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Abstract

Optimal control can be used to design intervention strategies for the control of
infectious diseases and predator-prey systems. In this dissertation, we studied models
encapsulating two relatively new areas of mathematical biology, which combine
epidemiology with immunology and ecology.

We formulated immuno-epidemiological models of coupled within-host model
of ordinary differential equations and between-host model of ordinary differential
equations and partial differential equations, using the Human Immunodeficiency
Virus (HIV) for illustration, and set a framework for optimal control of immuno-
epidemiological models. By constructing an iterative sequence from a representation
formula for a solution to the linked model and using the fixed-point argument,
existence and uniqueness of solution to the immuno-epidemiological model are
obtained. An explicit expression for the basic reproduction number, Ry (R zero),
of the linked model is derived, and local asymptotic and global stability results are
obtained when Ry < 1. When Ry > 1, it is shown that the endemic equilibrium point
is locally asymptotically stable. An optimal control problem with drug-treatment
control on the within-host system is formulated and analyzed; these results are novel
for optimal control of ODEs linked with such first order PDEs. Numerical simulations
based on a forward-backward sweep method are obtained. Our analysis and control
techniques give a new tool for investigating immuno-epidemiological models for other

diseases.



An eco-epidemiological model of predator and prey, motivated by cats and birds on
the Marion Island, is formulated and analyzed. Basic and demographic reproduction
numbers are obtained, and stability analysis of equilibria is investigated. An optimal
control problem involving scalar and time-dependent controls is formulated and
analyzed. Existence, characterization and uniqueness results are obtained. Numerical
simulations based on a forward-backward sweep method illustrate the possibility of
eradicating predators and conserving prey when a combination of control strategies

are applied.
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Chapter 1

Introduction

This dissertation studies stability analysis and optimal control theory with its
applications to mathematical models in ecology, immunology and epidemiology. We
focus on formulating and analyzing epidemiological models linked with immunological
and ecological models, which are relatively new areas of mathematical biology, called

immuno-epidemiology and eco-epidemiology, respectively.

1.1 Immuno-epidemiology

The term immuno-epidemiology originates primarily from studies on macroparasitic
infections [17, 27, 53, 57, 101, 112], often including mathematical models [16, 111].
Linking immunological mechanisms to epidemiological patterns takes into account
the interrelationshp between individual and population levels, and creates new
perspectives [63]. It translates individual characteristics such as immune status
and pathogen load to population level and traces their epidemiological significance.
Immunological models coupled with epidemiological models can be used to study
questions related to virulence and evolution of disease life history. Since parasite
transmission, parasite induced-mortality (or virulence) and infection recovery rate
are the three most important quantities related to disease [4, 87], in coupling

the immunological and epidemiological models in Chapters 2 and 3, we focus on



linking immunological dynamics to the additional host mortality, recovery rate and

transmission rate of infection of the epidemiological model.

1.2 Eco-epidemiology

Ecology and epidemiology are major fields of study in their own right, but in the
presence of an infectious disease, the relationship between predator and prey, for
example, becomes complex [20]. Anderson and May [2] were the first to merge these
fields of study by formulating a predator-prey model where prey species were infected
with an infectious disease[10, 14]. On the other hand, Hadeler and Freedman [56] were
the first to model the spread of a disease amongst interacting populations, where both
predator and prey were infected by an infectious disease [105].

Eco-epidemiology is a branch of mathematical biology that deals with ecological
and epidemiological aspects simultaneously. This branch of mathematics is relatively
new, and within the last two decades, some work has been devoted to the study
of the effects of disease on a predator-prey system [9, 11, 19, 64, 105]. In most of
these models, the effect of a disease is investigated in the prey population or predator
population or both predator-prey populations.

We shall formulate a predator-prey model with the introduction of feline
immunodeficiency virus (FIV) in the predator population, and investigate optimal
harvesting and disease-related control strategies. This model is motivated by the
need for management of cat populations which are damaging the bird populations on

certain remote islands.

1.3 Optimal Control Theory

Optimal control theory is an extension of calculus of variations, which is a math-
ematical optimization method for deriving control/management policies. Optimal

control has many applications in biology, public health, economics and engineering.



An optimal control problem consists of an objective functional, which is a function
of state and control functions, subject to a dynamical system. The state function
stisfies a differential equation which depends on the control function. The control
function is adjusted in order to achieve a specified goal, and the dynamical system
can be modeled with: ordinary differential equations, partial differential equations,
discrete equations, stochastic differential equations or integrodifference equations [80].
In this dissertation, our dynamical system in Chapters 2 and 3 is a system of coupled
ordinary and partial differential equations and in Chapter 4, our dynamical system is
a system of ordinary differential equations. Thus, the formulation of optimal control
problem requires the following: a mathematical description or model of the process to
be controlled; a specification of the cost function (or performance index) ; a statement
of initial and/or boundary conditions and the constraints on controls and/or state

system [90].

1.3.1 Optimal Control of Ordinary Differential Equations

At the Steklov Institute in Moscow, discussions between engineers and math-
ematicians, motivated by the interest of Soviet engineers in optimal transients
(nonlinearities, saturation effects and bounds on controls), led to the discovery of
the “maximum principle” for optimal trajectories of a system by Lev Pontryagin [48].
Thus, the theory of optimal control of ordinary diffrential equations was developed by
Lev Pontryagin and his collaborators in about 1950 [99]. Pontryagin introduced the
idea of adjoint functions to append differential equations to the objective functional.
This idea is similar to Lagrange multipliers in multivariate calculus, which attaches
constraints to a function of several variables to be extremized. The adjoint function
is sometimes called the shadow price, and interpreted as the marginal variation in
the value of the objective functional with respect to the associated state variable
at time t. The Hamiltonian, H, which combines the objective functional with

the adjoint function and the state differential equation, converts the problem of



maximizing (or minimizing) the objective functional subject to the dynamic system
to the problem of maximizing (or minimizing) the Hamiltonian with respect to the
control, u(t). Given the existence of an optimal control and corresponding optimal
states, Pontryagin’s Maximum Principle gives existence of adjoint functions and their
corresponding differential equations and terminal boundary conditions. Maximazing
the Hamiltonian with respect to the control gives a characterization of an optimal

control.

1.3.2 Optimal Control of Partial Differential Equations

The foundation of optimal control of partial differential equations was developed by
J. L. Lions [83]. However, despite progress made in the late sixties and early seventies
with the extension of the linear-quadratic regulatory theory to systems governed by
partial differential equations, it was established in the French School that there is
no complete generalization of Pontryagin’s Maximun Principle for optimal control of
partial differential equations [48]. The ideas of Pontryagin’s Maximum Principle can
be used as an aid in characterizing optimal control of PDEs. See the book by Li
and Yong [82] for specific examples of second order partial differential equations with
Pontryagin’s Maximum Principle type results. There are some counterexamples to
the generalization of Pontryagin’s Maximum Principle in infinite dimensional systems.

After formulating an optimal control problem for partial differential equations in
an appropriate weak solution space, one can usually use regularity and compactness
results for second order PDEs to obtain existence of an optimal control. In order
to characterize the optimal control, the objective functional for the problem is
differentiated with respect to the controls. However, since the objective functional
is a function of the state functions, the derivative of the control-to-state map is also
needed. The derivative of a state with respect to control is called sensitivity. A
priori estimates of the norms of the states in the solution space are necessary to

justify convergence of difference quotients to sensitivities. The sensitivities solve the



linearized version of the state system. In an appropriate weak sense, a relationship
between sensitivity operator (obtained from the sensitivity system) and adjoint
operator is established. The adjoint operator is introduced with appropriate final
time conditions, and the right-hand side of the adjoint system has derivatives of the
integrand of the objective functional with respect to each state variable.

Due to less regularity of solutions of first-order partial differential equations,
existence and uniqueness results of the optimal control are obtained with the aid

of Ekeland’s variational principle [38].

Theorem 1.1. (Ekeland’s Variational Principle [38]) Let (X, d) be a complete
metric space and f : X — (—o00,00| be a lower semicontinuous function, bounded
from below and not identically +o00. Let € > 0 and u € X be such that

f(u) <inf{f(x)|lz € X} +¢e. Then for any A > 0, there exists u. € X such that

(1) f(ue) < f(u) (i))d(u,ue) < X (749) f(ue) < f(z) +edd(us,x), Vo X\{u}.

In addition, if X is a Banach space and f : X — (—o0,00] is Gateaux
differentiable, then Ekeland’s variational principle guarantees the existence of a

minimizing sequence for the function f.

1.3.3 Optimal Control in Coupled Within-host and Between-
host Models

Despite enormous work that has been done in the fields of mathematical immunology
and mathematical epidemiology, the outbreak of some diseases cannot still be pre-
dicted today. To biuld more useful models, we move away from the ususal approaches,
which are mostly restricted to immunological or epidemiological formulations, while
making decoupling assumptions.

In this dissertation, we explicitly link immunological and epidemiological models

of HIV, and set a framework for optimal control of immuno-epidemiological modeling,



presenting novel optimal control results for such models. For the sake of illustration,
we use a simple within-host model of HIV (human immunodeficiency virus), and
an Sl-type epidemiological model, structured by chronological time and age-since-
infection. Our within-host model is a system of ordinary differential equations with
classes depicting healthy CD4" T-cells, infected CD4" T-cells and free virus. In
our within-host model, we explicitly incorporate the loss of virus due to binding to
healthy cells. On the other hand, the epidemiological (or between-host) model is a
system of coupled ordinary and partial differential equations, linked to the within-
host model via transmission rate, disease-induced mortality and age-since-infection
variable. In formulating our coupled model, we use the nesting approach, motivated
by the work of Gilchrist and Sasaki [51]. We derive an explicit expression for the
basic reproduction number of our coupled model, obtain equilibrium solutions and
investigate the stability of equilibria.

In order to curtail the proliferation of virions at the within-host level, we
incorporate controls through transmission and virion production suppressing drugs,
and formulate an objective functional that seeks to minimize the virus at the
within-host level, infectious individuals at the between-host level and the cost of
implementing the control. An optimality system for our problem is obtained, and
existence, characterization and uniqueness of optimal control pair is established. A
semi-implicit finite-difference scheme for the optimality system implemented within a
forward-backward sweep numerical method [80] is used for some illustrative numerical

simulations.

1.3.4 Optimal Control in Multi-group Coupled Within-host
and Between-host Models
In Chapter 3, we formulate a multi-group model at both the within-host and between-

host levels. These models take into account the assumption that upon infection,

individuals in the population exhibit different immunological characteristics. Our



within-host model for two groups is a system of six ordinary differential equations and
the between-host model consists of an ordinary differential equation coupled with two
first-order partial differential equations. In this dissertation, we investigate stabilty
analysis, well-posedness and optimal drug treatment in a multi-group within-host

model coupled with an epidemiological model.

1.3.5 Optimal Harvesting and Biocontrol in a Predator-Prey
Model

Sub-Antarctic islands are vital breeding sites for seabirds, but the presence of feral
cats in Sub-Antarctic ecosystems have caused devastating effects on native seabird
species [69, 98]. Generally, the domestic cat was introduced on some islands with the
aim of controlling the population of alien rodents (Rattus rattus) and rabbits, but
due to the generalist nature of cats, they prey largely on seabirds. Thus, eradicating
cats from these islands is necessary to allow for recovery of seabird populations [98].

In this dissertation, we formulate two eco-epidemiological models of cats and birds.
In the first model, we investigate stability analysis and optimal harvesting, and in the
the second model, we incorporate disease-induced control, by trapping and infecting
susceptible cats in the population. Our optimal control problem seeks to choose the
initial number of infected cats, harvesting and the disease-related control to increase
the number of bird population and to decrease the cat population. In our analysis,
an optimality system for our problem is obtained, and existence, characterization
and uniqueness of optimal control pair(s) are established. We use the fourth order
Runge-Kutta method [68] to obtain approximate solutions to the optimality system,
and a forward-backward sweep numerical method [80] is used for some illustrative

numerical simulations.



1.4 Numerical Approximations

In Chapters 2, 3 and 4, we approximate solutions to the optimality system, consisting

of the state system, adjoint system and control characterization, iteratively. For

systems of ODEs coupled with PDEs in Chapters 2 and 3, we use a semi-implicit
finite-difference approximation, and for a system of ODEs, we use the fourth order

Runge-Kutta method [68] to obtain approximate solutions to the optimality system.

The Trapezoidal Rule is used to handle integral terms contained in the optimality

systems of Chapters 2 and 3. Since we have initial conditions for state equations and

final time conditions for adjoint equations, a forward-backward sweep method [80] is
used to fully implement our numerical scheme. This method is outlined as follows:

1. Establish an initial guess for the control.

2. Given the initial conditions for the states and surmised control, solve the state
equations forward in time using a Runge-Kutta or finite-difference forward
sweep method.

3. Given the transversality conditions and approximate solutions from step 2, solve
the adjoint equations backward in time using a Runge-Kutta or finite-difference
backward sweep method.

4. Evaluate the control characterization using approximate solutions of states and
adjoints functions, and update the control with a convex combination of
previous and current values of the control characterization.

5. Repeat previous steps until consecutive iterates of controls, states and adjoints are
sufficiently close. If u. is the value of the control at the current iteration and w,
is the value of the control at the previous iteration, then u, and u, are sufficiently

close if
[[ue — up|

<,

e
where € is the accepted tolerence and ||u/|| is the 1-norm of u (sum of all absolute values
of all components over time and space). The convergence of the forward-backward

sweep method is based on the work by Hackbusch [55].



Chapter 2

Optimal Control in Coupled
Within-host and Between-host
Models

2.1 Introduction

There is continuous threat of outbreak of infectious disease despite ongoing advance-
ments in drug therapies and vaccines [61]. Thus, it is necessary to develop better
ways of understanding the spread of disease. To this effect, immunological and
epidemiological models have been proposed with the aim of controlling the outbreak
of infectious diseases.

Mathematical immunology is concerned with the study of disease dynamics in an
infected host, where an infectious agent is spread from cell to cell within one patient
[61]. The study of the interaction between a pathogen and the immune system gives an
insight into the mechanism of disease proliferation. In mathematical epidemiology, the
spread of disease in a population of hosts is examined with the goal of examining and
tracing factors that contribute to the propagation of pathogens [61]. Epidemiological

or between-host models are often structured to capture discrete immune status,



such as susceptible, exposed, infectious, recovered (immune), vaccinated, time-since-
infection to account for variable infectivity (pathogen load) and time-since-recovery to
account, for gradual loss of immunity. However, most epidemiological models ignore
pathogen load and dependence of transmissibility on pathogen load, and detailed
account of the immune status during infection [85].

We will investigate linking within-host models with epidemiological models, and
as our motivating scenario, we use the human immunodeficiency virus (HIV), which
is a retrovirus. In the future, we shall consider other scenarios such as Johne’s
disease and Toxoplasma gondii, but we concentrate on HIV for this introduction
to our approach. HIV is generally a slow but progressive disease in which the virus
is present throughout the body at all stages of the disease, and it is transmitted
from one person to another through specific body fluids such as blood, semen, genital
fluids, and breast milk. The life cycle of HIV infection consists of six stages; namely,
binding and fusion, reverse transcription, integration, transcription, assembly and
budding. Several mathematical epidemiology models of HIV [66, 71, 75, 76, 108] and
mathematical immunology models of HIV [78, 96] have been formulated and analyzed.

The two key features in infectious diseases are the transmission between hosts and
the immunological process at the individual host level. Understanding how the two
features influence each other can be assisted through modeling. Linking components
of the immune system with the compartments of the epidemic model leads to a two-
scale model. Much of the work on such “linked” models deal with the two levels
separately, making “decoupling” assumptions [3].

Despite advancements made with the study of epidemiological, within-host and
immunological models, the outbreak of some diseases cannot still be predicted.
This dilemma may be attributed to the fact that most modeling approaches are
either restricted to epidemiological or immunological formulations, while making
decoupling assumptions [61].  Current research focuses on the comprehensive
modeling approach, called immuno-epidemiological modeling, which investigates the

influence of population immunity on epidemiological patterns, translates individual

10



characteristics such as immune status and pathogen load to population level and
traces their epidemiological significance [33, 63, 85]. Several immuno-epidemiological
models have been used to study the relationship between transmission and virulence
8,42, 43, 49, 50, 51]. Some of these models deal with the two processes separately by
making decoupling assumptions. Gilchrist and Sasaki [50] used the nested approach to
model host-parasite coevolution in which the within-host model is independent of the
between-host but the between-host model is expressed in terms of dependent variables
of the within-host model. Also, Feng et al. [42] investigated a coupled within-host
and between-host model of Toxoplasma gondii linked via the environment.

Our goals are to use a within-host model coupled with epidemiology model
to capture the impact on the epidemic of giving treatment to individuals, and
investigate mathematically such a coupled ODE/PDE system (well-posedness and
optimal control).

Our general approach in immuno-epidemiological modeling involves three steps.
The first step involves formulating a within-host model within an infected host.
Secondly, construct an epidemiological model to describe the dynamics of host birth
and death rates, and transmission of infection within the host population. Finally,
nest the within-host model within the epidemiological model by linking the dynamics
of the within-host model to the additional host mortality, recovery and transmission
rates of the infection. The within-host and between-host models could be linked
via a structural variable and through coefficients. In the latter case, coefficients of
the epidemiological model are expressed as functions of the dependent variables of
the within-host model. For example, transmission rate is proportional to within-host
viral load and disease-induced death rate is proportional to parasite load and immune
response, while in the former case, the independent variable of the within-host model
is the age-since-infection variable of the between-host model [51, 85].

This work will have the first results on formulating this two-scale model in a
careful mathematical framework and the first results on optimal control of such a

model. We emphasize the novelty of mathematical results, as well as the importance
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of the epidemiological and immunological results. To curtail the proliferation of free
virus at the within-host level, we introduce two functions, representing transmission
and virion production suppressing drugs. Our goal is to use optimal control techniques
in the coupled model to minimize free virus at the within-host level and infectious
individuals at the population level, while minimizing the cost of implementing the
controls (this may include toxicity effects). Optimal control of first-order partial
differential equations is done differently than optimal control of parabolic PDEs due
to the lack of regularity of solutions to the first-order PDEs. The steps in justifying
the optimal control results are quite different and we use Ekeland’s Principle [38] to
get the existence of an optimal control.

In section 2.2, we present our within-host and between-host models. The within-
host model is independent of the between-host model, but the between-host model is
linked to the within-host via coefficients and a structural variable. In section 2.3, we
prove the boundedness of state solutions to the within-host model, and existence and
uniqueness of solutions to the between-host model is established. In section 2.3.2, an
explicit expression for the basic reproduction number of the epidemiological model
is derived, steady solutions calculated and stability analysis of equilibrium points is
studied. We formulate and analyze an optimal control problem in section 2.4, and

carry out numerical simulations in section 2.5.

2.2 Within-host and Between-host Models

In this section, we formulate a simple within-host model of HIV and a between-
host model of HIV with age structure. In the within-host model, the independent
variable is the time-since-infection 7 and for the between-host model, the independent
variables are chronological time ¢ and age-since-infection 7. Our within-host model

is given by the following system of ordinary differential equations:
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dz

o = T AVI(n)a(r) - px(r) (2.1)
Y = V) - dy(r) 2.2
% = ndy(r) — (01 + sV (1) = iV (7)z(7) (2.3)
with initial conditions
z(0) =2, y(0)=19¢" and V(0)=V", (2.4)

where z is the number of healthy cells (uninfected C'D4™ T cells), y is the density of

infected CD4* T cells, V' is the density of free (infectious) virus, r is the recruitment

Table 2.1: Within-Host Model Parameters

Quantity | Description Units

x Density of healthy CD4™ T-cells cell/mm?

Y Density of infected CD4™ T-cells cell/mm?

% Density of free virus virion/mm?3

T Time since start of infection days

r Source term for healthy cells (CD4* T-cells) | cell mm™ day~*

L Natural death rate of healthy cells day !

o) T cells infection rate by virus mm? virion™! day~!

B Binding rate of free virus to uninfected mm? cell™! day™!
CD4T T cells

d; Death rate of infected cells day™1

1 Virion production rate virion cell ™!

01 Death rate of free virus day~!

S1 Shedding rate of free virus day !

13



rate of healthy cells, p is the death rate of healthy cells, d; is the death rate of
infected cells, 8, is the transmission rate, §; is the binding rate of free virus to
uninfected C' D41 T cells, vy is the number of virions produced at bursting, 0, is the
death rate of virus, and s; is the shedding rate of virus. See Table 2.1 for a summary
of parameters and units of the within-host model.

Our between-host SI (susceptible, infected) model assumes that the infected class
is related to the within-host behavior of a particular individual, and individuals in

this class are structured by both chronological time t and age of infection (age-since-

infection), 7. Thus, our between-host model is:

e A—% /0 L s V()i Odr — meS(t) in (0,T)(25)

W) 0D v ite ) in (0.T) x (0,4) (2.6)
i(0,1) = % /OACISIV(Tﬁ(T,t)dT, for te(0,T)  (27)

S(0) = Sy, i(1,0)=41) for T€(0,A),t=0, (2.8)

where S(t) is the number of susceptible individuals at time ¢, i(7,¢) is the density of
infected individuals at time ¢ and age-since-infection 7, m(V' (7)) is the death rate

of infected hosts (a function of viral load), A is the recruitment rate of susceptible
individuals, and my is the death rate of susceptible individuals. The transmission rate
is assumed to be proportional to the viral load of the infected individuals, calculated
by integrating with respect to 7, fOA c151V (7)i(T,t)dr, where ¢, is the contact rate
between susceptible and infected individuals. Thus, the new infectious process of
the population at time ¢, denoted by i(0,t), depends on the age distribution of the
population at time ¢, as determined by the integral of i(7,¢) over all ages, weighted
with the specific transmission rate 5(7) = ¢151V (7). The number of susceptible and
infectious individuals in the population at time ¢ = 0 are given by S(0) = Sy > 0 and

i(7,0) = 1°(7), respectively. Thus, i(7,0) is the initial age distribution of infectious
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Table 2.2: Between-Host Model Parameters

Quantity | Description Units
T Age-since-infection days
t Chronological time years
A Maximal age-since-infection years
S(t) Susceptible individuals at time ¢ humans
i(,t) Infected individuals of age 7 and time ¢ humans
S(0) Initial population of susceptible individuals | humans
i(1,0) Initial population of infectious individuals | humans
of age-since-infection 7
i(0,1) Newborns at time ¢ humans
A Recruitment rate of susceptible humans humans year™
my Natural death rate of susceptible humans year !
m(V) Death rate of infectious humans year™!
c1 Contact rate between susceptible and
infectious humans mm? virion~! year—!

individuals in the population, with i being a known nonnegative function of age-since-
infection, 7. The total population of infectious individuals from birth to maximal

age-since-infection, A, is defined as

and the total population size of individuals in the population is N(t) = S(t) + I(¢).
For the sake of introduction to our method, we assume the simplest form for the

mortality function [22], m(V), as

m(V(7)) = mo + mV(7),
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so that in the absence of the virus, individuals die naturally at rate mg. The term
w1V (1) gives the additional host mortality due to the virus. See Coombs et al. [22]

for other forms of mortality functions.

2.3 Mathematical Analysis

2.3.1 Boundedness and Existence of Solutions

We show that for positive initial data, the state variables of the within-host model
stay positive for all time, and use notions of differential inequalities [39] to establish
boundedness of state solutions. The positivity and boundedness of state solutions of
the within-host model will be used in the proof of existence of solutions to the between-
host system and global stability of disease-free equilibrium of the epidemiological
model. Now, using the method of integrating factors, we have the following

representation of solution to the within-host model:

o(r) = a0 BV 4 / T o5 [ BV (@) g (2.9)
0

y(r) = yoe_d”—i—/Tﬁle_dl(T_s)V(s)x(s)ds (2.10)
0

V(r) = VO Jo@rtsitha@)de | / T1/1dly(s)e_((61+51)(7_5)+fsTle(“)dw)ds(zll)
0

Theorem 2.1. Given the state equations (2.1) — (2.3), with positive initial conditions
(2.4), there exist constants C,C,C' > 0 such that 0 < z(7) < C, 0 < y(r) < C and
0<V(r)<C, forall T > 0.

Proof. Assume z° > 0 and r > 0, then from equation (2.9), z(7) > 0 for all 7 > 0.
Further, assume y° > 0, V° > 0, and that there is a 7; > 0 such that y(7) > 0 and
V(r) > 0 on [0,71). Here, 7 is the first time any of the state variables hits 0. Now,
if y(m1) = 0 then from equation (2.10), there exists an interval (¢;,t2) C [0,7;) with
ty # to such that V(s) < 0, for s € (t1,%2), which is a contradiction. Thus, y(7) > 0
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in [0,71]. Finally, if V(ry) = 0, then from equation (2.11), there exists an interval
(t1,t2) C [0,71) with t; # t9 such that y(s) < 0, for s € (1,t2), which is again a
contradiction. Thus, V(1) > 0 in [0,71]. Hence, for 7 > 0, the state variables x(7),
y(7) and V(7) are positive.

To prove that z, y and V' are bounded above, we use the notions of differential
inequalities. Now, since z and V" are positive, considering the equation that represents
the density of healthy CD4" T-cells in the population, we have the following
differential inequality

e <r—pz. (2.12)

The solution of the differential inequality (2.12) satisfies
z(1) < 2l —|—/ re M=o s,
0

which leads to the inequality z(7) < ﬁ + 2, for all 7 > 0. Thus, with positive initial
data, z° > 0, the density of healthy cells is bounded. Next, adding equations (2.1)
and (2.2), we obtain

d(x +vy)

I =r—pr—dy <r—k(z+y),

where k& = min{u, d}. The solution to this differential inequality leads to
z(r) +y(r) < £ +a%+9° for all 7 > 0. This shows that y is bounded; that is,
y(r) < C, for all 7 > 0. Finally, for the boundedness of the density of viral load, we

have

dV .
E = Vldly — ((51 + 81)\/ — ﬁﬂ/x

S I/ldlc — (51 + 81)‘/,

so that V(1) < % + VY for all 7 > 0. Hence, the state solutions of the within-host

model are positive and bounded above. [
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We develop a representation formula for the solution (if it exists) to the epidemi-
ological model determined by the methods of integrating factor and characteristics
[12, 110], and prove the existence and uniqueness of the solution. We use the method
of integrating factor to represent the solution of the first-order ordinary differential
equation that models the population of susceptible individuals and the method of
characteristics for the first-order partial differential equations representing infectious
individuals in the population [67, 86]. A typical approach towards proving well-
posedness of a differential equation problem is to write the problem in integral form.
To do this, we integrate the differential equation (2.6) along the characteristic line
T —t = constant and consider cases where 7 > t and 7 < ¢, which gives our

representation formula for the solution to the epidemiological model:

A

mo + «
t (mo+a)(t—s) 1 !
—(mo+oa)(t—s . ; 21
—l—/o e S(s) <a N(S)/O crs1V (7)i(T, s)dT) ds (2.13)

St—7) — [Tm(V(s)ds A .
irt) = —N((tt_T))e Jo m(V(s))d Jy asiV(r)i(r,t —1)dr, <t
’ (r — t)e- JimVG—t+a)ds >t

S(t) = Spe~(mote)t 4 (1 — e~ (motalty

where S() in (2.13) is a representation formula for the solution to the differential
equation
ds S(t)

A
T +aS(t)=A+aS(t) - W/o 151V (1)i(r,t)dr — moS(t),

with a > ¢15,C > 0. This differential equation is equivalent to equation (2.5).
To prove the existence and uniqueness of solution, we define our state solution

Space as

X = {(S,i) € L=(0,T) x L>=(0,T; L*(0, A))|S(t) > e >0, i(r,t) >0, supS(t) < oo

A
and sup/ i(T,t)dT < 00 a.e. t},
t 0
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where L>(0, A) is the space of all essentially bounded functions on (0, A), and ¢ =
min {SO, ﬁ} We define a map

L:X =X, L(S,i)=(Li(S,i), Ls(S,1)),

where
Ly(S,i)(t) = Spe (motelt L(1 — e~ (motelty 4 /t e~ (Mot t=2)g(5)ds
e 0
—151 /0 t /0 ! V(T)%T(’SS))S(S)e_(m°+o‘)(t_5)d7ds, (2.14)

and

S(t=1) — [Tm(V(s))ds [A Vi B
e o csiV(r)i(r,t —7)dr, T<t
Lo(S,8)(r,t) = {4 M@ Jo sV (r)i( )

2.15
Z'O(T _ t>€— fot m(V(T—t—I—s))ds’ >t ( )

The following assumptions will be useful in establishing a Lipschitz property for the
within-host and between-host state solutions in terms of control functions (See section
2.4), and in proving existence and uniqueness of solution to the epidemiological model:
e Sy, mg, A, ¢; and sy are positive constants,

e V/ is given, such that 0 < V(1) < C forall 7 > 0

e m(s) is non-negative and Lipschitz continuous,

e i°(7) is non-negative for all 7 € (0, A),

o [1i%r)dr < M and 0 < Sy < M.

Theorem 2.2. For T < oo, there exists a unique non-negative solution (S,i) to the

epidemiological system (2.5) — (2.7).

Proof. First, we show that the map £ maps X into itself. Indeed,
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. ) A ) ' ) )
|L1(S,9)|(t) < [Spe (mo+a)t+m(1_e (mo+a)t)|+ a/o S(s)e (mota)(t—s) Jq
t S(s) 4
+ / e~ (mota)(t=s) / c151V (7)i(T, s)drds
: NG) Jo "
< M+| (1 — e~ (mote)Ty| 4 a sup S(s)

mo + mo + a
K A
+ : (sup/ i(T, s)dr) < 00,
mo + « s 0

where K7 depends on the contact rate between susceptible and infectious individuals,

shedding rate of free virus and the bound on the population of free virus. Next, we

estimate the second component.

A t
| s aimoer =
0 0

A t
_|_/ ‘2(1)(7_ _ t>€_ Jo m(Va(r—t+s))ds

t

t
|

A
KT <sup/ i(f,f)df) + M < o0,
& Jo

B i A
—S(t 7) e~ Jo m(v(“’))dw/ as1V(r)i(r,t — 7)dr| dr
0

N(t—r7)

dr

IN

A A
/ 151V (r)i(r,t — 7)dr|dr + / i(7)dr
0 0

IN

where 7 = r, £ =t — 7, Ky depends on the contact rate between susceptible and
infectious individuals, shedding rate of free virus and the bound on the population of
free virus. Finally, we show that L;(S,i)(t) > ¢ and Ly(S,7)(7,t) > 0, for all 7 > 0

and t > 0. Now, from Theorem 2.1, we obtain

A t
Ly(S,i)(t) > Spe (motelt 4 (1 — e~ (motety o / e~ mote)t=9) g () (o — ¢15,C)ds
mo+ « 0
Z Soef(mo%*a)t + A (1 o 67(m0+a)t) Z e > 07
mo + «

due to the convex combination of Sy and mé\+a' Also, Lo(S,1)(7,t) > 0 since

S(t) > e>0andi(r,t) > 0. Hence, £ maps X to X.

20



Next, we show that the operator £ admits a unique fixed point. To do this, we

define an iterative sequence [86]
(ST, "I (1)) = (L (S™ (1), 4™ (7, 1)), Lo(S™ (1),4™ (. ))),  (2.16)

where

A
mo + «

t 1 A
—i—/o e (mota)(t=s) g(n) (4) (a - N(”—)(s)/o crs V (1)i™ (T, s)dr) ds

S(n+1)(t) _ SQ@ (mo+a)t + (1_6—(m0+a)t)

and

&*ﬁ) (V(s))ds c181V t—T1)ds, T<t
i(n+1)(7_’t> — N (t—T) f 1°1 () ( ) )

V(1 —t)e = Jo m(V(r—t+s))ds T >t

We set SO (t) =0, i@ (r,t) = 0, and

A

mo + o

SW(t) = Ge~(motalt 4 (1 — e~ (motalt)

‘(1)( 9 0, T<t
(T, =
iO(T —t)e” I m(V(TftJrs))ds’ 7>t

and define a sequence for the total population as

A
N (t) = ™ (1) +/ i (7, t)dr.
0

To show that the sequence of functions {(S™(t),i™(7,t))} converges for all n > 0,

we introduce the notation

Fo(t) = [S"D(t) — ST (1))
A
L(t) = / D (7, 8) — i) (7. 1) dr, (2.17)
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so that N, (t) = F,,(t) + L,(¢). Now,

A A
= Spe~(motelt (] — gm(motelty < max {SO, }
mo + « mo + «
and Iy = fo 7)dr, so that Ny = max {So, %} + fOA i%(7)dr. Next, for n = 1, we
get
t A
F, = / e~ (mota)(t=2) g () (a — %/ crs1V (1)iW(r, S)dT) ds
0 NO(s) Jo
A
< maX{SO, }a+c15107 (2.18)
mo + o+ My
and
LSt — 1) - A 7(T)
- Z N T o= g mVi(s)ds _
Li(t) = i N(l)(t—T)e 0 /t sV (s)i’(s+7 t)ﬂ'(T—S)deT
asC [
ol OIS 219
mo  Jo

where ¢ = s + 7 —t and 7(7) = e~ Jo V()45 Thus, combining equations (2.18) and
(2.19), we have Ny (t) < CNy, for all t. Next, we consider the equations for S and i,

and use induction. First,

Fo(t) = |S™(t) - S<"<)|
< / ~(mot)(t-8)| 50 () — 0= (g)|de

SO (r,6)  SED ()i (r,€)
fanve ( NGO N )‘”’d”f

IA

/|S(” — S=Y(¢ |d§+// s V(1) |G(r, &) drde,  (2.20)

where

SO©I(r,€) STV (5,8
NOGE) NG (g)
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(n) Z(n—l) T
= N (. =) + T (506 - (g 221
(7,50 D (r, S (E)
N (@) NGO (g)
SME) [ (n—1 G n—1
= NOI() (i (r,&) =i V(1) + NeD(g) (™€) — S 1(9))
=1 () gn)
ST (senig) - s (2.22)
{0 (r,€) S0(E)

Since 0 < V(1) < C, inequality (2.20) gives

500 - SO0 < (a+2am0) [ 1590 - SUI©lde
—I-QClle/ / i (7, €) — iV (7, €)|drdé
= (Oé + 261810)/ n—1 (g)dg + 201810/ n_l(é)dé(223)

0 0

Thus,
Fo(t) < K / (Far(€) + T (€))de, (2.24)

where K3 depends on the contact rate between susceptible and infectious individuals,
shedding rate of free virus and the bound on the population of free virus. Next, we

consider the second component.

L(t) — / uwlTw—zmuqu
)+ _ (n) _ (n=1)($ _ +);(n—1) _
< // sV (o (t—r71)i'" (o, t —71) S (t—7)i (o, t — 1)

Nt — 1) N N (£ — 1) dodr
< K /0 F, 1 (6)dé + K4 /0 w1 (€)de, (2.25)

where we have mimicked equations (2.20) and (2.23), and used the substitution
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¢ =t — 7. Since N, (t) = F,,(t) + L,,(t), combining inequalities (2.24) and (2.25), we

see that N,,(¢) satisfies the recurrence relation
t A
N, (t) < K / N, 1 (€)de, with Ny(t) < CNy,
0
where K = K3+ K,. Notice that
t A
Na(t) < K [ Ni(€)de < KONt
0

and

K2t2

N3(t) < K/ KCNéde = ON,
Thus, by induction, it follows that

. anltnfl R anlTnfl
N, (t) < CNOW < CNOW-

Now, the remainder term of the sequence {S™(¢)} is such that

(n+m) (n) « o = KT
() — 8 < (t) < - -
S - SPI < 30 N0 < CNo 30 o

— 0, as n — oo.

Also, using the notation in (2.17) and the definition of N, (¢), we have

A n—+m
/ [ (7 1) — i (7 ) |dr < Z/ (7, t) — iV (7,t)|dr
0

Jj=n+1
n+m [e’e] i :
A KIi—lpi-1
< ZN ) <CN Z——>Oasn—>oo.
=~ = Y
j=n+1 Jj=n+1 (7 -1)!

Thus, the sequence {(S™(t),i™(7,t))} generated by the iterative sequence (2.16) is
a Cauchy sequence in X, and is therefore convergent, since X is complete. Thus,

there exists (S(t),i(7,t)) in X which is the limit of the given sequence. From the
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iterative sequence (2.16) and definition of the operator L,
L(S(t),i(7, 1)) = (S(t),4(7,1));

it follows that the limit (S(¢), (7, t)) is a fixed point of the operator £. This establishes
the existence of solution to the epidemiological model for all 7" < co.

We prove uniqueness by assuming the existence of two solutions (S(t),i(7,t)) and

(S(t),i(r,t)) for which

(S(t),i(7, 1)) = (La(S(1),i(7, 1)), La(S(2),i(7, 1))

and

(S(),i(r. 1) = (L1(S(2),i(7, 1)), L2(S (1), (7, 1))).

We substitute (S(t),i(7,t)) and (S(t),i(7,t)) in place of (S™(t),i"(r,t)) and
(SC=1(¢),i=1(7,t)), respectively, in the proof of existence of solution above, and

set

F(t) = |S(t) — S(t)|, and 1(t) = /0 li(7,1) — i(r, t)|dr.

This gives N(t) < K fot N(£)d¢, so that by Gronwall’s inequality in integral form,
N(t) = 0. Thus, F(¢t) +I(t) = 0, Vt > 0. Since F(¢) > 0, and I(£) > 0, with
F(t) +1(t) = 0, it follows that F(t) = I(t) = 0, for all ¢t > 0. Hence, the solution,

(S(t),i(7,t)), to the epidemiological model is unique. O

2.3.2 Basic Reproduction Number and Equilibria

In this subsection, we derive an explicit expression for the basic reproduction number
of the epidemiological model, calculate steady state solutions and study stability of
equilibrium points.

The basic reproduction number was originally developed for the study of

demographics (Sharp and Lotka 1911 [106], Dublin and Lotka 1925 [37]) but was
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independently studied for vector-borne diseases such as malaria (Ross 1911 [103],
MacDonald 1952 [35]) and directly transmitted human infections (Kermack and
McKendrick 1927 [74]). It is now widely used for the study of infectious diseases.

The basic reproduction number, Ry, is defined as the number of secondary
infections that result from the introduction of a single infectious individual into a
completely susceptible population during its entire period of infectiousness [21, 36,
59, 60, 61]. It provides an invasion criterion for the initial spread of the infection
in a susceptible population. Also, it measures the transmissibility of a pathogen and
determines the magnitude of public health intervention necessary to control epidemics
21, 62]. If Ry < 1, then on average, an infected individual produces less than one new
infected individual over the course of its infectious period, and the infection cannot
spread [36, 73, 89]. On the other hand, if Ry > 1, then each infected individual
produces, on average, more than one new infection, and the disease can invade the
population.

The basic reproduction number can be determined through the study and
computation of eigenvalues of the Jacobian matrix of the system, evaluated at the
disease-free equilibrium. A method for calculating these eigenvalues in a simpler way
in a disease model, called the next generation operator approach, was introduced by
Diekmann et al. [28, 29, 30, 31, 32] and elaborated on by van den Driessche and
Watmough [36]. For age-structured models, we use the notions of survival functions
or probabilities in the computation of the basic reproduction number, Ry. Now, let
F(7) be the probability that a newly infected individual remains infected until time-
since-infection 7, and B (1) denote the average number of newly infected individuals
that an infectious individual will produce per unit time when infected for a total time

7, then the basic reproduction number is given by [62]

A
Ro = / B(1)F(r)dr.
0
In order to derive an explicit expression for the basic reproduction number, Ry, of
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the age-structured epidemiological model, we compute the disease-free equilibrium,
linearize the system around the disease-free equilibrium and determine conditions for
its stability. Now, the disease-free equilibrium is (S*,7*(7)) = (mAO,O). We consider
solutions nearby (S*,i*(7)) by setting x(t) = S(t) — S* and i(r,t) = z(7,t). Since

at the disease-free equilibrium, A — myS* = 0, equation (2.5) becomes

X S* $< ) A *
(jl_t — A— S*(;LT;» /0 151V (T)z(7, t)dT — mo(S™ + z(t))
= - (1 + %) (1 - % + h.o.t) /OA crs1V(7)z(7, t)dr — moz(t)

Q

_/0 151V (1)z(7, t)dT — mox(t),

where the higher order terms (h.o.t) are neglected to get the linearized approximation.
The 7 partial differential equation is linear in ¢, and the % term in the boundary

condition at 7 = 0, can be handled like above; the linearized system is:

Z—f = —/0 151V (1) z(T, t)dT — mox(t) (2.26)
Oz(r,t)  0z(1,t)
T + 5 = —TZ(V(T))Z(T,t) (2.27)
2(0,t) = /0 c151V(7)z(T, t)dr. (2.28)

We seek a solution to equation (2.27) of the form z(7,t) = z(7)e, where \ is either
a real or complex number. Substituting this solution into equations (2.27) — (2.28),
we have the following eigenvalue problem

dz(T)
dr

50) = /0 e,V (1) 3(r)dr (2.30)

= —(A+m(V(1)))z(7) (2.29)

The explicit solution to the differential equation gives
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A
z(0) :/ 15,V (1)2(0)e e Jo mVEDds gr (2.31)
0

Dividing both sides of equation (2.31) by z(0), we obtain the characteristic equation
G(N) =1, where
A
G(\) = / c151V (T)e e Jo mV)ds g (2.32)
0

This characteristic equation will be used to study stability of the disease-free equi-
librium. Now, we define the basic reproduction number, Ry, of the epidemiological

model as Ry = G(0) [18, 81, 100, 107], so that

A
Ro :/ 15,V (T)e Jo mVDds g (2.33)
0

m(V (s))d

where the quantity 7 (7) = e~ Jo ™ * is the probability of survival in the infected

class from onset of infection to age-since-infection 7.

Theorem 2.3. The epidemiological model has a unique endemic equilibrium, (S*,i*(T)),

ZfRO > 1.

Proof. The equilibria of the epidemiological model are obtained by setting the time

derivatives of the model to zero:

0 = A-— —/ 0151V dT — mOS (234)
di(T)

= ( ))i(T) (2.35)

The endemic equilibrium is obtained as follows. First, we solve the differential
equation (2.35) to have
i*(7) = i*(0)e Jo MV (s (2.37)
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Next, we substitute the expression for i* into equation (2.34):
S A .
0=A— F/ 15,V (7)i*(0)e Jo MV s g §*, (2.38)
0

Thus, from equations (2.36), (2.37) and (2.38), we obtain i*(0) as follows:

9 A i
0) = 5 [ asV(nir)e i mVEbdr
0

= A —mgS". (2.39)

From equations (2.36) and (2.37), and the total population at equilibrium N* =
S* 4+ fOA i*(7)dr, we obtain
S 1 i*(0)  Re—1

and

N* R N~ (Ry

(2.40)

where & = fOA e~ Jo mV(Dds - Also, from equations (2.39) and (2.40), we obtain

N* = Rofﬁ—ffnog Finally, from equations (2.37) and (2.40), we obtain the endemic

equilibrium point (S*,7*(7)), where

AfOA e~ Jo m(V())dsgr A(Ro — 1)~ Jo m(v(s)ds
Ro—1+myg foA e lo m(V(S))deT’ Ro— 1 +my fOA o I m(V(s))ds ] )

(5%, 4%(7)) = <

which is biologically feasible if Ry > 1. O

2.3.3 Stability Analysis

To study the local stability of equilibria, we linearize the model around each of the

equilibrium points, and consider an exponential solution to the linearized system.

Theorem 2.4. The disease-free equilibrium is locally asymptotically stable if Ry < 1
and unstable if Rg > 1.

Proof. 1f A € R, then from equation (2.32),
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A
G'(\) = —/ e,V (r)re e Jo Vs g <
0

since V' is nonnegative and bounded. Thus, G is a decreasing function of A\, with
limy_,oo G(A) = 0. Therefore, when Ry = G(0) > 1, there exists a unique positive real
solution to the equation G(A) = 1. Hence, the disease-free equilibrium is unstable
when Rq > 1 [81, 100, 107].

On the other hand, limy, ., G(A) = +o0o. Thus, when Ry = G(0) < 1, there
exists a unique real and negative solution to the equation G(\) = 1. Next, we
assume that A is complex and let A = £ 4 in be an arbitrary complex solution to the

characteristic equation G(A) = 1. Then

1 = |G(§+1n)|

A
< / 0131V(T)6_§T|e_“77|6—fon(V(S))dsdT
0

A
= / eV (r)e e Jo mVEDds g —. G(Re(N)).
0
If Re(\) > 0, then
1 =G| < G(Re(N)) < G(0) = Ro < 1,

which is absurd. Thus, all roots of the equation G(\) = 1 are either real and negative
or complex with negative real parts when Ry < 1. Hence the disease-free equilibrium

is locally asymptotically stable when Ry < 1. O]
Theorem 2.5. The disease-free equilibrium is globally stable if Ro < 1.

Proof. The general approach in showing global stability of the disease-free equilibrium
is to view the boundary condition as a function of time, solve the PDE along

characteristic lines and substitute the solution into the expression for the boundary
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condition to obtain an integral equation. Now, let

where

A
K(t) = /0 151V (1)i(r, t)dr. (2.41)

We derive an integral equation for K (¢) by using the following solution to the partial

differential equation (2.6):

S(t — . A

—( 7) e Jo m(v(s))ds/ 1V (r)i(r,t —7)dr, T<t
i(T, t) = N<t - T) 0

(7 — t)e o mVE—tts)ds 7>t

Substituting the expression for i(7,t) in K(¢), we obtain

Me_ fOT TI’L(
N(t—r7)

/ C1$1V( ) (T — t) f m(V(T*tJrS))dsdT

K(t) = clle t—T7)V(1) VIDds g

S~

A
< / a1 K(t—1) (T)efofm(v(s))dsdT—l—/ c181V (7)i% (1 — t)dr(2.42)
t
Since for all 7 € (0,A4), 0 < V(1) < C, it follows from the definition of (2.41) that

A
1i¥nsup K(t) < cllelimsup/ i(T,t)dT < 0.
t 0

Thus, taking the lim sup of both sides of equation (2.42) as t — oo, we have

lim sup K (t) < R limsup K (),

t—o00 t—o00

which holds only if limsup, ,. K (t) = 0. This gives limsup,_,. i(7,t) = 0 for every

fixed 7. The solution to the equation that models susceptible individuals in the
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population is

Sit) = — /t g~mo(t=) 5(s) /Ac 51V (7)i(7, 8)drds + Spe™ ™"
- 0 N(S) o 1°1 ) 0
A - A
+—(1—e™) > — as t— 0.
mo mo
Hence the disease-free equilibrium is globally stable when Ry < 1. [

Theorem 2.6. The endemic equilibrium (S*,i*(7)) is locally asymptotically stable if

Ro > 1 and the mazximal age of infection, A, is sufficiently large.

Proof. We consider solutions near the endemic equilibrium by setting

x(t) =S(t) —S*, z(r,t)=i(r,t) —i*(7)

so that the total population is N(t) = N*+n(t). Substituting the perturbed solutions

into equations (2.5) — (2.7), we have the following linearized system:

A * A
C;_f _ _]\l['*/ 6151‘/(7_)@.*(7—)(17—_{_ Ji* ]\T[L*/ 6181V(T)i*(7)d7
S* OA ’
_N*/ 181V (1) z(7, t)dT — mox (2.43)
0
0z(T,t 0z(T,t
E)t ) + (at ) = —m((V(71))z(r,t) (2.44)
A * A
2(0,t) = % 181V (1)i* (1)dT — ]i* ];L* / c18.V (1)i*(T)dr
S*O A ’
+N*/ c151V(7)z(T, t)dr. (2.45)
0

We seek for solutions to equations (2.43) — (2.45) of the form
z(t) = zeM and  z(7,t) = 2(1)e™,

where Z and Z(7) are to be determined. This gives

32



o= - /OACISIV(T)Z (7)dr + ]i = /OAclsIV(T)Z (1)dr
_ Ji /0 L s V() )dr — mot (2.46)
O myv)Ee) (2.47)
() = + /0 Y s V)i () dr — ]‘i > /O L s V)i () dr
T /0 ! sV ()i, (2.48)

where n =7 + fOA Z(T)dr. Solving the differential equation (2.47), we obtain
(1) = 2(0)e e~ Jo mVs)ds,
From equations (2.46) and (2.48),
Z(0) = —(A + my)z. (2.49)

Using the definitions of 7, zZ(7) and z(0), and setting & = fOA 151V (7)i*(7)dT in

equation (2.46), we obtain the characteristic equation

a S* S a S (4
1= — -1 —AT o —AT )
N Oh + mo) (N* ) + N*/o cisiV(m)e T (T)dr NN /0 e “r(r)dr

Using m(V (7)) = mo + 11V (7) and integration by parts, we obtain

fOA 151V (1)e M (r)dr

as; (4 T
= = pV(1)e e moT e Jo Vs)ds g
H1 Jo
A
_ an (1 — e~ OFmo)Ag—p [ V(s)ds _ A+ mo)/ 6_’\T7T(7')d7'> :
M1 0
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Thus,

A A
ul/ V(T)B_)\TW(T)CZT + (A + mo)/ e_)‘TW(T)dT =1 — ¢ OFmo)Ag—m [ V(s)ds,
0 0
(2.51)

From equation (2.51), the characteristic equation (2.50) becomes

L+ N*()\O—él-mo)

_ 1 a o +1 /A e V(1T)e M (r)dr + 1 a e M (A)
N Ro N*()\—I—mo) C151 0 e RO N*()\+m0) ’

so that

)\—i‘mo‘i‘]\i

L(A) = Nty + (2.52)
where
I %N*(Aim )
L(N) = E0/0 as\V(r)e a(r)dr + ——= o °+ 16”\A7T(A).

When A = 0 in equation (2.51), we obtain
A A
,Lbl/ V(r)n(r)dr =1—m(A) — mo/ w(T)dr,
0 0

so that gy fOA V(r)m(r)dr < 1. Since Ry > 1, it follows that <t > 1. Now, let
A = a+1b be an arbitrary complex solution (if it exists) of the characteristic equation

(2.52). If R(\) > 0, then

/\‘FTTL()"‘%
)\—i‘TTL()"’iL

N* c181

>1 and |L(N)| <1

if, and only if, A is sufficiently large. Thus, the case () > 0 gives a contradiction.
If R(A) =0 (a =0), we rewrite the characteristic equation (2.52) as
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1 o
Ry N*

~ 1 ~ A ‘
ib+m0+§* = Re (%ﬁ +mo + ib) /0 s V(e ™ r(T)dr+

et (A).
(2.53)

Equating imaginary parts of equation (2.53), we obtain

b(RO— /O ! Vi) cos(bT)W(T)dT> — ( a £+m0> /0 Y s V() sin(br)n(r)dr

——sin(bA)m(A). (2.54)
Now, using the expression for the basic reproduction number (2.33),

Ro — /0 A0131V(7)cos(b7)7r(7)d7) = 2 /0 A6131V(7)sin2 (%T) (r)dr)

a9 b
> 201315%(042)/ sin? (% dr

(631

= Kim(an) >0, for (ay,as) C[0,A4],

where ¢’ is a lower bound on V(7) for 7 € [0, A]. Now, choose B* such that

- a 4
B*Kym(ag) > ( — —I—mo) / a5V () (T)dT +
0

[0
N*

m(A),

then for b > B*, equation (2.54) is untenable. For b < B*, the right-hand side of

equation (2.52) gives

mo+ = +ib | \/(m0+Ni)2+b2 N \/(mo+%)2+8*2 .,
& p A = % )
S g+ ib \/%E% + 1mg)? + b2 \/<mﬁ‘; + mg)2 + B2

and the left-hand side of equation (2.52) gives

1 & m(A)
L) < 1+ 5 =
| ( )| - R()N* (’% L +m0—|—zb|>

C1S81
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() e i
<

< l+——|= - ,
RoN*\ Rl Fmo) ) (g +mo)? + B

if A is sufficiently large. Also, the case R(A) = 0 gives a contradiction. Thus, all
solutions of the characteristic equation (2.52) have negative real parts. Hence, the

endemic equilibrium, (S*,7*(7)), is locally asymptotically stable when R > 1. O]

Remark: We can also establish the local asymptotic stability of the endemic
equilibrium when the maximal age-of-infection, A, is sufficiently small. To do this,
we consider scenarios where solutions to the characteristic equation (2.50) are either
real or complex.

For non-negative real solutions to equation (2.50), and using the expression for the
basic reproduction number, Ry, given in equation (2.33), we arrive at a contradiction.
Next, we assume complex solutions to equation (2.50) and equate real and imaginary
parts. If the real parts of our complex solutions are assumed to be positive, and if
the maximal age-of-infection is sufficiently small with Ry > 1, we also arrive at a
contradiction. We conclude that the solutions to our characteristic equation (2.50)
are real and negative or complex roots with negative real parts whenever Ry > 1 and

A is sufficiently small.

2.4 Optimal Control Formulation and Analysis

Optimal control theory can be used to design intervention strategies for the
control of infectious diseases and has been applied in decoupled immunological and
epidemiological models of HIV [46, 70, 71, 72]. In this section, we apply optimal
control theory in a coupled within-host and between-host model of HIV with age
(age-since-infection) structure.

The theory of age-structured models abound in the literature [6, 110]. In 1974,
Gurtin and MacCamy [54] introduced the first model of nonlinear continuous age-

dependent population dynamics.
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Optimal control of first-order PDEs coming from age-structured models requires
more analysis for justification than optimal control of parabolic PDE or differential
equations. There has been only a small amount of work on specific applications
of optimal control to age-structure equations. Brokate [15] developed maximum
principles for an optimal harvesting problem and a problem of optimal birth control.
Barbu and Tannelli [13, 12] considered and optimal control problem for a Gurtin-
MacCamy [110] type system, describing the evolution of an age-structured population.
Anita [6, 5] investigated an optimal control problem for a nonlinear age-dependent
population dynamics. Murphy and Smith [88] studied the optimal harvesting of
an age-structured population, where the McKendrick model of population dynamics
was used. These authors considered age-structured population models for a single
population.  Fister and Lenhart [44], on the other hand, considered optimal
harvesting control for a competitive age-structured model, comprising two first-
order partial differential equations. Also, Fister and Lenhart [45] investigated an
optimal harvesting control in a predator-prey model in which the prey population is
represented by a first-order partial differential equation with age-structure and the
predator is represented by an ordinary differential equation in time. A key tool for
the existence and uniqueness of optimal solution is Ekeland’s variational principle
[38].

In our coupled model, we incorporate two controls which aim at curtailing the
transmission rate and virion production. Thus, our within-host model with control

1s:

dx

X = B~ )V ()a(r) — pa(r) (2.55)
Y= B - mE)V()a(r) — dy(r) (2.56)
% = (1 —us(7))dry(r) — (61 + 5)V (1) = (1 — wr (7))V () (7), (2.57)

where the parameters are as defined in Table 2.1. The control functions u; and
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uo are bounded Lebesgue measurable functions and represent the transmission and
viral production suppressing drugs, respectively. The transmission suppressing drug
works as an inhibitor of fusion of the free virus onto CD4% T lymphocytes. On the
other hand, the virion production suppressing drug works as reverse transcriptase and
protease inhibitors. Thus, the coefficient, 1 — u;(¢), represents the drug effect that
reduces transmission of healthy cells to infected cells as a result of interaction with
the virus, while the coefficient 1 — us(t) gives the effect of another drug that reduces
the production of virions. The upper bounds on the controls give the efficacy of the
transmission and virion production suppressing drugs. If u; = 0 and us = 0 there is

no inhibition of transmission and virion production.

2.4.1 Sensitivity and Adjoint Systems

Below, we formulate an objective functional for our coupled system, with the goal of

minimizing free virus and infected individuals:

J(uy,ug) = /OT /OAAli(T,t)V(T)det (2.58)

T A A
+ /0 /0 Z(T,t)(Agul(T)+A3u2(7'))d7'dt+/o (Biuy(1)* 4+ Bauo(T)*)drT,

where A;, A, Az, By and Bs; are positive constants that balance the relative
importance for the terms in J. In our objective functional, the first term with A;
represents the total of the infected individuals over time and the other two terms

represents costs of implementing the controls. The optimal control formulation with

equations (2.55) — (2.57), (2.4) and (2.5) — (2.8) is: Find (u}, u}) € U such that

J(uj,uy) = min  J(ug,us),
(uiu) = min ()

where the control set U/ is

U= {(U,l,UQ) - (LOO(O,A))2|U1 : (O,A) — [O,ﬁl], U9 : (O,A) — [0,&2]}
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We formulate a Lipschitz property for state variables in our model in terms of
the control functions u; and uy. This property will be used to prove the existence of

sensitivities and optimal control, and the uniqueness of optimal control.
Theorem 2.7. The map (ui,us) — (z,y,V,S,i) = (x,y,V,S,4)(u1,uz) is Lipschitz
in the following ways:
A B T - -
(i) / (|lz = 2|+ |y —g| + |V = V])dr + / S — S|dt + / i —i|drdt
0 0 Q

A
< CA,T/ (Jur — @y | + |ug — Us|)dr
0
(41) |2 = Z|| L) + |y = Fllzoc@) + |V = Vo) + 1S = Sl|zec(0,1)

i = il e orszr 0,0y < Car(lfun — G|z + |2 — Tol| L)),

where Q = (0, A) and Q@ =Q x (0,T).

Proof. (i) First, considering equation (2.55), we have

E(a:—:i) = —B((1—u)Ve — (1 —u)VZ) — pler — ) (2.59)

— —Bu(i — )V — Byl — a)(Va - V) — (e - 7)

= —Au(ta —u)Ve = Fi(l =) (z(V = V) +V(z—1))
e 3) (2.60)

Integrating from 0 to 7, noting that x and = agree at 7 = 0, we have
w(r) — (1) = —/ (Br(tn(s) —ua(s))V (s)x(s) + p(z(s) — z(s)))ds
0

so that
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jz —z|(1) < /OT(Bllul(S) —w($)[[V(s)l|x(s)] + ple(s) — z(s)])ds

+ OT Bill = ua(s)|(|z(s)[[V(s) = V(s)] + [V(s)llz(s) — Z(s)[)ds

< / (Culur — @] + Cal|z — 2| + [V — V))ds,
0

since z and V are bounded (See Theorem 2.1). Thus,

A T
o — #|(r) < cl/ s —ul|ds+c2/ (lz— 2| +ly — gl + [V — V|)ds.
0 0

Secondly, we consider equation (2.56), and write

d;‘i(y — ) = Bi((1— )V — (1 — @) VF) — dy(y — ).

It follows from equations (2.59) and (2.61) that

T

A
y=slr) < Cy [ - mlds+ o [ (=gl Iy~ + |V = V)as.
0 0

Thirdly, we consider equation (2.57) and write

E(V —V) = dii((1 —ug)y — (1 —1a)y) — (61 + s1)(V = V)

—Bl((l —u)Ve—(1—u)Vx)

(2.61)

(2.62)

= di(y — ) + diny(ty — ug) + ditie(g — y) — (61 + 51)(V = V)

— B V(i —w) — Bl — ) (x(V = V) + V(e — 7))

Integrating from 0 to 7, noting that V and V agree at 7 = 0, we have
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V-=Vi|(r) < /(C4|y—y|+05|u2—u2|+06|ul—U1|+C7(|$—$|+|V—‘7|))d3
0

T

A
08/ (lur — 1] + [z —u2|>ds+cg/ (e — 2 + |y — gl + |V — V])ds.
0 0
(2.63)

IN

Since y is bounded. Combining equations (2.61), (2.62) and (2.63), we have

A
(le—z|+ly—gl+|V-V])() < Cm/ (lur = @] + [uz — t2|)ds
0

40 [ (o =gl +ly = g1+ IV - VI)(s)ds.
0
By Gronwall’s inequality in integral form, we have
- A
(Je=z[+ly =gl + [V -=V)(1) < Ciw(l+ 011760”7)/ (Jur — x| + [ug — ug|)ds
0
A
S Clo(l + CHAGCHA)/ <|U1 — 'L_61’ + ’UQ — ’I_LQDdS,
0

so that integrating both sides of the inequality above from 7 = 0 to 7 = A, we obtain

A A
| Gl +ly=g1+ 1V = Vdr < oA+ Cuac™) [ (s~ ] + oo — mal)ds.
0 0

(2.64)
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Now, using an equivalent expression for S, and mimicking equation (2.22), we obtain
t A G
S(t)— § _ —mo(t—€) (()()Z( §) S(f)_()(Tf)dd‘
5= S0l = Jam | ¢ / N Ng )
S(

< [ [ i _ SO

drd§.

N(©)
Similar to equation (2.22), we have
S@V(ni(rg) _ SEV(n)i(r.E)
N(§) N(8)
- Hoes© - se)+ Xm0 - im0
i85 iSOV g oy
+Rg VYO g S0 -5©)
iCOSOVE) [y e
T /ﬂ(m,t) (r,8))dr. (2.65)
Now
5= 5t
< as [ [T AEED 59 - s+ S e .09 are
bers / / S W) - Viny + TR 56 - s(6)) drae
C 9SOV [
+0151/0 /o NEONE /o (¢(r,&) —i(r,&))dr| drdg
< as [ [ (| wvenise - s@+ [ZH5 vl e - i 5)1) i
b, S(
v [ TR (5@11ve) - v+ |3 17l liste) - sienl ) arae
L)
+0131// N ‘N ’\ |/ |i(r, &) — i(r,&)| drdrd§
T,§ -
< 2Cs |S S|d§+clslT0i1£1£T( |/0 N(f)‘ (1 —V(T)|d7‘)

+2012/ / |Z - Z|d7’d£
0 Jo
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2 V — V|(r)dr
N L (0,T;L1(0,4))

t A
S 2012/ ’S — g‘df + 20181MT/
0 0

t pA B
0 JO

Thus,
1S —S|(t)

<201, /Ot (\s — 5|(€)ds + /OA i —|(r, @dT) dé + ClgT/OA V() — V(r)|dr.
(2.66)

Finally, we consider the equation for ¢ given in (2.13). Now, for t < 7 < A,

A A
/ |Z . g|d7‘ _ / ‘iO(T . t)e_ fg m(V(r—t+s))ds Z'O(T . t)e_ fot m(V(r—t+s))ds dr
t t

_ /tAw(T_t)y

< /tApO(T_t)y

< Kl/t ‘iO(T—t)}/O \V(r—t+s)=V(r —t+s)|dsdr

< w0 [ o) [ Ve - v

A
< KIM/ V- Tldr, (2.67)
0

e fot m(V(r—t+s))ds e fg m(V (r—t+s))ds dr

/Otm(V(T—t+s))ds—/0tm(‘/(7_t+s))d8 o

drdt

where 7 =7 —t+ s, 7=17,5=s and K; is a Lipschitz constant for the function m.

Also, we have used the fact that

— t —
e~ JomVir=ta))ds _ o= Jom(V{r—t+s))ds| < / Im(V(r —t+s)) —m(V(r —t+s))|ds.
0

Lastly, for 7 <t < T, we have
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fot |Z1 — Zl|d7'dt

SUE—T) 7 m(v(s)ds . :
] 0 181V (r)iy(r,t — 7)dr

t—T 0

J— A — —_
N(Z——TT)) e~ Jo m(V(s)d /0 151V (r)iy(r,t — 7)dr|dT

t —_
_ / s, S(t—r)
0

N(t—T)
where 7(7) = e~ Jo VDS and K(t — 1) = fOA V(r)i(r,t — 7)dr. Similar to equation

St—7) - -
N - T>7T(V)(T)K(Zl, V) (t — )| dr,

m(V)(r) K (i, V)(t = 7) =

(2.65), we have

N(
W(]T\;([t((_t ;T) (St—7)=St—r1))+ Sgt\_[_t _)_g )(K(t —7)—K({t—1))
+5(t = )3 () = 7(7)

(t—71) K(t—r7)

Using the expressions for 7(7) and K(t — 7), we have

D () K (t—7) — SED R (D) K (- 7)

N(t N(t—r)
= N(tl— )e o mVEDds[§(f — 1) — S(t — 7)] /0 V(r)i(r,t — 7)dr
(1 - o A )
—|—]€[((i — 7_)) e o m(v(s))ds/o (V(r)i(r,t —7) = V(r)i(r,t — 7)dr
_ 1 . A
+5(t — T)N(t 3 (e Jo mV()ds _ o= Jy m(V(s)ds) /0 V(r)i(r,t —7))dr
St _ ) o N
-I—]%((L; — T)> N(tl— 5 (S(t—7) =St —7))e o m(v(s))ds/o V(r)i(r,t — T)dr
S(t—7) e Jo m(V(s)ds A A
—i-]i((i — 7_)) NGE—7) /0 V(r)i(r,t — T)dr/o (¢(h,t — 1) —i(h,t —T))dh
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< C*|S(t—7)—5(t—7)|/0 %dr

+/0 i(r,t —7)|V(r)—Vi(r )|dr+/ Vr)i(r,t — 1) —i(r,t — 7)|dr

OBt — 7)o mVNds _ o= [T m(V()ds| /
t—T
- gy [t =1)
+C|S(t—7) = S(t —7)| T
) A

IA
)
Q
W
=
|
2
W
=
|
2
+
o\

hS

=

~

|

2
=

<
=
&

3

A _
+2C / li(r,t — 1) —i(r,t — 7)|dr + CS(t — 7)|e” Jo mV(Nds _ o= J7m(V(s)ds|
0

since 0 < V(r) < C for all 7 > 0, by Theorem 2.1 and fo i(r,t)dr < N(t) a.e. t.

Therefore,

o i —ildr

t t A
< 2012/ ]S(t—7)—§(t—¢)]d¢~l—// clsl|i(r,t—7)]|V(7’)—V(T)\drdT
0 o ) o Jo
—|—2012// li(r,t — 1) —i(r,t — 7)|drdr

—l—Cngl/ |St—7’ |/ |V |d7”d7' (268)
< 2012/ 1S(€) §)|d€ + 51T\ |i]| Lo 0,111 (0,4)) / V(7)) = V(7)|dr
—|—2012/ / | )|dT+012K1T sup |S |/ |V 72 ‘_/ TA’ |df
0<¢<T

where ¢ =t — 7 and 7 = r. Therefore,

t t A A
—i d 2C S—5 —al(r. E)dr ) dE+CyuT V—VI|(#)dr
/0|z i|(r,t)dr < / (\ |<f>+/0 i~ il(7.€) ) ey /0| (2|é;>)r
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Combining inequalities (2.67) and (2.69), we have
A B t B A B
/ i —i(r t)dr = / i~ il(r, t)dr+/ i = 7\(r, t)dr
0 0 e )
< MMﬁumﬂ/|V—Wmﬁ
t 07 A
+2012/ <|S —51(¢) +/ i — i|(f,§)df) d¢. (2.70)
0 0
Next, we combine inequalities (2.66) and (2.70). This gives

|S—S|(t)+/0 i—il(r0dr < (K1M+(013+014)T)/0 WV = V()i

¢ A
—1—4012/0 <|S—S|(£)+/O |i—5|(f,§)df) d¢

cam | i — ] + s — ) (€)d
+4C, /Ot <|S— S|(€) +/OA /i —E|(f,§)df) de,

where C(A,T) = Cyp(1 + C11 Ae“1N) (K M + (Ci3 + Cu)T), by inequality (2.64).

IN

Thus, by Gronwall’s inequality in integral form, we obtain

1S —8)(t) + [ i —i|(r, t)dr

A
S C(AjT)(l + 4012t64012t)/ (|U1 - ﬂ1| + |’LL2 - fL2|) dr
0

A
S C(A, T)(]_ + 4012T€4012T) / (|U1 - ﬂ1| + |U2 - ﬂQD dr. (271)
0
Integrating both sides of inequality (2.71) from ¢t = 0 to t = T gives
[01S = S|yt + [ [2 i —|(r, t)drdt

A
S C(A, T)(l + 4012T64012T)T/ (|U1 - 7,7,1| + |U2 — ﬂ2|) dr. (272)
0
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Finally, we combine equations (2.64) and (2.72), to have
A _ _ - T G L=
Jo (e =z +y—gl+|V=V)(r)dr + [, |S—S|(t)dt+ fQ li —i|(7, t)drdt

A
< Car / (Jus — ] + Juz — @) (7)dr
0

where C(A,T) = CipA(1 + C11Ae“4) + C(A, T)(1 + 401 Te* =TT

(ii) We find L> estimates of the state solutions by considering absolute values of
r—2Z,y—79, V—-Vand S-S, and L' estimate of |i — i|. From equations (2.61),
(2.62) and (2.63), we have

A A
o=al(r) < G [ Ju—wmlds+Ca [ (Jo—al+ly =gl + IV - V)ds
0 0

A A
< Cl/ |U1 — alldS + CQCl(]A(l -+ CHAGCHA)/ (|U1 — 1_L1| —+ ‘Ug — 17,2|)d8
0 0

Similarly,

A A
W—3lr) < & / luy — i |ds + C5CroA(1 + CHAeC“A)/ (Jur — @] + |us — 1] )ds
0 0

=
|

=

S
AN

A
(Cg + 0901014(1 + C’HAeC“A)) / <|U1 — 711’ + "UQ — ’I_LQDdS,
0

by inequality (2.64). Taking the essential supremum over all 7 € [0, A], we have

IN

|2 — || (0,4) A(Cy + CoC(A))([Jur — ]| poe(0,4) + [ug — Uz||L<(0,4))

N

1y = ¥llre0,0) < A(C1+ C3C(A))([|ur — tr||zoo0,4) + [|ug — Ul (0,4)02-73)
|V — VHLOO(O,A) < A(Cs + CoC(A))(||ur — || zooo,4) + |12 — t2|| Lo (0,4)):

where C(A) = C1pA(1 + Oy AeC114). Thus
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|z = 2| 0,4y + 1y — Tl L (0,2) + [V = V|10 (0,0)
< Ca(]fuy — 711||L°o(0,A) + |ug — a2||L°°(O,A))» (2.74)

where Cy = A(2C) + Cs + (Cy + C5 4 Cy)C'(A)). Considering inequality (2.66), we

have

|5 = S|(t)

IA

Clo /OT (|S - S|(¢) + /OA i —i|(r, g)m) dé + Ci3T /OA \V(r) =V (r)|dr

A
< Cl(A,T)/ (s — | + [up — ] )dr, (2.75)
0

by inequalities (2.64) and (2.72), where
Cl (A, T) = 20120(14, T)T(l +401264012T)T+ ClgcloAT(l + CnA@CHA). We take
the essential supremum of both sides of Inequality (2.75) over all t € [0,7]. This

gives
1S = Sz om) < ACHA, T)([Jur — G| =(0,4) + |[uz — 2| £ (0,4))- (2.76)

Lastly, to find L* estimate of |i — i|, we start with the L' estimate of |i — 7| over

7 € [0, A]. Now, from equations (2.67) and (2.68), we have
I = dldr = [ i —dldr + [ )i - ddr

t t pA
< 26’12/ |S(t—7')—S(t—T)|dT+/O/O asili(r,t — )|V (r) — V(r)|drdr

+2C / / rt—71)—i(r,t —7)|drdr

+012K1/ 15(t - 7) \/ V(s) |dsdT+K1M/ §) — V(s)|ds
< QMT(6181+012K1A —|—K1AM)HV VHL(’Q(OA

20 [ ' (rs -8+ [ Cire) —z’(f,a\df) i
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IN

CQ(A,T)(2MT(0181 + CnglA) + KlAM)(Hul — ﬂ1||Loo(07A) —|— ||U2 — ﬂ2||L°°(O,A))
+2C12C(A, T)AT (1 + 4C12Te* 2T (|Jur — @1| 00,4y + |[u2 — 2|1 (0,4))

= C3(A, T)([lvr — @il|po0,4) + |[uz — 2|z (0,4)),

by inequalities (2.72) and (2.73), where Cy(A,T) = A(Cs + CoCioA(1 + Cyy AeC114)).

Taking the essential supremum over all ¢ € [0, 7] , we obtain
[l oo 0,1;21.0,4)) < C3(A, T) ([ — || 2o (0,4) + [[u2 — Ual[ Lo (0,4)). (2.77)

Combining inequalities (2.74), (2.76) and (2.77), we obtain the desired result. O

In order to characterize the optimal control pair, we differentiate the objective
functional with respect to the controls. Since the objective functional is defined in
terms of the state functions, we first differentiate the control-to-state map, (uy, us) —

(x,y,V,S,i). The derivative of the control-to-state map is called sensitivity.

Theorem 2.8. The map (ui,us) — (x,y,V,S,i) = (x,y,V,S,i)(ur, us) is differen-

tiable in the following sense:

(xvyu ‘/7 Sul>(u1 + 5[17“2 + 512) B (‘xuyv Vv Sv i)(ulau2) N
9

(w? 907 ¢7 97 w)

in (L=(Q))3 x L>(0,T) x L=(0,T; L*()), as € — 0 with (uy +&ly, us +€ly), (ug, us)
€U and ly,ly € L*(QQ). Furthermore, the sensitivity functions satisfy
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dyp

- = “Al-uw)Vy = Al —w)ed - + filiVe (2.78)
fl_f = il —w)VY —dip+ fi(1 —w)zd — filiVa (2.79)
% = _Bl(l —u)V 4+ v (1 —u)dip — (61 + 51 + 31(1 — up)x)P

+oih Ve — vidilay (2.80)
do S S
e A e

S [ S

" ()6 +25 / / OV (P)w(h, t)dhdr  (2.81)
a_w + 8_w =-—m(V)w—m'(V)gi in Qx(0,7T), (2.82)
ot or

»(0) =0, ¢0)=0, ¢0)=0, 6(0)=0, w(r,0)=0 Vre=(0,A4) (2.83)

- an — & (T, T cs15() T)w(T,t)dT
w00 = § (1 N(t))é(t)/ i(r OV (r)dr + S5 /QV( Jeo(r, 1)d
+ Cli}i;” / i(r, ) (r)dr —Clsls / / OV (r)w(h, £)dhdr(2.84)

Proof. Since the map (uy,us) — (x,y,V, S, 1) is Lipschitz in L>°, we have the existence

of the Gateaux derivatives (or sensitivities) 1, ¢, ¢, 0 and w by Barbu [12, p. 17]
and Fister et al. [45, 44]. Now, given control functions u; and uy, we consider other
controls u] = uy +€l; and u§ = ug + €ly, where [y and [, are variation functions, with

€ > 0. Let
(up,ug) €U — (x,y,V,S,1) = (x,y,V, S, ) (u, uz)

and

(2,95, VE,5%,06%) = (x,y, V, S, ) (ug + ely, ug + €ls).

20



Then the equations corresponding to controls wuy, us, ui and u§ are (2.5) — (2.6) ,

(2.55) — (2.57), and the following:

d )
S r— B(1 —ui)Ver® — pat
dr
dya g € ,.€ g
dr Al —uy)Voa® — diy
ave
ar vl —u3)diy® — (01 + s1)V*® 51(1 —uy)Vea©
d )
> = A—— / c151VE(7)i* (1, t)dT — moS®
dt
0if(r,t)  0i°(7,1) :
= —m(VE)i(r, ).
LG m(V)(r, 1)

The equations satisfied by the difference quotients =%, yg_y, VPV 58 gpd B

€ ) €

are:
d (25— Vext — Vo usVeat —wu Va [
F () = () e () e ()
T € € €
d £ — Vet -V usVexrt — Ve £ —
w () = () e () e ()
T € € €
d e g __ EnE g __
- (V V> = l/1d1 <y y> — I/ldl (—UQy UIQy) - (51 + 51) (V V>
dr € € 3 €

~ (Ve —Vzx A fusVELE —wu Va
—51<—)+5l( 1 ! )

9 9

£(55%) - o (O S0y (5

We derive expressions for some terms that appear in the equations above. First, the

term % Ve (u) +x (V V) Secondly,

uiVear® —wu Ve w <V - Vx) LV
€

= ’U,l‘/E (l' ;l') +ux (V g_v) +Z1VE.TE.

o1

€




Thirdly,

(V) —m(V)i e (7, E—z) N <m(Ve)E—m(V))

€

In Theorem 2.8, we showed that as ¢ — 0,

(xaya ‘/7 S72>(u1 + €l17u2 + 8l2) — (1'7:% V7 57 i)(ulauQ) N
9

(¢, ¢,0,0,w)

in (L>(Q))>x L>(0,T)x L>=(0,T; L*(€2)). Thus, passing to limit in the representation
of the difference quotients, and using equation (2.65), we have the sensitivity equations

(2.78) — (2.82). From equations (2.4) and (2.7) — (2.8), the initial and boundary

-z Y-y V-V S8 i€—4 .
e 9 € e € and e arc:

(wsg—x> (0) =0, (ye;y> (0) =0, (V:_V> (0) =0, (565‘5) 0) =0,
(iae_i)(T,O)—O, and

(26—2) (0.1) = 6181/9 (Ss(t)z;g()ti;(ﬁ t) S(t)zjiff()té(r, t)> ir

conditions satisfied by the difference quotients

As ¢ — 0, we have the initial and boundary conditions (2.83) and (2.84). O

We divide the sensitivity equations in Theorem 2.8 into three operators, depending
on the independent variables on five components. These operators will be used in
deriving a characterization for the controls u; and uy. The three sensitivity operators,

L1, Lo and L3, and the corresponding sensitivity equations are:

(0 pilhiVez
0 L0 0
El @ = —ﬁlll‘/l’ 3 ‘C = = ) (285)
~ w ,ng 0
¢ frliVe — vidilay
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where

K1 " Ly dt
Lilo| = | g |[+M| o |, | Lip|=]|%
6| | Lo : Lio d
5_9_ ) _L29_+N 9}’ [Lﬁ][ a0 ]
| Y | Law | W Law Qo 4 O
Bl —u)V + 0 Bi(l — )z
M = | -g(1l—-w)V dy —Bi(1 = up)z
Bl —u)V  —dun(1 —uy) 61+ 51+ Pi(1 —ug)z
el L (Besw+ow +m09) |
w m/ (V)¢ +m(Vi)w

B(¢,0,0) = Cﬁ_l (1— %) 9/§2¢(T,t>v<7)d7+ clf\}s/ﬂvmw(m)df

61515 .
2 Q’L(T,t)cb(T)dT,
Ow) = CISIS// (7, )V (1)w(h, t)dhdr.

We derive the adjoint system from the sensitivity equations. Thus, if A, &, , p, and
q are adjoint variables, then we find adjoint operators L7, for j = 1,2,3 such that

fQ(Aﬂ 57 77)£1 (wa P, ¢)d7— + fOT p£29dt -+ fQ qlﬁgwdet

T
= /(¢,@, ¢)£’{(A,§,n)d7+/ 9£§pdt+/w£§qd7dt (2.86)
Q 0 Q

with adjoint equations (in the weak sense defined below)

A 0
* .| P 0
Lile|= 0 . L = o (2.87)
T q A1V + A2U1 + A3U2
n f() Ali(T, t)dt



and

L
E* p 2p

q L3q
The right-hand side of the adjoint equations (2.87) are obtained by differentiating the

integrand of the objective functional (2.58) with respect to each state variable. The

transversality conditions associated with the adjoint variables are:

MA) = 0, EA)=0, n(4)=0, p(T)=0 (289)
q(r,T) = 0, for T7€Q (2.89)
q(A,t) = 0, for te(0,7). (2.90)

From the sensitivity system in Theorem 2.8 and the relationship between the
sensitivity and adjoint operators given by equation (2.86), we use integration by parts
to throw the derivatives in the differential operators in the sensitivity functions v, ¢,
¢, 0, and w onto the adjoint functions A, &, n, p and ¢ to form the adjoint operator
L;. Now,

Lyt ¥
/(A,ﬁ,n)ﬁl p |dr = /(A7£,77) Lip | + M| ¢ ||dr
Q Q
o) Li¢ ¢
— 4 A
= /(w>90:¢) _;l_T dT+/(¢’90>¢)MT £ | dr
Q " Q

where we have used the initial conditions (2.83) and transversality conditions (2.88).

Thus,
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fQ(A,S,n)El o |dr
0

= ( di 51 1—U1)V+,U))\ 51(1—U1)V€+51<1—U1)VU) Q/Jd’T
Q

/(d—£ di§ — divi (1 —uz)n )@dT (2.91)
_77
dr

s

)

_|_

Bl 1 — Ul)fﬂ)\ ﬁl(l — Ul)fﬂf + (51 + S1 + 61(1 — ul) )?7> ¢d7’

Next,

/0 L)Lyt = /0 0 @f + B(6,6,w) + Clw )+m06) it

_ /0 (_%9( )+ B(¢, 0, w)p(t) + C(w)p(t) + mop<t>9(t)) dt

= /0 (—%quop( ))9(t)dt+/0 clslp(t)/ﬂ%‘(/t;ﬂw(T,t)det

_ /0 crsip(t) /Q & (t)i](vg (tt))V(T) /Q w(h, t)dhdrdt

v [ et / [“T;?(tv)“)(l— jsv(é)))e(w+—S(%((;’t)¢<r>] drdt

_ / / crsp(t g(t>¢(r)dtdr+ /O ' (%+mop(t)> o(t)dt
tersy / (% <1 5(3)) / itr, )V(T)dT) 0(t)dt (2.92)
/ / crsup(t ( Z;T) ]52(2) /Q z’(h,t)V(h)dh) w(r, t)drdt.

Finally, we consider the sensitivity operator L3, and use integration by parts in two

dimensions to throw the derivatives in the differential operator in the sensitivity
function w onto the adjoint function ¢ to form the adjoint operator L£3. Also, we
apply the initial conditions given in equation (2.84), and the final time conditions

(2.89) and (2.90):
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fOT Jo aLswdrdt

_ / / (—“’+—°"+m >¢i<r,t>+m(V>w<T,t)) drdt

N / /<__w (T t)+m'(V)¢(T)i(T7t)q(T,t)) drdt

/ /m q(r, t)drdt — /OT q(0,t)w (0, t)dt,

where
Ji (0, )w(0, t)dt

— Tc s Ur,)vir) ([, S@t) .
= [ ewatvn [ (1 5 ) s
‘(/t<7-)w(7',t)d7'dt—l—/0 clslq(O,t)/QZ(T7t)5(t)¢(7')d7'dt

] o) [ S N0
_ /0 cr519(0, ) /Q & (t”](\;(’tt))gv(ﬂ /Q w(h, t)dhdrdt.
Thus,
[ [ alawdrdt

/ / ( q(7,t) — 015161(0,75)%)) dtp(t)dr
/ (0131 Jg)(tg) (1_ ]ff((tt))) /QW V(7 )d7> o(t)dt
/ /<————+m( )a(T, t)> w(r, t)drdt (2.93)

_/0 /chslq 0,1) ( T];(t)( ) _ A‘jg;/ﬂi(h,t)‘/(h)dh> W, t)drdt.

Combining equations (2.91), (3.89) and (2.93), and using equation (2.86) , we have

the following adjoint system corresponding to controls (uy, us) and states
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(‘/I;’ y? V? 57 Z) = (m7 y7 ‘/'7 57 Z)(u17 u2):

X

—— = (G- w)V A+ B —u)VE- Al —u)Vy  (294)
—% = —di&+ (1 —uy)din (2.95)
—% = —0i(1 —up)xA+ Bi(1 —up)é — (61 + 51 + Bl(l —up)x)n
~ers [ 2S00 — a00)d = m'(v) [ it atr
+/T Aqi(r, t)dt (2.96)
C151 A .
—% = —mop— 1 p— g(0,1)) <1 _ %) /0 V(r)i(r, £)dr (2.97)
_% _ % = —m(V)g+ Cljf;f (p — q(0,1)) /0 V(r)i(r, t)dr (2.98)
—c151(p — q(0, t))SWV + AV + Asuy + Azuo, (2.99)

with final time conditions (2.88) — (2.90). Given the sensitivity and adjoint equations,

we state a theorem that characterizes the weak solution to our problem.

Theorem 2.9. (Weak Solution) The weak solution of the adjoint system satisfies

T T A
/ ()\al + g + naz — g/ Aqi(, t)dt> dT—/ / (A1 V+(Aqui+Azusy) )ndrdt = 0,
Q 0 o Jo

where aq, ag, ag are L®(0, A) functions obtained from test functions z, f and g, and

r and n satisfy equations (2.97) and (2.99) such that
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dz

B —w)Vz+ Bi(l —w)rg + pz = (2.100)
j—i —Bi(1—u)Vz = Bi(1 —u)zg +dif = ay (2.101)
% + 611 —u)Vz — (1 —ug)di f + (01 + 51+ fi(l —wi)a)g = s (2.102)
P (| Citr v ‘”;15 OA V(r)n(r, s
2 [ eyt ar 95 [ it oviomin oanar =0 @109
a”é? Dy a”é: 2 m(Vn+m'(V)gi=0 in Q (2.104)

with initial and boundary conditions

2(0)=0, f(0)=0, g¢g(0)=0, r0)=0, n(r,00=0 for 7€(0,A)
(2.105)

and

n(0,¢) = C}V“’:l (1—%)7“/0 i(r, )V (r)dr + 01315 V(G dr (2100

A
+01]SV15 g(r)i(r, t)dr — Clsls/ / 7 OV (r)n(h, t)dhdr.
0

Proof. Follows from the sensitivity equations and adjoint system, with a; = 11V,

as = —(11Ve and az = BlllVa: — v1dylay. O

We establish the existence of solution to the adjoint system via the existence of
solution (z, f, g,7,n) to system (2.100)—(2.106) (see Barbu [12], Fister and Lenhart
[45, 44]). The solution of the adjoint system satisfies a Lipschitz property analogous
to Theorem 2.7. This property will be used in proving uniqueness of an optimal

control pair.
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Theorem 2.10. For (uj,us) € U, the adjoint system (2.94)—(2.99) has a weak
solution (X, &,n,p,q) in (L>°(0, A))3 x L>=(0,T) x L>(0,T, L' (0, A)) such that

A = Moo () + 1€ = Ellzee@) + 10 = l|zoe) + [P = Bl 0.1) + g — @I~

< Car(||ur — ||z + |Jua — ]| L (@)-

Proof. Follows like in Theorem 2.7, part (ii). O

2.4.2 Characterization of Optimal Control

We use the Ekeland’s Principle [6, 38] to characterize optimal control of first-order
PDEs. To do this, we embed the objective functional J in the space L'(Q2) x L'(Q)
by defining [13, 45, 44]

J(Ul,UQ) if (Ul,UQ) euU
T (u1,ug) = (2.107)

+00 if (uy,uq) ¢ U.
In order to characterize the optimal control pair, we differentiate the objective
functional with respect to the controls. However, since the objective functional is a

function of the state functions, we must differentiate the state functions with respect

to the controls.

Theorem 2.11. If (uj,uy) € U is an optimal control pair minimizing (3.102), and

(x*,y*, V*, 5% i) and (N, &, n,p,q) are the corresponding state and adjoint solutions,

then
V(€ — N\ — fVrarn — A ,t)dt
1
d — A t)dt
uy(t) = Fo <V1 7y 2;*[0 . ) a.e. in L1(Q), (2.109)
2
where
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0, <0
Fi(z) = z, 0<x <4 for =12

Uy, T > Uj

Proof. Since (uf, u}) is an optimal control pair and we seek to minimize our functional,

we have

0 < lim J (i +eli, uj +ely) — T (uf, u3)

e—0t IS

T rA ek e _ /% Ao (iEuE — 55 u*
~ lim / / <A1VE (Z ! ) A (V v ) A (i 2 “1)> drdt
—0t Jo Jo 5 5 £

T A e g kK A €\2 )2
A — —
4 lim / / ( 3 (Z Uy l UQ)) + lim Bl <<U1) (ul) )dT
e—0t 0 0 € e—0t 0 £
A 2

+lim [ B (—(”5) - (“5)2) dr

e—=0t Jo e
0
A T A
= /(w,so,aﬁ) 0 dT+/ 0.0dt+2/ (Bilyu® + Balotdl)dr
0 0 0

[ Avir (7, t)dt
T rA
"‘/ / LL)(AIV* + AQUT + A3u§ + llAgi* + ZQA?,Z*)det
0 0

A1
T A
Q 0 0
n

T A
0 0

T A
= /()\, f, 77)£1 © dr + / pﬁgedt + 2/ (Bllﬂf{ + BQZQU/;)dT
Q 0 0
¢

T (A
+/ / (qﬁgw + llAQi* + ZQAgi*)det,
0o Jo
in an appropriate weak sense. Using the sensitivity operators, we have
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. BV
0 < [oem| v |+ 2B+ s
0

~

BiliV*a* — ndilay*
T A
+ / / (AQlli*(T, t) + Aglgi*(T, t))det
o Jo
A R T
_ / LBV 2 (A= &) + AV 2 n + 2By’ + Ay / i*(r, ) dt)dr
0 0

A T
0 0

For By > 0, we characterize the controls v} and u} by considering the following cases:
e On the set {7 € Quj(7) = 0}, we choose a nonnegative l; with support on this set.
Thus, S1V*2* (A — &) + BV 2™ + A, fOT(i*(T, t)dt > 0 so that

1

T
og (VT (€= A) - BV 'y — Ay /O i* (7, t)dt) < 0.

e On the set {7 € Qluj(7) = @}, we choose a nonpositive {; with support on this

set. Thus,

1 R T
L BV (€ = \) — AVt — A / i*(r, )dt) > iy

e Finally, on the set {T € Q|0 < ui(7) < @}, we choose l; with arbitrary sign and

support on this set. Thus,

1

T

ui(7)

Combining these cases, we have the characterization defined in equation (2.108). On
the other hand, considering cases on the sets {7 € Q|uj(7) = 0}, {7 € Qui(7) = Uz}
and {7 € Q|0 < ul(7) < s}, we obtain the characterization given in equation

(2.109). O
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2.4.3 Existence of Optimal Control Pair

The lower semicontinuity of the functional, 7, defined in equation (3.102) with respect
to L' convergence is needed to prove the existence of optimal control pair. Since
solutions of first-order partial differential equations are known for nonsmoothness,
the objective functional is not weakly lower semicontinuous with respect to L!.
Thus, existence results for an optimal control are not guaranteed [38]. Therefore,
we circumvent this by applying the following Ekeland’s Variational Principle, which

guarantees the existence of a minimizing sequence: For € > 0, there exist (uj,u5) €

L'(0,A) x L'(0, A) such that

(1) Jiuy) < inf  F(ur,ug) +¢

(u1,u2)eld
(i) J(ui,uy) = min  J(uq,us),
(ul,uz)EM
where Je(uy,ug) = T (ur, ug) + Ve(||uf — uil|zio,a) + [|ug — uallL10.4))-

We shall show that the minimizer, (u5,u5), of the approximate functional converges
to the optimal controls (u}, u3) in L>°(0, A) x L>=(0, A). We start by proving the lower

semicontinuity of the functional 7.

Theorem 2.12. (Lower semicontinuity)

The functional J : L'(Q) x L'(Q) — (—o0, +00] is lower semicontinuous

Proof. Let (u}',u%) — (u1,up) in L0, A)xL'(0, A), and assume that (z,y,V, S, 1)
is the state solution corresponding to (uy,us) and (z",y™, V" S™ i") is the state

solution corresponding to (uf,u}), then by Theorem 2.7, part (i), we have

n

"=z, Y=y, V=V in L'Y0,A)

S*— S in LY0,T), and i"—i in L'Y((0,A) x (0,T)).

Thus, on a subsequence, denoted by itself, we have

up = uy, uhy = ug, " =z, y* —y, V' = Vae.in (0,A), S*™— Sa.e.in(0,T),
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and i" — i a.e. in (0, A) x (0,T), by Theorem 5, p. 21 [40]. Hence, on a subsequence,

we have (uf)? — (u1)* and (uf)? — (u2)? a.e.in (0, A), and
Alvan + Zn(AQU? + Agug) — AlZV + 717;(AQU1 + A3U2) mn (0, A) X (0, T),

by Lemma 3.4.3, p. 100 [6]. Using Fatou’s Lemma [40], we have that on a subsequence,
T SN A OV (7) + (7, 6) (A + Agus))drdt

= / / liminf (A1"V" + " (Aguy + Aguy))drdt

n—oo
< liminf/ / (Ayd"V"™ + " (Aguy + Asub))drdt, (2.111)
0

n—oo

and

n—o0

A A
/O(Bl(u1)2+B2(u2)2)dr = /0 liminf (B (ul)? + By(uy)?)dr

A
< liminf/ (By(u!)? + By(ub)?)dr.  (2.112)
0

- n—00

Combining equations (2.111) and (2.112), we have
J (uy, up)

T A A
= / / (Ale -+ ’i(Agul + AgUQ))det -+ / (Bl <U1)2 + BQ<U2)2)dT
0 0 0

n—oo

T A
< liminf / / (A" V™ + " (Asul + Agull))drdt
0
n—o00

A
+liminf/ (Bi(ut)? + Ba(ub)?)dr
0

T A A
< liminf ( / / (Ar"V™ 4 0" (Agul + Agul))drdt + / (Bl(u’f)2+Bg(u§)2)dT)
0 0 0

n—oo

= liminf J(uf,uy).
n—oo

Hence, the functional 7 is lower semicontinuous. O
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Theorem 2.13. If (uj,u5) is an optimal control pair minimizing the approrimate

functional, J., then

(uf, ui)

= F pLVeas (& — X)) — Blvawsne — Ay K5 (1) — \er] ndiny® — AsK*(T) — \/eK5
2B, ! 2B, )

where K¢(1) = fOT i€(T,t)dt, and the functions ki, ke € L>(0,A), with |k (7)] = 1
and |ko(7)| =1, for all T € (0, A).

Proof. Since (u3, u5) is an optimal control pair minimizing the approximate functional

Te;

Je(u5 + ol5, uf + als) — T-(uf, uf)

0 < lim
a—0t «
o JWG + alj,ub + als) — T (us, us
= iy TOAH ARG 2T | o) 110+ (1l 20,0

A . T s
= / li: (51‘/&1'8()\8 - 58) + ﬁﬂ/%ana + 2B1Ufi + A2 / ia(T, t)dt + \/g%) dr
0 0

1

A T
I
+/ l; <2B2U§ — Vldlygng + Ag/ iE<T, t)dt + \/E|l—§|> dr
0 0

2

A T
= / I3 <61st5(>\5 — &) + BiVern® + 2Buf + Ag/ i(r, t)dt + \/E/ﬁ) dr
0 0
A T
+/ 15 <232u§ — vidyyn° + A3/ (7, t)dt + \/E/{‘;) dr,
0 0

where x% = Q € L>(0,A) for j = 1,2, with |k5| = 1, and using equation (2.110) in
J
Theorem 3.10. By standard optimal control arguments (see Theorem 3.10), we have

the desired result. O

2.4.4 Uniqueness of Optimal Control Pair

In this subsection, we establish uniqueness of optimal control pair, by using the
Lipschitz properties of the state and adjoint solutions given in Theorems 2.7 and

2.10, respectively, as well as the minimizing sequence obtained from the Ekeland’s
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Variational Principle. Finally, we shall show that the minimizer, (uj,u3), of the

approximate functional, J., converges to the optimal control, (u},u}).

Theorem 2.14. (Uniqueness) If é‘;’T (B% + B%) is sufficiently small, then there

exists a unique optimal control pair (uj,ul) € U minimizing the objective functional

J.

Proof. Let F(z,y) = (Fi(x), F2(y)) and define L : Y — U, such that

V(e — ) — BiVan — A K diny — AJK
L(uhuz):}—(ﬂl x(§ ) 2%1 xn 2 (7’)’1/1 my2B23 (7'))7

where K (7 fo T,t)dt, and (z,y,V, S, i) and (X, &, n, p, q) are the state and adjoint
solutions correspondmg to the control pair (u,us). Using the Lipschitz properties of

the state and adjoint systems in Theorems 2.7 and 2.10, respectively, we have

[ L(ur, ug) — L(ty, u2)|| = || Fr(ur) — Fi(tn)]| e 0,4y + || F2(uz) — Foltia)|| e (0,4

< BiVa(§ = N) = piVan — AK(7) . BIVE(E = N) = piVian — AK(7)
- 231 2B1
L(0,A)
vidiny — As fOTz'(T, t)dt B vidiny — As fo T, t)dt
25, 25, L>2(0,4)
1 - T
< Vel =N~ VaE - 3) = A [ (=D 0dtll
0
1 A —
+2—Bl|’51(V$77 = Vzn)||ze=(,4)
1 T
sl = 1) = As [ (6= D) O3t~
2Bs 0
Whence,
Car 1 i _
[L(u1, uz) — Lt, wo)|| < —= | o=+ - ) ([[ur — @l[z(0,4) + [[uz — Ua||1eo(0,4))-
2 31 Bs
(2.113)
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If CAQ’T(B% + g;) < 1, then the map L admits a unique fixed point (u},u3), by the

Banach Contraction Theorem. Next, we show that this fixed point is an optimal

control pair, by using the minimizers, (uj,u5), from Ekeland’s Principle. To do this,

we use the states (2°,y%, Ve, S ¢°) and adjoints (A%, &%, 1%, p%,¢°) corresponding to
the minimizer (uj,u5). Now, for K¢(7) = fOT i(r,t)dt, a* (1) = S V()2 (1) (5 () —

N(7)) = B1VE(r)a= (T)1F (1) and b () = vydynf (7)y (1), we have

c_ A, KE— € pE_AKE— €
ot - (<=, )|
! 2 (L>(0,4))*

Hf ((ls—AgKE bE—Ang) _}_(aE—Ang—\/E/ﬁ bE—AgKE—\/gl{§>H

2B1 2B2 2B1 2B2
€ € 1 1
< ‘@ +’@ :£<—+—>. (2.114)
2B, Lo (0,4) 2B, 15¢(0,4) 2 \ B, B,
Now, we show that
(uj,u3) = (uj,usy) in L*(0,A) x L>(0,A).
For K*(7) = [ ¢*(7,t)dt and K°(7) = [} i*(r,t)dt, we have
[(uf, u5) — (uf, u5)l (o0,
= luf — uillree0,4) + [|ug — u5][ L= (0,4)
GiVEa* (€ —N) — Vi n — A K* a® — Ay K¢ — \/ek}
= | & -
diy*n — A3 K* diyen® — AsK°© — c
47 <V1 1yn 3 ) _7 (Vl 1Yyn 3 \/g%)
< [ L(uy, uy) — L(uf, u5)|[ 2o (0,4)
¢ _ A K¢ — € dinfyf — AK€ — 5
) - o (R S A = S )
C_’A,T 1 1 * £ * € \/g 1
< 9 <B#1 + E) (H% — ui|lzeo(0,a) + [luj — U2HL°°(0,A)) + S5 \ 5 + B,)’

By
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from equations (4.47) and (4.48). Thus,
lut = uillLe.a) + llus — U5]| L~ (0.4)

Car (1 1 “ (4 :
<o = S| o o — Usl| Lo 2 \B, By
=7 <Bl+Bz>(Hu1 Uil Lo (o,a) + [lug — u3l[L(0,0)) + 2 (31+B2)

Whence,

[t = wil| oo 0,y + [[u = u5][ L 0,4) <

for AT (L + B%) sufficiently small. Equivalently,

2 B1
1 1
By 2

B
) 1 1
1—=5" (B_+B_2)

+

Qi wl%

| (uy, u3) — (uivu;)HL"O(&A)XLOO(O,A) < —0 as ¢— 0.

i

Thus,
(ui,up) = (up,uz) in L%(0, A) x L>(0, A).

Finally, we show that (uf,u%) is the minimizer of the functional, 7. Now, as the
functional, 7, is lower semicontinuous, using Ekeland’s Principle, we have
J (g, u3) < infiy, wpyew J (wr, u2) + €. Since (uj,u3) — (uf, u3) as e — 0%, it follows

that J(uj, u3) < inf(y, wyeu J (U1, u2). O

2.5 Numerical Simulations

We present a numerical scheme for the within-host model (2.1) — (2.4) and between-
host model (2.5) — (2.7) based on semi-implicit finite-difference schemes for ordinary
differential equations [52, 58] and partial differential equations [7, 109]. Let At =
h > 0 be the discretization step for the interval [0, A], with h = %, where M is

the total number of subintervals in age (age-since-infection), and At =k > 0 be the
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discretization step for the interval [0, T], with k = %, where N is the total number
of subintervals in time. We discretize the intervals [0, A] and [0,7] at the points
7, = jAT (7 =0,1,...,M) and t, = nAt (n = 0,1,...,N), respectively. Next, we
define the state and adjoint functions z, y, V, S, w ( where w = i), A\, &, 1, p, q,
and controls u; and us in terms of nodal points 27, ¢, V7, S", wy, N, &, p,
a7, u]1 and uj2 Since w? is an approximation to the solution of the equation that

models infectious individuals at time level ¢, and grid point 7;, we approximate the

directional derivatives 8“’5;’” and awg:t) by
-1 1 o
(7, tn) ~2 i e and Ow(7j, tn) ~ Wi — Wi
815 At 8’7’ AT

Age of individuals changes at the same speed as chronological time, and therefore we

assume that At = A7, so that

Qu(rj,tn) | Ow(Tjtn)  @F = Wi
ot or At
Since initial conditions are given for the state system, we use the forward finite-
difference approximation to obtain a semi-implicit scheme for the state system.
Similarly, since final time conditions of the adjoint system are given, we approximate
the time-since-start of infection, chronological time and age-since-infection derivatives
of the adjoint functions by their first-order semi-implicit backward finite-difference
approximations. To fully implement our numerical scheme for the coupled model, we
use the parameter values of the within-host and epidemiological model of HIV given
in Table 2.3, and the forward-backward sweep method, whereby solutions to the state
system are obtained using a finite difference forward sweep method and solutions to
the adjoint system are obtained using a finite difference backward sweep method [80].
We now illustrate numerical simulations of the optimal control and corresponding

states for one sample set of parameters. For this set of parameters without control,

we have Ry = 4.3.
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Table 2.3: Within-Host Model Parameter Values

Parameter | Value Source

r 10 cells mm3day ! [46, 58, 77, 96, 113]
v 0.02 day—! [58, 96, 113]

B8 2.4 x 10" mm3day ! (58, 46, 77, 96, 113]
B 2.4 x10 5 mm3day ! [58, 46, 77, 96, 113]
dy 0.5 day [58, 46, 77, 96]

2 1200 virions cell ™ [46]

5, 3 day! [46, 96]

51 1.4 day! assumed

c1 4 x 107° mm?virion'year~! | assumed

[ 2 x 1077 virion!year—! assumed

mo 0.012 mm? year™! assumed

A 2750 humans assumed

In Figure 2.1, we have trajectories representing healthy CD4" T cells, infected CD4*
T cells and free virus in the absence/presence of transmission and virion production
suppressing drugs for a total of 100 days. In the absence of drugs and starting with
600 healthy CD4™ T cells per mm? of blood, the number of heathy cells decreases
greatly within the first 20 days of infection. Between 20 — 100 days, the count of CD4*
healthy cells lies below 200. With no infected CD4% T cells in the population at the
beginning of the infection, the number of infected cells increases significantly between
10 — 30 days, with a maximum count of about 190 infected cells, and decreases thereof.
Starting with 0.005 virions per mm?® of blood, an acute phase is observed between 10
— 30 days since start-of-infection with a maximum count of about 2.5 x 10* virions,
followed by a latent period.

Figures 2.2 and 2.3 represent the between-host dynamics in the absence of
transmission and virion production transmission suppressing drugs. In the absence

of drugs, trajectories for susceptible individuals suggest a steady decrease in the

69



12}
3 600 £ 200
Q —— Wi/o control || & —— W/o control
i - 150
3 400 +
o a 100
B 200 2
3 B 50
(0] o
kS L
=) £ 0
2 0 50 100 0 50 100
Time (in days) Time (in days)
4
3 x 10 1
—— Wio control
0.5
2
(2]
= 0
s
1
-0.5
0 -1
0 50 100 0 50 100
Time (in days) Time (in days)

Figure 2.1: Healthy CD4* T Cells, Infected CD4* T Cells, Free Virus in the Absence
of Control when 2° = 600 cells mm~3, 4 = 0 cell mm=3, V° = 0.005 virions mm™3
and A=100 days.

population of susceptible individuals at the epidemiological level as the result of the
proliferation of free virus at the within-host level. Also, with the assumption that
at time ¢ = 0, the initial age distribution of infectious individuals is modeled by
i(7,0) = 100sin(5Z ), we observe an oscillatory increase in the number of infectious

individuals in the population as time evolves.

x 10

10

—— S w/o control

S Individuals

0 10 20 30 40 50 60 70 80
Time (in years)

Figure 2.2: Susceptible Individuals in the Absence of Control.
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Figure 2.3: Infectious Individuals in the Absence of Control, with Initial Age
Distribution i(7,0) = 100sin(3z).

In the presence of transmission and virion production suppressing drugs, trajec-
tories indicate an increase in the number of healthy CD41 T cells, and a decrease in
infected CD4™" T cells and free virus in Figure 2.4. Also, the acute phase observed in

the virus population within 10 — 30 days occurs with lower severity, and the viral

@
=1
S

n

=1

S

2 W/o control o W/o control
:-_,7 W/ control Q‘I’ 150 W/ control
+ 400 l
2 3
o o 100
3 o
£ 200 2
g E
£ =
=)
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Time (in days) Time (in days)
x10*
3 05 - S
W/o control v \ u
W/ control 0.4 , - - - u2
2 \ |
173 0.3
2
> 0.2 3 !
1 | |
0.1 N
i ~
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Time (in days) Time (in days)

Figure 2.4: Healthy CD4" T Cells, Infected CD4" T Cells, Free Virus with and
without Control when z° = 600 cells mm~2, 4° = 0 cell mm—3, V° = 0.005 virions
mm_3, Al = 1, AQ = 07, Ag = 07, A=100 days, Bl =5 X 106 and BQ =1.

relapse phase in the absence of control occurs sooner than in the presence of control.

Similarly, the acute phase observed in the population of infected C' D4 T-cells within
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10 — 30 days occurs with lower severity. The control program suggests full treatment

between 10 — 80 days since start-of-infection.
In the presence of transmission and virion production suppressing dugs, there

are more susceptible individuals in the popuation, and a lower prevalence rate as

delineated in Figure 2.5.
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©
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%)
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Figure 2.5: Susceptible and Infectious Individuals with and without Control, and
Initial Age Distribution i(7,0) = 100sin(3F) when A = 2750, 2° = 600 cells per mm?,
y® = 0 cell per mm?® and V° = 0.005 virions per mm?.

A small value of By (B; = 1) requires a maximum effort in the transmission
suppressing drug between 20 — 80 days and close to 100 days since start of the

infection. This result is shown in Figure 2.6.
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Figure 2.6: Healthy CD4" T Cells, Infected CD4t T Cells, Free Virus in the
Presence/Absence of Control when B; = 1 and By = 1.
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Figure 2.7: Healthy CD4" T Cells, Infected CD4" T Cells, Free Virus in the
Presence/Absence of Control when B; = 1 and By = 1.

Figure 2.7 depicts the within-host population in the absence of the transmission
suppressing drug (@; = 0), but in the presence of the virion production suppressing

drug (ty = 0.5). When u; = 0, the trajectory for healthy cells indicates a decrease in
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the number of healthy cells compared to the number of healthy cells in the presence of
the transmission suppressing drug. An acute phase in virion production and growth
of infected cells which occurs between 10 — 40 days since start-of-infection as shown
in Figure 2.7. As shown in Figure 2.8, the infectious population also experiences in
incease in the number of infectious individuals compared to the infectious population

in the presence of both drugs, and trajectories for susceptible individuals are as shown

in Figure 2.9.
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Figure 2.9: Susceptible Individuals in the Presence/Absence of Control.
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In the absence of control, and at the population level, increasing the initial number
of infectious individuals within an initial age distribution from i(7,0) = 100sin(%f)
to i(7,0) = 500sin(5F), results in an oscillatory increase/decrease in the number of
infectious individuals, sandwiched by an acute phase in prevalence. In the presence
of control, and at the population level, there is a delay in prevalence, followed by an

acute phase, but with lower severity and no oscillations. These results are represented

in Figure 2.10.
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Figure 2.10: Infectious Individuals in the Presence/Absence of Control with Initial
Age Distribution i(7,0) = 500 sin(5Z).

Due to an increase in the number of infectious individuals at time ¢ = 0, trajectories
suggest more healthy cells in the population during the first fifty days as shown in
Figure 2.11, as opposed to more healthycells within the first eighty days when fewer
infectious cases were introduced as shown in Figure 2.4. The acute phase of virion
production is delayed until fifty days since start-of-infection and with lower severity.
The delay in virion production results in a corresponding delay in the growth rate of
infectious cells as delineated in Figure 2.11. The optimal treatment strategies suggest
a maximal treatment level in transmission and virion production suppressing drug

efforts within the first fifty days, followed by a low virion production suppressing
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drug effort afterwards and a high transmission suppressing drug effort close to 100

days.
2 — Wio control| - o —— W/o control
|L_|> 600 — W/ control &I’ 200 —— W/ control
< 400 "
8 :o; 100
:8 200 3
5] =
£ 0 3 0
= 0 50 100 0 50 100
=} Time (in days) Time (in days)
4
5x10 —wjo contrlol 04
—— W/ contro -
w2
= 0.2
=1
0 0
0 50 100 0 100
Time (in days) Time ( |n days)
1
05f-—--~- .
|
I
0 C
0 50 100

Figure 2.11: Healthy Cells, Infected Cells and Free Virius Populations in the
Presence/Absence of Control when B; = 1 and By = 1.

Starting with fewer infectious individuals at time ¢ = 0, our numerical results
suggest that at the within-host level, the acute phase of infection observed within
2 — 4 weeks occurs with lower severity, followed by a latent phase between 4 — 10
weeks. During week 11, the virus proliferates, with a less severe effect relative to
the population of free virus in the absence of control. Moreover, when transmission
and virion production suppressing drugs are administered, the susceptible population
experiences an increase while the infectious population experiences a significant
decrease in prevalence. With a higher number of individuals at time ¢ = 0, our
numerical results suggest a maximal treatment effort initially, resulting in a delay in

the acute phase of virion production.
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2.6 Conclusions

We formulated, in a careful way, a within-host model linked with an epidemiological
model through a structural variable and coefficients. Existence and uniqueness results
of the epidemiological model are established. Then we derived an explicit expression
for the basic reproduction number of the epidemiological model, using the next
generation method and examined conditions for existence of an endemic equilibrium.
We showed that the disease-free equilibrium is locally asymptotically when Ry < 1
and unstable if Ry > 1. Also, when Ry < 1, the disease-free equilibrium is globally
stable. If Ry > 1, we showed that there exists an endemic equilibrium which is
locally asymptotically stable when the maximal age of infection, A, is large enough.
We constructed a solution space for our problem, and using a representation formula
for the solution to our problem, we constructed an iterative sequence which was used
to prove existence and uniqueness of solution to our problem. A key tool in obtaining
these results is the Banach Fixed Point Theorem.

We formulated an optimal control problem which aims at minimizing infectious
individuals, free virus and the cost of implementing the control. In order to curtail
the proliferation of the virus at the within-host level, we incorporated transmission
and virion production suppressing drugs into the within-host model. We establish a
Lipschitz property for the within-host and between-host state solutions in terms of
functions representing transmission and virion production suppressing drugs, which
was used to establish the existence of sensitivities. The sensitivity equations were
used in deriving an adjoint system. We obtained an optimal control characterization
for the control pair and established the existence of optimal control using Ekeland’s
Principle. Using a minimizing sequence obtained via Ekeland’s Principle, we proved
uniqueness of our optimal control pairs.

A semi-implicit finite-difference scheme for our optimality system was imple-
mented within a forward-backward sweep numerical method. In the absence of control

in the population, numerical simulations indicate a decrease in the number of healthy
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CD4™" cells, and an increase in the number of infected cells and free virus within the
first few days of infection at the within-host level. At the between-host level, there
is a sustained decrease in the number of susceptible individuals and an oscillatory
increase in the number of infectious cases. In the presence of transmission and virion
production suppressing drugs, more healthy cells were observed with fewer infected
cells and free virus at the within-host level. Also, fewer infectious cases were observed
with a significant increase in the population of susceptible humans in the presence
of transmission and virion production suppressing drugs. Investigation of numerical
results when varying other parameters should be considered in the future.

We developed novel optimal control results for our linked system. Our analysis and
control techniques give a new tool for investigating immuno-epidemiological models
for other diseases. A paper with the results from this chapter has been accepted in
the journal of Mathematical Modelling of Natural Phenomena. This work was done in

collaboration with Drs. Souvik Bhattacharya, Maia Martcheva and Suzanne Lenhart.

78



Chapter 3

Optimal Control in Multi-group

Coupled Within-host and
Between-host Models

3.1 Introduction

In our multi-group within-host and between-host model of infectious diseases, we as-
sume that all individuals in the population exhibit different immunological dynamics
upon infection. Since individuals with stronger immune systems respond better to
treatment in the case of antiretroviral therapy for the human immunodeficiency virus
(HIV), and the optimum viral load required for shedding depends on the strength of
the cytotoxic T lymphocyte (CTL) response of the particular host, we focus only on
two classes of individuals with different immunological characteristics and viral load.

Thus, the within-host dynamics of pathogen for each individual of group j is

Wi By () (), a0) = o (3.)
W = )y (r) — (), 0 =4 G =12 (3.2
W= () — (64 s)us(r) — B(Day(r), w0) =2, (33)
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where j = 1,2 defines the two classes of individuals with different immunological
characteristics and viral load. In the model, z; defines the number of healthy cells in
the jth immunological class which is being produced at a constant rate r» and die at
rate u. The growth and death rates of healthy cells are assumed to be the same for
all individuals in all immunological classes. These healthy cells come in contact with
free virus v; at rate 8; and become infected cells y;, with Bj being the binding rate of
the virus to healthy cells. The infected cells in the jth group die at rate d; and each
produce «; virions at bursting. The clearance and shedding rates of the virus are 9,
and s;, respectively.

The epidemiological model is divided into two classes; individuals in each
epidemiological class exhibits different immunological characteristics. We denote the
number susceptible individuals at time ¢ by S(t), and the density of infected individual
structured by chronological time ¢ and age-since-infection 7 by i;(7,t), where j =
1,2. Individuals in each group exhibit the same immunological characteristics, but
individuals in different groups exhibit different immunological characteristics and viral

load. Our multi-group epidemiological (or between-host) model is:

% = A—%; /0 ¢;5;05(1)i; (T, t)dr —meS in (0,7T) (3.4)

8@'1 821 . .
St = —m(vl(z))zl(ﬁt) in (O,A)x(O,Tl (3.5)
zl(O,t) = pl%/o ClSl'Ul(T)Z‘l(T,t)dT—i—pl%/(; CQSQUQ(T)iQ(T,t)dT (36)

8@'2 822 . .
St = —m(vg(;))ZQ(T,t) in (O,A)x(O,Tl (3.7)
712(0,75) = pg%/o ClSlvl(T)il(T,t)dT+p2%A CQSQUQ(T)iQ(T,t)dT (38)
i1(1,0) = (1), dx(1,0) =1i5(7) in (0,A) x {t=0}. (3.9)

In the epidemiological model, m(v;(7)) is the death rate of infected hosts (a function
of viral load) in the jth class, A is the recruitment rate of susceptible individuals,

mo = m(0) is the death rate of susceptible individuals and p; is the probability
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that an individual who is infected has immunological behavior similar to individuals
in the jth class. The transmission rate is assumed to be proportional to the
viral load of infected individuals in the jth group, calculated by integrating with
respect to 7, fOA(clslvl(T)il(T, t) + c2590a(T)ia(T, t))dT, where ¢; is the contact rate
between susceptible and infected individuals. Thus, the new infectious process of the
population in group j at time ¢, denoted by ,(0,t), depends on the age distribution of
the population at time ¢, as determined by the integral of i;(7, t) over all ages, weighted
with the specific transmission rate 5;(7) = ¢;s;v;(7). The number of susceptible and
infectious individuals in the population at time ¢ = 0 are given by S(0) = Sy > 0 and
ij(7,0) = i}(7), respectively. Thus, i;(7,0) is the initial age distribution of infectious
individuals in group j, with i? being a known nonnegative function of age-since-

infection, 7. The total population of infectious individuals from birth to maximal

age-since-infection, A, is defined as

I(t) = /O Ail(T,t)dT—i- /0 Azg(f,t)df,

and the total population size of individuals in the population is N(t) = S(t) + I(¢).
For the sake of introduction to our method, we assume the simplest form for the

mortality function [22], m(v;), as
m(v;(7)) = mo + p;0;(7),

so that in the absence of the virus, individuals die naturally at rate mg. The term
w;v;(T) gives the additional host mortality in group j due to the virus.

The the remainder of this section is arranged as follows: In section 3.2, we establish
well-posedness of solution to the epidemiological model, and investigate stability of
equilibrium points of the epidemiological model. In section 3.3, we formulate an

optimal control problem and investigate existence, characterization and uniqueness
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results. Numerical simulations based on the semi-implicit finite difference schemes

and the forward-backward sweep iterative method will be studied in section 3.4.

3.2 Existence of Solution, Equilibria and Stability
Analysis of the Epidemiological Model

3.2.1 Existence of Solution

Integrating the differential equations (3.5) and (3.7) along the characteristic line 7 —
t = constant and considering cases where 7 > t and 7 < t, we obtain the following

representation formula for the solution to the epidemiological model:

_ A A
S() = Gue—tmorar . N —movarn 3.10
(1) he t o &( e ) (3.10)
t 3 1 2 A
+/ e,(mﬁa)(t—s)s(s) & — O Z/ cjs;0i(T)i; (T, s)dr | ds
0 j=170
(
S(t— 7') 7f m(v1(s))ds / -
Py e ¢j55Vj(8)i;(s,t = T)ds, T <t
) — ) EE Z 593 (o)i (311)
| (r — t)e Jominr(r- t+s))ds T>1
)
S(t—T) T) e~ Jo m(Va(s))ds / -
Dy =) o i ¢;jsjv;(8)ij(s,t —T)ds, T <t
(1) = N(—r Z 35503 (8)i5( (3.12)
(T Tt

where S(t) in (3.10) is a representation formula for the solution to the differential

equation

2 A
‘fi—s +aS(t) =A+aS(t) — % Z /0 ¢;8;0;(T)i;(7,t)dr — moS(t),

(1) 2

with & > C(c181+¢282) > 0. This differential equation is equivalent to equation (3.4)

and C' is a bound for v;.
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To prove the existence and uniqueness of solution, we define our state solution

Space as

X = {(8,iy,19) € L=(0,T) x (L*=(0,T; L*(0, A))?|S(t) > e > 0, iy(7,t) >0,

A A
ia(7,t) >0, sup S(t) < oo, sup/ i1(7,t)dT < 0o and sup/ io(T,t)dT < 00 a.e. t},
t t Jo t Jo

where L>(0, A) is the space of all essentially bounded functions on (0, A), and ¢ =
min {SO, L} We define a map

mo+a

L:X = X, L(Si1,i2) = (L1(S,i1,92), L2(S, 41, 72), L3(S, i1, 12)),

where
. A <
I N = (mo+a)t 1 — e~ (mota)t q
1(572)( ) S()e + m0+&( € ) (3 3)
L mota)(t—s) 1 }2 !
+/ e~ (mota)(t=s)gre) | 4 — / c;is;v;(T)i; (T, s)dT | ds
0 ( ) N(S) = 0 7 J( )]( )

¢

2 A
S(=7) [T m(s ())ds / o (Vi b
P1ve o g c;svi(8)ij(s,t —T)ds, T <t
N(—) o T (3.14)

\ (T —t)e” Jo mvi(r—t+s))ds T>t

Lo(S,i)(1,t) =

( 2 A
S(t=1) o~ [g m(va(s))ds / s0:(8)is _
P2y e o E c;sv(8)ij(s,t —1)ds, T <t
N(t—r) < Jy 38iUi\8)1; (3.15)

i5(1 —t)e” I m(va(r—t+s))ds T >t
\

Ls(S,i)(r,t) =

The following assumptions will be useful in establishing a Lipschitz property for the
within-host and between-host state solutions in terms of control functions:
e So, my, A, ¢; and s; are positive constants,

e m(s) is non-negative and Lipschitz continuous,
0
J

. fOAi?(T)dT < Mand 0< Sy <M.

e i9(7) is non-negative for all 7 € (0, A),
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Theorem 3.1. For T < oo, there exists a unique solution (S,iy,i3) to the

epidemiological system (3.4) — (3.9).
Proof. First, we show that the map £ maps X into itself. Indeed,

A

Li(S i i)(t) < |S e (mota)t 1 — ¢~ (mota)t
|L1(S,d1,02)|(8) < |Soe +m0+d( e )|
t ) 2 A
n / e~ (mota) (=) g () [ & — Z/ ¢;js0i(T)ii(T, s)dT | ds
0 =1
< S 1 —(mo+a)t S 1 — —(mo+a)t
< St - F(l—e ) &SP (s)(1—e )
C < A
+m0 T Z Cj5; (sgp/o i; (T, S)dT)
A —(mo+a)T o
< M+ —(1 — e~ motty 4 sup S(s)

mo + & mo+a s

dr <
m0+ Zsup/ i; (T, s)dT < 00,

where K depends on the contact rate between susceptible and infectious individuals,
shedding rate of free virus and the bound on the population of free virus. Next, we

estimate the second component.
A t A
/ |L2(S,i1,i2)|(7’,t>d7’ = |L2(S,i1,’i2)|(7’,t>d7’+/ ‘Lg(S,’il,ig)l(T,t>dT
0 0 t
floS(t—T) .
— — [T m(v1 (w))dw d
/0 plN(t—T) Z/ ¢80 (r)ij(r,t —7)dr
A
)
A
/ _mOTZ/ cjs;vi(r)i;(r )drd7’+/ i(7)dr
0
p1Ky / )
su 1;(7,&)dr | + M < oo,
S (o [t

=1 N ¢

dr

Z(l] (7_ _ t) —ft m(vy(T—t+s))ds dr

VAN

IN

where we have used the substitution 7 = r and £ =t — 7. Similarly,

84



A P K 2 A
/ |L3(S, i1, 00)| (7, t)dr < 2 Z <sup/ ij(f’,g)df) + M < oc.
0 0

m
0o 7\ ¢

Finally, we establish the non-negativity of our solution. Indeed,

Li(S,i1,i)(t) > Spe(mota

A . ' . -
+ (1 — e~ (mot@)ty 4 / e (Mot @) (t=9) g (5) (07 — C’Z cjsj> ds
0 =

m0+6é

> Spe~(motalt | _ (1 — e~ mot@)ty > o 5 ),

Since S(t) > e > 0, i1(7,t) > 0 and is(7,t) > 0, it follows that Lo(S,iy,i2)(7,t) and
L3(S,1i1,12)(7,t) are non-negative. Thus, £ maps X to X ( or £ is well-defined).

Next, we show that the operator £ admits a unique fixed point. To do this, we define

an iterative sequence [86]

(S(n+1)7 i§n+1)7 ZénJrl)) = (Ll(s(n)v ign)v ign))7 LZ(S(H)a ign) Zén))v L3(S(n)7 ign)v Zén)))v

(3.16)

where

A
m0+5é

t
- 1
—(mo+a)(t=s) g(n) 5 —
+/o ‘ SL) (a N®)(s)

2 A
py S =7) e_fofm(vl(s))dsz/ ¢;5;0;(8)i" (s,t — T)ds, T <t
j=170

(1 — e~ (motalt

S(n+1)(t) — Soe—(m0+5t)t_|_

2 A
/ CjSjUj (T)zén) (T, S)dT) ds
— Jo

7=1

n 137(n) —r
iy = | P !

iY(1 —t)e” I m(vi(r—t+s))ds T>1
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) (41— :
p21“3< ¢ e Jo m(va(s) dSZ/ cjsiv;(s '(St—7'>d8 T<t

i9(T —t)e” Jo m(va(r— t+s))ds T >t

iy () =

We set SO(t) =0, i”(r,¢) =0, i (r,t) = 0, and

S(l) (t) _ S e (mo+a)t + A (1 . e*(moﬁ’d)t)
mo + o
0 T<t
(1 )
§rt) = q t
Z(l)(,r _ t)@i Jo m(’Ul(Tftﬁ*S))dS’ T >t
0, T<t
iy (r1) =

i5(T —t)e” I m(va(r—tts))ds > ¢

and define a sequence for the total population as
A A
NO(t) = 50 (1) + / O, t)dr + / i (7, t)dr.
0 0

To show that the sequence of functions {(S™(t), Z( )(T t),i i )(7' t))} converges for all

n > 0, we introduce the notation

F.(t) = [S™D(t) — 5™ (1) (3.17)
L,(t) = / i (1) — i (7,8 |dr (3.18)
I.(t) = /A|z"+1>(7,t)—z'g">(7,t)|d7, (3.19)

so that N, (t) = F,(t) + L,(t) + J.(¢). Now,

A . A
506 (mo+a)t + _ (1 _ 6—(mo+oc)t) < max {So, = } )

mo + « mo + «

fo iY(7)dT and Jy = fo i9(7)dr, so that
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A A 4
Ny = max {SO, Y d} + /0 i (1)dT + /0 i(T)dr.

Next, for n = 1, we get

t 2 A
Fi(t) = / 6_(mo+d)(t—8)5(1)($) ( Z/ ¢;8504(T )(T s)d7> ds
0 =170
< max {SO, A — } ot C~(6181 i 6252) (3.20)
mo + & a+my
Next

I(t) = /Auf (r,t) — i (7, 0)|dr
= /N e ~Jg mn(s) dSZ/ cjsiv;(s S+T—t)#d5d7'

m (T — )

C(c151 + c252) / 0
< () de, 3.21
L }jlj e (3.21)
where 7 =7, £ = s + 7 — t and m (1) = e~ Jo ™©1()ds - Similarly,

2 A
50 = [ 1060 - 0 < QO 5 Page @
j=1

Thus, combining equations (3.20), (3.21) and (3.22), we obtain Ny (t) < CNy, for all

t, with ¢ = max{&+c(f181+0252) 20(c181+c259) } Next, we consider the equations for

a+mg ) mo

S, i1 and iy, and use induction. First,

R0 < af o)t 50 (¢) — §nD)(g)de
0
SW(©i"(1,6) S V©I" T (5,€)
/ZCJSJ/ v;( ( ) d

N™(E) N®=1(E)
< a/o 150 (¢) — 5D |d§+CZc,s]// (6| drds,  (3.23)

7| d€
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Sl (r,6)  StI(€)i" (7€)
)

Gi(r¢) = NG NO-1(€)
SME) (. - e, -
= NOIG <z§ )(T &) — it (1 5)) NT(e) (5( )(5) — g )(5))

:(n—1) 2 A
Zj (Ta 5) S n) (-1
TN N<n)(§)2/0 (i (0,) = i (0,€))do

Since 0 < v;(7) < C, inequality (3.23) gives
2 t
St (@) — SM()] < (d + zczqu> / [S™(§) = SU(€)|dg
=1 0
2 t A (n) (n-1)
+czcjsj / / i (r,€) = "D (7, €) e

—i—C'ZCJSJ/ |@zn) (0,6) — Zgn 1)(07 §)|dodg

0 =1 0

e /0 F, 1 (€)dé + G /0 L1 (€)de + C /0 Do (€)de,

where C’l, C'g, Cs depend on the contact rate between susceptible and infectious

individuals, and shedding rate of free virus. Thus,

F,(t) < 01/0 (Fr1(8) + L1 (§) + Jn1(£))dE, (3.25)

where C] = max{é’l, C’g, 6’3} Next, we consider the second component.

L(f) = /0 L i bl
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SOt —r)il(gt—7) StV — 1)l V(g t—7)

N®(t —7) N@e=D(t — 1)

dédr

< pl/otgcjsj/;vj(f)

t t t
< Cip / F,—1(t — 7)d7m + Capy / L, 1(t — 7)dr + Cspy / Jo1(t —7)dr
0 0 0

e /0 F,_1(€)dé + Copy /0 L_1(€)d¢ + Capy /O T (€)de,

where we have mimicked equations (3.23), (3.24) and (3.25), and used the substitution
¢ =t — 7. Thus,

I(t) < 02/0 (Frn1(€) + Lim1(§) 4+ Jn—1(£))d, (3.26)
where Cy = p;Cy. Similarly,
Jn(t) < 03/0 (Fr1(8) + L1 (§) + Jna(§))dE. (3.27)

Since N,,(t) = F,,(¢) + L,(¢) + J,.(t), combining inequalities (3.25), (3.26) and (3.27),

we see that N,,(¢) satisfies the recurrence relation
t A
N, (t) < K / N,_1(6)d¢, with Ny(t) < ONy,
0
where K = C] + Cy + C5. Notice that
t A~
Na(t) < K / N (€)de < CNoKt

0

and

t R R K2t2
Ny(t) < K / KCNogdg = CNo=5—.
0

Thus, by induction, it follows that

n—1lin—1 n—1gmn—1
K"t SCNOK T

o) < NGy = M
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Now, the remainder term of the sequence {S™(t)} is

n+m R > KIi-1pi-1
|S(n+m)(t) _ S(")(t)’ < Z N;(t) < CNy Z W

—0, as n — oo.

Also, using the notation in ( 3.18) and definition of N,,(¢), we have

A n+m A ) )
[y - o < 3 [ - i
0 j=n+1"0
n+m
< YN
j=n+1
< 0 —_— = as n — 0.
S G

Similar result holds for the sequence {z’é”)(r, t)}. Thus, the sequence

{(S™(1),i (7,1),i" (7,1))} generated by the iterative sequence (3.16) is a Cauchy
sequence in X, and is therefore convergent, since X is complete. Thus, there exists
(S(t),i1(7,t),i2(7,t)) in X which is the limit of the given sequence. Thus, from the

iterative sequence (3.16) and definition of the operator L,
L(S(t),ir(7,1),ia(7, 1)) = (S(2), 0a(7, 1), 42 (T, 1)),

so that the limit (S(¢),41(7,t),i2(7,t)) is a fixed point of the operator £. This

establishes the existence of solution to the epidemiological model for all T < oc.

We assume the existence of two solutions (S(t),i1(7,t), ia(7,t)) and (S(t),i1(7, 1), ia(7, 1))
for which

(Sai17i2) = (Ll(Sa 7;177;2)7L2(S)7:17i2)7L3<S>i17iZ)

and

<g751752) = (Ll(’g’?ElagQ)’ L2(’§7%17%2)7 L3(5’751752)-
We substitute (S(t),i1(7,t),ia(7,t)) and (S(t),i1(7,t),i2(7,t)) in place of
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(SO (t), i (7, 4), i (7, 1)) and (SPD(t), " (r,¢),i" V(7. 1)), respectively, in the

proof of existence of solution above, and set
- X A A
F(t) =|S(t)-S(t)], 1(t) :/ i1 (7, t)—71 (7, t)|d7 and J(t) = / lio(7,t)—1o(T, t)|dT.
0 0

This gives N ) <K fo €)d¢, so that by Gronwall’s lemma in integral form, N (t) =
0. Thus, F(t) + 1(¢) + J(t) =0, V¢ > 0. Since F(t) > 0, I(t) > 0 and J(t) > 0, with
F(t) 4+ 1(t) + J(t) = 0, it follows that F(¢) = I(£) = J(t) = 0, for all ¢ > 0. Hence, the

solution to the epidemiological model is unique. O]

3.2.2 Basic Reproduction Number and Equilibria

Analogous to the single population model [92], we derive the basic reproduction
number for our model. In deriving the basic reproduction number, Ry, we compute
the disease-free equilibrium, linearize the system around the disease-free equilibrium
and determine conditions for its stability. Now, we consider solutions near the disease-

free equilibrium (S*,4(7),i5(7)) = (mAO, 0,0) by setting
x(t) = S(t) — S*,yi(1,t) = i1(7,t), and yo(T,t) = ia(T,1).

Substituting the perturbed solutions into equations (3.4) — (3.9), we obtain the

following linearized system:

x 2. A
C(Zi—t = — Z; /0 ;505 (T)y; (7, t)dT — mox(t) (3.28)
% + % = —m(vi(7))y (7, t) (3.29)
A A
y1(0,¢) = (/0 c15101(T)ya (7, t)d7'+/0 Ca 8902 (T)ya(T, t)dr) (3.30)
% * % = mam)ye(r ) (3.31)

y2(0,t) = po (/OA c18101(T)ya (7, t)dT + /OA 289U (T)ya (T, t)d7> . (3.32)
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We seek solutions to the firt-order partial differential equations (3.29) and (3.31) of

the form

yi1(7,t) =1 (7')6’\lt and yo(1,t) = gjg(T)e)‘t,

where A is either a real or complex number. Substituting these solutions into equations

(3.29) — (3.32), we have the following eigenvalue problem

dﬂ;ﬁﬂ = O+ m(N))ii(r)
) = o ([ asumir+ [ asu@mr)
dy;iﬂ = —(A+m(va(r))5a(7)

B0) = ps < /0 ! s () (r)dr /O ACQSQUQ(T)gQ(T)dT)

The solutions to equations (3.33) and (3.35) are

so that the initial conditions (3.34) and (3.36) become

A
y1(0) =m Z ¢;s;7;(0) / vj (T)e_ATe_ Jo m(v;(s))ds 1.
0

A
gQ(O) = P2 Z Cijgj(O) / Vj (T)ef)‘Tef Jo m(”j(s))deT.
0

(1) = ?J1(0)€_>‘76_ Jo mi(s)ds 07 7o (1) = ?72(0)6_)\76_ J m(va(s))ds

)

(3.33)
(3.34)
(3.35)

(3.36)

The eigenvalue problem (3.33) — (3.36) has a non-trivial solution if, and only if,

(p1J1 - 1)(P2<]2 - 1) —pip21J1 =0,

where J; = cysy fOA ve(T)e e Jo mue)ds g This gives

2 A
1 = mJi+pJo = Z/ pjcjsjvj(T)e*’\T@* Jo m(vi(s))ds g
j=1"0
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The right-hand side of equation (3.37) is a function of A, which we denote by G(\),

where

2 4
G(A) = Z/O pic;siv;(T)e e Jo mwi(ds gy (3.38)
j=1

so that G(\) = 1 is a characteristic equation that will be used to study stability of
the disease-free equilibrium. We define the basic reproduction number, Ry, of the

epidemiological (or linked) model as Ry = G(0) so that

2 4
Ro = 2/ pjcssyv(r)e o meDds gy, (3.39)
=170

where 7;(7) = e~ Jo m(wi($)ds i5 the probability of survival in the infected class of group

7 from onset of infection to age-since-infection, 7.

Theorem 3.2. The epidemiological model has a unique endemic equilibrium,

(S*’iT(T)vi;(T))7 ZfRO > 1.

Proof. We set the time derivatives of the epidemiological model to zero. This gives:

S [* _
0 = A—N;/O ¢;js;0i(7)i;(T)dT — meS (3.40)
W )iy (3.41)

A
i;(0) = pj%z /0 oSy (T)ig(T)dT. (3.42)

In order to derive the endemic equilibrium, we solve the differential equation (3.41)

to have

(1) = i7(0)e™ Jo mlu (s, (3.43)

Next, substituting the expression for i7(7) into equation (3.40) yields

St~ [ .
0=A— N ;/0 cjsivi(1)i(0)e” Jo @i ds gy §* (3.44)
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From equations (3.42), (3.43) and (3.44), we obtain 47(0) as

Since the total population at equilibrium is N* = S* +f0A i’{(T)dT+fOA i5(7)dr, we ob-
tain N* = A+ (1 —mo&)S*, where € = py fOA e~ Jo mwi(s)ds g 4 ) fOA e~ Jo m(v2(s))ds g
Now, from equation (3.40), we have

St i(0) 1
N* pj(A - mos*)Ro 7?/()7

so that

_ PiA(Ro — 1)e” Jg m(vj(s))ds

S*
RO -1+ mof

A¢ .*
= m and Zj (7')

Hence, the endemic equilibrium is (S*,i{(7), i5(7)), where

(5%, 47(7), 15(7))

. Ag p1A<R0 — 1)67 fd’ m(vl(s))ds pQA(RO i 1)67 fOT m(vg(s))ds
-\ Ro—1+mef’ Ro — 1+ mp§ ’ Ro — 1+ mo ’
which exists if Ry > 1. 0

3.2.3 Stability Analysis

To study the local stability of equilibria, we linearize the model around each of the

equilibrium points, and consider an exponential solution to the linearized system.

Theorem 3.3. The disease-free equilibrium is locally asymptotically stable if Ry < 1
and unstable if Ry > 1.

Proof. If A € R, then from equation (3.38), G'(\) < 0, since v; is non-negative and

bounded. Thus, G is a decreasing function of A. Therefore, there exists a unique
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positive solution to the characteristic equation G(\) = 1 when Ry = G(0) > 1, since
G(A) = 0 as A — oo. Hence, the disease-free equilibrium is unstable when Ry > 1.
When Ry = G(0) < 1, there exists a unique negative solution to the characteristic
equation G(\) = 1, since G(\) — 400 as A — —oo. Next, we assume that A is
complex and let A\ = £ + in be an arbitrary complex solution (if it exists) to the

characteristic equation G(A) = 1. Then

1 = [G(§+in)|

2 A
S [ miessyun(rie Sre g = GROY)
j=1"0

IN

If R(A) >0, then 1 < G(R(N)) < G(0) = Rg < 1, which is absurd. Thus, all roots of
G(A) = 1 have negative real parts when Ry < 1. Hence the disease-free equilibrium

is locally asymptotically stable when Ry < 1. O]
Theorem 3.4. The disease-free equilibrium is globally stable if Ry < 1.
Proof. Follows as in Numfor et al. [92, Theorem 2.5]. O

Theorem 3.5. The endemic equilibrium

(5%, 41(7), i5(7))

o Af p1A<RO — 1)6_ Jo m(vi(s))ds pzA(RO _ 1)6_ S m(va(s))ds
 \Ro— 1+ meé’ Ro— 14+ mpé ’ Ro — 1 4+ moé

is locally asymptotically stable if Ry > 1 and the maximal age of infection, A, is

sufficiently small or A is sufficiently large with C}% = %

Proof. We consider solutions near the endemic equilibrium by setting
I’(t) :S(t)_S*a y1(7_7t) :i1<7-7t)_ii(7—)’ y2(7_at) :i2(77t)_i;(7—)a
so that the total population is N(¢) = N* + n(t), where
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A A A A
n(t) = m(t)—l—/ Y1 (T, t)d7‘+/ yo(7,t)dT and N* = S*—I—/ i”{(T)dT—i—/ is(T)dr.
0 0 0 0

Substituting the perturbed solutions into equations (3.4) — (3.9), we have the following

linearized system:

dx
dt

891 8ZU1
ot | or

yl(ovt)

ys ys
ot or

y2(07t)

z(t)

A *
— / c1s1v1(7)iy(T)dT + 5" nlt)

N* N*
A . S* n(t A .
— N /O 02321)2(7')2;(7')(1’7' + m ]\(],*) /0 CQSQUQ(T)Z;(T)dT (345)

S*

A
/ c18101(7)iy(T)dr
0

A 9* A
/ 15101 (T)yr (7, t)dT — T / C282Ua(T) Y2 (T, t)dT — mox
0 0

—m(v1 (7)) (7, 1) (3.46)

plx(t)/o 61811)1(7')Z'T(T)d7'—pl—5*@/0 c1s1v1(7)iy (7)dT (3.47)

N* N* N*
9* A g A
B / 15101 (T)yr (7, t)dT + b / C252U9(T)ya (T, t)dT (3.48)
A * A
+p—1]i;>(f) /0 289U (T )iy (T)dT — p—]l\i T]L\(fi) /0 289U (T)i5(T)dT
—m(va(7))ya(T, 1) (3.49)
A * A
?\25 /0 c1s101(7)iy (T)dr — p;i ]:;* /0 c1s101(7)iy(7)dr
g* A S* A
B2 / c18101(T)ya (7, t)dT + b2 28209 (T)y2 (T, t)dT (3.50)
t A * ¢ A
—i—pQ;E ) /0 289U (T)iy(T)dT — p;i T]L\([*) /0 289U (T)i5(T)dT.

Next, we seek solutions to equations (3.45) — (3.50) of the form

This gives

x(t) = xze™, y(1,t) =gi(7)e

At At

and yo(7,t) = ya(7)e™.
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7 [A S qn A
AT = —FA Clslvl(T)iT(T)dT_’—N* N*/O crs1v1 (1)iy(7)dr

_7 /Ac Souo(T)i5(T)dT + 50 /Ac soua(T)i5(T)dT  (3.51)
N, 25202(T )29 N- N+, 25202(T )19 .
9* /A - S* /A - B
— c181v1 (7)Y (7)dT — CoSoUo(T) Yo (T)dT — MmyT
N*0111()1() N*0222<>2<) 0
di
y;f) = — O+ m(y ()i (7) (3.52)
7 A * = A
_ Pz : p1S* n .
7 (0) = */csv T)iy(T)dT — — */csv 7)i; (7)dT
(0 = B [ esminar - B [Casu@i)
= A * = A
P1T " piS* n / »
— CoSoUo(T)is(T)dT — CoSoUa(T)is(T)dT  (3.53
N*O2“()2() N*N*0222()2() (3.53)
S* A S A
+p]1V* / clslvl(T)gjl(T)dT—i-p]lV* C28905 (7)o (T)dT
0 0
di
BTt ma(n)i(r) (3.54)
— A * = A
_ paT " p2S* 1 -
72(0) = */csv T)i(T)dT — = */csv 7)i; (7)dT
0 = B2 [ asm@inir - B [ asm @i

pQS* n
N* N*

/OCQSQUQ(T)i;(T)dT (3.55)
CoSo0o(T) Yo (T)drT,

A
T »
+p2 / CaS20o(T)15(T)dT —
N* [y

p2.S*

+N*

A
S*
/ c18101(7) g1 (T)dT + b2 -
0 N*Jo

where n = Z + fOA g1 (T)dT + fOA y2(7)dr. Solving the differential equations (3.52) and
(3.54), we obtain

g1(1) = gl(o)e—Are— Jo mi(s))ds 07 7o (1) = @2(0)6_)‘76— Jo m(va(s))ds

From equations (3.51), (3.53) and (3.55), (A+mp)z = — 2% and (A+mg)z = — 22,
so that
7;(0) = —=p;i(A+ mo)T. (3.56)

Using the definitions of 7, §1(7), 92(7), y;(0), and setting o; = fOA cjsv0;(T)i5(T)dT,

equation (3.51) becomes
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_ g 2 A .
(A+me)z = —aﬁj + 5 ]O\? <x+zyj(o) / e e o m(vj<s>>dsd7)

j=1 0
_ . 2 A
Tag 5" ag [ Sy o [T m(ws(s))ds
_N* +N*N* (x-l- yj(o)/o 6/\6 Jo (J())dd7'>

5+ A ]
NS Z gj (0) / CijUj(T)ef)‘Tef I m(”j(s))deT
0

2

(n +ag)z [ S* _S* A r
= L () s Son [ asu(ne M mrdr

Jj=1

N A
0D S mea Yy [ e mts gy, 3.57
J
0

due to y;(0) defined in equation (3.56). Dividing both sides of equation (3.57) by

\+myg)Z, and substituting 2= = -1, we obtain the following characteristic equation
( g N Ro o)
2 2 A
a1 + Qo 1— RO 1 >\
1="3%, <A+m0 - ;pjrj()\) + E);Pj i ¢;s705(1)e m;()dr, (3.58)

where

A
Fj()\):/o e Mm;(r)dr and Wj(T):e_fon(Uj(S))dS.

Case 1 (Small A): If A = 6 is a non-negative real solution of the characteristic
equation (3.58), then from the expression for the basic reproduction number in (3.39),
the second term on the right-hand side of equation (3.58) is less than or equal to one

and

2
a1+ Qo 1— RO
— I:0)1 >0
N*Rq <9+m0 ]Z_:pj ]( )> =Y,
which is untenable, since Ry > 1, I';(#) > 0 and N* > 0. Thus, X is real and negative.

Next, let A = a +ib be an arbitrary complex solution (if it exists) of equation (3.58).

Since complex solutions exists in conjugate pairs, we assume b > 0, so that
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2

ot a (1 —-TRo)(a+my—ib) . 4 Car L .
1 = NRe ( (a1 mo? T 12 — ;pj /0 e “(cos(br) — isin(br))m; (T)d7'>

2 A
+RL0 Z/o p;c;s;v;(T)e” T (cos(br) — isin(br))m;(T)dr. (3.59)

Equating real and imaginary parts of equation (3.59), we obtain

a1 + Qi (]_—R() a+m0 ar
1 = VR, ( @) L P ij / cos(br)e m(r)dT)
1 S (A
+FO ;/0 p;¢;siv;(T) cos(br)e™ ", (T)dr.

If R(\) > 0, and using the expression for the basic reproduction number, we obtain

the inequality

2

ar+ oz [ (1 —Ro)(a+mo) 4 ar
NR, ( GTmo it 2 ij/o cos(br)e”m;(1) | >0,

j=1

which is untenable whenever R(A\) = a > 0 and A is sufficiently small such that
cos(br) > 0, 7 € (0, A). Thus, R(A\) < 0 and hence the endemic equilibrium is locally
asymptotically stable when Ry > 1.

Case 2 (Large A): Now, using the mortality function, m(v;(7)) = mo + pv;(7),

and integration by parts, the term

2 . . . A

E p]/ ¢js;0;( T)e_)\Tﬂ'j(T)dT = E M/ piv;(T)e” (Atmo)7 =[5 1jvj(s)ds g
— M 0
7j=1

D3 PIGRI (1 — e M7y (A) = (A + mo)T5(N)) -
(3.60)
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Thus, if A = 0 in equation (3.60) and Ry > 1, then

2
1<R0:Z

2
Whence, 1 < Z Piti%;

=

PjCiS; (1—
I

J=1

C1S1 C2S52 . .
< max {—, —— ¢ due to the convex combination of %
LA 45

and <. Now, using equation (3.60), equation ( 3.58) becomes

a1+ Qo

14—+ 2

This gives
a1t
1+ gt
o to n -
1 + N*(l)\+’r$l,0) 01;1
+

1
— |1
Ro ( + N*()\ +m0 0181> Z/ p]CJSJU]

Lt ap 1
N*Ry

Rio% Rio i /OA pjc;svi(T)e m;(r)dr
Oé]ifj_Ra()Q A+ mg c181 Z ng] SJ _AAWj(A))
OR[;:QO:JZ p2;2282 C/i; ) — Ot]i[jRa2p2F2(A)

T T

O£1+Oéz

T7Tj(7')d7'

1 a1 + o
R() N*()\ +m0)

H1 Djci8; “AA
1— g 1—e ™ (A
( 151 o ] ( J( )))

o

CaS2 1

- ——) pala(N).

H2 C151

(3.61)

2 A
1 —AT
EZ/ picisvs(T)e N my(r)dr
0= Jo

)\A A))

1 ontao
Ro N*(A+mo) ! j:pjcjsj M 2 :ijyS]
+
1+ .Nfz(lHanzm) o €151 = 151 “—
ai1to2 CaS fi
N*Ro
_ 1] - —— pQFQ )\ = £ )\
L+ Nf(l;sfbo) cﬁl ( H2 0151> ) )
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Now, if 5L = £2%2 " we obtain 1 — 22 XL = () and 1 —
M1 H2 H2 c181 0181

L S22 Ri%% — (). Thus, if

J=1 py
R(A) > 0, then the left-hand side of equation (3.62) gives

a1t
L+ N*(I/\Jrrfzo)

oataz
L+ N*(A+mo) c181

> 1 (3.63)

and the corresponding right-hand side gives

artag

2 A Ty
1 a 1 N*(A+mo) _
|£<)\)| S EOZ/O ijijUj(T)e §R()‘) ( )dT—i—ﬁO a1+a20 o e
7j=1

N* ()\-l—mo) c151

(R(A)+mo)A

Thus, |£(A)| < 1if A is sufficiently large. The case R(\) > 0 gives a contradiction. If
R(A) = 0 (a = 0), we multiply both sides of the characteristic equation (3.61) by

mg + tb. This gives

a1 + as 1 o1+ g M1 —ibr
S +mg+ib = R < N s, +mg + @b) Z/ P;C;s;05(T 7;(T)dT
+ia1 + o 1 1 Z P;jCjS; (1- e—ibAW,(A))
Ry N* Cis1 5T My ’
(mo +ib) (a1 + a2) CaSz M1
_ 1— Iy (A 3.64
N*Ry M2 €151 pal2(2). ( )

Equating imaginary parts of equation (3.64), we obtain

b <Ro _ 25:1 fOA p;c;s;v;(T) cos(br)m; (T)dT)

_ (0‘1;*0‘2 h )Z / picss0;(7) sin(br)m; (7)dr (3.65)

C151
ot p]c]s] bl + az) Cas2
n(bA) - (1- pal'a (A
N* 6181 Z N* M2 C151 P2 2( )

Now, using the expression for the basic reproduction number (3.39), we have
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o~ Z/o p;¢;8;05(7) cos(br)m;(r)dr = Z/O p;¢;8;05(1)(1 = cos(br))m;(1)dr
j=1 —
2 . br
- 22/0 P;C;Si0;(T) sin? (?) m(r)dr
j=1
2 . br
- 2ijcj5j5;'7j(a2)/ sin® <5> dr

j=1 a

= KQ’H'(O[Q) > 0,

where € is the lower bound on v;(7) for 7 € [0, A] and (a1, ag) C [0, A]. Now, choose

B* such that

2 A
B lor(ay) > (T2 Z/ P;i€;8505(T)m; (T)dT
N~ ~ J,

C151

2
. b
+a1+042 [ ij]SJ%(A)%— (041—1—042) (1 G282 >p2F2()\).

J
N* C151 1 Hj N*

Then, for b > B*, equation (3.65) is untenable. For b < B*, the left-hand side of

equation (3.62) gives

Ve ) e e ) B
= >

2 2
(s em) oy (e )

and the right-hand side of equation (3.62), with <+ = ©% and R(A) = 0 gives

ade +mgy +ib

ajtag _p1 :
s me+ 1b

> 1,

2
oty 2o Pimi(A)

LN < 1+
N*Ry |a1te ;
0 |MEE LS 4 mg + zb’
(07 o 2 *
o+ ag oA \/(—lﬁ 2+ mg)” + B*
< 1+ < )
N*'RO alj\J[r*aQ _H1 + mg 2 N
o (—0‘1;32 -t mo> + B
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if A is sufficiently large. The case #(\) = 0 is also a contradiction. Thus, the real parts
of \ are non-positive, and hence, the endemic equilibrium is locally asymptotically

stable if Ry > 1, A is sufficiently large and C}% = % O

3.3 Optimal Control Formulation and Analysis

In order to reduce the proliferation of free virus at the within-host level, we introduce
two control functions u; and ws, representing transmission and virion production

suppressing drugs, respectively. This leads to the following multi-group within-host

model
%? = 7= B5(1 — wi(7))v(1)w; (1) — puy () (3.66)
%% = Bi(1 —ui(n);(r)z;(1) — dyy(7), j=1,2 (3.67)
% = (L = ua())djy(7) = (85 + 57)v;(7) = Bi(1 = ua (7)) () (), (3.68)

We develop Lipschitz properties for the solutions to the state system in terms of
controls. These properties will be used in proving the existence of sensitivities, and

the existence and uniqueness of optimal control pair.

Theorem 3.6. (Lipschitz Property) The map

(w1, u2) = (21, T2, Y1, Yo, V1, V2, S, 41, 02) = (21, T2, Y1, Y2, V1, V2, S, 11, 92) (U1, Us2)

is Lipschitz in the following ways:

2 T 2
(1) Z/Qﬂl‘j — [+ y; — il + v —@j\)dr+/0 |5—5|dt+Z/Q|ij — ij|drdt
j=1 j=1

S(%j/ﬂm—UH+WrﬂMWT
Q

103



(41) 1S = S]] oo (0,1)

2

+ > (25 = &5l + 145 — Fillzoe @ + v = Bl + 115 — Tl (@)
j=1

< éA,T(||U1 — Uy ||pee () + ||u2 — Ua|| (@),

where = (0, A) and Q = Q x (0,T).

Proof. Follows as in Numfor et al.[92, Theorem 3.2]. ]

3.3.1 The Optimality System

In this subsection, we derive a sensitivity system, an adjoint system and a control
characterization. To derive a characterization of an optimal control, we define an
objective functional, .J, for our problem, where our objective is to minimize free
virus, population of infectious individuals and the cost of implementing the control.

Thus, we use the following objective functional

J(ur,u9) = /o /0 (Ayiq (7, t)v1(7) + 11(7, 1) (Aguy (7) + Asua(7)))drdt
—I—/O /0 (Agio(7, t)va(T) + d2(7, 1) (Aguq (T) + Asua(7)))dTdt

A
—|—/0 (Biuy(7)* + Baus(7)?)dr, (3.69)

where Ay, Ay, As, A4, By and By are positive constants that balance the relative
importance for the terms in J. The term fOT fOA(Alz'l(T, t)u1(7) + Agia(7, t)vo(7))drdl
in the objective functional gives the total of infected individuals in the population over
the time period 7" and age-since-infection A to be minimized. The terms i (7, t)u(7)
and i9(7,t)u;(7) represent the number of infected individuals treated with the
transmission suppressing drug respectively, and A, is the cost per individual treated
with this drug. Thus, fOT fOA(AQil(T, uy (1) + Agio(7, t)uy(7))dTdt + fOA Byu3(7)dr
gives the cost of implementing the control with the transmission suppressing drug for

all infected individuals of age-since-infection, A. Here, we assume a nonlinear cost for
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treatment and chose the quadratic cost for illustration. By analogy, we define other
terms in the objective functional.

The optimal control formulation for our problem is: Find (uf,u3) € U such that

J(uy,uy) = min  J(ug,us),
(it u3) = min (s, )

where the set of all admissible controls is

U = {(ur,us) € L0, A) x L=(0, A)|uy : (0, A) — [0, @], us : (0, A) — [0, @]}

The upper bounds on the controls give the efficacy of the transmission and virion
production suppressing drugs while the lower bounds, u; = 0 and us = 0, represent
the case where there is no inhibition of transmission and virion production.

We take the Gateaux derivatives of J with respect to controls (uy,us) € U. Since
the objective functional is defined in term of the states, we start by finding the

derivatives of the control-to-state map. These derivatives are called sensitivities.

Theorem 3.7. (Sensitivities) The map

(w1, u2) = (21, T2, Y1, Yo, V1, V2, S, i1, 02) = (21, T2, Y1, Y2, U1, U2, S, 11, 92) (U1, us2)

15 differentiable in the following sense:

(I)(Ul + Ell, Uy + 8[2) — (I)(Ul, UQ) -

c (¢1a1527@178027%7@;9;001,002)

in (L>=(Q))5x L>=(0,T) x (L>=(0,T; L'(2)))?, as e — 0 with (uy+ely, us+els), (ur, usg)
€ U and ly,ly € L*(RQ), where ® = (x1,x9,y1, Y2, V1,02, S,11,12). Furthermore, for

7 = 1,2, the sensitivity functions satisfy
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di;

= = B —w)v )iy = B0 —w)w + Bl (3.70)
% = B](]- - ul)vjwj — dj‘Pj + /B](]- — Ul)l’jgbj — ﬁjlﬂ}jl’j (371)
% = =651 = w)vjrhy + (1 — ua)djip; — (5 + 55 + Bi(1 — w)w))
—f—lell}jl‘j — ’dejlgyj (372)
d9 1 S(t) 2
o —mgf(t) — N ( NG ) z;cksk/g T, t)v(T)dT
2
_]‘ff—(tt)) ; CLSk /Q[Uk(T)wk(T, t) + i (7, t) (1) ]dT (3.73)
2
+ 582 /Q (@i (hy £) + wa(h, t))dh; s /Q iw(r tyon(r)dr in (0,T)
Ow; Ow;
% + % = —m(vj(7))w;(7,t) — pp;(1)i;(1,t) in Qx(0,T) (3.74)

with wnitial and boundary conditions

wj(()) = O, QOJ(O) = O, ¢](0) = 0, 9(0) = O,Mj(T, O) = O, fOT’ T€N= (0, A)

(3.75)
and
wi(0,1) = ]\fgt) (1 tt ) chsk/zk T )op()dr
—i—pj%gcksk /Q o (r)wr(7, £) + i (, ) (7)) (3.76)
—pj% /Q (wl(h,t)+w2(h7t))dhgcksk /Q i (7, o (r)dr.
Proof. Follows as in Numfor et al. [92, Theorem 3.3]. O

To distinguish functions which are functions of 7 only, ¢ only, and both T" and 7, we

divide the sensitivity equations in Theorem 3.7 into three operators. These operators
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will be used in the characterizing the optimal control pair. Now, the sensitivity

operators, L1, L5 and L3, and the corresponding sensitivity equations are:

_ 1 _ _ Prlivizy |
(C> Balivaxy
c, ZN —Biliviay =0 and L4 wi | 0 e
P2 —Balivaxy wWo 0
¢1 Bilivizy — yidiloy
i P2 i i 3251?12372 — Y2dalays ]
where
_ U _ | % _ _ (0 ]
Vs &= Wy
L, ¥1 _ Zd% M ¥1
P2 % P2
o1 = o1
| 02 | = | &2 |
bivr + 0 0 0 bin 0
0 bava + 0 0 0 boo
Mo —bivy 0 dy 0 by 0
0 —bots 0 do 0 —boxo
Bl(l —up)vy 0 —bs O bs 0
0 Bo(l—w)vy 0 —bg 0 by

by = [i(l—u), 53:51+81+B1(1—U1)331, bs = diy1(1 — ug)

by = Bo(l—w), by=0y+ s+ Po(l—u)ws, bs=dyya(l—us)
do

£29 = E + B(¢j, Q,wj) + C(Cdj) + m09 (378)
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1 S\, w
B(¢;,0,w;) = — <1 - —) 0y cxs /z (1, t) o (T)dT (3.79)
i U, Wj N N ; Kk | W k
2
+% ; Ck Sk /Q(Uk(T)Wk<T7 t)dr + i (1, t)d(7))dr, (3.80)
Clu;) = 152/@1(;1 B + wn(h, 1)) thcksk/ 7 £)ue(7)dr,(3.81)
k=1
‘, w1 _ Gy 4 Q1 n m:(U1)¢1i1+m(Ul)W1 . (3.82)
W9 6(;;2 + &UQ m (U2)¢2i2 + m('UQ)(A)Q

Below, we derive the adjoint system from the sensitivity system. Thus, if A\j,\s, &,
&2, M1, M2, P, 1 and g are adjoint functions, then we find adjoint operators L7, for

7 =1,2,3 such that

U
(2

P1

T w
/(A1,>\2,§1,§2>771,772)£1 dT+/ p£29dt+/(Q1,QQ)£3 Y drat
Q 0 Q

Y2 Wa

b1

03}
A1
A2
&
&2

M

T
d7'+/ 9£§pdt+/(w1,w2)£§ W) drat
0 Q

- /(¢17¢27§0179027¢17¢2)£T
0 a2

2
(3.83)

with adjoint equations (in some appropriate weak sense), where
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A 0
Ao 0
0 Ajvy + Aouy + Asu
E{ &1 _ ,ESPZO,C& q1 _ 101 2U7 3U2
3 0 q2 Ayvg + Asuq + Azus
n Al fOT Z.1(7_a t)dt
| T2 i Ay fOT io(T, t)dt i
(3.84)

The right-hand side of the adjoint operators (3.84) are obtained by differentiating the
integrand of the objective functional (3.69) with respect to each state variable. The

transversality conditions associated with the adjoint variables are:

Ai(4) = 0, §(A) =0, n;(A) =0, p(T)=0 (3.85)
¢(r,T) = 0, for 7€(0,A) (3.86)
qj(A,t) = 0, for te(0,T) and j=1,2. (3.87)

From the sensitivity system in Theorem 3.7 and the relationship between the
sensitivity and adjoint operators given by equation (3.83), we use integration by
parts to throw the derivatives in the differential operators in the sensitivity functions
Vj, @5, @5, 0, and w; onto the adjoint functions A;, &;, n;, p and ¢; to form the adjoint

operators. Now,
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fg()\h A2, &1, 82, M1, 772)51(@/)1, o, 01, 02, O1, ¢2)d7

B o
oz Wy
% ¥1
= /[()‘17)\275176277717772> dT +(>‘17>‘27€17€27n17772)M ]dT
Q ~ P2
dr
s "
dbe 2
_% A\
_% Ao
' 3
= /(¢17¢2,¢1;902,¢1,¢2) ’ d7+/(¢17¢27¢1;¢2,¢1,¢2)MT dr,
: o a 2
dr
—% T
_fz_ﬁ: 1

where we have used the initial conditions (3.75) and transversality conditions in (3.85).

Thus,
fg()\h A2, &1, 82, M1, 772)51(@/)1, o, 01,02, O1, ¢2)d7

A\

/Q <_E + (Bi(1 =)oy + )M — Bi(1 —up)viéy + (1 — Ul)vlnl) Yrdr

dXo

T + (Bo(1 = wr)vg + )Xo — Bo(1 — ur)vabs + Ba(1 — U1)02772> odT

3!

+ dlgl dl’}/l(l — Ug) ) 1d’7' (388)

p + dobo — doya(1 — u2)772) padT
-

d R
dzl + 51 1 - ul)xl/\l 51(1 - U1)$1§1 + (51 + 81+ 51(1 - U1)$1)771 ordr

A
(5
(52
-

+/ ( Cfing + Bo(1 — ug)wadg — Bo(1 — ug)xos + (09 + So + 82(1 - Ul)@)m) PadT.
Q

Next, we consider the equation for the operator Ls:
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k=1
Tp)S(t) ¢
+/0 N (D) ;CkSk/ﬂ( g (T)wi (7, t) + i (7, 1) r (7)) drdt
INAIOEORS . A
/0 N(t)2 ;Cksk/ﬂlk(T,t)Uk(T)dTA (wi(h,t) + wa(h,t))dhdt
Y es 11(T, T €59
- [ e [ S S i

4 /0 (—%—i—mop(t) - % (1 - %) o /Q in(r, t)vk(r)d7> o(t)dt

+/0 i (clslp(i\)f?;)t)vl(t) — pg\tf)g)(j) ;Cksk/ﬂik('f, t)vk(T)dT> wy (h, t)dhdt
T ((casp()S(tva(t)  p(t)S(H) o |
n /0 /0 ( Vo ;cksk /Q zk(T,t)vk(T)dT> ws(h, t)dhdt.

(3.89)

Finally, we consider the sensitivity operator L3, and use integration by parts in two
dimensions to throw the derivatives in the differential operator in the sensitivity
functions w; and wy onto the adjoint functions ¢; and ¢ to form the operator L.
Also, we apply the initial conditions given in equation (3.76), and the final time

conditions (3.86) and (3.87):

w
foT foA(Ch,C]z)ﬁa ( ' ) drdt
)

/ /q1 0 (% " % +m/ (0(1)) @ (T)in (7, 1) + m(vr(7))en(r, t)) drdt
/ /q2 ) (% " % +m (va(7))@a(T)ia(7, £) + m(va(7) (T, t)) drdt
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/ / (_%“’1 (7. %) ——1W1(T t) +m' (v (7 ))aﬁl(f)il(r,t)ql(f,t)) drdt
/ /m v (7))wr (7, ) (7, t)det—/Oqu(O,t)wl(O,t)dt
/ / ( o ——wz(T t) +m'(va(7 ))¢z(¢)i2(r,t)q2(r,t)> drdt
+/0 /Qm va(7)Jwa (7, )4 (7, )Tt - /O 0.0, ), (3.90)

where for j = 1,2, the boundary terms fOT ¢;(0,%)w;(0,t)dt are defined as:

Jo 50, £)w;(0, t)dt

_ /Oij%i(t),t) 1— sztt ) chsk/zk 7, ) () drdt (3.91)
N /O TY%&;S“) (0131 /O (Y (r. ) + casa /0 Avg(f)wg(f,t)> drdt
T /0 T’%@S“) (0131 /0 L (1) + caso /0 Azz(T,t)@(T)) drt

" pigi(0,6)5(t) ¢ 4 !
_ /O W’;cm /0 in(r, Do (7)dr /0 (wn(h, t) + wa(h, £))dht.

Thus, from (3.91), equation (3.90) becomes
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w
foT foA(Q17QQ)£3 ( ' ) drdt
w2

T A ‘
/0 /o (m,(UI(T))iI(T’ t)ar(7,t) _0181]9191(07@5(75])\271(&)7’ :

— c15102¢2(0, 1) SWilr, ))Cbl(T)det

N(t)
S(t)ia(T,t)
/ / ( ZQ(T t)q (7', t) — C2S2P1G1 (0, t)W
— CQSQPQQQ(O, t)%é;’t)) ¢2<T>d7’dt (3 92)
_/0 (plql(O,tivﬂth)h%(O,t) 1- %) 2 ckszf/gik(f, t)Uk(T)dT> o(t)dt
o] (=T = G ()~ cassnan0.0)+ a0, 2T
+(p1¢1(0,t) + p2q2(0,1)) ;2 ;cksk/ ir(h t)vk(h)dh)wl(T, t)drdt
dq2  Ogo S(t)va(7)
+/Q (— 5% o T m(v2(7))g2(7,t) — c282(p1¢1 (0, 1) +p2Q2(07t))W
(p1q1(0 t) +pz(]2 0 t : B Z CkSk/ Zk h t)?)k(h)dh) CL)Q(T, t)det
k=1

Combining equations (3.88), (3.89) and (3.92), and using the relationship between
the sensitivity and adjoint operators, we have the following system of adjoint
equations corresponding to controls (u, us), and states (x1, o, y1, Y2, V1, Vg, S, i1, 12) =

(21, T2, Y1, Y2, V1, V2, S, 11, 02) (U1, uz):
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d)\l
dr
Ao
dr
_ 4
dr
_d&
dr
_dm
dr

_dny
dr

—(B1(1 — up)vy + )M + Bi(1 — up)n€y — Bi(1 —ug)oymyy (3.93)
—(Bo(1 = up)vay 4 )X + Bo(1 — uy)vabs — Bo(1 — uy)vamy  (3.94)
—d1 &y + diy (1 — ug)m (3.95)
—do&s + doya (1 — ug)my (3.96)
—B1(1 = w)a M 4 Br(1 — uy)ziE — (01 + 51+ Bi(1 — ug)ar)m

—c181 / ' SO oyt — (1) / ' i1 (7, ) g1 (7, t)dt (3.97)

N (@)
+0181 /0 (plql(O, t) + p2Q2(0, t))%(g)r’t)dt + Al /0 ’il(T, t)dt

—Bo(1 — uq)zadg + Bo(l — ug)wabo — (62 + 52 + 82(1 — Uy )T2) N2
sy /O %p(lﬁ)dt ! (wa(7) /0 (7, D)o, 1) dt (3.98)

+0282/0 (p1Q1(0>t)+p2Q2(07t))M(g’t)dt+A4/o io(T, t)dt

P (1 _ —) 22:0 /0 L (M) (r 1) (3.99)

7=1

71¢1(0,%) +sz2 (0,1) S A
(1 N chsj i i (T, t)v;(T)dr

J=1

SUl

—m(v1)q1 — c151(p(t) — P (0, 1) — pMAOﬂ)N

2 A
+0t) = P (0.0) = (0 375 Y- sy [ im0l

+A1U1 + A2u1 + AgUQ (3100)
Sv
—m(va)qa — c282(p(t) — p1qa(0,1) — pMAOﬂ)NQ
S < A
+(p(t) — p1ga(0,t) — p2go(0, t))m Z CjSj / ij(7, t)v;(T)dT
=1 0
+A4UQ + A2u1 + AgUg, (3101)
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with final time conditions given in equations (3.85) — (3.87).

The weak solution to our problem is characterized in Theorem 3.8. This solution
is used in characterizing the solution to the adjoint system which satisfies a Lipschitz
property analogous to Theorem 3.6. This property will be used in proving existence

and uniqueness of an optimal control pair.

Theorem 3.8. The weak solution of the adjoint system satisfies

2 A T A
0 =% / (o + 56 + myéiy)dr — / / (Asgr(7)iv (7. £) + Agga(r)ia(r, 1))drdt
j=170 0o Jo

_/0 /0 (Al'Ul (T) + Asuy (7') + A3u2(7-))n1 (7-’ t)det

_/0 /0 (Agvo(T) + Asuy (T) + Asua(7))ne(7, t)drdt,

where for j = 1,2, a;, &;, &; are L>(0, A) functions obtained from test functions z;,

fi and g;, and r and n; satisfy equations (3.99) — (3.101) such that

dz;

d—? + (B5(1 = w)vj + 1)z + B;(1 — wi)xjg; = ay

df

% — Bi(1 —ur)vjz; +d;fy — B;(1 —wa)xjg; = —a

% + 05(1 = w)vyz; = v(1 = ua)d; fi + (85 + s+ B;(1 — wa)wy)z; = &
2

Z,l; + moT(t) + ﬁ (1 - %) T(t> kzz;cksk/gik(7—7 t)vlc(7—>d7_

+mzck8k/[vk(7)nk(ﬂ t) + ik (7, t) 2 (7)ld7
S

N((I)L chSk/Qik(T, t)vk(T)/(nl(h,t) + na(h,t))dhdr =0 in (0,7T)

3nj 87”;1 ’ . - .
5 T T (n)ng(rt) +mi(v(7)z(r)is(r,8) =0 in > (0,T)

with boundary and initial conditions

115



i (T, t) v (T)dT

3
<
—
(=
~
S—
I
2|
==
S—
—
|
==
==
N—
3
—~
~
SN—
e
9}
=
V2]
ol
{o\

—pj N(<§))2 Z CrSk /Q ik (7, t)vg(T) /(nl(h, t) + na(h,t))dhdr,

Q

and

2;(0)=0, f;(00=0, g;(00=0, r(0)=0, nir,0)=0, for 1€
Proof. Follows from the sensitivity equations and adjoint system, with o; = B;l,v;2;,
ONZJ' = ﬁjll’l}jmj and ééj = B]’ll?}jx]’ — ’}/jdjlgyj. O

Theorem 3.9. For (uj,us) € U, the adjoint system (3.93) — (3.101) has a weak
solution (A, A2, &1, Ea, M5 M2, Dy @1, G2) in (L2°(0, A))6x Lo°(0,T) x (L>=(0, T, L*(0, A)))?
such that

hE

(||)‘j - 5‘j||L°°(Q) + 1€ — gj”LOO(Q) + ||n; — 77j||Loo(Q))) + |lp = Dl 0,1

j=1

<
Il

+ Z 2 — Gill~@

2
j=1

< Car(llur =t |[ee@) + luz — el ())-

Proof. Follows like in Theorem 3.6, part (ii). O

We characterize the optimal control pair (uf,u3) by differentiating the control-
to-objective functional map. Since the solutions of first-order partial differential
equations are less regular than the solutions of parabolic PDEs, the method used in
characterizing optimal control of first-order PDEs is different from that of parabolic

PDEs. We use the Ekeland’s Principle [6, 38] to characterize optimal control of
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first-order PDEs. To do this, we embed the objective functional J in the space
LY Q) x L(Q) by defining [13, 45, 44]

J(ul,UQ) if (Ul,UQ) ceu
j(ul, UQ) = (3102)

+o0 if (ug,us) ¢ U.
In order to characterize the optimal control pair, we differentiate the objective
functional, J, with respect to the controls. However, since the objective functional

is a function of the state functions, we must differentiate the state functions with

respect to the controls.

Theorem 3.10. (Characterization) If (u},uy) € U is an optimal control pair min-

zmzzzng (3102)7 and ('ri(axzayT7yS7UI7US7S*7Z‘T7i§) and <)‘17)\2751752777177727p7q17(h>

are the corresponding state and adjoint solutions, respectively, then

ui(r) = H (aimﬂg( A22fj§ HGURRE G t>)dt>, (3.103)

uy(1) = Hz( (1) A3f0 21B7't id t>)dt> a.e. in L'(Q), (3.104)

where

ai(r) = Bioi(n)ai(n)(&(r) = M(r) = Broi (r)ai(r)m(7)
a3(1) = Bavs(r)as(r)(&a(r) = Aa(7)) = Bavs (1) x5 (T)ma(7) (3.105)

a3(1) = ndim (7)Y (7) + vadana(7)y5(7),

and H; is defined as

0, x <0
Hi(r) =S x, 0<x<a, Jj=12
uj, T > uj
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Proof. Since (uj,u3) is an optimal control pair and we seek to minimize our functional,

we have

0 < lim J (i + ely,ul +ely) — T (uf, uj)

e—0t 15

= lim /T/ (Alvi (Zi — 21) + Ay} (Ui — Ul) 1 Zlul)) drdt
e—0t 0 0 £ £ g
o iy — iy vs — w5\ As (iuf — isuf)
+ lim / / (A4v§ ( ) + Ayis ( ) + ) drdt
e—0t 0 0 g £ £

. /T /A <A3 (105 — iju3) | Ay (z’;ua—z';u@) .
0 0

e—07+ £ 3
g [ (BP0 | P ),
e=0t Jo € £

T rA
= / / [(Ayviwy + Ayt + (Agul + Agub)w;|drdt
’ T0 A
+/ / [(A4U;CU2 + A4Z§¢2 + (AQUT + AgU;)WQ]det
0 0

T A A
0 0 0

o o O

A T
= / (U1, Yo, 01, P2, 1, P2) dT+/ 6.0dt
0 0

0
T .,
A, fo it (T, t)dt

Ag [ as(r,t)dt

rorA Aoy + Asut + Asul A
+/ / (wiywo) [ TR det+2/ (Bilyut + Boloul)dr
o Jo Ayvs + Aqut + Azui 0

T (A
+/ / (Aoly (i +13) + Asla(i] + 45))drdt
0o Jo
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A
A2
A * fl Tora " 41
= /(¢17¢2,9017<P2,¢1,¢2)£1 dT+/ / (w1, wo) L5 drdt

0 &2 0 Jo 72
m

2
T T A
0 0 0

A
+2/ (Bllllq + BQlQU;)dT
0

(23
1y
A 01 T (A wy
= (A1, A2, &1, &, M1, m2) L4 dr + (q1,92)Ls drdt
0 ©2 0 0 W
O
®2
T T (A
—1—/ pLo0dt + / / (Aoly (] 4 43) + Asle (i + 45))drdt
0 o Jo
A
—|—2/ (Blllui + BQlQU;)dT
0
Blllvfl’i
Balivixs
A —Bilviz; . .
= (M, A2y &1, &a,m1,12) +2B(luy + lyus))dr
0 —ﬁglﬂ);x;
Blll?ﬁff - 71d1l2?ﬁ

leﬂ/;x; — Yadaloys

T A
+ / / (Agly (i + i5) + Aglo (i + i3))drdt,
0 0

by equations (3.83) and (3.84), and using the sensitivity operators in equation (3.77).
Thus,
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A
0 < [t (BeisiOn - €0 + et + Auviai(he &) + Bavjelm + 2Bua;
0
T
0

A T
+/ Iy (QBQU; — ndiyim — Yedaysms + Ag/ (13(7,t) +i5(T, t))dt) dr.
0 0

Considering cases on the sets {7 € Q|u}(7) = 0}, {7 € Q|uj(7) = 4;} and {7 € Q|0 <
ui(7) < u;}, for j = 1,2, we obtain the desired characterization given in equations

(3.103) and (3.104). 0

3.3.2 Existence of Optimal Control Pair

Existence results are obtained via Ekeland’s Principle. In order to use Ekeland’s
Principle, we prove that our objective functional is lower semi-continuous with
respect to L' convergence. On the other hand, uniqueness of optimal control pair is
established by using the Lipschitz properties of the state and adjoint solutions given
in Theorems 3.6 and 3.9, respectively, as well as the minimizing sequence obtained

from the Ekeland’s Variational Principle.

Theorem 3.11. (Lower semi-continuity)

The functional J : L*(2) x LY(Q)) — (—o0, +0o0] is lower semi-continuous.

Given a lower semi-continuous functional, 7, we have the following Ekeland’s
Principle which guarantees the existence of minimizers of an approximate functional,
T
For & > 0, there exist (u$,u5) € L*(0, A) x L'(0, A) such that

(1) J(ui,uz) < inf  J(ui,ug)+¢
(u1,u2)€U

(6) J(ui,uy) = min  J.(uq, uz),
(u1,u2)€U

where J-(uy,us) = J(uy,uz)+ \/E(||U§ - U1||L1(0,A) + ||ug — U2||L1(0,A))-
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Theorem 3.12. If (uj,u5) is an optimal control pair minimizing the approrimate

functional, J., then

Y

(W (), (1)) = fH(ei(T)ﬂL@%(T)—124;}1(6(7)—\/E/ﬁ(T)’63(7)—A3[(2aéz)—\/§/€§(7))

where

(1) = Bui(r)(r)(E () = X(r) ~ k()i

(1) = Bus(P)rE() ~ X)) - Baf(ras(rs(r)  (3106)
(1) = mdvn(T)yi(7) + 72d2y5(7)15(7)

m = [ e+

and the functions k1, ke € L®(0,A), with |k1(7)] = 1 and |ka(7)| = 1, for all T €
(0, A).

3.3.3 Uniqueness of Optimal Control Pair

Analogous to uniqueness results in Chapter 3, we state and prove the uniqueness

result for multi-group coupled within-host and betwen-host models.

Theorem 3.13. If CQ‘T (B% + B%) 15 sufficiently small, then there exists a unique

optimal control pair (uf,uy) € U minimizing the objective functional J.

Proof. Let H(x,y) = (Hi(z), Ha(y)) and define L : U — U, such that

Y

— A K (1) ndimys — AsK
L(ul,ug):fH(m—i—azzB 2 (7') Y1111 Y1 3 (7-))

1 7 2B,
where a;, j = 1,2 are defined in equation (3.105). Let (x1, %2, y1,Y2, V1, V2, S, i1, i2)
and

(A1, Mg, &1, 80, m1, 12, 0, q1, q2) be state and adjoint solutions corresponding to the

control pair (u, us).
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|| L1, ug) — L(ty, U2)|| 100 (0,4)x L (0,4)

[[H1(ur) — Ha(@)||poeo,a) + [[Ha(uz) — Ha(ta)|| 20,4

< e1 + ey — As K (T) _él—l—ég—AzI_((T)
= 2B, 2B, Lo
— A3K (1)  e3— A3K (1)
2B, 2B, Loo(0.4)
< ! —ller — el zee(0,4) + 55 ! llea — €l e0,4) + =5~ ! les — €3] Lo (0,4)
2B, 2B, 2B,
o5 (5 + ) 1~ Kl

where for j = 1,2

;= = Bilvay(&§ = N) = 0,758 = X)) = B (vyam; — 0;2m;)
= Bi(&§vi(w; — 75) + 2;€(v; — ;) +0;25(&5 — &)
—Bij(Nj0(wj — Z5) + 237 (v — ;) + 0;25(A; — Ay))

—Bi(nvi (x5 — Z5) + wmi(v; — v;) + 0;25(n; — 7))
and
ez — ez = nidim(yr — 1) + ndigi(m — M) + Yvadana(y2 — §2) + vaodaPa (2 — 72)-

| L(uy, ug) — L(t1, )| Lo (0,4)x L (0,4)

< 04(
2B

—(H& — &llzo(0,) + 1€ — &llzee0,a) + [[A1 = Aallzoo(0,) + [|A2 = Aol (0,4))

HSL’1—$1||L0°0A +H$2—$2HL000A +||U1_U1||L°°0A +HU2_U2||L°°0A)>

04 Cs Ce
+lgg T ag; ) Um = mlle=ea) + i = lli=o.a) + 55 ||y1 Uil 1o (0,4)

oo + Z Z 0o + 2 Z oo
232 Yo — y2 (0,4) 2 Bl B 1 1[|L>°(Q) 2 2[|L>(Q))-
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Using the Lipschitz properties of the state and adjoint systems in Theorems 3.6 and

3.9, respectively, we have

o C 1 1 ) _
1L(ur, uz) = Ly, @)l < =55 (2 + 2 ) (llu = @l o) + [lue = 2ll e (0.))
2 B, B
(3.107)
If ég’T (B% + B%) < 1, then the map L admits a unique fixed point (uf,u}), by the

Banach Contraction Theorem. Next, we show that this fixed point is an optimal
control pair, by using the minimizers, (uj,u5), from Ekeland’s Principle. To do this,
We use the States (xi7'r§7yf7y§7‘/187‘/’2875872.?723) and (Aiv>\37£T7£§7n§77]§7p57qi7q§>

corresponding to the minimizer (uj,u5). Thus

.. €5 + €5 — AsK® — \Jer§ e§ — A3K® — \/ekj

L (5, us) —H < S 2B, L, 2B, =) llzee(0,4)2

_ ||7-[ €§+€§—A2K€ e‘g—AgKE
2B, ’ 2B,
Y €5 +e§ — AgK® — \Jer§ e§ — A3K® — \/ekKS i )
2B, ’ 2B, (L=(0.4)

< H@ + ‘ @ = £ (i + i) ) (3.1()8)
= 2B e 1282 ey 2 \Bi ' B

Next, we show that (uj,u5) — (uf,ul) in L>*(0,A) x L>=(0,A). Now,

s u3) = (uf, u5) |z 0.0))2

= |lu] — uillp0,4) + [|u5 — 3| < (0,4)
_ |y al 4+ ay — A K* _F €5 +e5 — AyK® — \/er]
! 2B, ! 2B,

L>(0,A)
* A K* £ _A KE _ £
| () A ()
2B, 2B, Lo°(0.4)
€ € _ AK€ — € et _ AK€ — €
o R e e )
1 2 (L>°(0,A))2
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< IL(ui, uh) = L(ug, u3) |20,

Bt (S5 Vi =)

2B, 2B, L>(0,A)
CA,T 1 1 * € * ° \/E . :
< 5 (81 + BQ) (o3 = illz=.a) + w3 = w3lli= ) + 5~ | 5+ 57 )

from equations (3.107) and (3.108). Also, a} and e} are defined in equations (3.105)
and (3.106), respectively. Thus,

|t — uill oo 0,4) + U5 — U5l Lo (0,4)

<

C’A,T 1 1 " c * €
2 (E + E) (lur = uill oo 0.y + [Jug = 65| L= (0.4))

- L
2 \B, B/’

By

Whence,

|ui — uillLos(0,4) + [us — U5 Lo 0,4y <

for ég’T (B% + B%) sufficiently small. Equivalently,

11, u5) = (i, u5) || e (0.4) L (0.4) <

Thus,
(uf, u3) = (uj,uz) in L(0,A) x L7(0, A).

Lastly, we establish that (uf,u3) is indeed a minimizer of the functional, J.
Now, using Ekeland’s Principle, we have J (uf, u5) < inf(y, u,)eu J (u1,u2) + €. Since

(ug, us) = (uf,us) as e — 0%, it follows that J(uj, u3) < infry, wyew J (w1, us). O
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3.4 Numerical Simulations

Using a numerical procedure as in Chapter 2, and with parameter values for group
one (j = 1) as in Chapter 2, together with similar values for group two (j = 2), we

obtain sample figures for the within-host and between-host dynamics.
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Figure 3.1: Infectious Individuals in the Presence/Absence of Control when A =

2750, 29 = x5 = 600 cells per mm?, ¥ = 39 = 0 cell per mm? v = v§ = 0.005 virions

per mm?, @, = 0 and @y = 0.5.

Figure 3.1 delineates the population of heathy cells, infected cells and free virus
of both groups in the absence of transmission suppressing drug, but in the presence
of the virion production suppressing drug. The acute phase observed in the free virus
and infected cell populations within 10 — 30 days since start-of-infection to 20 — 40
days. At the population level, susceptible individuals experience a steady decrease in
population within the first three years in the absence of control and a decrease within
the first nine years in the presence of the virion production suppressing drug as shown
in Figure 3.3. In the absence of control, a peak in prevalence is observed in both

populations at the between-host level as depicted in Figure 3.2. In the presence of
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the virion production suppressing drug, trajectories for infectious populations indicate

an oscillatory increase and decrease in prevalence.

\ — w/o control
of \ - - -w/ control

Susceptible individuals

15 20 25 30 35 40 45
Time

Figure 3.2: Susceptible Individuals in the Presence/Absence of Control when A =
2750, and Sy = 1 x 10°.
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Figure 3.3: Infectious Individuals in the Presence/Absence of Control with Initial
Age Distribution i;(7,0) = 200sin(3£), i2(7,0) = 100sin(FF).
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Figure 3.4: Infectious Individuals in the Presence/Absence of Control when A =
2750, 29 = x5 = 600 cells per mm?, y{ = 39 = 0 cell per mm?,0{ = v = 0.005 virions
per mm?, @; = 0.4 and iy = 0.5.
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Figure 3.5: Infectious Individuals in the Presence/Absence of Control.

Figures 3.4 — 3.9 represent within-host and between-host populations in the presence
of transmission and virion production suppresing drugs. In Figures 3.7 — 3.9, the

death rate of free virus of groups one and two are 6; = 3 and d, = 1.5, respectively.
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Figure 3.6: Susceptible Individuals in the Presence/Absence of Control.
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Figure 3.7: Infectious Individuals in the Presence/Absence of Control when A =
2750, 29 = xJ = 600 cells per mm?; 3 = 39 = 0 cell per mm? v = v§ = 0.005 virions

per mm?, @, = 0.4, iy = 0.5, ; = 3 and §, = 1.5.
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Figure 3.8: Infectious Individuals in the Presence/Absence of Control when §; = 3
and 0, = 1.5.
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Figure 3.9: Susceptible Individuals in the Presence/Absence of Control when 6; = 3
and 0, = 1.5.
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Figure 3.10: Infectious Individuals in the Presence/Absence of Control when A =
2750, 29 = x5 = 600 cells per mm?, ¥ = 39 = 0 cell per mm? v = v§ = 0.005 virions

per mm?®, @, = 0.4 and @y = 0.5, §; = 3 and d, = 1.5.
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Figure 3.11: Infectious Individuals in the Presence/Absence of Control when d; = 3,

0o = 1.5 and A = 2750 is changed to A = 27500.

Figures 3.10 — 3.12 represent trajectories for within-host and between-host

populations when the clearance rate of free virus of groups one and two are ; = 3 and
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0o = 1.5, respectively, with the recruitment rate of susceptible individuals changed
from A = 2750 to A = 27500. Trajectories suggest an oscillatory increase in
the populations of infectious indivuals in the absence of control and an oscillatory
increase/decrease in the presence of control, but with lower severity in prevalence.
Susceptible individuals in the presence of control experience an initial increase in
population within the first 10 years, followed by a decrease from years 10 — 30 and

an increase afterwards.
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Time

Figure 3.12: Susceptible Individuals in the Presence/Absence of Control when §; =
3, 0o = 1.5 and A = 2750 is changed to A = 27500.

3.5 Conclusions

We formulated a coupled within-host model of ODEs and between-host model of
ODE and PDEs with multiple immunology groups. Existence and uniquesness of
solution, and stability of equilibria have been investigated. Local asymptotic and
global stability results for the disease-free equilibrium are established when Ry <
1. When Ry > 1, local asymptotic stability result for the endemic equilibrium are
obtained only if the maximal age-of-infection, A, is either small enough or sufficiently

large.
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Incorporating the same transmission and virion production suppressing drugs for
both groups of individuals at the within-host level, illustrative numerical simulations
for one set of parameter values are obtained. Simulations suggest an oscillatory
increase/decrease in the number of infectious indiviuals but with lower severity in
prevalence in the presence of control. Also, the susceptible population experiences an
oscillatory increase/decrease in the number of susceptible individuals in the presence
of control, and with a higher amplitude relative to the susceptible population in the
absence of control. At the within-host level, simulations suggest a delay in the acute

phase in virion production and proliferation of infected cells.
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Chapter 4

Optimal Harvesting and Biocontrol

in a Predator-Prey Model

4.1 Introduction

In the United States, cats are the most popular companion animal with more than
80 million living in our homes. The number of feral cats is unknown but estimated to
range from 60 — 80 million [84]. The feral domestic cat is an opportunistic predator,
eating what is most easily available, switching prey according to their relative spatial
and temporal availability [47].

Among the most notorious and harmful introduced predators are feral cats (Felis
catus). Cats have often been introduced on islands in attempts to control rats, which
get to the shore from hitching a ride from sealing or whaling boats or from shipwrecks
[41]. Feral cats are predatory invasive species with negative effect on wildlife and pose
significant threat to tree and ground nesting birds, herpetofauna and small mammals
they prey upon [84]. These introduced predators (cats) often attack native prey
(birds) which have no anti-predation mechanisms, such as seabirds, which have to

return to land to raise their young, after nesting on islands [41].
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On remote oceanic islands, introduced feral cats pose devastating threats on the
native fauna, particularly seabirds. For example, five cats introduced on Marion
island in 1949 resulted in a population of more than 2000 cats some 25 years later,
depleting some 500,000 common diving petrels and severely affecting hole-nesting
petrels [94]. At this same time, five cats introduced on the Kerguelen islands grew
to several tens of thousands and is now estimated to kill more than three million
seabirds every year [94]. Controlling the population of cats in an attempt to conserve
the population of seabirds on the Kerguelen islands is the motivation for our model.
There has been some work on the control of the population of cats on remote islands,
using Feline Immunodeficiency Virus (FIV) [24, 25, 26, 34, 94, 95]; see Robertson
[102] for a review of feral cat control and Nogales et al. [91] for a review of feral cat
eradication on islands.

We will construct appropriate models for predator-prey systems with disease in
the predator population. Also, we will formulate optimal control problems with the
objective of minimizing the predator population and maximizing the prey population
via harvest and FIV infectivity. Thus, our goal is to investigate control strategies
(harvest & disease-related) in a predator-prey model with induced disease in the
predator population.

Our system of differential equations models the situation where FIV has already
been introduced as a potential biological control agent to regulate the cats (predators)
and therefore to conserve the birds (prey). Feline Immunodeficiency Virus is a
retrovirus inducing Acquired Immunodeficiency Syndrome (AIDS) in cats and is
thought to be transmitted by bites during fights for female monopolization or for
territorial defense [95, 94]. Thus, FIV is dominant in the male cat. It is a host-
specific virus with low virulence [65]. In the presence of FIV in the population, we
divide the cat population into susceptible (S) and infectious (I) classes. As a first
model, we concentrate on applying optimal control theory to harvest. Subsequently,
we investigate a control strategy which incorporates time dependent controls and a

scalar control simultaneously. The time dependent controls represent the harvest
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rate and the rate of trapping and infecting susceptible cats in the population, and
the scalar control represents the initial number of infected predators.

For the remainder of the work in this chapter, we present our eco-epidemiological
model in section 4.2, and establish the positivity and boundedness of state solutions.
Also, we determine the basic and demographic reproduction numbers of cats, and
investigate stability analysis of steady states. In section 4.3, we formulate an optimal
control problem for our initial model with the objective of minimizing the predator
population and cost of harvest, and maximizing the prey population. Necessary
conditions, characterization and uniqueness results are established. In section 4.4, we
analyze a predator-prey model which incorporates the initial number of infected cats
as a scalar control, and time-dependent control functions of harvesting, and trapping
and infecting susceptible cats in the population. In section 4.5, we carry out numerical
simulations for our model, using a forward-backward numerical method, and present

our conclusions in section 4.6.

4.2 Eco-epidemiological Model

In order to formulate our eco-epidemiological model, we formulate two submodels;
namely, one describing the predator-prey dynamics of cats and birds, and the other
describing disease spread within the cat population, motivated by the work of Oliveira
and Hilker [95, 94]. Let N(t) denote he density of prey at time t and P(t) denote the
density of predator at time ¢t. We assume that in the absence of the predator, the
prey population grows logistically with intrinsic growth rate » > 0 and environmental
carrying capacity K > 0. In the presence of a virus (Feline Immunodeficiency Virus,
FIV), we divide the predator population into susceptible and infectious individuals,
and assume that susceptible predators become infectious when they come in contact
with infectious predators. Let S(t) and I(t) denote the density of susceptible and
infectious predators, respectively, at time t, so that P(t) = S(t) + I(t) is the total

population of predators at time t. FIV infection leads to life long carriers, and thus,
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there is no recovery or immunity to FIV [25]. Finally, we incorporate culling to obtain

the following eco-epidemiological model:

o= v (1= 50 —avas + 1) (11)
T = OraaVO)s0 + 1) - TEPET o ne)s) (2
% — MP(IS])D){;(M“) — (m+ h(t) + p)I(t), (4.3)
with initial conditions
N(0) = No,  S(0) =S, 1(0) = Io, (4.4)

where m is the natural death rate of predator, h(t) > 0 is the culling rate of predator
at time t, 1 is the trophic conversion efficiency of susceptible predators (conversion
rate of prey biomass into that of the predator), a is the predation rate of predators and
w denotes the additional mortality rate of predator due to infection. The term ®(P)
is the transmission rate from susceptible predator to infectious predator, which could
be density-dependent with ®(P) = [P, if the contact rate between individuals
increases linearly, or frequency-dependent with ®(P) = g4, if the contact rate
between individuals is constant. Since cats have a high reproductive capacity and
are sexually mature by 5 — 6 months of age, so that with high mortality rates, cat
numbers are sustained [93], we incorporate the birth rate of cats, b, in our model. If
cats depend solely on birds, then b = 0, otherwise, b > 0. Table 4.1 gives a description
of the parameters and their units of the eco-epidemiological model.

In a population of cats, if the contact rate increases linearly, transmission rate
is assumed to follow the mass action law. This is suitable for populations in urban
habitats with more 1000 individuals per km? or rural/suburban habitats with 10-100
individuals per km? [65]. On the other, if there is a constant number of contacts with

bites, transmission is assumed to follow the standard incidence (also called
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Table 4.1: Parameters of the eco-epidemioogical model

Parameter | Description Units

r Recruitment rate of birds year—!

a Predation rate of cats on birds cat lyear—!
€1 Trophic conversion efficiency cat bird !
m Natural death rate of cats year ™!

W Disease-induced mortality of cats | year™!

b Birth rate of cats year !

h Culling rate of cats year !

Bad Density dependent transmission cat~lyear—!
Btd Frequency dependent transmission | year—!

K Carrying capacity of birds birds

proportionate mixing). This is suitable for populations in rural/suburban habitats
with cat densities from 100-1000 per km? and smaller than 10 individuals per km? in

non-anthropized areas [65].

4.2.1 Reproduction Numbers, Steady States and Stability
Analysis

In this subsection, we assume h(t) = h and ®(P) = S44P. We change variables to
nondimensionalize system (4.1) — (4.3), and to study the stability analysis of steady

states. We introduce the following nondimensional variables and parameters:

I " GSO
So N N T
5 ﬁddS() 5 b acK

r r r

N
T = — =
K y

1 h

This leads to the following nondimensionalized system:
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- = x(1—2)— ax(y+ 2) (4.5)
% — S(y+2) + Ealy +2) — Byz — (e + )y (4.6)
% = Pyz— (e + 6+ ’y)z. (4'7)

Oliveira and Hilker [94] investigated the equilibrium solutions and stability analysis
of system (4.1) — (4.3) when A(t) = 0 and b = 0. In this subsection, we study the
model when h(t) = h > 0 and b > 0 (due to sustainability of the population of cats
[93]).

Theorem 4.1. System (4.5 ) — (4.7) has five possible equilibria:
(i) the trivial equilibrium point (x3,y;, 27) = (0,0,0),
(i) the cat-free steady state (x3,v3,25) = (1,0,0),

(7ii) the predator-prey coexistence steady state in the disease-free subsystem

. e+0—-96 d+&—e—0
(33372/372):( 7O>7

& g
which is biologically feasible if 6 < e+6 and 6 +& > e+ 0,
(iv) the predator steady state in the prey-free subsystem

(24 21 = (0 e+6+~ (5—6—0)(6—1—9—1—7))
4> J45 ~4) — ) 9

B T Ble+0+v—9)

which is biologically feasible if 6 > e+ 6 and e +60+ v > 0,

(v) the predator-prey coexistence equilibrium (x%,ys, z5), where

. Etytet0-0-VD | et+O+ny

1’5 - 25 , y5_ ﬁ
o BE+0) —(e+0+7)(8+208) +BVD
° 205¢ ;
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with D = (0 +&—(e+60+7))* + %(6—1—9-}-’}/) > 0; xf and 2z} are positive if
(e+6+7) < - %) > 6 and B(E+6) + VD > (e + 0+ 7)(B + 2a€), respectively.

Proof. The steady states (z7,y;,2;) for j = 1,2,...,5 are obtained by solving the

equations ‘Cil—i =0, % = 0 and g—j = 0. For zf > 0, the numerator was simplified to
the above condition. O

Using the next generation method [28, 29, 30, 31, 32, 36], we obtain the following
demographic reproduction number, R p, and basic reproduction number, Ry, of cats
in the presence of culling, evaluated at the cat-free equilibrium and the predator-prey

coexistence steady state in the disease-free subsystem, respectively:

J+¢ Ble+0)(Rp — 1)

= d =
Ro="mg ad Ro= = e o1 7)

(4.8)

The demographic reproduction number gives the expected number of offspring of a
predator individual in its lifetime, with the assumption that the prey population is
at carrying capacity. On the other hand, the basic reproduction number, Rg, only
makes sense if Rp > 1. If Rp > 1, predators are sustained by prey, while the disease
establishes itself in the population if Ry > 1. These reproduction numbers give insight
into the existence and stability of the cat-free steady state and the predator-prey
coexistence equilibrium in the disease-free subsystem. Next, we proceed to examine

the stability of these steady states.

Theorem 4.2. (i) The trivial extinction point (0,0,0) is unstable.

(ii) The cat-free steady state (1,0,0) is stable if Rp < 1 and unstable if Rp > 1.

(i1i) The predator-prey coexistence steady state in the disease-free subsystem (x5, y3, 25)
exists if Rp > 1 and s stable if Rg < 1.

(iv) The predator steady state in the prey-free subsystem (x},y5, z;) exists if Rp > 1,

and is stable if

v(e+0)(Rp—1)

> 1.
€R0(6—|—9+’Y—5)
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Proof. The stability analysis of the nondimensionalized model (4.5)—(4.7) is governed

by the Jacobian matrix

1 -2z —a(y+2) —ax —ax
J(z,y,2) = E(y + 2) S—e—0+&x—pBz Od+&x—pBy |. (49)
0 Bz By —(e+6+7)

(i) At the trivial extinction point (z7,y;, 2f) = (0,0,0), the Jacobian matrix (4.9)

reduces to
1 0 0
J1(0,0,0) =10 §—e—0 )
0 0 —(e+0+7)

Thus, the eigenvalues of J; are Ay =1 >0, \a =d—e—60 and \3 = —(e+6++) <O0.
Hence, the trivial steady state (0,0, 0) is unstable.
(ii) At the cat-free steady state (x3,vs,25) = (1,0,0), the Jacobian matrix (4.9)

reduces to
-1 —o —o
Jo(1,0,0)=1 0 6—e—0+¢ d+¢&
0 0 —(e+0+7)
Thus, the eigenvalues of J, are A\; = —1 < 0, Aa = (e + 0)(Rp — 1) and

A3 = —(e+ 60+ ~) < 0. Hence, the cat-free steady state (1,0,0) is stable if Rp < 1,
and unstable if Rp > 1.
(iii) At the predator-prey coexistence steady state in the disease-free subsystem

(x5, u5,25) = (M, IE—eb O), the Jacobian matrix (4.9) reduces to

1 af
J—e—0 —a(e+0—0) —a(e+0—6)
3 3 3
JS(x;,vy;aZ;): (5-0-5%“8—9 0 6+9_W
0+€&—e—0
0 0 5<+§a—§)—(e+9+’y)

One eigenvalue of J; satisfies
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M:@(Mg@;ge—e) —(e+0+7)=(e+0+7)(Ro—1),

and the other two eigenvalues, \g 3, satisfy the quadratic equation

=0.

)\%’3_<(5—2—9)>\273+(64-(9—5)((554-5—6—9)

This gives

N, - et 1\/((5—6—«9)2_4(e+9—5)(e+8)(RD—1)

- T 2 ¢ ¢ |
N o 0—e=0 1 [({i—c—0 > Ale+0—0)(e+0)(Rp—1)
-t () e

Thus, A2 and A3 are real and negative roots or complex roots with negative real parts.
Hence, the predator-prey coexistence steady state in the disease-free subsystem is
stable if Ry < 1 and unstable if Ry > 1.

(iv) At the predator steady state in the prey-free subsystem

(x5, u5, 20) = (O, e+g+77 wgfgfgfﬁjﬁg”), the Jacobian matrix reduces to
1— a(6+;’+7) _ a(%—(z;?ﬁtgv) 0 0
Ju(ahyi,2p) = | S Coedertiy A S—(e+0+7)

One eigenvalue of J; satisfies

Calet+b+9) ald—e—0)(et+0+7)
B Ble+06+v—9)
e+ 0)(Rp —1)
ERo(e +0+~—9)

A= 1
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and the other two eigenvalues, \g 3, satisfy the quadratic equation

\2 _(6(e+0—5)

2.3 6+9+’y—5>/\273+(5_6_0)<6+6+7):0

This gives

N R +1\/(M)2_4<5_6_9><e+9ﬂ)

Ae+0+~v—206) 2\ \e+0+~—06

o et+0-0) 1 [[d+0-0)\" Y
Ao = 2(e+9+7—5)_2\/(6+0+7—5> 40 B)e+0+7).

Thus, Ay and A3 are real and negative roots or complex roots, with negative real

parts. Hence, the steady state (x}, y;, z}) is stable if % > 1 and unstable if
Y(e4+0)(Rp—1)

Ro(erbi—) < L o

Finally, we examine the stability of the predator-prey coexistence equilibrium, using

the Routh-Hurwitz conditions [1, 79, 89].

Theorem 4.3. If V0 > ¢ 4y — 4046, 26 > (1+£)0, € < 1 and
%(6 +Eé—(e+0+7)+vVD) > 1+ G (e+0+7), then the predator-prey coexistence

equilibrium, (xg, 6+g,+7, zg‘), is stable.

Proof. The Jacobian matrix (4.9) at the point (93;, e“’%, z§> is

x e+0+y _x
Js (x5, 5 ,z5>

1— a(e+ﬁ@+7) — 2t — azl —ax —auy
= | e S-edgmp—p G- (e+0+)+eas |
0 B2 0
5

The eigenvalues of J; satisfy
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(1 — W — 22t — azt — )\) (—A(0—e+Ext—Pzi—N)—BzE(6—(e+0+7)+Ext))

- <—€(6 +59 ) + §z§) A —afriz; (—6(6 +§ 1) + {zg‘) = 0.

This leads to the characteristic equation

/\3 + al)\Q —|— CLQ/\ —f- ag = O, (410)
where
+ 60 +
o = (1 %M—eﬂf—%@—(wﬁ)zg»

ay =

(1- 2 oo ) 0= et g - )

£(e+9—|—”y)
i ( 5

az = Pz —(e+0+7)+E&xk) <1—

tafzta (S(e%f”) 4 gz;) .

fs) (6 — (e 40+ 7) + Eat)

ale+60+7) . *)
—_—  _2rF— a2
6 5 5

The eigenvalues of equation (4.10) have negative real parts, if the following Routh-

Hurwitz conditions hold: a; > 0, az > 0 and ajas > a3. Now,

1—%—‘%;—&%‘
B 1_04(6+«9+7)_§+6+9+V—5—\/E
N B 28
—B0+&) + (e +0+7)(8+2a€) — VD
25
_ o _EtetOty-d- VD e+€+’y—5—£—\/ﬁ
2 2
= 0.
Thus,

143



a, =

Next,

as

_(1_a(e+0+'}/)

5 +5—e+(§—2)x;—(a+ﬂ)zg>,

e—0+(1—¢&at+ pz

B6+E&) —(e+0+7)(8+2a8) + VD

e—0+

20
E+y+e+0—-6—vD
BE+€ B (8 +a&)vD

(e+0+7)—(0+7)+

20 B 20 20

0+9¢
{trte+ g

(5+a£)\/5_£+7—e+9+5

xr

2 5
B+ (B42a)(e+0+7) B+a&)VD E4+y+e+0+5
20l 20t tet T T > T

> 0.
2a¢ 2 T

—Brizi(0 —e— 0 — v+ &xk) + afrizi <w + fzg)

B
all(e —;@—i—v) —|—Oz§z§>

§+v+e+9—5—¢5>
2

frizi (e+9+’y—5—§x§+

Baiz: <e+9—5+’y—

ﬂhy;(ﬁ@tf+vf+5®+€%%6+92?Mﬂﬁm8+6¢5>

§—f—e—0+VD b+E—e—0— D
@Q%(e+9—5+7+ §—c—0+VD d+E-c 7+v’>

2 2
BV DzizE > 0.

Simplifying the expressions in ay, we obtain

144



ag = —x5(0 —e+&xy — Bz;)
+ax; <W —i—{z;) — B22(0 — (e+ 0+ ) + &)
= xE(e—é—{xE—l—ﬁz;—i—M

3 +a§z§>+ﬂz§(e+8—5+’y—§x§)

_ xz<e—6—“”6+29_5_@+525+W>
+5(5+g)—(e+9+v)(5+2af)+5\/5x;+5(e+9—6+7)2§—559512”;

2
= (=0 =7+ VD)t +Be+0—5+7)2 + 81— &)xizt.

Therefore,

a1a9 — a3

= (e—0+ (=83 +82) (=0 =7+ VD)ay + Ble+0 = 5 +7)2 + (1 - €)z}7)
~3V Dz

= (e=0+ (1 =83+ 55)(VD — 6 —y)z; — BV Dz
e =6+ (1= &3+ B2)(Ble + 0 — 6 +7)2 + B(1 — E)a323)

— VDai(e—0+ (1 —¢&)xt)

He—0+ (1 =8z + fz)(Ble+0—0+7)z5 + f(1 — §agzs — (0 +7)x5),

with

VDxi(e =6+ (1 —&)x3)

_ JDut (6_5+§+7+e+0—5—\/ﬁ_§+7+e+9—5—@)
B ° 26 2
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~ VDu! (5—1—7—1—64—22—6—\/5+e—§—7—29—5+\/ﬁ>

— \/Zx?’ (5—}—7—}—6—}—0—5—\/5—5(5+7+6+9+5_\/5)+26§>
_ \/255“”5 ((1_5)(5—1—7—1—6—1—9—\/5)4-265—(1—1—5)5) >0,

and

Ble+0—0+7)z+ (1 = &azzs — (0 + 7)3

> ay(e+0+7)z + B(1—&azzg — (0 +7)3

= aeyz + (04 7)(avz — x5) + B(1 = sz,

where

Yz — x}

_ ,y<5(5+§)—(6‘1‘9‘1"7)(54—2@5)4—5\/5_£+’y+e+9—5—\/ﬁ>

26¢ 2¢
= ;—5<5+§—(6+9+7)+\/5>+%(5+§—(6+9+7)+\/ﬁ)
—1—%(e+0+’y)
_ (722” (6+€=(e+8+9)+VD) ~1-Teto49) >0

Thus, Routh Hurwitz conditions hold, and hence, the predator-prey coexistence

equilibrium is stable. O

In a situation requiring control of the cat population, we formulate an optimal
control problem and investigate harvesting and disease-related control strategies. We

are finished with the nondimensionalized system and return to system (4.1) — (4.3).
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4.2.2 Positivity and Boundedness of State Solutions

In order to prove the existence of an optimal control problem in section 4.3, we require
the state functions of the eco-epidemiological model to be bounded. First, we show
that, if Ny > 0, Sy > 0 and Iy > 0, then the state functions are positive and bounded
for all t € [0, #4].

Theorem 4.4. Given the state equations for N, S and I defined in equations (4.1) —
(4.3), there exist constants Cy, Cy, C5 > 0 such that 0 < N(t) < Cy, 0 < S(t) < Cy
and 0 < I(t) < Cs, for all t € [0,14].

Proof. We start by establishing positivity of state functions for all ¢ > 0. Now, from

equation (4.1), we have

i (1-T2) —arwive

so that

N(t) = Noeap {/Ot(r (1 . %) . ap@)dg} > 0.

Next, from the equation (4.2), we have

dl(t) O(P(t)S(t)I(t)
) = SR s ne)+ i)
_ (“f&g“”—0n+mw+u>1m,

Finally, we consider the equation (4.3):

é%ﬁ = (b+eaN(B)(S() +1(1) -

O(P(1)S()I(t)
P(t)

— (m + h(t))) S(t)+ (b+e1aN(t))I(t).

— (m +h(t)5(t)



Using the method of integrating factors, we obtain
e ey PO
50) = Soeap{ [ (b+zi0ne - M hie)) e |
b 1aN(8))I(s)ex b 1aN d¢ » ds
+ [+ cuannien{ [ o+ o)

+ /Ot<b + 210N (s))I(s)exp {— /St (% +m+ h(g)) dg} ds > 0.

Thus, for positive initial data, state functions of the eco-epidemiological model are
positive for all t > 0.

Lastly, we show that the state functions are bounded in finite time. Now,

P~ v (1- 52 - avos + 1)
< rN(t>( —%5)) 1

since N(t) > 0 and P(t) = S(t) + I(t) > 0 for all ¢ > 0. The differential inequality

(4.11) satisfies
KNy

N(t) < )
()_ NO—F(K—No)eiTt

Thus, lim; . sup N(t) < K. It follows that N is bounded. Next, since N(t) > 0,

P(t) > 0 and h(t) > 0, with positive parameters m, €, a and b, we have

%Et) — (b4 exaN(1)P(t) — (m + h(1))P(t) — pI(t)
< (b+eaN(t))P(t)

< (b+C’151a)P(t).

Thus, by Gronwall’s inequality in differential form,

P(t) < Pyttt < p o(b+Cieia)n

Y

for all ¢ € (0,1]. Therefore, P is bounded for any finite time ¢ € [0, ;]. Since P is
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bounded and S and I are finite, it follows that S and I are bounded. Hence, the

state functions of the eco-epidemiological model are bounded. O

4.3 Optimal Control Formulation and Analysis for
Harvesting Only

We first concentrate on finding an optimal harvesting strategy to minimize the
predator population and maximize the prey population, while minimizing the cost

involved in our control. Thus, we consider the following objective functional
t1
J(h) = / (AL(S(t) + I(t)) — AN (t) + ch(t)(S(t) + I(t)) + eh?(t))dt, (4.12)
0

where Ay, Ay , ¢ and ¢ are positive constants that balance the relative importance
of terms in J. The terms [j'(A;(S(t) + I(t))dt and [,* A;N(t)dt in the objective
functional give the respective numbers of cats and birds over the time period ¢; being
modeled. Also, the term h(S + I) represents the total number of cats harvested,
where h represents the rate of harvesting cats from the population, and c is the cost
per cat harvested. Thus, Otl(ch(t)(S(t) +1(t)) +eh?(t))dt gives the cost of harvesting
cats from the population. Due to difficulty in harvesting at high levels, the cost of

harvesting is nonlinear. For the sake of simplicity, we chose a quadratic cost.

In order to formulate our optimal control problem, we define the set of all

admissible controls. Now, let
U={h:]0,t;] = [0, hmax||l is Lebesgue measurable}

be the set of all admissible controls, then the optimal control formulation is:
Find h* € U such that

J() = inf J(h)
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subject to the state system (4.1)—(4.3).

4.3.1 Existence of Harvesting Optimal Control

As the first step in analyzing the optimal control problem, we prove the existence
of such optimal control. Using the Pontryagin’s Maximum Principle [99], we derive
necessary conditions that an optimal control, h* € [0, hyax] and its corresponding

states (IN*, S*, I*) must satisfy.

Theorem 4.5. There exists an optimal control h* € U which minimizes the objective

functional, J, subject to the state system (4.1)—(4.3).

Proof. By the boundedness of states and control, the infimum is finite, and thus there
exists a minimizing sequence {h,},>1, and let N,, S, and I, be state trajectories
corresponding to h,. That is,
Jy )= ot S

In section 4.2.2, we showed that for all ¢ € [0,¢], the state variables N, S and I are
bounded. Therefore, there exist constants C7, Cy and C5 such that |N,(t)] < Cf,
1S (t)] < Cy and |1,,(t)| < Cs, for all n and all ¢t € [0,%;]. Since N, S, and I,, are
bounded for all n over the interval [0, ¢1] and from the structure of system (4.1)—(4.3),
it follows that their derivatives N, S/ and I are also bounded for all n and all
t € [0,t1]. Thus, there exist constants Cy, C5 and Cg such that |N/(¢)] < Cy,
|S/(t)] < Cs and |I/(t)] < Cg, for all n and all ¢ € [0,¢;]. It follows that N,,
S, and I,, are Lipschitz continuous, since differentiable functions with bounded first

derivatives are Lipschitz continuous. Thus, there exist Lipschitz constants K;, Ky

and K3 such that
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for all £, € [0,t,]. Let K = max{K,, Ky, K3}, then N,, S, and I, are Lipschitz
continuous with the same Lipschitz constant K. Thus, the sequence {N,, Sy, [, } is
equicontinuous. Therefore, by Arzela-Ascoli theorem, there exists (N*,S*, I*) such

that on a subsequence,
(Ny, S, L) — (N*,8*, ") uniformly on [0,;].

Also, the control sequence, h,,, is bounded for any n and t. Precisely, |h,(t)| < hmax
for any n and t by definition of Y. Thus, h,(.) is uniformly bounded in L*([0,,]),
and hence uniformly bounded in L?([0,,]). Since every bounded sequence in L* has
a weakly convergent subsequence, there exists a subsequence h,, and control h* € U
such that

hn, — h*  weakly in  L*([0,#]).

Using the lower-semicontinuity of L? norms with respect to weak convergence, we

have

N —>00

t1 t1
/ (R*)?dt < lim inf/ h2 dt.
0 0

Therefore,

J(h") = /0 CALS* () + T () — AN*(t) + ch* (£)(S* () + I () + e(h*(1)) D)t

IN

n—o0

lim inf / tl(Al(Sn(t) + (1)) = ApNp(t) + chn(8)(Sn(t) + (1)) + (hn(t))?)dt
= lim J(h,)

= e

Using the convergence of the sequences (N,,)n>1, (Sn)n>1 and (1,,),>1 and passing to
the limit in the ODE system, we have that N*, S* and I* are the states corresponding
to the control h*. Note that the uniform convergence of states and the weak

convergence of the controls are needed in terms like h,,.S,,. Thus, we conclude that
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J(h") = min J(h),

meaning, h* is an optimal control. O

4.3.2 Characterization of Optimal Control

In this subsection, we construct the Hamiltonian, H := H (¢, N(t), S(t), I(t), h(t)), for
our problem using the integrand of the objective functional (4.12), adjoint functions,
and the right-hand side of our state equations, and use Pontryagin’s Maximum

Principle to derive necessary conditions. Thus, the Hamiltonian is

H = A(S(t)+I(t)) — AaN(t) + ch(t)(S(t) + 1(t)) + eh(t)?

)
PN () <1 - %) — aN(#)(S() + (1))

)
Fag(t) ((b +eaN@O) (S + 1(t)) — 2 (”)S)W . h(t))S(t))

(
wautt) (FEDEI ot + i)

where Ay, Ag and A; are adjoint functions associated with the states N, S and I,

respectively.
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Theorem 4.6. For density-dependent transmission, and given an optimal control h*, with

corresponding states N*, S* and I*, there exist adjoint functions Ay, As and A; satisfying

27-]\[/;@) +a(S(t) + I (1) An (t) — era(S™(1) + I (1) As (1)

+ Ay (4.13)

Ny(@t) = (—r+

L) = aN*(H)Ax(t) — ch*(t) — A,

—(b+ e1aN*(t) — Baal*(t) — (m + h* (1)) As(t) — Baal "(OAr(t)  (4.14)

Ni(t) = aN*(HAx(t) — ch*(t) — A, (4.15)
—(b+e1aN*(t) — BaaS™ (1)) As(t) — (BaaS™ (1) — (m + h*(t) + p)) Ar(t)
Av(t) = As(t) = Ar(ty) = 0. (4.16)

Furthermore, the optimal control is characterized by

h*(t) — min {hmaX7 max {07 S*(t))‘S(t) + ]*(t))‘l(t) — C(S*(t) + ]*(t)) }} ] (417>

2e

Proof. For density-dependent transmission, ®(P) = [44P, where (44 is the trans-
mission rate. We find the derivatives of the adjoint functions by differentiating the

Hamiltonian with respect to different state variables. That is,

0H , 0H , OH
N’ As(t) = =25 and Nj(t) = ———

Av(t) = - 95 o1

The optimality equation for the problem is

OH

S = eSO +1(1) +22h(t) = SOAs(t) = LA, (4.18)

e On the set {t|h*(t) = 0}, 2L >0, so that

c(S* () + I°(1)) — S*(H)As(t) — I (H)Ai(£) > 0.

Dividing both sides of the last inequality by —2e(e > 0), we have
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S*(O)As(t) + I (OA(t) — e(S* () + I (1))
2¢e

<0.

Thus, on this set, the following characterization holds:

h*(t) = max (07 S*(t)As(t) + I*(t)AIQ(gt) —c(57() + f*@))) ‘ (4.19)
e On the set {t|h*(t) = hmax}, 2L <0, so that
c(S™(t) + I*(t)) + 2ehmar — S* () As(t) — I* ()N (t) < 0.
Thus,
S*(H)As(t) +f*(t)A12(§) — AW+ M) e
Thus, on this set, the following characterization holds:
h*(t) = min (hmax, S*(t)As(t) + I*(t)A;(;) —c(57(1) + [*(t))) ' (4.20)

e On the set {¢|0 < h*(t) < hmax}, % = 0. This yields

c(S*(t)+ I*(t)) — S*(t)As(t) — I*(t)\;(t) = 0. Solving for the control function h*, we

have
i) = SOOI ONO — oS + 1) o

Hence, we obtain the optimal control characterization given in equation (4.17), by

combining equations (4.19) and (4.20). O

Theorem 4.7. For frequency-dependent transmission, and given an optimal control
h*, with corresponding states N*, S* and I*, there exist adjoint functions Ay, A\s and

A1 satisfying the equations
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Nelt) = (-1 +

+a(ST(t) + (D)) An () = e1al(S™(1) + 17 (1) As(t)

K
+A4 (4.22)
No(t) = aN*(t)An(t) — <b +e1aN*(t) — (m + h*(t)) — Bya (W%) ) As(t)
—Brd (ﬁ%) Ar(t) —ch™(t) — Ay (4.23)

t)+ I~

M) = aN*(HAN() - <b+elaN*<t>—ﬁfd (504 7) ))\S(t)

_ _ SN bt (t) —
(ﬁfd(s*( ) (+h(t)+u)> Ml = ch* () = Ay (424)

t)+ I~

Aw(t) = As(t) = Ar(tr) = 0. (4.25)

Furthermore, the optimal control is characterized by

h*(t) — min {hmaX7 max {07 S*(t))‘S(t) + ]*(t))‘l(t) B C(S*(t) + ]*(t)) }} ) (426)

2e
Proof. Follows as in Theorem 4.6. O

Remark: The adjoint systems in Theorems 4.6 and 4.7 are linear in Ay, Ag and A;.
Since we have a linear system in finite time with bounded coefficients, it follows that

AN, As and A are uniformly bounded.

4.3.3 Optimality System with Density-dependent Transmis-
sion

The optimality system consists of the state equations, initial conditions, adjoint
equations, transversality conditions and optimal control characterization. For density-

dependent transmission, the optimality system is:
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o= o (1= 50— + 1) (4.27)

% = (b4 e1aN@)(St) + I(t)) — BaaSH)I(t) — (m + h(t))S(t) (4.28)
= BuSWI) ~ (m+ k) + W) (4.29)
Ny(t) = (—7’ + ﬂ[((t) +a(S(t) + I(t))) Av(t) — e1a(S(E) + I()As(t) + Ay (4.30)
Nslt) = aN(OA(t) — (b+e1al (E) — Baal (£) = m — h(E)As(E) = Bual (A1)
—ch(t) — A (4.31
Ni(t) = aN®An(t) — (b+e1aN(t) — BaaSE)As(t) — (BaaS () — m — h(t) — )i (¢
—ch(t) — 4 (4.32
A (hm . (O’ SUNE) + T~ elS() + I<t>>>) s

with initial conditions (4.4) and final time conditions (4.16), where we have dropped

the asterisks for notational simplicity.

4.3.4 Uniqueness of Optimality System

Using the boundedness of state and adjoint functions, we show that the solution of
the optimality system is unique. The uniqueness of optimality system guarantees
the uniqueness of the optimal control. In establishing the uniqueness property, we
shall use the Lipschitz property of the function h, where h(s) = min{/, max{c, s}},
for fixed constants o, 5 € R, with 3 > a. Now, we state and prove an important

property on the uniqueness of optimality system.

Theorem 4.8. For t; sufficiently small, the optimality system (4.27) — (4.33) is

UNIQUE.

Proof. Assume (N, S, I, An,As, A7) and (N, S, I, An, Ag, A;) are solutions of the
optimality system (4.27) — (4.33), and set
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N@t)=ez(t)  In(t) =e u(t)  An(t) = e a(t)
t) As(t) = e Stu(t) As(t) = e So(t)

I(t) = €52 (t) (1) = e Sw(t) A(t) = e *w(t)

with the following characterization of the optimal control:

W) = min (hmmmax (07 S(OAs() + T(E)A(t) — e(S(t) + I(t))))

2¢e

2e

R(t) = min (hmmmm (07 SEAs(t) + I(#)Ar(t) — e(S(t) + I(t)))) .

Substituting the assumed form of solutions and optimal control characterization into

the optimality system (4.27) — (4.33), we have

and

el
refta(l — ?) —ae®'z(y + 2)

(4.34)
be*'(y + 2) + erae® x(y + 2) — Baae®™'yz — (m + h)etly (4.35)
Baae®'yz — (m + h + p)et'z (4.36)
(—re " + 27% +a(y+ 2))u —eraly + 2)v + Ay (4.37)
azu — (e1ax — Bagz + (b —m — h)e v — Bgqwz
—ch — A, (4.38)
azu — (be ' + e1ax — Bagy)v — (Bagy — (m + h + p)e Hw

—ch — A;. (4.39)
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St

T +€2) = refz(l — 7) — ae®'z(y + 2) (4.40)
ST 4 €7) = be (G + 2) + €1ae® ' T( + 2) — Page®™'yz — (m + h)eSy (4.41)
(2 +E2) = Baae™ gz — (m+h+ p)et'z (4.42)
e (u —&u) = (—re S+ 27% +a(g+ 2)a— e1a(y + 2)0 + Ay (4.43)

eV — &) = art— (€10 — BgaZ + (b —m — h)e ) — Bz
—ch — A, (4.44)

e —&w) = azi— (be™* +e1aZ — Baa)v — (Baay — (m +h + p)e”*)w

—ch — A (4.45)
The initial and final time conditions stay the same:
l‘(O) = No, y(O) = S(), Z(O) = [0, U(t1) = O, U(tl) = O, w(tl) =0. (446)

Multiplying equations (4.34) — (4.36) and (4.40) — (4.42) by e*! and subtracting

corresponding equations, we have

? -7 +Eé(r—7) = r(r—1)— %&( 2 7%) —aet(zy — 7Y + 22 — TZ) (4.47)

V=7 +E&y -9 = aart(ey - 35 +az—32) - Bue (yz - §z) — mly — §)
+b(y — g+ 2 — 2) — (hy — hy) (4.48)

d =74z —2) = Bauet(yz —y2) — (m+pu)(z — 2) — (hz — h2) (4.49)

Similarly, we multiply equations (4.37) — (4.39) and (4.43) — (4.45) by —e and

subtract corresponding equations to have
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W —=u —-&u—1u)] = —%e (xu — Zu) (4.50)

—aegt(uy —ay +uz —uz) + 61ae§t(vy — 0y + vz — UZ)

— =0 —€(w—0)] = —act(ux —ux) + e1ae (vr — VT) — Bage (vz — VZ)

—m(v —0) + b(v — 0) — (hv — ht) + Bage® (wz — w2)
+ce'(h — h) (4.51)

—w =@ —E(w—w)] = —aet(ux —ux) + e1ae (vr — VT) — Bage’ (vy — UY)

+ce¥'(h —h) +b(v — 0) — (m + p)(w — w) — (hw — hw)

+5dde§t(wy — wy). (4.52)

Multiply equations (4.47), (4.48) and (4.49) by x — Z, y — y and z — Z, respectively

and integrate from ¢ = 0 to t = ¢;. Notice that x, z; y, y and 2, Z agree at t = 0.

Thus,

Ba(t) = 2(0))* + € fy' (x — 2)dt

IN

IN

Next,

t1
r/ (x — z)%dt
0

t1 t1
et(2® — 2% (x — 2)dt — a ay — 2y + vz — 22)(x — T)dt

0

r/Ol(x—;f;)th—a/0le€t<y(x—:z;)2+:z(x—:z)(y—g))dz

Cete 4 7) (2 — 7)? — a/o (e — 7)? + B — ) (= — 2))dt

T/O (o2 + G+ Ca) R Cua RCEE R
+C3CL/O 1(a: — )%t + % i 1((:c —Z)? + (2 — 2))dt
07/0 1((x — 2+ (y—9)°+ (2 — 2)%)dt. (4.53)
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<

(y(t) = §(t2)* + € [y (v — 9)*dt

N =

t1

aer [ oy =75+ oz = 72— 9t~ [0z~ 52) 0 - )

o Mgt [0+ - 90— [ = ho - pa
aer [ ute =2y =) + 30— 9 + e = )y - 9) + 30— o - )i
bt [ ety =)+ 3t~ =it = [ (olh— By~ ) + Ry — 5
+b/0t1<y - @>2dt+b/0t1(y — )z — 2)dt - m/;(y — g)*dt

Cs /Otl((x B (=) (- D+ /Otl(h — By, (4.54)

since for two real numbers a and b, 2ab < a? + b*. Using the fact that for a,b € R

with b > a, min(b, max(a, s)) is Lipschitz continuous in s, and (a + b)? < 2(a? + b?),

we obtain

&[4 (h — h)%dt

< % Otl(SAS—SXS+I>\I—IXI—c(S—S+I—I))2dt

_ G 2

= (vy—vy—l—wz—wz—ce Hy—g+2—2))°dt

< 4% Ot (vy — vy + wz — w2)* + 2™ (y — § + 2 — 2)*)dt

< 23 ((vy =50 + (w2 = 02)* + e ((y = ) + (= = )t

= 282 (0= Dy oy — )2 + (0 — w) + 0l — )
OQC / X ((y — §)* + (= — 2)%)dt

< C (00 =0+ P9 + (Pl -0+ e = 2P
CZC /0 ! ((y — ) + (= — 2)%)dt
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03 C 02 28t 1 2
< &[0 )dt+2—/< >dt+020/ (w — )2t
g 0 E 0 0
C 02 26t 1 O et 1
+2—/ (2 — 2)%dt + 20 / ((y—9)* + (= — 2)°)dt
g2 0 2¢e? 0
t1
< (O + Crie®h) / (v =10)* + (w—w)* + (y — §)* + (2 — 2)*)dt.
0

Thus,
02 t1 B 11
< | (- h)*dt < (Cho + Cr1e*") / (0 =0+ (w—w)*+ (y—§)*+ (2 — 2)*)dt.
0 0
(4.55)
Combining equations (4.54) and (4.55), we have
1 f
Se) ~ 50 +6 [ (- grar (1.56)
0

< (Cha + Cype™h) /0 1((” — 0+ (w—w)* 4+ (z —2)* + (y — §)* + (2 — 2)*)dt.

Finally,
1(z(t) — z2(t1)) +§f z — z)3dt

— Bua /Otl ¢ (yz — 3)(2 — 2)dt — (m + 1) /Otl(z 2t — /Otl(hz ~RE)(z — B)dt

— / ey — )z — 2) + 5z — 2t — (m+ ) / (= — 2t

- /0 ((h = R) (= — 2) + h(z — )%t
Cs

c/ (=97 + (= 2P+ 5 0 " byt

IN

IN

Chs / (=9 + (= — 2%)dt

(o + Oy / (0= 00+ (w—0) + (y— 5% + (= — 22,

where Cm C%Cw and C; = C?’C“ . Thus,
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S(z(h) = 2(0)? + € [y (z — 2)%dt

< (Cy + Cyre®h) /0 1((v —0)? 4+ (w—w)*+ (y — §)* + (2 — 2)?)dL. (4.57)

Similarly, we multiply equations (4.50), (4.51) and (4.52) by u — @, v — v and w — w
respectively and integrate from ¢ = 0 to t = ¢, noting that u, u; v, v and w, w agree

at t = t;. This gives

2 (u(0) — +§f (u —u)?dt

-9 1
7’/’ et (ux — uz)(u — a)dt — a/ e (uy — ug + uz — uz)(u — u)dt
0 0

t1
+51a/ et (vy — vy + vz — 02)(u — u)dt
0
—2r

= %/ e (x(u —u)? + a(u — u)(z — 7))dt + +e1a

t1

i e z(u —u)(v —0))dt

“‘/0 e y(u— @) + alu— By — §) + 2 — @) + alu — @)(z — 2))dt

IN

(C5 + Crge®') /O 1((u —u)? 4+ (=02 +(x -2+ (y —9)°+ (2 — 2)H)dt.
(4.58)

Similarly, we have the following:

L(w(0) — 9(0))2 + € [ (v — )%dt

< (Cur+ Crae®) / (=04 (0 0+ (w— ) + (2 — 1)+ (y—§)*+ (2 — 2))d.

(4.59)

and

$(w(0) — +§f w)2dt

< (Cro+ Coge™) / (=04 (00 + (w— ) + (2 — 1)+ (y—§)*+ (s — 2))d.
(4.60)
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Combining equations (4.53), (4.56), (4.57), (4.58), (4.59) and (4.60), and setting

and

for all ¢ € [0, ¢1], we have

LE0) + G(t) + € [y (F(t) + G(t))dt

IN

;s /0 " () + GOt + (Cra + ) /0 " (R ) + Gt

(Cua + G /0 " (F(t) + G0)dE + (Crs + Croe™™) /0 ") + Gt
(Crr + Cr®) /0 " (F(t) + GO)E + (Cro + Cone™™) /0 () + Gt
< (C+ Ce¥h) /Otl (F(t) + G(t))dt,

where é = 07 + 012 + 014 + 015 + 017 + Clg and é = 011 + éu + 016 + 018 + 020.

Therefore,
1 " S v 36t "
§(F(O) +G(t)) +§/O (F(t)+G(t)dt < (C + Ce* 1)/0 (F(t) + G(t))dt.
Since $(F(0) 4+ G(t1)) > 0, it follows that
(€ —C — Ce*h) / tl(F(t) + G(t))dt <0. (4.61)

Now, we choose & such that ¢ > C'+C'. If we choose t; such that t; < %ln(%), with
% > 1, then £ — C' — Ce®" > (0. Thus, equation (4.61) holds, if and only if, z(t) =
z(t), y(t) = gy(t), 2(t) = 2(1), u(t) = u(t), v(t) = v(t) and w(t) =

w(t). In terms of
the original variables, we have N(t) = N(t), S(t) = S(t), I(t) = I(t), Ax(t) = An(2),
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As(t) = Ag(t) and A;(t) = A;(t). Hence, we have established uniquenesness of the

optimality system for small time, ;. O
Similarly, we obtain:

Theorem 4.9. Forty sufficiently small, the optimality system comprising of the state
system (4.1) — (4.4) ( with frequency-dependent transmission rate, ®(P) = Byq),

adjoint system and optimal control characterization given in Theorem 4.7 is unique.

4.4 Optimal Harvest, Infectivity and Parameter
Optimization

We incorporate FIV infectivity in the model by trapping and infecting a fraction of
susceptible predators in the population. Thus, the control function, u, is the effort in
trapping and infecting susceptible predators in the population, and the model below

incorporates this control strategy:

o= v (1-52) - avorso + 1) (462
B = (b 2N D)) + 1)
_q)(P(t;D)(i)(t)l(t) — (m+ h(£)S(t) — u(t)S(?) (4.63)
% ) @(P(tI)D)g)(t)I(t) _ (e B(®) 4 I + w5, (4.64)
with initial conditions
N(0) = Ny, S(0) = So,  1(0) = Io, (4.65)

The term wuS represents the fraction of susceptible cats that are infected and
reintroduced into the population. The scalar, [y, is also taken as a control, meaning

that the initial infected predator population is to be chosen. Therefore, we minimize
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the objective functional

J(Io,h,u) = A3l + /tl (A (S(t) + I(t)) — AyN(t) + ch(t)(S(t) + I(t)) + eh(t)?)dt

+ / " (Bu()S (1) + Bou(t))it, (4.66)

over time dependent controls h(t) and wu(t), and scalar control I(0) = Iy. The
coefficient B; converts the total number of susceptible cats trapped and infected
with FIV to the cost of infecting susceptible cats, so that BjuS + Byu? represents
the total cost of trapping and infecting susceptible cats in the population. The term
A3I? represents a cost to have initial infected predator population, ;. The cost
of harvesting cats and infecting susceptible cats is nonlinear, due to difficulty in
harvesting and infecting cats at high levels. The optimal control formulation for our
problem involving harvesting, FIV infectivity and parameter optimization is: Find
(I3, h*,u*) € U such that
Io \ hu

J(I5, h*,u*) = min (min J(Io, h, u)) (4.67)

subject to the state system defined in equations (4.62) — (4.65), where the objective

functional is given by equation (4.66), and the set of all admissible controls is
d - {(107 h’a“) € M x (Lm([ovtl]))2’h : [O7t1] — [07 hmal‘]a u: [O7t1] — [Oaumax]}>

with M C N, the set of natural numbers.
One way to optimize a parameter and time dependent control(s) is to start with the
time dependent control(s), and incorporate the parameter optimization afterwards.

In finding miny, ,, J (1o, h, u), we use the Hamiltonian
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H = Ai(S(t)+I(t) — AsN () + ch(t)(S(t) + I (1)) + eh(t)? + Bu(t)S(t) + Bau(t)?

FAn (D) (rN(t) ( - %) — aN(#)(S(t) + I(t)))
Fas(t) ((b N (@)(s() + 1) — 2F (t])j(i;t” O _ n+nit) + u(t))S(t))
L) (Q)(P (tl)j)g)(ﬂf O _ o hit) + 10t + u(t)S(t)) |

The following theorem characterizes the time dependent controls, and adjoint
equations for system (4.62) — (4.64), when density- and frequency- dependent

transmission rates are studied.

Theorem 4.10. Given a fixed Iy:
a) For density-dependent transmission, and given optimal controls h* = h*(Iy) and
u* = u*(ly), with corresponding states N*, S* and I*, there exist adjoint functions

AN, As and \; satisfying the equations

No() = (—r+ 2N 50 4 I0)An(t) — e1a(S(E) + IO)As(E) + As

K
Xs(t) = aN(@)An(t) = (b+ e1aN(t) = Saal (t) — (m+ h(t) + u(t)))As(t)
—(Baal (t) + u(t))As(t) = ch(t) — Bru(t) — A,
A(t) = aN(H)An(t) — ch(t) — Ay

—(b+e1aN(t) = BaaS(t))As(t) = (BaaS(t) — (m + h(t) + p)) Ar(D),

with final time conditions (4.25), where we have dropped the asterisks for notational
simplicity.

b) The optimal control characterization for the time dependent controls h* and u* are

110 = i { e {0, SO S TN oS0 4 10D

2e

0 = i v man 0 SO0 MO =BV |

166



c¢) For frequency-dependent transmission, and given optimal controls h* and u*, with
corresponding states N*, S* and I*, there exist adjoint functions Ay, Ag and Ap
satisfying the equations

2rN(t)

MWelt) = (T

Fa(S() + 1)) Ax(t) — 21a(S(t) + I()As(t) + As

No(t) = aN()An(t) — (b +e1aN(t) — Bra (%) ~(m (1) + u(t))) As(t)
—(ﬁfd (ﬁ) + u(t))/\[(t) - Ch(t) - Blu(t) - Al
X0 = N~ 0+ 2N — B (5o ) Ms(t)

(B (ks ) = e+ B+ ) = k() - A

Proof. The proofs of (a) and (c) follow as in Theorems 4.6 and 4.7. To prove (b), we

differentiate the Hamiltonian, H, with respect to the controls i and w. This gives

%_[; = (S() + I(8) + 2¢h(t) — SEAs(E) — I()A (1)
%_Z — BiS() + 2Bau(t) — S(t)As(t) + S (D).

Using optimal control arguments analogous to the argument for characterizing
control involving harvesting, we obtain optimal control characterizations for the time

dependent controls defined in (b). O

4.5 Numerical Simulations

The optimality system is solved using an iterative scheme. A forward-backward sweep
method [80], using the fourth order Runge-Kutta is used to solve for the state and
adjoint equations. Starting with an initial condition for the state functions and an
initial guess for the control, a forward sweep with fourth order Runge-Kutta is used

to obtain an approximate solution to the state equations. Using this estimate and

167



the final time conditions, the solution to the adjoint system is approximated using a
backward sweep with fourth order Runge-Kutta method. The control is updated by
using an average of its previous values and values from the control characterization
[80]. Iterations continue until successive values of all variables from current and

previous iterations are sufficiently close.

Table 4.2: Parameter values of the eco-epidemioogical model
Parameter | Value References
r 0.1-0.5 [41, 94, 104]
a 0.00017 calculation
€1 0.01 - 0.03 | [94, 97]
m 0.6 [25, 41]
1 0.2 [23]
b 0.61 -
h 0-1 vary
Bad 0.0012 calculation
Bra 1.5 [24]
K 2 x 10° calculation
The density-dependent transmission rate, B44, was approximated using (g = Sf —fi-dlo'

In Figure 4.1, we have trajectories for cats and birds in a situation where cats
depend solely on birds for survival, that is when b = 0. As the population of cats
increases, the population of birds decreases, and when the birds are at low densities,
the cats become extinct. However, since cats are opportunistic predators, switching
prey according to their spatial and temporal availability, we assume there is a birth
term for cats, b > 0. Incorporating birth in the cat population, our numerical

simulations suggest a steady decrease in bird population and an increase in cat

population as shown in Figure 4.2. These simulations suggest that with fewer birds
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Figure 4.1: Predator and Prey when Ny = 2 x 105, Py = 3500, b = 0 and h = 0.
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Figure 4.2: Predator and Prey when Ny = 2 x 10%, Py = 3500, b = 0.61 and h = 0.

in the population, the cats switch prey and continue to increase in population, but
with a lower amplitide. Therefore, the bird population becomes extinct when b > m,
and both the birds and cats coexist if b <m .

Using the equilibrium point of cats and birds in the absence of disease and

culling as the initial population of birds and susceptible cats, and introducing a
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Figure 4.3: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny = 5883, Sy = 1173, I, = 100, m = 0.61, b = 0.60
and hpax = 0.

biological control agent, FIV (Feline Immunodeficiency Virus), but without harvest,
the susceptible cat population decreases for the entire time period of 4 years, and the
infectious cat population increases for the entire time period of 4 years as depicted
in Figure 4.3. Similarly, the population of birds decreases in the first 2.5 years and
increases afterwards. Thus, as a control strategy, we cull cats from the population at
a constant rate as shown in Figure 4.4. Figure 4.4 represents predator-prey
populations when predators are harvested at a constant rate of 0.3. This results in an
increase in the population of birds, and a decrease in the susceptible cat population
for the entire time period of 4 years. There is an initial increase in the population
of infectious cats in the first year and a decrease afterwards. This suggests that
harvesting could be used as a control strategy to destabilize the population of cats in
an attempt to conserve the population of birds.

Turning to using optimal control of harvesting for 4 years, Figure 4.5 represents

trajectories for birds, susceptible cats and infectious cats in the absence/presence of
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Figure 4.4: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny = 5883, Sy = 1173, I, = 100, m = 0.61, b = 0.60
and hpax = 0.3.
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Figure 4.5: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny = 5883, Sy = 1173, I, = 100, m = 0.61, b = 0.60,
hmax = 03, Al = ]_, A2 = ]_, c =1 and ¢ = 100.

harvesting (or culling). Trajectories for birds and infectious cats indicate an increase

in bird population and a decrease in infectious cat population. However, susceptible
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cats experience a decrease in population within the first 3.4 years, followed by a
constant population. The harvesting effort suggest maximum harvesting within the
first 3.4 years, and harvesting at a very low level afterwards.

With optimal harvesting, susceptible cats remain a problem in the population.
Thus, if the birth rate of cats is smaller than the background mortality of cats, then
harvesting alone does not suffice as a control strategy in eradicating cats. Thus, we
investigate the situation where the birth rate of cats is greater than their background
mortality.

When cat birth rate is greater than their background mortality, we choose the
initial population of birds as one-half their carrying capacity. The initial population of
susceptible cats corresponds to the population of cats at the time when the population
of birds is one-half their carrying capacity. In the presence of harvesting, trajectories
suggest an initial increase in the population of susceptible cats within the first year,
followed by a decrease for two years as shown in Figure 4.6. Between 3 — 4 years, the

population of susceptible cats is at a constant level. Infectious cats are at a low level.

1 OX 10
—w/o control "
8 --= w/ control T
(@]
o 6 Q
e )
@ 4 a
[&]
2] 1 _——
2 « a — w/o control
e --=w/ control
O0 1 2 3 4 O'50 1 2 3 4
Time (in years) Time (in years)
15000 0.4
——wio control
2 ----w/ control 0.3
o 10000
2
3 0.2
3 5000
IS 0.1
00 1 2 3 4 00 1 2 3 4
Time (in years) Time (in years)

Figure 4.6: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny = 1x 106, Sy = 14000, Iy = 100, K = 2x10°, hpmax = 0.3,
2 = 0.0001, Ay, =1, A, =1, ¢c=1 and ¢ = 100.

172



Figure 4.7 indicates trajectories for birds and cats in the presence/absence of control
when the density-dependent transmission rate of cats is increased from (45 = 0.0001
to Bqqa = 0.001. Trajectories for susceptible and infectious cats indicate an initial

increase in population, followed by a decrease in population.
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Figure 4.7: Density-dependent Transmission Rate is Increased from (;; = 0.0001
to Bgq = 0.001, with A, = 0.3, Ay =1, Ay =1, ¢c=1 and € = 100.

At low levels of cats and birds, and in the presence of harvesting, trajectories
indicate a decrease in susceptible and infectious cats. Also, trajectories indicate an
increase in the bird population relative to the population of birds in the absence of
harvesting. These results are depicted in Figure 4.8.

Despite harvesting and considering both high and low levels of cats and birds,
both susceptible and infectious cat populations are endemic, and the population of
birds are at a low level irrespective of the restrictions on the birth and mortality
rates of cats. Thus, we combine harvesting with trapping susceptible cats, infecting
them and reintroducing the cats in the population. Also, we incorporate the initial

popuation of infectious cats as a scalar control.
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Figure 4.8: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny = 2000, Sy = 195, Iy = 100, K = 2000, Ay = 0.3,
Baq = 0.0051, Ay =1, A, =1, c=1 and € = 100.

To find the optimal parameter Ij, we find the J values for each [, € M, using
the optimal harvest, h*(1y), and optimal effort in trapping and infecting susceptible
predators, u*(Ip), in the objective functional given in equation (4.66). Thus, we find
I such that

I, ), (1)) = yuin J (o, (1), w* (Iy), (4.68)

numerically. We illustrate this idea using
M = {10, 20, 30, 50, 75, 100, 150, 200, 300, 400, 600, 1000}.

Table 4.3 gives values of the objective functional evaluated at h*(Iy) for Iy € M, with

no u control involved.
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Table 4.3: Parameter Optimization when A3z =1

Iy | Value of J Value of J Iy Value of J Value of J
for t =4 yrs | for t = 10 yrs for t =4 yrs | for t = 10 yrs

10 | 36726.3 * 67576.2 * 150 | 59239.3 88676.6

20 | 37025.3 67738.7 200 | 76806.2 105886.4

30 | 37529.3 68118.3 300 | 126966.1 155471.8

50 | 39141.8 69500.3 400 | 197157.5 225218.8

75 | 42286.3 72381.9 600 | 397606.7 425031.8

100 | 46684.1 76540.8 1000 | 1038681.9 1065385.7

When “harvesting only” is considered with A3 = 1, we obtain I = 10 infectious cats,
where the asterisk indicates extremal value. Thus, in Figures 4.9, 4.10, 4.11 and 4.12,

we use /; = 10 infectious cats.

Table 4.4: Parameter Optimization when A3 = 0.1

Iy | Value of J Value of J Iy Value of J Value of J
for t =4 yrs | for t =10 yrs for t =4 yrs | for t = 10 yrs

10 | 41668.0 79628.8 150 | 43555.0 79595.8

20 | 41661.6 * 79442.2 200 | 45226.4 80778.9

30 | 41680.1 79292.8 300 | 50123.6 84884.6

50 | 417814 79079.8 400 | 57079.9 91223.7

75 | 42027.6 78967.2* 600 | 77124.1 110359.4

100 | 42405.5 79019.2 1000 | 141556.1 173674.5

Tables 4.4 and 4.5 give values of the objective functional evaluated at h*(1) and
u*(ly), for Iy € M C N, with A3 = 0.1 and A3 = 0.01, respectively. When a
combination of harvesting, trapping and infecting susceptible cats is considered with
As = 0.1, the optimal parameter I = 20 infectious cats within a time horizon of 4

years and is Ij = 75 infectious cats within a time horizon of 10 years. When
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Table 4.5: Parameter Optimization when A3 = 0.01

Iy | Value of J Value of J Iy Value of J Value of J
for t =4 yrs | for t = 10 yrs for t =4 yrs | for t = 10 yrs

10 | 41659.0 79619.8 150 | 41530.0 77570.8

20 | 41625.6 79406.2 200 | 41626.4 77178.9

30 | 41599.1 79211.8 300 | 42023.6 76784.6 *

50 | 41556.4 78854.8 400 | 42679.9 76823.7

75 | 41521.3 78460.9 600 | 44724.1 77959.4

100 | 41505.5 * 78119.2 1000 | 51556.1 83674.5

Az = 0.01, the optimal parameter is Ij = 100 infectious cats within a time horizon of

4 years and is I = 300 infectious cats within a time horizon of 10 years.

Using the optimal scalar as the initial number of infectious cats, trajectories in

Figure 4.9 indicate an increase in the number of birds in the population, and the
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Figure 4.9: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny, = 2000, Sy = 195, [ = 10, K = 2000, hpax = 0.3,
Baq = 0.0073, A; =1, Ay =0.1, ¢ =1 and € = 100.
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Figure 4.10: Time Horizon Increased from t = 4 years to t = 10 years when

Pmax = 0.3.

optimal effort in harvesting is at its maximum level for a shorter period of time
relative to the results obtained in Figure 4.8. In Figure 4.10, we considered a scenario
for a time period of 10 years. Trajectories indicate a decrease in the population
of susceptible and infectious cats, and an increase in the population of birds. The
optimal effort in harvesting is at its maximum level for approximately 3.8 years, and
decreases between 3.8 and 9 years.

Figures 4.11 and 4.12 indicate trajectories for birds, susceptible cats and infectious
cats where the initial populations of birds and susceptible cats corresponds to the
equilibrium point of birds and cats in the absence of disease and culling, and the
optimal scalar, I; = 10, is the initial number of infectious cats. Trajectories delineate
a decrease in the populations of susceptible and infectious cats and an increase in
the population of birds when a combination of harvesting and scalar optimization are
investigated.

Incorporating harvesting, trapping and infecting susceptible cats and scalar
optimization, trajectories in Figures 4.13 and 4.14 indicate a decrease in the

population of susceptible and infectious cats within the entire time horizon. Also,
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Figure 4.12: Time Horizon Increased from ¢ = 4 years to t = 10 years.

more birds are conserved in the population as shown in Figure 4.14. The effort in
harvesting last longer at its maximal level in relation to Figures 4.9 and 4.10 due to

the infection and reintroduction of susceptible cats in the population.
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Rmax = 0.3, Unax = 0.2 and I = 75.

The optimal effort in trapping and infecting susceptible cats may be difficult to

implement at a high rate. Thus, we used a smaller number for the upper bound of w.
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Figure 4.15: Prey, Susceptible and Infectious Predator with Density-dependent
Transmission Rate when Ny = 5883, Sy = 1173, I = 400, K = 2 x 10°%, Ay, = 0.3,
Umax = 0.2, Bgq = 0.001, Ay =1, Ay =0.1, A3 =0.1, By =1, B, =200, ¢c =1, and
e = 100.

Figure 4.15 represents trajectories for cats and birds when the cost of introducing
infected cats in the population is changed from a quadratic cost (A3I2) to a linear
cost (Azlp). With a linear cost, the optimal parameter is I = 400 infectious cats. In
Figure 4.15, trajectories suggest a decrease in the population of susceptible cats and
an increase in the population of birds within the entire time horizon. The population
of infectious cats experiences an initial increase followed by a decrease, due to infection

of susceptible cats in the population.

Remark: Generally, a control strategy is applied for a short period of time and
is re-evaluated to determine how to continue with the program/strategy or if an
alternative approach is required. In our simulations, we used a time period of 4 years
in investigating optimal harvesting only, optimal harvesting and scalar optimization,
and a combination of optimal harvesting, trapping and infecting of susceptible cats

and parameter optimization.
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4.6 Conclusions

We formulated a predator-prey model and investigated harvesting and disease-related
control, with the objective of controlling cat population and conserving the population
of birds. We modified the standard predator-prey model by incorporating disease-
induced mortality rate with the assumption that cats depend solely on births for
survival. Numerical simulations depict a decrease in the population of cats in
the absence of birds, which is not realistic, since cats are opportunistic predators,
switching prey according to their spatial and temporal availabilty. Thus, we
incorporated a birth term for the cats, and simulations suggest an increase in the
population of cats in the absence of birds, though with a lower amplitude. Since the
population of cats is sustained even in the absence of birds, we introduced a biological
control agent, feline immunodeficiency virus, in the population of the cats.

We obtained the basic and demographic reproduction numbers for cats in the
model and establish conditions for existence of steady states. Stability analysis of
equilibria was studied. Also, we investigated a harvesting strategy by culling cats
from the population. Our numerical simulations indicate that at high densities,
harvesting alone is not sufficient to control the population of cats while conserving
the population of birds within four years. However, at low densities, numerical results
indicate a decrease in trajectories for susceptible and infectious cats, and an increase
in the trajectories for birds. Thus, there is need for further investigation in order to
completely eradicate cats from the population.

A combination of harvesting and disease-related control strategies suggest a
decrease in cat population and an increase in the population of birds, compared
to optimal harvesting alone. This tool could be used more effectively if realistic

estimates of the cost of controls could be found.
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