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ABSTRACT

Persistence theory plays an important part in population biology study. It provides
a mathematically rigorous answer to the question of persistence by establishing an
initial-condition-independent positive lower bound for the long-term value of a com-
ponent of a dynamical system such as population size or disease prevalence. The
notion of a semiflow is used to give the dynamics. A semiflow consists of a state
space, X, a time-set, J, and a semiflow map ¢. The state space X can be finite
dimensional or infinite dimensional. Our work mainly focus on the case when X
is an infinite dimensional space. Since our interests are concentrated on biological
systems, X is required to have some positivity properties. Hence the concept of a
cone is introduced as the positive state space X, . Details of a cone will be found in
chapter 2. Chapter 3 studies the year-to-year development of a population in infinite
dimensional state space. For a semiflow map F', a linear or homogeneous map A is
studied as an approximation of F' at 0, the extinction state. The spectral radius r(A)
is a threshold between extinction and persistence. Chapter 4 is a generalization study
for a stage structured population model of a plant populations. Chapter 5 discusses
a model for a spatially distributed population of male and female individuals that
mate and reproduce only once in their life during a very short reproductive season.
The model within one year dispersion is modeled by a system of partial differential
equations. For this partial differential equation, both Neumann boundary condition
and Dirichlet boundary condition are considered. Chapter 6 provides an application

to the example of a rank-structured population model with mating.
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Chapter 1

INTRODUCTION

Persistence theory studies the problem whether a given species in a mathematical
model of interacting species survives over the long term or not. Mathematically, we
use the concept of a semiflow to describe the dynamics of the species population. A
semiflow consists of a state space, X, a time-set, J, and a map P.

The state space X comprehends all possible states of the system. It could be the
amounts or densities of the system parts or structural distributions if there are one
or several system structures. Mostly, we consider X as finite dimensional space if the
system structures are finite, like patch models. However, when we study diffusion
equations for spatial distributions, we will take X as an infinite dimensional space.
We distinguish discrete and continuous time semiflow by the time set J: nonnegative
integers and nonnegative real numbers.

The semiflow map is defined as ¢ : J x X — X. If x € X is the initial state of the
system, then ®(¢, z) is the state at time t. Often ® itself is called a semiflow. Semiflows
are induced by differential equations of all kind (ordinary, partial, functional, and
combinations of these).

Following the book Smith and Thieme (2011), we use a persistence function p :
X, — R, to determine whether a system or a part of it persists or not. We say that

a system is uniformly p-persistent if there exists some € > 0 such that
lim inf p(®(t, x)) > €.
t—o0

for all z € X with p(z) > 0.



A system is called uniformly weakly p-persistent if there exists some ¢ > 0 such
that

i >
Jim sup p(®(t, ) > e

for all € X with p(z) > 0.

In our work, we focus on those dynamical population systems which can be mod-
eled as discrete semiflow in infinite dimensional space. By defining some appropriate
persistence function, we give some general rules to determine a given population
model’s persistence property.

In the book (Smith and Thieme, 2011, Chapter 7), to study the year-to-year

development of populations, a nonlinear matrix model is introduced:
z(n+1)=F(z(n)),n € Z,

where F': R — R''. Chapter 3 generalizes the state space X from the finite dimen-
sional case to the infinite dimensional case. To do that, we need to define a positive
vector subset, and a positive operator to replace the state space R’} and semiflow map
F'; hence we introduce cone and homogeneous operator in the background material.
Some specific positive operators F' have properties such as the existence of forward
invariant balls and compact attractors of bounded sets. For persistence property, we
look into F' with some special form and find a linearized operator A where A is an
approximation of F' at the extinction state, for example F’'(0) = A if F' is differen-
tiable. We will show that the spectral radius r(A) is a threshold between extinction
and persistence.

Chapter 4 discusses the next generation model with the form z, 1 = Az, + f(z,).
This model is generalized from Smith and Thieme (2013); the original model studies
the dynamics of a stage structured population model for a plant populations x,,; =

Az, + f(cTx,)b, n > 0. We generalize the model step by step, first get rid of the
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linearity inside the function f, we have x,1 = Az, + f(z,)b where f : X, — [0, o0)
and b € X;. Then we get rid of the b term, now the model has the form z,,, =
Az, + f(c¢*z,) where f : [0,00) — X, and ¢* is a linear functional on X,. We
view these two models as special examples for our generalized model, they inherit all
results from the model x,; = Ax, + f(x,). Due to their own special property, they
also have some extra results in stability and persistence study. Because these two
examples have special linearized form, spectral radius can be calculated directly by
the definition.

Chapter 5 studies a two-sex population model. Here we consider a model for a spa-
tially distributed population of male and female individuals that mate and reproduce
only once in their life during a very short reproductive season. The dispersion within
one year is modeled by a partial differential equation and the next year offspring
map is given by a mating and reproduction function ¢. We consider both Neumann
boundary and Dirichlet boundary conditions for the partial differential equation. For
this particular model, we can still apply the theories we discussed in previous chap-
ters. By introducing a reproduction number R, we will prove that Ry can be used to
determine whether the population persists or dies out. A part of chapter 5 (Neumann
boundary condition) has been submitted as an article (Jin and Thieme, to appear).

Chapter 6 gives an example of a rank-structured population model with mating.
For this specific example, we provide a way to find the spectral radius of the linearized
map B. When the spectral radius is greater than 1, we prove a uniform p-persistence

result.



Chapter 2

BACKGROUND MATERIAL ON HOMOGENEOUS MAPS ON CONES

2.1 Cones

Definition 2.1. A closed subset X, of a normed real vector space X is called a wedge
if
(i) X, is convex.
(ii)) ax € X, whenever z € X, and o € R,.
Definition 2.2. A wedge X+ is called a cone if
(iil) X, N (=X5) ={0}.

Nonzero points in a cone or wedge are called positive.

A wedge is called solid if it contains interior points.

A wedge is called reproducing (also called generating) if X = X, — X, and total
if X is the closure of X, — X .

A cone X is called normal, if there exists some ¢ > 0 such that
|z + z|| > 6 whenever x € X,z € X, ||z =1=|2]. (2.1)

In function spaces, typical cones are formed by the nonnegative functions. For
more information about cones see Krasnoselskii (1964); Krasnoselskii et al. (1989);
Lemmens and Nussbaum (2012); Thieme (2013).

A map B on X with B(X,) C X, is called a positive map.

If X, is a cone in X, we introduce a partial order on X by x <y if y —x € X,

for z,y € X.



Definition 2.3. Let X and Z be normed ordered vector spaces with cones X, and
Zyand U C X. Amap B : U — Z is called order preserving (or monotone or

increasing) if Bx < By whenever z,y € U and = < y.

Positive linear maps are order-preserving.
2.2  Homogeneous Maps

In the following, X, Y and Z are ordered normed vector spaces with cones X,

Y, and Z, respectively.

Definition 2.4. B : X, — Y is called (positively) homogeneous (of degree one), if
B(ar) = aBx for all a € Ry, x € X,

Since we do not consider maps that are homogeneous in other ways, we will simply

call them homogeneous maps. It follows from the definition that
B(0) = 0.

Homogeneous maps are not Frechet differentiable at 0 unless B(z+vy) = B(z)+ B(y)

for all z,y € X . For the following holds.

Proposition 2.5. Let B : X, — Y be homogeneous. Then the directional derivatives

of B exist at 0 in all directions of the cone and
0B(0,z) = lim ———~ = B(x), x¢€ X,.

Theorem 2.6. Let F : X, — Y and u € X. Assume that the directional derivatives

of F at u ezist in all directions of the cone. Then the map B : X, — Y,, B = 0F(u, ),

B(z) = OF (u, ) = lim F(u+tz) — F(u)

e X
104 t ) +>

18 homogeneous.



Proof. Let a € Ry. Obviously, if « = 0, B(ax) = 0 = aB(z). So we assume
a € (0,00). Then

F(u+ tlaz]) — F(u) _ aF(u + [ta]z) — F(u)
t ta

Ast — 0, also at — 0 and so the directional derivative in direction ax exists and

OF (u,ax) = adF (u, ).

O
For a homogeneous map B : X; — X, we define
1B+ = sup{||Bz[|; z € X, ||z < 1} (2.2)
and call B bounded if this supremum is a real number. Since B is homogeneous,
[Bxl| < |Bl[+fl«ll, =€ X (2.3)

Let H(X,,Y) denote the set of bounded homogeneous maps B : X, — Y
and H(X,,Y,) denote the set of bounded homogeneous maps B : X, — Y, and
HM(X,,Y,) the set of those maps in H(X,Y,) that are also order-preserving.

H(X.,Y) is a real vector space and || - ||+ is a norm on H(X,,Y); H(X4,Y,)
and HM(X,,Y,) are cones in H(X,;,Y). We write H(X,) = H(X,,X,) and
HM(X,) = HM(X,, X,).

It follows for B € H(X,,Y,) and C € H(Y,,Z,) that CB € H(X,,Z,) and

ICBl+ < [ICll+[IBIl+

2.3 Cone Spectral Radius and Orbital Spectral Radius

Definition 2.7. We define the cone spectral radius of B as

. n 1/n . n 1/n
ry(B):= inf | B"[[{" = lim | B"[{". (2.4)



Theorem 2.8 (Mallet-Paret, Nussbaum, 2010). Let X be a reproducing cone in the
ordered Banach space X. Then there exists some ¢ > 1 such that, for all bounded

linear positive maps B on X, ||B||l+ < ||B|| < |c|||Bll+, r+(B) =r(B).

Definition 2.9 (Forster, Nagy 1989). We define the local spectral radius of B at z
by

Tp(x) == limsup | B"@)[|/", @€ X,

n—0o0

We define the orbital spectral radius by

ro(B) = sup ’YB(‘T)
$EX+

(Mallet-Paret, Nussbaum 2002).

Theorem 2.10 (Mallet-Paret, Nussbaum, 2002). Let B be bounded and homoge-
neous. Then, obviously, ro(B) < r (B). If X, is complete and normal and B is also

continuous and order preserving, then r(B) = r,(B).
2.4 Order Bounded Operators

Definition 2.11 (Adapted from Krasnosel’skii(1964) and coworkers(1989)). Let B :
X, — X, ue Xy. Bis called pointwise u-bounded if for any x € X, there exists
some n € N and v > 0 such that B"z < yu. B is called uniformly u-bounded if there

exists some ¢ > 0 such that Bx < ¢[|z||u for all x € X.

Lemma 2.12. Let X, be complete and B : X, — X be continuous, order preserving
and homogeneous. Let u € Xy and B be pointwise u-bounded. Then some power of

B is uniformly u-bounded.

Proof. See (Thieme, 2013, Proposition 4.4). O



Theorem 2.13. Let X, be normal and B : X, — X, be homogeneous and order-
preserving. Let u € X .

(a) If B is pointwise u-bounded, then
ro(B) = lim [ B[ = yn(w).

(b) If B™ is uniformly u-bounded for some m € N, then
r.(B) = I [|B*]"" = r,(B).

Proof. See (Thieme, 2013, Theorem 4.5). O
2.5 Existence of Eigenvectors

Definition 2.14. We call B is u-positive, if for any = € X, x # 0, there exists some

n € N and € > 0 such that B"z > eu.

The following theorem has essentially been proved by Nussbaum in (Nussbaum,
1981, Theorem.2.1) but some finishing touches are contained in the introduction of

Lemmens and Nussbaum (2013).

Theorem 2.15. Let X, be the cone of a normed vector space and B : X, — X, be
homogeneous, continuous, order-preserving and compact. Assume that r :=r(B) >

0. Then there exists some v € X, v # 0, such that Bv = rv.



Chapter 3

PERSISTENCE AND STABILITY FOR DISCRETE TIME POPULATION
MODELS WITH INFINITE DIMENSIONAL STRUCTURE

To extend the theories from finite dimensional space to infinite dimensional space,
we replace the positive orthant of an Euclidean space by the positive cone of an
ordered normed vector space, and also replace nonnegative matrices by positive linear
bounded operators.

The year-to-year development of populations is often modeled by systems
z(n+1)=F(z(n)), n€Z, (3.1)

where F': X, — X .

3.1 Forward Invariant Balls and Compact Attractors of Bounded Sets

Lemma 3.1. Assume that F' : X, — X, is continuous and that there exists some

R > 0 such that |F(2)|| < ||x|| whenever ||z] > R.

(a) Then there exists some R > 0 such that

F(X,NB,)CcB,  s>R,
for all closed balls B, with radius s and the origin as center.
(b) If |F(x)|| < &||z| whenever ||z|]| > R, £ <1 then

liminf ||F"(2)|| < R, lim sup || F™(x)|| < max{R, R}.

n—0o0 n—00

Proof. The proof is similar to the one for the finite dimensional case (Smith and

Thieme, 2011, Lemma 7.1).



(a) Suppose that such an R > 0 does not exist. Then there exist sequences (s,,)
in Ry and (x,) in X, such that s, — oo and ||z,| < s, < |[|[F(x,)]|. Since s, > R
for large n, this is a contradiction.

(b) Suppose that x € X and liminf, , [[F"(x)|| > R. Then there exists some
N € N such that |F*(x)|| > R for all n > N. By assumption, ||[F(F"(z))| <
E[|F™(z)||, » > N. By induction, ||[FN™(x)|| < &"[|F(z(N))| for all n € N and
F™(z) — 0 as n — 00, a contradiction.

In particular, for each € > 0, there exists some n € N such that ||F"(x)|| < R+ €.
Let R = max{R + ¢, R}. By part (a), |F/(z)|| < R for all j > n. Since ¢ > 0 was

arbitrary, the last assertion follows. O

Proposition 3.2. Let X, be an ordered Banach space, assume the norm || -|| defined
on X 18 monotone.

If A is a positive bounded linear operator on X, , then for every r > r(A), there

exists a norm || - ||" on Xy such that
[Az|" <rllzll, =€ X
Further, || - ||" is monotone, i.e., ||z||" < ||y||" whenever 0 < z < y.

Proof. The proof is similar to the one for the finite dimensional case (Smith and
Thieme, 2011, Proposition A.24).
Let 7 > r(A), since
P> 1(4) = lim 4"
we could find some N € N such that
il

r > [|AM]

for all n > N. Therefore
" > ||A"[| and [[A"z|| < JA"|[[lz]| < "l

10



foralln > N, x € X,.

Define || - || as
k
Izl = Nl + ) | A% /r?
j=1

where K +1 = N.
First prove that if the original norm is monotone, then the new norm is monotone.
Since || - || is monotone, if z < y for z,y € X, then ||z|| < ||y|. A is positive, so

Ax < Ay if x < y. Therefore

k k
lzll = llll + > 1A=/ < Nyl + > 1Ayl /7 =yl
j=1 i=1

if z <y. So |- is monotone.

Then prove [|Az|| < r|z|’ for all z € X .

k
[Az|" = |[Az| + ) |47 ]| /77
j=1

k—1
= || Azl + 1A /1T + || AN ]|/t
j=1
k—1
< N Azl+ Y 1A el /r? 4 o ]|t

j=1
k
= r(llall + Y 1A%]l/r7) = rlal)
j=1
So ||[Az|" < (x| O

Proposition 3.3. Let X be an ordered Banach space, assume the norm || -|| defined
on X4 is monotone.
Let F': X — Xy be continuous. Assume that there exists some R > 0, some

element y € X, and some linear positive bounded operator D such that r(D) < 1 and
F(z) <y+ Dz, re Xy, |z|| > R.

11



If R=0, then

[y

z(n) = F"(z) < Y D'y + D"z(0) — (I — D)™ 'y, n — oo (3.2)

7

Il
o

In the general case R > 0, after introducing an equivalent norm, there exists some
R > 0 such that

F(X,NB,) CB, s>R,
for all closed balls By with radius s > R and the origin as center. Further, there

ezists some R > 0 such that

limsup |[F™(z)| < R, z€ X,.

n—00
Proof. The proof is similar to the one for the finite dimensional case (Smith and
Thieme, 2011, Proposition 7.2).

First assume R = 0. We have z(n+1) < y+ Dxz(n), n > 0 and Lemma 3.2 follows
by iteration because D is positive. The limit results from (I — D)=t =32 D" >0
and D" — 0 because r(D) < 1.

Now consider the general case R > 0. By Proposition 3.2, there exists some

¢ € (r(D),1) and a norm || - ||" on X such that
Dz < Cll=ll, e Xy
Since the new norm is equivalent to the original one, there exists R’ > 0 such that
F(z) <y+ Dz, |zl > R'.

If [|z|" > R/,
IEE@" < lyll" + 1Dz < {lylI" + Il

Choose some & € ((,1). Then, if ||z|" > R/,

IF@I < Mlyll"+ (¢ = Ollll + &llell” < Yyl + (€ = R+ El|]”

12



Increasing R’ as needed such that [|y||" + (¢ — {)R' < 0, then we have
IE @) <yl + (¢ = R + &llz)" < Elll” < [l
Then the assumptions of Lemma 3.1 are satisfied and the assertion follow. m

Corollary 3.4. Make the assumptions of Proposition 3.3, and also assume that F
can be written as F' = L+ K, where K 1s a compact operator and L s linear bounded
positive operator such that vr(L) < 1. Then the semiflow induced by F has a compact

attractor of bounded sets.

Proof. If F can be written as F' = L + K where K is compact and L is a linear
positive operator such that r(L) < 1, we claim that for all n € N, F* = L" + K™
where K™ is compact.

We prove this claim by induction: For n =1, F = L + K where K is a compact
operator.

Now assume the claim is true for n = k, F* = L* + K® where K® is compact.

Forn=Fk+1,

F*Y = (L+ K)(LF+ KWy =LLF + LKW + K(L* + K®)

= LMy LKW ¢ K(LF 4+ KW).

K& = LK® 4+ K(L* + K®) is compact. Therefore the claim is proved.

Apply (Smith and Thieme, 2011, Theorem 2.46), since for all n € N, " =
L'+ K™ K™ is compact, therefore it satisfies the second condition of (Smith and
Thieme, 2011, Theorem 2.46).

For the first condition, we need to prove that

liminf diam(LF(C)) =0

k—o0

13



for bounded closed set C. Since
diamL*(C) = sup{d(z,y), ,y € L")}

and C' closed, let z,y € L*(C). Then, there exist zo,yo € C such that L*(zg) =
v, L*(yo) = y.
A, ) =d(L*(x0) — L¥(30)) = d(T* (0 — 90)) = 114 (20 — )]
<IIL*lllzo — yoll < [|L*(ldiam(C).
So

diamLF(C) < ||LF|diam(C)
Since C' is bounded closed set, diam(C) is finite. Since r(L) < 1, we can find some s
such that r(L) < s < 1.
r(L) = lim |[L"||» < s < 1,
n—oo

so for n large enough, ||L"|| < s™ — 0. Therefore

liminf diam(LF(C)) < || L*||diam(C) — 0.

k—o0

By Proposition 3.3, the semiflow induced by F' is point-dissipative and eventually
bounded on bounded sets. So the semiflow has a compact attractor of bounded sets

by (Smith and Thieme, 2011, Theorem 2.33). O
3.2 Uniform Persistence and Persistence Attractors

Theorem 3.5. Let F' be of a positive operator. Assume:

(a) We have a linear positive operator Ay satisfy the following properties: For any

n € (0,1), there exists some 6 > 0 such that F(x) > nAox whenever ||z|| < 6.

(b) There exists some positive linear functional v* (for each v € X, \ {0}, vz >0)

and ro > 1 such that v*Ay > rov*.

14



(¢) If vix > 0, then v*F(x) > 0.
(d) There ezists some m € N and ¢ > 0 such that |[F™(z)|| < clv*z| for allz € X .

Then the semiflow induced by F' is uniformly weakly p—persistent for p(x) = v*x.

Assume in addition:

(e) The semiflow induced by F' has a compact attractor K which attracts all points

m X.

*

Then the semiflow induced by F' is uniformly p—persistent for p(z) = v*x.

Proof. Let x € X, v*x > 0. Set
z(n) = F"(x),n € Z,.

By assumption (c),
v'z(n) >0
for all n € Z,.
Let € > 0, to be determined later. Suppose that the semiflow induced by F' is
not uniformly weakly p—persistent. Then there exists some N € N such that when

n>N,

limsupv*z(n) < e.
n>N

Then after a shift in time, rewrite z = x(N), we will have
0<v'z(n) <e

for all n € Z,. By assumption (d), after another shift in time, rewrite z = x(m),
then

lz(n)]| < ce
foralln e Z,.

15



Choose n € (0,1) such that nro > 1. By assumption (a), there exists some ¢ > 0
such that

F(z) > nApx

whenever x € X, ||z|| < 4. Choose € > 0 such that ce < . Then
()] <6
for all n € N, and
plx(n+1)) =v"F(x(n)) > v'nApz(n) = nu*Agx(n) > nrov*z(n) = nrop(xz(n)) > 0.

Since nro > 1, p(z,) — 00 as n — oo, a contradiction.
Therefore the semiflow induced by F' is uniformly weakly p—persistent for p(z) =
v*z. By (e) and (Smith and Thieme, 2011, Theorem 4.5), the semiflow is uniformly

p—persistent. O
Theorem 3.6. Let F' be differentiable at 0. Suppose that:
(a) X1\ {0} is forward invariant under F.

(b) There exists rqg > 1 and v* is a positive bounded linear functional on X (for
each © € X \ {0}, vz > 0) such that v*Ag > rov* where Ay = F'(0).
(¢) There exists some 1 > 0 such that v*x > n||z|| for all x € X,.
Then the semiflow induced by F' is uniformly weakly p-persistent for p(x) = v*x.

Assume in addition:

(d) The semiflow induced by F has a compact attractor K which attracts all points
mn X.

*

Then the semiflow induced by F' is uniformly p—persistent for p(x) = v*x.

16



Proof. We need to apply (Smith and Thieme, 2011, Proposition 3.16) to get the result.
Hypothesis (a) of (Smith and Thieme, 2011, Proposition 3.16) holds by assumptions
(a) and (b).

As for Hypothesis (b) of (Smith and Thieme, 2011, Proposition 3.16), let £ > 0,

since [’ is differentiable at 0, Ay = F’(0), there exists some 6 > 0 such that
2]l <0 = |F(x) = F(0) = Ao(2)]| < ell]-
By assumption (c), we have n > 0 such that p(x) > n|jz|| for all z € X .

p(F(z)) = v F(z) = v"(Ao(x) + F(0) + F(z) — F(0) = Ao(x))

> v (Ao(x)) +v"(F(z) — F(0) — Ao(x))
> 0" Ag(z) — ||[v*|||F(z) — F(0) — Ag(z)]|
> v Ao(z) —elvrl|lz]

> U*Ao(j) - %||U*||U*x

> (r= L vle()

= 7p(z)

with v > 1 if e > 0 and § > 0 are chosen sufficiently small. Hence £ (f(gf))) =~ >1,

hypothesis (b) of (Smith and Thieme, 2011, Proposition 3.16) follows. O

Theorem 3.7. Let F' be of nonlinear operator form F(x) = A(x)z, where A(x) is
homogeneous, bounded and continuously depending on x € X, and X s solid. Let

v E )VQ, define
x|, = inf{8 > 0: —pv <z < fuv}.
Assume:

(a) F is forward invariant on X, \ {0}.
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(b) For any x € X, \ {0}, there exists some m € N such that F™(x) € X, .
(¢) There exist 7o > 1 and v € X, such that A(0)v > rev.

Then the semiflow induced by F is uniformly weakly p—persistent for p(x) = ||z||,.

Assume in addition:

(d) The semiflow induced by F has a compact attractor K which attracts all points

mn X.
Then the semiflow induced by F' is uniformly p—persistent for p(z) = ||x||..

Proof. First we prove that there is some ¢ > 0 such that ||z, < c||z|| for all z € X.

Since v € X+, there exist some € > 0 such that v £ eu > 0 for any u € X, with

T

|u|]| = 1. This implies v > —eu and v > eu. Choose u = Tay» We have

T T
v>—e— and v>e——r0

[z (eI
So
x
—v<e¢ <
|
By definition of || - ||,
x
e < 1.
[

ellz]ly < ||z||. Choose ¢ =1/¢e, we get x|, < c||z] for all z € X.

We introduce another functional:

[z], = sup{a > 0:av < z}.
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We claim that there exists some 0 and v > 1 such that [F(x)], > v[z], when ||z|| <.

Fz) = A(z)r > Alz)([z]ov) = [z]Alx)v

= [2],(A(0) + A(x) — A(0))v

> [2]u(A(0) = [|((A(z) = A(0))v]l)v
> [z]o(ro — cl[(A(z) — A(0))v])v
> [z]o(ro = cl|A(z) = AQO)[[[[o]])v-

Since A(x) is bounded, continuously depending on = € X, we can choose x close
to 0 such that||A(z) — A(0)|| small enough. Hence there exists some 0 > 0 such that
if [|z]| <0, ro — [[A(z) = AQO)[[[lv]l > 1.

Let

v =70 —[[A(x) = AO[[[o] > 1.

From above discussion, we have F(x) > v[x],v, then [F(z)], > v[z],.

Let x € X, \ {0}, set #(n) = F*(z),n € Z,. By assumption (a), ||x(n)||, > 0 for
all n € Z,. By assumption (b), there exists some z(m) such that [z(m)], > 0.

Now suppose the semiflow induced by F' is not uniformly weakly p—persistent.

Let € > 0 to be determined later, after a shift in time,
0<llz(n)|, <e

for all n € N. There exists some § > 0 such that [F(x)], > v[z], with v > 1 if

|z|]| < d. Choose € < d, then ||z(n)| < d for all n € N, and by assumption (b),
[F'(z(n +m))]y =™ [z(n)], >0

for some m. After another shift in time, since v > 1,



as n — 00, which contradict with
0 <lz(n) <llz(n)llo <€

for all n € N.
So F'is uniformly weakly p-persistent.
By (Smith and Thieme, 2011, Theorem 4.5) and assumption (d), the semiflow is

uniformly p—persistent. [
Now we claim that the semiflow is uniformly p—persistent for p(z) = [z],.

Theorem 3.8. Let assumptions of Theorem 3.7 hold, and further, let ® : Jx X — X

be a state-continuous semiflow induced by F'. We assume
(i) ® is point-dissipative and asymptotically smooth.

(i) If ¢ - J — X, J = JU(=J), is a total ®—trajectory with pre-compact range

and inf,_; p(¢(t)) > 0, then p(¢(0)) > 0 where p(x) = ||z||,, p(x) = [x],.
Then (3.1) is uniformly p—persistent for p(x) = [x],.

Proof. By Theorem 3.7, we have F is uniformly p—persistent for p(z) = ||z||,.

First we prove that p(z) = [z], is continuous. Let ||y — x|, <€, then
—ev <y —1x < ev,

y=xz+y—x>z]v—ev=z], — €.

So [y, > [x], — €. We can switch x and y to get [z], > [y], —e. Thus |[z], — [y].] <€,
so [z], is continuous. Therefore it is semicontinuous. Apply (Smith and Thieme,

2011, Corollary 4.22), we get that the semiflow is uniformly p-persistence. m

20



Theorem 3.9. Let Y be a metric space, F':'Y — Y be a continuous map generating
the discrete dynamical system y(n + 1) = F(y(n)), y(0) € Y, and let p: Y — Ry be
continuous.
Recall
Yo={y€Y;Vn e N: p(F"(y)) = 0}. (3.3)

Assume that Yy # (), also assume that there exists a set B C'Y and some ¢ > 0
such that F"(x) — B asn — oo for allx € Y and BN {p < ¢} has compact closure
mn Y.

Further assume that, for any y € Y with p(y) > 0, p(F"(y)) > 0 for infinitely
many n € N.

Let Yy # 0 and

k
Q:Uw(y)QUMi, M;NM; =0, i#j,
YEYo i=1
where each M; is a compact, forward invariant subset of Yy that is isolated in Y.
Assume that { My, ..., My} is acyclic.

Finally assume that, fori=1,...,k, there exists an open set U; with M; C U; C

Y.

(i) p(F(y)) = p(y) for ally € Us;

(i1) There is no sequence (Yn)nez in U; such that yn11 = F(yn) and p(yn) = p(yo) >
0 for allmn € Z.

Then the semiflow induced by F is uniformly weakly p-persistent.

Compare the conditions (i) and (ii) for more in (Smith and Thieme, 2011, Propo-
sition 3.16).

21



Proof. Guided by (Smith and Thieme, 2011, Theorem 8.17), we only need to show
that each M; is isolated in Y if M; is isolated in Yy and each M; is weakly p-repelling.

First we prove that each M; is isolated in Y if M, is isolated in Y. Since M; is
isolated in Y, there exists some neighborhood W; of M; such that W; isolates M;
in Yy: If N; is compact, invariant and contained in Yy N W;, then N; C M;. By
assumption, we have a neighborhood U; of M; satisfying (i) and (ii), we show that
W; N U; isolates M; in Y.

Let ]\7} be a compact invariant subset of W; NU;. Suppose that NZ- contains a point
iny €Y \Y, By (Smith and Thieme, 2011, Theorem 1.40), since N; is invariant,
there exists a sequence (yy)nez such that yo = vy, yny1 = F(y,) for all n € Z and
Yo € N; for all n € Z. Since y € Y\ Yy, then by (1), p(yn) = p(Yn_1) = p(yn_2) >

-+ > p(y) > 0. So the sequence (p(F"(y))) is increasing and bounded, it has a limit

a = lim, o p(y,) > 0.

The w—set of (Y )nez 18
{lim yy,, [yn, is the subsequence of (y,)}.

Since (p(F™(y))) has the limit «, p(z) = « for all z € wW((Yn)nez). Since w((Yn)nez)
is an invariant set, apply (Smith and Thieme, 2011, Theorem 1.40) again, we could
find a sequence (z,)nez such that z,,1 = F(z,) for all n € Z and z,, € w((yn)nez) for
all n € Z. And
p(z1) = p(z2) = p(z3) = -~ = p(z) = >0

for all n € Z, contradicting (ii). Therefore N; C M; in Yy, M; is isolated in Y.

Now we need to prove that M; is weakly p—repelling. Suppose not, there exists
ay €Y such that p(y) > 0, F"(y) — M,. Then there exists some N € N such that
p(F™(y)) € U; for all n > N. By the assumption that p(F"(y)) > 0 for infinitely

many n € N when p(y) > 0, we can find a subsequence of (y,), which we denote as
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(yn) again such that p(y,) > 0 and p(y,,) € U; for all n € N. By (i), p(y,) is increasing
for all n € N and bounded, so it has a limit point yo € M; such that p(yo) > 0. But
p is zero on M; C Yy, a contradiction.

If &(t,y) — M;, p(yo) = lim,—e0 p(yn) — 0 since p is continuous. Therefore
p(yo) > 0 contradict with p(yo) = 0. So each M; is weakly p—repelling.

Now by (Smith and Thieme, 2011, Theorem 8.17), ® is uniformly weakly p-

persistent. O
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Chapter 4

GENERALIZATION STUDY FOR AN ABSTRACT DENSITY DEPENDENT
INTEGRAL PROJECTION MODEL

Let A be a positive linear bounded operator on an ordered Banach space X with
positive cone X, that is, AX, C X,. Assume that r(A4) < 1.
Let f: X, — X, be continuous and compact, f(0) =0 where 0 € X,. Consider

the semilinear map F': X, — X, defined by

F(z) = Az + f(x), re X,
Our next generation model is given by

Tpi1 = F(x,), n>0, xg € X,.
Hence we have

Tpa1 = Az, + f(xn), n > 0. (4.1)

To help us understanding this general model, we introduce two specialized models
Example 4.1, Example 4.2. By studying the persistence and stability properties for
these two examples, we get a better idea for how to derive some general results for
our general model 4.1.

Example 4.1.

Tpy1 = Az, + f(wn)b, n >0
where f: X, — [0,00) is continuous and compact, b € X .

Example 4.2.

Tpy1 = Ay, + f(c*xn), n >0
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where f : [0,00) = X, is continuous and compact, ¢* denotes a positive bounded

linear functional on X.

4.1 Fundamentals of the Dynamics

By (4.1), we have

v, = A'wg+ > A f(z,1), neN.

k=1
By the triangle inequality,
lzall < [l A"z0ll + Y A 11 f(n-)ll, 7 €N, (4.2)
k=1

Proposition 4.3. The discrete dynamical system F has the following properties:
(a) F is asymptotically smooth.

(b) If {xn}n>0 is bounded, then the orbit O(xg) = {x, = F™(x¢);n € N} has
compact closure. Its omega limit set w(xg) is nonempty, compact, invariant,

and x, — w(xp).

(c) If F is point dissipative,

0= U{w(a:o);xo € X, }
has compact closure in X, attracts every point of X .

(d) If F is point dissipative and eventually bounded on bounded sets, the semiflow

induced by F has a compact attractor, A, of bounded sets.

Proof. (a) Notice that F' = A + f with a compact map f. By induction, for each
n €N, F" = A" 4+ f, with a compact map f, : X; — X,. By (Smith and Thieme,

2011, Theorem 2.46), F' is asymptotically smooth.
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(b) Since {z,},>0 is bounded and f is compact, the closure of {f(z,)}n>0 is a
compact set, which is bounded. Then there exists some C' > 0 such that || f(x,)]| < C
foralln e Z,.

By (4.2),

n—1

lza]l < [ A™20ll + CY1A*]), neN.

k=0

The series converges because r(A) = limy_, |A¥||'/* < 1. Compactness of O(z)
follows from (a) and (Smith and Thieme, 2011, Proposition 2.27). The properties of
w(zp) follow in the usual way ((Smith and Thieme, 2011, Theorem.2.11)).

(c) (Smith and Thieme, 2011, Theorem.2.28.).

(d) See Corollary 3.4. O

Let’s consider the special case Example 4.1, (4.2) has the form

lzall < |40 + ) flan-i)|A* 0, neN.
k=1

We define positive vector e by

e=(I—-A)"b=> A (4.3)

j=0
Lemma 4.4. In Example 4.1, let S C X, be invariant and bounded,i.e. F(S) = S.

Assume f maps bounded set to bounded set, then there exist some C' > 0 such that

S C [0,Cel.

Proof. Let z € S. By (Smith and Thieme, 2011, Theorem.1.40), there exists a se-

quence (z,)nez in S with
Ant+l = F(Zn) - Azn + ]E(Zn)ba ne Z7 20 = <.

Since (z,) is bounded, there exists some C' > 0 such that f(z,) < C for all n € Z

with C not depending on z and n. Hence
Zn < Az, 1+ Cb, n€Z.
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By induction,
k—1

2 < Akzn_kJrC’ZAjb, neZ, keN.

=0

The right hand side converges to C'e as k — oo. Since X is closed, z, < Ce for all

n € Z. In particular z < Cle. O

Remark 4.5. Proposition 4.3 apply to Example 4.1 and Example 4.2, and for Exam-
ple 4.1, the omega limit set in part (b) also have the property w(zg) C [0, Ce] where

C comes from Lemma 4.4.

Now we look at the linearization of F' at x = 0. If I is Frechet differentiable at 0
with respect to the cone, there exists a positive bounded linear operator L : X, — X,

such that

I/ (z) = f(0) = L(=)]]

]

— 0, x— 04

We denote L as f’(0), then the linearization of F' at 0 is of the form Bx = Ax +
f(0)(z), z € X, where f’(0) is an additive and homogeneous map on X.

There is a relationship between spectral radius r(B) of the linearized operator B

and f'(0).

Theorem 4.6. Assume that X, is a reproducing cone with ordered Banach space
X, r(A) < 1, we denote f'(0) as the derivative of f at 0. Since f is compact, we
have f'(0) is compact (Deimling, 1985, Proposition 8.2),(Smoller, 1983, Theorem
13.2), (Krasnoselskii and Zabreiko, 1984, Section 17.5) then r(A + f'(0)) — 1 and
r((I—A)~1f(0)) — 1 have the same sign. Moreover, if r(B) > r(A), then r(B) is an

eigenvalue of B with a positive eigenvector.

This result is an infinite-dimensional generalization of Cushing and Zhou (1994)

To prove this theorem we need the following fact:
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Let A > r(A),
A= A= [f(0)= A=A A=A f(0) = (T—f0)A=A)HA-A).

Hence the following are equivalent
(a) A € p(A+ f(0))
(b) 1€ p((A—A)~"f(0))
(c) 1€ p(f(0)(A— A)~') and in either case

A=A=fO)" = I-A=A7fO) (A=A

= (A=A FO0 - A

The compactness of f'(0) can be dropped if X, is normal and generating (Thieme,

2009, Theorem 3.10).

Proof of Theorem 4.6. The compact map f'(0) : X, — X, can be extended to a
linear compact map from X to X because X is generating and X an ordered Banach
space. Assume that r((I—A)~!f(0)) > 1. Since f’(0) is compact, r((A—A)~1f/(0)) is
a continuous function of A > 1. By the intermediate value theorem, there exists some
A > 1 such that r((A — A)~'f’(0)) = 1. Then 1 is in the spectrum of (A — A)~ f/(0)
and A is in the spectrum of A + f’(0). Hence r(A + f/(0)) > 1.

In the same way it follows that r((I— A)~'f’(0)) > 1 implies r(A + f'(0)) > 1.

Let r(A+ f’(0)) = r > 1. Since r(A) < 1, the spectral radius is larger than the
essential spectral radius and r(A + f’(0)) is an eigenvalue of A + f/(0) Nussbaum
(1981). So 1 is in the spectrum of (r — A)~!f’(0) and

s:=r((r—A)1f(0) > 1.
By the Krein-Rutman theorem, there exists some v € X, v # 0, such that
(r—A)" ' (0)v = sv.
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Since (A — A)~1f/(0)v is a decreasing function of A > r(A), we have
(I—A)"'f(0) > v.
This implies that

r(1 - A) 7 f(0) 2 1.

By contraposition, r((I — A)™!) < 1 implies r(A + f/(0)) < 1.
Let r(A+ f’(0)) = r > 1. Since r(A)f'(0) < 1 there exists some v € X;, v # 0

such that

(A+ f(0)v = rv.
Choose some £ € (0,1) such that &r > 1. Then
(A+£F(0)v = &(A+ f(0))v = &rv = v.

So (T— A)v <& (0)v and v < (T — A)~!f/(0)v By Krasnoselskii (1964),

L<r(E((T—A)71f(0)) = &x((T— A) 7 f(0)).

Thus r((I— A)~'f/(0)) > 1/¢ > 1.

The last statement follows by Nussbaum (1981) since f/(0) is compact. O

Apply Theorem 4.6 to special cases Example 4.1, Example 4.2, we have following
results:
For Example 4.1, the linearized form for F is represented by B = A+bf’ (0) where

£7(0) is the derivative of f/(0), f'(0) is a linear functional on X.

Corollary 4.7. Let o denotes one of the relations <, >,=, then r(B) ¢ 1 if and only
if r(ef'(0)) o1 where e comes from (4.3). Moreover, if v(B) > r(A), then r(B) is an

eigenvalue of B with a positive eigenvector.
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Here ef’(0) = (I — A)~'bf"(0) represents (I — A)~'f'(0) and B is A + f(0) in
Theorem 4.6.

For Example 4.2, assume f be differentiable at 0, we denote the derivative as

A~

f/(O), .]E,<0) S X+- We deﬁne

o= (I—A)"'7(0) =S A f(0). (4.4)

Jj=0

The linearizations of F', if they exist, as
Bx = Az + f/(0)(c*z), r e X.

Apply Theorem 4.6 to this example, B is the linearized form A + f'(0), éc* is (I —

A)~1f(0).

Corollary 4.8. Let ¢ denotes one of the relations <,>,=, then r(B)<1 if and only if
r(éc*) o 1. Moreover, if r(B) > r(A), then r(B) is an eigenvalue of B with a positive

etgenvector.

Apply the definition of spectral radius, we can get the value of r(I — A)~!f/(0)
in Example 4.1 and 4.2. Namely r((I — A)~'bf'(0)) = f/(0)e in Example 4.1 and
r((I— A)~'f(0)¢*) = ¢*é in Example 4.2.

Since in both Example 4.1 and 4.2, (I — A)~'f’(0) can be written as the form
(I—A)"'f"(0)x = (z*x)a where 2* € X7}, a € X;. Denote D = (I— A)~!f'(0), since

by Definition 2.7: r(D) = lim, ||D”||i/n, we have

Dz = (z*x)a,

D*r = z*(x*za)a

= (z*x)(z*a)a,
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D*z = 2*((z*z)(z*a)a)a

= (z*x)(z*a)%a.

Therefore

D"z = (z*z)(x*a)" a,
1D = ll=" ]| (="a)" " lal,

r(D) = lim || D"||Y" = z*a.

For Example 4.1, (I — A)~'bf(0)z = (f'(0)z)e, so z* is f'(0), a is e. r((I —
A)TIf(0) = F/(0)e.
For Example 4.2, (I—A) ™ f/(0)c*z = (¢*z)é, so z* is ¢*, ais é. r((I—A)~ f/(0)c*) =

& A

c*é.
4.2  Extinction and Stability of the Extinction State

We expect that the zero fixed point is stable when r(B) = r(A + f/(0)) < 1,
equivalently, by Theorem 4.6, when r((I— A)~!f’(0)) < 1, and unstable if the reverse

strict inequality holds.
4.2.1 General Results

Theorem 4.9. Ifr(A+ f'(0)) < 1, then 0 is asymptotically stable with respect to || - ||

for map B.

Theorem 4.10. If r(A + f(0)) < 1 and Fx < Bz, then 0 is globally stable with

respect to || - || for map F.

Theorem 4.11. Ifr(A+ f'(0)) < 1, then 0 is locally stable with respect to || - || for

map F'.
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Proof. After switching to an equivalent norm, we can assume that ||A + f/(0)|| < 1
(Krasnoselskii, 1964, Theorem.2.5.2). Since f is Frechet differentiable at 0, let € > 0,

there exist some d such that for ||z|| < :

I/ (=) = f'(0) ()|

]

< €.

Therefore ||f(xz) — f'(0)(x)] < €||z||. We choose € small enough such that € + ||A +
(0)]] < 1. Now we claim that if ||z1|| <, [|z,| < ¢ for all n € N.
For ||z|| < 0, Fo = Az + f(z) = Az + f(0)(x) + (f(z) — f'(0)(z)). So
[Fzl < A+ Ol + 1f(x) = f(0) ()]

< [[A+ O]l + ell«]

= 1A+ 7 O) + o)ll«]

< lz]] <.
So ||z,|| < 6 which implies ||z,11|| < al|z,|| for all m € N with some o < 1 and the
statement follows. ]

4.2.2  Special Cases for Example 1 and Example 2

For Example 4.1, we introduce a useful linear functional

g=10OI-A)" (4.5)

Then

We have following two extinction results.

Theorem 4.12. Let X, be normal. If f(0)(e) = 0, then for alln € N, f/(0)(z,) =
F(0)(A"zo) and f(0)(x,) — 0 as n — co. If f/(0)(e) > 0, assume there exists some

n € (0,00) such that f(z)f(0)(e) < f(0)(x) for all x € X with §(z) <.
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(a) Then 0 is stable with respect to g: For any § € (0,n), g(x,) < for alln € N

whenever g(zg) < 6.

(b) If there is some 7 € (0,00] such that f(z)f'(0)(e) < f'(0)(z) for all §(z) < 7,

then x,, — 0 whenever §(xy) <7, and 0 is locally asymptotically stable.

Proof. (a) If f'(0)(e) = 0:
7(0)(e) = 0 implies that f'(0)(A™b) = 0 for all n € Z, . Since
x, = A"z + Z f(xn_k)Ak_lb,
k=1

we have

FO) (@) = fO)(A"20) + Y Flwn-i) f(0)(A* D).
k=1

Therefore we have f'(0)(x,) = f/(0)(A™xz) for all n € N.
Since r(A) < 1, A%zg — 0 as n — co. f'(0)(z,) = f/(0)(A"z) — 0 as n — oco.
If f(0)(e) > 0:

Let € X, and gz <. Then f'(0)(z) <7, and
§(F(2)) = gAu+f(2)3(b) = §(2)=F(0)(2)+F () F' (0)(e) < g(a)—F (0)(@)+F (0)(x) = ().
Let x, = F"(x). Then the term §(z,) form a decreasing sequence and (a) follows.

(b) Let « be the limit of {g(x,)}. If §(xo) < 7, a <7, then

o= nlggo §(Tnt1) = nlggo@(xn) - J?,(()) () + f(l’n)f,(()) (€)).

This implies that — f(0)(z), 4+ f(zn)f(0)(e) = 0 as n — co. If f'(0)(e) =0, by (a),
we have our conclusion.

Now we consider f'(0)(e) > 0, since f(0)(xn) < §(z2), {G(zn)}no bounded
implies {f'(0)(2y)}n=0 bounded. And we have —f'(0)(z,) 4+ f(x.)f (0)(e) = 0, so
{f(22) }n0 is also bounded.
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Suppose that

3 := limsup f'(0)(z), > 0.

n—o0

There exists a strictly increasing sequence (n;,) of natural numbers such that f'(0)(z),,
3. And since {f(2,)}nz0 is bounded, by Remark 4.5 (b), we can find a subsequence
of (z,, ), here we denote as (z,, ) again, such that z,, — &o, where ¢ € w(zy), clearly

§(i0) < 1. Since f is continuous and § > 0,

B = lim f(zn,)f'(0)(e) = f(Z0)f'(0)(e) < F'(0)(io) = lim f(0)(x)n, =B,

k—00

a contradiction.
So B =0 and f(0)(2), — 0 and f(z,) — 0 as n — oco. Since >.°°, ||A"b|| con-

verges, we can apply Lebesgue’s dominated convergence theorem (with the counting

measure) to

lzall < 1A 0]l + ) Flan-i)|A* Bl n € N.
k=1

and obtain ||z,| — 0 as n — 0. O

Corollary 4.13. (a) If f is differentiable at 0 and f’(())(e) < 1, then 0 is locally
asymptotically stable.
(b) If f(z)f(0)(e) < f(0)(z) for all x € X, then F™(x) — 0 as n — oo for all

x € Xy, and 0 is globally asymptotically stable.

For Example 4.2, again, we introduce a useful linear functional
g=c"(I—-A)~" (4.6)

Then we have

_>



Theorem 4.14. Let X, be normal, assume that there exists some n € (0, 00] be such

that §f(c*z) < c*x for all & € X, with gz < 1.

(a) Then 0 is stable with respect to g: For any § € (0,m), gz, < § for alln € N

whenever gxg < 0.
(b) 0 is locally stable with respect to || - ||.
Proof. (a) Let € X and gx <n. Then ¢*z <7, and
GF(z) = Az + §f (") = gz — o + §f (¢*z) < jo — o + ¢z = ga.

Let x, = F™(x). Then the term gz, form a decreasing sequence, so the statement
follows.
(b) By (a) and g > ¢*, we have c¢*z,, < ¢ for all n € N whenever § € (0,7) and
grg < 6. By (4.2), Example 4.2 has the form:
zall < (| A"l + sup || f[0,8]] > | A*.
k=1
After switching to an equivalent norm, we can assume that ||A|| < 1 (Krasnoselskil,
1964, Theorem 2.5.2) Let € > 0 and ||zg|| < €. Then, for n € N,
lall < [1Ae +sup || (0, 6111 Y [ A*-
k=1
Choosing 6 € (0, ¢€) small enough, we can achieve, ||z,| < € for all n € N provided
|zo|| < € and ||2o|| < € and Gao < 6. Now choose & = min{e, §/[|§||}. Then ||z,| < €

whenever ||z < 4. O

Corollary 4.15. If f is differentiable at 0 and ¢*é < 1, where é comes from (4.4),

then 0 s locally stable.
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4.3 Persistence
4.3.1 General Model

Theorem 4.16. For F: X, — X, F(x) = A(x) + f(z), we assume
(i) There exists v* € X%, v* #0, r > 1 such that v*(I — A)~' f'(0) = rv*.

(ii) Define w* = v*(I — A)~' and assume v*z > 0 implies w* f(z) > 0, w'z =0 =

w* f(x) implies f(x) = 0.

(11i) Let n € (0,1), there exists some 6 > 0 such that w* f(x) > (1 —n)w*(f'(0)x) if

l|lz]| <é.

Define p = w* = v*(I — A)™L, then the semiflow induced by F is uniformly weakly
p—persistent:
There exists some € > 0 such that lim sup,,_, ., w*x, > € if w*zy > 0.

The semiflow is uniformly p-persistent if, in addition, the norm is monotone and
there exist some R > 0, some linear bounded positive operator D and some y € X

such that f(x) <y + Dx for all x € X, with ||z|| > R and r(A+ D) < 1.

This proof uses some unpublished ideas of Hal Smith. Existence of v* satisfying

(i) follows from Krein-Rutman theorem if X is generating.
Proof. By w* = v*(I — A)~! and w* = w*A + v* > v*,
W Tpy = W Ax, + 0 f(z,) = (W — v )z, + W f(z,). (4.7)

Apply Proposition 3.9, here p(x) = w*z, suppose that w*zq > 0. If v*zy > 0, then
by (ii), w*zy > w* f(xg) > 0. If v*zy = 0, then w*zy > w*zy > 0.
It follows that if w*xq > 0, then w*z, > 0 for all n > 0.

We want to apply Theorem 3.9, define
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Yo ={y € Y;w"(F"(y)) =0 for all n € N}.

First we show that solutions starting in Y, converge to 0: Let yg € Y, we have

w*(yo) = 0, by assumption (ii), f(yo) = 0. Therefore
w*(y1) = w*(F(yo)) = w" Ayo + w* f (o) = (w* — v")yo +w”f (o).

Since w*(y;) = w*(F(yo)) = 0 and f(yo) = 0, we have v*(yg) = w*(yp) = 0 and
y1 = Alyo) + f(yo) = Alyo)-
Assume y, = A™(yy) € Y for some n € N, we have w*(y,) = 0, by assumption

(ii), f(yn) = 0. Therefore

W (Ynt1) = W (F(yn)) = w Ay, + 0" f(yn) = (0" — 0" )yn + 0" f(yn).

Since w*(yn41) = w*(F(yn)) = 0 and f(y,) = 0, we have v*(y,) = w*(y,) = 0 and
Ynt1 = A(yn) + f(Yn) = Alyn) = A" (30).

By induction, we get that y, = A™(yo) and v*(y,) = 0 for all n € N. Since
r(A) < 1, the sequence (y,) — 0 as n — oc.

Then we claim that {0} is isolated in Yj.

Let W be a neighborhood of {0}, K is a compact invariant subset of W and
K CYy. If there exists z # 0 such that z € K, since K is invariant, we could find
a sequence {(z_,)} C N such that z = F"(z_,) = A"(2_,) — 0 as n — oo. This
contradicts z # 0. Then K = {0}. Hence we get {0} is isolated in Yj.

We also have Yj is acyclic. Suppose not, there exists xy # 0, the sequence {z,}
have the relation z,41 = F(z,) for all n € N and z,, — 0 as n — +oc.

By previous proof, we have x,, — 0 as n — oo. Also g = A"x_,, — 0 as n — 00,
which contradicts xg # 0. Therefore Y| is acyclic.

Let U be the neighborhood of {0} such that if x € U, ||z| < 0.
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First we show that if ||z|| € U, then w*f(z) > &v*x.

By assumption (iii), let n > 0, there exists some 0 > 0 such that w*f(z) >

(1 =n)w*(f'(0)), so w*f(x) — w*(f'(0)z) = —nw*(f'(0)x).

wif(z) = wi(f(z) = f0)x+ f(0)z)
= w'f(0)z+w(f(z) - f(0)r)
> o'z —nu(f(0)z)

= (r—rmmpv e.

We set & = r(1 —n), and let  small enough such that & > 1.

Then the assumptions of Theorem 3.9 are easy to check.

For (i), w*z,41 = (w* — vz, + w* f(z,) > w*z, + (£ — 1)v*z, > w*z, for all z,
such that w*x,, < 9.

For (ii), if w*(2p41) = w*(x,) > 0 for all n € Z, then by (4.7), we have w* f(x,,) =
v*(x,) for all n € Z. By assumption (i) and (iii), we have w*f(z) > &v*z for £ > 1
when ||z|| < ¢. Hence w*f(z,) = v*(x,) > &v*(x,) for all n € Z, this happens only
if v*z,, = 0 for all n € Z. Therefore w* f(x,) = 0 and w*(x,) = w*A"xy — 0 for all
n € Z. Since r(A) < 1, w*(z,) — 0 as n — oo, then w*(z,) =0 for all n € Z.

For uniformly p-persistent, by Proposition 3.3 and Corollary 3.4, the semiflow
induced by F' has compact attractor of bounded sets. Hence apply (Smith and
Thieme, 2011, Theorem 4.5), we have uniformly weakly p-persistent implies uniformly

p-persistent result. -
4.3.2 Special Cases for Example 1 and Example 2

Apply Theorem 4.16 to Example 4.1, Example 4.2, we have some persistence
results.

For Example 4.1, § and f'(0) is w* and v* respectively in Theorem 4.16, then we
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have:

Theorem 4.17. For F : X, — X, F(x) = A(z) + f(2)b, we assume that f(0) = 0

and f is differentiable at 0. Further we assume
(i) '(0)(e) > 1.
(i) f'(0)(x) > 0 implies §f(z) > 0.
(iii) Let n € (0,1), there exists some 6 > 0 such that f(z) > (1 —n)(f(0)z) if
l|lz]| < 0.

Then the semiflow induced by F' is uniformly weakly persistent in the following sense:

There exists some € > 0 such that limsup,,_, f(x,) > € for any solution (x,)

with §(xg) > 0.

Proof. Since f'(0)(e) > 1, let r = f'(0)(e), then f(0)(I — A)~*bf'(0) = rf'(0).
We view f/(0)(I — A)~' as w*, bf'(0) as f'(0), then assumption of Theorem 4.16:
v (I — A)71f(0) = rv* and r > 1 is satisfied. Assumptions (ii) and (iii) are the

same as Theorem 4.16. Therefore all assumptions of Theorem 4.16 are satisfied, the

conclusion follows. O

For Example 4.2, similarly, we view g and ¢* as w* and v* respectively in Theorem

4.16, then we have:

Theorem 4.18. For F : X, — X, F(z) = A(z) + f(c*z), we assume that f(0) =0

andf is differentiable at 0. Further we assume
(i) ¢té > 1 where é = (I— A)~1f/(0),

(i) §f(s) >0 for all s € (0,00).
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Then the semiflow is uniformly weakly persistent in the following sense:
There exists some € > 0 such that limsup,,_,.. gz, > € for any solution (x,) with

gl’o > 0.

Proof. Let ¢*é = r, we have ¢*(I — A)_lf’(O)c* = rc*, here we view ¢* as v*, f’(O)c*
as f(0), then we have v*(I— A)~ f/(0) = rv* for r > 1 as assumption (i) in Theorem
4.16. Assumption (ii) is the same as Theorem 4.16.

For Assumption (iii), since f is differentiable at 0, ¢ is linear, we have g f is

differentiable at 0. And

as s — 0 where s € R,.

Let n > 0, there exists some § > 0 such that @ > (1 —n)gf'(0) for all |s| < .
Therefore there exists d; > 0 such that if ||| < 61, s = ¢*z < §. Then §f(s)s >
(1 —1)g(f(0))(s) for s = ¢*z and ||z| < &,. So assumption (iii) of Theorem 4.16 is
satisfied.

Since all assumptions of Theorem 4.16 are satisfied, the conclusion follows. n

Remark 4.19. If the semi-dynamical system generated by F' is point dissipative, then
for Example 4.1, F' is uniformly g-persistence under the assumptions of Theorem 4.17.

For Example 4.2, F' is uniformly g-persistence under the assumptions of Theorem 4.18.

Proof. Apply (Smith and Thieme, 2011, Corollary 4.8). O
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Chapter 5

PERSISTENCE AND EXTINCTION OF DIFFUSING POPULATIONS WITH
TWO SEXES AND SHORT REPRODUCTIVE SEASON

5.1 Introduction

In discrete infinite-dimensional dynamical system, the next generation operator
maps the spatial offspring distribution of one reproductive season to the distribution
of the next season. Here we consider a model for a spatially distributed population
of male and female individuals that mate and reproduce only once in their life during
a very short reproductive season. There is only one reproductive season in a year,
and individuals reproduce during the reproductive season that follows the one during
which they have been born. Between birth and mating, females and males move
by diffusion on a bounded domain €2 under Neumann boundary conditions and are
subject to density-dependent per capita mortality rates. Mating and reproduction is
described by a (positively) homogeneous function (of degree one). The model is a
special case of a periodic impulsive reaction diffusion system, but similarly as in Lewis
and Li (2012) we treat it as an abstract difference equation or a discrete semiflow on
an infinite dimensional state space Smith and Thieme (2011). The semiflow is induced
by a map that relates this year’s offspring density to next year’s offspring density.

We identify a basic reproduction number R, that acts as a threshold between
extinction and persistence. If Ry < 1, the population dies out while it persists
(uniformly weakly) if Ry > 1. Because of the homogeneous mating function, the
map that induces the discrete semiflow is not differentiable at the origin, and so

Ry is not the spectral radius of a bounded positive linear operator Diekmann et al.
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(1990, 2012); Smith and Thieme (2011); Zhao (2003) but the cone spectral radius of a
continuous, order-preserving, homogeneous map that approximates the semiflow map
at the origin. More generally, the threshold separating extinction and persistence
is not determined from a linear problem Cantrell and Cosner (2004); Cantrell et al.
(2007) but from a homogeneous (i.e.,non-additive) one.

To a certain degree, our model is a two-sex version of the model in Lewis and Li
(2012) for bounded domains. There do not seem to be many models that combine
spatial and sexual structure. Diffusive spread and traveling waves are studied on the
real line in Ashih and Wilson (2001); the mating is not modeled by a homogeneous
function but one that is of Michaelis-Menten (alias Monod alias Holling II) form, and
the mating is not seasonal. A system of two integro-difference equations is used in
Miller et al. (2011), and the speed of two-sex invasions on the real line is investigated;
the mating is modeled by a homogeneous function that is multiplied by a density-
dependent reproductive success factor. In our model, it is the per capita mortality

rate that is density-dependent.
5.2 The Model

We assume that mating and reproduction only occurs once a year during a very
short season. We let this season mark the transition from one year to the next.
During the year, females and males move by diffusion on a bounded domain 2 in
some Euclidean space R2.

The density of offspring at location x € €2 at the end of the reproductive season
is denoted by f(x) with a continuous function f : Q@ — R,. Our aim is to construct

amap F: C.(Q) — C(2) on the nonnegative continuous functions that maps this

year’s density of offspring to next year’s density of offspring and thus gives rise to a
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discrete semiflow (F™),cz, and a difference equation
fn:F(fn—l)a n € N. (51)
5.2.1 The Model for within One Year Dispersion

The dispersion within one year is modeled by a system of partial differential
equations. Let wui(¢,z) and wus(t,x) represent the density of females and males at

location x € 2 at time ¢t € [0, 1] where the number 1 marks the end of the year,

(O — diD)u; = —p(t, z,u)uy, 0<t<l,xe,i=12

(5.2)
u = (ug, us)
with Neumann boundary conditions
Oyu;(t,x) =0, x € 09, (5.3)
and initial conditions
u;(0,2) = pi(x) f(x), i=1,2. (5.4)

Here A is the Laplace operator in z, d; are diffusion constants of females and males
respectively, u; are density dependent per capita mortality rates, p;(z) are the prob-
abilities that the offspring at z is female/male.

We also consider the linear partial differential equations (5.2),(5.3), and (5.4)with

wi(t, x,u) being replaced by ;(t, z,0).

Assumption 5.1. We assume that u; : [0,00) x Q x [0,00) — R are nonnegative
and differentiable and that the derivatives and pu; themselves are bounded on all
sets [0,a] x Q x [0,a]. We also assume that the boundary 9 is C*. The functions

pi - 2 — [0, 1] are assumed to be continuous and to be strictly positive on .
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Under these assumptions, unique continuous mild solutions uy, u, exist on [0, 1] x
as can be seen by a standard fixed point argument. These solutions are classical in the
sense that they have partial derivatives 0;u; and first and second partial derivatives
with respect to z on (0, 1] x Q. This can be seen by a bootstrap argument similar to

the one in the proof of (Smith, 1995, Theorem.3.1)
5.2.2 The Next Year Offspring Map
The next year offspring map F : C,(Q) — C(Q) is given by
F(f)(x) = ¢(z,ur(1,2),us(1, 2)), fed(Q),reQ (5.5)

where u; and ug are the solutions of (5.2), (5.3) and (5.4), and ¢ : @ xR2 — R is the
mating and reproduction function. If there are u; females and uy males at location x

in Q, ¢(x,uy,uz) is the amount of offspring produced at x.
5.2.3 Properties of Mating and Reproduction Function
e ¢ is continuous on Q x R%.
e ¢(x,-) is order preserving on R? for each z € Q.
e ¢(x,-) is (positively) homogeneous for each = € €,

¢(x,au) = ag(z,u), a>0,z€ QueR2.

e ¢(z,1,1) > 0 for all z € Q.

Example 5.2. Harmonic mean ¢(x, uy, ug) = B(m)ﬁ with strictly positive 3.

Example 5.3. Minimum function ¢(x,u) = min{ S (x)uy, B2(x)us} with strictly pos-

itive 5, and fs.
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5.3 Main Result

We introduce the map B : C(2) — C(Q2) as an approximation of F' at zero,
which means B is F' with p;(t, z,u) being replaced by w;(t,z,0) in (5.2). B is the
next year offspring map under optimal conditions(when the per capita death rate is
not increased by overcrowding effects).

We will show that the map B is homogeneous, order-preserving, continuous and
compact. We can therefore define the cone spectral radius ro (B) of B which is the
threshold parameter separating extinction from persistence. If no distinction were
made between males and females, the map B would be linear and bounded and r (B)
the usual spectral radius of B. Since individuals are assumed to reproduce only once
in their life, in the next reproduction season after their birth, B can be interpreted
as the next generation map and its spectral radius as the basic reproduction number
of the population, i.e., the mean number of offspring one average newborn will have
produced at the end of its life under optimal conditionsDiekmann et al. (2012, 1990).
So we introduce the notation Rg = r;(B). As in the linear case, no closed formula
is available in general, but estimates and approximations can be found in a similar
way. For instances, if f is strictly positive continuous function on €, then r,(B) =

lim,, o0 || B™ f||M/™.

Theorem 5.4. There exists a threshold parameter Ro = r4(B) that separates popu-

lation extinction and persistence as follows:

e I[f Ry <1, the extinction state 0 is locally asymptotically stable in the following

sense: There exist 6o > 0, a € (ry(B),1) and M > 1 such that |[F"(f)|| <

Mo f|| for all f € CL(2) with || f|| < 6.

o I[f Ry <1 and p;(t,z,u) > p;(t,z,0) for allt > 0,z € Q,u > 0, then the pop-
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ulation always dies out: F™(f) — 0 as n — oo, uniformly on Q) and uniformly

for f in bounded subsets of C ().

o If Ry > 1, the population persists uniformly weakly: There exists some € > 0

such that, for any f € C1.(QQ), f #0,

limsupsup F"(f)(x) > €

n—oo xef)

Weak persistence implies instability of the origin.
5.3.1 Stability and Persistence Result for Maps

In this section, we generalize the principle of linearized stability to the case that
the approximation at the origin is not linear but only homogeneous.

A cone X, is normal (see (2.1)) if and only if its norm is equivalent to a norm
|| - || which is monotone Krasnoselskii (1964); Krasnoselskii et al. (1989): ||z|| < ||yl

for all z,y € X, with x <y.

Theorem 5.5. Let X be the normal cone of an ordered normed vector space. Let
F.B : X, — X, and let B be homogeneous, bounded and order preserving, r =
r+(B) < 1. Assume that for each n > 0 there exists some § > 0 such that F(x) <
(1+n)B(x) for all x € X with ||z]| <. Then F is locally asymptotically stable in
the following sense:

There ezists some 09 > 0, a € (r,1) and M > 1 such that |[F"(x)| < Ma™||z||

for alln € N and all x € X4 with ||z|| < do.

Proof. Since X is normal, we can replace the original norm by an equivalent mono-
tone norm. This does not affect r, (B) given by (2.4)

Choose some s such that r(B) < s < 1. Then there exists some m € N such
that ||B"||+ < s™ for all n € N, n > m. Further there exists some ¢ > 1 such that

|B"||+ <cforn=1,...,m.

46



Choose n > 0 such that a := (1 +n)s < 1 and then choose § > 0 such that

F(z) < (14n)B(z) for all x € X, with ||z|| <. (Since we switched to an equivalent

norm, the § may not be the same as in the assumption of the theorem.) Choose

do € (0,0) such that

(5.6)

Let z € X and ||z|| < &p. Then F(z) < (14n)B(z). Since the norm is monotone,

by (5.6) and (2.3),

[E @) < @+ Bll4lzll < (1 +n)cdy < 0.
Since B is order-preserving and homogeneous,

F*(z) < (1 +n)B(F(z)) < (1 +n)*B*().
Since the norm is monotone,

IF2(@)[l < (L +0)? | B2l +]lzll < (1+n)%cdo < .

Proceeding this way we obtain that

F'(z) < (14n)"B"(z), n=1,...,m,

and

[E* ()| < (T+n)"cllzfl < (L+n)"cdp <6, n=1,....m.

For n =m+1,

F(x) < (L+n)B(F™(z)) < (1+n)"B"(x).
Since the norm is monotone,
[E" (@) < X+ n)"[B"[|+]lz]] < (1 4+n)"s" ||z < "[z] <0.
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Now, by induction,

F'(z) < (1 +n)"B"(x),  n=m,
and
[F* (@) < a"flzfl,  n=m.
We combine this estimate with the one in (5.7) and obtain the assertion. ]

This is a global version of the previous result.

Theorem 5.6. Let X, be the normal cone of an ordered normed vector space. Let
F.B: X, — X, and let B be homogeneous, bounded and order preserving, r =
r,(B) < 1. Assume that F(x) < B(x) for allx € X.. Then F"(f) = 0 as n — o0

uniformly for f bounded subsets of X .

Proof. Since B is order-preserving, F"(z) < B™(x) for all n € N and x € X,. Since
X, isnormal, we can replace the original norm by an equivalent monotone norm. This

does not affect r(B). Then [|[F™(x)|| < ||B"||+||z|| and ||B"||; — 0 and n — co. O

In the next result, we assume that the cone X, has nonempty interior, )U(+. For

v € Xy, we recall the functional on X

[z], = sup{a > 0,2 > av}, xe Xy, (5.8)

If v € X, the functional [-], is continuous. It is also homogeneous and concave.
Since X is closed,

x> [z],v, =€ X, (5.9)

Theorem 5.7. Let F': X, — X, and B : X, — X, and let B be homogeneous,

order preserving and continuous, r = r(B) > 1. Assume
o ['(x) € X+ for infinitely many n € N if v € X, v # 0.
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o Foranyn € (0,1) there exists some § > 0 such that F(x) > (1 —n)B(x) for all

x € X4 with ||z|| <46.
o There is some r > 1 and some v € X'Jr such that Bv > rv

Then the semiflow induced by F is uniformly weakly norm-persistent: There exists

some € > 0 such that limsup,,_, . ||[F"(x)| > € for any x € X, with x # 0.

Proof by contradiction. According to assumption (a), we choose r > 0 and v € )V(Jr
such that Bv > rv.

Choose 1 € (0,1) such that (1 —n) > 1. According to assumption (b), choose
some ¢ > 0 such that F(z) > (1 —n)B(zx) for all x € X, with ||z|| <.

Suppose the semiflow is not uniformly weakly norm-persistent. Then, for € €
(0,6), there exists some x € X, with  # 0 and some m € N such that ||[F"(z)| < e
for all n > m.

By assumption (a), we can find some M > m such that FM(z) € X,. Let
y = FM(z). Since |ly| < e <4, F(y) > (1 —n)B(y). By (5.9), since B is order-

preserving and homogeneous,
B(y) = B(lylov) = [yl B(v) = rlylov.
We combine the inequalities,

Fly) = (1 =n)rlylov.
By (5.8),
[FW)le = (1 =n)rlyle.
Since F(y) = FM*(z), | F(y)|| < 9. So we have F*(y) = F(F(y)) > (1—n)B(F(y)).
We repeat the previous argument and obtain
[F2())o = 7*(1 = 1)*[y)o-
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By induction, we have [F"(y)], > r™(1 — n)"[y], for all n > M.
Since y € X, and r(1 —n) > 1, we have [y|, > 0 and [F"(y)], — 00 as n — oo.
But ([F™(z)],) is bounded because (F"(z)) is bounded and [-], is continuous and

homogeneous. O]
5.3.2  Proof of Main Result

Let X = C(Q) be the Banach space of continuous functions on  with supremum
norm and X, = C,(Q) be the cone of nonnegative functions. X, has nonempty
interior; in fact, every strictly positive continuous functions on ) is an interior point
of X . Further X, is normal; actually, the supremum norm is monotone itself.

Part of the proof of the main result will be that the homogeneous map B is an

approximation of the next-year-offspring map F' at the origin in the following sense:

For any n € (0, 1), there exists some § > 0 such that

(L=n)B(f) < F(f) < X+n)B(f), feXi [fl<d
This will make the application of the results in the previous section possible.

Proof of Theorem 5.4. Recall that B(f)(z) = ¢(x, (1, z),as(1, x)) where @, and s

are the solutions of

(8,5 — dlﬁ)ﬂz = —,ui(t,l',O)ﬂi, 0<t<l,z e Q,
(5.10)
'L~L = (721, ’2712)
with Neumann boundary conditions 0,u;(t,z) = 0, = € 9 and initial conditions
(0, ) = pi(z) f(z)
It follows from the smoothing properties of parabolic differential equations that

the map f(a1(1,-),u2(1,-)) is compact from X to X?. Since the solution of (5.18)

depend continuously on their initial data, this map is also continuous. It is linear
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because the equations are linear. By a standard comparison principle (see (Smith
and Thieme, 2011, Theorem.A.23), e.g.), this map is also order-preserving. It follows
from the properties of the mating and reproduction function ¢ that B is compact,
homogeneous, continuous, and order-preserving on X .

We first prove the second result: We assume p; (¢, x,0) < p;(t, x,u). By a standard
comparison principle (see (Smith and Thieme, 2011, Theorem.A.23), e.g.), we have
u; < %; and so F(f) < B(f) for all f € C(Q). The second result now follows from
Theorem 5.6.

Next we prove the third result. Let r, (B) > 1, apply Theorem 5.7. We check the
first condition. If f € C(Q) and f £ 0, then u;(t,z) > 0 for all t € (0,1], z € Q for
the solutions of (5.2),(5.3) and (5.4). It follows from the properties of the mating and
reproduction function that ¢(z,u;,us) > 0 for all x € Q, uy > 0, ug > 0. So F(f) is
strictly positive on Q and a point in X, for all f € X, f # 0.

To verify the third condition of Theorem 5.7, we use Theorem 2.15. Since B is
compact, there exists some v € X, v # 0, such that Bv = rv, r =r,(B) > 1. The
map B has similar positivity properties as F'; so v is an interior point of X .

Finally, we check the second condition of Theorem 5.4: For any n € (0,1) there
exists some 0 > 0 such that F(z) > (1 —n)B(z) for all x € X, with ||z|| <.

We know that F/(f)(z) = ¢(z,u1(1,x),us(1, z)) where u; and us are the solutions

of
(O — diDN)u; = —pi(t, z,w)u;,  0<t<1l,xe€q,
(5.11)

u = (uy, us)

with Neumann boundary conditions d,u;(t,z) = 0, x € 09 and initial conditions

u;(0,z) = p;(x) f(z), while the operator B is associated with the solution of (5.18)
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We also consider solutions of
(0 — d;A)u,; =0, 0<t<1l,xz el
d,u;(t,x) =0,  x €9, (5.12)

(0, ) =pi(z) f ().
Since p; > 0, it follows from a comparison principle (Smith and Thieme, 2011, The-

orem.A.23) that

and, for any J > 0 and newborn density f € C, (),
F<6 = u <4 (5.14)

Let n € (0,1) and € > 0 such that e~ =1 — 7. Since y; is locally Lipschitz in u,
by choosing ¢ € (0, 1) small enough,
pilt,u) < e, 0) f e, £ 0,0 € Q= (uy,us),0 < g <
Set u.(t,z) = e“u(t, x). Since u; < u; <0,

(O — diA)uc(t, x) = —(pi(t, x,u) — €)uc(t, x) > —u;(t, z,0)u..

We recall Mallet-Paret and Nussbaum (2010), use a comparison principle again (Smith

and Thieme, 2011, Theorem.A.23) and obtain,
ue(t,x) > u(t, x)
which implies that
u(t,z) > e “u(t,z) = (1 — n)a(t, v), 0<t<1l,zell
Since ¢(z,-) is order preserving and homogeneous,

F(f)(x) = oz, u(l,2)) = ¢z, (1=n)a(l,z)) = (L=n)d(z,u(l,2)) = (1—n)B(f)(x)-
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We have verified all condition of Theorem 5.7 which implies the persistence result
of Theorem 5.4.

Similarly, by considering e~ “u(t, z) with e¢ = 1 + 7, we find that u(¢,z) < (1 +
n)u(t,z) and so F(f) < (1 4+ n)B(f). The first result now follows from Theorem
5.5. O

5.4 The Model with Dirichlet Boundary Condition
5.4.1 General Results

Guided by Lewis and Li (2012), now we consider the model within one year is

represented by a system of partial differential equations

(O — diA)u; = —p;(t, x, u)uy, 0<t<lxeQi=12

(5.15)
u = (uy, us)
with Dirichlet boundary condition
w;(t,z) =0, redN,i=12 (5.16)
and initial conditions
w(0,2) = (@) f(z),  i=1,2 (5.17)

The linear operator B which is the approximation of F' at 0. For map B, partial

differential equations become to

(8t—d2A)ﬂz = —ILLi(t,iL‘,O)ﬂi, 0<t<1l,xei=12
(5.18)
'L~L - (ﬁl, ’112)
with Dirichlet boundary conditions @; (¢, z) = 0,2 € J and initial conditions @;(0, z) =

pi(z)f(x),i=1,2.
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By Section 5.3.2, we still have the conclusion: For any n € (0, 1), there exists some

6 > 0 such that

(I +m)B(f) =2 F(f) 2 1 =n)B(f), f € Xy, [IfIl < 0.

All results of previous model discussion hold except for Theorem 5.7. For model
with Neumann boundary condition, we can assume that the cone X, is solid, but
this assumption does not hold any more in Dirichlet boundary condition. Therefore

we have another result:

Theorem 5.8. Assume the norm ||-|| is monotone. Let F : X, — X, and B : X, —
X,, and let B be homogeneous, order preserving and continuous, r = ry(B) > 1.

Assume

(a) There is some r > 1 and some v € X, \ {0}, such that Bv > rv

(b) Let n € N, there exists some N > n and ¢ which relates to N such that cv <

FN(z) ifv e Xy, o #0.

(¢) For any n € (0,1) there exists some 6 > 0 such that F(x) > (1 —n)B(x) for all

x € X4 with ||z|| <46.

Then the semiflow induced by F is uniformly weakly norm-persistent: There exists

some € > 0 such that imsup,,_, ||[F"(x)|| > € for any x € X, with x # 0.

Proof by contradiction. According to assumption (a), we choose r > 0 and v € X,
such that Bv > rv.

Choose 1 € (0,1) such that (1 —n) > 1. According to assumption (c), choose
some 0 > 0 such that F(z) > (1 —n)B(z) for all x € X, with [|z]| < 4.

Suppose the semiflow is not uniformly weakly norm-persistent. Then, for € €
(0,6), there exists some x € X, with z # 0 and some m € N such that [|[F"(z)| < e

for all n > m.
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By assumption (b), we can find some M > m such that FM(z) € X,. Let
y = FY(x). Since |jy|| <e <, F(y) > (1 - n)B(y).

Since y € X, we have c,v < y. Therefore
B(y) > B(c,v) = ¢,B(v) > ¢yro.
We combine the inequalities,
F(y) = ¢y(1 = n)rv.

Since F(y) = FMT(x), ||[F(y)|| £ 6. So we have F?(y) = F(F(y)) > (1 —

n)B(F(y)). We repeat the previous argument and obtain
F?(y) > ¢,(1 —n)*r’v.

By induction, we have F"(y) > ¢,(1 —n)"r"v for all n > M.
Since y € Xy and (1 —n)r > 1, we have ||[F™(y)| > ¢,(1 — n)"r"||v|| = oo as

n — oo which caused contradiction. O
5.4.2 Simplified Model

Now we simplify our model by considering u;(t,x,0) only relates to time ¢, thus

wi(t, x,0) becomes p;(t,0).

(5.19)
= (Uy, us)
with Dirichlet boundary conditions
w;(t,z) =0, x € 00 (5.20)
and initial conditions
;(0, z) = piv(x). (5.21)
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To solve the partial differential equation (5.19)(5.20)(5.21). We consider the so-

lutions satisfy the following condition:

ai(t, ) = gi(t)v(z), 9i(0) = p;
(5.22)

Av = —dv

A > 0, v is positive on 2 and v = 0 on 0.

Plug (5.22) into (5.19), we have
(0 = di D) (gi(t)v(2)) = —pa(t, 0)(gi(t)v(2)),
gi(t)v(x) = gi(t)dilo(x) = —pi(t, 0)gi(t)v (),
gi(tyv(@) + Adigi(t)v(w) = —pi(t, 0)gi(t)v(x).

For v(x) # 0, we have

9i(t) + Adigi(t) = —pi(t, 0)gi(t).

Solving this differential equation, we have

dlg:(t)) _+ ,
S = o

Take integral for both sides, we have

In(g;(t)) = —Ad;t — /0 (s, 0)ds.

Then
gi(t) = pie_’\dit—fot ni(s,0)ds.

Therefore

i(t,x) = pie Mt mi0dsy (),

For t =1, set k1 = g1(1), ky = go(1), then @y (1, 2) = kyo(z), ta(1, ) = kov(z).
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Now we consider the mating function does not depend on z. Apply the mating
function ¢ on (1, ), Gs(1, ), we have (i (1,2), Gs(1, ) = d(kv(z), kov(z)) =
v()(ky, ks).

Therefore B(v) = v(x)¢(ky, ky). Set ro = ¢(ky, k2), then B(v) = rov.

Suppose = r,(B) > 1. Since B is compact under reasonable assumptions, there
exists some v € X, with B(v) = rv. Then v has the properties above, and it follows
that o > 1. By contraposition, if 7y < 1, then r(B) < 1.

Now we prove that if o > 1, then the conditions of Theorem 5.8 are satisfied.

Assumption (a) is proven by previous discussion. To show assumption (b), by Thieme

(1988), let w be the solution of

—Nyw(z) =12 € Q,
w(x) =0,z € 0N.
According to (Thieme, 1988, Lemma 6.6), we find dg, cg > 0 such that
dou; (1, z) < w(a:)/gul-(O,y)w(y)dy < coui(1, x), 1=1,2.
where u = (uq, uy) is the solution of (0; — d; A )u; = —p;(t, x, w)u;.

Therefore there exists some m; > 0 such that u;(1,z) > mw(z) ;i = 1,2. To show

v
Allwll”

that w(z) > n;a,;(1,t) for some n; > 0, 1 = 1,2, we set 0(z) = (|l - || is supreme

norm). Then [|o] < 3. Plug #(z) into equation systems:
—Agu(x) = v,z € Q,
v(z) =0,2 € 0L
We have
=N, 0(x) = A0,z € Q,
O(z) = 0,2 € 0L
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Since 0(z) < [|7]| < 5, —A,0(z) = A0 < 1. Let 2 =0 — w. Then
—Nz(z) < 0,2 € Q,
z(z) = 0,2 € 05
Apply maximum principle, we have

max z = max z = 0.
Q E19)

Therefore z(z) = (x) —w(x) < 0 for all z € Q, we have & < w. Then o < W

Since ¢ is order preserving, we have:
F(f)(‘r) = ¢(u1<17 ‘I)7 u2(1’ ZE))
> ¢(mw(z), mow(x))
= w(x)p(m, my)

> 6¢<m17 m2)

v
= md)(mh ms)
= ov(z)

¢(m1,m2)
Allv]]

Hence assumption (b) is satisfied. Using the same strategy in the Proof of Theorem

where ¢ =

5.4, we have assumption (c).

Since all assumptions of Theorem 5.8 are satisfied, we have the conclusion that if
r =r.(B) > 1, the semiflow induced by F' is uniformly weakly norm-persistent.

If r=r,(B) <1, we can apply Theorem 5.5, Theorem 5.6 to get corresponding
extinction results.

Summary: For Dirichlet boundary condition problem, we study the homogeneous
map B which is the approximation of F' at 0 again. The main result Theorem 5.4 still
works for this case. By getting rid of space term z, we can find a way to calculate

r(B) which actually depends on the size of the domain.
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Chapter 6

APPLICATION TO A RANK-STRUCTURED POPULATION MODEL WITH
MATING

6.1 Model

Let X C RY be an ordered normed vector space with cone X, = X NRY. Assume
that the norm has the property that z; < ||z| for all x = (z;) € Xy and all j € N.
This implies that X C [ and ||z]|s < ||z]| for all z € X.

Define a map F : X — RY, F(x) = (F;(x)), by

Fi(z)= q(z)z, + Z Bjk(x) min{z;, vy}
Jk=1 r=(z;) € X;. (6.1)
Fj(z) = max {pj1(2)z;-1, ¢j(x);},  j=2
Here pj,q; : X4 — Ry, 81 + X4 — R are continuous functions of x € X for all
J,keN.

The dynamical system (F"),ey can be interpreted as the dynamics of a rank-
structured population and, in a way, is a discrete version (in a double sense) of the
two-sex models with continuous age-structure in Hadeler (1989); lannelli et al. (2005).
The number z; is the amount of individuals at rank j € N and the sequence z = (z;)
is the rank distribution of the population. At rank distribution z, Fj(x) is the number
of newborn individuals who all have the lowest rank 1. Procreation is assumed to
require some mating. Mating is assumed to be rank-selective and is described by
taking the minimum of individuals in two ranks. The functions 3, (z) represent the
fertility of a pair when the female has rank j and the male has rank k£ where a 1:1

sex ratio is assumed at each rank. The maps Fj,j > 2, describe how individuals
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survive and move upwards in the ranks from year to year where one cannot mover
by more than one rank within a year. If the population size is modeled in number of
individuals one would assume that p;(z),g;(xz) < 1, but if it is modeled in biomass,
then such an assumption would not be made. However, an individuals at rank j is at
least 7 — 1 years old, and so mortality eventually wins the upper hand such that the

assumption
p;j(z) — 0 and ¢;(z) — 0, j — 00, uniformly for z € X, (6.2)

is natural. From a population dynamics point of view, X = [! is the most natural
space because the norm of x € X, gives the total population size. So we choose

X =1I'. We also assume that there is a sequence (6;) € I} such that

6.2 Main Results
6.2.1 Homogeneous Function B

Now we define the map B : X, — X, by the same formula, but with /;;(0)
replacing [ji(x), p;(0) replacing p;(z) and ¢;(0) replacing ¢;(z). So B(x) is the

approximation of F/(z) at x = 0. B(x) = (B;(x)) has the form:

Bi(z) = q(0)x1 + Z B (0) min{z;, zy }
k=1 r = (x;) € X;. (6.4)

B;(z) = max {pj,l(O)xj,l, qj(O)xj}, j>2

Bik(®)

We assume that R0)

ﬁjk(O) > 0.

Also we assume that

— 1 as x — 0 uniformly for those j,k € N for which

pj(x)
p;(0)

— 1 as x — 0 uniformly for those j € N for which

Dj (0) > 0.
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4;(2)

w0 1 as x — 0 uniformly for those j € N for which

Further we assume that
¢;(0) > 0.
This implies that for each € € (0, 1) there exists some 6 > 0 such that (1—¢)B(z) <

F(z) < (14 ¢)B(z) for all x € Xy with [|z|| < 0.
6.2.2 Point-Dissipative and Compact Attractor of Bounded Sets

We assume that p;_i(x) + ¢;(x) — 0 uniformly for j € N as ||z|| — oo, further
Z Bik(z) — 0 as ||z|| = oco. Let € > 0 still be chosen and choose ¢ > 0 such that
jk=1

pi-1(x) + ¢;(x) <€

oo [z]| > e (6.5)
Z Bk(x) <€

jk=1
Choose A: X — X, A(x) = Aj(v),
M) = exr+ > Binlay)
Jik=1 r=(z;) € X;. (6.6)
Aj(r) = e(zja+a;), j=2
Here 3, = SUD||zj>c Bk (2). Then B(x) < A(z) whenever [|z|| > c. Choose € < 1/3 if
X =1'. Then ||A|| < 1 and F is point-dissipative by Proposition 3.3 and Corollary
3.4.
To make F' compact in X = [!, we assume that for any ¢ > 0 there exists u € [
such that supys; Y= Bjk(®) < uy and pj_1(2) +gj(z) < wujfor j > 2 and all v € Xy
with ||z|| < ¢. Under these assumptions, the discrete semiflow (F") has a compact

attractor of bounded sets.
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6.2.3 Spectral Radius of Map B

Suppose there exists some v € X+ and r > 1 with B(v) = rv. We drop the zero
from £;(0), similarly for p; and ¢;. We assume that 0 < p; <1 and 0 < ¢; < 1 for
all j € N. We obtain the equations,

[e.9]
vy =q1v1 + Z B, min{v;, vi }
jk=1

(6.7)
Tv; =max {pj_lvj_l, qjvj}, 7 >2.
Suppose that v;_y > 0 and p;_1v;-1 < ¢;v;. Then rv; = g;v;. Since r > 1 and

q; < 1, we have v; = 0, a contradiction.

Suppose that p;_1v;_1 > g;v;. Then

Pj-1

v; = , Vj—1. (68)
By iteration,
j—1
vy =r'"7Pu, P=][p =2 P=1 (6.9)

We notice that vy = 0 implies v = 0; so we can assume v; > 0. We substitute this
formula into the one for v; and divide by rvy,
L=r""q1+ > Bumin{r /P;,r *P}. (6.10)
k=1
Assume that (P;) € X and set
Ro=q+ Y Bumin{P;, P}. (6.11)
k=1

It follows that Ro > 1. Since (F;) is a decreasing sequence,

oo j—1
RO—Q1+ZBJ3P +ZZ/6JI€P +Z Z Bjkpk- (6-12)
7j=2 k=1 7=1 k=j+1
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We change the order or summation in the last series and switch j and k,

Ro=aq +Zﬁﬂp +ZP Z Bik + Bry)- (6.13)
j=2

We now assume that Ry > 1. Since our state space is X = ¢!, we assume that

(P;) € ¢1. Under these assumptions and by (6.3), there exists some m € N and r > 1

such that
m m 7—1
T Z B Py + Z r P Z(ﬁjk + Bj) > 1. (6.14)
J=1 Jj=2 k=1
We define
w; =17 Py, j=1,...,m, w; =0, 7>m+1. (6.15)

Then, for 7 > 2,...,m,

Bj(w) = rmax{p; 17" ' Pj_1,q;r 7 P;} = rmax{r' 7 P;,¢;r 7 P;} = rw;.  (6.16)

For j > m+1,
Bj(w) > 0 = rw;. (6.17)
Finally
By(w) =q + Z B min{w;, wy}. (6.18)
jm=1

Since (w;) is decreasing, as before,

]—1
k:l

7j=2

We substitute the definition of wj,
m m 7j—1
B w) =q + Z ﬁjjT'li]Pj + Z Tlijpj Z(ﬁjk + ﬁk]) (620)
j=1 j=2 k=1

By (6.14), By(w) > r = rw;. We combine these results and obtain Bw > rw.
Suppose r = ry(B) > 1. Since B is compact under reasonable assumptions (see
Section 6.2.2), there exists some v € X, with B(v) = rv. Then v has the properties

above, and it follows that Ry > 1. By contraposition, if Ry < 1, then r, (B) < 1.
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6.2.4 Persistence Results

Assume that the semiflow induced by F' has a compact attractor of points, e.g.
under the assumption of Section 6.2.2. Choose the persistence function p : X, — R
as

p(x) = a4, r = (z;) € X;. (6.21)

Theorem 6.1. Ifr =r(B) > 1, then the semiflow induced by F is uniformly weakly

p-persistent where p is defined above.

Proof. Let
Xo={rx e X ;VneZy:p(F"(x)) =0} (6.22)

Consider the w-limit set w of an orbit in X,. Let x € w. Since w is invariant, there
exist a total trajectory (z*)rez in w C Xy with 2° = 2. Then 2% = 0 for all k € Z.
This implies that 3 = ¢z * for all k¥ € N. Since (2*) is bounded and ¢» < 1, we
obtain 23 = 0. So 2o = 0 for all z € w. A similar consider provides that x3 = 0 for
all x € w and finally z,, = 0 for all x € w.

By (Smith and Thieme, 2011, Theorem.8.20), to prove uniform p-persistence, it
is sufficient to show that the zero sequence is uniformly weakly p-repelling.

Assume that there is some j € N such that §;;(z) > 0 for all z € X;. Let v € X
and z; > 0. Then (F"(z)),11 > 0 for all n € N and (F7(z)); > 0. This way we see
that, if 1 > 0, p(F™(z)) > 0 for infinitely many n € N.

Suppose that the zero sequence is not weakly uniformly p-repelling. Choose € > 0
such that (1 —¢) > 1. Choose > 0 such that F(z) > (1 —¢)B(z) for all x € X
with ||z|| < 4.

After a shift in time, we have some z € X, with ; > 0 and ||[F"(x)|| < ¢ for

all 6 > 0. We assume that also 41+1(0) > 0. Then for some sufficiently large
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n we have that (F"(x)); > 0 and (F"(x))2 > 0. For some even bigger n € N, we
have that (F™(z)), > 0 for k = 1,2,3. Finally, for some sufficiently big n € N, we
have (F™(x))y > 0 for k = 1,...j. For this n we then also have the F"*)(z), > 0
for k = 1,...,5 +1, i« € N. Eventually, we find some i € N such that F""(x) is
w-positive. So, after a shift in time, we can assume that r € X, is w-positive and
|F™(z)]| < 6§ for all n € Z,. Then we obtain that [F"(z)], > (r(1 —€))" [z, > 0
and so [F"(x)], — o0, a contradiction. Hence the semiflow induced by F is uniformly

weakly p-persistence.

]

Assume that there exists m € N such that 5,,,,.(2) > 0, Bmi1ms1(z) > 0 for all
x € Xy. Also assume that p;(x) > 0 for j = 1,...,m. Define the persistence function
p: Xy =Ry as
plr)=> a;,  x=(x;) € Xy, (6.23)
j=1

Then we have following results:

Theorem 6.2. If r = r (B) > 1, then the semiflow induced by F is uniformly p-
persistent where p is defined above. If the semiflow F has a compact attractor of

points, then the semiflow induced by F' is uniformly p-persistent.

Proof. Since p(z) > p(z) in (6.21) and the semiflow induced by F' is uniformly weakly

p-persistent in Theorem 6.1, there exists some € > 0 such that

lim sup p(F"(x)) > lim sup p(F"(z)) > e.

n—oo n—oo

Therefore the semiflow induced by F' is uniformly weakly p-persistent.
Also if p(x) > 0, then p(F"(x)) > 0 for some n € N. Since p(z) > 0 implies at

least one of z; > 0 where ¢ € 1,...,m, by assumption p;(z) > 0 for j = 1,...,m,
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there exists some ¢ € N such that F*(z),, > 0. By assumption S, ,(x) > 0, we have
F'*1(z); > 0. Thus p(F"*(z)) > 0.

To prove uniform p-persistence, we show that if p(z) > 0, then p(F(x)) > 0.

Let 2 be an element in total trajectory (z°);ez such that p(x) > 0, then at least
one of x; > 0 where i € 1,...,m. If i < m, then by assumption p;(z) > 0 for

j=1,...,m, we have F(z);+1 > 0 where i + 1 € 2,...,m. Hence
p(F(x)) > F(x)i11 > 0.

If i = m, then by assumption S, () > 0, we have F(z); > 0. Hence
p(F(z)) > F(x), > 0.

Therefore we have if p(x) > 0, then p(F(z)) > 0. If there exists some s € N such
that p(z~*) > 0, then
pLE"(x7%)) = p(z"™%) > 0
for all n € N. This contradict with p(z°) = 0 since we can choose n = s. So (H1) in
(Smith and Thieme, 2011, Sec.5.1) has been checked.
Now we can apply (Smith and Thieme, 2011, Theorem 4.5) to get the conclusion

that the semiflow induced by F'is uniformly p-persistent. O]

Theorem 6.3. Let the assumptions of Theorem 6.1 be satisfied, further assume that
the semiflow induced by F has a compact attractor of points, then the semiflow induced

by F' is uniformly p-persistent.

Proof. By Theorem 6.1 and Theorem 6.2, the semiflow induced by F' is uniformly
p-persistent. To apply (Smith and Thieme, 2011, Corollary 4.22), we need to check
assumption (i), the semiflow induced by F' is point-dissipative and asymptotically

smooth, this is given by Section 6.2.2.
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Then we need to check assumption (ii), if we have a total trajectory (z')icz with
pre-compact range and

PN
inf p(z") > 0,

then p(z°) > 0. Since p(z*) > 0 for all ¢ € Z, at least one of z! > 0 wherei € 1,...,m.
By assumptions p;(z) > 0 for j = 1,...,m and f,,,(z) > 0, after a shift in time, we
have x? > 0. Therefore p(z°) > 0.

Both assumptions are checked, we have the semiflow induced by F' is uniformly

p-persistent by (Smith and Thieme, 2011, Corollary 4.22). O
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