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Preface

Ordinary differential equations play a crucial role in providing answers to real-
world problems and they continue to be an indispensable tool in scientific
investigations. Although these equations are often first approximations to real-
world systems, they can be refined into more accurate models by including
information about past states in time into the equations, e.g., formulating them as
delay differential equations, or more generally, functional differential equations.
The rapid progress observed in this area is mainly due to their ability to capture the
dynamics observed in real-word phenomena.

The literature on ordinary and delay differential equations is large and rapidly
growing; results appear in a variety of journals, not just those in pure mathematics.
This is due in part to their wide applicability. The domain of investigation and the
type of contribution that is needed is often dictated by the application to be
modeled. For example, it is most appropriate to study the existence and stability
behavior of positive periodic solutions of an ecological system that is strongly
influenced by periodic environmental variations.

The capability of functional differential equations to mimic the dynamics in a
periodically fluctuating environment has been the driving force for researchers to
make valuable contributions to such problems. There has also been great interest in
finding conditions under which periodic functional differential equations admit
multiple positive periodic solutions. Such problems have wide applications in
biology.

In this context, models that attract the attention of researchers include the
Hematopoiesis (red blood cell production) model, the Lasota-Wazewska model,
Nicholson’s Blowflies model, and models with Allee effects. These models have
their roots in population dynamics and are extensively used to describe real-world
problems. To the best of our knowledge, there is no book that systematically
covers the dynamics and global aspects of these models in a periodic environment.
Contributions to this area are quite recent. The necessity to bring together the
theory and applications is the motivation for this monograph.
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viii Preface

The basic tool we use here to prove the existence of multiple periodic solutions
is the well-known Leggett-Williams multiple fixed point theorem. This theorem
has been applied to problems on the existence of multiple solutions to boundary
value problems. The approach is to transform the problem into an equivalent
integral equation from which an integral operator is easily formed. The fixed
points of the operator then correspond to solutions of the original problem.
Of course, an appropriate mathematical setting for the operator must be
constructed.

A brief description of the organization of this monograph is as follows; there
are a total of five chapters. In Chap. 1, we introduced the Leggett-Williams
multiple fixed point theorems that guarantee the existence of two and three fixed
points of operators. These fixed point theorems are used throughout the book in
showing the existence of two or three positive periodic solutions of various
equations and models.

Chapter 2 is concerned with the existence of at least three positive periodic
solutions of first-order nonlinear functional differential equations. The results are
applied to several population models, such as those listed above. Chapter 3 pre-
sents sufficient conditions for the existence of at least three positive periodic
solutions for a system of nonlinear functional differential equations. An application
to the Hematopoiesis model highlights the significance of the delay in the model.

Many interesting and easily verifiable conditions on the coefficient functions are
given in Chaps. 2 and 3 for the existence of at least three positive periodic solu-
tions of first-order nonlinear functional differential equations where the nonlinear
terms are normally unimodal. This excludes some interesting population models
whose nonlinear term is either non-decreasing or non-increasing. Thus, an attempt
has been made in Chap. 4 to find existence of periodic solutions for nonlinear
equations with non-decreasing nonlinear term and established existence of at least
two positive periodic solutions.

Chapter 5 concentrates on the existence of unique positive periodic solutions
and their global asymptotic stability. Results on the existence of a unique globally
asymptotically stable periodic solution for the fishing model, the Hematopoiesis
model, Nicholson’s Blowflies model, and the Lasota-Wazewska model are
presented.

This book contains a large number of references and we hope this will be useful
to readers in their future research work.

We owe thanks to many people who have rendered their help during the
preparation of this monograph. In particular we wish to thank Chuanxi Qian
(Mississippi State University, USA), Julio G. Dix (Texas State University at San
Marcos, USA), Jaffar Ali Shahul Hameed (Florida Gulf Coast University, USA),
N. C. Mahanti (BIT, Mesra, India), and E. Thandapani (RIASM, Chennai, India)
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Chapter 1
Introduction

Qualitative theory of differential equations deals with the behavior of solutions with-
out finding them explicitly. Existence, uniqueness, oscillation, nonoscillation, as-
ymptotic behavior, periodicity, stability, asymptotic stability, and global attractivity
of solutions are studied.

One characteristic phenomenon of population dynamics is the often observed
oscillation behavior of the population densities. To better understand such a phe-
nomenon, one mechanism is to introduce time delays in the models, which results in
models described by functional differential equations. A functional differential equa-
tion is a more general type of differential equation in which the unknown function
occurs at various different times. For example,

X'(t) = f(t,x(@), x(t —7(1))), 0<7(t) <t
is a first-order delay differential equation,
x'(t) = f(t,x(t), x(t +71(1)), 0<7(t)
is a first-order advanced differential equation, and
xX'(t) = f(t,x(t), x(t — (1)), x'(t —7(t))), 0<7(t) <t

is a first-order neutral delay differential equation. The same definition can be applied
to higher order functional differential equations and system of differential equations.
The simplest and perhaps most natural type of functional differential equation is a
delay differential equation. The salt brine example in Driver [16] shows how a first-
order delay differential equation occurs in our day to day life. Similarly, the predator-
prey model in Driver [16] shows the existence of a system of first- order delay
differential equations in ecology. The monograph of Driver [16], E’lsgolts and Norkin
[17], and Hale et al. [26, 27] contain detailed elementary studies of the existence,
nonexistence, stability, and asymptotic stability of solutions of first-order functional

S. Padhi et al., Periodic Solutions of First-Order Functional Differential Equations 1
in Population Dynamics, DOI: 10.1007/978-81-322-1895-1_1, © Springer India 2014



2 1 Introduction

differential equations and of system of functional differential equations. One of the
important and elementary methods of finding solution of a delay differential equation
is the method of steps [16, 17]. Many examples arise in physical, biological, and
ecological systems in which the present rate of change of some unknown function(s)
depends upon some past values of the same function(s) [16, 41]. In [41], Murray
shows how delay differential equation models are capable of generating limit cycle
periodic solutions.

In the following, we state a global existence and uniqueness theorem for delay
differential equations; for additional details, we refer the reader to [16, 17].

Consider the delay differential equation

X@)+ f,x@), x(t —11(1), ..., x({t —1,(1)) =0, (1.1)
where for some ty € R,
f € C([tg, 00), R) and 1; € C([ty, 00), RY), fori=1,2,...,n, (1.2)

and
lim (t —7;(t)) =00, i=1,2,...,n.
11— 00

For every initial point #; > ty, we define r_1 = 7_1(#p) to be

t_1 = min inf(t — 7;(¢)). (1.3)

I<izntzl

The interval [7_1, #p] is called the initial interval associated with the initial point #g,
and the delay differential equation (1.1). With Eq. (1.1) and given initial point #; > fo,
we associate an initial condition

x(t)=0¢(), t_1 <t =t (1.4)

where
¢:[t—1,nl— R

is the initial function. A function x is said to be a solution of the problem (1.1) and
(1.4), if x is a solution of (1.1) satisfying (1.4). In addition to conditions (1.2) and
(1.3), we assume that there exists a function p € C([t, 00), RT) such that for all
t > toand for all x;, y; € R,i = 1,2,...,n, the function f satisfies the global
Lipschitz condition

n
ILf (%0, X1, -, %) = £, 50, V1o )l < p(0) D llxi = ill.

i=0
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Let t; > tg and ¢ € C[[r—1, t1], R] be given. Then the initial value problem (1.1)
and (1.4) has exactly one solution in the interval [¢1, 00).

Now, we consider the first-order nonlinear functional differential equations of the
form

x'(t) = —a()x(t) + \f(t, x(h(1))) (1.5)

and

X () =anx(®) = M, x(h (@), (1.6)

where A is a positive parameter, a, h € C(R, R;), a is T-periodic, T is a positive
constant, R = (—o00,0), Ry = [0,00),a(t) # 0,and f € C(R x Ry, Ry) is
periodic with period T in its first variable.

Ifh(t)=t—-7(), 7 € C(R,R;),and 0 < 7(t) < t, then Egs.(1.5) and (1.6)
become

X'@)=—a®)x®) + Xft,xt — 7)) (1.7)

and

X' () =at)x(t) — A\f(t, x(t — 7(1))), (1.8)

respectively.

Functional differential equations of the form (1.7) and (1.8) include many mathe-
matical, ecological, and biological models (directly or after some transformations),
such as:

(a) Lasota-Wazewska model
(1) = —a)x (1) + p(t)e OO (1.9)

(b) Hematopoiesis model or model for blood cell production

/ _ x(t - T(t)) .
x'(t) = —a@)x(t) + b(t)—1 TG0 (1.10)
(c) Nicholson’s Blowflies model
X' (1) = —a(t)x(t) + b(t)x(t — 7(r))e” VD=7, (1.11)

(d) Logistic equation of multiplicative type with several delays

X' (1) = x(1) [a(t) o IO, (r))} ; (1.12)

i=1



4 1 Introduction

(e) Generalized Richards single species growth model

0
X (1) = x(1) |:a(t) - (W;—(:)(I))) ] ; (1.13)

(f) Generalized Michaelis-Menton type single species growth model

n

o — N bix@—n@) |
x(t)—x(t)|:a(t) Z1+ci(t>x(z—7,-(t>)] (1.14)

i=1

where a, b, p, E,b;, 7,and 7; € C(R, Ry), 1 <i < n, are T-periodic functions.

The variation of environment plays an important role in many biological and
ecological systems. In particular, the effects of a periodically varying environment are
important for evolution theory as the selective forces on ecosystems in a fluctuating
environment differ from those in a stable environment. Thus, it is reasonable to study
the existence and global attractivity of periodic solutions of mathematical models
occurring in biology and ecology. From the biological and ecological points of view,
only positive solutions are important.

Functional differential equations of the form (1.5) and (1.7) can be interpreted as
the standard Malthus population model x’(¢) = —a(#)x subject to a perturbation with
periodic delay. One important question is whether these periodic functional differen-
tial equations (both the general functional differential equations and the mathematical
models) can support any positive periodic solution. This is one of the rapidly growing
research areas at this time.

In the past few years, there has been an increasing interest in studying dynami-
cal characteristics, such as stability, persistence, and global attractivity of periodic
solutions of functional differential equations of the forms (1.5)—(1.8) and system of
functional differential equations of the form

xX'(1) = A, x)x(@) + A f(t, xp), (1.15)

where A is a diagonal n x n matrix, whose entries depend on r and on the unknown
function x = (x1, x2, ..., x,,)T, and f € C(R x R, R,) is T-periodic in 7.

Many authors have studied the existence of at least one or two positive periodic
solutions of (1.5)—(1.8); for example, see [12, 30, 31, 59] and the references therein.
The method used in the above references are mainly the upper lower solution method
[15], where the existence of at least one solution is obtained if there exists a pair of
upper and lower solutions of the considered differential equation.

Krasnosel’skii’s fixed point theorem [33], fixed point theorems of cone expansion
and cone compression, and fixed point index theory [15, 33] have been used in the pa-
pers [12, 31, 51, 52, 58, 59] to show the existence of at least one and at least two pos-
itive periodic solutions of functional differential equations of the forms (1.5)—(1.8).

Although the above-mentioned fixed point theorems have been widely used in
the literature for the existence of one or two positive periodic solutions of functional
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differential equations, the application of the Leggett-Williams multiple fixed point
theorem [37] is relatively new to these studies. This motivates us to use it to show the
existence of at least two and at least three positive periodic solutions of the functional
differential equations under consideration. The sufficient conditions obtained in this
work are different from existing results in the literature that have been obtained by
other methods.

Itis well known that the Leggett- Williams multiple fixed point Theorems 1.2.1 and
1.2.2 have been used by many authors to show the existence of multiple solutions of
boundary value problems. Once a problem is transformed into an equivalent integral
operator, then it is easy to study the existence of fixed points of the operator by using
different fixed point theorems; the fixed points correspond to periodic solution of the
problem. The Leggett-Williams theorems are used throughout this book in showing
the existence of two or three positive periodic solutions.

In [53], Wang introduced the notations ig and i, and used fixed point index theory
[15] for the existence and nonexistence of iy and i, number of positive periodic
solution of the first-order functional differential equation

x'(1) = a(O)gx@)x (@) — Ab(t) f (x(t — 7(1))), (1.16)

where A is a positive parameter, a,b € C(R, [0, 00)) are T-periodic functions,
Jlayde > 0, [ b(ydt > 0.and 7 € C(R, R) is a T-periodic function. The
functions f and g satisfy the property: f,g € C(Ry, Ry),0 <l <g(x) <L <00
for x > 0,1, L are positive constants, and f(x) > 0 for x > 0.

Bai and Xu [2] used the Leggett-Williams multiple fixed point theorem [37] to
obtain sufficient conditions for the existence of at least three nonnegative periodic
solutions of (1.16). There are several research papers in the literature on the existence
of positive periodic solutions of (1.16), where the boundedness condition 0 < [/ <
g(x) < L < oo has been used.

Now, we assume that the coefficient functions and the delay term 7(¢) in the models
(1.9)—(1.14) are positive and T -periodic. Different sufficient conditions have been
obtained in the literature for the existence of at least one and two positive periodic
solutions of (1.9)—(1.14). In studying the existence of positive periodic solutions of
(1.5)—(1.8), Graef et al. [23] proved that (1.9) has always at least one positive 7T -
periodic solution. Brouwers fixed point theorem [15] was used to prove their result.
Similar results using Krasnosel’skii’s fixed point theorem can be found in [51, 56,
59] and the references cited therein.

Zhang et al. [59] used fixed point theory on cones to prove that if b(t) > a(z),
then (1.10) has at least one positive T-periodic solution. On the other hand, Kras-
nosel’skii’s fixed point theorem [33] has been used in [51, 57] to prove a similar
result for the existence of at least one positive 7 -periodic solution of (1.5). Wu et al.
[55] proved that the condition b(¢) > a(t) is a necessary and sufficient condition for
the existence of at least one positive T -periodic solution of (1.10).
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As pointed out earlier for the functional differential equations (1.5)—(1.8) and
(1.15), it seems that the existence of at least two or three positive periodic solutions
of (1.9)—(1.14) are relatively scarce in the literature.

Global attractivity of periodic solutions of mathematical models in biology and
ecology plays an important role in nature. The global attractivity of solutions to a
periodic solution implies that every solution of the equation converges to the periodic
solution. This shows that the system is properly controlled. One may refer to [6, 7,
21-25, 31, 32, 34, 35, 38, 39, 41, 44, 46-48, 50, 54] for results on the global
attractivity of solutions of first-order differential equations and some mathematical
models.

1.1 An Introduction to Allee Effects

Allee effects refer to a population that has a maximal per capita growth rate at
intermediate densities. This occurs when the per capita growth rate increases as
density increases and decreases after the density passes a certain critical value. The
logistic equation was based on the assumption that the density has a negative effect on
the per-capita growth rate. However, some species often cooperate among themselves
in their search for food and to escape from their predators. For example, some species
form hunting groups (packs, prides, etc.) to enable them to capture large prey. Fish
and birds often form schools and flocks as a defense against their predators. Some
parasitic insects aggregate so that they can overcome the defense mechanisms of a
host. A number of social species such as ants, termites, bees, etc., have developed
complex cooperative behavior involving the division of labor, altruism, etc. Such
cooperative processes have a positive feedback influence since individuals have been
provided a greater chance to survive and reproduce as density increase. Aggregation
and associated cooperative and social characteristics among members of a species
were extensively studied in animal populations by Allee [1]. The phenomenon in
which reproduction rates of individuals decrease when the density drops below a
certain critical level is now known as the Allee effect.

When the density of a population becomes too large, the positive feedback effect of
aggregation and cooperation may then be dominated by density-dependent stabilizing
negative feedback effects due to intraspecific competition due to excessive crowding
and the ensuing shortage of resources. For example, consider the delay Lotka-Volterra
type single species population growth model

X' (1) = x()]a + bx(t — ) — x>t — 7)], (1.17)

where a > 0, ¢ > 0, 7 > 0, and b are real constants. If 7 = 0, the per capita growth
rate is g(x) = a + bx — cx2. If b > 0, then ¢’(0) = b > 0, and g(x) achieves
its maximum at x = b/2c, thus exhibiting an Allee effect. If b < 0, then g(x) is
a decreasing function of x for x > 0, and thus there is no Allee effect. Note that
(1.17) can be interpreted as a single species model with a quadratic per capita growth
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rate, which represents a nonlinear approximation of more general types of nonlinear
growth rates with single humps.

Allee effects have been extensively studied in recent years largely because of
their potential role in the extinction of already endangered, rare, or dramatically
declining species [3, 18, 49]. The Allee effect refers to a decrease in population
growth rate at low population densities [4, 10, 14, 18, 19, 40, 42, 45]. There are
several mechanisms that create Allee effects in populations, and a classification of
these effects is presented in [5]. Some real-world examples exhibiting Allee effects
can be found in [9, 14, 20, 28, 29, 36, 43]. A critical review of single species models
subjected to Allee effects is presented in [8]. An equation representing the growth
of a species with Allee effects and the associated dynamics are discussed in [13,
32]. Many of the discussions in the literature deal with differential equations with
constant coefficients. Although seasonality is known to have considerable impact
on the species dynamics, to our knowledge there does not exist much literature
that discusses the dynamics of a renewable resource subjected to Allee effects in
a seasonally varying environment. In this book, we introduce seasonality into the
resource dynamic equation by assuming the involved coefficients to be periodic as in
[11]. Our interest is to find an estimate on the number of positive periodic solutions
admitted by the considered model.

Let us consider the following equation representing dynamics of a renewable
resource y, that is subject to Allee effects [13, 32]:

d
a%:@@—m&—w,a>QO<b<a (1.18)

where the constants a, ¢, and b represent, respectively, the intrinsic growth rate, the
carrying capacity of the resource, and the threshold value below which the growth
rate of the resource is negative. It is well known that Eq. (1.18) admits two positive
solutions given by y(#) = b and y(f) = ¢ and one trivial solution as its equilib-
rium solutions. Equation (1.18) can be nondimensionalized to reduce the number of
parameters to obtain

d
-%:y@—@ﬂ—w,0<ﬂ<L (1.19)

Since we are interested in the dynamics of a renewable resource in a seasonally
varying environment, we assume the coefficients a, b, ¢ to be nonnegative 7T-periodic

functions of the same period, and study the existence of T-periodic solutions. Thus,
we consider d
Yy
pl a)y(y —b(0)(c(r) — y) (1.20)
where the nonnegative functions c(¢) and b(¢) stand for the seasonal-dependent
carrying capacity and the threshold function of the species, respectively, and satisfy

0 <b(t) < c(t). (1.21)
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Here, a(t) represents time-dependent intrinsic growth rate of the resource. Clearly,
the trivial solution (y(t) = 0) is a periodic solution of (1.20). Since this study
deals with resource dynamics, we are interested in the existence of positive periodic
solutions of the equation.

The transformation

y(@) = c(t)x(1) (1.22)
transforms Eq. (1.20) into
de ( ) c/(t)) 5 5
— = —ta()c k() + x+a@)c () (1 + k() —x)x7, (1.23)
dt c(t)
where bs)
k(t) = % < 1. (1.24)

Note that (1.23) is a particular case of a general scalar differential equation of the

form
dx

pri —A(t)x(t) + f(t, x(1)) (1.25)
where A € C(R,R) and f € C(R X R, R) satisfy A(t + T) = A(t) and f(tr +
T,x)= f(t,x).

1.2 Preliminaries

In the following, we list some results for ready reference.
Let X be a real Banach space. A closed convex set K C X is called a (positive)
cone if the following conditions are satisfied:

(i) if x € K, then Ax € K for A > 0;
@ii) ifx € K and —x € K, thenx = 0.

By a completely continuous map, we mean a continuous function that takes
bounded sets into relatively compact sets. A notion central to the Leggett-William
theorem is that of a concave positive functional on a cone K, which we define as
follows.

Definition 1.2.1 A continuous map ) : K — [0, 00) is said to be a continuous
concave positive functional on K if

Ylpx + (1 —pwy) > ppx) + A —wp(y), x,yeK, pelo,1].

For example, if x¢ is an interior element of K, then the map ¢ : K — [0, 00)
defined by ¥(x) = max{~y : yxg < x} is a concave positive functional on K.
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It is possible to define different types of positive concave functionals. In
Chaps. 2-4, we have considered a particular positive concave functional that is the
best fit to prove the results. For some other concave functionals, we refer the reader
to the paper of Leggett and Williams [37].

Fora > 0, define K, = {x € K : ||x|| < a}. Then K, = {x € K : ||x]|| < a}.
Letb > 0 and ¢ > 0 be constants and K and X be defined as above. Define

Kb, o) ={x € K :9(x) = b, ||x]| < c}.

With this, we now state the following two fixed point theorems for our use in the
sequel.

Theorem 1.2.1 ([37, Theorem 3.5]) Let c3 > 0 be a constant. Assume that A :
fq — K is completely continuous, there exists a concave nonnegative functional
Ywithiy(x) < ||x|, x € K, and there exist numbers c1 and ¢y withQ < ¢] < ¢3 < ¢3
satisfying the following conditions:

@) {x € K@, c2,¢3) : ¥(x) > &2} # pand P(Ax) > 2 if x € K(), 2, ¢3);
(i) [[Ax| <ecrifx € K¢y;
and
(i) ¥(Ax) > 2||Ax]| for each x € K, with | Ax| > c3.

C

Then A has at least two fixed points x1, X2 in ?03. Furthermore, ||x1|| < ¢1 <
lx2ll < c3.

Theorem 1.2.2 ([37, Theorem 3.3]) Let X = (X, ||.|l) be a Banach space and
K C X be a cone, and c4 > 0 be a constant. Suppose there exists a concave
nonnegative continuous function ¢ on K with ¢(x) < ||x|| for x € EQ‘ and let
A : K. — K, be a continuous compact map. Assume that there are numbers

c1,crand c3 with0 < ¢ < ¢ < ¢3 < ¢4 such that

1) {(x e KW, ca,c3) : Y(x) > c2} # ¢pand(Ax) > cr forallx € K(1), ca, c3);
(i) |Ax|| < ci forallx € K;
(iil) Y(Ax) > ¢y forall x € K, ¢z, ca) with || Ax|| > c3.

lhenA has at least three fixed points x1, xo and x3 in ?ﬁ . Furthermore, we hive X] €
K¢, x2e{x e KW, ca,cq) 1 Y(x) > 2}, and x3 € K \{K (W, c2,c4) UK}

1.3 Outline of the Book

The results in this book have been divided into five chapters. This chapter contains
concepts that will be used throughout the remainder of this book. All elementary
results needed in the remaining chapters of the monograph are incorporated as
needed. The Leggett-Williams fixed point theorems stated above are the basic tools
to be used.
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Chapter?2 deals with the existence of at least three positive T-periodic solutions
of functional differential equations of the form (1.5)—(1.8) and

X' (1) = £a®)x(@) F Ab@) f (1, x(h (1)), (1.26)

where b € C(R, R ) is periodic with period T'. The Leggett-Williams multiple fixed
point theorem ([37, Theorem 3.3]), that is, Theorem 1.2.2, is used to prove the results.
Some explicit intervals on the parameter A are obtained for the existence of at least
three positive T'-periodic solutions of the equations. As an outcome, it is observed
that an increase in the upper bound on

. S x)
lim sup max
x—oo 0=t=T X

or

: f @, x)
lim sup max
x—o00 0<t<T a(t)x

decreases the range on A and vice-versa.

As a conclusion of Chap.2, the results obtained are then applied to the mathe-
matical models (1.9)-(1.11) with a(¢t) = a, b(t) = b, y(t) = v, and 7(t) = T being
positive constants. Some explicit intervals on b are given so that the models (1.9)—
(1.11) will have at least three positive T-periodic solutions. In the sequel, a new
sufficient condition for the existence of at least three positive 7 -periodic solutions
of the general Hematopoiesis model

/ _ x™(t —71)
x'(t) = —ax(t) + b—1 Ty a— (1.27)

is also obtained.

Chapter 3 is concerned with the existence of at least three positive 7 -periodic
solutions of the system of differential equation (1.15). Some simple and easily ver-
ifiable sufficient conditions have been obtained for the existence of at least three
positive T-periodic solutions of (1.15) such that the results can be applied to some
scalar functional differential equations. As a consequence, we obtain a new suffi-
cient condition for the existence of at least three positive T'-periodic solutions of the
general Hematopoiesis model with variable coefficients

/ _ x"(t —T)
x'(t) = —a()x(t) +b(t)l+x"—(l—7') (1.28)

and the Nicholson’s Blowflies model

X' (1) = —a()x(t) + b(1)x(t — 7)e 1 D¥E=T) (1.29)
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It can be observed from the sufficient conditions assumed in Chaps.2 and 3, that
the function f needs to be unimodal, that is, the function f first increases and then it
eventually decreases. This is because of the choice of the constant ¢4 needed to apply
the Leggett-Williams Theorem (Theorem 1.2.2). This choice of functions exclude
many important class of growth functions arising in various mathematical models,
such as in (1.12)—(1.14). This motivates us to study the existence of at least two
positive periodic solutions of the functional differential equations (1.6) and (1.8)
without using the constant c4. Theorem 1.2.1 is used to prove the results. This is
studied in Chap.4 of this work. The results are then applied to the models (1.12)—
(1.14) to show the existence of at least two positive periodic solution. Furthermore,
we provide results on the existence of positive periodic solutions of Eq. (1.25) under
reasonable assumptions on the functions and we apply these existence results to
Eq.(1.23) to obtain information on existence of positive 7-periodic solutions. An
application to the existence of two positive T -periodic solutions of the model with
Allee effect (1.20) is given with examples in the last section of Chap.4.

Chapter 5 is concerned with the existence and global attractivity of the models
(1.9), (1.10), (1.29), and the fishing model

b(t)x (1)
0"

I+ (ﬂ(t))
where a, b, and p are T-periodic positive continuous functions and v > 1 is a real
constant. A suitable Lyapunov functional is used to study the global attractivity of
equilibrium points of (1.10) and (1.29). On the other hand, the mean value theorem is

used to discuss the global attractivity of an equilibrium point of (1.30). The definition
of global attractivity is as follows.

X'(t) = —a(t)x(t) + (1.30)

Definition 1.3.1 Suppose that x(¢) and X (¢) are two positive solutions on [ — T, 00),
where 7 = max 7(¢). The solution x(¢) is said to be asymptotically attractive to

0<t<T
x(t) if
Aim [x(@) = x()] = 0.

Furthermore, X (¢) is called globally attractive if X (¢) is asymptotically attractive to
all positive solutions.
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Chapter 2

Positive Periodic Solutions of Nonlinear
Functional Differential Equations

with a Parameter \

In this chapter!, we provide several different sets of sufficient conditions for the exis-
tence of at least three positive periodic solutions to first-order functional differential
equations. We will begin by considering the equation

x'(t) = —a(t)x(t) + \f(t, x(h(1))) (2.1)

in Sect. 2.1. Here, we assume that R = (—o00, o0), Ry = [0, 00), T > 0isaconstant,
A > 0is a parameter, n € C(R, R),a € C(R,Ry),a(t) #0,a(t +T) = a(t), and
f € C(R x Ry, Ry) is periodic with respect to the first variable with period T'.

Let X be a Banach space consisting of all positive T'-periodic functions equipped
with the sup norm and let K be a positive cone in X. Assume that for any M > 0
and € > 0, there exists § > 0 such that for u, v € K with ||u]| < M, ||v|| < M, and
lu — v|| < d, we have

If@ u) = f v <e 2.2)

uniformly in 7.
In Sect. 2.2, we establish the existence of three positive periodic solutions of the
differential equation

x'(1) = a(®)x(t) = \f(t, x(h(1))) (2.3)
by changing the bounds on the Green’s kernel. In Sect. 2.3, we present sufficient con-

ditions for the existence of at least three positive periodic solutions of the functional
differential equation

x'(1) = a@®)x(t) = Ab(0) f (1, x(h(1))), 2.4

where A\, a, and f are as above, b € C(R, Ry) is T-periodic, and fOT b(t)dr > 0.

1 Some of the results in this chapter are based on papers [5-8].
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If, in particular, h(t) =t — 7(t), 7 € C(R, Ry), 0 < 7(t) < t, then (2.1), (2.3)
and (2.4) take the forms

xX'(t) = —a()x(t) + A\f(t, x(t — 7(1))), (2.5)
xX'(t) =a@)x(@) = f(t, x(t — 7)), (2.6)
and
xX'() =a®)x(t) —  \b@)f (¢, x(t —7(2))), 2.7
respectively.

The results obtained in this chapter can be extended to equations with multiple
delays such as

X)) =—a®x@) +Aft,xt —11(), ..., x(t — Tu())) (2.8)

and

X@) =a®)x@) = Aft,x@t —711(0), ..., x(t — (D)), (2.9)

where 0 < 7;(¢t) <t,7;(t+T)=71(),i =0,1,...,m, f € C(R x R}, Ry), and
f@+T,x1,x0, ..., %) = f(t, X1, X2, ..., Xpm)-

Functional differential equations of the form (2.5) include many mathematical,
ecological, and population models (either directly or after a transformation). For
example:

(i) Lasota-Wazewska model
xX'(1) = —a)x(t) + b(r)e D=0, (2.10)
(i) Nicholson’s blowflies model
X (1) = —a(®)x(t) + b(O)x™ (t — 7(1))e VOO, 2.11)
(iii) Model for red blood cell production

xM(t — 7))

X' (1) = —a)x(t) +b(t)m'

(2.12)

Note that Egs. (2.11) and (2.12) include (1.11) and (1.10) as special cases.

In this chapter, we prove some results on the existence of at least three positive
periodic solutions to (2.1), (2.3), and (2.4) by using the Leggett-Williams multiple
fixed point theorem (Theorem 1.2.2). We then apply our results to obtain some new
criteria for the existence of at least three positive periodic solutions to the models
(2.10)—(2.12).

Some explicit intervals on the parameter A for the existence of solutions are given.
We should also point out that the interval on A changes according to changes in upper
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bound on f, that is, an increase in the upper bound on f decreases the range on A
and vice-versa.

To study the existence of periodic solutions, we transform the given equation into
an equivalent integral operator. This means that the existence of a positive periodic
solution of the differential equation is equivalent to the existence of a fixed point of
the operator (see Lemma 2.1.2).

The following notations are used in this chapter:

. tﬁx
f* =1lim sup max AULY
x—h 0=t=T X

and

- t,
= lim sup max A x)'
r—h 0<t<T a(t)x

2.1 Positive Periodic Solutions of the Equation
x'(t) = —a@®)x@) + Af (¢, x(h(2)))

In this section, we present sufficient conditions for the existence of three positive
periodic solutions to Eq. (2.1) by using the Leggett-Williams fixed point theorem
(Theorem 1.2.2 above). First we observe that Eq. (2.1) is equivalent to

(+T
x() =\ / G(t,s)f(s,x(h(s)))ds, (2.13)
t
where .
Ja()do
et
G(t,s)=—
[a® do
eo —1

is the Green’s function which satisfies the property

1

)
6T1§G(l’s)§6—_1=ﬂ’ forall s e[t,t+T],

O0<a=

and 6 = efor a®)d? Since a(t) > 0 for ¢ € [0, T], we have § > 1.
Let
X={x(@):x@) €eCR,R), x(t) =x@t+T)} (2.14)

with [lx[| = sup,¢[o, 77 [x(#)]. Then X is a Banach space with the norm || - ||. We
define a cone K in X by
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_ [lx]l
K=jxt)eX:x(t)> 5 tel0,T] (2.15)

and an operator Ay on X by

t+T

(Axx)(t) = A / G(t,s)f(s,x(h(s)))ds. (2.16)
t

Lemma 2.1.1 The operator A ) satisfies A\(K) C K and Ay : K — K is compact
and completely continuous.

Proof To show A)x € K, we see that
t4+2T

(Ax)t+T)= A / Gt+T,s)f(s,x(h(s)))ds

t+T
t+T

= A / Gt+T,z+T)fz+T,x(h(z+T)))dz
t

t+T

:)\/ G(t,2) f (2 x(h(2))) dz
t

= (Ax\x)(0).

Hence, A)x € K. Notice that for x € K, we have
T
|Axx]l < /\5/f(S1X(h(S)))dS (2.17)
0

and

T
(A0 (@) > \a / F(s. x(h(s))) ds.
0

The above inequalities imply

[ Axx]l

(Arx)(1) = %nmn > 3

This shows that Ayx € K, thatis, A\(K) C K.

Next, we show that A ) is completely continuous. From assumption (2.2) on f, if
x,y € K with x| = M, |lyll =M, and |lx — y|| <4, then
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€
,uh — f(s,v(h —.
O;JETIf(S u(h(s))) — f(s, v(h())| < T

Thus,

t+T

1(Axx) (@) — (A (D] = A / |G, )| f (s, x(h(s))) — f(s, y(h(s)))|ds
t

T
=< Aﬁ/ |f (s, x(h(s))) — f(s, y(h(s)))|ds
0

< /\ﬁ)\ﬁLTT <.

Hence, A) is continuous. Next, we show that f maps bounded sets into bounded
sets. Let € = 1. Then again from (2.2), we have

Lf (s, x(h(s)) — f(s, y(h()] < 1.

Choose a positive integer N so that % < J. Let x € X and define x;(t) = x(t)(%)
forl =0,1,..., N.If |x]| < M, then

I I (1) : (t)l ! x| < o
— _ = Su _— —_— = — — < 0.
A== Dy =Ty N - N

Hence, | f (s, x;(h(s))) — f(s, x;—1(h(s)))| < 1 fors € [0, T], and this gives

N
Lf (s, x(h()] = Z [f (s, xi(h(s))) — [ (s, xi—1(h())| + 1 f (s, 0)]
=1
=N+ If(s, 0l = M.

Now, from (2.17) and the fact that ¢t € [0, T'], we have

T
[Axx]l < Aﬂ/f(s,x(h(S)))ds < ABTM;. (2.18)
0

Finally, we have

d
g AN @) = MG 1 +T)f+T,x(h(t +T))) — G, 1) f(t, x(h(1)))]
—a(n)(Axx)(1).
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From (2.18) and the choice of M, we obtain

< ABMi[llallT +2].

'dA t
A0

Hence, {(A)x) : x € K, ||x]| < M} is a family of uniformly bounded and equicon-
tinuous function on [0, 7']. Thus the operator A) is completely continuous by the
Ascoli-Arzela theorem (see Royden [9, p. 169]). This completes the proof of the
Lemma. O

Lemma 2.1.2 The existence of a positive periodic solution of (2.1) is equivalent to
the existence of a fixed point of the operator Ay in K.

Proof First, for x € K and Ayx = x, we have

d t+T
x'(t) =% A / G(t,s)f(s,x(h(s)))ds
t
=ANGU, t+T)f+T,xh(t+T))) —AG(t,t) f(t, x(h(1)))
+T 5
+)\/ EG([,s)f(s,x(h(s))) ds
'
=AMG@E t+T)— G, 0)]f @, x(h(@))) —at)(Axrx)(1)
=Af(t, x(h(1))) —a(t)x(1),

since SG(t,5) = —a()G(t, s).
Next, if x is a positive T -periodic solution, we have

t+T

)\/ G(t,s)f(s, x(h(s)))ds
t
t+T

/ G(t,8)(x'(s) + a(s)x(s)) ds

t

+T +T

/ G(t,5)x'(s)ds + / G(t,s)a(s)x(s)ds
1 t

t+T t+T

[G(t,s)x(s)]§+T_ / (%G(r,s))x(s)ds—i— / G(t,s)a(s)x(s)ds
t t

(Axx)()
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t+T
=[G, t+T)—- G, t)]x() — / G(t,s)a(s)x(s)ds

t+T
+ / G(t, s)a(s)x(s)ds
t
=x(1),

since %G(t, s) = a(s)G(t, s). Clearly, (A\x)(¢) > O fort € [0, T'], and this completes
the proof of the Lemma. O

In order to prove the existence of a positive T -periodic solution of (2.1), in view
of Lemma 2.1.2, it suffices to show that the operator in (2.16) has a fixed point.

Theorem 2.1.1 Let f°° < 1 hold. Assume that there are constants 0 < ¢| < ¢
such that

(Hy) f(t,x) >20cy forx € K,cp <x <dcp,and0 <t <T,
and

(Hy) f(t,x) <ciforx e K,0 <x <c,and0 <t <T.

Then (2.1) has at least three positive T -periodic solutions for

6—1 \ 0—1

— <A< —.

20T 6T
Proof We consider the Banach space X defined in (2.14) and the cone K asin (2.15).
Since f*° < 1, there exist € € (0, 1) and € > 0 such that f (¢, x) < ex forx > 6.
Let

vy = max ft, x).

0<x=<60,0<t<T

Then f(¢,x) <ex+yforx >0and 0 <t < T. Choose

|2 00]
¢4 > max ,0c ¢ .
1—e¢
Then for x € Eu, we have
(+T
[Axx| = sup A / G(t,s) f(s,x(h(s))) ds
0<t<T

IA

V) r b d
o [ et as
0
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T
< / (ex(h(s)) + ) ds
60—1
0
T

IA

A /(II I +d
51 €llx ) ds
0

- )\6(€C4+’Y)T
- o0—1

< ¢4
Hence Ay : Ko, — K.,.

Next, define a nonnegative concave continuous functional ¥ on K by ¥ (x) =

n[})inT ] x(1). Let c3 = dcp and ¢ (t) = ¢g, where ¢ is any given number satisfying
tel0,

¢y < ¢po < c3. Then ¢g € {x € KW, c2,¢3) : ¥(x) > c2}. Forx € K(¥, c2, ¢3),
by (Hp) we have

t+T

P(ANx) = OminT A / G(t,s) f(s,x(h(s)))ds
=t=

t

v

T
(Q—l/f(s,x(h(S)))ds
0
A
> mzé‘CjT

> C).

Thus, property (i) of Theorem 1.2.2 is satisfied.
Now for x € K., (H) gives

1+T
[Axxll = sup A [ G(,5)f(s,x(h(s)))ds

0<t<T

A0
0—1

A

T
/f(s, x(h(s))) ds
0

A0
0—1

< Cy,

IA

aT

thatis, Ayx € fq. Hence, property (ii) of Theorem 1.2.2 is satisfied.
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Finally, for x € K (1, c2, c4) with ||A x| > c¢3, we have

T
O
¢3 < 1 Axx]| < m/f(s,xaz(s)))ds,
0

which implies that

T
A
Y(Ayx) = m/f(s,X(h(S)))ds
0
3
“ 5
= C).

This proves that property (iii) of Theorem 1.2.2 holds. Therefore, (2.1) has at least
three positive T -periodic solutions. This completes the proof of the theorem. O

Theorem 2.1.2 Let [ < % hold and assume that there exist 0 < ¢1 < ¢ such
that ‘

(H3) f(t,x) >0 —1)cp for x € K, cp <x <6cy, and 0<t<T,
and

(Hy) f(t,x) < %clforxel(, 0<x=<c,and 0<t<T.

Then Eq. (2.1) has at least three positive T-periodic solutions for

1 1
— <A< .
oT T
The proof of this theorem is essentially the same as the proof of Theorem 2.1.1,
but we include it here for the sake of completeness.

Proof Consider the Banach space X given in (2.14) and the cone K as in (2.15).
Since f*° < /—13 there exist € € (0, %) and # > 0 such that f(¢,x) < ex forx > 0
and 0 <t < T. Suppose that

vy = max ft, x).

0<x<60,0<t<T

Then, f(t,x) <ex+~yforx >0and 0 <t < T. Choosing c4 > max {IZ—[;F, 5cz}

and proceeding as in the proof of the Theorem 2.1.1, it can be shown that Ay :
K: — K.

Next, we define a nonnegative concave continuous functional ) on K by ¥(x) =

n[})ir;]x(t). Choosing c3 = dcp and ¢ (1) = ¢o € R satisfying ¢y < ¢g < 3, we see
tell,
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that ¢g € {x € K (¥, ¢2, ¢3) : ¥(x) > c2} is nonempty. Then, for x € K (¥, c2, ¢3),
using (H3) we have

T
A
Y(Axx) = m/f(s,X(h(S)))ds
0

5%5(5 - 1) (&) T

> ).

IV

Now for x € K, , from (Hy),

T
A
[Axx] < 5—/f(s,X(h(S)))ds
0

A 5—1
<

-1
< (1.

Furthermore, for x € K (v, ¢, ¢4) with ||A)x]| > c¢3, we have

c3 < [[Axx]l = —/\/f(s x(h(s))) ds,

which in turn implies

T
1
YA 2 o) / F (s, x(h(s))) ds
0
3
_a
1)
= cs.

Therefore, by Theorem 1.2.2, Eq. (2.1) has at least three positive T -periodic solutions,
and this completes the proof of the theorem. O

Theorem 2.1.3 Let [ < ﬁiz and assume that there are constants 0 < ¢| < ¢
such that

(H5)f(t,x)2%forxeK,02§x§562and0§t§T

and
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(Hg) f(t,x) < %forx €eK,0<x<ciand0 <t <T.

Then Eq. (2.1) has at least three positive T-periodic solutions for

l <A< é

T T
Proof Choose the Banach space X and cone K as in (2.14) and (2.15), respectively.
Clearly, [ < /5% implies that there exist € € (0, [%) and 6 > O such that f(z, x) <
ex forx > fand 0 <t < T. Choose ~ as in the proof of Theorem 2.1.1. It is easy
to show that A ), : Em — fm, where

c4 > max ﬂ,écz .
1 — B2

Now, define a nonnegative concave continuous functional i) on K as in the proof

of Theorem 2.1.1._Then for x € K(v, 3, ¢3), from (Hs) we have ||Ax|| > c2. In
addition, for x € K,, (He) implies

T
[Axx]l < ﬂ/\/f(s,x(h(S)))ds
0

T

<ﬂ)\/%ds

0
< cy.

The rest of the proof is the same as that of Theorem 2.1.1. Therefore, (2.1) has at
least three positive T -periodic solutions. The theorem is now proved. O

2
Theorem 2.1.4 Let f*° < (6_5—31) and assume there exist constants 0 < ¢] < ¢
such that (Hs) holds and

2
(H7) f(t,x) < (5531) ciforx e K,0<x<crand0 <t <T.

Then Eq. (2.1) has at least three positive T-periodic solutions for

1 52
—<)\<—.
T 6 —DT

Proof Since f*° < (6531)2 , there exist e € (0, (6531)2) and # > Osuchthat f(z, x) <
ex for x > 6. Suppose that v = max f(t, x). Set

0<x<6,0<t<T
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BT 5
G 12— "

cq > maxi

Proceeding along the lines of the proof of Theorem 2.1.1, we can show that A) :
Ke, — Ky

With the nonnegative concave continuous functional ) on K defined as in
Theorem 2.1.1 and using (Hs), we have

T
A
Y(Axx) = (S_—I/f(&X(h(S)))dS
0

>)\(5 DeaT
=01 “

> ).

Next, using (H7), for x € ECI s

T
1)
Al = A5 / F s, x(h(s))) ds
0

5 (5—1)72
<A P

< C].

caT

The remainder of the proof is similar to the proof of Theorem 2.1.1. Consequently,
(2.1) has at least three positive T -periodic solutions and this completes the proof of
the theorem. O

Theorem 2.1.5 Assume that f* < 1, f° < 1, and there is a constant c; > 0 such
that (Hy) holds. Then (2.1) has at least three positive periodic solutions for

Proof Since f*° < 1, there exist 0 < d; < 1 and &; > 0 such that
ft,x) <dx forx > ¢&.

Let 51 = max f(t, x). Then,

0=<x<§&,0=<t<T
f(t,x) <dix+ B for0<x < oo.

Choose
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c4 > max B L0 ¢ .
1 —9;

For x € K,, we have

t+T

[ Ax|l =OSUPT)\/ G(t,5)f(s, x(h(s)))ds
==

IA

t
T
4§—/ h(s))d
- f(s,x(h(s s
0
T

IA

Y
gjq/wmmu»+ﬁom
0
T

IA

Y
22 @i+ o as
0

_ A6 (d1¢q +ﬂ1)T
- 6—1

< c4.

This shows A) : FQ — Eq. Now setting ¢c3 = dcp, defining the nonnegative
concave continuous functional ¥ (x) = n[lomT ]x(t), and using (Hj), we can show
tel0,

that condition (i) of Theorem 1.2.2 holds.

Since f0 < 1, there exist 0 < 0, < 1and 0 < & < % such that
ft,x) <dx for 0 <x <&.
Set 0 < ¢ = &; then for x € K, we have

T

[Axx]l = sup A/G(I,S)f(&X(h(S)))dS

0<t<T

0
aT
-1

IA

A2

1)
< dycy

< cy.

Thus, condition (ii) of Theorem 1.2.2 is satisfied. The proof of (iii) in Theorem 1.2.2
is easy. Consequently, (2.1) has at least three positive T-periodic solutions, which
proves the theorem. O
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Example 2.1.1 Consider the equation

lo

3 12
X () = — 28 |sinz|x(z)+ge%ﬁ(z)e—x(’), r>0. (2.19)
Y

2
_ log3, . _ : _ 3 _ 4,93 —x
Herea(r) = =5=|sint|and T = m. Setting A = =, weseethat f(z, x) = se”x"e™ .

Clearly, f® < 1and f° < 1. Furthermore, fowa(t) dr = log 3 implies that 6 = 3.

1 1 .
Hence, o = ;-7 = 7 and 0= % = % Choosing ¢; = 3, we have ¢3 = dcp = 9.

Then it is easy to see that

4 108
f(t,x) = gegx3e7x > v > 18 =2d0cp forey < x < c3,

37 31

2.1.5, Eq. (2.19) has at least three positive T -periodic solutions.

thatis, (Hy) holds. Inaddition, A = 2 € (55, 2) = (45, %7 ). Thus, by Theorem

Remark 2.1.1 In general, itis difficult to obtain a function f (¢, x(¢)) satisfying (Hy)
and (Hy), or (H3) and (Hy), or (Hs) and (Hg), or (Hs) and (H7), simultaneously.
From Theorem 2.1.5, it is easy to verify that the conditions (H>), (Ha1), (He), and

(H7) can be replaced by the conditions 0 < 1, 0 < % 9 < é and 9 < (55—31)2,
respectively. One may proceed along the lines of the proof of Theorem 2.1.5 to finish

the proof.

Remark 2.1.2 1Tt is not difficult to check that

t+T

/ a(s)G(t,s)ds = 1.

t

This leads us to obtain the following new sufficient conditions for the existence of at
least three positive T-periodic solutions of (2.1) using the symbol f” defined earlier.

Theorem 2.1.6 Let f ® < T hold and assume that there are constants 0 < ¢| < ¢3
such that (Hy) and (Hy) hold. Then (2.1) has at least three positive T -periodic

solutions for
0—1 1
—— <A< —.
20T T

Proof From f ® < T, it follows that there exist € € (0, T) and 6 > 0O such that
ft,x) <ea()xforx >0and0 <t <T.Let

vy = max f(t, x).

0<x<6,0<t<T



2.1 Positive Periodic Solutions of the Equation x’(t) = —a(t)x(¢t) + \f (¢, x(h(t))) 29
Then f(t,x) <ea(t)x +yforx >0and 0 <t < T. Choose

oy T

G-DT -0

c4 > max [

Then, for x € Em, we have

t+T

[Axx|l = sup /\/G(I,S)f(s,X(h(S)))dS
t

0<t<T

t+T

sup )\/G(t,s)(a(s)x(h(s))e+’y)ds
1

IA

0<t<T
+T
sup A G(t,s)(a(s)||xll e+ ) ds

0<t<T

IA

t+T t+T

A| ecs sup /a(s)G(t,s)ds—i— sup 7/ G(t,s)ds
OStSTt 0<t<T /

v6
A —T
= |:ec4+5_1 i|

: + 207
<_ [
R

< c4.

IA

Hence, A) : ?64 — ?04-

Next, we define a nonnegative concave continuous functional 1) on K by ¥ (x) =

n[%)inT] x(t). Then ¥ (x) < |lx||. Let ¢3 = dcp and ¢o(t) = ¢, Where ¢ is any given
1€l0,

number satisfying ¢y < ¢o(t) < c¢3. Then ¢g € {x : x € K (¢, ¢3, ¢3), ¥(x) > c2}.
Furthermore, for x € K (1, ¢3, ¢3), from (H;) we have

t+T

P(A)x) = min )\/ G(t,s)f(s,x(h(s)))ds

0<t<T
t

T
1
> m/\/f(s,x(h(s)))ds
0

A
2 56T
z 520

> ).
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Now, let x € ?c, ; then, using (Ha),
t+T
[Axxll = sup A [ G(z,5)f (s, x(h(s)))ds
0<t<T
t
Ad r
< 5—1/f(S,X(h(S)))dS
0
Ad 0—1
c
s—1""%

< Cy,

<

that is, Ayx € fq.
Finally, for x € K (3, ¢z, c4) with [|[A) x| > c3, we have

T

0
c3 < [[Axx]l = (S_—IA/f(S,X(h(S)))ds,
0

which in turn implies that

T
1
YAV = o) / Fs.x(h(s))) ds
0
3
o
= ).

Hence, all the conditions of Theorem 1.2.2 are satisfied and so Eq. (2.1) has at least
three positive 7' -periodic solutions. This completes the proof of the theorem. O

Theorem 2.1.7 Let f ® < T. Assume that there exist constants 0 < ¢} < ¢y such
that (Hy) and

(Hs) f(t,x) >2(0 —1D)cy forx €K, co <x <6cpand0<t<T.

Then (2.1) has at least three positive T -periodic solutions for

1 1
— <A< —.
2T T
Proof The proof of the theorem is quite similar to proof of Theorem 2.1.6. Here, we
use (Hg) in place of (Hj) in the following way to show condition (i) of Theorem
1.2.2. Define ¥ on K by ¥ (x) = n[})inT]x(t) and set ¢c3 = dc¢y. Then,
1€|0,
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t+T
P(A)x) = min )\/G(t,s)f(s,x(h(s)))ds

0<t<T
t

T
1
= m)\/f(s,x(h(s))) ds
0

A
—2( -1 T
25_1 0—=De

> ).

Thus, by Theorem 1.2.2, (2.1) has at least three positive T -periodic solutions. m|

Theorem 2.1.8 Let f ® < T and f 0 < T. In addition, assume that there exists

ca > 0 such that (Hy) holds. Then there exist at least three positive T -periodic
solutions of (2.1) for

Proof Since f*® < T, there exist 0 < &; < T and &; > 0 such that
f(t,x) <dja(t)x forx >¢&and0<r<T.

Let

= max 1, Xx).
7 Oixsﬁl,OStSTf( )

Then f(¢,x) < d1a(t)x +yforx > 0and 0 <t < T, so choosing c4 as in the

proof of Theorem 2.1.6, we can show that A) : fu — K,. Defining a concave
continuous functional 1) on K by ¥ (x) = rr[gnT ] x(t) and using (Hj), we can prove
telo,

that the condition (i) of Theorem 1.2.2 holds.
Now fo < T implies there exist 6,0 < 6, < T, and %2 > & > 0 such that
ft,x) <dhat)x for0<x<&and0<t<T.
Set0 < cyp =&;then0 < ¢y < ¢p.Forx € fq,we have
t+T

sup A G(t,s) f(s,x(h(s)))ds

0<t<T

Al

t
T

Adr sup /G(t,s)a(s)||x|| ds

0<t<T
0

IA
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T
< Ac1 02 sup /a(s)G(t,s)ds

0<t<T
0

<Ac1d

< (1,

that is, the condition (ii) of Theorem 1.2.2 is satisfied. In a similar way to what was
done in the proof of Theorem 2.1.6, we can show that condition (iii) of Theorem
1.2.2 is satisfied. Hence, there exist at least three positive T -periodic solutions of
(2.1) proving the theorem. O

Theorem 2.1.9 Let f~°° <T, f 0 < T and (Hg) hold. Then there exist at least three
positive T -periodic solutions of (2.1) for

1 1
— <A< —.
2T T

Proof Since f* < T and f0 < T, we can proceed as in the proof of Theorem 2.1.8
to prove that Ay : K., — K., and conditions (ii) and (iii) of Theorem 1.2.2 hold.
To complete the proof of the theorem, it remains to show the condition (i) of Theorem
1.2.2 is satisfied. We consider the nonnegative concave continuous functional 1 as
before. Then, for x € K (¢, ¢z, ¢3), we have

T
A
Y(Axx) = ﬁ/f(s,x(h(S)))dS
0

> 2 26— Der
=51 “

>

by (Hg). Hence, condition (i) of Theorem 1.2.2 is satisfied, and this completes the
proof of the theorem. O

In [10], Zhang et al. proved a theorem for the existence of at least two positive 7'-
periodic solutions of (2.8) (see [10, Theorem 3.2]). Applying this theorem to (2.5),we
obtain the following result.

Theorem 2.1.10 Let N = 1, fo < 1, and foo < 1. In addition, assume that
there exists p > 0 such that f(t,x) > a(t)|x| for up < |x| < p, where y =
exp{— fOT a(s)ds}. Then (2.5) has at least two positive T -periodic solutions x| and
xo such that

0 < lxill <p < lx2ll.
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The following Corollary 2.1.1 follows from Theorems 2.1.8 and 2.1.9.

Corollary 2.1.1 Let fO < T and f*® < T, and assume that there exists a constant
ca > 0 such that either (Hy) or (Hg) holds. Then (2.5) has at least three positive
T -periodic solutions for

Corollary 2.1.1 is different from Theorem 2.1.10. Indeed, the upper bound on £0
and f*° considered in Corollary 2.1.1 is the general period T, whereas in Theorem
2.1.10itis 1. However, a range on A has been given in Corollary 2.1.1.

Theorem 2.1.11 Let f © < T. Assume that there are constants 0 < ¢} < ¢y such
that (Hy) holds and

(Ho) f(t,x) <x for 0<x<ciand0<t<T.

Then there exist at least three positive T -periodic solution of (2.1) for

Proof Since foo < T, there exist € € (0, T) and 6§ > 0 such that f(z, x) < ea(t)x
forx > 0and0 <r <T.Lety = max f(t,x). Then f(t,x) <ea(t)x+~

0<x=<#,0<t<T
forx > 0and 0 <t < T. Now choosing

C4>MaAXy —————, (5 2 (s
5(] 6) € ¢

we can prove that A : fq — ?04- However, we need the following argument to
prove that condition (ii) of Theorem 1.2.2 holds. From (Hy) we have, for x € K,

t+T

[Axx]l = sup >\/ G(t,5)f(s, x(h(s)))ds
t

0<t<T

5
A
=45

T
1!

< C].

The proof of the condition (iii) of Theorem 1.2.2 is easy and hence is omitted. Thus,
(2.1) has at least three positive T -periodic solutions proving the theorem. O
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2.2 Positive Periodic Solutions of the Equation

x'(t) = a(®)x(t) — Af(t, x(h(?)))

This section is concerned with the existence of at least three positive periodic solu-
tions of Eq. (2.3). In this case, Eq. (2.3) is equivalent to the integral equation (2.13)
with a different kernel, namely,

—j‘a(e) o
G(t,5) = - , (2.20)
— [a0)dd
l1—e 0
which has the property
0 i <G(,s) < ! f [t,t +T] (2.21)
< — ,8) < —— fors €[z, , .
[ R B S
where § = e~ Jo a©d0 _ .
We consider the Banach space X as in (2.14) and a cone K in X given by
K={xeX:x@)=6|x||,0<t<T} (2.22)

Defining the operator A) by (2.16), we see that Ay(K) C K. Asin Sect. 2.1, it can
be proved that the existence of a positive periodic solution of (2.3) is equivalent to
the existence of a fixed point of A) in the above cone and that A), : ?64 — ?64 is
completely continuous.

Theorem 2.2.1 Assume that f ® < T and there exist 0 < c¢| < ¢ such that
(Hio) f(t,x) > %2 forx e K, cp <x < C%andOgtf T

and

(Hyy) f(t,x) <(1—=0)c, forx e K, 0<x<ciand0<t<T.

Then Eq. (2.3) has at least three positive T -periodic solutions for

1-0 1
— <A< .
T T

Proof Since foo < T,thereexistd; € (0, T)and p > Osuchthat f(z, x) <y a(t)x
forx > pand0 <t < T.LetM = max Tf(t,x).Then ft,x) <dral)x+

O<x=p,0=t=

M forx > 0and 0 <t < T. Choose
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[ MT 62]
¢4 > max

(1—6)(T —61) &

Now for x € K,, we have

t+T
[Axx]| = sup )\/ G(t,s)f (s, x(h(s)))ds
0<t<T
t+T
< sup A G(t,s)(a(s)x(h(s)) 6y + M)ds
0<t<T
(+T
< sup )\/ G(t,s)a(s)|x|| 61 + M) ds
0<t<T
+T t+T
< A| d1cq sup /a(s)G(t,s)ds+ sup M G(t,s)ds
0<t<T / 0<t<T
M
<A |:(51 cq + —5T]
< c4.

Hence, A) : Ko, — K.

Next, we define a nonnegative concave continuous functional 1) on K by ¥ (x) =

n[%)ir%]x(t). Letcy = %2 and ¢ (t) = ¢p satisfy ¢3 < ¢o < c3. This shows ¢g € {x
1€l0,

x € K, ¢, c3),¥(x) > c3}. Then, for x € K (3, 2, ¢3), from (Hyg), we have

+T
Y(Axx) =OI<1113 )\/ G(t,5)f(s, x(h(s)))ds

T
by /2
>_ =
—1-9 1)
0
6 T
>——)\
—1-45 6
> C).

Next, for x € Ecl, we have
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t+T

[Axx]l = sup )\/ G(t,5)f(s, x(h(s)))ds

0<t<T

t
\ T
e 1-— d
1—6/( d)cy ds
0

A
—(1 — T
51_5( d)cy

< (]

IA

from (Hpp). Also, for x € K (1, c2, c4) and ||A)x|| > ¢3, we have

T
A
3 < llAxxl = 75 /f(s,x(h(S)))ds,
0

which gives

\%

T
A0
P(Ayx) > m/f(s,X(h(S)))ds
0
> ic3

= ¢p.

Hence, all the conditions of Theorem 1.2.2 are satisfied, so Eq. (2.3) has at least three
positive T -periodic solutions. This proves the theorem. O

The proofs of Theorems 2.2.2-2.2.4 below are similar to that of Theorem 2.2.1
and hence are omitted.

Theorem 2.2.2 Let f ® < T and assume there are constants 0 < c; < ¢ such that
(Hp) f(t,x) > Z(IT_é)cz for x e K, cp <x < %andOftf T

and

(Hi3) f(t,x) <d(1 =)y forx e K,0<x<ciand0<t<T.

Then (2.3) has at least three positive T -periodic solutions for

1 1
— <A< —.
2T T
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Theorem 2.2.3 Let f* < T, fO < T, and assume that there exists a constant
¢y > 0 such that (Hyp) holds. Then there exist at least three positive T -periodic
solutions of Eq. (2.3) for

1—-6 1
— <A< =
T T
Theorem 2.2.4 Let f"o < T, ]FO < T, and (H13) hold. Then there exist at least
three positive T -periodic solutions of (2.3) for

1 1
— <A< —.
2T T
Remark 2.2.1 We need to choose
MT (&)
¢4 >max | ——, —
! (1—6)(T =61 6

in the proofs of Theorems 2.2.2-2.2.4 in order to show that A : ?64 — fm, where
M is given in the proof of Theorem 2.2.1.

Remark 2.2.2 1t follows from the range on X in Theorems 2.2.1-2.2.4 that A and
T depend on each other, that is, AT < 1. Hence, if we consider the particular case
A = 1,then T < 1. This observation leads to the following theorem.

Theorem 2.2.5 Let A = 1, f ® < 1, and f 0 < 1. Assume that there exists a con-
stant ¢y > 0 such that

(Hig) f(t,x) >a(t)ey for x €K, co <x<% and 0<t<T.
B

Then (2.3) has at least three positive T -periodic solutions.

Proof From the fact that foo < 1, we can find 01 € (0,1) and £ > 0O such that
f(t,x) < ora(t)x for x > &. Let max f@,x) = n. Then f(t,x) <

0=<x=<{,0=<t<T
ora(t)x +nforx >0and0 <t < T. Set

la=si=e' 5]
c4 > max .

(1-61—-01) ¢

Then, using the property that f[tJrT G(t,s)a(s)ds = 1, it can easily be shown
that Ay : K., — K,,. Defining a nonnegative concave continuous functional by
P(x) = n[})ir;]x(t) and a constant c3 = %, (H14) yields

tel0,
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t+T

PY(Axrx) = OI<11£1T / G(t, ) f (s, x(h(s)))ds
T
t+T

> min /G(t,s)a(s)czds
0<t<T
t

> C).
Next, since fo < 1, there exists a £1, 0 < £ < ¢ such that
ft,x) <a@)x for0<x <.
Set &1 = ¢ < ¢3; then for x € fc,, we have

t+T

1wl = sup [ Gts)f s xhisn) ds
0<t<T /
t+T
< sup /G(t,s)a(s)xds

0<t<T
t

< (1.

Property (iii) of Theorem 1.2.2 is easy to verify. This shows that (2.3) has at least
three positive T -periodic solutions and proves the theorem. O

The next corollary follows from Theorem 2.2.5.

Corollary 2.2.1 Let A = 1, f 00—, f X = 0, and there exists a constant ¢o > 0
such that (Hi4) holds. Then (2.3) has at least three positive T -periodic solutions.

Remark 2.2.3 Results derived in this section can be extended to Eq. (2.9) with A = 1,
that is, the equation

xX'(t) =at)x@) — f(t,x(t —711(1), ..., x(t — T (1)), (2.23)

wherea, 7;,1 <i < m,and f areasdefinedin (2.9). Zhang etal. [10] obtained several
sufficient conditions for the existence of at least two positive periodic solutions of
(2.23) using Krasnosel’skii’s fixed point theorem [1, 4]. On the other hand, the above
results explain the existence of at least three positive periodic solutions under the
same sufficient conditions.
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2.3 Positive Periodic Solutions of the Equation

x'(t) = a(®)x(t) — Ab(0) f (¢, x (h(2)))

In this section, sufficient conditions are obtained for the existence of at least three
positive T-periodic solutions of Eq. (2.4). Observe that (2.4) is equivalent to the
integral equation

t+T

x(t) =\ / G(t,s)b(s)f(s,x(h(s)))ds,
t

where G (¢, s) given in (2.20) satisfies (2.21). Consider the Banach space X as in
(2.14) and a cone K as in (2.22) and define an operator A) on X by

t+T

(Axx)() = A / G(t,s)b(s) f (s, x(h(s)))ds.
1

It is easy to show that A) : K — K is completely continuous and the existence
of a positive periodic solution of Eq. (2.4) is equivalent to the existence of a fixed
point of the operator A) in K.

As above, the Leggett-Williams multiple fixed point Theorem 1.2.2 can be used
to prove our results. Moreover, the results hold true if b(¢) = 1. In this case, the
ranges on A in the results obtained in this section are different from the ones given
in Sect. 2.2.

Theorem 2.3.1 Let f*° < 1 hold and assume that there are constants 0 < ¢y < ¢;
such that

(H15)f(t,x)22% for xe K, c<x<%and0<t<T
and
(Hie) f(t,x) <cy for x e K,0<x <crand0 <t <T.

Then (2.4) has at least three positive T -periodic solutions for

1-9§ 1—-4

<A<

T T
2 [b(r)ds [ b()de
0 0

Proof Now f*° < 1, so there exist 0 € (0, 1) and £ > O such that f (¢, x) < ox for
x>€&and0 <t <T.If
M= max [t x),

0=<x<¢,0=<t<T
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then f(¢t,x) <ox+ M forx > 0and 0 <t < T. Choose c4 > 0 such that

{ M Cz]
c4 > max —t>0.

-0’ ¢
Ifx fm, we have
+T

[Axx]l = sup )\/ G(1,5)b(s) f (s, x(h(s))) ds

0<t<T

IA

T
—6/b(S)f(S x(h(s))) ds
0

E

IA

b(s)(ox(h(s)) + M)ds

(%)

1—

E

IA

b(s)(allx|l + M) ds

(o9

1—

/
/

T
Aocy + M)

—3 b(s)ds

< (ocy + M)

< c4.

This shows that A, : K — K

Now, define a nonnegative continuous concave functional i) on K by ¥(x) =

n[})inT ] x(1). Letc3 = %2 and ¢ (t) = ¢o be any given number satisfying c» < ¢g <
tel0,

c3. Then ¢ € {x; x € K (3, c2,¢3),%(x) > c2}. Forx € K(v, ¢z, ¢3), (His) gives

\%

T
O
YA = / b(s) f (5. x(h(s))) s
0

T
A0 2cp
2155 bW
0
> C.

Next, for x € K,, (H) implies
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T
A
Al = 12 [ e
0
<C].

For x € K (v, c3, c4) with ||A)x|| > ¢3, we have

T
A
e < Il = 75 [ b6 £ x i) 85,
0

which, in turn implies that

T

Y(Axx) = b(s) f (s, x(h(s))) ds

-6
0

> dc3

= 3.

Hence, by Theorem 1.2.2, Eq. (2.4) has at least three positive 7 -periodic solutions.
This completes the proof of the theorem. O

Theorem 2.3.2 Let f® < land f° < 1. Assume that there exists a constant c; > 0
such that (His) holds. Then Eq. (2.4) has at least three positive T -periodic solutions

for
1-6 1-9

<A<

T T ’
2 [b(r)ds Jb()de
0 0

Proof We may proceed along the lines of the proof of Theorem 2.3.1 to prove this
result. However, the following argument is needed to show that condition (ii) of
Theorem 1.2.2 holds.

Since f9 < 1, there exists a £; € (0, 2) such that f(¢,x) < x for0 < x < &;.
Choosingcl = &1, we observe that f(f,x) < x for0 < x < ¢y and ¢; < ¢3. Then,
forx € K,

IA
E

[ Axx|l b(s)x(h(s))ds

._.
|
>,

E

IA

b(s) x|l ds

—
|
>,

Ot — 5 T —
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\ T
=< cl/b(s) ds
0

1-6

<cy. 0
Theorem 2.3.3 Let f*° < T and assume there are constants 0 < ¢| < ¢ such that
(Hy7) f(t,x) > 2T%forx €K, c<x<%and0<t<T

and

(Hig) f(t,x) <c1Tforx e K,0<x <crand0 <t <T.

Then (2.4) has at least three positive T -periodic solutions for

1-90 1-06

<A<

T T
2T [ b(r)dt T [b(r)dt
0 0

Proof Since f*° < T, there exist € € (0, T) and £ > 0 such that f(z, x) < ex for
x > & Let
M = t, x).
OSXSIIEI%);ST A

Then f (¢, x) < ex + M for x > 0. Choose ¢4 > 0 such that

H M CQ}
¢4 > max )

T—¢ 6§
Now for x € fm, we have

t+T

[Axx]l = sup A/ G(1,5)b(s) f (s, x(h(s))) ds
t
T

/ b(s) f (5. x(h(s))) ds
0
T

/b(s)(ex(h(s)) + M) ds

0
T

/b(S)(EIIXII + M) ds

0

(=)
I
> A
A

IA

(%)

1—

IA
E

(%)

1—

E

IA

1—

(=%}
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T
_ Meca+ M)

< 3 b(s)ds

0
_ (ecs + M)
= T
< C4.

This shows that Ay : K., — K.

Define ¢ on K by ¢(x) = %inﬂx(t) and let ¢c3 = %2 and ¢(t) = ¢o be any
tel0,
given number satisfying ca < ¢ < ¢3. Then ¢g € {x € K (¥, c2, c3) : ¥(x) > c2}.
From (Hj7), for x € K (3, c2, ¢3), we have

T

/ b(s) (s, x(h(s)) ds

0

T
AN 2Tcp

Ad

Y(Axx) > m

0
> C).

Next for x € Ecl , using (H1g) we obtain

T

aT /b(s) ds

0

[Axx]l <

A
1-9
< C].

For x € K (v, c3, c4) with ||A)x|| > ¢3, we have

T
A
c3 < [[Axx]l = m/b(s)f(s,x(h(s)))d&
0

which, in turn implies that

P(ANx) = T3 b(s) f (s, x(h(s))) ds

0
> dc3

= (2.
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Hence, by Theorem 1.2.2, Eq. (2.4) has at least three positive T-periodic solutions
and this completes the proof of the theorem. O

Theorem 2.3.4 Let f* < T, and f° < T, and assume that there exists a constant
ca > 0 such that (Hy7) holds. Then (2.4) has at least three positive T -periodic

solutions for
1-6 1-94§
<A<

T T ’
2T [ b(t) dt T [b(r)d
0 0

Corollary 2.3.1 Let f* = 0 and f° = 0. Assume that there exists a constant
ca > 0 such that (His) holds. Then (2.4) has at least three positive T -periodic

solutions for
1-96 1-§

<A<

T T
2 [ b(t) dt [ b(r)dt
0 0

Corollary 2.3.2 Let f* = 0 and f° = 0. Suppose that there exists a constant
ca > 0 such that (Hy7) holds. Then there exist at least three positive T -periodic

solutions of (2.4) for
1-0 1-06

T <A< T
2T [ b(r)dt T [b(r)dt
0 0

Remark 2.3.1 (Han and Wang [3]) obtained the following sufficient condition for the
existence of two positive periodic solutions for the state-dependent delay differential
equation

xX'(t) =at,xt)xt) — ft,x{t —71(t, x())), ..., x(t — T (t, x(t)))) (2.24)

using fixed point theorem in cones [1]. They assumed that a € C(R x R4, R),
a(t +T,x) = a(t,x) for any (t,x) € R X Ry, f € C(R x [R]",Ry), f(t +
T,x1,...,xm) = ft,x1,..., %), i(t +T,x) =71;(t,x) forany x € Ry,t € R,
i=1,...,m,and T > O is a constant.

Theorem 2.3.5 Han and Wang [3] Assume that a;(t) < a(t,x) < ax(t) for any
(t,x) € R x Ry, where a) and a> are nonnegative T -periodic continuous functions
on R and fOT ai(s)ds > 0. Let

llmSup f(t7u11u2a"'7um) < az(t)

lit|— +0 |ul vy
and

1. f(t7u11u27"'9um) a2(t)

im sup <

|u|—+00 |u] Y
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exp(Jif ar(n)dn)—1

exp(fy ar(t)dn)—1
p > 0 such that the inequality op < |u| < p yields f(t,uy,uz, ..., uy) > ay(t)py

fort € [0, T), where |u| = max;{uy, ua, ..., un}and

K T

( inf exp (fal(ﬂ) dO)) (exp (fal(ﬂ) dH) — 1)
0<t<s<T ; 0

- K T ’

( sup exp (f a>(6) dg))(exp (f a>(6) d9) — 1)
0<r<s<T i 0

Then (2.24) has at least two positive periodic solutions x1 and x, such that 0 <
lxill < p < llx2fl.

With A = 1, Eq. (2.4) becomes

uniformly for t € R, where v = . Next, suppose that there exists a

X' () =a@®)x@) — F(t, x(h(?))), (2.25)

where F(t,x) = b(t) f (¢, x). Applying Theorem 2.3.5 to Eq. (2.25) gives the fol-
lowing result.

Theorem 2.3.6 Let limsup,_, F(;’x) < a(t) and limsup, _,

0 <t < T and assume there exists p > 0 such that

F(t,x)
X

< a(t) for

(Hi9) F(t,x) > pa(t) forO <t < T andép < x < p,

where § = exp(— fOT a(6)de). Then (2.25) has at least two positive T -periodic
solutions x1 and x3 such that 0 < ||x1|| < p < [|x2]|

Corollary 2.3.3 Let limsup,_,o “&2 = 0, limsup,_, o, 2 = 0, and assume

there exists p > 0 such that (Hy9) holds. Then (2.25) has at least two positive
periodic solutions.

T
If we ask that % < ho lbjté) 1, then from Corollary 2.3.1 we have the following

result.

Corollary 2.3.4 Let f* = 0 and f° = 0. Assume there exists a constant c; > 0
suchthat (Hys) holds. Then Eq. (2.25) has at least three positive T -periodic solutions.
T
Similarly, if we assume % < W < 1, then the following corollary follows
from Corollary 2.3.2.

Corollary 2.3.5 Let f® = 0 and f° = 0. Assume there exists a constant c; > 0
suchthat (Hy7) holds. Then Eq. (2.25) has at least three positive T -periodic solutions.

Corollaries 2.3.1-2.3.2 and 2.3.4-2.3.5 extend and improve Corollary 2.3.3. In
fact, under very similar condition, Corollary 2.3.3 and Corollary 2.3.4 yield that
(2.25) has at least three positive periodic solutions.
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Example 2.3.1 Consider

1 /3 1
(@)= — (= +sin?t ) x(t) — — (1 + cos’ e x2(t — T)e ¥, >0,
4 \2 207
(2.26)
where 7 > 0 is a constant. Here a(t) = %(% +sin1), b(t) = 1 + cos?t, T =,
§ = e Joa®ds — ,=1/2 zpq foﬂ— b(t)dr = 37“ Set f(t,x) = %esze_x and \ =

€1 — S— = 1= = =
30 0.05. Then f 0 < 1 and 0.04 T b < 0.05 = X < 0.08
1-0 _ _ _ 1,52 —x 1,52 —crel/?
foT b d” Setcy = 2and ¢; = 0.02. Clearly, f(t,x) = ~e’x“e™™ > —e’cse .
Now, for ¢; = 2, we observe that %esc%e"?"’l/z > 2c5e'/?. This in turn implies that
(Hs) holds. Since f(t, x) = LeSx2e™ < LeSc2 for 0 < x < ¢y, condition (He)
is satisfied for ¢; = 0.02. Also, 0 < ¢; < ¢3. Thus, by Theorem 2.3.1, Eq. (2.26)

has at least three positive m-periodic solutions.

Example 2.3.2 By Theorem 2.3.3, the equation
/ 1 2 1 c 2 6.2 —x(t—T7)
x ()= —(04cos"t)x(t) — — (1 +sin“t)e’x~(t — 7)e , t>0
2w 507

has at least three positive 7-periodic solutions, where 7 > 0 is a constant. Here, we
need to choose ¢c» = 1 and ¢; = 0.024.

2.4 Periodic Solutions of State-Dependent Differential Equations
Consider the state-dependent delay differential equation

xX'(@t) = —alt,xO)x@) + Aft,xt — T1(t, x@®)), ..., x(t — Tu(t, x(1))))

(2.27)
where A\ > 0 is a parameter, 7 > 0 is a constant,a € C(R X Ry, R),a(t +T,x) =
a(t,x)forany (1,x) e RX Ry, f € C(RX R+, R), ft +T,x1,x2,...,%Xp) =
f, x1,x2,...,xp), and 7;(t + T,x) = 7;(t,x) forany x € Ry, t € R, and
i = 1,2,...,m. We assume that there exist two nonnegative T-periodic func-
tions b(t) and c(¢) such that b(t) < a(t,x) < c(¢) for any (¢,x) € R x R4+ and
i b()de > 0.

We wish to point out that the method applied in this section can also be used
to obtain similar results for state-dependent delay differential equations of the form
(2.24).

Ifa(t,x) = a(t)g(x(t)) and 7; (¢, x(t)) = 7 (t),i = 1,2,...,n, where g €
C([0, 00), [0, 00)), then Egs. (2.27) and (2.24) take the forms

x'(1) = —a()g(x(@)x @) + Nf (1, x(@t — 11(1)), x(t — T2(1)), ..., x(t — Ty (1)))
(2.28)
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and

X (1) = a®)gx@)x(O=Nf (1, x({=71(1)), x(t=2(1)), . .., X (1=Tw (1)), (2.29)

respectively.
Let X ={x(t) : x(t+T) = x(t),t € R} and ||x|| = maxp<;<7 |x(t)|. Then X
is a Banach space endowed with the norm || - ||. Clearly, x is a positive T-periodic

solution of (2.27) if and only if x is a T -periodic solution of the integral equation

t+T

x(t) =\ / G(t,s)f(s,x(s —711(s,x(5))), ..., x(s — T (s, x(s)))) ds,

t

where

exp (j a(d, x(0)) d9)
t

G(t,s) =

- .
exp(fa(@,x(@)) d9) -1
0

In view of the above, we define an operator Ay by

t+T
Ayx = A / G@t,s)f(s,x(s —71(5,x(5))), ..., x(s — T (s, x(s5))))ds (2.30)

t

foreveryx € X andt € R.Clearly Ayx(t +T) = Ayx(t) and A) : X — X.
The Green’s kernel G (z, s) satisfies the inequality

T
exp (f c(6) db‘)
1 0

. <G, 9| < -
exp (f 1)) dH) -1 exp(f b(0) dG) —1
0 0

forevery 0 < t < s <t + T. Let ky = exp(fOTb(G)dH) and kr, =
exp ( fOT c(6) d9). Then,

=/

o=

: £ ko(ky — 1
“ho1” 2 jy <k, and =0 —RkzD
)

— = > 1.
ki —1 « (k1 —1)

(07

For any x € X, we have
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T
Nk
lAxxll < I _21 /f(s,X(s = 7105, x(5))), ..., X(s — Ty (s, x(5)))) ds
0
and
\ T
(Axx)(1) > o1 /f(s,X(s = 7105, x(5))), ..., x(s — Ty (s, x(5)))) ds
0
(ki —1) _ 1
= m”A/\x” = g”A/\xH-

Thus, if we define a cone K on X by

K = [xeX:x(t)z %IIXII],

then Ay : K — K. Itis easy to show that A) : K — K is completely continuous.

Define £t x)
. t,x
f ¥ = lim sup max ,
lx|—»g 0<t=T c(#)|x|
where |x| = maxXi<j<m{X1, X2, ..., Xm}.

Theorem 2.4.1 Let f 0 - T, [ < T, and assume that there exists a constant
¢z > 0 such that

k _
Ft, %1, X2, s xm) > 2Tk (k2
-

1 2

1) b(t)cy forx € K and ¢y < |x| < dc;.
(2.31)

Then Eq. (2.27) has at least three positive T -periodic solutions for

Lk1—1<>\<lk1—1.
2T kp—1~— — Tky—1

Proof First, suppose that f* < T. Then there exist 0 < € < T and ¢3 = dcp > ¢
such that

flt,x1,x2,...,xm) <c()(T —e)|x| for|x| >c3andr € R.
Set ¢4 = dcs. Clearly, ¢4 > ||x|| > x > %||x|| forx € K (K,,.Forx € K,,

t+T

A x| = A / G@t,s)f(s,x(s —71(5,x(5))), ..., x(s — Ty (s, x(5)))) ds
t
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t+T
< XT —¢) / G(t,s)c(s) 1In'ax |[x(s — 7 (s, x(s)))| ds
/ <i<m

t+T  exp (j c(0) dH)

t

T
t exp(fb(@) d@) —1
0

< c4.

< MT —€)cy c(s)ds

kr —
< ATy k2

1 —

Since A) : K — K, then, in addition to the above, it follows that A : K, — K,.
Define a nonnegative continuous function ) on K by 9(x) = min,jo,7] [x(2)].
Then ¥(x) < |x]|. Let ¢o(tf) = ¢o, where ¢o is any given number
satisfying ¢co < ¢o9 < c¢3. Then, ¢g € {x € KW, c2,¢3) : ¥(x) > c2} # ¢.
For x € K (%, 2, c3), using (2.31) we obtain

t+T

P(Ayx) = OminT A / G@t,s)f(s,x(s = 711(5, x(5))), ..., x(s — T (s, x(5)))) ds
<t<

t+T

2
> 2Tk (I]iz:i) e / - 1 b(s)ds
: texp (f c(0) d9) —1
0
L 5 t+T exp (fsb(ﬁ) d9) b(s)
> 2Tk (kz_ 1) cz)\/ d . ds
: ! exp (f b(9) d9) (exp (f c(9) dt9) — l)
t 0
L N2 | +Texp (jb(e) d0) b(s)
> 2Tk (k2 - 1) ) d ds
=

T / T
exp (f b(®) dG) t exp (f c(0) d9) -1
0 0

bh—1\> 1 k—1
2 )62/\ 1

ky —1 ki Tk — 1

> ).

> 2Tk, (
Hence, condition (i) of Theorem 1.2.2 is satisfied.
Now f 0T implies there are €; > 0 and ¢ < ¢; such that
ft, x1,x0, ..., %) <ci(T —epc@®)|x| for 0<|x|<cy.

Since ¢1 > ||x|| > x(t) > %||x|| forany x € K ﬂ?cl, for any x € ?cw we have
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t+T
[Axxll = A / G, )(T —en)e(s) max |x(s —7i(s, x(s)))| ds

t

t+Texp (j c(0) d9) c(s)

t

T
1 exp(fb(@) dG) —1
0

ko — 1
< ATc; (k2 1) <ci.
| —

ds

< MT —€))cy

Thus, condition (ii) of Theorem 1.2.2 holds.
Finally, for any x € K (¢, ¢2, ¢4) and ||A x| > c¢3, we see that

t+T
c3 < |Axx]l = A / s, x(s = 7105, x(8))), .., X(5 — Tin (5, x(5)))) ds,

and it follows that

t+T
P(A\x) > aA / G(t,s)f(s,x(s —71(5,x(5))), ..., x(s — Ty (s, x(5)))) ds
t
z gCs =2 = 2.
163 0
Hence, by Theorem 1.2.2, Eq. (2.27) has at least three positive T -periodic solutions.
This completes the proof of the theorem. O

The following theorem follows from the proof of Theorem 2.4.1.

Theorem 2.4.2 Let f 0 <1, % < 1, and assume there exists ¢y > 0 such that

ky — 1\2
f(t,)cl,xg,...,x,,,)22]{1(k2 1) b(t)cy for x € K and ¢y < |x| < dcs.
| —

Then Eq. (2.27) has at least three positive T -periodic solutions for

lk1—1<>\<k1—1.
2ky—1 7 T ky—1

Theorem 2.4.3 Let f 07T, f® < T, and assume there exists c; > 0 such that

ky — 1>
f(t,xl,xz,...,xm)zéTkl (k2 1) b(t)cy forx € K and ¢y < |x| < dca.
« 1 —
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Then Eq. (2.27) has at least three positive T -periodic solutions for

ik1—1<)\<lk1—l'
BT ky—1—" — Thky—1

Proof Choose c3 and c4 as in the proof of Theorem 2.4.1. Proceeding along the
lines of that proof, we can show that Ay : K., — K, and conditions (ii) and (iii)
of Theorem 1.2.2 hold. In order to complete the proof of the theorem, we need to
verify condition (i) of Theorem 1.2.2. Let ¢o(f) = ¢o, where ¢¢ is any number
satisfying ¢» < ¢o < c3. Then, ¢ € {x € K, cz,¢3) : ¥(x) > 2} # ¢. For
x € K, c2, c3), we have

t+T

P(Ayx) = OminT A / G(t,s)f(s,x(s —11(5, x(5))), ..., x(s — Ty (5, x(5)))) ds
<t<
t
B l—1\* T 1
2ot (357) = f (Feow) o
t exp| [c(@)dd)—1
0
AT exp (jb(e) de) b(s)
> )\Tk]ﬁ(ﬁ) Cz/ t ds
a \k; —1 s T
T exp (f b(9) d9) (exp (f c(6) d9) - 1)
t 0

2 1+T exp (jb(@)dO) b(s)
i

ko — 1
Z)\Tklé(kz 1) czk—/ - ds
a _
: lf exp( )—1

f c(6)do
0

ky — 1\ k=1
Z)\Tg(z ) ! c).

€2 z
a \k; —1 ky — 1
Hence, by Theorem 1.2.2, Eq. (2.27) has at least three positive T -periodic solutions,
and this proves the theorem. O
The following theorem follows from the proof of Theorem 2.4.3.

Theorem 2.4.4 Let f 0 <1, % < 1, and assume there exists ¢y > 0 such that

k —1)\2
f(t,xl,xz,...,xm)zgkl (k2 1) b(t)cy forx € K and ¢y < |x| < dca.
| —

Then Eq. (2.27) has at least three positive T -periodic solutions for

ak —1 ki —1
= <\< .
Bky—1—" T ky—1




52 2 Positive Periodic Solutions of Nonlinear Functional Differential Equations
Theorem 2.4.5 Let fO < T, f* < T, and assume there exists c; > 0 such that

2
flt, x1,x2, ..., Xm) > Tﬁ—zcz/c(s)ds forx € K and ¢y < |x| < dcs.
«

0
Then Eq. (2.27) has at least three positive T -periodic solutions for
« <A< 1

T T ’
BT [c(s)ds BT [c(s)ds
0 0

Proof Let c3 and c4 be as in the proof of Theorem 2.4.1. Following the proof of
Theorem 2.4.1 with small modifications, it can be shown that A : K., — K, and
conditions (ii) and (iii) of Theorem 1.2.2 hold. Let ¢o(#) = ¢g, where ¢ is any
number satisfying ¢ < ¢o < ¢3. Then ¢g € {x € K(¥, c2, ¢3) : Y (x) > c2} # ¢.
In order to apply Theorem 1.2.2, we only need to show that ¥)(Ayx) > c¢» for all
x € K, 2, c3). Now for x € K (¥, ¢, ¢3),

t+T

P(A\x) > / fs,x(s —711(s,x(8))), ..., x(s — T (s, x(5)))) ds
1

ﬂZ
> )\a—zTcz/c(s) ds
o

0
T

2
> Laﬁ—Tcz/c(s) ds = .
T o?
BT [c(s)ds 0
0

By Theorem 1.2.2, Eq. (2.27) has at least three positive T-periodic solutions. The
proof of the theorem is complete. O

The proof of the following theorem should now be clear and we leave the details
to the reader.

Theorem 2.4.6 Let f© <1, f* < 1, and

2
flt, x1,x2, ..., Xm) > %cz/c(s)ds forx € K and ¢y < |x| < dca.
«

0

Then Eq. (2.27) has at least three positive T -periodic solutions for
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le’ <a< 1

T T ’
8% [c(s)ds B [c(s)ds
0 0

Example 2.4.1 Consider the differential equation

IOg 1 1 23 _

n=-—-0 t H+6 Ne—xOY
X' (1) (+51n)( 1+x(t)) O+ 3= (x()+ex()e(23)2)
Here T = 27 and a(r, x) = “22(2 + sint) (1 + ﬁ(l)) Setting b(1) = L2 +

log 2

sint) and c(t) = (2 + sint), it follows that 0 < b(t) < |a(t, x)| < c(t) for

(t,x) € R x Ry. Then k; = 4, k = 16, ("2 1) =25, and 5 = 80. Set A = 1

17
and f(r,x) = x + 6e*x%¢*. Then f° < 27 and f* < 27. Clearly, %’,2 i <

A< ik‘ 1 , that is, 0.0159 < 0.02894 < 0.03183. To show that (2.32) has at least

three posmve T -periodic solutions, we choose ¢; = 6. Then for ¢; < x < dcy, that

is,for%gxiw

o We have

ft,x) =x+6ePx%e™ > cr + 6e23 2 ,—0c

! 123_@

>

_6+6e
1 3log2

> - X 2X2T X255 x4 x ——
6 2w

ky —1 2
> 2Tk b(t)cs.
- l(kl—l) ()C2

Hence, by Theorem 2.4.1, Eq. (2.32) has at least three 27-periodic solutions.

Now, we shall apply the previous theorems in this section to delay differential
equations with a parameter of the form (2.28). Similar results can be obtained for
(2.29).

We assume that g € C ([0, 00), [0, 00)) and there are constants 0 < / < L such
that I < g(x) < L for x > 0. Set & = exp (foTa(a) do) ki = ol and ky = 0. We
have the following relations:

1 ol 6] ol —1 ky—1 ol —1
= , = ,52—2 L d = .
o=ro1 P= o a T M ST
Define
h t,
f_hms JAUL)

p max
|x|—>h 0=r=<T a(t)|x|

Applying Theorems 2.4.1-2.4.6 to Eq. (2.28), we obtain the following results.
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Theorem 2.4.7 Let fO < LT, f* < LT, and assume there is a constant ¢; > 0
such that

L 2
—1
ft, x1,x0, .00y X)) > 2710 (Jl I ) a(t)cy forx € K and ¢y < |x| < dcy.
ol —

Then Eq. (2.28) has at least three positive T -periodic solutions for

1 o —1 1o -1
— <A< — .
2T ol —1 =" — Tol -1

Theorem 2.4.8 Let f O<L, f ® < L, and assume there exists c; > 0 such that

L 2
—1
f(t,xl,xz,...,xm)22101(01 1) a(t)cy forx € K and ¢y < |x| < dcy.
o

Then Eq. (2.28) has at least three positive T -periodic solutions for

1o —1 ol —1
= <A< .
20l -1 7" — oL -1

Theorem 2.4.9 Let f 0O < LT, f X < LT, and assume there exists c; > 0 such that

L 3
-1
f(t,x1,xz,...,xm)ZUL+lT (01—1) la(t)cy for x € K and
ol —

e < |x| < dea.
Then Eq. (2.28) has at least three positive T -periodic solutions for

ol —1
ol —1°

1 o -1
—_ <)<
Tol-l gL —1 =7 —

~| =

Theorem 2.4.10 Let fo <L, foo < L, and assume there is a constant ¢y > 0 such
that

L 3
—
Fx1,x2, ., xp) = oLt (0171) la(tyer forx € K and ¢3 < |x| < bca.
"

Then Eq. (2.28) has at least three positive T -periodic solutions for

[ _ [ _
1 o 1<>\<0 1'
- T ol -1
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Theorem 2.4.11 Let fO < LT, f* < LT, and assume there exists ¢c; > 0 such
that

T
L 2
—1
f(t,xl,xg,...,xm)ZJZchT (gl ]) L/a(s)ds forx € K and
ol —
0

c2 < x| < dca.
Then Eq. (2.28) has at least three positive T -periodic solutions for
I _1)2 l_
(e —1) <A< (e —1)

T T ’
T(el —1)e*L L [a(0)d TelL [a(0)df
0 0

Theorem 2.4.12 Let fO < L, f* < L, and assume that there exists a positive
constant ¢y > 0 such that

T

2
) L/a(s)ds for x € K and
0

ol —1
ol —1

2L
f,x1,x2, ..., Xp) = 07" 2 (

€2 < |x| < dea.
Then Eq. (2.28) has at least three positive T -periodic solutions for

(e — 1) N e =1

T T
(el — 1)e?LL [a(8)do elL [a(f)db
0 0

Now we direct our attention to the particular case when a(f) = a is a constant
and g(x) = 1 with] = L = 1. Then § = 0 = ¢*T and k; = k». Let

1. t,x
£* = = lim sup max A ).
a |x|—6 0<r<T  |x]

Applying Theorems 2.4.7-2.4.12 to the equation
x'(t) = —ax(t) + A\f(t,x(t — 7)), (2.33)

we obtain the following interesting results.

Theorem 2.4.13 Let f*o < aT, f*° < aT, and assume there exists a constant
cy > 0 such that
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f(t,x) >2adcaT forx € K and ¢y < |x| < dcy.

Then Eq. (2.33) has at least three positive T -periodic solutions for

L<)\<l.
2T — = T

Theorem 2.4.14 Let f*0 < a and f**® < a. If there exists a constant c3 > 0 such
that

f(t,x) > 2adcy forx € K and ¢y < |x| < dcy,

then Eq. (2.33) has at least three positive T -periodic solutions for

<A<l

| =

Theorem 2.4.15 Let f* < aT, f** < aT, and assume there exists c; > 0 such
that

f(t,x)> aTé%cy forx € K and c; < |x| < dc;.
Then Eq. (2.33) has at least three positive T -periodic solutions for \ = %

In particular, for A = 1, the next theorem follows from Theorem 2.4.15.

Theorem 2.4.16 Let f*0 < a, f**® < a, and assume there exists a constant ¢; > 0
such that
f(t, x) > a5202 forx € K and ¢y < |x| < dcs.

Then Eq. (2.33) has at least three positive T -periodic solutions for A = 1.

Theorem 2.4.17 Let f*0 < aT and f** < aT. If there exists c» > O such that
f(t,x) > aT2(52c2 forx € K and ¢y < |x| < dca,

then Eq. (2.33) has at least three positive T -periodic solutions for

e—1 e—1
<A< .
e2aT? —  ~— eaT?

Theorem 2.4.18 Let f 0 g [*° < a, and assume there exists ¢y > 0 such that
[, x) > aT62cz forx € K and ¢y < |x| < dcs.
Then Eq. (2.33) has at least three positive T -periodic solutions for

e—1 e—1
<A< .
e2aT —  ~ eaT
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2.5 Applications to Some Mathematical Models

In this section, we apply some of the results obtained in Sect. 2.1 to models of the
form of (2.10)—(2.12). In what follows, all the parameters in models (2.10)—(2.12)
are assumed to be positive constants.

Example 2.5.1 Ifa(t) =a,b(t) = b, 7(t) = 7,and y(¢) = -y are positive constants,
then (2.10) reduces to
x'(t) = —ax(t) + be D, (2.34)

Graef et al. [2] and Zhang et al. [10] proved that (2.34) has at least one positive
periodic solution. However, to the best of our knowledge, there is no such result for
the existence of at least three positive periodic solutions of (2.34). It would be of
interest to obtain such results. The following result follows from Theorem 2.1.7.

Theorem 2.5.1 Lety < 2e, § < 262—EW, and 762 < 8 —1 hold, where 6 = ¢°T. Then
(2.34) has at least three positive T -periodic solutions for % <b< %

Proof Let f(t,x) = e 7. Then f(t,x) > e~ for ¢y < x < dcp, where
§ = ¢“T. Thus, (Hg) holds if and only if 772 > 2(§ — 1)ep for ¢p < x < de.

Now choose ¢y = %. Then § < 2621/ and ¢; = 5% imply that =72 > 2(6 — 1),

for ¢y < x < dcp. Hence (Hs) is satisfied. It is clear that f *° < T.1In order to apply
Theorem 2.1.7, we need to show the existence of a constant ¢; such that0 < ¢; < ¢

and (Hy) holds. Since f(¢,x) < 1, (Hy) holds if ¢; > %. Indeed, (Hj4) holds

if 1 < %cl for 0 < x < ¢y, thatis, ¢ > % Now we show the existence of

-1
c. Clearly, 752 < § — 1 implies that % < % = ¢3. Thus, there exists a real

c| € (%, %) such that % <cp <= %, so f(t, x) satisfies (H4). Hence,

by Theorem 2.1.7, Eq. (2.34) has at least three positive T-periodic solutions for

% <b< % This proves the theorem. O

Example 2.5.2 Ifa(t) =a,b(t) = b, 7(t) = 7, and y(t) = -y are positive constants,
then (2.11) reduces to
x'(t) = —ax(t) + bx"(t — 7)e X7 (2.35)

Theorem 2.5.2 Let m > 1 and 2e(§ — 1)5“"—1)77' < 1. Then Eq. (2.35) has at
least three positive T -periodic solutions for

1 1
— <b< —.
2T T
Proof Let f(t,x) = x"e 7" and set ¢; = M+” Then it is easy to observe that

¢3 = by and 2¢( — DS D" < 1imply that ¢§'e '3 > 2(6 — D)ey for

3
c3 < x < dc. Hence, (Hg) is satisfied. Moreover, f* =0 < T and f0 = 0 <
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T hold. Then, by Theorem 2.1.9, Eq. (2.35) has at least three positive T -periodic
solutions for % <b< % m|

Although, the condition in Theorem 2.5.2 looks complicated, it is easy to verify.
The following corollary follows from Theorem 2.5.2.

Corollary 2.5.1 Letm > 1 and § < min {Wl‘/,,, 1+2€} Then (2.35) has at least

.. .. . 1
three positive T -periodic solutions for 5 < b < T'

Proof In fact, § < min {Wll/n, 1-5€e} implies that 2e(§ — 1)6" D~ =2 < 1 and

hence by Theorem 2.5.2, (2.35) has at least three positive T -periodic solutions for
% <b< % This completes the proof. O
Example 2.5.3 If a(t) = a, b(t) = b, and 7(¢) = T, are positive constants, and
m = 1, then (2.12) reduces to

X (6) = —ax(t) + b— =D (2.36)
T+ 2"t —7)

Applying Theorem 2.1.9 to Eq. (2.36) we have the following result.

Theorem 2.5.3 Let T < % and T > 1. Then (2.36) has at least three positive
T -periodic solutions for

1 1
— < b < —.
2T T
Proof Let f(t,x) = 5. Then f* < T and fO = 1 < T. Choose c; =
1
% [ﬁ — 1]”. Since T < % that is, < 3/2, we have ¢, > 0. In addition,

1

) = % [ﬁ — 1]" implies that 1+6" - = 2(6 — 1) and hence (Hg) holds. Then,

by Theorem 2.1.9, (2.36) has at least three positive T'-periodic solutions for

1 b 1
2T< <T. O

Similarly, applying Theorem 2.1.9 to the autonomous equation

X (1) = —ax(t) + b& (2.37)
x"(t — ’7')

we obtain the following theorem.

Theorem 2.5.4 Let rT > 1 and ¢*T < % Then (2.37) has at least three positive
T -periodic solutions for
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i<b<£,
2T T

where T > 0 is a constant.

Example 2.5.4 Ifa(t) = a,b(t) = band 7(t) = 7 are constants, then (2.12) reduces

to
x™M(t —71)

"t = — b—mMmM8M——. 2.38
x (1) = —ax(1) + T2t —7) (2.38)
Set o
l+n—m\ n
=25 — o1 " . 23
H ( ) 1+n—m( m—1 ) (2.39)

Applying Theorem 2.1.9 to Eq. (2.38), we obtain the following result.

Theorem 2.5.5 LetO < m—1 < n. Eq. (2.38) has at least three positive T -periodic
solutions for 4= < b < &, where pu is given in (2.39).

Proof Now § > 1and 0 < m — 1 < n implies & > 0. Eq. (2.38) can be written as

XMt —7)

b
x'(t) = —ax(t) + —p
1

Let f(¢t,x) = u%. Since m > 1, fo =0<Tand foo =0 < T. To complete
the proof of the theorem, in view of Theorem 2.1.9, we need to find ¢; > 0 such that

1
(Hg) holds. Set ¢; = X ( m—1 )".Now, for ¢3 < ||x|| < dca, we have

14+n—m

o Axle" e e
T+an = P anen = 5m 14 onct

v

(2.41)

and 1 4+ 6"¢) = 1+;‘_m. Then, from (2.41) and (2.39),

. X >£”_m+12(5_1)52m—1 n (l—l—n—m)mn

14+x? = o n n—m+1 m—1
m—1
> 2(8 — 1)02”’5'"—1 (1““”—"") !
m—1
1
-1

> 2(6 — eo.

This completes the proof of the theorem. O
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Chapter 3
Multiple Periodic Solutions of a System
of Functional Differential Equations

This chapter! deals with the existence of three positive periodic solutions with pos-
itive components, to the system of differential equations

X' (1) = A(t, x)x(t) + Af(t, x1). 3.1)

Here, A is a diagonal n x n matrix whose entries depend on ¢ and on the unknown
function x = (x1, x2,...,x,)!. We assume that the diagonal entries a; (¢, x) €
C(R x R, R) are periodic in ¢, with a common period 7. The parameter A is
positive and assumed to be known, or at least its range is known. The function
f=(f1, f2,..., f)T haseach componentin C(R x R, R) and is T-periodic in the
first variable. Here, x; denotes a functional that depends on ¢ and satisfies the condi-
tions stated below. Typical examples of such functionals are evaluations at x (A (z))
and memory terms such as fi o0 k(s)x(s) ds.
The above system includes the scalar differential equations

x'(1) = a@®)g(x(®)x (1) — rb(@) f (¢, x(t — 1)), (3.2)
X'(@t) =TFa®)x@t) £Af (¢, x(t — 1)) (3.3)

that have been studied in Chap. 2 and by several authors [1, 3-8, 10—14]. Jiang et al.
[5] proved the existence and nonexistence of a nonnegative periodic solution of (3.1)
if A(t, x) = A(t). Zhang et al. [14] used a fixed point theorem in cone expansion and
cone compression [2] to show the existence of two periodic solutions for the above
equation.

All functions in this chapter are assumed to be in the space X of positive T -periodic
continuous functions, equipped with the supremum norm || x|| = maxj<; <y sup; |x; (¢)].
We use the following as general assumptions throughout this chapter.

! Some of the results in this chapter are taken from Padhi et al. [9].

S. Padhi et al., Periodic Solutions of First-Order Functional Differential Equations 61
in Population Dynamics, DOI: 10.1007/978-81-322-1895-1_3, © Springer India 2014
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(A1) There exist continuous 7 '-periodic functions b and ¢ such that 0 < b(r) <
lai(t,x)| < c(t) for | <i < n and all T-periodic functions x. Furthermore,
) b()de > 0.

(A2) fi(t,x;) [y ai(s,x)ds <Oforl<i<nandO<r<T.

(A3) f(t,x) is a continuous function of x.

(A4) For any L > 0 and ¢ > 0, there exists § > 0 such that if ¢, ¥ € X with
loll < LIyl <L,and ||¢ — ¢ || <4, we have

lft.¢) = f@.¥) <e

uniformly in 7.

We can construct the Green’s kernel so that solutions of (3.1) satisfy the integral

equation
t+T

x(t) =X / G(t,s)f(s,xg)ds,

t

where G (¢, s) is a diagonal matrix with entries

exp (fst ai (0, xp) o)
exp (=] ai(6, x9)d0) — 1

Gi(t,s) =

These entries are bounded as follows:

exp ([ c(60)de)
exp (—f) ¢(6)d) —1

T
"= exp(—fo c(9) d9) < |G;i(t,s)| <

exp (—f) b(©)do) —1

=B. (34)

Note that G (¢, s) is T-periodic in both variables and that G; and fOTai have opposite
signs. Therefore, by (A2), f; and G; have the same sign.
We define the operator A, on X by

t+T

(Ax)(t) =X / G(t,s)f(s, xs)ds.

t
Since the functions G; and f; have the same sign, A, x; is nonnegative. Furthermore,

t+T T

(Arxi) (1) =k/ |Gi(t, )| fi(s, x5)| ds 5)\,3/|fi(5»xs)|d5~
t 0

Taking the supremum on ¢,
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T
(Arx) @O < )»ﬁ/lfi(s,xs)lds.
0

Also, we have

T
(Apxi) () > Aa/ | fi (s, xg)| ds.
0

Combining the two inequalities above, we obtain
o
(Axxi)(t) = EII(AMi)(I)II. (3.5)
Motivated by this inequality, we define the cone K in X as
K={xeX:xi(t) > %||xi|| for t € [0, T] and 1 <i <n}.

Similar to what we did in Lemma 2.1.1, we can show that A, (K) C K and A, is
compact and completely continuous.

3.1 Positive Periodic Solutions of the Equation
x'(t) = A(t, x)x () + Af (¢, x¢)

In this section, sufficient conditions are obtained for the existence of positive periodic
solutions of the system of functional differential equation (3.1).

To prove the main result, we state the following conditions in terms of the bounds
« and B defined by (3.4):

(Hayp) There exists a positive constant ¢ such that

T
A,B/|f,-(t,x,)|dt<cl for 1<i<n and x € K with |x|| <cy;
0

(Ha1) There exists a positive constant ¢; > ¢ such that

T
< Aa/lfi(t,xt)|dt for 1 <i<n andx € K with ¢z < ||x| < Bcrc;
0

and
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(H»2) There exists a constant ¢4 > B¢y /a = c3 such that

T
M}/|f,-(t,x,)|dt <c4 for 1 <i<n and x € K with |x]|| <c4.
0
Theorem 3.1.1 Under the conditions (Hy)—(H2y), the hypotheses of the Leggett—

Williams fixed point Theorem 1.2.2 are satisfied and therefore Eq.(3.1) has at least
three positive T -periodic solutions.

Proof First, we show that A, maps fc4 into ?64. For x in fm, using (3.4) and
(Hp»), we have

t+T

Al < & / G (2. )11, (s, x0)] ds

t

T

< kﬂ/lfi(s,xs)lds
0

< ¢4,

which proves that A; (Fa‘) C Em-

Now, we prove (i) in Theorem 1.2.2. We define a nonnegative concave continuous
functional
= min inf x;(#).
v 1215 021<T xi (1)
The set {x € K(Y, c2, ¢c3) : ¥(x) > c2} is not empty because the constant function
x;i(t) = (c2 4 ¢3)/2 is in this set. For x € K (¥, ¢2, ¢c3), wehave ca < ||x|| < ¢c3 =
Bca/a. Then, using the definition of ¥, the fact that G; and f; have the same signs,
the bounds (3.4), and condition (H3;), we have

t+T

V() = minin 4 [ 16, 5)1Lf .01

t

v

T
mjn)\a/|ﬁ(s,xs)|ds
l
0
> ¢3,

which implies (i) in Theorem 1.2.2 holds. Now, for x in ?Cl , using (3.4) and (Hyp),
we have
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t+T

(Eves S)»/ |G, )1 fi(s, x5)| ds
t

T
< /\ﬂ/lfi(s,xs)lds
0

<cCy,

which shows (ii) in Theorem 1.2.2 holds. Finally, from the definition of i and (3.4),

t+T

¥ (Asx) Zminirtlf)»/ |Gi(t, )| fi(s, x5)| ds

t

T
> m_inkoz/ | fi (s, x5)| ds.
l
0
B
From ||A;x;|| > ¢3 = —c; and (3.4), we have
o

T
¢3 < Al < kﬂ/ (s, x| ds.
0

The above two inequalities give ¥ (A, x) > ¢z, which proves (iii) in Theorem 1.2.2.
Hence, all the conditions of the Leggett—Williams fixed point Theorem 1.2.2 are
satisfied, so the operator A; has at least three fixed points that correspond to periodic
solutions of (3.1). This proves the theorem. m]

Other versions of Theorem 3.1.1 can be stated using the following four lemmas.
Lemma 3.1.1 Condition (Hy) is implied by

lx—0

T
,B)Llimsup/|fi(t,x,)|dt/||x|| <1 forall i.
0

In turn, this condition is implied by

BAT lim sup maxT | fi(t, x)|/llx|l <1 forall i.

lell—>0 0=r=

Proof From the definition of limit superior, for each 0 < € < 1, there existsad > 0
such that
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T
/3)»/|f,'(t,x,)|dt < €|lx|| for x| <& forall i.
0

Select ¢ < 8. Then, for x in K,,
T
ﬂ)\'/l.fi(tvxt”dt <e€lx| < x|l <cy forall i
0

which implies (H>0). m]
Lemma 3.1.2 Condition (Hyy) is implied by
cy < aT|fi(t,x;)| for t €[0,T], Vi, x € K with ¢ < x| < écz.
o

Lemma 3.1.3 Condition (Hyp) is implied by

llx =00

T
ﬁ)»limsup/|f,-(t,xt)|dt/||x|| <1 forall i.
0

In turn, this condition is implied by

BAT limsup max | f;(¢, x¢)|/llx|| <1 forall i.
0<t<T

x| =00 V=

Proof Clearly, there exist positive constants € < 1 and § > 0 such that
T
,BA/lf,-(t,x,)|dI < €|lx|| for x| =6 forall i.
0

From (A3), if ||x]| < §, BA fOT | fi (¢, x¢)| dt is bounded by a positive constant 7.

r _
Select ¢4 = T—< Then, for x € K,,

T
ﬂ)»/lfi(t,Xz)ldt < €llxll+r
0

<€c4+r

= ¢,

which implies (H22). m]
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When we know only the range of A, rather than its value, hypotheses (H2)—(H22)
need to be modified as follows.

Theorem 3.1.2 When Ay < A < Ay, Theorem3.1.1 remains valid if we replace
(H20)—(H»>7), respectively, by

(H23) A2p foT |fi(t,x;)|dt <cy for 1<i<n and x € K with |x| < cy,
(H4) c2 < M fOT | fi(t,xp)|dt for 1 <i <nandx €K with ¢ < |lx|| < ch
and

(H»s) A28 fOT | fitt, x)|dt <cq for 1 <i <nand x € K with ||x|| < ca.

3.2 Applications to Some Mathematical Models

Example 3.2.1 As aparticular case of (3.1), we consider the scalar Eq. (2.12), which
is a Hematopoiesis model. Here, we assume that a, b and t are continuous periodic
positive functions with a common period 7T, and the constants m, n, and T are
positive. The Green’s kernel for this equation is

T
, where §=exp /a(@)d@
0

exp ([ a(0) do)

G(t,s) = 5 1

This kernel has the bounds

L Gy
—— S —_—.
s—1- V=5

We define the cone K on X by

1
K={xeX:x(t) > gllxll, for te[0,T]},

and the operator A by

t+T

(Ax)(t) = / G(t,s)b(s)

t

xM(s —1(s))
T+ 27 —1(s))

As we see in the proof of the next theorem, condition (i) of the Leggett—Williams
fixed point Theorem 1.2.2 is satisfied if there exists a positive constant ¢, such that
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(c2/8)™
8—1/ ()1+(80 )nds>cz.

We select ¢; as the minimizer of the function f(c) = (6 — l)c(g)_m(l + (§c)™).
This choice of ¢; leads the assumption (3.6) in the following result.

Theorem 3.2.1 Assumen >m — 1 > 0 and

T m—1

-1 g n Il+n—mY\
/b(s)ds>6 (6 D(l—}—n—m)( 1 ) . (3.6)
0

Then, the hypotheses of Theorem 1.2.2 are satisfied and therefore (2.12) has at least
three positive T -periodic solutions.

Remark 3.2.1 Equation (2.12) with constant coefficients was considered in Sect. 2.4
of Chap.2 (see Example 2.5.4 and Theorem 2.5.5). If a(t) = a, b(t) = b, and
7(t) = 7t are constants, then Theorem 3.2.1 implies that, if bT > pu, then (2.38)
has at least three positive T -periodic solutions, where u is given in (2.39). Here,
only the lower bound on bT is required. On the other hand, a range on bT, that is,
% < bT < pisrequired in Theorem 2.5.5 for the existence of at least three positive
T -periodic solutions of (2.38) although the condition 0 < m — 1 < n is required in
both the Theorems 2.5.5 and 3.2.1. Thus, Theorem 3.2.1 extends Theorem 2.5.5.

Furthermore, if a(t) = a, b(t) = b, and t(¢f) = t are positive constants, then
(3.6) gives a better lower bound on bT than (2.39) for the existence of at least
three positive T -periodic solutions of (2.38). In view of this, one may observe, from
the proof of Theorem 3.2.1, which is given below, that a direct application of the
Leggett—Williams multiple fixed point theorem, that is, Theorem 1.2.2 provide a
better sufficient condition for the existence of positive 7' -periodic solutions of models
arising in ecological and biological systems.

It seems that no result exists on the multiple positive periodic solutions of (2.38)
when bT < % Note that, if bT > %, then (2.38) has at least three positive T -periodic
solutions, by Theorem 3.2.1.

Proof of Theorem 3.2.1 From the definition of the cone K, ||x||/§ < x(s — t(s)) <
|lx|| for s € [0, T]. Then,

T
1 x"(s — (s)) ot
MO/G(t’S)b(S)lﬂws—r(s)) —6—1/ S ey

Since lim x™~!/(1 4+ x™) = 0, the right-hand side of the above inequality
X—>00

approaches zero as ||x|| — oco. By Lemma 3.1.3, this implies (H»2), for c4 arbitrarily
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large, which in turn implies A(?m) C fu. On the other hand, since lirr}) xm—1 /(14
xX—

x™) = 0, the right-hand side of the above inequality approaches zero as ||x|| — O.
By Lemma 3.1.1, this implies (H>q), for ¢ arbitrarily small, which in turn implies
(i1) of Theorem 1.2.2. To prove (i) of Theorem 1.2.2, we set

1 m—1 \'/"
o==——-
S\l4+n—m
and c¢3 = dcy. Note that the set {x € K (¥, ¢2, ¢3) : ¥ (x) > ¢z} is not empty because
the constant function % is in this set. For each x in the cone K with ¢; < ¥ (x)

and ||x|| < c3, we have ¢ < ||x|| < ¢3 and % < x(s — t(s)) < 6. Then,

T
1 (c2/8)™
Ax) > —— [ b(s)ds————— .
¥ (Ax) = 5_1/ (s o = e
0
The above inequality follows from (3.6) and the choice of c,. Here, we have used
that 1 + (c28)" = 5 +,’;_m and

(cz)m_ 1 m—1 e
5) TP \1xn—m

The above inequality implies (i) of Theorem 1.2.2. Now, we prove (iii) in Theorem
1.2.2 holds. Note that

t+T

1
YD = / b(s)
t

xM(s —1(s))
1+ x"(s — 1(s))

From ||Ax|| > ¢3 = 8¢, we have

t+T

65 < lAx] < (S(STI / bs) x"(s — 1(s))
t

14+ x"(s — t(s))

Combining the two inequalities above gives ¥ (Ax) > ¢, which shows (iii) of
Theorem 1.2.2 holds. By the Leggett—Williams Theorem 1.2.2, Eq. (2.12) has at least
three positive 7 -periodic solutions. O

Example 3.2.2 Consider the scalar delay differential equation
X' () = —a(®)x @) + b()x" (t — t(1))e V=T (3.7)
where a, b, and 7 are continuous periodic positive functions with a common period

T, and the constants m, y, and T are positive. The Green’s kernel G and the cone K
are the same as above, and the operator A is
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t+T

(Ax)(t) = / G(t,5)b(s)x™ (s — t(s)) exp(—yx(s — 1(s))) ds.

t

For proving (i) in the Leggett—Williams fixed point Theorem 1.2.2, we need a positive
constant ¢, such that

t+T

_ b(s)ds(c—z)mex (—y8cy) > ¢
s —1 s p(—yocz 2.

t

We select ¢ as the minimizer of the function f(c) = (8 — Dc ()" e?%. This
choice of ¢; leads to the assumption in the following result.

Theorem 3.2.2 Assume that m > 1 and that

T 2 m—1
/b(s)ds S 86 —1) ( yoTe ) . (3.8)

m—1
0

Then, the hypotheses of Theorem 1.2.2 are satisfied and therefore (3.7) has at least
three positive T -periodic solutions.

Remark 3.2.2 Clearly, (3.7) is a particular case of (2.11) withn = 1. If a(t) = a,
b(t) = b, and t(t) = 1 are positive constants, then Theorem 3.2.2 implies that if
m > 1 and

o ()/(326 )m—l
> 68 —1) 1 , 3.9
m —

then Eq.(2.35) with n = 1 has at least three positive T -periodic solutions, where
8 = T On the other hand, Theorem 2.5.2 and Corollary 2.5.1 imply that if m > 1
and either

2e(8 — "y < (3.10)

o 1 1+2
8<min[—, + e] G.11)

y  2e

then Eq.(2.35) with n = 1 has at least three positive T -periodic solutions for % <
bT < 1. Although the condition in (3.9) looks complicated, only a lower bound on
bT is required. On the other hand, condition (3.10) or (3.11) seems easy to verify
with the price that a lower and upper bound on b7 are required.
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Proof of Theorem 3.2.2 This proof is similar to the one in Theorem 3.2.1, so

we only give a sketch of it. Since lim x”~!le™¥* = 0, Lemma 3.1.3 implies
X—> 00

(Hay), for ¢y arbitrarily large, which in turn implies A(K.,) C K,. Again, since
lirr}) x"™~le=v* = 0, Lemma 3.1.2 implies (Ha), for ¢; arbitrarily small, which in
x—

turn implies (ii) of Theorem 1.2.2. To prove (i) of Theorem 1.2.2, we set

m—1
= —

Y8

and ¢3 = dco. For each x in the cone K with ¢ < ¥ (x) and ||x| < c3, we have
c2 < |lxll < c3and F < x(s — 7(s5)) < c28. Hence,

T
1 m
¥ (Ax) > m/b(s)ds(cs—z) eV S 0.
0

The above inequality follows from (3.8) and the choice of ¢,. Therefore, condition
(1) is satisfied. The proof of condition (iii) is the same as in the proof of Theorem
3.2.1. Then, by the Leggett—Williams fixed point Theorem 1.2.2, (3.7) has at least
three positive 7 -periodic solutions. O
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Chapter 4
Multiple Periodic Solutions of Nonlinear
Functional Differential Equations

In this chapter!, we present results on the existence of two positive periodic solutions
of the first order functional differential equation

x'(t) = a()x(t) — (&, x(h(1))), (4.1)

where a, h € C(R,Ry) and a(t + T) = a(¢t), T > 0 is a real number, f :
RxRy — Ry and f(t + T,x) = f(t,x).If h(t) =t — t(t) and 7 € C(R, Ry),
t(t + T) = t(t) with t(¢t) < ¢, then (4.1) takes the form

xX'(t) =a®)x@) — ft, x(t — 1(1))). 4.2)

From results on the existence of positive periodic solutions of (4.1), we can find from
the arguments in the succeeding sections that some similar results can be derived
for (4.2). The results obtained in [1, 5, 7, 12—14] can be applied to (4.1). One may
observe from the sufficient conditions assumed in Chaps. 2 and 3, that the function
f needs to be unimodal, that is, the function f first increases and then it decreases
eventually. This is because of the choice of a constant ¢4 needed in the use of the
Leggett-Williams multiple fixed point Theorem 1.2.2, for the existence of three fixed
points of an operator which, in turn, is equivalent to the existence of three positive
periodic solutions of (4.1) or (4.2). The above choices of functions exclude many
important class of growth functions arising in various mathematical models, such as:

(i) Logistic equation of multiplicative type with several delays
n
(1) = x(1) [a(r) o=t - (m] , (4.3)
i=1

where a, b;, t; € C(R, R,) are T-periodic functions;
(i1) Generalized Richards single species growth model

! Some of the results in this chapter are taken from Padhi et al. [9-11].

S. Padhi et al., Periodic Solutions of First-Order Functional Differential Equations 73
in Population Dynamics, DOI: 10.1007/978-81-322-1895-1_4, © Springer India 2014
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0
X (1) = x(1) |:a(t) - (x(’;—(;)(t))) } , (4.4)

where a, E, T € C(R, Ry) are T-periodic functions and 6 > 0 is a constant;
(iii) Generalized Michaelis-Menton type single species growth model

n
bi(0)x(t — 7 (1))
xX'@)=x@) |a@) — d , 4.5
(1) ()[() ;HQ_WU_W))} (4.5)
where a, b;, c;,and t; € C(R, R;),i = 1,2, ...,n, are T-periodic functions.

In this chapter, we attempt to study the existence of two positive T -periodic solu-
tions of the Eq. (4.1). Then we apply the obtained result to find sufficient conditions
for the existence of two positive T-periodic solutions of the models (4.3)—(4.5). To
prove the results, we use the Leggett-Williams multiple fixed point Theorem 1.2.1.

The following open problem was proposed by Kuang [6, open Problem 9.2]:
Obtain sufficient conditions for the existence of positive periodic solutions of the
equation

X' @) =x@W[a@) —b®)x(@) —c@)x(t — 1)) —dO)x'(t — o ()] (4.6)

Liu et al. [8] gave a partial answer to the above problem by using a fixed point
theorem for strict set-contractions. They proved that (4.6) has at least one positive 7 -
periodic solution. Freedman and Wu [3] studied the existence and global attractivity
of a positive periodic solution of (4.6) with d(¢) = 0. In this chapter, we apply the
Leggett-Williams multiple fixed point Theorem 1.2.1 to show that (4.6) has at least
two positive T'-periodic solutions (See Example 4.2.1) when d(¢) = 0.

The results of this chapter can be extended to

x'(1) = a(®x () — £, x(h1 (1)), ... x(hy (1)), 4.7)

where h;(¢) > 0,i =1,...,n,and f € C(R x R, Ry) is periodic with respect to
the first variable.
Observe that (4.1) is equivalent to

t+T

x(1) = / G(1,5)f (s, x(h(s)))ds,

where .
— [a®)do

t
G(t,s) =

T
— [a()do
l—e O
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is the Green’s kernel. The lower bound, being positive, is used for defining a cone.
The Green’s kernel G (¢, s) satisfies the property

) 1
0<a=ﬁ§G(t,S)Sl——ﬂ, selt,t+T],

5=
T
— [a(0)do
where § = e 0 < 1.
Let
X={xeCR,R):xt)=x@t+T)}
with the norm ||x|| = sup |x(#)|; then X is a Banach space with the norm || - ||.

1€[0,T]
Define a cone K in X by

K={xeX:x@) >3d|x|, [0, T]}

and an operator A on X by

t+T

(Ax)(t) = / G(t,s) f(s,x(h(s)))ds. (4.8)

t

If we proceed along the lines of Lemma 2.1.1 and Lemma 2.1.2 in Chap. 2, we can
prove that A(K) C K, A : K — K is completely continuous, and the existence of
a positive periodic solution of (4.1) is equivalent to the existence of a fixed point of
Ain K.

4.1 Positive Periodic Solutions of the Equation

x'(t) = a(®)x(@t) — f(t, x(h(?)))

In this section, we shall obtain some sufficient conditions for the existence of at least
two positive T -periodic solutions of (4.1).
Denote

[, x)

, .
f9 :limsupM and F? = lim sup ——.
x—0 alf)x x—>0 X

Theorem 4.1.1 Assume that there exist constants c¢1 and ¢y with 0 < ¢1 < ¢ such
that

T
(Hag) /f(t,x(h(t)))dt > 2 forxeK, ep<x< 6(3—2 and0 <t <T,
o
0
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and
T

(Hy7) /f(t,x))dt<%forxeK,Ofxfcl,andOSIST.
0

Then Eq. (4.1) has at least two positive T -periodic solutions.

Proof Define a nonnegative concave continuous functional ¥ on K by ¢ (x) =
I{binT]x(t). Then ¥ (x) < |x|. Set c3 = F and ¢o(t) = ¢o = % Then ¢ €
1€|0,

{x €e K({, c2, c3) : ¥(x) > c2}. Furthermore, for x € K (¥, ¢3, ¢3), (Hae) implies

t+T

Y(Ax) = OminT / G(t,s)f(s,x(h(s)))ds
<t<

t
T

> oz/f(s,X(h(S)))ds
0

> C).

Now let x € fq. Then, from (Hj7),

t+T
[Ax| = sup /G(t,S)f(s,X(h(S)))ds
0<t<T f

IA

T
ﬂ/f(S,x(h(S)))dS
0
< (1.
Next, suppose that x € K, with |Ax|| > c3. Then,

t+T

¥(Ax) = min / G(t,5)f (s, x(h(s)))ds

t

T
> a/f(s,x(h(s)))ds
0
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and
T
e < llAx] < B / Fis. x(h(s))) ds
0
T
(07
= g/f(s,x(h(S)))ds
0
< ! A
< 51/’( x)
imply that

2
¥ (Ax) > —|lAx]|.
3

Hence, by Theorem 1.2.1, Eq.(4.1) has at least two positive T -periodic solutions.
This completes the proof of the theorem. O

Theorem 4.1.2 Assume that there exist constants c¢1 and ¢y with 0 < ¢1 < ¢ such
that

(Hyw) f(t.x(h(1))) > —”T forxeK, cy<x< ;—2 and0 <1 <T
o
and

(Ha9) f(t,x(h(1))) < ﬂc—; forxeK,0<x<cj,and0 <t <T.

Then Eq. (4.1) has at least two positive T -periodic solutions.

The proof of the theorem follows from Theorem 4.1.1. Indeed, (H»¢) and (H27)
follow from (Hg) and (Hpo), respectively.

Theorem 4.1.3 Let

(H3p) min f* = o0
0<t<T

and
H 0=0.
(H31) Oféltaifo

Then Eq. (4.1) has at least two positive T -periodic solutions.

Proof From (H3p), it follows that there exists ¢ > 0 large enough such that
ft,x) >a@)x forcy <x < “;3—2 Define ¥ as in the proof of Theorem 4.1.1 and set
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c3 =% and ¢o(t) = ¢o = 5. Then ¢y € {x € K(¥, c2.¢3) : ¥(x) > c2}. For
x € K, ¢, c3), we have

t+T

Y(AD) = min / G(t, ) f (5. x(h(s))) ds

1
t+T

> minT/G(t,s)a(s)x(s)ds

O=<r=<
t

t+T
> ¢ min /a(s)G(t,s)ds
0<t<T

t
= ).

Next, by (H31), there exists £, 0 < & < ¢y such that f(r, x) < a(t)x forO < x ig.
Setcy =&.Thency < cpand f(7,x) < a(t)c; for0 < x < ¢1. Now, forx € K,

we have

t+T

|Ax] = sup / Gt 5) £ (s, x(h(s))) ds
0<t<T f

t+T

< sup /G(t,s)a(s)x(s)ds

0<t<T
t
t+T

<1 sup /a(s)G(t,s)ds

0<t<T
t

=cj.

In addition, for x € Ecs with ||Ax| > c3, we have

+T
V(Ax) = min / G(t,5)f(s, x(h(s)))ds

t

T
> a/f(s,x(h(s)))ds
0
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and

T
@<Hm15ﬂ/fmxmwnw
0

T
%/fmxmm»w
0

1
= sV (Ax).
3
The above inequalities imply that
2
Y (Ax) > —|[|Ax].
3

Hence, by Theorem 1.2.1, Eq.(4.1) has at least two positive T -periodic solutions.
This completes the proof of the theorem. O

Theorem 4.1.4 Suppose that there exists a constant 1, 0 < u < 1 such that

(H) [ >

T

and

(Hz3) f° < .
Then there exist at least two positive T -periodic solutions of Eq.(4.1).

Proof Since (H3) holds, there exists ¢; > 0 such that

a(t)x 1)
@) for czfxfg.

ft, x) >

Define the nonnegative concave continuous functional ¥ on K by ¥ (x) = min;¢[o,7]
x(1). Take c3 = % and ¢o(t) = % This shows that ¢g(t) € {x : x €
K, c2,c3), ¥ (x) > c2} # @. Then for x € K (Y, ¢3, ¢3), we have

t+T

Y(Ax) = 01<nti<nT / G(t,s)f(s,x(h(s)))ds
S
t+T

> min /G(t,s)Mds
0<t<T 7

t
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t+T

> @ min /a(s)G(t,s)ds
W 0<t<T
'

> C).

From (H33), there exists a real §, 0 < § < ¢ such that f(r,x) < a(r)ux for
0<x <é& Setcy =§&;thency < . Forx € K, we have

t+T

|[Ax|| = sup /G(l,S)f(S,X(h(S)))ds
0<t<T /

t+T

sup / G(t,s)a(s)ul x| ds
0<t<T f

A

= pci
<cy.
The rest of the proof is similar to that of Theorem 4.1.1 and is omitted. O

Corollary 4.1.1 If f© < 1 and f* > 1, then Eq.(4.1) has at least two positive
T -periodic solutions.

Theorem 4.1.5 If

1
H FO=a; e (0, —
(H34) max, aj ( /ST)

and there exists a constant co > 0 such that

1
(H35) f(t.x) > —ox forey <x < %2

then Eq.(4.1) has at least two positive T -periodic solutions.

Remark 4.1.1 The conditions in Theorems 4.1.1-4.1.4, Corollary 4.1.1, and Theo-
rem 4.1.5 improve the results in [4, 8, 15, 16].

Theorem 4.1.6 Suppose that
(Hze) f is nondecreasing with respect to x

and there are constants 0 < ¢1 < ¢ such that

T T
[ ft, cpde § [ f(t,8cy)dt
(Hs7) ° 0

<1<
(1 =38)c (1 =968)cp

Then Eq. (4.1) has at least two positive T -periodic solutions.
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Proof Set c3 = %, define ¥ as in the proof of Theorem 4.1.1, and let ¢ (1) = ¢o =

&4 Then ¢y € {x € K(¥, ¢2,¢3) : ¥(x) > c2). For x € K (¥, 2, ¢3), applying
(Hze) and (H37), we obtain

t+T
Y(Ax) = mln / G(t,s)f(s,x(h(s)))ds

t

> l_s/f(s x(h(s))) ds

> 1_(S/J‘(s dcp)ds
> ).

Next, for x € fq, we have

t+T

[Ax|| = sup /G(t,S)f(s,X(h(S)))ds

0<t<T
t

I
m/f(s, llx1) ds
0

<
T
<! /f( yd
=73 s, c1)ds
0
< C]

by using (H3e) and (H37). Finally, for x € ?03 with ||Ax| > ¢3, we have

t+T

Y (Ax) = min /G(t,s)f(s,x(h(s)))ds

0<t<T
t

T
> % / F(s.x(h(s))) ds
0
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and
| T
e < Naxl = 7= [ Fextom ds
0
1
= <V (Ax),
8
which together imply

2
V(Ax) > —=||Ax].
3

Thus, all the conditions of Theorem 1.2.1 are satisfied and so Eq.(4.1) has at least
two positive T-periodic solutions. This completes the proof of the theorem. O

Theorem 4.1.7 Suppose that (Hze) holds and there are constants 0 < ¢1 < ¢ such
that

T t, 8T mi £,
,Sﬁ(%?]f( 1) te‘?&,‘}]f( c2)

) — 5, 1< (1= 8)c

Then Eq. (4.1) has at least two positive T -periodic solutions.

Proof Take v as in the proof of Theorem 4.1.1 and let ¢ () = —CZ;Q , wherecy = .
Then ¢o(t) € {x € K(¥, ca2,¢3) : ¥(x) > c2} # ¢. Now using (Hze) and (Hzg),
we have for x € K (¥, ¢2, ¢3),

t+T

Y (Ax) = min /G(t,s)f(s,x(h(s)))ds

0<t<T

t
T
>(S (s,8¢c2)d
z 175 | f(s:8c)ds
0

> T3 omin. [, 8c)T

> ).

For x € ?C], we can use (H3g) and (H3g) to obtain
+T

[Ax]l = sup /G(l,S)f(S,X(h(S)))ds

0<t<T
t

T
< ﬁ/f(s, ]l ds
0
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1
< moglax f@,e)T

<cq.

The last part of the proof is similar to that of Theorem 4.1.1 and hence is omitted.
Therefore, (4.1) has at least two positive T -periodic solutions and this completes the
proof of the theorem. O

Wang [12] considered the differential equation

X (1) = a®)g(x(@)x (1) — 2b(t) f (x(t — T(1))), (4.9)

where A > 0 is a positive parameter, a, b € C(R, [0, 00)) are T -periodic functions,
Jya@dr > 0, [ b@)dr > 0,7 € C(R, R) is a T-periodic function, f, g :
[0, 0c0) — [0, 00) are continuous, 0 < [ < g(x) < L < oo forx > 0,1/, L are
positive constants and f(x) > O for x > 0. In developing sufficient conditions for
the existence of positive 7T -periodic solutions he introduced the notations

io = number of zeros inthe set { f, f oo}

and
ico = number of infinities in the set {70, 700},
where
Fo= tim 2% gng T = tim LY
x—0t X X—>00 X

In what follows, we apply Theorem 1.2.2 to Eq. (4.9) to obtain some new results
different from those in [12]. The Banach space X and a cone K are same as defined
earlier in the chapter but the operator A is replaced by

t+T
(An)(0) = / G (t, $)b(s) f (x(s — 7(s))) ds,
t
where .
— [a®)g(x(©))do
Gy(t,s) =

T
— [a®)g(x(©))do
l1—¢ ©

is the Green’s kernel. The Green’s kernel G (7, s) satisfies the property

5L
<G,
oL =Gt =775

Proceeding as in the proof of Theorem 4.1.6, we obtain the following result.
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Theorem 4.1.8 Let (H3g) hold. Further, assume that there are constants 0 < ¢ <
¢y such that
(1—685c (1—8he

<A

(H39) < .
¥ Flen JT bis)ds

T
8L f(c2) [b(s)ds
0

Then Eq.(4.9) has at least two positive T -periodic solutions.

Section 2.2 of Chap. 2 deals with the existence of at least three positive 7 -periodic
solutions of the Eq. (4.1) with a parameter A. Some of the results can be extended to
Eq. (4.9). In the following, we apply Theorem 1.2.2 to Eq. (4.9) to obtain a different
sufficient condition for the existence of at least three positive T -periodic solutions.

Theorem 4.1.9 Let ?0 <1—=68"and f o < 1— 68" hold. Assume that there exists a
constant ¢y > 0 such that

_sL _ gL
(Hao) 1) > e for e <x = U0

=51 —oh)

Then Eq. (4.9) has at least three positive T -periodic solutions for

sk 1
—<)\<—

T T
Jb@)de [ b(t)de
0 0

Proof Since f® < 1 -8, thereexist0 < € < 1—8" and £ > 0 such that fx) <ex
forx > &. Lety = 0 max Tf(x). Then f(x) < ex + y forx > 0.

SA=S, U

Choose ¢4 > 0 such that

y 1 -8t
(1—=58)—¢ L1 4!

C4>max[ )C2 .

Then, for x € EW

t+T
[ Asxll = OSHPT?» / G(t,5)b(s) f(x(s —7(s)))ds
=t=
T

< g [ 6 — T s

0
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T
1
=14 b(s)(ellx| +y)ds
0
< 1_8,(€C4+)/)
< (4,

thatis, A : Ko, — K.
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Now, we define a nonnegative concave continuous functional ¥ on K by ¥ (x) =

1-sL
ln[nn x(t). Then ¥ (x) < ||x]|. Setcz = AT

c2 and ¢o(t) = ¢o = 25 Then

co <czand ¢g € {x € K, c2,¢3) : ¥(x) > c3}. Forx € K(y, ¢, c3), it follows

from (Hyp) that

t+T
¥ (A0) = min 1 / G(t. $)b(s) £ (x(s — T(5))) ds
t
L
- 2 / b(s) £ (x(s — 7(s))) ds
0
sk ‘ — 8L
Zl—(SL /b() cr ds
0

> C).
Next, since f 0 <1 — ¢, there exists a positive o < ¢, such that
fx) < (1 —=8)x for 0 <x <o.

Setcy =o;thency < ¢p. Forx € fq, we have

t+T
143l = sup & [ G9bo)fx(s = ) s
<t<T
T
< ot [ b=l as
0
) T
< g [ e — ')y ds

< cy.
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Finally, for x € K (i, ¢, c4) with ||A, x| > c3, we have

T

A / b(s) £ (x(s — 7(s))) ds,

0

< ||A <
<Al = 75

which, in turn implies that

L

V(M) =

)L/b(s)f(x(s —1(s5)))ds

0
L

T 1oL
= 0.

(1—38"¢3

Hence, by Theorem 1.2.2, Eq. (4.9) has at least three positive T -periodic solutions. O

Corollary 4.1.2 Ifiy = 2 and there exists a constant ¢ > 0 such that (Hag) holds,
then Eq. (4.9) has at least three positive T -periodic solutions.

Remark 4.1.2 Wang [12] obtained three different results for the existence of at least
one positive periodic solution of (4.9) using fixed point index theory [2]. In Corollary
4.1.2,ithas been shown that (4.9) has at least three positive T -periodic solutions when
ig = 2.

It would be interesting to obtain sufficient conditions for the existence of at least
two or three positive periodic solutions of (4.9) when iy € {0, 1} and iy € {0, 1, 2} by
using the Leggett-Williams multiple fixed point theorems. Bai and Xu [1] obtained
a sufficient condition ([1, Theorem 3.2]) for the existence of three nonnegative
T -periodic solutions of (4.9). Although the condition iy = 2 holds both in [1, The-
orem 3.2] and in Corollary 4.1.2 above, condition (Hs) and the condition (Hs) in
[1] are different. Accordingly, the ranges on the parameter X are also different.

Finally, we generalize some of the above results to the scalar differential equation
of the form

dx

P —A@)x(t) + f(, x(1)), (4.10)
where A € C(R, R) and f € C(R x R, R) satisfy A(t + T) = A(¢) and f(t +
T,x) = f(t, x). We shall apply Theorem 1.2.1 to obtain the existence of at least two
positive periodic solutions of (4.10).

Lemma 4.1.1 If x(¢) is a T—periodic solution of (4.10) then it satisfies the integral

equation
t+T

x(t) = / G(t,s)f (s, x(s)) ds @.11)

t
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where G (t, s) is the Green’s function given by

exp (fs A(G)d@)

t

T 9
exp(f A(e)de) -1
0

T

8 =exp (/ A(G)d@).

0

G(t,s) = t, s € R.

Now, let us define

Observe that § > 1 if
T

/A(Q)d@ > 0.

0

Undel‘ the aSSllmptlon (4.14), the Gl‘een’s funCthn (4.12) Satisﬁes
< < s < —- s € t + 2 .
8 - 1 ’ (S — 1’ ’
We knOW that the set

X = {x € C([0, T], R) : x(0) = x(T)}

endowed with the norm

Ixl = sup x(z)
0<t<T

87

4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

is a Banach space where C[0, T'] is the set of all continuous functions defined on

[0, T].

Theorem 4.1.10 Let fOT A(s)ds > 0. Assume:

(Hy1)  there exists c3 > 0 such that fOT f(s,x)ds >0if0 <x <c3and

S —

1 ., C3
3 lf?EXScB;

T
/ f(s,x)ds >
0

T
(H) [ fs 0ds < 5
0

lim ﬁ
Ix—0 %

Then Eq. (4.10) has at least two positive T-periodic solutions in Ew

(4.18)
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Proof Let us consider the Banach space X endowed with the sup norm as defined in
(4.16)—(4.17). Define a cone K on X by

K={xeX:x@) >0}. (4.19)

Let c3 be a positive constant satisfying the conditions in the hypotheses. Define an

operator E : K., — K by

t+T

(Ex)(t) = / G(t,s)f(s,x(s))ds. (4.20)

t

It is clear that the existence of a fixed point of E is equivalent to the existence of a
positive periodic solution of (4.10).
We shall apply Leggett-Williams multiple fixed point theorem to the above opera-
tor E to prove the existence of at least two positive periodic solutions for the Eq. (4.10).
It can be easily verified that E is well defined, completely continuous on fc3 ,and
E(Eq) C K. Consider the nonnegative concave continuous functional i defined
on K by
Y(x) = Omin x(1). “4.21)

<t<
For c; = 4 and ¢p = %(cz + ¢3) we have, ¢p < ¢y < c3 and so
{x e K(¥,c2,¢3) : ¥ (x) > 2} #0.

For x(t) € K(, 2, ¢c3),

t+T

Y(Ex) = min /G(t,s)f(s,x(s))ds
0<t<T

t

\

T
ﬁ/f(s,x(s)) ds (from (4.15))
0

1 6-1

>
—5—1
a3

5

Cc3 (from H41 )

Hence, condition (i) of Theorem 1.2.1 is satisfied.
Now, we show that condition (ii) of Theorem 1.2.1 holds. From condition (Hy3),
there exists &, 0 < & < ¢, such that
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T
/f(S,X(S))dS < [x]l for 0 < |lx|| < §. (4.22)
0

Choose c; = &. Then we have 0 < ¢] < ¢ and for 0 < x(s) < ¢y, applying (4.15)
and (4.22), we obtain

T

|Ex| = sup /G(t,s)f(s,x(s))ds

0<t<T
0

A

T
(S(Sj/f(s,x(S))ds
0

5 6—-1

<
—5—1 4
<cq.

llxll

Hence, condition (ii) in Theorem 1.2.1 is established.
Now from (4.15),

t+T

Y (Ex) = min /G(l,s)f(s,x(s))ds
0<t<T

t

T
> ﬁ/f(s,x(s)) ds. 4.23)
0

Let 0 < x(¢) < c¢3 be such that | Ex|| > ¢3. For such a choice of x(¢), we have

T

c3 < ||[Ex|| = sup /G(t,s)f(s,x(s)) ds

0=<t<T
0

T
8
< sTl/f(s,x(s))ds
0

T

< 8ﬁ/f(s,x(s))ds
0

< 8y(Ex)

by (4.23). Therefore, ¥ (Ex) > §||Ex|| and this implies that ¢ (Ex) > %||Ex|| for
0 < x(t) < c3 satisfying |Ex|| > c3. Hence, condition (iii) of Theorem 1.2.1 is
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also satisﬁ_ed. Therefore, by Theorem 1.2.1, the operator (4.20) has at least two fixed
points in K ,, so Eq.(4.10) admits at least two positive T-periodic solutions. This

completes the proof. O
T
Corollary 4.1.3 Let f A(s)ds > 0. Assume there exists a positive constant c3 such
0
that
/f(t, x)dt > 0 for 0 < x <c3, 4.24)

/f(s x)ds =

T
/f(s,x)ds > o~

x for x = c3, 4.25)

1 c3
c3 for 5 <x <c3, (4.26)

and
Ly 5—1
(H}) 11 ;gf(s,x)ds < 5

Then Eq. (4.10) has at least two positive T-periodic solutions in Eq.

Proof Assume that there exists ¢z > 0 such that (4.24)—(4.26) hold. This implies
that

1 c3
c3 for ngfcg,

/f(s,x)dsz o -
0

and hence (H 2) implies (Hs).
Now, let us assume

0/ ARV (4.27)

We have m fOT f(s,x)ds = fOT [0 q¢ < fOT fﬁ:;) ds for s € [0, T]. Observe

[Eq]
that ||x|| — O if and only if x(s) alsg tends to zero for all s € [0, T']. Therefore, in

view of (4.27) we have
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T T
: 1 . fs,x(s)) §—1
Iim — s,x(s))ds < lim ds < , forall s € [0, T].
Ixl=0 x| O/f( ) x(s)aoo x(s) )

Therefore, condition (Hj‘z) implies (Hi), and this completes the proof of the
theorem. O

4.2 Applications to Some Mathematical Models

Ye et al. [15] and Zhang et al. [16] showed that the models (4.3)—(4.6) have at least
one positive periodic solution. In the following section, we apply some of the results
obtained in Sect.4.1 to obtain sufficient conditions for the existence of at least two
positive periodic solutions of the models (4.3)—(4.6).

Example 4.2.1 The generalized logistic model for a single species
x'(1) = xOa(t) = b(O)x(t) — c(Ox(t — T(1))] (4.28)

has at least two positive T -periodic solutions, where a(¢), b(¢) and c(¢) are nonneg-
ative continuous periodic functions.

To see this, set f (¢, x) = x(¢)[b(t)x(¢t) + c(t)x(t — T(¢))]. Since

fex {b(t)] c(1)

t
max |lx]| + max ’T} x| = 0 as x — 0,
a

< ma
te[0,7]1 a(t)x 1€[0,T]

a(t)

t€[0,T] )

we see that (Hzy) is satisfied. Moreover,

min > n
tel0,T1 a(t)x tel0, 71 | a(t)

fax 5[@

]||x||—>oo as x — oo;
so (Hzp) is satisfied. Thus, by Theorem 4.1.3, Eq. (4.28) has at least two positive
T -periodic solutions.
Example 4.2.2 The logistic equation for a single species
n
x'(1) = x(1) [a(r) =D binxt — 5 (r))} (4.29)
i=1

has at least two positive 7-periodic solutions, where a, b;, 1; € C(R, R}) are
T -periodic functions.

Example 4.2.3 The logistic equation with several delays (4.3) has at least two
positive T -periodic solutions.
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Example 4.2.4 The generalized Richards single species growth model (4.4) has at
least two positive T -periodic solutions.

The verification of Examples 4.2.2-4.4.4 are similar to that of Example 4.2.1.
Applying Corollary 4.1.1 to the generalized Michaelis-Menton type single species
growth model (4.5), we obtain the following result.

Example 4.2.5 If
, Z b
OT] a(t)ci(t) ’

then (4.5) has at least two positive T -periodic solutions.
Now, we assume that the population is subject to harvesting. Under the catch-per-
unit-effort hypothesis [15], the harvested population’s growth model becomes
b(t)x(t
X' (1) = x(1) |:a(t) _ o= } — gEx,

_— (4.30)
1+c)x(@)

where g and E are positive constants denoting the catch-ability coefficients and

harvesting effort respectively Ye et al. [15] proved that if 0 < gE < % and

(}’m + qE) 82T , then (4.30) has at least one positive 7' -periodic solution, where

b™ = ming<,<7 b(t) and 0 < c(t) < c.
Sij(t)dt
-5

Theorem 4.2.1 Suppose that 0 < gE < T and +qgE > —T Then
Eq. (4.30) has at least two positive T -periodic soluttons

Proof Set f(t,x) = li(’c )(’;)x + gEx. Then gE < 1mphes the condition (H34).

cra8?T fb(t) dr

Choose ¢y = T‘s(l_qu‘aT) ; then 8+gcz + gEasT = 1. Setting
82T [ b(t)dt—c(1—gEasT)
0
=% = - 1—qEadT , we have ¢; < ¢3. Now forc; < x < @, we
ad2T [ b(t)dt—c(1—qgEasT)
0
have
T
5 [b(t)de
0
t,x) > — +qgEc
f, x) s qEc
T
c208%T [b(t)dt
=2 0 + gEasT
adT 8+ ccr
)

_(18_T’
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that is, (H3s) holds. Hence, by Theorem 4.1.5, (4.30) has at least two positive T -
periodic solutions. O

Remark 4.2.1 There are very few results in the literature on the existence of two
periodic solutions of (4.1) with its application to the models (4.3)—(4.6). Hence,
simple results on the existence of two periodic solutions of the above equations are
of immense importance.

4.3 Application to Renewable Resource Dynamics

In this section, we apply Theorem 4.1.10 and Corollary 4.1.3 to investigate the
existence of positive T-periodic solutions of the ordinary differential equation

x' = a(t)x(x — b(1))(c(t) — x) 431

representing dynamics of a renewable resource that is subjected to Allee effects. The
transformation y(z) = c(¢)x(¢) transforms Eq.(4.31) in to

‘;—y =- (a(t)cz(nk(z) +5 (t)) y+aOEO) (1 +kn) —»y? (432
t c(t)
where
k(t) = @ <1 (4.33)
) ' '

Note that (4.32) is a particular case of a general scalar differential equation of the

form

d
d—f =—AQ@)y@) + [, y(@)) (4.34)

where A € C(R, R)and f € C(RxR, R)satisfy A(t+T) = A(t)and f (4T, x) =
f(t, x). Comparing (4.32) with (4.34) we have

) =\a®)c" (k@) + (4.35)
c(1)
and
£t x) =a@)c@) (1 + k(1)) — x) x> (4.36)

Let us consider a Banach space X as defined in (4.16)—(4.17). We have f(¢,0) =
0, f(t,x()) > 0for0 < x(t) < 1 4+ ky,, and f(t,x(t)) < Ofor x(t) > 1 4+ ky
where k;,, = min k(t)andky = max k(z).

0<t<T 0<t<T
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Henceforth, we let
T T
M =/a(s)c2(s)ds and N =/a(s)c2(s)k(s)ds. (4.37)
0 0

Since 0 < k(t) < 1 (from 4.33), we have M > N > 0. From (4.36) we observe
that limo % fOT f(s,x)ds = 0 and hence (H},) of Corollary 4.1.3 is satisfied for
X—>

Eq. (4.32). We then have the following theorem.

Theorem 4.3.1 If

eN—1

(M+N)+\/(M+N)2—4M( ) ; N — 5
2M M+ N

(4.38)

then Eq.(4.31) has at least two positive T-periodic solutions.

Proof We shall use Corollary 4.1.3 to prove this theorem. From (4.35), it is easy to
observe that fOT A(s)ds = N > 0. To complete the proof of the theorem, it suffices
to find the existence of a positive constant c3 > 0 such that (4.24)—(4.26) hold.

Take

(M +N) + /(M + N)? - 4aM(35h)

M (4.39)

3

and define c; = %3. Clearly 0 < ¢ < c3.Itis easy to verify that p = c3 is a solution
of

5—1
— Mp* + (M + N)p — ——=0. (4.40)

A simple calculation shows that (4.40) is equivalent to

T T

a- p)p/a(s)cz(s)ds + p/a(s)cz(s)k(s)ds = % (4.41)
0 0

The above equation can be rewritten as

T
§—1
/f(s, p)ds = Tp. (4.42)
0
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That is, p = c3 satisfies

T

§—1
/f(s,C3)ds: 5 c3.
0

Next, we consider the inequality

T

5—1
/f(s, 66—3)ds> —ocs. (4.43)
0

Substituting for f, we obtain

T
2
/a(s)cz(s)(l + k(s) — ;—3);—; ds >
0

5§—1
8

c3. (4.44)

The above inequality is equivalent to
—Mc3 + (M 4 N)scz — 828 — 1) > 0.
Since p = c3 is a solution of (4.40), the above inequality yields

21

S (4.45)

c3 > ————.
(M +N)

Therefore, (4.43) will be satisfied if the root p = c3 of (4.40) satisfies the inequal-
ity (4.45). Thus, (4.24)—(4.26) will be satisfied if the parameters of the associated
Eq. (4.32) satisfies (4.45), that is, (4.38) holds. Hence, the proof is complete. m]

Observe that Theorem 4.3.1 verifiable only if M and N satisfy the inequality

N
(M + N)> —4M(e — 1) > 0. (4.46)

Note that the left hand side of the inequality (4.46) is an implicit expression in M and
N and the Fig.4.1 presents the region in the (M, N) space where the inequality is
satisfied. From this figure we observe that (4.46) is valid in the interior of the positive
quadrant of (M, N) space. Since we have both M and N to be positive from (4.37),
we see that (4.46) is always satisfied for the model (4.31).

Figure 4.2 presents the region in the (M, N) space where the inequality (4.38)
is satisfied. This figure helps in identifying the coefficient functions that ensure the
existence of at least two T-periodic solutions for (4.31). Let us choose the functions
a(t), b(t) and c(¢) to be the 27 periodic functions
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Fig. 4.1 The shaded region N
represents the portion in the
(M, N) space that satisfies
(4.46)

1.2 4 cost
12(1.2 +sint)’

a(t) = (1.2+sint)?, b@t) = and c(r) = 1; (4.47)

2 +sint

From (4.33), we have k(1) = lc’(—g = % < 1. According to (4.37), we have
M =6.28, N =0.628. Clearly, M > N > 0. Also, we have

(M+N)+\/(M+N)2—4M(61:—;l)

= 1.0277
2M

and
2N 1

—_ % _0.4310.
M+ N

Therefore (4.38) is satisfied and hence (4.31) admits at least two positive solutions
with a(t), b(t), and c(¢) as given in (4.47). The existence of 27 periodic solutions
can also be ascertained from Fig.4.2 by observing presence of the point (M, N) =
(6.28, 0.628) in the region that satisfies (4.38). In fact, Fig.4.2 indicates that if the
positive T-periodic coefficient functions a(z), b(¢) and c(¢) with b(¢) < c(¢) are so
chosen such that the corresponding M and N in (4.37) belong to the shaded region,
this implies that the model (4.31) admits at least two positive T-periodic solutions.
In this section, we examined the existence of at least two positive 7-periodic
solutions for a scalar differential equation representing the dynamics of a renewable
resource that is subjected to Allee effects. This study is physically relevant as it
takes into account the seasonally dependent (cyclic) behavior in the intrinsic growth
rate, Allee threshold, and carrying capacity for the renewable resource. While the



4.3 Application to Renewable Resource Dynamics 97

Fig. 4.2 The shaded region N
represents the portion in the 2+
(M, N) space that satisfies
(4.38)
1 [
(6.28,0.628)
+=M
0 1 2 3 4 5 6 7

equation with constant coefficients (independent of strict periodicity) admits exactly
two positive equilibrium solutions, the study undertaken in this section reveals that
the equation with periodic coefficients admits at least two positive periodic solutions.
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Chapter 5
Asymptotic Behavior of Periodic Solutions
of Differential Equations of First Order

In this chapter!, we establish results on the existence and global attractivity of the
positive periodic solutions of mathematical models such as fishing models, blood cell
production models, Nicholson’s blowflies model, and the Lasota-Wazewska model.

Periodicity plays an important role in problems associated with real-world appli-
cation such as those involving ecosystem dynamics and environmental variability.
Periodic variation in the environment such as seasonal changes act upon the dynamic
behavior of biological and ecological systems. Consequently, to analyze periodic
variations in the environment, it is reasonable to consider the parameters involved to
be periodic with same period.

Section 5.1 deals with sufficient conditions for the existence and global attractivity
of a positive periodic solution of the fishing model

x(1)
x0\"’
1+ (29)

where a, b, p : [0, 00) — [0, co0) are positive continuous periodic functions with

b(t) _

period 7', x(t) is the population size at time ¢, <— is the birth rate, and a(t) is

1+ %)
the mortality rate. Here the parameter v > 0 affects how density dependence sets in.
In Sect. 5.2, we provide some important results on the existence and global attrac-
tivity of positive periodic solutions of the Lasota-Wazewska model.
In Sect.5.3, we investigate the global attractivity of a positive periodic solution
of the red blood cell production model

x'(t) = —a@®)x (@) + b(t) (5.1

x(t—71)

x'(1) = —a(t)x(t) + b(t)lern—(t—r)’

n >0, (5.2)

! Results in Sect. 5.1 are taken from [1-3, 5, 6, 9, 10, 14] and the results of Sect. 5.2 are taken from
[7, 11, 12, 15, 16, 18, 25, 26]. The results given in Sects. 5.3 and 5.4 are new to the literature.

S. Padhi et al., Periodic Solutions of First-Order Functional Differential Equations 99
in Population Dynamics, DOI: 10.1007/978-81-322-1895-1_5, © Springer India 2014
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where x(¢) is the density of mature cells in blood circulation, a(¢) is the mortality
rate, the function b(t)lj)gi—?_)ﬂ denotes the blood cell reproduction, and the time
lag x(t — 1) describes the maturation phase before blood cells are released into
circulation. Here, a, b € C(R4, R4) are periodic functions with period 7 > 0 and
7 € (0, 00).

Section 5.4 is concerned with the global attractivity of a positive periodic solution
of Nicholson’s blowflies model

X' (t) = —a(®)x(t) + b)x(t — 7)e X7 (5.3)

with constant delay. Here 7 € (0, 00), x(¢) is the size of population at time ¢, b(t) is
the maximum per capita daily egg production, 1 is the size at which the population
reproduces at its maximum rate, a(t) is the per capita daily adult death rate, and 7 is
the generation time.

Examples and computer simulations using MATLAB are also given in each section
to strengthen the given results.

For convenience, we introduce the notation that for any continuous 7T -periodic
function 4 : [0, c0) — R, we set

h* = max h(t) and h, = min h(?).
0<t<T

0<t<T

5.1 Existence and Global Attractivity of Positive Periodic
Solutions of Fishing Model

Differential equations of the form
x'(1) = [R(t,x) — M(t, x)]x — F()x, (54

where R, M : [0,00) x R — R and F : R — R are continuous functions, are
often used as population models, and in particular for models of fish populations
(see, for example, [3, 9]). Here, x(#) denotes the population size at time ¢, R(¢, x)
is the birth rate, M (¢, x) is the mortality rate, and F(¢) denotes the harvesting rate.
Seasonal effects including such things as weather, food supply, mating habits, and
seasonal harvesting are often incorporated into these kind of models in the form of
periodic coefficients. A common choice for the function R is often referred to as

Hill’s function [1-3, 9]
b
—.
X
1+ (%)
where b and p are positive constants.

Berezansky and Idels [2] considered the delay differential equation model

R(t,x) =
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b(t)

xO0)”
1+< P(0) )

X'(t) = | —a(t) + x(1), (5.5)

and they studied the existence of a periodic solution and its stability properties. In
particular, they proved the existence of a positive periodic solution of (5.5) that is
a global attractor for all other positive solutions of the equation. They also consid-
ered the case of Eq. (5.5) with proportional coefficients. Below, we summarize their
results.

Suppose that
b(t) > a(t), (5.6)
t t
sup/(b(s) —a(s))ds < oo, and sup / a(s)ds < oo. 5.7
t>0 t>0

0(t) 0(1)

Then there exists a global positive solution x(¢) to (5.5) together with an initial
function
x(t) = o), t <0, x(0) = xp, (5.8)

and this solution is persistent, that is, for the solution x (¢), there exist two constants
« and 3 such that

O<a<x(t)<fB<oo,

where

t

. . by N\
a =min { xg, inf pO) { — — 1 exp| —sup [ a(s)ds 5.9)
t>0 Cl(f) >0
0(t)

and
t
(h(t) )1/7
[ =max §x9, supp(@) | — — 1 exp sup/(b(s) —a(s))ds

t>0 a(t) t>0
(1)

(5.10)

Leta(t), b(t), p(t) and 6(¢) be T-periodic functions with b(¢) > a(t). If either

inf (@ - 1) Pl > 1 .11

>0 \ a(t)
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or

sup (@ - 1) Pl <1, (5.12)

=0 \a(?)

then Eq. (5.5) has at least one positive solution X (¢).
If0<t—h(@) <p,q(t) =qo>0,and

t

3
limsup/q(s)ds < x (5.13)

—0o0

h(t)

thenitis known (see [5, 10]) thatevery solution x (¢) of the first order delay differential
equation

x'(t) +q@)x(h(t)) =0
satisfies the property
lim x(¢t) = 0.
11— 00

This asymptotic property plays an important role in obtaining sufficient conditions
for the global attractivity of solutions of many mathematical models in biology, as
the following theorem shows.

Theorem 5.1.1 Let a(t), b(t), p(t) and 0(t) be periodic functions satisfying (5.6),
(5.7), and either (5.11) or (5.12). In addition, assume that p(t) > p > 0,

t
b(t) > by >0, and v/ b(s)ds < 6. (5.14)
0(t)

Then there exists an unique periodic solution x(t) of (5.5), and for every positive
solution x(t) of the system (5.5) and (5.8), we have

lim [x() —Xx(1)] =0,
—00
that is, the positive periodic solution X (t) is a global attractor for all positive solutions
to (5.5).

Proof The existence of a positive periodic solution x(¢) of (5.5) follows from (5.6)
and (5.11) or (5.12). If that solution is an attractor for all positive solutions of (5.5),
then it is the unique positive periodic solution.

Set x(t) = exp(N (¢t)) and rewrite (5.5) in the form
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b(t)
—
Suppose that u () and v(¢) are two different solutions to (5.15). Letw () = u(¢)—v(z).
To complete the proof of the theorem, it is sufficient to show that tl_1)rgo w(t) = 0.

N'(t) = —a(t). (5.15)

Clearly, w(?) is a solution of

W' (1) = b(t) ! - ! . (5.16)

en00) |7 @)\
+(p(r)) 1+(p<r>)

If we set

1
fy,n = AN
1+ (m)
then by using the mean value theorem, we have for every ¢
fO.0 = fz 0= f()y—2),

where
min{y, z} < ¢ < max{y, z}.

R

7(17(0)
T+ (<)
[ +(W) ]

and |fy’ iy, )] < %’y. Then (5.16) takes the form

Clearly,

f;(y»t):_

(1) = —M(w@O(1)), (5.17)
where oA
M@ = Vb(t)(;(”), ;
[1+ () ]
and

min{u(0(2)), v(0(1)} < c(t) < max{u(0(1)), v(0(1))}.

Since M (1) < é—ﬁb(t), condition (5.13) is satisfied. Now, set x1(r) = ¢*® and

x2() = e, where x1(¢) and x,(¢) are two solutions to (5.5) corresponding to the
solutions u(t) and v(¢) of (5.15). Then,
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7b0 (min{pa,ﬁ} )’Y

>0
min{o, 3} \ 7\ >
(1 (=252) )

where o and ( are defined in (5.9) and (5.10). Hence, M (t) > My > 0 for some
constant My > 0. Consequently, w(f) — 0 as t — oo. This completes the proof of
the theorem.

Consider Eq. (5.5) with proportional coefficients, i.e.,

M(r) =

br(t

Kt = | —ar@)+ —2"0 | ), (5.18)
1+ (x(9<r>>)

p

where r(t) > ro > 0. Clearly, if b > a, then (5.18) has the unique positive equilib-
rium

b L/

x* = (; — 1) p. (5.19)

Corollary 5.1.1 Ifb>a, (2 —1)p? # 1, r(t) > 10 > 0, and

t

vb lim sup/r(s) ds <6, (5.20)

—>00

6(r)
then the equilibrium x* given in (5.19), is a global attractor for all positive solutions
to (5.18).
Theorem 5.1.2 Suppose b > a, r(t) > ro > 0, and

t
b— 3
ulimsup/r(s) ds < > (5.21)

—00

0(t)

Then the equilibrium x*(t) of (5.18), given in (5.19), is locally asymptotically stable.
Proof Setting N (¢t) = x(t) — x™(¢), we obtain

br(t)

1+ (N<9(2>+x*)W

N'(t) = —ar(t) | (N@) + x*(1)).

Letting
br(t)

7 —ar(t) | () +x*@2)),
()

Fu@),v@)) =
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we see that F, (0, 0) = —1229%,(7) and F(0, 0) = 0. Hence, the linearized form
of Eq.(5.18) is

’Y(bb;a)ar(t)N(B(t)). (5.22)

N'(@) =—
Thus, in view of (5.21) and (5.13), it follows that (5.22) is asymptotically stable,
and hence the positive equilibrium x* of (5.18) is locally asymptotically stable. This
completes the proof. O

Now, we compare Theorems 5.1.1 and 5.1.2. We have max{a(b — a)} = b/4.
Therefore, if

t

by lim sup/r(s) ds <6, (5.23)

1—>0o0

0(t)

then (5.18) has a locally asymptotically stable equilibrium x*.

The latter condition (5.23) does not depend on a, and is identical to condition
(5.20) which guarantees the existence of a global attractor. Therefore, Theorem 5.1.2
provides the best possible conditions for the global attractivity for Eq. (5.5).

In another nice paper, Berezansky, Braverman and Idels [3] studied the population

model
xX'(t) = —a(t)x(t) + M —r()x(0()) (5.24)
1+ x7(t) ' )
where % is a Hill’s type function, b(¢) is the fecundity or birth rate, a(¢) is

the mortality rate, r(¢) is the harvesting rate, -y is an abruptness rate, and all the
coefficients are positive. In the following, we provide some results on the existence
of global solutions for the initial value problem (5.24), (5.8), boundedness of these
solutions, and extinction and persistence conditions. The following conditions are
assumed while dealing with the initial value problem (5.24), (5.8):

(Ha3) v > 0;

(Haa) b(t) = 0, a(t) = 0, r(r) = 0 are Lebesgue measurable and essentially
bounded functions on [0, 00), and tl_l)rgo a(t) >a > 0,

(Hys) 6(t) is a Lebesgue measurable function, 6(¢) < ¢, llim 0(t) = oo,
—00

(Hg6) ¢ : (—00,0) — R is a Borel measurable bounded function, ¢(¢) > 0, and
xo > 0.

We note that a locally absolutely continuous function x : R — R is called a solution
of the initial value problem (5.24), (5.8), if it satisfies Eq.(5.24) for almost all ¢ €
[0, o0) and (5.8) for t < 0.
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Theorem 5.1.3 Assume (Ha3)—(Hae) hold. Then the initial value problem (5.24),
(5.8) has a unique local positive solution. This solution either becomes negative or
is a global positive bounded solution.

Theorem 5.1.3 justifies the well posedness of the initial value problem (5.24),
(5.8). It has either a positive solution for all # which is bounded (the size of the
population cannot grow infinitely due to the negative feedback, which is a typical
situation in population dynamics) or it becomes negative in some finite time. If we
apply Theorem 5.1.3 to the initial value problem

b(t)x(t)

X ()= =AOx0 + T

x(0) = Xo > 0, (5.25)

we obtain the following corollary.

Corollary 5.1.2 Assume (Ha3)—(Hag) hold with a(t) replaced by A(t). Then, there
exists a unique positive bounded global solution of (5.25).

Corollary 5.1.2 describes the source of possible extinction of a population. As
long as there is no harvesting or there is no delay in the harvesting term, the solution
is positive for all 7.

Theorem 5.1.4 Assume (Hy3)—(Hyg) hold,

0 <o) < xo. (5.26)
and, either
t s
/() /[b(”) ()}d ds < - (5.27)
su r(s)exp| — —a(u u s < -, .
tzg p 1 + Ag e
0(r) 0(s)
where
Aog =sup N(¢) (5.28)
t>0

with N (t) a solution of (5.25), or the inequality

1

t
sup/[a(s) +r(s)]ds < - (5.29)

>0
o)

holds, with Xy = xq, where either A(t) = a(t) or A(t) is denoted by

t
A(t) =a(t)+r(t)exp | — /[b(s) —a(s)]ds

0(t)
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Then for the initial value problem (5.24), (5.8), we have
0<x(t) <Ag, t=>0. (5.30)

Theorem 5.1.4 gives sufficient conditions for the positiveness of solutions and
provides an upper bound for solutions as well. Inequality (5.26) is vital for nonex-
tinction in the following sense. If the harvesting rate is based on the size of the
population at a previous time, then for the survival of the population, it is important
that the field data on the population size is collected at the time when the population
is not abundant. If the initial data is less than the initial function, then the harvesting
based on the oversized estimation of the population can lead to early extinction (when
the influence of the prehistory is still significant). In (5.27), sufficient condition on
harvesting, mortality and growth rates, and the delay provide the solution is positive.
The greater the mortality and harvesting rates are, the smaller should be delays pro-
viding that there is no extinction of the population in some finite time. Or else, for
prescribed delays, a given natural growth rate b(¢), and the mortality rate a(¢), the
harvesting rate should not exceed a certain number to avoid possible extinction. As
the growth rate b(¢) becomes larger, the delay in the harvesting term may be larger.

Corollary 5.1.3 Assume (H43)—(Hae) hold. Then, (5.30) holds for any positive solu-
tion of (5.24).

Corollary 5.1.4 Assume (Hy3)—(Hyg), (5.26) and (5.29) hold. Then, the solution of
(5.24), (5.8) is positive.

Corollary 5.1.5 Assume (Hy3)—(Hag) hold and b(t) = aa(t), a > 0. Let x(t) be a
positive solution of (5.24), (5.8).

(1) Ifeithera <1, ora > 1 and xo > x* = (o — D)7, then x(t) < xo.
2) If a > 1 and xo < x*, then x(t) < x*.

Now, consider the autonomous equation

iy = 2D ) —rx — 1), (5.31)
14+ x7(t)

whereb > 0,a >0,r >0, 7> 0and~v > 0.

Corollary 5.1.6 Let x* be denoted by

1 ~
(b 1) // i < l < —T(b—a)’
* a ¢ a €

= 1/
(W - 1) ,b>a+re ™09,
Then, for a positive solution of (5.31), (5.8), we have

x(t) < Ap = max{xog, x*}. (5.32)
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If (5.26) holds and either

rTepo— [(1 _fAv’ —a)T— 1“ <1 (5.33)
0

(a+r)T <1Je,

or

where Ay is denoted by (5.32), then the solution of (5.31), (5.8) is positive.

The estimate (5.30) illustrates an obvious fact that under harvesting, the solution
cannot exceed what its value would be without harvesting. Corollary 5.1.5 deals
with the situation when a nonconstant mortality rate is proportional to the birth rate.
Corollary 5.1.6 states that at any point the solution does not exceed the maximum
value of the equilibrium points without harvesting and the initial value.

We say that a solution x(¢) of (5.24), (5.8) is an extinct solution, if either

lim x(r) = 0,
11— 00
or there exists 7 > 0 such that x(7) = 0. The bounded solution x (¢) is persistent if

liminf x(¢) > 0.
11— o0

Theorem 5.1.5 Assume that (Hs3)—(Hae) hold,
(0.¢]
/[a(t) +r(t) — b(r)]dr = 00
0

and either

() a(t) > b(t), or
(ii) a(t) +r(t) > b(t) > a(t) and lim sup, , [b(t) — a(t)](t — (1)) < 1.

Then, every solution of (5.24), (5.8) is an extinct one.

Applying Theorem 5.1.5 to the autonomous Eq.(5.31), we obtain the following
corollary.

Corollary 5.1.7 Assume (i)a > bor(il)a+r > b > a and (b — a)T < 1. Then,
every solution of Eq. (5.31) is an extinct one.

Theorem 5.1.5 shows that if the total of the mortality and harvesting rates exceeds
the birth rate, then the population is destined for extinction. That is, the population
either equals zero at some finite time or tends to zero as t — 0.
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Theorem 5.1.6 Assume the conditions of Theorem 5.1.4 hold and the solution of
the problem

ON0)

O =100

—a)x() —rt)Ao, x(0)=xo
is positive and persistent, where Ay is denoted by (5.28). Then the solution of (5.24),
(5.8) is persistent.

Theorem 5.1.6 provides sufficient conditions for the persistence of solutions.
Sometimes the existence of the lower bound for solutions is not less important than
positiveness of solutions. For instance, for blood diseases, the mortality rate of white
or red blood cells is greater than zero. This means that for smaller values of x, the
model can become irrelevant.

Now, we consider Eq. (5.1) under conditions different from those in [2, 3]. In the
remainder of this section, we assume that v > 1.

The following Lemma shows that given a positive initial condition, solutions of
Eq. (5.1) are positive and bounded.

Lemma 5.1.1 Every solution of (5.1) having positive initial condition is positive
and satisfies the property

limsupx(t) < K, (5.34)
11— 00
where
b* P\ (1 -1
K = —px (—) (—) (y=D1 . (5.35)
Ay P Y

Proof Let x(t) be a solution of (5.1) with x(0) = xo > 0; then

/ b(s)
x (1) = xpexp / —a(s) + ———— | ds
L+ G

0 p(s)

Hence, x(¢) is defined on [0, oo) and x(¢) > 0 for ¢ > 0.

Next, we claim that x (7) is bounded. Setting

50 p*x(t)
X)) = ———,
T
we see that |
i <g= L1 h ( ! )” (5.36)
xX) < = —— where = R . .
TR R

From (5.1), we obtain
x'(t) < —a(t)x(t) + b*g. (5.37)
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To prove (5.34), note that from (5.36) and (5.37), we have

—ja(s) ds / ffta(u) du
x(t) < xpe © +/b*§e 5 ds

0
t

< er—a*t +b*§/e—a*(t—s) ds
0

b*g
< xpe ' + —g(l — e My,
ax

This in turn implies that

. b*g
limsupx () < =K,
t—>00 Ay
where K is as given in (5.35). This completes the proof of the lemma. O

Remark 5.1.1 Note that from the proof of Lemma 5.1.1, we have

*—

g:xO+K
Ay

x(t) < xo+

forall+ > 0.

The following theorem gives a sufficient condition for the existence of a positive
periodic solution of (5.1).

Theorem 5.1.7 If b, > a*, then (5.1) has at least one positive periodic solution.

Proof From Lemma5.1.1, it follows that every solution of (5.1) with a positive initial

.. . .. . ~ T x(t .
condition is positive and bounded. Furthermore, the function g(x) = pr’;(,zt) is
1

!

1

decreasing in (p* (ﬁ) , 00). Consider the function

X
’}/7
X
1+(F)

where a and b are constants. Clearly, the function attains its maximum

f(x)=—ax+0>b

p*@Aaby + (v — D))} — Qa + (7 — )]
Qa)7
[ (4aby + (v — 1)2b>)? + (y — 1)1;}
X | —a+ 2

fmax =
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at
*

— i =L [@aby+ (v = 126D — Qa+ (v — Db

(2a)7

> |—

=

Now x > 0 and fax > O for b > a, and since f(x) — —o0 as x — 00, it
follows that there exists an « € (X, oo) such that f(«) = 0. Thus, fj(x) = 0 and
Jf2(x) = 0 have roots x1 and x; respectively, where

b
filx) = ;x, —a*x
1+(§)
and -
X
Hx) = — aux.

Y
X
1+ (;?)

A simple calculation also shows that

()
max {x, p* | —— < x| < X3.
v—1

1

! ) ' ], be the unique solution of (5.1)

Let x(r) = x(¢, 0, @), @ > max [)E, p* (qu
through (0, ). We claim that x(¢) € [x1, x2] for ¢ > 0. Suppose this is not the case;
say, let

tp =inf{t > 0: x(t) > x2}.

Then there exists a r, > #; such that x(;) > x» and x’(z2) > 0. Hence, from (5.1)
we obtain

b(t t
0 < x'(1) = —a(t)x () + LX)
+ (x(l2))
p(t2)
b*xz
<t + —22 = fr) =0,

X2
1+(ﬁ)

which is a contradiction. Consequently, x(f) < x». By a similar argument, we can
show that x(#) > xi. Thus, in particular,

xr =x(T,0, @) € [x1, x2].
Next, we define a mapping F' : [x1, x2] — [x1, x2] as follows: for each o €

[x1, x2], let F(c) = xr. Since the solution x(¢, 0, o) depends continuously on the
initial value «, the mapping F is continuous and maps the interval [x1, x2] into
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[x1, x2]. By Brouwer’s fixed point theorem, F has a fixed point X. Thus, the unique
solution X = x(¢, 0, o) is periodic with period 7. This completes the proof of the
theorem. O

Remark 5.1.2 We want to show that X (¢) is an attractor to all other positive solutions
of (5.1). To prove the attractivity theorems, we need the following lemma. An indirect
proof of this Lemma can be found in [14]. We present a proof here for the sake of
completeness.

Definition 5.1.1 A function x € C([0, c0), R) is said to be nonoscillatory, if there
exists a 1 > 0 such that x(¢) > 0 or < O for r > t;; otherwise, x(¢) is called
oscillatory. By a solution of any of the above-mentioned differential equations, we
mean a real-valued solution of that equation which exists on [#p, 00) and is nontrivial
in any neighborhood of infinity, where #y > 0 depends on the solution.

Lemma 5.1.2 Let z € C'([0,00),R) and 0 € R. Ifz € L*[0, o) and 7'(t) is
bounded, then z(t) — 0 ast — o0.

Proof Clearly, the statement holds for any nonoscillatory function on [0, co). So let
z(#) be oscillatory on [0, 00). Since z € L?[0, 00), [;° z*()dt < oo. This in turn
implies that lim inf,_, o z(#) = 0. To complete the proof of the theorem, it remains
to show that lim sup,_, ., z(¢#) = 0. Suppose that lim sup,_, ., z(#) # 0. Then there
exist an € > 0 and a sequence {t,}7° | such that f, — oo asn — oo and z(t,) > 2e,
for large n. Since liminf; . z(t) = 0, there exists a sequence {z;}>° | such that
t¥ — ooasn — oo and z(f,) — 0asn — oo. Thus z(#}) < e forn > N, for
some positive integer N.. It is possible to extract sequences {s,}>° ; and {0,};°,
such that 0, < s, < opy1, 0y — 00O asn — o0, z(sy) > 2¢ and z(o,) < € for
n > N.. Since z(t) is continuous, there exist sequences {7,,}>°, and {7;}°° | such
that o, < 7,7 < 7, < s, with z(7;") = € and z(7;,) = 2e. It is clear that the intervals
(7,¥, ) are disjoint. Then

00 00 Tn o0
Z(Tn — e < Z/zz(t) dr < /zz(t)dt < 00,
n=1 n:l,r; 0

which implies thatlim,_, oo (7, —7,;) = 0. By the mean value theorem, the calculation

2(1y) — 2(7y)) -

? n
T — Ti

Z/(fn) =

<& < Ty,

implies that z'(£,) — oo asn — oo, which contradicts the hypothesis of the lemma.
Hence our claim holds, that is, lim sup,_, o, z(t) = 0. Consequently, z(t) — 0 as
t — 00, and the lemma is proved. |
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Theorem 5.1.8 Assume that
(Ha) b*p*(y — 1)? < 4a,(p* + pi(y—1)).

Then x(t) is a global attractor to all other positive solutions of (5.1), that is, every
positive solution x(t) of (5.1) satisfies

Jlim [x (1) —x(@)] = 0.
Proof Setting Z(t) = x(t) — x(t), we obtain

x(t) x(t)

- z . (5.38)
I+Ga)T 1+ Ge)

Z'(t) = —a(t)Z(t) + b(t) |:

Equation (5.38) is equivalent to

Lo N ; X0 X0
(22(”) Tz ZObop (’)[pm)ﬂw) pv(r)+7ﬂ(t)]
(5.39)
Let F(t,0) = p(t% then
0 _pr+ A =707 _p+ A=
ot = ey SN0 E ey

where 0 lies between x(¢) and x(¢). Since F;(t,0) < O for 6 > . T, set
(v=D7

_ _ (y=Do7T —p*
Gi(t.0) = =Fi(1,0) = = =0

Notethat G (¢, #) > 0for6 > p . Furthermore, G (¢, 0) < G(0) = Wi—;;)’f.
(-7 *

A simple calculation shows that G () attains its maximum value

(y—1?
4(pl(y — 1)+ p*)

at

o1
g [P0+ -Dp ]
- 4 ,

Applying the mean value theorem, (5.39) yields
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(1)

< —a()Z*(t) + ZOb@) p? (D)]x (1) — X(1)|G(0)
< —a()Z*(t) + b)) p " ()G (O) Z*(1)
* %k (7 B 1)2 j| 2

< —|ay—>b = Z°(1),

= [a ey K
that is,

1 2 ' 2
(52 (r)) < —pZ*(@), (5.40)
where 5
- (v—1

>
4(pi(y = 1)+ p*)

by (Hy7). Integrating inequality (5.40) from #; to ¢ with t; > —2 - -, we obtain
(=7

t

1 1 1
M/ZZ(s)ds < 520 = 5Z2°() < 522 ().

n

This shows ftfo Z%(s)ds < oo, i.e., Z € L?[t], 00). Furthermore, the boundedness
of x(¢) and x(¢) imply that Z’(¢) is bounded. Hence, by Lemma 5.1.2, Z(t) — 0 as
t — 0o, thatis, x(t) — x(¢) as t — oo. This completes the proof of the theorem. O

The next theorem gives another sufficient condition for x (¢) to be a global attractor
to all other positive solutions of (5.1). As we shall see in the examples given later,
this condition is independent of the one given in Theorem 5.1.8.

Theorem 5.1.9 Suppose that

piv (p*Y + K7)?

Then x(t) is global attractor to all other positive solutions of (5.1).

Proof Letting Z(t) = x(t) — Xx(¢) and proceeding as in the proof of the Theorem
5.1.8, we again obtain (5.39). Applying the mean value theorem we have

(%zzm) < —a)Z* (1) + ZObn)p (DIx (1) —X(1)|G1(1,0).  (5.41)

Then,
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(y— DO — p*7 (y— Do p*
Gl(tv 6) = 2 = i 2 - 2
(P (1) +07) (P (1) +67) (pY(t) +07)
(y— o p*l
P2 (1) (P (1) + 07)?
_ =Dk p*
- piv (p*¥r + KM%’
Since G (¢, #) >0 forf > i’:)% , we have (7;151/1(7 _ (,,*qi;m)z ~ 0forf > (Wf;% .

oy
Hence, from (5.41), we obtain

(%Z%)) |:—a(t) + b(t)p”(t)(w — DK"Y P )} 20

pi'y (p*Y + K72

IA

— 1KY 7y
<—la—pp (2 2)/ - L) 2w,
Y (p*' + K7)
or ,
1
(Ezz(t)) < —nZ(@),
where
— DK Y
i=a, —b*p*’ 9} 2) — P — |>0
2 (p*7 + K7)

by (Hsg). The remainder of the proof of the theorem is similar to the proof of the
Theorem 5.1.8. O

Remark 5.1.3 A somewhat easier condition to verify than (Hyg) is
p\Y T \YOHD 1\

o (5 ()" () <

It can be shown that this condition implies (Hss).

Example 5.1.1 Consider the equation

)

Y =—(1+ sin
- 10

. (1.5 n CO;OZ’)x(z)
x(t) + ,t>0
1+ x(®) 3
24-cos? t

Here a(t) = 1 + S50 p(r) = 1.5+ 5L, p(1) = 2+ cos? 7 and v = 3. Clearly
b, = 1.5 > 1.1 = a*. It is easy to see that the condition (Hy7) of Theorem 5.1.8
is satisfied. Therefore, this equation has a positive periodic solution that is global

attractor to all other positive solutions. On the other hand
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population x(t)

time t

Fig. 5.1 Computer simulation of Example 5.1.1

by [(7 ~DKY p7

- =22187T>1=a
pl KV)Z} '

implies that (Hyg) fails to hold. Consequently, Theorem 5.1.9 cannot be applied to
this example (Fig.5.1).

Example 5.1.2 Consider the equation

sin’t (1'3 + C?S(Z)t) x(1)
x'(t) =— (1.2+—)x(t)+ t>0.

6 b —_—
% 1+ (—x(’? . )
0.5+ 500

Here a() = 1.2+ 50 b() = 1.3 4+ 5L (1) = 0.5+ S04 and v = 6.
Now b, = 1.3 > 1.22 = a™*, and

p\ 1 T1 *\ Y(r+1D) —1\7
(_) (p_) (7_) = 0.672956783 < 1,
Ay Px Y

that is, (H49) and hence (Hsg) is satisfied. Thus, Theorem 5.1.9 can be applied and
so the equation has a positive periodic solution that is a global attractor to all other
positive solutions. On the other hand, the condition (Hy7) fails to hold, which means
that Theorem 5.1.8 cannot be applied to this example (Fig.5.2).
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4.5

N
[

population x(f)

15 20 25 30 35 40
time t

Fig. 5.2 Computer simulation of Example 5.1.2

Example 5.1.3 Consider the equation

sin?s (17+ 1) x0

"&y=—(15+ — t , t>0
x(1) ( + 10)X()+ » G >
1+(4+sin2t)
100

Here a() = 1.5+ S50 b() = 1.7 4+ 9L p(r) = 4 + S0 5 — 6. Since
b.=17>16=a" K =3.0189, and

b* p*Y (v = DK? a :|
p 2 - *y 7)2
Px (™7 + K7)
5(3.0189)° 4.010
= (1.75)(4.01)° -
(1.75)(4.01) |: 412 (4.016 + 3.01896)2

= 0.38908 < 1.5 = a..

Condition (Hsg) of Theorem 5.1.9 is satisfied. This shows that again we have a
positive periodic solution that is a global attractor to all other positive solutions.
However, a simple calculation shows that (H47) fails to hold, so Theorem 5.1.8
cannot be applied to this example (Fig.5.3).

The final example in this section is a simple one, yet it shows that Theorem 5.1.8
may hold when those in [2] do not.

Example 5.1.4 Consider the equation

2x(t)

x'(t) =—x(t)+m, t >
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Here, a(t) = 1 < b(¢t) = 2, p(t) = 1 and v = 2. It is easy to see that condition
(Hg7) of Theorem 5.1.8 is satisfied, so this equation has a positive periodic solution
globally attracting all other positive solutions. In fact, this solution is x(f) = 1.
However, Theorem 2.1 in [2] does not apply to this example (Fig.5.4).
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5.2 Existence and Global Attractivity of Positive Periodic
Solutions of Lasota-Wazewska Model

The nonlinear delay differential equation
Y (1) = —ay(@) +be” VT 1 >0, (5.42)

where a, b, v, and 7 € (0, 00), has been proposed by Wazewska-Czyzewska and
Lasota [26] as a model for the survival of red blood cells in an animal. Here y(z)
denotes the number of blood cells at time ¢, a is the probability of death of red blood
cells, b and ~y are positive constants related to the productions of blood cells per unit
time, and 7 is the time required to produce a red blood cell.

Equation (5.42) is a particular case of the nonlinear delay differential equation

X' (1) = —a()x(t) + b(t)e YD)y >, (5.43)

where a(t), b(t), y(t), and 7(¢) are positive and continuous functions. Taking a(¢) =
a,b(t) =b,v() =, and 7(t) = 7 reduces Eq. (5.43) to (5.42).

Since we are concerned with positive periodic solutions, we assume that the
functions a(t), b(t), y(t), and 7(¢) are positive T -periodic functions, and 7 > 0 is
a real number. Together with (5.43), we consider the initial condition

x(t) = (1), —7 <t <0, ¢0) >0, ¢ € C([—7,0], R"), (5.44)

where 7 = max_7(¢). Then by the method of steps (see Driver [4]), it follows that

0=<t<T
the initial value problem (5.43)—(5.44) has a unique positive solution x(¢) for all
t>0.

In the following, we first prove some results on the existence of a positive periodic
solution x*(¢) of (5.43) using a classical fixed point theorem. Then we show that all
solutions of (5.43) tend to x*(¢) eventually.

First suppose that v(t) = 1 and 7(t) = mT, where m is a nonnegative integer.
Then Eq. (5.43) can be expressed as

X' (1) = —a(t)x(t) + b(t)e VDxt=mD) 4 5 (5.45)

Equation (5.42) is a particular case of (5.45). In fact, the transformation a(t) = a,
b(t) = by with a, b, and ~y positive constants, transforms Eq. (5.45) into (5.42) with

y@) =x@)/7.

Theorem 5.2.1 Equation(5.45) has a positive periodic solution x*(t) with period
T.

Proof First, consider Eq. (5.45) without a delay, that is, we consider the equation

x'(t) = —a()x (@) + b()e ™D, > 0. (5.46)
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Observe that there is a unique 7 (¢) > 0 such that
—a®)rt) + bt)e™™ =0 forr > 0.

Set

A= min r(t) and B = max r(t),
0<t<T 0<t<T

and let x(¢) = x(¢, 0, xo) denote the unique solution of (5.46) through (0, xp).
We claim that xo € [A, B] implies that x(¢) = x(¢,0, x9) € [A, B]. First, we
show that x(¢) < B. If this is not the case, there exists
t* =inf{t >0:x(t) > B} < oo.
Then, it is easy to see that there exists a #; > t* such that
x(t1) > Band x'(¢;) > 0.

Hence, it follows from (5.46), that

0 < x'(t1) = — a(t)x(ty) + b(t))e W
<—a(t)B +b(t))e ®
< —a(t)r(n) +bt)e "M =0,

which is a contradiction. Hence, x(#) < B. By a similar argument, we can show that
x(t) > A. Thus,
xr =x(T,0,x9) €[A, B].

Now, define a mapping F : [A, B] — [A, B] as follows: For each xo € [A, B], let
F(xg) = x7.

Since the function x (¢, 0, xo) depends continuously on the initial value x¢, the map-
ping F is continuous and maps the interval [A, B] into itself. Therefore, F has a
fixed point x;j by Brouwer’s fixed point theorem. Thus, the unique positive solution
x*(t) = x(¢, 0, x*) is periodic with period T.

Finally, by noting that x*(¢) = x*(t — mT), we see that x*(¢) is also a positive
T -periodic solution of (5.45). This completes the proof. O

Remark 5.2.1 Let v(t) = ~v > 0 be a constant. Let x(#) be any other positive
solution of (5.46). Assume that x(t) < x*(¢) for ¢ sufficiently large (the case when
x(t) > x*(t) can be treated similarly). Set

1
x(1) =x*(@t) — —y();
v
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then y(z) > O for ¢ sufficiently large, and y(¢) satisfies the equation
V(1) + a(t)y(t) + vb()e = O [1 - e—y@)] —0.
However, since y(¢) > 0 for ¢ sufficiently large, it follows that
Y (1) < —yb(t)e O [1 —_ e_y(’)] <0.
Thus, y(¢) is decreasing, and therefore [gngo y() = pu € [0, 00). We now show that
u=0.

If © > 0, then there exists an € > 0 and ¢, > O such thatfor? > 7,0 < p —€ <
y(t) < p + €. On the other hand, the above inequality gives

V(1) < —vb(t)e ¥ ® [1 - e”(“ff)] >t

An integration for 7, yields a contradiction to the fact that y(¢) > 0 for ¢ sufficiently
large. Thus, we have

. " a1 _
tlirgo [x(t) —Xx (t)] = tlggo ;y(t) =0.

We then have the following corollary.

Corollary 5.2.1 Let v(t) = ~y be a positive constant. Then:

(1) There is a unique T -periodic solution x*(t) of (5.46).
(ii) For every positive solution x(t) of (5.46), we have

lim [x(1) —x*(1)] = 0.
— 00
From the proof of Theorem 5.2.1, we see that x*(¢) satisfies A < x*(f) < B,

which gives an estimate for the location of the periodic solution. Clearly, when a(¢)
and b(t) are constants, then A = B and so x*(r) = A.

Lemma 5.2.1 Consider the difference equation
An+l = h(Ap), (5:47)

where h € C'[R, R). Assume that h is a nonincreasing function and has a unique
fixed point A*. Suppose also that

h(oo) = lim h(u)

exists and that
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W ()h' (h(u)) < 1 for u > A*.
Then the solution {A,,} of (5.47) with Ay = h(c0) tends to A* as n — o0.

Theorem 5.2.2 Assume that v(t) = 1 and

mT
/ b(t)e D dr < 1. (5.48)
0

Then every solution of (5.45) tends to x*(t) as t — 00, that is,
lim [x(1) —x*(1)] = 0.
11— 00

Proof Since the transformation y(r) = x(t) — x™(¢) transforms (5.45) in to the
equation

V(1) = —a(t)y(t) + b(r)e > ® (e*y“*m” - 1) , (5.49)
then it suffices to show that every solution of (5.49) tends to zero as t — o0.

First, we show that every nonoscillatory solution of (5.49) tends to zero. We
assume that y(¢) is eventually positive; the proof for the case y(¢) is eventually
negative is similar and is omitted. Since y(¢) > 0, from (5.49) we see that there is a
T, > 0 such that y'(t) < 0 for ¢ > Ty, and so there exists a constant / > 0 such that
tl_i)rgoy(t) =1, and

Y0 = ~la@ + e ™ (e~ 1)

fort > T1 +mT . Hence, it follows that

I —y(Ty+mT) < -1 / a(t)dt,

Ti\+mT

which, clearly, implies that [ = 0.
Next, assume that y(¢) oscillates. We claim that for any n > 0, there exists a
constant 7'(n) > 0 such that

Yon < ¥(#) < yopy1 fort > T'(n), (5.50)

where {y,} is defined by
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mT
Vgl = /b(t)e_x*(t) dr (e_y" - 1)
0
with
mT
Yo = — / b(t)e™ © dr.
0

Since y(¢) is oscillatory, there is an increasing sequence {f,} such that
thyl —tn =2mT + 1 and y(t,) =0forn=0,1,....

Let s, € (t,, t,+1) be the point where y(#) obtains its local maxima or local minima
in (f, th+1). Then y'(s,) = 0 and it follows from (5.49) that

—a(sy)y(sp, —mT) <0, n=0,1,....

Hence, there is a ¢ € (s, —mT, s,) such that

y&) =0, n=0,1,.... (5.51)
From Eq. (5.49), we see that
"a(s) ds f ) d

and integrating from &, to s, and using (5.51), we obtain

:}’?a(s) ds Sfa(s)ds mr "
y(sp)ed > —e / b()e ™ D dr. (5.52)
0
Thus,
mT
y(sn) = — / b(tye X Ddr=yoforn=0,1,.... (5.53)
0

Since e ™" is decreasing, substituting (5.53) into (5.52), we obtain

Sn

Ja(s)ds }na(s) ds
y(sp)ed <e°

mT

/ be ™ Ddr | (e70 —1),

0



124 5 Asymptotic Behavior of Periodic Solutions of Differential Equations of First Order

and so
mT
y(sn) < /b(t)e‘““) dt) (e —1) =y forn=12,....
0
Hence,
y() <y fort >1
and so

yo < y(1) <y fort > 1.
Now, assume that
Yok < y(t) < yop+1 for t > tog. (5.54)

Substituting (5.54) into (5.52) gives

Sn sn m
[as)ds  [a(s)ds . |
y(sn)e® > e0 /b(t)e_x ® gz (e—}2k+1 _ 1),
0
and so
mT
y(sn) = /b(t)e_x*(t) dr (e—y2k+| _ 1)
0
=M+, n=2(k+1),2(+D+1,....
Hence,

y(t) = ya41) for t = trr41). (5.55)

Using (5.55) in (5.52), we obtain

ffa(s)ds ana(s)dx ml .
y(sp)eo < 0 /b(t)e’x () dr (efyzam) _ 1);
0
and so
mT
y(sn) < /b(t)e*x*(‘) de | (e72040 — 1)
0

=V04+1)+1, n=2(k+1)+1,2(k+2),....



5.2 Existence and Global Attractivity of Positive Periodic Solutions 125

Hence,
V2041 < Y() < yok+1)+1 for £ >ty

Therefore, by induction, we see that (5.50) holds.
Now, we claim that
lim y, =0.

n—o0

To this end, let
mT

h(u) = / b@e ™ Ddr | (e7 —1).

0

Then,
mT

h(u) = — /b(t)e_x*(’)dt e v,

0

and so

mT 2

B ()R (h(u)) = / b(t)e D dr | e wth), (5.56)
0

Observe that
mT

u+h(u) =u+ / b(e ™ Ddr | (e — 1),
0

which, in view of (5.48) and the fact that e™* > 1 — u, implies that
u—l—h(u)zu—}—(e*”—l) > 0 for u > 0.

Hence, it follows from (5.56) that

mT 2
W (k' (h(u)) < /b(t)e"‘*(t) dt] <1forus=o,
0
and so by Lemma 5.2.1,
lim y, = 0.
n—oo

Then, in view of (5.50), we see that

lim y(t) = 0.
11— 00
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This completes the proof of the theorem. O
Theorem 5.2.3 Let y(t) = 1. Then every solution of (5.45) oscillates about x*(t) if
and only if

mT mT

[ a(@dr .
ed /b(t)e"‘ Ddr > 1/e.

0
Setting x(t) = vy(¢), Eq. (5.42) becomes
X' (1) = —ax(t) + bye ¥ 1 > 0. (5.57)
Equation (5.42) has a unique positive equilibrium y* and so x* = yy* is the unique
equilibrium of (5.57). Clearly, every solution of (5.42) oscillates about y* if and only
if every solution of (5.57) oscillates about x*; every solution of (5.42) tends to y*

if and only if every solution of (5.57) tends to x*. Hence, by employing Theorem
5.2.3, we see that every solution of (5.42) oscillates about y* if and only if

e“hyre " > 1/e. (5.58)
Since y* is an equilibrium point of (5.42),
ay* = be ",
Hence, (5.58) is equivalent to
ayty*e’” > 1/e. (5.59)
The condition (5.59) appears as a necessary and sufficient condition in [11] for every
positive solution of (5.42) to oscillate about y*.
By employing Theorem 5.2.2, we see that every solution of Eq. (5.45) tends to y*
as ¢ tends to oo provided

bT'ye_“’y* <1,

that is,
ayty* < 1. (5.60)

Kulenovic et al. [12] provided a different sufficient condition, namely

exp (fyy* (1- ef‘”)) <2,

by which every positive solution of (5.42) tends to y* as t — oo.
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Theorem 5.2.4 Let vy(t) = v > 0. Suppose that either

t s
lim inf / exp / a(0)do vb(s)e_”*(s)ds>1/e
11— 00
t—mT s—mT

or
1 N

lim sup / exp / a(0)do | vb(s)e O ds > 1.

t—00
t—mT s—mT

Then every solution of (5.45) oscillates about x*(t).

Theorem 5.2.5 Let y(t) = v > 0 and

N

t
tl_l)rgo / vb(s) exp / a(@)do ) ds < /2.

t—mT s—mT

Then every solution x(t) of (5.45) satisfies
lim [x(t) — x*(t)] =0.
11— 00

Li and Wang [15] used Mawhin’s continuation theorem and proved that (5.43) has
at least one positive T -periodic solution. The following theorem provides a sufficient
condition under which a periodic solution of (5.43) is a global attractor.

Theorem 5.2.6 Assume that 7'(t) < 1 and
Y(Ob(1) < a(?).
Then, any positive T -periodic solution of (5.43) is a global attractor.
Let X be the Banach space {x € C(R, R) : x(t +T) = x(¢), t € R} with the sup
norm ||x|| = sup |x(¢)|, and define the cone K by
0<t<T
K={xeX:x®)>0,te[0,T]}.
Let the operator A be defined by

t+T
(Ax)(r) = / G(t, S)b(s)e_'Y(S)x(S—T(S)) ds,
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where G (¢, s) is the Green’s kernel given by

K

[a®ag
G(t,s) = Te—.
fu(@) do
eo -1
Set
T
Ja®)a T
0
f= —re Y= (max (@), and b = /b(r) dr.
Ja)do =t= 0
el —1

Theorem 5.2.7 Let Bby < 1. Then, Eq.(5.43) has a unique positive T -periodic
solution x*(t). Moreover,

lim |x, —x*|| =0,

n—oo

where x,, = Ax,—1 (n = 1,2, ...) for any initial xy € K,

Theorem 5.2.8 Assume that b7 < 1. Let x*(t) be the unique positive T -periodic
solution of (5.43). Then every solution x(t) of (5.43) satisfies

Jim [x(@) — x*(H]1=0.

5.3 Global Attractivity of Periodic Solutions of a Red
Blood Cell Production Model

This section is concerned with the global attractivity of a positive periodic solution
of the red blood cell production model (5.2). This model was first proposed by
Mackey and Glass [19] to describe some physiological control systems with constant
coefficients and constant delay.

There has been some remarkable work (see [27] and the references cited therein)
on determining necessary and sufficient conditions for the existence of periodic
solutions of Eq. (5.2).

Wang and Li [25] investigated the existence and global attractivity of the unique
positive periodic solution X (#) of the equation

o b(1)
x'(t) = —a()x() + 52— () n> 1. (5.61)

In [17], the authors consider a generalized form of (5.61), namely,
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b (1)

— . n>0 (5.62)
14+ x"(t — 7 (1))

X(6) = —a®xt)+ Y
i=1

and established existence and global attractivity of a unique positive periodic solution.
Rost [22] and Saker [24] studied the oscillation and global attractivity of solutions
of the constant coefficient model

x™(t —T1)

x'(t) = —ax(t) +b1—|—x"—(l‘—7')

(5.63)

Now, we will provide some results on the global attractivity of positive periodic
solution of (5.2) by constructing a suitable Lyapunov function.
Consider the solutions of (5.2) with the initial function

x() =¢@), t €[—7,0], ¢ € C([—7,0], [0, 00)), ¢(0) > 0. (5.64)

Throughout the section, we assume that n > 1.

As the global attractivity of positive periodic solution of (5.2) is our objective,
we use the following lemma for the existence of one positive 7 -periodic solution
of (5.2) discussed in [27, 28], and we show that this periodic solution is a global
attractor to all other positive solutions.

Lemma 5.3.1 ([27]) Assume that a(t), b(t) € C(R, Ry) are T-periodic functions,
T and n are positive constants, and b(t) > a(t) fort € [0, T]. Then the initial value
problem (5.2), (5.64) has at least one positive T-periodic solution.

Before proving the global attractivity of the positive periodic solution of (5.2), we
give a lemma for the positiveness and boundedness of the solutions.

Lemma 5.3.2 Every solution of (5.2), (5.64) is positive and bounded.

Proof Suppose that x(¢) is a solution of (5.2) with initial function (5.64). If x(¢) is
not eventually positive, then from the initial condition (5.64), it follows that there
exists a r; > 0 such that x(t) > 0 for r € [0, 1), x(t;) = 0 and x'(t;) < 0. Hence
from (5.2) and (5.64), we have

x//(t ) _ b(tl)x(tl _T) - 0
! Tl 4x"( — 1) ’

which is a contradiction. Hence, x(¢) > 0 for all ¢ > ¢o.

Let F(x) = ﬁ Itis easy to see that F attains its maximum Fiax = 1—% where

1 1/n *
w= ( ) . From (5.2), we have

n—1



130 5 Asymptotic Behavior of Periodic Solutions of Differential Equations of First Order

t

t t
_ — [a(0)do x(s —7) —fa(&)d&
x(t) = @(0)6 0 +/ S)l—{-x"—(s—T)e N
0

t
< ¢(0)e™ ™ + b* Frnax / e~ =9 g
0

b*
= ¢(0)€_a*t + Cl_ max[1 — e—a*t].

*

Hence,
* *

limsupx(t) < — Fpgx =
—00 Ay ayn

n—1
n—1)".

Therefore, x(¢) is bounded and this proves the lemma. m]

Remark 5.3.1 Lemma 5.3.2 yields that every solution of (5.2) is bounded by i—;

n—1
n -1,

Set
b* n—1

M=—m-1". (5.65)

asn

In the following, by means of a Lyapunov function, we obtain a sufficient condition
for the global attractivity of a positive periodic solution X (¢) of (5.2).

Theorem 5.3.1 If
as(1+M"* +b* > (n — DHb*M" (5.66)

and
(axn)"b* (n — 1) < (aen) (n + 1), (5.67)

then every solution of (5.2) tends to x(t) as t tends to oo, that is,
lim [x(#) —x(t)] =0,
—00

where M is given in (5.65).

Proof Let x(¢) be a solution of (5.2). Suppose that z(t) = x(t) — x(¢) fort > 9 >
(L)% Then

n—1

> 1o.

Z@) =—a(t)[x(t)_7(t)]+b(t)|: x(t —7) Xt —71) ]

T+x"(t—7) 14+%(—71)

To complete the proof of the theorem, it suffices to show that z(#) — 0 as t — oo.
Define a Lyapunov function by
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x(s) x(s)
1+x(s)  1+x"(s)

t
V() =|z@)| + / b(s + 1) ‘

t—71

_ z(s) +x(s) _ x(s)
_|Z(t)|+/b(s+7)‘l+[z(s)+f(s)]” 130

S.

t—T1

Then,

dv
— = sgn[z(l)]|: —a(®)z(1)

dr
2t —1)+x(t —7) x(t—1)
+ bg){l%—[z(t—ﬂ—i—f(t—r)]" B 1+J_c"(t—7')}] (5.68)
(1) +x(1) x(1)
b _
D o rror 1470
—b(t)‘ zZt—71)+x(t —7) B x(t—1T)
I+[z¢—7)+X@t —D)]"  14+X"(¢—7)
z(t) +x(t) x(1)
= aWROIPUA D T R or T T 0
(n—1)0" -1
< —a(®)|z(®)| + b(t +T)|Z(I)IW, (5.69)
where 6 lies between z(¢) 4+ x(¢) and x(¢). Setting G(0) = %, we see that
GO =-1,G ((nll)%) = 0, and G (0) is positive and increasing for 6 > (nil)%.

Furthermore, condition (5.67) implies that

1

1
1 n 1\
<M < n .
n—1 n—1
Hence, we have

dv =DM —1]
E < - |:a* —b W} [z(2)|

=T Gt M")? +b* = b*(n = DM"|z(1)].

Integrating the above inequality from #( to 7, we have

t

1

VO + sl + M+ = b 1>M"1/ ()] ds < V(1o).
fo
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density of malure cells in blood circulation x(f)

Fig. 5.5 Computer simulation of Example 5.3.1

Thus, |z(7)| € L([ty, 00)) ast — o0, 1i.e, ftooo |z(s)|ds < oco.By[5, Lemma 1.2.2] of
Gopalsamy, it follows that tlim z(¢t) = 0. This completes the proof of the theorem.
—00

Next, we give an example to illustrate Theorem 5.3.1.

Example 5.3.1 Consider the equation

iy = — (24 < sint) _x(t—7)
xX'(1) = (2+ > )x(t)+(3+ 4)1+x3(t—7)’t20' (5.70)

Here a(t) = 2+ %L, b(t) = 3+ 3L n = 3, a, = 1.5, a* = 2.5, b, =
2.75, b* = 3.25. Clearly b, > a*. Also, M = i—’;(n — 1)an1 = 1.146456315 and
as(1+M™)2 + b* = 12.677 > 9.795 = b*(n—1)M", and b*"' (n—1)" = 274.625 <
364.5 = (a4n)"(n + 1). Hence, by Lemma 5.3.1, Eq. (5.70) has a positive periodic

solution X (¢) and this solution is globally attractive to all other positive solutions of
(5.70) by Theorem 5.3.1 (Fig.5.5).

Remark 5.3.2 Using the property that f‘_r;_7 < 1 forx > 01in (5.69), we can obtain
the following theorem.

Theorem 5.3.2 If
as(1+M™?* > b*[(n — DM + M™)? — 1], (5.71)
where M is given in (5.65), then every solution of (5.2) tends to X (t) as t tends to oo,

that is,
lim [x(¢) —x(¢)] = 0.
— 00
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Remark 5.3.3 Qian [21] proved that if

— 1?2
bmaxll,u]7'< 1, (5.72)
4n

then any positive periodic solution of (5.2) is a global attractor of any other periodic
solution of (5.2) (see [21, Example 2]). Now, consider the equation

) = _xe=D
x'(t) = =2.5x(t) + 3.251 oD t > 0. (5.73)

Clearly, the conditions (5.66) and (5.67) are satisfied and hence Theorem 5.3.1 can
be applied to (5.73). On the other hand, (5.72) does not hold and hence the result due
to Qian [21] cannot be applied to this example.

Consider (5.2) with b(t) = b = +/2,a(t) =a = 1,7 = 1, and n = 2. Theorem
5.3.2 can be applied to this example but condition (5.72) does not hold.

5.4 Global Attractivity of Periodic Solutions of Nicholson’s
Blowflies Model

This section is concerned with the dynamics of the Eq.(5.3) with constant delay,
where a, b € C(R4, Ry) are periodic functions with period 7 > 0 and v, 7 €
(0, 00).

Gurney et al. [8] used the Nicholson’s blowflies model (5.3) with constant coeffi-
cients to describe the population of Australian sheep blowflies that agrees well with
the experimental data of Nicholson [20].

In [13] Kulenovic et al. proved that if b > a, then every positive solution x (¢) of
(5.3) tends to x as t — oo provided that

b
e —=1) (——1) <1,
a

holds, where X is an equilibrium point of (5.3).

Existence of a periodic solution of (5.3) with constant coefficients is studied
in Chap.2 while dealing with the first order functional differential equation (2.1),
where a(t) and b(t) are positive T -periodic functions, 7 > 0 is a constant and
f e C(R, Ry).

Saker and Agarwal [23] obtained sufficient conditions for the oscillation and
global attractivity of the periodic Nicholson’s blowflies model

X' (1) = —a()x (@) + bt)x(t — mT)e =T (5.74)
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They established the following sufficient condition for the global attractivity of a
positive equilibrium point of (5.74).

Theorem 5.4.1 Assume that a(t) and b(t) are T -periodic functions and vx, > 1.
Assume that

b(t —
max 28 =%0) <1 (5.75)
0<t<T a(t)
and
t s
lim sup / b(s)exp /a(u) du | ds =~ < 1. (5.76)
11— 00
t—mT t

Then lim;_, 5 [x(t) — X (¢)] = O for any positive solution x(t) of (5.74), where x(t)
is positive periodic solution and X, = ming<;<r X ().

We begin the discussion of some more results of this section with the following
lemma.
Lemma 5.4.1 Every solution of (5.3), (5.64) is positive and bounded.

Proof Suppose that x(¢) is solution of (5.3) with initial function (5.64). Then from
(5.3), we have

t
[ [Fat)+bi) 257 e 0= ds
x(1) = ¢(0)e”
which is positive for r > 0.
Next, we show that x(¢) is bounded. Let F(¥) = Xe ¥, It can easily be shown
that F attains its maximum Fp,x = % atx = % Equation (5.3) can be written as

/

f a(0)do f’a(e) do
x(t)ed =b)x(t — 1)e I Ted
Integrating the above equation from 0 to #, we obtain
t t t
— [a(6)do — [a(6)do
x(t) = ¢(0)e © + / b(s)x(s — T)e ¥Ee 5 ds
0
1
< (b(())e_a*t + b*FmaX/e—a*(t—S) ds
0
b*
= (b(o)e_a*t + — Fmax[1 — e—a*t]‘
Ax
Hence, lim sup;_, o, x(t) < D" This completes the proof of the lemma. O

agye”
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Remark 5.4.1 It follows from Lemma 5.4.1 that, if x(¢) is a solution of (5.3), then

*

lim sup |x(#)] < =: N.

—>0o0 *

Lemma 5.4.2 ([28]) Assume that a(t), b(t) € C(R, Ry) are T -periodic functions,
T is a positive constant, and b(t) > a(t) for t € [0, T)]. Then (5.3), (5.64) has at
least one positive T-periodic solution.

Let this solution be x(¢). We use the boundedness property of positive solutions
of (5.3) from Remark 5.4.1 in the following theorem.

b* *
Theorem 5.4.2 Assume that Z—i eae +1 > :7 and b* < 2aye. Then every solution
of (5.3) tends to X (t) as t tends to oo.

Proof Let x(¢) be an arbitrary solution of (5.3). Suppose z(¢) = x(t) —x(¢) for some
t >ty > %; then

Z(t) = —a®)z(t) + b(O[x(t — 1)e D —X(t — 7)e T, 1 > 1.
To complete the proof of the theorem, it suffices to show that z(#) — 0 as t — oo.

Define the Lyapunov function V (¢) by

‘
V() = lz(O)] + / b(s + 7)|x(s)e ) — X (s)e | ds

t—7
t

= |z()| + / b(s + 7)|(z(s) +X(5))e TEOTE) 5 (5)e7* )| ds.

-7

Then,

(iTY =sgnlz(D1l—a®)z(1) + bO{((t — 1) +X(t — 7)) VEE=DFXE=T)

—X(t —1)e TN L bt + 1) | (2(r) + T (1))eTEOFD) f(r)e—“fﬂ’)(

—b(t) |(2(t = 7) +X(t — 7)) YEUTDFI=T) _ 54 — 1) ¥E=T)

< —a®lz®)| + bt + )|z |F'(0),

where F(0) = 0e="? and 6 lies between z(¢) + X (7) and X(¢). It is clear that F'(0) =
(1—=~80)e " <0forb > “ly Hence, setting

Gi(0) =—F'(0) =@0—1e " >0,



136 5 Asymptotic Behavior of Periodic Solutions of Differential Equations of First Order

25

15

size of population x(f)

s
1

Fig. 5.6 Computer simulation of Example 5.4.1

it follows from the fact that b* < 2ae that G () is increasing for 0 < 6 < % Then,

dv
< = [-a®) + b0+ 1GIO)]]20)]
[—as + b* (70 — e ?]1z2(1)]

<
< —lax — b*(yN — De ™ ]|z()].

Integrating from # to 7, we obtain
V@ + Lo = 5N = De ) [ Lol ds < Vi),

This implies that |z(t)| € L([tp, 00)) as t — oo, that is, ftso |z(s)|ds < oco. Then

by Gopalsamy [5, Lemma 1.2.2], tlim z(t) = 0. This completes the proof of the
—00

theorem. O

Example 5.4.1 Consider the differential equation
x'(1) = —(3 4 sint)x (1) + (6 + sint)x(t — T)e >, (5.77)

Here a(t) = 3+sint, b(t) = 6+sint, a, = 2, a* =4,b* =7,and b, = 5. Clearly,

b*
by > a*, Z—*eﬂ*f 4+ 1 =2.035428 > 1.2875 = 2—, and b* = 7 < 2a.e. This shows
that Theorem 5.4.2 can be applied to this example (Flg 5.6).
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Next, we give an example where Theorem 5.4.1 fails whereas Theorem 5.4.2 can
be applied. We see that Eq. (5.74) is equivalent to the Eq. (5.3) for mT = 7.

Example 5.4.2 Consider the equation
/ 3 ; : —yx(t—1)
x'()=— 3 +sint ) x(t) + @4 +sint)x(t — e . (5.78)

Here a(t) = 3 +sint, b(t) = 4 +sint, a, = 5, a* = 3, b, = 3,b* = 5, and
7 = 1. Then a simple calculation shows that lim sup ff_l (4 + sin v) exp( ftv (3/2+
sinu) du) dv > 2. 3601 86, which means that (5 76) falls to hold. On the other hand,

b* > a, and b*ea*f + 1 = 4950671 > 3.67647 = *e, hold. Hence, (5.78) has
a positive 2m-periodic solution and this solution is globally attractive to all other
positive solutions of (5.78) by Lemma 5.4.1 and Theorem 5.4.2.

Appendix

Program for Example 5.1.1

function dydt = sh(t,y)

dydt =...
- (l+sin(t)."2/10) .*y+(y.*(1.5+cos(t)."2./20))./(1+(y./(2+cos(t) .
"2)).73);

clear all

clc
t0 = 0;
v0 = 0.1

[t,y] = oded45(@sh, [t0 100],y0);
plot(t,y, 'LinewWidth’,2);

t0
vO0

0;
0.5;

hold on;
[t,y] = oded45(@sh, [t0 100],y0);
plot(t,y,’--g’, 'LineWidth’,2);

to0
0

0;
4.5;

hold on;
[t,y] = oded45(@sh, [t0 100],y0);
plot(t,y,’'-r’, 'LineWidth’,2);

t0 = 10;
v0 = 4.5;
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hold on;
[t,y] = oded45(@sh, [t0 100],y0);
plot(t,y, '-b’, 'Linewidth’,2);

xlabel (‘time t’);
ylabel (‘population x(t)’);
Program for Example 5.1.2
function dydt = fish2(t,y)
dydt =
-(1.2+sin(t)."2/50) .*y+(y.*(1.3+cos(t)."2./100)) ./ (1+(y./
(0.5+sin(t)."2./1000))."76);

clear all

clc
t0 = 0;
v0 = 0.1;

[t,y] = oded5(@fish2, [t0 40],y0);
plot(t,y, 'LinewWidth’,2);

t0 = 0;
v0 = 0.5;
hold on;

[t,y] = ode45(@fish2, [t0 40],y0);
plot(t,y,’.-g’, 'Linewidth’,2);

t0 = 0;
v0 = 4.5;
hold on;

[t,y] = ode4d5(@fish2, [t0 40],y0);
plot(t,y,’-r’, 'LineWidth’,2);

t0 = 5;
v0 = 4.5;
hold on;

[t,y] = oded5(@fish2, [t0 40],y0);
plot(t,y,’-b’, 'LinewWidth’,2);

xlabel ('time t’);
ylabel ('population x(t)’);

Program for Example 5.1.3
function dydt = fish3(t,y)
dydt =
-(1.5+sin(t)."2/10) .*y+(y.*(1.7+cos(t)."2./20)) ./ (1+(y./(4+sin(t)."2./100))."6);

clear all

clc
t0 = 0;
v0 = 0.1;

[t,y] = oded5(@fish3, [t0 80],y0);
plot(t,y, 'LinewWidth’,2);
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hold on;
[t,y] = oded5(@fish3, [t0 80],y0);
plot(t,y,’'-.g’, 'LineWidth’,2);

t0 = 0;
v0 = 4.5;
hold on;

[t,y] = oded5(@fish3, [t0 80]1,y0);
plot(t,y, -r’, 'Linewidth’,2);

t0 = 5;
v0 = 4.5;
hold on;

[t,y] = oded5(@fish3, [t0 80],y0);
plot(t,y,'-b’, 'LineWidth’,2);

xlabel (‘time t’);
vlabel ('population x(t)’);

Program for Example 5.1.4

function dydt = fish4(t,y)
dydt = -y+(2.*y)./(1+y."2);

clear all

clc
t0 = 0;
vy0 = 0.1;

[t,y] = oded5(@fish4, [t0 30],y0);
plot(t,y, 'LinewWidth’,2);

t0 = 0;
vy0 = 0.5;
hold on;

[t,y] = oded5(@fish4, [t0 30],y0);
plot(t,y, ' --g’, 'LinewWidth’,2);

t0 = 0;
vy0 = 4.5;
hold on;

[t,y] = oded5(@fish4, [t0 30],y0);
plot(t,y,’.-r’, 'Linewidth’,2);

t0 = 5;
v0 = 4.5;
hold on;

[t,y] = oded5(@fish4, [t0 30],y0);
plot(t,y,’-.b’, 'Linewidth’,2);

xlabel ('time t’);
ylabel ('population x(t)’);

Program for Example 5.3.1



140 5 Asymptotic Behavior of Periodic Solutions of Differential Equations of First Order

function dydt = RBC(t,y)
dydt = -(2+cos(t)./2).*y+(y.*(3+sin(t)./4))./(1+y."3);

clear all

clc
t0 = 0;
v0 = 0.1;

[t,y] = oded45(@RBC, [t0 50],y0);
plot(t,y, 'LineWidth’,2);

t0 = 0;
vy0 = 0.5;
hold on;

[t,y] = oded5(@RBC, [t0 50],y0);
plot(t,y,’--g’, 'Linewidth’,2);

t0 = 0;
vy0 = 2.5;
hold on;

[t,y] = oded5(@RBC, [t0 50],y0);
plot(t,y,’'-r’, 'Linewidth’,2);

t0 = 6;
vy0 = 2.5;
hold on;

[t,y] = oded5(@RBC, [t0 50],y0);
plot(t,y,’'-.b’, 'Linewidth’,2);

xlabel (‘time t’);
yvlabel (‘density of mature cells in blood circulation x(t)’);

Program for Example 5.4.1

function dydt = nich(t,y)
dydt = -(3+sin(t)).*y+y.*(6+sin(t)).*exp(-2.*y);

clear all

clc
t0 = 0;
v0 = 0.1;

[t,y] = oded45(@nich, [t0 50],y0);
plot(t,y, 'LineWidth’,2);

t0 = 0;
v0 = 0.5;
hold on;

[t,y] = oded5(@nich, [t0 501,y0);
plot(t,y,’--g’, 'LinewWidth’,2);

t0 = 1;
v0 = 2.3;
hold on;

[t,y] = oded5(@nich, [t0 50],y0);
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plot(t,y,’-r’, 'Linewidth’,2);

t0
v0

6;
2.5;

hold on;
[t,y] = oded5(@nich, [t0 50],y0);
plot(t,y,'-.b’, 'LinewWidth’,2) ;

xlabel (‘time t’);
yvlabel (‘size of population x(t)’);
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