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Preface

Our aim in this monograph is to present an essentially self-contained account of the
theory of mathematical model building of microbial populations. The emphases and
selection of topics reflect our own involvement in the field over the past 10 years and
our intent has been to stress the ideas and methods of analysis besides describing the
most general and far-reaching results possible. This monograph includes published
work as well as work presented at various seminars and conferences. There has been
much ferment in this field during the past 15 years resulting in numerous publica-
tions with various methods and theoretical arguments. Much experience has been
gained from this research during the past decade by researchers that include mathe-
maticians, biologists, limnologists, and chemical and civil engineers. Now it is time
to crystallize these concepts into a simple ready-to-use format to enable the imple-
mentation of these models by practicing field scientists. Thus, the first and foremost
aim of the authors is to encourage others to consider and apply the results and the
tools discussed in this book. Also, it is an attempt by the authors, a mathematician
with an enthusiasm for biology and a biologist with an interest in mathematics, to
encourage and promote the quintessential aspects of a collaborative dialogue be-
tween their respective disciplines. Mathematical models that describe the growth of
microorganisms feeding on a nutrient in limited supply in a continuous cultured en-
vironment are very popular among researchers in mathematical biology. In this case,
the mathematical predictions may be tested in a laboratory using a device known as
a chemostat. The models are therefore called chemostat models. Chemostat models
are identified as instances where mathematics precedes biology. On the basis of sim-
ilarities, researchers viewed a chemostat as a replica of a simple, natural lake. But
a chemostat is a closed system in which some of the key parameters can be con-
trolled. This is not the case with a lake that is influenced by external factors, mainly
seasonal changes. A variety of Lyapunov function(al)s are provided and this forms
the main approach for the stability studies in most situations. The construction of
Lyapunov function(al)s is described step-by-step. Enough care is taken to see that
these results actually contribute to the continuity and completeness of the basic line
of thinking that we began with. The book consists of eight chapters. The following
is an outline of the book.

The first chapter presents an introduction to basic chemostat models. Global
qualitative analysis of the stability of equilibria is carried out and this covers all
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viii Preface

recent literature. This approach forms a basis for the techniques in later chapters
and makes a good starting point for subsequent chapters.

In Chap. 2, attention is drawn toward a lake. The device chemostat is compared
with a natural lake. Such a lake has some extra features in addition to those of
the closed environment of a chemostat, and the models introduced in Chap. 1 are
appropriately modified to suit to a lake. Keeping in view the observations of biolo-
gists, time delays are introduced into the models of Chap. 1. Various combinations
of time delays, both discrete and distributed, as studied by researchers are explained
in this chapter in detail. These models are popularly known as chemostat-like mod-
els. A complete analysis of each of these models starting from the existence and
uniqueness of solutions to the local and global stability of equilibria (implying the
extinction/survival of species) is presented. Imbalances and disturbances are com-
mon in nature. Thus, species in lakes are prone to these disturbances caused by
environmental conditions and exhibit instability characteristics unlike the models
of Chap. 1, which are structurally stable. It is observed that time delays and varia-
tions in nutrient supply and its supply rate (due to seasonal changes) influence the
dynamics of the system and tend to destabilize it. Unbounded growth or extinction
are the characteristics observed. These instability characteristics of the models are
discussed in Chap. 3. How to combat such an unstable situation is the content of the
next three chapters, identifying the root cause of instability in each case. Having a
good grasp of how a season cycle tends to infuse instability in a system, we study the
natural response of consumer species (system) in each case. We consider the system
in its most possible general form and study the behavior (response) of species.

Chapter 4 introduces the self-regulation of species due to a low supply of the
nutrient (during summer months) and lack of support from the environment. This
may also be understood as the effect of finite carrying capacity or overcrowding
on the system. In Chap. 5 the behavior of species when the inflows and outflows in
a lake are very high (during the rainy season) is studied. In this case, the nutrient
is freely available to the species but there is always a danger of a species being
washed out of the system. How the species survive the high washout is the point of
interest here. The concept of wall growth (species finding a safer place in the same
environment) is introduced and its influence studied in this chapter.

The survival and growth of microbial populations depends upon the consumption
levels of the nutrient and this leads to another interesting phenomenon. We discuss
the following prominent situations that have a direct bearing on the modeling per-
spective of these species. The first represents the natural tendency of a species to
maintain the consumption levels at equilibrium values showing a natural inactive
state of the consumer species. The second state may be understood as a regulation
of the supply of the nutrient during the transition from high supply to low supply
and vice versa. These are defined as the zones of no activation for the consumer
species. The influence of this zone on the behavior of the system is the content of
Chap. 6.

As the stability of equilibria implies the eventual survival of species, sufficient
conditions are provided for the stability of the equilibria of the system equations.
The tendencies toward instability introduced by the presence of time delays and
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variations in nutrient supply/consumption are then controlled by the mechanisms
henceforth termed as “biocontrol mechanisms.” The switch from instability to sta-
bility is thus explained and established. A number of examples are provided at each
stage that help one understand how each of these mechanisms works on the system.

In the final chapter, we present some of the latest techniques to realize the math-
ematical results obtained. This forms a direct link between a mathematician and a
biologist, which is the main objective of the study of chemostat(-like) models. This
is achieved by finding ways to easily estimate the control (key) parameters that influ-
ence the dynamics of the system. Dynamic optimization algorithms are employed
for this purpose. Such an approach is entirely new to the researchers working in
this area.

Research articles that motivated the preparation of the book are cited in the
section on “Notes and Remarks” at the end of each chapter. Scope for further
research is discussed and gaps in the literature are pointed out. Examples are pro-
vided at every stage to illustrate, to compare the results, and to realize the underlying
biological situation. It is hoped that this book will serve as a basis for further re-
search for new entrants interested in this interdisciplinary area of research. It is our
strong belief that this type of interdisciplinary work will not only be stimulating
but will also open up many more new vistas, offering exciting prospects. This book
is suitable for a one to two semester course for senior undergraduate and graduate
students of mathematics, biology, agriculture, limnology, and chemical and civil en-
gineering. Moreover, the reader feels throughout the reading of this monograph that
the basic motif behind chemostat models, that is, “theory(mathematics) precedes
experiment(biology),” is always cherished. Writing this book has been both inter-
esting and challenging. Challenging, particularly, because it is not easy for us, as
the authors, to judge whether we have succeeded in the aims we set for ourselves.
Have we provided an accessible and informative overview of the subject? Have we
managed to strike a balance between theory and application? Have we interested the
readers enough that they can move on and build new mathematical models? We are
honest enough to realize that answers to these and similar questions cannot be an
unequivocal yes. We would therefore encourage readers to respond with ideas for
further improvements.
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Chapter 1
Basic Models

1.1 Introduction

Quite often students pursuing a course in mathematics face an embarrassing
situation when a nonmathematician raises the question of applicability of mathe-
matics to real-world problems. This may be due to the abstractness of mathematical
theory that the readers come across. Further, it is generally viewed that mathemati-
cal models are built and the theory is developed with an experiment or observations
at its back ground. Of course, this approach helps understanding the system under
consideration and also in the evolution of better systems from it. This approach, as
may be called “theory after experiment”, helps the experts in other areas look for
mathematical solutions for more complex problems that arise in the development of
their experiments/models.

Keeping in view the ability of mathematics to make valid, logically sound
predictions, an important question is, can a “mathematical stage” be set where any
experiment may it be physical, biological, or economic, etc. is conducted with a
mathematically predicted outcome? In other words, can mathematics be tried in a
laboratory? If the answer is yes, then this may help make life predictable, of course,
within the limitations of mathematical logic. This leads to the development of new
theories and opens new worlds of applications.

In this chapter, we present a simple case that gives a definite yes to this
“experiment after theory” concept. To understand this we study a simple math-
ematical model of an ecological problem relating to the survival of populations.
Why an ecological problem? Understanding the nature, either to live in harmony
with it or to survive all odds posed by it, has been the main concern of the mankind.
Thus, modeling a natural system not only evokes curiosity but is also highly im-
portant. In such a case what types of systems should we select and formulate
mathematical models for them is an important question. There are many factors
that influence the growth of populations such as food, environment, competition,
and diseases. Assuming that all other conditions are conducive for growth, food
has been regarded as the prime factor influencing the growth of populations. In this
case, the survival of species depends only on food—consumer interactions.

With this back ground, we select a food (resource or prey) and a consumer species
(predator), whatever names we give, and understand their growth interactions. It is
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2 1 Basic Models

generally known that “mathematical assumptions for population growth are best
met for simple organisms. Especially, the best fit between the model and the data
occurs for microorganisms”. This motivates us to select a microorganism feeding
on an essential nutrient (food) for our study here. The nutrient is “essential” in
the sense that in the absence of it the consumer species dies. We then fit a math-
ematical model to describe their growth. The analysis of the model yields some
predictions that are then established by an experiment. Though the mathematical
theory described here and the biological experiment look simple, they paved way
for a very exciting development of the theory and mathematical models of more
complex ecological problems and now a stage has come where one can talk about
a mathematical-biological experiment. This revolution is brought about by a sim-
ple laboratory device called a chemostat. The name chemostat is associated with
a laboratory device used for growing microorganisms in a cultured environment.
The description of a simple chemostat and its mechanism is provided at a later part
of this chapter.

Before we go in for a discussion on our model and the chemostat, we first recall
the classical link between mathematics and biology. Application of mathematics to
biological problems is not new; we recall the Malthusian, Lotka—Volterra models in
this context. The model,

xX'(t) = rx(1),

where’ = d/dt and r is the growth rate coefficient, describes the exponential growth
of the population x at any time 7.

Introduction of carrying capacity of the environment (food, light, space, etc.),
which controls the growth of the species, modifies the aforementioned model into a
more realistic model of the form

x' = rx(l — %),

where k denotes the carrying capacity of the environment. A model of Lotka—
Volterra type that describes the competition between two species x and y (predators)
for the same food (prey) is given by

x rx(l — kil)

y = ry(l — klz) (without interference). (1.1)

x = rx(l — kil—kly),

y = ry(l — klz - kzx) (with interference). (1.2)

Here, k1, k, are the carrying capacities and A, A, are interference coefficients,
all being positive constants.
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It is possible to measure the interference coefficients A; and A, that decide the
outcome of the competition only when the organisms are grown together, that is,
while the experiment is being carried out. This rules out the possibility of predict-
ing the outcome of the experiment before conducting it. This is a drawback of the
Lotka—Volterra model. Moreover, there is no representation for the growth of food
(resource) on which the populations grow (feed). Inclusion of the growth equation of
the resource (prey) allows us to predict the corresponding changes in the growth of
the consumer (predator) population. The main strength of chemostat models lies
in the inclusion of the growth equation of the resource along with those of the
competing organisms. This observation has prompted the researchers to study the
chemostat model equations extensively. By analyzing the model equations the out-
come of competition in a chemostat is predicted and the predictions are confirmed
by the experiment.

We now begin our endeavor toward building a mathematical model. To begin
with, we shall state in the following section the biological principles on which our
model is formulated.

1.2 Biological Principles

The model consists of a microorganism feeding on a single growth-limiting nutrient.
Let us denote by x the growth-limiting nutrient and by y, the microorganism feeding
on the nutrient x. The following assumptions are helpful in formulating our model.

e All the nutrients, expect x, are abundantly available so that we can concentrate on
the influence of this essential nutrient x on the species y. Also x is so important
that addition of more of other nutrients does not compensate the limited supply
of x.

e There is an external source of supply from which the microorganisms receive the
essential nutrient x along with other nutrients.

e The nutrient is supplied at a constant rate and the supplied nutrient has constant
concentration in the growth medium.

e The nutrient is uniformly distributed in the growth medium so that all the mi-
croorganisms have equal access to the nutrient available, that is, there is no
disparity in distribution.

e There is an outlet to the system from which the excess material, namely nutrients,
microorganisms, and some by-products, is continually removed.

The last assumption is reasonable since in any system such as a laboratory device,
the volume is fixed. Hence, we should have an outlet when we allow continuous
supply of material. Further to keep the volume of the growth medium fixed, we may
assume that the rate of input is same as the rate of removal of the contents of the
growth medium.

1. The microorganisms consume the nutrient continuously and the rate of consump-
tion is a constant.
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2. The consumption has a saturation, that is, unlimited supply of nutrient does not

imply unlimited consumption of nutrient by the species.

Growth of microorganisms is proportional to their consumption.

4. All the external factors such as temperature, pressure, etc. are conducive for the
growth and do not disturb the system.

W

These assumptions introduce some real parameters and functional relations into the
system. We shall list them out here.

e Xp, the input nutrient concentration that is a positive constant. It denotes the
quantity of nutrient available with the system at any time.

e D, the rate at which the nutrient is supplied and also the rate at which the contents
of the growth medium are removed. It is also a positive constant.

e ¢, the maximal consumption rate of the nutrient and also the maximum specific
growth rate of the microorganisms — a positive constant. This choice implies that
the consumption means growth here.

e U, the functional response of the microorganisms describing how the nutrient is
consumed by the species.

We now introduce our mathematical model that describes the dynamics of a limited
nutrient-consumer system, which we are going to test in a laboratory.

1.3 Formulation of the Mathematical Model

We denote by x(¢) and y(¢) the concentrations of the nutrient and the microorgan-
isms at any specific time 7. We shall first write down the growth equation for the
nutrient x. For this, we have the following:

Gain term: Since an amount of X is supplied each time at a constant rate D into the
system, the rate of increase of nutrient concentration at time z is D xy.

Loss terms:

1. A quantity of x(¢) is removed from the system at a constant rate of D. Therefore,
the system loses Dx (¢) of nutrient concentration at any time .

2. Each microorganism y consumes U (x(¢)) of the nutrient. Therefore, U(x (¢))y(¢)
is the nutrient concentration consumed by the species y at a rate a. Thus, the
nutrient concentration is reduced by aU(x(¢)) y(¢) as a consumption by y at any
time 7.

Thus, we have
rate of change of nutrient concentration in the growth medium

= rate of supply of nutrient — rate of removal — rate of consumption.

Mathematically,

dx (1)
dt

= Dxo— Dx(t) —aU(x(t))y(t). (1.3)
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For the growth of species y we assumed that the consumption of nutrient means
the growth of y. Therefore, the rate at which the nutrient is being consumed, i.e.,
aU(x(t))y(¢) is also the rate at which the microorganism y is growing. Also the
microorganism is removed from the system at a constant rate D. Thus, Dy(¢) de-
notes the quantity of microorganism removed from the system. Now,

rate of change of microorganism at any time
= growth rate of microorganism — rate of removal of microorganism.

Mathematically,

PO _ vy - pyo. (1.4)

Equations (1.3) and (1.4) put together describe the limited resource—consumer
dynamical system that we are going to try in the chemostat. For a ready reference,
we shall write the equations hereunder as a system.

d);_gt) = Dxo — Dx(t) —aU(x(t))y (),
dfi_f) = aU(x(1))y(t) — Dy(1). (1.5)

1.4 Properties of Solutions

We note that the characteristics of system (1.5) are essentially decided by the
nonlinear term on the right hand side, that is, U(x). U is known in literature as
response function or consumption function or uptake function. There are some ba-
sic assumptions on the consumption function U : [0, 00), — [0, 00), which may be
stated as follows:

1. U(0) =0, U(x) > 0forx > 0.

2. limyeo U(x) =Ly, 0< L) <o0.
3. U is continuously differentiable.

4. U is monotone increasing.

Assumptions 1 and 2 are essential for any function to act as a consumption function.
Condition 3 is expensive but always ensures the existence of solutions to the system
(1.5). Readers who are familiar with the theory of elementary differential equations
may recall that a local Lipschitz condition with mere continuity of U is enough to
establish the existence of solutions to (1.5). Condition 4 assuming U to be monotone
increasing or % > 0 (when 3 is satisfied) has a special purpose here. But we shall
see a little later that this condition may also be relaxed, in general.

The following prototype functions, which satisfy all the earlier conditions 1—4,
are generally regarded as consumption functions while studying biological models
such as (1.5).



6 1 Basic Models

U(x) = x: Lotka—Volterra or Holling type-I consumption function.

U(x) = ;3= Michaelis-Menten or Holling type-II consumption function.

Ux) = Wiqﬂ) p,q > 0: Sigmoidal or Holling type-III consumption
function.

The consumption function U(x) = x does not satisfy the condition 2. However,
it is popular for Lotka—Volterra type models.
Clearly conditions 1 and 2 ensure the existence of positive constant L > 0 such
that
U(x) <L forall x €]0,00). (1.6)

Further, the assumption 3 with (1.6) ensures that the system (1.5) has unique
solutions which are continuable on their maximal intervals of existence for any set
of initial conditions.

We shall now establish that the solutions of system (1.5) are nonnegative owing
to nonnegative initial conditions. This is a prerequisite as x and y represent popula-
tions and can not go negative in any case.

Theorem 1.1 All the solutions of system (1.5) are nonnegative for allt > 0 corre-
sponding to any nonnegative initial conditions.

Proof We shall show that once a solution enters the plane
2 ={(x.y)/x =0,y =0},

it remains there forever. By continuity of solutions of (1.5) each solution has to take
the value 0 before it assumes a negative value. If y = 0 for some t = #; > 0, then
from the second equation of (1.5), y’(¢;) = 0, and hence, y is nondecreasing at 7y,
which means that y is at least nondecreasing at y = 0. This rules out the possibility
of y taking a negative value. Again when x = 0, we have

x'(t) = Dxg > 0,

since y > 0, U(0) = 0.

Therefore, x is increasing at x = 0. When y = 0, x’(¢) = Dxo — Dx and again
atx = 0, x'(t) = Dxo > 0 and hence, x is increasing at x = 0. Thus, we can
conclude that the solutions of (1.5) are non negative for all # > 0. ]

How are the populations growing under limited supply of nutrient? Can the
growth be alarming? We have an answer.

Theorem 1.2 Any positive solution of (1.5) is bounded for nonnegative initial con-
ditions that are not identically zero on any interval.

Proof Consider
V(t) = V(x(0), y(1)) = x(1) + y().
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Clearly,
V(0,0) =0, V(x(t),y(t)) >0 for ¢t>0and V(t) > oo

as x(t), y(t) — oo.
The time derivative of V' along the solutions of (1.5) is

V'(t) = Dxo — Dx(t) —aU(x(1))y(t) + aU(x())y(t) — Dy(2)
= Dxo— D(x(t) + y(1))
< Dxo— DV(t).

Thus, outside the region bounded by the positive coordinate plane and the surface
Dx+ Dy = Dxgorx+y = xo, V'(t) is negative definite. Thus, V is the required
Lyapunov function.

Now, the conclusion follows from Theorem B.2 (Appendix B) with W(z, X(¢)) =
x(1), O(t, X (1)) = V(t),and U = xq. O

Notice that our journey with Lyapunov functions has begun.

1.5 Equilibrium Solutions

The study of existence of equilibria is very important, for an equilibrium state repre-
sents a state of lowest energy of the system. If the energy of the system decays from
any initial state then it is known that the system remains stable. Thus, if a system
approaches the equilibrium solution, the system stays in a stable state.

Equilibria of (1.5) are the points in the xy-plane satisfying % = 0 and ‘3—“; = 0.
Thus, the equilibria of (1.5) are given by the solutions of the algebraic system

Dxy— Dx —aU(x)y =0,
aU(x)y — Dy = 0. (1.7)
An immediate solution of this system is (xo, 0). This is a partially feasible equi-

librium solution or axial equilibrium solution. If we are looking for a positive
solution say (x*, y*) of (1.7) we should solve

Dxg— Dx* —aU(x*)y* =0,
aU(x*)— D = 0. (1.8)

This yields,
D
U(x*) = — and xo = x* + y*. (1.9)
a
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From (1.9), we may understand that in order to possess a positive equilibrium
state, the consumption level should at least touch the value D/a once. That is, there
should exist an x* € (0, co) such that U(x*) = %

Since U(x) < L forall x € [0, 00), (1.9) implies that

D
— <L (1.10)
a

is a necessary condition for the existence of a positive solution for (1.8). If we further
assume that

X0 > x* (1.11)

then in view of (1.9), system (1.8) yields a positive solution, and hence, (1.5)
possesses a positive equilibrium solution, designated hereafter as (x*, y*).

1.6 Stability Analysis

Having obtained the equilibrium solutions, we now study the stability of each of
them. We have two different tasks here.

1. The axial equilibrium (xo, 0) is stable, which means that the microorganisms y
become extinct.

2. If we are looking for the survival of the species x and y we have to establish the
conditions under which the positive equilibrium (x*, y*) is stable.

We discuss both the cases here.

We recall that the equilibrium solution (x*, y*) of the system (1.5) is globally
asymptotically stable, if every solution (x(¢), y(z)) of (1.5) corresponding to an
arbitrary choice of initial conditions satisfies

. ok . ok
[li)lgox(t) = x" and Il_1)r£10y(t) =y~

We refer the readers to Appendix C for more details on stability.
The following result states the conditions under which (xo, 0) is stable.

Theorem 1.3 The axial equilibrium (x,0) is globally asymptotically stable pro-
vided alL < D holds.

Proof 1tis clear from the second equation of (1.5) that lim;_, y(t) = 0ast — oo
when aL < D for the system (1.5). It suffices to prove that x () — xp ast — 00
when the earlier inequality holds.

Consider

V() =V(x(@),y() = x@) + y(@).
Clearly,

V(0,0) =0 and V(x(¢),y(¢)) >0 for x>0,y >0.
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Further along the solutions of (1.5),

V'(t) = Dxo — Dx(t) —aU(x(1))y(t)
—Dy(1) +aU(x(1))y(1)
= Dxo— D(x(t) + y(1))
= DXQ — DV(I)

That is, V'(t) = —DV(t) + Dxg, from which it follows that
V(t) = V(0)e " + xo.

Thus, lim;—00 V(¢) = limy—co[x(¢) + ¥(¢)] = xo. The conclusion follows from
the observation that lim,_,» y(¢) = 0. Hence, the theorem. O

We shall now turn our attention toward the stability of (x*, y*). It is natural to
expect that the condition ¢ L > D may revert the earlier situation as it is a necessary
condition for the existence of a positive equilibrium, and therefore, may have the
strength to destabilize the axial equilibrium. The following result establishes that
this condition is sufficient also.

Theorem 1.4 The positive equilibrium (x*, y*) of (1.5) is globally asymptotically
stable provided al > D.

We provide a detailed proof based on Lyapunov theory for Theorem 1.4 at the
end of this chapter.

It is not easy to conduct an experiment to verify our “experiment after theory”
concept simply by basing on the conclusions of these results, because we should
specifically know how the species y consumes the nutrient x and identify at least
some key parameters that control the dynamics of the system. It is observed during
some experiments on microorganisms in cultured environments that the consump-
tion clearly follows a specific functional response given by

Ukx) =

m4+x’

where m > 0 is called the half-saturation constant. It denotes the concentration at
which the per capita growth rate achieves the half maximum growth rate.

Note that L = 1 for this uptake function.

Using this definition of consumption function directly, we write system (1.5) as

d—xszo—Dx—a v,

dr m+4 x

dy

T =am +xy—Dy. (1.12)

A positive equilibrium solution of (1.12) is given by

x* D

U(x*)=m+x* .
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That is
mD d v* "
= an = Xp0o— X .
a—D y 0

Then a set of necessary and sufficient conditions for the existence of a positive
equilibrium solution for (1.12) is (see (1.10) and (1.11)) as follows:

a > D and

< Xp.

The second inequality after a rearrangement givesus a —— > D.But —2— < |,
m+xo m+xo

This implies that a positive equilibrium solution exists if and only if

X0
D <a

m+ xo
Now Theorems 1.3 and 1.4 assume the following form.

Theorem 1.5 Ifa < D ora > D and a”’_—% > xg then lim; o x(t) = x¢ and
lim/ 00 y(2) = 0.

Proof The proof of this theorem follows from that of Theorem 1.3. O

Note that conditions of Theorem 1.5 imply the non existence of a positive
equilibrium also.
* mD

Theorem 1.6 If a > D and a’”_—% < Xo then lim;o x(t) = x* = =25 and

lim/ o0 y(1) = y* = xo — x™.

Proof Consider the function
1 y
VO = VO, 0) = 500 —x = oy =" =y log ).

Clearly V(x*,y*) = 0,and V(x,y) > 0 forx > x*, y > y* and is fit to be a
Lyapunov function.
Then differentiating V' along the solutions of (1.12) we have

V/

1
(xo—x=y)(=x"=y) +a(y - y*;y’)

=—(xo—x—y){Dx0—Dx—a o y+a i y—Dy}
m—+ x m—+ x
" ax
+Ot(y—y)( —D)
m+ x

=-—D(xo—x—y)* +a(y —y*)(maj_cx - D)

am
(m+ x)(m + x*)

=-D[x—x")+ -y +« (x—=x*)(y—y")



1.6 Stability Analysis 11

m
m+x

(x—x")(y—y")

m

= D[ =) + 0~ P e

* * (o4
=D (=" =y (2 o

)G =20 =yt

x*

m“+x* in the aforementioned fourth line.

using xo = x* + y*, D =

The expression in brackets on the right hand side of earlier equation is of the
type AX?+ BX;Y,+ CY} and the conditions for its positive definiteness are
A>0, B?2<4AC (see Theorem A.5, Appendix A). Letting X; =x — x*, ¥, =
y—y*,A=C =1and B =2— %-2—, we have,

x* m4x’

m

o
Dl =x+ =+ (2- =
xX*m—+x

)G =)0 =)

is positive definite provided

0 m 2
(2—— ) <4
x*m+ x

m’j_x < 4. Since mL_H < 1 for all

x, m, the condition is % < 4; in other words, if ¢ < 4x* = 4% holds the
aforementioned expressibn is positive definite.

Now choosing 0 < o < 4am_—DD, we have V' < 0. Thus, V is the required Lya-
punov function, and hence, by Theorem C.9 (Appendix C), the equilibrium (x*, y*)
is asymptotically stable. O

On expansion and simplification, we get

With the statements of the Theorems 1.5 and 1.6, the model seems ready for a
test in the chemostat. Truly the experiment has not been conducted for the model
equations (1.12) but for a competition model that is a simple extension of (1.12) with
two different microorganisms say y; and y, competing for the same nutrient x.

Accordingly the model assumes the form

dx X X

T = Dxy— Dx Ay T V1 T G255 V2,

dyl x

o = @l Do,

dy2 X

—5 = aisy = Dy, (1.13)

with some positive initial conditions.

As in (1.12), the quantities a;, a, represent the maximum specific growth rates
as well as consumption rates of y;, y», and m, m, are the corresponding half-
saturation constants of the consumption.
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The equilibria of (1.13) are given by the solutions of

DX —Dx—a —da —0,
0 1 | i 2 5 Y2
a _D _—0,
1 | Y1 Y1
2 5 2 2

Clearly (xo,0,0) is one immediate solution of this system. As other nontriv-
ial solutions, we have (x*, y1*,0), (x*, 0, y2™). For a positive equilibrium solution
(x*, y1*, ¥2*) we should solve

* * *
Xo—Xx =y —y2 =0,

x*

agz———D =0,
mp + x*
x*
a———D =0.
my + x*

Last two equations yield a solution for x* provided the parameters satisfy

mlD _ sz
al—D _az—D.

From the first equation we have y;* + y,* = xo — x*.
As in the case of (1.12), a positive equilibrium exists if and only if the inequalities

mlD _ sz

a;> D, a;>D and xy > x* = =
Cll—D az—D

hold. Notice in this case that we are unable to write explicitly what y;* and y,* are.

Define the quantities 1| = a””T%, and A, = a’;”_%, called the break-even con-
centrations. A; determines the survival of the species (y;) at least till the stage of
possible competition. More specifically, If A; is small, the corresponding y; will
continue to survive till a competition decides its fate and for large A; the corre-
sponding y; may not even see what a competition is. Now we extend Theorems 1.5

and 1.6 for the model (1.13).
Theorem 1.7 The following results hold:

1. Ifa; < D fori = 1,20ra; > D, i = 1,2 and xo < min{Ay, A,} then any
solution of (1.13) satisfies

lim x(t) = xg, lim y;(t) =0, and lim y,(¢) = 0.
—>00 —>00 —>00

2. Ifa; > D, i =1,2and0 < Ay < Ay < xgo0r0 < A < xg < A, then any
solution of (1.13) with positive initial conditions satisfies



1.6 Stability Analysis 13

mlD
aq - D

lim x(t) = = Ay, lim yi(t) = xo — Ay, and lim y,(t) = 0.
—>00 —>00 —>00
Incase 0 < Ay < A1 < xgor0 < Ay < xog < Ay then

lim x(t) = A, lim yi(¢) =0, and lim y,(t) = xo — A.
—>00 —>00 —>00

3. Ifa; > D, i =1,2and Ay = Ay = a";'_% then

lim x(¢) = Ay, lim (y1(¢) 4+ y2(2)) = x0 — Ay
t—00 t—00

Proof Clearly case 1 explains the extinction of both the consumer species. Case 2
supports the competitive exclusion principle that states that “no ecological commu-
nity in which n species are limited by less than 7 resources can survive indefinitely”.
But Case 3 provides conditions for coexistence. The proof of Case 1 is a simple ex-
tension of the proof of Theorem 1.3, and hence, omitted.

Proof for case 2 We need to rearrange (1.13) before we proceed.

Observe that fori = 1,2,

D D[m,-—i—x]
ai i — DY =4 i~ i
m,-—l—xy Y ml-—l—xy m,-—i—xy
( D) X [ m; D ]
= (a; — o )
! m,-—l—xy’ m; + x i
X Vi
=(a; —D i — (a; — D)A;
(@ )m,-—i-xyl (@ ) lm,-—i—x
(x —Ai)
= i—D — V.
(a )m,-—i—xy
This enables us to write (1.13) as
dx
— = Dx9g— Dx — — ,
dr o o alml—i—xyl a2m2+xy2
dy, (x —Ap)
AL —D)— =2y,
dr (@ )ml—i—xyl
dy, (x —42)
-2 = —D)— =y, 1.14
i (a2 )m2+xy2 (1.14)

Now consider the Lyapunov function

X *
V:x—)&l—kllogk——l—q (yl—yl*—yl log%)—i—czyz,
1 1

in which ¢; = a_’ﬁ ) fori = 1,2 are positive constants.
1
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Then along the solutions of (1.14), we have

1 1
Vi =x' —)u—x/ + cl(y{ —yl*y_yl/) + oy’
1

_ k=2 D D X X
Xo—Dx —a —a
X 0 lm1+xy1 2m2+xy2
x—A x—A
+ (1 —y1")ar - D)u + cay2(as — D)u
my + x my + Xx
-2 —A —A
=u(on—Dx)—a1x 1y1_a2x 1yz
X mp + x mo + x
(x —Ayp) « (X —A1) (x —A2)
+a1y1m +x @ m; +x +a2m2—|—x 2
X — x—A A
_ 1)(Dx0—Dx)—a1y1*( 1)+a2(1 2)
X mi; + x my + x
D(xg — x * A=A
=(x—)tl)|: (xo )_al i i|+a(l 2)2
X mi + x my + x

Now we consider the equilibrium solution (x* = Ay, y1*,0) of (1.14) and we

can show that
« _ D(xo—A1)(m1 + Ay)

= 1.15
n Py (1.15)

Consider the term

D(xo — x) 4 ' _Dxo—x) D(xo—A)(mi + 1)

X lml—}—x X Ai(my + x)

D
=~ [xo—xn
pUR—— [(xO x)Ai(my + x)
—x(x0 = A)(m +21)]
D
- |- ~2
)ux(ml—i-x)[ mixo(x —Aq)
—)le(x—)tl)]
D(x — A1)
=———— " [mxo+ Aix
x(my £ )[ 1X0 + A1x].
Using this in V' we get
, D(x — A1)? (A1 —42)
Vie ——— 7 A —y, <0.
)le(m1+x)[mlx0+ 1X] + as M+ x Y2 =

Thus, V' is negative semi definite and we need to apply Theorem C.10
(Appendix C). Observing that M = {(x* = Ay, y1*,0)} is the largest invariant set
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in £ = {(x* = A1,y1,0) : y; > 0}, the conclusion that (x*, y{", 0) is asymptot-
ically stable follows from Theorem C.10 (Appendix C). The proof of second part
follows similarly.

Proof of case 3 Extending the Lyapunov function used in Theorem 1.6, we
consider

V() = V(x(@). y(0)

2
1 * * Yi
=§(X0—X—y1—y2)2+a2(yi—yi — Vi logyﬁ)-

i=1 !
Clearly

Vx*, 1%, 92") =0 and V(x, y1,y2) >0 for x > x*, y; > y1*, y2 > »™.

Then differentiating V' along the solutions of (1.13) and proceeding as in
Theorem 1.6, we get

V! =-Dlx —=x*)+ 1+ y2— 1" =y
+a Z,_l W@C —x*) (i —yi™)

=—D[(x —x*)+ (1 +y2—y1* = )P

D
+22 Y 1 (0= X) i = i), (1.16)
1 a _ D _ ar
using mFxt o P
Since m'_";x is monotone in both m; (increasing) and x (decreasing) and

0< m—”’LX < 1forall m; >0, x > 0, we have from (1.16) that

“D[x—x)+ i+ ==V
<-D[x—=x*)+ 1+ - =9

yit = "), (1.17)

or in the reverse order, the inequality <, replaced by the inequality >.

Then V' < 0 follows from the negative definiteness of

—D[(x —=x*) + (1 + y2— 1 F =2 + yit—").

Expanding and rearranging the terms we get the expression

o
—D[(x—X*)2+(y1 +y—y =¥+ (2_x_*)(x_X*)(yl +yz—y1*—yz*)]~
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In other words, if we can show that
* (o4 * *
X=X+ +yn-—n"—n)’+ (2— x—*)(x—X*)(yl + v —y1* =)

is positive definite, we are done. We have already established that for the choice

a € [0, ::"_‘g ), this expression is positive definite (see proof of Theorem 1.6).
Hence it follows that V' < 0 along the solutions of (1.13). By an application

of Theorem C.9 (Appendix C) the conclusion follows immediately. The proof is

complete. O

We are now in a position to understand the experiment that is conducted to check
the authenticity of Theorem 1.7. Before we describe the experiment, we give a de-
tailed description and working mechanism of the chemostat. It is important here to
notice that the supply/removal rate D and input concentration of nutrient x, are at
the control of the experimenter and the consumption rate a and half saturation con-
stant m are measured experimentally. The term A = a’"_—DD is called the break-even
concentration. Then Theorem 1.7 states that the species y; survives if its break-
even concentration is less than that of y, and leading to the elimination of y, and
viceversa (case 2). Also, if both the species have the same break-even concentra-
tions by any means, the species coexist (case 3). These conditions will be verified
experimentally.

We now describe a simple chemostat (Fig. 1.1). The name chemostat is associated
with a laboratory device used for growing microorganisms in a cultured environ-
ment. The mechanism of a chemostat is described later. We take up the chemostat in
its basic, simplest form, though the actual device may be designed in various forms.
It consists of three interconnected vessels. The outlet of first vessel is the inlet for
the second vessel and the outlet of the second vessel is the inlet for the third.

The first vessel is called a feed bottle. It contains all the nutrients required for the
growth of microorganisms. As mentioned earlier, one of the nutrients in this vessel
is a limiting nutrient. The contents of this vessel are pumped into the second vessel
at a constant rate. In this “culture vessel”, the microorganisms grow feeding on the

Feed bottle Culture vessel Collection vessel

Fig. 1.1 Visualization of a simple chemostat
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nutrients supplied from the first vessel. The culture vessel may contain many organ-
isms. It is continuously stirred for the uniform distribution of the nutrient so that all
the organisms have equal access to it. All the external factors such as temperature
are kept constant as assumed. Since all the other nutrients are abundantly supplied,
we are interested only in the study of the effect of limiting nutrient. The contents
of this culture vessel are pumped into the third vessel, which is called a overflow
vessel or a collection vessel. Naturally it contains nutrients, microorganisms and, of
course, the products produced by the microorganisms. The rate at which the con-
tents of the culture vessel are pumped into the third vessel is the same as that of the
rate at which the contents of the first vessel are pumped into second vessel, which is
our D in (1.5). Measurements are made on the contents of this overflow (collection)
vessel without disturbing the contents of the culture vessel.

Further the parameters m, the half-saturation constant and a, the consump-
tion/growth rate of the nutrient can be measured during the experiment (in the
absence of a competitor). For the desired results, the following conditions should
be met while conducting the experiment.

1. Suitable organisms and nutrient are selected.

2. Washout is fast enough that it does not allow growth on the cell walls and allows
no metabolic products.

3. No substances from which the organisms can synthesize the nutrient are
available.

4. The organism does not mutate.

Experiment

Three experiments were carried out by Hansen and Hubbell [48]. It should be noted
that both xo and D are under the control of the experimenter. The nutrient used
was tryptophan and the two competing microorganisms are Escherichia coli and
Pseudomonas aeruginosa.

The first experiment was conducted with one organism having larger value of a
and smaller value of A than the second one.

In the second experiment, care was taken to see that one organism has smaller m
and larger A value than the second one.

One may be anxious to state that the organism with a larger consumption/growth
rate or smaller half-saturation constant should win the competition. For, in the first
case the organism has a better reproductivity and in the second case the organism
reaches more of its growth potential at a lower nutrient concentration. But experi-
ments clearly showed that the organism with smaller A (break-even concentration)
always won the competition and survived. Thus, the parameter A is the predictor. In
other words the competing organism whose consumption touches the equilibrium
value U(x™*) earlier wins the competition.

The third experiment was conducted with organisms having different a and m
values but approximately same A value. Results are encouraging showing that the
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organisms do coexist. This completely establishes the mathematical predictions sup-
porting the “theory precedes experiment” concept.

1.7 General Uptake Function

As we have already noted, an uptake function is required to satisfy certain
conditions.

(a) It should be nonnegative (takes the values ‘0’ only when its argument vanishes),
continuous, bounded and has a saturation limit.

(b) Its nonlinearity should not hold back the system from having unique solutions
that are continuable in their maximal interval of existence.

Though conditions 1-3 on U(x) of Sect. 1.4 are good enough to formulate the
uptake function, the earlier two conditions motivate us to look for a general class
of uptake functions that are accepted by both mathematics and biology. Though
Monod [66] has suggested the Michaelis-Menten uptake function U(x) = 2~ as
the one suitable for studies in a chemostat, one cannot expect all the microorganisms
in the nature to follow the same definition. Some specific forms of uptake functions

studied by researchers and that have experimental support are given here.

1. Consider the function U(x) = % in which m, a; and by are positive

constants. Clearly U(0) = 0, U(x) > 0 for x > 0, lim,_, o U(x) = m < o0.

Further U’ (x) = % >0 forx >0.Also U’(x) - 0asx — oo.
Certainly U(x) defined here is of the type expected in Sect. 1.4. Note that U’(x) is
continuous and bounded.

2. Another well-known example of uptake function is the following:

U(x) = , m,b,c>0.

l+b242

We now study the properties of this function. It is easy to see that U(0) = 0,
U(x) > 0 for x > 0. But limy_, o U(x) = 0. Further,

V() = —m(x? = bc) .
(142 + 522

Clearly, U’(x) > 0 for x> < bc and U’(x) < 0 for x> > bc. Of course, U’(x) is
continuous, bounded and approaches 0 as x — oo. This is clearly an example of a
nonmonotone increasing uptake function.

But the problem in considering such nonmonotone increasing uptake functions is
that they may approach low values. When the consumption (availability of nutrient)
becomes very low that is beyond a threshold value we can not expect the species to
survive. Then one should think of how far this decreasing trend is allowed without
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a danger of extinction of consumer species y in case of nonmonotone increasing
consumption. The following class of uptake functions takes care of this situation.
Suppose that

1. U :RT — RT, U(0) = 0 and U is continuously differentiable and

2. there exist unique, positive extended real numbers A and p, A < p such that
aU(x) < D if x does not belong to [A, u] and aU(x) > D if x € (A, ).
Further, U'(1) > 0if A < ocoand U’ (u) < 0if u < oo.

Note that U defined earlier is monotone increasing if . = oo.

The following result (for proof see [21]) establishes conditions for the stability
of positive equilibrium solution of (1.5) for the earlier class of uptake functions.

Theorem 1.8 The following results hold:

1. If A < xo < W then the equilibrium solution (x*, y*) of (1.5) attracts all the
solutions with positive initial conditions.
2. In case xo < A or xo > | then (xg, 0) is a global attractor.

The case xy < A signifies the extinction of the consumer species due to insuf-
ficient food while xy > p warns that too much availability of nutrient leads to a
washout of all of y.

The results provided so far are concerned with the monotonicity of the uptake
function only. Observe that we are still asking for a differentiability condition 3
on U(x) when a local Lipschitz condition is enough to ensure the existence of
unique solutions. Further the result we provided (Theorem 1.8) as the one for a gen-
eral uptake function deals with monotonicity of the uptake function while Theorem
1.4 requires maintenance of a minimum level of consumption, U(x) > U(x*) for
x > x*. Therefore, results in the direction of removing differentiability assumption
on U are welcome for the system (1.5).

Now consider the function

o

Ux) = w>0, 0<a<§, (1.18)

w + xP’

which we designate as the generalized Michaelis—Menten uptake function. Clearly,
this function satisfies a Lipschitz condition for ¢ > 1 and fails to satisfy the con-
dition at x = 0 when 0 < o < 1. Observe also that x = 0 is only such point. U
satisfies all the other conditions required for an uptake function. Further the behav-
ior of all the functions that are mentioned earlier as experimentally proved uptake
functions in a chemostat can be studied from this function.

Several articles are available in the literature on model equations (1.5) and several
modifications of it. Yet, the system (1.5) is drawing the attention of mathematicians
in the areas of mathematical biology due to its flexibility and applications. We notice
that the two aspects,

1. The consumption law (U(x)) need not be monotone, differentiable in nature;

2. The stability of positive equilibrium solution of (1.5) for such an uptake function;
have ever been the points of discussion for researchers working in this area of
mathematics.
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We now establish the existence of solutions to system (1.5) under conditions
weaker than a Lipschitz condition and also establish conditions for the global
asymptotic stability for a nonmonotone, nondifferentiable uptake function. This il-
lustrates the robustness of the chemostat model (1.5). We employ the following
notation.

We consider the system of equations given by

X'(t) = F(@t.X(1))

with initial conditions X (¢p) = Xp.

Let S(p) be an open bounded sphere contained in R"*! and let F : § — R".
For a given (), Xo) € S, a solution of the earlier system is a differentiable function
X (¢) on an interval J such that

X' =F(, X)) fort € J,toeJ and X(ty) = Xo.
For X € R", we define | X || = Y_7_, | X;|.

The following lemma is a minor extension of a result of Norris and Driver [71],
Theorem C.1 (Appendix C).

Lemma 1.9 Let F : S — R”" be continuous and satisfy the following condition:
Each point in S has an open neighbourhood N, an integer m > 0, functions h; and
Yifor j =1,2,---,m, and nonnegative constants K, K», K1 + K, # 0 such that

IF (6, &) = Fe, )l < Kill§ = nll + K2 Y [w(h; (1, €)) = w(h; (. m))|

Jj=1

on N where hj : N — R is continuously differentiable with

Ohi(t.8) | 3 M5 b6y 40 onN and

ot 0

each ; : R — R is continuous and of bounded variation on bounded subintervals.
Then the system X' = F(t, X(t)) with X(to) = Xy, (tp, Xo) € S has a unique
solution on any interval J.

Observe that the choice of K, = 0 in the earlier lemma reduces our considerations
to a Lipschitz condition. Before proving our next result, we rewrite system (1.5) as

X'(t) = F(t, X(1)), (1.19)
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where

_(x® _( Dlxo—x(1)) —aU(x())y(r)
xo= (5 ) merexor= (250 o )
We now establish the following theorem.

Theorem 1.10 The given system of equations (1.19), and hence, (1.5) has a unique
solution for a given set of initial conditions.

Proof We shall verify the hypotheses of Lemma 1.9 for the system (1.19).
For ¢t > 0 and functions £(¢) = (&(¢), & (¢)) and n(t) = (n1(¢), n2(2)), we have

[F (8§ — F@nl
< Dlm(@) = &@] + Dna(t) = &0)] + 2a|U(m@)n2(t) — U(§1(1))62(1)]

2
< KillE@0) = n@)l + Ko Y [ (ry (2,6) = v (hy (2, ),

Jj=1

where K; = D and K, = 2a. Now, if we choose
Yi(hi(t,8)) = &)U (1,5(2))), hi(2,8) = &),
Va(ha(t,8)) = &(0)U(ha(1,6(2))), and hy(2,§) = & (1),

then, it is easy to see that all the hypotheses of Lemma 1.9 are satisfied, and hence,
the conclusion follows. o

Now we employ Theorem 1.10 to establish that the system of equations (1.5)
admits a unique equilibrium solution (x*, y*).

Theorem 1.11 The system of equations (1.8) has a unique solution yielding a
unique nontrivial equilibrium solution for the system (1.5).

Proof Using (1.8) in (1.5), we get

X' (t) = =D(x(1) = x*) —a[U(x () y (1) — U")y"].
Y'(t) = ayO)(U(x(t) — U(x")).

Denoting x(¢) — x* = xi(¢), y(t) — y* = y1(t) and U(x(t)) — U(x*) =
Ui (x(t)), earlier system after a simple rearrangement takes the form

x1(t) = =Dxi(t) —a(yi(t) + y)Ui(x1(2)) —aU(x*)y1(2),
y1(@) = a(yi(t) + y*)Ui(x (1)) (1.20)

Now choose the initial conditions

x1(to) =0 and y;(t)) = 0. (1.21)
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Then by the Theorem 1.10, the initial value problem (1.20), (1.21) admits a
unique solution. Clearly, the trivial solution is the only solution of the system (1.20)
and (1.21). This implies that

x1(t) =0= y,(¢t) fort >0,

which implies that x(¢) = x* and y(¢) = y™* is the unique solution satisfying (1.7),
and hence, (1.8) guaranteeing the existence of a unique equilibrium solution for the
system (1.5). ]

We now present a proof for Theorem 1.4 (as Theorem 1.12), which becomes
more relevant in view of the earlier discussion on uptake functions. It is assumed
here that there exist positive constants 8 and § such that the uptake function satisfies

- Ux) —UK™*)
x —x*

B <B.

Theorem 1.12 The positive equilibrium (x*, y*) of (1.5) is globally asymptotically
stable provided alL. > D.

Proof We use the same Lyapunov function as in Theorem 1.6, that is,
1 2 " * y
V) = VGO, 0) = 500 —x =) ey =0 =y log ).

« is a nonnegative parameter to be chosen later. Differentiating V' along the solutions
of (1.5) we have

L1
Vi=@o—x—y)(—x"=y)+a(y —y ;y’)

—(xg—x — y){on —Dx —aUx)y +aU(x)y — Dy}

+a(y —y*)(@U(x) — D)

= —D(xo —x — y)* +aa(y — y*)(U(x) = U(x"))

M)(X—X*)(y -
X —x

ia(U(x) — U(x*)))

D X —x*

—D(x —x* +y—y*)?+ aa(
_ _D{(x — XV (=) (2—
X (x = x") (=),
Let
Vi = D[(x —x) (¥ + (2 - oeﬁ)(x — Xy - y*)],
of)(x = x")(v = v ].

Sl

Vo= D[(x—x + =y +(2-
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Using the definitions of 8 and ﬁ , one may notice that either =V, < V' < -V, or
—V1 = V' > —V, holds.

Proceeding as in Theorem 1.6, we may establish that V/; and V, are positive defi-
nite for the choice of 0 < o < 4(%.

The negative definiteness of V'’ follows immediately from the positive definite-
ness of V; and V,. Hence, the conclusion follows from Theorem C.9 (Appendix C).
The proof is complete. O

We now consider the counter part of the competition model (1.13), given by

dx

m = Dxo— Dx —a,U;(x)y — axUz(x)y2,

dy

— =aqU — Dy,

Fraiat 1) i

d

% = ayUs(x)y, — Dy», (1.22)

with appropriate positive initial conditions and uptake functions, U; (x), i = 1, 2.
We assume that (1.22) possesses a positive equilibrium solution (x*, y1*, yJ).
We then have

Theorem 1.13 Assume that there exist positive constants B;, i = 1,2 such that
Bi < % < Bi. Then the positive equilibrium solution of (1.22) is globally
asymptotically stable.

Proof Utilizing the same Lyapunov function as in case 3 of Theorem 1.7 and
proceeding similarly, we get after some simplifications and rearrangements,

V' <=D[x=x*)+ 1 +y2— 1 — P
2

Ui (x) — Ui (x™) X
D e CE R R )
P X —x
Similar to (1.17), we have
Vi <V <=V,

in which
Vi = D[(x — X+ 1+ =t =)
+(2- a%)(x x4+ y—-nt - yz*)],
V) = D[(x — X+ 1+ y -0t =)

k * * *
+(2—a32)(x—x YY1+ 2= —» )],



24 1 Basic Models

where ky = af, ky = éB, a = min{a,as}, a = max{a;,az}, B = min{By, B2},
B = max{p, B2}

Clearly for the choice, @ = [0, %) Ao, %), V1, V5 are positive definite, and
hence, V' is negative definite. Hence, the conclusion follows. O

By the assumption on the uptake functions, we have a; U; (x) — D > a; U; (x™) —
D = 0,i = 1,2. Then from the second and third equations of (1.22), we have
yi’ > 0,i = 1,2, implying the survival of both the consumer species y; and y».

1.8 Discussion

Though the conclusions of the experiments are encouraging, the theory could not
completely explain the behavior (growth) of the organisms during the experiment.
The Theory predicted that the winner organism should approach the steady state
monotonically but experiments showed that damped oscillations are present. Fur-
ther, the losing competitor always lost faster than predicted. These imply that the
model equations (1.3) are only a step toward understanding biological systems and
we need to improve our system (1.5) to explain a natural phenomenon such as the
one considered here. The development of the model in this direction making it more
realistic is the main theme of the succeeding chapters.

1.9 Notes and Remarks

It is observed that the rearrangement (1.15) is not possible in case both y{ and yj
are positive and we can not explicitly write what the positive equilibrium is in case
of more than one consumer. One may verify this case for i = 2 when A; = A,
holds (see discussion before Theorem 1.7). But the proof provided by Hsu [53]
utilizes the earlier rearrangement for a system of n competing species satisfying
Al = ... = Ak < Ag41 < ... < Ay, thus, possessing an interior equilibrium solution
(x*, ¥, ...y£,0,0...0). Hence, we remark that the proof of Hsu [53] is not general
in the sense that it is valid only for the case of competitive exclusion (case 2 of
Theorem 1.7) but not for the case of co-existence (case 3 of Theorem 1.7).

The examples 1, 2 of general uptake functions provided in Sect. 1.6 are first con-
sidered by Armstrong and McGehee [1], Boon and Laudelout [14], respectively. The
assumptions on uptake function before Theorem 1.8 are from Butler and Wolkowicz
[21]. However, Theorem 1.8 is an appropriate restatement of the result provided by
them for a model of n competing species.

Our study in Sect. 1.7 enables us to include uptake functions such as (1.18) also.
This increases the choice of uptake functions for our models and may include uptake
functions that need not be differentiable. As a result, in what follows we designate a
function as an uptake function, if it is a continuous and nonnegative function having
a saturation limit and ensures the existence of solutions to (1.5).
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For some interesting mathematical models in population biology we refer the
readers to Cushing [26], Droop [28], Erbe, Freedman and Sree Hari Rao [32], Fisher
and Bellows [33], Freedman [34], Freedman and Sree Hari Rao [37], Freedman,
Sree Hari Rao and Jaya Lakshmi [38], Gopalsamy [44], Gopalsamy and Weng
[45], Kuang [63], Macdonald [65], Murray [67], Nakajima and De Angelis [68],
Nisbet and Gurney [69], Novick and Szilard [72], Svirezhev and Logofet [98] and
Waltman [100]. Further details on basic chemostat models and its modifications can
be obtained from Smith and Waltman [85] and Sree Hari Rao and Raja Sekhara
Rao [88, 90]. For some more details on uptake functions, the readers are referred
to Butler and Wolkowicz [21], Bingtuan Li [64] and Wolkowicz and Lu [105].
The Lyapunov functions utilized here are proposed by Gard [43] (Theorem 1.6),
Hsu [53] (Case (2) of Theorem 1.7) and Sree Hari Rao and Raja Sekhara Rao [94].

1.10 Exercises

1. Find the values for the washout rate D for which the system

dx(r) B X

o = 5D — Dx(t) 6—2+xy(t),
d
D — 62y - Dy,

has a positive equilibrium.

2. Verify whether the system in Problem 1 is stable for the values of D obtained
there.

3. Give an example (case 3 of Theorem 1.7) to show that we can not write the
equilibrium explicitly even though the break-even concentrations (A; = A,) are
equal.

4. Extend case 3 of Theorem 1.7 for three species y;, y», and y; feeding on a single
nutrient x.

5. Compare the conditions on the uptake function U(x) in Theorems 1.8 and 1.12
in case of global stability.

6. Can we extend Theorem 1.12 for a nutrient and three or more consumer species?
This problem is still open.

7. Do Theorems 1.8 and 1.12 hold for the uptake function
species in system (1.5) survive in this case?

X
—(a1+x)(b1+x)? Do the



Chapter 2
Chemostat Versus the Lake

2.1 Introduction

For a biologist, chemostat is a replica of a simple lake. Thus, chemostat models are
widely used to represent the growth of species in a lake where the organisms such
as algae feed on growth-limiting nutrients such as nitrogen and phosphorus. The
analogy between a simple lake and a chemostat becomes clear from the Table 2.1.

Availability of a nutrient in a natural system such as a lake depends on the nutri-
ent input and inflows. The algal communities in a lake are observed to survive even
at low (undetectably small) levels of nutrient contrary to the opinion that they perish
due to insufficiencies. But there is a growth, of course, oscillatory and low. To repre-
sent this phenomenon of oscillatory growth in the model equations of a chemostat,
researchers have tried various means.

First of all, a variable input and a variable washout rate ([19,40,47,84]) are in-
troduced into the model, which have been assumed to be fixed so far, because the
availability of the nutrient (x¢) and also its supply rate (D) in a lake are season
dependent — high during the rainy season and low during the summer. To account
for this, researchers have varied D and/or x( periodically according to time. This
could explain the oscillatory growth (coexistence in case of competitors). But peri-
odicity is too simple to assume because the inflows may vary continuously during
a particular season (fall/summer) or they may still be regulated (though at high/low
levels), if the supplies are from a known source (reservoir). In other words, the
supply concentration (xp) and its rate of supply (D) may vary over a cycle but
may be fixed (constants) or with marginal variation during a specific part of the
cycle. Therefore, their influence on the system should be understood for the specific
season or period of time only.

Another possibility that the mathematicians are prompted to try is the introduc-
tion of another trophic level. In this , the model is modified to include a nutrient, a
microorganism feeding on this nutrient, and two competitors feeding on the microor-
ganism ([18,20,22,25,49,59,62,104]). It is also shown that there is an oscillatory
existence (coexistence) of all the species by establishing the presence of limit cy-
cles under appropriate conditions on parameters of the system. This makes sense as
far as the mathematical models are concerned, but it is not possible to introduce a
predator (or another trophic level) in a closed system such as a chemostat when we
are studying the growth of a nutrient — a microorganism (or competitors) only.

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 27
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_2,
© Springer Science+Business Media, LLC 2009
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Table 2.1 Lake and chemostat compared

Property Lake Chemostat
Nutrient The species in a lake Nutrient is supplied
receive nutrient through through an inlet.

streams flowing in or by
regeneration during
spring or fall.

Death Species die out as they Nutrient and the
continually sink out of species are washed
the well-lit upper layers out of the system
to the bottom layers of through an outlet.

the water column.

Shortage of During summer there The supply of one
the nutrient is no supply of nutrient or more nutrients
from outside and due to (essential) is
lake overturns, some controlled by
nutrients such as the experimenter.

phosphorus, nitrogen,
or vitamin B, become
less available.

2.2 Models Involving Time Delays

At this juncture, it is the introduction of a time delay into the model that has
satisfactorily explained the oscillatory growth of populations, for a time delay is nat-
ural in any biological system. In particular, the following observations are important
so far as the chemostat models are concerned for the consideration of time delay.
Observing the data obtained from the chemostat experiment with algae, Caperon
[23] stated that time delays are essential in his model in order to fit the experi-
mental data. The study of Waltman [101] also suggests that the oscillations may
be due to the presence of time delays in the growth response of the organisms to
the nutrient. To conclude, it is reasonable to expect that consumption does not im-
mediately imply growth and hence, a time delay may be introduced in the growth
response of y.

A chemostat model with time delays was first studied by Caperon [23].
Unfortunately, the model proposed by Caperon created the possibility of nega-
tive concentration of the substrate (nutrient). To correct this Bush and Cook [17]
have investigated a model of the growth of one microorganism in the chemostat
with a delay in the intrinsic growth rate of the organism but with no delay in the
nutrient equation and established that oscillations are possible in their model. An
important reason for considering a time delay by those studying competition in a
chemostat model is the following:
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Many competition models of mathematics established the competitive exclusion
principle while nature allows the coexistence of competing organisms, and the in-
troduction of time delays into the model produces this coexistence as an unforced
periodic solution.

A simple chemostat model with a time delay (say T > 0) in the growth response
of the consumer species may be represented as follows:

x'(t) = D(xo — x(t)) —aU(x(t))y(1),
y'(t) = =Dy(t) + cU(x(t — 1)) y(7). (2.1)

where 7 > 0 is the new parameter that represents the time delay in growth response
of y. All the parameters of system (2.1) are same as those of system (1.5). But
0 < ¢ < a replaces a as the growth rate coefficient of the consumer species.

A primary difference between chemostat and a lake is that the inflow rate and
outflow rate in a lake are very low when compared with those of the chemostat.
But there are many implications of this low washout rate (inflow/outflow). When
the outflow is very low, washout of the nutrient and the organism is very less. This
means that the microorganisms stay in the medium for a long time before their
turn of washout comes. In the mean time the organism may die naturally (due to
ageing, diseases, etc.) and washout is no more the prime factor of death. In this
context, we have to modify (2.1) to accommodate the death of microorganisms due
to those factors other than washout. If we denote by y > 0, the (collective) death
rate coefficient of y representing all the aforementioned factors (diseases, ageing,
etc.) then yy is now the new death term in the growth equation of y. Introduction of
this term modifies (2.1) to

x'(t) = Dxo — Dx(t) —aU(x (1)) y(¢),
Y1) = =Dy(t) —yy(t) + cyU(x(t — 1)) 2.2)

Again when the washout is small, the dead biomass is not sent out of the system
immediately and the lakes have long residence time of nutrient and sediments mea-
sured in years. Because of this long stay in the medium, the dead biomass is subject
to bacterial decomposition. This decomposition, in turn, leads to regeneration of
nutrient, which adds up to the nutrient pool. Also, during summer months, there
may be no circulation of nutrient between the surface and the bottom of the water
column but during spring and fall nutrient generated by the decomposition process at
the bottom can circulate and reach the algal communities living in the upper layers.
Effect of such material recycling on the stability of closed systems was studied by
Nisbet et al. [70] and Ulanowicz [99]. Taking this phenomenon into consideration,
the following model represents a chemostat model with material recycling,

xX'(t) = Dxo — Dx(t) —aU(x(1))y (1) + by y(0),
Y'(t) = =Dy(t) = yy(t) + cy(OU(x(t — 1)) (23)
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Note that the recycling is carried out only from the dead material (microorganism)
available with the system (not washed out), that is, yy term. Also the nutrient pool
is enriched by this recycling. Further we cannot expect 100% recycling of the ma-
terial but only a fraction. The constant h€(0, 1) signifies that not all dead biomass
is recycled, but a fraction of it.

Powell and Richerson [75] and Nisbet et al. [70] studied closed systems with
material recycling and concluded that time delays involved in decomposition pro-
cess cannot be neglected. Whittaker [102] has suggested that in a natural system
a delay is always present in material recycling. He further established that the de-
lay present increases with decreasing temperature. Thus, introducing a discrete time
delay into material recycling, we have

x'(t) = Dxo — Dx(1) —aU(x(1))y(1) + byy(t — 1),
Y'(t) = =Dy(t) = yy(t) + cy(OU(x(t — 7). 24

Nisbet and Gurney [69] and D’ Ancona [27] stress the importance of considering
a distributed time delay in material recycling in closed systems such as chemostat
models. According to Caswell [24], distributed time delays are more realistic than
discrete time delays in such biological models (see also Wolkowicz et al. [106]).
Thus, in our model (2.4) we include the term by fioo y(s)ds to this effect in the
growth equation of the nutrient concentration.

x'(t) = Dxo — Dx(t) —aU(x(1)) y(t)
+by /_ F)y(t - s)ds,
y'(t) = =Dy(t) — yy(t) + cy()U(x(t — 1)). (2.5)

Here f is the corresponding delay kernel for material recycling. It signifies the
contribution of dead biomass from time immemorial.

Naturally, one is tempted to introduce a distributed delay in growth response also,
which appears more appropriate in view of the earlier discussion. Thus, we have

x'(t) = Dxo — Dx(t) — aU(x(t))y(t)
t
+by/ fs)y (@ — s)ds,
—00
y'(t) = =Dy(t) — yy(t)
t
+cy(t) [ g()U(x(t —s))ds. (2.6)
—00
Here, g is the delay kernel representing the time delay in growth response from
a long past.
An interesting question now is to see what new dynamics would the time delays

introduce besides explaining the oscillatory existence (growth). We see a great deal
of contribution from researchers in this exciting area of chemostat models right from
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the development of the basic model (2.1) to the model (2.6) that can help understand
many biological phenomena, establishing at each stage the survival of the species.
We shall begin with model (2.1) in the following section.

2.3 Time Delay Models in Growth Response

Consider system (2.1) given by,

dzg’) = D(xo — x(1)) —aU(x(1))y(t).
% = —Dy(1)) + aU(x(t — 1))y (1), @.7)

in which 7 > 0 represents the time delay in growth response of y.

The presence of time delay forces us to study the basic properties of the sys-
tem (2.7) beginning with the existence of solutions as (2.7) is a system of retarded
functional differential equations. We defer this discussion for (2.7) until a little later
where these properties are established for a more general system than (2.7). Until
such a time we assume that solutions for (2.7) exist uniquely and are nonnegative in
their maximal intervals of existence. We refer the readers to Hale [46] for results on
existence, uniqueness, and continuability of solutions of retarded functional differ-
ential equations.

The first aspect that needs to be attended at once is whether the system is
greatly disturbed by the presence of a time delay resulting in the wild growth of
any or all of the constituent species. Mathematically this amounts to determining
whether the solutions to model equations (2.7) are bounded. Of course, we show
later that the time delay we have introduced has no such influence on the bounded-
ness of the solutions of (2.7). Before we establish such a result for (2.7), we shall
scale the system.

Letx = ;‘—0, y = %, and 7 = %. Then (2.7) may be written as
dx _ — _
yrie 1—x(t) = U(x()y(1),
& e
L~ 50+ UEE- D)5,

where the new terms are given by U (X) = aU(x), a = 5. and T = Dr.

Redesignating all the terms, we write the aforementioned equations as

dx
dr
dy
dr

= 1-x@) - Ux@®)y@).

—y(@) +Ux(t — 1)y (). (2.8)
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We assume that U’ (x) > 0 for all x > 0. We now have the following theorem.

Theorem 2.1 The solutions of (2.8) are bounded for all positive time.

Proof If x(¢t) > 1 for all # then x’(¢) < 0. Therefore, without loss of generality,
we can assume that 0 < x(¢) < 1. Now if U(1) < 1 then y’(¢) < O for all ¢, and
hence, y(¢) is bounded. Assume that U(1) > 1. Since U(x) is strictly increasing
with U(0) = 0, there exists a unique x*, 0 < x* < 1 such that U(x*) = 1.

Now from the second equation of (2.8), we have y’(z) < y(¢t)(U(1) — 1). From
this we have for every t, > #; > 0,

() < y(t) exp[(U) = D)(t2 — 11)] (2.9

and

fy > 0g J’(lz).
UM =1 " y@m)

Now if for some z, y(t) > 1then

Hh —

(2.10)

xX'(t) <1 —=x@) = U(x(1)). (2.11)

Define X as the unique positive root of x + U(x) = 1. Then 0 < X < x* < 1.
Suppose (2.11) holds for t > #; > 0. Since the solutions of

7)) =1—-2z(t) - U(z(t)), 0=<z(0) <1 (2.12)

tend to X uniformly as ¢ — 00, there exists a time 7' > 0 independent of 7y such
that z(¢) < x* fort >t + T.
Now suppose that y(¢) is unbounded. We consider the following possibilities:

1. There exists T > 0 such that y(t) > 1fort > T. Then frorn (2.11) and (2. 12)
we have fort > T+T x(t) < x*andhencefort > T+ T +1,x(t—1) < x*
Thus, fort > T+ T +7, y/(t) < 0. This contradicts the unboundedness ofy(t).

2. Suppose there exist sequences {s,, } and {z, } of time ¢ such that s,, — o0, #, — 00
asn — 00, y(s,) < 1,y(t,) — oo, ast, — ooand y'(f,) > 0and t,—; < s, <
t, forn > 1. Let [, be such thats, < [, < t,,y(l,) = 1, and y(¢t) > 1 for
I, <t<t,.

Choose subsequences of {s,}, {l,}, {t,} relabeled as {s,}, {/,}, and {z,} such
that y(z,) > exp (U(1) — 1)n.
Then from (2.10),

1 y(tn) 1
t,— 1, > 1 > Uua)—1 =n.
R T T R () B
Let N > T+1. Thenforn > N; t, > 1,+n > ln+f+r.Then since y(t) > 1
forl, <t <t,andhenceforl,+7T+71 <t <t,, wehave from (2.11) and (2.12)
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as argued above x () < x*. Thenforl,+7T < t—7 < t,—7, x(t—7) < x*. This
implies that U(x(t — 7)) < U(x*) = 1 and hence y’(¢,) < 0. This contradicts
the assumption that y’(z,) > 0, implying that y(¢) is bounded. O

Let U,, = min{U’(x), x € [0, 1]} and Uy; = max{U’(x), x € [0, 1]}.
The following result estimates the bounds explicitly.

Theorem 2.2 Let U(1) > 1. For large t, x(t) < 1 and y,, < y(t) < yu in which

1 —x* 2x* I 2
=|= -7 — n
Im =50 [P T T e —x)f"
1—x* x* 1+ U, —1)x*
=11 U(l)—1 P — In{——— ;.
yM [ +Umx*]exp{( ( ) )[r+(1+Umx*) n( Umx*z

Letting K = U’"i—i“ we see that K > Kx* = U,x* + 1 > 1. This implies
tht K > 1,Kx*>1,and K — 1 > Kx* — 1.

Thus,
1+ U, —1)x* K —1
n{f——— ) =In{—
U,x*? Kx*—1

and is positive. Therefore, the bounds in Theorem 2.2 are well defined.

Proof We have already noticed in Theorem 2.1 that x(¢) < 1, for all . From the
second equation of (2.8) we have for some ¢ > 1y,

—y(@) <y'(t) < (UA) = Dy@). (2.13)

This implies that for ¢ > 1y,

y(t0) expi—(t — o)} < (1) = y(t0) exp{(U(1) — D)(t —10)}. (2.14)

Define L = 1 + éb;i:)) Then we notice that for large ¢, y(t) < L. Otherwise, we
have for large ¢,

x'(t) <1—x(1) = U(x(1))L.

Arguing as in Theorem 2.1, we can show that for sufficiently large 7, x () < x*.
Using this in the second equation of (2.8), we obtain lim,_,, y(¢) = 0 contradicting
the assumption that y(¢) > L. We shall now establish that y(f) < yy. Suppose that
this is not true. From the discussion before the proof, it is easy to see that yy, > L.
Therefore, there exist 1, f2, t; < t, such that x(¢;) < 1, y(¢;) = I:, v(t) = yum,
V'(t2) = 0, y(t) € [L, yy]. fort € [t1,1:]. But x(¢;) < 1 implies that x(¢) < 1 for
t > t;. Now from (2.14), we have

In(ya /L)
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From the definition of y,,,

th—t >11(K_1)>o (2.15)
—h — —In(—— . .
Y ¢
Thus, t, — T > t;. Observe that

1= x(t) =Unux()y(t) <x'(t) < 1= x(t) = Unx (@) y(1). (2.16)

Then for ¢ € [t1, 1],

from which we have

X(ta—1) < 1; + [x(n) - ﬁ] exp{—(1 + UnL)( — 11 — )}

+U,L

That is,

xo-1) < o [x(m - H expl=K (2 — 11 — )}

< % + |:1 — %] exp{—K(t, —t; — 1)}

since, x(t;) < 1. Now from (2.15), we have

Kx*—1

exp{—K(t, —t; — 1)} < K—1

Using this in the aforementioned inequality, we have after a rearrangement
x(t — 1) < x*.

This implies that y’(f;) <0 (see arguments in Theorem 2.1), contradicting the
selection of #,. Thus, we may conclude that lim sup,_, ., y(t) < yum.

Arguing similarly we can establish that liminf, .o y(¢) > y,,. The proof is
complete. O

Along the way, we notice that by employing the estimates y,,, Yy in equation
(2.16), we obtain the following:
1 o . 1
———— <liminfx(¢) <limsupx(t) < —— = xy.
1+ Unym t—>00 t—00 1+ Unym

Xm

Since x,, and y,, are positive, we may infer that the system (2.7) is uniformly
persistent.
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2.3.1 Global Stability

In this section, we establish results on stability of the systems of Sect. 2.2, making
use of the results on global and local stability that are presented in Appendix C. We
obtain sufficient conditions for the global stability of positive equilibrium solution
of (2.8). Here, one may recall the discussion in Sects. 1.5 and 1.7 of Chap. 1, for
the existence of a positive equilibrium (x*, y*) for system (2.7) as the presence
of a delay does not effect the equilibria. The positive equilibrium of (2.8) satisfies
1—x*=-Ux*)y*=0, Ux*)=1.

By introducing a suitable Lyapunov functional V, an estimate on the length of
the delay for which the positive equilibrium (x*, y*) of (2.8) is globally stable will
be obtained.

Lettingu = x — x*, v =y —y* and g(u) = U(x) — U(x™), we transform
(2.8) as

W= —(u+v)—gwy,
Y= et =0y =5 [ew - [ dwwoas].

We assume that g(u).u > 0 for u # 0. This is, of course, true in case U(x) is
increasing.
Consider the function, Vo = u + v. Then

% =i+ =~V +y [ _ g (s) [u(s) + v(s) + y()g(u(s)) [ds.
Hence,
(E) =~y [ guon
x [u(s) +v(5) + y(5)g u(s)) |ds
<—(u+v)’+ %(u +v)%y [l; g'(u(s))ds
w0 [ an[us) 1)+ yorgtuion] as
<—(u+v)+ %yM(u +v)*(Un 1)
# o [ [uts) 49 + yrgtuton] o
Again let

2

V= gyl / _ & / 1)+ v6) + yo)guis] s
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Then

(1% 1
d—tl < =@+’ + JyuUnt+v)?

1 t
gy [ [u6s) 4 v(5) + y0)gtuio)] ds

1 2
+§yMUM [u +v+ yg(u)] T

1 t
5ol [ [ +v6) + ygtatsn] o,

1
< —(1 = yuUnt)(u+v)*+ EJ’L Un g*(u)t
+ymUnmyg)(u +v)z.

Let o be a positive constant to be determined later and

V, = oe/ g(s)ds.
0

Then v
2
5 = g = —a(u+v)g) —ayg’ ).
Now consider the functional V(¢) = V| + V,. We then have

% < —(1 =y Unt)w+v)* + OuUyty —a)g(u)(u + v)

1
—(a — E)’/zw Unt)yg* ).

Then % is negative definite if

1
(ymUnt —a)* <4(1— yyUyt)y (05 - EylzleMT) -

That is,
(Ay —a)? < 2(1 — A) Q2o — Ayy)y, where A = yy Uy,

Thus
A?y? —2Aay + aa® < 2yyy A* + dya —2Ayyy — 4Aay,

and from this it follows that

yQ2yp — y)A2 —vQ2yy +20)A + (day — az) > 0.

(2.18)
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Letting « = 2y,,, we have

yQ2ym — y)A* = yQ2yu + 4ym) A + 8yym — 4y, > 0. (2.19)
Now since y,, < y < yu, we see that (2.19) holds if

QCym — ym)A% — Qyy + 4ym)A + 4y, > 0
and
yuA? = Qym + 4ym) A + 4y, > 0.

Clearly both these inequalities hold when

(vm + 2ym) = J4v2 + ¥}

ym

< (2.20)

Also (2.18) requires,
1
1 —yuUyt >0, o-— Ey,ZWUMz >0, or 4y,—yyUyt>0, (2.21)

to hold.
We are now in a position to state and prove the following theorem.

Theorem 2.3 The positive equilibrium solution (x*, y*) of (2.8) is globally asymp-
totically stable provided the delay parameter satisfies the inequality

I 4y, 2wt ym— ARy

ymUv’ y3,Un’ 3 Unm

T < min

Proof Choosing the Lyapunov functional V' defined earlier, the negative definite-
ness of % follows from (2.20) and (2.21) and the hypotheses.
The conclusion then follows from Theorem C.11 (Appendix C). O

We shall now present the conclusions of a local stability analysis of the system (2.8)
(Kato and Pan [58]) to see if any bifurcation is possible. An estimate on 7 is to
be found beyond which the equilibrium is becoming unstable. This helps one to
understand the influence of time delay on the systems (2.7) and (2.8).

Linearizing (2.8) around the positive equilibrium (x*, y*), we get

X =—(1+U'(x")y")x -UX")y,
Y =U)y x (-1 + (UK = 1y

Using U(x*) = 1 and letting 8 = U’(x*)y*, the earlier system reduces to

x/ = _(1 +ﬂ)x_y?
y' = Bx(t —1).
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It is easy to see that the characteristic equation corresponding to this system is as
follows:

—-1+8)—-1-1 _0
et -2 ’
which on expansion gives the following:
M4+ (1+PA+ Be ™ =0. (2.22)

The change of stability is characterized by the presence of a pure imaginary zero of
(2.22). We, therefore, try to locate the pure imaginary zeros of (2.22).

Letting A = iw, w > 0 and separating the real and imaginary parts we get after
a rearrangement,

w? + costw — w sintw = 0 (2.23)
and
w2
B = . (2.24)
COSTW

The following conclusions may be drawn using the method for local stability
analysis.
There exist numbers 0 < 79(8) < 71(8) < 12(8) < .... such that:

e The system (2.22) has a pair of pure imaginary roots i wy, —i wi if T = 7 (B).

e The system (2.8) is globally exponentially stable for t € (0, 7o(f)) and unstable
for t > 79(B).

e The system (2.8) has a Hopf bifurcation at T = 74 ().

Analyzing further it is shown in Kato and Pan [58] that

e Since B >0, for each nonnegative integer k, the equation (2.23) has a so-
lution @y (t), which is analytic on (2km + %,00) and satisfies wi(7)r €
2k, 2k + 3).

e The function i () defined by (2.24) with w = wy (7) is analytic on (2k 7+ 7, 00)
and satisfies

i A 1=0. im0 = o5 ) < )

on the common domain. Further, the interior equilibrium (x*, y*) is asymptoti-
cally stable when 7 < 7 or B < Bo(7) and unstable when B > fBo(7) and has a
Hopf bifurcation at 8 = B (z), fort > 2kn + Z, k > 0.

e For the system (2.7) with U(x) = ;2 we have

amD By (Dt) + mD(a — D)
(a —D)?

= fi(D),

Xo =
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which is defined on (4]‘2—?171, a) satisfying

Jim fi(D)=o0, lm fu(D) =00, fi(D)< fir1(D)

D— —41‘; 1 4
on the common domain.

The interior equilibrium (x*, y*) = (ﬂ Zoa—D)=mD

=D’ a=D ) exists only when

mD
a—D’

Y:a—D >0andxy >

Then (x*, y*) is asymptotically stable when D < J- or xo < fo(D) and is

unstable when xy > fo(D) on X. Moreover, (2.7) has a Hopf bifurcation at
xo = fi(D)for D € (“];%n,a) fork > 0. 0

The model (2.7) is developed into a competition model given by

x'(t) = Dxo — Dx(t) — a1 Ui (x(2)) y1(t)

—aUs(x (1)) y2 ().
yi(1) = aiUy(x(t — 1)) y1(t) — Dy, (1),
y5(t) = ayUs(x(t — 7)) y2(t) — Dy, (1), (2.25)

where y; and y, are two competing microorganisms and 7; > 0 and 1, > 0 are the
corresponding delays in the growth of microorganisms. Supposing that the periodic
solution (x(¢), y(¢)) of (2.7) with finite period T > 0 is asymptotically stable,
Freedman et al. [36] obtained a critical value a} of the bifurcation parameter a, (the
specific growth rate of the organisms) and a branch of the periodic orbit of (2.25)
with positive y, component, bifurcating from the hypothesized orbit for a, near
ay. This means that the periodic solution of (2.7) develops into a periodic solution
(orbit) of (2.25) establishing that coexistence is possible for competing predators.

2.3.2 A Modified Model

Consider the situation in which some of the microorganisms are washed out be-
fore they have reproduced during the time delay between consumption and growth
(birth). Then the washout of any population N(¢) between time ¢ — 7 and ¢ with no
reproduction during this time is obtained by solving the equation

N'(t) = —DN(1)

from ¢ — 7 to ¢. This gives us N(¢) = N(t — r)e P~.
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This has enabled Freedman et al. [35] to derive the model,

x'(t) = Dxo — Dx(t) — aU(x(2))y (1),
V() = ae PTUx(t — 1))y (t — v) — Dy(t). (2.26)

As in the case of system (2.7) the stability of interior equilibrium of (2.26) was
established for all values of 7 for which the equilibrium exists. Basing on these, we
may expect the possibility of coexistence of the competing predators in case of a
competition, that is, the existence of a periodic solution to the model,

x'(t) = Dxo — Dx(t) — a1 Uy (x (1)) y1(t) — a2 Uz (x (1)) y2(2),
yi(t) = are” P Ui (x(t — 1))y (1 — T1) — Dy, (1),
yé(l) = aze_DTZ Uz(x(l — Tz))yz(l — ‘Ez) — Dyz(l). (2.27)

But the study of Freedman et al. [35] reveals that only either (x*,0, y>*) or
(x*, y1*,0) is asymptotically stable. The system (2.27) does not give rise to any sec-
ondary Hopf bifurcation implying that coexistence may not be possible. A similar
model was obtained by Ellermeyer [30] by considering the nutrient stored internally
by the consumer population y. Ellermeyer [30] and Hsu et al. [56] established that
either (x*, 0, y2*) or (x*, y1*,0) is globally stable and the system (2.27) does not
exhibit any oscillations. Thus, the principle of competitive exclusion holds and the
system (2.27) behaves like a simple chemostat.

The following distributed delay model is considered by Wolkowicz et al. [106].

X(6) = Do — Dx(t) — a U (x() 1 (1) — axUs(x (1) y2 (1),
Yi(t) = —Dyi(0) + a / Filt = 5)e DU, (x(5) v (5)ds.

Vy(0) = —Dya(t) + az /_ £l = $)e PO (s)a(s)ds (2,28

in which f; : Ry — Ry, Ry =[0,00), i = 1,2 are delay kernels of the type

o Tty T _ ]
filw) = ————e™"" i=12,
ri !
where ; > 0 are any constants and 7; are nonnegative integers. The mean delay
corresponding to the kernel f; is given by

o0
4
r,:/ sfi(s)yds = L
0 o

1

Let (1) and A,(12) denote the breakeven concentrations of the competing preda-
tors y; and y,, respectively, for average delays t; and 7. In the absence of any
delays it is known from the results of Chap.1 that if 4,(0) <A;(0) holds for
i # j, i,j = 1,2 then the species y; wins the competition. However, when the
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delays are introduced it is possible by increasing the mean delays 7;, i = 1,2 to
seethat A;(t;) > A;(rj) holdsfori # j, i, j = 1,2.Insuchacase, itis established
that the species y; wins the competition irrespective of who wins the competition in
the absence of delays. Also, numerical simulations have suggested that if the mean
delay of winning population is longer than that of losing population, the death rate
of loser is slow as observed in experiments and vice versa.

The analysis of models presented in this section may appear to be brief and com-
plicated. However, we shall return to models (2.7) and (2.8) to provide some more
details in subsequent chapters as new techniques are introduced and new theory
is developed. Specifically, in Example 2.20 and Remark 2.21, we discuss some of
these points.

In the following section we consider models involving material recycling. These
models enable us to understand the direct influence of material recycling on the
stability of the system (2.7), which under the influence of a time delay in growth re-
sponse exhibits instability tendencies (undergoes a Hopf bifurcation for large values
of 7) as seen in this section.

2.4 Material Recycling with and without Time Delays

The first model we consider here is (2.3), given by,

x'(t) = Dxo — Dx(t) —aU(x(2))y(t) + byy(1).
y'(t) = —(y + D)y(t) + cU(x(t — 1))y (?). (2.29)

So far as system (2.7) is considered, (2.29) has an additional term byy that repre-
sents the recycling from the dead biomass yy. For details, go back to system (2.3).
For an uptake function satisfying

U©) =0, U'(x)>0, lim U(x) =1, (2.30)

the equilibrium solutions are given by

e (xo,0)(partially feasible equilibrium) and
*Y -1 (y+D D(xo—x*)

o (X y7) = (U (V ) U&O—)iby)

Clearly (x*, y*) is a positive equilibrium if and only if

y+D

U(x*) = < min{1, U(xo)}. (2.31)

Following the arguments in Sect. 2.3 we can establish the following:

e System (2.29) is dissipative. That is solutions of (2.29) that enter a positive cone
will remain in that for all future time.
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e I[f the inequality (2.31) holds, the system (2.29) is uniformly persistent [see
Definition C.13 (Appendix C)].
Thus existence of a positive equilibrium itself implies the long term survival of
the species.

e There exists a 7p > 0 such that a family of periodic solutions of (2.29) bifurcates
from (x*, y*) for t near 7.

However, we present sufficient conditions for the global asymptotic stability of the
positive equilibrium solution (x*, y*) of (2.29).

Theorem 2.4 Assume that the time delay t satisfies

e

y+ D

Then the positive equilibrium (x*, y*) of (2.29) is globally asymptotically stable.

Proof The proof of this theorem can be obtained as a special case of Theorem 2.15,
and hence, the details are omitted. O

The following result is a special case of Theorem 2.17 (below) and the proof is
omitted.

Theorem 2.5 The equilibrium solution (x*, y*) of (2.29) is globally asymptotically
stable for

D —ck —aky* aa —by
(D +ay*)ck (a+by)ck|’

0<7t<t*=min

provided D — ck —aky* > 0 and aa —by > 0, in which & = minys .+ {U(x)} and
k is such that |U(x) — U(x*)| < k|x — x*|.
Model (2.29) is a special case of forthcoming model (2.67) for which we make a

detailed analysis there. An enthusiastic reader may come back from (2.67) to (2.29)
to make suitable studied and we intentionally leave the details here.

2.4.1 Finite Delays in Material Recycling

Our next step is to consider a time delay in material recycling only. We first study
the influence of a discrete time delay and then proceed to a system with a distributed
time delay to include the distant past. The system involving distributed time delay
has received much attention as it yields a large region of stability.

Consider the system

x'(t) = Dxo — Dx(t) —aU(x(2))y(t) + byy(t — 1),
V') =—(y + D)y(t) + cU(x(t)y(r). (2.32)

The basic properties of solutions of this system such as positivity, boundedness,
continuous dependence on initial conditions, etc. may be understood by arguments
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similar to those given in earlier sections. Further, (2.29) and (2.32) have the same
set of equilibrium solutions. Thus, a positive equilibrium solution of (2.32) is given
below equation (2.30) assuming that the inequality (2.31) holds. Further, (x*, y*)
satisfies

Dxy = Dx* +aU(x*)y* —byy™,
y+ D = cU(x™).

We now discuss the global stability of (x*, y*) of (2.32). For this we need the fol-
lowing transformation.

xi(t) = x(1) —x*, yi(t) = log % and U (x1(2)) = U(x (1)) — U(x™).

Then y*e’t = y(t). We further assume that the uptake function U satisfies the
condition x;U(x1) > 0 for x; # 0 throughout this section.
Using this we rewrite system (2.32) as

%/(1) = ~Dxi —ay*e" i) —ay* UG e — 1]
+ byy*[eyl(r—r) _ 1],
W@ = cliln®)- (2.33)

Now we construct the required Lyapunov functional step by step verifying at each
stage what is required. First define

X1
o = [ Ui,
0
Then differentiating V; with respect to ¢ along the solutions of (2.33), we get
V(1) = Ur(x1(2)x1' ()
= —Dx Ui (x1) —ay*e” U (x1)
—ay*U(x*)[ey' - I]Ul(xl)
+ byy*[ey‘(f_r) - l]Ul(xl)
= —Dx Ui (x1) —ay*e” U (x1)
— @U(") = by)y*[e = 1]Ui(x)
_ byy* [ey' _ eyl(f—r)]Ul (x1)
= —Dx Ui (x1) —ay*e” U (x))
— @U(") = by)y*[e = 1]Ui(x)

“byy*e [ / " ey, (xl(S))dS] Uy (61 (0),
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observing that

t t
el1() _ oyit=1) — [ eyl(s)ylf(s)ds — c/ eyl(S)U1 (x1(s))ds.
=t t

-7

aqe e . . 2 2
Utilizing the inequality ab < # on the last term of the above, we have

Vl/(l) < —DxlUl(xl)—ay*ey‘Ulz(xl)
—(@U(x*) =by)y*[e” — 1JUi(x1)
1 t
+§byy c([z_I
1 t
+5byy*c / e WU (x) (u))du. (2.34)
t—t

e du) Uy (x1 (1))

Now consider

1 t t
Va(t) = Ebyy*c/ / e U2 (x) (u))dudv.
t—t Jv

Then

1 t
W= hyyte [emuf(xl(t))r - /

=t

U2y (u))du]
and

Vi'(t) + Vo' (t) < —Dx;Ui(x1) —ay*e” U*(x1)

~@U(") = by)y*[er = 1]Ui()

1 t
—I—Ebyy*c |:/ ey + tey'(f)j| Ui?(x1(t)). (2.35)
=T
From the second equation of (2.32), we have
V(1) = =(y + D)y(t)

from this it follows that

y(s) < PPy (p),
and further, we have

t t t
y*/ e @ds = / y(s)ds < y(l)/ e TDII=9) g
1=t 1=t 1—1

1
(y+D)z
i ~1).
O
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Using this in (2.35), we get
Vi'(t) + Vo' (t) < —Dx1Uy(x1) — ay*e” Up* (x1)

— @UG) = by)y*[e = 1]uie)

1
byt (+D)r _
+2byyc|:y+D(e}’ 1)+rj|><
x (U (x1(2)). (2.36)
Define
Vi(t) = /y' [ef - l]ds
3 o .
Then
Vi(t) = [ey' - l]yl’(t) = C[ey‘ - I]Ul (x1(1)). (2.37)

Consider the functional
V(t) = Vi(t) + Va(t) + aVa(1)
and along the solutions of (2.33), we have, using (2.36) and (2.37),

V'(t) < —DxU(x)) —ay*e’ U;*(x;)
—@UG) = by)y*[e =1 |Uin)

(e TP —1) + rj| x

1
—b *
oy c|:y+D

X y(O)U2(x1 (1)) + ca[ey‘ - 1]U1 0)) (2.38)

1 1
< —DxU(x)) — |:a — Ebyy*c (y D (e(”J’D)I —1)+ ‘L’):| x

x y(OU (x1(1)),

choosing ca = (aU(x*) — by)y*.
Now we have the following theorem.

Theorem 2.6 The positive equilibrium (x*, y*) of (2.32) is globally asymptotically
stable provided the delay parameter satisfies the condition

byc [ (e TP —1) + r] < 2a. (2.39)

y+ D

Proof We may notice that the functional V' (¢) constructed earlier, is the one required
here. The negative definiteness of V/(¢) follows from (2.38) using the condition
(2.39). The conclusion of the theorem follows from Theorem C.11 (Appendix C). O
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Now we consider a variable delay in material recycling in (2.32) in place of a fixed
delay. That means, we now consider t = 7(¢) in (2.32) where 7(¢) is a continuous
function such that 0 < t(t) < T for some 7" > 0. In such a case, arguing as in
Theorem 2.6, one may establish the following theorem.

Theorem 2.7 Assume that the delay ©(t) is such that 0 < t/(t) < 1. Assume further
that the condition

1
byc VDT _q) 4 ti|<2a
y [V+D( ) +q()

holds for all t > 0. Then the positive equilibrium (x*, y*) of (2.32) is globally
asymptotically stable. Here q(t) = o~ '(t) —t and o(t) =t — =(t).

Note that the functions ¢(¢) and o (¢) are well defined following the hypotheses
on t(t).

2.4.2 Distributed Delays

We consider a further modification of (2.32) by incorporating a distributed time
delay in material recycling. That is, we are interested in the model

x'(t) = Dxo— Dx(t) —aU(x (1)) y(1)
+by f_ = )y(s).
V(1) =—(y + D)y(t) + cU(x())y(1). (2.40)

System (2.40) may be derived from (2.5) by letting t = 0 or from (2.6) assuming
g(s) = 4(s), the Dirac delta. Model (2.40) has received much attention keeping in
view the importance of distributed time delays in biological models.

The delay kernel f that is nonnegative and a bounded function is assumed to
satisfy the following conditions.

1) [0 f(s)ds =1, Tf:/O sf(s)ds < oo.

The quantity 7'y denotes the average time delay in material recycling. We as-
sume that these conditions apply throughout the present section unless specified
otherwise.

Theorem 2.8 Ifbyc < a(y+ D) holds then all the solutions of (2.40) are bounded.

Proof To prove this, we consider the functional

Vit,x,y) =x(@) + %y(l) + by/ f(s)/ y(u)duds.
0 t—s
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Clearly V > 0, V — oo as |(x, y)| = oo. Now along the solutions of (2.40),

V'(t) = Dxo — Dx —aU(x)y + by /00 f(s)y(@ —s)ds
0
+ 5[0+ D)+ U]

sy [ 60 -y -s]as
= Dxo— Dx = [2(y + D)= by .

employing the condition f0°° f(s)ds = 1.
Thus, outside the region bounded by the axes and the line

_ D(xo—x)
“y +D)—by’

we have V'(t) < 0. The conclusion follows at once from Theorem B.2
(Appendix B). O

It is obvious that the choice ¢ > ¢ and b € (0, 1), the inequality in the earlier
Theorem 2.8 above is trivial. Thus, in this case the solutions are automatically
bounded.

Now we present a set of sufficient conditions for the local asymptotic stability
of positive equilibrium of (2.40). It may be noticed at this stage that due to the
normalized nature of the kernel f, the equilibrium solutions of (2.32) and (2.40)
are identical. Hence, we assume that the conditions for the existence of a positive
equilibrium are satisfied. We now have the following theorem.

Theorem 2.9 The positive equilibrium solution (x*, y*) of (2.40) is locally asymp-
totically stable provided the inequality

D? + a2k?
]/ S —_—,
2ak

inwhich k = U’(x*)y*, holds.
Proof We first linearize system (2.40) around (x*, y*) to get

xi'(t) = —=(D + ay*U'(x*))x; —aU(x*)y,

t
by [ fe-9me,
—00
n'(@t) = ey U (x")x (2.41)

inwhichx; =x —x*and y; = y — y*.
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The characteristic equation of (2.41) is given by
A2+ (D + ak)A + a(y + D)k —byck F(A) = 0 (2.42)

Here F(A) = fooo e ™ f(s)ds. A change in the stability of the system is indi-
cated by the presence of a pure imaginary zero for (2.42). That is , we have to find
A =iw, > 0,satisfying (2.42). Also we notice that since a(y + D)k —byck > 0
(condition for boundedness), A = 0 is not a root of (2.42). Letting A = iw in (2.42),
we obtain

H(iw) = F(iw), (2.43)
where _ _
Hiw) = a(y + D)k — o? —i— io(D + ak)‘
byck
Since

Flio) < /0 T @)l ds = 1,

a necessary condition for the existence of a solution to (2.43)is H(iw) < 1.
Now consider

(a(y + D)k — w2)2 + w*(D + ak)?

— i 2 _
R(@) = |H(io)] = ——

(2.44)

Clearly from the condition for boundedness of solutions of (2.40), we get R(0) =
a*(y+D)?

> 1. Further, R(w) — oo as w — co. Moreover,

(byc)?
R(0) = 40* + 20(D? +_a2152 — 2al€y.
(byck)?
Then by the hypothesis
D? 4+ a2i2
y < ki , R(w)>0.

2ak

Thus, R(w) is an increasing function in w, and hence, R(w) > R(0) = 1 for all
. This implies that | H(iw)| > 1 for @ € Ry, contradicting the assumption that
|H(iw)| < 1. This excludes the possibility of a change of stability. This completes
the proof. O

Now we study the global stability of the positive equilibrium (x*, y*) of (2.40). The
following transformation is useful in establishing the first result.

xi(1) = x(t) —x*,  yi(t) =log %i) and Uy (x1(t)) = U(x(1)) — U(x™).
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This transforms (2.40) into
x1'(t) = —Dx; —ay*e’ Ui (x) —ay*U(x*)[ey' - 1]
o0
+ byy*/ f(s)[ey'(’_s) — l]ds,
0
yi'(t) = cUp(x1(1)). (2.45)

As in Theorem 2.6, we construct a suitable Lyapunov functional V. We expect
that the functional V' used earlier may serve the purpose with a suitable modification.
Consider

Vo) = /0 " U (s)ds.

Differentiating V;(¢) with respect to ¢ along the solutions of (2.45) and proceed-
ing as in Theorem 2.6 we get

Vi'(t) = =DxiUi(x1) —ay*e” Ui (x1)
— @UG) =by)y*[e = 1]t

1 [o¢] t
+—byy*c( / £(5) / ey‘(”)duds)Ulz(xl(t))
2 0 t—s
1 [e)e] t
+§byy*c [ £(s) / e WU, (xxy (u))duds. (2.46)
0 t—s
Now consider

1 o] t t
Vo(t) = Ebyy*c/ f(s)/ / e U2 (x1 (u))dudvds.
0 t—s Jv
Then

1 oo

v, = 5byy*ceylo)Ulz(xl(t))/ sf(s)ds
0

t

o0
—%byy*c [ f(s) | U2 (x; (u))duds. (2.47)
0 t—s

-

Now from (2.46) and (2.47)

Vll(t) + Vzl(t) < -DxUi(x) — ay*eyl U12(X1)
— @U() = by)y*[e = 1]

1 o0 t
+ Ebyy*c |:/- f(s)/ e ™ dyds + Tfey'(l):|
0 t—s
x Ui (x1(1)), (2.48)
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where Ty = fooo sf(s)ds. Now from the second equation of (2.40),
Y1) = =(y + D)y(t).

which implies that
y(s) < TPy (),

Using this we have

y* /000 f(s) t e’ Wduds = /000 f(s) t[‘y(u)duds

t—s )

IA

o] t
y(t) / fls) | erTP0gyds
0

t—s
1

=D y(t) fo b f(s)(e<y+D>S — l)ds. (2.49)

Again consider

Vi(t) = /Oyl (e‘y - l)ds.

Then along the solutions of (2.45),
Vy'(1) = c(e“(t) - 1)U1 (1 (1)), (2.50)

We are now in a position to establish the following theorem.

Theorem 2.10 Assume that the parameters of (2.40) satisfy the inequality
byc[Ts* + Tyf] < 2a.

Then the positive equilibrium (x*, y*) of (2.40) is globally asymptotically stable.
Here,

1

o0 o0
Ty = sf(s)ds <oo and T;* = S e(y+D)s—l)ds<oo.
= [ s =g | e

Proof We consider the functional
V() = Vi@t) + Va(t) + aV3(2),

in which o = @UCD=byy™ o
Then it follows from (2.48) to (2.50) that along the solutions of (2.45),

V/(t) < =DxyUs(x1) — y(t) [a = Ty* = T ] Ui (x1) <0,

by the hypotheses.
The conclusion of the theorem follows from Theorem C.11, (Appendix C). O
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We now present another result on the global asymptotic stability of (x*, y*). The
proof of this result may be obtained as a special case of Theorem 2.33 of the fol-
lowing section, we provide only a statement.

Theorem 2.11 The equilibrium solution (x*, y*) of (2.40) is globally asymptot-
ically stable provided D — ck + aky* > 0 and ad — by > 0, in which
@ = min,s,* {U(x)} and k is such that |U(x) — U(x*)| < k|x — x*|.

Remark 2.12 1t is observed by Ruan [79] that the system (2.40) is uniformly per-
sistent if conditions (2.31) hold. That means, the very existence of a positive
equilibrium, implying the instability of (xg, 0), ensures the eventual survival of the
species in case of system (2.40).

We now include some more results on the global asymptotic stability, established
for some special case of (2.40). The following result assumes a linear consumption
or the Lotka—Volterra coupling term, namely U(x) = x. Though the basic assump-
tion of saturation on consumption is obviously violated, the result is of academic
interest.

Let

x1(t) = x(@) — x* and y(r) = y(r) — y*.
This transforms (2.40) into

xi'(t) = =Dx; —a(y; + y*)x; —ax*y
by [ fOm - s

0
y'(t) = c(yi + y*)x1. (2.51)

Notice that the positive equilibrium of (2.40) now gets transformed to (0, 0)
for (2.51).

Theorem 2.13 Assume that the average time delay Ty satisfies the inequality

T; < min { 2 2alax” —by) } (2.52)

by’ byc(D + 2ax* —2by)

in addition to (I) below equation (2.40). Then the equilibrium solution (0,0) of
(2.51) is globally asymptotically stable.

Proof Consider the Lyapunov functional

Vi +y*))

V(x,) = wixi® + Wz(yl —y* log( v

Ve (x0) + wiby / 1) / )2 (wduds
0 1—s

o0 t t
+by(D +ax*—by)/ f(s)/ dt1/ yi2(u)duds, (2.53)
0 t—s n
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where ax* —by >0, w; >0, w, >0
a o0 t
Vo(xy) = x1 + Zyl + by/ f(s)[ 1 (u)duds.
0 t—s
Clearly V(0) = 0 and

+ *
Vix) > Wlxl2 + wo (YI —y* log (%))

and is positive definite and approaches oo as x;, y; — oo. Observe further that
along the solutions of (2.51)

d

a(wlxlz) < wl{ —2Dx1? = 2a(y; + y*)x12 = 2ax*x,
oo

+byx® + by/ F)yi(t — s)ds}, (2.54)

Employing hyx, fo f(s)yl(t —s)ds < by + by [5° f(s)y1%(t — s)ds for the
last two terms (ab < “22 5 )

d *
—wy (y1 —y* log (#)) = wyex) )1, (2.55)
dr y

d a %
m oz(xt) <-D2- b)/Tf)xl2 -2 (DZ +ax™ — by) X1)1
a
- (2; - bVTf) (ax* —by)yi®

[ee) t
+by(D + ax™ — by)/ f(s)/ yi2(u)duds,  (2.56)
0 t—s

vty [T 16 [ i) =
wiby (v~ [ r©wAc-sas) @57
and
G {orovax—on [Tro [ an [ e -
by(D + ax* = by){y’Ts - /O ) / _ yRwduds|.  2.58)

Now letting woc = 2aw x* +2(D ¢ + ax™ — by) > 0 for any arbitrary choice
of wy, we have from (2.54) to (2.58), the time derivative of V(x,) (2.53) along the
solutions of (2.51) is given by
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V'(x) < —[(ZD —by)w, +2D — Db)/T/]x12
~[2% @x® —by) = bywi —by(D + 2ax* 26Ty |1
C

By the assumption (2.52) on 7y the negative definiteness of V”/(x;) follows. The
conclusion is now clear. O

Now let U(x) = x/(m + x) in (2.40). Letting x; = x —x*and y; = y — y*
and U (x1) = U(x) — U(x™) (2.40) is transformed to

x1'(t) = =Dx1 —ayU;(x1) —aU(x*)y
sy [ o=,
yi'(1) = cyUi(xy). (2.59)
Observe that for the aforementioned definition of U;, we have

Ui(x)) <

- X]Ul(xl), Vxl. (260)

It is known that the set of all bounded, continuous functions defined on [0, co)
forms a complete normed linear space with supremum norm, that is, || f| =
SUPp<y<oo | f(x)|. Obviously, if f is bounded, there exists a H > 0 such that
IfIl < H.

Thus, we choose initial conditions say ¢, = (¢1;, ¢o;) from a space of bounded,
continuous, nonnegative functions with appropriate norm such that

$i(s) =Pt +5), —n<s=to, 10=0, [¢] <H €(0,00),

n > 0 may be an extended real number depending on how far we wish to go into the
past. The functions are assumed to be nonnegative because they have to represent
populations here.

Theorem 2.14 If the average time delay Ty satisfies that

. 1 2 aDx*
Ty < min { — } , (2.61)

by’ by \ 2UGK*K

then all the solutions of (2.59) approach (0,0) as t — oo.
Here K = max{(1 4+ byTy)H, xo/(1 —byTy)}, in which H is the bound on
the initial conditions.

Proof Consider the Lyapunov functional

X1 *
V(x,) = wlx*/ Ui(v)dv + ws (yl —y* log (yl ;—*y ))
0

+wax* [0 £(s) /_‘ [ Y2 (u)Uy? (x1 (1)) duds, (2.62)

where w;, i = 1,2, 3 are arbitrary constants.
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The time derivative of V' along the solutions of (2.59) is given by
V'(x) = W1X*U1(X1){ — Dxy —ayUi(x1)
o0
—aU(x™)y; + by/ Syt — s)ds}
0
+way1Up(x1) 4+ wsx*y?>TrUp?(x1)
o0 t
[T 16 [ U wauds
0 t—s

= —x*ylwia —wiyT /U *(x1) + [wac —wix*aU(x*)]U; (x1)y1

—wix*DU; (x1)y; —W3x*/ f(s)/ Y2 (u)U? (x1 (u))duds
0 t—s
+wbyx*U, (xl)/ F(s)y1(t — s)ds. (2.63)
0
Observe that
f f) |y wduds = y, —/ F($)y1(t — s)ds.
0 t—s 0

Using this along with the second equation of (2.59), we obtain
o0
wibyx*U, (xl)[ F()yi(t —s)ds = wibyx* U (x1) v
0
[ee] t
—wbyer U [ 6 [yl o
0 t—s

Choosing woc = wix*(aU(x*) — by) and utilizing (2.60) and (2.64) in (2.63),
we get

V'i(x) < —x*y[wia — W3ny]U12(X1)
+ [wac —wix*(@U(*) — by)|U  (x1) y1
—wix*D(m + x*)U,(x1)
_Wlb]/Cx*Ul(xl)/ooo f(S) [tiyy(u)Ul(Xl(M))dudS

e /0 76 [ v @U2x ) duds

1=

IA

—x*y[wla — W3KT/]U12(X1)

. oo t W].X*D )
—x [0 1(s) r_s{U(T)TfUI (x1(1))

+wibycy W)Uy (x1(1)) Ui (x1(u))
w2 (W)U 2 (x) (u))}duds, (2.65)
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which may be written as
V'(x)) < —x*ylwia —ws K T7]U*(x1)

—x* /00 f(s) f [P(t,u) x A(u)P(t,u)]duds, (2.66)
0 ‘

t—s

where

T
Pt = (Ui (0). Ui (xi )

wiDx*
A(u):( Ten T, %Wlb)/Cy(u)).

and

Twibyeyu)  wyy?(u)

Negative semidefiniteness of V' follows from the positive definiteness of A(u), that

is when Ut
@M pyeyrr, L)
KTrwy 7 4Dx*

holds. By the hypothesis (2.61), such a choice of wy and ws is possible. Thus, V'
is negative semi definite and conclusion follows from Theorem C.10 (Appendix C),
by the observation that the largest invariant set is M = {(0, 0)}. This completes the
proof. O

We shall now understand the influence of a discrete delay in growth response in the
presence of a distributed time delay in material recycling. The model we consider
here is system (2.5), that is,

x'(t) = Dxo— Dx(t) —aU(x (1)) y(1)
+bp[ £t - $)y(s)ds.
y'(t) = —(y + D)y(t) + cU(x(t — 1))y (?). (2.67)

The basic properties of the solutions of (2.67) may be obtained as in the case of
earlier models. We assume tacitly that the solutions of (2.67) exist, are nonnegative,
bounded, and continuable on their maximal intervals of existence, consistent with
the biology.

Notice that the equilibrium solutions of (2.67) are same as those of the earlier
models in this chapter and are given here:

Dxy = Dx* +aU(x*)y* — byy*.
y+ D = cU(x™).

Now we directly proceed to the global stability of the positive equilibrium
(x*, y*) of (2.67).
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The following transformation will be useful here. Let

xi1(t) = x(t) —x*, yi(t) = log % and Uj(x1(2)) = U(x(t)) = U(x™).

This transforms (2.67) into
!/ _ * V1 * * Y1
x1'(t) = =Dx; —ay™e"U (x;) —ay*U(x )[e — 1]
o0
+byy*[ f(s)[ey'(’_s) - l]ds,
0

yi'(t) = cUi(x1(t — 1)). (2.68)

Asin Theorems 2.6 and 2.10, we construct a suitable Lyapunov functional V. We
again modify appropriately the functional V used earlier.
Consider

Vl(xl(t)) = /(;XI U](X](S))ds.

Differentiating V;(¢) with respect to ¢ along the solutions of (2.68) and
rearranging we get

Vi/(6) = —=DxyUs(x1) — ay*e" U2 (x1) — (@U(x*) — by)y*[ey' - 1]U1 (x1)

o0 t
+be*cU1(x1)/ f(s)/ 1@y, (u)duds.
0 t—s
That is,

Vi'(t) = —=Dx Ui (x1) —ay*e” U (x1)
— @U) = by)y* [ = 1]Ui ()

+ @U(x*) = by)y* [0 — O]y ()

[o¢] t
+byy*cUi(x)) / £(s) [ U, (x;(u — 7))duds.  (2.69)
0 t—s
Consider "
Vaono) = [ - s
0
Then along the solutions of (2.68),
Vz/(yl(t + 1)) = cU(x1) [ey1(1+r) _ 1] )
Choose a = M >0

and let
V3(t) = Vi(xi1 (@) + aVa(i(t + 7).
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We notice from the second equation of (2.67) that

t+1 t+t
eVt _ () — [ ey'(”)y{(u)du — c[ ey'(")Ul (x1(u—7))du.
t t

It follows that
V3'(t) = =Dx Ui(x1) — ay*e’ Uy (x1)

t+71
—i—(aU(x*)—by)y*cUl(xl)/ e OU (e (u—1))du

[ee) t
+byy*cU(x)) [ 7s) | U (x)(u— 7))duds
0 t—s

< —Dx U (x)) —ay*e’ U;*(x;)

t+t
+ %(CIU(X*) - by)y*c[ U2 (x1(1) 4+ U (xi(u — 7)) | du

t 1@ [UIZ(xl(z)) + U (x1 (u — 1:))] duds.

t—s

1, [
+3ome [ 5

Now define
V(t) = Va(t) + Va(2)

in which

1 t t
Va(t) = E(aU(x*) —by)y*e / / e FIU 2 (x; (u))dvdu
-7 v

+ %byy*c /;oo f(s) /l_s/v- y(u)U;? (x1 (u — 7))dvduds.

1 t
+ Ebyy*c/- y(s 4+ 1)U (x1(s))ds.
—t

Then we have
V'(t) < =Dx1Uy(x1) —ayU;*(x1)

1 t+t
S @UGS) ~by)ye [ [ e fey1<f+f>] )
t

t

v (u)duds

)

1 o0
+ EbVCUlz(xl)[ f(s)
0 t
1
+ Ebchlz(xl)Tfy(t + 7). (2.70)
From the second equation of (2.67), we have

y'(t) = —(y + D)y(t)
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and hence,
y(s) < y(r)eV TP, (2.71)

It follows from (2.71) that

1+t t+e
y* |:/- e’ ®ds + rey'(""r)] = / y(s)ds + ty(t + 1)
t

!
t+t
< y(t)/ e(rtD)1=s) 4
¢
+ y(t)re_(y"'D)f

- [y J: p (=)

+te_(y+D)f]y(I). (2.72)

Also

[ " ) / _ e duds = | " ) / _ ¥ (u)duds

[e.] t
y(t) / fls) | eVTPm0dyds
0 t—s

1
y+ D

From (2.70), (2.72) and (2.73), we get

IA

y(t) / h f(s)(eW“))S— l)ds. (2.73)
0

V'(t) < —Dx U (x1) —ayU;(xy)
FYOU ()5 @G ~by)e

X 1 — e v+DI7) o Te_(y+D)i|
[y +D ( )

1 ~
+ Ebyc[Tf + Tfe—<y+D)f]y(r)U12(x1). (2.74)

Clearly V'(¢) < 0 provided

T, + T <a, (2.75)

where

1 1
T, = —(aU Y _p 1— —(y+D)t —(y+D)t i
2(a (x™) V)C|:y—|—D( e )—i—re
1 ~
T., = Ebyc[Tf + Tye P,

~ 1 ( D)
1 = N ey A‘_l)ds.
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We record these observations in the following theorem.

Theorem 2.15 Assume that the delay kernel in addition to (1) satisfies ff < o0
and the delay parameter t is such that (2.75) holds. Then the positive equilibrium
(x*, y*) of (2.67) is globally asymptotically stable.

Notice that when material recycling is instantaneous, Theorem 2.15 reduces to
Theorem 2.4. For this, we let f(s) = §(s), the Dirac delta function, and observe that
T,y will disappear. The sufficient condition on the parameters (2.75) now reduces
toT; <a.

Remark 2.16 From the second equation of (2.67), we have
V(1) < le = (v + D)]y(®) = ny@),
where y; = ¢ — (y + D) > 0. Therefore,
OESTOC A
Using this in (2.73) we obtain the sufficient condition (2.75)
T.+T.r<a

for the negative definiteness of V'(¢), in which the condition on the delay kernel
gets modified to

T = min% ~ i > /Ooo f(s)(e<V+D>S — l)ds, %/Ooo f(s)(l —e"’”)ds} .

Now we present another global stability result.
For this we need

(a) by the transformation x; () = x(¢) — x*, y1(t) = y(¢t) — y* and U;(x,(?)) =
U(x(1)) — U(x™*) (2.67) may be written as
o
x1'(t) = =Dxy —aU(x)y —ay* U (x1) + b)’/ Sy —s)ds
0
yi'(t) = e + yHUi(xi(t = 1))
(b) there exists a k > 0 such that |U(x;)| < k|x;| (a Lipschitz constant for U).

Theorem 2.17 The equilibrium solution (x*, y*) of (2.67) is globally asymptoti-
cally stable for

D —ck —aky*  ad —by
(D +ay*)ck (aL + by)ck|’

0<7<7*=min
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provided D — ck — aky* > 0 and aa — by > 0, in which @ = miny >, {U(x)}, k
is the Lipschitz constant, and L is the bound defined on U(x).

Proof We consider the functional, V() = V() + V,2(¢) where

40 = b+ llog (2 by [0 [ volaues
and
Va(t) = ck[D/ ds/ |x1(u)|du+aL/ ds/ |1 () |du
+ay* /_ ds / U3 G () |d
+by/_ ds/; f(z)/_vlyl(u)|dudz].
We have
DVi(t) < —Dlxi(t)| — aU(x(0))|y1(1)| — ay*|Uy (x,(2))]
+c|Ui(x1(t — )| + by|yi1(®)].
Now,

Uit =) < ke -0l =ku© - [ xio))
= k|x1(t)—/ [—Dxl(s)—aU(x(s))yl(s)

—ay Ui +by [ f@nGs - 9]
0

< ki ()] + K[ D /_ x1(s)lds + aL / 1(s)lds

-7

+ay* /_ |U1(x1(s))|ds + by/_ /; f(Z)|Y1(S—Z)|dzds],

Thus,
DF V(1) = —(D — ck —aky™)|x1(t)] = (aU(x) — by)|y1(0)]
+ck[D/ |x1(s)|ds+aL/ |vi(s)|ds

T

+ay*/_ |U1(X1(S))|ds+by/_ /; f(Z)|y1(S—Z)|dst],
(2.76)



2.4 Material Recycling with and without Time Delays 61

Now,
D¥ V(1) = ek DIx(Or + aL iy )]z + ay*| Uy )7 + byl 0)]r]
t t
—ck |:D[ |x1(s)|ds + aL/ |yi(s)|ds
=T =t

+ay* /_ |U1(X1(s))|ds+b)//_ /0 f(z)lyl(s—z)ldzds]
(2.77)

Using (2.76) and (2.77) we have after some simplifications,

DYV(t) < —(D — ck —aky™)|xi(1)] — (@U(x) — by) |y (1)
+ck(D + aky™)t|x,(t)| + ck(aL + by)T|y1(t)]
- _(D —ck —aky* — ck(D + aky*)t)|x1(t)|

— (aUx) = by = ck(@L + by)7) Iy ()]
< 0, by the hypotheses.

The remainder of the proof may be completed employing standard arguments
(see Theorem C.11 (Appendix C)). ]

The following example compares the lengths of delay parameter estimated by
Theorems 2.15 and 2.17.

Example 2.18 Consider the system,

X0 = 860 - x() - 20600 + [ =936,
y'(t) = —10y(t) + 20U(x(t — 1)),
inwhich D =8, y =2, b =0.5,x9 = 11,and U(x) = x/(10 + x).
Then (x*, y*) = (10,0.8) and U(x*) = 0.5 with k = 1/10.

For these parametric values, the length of the delay given by Theorem 2.17 for
which the system is globally asymptotically stable is t* = 0.2172 while Theorem
2.15 estimates the delay to be t* = 0.162.

Example 2.19 Consider the system,

x'(1) = 2(14 — x(1)) — 14U(x (1)) y (1) +/_ S (& —5)y(s)ds,
y'(t) = =6y(t) + 8U(x(t — 1)),

in which y =4, b =0.25, and U(x) = x/(4 + x) with f(s) = 4e™*.
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Then (x*, y*) = (12,8/15) and U(x*) = 0.75 with k = 1/8.

Clearly all the conditions of Theorem 2.17 are satisfied yielding t* = 0.00704.
Therefore, Theorem 2.17 ensures the global asymptotic stability of (12, 8/15) for
0 < 7 < t* = 0.00704. At the same time, as [;~ f(s)[exp? T2 —1]ds — oo,
Theorem 2.15 cannot be applied here.

Now we compare some results in Sect. 2.1 with regard to the estimation of the
length of delay. Consider the case when the death of the species is attributed only to
the washout. That is, the washout is fast enough that the natural death is insignificant
(y = 0). In such a case (2.67) reduces to (2.7). The following example compares
Theorem 2.17 when y = 0 with Theorem 2.3.

Example 2.20 Consider the system,

X (1) = 3(xo — x (1)) = SUx () y (),
Y(t) = =3y(1) + 5U(x(r = )y ().

inwhichD =3,a=5=c¢,xp=5.5,and U(x) = x/(3 + x).

Then (x*, y*) = (4.5,1) with k = 2/15 and @ = 3/5. Now from Theorem
2.17, we have after some calculations, t* = 5/16. This further implies (x*, y*) is
globally asymptotically stable for 0 < t < 5/16 by virtue of Theorem 2.17.

By appropriate scaling we obtain (%, %) as the corresponding equilibrium solu-
tion of system (2.8). The length of the delay for which this equilibrium is stable is
estimated to be t* = 0.002115 employing Theorem 2.3.

It is clear that the estimate on the length of delay parameter given by Theorem
2.17 here is much larger than the one given by Theorem 2.3 . Further, we may notice
that the procedure for the estimation of t* in Theorem 2.3 is tedious as it involves
number of calculations. Moreover, length of the delay parameter given by Theorem
2.3 depends on the bounds on the solutions of the system which, in turn, depend on
the delay parameter itself, which is not the case with the earlier Theorem 2.17.

Remark 2.21 Noting that the equilibrium solution (x*, y*) of (2.8) satisfies | —x*—
y* = 0and U(x*) = 1, the length of the delay t* in this case is given by
N . 1 —kx* 1
7 =min{ —, — ,
I+ y"k Lk

using Theorem 2.17. Thus, if we can find k (Lipschitz constant defined for U) such
that kx* < 1, then for 0 < 7 < t*, the system (2.8) is globally asymptotically
stable. It may be seen that this estimate on 7* is different from the one obtained in
Theorem 2.3.

Also observe that Theorem 2.17 reduces to Theorem 2.5 in the special case
f(s) =68(s)and L = 1.
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Viewing persistence as another way of establishing the survival of species, we
shall prove a result on uniform persistence of solutions of (2.67). For a definition of
uniform persistence(see Definition C.13 (Appendix C)).

Theorem 2.22 The system (2.67) is uniformly persistent if inequality (2.31) for the
existence of a positive equilibrium holds.

Proof We set f(s) = ae™, o > 0 and let,

t
Z(t) = / ae™ )y (s)ds.
—00
This transforms system (2.67) into

x'(t) = Dxog— Dx(t) —aU(x(2))y(t) + byz(1),
Y'(t) ==+ D)y(t) + cU(x(t —1)y(t),
7(t) = ay(t) — az(t). (2.78)

Linearizing (2.78) around (x*, y*, z*), where z* = y* and x*, y™* are given by
Dxo = Dx* +aU(x*)y* —byy™.
y+ D =cU(x"),
we have

x1'(t) = =(D 4+ ay*U'(x™))xi (1)
—aU(x™)yi(t) + byzi (1),
n'(@t) = cy*U'(x")xi(t — 1),
2/ (1) = ayi(t) —azi (1), (2.79)

where x1(t) = x(t) — x™, y1(t) = y(t) — y*,and 7, (t) = z(t) — z*.
Corresponding to the equilibrium Eg(xg,0,0) the characteristic equation of
(2.79)is

(A + D)(h + oe)[k - (cU(xo) —(by + D))] —0. (2.80)

If a positive equilibrium exists, that is if the condition (2.31) holds then the eigen
value A = cU(xg) — (by + D) > 0, the other two being negative. Also in a suf-
ficiently small half-disc neighbourhood of Ey, dy/dt > 0 holds from the second
equation of (2.78). Therefore, no trajectory approaches E, from y direction and
thus, Ey is stable in x, z direction while unstable in y direction (i.e., Ey is a saddle
point). Solutions starting on X -axis approach E, and the stable set of E( does not
intersect the positive cone. Thus, E( is compact invariant only on the boundary and
there are no cycles in the boundary. Thus, the conclusion follows. O
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2.5 A More Realistic Model

We now consider the following system of integro-differential equations to describe
the limited nutrient—consumer dynamics (see (2.6)).

¥ (1) = D(xo— x(0)) — aUx(t)y(0) + by /_ £t = 5)y(s)ds.

Y1) =—(y + D)y(t) + Cy(t)/_ gt —s)U(x(s))ds. (2.81)

All the terms of (2.81) are as explained in earlier models. The characteristics of
(2.81) are quite interesting and this model is going to be the starting point of the
development of the theory in subsequent chapters as well. f and g are the delay
kernels for the nutrient recycling and the growth of the biomass, respectively. The
kernel f describes the contribution of the dead biomass from the past to the nu-
trient recycled at time ¢ whereas g indicates that the growth is not immediate to
consumption and there is a time delay (e.g. due to gestation).

We recall that the growth rate is no more than the consumption, that is, ¢ < a.

We recall the assumptions on the uptake function U earlier.

(A1) U(x) is continuous real-valued function defined on R4 = [0, co) such that

UW0)=0,U(x)>0 forx>0and lim U(x) = L; < oo.
X—>00

These conditions imply that |U(x)| < L forall] x, for some L > 0.
Some times we may require a Lipschitz condition on U, such as,
(Ay) there exists a constant k > 0 such that for all x;, x; € Ry,

|U(x1) — U(x2)| < k|x1 — x2]. (2.82)

Mathematical imposition on the delay kernels requires that they are nonnegative and
satisfy,

/oo f(s)ds =1, /Oog(s)ds =1, (2.83)
0 0

/Oosf(s)ds < 00, /oosg(s)ds < 0. (2.84)
0 0

Some examples of such normalized kernels with finite first order positive mo-
ments are given later.
k k
o , B '
1 *) (g) = skl () = sk—le=hs.
FO0) . S0 = oy

s >0, >0, B> 0(Gamma distribution).

2. f(s) =ae™, g(s) = pe P (Exponential).
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The quantities 7y = [~ sf(s)ds < oo, T, = [5 sg(s)ds < oo represent the
average time delays in the recycling process and the growth of biomass, respectively.
We assume the following initial conditions on system (2.81).

x(s) = ¢1(s), y(s) =¢als) —oo<s=<ty, I €Ry. (2.85)

Owing to the biological description of the model, these functions are assumed to
be nonnegative, bounded, and continuous on (—o0, .

In the next section we shall discuss various basic properties of the solutions of
the system (2.81) subject to the initial conditions (2.85).

2.5.1 Qualitative Properties of Solutions

In this section, we obtain conditions for the existence and uniqueness of solutions,
equilibria and establish that the solutions are nonnegative and bounded, which is an
important requirement.

In view of the Lipschitz condition (A4;) on U, it is easy to establish the local
existence, uniqueness, and continuous dependence on the initial conditions (2.85)
of the solutions of (2.81) forallt € J = [ty,to + T), for some T > 0 (see Theorem
B.1 (Appendix B)). But we shall establish the existence and uniqueness of solutions
of the system (2.81), (2.85) for the uptake function U under conditions weaker than
a Lipschitz condition (remember Theorem 1.107?). Before proving the theorem, we
rewrite system (2.81) as

X'(t) = F(t, X,) where X(t) = (x(t)) and
y(0)

F(t.X,) = ( D(xo —x(t)) —aU(x(@)y(t) + by [~ f(s)y(t _s)ds)
Y —(y 4 D)y(1) + cy(t) [ g()U(x(t — s))ds :

Now we consider the system of equations given by X'(¢) = F (¢, X;) with initial
conditions X (fp) = Xp.

Let S(p) be an open bounded sphere contained in R"*! and let F : § — R".
For a given (#p, Xo) € S, a solution of the aforementioned system is a differentiable
function X (¢) on an interval J such that

X' '=F( X,) for t € J,1, € J and X(ty) = Xo.
For X € R", we define || X || = >/, | X;i|.
Lemma 2.23 Let F : S — R” be continuous and satisfy the following condition:

Each point in S has an open neighbourhood N, an integer m > 0, functions h; and
Y for j =1,2,--- ,m, and nonnegative constants K1, K», K1 + K> = 0 such that

(A3) [F(.€) = Fa.ml < KillE = nll + Ko Y 19 (hy(6,€) = v (h; ()|

Jj=1
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on N where hj : N — R is continuously differentiable with

0h; (1. §) X": dh;j(,§)

Py T3 Fi(t,§) 20 on N and

i=1

each y; : R — Ris continuous and of bounded variation on bounded subintervals.

Then the system X' = F(t, X;) with X(ty) = Xo, (to. Xo) € S has a unique solution
on any interval J .

Now we establish the following theorem.

Theorem 2.24 The given system of equations (2.81) has a unique solution for a
given set of initial conditions.

Proof We shall verify the hypotheses of Lemma 2.23 for the system (2.81).
For ¢t > 0 and functions £(¢) = (§,(¢), &(¢)) and n(t) = (91(¢), n2(t)), we have

IF .8 — Ft.n)
< DIy (1) — £ (1) +by[z it = 9)[2(s) — 1)l ds
£+ DYmt) — B0] + alUn O)m(0) — UE )60
welea) [ ; 8t = )UE s = 0) [ Oo 2t — UG (s)ds|
< KillE@) — ()]
)

+K22|Wj(hj(f,§)) =Y (h;. )l

j=1
where K| =by+ D +y+ D and K; =a.
Now, if we choose,
.8 =60 W (.8) =60 [ g -9UhG.E6))ds
ha(2,8) = &1(1), and Yo (ha(2,§)) = &)U (ha(2,£(2))),

then it is easy to see that all the hypotheses of Lemma 2.23 are satisfied, and hence,
the conclusion follows. O

Observe that the choice of K, = 0 in the earlier lemma reduces our considerations
to a Lipschitz condition.

We shall now find out the equilibrium solutions of (2.81). Clearly, equilibria of
(2.81) are the solutions of the algebraic system,

Dxy — Du — aU(u)v + byv = 0,
(—=(y + D)+ cU@m)v =0. (2.86)
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Obviously, (x¢, 0) is a solution of (2.86), which is a partially feasible equilibrium
of (2.81).
Any nontrivial solution of (2.86) must satisfy the equations,

Dxg — Dx* —aU(x*)y* + byy* =0,
—(y + D)+ cUG*) = 0. (2.87)

From this we have U(x*) = (y + D)/c and y* = [D(xo —x™)]/[aU(x*) —by].

Since ¢ < a and b € (0,1), we have U(x*) = (y + D)/c > (by)/a, which
implies that aU(x*) > by. Therefore, for a positive y* we must have xo > x*.
Since U is continuous and U(x) < L for all x, a necessary and sufficient condition
for the existence of a positive x* is 0 < (y + D)/c < L. Thus, the aforementioned
inequalities yield a set of necessary and sufficient conditions for the existence of a
positive equilibrium solution (x*, y*) for (2.81).

Now we employ Theorem 2.24 to establish that the system of equations (2.81)
admits a unique equilibrium solution (x*, y*).

Theorem 2.25 The system of equations (2.87) has a unique solution yielding a
unique nontrivial equilibrium solution for the system (2.81).

Proof Using (2.87) in (2.81), we get
X'(t) = =D(x(t) = x*) —al[U(x)y(t) — U(x™)y"]
sby [ 1= -y,
V() = Cy(l)/; gt —s)(U(x(t) — U(x™))ds.

Denoting x(¢) — x* = x,(¢), y(t) — y* = y1(¢), and U(x(t)) —UKx*) =
Ui (x(t)), the earlier system after a simple rearrangement takes the form

x1(t) = =Dx1(t) —a(y1 (@) + yHU1(x1(1)) — aU(x*) y1 (1)
by [ a-sms
—o0
yi(t) = c(n @) +y) /joo g(t = 9)Ui(x1(s))ds. (2.88)
Choose the initial functions
x1(#) =0 and y;(t) =0 for t € (—00,0]. (2.89)
Then by Theorem 2.24, the initial value problem (2.88) and (2.89) admits a

unique solution. Clearly, the trivial solution is the only solution of the system (2.88)
and (2.89). This implies that
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xi(t)=0=y(t) for t>0, (2.90)

which in turn implies that x(#) = x* and y(z) = y* is the unique solution satisfy-
ing (2.87) and hence (2.86). This guarantees the existence of a unique equilibrium
solution for the system (2.81). ]

The following theorem establishes that the solutions of (2.81) are nonnegative.

Theorem 2.26 All the solutions of system (2.81) are nonnegative for all t > 0
corresponding to the initial conditions (2.85).

Proof We shall show that once a solution enters the plane
2 ={(x,y)/x=0.y = 0},

then it remains there forever. By continuity of solutions of (2.71) each solution has
to take the value 0 before it assumes a negative value. If y = 0 for somet =1, > 0,
then from the second equation of (2.81), y’(#;) = 0, and hence, y is nondecreasing
at #1, which means that y is at least nondecreasing at y = 0. This rules out the
possibility of y taking a negative value. Again when x = 0, we have

x'(t) = Dxo + by [l f@t —s)y(s)ds > 0,

since y > 0.

Clearly, x is increasing at x = 0. When y = 0, x’(t) = Dxo — Dx and again
at x = 0, x'(t) = Dxo > 0 and hence, x is increasing at x = 0. Thus, we can
conclude that the solutions of (2.81) are nonnegative for all ¢ > 0. ]

Theorem 2.27 Let ¢; > 0, j = 1,2 and not identically zero on any interval. All
the solutions of (2.81) are bounded provided

§ = mig{aU(x(t)) +y+D—-by—cL}>0
holds.

Proof Consider

V() = Vx(@). y(0) = x(0) + y(0) + / ) / V(.
0 1—s
Clearly,
V(0,0) =0, V(x(t),y(t)) >0 for x,y >0 and V() - o0

as x(1), y(t) — oo.
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The time derivative of V' along the solutions of (2.81) is

V'(t) = Dxg— Dx(t) —aU(x(t)y(t) + by/o f(s)y(t — s)ds
— (4 D)y(1) + v (1) /0 (U (7 — s))ds

+byy© =by [ 16150 =55
= Dxo— Dx(t) — (aU(x(t))+y+ D —by)y()
+ cy(t)/ g(s)U(x(t —s))ds
0

< Dxy— Dx(t)— (aU(x())+y+ D —by—cL)y(t),
utilizing the conditions, U(x) < L forall x and [;~ g(s)ds = 1 = [;° f(s)ds.
Thus, outside the region bounded by the positive coordinate plane and the surface
Dx + 8y = Dxg, V'(¢) is negative.

The conclusion follows from Theorem B.2 (Appendix B) with W (z, X (¢)) = x(¢),
O(t, X)) =V(t),and U = x. O

We shall now present another result.

Theorem 2.28 The solutions of (2.81) are uniformly bounded provided the delay
kernels satisfy either of the following conditions.

a—bc

oo
1. ng/; sg(s) < L

o0 1
, T.f:/o S6) <.

a—c¢

o0 o 1
2. T, = sg(s) < , Ty = sf(s) < —.
= e < = [T < o
Proof First, we shall provide a proof for case 1. Consider the functional

V(t) = Vix.y)
[ee] t
=x(t)+by(t) + by/ f(s)/ ¥ (u) duds

0 =

[ee] t '
-I—ay(l)/ g(s) U(x(u)) duds.
0 t—s
The time derivative of V' along the solutions of (2.81) after some rearrangements

becomes

dv

T = on—Dx(t)—aU(x(t))y(t)—i—by/ f(s)y(t —s)ds
0

— by +D)y(t)+ bcy(l)/; g(s)U(x(t — s)ds
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by =by [ fO3 - ss
0
Fal= 4 DO+ [ UG -9
0

x/; g(s) /I_S U(x(u)) duds

U — U —5))ds;.
+ ayOfue = [ 20Ut = )]

That is,

dv
’ry < Dxo— Dx(t) —bDy(t)

t

—a(y+ 00 [ 20) [ UGr) duds

— [a —bc—ac [oo g(s) /I U(x(u)) duds]
0 t—s

Xy (1) [0 g(s) Ux(t — 5)) ds.

ignoring the third term and invoking (2.83) on f.
Now using U(x) < L for all x and observing that

/00 g(s) t U(x(u)) duds < L/OOsg(s)ds = LT,,
0 ‘ 0

s

we have
dv
s < Dxo— Dx(t) —bDy(t)

—(a—bc—acLTy)y(t) /oo g(s) Ux(t —s)) ds
0
< Dxo— Dx(1) = bDy(1),

invoking the hypothesis on Ty.

Now define w = {(x,y) € Ri : Dx + bDy < Dxp}. Consider Ri —w.
If a trajectory starts from 79 > 0 in Ri — w, then the functional V(x, y) along a
trajectory starting from this point would be decreasing for all times ¢ > ¢, such that
(x.y) eR} — .

Clearly V(¢) > bx(t) + by(¢t) = b||X(¢)||, since 0 < b < 1. Using the initial
conditions (2.85), we have
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V < ¢1 + by + byTr¢s + aL Ty
< 3n||P||

where n = max{l,b + byTy + aLTg} and || || = sup,c(_o0.0)tlP1], P21}
Let B = 3n||®||. Then we have b||X(¢)|| < V(x,y) < B, which implies the
uniform boundedness of the solutions of (2.81) here.

Case 1-(a). If (x, y) € w for all ¢ then by definition of w, all the solutions are
uniformly bounded.

Case 1-(b). Suppose that a trajectory enters the plane w at #y and leaves w at ¢;.
Then for all ¢ € (fy, 1;),

t

V(x,y) < xo+ abﬁ /:o g(s) U(x(u)) duds

s

+by /;00 f(s) /l;y(u)duds

L [ee] t
<xo+ = bxo T, + by[ f(s) y(u)duds.
0 o

t—s
Since

y(u) < %V(x,y) < g for u € (—o0, 1))

and X
y < ?O for u € (1, t1),

we have for ¢ € (o, 1),

L
V(x,y) = xo (1 + %Tg)

+y Ty max{B,xo} = B1. (say).
Suppose the trajectory that leaves w at t = ¢ reenters w at t = t, and leaves

again at t = t3 and so on. Continuing the earlier process for the interval (z,, t,+1),
we can show that

al
V(x,y) < xo (1 + 7Tg)

bD
xovﬂlvﬂZv'wﬂn} = ﬂf’l-‘rl? (Say)'

o]

+y Ty max %ﬂ,

It is easy to see that
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and moreover f; < B;+ fori =1,2,.... By the hypothesis that Ty < 1/y we have
{B,} is bounded and thus for t > ¢,

X < Vi) = max | . =0 (14 o7 )

The proof of case 1 is complete.
The argument for case 2 is similar with the Lyapunov functional

V() = Vix.y)
- x(t>+y(r>+by[0 1) /_yy(u) duds
—i—ay(t)/O g(s) /_ U(x(u)) duds.
O

In the reminder of this chapter we shall tacitly assume that (2.81) has a unique
positive equilibrium (x*, y*), and all its solutions are nonnegative and bounded.

2.5.2 Local Stability

We rewrite equations (2.81) around the positive equilibrium as
¥ (1) = =D(x =) —ay (U(x) = U™ ) —alU(x")(y = ")
sy [T 1O0@ =59 =y
y0 =c [ o) (Ve - ) - U6 291)

Denoting x;(¢) = x(t) — x*, y1(t) = y(t) — y*, and Uy (x;) = U(x) — U(x™)
and rearranging, (2.91) may be written as

x((1) = =Dxi(t) —aU;(x; () (y1(2) + y*) —aU(x")yi (1)
+by [ fOme=sas
0

Vi) = 01 (0) + ™) /0 (U1 (x1 (1 — 5))ds. (2.92)

Note that (0, 0) is the equilibrium solution of (2.92) corresponding to (x*, y*)
of (2.91).
Assume that U’(x) exists.
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Linearizing (2.92) around (0, 0), taking U;(x;) ~ U’(x*)x;, we obtain after
some rearrangements,

X)(6) = —(D + ay*U'(*)x (1) — aUx™ )y (1)
by / £t - 5)ds.
0

yi(t) = cy*U'(x") /Ooo g($)x1(z — s)ds, (2.93)
which may be written as
X'(t) = RX(t) + /O Ook(s)X(t — s)ds, (2.94)
where X(1) = (x1(t), »1(1)",

—D —ay*U’'(x*) —aU(x*) 0 byf(s)
R = s k(s) = .
( 0 0 (5) cy*U'(x*)g(s) 0
The characteristic equation of (2.94) is given by

POy =1 = R= [ k) ast =o (2.95)
0

which may be written as
P(A) =A%+ AL+ G)[B - CF(A\)] =0, (2.96)
where

A=D +ay*U’'(x"),
B = acy*U(x™)U'(x*),
and C = bycy*U’'(x™)

F(A) = /0 ” F(s)e ™ ds

o
G\ = [ g(s)e M ds. (2.97)
0
Choose nonnegative parameters § and € such that
§+e=A. (2.98)

Then we observe that

A+38 GA)(CF(A) — B) + e
P = (2.99)
1 A+e
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yields the same characteristic equation as (2.96). We also notice that characteristic
equation (2.99), and hence, (2.96) corresponds to the integro-differential system

V = —8v 4+ Seu — /00 f1(u(t — s)ds
0

+ / fo(s)u(t — s)ds,
0
U =v—eu, (2.100)

where fi(s) = Bg(s) and f>(s) = cf(; g(s—v) f(v)dv, s €]0,00).
We are now in a position to establish the following theorem.

Theorem 2.29 The positive equilibrium of (2.91) is locally asymptotically stable
provided

061+ﬂ1<A.

Here
o0 o0
a =/ sfH(s)ds, B =/ sfi(s)ds, and A= D + ay*U’(x*)
0 0

in which fy and f, are as defined earlier.

Proof We consider the Lyapunov functional

V(X)) = v + wou® + Voz(Xz)
t

[T+ pe] [

s

X /t [vz(z) + (e + Bo — ao)uz(z)]dzds,

n
in which
o0 o0
oy = / fr(s)ds < oo, Bo= / fi(s)ds < oo
0 0

and

Vo(X:) = v+ du —/0 fi(s) [_, u(ty)dt;ds + [0 fa(s) u(ty)dtds

t—s
and wy is a positive constant to be chosen in the due course. Clearly
V(0) =0, V(X)) =n(*+u®),

where n = min{1, wo}.
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Now along the solutions of (2.100), we have

%(VZ) =2y {—SV + Seu — /000 fi(s)u(t — s)ds + /000 fo(s)u(t — s)ds
< =28V + 28euv — 2(Bo — ap)uv + (1 + €)(a; + i)V

=[Clro+ o) [ [P0 +ar@]eas @.100)

t—s

Now

::7% /(;Oo [ﬁ (S) + fZ(S)] /:Y dn /: I:VZ(Z) + (6 + ﬂo _ Oto)uz(z)]dz ds}

= (@ + BO[P@) + (e + o — )i (@)
- /Ooo [fl(s) + fz(S)] /{t [vz(z) + (e + Bo — ao)uz(z)]dz ds (2.102)

)

and
d 2 / /
E(VO) = ZVO[V + 8u’ — (Bo — ao)u

+ [0 At — s)ds — /0 Al —s)ds]

= —2(Bo — ap)ulp
< =2(Bo — cto)uv — 2(Bo — tg)u* + (Bo — o) (B1 — a1 )u?

+(ﬁo_ao)/oo [ﬁ(s) + fz(S)]/ u?(t,)dr, ds. (2.103)
0 t

)

Using (2.101) — (2.103) we obtain after some simplifications and rearrangement,

V(X)) = =[2(80 — a8 + 2woe = (B0 — o) + (B — ) |2
+z[wo —2(Bo — o) + 56]uv

—[25 — Q2+ op - al)]vz. (2.104)

Using the definitions of &y and Sy we may show that 8y > «p.
Now lettinge = 0, § = A, and wy = 2(Bo — ap), we have

V< =2(Bo — ao)[A —(B1— Oll)]uz - 2[A — (B — al)]vz,

which is clearly negative definite by the hypotheses that A > «; + ;. The conclu-
sion now follows from Theorem C.11 (Appendix C). The proof is complete. O
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We present another local stability result. For this we need to represent system
(2.93) as

B o0
50 = =Ax0) = 2310 +by [ om0 -9as
C o0
i) = by /0 g(s)x1(t — s5)ds, (2.105)

in which A, B, and C are as defined in (2.97).
From the discussion following equation (2.87), for the existence of a positive
equilibrium, we must have aU(x*) > by and hence, it follows that B > C.
Consider

Vii(t) = xi%(0).
Then along the solutions of (2.105),

V() = 2x1x]
2 B
= —2Ax," — 2byEx1y1 —2byx1y)
t t
2ty [ £ [ v i@ads + 10
0 t—s
2 B
= —2Ax," — 2by(6 —Dxiyi + 1(2)
t t o0
—2Cx1/ f(s)/ / g(w)x1(z — w)dwdzds
0 t—s JO
5 B
< —24x" — 2177(6 — Dxiyr + 1)
o0 t o0
¢ [T10 [ e + 302 - myandzas
0 t—s JO
2 B 2
= —2Ax," — Zb)/(E — I)XIyl + CTfX] + I(l)

+C /Ooo S(s) /: /Ooog(w)xlz(z—w)dwdzds. (2.106)

Here ©
Ty = [ sf(s)ds
0
and

1) = —2byx, / A0 = n1(t — s)ds. (2.107)

Now consider

Vp=C [000 f(s) /l; /rt /Ooog(w)xlz(z— w)dwdzdrds.
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Then from (2.106), we have
/ / 2 B 2
Vll([) + Vlz([) < —2Ax" — 2by(E — 1)x1y1 + Cfol + 1(t)
o0 t o0
+C / f(s)/ / g(w)x1%(t — w)dwdzds
0 t—s J0O
B
< —24x.% - 2by (G = Dxyi + CTyxi> + 1(t)
o0
+ CTf/ g(s)x1%(t — 5)ds. (2.108)
0
Now we consider the function
[ee) t
Vi) = V) + Vi + €Ty [ 66) [ xiwauas.
0 t—s
Then from (2.108),
/ 2 B
Vit) < 2(A—-CTy)x;” — Zby(E — Dxyy1 + 1(1). (2.109)

From the second equation of (2.105), we have

d C [ ! C
— + — duds | = —x;(1).
dr |:)’1 by/o g(s) - x1(u)du S:| byxl()

Define

o] t 2
wm=h+%ﬁgwﬁpwmﬂ

+(%)2 /:og(s) /,; /;t x1% (u)dudvds.

After some simplifications, we can show that

2C C\2
/ _ == . 2
Vi =5y +2(by) Tox:2, (2.110)
in which ~
T, =/ sg(s)ds.
0
Now define

2 o0
Vm=mm+%?[[fmw+§—qmw
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From (2.107), (2.109), and (2.110), we have

V() <=2 [A —CTy — (c/oo f(s)ds + B —c) Tg] xi2

+ 2byxin / " Fs)ds + 1)

r o0
=-2 A—CTf—(c/ f(s)ds—i—B—C)Tg xi?
t

(o)
+ 2byx / f(s)y1(t —s)ds, using (2.107)
t

r o0
<=2 A—CT_/—(C/ f(s)ds+B—C)Tg x;2
t

1 26y ] [ F(s)ds
5—2|:A—CTf— (c/oof(s)ds+B—C) Tg:|x12
+byx? / " Fs)ds + by gl / ~ fs)ds
=-2[A—CT;— (B - C)T,] x>

FReT byl [ fosbylgalP [ fs @

Here ¢, € (—00, 0) is the initial condition for y;.
We are now in a position to state and prove the following theorem.

Theorem 2.30 Assume that the delay kernels satisfy the conditions

(e ) (e )
/ 5% f(s)ds < oo, / s2g(s)ds < oo,
0 0

in addition to (2.83) and (2.84). Then the positive equilibrium solution (x*, y*) of
(2.105) is locally asymptotically stable provided the following inequality holds

CT;+ (B—C)T, < A. (2.112)

Proof 1f (2.112) holds, then there exists an € > 0 such that

Q(e)ECTf+(B—C)Tg+(ch+b7y)e<A.

Let T = T(e) > 0 be such that [ f(s)ds < e fort > T.
Then from (2.111), we have fort > T,

V(1) < —2(A - Q()xi> + byllal [ F(5)ds.
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Integrating from 7 to ¢, we have

V(t)— V(T) < ~2(4 - 0(e) [T 0 2(s)ds + by [ [T / F(u)duds,

That is,
V() + 2(A - 0(e)) / 22(s)ds < V(T) + byllall® / " $/(s)ds.
T 0

This implies that x; and y; are bounded and x12 e Ly [0, 00). It follows from
(2.105) and the Mean value theorem that x1, xi , Y1, and yi are uniformly continuous
on [0, 00). Applying Barbalat lemma (Lemma B.4 (Appendix B)), we can conclude
that x; — 0 and x| — 0 as 7 — oo.

Then from the first equation of (2.105),

lim [—gyl + [00 fs)yi(z —s)dsi| =0. (2.113)
0

—>00

If liminf; o y1 () = a limsup,_, o, y1(t) = B then for any sequence {z,,} 1 oo
such that y,(t,,) — B as t,, — oo then from (2.113),

ob=tim [ rom - < [ reds =

Since B > C, it follows that 8 < 0. Similarly, we can show that « > 0. But
a < B. Thus, « = = 0 implying that y; — 0 as t — co. The conclusion of the
theorem follows. ]

In Beretta and Takeuchi [10], it is shown that a sufficient condition for the local
asymptotic stability of (2.105) is

CTs + (B + C)T, < A,

by arguments similar to those given in earlier Theorem 2.29. Comparing the terms,
the condition (2.112) of Theorem 2.30 appears to be an improvement of the afore-
mentioned condition. We, therefore, understand that the system may have a larger
region of stability than these conditions actually estimate. This observation is not
just a conclusion drawn from the earlier results but has enough support as we shall
see in the next subsection.

Before we go in for global stability of equilibria of the system (2.81) we first
obtain conditions for the local stability of the axial equilibrium (xo, 0) of (2.81).

Linearizing (2.81) around (xo, 0) and letting

X1 =x0, y1 =y, and U(x) ~ U(xo) + U’ (x0)x1,
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we get

—Dx; —aU(xp)y: + by/ f(s)yi(t — s)ds,
0

yi' ==y + D —cU(xo))y1.

Xl/

The characteristic equation corresponding to the earlier system is

A+ D aU(xg) —byF(A)

0 A+ (y+D—cU(xp) =0

P =

That is,
A+ D)YA+ (y+ D —cU(xp)) =0.

The two roots are A} = —D < O and A, = —(y + D — cU(xy)). Clearly, the
second root is negative if cU(xg) < y + D. Thus, we have the following theorem.

Theorem 2.31 The equilibrium (x, 0) is locally asymptotically stable provided the
inequality
v+ D

U(xp) <

holds.

Notice that this inequality excludes the possibility of the existence of a positive
equilibrium for (2.81) (see also discussion before Theorem 2.25).

2.5.3 Global Asymptotic Stability Results

In this section, we obtain sufficient conditions for the global asymptotic stability of
the equilibria of the system (2.81). Our first result deals with the global asymptotic
stability of the axial equilibrium (x, 0). The next three results give sufficient condi-
tions for the global asymptotic stability of the positive equilibrium (x*, y*). Also,
we provide some examples to verify that they are independent of each other.

Theorem 2.32 The partially feasible equilibrium (x¢,0) of (2.81) is globally
asymptotically stable if L1 <y + D /c.

Proof Ttis clear from the second equation of (2.81) that lim,_,», y(t) = 0ast — oo
when L; < y + D/c for the system (2.81). It suffices to prove that x(t) — x¢ as
t — oo when the aforementioned inequality holds.

Consider

V) =Vx@),y() =x@) + y@).
Clearly,

V(0,00=0 and V(x(),y()) =0 fort>0.
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Further,

t

V'(t) = Dxo — Dx(t) —aU(x(t))y(t) + by[ f(t —s)y(s)ds

— (4 D)y() + ex () [_ g(t — $)U(x(s)ds
= Dxo— D(x(t) + y(2))

—aU(x () (1) + ey (1) /_ 2(t — )Ux(s))ds
—yy() + by/_ f(t —s5)y(s)ds.

Now observing that ¢ < a, by < y, and y(t) — 0 ast — oo, the behavior of
the right hand side is decided by the term Dxo — D(x(t) + y(t)) = Dxo— DV(2).
Thus, we have, V/(t) < —DV(t) + D xy, from which it follows that

V(1) = V(x(@), (1) < V(0)e ™" + xo.
Accordingly, lim; o0 V(1) = x¢ = lim; [x(t) + y(t)].

The conclusion follows from the fact that lim,_,», y(¢) = 0. Hence, the theorem.
O

Since, we are interested in the survival of species we concentrate our study on the
global asymptotic stability of the positive equilibrium (x*, y*).
Using (2.87) in (2.81) we rewrite (2.81) as
X'(1) = =D(x(t) = x*) —aU(x()(y(t) — y*) —ay*(U(x(1)) = U(x™))
o
by [ SO0 -9 =),
0

Y1) = Cy(l)[O gE)Ux(t —s)) — U(x™))ds. (2.114)

The constant k > 0 that appears in the next result is the Lipschitz constant for U
defined in (A,). We state and prove the following result.

Theorem 2.33 Assume that the uptake function U(x) satisfies (Ay) and (A;) and
the delay kernels satisfy (2.83) and (2.84). The equilibrium solution (x*, y*) of
(2.81) is globally asymptotically stable provided,

D—(c—ay“ k>0 and A= min{aU(x)—by}>0.
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Proof We consider the functional,
V(t) = V(x(t), (1) = |x(t) — x*| + [log (y(t)) —log y*|
[ee) t
by [ 76 [ Iy - y*lauds
t—s

+ C[o g(s) ‘ |U(x(u)) — U(x™)|duds.

-

Clearly, V(x*, y*) = 0 and

V(x(t), y(t)) > |x(t) — x*| + [log (y(t)) —log y*| > 0.

The upper Dini derivative of V' along the solutions of (2.81) using (2.114) is
given by,

DYV = =Dlx(1) = x™| —aU(x(0)|y(1) = y*| — ay*|U(x(t) — U(x")]

+by/o FOl —s5) — y*|ds
+ c/oog(s)|U(x(l —5)—U(x™)|ds
0
+by|y<r>—y*|—by[0 FO( —s)— y*lds

+c|U(x (1) = U(x™)] —6[0 gOIUGx(r —s) = U(x™)|ds,

= =Dlx(®) = x*| —aU(x(0)|y(@) = y*| —ay*|U(x(1)) = U(x")]
+byly(®) = y* + cl(Ux (@) = U(x")|
= —Dlx(t) = x*[ + (¢ —ay")|U(x) = U(x")|
— (@U(x) =by)ly(@®) — 7.
If ¢ < ay*, then the condition miny>,*{aU(x) — by} > 0 is alone sufficient to

ensure the negative definiteness of DV . Hence, we assume that ¢ > ay*. Then
we have,

DTV = =Dlx(t) = x| + (¢ —ay™)|U(x) = U(x")]

—(@U(x) = by)|y (@) — y*|
< —(D +aky* —ck)|x(t) —x*| = Aly(t) — y*| <0,

invoking the hypotheses and using (A4,). Thus,
+ * * A *
DTV < —(D 4 aky* —ck)|x(t) — x™| — k—|log y(@)—log y*| <0, (2.115)
1

where k1 > 0 is such that |log y(z) — log y*| < ki|y(t) — y*|.
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Now integrating (2.115) with respect to ¢ from O to ¢, we get
t A t
V() + (D —ck +ay*k) [ |x(s) —x™*|ds + . / [log y(s) —log y*|ds < V(0).
0 1 Jo

Therefore, V(¢) = V(x(t), y(¢)) is bounded on [0, co) and since x(t), y(¢) are
bounded on [0, 00), |x(#) — x*| and [log y(t) — log y*| are bounded on [0, co)
and these imply the boundedness of their derivatives on [0, 00).

Now the conclusion follows from Theorem B.3 (Appendix B) with G(z) = z and
letting z = |x — x*| + |log y —log y*|. O

We now rewrite (2.114) as
X (1) = —D(x(t) — x*) — aUG) (1) — y*) — ay (U (1)) — Ux™)
by / FOO(E —5) — y*)ds
0

V(o) = ey(0) /0 g UGt — 5)) — UGx™)ds.

We state and prove our next result.

Theorem 2.34 Assume that the uptake function U(x) satisfies (A1) and (A,) and
the delay kernels satisfy (2.83) and (2.84). The equilibrium solution (x*, y*) of
(2.81) is globally asymptotically stable provided,

D—ck>0 and aU(x*)—by > 0.
Proof We again consider the functional,
V(1) = V(x(0), y(0) = |x(@) — x*| + [log (y(1)) —log y”|
by [T 16 [ 1y —auas

+ C[o g(s) ‘ |U(x(u)) — U(x™)|duds.

-

Then the upper right derivative of V' along the solutions of (2.81), as in Theorem
2.33, using the earlier system, becomes after some simplifications,

DYV < =D|x(t) — x*| —ay|U(x(1)) = U(x*)| —aU(x*)|y(1) — y*|
+clUx () = U]+ byly@) — y*|
< —(D =ch)|x(t) = x*| = (@U(x™) = by)|y(t) — y*|
< 0,

by hypotheses.
The rest of the argument is similar to that of Theorem 2.33, and hence omitted.
O
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Note that the condition aU(x*) > by is necessary for the existence of a positive
equilibrium.

We can observe that Theorem 2.33 is a stronger result (in terms of parametric
conditions) than Theorem 2.34 in case of monotone increasing uptake functions and
for other uptake functions (e.g., bell shaped) so long as aU(x) > by, other condi-
tions being same. Theorem 2.34 comes into play when aU(x) < by for x > x*.

In the next result we relax the condition (2.84) on the delay kernels. But we
observe that this results in restricting the parameters of the system more.

Theorem 2.35 Assume that the uptake function satisfies (A1) and (A,) and the de-
lay kernels satisfy (2.83). The positive equilibrium (x*, y*) of (2.81) is globally
asymptotically stable provided,

by + ck < B =min{D —aky*, min{aU(x)}}. (2.116)

Proof We consider the following functional

V(t) = V(x(t), y(t)) = |x(t) — x*| + [log y(t) —log y*|.

Clearly, V(x*,y*) = 0and V(¢) > 0.

The upper Dini derivative of V' along the solutions of (2.81), using (2.114) is
given by,

DYV = =Dlx(t) = x*| = aU(x ()| y(t) = y*| = ay*|U(x () = U(x™)]

+by/0 FOl =) —y*]

e /0 gV —5) — UG™)|ds

< (D —aky")[x(6) — ¥*| + ck [Ooo g(5)|x(t — ) — x*|ds
— QUG (©) — | + by /Ooo Sl —s) - y*lds
< (D= aky"x) — x|+ ek [ gl —5) —x7las
—aU)log (o) ~1og * + by [ F(0)llog y(0) ~Tog 371ds
< —BV(t) +ck /(;00 g(s)V( —s)ds

+ by /000 fs)V(t —s)ds. (2.117)
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Now we prove that V(¢) is bounded. For —oo < ¢ < 0, we have

V() = [x(t) - x*] + flog [yy(? ] = () — x*| + Jlog [‘%@ ] |
= su1?<0 { lp1(t) — x*| + |log |:¢;(*t)] |} = M (say).

We claim that V(t) < M for all t > 0. If not, we can find a #; > 0 such that
Vith) =M and V(t) < M for—oo <t < t;.
Then clearly, DV V(z;) > 0. But from (2.117),

DTV(t)

IA

—BM + by /OO f(s)Mds + ck /00 g(s)yMds
0 0
—(B—by —ck)M <0.

This contradiction proves that V(t) < M forall ¢t > 0.
Now, let limsup, ,,, V(t) = ¢ and liminf,, . V(#) = o. We shall prove
that 6 = 0. Assume that & > 0 and choose € > 0 such that

<l|: B—by —ck ]_
2B+ 0+ M)by +ch) |

Since, [, f(s)ds =1 and [;° g(s)ds = 1, there exists a T > 0 such that

J7> f(s)ds <e and  [;° g(s)ds <e.
Corresponding to this € > 0, we can find , > 0 and #3 > 0 such that

V(it)<a+e€ for t>1n
and
Vit—t)<o+e€ for t>t3,t>0.

We shall first prove that 6 = o.

Suppose & > o. Then V(¢) is nondecreasing on infinite number of intervals.
Thus, we can find t5 > t4 > max{t, + T, 13 + T} such that on (t4,15), V() > 6 — €
and is nondecreasing.

Then from (2.117) for t € (14, t5),

00 T
DTV(t) < —BV(t) + ck[/ g(s)Mds + / g(s)(0 + €)ds]
T 0

e’} T
+by[/T f(s)Mds + /; f(s)(@ + €)ds]

<—B(@—¢€)+ (by + ck)Me + (by + ck)(0 + €)
< —[B = (by +ck)]lo/2
<0, (2.118)

by the choice of € > 0.
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This contradicts the assumption that V() is nondecreasing on (4, 5), proving
that & = o. Since, 6 = g there exists t; = max{t,, t3} such that for ¢ > ¢,
o—e<V(t)<o+e.

The mean value theorem suggests that there exists a £ € [0, 00) such that for
t > le,

V(t) = V(ts) = V')t —to).
Now from (2.118),

Vit = Vi) + (¢~ 19V'®) < Vito) — (B~ by — b2~ 1)

The right hand side of this inequality approaches “—o0” as t — oo, since
V(ts) < M is finite. But by definition, V'(¢) > 0. This contradiction proves that the
assumption 6 > 0 is wrong. Therefore, 6 = 0, which means that —e < V(¢) < €
fort > t¢. Thus, in the limiting case, V(t) — 0.

Thus, lim;e0[|x () — x*| + |log(y(¢)/y*)|]] = 0, which implies the global
asymptotic stability of (x*, y*). Hence, the theorem. O

The procedure followed in establishing Theorem 2.30 may motivate us to try for a
global stability result. But the road to global stability is much more difficult as com-
pared to the one for local stability. The proof is not only quite lengthy, but involves
number of calculations and adjustments also. We shall not go into the details of the
proof for this reason. However, for the sake of an interested reader we shall provide
the Lyapunov functionals used in establishing the following result.

Theorem 2.36 Assume that the delay kernels in addition to (2.83) and (2.84) satisfy

1 o0
T/* = /o f(s)(e[}’JrD]S - l)ds <oo and

y+D
o0
/ g(s) (e[c_V_D]S — l)ds < 0.
0

T, = ———
& c—y—D
Further let
byc(Tf* +Tr+(c—y— D)Tng*) + c(@U(x*) — by)e"s(Ty + T,*) < 2a.
Then the positive equilibrium (x*, y*) of (2.81) is globally asymptotically stable.

Proof We employ the functional,

V(t) = Vi(t) + y? (by /oo f(s)ds + aU(x*) — by) Va(t).
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Here
x1(1)
Vi(t) Z/ Uy (u)du
0
1 (e8] t t [oe)
—i——byc/ f(s)/ / P(u)/ g(v)dvdudwds
2 0 t—s Jw 0
1 o] t
—i—ibycT_// g(s)/ P(u + )U % (x1 (u))duds,
0 t—s
in which
P(t) = y*em(f)
and

z(t)
W(t) = /0 (e’ —1)ds

1 i [ee] t i ] t
+§cze‘Tg/ g(s)/ ey'(”‘“)/ Uy (x1 (u))dudvds,
0 t—s

v

where .

o
@ =n@+e [ o [ Uit
0 t—s
After evaluating V'’ along the solutions of (2.92), the proof is quite is similar to
that of Theorem 2.30. For more details, one may refer to Theorems 2.10 and 2.15 of
Sect.2.4. O

Following examples compare Theorems 2.33 and 2.36, qualitatively.

Example 2.37 For the system (2.81) choose,a = 14,¢c =8, D =2,y =4,b =
3/4,x0 = 14 and let U(x) = x/4 4+ x. Then U(x*) = (y + D)/c = 3/4 and
therefore, x* = 12,y* = 8/15, and k = 1/8. Further let f(s) = 4e™* and
g(s) = 4(s), the Dirac delta.

Then all the hypotheses of Theorem 2.33 are satisfied and hence, (x*, y*) =
(12,8/15) is globally asymptotic stable by virtue of Theorem 2.33. Further since
T}T — 00, Theorem 2.36 does not hold here.

Example 2.38 For system (2.81),leta=12,¢c=10,D =1,y =4,b = 1/8,x¢ =
4.5,and U(x) = x/(4+ x). Then U(x*) = 1/2 and x* = 4,y* = 1/11 with
k=1/8.

Since D + aky* < ck, Theorem 2.33 cannot be applied here.

Now let f(s) = 10e™'% = g(s). Then Ty = T, = 1/10 and T} =T; =0.
Then the condition on the parameters of (2.81) in Theorem 2.36 reduces to

beyTy + c(aU(x*) — by)exp(cTy) T, < 2a
is clearly valid, and hence, (x*, y*) is globally asymptotically stable.

Thus, from the earlier two examples we can conclude that Theorem 2.33 is inde-
pendent of Theorem 2.36.



88 2 Chemostat Versus the Lake

The following examples illustrate the results in this section.

Example 2.39 Consider the following model
x'(t) = 8(xo — x(1)) =22 U(x(1))y (1) + /; St =5)y(s)ds,
V() = =100+ 2050) [ g =9V (53,

in which U(x) = x/10+ x,b = 0.5,y =2, D = 8,and xo = 11.

The equilibrium solutions are x* = 10 and y* = 0.8 with U(x*) = 1/2,
k =1/10.

It is easy to see that all the hypotheses of Theorems 2.33 and 2.36 are satisfied,
and hence, the equilibrium (10, 0.8) is globally asymptotically stable by virtue of
these theorems.

Further, with 8 = 6.22, Theorem 2.35 also ensures the global asymptotic stabil-
ity of (10,0.8).

Example 2.40 Consider the following model,

¥ (1) = 2(x0 — x(1)) — 20 UG ()y (1) + (0.5) f_ £t —5)y(s)ds
Y(6) = =3y(t) + 199(2) /_ g(t — $)U(x(s))ds,

in which
0<x<40

X
U(x) =  10+x% )
) % 4 otherwise

161

Clearly U(x) is the generalized Michaelis-Menten uptake function defined in
(1.18) for the choiceof @ = 1, 8 = 2, and w = 10.

Also in the earlier system, it is chosen that b = 0.5,y = 1, and D = 2. Then
the equilibrium solutions are x* = 3, y* = 0.1505, U(x*) = %, k = 1/10 with
X = 3.2.

It is easy to check that all the hypotheses of Theorem 2.34 are satisfied here and
hence, (x*, y*) = (3,0.1505) is globally asymptotically stable.

Since aU(x) < by for x > 40, we cannot apply Theorem 2.33 here.

Example 2.41 Consider the system,
x'(t) = 3(xo — x(1)) = 18 U(x (1)) y (1) +/_ St —s)y(s)ds,
V() = =50 +1650) [ stt =)V,

inwhichU(x) = x/4+ x,b =05,y =2,D = 3,and xo = 2.5.
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The equilibrium solutions are x* = 20/11 and y* = 0.24766 with U(x*) =
5/16, k = 1/4. Clearly, all the hypotheses of Theorem 2.33 are satisfied. Hence,
(x*, y*) is globally asymptotically stable by virtue of Theorem 2.33.

Observe that D — ck < 0, and hence, Theorem 2.34 is not applicable here.

From Examples 2.40 and 2.41, it follows that Theorems 2.33 and 2.34 are inde-
pendent of each other.

The following example illustrates a case where none of the Theorems 2.33-2.35
is applicable.

Example 2.42 Consider the model,
x'(t) = 1.7(xo — x(2)) =20 U(x())y(t) + (0.78)/_ f(t —s)y(s)ds

V() = =3y(t) + 19y(2) /_ g(t — $)U(x(s))ds,

in which
0<x<30

_x
U(x) = { 10+x2° )
) { 3 otherwise

o1
Here we have chosen that b = 0.6, y = 1.3, D = 1.7, and xo = 3.2.
Then the equilibrium solutions are x* = 3,y* = 0.14298, U(x*) = 13—9,
k =1/10.
It is easy to check that since, aU(x) < by for x > 25.25, Theorem 2.33 and
Theorem 2.35 are not applicable here. At the same time, as D — ck < 0, Theorem
2.34 is also not applicable.

2.6 Discussion

We have observed throughout that in the absence of any delays the existence of a
positive equilibrium implies its stability. In the presence of time delay in material
recycling, may it be discrete or distributed, the positive equilibrium continues to
be locally stable, independent of time lag. It is also shown numerically in Beretta
et al. [7] that the stability region of the positive equilibrium of (2.40) is large
but trajectories approach the equilibrium through oscillations when time lags are
considered. In case of instantaneous material recycling and no delay in growth re-
sponse, arguments indicate that the recycling has a stabilizing effect on the system
(Ruan [79]). Bischi [13] considered the effect of the delay in material recycling on
the resilience, that is, the rate at which the system returns to a stable state following a
perturbation. It has been shown that when the system is characterized by oscillatory
behavior an increase in time delay can have a stabilizing effect.

As a final remark we conclude from all the local and global results that when
the time delays in material recycling and growth response are sufficiently small, the
system remains stable.
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2.7 Notes and Remarks

From the earlier discussion it is evident that the time delay in growth response of
the consumer species is the key so far as the instability due to time delays is con-
cerned. It is observed in Beretta and Takeuchi [12] that for a system with smaller
average time delay in growth Ty, the parameter region of global stability of positive
equilibrium is wider than the one with larger 7.

In Theorems 2.33 and 2.35, we require the condition aU(x) > by for x > x*
on the uptake function, which means that there is a threshold level of consumption
(supply) for the consumer species to survive. Clearly, these theorems do not provide
any clue about the stability of the positive equilibrium when aU(x) < by forall x >
X for some X > x* (see Example 2.42). There are no supporting terms in the model
(2.81) that avert this situation or explain the stability of the system, in such a case.
Moreover, one may observe that (2.81) is not complete in its form to explain the
limited nutrient—consumer dynamics of a natural system like a lake and there may
still be many biological (natural) factors that can influence the growth of the species.

These two observations mean that system (2.81) has a tendency of being dis-
turbed by variations in nutrient supply/consumption and time delays. This is the
starting point of our discussion in the following chapter where we explore further
the instability characteristics of models of this section.

Results of this chapter are the outcomes of efforts of many researchers. Results
of Sect. 2.3 are contributions of Freedman, et al. [35,36] at the early stages of the
development of the time models. The lone global stability result of this section and
the estimation on bounds (Theorems 2.2 and 2.3) are taken from the work of Beretta
and Kuang [9]. Models (2.27) and (2.28) are the choice of Ellermeyer [30], Hsu [54],
Wilokowicz et al. [106], and these models behave like a simple chemostat that fol-
lows the principle of competitive exclusion. Readers interested in these models may
refer the aforementioned articles for further exploration.

Contents of Sect.2.4 are mostly taken from the articles by He and Ruan [50],
Ruan [79], Ruan and He [80], and Beretta and Takeuchi [10, 11]. Some of the
delay-dependent stability results of this section are provided by Sree Hari Rao and
Raja Sekhara Rao [92]. The study in Sect.2.5 is the culmination of the efforts
of Beretta and Bischi [10], He and Ruan [50], Ruan [79], Ruan and He [80], and
Beretta and Takeuchi [10, 12], Kolmanovskii et al. [61], Freedman and Xu [39],
and Sree Hari Rao and Raja Sekhara Rao [86-90, 92]. Some interesting results are
available in Owaidy and Ismail [29], He, Ruan and Xia [51], Sanling and Maoan
[81], Sanling, Maoan and Zhein [82], and Sanling, Song and Maoan [83]. Lemma
2.23 is a modified version to functional differential equations of a result by Norris
and Driver [71] established for ordinary differential equations. The lemma can be
applied to all models of Sect. 2.2 to establish the existence of unique solutions. This
obviously provides conditions weaker than Lipschitz condition. Thus, our state-
ments in Sect. 1.7 of Chap. 1 are applicable here also.

Finally, we have used the words “standard arguments” to imply the application
of Theorem C.10 or Theorem C.11 of Appendix C as the case may be, in order to
obtain local/global stability results.
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2.8 Exercises

*®

10.

11.

12.

13.

14.

15.

16.

. Rewrite Theorem 2.3 for the system (2.7) (that is the one before scaling) to

understand the influence of the parameters.

Establish that system (2.29) is dissipative and bounded.

Obtain conditions for the uniform persistence of (2.29).

Perform a bifurcation analysis for (2.29) as in Sect.2.3 with the delay t as a
bifurcation parameter.

Derive the special cases of Theorems 2.4 and 2.5 for system (2.7). Can we let
y = 0 in the parametric conditions of Theorems 2.4 and 2.5?

Examples 2.18 and 2.19 uphold Theorem 2.17 over Theorem 2.15 in terms of
the lengths of the delay parameters and conditions on the delay kernel. Give an
example where Theorem 2.17 fails and Theorem 2.15 holds ? (see Sect. 2.5).
Obtain local stability conditions for the systems (2.29) and (2.32).

Study the occurrence of bifurcation phenomenon for model (2.32).

Can one conclude that the system (2.32) is unstable for large delays in recy-
cling? Construct an example.

The condition in Theorem 2.9 for local asymptotic stability does not depend on
the delay kernel of (2.40). What does it mean?

Explain how material recycling is going to contribute to the stability of the
system (2.40)?

Perform a bifurcation analysis of system (2.67). How is it different from those
for systems (2.32) and (2.40)? Explain what conclusions can be drawn from this
study?

Establish local stability results for system (2.67).

Theorems 2.15 and 2.17 are delay dependent. Obtain global asymptotic stability
results that are delay independent.

Utilizing Lemma 2.23 establish the existence of a unique solution to models
(2.7), (2.29), (2.32), (2.40), and (2.67).

Consider the system with instantaneous material recycling and no delay in
growth response,

x'(1) = Dxo — Dx(1) —aU(x(2))y(r) + byy(1).
V() =—(y + D)y(t) + cU(x(t)y(t).

This model may be seen as a special case of every model we have discussed
in this chapter by letting 7 = 0 in case of a discrete delay and f(s) = g(s) =
8(s) (Dirac delta) in the case the delays are continuous.

Apply methods of Chap.1 to establish (a) existence and uniqueness of
solutions, (b) boundedness and positivity, and (c) uniform persistence (see Def-
inition C.13, Appendix C) and modify Theorems 2.6 and 1.12 to establish (d)
asymptotic stability of positive equilibrium.

Can the stability of this system be derived from the results of Sect. 2.4 and
2.57 The answer is yes. Deduce all possible results. Can we say that “in the
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17.

18.
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absence of time delays, the very existence of a positive equilibrium itself im-
plies its stability?”” Do the earlier results support the statement of Sect. 2.6 that
material recycling has a stabilizing effect? This question should be studied in
the light of case 2 of Theorem 1.8 that warns against too much of nutrient input,
which may lead to washout of species y.

Construct a Lyapunov functional as in Theorem 2.15 to prove Theorem 2.4
directly.

Modify the Lyapunov functional in Theorem 2.17 appropriately to prove
Theorem 2.5.



Chapter 3
Instability Tendencies

3.1 Introduction

The main theme of this chapter is to study the instability characteristics of the model
equations induced by time delays. We have established in Chap. 1 that the basic
model (1.5) is structurally stable. Also when the average time delays are sufficiently
small, results are obtained for the boundedness of solutions, and local and global
stability of equilibria of the models of Chap. 2 by restricting the other parameters of
these systems. But we have noticed in Sect. 2.3 that in the presence of a time delay
in growth response, the system tends to lose its stability leading to Hopf bifurcation.
We have not discussed this aspect in case of other models such as (2.29).

Though four independent sets of sufficient conditions (Theorems 2.33 — 2.36)
for the global asymptotic stability of the positive equilibrium solution of (2.81)
are available, none of them could explain the situation in Example 2.42. Further
the independence of these results asserts that they represent different portions of the
stability region of system (2.81), which may be large. But Example 2.42, however,
escapes these portions. Does this represent a vulnerability of system represented
by (2.81)? May be true. Especially, when our model equations represent a natu-
ral system it is prone to external disturbances that tend to destabilize the system.
Example 2.42 provides one such situation where a low nutrient consumption affects
the stability. One may notice that the behavior of a food-consumer system depends
chiefly on

e Supply of nutrient and its supply rate;
e Time delays in growth process and material recycling.

The effect of time delay on growth response has already been discussed for the sys-
tem represented by (2.7). As a continuation of this, the study in the present chapter is
devoted to this aspect of instability characteristics that are introduced by the changes
in nutrient supply, its supply rate, and the presence of time delays on biological sys-
tems represented by the models of the earlier chapter. In this direction we first take
up model (2.67) for a discussion.

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 93
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_3,
(© Springer Science+Business Media, LLC 2009
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3.2 Instability Tendencies

Consider the model (2.67) given by
¥(t) = Dxy — Dx(t) — aU(x(0)y (1)
vy [ Oo £t = $)3(s)ds,
Y'(t) ==+ D)y@) +cUx( —1)y@), (3.1)

in which 7 > 0 is a fixed delay parameter. We assume that f(s) = ae™, o > 0,
and transform the system (3.1) by linear chain trick. For this we let,

(1) = /-f ae ™79y (5)ds.

—00

This transforms system (3.1) into

x'(t) = Dxo — Dx(t) —aU(x(1)y(t) + byz(?),
V() ==+ D)y@t) + cUx(t —1))y(t),
Z(t) = ay(t) — az(t). (3.2)

The equilibria corresponding to (3.2) are Ey(xo,0,0) and E*(x*, y*, z*) where
Z¥=y* and x*, y™* are given by (2.8) of Chap.2. Linearizing (3.2) around the
positive equilibrium (x*, y*, z*), we have

x1'(t) = —(D +ay*U'(x")x1 (1),
—aU(x*)yi(t) + byz (1),
yi'(t) = ey*U'(x")xi(t — 1),
2/ (1) = ayi(t) —azi (1), (3.3)

where x1(¢) = x(t) — x*, y1(t) = y(¢t) — y*,and 71 (¢t) = z(t) — z*.
The characteristic equation corresponding to (3.3) is

234 pA% 4 BA = Se T + pre T, (3.4)

in which
p=0o+D+ay*U'(x*) >0, B =a(D +ay*U'(x*)) > 0,

8§ = —acy*U'(x")[aU(x*) —by] <0, n = —acy*U(x™)U'(x*) < 0.
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Now let A = p +iv where A = A(7), u = u(r),and v = v(7).
Using this in (3.4)and rearranging, we get

wd =3 + p(u? —v?) + By = [(8 + nu)cos Tv + nu sin rv]e_”‘,
—v3 4+ 3u% + 2puv + By = [nv costv — (§ + nu) sin rv]e_”‘. (3.5)

For a change of stability, we require a pure imaginary root of (3.5), A = iv. Thus,
letting () = 0 for some v = 7 in (3.5), we have

—pb? =8 costh + nd sin D,
—03 4+ BD = nd cos D — § sin 7D, (3.6)
where D = v(7). Squaring and adding equations (3.6), we have
¢(0?) = 0% + (p* = 2B)0* + (B> — n*)P* — 8> = 0. (3.7)

Observe that ¢(0) < 0 and ¢(vA2) > ( for sufficiently large values of 1. There-
fore, the cubic equation (3.7) in v? has at least one real root v°.
From (3.6), we have corresponding to this D,

.1 D38 — pn) — DBS 2nmw
n =z i - —, =0,1,2,... 3.8
% = < arcsin ( TN ) += n (3.8)

Now differentiating both the equations of (3.5) with respect to t and letting t =
7,v = b, and u = 0 and solving for du/dz and dv/dz, we get

du(®)  AC — BD

= , 39
dr A? + B? (39
in which
A =30 —B—ntdsintd + (n— 8%) cos T,
B =2p0+ (n—467)sinTd + nTvcos i,
C =8%sintd — nv’cos D,
and D = nv?sintd + 87 cos 9.

Using (3.6), we have

d
AC — BD = ﬁ2[3ﬁ4 £ (0% —2B)0% + (B2 — ;72)] - ﬁ2dﬁi.
V
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Thus, if vy is the first root of (3.7), we have

du(f) W’ d¢

a2
= > 0,
ic oy p an)
where ;
.1 . Vo (8 — pn) — Vo8
7y = — arcsin ) )
Vo n*vp” + 82

The following result is a conclusion of the earlier discussion.
Theorem 3.1 Hopf-bifurcation from (x*, y*) of (3.1) occurs for t near %.
The following example illustrates this result.

Example 3.2 Consider the system
X(t) = 0.1(20 — x) — 10—
- 6+ x J

+(3.2) / r (0.2)e™020=9) y(s)ds,

, x(t—r1)
y)=—-@4.1y+ 96 x— r)y.

For 7 = 0 it is shown in Beretta et al. [8] that the system is globally stable. We
can use some of the results of Sect. 2.4, Chap. 2 to verify this. However, for = > 0,
Theorem 3.1 shows that at 7p = 0.39 the system undergoes a Hopf-bifurcation
and hence, loses its stability. Further a family of small-amplitude periodic solutions
bifurcate from it as t passes through 7, = 0.39.

Now consider the following model
t
(1) = R—aUGx()y(t) + by / £t - 5)y(s)ds,
—00

V() = —yy(®) + ey (1) /_ g(t — $)U(x(5))ds. (3.10)

which is a special case of (2.81). The model represents the growth in a lake when the
washout is negligible. Thus, the corresponding terms —Dx and —Dy are of no sig-
nificance now in (2.81). Further the new parameter R > 0 in place of Dx, represents
the nutrient available in the system at any time.

We assume that the uptake function is a monotone increasing function. Then a
nontrivial equilibrium solution of (3.10) is given by

* * —1 Y R
@) = U )

Clearly, (x*, y*) is positive provided y < ¢ and a > bc¢ hold.
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Linearizing the system (3.10) around the positive equilibrium and with the
change of variables x1(t) = x(¢) — x*, y1(¢) = y(t) — y*, and approximating

U(x) = Ux*) + U'(x*)x; we get
xi'(1) = —aU'(x*)y*x — Ly,
c
t
by [ - 9mes
—00
t
»n'(@) = cy*U'(x*)/ g(t — $)x(s)ds.
—00
The characteristic equation corresponding to (3.11) is
2 1k * /(% * ay
A2 aU' (x*)y*A + U’ (x*)y G(A)[?_bypu)],
where F(A) = [;° f(s)e ™ ds and G(L) = [, g(s)e**ds.
Let 4
u=al'(x*)y* = NU/(X*)R’

where ay
N =——by >0.
c

Then the aforementioned characteristic equation becomes
) byc
A4+ ul +uyGA) — —uG(A)F(A) = 0.
a
Now using
f(s) =ae™, g(s) =B, a>0 >0, sel0, 00)
we have 5
o
FA)=——, GA) = —.
@) A+ @) A+ B
Using these in (3.13) and rearranging, we get

PA =2 +a X +ar’ +ash +a, =0

witha; =a + B +u,a; = af + (a + Bu, as = B(a + y)u, and

ay = aﬂ(l — b—y)u

a

Consider the Routh—-Hurwitz polynomial (Theorem C.5, Appendix C)

(D(R) = da|ardsz — 6132 — 04012.

3.11)

(3.12)

(3.13)

(3.14)
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Then the occurrence of Hopf bifurcation at u = uy is ensured by the following
assumptions.

The spectrum o (1) = {A/P(A) = 0} of the characteristic equation is such that

o there exists uy € (0, 00) at which a pair of complex simple eigen values
A1 (ug) = Az(ug) € o(u) such that ReA(ug) = 0, ImA(ug) = wy > 0 and

(& (Rer@n) #0:
e all other elements of A(u) have negative real parts.

These criteria may be recorded here.

Theorem 3.3 A Hopf bifurcation of the equilibrium (x*, y*) of (3.10) occurs at
u = ugy € (0, 00) if and only if

do
®(up) = 0, (E)uﬂ £ 0.
Now define,
cNa 2cNa(a + B)
A= — ., B= o =
Ot—i_'B—i_a(a—i-y)’ @+h) ale +vy)
and
_ cNo(e + f)
C—(a+ﬂ)(ozﬂ— @y ) (3.15)
Then
D (u) = Bla + y)uh(u), (3.16)
in which
h(u) = Au®> + Bu+ C.
Then (3.16) implies that
sgn @(u) = sgn h(u) (3.17)
and if &1 (up) = 0 then
do
sgn E(MO) = sgn I’ (up). (3.18)

As the coefficients A, B, C are independent of the uptake function U, we discuss
the influence of the delay parameters on the sign of /(). Also notice that 4 > 0.
Then we can observe that af8-plane is divided into three regions depending on the
signs of B, C, and B2 — 4AC. In these regions /(u) will have a unique, two or no
positive roots.



3.2 Instability Tendencies 99

From Theorem 3.3 and (3.17), if uq is a zero of /(u) then using the definition of

u, we have
N

- aU’(x*)uO’

is a bifurcation value of the parameter R, the nutrient supply. We now have

Ro

Theorem 3.4 The following conclusions hold:

1. If C < 0 then a unique Hopf bifurcation value Ry € R4 exists such that for all
R € (Rg, 00), (x*, y*) is locally asymptotically stable.

2. Incase C > 0, B <0, and B> —4AC > 0, two values Rg1, Ryy € Ry exist
at each of which a Hopf bifurcation occurs. The equilibrium (x*, y*) is locally
asymptotically stable for all R € Ry — [Ro1, Roy].

3. IncaseC >0,B>00rC >0,B <0, and B> —4AC < 0, (x*, y*) is locally
asymptotically stable for all R € R4.

Notice that in the second case 8 > «. This explains the case where the recycling
is a slower process than the growth process.
Exploring further the following conclusions are arrived at by Beretta et al. [7]

and Beretta and Bischi [6].

Conclusions

—

. If the delay in the growth process is neglected, no Hopf bifurcation occurs.

2. A time delay in material recycling gives rise to the possibility of one or two Hopf
bifurcations as given in Theorem 3.4.

3. In the absence of a delay in recycling, there is at the most one Hopf bifurcation
for B < B = [y(a — bc)]/c and no bifurcation for § > B.

4. In case of two Hopf bifurcations Ro, Rpy, we have stability for R € Ry —
[Ro1, Roz]. Rz is almost as the one without recycling and Ry, is due to recycling
with delay.

5. Computer simulations show that the bifurcating closed orbits are asymptotically

stable near the bifurcation points. As R varies through Ry; to Ry, there exists

a family of periodic orbits with amplitude increasing, reaching a maximum and

then decreasing. Further, as R increases the biotic species y undergoes a tran-

sition from a low stable equilibrium state to a high stable equilibrium through
stable oscillations.

To conclude, when the average time lag in the growth process is bigger than the time
of decay of the species (1/y) and the time lag due to nutrient recycling is sufficiently
large, two Hopf bifurcations occur as nutrient supply R varies. The equilibrium is
stable for low values and high values of R and is unstable for intermediate values
of R with periodic orbits around it. The time delay in growth process destabilizes
the equilibrium for low values of R, while the presence of time delay in recycling
stabilizes it for low values of R, giving the possibility of having a lower bifurca-
tion value.
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3.3 Instability Characteristics of Model (2.81)

Motivated by the above study, we shall now make a detailed analysis of model equa-
tions (2.81) with regard to its instability characteristics. System (2.81) is

xX'(t) = D(xo — x(1)) —aU(x (1) y(t)

+ by /_ £t — 5)y(s)ds,

Y1) =—(y + D)y(t) + Cy(l)/_ gt —s)U(x(s))ds. (3.19)

We may expect system (3.19) to fall into one of the following possible situations
of instability.

1. System (3.19) may have an unbounded solution and all other solutions approach
this unbounded solution asymptotically.

2. Solutions may approach, as  — oo, the axial equilibrium (xg, 0) of (3.19) (whose
existence is always guaranteed) driving the species y to extinction.

3. System (3.19) may not have a positive equilibrium lying in the interior of the first
quadrant. In case system (3.19) admits a positive equilibrium it may be unstable.

We take up each of these possibilities in that order. We shall first obtain sufficient
conditions for an unlimited (unbounded) growth of populations. To make matters
simple and to obtain explicit conditions we let the delay kernels to be

f)=e?, gs)=e?, p>0, ¢g>0, sel0,00). (3.20)

The following result provides conditions for the existence of a solution of the
type
x(t) = xo + Ae*, y(t) = BeP’, a,f € R to system (3.19) where A, B are
nonnegative real numbers.

Theorem 3.5 Let the delay kernels be as defined in (3.20). Then we have the
following:
Case 1 Let U(x) = —*—. Then system (3.19) has a solution of the type (xo +

m-+x "
Ae®', Be~*") provided the average delays satisfy either of the conditions,

(a) p<y+D+Lby, y+D—p<£<y+2D,
(y +2D)x; q

b) psy+p+ 2B C . op 3.21)
(y +2D)x}

Case 2 System (3.19) admits a solution of the type (xo + Ae*’, Be®") provided

Bby c
—~ and — —  _[Bby — ApD 3.22
<—p ™ q<Bpa(y+D)[ y — ApD] (3.22)
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holds where « is given by

=M + \/M?—4N(Ac + Baq)
N 2(Ac + Bagq)

(3.23)

in which M = [Ac(p + D) + Baq(p +y + D)), and N = Bapq(y + D) +
AcpD — Bbyc.

Proof Assuming that x(¢) = xo + Ae* and y(¢)
after a substitution and rearrangement,

BeP" satisfy (3.19), we get

Bb
(@ + D)Ae” = —BaU(xy + Ae*")ef’ + 2OV o (3.24)
p+p
and .
B+y+D=c f e 1™ U(xo + Ae*)ds. (3.25)
—00
Equation (3.25) upon differentiation with reference to ¢ yields
Ulxo + Ae®') = %(ﬂ +y+ D). (3.26)
Now from (3.24), we have
pet = B[ v adg e (3.27)
a+D|p+B ¢ ' '

We now explore some possibilities of finding out & and B satisfying (3.26) and
(3.27).

Case I Leta +f =0and U(x) = x/(m + x),m > 0.
In this case (3.26) yields after some simplifications

Aeat — mq()/ + D —O[) — %
c—q(y+D—a)
and (3.27) becomes
b
A(o + D)e* = B |:—V - ﬂ(y +D —oz):| )
p—u c

Eliminating %’ from these two equations, and simplifying we get

c(a+ D)mg(y + D —a) — xo(c —q(y + D —)*(p — )
= ABJbyc —aq(y + D —a)(p — &)llc — p(y + D — ).
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Now consider the polynomial

H(x) = c(a + D)[mq(y + D —a) — xo(c —q(y + D — )’ (p — @)
—AB[byc —aq(y + D —a)(p —a)][c — p(y + D — )]

Clearly,

H(y + D) = [(y 1 2D)2(p—y — D) — ABby]c3

H(y+D—5)=c3m2(y+2D—5)(5+p—y+D).
q q) \q

Clearly by the hypotheses (a) of (3.21) we have H(y + D) <0Oand H(y + D —
¢/q) > 0, and by (b) of (3.21), we have H(y + D) > 0and H(y + D —¢/q) < 0.
In either case we can always find «* € (y + D —c/q,y + D) such that H(a*) = 0,
since H (o) being a polynomial in « is continuous in «. Clearly « = o is the
required solution.

Now consider

Case 2 Leta = B in (3.26) and (3.27).

Then from (3.27) we get

and

(Ac + Bagq)o* + [Ac(p + D) + Baq(p + y + D)l
+Bapq(y + D) + AcpD — Bbyc = 0.

This equation certainly has a positive root @ = o™ if
Bapg(y + D) + AcpD — Bbyc <0 (3.28)

and is given by

o — —~M + /M2 —4N(Ac + Baq)

, 3.29
2(Ac + Bag) (3:29)
where M = [Ac(p+ D)+ Baq(p+y+D)], N = Bapq(y+ D)+ AcpD—Bbyc.
Note that hypotheses (3.22) imply that (3.29) holds. O

The following result is an immediate consequence of Theorem 3.5.

Corollary 3.6 Assume that the conditions of Theorem 3.5 hold. Then system (3.19)
has an unbounded solution.

Proof Assume that the conditions (3.21) of case 1 of Theorem 3.5 holds. Then the
existence of a solution (x¢ + €*',e~%") implies that either the nutrient or the con-
sumer becomes unlimited as ¢ — oo accordingas o > O or o < 0.

If the conditions of case 2 hold then both the nutrient and consumer tend to oo as
t — oo as the existence of @ = a™ > 0 is ensured by (3.22) and (3.23). The proof
is complete. O
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The following examples illustrate Theorem 3.5.

Example 3.7 Consider the system (3.19) given by

(1) =23 —x)— 10 — +1/°o—5"' (t —5)d
x'(t) = X rp v > ), e 7’y s)ds.

y'(t) = —6y + 6y /000 e_%sU(x(t —5))ds.

Herey =4,D =2,b = %,xo =3,andU(x) =x/(@4+x)and p =6/7 =gq.
Clearly y+ D > pandy+ D —p < ¢/q < y +2D hold, satisfying conditions («)
of case 1 Theorem 3.5. Then by (3.21) we have —1 < a* < 7 such that H(«*) = 0
(see proof of Theorem 3.5) and by case 1 of Theorem 3.5, x = 3 4+ Ae*" and
y = Be " is a solution of the earlier system for any nonnegative real numbers
A, B.

Example 3.8 Consider the system

1 [ _.
x'(t) =2(6—x)— 10(4_T_x)y + 5/0 e 11 y(t —s)ds

Y (t) = —6y + 6y /Oooe—%f U(x(t — s))ds

with D = 2,a = 10,¢c = 6,b = %,y = 4,andxy = 6. Clearly, p = 1/11 and

q = 1/2. For the choice, A = 0.2, B = 1, we observe that

! B o5 L
— = —= =125 and = =
174D 2 4

c
< Bpa(y + D)[Bby ApD] = 0.51.
Now M = [Ac(p + D)+ Baq(p+y+ D)] =32.96and N = Bapq(y + D) +
AcpD — Bbyc = —0.05454. Using (3.29), we have o = 0.001484 (approx.).

Therefore, by case 2 of Theorem 3.5, x (¢) = 3 + (0.2)e? 001484y (1) = 0001484
is a solution of the earlier system.

The following conclusions may be drawn from the earlier results and examples.

From conditions (a) of (3.21) we can understand that when the total death rate
y + D is small, a small delay in material recycling in combination with a large delay
in growth response of y gives rise to unbounded solutions. This is clearly the case
where the nutrient concentration x grows unlimited while the species y becomes
extinct eventually.

Again when the death rate y 4+ D is high, conditions (b) of (3.21) imply that the
system cannot tolerate a large delay in material recycling when the delay in growth
response is small. Obviously in this case the nutrient concentration decreases while
the consumer species population grows exponentially.

Finally, we can expect unlimited growth both in nutrient concentration and
consumer species population in case the delays in material recycling and growth
response are sufficiently small as required by conditions (3.22).
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Remark 3.9 Though we have not explicitly shown that the conditions on the
parameters in Theorem 3.5 and the conditions 1 and 2 below Theorem 2.28
are complementary, Examples 3.7 and 3.8 show that the conditions for uniform
boundedness are violated here. We also note that by dropping the condition
Ty = [000 sf(s)ds < oo, it is shown in Beretta and Takeuchi [10] that if (3.19)
admits an unbounded solution, it oscillates about 3. But Theorem 3.5 explicitly
describes the circumstances under which an unbounded solution exists.

We now modify slightly the consumption of the nutrient by the biotic species and
see how it influences the unbounded nature of the solutions.

Let W(x) = U(x) + h(x), where h(x) is continuous and bounded on [0, c0)
such that |i(x)| — 0 as x — oo, represent the new consumption law.

Now consider the system

x'(t) = Dxog — Dx(t) —aW(x(t))y(t) + by /(; f(s)y (@ —s)ds,
Y1) =~y +D)y(t) + Cy(l)/; gEW(x(r —s))ds (3.30)

Assuming a local Lipschitz condition on W(x), we may establish that the so-
lutions of (3.30) exist, are unique, and continuable on their maximal intervals of
existence. Our aim here is to obtain conditions under which the solutions of (3.30)
approach the unbounded solution (u,v) = (xo + e*, ef) of (3.10) obtained under
the hypotheses of Corollary 3.6.

For this, we consider f(s) = e 7%, g(s) = e¢™?°, p,g > 0 as in (3.20) and
U(x) = x/m + x, m > 0, the Michaelis—Menten uptake function.

Letting x = xo +¢e*, @ > 0and y = e/’ in (3.19), we obtain

o0
ae” = —De* —aU(xy + e*)ef’ + by[ F(s)e P9,
0

p

—(y+D)+c /OO 2(s)U(xo + ™) ds. (3.31)
0

Using (3.31) in (3.30) and rearranging, we get

x' —ae* = —D(x —xo —e*) —ay[U(x) — U(xg + )]
—aU(xo + ) (y — )

by / T O = 5) — e PIds — ah(x)y,
0
V() = By + ey /0 gOUG( —5)) — Ulxo + “=)]ds

+cy /000 g(s)h(x(t —s))ds. (3.32)



3.3 Instability Characteristics of Model 105

We now state

Theorem 3.10 Assume that the conditions of Theorem 3.5 hold. Assume further that
fooo |h(x(s))|ds < oo. Then the solutions of (3.30) are asymptotic to (xo + %', eP")
provided
ck byD
49> = P> 72 7 1 v
D ak(B+y + D)

where k is the Lipschitz constant defined on U in (2.82).
Proof Fort > 0 define

V(t) = |x — (xo + €| + |log y(t) — loge?|
cay [0 [ e - Hlacas
e /0 " o) / _ U(x(2) - Ulxo + ) dzds

+c/0 g(s) t ‘|h(x(z))|dzds.

-

Clearly V(¢) > 0 and

[oe) t
V(xo + e, ef") = c/ g(s)/ |7 (xo + €**|dzds.
0 t—s

Now for sufficiently large ¢, and positive o, xo + e*' — oo implying that /(xo +
€*") — 0, by the assumption on /. That is, we can find T > 0 sufficiently large so
that t > T implies V(xo + e*,ef’) — 0.

Now for ¢t > T, the upper right derivative of V' along the solutions of (3.32) is
given by

DYV < Dlx — (x0 + )] —ay|U(x) — Ulxo + )|
—aU(xo + )|y — | — ay|h(x)|

o0 o0
~ el = Ut + <] [ g@ds + el [ g(s)ds
. 0 0
wbyly =] [ foras
0
k 1
<- (D — C—) |x — (xo +€*)| — (aU(xo +e*) — by—)
q p
1
x|y —ef'| —ay|U(x) = Ulxo +¢*)| + Calh(X)L
Now from the second equation of (3.31) (see equation (3.26)), we have

Ut +e) = LB+ + D)
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Thus, we have
k
DV < — (D - C—) I — (xo + )|
q

b
(L= L)1y =+ o
p q

Now the negative definiteness of DV follows from the hypotheses and the re-
mainder of the proof can be completed as we have done in the earlier global stability
results. O

Remark 3.11 1f h(x) = 0, Theorem 3.10 provides conditions under which all the
solutions of (3.19) when f(s) = e 7, g(s) = e %, and U(x) = x/(m + x) are
asymptotic to the unbounded solutions (xo + e*’, ef?).

3.4 Equilibria and Instability

Let Fi = [;° f(s)ds < oo and Gy = [;° g(s)ds < oo. That is, f, g need not
be normalized kernels. The equilibrium solutions of (3.19) are the solutions of the
system

Dxog — Du—aU(u)v + byFv = 0,
—(y+ D)yv+ cvU)Gy = 0. (3.33)
Clearly (u,v) = (xo,0) always satisfies (3.33) and is the partially feasible equi-

librium solution of (3.19).
For any nontrivial solution (x*, y*) of (3.33), we must have

Dxo — Dx* —aU(x*)y* + byF1y* =0,

—(y + D) + ¢G U(x*) =0, (3.34)
which yields
D D —x*
Uy = 25D g yr = PG =xD) (3.35)
aU(x*) —byF,

We have the following conclusions.

1. If (y + D)/(cGy) > L, then there exists no x* satisfying the relation U(x*) =
(y + D)/(cGy) since U(x) < L, VY x € [0, 00).
Then (3.34) cannot have a positive solution and hence, (3.19) possesses no posi-
tive equilibrium solution if (y + D)/(cGy) > L.

2. Incase (y + D)/(cG,) < L, by the continuity of U, we can always find x* > 0
satisfying U(x*) = (y + D)/(cGy).

(a) Yet the system (3.34) cannot have a positive solution if (xo — x*)(aU(x*) —
b)/Fl) < 0.
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(b) Finally a positive solution to (3.34) exists and is a positive equilibrium
solution of (3.19) if

(xo —x*)(aU(x )—b);le) >0 (3.36)

and G, < L

We study the following cases now:

1. the global asymptotic stability of (x¢, 0) leading to the extinction of species y;
2. conditions under which the positive equilibrium (x*, y*) of (3.19) (when it ex-
ists) is unstable.

The next theorem provides conditions under which the axial equilibrium (xo, 0) is
globally asymptotically stable. Since the proof of this theorem is quite similar to
that of Theorem 2.32, we omit the details.

Theorem 3.12 Assume that the delay kernels satisfy (2.84). The equilibrium
solution (xo,0) of (3.19) is globally asymptotically stable provided (y + D)/
(C G]) > L.

Since (y + D)/(cGy) > L here, we may conclude that the global asymptotic
stability of (xg, 0) excludes the possibility of the existence of a positive equilibrium
to (3.19) (see conditions 3.36).

Now we consider the second possible case for instability of the system, namely,
the instability of a positive equilibrium solution. In the remainder of the section,
we assume that the conditions (3.36) hold so that a positive equilibrium solution
(x*, y*) to (3.19) exists. We then linearize system (3.19) around this positive equi-
librium (x*, y*) and obtain conditions for the instability of (x*, y*). One way of
establishing this is to show that the characteristic equation corresponding to the lin-
earized system admits at least a root with positive real part under the conditions
specified. Such an approach is followed in earlier section for system (3.10) employ-
ing Routh—Hurwitz criterion (see Theorem C.5 (Appendix C)). In this section, we
shall follow a geometrical approach to find a root with positive real part.

Denoting x1(¢t) = x(t) — x*, y1(t) = y(t) — y* and U;(x1) = U(x) — U(x™)
and rearranging, (3.19) may be written as

x1(t) = =Dxi (1) —aU(x1 (1)) (y1 () + y™) —aU(x")y1(1)

+by£ £t — s)ds

)«n=4mm+yﬂA ¢ UL (1t = 5))ds (3.37)

Note that (0, 0) is the equilibrium solution of (3.37) corresponding to (x*, y*)
of (3.19).
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Assume that U’ (x) exists. Now linearizing (3.37) around (0, 0), taking U; (x1) ~

U’ (x*)xl, we obtain after some rearrangements,

x((t) = =(D +ay*U'(x")xi1 (1) —aU(x")y1 (1)

+ by [0 F5) 1t —5)ds.

0 = e U6 [ g - sas
0
which can be written as
X'(t) = RX(t) + /00 k(s)X(t — s)ds,
where X (1) = (x1(2), ()",

R— (—D —ay*U’(x*) —aU(x*)) 7
0 0

B 0 byfis)
k(s)‘(cy*v’(x*)g(s) 0 )

The characteristic equation of (3.39) is given by
o0
PO =111 =R~ [ ke asl =0,
0

which can be written as
P(l)=1>+ Al + G()[B—-CF(l)] =0
where
A= D +ay*U'(x*),
B = acy*U(x"U'(x*)

and
C = bycy*U’'(x¥),

F(l) = /O - f(s)e*ds,

G() = /Ooog(s)e_”(_ls.

We are now in a position to state the main result of this section.

(3.38)

(3.39)

(3.40)

(3.41)
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Theorem 3.13 The characteristic equation (3.40) of system (3.38) admits at least
one root with positive real part if either of the following conditions holds.

(a) 0 < U'(x*) and aU(x*) — byF, <0,

(b) — ay% < U'(x*) < 0and aU(x*) —byF, > 0.

Proof We write the characteristic equation (3.40) as Q(/) = S(/), in which
Q()=1*>+ Al and S(I) = G(l)[CF(]) — B].

Observe that Q(0) = 0, Q(c0) = oo and
, A
0'(l)y=21+A>0 f0rl>—5.

Now

S(0) = G(0)(CF(0) — B)
= G1(CF, — B) = G1[byF) —aU(x")]cy*U’(x%),

where Gy = [;° g(s)ds and Fy = [;° f(s)ds.
Clearly S(0) > 0 by either of the hypotheses (a) and (b).
Also S(I) > 0asl — occ.
Therefore, when (a) or (b) holds, we can always find a [* > 0 such that
Q™) = Ss™).

Clearly, [ = [* is the desired positive real root of (3.40). O

The geometrical ideas involved in the proof of Theorem 3.13 are highlighted in
Fig. 3.1.
The following result needs no proof.

Corollary 3.14 Assume that the hypotheses of Theorem 3.13 hold. Then (x*, y™*)
of system (3.19) is unstable.

A Special Case

Now consider a special case of (3.19) in which f(s) = e 7 and g(s) = e %, p,q
are positive, real and obtain specific conditions on the parameters of the system for
instability.
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Fig. 3.1 Geometrical explanation

Clearly,

F() = [0 f(s)e™ds = ﬁ

and

o0 1
G(l) = gy = —
() /0 gls)e™ds = 5 .
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Using these in (3.40) and rearranging we get
'+ A+ p+q@)l’ +[A(p+4q) + pqll* + (Apg + B) + Bp —C = 0. (3.42)
Now we consider
Bp —C = acy*U(x"U'(x*)p — bycy™U’(x*)
= peylale) = LU,
Since p, c, y* are all positive, Bp — C is negative if and only if
|:aU(x*) - b%:| U'(x*) <0.
Since F; = [000 f(s)ds = 1/ p in this case, we can observe that (3.28) possesses
a root with positive real part if (aU(x*) — byFy)U’(x*) < 0, which is exactly the
condition required by Theorem 3.13 for the instability of (x*, y*). Let us explore

for a further possibility of instability of (x*, y*). Let us consider the second-order
Routh—Hurwitz determinant D, corresponding to equation (3.42),

A+p+q Apg+ B

1 A(p +4q) + pq
= A+ p+9Ap+9) + pg) — (Apq + B)
=(p+q)(A+ p)(A+q)— B (after some rearrangements).

D, =

If D, < 0, there is a change of sign in (3.42) indicating the existence of a root
with positive real part, for which we require

(p+q)(A+ p)(A+q) <B.

We record these observations as

Theorem 3.15 Assume that the delay kernels f and g are given by f(s) = e ¢
and g(s) = €79, p,q > 0. The positive equilibrium (x*, y*) of (3.19) is unstable if

(p+q)(A+ p)(A+gq) <B, (3.43)

in which A and B are as defined in (3.41).
The following example illustrates Theorem 3.15.

Example 3.16 Consider the model
1 o0
x'(t) = (0.25)(6 — x(1)) — 10 U(x)y(t) + Z/- e_%‘yy(t — 5)ds,
0

y'(t) = —10y(t) + Sy(l)/; e U(x(t — 5))ds

in whichy =9.75,b = 31—9, U(x) = 75, and f(s) = e 1 = g(s).
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Clearly F; = 4 = G;. The equilibrium values are U(x*) = (y + D)/(cG) =
1/2, x* = 4,and y* = 1/8. Also U’ (x*) = 1/16.

Clearly U’ (x*)(aU(x*) — byF;) > 0. Therefore, instability expressed by Theorem
3.13 does not arise.
Now with p = ¢, condition (3.43) becomes

2p(A+p)*—B <0 .

Here p = 1/4,A =D + ay*U’'(x*) = 21/64 and B = acy*U(x*)U’(x*) =
25/2, clearly satisfy (3.43). Therefore, (4, %) is unstable by virtue of Theorem 3.15.

The following example illustrates a case where system (3.19) does not possess a
positive equilibrium.

Example 3.17 Consider the system

x'(t) =2(6—x(t)) — 10 U(x)y(t) + l/Ooe_llls y(t —s)ds
2 Jo
V(1) = —6y(t) + 6y(t) /0 e 25 U(x(t — s))ds

inwhichy =4,b =1/8,and U(x) = x/(4 + x).
Clearly F; = 11 and G| = 2. The equilibrium values are

1
U(x*) = 3 x*=4, and y* =-8.
Since xo = 6 > x* = 4and aU(x*) — byF; = —1/2 < 0, the earlier system does
not have a positive equilibrium.

3.5 Biocontrol Mechanisms

We have observed the possibilities of extinction of species in some cases and
unlimited growth of species in some other cases. Assuming that all other condi-
tions are conducive for growth, we have regarded so far food (aided by the time
delays in the growth process of the consumer and in regeneration of material from
the dead) as the prime factors influencing the growth of populations. In this case, the
survival of the species depends only on food—consumer interactions. If the popula-
tions are either wise enough to store food for future like ants, human beings, etc. or
can produce food like human beings do in accordance with the rise in populations,
survival may not be a difficult problem in these cases. But most of the species in
nature do not possess either of these two qualities and this seems to be one of the
important reasons that forces extinction of species.

Yet there are many species still surviving despite the fact that they can neither
produce food nor store it for future consumption, maintaining food—consumer
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balance remarkably. We may understand from this that nature provides some con-
trol mechanisms to balance food—consumer equations. This naturally calls for the
influence of other factors for growth such as environmental conditions (space, tem-
perature, light, etc.), diseases, and competition among populations. When the basic
system has such an in-built mechanism that keeps the system stable, it evokes little
interest.

It is going to be important in Nature’s view point and challenging in researcher’s
(naturalist’s) view point to find/design some control mechanisms that drive a species
from extinction and regulate the unlimited growth of some other species. This
balancing act may be viewed as stabilizing a system that tends to exhibit in-
stability characteristics. For such a study identification of key (growth influenc-
ing) parameters and mechanisms that can regulate the growth making the system
disturbance-tolerant is important. The following are some important observations in
this direction.

Nothing is permanent in nature. Especially food supplies are season-dependent.
For example, during summer the inflows are very low resulting in a scarcity of food.
In such a situation, the species compete for food and only the winners survive even-
tually. In some cases the species try to settle down at places where food is available
and the species may die of suffocation due to overcrowding in these locations. In
any case low nutrient levels lead to death of some of the species until such stage that
the available nutrient sufficiently feeds the remaining species. In this case survival
of species continues in low numbers until the situation improves. The study of this
phenomenon leading to a self-regulation of the species will be the content of our
next chapter.

During the rainy season the inflows are usually high. Thus, nutrient levels natu-
rally go up. But there is always a danger of high outflows resulting in the washout
of nutrient as well as consumer species. To survive this the species may move to a
safer place where the washout is low but nutrient is readily available. One such place
could be the bank of a lake or canal or walls of the container in case of a chemo-
stat. This type of movement by a portion of the species to a region in the growth
medium may help improve the possibility of survival. We shall make this a point of
discussion at a later part of this book.

It would be interesting to know what happens in between these two seasons. We
suppose a regulated, reasonably good supply of nutrient. That is, the supplies may be
fixed in good numbers for a given length of time. Some times it may happen that the
total food consumption remains unaltered irrespective of the consumer population
size and supply of food. This is a calm-down situation for the consumer species and
there is no pressure on the supply/availability of nutrient. We may expect in such a
case that the state of the system remains unaltered for a particular length of time. We
shall see that this phenomenon is also going to play an important role in our study
on the instability of the systems we have considered.

In all the aforementioned situations we notice that the nature has a tendency
to regulate the growth accordingly. How to incorporate these phenomena into our
model equations and study their characteristics in terms of our mathematics will be
the point of contention of the next three chapters.
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3.6 Discussion

In this chapter we have understood that the systems represented by the models in
the earlier chapter have the tendency of being disturbed by the presence of time
delays in growth response and material recycling and also by variations in food
supply. Observing the situation more closely, we have recorded various natural
reasons for the disturbances and also remedies posed by nature. As already noted
the main question before us is to handle these situations in terms of mathematics.
Researchers have provided enough clues to this task. Confining our attention to
model equations (2.81), we incorporate each of the phenomena noticed in Sect. 3.4
and study its influence on the system. That means we try to understand how the
consumer species change their course of reaction to suit the seasonal changes and
their needs. In the next chapter we begin with a study of the first situation described
in Sect.3.4 to understand the self-regulation of populations when low supply of
nutrient limits their growth.

3.7 Notes and Remarks

To establish the instability of the systems under consideration, we have resorted to
a local stability analysis by linearizing the model equations around the equilibria.
The readers might have noticed that all the stability analysis whether it is local or
global is via Lyapunov function(al)s. To our knowledge there exist no instability
results as far as many of the models of Chap. 2 are concerned. Establishing insta-
bility using Lyapunov functionals is not new and there are many useful functionals
and examples available in the literature (see, e.g., the books by Kolmanovskii and
Nosov [60] and by Burton [15]). An attempt in this direction will be very useful
and is worthwhile trying. Because the basic model in the absence of time delays,
that is (1.3), is structurally stable the very existence of a positive equilibrium so-
lution implies its stability. This may help decide whether the instability is just
local or complete. The books by Hirsch, Smale and Devaney [52], Perko [73] and
Stepan [97] provide methods on bifurcation analysis for a good understanding of
the stability or instability characteristics dynamical systems.

Also for most of the models results on uniform persistence are not available.
Since persistence also implies an eventual survival such results could be of interest
in the context of instability discussed here.

The analysis of system (3.1) and Example 3.2 presented in the chapter are pro-
vided by Ruan [79]. It is noticed by Beretta et al. [7] that for t = 0, the system
in Example 3.2 is stable. Therefore, one may understand that the time delay in
growth response is playing a major role in disturbing the stability of the system.
See also Remark 3.9 in this context. We refer the readers to the articles by Beretta
and Bischi [6] and Beretta et al. [7] for more details on the influence of time delays
on stability of these systems in the opinion that a finite mean delay in material re-
cycling contributes to the stability while a delay in growth response destabilizes the
system. The remaining results are from Sree Hari Rao and Raja Sekhara Rao [93].
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3.8 Exercises

1. Study the instability of (3.1) regarding the supply rate D, as a bifurcation param-
eter as in Theorem 3.4.

2. Derive instability result for (2.4) when the delays in material recycling and
growth response are fixed constants.

3. Study (2.4) with different delays 7; in material recycling and 7, in growth
response. What happens when (a) t; << 12 (b) » << 117?

4. Obtain results similar to Theorem 3.5 for fixed time delays t; in material
recycling and 1, in growth response.

5. Check whether the conditions on parameters in Theorem 3.5 and conditions
below Theorem 2.28 are complementary. (they define different parameter re-
gions).

6. Can we derive a global instability result for the equilibrium (x*, y*)? We notice
that for system (3.1) a complete instability region of parameters is difficult to
achieve when a positive equilibrium exists. Is this true because the corresponding
system without delays is stable?

7. Study the case where material recycling is instantaneous and the delay in growth
response in distributed. Analyze the comments in section 3.7 in this case.



Chapter 4
Self-Regulation

4.1 Introduction

Nature generally checks the unlimited growth of populations through many ways.
One of the important factors that influence the growth of populations is the “fi-
nite carrying capacity” of the environment in which the species grow. The term
carrying capacity is a parameter representing the resources, e.g., food, space, sun-
light, etc. on which the species grow. If the initial size of the population is small,
the population grows approaching the carrying capacity of the environment and if,
the population is initially very large, it decreases approaching the carrying capac-
ity asymptotically as # — oo. A simple differential equation which represents the
growth of population with a carrying capacity k is

dx ( x)
—=rx|1—-=],
dr k

where r is any real constant. The solution of the above ordinary differential equation
is given by
]g )506”
X=

k — Xo + xpe’!
where X is the size of the population at 1 = 0. ~

Clearly when xo < k, the population grows approaching k_asymptotically as
t — o0o.If Xo > k, the population decreases again approaching k& asymptotically as
t — oo. If Xy = k, the population remains constant in time at x = k. A graphical
representation of the solution of the above ordinary differential equation is given
in Fig.4.1. The growth of populations is generally confined to the specific region
where the nutrient is readily available. For example, in a chemostat the growth of
the consumer species is confined to the culture vessel whose volume is finite and in
lakes, the growth is more likely in the area where the nutrient levels are rich. Such
an environment (nutrient-rich region) can support only a finite group of consumer
species. Thus, while modeling population growth, one has to take into account the
carrying capacity of the environment.

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 117
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_4,
© Springer Science+Business Media, LLC 2009
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v

Fig. 4.1 Solution of the system involving carrying capacity

Growing large populations in a small region leads to death of species due to suffo-
cation, diseases, etc. (overcrowding effect). When food supply is limited, large pop-
ulations compete for food resulting in death of some of the species. Our aim in this
chapter is to study the growth of microorganisms with limited nutrient supply under
the influence of these factors. We propose the following system of equations modi-
fying the model (2.81) to include the finite carrying capacity of the environment.

x'(1) = D(xo —x(1)) —aU(x(1))y(t) + by /_ St —s)y(s)ds,
y'(t) =—(y+ D)y(t) + cy(t)/_ gt —s)U(x(s))ds —dy*(1). (4.1

All the terms in (4.1) have the same meaning and definition as in (2.81), except
for the term “—dy?” which represents the death of the species y due to the finite
carrying capacity of the environment or due to the intraspecies competition among
the species. The positive constant d is such that 1/d is the carrying capacity of
the environment. We study the impact of this term —dy? on the stability properties
of the equilibrium solutions of (4.1). We observe that the parametric conditions in
Theorems 2.33-2.36 of Sect. 2.5, Chap. 2 do not provide any information about the
stability of the positive equilibrium when aU(x) < by for x > x™* (that is, at low
levels of nutrient supply or consumption). Thus, our interest here is to study the
survival of species at these low levels of nutrient consumption (supply).
We assume the following initial conditions for the system (4.1).

x(s) = ¢1(s), y(s) = ¢a(s), —o0 <5 =0, (4.2)

where ¢; for j = 1,2 are bounded, continuous, nonnegative functions on (—oo, 0].
This chapter is organized as follows.
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In Sect.4.2, we study the basic properties of solutions of (4.1) and establish the
existence of equilibria. Results relating to the nonnegativity and boundedness of
the solutions of (4.1) are presented in this section. Persistence of solutions is given
in Sect.4.3. The global asymptotic stability of equilibria is discussed in Sect.4.4.
Existence of periodic solutions to our model equations is discussed in Sect.4.5.
Influence of self-regulatory mechanism when the delay in growth response is finite
is studied in Sect. 4.6. With a discussion in Sect. 4.7 followed by some introspection
in Sect. 4.8, we conclude this chapter.

4.2 Qualitative Properties of Solutions

In this section, we present results on the basic properties of solutions of the
model equations, such as existence, uniqueness, nonnegativity, and boundedness.
We assume that the hypotheses (4;) and (4;) on the consumption function U(x) in
Sect. 2.5 hold throughout this chapter. Specifically we assume

(A1). U(x) is a continuous real-valued function defined on R4 = [0, co) such that

UWO0)=0,Ux)>0 forx>0and lim U(x) =L < o0.
X—>00

and |U(x)| < L forall x, for some L > 0.
(A3). There exists a constant k > 0 such that for all x;, x, € Ry,

|U(X1) — U(XQ)| < k|X1 —X2|.

In addition, as in the earlier chapters, we assume that the delay kernels are non-
negative and satisfy,

(Hy). /Ooo f(s)ds =1, /;oo g(s)ds =1,
(H»). /0 sf(s)ds < oo, /:osg(s)ds < 00.

We shall prove that the systems (4.1) and (4.2) have a unique pair of solutions
under conditions weaker than a Lipschitz condition.
Before proving the theorem, we rewrite system (4.1) as

X'(t) = F(t,X,), where X(1) = (xg;) nd

F(t,X,) = ( D(xo — x(t)) —aU(x(1)y(t) + by [~ f(5)y(t —s)ds)
Y —(y 4 D)y(0) + cy(t) [ g(s)U(x(t — s)ds — dy>
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We now consider the system of equations given by X’(¢) = F(¢, X,) with initial
conditions X (f)) = Xp.

Let S(p) be an open bounded sphere contained in R"*! and let F : S — R".
For a given (o, Xo) € S, a solution of the above system is a differentiable function
X(¢) on an interval J such that

X' =F@t, X,) fortel, t,eJ, and X(ty) = Xo.

For X € R", we define || X | = >"/_, | Xi].
We now state and prove Theorem 4.1.

Theorem 4.1 The given system of equations (4.1) has a unique solution for a given
set of initial conditions.

Proof We shall verify the hypotheses of Lemma 2.23 for the system (4.1).
Now for z > 0 and functions £(¢) = (£,(¢), &(¢)) and n(z) = (n1(¢), n2(2)), we
have

IF .8 — Ft.n)
< Dln() ~ &0+ by [ Oo £t = $)[2(s) — 12 (5)lds

(7 + D)) — &) + d a0 — 07

FalUm )n(0) - UE )60

+elea) [ Oo 8t = )U(E s~ 1a() [ Oo gt — $)UGn (5)ds|
< KillE@) — ()]

2
+ Ko ) |y (hy (1) = v (hy ()],

j=1
where K| =by+D+y+ D +2dp and K; =a.
Now, if we choose,

hi(t.§) = &), Yi(hi(.§) = Ez(t)/_ gt = 5)U(hi(s,§(s)))ds,

hao(t.§) = §:1(1).  and  Yo(ha(1,8)) = &2()U(ha(1.§(2)).

then it is easy to see that all the hypotheses of Lemma 2.33 are satisfied, and hence,
the conclusion follows. o

The following discussion yields a set of necessary and sufficient conditions for the
existence of a unique positive equilibrium solution of (4.1).
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The equilibria of (4.1) are the solutions of

Dxo— Dx —aU(x)y + byy =0,
(cUx)—(y+ D)—dy)y =0. 4.3)

Observe that (xg, 0) is a solution of (4.3) which is a partially feasible equilibrium
of (4.1). For a nonzero solution (x*, y*), the second equation of (4.3) implies

«_ U —(r+D)
y = .

= 7 4.4)
Using (4.4) in the first equation of (4.3) we get
= UGN “bylleUt) — ¢ + D) ws)
dD
Then from (4.4) and (4.5)
y*>0if U(x*) > (y + D)/c and
x* >0 if [aUx*) = by][cUX*)— (y + D)] < xo dD. (4.6)

That is, acU*(x*) — (a(y + D) + byc)U(x*) + (y + D)by —xo dD < 0.

Consider acU? — [a(y + D) + byc]U + (y + D)by — xo dD = 0 in which
U=U(x").

Solving for U, we obtain

a(y + D) + byc
2ac
L V(@ + D) +byc)? — 4((y + D)by — xo dD)ac
2ac

1 D b D by\’ dD
G R CTEC
2 c a c a ac

U =

Let

N | =

D b D by\’ dD
(V+ +_V)+\/(V+ __y) +4=
C a C a ac

D b D by\’ dD
(L+ _V) _ J(L__V) 44X dD
C a C a ac

and

N | —
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In order to have a positive equilibrium (x*, y*) of (4.1), U(x*) has to satisfy the
following inequalities

D
Uty > Y52 and U > UG > Us, 4.7)
Now observe that
D D
y + _U2=y+
c
1|y+D b +D by\*  xodD
1y +_V_\/(V___V)+4o_
2 c a c a ac
1 +D b +D by\® dDx
S R G
2 c a c a ac
> 0.

Thus, it follows that (x*, y*) exists and is positive, if the inequality

D
TPy <, 4.8)
where
1|y+D by \/(V+D by)2 4dD
U1 = — — _ X0
2 c a c a ac
holds.

Thus, we have,
Theorem 4.2 A necessary and sufficient condition that (4.1) has a positive equilib-
rium (x*, y*) is that U(x™*) satisfies the inequality (4.8).

We remark that U, may or may not be positive. If U, is nonpositive, the lower es-
timate for U(x*) in (4.7) is superfluous. However, U, > 0 if xo < ((y + D)by)/dD.

We now consider the system of equations (4.3) and establish that this system ad-
mits a unique equilibrium solution (x*, y*) to (4.1), by making use of Theorem 4.1.

Theorem 4.3 The system of equations (4.3) has a unique solution yielding a unique
nontrivial equilibrium solution for the system (4.1).
Proof Any nontrivial solution of (4.3) must satisfy the equations,

Dxo— Dx* —aU(x*)y* + byy* =0,
—(y + D) +cU(x*) —dy* = 0. (4.9)
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Using (4.9) in (4.1), we get
X' (t) = =D(x(t) = x*) —a[U(x)y(1) = U(")y*] +

by [ £t —$)((s) — y*)ds.
- (4.10)

Yi(t) = y() [C/ gt —s)(U(x (1) = U(x™))ds

—00

—d(y(t) — y*)} :

Denoting x — x* = x;, y—y* =y, and U(x) —U(x*) = U;(x)) the
system (4.10) after a simple rearrangement takes the form,

x1 (1) = =Dxi(t) —a(yi(t) + y)Ui(x1(t)) —aU(x*)y:1 ()

+by/; f(t —s)yi(s)ds (4.11)

Y1) = @)+ ") |:C/ gt —s)Ui(x1(2))ds — dyl(l)i| .

Now choose the initial functions
x1(t)=0and y;(t) =0 for t € (—o0,0]. (4.12)

Then by Theorem 4.1, the initial value problems (4.11) and (4.12) admit a unique
solution. Clearly, the trivial solution is the only solution of the system (4.11) and
(4.12). This implies that

x1(t)=0= y;(t) fort>0. (4.13)

Now, it is easy to see from (4.13) that x(¢) = x* and y(t) = y™* is the unique
solution satisfying (4.9) and thus (4.3) guarantees the existence of a unique equilib-
rium solution for the system (4.1). ]

Throughout the reminder of the chapter we tacitly assume that system (4.1) has
solutions satisfying the initial conditions (4.2) which are locally unique and con-
tinuable on their maximal interval of existence.

We now discuss the problem of boundedness and nonnegativity of solutions for
our model equations (4.1).

Theorem 4.4 All the solutions of system (4.1) are nonnegative for allt > 0 corre-
sponding to the initial conditions (4.2).

Proof We shall show that once a solution enters the plane

Q={(x.y)/x=0,y =0},
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it remains there forever. By continuity of solutions of (4.1) each solution has to take
the value O before it assumes a negative value. If y = 0 for some ¢ = #; > 0, then
from the second equation of (4.1) y’(¢;) = 0, and hence, y is nondecreasing at 7y,
which means that y is at least nondecreasing at y = 0. This rules out the possibility
of y taking a negative value. Again when x = 0, we have

¥ (1) = Dxo + by / " —s)y(s)ds > 0,

since y > 0. Therefore, x is increasing at x = 0. When y = 0, x'(t) = Dxy — Dx
and again at x = 0, x’(¢t) = Dx > 0 and hence, x is increasing at x = 0. Thus,
we can conclude that the solutions of (4.1) are nonnegative for all # > 0. ]

The following result ensures conditions for boundedness of solutions of (4.1).

Theorem 4.5 Let ¢;(t) > 0 and not identically zero on any interval. Then

x(t) < max

9
Dd —oo<t<0

v+ 2E {¢1(,)}} and

—oo<t<0

y(z)smax§%, sup {@(z)}},

forallt.

Proof First, we note that if x’ < 0 and y’ < 0 then x(¢) < SUP_so,<o P1(?) and
V() < SUP_oos<o P2(2), respectively. N

Suppose y’ > 0 for ¢ > 0. Then from the second of the equations (4.1), we
have dy(t) < —(y + D) + ¢ fioo g(t — s)U(x(s))ds and from this it follows that
y() < Lc/d since, U(x) < L.

Similarly, from the first equation of (4.1), if x’ > 0, then 0 < x’ = D(xo — x) —
aU(x)y + by fioo f(t — s)y(s)ds and from this we have x(¢) < xo + Lbyc/Dd
invoking the estimate on y.

That is the solution (x(¢), y(¢)) of (4.1) is bounded and depends on the initial
conditions. O

The conditions (i) and (ii) of Theorem 2.28 for uniform boundedness also hold
good here.

. a—bc 1
(i) T,y< and Ty < —.
14
() To<®"C and Tp < -
ii and Ty < —.
£ acl ! by
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4.3 Persistence of Solutions

In this section, we develop persistence and extinction criteria for the competing
populations. We use the following definition of persistence (see Definition C.13 of
Appendix C).

Definition 4.6 A component u(z) of a given system is said to persist if for any
u(0) > 0 it follows that u(t) > 0 for ¢ > 0and liminf;_, o u(z) > 0.

Further, if there exists § > 0 such that u(z) persists and liminf, oo u(t) > §
independent of ¢ (¢) > 0, —oc0 <t < 0, where ¢(¢) is an initial condition, then u(t)
is said to uniformly persist. A system uniformly persists if each component does.

We rewrite the system (4.1) as

xX'(t) = D(xo — x(1)) —aU(x(1))y(t)
+by[_ f(t —s)y(s)ds,

Z(t) = — |:c /l gt —s)U(x(s))ds — (y + D)] z(t) + d, (4.14)

—00

which z(t) = 1/y(t) for ¢ > 0.
Since U(x) < Lfor all x, it follows that

c/ gt —s)Ux(s)ds—(y+D)<cL—(y+D)=M (say).

—00
Now, it is easy to show that the solution z(¢) of the second equation in (4.14)
satisfies the inequality
d —Mt —M1
() = (L= 4 2(0)e ™™,

which upon further simplification yields

as t — oo.

y(0) M
y() = 5 Ly0) (1 — o) - —

Accordingly, there exists a 7 > 0 such that

M +1
d

y() < for all ¢+ > T.

For our subsequent considerations we let

M +1 . Dxo—[aL+y+ D+dyly
and X = D .

§ = (4.15)
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The following theorem establishes the persistence and extinction criteria.
Theorem 4.7 Assume that the inequalities (4.7) hold.

Case (i) The solutions of the system (4.1) with the initial conditions, x(0) > 0
and y(s) = ¢a(s) > 0,s € (—o0,0] are uniformly persistent provided, x > 0 and
(y +D)/c < L.

Case (ii) If L1 < (y + D)/c holds, then the species y(¢) goes extinct.

Proof Case (i) In the light of the above discussion, we have for each solution
(x(2), y(¢)) with positive initial conditions, there exists a 7 > 0 satisfying

forall t > T.

. O M+1
yi)<y= 7

We define the functional

V()= V(x(@),y() =x@)+y(@) forzr=>0.

Clearly, V(0,0) = 0 and V(x, y) > 0 for x(¢) > 0, y(t) > 0. Now differentiat-
ing V' along the solutions of (4.1) we have,

Vi(x(t),y(t) =V'(t) = x'(t) + y' (1)
=D(xo — x(1)) —aU(x(1))y (1)

4 by /_ £t —$)y(s)ds — (v + D)y(1)

ey /_ g(t —$)U(x(s))ds — dy? (1)

> = DV(t) + Dxo — (aU(x (1)) + y + dy(1)) y (1)
> —DV(t) + Dxo— (aL + y + d)§.

That is,
V'(t) + DV(t) > Dxy — (aL + y + dy)7,
and thus, o
V) > Dxo = (aL &y + dy)y + ¢re” P,
D
That is,

Dxo— (aL +y +dy)y 4 ¢ye=Pl=T)

x(0) +3(1) = 2

From this it follows that

Dxg — (aL + y + dy)y —D(t—
x(ry = 20— D” NI 4 e yip)

. Dxo — (aL —i—; + D +dy)y 4 e DT,
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That is,
x(1) =% +ce P70 >0 forall > T.

Finally, we have
lim x(¢) > x > 0. (4.16)
—>00

Now, since (y + D)/c < Ly, wecan find n > Osuchthat (y + D)/c < L;—2n.
For this n > 0, there exists x; such that for x > x;,

Li—n<U(x)<L+mn, since lim U(x)=L;.
x—>00
In view of (4.16), we can choose 7" > 0 large enough so that
x(t) > max{x,xy} fort>T.
Then for ¢ > T and x(¢) > max{Xx, x) }, we have

y+D

+n<Li—np<Ux)<Li+n,

from which it follows that U(x) > (y + D)/c + 1.
Then from the second equation of (4.1) upon rearranging the terms and solving
for y as before, we get fort > T,

y() = y(T)[exp<[Tl(y +D —c/

+dy(T) /Tl exp(/;l(y +D-—c /j gt — s)U(x(s))ds)dr)dtl]

o0

t

gt —s5)U(x (s)ds)dr)

' -1
= y(0)exp(nte = 1) + dy(T) [ expn(e = myan |
T
= y@)[e D 4 Ly o)
n

and thus, we have liminf;_,» y(t) > (n/d) > 0. O

Proof Case (ii): If Ly < (y + D)/c, by arguing as in Case (i), we can find 77 > 0,
n1 > 0, and xp, such that for ¢t > T and x > max{X, xu, }.

y+ D

Ukx)<Li+m <

Then from the second equation of (4.1) we have y’(¢) < 0 forz > T and hence,
lim; 00 ¥(¢) = 0. Thus the conclusion follows. O
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4.4 Global Asymptotic Stability Results

We note that the system (4.1) has a partially feasible equilibrium (x¢, 0) which lies
on the axis and Theorems 4.2 and 4.3 ensure the existence of a unique interior
equilibrium solution (x*, y*) under fairly general circumstances. The first result
in this section establishes the global asymptotic stability of the axial equilibrium
(x0,0) and is a replica of Theorem 2.32 of Chap. 2 and hence, the details are omitted.

Theorem 4.8 The partially feasible equilibrium (xy, 0) of (4.1) is globally asymp-
totically stable if Ly < (y + D)/c.

It is interesting to note thatif L, > (y + D)/c, solutions are uniformly persistent
and if the above inequality is reversed, we have global stability which corresponds
to the extinction of y(¢).

In the reminder of this section, we present several easily verifiable independent
sets of sufficient conditions for the global asymptotic stability of (x*, y*).

We now rewrite (4.10) as

¥ (1) = —D(x(t) - x*) — aUG ) (1) — y*)
—ay* (UG (1) — UG™)) + by /0 FEOO =) — y*)ds, (@17)

VO = y)e /0 gOW( = 5) = Ux)Nds —d(y(0) = ).

We now state and prove our next result.

Theorem 4.9 Assume that the uptake function U(x) satisfies (A1) and (A;) and the
delay kernels satisfy (Hy) and (H). The equilibrium solution (x*, y*) of (4.1) is
globally asymptotically stable provided,

D—(c—ay*)k >0and A = min{d + aU(x) — by} > 0.
x>x*
Proof We consider the functional

V(1) = V(x(). (1)) = |x(@) — x*| + [log (y(1)) — log y*|

by [0 [ 10—y lauds

[oe) tt
—i—c[ g(s)/ |U(x (1)) — U(x™)|duds.
0 t—s
Clearly, V(x*, y*) = 0 and

V(x(t), y(t)) = |x(t) = x*| + [log (y(t)) —log y*| > 0.
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The upper Dini derivative of V' along the solutions of (4.1), using (4.17) is
given by

D'V < —Dlx(t) — x*| — aUG )|y (0) — v*| - ay* | UG (1)) — U(x")
+pr FOly —s) — y*|ds

+wﬂwL gV —5)) — U)lds — d |y (1) — y*|
+byly(t) — y*| —by/O )|y —s)—y*|ds

+c|(Ux(@) = U(x")| —Cy(t)/0 gOIUx(t —5)) = U(x™)|ds,

invoking (H;) on the delay kernels. Now,

DFV < =D|x(1) = x*| = aU(x(0)|y(t) = y*| = ay*|U(x (1)) = U(x")]
+byly (@) = y* [+ c|(Ux (@) = UG —d]y@) — y*|
= —Dlx(1) = x*| + (¢ —ay")|U(x) = U(x™)]
—(d +aU(x) = by)|y(t) — y*I.

If ¢ < ay*, then the condition min,>+{d +aU(x) —by} > 0 is alone sufficient
to ensure the negative definiteness of D+ V. Hence, we assume that ¢ > ay*. Then
we have,

DYV = =Dlx(t) = x*| + (¢ — ay)|U(x) = U(x")]

—(d 4 aU(x) = by)|y(t) — y*|
< —(D +aky* —ck)|x(t) —x*| = Aly(t) — y*| <0,

invoking the hypotheses.
Thus,

A
DYV < —(D +aky*—ck)|x(t)—x*|—k—|log y(t) —log y*| <0, (4.18)
3

where k3 > 0 is such that |log y(¢) —log y*| < k3|y(¢) — y*|.
Now integrating (4.18) with respect to ¢ from O to 7, we get

t A t
V() + (D —ck —i—ay*k)/ |x(s)—x*|ds+k—/ [log y(s) —log y*|ds < V(0).
0 3 Jo

Therefore, V(¢) = V(x(t), y(t)) is bounded on [0, co) and since x (), y(¢) are
bounded on [0, 00), |x(z) — x*| and [log y(¢) — log y*| are bounded on [0, c0) and
these imply the boundedness of their derivatives on [0, 00).
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Now the conclusion follows from Theorem C.11 of Appendix C as discussed in
Theorem 2.35. O

We now state and prove our next result in which we replace the condition (A4;)
on U by a gradient type condition.
We need the following inequality.

Lemma 4.10 For all real a, b, and 1 > 0, we have
1, 2
ab < —a” + nb-.
4n
Proof The proof is obvious from the observation that for all a, b and > 0,

a 2 1
0<(——-b = —a* b* — ab.
_(Zﬁ Vi) e

|

Theorem 4.11 Assume that the delay kernels satisfy (H,) and (H3) and the uptake
Sunction U(x) satisfies (A1). Further, assume that (x — x*)[U(x) — U(x*)] > 0 and
U(x) = U(x™*) if and only if x = x*. The positive equilibrium point (x*, y*) is
global asymptotically stable provided there exist positive constants 11 and 1, such
that

4Dn —by >0, 4dny—c >0 and

(4dny — c)/4Dny — by 68y* > SCLﬂlﬂ%\/b)/

in which § = minxzo{#;‘;x*)} >0

Proof We consider the functional

()=
Vi) = V(0. y(0) = 5 (x0) ") + Wy /0 y e

+Ws /;Oog(s) /_ [U(X(ll))—U(x*)]Zdtl ds

W /0 F6) [ )~y P s

t—s

where Wy, W,, W3, and W, are positive constants which will be determined in due

course.
Clearly, V(x*, y*) = 0 and

()—y*
V), y(0) = S0 x4 Wa / o dz > 0.
0

z4+ y*
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Now the time derivative of ' along the solutions of (4.1) is given by

O = W)~ x| Do — Dx(1) AUy (1)
+by [_; flt=5)y()ds| + W) =y = (7 + D)
ve | Ioo 806 = HU(e())ds —dy(D)} + WU (1) — U
1 [ g~ ) — UGS + Walyo) 7]

W [O FO —s) - y*Pds.

Using (4.9) in this we obtain,

Y i) - )= DO () = x%) = aUEO) (v (1) = ¥7)

dr

—ay OGO - U + by [ 1O0@ - -7

+ W) =y [0 T W - ) — UG s — d(y@) - )
+ VAU @) = UG = s [ T W - ) - UG Pds
SO -3 =W [ 7O -5 -y Fas

{ = MDE®) =) = MalEO)x(0) =¥ (0) = )

—Wiay* (x()) = ) (U (1) = U™))

S0 =P 4 Wby [ 70D -5 =y Tas)

A

(W0 - P+ Waens [ 900G -5~ U
—Wadly(t) - y* P}
S~ UGE =i [ g0 = 5) - Ui Fas

CWA () — T — Wi /O FO —s5) -y Pds.
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utilizing the Lemma 4.10 for arbitrary n; > 0 and 7, > 0 in the fourth, fifth terms
of the above equality. Then,

% < —Wiay™ (x(t) = x")(U(x(1) = U(x™)) + Ws(U(x (1)) = U(x™))?

{1 (D= g2 ) 60 = 5 4 MU E0) =300 = 5*)

wm(d- ) - m]ow -7
2

— (Ws— Waenp) [O g — ) — U™)Pds
— (Wa— Wibym) /O FO —s5) -y Pds.

Thus, dV /dr < 0 if
(i) Wa=Wibym,
(i) Wi = Wi,
(iii) Wiay*§ > Wi,
and
by

(V) D= k>0 Wz(d—%)>W4
1

and

WiaU(x)]? < 4W, (D - b—) |:W2 (d ¢ ) - W4] .
4m 4n,

These four conditions imply that Y is negative definite if,

b *§
@’L? < 4 (D - —V) [ay (d ¢ ) bym] (4.19)
4m cn2 4n,

Now consider

a’L? = 4(D—b—y) [ "8 (d—i) —bym].
4m e 4n,

This, after some simplification, becomes

demn3L*a*—(4Dny — by)(4dny — ¢)8y*a + 4byc(4Dny — by)mn; = 0.
(4.20)
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[P

Solving for “a”, we get

g = “Dm —by)(dm —c)dy”
8cL2mn3
N @D = by)(ddis — 0282y — 64byc2 L2 (4D, — by)nins
8cL2mm '

By the hypotheses, 4Dn; — by > 0,4dn, — c > 0, and hence, “a” exists and is
a positive root of (4.20) provided

(4Dn; — by)*(4dn, — ¢)*8%y** > 64byc’ L2 (4D — by)ins.

That is,

(4dny — c)8y*\/4Dny — by > 8cLnin3+/by. 4.21)

For this value of “a”, the inequality (4.19) is clearly satisfied, and hence, the
conclusion of the theorem follows. ]

Theorem 4.12 Assume that the delay kernels satisfy the conditions (Hy) and (H>)
and the uptake function satisfies (Ay). The equilibrium solution (x*, y*) of (4.1)
is globally asymptotically stable provided there exist constants 1 > 0 and n, > 0
such that

b
D-Y ias0, d— —byp >0
47’]1 47’]2

b
and a2L2<4%D—4—V+A} [d—i—bym] in which

n 4n,
. { . (U(x)—U(x*)) (U(x)—U(x*>)2§
A=minqay* | —————= | —cp| ——————= .
x>0 x —x* X —x*
Proof We consider the functional

1 5 yo=y* o,

Vo) = V0.5 0) = 560 -5 + [ dz
2 0 Z+ y*

vom [ ) [ WG - UG Fands

t—s

+bymfo f(S)/_ [y(11) — y*Pdnds.

Clearly, V(x*, y*) = 0 and

1 y(O)—y*
Va0 2 560 -2+ [
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Now the time derivative of ' along the solutions of (4.1) is given by

@) —y"
0 y(t)

+em[Ux () = UP — CUz/O gU(r —5)) — U")Pds

= ) () +

Fhymby©) — y* P —bym [0 FO —s) -y Pds.

Using (4.9) in this we obtain,

% = (x() =) | = D () = x*) = aU(x () (1) = )

—ay" U0 U +by [ 160 =)= y")ds)

+ () =y / gOIUC(E —5) = UG"Ids —d(r(1) = ™)}
0

FemUGE) = UG —em [ UG =) = UPds

+hymby(©) — v P —bym [0 FO —s) — y*Pds.

Utilizing the Lemma for arbitrary n; > 0 and 7, > 0 in the fourth and fifth terms
on the right-hand side of the above equation and invoking (H) on the delay kernels
and simplifying, we get

< [ D) ¥~ aUEO)ED ~ )(0) ~ )
—ay* (1)~ X UGE() ~ UG
F O =P 4 bym [ SO0 -y T
4m 0

H 0=y Fem [ UG =)~ U0 Pas
—dy(®) - P}
UG O) = UG =e [ UG = 5) ~ U Pds
+bymby© =y =bym [ 10— -y Fas

= —ay* (1) ~ XU — U + em(U(e(n)) — U ("))’

b

(= 12) 60 =5 + aU@ 0 =)0 =)

+ [(d - 4i) —bym} () - y*)Z}
M2
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[D _by LU0 -UG)

o Y TR -

(U(x(1)) —U(x*)\’ .

AU () — x) (0 — y*) + [(d - 4%72) - bym} (1) — y*)z}

b
_ { (D - A) (x(0) = x*)? 4+ aUE)(x (1) — x) (D) = y*)

(0= 5) -] 0w -2,
n2

Then dV /dt < 0 provided

(@U(x))? < 4 |:D _br A} [(d - i) - bym} .
4m 4n,

Since U(x) < L forall x, dV /dt < 0 if,

b
a2L2<4|:D——V+A:| [(d—L)—bym].
41’]1 47’]2

Now let Q(1) = (x(1) — x*, y(t) — y*)T,

Then we have

dv =
I = —0(OTPO() = —M(x(1) = x*)* + (r(1) = y™)?),

for some A > 0, implying the negative definiteness of d V' /dt. Now the conclusion
follows from standard arguments. The proof is complete. O

In the following result we relax the condition (H,) on the delay kernels as in
Theorem 2.35 at the expense of placing more restrictions on the parameters of
the system.

Theorem 4.13 Assume that the delay kernels satisfy the condition (H;). Further,
assume that the uptake function U(x) satisfies (A1) and (A,). The equilibrium
solution (x*, y*) of (4.1) is globally asymptotically stable provided,

by + ck <min{ D —aky®, miri{d +aU(x)}; = B (say). (4.22)
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Proof We consider the following functional
V(x (1), y(0) =[x (1) — x| + |log y(t) —log y*|.

The upper Dini derivative of V' along the solutions of (4.1), using (4.10) is
given by,

D*V = —Dx(t) — x*| — alUG )y (1) — U™)y*|

+by/0 FOI @ —s5) — y*|ds

+c/0 g UG — ) — UG)\ds — d|y() — y°]
“DIx(t) = x*| — aU(E)Y (@) — v*| + ay* UG (1) — UG™))
+by[0 FO( —s) — 7]

IA

4 c/o g UG — ) — UG™)\ds — d|y() — y°]

A

—(D —aky*)|x(t) — x*| + ck /OO g(®)|x( —5) — x*|ds
0

—(d +aU(x(@)|y@) — y*| +by/; F@)Iy@ —s) = y*lds

—(D —aky*)|x(t) — x*| + ck /OO g(®)|x( —s5) — x*|ds
0

IA

—(d +aU(x(1)))|log y(t) —log y|
+by [ 7)oz () ~log y71ds
< —BV(t) + ck /00 gVt —s)ds
0
+by /-oo f)V(t —s)ds. (4.23)
0

Since x(¢) and y(¢) are bounded, V(¢) is bounded. Further, for —co < t < 0,
we have

V(r) = |x(@) —x*| + ‘log [%ﬁ)]‘ = lp1(1) — x| + ‘105; [(ﬁ;—(j)]‘

[£2]) - o

— wp {|¢1(z>—x*|+

—oo<t<0
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We claim that V(t) < M, for all ¢ > 0. Otherwise, we can find #; > 0 such that
V(t)) = My and V(t) < M, for —oo < t < 1.
But from (4.23),

DTV(t) < —BM, + by /-oo f(s)Myds + ck /oog(s)Mzds
0 0

=—(B—by —ck)M, <0.

This contradiction proves that V(¢) < M, forall ¢t > 0.

Now, let limsup,_, ,, V(t) = 0 and liminf, o V(¢) = 0.
We shall prove that ¢ = 0. Assume that & > 0 and choose € > 0 such that

1|: B—by—ck ]_

BT+ M)y +ch) |

Since, [~ f(s)ds = land [;° g(s)ds = 1, there exists a T > O such that

[7> f(s)ds < eand [;° g(s)ds <e.
Arguing as in Theorem 2.35, we can show that corresponding to this € > 0, we

can find a #; > 0 such that
o—e<Vit—t)<o+e fort>1t, 1>0.

Then from (4.23) fort > t; + T = t,,
o0 T
DYV(t) < —BV(t) + ck [/ g(s)Myds + / g + e)ds}
T 0

(e’ T
+ by |:/ f(s)Myds + / f(s)(o + e)ds}
T 0
< —B(G —¢€) + (by + ck)Mye + (by + ck)(0 + €)

< —[B—(by +ck)]5/2

by choice of € > 0. The Mean Value Theorem suggests that there exists a £ € [0, co)
such that for 13 > 1, t > t3,

V(1) = V() = V') — ).

That is,

V(t) = V(tz) + (t =13)V'(€) = V(13) — (B — by — Ck)%(l —13).
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The right-hand side of this inequality approaches “—oc0” as ¢t — oo (for, V(¢) is
bounded). But by definition, V() > 0.

This contradiction proves that the assumption & > 0 is wrong. Therefore,o = 0,
which means that —e < V(¢) < € for¢ > t3. Thus, in the limiting case, V() — 0.

Thus, lim;—oo[|x (1) — x*| + | log(y(¢)/y*)|] = 0. Hence, the theorem. O

The following examples establish that the global asymptotic stability criteria
obtained in Theorems 4.10 and 4.11 are independent.

Example 4.14 Consider the following model
t
xX'(1) = 2(xo — x(2)) — 18U(x(2))y(t) + (0.25)/ St —s)y(s)ds
—00

V() = —3y(t) + 16y(1) /_ g(t — U (s))ds — 10y2(1)

in which U(x) = x/(4 4+ x),b = 025,y = 1,D = 2, and xo = 3.85
approximately.

The equilibrium solutions are x* = 8/3 and y* = 0.34 with U(x*) = 2/5 and
§ =20/3.

Since D — (ck — aky*) < 0, Theorem 4.10 cannot be applied here.

Now with ; = n, = 1/2, it is easy to see that all the hypotheses of Theorem
4.11 are satisfied and the equilibrium (8/3, 0.34) is globally asymptotically stable
by virtue of Theorem 4.11.

Example 4.15 Consider the following model,
t
¥ (0) = 260~ ¥(0) = 200G OO+ 035) [ ft=s)y6)ds
—00

V() = —3y(t) + 199(1) /_ g(t — U (s))ds — 2y°(1)

in which

_x
Ux) = | 040 0<x<4
5 , otherwise

Clearly U(x) is the generalized Michaelis-Menten uptake function defined in
(3.1) for the choice of @ = 1, 8 = 2, and v = 10.

Also in the above system, it is chosen that b = 0.5,y = 1, and D = 2.
Then the equilibrium solutions are x* = /10, y* = 0.00195, U(x*) = 0.1581
(approximately), k = 11—0, 8 = 20 with xo = 3.16487 approximately.

It is easy to check that all the hypotheses of Theorem 4.10 are satisfied here and
hence, (x*, y*) = (+/10,0.00195) is globally asymptotically stable.

A straightforward computation yields that the inequality (4.20) in Theorem 4.11
is violated for any choice of n; and 7.
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Hence, Theorem 4.11 cannot establish the global asymptotic stability of
(x*,y*) = (+/10,0.00195).

From Examples 4.14 and 4.15 it follows that Theorems 4.10 and 4.11 are inde-
pendent of each other.
The following example illustrates Theorem 4.13.

Example 4.16 Consider the following model
x'(t) = 9(xo — x(1)) = 20U(x (1) y (1) + (1/3)/; St —s)y(s)ds,
(1) = =105 + 1650) [ glt = UG )ds = 250

in which U(x) = x/(5+4+ x),b = 1/3,y = 1,D = 9, and x, = 10.481
approximately.
The equilibrium solutions are x* = 10 and y* = 8/3 with U(x*) = 2/3.
Clearly, all the hypotheses of Theorem 4.13 are satisfied with § = 9. Hence,
(10, 1/3) is globally asymptotically stable by virtue of Theorem 4.13.

We now provide two more sets of sufficient conditions for the global stability of
the positive equilibrium of (4.1).

The following notation is used here.

x1=x—x*y1=y—y* and Ui(x;) = U(x) — U(x*).

This transforms (4.1) to

x1'(t) = —=Dx(1)) —aUi(x1(1)) (31 (1) + y*) + aU(x*)y,
—i—by/ f(s)yi(t —s)ds, (4.24)
0

50 = 010 +57)e [ 20U =95, =y )]

Theorem 4.17 Assume that the delay kernels satisfy (H,) and (H3) and the uptake
function, in addition to (A1) and (A,), satisfies

xUi(x1) 20, Ui(x;) #0 for x; #0.

The equilibrium solution (0,0) of (4.24) is globally asymptotically stable

provided
2
2|/ a2 4 a
d < (bVC) |: 1+ (by)z + b}’:l (4 25)
4aDoa(cU(x*) —y — D) '
in which

. X1
o = min { } >0
x>x* | Up(x)
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Proof Consider the functional,

X1 + *
V) = Wl/ Ui (uw)du + W, |:y1 —y*108<yl y*y ):|
0

+W [ [ Utanas

t

ylz(u)du ds.

-

+W4[000f(s)t

The parameters W; > 0, i = 1,2, 3, 4 are determined in the due course. Differ-
entiating V' with reference to ¢ along the solutions of (4.24), we have

V'(t) = WU\ (x1)x] + Wayiyy + Ws[Ulz(xl) —[ g U (x1(t —S))ds]
0
FWayE - W /0 F)y3 = 5)ds.

After some simplifications and a rearrangement, we obtain

V'(t) = =W DU, (x1)x1 + W3UE(x1)
—{eWIay*Uf(xl) + Wia (U (x1) + UG*) Ui (x1) s

svita = Wi - [ 700 - 9miay U
—WibyUy(x1)y1(t —s) + Wayi(t —s)] ds

— [ €6 [0 = v — st~ ey Uit -5
+WAUF (1t = 5))] ds,

where 0 < €,v < 1.
Now V'(t) < 0 provided,
(i) W3 <WiDa,
(i) [Wia(Ui(x1)) + U*)]? < 4eWiay*v(Wad — Wy),
(i) (Wiby)? < 4(1 — e)Wiay* Wy, and
Wse :|2

(IV) W4(W2d — W4) > [m

Let Wod = 2Wj,. Then, we get after eliminating W;, i = 1,2, 3,4 from (i), (ii),
(iii), and (iv),
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- c? 1 - (by)?
S A o
2d(1 — p) 2dy*a all’ (1—-e) )’

Da
which on further rearrangement gives

2
(bye)? |4 aL  avL
4Da(cU(x*)—y — D) (by)?> by

as a sufficient condition for the negative definiteness of dV'/dr and the conclusion
follows form standard arguments. O

Let us rewrite (4.1) as

x1'(t) = D(xg — x1(t) — x*) —a(U(x1(2)) + UX) (1 (1) + »™)
+by f £ —5) + y)ds,
0

W0 =010 +)e [ U= s —ano] @20

This allows us to prove Theorem 4.18

Theorem 4.18 Let the delay kernels and the uptake function be as in Theorem
4.17. Then equilibrium solution (x*, y*) of (4.26) is globally asymptotically stable
provided

2
(byc)? [\/1 + (aUee/by) + aU(x*)/byj|

4> U = b)) DaUG") —y = D)

holds. Here
~ . X1 <0
Q= min{ ———
x>x* U(X)U] (Xl)
Proof Employing the functional

o Ui e (G YD)

+ W /:og(s) /_ UZ(xi(u))duds + W, /;00 f(s) /_ y2(u)du ds

and proceeding as in Theorem 4.17, we may complete the proof. O

We shall now compare Theorem 4.10 with Theorems 4.17 and 4.18 and establish
their independence.
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Example 4.19 Consider the following model
/ 7 !
X(t) = ¢(xo —x(0)) —4UO)y () + (1/3)/_ St —s)y(s)ds.

y(t) = —(13/6)y(t) + 3y(t)[_ gt —s)U(x(s))ds — (1/21)y*(r)

in which U(x) = x/(4 + x),b = 1/3,y = 1,D = 7/6, and xo = 16
approximately.

The equilibrium solutions are x* = 12 and y* = 7/4 with U(x*) = 3/4 and
k=1/4.

Clearly all the hypotheses of Theorem 4.10 are satisfied and hence, (12, 17/6)
is globally asymptotically stable by virtue of Theorem 4.10. Further, as neither of
the parametric conditions on d in Theorems 4.17 and 4.18 are satisfied they are not
applicable here.

Example 4.20 Consider the following model
t
X' (t) = 2(xo — x(1)) = 25U (x (1)) y (1) + 3/ St =5)y(s)ds,
—00

V() = —8y(r) + 20y(2) /_ g(t — )Ux(s))ds — 3152(1)

in which U(x) = x/(4 + x),b = 1/2,y = 6,D = 2, and xo, = 4.030
approximately.

The equilibrium solutions are x* = 4 and y* = 0.00635 with U(x*) = 1/2 and
k=1/4.

Clearly, all the hypotheses of Theorems 4.17 and 4.18 are satisfied, and hence
(4,0.00635) is globally asymptotically stable by virtue of these theorems. Observe
that since D — ck + aky™ < 0, Theorem 4.10 cannot be applied here.

We shall now get back to Example 2.42 and see that the introduction of
self-regulatory control mechanism, in fact, helps stabilizing the system under
consideration.

Example 4.21 Consider the model,
xX'(t) = 1.7(xo — x(2)) = 20U(x (1)) y(t) + (0.78)[_ f(t —s)y(s)ds,

V() = =3y(t) + 19y(2) /_ g(t — )Ux(s))ds — (0.1546)y*(1)

in which
0<x<30

otherwise

X
U(X) = { g"'xz’
91>
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In the above system, it is chosen thatb = 0.6,y = 1.3, and D = 1.7. Thenthe
equilibrium solutions are x* = /10, y* = 0.02523, U(x*) = 0.1581 (approxi-
mately), k = 11—0, with xo = 3.2.

It is easy to check that all the hypotheses of Theorem 4.10 are satisfied here and

hence (x*, y*) = (+/10,0.02523) is globally asymptotically stable.

4.5 Oscillations and the Self-regulation

It is generally known in dynamical systems that a transition from stability to instabil-
ity or vice versa is not an instantaneous process but usually followed by oscillations.
Quite often these oscillations may acquire some periodic nature and accordingly,
the corresponding dynamical equations admit periodic solutions. As mentioned in
Sect. 4.1, we want to consider (4.1) and try to examine the question whether or not
the self-regulatory control mechanism would induce any sustainable oscillations.

We note that in model (4.1), input concentration function xy(t) = x¢ and the
washout rate function D(¢) = D for all ¢, though periodic functions are trivially
periodic in nature and these considerations do not induce any new dynamics into
the model equations. It is, therefore, necessary to modify (4.1) incorporating non-
trivial input concentration (xo(¢)) and washout rate (D(¢)) as well, and examine
the issue of existence of nontrivial periodic solutions of the resulting equations.
The motivation for this stems from following observations. Consider the plankton
growth in lakes where the limiting nutrients like Silica and Phosphate are supplied
from streams draining the water shed. The inflows vary according to the seasons,
for example, high during rainy season while they are low during summer.

When we consider the growth of plants, the essential nutrient (fertilizer) is sup-
plied periodically and at various concentrations depending on the nature of the soil.
In case of a chemostat, the supply of the nutrient changes, even unexpectedly, if the
pump’s efficiency changes with fluctuations in the line voltage. Thus, both the input
nutrient concentration and its supply rate are time dependent but not mere constants
as we have assumed so far.

Although the functions D(t) and x((?) be viewed as periodic functions of differ-
ent periods, to make matters lie under control, we restrict our considerations to the
case in which both the functions are periodic with the same period. The modified
model equations assume the form,

x'(1) = D) (xo(t) — x(1)) —aU(x(1))y(t) + by /_ St —s)y(s)ds,
y'(t)=—(y +D@)y@) + cy(t)[_ gt —$)U(x(s))ds —dy*(1), (4.27)

The following initial conditions are assumed for the equations (4.27),

x(s) = p(s), y(s) =q(s) —oo<s <0, (4.28)

where p and ¢ are continuous, bounded, nonnegative functions.
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In the special case when x((¢) = x¢ and D(¢) = D both are positive constants,
model (4.27) reduces to (4.1).

4.5.1 Properties of Solutions

In this section, we discuss the basic properties of the solutions of the system, namely,
their existence, uniqueness, nonnegativity, and boundedness. Before going for the
discussion, we make the following assumption.

(I). D(t) and x¢(¢) are bounded besides being positive and continuous for ¢ > 0.

Under the assumptions (1), (A1), (A2), of Sect. (4.2) and (H,), it is easy to estab-
lish the local existence, uniqueness, and continuous dependence on initial conditions
of the solutions of (4.27) and (4.28) for all ¢ € [z, fp + «) for some « > 0 and any
initial assigned time #,. We shall now establish the existence and uniqueness of so-
lutions of (4.27) under fairly general conditions as in Theorem 4.1, in the sense that
the nonlinear uptake function need not necessarily satisfy a Lipschitz condition (A;)
always.

We now write the system (4.27) as

X' = F(,X,) where X = (;) and
D(1)(xo(1) = x(1)) —aU(x(0)y(t) + by [5° f(s)y(t — S)ds) .

Fx = (—<y + D)y () + ey @) 77 U = )ds —dy*(1)

Similar to Theorem 4.10, we have

Theorem 4.22 The given system of equations (4.27) has a unique solution for a
given set of initial conditions.

Proof We shall verify the hypotheses of Lemma 2.23 for the system (4.27).
Now for ¢ > 0 and functions §(t) = (§1(¢),&(t)) and n(¢) = (n:1(2), n2(2)),
we have

|F(.8) — F@.n)
< DOm0 — £1(0)] + by f_ £t - 9)las) — ma(s)]ds

+ 1y + D(®)|In2(t) — &2(0)]
+d 2’ (1) — &7 O + alUmi(0)n2(t) — UE(1))62(1)]

+ele [_ g(t — UE(5)ds — na(1) /_ g(t — ) UG (s)ds

2
< KillE@) =)l + Ko ) [ (hy (2,6) = v (hy (2, )],

j=1
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where Ky = by +1,+y +2dp and K, =a,l, > 0issuchthat D(z) </, for
allt e J.
Now, if we choose,

h(t.8) = E1(0). Y1 (1.6)) = £2(0) /_ g(t — ) U(hi (5. £(5)))ds.

ha(t.§) = §1(2). and Yo (ha(1,§)) = &2()U(ha(2.§(1)),

then it is easy to see that all the hypotheses of Lemma 2.23 are satisfied and hence
the conclusion follows. O

We shall now show that the solutions of (4.27) are nonnegative.

Theorem 4.23 All the solutions of system (4.27) are nonnegative in their maximal
intervals of existence under non negative initial conditions.

Proof Let (x(t), y(t)) denote a solution of (4.27). By continuity, x(¢), y(¢#) must
take 0 before assuming negative values. Let 1 = ¢* be the first value of ¢ for which
y(@*) = 0 and let x(t*) = X. Now consider the solution (x(¢), y(¢)) of (4.2)
corresponding to the initial condition (X, 0). It follows that x (¢) = X(¢) and y () =
y(t) = 0, for all ¢ is also a solution of (4.27). Further, this (x(z), y(¢)) assumes
the value (X,0) at ¢*. Therefore, by the uniqueness of solutions of (4.27) we have
y(t) = 0 forall r > t*. Also from the second equation of (4.27), y'(t*) = 0.
From this it follows that y = O or y > 0 for all # > ¢*. Now if, x(*) = 0 for
some ¢t = t*, then, since y(¢) > 0 forall > 0, we have x'(t*) = D(*)xo(t*) +
by fooo f(s)y(t* —s)ds > 0, which means that x is increasing at ¢*. It follows that
x(t) > 0fort > t*. Hence the theorem. O

We shall now assume that there exist positive constants /y, [, m, and m, such
that [y < D(t) <[y and m; < x¢(t) < m, forall ¢.
The following result establishes the boundedness of the solutions of (4.27).

Theorem 4.24 Let p(t) > 0,q(¢t) > 0 and not identically zero on any interval.
Then for any solution (x(t), y(t)) of (4.27),

lhmsy + b]/My

x(t) < max%
[

y  SUP—00<t<0 {P(t)}} ,

(0 5max{%, SUP—ooer0 {q(t)}} — M, (say).

forallt.

Proof First we note that if x’ < 0 and y* < 0 for all ¢+ > 0 then x(z) <
SUP_og¢ <o P (1) and ¥(1) < SUp_ oo, <q (1), respectively.

Suppose y’(¢) > 0 for some ¢ > 0. Then from the second of the equations (4.27),
we have dy(t) < —(y + D(t)) +c¢ fioo g(t —s)U(x(s))ds and from this it follows
that y(t) < Lc¢/d  since, U(x) < L.
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Similarly, from the first equation of (4.27), if x’(z) > 0, then 0 < x/(¢) =
D(t)(xo(t) — x(t)) —aU(x(2))y(t) + by fioo f(t — s)y(s)ds and from this we
have D(t)x(t) < D(t)xo(t) + byM, invoking the estimate on y. From this we
(lama+byMy)

have, x < n .
Therefore, the solution (x(z), y(t)) of (4.27) is bounded and depends on the ini-
tial conditions. O

4.5.2 Existence of Periodic Solutions

In this section, we consider an important special case of (4.27) in which the nutrient
input and its supply rate (washout rate) are periodic functions and obtain condi-
tions for the existence of a unique periodic solution in this case. That is, we assume
that D(¢) and x((z) are periodic functions of the same period 7' for some finite
T > 0, besides being positive and continuous. Consequently, we define the constants
l,l,,m,and my as [y = inf{D(t),0 <t < T}, [, = sup{D(t),0 <t < T},
my = inf{xy(¢),0 <t < T}, and my = sup{xo(z),0 <t <T}.

We now write (4.27) as
(x/(t))z(Fl(l»xz,Yr))
y/(l) F2(l»xz,Yr)

X'(t) = F(t. X,). (4.29)

or as

The following definitions and notations are used in our subsequent work. Let
Pr = (Pr,]||.]|) denote the Banach space of all continuous T'-periodic functions,
¢ : R — R" with supremum norm and define

T
Pﬁ:{wePT:/ (p(t)dle}.
0

The following result of Burton and Bo Zhang [16] will be utilized subsequently.

Lemma 4.25 Consider the system X'(t) = F(t, X;) in which F : RxBC — R" is
continuous and T-periodic in t and for eacht € R, X, is defined by X,(s) = X(t+5)
fors < 0. Suppose the following conditions hold.

(1) For each ¢ € P), there is a constant K, € R such that fOT F(t, d,)dr = 0,
where ®(1) = K, + [01 @(s)ds foreacht € R.

(2) E : P) — Pr defined by E(p(t)) = ®(t) in (i) is continuous and for each
a > 0, there exists a constant Lo, > 0 such that |K,| < L, whenever ||| < a.

(3) F : R x Py — R" maps bounded sets into bounded sets.
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(4) There exists constant M > 0 such that | X|| < M whenever X = X(t) is a
T -periodic solution of X'(t) = AF (¢, X,),A € (0,1).
Then X'(t) = F(t, X,) has a T-periodic solution.

Now for our autonomous two-dimensional system (4.29), we define
@1(t)
ooy = (40))
@2(t)

~ t (ki [y ei(s)ds _ ((@i(0)
O(1) = ky +/0 p(s)ds = (kz +f2t<p2(s)ds) B (432(0)

in which the functions ¢;, ¢, € P7Q, ki,k, € R, and @(¢r) € Pr is to be a solution
of (4.29). We now state and prove a result that establishes the existence of a T-
periodic solution to the system (4.29) given by (x(¢), y(¢)) = (®,(¢), ®(z)) =
(ki + [y @1(s)ds. ka + [y @2(s)ds).

Theorem 4.26 Assume that uptake function satisfies (Ay) and (A,) and the delay
kernels satisfy (Hy). Further, let miny>o{d + aU(x(t)) — by}} > 0. Then (4.29)

has a unique T-periodic solution provided there exists r > 0 such that

and

B = max

k B LT ck 24 LT
akBy |Bi|+a ckpB oF + ¢ }<17 430)

Al ’ Al ’ Bz ’ Bz
in which A, = [, D(t)dt,
Bl = —b)/T, Az = dT,

By = (yT + A\ +2d [ [i a(s)dsdr,
pr=Tr+ fOT foz ¢2(s)ds dt and k is the Lipschitz constant defined in (A»).

Proof We shall verify all the conditions of Lemma 4.25 now. First our aim is to find
out constants k; and k, such that fOT F(t, ®,)dt = 0 as defined in condition (1) of
Lemma4.25 .

Assume that foT F(t, ®,)dt = 0 and let us try to solve it for k| and k,. Therefore,

[ E@ ®)de =0, i=1,2.
Now [ Fy(z, ®,)d = 0 implies that

/0 ' [D(O)xo(0) — D) (ki + /0 i)

—aU(/q + /Ot o (s)ds) (kz + [()t (pz(s)ds)

+by /_Ioo S - S)(kz + /0 (pz(z)dz)ds}dt =0.
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That is,
foT D(t)xo(1)dt — K, foT D(r)dt — /OT D) /OI 1(s)ds dr
—a /OT U(kl + /Olrpl (s)ds) (kz + /01 (pz(s)ds)dt
FbyksT +by/OT/_t £t —s)(/os <p2(z)dz)dsdt —0,

using the hypothesis (H;) on f.
We observe that since fot @2(s)ds is T-periodic, for each s € R we have

/()T [_Ioo S —S)<[0lY <P2(Z)dz)dsdt = /OT/_(; f(—s)<[01+Y wz(z)dz)ds dt
= /OT /_(; f(—S)dS<[01 wz(z)dz)dt = /OT/Ot(pz(Z)dZdt,

again using (H1) on f. Using this in the above equation we get after rearrangement,

T T
klfo D(z)dt—bkaz—/O D(t)xo(1)dt

+ /OT D(t) /Oz(pl(s)ds dt — by /OT /01 @2(s)ds dt

- /()T (kz + /O[%(s)ds)u(k1 n [01 <p1(s)ds)dl.

which can be written as
T t t
Ak + Bk + C = —a/ (kz +[ (pz(s)ds>U(k1 +/ (pl(s)ds)dt, 4.31)
0 0 0

where 4, = fOT D(t), By =—byT,and C| = —fOT D(t)xo(t)dt+f0T D(t) [y ¢1(s)
dsdr — by fOT fy @2(s)ds dr.

Similarly the equation fOT F>(t, ®r)dt = 0 after some simplifications and rear-
rangements done as above yields

T ' ‘
Ayk2 4 Boky + Cy = C/ (kz + / <P2(S)d5>U(k1 +/ §01(S)ds)df, (4.32)
0 0 0

where A, =dT, B, = 2d fOT foz @2(s)ds dr + fOT (y + D(t))dt, and
Co= fy (v + D) [y ea(s)ds dt +d [ (fy p2(s)ds)?dr.
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We can solve equations (4.31) and (4.32) for the constants k; and k, once the
functions Uy, ¢, and ¢, are known. But here under we employ the contraction map-
ping principle to obtain a unique pair of constants k; and k.

Now we rewrite (4.31) and (4.32), respectively, as

Blkz C1 a T ! !
e G G [l [

= G (k1. k2)
and
_ Azk% C2 C T ! !
o=-22- 2o 2 [ (et [eoas)u e+ [ o)
= Gy(ky, k»).

Now consider u = G(u,v) and v = G,(u, v).
Our aim is to find a unique pair (u, v) satisfying the above equations. Now for
some r > 0, consider the set,

Qr = {(u,v) e R* ||,V = ul + | < 7}

Define amap G : O, — R? by G(u,v) = (Gi(u,v), G2(u,v)) with |G|| =
max{|G1|, |G2|}
Now for any (u,v), (u’,V') € Q,, we can show after some calculations that

1G @, v) =G V)| = Bll(u,v) — (V)]

Then it follows that G is a contraction map on Q,, and hence, G has a fixed point
in Q, for some r.

We shall now verify condition (ii) of Lemma 4.25. We shall prove that if there
exists a constant @ > 0 such that ||¢|| < « then there corresponds an L, > 0 such
that |k,| < L,. From (4.32) we have

T t
‘Azkz + B, — C/ U(k1 + / (pl(S)dS)dt
0 0

- |c2|+c/0T /:(pz(s)ds U(Iq +/:‘P1(S)ds)

T pt
< |G| +CL‘/(; /(; @2 (s)ds dt

o]

dr

T2
< |C2| + CLO(T,

using |@2| < |l¢]| < ¢ and |U(x)| < L forall x € R.

<vol o +dar D 2T
o o o ,
=Y 2 P 3 ¢ 2
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since,
T 1 T 1
Cal = ‘ [o+oo) [eoua+d [ [ oroa
OTZ 0 T3 0 0
< ya +oap + daz?,
where

T T2
)4 Z/ tD(t)dt < Il,—.
0 2

Since the right-hand side of the above inequality depends only on the parameters of
the system which are either fixed or at the control of the experimenter, corresponding
to a given «, we can always find an L,, > 0 such that |k,| < Ly,. In case

T t
‘A2k2+ Bz—c/ U(k1 +/ <p1(s)ds)dt —0,
0 0

we have 1B,| T
2 C

|k2| S T + R

|42 |A2]

which is again finite. Now from (4.31) and invoking the bound L,, on k;, we can
easily show that there exists L1, > 0 such that |k;| < Ly,. Thus,

|k<ﬁ| = |k1| + |k2| S Lig+ Ly =L, (Say).

It is easy to see that the function £ : P? — Pr defined by E(p(1)) =
P@) =k, + fot ¢(s)ds is continuous. This proves condition (2) of Lemma 4.25.
It is clear that F carries bounded sets into bounded sets. This verifies condition
(3) of Lemma 4.25. We shall now verify condition (4) of Lemma 4.25. For this let
X(t) = (x(2), y(r))" be a T-periodic solution of X'(¢) = F(¢,X,), 0<A<]1.

Consider the functional

V(1) = V0, y(0) = [x0)] + og(y ()]
Then V(1) is T-periodic. Now,
V() < A{ID@)x00)] ~ DOLO)] - alUG )0
vy [ Oo £t = $)ly6)lds — (7 + D(1))
o[ sa-9weees-apol)
< 1] = DO O] = U 6Ol + by [ ; £t = 9y )lds

—d|y®)|+y + b + s + cL|
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Integrating from O to 7, we get
0=V(T)-V(0)
T t
< [ = P00l — U001+ by [ Fe=9lyolds
—00
—dlyO)| +y + b+ Lmy + cL}dt,

from which we have

T

/ (DO + (d +alUG@)] = by)lyO)|dr = (v + b + Lz + cL)T

0

which further implies that
T
@ [ Gx ]+ yOhdr < M,
0

where ¢ = min {ll,minxzo{d +aU(x(t)) — by}} >0and My = (y + b + lhm;y

+cL)T.
Now it is easy to see that

T T
/O X (0)ldr < /0 [1D@x(0)] + [DOx(0)] + alUC@) )]
sy [ @-9bols
el [ gt = 9lveslasar
T
< / D(t)xo(1)dt
’ T
+ / [|D(t)x(t)| + (L +cL +by)|y(t)|]dt
0
T
< [ D@)xo()dr + - = My (say)
0 (03]

where oy = max{/y,al 4+ cL + by} > 0. Then it follows that there exists M3 > 0
such that || X(¢)|| < M;. Therefore, all the conditions of Lemma 4.25 are satis-
fied and hence, the conclusion of the lemma follows. Thus the system (4.29) has a
T-periodic solution. This completes the proof. O

We now give an example to illustrate the above result.

Example 4.27 Choose ¢;(t) = sin(t), ¢2(t) = cos(t) which are 2 -periodic func-
tions of mean zero and let U(x) = x/(N + x) which is the well known Michaelis—
Menten uptake function for the nutrient uptake, N is the half-saturation constant.
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Let D(t) = a1 + sin(¢) and x((¢) = ap + cos(t), where &) > 1, > 1. Now,

N
N + ki +1—cos(t)’

t
Uk, —I—/ @1(s)ds) =1—
0
Then

2 t 2 1
Ulk ds)dt =27 — N dr.
A ( 1+A ¢1(5) S) i /(; N + ki +1—cos(t)

Using elementary calculus we can show that

2 t 27N
/ U(k1 + / (pl(s)ds)dt =2 — " )
0 0 VN + ki +1)2-1

Similarly we can show that

/0271 (/()l <P2(s)ds)U<k1 + /Ot o1 (S)ds)dt -0

Substituting in (4.31) and (4.32) and simplifying we get,

2rak, N
Ak + (B 4+ 2an)k, + C; = rar ,
VN + ki +1)2—1
2ckaN
Asky® + (By — 2¢m)ky + Cy = e (4.33)

Ntk +—1

After some calculations we can see that, 4y = 2wa,B; = —-by2mn,
C, = 2nai(y + 1),4 = 2nd,B, = 2n(y + 1), and C; = n(d + 1).
Now using (4.30), we can find a unique pair of constants k; and k, for the given
functions ¢; and ¢, satisfying fOT F(t, ®,)dt = 0 provided we have,

< 1. (4.34)

a 2d

N — b
r<min%—wl,—y+wl C} and y+a
o

Clearly the inequality, (by + a)/a; < 1, implies that y + @1 — ¢ > 0 in view of
the assumption that ¢ < a. This ensures the existence of r > 0.
It is easy to see that all other conditions are satisfied here and thus, we have

x(t) =k +/(; @i(s)ds = k| + 1 —cos(z)

and t
y() =k + f @2(s)ds = ky + sin(?)
0

as a 2wr-periodic solution of the given system.
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Let us now consider system (4.1). We have Corollary 4.28.

Corollary 4.28 Assume that uptake function satisfies (A) and (A;) and the delay
kernels satisfy (Hy). Then (4.1) has a T -periodic solution provided,

minysoid + aU(x(t)) — by} > 0.

Proof As in Theorem 4.26, we need to find real constants k| and k, such that
fOT F(t,®,)dt = 0 and this equation yields two equations in k; and k, just as
(4.31) and (4.32).

Rewriting (4.31) and (4.32) for this particular case, we have

T t t
Aiky + Biks + C) = —a [ (k2+ / (pz(s)ds)U<k1 + [ (pl(s)ds)dt (4.35)
0 0 0

and

T t t
Ak + Boky + Gy = ¢ / (kz + [ (pz(s)ds>U<k1 + / o1 (s)ds)dt, (4.36)
0 0 0

where A| = DT, By = —byT, and
C, = —DxoT + D fOT f(; @1(s)ds dt — by fOT fol @2(s)ds dt,
Ay =dT, By =2d [} [if ¢2(s)dsdr + (y + D)T and
Co=(r+ D) fy Jo ¢2(5)ds dr +d [y (J p2(s)ds)*dr.
Observe that the right-hand sides of (4.35) and (4.36) are functions of k| and k,
and one is a constant multiple of the other. Combining these two equations, we get

Aiky + Biky + Ci = Ayk3 + Boks + G,

where /I] = —%, Bl = —%, é] = —% and 1‘[2 = %, Bz = %, éz = %,
which represents a parabola in the kik;-plane. Thus, we can have any number of
solutions k and k, satisfying this equation corresponding to one set of functions ¢;
and ¢, and when we require a unique periodic solution, we may look for condition
similar to (4.30) on the parameters.

The rest of the proof is similar to Theorem 4.26 and hence, omitted. O

Remark 4.29 We now compare the hypotheses of Theorem 4.13 and Corollary 4.28.
The assumptions on the uptake function and the delay kernels being the same,
we need to compare the parametric conditions of these two. While the condition
miny,.o{d + aU(x)} > by of Corollary 4.28 ensures the existence of periodic
solutions to (4.1), Theorem 4.13 requires D — aky* > by + ck, in addition to
min,s>y+{d 4+ aU(x)} > by + ck for the global asymptotic stability of the equilib-
rium solution (x*, y*).

Thus, as long as the conditions of Corollary 4.28 are met, (4.1) has at least one
periodic solution and when the conditions of Theorem 4.13 are also satisfied, this
periodic solution tends to the positive equilibrium solution (x*, y*).
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Thus, a startling fact is that the regulatory mechanism not only preserves the
asymptotic stability of the system, but also induces sustainable oscillations in the
system implying the model equations (4.1) admitting globally asymptotically stable
periodic solutions.

For a unique T -periodic solution the parameters of (4.1) need to satisfy a condi-
tion similar to (4.30) of Theorem 4.26 which can be written as

akBi |Bi|+alLT ckBy A2r +cLT
Ay Ay B B,

B = max <1, (4.37)

’

inwhich A = DT, By = =byT, A, =dT, B, = (y+D)T+2d foT [0[ ¢2(s)ds dt,
Bi=Tr+ [, [y da(s)ds dr.
Observe that the term |B;| + aLT /A, is independent of r.
Further, B <1 implies (|By|+aLT)/A; <1 which means that (byT + aLT)/
DT < 1. Thatis,
by +alL < D. (4.38)

The following condition is necessary for the existence of a positive equilibrium
solution to (4.1) (see discussion before Theorem 4.2).

y+ D <cL. (4.39)

In view of the assumption that ¢ < a, (4.38) and (4.39) cannot occur simulta-
neously. Hence, we remark that the existence of a unique periodic solution itself
enforces the nonexistence of a positive equilibrium solution for (4.1). Further, for
nontrivial periodic D(¢) and xo(¢) system (4.27) does not possess any (constant)
equilibrium solution. In this context, we are prompted to study the asymptotic
behavior of solutions of (4.27), and hence, of (4.1). The following result yields con-
ditions under which the solutions of (4.27) are asymptotic to each other.

Theorem 4.30 Assume that the delay kernels, in addition to (Hy), satisfy the con-
ditions [;° sf(s)ds < oo, [;°sg(s)ds < oo and U(x) satisfies (A;) and (A,).
Further, assume that there exists a continuously differentiable function W(t) =
(w1 (2),wa(2)),w;i(t) > 0fori = 1,2, bounded on 0 < t < oo such that

Wi () = D()xo() — D(e)wi () — aUlw) (1)) w(0)
by [ 6wt =5+ W)
w0 = w0 =+ DO) +e [ g©UGG =5
—dwy(1) + Wa(0)]
where Wj(t), i = 1,2 are bounded on [0, 00) and [;° |W;(t)|dt < oco. Then for

any solution (x(t), y(t)) of (4.27) one has lim;_,oo(x(2), y(2)) = (wi(2), wa(2))
provided
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I, —ck —akM, >0 and r?i)no{d —by +aU(wi(1))} > 0.
wi(t)>

Proof We use the functional
V(1) = V(x (1), y (@) = |x(@) —wi ()| + |log y() —log wa(1)]
by [ 4O [y = watlduds

'”A g [ UG @)~ U @)lduds.

t—s

Clearly, V(w;(t), w2(¢)) = 0 and
V(1) = [x(1) —wi ()| + [log y(t) —log w(r)| > 0.

The upper Dini derivative of V' along the solutions of (4.27) after some simplifi-
cations is given by

DTV = =D(@)|x(t) —wi(1)| + c|U(x(1) — U(wi(2))]

—(d = by)ly(@) —wa ()| — aU(w1 (1)) y () — wa(2)]
+aylU(x) = Uwi ()| + Wi(0)] + Wa(1)]

—(ly — ck — akM,)|x(t) — wi (1)

—(d = by +aU(wi())]y@) —wa ()] + Vi ()] + V2 (0)],

IA

where M), is the bound on y defined in Theorem 4.24.
The negative definiteness of DV follows from the hypotheses and rest of the
argument can be completed using standard arguments. This completes the proof. O
Now, for any two solutions (x;(¢),y1(¢)) and (x2(?), y2(¢)) of (4.27)
Theorem 4.30 implies that

lx1 () — x2()| + [y1(2) — y2(0)| =
= |x1(t) = wi (1) +wi(@) = x2()| + |y1(E) — wa(?) + wa(t) — y2(2)]
< [x1() =wi@®] + [wi (1) = x2)] + [y1() = wa(@)| + [wa(t) — y2(2)|

— 0, as t— oo.

Thus, all the solutions of (4.27) are asymptotic to each other. Hence, under
the conditions of Theorem 4.26 they are all asymptotic to the unique 7 -periodic
solution.

Now we come back to system (2.81) to establish the existence of periodic solu-
tions to it. The choice, d = 0, x¢(¢) = xg, and D(¢) = D reduces (4.27) to (2.81)
and similar to Corollary 4.28 we have Corollary 4.31.

Corollary 4.31 Assume that uptake function satisfies (A1) and (A,) and the delay
kernels satisfy (Hy). Then (2.81) has a T-periodic solution provided,
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minypsotalU(x(t)) — by} > 0.
Proof Since the proof of this corollary is similar to that of Theorem 4.26 or

Corollary 4.28, we omit the details here. |

4.6 A Model with Discrete Delay in Growth Response

In this section we study the influence of self-regulatory mechanism on model (2.67).
That is, we consider the system of equations,

d)(cjfl) = D(xo —x(2)) —aU(x(1))y () + by/ F($)y(t — 5)ds,
0
% =—(y + D)y(t) + cy(U(x(t — 1)) — dy* (), (4.40)

with some positive initial conditions say (4.2).

Having done enough home work on such models, we directly proceed to the
global stability of the positive equilibrium (x*, y*), which exists under the condi-
tions of Theorem 4.2.

4.6.1 Stability Results

We shall obtain various sets of sufficient conditions on the parameters that estab-
lish the asymptotic stability of the positive equilibrium solution (x*, y*) of (4.40)
and estimate the length of the delay for which these hold, employing a Lyapunov
functional technique.

Before proceeding further, we make the following change of variables.

x1(1) = () = x*, (1) = y(”y—_y Ui (1) = Ux(0) — U).

Then (4.40) after a rearrangement assumes the form
X{(1) = =Dx(1) —ay*Ui(x1 (1) = ay* U )3 (1)
sy [ rom - sas @an)
¥O) = (143 O)]cUitn (=) = dy* 0 0)].

The following assumptions on the transformed uptake function U; are used in
our subsequent discussion.

(A3). U € C'[0,00) and there exists a positive constant M; such that
dU /dx < M.
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In other words, dU; /dx; < M, for x| € [—x*, 00).

(Ag). xUi(x;) > O for all x; # O and there exist positive constants

ay,ay and B such that

U](X])

X1

. X1
<ap, forx; >—x*and B = min .
az—x* | Up(xy)

o] <

We now state and prove the main result of this section.

Theorem 4.32 Assume that the delay kernel f satisfies (Hy), (H,) and the uptake
function U, satisfies (A1), (A3), and (Ay). The equilibrium solution (0, 0) of (4.41)
is globally asymptotically stable for 0 < t < t*, where t™ may be estimated as
follows with suitably chosen positive constants A and B.

Case 1 (D —"47) > 0, Bdy* — 407 > o,

Then
24 1,4 A A Ar\2 4C?
% — mind 248 _(_1+_2_ (_1__2) n 1) ,
Be’ 2\B, B, B B BB,
where
byy* BeD "
A]IA D — ) s Blz 5 s 2C1=Aay L—BCOQ,
Abyy* B
Ay = Bdy* — Y7 and B, = TC[(D+2ay*+byy*)M +byy* +ay*L?],
Case Il - - B
A(D— vy ay )_ C062>0
2 2 2
A A Bceas
Bdy* — —byy* — —ay*L — 0.
y ) vy 2ay ) >
Then
. -~ 24 ~
T =m1n{A, e B},
Bc
in which
Ay e e
BcD
2
and A A Be
Bdy* — Sbyy* — Say*L — =52

B = )
B[(D + 2ay* + byy*)M + byy* + ay*L?]
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Case 11 A(D + 5% — 2% — 971 ) — B > 0 and

Bdy* — %byy* — %ay*L — % > 0.
Then t* = min{m 1, m,}, where

A(D— -I—ay al——L)— 2"052
mp; = Be ) s
T(D+ay o3)
my = de*_%yy*_ﬁmzy*l‘_¥
) =

B[M(D + 2ay* + byy*) + byy* + ay*L*’

Case]VA(D+@—b” )>0 Bdy* — 4byy* > 0.

Lo L[A A AL AN [ 4c)
t=Sl\m Tt - I\ %) t\mell
2\ B " B B B B|B]

Then

where

*

b B
A=A (D — sz + ay*oel) , B = TC(D + ay*an?),
Cl/ = (, A/2 = A,, and Bé = B,.
In all the above, M = Mlz, and M is defined in (A43).

Proof The foregoing discussion explains the construction of a Lyapunov functional
that is useful in establishing the result.
Consider the functional,

V(D) = Vi), 1 0) = 580 + B[y ~log1 + »i@)].  @42)

where A and B are positive constants which will be chosen appropriately.
The time derivative of V| along the solutions of (4.41) is given by

dv
dr

Ax ()] = Dxi(1) = ay™ U (1)
—ay UG OO +byy™ [ 6 -]

+ By (0|l = ) = dy* 3 (1)

)X{ (1) = Aay* U (xi (1)x1(¢)

— Aay UEOOn0 + 2= [ fo)50 - sas

+ Beyi (1)U (xi1(t — 7)) — Bdy*yi(1). (4.43)

b
_ap by

IA
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Now consider

OV =) = OVt - [ L]

—no[vieon - [ _ (Famih. S0 g]

=nOUxE) —n@) [ (dlillg(ls()s») )

x{ — Dxi(s) — ay*Ui(x1(s)) — ay*U(x(s) 1 (s)
byy* = —uw)dutd
+ Vy/O SS)yi(s —u) }s
< »i@U (x1(2))

1 tordu 2
+ 3 [D + 2ay* + byy*] yi(1) . (—(;}ET(IS()S))) ds

ay

D t * t
+ — xlz(s)ds + 7 / Ulz(xl (s))ds
-t

2 -t

= veenies

+ by / /00 F@)y?(s — u)duds.
t—t JO

_I_

2
Using this in (4.43), we get

dv

b *
5= —A (D - %) x(t) — Aay*U(x(1))x1(t)y1(t)

+ BeUi(n () (1) = B[dy* = S(D +2ay* + byy )Mz ]yi(0)

~ Aay* Un(a )i (1) + 427 /0 F(5)y2(t — 5)ds

2
B D t * t
+ 252 [ a8 [ viwenas
-t -t
ay*c (', )
+ B 5 / U“(x(s))yi(s)ds
-t
b * t oo
+B% / ds fo Fu)y3(s — uyduds, (4.44)
-7

using (A43) and denoting M = M,>
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Now consider the functional
Va(x1(2), y1(2))
Be ! ! 2 * 772 *r72 2
= Dx}(v) +ay" U (xi(v)) + ay* U (x ()] (v)
t—t Js

V(1)

by [yt —odiav,

Then the time derivative of V; is given by,

dva(t) _ Be

2 : {Dxl (t) + ay*UR(x (1) + ay* U (x () y3 ()
oy [ i - wade

Bce

-5 [ P +ay Uki6) +ay U )y e)

by [ Sy - wadas. (4.45)
0

Now from (4.44) and (4.45), we have,

v, dv: byy*
—1+—2§—A(D— vy

Y ) X2t = Aay* U(x (0)x1 (1)1 (1)
— B[y = 5D + 205" + byy M|y

byy*
2

2(t — s)ds

+ BcU (x1 (1)) y1 (1)

T %T{Dxlz([) +ay*Uk(x (1)) + ay*Uz(X(f))yf(f)}

Bce * * 2
+ Tbyy T fuw)y;(t —u)du. (4.406)
0
Now define the functional

V() = Va1 (D) 1 (6) = [A + Ber] 222~ ” fo £65) /_ V3 (2)dzds.

The time derivative of V3 is given by,

dV3 Vy
A+ B
G = [A + Bcr]

o= [ ronte-sa) @

We now define our main Liapunov functional

V() = V(xi1(@), y1(2)) = Vi(t) + Va(t) + Va(2).
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Then clearly, V(0,0) = 0 and V(x;(¢), y1(¢)) > 0 for x,(¢) > 0, y;(¢) > 0.
Using (4.46) and (4.47), the time derivative of V' along the solutions of (4.41) is
given by

dv

b *
L (D - V—zy) () — Aay* U ()1 (01 (1)

—B [dy* — %(D + 2ay* + byy*)Mr] yi(t)
— Aay* Ui (x1(t))x1(t) + BcUi(x1(2)) y1 ()

+ 2Dt +ay U2 o) + ay U o) 0]r

b *
+[4 + Ber] Vy Y2(0)

- [A(D - be Xy —Dr] 2(1)

b
Bdy* —A%

Bc * * * *
- 7[(D 2ay* + byy )M + byy* +ay Uz(x(t))]r} 0

Ui (x1(2))
x1(1)

tUZ (x1(1)). (4.48)

— Aay U ()i (01 (0) + Be( JRIGEIO)

Bcay*

— Aay™ Uy (x;(1))x (1) +

Case I Let (D byy ) > 0 and Bdy* A% > 0.

Now inequality (4.48) upon further simplification and rearrangement yields

|:A (D — b%) — B;D r:|x1 (3]

+ [Aay*U(x(t)) - Bcaz]m(f)yl(f)
byy*
2

dv

< =

dr —

n [de* -y
B
~Sle 2wy byyIM 4 by + ay*Uz(x(,))]]yf(,)}
B
~[Aay*p = ZFar e Ui ).

where o, and B are as defined in (Ay4).
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Then dV /dt is negative definite if,
* Be * 2
Aay ﬂ > 761_)/ T and Cl < (A] — B]‘L')(A2 — Bz‘[), (449)
where
byy* BeD
20, = Aay*L — Beas, A, =A(D—%), B = ; ,
Abyy* B
= de*—% and B, = ¢

S [(D+2ay™ +byy )M +byy* +ay*L?)],
using that U(x) < L.

Now the second inequality of (4.49) implies that,

B]Bz‘[z — (Ale + AzBl)‘E + A1A2 — C12 > 0.

Consider

BiByt* — (A1 By + A, By)T + (4142 — C}) = 0. (4.50)
A necessary condition for the second inequality in (4.49) to hold is C 12 < A1 A,.
This condition implies that both the roots of (4.50) are real, distinct, and positive
since Aj, A,, By, and B, are all be positive.

Let 7, and t, represent the two roots of (4.50) and without loss of generality, let
71 < Tp. Clearly, 71 < A]/B] <pandt < Az/Bz <10

Therefore, if we choose t* = min{z, %} where

LA A A Ay
o 2(BI+BZ \/(Bl_Bz) t 35

BB,

thendV /dt < Ofor0 <7 < t*.

We now consider Case II.
Case Il Let A(D—"2~

ay L) Bcaz > 0 and de Abyy %L . % - 0.
Now we observe that lnequahty (4 48) may be s1mp11ﬁed to yield
v _ byy* Aay BCOtz BeD
- AlD - — ) - U _ ;
dr — % ( 2 ) (x()) 2 xl()
Ab)/y Aay BCO[Z
Bdy” - — Ux(1) -
Bcet

——[(D + 2ay* + byy* )M + byy* 4+ ay*U (X(t))]} yi(t)

B
_ {Aay*ﬂ - TCay*t}Ulz(xl(t)).
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Then dV /dr < 0 if we choose 0 < 7 < t*, where

-~ 2A -
a— min{A, —'B B},
Bce
in which , .
A~:A(D_ yzy _ay )_Bc;xz
BceD
2
and

Bdy* — ébyy* — Zay*L — %

B = )
%[(D +2ay* + byy*)M + byy* + ay*L?]

Upon eliminating the arbitrary constants A and B from the above, we obtain

dy*(2D — byy* —ay*L) — Dcay > 0,

which gives a sufficient condition for the existence of T* > 0.

We now simplify (4.48) as,
dv byy* BeD
& —[A p- ) _=¢ r]x%(t)
dr 2 2
Ab
—|:de* - Tyy*

B
—TC[M(D +2ay* + byy*) + byy* + ay*L2]f}y12(t)

—Aay*U(x(t))x;(t)y1(t) + Beonx (1) yi (1)
B 2
oo (552) o () o

r byy* B
< —|A(D — % +ay*ay) — TC(D + ay*a%)r]xlz(t)
—[Aay™U(x(1)) — Beas]x (1) y1(1)

Abyy*

_| Bay*
Y 2

Bc
—T[M(D + 2ay* + byy*) + byy* + ay*Lz]rj|yl2(t). 4.51)

We now have Case III.
Case Il Let A(D — % +ay*oa; — %L) — % > 0 and
byy* Aay™L Be
Bdy* — AZ— — 2= — Bla, > 0.
Now the inequality (4.51) upon using the inequality xy < %(x2 + y?) and rear-
ranging, assumes the form
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dv byy* ay*
— <—|4(p- *ap — —=—U
3 = [ ( , tayie—— (x)

Bcay
2

Bce
- T(D + ay*oe%)rj|x12(t)

b A Bc
- |:de* — A%y* - an*U(x) -

Bc
- 7I[M(D +2ay* +byy") +byy* + ay*Lz]]yf(t).

Therefore, for 0 < 7 < t* = min{m1, m,}, where

= AP %; ay*oy — 4 L) — Eay
2D +ay*a;

de*—%y*—%L—%

B[M(D + 2ay* + byy*) + byy* + ay*L*’

’

myp =

we have dV /dt < 0.

Case 1V Let
byy* Abyy*
D—%+ay*a1>0and3dy*— oo
Now from (4.51), we have dV /dt < 0 provided,
C? < (A — Bjt)(A) — B}1). (4.52)
that is,
B|Bjt> — (A, B} + A,B])t 4 (4,4, — C'?) > 0, in which
byy* Bc
All = A (D — % + ay*al) s B{ = T(D + ay*ag),
1 Abyy*
Ci = 5(day*L — Bean). 4} = Bdy” ;y
and

B
B, = TC[M(D +2ay* + byy*) + byy* +ay*L].

Arguing as in Case I, it can be shown that the equation,

B!Bit> — (A B, + A,B))t + (A} A, —C'3) =0 (4.53)
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has two distinct, positive, real roots, say, 7, To(> 7;). Further, it is easy to see that
71 < AII/B{ <tHand7t < Alz/Bé < 1.
Therefore, for

1,4 A A ALN2  4C!?
= 1=—(—£+—%—/(—1——%) o),
2\B/ " B} B/ B, BB,

we have, dV /dr < 0.

We have established the negative definiteness of dV /dt in each of the Cases I, II,
II1, or IV depending on the choice of t* estimated separately for each of the case.
Therefore, the functional V' constructed above is the required Lyapunov functional
and now the conclusion of the theorem follows from standard arguments. O

The following example illustrates the above result.

Example 4.33 Consider the system (4.40)with D = 1,a =4,b =02,y = 1,c =
3, and d = 20. That is,

xX'(1) = (xo —x(1)) —4U(x(1)y (1) + (0-2)[0 F($)y(t —s)ds,
(1) = =2y () +3U(x(t — 7)) = 20y°(0),

in which xo = 9.68 (approx.) and U(x) = x/(1 + x).

Clearly, (x*, y*) = (8, %) and U(x*) = %. Further, M = 1,8 =9, = L
and o; = 0.0122, assuming the bound x(t) < xo + (bycL)/(dD), given in
Sect. 4.2.

Then for the choice of A = 1 and B = 1 we have, from Theorem 4.32,

(D). 71 = 0.3043, 1, = 0.6724, and % = 6, and thus, t* = 0.3043,
0. t* = 0.202,

(IID). m; = 0.5093, m, = 0.203 and thus, * = 0.203, and

(IV). 7 = 0.3055, 7, = 0.673,and t™* = 7; = 0.3055.

We observe that the estimates on t* in these cases may be improved by proper
choice of the parameters A and B. For example, the choice A = 0.75and B = 1
yields, t* = 0.211 and t* = 0.212, respectively, in cases(II) and (IIT).

Remark 4.34 A researcher, who is familiar with Lyapunov function(al)s, observes
that stability region obtained depends on the selection of Lyapunov function(al) and
any modification of this function(al) either in terms of functions used or the parame-
ters included in the functional may produce a different portion of the stability region
of the system. It is the observation of the authors that, in general, no two Lyapunov
function(al)s produce the same stability region for the system under consideration.
At this juncture, we draw the attention of the readers to the normalization of y in
(4.41). Theorem 4.32 may be tried without a normalization of y to obtain a different
estimation on the delay 7. For example, Cases I and II of Theorem 4.32 with a
nonnormalized y (i.e., y; = y — y™*) assume the form,
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Case I(a) (D — %) > 0, Bdy — 222% > 0 and

2A 1/4 A A Ar\2 4C?2
o = min | 248 _(_l+_2_\/(_1__2) n 1) ,

Bce ’ 2 Bl Bz Bl Bz Ble
where
by BeD
A1=A D—7 ,Bl= ) ,2C1=ACIL—BCO[2,
Ab B
A> = Bd — Ty and B, = TC[(D +a(l +y*) +by)M + by +alL?],
and
Case Il (a)
b L B
A(D——y—a—)— %,
2 2 2
A A B
Bd—Zhy—ZarL - 2522 59
2 2 2
with

2 2 2
BcD Bc

A(D_b_l’_% _ Beay 248

Bd — 4by — 4alL — 22

(D +a(l + y*) + by)M + by +aL?]| "

For these estimations, we get for the parametric values of Example 4.33, for Case

I(a),
71 = 0.5507, 1, = 0.6724,and (2AB)/(Bc) = 6, and hence, t* = 0.5507 = 1;.

Thus, in this case we have obtained a better estimation on t than Case I of
Theorem 4.32. But we note that Case II(a) cannot be applied here as the first
condition

>0

(D_Q_%)_Bcaz
2
fails to hold for the above parametric values.

It would be interesting to know what changes the nonnormalized term y brings
in the other cases. Further, the functional used in the proof of Theorem 4.32 is
not unique and an enthusiastic reader may try different ones for few more stability
conditions.

Now we use the procedure of Theorem 4.10 to find one more sufficient condition.
Letting x; (1) = x(t) —x*, y1(t) = y(t) — y*, and Uy (x1(1)) = U(x(1)) —
U(x*), we rewrite system (4.40) as,
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X (1) = =Dxi(t) —aU(x (1) y1 (1) — ay* Ui (x1(2))
o0
wby [ £ -3,
0
Yit) = @) + y)eUi(xn(t — 1)) — dyi ()] (4.54)
In the following result we replace the assumptions (43) and (A4) on U; by (A4>).

Theorem 4.35 Assume that the delay kernel f satisfies (Hy), (H,) and the uptake
function Uy satisfies (Ay) and (A). The equilibrium solution (0,0) of (4.54) is
globally asymptotically stable for

. . (D —ck—aky* d+ax—by

0<7<71 =min ) )
(D +ay*)ck " (aL + by)ck

provided D —ck —aky* > 0and d +aa—by > 0, in which @ = miny>,+ {U(x)}.

Proof We consider the functional, V(z) = Vi(t) + V,(t) where

log (w)‘ + by/ f(s) |y (u)|duds
y 0 t

s

Vi) = |xi ()] +

and
t t t t
Va (1) =ck[D/ ds/ |x1(u)|du+aL[ ds/ |1 (20) |
t—t s t—t s
t t
+ar [ as [ i+
t—t s
t [ee) t
by/ ds/ f@ |y1(u)|dudz].
t—1 0 s—z
Consider

DT V(1) = =Dlxi(0)] — aU(x (@) |y1 ()| = ay™ Ui (x: (1))
+elUn(xi(t = D) + by [y1()] — d[y1(0)].

Now we have,

A

'
xl(t)—/t x| (s)ds

-7

U1t —0)| = klxit —7)| =k

t

ko= [ [=Dxi9) = aUx(s)nis)

=t

—ay UGN + by [ £@n( =]
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t t
< k1[0 [ el +ar [ s
t—t t—t
t
rar [ wolas
C e
+ by[ [ f(z)Iyl(s—z)|dzds].
t—1 JO
Thus, we have

DVi(t) = —(D — ck — aky™)|xi(1)| = (d + aU(x) = by)|y1(1)]

+ck[ D [t; Ix1(s)|ds + aL /l; 1y1(s)|ds (4.55)
vt [ wionias+y [ [T @i - ajeas].
Now
DY) = ek DIsi(0)le + aLiy Ol +ay* Ui (1) + by Iy ()]

—ck[D/ |x1(s)|ds + aL/ [yi(s)|ds (4.56)
—T —

T

t t o0
var [ i +oy [ [T r@nG - alas)
t—1 t—1 JO
Using (4.55) and (4.56) we have after some simplifications

DYV(t) < —(D —ck —aky™*)|x)(t)| — (d + aU(x) — by)|yi(1)]
+ck(D + aky*)t|x,(t)| + ck(aL + by)T|y1(t)]
— (D —ck —aky* — ck(D + aky*)r)|x1(t)|

- (d +aU(x) — by — ck(aL + by)r) Iy (0)).

The negative definiteness of DTV (¢) follows from the hypotheses. The remain-
der of the proof may be completed employing standard arguments. O

The following result is a simple consequence of Theorem 4.32 which provides
sufficient conditions for the global asymptotic stability of the equilibrium solution
(0,0) of (4.6.2) when T = 0.

Corollary 4.36 Assume that the delay kernel f satisfies (H,), (H3) and the uptake
function U, satisfies (A1), (A3), and (As). The equilibrium solution (0, 0) of (4.41)
is globally asymptotically stable for t = 0 provided there exist positive constants A
and B such that the following conditions hold:
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A1 = AD = 27) > 0, A, = Bdy* — 2227 > 0, and
A1 Ay > Ci2, where 2Cy = Aay*L — Bca,.

The following results are for the case 7 = 0 in (4.40). These results are special
cases of Theorems 4.17 and 4.18, respectively. The results may be established by

employing the same functionals used in Theorems 4.17 and 4.18 and the procedure
as well. Thus, the details are omitted.

Theorem 4.37 Assume that the delay kernel f satisfies (H,) and (H,) and the
uptake function satisfies (A1) and (A,). The equilibrium solution (0,0) of (4.41) is
globally asymptotically stable for t = 0 provided the parameters satisfy

1 by\2
* — —
dy >[4+(a)]c.
Theorem 4.38 Assume that the delay kernel f satisfies (Hy) and (H,) and the

uptake function satisfies (A1) and (A,). The equilibrium solution (0,0) of (4.41) is
globally asymptotically stable for T = 0 provided the inequalities

b_)/)2 ac

x° < xo, dy ><a 4U(x*)(aU(x*) — by)

Now we give examples to compare Corollary 4.36 with Theorems 4.37 and 4.38.

Example 4.39 Consider the system (4.41) with D = 1.3,a = 8,b = 0.8,y =
2,¢ =7.6,and d = 10. That is

X' (1) = (1.3)(xo — x(1)) = 8U(x(1)y(1) + (1-6)/0 Sf($)y(t —s)ds.
(1) = =(3.3)y(0) + (1.6)U(x(1)) — 10y*(1),

in which xo = 1.0923 (approx.) and U(x) = x/(1 + x).

Clearly, (x*, y*) = (1, %) and U(x™*) = %

It is easy to see that all the hypotheses of Corollary 4.36 are satisfied for the
choice of A = 5, B = 1 and hence, (x*, y*) is globally asymptotically stable by
virtue of Corollary 4.36. It may be observed that parametric conditions of both the
Theorems 4.37 and 4.38 are violated, and hence, they are not applicable here.

Example 4.40 Consider the system,

¥ (1) = (xo — x(1)) — 20U(x (1) y(6) + 2 /0 F(5)y(t — s)ds.
V(1) = —5p(0) + 16U(x (1)) — 2(0).

in which D = 1l,a = 20,b = 0.5,y = 4,¢c = 16,d = 2, xo = 22, and
Ux)=x/3+ x).
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Clearly, (x*, y*) = (9, %) and U(x*) = %.

Since D — (byy*)/2 < 0, Corollary 4.36 cannot be applied here, while both
Theorems 4.37 and 4.38 ensure the global asymptotic stability of (x*, y*) in
this case.

It is evident from the above examples that Corollary 4.36 is independent of
Theorems 4.37 and 4.38.

4.7 Discussion

In this chapter we have obtained several independent sets of sufficient conditions
for the global asymptotic stability of the positive equilibrium besides establishing
the survival of species (persistence). It is easy to see that Theorems 4.10 and 4.13
reduce to Theorems 2.33 and 2.35, respectively, in the special case d = 0. But we
cannot think of the counter parts of Theorems 4.11 and 4.12 for (2.81) in this sense.
Thus, these two theorems establish the stability of (x*, y*) under conditions that
are definitely not possible for (2.81). May be due to the presence of the supporting
term “—dy?2,” we are able to describe the stability region of (4.1) better.

The results of Sect. 4.5 uphold the popular notion that the transition from insta-
bility to stability is via oscillations. Further these results reestablish the occurrence
of oscillations observed in experiments (see Sect. 1.8 of Chap. 1).

It is interesting to note that delay-independent results (stability, no matter how
large the delay is) would severely restrict the parameters of the system. Due to these
restrictions, delay-independent stability results become less applicable. Moreover,
these results are of little interest in the back ground that increasing time delays
always destabilizes the system. Hence, it is worthwhile to discuss results which
depend on the delay (that is, delay dependent stability results) for which the equilib-
rium is stable. This is the starting point of our discussion in the Sect.4.6. We have
not placed any apriori conditions on the parameters for the stability of the positive
equilibrium of the delay-free system. Thus, the method followed here applies to the
delay-free system, as well (that is, when t = 0).

4.8 Notes and Remarks

Theorem 4.32 gives the length of the delay for which the system is stable when
the system has a finite carrying capacity (d > 0). But for large d, we have from the
equilibrium solutions (4.4) that y* takes small values and eventually y* — 0 as
d — o0. From the conditions on the parameters of the system in Theorem 4.32, we
can see that t* increases for increasing d, but is always bounded (by cL — y — D),
eventually tending to cU(xg) — y — D. But when d — oo, y* — 0 which means
that the consumer population becomes extinct. Surely, this is not desirable. This
means that the system when it has a definite carrying capacity can tolerate a delay
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in the growth response of the species and under the conditions of Theorem 4.32, the
species survive.

We observed in Sect. 2.5 (see Example 2.42 and Remarks) that we need a better
condition for establishing the survival of species when aU(x) < by for x > x* and
our study here reveals that the introduction of the term —dy? has definitely answered
this problem, allowing U(x) to be smaller than by. Hence, we may conclude that the
finite carrying capacity of the environment help stabilize the situation in the sense
expressed above.

Another way of viewing the results in this chapter is that at low levels of nutrient
consumption (supply), the resulting death due to the intraspecies competition, repre-
sented by —dy? in (4.1) helps in stabilizing the populations and under the sufficient
conditions we have presented in Sect. 4.4, the populations tend toward the positive
equilibrium solution.

Note that we have not allowed any recycling from the dead biomass represented
by —dy?. An enthusiastic reader may further explore the influence of recycling from
this biomass also.

A question of more general interest is to discuss the case where in the self-
regulatory effect, being nonlinear, need not necessarily be quadratic in nature. Thus,
it is reasonable to consider the model (4.1) in which the term dy? may be replaced
by dy? for some p > 0. Mathematically, the model is more complicated to analyze
in view of the fact that solutions of (4.1) when O < p < 1 fail to possess uniqueness
property.

We have noted from (4.37) and (4.38) that the uniqueness of 7 -periodic solution
excludes the possibility of existence of a positive equilibrium solution to (4.1). This
situation has arisen due to the assumption that the growth rate coefficient (¢) is no
more than the consumption rate (a). It could be of some interest to see what happens
when a < ¢, growth rate is bigger than the consumption rate as in the case of a fast
expanding virus, for example. In such case the system (4.1) may have a positive
equilibrium solution besides a unique 7 -periodic solution.

Since persistence also implies survival in some sense, results on persistence for
models (2.1)—(2.6) could be of interest. However, the existence of § > 0 such that
x(t) > & fort — oo may represent a surviving population but we are not fully
convinced that this population may be in a position to reproduce and improve the
population even when the circumstances are conducive for a growth. We have to
interpret the persistence of the solutions of system (4.1) in the light of the finite
carrying capacity of environment which enforces the death of some of the species
while Theorem 4.7 ensures the survival of at least some of the species.

It is clear that both persistence and global stability ensure the eventual sur-
vival of species, requiring, respectively, that liminf, .o u(t) > §; > 0 and
liminf, oo u(t) = u* > 0. Especially, when §, u* assume insignificantly low
values, how to understand this kind of survivability remains as an open question.
Would biology support the thought that the eventual growth of the populations lim-
ited to small (insignificant) numbers mean survival of the ecosystem?
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The following example substantiates our contention.
Consider the following model (see Example 4.20)

¥ (1) = 2(xo — x(0)) — 25U () (1) + 3 /_ £t = 5)y(s)ds
V() = —8y(r) + 20y(2) /_ g(t — )Ux(s))ds — 3152(1)

in which U(x) = x/(4 + x),b = 1/2,y = 6,D = 2, and xo = 4.030
approximately.

The equilibrium solutions are x* = 4 and y* = 0.00635 with U(x*) = % and
k=1/4.

This system is globally asymptotically stable by virtue of Theorems 4.17 or 4.18.

Note that the equilibrium value y* = 0.00635 is very insignificant when com-
pared to other parameters of the system.

Does not it mean that the concepts of survivability and stability are not adequately
handled by the mathematical definitions? This unquestionably calls for a more in-
tensive introspection into our existing mathematical formulations. Understandably,
results of the kind discussed in the literature remain only as mathematical results and
do not evince any interest in biologists. On the other hand, local stability analysis
is certainly a disturbing factor under the above state of affairs when global stability
itself, presumably, has a little influence in the sense described above.

It appears, therefore, reasonable to visualize the growth of y beyond equilibrium
value but with controllable size.

Also, another issue that demands the attention of mathematicians is the question
of survival of the consumer species when the nutrient (may be a chemical feed)
supplied may have an adverse affect on the normal growth cycle of consumer pop-
ulation resulting in the survivability of individuals that may not have the ability to
contribute to the growth of the ecosystem.

The results of Sect.4.2—4.4 provided by Sree Hari Rao and Raja Sekhara
Rao [86, 87]. Details of the proofs of Theorems 4.17 and 4.18 can be had from
the work of Beretta and Takeuchi [11]. Sects. 4.5 and 4.7 are contributions of
Sree Hari Rao and Raja Sekhara Rao [87, 91]. Extending model (4.1) to a system
of n-competing consumer species, Fergola, Jiang, and Ma [31] obtained similar
results. Similar models with two or more competing species are considered by
Freedman and Xu [39] and Ruan and He [80]. Of course, some of them assume no
delay in growth response.

4.9 Exercises

1. Explain why Lyapunov functionals of the type used in Theorems 4.11 and 4.12
are not suitable for system (2.8)?

2. Show that Theorems 4.10 and 4.13 reduce to Theorems 2.33 and 2.35,
respectively.



4.9 Exercises 173

3.

4.

10.

11.

12.

13.

What conclusions can be drawn from Examples 2.42 and 4.21? Does this
suggest killing of some species when food supply is not good enough ?

Give examples of delay kernels f and g satisfying the conditions fooo sf(s)ds =
oo but fooo f(s)ds = 1 so that Example 4.16 holds only for Theorem 4.13 but
not for Theorems 4.10 and 4.11.

Extend Theorem 4.26 for different time periods 77 and T3, for D(t) and x((¢)
respectively.

Show that the unique periodic solution of (4.1) is asymptotically stable (Choose
Wi(t) = Wa(t) = 0and D(t) = Dy, xo(t) = xo in Theorem 4.30).

Following Corollary 4.30, find conditions for the uniqueness of periodic solu-
tion. Can one conclude that the uniqueness of periodic solution implies nonexis-
tence of positive equilibrium for (2.81)? (See discussion before Theorem 4.31).
It is seen in Chaps. 2 and 3 that the time delays induce oscillations. Now from
Corollary 4.30, periodic solutions exist to system (2.81) and self-regulation
also induces oscillations. Discuss how to differentiate these two types of
oscillations?

Is it possible to establish the existence of limit cycles to systems (2.81) and
(4.1)? (see Beretta, Bischi, and Solimano [7]).

If the term dy? is replaced by dy?,0 < p < 1 in system (4.1), solutions need
not be unique. Using the transformation z = y!'~7 study the stability of the
resulting system. The problem is still open.

Supply the details to establish that the map G : Q, — R? defined in Theorem
4.26 (in order to establish the existence of a unique solution (k1, k,) for (4.31)
and (4.32)) is a contraction mapping.

Try delay independent global stability results for (4.40).

(a) Use the procedure used in results from among Theorems 4.9-4.18.
(b) Can the results of Section (2.4) derived for equation (2.67) be modified for
this model?

Design suitable Lyapunov functionals in these cases
See how models described in earlier sections become special cases of (4.40).

Choice of parameters Model
d=0 (2.67)/(2.5)
d=0,7=0 (2.40)

d =0, f(s) =6(s) (2.29)
d=0,b=0, f(s) = (s) (2.2)

d =0, f(s) =6(s),y =0 2.7)

d=0,y =0, f(s) =68(s)T =0, (1.5).

Can the results of Section 4.6 be modified to these models? If yes, establish the
global stability of positive equilibrium in each case. Otherwise, give reasons
and substantiate them.



Chapter 5
Wall Growth

5.1 Introduction

Often, the microorganisms grow not only in the growth medium (container), but also
along the walls of the container. This is either due to the ability of the microorgan-
isms to stick on to the walls of the container or the flow rate is not fast enough to
wash these organisms out of the system. This phenomenon is generally referred to
as the “wall growth.”

One of the basic assumptions in a simple chemostat is that the washout rate is
fast enough that it does not allow any wall growth. But when one uses a chemostat
to describe a bio reactor, wall growth becomes an important factor to be considered
(e.g., growth of microflora in large intestine of mammals, etc [103]). Again when we
consider a lake situation, where the flow rate is very low, we can observe the growth
of algae and fungi along the walls or banks. These observations motivate us to study
the influence of wall growth on the dynamics of limited nutrient-consumer system
and we appropriately modify our model equations (2.81) in order to incorporate the
wall growth into our model.

Naturally, we regard the consumer population y as an aggregate of two cate-
gories of populations, namely, one in the growth medium (y;) and the other on the
walls of the container (y;). Any time the individuals may switch their categories,
that is, the microorganisms on the walls may join those in the growth medium or the
biomass in the medium may prefer walls. If r and r, represent the rates at which the
species stick on to and shear from the walls, respectively, then r; y; and r;,y, repre-
sent the corresponding terms of species changing the categories. Thus, the growth
of microorganisms is now represented by two equations, one corresponding to that
sticks onto the wall and the other for the one in the medium. The nutrient is equally
available to both the categories. Therefore, it is assumed that both the categories
consume same amount of nutrient and at the same rate.

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 175
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_5,
© Springer Science+Business Media, LLC 2009
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With these observations, we now present our model equations as follows:
x'(t) = D(xo —x(1)) —aU(x(1)y1(t) — aU(x (1)) y2(t)

—i—by/_ f(t —s)yi(s)ds,

MO ==+ Do+ o0 [ loo gt — HU((s))ds
—riyi(t) + r2ya(2),
50 = =220 + o) | Oo 2t = $)U(x(s)ds
+r1y1(t) = raya(1). (5.1

Observe that only the dead biomass in the medium, y; contributes to the material
recycling. Moreover, since the microorganisms on the wall are not washed out of
the system, we have not included the term —Dy, in the last equation representing
the growth of y,. Further, the natural death factor y is assumed to be the same for
both these categories.

Our aim in this chapter is to discuss the influence of wall growth on the behav-
ior of solutions of the model equations, in particular, on the stability of the positive
equilibrium solution of (5.1). Since the variables x, y;, and y, represent the con-
centrations, we assume nonnegative initial conditions

x=¢@), yi=¢i(t), i=1,2and —oco<t <0, (5.2)

where ¢ and ¢; are bounded, continuous, nonnegative functions.
We begin our study with a description of the properties of the solutions of (5.1)
in Sect. 5.2.

5.2 Basic Properties of Solutions

As in the earlier chapters, we assume that the consumption function U satisfies
(A1) and (A;) and the delay kernels are nonnegative and satisfy (H;) and (H;). For
brevity, we shall list these assumptions below.

(A1). U(x) is continuous real valued function defined on Ry = [0, co) such that

UWO0)=0,U(x)>0 for x>0 and Ilim U(x) =L, < oo.
X—>00

|U(x)| < L forall x, for some L > 0.
(A5). There exists a constant k > 0 such that for all x;, x; € Ry,
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[U(x1) = Ulx2)| = kfx1 — x2].

(Hy). /(; f(s)ds =1, /0 g(s)ds =1,

(H»). /Ooosf(s)ds < 00, /000 sg(s)ds < oo.

In view of the local Lipschitz condition (A4;) on U, we can prove the local
existence and uniqueness of solutions of (5.1). Further, we can extend the results
of Sect. 2.5 of Chap. 2, to establish the local existence and uniqueness of solutions
of (5.1) and the uptake function need not necessarily be of Lipschitzian type in that
case. Therefore, we tacitly assume throughout this chapter that system (5.1) has
solutions which are unique and continuable on their maximal interval of existence.

We shall now show that all the solutions of (5.1) are nonnegative for all ¢ > 0.

Theorem 5.1 All the solutions of the system (5.1) are nonnegative for all t >0
corresponding to the initial conditions (5.2).

Proof We shall show that once a solution enters the octant

Q ={(x,y1,y2)/x>0,y1 >0,y >0},

it remains there forever. By continuity each solution has to take the value 0 before
it assumes a negative value. If y; = 0 with y; > 0,7 # j, then y; = rjy; > 0 for
i = 1,2, which means that y; is at least nondecreasing at y; = 0. This rules out the
possibility of y;,i = 1,2 taking a negative value. Again when x = 0, we have

x'(t) = Dxo + by/ f@t —s)yi1(s)ds > 0,

since y; > 0. Therefore, x is increasing at x = 0. When y; = 0 = y,, x'(t) =
Dxo — Dx, and again at x = 0, x’(#) = Dxo > 0 and hence, x is increasing at
x =0. O

Thus, we can conclude that the solutions of (5.1) are nonnegative for all ¢ > 0.
We shall now show that the solutions are bounded. We employ a Lyapunov func-
tion technique as in Theorem 2.28 and obtain a set of conditions on the delay kernels.

Theorem 5.2 All solutions of (5.1) are uniformly bounded in Ri ={(x,y1, ) €
R}: x>0, y; > 0,i = 1,2}, provided the following conditions hold.

by a—bc

o0
T, = s)ds < min , ,
& /0 s8(s) ariL ar, L. acL

T, = /oosf(s)ds < l
0 Y
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Proof We consider the functional

V() = V(x,y1,)2)

x(0) + by (0) + by / T s [ i duds
0

t—=s

00+ a0+ 1200 [ 5 [ Ve auds

The time derivative of V' along the solutions of (5.1) after some rearrangements
becomes

dv

S = Dy = Da(t) —aly + D+ )00 /0 ¢(s) / | UGe) duds

t

_a()/+7’2)y2(f)/0 g(s) U(x(u)) duds

)

—bDYi () + ar (@) [0 o) / _ Ux () duds
—b U dud
yys(t) + arsys(t) /O g(s) /,_s (r(w)) ducds
— —bc — U dud
|:a c ac/; g(s) /Z_S (x(u)) du s] X
< (1) /O ¢(5) Ux(t — 5)) ds
_ |:a —bc —ac /Ooog(s) /I; U(x(u)) du ds:| X
X ya(t) /0 ¢(s) UGx(t — 5)) ds.

Ignoring the third and fourth terms on the right-hand side which are negative and
using U(x) < L for all x, we have

% < Dxg— Dx(1) — (by —ar,LTg)y>(t) — (bD —ar LT,)y (1)
—(a—bc—acLTy)yi(t) /Oog(s) U(x(t —s)) ds
0

—(a—bc—acLTy)y»(t) /00 g(s) U(x(t —s)) ds
0
< Dxo— Dx(t) — (by —ar,LTy)y2(t) — (bD —ari LTy)y1(2),

invoking the bound on 7.
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Thus,
dVv
e Dxo — Dx(t) — a1 y1(t) — a2 ya(2),

where ) = bD —ar| LT, and oy = by —ar,LT,.

Now define w = {(x. y1.y2) € R} : Dx+ a1y + a2y2 < Dxo}.
Case 1 Consider Ri — w. If a trajectory starts from 7y > 0 in Ri — w, then
the functional V(x, y;, y») along a trajectory starting from this point would be de-
creasing for all times ¢t > ¢, such that (x, y;, y2) € Ri — w. Clearly V(t) >
bx(t) + by (t) +byr(t) = b||X(2)]|, since 0 < b < 1. Using the initial conditions,
we have

dv
E < ¢ =+ b¢1 + bny¢1 =+ aLqubl + b¢2 =+ aLqubz

=< 3n[|®ll.

where ) = max{1, by Ty+aLTy.b+aLT,}and |[®|] = sup;e(—co.0)tl9l. [¢1]. [h2]}.
Let 8 = 3n||®||. Then we have b||X(t)|| < V(x, y1,y2) < B which implies the
uniform boundedness of the solutions of (5.1) here.

Case Il If (x,y1,y2) € o for all ¢ then by definition of w, all the solutions are
uniformly bounded.

Case 111 Suppose that a trajectory enters the plane w at ¢y and leaves w at ¢;. Then
forall t € (¢,1),

bD D aDLT, aDLTg)

V(x,y1,¥2) < xo (1 + =4+ =4
aq o 23] (0%}

+ by /000 f(s) /:Syl(u)duds.

Since y; (1) < (1/b)V(x, y1,y2) < B/b foru € (—o0,1y) and y; < (Dxg)/(a1)
foru € (ty, 1), we have for t € (¢, 1),

bD D aDLT, aDLTg)

V(x,y1,¥2) < xo (1 + =4+ =4
aq o 23] (0%}

+ ]/Tf max %

XO} = Bi (say).

Suppose the trajectory that leaves w at t = f; re-enters @ at t = f, and leaves
again at ¢ = t3 and so on. Continuing the above process for the interval (z,, t,+1),
we can show that

bD D aDLT, aDLTg)

V(x.y1.¥2) = Xo (1 +—+—+
o] (0% o] o)

bDx
+nymaX%ﬂ,a—lo,ﬂl,ﬁz,...,ﬂn} = Byy1 (say).
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It is easy to see that

ﬁ1§]nax{ﬂ, X0 ( bD  bD aDLTg4_aDLTg)}

1+ =+ =
l—ny oy V%) o] 0%)

and moreover B; < B;4i fori = 1,2, ... By the hypothesis that 7, < (1/y) we
have {8, } is bounded and thus for t > fo,

bII X < V(x,y1,¥2)

Xo bD  bD aDLT, aDLT,
smax{f, ——— 1+ —+—+ + .
1—yTy o o o o)
The proof of the theorem is complete. O

In Sect. 5.3 we study the existence of equilibria of (5.1) and their global asymp-
totic stability.

5.3 Global Dynamics

We now study the global behavior of solutions of (5.1). By the following change of

variables:
y1(1)

— @) + ya (1)
the system (5.1) assumes the form,

a(t) and z(1) = y1(2) + y2(1),

x'(t) = D(xg — x(t)) —aU(x(t))z(t)
+by [ " - ae)(s)ds.
2(1) = — y2(t) — Da0)=(0)
weat) | | gt - UG(s))ds,
(1) = — Da()(l —a(t)) — ra() + ra(l — a(t). (5.3)

For any positive solutions y; and y, of (5.1) we have 0 < () < 1 for all t.
Further o/ (0) = r, > 0 and @’(1) = — r; < 0. Thus (0,1) is a positively invariant
region for «(?).

Observe that the equation for « is independent of x and z. The equilibrium points
for this equation are given by

. D+r1+r2j:\/(D+r1+r2)2—4Dr2
B 2D '

o
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It is clear that the root a* = (D +ri4+r—(D+r+r)— 4Dr2) /2D is

the one that lies in the interval (0, 1) and the second root is bigger than 1. Moreover,
it is easy to see that a(f) — o™ as t — ¢* and hence, o™ is an asymptotically stable
rest point.

Eliminating the third equation in (5.3) and replacing «(¢) by a™ in the first two
equations we have for sufficiently large 7,

¥ (1) = D(xo — x(1)) — aU(x(t)z(0)
+bya® / £t - 5)2(s)ds,
Z(t) = —yz(t) — Da*z(t)

t
+cz(1) / gt —s)U(x(s))ds. (5.4)
—00
The equilibria for this system are given by

Dxo— Dx* —aU(x*)7* + bya™7* =0,
(cU(x*) —y — Da®)z* = 0. (5.5

By definition of «(¢), z(t), z* = 0 cannot be a solution of this system. Therefore,
the required positive equilibrium point (x*, z*) is given by

Dxy— Dx*

y + Da*
aU(x*) — bya*’

Ux*) = and 7* = (5.6)

which exists provided, (y + Da*)/c < L and (xo — x*)(aU(x*) — bya™) > 0
hold.

Henceforth, we tacitly assume that the positive equilibrium (x*, z*) exists and is
unique.

Now we establish the global asymptotic stability of (x*, z*).

Using (5.5) after eliminating z* from the second equation, we rewrite (5.4) as

xX'(t) = =D(x(1) = x*) —aU(x(1))(z(t) — %)
—az"(U(x (1)) — U(x™))

+bya [ )t — ) — s,
0

7(t) = cz(t)/O g (Ux(t —s)) — U(x™))ds. (5.7)

We now state and prove our first result.
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Theorem 5.3 Assume that the delay kernels satisfy (H) and (H,) and the uptake
function U(x) satisfies (A1) and (Ay). The equilibrium point (x*,z*) of (5.4) is
globally asymptotically stable provided,

D—(c—az")k >0 and A = min{aU(x)—bya*} > 0.
x>x*

Proof We consider the functional,
V(1) = V(x(1),2(1)) = |x(t) — x| + [log (z(1)) —log z*|

+ bye® /0 £65)

t
|z(u) — z"|duds

-

+ C[o g(s) ‘ |U(x(u)) — U(x™)|duds.

t—s
Clearly, V(x*,z*) = 0 and
V(x(t),2(2)) = |x(¢) — x™| + [log (z(7)) —log z*| > 0.

The upper Dini derivative of V' along the solutions of (5.4) and using (5.7)
becomes after some simplifications
DTV < =Dlx(t) = x*| —aU(x(1))|z(t) — z*| — az*|U(x (1)) = U(x")|
+bya®|z(t) — 2" + c|U(x(1)) — U(x")|
= —D|x(t) = x*| + (¢ —az")|U(x) — U(x™)|
—(@U(x) — bya™)|z(t) — z*].
If ¢ <az*, then the condition miny,>,*{aU(x) — by} > 0 is alone sufficient to

ensure the negative definiteness of DTV . Hence, we assume that ¢ > az*. Then we
have,

DYV < =D|x(t) — x*| + (¢ —az")|U(x) — U(x™)|
—(aU(x) —bya™)|z(t) — 2*|
< —(D + akz* —ck)|x(t) — x*| — Alz(t) — z*] < 0,

invoking the hypotheses.
Thus,

A
DTV < —(D + akz* —ck)|x(t) — x*| — k—|log z2(t) —logz*| <0,  (5.8)
3

where k; > 0 is such that | log z(¢) —log z*| < k3|z(¢) — z*|.
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Now integrating (5.8) with respect to ¢ from O to 7, we get

t A t
V() + (D —ck + az*k)/ |x(s) — x*|ds + o / [log z(s) —log z*|ds < V(0).
0 1 Jo

Therefore, V(t) = V(x(t),z(t)) is bounded on [0, co) and since x(¢), z(t) are
bounded on [0, 00), |x(z) — x*| and |log z(¢) — log z*| are bounded on [0, co) and
these imply the boundedness of their derivatives on [0, c0). Now the conclusion
follows from standard arguments. O

Remark 5.4 From (5.6) it easy to see that aU(x™) > bya™ when the positive equi-
librium exists. Thus, if U is monotone increasing then the second condition (on
parameters) of Theorem 5.3 is automatically true. We now scale down the param-
eters by dividing each by D and measuring the nutrient in terms of xo, letting
y=0,a=a/D =c/D =c = 1. This reduces the first condition on the parameters
in Theorem 5.3 to 1 + kz* >k or k <1/(1 — z*). With this change of parameters,
the equilibrium solution is given by U(x*) =a* <1 and a*z* =1 — x* < 1. We
observe that for all the uptake functions that are generally used in a chemostat (see
Sect. 1.6) k < 1, and hence, k <1/(1 — z*) holds.

Thus, the existence of positive equilibrium itself ensures the global asymptotic
stability here and for which the necessary and sufficient condition is U(1) > 1. This
is what exactly Theorem 5.1 of Pilyugin and Waltman [74] established for model
equations (1.5).

Now we present another set of sufficient conditions for the global asymptotic
stability of (x*, z*). Using (5.5), we rewrite (5.4) as

xX'(t) = =D(x(1) —x*) —a(U(x(t) — U(x"))z(r)

—aUG) () — ) + bya® / ~ fs)att — s)as,
0
7(t) = cz(t) /wg(s)U(x(t —5))ds. (5.9)
0

We shall state and prove our next result.

Theorem 5.5 Assume that the delay kernels satisfy (H) and (H,) and the uptake
function U(x) satisfies (A1) and (Ay). The equilibrium point (x*,z*) of (5.4) is
globally asymptotically stable provided,

D—ck>0 and aUX*)—bya™ > 0.
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Proof We consider the functional,
V(1) = V(x(1),2(1)) = |x(t) — x| + [log (z(1)) —log z*|

thya* [0 )

t
|z(u) — z"|du ds

)

+C/0 g(s) ‘ |U(x(u)) — U(x™)|du ds.

t—s

Then the upper right derivative of V' along the solutions of (5.9) becomes after
some simplifications

DYV < —D|x(t) — x*| —az|lU(x (1)) — U(x™)| — aU(x*)|z(t) — 2*|
+c|U(x(t)) — U(X™)| + bya™|z(t) — z*|
< —(D —ch)|x(t) — x*| = (aU(x*) — bya™)|z(t) — "
<0,

by hypotheses. The rest of the argument is similar to that of Theorem 5.3, and hence,
omitted. O

Note that the condition aU(x*) > bya™ is necessary for the existence of a posi-
tive equilibrium (see Remark 5.4).

In the next result we relax hypothesis (H;) on the delay kernels. Since the proof
is similar to Theorem 2.33, we only state the result.

Theorem 5.6 Assume that (Hy), (A1) and (A,) hold. The positive equilibrium so-
lution (x*,z*) of (5.4) is globally asymptotically stable provided,

bya™ + ck < min{D, min{aU(x)}.
x>x*

We now give another result which is analogous to Theorem 2.34. Since the proof
of our next result follows from it with a slight modification of the parameters, we
do not intend to prove the theorem but give only its statement.

Theorem 5.7 Assume that the uptake function satisfies (Ay) and (A,) and the delay
kernels, in addition to (H,) and (H>), satisfy

1 o0
T*:—/ s)exp(y + Da™)s — 1]ds < oo,
F =G Dan ), Wl )s — 1]
T* — ; /oo g(s)[exp(cL —y — Da™)s — 1]ds < o0
g cL—y—Da* J,
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and
o0
/ sg(s)[exp(cL —y — Da*)s — 1]ds < oo.
0

The positive equilibrium (x*,z7*) of (5.4) is globally asymptotically stable
provided,

beya®[Tf + Ty + TyTS(cL —y — Da™)]
+c(@U(x*) —bya™) exp(cTe (T, + T,') < 2a.

Observe the similarities between systems (5.4) and (2.81) and also between the cor-
responding results, namely, Theorems 5.3, 5.6, and 2.33, 2.35 etc., except for the
term o* in Theorems 5.3, and 5.6. Therefore, it is not difficult to see that the results
of this section are independent of each other. Thus, the examples cited in Sect. 2.5,
may be modified to illustrate the results of this section and to prove independence
of each of these results from others.

Remark 5.8 Since 0 < a* < 1, we observe that the conditions on the parameters in
Theorems 5.3, and 5.6 are stronger than the corresponding conditions in Theorems
2.33 and 2.35, respectively. Therefore, we can remark that wall growth truly con-
tributes to the stability of the equilibrium. To substantiate this, we now illustrate how
wall growth contributes to the stability of the system recalling the model defined in
Example 2.42 of Chap. 2. Note that the stability of this model could not be decided
by methods followed in Sect. 2.5.

Example 5.9 Consider the model,
x'(t) = 1.7(xo — x(t)) — 20U(x (1)) y(t)

+(0.78) /t f(t —s)y(s)ds,
Y(6) = =3y(t) + 199(1) /_ g(t — )U(x(s))ds,

where

U(x): 1:?_}_%,0§X<30
3T , otherwise

and b = 0.6, y = 1.3 and xoy = 3.2.
Now choosing r; = 1, r, = 2, and incorporating wall growth, we modify above
model to

xX'(t) = 1.7(xg — x(1)) = 20U(x (1)) y (1)

+(0.78) /j f(t —s)y(s)ds,
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0 = =300+ 100 [ g0,
=y1(t) + 2y2(1),

70 = 130 +192:0 [ gt =050y
+y1(1) = 2y2(2).

For these values of D, r;, and r,, we can see that ™ = 0.5254.
This transforms above system to [as in (5.4)],

X(t) = 1.7(xo — x(t)) — 20U (x(1))z(t)

+(0.4098) [[ St —s)z(s)ds,

Z(t) = —1.3z(t) — (0.89318)z(¢) + 19z(l)/ gt —s)U(x(s))ds.

Clearly, (x*,z*) = (1.3704,1.6385) is the equilibrium point with U(x*) =
0.1154.

It is easy to see that all the hypotheses of Theorem 5.3 are satisfied, and hence,
(1.3704, 1.6385) is globally asymptotically stable.

5.4 Discussion

In this chapter, we have introduced the concept of wall growth into a model of
limited nutrient-consumer dynamics. This allows us to consider the growth of
microorganisms that are in the medium and also on the walls of the container.
The model (2.81) has been suitably modified to incorporate the phenomenon of
wall growth. We have obtained various independent sets of sufficient conditions for
the global asymptotic stability of the positive equilibrium. Comparing the corre-
sponding parametric conditions in Chaps.3 and 5, we note that (as already noted
in Remark 5.8) since 0 <a™* < 1, the condition aU(x) > bya™ of Theorem 5.3 is
definitely a better condition than the corresponding condition (aU(x) > by) in The-
orem 2.33. Same is the case with Theorems 5.6 and 2.35. Thus, wall growth also
allows us to study the survival of species at low levels of nutrient supply or con-
sumption than those envisaged by Theorems 2.33 and 2.35. Thus, we can conclude
that wall growth truly contributes to the stability of the equilibrium (enriches the
stability properties of the equilibrium).
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5.5 Notes and Remarks

A successful attempt to introduce the concept of wall growth into the chemostat
was made by Pilyugin and Waltman [74] for the basic model (1.5) without time
delays. Now we have seen the results of this chapter for the general model (2.81)
contributed by Sree Hari Rao and Raja Sekhara Rao [89]. Freter [41, 42] discusses
some important biological situations where mathematical models incorporating wall
growth may be studied. The readers who are interested in those aspects may go
through these articles and references there in. The influence of wall growth on the
models right from (2.1) to (2.5) has not been pursued, at least to our knowledge.
Therefore, an attempt may be made in this direction to enrich the literature.

At the end of Chap.2 (Sect.2.6), we remarked that material recycling (with or
without a time delay) has a stabilizing effect on the system. In case of wall growth,
we have noted that the biomass sticking onto the walls is just consuming the nutrient
available but not contributing to the recycling after death. Thus, the nutrient pool is
not receiving its share as usual. What type of influence is this going to have on our
system?

To understand this, we now compare the conclusions of Theorems 4.10 and 5.3
when applied to the system given by the model in Example 2.42, already provided by
Examples 4.21 and 5.9, respectively. In Example 4.21 we have x* = /10, y* =
0.02523 and in Example 5.9 x* = 1.3704, y* = 1.6385 as the correspond-
ing asymptotically stable equilibrium solutions with a constant input concentration
X = 3.2.

It is obvious that in case of self-regulation the equilibrium value x* is close to
its input concentration xy while in case of model with wall growth it is considerably
away form xo. The y population in case of self-regulation on y is very low and
hence, less consumption of nutrient and vice versa. In case of wall growth, the con-
sumer population y shoots up, consuming the nutrient more. This is complemented
by low recycling of nutrient due to wall growth. This is not quite unexpected!

5.6 Exercises

1. Apply the concept of wall growth to models (2.1)—(2.5) and discuss its influence.
2. What is the influence of wall growth on models with and without material
recycling?

. Study the influence of wall growth on models with discrete delays.

. Do wall growth and self-regulation fit in the same model? Explain?

5. Construct Lyapunov functions to study (5.1) directly (use the techniques of
Sect.2.5). Discuss the influence of wall growth on the consumption provided
by the condition aU(x) > by.

B~ W
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6. Construct numerical examples to check the independence of the stability results
in this chapter.

7. Provide an example to establish that even wall growth may not stabilize the sys-
tem. (See if one of the conditions on parameters fails, or show that aU(x) <
bya* for x > x*).



Chapter 6
Zones of No Activation

6.1 Introduction

Excess consumption of nutrient may lead to abnormalities in the growth of biotic
species. Further, excess consumption of nutrient should be controlled in order to
utilize the resources properly, especially, when the resources are not abundantly
available (limited nutrient). When the populations are at equilibrium or once they
are completely fed, they show no tendency to consume food any more at least for
a while. Based on these observations, we introduce in this chapter a new notion
called a “zone of no activation” for the consumer species. That means near the
equilibrium the microorganisms do not consume nutrient any more and the same
consumption level is maintained near the equilibrium for a while. Such a noncon-
sumption state is called a zone of no activation. This is to be understood in the
context that the nutrient uptake is, in general, assumed to be a monotonically in-
creasing function.

The presence of a zone of no activation may imply that the consumption of nutri-
ent has a saturation near equilibrium. But this saturation is altogether different from
the saturation in the supply of nutrient uptake as envisaged in the assumption (A;)
on the uptake function U(x) (see Sect.2.5). In a zone of no activation, since the
consumer species are completely fed, they show no tendency to consume nutrient
any more at that stage while the saturation effect on U(x) implies that consumption
of the nutrient does not increase even when the populations require more nutrient.
Mathematically, this phenomenon may be expressed as the uptake function U(x)
maintaining the same value U(x*) not only at x* (equilibrium value), but also in a
certain neighborhood of x*.

The following discussion provides a good understanding of the zones of no ac-
tivation with regard to plants growing under the application of fertilizers. Consider
a situation where a plant biomass feeds on a fertilizer. It may be true that a con-
tinuous use of fertilizer enriches the nutrient levels of the soil, thus, leading to an
enhanced plant growth. At the same time, excess use of the fertilizers leads to im-
balances in the nutrient levels of the soil causing abnormalities in the plant growth,
thus, effecting the yield. Therefore, a situation arises when a constant supply of

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 189
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_6,
© Springer Science+Business Media, LLC 2009
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the fertilizer should be considered, or even the supply of the fertilizer should be
stopped till such a time that the soil has balanced nutrient levels. This we consider
by U(x) = U(x™) (maintenance of nutrient uptake at equilibrium level) in a cer-
tain neighbourhood of x* and this neighbourhood may be regarded as a “zone of no
activation.”

Our aim in this chapter is to understand how the introduction of a zone of no acti-
vation influences the stability properties of the positive equilibrium. In other words,
we understand the presence of a zone of no activation as a measure of restoring sta-
bility in a situation where excess consumption of nutrient leads to abnormalities in
the biomass growth which may, in turn, lead to instability of the system. Observe
that the zone of no activation does not depend on the size of the population but it
represents a basic property of the biotic species themselves. Since such zones of no
activation exist in any biological system, we try to understand them through sys-
tems (2.81) and (4.1), keeping in view the importance of these models in the present
context.

We now study the influence of the presence of a zone of no activation on the
stability properties of system (2.81).

6.2 Global Stability for the System (2.81)

In this section, we consider system (2.81). That is,

xX'(t) = D(xo — x(1)) —aU(x (1)) y ()
+by[_ f(t —s)y(s)ds,

t
y'(t) ==y + D)y(t) + Cy(l)/ gt —s)U(x(s))ds (6.1)
—00
with nonnegative initial conditions,

x(8) = ¢1(s), y(s) = ¢a(s), —o0o <5 =<0. (6.2)

We assume that the system (6.1) has unique continuable solutions in their max-
imal intervals of existence and they are nonnegative and bounded, recalling the
results of Sect.2.5. Further, the uptake function U satisfies (A4;) and (A4,) stated
in Sect.2.5 and the delay kernels are nonnegative and satisfy (H;) and (H;). For
completeness we shall restate these basic assumptions.

(A1). U(x) is continuous real valued function defined on Ry = [0, co) such that

UW0)=0,U(x)>0 for x>0and lim U(x) = L; < oo.

X—>00
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|U(x)| < L forall x,forsome L > 0.
(A5). There exists a constant k > 0 such that for all x;, x; € Ry,

|U(X1) — U(XQ)| < k|x1 —x2|.

(Hy). /0 f(s)ds =1, [0 g(s)ds =1,

(H,). /000 sf(s)ds < oo, fooosg(s)ds < 00.

We recall that (6.1) has a unique positive equilibrium given by

D D —x*
U(x*)=y+ . T (xo = x)

c - aU(x*) — by’

Now, we make the following change of variables:
ut) = x(@t) —x*, v@t) = y(t) — y*, and Gu) = U(x) — U(x™)

which transforms system (6.1) into
u'(t) = —=Du(t) — a(Gu(t)) + U™)v(t) — ay*G(u(t))
+ by / f(t —s)v(s)ds,

t

V() = () + y%) [c /

—00

g(t — s)G(u(s))ds:| . (6.3)

In the zone of no activation we define the uptake function denoted by G (u) as

Gi(u), for u> 4y,
G(u) = § Ga(u), for u < =6y, (6.4)
0, for |u| < 6;

for some §; > 0.
In view of the continuity of U(x), we have

lim Gl(u) =0= lim Gz(l/t).
u——381

u—38;

We observe that (0,0) is an equilibrium solution of (6.3) corresponding to
(x*, y*) of (6.1).
The following is the first result in this section.
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Theorem 6.1 Assume that the delay kernels satisfy (H) and (H,) and the uptake
function satisfies (A1) and (A3). The equilibrium solution (0, 0) of (6.3) is globally
asymptotically stable provided,

w=min{D — (¢ —ay*)k,, D — (c —ay*)k,} > 0,
v = Blié'rll{a(Gl(u) + U(x*)) — by} > 0and
vy = ur?ig}l{a(Gz(u) +U(x") —by} >0
in which ki > 0 and k, > 0 are such that
|G| < kilu]  for u> 61 and |G2(u)| < kalu|  for u < —3;.

Remark 6.2 The existence of the positive constants k1 and k; is assured by the as-
sumption (A4;) on G(u). In case §; = 0, we have k; = k, = k, the Lipschitz
constant defined in (A4,).

Proof of Theorem 6.1 We consider functional

v(t) + y*

V) = )] + log "2 by [ [ piaazas

+c[0 g(s) ‘|G(u(z))|dzds.

The upper Dini derivative of V' along the solutions of system (6.3) is given by
DTV < =Dlu(®)| = a(Gu(1)) + UX*)|v(t)| — ay*|G (u(1))|
(o) o0
+ by/ F($)|v(t —s)|ds + c/ g()|G(u(t —s))|ds
0 0

by Vo) — by [0 FOIV - 5)lds

|G| — ¢ /0 2(5)|Gu(t — ))ds
= DJu(®)] + (¢ — ay")|G®)] - [a(Gw) + UG™) — bylvo)].
and from (6.4) we have
D — (c — ay*)ki]u(@)|

+a(Gi(u) + Ux™)) = byllv(0)] for  u(t) > &
[D — (¢ —ay*)ka]|u(®)]

+[a(Ga(u) + U(x*)) — by]|v(t)| for  u(t) < =8,
Dlu(t)| + (@U(x*) —=by)|v(@)| for [u(t)| <4

DYV < —
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Let v = min{v, v,}. Then it follows that
DYV < —[ulu@®)| + vv(®)].

Integrating this from 0 to 7, we get

t t
Vo [ uolds v [ ol < Vo,
0 0
which implies that

)+y

V() + ;L[ lu(s)|ds + v/ |log ————|ds < V(0).

Therefore V(¢) is bounded on [0, o0) and since the solutions of system (6.1) are
bounded, it follows that u(¢) and log (v(t) + y*)/y™* are bounded, implying that
DTV is bounded. Now the conclusion follows from standard arguments.

Remark 6.3 In the hypotheses of the above theorem, it is taken that ¢ — ay™* > 0.
In case ¢ — ay® < 0, we have the upper Dini derivative after some simplifications
given by
DYV < =Dlu(t)| + (¢ —ay*)|G(u(®))|
—(a(Gu@t) + U(x™) = by)ly(1) — y*|
< 0,

since vi > 0, v, > 0.
Thus, we observe that hypotheses, v; > 0, v, > 0, are alone sufficient to ensure
the global asymptotic stability of (0, 0) in this case.

In the next result we relax the condition (H3) on the delay kernels at the expense
of placing more restrictions on the parameters of the system (6.3).

Theorem 6.4 Assume that the delay kernels satisfy (H,), the uptake function sat-
isfies (A1) and (A). The equilibrium solution (0,0) of system (6.3) is globally
asymptotically stable provided,

by + cky < min{D — ak,y™, g}g {a(Gi(u) + U(x™))}} = By (say),
by <min{D,aU(x*)} =B (say), and

by + cky <min{ D —ak,y*, (I?ins {a(G2(u) + U(x™))}; = B (say),
u(t)<—oq

where k1 and k, are as in Theorem 6.1.
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Proof Consider the functional

V() = V(u@).v(®)) = lu(0)] + ‘log (v(t)%)

Clearly, 1(0,0) =0, V(1) >0 foru(t) + v(¢) > 0.
The upper Dini derivative of V' along the solutions of (6.3) is given by

DYV < —Dlu(t)| — a(G(u) + Ux*)|v(1)| — ay*|G (u(1))|
—i—by[ f()|v( —s)|ds + c/ g()|G(u(t —s)|ds
0 0

— (D —akyy®)|u()| — [a(G1(u) + U(x*)]v(@)]
+by [o° f($)v(t —s)lds
+c fooo g()|G1(u(t —s))|ds  for u(t) > &

— (D —akay*)|u(t)| — [a(G2(u) + U(x*))]v(@)|
+by [5° f($)lv(t — s)|ds

+¢ 57 g(9)|Ga(u(t — s))|ds  for u(t) < =8

= Dlu(@)| — (aU(x*))|v(1)]

+ by fooo f)|v(t —s)|ds  for |u(?)| < by,

IA

using (6.4).

— BV () + by [y f(9)|v(r —s)|ds
+cky [y° g(s)|u(t —s)|ds  foru > §

<1 =BV@) + by [ f(9)Iv(t — 5)|ds
+ cka [° g(s)|u(t —s)|ds  for u < —§,
—BV(t) + by [° f(s)|v(t —s)|ds  for |u] <
—BV() + by [;° f()V(t —s)ds
+cky [y° g(s)V(t —s)ds  foru > §

— BV (@) + by [° f()V (e —5)ds
+ cky f0°° g(s)V( —s)ds foru < —§;

—BV(t) + by [5° f(s)V(t —s)ds  for |u| <&
<0, using the hypotheses.

Since the rest of the proof is similar to that of Theorem 2.33, we omit the de-
tails here. ]

Remark 6.5 In the zone of no activation, that is for |u(t)| < &8;, dV/dt < 0 fol-
lows from Theorem 6.1 directly and the strain on the parameters in Theorem 6.4 is
reduced considerably, and hence, the equilibrium (0, 0) is globally asymptotically
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stable as long as |u(t)| < &;. Therefore, by the appropriate choice of §; > 0, we
can maintain the stability of the equilibrium. In other words, the stability depends
on how large §; > 0 can be chosen to create a zone of no activation there.

6.3 Global Stability with Self-regulation and Zones

For a better understanding of the influence of a zone of no activation we discuss, in
this section, the global asymptotic stability of the equilibrium solution of a limited
nutrient-consumer system with a self-regulation (system (4.1)), when the uptake
functions have zones of no activation as described in Sect. 6.1. We present several
examples for illustration.

We consider system (4.1) along with the initial conditions(4.2). That is

¥ (1) = Do — x(0)) — aUx(t)y(1) + by /_ £t = 5)y(s)ds.

Y'(t) =—(r+ D))+ Cy(t)/_ gt —5)U(x(s))ds —dy*(),  (6.5)

and
x(s) = ¢i(s), y(s) = a(s), —o00<s =<0, (6.6)
where ¢; for j = 1,2 are bounded, continuous, nonnegative functions on (—oo, 0].
We assume that there exists a unique positive equilibrium (x*, y*) for system
(4.1) and (4.1) has solutions which are unique, nonnegative, and bounded in view of
the study of (4.1) in Chap. 4.
By the following change of variables

u(t) = x(t) —x*, v(@t) = y(@) — y*, and G(u) = U(x) — U(x™)

system (6.5) assumes the form,
u'(t) = =Du(t) — a(G(u(t)) + Ux™)v(t) — ay* G(u(t))
+by / f(t —s)v(s)ds,

t

Vi) = (v(0) + y*)[C/ gt — )G (u(s))ds —dv(1)]. (6.7)

We observe that (0, 0) is an equilibrium solution of (6.7).
In the zone of no activation we consider the uptake function G (1) defined by

Gi(u), for u> 4y,
G(u) = § Ga(u), for u < =6, (6.8)
0, for |u| < 6;

for some §; > 0.
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We now state and prove our first result in this section.

Theorem 6.6 Assume that the delay kernels satisfy the conditions (H,) and (H>)
and the uptake function satisfies (Ay). The equilibrium solution (0,0) of (6.7) is
globally asymptotically stable provided there exist constants n; > 0 and 1, > 0
such that

b b b
min{D——y+A1,D——y+A2,D—4—y} >0, d— - —byp >0

4m 4n m 4n

and a*L* < 4B[d — £ byni] where
412

by by b
B=min%D——+A1D——+A2,D——V}>0,
4n 4n

A= mingay* (G0 ey, (102 }

u>8|

Az = mi {ay () (sz)}

Proof Consider the functional

2 v(t)
Vo = V.o =52+ [T e

t

+cn2/0 g(s) /_‘Gz(u(tl)dtlds+bym/ f(s) V2 (t1)dr,ds.

t—s

Clearly V(0,0) = 0 and V(u(r), v(1)) > 0 4 [ _= —wdz > 0.

The time derivative of V' along the solutlons of system (6.7) is given by

dV_ v(t)
T = RO+ T O

e GA(u(t)) - ens f " ()G (ult — 5))ds
0

+ bymvA (1) — by, / F02( — 5)ds
0
= —DiP(t) — a(Gu(t)) + UG*Nuv(t) — ay* Gu®))u(r)
+ by / (S u()v(t — 5)ds + ¢ / g Gult — 5))ds — dv2(t)
0 0

G (u(t)) — ens / " ()G (ult — 5))ds
0

+bynnA@©) — bym, / FWA(E — 5)ds.
0
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Utilizing Lemma 4.10 with n = n; and n = 75, in the fourth and fifth terms of
the right-hand side of the above equation, invoking (H) on the delay kernels and
simplifying, we get

dV

T = (D - f—;) W (1) — a(Gu) + U(x"))u(t)v(t)

_ |:d — 4L — byn1:| vz(l‘) — ay*G(M)M(t) + Cﬂ2G2(u(t))~
M2

Now from (6.8) we have

(D oA ) W2 (1) + a(Gy(u) + Ux*))u(t)v(t)
(d - m - bym) vi(t) foru > §
a - (D - = Tt Az) 1w (t) + a(Go(u) + U(x*))u(t)v(z)
e = (d - m - b)”?l) v2(t) foru < —§;
(D - —) W2(t) + aU(x*)u(t)v(t)
+ (d — i b]“?l) vi(t) for |u| < 6.

Thus, we have

dv

- = —|:Bu2(t) +a(G(u) + U(x™))u(t)v(t)

+ (d _f bym) vz(t)]. 6.9)
4n,

Then dV/dt is negative definite provided,
[@(Gu) + U™)] < 4B [d - 4%2 - bym} .
Since G(u) + U(x™) < L, for all u, it follows that dV/dz is negative definite if
a’L* < 4B |:d _ & —bymj| .
412

Now let Q(t) = (u(t),v(t))T,
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Then from (6.9) we have

Vv -
i = -0 PQ(1) < AP (1) + v (1)),

for some A > 0, which exists by our hypotheses, implying the negative definiteness
of dV/dt. Now the conclusion follows easily.
The proof is complete. O

The following examples illustrate Theorem 6.6.

Example 6.7 Consider the system (6.7) with

u—51

—— for u> 6
p+u—81
Gu)y=130 for |u| <6
8
Lfor u < —4
p+u+51

where p = 1 + x*, x* being the equilibrium solution of (6.5).
This uptake function corresponds to Michaelis—Menten kinetics.
Clearly uGy(u) > 0 and uU,(u) > 0 and

. Gi(w _ Gau)
lim =0= lim ,
u—>00 u U—>00 u
-6 S
where Gi(u) = _¥T0 and G»(u) = H—l
ptu—23 p+u+d

Therefore, Ay = A, = 0.
Thus, the equilibrium solution (0, 0) of (6.7) is globally asymptotically stable
provided,

b b
D=2V S0, d—byn—- >0 and oL <4 |:D - —”] [ — by — i]
m 42 4m 2

Example 6.8 Consider the system (6.7) with

1(51)(u — 51) for u> 51
Gu)=130 for |u| <
z2(81)(u + 8;) for u < —§,

where z(6)) satisfies lims, 0 z(81) = (ay™)/(cn2), with G1(u) = z(61)(u — 61),
Ga(u) = z2(81) (u + 81).

We have A; = Ay = z(81)ay* — 22(81)cny = A (say).

The condition D — (by/4n;) + A > 0 gives an estimate for z(§;) and is given by

ay* + ,/a?y*? + dena(D — 35)

1(51) < 2“72
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Now, the equilibrium solution (0, 0) of (6.7) is globally asymptotically stable if,

b
D——y>0,d—bym—i>0, and
4 4>

m

b
a2L2<4|:D——y+A] [d—bynl—L].
4m 412
From the definitions of A; and A, in Theorem 6.6 and as seen in the above
examples, it follows that the functions G(u) and G,(u) cannot be super linear in
“u.” For, if G(u) and G,(u) are super linear, the values of A; and A, may be in
the extended real number system. The following theorem accommodates the super
linear uptake functions which have saturation effects and accordingly we define
G (u) as follows:
G{(u) for u(t) > 6
Gu)=10 for |u(t)| <6
G, (u) for u(t) < =6,
where
Pl(u) for 8 <u<uw
G (u) =
T { Pi(ay) for u> @ and,
Pz(u) for —ay <u< -6
Py(—ap) for u < —as.

G ) = {

in which oy, o, are positive real numbers and P;, P, are continuous and can be super
linear in their arguments.

Theorem 6.9 Assume that the delay kernels satisfy the conditions (Hy) and (H>).
The equilibrium solution (0, 0) of (6.7) is globally asymptotically stable provided,

b b b
min{D——V+A*,D——y+A*,D——y} >0,
41’]1 47’]1 47’]1

d—byn — £ 50 and ’L? <4B* |:d —byn — L:| where
47’]2 41’]2

b b b
B* min{D—4—V+A*,D——V+A;,D——y} > 0,
M

47’]1 47’]1

. { *[m(u)] [a(u)n
min ¢ ay —Cc1 and
u>8; u u

A — mi { *[Pz(u)] [PZ(M)T}
= iy foor [ 28] —en [Z2]

b
— %
I
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Proof The proof of this theorem is similar to that of Theorem 6.6 and hence,
omitted. O

Theorem 6.10 Assume that the delay kernels satisfy (H,) and (H3) and the uptake

function satisfies (A1) and (A3). The equilibrium solution (0, 0) of (6.7) is globally
asymptotically stable provided,

w=min{D — (¢ —ay*)k,, D — (c —ay*)k,} > 0,
v = {gg}{d +a(Gi(w) + U(x*))—by} >0 and
vy = urllilgl{d + a(Gy(u) + U(x*)) —by} >0
in which ky > 0 and ko > 0 are as defined in Theorem 6.1.

Proof We consider the following functional
V@) = o) +ltog " by [ 5o [ ol
0 t—s

—i—c/o g(s) [_ |G (u(z))|dz ds.

The upper Dini derivative of V' along the solutions of system (6.7), after some
simplifications, is given by

DYV < =Dlu(t)| + (c —ay®)|G(u())| — [d + a(Gu) + U(x*)) — by]|v(1)|
and from (6.8) we have,

[D — (¢ —ay®)ki]|u(1)|
+[d + a(Gy(u) + U(x*)) — by]|v(t)| for u(t) > &
D+V < - [D_(C_ay*)k2]|u(t)|

+[d + a(Gy(u) + U(x*)) — by]|v(t)| for u(t) < —6;
Dlu(t)| + (d + aU(x*) —by)|v(t)| for |u(®)| <4.

Let v = min{v, v,}. Then it follows that
DYV < —[ulu@®)| + viv(®)].

Integrating this from 0 to 7, we get

Vi) + /0 u(s)lds + v /0 v(s)lds < V(0),
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which implies that

! (s)+y

V) + /L/Ot |u(s)|ds + v[o log

ds < V(0).

Therefore V(¢) is bounded on [0, c0) and since the solutions of system (6.5) are
bounded, it follows that u(z) and log ((v(¢) + y*)/y*) are bounded, implying that
DV is bounded. Now the conclusion follows from standard arguments. O

In the next result we relax the condition (H3) on the delay kernels.

Theorem 6.11 Assume that the delay kernels satisfy (Hy), the uptake function sat-
isfies (A1) and (A). The equilibrium solution (0,0) of system (6.7) is globally
asymptotically stable provided,

by + cky < min{D — ak,y™, g}n}g {d + a(Gi(u) + U(x™))}} = B (say),
u(t)>8
by <min{D,d +aU(x*)} = B8, (say), and
by + cky < min{D — ak,y™, (glins {d + a(Gy(u) + U(x™)}} = B2 (say)
u(t)<—8;
Proof Consider the functional

v(t) +y*

V() = V(u().v(t)) = |u@®)| + |log (y—)

Clearly, 1(0,0) = 0, V() > 0 for u(t) + v(¢) > 0.
The upper Dini derivative of V' along the solutions of (6.7) is given by

DYV < —Dlu(t)| — a(Gu) + U(x*)|v(1)| — ay*|G (u(1))|
+by[0 f()|v( —s)|ds + C/O g()|Gu(t —s)|ds — d|v(t)|.

—(D —akiy*)|u()| —[d + a(Gi(u) + U(x™*))]|v(@)|
+by fooo f)|v(t —s)|ds

+c [;° g($)|Gi(u(t —s))|ds  for u(t) > 8

—(D —akyy®)|u(®)| — [d + a(G2(u) + U(x™))]v()|
+by [5° f(s)|v(t —5)|ds

+c [57 g()|Ga(u(t — 5))|ds  for u(t) < —6
=Dlu(?)| = (d + aU(x*))|v(1)]

+by fooo f@)|v(t —s)|ds  for |u(t)| <61,

IA




202 6 Zones of No Activation

using (6.8).

—BIV @) + by [, f(9)Iv(t — 5)|ds
+cky fy° g(s)|u(t —s)|ds  for u > §

<1 =BV@) + by [ f(9)v(t — 5)|ds
+ cka [° g(s)|ut —s)|ds  for u < =6,
—BV(t) + by [y° f(s)v(t — s)|ds  for [u] <6
—BV (@) + by [;° f()V( —s5)ds
+cky [ g(s)V(t —s)ds  foru > §

—BaV(t) + by [y f(5)V(t —5)ds
+ cky fooo g(s)V(t —s)ds foru < —6;
—BV(t) + by [5° f(s)V(t —s)ds  for |u| < &

< 0, using the hypotheses.
Since the rest of the proof is similar to that of Theorem 4.12, we omit the details
here. O

The following examples illustrate that Theorems 6.6 and 6.10 are independent of
each other.

Example 6.12 Consider the model

x'(t) = 2.75(x0 — x(£)) — 18U (x (1)) y (¢)

+ (0.0625) /t f(t —s)y(s)ds,
V() = =3y(0) + 16y(1) [_ g (1 — U (s))ds — 44y°(1)

inwhichU(x) = x/(4+ x),b =025,y =0.25,x0 =2.9, and D =2.75.
The equilibrium solutions are (x*, y*) = (£,0.0773) with U(x*) = %
For this system define,

Ou
G](u) = Gz(u) = m

Clearly, ky =k, = le'

We observe that D — ck; + ak,y* < 0,D — ck, + akyy* < 0 and hence,
Theorem 6.10 cannot be applied here.

We verify the hypotheses of Theorem 6.6.

Clearly, for the choice of n; = 1,7, = 2, and§; = 1, we see that 4, =
—0.086, A, = —0.51 and accordingly, B = 2.1775. It is easy to see that all
conditions of Theorem 6.6 are satisfied and (x*, y*) = %,0.0773) is globally
asymptotically stable in view of Theorem 6.6.
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Example 6.13 Consider the following system

xX'(t) = 2(xo — x(2)) — 18U(x (1)) y(?)

+(0.25) / f(t—s)y(s)ds
V() = =3y(0) + 163(1) /_ gt — )U(x())ds — 3y%(1)

inwhichU(x) =x/(4+x),b=025y=1, and D =2.
The equilibrium solutions are (x*, y*) = (%, 1.133) with

2
U(x*) = z and xo = 29.716, approximately.

Define G1(u) and G,(u) as in Example 6.12.

We note that Theorem 6.6 cannot be applied as the following inequality
a’L® < 4B |:d L bymi|
41’]2

is not satisfied for any choice of 1; and 7,. However, we observe that with k; =
ko = 1/4, all the hypotheses of Theorem 6.10 are satisfied, and hence, (x*, y*) is
globally asymptotically stable.

6.4 Discussion

In this chapter, we have introduced a notion called a “zone of no activation” for
the consumer species. We have studied the influence of the zones of no activation
on the dynamics of a limited nutrient-consumer system (2.81) and also under the
influence of self-regulatory control mechanism (system (4.1)). In each case we have
obtained various independent sets of sufficient conditions for the global asymptotic
stability of the positive equilibrium solution.

As already observed in Sect. 6.1, zones of no activation may be considered (cre-
ated) in two situations: one that naturally occurs when the equilibrium renders
the nonconsumption of nutrient any more near the equilibrium and second, when
excess consumption of nutrient leads to abnormalities in the growth of popula-
tions, adversely affecting the stability of the system. In a zone of no activation
(Ux) = U™), i.e., G(u) = 0), we see that the conditions of Theorem 6.10
directly imply the global asymptotic stability, while the strain on the parameters in
Theorems 6.6 and 6.11 is considerably released. Thus, by the appropriate choice of
“81,” we see that the zone of no activation may be extended and the stability of the
equilibrium is maintained.
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Finally, when the nutrient consumption is increasing (i.e., U(x) is monotone
increasing function), we reduce the consumption by creating a zone of no activa-
tion with U(x) = U(x*) for all x > x*. In case the consumption is very less
(ie.,aU(x) < by for x > X > x™), we create a zone of no activation at the
appropriate time, to raise it to see that aU(x) > by or otherwise by maintaining
U(x) = U(x*) recalling that aU(x*) > by is necessary for the existence of a pos-
itive equilibrium solution, which controls both types of fluctuations stated above.
Thus, we conclude that zones of no activation help us in restoring or preserving the
stability of the system.

6.5 Notes and Remarks

Though, we have defined the uptake function G(u) by (6.4) or (6.8) around the
equilibrium (a natural zone of no activation), a more useful way of defining the
uptake function in a zone of no activation could be

Gi(u) for u(t) > 6;
Gu) =4 G* for & <u(t) <4, (6.10)
G,(u) for u(t) <6,

where G* is any value G (u) takes on [—x™*, 0o) such that

lim,—s,~ G2(u) = G* = limu_)81+ Gi(u), in which §, < u < §; defines the zone
of no activation created. Note that this type of zone of no activation may be created
anywhere in the interval of definition of G. This value G* need not be the value at
equilibrium but any desired value. Further the definition (6.10) enables us to decide
the length of a zone as per system requirements by choosing §; and &, appropriately.
This may help us realize the ideas of the last paragraph of the discussion above. For
example, we may extend the zone to the right indefinitely if the situation demands a
minimum of G* consumption forever for a survival.

But this is not the natural zone we have defined in (6.4) or (6.8) that evolves in
the situations described in Sect. 6.1. But using (6.10), a zone may be created by an
experimenter basing on the requirements of his system and observations during the
experiment.

The length of a zone defined by (6.10) is fixed once §; and 8, are selected. But
a sudden change of situation may demand the continuation of the zone for some
more time or a reduction of it. In such a case we should think of a “variable zone.”
A variable zone may be raised by defining §; = §;(¢) and §, = 6,(¢), both as
functions of time 7. By appropriate definitions of the functions §;(¢), i = 1,2 the
length of zones can be varied suitably.

Note that the choice §; = &, defines a zone of length zero. A zone of length zero
is present everywhere in any system. If the situation demands more than one zone,
instead of fitting a zone each time, how about creating a “moving zone.” This idea is
something like a “rescue and relief team” — whenever there is a trouble — create a
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zone immediately. The following case illustrates a case of creation of two zones
during the intervals /; and /, of time ¢ when the system demands it.

Zone 1:81(t) = 611(¢), 62(t) = 821(¢) fort € I.
Zone 2 : 81(t) = 612(2), 62(t) = 820(¢) fort € I.
Finally, §;(z) = 6,(¢) fort € R—{I; U L,}.

The idea of a zone was introduced by Sree Hari Rao and Raja Sekhara Rao [87]
for chemostat models. The concept of zone is worked out only for models (2.81) and
(4.1) in this article. Nothing has been done for models (2.1)—(2.5) so far and may be
pursued by interested researchers. This idea may also be extended to general prey—
predator models as a zone of no activation appears more prevalent in animals. For
example, a lion under normal conditions does not hunt more than twice a week if he
finds a prey that can sufficiently feed him. Further, animals that ruminate consume
continuously for a part of the day and relax. Does it apply to human beings who
have developed a habit of continuous eating?

6.6 Exercises

1. Define a zone of no activation for models (2.1) — (2.5) and obtain various stability
conditions.

2. Study the influence of a zone on model (3.1) for which we have established the
instability.

3. Study the combined effect of a zone of no activation and wall growth on the same
model. Does it help reduce the fall of nutrient levels due to wall growth?

4. Use the definitions of (6.10) in models instead of (6.4) in the results of this sec-
tion. What observations do you make?

5. Can the uptake function take the value G* before x takes x*? (In such a case the
system may not possess an equilibrium value.)

6. Visualize the concept of a variable zone. Determine G (u) appropriately in vari-
able zone.

7. Elaborate the concept of moving zone. Explain how a moving zone and a variable
zone are better than a fixed zone (6.4) or (6.10)?

8. Apply the concept of a zone to other biological models such as Lotka—Volterra
model.



Chapter 7
Influence of the Control Mechanisms

7.1 Introduction

The study of Example 2.42 has revealed that the mechanisms introduced in
Chaps. 4-6 have definitely contributed toward the stability of the positive equilib-
rium whose status is undecided as far as model equations (2.81) are concerned. We
shall now see the strength of these mechanisms when the system given by model
(2.81) is established to exhibit the instability tendencies observed in Sects. 3.2
and 3.2.

We use the following notation throughout this chapter.

F =/oof(s)ds < o0, G =/oog(s)ds < 00 (I
0 0

and
o0

Ty = /Ooosf(s)ds <oo, Tg =/0 sg(s)ds < oo. (I1)

Clearly T¢ and T, are the average time delays in material recycling and growth
response of the species, respectively. This enables us to find directly the influence
of time delays on the stability of the system. We have already used this notation in
Sect. 3.2

7.2 Stability Under Self-Regulatory Control Mechanism

In this section, we introduce our first mechanism known as self-regulatory control
mechanism into system (2.81) to contain the influence of the consumption and the
delay in recycling. We have already established in Chap.4 its strength when the
nutrient supply/consumption is low. The attempt here is to see how far it works
when the delays (through nonnormalized kernels) influence the dynamics of the
system.

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 207
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_7,
© Springer Science+Business Media, LLC 2009
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Introduction of this control mechanism modifies (2.81) to (see (4.1))
Y1) = Dlxo — x(0)) — aU(x (1) y(0)
oy [ 13-
y'(@t)=—(r+D)y@)
roro | " gOUG = $)ds — (). (7.1)

System (7.1) has already been discussed in detail in Chap.4. We shall now
discuss the stability of the positive equilibrium solution of (7.1) directly.

Note that the system (7.1) has a different set of nontrivial equilibrium solutions
from (2.81) due to the presence of the term —dy?.

The equilibria of (7.1) are the solutions of the algebraic system

Dxy— Dx —aU(x)y + byFiy =0,
[cU(x)Gl —y-D- dy]y —0. (1.2)

Clearly (x¢,0) is a solution of (7.2), which is the axial equilibrium solution of
(7.1), which incidentally is the axial equilibrium solution of (2.81) also.

An interior equilibrium of (7.1) is given by a nonzero solution of (7.2) and is
denoted by

X (@U(x*) =byF)(cU(x*)G, —y — D)
x* = x— ,
U(x*)G p 9P
C X — —
y* = clz 4 (7.3)

We can see that (x*, y*) is positive if and only if

D
U(x*) > r+
CG]
or D
v <L
CG1
and

(aU(x*) = byF)(cU(x*)Gy —y — D) < xodD.
Theorem 4.2 now becomes as follows.

Theorem 7.1 A necessary and sufficient condition for the existence of a positive
equilibrium is

y+D
CG]

D  byF D byF\? dD
y + n V1+\/()/+ B )/1) +4x0

" 1
<U(x™) <=
2 cGy a cGy a ac Gy

(7.4)
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The following theorem establishes that the solutions of (7.1) are bounded. We
observe that the conditions below Theorem 2.28 are sufficient to ensure the uni-
form boundedness of the solutions of (7.1) but these conditions depend on the delay
kernels more.

Let

x(t) =¢1(r) and y(r) = ¢a(t), 1€ (—00,0], to €R

be the initial conditions for (7.1).

Theorem 7.2 Let ¢;(t) > 0, j = 1,2 and not identically zero on any interval, and
let the delay kernels satisfy (I). Then

x(t) < max {xo +byF{M, sup {¢1(l)}},

—oo<t<0

V() < max{%Gl, sup_{pa(0)}} = M(say)¥i

—oo<t<0

Remark 7.3 1t is shown in Sect. 3.2 that system (2.81) may have unbounded solu-
tions under the conditions of Corollary 3.6. For the boundedness of the solutions of
(2.81) additional conditions are required as specified in Theorem 2.28 or inequalities
below it. Now it is obvious from Theorem 7.2 that the solutions of (7.1) are always
bounded. Hence, we remark that the introduction of self-regulatory mechanism into
(2.81) regulates this type of disturbance (unbounded nature) of the solutions of
(2.81).

However, the following result shows that the conditions for the stability of the axial
equilibrium remain unaltered by the presence of the term —dy?. Proof of this result
is similar to that of Theorem 4.8, and hence, omitted.

Theorem 7.4 If (y + D/cGy) > L, the axial equilibrium (xo,0) is globally as-
ymptotically stable.

In the remainder of the section we assume that the positive equilibrium solution
(x*, y*) exists and is given by (7.3).
The following results modify Theorems 4.9 and 4.12.

Theorem 7.5 Assume (Ay) and (A,) on the uptake function U and let f and g
satisfy (I) and (I). The positive equilibrium (x*, y*) of (7.1) is globally asymptot-
ically stable provided

D + aky*
L 2FaKY d F < min
ck x>x*

G

{M} . (75)

by
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Theorem 7.6 Assume that the uptake function satisfies (A1), (A2) and the delay
kernels satisfy (I). The positive equilibrium solution (x*, y*) of (7.1) is globally
asymptotically stable provided,

byF\ + ckG, < min{D —aky*, min {d + aU(x)}} = p (say). (7.6)

Remark 7.7 Comparing the hypotheses of Theorems 7.5 and 7.6, we can observe
that Theorem 7.6 does not require (II) on the delay kernels. Since, the values
fooo sf(s)ds = Ty and fooo sg(s)ds = T, denote the average time delays in material
recycling and growth response of the species, relaxation of (II) on the delay kernels
implies that the system can tolerate any lengths of delays if the other parameters
and the consumption are as specified in Theorem 7.6. A straightforward computa-
tion shows that the condition (7.6) of Theorem 7.6 is weaker than condition (7.5) of
Theorem 7.5 on the parameters of the system. This is, of course, tolerable in view
of the relaxation on the delay kernels.

Remark 7.8 1t may be established as in Sect. 4.5 that the condition aU(x) > byF;
for x > 0 is sufficient to ensure the existence of a periodic solution to (2.81) es-
tablishing the oscillatory growth thereby implying the survival of species y. Here,
we notice that the stability of (x*, y*) of system (2.81) can also be established un-
der the conditions of Theorem 7.5 by letting d = 0. From this we understand that
when the supply/consumption of nutrient is sufficiently high so that the system can
tolerate a delay in material recycling (i.e., aU(x) > byF; for x > x*) we need
no mechanism on (2.81) for the stability assuming that the first condition of (7.5)
holds. But when the consumption levels are falling down after attaining equilibrium
value (aU(x) < byF; for x > x*), a delay in material recycling is not tolerable
and the stability of system (2.81) is in doubt. In such a case the introduction of
self-regulatory mechanism with appropriately chosen d > 0 satisfying the second
condition of (7.5) can preserve the stability of (x*, y*) of (7.1) establishing the
eventual survival of both x and y. As the presence of the term d > 0 implies the
death of some of the species, the consumer species survive in less numbers when
supply/consumption of nutrient is less, which is realistic in nature. It also suggests
that reduction in the size of consumer population is a natural, immediate remedy to
survive at low nutrient supply/consumption.

If G| < 1, the condition U(x*) > (y + D/cG,) for the existence of a positive
equilibrium for (7.1) (see inequality (7.4)) appears to be a weaker condition than the
corresponding condition of system (2.81). But once U(x) attains the equilibrium
value, Theorems 7.5 and 7.6 suggest that if the other parameters of the system are
properly controlled, the system becomes globally asymptotically stable even if the
consumption starts decreasing thereafter and touches its lowest values.

Our next theorem provides an estimate for d, thereby specifying the direct influ-
ence of the carrying capacity of the environment on the global asymptotic stability
of the positive equilibrium (x*, y*) of system (7.1). Further, we replace the assump-
tion (A,) on U by a gradient-type condition.
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The following transformation is useful.

Letx; =x—x*, y; =y—y* and & (x;) = U(x) — U(x™).
Using this we may rewrite (7.7) as

x1(t) = =Dx; —a(Ei(x1) + U(X™)y1 —ay™&i(x1)

b — 5)ds.
+by /0 F5)y1(t — s)ds
Y1) = (n +y*)[6/0 g(S)Sl(xl(t—S))ds—dyl}- (7.7

Clearly (0,0) is the equilibrium solution of (7.7) corresponding to (x*, y*) of
(7.1).

Proof of this result runs on the lines similar to those of Theorem 4.16 and hence,
the details are omitted.

Theorem 7.9 Assume that the delay kernels satisfy (I) and (II) and the uptake func-
tion, in addition to (Ay), satisfies

x1E1(x1) = 0,&(x1) #0  forx; #0.

The equilibrium solution (0,0) of (7.7) is globally asymptotically stable provided

(byer[ 1+ + %]2 (7.8)

4nGDa(cGU(x*)—y — D)

X
in which & = min% ! } > 0 and n = max{l, F}.
xzat  §1(x1)
The following example helps us understand the influence of self-regulatory
mechanism on the stability of system (2.81) when Theorem 3.13 establishes the
instability of (x*, y*).

Example 7.10 Consider the model

x'(t) = (0.25)(6 — x (1)) — 10U(x)y(¢) + i/w e_%sy(t — 5)ds,
0

y' () = —10y(t) + 5y(r) /Oooe_‘l*xU(x(t —5))ds

in whichy =9.75,b = 1/39, U(x) = x/(4 + x), and f(s) = o=t = g(s).
Clearly F| = 4 = G;. The equilibrium values are U(x*) = (y + D)/(cG,) =
1/2,x* =4,and y* = 1/8. Also U'(x*) = 1/16.
Clearly U’ (x*)(aU(x*) — byFy) > 0. Therefore, the instability discussed in
Theorem 3.11 does not arise.
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Now with p = ¢, condition (3.43) becomes
2p(A+ p)*— B <0.

Here p = 1/4,A = D +ay*U’(x*) = 21/64,and B = acy*U(x*)U’'(x*) =
25/2, clearly satisfy above inequality. Therefore, (4, %) is unstable by virtue of
Theorem 3.15.

Now introducing the self-regulatory mechanism into the system with d = 725/9,
we have

x'(t) = (0.25)(6 — x (1)) — 10U(x)y(¢) + i/-oo e_%‘yy(t — 5)ds,
0
R 2
Y0 = =1050 + 550 [ e HUGE == T30

with y, b, U(x) defined as earlier.

Because of the introduction of —dy? term, the equilibrium state changes to
U(x*) =7/12, x* = 5.6,and y* = 3/145.

Clearly @ = 9.6, L = 1 and we have

2
2
(byc)? [,/1 + (%) + w] e

—39.064 <d = =,
4G, Da[cG U(x*) —y — D] = 9

Also it is easy to see that all the other hypotheses of Theorem 7.9 are satisfied
here and hence, (x*, y*) = (5.6,3/145) is globally asymptotically stable by virtue
of Theorem 7.9.

Conclusions of this example may be seen in Figs. 7.1 and 7.2.

Remark 7.11 Tt is now clear that when a positive equilibrium of (2.81) exists and is
established to be unstable in view of Theorem 3.13, Example 7.10 explains a case
where the introduction of self-regulatory mechanism provides a globally asymp-
totically stable (interior) equilibrium by virtue of Theorem 7.7. Hence, we remark
that this mechanism may help restore the stability of a system that has a tilt toward
instability.

7.3 Stability Under Wall Growth Mechanism

The second control mechanism we introduce into system (2.81) is the phenomenon
of wall growth described in Chap. 5. The model (2.81) with the wall growth may be
represented by (see Chap. 5 for details)
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Fig. 7.1 Oscillations in populations x and y, respectively, in the absence of self-regulation

x'(t) = Dxo— Dx(t) —aU(x)z(t)
shyat [ st —sas
0
7(t) = —yz(t) — Da*z(¢)

+cz(1) [00 g()U(x(t —s))ds. (7.9)
0
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Fig. 7.2 Stabilization of populations x and y under self-regulatory mechanism
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Note that since, z(#) = y; + )» is the aggregate of the populations, the stability
of system (7.9) implies the eventual survival of both x and y of (2.81).

We now discuss the existence of equilibria for (7.9).

If the equilibria for (7.9) exist, they should satisfy

Dxy— Dx* —aU(x™)z* + bya®z*Fy = 0,
(cU(x*)G,—y — Da™)7* = 0.

(7.10)
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Keeping in view the definitions of «(¢) and z(¢), we exclude the possibility of
Z* = 0. Thus (7.10) will have only nontrivial (nonaxial) equilibria.
A nontrivial solution (x*, z*) of (7.10) is given by

Da* Dxy— Dx*
e T A T R CAT)
cGy aU(x*) — bya* F)
which exists and is positive provided
D *
HTO{ <L and (xo—x*)(@UKX*)—bya*F) >0 (7.12)
cUy

hold.

Uniqueness of (x*,z*) follows from its global asymptotic stability discussed
later.

Now we proceed to discuss the global asymptotic stability of (x*, z*) assuming
its existence, that is (7.12) holds. Since the results are only modifications of their
counter parts in Chap. 5, we omit the proofs.

Theorem 7.12 Assume that the uptake function satisfies (A1) and (A,) and the de-
lay kernels satisfy (I) and (II). The equilibrium solution (x*,z*) of (7.9) is globally
asymptotically stable provided

Gy < — and F; < min
ck x>x*

D + akz* {aU(x)} (7.13)

yar
Theorem 7.13 Assume (Ay) and (A3) on the uptake function and let f and g sat-
isfy (I). The positive equilibrium (x*,z*) of (7.9) is globally asymptotically stable

provided
byFia* + ckG, < min{D — akz*, min{aU(x)}} . (7.14)
x>x*

The following examples illustrate the aforementioned results and also explain
how the introduction of wall growth renders an unstable equilibrium state.

Example 7.14 Consider the system
x'(t) = 2(6 —x(r)) — 10U(x)y(¢)
0 ¢
—H/Z/ e y(t — s)ds,
0

y'() = —6y(t) + 6y(t)/0 e™2 U(x(t —s))ds (7.15)

inwhichy =4,b =1/8,and U(x) = x/(4 + x).
Clearly F; = 11 and G| = 2. The equilibrium values are

Ux*)=1/2, x* =4, and y*=-8.
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Since xg = 6 > x* = 4and aU(x*) — byF; = —1/2 < 0, the earlier system

does not have a positive equilibrium.
Now introducing wall growth into (7.15) with r; = 1 and r, = 2, we get

x'(t) = 2(6 — x(1)) — 10U (x)z(t) + 1/2/006_15101([ —8)z(t — s)ds,
0

Z(t) = —4z(t) — 2a(t)z(t) + 62(¢) /00 e_%U(x(t —5))ds,
0

o (1) = —2a(t)(1 — a(t)) — la(t) + 2(1 — a(t).

We have
" D+r1+r2—\/(D1+r1+r2)2—4Dr2
@ = 2D =12

Thus for large ¢, as in (7.9), we have

x'(t) = 12 —2x(t) — 10U (x)z(t)

o0
+1/4/ e VM2t — s)ds,
0
oo
7(t) = —5z(t) + 6z(1) / e V22U (x(r —5))ds (7.16)
0

The equilibrium solutions of (7.16) are
U(x*) = 5/12,x* = 20/7,and 7* = 4.4372.

It is easy to see that the parametric conditions (7.13) of Theorem 7.12 are satisfied
with k = 7/48 and hence, (x*,z*) = (20/7,4.4372) is globally asymptotically
stable by virtue of Theorem 7.12

Conclusions of this example may be seen in Figs. 7.3 and 7.4.

Example 7.15 Consider the system

xX'(t) =24 —x@)) —10U(x)y ()
—i—(0.4)/0 e 1yt —s)ds,

y'(t) = —6y(t) + 6y(t)/0 e 2U(x(r — 5))ds, (7.17)

in which y = 4, b = 10, and U(x) = x/(4+ x). Clearly F; = 11,G; = 2
as in the earlier example.The equilibrium solutions are U(x*) = (y + D)/cG; =
1/2,x* = 4.

Also aU(x*) —byF; = 0.6 > 0.
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Fig. 7.3 System (7.15): possessing no positive equilibrium solution and population y exhibiting
unbounded growth

But y* = [D(xo — x®)]/[aU(x*) —byFi] = 0 as xo = x* = 4 in this case.
Therefore (7.17) has no positive equilibrium. Introducing wall growth into (7.17)
with r; = 1 and r, = 2 again and proceeding as in Example (7.14) we have

a*=1/2,Ux*) = (y + Da™)cG; = 5/12,x* = 20/7,and
7* =[D(xo — x™)]/[aU(x*) — bya™ F|] = 1.1622 (approx).
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Fig. 7.4 Population x and aggregate population z approaching positive equilibrium solution under
the influence of wall growth

Clearly all the parametric conditions are satisfied with k = 7/48. Therefore,
by virtue of Theorem 7.12, (x*,z*) = (20/7,1.1622) is globally asymptotically
stable.

Conclusions of this example may be seen in Figs. 7.5 and 7.6.
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Fig. 7.5 Populations approaching axial equilibrium (4, 0) implying the extinction of species y

The following example illustrates Theorem 7.13.

Example 7.16 Consider the model
x'(t) = 4(6.5—x(1)) — 12U(x) y(¢)

+(0.4) /o f()y(@ — s)ds,

y'() = =8y(t) + 10y(t)[O g U(x(t —s))ds. (7.18)
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Fig. 7.6 Populations x and z (aggregate population) approaching positive equilibrium solution
under the influence of wall growth mechanism, implying the survival of species

in which y = 4,b = 1/10, and U(x) = x/(4 4+ x). Choose f and g such that
Fi= [ f(s)ds =2, Gy = [;° g(s)ds = 1.
The equilibrium solutions are

U(x*) =4/5andx* = 16.
Observe that aU(x*) — by F; > 0 while xo — x* < 0 implying that y* < 0.

Thus, system (7.18) does not possess a positive equilibrium.
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Again letting r; = 1 and r, = 2, introducing wall growth and proceeding as in
Example (7.14), we obtain o* = 1/2,U(x*) = 3/5,x* = 6,and z* = 1/4.6.

Now with k = 1/4, D — akz* = 3.337, and min,>+{aU(x)} = 9.6, condition
(7.14) of Theorem 7.13 is satisfied. Also all the other conditions of Theorem 7.3.2
are satisfied here. Therefore, (x*, z*) = (6, 1/4.6) is globally asymptotically stable
by virtue of Theorem 7.13.

Example 7.17 Consider the model
xX'(t) =23.5—x(@)) — 10U(x)y(t)
(e )
+(1/2)/ e 1T y(r — s)ds,
0

V() = —6y(1) + 6y(1) /0 U (1 — s))ds.

inwhich U(x) = x/(4+x),y =4,b =1/8,and xo = 3.5.

The equilibrium values are U(x*) = 1/2,x* = 4, and y* = 2. Note that
U'(x*)>0andaU(x*) —byF, = —-1/2<0.

Therefore, (x*, y*) = (4, 2) is unstable by virtue of Theorem 3.13 (condition
(a)).

Again, introducing wall growth with r; = 1 and r, = 2, and proceeding as in
Example 7.14, we geta® = 1/2, U(x*) = 5/12x* = 20/7, and z* = 4.4372.

It may be seen that all the conditions of Theorem 7.12 are satisfied and hence,
(x*,z*) is globally asymptotically stable by virtue of Theorem 7.12.

We record the conclusions of our study in this section as follows.

Remark 7.18 1t is may be noticed from Example 7.14, 7.15 and 7.16 that when the
system (2.81) does not possess an interior equilibrium solution, the introduction of
wall growth mechanism has enabled the (modified) system to possess a positive
equilibrium solution whose global asymptotic stability may then be established by
virtue of Theorem 7.12 or Theorem 7.13 as the case may be.

Further, Example 7.17 shows that when system (2.81) possess a positive equilib-
rium whose instability is ensured by Theorem 3.13 (Corollary 3.14), the correspond-
ing positive equilibrium solution of system (7.9) may be globally asymptotically
stable.

7.4 Stability Under Zones of No Activation

A necessary condition for the existence of a positive equilibrium for (2.81) is that
the consumption takes the value (y + D)/c G, for some x = x* > 0. The con-
dition (7.3) says that the self-regulatory mechanism necessarily requires U(x) to
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take a value bigger than (y + D)/c G, for some x > 0 to have a positive equilib-
rium for system (7.1). At the same time, the introduction of wall growth mechanism
enables the consumption to attain the equilibrium at an early stage, well before
(y + D)/cGq (since (y + Da*)/cGy < (y + D)/cGy as a* < 1). Having dealt
with the stability of system (2.81) in these two cases, we now consider the situation
where the consumption remains unaltered at (y + D)/c Gy not only at the equilib-
rium value x = x* but also in a neighborhood of it. In other words, we study the
dynamics of (2.81) when the consumption is maintained at the equilibrium value
Ux)=Ux*)=(y + D)/cG; whenx € (x* —§,x* + §) for some § > 0.

Before defining a zone of no activation for (2.81) we assume that the system
(2.81), that is,

Z(t) = D(xo — x(t)) —aU(x()) y(t)
wby [ 100 -3,
0
y'(t) =~y +D)y@)
+cy(t)/ g U(x(t —s))ds (7.19)
0
has a positive equilibrium (x*, y*) satisfying U(x*) = (y + D)/cGj.

The transformation u(¢) = x(t) — x*, v(t) = y(t) — y*, and E(u) = U(x) —
U(x™*) takes the system (7.19) to

W(6) = —Du(t) — at ) + UGH)v(r)
—ay* () + by /0 FW( — 5)ds,

V() = (v(t) + y*)c/; g($)E(u(t — s))ds. (7.20)

A zone of no activation in consumption for the consumer species may be de-
fined by

E] (M), for u> 52,
E(w) = 1 &(u), for u < 4§y, (7.21)
0, for §; <u<§é,,
where §; and §, are real constants.

Further,
liI(Isl_ E1(u) = lim+ & (u), (7.22)
u—>8,

u—>8,

where & (1) and &, (u) are continuous, bounded and satisfy
1€ (x1) =& ()| < kilxi —xa] Yxpx, i =1,2. (7.23)

for some positive constants k;,i = 1,2.
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Note that (0,0) is the equilibrium solution of (7.20) corresponding to (x*, y*) of
(7.19).

We directly proceed to the global asymptotical stability of the equilibrium (0,0)
of (7.20) under the influence of the zone of no activation (7.21). The proof is omitted
since it is a repetition of that of Theorem 6.1.

Theorem 7.19 Assume that (7.21)-(7.23) hold and the delay kernels satisfy (I)
and (Il). The equilibrium solution (0,0) of (7.20) is globally asymptotically
stable provided
min {D —(cGy—ay* ki, D — (¢cG, — ay*)kz} > 0,
aU(x*)—byF, > 0,
min {a[gz(u) FUGY) - byFl} >0,
u=>07

and
min {a[gl ) + U((x*)] - byFl} > 0.

Remark 7.20 Notice that in the zone of no activation, that is for §; < u < §, (see
proof of Theorem 6.1),

DYV = =Dlu(t)| = (aU(x™) = byFy)v(1)] .

Thus DTV is negative definite if al/(x*) — byF, > 0. Then clearly, this condi-
tion is alone sufficient to ensure the global asymptotic stability of the equilibrium
(0,0).

Recalling the condition (b) of Theorem 3.13 for the instability of (x*, y*) namely

U'(x*) <0 and aU(x*)—byF; > 0.

Theorem 7.19 implies that a natural remedy to fight out this type of instability is
to introduce a zone of no activation here.

The following theorem is of some interest to us as it relaxes the delay kernels
from condition (II).

Theorem 7.21 Assume (7.21)—(7.23) on the uptake function. Assume (I) on the
delay kernels. The equilibrium solution (0, 0) of (7.20) is globally asymptotically
stable provided

ck1G + byF; < min {D —akly*,misn {a[";“(u) + U(x*)]}},
u<oq

ckyGy + byF, < min {D - akzy*,mi{sn {a[é(u) + U(x*)]}},
u=>07

and byF, < min {D, aU(x*)}.
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Remark 7.22 In the zone of no activation, §; < u < §, we have, aU(x*) —
byF, > 0and D > byF) are sufficient for the global asymptotic stability of (0,0).
Since U'(x*) = 0in §; < u < &, the condition aU(x*) — byF; > 0 rules out
the possibility of instability specified by condition (b) of Theorem 3.13 and (0,0) is
globally asymptotically stable by virtue of Theorem 7.21.

7.5 Discussion

Up till now in the literature, mathematical analysis of the models representing the
growth in a lake known as chemostat-like models are confined to the survival of
species expressed in terms of their persistence and global asymptotic stability of the
positive equilibrium especially when the time delays present in such systems tend to
destabilize the equilibrium. These studies have dealt with the question of preserving
the stability of the system. But this instability dilemma calls for an adequate un-
derstanding of the instability tendencies in growth process of microbial populations
feeding on a nutrient, so as to develop effective biocontrol mechanisms to contain
these tendencies.

In an attempt to dwell upon this view point, which in our opinion makes the study
more realistic, we propose three different mechanisms termed as self-regulatory
mechanism, wall growth, and creation of a zone of no activation. The main thrust
of this work is embodied in providing a mathematical support to these biologically
relevant ideas besides paving way for the clear understanding of the restoration of
stability. The present study establishes that the first mechanism besides controlling
the wild growth renders in bringing the populations to have a globally asymptoti-
cally stable growth (see results of Sect 7.2 and remarks there in). Further we notice
that this mechanism comes into play when the nutrient supply is low and competi-
tion is inevitable.

The second mechanism contributes significantly to have populations approach
globally asymptotically the positive equilibrium when the existence of such an equi-
librium to the original model equations is in doubt. This conclusion has been sup-
ported by several examples that deal with a variety of situations that are concerned
with the nonexistence of positive equilibrium for the original model equations (see
Sect. 7.3). This helps when the inflows are very high and thus, wall growth is an
immediate resort.

The third mechanism related to the creation of a zone of no activation is a bio-
logically welcoming process that particularly helps preventing a situation that leads
to possible instability when the supply of nutrient is abundant in the system. Fur-
ther the importance of this mechanism requires a deeper study as selecting a zone
is important. This zone need not be the equilibrium value but an appropriate one
depending on the supply.
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7.6 Notes and Remarks

We have understood three types of situations that arise during a season-cycle and
the response of species to these seasonal changes. Let us now get back to our basic
problem of a limited nutrient—consumer system. If one wants to develop such a sys-
tem in a laboratory or for commercial purposes, one may choose one of the models
(2.1)—(2.6) suitably and apply these mechanisms. When resources are low our study
recommends a self-regulatory mechanism, if the resources are high, go in for wall
growth and zones whenever necessary.

The purpose of a zone becomes very clear now. Two zones appear to be very
useful and some times inevitable. One zone is between a low supply state and a
high supply state. The second is during a transition from high supply state to the
low one. The zones need not be the ones defined at equilibrium value, i.e., (6.8) but
may be the one defined by (6.10), when achieving an equilibrium state is difficult.
These zones act as controllers. Further, if one plans for the total resources that the
system requires for a whole season, one can have a number of zones for an optimal
utilization of resources.

Our attempt here is only a beginning and much needs to be done in this direc-
tion. We conjecture that these mechanisms can be applied to a number of biological
models and tested at each stage. We feel that the working principles of these mecha-
nisms will be more clear if the inflow and outflow rates are distinguished from each
other. Note that we have used the parameter D to represent both of these. Attempts
are made on some models but systems (2.1)-(2.6) need to be reconsidered under
the present circumstances posed by the control mechanisms. The contents of this
chapter are taken from a recent work of Sree Hari Rao and Raja Sekhara Rao [95].

Examples 7.10, 7.14, and 7.15 are simulated using Matlab 6.5 release 13 invoking
odel13. By defining,

t

wi(t) = [_ £t —$)y(s)ds.  wlt) = / g(t — HU(x(s))ds.

—00

and f(s) =e ™, g(s) =e P, a>0,8> 0, we transform system (2.81) into a
fourth-order system of ordinary differential equations of the following form

x'(t) = D(xo — x(t)) —aU(x)y(t) + byw ().
V') = —=(y + D)y(t) + cy()wa(t),

wi(t) = y(t) —awi (1),

wh(t) = U(x (1)) — Bwa(2)

and apply the above package.
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7.7 Exercises

1. Modify the other results of Chaps. 4-6 to understand the effect of nonnormalized
kernels.

2. We have broadly classified the season-cycle into (a) a low supply period say
summer for self-regulation, (b) a high supply period, for example, rainy season,
to introduce wall growth, and (c) transition periods, high supply to low supply
and vice versa, to introduce zones. Are there any more new classifications based
on the seasonal effects to be introduced to develop new mechanisms?

3. What new environmental conditions may be included in our models to introduce
more mechanisms?



Chapter 8
Parameter Estimation Using Dynamic
Optimization

8.1 Introduction

Until now, we have studied the stability, instability, and oscillatory behaviors of the
system (2.81) (Chap.?2) and mechanisms that can regulate the instability charac-
teristics of the systems in Chaps.4-7. We have observed that due to the variations
in nutrient supply (inflow) and washout (outflow), the system is subject to distur-
bances. In fact, this has lead to formulation of various models (2.1)—(2.6) and the
mechanisms in earlier chapters. The inflow and outflow rates are represented by the
parameter D in our models. Thus, on the whole, D seems to be king pin in deter-
mining the characteristics of these biological models. Such a parameter is called a
key parameter. But if we know that the system can be brought under control by re-
stricting this parameter, we may call this D, a control parameter. Then it becomes
very important to estimate this control parameter. Once D is estimated, the tendency
(stability or instability) of the system under consideration may be understood from
the results of Chaps.?2 and 3. Accordingly the control parameter may be varied to
change the dynamics of the system from instability to stability or vice-versa. Even in
case D is only a key parameter and cannot be controlled by us, its estimation helps
us in deciding whether mechanisms are required and which mechanism, if required.

In case of a chemostat, D is under the control of experimenter. Therefore, by
our stability analysis, we can fix a range for D in which the system is going to be
stable, once the other parameters are known. But this is not the case with a lake.
The inflows as well as outflows are entirely dependent on nature/season. Thus, D
in this case is beyond our control and the best we can do is to estimate it. Once D
is estimated and a stability analysis is made, we can decide upon the necessity for a
control mechanism. If the system is stable, we are comfortable. Also the value of D
decides the type of mechanism we should go in for as discussed in Chaps. 4-6. In
these cases, D is only a key parameter and no more the control parameter. Then our
task extends to estimation of those parameters that represent the control mechanisms
which, thus, become the new control parameters.

But how to estimate these parameters? We apply optimal control theory for esti-
mating these vital parameters. The method of differential transforms is introduced
to find an approximate solution of the given system as a power series of the time

Vadrevu Sree Hari Rao and Ponnada Raja Sekhara Rao, Dynamic Models and Control 227
of Biological Systems, DOI 10.1007/978-1-4419-0359-4_8,
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variable. We provide an algorithm to estimate the key/control parameters. At the
same time, finding an optimal path for the system is important for biological models
since optimization of growth/population of the consumer (predator) or food (prey)
or the consumption of prey provides clues about the behavior of the system on the
whole. Since the systems under consideration are nonlinear dynamical systems, the
method is termed dynamic optimization using nonlinear programming techniques.

We now begin our next section with a detailed description of the dynamic opti-
mization method we are going to employ here.

8.2 Dynamic Optimization

Static optimization problems deal with maximization/minimization of a linear/
nonlinear functional with constraints satisfying linear/nonlinear inequalities or
equations. There are various techniques to solve these problems. For instance, a
problem of optimization of a linear functional in two variables, subject to a set of
linear equality/inequality constraints, requires graphing of these constraints, yield-
ing a closed convex region known as “feasible region.” A simple and well-known
technique is the corner point method, which suggests that the functional attains
maxima/minima at one of the corner points of the feasible region. A close look
at this technology suggests that static (classical) optimization is purely a domain-
dependent property.

The methods of calculus are used to find the unconstrained maxima and min-
ima of functions of several variables. Particular problems with equality constraints
are solved using Lagranges method and inequality constraints are solved by Kuhn—
Tucker’s optimality conditions. Depending on the physical structure of the opti-
mization problem, we choose linear, nonlinear, multioptimal control theory, neural
network, and fuzzy system techniques to find an optimal solution.

On the other hand, the constraints of an optimization problem may exhibit a
tendency to respond to the changes (disturbances) in the environment (external fac-
tors) and in such a case one has to consider dynamical constraints for the system.
Constraints that may, thus, form a dynamical system characterize dynamic optimiza-
tion problems. It means that dynamic optimization problems are concerned with the
dynamical systems described, for example, by differential equations, difference-
differential equations, integral equations, integro-differential equations, etc. The
dynamics described by these equations depend on the state and control functions
of the system. Therefore, an obvious difference between the static optimization and
dynamic optimization problems lies in the choice of constraints (algebraic equa-
tions/inequalities and dynamical systems). Thus, “dynamic optimization is a process
of determining control and state histories for a dynamical system over a finite time
period to optimize performance indexes.”
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The main objective of a dynamic optimization problem is “to find an admissible
control function u which transforms the system from its initial state to a desired
state within a stipulated time (¢ = T') and optimizes the objective (cost) functional.”
Mathematically, dynamic optimization problem consists of the following:

e Description of the constraints represented as a dynamical system with initial
conditions

e Defining the boundary conditions

e Defining the admissible set of controls

e Selection of the performance criterion function (usually known as objective
function)

Generally in all the dynamic optimization problems we need to identify key
parameters associated with control function u(t), which govern the dynamics of
the system of state variables. The block diagram of a dynamic optimization prob-
lem is represented in Fig. 8.1 (later).

To accomplish dynamic optimization, it is possible to use a number of approaches
such as the classical calculus of variations, dynamic programming, the Pontryagin’s
maximum principle, etc.

The following example illustrates how calculus of variation problem by Euler
may be transformed into a dynamic optimization problem. Optimize

T
/ S, x(t), x"(¢))dt (8.1)
1o
X(t)
Dynamical >
System
X =f(t, x(0), u(?))
Performance | Computation
—»{ Criteria (J/1) of
Control

u(t)

Fig. 8.1 Block diagram of a dynamic optimization problem
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subject to x(f)) = po, where f, x are continuously differentiable in t, < ¢t < T.
By the transformation

xX'=u
(8.1) may be written as
optimize
T
| s, 5.2)
to
subject to

x'=u, x(t) = po,

where x is the state variable and u is the control variable . This provides us a basic
structure of a dynamic optimization problem. A generalization of this problem is as
follows:

Optimize

T
| rex .o $3)
4]
subject to

X/ = g(l,X(l),M(l)), X(l()) = Po. (84)

The functions f,g are continuously differentiable with respect to their
arguments, x, the state function, and u, the control function of the dynamical
system.

We shall follow the techniques provided in the book by Kamien and Schwartz
[57] and the following procedure explains the basic method of obtaining the optimal
solution to the given system.

For any functions x and u satisfying (8.4), to help us in optimizing (8.3), we
choose a multiplier function A, similar to a Lagrange multiplier function, which is a
continuously differentiable function of # on #y <t < T. We shall provide the other
specifications of A a little later. Now (8.3) may be written as,

T T
| sas@uoan = [ [as@.u)

FA(0)g(t, x (1), ult)) — x(t)x’(z)]dz, (8.5)

since A(¢)g(t, x(t),u(t)) — A(¢)x'(t) = 0, from (8.4), for any A(¢). Now consider
the last term of (8.5),

T T
—/ A)x'(t)dt = —AM(T)x(T) + A(to)x(to) +/ A (¢)x(¢)dz. (8.6)
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Using (8.6) in (8.5), we have

T T
[ sxouensr = [ {70000 + 20850000

+)L’(t)x(t)]dt — MT)x(T) + Alto)x (o).

It is clear that ftOT f(t,x(t),u(t))dt is maximum when the right hand side of the
aforementioned equality is maximum.

If we denote H = f(t,x(t),u(t)) + A(t)g(t, x(¢),u(t)) + A/ (¢)x(¢), then from
elementary calculus, we have the necessary conditions for H to be maximum as

H — and 2L — 0, Thus, we have,
0x u

Necessary Conditions

9
1A () = —(af +A8x)
2. A(T)—O

af

Sufficient Conditions

f and g are concave functions of x and u.

The choice of A(T) = 0 reduces our work and helps us define A precisely. The
concavity of f and g provide us local maxima or minima at least. We shall now
apply this technique to find an optimal solution for our chemostat model. To make
matters simple and have a better understanding of the techniques, we consider the
basic model of chemostat, namely, system (1.5).

8.3 Application to Basic Chemostat Model

We now consider system (1.5), that is,

x'(t) = Dxo — Dx(t) —aU(x () y (1),
Y'(t) = ay)U(x(t)) — Dy(t). (8.7)
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This may be written as

x' = g(x,y),
v = flx.y). (8.8)

Integrating the second equation of (8.8) with respect to ¢ from ¢, to ¢, we get
t
Y0 =yt = [ Fex0. 0
to

Then system (8.8) may be viewed as the following optimization problem:
optimize

T
[ FE).y (). u(0))dr,

subject to
0

X =g (), y(0).u®),  x(00) =x°, y(to) = y" (8.9)
for any initial conditions x(f) = x°, y(ty) = y° and terminal value of time 7.
Notice that we are optimizing consumer species y here. In view of our observations
throughout, we assume the parameter D as the key parameter that controls the dy-
namics of the system. This allows us to define the control function u = D. With this
setup, we now find an optimum solution for the system (8.9) using the necessary
and sufficient conditions provided in earlier section.
Now f(x,y,D) =aU(x)y — Dy and g(x,y, D) = Dxo— Dx —aU(x)y. Let
A be our multiplier function. Then the third necessary condition

af g
E‘I‘)&@—O

yields
—y + Axo— Ax = 0.
This after a rearrangement gives

Y
Xo— X

A= (8.10)

Differentiating this A with reference to ¢ and rearranging we get

;L v+ x'A
T oxo—x

A (8.11)

Now the first necessary condition

of .0
N(t) = — (% + A%)
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yields
A =—[aU'(x)y — DA —aU'(x)yA], (8.12)

with second necessary condition requiring A(7") = 0 for some 7" > #,. Using (8.11)
in (8.12), we get

! I
A
Y XA pata(i— DU ().
X0 — X
Using the value of A = xoy_ ~ on the right hand side of the aforementioned

equation, we get
Yy +x'A =Dy +aU' (x)y(x + y — xp).
Using (8.7) for x’, y’, and A as above in this equation, we get

aU(x)y — Dy + (Dxo — Dx —aU(x)y)ﬁ =Dy —aU (x)y(xg—x —y).
0 —

This yields
aU)y =22 = Dy —aU'(x)y(x0 — x — ).
Xo— X
Thus, we have either
Casel.y =0 or
Case 2. Yo—X—7Y
aU(x)————— =D —aU'(x)(xg — x — y).
Xo— X

This after a simple rearrangement gives

D =a|: U +U’(x>} (xo—x — )
Xo— X

or

D
y = (X0 — x) [1 g +a(xO_x)U,(x)]. (8.13)

From the discussion in previous section it follows that this gives an optimal value
for system (8.7). We shall see how far this solution fits into our framework.
Before this, we recall some basic properties of solutions of (8.7) from Chap. 1.
Adding the two equations of (8.7) we get
x'+y = Dxo— D(x +y),

which is a first-order linear equation in x + y whose solution is given by

x(t) + y(t) = xo + [x(t) + y(to) — xole P70 (8.14)
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Now from (8.13), we have

D(xo — x)
aU(x) + (xo — x)U’(x)"

X+y=x— (8.15)

Clearly, x + y — xo eventually for large values of ¢.
The following observations may be derived from (8.13) and (8.14).

—_

. When x — x(, we have y — 0.
2. When the consumption is maximum, we have U’(x) = 0 for some x = X. Then

y is given by
(x5 |1-—
=(xo—X — .
= aU(T)

In particular if x = x*, the equilibrium value of x, then using aU(x*) = D we
have y — 0.

This hints at the case where the consumption falls after x attains x*. Then aU(x)
becomes less than D and hence, from the second equation of (8.7) y — 0.

3. Againat x = x*, we have aU(x*) = D. Then

" D
y=(xo—x )|:1_ D—‘,—a(JCQ—X*)U/(X*)]

a(xo —x*)U'(x*)
D +a(xg — x*)U'(x*)’

= (xo — x™)

Then, for sufficiently small values of D, y — xo — x*. But xo — x* = y™* at
the equilibrium state. Thus, equilibrium solution is the optimal solution for small
values of D. It is justified by the observation that when D is small, equilibrium
state is attained even at low levels of consumption U(x*) = %. However, when
(xo —x*)U’(x*) << D then clearly y — 0. This is justified by the observation
that at these high levels of washout, it is difficult for the microorganism y to
survive.
4. When aU(x) < D, we have

r = (xo—x)|: B aU(x) +a(x0—x)U’(x):|

D
< (xo—x) |:1 D +a(xo—X)U’(x)} ~O

for large values of D. This also explains the case where the system can not have
a positive equilibrium solution, and hence, x — Xxj.

We have noticed in Chap. 1 that x + y always remains in the cone bounded by
x>0, y>0and x + y =xp. Thus, x =x¢, y =0 and x =0, y = x( are optimal
values that are corner points of the feasible region. Also one may notice in all the
earlier cases that the respective optimal solutions are within this range. Thus, our
optimal solution (8.13) is the one we are looking for.
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We shall now consider a simple rearrangement of system (8.7),

x' = Dxy — Dx — aU(x)¢e?,
7 =aU(x) - D, (8.16)

obtained from (8.7) by letting log y = z. This system may be viewed as the follow-
ing optimization problem:
Optimize

T
[ 1000
subject to
x' = g(x(1).2(t). D), x(10) = x°, z(to) = 2. (8.17)
Here f(x,z, D) = aU(x) — D and g(x,z, D) = Dxy — Dx — aU(x)e*.

Proceeding exactly as above, we have

of g . 1
_ _— = — 1 0 — = = s
3 + A 3 0 gives +A(x,—x)=0 or A o x

and

r_ % a_g _ / _ _ / z
A= %ax—i-)tax}— {aU(x) DA )LaU(x)e}.

Using the values of A, A/, and x’ in the earlier equation, we get upon some
eliminations and rearrangements,

U@ —x)?
YT T U+ Um0 —n)

We record the following observations:

1. When x — x¢ we have y — 0.

2. When x = X is a value of x such that U’(x) = 0, y — 0.

3. If there exists a value X for x such that U(X) = 0 and U’(X) # 0, then y —
Xo — X. In particular if ¥ = 0 then y — xy.

4. At the equilibrium value, U(x*) = % and

. U’ (x*)(xo — x*)? ~aU'(x*)(xo — x*)?
UG+ U(x*)(xo—x*) D +aU’(x*)(xo — x*)
— X0 —x™,

for small values of D. This is the case where the equilibrium condition of
x* 4 y* = xq is satisfied and the equilibrium solution is an optimal solution.
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8.4 Method of Differential Transforms

The concept of differential transforms was proposed by Pukhov [76, 77]. In this, a
source x is transformed to its image X. Since x is carried into its image X by dif-
ferential operations, it is called a differential transform. The inversion is carried out
by means of Taylor series expansion. Differential transform is, therefore, sometimes
called a T —transform.

Let x be a function of the continuous variable ¢ and X (k) denote its discrete

image, which is a function of the argument k = 0, 1,2, ..., co. Then we define
1 (dx
k 8.18
X(k) = ( e ) 8.18)
and
o0
x(t) =Y X(k)( —t0)*. (8.19)
k=0

The differential transforms of some standard functions for 7y = 0 are given here.

I, k=0,
x()=1: X(k):%o E 20
I, k=1,

x(t)=1: X(k)z{o i

Y _ L, k=r,
x(t)=t": X(k)_%o’ k£ e
)Lk
A _ M.
x(l):e . X(k)— k"
k k
x(t) =sinwt 1 X(k) = a)_ sin n2
and
o* nk
x(t) =coswt : X(k)=— 0057

The following results may be obtained from the definitions (8.18) and (8.19)
(see [2]).

1. If x(¢) = v(t) £ w(z) then X(k) = V (k) £ W(k).
2. If x(¢t) = cv(¢t) then X(k) = cV(k) for any constant c.

3. I x(t) = L4 then X (k) = E2V(k + n).
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4. If x(1) = v(t)w(r) then X (k) = Y5 _o Vk)W(k — ki),
5. 1 x(t) = [ v(r) then X (k) = Y471,

Here V(k) and W(k) denote the differential transforms of v(f) and w(z),
respectively.
In particular, we have, from formula 3

if z(t) = x'(t) then Z(k)= (k + D)X(k + 1). (8.20)

We attempt to understand the earlier formulas and definitions by applying them
to our system (8.7). Adding the two equations of (8.7), we get

x'+y = Dxo— D(x + y).
Applying the formulas given above along with (8.20), we get
(k+DX(k+1)+ (k+ DYk + 1) = Dxy §(k) — D(X(k) + Y(k)),
in whichk =0,1,2...,00 and

1, k=0,

SO =10, k2o

That is,

Dxy §(k) — D(X (k) + Y(k))
k+1 '

X(k+1)+Y(k+1)= (8.21)

Lettingk = 0,1,2,...1in(8.21), we get

X(1) + Y(1) = Dxo 6(0) — D(X(0) + Y(0))
= —D(X(0) + Y (0) — xo)
Dxo 8(1) — D(X(1) + Y(1))

X2)+Y(?2) =

2
_ DX +r()
= —f
D
- _E[—D(X(O) + Y(0) — xo0)]
"
= (_1)2§(X(0) + Y(0) — xo)

3
3
= (1) 50 (X(O) + YO~ x0)
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4
X(@) + ¥() = D20 + Y (0) ~ w0,

k
X(6) + V() = (<1 2 (X(0) + Y(0) ~ %)

and so on. Now using the transform (8.19), we have

k=00

X(0) + @) = Y (XK + Y(k) (& — 10)*
k=0
= X(O) + Y(0) 4 (X(0) 4 Y(0) — xo) x

Z( l)k—(r — 1)

k=00

= x0 4 (X(0) + Y(0) — xo) Z( l)k_(t_to)k
= X0 + (X(0)+Y(O)—x0)e D(; ),

which is exactly the solution in (8.14). Thus, it is clear that this method produces
desired results.

We shall now apply this method to system (8.7) again to find expressions for x (¢)
and y(t) separately. However, to avoid complications at this stage, we assume that

the uptake function U(x) takes the form U(x) = 3, where N > 0 is a constant.
System (8.7) is
X' = Dxo— Dx—a—>
- Ntx
"= -Dy+a . 8.22
y yragTY (8.22)

This may be written as

Nx" + xx’ = DxoN + D(xg — N)x — Dx* — axy,
Ny' 4+ xy" = —DNy + (a — D)xy. (8.23)

Applying our formulas 1-4 along with (8.20), we get

k
N (k+DX(k+1)+ Y Xki) (k+1—k)X(k+1—k)
k|=0
k
= DxoN 8(k) + D(xo — N)X(k) = D Y X(k)X(k — k)
k1=0
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k
—a ) X(k)Y(k ki)
k1=0
k
N k+DY(k+ D+ Y Xk) (k+1—k)Y(k+1—k)
k1=0

k
= —DNY(k) + (a = D) Y_ X(k)Y(k — k).
k1=0

The first equation may be written as

N (k+ DXk + 1)+ XO)(k + DX (k + 1)
k
+ ) X(ky) (k+1=k)X(k +1—ki)
ki=1
k
= DxoN 8(k) + D(xo — N)X(k) = D > X(k) X (k — ky)
k|=0

k
—a Y X(kp)Y(k —ky).

k1=0
This gives
Yok 1= k)X (k)X (k + 11— ki)
X+ == (N + X(0)(k + 1)
DxoN (k) + D(xo — N)X (k)
(N +X0)k+1)
Sk, o X0 [ DXk =) + a¥ (ke — k) |
a (N + X(0)(k + 1)
Similarly,
C Yhmik A 1 = k)X (k)Y (k + 1 —ky)
Yke+1)=- (N + X(0))(k + 1)
| (EDNY(K) +(a = D) ¥oj, - X (k)Y (k — k1)
(N +X0)(k+1) ’
where k = 0, 1,2, . ... Using these recurrence relations, we may compute the values

of X (k) and Y (k) and obtain the corresponding functions



240 8 Parameter Estimation Using Dynamic Optimization

x() =Y X(k)t —1)* and y(t) =Y Y(k)(t —10)*, (8.24)

k=0 k=0

which give the required solution to (8.22).

8.4.1 Estimation of Washout Rate D

We shall now explain briefly the procedure, that will be adopted, to estimate the
key/control parameters. To simplify the things, we consider the system

x"'= f(t.x(1),v(t)), x(t) = po. (8.25)

where ¢ € [tp, T'] is time variable with the terminal value 7', x is the state function,
and v is the control function taken from a feasible class of controls V. f is continu-
ously differentiable with respect to all its arguments. For terminal control problems
the system (8.25) satisfies the boundary condition

S[x(T).T] = 0. (8.26)

Now we define the following functional on the solution space of equation (8.25)
under the feasible control class v € V:

T
I; = 6;(T,x(T).v(T)) +[ @ (¢, x (1), v(1))dt, (8.27)

0]

where j =1,2,...,n, and the functions @; and 6; for j = 1,2,...,n have con-
tinuous partial derivatives with respect to x, v in their domains of definition. The
functional /; is optimized over the feasible region

0<I; <A, j=12,..n, (8.28)

where A; are real constants. The optimal control problem aims at determining the
extremals x*(¢),v*(¢), [ * € I, t € [0, T], by optimizing the functional (8.27) under
differential constraints given by (8.25) and terminal boundary condition (8.26). The
computational complexity of the system depends on the dimensions of the con-
trol functions and the state functions. To overcome the complexities in this case
we use quasi-analog modeling principles and mathematical tools of the differential
transforms. We determine the solution for the given differential system (8.25)—(8.27)
over a class of analytic functions v(¢, C), where C is a free parameter (called the
control parameter). We consider the differential transform, denoted by

x(@) = X(0) =

K(—dk(m)))mo’ (8.29)

k! drk
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where x(¢) is the transform that is a real, analytic function of the real argument ¢.
X (k) is a discrete function of numerical argumentk = 0,1,2...andis known as the
differential spectrum of x (), at the point ¢ = #; and / is a scale factor. Application
of the differential transform (8.29) to the control function v(¢, C') determines its
differential spectrum at # = T and ty = O:

k dk

h
V(i) = V(k) = H<@(v(t))) . (8.30)

=ty

Equation (8.25) via differential transforms (8.29), (8.30) reduces to the following
recurrence relation

X(k+1,C) = kTT[i@’ X(k,C), V(k,C)]. (8.31)

From (8.31), we can determine the differential spectrum X (k, C) of the state
function x(z,C), given the differential spectrum (8.30) of the control function
v(t, C). The terminal state function x(7, C) in terms of the differential spectrum
X(k, C) is defined by

X(T.C)=)" Xk, C). (8.32)
k=0

Now we construct the objective functions I;s from the solution space of the sys-
tem (8.25). Using (8.25), (8.31) in (8.27), we get

I;(T,C)=0,(T,x(T),V(T)) + T Z PX (k. (]:C);Lvl(k’ C)’L). (8.33)
k=0

From these vector functionals we determine the optimal control vector v(¢, C),
by using the following necessary condition of optimality

: 92 ..
L 0, 01 > (0 (for minima),

ic ~ ac?
U =0, PL <0 (formaxima). (8.34)

Sufficient conditions follow from strict inequalities in the second terms of (8.34).

We adopt this procedure for estimation of the key parameters for system (8.7),
which is viewed as a control problem with washout rate D as the control parame-
ter. The main advantage of the earlier quasi- analog simulations using differential
transforms lies in the fact that the time-dependent functions are eliminated and are
expressed by a differential spectrum in the image domain.
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Before we adopt this procedure, we shall make ready our system for this. Con-
sider (8.7), that is,

x'(1) = D(xo — x(1)) —aU(x(2))y(1),
y'(t) =-Dy()+aU(x())y(1), (8.35)

with U(x) = N+rx (see (8.23)).
Applying formulas 14 the first equation of (8.35) gives (see discussion below
equation (8.23))

k
> X(ki)(k +1—k)X(k +1—k) + N(k + DX (k + 1)
k|=0

k
= DxoX(k) + NDxoS(k) = D Y X (k)X (k —ky)
k1=0
k
—DNX(k)—a Y X(k)Y(k — k).
k|=0

Atk =0, let X(0) = a and Y(0) = b. Then we have

X(0)X(1) + NX(1) = DxoX(0) + NDxo8(0) — DX(0)X(0)
—DNX(0) — aX(0)Y(0)
X(1)(X(0) + N) = Dxoa + NDxo — D@ — DNa — aab.

That is,
i+ Nxo—a’—Na)  aab
x(y= pWdt Nv=a =Na) _ dab vy 4p g
a+ N a+ N
where
i+ Nxo—a>—Na dab
Az(xoa—i- _xo a a)zxo—c'zande—_aa .
a+ N a+ N

Similarly, the second equation of (8.35) gives (see the relation above (8.24))

k
D X(kp)(k +1—kDY(k +1—k) + Nk + DY(k + 1)
k1=0
k k
=-D Y X(k)Y(k—k)—DNY(k)+a Y X(k)Y(k—k).
k1=0 k1=0
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Againatk =0,
X(0)Y(1) + NY(1) = —=DX(0)Y(0) — DNY(0) + aX(0)Y(0),

that is B B B
Y(I)(a+ N) =—-Dab— DNb + aab,

which gives

(—ab— Nb)  aab

Y(1) =D Y(1) = E|D + E,,
M in tazn ot =ED+E
where _ _ _
£ (—ab — Nb) 5 and E aab
= - = — an = —
: a+ N T A+ N

Now for k = 1, first equation of (8.35) yields

2X(0)X(2) + X(1)X(1) + 2NX(2) = DxoX (1) — D[X(0)X(1) + X(1)X(0)]
—DNX(1)—a[X(0)Y(1) + X(1)Y(0)]
X(2)(2a 4+ 2N) = —(AD + B)*> + Dxo(AD + B) —2Da(AD + B)
—DN(AD + B) —aa(E\D + E») —a(AD + B)b
or
(2@ + 2N)X(2) = D*[—A%> 4+ xoA — 2a A — NA|

+D[-2AB + xoB —2aB — NB —aaE| — a Ab]
+[-B? —aaE, — aBb].

That is,
X = D [—A4% + xoA —2aA — NA]
(2a + 2N)
D [-2AB + xoB — 2aB — NB — aaC — aAb]
(2a + 2N)
N [-B2 — aaE> — aBb]
(2a + 2N)
That is
X(2) = D’F + DG + H,
where

_ [-A% + x0A —2aA — NA]

F
(2a 4 2N)

)
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_ [-24B +xoB —2aB — NB — aaEy — a Ab]
B (2a +2N) '
[-B2 —aaE, — aBb]

(2a + 2N)

G

H =

Again at k = 1, second equation of (8.35) yields

2X(0)Y(2) + X(1)Y(1) + 2NY(2) = —D[X(0)Y(1) + X(1)Y(0)]
—DNY(1) + a[X(0)Y(1) + X(1)Y(0)]

or

Y(2)(2a +2N) = —(AD + B)(E\D + E») — D[a(E\D + E>)
+b(AD + B)] — DN(E\D + E»)
+alaN(E1D + E>) + (AD + B)b].

This gives

,[-AE, —GE, —bA— NE|]
(2a + 2N)
b [~BE, — AE; —GE, —bB — NE> + aaNE, + abA]
(2a +2N)
[-BE; + aaNE, + bBal
(2a + 2N)
= D?J + DK + L (say),

Y2) =D

+

where

_ [-AE; —aE, —bA - NE|]
B (2a +2N)

_ [-BE,— AE, —aE, —bB — NE, + aaNE, + abA]
B (2a +2N) '
_ [-BE; +aaNE; + bBa]

B (2a +2N)

)

K

Continuing this way, we have

x(T)=a+T(AD + B) + T*(D’F + DG + H) + ...,
W(T)=b+T(E\D+E)+T*D*J+DK+L)+....
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A rearrangement leads to

x(T)=a+ BT + T*H + D(AT + GT?) + D*T*F + ...,
y(T) = b+ TEy + T*L + D(TE; + KT?) + D’T?J + ...,

which provide expressions for a solution of (8.22) (i.e., (8.35)) in terms of the pa-
rameter D at atime 7.

We shall now define our objective function to apply the procedure discussed. We
choose I1(T, D) = x(T)+y(T) and I,(T, D) = 14+x(T)y(T) as the components
of our objective function /. The reason is simply this. /; is chosen to reflect the
growth in x and y and the term xy in [, reflects the interaction between x and y.
One may notice that these are obtained from (8.27) with

0y = x(t0) + y(to); &1 =x"+ ',

1
0, = x(t9)y(to); & = —— + x'y’.
T —1t
Since x and y are bounded solutions of (8.35), the condition (8.28) is automati-
cally satisfied.
We shall now optimize

I =a1l +axls,

which is a linear combination of /; and I/, and o; > 0,a>, > 0 are such that
o) + ap = 1. This objective function is the simplest one though several choices
are available in literature (see [35]), subject to (8.35) for any set of initial values
x(ty) and y(ty). However, in order to avoid the complexity of computations, we
restrict ourselves to

x(T) = M + DP + D?0,
y(T) = Q + RD + D*S,

ignoring terms of O(D?) and higher order. This is reasonable in view of the dis-
cussion in last section and earlier part of this section that the system may have an
nonzero optimal solution for small values of D. Here, M = a + BT + T?H,
P = AT + GT* O = T?*F, Q = b+ TE, + T?L, R = TE, + KT?, and
S=T%J.

We shall now consider our objective function choosing &1 = a*, o, = 1 — o,
0<a* <.

I =a* + (1 —a*),
= o*[(M + DP 4+ D?0) + (Q + RD + D*S)]
+(1 —a®)[l + (M + DP + D*0)(Q + RD + D*S)].
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That is,

I = D*[OS(1 —a™)] + D*[(1 —a*)(RO + PS)]
+D?*[(1 —a*)(SM + PR+ Q0) + a*S + a* 0]
+Da*P +a*R+ (1 —a*)[PQ + MR]
+Ho*M + a0 + (1 —a™)[1 + MQ)].

The optimality conditions (8.34) are given by

g—ll) = 4D*[0S(1 —a®)] 4+ 3D?[(1 —a*)(RO + PS)]
+2D[(1 —a*)(SM + PR+ QO) + a*BS + a*a0]
+[a*aP + a*BR + (1 —a*)[PO + MR] =0 (8.36)
and
021

— = 12D*[0S(1 —a™)]

D
+6D[(1 —a*)(RO + PS)]
+2[(1 —a*)(SM + PR + Q0) + «*BS +a*a0]  (8.37)

whose sign needs to be verified. Our aim here is to find the value of D satisfying the
above. This we illustrate by the following example.

Example 8.1 Consider the system

X' = 6D — Dx — 10——y,
4+x
X

"= —-Dy +10
Y Y 4+ x

Vs

with @ = X(0)=0.1 and b=Y(0)=1 and T =1. We have after some calcula-
tions, A=5.9,B= —0243,E; = —1,E,=0.243, F = —2.95, G = —6.6776,
H =0.259,J =05 K=64702, L= —0.1706, M =0.116, P = — 0.7776,
0=-2.95 0 =1.0724,S5 =0.5, and R = 5.4702. Some of the values are approx-
imated to three digits only. For the choice of «* = 0.5, (8.36) becomes

—2.956D3 —24.7889D% — 9.8092D + 2.2466 = 0.

This has only one positive root given by D ~ 0.1617.
One may verify that (8.37) becomes

01 2

D —(8.85D +49.5777D + 19.6184) <0,

for this value of D. Thus, D = 0.1617, maximizes the objective function.
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For this value of D, the above system has an equilibrium solution given by x* =
0.06574, y* = 5.93426. At the equilibrium value of x* = 0.06574, the optimal
value of y estimated by case 3 of section 8.3 is y = 5.333 which is a reasonable
estimate for our lazy second order approximations. We may also notice that for
0<D <10, the above system can have a positive equilibrium which is stable

8.5 Discussion

In the present chapter, we have introduced the concept of dynamic optimization
as applicable to our systems. This provided ways to obtain optimal solution to our
dynamical system. The method of differential transforms to find approximate solu-
tions to a given system is also introduced. These concepts/methods are applied to
our basic chemostat model of Chap. 1 for an easy understanding. An optimal control
problem is defined and the method of differential transforms is used to find approx-
imately the control parameter D (the washout) that plays a key role in deciding the
fate of microorganisms of the system. Thus, a new perception is provided for the
researchers working on biological models.

8.6 Notes and Comments

Motivation for this work stems from those of Baranov et al. [3], Sree Hari Rao
and Venkata Ratnam [96]. Techniques of dynamic optimization may be found in
the book by Kamien and Schwartz [57]. Some literature on dynamic optimization
for models with discrete time delays is also available in that book but it is highly
necessary to develop theory that applies to our models. An attempt has been made by
Sree Hari Rao and Venkata Ratnam [96] to develop theory of dynamic optimization
for systems of integro-differential equations (systems with continuous time delays).
We remark here that the application of the differential transforms method for models
involving time delays is a promising area of research.

8.7 Exercises

1. Use dynamic optimization technique of Sect. 8.3 on models (1.13), (1.22), and
on (2.2)—(2.4) in the absence of time delays, that is, when 7 = 0.

2. Develop techniques to apply dynamic optimization method to discrete delay
models (2.2)-(2.4) for T > 0 (see [57]).

3. Apply the method of differential transforms to models (2.2)-(2.4) for t = 0.

4. Define the differential transform of a function with time delay and apply on
system (2.2).

5. For convenience, we have chosen a* = 0.5 in Example 8.1. Try various other
values for 0 < o* < 1 to modify the value of D.



Appendix A
Derivatives and Definitions

In this appendix, we shall include some definitions and results that are frequently
used in the text. Not only that! These are quite useful and handy for a reader who
deals with the convergence and stability of solutions of the systems described by
mathematical models.

We shall begin with what is known as Leibnitz rule for differentiation under the
integral sign and is used many times in this book while dealing with Lyapunov
functionals involving integral terms.

d ¥ (a) v g
ﬂ /¢ ., f(m)dx} - /¢ e
d d
FW @0 G~ fip.al .

The Dini derivatives of a function f at a point x = x, are defined by

SO =G0 g L0 S 0)
X — Xo

D7 f(x¢) = limsup f x
X—>X0 -

x—=xot

fG) — fxo)

X — X0

D™ f(x¢) = limsup

X—>X0

M, D_ f(xo) = liminf
X — Xo xX—>xo

These are also known as the upper right derivative (D), the lower right deriva-
tive (D), the upper left derivative (D ™), and the lower left derivative (D_) of f
at x = xo, respectively. Further, f is said to have at x = x

1. Right derivative if D f(xo) = D4 f(xo).
2. Upper derivative if DT f(x) = D~ f(xo).

The left derivative and lower derivative are defined in a similar manner. We say that
/7 exists at an interior point x = Xy if all the above derivatives exist and are equal
to each other.

249
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In general, D_ f(x) < D~ f(x) and Dy f(x) < D% f(x). Thus, a set of
necessary and sufficient conditions for f’ to exist is DT f(xo) < D— f(x) and
D™ f(x0) < D+ f(x0). It may also be noted that DV (f + g) < DT f + D*g.

The following definitions are useful.

Definition A.1 If g(x) is a differentiable function on any interval I then

dg
D¥|g(x)| = sgn g(x) 7~
X

Definition A.2 A continuous functionw : [0, 00) — [0, co) with w(0) = 0, w(s) >
0 for s > 0 and strictly increasing is called a wedge.

Definition A.3 A function g : [0,00) x D — [0, 00) is said to be

1. Positive definite if g(t,0) = 0 and there exists a wedge w; such that g(t,x) >
wi(|x])

2. Negative definite if —g(t, x) is positive definite

3. Decrescent if there is a wedge wy such that g(t,x) < wy(|x|) and strongly de-
crescent if g(t, x) < wy(|x]|) holds;

Consider the system
xX'(1) = G(t.x(). (A1)

in which G is a continuous function defined on R* x D such that G(¢,0) = 0 for
any open set D.

The following criteria is useful to establish that a given function is positive defi-
nite and decrescent as well.

Theorem A.4 A scalar functional V(t,x(.)) is uniformly positive definite and
strongly decrescent if there are continuous functions Q, W : [0, 00)xR" — [0, c0),
wedges wy and w;, a continuous scalar function «(t) > o, a continuous scalar
function

J(@, W(s,x(s))), a(t <s <t)anda constant m < 1 with

Wit x(1) = V(t.x() = Q@ x(1)) + J(@t, W(t.x(.))),
J@, W(t,x(.)) <m sup W(s, x(s))

a(t)<s<t
and
wi(|x]) < W(t,x) < Q(t, x) < wa(|x]).

Theorem A.5 The function H(x,y) = Ax> + Bxy + Cy?is

1. Positive definite if and only if A > 0 and B> < 4AC
2. Negative definite if and only if A < 0 and B* < 4AC.



Appendix B
Results on Boundedness and Convergence

Consider the following system of retarded functional differential equations
X'()=F@ X)), X, =Xt +0), (B.1)
where
X(ty) =X(to+0)=¢(0), —o00<6=<0

is the initial condition. Here the function ¢ is chosen from the space of all bounded,
continuous functions on (—o0, 0], denoted by BC(—o0, 0] with appropriate norm.
We assume that X'(t) = F(to, ¢). Then

Theorem B.1 Suppose that 2 C R x BC(—00, 0] is open and that the map F(t, $)
is continuous and satisfies a local Lipschitz condition in ¢, that is,

|F(t.¢) — Ft.¥)| < kp(. V).

where p is any metric on BC(—00,0]. If (t,,¢) € Q then for some § > O there
exists a unique solution of (B.1) on [ty, ty + §) which depends on the initial data.

The following result is due to Burton [15, Theorem 8.4.3, p. 265] which provides
conditions under which the solutions of (B.1) are bounded.

Theorem B.2 Let V(t, x(.)) be continuous and locally Lipschitz in x, uniformly
positive definite and strongly decrescent:

Wt x(t) = V(t.x()) = Q. x(2)) +m sup W(s, x(s))

a(t)<s<t

for a continuous function a(t) > a > —oco and m < 1. Suppose there is a positive
number U with V(B p =0 0@ x(@) = U. Then the solutions of (B.1) are
uniformly bounded.

The following convergence result is due to Reissig, Sansone, and Conti [78,
Lemma 1, p. 601-602].

251
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Theorem B.3 Let f(t) be defined, continuous and piecewise continuously differ-
entiable for t > 0 and let f(t) and f'(t) be bounded. Let G(x) be defined,
continuous and positive definite for all x. Further, let fooo G(f(t))dt < oo. Then
lim;— 00 f(t) = 0.

Proof Assume thatfort > 0, | f(¢)] < a, | f'(t)| < a’ and we set fooo G(f(t))dt =
g < oo. If the conclusion is false then for every number € > 0, there exists a
positive, monotone increasing divergent series {f; } with | f(#¢)| > 2¢. Here we may
assume that t; > § and 4+ — fr > 26 for a suitably chosen § > 0. From the

estimate,
t+6

/0 G(f(r))dr>Z [ G(f ()t

in conjugation with the relation

O = f@l = 1) = ft)] = 2¢—6a' = (5=

a

which is valid fort, — 6 <t < 1, + 6, it follows that

o
g=/ G(f@t))dt > kye, k=1,2,..., y= inf G(x)>0.
0

e<|x|<a
But this is impossible. Thus, the conclusion follows. O

Theorem B.4 (Barbalat’s Lemma, [4]). If the function g(t) is defined and differ-
entiable for t > 0 and if further, —00 < lim;—o, g(t) = go < 00, and g'(t) is
uniformly continuous for t > 0 then lim,;—o0 g’(¢) = 0.

Proof Suppose limsup,_, ., g'(t) = g, > 0. (g, < 0 leads to contradiction. Why?)
Then there exists a strictly increasing divergent positive sequence {¢,} such that
g'(ty) = (1/2)g(- On account of the uniform continuity of g’(¢), we can find a
8o > O such that [g'(t + h) — g'(¢)| < €9 = (1/4)g(, for 0 < h < §,. This means
that g(t, + 80) — g(t,) = (1/4)g(60, contradicting Cauchy’s convergence criterion:
|g(t + h) — g(t)| < € (chosen smaller than (1/4)g8o) forh > 0,¢ > T ().
Similarly, we can show that liminf, o g’(¢) # 0 is excluded. This proves the
lemma. O

Lemma B.5 Let f : [ty,00) — [0,00) be continuously differentiable such that
f e Ly[ty,00) and d f/dt € Ly[ty, 00). Then lim;_, f(t) = 0.

Proof Since df/dt € Li[tg, o0), for every € > 0 there exists a positive number
T > tosuchthatfort, >t > T

/n %dz ‘ / mdt

2
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We have
1) s = | [0
_ /wmdt—/wwdt(
L dr . dr
<E+E=e.
272

Thus, lim,_, s f(¢) exists. This together with the assumptions that f(t) > 0 and
f € Ly[ty, o0) will imply that lim, o, f () = 0. The proof is complete. O



Appendix C
Uniqueness and Stability

Consider the system of differential equations
x'= f(t,x), (C.1)

in which /" : R" — R". Let x(ty) = xo.
Let S C R"™! be (not necessarily an open) subset of R”*! andlet f : R” — R".
Then, given (9, Xo) € S, a solution of the initial value problem

x' = f(t.x), x(t) = xo. (C.2)

is a differentiable function x on any interval J that contains the initial point fy, such
that (¢, x(¢)) € J forall t+ € J, and the initial condition x(¢)) = xo. If J contains
either of its end points then x’(¢) is interpreted as a one-sided derivative at that point.
For any § € R” we define its normas ||§] = Y _7_, |&].

Now we state and prove the following result on the uniqueness of solutions of
the initial value problem (C.2). The following result provides conditions weaker
than Lipschitz condition for uniqueness and it is due to Norris and Driver [71].

Theorem C.1 Let f : S — R” be continuous and satisfy the following condition.
Each point in S has an open neighborhood U, a constant K > 0, an integer m > 0,
and functions hj and y; for j = 1,2,...,m, such that

1f@.&) = @l < KIE—nll + K 1g;(h;(1,€) —g;(h;t.m)|  (C3)

Jj=1

onU N S, where h; : U — R is continuously differentiable with

0h;(1,8) 2": dh;(t,§)

oy % fi(t.€)#£0 on UN S, (C.4)

i=1

and each g; : R — Ris continuous and of bounded variation on bounded subinter-
vals. Then the initial value problem (C.2) with any point (ty, Xo) € S has at most
one solution on any interval J .
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Note that the theorem does not guarantee the existence of a solution to the initial
value problem on a nontrivial interval J. One can conclude that existence follows if
S is open.

Proof Suppose x and y are two different solutions of the initial value problem on
some interval J = [fo, b) where b > fy. and the argument for the case J = (b, ty]
is similar. Let

a =inf{t € (t),b) : x(t) # y(t)}.

Then x(a) = y(a). For the point (a, x(a)) € Slet U, K,m,h;, and g; be as in
the hypotheses of the theorem. Without loss of generality, assume that for each j
the expression in (C.4) is positive at (a, x(a)). Then reducing U if necessary, the
continuity of the derivatives of /; assures that there exist positive constants p and
M such thatfor j =1,...,m,

Ohj(t.§) = 0h;(1.8)
T T

fit,&)=ponUNS (C.5)
i=1

and
;. &) —h;t,nl <M|E—n| on U. (C.6)

Choose a bounded interval [o;, 8;] which contains 4; (U N §), reducing U if
necessary. Then g; is the difference of two continuous nondecreasing functions on
[, B;]. and each of them may be extended to a continuous nondecreasing function
on R by defining it to be constant on (—oco, ;] and constant on [8;, 00). Without
loss of generality, we shall assume that each g; is itself nondecreasing on R and that

gj(hj(a,x(a))) = 0. (C.7)

Define )
(1) = / lx'(s) — y'(s)||ds for a <t < b.

Then z(a) = 0, Z(a) = 0,z and 7 are continuous, z'(r) > 0 and |x(¢) —
YOIl < z(t) on [a, b).

Choose ¢ € (a, b] sufficiently small so that (s, x(s)) and (s, y(s)) remain in U
fora < s < c. Then from (C.6),

hj(s,x(s)) = Mz(s) < hj(s, y(s)) < hj(s,x(s)) + Mz(s),

and from (C.5)
d
hi(s.x() = p

fora <s<candj=1,...,m.
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Thus fora <t < ¢, using (C.3) and the monotonicity of g; we get

a0 < K / {1665) = @)l + Y I (hy (5. () = g (hs (s, y(s))]}ds
a j=1
K < [!
< K@=+ ) [ [ hssxion + o)
j=1"¢

—g; (h; (5. x(s)) — Mz(s))] %h (5. x(s))ds

hj(tx(t)+Mz(t)

K m
K@ —a)z(t) + ~ Z[ gj (u)du

B (tx()—Mz(t)

j=1
S [ ey, x5 + M) + g5 (5, x(5))
P
j=1"4
—Mz(s))] x M7 (s)ds.

Choose §; > 0 such that for each j

when |u—h;(a, x(a))| < 6.

4
gyl < s

Then choose § € (0, %K) such thata 4+ § < ¢ and, for each j,
|hj(t,x()) —hj(a,x(a))| +Mz(t) <8 when a <t <a+Sé.

Now fora <t < a+§ one obtains z(t) < 5z(¢)/6. This contradiction completes
the proof. O

We now consider the following special case of the system (C.1)
x' = Px. (C.8)

in which p is an 7 x n real matrix.

We say that system (C.8) is stable if for any admissible (physically possible)
initial condition provided, lim;_,o x(¢) = O for any solution x(z) of (C.8). The
solutions of system may be bounded without being stable. Finally, the system is
unstable if it is neither bounded nor stable.

We shall present a condition that helps us to determine the stability of the system
(C.8) if the coefficient matrix P has all its elements real constants.
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Theorem C.2 The system (C.8) is stable for all initial conditions if and only if all
the eigen values of P have negative real parts.

A matrix is said to be “stable” if all its eigen values have negative real parts.
For matrices of small order it may not be difficult to determine the eigen values
and recognize their signs. But as the order of the matrix increases it becomes very
difficult at least to have an idea of their signs leave aside determining them explicitly.
In such a case, the following method comes in handy many times. This process is
known as Routh—Hurwitz method.

We know that the characteristic polynomial of (C.8) is given by |P — A[].
Suppose that all the coefficients of this polynomial are real.

Let

|P =21 = aoh" + aiM" '+ ad" 2+ asd" P+ @ d +a, =0

denote the characteristic equation of (C.8).
Consider the matrix

ay das ds - dop—1
ag dp dag -+ dyp—2
0 ajaz---ay-3

H=10 ayar - -ay—
0 0 ay - ay—s
0 cevvnnnn a,

This is known as the Hurwitz matrix. This is transformed into an upper triangular
matrix say

by by by --- b,
R — 0 ¢ ¢ - cn
0 didy---d,—
in which b, = az,—1, n = 1,2,...,n and all other elements being obtained from

H through elementary row operations. R is known as Routh matrix. We now have

Theorem C.3 (Routh’s Theorem). The number of roots of polynomial equation
|P — AI| = 0 with positive real part is equal to the number of changes of sign in
the sequence

b], cy, dl,

Theorem C.4 (Routh’s Criterion). The polynomial equation |P — AI| = 0 has
all its roots with negative real part if all the terms by, ¢y, d,, ... are nonzero and
have the same sign.

It is assumed that none of the terms by, ¢y, ... is on the principal diagonal
nonzero. If any of them vanishes and there is at least one nonzero element in that
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row, then we replace the zero element on the principal diagonal by a small real
number € and form a Routh matrix as above. This does not interfere with the number
of sign changes given by Routh’s theorem.

More useful formulation of the Routh—Hurwitz method is obtained by determining
the Hurwitz determinants, namely,

a) as ds
a) as
D1=a1,D2= do a ,D3= do dp dg ,...,Dn=|H|.
0 U2
0611(13

Now we have

Theorem C.5 (Routh—-Hurwitz criterion). A set of necessary and sufficient con-
dition that all the characteristic roots of | P — Al | = 0 have negative real parts is

ap>0, D; >0, Vi=1,2,...,n.

Here all the terms in D; with indices larger than n or having negative indices are
replaced by 0.

Another useful procedure that reduces the number of calculations is the
following.

Theorem C.6 (Lienard and Chipart Criterion). Ler Dy denote the kth order
Hurwitz determinant defined above. Suppose that all the coefficients of the charac-
teristic polynomial are positive. Then all the roots of |P — AI| = 0 have negative
real parts if and only if any one of the following four conditions is true.

. Ap—2k+2 >0, Dy_1 >0, 1<k Sn/z

. Ap—2k+2 >0, Dy >0, 1<k §n/2

. dy Apok—1 >0, Dy_1 >0, 1<k §n/2
L dy Ap_ok—1 >0, Dy, >0, 1<k §n/2.

AW =

The advantage of this criterion over Routh—Hurwitz criterion is that it requires
the computation of only half of the Hutwitz determinants.
We shall now turn our attention toward the Lyapunov stability.
Consider the system
X'(t) = F(@t, X;). (C.9)

Theorem C.7 A continuous function V : [0,00) x D — [0, 00) that is locally
Lipschitz in x and satisfies

V(t+h,x)—=V(, x)
h

V/(t, x) = lim sup[

J=0
h—0Tt

on [0,00) x D is called a Lyapunov function for the system (C.9).



260 C Uniqueness and Stability

Since we deal with the autonomous systems mostly, we consider the system
X'(1) = F(X(1)) (C.10)

where F is continuous in X for X € G. Here G is an open set in R”.

Definition C.8 V(X) is a Lyapunov functionin G for (C.10)if V! = gradV.F <0
on G.

Let X = 0 be a critical point of F in (C.10).

Theorem C.9 If there exists a Lyapunov function V for (C.10) then the critical
point X = 0 is stable. Further if V' < 0 (negative definite), the critical point is
asymptotically stable.

Define E = {X € G/V’(X) = 0} and let M be the largest invariant set in E. In
case V' < 0, the following result is useful in establishing the asymptotic stability of
the critical point.

Theorem C.10 If V is a Lyapunov function in G for (C.10) then each bounded
solution X (t) C G of (C.10) approaches M.

The following results on local and global stability for functional differential
equations of the form
X'(t) = F(t,X:), F(0)=0 (C.1D)

are used in the text.
By w;(s), s > 0 we mean scalar continuous nondecreasing functions such that
w;(0) = 0, w;(s) > 0 fors > 0 and limy_, o w; (5) = 00.

Theorem C.11 (Burton, page 237-246 [15]). Let V (¢, X,) be a continuous scalar
functional which is locally Lipschitz in X, for X, € Xy (t) for some H > 0 and
t>0.

L Ifwi (| X)) <V, X)), V(t,0) =0, V(’C'”)(I,X,) <O0fort >ty,then X =0
is stable.

2. Inadditionto (1), if V(t, X;) < wa (|| X(@)|)), then X = 0 is uniformly stable.

3. Let (1) hold and suppose there is an M > 0 such that X, € Xy (t),t9 <t < 00
imply that |F(t, X;)] < M and V¢ ,,,(t, X;) = —w3(| X)), then X = 0is
asymptotically stable.

Note that when the system is autonomous and F (X,) is uniform Lipschitz for any
t > ty, to € Rand any X,, Y, € Xpy(¢), the assumption in (3) concerning F(X;)
is trivially true. Finally, since the system is autonomous, the asymptotic stability
implies the uniform asymptotic stability.

Consider the autonomous system

X'(t) = F(X,), F(0)=0 (C.12)

with the initial conditions ¢ which are BC functions on (—oo, 0] and such that ¢ €
0 1, then the following theorem holds:
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Theorem C.12 Ler V(X,) be a scalar functional such that V : Xy (t) — [0, 00)
and it is uniform Lipschitz on Xy(t) for any H > 0. If furthermore,

wi(IXO) = V(X), V() =0, Viep(Xe) = —wa([IXOD.

forallt > ty. Then the trivial equilibrium of (C.12) is globally (uniformly) asymp-
totically stable.

The term “globally” is justified by the arbitrariness of the choice of H > 0
for the space Xy(¢). This arbitrary nature allows us to consider the trajectories of
(C.12), which start at ¢t = ¢, arbitrarily far from the equilibrium X(#) = 0 for
t € (—o0,00). Theorem C.11, apart from the arbitrariness of H, is almost the same
which may be found in Hale [46] concerning asymptotic stability of functional dif-
ferential equations. According to Hale, in (C.12) only the positive definiteness of
wa (]| X)) is required.

Finally, we close this appendix with the following definition that plays an
important role in understanding the survival of a biological species.

Definition C.13 A component u(t) of a given system is said to persist if for any
u(0) >0 it follows that u(t) >0 for >0 and liminf,_, u(t) > 0. Further, if
there exists § >0 such that u(t) persists and liminf,_, oo u(t) > § independent of
¢(t) >0,—oco <t < 0, where ¢(t) is an initial condition, then u(t) is said to
uniformly persist. A system uniformly persists if each component does.
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