total number of the infectious compart-
ments, and the newly infected individuals at time ¢ depend linearly on the infectious
individuals over the time interval [t — 7,¢], which is described by F'(t)u,;. Further,
the internal evolution of individuals in the infectious compartments (e.g., natural and
disease-induced deaths, and movements among compartments) is governed by the
linear ordinary differential system:

du(t)

o = —V(tu(t). (1.4.2)

Let ®(t,s),t > s, be the evolution matrices associated with system (1.4.2), that
is, ®(t, s) satisfies

%@(t, s) ==V (t)®(t,s),Vt > s, and P(s,s)=1,Vs€R,

and w(®P) be the exponential growth bound of ®(t, s), that is,

w(®) = inf {@& : 3IM > 1 such that ||P(t + s, s)|| < M, Vs € R,t >0} .
We assume that
(H1) Each operator F(t) : C'— R™ is positive in the sense that F(t)C* C R
(H2) Each matrix —V(t) is cooperative, and w(®) < 0.

We assume that the w-periodic function v(t) is the initial distribution of infectious
individuals. For any given s > 0, F(t — s)v;_s is the distribution of newly infected
individuals at time ¢ — s, which is produced by the infectious individuals who were
introduced over the time interval [t —s — 7,¢ — s|]. Then ®(¢,t — s)F(t — s)v;_s is the
distribution of those infected individuals who were newly infected at time ¢ — s and
remain in the infected compartments at time ¢. It follows that

/OO B(t,t — $)F(t — 8)vrods = /oo Bt t — ) F(t — $)o(t — 5+ )ds

is the distribution of accumulative new infections at time ¢ produced by all those
infectious individuals introduced at all previous times to t. Note that for any given
s >0, ®(t,t—s)v(t, t—s) is the distribution of those infectious individuals at time ¢t —s
and remain in the infected compartments at time ¢, and hence f0+oo O(t, t—s)v(t—s)ds
is the distribution of accumulative infectious individuals who were introduced at all
previous times to ¢t and remain in the infected compartments at time ¢. Thus, the
distribution of newly infected individuals at time ¢ is F'(¢) 0+°° O(t+ -t —s+-)u(t—
s+ -)ds.



Let C, be the ordered Banach space of all continuous and w-periodic functions
from R to R™, which is equipped with the maximum norm and the positive cone
Ch:={veC,:v(t) >0,VYt € R}. Then we define two linear operator L : C, — C,,
by

“+oo
[Lv](t) = /0 O(t,t —s)F(t—s)v(t—s+-)ds, VteR, vedl,,

and
+oo
[Lv](t) = F(t)/ P(t+-,t—s+-Ju(t—s+-)ds, VteR, vedl,
0
Let A and B be two bounded linear operator on X defined by
+oo
[Av](t) = / O(t,t — s)v(t — s)ds, [Bv|(t) = F(t)v,, VteR, veX
0

It then follows that L = Ao B and L = Bo A, and hence L and L have the same
spectral radius. Motivated by the concept of next generation operators (see, e.g.,
[4,9,34,35,37,38,45]), we define the spectral radius of L and L as the basic reproduction
number Ry = r(L) = r(L) for periodic system (1.4.1).

Let U(w,0) be the Poincaré map of system (1.4.1) on C. The following result
shows that Ry is a threshold value for the stability of the zero solution for periodic
system (1.4.1).

Theorem 1.4.1. [144, THEOREM 2.1] The following statements are valid:

(i) Ro =1 if and only if r(U(w,0)) = 1.
(ii) Ro > 1 if and only if r(U(w,0)) > 1.
(iii) Ro < 1 if and only if r(U(w,0)) < 1.

Thus, Ry — 1 has the same sign as r(U(w,0)) — 1.

Let {U(t,s,\) : t > s} be the evolution operators on C of the following linear
periodic system with A € (0, +00):
du(t) 1

= T FOu —Vitu(), t>o0. (1.4.3)

The following observation comes from [144, Theorem 2.2] (see also [145, Theorem
11.1.2]).

Theorem 1.4.2. If Ry > 0, then A\ = Ry is the unique solution of r(U(w,0,\)) = 1.



Remark 1.4.1. Theorem 1.4.2 can be used to compute Ry numerically. For any given
A € (0,+00), we choose vy € Int(CT) and define

U(w, 07 )\)Un—l

an

ap = HU<W707 A)”nflnEa Up = Vn Z 1.

Then by [79, Lemma 2.5], it follows that if lim, . a, exists, then r(U(w,0,))) =
limy, 100 @n. Thus, we can solve r(U(w,0,\)) =1 for X numerically via the bisection
method, which is an approrimation of Ry.

Remark 1.4.2. [145, REMARK 11.1.2] AND [79, THEOREM 3.8] The theory of
basic reproduction number in this subsection can be extended to abstract periodic lin-
ear systems with time delay if we replace R™ with an ordered Banach space E and
assume that each —V (t) is linear operator such that the linear equation ¢ = =V (t)u
generates a positive evolution operator ®(t,s) on E. Thus, one can apply the gener-
alized theory to periodic and time-delayed reaction-diffusion population models. For
ezample, letting Q be a bounded domain with smooth boundary, E = C(Q,R™) and
—V(t)u = D(t)Au — W (t)u, we can consider the following periodic linear system:

o _
ot

subject to the Neumann boundary condition. Here Au = (Auy, ..., Auy,)T, [D(t)](z) =
diag(dy(t, ), ..., dm(t, x)) with di(t,z) > 0, 1 <1 < m, and for each t € R, F(l) €
L(C([-,0], E), E) and —[W (t)|(z) is an m xm cooperative matriz function of x € €.

D(t)Au + F(t)uy — W (t)u,

1.5 Traveling waves and spreading speeds

In this section, we briefly introduce the theory of monostable traveling waves and
spreading speeds for monotone systems developed by [39,139].

1.5.1 Monotone systems with weak compactness

We first introduce the results in [39] on traveling waves and spreading speeds for
monotone discrete-time semiflows with weak compactness.

Let Q be a compact metric space, R' be the I-dimensional Euclidean space and
X = C(Q,R!). We endow X with the maximum norm |- |x and the partial ordering
induced by the positive cone X := C(2,R%). Assume that Int(X;) # 0. Then for
01,02 € X, we write @1 > 9 if o1 — 2 € X4, 1 > o if 1 — vy € Int(X,), and
w1 > o if 1 > o but 1 # pa.

Let C be the set of all continuous and bounded functions from R to X, and M be
the set of all non-increasing and bounded functions from R to X. For any u,v € C(M),



we write u > v(u > v) if u(z) > v(z)(u(z) > v(z)) forallz e Rand u > vifu > v
but u # v. Clearly, any element in X can be regarded as a constant function in C or
M. We endow both C and M with the compact open topology, that is, u,, — uv in C
or M means that the sequence of u,(s) converges to u(s) in X uniformly for s in any
compact set of R. We equip C and M with the norm || - ||¢ and || - || s, respectively,
which are defined by

+0o0

lulle = > maX'”“"SZ’“J“(z)'X, Yu e, (15.1)
k=1
and
= max || <k [u()| x
fullg = 3 2k Oy ¢ pg
k=1

We say a subset S of C (or M) is uniformly bounded if sup{|¢(z)|x : ¢ € S,z € R}
is bounded. For any given subset A of C (or M) and number s € R, we define
A(s) :=A{u(s) :u € A}. For any r € X with r > 0, define X, ={u e X : 0 <u <r},

C,={peC:¢(x) € X,, VzeR}, M,={peM:¢) € X, Vr € R}.
Define the translation operator 7, on C or M by T,[u|(z) = u(z — y) for any given

y € R and the reflection operator R by R[u|(z) = u(—=x).
Let Q : Mg — Mg, where § € X with > 0. Assume that

(A) T,0Q=QoT,, VycR.
(A2) If up — win M, then Qug](z) — Qlu](z) in X almost everywhere.

(A3) There exists k € [0,1) such that for any U C Mg, x(Q[U](0)) < k- k(U(0)).
Here x denotes the Kuratowski measure of noncompactness in Xg.

(Ad) @ : Mg — Mg is monotone (order preserving) in the sense that Qu] > Q[w)]
whenever u > w in Mg.
(A5) @ : Xp — Xp admits two fixed points 0 and 3, and lim Q"[z] = § in X for any
n—oo
ze X, with 0 < z < f.

In view of (A1), it follows that (A3) is equivalent to the following:

There exists k € [0,1) such that x(Q[U](z)) < k- k(U(z)), YU C Mz, x € R. We
call (A3) as the point-a-contraction assumption.

Let w € X with 0 < w < B. Choose ¢ to be a continuous function from R to X
with the following properties: (i) ¢ is a nonincreasing function; (ii) ¢(x) = 0, Yz > 0;
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(ili) ¢(—o0) = w. For any given real number ¢, define an operator R. by

Rc[¢](s) := max{¢(s), T_Q[¢](s)}

and a sequence of functions a,(c; s) by the recursion

ao(c;s) = ¢(s),  ans1(c;8) = Relan(c;)|(s).

Lemma 1.5.1. [39, LEMMAS 3.2 AND 3.3] The following statements are valid:

(1) For each s € R, a,(c;s) converges to a(c;s) in X and a(c; s) is nonincreasing
in both s and c.

(2) a(c; —o0) = B and a(c; +00) ezists in X.

(3) a(c;+00) € X is a fived point of Q.
According to [39,131], we define two numbers
¢} =sup{c:a(c,+o00) = B}, ¢4 =sup{c:a(c,+o0) > 0}. (1.5.2)

Clearly, ¢} < ;. Similarly, for the leftward traveling waves two numbers with the
symbol ’-” also can be defined by choosing a nondecreasing initial function ¢ in the
phase space consisting of nondecreasing and bounded functions from R to X. In
what follows, we only illustrate the theory on the rightward traveling waves for the
discrete-time dynamical systems, the leftward case can be treated in a similar way.

Theorem 1.5.1. [39, THEOREM 3.8] Assume that Q : Mg — Mg satisfies (A1)~
(A5). Let c¢i and ¢, with ¢, < ¢y be defined as in (1.5.2). Then the following
statements are valid:

(1) For any c > ¢, there is a left-continuous traveling wave W (x — cn) connecting

B to some fized point 51 € Xz \ {B}.

(2) If, in addition, 0 is an isolated fived point of Q) in Xg, then for any ¢ > ¢4 either
of the following holds true:

(i) There exists a left-continuous traveling wave W (x — cn) connecting 5 to 0.

(ii) @Q has two ordered fized points cq, s in Xg \ {0, 5} such that there exist
a left-continuous traveling wave Wi(x — cn) connecting oy to 0 and a left-
continuous traveling wave Wy(x — cn) connecting f to co.

(3) For any ¢ < ¢, there is no traveling wave connecting 3, and for any ¢ < ¢,
there is no traveling wave connecting 3 to 0.
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Further, iof QQ maps left-continuous functions to left-continuous functions, then the
above obtained traveling waves satisfy Q"[W](x) = W(x — cn), Vx € R and n > 0.
Finally, if Q admits exactly two fived points in Xg, then ¢!, = ¢, and c, is the minimal
wave speed of traveling waves connecting 3 to 0.

Theorem 1.5.2. [39, REMARK 3.7] Assume that the map Q : Cs — Cps satisfies
assumptions (A1)-(A5) with Mg in (A3) and (A5) replaced by Cz. Let ug € Cg and
Up = Q(un—1) forn > 1. Let ¢t < ¢ be defined in (1.5.2) for Q. Then the following
statements are valid:

(i) If ug € Cz, 0 < up < B and ug(x) = 0 for x > L for some L € R, then
lim  Q"[ug|(x) =0 for any ¢ > ¢,

n—o0,r>cn

(ii) If uy € Cs and up(x) > o Vo < K for some 0 > 0 and K € R, then
lim< Uy () = B for any c < c.
n—oo,r<cn

Moreover, if Q) admits exactly two fized points in Xg, then ¢ = c,.

The above theorem shows that ¢ and ¢, respectively, are the upper and lower
bounds of spreading speeds for the discrete-time system {Q"},>¢ on Cz. In the case
where ¢, = ¢, we say that this system admits a (single) spreading speed. Moreover,
Theorem 1.5.2 will help to show that the coincidence of spreading speeds and mini-
mal wave speeds of traveling waves for monotone discrete-time semiflows with weak
compactness, although we use the different phase spaces Cs and Mp to present the
results.

1.5.2 Monotone systems in a periodic habitat

In this subsection, we introduce the results in [139] on traveling waves and spreading
speeds for monotone discrete-time semiflows in a periodic habitat. Assume that [ is
a strongly positive L-periodic continuous function from R to R™. Set

Cs={ueC:0<u(z) <p(z), Vo €R}, CF7 ={u€Cs: u(x) =u(x+L), Vv € R}.
Let X = C([0, L],R™) equipped with the maximum norm |- |x, Xy = C([0, L], RT"),
Xg={ueX: 0<u()<B(x), Yz €[0,L]} and X5 = {u € X5 :u(0) =u(L)}.

Let BC(R, X)) be the set of all continuous and bounded functions from R to X. Then
we define

X={veBCR,X):v(s)(L)=v(s+ L)(0),Vs e R}, X} ={veX:v(s) € Xy,Vs €R}

and
Xs ={v € BOR, X3) :v(s)(L) =v(s+ L)(0),Vs € R}.
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We equip C and X with the compact open topology, that is, v — w in C or X
means that the sequence of u™(s) converges to u(s) in R™ or X uniformly for s in
any compact set.

Define a translation operator 7T, by 7T, [u](z) = u(x — a) for any given a € LZ. Let
@ be a operator on Cg, where 8 € Int(Cy) is L-periodic. Assume that

B1) @ is L-periodic, that is, 7,[Q[u]] = Q[T.[u]], Yu € Cg, a € LZ.
B
(B2) @ : Cz — Cg is continuous with respect to the compact open topology.

(B3) @ : Cs — Cp is monotone (order preserving) in the sense that Qu] > Q[w]
whenever © > w.

(B4) @ admits two L-periodic fixed points 0 and 3 in Cy, and for any » € C;”" with
0 < z < S, we have lim Q"[z](x) = (x) uniformly for = € R.
n—oo

(B5) Q[Cs] is precompact in Cg with respect to the compact open topology.

Now we introduce a family of operators {Q} on Xjg:

~

O](s)(8) == Q[v,](6), Vv e Xy, seR, 6e(0,L], (1.5.3)

where vs € C is defined by

T

vs(x) =v(s+ny,)0:), Yr=n,+0,€R n, =1L [L

], 0, € [0, L).

Let w € X3 with 0 < @ < 3. Choose ¢ € X3 such that the following properties
hold: (i) ¢(s) is nonincreasing in s; (ii) ¢(s) =0 for all s > 0; and (iii) ¢(—o0) = w.

Let ¢ be a given real number. According to [39,131], we define an operator R, by
R.[a](s) := max{¢(s), T_.Qla](5)},
and a sequence of functions a,(c; s) by the recursion:
ao(c; s) = @(s),  ans1(c;s) = Relan(c;-)](s),
where T_. is a translation operator defined by T_.[u](x) = u(z + ¢).

Lemma 1.5.2. [39, LEMMAS 3.2 AND 3.3] AND [139, LEMMA 5.4] The following
statements are valid:

(i) For each s € R, a,(c,s) converges to a(c;s) in X, where a(c; s) is nonincreasing
in both ¢ and s, and a(c;-) € Xj.

(ii) a(c,—o0) = B, and a(c, +00) exists in X and is a fized point of Q.
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According to [39,133,139], we define two numbers
c; =sup{c:a(c,+00) = B}, ¢4 =sup{c:a(c,+o0) > 0}. (1.5.4)

Clearly, ¢ < ¢y due to the monotonicity of a(c;-) with respect to c.

We say that V(z — en, ) is an L-periodic rightward traveling wave of @ if V(- +
a,”) €Cg Vae R, Q"V (-, )|(z) =V(r—cn,x), ¥n >0, and V({, ) is an L-periodic
function in x for any fixed £ € R. Moreover, we say that V (&, z) connects § to 0 if
lime oo [V(§,2) — B(x)| = 0 and limg_, ;o [V(§, )| = 0 uniformly for € R.

Theorem 1.5.3. [39, THEOREM 3.8] AND [139, THEOREM 5.5] Let ) be a map on
Cs with Q0] =0, Q[f] = 5, and Q be defined as in (1.5.3). Suppose that Q) satisfies
(B1)-(B5). Let ¢!, and ¢y be defined as in (1.5.4). Then the following statements are
valid:

(1) For any c > ¢, there is an L-periodic rightward traveling wave W (x — cn, )
connecting 3 to some equilibrium By € CE"\{B} with W (&, z) being continuous
and nonincreasing in & € R.

(2) If, in addition, 0 is an isolated equilibrium of Q in C5”, then for any ¢ > ¢
either of the following holds true:

(i) There exists an L-periodic rightward traveling wave W (x—cn, x) connecting
B to 0 with W (&, z) being continuous and nonincreasing in & € R.

(i1) Q has two ordered equilibria ay,ay € CE"\{0, B} such that there exist an L-
periodic traveling wave Wi (x—cn, x) connecting a; and 0 and an L-periodic
traveling wave Wo(x — cn,x) connecting 5 and oo with W;(§,x),1 = 1,2,
being continuous and nonincreasing in & € R.

(3) For any ¢ < ¢, there is no L-periodic traveling wave connecting 3, and for any
c < Cy, there is no L-periodic traveling wave connecting [3 to 0.

Theorem 1.5.4. [39, REMARK 3.7] AND [139, THEOREM 5.4] Let QQ be a map on
Cs with Q[0] = 0,Q[p] = B and Q be correspondingly defined as in (1.5.3). Suppose
that Q satisfies (B1)-(B5). Let ¢t and ¢y be defined as in (1.5.4). Then the following
statements are valid:

(i) If p € Cs, 0 < ¢ <w < B for some w € CF, and ¢(x) = 0,Ve > H, for some
H e R, then lim, o0 z>cn Q™ (@) (x) = 0 for any ¢ > ¢..

(i) If ¢ € Cz and ¢(x) > o, Vo < K, for some 0 > 0 and K € R, then
hmn—wo,a:gcn(Qn(gb)(‘r) - /B(I)) =0 fO?” any ¢ < Cj—'



Chapter 2

A West Nile virus transmission
model with periodic incubation
periods

2.1 Introduction

West Nile virus (WNv), a mosquito-transmitted arbovirus, is the most prevalent
flavivirus worldwide [48]. Since its introduction in North America in 1999, it has
become endemic throughout the contiguous United States as well as all Canadian
provinces [97], and caused serious public health concern. WNv is maintained in a
zoonotic cycle between reservoir birds and vector mosquitoes, and Culex mosquitoes
are one of the most effective vectors for transmitting WNv. In North America, com-
mon bird species like American crows, blue jays, and house sparrows were found to
be infected with WNv [63] and serve as a reservoir for a disease outbreak [137]. In
addition, the vertical transmission (from mother to offspring), observed in Culex pop-
ulations [6,44], which allows the virus to persist during unfavorable periods, may play
an important role in the persistence of the virus in North America. Currently, humans
and other mammals are believed to be ‘dead-end’ hosts.

Mathematical modeling of WNv started with the pioneer work of Thomas and
Urena (2001) who constructed a system of discrete-time difference equations to study
the changes in vector mosquitoes, reservoir birds and humans [121]. It has since
been extended to a variety of different situations, including continuous-time differ-
ential models in mosquito-bird populations [136, 137], reaction-diffusion models to
capture the spatial spread of the virus [76], patch models to describe bird migra-
tion [140], and more detailed analytical results can be found in [1,15,24]. Seasonal
fluctuations in temperature have been shown to have significant impacts on vector
and reservoir population dynamics, including maturation rates, per reservoir biting
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rate, and incubation periods [27]. To explore these impacts, more recent studies take
into account the seasonality in WNv transmission [11]. Ewing et al. [34] proposed
a stage-structured model of Culexr mosquitoes with time-varying delays to study the
effects of temperature on life stage duration. Moschini et al. [96] considered a WNv
model where mosquitoes are assumed inactive during winters, and hence, the infection
dynamics are governed by a sequence of discrete growing seasons. However, only a
few papers have addressed the combined effects of the seasonality and time-varying
incubation periods on the spread of WNv.

Motivated by the the vector-borne models in [114,137,148], we present and analyze
a generalized WNv compartment model with vertical infection and stage-structure in
vector populations in the current chapter. As a direct consequence, the equations of
the model system cannot be decoupled from each other, which implies mathematically
that we fail to reduce the model to a sub-system with fewer equations. And hence,
this chapter can provide a general theoretical framework for the study of the long-term
behaviors of a complex epidemic model where the compartments are mixed together.
Moreover, we incorporate the seasonality and temperature-dependent incubation pe-
riods in both vectors and reservoirs. The time-varying delays bring new challenges
not only into model derivation, for example, the total population of reservoir birds
are now subject to two different time-periodic incubation periods, but also into math-
ematical analysis, such as the positivity of the model system. Our analysis suggests
that the model admits a mosquito reproduction number R} and a basic reproduction
number Ry, and they act as threshold parameters for disease persistence.

As an application, we employ our model to investigate WNv transmission in Los
Angeles County, California. We use the relationships between changing seasonal tem-
peratures and vector life cycles to approximate the time-periodic system parameters,
including the time-varying incubation periods, and we estimate the current WNv out-
break risk. Moreover, we examine the dynamical behaviors under time-varying and
time-averaged delays numerically in order to identify situations requiring the adoption
of time-periodic incubation periods to provide efficient predictions. As the climate be-
comes more variable [60], we explore the effects of changing climate on the disease
risk and find that the warming climate increases the chance of WNv outbreak.

The rest of this chapter is organized as follows. We present the model system and
study its well-posedness in Section 2.2. In Section 2.3, we first introduce the mosquito
reproduction number R} and the basic reproduction number Ry, and then establish
the threshold dynamics for the model system in terms of Ry and Rg. In Section 2.4,
we conduct a case study for the WNv transmission in Los Angeles County, California.
A brief discussion concludes the chapter.
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2.2 The model and its well-posedness

The female mosquito population were divided into larvae and adult mosquitoes. The
larvae were divided into susceptible (Ly;) and infective (Ly2) classes, respectively;
the adult mosquitoes were divided into susceptible (Sy ), exposed (Ey ) and infective
(Iy) classes, respectively; the bird population were divided into susceptible (Sg),
exposed (ER), infective (Ig) and removed (Rpg) groups, respectively (see, e.g., [76,114,
136]). by (t) represents the birth rate of larvae; K (t) is the carrying capacity of larval
mosquitoes; my (t) represents maturation rate of mosquitoes; d(t), dy(t) and dg(t)
represent the (natural) death rates of larvae, adult mosquitoes and birds, respectively;
dr(t) is the disease-induced mortality rate of birds; Ag(t) is the recruitment rate of
susceptible birds; ay(t) and ag(t) represent WNv transmission probability per bite
to mosquitoes and birds, respectively; Sg(t) is the biting rate of mosquitoes on birds;
r(t) represents bird recovery rate from WNv; ng(t) stands for the rate of immunity
loss of birds; o represents the probability of vertical transmission. Let My (t) and
MEg(t) be the densities of newly occurred infectious mosquitoes and birds, which will
be determined, respectively. Then the governing system takes the form

s = by(t) (Sv + By + (1= o)1) (1= 2tbsa ) — (my (t) + du(®) Lun,

by (1) (
ALez — by () Iy (1— L0gthez ) = (my(t) + d(0) Lvs,

28 = iy (t) Ly — v (8) Br(t) 42 Sy — dy (1) Sy,

By — ay (1) Br(t) 2 Sy — dy (t) By — My (1)

U — My (t) +my (t)Lys — dy (t)Iy,

B = Np(t) — ar(t)Br(t)SE Ty + nr(t) R — dr(t)Sr,
P — ap(t)Br(t)32 Iy — dp(t) Ep — Mg(t),

Ui — Mp(t) = (r(t) + dr(t) + Or(t)) In,
e — r(t)Ig — na(t)Rr — dr(t) R,

\ dt

(2.2.1)
where Ng := Sg + Er + Ir + Rg. We use Fig. 2.1 to illustrate the transitions of
vectors and reservoirs between different compartments. The biological interpretations
for parameters are listed in Table 2.1.

Next we introduce the temperature-dependent incubation periods in mosquitoes
(vectors) and birds (reservoirs), which is motivated by the arguments in [100,102,129].
We start with the derivation of the expression for My (t). The temperature 7" is
assumed to vary as a function of time ¢, that is, T'= T'(t). Let ¢ be the development
level of infection such that ¢ increases at a temperature-dependent rate vy (T'(t)) =
w(t), ¢ = qr, = 0 at the transition from Sy to Ey, and ¢ = ¢y, at the transition from
Ey to Iy. Let f(q,t) be the density of mosquitoes with infection development level
q at time ¢t. Then, My (t) = yw(t)f(qr,,t). Let J(q,t) be the flux, in the direction
of increasing ¢, of mosquitoes with infection development level q. Then we have the
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Figure 2.1: Flow diagram for the disease transmission

Table 2.1: Biological interpretations for parameters in system (2.2.15)

Parameter Description

o Probability of vertical transmission

by (t) Birth rate of larvae

K(t) Carrying capacity of larval mosquitoes
my (t) Maturation rate of mosquitoes

dr(t) Natural death rate of larvae

dy(t) Natural death rate of adult mosquitoes

dr(t) Natural death rate of birds

ay(t) Transmission probability per bite to mosquitoes
ag(t) Transmission probability per bite to birds

Br(t) Biting rate of mosquitoes on birds

Ag(t) Recruitment rate of susceptible birds

r(t) Bird recovery rate from WNv

Or(t) Disease-induced mortality rate of birds

nr(t) Rate of immunity loss of birds

Ty (t) The extrinsic incubation period (EIP) in mosquitoes
Tr(t) The incubation period in birds

7 The maximum of 7y (¢) and 7x(t), that is, max,co ) {7v (t), Tr(1)}
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following equation
0f(g,t) _ 9J
o g dv(t)f.

Substituting J(q,t) = vv(t) f(g,t) into the above equatuon, we obtain

LD 0 - vl (222)

Since J(qg,,t) = w(t)f(qm,,t) = av(t)BR(t)%Sv(t), we impose the following the

boundary condition on equation (2.2.2)

F(amy 1) = av () Balt) Irlt) g . (22.3)

r(t) (1)

In order to solve system (2.2.2) with the boundary condition (2.2.3), we introduce a
new variable

0= = s + [ wls)ds (22.4)

Let h~'(n) be the inverse function of h(t), and define

~ ~

fla.m) = fla.h"'(m)), dv(n) =dv(h™' (1)), v(n) = 1w (k™" (n)).

It immediately follows from system (2.2.2) that

~ ~ A

f(gm) _ 9f(a,m) dv(n) ;
a9 ﬁv(n)f(q’n)' (225)

Let V(s) = f(s+q—n,s), and hence, system (2.2.5) becomes

dV(s)  dy(s) .
ds s

As n—(q—qg,) <n, we have

M dy (s)

V(n) =V(n—(q—ag)e ") WO,

which implies

o A — [0 LV(S)ds

fla,n) = flas,,n—q+aqp,)e " VO
Let 7(q,t) be the time taken to grow from infection development level ¢z, to level ¢ by
a mosquito who arrives at infection development level ¢ at time t. Since % = v (t),
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we have

t
q—4qp, = / v (s)ds. (2.2.6)
t—7(q,t)

In view of (2.2.4) and (2.2.6), we get

t—7(q,t) t t
a0k = [ s [voits == [ (s = ~la-as,),

(2.2.7)
and hence, h(t —7(q,t)) =n — q+ qg,. It easily follows that
fa,t) = flg, h(t))
~ n dy/ (s)
= f(qEV7 n—q + QEV> fn I+aBy Wg(s)d
f(QE\m - T(Qa t))e_ ft—‘r(q,t) dv (§)d¢ ’ (228)

where we have used the fact

! dy (s) '
ds = d d
/n—q+qEv v (s) ’ /t_’f(qﬂf) Ve

and

Ir(t —7(g,t)) Sv(t—7(g1))
Ng(t —7(q,t)) w(t—7(g1))

flgey,t = 7(q,1)) = av(t = 7(q,1))Br(t = 7(q,1))
Let 7v(t) = 7(qr,,t). Then (2.2.8) implies that

My (t) =y (t) f(ar, . t)

_ Y (t) o -
- ’Yv(t_TV(t))( \% BR)(t ())

Ig(t —7v(1))

SR T VY g — gy (8))e v WO
NR(t—Tv(t)) V( V( ))

(2.2.9)

where (ay - Br)(t — v (t)) = av(t — v (t))Br(t — 7v(t)). Plugging ¢ = ¢r, into (2.2.6),
we obtain

t
ar, — 4g, = / Y (8)ds. (2.2.10)
t—T1y (t)
Taking the derivative with respect to ¢ on both sides of (2.2.10), we obtain

Y (t)
Wt —T1v(t)

which implies that 1 —7{,(¢) > 0. This condition also makes sense biologically. Recall
that 7/ (t) denotes the time taken by a mosquito who arrives at the infectious stage at

1—7(t) = (2.2.11)
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time ¢ from the infected stage. For sufficiently small s > 0, the vector is still infectious
at time ¢+ s when it was at the infectious stage at time ¢. Thus, 7y (t+5) < 7y (1) + s,
and hence, 7{,(t) = lim,_,o M < 1. From (2.2.10), we see that if vy () is a
periodic function, then 7y (¢) is also a periodic function with the same period. Indeed,
equation (2.2.10) determines an implicit function 7y (¢) uniquely. If vy (t + w) = v (1)
for some w > 0, then

t t+w t
[ owes= [ s= [ s
t—1y () t+w—Ty (t+w) t—7y (t+w)

which implies 7 (t + w) = 7/(t). With (2.2.9) and (2.2.11), we have

IR(t — Tv(t))

SRUETTV)) o b () Ye Sy AV (©)dE
Natt — () V)

(2.2.12)

My (t) = (1 =7 (t)(av - Br)(t — v (1))

Similarly, we can show that

Sr(t — Tr(t))

—[ t— t _fttf-r (t)dR(f)df'
Nalt—raft)) TR

(2.2.13)
Substituting (2.2.12) and (2.2.13) into system (2.2.1), we arrive at the following sys-
tem:

Mg(t) = (1 = mx(t))(ar - Br)(t — 7a(t))

(dl,lj% = bv(t) (SV + Ey + (1 — O’)[V) <1 _ LV}(“!(‘f)/VQ) _ (mv(t) + dL(t))LVh
v (1= Lok ) — (my (1) + du(t) Ly,

95— my () Lyy — oy () Br(t) 2.8y — dy (1)Sy,

9B — (1) Br(t) Sy — dy () Ey

Ir(t=T — It dy (€)d
—(1 =7 ()(av - Br)(t — Tv(t))%,sv(t oy (t))e S WO

4v — (1—7,(t))(av - Br)(t — Tv(ﬂ)%b‘v(t — T (t))e” Fry oy v (©)d€
+my (t)Lys — dy(t) 1y,
U1 = Np(t) — ar(t)Br(t) SE Iy + nr(t)Rr — dr(t)Sk,
Pn = ap(t)Br(t) SE Iy — dp(t) Er
—(1 = () - Br)(t — Tr(t)) SETE LT (1 — () e AR (E)E
Un = (1 — () (e - Br)(t — Ta(t) SO 1y (1 (1)) fimrmio RO
— (r(t) + dg(t) 4+ 0r(1)) Ir,

\ % - r(t)]R - nR(t)RR - dR(t)RR’

(2.2.14)
where Ny := Sg+ Er+ Ir+ Rpg, the constant ¢ is positive, and other time-dependent
parameters are positive, continuous and w-periodic functions in ¢ for some w > 0.
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For convenience, we assume
(uh U, U3, Ug, Us, Ug, UT, Uy, u9> - (LV17 LV27 SV7 EV? IV, SR7 ER7 -[R7 RR)

Then system (2.2.14) becomes the following one:

(4 — hy (1) (ug + ug + (1 — 0)us) (1 - “KE)> — (my () + dp(t)u,
)

duz — oy (t (1—“;;(r;;?)%—(mv(t)+dL(t))uQ,

s = my (t)ur — v (1) B(t) s=9-tg — dy (1) us,
=6

s — oy (1) Br(t) =ty — dy (E)uy
21:6 Uj t
~(L =7 () oy - Br)(t = v (8) s s (t =y (£))e” v MO,
Zi:(} ul(tiTV (t)) .
7 Us T - dv (€)d
s = (1 7, (1) (v - Br)(t — 7 (5) oDy (1 — (1)) orvio WO
\ Fmv(Ous = dv(tus,
s = An(t) — an(t) Blt) s + (t)us — dr(t)ue,
W — ap(t)Br(t) =—us — dr(t)us
27,:6 Usj t
—(1 = 7x(0)(ar - Br)(t — TR(t))Z“fj(t_—m(t))uB(t — p(t))e erre O

9 s ui(t—Tr(t))

U, ug (t—, —rt d d.
s — (1= rh (1)) (0n - Br)(t — (1)) 5ot (¢ — (1) Hornr PO

— (r(t) + dr(t) + 0r(t)) us,

[ B = r(t)us — r(t)us — da(t)uo,

Il
)

(2.2.15)

In view of biological meaning of 7y (t) and Tx(t), we impose the following compat-
ibility condition:

us(0) = /_ OTV@ v (0)Br(0) ;;((09)) ug(0)e=Jo WO gy, (2.2.16)
and o .
uz(0) = /_TRm) ar(0)Br(0) Kri((e)) us(0)e™ o 4m % gy, (2.2.17)

Moreover, in the rest of this chapter, we always impose the following condition on
K(t):

dK (t

# + (my(t) +dp(t)K(t) >0, VieR. (2.2.18)

Substituting

L(t) = uy(t) + ua(t), M(t) = us(t) + ua(t) + us(t) (2.2.19)
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into system (2.2.15), we can see that (L(t), M (t)) satisfies

9L _ b (t) (1 — ﬁ) M — (my(t) +dp(t))L,
D — my(t)L — dy (t) M.

By the comparison argument, together with condition (2.2.18), we can easily prove
the following result.

(2.2.20)

Lemma 2.2.1. Let 3(t) := {(L°,M°) € RY : 0 < L° < K(t)}. Then for any
(L°, M°) € X(0), system (2.2.20) has a unique solutzon( (t ), M (t)) with (L(0), M(0)) =
(LY M°) such that (L(t), M(t)) € 3(t) for all t > 0.

Let 7 = maxsepu{Tv(t), 7r(t)}, C := C([-7,0],R?), and C* := C([-7,0],R%).
Then (C,C7) is an ordered Banach space equipped with the maximum norm. For
any given continuous function u : [—7,¢] — R? with ¢ > 0, define u; € C by u(0) =
u(t +0), V0 € [—7,0], for any ¢ € [0,s]. Next we define

— {gb €Ot 29:@(5) >e, Vs € [—%,0]},
i=6

min,c(p,.,] Ar(t)
for small ¢ € (O, e dn ()t maxec oo 0n (D) ) By standard arguments, we can show

that for any ¢ € X, system (2.2.15) has a unique solution, denoted by u(t, ¢) on its
maximal existence interval [0, t,) with uy = ¢, where ¢, < 4o00. For each t > 0, define

Xr(t) = {qb € X :d1(s) + ¢a(s) < K(t+s), Vse[-7,0],
’ ¢s(9) — f) dv (t+€)dg
0) = t+0)Br(t+0 f)e”Jo 2V do,
¢4( ) /TV(t) aV( )/6 ( >Zz 6¢’L( >¢3< )e
— ’ ¢6(0) — [0 dp(t+€)de
¢7(0) = /_TR(t) ap(t+0)Br(t +0) 7 5(0) ¢s(0)e d9}>

where K (t) satisfies condition (2.2.18). Then we have the following result.

Theorem 2.2.1. For any ¢ € X(0), system (2.2.15) has a unique solution u(t, d)
n [0, +00) with ug = ¢, and uy(¢) € X (t) for all t > 0. Moreover, system (2.2.15)
generates an w-periodic semiflow Q(t) = uy : X1 (0) — XF(t), Vt > 0 in the sense
that (i) Q0) = I, (ii) Q(t + w) = Q(t) o Q(w), for all t > 0, and (i) Q(t)¢ is
continuous in (t,¢) € [0,4+00) x XF(0); and Q(w) has a strong global attractor.
Proof. First we have known that for any ¢ € X (0) C X, system (2.2.15) has a
unique solution u(t, ¢) on [0,t,) with uy = ¢, where t, < +00. By the uniqueness of
solutions of system (2.2.15) and the compatibility conditions (2.2.16) and (2.2.17), it
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follows that

wir = [ a _us(0) e S dvi©de
4(t) /t o v(0)Br(0) ST 6] 5(0) do, (2.2.21)
and . (9)
u7(t) = ar(0)Br(6 9u6—u5 0)e~ Jo 4R gg. 2.2.22
(t /t_m@) Oa0) g ) (2.2.22)

Hence, we have the following observation.

Claim. If all w;i(t) > 0, i # 4,7 are nonnegative on [0,s) C [0,%,), then so are
ug(t) >0, ur(t) >0 on [0,s).

Next, for any ¢ > 0 and ¢ € X (¢), define F(t,7) :=

by (1) (¥5(0) + (0 > (1~ o)) (1= 220 — (may (2) + dy () 4 (0)
oby (s 0) (1 — L9520 ) — (m <>+dL<>>¢2<>
<>¢1<o> v (8)B(t) 229 — dy (1)5(0)

@v(ﬂﬂzz(ﬂ% — dyv (£)¥4(0) = (1 = 7.(¢)) (v - Br)(t — Tv (1))
1/18( TV( ))1/13( TV(t ft Ty (8) dV(f)df
Zz 6%( Tv (1))

my (1)2(0) — dv (£)5(0) + (1 - Tv( ) - Br)(t — v (t))
1/’8( TV())1/}3( Tv(t ft (1) v (€)dE
S i(—T ())

Ag(t) = ar(t)Pr(t )% +7m( )19(0) — dr(t)46(0)

cm(tm(t);”i O )

)
0)

s o= (=TR() = S A€
ol wa—m(t»

e, , _ $6 (—TRW)Ws(—=TR() = [i—r () AR(E)E
(1 TR(t>)(aR ﬁR)(t TR(t)) 29 611,( Tr(1)) € R(*

—(r(t) +dr(t) + 5R)¢8( )
7(t)e(0) — nr(t)Ye(0) — dr(t)1e(0)

Clearly, if ¢;(0) = 0, then F;(t,) > 0, ¢ # 4,7. We can employ [116, Theorem 5.2.1]
and its proof to obtain that for the above ¢ € X7 (0), u;(t,¢) > 0,1 # 4,7, Vt € [0,t,).
It immediately follows from the claim that uy(t, ¢) > 0 and uz(t, ¢) > 0, Vt € [0,14).

The fact that L(t) = uy(t) + u2(t) and Lemma 2.2.1, together with u,(¢) > 0 and
ug(t) > 0, imply that if u;(0) + ua(0) = L(0) < K(0), then 0 < uy(t) + uq(t) =
L(t) < K(t), that is, for the above ¢ € X(0), ui()(s) + uat(o)(s) = ur(t + s, ) +
us(t + s,0) < K(t + s), Vs € [—7,0]. Note that the total bird population (Np =
Ug + U7 + ug + ug) satisfies

dNR

o = = Agr(t) — dr(t)Nr — 6r(t)us > Ar(t) — (dr(t) + 0r(t)) Nr.
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> min AR(t)
— < te[0,w]
We can see that Np = ¢, where ¢ < ey dn (O Fmaxec o o] On (D)

of the above equation, that is, if Ng(0) > ¢, then Ng(t) > ¢, for any ¢t € [0,t,).
Moreover, for the above ¢ € XF(0), we have S0 wi(s, @) = oo uit +5,¢) > ¢,
Vt € [0,t4). We note that (2.2.21) can be rewritten as follows:

is a lower solution

0
us(t +0) — [9dy (t+&)d
uy(t) = ay(t+0)Br(t + 6 usg(t + 0)eJo WO g
i /—Tv(t) V0l )Z?ZGW(H@) (0

which is equivalent to

_ ’ us:(6, @) — [ dv (t+€)de
U4t(0, ¢) = /_Tv(t) Oév(t + Q)ﬁR(t + 9) 2?26 Uit<0’ ¢) U3t(9, ¢)6 do.

Similarly, (2.2.22) is equivalent to

o 0 u6t<07¢) — [ dr(t+€)de
(0, 8) = /_ 03+ 0) g™ B0, .

Hence, we know w;(¢) € X (t), Vt € [0,14).
We observe that

DI — my ()L — dy ()M < 1, K — dy M,
% = AR<t) — dR(t)NR — 5R(t)IR < AR — CZRNR,

where 1y = maxe(o.) mv(t), K = maxeo.) K (1), Ap = maxXe(o ] Ar(t), dy =

minejo. dv(t), and dg = mingep.) dgr(t). Thus, the comparison argument implies

that the solutions of system (2.2.15) with initial data in X (0) exist globally on

[0, 4+00) and are ultimately bounded. It then follows from Theorem 1.1.1 that Q(w)

has a strong global attractor. O]

2.3 Global dynamics in terms of R} and R,

In this section, we first introduce the mosquito reproduction number R} and the basic
reproduction number Ry for the model system. Then we establish a threshold-type
result on its global dynamics in terms of R} and Rj.
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2.3.1 Reproduction numbers R} and R,

We first consider the following linearized system associated with (2.2.20) at the
mosquito-free solution (0, 0):

{% = by ()M — (my (t) + d(t))L, (2.3.1)

% = mv(t)L — dv t)M

Following [127], we define the mosquito reproduction number. To this end, we let

ro=(5 ") o= (006" )

Suppose $v((t) is the monodromy matrix of the linear w-periodic differential system
dzdit) = V(t)z. Assume Y (t,s), t > s, is the evolution operator of the linear w-periodic
system

dy(t)

L — V(. (2.3.2)

that is, for each s € R, the 2 x 2 matrix Y (¢, s) satisfies

%Y(t, s)=-=V({t)Y(t,s), Vt>s, Y(s,s)=1,

where [ is the 2 x 2 matrix. Thus, the monodromy matrix ®_v.(t) of (2.3.2) is equal
to Y(¢,0), t > 0. We assume that ¢(s), w-periodic in s, is the initial distribution of
infectious individuals. Then F(s)¢(s) is the rate of new infections produced by the
infected individuals who were introduced at time s. Given t > s, then Y (¢, s)F(s)¢(s)
gives the distribution of those infected individuals who were newly infected at time s
and remain in the infected compartments at time t. It follows that

Y(t) = /_ Y (t,s)F(s)p(s)ds = /0 h Y(t,t —a)F(t —a)p(t — a)da

is the distribution of accumulative new infections at time ¢ produced by all those
infected individuals ¢(s) introduced at time previous to ¢.

Let C,, be the ordered Banach space of all w-periodic functions from R to R2,
which is equipped with the maximum norm || - || and the positive cone C' := {¢ €
C,:¢(t) >0, VteR} Then we define a linear operator L : C,, — C,, by

+o00
(Lo)(t) = /0 Y(t,t —a)F(t —a)o(t —a)da, YVt ER, ¢ €C,,.

Then we call L the next generation operator [127], and define the basic reproduction
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number as
Ry = r(L),

the spectral radius of L. The following result will be used in the proof of our main
result.

Lemma 2.3.1. ( [127, THEOREM 2.2]) The following statements hold:

(1) Ry =1 if and only if 1(Pry—v()(

&
~—
~—

|
\.)—‘

£
Vv
\.P—‘

(ii) Ry > 1 if and only if r(Pr()—v()(
(iil) Ry < 1 if and only if r(Pre)—v()(

&
A
—_

It follows from Lemma 2.3.1 that the trivial solution (0, 0) is locally asymptotically
stable for system (2.3.1) if Ry < 1, and unstable if R} > 1.

For our subsequent discussions, we need the following result:

Lemma 2.3.2. ( [141, LEMMA 2.1]) Let A = 2Inr(Pp()—v()(w)). Then there exists
a positive, w-periodic function v*(t) such that eMv*(t) is a solution of system (2.3.1).

The following result is concerned with the global dynamics of system (2.2.20).

Lemma 2.3.3. Let X(t) be defined as in Lemma 2.2.1. Then the following statements
hold:

(i) If Ry < 1, then (0,0) is globally asymptotically stable for system (2.2.20) in
£(0);

(i) If Ry > 1, then system (2.2.20) admits a unique positive w-periodic solution
(L (1), S%(t)), which is globally asymptotically stable in 3(0)\{(0,0)}, that is,
tEeroo[(L(t)’M(t»_(L*V(t)’ St (t)] = (0,0). Further, L}, (t) < K(t), ¥t € [0,w].

Proof. As a straightforward consequence of Theorem 1.3.3, we have the threshold-
type result, as stated in (i) and (ii). It suffices to prove L}, (t) < K(t), V ¢t € [0,w].
By Lemma 2.2.1, we already know Li () < K(t), V¢t > 0. There exists ty > 0 such
that L{ (to) < K(to), otherwise L}, (t) = K(t), Vt > 0, which is impossible. Without
loss of generality, we can assume to = 0. It then follows that L} (t) = L(¢, L3, (0)) <
L(t, K(0)) < K(t) for all t > 0. O

Remark 2.3.1. For each t > 0, define
N(t) = {(L°, M°) € O([-#,0],R%) : 0 < LO(s) < K(t + ), Vs¢&[-7,0]}.

By the uniqueness of solutions, we can show that Lemma 2.3.3 also holds when 3(t)
is replaced by X(t).
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Next we follow the results in Section 1.4 (please see also [144]) to define the disease
reproduction number for system (2.2.15). It is not hard to see that the equation
du(t)
dt

= Ag(t) — dr(t)u(t), (2.3.3)

admits a unique positive w-periodic solution S3(t), which is globally attractive. This
fact together with Lemma 2.3.3 imply that the disease-free solution of system (2.2.15)
takes the form:

(Ul, Uz, U3, Uq, Us, Ug, U7, Us, Ug) - (L*V(t)a 07 S\t’(t)a 07 07 S;%(ﬂa 07 07 0)7

provided that R} > 1. Linearizing system (2.2.15) around the disease-free solution,
then we get the following cooperative system for the infectious compartments:

(2 — by (1) (1 555 ) ws — (mv (1) + du (D),

s — (1= 7, (1) (av - Br)(t — v (8)) Seemel e~ om0 W O% oy (1 — 7 (1))
+my (t)wy — dy (t)ws,

s — (1= 74(0))(an - Br) (£ — Tr(t))e =m0 T O%aps (¢ — (1))

X — (r(t) + dg(t) + 6r(t)) w

(2.3.4)

Assume C,,(R,R?) is the Banach space consisting of all w-periodic and contin-
uous functions from R to R?, where ||¢||c,rr3) = maxpepu [|¢(0)[|rs for any ¢ €
Cyo(R,R?). Recall that 7 = maxsepw{mv(t), 7r(t)}. From system (2.3.4), we define
F(t): C([-7,0],R®) — R3 by

oby(t) (1 - 55) ¢s(0)

Sy T
Bt zz _ (1 =7 () (v - Br)(t — TV(t))H
8 xe™ Jiry 0 v (O ps(—Tv (1))

(1 —7h(1)) (g - Br)(t — Ta(t))e ﬁwﬂﬂm%@mw>

for t > 0 and (9, @5, ps) € C([—7,0],R3), and —V(¢) : R — R3 is defined by

ws —(m ( ) +di(t ))
ws (()+dR()+5R())

for t > 0 and (ws, ws, ws) € R3. Then system (2.3.4) can be rewritten as

dv(t)
dt

= F(t)v, — V(t)u(t), ¥ t > 0.
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It is easy to see that F(¢) : C([—7, 0], R?) — R3 is positive in the sense that F(¢)C([—7, 0],
R?) C R%, and hence, the condition (H1) in Section 1.4 holds. It is easy to see that
—V(t) is cooperative. Next, we assume {Z(t,s), t > s} is the evolution family on

R3 associated with the following system dq;—@ = —V(t)v(t). Assume that Q(Z) repre-

sents the exponential growth bound of the evolution family {Z(t, s), t > s}, which is
defined by

Q(Z) :=inf{&: 3 M >1such that || Z(t+s,s)||< M, VseR, t>0}.

In the following lemma, we will show that the exponential growth bound of evolution
family {Z(t, s), t > s} is negative, and hence, the condition (H2) in Section 1.4 holds.

Lemma 2.3.4. The exponential growth bound of evolution family {Z(t,s), t > s} is
negative, that is, Q(Z) < 0.

Proof. For any ¢ := (pa, @5, ¢s3)" € C([—7,0], R?), we assume that
Z(t,s)p = (Zy(t, s)p, Zs(t, s)p, Zs(t, s)p) " .
From (2.3.5), it follows that

Zo(t,s)p = e~ Js (mv(O)+dL®)dd

Zs(t, s)p = e~ s OBy 1 [* e Je dv O, () e S5 v 0)+dn0)d0 ) g
t
Zg(t,s)p = e~ S (©)+dR©O)+3r®))d0 5

~—

Let 7y 1= maxejo ) my (t) and

d:= min]{mv(t) +dp(t), dy (t),r(t) + dr(t) + dr(t)} > 0.

te[0,w

Then, for all t > s, it is not hard to see that

| Za(t, ) 1< e %9 | o |, *
| Zs(t, ) 1< e =) || s || oy [(t = s)e %3] || s | (2.3.6)
| Zs(t, ) 1< 0= | g ||

We may choose a dy > 0 such that d — dy > 0. Since lim;_,, te=%f = (), there exists
a constant M; > 0 such that te=%* < M;, V ¢ > 0. Thus,

(t — 5)e %) = [(t — 5)e %] ([@00)(=5) < Nfe=(@=00)0=5) v ¢ > g (23.7)
In view of (2.3.6) and (2.3.7), we conclude that Q(Z) < 0. O

With the above discussions, we can use the theory in Section 1.4 to define the
reproduction number for system (2.2.15). We assume that v € C,(R,R3) and v(t) is
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the initial distribution of infectious vectors and reservoirs (birds) at time ¢ € R. For
any s > 0, F(t — s)v;_, represents the density distribution of newly infected vectors
and reservoirs at time ¢ — s, which is produced by the infectious vectors and reservoirs
who were introduced over the time interval [t —s—7,t—s]. Then Z(t,t —s)F(t —s)v;_s
is the distribution of those infected vectors and reservoirs who were newly infected at
time ¢t — s and still survive in the environment at time ¢ for ¢ > s. Thus, the integral

400 +o00
/ Z(t,t — s)F(t — s)v,_sds = / Z(t,t — s)F(t — s)v(t — s+ -)ds

is the distribution of accumulative infective vectors and reservoirs at time ¢ produced
by all those infectious vectors and reservoirs introduced at all previous time to . On
the other hand, for any given s > 0, Z(t,t — s)v(t — s) is the distribution of those
infectious individuals at time ¢t — s and remain in the infected compartments at time
t, and hence, f0+°° Z(t,t — s)v(t — s)ds represents the distribution of accumulative
infectious individuals who were introduced at all previous times to ¢ and remain in
the infected compartments at time ¢. Thus, F(t) O+O° Z(t+ - t—s+-)v(t —s+-)ds
represents the distribution of newly infected individuals at time t.

Define two linear operators on C, (R, R?) by
+oo
[Lo|(t) := / Z(t,t — s)F(t — s)v(t — s+ -)ds, Vt €R, v € C (R, R?).
0
and
+oo
[Lo](t) := ]F(t)/ Zt+t—s+ )t —s+-)ds, VtER, ve O, (R,R?).
0
Let A and B be two bounded linear operators on C, (R, R?) defined by
+oo
[Av](t) == / Z(t,t — s)v(t — s)ds, [Bv)(t) :=F(t)v;, VtER, ve C,(R,R?).
0

It then follows that L. = AoB and £ = Bo A, and hence, L. and £ have same spectral
radius. Motivated by the concept of next generation operators (see, e.g., [11,127]),
we define the spectral radius of I and £ as the basic reproduction number for system
(2.2.15), that is,

Ro :=r(L) =r(L).

Let 15(75) be the solution maps of system (2.3.4), that is, ]s(t)qﬁ = w (o), t ,
where w(t, ¢) is the unique solution of system (2.3.4) with wy = ¢ € C([—7,0],R?).
Then P(w) is the Poincaré map associated with linear system (2.3.4). Let r(P(w)) be
the spectral radius of P(w). By Theorem 1.4.1, we have the following observation.

>
R?)

Lemma 2.3.5. Rg — 1 has the same sign as r(P(w)) — 1.
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Let
&=Rx C([_TR(O)vOLR) X C([_TV<O)’O]vR)7

and
ET =R, x C([-7r(0),0],Ry) x C([-7(0),0], R,).

Then (£, ") is an ordered Banach space. Given a function w : [0, 400) x[—7g(0), +00) X
[—71/(0), +00) — R3, we define w; € &, ¥t > 0, by

wt(Q) = (wg(t),w5(t+95),wg(t+€g)), W 0= (95798) S [—TR(O),+OO) X [—Tv(O),+OO).

By the arguments similar to those in [83, Lemma 3.3] and the method of steps, we
have the following result.

Lemma 2.3.6. For any ¢ := (pa, p5, ps) € ET, system (2.3.4) admits a unique mild
solution w(t, p) on [0,4+00) with wy = .

For any given ¢ > 0, let P(t) be the solution map of system (2.3.4) on & defined
by P(t)p = wi(p), ¥V ¢ € E£. Next, we will show that the periodic semiflow P(t) is
eventually strongly positive on £*.

Lemma 2.3.7. For any ¢ = (2, p5,p8) € ET with ¢ Z 0, the solution w(t, ) of
system (2.3.4) with wy = ¢ satisfies w;(t) > 0 for all t > 27, i = 2,5,8. Thus,
P(t)p >0, Vt > 37.

Proof. As in the proof of Lemma 2.3.6, a simple comparison argument on each interval
[n7T, (n+ 1)7], n € N, implies that w;(t) > 0 for all t > 0,7 = 2,5,8.

Next, we choose a large C' > 0 such that go(t,wy) := —(my(t) + di(t))we + Cw,y
is strictly increasing in wy, g5(t, ws) := —dy (t)ws + Cws is strictly increasing in ws,
and gs(t,ws) == — (r(t) + dg(t) + 0r(t)) ws + Cws is strictly increasing in wg. For
convenience, we further assume that

bat) = aby(t) (1 543 |
bs(t) = (1 —7,(t)) (o - Br)(t — Tv(t))—ﬁggjgggge— Jomry @ ()
bs(t) = (1 —75(t))(ar - Br)(t — Tr(t))e” — L

Then system (2.3.4) can be rewritten as follows:

% = —Cwy + ga(t, wy) + ba(t)ws,
@2 = —Cws + gs(t, ws) +my (t)ws + bs(Hws(t — 1v (1)), (2.3.8)
s — —Cws + gs(t, ws) + bs(t)ws(t — Tr(t)).

It then follows that for any given ¢ = (2,5, ps) € ET, the solution (ws(t,p),
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ws(t, p), ws(t, )) satisfies the following system of integral equations:

,p) =€ 902 + fot o )92(3 wa(s))ds + [y e"CUby(s)ws(s)ds,
,p) = )+ fo 95 s, ws(s))ds + fo o= S)mV(S)MQ(S)dS
+ fo _C(t bs (s )w8($ —1v(s))ds,
ws(t, @) = e “pg(0) + f(f e~ C1t=) gg (s, ws(s))ds + f(f e~ =g (s)ws(s — Tr(s))ds,
(2.3.9)
for all t > 0.

Case 1. ¢y # 0. That is, o > 0. In view of the first equation in system
(2.3.9), it follows that ws(t, ) > 0, for ¢ > 0. This and the second equation in system
2.3.9) imply that ws(t,¢) > 0, for t > 0. Note that if s > 7, then s — 75(s) >
7T —71r(7) > 7 —7 = 0. In view of the third equations in (2.3.9), it follows that
ws(t, ) >0, Vi>7.

Case 2. p5 # 0. Then p5(62) > 0, for some 62 € [—7x(0), 0], and hence, ws(62) >
0. In view of third equations in system (2.3.9), it follows that ws(t,¢) > 0, V ¢t > 7.
Note that if s > 27, then s — 7/ (s) > 27 — 7(27) > 27 — 7 = 7. Then the second
equation in system (2.3.9) implies that ws(t,¢) > 0, V t > 27. Thus, it follows from
the first equation in system (2.3.9) that wq(t, ) > 0, V ¢t > 27.

Case 3. g # 0. The arguments are similar to Case 2, and we omit the details.
From the discussions in Cases 1-3, we see that w;(t) > 0 for all ¢ > 27, i =25,8.
Thus, P(t) is strongly positive on £, for all ¢t > 37. m

Fix a ng such that now > 37. Then it follows from Lemma 2.3.8 and the arguments
in [83, Lemma 3.8] that [P(w)]™ = P(now) is strongly positive. Further, we have the
following results:

Lemma 2.3.8. Two Poincaré maps P(w) : C([-%,0],R%) — C([-#,0],R®) and
P(w) : &€ — & have the same spectral radius, that is, r(P(w)) = r(P(w)).
We further have the following observation.

Lemma 2.3.9. Let p = W. Then there exists a positive w-periodic function
w*(t) such that the following statements hold:

(i) e*w*(t) is a solution of system (2.3.4) with the feasible domain E, for allt > 0;
(ii) et'w*(t) is also a solution of system (2.3.4) with the feasible domain C([—7,0],R?),
for allt > 0.

Proof. Part (i). It follows from similar arguments in [138, Proposition 1.1].

Part (ii). It follows from Part (i) that we may assume that v*(t) := e*w*(t)
satisfies system (2.3.4), for all ¢ > 0, with v = ¢ € E. Since v*(t) := eMw*(¢)
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is an entire function, we can set ¢*(8) = v*(d), V 0 € [—7,0]. Then it is easy to
see that 2*(t,¢*) := efw*(t) satisfies system (2.3.4), for all ¢t > 0, with 25 = ¢* €
C([—7,0],R?). This implies that Part (ii) holds. O

2.3.2 Threshold dynamics

We are now in a position to prove a threshold-type result on the global dynamics of
system (2.2.15) in terms of R} and Ro. We start with the following system

(% = oby (t)us — (my(t) + dp(t))us,
dd% = —mv(t)uQ - Oév<t)53(t) 29186 " Uz — dV<t)U37
i FEC T - tt—T td d
s — (1 —7(,(t))(av - Br)(t — mm%ug(t oy (8))e v Ok
+my (t)ug — dy (t)us,
Lo — An(t) = ar(t)Ba(t) s + na(t)uy — dn(t)us,
W — ap(t)Br(t) =—us — dr(t)uy
Z;:G Uq t
—(1 = () (ar - Br)(t — Tr(t)) =gel=ma®) g (¢ — 7p(t))e Jemrnw RO
D6 Ui(t=Tr(1)) .
dus — (1 —74(t)) (g - Br)(t — Tr(t)) EZZ(Z(z(:;)(t))“5(t — ra(t))e o O
- (T(t) + dR(t) + (53(15)) Uus,

| L = r(t)us — nr(t)us — dr(t)u,

(2.3.10)
with the feasible domain

9

YA:F = {(@27 P35, P5, P65 P75 8, 809) S C([_%7 0]7R1) : Z SOZ(S) 2 & Vs € [_7:’ 0]7

1=6

_ [ 6 (0) o I3 dn()de
o0 = [ a8 o as}.

Lemma 2.3.10. Assume Ry < 1. Then system (2.3.10) admits a unique w-periodic
solution (0,0, 0, S5(t),0,0,0), which is globally asymptotically stable in Y_*.

Proof. From the second equation in system (2.3.10), it is easy to see that uz(t) — 0
as t — +oo. Thus, (ug,us) in system (2.3.10) is asymptotic to the following system

dd% = my (t)us — dy (t)us.

{dd% = O'bv(t)U5 - (mV(t) + dL(t))u27

Since Ry < 1, it follows from Lemma 2.3.1 that 7(®r)_v()(w)) < 1, and hence,
A= 1Inr(Pp)—v()(w)) < 0. From Lemma 2.3.2, we see that there exists a positive,
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w-periodic function v*(¢) such that e*v*(t) is a solution of system (2.3.1). We may
choose a suitable a such that (us(t), us(t)) < aev*(t), Vt € [—7,0]. Since o < 1 and
aeMv*(t) is still a solution of system (2.3.1), it follows from comparison arguments
that (us(t), us(t)) < aeMv*(t), ¥Vt > 0. By the theories of asymptotically periodic
semiflows and internally chain transitive sets (see, e.g., [145, Theorem 3.2.1, Lemma
1.2.2] and Theorem 1.1.2), it follows that (uo(t),us(t)) — (0,0) as t — 400, due to

the fact A < 0. Thus, ug in system (2.3.10) is asymptotic to the following system

du8

— == (r(t) + dr(t) + n(t)) us,

and hence, ug(t) — 0 as t — +o00. Similarly, uz(t), ug(t) — 0 as t — +o0. Finally, ug
in system (2.3.10) is asymptotic to system (2.3.3), and hence, lim;_, ; o (ug(t)—Sk(t)) =
0. [

Next, we assume dg(t) = 0 and Ry > 1. Then we consider the following system

(22 — gy, ()(1 - v(“)’) ws — (my () + dp(t) us,
% = my (t)(Ly(t) — uz) — ay(t)Br(t )Tus — dy (t)us,
G = (L= O) v Fr)(t —7v (1)) zii(;&—ifi)@» (t — Ty (B)e v A E%
+my (t)us — dy(t )u5,
Be = Ap(t) — an(t)Ba(t ) —us + nr(t)uy — dr(t)us,
% = ag(t)Br(t )?ug) dR( Jur
—(L=7r)(ar - Br)(t = Tr(t)) 50 i a5 (;(;R(:})j(t))ug)(t — p(t))e” Jraiw dn ()
i = (= Th(®)(or - Br)(t = 7a(?)) z?iit&‘g(t))“n’)(t — 7r(t))e” e 4RO
= (r(t) + dr(t)) us,
dug

LG = r(t)us — nr(t)ug — dr(t)u,

(2.3.11)
with the feasible domain Y_*.

Lemma 2.3.11. Assume Ry > 1 and Ry < 1. Then system (2.3.11) admits a
unique w-periodic solution (0, S(t),0,Sk(t),0,0,0), which is globally asymptotically
stable for (2.3.11) in Y_*.

Proof. Since Ry < 1, it follows from Lemma 2.3.5 and Lemma 2.3.8 that r(P(w)) < 1.
By continuity, there exists a p > 0 such that r(P,(w)) < 1, where P,(w) : £ = &£ is
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the Poincaré map associated with the following system:

(2 — by (1) (1= 558 ) ws — (m (1) + dy (),
= (L= O)av Bt =) oY M sl = v (9)
+my (t)UJQ — dV (t)w5,
dws _ / — i AR (E)dE
G = (L =1R(®)(ar - Br)(t = Tr(t))e "m0 ws(t = 7r(1))
\ = (r(t) + dr(t)) ws,

(2.3.12)
where we have assumed that dg(t) = 0. Since (L3, (t), Sy (t)) is an w-periodic solution
of system (2.2.20), it follows that

5y (t)
dt

= my () L5 (1) — dy (£S5 (L), (2.3.13)

From the second equation in system (2.3.11), we see that

W < i (1) (1) — dy (1), (2.3.14)

In view of systems (2.3.13) and (2.3.14), it follows that
us(t) < Sy (t), vt—7>0. (2.3.15)
Let Ng = 30 u; in system (2.3.11). Then it follows that Ny satisfies system (2.3.3)
with N € C([-7,0], R, ), and hence, lim;_, ;oo (Ng(t) — Si(t)) = 0. Thus, there exists
a positive integer M; such that
Sk(t) —p < Ng(t) < Sp(t)+p, Vi —7 > Mjw. (2.3.16)

From systems (2.3.11), (2.3.15), (2.3.16) and the fact =221 _ <1 we sce that

i ui(t—TR(t))

(22 — by (1) (1= 55 w5 — (mv () + du(8) e,
us Sy (t—1v iy v
L < (1= (1) (av - Br)(t = 7v (1)) grhimmgiye oo ™ g (e — 7. (1)
"‘mV(t)UQ — dv<t>U5,
dus < (1 _ . _ RO,
s < (1= (D) ar - Br)(t — Th(t))e us(t — h(t))
L — (r(t) + dg(t)) us,

(2.3.17)
fort — 7 > Mjw.

Let p, = w. Then it follows from Lemma 2.3.9 that there exists a positive

w-periodic function w(t) such that e*‘w?(t) is a solution of system (2.3.12) with
the feasible domain C([—7,0],R?), for all ¢ > 0. We may choose a K > 0 such
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that (ug(t),us(t), us(t)) < Ketohwi(t), vt € [Miw — 7, Miw]. Then the comparison
theorem for delay differential equations (see, e.g., [116 Theorem 5.1.1]) imply that
(ua(t), us(t), us(t)) < Ketrtwi(t), V¢t —7 > Myw. Since u, < 0, it follows that
limy s oo (ua(t), us(t), us(t)) = (0,0,0).

dug __

Thus, the equation for ug is asymptotic to G2 = —ngr(t)ug — dr(t)ug. By the

theories of asymptotically periodic semiflows and internally chain transitive sets (see,
e.g., [145, Theorem 3.2.1, Lemma 1.2.2] and Theorem 1.1.2), it follows that ug(t) — 0
as t — +o0o. Therefore, the equation for uz in system (2.3.11) is asymptotic to

s — my(t)Ly(t) — dyv(t)us, and ue is asymptotic to system (2.3.3), and hence,

limy oo (us(t) — S3(t)) = 0 and limy, 1 (ug(t) — Si(t)) = 0. Further, it is easy to
see that limy_, o, uz(t) = 0. O

Theorem 2.3.1. Assume that u(t, ) is the unique solution of system (2.2.15) with
up = ¢ € X(0). Then the following statements are vaild:

() If RY <1, then limy_, o0 (u(t, ) — (0,0,0,0,0,5%(t),0,0,0)) = 0;

(ii) Let dp(t) = 0 in system (2.2.15), and (¢1(0) + ¢2(0), ¢3(0)) # (0,0). If Ry > 1
and Ry < 1, then limy_, o (u(t, ¢) — (L} (t), 0,54 (¢),0,0,S55(t),0,0,0)) =

Proof. Assume that L(t) and M(t) are defined in (2.2.19), and (L(t), M(t)) satisfies
system (2.2.20) with the feasible domain ¥(t), which is defined in Remark 2.3.1. We
rewrite system (2.2.15) as follows

(12— by (1) (1= g ) M — (mo(t) + dy (D)L,
dcjz\f my ()L — dv (t)M,

G = obv(t) ( KL(t ) us — (my (t) + dL(t))U27

s — my(t)(L — us) — ay(t)Br(t ) —ug — dy (t)us,

e =1 —m,(t)(av - Br)(t - TV@))% ot — 7y (£))e dmrn W@
+my (t)us — dy (t)us,

Lo — An(t) — an(t) Brt) s + 1ty — dr(t)ue,

4t = an(t) Br(t) s -us — dr(t)ur
~(1 = 7R en - Br)(t = 7r(t) g7 s (t = (D) fi-rpio dr(€)dE

B = (L= Th(O) - Br)(t = malt) T us(t = m(t))e” Horme O

— (r(t) + dr(t) + 6r(t)) us,
|G = r(t)us — nr(t)ug — dr(t)us,

(2.3.18)
with the feasible domain 3(¢) x Y2*. Let Q : £(0) x Y.F — (0) x Y2+ be the Poincaré
map associated with system (2.3. 18) and @(Z) be the omega-limit set of the orbit of
Q with initial values # € £(0) x Y.*.
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Part (i). Since Ry < 1, it follows from Lemma 2.3.3 and Remark 2.3.1 that
(L(t), M(t)) in the first two equations of system (2.3.18) satisfies limy_, ;oo (L(t), M (%)) =
(0,0). Then there exists a set Z € C([— 7,0],R7) such that w(z) = {(0,0)} x 7. For
any given I € T, we have (0,0, &) € &(2) € 3(0) x Y, and hence, #; € Y;*. Thus,
7 CY*. By Lemma 1.1. 1 w(Z) is a compact, invariant and internal chain transitive
set for Q. Moreover, if 2° € C([—7,0],R%) with (0,0,2°) € &(2), there holds

A

Q |£Z)(Li) (O,O,.TO) = (0707 P(xo))7

where P : Y.t — Y.* is the Poincaré map associated with system (2.3. 10). It then
follows that Z is a compact, invariant and internal chain transitive set for P YJr
Y+,

By Lemma 2.3.10, it follows that system (2.3.10) admits a globally attractive
w-periodic solution (0,0,0,S%(¢),0,0,0) in f/j. This implies that the unique fixed
point (0, 0,0, S%(0),0,0,0) is an isolated invariant set in Y.*, and no cycle connecting
(0,0,0,5%(0 ) 0,0,0) to itself in Y.*. Since Z is a compact, invariant and internal
chain transitive set for P : Y+ — Y*7 it follows from a convergence theorem (see,
e.g., Theorem 1.1.3) that 7 is aﬁxed point of P. That is, Z = {(0,0,0, 5%5(0),0,0,0)},

and hence,

W(#) = {(0,0)} x Z = {(0,0,0,0,0, 54(0),0,0,0)}.
This implies that (0,0,0,0,0,S%5(0),0,0,0) is globally attractive for @ in %(0) x Y.t
Corresponding to the fixed point of the period map Q, system (2.3.18) has a globally
attractive positive w-periodic solution (0,0,0,0,0, S%(t),0,0,0) in 3(¢) x Y2+, In view
of (2.2.19), we complete the proof of Part (i).

Part (ii). Since (L(0), M(0)) # (0,0) and Ry > 1, it follows from Lemma 2.3.3 and
Remark 2.3.1 that (L(t), M (t)) in the first two equations of system (2.3.18) satisfies

i [(20),0(0)) = (L (0), 55 (0)] = (0.0)
Then there exists a set Z C C([—7, 0], R7) such that w(z) = {(L}(0), S;-(0))} xZ. For

any given I € 7, we have (L(0), S5(0), 41) € &(#) € 2(0)x Y., and hence, #; € Y.
Thus, Z C Y. By Lemma 1.1.1, &(#) is a compact, invariant and internal cham
transitive set for Q. Moreover, if i° € C([— 7,0}, R7) with (L3,(0), St(0),2°) € &(2),

there holds X .
Q lo) (0,0,2°) = (Ly(0), Sy.(0), P(z°)),

where P : Y.t — Y.* is the Poincaré map associated with system (2.3. 11). It then
follows that Z is a compact, invariant and internal chain transitive set for P : YJr
Y+,

In view of Lemma 2.3.11, it follows that system (2.3.11) admits a globally at-
tractive w-periodic solution (0, Sy (t),0,S5(¢),0,0,0) in Y. This implies that the
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unique fixed point (0, S} (0),0, S%(0),0,0,0) is an isolated invariant set in Y.*, and
no cycle connecting (0, 5% (0),0, S%(0),0,0,0) to itself in Y*. Since 7 is a compact,
invariant and internal chain transitive set for P : YJr — Y*, it follows from a con-
vergence theorem (see, e.g., Theorem 1.1.3) that Z is a fixed point of P. That is,

7 = {(0,5:(0),0,5%(0),0,0,0)}, and hence,

(@) = {(Ly(0), S-(0)} x Z = {(Li-(0), 5i-(0),0, 57-(0), 0, S(0),0,0,0)}.

This implies that (L3, (0), Sy-(0), 0, 55-(0), 0, S%(0), 0,0, 0) is globally attractive for Q in
E(O) X YJr Corresponding to the fixed point of the period map @Q, system (2.3.18) has a
globally attractive positive w-periodic solution (L, (t), Sy (t),0,S%(t), 0, S5(¢),0,0,0)
in 3(¢) x Y:©. In view of (2.2.19), we complete the proof of Part (ii). O

In the rest of this section, we discuss the uniform persistence of WNyv.

Lemma 2.3.12. Let u(t, ¢) be the unique solution of system (2.2.15) with ug = ¢ €
X(0). Then the following statements are valid:

() If there exists some ty > 0 such that u;(ty, @) # 0 for some i € {2,5,8}, then
ui(t, @) >0, Vt > to;

(ii) There ezists a Ty > 0 such that uy(t, ) + ua(t, ) < K(t), fort > To;
(iii) If ¢;(0) # 0 for all i € {2,5,8}, then u;(t,¢) > 0,¥ t > Ty, 1 < i <9, where Ty
is given in (ii);

(iv) Assume that RY > 1 and ¢;(0) # 0 for all i € {2,5,8}. If there exists a o* > 0
such that lngrinf ui(t,¢) > o*, Vi = 2,58, then there exists a o € (0,0*) such
— 400

. ' S e
that l%gglofuz(t, ) >0, ¥V1<i<0.

Proof. Part (i). By the positivity of solutions (see Theorem 2.2.1), it is easy to see
that us(t), us(t), and ug(t) in system (2.2.15) satisfy

G = —(my(t) +de(t))us,
G = —dv(t)us, (2.3.19)
dus > — (r(t) + dg(t) + Or(t)) us

If there exists some ¢y > 0 such that u;(to, ¢) # 0 for some i € {2,5,8}, then it follows
from the comparison arguments and (2.3.19) that w;(t, ¢) > 0, Vt > t.

Part (ii). Recall that L(t) = wui(t) + ua(t) and M(t) = us(t) + wa(t) + u5( )
satisfy system (2.2.20). If RY < 1, then we have lim;, o (ui(t, @) + us(t, ¢

limy 40 L(t,¢) = 0 by Lemma 2.3.3 (i). Therefore, for any ¢ € (0 mingeo ) K )
there exists a T\" > 0 such that uy (¢, ¢) + uy(t,¢) < & < K(t), ¥t > TV ERY > 1
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then we have lim;_,, [(ul(t, ¢) +us(t,¢)) — Li(t)] = 0 by Lemma 2.3.3 (ii). Thus,
for any € € (O, mingeo . (K () — L*V(t))>, there exists a TO(Q) > () such that

ui(t, @) + us(t, ) < LE(t) + e < Li(t) + K(t) — LE(t) = K (1), vt > T,

Take Ty = maxte[o,w]{Tél), TO(Z)}, and the desired result follows.

Part (iii). By (i), it is easy to see that w;(¢,¢) > 0 holds for i = 2,5,8. We will
show that uy (¢, ¢) > 0, Vt > Ty. Assume, by contradiction, that there exists a ty > Tp
such that us(t2,¢) = 0. Then (2, ¢) = 0, and the first equation in (2.2.15) ensures

that
(t2) + U2(t2)) —0
K(t2) '
By (ii) and the above equality, it follows that wus(ty) = 0, which is a contradiction.
And hence, u;(t,¢) > 0, ¥Vt > Tj. Similarly, we can show that w;(t,¢) > 0, V& > Ty,
i =3,6,9. By (2.2.21) and (2.2.22), it is easy to see that w;(t, ¢) > 0, Vt > Ty, 1 = 4, 7.
We complete the proof of (iii).
Part (iv). Since L(t) = uy(t) + ua(t) and M(t) = wus(t) + ua(t) + us(t) satisty
system (2.2.20), it follows from Lemma 2.3.3 and Remark 2.3.1 that

by (t2) (us(t2) + ualte) + (1 — o)us(t2)) (1 _

lim [(L(t), M(2)) = (Ly (1), Sy (t))] = (0,0).

t——+o0
Then there exists a 17 > 0 such that
1 1
uy () +ug(t) = L(t) < L*{/(t)+§[K(t) — L} (t)] = §[K(t)—|—L§}(t)], Vit>T, (2.3.20)

and
us(t) < M(t) < 2S3(t), Vit >T. (2.3.21)

Let Np =37 . u; in system (2.2.15). Then it follows that Ng satisfies

T2 Anlt) — di(t) N — Gn(t)us < A(t) — dn(t) N,
and AN
= An(t) = du(t)Ne = 6r(t)us = Ar(t) = (drlt) + Sr(t)) N

with N3 € C([—7,0],R,). Then it follows from the comparison principle that there
exists a T5 > T such that
1

557 (1) < Na(t) < 253(), ¥ t > T, (2.3.22)
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where S3,(t) is the unique positive w-periodic solution of the following system

AN .

d_tR = Ag(t) — (dr(t) + 0r(t)) Nk,
with N9 = N9 € C([—7,0], R,). Since there exists a px > 0 such that ltierinf wi(t, o) >

—+00
0", V1 =2,5,8, we see that there exists a T3 > T5 such that
1
wi(t,¢) 2 5o' V> Ty, i =258, (2.3.23)

From the first equation of system (2.2.15), it follows that

du; _ 1 K(t)+ L} (t)

— > —(1- by(t) 1 — ———= | — t dp(t Vit>Ts.

2 5= ot (1= FOEED) ) 4w, v e T
Since 1 — %(Lg(t) > 0, for all £ > 0, it follows that there exists o] > 0 such that

liminf, ,, o u1(t) > of. Then there exists a T > T3 such that

1
Using =s%— < 1 and (2.3.24), it follows from the third equation of system (2.2.15)
i=6 Wi
that
dU3 1 «
o 2 50w (t) —lav(t)Br(t) + dv(t)]us, V2 Ty

Then there exists o5 > 0 such that liminf, ,, . u3(t) > 03, and hence, there exists a
Ts > Ty such that us(t,¢) > 505, V ¢ > Ts. From (2.3.23) and the ninth equation of
system (2.2.15), it follows that

d 1
=2 5a(t) = Inr(t) + d(t)]ug, ¥ t > Ty, (2.3.25)

By (2.3.21), (2.3.22), and the sixth equation of system (2.2.15), it follows that

— 2 Agr(t) — [4ar(t)Br(t) S}é’* 0 + dg(t)ug, ¥V t > Ty. (2.3.26)

In view of (2.3.25) and (2.3.26), we see that there exists o > 0 such that lim inf, ;o u;(t)
> 05, 1 =6,9. By the above discussions together with the integral forms (2.2.21) and
(2.2.22), it follows that there exists o} > 0 such that liminf, , . u;(t) > of, i = 4,7.
Letting 0 = min{ 0%, o, 03, 05, 05} > 0, we then obtain the desired result. ]

Theorem 2.3.2. Assume that u(t,¢) is the unique solution of system (2.2.15) with
ug = ¢ € XF(0), where ¢o(0) £ 0, ¢5(0) Z 0, and ¢g(0) £ 0. If RY > 1 and Ry > 1,
then there exists a o > 0 such that ltim+inf ui(t,¢) > 0, V1 <i <9,

— 400
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Proof. Let C = X(0), Co = {p € C: ¢2(0) £0, ¢5(0) Z 0, and ¢(0) # 0}, and
OCy :=C\Cy={p € C: ¢2(0) =0 or ¢5(0) = 0 or ¢g(0) = 0}.

For any ¢ € Cy, it follows from Lemma 2.3.12 that w;(t,¢) > 0,V ¢t > 0, i = 2,5,8.
That is to say Q(w)"Cy C Cy, Vn € N. Further, it follows from Theorem 2.2.1 that
@ (w) admits a strong global attractor in C.

Define
My :={¢ € 0Cy : Q(w)"¢ € 0Cy,Vn € N},
and @(¢) be the omega limit set of the orbit I'" = {Q(w)"¢ : Vn € N}, and set

MO = {(0707070707 SE(0)707070)}7

My = {(L(0),0,55(0),0,0, S%5(0),0,0,0)}.

Then the following claim indicates that My U M; cannot form a cycle for Q(w) in
0C,.

Claim 1. For any ¢ € My, the omega limit set ©(¢)) = Mo U M;.

@(
For any given ¢ € My, we see that Q(w)"(v) € 8 0, ¥n € N. Thus, for each
n € N, it follows that us(nw,v) = 0 or us(nw,?) = 0 or ug(nw,?) = 0. Using
Lemma 2.3.12, we can further show that for each ¢ > 0, ug(t, ) =0 or us(t,) =0
or ug(t,y) = 0. If us(t,v) = 0 for ¢ > 0, then it follows from the fifth equation of
system (2.2.15) that us(t,¢) = 0 for t > 0. Further, u;(¢,%) and ug(t,?) in system
(2.2.15) satisty

{% = —dp(t)ur,
s — — (r(t) + dp(t) + Or(t)) us,

for t —7 > 0. Then it is easy to see that lim; . (u7(t,v), us(t, 1)) = (0,0). Thus,
u4 18 asymptotic to
dU4

E = —dv (t)U,4,

and ug is asymptotic to
dUQ

E = —nR(t)Ug — dR(t)Ug

By the theories of asymptotically periodic semiflows and internally chain transitive
sets (see, e.g., [145, Theorem 3.2.1, Lemma 1.2.2] and Theorem 1.1.2), it follows that
(ug(t),ug(t)) — (0,0) as t — +oo. Similarly, ug is asymptotic to (2.3.3), and hence,
limy, oo (ug(t) — S;(£)) = 0. On the hand, we see that (uy, us3) is asymptotic to system
(2.2.20). Since Ry > 1, it follows from the theory of asymptotically periodic semiflows
and internally chain transitive sets (see, e.g., [145, Theorem 3.2.1, Lemma 1.2.2] and
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Theorem 1.1.2), together with Lemma 2.3.3 and Remark 2.3.1 that

either lim (u1(t),us(t)) = (0,0), or lim [(u1(t),us(t)) — (Ly/(2), Sy (t))] = (0, 0).
Thus, @(¢) = Mo U M;. In case where us(ti,v)) # 0, for some t; > 0. By
Lemma 2.3.12, we see that us(t,v) > 0, V t > t;. Thus, for each t > ty, us(t, 1) =0
or ug(t,1)) = 0. We consider the case where ug(t,1)) = 0, for ¢t > t;. Then it follows
from the eighth equation in (2.2.15) that us(t,9)ugs(t,¢) = 0, for ¢ > ¢t; — 7, which is
a contradiction. Next, we consider the case where ug(ts, %) # 0, for some ty > t;. By
Lemma 2.3.12, we see that ug(t,1) > 0, V t > t5. Thus, for each t > t5, us(t, 1)) = 0.
Again from Lemma 2.3.12, we know that there exists a large enough Ty > 0 such that
uy(t, ) + us(t, ) < K(t), ¥Vt > Ty. Then it follows from the second equation in
(2.2.15) that us(t,v) = 0, for t > max{ts, Ty}, which is also a contradiction. This
proves Claim 1.

Since Ry > 1, it follows from Lemma 2.3.5 and Lemma 2.3.8 that r(P(w)) > 1.
Let Ps(w) : € — &£ be the Poincaré map associated with the following system:

(2 — by (1) (1= 020 ) ws = (mor (1) + di(8) s,

e = (L= ) av - Br)le = v () SR P unte - v (2)
+my (t)ws — dv (t)ws,

2 = (L= Th(O)an )¢ = Tn(0) K re o M un(t — 7a(t)

L O+ de®)w

(2.3.27)
By continuity, we see that (lsiII(l) r(Ps(w)) = r(P(w)) > 1. Thus, we can fix a sufficiently
%

small number § > 0 such that

§ < mln{— min [K(t) — L}, (t)], min S} (t), min Sj(t)} and r(Ps(w)) > 1.

2 te[0,w] te[0,w] te[0,w]

For the above fixed § > 0, by the continuous dependence of solutions on the initial
value, there exists ¢* > 0 such that for all ¢ with ||¢ — M;| < ¢*, then we have
1Q(t)d — Q(t) M| < ¢ for all ¢ € [0,w]. We now prove the following claim.

Claim 2. For all ¢ € Cy, there holds limsup,,_, . ||Q(w)™(¢) — M| > 0*.

Suppose, by contradiction, that limsup,_,, . [|Q(w)"(¢9) — M| < §* for some
¢o € Cy. Then there exists ny > 1 such that ||Q(w)™(do) — M1|| < §* for n > ny. For
any t > njw, letting ¢t = nw + t' with n = [t/w] and t' € [0,w), we have

1Q()do — Q)M = |Q(E)NQ(w)"(¢0)) — Q)M < 6. (2.3.28)

Note that
Q(t)My = (Ly(t),0,Sy(t),0,0,5%(1),0,0,0).
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It then follows from (2.3.28) that for any ¢ > njw — 7, we have 0 < u;(t, ¢g) <6, j =
2,7,8,9, and

ul(t, Cb()) < L;;(t) + 5, Ug(t, gbo) > S;;(t) — (5, SE(t) -0 < UG(t, Qbo) < S}k%(t) + 9.

Thus, the equations of us(t, ¢o), us(t, o) and ug(t, ¢o) in (2.2.15) satisty

(22> aby(t) (1= 02 w5 — (mv(t) + dy () u
b (1= ) - — o) S e o gty (1)
+mv(t)U2 - dv(t)Ug,,
e > (1= h(0)) (on - B) (¢ = 7w (1)) simmigpape o (b — (1)
\ — (r(t) + dr(t)) us,

(2.3.29)
for t > njw.

Let ps = M Then it follows from Lemma 2.3.9 that there exists a positive

w-periodic function wj(t) such that ets'w}(t) is a solution of system (2.3.27) with the
feasible domain C([—7,0],R3), for all ¢ > 0. In view of Lemma 2.3.12, we see that
(ua(t, o), us(t, ¢o), us(t, ¢o)) > (0,0,0). Thus, we may choose a K5 > 0 such that

(ua(t, go), us(t, do), us(t, do)) > Kse''wi(t), V t € [njw — 7, mwl.

Then the comparison theorem for delay differential equations (see, e.g., [116, Theorem
5.1.1]) imply that

(UJ?(ta ¢0),U5(t, ¢0)7u8(t7 ¢0)) > Kéeuét *( ) Vi > nw.

Since ps > 0, it follows that u,(t, ¢g) — 400 (i = 2,5,8) as t — 4o00. This leads to
contradiction.

By using the assumption R} > 1 and similar arguments as in Claim 2, we have
the following observation.

Claim 3. There exists a 05 > 0 such that limsup,,_,, . [|Q(w)"(¢) — M| > o5, for
all ¢ c (Co.

The above s imply that, for ¢ = 0,1, M; is an isolated invariant set for Q(w) in
C, and W¥(M,;) (N Cy = 0, where W*(M,) is the stable set of M; for Q(w). By [90,
Theorem 3.7], as applied to Q(w), we know that Q(w) admits a global attractor Ay in
Cy. It then follows from Theorem 1.2.1 that Q(w) is uniformly persistent with respect
to (Cop, dCy) in the sense that there exists ¢ > 0 such that

n—-+oo
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Since Ag = Q(w)Ap, we have that ¢;(0) > 0, for all ¢ € Ay and i = 2,5,8. Let
By = |J Q(t)Ap. Then By C Cy and tlil;n d(Q(t)p, By) = 0, V¢ € Cy. Define a
—+o0

te[0,w]
continuous function p : C — R, by

p(¢) = min{¢2(0), ¢5(0), #5(0)}, Vo € C.

Since By is compact subset of Cy, it follows that inf p(¢) = min p(¢) > 0. Conse-
¢€Bo $€Bo

quently, there exists a o* > 0 such that

lim inf p(Q(1)¢) = lim inf min{us (1, 0). us(t. 0). us(t, 6)} > 0", ¥ € Cy.

t—+o0 —+00

Furthermore, by Lemma 2.3.12, there exists a g € (0, 0*) such that

lim inf u;(t, ¢) > 0, Vo € Cy (1 <1i <9).

t—+00

This completes the proof. O

To finish this section, we briefly discuss the case where all the coefficients and two
incubation periods of system (2.2.15) are time-independent. It then follows from [144,
Corollary 2.1] that
. mvbv

dV (mv -+ d L) ’

and if Ry > 1, then we can further obtain

Ry

e ayagpfy Sy
Ro=41/0+ e drTRe—dvTy . . ,
’ \/ dy(r +dp +0r) Sp

myby — (my +dg)dy

by dy
and 0r = 0, the unique endemic equilibrium E£* can be expressed explicitly as E* =

where S, =

A
- K, and S}, = d—R. In particular, when Ry > 1
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* * * * * * * * *
(uf, us, wh, wh, ul, ug, ub, uf, ug), where

* u_:’;(aVﬁRdRu; d > . O'dv %
uy e G tTav |, uy Ty Us,
. (1—o)dyAge?V™ wt . .
Us = ay Brdg ' u_g’ wy=(1—o)(e™™ —1)u;,
. 1
Us = Oé\/BRdRe_dVTV (nR + dR)[O' + (1 — O')GdVTV] + (1 — O')de
dyAn(r + di) (o + d) (R} — e
[(r + dg)(nr + dr)e®r™” — rnp| arfr ’
drARr us r+dr, 4., rug
* — L0 * — T . 1 * * —
o (1 — e drR)apfrdr  uf’ U7 dr (e Jus: 5 nr+dgr’
ot arfBrAr(nr + dr)e” " ru}
=

arfre M RTR[(r + dgr)(Nr + dg)e?r ™ — rnglui + Ar(r + dr)(nr + dg)

It remains an open problem whether E* is globally asymptotically stable even in this
special case.

2.4 Numerical simulations

In this section, we investigate how temperature affects the temporal dynamics of West
Nile virus (WNv) transmission in Los Angeles County, California. Since WNv first ap-
peared in Los Angeles County in 2003, it has caused infections in humans and animals,
including birds, horses, cats and dogs, every year (http://publichealth.lacounty.gov/ve
t/WNv.htm).

Parameter estimates. Values for parameters in model (2.2.15) are listed in
Table 2.2. The results in [27, 34, 45,94, 108] show that temperature can affect the
duration of development and activity of Cluexr mosquitoes, such as larvae and adult
death rates, and the biting pattern. Thus, we can use the monthly mean temperature
data of Los Angeles County from 1981-2010 (Source: National Weather Service and
National Climate Data Center, as shown in Table 2.3), and CFTOOL to determine
the temperature-dependent parameters by (t), Sr(t), my(t), dp(t), dyv(t) and 7/ (1),
respectively.

By appealing to the method of estimating the biting rate in [108], the temperature-
dependent biting rate can be expressed as

0.344

_ -1
= [ 23101820 x 30.4 month™",

Pr(T)

where T'is the temperature in °C. The biting rate of mosquitoes in Los Angeles County
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Table 2.2: Parameter values in simulation

Parameter Value Dimension References
o 0.007 dimensionless [1]

ay 0.16 dimensionless  [136]

aR 0.88 dimensionless [136]

Ag 800 x 30.4 month ™ [63]

dr 30.4,/1000 month [15]

Sr 0.0025 x 30.4  month™* [1]

r 0.1011 x 30.4  month™* [136]

TR 5/30.4 month [117]

K 500000 dimensionless estimated
MR 0.00009 x 30.4 month™* estimated
by (t) to be estimated month ™ see text
Br(t) to be estimated month™ see text
my (t) to be estimated month™ see text
dp(t) to be estimated month ™ see text
dy(t) to be estimated month™ see text
v (t) to be estimated month see text

can then be fitted by

Br(t) = 3.723 — 4.018 cos(mt/6) — 3.225 sin(rt/6) — 0.01047 cos(rt/3)
+1.685 sin(7t/3) + 0.07118 cos(wt/2) 4 0.2877 sin(nt/2)
+0.4585 cos(27t/3) — 0.02509 sin(27t/3) — 0.045 cos(57t /6)
—0.1724 sin(57t/6) month™'.

Motivated by [108], we suppose that the birth rate of larvae is proportional to the

biting rate, i.e., by (t) = cBr(t) month™' | where ¢ = 2.325 is the scaling factor
associated with biting rate [108].

Table 2.3: Monthly mean temperature in Los Angeles County from 1981-2010 (°C)

Month Jan Feb Mar Apr May June
Temperature 14.4 14.9 159 17.3 18.8 20.7
Month Jul  Aug Sep Oct Nov Dec

Temperature 22.9 23.5 22.8 203 169 14.2

Only adult mosquitoes can transmit WNv, and the development of Culex tarsalis
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from larval to adult stages is highly associated with temperature. In [27], the temperature-
dependent maturation rate [45] can be modeled as

1

28094 ( 1 )
O.25(T + 273.15) e 1.987 \208.15  T+273.15
mo(T) = =555 15

% 30.4 month™*,

35362( 1 1 )
1 -+ ©1.987 \208.6  T+273.15

and we can further obtain the following fitted function:

my (t) = 2.139 — 0.9506 cos(7t/6) — 0.6493 sin(nt /6) — 0.1131cos(7t/3)
40.239 sin(7t/3) + 0.004012 cos(7t/2) + 0.03228 sin(7t/2)
40.01943 cos(27t/3) + 0.03783 sin(27t /3) + 0.03785 cos (57t /6)
—0.03457 sin(57t/6) month™".

The mortality rate for female larvae [45] and adult mosquitoes [34] can be evaluated
as
dp(T) = (1 - 0.856’(%)2) x 30.4 month ™",

where T, is the variance of T, and

0 (T) = 2.17 x 1078 T*% x 30.4 month™", T > 18.4°C
V700,01 x 30.4 month?, otherwise

respectively. Thus, the mortality rates for female larvae dy(t) and adult mosquitoes
dy (t) in Los Angeles County can be approximated by

dp(t) =6.776 — 1.798 cos(wt/6) — 0.2774 sin(7t /6) — 1.944cos(mt/3)
+0.4381 sin(7t/3) 4+ 1.733 cos(wt/2) 4+ 0.5229 sin (7t /2)
+0.1806 cos(2nt/3) — 0.1011 sin(2mt/3) — 0.01175 cos(57t /6)
—0.241sin(57t/6) month™*,

and
dy (t) = 0.6258 — 0.3764 cos(mt/6) — 0.2862 sin(nt/6) + 0.008548cos(wt/3)
+0.1482sin(7t/3) 4 0.02862 cos(nt/2) + 0.04707 sin(wt/2)
+0.008651 cos(27t/3) — 0.00398 sin (2t /3) + 0.03785 cos(57t/6)
—0.03457 sin(57t/6) month ™",
respectively.

According to [27], the relationship between the EIP and the temperature is given
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by
1045 -0.21T 1

T) —
w(T) = 557 o037 = 304

which indicates that the EIP decreases with increasing temperature, thus we can
obtain the following approximation for the periodic time delay 7y (f) (see Fig. 2.2):

month,

Ty (t) = 0.8869 — 0.4873 cos(7t/6) + 0.2445 sin(7t/6) 4 0.147cos(nt/3)
10005816 sin(7t/3) + 0.06033 cos(nt/2) — 0.0244 sin(rt/2)
+0.02121 cos (2t /3) — 0.03937 sin (27t /3) + 0.01193 cos (5t /6)
—0.03208 sin (57t /6) month.

T
fitted curve
1.6 %  EIP for each month

EIP

08

0.6

04

0.2 \ \ \ \ \ \
Feb Apr June Aug Oct Dec

Figure 2.2: Fitted curve of extrinsic incubation period (EIP)

Model validation. Dead bird surveillance program not only helps to track where
WNv is active in Los Angeles County, but also helps to identify when the transmission
season begins and ends. Set initial value as Ly1(0) = 10000, Ly2(0) = 10, Sy (0) =
5000, Eyv(0) = 0, Iy(0) = 100, Sg(0) = 400, Er(0) = 2, Ir(0) = 0, Rg(d) = 0
for all 6 € [—7,0]. In Fig. 2.3, we display the simulation (using the parameters
listed in Table 2.2) and number of dead birds observed from January 2015 to August
2017 (source: LA Public Health, http://publichealth.lacounty.gov/vet/WNv.htm),
and show the simulation result until the year 2020. We can see that the number of
dead birds reported presents an obvious seasonal fluctuation, and our numerical result
captures the seasonality.

Ry and long-term behaviors. We can use the numerical scheme recently pre-
sented in Remark 1.4.1 (please see also [79, Lemma 2.5 and Remark 3.2]) to compute
Ro. We set w = 12 months. Under the same set of parameter values as that of
Fig. 2.3, we have Ry = 1.015 > 1. In this case, the disease will propagate and
exhibit periodic fluctuation eventually. Fig. 2.4(a) shows the long-term behavior of
infectious birds. By employing the mosquito control methods, such as eliminating
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Figure 2.3: The simulation result of dead birds from 2015 to 2020, and red stars
repsresent data from LA Public Health

larval breeding sites, including standing water (e.g., bird baths, flower pots) and pol-
luted water (e.g., dairy drains), or spraying insecticides from airplanes or trucks to
kill adult mosquitoes, we can increase the mosquito (both larval and adult) mortality
rates. On the other hand, we can use mosquito netting to cover the indoor pet birds’
cages at night, and add screening for birds living outdoor in aviaries to avoid direct
exposure to mosquitoes, and hence, reduce the biting rate. More specifically, suppose
we can increase the mosquito death rates to 1.06dy(t) and 1.1dy (t), respectively, and
decrease the biting rate to 0.9508g(t) (as wild birds are still the main reservoirs for
WNv), then Ry = 0.801 < 1, which implies the WNv epidemic cannot be sustained
and will be eliminated from this area eventually. As pointed out in [93], for complex
vector-borne disease models, outbreaks are still possible even for Ry < 1 under certain
circumstances. This phenomenon is also demonstrated numerically in Fig. 2.4(b).

Sensitivity analysis of Ry. We are interested in the sensitivity of Ry on different
EIP durations, system parameters, and global warming, respectively.

We define the time-averaged EIP duration as

[rv] == 5/0“ v (t)dt,

it follows that [ry/] = 0.8869 month. By using this time-averaged EIP duration and
keeping all the other parameter values the same as those in Fig. 2.4(a), we obtain
Ro = 0.785 < 1, which is less than 1.015 in Fig. 2.4(a). The comparison of long-term
behaviors of infectious mosquitoes (adults) and birds under 7/ (¢) and [r/] is shown in
Fig. 2.5. We can see that the use of time-averaged EIP may underestimate the WNN
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Figure 2.4: Long-term behaviors of the infectious birds when Ry > 1 and Ry < 1
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Figure 2.5: Comparison of long-term bahaviors of infectious compartments under two
different EIP durations (temperature-dependent 7y (t): Ry = 1.015 > 1 and time-
average [1v]: Ro = 0.785 < 1)
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transmission risk and the size of infectious compartments in Los Angeles County.
However, note that the simulated times of WNv outbreaks are quite close under two
different EIP durations, and multiple peaks are detected nearly at the same time,
which suggests that if the control strategies only aim at predicting the epidemic peak
to provide time for response, the use of time-average and temperature-dependent EIP
can have similar outcomes.

Next, we take the vertical transmission rate o of mosquitoes, and two bird species
parameters: recovery rate r and the loss of immunity ngz as examples to explore
their relative importances on WNv transmission. We set o as varying in (0, 1), other
parameters as those in Fig. 2.4(b), where Ry = 0.801 < 1. Fig. 2.6(a) shows that Ry
is an increasing function of o, and grows larger than the critical value Ry = 1 as o rises
by ¢ > 0.325, which means that the WNv resurgence happens. The increasing vertical
transmission rate leads to a larger number of infectious larval and adult mosquitoes
(Fig. 2.6(b)), and hence, makes the WNv transmission more intense. We see that r
reduces Ry in Fig. 2.7(a), which indicates that improving the medical treatments for
birds can be an very effective strategy in controlling the disease. The main effect of
NRr, as 1/ng is the mean time of immunity, is to contribute substantially to increase in
the size of susceptible birds. Though ng does not appear in Ry, because of its absence
in the system of infectious compartments, i.e., system (2.3.4), we find that it may still
affect the long-term behaviors of WNv disease, such as the (final) size of infectious
birds (Fig. 2.7(b)).

1.4 T T T T T T T T T 10000

=0.007 and number/1
9000 - ——0=0.3 and number/10
0=0.6 _and number/10

8000 |-
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Figure 2.6: Effects of vertical transmission on WNv spread (other parameter values
the same as those in Fig. 2.4(b))

As a consequence of climate warming, increased temperatures (Fig. 2.8(a)) and
long-lasting heat waves have already been reported in Los Angeles County. As tem-
perature is usually regarded as a primary driver of mosquito development and activity,
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Figure 2.7: Effects of recovery and immunity loss rates on WNv transmission (other
parameter values the same as those in Fig. 2.4(a))

it motivates us to explore how R responses to increasing temperatures. By consider-
ing the monthly mean temperatures, as shown in Table 2.3, going up by 1°C, 2°C and
3°C, we modify the corresponding periodic temperature-dependent coefficients by (t),
Br(t), my(t), di(t), dy(t) and 1/ (t), respectively, and keep other constant parameters
the same as in Fig. 2.4(a). Again, by Remark 1.4.1, we can calculate R for each
increased temperature. Fig. 2.8(b) shows that R, acts as a function of temperature
(T'), which is not monotone. Indeed, Ro(T") increases quickly as 7' € (0,1°C), but
declines slowly between 1°C and 2°C.
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Figure 2.8: Effects of climate warming on WNv transmission
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2.5 Discussion

Mathematical models can provide important insight into vector-borne disease dynam-
ics and control in heterogeneous environments. In this chapter, we have proposed and
analyzed a WNv model that incorporates the stage-structure and vertical transmission
of mosquitoes, as well as seasonal fluctuation patterns, which include temperature-
dependent incubation periods. Indeed, our model structure could be further adapted
to other mosquito-borne diseases, like Dengue [148].

First, the mosquito reproduction number R} is defined. Lemma 2.3.3 implies
that, if we could take control measures to reduce R} to less than 1, then both larval
and adult mosquitoes go extinct. As a consequence, WNv could be eliminated. Next,
we employ the theory developed in [144] to derive an infection reproduction number
Ro. To overcome the challenges brought by time-periodic delays, we choose a suitable
phase space on which the linearized system for infectious compartments generates
an eventually strongly monotone periodic semiflow. By the comparison arguments
and persistence theory for periodic semiflows, we show that R, serves as a threshold
parameter for the extinction and persistence of WNv. Moreover, WNv cannot be
sustained if Ry < 1, and if Ry > 1, the disease will propagate. Biologically, Theorem
2.3.2 implies that if R} stays above 1, in other words, if the mosquito population
persists, then the pest management approach should aim to decrease Ry.

In the simulation section, we used the model to study WNv transmission in Los
Angeles County, California. We first estimated the periodic parameters by formulas
related to Culex mosquitoes life cycle and local temperatures collected in Los Angeles.
Then, the simulation of the number of dead birds caused by WNv infection was
performed whereby the trend was consistent with the data published by LA Public
Health (see, Fig. 2.3). We also carried out sensitivity analysis of Ry on system
parameters.

We compared the long-term behaviors of infectious mosquitoes and birds numer-
ically, including their size and peak time predictions, under time-varying and time-
averaged extrinsic incubation periods (EIPs) (see, Fig. 2.5). Numerical value of R,
is 1.015 under the time-varying EIP; however, there is a notable difference with the
value of Ry under the time-averaged EIP which is 0.8. R, values and the number
of infectious mosquitoes and birds were greatly underestimated when using time-
averaged EIP. This conclusion might not be surprising, given that Culex mosquitoes
are very sensitive to temperature variations. However, this finding is crucial because
estimating the actual size of mosquitoes can have a significant influence on designing
control programs. For example, if Wolbachia is introduced into mosquito populations
to prevent WNv spread [5,37], the amount that should be introduced is dependent
on the number of mosquitoes, and hence, the use of time-varying EIP can provide
more effective information. Nevertheless, there was little difference in predicting the
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timings of WNv peaks between time-varying EIP and time-averaged EIP. This obser-
vation suggests that the adoption of time-average EIP can still be reasonable when
the control policy aims at issuing an early warning to the public about when WNv
transmission season begins and the disease peak arrives.

According to a recent study led by UCLA, the climate variations will cause the
temperatures in the Los Angeles region to rise by an average of 4°F to 5°F within
this century [46]. Therefore, the relationship between Ry and rising temperatures was
simulated in Fig. 2.8(b). This clearly shows that the increase of climate warming will
increase the risk of WNv transmission. We also noticed that the positive trend was
non-linear and non-monotone. To interpret this finding, it is imperative to be aware
that climate warming could be accompanied by other environmental changes, such
as annual precipitation, wildfires, and atmospheric moisture. Meanwhile, increasing
temperatures are associated with higher probability of droughts, which may facili-
tate WNv transmission by concentrating available water to increase the frequency of
transmission events between mosquitoes and birds [48,111]; however, as humans take
actions to mitigate the rising temperature, including rearranging urban and agricul-
tural land use [35], and exploiting storm water management ponds [130]. This has
the potential to eliminate the mosquito breeding sites and reduce the exposure to
mosquitoes. Consequently, the elimination of the mosquito breeding sites during this
process may result in, to some extent, a decrease of the risk of WNv spread decreases.



Chapter 3

A reaction-diffusion model of
vector-borne disease with periodic
delays

3.1 Introduction

The global distribution and rapid transmission of vector-borne diseases have caused
serious public health concern worldwide. A vector-borne disease caused by a range of
pathogens is not transmitted directly from host to host, but through a living vector.
Some well-known vector-borne diseases include malaria, West Nile virus (as discussed
in Chapter 2), and dengue, which can be regarded as mosquito-borne diseases, and
Lyme disease, a so-called tick-borne disease.

The time pathogens spent in completing their development in the vector popula-
tion is known as the extrinsic incubation period (EIP). Usually, different vector-borne
diseases have different EIPs. For example, EIP for dengue virus is generally referenced
as being 8-12 days [19]. If an EIP lasts longer than the vector lifetime, then the vec-
tor is unlikely to contribute the disease transmission. The other concept, the intrinsic
incubation period (IIP) is the time taken by the vector-borne pathogens to complete
their development in the host. The extrinsic (EIP) and intrinsic (IIP) incubation pe-
riods are important determinants of vector-borne disease transmission [16,19,83,129].
It was suggested in [109] that increasing the duration of either EIP or ITP could help
to reduce the disease risk of malaria transmission. Furthermore, there is considerable
evidence indicating that these incubation periods are highly sensitive to seasonally
varying temperature [19, 34, 83, 103]. Hence, it is more reasonable to incorporate
these seasonally forced incubation periods into both host and vector populations of a
vector-borne disease model.

Climate change and environmental heterogeneity exhibit complex effects on disease
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transmission. The study on mosquito-borne disease shows that rising temperatures
may increase mosquito populations size and per host biting rate [95], which explains
why transmission rate may be higher in some warm seasons than others. As the
climate change becomes more variable these years [60], the seasonal variation should
be given more emphasis in the study of the vector-borne disease dynamics. Another
important feature of our environment is the spatial heterogeneity, which not only refers
to natural landscapes (such as mountains and rivers), but also associates with human
activities, for example, the urban and rural distribution in our society. In [115], the
authors proved that the landscape can generate spatial heterogeneous biting patterns
on mosquito-borne diseases. Hence, a mathematical modeling is needed to understand
the transmission dynamics influenced by seasonal change and spatial heterogeneity.
The pioneer works on vector-borne modeling were done by Ross [107] and Macdonald
[89], and have been extended by quite a few researchers, see, e.g., [2,8,16,23, 33,38,
82,109, 129] and references therein. Our purpose is to take into account the spatial
heterogeneity, the seasonality, and the temperature-dependent incubation periods of
the pathogens within the host and vector populations simultaneously.

In this chapter, we employ a reaction-diffusion equation framework to explicitly
model the impacts of temperature-dependent delays, the seasonal fluctuations and
spatial heterogeneity on vector-borne disease transmission. To our best knowledge,
it is the first time to incorporate the temperature-dependent delays in both host and
vector populations of a generalized vector-borne disease model. The temperature-
dependent delays bring new changes into model derivation. Our theoretical result
shows the model admits a basic reproduction number and it serves as a threshold pa-
rameter, which determines whether a disease can persist in a susceptible population.
In particular, in the case where all coefficients are positive constants, we prove the
global attractivity of the constant steady state if Rg > 1. Numerically, we use the
model to study the malaria transmission in Maputo Province, Mozambique. Our nu-
merical result highlights that the time averaged delay may underestimate the disease
risk.

The rest of this chapter is organized as follows. In Section 3.2, we derive a nonlocal
spatial model of vector-borne disease with temperature-dependent delays, and study
its well-posedness. In Section 3.3, we introduce the basic reproduction number R,
for this spatial model and study the solution maps of an associated linear reaction-
diffusion systems with periodic delays. In Section 3.4, we establish the threshold
dynamics in terms of Rg, and in the case where all the coefficients are constants, we
also prove the global attractivity of the positive constant steady state when Ry > 1. In
Section 3.5, we present some numerical simulations to study the malaria transmission
in Maputo Province, Mozambique. A brief discussion concludes this chapter.
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3.2 The model

In this section, we first formulate a mathematical model with periodic delays, and
then discuss its well-posedness.

3.2.1 Derivation of the model

Since the vector-borne disease is transmitted among hosts by vectors, we consider the
dynamics of both host and vector populations in a bounded domain €2 with smooth
boundary 0€2. The host population is divided into susceptible, exposed, infectious and
recovered compartments, and their spatial densities at time ¢ and location x are de-
noted by Si(t,x), En(t,z), Iy(t,z) and Ry(t,x), respectively. The vector population
consists of susceptible, exposed and infectious compartments with spatial densities
Sy(t,z), E,(t,x) and I,(t,x), respectively. Thus, the total densities of host and vec-
tor populations are given by Ny (t,z) = Si(t,z) + En(t,x) + I(t,x) + Rp(t, ) and
Ny(t,x) = Sy(t,z) + Ey(t,z) + I,(t,x). For simplicity, we assume that N;(¢,z) =
N;(t, x) for some positive w-periodic function N;(t,z), i € {h,v}, which may describe
the situation where the total densities of host and vector populations stabilize at a
positive periodic state. Let My(t,x) and M, (¢, x) be the densities of newly occurred
infectious hosts and vectors, which have yet to be determined, respectively.

For model parameters, we let A, and A, be recruitment rates of host and vector
populations, respectively. Let uj, and «; denote the nature death and recovery rates
of host population, respectively. pu, describes the nature death rate of the vectors.
Let b be the biting rate on hosts, then b/N), is per host biting rate. Let B, represent
the disease transmission probability from infectious vectors to susceptible hosts per
bite, and B,, represent the transmission probability from infectious hosts to susceptible
vectors per bite. Thus, b/N, - Bh and b/Nj, - BNU reflect the transmission probability
of the disease in hosts and vectors, respectively. For notational simplicity, we let

b - b -
6}1 — ﬁhﬂh and ﬂv — ﬁhﬁv

In order to incorporate the multiple factors of seasonal variation, environmental
heterogeneity, and random diffusion in the spatial domain €2, we assume that the
coefficients Ap(t,z), Ay(t,x), up(t,x), p,(t,x), an(t,z), Bu(t,z) and 5,(t,z) are all
w-periodic in time ¢ for some w > 0. Furthermore, both host and vector populations
are assumed to perform an unbiased random walk. Two populations remain confined
to the domain (2 for all time and under no flux boundary condition. In particular, we
pay our attention to the case where the disease does not have a manifest impact on
the hosts and vectors’ mobility. Mathematically, we then assume that S, Ej, I, and
Rj, have the same diffusion coefficient Dy, while S,, F, and I, have the same diffusion
coefficient D,,. We summarize the biological meanings of parameters in Table 3.1.

We use Fig. 3.1 to illustrate the transitions of hosts and vectors between different



Table 3.1: Biological interpretations for parameters in system (3.2.6)

Parameter Description

Ap(t, x) Host recruitment rate at time ¢ and location x

wn(t, x) Host death rate at time ¢ and location x

ap(t, ) Host recovery rate at time ¢ and location x

Ay(t, ) Vector recruitment rate at time ¢ and location z

o (t, x) Vector death rate at time ¢ and location x

Br(t, x) Transmission probability from infectious vectors to hosts
Bu(t, ) Transmission probability from infectious hosts to vectors
(1) The intrinsic incubation period (IIP) in hosts at time ¢
To(t) The extrinsic incubation period (EIP) in vectors at time ¢
T The maximum of 7,(¢) and 7,(t), that is, max;epw{7n(t), 70 (t)}
Dy, Host diffusion rate

D, Vector diffusion rate

Figure 3.1: Schematic diagram for the disease transmission
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compartments and their mortalities (solid arrows), the transmission of the disease
from infectious vectors I, to susceptible hosts S;, (blue dash line), and the transmis-
sion of disease from infectious hosts I, to susceptible vectors S, (green dash line).
Accordingly, our model is governed by the following reaction-diffusion system:

oS,

8_; = DyAS) + My(t, o) = Bu(t, 2)Snly — pn(t, 2)Sh,
oL},

= DhAB + Bu(t ) Suly — Ma(t, @) — un(t, 7) B,
ol

O = DU+ Mi(t,2) — (anlt,2) + 0, 2)
OR

8_th = DhARh + Oéh(ta x>Ih - /th(ta Z')Rh, (321)
6857;@ - DUAS’U + Av<t7 .T) - Bv@wr)SUIh - N”(t’x>5’”’
a;? = -D’UAE’U + 6v(t7 ‘r)SUIh - Mv(t7 ‘r) - luﬂ(t? w)EU’
aaltv - DUAL} + Mv(ta I) - MU(t? ‘T)Iv’

9s, OE, 9l, OR, 9S, 0E, 0I,
R A TR A T T T

Next we introduce the temperature-dependent incubation periods, which is moti-
vated by the arguments in [100,102,129]. We start with the derivation of the expression
for My (t,xz). We assume the temperature 7' = T'(t). Let ¢ be the development level
of infection such that ¢ increases at a temperature-dependent rate v, (7' (t)) = Y4 (1),
q¢ = gg, = 0 at the transition from S} to E}, and ¢ = ¢;, at the transition from Ej,
to I,. Let p(q,t,x) be the density of hosts with development level ¢ at time ¢ and
location x. Then M, (t,x) = v,(t)p(qs,t, x).

Let J(q,t,z) be the flux, in the direction of increasing ¢, of hosts with infection
development level ¢ at time ¢ and location x. Then we can obtain the following

dp(q,t,x) aJ

= DpAp — — — pup(t .
8t h p aq /,l,h(,:lj)p

Since J(q,t,x) = vn(t)p(q,t,x), we have

Ip(gq,t,x)
ot

= DpDp — ahg—g)p] — pn(t, z)p. (3.2.2)

The boundary condition of system (3.2.2) is given by

Br(t, z)SK(t, x)I,(t, x)
Y (t) '

p(0,t, ) =
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To solve system (3.2.2) with the above boundary condition, we introduce a new vari-
able

t
n=h(t)i=as, + [ n(s)ds.
0
Let h~'(n) be the inverse function of h(t), and define

pg,m @) = plg, b= (), @), fin(n, =) = pn(h (), x), An(n) = (b (n)).

In view of (3.2.2), we get

ala(q’nax)_ Dh Ab 8/3 /lh(nax>A

o " T 90 )

Let V(s,z) = p(s+q —n,s,z), and then
oV(s,x) Dy
s Yn(s)

Since n — (¢ — qg,) < 1, we have

AV (s, ) — MV(S,:U).

~

An(s)

V(n,z) = /QFh(h_l(n), h'(n—q+qg,) 2,9)V(n—q+4qg,,y)dy,

where 'y, (¢, %0, z,y) is the Green function associated with %—‘: = DAV — puy(t, )V
subject to the Neumann boundary condition. It then follows that

plg,n,x) = /QFh(h_l(n), W n—q+4qg,).2.v)paE,. 1 — 4+ a8, y)dy.

Let 7(g,t) be the time taken by a host who arrives at infection development level g

d
at time ¢ from infection development level gz, . Since d—(t] = (1), it follows that

t_T(qat)
q—4qg, = / Yr(s)ds, (3.2.3)
¢

and hence,

t—7(g,t)
Wt - (¢, 1)) = g, + / (s)ds = h(t) - (¢ - g5,)-
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It follows that

p(q,t,x) = p(q, h(t), r)
— (t,t —

[n

/Fh(t t_T(Qa ),ZL’,y)

<Qat) )p<0’t - T(qa t)ay)dy

Br(t —7(q, ), y)Su(t — 7(q, 1), y)1,(t — 7(q, 1), y)d
’Yh(t - T(Q7t))

o)

Y.

fe}

Define 7,(t) = 7(qr,,t). Then we have

(o t0) = s [ e = ol 0,000

(t - T(QIha t)a y)Sh(t - T(qfha )7 y)lv(t - T(QIha t)? y)dy7
t)

t—Tht)/QFh = n(t), z,y)

Bt — 7a(t), y)Sh(t — (1), y) Lo(t — 7a(t), y)dy.

Letting ¢ = ¢y, in (3.2.3), we obtain

t
41, — 4e, = / Yr(s)ds. (3.2.4)
thh(t)

Taking the derivative with respective to ¢ on both sides of the above equality yields

Yn(t)
Yt —Th(t))’

and hence, 1 — 7 (t) > 0. It then follows that

1—7(t) =

My (t, x) = y(t)p(ar, t, )
= (1= 70) [ Thltst = 7a(8) 2. 9)Bu(t = 70(0) )t = 70), L = 7). )1y

In a similar way, we can obtain M, (t,x) =
(1- Té(t))/QFv(U = 7o(1), 2,9)Bu(t = 70(1),y)Su(t = 7 (), y)n(t — 7(1), y)dy,

0
where T',(t, %9, z,y) is the Green function associated with 8_? = D,Au — p,(t, - )u

subject to the Neumann boundary condition.
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Substituting My (¢, z) and M, (¢, x) into system (3.2.1), we have the following sys-
tem:

8@? = DpASK 4+ Ap(t, ) — Br(t, 2)Shly — pun(t, 2)Sh,
aaEth = DR AE) + Bi(t, 2)Spl, — pun(t, ) Eyp — (1 — 7h(1)) -

/Q Ta(t,t — (), 2, 9)Ba(t — 7 (1), y)Su(t — 7 (1), y)Lu(t — Tu(t), y)dy,
%@h = Dy — (un(t, @) + an(t,2)) I + (1= 73(1)) -

/th(t,t—Th< )2 )8t — (), 9)Su(t — 70 (), ) Lo (t — (L), )y,
a;ih = Dy ARy, + ayn(t, 2) 1) — pn(t, ) Ry, (3.2.5)
aai = DyAS, 4 Ay(t, ) — Bult, 2)SeIy — po(t, 2)S,,

a;i” = Dy AE, + B,(t, ) Sy — pio(t, 2) By — (1= 75(t)) -

/Q Lu(t,t = 7o(t), 2,9) Bt — 7o(t), 9)Sul(t — 7o) y) I (t — 7 (1), y)dy

s Dy = palt, )+ (1= 7(0)-

/QFU(H = 7o(t), 2, 9)Bo(t = (1), 9)Su(t = 70(8), y) n(t = 70 (1), y)dy

aS, OB, oI, OR, S, 0B, 9,
R T T T T T e

Since Ey(t,z), Ru(t,z) and E,(t, z) of system (3.2.5) are decoupled from the other
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equations, it suffices to study the following system:

% = DpAuy + Ap(t, z) — Br(t, x)ugug — pp(t, z)uq,
% = DypAuy — (pn(t, ) + apn(t, 2))ug + (1 — 77(¢)) -

[ bttt = (0 290800t = 700 (e = (D). ) = ), )]y
% = D,Aus + Ny (t, z) — B (t, x)usug — py(t, x)us, (3.2.6)
% = D, Auy — po(t, x)ug + (1 — 7.(1)) -

/QPv(tat - Tv(t)7 Z, y)ﬁv@ - Tv<t>7 y)u?)(t - Tv(t)a y>u2<t - Tv(t)’ y)dy

8u1 _ aUQ _ 8U3 _ 8u4 207 116897

v v v v
where (u1(t, z), us(t, x), us(t, ), us(t, x)) = (Sp(t, x), In(t, ), S,(t, x), I,(t,x)). We as-
sume that D, and D, in system (3.2.6) are positive constants, functions Ay (¢, x),
A, (t,x), Br(t,x) and B,(t,x) are Holder continuous and nonnegative nontrivial on
R x Q, and w-periodic in ¢ for some w > 0, functions py, (¢, ), p(t, ) and ay(t, z) are
Hélder continuous and positive on R x €2, and w-periodic in t. We also assume that
the temperature 7'(t) is w-periodic, and hence so is v(t). In view of (3.2.4), it easily
follows that 7, (¢) and 7,(t) are w-periodic.

3.2.2 The well-posedness

Let X := C(Q,R*) be the Banach space with the supremum norm || - |lx. Let 7 =
HlaX{Th( ), To(t)}. Define X := C(]—7,0],X) with the norm ||¢| = max ||gb( NIx,

te[0,0

Vo E X. Then X is a Banach space. Define X* := C'(Q,R) and X+ := ([ ,0], XT),
then both (X, X*) and (X, X") are ordered spaces. Given a function z : [—7, ) — X
for o > 0, we define z; € X by

2(0) = (z1(t + 0), 22(t + 0), 23(t + 0), z4(t + 0)), VO € [—7,0],

for any t € [0,0).

Let Y := C(,R) and Yt := C(Q,R,). Let Ti(t,s), Tp(t,s), T3(t,s) : Y — Y
are the evolution operators associated 8 1 = DpAuy — pp(t, x)uy == Ay(t)us, % =
DpAug — (pn(t, ) + o (t, ) Jug := Aot )u2, and 24 = Dy, Aug — i, (t, z)uz == As(t)us,
subject to the Neumann boundary condition, respectively. Since py,(t, -) is w-periodic
in ¢, [26, Lemma 6.1] implies that T1(t + w, s + w) = Ti(t,s) for (t,s) € R? with
t > s. Similar results hold for T(¢,s) and T3(t,s). Moreover, for (t,s) € R?
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with ¢t > s, Ti(t,s), ¢ = 1,2,3 are compact and strongly positive. Let T'(t,s) =
dlag{Tl(tv S)7T2<t 8) T3(t S) T3(t S)} X = Xa A<t) = dlag{Al(t)aAQ(t) ( ) ( }
and define F' = (F, Fy, F3, Fy) : [0,400) x X — X by

Fi(t,0) == Ap(t,-) = Bu(t, -)01(0, ) @4(0, -),
B(t, ¢) == (1 —7,(t)) / Lt t = 7(t), - y) Bt — (1), y)d1 (= 7u(t), y)da (=70 (t), y)dy,
F3(t,0) = Ao(t,-) — Bu(t,-)03(0,)92(0, ),
Fy(t, ¢) == (1 —7(1)) /Q Lot t = 70(0), - y)Bo(t = 7o(t), y)d3(—=7u(t), y) P2(—70 (), y)dy,

fort >0, x € Q and ¢ = (¢1, Po, ¢3,d4) € X. Then system (3.2.6) can be written as

d
d—"; — A(tyu+ F(t,u), t >0, (3.2.7)

U0:¢.

By [92, Corollary 4 and Theorem 1], we can show that for any ¢ € X, system
(3.2.6) has a unique solution, denoted by z(t,-,¢) on its maximal existence interval
0, %,) with zyp = ¢, where ¢, < +o00. Before proving the global existence, we return to
system (3.2.5) for more observations. In view of biological meaning of 7,(t) and 7,(t),
we impose the following compatibility condition:

Fy(0,-) = / | 095,855, o5, . (3.2.8)
and o
E,(0,") = / 0903 (5,55 5 ). (3.2.9)

Now we introduce

= {w € C([—% 0

Q
=
z
=
S
I

ffq-h(o) Tl(()? S)Bh(sv ')wl(sv ')¢7(8’ )dS
%(07 ) = fi)m(()) T3(O’ 5)/81)(37 ')¢3<57 ')%(57 ')ds

N~

It then follows that for any i) € D, system (3.2.5) has a unique solution U(t, -, 1) =
(Sh( ) )’ ( ) )7Ih( ) )th( ) )78 (t7')7Ev(tv')7Iv(ta')) satisfying Uy = 9. By [9
Corollary 4], we have Sy,(t,-) > 0, I(t,-) > 0, Sy(t,-) >0, I,(t,-) > 0 and Ry(t,-) >0
on the maximal interval of existence. By the uniqueness of solutions of system (3.2.5)
and the compatibility conditions (3.2.8) and (3.2.9), it follows that

Eh(t,-):/tj (t)Tl(t,s)ﬁh(s,-)Sh(s,-)fv(s,-)ds, (3.2.10)
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and

Bilt) = [ Tt 585,05 s ) (s, ), (3.2.11)

—Tu(t)

and hence, Ej(t,-) > 0 and E,(t,-) > 0 on the maximal interval of existence.

Since Np(t,-) = Su(t,-) + En(t,-) + In(t, ) + Rp(t,-), and N,(t,-) = S,(t,-) +
Ey(t,-) + I,(t,-), then we obtain

ON, -
6_th = DhANh + Ah<t,$) - ,U,h(t, JI)N}L S DhANh + Ah — /:LhNh,

where Aj, = MaX;e( ) zeq An(t, ), fn = minepg ) zeq pn(t, r). Similarly for N, we

also have aé\i“ < D,AN, + A, — foNy, where A, = max;cip ) oco A(t,x), i, =
MiNye (g ) veq fo(t, 7). Thus, the comparison argument implies that the solutions of
system (3.2.5) with initial data in D, and hence those of system (3.2.6) in X't exist
globally on [0, +00) and are ultimately bounded. By the arguments similar to those
in [59, Lemma 2.6] and [142, Lemma 2.1], together with Theorem 1.1.1, we have the

following result.

Lemma 3.2.1. For any ¢ € X, system (3.2.6) has a unique solution u(t,-, ¢) on
[0, +00) with ug = ¢. Moreover, system (8.2.6) generates an w-periodic semiflow

Qt) == w() : X" = XT, VYt >0, and Q(w) has a strong global attractor in XT.

3.3 The basic reproduction number

In this section, we use the theory recently developed in [79, 144] (please see also
Remark 1.4.2) to derive the basic reproduction number Ry for system (3.2.6).

Let E := C(Q,R?), ET := C(Q,R%), and C,(R,E) be the Banach space con-
sisting of all w-periodic and continuous functions from R to E, where |[¢|/c, @y =

em[glx} |1(0)||g for any ¥ € C,(R,E). Setting us = ug = 0, we obtain the equations for
€|0,w

the density of susceptible species

0
% = DpAuy + Ah(t>x) - luh(t’ $)U1,
% = DyAuz + Ay(t, 2) — o (t, 7)us, (3.3.1)

subject to Neumann boundary condition. It is easy to see that system (3.3.1) admits a
globally attractive positive w-periodic solution (uj(t,-), u%(¢,)) (see, e.g., [142, Lemma
2.1]). Linearizing system (3.2.6) at (uj,0,u},0) and considering the equations for
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infectious compartments, we obtain

85;1 DpAvy — (pn(t,2) + ap(t,2))vr + (1 — 77,(¢)) -

/QFh(t, t—1h(t),z,y)Bn(t — (1), y)ui(t — mh(t), y)va(t — (%), y)dy
a;: = DyAvy — pio(t, 2)vg + (1 — 7(8)) - (3.3.2)
/QPv(t, t— Tv(t)7 z, y)ﬁ”L)(t - Tv<t>7 y)ug(t - Tv(t)a y)vl(t - T’U<t)7 y)dy

@Ul 81)2
E = E = 0, T € 09,

where (v (t,x),vo(t, x)) = (ua(t, x), us(t, z)).
Let F := C([-7,0],E) and E* := C([-7,0],E"). Define F(t) : E — E by

(1= 73(8)) Jo Tn(t,t = 7u(t), - v)
t— T 1\—T] 4\ —T] t, d
F()<¢1>_ X But — Talt). >¢< 2(£)9)6s (—n(£), y)dy

P2 (1—7(t) [, T W(t), )
XBh(t—Tv() )¢3( () Y)P2(—7u(t), y)dy

for any t € R, (¢1,¢2) € E and =V (t)v = DAv — W (t)v, where D = diag(Dy, D,)
and

N _ [ —(ualt, z) + an(t, x)) 0 5

W - ( : ) en

Let ®(t, s) = diag(Tx(t, s), T5(t, s)), t > s, be the evolution operators, associated with
the following system

where Ty(t,s) and T5(t,s) are defined in Section 2. Note that ®(¢,s) is a positive
operator in the sense that ®(¢,s)Et C ET for all ¢ > s. Then [119, Theorem 3.12]
implies that —V/ () is resolvent positive. Therefore, F'(t) and W (t) satisfy the following
assumptions:

H1) F(t): E — E is positive in the sense that F(t)ET C ET.
( D

(H2) —V/(¢) is resolvent positive.

Thus, we can follow Remark 1.4.2 (please also see [79] for more information) to in-
troduce Ry for system (3.2.6). Assume that v € C,(R,E) and v(t) is the initial
distribution of infectious hosts and vectors at time ¢ € R. For any given s > 0,
F(t — s)v,_s represents the density distribution of newly infected hosts and vectors at
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time ¢t — s, which is produced by the infectious hosts and vectors who were introduced
over the time interval [t — s —7,t — s]. Then ®(¢,t — s)F(t — s)vs_ is the distribution
of those infected hosts and vectors who were newly infected at time t — s and still
survive in the environment at time ¢ for t > s. Hence, the integral

/+OO O(t,t —s)F(t — s)vy_,ds = /+°° O(t,t —s)F(t — s)v(t — s+ -)ds

is the distribution of accumulative infective hosts and vectors at time t produced
by all those infectious hosts and vectors introduced at all previous time to t. Note
that for any given s > 0, ®(¢,t — s)v(t,t — s) is the distribution of those infectious
individuals at time ¢t — s and remain in the infected compartments at time ¢, and hence
fOJrOO O(t,t—s)v(t—s)ds is the distribution of accumulative infectious individuals who
were introduced at all previous times to ¢ and remain in the infected compartments at
time ¢. Thus, the distribution of newly infected individuals at time ¢ is F'(t) 0+OO O(t+

wt—s+Ju(t — s+ -)ds.
Define two linear operators on C, (R, E) by

+o0o
(Lol (1) ;:/ B(t,t — $)F(t — s)o(t — s+ )ds, Vt € R, v € C,(R, E),
0
and
+oo
[Lo](t) == F(t)/ O(t+-t—s+-Ju(t—s+-)ds, Vt e R, ve Cy(R,E).
0
Let A and B be two bounded linear operators on C, (R, E) defined by
+o0
[Av](t) = / O(t,t — s)v(t — s)ds, [Bv](t) = F(t)v, ¥t € R, v € C,(R,E).
0

It then follows that L = Ao B and £ = Bo A, and hence L and £ has same spectral
radius. Motivated by the concept of next generation operators in [11,119,144], we
define the spectral radius of L and £ as the basic reproduction number for system
(3.2.6), that is,

Ry :=r(L) =r(L).

 For any given ¢ > 0, let P(t) be the solution map of system (3.3.2) on E given by
P(t)¢p = v(p), where v(6)(0) = v(t + 0, ¢0) = (vi(t + 6, 0),v2(t + 0, 0)), VO € [—7,0],
and v(t, ¢) is the unique solution of system (3.3.2) with v(0) = ¢(8) for all § € [—7,0].
Then P(w) is the Poicaré map associated with system (3.3.2). Let r(P(w)) be the
spectral radius of P(w). By Theorem 1.4.1 and Remark 1.4.2 (see also [79, Theorem
3.7]), we have the following observation.

Lemma 3.3.1. Ry — 1 has the same sign as r(P(w)) — 1.
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To study the global dynamics of system (3.2.6) in terms of Ry, we show that
system (3.3.2) generates an eventually strongly monotone periodic semiflow on the
following phase space:

&= O([_Tv(0)70]’Y) X C([_Th(0)>0]’y)'

Let £t := C([-7,(0),0],Y*) x C([—74(0),0], YT). Then (£,E") is an ordered Banach
space. Given a function w : [—7,(0), +00) x [—7,(0), +00) — E, we define w; € € by

wi(0) = (wi(t+ 01), wa(t + 02)), Y0 := (61, 05) € [~7,(0),0] x [—74(0),0], V¢ > 0.

Lemma 3.3.2. For any ¢ € E1, system (3.5.2) admits a unique nonnegative solution
w(t,-, ) on [0,+00) with wy = ¢.

Proof. Let 7 = min{7,, 7,}, where 7, = minye(o.) 7 (t), 7o = mingeo 7 (t). For any
t € [0, 7], since t — 7,(t) is strictly increasing in ¢, we have

—Th(O):O—Th(O)St—Th(t)S%—Th(f)Sf—%:(),

and therefore, wy(t — 7,(t),-) = walt — (1), ). Similarly, wy(t — 7,(t),) = 1(t —
7,(t), ). Hence, for any t € [0, 7], there holds

% = DpLwy — (un(t, x) + an(t, @) wr + (1 — 73,(¢)) -
/th(t,t (), 2 ) Bt — () )t — () ) oot — Th(E), y)dy
% = D,Awy — iy (t, x)wy + (1 — Té(t)) ’

/S;Fv(tvt - Tv(t)7 Z, y)ﬂv(t - Tv(t)v y)u:‘;(t - Tv(t)7 y)‘Pl@ - Tv<t>’ y)dy

0w1 - 811)2

E—Ezo,xeﬁﬁ

Given ¢ € £, the solution (wy(t,-), ws(t,-)) of the above linear system exists uniquely
for t € [0,7]. In other words, we have obtained values of z;(6y,:) = wi(6y,-) for
01 € [-7,(0), 7], and z2(0s, ) = wo(bs, ) for b € [—74(0), 7).

We can extend this procedure to [n7,(n + 1)7] for all n € N by the method of
steps. It then follows that for any initial data ¢ € £T, the solution w(t, -, ) exists
uniquely for all £ > 0. [

Remark 3.3.1. By the uniqueness of solutions in Lemmas 3.2.1 and 3.5.2, it fol-
lows that for any ¢ € ET and ¢ € ET with p1(01,-) = ¥1(01,-), VY0, € [—7,(0),0],
and @o(0,-) = 1o(0s,-), Y05 € [—74,(0),0], then v(t,-,p) = w(t,-,¥), t > 0, where
v(t, -, ) and w(t,-, 1) are solutions of system (3.3.2) satisfying vo = ¢ and wy = v,
respectively.
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For any given ¢ > 0, let P(t) be the solution map of system (3.3.2) on the space
& given by P(t)¢ = wi(¢), V¢ € £. Then P(w) be the Poincaré map associated
with system (3.3.2). The following lemma indicates that the periodic semiflow P(t)
is eventually strongly positive.

Lemma 3.3.3. For any ¢ € ET with ¢ £ 0, the solution w(t,-, ) of system (3.3.2)
with wy = 1 satisfies w;(t,-) > 0 for all t > 27, i = 1,2, and hence, P(t)y > 0 for
allt > 37.

Proof. As in the proof of Lemma 3.3.2, a simple comparison argument on each interval
[n7T, (n+ 1)7], n € N, implies that w;(¢) > 0 for allt >0 (i = 1,2).

Next we can choose a large number K > max{ i, +au, fi, }, where fi, = max;e( ] ze0
pn(t ), G = MaXe( ) peq Ot T), flo = MaXye)g ) zeq to(t, ), such that for each
teR, gi(t,-,w1) := —(un(t, ) +an(t,))w;+Kw; is increasing in wq, and go(t, -, ws) :=
— (¢, -)we + Kwsy is increasing in wq. It then follows that w; and wq satisfy the fol-
lowing system

ow

6751 = DpAwy — Kwy + g1 (8, z,wy) + (1 — 77(¢)) -

Aﬂﬁi—m@wwﬁW—MWWMW—m@wmﬁ—m®wMy

ow

8152 = D,Awy — Kwy + go(t, x,ws) + (1 — 7.(1)) -

/Q Fv(t7 l— Tv(t)v Z, y)ﬁv(t - Tv(t)7 y)ug(t - Tv(t)a y)wl(t - Tv(t)a y)dy

8w1 B 8w2

E—EzO,xGaQ

Hence, for a given ¢ € £1, we have

mm@:ﬁmm@@+lfwﬁm<um<»m+£iw@m—¢@»
An@»—mwﬁwm@~mamﬁw~mwww@—m@yﬁ@a
mmwzﬂmm@@+lfwﬁm<uw<»m+éfw@m—¢@w

/ Fv(sa s = Tv(s)v ) y)ﬁv(s - Tv(s)7 y)ug(s - Tv($)> y)wl(s - Tv(s)v y)dyds,
Q

(3.3.3)
where T1(t,s), Ts(t,s) : Y — Y are the evolution operators associated with 8““ =

Dy Aw;— Kw; and 8’”2 = D, Aw;— Kw, subject to the Neumann boundary condltlon,
respectively. Since both my(t) := t—m7,(t) and mo(t) := t—7,(t) are increasing in t € R,
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it easily follows that [—73(0), 0] C my([0,7]) and [—7,(0), 0] C mo([0,7]). Without loss
of generality, we assume that ¢, > 0. Then there exists an (63, z¢) € [—74(0),0] x Q
such that ws (s, z9) > 0. In view of the first equation of (3.3.3), we have wy (t,-,1) > 0
for all t > 7. Note that if s > 27 | then s — 7,(s) > 27 — 7 = 7. From the second
equation of (3.3.3), it follows that ws(t,-,7)) > 0 for all ¢ > 27. This shows that
w;(t,-) > 0 for all ¢ > 27,4 = 1,2, and hence, the solution map P(t) is strongly
positive whenever t > 37. O

We fix an integer ng such that now > 37 . By the proof of Lemma 3.3.3, we
see that P(w)™ = P(ngw) is strongly positive. Further, by the arguments similar to
those in [59, Lemma 2.6], one can prove that P(w)™ is compact. According to the
Krein-Rutmann theorem, as applied to the linear operator P(w)™, together with the

fact that r(P(w)™) = (r(P(w)))™, we have A = r(P(w)) > 0, where \ is a simple

eigenvalue of P(w) having a strongly positive eigenvector ¢ € int(€™). Therefore, the
arguments similar to those in [83, Lemma 3.8] imply the following result.

Lemma 3.3.4. Two Poincaré maps P(w) : E — E and P(w) : £ — £ have the

same spectral radius, that is, r(P(w)) = r(P(w)). Moreover, Ry has the same sign as

r(P(w)) —1.

By arguments similar to [12, Lemma 5] and [138, Proposition 1.1], we have the
following observation.

Lemma 3.3.5. Let p = w. Then there exists a positive w-periodic function

w*(t, x) such that e!'w*(t,x) is a solution of system (3.3.2).

3.4 Global dynamics

In this section, we first establish a threshold-type result on the global dynamics of
system (3.2.6) in terms of Ry, and then prove the global attractivity of the positive
constant steady state in the case where all the coefficients are constants.
3.4.1 Threshold dynamics in terms of R
Let

Y= C([_Th(0)7 0]7 Y) X C([_TU(O)v 0]7 Y) X C([_TU(O)’ 0]7 Y) X C([_Th«))’ O]v Y)7
and

YVt =C([-7(0),0], Y*) x C([-7,(0),0], Y") x C([—7,(0),0], Y*) x C([=74(0), 0], YT).
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By the arguments similar to those in Lemma 3.3.2, it follows that for any ¢ € X™*
and ¢ € er with 901(771") = ¢1(n1a')7 an € [_Th<0)’0]7 @2(7727') = ¢2(772>'),
Ve € [-7,(0),0], ¢3(ns,-) = ¥s(ns,-), Vnz € [=7,(0),0], and a(ns,-) = Ya(ma, ),
Wi € [—7(0),0], whete 1 := (11, 7o, 15, 7) € [~7(0),0] X [~7:(0), 0] X [~7:,(0), 0] X
[—74,(0), 0], there holds u(t,-, ) = z(t,-,v), t > 0, where u(t,-, ) and z(t,-,1) are
solutions of system (3.2.6) satisfying uy = ¢ and zy = 9, respectively. It follows that
solutions of system (3.2.6) on YT exist globally on [0, 4+00) and ultimately bounded.
Further, by the arguments similar to those in [83, Lemma 3.5] and [59], together with
Theorem 1.1.1, we have the following result.

Lemma 3.4.1. Let Q(t) be the solution map of system (3.2.6) on YT given by Q(t) =
u (), t > 0. Then Q(t) is an w-periodic semiflow on YT in the sense that (i)
Q0) = I; (i) Qt + w) = Q(t) o Q(w), Yt > 0; and (iii) Q(t)y is continuous in
(t,9) € [0,400) x YT. Moreover, Q(w) has a strong global attractor in Y.

As a consequence of the comparison principle and Lemma 3.4.1, we have the
following observation.

Lemma 3.4.2. Let u(t,-, ¢) be the solution of system (3.2.6) with ug = ¢ € Y*. If
there ezists some ty > 0 such that u;(to, -, @) Z 0 for some i € {2,4}, then u;(t,x, ¢) >
0, Vt > to, x € Q. Moreover, for any ¢ € YT, we have u;(t,r,¢) >0,i=1,3, Vt > 0,
r € Q, and l}injglofui(t,x,@ > 8, i = 1,3 uniformly for x € Q, where § is a ¢-

idependent positive constant.

Proof. For a given ¢ € YT, one can easily see that us(t, z, @) and uy(t, z, @) satisfy

% > DypDus(t, x) — (fn + dn)ua(t, @),
% > DyDua(t, x) = fua(t, ),

Oug(t,z)  Ouy(t,x)
% - oy 0, © € 01,

where :&h = MaX¢e(0,w],zeQ :uh(t7 J]), ap = maXieo,w],zef ah(tﬂ I), and /lv = MaXye0,w],ze0
{1 (t, ). If there exists to > 0 such that w;(to,-, ¢) # 0 for some i € {2,4}, it then
follows from the parabolic maximum principle that u;(t, z, ¢) > 0, Vt > o, x € €.

Since system (3.2.6) is uniformly bounded, we know that for the forth equation
uy(t, x), there exists a constant B > 0 such that us(t,z,¢) < B, ¥Vt > 0, z € Q. Let
v1(t, x, ¢1) be the solution of

0

% = DpAvy + Ap(t, x) — (Bu(t, ) B + pa(t, 2))v1,

81}1

v _ Q0. 4.1
% 0, €0 (34.1)

v1(0,2) = ¢1(0, ).
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Note that A,(t, ) is a Holder continuous and nonnegative nontrivial on R x Q. An
application of comparison principle yields

uy(t,x, @) > vi(t,z, ¢1) >0, x € Q.

Let vi(t,z) be the globally attractive positive periodic solution of system (3.4.1).
Then we have 3

liminf u(t,z,¢) > := min o],z

t—+o00 1( ¢) - te[o,w],xeQ 1< )

uniformly for = € . Similarly, we have

. . > 2
lginﬁgofw,(t,az, ¢)>96>0

uniformly for z € Q. Taking 6 = min{0, 5}, we then completes the proof. O

For any given ¢ € YT, let u(t,z, ) be the unique solution of system (3.2.6) with
ug = ¢. The following result shows that Ry is a threshold value for the disease
invasion.

Theorem 3.4.1. The following two statements are valid:

(i) If Ry < 1, then the disease free w-periodic solution (ui(t,x),0,u%(t,z),0) is
globally attractive.

(i) If Ry > 1, then system (3.2.6) has at least one positive w-periodic solution
(ai(t,z),us(t,x), ui(t,x), u;(t,x)), and there exists a v > 0 such that for any
¢ € YT with ¢2(0,-) Z 0 and ¢4(0,-) £ 0, we have

liminf minw; (¢, z,¢) > v, 1<1<4.
t—+o00 e

Proof. (i) In the case where Ry < 1, Lemmas 3.3.1 and 3.3.4 imply that r(P(w)) < 1,

and hence y = w < 0. Consider the following system with parameter € > 0:
Oy . c :
L = Dy = (unlt2) + )05 + (1= 74(8) -
/ Lt t = 7u(t), 2,y) Bn(t — (1), y) (ui(t — 7u(t), y) + €)v3(t — (1), y)dy
Q
81}5 13 13 /
5 Dy A — py(t, z)vs + (1 — 7(t)) - (3.4.2)

/Q Fv(t> l— Tv(t)’ €, y)ﬁv(t - Tv(t)7 y)(ug(t - Tv(t)a y) + S)U‘i(t - Tv(t)v y)dy
ovj _ ovs

ov ov

=0, x € 0.
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For any ¢ € &, let v°(t,x,¢) = (vi(t,z,v),v5(t,2,7)) be the unique solution of
system (3.4.2) with v§(¢) (0, z) = (Y(01, ), (0s, x)) for all 0 := (04, 0,) € [—7,(0),0] x
[—74(0),0], x € 2, where

vr ()0, ) = (vi(E 4 01,2, 0), v5(t + 02, 2,9)), 0 = (61,02) € [=7,(0),0] X [=74(0), 0],

for any t > 0 and v € Q. Let P.(w) : & — & be the Poincdre map of system

(3.4.2), ie., P(w)y = v5(¢), Vb € &, and let r(P.(w)) be spectral radius of P.(w).

Since lin%r(Ps(w)) = r(P(w)) < 1, we can fix a sufficiently small number ¢ > 0
E—

such that r(P.(w)) < 1. According to Lemma 3.3.5, there is a positive w-periodic
function v (¢, z) such that v°(¢, z) = et<"v*(t, z) is a solution of system (3.4.2), where
e = w < 0. For the above fixed ¢ > 0, by the global attractivity of u} (¢, z) (i =
1,3) for system (3.3.1) and the comparison principle, there exists a sufficiently large

integer ny > 0 such that nyw > 7 and
wi(t,r) <ui(t,z)+e, YVt >nw—7,0eQ (i=1,3).

Then we have for ¢t > njw

) ,
% < Dplus — (pn(t, ) + an(t,2))us + (1 — 7,(2)) -

Do(t,t =1 (t), 2, ) Br(t — (1), y) (ur (t = 7u(t), y) + e)ua(t — 7u(t), y)dy

@\

8U4

5 < DyAug — po(t, 2)ug + (1 — 7(1)) - (3.4.3)
/Q Dyt t = 7ut), 2, 5)Bult — 7ult), w) (St — 7o(t), ) + E)uia(t — 7o(t), 1)y

(9u2 8u4

B = =0, x € 0.

For any given ¢ € Y, there exists some m; > 0 such that
(ua(t, 2, 9), us(t, v, 9)) < myv°(t,x), Vt € [mw — 7,muw],z € Q.

By the comparison theorem for abstract functional differential equation [92, Proposi-
tion 1], it then follows that

(ug(t,m, @), us(t, w, 9)) < mper'v*(t,z), ¥Vt > nw,z € Q,
and hence, tliin (ug(t, @, @), us(t, z, ¢)) = (0,0) uniformly for z € Q.
—400

Next we use the theory of internally chain transitive sets (see, e.g., Section 1.1
and [145]) to prove that 1tlier ((ur(t, z, @), us(t, z,¢)) — (ui(t,z),ul(t,z)) = 0 uni-
—+00

formly for = € Q, where (u},u3) is a globally attractive solution of system (3.3.1).
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From the above discussion, we already know that wu(t,-, ¢) and wus(t,-, ¢) satisfy
a nonautonomous system which is asymptotic to the periodic system (3.3.1). It
is easy to check that system (3.3.1) can generate a solution semiflow P(t), t > 0
on C([=7,(0),0], Y*) x C([-7,(0),0],Y*). Then P(w) is Poincaré map associated
with system (3.3.1). Clearly, P(w) has a global attractor in C([—74(0),0],Y*) x
C([_Tv(())?()]ﬂy—i_)‘

For simplicity, we treat (ui(¢,x, ), us(t,z,®)) as the susceptible compartments,
and (ua(t,,¢),us(t,z,¢)) as the infectious compartment, and rearrange Q(t) in
Lemma 3.4.1 as Q(¢) in the following way:

Q(t)¢ = (ul(t + 1, ',¢),U3(t + 13, '7¢>7u2(t + 12, '7¢)7U4<t + M,y ¢)))7

M1, M35 M2, Ma) € [=7(0),0] X [=7,(0), 0] x [=7,(0),0] x [=74(0),0], £ > 0. Let
w(¢) be the omega limit set of ¢ € Yt for Q(w). Since lim ui(t z,9) =
2,4 u

niformly for z € Q, we have J = J x {0} x {0}, where 0(6,-) = 0,
[ »(0),0], and 0(0,-) = 0, V0 € [~74,(0),0]. By Lemma 3.4.2, we know that
§Z Jand 0 ¢ J. Lemma 1.1.1 implies that J is an internally chain transitive set for
Q(w), and hence, J is an internally transitive chain set for P(w). Define (u?,ud) €
([ ( ) ] YJr) X C([ ( )70]7YJF) by (u1(017')7u3(927)) = £u1(91,-) u3(927 ))
for 6, € [~-7,(0),0] and 6, € [—7,(0),0]. Since J # {0} x {0} and (u?,ul) is
globally attractive in C/([—7,(0),0],Y*) x C([~7,(0),0], Y+) \ {0} x {0}, we have
JNWe((ul,ul)) # 0, where W#((uf,u3)) is the stable set of (uf,u3). By Theorem
1.1.2, we get J = {(u9,u3)}. This proves J = {(u?,u3,0,0)}, and hence,

lim ||(u1( ) 7¢)7U2<t7'7¢)7u3(t7'7¢)7u4(t7'7¢)) (u1< ) 0 u3( ) 0)” = 0.

t—-+o0

=

(ii) In the case where Ry > 1, we have r(P(w)) > 1, and hence y = lm(w( 2l > 0.
Let

={p € V" : ¢2(0,-) # 0 and ¢4(0, ) # 0},
and
0C,y := y+\Co = {¢ S y+ : ¢2(O, ) =0or ¢4(0, ) = 0}

Note that for any ¢ € Cy, Lemma 3.4.2 implies that u;(t,z,¢) > 0,Vt > 0,2 € Q, i =
2,4. Tt follows that Q(w)"Cy C Cy, ¥n € N. From Lemma 3.4.1, we know that Q(w)
has a strong global attractor in Y.

Define
My = {¢ € 0Cy : Q(w)”qﬁ € 0Cy,Vn € N},

and w(¢) be the omega limit set of the orbit v* = {Q(w)"¢ : ¥n € N}, and set
M = (u?,0,u3,0). Then the following claim indicates that M cannot form a cycle for

Q(w) in 9C,.
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Claim 1. For any v € My, the omega limit set w(¢) = M.

For any given ¥ € My, Q(w)"(¢)) € ICy, Vn € N. Thus, for each n € N, either
uz(nw, -, 1) = 0 or ug(nw, -, 1) = 0. It then follows that for each ¢t > 0, us(t, -, 1) =0
or uy(t,-, 1) = 0. Otherwise, it contradicts Lemma 3.4.2. If uy(t,-,¢) = 0 for t > 0,
then tginoo(ul(t,x, Y) —ul(t,r)) = 0 uniformly for z € Q. Note that u, equation in

system (3.2.6) satisfies

87,1,2 (tv z, ¢)

5 < DpAug(t, z,0) — (fn + ap)us(t, x, 1),

where fij, = mine(g ) zeq pn(t; ) and ay = mingp ) eq an(t, ©). By the comparison

principle, we have tliin ug(t, x,9) = 0 uniformly for z € Q. It then follows that
—+o0

us satisfies an nonautonomous system which is asymptotic to the second equation of

periodic system (3.3.1). Again, by the theory of internally chain transitive sets (see,

e.g., Section 1.1 and [145]), we can prove thfl (us(t,z, 1) — ud(t,z)) = 0 uniformly
—+00

for x € Q. If uy(ty,-, ) #Z 0 for some t, > 0, it follows from Lemma 3.4.2 that

ug(t,+,1p) > 0, Vt > to. Thus we have uy(t,-,¢) = 0, Vt > ty. From the uy equation

in system (3.2.6), we see that tli+m ug(t, z,9) = 0 uniformly for x € Q. Thus,
—+00

uy(t,-,¢) and ug(t, -, ) satisfy a nonautonomous system which is asymptotic to the
periodic system (3.3.1). As argued in case (i), we have tliin ((ur(t, x, ), us(t, z,v)) —
—400

(ud(t, ), ud(t,x)) = 0 uniformly for z € Q. As a result, w(x)) = M for any 1) € Mp.
Consider the following system with parameter § > 0:

U(S
% = DhAv‘f — (pn(t,z) + Ozh(t,:c))v‘f +(1- T}/Z(t)) .
/Q Tty t— (), 2, 9)Ba(t — mu(£), 9w (¢t — 7u(t), ) — )3t — ma(t), y)dy

6
% = D, AV — iy (t, x)v5 4+ (1 — 7(1)) - (3.4.4)
/Q FV(t7 t— Tv(t)v Z, y)ﬁv(t - Tv(t)7 y)(u;’:(t - Tv(t)u y) - 5)”?(75 - Tv(t)a y)dy
vy Ovs
E = E = O, x € 0.

For any ¢ € &, let v°(t, z,v¢) = (v(t,z,%), v3(t, x,v)) be the unique solution of system
(344) with U8(1/})<Q7x) - <¢1(‘917$)7¢2(927$)) for all 6 := (Q1792) € [—TU(O),O] X

[—7,(0),0], x € 2, where
U?(@D)(Q,ZE) = (Ucls<t+917wi)’vg(t+ 92;$7¢))7 0= (91792) S [_7—’0<O)a0] X [_Th(0)70]a

for any t > 0 and z € Q. Let Ps(w) : £ — € be the Poincare map of system (3.4.4),
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ie., Ps(w)p = v2(¢), Vb € &, and let r(Ps(w)) be spectral radius of Ps(w). Since
(lsirr(l) r(Ps(w)) =r(P(w)) > 1, we can fix a sufficiently small number § > 0 such that
—

0 <min{ min _wj(t,z), min _uj(¢t,x)} and r(Ps(w)) > 1.
te0w],zeR te[0,w],zeN

For the above fixed § > 0, by the continuous dependence of solutions on the initial
value, there exists * > 0 such that for all ¢ with ||¢ — M| < §*, then we have
1Q(t)p — Q(t)M|| < ¢ for all t € [0,w]. We now prove the following claim.

Claim 2. For all ¢ € Cy, there holds limsup,,_, . ||Q(w)"(¢) — M| > 6*.

Suppose, by contradiction, that limsup,_,, . ||Q(w)"(¢9) — M| < §* for some
¢o € Cy. Then there exists ny > 1 such that ||Q(w)"(¢o) — M|| < 6* for n > ny. For
any t > njw, letting ¢t = nw + t' with n = [t/w] and t' € [0,w), we have

1Q()¢o — QE)M|| = [QE)(Q(w)"(¢0)) — Q)M < 4. (3.4.5)
It then follows from (3.4.5) and Lemma 3.4.2 that
wi(t,x, o) > u;(t,x) — 9 (i =1,3) and 0 < u;(t, 2, ¢0) <0 (j =2,4),

for any t > nyw — 7, and € €. Thus, when t > nyw, uy(t, z, ¢o) and uy(t, z, ¢o)
satisfy

%ot > Dyt — (alt,2) + (e, 7))y + (1= ()
/S)Fh(t,t = 7(t), 2,y) Bu(t — 7 (t), y) (ui(t — 7a(t), y) — 6)ualt — (1), y)dy
% > DyAuy — pi(t, x)ug + (1 — 7,()) - (3.4.6)
0 Fv(t’t - Tv(t)> Z, y)ﬁv(t - Tv(t)a y)(ug(t - Tv(t)> y) - 5>u2<t - Tv(t>7 y)dy
Ouy  Ouy
E = E = 0, x € 89

Since u(t, z, ¢g) > 0 for all t > 0 and z € Q, there exists an my > 0 such that
(ug(t, m, do), ualt, T, ¢o)) > moets'vi(t, ), Vt € [nw — 7,nw), o € Q,

where vi(t,z) is a positive w-periodic function such that e*'vi(t, x) is a solution of

w. By the comparison theorem, we have

system (3.4.4), where p5 =
(ua(t, z, ¢0), us(t, T, ¢o)) > moets'vi(t, z), Vt > nyw, o € Q.

Since ps > 0, it is easy to see that u,(t, -, ¢g) — +00, i = 2,4 as t — +00. This leads
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to contradiction.

The above claim implies that M is an isolated invariant set for Q(w) in Y+, and
Ws(M)(Co = 0, where W#(M) is the stable set of M for Q(w). By [90, Theorem
3.7], as applied to Q(w), we know that Q(w) admits a global attractor Ay in Cy. It
then follows from Theorem 1.2.1 that Q(w) is uniformly persistent with respect to
(Cop, 0Cy) in the sense that there exists ¥ > 0 such that

lirilinfd(Q”(qﬁ), 0Cy) > 7, V¢ € C,. (3.4.7)

Since Ag = Q(w)Ao, we have that ¢(0,-) > 0 and ¢4(0,-) > 0 for all ¢ € Aj. Let

By = U Q(t)Ay. Then By C Cy and tli+m d(Q(t)p, Bo) = 0, V¢ € Cy. Define a
—+o0

te[0,w]
continuous function p : Y™ — R, by

P(¢) - mln{anelg 9252(07‘7“)751615%1 9254(071:)}7 v¢ = <¢17 ¢27¢37 ¢4) € y+‘

Since By is compact subset of Cy, it follows that inf p(¢) = min p(¢) > 0. Conse-
¢€Bo ¢€Bo

quently, there exists a v* > 0 such that

lim inf p(Q(t)¢) = lim inf min(min uy(t, z, @), min uy(t, z, ¢)) > ~v*, Vo € Cy.
e

t——+o00 t——+o00 ze)
Furthermore, by Lemma 3.4.2, there exists an v € (0,7*) such that

lim inf min w; (¢, z, @) >, Vo € Cy (1 <1 < 4).

It remains to prove the existence of a positive periodic steady state. By [145,
Theorem 3.5.1], it follows that for each ¢ > 0, the solution map Q(t) : X* — Xt of
system (3.2.6), which is defined in Lemma 3.2.1, is an a-contraction with respect to
an equivalent norm on X. Define

Wo ={p € X" : 2(0,-) # 0 and ¢4(0,-) # 0},

and
oW = X+/W0 = {¢ eXxt: ¢2(07 ) =0or ¢4(07 ) = O}

We see that Q(w) is uniformly persistent with respect to (Wo, OWy). It then follows
from Theorem 1.2.2, as applied to Q(w), that system (3.2.6) has an w-periodic solution
(Zik(ta ')7 Z§(t7 ')’ Z;(t’ ')7 ZZ(ta )) with (Zih ZSt? Z§t7 ZZt) € Wy. Let ﬂf(% ) = z:(nia ')’
where (11,172,713, n1) € [—71(0),0] x [—7,(0),0] x [—7,(0),0] x [—=74(0),0]. Again, by
the uniqueness of solutions, we see that (uf(¢,-),us(t,-), u}(t,-), uj(t,-)) is a periodic
solution of system (3.2.6) and it is also strictly positive due to Lemma 3.4.2. O]

Now we derive the asymptotic behavior of Ej(t, z), F,(t,z) and Ry(t, z) in system



7

(3.2.5). In the case where Ry < 1, we have

lim ((Sp(t,2), In(t, z), Su(t, 2), I,(t, x)) — (uj(t,x),0,u;(t,z),0)) =0

t—+00

uniformly for x € Q. It then follows from (3.2.10) and (3.2.11) that

lim Ey(t,z) = lim E,(t,z) = 0 uniformly for x € Q.

t——+o00 t—-+o0

By the theory of internally chain transitive sets (see, e.g., Section 1.1 and [145]),
together with tli+m Iy(t,z) = 0, one can also show tliin Ry(t,z) = 0.
— 400 —+00

In the case where Ry > 1, for any ¢ € Y with ¢5(0,-) Z 0 and ¢4(0,-) Z 0, we
have

o S T S T S T S
lim inf Sy(t, 2, ¢) = v, dminf £, (¢, 2, ¢) 2 7, iminf S, (t, z, ¢) > 7, liminf 1, (¢, z, ¢) =
uniformly for z € . Since lzm erf In(t,x,¢) > =, from the R, equation in system
—+o0
(3.2.5), we see that there exists 7; > 0 such that
liminf Ry (t, ) > 7.

t——+o0

By the integral forms (3.2.10) and (3.2.11), there exists an 7, > 0 such that

o : S o : S
l%glglof min En(t,z) >~ and 1§§+1Cr>10f min E,(t) > 7o,

with FE,(0,z) and F,(0,x) satisfying compatibility conditions (3.2.8) and (3.2.9).

Moreover, if (Sy(t,x), In(t,x), S,(t, z), I,(t,x)) is w-periodic, then it is easy to check

En(t,x), E,(t,z) and Ry(t, z) are also w-periodic,respectively. Consequently, we have

the following result on the global dynamics of system (3.2.5).

Theorem 3.4.2. Let U(t,x,¢) be the solution of system (3.2.5) with Uy = ¢, where
(U1, Uy, Us, Uy, Us, Ug, Uz) = (Sh, En, In, Ri, Sy, Ew, I,). Then the following two state-

ments are valid:

(i) If Ry < 1, then the disease free w-periodic solution (uj(t,x),0,0,0,ui(t, x),0,0)
15 globally attractive.

(i) If Ry > 1, then system (3.2.5) has at least one positive w-periodic solution
Ul(t, ), where Uy(t, x) = wi(t, x), Us(t,x) = us(t, ), Us(t,x) = ui(t,x), Us(t,z) =
w;(t, x), and there exists a ¥ = max{vy,v1,v2} > 0 such that for any ¢ € D with
¢, €YV, 1=1,3,5,7, ¢3(0,-) Z 0 and ¢7(0,-) Z 0, we have

lim inf min U; (¢ > 1<i<T.
%LnﬁgloanelgU(,I?cb)_% <i<7
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3.4.2 Global attractivity in the case of constant coefficients

In the case where Ay (¢, ), Ay(t, z), pn(t, z), we(t, x), ap(t,x), b(t, ), Bu(t, x), By(t, x),
7,(t) and 7,(t) are positive constants, system (3.2.6) reduces to the following au-
tonomous reaction-diffusion system:

% = DpAuy + A, — Brugug — ppus,

% = DpAuy + e #rmn /Q L(Dyth, @, y) Brua (t — Th, y)ua(t — mh, y)dy — (1 + o) us,
% = DyAug + Ay — Byuisuy — s, (3.4.8)
G = Dutsust e [ (Dt ) Boalt = s uslt = )y — s

Ouy  Oup  Ouz  Oug
ov v v Ov =0, z €99,

where I'(¢, x,y) is the Green function associated with %—7; = Awu subject to the Neu-
mann boundary condition. By the arguments in [144, Corollary 2.1] and [128, Theorem
3.4], it follows that the basic reproduction number R, equals the spectral radius of
the following 2 x 2 matrix

0 Ahﬁhefﬂ'}ﬂ-h
_ Hoh Uy
M= AT
(fen, + o)

and hence, the basic reproduction number for system (3.4.8) is

AhAvﬁhﬁ'ue_'uhThe_uvTv
Ro == 2 .
fn iy (pn + )

Theorem 3.4.3. Let u(t,-,p) be the solution of system (3.2.6) with ug = ¢ € X,
Then the following two statements are valid:

A A,
(i) If Ry < 1, then the disease free w-periodic steady state (—h, 0,—,0) is globally
M My
attractive.

(i1) If Ry > 1, then system (3.4.8) has a unique constant steady state u* = (uf, us, u3,
wy) such that for any ¢ € X+ with ¢2(0,-) Z 0 and ¢4(0,-) Z 0, tliI+n u(t, z, p) =
— 400

a* uniformly for x € Q.
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Proof. From the discussion in Section 2.2, it is easy to see that the set

A Aq} . ~ )
= {UG X+ ul(n’x) S H_h (Z: 1’2)7 uj(f'%m) S M_(] :3a4)a ne [—’7',0],1‘ € Q}
h v

is positively invariant for Q(t) and every forward orbit enters into A eventually. It
then suffices to study the dynamics of system (3.4.8) on A. Conclusions (i) follows
directly from Theorem 3.4.1. In the case where Ry > 1, there is a unique constant
epidemic steady state u* = (u}, uj, u}, u}) with

x Ah x ﬁhAhe—MhThﬁz
0= = — :
VB (o + ) (Bt + )
A pinfiz (o + pn) (R — 1)

B e AppioBnBee™ e+ Bup (o + pp)

Next we construct a suitable Lyapunov functional to establish the global stability of
the u* for system (3.4.8). Let f(z) =2 — 1 —Inxz for x > 0. As the expressions are
complicated, we define the Lyapunov functional in components and take the derivative
of each component separately. Let

o) = £ (). ) = 1 (12

Uya(t,x) = Bpe /t_ /Q Dyt — o), ) (L y)“ﬁ<"’ Y\ dody.

uyuy

Note that

o [ o= [ 200 v [ FE Db+ R

t Q Q

Wi | DV, |2
:_/f(—|h—*2|d+/f (u)dz
/f (Y 2 F(u)de, (3.4.9)

where

f/(?)iFl(u) = _i (u—uf) (An — Brurug — ppus)

e ai \

_ L (“ - “T) (2 — wya) — g — )]

Uy
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and
U2 1
(=)= Fa(u)
2 U
1 (uy — ul
= = < = 2) [6_””” / D(Duth, o, y) Brua (t — 7o, y)ua(t — 7, y)dy — (pn + ah>u2}
1 — t— t—
== <UQ u2> 5h6_“hThUZUT/ I'( Dy, z,y) [M( Th?zﬁ?i( Ty) _ u_ﬂ dy
Uq U9 0 UjUy Uy
—HRTh %% t— t—
ST R RS SV v
Uy Q UiUy Uy
_ul(t_Th>y>u4<t_Thay)a§ dy (34 11)
W s ' o

Moreover, we can obtain

/8U+2(t7$)dx
ST

:/DhAU+2d$+/5h€_ﬂhTh><
0 Q
[f (ul(t,m)u4(t,x)> _ / L(Dypt, x,y) f <U1(t S Th,y)) dy} &
Q

TR uyy

_ U Uy U1 Uy

T

= / /@he Hh h/F(DhTh,LE,y) (** —1In p—
Q Q UqUy U Uy

t— t— t— t—
_u1( Th,Zﬁ?ﬁl( Thy Y) T n u ( Th;Z_/)Z’l_i:l( Th’y))dydx. (3.4.12)
Uty Uiy
Set
ef:u'hTh a;
Ut,x) = ——U1 + —=Us + Uy,
Uy Uy Uy
together with (3.4.9)—(3.4.12), it then follows that
oU(t,x)
ot
ppe e (uy — )2 TA TP o uy Uy
< - p— +Bpe 1l - — = —+In—+ — —In— | + Bre "™ x
t— t— uy t— t—
/ I Dy, 2.1) {1 oy Tha?ﬁ'ﬁ%( T Y gt Th,gz@i( Th,y)} dy
Q U Uyl U Uy
e T (uy — })? .o ouy  wu uhu
=B E*i* 4 e (—f(—l)—_—f+_—j—1n 2_;‘)

t— t— u;
- Bh@iuhﬂ-h / F<Dh7_h7 xZ, y)f <UI< Thy y>u4( Thy y)uQ) dy7
Q

Yir Yol
ujuyus
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which implies

" %
/ ou(t,) , < Wﬂm/ (g ~ 2 m Wf) dz. (3.4.13)
o Ot o \Uy U UgUs
Similarly, let
us U
Us(t,2) = £(50): Ualtsa) = S (),
Uaattir) = et [ [ 00yt = o) (T gy
usus
— Uy Ty u4
V(t CC) p— U3 + — U4 + U+4 (3414)

By calculating the time derivative of the functions in (3.4.14) with respect to time ¢
along system (3.4.8), we can obtain

oV (t,x)
/Q o dzx

< / {—“”e_mm(qjg*_ )" + Bpe T (—f(%) —2 42 om u4UQ)
Q

t— vy t— vy
_BUG_MUTU/F<DUTU,$,y)f ('U/g( T %2?3( T y)U4) dy:| da:
Q UzUyUg
< Bye / (—? +2 “41_%) dz. (3.4.15)
Q Uy U UqUy

It then follows from (3.4.13) and (3.4.15) that

oU(t,x)  OV(t, x)
/Qa o o

dr <0,

where a = % and b = e”m’ . Note that

oU (t, x) oV (t,z) B
/Qa o +b BT dx = 0.

if and only if u,(t,x) = w;(t), and hence, u;(t) = v} and w;(t — 7) = u} (i =1,2,3,4)
for all 7 € [0,7] for ¢t > 0. The largest compact invariance set in

B ‘ oU(t, ) ov(t,z)
Ao—{ueA./ﬂa By +b 5 dr =0,2 €

is {u*}. By LaSalle’s invariance principle, we can show that @* of system (3.4.8) is
globally attractive. ]
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3.5 Numerical simulations

In this section, we present numerical simulations to illustrate the impacts of the
spatial heterogeneity, the seasonality, and the periodic incubation periods on the
basic reproduction number Ry. More specifically, we apply the system (3.2.6) to the
malaria transmission in Maputo Province, Mozambique.

Malaria transmission vectors are female A.funestus and A.gambiae mosquitoes.
Mozambique is a sub-Saharan African country and the risk of malaria is present
throughout the country. National Malaria Control Programme (NMCP) pointed out
that malaria caused 44, 000-67, 000 deaths each year for all age groups in their 2003
report. The confirmed malaria cases keep increasing these years and it worsened sub-
stantially in 2014, according to WHO report (see http://www.who.int/malaria/publica
tions/country-profiles/profile-moz-en.pdf): about 3,297,386 cases of malaria were al-
ready confirmed in the 1st half of 2014, and 131,936 cases in Maputo Province.

According to Mozambique Population Census in 2007 (see http://www.geohive.co
m/cntry /mozambique.aspx), Maputo Province had a population of 1, 205, 709, with
an area of 22,693 km?, the population density was about 53 (km?)~!, which can be
chosen as Nj,. From World Population Review, there were about 946,813 births in
Mozambique in 2007 (see http://worldpopulationreview.com/countries/mozambique-
population/births/), with an area of 801,590 km?, hence we can estimate the crude
human birth rate as Ay, = oo = 0.0984 (km® - Month)~!. In [20], the authors
determined the range of important parameters in malaria dynamics. As the climate
of Maputo Province is favorable for malaria transmission, the authors in [129] studied
the seasonality impacts on malaria transmission, including evaluating the seasonal
forced biting rate b(t), and periodic mortality rate mosquitoes i, (t), the periodic EIP
7,(t) and recruitment rate of mosquitoes A, (t), where

b(t) = 6.983 — 1.993 cos(nt /6) — 0.4247 cos(nt/3) — 0.128 cos(mt/2)  (3.5.1)
— 0.04095 cos(27t/3) + 0.0005486 cos(57t/6) — 1.459 sin(7t/6)
0007642 sin(wt/3) — 0.0709 sin(rt/2) + 0.05452 sin(2mt/3)

— 0.06235 sin(57t/6) Month™!,

fy () = 3.086 + 0.04788 cos(mt/6) + 0.01942 cos(nt/3) + 0.007133 cos(7t/2) (3.5.2)
+ 0.0007665 cos(27t/3) — 0.001459 cos(57t/6) + 0.02655 sin(7t/6)
+0.01819 sin(nt/3) + 0.01135 sin(t/2) + 0.005687 sin(27t/3)
+0.003198 sin(57t/6) Month™,



7,(t) = 1/30.4(17.25 + 8.369 cos(nt/6) + 4.806 sin(7t/6) + 3.27 cos(nt/3)

+ 2.857sin(7t/3) + 1.197 cos(wt/2) + 1.963 sin(7t/2)
+ 0.03578 cos(27t/3) + 1.035sin(27t/3) — 0.3505 cos (b7t /6)
+ 0.6354 sin(57t/6) — 0.3257 cos(wt) + Osin(wt)) Month,

Ay(t) = k x b(t) (km® - Month) ™, where k = 5 x 53.13.
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(3.5.3)

(3.5.4)

All the variables and parameters as well as their definitions are listed in Table 3.2. We

b -~
remark that in system (3.2.6), we let 3, = Fﬁh and 3, =
h

Ny,

we take the domain to be one dimensional Q2 = (0, 7).

Table 3.2: Parameters values in simulation

B,. For convenience,

Para Definition Value (range) Sources
N, Total human population 53 (km?)~! see text
density
Ay Crude human birth rate 0.0984 (km?* - month)~! see text
L, Human natural death rate 0.001574 [129]
c Constant human recovery rate (0.0014 — 0.017) x 30.4 month™"  [20]
A, Recruitment rate at which (3.5.4) [129]
female adult mosquitoes
emerge from larvae
s Mosquito death rate (3.5.2) [129]
b Mosquito biting rate (3.5.1) [129]
B Transmission probability 0.010-0.27 [20]
per bite from infectious
mosquitoes to humans
B, Transmission probability 0.072-0.64 [20]
per bite from infectious
humans to mosquitoes
Th Incubation period for (5-26)/30.4 month
P.vivaz in humans (IIP)
To Incubation period in (3.5.3) [129]
mosquitoes (EIP)
Dy, Human diffusion rate 0.1 km? - month ™
D, Mosquito diffusion rate 0.0125 km? - month™*

To compute Ry, we use the numerical scheme presented in Remark 1.4.1 (please see
also [79, Lemma 2.5 and Remark 3.2]). We choose a;, = ¢- (1.05 — cos(2x)) Month™*,
where ¢ = 0.0016, to reflect the fact that people living urban area (around the center
of the spatial domain) can receive better medical treatments than those in rural area,
which leads to higher recovery rate around the center. We select B, =0.25, B, = 0.34,
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T, = 7/30.4 Month™" and keep other parameters as listed in Table 3.2. For this set
of parameters, we can compute the basic reproduction number numerically and have
Ro = 2.3907 > 1 which implies that the disease is persistent in host and vector
populations. Figure 3.2 shows the corresponding long term behavior of system (3.2.6)
in the case of Ry = 2.3907, with initial data

34 — 2cos2z
5 —2cos2zx N

u(f,x) = 200 — 5 cos 2z | ° Vo € [—7,0],z € [0,7].
40 — 5cos 2x

This is coincident with Theorem 3.4.1(ii). Note that we truncate the time interval by
[70, 80] so as to demonstrate the existence of the positive periodic solution. Decreasing
the biting rate to 0.7b(t), and increasing the mosquito death rate to 1.54u,(t) by using
insecticide-treated nets and spraying mosquito breeding sites, then Ry = 0.7843 < 1.
The infectious human and mosquitoes go to 0, and it describes that the disease will
be eliminated (Fig. 3.3).

We are interested in the sensitivity of the disease risk Ry on system parameters.
Take the human diffusion rate D) and the transmission probability 6~h as examples.
We set Dy, as a parameter varying in [0.02,0.5], and j, changing from 0.010 to 0.27.
Other parameters are the same as those in Fig. 3.2. This result is shown in Fig. 3.4,
where Ry is a function of Dj, and 3, respectively. We plot two curves, the green one
refers system (3.2.6) with a time-averaged EIP [r,] [129], where

1 w
] = 1 / 7 (£)dt = 17.25/30.4 Month,
0

w

and the blue one reflects system (3.2.6) is under a time-periodic EIP. One direct
observation is that, in both cases, the green curve always lie below the blue one, which
reveals that the use of time-averaged EIP may underestimate the malaria disease risk.
Fig. 3.4(a) shows that Ry is a decreasing function of Dy, there is a sharp decline
when D), is very small, and it slows down as D; continues to increase. It seems
that malaria could not be controlled by just performing a high diffusion to avoid the
flying mosquitoes without doing any protection methods, such as bed nets. We notice
that Ry increases as Bh continues to increase and passes through the threshold value
Ro =1 (see Fig. 3.4(b)), which provide valuable insights that improving our medical
treatments, such as introducing vaccine into the susceptible population, to reduce the
transmission probability could be an very effective strategy in controlling the disease.

Note that the population density of infectious human at urban (central) area is
less than that in rural (boundary) area in Fig. 3.2(b), which motivates us to study the
effect of human recovery rate «a; on the disease risk Ry in a spatially heterogeneous
environment. As there are more medical resources (the number of hospitals and
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physicians, drugs supply, advanced medical equipments) in urban area than those in
the rural, people can access to better medical treatments in urban area, where a higher
recovery rate can be observed. In Fig. 3.5(a), we let ¢ in «a; vary in [0.042,0.517].
It describes a strategy that in the current distribution of medical resources, we make
efforts to develop new drugs to improve the recovery rate. Fig. 3.5(a) demonstrates
this strategy could be effective as Ry declines below the threshold value, hence the
disease could be controlled. We test another strategy in Figs. 3.5(b) and 3.5(c). We
wish to see if keeping balance of the medical resource distribution between urban and
rural areas can help to control the disease for a fixed recovery level. We fix ¢ = 0.297,
and introduce a new parameter § into «y, that is, a;(x) = 0.297 x (1—(1—140) cos(2z)),
where 0 € [0,1]. When 6 = 0, there is a highest recovery rate at the urban area (around
the center of spatial domain, i.e., z = 7). As 0 changing from 0 to 1, medical resources
are delivered to rural areas nearby (near z = 0 and = = 7), and eventually distributed
evenly in space (see Fig. 3.5(b)). The total medical resources remain the same since
the spatial average of a,(x) does not change for all § € [0,1], i.e., [ an(2)dz = 9.028.
Ry is a decreasing function of §, drops below 1 and reaches its minimum at § = 1.
This result indicates that environmental heterogeneity does play an important role in
designing schemes to control the disease.

3.6 Discussion

As mentioned in [16, 82,109, 129], combined effects of varying incubation periods,
spatial structure and seasonal variation are worth investigating in the study of vector-
borne disease transmission. In this chapter, we formulate and analyze a nonlocal
reaction-diffusion model of vector-borne disease with periodic delays.
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With the recent theory developed in [79,144], we can derive the basic reproduction
number Ry, which describes the ability of a disease to persist [34] and measures the
risk of an epidemic [51]. Ry is defined as the spectral radius of an next generation
operator and can be computed numerically. One interesting mathematical feature of
our model is the periodic delays, which reflects the impacts of seasonal fluctuation
on disease dynamics. Motivated by [83], we define a suitable phase space on which
the linearized system for infectious compartments generates an eventually strongly
monotone periodic semiflow. By the comparison arguments and persistence theory
for periodic semiflows, we show that R is a threshold parameter for the extinction
and persistence of the vector-borne disease. Moreover, the disease will be eliminated
if Ry < 1, and if Ry > 1, the disease persists in the susceptible populations and
exhibit spatial and seasonal fluctuations. For the model with constant parameters, we
obtain the explicit expression of R, and further use the fluctuation method developed
in [120] to prove the global attractivity of the constant positive steady state in the
case of Ry > 1. It is worth mentioning that the method of Lyapunov functionals was
employed in [50] to prove the global stability of positive constant steady state for a
class of reaction-diffusion systems without nonlocal terms.

In the simulation section, we use some published data to study the malaria trans-
mission in Maputo Province, Mozambique. Our numerical result shows that the risk
of the disease, which is measured by Ry, could be underestimated if we just con-
sider the time-averaged extrinsic incubation period. Seasonal fluctuations may bring
challenges to the control of the disease. Biologically, it is well understood that dif-
fusion has a positive effect on reducing Ry to some extent, since mosquitoes could
have difficulties in taking a blood meal among moving hosts. However, R declines to
certain value above the critical value, which indicates that the disease could not be
controlled by only performing a high diffusion to avoid the flying mosquitoes. Medical
strategies (see Figs. 3.4(b) and 3.5(a)), such as improving medical treatments, devel-
oping new drugs and introducing vaccination, may be the most effective strategy to
eliminate malaria from this area. Generally speaking, medical treatment, mosquito
reduction and personal protections are three important disease control strategies, and
the study of an optimal control among them can reveal very useful insights in control
schemes [69, 70]. It has long been understood that the spatial heterogeneity has a
large impact on disease transmission. Our simulation results (Figs. 3.5(b) and 3.5(c))
support the expectation that keeping balance of resources distribution could help to
control the disease.



Chapter 4

A birth pulse population model
with nonlocal dispersal

4.1 Introduction

How the growth and spatial spread of an invasive species interact with environment
and affect the propagation process is an important and challenging problem [14,41,75],
as biological invasions have significant impact on ecology and human society [75]. For
many invasive species (e.g., birds, large mammals), individuals give birth only on a
particular time of a year. For example, big brown bats usually reproduce only in late
June in Colorado [42]. Such species is called a birth pulse population [18]. Birth pulse
can generate complex dynamics that are described by matrix models [18,98,101] and
consumer-resource models [104]. Once the individuals of a birth pulse species have
established locally, they begin to spread and invade new territory. Individual dispersal
serves as a driving factor. For a birth pulse species with distinct reproductive and
dispersal stages, Lewis and Li [74] proposed an impulsive reaction-diffusion model
to describe the within-season and between-season dynamics. The dispersal pattern
is assumed to be random diffusion, that is, an individual walker performs a random
walk on the real line with a fixed step [17,122]. Recently, Fazly, Lewis and Wang [40]
extended these results to a bounded domain of higher spatial dimension.

It should be pointed out that random diffusion may be regarded as a local be-
haviour [61], which leads to a small-scale result over a single equation model [106],
and even may underestimate speeds of invasion [22]. However, some species can indeed
disperse according to a non-local pattern, that is, an individual walker can choose its
step randomly from some distribution [7,72,110]. This motivates us to consider a
species with a birth pulse and a nonlocal dispersal governed by an integral opera-
tor. More precisely, we assume that the species consists of two distinct development
stages: a reproductive stage that is assumed to occur at the beginning of a year, and
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Figure 4.1: A species with distinct reproductive and dispersal stages

a dispersal stage throughout the year (Figure 4.1). Thus, we employ the following
impulsive integro-differential model to study its invasion dynamics:

aum—d{/J umty)dy—um}—i-f(um),xeﬂ,O<t§1,

um (0, 2) = g(Np(x)), (4.1.1)
Nps1(z) = um(l,x).

Here N,,(z) and w,, (¢, z) denote the population densities at location x at the beginning
of year m, and within year m, respectively. For simplicity, we let ¢ € [0,1]. In the
reproductive stage of year m, a birth pulse is described by a discrete-time model
with a positive function g. During the dispersal stage within year m, the changes in
population density are described by a density-dependent function f. Their movements
in the spatial domain €) are governed by a dispersal kernel J with a dispersal rate
d. Note that the dispersal kernel J(z,y) denotes the probability for the individuals
to move from location y to location x. At the end of year m, w,,(1,z) provides the
density of the species for the start of year m + 1, denoted by N,,1(z).

An interesting observation about the impulsive nonlocal dispersal model (4.1.1)
is the combination of an integro-differential equation and a discrete-time iteration,
which plays a key role in the following mathematical discussions. Moreover, we let )
represent the time-one solution map of the following integro-differential equation

ou

at_d{/”y (ty>dy—U}+f():c69 (4.1.2)

Then model (4.1.1) can be reduced to a discrete-time recursion:
Ns1(2) = Qlg(Nin(-))(@) = Q[Nwa](2), € Q, Ym > 0, (4.1.3)

where Q = Q o g.
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Generally speaking, a biological invasion usually consists of four processes: intro-
duction, establishment, spread and impact [75]. Here we focus our analysis on two
questions: (i) whether a species can establish locally after some individuals are in-
troduced to new environments, in other words, what is the asymptotic behavior for
a bounded domain with a lethal exterior, and (ii) what is the propagation dynamics
once they begin to spread, that is, how spreading speeds and traveling waves can be
captured in an unbounded domain? To answer (i), we first derive a threshold condi-
tion, and then establish a corresponding threshold-type result. We can further prove
the uniqueness and global attractivity of the positive steady state when the birth
pulse is monotone. We also present an application of insect pests outbreak to briefly
discuss the critical domain size. Note that if the birth pulse is monotone, then Q in
system (4.1.3) is monotone. When the species spreads in an unbounded domain, by
the theory developed in [39,80], we can obtain the existence and estimation of the
spreading speed and show that it coincides with the minimal wave speed for monotone
traveling waves. For the propagation phenomena with a non-monotone birth pulse,
the main challenge is to look for traveling waves for a non-monotone and non-compact
operator, where the Schauder fixed point theorem fails to work. However, we can show
that this operator is a k-contraction under an appropriate condition, and therefore,
we obtain the existence of traveling waves by applying the asymptotic fixed point
theorem (see, e.g., [145, Theorem 1.1.4]). Numerically, we simulate the evolution of
an invasive population in bounded and unbounded domains, respectively, and find
that it could exhibit oscillations in an unbounded domain.

The rest of this paper is organized as follows. In Section 2, we discuss the threshold
dynamics for system (4.1.3) in a bounded domain with a lethal exterior. We investi-
gate the propagation dynamics in an unbounded domain in Section 3, including the
existence and estimation of the spreading speed, and its coincidence with the minimal
wave speed for monotone traveling waves. Simulations are presented in Section 4 and
a brief discussion finishes the paper.

4.2 Threshold dynamics in a bounded domain

In this section, we assume that the spatial domain €2 C R is a bounded and open
interval containing the origin, and the environment is hostile outside €2, which refers
to the scenario when population individuals locate in ¢, the complement of €2, they
die immediately and hence, u(t,z) = 0, Vo € Q°. Throughout this paper, we make
the following assumptions:

(J1) J(x,y) is nonnegative and continuous on R x R such that J(z,x) > 0 for any
reR, [pJ(x,y)de =1, and [, J(z,y)dy = 1.

(H1) Two functions g and f are defined on R™ and admit the following properties:
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(i) g(N) is continuous for N > 0, ¢(0) =0, ¢'(0) > 0, g(N) > 0 for N > 0.
Moreover, g(N)/N is nonincreasing for N, and there exists N > 0 such
that g(N) < N. For every bounded set U C R, there exists £, > 0 such
that [g(N1) — g(Na)| < L, | N1 — Ny|, for any Ny, Ny € U.

(ii) f(0) =0, f'(0) # 0, and there exists N > 0 such that f(N) <0, VN > N.
Moreover, f(N)/N is strictly decreasing in N. For every bounded set
V C R*, there exists Ly > 0 such that |f(Ny) — f(N2)| < Lyv| Ny — Nof,
for any Ny, Ny € V.

The birth pulse functions commonly used in the biological literature include the
Beverton-Holt function

N
g(N) = qZ:L—N’ with p > 0 and ¢ > 0, (4.2.1)
and the Ricker function
g(N) = Ne'=M | with r > 0. (4.2.2)

A prototypical function satisfying the assumption (H1)(ii) takes the form:
f(N) = —aN — bN?, (4.2.3)

where a > 0 represents the death rate during the dispersal stage, b > 0 denote the
competition coefficient. For more general forms and biological interpretations of g
and f, we refer to [40,74] and references therein.

4.2.1 Monotone case of ¢
We first consider the following impulsive model without spatial dispersal

d
d—?:f(u), 0<t<1,

u(0) = g(Np), (4.2.4)
Nm+1 = u(l)

Let A denote the time-one solution map of the ordinary differential equation in model
(4.2.4). It then follows that model (4.2.4) can be reduced to a discrete-time system

Npi1 = Aog(Ny), Ym > 0. (4.2.5)

By assumption (H1)(ii), we see that A is monotone in the sense that A(¢) > A(¢)) if
¢ > 1) > 0, compact, and strongly subhomogeneous in the sense that A(ag) > aA(p),
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V¢ > 0, Va € (0,1). Note that (H1)(ii) implies that there exists a unique positive N*
such that f(N*) = 0. Define My = max{N, N*}, where N is stated in (H1)(i). Let
N, be the solution of recursion (4.2.5). It is easy to see that for any M > M, there
holds 0 < N,, < M whenever 0 < Ny < M. Clearly, (4o g)'(0) = /' ©g(0). As a
straightforward consequence of [145, Theorem 2.3.4], we have a threshold-type result
on the global dynamics of system (4.2.5).

Proposition 4.2.1. The following statements are valid:

(i) If /" ©g'(0) < 1, then N,, = 0 is globally asymptotically stable for system (4.2.5)
in RT.

(ii) If e © g (0) > 1, then system (4.2.5) admits a unique fized point 3 > 0, and it
is globally asymptotically stable in R\ {0}.

Let C(©,R) be equipped with the norm ||¢|| = max,cq [¢(x)|. For ¢,9 € C(Q,R),

we write ¢ > () if ¢(x) > (>)(x) for all z € Q, and ¢ > ¢ if ¢ > ¢ but ¢ # .

Let C(Q,RY) = {¢p € C(Q,R) : ¢(x) > 0,Vx € Q}. For any ¢ € C(,R"), system

(4.1.2) (system (4.1.3)) has a unique nonnegative solution u(t, ¢) (N,,(¢ 1th initial
(¢

(N (0))
condition u(0,¢) = ¢ (No = ¢). Hence, Q(¢) = u(l,¢) and Q" (¢) = Nn(9),
respectively. In order to prove the global dynamics of system (4.1.3), we make the

following additional assumption on f and g.

(H2) There are real numbers G > 0, ' >0, 0, > 0, 05 > 0, v, > 1 and vy > 1 such
that g(N) > ¢'(0)N — GN"7, V0 < N < g, and f(N) > f'(0)N — FN"/, V0 <
NSO’f.

It is easy to verify that if g and f are twice continuous functions with ¢(0) =
f(0) =0, then (H2) is satisfied automatically. Clearly, the functions in (4.2.1), (4.2.2)
and (4.2.3) satisfy (H2).

We proceed by linearizing model (4.1.1) at zero in the bounded domain:

ot
um(0,2) = ¢'(0) Ny, (2), (4.2.6)
Npi1 () = un(1, ).

Ot _ =d {/ J(x,y)up (t,y)dy — um} + (O, 2€Q, 0<t <1,
0

Let S be the time-one solution map of the linear evolution system

a;tm =d {/Q J (@, y)um(t, y)dy — Um} + £ (0)ty,, x € Q.

Then N,,(x) of model (4.2.6) satisfies the recursion system

Ni1(x) = S[g'(0)(Nin(-))](2) = 5[N] (2), = € Q. ¥Ym >0, (4.2.7)
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where S = S o ¢/(0). Define

Sold)(z) == d / J(x,y)é(y)dy, Ve € 9.

Q

By assumption (J1), we can verify that Sy is compact and S§ := (Sp)* is strongly
positive for some integer k& > 0. In view of [80, Lemma 3.1], the spectral radius p(Sp)
is a simple eigenvalue of Sy with a positive eigenfunction ¢* € C(Q,R*). It then
follows that the following eigenvalue problem

Ap(z) = d/Q J(z,y)o(y)dy, = € Q. (4.2.8)

admits a principal eigenvalue A\o(Q2) = p(Sp) associated with a positive eigenfunction
¢*. Thus, A(Q2) := A\o(2) —d+ f'(0) is the principal eigenvalue of the following problem

2ola) = d [ I )iy — dota) + £ O)6(a), €0,
and associates a positive eigenfunction ¢*. It easily follows that
N (@) = (0g'(0)) "¢ (2), 2 € Q, ¥m >0,

is a solution of system (4.2.7). In the following, we will show that e*(®)¢/(0) serves as
a threshold value which determines whether the species can persist.

Theorem 4.2.1. Assume (J1), (H1) and (H2) hold, and g is monotone. The follow-
ing statements are valid:

(i) If XVg'(0) < 1, then limy, 4o Npu(x) = 0 uniformly for x € Q.

(ii) If XD g’ (0) > 1, then system (4.1.3) has a unique positive steady state N* €
C(Q,R*) with N* > 0, which is globally attractive in the sense that for any
Ny € C(Q,RT) with Ny > 0, there holds lim,, s, Nyn(x) = N*(x) uniformly
for z € Q.

Proof. (i) In the case where eV ¢/(0) < 1, let W,,,(2) = 5<6A(Q)g’(0)>m¢*(as), Ym >0,

where 0 is a positive constant. We claim W, (z) satisfies the following linear problem

8(;—; = d/ J (2, ) tm (t, y)dy — ditg, + f/(0)t, z€Q, 0<t <1,
Q
un(0,2) = g'(0) W (), (4.2.9)

W1 () = um (1, ).
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Clearly, u(t,z) = 6¢'(0)eM®!¢*(z) is a solution of the linear equation 2% = d [, J(

y) (t, y)dy du+ f' ( Ju satisfying (0, x) = 6¢'(0)¢*(z). It then follows that u(1, :E)
59'(0)er¢*(z) = Wi(x), and hence, the desired result follows from the induction ar-

gument. Furthermore, one can easily see that if e} ¢/(0) < 1, then lim,,_ 0o Win(z) =

0 uniformly for = € Q.

For any given initial value wuy(z,0) = Np(x) in system (4.1.3), we choose § suffi-
ciently large such that Ny(z) < Wy(x). Since

=m = /QJ(x,y)um(t,y)dy—dum-l-f/(o)um > d/QJ(x,y)um(t,y)dy—dum+f(um)

for nonnegative u,,, together with the comparison argument and induction, we have
Np(z) < Wi(x) for all m > 0 and = € 2. It then follows that lim,, Np(z) =0
uniformly for x € €.

(ii) In order to prove the existence and uniqueness of the positive steady state, we
introduce

X ={¢: Q = R : 1 is bounded and Lebesgue measurable in Q}

with norm ||¢[| ¢ = sup,eq [¢(z)|. It then follows that (X, - l¢) is a Banach space.
Define X, = {¢) € X : 9(z) > 0, Vo € Q}. Then X, is a positive cone of X and
induces a partial ordering on X. It is easy to prove the interior of X, denoted by
1nt(X+) is nonempty, and 1nt(X+) {y € X, Y(x) > e for some € > 0, Va €
Q}. Observe that for any v € X, system (4.1.2) (system (4.1.3)) has a unique
nonnegative solution u(t, 1) (N, (¥)) with initial condition u(0, 1) = ¢ (No = ). Put
QW) = u(1,v) and Q™(¥) = N,, (1), respectively. We can verify that Q is strongly
subhomogeneous in the sense that Q(at)) > aQ(¥), Vi € nt(X,), a € (0,1).
Since g(N)/N is nonincreasing, we easily see that g(/V) is subhomogeneous. Thus,
Q () o g is strongly subhomogeneous. Moreover, Q admits at most one strongly
positive fixed point in X. Indeed, let 1 and ¢, be in int(X,) such that Q(;) = 1
(i = 1,2). By [145, Lemma 2.3.1]7 it follows that 1, = 795 for some 7 € (0,1]. We
further claim 7 = 1, that is, ¢ = 5. Otherwise, we obtain 0 < 7 < 1, and hence,

U1 = Q1) = Q(1hy) > TQ(1hy) = T1hy = 1y, which is impossible.

Notice that in the case where eXg/(0) > 1, that is, e@-/'Og(0) > 1,
we choose 5\ < M(Q) and v < ¢/(0) such that * /'Oy > 1. Let v(t,z) =
eyeA—dHI )t g* () Tt follows from (H2) that for sufficiently small &€ > 0 and 0 <
t <1, we have

—_

g(o(t2)) > 7o(t,2) + v(t,2) (1g'(0) — 7] — G el Ol (@)t} >yt )
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By (H2), we have f(v) > f'(0)v — Fv"/, and hence
v
G - | Jettady +do - 5

ot o

< 57(5\ —d+ f’(o))e(i—d+f/(0))t¢* _ d/ J(z, y)me (A—d+f'(0 925 (y)dy
Q
- deryeOtt Ot ge _ oo cOdtF O f1(0) % 4 Fleryeat7 O gr1vs
= v((X —Xo(92)) + Fs"f—l[ve<i—d+f’<o>>t¢quf—1> <0,

which shows that v(t,z) is a lower solution of system (4.1.2). Thus, there exists a
sufficiently small £, such that for any given e € (0, g9], we have My > c¢*(z), Vo € Q,
and

Q(ed")(w) = Qly(e¢")](x) > Qlyed](w) > v(1,2) > £¢"(x), Va € Q.
This implies that

My > Q™ (e¢") () > Q™ (e¢*) (), z € Q, Ym > 0.
It then follows that there is N, € int(X,) such that

lim Q™(e¢*)(x) = N,(x), Yz € Q. (4.2.10)

m——+00

Moreover, N, is lower semi-continuous, that is, for any & € Q, we have liminf,_,; N, (x)
> N,(%). Since g is monotone, it follows that g(Q™(c¢*))(z) < g(N.)(z) < g(Mp)
for € Q. Let un(t, ) = u(t,z, g(Q™(e¢*))), V(t,z) € [0,1] x Q. Thus, up(t,z) <
U1 (t, ) < u(t, g(Mo)) < maxeeio ) u(t, g(Mo)). Therefore, there is u(t, ) such that

lim  u,,(t,z) = u(t, ) (4.2.11)

m—-+00

A

for (t,2) € [0,1] x Q. In particular, lim, ;o0 U (0, 7) = limy, 100 g(Q™ (€6%))(x) =
w(0,z) for z € Q. On the other hand, we have lim,,_, o ¢(Q™(c¢*))(z) = g(N,)(x)
for x € Q, and hence, g(N,)(z) = u(0, x) for x € Q. Note that

U (t, ) — up (0, ) = /Ot [d/Q J(z,y)um(s,y)dy — dum(s,x)ds} + /Otf(um(s,x))ds.

By Lebesgue’s dominated convergence theorem, we obtain

u(t,z) —u(0,x) = /Ot [d/Q J(z,y)u(s,y)dy — du(s,x)ds} + /Otf(u(s,x))ds

that is,
3U(att, z) _ d/g T, y)ult, y)dy — du(t, ©) + f(u(t, ),
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which implies that w(¢,z) in (4.2.11) is indeed a solution of system (4.1.2). Since
u(0,2) = g(N,)(x), Vo € Q, it follows that u(1,-) = u(l,-,g(N,)). Note that
limy, s 100 Um (1, 7) = u(1, ), Vo € Q, that is,

lim Q"*'(e¢")(x) = u(l,z), Yz € Q. (4.2.12)

m—-+00

Therefore, (4.2.10) and (4.2.12) yield that

N.(2) = u(l,z) = u(l,2,9(N.)) = Q 0 g(N.) () = Q(N.)(x),

which implies that /N, is a fixed point of the map Q

Since M, is an upper solution of system (4.1.3), then for any given p > 1, we have
Q(pMo) < pQ(My) < pMp, and hence, Q™ (pMy) < Q™(pMo) < pMy, ¥m > 0.
Recall that for the above sufficient small €, we have pMy > My > e¢p*(x) for x € Q.
It then follows that Q™(pMy)(z) > Qm(sgb*)(:c) > 0 for # € Q. Therefore, there
exists N* € X, such that lim,,_, . Q™ (pMo)(z) = N*(z) for z € Q, and N* is upper
semi-continuous, that is, for any Z € Q, we have limsup, ,; N*(z) < N*(Z), and
Q(N*) = N*.

Clearly, 0 < N, < N* in X. By the aforementioned uniqueness of the strongly
positive fixed point of Q in X, we obtain N, = N*. Since N, is lower semi-continuous
and N* is upper semi-continuous, it follows that N* is continuous and N* € C(£2, R")
with N* > 0. Further, Dini’s theorem implies that lim,, .. Q" (c¢*)(x) = N*(z)
and lim,,_, ;o0 Q™ (pMO)( ) = N*(x) uniformly for z € Q.

For any given Ny = o € C(,R*) with ¢ > 0, we have g(¢) € C(,R")
with g(¢) > 0. It follows that u(1,-,g(x0)) > 0 (see, e.g., [61]), and hence, N, =
u(1,-,9(¢)) > 0. We set N; as an initial data and further choose a sufficiently small
e € (0,e0] and a sufficiently large p > 1 such that e¢* < Ny < pM,. Thus, Qm(ab*)
Q™(N) < Q™(pMy), ¥Ym > 0. It immediately follows that lim,, .. Q™ (¥)(z) =
N*(z) uniformly for x € Q.

U

4.2.2 Non-monotone case of g

Now we consider the threshold dynamics of system (4.1.3) in the case where the birth
pulse function g is non-monotone. We make the following hypothesis:

(H3) There is o > 0 such that g(/N) is nondecreasing for 0 < N < .

Motivated by [56,74,118], we introduce two monotone functions g* and g~. First
we define

+ = >
g (N) OgnvagNg(V), VN > 0.
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It then follows that ¢ is nondecreasing, locally Lipschitz continuous, and ¢*'(0) =
¢'(0). In the case where e/'(®g/(0) > 1, Proposition 4.2.1 (ii) implies that system
(4.2.5) with g replaced by ¢g* has a positive fixed point 7 € (0,0]. In such a case,
we can further define g— as follows

_ - . i
g (N)= N$1§5+9(V>’ VO < N < gt

It is easy to see that ¢~ is also nondecreasing, locally Lipschitz continuous, and

system (4.2.5) with ¢ replaced by ¢~ admits a positive equilibrium ~. Clearly,

0 < << f Itis casy to see g-(N) < g(N) < g*(N), g*(0) = ¢(0),

g5(N) < ¢'(0)N, and there exists oy € (0,0%], where 0* = min{o,0,}, such that

(V) = g(N), ¥N € (0,0q).

With the above functions ¢g* and g~, we consider two auxiliary models:

ag;n - d{/QJ(a:,y)um(t,y)dy - um} + flup), 2€Q, 0<t <1,
um(0,2) = g7 (N, (2)), (4.2.13)
Nnt+1<x> = U (1, ),

and
a;tm _d{/Jx y)um(t y>dy_“m}+f(um) reQ, 0<t<1,
U (0,2) = g~ (N, (), (4.2.14)

Ny a(@) = (1, 2).

Similarly, models (4.2.13) and (4.2.14) can be reduced to the following discrete-time
systems

Ny (@) = Qg (Np (@) = Qo gt [N ](2), € Q, Ym 20, (4.2.15)
and
Ny (@) = Qlg™ (Np(N(@) = Qo g [N, |(2), € Q, Ym > 0. (4.2.16)
Let N,f(z) and N, (z) be solutions of systems (4.2.15) and (4.2.16), respectively.
The comparison argument shows if 0 < Ny (z) < No(z) < Ny (z) < B, where
Ny, Ny, Ni” € X, then
0< N (2) < Np(z) < Ni(z) < BT, 2€Q, Vm>0.

Note that models (4.2.13) and (4.2.14) have the same threshold value eM%g/(0) ac-
cording to Theorem 4.2.1. By the arguments similar to those in the proof of Theorem
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4.2.1 and the comparison argument, we have the following result.

Theorem 4.2.2. Assume that (J1), (H1), (H2) and (H3) hold, and let N,,(x) be the
solution of system (4.1.3). Then the following two statements are valid:

(i) If D g'(0) < 1, then lim,, 400 Np(2) = 0 uniformly for x € €.

(ii) If D¢/ (0) > 1, then there exists a positive function N* € C(Q,RT) with
N* > 0 such that liminf,, , . min g (Nm(x) - N*(:v)) > 0.

In the rest of this section, we present a simple scenario of insect pests outbreak
to briefly discuss the critical domain size for system (4.1.3) in a bounded domain
Q= (l1,l3) where [; <0 <y and |l — 1| = L. Tt is well known that insect pests have
a serious threat to ecology balance and a risk of spreading diseases [106]. The fact
that an insect population may exhibit a long distance dispersal motivates us to apply
system (4.1.3) to study the insect pest outbreaks. Inspired by [40], we choose g to be

g(N) = (1 — )N, YN >0, (4.2.17)

where s € (0,1) is the removal rate of pests, and hence (1 — s) indicates the survival
fraction that contributes to the population a year later (see [40]). Clearly, g(N) is
increasing for N > 0, and ¢'(0) = 1 —s. Following [124], we assume the pests disperse
according to a Laplace kernel in one spatial dimension

J(@) = ——c— 8 (4.2.18)

“a9p° -

where D is the mean dispersal distance. The eigenvalue problem (4.2.8) can be written
as

lo 1 o _
Mola) =d [ 5me T oy, o€ = (1,1, (1219)
l1
We separate the integral of (4.2.19) into two parts
d x z y d T l2 y
=—e D D —eD D 4.2.2
so(o) = g [ eboway + speb [T eBoway, (4220

and differentiate (4.2.20) to get

d

A (z) = 52

[ —e D /lx e%(b(y)dy +eb /xlz e_%gb(y)dy]. (4.2.21)

Differentiating (4.2.21), we then obtain the following linear differential equation:

AP (z) = % (x) — % (), x € (lh,ls). (4.2.22)
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With (4.2.21), we further have

¢'(lh) = @ and ¢/ (I) = Jb%z)

, where |l — [;| = L. (4.2.23)

Hence, we solve equation (4.2.22) with boundary condition (4.2.23), and find the
eigenvalues of (4.2.19) satisfy the following

Ly/d/X—1
tan / = ! (4.2.24)

2D Vd/x =1
provided that A < d, and the principal eigenvalue \o(2) is the largest positive root of
equation (4.2.24) (we can refer to [36,86,124] for detail discussions of system (4.2.22)
with boundary condition (4.2.23)). Further, e*Y¢’(0) = 1, where A(Q2) = \o(Q2) —d +
1'(0), gives rises to

2D 1
L* = arctan , (4.2.25)

f'(0) +1ng'(0) f'(0) +1ng'(0)
d— f'(0) —Ing'(0) d— f'(0) —Ing'(0)

provided that 0 < f’(0) + Ing¢’(0) < d. Therefore, for a given removal rate s, as a
straightforward consequence of Theorem 4.2.1, we obtain the following result on the
existence of critical domain size.

Proposition 4.2.2. Assume (J1), (H1) and (H2) hold, and 0 < f'(0) +1n g’ (0) < d.
Let g(N) = (1 — s)N and define

2D 1
L= arctan

f(0) +1In(1 —s) f(0) +1In(1 —s)
d— f'(0) —In(1 — s) d— f'(0) —In(1 — s)

Then the following statements hold true for system (4.1.3):

(i) if L < L*, then lim,,_, oo Nyu(x) = 0 uniformly for x € Q, that is, the pests go
to extinction.

(ii) if L > L*, then lim,,_, o Npu(z) = N*(x) uniformly for x € Q for a posi-
tive steady state N*, which implies that the species persists and converges to a
positive steady state.

When the species presents a Laplace distribution, we can see that the critical
domain size is proportional to the mean dispersal distance D according to (4.2.25).
In the case where L is given, there exists the minimum removal rate s* given by

§ =1 — e IO Q= (1, 1) with |l, — 1| = L,
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which drives the pest population to extinction, that is, if control measures are em-
ployed, such as spraying pesticides or introducing controlling pests, to increase removal
rate s > s*, then the pests go to extinction, and hence, we may control the insect pest
outbreaks; and if s < s*, then the pests persist.

4.3 Spreading speeds and traveling waves in an un-
bounded domain

In this section, we aim to establish the existence of the invasion speed and its coin-
cidence with the minimal wave speed in two cases, i.e., the birth pulse function g is
monotone (Section 3.1) and non-monotone (Section 3.2), respectively.

We continue to assume (H1) holds. For simplicity, we consider a spatially homoge-
neous unbounded domain, and assume that the dispersal only depends on the distance
between the starting point y and the destination z, that is, J(z,y) = J(z — y). We
further assume that

(J2) J is a nonnegative continuous function such that [, J(z)dz = 1, J(0) > 0,
J(z) = J(—z), Vo € R, and [, J(z)e""dx < 400,V € [0, 1), for some positive
number 47 .

Under the assumption 2 = R and (J2), the spatially homogeneous system asso-
ciated with model (4.1.1) becomes model (4.2.4). In order to study the propagation
dynamics of the discrete-time recursion (4.1.3), in view of Proposition 4.2.1, we make
the following additional assumption on f and g.

(H4) e/ ©g'(0) > 1.

4.3.1 Monotone case of g

Let C be the set of all bounded and continuous functions from R to R. For ¢, € C,
we write ¢ > ()¢ if ¢p(x) > (>)(z) for all x € R, and ¢ > 9 if ¢ > 1) but ¢ # .
Let Cy = {¢ € C: ¢(x) > 0,Vz € R}. Further, we equip C with the compact open
topology, that is, the sequence of ¢"(x) converges to ¢(z) as n — 400 uniformly in
any compact set on R. For a given number r > 0, we define C, := {¢p € C : 0 <
¢(x) < r,Vr € R}. Moreover, for any y € R, we define a translation operator T, by
T,(¢)(z) = ¢p(x —y) for all x € R.

Since Q of system (4.1.3) is not compact, we will use the abstract theory shown
in Section 1.5.1 (please see also [39]) for monotone discrete-time semiflows with weak
compactness to study the spreading speed and traveling waves for system (4.1.3).
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Theorem 4.3.1. Assume that (J2), (H1) and (H4) hold, and g is monotone. Then
system (4.1.3) with Q0 = R has a spreading speed c* in the sense that

(i) If ¢ € Cz, where B is the fized point of system (4.2.5), has a compact support,
then My, oo [o[zem Q@™ [0](2) = 0, Ve > ¢*.

(ii) If ¢ € Cs and ¢ # 0, then lim,, oo zj<em Q™8] () = B, Ve € (0,c¥).

Moreover, c* is given by

1

¢ = inf 2 [d / J@)ede —d+ §/(0) + ng'(0)]
n>0 [ R

Proof. First, by arguments similar to those in [135, Theorem 2.2 and Lemma 3.1],

together with (H1), we see that for any ¢ € Cs \ {0}, there hold Q(¢) > 0 and

Q(ad) > aQ(e), Yo € (0,1). Next we establish some basic properties of Q.
Claim. Q satisfies hypotheses (A1)-(A5) in Section 1.5.1 with Xz = [0, §].

Clearly, item (A1) holds. Item (A2) can be proved by the arguments similar to
those in [135, Lemma 3.1]. To verify item (A3), we take x = 0. Since any bounded set
in R is precompact, it follows that x(Q[V](0)) = 0. On the other hand, we also have
k(V(0)) = 0 as V(0) is a bounded subset of R. And hence, x(Q[V](0)) = x(V(0)) = 0.
Item (A4) follows from the monotonicity of ) and g. Note that the map A in system
(4.2.5) is the restriction of Q to [0, 3] C R. (H4) and Proposition 4.2.1(ii) imply item
(A5) holds.

According to the above claim, we see that Q satisfies all the conditions [39, Remark
3.7]. Therefore, system (4.1.3) has a spreading speed ¢* satisfying statements (i) and
(ii) in Theorem 4.3.1. In order to compute ¢*, we consider the linearized system at
zero, which is given by

Oy, /
% = d/RJ(x — Y um(t,y)dy — duy, + f(0)uy,, 0 <t <1,
u(0,2) = ¢'(0) Ny (), (4.3.1)

Npi1 () = up(1, ).

For any p € RT, let u(t,z) = e *n(t). Then n(t) satisfies
dn(t
dn(t) _ (¢ / T)esdy —d+ (0) )n(t). (4.3.2)
dt R

Note that the time-one solution map of nonlocal system (4.3.2) is given by e“*, where

Cu:d/J(x)e“xdx—d—i—f'(O), peR,.
R
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Hence, model (4.3.1) can be rewritten as
Nopi1(z) = e ¢/ (0)N,, (). (4.3.3)

Since the dispersal kernel J is symmetric, by a comparison argument similar to the
proof of [80, Proposition 3.9] and [135, Theorem 3.2], the spreading speed ¢* can be
computed as

* s 1 Cu o 1 nr . ! /
c —llggplne g(O)—bI;EM[d/]RJ(x)e de —d+ f(0) +1ng'(0)|.

This completes the proof. O

Theorem 4.3.2. Assume that (J2), (H1) and (Hj) hold, and g is monotone. Let c*
be defined in (4.3.1). Then for any ¢ > c*, system (4.1.3) admits a traveling wave
U(z + em) connecting 0 to B such that U(&) is non-decreasing in &, and for any
c € (0,c%), system (4.1.8) has no such traveling wave connecting 0 to 3.

Proof. Let M denote the set of all bounded and nonincreasing functions from R to
C. It is not difficult to verify that the above claim still hold with Cg being replaced
by Mg, where Mz = {¢p € M :0 < ¢ < }. Then we can employ Theorem 1.5.1 to
obtain the existence and nonexistence of monotone traveling waves. O

4.3.2 Non-monotone case of g

In this subsection, we study the spatial invading dynamics of system (4.1.3) in the
case where ¢ is non-monotone. We assume (H3) holds so that g(/V) is nondecreasing
for small N.

As we did in Section 2.2, we introduce two auxiliary models

a;_? :d{AJ<$_y)um(tay)dy—um} + flum), z€R, 0 <t <1,
um(0,2) = g* (N (), (4.3.4)

Nnt+1($) = um(L x)v

and
6’;_? :d{AJ<x_y)“m(tﬁy)dy—um} + fum), ER, 0<t <,
Un(0,2) = g7 (Non ) (4.3.5)

Ny () = um (1, 2),
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and then reduce them to
Nj(x) = QlgT (N ()(x) = Qo g [Ny |(x), x € R, Vm >0, (4.3.6)
and

Npia(®) = Qg™ (N, ()l(z) = Qo g [N, ](z), x €R, Vm >0, (4.3.7)

where g* are defined in Section 2.2. Let N, (z) and N, (z) be solutions of discrete-
time systems (4.3.6) and (4.3.7), respectively. If 0 < Ny (z) < No(z) < N (z) < BT,
then the comparison argument implies that

0< N, (r) < Np(z) < N(z), x e R, ¥Ym > 0. (4.3.8)

Recall that ¢* = in% %ecﬂ ¢'(0) for system (4.1.3) with monotone birth pulse func-
>

tion. We remark that the expression of ¢* only depends on the linearized system
(4.3.3). Note that models (4.3.4) and (4.3.5) share the same linearized system at zero,
indeed, model (4.3.1). It then follows from Theorem 4.3.1 that ¢* in (4.3.1) is the
spreading speed of models (4.3.4) and (4.3.5). We can obtain the following result
about the spreading speed of system (4.1.3) in the case where g is non-monotone.

Theorem 4.3.3. Let (J2), (H1), (H2), (H3) and (H4) hold. Then ¢* given by (4.3.1)
is the spreading speed of system (4.1.3) in the following sense:

~

(1) If ¢ € Cs+ has compact support, then lim Q™[p](x) =0, Ve > c*.

m—-+o0,|x|>cm

(i) If ¢ € Cs+ \ {0}, then = <  liminf Qm[¢](x) < limsup Qm[¢](x)

m—+00,|z|<cm m—~o0,|z|<cm
< BT, Ve e (0,c¢%).

Proof. A comparison argument, together with (4.3.8), shows that ¢* given by (4.3.1)
is also the spreading speed for system (4.1.3). Since the proof is similar to that
of [56, Theorem 2.3] , we omit the details here. O

Before proving the existence of traveling waves, we return to the integro-differential
system (4.1.2) for more observations. Note that (J *u —u)(z) : C — C is a bounded
linear operator, where (J *u — u)(z) = [ J(z — y)u(t,y)dy — u(z). It then follows
from (J2) and (H1) that the linear system

du(t
ufiz; z) =d(Jxu—u)(t,z), xR, t>0, (4.3.9)

u(0,2) = ¢(x),
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generates a strongly continuous semigroup P(t) on C, which is strongly positive in the
sense of P(t)C; C Cy and [P(t)¢](x) > 0 if ¢(x) > 0 has a nonempty support and
t > 0. According to [135], the unique mild solution of system (4.3.9) is given by

0 k
POel() = e S M 6)(0),

where ag(¢)(z) = ¢(x) and ax(¢)(x) = [ J (@ —y)ar_1(¢)(y)dy for any integer k > 1.
In particular, we let P := P(1) be the time-one solution map associated with system

(4.3.9). For any ¢ € C,, system (4.1.2) can be rewritten as an integral equation form:

u(t) = P(t)¢ +/0 P(t — s)f(u(s,¢))ds, Vt > 0.

Moreover, since ) denote the time-one solution map of system (4.1.2), then we obtain
1
Q) =u(t) =Po+ [ P(1=9)f(uls.0))ds, o€ Cs.
0

For any given ¢ > ¢*, we choose p = p(c) € (0, ¢). Define

X, = {6 € C(R,R) : sup |(z)|e "1*l < +o0},

z€R

and ||¢|, := sup,cg |¢(z)]e I, Tt then follows that (X,,| - ||,) is a Banach space.
Let Yib == {¢p € X, : 0 < ¢ <L;}. Notethat 0,L; € Y.,. Thus, Y., is a
nonempty, closed and convex subset of X,. The following lemma shows that 7. P is a
k-contraction on Y.

Lemma 4.3.1. The map T.P is a k-contraction on Yy, with the contraction coeffi-
cient being eP“~9.

Proof. Note that
(T.P)[¢](z) = e ® Z —ap(¢)(x —c), Vx e R, Vo € Y14,

where ag(¢) = ¢ and ay(¢)(z — ¢) = [ J(# — ¢ — y)ar—1(¢)(y)dy for all k > 1. For
any ¢,v € Yi., we have |lag(¢) — ao(¥)|, = ||¢ — ¢, and

() (2) — ax(¥)(z)e" < / JW)lar-1(¢)(z — y) — ar_1()(z — y)|dy - e

R

< Jlar—1(¢) — ar—1(¥)l, /R J(y)eMldy, Vo e R, k> 1.
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By induction, we see that

Joute) = (@)l < ([ Jweay) o = vl

Further,

P diantt

TPlole) = TP < et o) — ) —aw)a —o

< e dz Hak ar(¥)l,

+o0 k
< ere- dz - (/ ep\yldy) 6 — ], Vo € R.

Therefore,

+Ook

k
1.7 = TRl < S ([ Swean) fo— vl (1310
which implies T, P is continuous on Yy, . Clearly, T.P = (T.P), + (T.P), with
(T.P)[¢)(z) = e "(x — ), (TLP)[g](x) =€ ——ar(d)(w —c).  (4.3.11)

Note that |[(T.P)1[¢] — (T.P)1[¥]]l, < e~ %|¢p — |, that is, (T.P); is k-contraction
with the contraction coefficient being e”*~¢. For any ¢ € Y1, and 1,22 € R, a direct
calculation yields that

(T.P)ald)(1) — (LP)ao) (w2)| < e-dz @)@ - o) - aule)ea— o)
I gk
<]L+e_dzk'/‘Jz+x1—x2 J(z)|dz
= Loe %(e? — 1)h(x; — 22),
where h(z) = [, |J(z +x) — J(z)|dz, Vo € R. Since ili% h(xz) = 0, it follows that the

family of functlons {(T.P)s[¢](z) : ¢ € Y1, } is equicontinuous in z € R. Thus, for
any given sequence {¢y, := (T.P)s[¢n] }n>1 C (T.P)2[YL, ], there exists n; — 400 and
¢ € C(R,R) such that lim;_, o ¢n,(2) = ©(x) uniformly for = in any compact subset
of R. Since ¢, € Y, it follows from (4.3.11) that 0 < ¢, (z) < L., and hence,
0 < ¢(x) < L, Vo € R. Obviously, lim, 1. (L, — 0)e?#l = 0. Therefore, for any
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€ > 0, there exists a K > 0 such that
0 < |n, () — (@)™ < Lie " < ¢, V|z| > K.

Since lim;_, o (0, () — ¢(z))e 1l = 0 uniformly for = € [~ K, K], there exists an
integer jo such that

|90nj<x) - Qp(aj)‘e_plxl <g, Vr e [_K7 K]a ] 2 jO-
It then follows that

lon; = ellp, = sup [on, () = ()| <&, j > jo.
S

This implies that lim;_, [[¢n, — ¢ll, = 0, and hence, (T.P)2[YL,] is precompact in
X,. Therefore, T.P is k-contraction with the contraction coefficient being er~4. [

Now we are ready to prove the main result of this subsection.

Theorem 4.3.4. Let (J2), (H1), (H2), (H3) and (H4) hold. Then the following

statements are valid:

(i) For any ¢ € (0,c*), system (4.1.3) has no traveling wave U(x + cm) with
U(—o0) =0.

(1t) If, in addition, d > max{Ls, Ly +InL,}, where L, and Ly are the Lipschitz
constants of g and f on [0, 5], respectively, then for any ¢ > c*, system (4.1.3)
has a continuous traveling wave U(x + cm) such that U(—o0) = 0 and = <

liminf U(§) < limsupU(§) < p+.

§—=+o0 &40

Proof. (i) Assume, by contradiction, that for some ¢y € (0, ¢*), system (4.1.3) has a
traveling wave N,,(x) = U(x 4+ ¢om) with U(—o0) = 0. By Theorem 4.3.3 (ii), there
holds
liminf N, (z) >3~ >0, Ve € (0,c).
m—+o0,|z|<cm
Choose ¢ € (cy,c*) and let x = —ém. Then liminf,, , . Np(—¢ém) = liminf,,
U((co — ¢)m) > 0, but lim,, 1 U((cog — ¢)m) = U(—o0) = 0, a contradiction.

(ii) For any given ¢ > ¢*, let p = p(c) be chosen as in the definition of X,.
By [80, Lemma 3.8], it follows that there exist 0 < p; < po < min{vypuq, vep, 1},
where ¢* = #i Ine®* ¢'(0), such that

1 A
c=—IneCg(0) := (1) and ¢ =
H1 Hi H2
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and hence, e~1e%1¢(0) = 1. Define

T.Q[¢)(x) = T.(Q 0 g)[8](z), Yz € R, ¢ € X,,.

Let T.Q* be defined as above with g replaced by g*. Tt then follows that T.Q% is
nonincreasing on X, and that 7.Q " [¢] < T.Q[¢] < T.Q™[¢], V¢ € X,,.

Following [56], we define
¢t (x) = min{pT, e}, Vo € R.
Since g7 (N) is nondecreasing in N and ¢*(z) < 81, Vo € R, we obtain
T.Q%¢" = T(Qo g")o"](x) < B*.
Note that f(N) < f/(0)N, and ¢™(x) < gTe”* Vo € R. Tt follows that

1
T(Qog")¢'](x) < ﬁ*g’(O)f“lc(P[e“l'](ﬂﬁ) +/O P(1 - S)f’(O)U(S,e”l')(ﬂ?)d‘S)
= Btg'(0)e rceCm et
= BteM” Yz e R.
Hence, T.Q*[¢*] < ¢*.

Now we fix a ¢ such that ¢ < ¢ < ¢ and let M = max{M;, My, M3+ 1}, where M,
My and Mj are positively and sufficiently large such that

G(sug—l

1+ ]e(éfc)“"’ <1,

[ M g'(0)

Le[féuﬁ)\(m)](t*l) <1, vt €[0,1], and
M,

§vs—lerslng (0)=A(u2)l(1-t)

— ClUg + )\(l/&) + M3€[lng’(0)*)\(u2)](1*t)

<0, vVt €0,1],

with 6 = min{o,, o, 51}, respectively. Obviously, M > 1. Define

¢~ (z) = max{0,0(e"® — Met2")}, Vo € R.

In M
p2— 1

¢ (z) =0, Vo >z, ¢ (z) = 0(eM"” — Me"*™), Vo < xy.

Let g = — < 0. Then we have

It is easy to see that

0<¢ (2) <ot (z) and (¢~ (z))" < §%ef* Vo € R.
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Clearly, T,Q [¢~](z) > 0, V& € R. Since ¢~ (2) > §(eM* — Mer2*), Vx € R, it follows
that

9(¢7)(x) =2 g'(0)¢™ (z) — G ()

v

vg—1
g'(0)de* — ¢'(0)0 M eH** [1 - o ]

Mg'(0)
> ¢'(0)5eM® — ¢’ (0)6 M et

)

and hence,

9(¢7)(x —¢) > ¢'(0)5e" 79 — ¢ (0)5 M 2"~
= de?g'(0)e ¢ — S M et g (0)eH2°

— SetTend (0)=Ap1) _ 57 fer2tong (0)—p2t

Let u(t, ) = max{0, Y1 (¢, x) — ¥a(t,z)}, V(t,z) € [0,1] x R, where
1/11<t,l‘) — 56H1$e[lng/(O)—A(/u)](l—t) and @bg(t,]}) _ 5M6,ugze[lng’(O)—Ep,g](l—t)‘

1) —epg](t=1)

Note that ¥, > v provided that z < = pr— = xo(t), Vt € [0,1], and
o(t), Vt € [0,1] is bounded. If z > zo(t), then u(t,z) = 0, and hence, 2¢ —d [, J(z—
yu(t,y)dy + du(t,z) — f(u) = 0. If x < xo(t) <0, then u(t,z) = 1 (t,x) — Pa(t, x).
Then for any t € [0, 1], we have

% — d/RJ(m —y)u(t,y)dy + du — f(u)

< —hgleus — AMp2)] + F (1 — 1h2)™!
vy

§¢2[—CM2+A(M2>+Fw—2]

§vr =L ey —p2)z gy I g (0)=A(u2)](1—1) ~In g/ (0)~A(2)] (1—1)

< 0.
M

=¢2[—5ﬂ2+>\(u2)+F

Thus, u(t,x) is a lower solution of system (4.1.2). Since g(¢~)(x — ¢) > u(0,x), it
follows that u(t,g(¢~)(z — ¢)) > u(t,x), which implies Q(g(¢~))(x —¢) > u(l,z) =
max{0, (e — Me'*)} = ¢~ (x), Vz € R. Hence, T,Q" [¢"|(x) > ¢ (z), Yz € R.

It is easy to see that both ¢~ and ¢* are elements in X,. Thus, the set
D:={peX,:¢p  <p<¢"}
is a nonempty, closed and convex subset of X,. For any ¢ € D, we obtain

0" <T.Q (¢7) <T.Q (¢) <T.Q(¢) < T.Q"(¢) < T.QT(¢F) < 4™,
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and hence, T,Q(D) C D. We further have the following two claims.
Claim A. The map T,Q : D — D is continuous with respect to || - || ,.

Indeed, for any ¢; € D (i = 1,2), let

1
W(¢:) = T.Q[#:(-) = P(géi)(- — ) +/0 P(1—s)f(u(s, g¢:))(- — c)ds.
It then follows from (4.3.10) that
(W (2, 61) = W(x, ¢a)|e "
400 k
<t g ([ I0000) Lol = ol + Pyt 1) — g6l

where P = m[ax] |P(s)]|. On the other hand, we can obtain for any ¢ € [0, 1],
0,1

[ult, g91) — ult, 9p2)ll, < PLgllP1 — ¢2ll, + /0 PLylluls, gp1) — uls, goa) | ods.

By Gronwall’s inequality, we obtain
lu(t, gé1) = ult, gg2)ll, < PLyllé1 = dall ™" < PLy[I¢1 = dall ™, ¥t € [0,1].

Hence,
e"PLyllu(s, gp1) — uls, ga)ll, < LoLP*"HTE 61 — ol

It follows that
W (1) =W(ga)ll, < [epc dz il (/ €p|y‘dy) Ly+L EfP26pC+P£f]H¢1 02|,

which proves the desired result.

Claim B. The map T.Q : D — D is a k-contraction with respect to || - || -
For any closed set B C D and ¢t € [0, 1], we have

MW&@WS%HW@Dﬁ[%HF@N@A&Wﬁ,
<e“L,k(B)+ /Ot e~ ML rki(u(s, g(B)))ds,

that is, e?k(u(t, g(B))) < Eg/f(B)%—fOt Lre®k(u(s, g(B)))ds. By Gronwall’s inequality,

we have
“k(u(t,g(B))) < Lyk(B)e",
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that is, k(u(t, g(B))) < Lyk(B)el£r=Dt, Therefore,

1
H(TLO(B)) < e L, n(B) + /0 (D=9 2 (LD B)d

d g1 —efrre
< |7, 4+ LyLpe" T ———— | k(DB)
pc— Ly
c— Lpelrre
= epc_dﬁgp—fn(B).
pc— Ly
Lr—pc
Since L£,e£1 < 1, it follows that lim erc—dg e=fic ™ _ p oLp—d 1, which
g Y p*)0+ g pc—ﬁf g9
_ Le—pc
implies that there exists p € (0,%) small enough such that epc*dﬁg% < 1.
fl:fellfﬂ]C

Hence, T.() is k-contraction with the coefficient being e*~4L 2
) 9 pc—Ly

According to Claim B, the map TCQ : D — D is a k-contraction, and hence, TCQ is
r-condensing. Note that D is bounded in X, and (7.Q)™(D) C D for any m > 1. It
then follows that TCQ is compact dissipative. By the asymptotic fixed point theorem
(see, e.g., [145, Theorem 1.1.4]), T.Q has a fixed point U € D, that is TCQ(U) =U.
Hence, Q(U)(z) = U(z+¢), and Q™(U)(z) = U(x+cm) is a traveling wave of system
(4.1.3). Since ¢~ (&) < U(&) < ¢T(£), V& =z + ¢ € R, we have U(—o0) = 0.

Motivated by the proof of [56, Theorem 3.1}, we let V,,(z) := U(z + cm), ¥Ym > 0,
and fix a number ¢y € (0,c¢*). By Theorem 4.3.3(ii), it follows that 0 < g~ <
lim inf,, s 1 o joj<com Vin(2) < Hmsup,, o jz1<aem V(@) < 87, and hence, 8~ < lim inf
m—s+oo Vi (—ym) < limsup,, ., Vin(—ym) < S+ uniformly for v € [0,¢)]. This
implies that f~ < liminf,, 4o U(sm) < limsup,, , . U(sm) < % uniformly for
s € [c— ¢y, c]. Let ay,, = m(c—¢éy), b, =me, Ym > 1. Thus, there exists jo > 0 such
that a1 — by, < 0, Ym > jo, and hence, Up>jam, by] = [a;, +00), Vj > jo. It then
follows that S~ < liminfe, o U(§) < limsup,,, U(§) < 7. This completes the
proof. O

4.4 Simulations

In this section, we present the simulations to illustrate some of our results. We assume
that f is of the form of (4.2.3) with a =1, b = 0.01 [74] throughout this section.

4.4.1 Persistence and spatial spread

We choose the form of ¢ to be either Beverton-Holt function (4.2.1) or Ricker function
(4.2.2) to explore the dynamics subject to a simple Laplace kernel J, which is stated
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in (4.2.18) with D = 0.56.

In the case where g is monotone, we consider the Beverton-Holt function (4.2.1)
with p = 8 and ¢ = 0.2 as in [74]. The simulations of invasion behaviors in a
bounded domain Q = (—[,I) C R with [ = 0.5 and the domain length L = 1,
are shown in Figures 4.2(a) and 4.2(b). When the dispersal rate d is selected to
be d = 4.8, the critical domain size (4.2.25) with f'(0) = a and ¢'(0) = p/q is
L* = 0.72 (the small red circle in Figure 4.2(a), where d is chosen as a varying
parameter). Since L = 1 > L* = 0.72, it then follows from Theorem 4.2.1(ii) that
the population of model (4.1.1) approaches to a positive steady state (Figure 4.2(b)).
When a population becomes established in a bounded domain, it can begin to spread
and invade into new areas [75]. Figures 4.2(c) and 4.2(d) show that the population
spreads in two directions from a small initial inoculation, respectively. Substitution
of d, a, b, p, q, D into (4.3.1) gives the spreading speed ¢* = 4.61 (the small red circle
in Figure 4.2(c)), which is also the minimal wave speed according to Theorem 4.3.2.

e
©

/

”””””””””””””” ﬁd,L'):m.a,o.m)
|

mian size L
e o o 9o
o > N ®

ritical domian size
o
=

C
o o o«
oo

o

o

3 35 4 4.5 5 55
Dispersal rate d

(a) Critical domain size vs dispersal rate.

Wave speed ¢

(n*,c*)=(1.37,4.61)

0.5 1 15 2 25 3
Wave shape

(c) Spreading speed as a function of wave  (d) Np,(z) spreads in two directions.
shape.

Figure 4.2: The invasion dynamics of system (4.1.3) with g given by (4.2.1)

In the case where g is non-monotone, we choose g(N) to be a Ricker type (4.2.2)
and set d = 4.8. Figure 4.3(a) shows that critical domain size L* is a decreasing
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function of intrinsic growth rate r (varying from 1.5 to 5), with f’(0) = a and ¢'(0) = €”
in the critical domain size formula (4.2.25). Let » = 4.3. Then L* = 0.45 (the red
circle in Figure 4.3(a)). The numerical solutions of system (4.1.3) in a bounded domain
(=1,1) = (=1,1) is presented in Figure 4.3(b), which indicates that the population
persists. This is coincident with Theorem 4.2.2(ii), as the domain size is L =2 > L*.
Figure 4.3(c) describes the relation between the invasion speed and the wave shape
with ¢* = 5.04. For a small initial distribution with a compact support, the population
spreads in two directions and oscillates in time and space (see Figure 4.3(d)).

Persistence 1 =
zfo03] |

Critical domian size L’

| |
(r, L*)=(4.3, 0.45)

0
15 2 25 3 35 4 4.5 5
Intrinsic growth rate r

(a) Critical domain size wvs intrinsic (b) Temporal dynamics of N, ().
growth rate.

Wave speed ¢

(1*,0)=(1.45,5.04)

20

0.5 1 1.5 2 25 3 60 Space x
Wave shape p

(c) Spreading speed as a function of wave (d) N,,(x) spreads in two directions.
shape.

Figure 4.3: The invasion dynamics of system (4.1.3) with g given by (4.2.2)

4.4.2 Nonlocal dispersal vs random diffusion

Numerically, we estimate the spread rates for different dispersal strategies with the
same variance, and find an interesting observation: regardless of the monotonicity
of g (given by (4.2.1) and (4.2.2)), random diffusion gives a slowest spreading speed
among four different strategies being tested. For example, in Table 4.1, all dispersal



114

strategies have variance o2 = 0.63, random diffusion predicts an invasion speed of
4.02 and 4.46 in monotone and non-monotone cases, respectively, while the Laplace
kernel gives fastest spreading speeds in both cases.

Table 4.1: Spread rates c*

Dispersal  Variance o = 0.63 g: (4.2.1) g: (4.2.2)
strategy (o0 = 0.79) p=28,q¢g=02 r=43
Laplace  J(z) = Jse~ b, with D =056  4.61 5.04
Gaussian  J(z) = ﬁe_;?, with 0 = 0.79 4.45 5.01
1
- _ 5B x e [—B,B]
Top-hat  J(x) { &7 otherwise 4.29 4.98
with B = 1.37
Diffusion ~ diffusion constant d = 9~ = 1.51 4.02 4.46

4.5 Discussion

An impulsive integro-differential model is proposed to study the invasion dynamics in
a bounded and unbounded domain, respectively. We have reduced the model to an
explicit map, a composition of a birth pulse discrete-time map and a time-one solution
map of an integro-differential system, which is not compact. We have discussed the
global dynamics for the system in a bounded domain, and shown that there exists a
threshold parameter for extinction and persistence of the species. We have also used
the model to study the outbreaks of the insect pests and prove the existence of a
minimal removal rate to eliminate the insect pest population. When the birth pulse is
monotone, the theory of monotone dynamical systems has been applied to study the
spreading speed and traveling waves. In the case where birth pulse is non-monotone,
we have proved the map has weak compactness under suitable technical assumptions.
Then the existence of traveling waves can be obtained by the asymptotic fixed point
theorem.

Analytically, we have shown that there exists a positive steady state which is
globally attractive for the invasion dynamics in a bounded domain when the yearly
birth pulse is monotone, which also improves the persistence result in [74, Theorem
3.2] and [40, Theorem 2.1] for the random diffusion case. From the spreading speed
expression (4.3.1), we see that the spread rate for the impulsive integro-differential
system depends not only on f’(0), but also on the term In ¢’(0). The example in Table
4.1 illustrates that among four different dispersal strategies, non-local dispersal kernels
give faster spread rates than random diffusion with the same variance. Moreover, it
is important to use real biological data to compare predicted and observed invasion
speeds under different dispersal strategies.



Chapter 5

A spatially periodic
integrodifference competition
model

5.1 Introduction

Competition exists widely in the multispecies interaction. One of the crucial concepts
on describing the competitive dynamics is called the competition exclusion principle,
also referred to as Gause’s Law [65], which states that if two species attempting to
occupy the limited resources cannot coexist, then one species will drive out the other.
Competition exclusion provides useful insights on ecological balance, for instance,
beneficial invasion can be introduced in pest control. Among those theoretical models,
a spatially-independent difference system is the following Leslie/Gower competition
model:

T1DPn
Prny1 = T s (511)
1+ 1011 (pn + alQn)
T2qn
qn+1

- 1+ mc_;l(Qn + a2pn)7

where p,, and g,, are the population densities of two competing species at time n. The
competition between two species is governed by Beverton-Holt dynamics. r; (r; > 1),
C; and a; are growth rates, carrying capacity of i-th species (i = 1, 2), and interspecific
competition coefficients, respectively. The global dynamics of system (5.1.1) was
discussed by Cushing et al. (see [25, Lemma 2]), and the competition exclusion occurs
if interspecific competition is too large [25].

In nature, real species are usually spatially extended, and hence, the effects of
dispersal processes are of high interest in spatial ecology. In well-known diffusion
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models, growth is usually assumed to occur at the same time with dispersal. However,
in many situations such as annual and perennial species plants, migrating bird species,
growth and dispersal are in distinct stages. Thus, integrodifference equations, which
are continuous in space and discrete in time, become more realistic and popular.
Kot and Schaffer [67] first applied integrodifference equations to population modeling.
Since then, the study of integrodifference equations in ecology gained a lot of attention,
see, e.g., [31,32,47,71,84,98,99,124]. Mathematical investigations includes the study of
traveling waves [56, 64,66, 134] and analytical approximation schemes [43]. Recently,
Zhou and Kot [147] considered an integrodifference equation with shifting species
ranges subject to climate changes, and Zhou and Fagan [146] investigated a single-
species integrodifference model with time-varying size.

Apart from population dispersal, how species interact with space is another im-
portant topic in spatial ecology, since most landscapes are heterogeneous. Traveling
waves and spreading speeds are commonly used to explore the propagation dynam-
ics (see, e.g., [65,112]). Shigesada et al. [113] first studied the spreading speeds for
single-species continuous-time model in a periodic patchy habitat. Later, Kawasaki
and Shigesada [62] extended the work to discrete-time models. A general theory
of traveling waves and spreading speeds in a periodic habitat was developed by
Weinberger [132], Liang and Zhao [81], and Fang and Zhao [39]. Recently, Yu and
Zhao [139] studied the propagation phenomena of a two species reaction-advection-
diffusion competition model in a periodic habitat by appealing to the abstract results
in [39,81].

Naturally, system (5.1.1) can be extended to the following spatial model:

- 1 (y)pa(y)

Pnt1(7) = /R 1+ by (y) (pu(y) + a1 (y)qn(y))
- r2(¥)¢n(y)

i1 (2) = /R 1+ ba(y)(ga(y) + a2(y)pa(y))

ki(z,y)dy, (5.1.2)

kQ(x7y)dy7 S Ru

where
i) —1

" ="

pn(z) and g,(z) are the population densities of two competing species at time n
and location z. k;(x,y) is the probability density function for the destination z of
individuals from y of i-th species (i = 1,2). As mentioned in [147], both population
persistence and invasion dynamics are worthy to be considered. For system (5.1.2)
with distance-dependent kernel, i.e., r;(z), Ci(x), a;(z) (i = 1,2) are constant and
ki(x,y) = k;i(x — y), the propagation phenomena has been investigated by Lewis, Li
and Weinberger [73] in the monostable case, and by Zhang and Zhao [143] in the
bistable case. Samia and Lutscher [110] also studied the competitive coexistence for
system (5.1.2) in a patchy habitat in two specific cases: competitive-ability-varying
one and carrying-capacity-varying one.

, (1=1,2),
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Motivated by these works, we are interested in the invasion dynamics of system
(5.1.2) in the case of competition exclusion. In order to consider a periodic habitat,
the coefficients r(x), C(z), a(x) and kernal k(x, y) are assumed to be spatially periodic
functions. Therefore, we need the following assumptions for r, C, a and k(z,y):

(K1) The habitat is L-periodic for some positive number L such that r(z) > 1, C(z) >

0, a(x) > 0, and r(z), C(z), a(x) are all continuous and L-periodic functions
on R.

(K2) The dispersal kernel k(x,y) has the following properties:
(i) k(z+ L,y + L) = k(z,y), Yo,y € R.

“+o0o
(ii) For each x, k(x,y) satisfies k(x,y) > 0 and 0 < / k(z,y)dy < o0,

+oo
/ k(xz,y)dx = 1.

—00

and for each y,

(iii) k(x,y) is lower semicontinuous in the sense that for each (zg,yo) and each
e > 0 there is a positive number 0(z, yo, €) such that k(z,y) > k(zo,yo) —¢
whenever |z — zo| + [y — yo| < 6(z0, Yo, €)-

(iv) There are an integer £ and a positive integer n with the following properties:
For every a with |o| < L/2, and for every § with |§ — {L| < L, there is
a 1 + 1-tuple of numbers xy, x1, - - -, x, such that zy = a, z,, = 3, and
k(zj,xj_1)>0for j=1,2,---7.

(v) k(x,y) is uniformly L;-continuous in z in the sense that

“+oo
lim |k(x + h,y) — k(x,y)|dy = 0, uniformly in = € R.

h—0 o

(vi) There exists u* > 0 such that for fixed p € [0, u*), k(z,y) satisfies

+oo
/ k(z,y)e "= dy < oo,

o

where p* > 0 is the abscissa of convergence and it may be infinity.

We remark that the semicontinuity assumption in (K2) is to make the model (5.1.2)
contain the case in which the habitats consist of uniform patches with jumps across
their boundaries [134]. Roughly, (K2(v)) is used to guarantee the equicontinuity of the
integral operator (), which is generated by system (5.1.2) [134, Hypotheses 2.1(iv)],
then further to prove the compactness of @ and its Fréchet derivative DQ(0) [31,
Lemma 2.1]. Moreover, (K2(i)-(iv)) are needed in the proof of the strong positivity of
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DQ(0). Biologically, (K2(iv)) implies that the descendants in the n-th generation of
an individual located in the interval [—L/2, L /2] who survives to the end of the first
growth period have positive population density on an interval of length 2L centered
at an integer multiple of L [134]. We write r;(z), C;(x), a;(z) and k;(z,y) to denote
the relevant parameters of i-th species. Throughout this chapter except for Section
5.5, we always assume that all r;(x), Ci(x), a;(z) and k;(z,y) (i = 1,2) satisfy (K1)
and (K2).

The purpose of this chapter is to study the spatially periodic traveling waves
and spreading speeds for system (5.1.2). We first prove the existence of periodic
steady states (p*(x),0) and (0, ¢*(x)), and globally attractivity of (p*(x),0) for system
(5.1.2) with periodic initial values under appropriate assumptions. Note that the
steady state (0,0) is between (p*(z),0) and (0, ¢*(z)) with respect to the competitive
ordering, which implies the possibility of multiple spreading speeds. Such a situation
was also pointed out in [77]. By appealing to the theory developed in [39], which
allows the existence of boundary fixed points between two ordered unstable and stable
fixed points, we are able to prove the existence of the rightward spatially periodic
traveling waves connecting (p*(x),0) to (0,¢*(x)), and show that the system has a
single spreading speed under some appropriate conditions. We also obtain a set of
sufficient conditions for the rightward spreading speed to be linearly determinate.

The rest of this chapter is organized as follows. The existence of two semi-trivial
periodic steady states and the global attractivity of one semi-trivial periodic steady
state are investigated in Section 5.2. In Section 5.3, we present the results on spatially
periodic traveling waves and the existence of single spreading speed. We obtain the
linear determinacy for the spreading speed in Section 5.4. In Section 5.5, we apply the
obtained results to a patchy scenario in which the carry capacity is spatially varying,
and we also provide a simple example to verify the linear determinacy condition. Some
numerical simulations are presented to illustrate the analytic results.

5.2 The periodic initial value problem

In this section, we study the global dynamics of the spatially periodic integrodifference
competition system with the periodic initial values.

Let Y be the set of all continuous and L-period functions from R to R, and
Yi={YeY: ¢() >0,Ve € R}. Equip Y with the maximum norm |[|¢||y, that
is, ||¢|ly = max,er |¢(z)|. Then (Y,Y,) is a strongly ordered Banach lattice. Assume
that L-periodic functions r € C'(R) satisfying r(z) > 1, Vo € R. We can define

Lo(a) = / rW)oy)k(e gy, @€ R.
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By the arguments similar to those in [134], it is easy to verify (L)" is strongly positive,
where 7 is the positive integer in (K2(iv)). By [80, Lemma 3.1], we know that the

spectral radius p(L) is a simple eigenvalue of L, with an associated strongly positive
L-periodic eigenfunction ¢(z). It follows that the scalar periodic eigenvalue problem

Ao(x) = / o)k, y)dy, 7R,
olx+L)=¢(x), z€R (5.2.1)

admits a principal eigenvalue A(k,r) = p(L) associated with a strongly positive L-
periodic eigenfunction ¢(x). As a straightforward consequence of Theorem 1.3.3, we
have the following result.

Proposition 5.2.1. Assume that the functions r(z), C(x), k(z,y) satisfy (K1) and
(K2). Let p,(x,¢) be the unique solution of the following equation:

[ o)
pn—H(aj)_/Rl"‘b(y)pn(y)k( 7y)dy> GRv

po(z) = d(x) €Yy, w€R, (5.2.2)

where b(x) = Tgﬁ();)l. Then the following statements are valid:
(i) If NMk,r) < 1, then p,(xz) = 0 is globally asymptotically stable with respect to
initial values in Y, ;

(ii) If X(k,r) > 1, then (5.2.2) admits a unique positive L-periodic steady state p*(x),
and it is globally asymptotically stable with respect to initial values in Y, \{0}.

Let P = PC(R,R?) be the set of all continuous and L-periodic functions from R
to R?, and P, = {4 € P: ¢(x) > 0,Vz € R}. Then P, is a closed cone of P and
induces a partial ordering on P. Moreover, we introduce a norm ||¢|p by

19lle = max [¢(z)|.

It then follows that (P, ||¢||p) is a Banach lattice. For any ¢ € P, system (5.1.2) has
a unique nonnegative solution (p,(-, ¢), ¢.(+,¢)) € P4.

In view of Proposition 5.2.1, there exists two positive L-periodic functions p*(x)
and ¢*(x) such that E; := (p*(x),0), By := (0,¢"(z)) are semi-trivial steady states of
system (5.1.2) provided that A(k;, ;) > 1 (¢ = 1,2). Since we mainly concern about
the case of the competition exclusion, we impose the following conditions on system
(5.1.2):

(H1) Aki,ri) > 1 (i =1,2).
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™
H2 _— 1
(H2) )\<k‘1, 1—|—b1a1q*> >

(H3) System (5.1.2) has no steady state in Int(P).

Note that (H1) guarantees the existence of two semi-trivial steady states of system
(5.1.2). (H2) implies that (0,¢*(z)) is unstable. Under the assumptions (H1)—(H3),
there are three steady states in P.: Fy = (0,0), E; = (p*(z),0), and Ey = (0, ¢*(x)).
Next, we use the theory developed in [55] for abstract competitive systems (see also
[53]) to prove the global attractivity of Fj.

Theorem 5.2.1. Assume that (H1)-(H3) hold. Then E; = (p*(x),0) is globally
asymptotically stable for initial values ¢ = (¢1, p2) in Py with ¢; # 0.

Proof. Let P,(x,¢) = (pu(z, ¢), gn(x, ¢)) be the solution of system (5.1.2) with py(z) =
1

A(k:h Hr—l)

biai1q*

¢(z). Since (H2) holds, we can fix gy € (0, 1— . By the uniform con-

tinuity of
1

F(x, P) =
(@, P) 1+ bi(p+ aiq)

on the set R x [0,1] x [0,m], where m = max q*(z) + 1, it follows that there exists
S

do € (0,1) such that

|F(a, PY)=F(z, PP)| < g0-A, VPV = (p, W), P = (p®,¢®) € [0,1]x[0,m],

rovided that [p(M —p@| < &y and |¢M —¢P@| < &, where A = min ri() ;
p [p—p'¥| < b and ¢V —¢®| < by R 0 (@) (2)7 (@)

A > 0. Then we have the following claim.
Claim. For all ¢ € P, with ¢1 #Z 0, there holds

lim sup [|(pn(-, @), gn (- @) = (0,47 () lle = do-

n—-+oo
Suppose, by way of contradiction, that lim sup ||(pn(-, @), ¢u (-, @) —(0,¢%(*))||p <

n—-+00

0o for some qg € P, with (ﬁl # (0. Then there exists nyg > 0 such that

[P (-, fZB)HY < do, |!qn(7<5) — ¢ ()lly <o, ¥n > ny.
Consequently, we have

F(z,P,(x,¢)) > F(z,(0,¢"(x))) —eo- A= (1—¢0)F(x,(0,¢"(z))), Vn>ng, x€R.

Let ¢q be a positive eigenfunction corresponding to the principal eigenvalue
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)\(k’l, H—g—llalq*> Then 1, (z) satisfies

o r)= () x T
A<k1’ 1+ blalq*>¢1( ) /R 1+ bl(y)al(y)q*(y)wy)kl( vy, s e R,

Y1(x+ L) =4Yr(x), zeR. (5.2.3)

Since po(-) = ¢A1 > 0, the comparison principle, as applied to the first equation in
system (5.1.2), implies that p,,(z,¢) > 0, Vo € R. Then there exists small n > 0
such that p,,(-) > nYy > 0. Thus, p,(x, @) satisfies

o) 2 [ ) oy, > 5 € R

Pno(+) = mibr. (5.2.4)

In view of (5.2.3), it easily follows that p,,(-) = n[(1—e¢)A(k1, mﬁ—zlq*)]("_”(’)wl satisfies

Pnti1(z) = /R - +T;f3(/;)(clllzy§21<y>ﬁn(y)kl(x,y)dy, n>ng, reR,

Py (1) = n1. (5.2.5)

By (5.2.4) and (5.2.5), together with the standard comparison principle, it follows
that
71

(n—no)
T E— . Vn > ny.
Tha)] e Yz

pn(%é) > 77[(1 - 80))‘<kl?

Letting n — 400, we see that p,(-, QAS) is unbounded, a contradiction.

By the above claim and (H3), we exclude possibility (a) and (c) in [55, Theorem
A]. Since Fj is repellent in some neighborhood of itself, it follows from [55, Theorem
A] that Ej is globally asymptotically stable. O]

5.3 Spreading speeds and traveling waves

In this section, we apply the results in Section 1.5.2 to study the spreading speeds
and spatially periodic traveling waves for system (5.1.2). By a change of variables
Up = Pn, Vn = ¢*(x) — gn, we transform system (5.1.2) into the following cooperative
system:

_ 1Y) un(y) )
wn@ = | T+ )70 - o)) 1@ (5:51)
bo(

72(y) y)as(y)q* (y)un(y) + va(y)
L+0a(y)a*(y) 1+ 02(y)(q (y) + as(y)un(y) — va(y))

ko(z,y)dy.

=
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Accordingly, three steady states of (5.1.2) become
Ey=(0,q"(x)), By = (p*(2),¢"(x)), By =(0,0).

Let C be the set of all bounded and continuous functions from R to R? and C, =
{¢p € C: ¢(x) = 0, Vx € R}. Assume that § is a strongly positive L-periodic
continuous function from R to R?. Set

Cs={ueC:0<u(z) <p(z), Vo € R}, CF7 ={u€Cs: u(x) =u(x+ L), Vv € R}.
Let X = C([0, L], R?) equipped with the maximum norm | - |x, X = C([0, L],R?),
Xg={ueX: 0<u(r)<B@), Vo €0,L]} and X5 = {u € Xz :u(0)=u(L)}.
Let BC(R, X) be the set of all continuous and bounded functions from R to X. Define
X ={veBOR,X):v(s)(L) =v(s + L)(0),¥s € R}, Xy = {v € X : v(s) € X4,¥s € R},

and
Xs ={v e BOR, Xz) :v(s)(L) =v(s+ L)(0),Vs € R}.

We equip C and X with the compact open topology, that is, u,, — « in C or X means
that the sequence of w,,(s) converges to u(s) in R™ uniformly for s in any compact
set. We equip C with the norm || - ||¢ given by

o0
maxi; <k |u(z)]
lulle = ===, Vuec,
k=1

where | - | denotes the usual norm in R? | and X with the norm || - ||+ given by

e}
maxjs|<x [u(@)|x
HuHX:Z il o , Yue X.
k=1

Let B(-) = (p*(+),q*(-)), and @ be a map on Cg with Q[0] = 0 and Q[3] = 8.
Define an operator Q) = (Q1,Q2) on C by

r1(y)uly)
/R 1+ b1(y)(u(y) + a1 (y)(q*(y) U(y))kl (z,y)dy,

_ 72(y) ba(y)as(y)q* (y)u(y) + v(y)
QQ[“’““”Aum@)w@) 5 b)) + as(y)uy) — (7))

where U := (u,v) € C.

Qrfu, vl(z) =

ko(z,y)dy,

Proposition 5.3.1. Assume that (H1)-(H3) hold. Then Q satisfies the assumptions
(B1)~(B5) in Section 1.5.2 with Xz = C5™".
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Proof. According to the assumptions (K1)—(K2), it then easily follows that ) is mono-
tone on Cg. Note that if U, (z,¢) = (un(z, ¢),v,(z, ¢)) is a solution of (5.3.1) with
(uo(+),v0(+)) = (é1, P2) := ¢, then so is (u,(x — a, @), v,(x —a, p)), Ya € LZ. This im-
plies that (B1) holds. By Theorem 5.2.1, it follows that (B5) holds for Q. It remains
to prove (B2) and (B3).

We take ()1 as an example, since similar results hold for (). First, we define

Gl(I)Z/Rkl(%y)dy,

and
r1(z)u(z)

T 1 (o) (u(@) + a(@)(g*(2) — of2))
By (K2(i)), (K2(ii)) and (K2(v)), it is easy to see G () is a continuous and L-periodic
function, hence it is bounded, denoted by N. Note that k(z,y) is nonnegative, we

can use Dini’s Theorem to show that G;(x) converges uniformly on any compact set
of R, that is, for any € > 0, h > 0, there exists a M > 0 such that

/ ki(z,y)dy <e,
ly|>M

for any x € [—h, h]. For the above ¢ and h, there exists a positive d;(< ) such that
1Ur — Us || pmy < 61, where Uy = (uD, o), Uy = (u®,v?) € C5. Then we have

Hy(U)(x)

@)@ - QuE)@) = | [ FRO)) — U )s . ).
—1 [ @ =~ u)0) + Hul 6~ o))k (o, 5)y

< [ Al = u®) ]+ 100 = o))t g)dy
(AL =16 = o) e
=2||8[lA ki(z,y)dy + 2614 kr(z, y)dy

ly|>M lyl<M

< 2A([I8] + Ne,

where A := max{||H1,|, ||H1,]|}, which implies that (B2) holds.

Regarding (B3), it is easy to check @ is uniformly bounded. For the above € > 0,
there exist an dy(e) > 0 such that Va;, 25 € R or any compact interval in R with
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|z1 — 29| < dg, since ky is Li-contiuous, then we have

@(0) 1) = @) < max{ra@HUI| | (kaar,) = Fian) o < =

which implies that )y is equicontinous. By the Arzela-Ascoli theorem, it follows that
()1 is compact. n

Now we introduce a family of operators {Q} on Xj:

~

Qv](s)(0) == Qvs](0), Yve Xs, seR, 0€l0,L], (5.3.2)

where v, € C is defined by
x

vs(x) =v(s+ny;)0:), Yr=n,+0, R n,=1L [L

] , 0, €0,L).

Then we can follow the procedure in Section 1.5.2 to define ¢! and ¢; as in (1.5.2).
In order to show that ¢, is the minimal wave speed for L-periodic traveling waves of
system (5.3.1) connecting 3 to 0, we need the following assumption:

(H4) i, + ¢5_ > 0, where ¢j, and c¢5_ are the rightward and leftward spreading
speeds for (5.3.3) and (5.3.5), respectively.

Theorem 5.3.1. Assume that (H1)-(H4) hold. Then for any ¢ > ¢, system (5.3.1)
admits an L-periodic traveling wave (U(x — cn,z),V(x — cn,x)) connecting  to 0,
with wave profile components U (&, x) and V (€, x) being continuous and non-increasing
m &, and for any ¢ < ¢4, there is no such traveling wave connecting B to 0.

Proof. By Theorem 1.5.3 (2) and (3), it suffices to exclude the second case in Theorem
1.5.3 (2). Suppose, by contradiction, the statement in Theorem 1.5.3 (2(ii)) is valid
for some ¢ > ¢,. Since system (5.3.1) has exactly three L-periodic nonnegative steady
states and Fy = (0,¢*(2)) is the only intermediate equilibrium between F;, = 8 and
Eg = 0, we have a; = ay = Eo. Hence, by restricting system (5.3.1) on the order
interval [EO, El] and [Ez, Eg], respectively, we find that one scalar equation

- r1(y)
Upi1(z) = /R T b ()i ) un(y) k1 (z, y)dy, (5.3.3)

admits an L-periodic traveling wave U(x — cn, ) connecting p*(x) to 0 with U(¢, x)
being continuous and nonincreasing in &, and the other scalar equation

_ Tz(y) . Un(y) T
vea(@) = /]R L+ba(y)q*(y) 14 ba(y)(q*(y) — va(y)) ol w)dy, (534
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also admits an L-periodic traveling wave V(x — ¢n,z) connecting ¢*(x) to 0 with
V (&, z) being continuous and nonincreasing in &.

Let W(z — cn,x) = ¢*(x) — V(z — cn,x). Then W(x — cn,x) is an L-periodic
traveling wave connecting 0 to ¢*(z) of the following scalar equation with W (¢, x)
being continuous and nondecreasing in &

_ r2(y) w T
wnir(0) = [ T 5}kl ). (5.35)

Note that W(x—cn, ) is an L-periodic leftward traveling wave connecting 0 to ¢* with
wave speed —c, and that systems (5.3.3) and (5.3.5) admit rightward spreading speed
ci, and leftward spreading speed c;_, respectively, which are also the rightward and
the leftward minimal wave speeds (see, e.g., [81, Theorems 5.2 and 5.3]). It then follows
that ¢ > ¢j, and —c¢ > ¢;_. This implies that ¢, + ¢;_ < 0, a contradiction. ]

Let A2(pt) be the principal eigenvalue of the eigenvalue problem:

o) r2)  —ue-y) .
ad )_/Rlerz(y)q*(y) Wk, u)dy,

Y(x+ L) =¢(x), xeR. (5.3.6)

In order to prove that system (5.3.1) admits a single rightward spreading speed, we
impose the following assumption:

In A
(H5) limsup nAa(p)
u—0+t 2

< ¢}, where ¢} is the rightward spreading speed of (5.3.3).

Theorem 5.3.2. Assume that (H1)-(H5) hold. Then the following statements are
valid for system (5.3.1):

(i) If p €Cs, 0 < ¢ < w K B for some w € Cf, and ¢(x) = 0,V > H, for some
HeR, then lim  (uy(z,0),v,(x,¢)) = (0,0) for any ¢ > ¢,.

n—-+00,r>cn

(ii) If ¢ € Cs and ¢p(x) > o, Vo < K, for some o € R? with o > 0 and K € R, then
lim  ((un(z, @), vn(x, 0)) — B(x)) =0 for any ¢ < ¢..

n—-+o00,r<cn

Proof. By Theorem 1.5.4, it suffices to show ¢, = ¢}. If this is not valid, then the
definition of ¢, and ¢} implies that ¢; > . By Theorem 1.5.3 (1) and (3), it follows
that system (5.3.1) admits an L-periodic traveling wave (U(z —cin, ),V (z—cin,z))
connecting (p*(x),¢*(z)) to (0,¢*(z)) with U(&,z) and V (£, x) being continuous and
nonincreasing in . Therefore, V = ¢*(z), and Uy (z—c’n, x) is an L-periodic traveling
wave connecting p*(x) to 0. This implies that ¢; > ¢, where cj, is the rightward
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spreading of (5.3.3). By [134, (2.7)], it follows that ¢}, = inf,~¢ W, where A\j (1)
is the principal eigenvalue of the following eigenvalue problem:

() = / () MDY )k (2, )y,
(x+ L) =1¢(x), zeR. (5.3.7)

For any given ¢; € (c¢i,¢,), there exists y; > 0 such that ¢; = 1“;# Let ¢j(x) be
the L-periodic positive eigenfunction associated with the principal eigenvalue A;(p1)
of (5.3.7). It then easily follows that

Up(2) := e7ME@Emam ¥ (1) = =M (1) [ A (111)]", n >0, = € R,

is a solution of the linear equation

Uy (2) = / 1 (9)un () (2, ) dy.

Since ¢ < ¢; and (H5) holds, we can choose a small number py € (0, p1) such that
= m,\;# < ¢1. Let ¢3(z) be the positive eigenfunction associated with the
principal eigenvalue Ay(2) of (5.3.6). It is easy to see that

va(2) 1= e g (2) = e () [N (o))"

C2

is a solution of the linear equation

Y N ) B
tunn(o) = [ T S k(e ). (5.35)

Since ¢ > ¢, it follows that the function
Up(z) == e H2@mam) g (1) = er2(a=eany, (1) >0, z € R,
satisfies

~ r2(y) ~
Uny1() Z/Rmvn(y)@(%y)dy (5.3.9)

Define the following two functions:

Uy () == min{hie @ g*(2) p*(2)}, n >0, z €R, (5.3.10)
and
Tn(2) := min{hye #2@=M ek (1) ¢*(z)}, n >0, z €R, (5.3.11)
where § oo
he = ¢(@) 0, hy:= min M > 0.

m
zc(0,L] ¢3(x) z€l0.Z] by ()7 (2)
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Now we Want to verify that (u,,7,) is an upper solution for system (5.3.1). For all
T —an> o ln h;?gg), we have 1, (z) = hye M@= ¢*(z), and therefore,
Up41(2) — Q1[tn, Vn (2)
_ / r1 ()b ()T ()T () + a1 (y)(q"(Y) — )],
g LH0(y)Ea(y) + a(y)(g*(y) —oaly))

1 h1¢1( )
p1 p*(z)

(z,y)dy = 0.

For all z — cin < — we obtain u,(x) = p*(x), and hence,

Up41 (l') -1 [Ena En] (ZE)

_ ()b () ar (v)p* (v) g (y) — Tn(y)] )
= | TR £ ) e G e v >0

On the other hand, for all z — ¢in > L ln h2¢(2()) >0, it follows that

() = hoe 2 g (z),
which satisfies inequality (5.3.9). Note that
Ty (x) < hpe ME=amgx(2) VYt >0, z € R,
and pe € (0, p1), we have

En-l-l(x) - Q2 [Emﬁn](x)
_ / ra(ybay) (€ (Y) —0u(y)(Oa(y) — b2(y)Tn(y)) |
r 1+02(y)q*(y) 1+ b2(y)(q*(y) + a2(y)un(y) — Vu(y))

where v, — agll, = "M@= (hygs — byhi %) > 0

ha¢3 ()
q*(z)

2(3:7 y)dy 2 07

For all z — ¢in < ;%2 In we have 7, (x) = ¢*(x). Therefore,

Uny1() — Q2thn, U] ()
:/ 72(y)q* () [1 B 1+ ba(y)as(y)u,(y)

r 14 02(y)q* (y) 14 ba(y)as(y)un(y)

}kz(x,y)dy =0.

It then follows that U, := (T,,?,) is a continuous upper solution of system (5.3.1).

Let ¢ € Cg with ¢(z) > 0, Vo < K and ¢(z) = 0, Vo > H, for some o € R? with
o> 0and K, H € R. By the arguments in [133, Lemma 2.2] and [139, Theorem 5.4],
it follows that for any ¢ < ¢, there exists §(c) > 0 such that

B infy e pcen|[Un (2, 0)] = 8(c) > 0. (5.3.12)
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Moreover, there exists a sufficiently large positive constant A € LZ such that
o(z) < Up(x — A) :=(x), VreR.

By the translation invariance of Q, it follows that U, (x — A) = (U,(z — A), 0, (z — A))
is still an upper solution of system (5.3.1), and hence for U,,, we have

< Up(z,0) < Up(z,0) =Up(z — A), Vo €R, n>0. (5.3.13)

Fix a number ¢ € (¢1,¢4). Letting © = én and n — +o0 in (5.3.13), together with
(5.3.12), we have

0 < 0(¢) < liminf |Uy,(én, ¢)| < lim |U,(én — A)| =0,

n——+0oo n——+0oo
which is a contradiction. Thus, we have ¢} =¢,. O

To finish this section, we present some results on the principal eigenvalue problem.

Proposition 5.3.2. Let A\, (1) (1 € [0, %)) be the principal eigenvalue of the following
ergenvalue problem:

ANy = /m e MU= (y) k(x, y)dy, (5.3.14)
Y(x+ L) =¢(z), xR
Then the following statements are valid:
(1) If mi(z) = ma(x) > 0 with my(z) #Z ma(x),Ve € R, then Ap, (1) > A, ().
(1) Ap(p) is a ln-convex function of u on (0, u*).

(iii) If k(z,y) = k(y, @), then Ap(p) = An(—p).

Proof. We use the arguments similar to those in [52, Lemma 15.5] to prove that (i)
holds. First we define

= /R m(y)e "V (y)k(z, y)dy.

Let Ay, (14), Amy (1) be principal eigenvalues with mq(x) > mo(z) > 0, and m,(z) #
ma(x). Suppose by contradiction, A, (1) < Ay, (1). Let 01, 1o be associated eigen-
functions and chosen in a way that 0 < 1, < ¢);. Then

Ly (W1 = ¥2) < Liny 01 = Lingtho = Ay th1 — Ay ¥z < Ay (1 — t2).
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It follows that A, (11 —1hg) — EmQ (11 —1b9) = h > 0, and hence, ¥y — 1), is a positive
root of A\, ¥ — Lyt = 0, which is a contradiction to [52, Theorem 7.2], which states
the above euqation has no positive solution if A, (1) < Ay (10).

(ii) follows from the same argument as in [80, Lemma 3.7]. (iii) can be proved by
the arguments similar to those in [31, Theorem 2.3]. ]

5.4 Linear determinacy of spreading speed

In this section, we establish a set of sufficient conditions for the rightward spreading
speed to be determined by the linearization of system (5.3.1) at E; = (0,0), which is

B 71(Y)un () .
1 (7) = /R 1+ b1(y)a1(y)q*(y)k1( R (541)
_ ra(y)  be(y)a)d @uay) toaly), . .
vna(e) = /R 1+ by(y)q* (y) 1+ bs(y)q* (y) R@ydy, n>0 zeR

Under (H2) the following scalar equation

B r1(y)un(y) . "> 0.2
wr0) = [ T G 120 ER (4D

admits a rightward spreading speed (also minimal rightward wave speed) ¢, = in% Indo(w)
w>

(see, e.g., [134]), where A\o(u) is the principal eigenvalue of the following eigenvalue
problem:

z) = r1(y) e~ Hy—2) 2
Y(x+L)=¢(x), zek (5.4.3)

The subsequent result shows that c?r is a lower bound of the slowest spreading ¢ of
system (5.3.1).

Proposition 5.4.1. Let (H1)-(H3) hold. Then ¢ > ¢%.

Proof. In the case that ¢, > ¢, by the same arguments as in Theorem 5.3.2, we see
that ¢t > ¢}, where ¢}, is the rightward spreading speed of (5.3.3). Since ri(z) >
ri(z)

14 by (z)ay(x)g*(x)
where A;(u) is the principal eigenvalue of (5.3.7). Thus, we have ¢& > ¢f, > cJ.

In the case that ¢, = ¢, let (u,(-, @), v,(-, ¢)) be the solution of system (5.3.1)

, Vo € R, by Proposition 5.3.2 (i), we have A;(u) > Ao(u), Vo > 0,
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with ¢ = (¢1, ¢2) € Cg. Then the positivity of the solution implies that

r1(y)
)2 [ T ey R

Let w,(x, ¢1) be the unique solution of (5.4.2) with wg(-) = ¢;. Then the comparison
principle yields that

un(z,¢) = wp(z,¢1), Vt>0, x €R. (5.4.4)

. !

Since )\(kl, m
itive L-periodic steady state w*(z) of (5.4.2). Let ¢° = (¢7,¢9) € Cs be chosen
as in Theorem 5.3.2 (i) and (ii) such that ¢ < w*. Suppose, by the contradic-
tion, that ¢} < cg. We choose some ¢ € (Ei,c(}r). Then Theorem 5.3.2 implies
limy, 4 so z>en Un (2, ¢%) = 0. By Theorem 1.5.4 as applied to system (5.4.2), we have
lim,, 4 so z<en(wWn (7, ¢Y) — w*(z)) = 0. However, letting z = ¢én in (5.4.4), we get
limy, s ¢ oo z—en Wn (T, @) = 0, which is a contradiction. O

) > 1, Proposition 5.2.1 implies that there exists a unique pos-

For any given p € R, letting U,(x) = e " ¢(x)[A(p)]™ in (5.4.1), we obtain the
following periodic eigenvalue problem:

_ rl(:g) e—u(y—x) T
301 = [ g e 0 ()
_ ra(y)  )ay)e ®)o W) + 62(y) —uy-oy, (.
A0 /RHbQ(y)q*(y) L+ b0 (1) Fal@,y)dy,  (5.45)

¢i(x) = ¢i(x + L), VxeR, i=1,2

Let A(x) be the principal eigenvalue of the following periodic eigenvalue problem:

YY) .
Y(x) x+L) xeR
_ InAo(po)

Then there exists yy > 0 such that ¢ =
tion:

o . Now we make the following assump-

(D1) Ao(tto) > Apo).

Proposition 5.4.2. Let (H1)-(H3) and (D1) hold. Then the periodic eigenvalue
problem (5.4.5) with p = uo has a simple eigenvalue \o(po) associated with a positive
L-periodic eigenfunction ¢* = (¢7, ¢35).

Proof. Clearly, there exists an L-periodic eigenfunction ¢7 > 0 associated with the
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principal eigenvalue Ag(fo) of (5.4.2), that is,

* ri(y) e Ho(y—z) b -
(o)1 = [ T e 5 ) )

Since the first equation of (5.4.5) is decoupled from the second one, it suffices to show
that A\o(po) has a positive eigenfunction ¢* = (¢, ¢3) in (5.4.5), where ¢} is to be
determined. Note that

B r(y) e ®)eiW) + 624) —uy-oy (.,
Az = / T+ ba(0)q" () 1+ ba(y)q" () bl 9)dy,
:/ oY) 5)eW)d@Weiw) -,
g 1+ b2(y)q*(y) 1+ ba(y)q*(y)
r2(y) P2(y) o) Lo (o
e Do
= h + [~/¢2

(z,y)dy

It follows that Ag(uo)p2 — Loy = h > 0. Tt is easy to verify L is a positive and
compact, and hence, s(L) = A(uo), where s(L) is the spectral radius of L. Since
Mo(po) > Mpo) = s(L), by the Krein-Rutman Theorem (see, e.g. Theorem 1.3.1
and [68]), there exists a unique ¢} > 0 such that Ao(u0)¢5 — Loy = h > 0. It then
follows that (¢7, ¢5) satisfies (5.4.5) with p = pg. Since A\g(pp) is a simple eigenvalue
for (5.4.2), we see that so is A\g(uo) for (5.4.5). O

By virtue of Proposition 5.4.2, we easily see that for any given M > 0, the function
Sn(z) = Me "% [No(10)]" 0" (), n >0, x € R, (5.4.7)

where S,,(x) = (s,(z), w,(x)), is a positive solution of system (5.4.1). In order to ob-
tain an explicit formula for the spreading speeding ¢, , we need the following additional
condition:

1

as(x)

¢1(z) { }
D2 > max < ai(x), , VxeR.
We are now in a position to show that system (5.3.1) admits a single rightward

spreading speed ¢, which is linearly determinate.

Theorem 5.4.1. Let (H1)-(H3) and (D1)-(D2) hold. Then ¢y = ¢ = ¢ =
In Ao(p)

inf
n>0 o

Proof. First, we verify that S,,(x) = (s,, w,), as defined in (5.4.7), is an upper solution
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of system (5.3.1). Since ;—n = ﬂ and (D2) holds , it follows that
B r1(y)sn(y) .
o0si0) = [ ) o
_ r1(y)b1 () sn(Y)wn(y)kr (2, y) say)
P RIES v o o e e s G s L) L
:/ 11 (y)b1(y)sn(y)wn(y) k1 (2, y) (qbi(y) _al(y)>dy
R [+ 01(y)ar(y)g* ()] + b1 (y) (5n(y) + a1(y) (" (v) — waly))] \d3(y)
>0, (5.4.8)
and
3 r2(y) ra(y)az(y)q* (y)sn(y) + waly .
R IR v R 1w e e L
_/ ra(y)ba(y)wn(y)ka(2,y) ba(y)a2(y)q* (y)sn(y) + wa(y)
R 1 + ba2(y)q* (y) L+ ba(y) g (W)][L + 02(y) (0 (y) — waly) + as(y)sa(y))]
(o - )
_ / ra(y ka(z,y) ba(y)az(y)q" (y)sn(y) + wa(y) .
R 1 + bz ) [L+ ba(y)g* ()1 + b2(y) (q*(y) — wa(y) + az(y)sa(y))]
>0, (5.4.9)

Thus, S,(x) is an upper solution of (5.3.1). As we did in the proof of Proposition
5.4.1, we can choose some ¢° € Cg satisfying the conditions in Theorem 5.3.2 (i) and
(ii). Then there exists a sufficiently large number M, > 0 such that

0 < ¢(z) < Moe "%¢*(z) = Sp(z), Vo €R.

Let U, (x) be the unique solution of system (5.3.1) with Uy(-) = ¢o. Then the com-
parison principle, together with the fact that 5 pp = In Ao(10), gives rise to

0 < Up () < S () = Moe 0" Mo (1) "¢ () = Moe M0~ 4Mg* (), Vn 20, z € R.
It follows that for any given € > 0, there holds
0 < Upn(z) < Splx) < Moe ™" ¢*(x), Vn =0, x > (% +¢)n,
and hence,

lim Uy (z) = 0.

n—>+oo,m>(cgr+s)n
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By Theorem 1.5.4 (ii), we obtain ¢ < ¢ +e. Letting e — 0, we have ¢%, > ¢%. In the
case that ¢, > ¢}, the proof of Proposition 5.4.1 shows that ¢ > %, a contradiction.
This shows that ¢} = ¢ = ¢).. O

5.5 An application

In this section, we assume the k;(x,y) (i = 1,2) can be written as a function of the
dispersal distance, i.e., k;(x,y) = k;(x — y), with the following property:

(K3) / h ki(z)dz =1, and k;(—z) = ki(x).

As an application, we consider a patchy landscape in which both species have the
same spatially varying carrying capacity, C(xz) = Cy(z) = C(z), that is,

Cu, 0<x< Ly,
C(x):{ M !

Cm<CM, L1<I<L,

This indicates that Patch 1 is more suitable for both species, compared with Patch 2.
The growth rates r; of i-th species (i = 1,2) are constant, which are environmental
homogeneous, and «a;(z) are also piecewise constant functions. Although the piece-
wise constant coefficient functions are discontinuous, we may choose a sequence of
continuous and L-periodic functions to approximate such a coefficient function, and
then carry the analytic results over to this case by a limiting process. Thus, we are
led to the following spatially periodic model with kernels k; satisfying assumptions
(K2)-(K3):

_ T1Pn (y) T —
@) = | e e 9 (5:5.1)
. TQQn(y) T — X
010) = | ) £ ey e T € R
where b;(z) = %

We also need the following assumption on system (5.5.1):

m C :
(M) @M < =™ and =2 < a2, where a! = maXyepo,z] @1 (), ay' = mingep 1) az(x).
Cur Ch, ’ ’
Lemma 5.5.1. Assume that (M) hold and both ki and ko satisfy (K2)-(K3). Then
(H1)-(H5) are valid for system (5.5.1).
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Proof. (H1) holds immediately by Proposition 5.3.2 (i) with m;(z) =r; > 1.

Now we verify (H2). Let (0,¢*) be the L-periodic semi-trivial steady state of

system (5.5.1), which is guaranteed by (H1), and ¢y = m[ax] ¢*(x). By a comparison
€lo,L
argument, we have

T roq*
/ — 20 gy —y)dy > / +k2(90 —y)dy =¢".

Rl‘i‘%%

It then follows that

and hence,

724 24
/%kz(ﬂc—y)dy > / —20 ky(z —y)dy > q.
r 1+ 2= 1+ 7 ()CIO

Then we have
————2>1 e, ¢ <q < Cuy.
4

L bi(@ar (@) () 1+ 2ay(2)g ()

Taking m4(z) = , we obtain
1 S "1 "1 !

> > =1.
14+ 8=t (2)q*(x) ~ 1+ %a{”q*(w) 1+ %a{”CM 14+r —1

1
+ biarg*

Next we prove (H3) by a way of contradiction. Suppose (p,§) is a positive L-
periodic steady state. We introduce the following system

Thus, A(/ﬁ, . ) > 1 due to Proposition 5.3.2 (i).

Tlpn(y)
Pns1(x) = / e ki(x — y)dy, (5.5.2)
i r L+ 22 (pa(y) + allaa(y))
r?Qn(y)
Gni1(x) = / o — kao(x —y)dy, z € R,
" L+ 72, (4 (y) + ag'pa(y)
with pp = min p(x), §o = min G(x). Since (p,(x), gn(x)) satisfies system (5.5.1), we
z€[0,L] 16[0 L]
have
Pry1(T) 2/ — r1Pn(y) i ki(z — y)dy,
R L4+ 5 (n(y) + 01" gu(y))
T2Qn(y)
Gni1( é/ — — ko(x —y)dy, v € R.
! ) R 1+ (2jM1 (Qn(y) + ag pn(y)) ’ )
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By the comparison argument, we easily verify that

T1Po B r1p(y) e — 5z
[ s [ 10 + e @) Y =)

It follows that ~
1Po
1+ 2= (fo + al o)

/ ki(z — y)dy < po,
R

which implies that
1

(po + a’ qo)

< L

1 + Té’—l

m

T2
1+ 2=1(go + a'po)

Similarly, we have > 1. A simple computation shows that

do + a3'Po <1< Po +CL{M§0’
Cu Cm
that is,
(G = Cuad)do < (Car = Cas' ). (5.5.3)

By assumption (M), we obtain
Cm — CMCLiV[ > O, CM — Cma;” < O,

which is a contradiction to (5.5.3).

Now we prove (H4). By Proposition 5.3.2 (ii) and (iii) with m(z) = (), it is
easy to see that the principal eigenvalue A (p) of (5.3.7) is an even function of p on
(—p*, 1*). Since Ai(u) is In-convex on (—p*, u*) and A (0) > 1, we have A\;(p) >
L,V > 0. It follows that cj, = ng% % > (. Similarly, we can show that ¢5_ > 0.

Thus, we have ¢}, +c¢;_ > 0.

To verify (H5), it suffices to show that lim,_,o+ ln’\;(“) = 0, where \o(p) is the

principal eigenvalue of (5.3.6). By Lemma 5.3.2(b)(c), In Ay(u) is an even function on

(—p*, 1*), and n-ordered differentiable (see [32,80]). Since Ay(0) = 1, it follows that

. In A
limy, o+ 222 = 0 < ¢, O

As a consequence of Lemma 5.5.1 and Theorem 5.2.1, we have the following result.

Theorem 5.5.1. Assume that (M) hold and both ki and ko satisfy (K2)-(K3). Then
E, = (p*(x),0) is globally asymptotically stable with respect to initial values in P, \{0, Ey}.



136

For simplicity, we transfer system (5.5.1) into the following cooperative system:

r1tn(y)

)= [ ) L ey v (554
_ r2  ba(y)as(y)g* (y)ualy) + valy) v
@)= | TR 0] ) 9

By virtue of Propositions 5.3.2 and 5.4.1, we see that ¢, > ¢} > 0. The next
result about spreading speeds is implied by Theorem 5.3.2.

Theorem 5.5.2. Assume that (M) hold and both ki and ko satisfy (K2)—-(K3). Let
u(t,-, @) be the solution of system (5.5.4) with u(0,-) = ¢ € Cy~. Then the following
statements are valid for system (5.5.4):

(i) If p €Cs, 0 < ¢ S w K B for some w € C7, and ¢(x) = 0,V > H, for some
H € R, then Jrlim> (un(z, @), vn(x, 0)) = (0,0) for any ¢ > ¢,.
n——+oo,x>cn
(ii) If ¢ € Cs and ¢(z) > o, Vo < K, for some o € R? with o > 0 and K € R, then
n_}l{i}g}Km((un(ac, ®),vn(x,9)) — B(x)) =0 for any c < ¢4.
In view of Theorem 5.3.1, we have the following result on periodic traveling waves
for system (5.5.1).

Theorem 5.5.3. Assume that (M) hold and both ki and ks satisfy (K2)-(K3). Then
for any ¢ > ¢y, system (5.5.1) has an L-periodic rightward traveling wave (U(x —
en,x), V(x—en,x)) connecting (p*(z),0) to (0, q*(x)) with the wave profile component
U(&, x) being continuous and non-increasing in &, and V (&, ) being continuous and
non-decreasing in §. While for any ¢ € (0,¢y), system (5.5.1) admits no L-periodic
rightward traveling wave connecting (p*(x),0) to (0,¢*(x)).
. M m C(M m s . .
The above results shows that if a)" < — <1 < — < a3, i.e., 1-th species is

Cu C
always a better and strong competitor, then 1-th species can invade and further replace

2-th species in a oscillating way no matter what movement strategy is taken. Below
we present some simulations results for the process of invasion. For this purpose, we
truncate the infinite domain R to a finite domain [—M, M|, where M is sufficiently
large. The evolution of the solution is shown in figures. Let ;1 =1y = e,

0.3, 0 < x<5.5, 2, 0 < x<5h.5,
a(z) =

as(z) =
04, 55 <z < 10, 1.5, 5.5 <z < 10,

1, 0 <z <5.5,
C(r) =
0.5, 5.5 <z < 10.
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Fig. 5.1 shows that under the same type dispersal kernel, taking a small dispersal,
i.e., trying to stay in the patch, cannot help to reduce the loss induced by the intra-
competition. Fig. 5.2 shows that the success of invasion of 1-th species into 2-th
species is independent of the particular type of dispersal kernels.

09r

0.8

0.7

0.6

0.4

031

02F I

01f I/

1(;0 »1‘00 -50 (; 5‘0 160
(a) p, with dispersal distance=1 (b) ¢, with dispersal distance=0.1

Figure 5.1: The evolution of p, and ¢, with a Laplace kernel, when n = 2,4,6,8

To obtain the linear determinacy of ¢*, we need to verify (D1) and (D2). Below we
provide an example with simple scenario where two species have same growth ability
and competition ability, but their responses to environment changing are different. We
assume that species-1, always has better response towards the varying environment
conditions than species-2, that is, Cy(x) > Cy(z) > 0, Vo € R.

Proposition 5.5.1. We consider the following spatially periodic competition model

_ P (y) r—
Priale) = /R PR ERRm 529
. TQn(y) T — T
0r(0) = | T Ty TR
where b;(x) = gi;(yl)’ Ci(z) is L-periodic with Cy(x) > Cy(z) > 0, ay = az = 1 and

r > 1 are constant, k(x —y) satisfies (K2)-(K3). Then (H1)-(H5) and (D1)-(D2) are
valid.

Proof. (H1) holds immediately by Proposition 5.3.2 (i) with m;(z) =r > 1, (i = 1,2).

Now we verify (H2). Let (0,¢*) be the L-periodic semi-trivial steady state of

system (5.5.1), which is guaranteed by (H1), and ¢y = m[ayz] q*(z). By a comparison
z€|0,
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argument, we have

rq rq* .
/ e k(z —y)dy = / —— gkl —y)dy=q"
r 1+ &p%0 r 1+ gy

2

It then follows that

rqo
/ O k(- y)dy > g0,
R +C2(y)q0

and hence,
qo rqo
/ —— g k(r —y)dy > / —— 5 k(z—y)dy > q,
r 1+ =31 qo r 1+ =775%
Cg CQ (?/)

that is,

r .
— = 1 1-e-7q*<QO<CéVI-
1+C—§4QO

T r

Taking mq(z) = = — , we have
L+bi(z)g () 1+ F7507(2)
r r r r
r—1 % 2 r—1 % = r—1 M > =
L+ g0t (@)~ 1+ 5507 (0) — 14+ 505 14+r—1
Thus, )\(k, —> > 1 due to Proposition 5.3.2 (i).
1+ biq* P )

We prove (H3) by a way of contradiction. Suppose that (p,q) is a positive L-
periodic steady state. Since

o rp(y) .

)= | 7 o) () ) YW (5.5.6)
SN rq(y) . .

i@ = [ 15 bal) (aly) + By W TR

it follows that

’\<k’ 1+b£p“+g)> - A(l‘c’ 1 +b2€ﬁ+q)> =L

Note that
r r

— > —.
L4+0i(p+q) = 14+0b(p+9)
Then Proposition 5.3.2 (i) implies that

Mo 55677) > M ETraeTs)

which is a contradiction.
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Assumptions (H4) and (H5) can be verified by arguments similar to those in the
proof of Lemma 5.5.1.

Condition (D1) is easy to verify. Since 1+ b1g* < (1 + b1¢*)? < (1 + bag*)? with
Ci(x) > Cy(x), Vz € R, it follows that for eigenvalue problems (5.4.3) and (5.4.6),
we have \o(u) > A\(u) due to Proposition 5.3.2 (i).

Regarding condition (D2), since a1 = ay = 1, we have max{a;(z), #(:c)} = 1. Let
¢* = (&7, ¢5) be the associated positive eigenfunctions associated with the principal
eigenvalue A of the periodic eigenvalue problem (5.4.5). Since

Rl e R v e T
=201 = [ it~ )y
> 001~ [ Tk~ )y
= A6} — Ai =0,
it follows that ¢7 is a upper solution, and hence, ¢7 > ¢3, i.e., Z—; > 1. O

081

0.4r

02

100 -100 -50 0 50 100

(a) The evolution of p, with a Gaussian kernel.  (b) The evolution of ¢, with a Laplace kernel.

Cey)?
Figure 5.2: The evolution of p, and ¢, with ki (z —y) = \/ﬁe G ko(z —y) =
ﬁe%g;yl, when n =2,4,6,8

To finish this chapter, we remark that in the case where system (5.1.2) admits a
unique positive steady state, its spatial dynamics is relatively simple from the view-
point of mathematical analysis, as we can apply the theory developed in [81, 132]
directly to the existence of two different spatially periodic traveling waves connecting
(0,¢*) and (p,q), (p*,0) and (p, §), respectively, under appropriate conditions.



Chapter 6

Summary and future works

In this chapter, we first briefly summarize the main results in this thesis, and then
present some possible future research works.

6.1 Research summary

In Chapters 2 and 3, we studied global dynamics of some climate-based vector-borne
infectious disease models. In Chapters 4 and 5, we mainly focused on the propagation
phenomena of some invading species, including the threshold dynamics, spreading
speeds, and monostable traveling waves.

We presented and analyzed a time-periodic WNv compartment model with vertical
infection and stage-structure in vector populations in Chapter 2. Moreover, we in-
corporated temperature-dependent incubation periods in both vectors and reservoirs.
We then derived the mosquito reproduction number R} and basic reproduction num-
ber Ry, and showed these two numbers serve as threshold parameters that determine
whether WNv will spread, that is, the mosquito-free equilibrium is globally attractive
if Ry < 1; the disease-free periodic solution is globally attractive if R} > 1 and
Ro < 1; the model system is uniformly persistent if Ry > 1 and Ry > 1. As an
application, we conducted a case study for the disease transmission in Los Angeles
County, California. We also carried out numerical simulations to identify the situa-
tions that require time-periodic delays. Moreover, we found that rising temperatures
may potentially increase the risk of disease outbreaks.

In Chapter 3, we proposed a nonlocal reaction-diffusion model of vector-borne
disease with periodic delays to investigate the multiple effects of the spatial hetero-
geneity, the temperature sensitivity of extrinsic and intrinsic incubation periods, and
the seasonality on disease transmission. We introduced the basic reproduction number
Ry for this model and then established a threshold type result on its global dynamics
in terms of Ry, that is, that the disease-free periodic solution is globally attractive if
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Ry < 1; the model system is uniformly persistent and admits a positive periodic solu-
tion if Ry > 1. In the case where all the coefficients are constants, we also proved the
global attractivity of the positive constant steady state when Ry > 1. Numerically,
we studied the malaria transmission in Maputo Province, Mozambique.

In Chapter 4, we developed an impulsive integro-differential model to describe an
invading species with a birth pulse in the reproductive stage and a nonlocal dispersal
stage. We first established a threshold-type result on the global dynamics for the
model system in a bounded domain, and presented an application to insect pests
outbreak in terms of the critical domain size. For the spatial spread in an unbounded
domain, we proved the existence of the invasion speed and its coincidence with the
minimal speed for monotone traveling waves. Numerical simulations were also carried
out to illustrate our analytical results.

To study the propagation phenomena of two competing invaders in a spatially
periodic habitat, we modified the early models in [25,73,110,143] to a spatial-periodic
integro-difference competitive population model in Chapter 5. We first obtained the
existence of two semi-trivial periodic steady states and the global stability of one
semi-trivial periodic steady state for the model system with periodic initial data.
We established the existence of the minimal wave speed of the rightward spatially
periodic traveling waves and its coincidence with the minimal rightward spreading
speed. We also showed that the rightward spreading speed is linearly determinate
under additional conditions. We presented some numerical simulations to verify our
analytic results.

6.2 Future work

Related to the projects in this thesis, there are some open and challenging issues for
future investigation.

The data used to describe the mosquito dynamics in a vector-borne disease model,
as shown in Chapters 2 and 3, e.g., the mosquito biting rate, mortality rate, recruit-
ment rate, and the extrinsic incubation period, are mainly temperature-driven. How-
ever, there exists other environmental drivers, like rainfalls and winds. For example,
it has been shown that precipitation can be a limiting factor for mosquito popula-
tions [48,111]. And hence, it would be interesting to incorporate these environmental
drivers into the model and study their influence on the spread of vector-borne diseases.
In addition to weather factors, other complex factors in the mosquito-bird interactions,
such as bird migration [105,140], feather-picking of sick birds [13], asymptomatic car-
riers [3,21], avian host immunity [49], the mutualistic nature between mistletoes and
birds [125,126], non-viremic transmission via vector co-feeding [54], may affect disease
transmission patterns, and their effects are worth exploring as well.

The world’s first generation malaria vaccine, known as RTS,S/AS01 (RTS,S)
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was piloted in Africa in 2018 (http://www.who.int/ malaria/media/malaria-vaccine-
implementation-qa/en/). According to the report by WHO, children receiving four
does of RTS,S experienced significant reductions in malaria and malaria-related com-
plications, in comparison with those who did not receive RTS,S (https://www.who.int/
malaria/publications/atoz/first-malaria-vaccine/en/). Whether the current vaccine
strategy is optimal to control the spread of malaria, or whether the vaccine program
is sensitive to seasonality and spatial heterogeneity is still unknown, but of great
health interest. To explore these, we plan to introduce the vaccination, as a new
state variable, into the existing model systems, and study the combined effects of the
vaccine efficacy and vaccination rate.

The concept of generation speed was introduced by Lewis et al. [14], to study a
stage-structured, dispersal population. Naturally, we are curious to know whether
there exists a generation speed for the scaler impulsive integro-differential model sys-
tem (4.1.1), which appeared in Chapter 4. Since most landscapes are heterogeneous,
to explore the invasion dynamics in the case of spatial heterogeneities (e.g., in a spa-
tial periodic habitat) will be interesting and challenging. In addition, some birds, like
bats, have hibernation and birth pulse happened at different time of a year [42]. This
motivates us to incorporate the hibernation into our current model system.

We proposed sufficient conditions (D1) and (D2) such that the rightward spreading
speed is linearly determinate in Chapter 5. Recently, the speed selection mechanism
(linear vs nonlinear) for traveling wave solutions to a two-species Lokta-Velterra com-
petition model was discussed in [4, 88], which motives to investigate the nonlinear
selection for model system (5.1.2).
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