








approach that enables us to translate problems with several “time-like variables” into
age-dependent population problems and so permits use of the tools developed by
Webb in [Web85].

Time since infection models regained popularity in the 1980s [see for example
DMB82,[HT85, and references therein], but not with any concrete application. It was
not until the early 1990s that Thieme and Castillo-Chavez suggested that time since
infection was very important for modeling the dynamics of human immunodeficiency
virus (HIV) and disease acquired immunodeficiency syndrome (AIDS), because infec-
tion with this virus includes variable periods of infectiousness and variable infectiv-
ity [TCC93|. This paper was very influential in further applied mathematical studies
of HIV/AIDS, where differences in infectivity were considered, although generally not
in a continuous manner.

A very important step in time since infection models was the work in the early
2000s by Feng and Thieme [F'T00a, FT00b]. The authors formulated a very general
model with an arbitrary number of “infected” classes (for example latent, infectious,
quarantine, recovered) each one structured by time since the individual entered the
class. They analyze how changes in the the minimum length of the quarantine can
make the endemic equilibria lose stability and how this minimum length can change
under different assumptions for the length distributions of the exposed and infectious
periods. Thus, the authors show that considering time since infection can signifi-
cantly affect a practical eradication problem (they use it for the case of scarlet fever).
Additionally, [FT00a] states that the model represented by a Cauchy problem with a
transport partial differential equation “cannot in general be solved in a strong, but
only a generalized sense”. We will go into more details about the relation between
transport equations and time since infection models in Section 2.2 of the present work.

More recently, time since infection models have been employed for the analysis of
the epidemiology of tuberculosis [FIM02], cholera [BSvdD13] and nosocomial bacterial
infections [WDM™05], among many others.



Generally, citations of [KM27| do not pay attention to the time since infection part
of the model and concentrate in the ordinary differential equations form. Notable
exceptions are Chapter VII of Iannelli’s book [lan95], the “Kermack and McKendrick
revisited” of Brauer [Bra05] and of Inaba [Ina01] and the “Appraisal of Kermack and
McKendrick” by Breda, Diekmann, de Graaf, Pugliese, and Vermiglio [BDdG™12].
We should add that Brauer has contributed significantly to the literature of time
since infection models, for example, discussing their relation with the final size of an
epidemic [Bra0§|.

In [BDAG™12], the authors produced an similar model as the one considered in this
work. After presenting preliminary results of the current dissertation at the Society
for Mathematical Biology Meeting in 2012, Professor Pugliese informed me that my
model was close to one that was then on revision for publication. Earlier this year
(2013), I was able to present my work at The Fourth Conference on Computational
and Mathematical Population Dynamics. Professors Pugliese and Diekmann were
present and I gained much with subsequent discussions with them. By this time
[BDAG™12] was already published.

The particular part that makes the model in the current dissertation different from
previous time since infection models is the consideration of only two classes and a
susceptibility to reinfection that depends on the time since last infection. [BDdGT12]
has the same ingredients as well, although their model is formulated as a scalar renewal
equation, instead of a differential equation model and assumes a constant recruitment
to the susceptible class, instead of a constant fraction of the population. We consider
only the case of constant death rates, which is a particular case in [BDdG™12], but

for this case we solve several open problems stated in [BDAGT12].

1.2 About the removed class

Just as models structured by time since infection, the idea of removing individu-

als from the infected class, by recovery or death, goes back to the classical work of



Kermack and McKendrick [KM27]. Recovery events are considered in most epidemi-
ological models as the flow of individuals from the infected class to the recovered (or
removed) class.

The time that an individual needs to recover, or the time an individual is in-
fected with an agent, is not the relevant factor in the transmission of a disease in a
population. What is fundamental is the infectious status of the individual and its
susceptibility to acquire the disease.

In the classical sense the use of “recovery” has the underlying assumption is that
“complete immunity is conferred after a single infection” [KM27|. If we want a model
that can more accurately describe diseases that do not have this characteristic, the use
of a recovered class (in the usual sense) can be a limitation. An important novelty of

this work is the absence of a recovered (or removed) class to overcome this limitation.

1.3 About the terms “infected”, “infectious”, “exposed”, and “latent”

For simplicity, most “standard” epidemiological models either do not draw any
distinction between an infected individual (one that has the infectious agent in his
or her body) and an infectious individual (one that is able to transmit the infectious
agent to another individual), or accomplish this distinction by the inclusion of another
class, generally called the exposed class (meaning already exposed to the pathogen
but not infectious). “Exposed” however is not the best term for this class, since some
individuals that are exposed to the infectious agent do not develop an infection.

Another common term for this type of class is latent class. In pathology, the
latent period is the time from infection to infectiousness. “Latent” in this case means
present but not active. Since the word latent can also mean present but not visible,
there is confusion about the latent period, and the incubation period, and sometimes
these two terms are used as synonyms. The incubation period is the time between
infection and the onset of symptoms. While sometimes these two periods are almost

identical, in some infectious agents they differ significantly.



In this work, we do not account for exposed, latent, incubating or infected individ-

uals, and center our attention just in differences in infectiousness and susceptibility.

1.4 About the terms “time since infection” and “age of infection”

In mathematical epidemiology literature it is common to use the term “age of
infection” to refer to the time that has elapsed since an infectious agent has infected
an individual. This use comes from the metaphor of the infection having an age
(being alive) and probably from the fact that epidemiological models structured by
age became more popular than those structured by other types of time-like variables.
The term “age of infection” may cause confusion because outside of mathematical
epidemiology it is understood as the age at which an individual develops an infection.
We therefore choose to use of the term “time since infection” instead. “Time since
infection” also has the advantage of adapting to diseases where individuals can get

reinfected, as exemplified by this work.

1.5 The model

We divide the population into two classes, one for the individuals that have been
infected at least once in their lives (once-infected class) and one for those individuals
that have never been infected (never-infected class). In this sense, if this model is
applied to a disease where recovery events take place, the infected and the recovered
individuals are kept together in the once-infected class.

There are two time variables in the model. The first is chronological time, which
we denote with the letter ¢, and generally just call just “time”. The second time
variable is for individuals that have been infected at a certain moment in their life.
If an individual belongs to the once-infected class, we call the amount of time that
has elapsed since his or her last infection, the time since last infection (T'SLI) of the

individual. We use the notation 7 for the TSLI.



We denote by 91(¢) the total amount of individuals in the never-infected class at
time t. On the other hand, for individuals that have been infected at least once, we
consider at a given time ¢, the density of the individuals that have TSLI 7, and denote

this density by o(7,¢). In other words the quantity

T2
/ o(r,t)dr

is the number of individuals at time ¢t whose last infection was between 7, and
units of time ago.
We denote the total population at time t by B(¢). Because, we only have two

classes, we have

B(t) = N(t) + /OO o(r,t)dr.
0

We use the function II(7) to represent the probability that a contact between an
individual in the never-infected class and one with TSLI 7, results in an infection of
the never-infected individual. An example of this function is given in Figure [I.1} In
this example, the probability of causing an infection increases with the TSLI until
day two and then decreases until there is no chance of provoking an infection by the
ninth day.

We assume that the number of contacts that an individual of the once-infected
class has, is the same for all individuals with the same TSLI. We further assume that
a contact is equally likely with any individual in the population. If we denote the
number of contacts for an individual of TSLI 7 by C(7), and its transmission rate

per unit of time by 7'(7), then we have

We consider a “susceptibility function”, S(7), that represents a factor of reduction
in the probability of being infected, and that depends on the TSLI of the vulnerable
individual. In other words, S(m)II(72) is the probability that a once-infected indi-

vidual with TSLI 7; is reinfected when it comes into contact with a once-infected
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Figure 1.1. A hypothetical example of the function II(7).

individual with TSLI 7. From now on, we will no longer require the functions C' and
I1, since they will always appear together as a product in the transmission rate.

A very common case in the dynamics of infectious agents is that individuals be-
come resistant to the infectious agent, be it a virus, a bacteria, etc., right after their
immune system clears the infection, but their immunity wanes after recovery due to
loss of lymphocytes specific to the agent, or because the infectious agent mutates
in the population and is not longer recognized by the immune system. Immediately
after infection, the individual is completely immune to reinfection and as the TSLI
increases, the individual becomes more and more susceptible to reinfection. An exam-
ple of such a special case of S(7) is given by Figure In this example, individuals
become more susceptible as their TSLI increases and their susceptibility approaches

1, which is the level of susceptibility of a never-infected individual. Nevertheless,
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no restrictions on monotonicity or whatsoever are imposed for the moment on the

functions S, or T.
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Figure 1.2. A hypothetical example of a susceptibility function S(7).

We are not interested in the evolution of the total population, but we want to see
how our results change when we consider an influx of new never-infected individuals
in the model. Therefore, we assume that the vital dynamics of the population are
given by a birth rate and a death rate that are the same for every individual in the
population and equal to each other. We call this rate pu.

We also set initial conditions for the problem at time ¢t = 0, namely a number of
initially never-infected individuals Ny and a distribution ©(7) for the once-infected
class.

We are now ready to set up the equations of the problem. The equations read as

follows:
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S = - / 1) i;“(;? dv: N — W) + B0,
N(0) = No.
——- h U0<U’t) U- T)o(T,t) — po(r
Do(r,t) = _/o T(v) T d | S(r)o(r,t) — po(r, 1), o
0(0,1) = [ i T(U)O<U(7t§) dfu} {‘ﬁ(t) +/O S(t)o(r,1t) dT:| :

where the differentiation operator D is defined as:

De(r.1) = lim U1+ h,t+h)—0(T,1)

h—0t h ’

(1.2)

for any function ¢ defined in some domain that is a subset of R, xR, and has its range
defined in some Banach space. Notice that this is the generalization of a derivative
with respect to time if we have two time variables.

For the mathematical results we do not require strong conditions for the functions
T and S. Nevertheless, biological feasible conditions require these functions to be

non-negative and bounded. We will make use of the following notation.

Definition 1.5.1 For T : R, — R, we define

A

T =supT(7).

>0

Definition 1.5.2 For S: R, — R, we define

S = max{l, supS(T)}.

>0
The first quantity can be interpreted as the maximum transmission rate per unit of
time that an individual can attain. On the other hand, because individuals of the
never-infected class are assumed to have a baseline susceptibility of 1, the second
quantity represents the maximum susceptibility that an individual can attain.

The quantity [;°T(v)o(v,t)/$B(t)dv in the System (1.1) might not be well de-

fined. To avoid these cases, we give the following basic assumption:
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Assumption 1.5.1 7,5 : R, — R, are bounded functions such that
(i) 0< [[°T(7)dr < o0, or
(it) S(t) =0, almost everywhere (a.e.) for 7 >0 and [;°T(7)dr > 0.

Notice that when o(v,t) and 9B(¢) are non-negative, if [~ 7T(7)dr < oo, then
Jo- T(v)o(v,t)/PB(t) dv is well defined. We still want to be able to apply the model
for diseases that create chronic infections and for which perhaps fooo T(r)dr = o0,
but in this case the susceptibility function is identically zero (there are no reinfections

in a chronic infection). Of course, we need the disease to be contagious, and so

J,ST(r)dr > 0.

In addition to the assumption above, some of our results will require more con-
ditions on the functions 7" and S. A very common case for infectious agents is the
existence of a finite time during which individuals are infectious. If we consider that

reinfections do not occur during that time, we have the following:

Assumption 1.5.2 7.5 : R, — R, are bounded functions and there exists 79 > 0

such that
(i) [°T(7)dr >0,
(i) T(r) =0 if 7 > 7, and
(iii) S(r) =0 if 7 < 7.

Clearly Assumption [1.5.2] implies Assumption [1.5.1
We provide two more assumptions, stronger than Assumption [1.5.2] that we can
employ for diseases where immunity eventually wanes, that is where S is eventually

increasing.

Assumption 1.5.3 7.5 : R, — R, are bounded functions, and there exists 1o > 0

such that

(i) fooo T(r)dr >0,
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(i) T(1) =0 if T > 79,
(i) S(1) =0 if T < 70, and
(iv) lim, o, S(7) = sup S > 0.

An even stronger condition is that after a finite time, the individuals are as sus-

ceptible as they ever would be:

Assumption 1.5.4 7.5 : R, — R, are bounded functions, and there exists 0 <

To < 71 such that

(i) [°T(r)dr >0,

(1)) T(1) =0 if T > 79,
(111) S(t) =0 if T < 10, and
(iv) S(1) =sup S if 7> 7.

As mentioned in Sections and [[.3] an important quantity in epidemiology
is the number of infectious individuals. Under our setting of the problem, we can
calculate the number of infectious individuals by adding all those that have a positive

transmission rate. We define the number of infectious individuals at time ¢ as:

Definition 1.5.3
J(t) :/ o(r,t)dr.
T(7)>0

Another very important number is the average secondary cases produced by an
infected individual in a completely susceptible population, commonly denoted by R,.
We will interpret a completely susceptible population as one where every individual
belongs to the never-infected class. In our model, T'(7) is the average number of
never-infected individuals that a once-infected individual with TSLI 7 infects per
unit of time in a completely never-infected population. Moreover, e #7 represents the
probability that a once-infected individual remains in that class for 7 units of time.
So, if we assume that a reinfection does not take place during the infectious period,

we have:
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Definition 1.5.4
Ro = / T(r)e H" dr.
0

Notice that Ry < [~ T(7)dr and if g > 0 and T is bounded, Ry < T/u, so that, if
T is integrable or bounded when p > 0, Ry is well defined.

1.6 Notation and terminology

In this section, we introduce standard notation that we will employ throughout

this work.

Definition 1.6.1 For any A C X, we denote with 14, the function 14 : X — {0,1}
defined as

1 ifx e A,
I[A(.Q?):
0 ifxé¢ A

Definition 1.6.2 Let R™ denote the n-dimensional vector-space with norm:

i
1 n

=l

i=1
xn

where |z;| denotes the absolute value in R of ;.

We will denote vectors in R™ simply as (z1,...,x,) whenever it is clear from

context that they are vectors and not matrices 1 x n.
Definition 1.6.3 We define the projection function to the i-th entry m; : R™ — R as
(T, .. Ty) = Ty
form € N, 0 < m < n, the projection to the first m entries 7™ : R* — R™ as
™z, x) = (1, T
and for k € N, 0 < k < n, the projection to the last k entries 7% : R" — R* as

W(*k)(.il:l, Ce ,;E‘n) = (.’Ij‘n,k+17 e ,;E‘n)_
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Definition 1.6.4 Let X and Y be two normed vector spaces with norms ||| and
||l respectively. We denote B(X,Y') the Banach algebra of bounded linear operators

from X toY, with norm:
[£]lop = sup{[|Lz|], : 2 € X and |[z]|, = 1}.

Definition 1.6.5 Let L' = L'(R™) be the Banach space of the equivalence classes of
Lebesgue integrable functions from (0,00) to R™ that agree a.e. on (0,00), with the

norm:
= d 5
]l /0 ¢(a)] da

where ¢ € L' is any representative of the equivalence class in L.

Definition 1.6.6 Fort > 0, let Ly = C([0,t]; L') be the Banach space of continuous

L*-valued functions on [0,t] with the norm:

1€l z; = sup [l€@)]],
0<t<t

where { € L.

We can identify in a natural way an element of Ly with an element of L'((0, 00) X

(0,%); R™) [Web85, Lemma 2.1], so we use the same symbol for both elements, that is
L) (T) =L(-, )T = L(T, 1),

where 0 <t <t, and a.e. 7 > 0.

Definition 1.6.7 R, = {x ¢ R: 2 > 0}.

Definition 1.6.8 R} = {(x1,...,2,) € R": 2; e Ry foralli=1,...,n}.

Definition 1.6.9 L} = L1 (R") = {¢ € L' : ¢(7) € R} a.e. 7 > 0}.

Definition 1.6.10 Let X and Y be normed spaces with norms ||| and |||, re-
spectively, and let H : X — Y. We say that ‘H is Lipschitz on norm-balls of X if for

all v > 0, there exists c¢(r) > 0 such that

[H(x1) = Hz)ly < elr)llor — w2l
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for all x1,29 € X such that ||z1]| ., ||22]|, <7
If ¢(r) can be chosen to be the same constant for all r > 0, then H is said to be

globally Lipschitz.

Definition 1.6.11 Let X and Y be normed spaces with norms |- ||, and ||-||,, re-
spectively, and let D C X. We say that H : D — Y is F-differentiable relative to D
at xg € D if there exists H'(xo) € B(X,Y), such that, given any € > 0, there ezists
d > 0 such that if x € D, and ||x — xo||, <9, then

[H(z) = H(zo) — H'(z0)(z — z0)lly < ellz — ol

H is said to be continuously F-differentiable relative to D on A C D if it is F-
differentiable relative to D at each x € A and if the map x — H'(x) is continuous
from A to B(X,Y).

H'(x) is called the F-derivative of H at x.
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2. Links between ADP problems and models with multiple

time-variables

In this chapter we will describe a method to set up models that involve ordinary
differential equations coupled with partial differential equations in two time variables
(or a milder version of it) in the form of ADP problems. ADP stands for “age-
dependent population”, but for our case we will not deal necessarily with ages, but
time variables.

Setting a model as an ADP problem has the advantage of allowing us to use results
already proved for existence, uniqueness, positivity, and regularity of the solutions,
as well as existence and stability of equilibria for the system.

In Chapters[3|and [d] we will use this method to analyze the model that we described
in Section [L.Al

We start by stating what we mean by such a coupled model.

2.1 Models with multiple time-variables

By a coupled model we mean one that can have m different classes that depend
on secular time, and £ different classes that depend on secular time and another time
variable. We will use the notation ¢ for the time variable common to all classes and
7 for the other time variable. The other time variable generally describes how much
time an individual has spent in that particular class or the age of the individual.
For example, in the model described in Section we have the never-infected class
that only depends on time (t), and the once-infected class that depends on time ()
and TSLI (7). Any age-structured model that has some classes that are not age-

structured also satisfies the requirement. Think, for example, of ecological models
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with one species structured by age and another not structured by age. We provide
more examples from epidemiology in Section [2.1.1}]

If we denote by X (¢) the vector of classes dependent only on time, and y(7,t) the
vector of classes structured by the other time variable, the general model we want to

describe has the following form:

P R0, 1) + M), 9 )X (), 21)
X(0) = X, (2.2)
Dy(r,1) = Gy(X (1), 5, ))(7) 23)
y(0.8) = Fy(X (1), y(,)) 24)
and
y(-.0) =, (25)

where F, : R"x L' (RF) = R™, M, : R™x L'(R*) — B(R™,R™), G, : R"x L' (R¥) —
LY(R¥), F, : R™ x L}(R*) — R*, X, € R™ and ¢, € L'(R*). Recall that the operator
D is defined as

. U+ ht+h)—Ll(T,t
D(U(r.1)) = tim Bty

We search for solutions, X and y, of this problem that satisfy the above equations
for ¢ in a certain interval [0,¢] and a.e. for 7 € (0, c0).

A very important notion in epidemiological or population models is that of equi-
libria. An equilibrium is a solution of the model that does not depend on time. In

our case, we mean solutions that do not depend on t:

Definition 2.1.1 An equilibrium solution for the coupled model presented by Equa-
tions —, is a solution X : R, — R™, y: R, — LY(IR*) of those equations,
that satisfies X (t) = Xy and y(-,t) = ¢, for allt > 0.
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2.1.1 Examples of epidemiological models with multiple time-variables

Many epidemiological models structured by time-like independent variables fit
the general formulation of Section In this section, we include three examples
of epidemiological models that have a similar structure as the model presented in
this study and could be analyzed using the same methodology as in the current

dissertation.

A model by Brauer, Shuai and van den Driessche

Brauer, Shuai and van den Driessche describe in [BSvdD13| an epidemic model for
cholera that has three classes: susceptible individuals (S(t), only dependent on time),
infected individuals (i(¢, -), structured also by time since infection), and pathogen in
contaminated water (p(t,-), structured by the time that the pathogen has remained
in the water).

The model can be stated in the form described in Section by using

and

The functions are

and
Fy(X(1),y(-, 1) = X(t) / Bak(r) Bialr) y(r,t)dr.
0 &(7) 0
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The initial conditions are

XO - SO)
and
10
¢y -
Po

A model by Bhattacharya and Adler

Bhattacharya and Adler describe in [BA12] an SIRS epidemic model, in which the
susceptible class S and infected class I depended only on time, whereas the recovered
class R(-,t) is structured by time since recovery.

The model can be stated in the form described in Section by using

xi= "),
1)
and
y( >t) = R('vt)

The equations are

0
MKyt = [T 0
Bra(X(1) -
Gy (X (1), y(-,))(1) = —p(T)y(7, 1),

and

Fy(X(@),y(, 1)) = yma(X (1))
where 7, is the projection as in Definition [1.6.3] The initial conditions are

So

and
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A model by Magal and McCluskey

Magal and McCluskey describe in [MM13] a two-group SIR epidemic model in
which there are two susceptible classes (S; and Sy) and two recovered classes (R; and
R) that depend only on time, and two infected classes (i1(¢,-) and is(¢,-)) that are
structured by the time since infection.

The model can be stated in the form described in Section by using

S1(t)
x= |21,
Ry (t)
Ry (t)
and
Y1) = ir(t,-)

The equations are

and

RUX(0.56,) = =2(X0)+ [ Brwmoar [T Mo

where o represents the dot product between two vectors, 7(?) is the projection as in

Definition [1.6.3] and we use the notation in their paper,

A
A

A:

Y
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1(7’) O
mq(T 0
O ,
0 ma(T)
and
Do di 0
0 dy
The initial conditions are
S
XO - ‘ )
Ry
and
¢y =10

2.2 The operator D and its relation to a transport equation

Many age-structured epidemic models are stated in terms of a transport partial
differential equation of the form

0 0
Eg(ﬂ t) + ag(ﬂ t) = f(f)v (26)

where f is a certain function. We will explain in this section why we stated the
coupled problem in Section with the operator D instead.

Classical solutions of a partial differential equation like the one in Equation ({2.6)),
are functions that satisfy the equation and are C!, that is, they must have continuous
partial derivatives. If £ € C', we can show that D(¢(,t)) exists and satisfies

De(T,t) = %E(T, t) + %E(T, t).

Indeed, suppose that £ : R, x [0,t) — R? is a C'! function in a neighborhood of (7, ).
Let € > 0. There exists > 0 such that if 0 < h < ¢ then

25(7’,75 +h) — 2K(T, t)| <

€
or or 5
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€
<5,

U1, t+h)— (T, t) O

and 2((7,t + h) exists. Given any such h > 0, there exists h’ > 0 such that

’é(f+h,t+h) é(r+h’,t+h)' _€

h W ’
Ur+ R, t+h)—l1,t+h) O €
‘ a grimtth) <5,
and
Ur,t+h) Ur.t+h) €
n h 5
Therefore
U1+ h,t+h)—0(T,t) 0 0
‘ . U, )+ 5l t)
T +ht+h) LT+ t+h)| |lr,t+h)—Lrt) O
< B _ 2
< ’ ; - + ; pdG)
Ur+ W t+h)—lr,t+h) O Ur,t+h) Ur.t+h)
_|_’ o — 8T€(T,t+h) + W - h
0 0
+ ’EE(TJ +h) — EE(T, t)‘
< €,

for any 0 < h < 8. In other words, D¢(7,t) exists and is equal to =(7,t) + 2 (7, ).
So, any solution of a transport equation as in Equation will also be a solution
of the same equation with the operator D.

Additionally, if our objective is interpretation of our model, we should not aim to
find functions with their domain defined in R, xR, . Recall that what we are actually
interested in is how many individuals in a class have their time variable 7 within a

certain range. Because we are assuming the time variable 7 to be continuous, we are

/ O(r,t)dr,

for 71 < 7. Therefore, we should not care about solutions that differ in a set of

interested in values of the form:

measure zero in 7. A way to avoid this is to search instead for solutions that have
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their domain in R, (in ) and go to L' (in 7). That is why our solutions will be in
the set L., as in Definition [1.6.6}

Moreover, from the epidemiological modeling point of view, the operator D better
describes the change per unit of time in individuals:

U1+ h,t+h)—U(T,1)

D(t(r,0) ~ - ,

for small h. Note that, as time passes from t to t+h, the individuals with time variable
7 will have time variable 7+ h instead. In this sense, D should be employed for models
that have two types of time variables, in the same way that we use derivatives with
respect to t to set up ordinary differential equations models.

In any case, rarely in the literature are solutions of epidemiological (or popula-
tion) models stated in terms of a transport partial differential equation proved to be
classical solutions. Instead, most work goes about finding solutions of an integral
equation obtained by the method of solving through characteristics. This integral
equation is not equivalent to the partial differential equation, but implied by it. As
we will see in Section [2.3] a solution of an integral equation can be understood as
a mild solution of the problem, but more conditions are required for it to even be a

solution of an equation with the operator D.

2.3 The generic ADP problem

We define an ADP problem as it is described in [Web85, Chapter 1]. An ADP
problem consists of three parts. The first part is an initial condition at time ¢ = 0,

or initial distribution of values that start the dynamics:

0(1,0) = o(71), (2.7)

for some ¢ € L',
The second part is a function that depends on the state of the solution at each

time, and that describes the flow in and out of each class for 7 different than 0. It
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involves the operator D, because this operator describes the change of the function

with respect to both time variables:
Di(r,t) = G(-,1))(7), (2.8)

for some G : L' — L'. Webb calls such an equation a Balance Law.
The last part is the one that describes the boundary condition, which for the case
of an ADP problem can be (and in general is) non-local. The boundary condition is

set up at 7 = 0 and describes how each class receives individuals:
for some F : L' — R™. Webb calls such an equation a Birth Law.

Definition 2.3.1 Lett > 0. Let F : L' - R", G : L' — L', and ¢ € L'. We say
that a function € € Li is a solution of the ADP problem for the initial distribution ¢
on [0,t] provided that { satisfies Equations (2.7), (2.8) and for allt € [0,t] and

a.e. for T € (0,00).

The usual way to go about problems involving the operator D is to solve through
the characteristics to obtain an integral equation. If we assume that ¢ is a solution of

the ADP problem on [0,¢] and ¢ > t then we can define a “cohort function”:
we(t) = 0(t + ¢, t),

for every t. < t <t, where t, = max{—c,0}. Using Equation ([2.8) we can show that

the right derivative of this function exists and satisfies

wi(t+) = lim welt + h]z — e _ e, )t + o), (2.10)

a.e. for t € (t.,t). If G is Lipschitz on norm-balls of L', the function G(¢(-,t)(7) is
integrable as a function from (0, 00) x (0,%) to R™ [Web85, Lemma 2.2], and so w.,(t+)

is also integrable in [0, ¢]. Therefore, we have that any function of the form

t
t— C+/ w(s+)ds,
tc
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has a derivative equal to w/.(t+) a.e. t € (t.,t) [Roy88, Chapter 5, Theorem 10]. So,
we can integrate Equation (2.10) and obtain

(

wot —7) + [1_GU(,8)) (s +)ds  ae. T € (0,1),
we(t) =

\wc(O) + fot G(l(-,3))(s+c)ds a.e. T € (t,00).

Substituting back for ¢ = 7 — ¢, and using Equation (2.9), we obtain the integral

equation:

p

Fll(t =)+ [L_GU(8)(s+T—t)ds  ae 7€ (0,1),
U(1,t) = (2.11)

O(r —1) + fo G(U(-,8))(s + 7 —t)ds a.e. T € (t,00).

(

In conclusion, if G is Lipschitz on norm-balls of L', every solution of the ADP
problem satisfies Equation ([2.11f). Clearly, not every solution of Equation is
a solution of the ADP problem, because the function ¢ in Equation (2.11]) need not
be differentiable in the sense of the operator D. The converse is true under certain
conditions [see [Web85, Theorem 2.9, and Rue08, Theorem 2.3|, a fact that we will
use later.

If both functions F and G are Lipschitz on norm-balls of L', then a function ¢
satisfies Equation (2.11)), for ¢ € [0,7], if and only if ¢ is a mild solution of the ADP
problem [Web85, Theorem 2.2] according to the following definition:

Definition 2.3.2 Lett > 0 and let { € L;. Let F : L' — R", G : L' — L'. Let
¢ € L', we say that { is a mild solution of the ADP problem on [0,t] for the initial
distribution ¢ provided that ¢ satisfies:

o0

lim | Hl(T + hyt + h) — (7, t)] — GU(-,1))(T)|dT = 0, (2.12)

h—0t+ 0

lim h~! /h|€(7', t+h)— F((-,t)|dr =0, (2.13)

h—0t+
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and
0(-,0) = o, (2.14)

for0<t<t.

Definition 2.3.3 For 0 < t < oo, we say that { is the solution (respectively mild
solution) of the ADP problem on [0,t) for the initial distribution ¢, provided that for
all t < t, ¢ restricted to [0,1] is the solution (respectively mild solution) of the ADP

problem on [0,t] for the initial condition ¢ restricted to [0,t].

Definition 2.3.4 If there exists a mild solution of the ADP problem on [0,t], for
some t > 0, we denote by t,, the mazimal t > 0, such that there exists a mild solution

of the ADP problem in [0,1).

We can define equilbria for the ADP problem just as we do for any problem

dependent on time:

Definition 2.3.5 Given ¢ € L', F : L'Y(R") — R" and G : L'(R") — L*(R"), we
define an equilibrium solution of the ADP problem for the functions F', G and the

initial condition ¢, as a solution of the ADP problem for the same functions on [0, o)

such that ((-,t) = ¢ for all t > 0.

A very important result in the theory of ADP problems is that if F': L1 — R’}
and G : L1 — L' are Lipschitz on norm-balls of L' and there exists a function c;
that satisfies in the proof of Proposition then ¢ is an equilibrium solution
of the ADP problem if and only if ¢ is absolutely continuous, ¢’ € L',

and

[Web85, Proposition 4.1]. We will make use of this result later.
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2.4 From coupled models to ADP problems

We pose the coupled model of Section [2.4] as an ADP problem by considering the
functions F': LY(R™**) — R™* and G : LY(R™) — LY(R™*) defined as

p#) _ (B U emana)) 215

Py Fy (fooo ¢z (7) dr, be)
and
G qu (7’) _ Ma: (fo QSJ:(U) dU, ¢y) ¢x(7—) ' (216)
by Gy (fooo ¢z (v) dv, ¢y) (7)

Theorem 2.4.1 Suppose that we have a model as given by Equations —.

Let

¢ = i (2.17)
Dy

where ¢, € L*(R™) is a function such that

/Oooezsxzxo.

Suppose that F' and G defined by FEquations and are Lipschitz on
norm-balls of L*. If the ADP problem has a solution { € Li for the functions F and

G and the initial condition ¢, then Equations — have a solution X (t), y(7,t)
fort €[0,t] and a.e. for 7 € (0,00).
Actually, if € is the solution of the ADP problem, then

X(t) ==z (/OOO 0(r,t) d7'>

y(.t) =7 (),

solve Equations —, and thus any property of these two functions translates
into a property of the solution of the coupled model in Section [2.)

and
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Proof Consider Equations (2.1)-(2.5) and let ¢ > 0 such that ¢ € L; is a solution
of the ADP problem on [0,¢] for the functions F' and G defined by Equations ([2.15])
and ([2.16) and the initial condition ¢ in Equation (2.17)).

Define
X(t) = x™ (/OOO (7,1 dr) ,

y('>t> = W(ik) (6(7 t)) )

where 7™ and 7(=*) are the projections in Definition m

and

Applying 7™ to Equation (2.7) we have

7™ (U(7,0)) = ¢,(7);

integrating we obtain Equation ([2.2]).

Applying 7% to Equation , and using the definition of G in Equation (2.16)),
we obtain Equation . In the same way, from Equation and the definition of
F in Equation , we obtain Equation . Also, applying 7(=% to Equation (2.7)
yields Equation ({2.5]).

It remains to prove that X satisfies Equation . Notice that

7™ <F(€(-,t)) + /Ooo Gl(-,t))(7) dT> = I, (X(1),y( 1)) + M, (X (1), y(-, 1)) X(2),

so all we need to show is that

%X(t} = (™) <F(€(-,t)) + /000 G(l(-,1))(7) d7'> :

We will accomplish this by showing that the left and right derivatives of X (t) agree

on that value.
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Recall from Section that if F and G are Lipschitz on norm-balls of L', a
solution of the ADP is also a mild solution of the ADP. So, if A~ > 0:

‘h‘l (X(t+h)— X(t)] —x™ (F(E(-, t)) + /OOO G(l(-,1))(1) dT)

= ‘h_lﬂ'(m) (/ U1, t+ h)dr — / o(r,t) dT)
0 0

) (F(€(~, t) - /OOO G ))(r) dT) ‘

h 0 00
= ‘h_lw(m) (/ ((1,t+h) dT+/ ((1,t+h) dT—/ l(r,t) dT)
0 h 0

_ (F@(_7t)) +/OOO GU(-, 1) (7) d7> ‘

< ‘h—lﬂm) ( /0 bt 4 B — 1)) d7>
™ (/Ooo R [U(r + h,t + k) — (1, 1)] — G(L(-,1))(T) d7>

_|_

<p! /h 7™ (6(r, t + h) — F(0(,0)))] dr

Shl/ [0(,t + h) — F(€(-,1))] dT
+ /O°° |h 0T + ht + h) — (7, 1)] = G(U(-, 1))(7)| dT,

which tends to zero as h — 07 by Equations (2.12)) and 2.13. This shows that the
right derivative of X exists and it is equal to 7(™ (F ( )+ fo )dT)
for every t € [0,].
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Now, for the left derivative, let > 0. Then,
R X(t) — X (t—h)] —a™ (F(E(-, t)) + /OOO G(-, 1)) (T) dT)
| rm) (h—l /Ooog(T, £ — 0(r,t — B)dr — F({(- 1)) — /Ooo G- )(7) d7>
= /OOOE(T, £) = (r,t — h)dr — F((-,1)) — /OOO G- 1)(r) dr

IA

IA

B! /Oh/z(T, £ dr — F(€(~,t))'
+ ‘h_l [/:Og(f,t) dT—/OOOe(T,t—h) df} —/OOO Gl(-, 1) (r)dr

_ ‘hl /Ohe(T, fdr — F(€(~,t))'
+ ‘hl MOOE(T,@ df—/oooe(f,t—h) dT} _ /OOO GU(-1)(r) dr

The first factor in the last sum goes to zero as h — 07, by the Fundamental Theorem

of Calculus and the fact that ¢ is a solution of the ADP problem (in particular

Equation ([2.9)):

lim At /h O(r,t)dr = £(0,t) = F(L(-,1)).

h—0+ 0
For the second factor, recall that if F' and G are Lipschitz on norm-balls of L! then ¢
is a mild solution of the ADP problem if and only if it satisfies the integral equation of

the problem, that is, Equation (2.11)) [Web85, Theorem 2.2]. Using Equation ([2.11]),

for any 0 < h < min {7,t}, we have

U7, t) =T —h,t—h) = /tth G(l(-,s))(s+71—1t)ds,
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and so if h < t,
'h—l [/hooé(ﬂt)dr—/OOOE(T,t—h)dT] —/Oooa(z(-,t))(f)dT

= |p! [/hooz(f, t) — 0t — hyt — h) dT] - /OOO G(U(-, 1)) () dr

_ |p [/hoo/tthG(E(-,s))(s+T—t)dsdr] —/OOOG(E(-,m(T)dT

:/0”

_ /Oooh—l /tth(é(-,s))(erTJrh—t)—G(f(-,t))(T)ds} dr

>

_1 { tth GU(-,8))(s+T+h—1t) ds} —G(E(-,t))(7)> d4r

|
< /OOO ‘hl Ut; (GU(-, ) (s + 7+ h —1t) — G, 1)(7)) ds] dr

IN
>

! /t_ OO|G(€(~,s))(s—i—T—i—h—t) — G((-,t))(7)| dr ds

hJ0O

<p ! /t CIGUC ) (54 7+ h — 1) — GU( D) (s + 7+ h—1)] drds

+ R /t_h OOO|G(€(-,t))(s+T+h—t) — G-, ) (7)] drds

+ sup /OOO |G(l(-,t)(s+T7+h—t)— G-, t))(7)| dr.

In the last inequality, the first factor in the sum tends to zero as h — 0% because
the function ¢ — G(¢(-,t)) is continuous [Web85, Lemma 2.2], and the second factor

tends to zero by the continuity of the translation in L. [ ]

2.5 Equilibria of the coupled model and the ADP problem

For any coupled model where we can use Theorem [2.4.1] an equilibrium solution
of the respective ADP problem translates into an equilibrium solution of the coupled

(m

model by the method of applying the projection 7(™ and integrating to obtain the
equilibrium for X or applying the projection 7(=*) to obtain the equilibrium for y. In
some cases, those are the only equilibrium solutions of the coupled model, as stated

by the following:
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Theorem 2.5.1 Suppose that we have a coupled model as in Equations —.
Let F and G defined by Equations and be Lipschitz on norm-balls of L'.
If the ADP problem for the functions F and G, has an equilibrium solution ¢,

Xy = nt™ ( /O h o(7) d7> ,
P (e

¢y(1) =7 (7)),

then

1s an equilibrium solution of the coupled model.
Conversely, suppose that X, ¢, is an equilibrium solution of the coupled model

such that
(i) ¢y is absolutely continuous,
(i) ¢, € L*, and
(111) all eigenvalues of M, (Xo, ¢,) have negative real parts.

Then,
Mo X007 F (X, 6,)

Py(t)
is an equilibrium solution of the ADP problem for the functions F and G defined by

FEquations and .

¢(1) =

Proof Under the hypothesis of the theorem, if the ADP problem has an equilibrium
solution ¢, then we can apply Theorem[2.4.T]to obtain a solution of the coupled model.
Because the equilibrium solution of the ADP problem does not depend on the variable
t, neither will the solution of the coupled model.

On the other hand, if Xy, ¢, is an equilibrium solution of the coupled model that
satisfies , and and we define

T eMa(Xo.00)7 [ 0s Dy
N Fy(Xo,6,)
dy(T) y(T)



34

then

/oT 6:(7) dT = (My(Xo, ¢,)) e FOMTE(Xo, 6,) — (Ma(Xo. 0)) " FulXo, 6,)-

Recall that we are assuming that all eigenvalues of the matrix M, (X, ¢,) have neg-
ative real parts, so (M,(Xo,¢,)) " exists. Moreover, if all eigenvalues of a square
matrix A have negative real parts then lim, ., eA7zy = 0, for any vector z, of the

same dimension as A [Per01l, Chapter 1, Theorem 2|. So,

| enlm)dr =~ (0X0,0,) B (Xo.6,).
0
By Equation (2.1) and the fact that, if Xy, ¢, is an equilbrium solution of the
coupled model, it satisfies X'(t) = 0, we have
—(My(Xo, ¢y)) ' Fo(Xo, ¢y) = Xo.

So, fooo ¢ (1) dT = X,
Because of the definition of ¢, and the fact that ¢, is absolutely continuous, ¢ is

absolutely continuous. Moreover,

¢;($) = Mx<X0a ¢y)¢x(7—)a

so ¢ € L'. Also, because we are assuming that ¢, € L', then ¢/ € L.

Now we can show that ¢ is indeed a solution of the ADP problem:

0) = Fo(Xo, ¢y) _ Fo(Xo, ¢y) _ F(o),
¢y(0) Fy(XO’ ¢y)

where F' is as in Equation ((2.15]), and

M (Xo, dy)¢a(T)

Do(r) = ¢/(r) = | = G(o)).
y(7)
where G is as in Equation . [ |

Notice that the functions M, of the first and last example presented in Sec-
tion satisfy condition in the last theorem. The second example satisfies

the condition for the non-trivial equilibrium.
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3. Solutions of the model
We start by defining what we mean by a solution of the model.
Definition 3.0.1 Let Ny € Ry and © € LL(R) be such that
No+/oo@(7')d7' > 0.
0

We define a solution of the model given by the System for the initial conditions
No and ©, as a pair of functions N : Ry — Ry differentiable, and o : Ry — L1 (R)
continuous, that solve the equations in System for all t > 0 and a.e. for 7 €

(0, 00).

3.1 Owur model as an ADP problem

Our ADP problem will be defined by the method in Theorem for the coupled

problem:

Loy = | [ e oW1 gl oe) - i) + wpce),

a P
M(0) = No,
Do(r,t) = — _/OOO T(U)"(Q;;t) | S(r)o(r. 1) = po(r.).
0(0,t) = [ OOOT(U)O(l;t) dv} {’ﬁ(t) + /000 S(7)o(T,t) dr} , (3.1)
o(r,0) = (1),

Notice that this is the same as our original model (System (1.1))), as long as P(t) = P

for all t. We show now that this is the case.
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Proposition 3.1.1 Let p > 0. Let T,S : Ry — R, be functions that satisfy As-
sumption is satisfied. Let Ny € Ry and © € LY (R) be such that

No +/ O(r)dr > 0.
0
Then any solution M : Ry — Ry, o : Ry — LL(R) of System satisfies
B(t) = No +/ O(r).
0

Proof Suppose that 91 : Ry — Ry, 0 : Ry — L (R) is a solution of System ([1.1).
To simplify the notation, define

o(v,t)
B(t)

B(t) = /0 ") do,

and

we(t) =o(t +c,t),

for any ¢ € R and ¢ > t., where t. = max {—c, 0}.
We have,

lim we(t 4+ h) — w(t) _ lim o(t+c+h,t+h)—o(t+c,t)

h—0+ h h—0+ h

=Do(t +¢,t)

= —B(t)S(t + c)w.(t) — pw.(t),
so the right derivative of w/,(t+) exists a.e. Now, B(t)S(t-+c) is bounded by [ 7T'(7) dr
or is zero a.e., because of Assumption [L.5.1] Therefore, w(t+) is integrable in [0, 7]
for any ¢ > 0, whenever w.(t) is integrable in [0,#]. Because, 0 : Ry — L. (R) is
continuous, this is the case for any ¢ > 0. So, we can integrate w/,(t+) to obtain that

w, satisfies a.e. the integral equation:

we(t) = /t —B(5)S(s + c)we(s) — pwe(s) + we(t.);
that is,

we(t) = we(0) — [fot B(s)S(s+ c)w.(s) + pwe(s) ds] if ¢ > 0,
we(—c) — [ffc B(s)S(s + c)we(s) + pwe(s) ds} fe<o
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Letting 7 = ¢ + ¢ and using the fourth and fifth equations in System (L.1)), we

obtain:
o(rt) = O(r — 1) — {/OtB(s)S(T—t+s)o(r—t+s,s)+u0(7—t+s,s)ds} |
a.e. for 7 < ¢, and
o(7.1) =B(t — 7) [m(t S /0 T S@o(w,t— 1) dv]
- [/ttTB(s)S(T—t+s)0(7'—t+s,s) +uo(r—t+s,s)ds} ,

a.e. for 7 > t. Integrating, we have

/Oooo(r,t)dr
:/OtB(t—T) [m(t—7)+/OOOS(U)O(U,t—T)dU} dr

—/t/t B(s)S(r —t+ 8)o(r —t +5,8) + po(r —t +5,5)ds  (32)

—l—/oo@(T—t)dT
—/Oo/tB(s)S(T—t+s)o(7—t+s,s)+u0(7—t+s,s)ds.

Changing the limits of integration and making the change of variable v =7 —t + s

yields
t t
// B(s)S(r — t + s)o(r — t + 5,5) + po(r —t + 5,5 ds

// B(v (v,s) + po(v,s)dvds,

/oo/tB(s)S(T—t+s)o(7'—t+s,s)+p0(7‘—t+s,s)ds

// B(v Jo(v,s) + po(v, s)dvds.

A change of variable of s = ¢t — 7 and v = 7 — t in the other two integrals of

Equation (3.2)) imply that

/UOOO(T,t)d /B s)ds — /||o |d3+/ O(v) duv.

and
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Finally, integrating the first equation in System (|1.1]) we obtain

t t
0 =~ [ BeRs)as+ [ ot s)]ds + N
0 0
Adding the last two equations we have the result. [ |

This proposition allows us to consider a simpler version of the model (“less non-

linear”), namely System ((3.1]). Taking
Fu(X, ¢y) = pX —l—u/ ¢y (7)dr,
0

M (X0) = - [ 102 dar -
Gx.0) =~ | [T 25 ar] s0)0, ) - oy (o),
Fy(X,,) = VOOO T(T)%T@ dT} [X + /OOO S(r),(7) dT} |
Xy = Ny,

and

this system is of the form described in Section [2.1, and we can use the functions

) pfy oN(r) +¢°(r)dr
A7) , (3.3)
¢ [fooo T(U)%S“) dw} UOOO " (1) + S(7)e°(7) dT]

and

i [ Ty 2 dv] ¢ (r) = pon(7)
G ¢ (1) = ; (3.4)
¢° o
= [ @) do] S(r)ee(7) — o (7)
to translate it into an ADP problem.

To simplify the notation, we will use the following conventions:
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Definition 3.1.1 For 0 <t < oo, and ¢ € L'((0,t),R?), let

(bn =m0 ¢7
and
¢0 = T2 0 ¢7
where m,m : R — R are the projections to the first and second entries as in Defini-

tion [L.6.3.

In this sense, ¢" will be the never-infected part of ¢ and ¢° the once-infected part.

Further, we use notation for the force of infection at a certain state:

Definition 3.1.2 We define F : L' — R by

F(p) = /000 T(T)gboéT) dr.

We also give notation for the weighted sum of the entries of a state with respect to

susceptibility:
Definition 3.1.3 We define W : L' — R by
W) = [ o)+ Srer(r)
And the non-weighted one:
Definition 3.1.4 We define W : L' — R by
W) = [~ o)+ or(r)ar

Notice that W(¢) = ||¢|| if ¢ € L.

Now we can rewrite the functions F' and G in a more compact way. For ¢ € L':

pW(9)
F(e)W(9)

F(¢) =

and
—F(¢)9"(1) — po™(7)
—F()S(T)8° () — pe®(7)
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3.2 Basic results for the ADP version of the model

Proposition 3.2.1 Let P > 0, p > 0, and T, S : R, — R, bounded. Then func-
tions F, W, W in Definitions |3.1.2, |3.1.5 and |3.1.4), are bounded linear operators.

Additionally, we have

N>

[Fllop <

e

IWlop < S,

and

Wllop =1,

Proof The linearity follows by the definition of the functions and the fact that
integration is a linear operator.

For all ¢ € L', we have

|9°(7)]
P

dr <

oll,

o~

F(6)] < / 1)

IW(@)| < /Oo [¢"(7)| + S(7)]¢°(7)| dr < 5¢].

0

and

IW(¢)] < /OO 6" (T +19°(7)| dr = [|¢]|-

0
Also, [W(¢)| = [|¢]l, if ¢ € L} n

Proposition 3.2.2 Let P > 0, u > 0, and T,S : R, — R, bounded. If ¢ € L*,
then there exists 0 <t < oo and { € L; such that { is the unique mild solution of the
ADP problem on [0,t] for the functions F,G given by Equations , and the

wniatial distribution ¢.

Proof Existence and uniqueness of the mild solution of the ADP problem is guar-
anteed if F' and G are Lipschitz on norm-balls of L' [Web85, Theorem 2.1]. In other

words, we need to show that there exist functions ¢, c : Ry — R, such that

[F(¢1) = F(d2)] < ea(r)l| o1 — 02,
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and

|G (¢1) = G(d2)| < calr)l|dr —

for all ¢1,¢2 < Ll with ”¢1H, H(bg“ S r.
If ||p1|], ||p2ll < 7, using Proposition [3.2.1}, we have

|F(¢1) — F(¢2)]
= |V (¢1) — pW(2)| + [F(91)W (1) — F(h2)W(2)]|
= uW(¢1 = d2)| + | F(01)W(1) — F(01)W(d2) + F(d1)WV(d2) — F(d2)W(¢2)]
< pllor = dal + | F(01)[[W(d1 — d2)| + [W(2)[|F (o1 — ¢2)]

T .
< pllgr = b2l + SllorllPV(¢1 = d2)| + Sll¢a[l|F(¢1 — ¢2)]
< pllér = all + SllnllS o1 = Eall + Sllg2ll 5161 — &2

T .
< g1 = éall + 25561 = 6.

So, we can choose o
25Tr

Similarly, if ||¢q||, ||@2]] < 7,

1G(61) — Céa)]
- / = F()8(r) + F(ba)d(r) — p(7) + pd(r)| dr

+ [ 1RSI + Flea)S(r)en(r) - () + no(r)| dr
< [T 1@ - Feamldra [ 16 - (o)l ar
+ [T 1S - Feasmsmldru [ 160 - ¢l dr
< [T 1F@6) ~ Fo0s) +1F06r) - Flenar)ldr
+ [T 1RSI — FenSEesn] + IF@)SIT) — Fen) S ()l dr

+ pl|or — @]
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< |F (o) / " 16Mr) — A3 dr + | F(n — b) / " eam)dr
+17)] | " S(1)1¢°(r) — 3] dr + | F(n — )| / " S(n)|g3(m)|dr
+ pf|d1 — @l

< |F(60)I8 161 — dall + 1F (61 — 6213l + ullén — bl

T .
< 2FST||<Z51 — @l + pll¢1 — ¢o.
So, we can also take -
_28Tr
P

ca(r) + p.

Proposition 3.2.3 Let P > 0, u > 0, and T, S : Ry — Ry bounded. If ¢ € LY,
then the mild solution ¢ of the ADP problem on [0,ts) for the functions F',G given by
FEquations , and the initial distribution ¢, has the property that ((-,t) € L1
for 0 <t < t,.
Proof We can guarantee that £(-,¢) € L} if we have [Web85, Theorem 2.4]:

(i) F(LY) CR2, and

(i) there exists an increasing and function ¢z : Ry — R, such that

G(¢) +cs(r)o € Li
whenever r > 0, ¢ € L1, and ||| < r.

Clearly F'(LL) C R%, so we only need to show that there exists a function cs.

If ||¢|| < r, using Proposition we have

—G(o)(1) = F(P)o™ (1) + puop™(1)
F(6)S(r)(r) + e (r)
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Therefore we can take

Proposition 3.2.4 Let P >0, u >0, and T,S : Ry — R be bounded. Let ¢ € L*,
and let £ be the mild solution of the ADP problem on [0,ts) for the functions F,G
given by Equations , and the initial condition ¢. Then W(L(-,t)) is constant
for all 0 <t < tg.

Additionally, if ¢ € L, then ||£(-,t)|| = ||¢]], for all 0 <t < t,.

Proof For 0 <t <t4sand h > 0, we have
hl/ U1, t+h) — (T, t)dr
0
h 00 00

= h_l/ (1, t+ h)dr + h_l/ ((1,t+ h)dr — h_l/ ((r,t)dr
0 h 0
h 0o

:h_l/ E(T,t—l—h)quL/ h=l(T + h,t 4+ h) — £(7,t)] dT,
0 0

which converges to F(¢ ) + fo ))(r)dr as h — 0%, because of Equa-

tions and (| -

Addlng the entries of the vectors h=* [ ¢(7,t 4+ h) — ((7,t)d7 and F({(-,t)) +
I G(e(-,t)) () dr, we obtain,

WLt + h)) = W, 1))
h

— 0,

as h — 0. In other words, t — W({(-,t)) is differentiable from the right in (0,4),
and its right derivative is 0.

Given 0 <t < t4, ¢ € Ly, so the restriction of the solution £ to [0,7] is continuous
as function of ¢ from [0,¢] to L'; therefore, W({(-,t)) is also continuous in [0,%].
Any continuous function in [0,¢] that has non-negative right derivative everywhere
n (0,%) is non-decreasing in [0,7] [Roy88, Chapter 5, Proposition 2]. Because both
W(L(-,t)) and —=W(£(-,t)) have non-negative right derivative, we can conclude that
W(L(-,t)) is constant in [0,¢], for any 0 < ¢ < t4.
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Finally, if ¢ € L%, because of Equation ,
WL~ 0)) = W(6) = / & (7) +6°(r) = 0]l

so W(L(-,t)) = |||, for all 0 < ¢ < t4s. Additionally, by Proposition [3.2.3] we know
that if ¢ € L1, £(-,t) € L}, and so W(L(-,t)) = [|¢(-,1)], for all 0 < ¢ < t,. |

Proposition 3.2.5 Let P >0, >0, and T, S : Ry — Ry be bounded, ¢ € LL. Let
¢ be the mild solution of the ADP problem on [0,t,) for the functions F,G given by

Equations , and the initial condition ¢. Then t, = oc.

Proof If ¢, < oo, then limsup,., ||¢(-,t)|| = oo [Web85, Theorem 2.3]. By Propo-
sition [3.2.4] we know that ||¢(-,t)|| remains bounded (actually it is constant) for all

t €10,t4), if $ € L. So we can conclude that 5 = cc. [ ]

3.3 Existence and regularity of the model solution

Proposition 3.3.1 Let P > 0, p > 0. Let T : Ry — R, be a bounded function,
and let S : Ry — Ry be a bounded globally Lipschitz function. Let ¢ € L be a
continuous function such that ¢(0) = F(¢p). Then, there exists a unique continuous

function € : Ry — L1 that is the solution of the ADP problem for the functions F
and G given by Equations , and the initial condition ¢.

Proof The existence and uniqueness of a mild solution ¢ of the ADP problem is
guaranteed by Proposition[3.2.2] ¢, = oo and so £ € L, because of Proposition [3.2.5
((-,t) € LL for every t € Ry because of Proposition m
Note that
G(9)(T) = —M(7,9),

for all 7 > 0, where M : R, x L' — B(R? R?) is defined as

F(o) +p 0
S(1)F () +

M(r,¢) =
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For G of this form, the mild solution of the ADP problem in [0, ) is a continuous
solution of the ADP problem in [0,%,) [Web85, Theorem 2.9] if

(i) ¢ € L' is continuous and ¢(0) = F(¢),
(ii) F is Lipschitz on norm-balls of L', and

(iii) there exist increasing functions ¢y, cs, ¢ : Ry — R, such that for all ¢1, ¢y € L,
T1, T2 > 0:
(a) 1M (71, ¢1) = M(72,01)llop < call|dn]])lm — 72
(b) [[M (71, 91)llop < es(llnl])
(e) 1M (1, ¢1) = M(71, 92)llop < c6(r)llPr — ol if [ ], [[G2l] < 7.

(i)) is part of the hypothesis and we already showed in the proof of Proposi-

tion [3.2.2] so we proceed to prove (fiii). Let ¢1, 2 € L, 71,7 > 0.
Using the fact that S is globally Lipschitz, let K be a constant such that

|5(7) = S(7)] < K|r — 7|

for all 7,7/ > 0. We have

I3(71,61) = M (72,01 lop = 1(1) — S(m)] 1F(6)
< S lallin = 7,

and we can take cy(r) = £LZ

On the other hand,

[M(71,01)llop = sup  {|F(¢1)x1 + pwy| + [S(71) F(h1) 72 + puzal}

|z1[+|z2]=1

Sl |81|1p| 1{|]'—(¢1)||931|+/4L|$1|Jr|5(71)||]'—(¢>1)||932|+M|ﬂf2|}
x1|+|x2|=

< s {SIF @)l +u]
|z1[+|z2]=1

A A

ST
<
< 5 llonll + g,
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and we can take c5(r) = SZT + p.

Finally,

[M (715 61) = M(71,2)llop = sup {|F (b1 = do)as| +[S(10)F (61 — )2}

|z1]+|z2|=1
< s {S1F (61— ea)l(li] + |wal) }
|z1]+|z2|=1
ST
<2 Ny —
< 2 lor — ol
and we can take c4(r) = S?T n

Let us translate the last proposition back to our original problem to obtain the

first theorem of existence (and regularity) of solutions:

Theorem 3.3.1 Let p > 0. Let T : R, — Ry be a function and S : Ry — R,
a globally Lipschitz function that satisfy Assumption [1.5.1. Let Ny > 0, and let
O : Ry — Ry be a continuous function such that © € L} and

0(0) = [ /0 h T(0) 5 Eog“@) - dv} [No + /0 T s(me) dr]  (35)

Then there exists a differentiable function I : Ry — R, and a continuous function

0: Ry — LL(R), that solve System (L.1]).

Proof Let ¢" be any continuous function from R, to R, such that

and
/00 ¢"(7)dr = Np.
0

For this ¢", because we showed in Proposition that ' and G given by Equa-
tions , are Lipschitz on norm-balls of L', we can use Theorem to
translate results of a solution of the ADP problem for the functions F' and G and the
initial condition

o

¢= ,
)
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to results for solutions of the System (3.1]), and by Proposition of the original
System (|1.1]).
The first result is existence of a solution. We know that ¢ € L}r is continuous and

by the definition of ¢ and Equation (3.5)), we have

¢"(0) ppP
$(0) = = N = F(¢).
©(0) F(¢) [No+ [;°S(r)O(7) d]
So, we have the hypothesis of Proposition and we can conclude that there is

a solution for System (|1.1)). Moreover, this solution is defined for all £ € Ry, and

Nt)=m (/OOO 0(T,t) dr) ,

o(7, 1) = m2 (€(7, 1)),
for ¢ the solution of the ADP problem.
By Proposition [3.2.3 ¢(-,t) € L%, for all t € Ry, so N(¢) > 0 and o(-,t) € L as

satisfies

required. [ |

The above proposition is not very restrictive in the conditions imposed on the
initial distribution. We only require it to be continuous, L' and satisfy the non-
local boundary condition. However, we are imposing an additional restriction on the
susceptibility function, S, namely for it to be globally Lipschitz. We can dispense with
this restriction so long as we impose a stronger condition on the initial distribution.
Our regularity results will then be stronger for the solution of the ADP problem. For

this we first need to show that our functions F' and G are continuously F-differentiable.

Proposition 3.3.2 Let P > 0, u > 0. Let T, S : R, — R, be bounded functions.
Then

1. The function F : L' — R? defined by Equation 18 a continuously F-

differentiable function relative to L'. Its F-derivative is given by

W (¢)
F(¢o)W(9) + F(9)W (o)

F'(¢o)(¢) =



48

2. The function G : L* — L' defined by Equation 15 a continuously F-

differentiable function relative to L*. Its F-derivative is given by

F(d)d"(7) + F(D)d5(7) + g™ (7) .
F(0)S()9°(7) + F(9)S(7) () + po’(7)

G (o) (0)(1) = — (

Proof Let ¢y € L'. Note that both F'(¢g) and G'(¢y) defined above are linear
operators from L' to R? and from L' to L', respectively. They are bounded linear

operators because
IF'(60)(6)] =Iu2(6)] + [F (66)W(6) + F(6)W(eo)|
< (u + [ F(00)[S + ]Z;IW(cboN) I,
and
G @)@ = [ 1F(@)6"(r) + F(@)EHr) + ()] dr
+ [ IF@SEE )+ FOSEI) + ()] dr

s@fwms+ﬁﬂwm+u)ww

for any ¢ € L.
Now, let ¢ > 0 and ¢ € L'. We have
|F(¢) — F(do) — F'(¢0) (¢ — o)
= [F(@)W() — F(go)W(¢0) — F(¢o)W (¢ — do) — F (& — do)W (o)
= |F(@)W(¢ — ¢o) — F(do)W(¢ — ¢o)|
= |F(¢ — po)W(d — ¢0)|
< FSW — 9ol
S €H¢ - (bOH?

if T=0,5=0,orif ||¢ — ¢ <5:min{1,%},whenf’,§7é0.
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Likewise, we have

[G(0) — G(@) — C(60)( — 60)
= [ 176 - 0o (r) = F(o — oei(r)l s
+ [T 176 - oSI(r) - Fo - SRl dr
<SG o)l [ 10°07) = ')+ 10°) — Rl dr
= S|F(¢ — do)lll¢ — ool
< 5216 aul®.
which again is smaller than e if 7' = 0, $ = 0, or if ||¢ — ¢o|| < & = min{l, %}

when T, S # 0.
Now, let ¢1, ¢, € L'. We have

1 (¢1) = F'(2)llop = P, [F(d1 = 92)WV(9) + F (@)W (1 — ¢2)]

by — dollS ZblISdy —
< liﬁpl{PHaﬁl S2llSNol + SlolS e ¢2“}

7.
= QFSHfbl — o9,

so ¢ — F'(¢) is a continuous function from L' to B(L!, R?).

On the other hand,

1G(61) — G (62) o
:am{A F(61 — 62)6"(7) + F(O)(G(r) — 63(r)| dr

ll¢l=1
+Aﬂﬂ@—@ﬁ@&@+?@ﬁﬁﬂm—%vmw}
< sup {|F (61— 62)|Sloll + F(6)S o1 — ol |

l#ll=1

T .
<2—8 —
<23 |61 — @2l

so ¢ — G'(¢) is also continuous as a function from L' to B(L', L'). |
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Proposition 3.3.3 Let P >0, u >0, and let T, S : Ry — R, be bounded functions.
Let ¢ € LY be an absolutely continuous function such that ¢' € L* and ¢(0) = F(¢).
Then there exists a unique solution, ¢, of the ADP problem for the functions F,G
giwen by Equations , and the initial condition ¢, such that

1. L(-,t) is absolutely continuous for any t € R.

2. For every t € R, the function T — {(7,t) is differentiable from R, to R? and

its derivative is in € L',

3. The function t — ((-,t) is continuously differentiable from Ry to L.

4. £ also satisfies the evolution equation:

9, 0
Ef(’i‘, t)+ 56(7, t) =G(-,1))(T),

for every t € Ry and a.e. for T € (0,00).

Proof A mild solution of the ADP problem on [0,%s) is a solution of the ADP

problem and satisfies conditions 1-4 for any ¢ € [0,%,) as long as [Rue08, Theorem
2.3]:

(i) The functions F and G are Lipschitz on norm-balls of L.

(ii) There exists a function c3 that satisfies in the proof of Proposition [3.2.3|
(iii) The functions F and G are continuously F-differentiable relative to LY.
(iv) The initial condition ¢ satisfies:

(a) ¢ € LY,
(b) ¢ is absolutely continuous,

(c) ¢ € L', and
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We have guaranteed existence and uniqueness of the mild solution of the ADP

problem in Proposition [3.2.2} As for the conditions, we showed (fi)) in the proof of
Proposition and in the proof of Proposition [3.2.3] is Proposition |3.3.2]

whereas is part of the hypothesis. Finally, the fact that ¢, = co was the result of
Proposition [3.2.5] [ ]

Again we can translate this into a result for the original problem.

Theorem 3.3.2 Let > 0. Let T,S : R, — R, be functions that satisfy Assump-
tion |1.5.1]. Let Ny > 0, and let © : R, — R, be an absolutely continuous function
such that © € L}, ©" € L', and

0(0) = [ /0 OOT(U)NMEOEUG; Er dv} [No+ /0 T s(me(r) df}.

Then there exists a continuously differentiable function N : Ry — Ry and a continu-
ous function o : Ry — LL (R), that solve System (L.1)). Moreover, o(-,t) is absolutely

continuous for any t € Ry and
0 0
D(O(T7 t)) = EO(Ta t) + ao(Tu t))
for every t € Ry and a.e. for 7 € (0,00).

Proof Let ¢, € L}r be any absolutely continuous function such that ¢! € L,
¢,(0) = pP and [° ¢,(7)dT = No. As in the proof of Theorem m, the result
follows by an application of Theorem and Proposition [3.3.3 ]
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4. Equilibrium solutions of the model

In this chapter, we present results on the existence and stability of equilibrium so-
lutions of the model. Both the disease-free and possible endemic equilibria are con-
sidered. A result on the global stability of the disease-free equilibrium is obtained,
and it is shown that, under certain conditions, the model can have multiple endemic

equilibria.

4.1 Definition of equilibrium solutions for the model

The model can have two types of equilibrium (time-independent) solutions. One
is the disease-free equilibrium at which there are no new infections or reinfections,
and the other one includes endemic equilibrium solutions at which new infections or

reinfections are present, as defined below.

Definition 4.1.1 An equilibrium of the model is a solution (M,0) € L} X Lo of

System (as in Definition with the property that N(t) = Ny, o(-,t) = O,
for all t > 0 and such that

N0+/ O(r)dr > 0.
0

An equilibrium of the model that satisfies ©(0) = 0 is called a disease-free equilibrium,
and any equilibrium of System other than the disease-free equilibrium is called

an endemic equilibrium.

Proposition 4.1.1 (Ny,©) € Ry x L} is an equilibrium solution of model (as in
Definition if and only if it is an equilibrium solution of the System (as in
Definition and P > 0.
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Proof Notice that an equilibrium solution for System (1.1]) satisfies

PB(t) = Ny + /OOO O(r)dr.

Therefore the equations in System (3.1)) are equivalent to those in System (1.1). m

4.2 Equilibrium solutions without vital dynamics

We start the analysis of the existence of equilibrium solutions for the model de-
scribed by the System (1.1)) with the case of = 0, that is, when there is no recruit-

ment of never-infected individuals into the population.

Proposition 4.2.1 Assume u = 0 and Ny > 0. Let T,S : Ry, — R, be bounded
functions, and © € L. Then any equilibrium solution of System 1s a disease-
free equilibrium and satisfies ©(1) =0, a.e. for 7 € {v € R, : T(v) > 0}. Moreover,

if © is a continuous function, then the equilibrium satisfies O(1) =0, for all T > 0.

Proof If (Ny,©) € Ry x LL is an equilibrium of System (1.1)), then by Proposi-
tion [4.1.1} it is an equilibrium of System (3.1)).
For 1 = 0, the first equation in System (3.1)), implies

_ [/OOO T(0)0(v) dT} No = 0.

This is because 9(t) = Ny for all ¢ > 0, and thus V() = 0 for all ¢ > 0. If Ny > 0,
then

and thus ©(7) = 0 a.e. for 7 € {v € Ry : T'(v) > 0}, as claimed. In addition, the
fourth equation in System yields that 0(0,¢) = ©(0) = 0, from which it follows
that the equilibrium is a disease-free equilibrium.

Note that if o(-,t) = O, then

Do(r,t) = lim. o(r + h,t +hh) —o(r
5

]
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the right derivative of ©. Thus, the third equation in System ({3.1]) implies that the
right derivative of © exists and is zero a.e. If © is continuous this implies that it is
constant [Roy88|, Chapter 5, Proposition 2], and from ©(0) = 0 we know that © must

be identically zero. [ ]

Notice that unless we require the equilibrium to be continuous in 7, the equilibrium
is not be unique in the above case (not even unique a.e.). This means that as long
as the infectivity is zero (O(7) = 0, a.e. for 7 € {v € R, : T'(v) > 0}) a population
with some never-infected individuals can have any history of infection (©(7) can be
chosen arbitrarily for 7 ¢ {v € R, : T'(v) > 0}) and remain free of disease.

An interesting case is when the recruitment of naive (never-infected) individuals

is absent because it reduces to an ADP problem in one dimension:

Proposition 4.2.2 Assume . = 0 and Ny = 0. Let T, S : Ry — R, be functions
that satisfy Assumption|1.5.1, Let © € LL. Then System reduces to the ADP

e Do(r,t) = — {/Ooo T(v)o(? ) dv} S(t)o(T,t)
0(0, 1) { OOOT(U)"(;’;” dv] /0 " S(r)o(r. 1) dr,
o(r,0) = O(r),

where P = [ O(r)dr.

Proof By Proposition[4.1.1, System ([1.1]) is the same as System (3.1)). If © = 0, the
first equation in System (3.1)) implies that 91(¢) is a non-increasing function. Since

the range of M is Ry and N(0) = Ny = 0, we conclude 91(¢) = 0 for all ¢ > 0, from

which the result follows. [ ]

Before we present the main theorem of this section, we provide a lemma that will

be helpful for both this and the next section.

Lemma 4.2.1 Let p > 0 and S : Ry — R,y be a bounded function. Consider the
function from Ry to Ry defined by

o0
T — / e~ Jo S@)do=pT g
0
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This function is continuous in (0,00) if
(i) p>0, or

(it) p=0 and [}° e~ ) 50047 4 < oo, for each x> 0.

Proof Suppose p > 0 and let 2 > 0. For 0 < |h| < x and any 7 we have

/OO 6—(ac+h) Jo S(e)do __ /OO 6—:cf0T S(o)do dr
0 0

/ (e—(m+h) Jo S(e)do __ e~ " Jo S(o) da) e M dr

<

+

/ e % Jo S(o)do—pr (e—thT S(o)do 1> dr

0

§2/ e“TdT—i—‘ehfgS(")d"—l‘/ 1dr
T 0

2 .
=—e M+ 7
1

ol g S(e)do _ 1‘ '

Therefore, given € > 0, we can take 7 big enough so that %e_’” < €/2 and then |A|

o)do

small enough so that 7 ‘e*hfo% S( — 1‘ < €/2; which proves the continuity at z.

Now suppose p = 0, and let = > 0. For 0 < |h| < /2, and 7 > 0 we have

/ 6—(cc+h) Jo S(e)do __ / e Jo S(o)do dr
0 0

<

/OO (6—(:(;+h) Jo S(e)do __ e~ Jo S(o) da) e M dr

+ / e % Jo S(o)do—pr (e_thT S(o)do 1> dr

0

32/ "5 5 8@ qr 4 7 | S 1‘.

Given ¢ > 0, by the assumption of the integrability of fooo e 2J05(0)do 41 we can
choose 7 big enough so that the first term in the last inequality is smaller than €/2,
and then choose |h| small enough so that the second term is smaller than /2 which

implies the continuity at x. [ ]

Theorem 4.2.1 Assume =0 and Ny = 0. Let T,S : R, — R, be functions that
satisfy Assumption|(1.5.1. Let © € L} . Then
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1. There is no disease-free equilibrium for the model.

2. There is an endemic equilibrium if and only if there exists a B > 0 such that

/ Be-B i Ss)ds 4 _ / T(r)e Bl 5(ds 47, (4.1)
0 0

3. If T and S satisfy Assumption[1.5.3, then there exists an endemic equilibrium

of and only iof
1

sup S’

Ro > (4.2)

Proof Define
B(©) = / T(U)Q(U) dv.
0 P

The functions Fy : L1 (R) — Ry and Gy : LY (R) — L% (R) that define the ADP

problem of Proposition 4.2.2| are
Fy(©) = B(@)/ S(m)O(r)dr, (4.3)
0

and

Go(©)(1) = =B(©)5(7)O(7). (4.4)

Since u = 0, Fy(O) = mo(F(¢)) and G(O)(7) = ma(G(¢) (7)), for ¢ = (0,0) and F and
G as in Equations and . Therefore, we know that F and Gy are Lipschitz
on norm-balls of L'(R), since F' and G are for norm-balls of L!(R?) (this was showed
in the proof of Proposition , and also there is function c3 that satisfies in
the proof of Proposition , since there is one for G (this was showed in the proof
of Proposition . By [Web85|, Proposition 4.1] © is an equilibrium solution of the
ADP problem in Proposition and thus one for the System if and only if ©

is absolutely continuous, ©" € L*,
0 = Gy(0),

and
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Using Equations (4.3]) and (4.4) and solving the conditions above we obtain that

O is an equilibrium for the system if and only if it satisfies
O(r) = B(©) [ / S()O(v) dv] e~ BO) Jg S(s)ds, (4.5)
0

A disease-free equilibrium satisfies ©(0) = 0 and so by Equation (4.5), ©(7) =0
for all 7 > 0, but then
P:NO—I—/ O(r)dr = 0.
0

Therefore there is no disease-free equilibrium in this case. Additionally, by the same
reasoning, we obtain that any equilibrium satisfies
B(©) >0,
and
o0
/ S(v)O(v)dv > 0.
0
Now we prove Result 2] Suppose that there is an endemic equilibrium, ©. Let

B = B(©). We show that B satisfies Equation (4.1)).
Multiplying Equation (4.5) by T'(7)/P and integrating we obtain

B= g [ /0 N S(v)O(v) dv] /0 h T(r)e BJo 56 ds g7

Integrating Equation (4.5) and using the definition of P we obtain

P [ / ()6 (v) dv} / Be-B I 860 g
0 0
The two equations above yield Equation (4.1)).
Now suppose that there exists B > 0 that satisfies Equation (4.1)). We will show

that the function
O(r)=B [/ S(v)O(v) dv} e~ B o Sls)ds
0

is an equilibrium.
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By Equation (4.5) and the chosen form for © it is enough to show that B(©) = B.
Integrating we obtain that

- {/Ooo S(v)O(v) dv} /OOO T(r)eB I 56 s g

by Equation (4.1J).
Now multiplying ©(7) by T'(7)/P and integrating we obtain
B = = —B [ S(s)ds
B(©)=— S(v)O(v) dv T(r)e "o dr,
P 1Jo 0
and by Equation (4.6) we obtain the result.
It remains to prove Result [ Suppose that T and S satisfy Assumption [1.5.3
First note that if 4 = 0, Ry as in Definition is given by

Rgz/ T(r)dr,
0

and under Assumption (or Assumption |1.5.2)) this integral converges.
Note that Equation (4.1) becomes under Assumption m (and also only under

Assumption [1.5.2)):
/ Be Bl 8()ds qp = Ro.

0
Define

H(B) =B [ "0 ar
0
We have to prove that there exists a B > 0 such that H(B) = R, if and only if

1
sup S’

Ry >

Because

S(1) <sup S X Lz 00)(7),
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for all 7 > 0, we know that
H(B) Z B/ e*B‘[‘O‘F SUPSXH[TO,oo)(O') do dT
0

70 oo -
:B/ 1dT+B/ e Bsup S [7 1do g
0

70

=1B + B/ e~ BsupS(r=m0) -

70

On the other hand, since lim,_,, S(7) = sup S, we know that given 0 < € < sup S,

there exist 7. > 0 such that S(7) > sup .S — € for all 7 > 7, which implies
S(1) > (sup S — €) X Lir o0)(7),
for all 7 > O, and so
H(B) S B/ e*BfoT(supsfe)]l[Thoo)(a) do dr
0
= B/ 1dr + B/ o BlsupS—e) [ 1do
0 .

=7.B+ B /OO e~ Blup S—)(r=7c) 4

Hence, for all 0 < ¢ < sup .S we have

1
<H(B)<71B+

B+ _
70 sup S sup S — €

(4.7)

Since lim, o S(7) = sup S > 0, then [~ S(7) dr = oo, and therefore [~ e /¢ 5(9)d7 47 <
oo for any > 0. By Lemma [4.2.1, we know that H(B) is continuous for all B > 0,
and by Equation (4.7]), we have for all 0 < € < sup S

1
supS — €

< lim H(B) <
supS_Blg%) (B) <

That is,

_ 1
élg% H(B) = sup S’



61

Equation (4.7)) implies that H(B) is bounded from below by a strictly increasing
function that tends to infinity as B — oo. So, we obtain: there exists B > 0 such

that H(B) = Ry if and only if Ry > limp_,q H(B) = — [ |

sup S”

Figure summarizes Result [3] in the Theorem. The blue curve in this figure
represents 1/supS. Notice that if supS < 1, Ry > 1 is a necessarily (but not
sufficient) condition for the existence of an endemic equilibrium. If sup S > 1, this is

not longer the case; that is, there can be endemic equilibria even when Ry < 1.

Ro

No endemic equilibrium

sup S

Figure 4.1. A bifurcation diagram in the (sup S,Ry) plane for the case
of 4 = 0 and under Assumption 1.5.3. It illustrates that the number of
endemic equilibria depends on the values of Ry and sup S.

Notice that under Assumption [I.5.3] Theorem guarantees the existence of

at least one endemic equilibrium if
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but it does not provide information about its uniqueness. Indeed, if the function
H(B) in the proof of Theorem crosses the line Ry multiple times, then there
will be multiple endemic equilibria.

Proposition and Theorem [4.2.1| indicate that, when pu = 0, there can only
exist an endemic equilibrium when the susceptibility function is not zero. In other
words, to have an endemic equilibrium without vital dynamics, reinfection is necessary

in the model.

4.3 Equilibrium solutions with vital dynamics

In the case when p > 0, we are able to identify all equilibria of the model with
those equilibria of the corresponding ADP based on Theorem [2.5.1] The following

proposition provides the justification.

Proposition 4.3.1 Assume p > 0. Let T,S : R, — R, be functions that satisfy
Assumption|1.5.1. Let No >0, © € L} be an equilibrium of the model. Then

1. Ny >0,
2. © s absolutely continuous, and
3.0 el

Proof Suppose that Ny > 0, © € L! is an equilibrium of the model. By Proposi-

tion 4.1.1}, Ny, © is an equilibrium solution of the System (3.1)).
If Ny = 0, because 9V'(t) = 0 for the equilibrium, then by the first equation of

System ([3.1]), we must have
/ O(r)dr = 0.
0

But then
Ny +/ O(r)dr =0,
0

contradicting the definition of an equilibrium for the model. Thus, Ny > 0.
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To simplify the notation, define

B(©) = /000 T(U)@ dv.

Now, by the third equation of System ({3.1]), we know that the right derivative of ©

exists a.e. and satisfies
O'(r+) = —B(©)S(1)6(v) — 46(7). (48)

By Assumption and the fact that © € L', ©'(7+) is integrable, and so if 7 > 0
any function of the form

7= C+ / O'(7+)dr,
0

has a derivative equal to ©'(7+) a.e. t € (0,7) |[Roy88, Chapter 5, Theorem 10]. So, ©
is an indefinite integral, which is equivalent to © being absolutely continuous [Roy88,

Chapter 5, Theorem 14]. Moreover, its derivative is integrable as wanted. [ |

Proposition 4.3.2 Assume pu > 0. Let T,S : Ry — R, be functions that satisfy
Assumption |1.5.1. Then,

1. Given Ny > 0, Ny, 0 is the unique disease-free equilibrium.

2. There exists an endemic equilibrium solution if and only if there exists B > 0

such that

(B + M)/ e By S@)do—pr 4 / T(T)G_B Jo Sto)do—p g (4.9)
0 0

Proof By Proposition|d.1.1] we only need to search for equilibria of the System ((3.1)).

Recall that, for our model,

M0 == [T 102 ar .

and

Fu(X,0,) = pX + / b, (r) dr,



64

and that we showed that F' and G given by Equations and were Lipschitz
in norm-balls of L! in the proof of Proposition m Therefore, if p > 0, Ng > 0
and © € L}, M,(Ny,©) <0, and by Proposition we have all the hypotheses in
Theorem to conclude that (Ny, ©) is an equilibrium of the model if and only if

o (7) Mw@)e(—f@ﬁ)—u%
(1) = = : (4.10)
¢°(7) o(r)
is an equilibrium solution of the ADP problem for the functions F' and G given
by Equations (3.3) and (3.4). Recall that the functions F, W, W are as in Defini-

tions 3.1.2] [3.1.3| and [3.1.4]

According to [Web85| Proposition 4.1], ¢ is an equilibrium of an ADP problem if

and only if ¢ is absolutely continuous, ¢’ € L*,

and

Using the functions F' and G defined by Equations (3.3]) and (3.4, ¢ is an equilibrium

if and only if it is absolutely continuous, ¢’ € L',

WD~ F(6)6(r) — (), (a.11
5(0) = (9), (1.12)
WD Fo)sm)6() - '), (1.13)
and
#(0) = FOW(). (4.14)

By Proposition , Ny > 0 for an equilibrium, that is fooo ¢"(7)dr > 0. Therefore
W(¢) > 0.
If we have a disease-free equilibrium, then ¢"(0) = 0. Because W(¢) > 0, Equa-

tion (4.14) implies that F(¢) = 0. Integrating Equation (4.13) we obtain

¢°(1) = ¢°(0)e™"" = 0.
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So, we proved Result [T}

We proceed to prove Result 2 Assume that Ny, © is an endemic equilibrium, in
other words that ¢ from Equation is an equilibrium of the ADP and ¢°(0) > 0.
Define

B = F(¢).

We will prove that B is positive and satisfies Equation (4.9).
If B =0, then ¢°(0) = 0, because of Equation (4.14)), that is, if B = 0 the
equilibrium is not an endemic equilibrium. Therefore, B # 0, and necessarily B > 0

because of Proposition [3.2.3]

From Equation (4.10]), we know that

(1) = pW(p)e” BT,

Because B > 0, B + p > 0, by integrating we obtain

> p o
M) = = W(¢)= =——P.
/0 P = g0 =5
By the definition of W(¢) we obtain

°( —P. 4.15
| o= g2 (4.15)
On the other hand, Equations (4.13]) and (4.14) imply that

¢°(7) = BW(g)e P lo S0 domnr, (4.16)

T(T)

Multiplying this equation by and integrating, we obtain

B = %@/ T(T>€_Bf0‘r S(o)do—pr dr.

[T (r)e BI S(@do=im dr > 0 because [~ T(1) > 0, so we can write Equation (4.16)

as
Qbo (7_) _ BP e~ B Jo S(o) da—/rr'
[ZT(r)e —BJg So)do—uT 47
Integrating this equation and using Equation (4.15)), we have

B BP fooo e B Jo S(o)do—pr
B+p  [XT(r)e Bl S@dour gz’
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and so we obtain Equation (4.9) after rearranging.
Now we will prove that, if there exists a B > 0 that satisfies Equation (4.9)), then
there exists an endemic equilibrium. Assume that there exists such a B > 0. Define

the function ¢ as

MPG(_B_M)T

T) =
¢( ) BP e B [T S(o)do—pr
fooo T(U)eiB léu S(o) do'fp,'udfu

We will prove that it is an endemic equilibrium.

Clearly, ¢ is absolutely continuous, because it is the composition of indefinite
integrals. It is easy to see that ¢/ € L'. So, we need to show that G(¢)(7) = ¢'(7)
and F'(¢) = ¢(0).

First note that

n d:—,
/ch(r)f T

and by Equation (4.9))

< BP
/0 ¢(T)dT——B+,u.
We also have
> ¢°(7)
T dr = B.
/o DT

Now, from

/ (BS(7) + p)e Bls 8@ do=nr qp — =B J5 ) do—pr | _ 1
0 0

we know that

B/ S(T)@iBfoT S(o)do—pur dr =1 — ,u/ efoOT S(o)do—pr dr.
0 0



Using this equality and Equation (4.9)), we can compute

/0 T 8(r) + S(r) () dr
uP

P o0 .
= + = - B/ S(r e—Bfo S(o)do—ur dr
W+ B fo T(U)G_Bfo S(J)da—uvdv 0 ( )
o, P P e S s g
_,u + B fooo T(U)Q_B Jo S(o) do—pv g, fooo T(U)B_B Jo S(o) do—pv qq,
_pP X P uP
_,u + B fooo T(U)Q_Bfou S(o)do—pvqy, uw+ B
_ P
fooo T(U)Q—Bf[;‘) S(o) da—uvdv'
Hence,
" pP
)= o — $(0),
¢ fOOO T(’U)eiBféu S(o) do'f/,uud,u
" (=B — p)o™(7)
G (1) = = ¢/(1),
¢ (=S5(1)B — p)o°(7)

which completes the proof of Result [2]
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Theorem 4.3.1 Assume p > 0. Let T,S : Ry, — R, be functions that satisfy

Assumption [1.5.1. We have:

1. If S(1) =0 a.e., then there exists a unique endemic equilibrium if and only if

Ro > 1.

2. If T and S satisfy Assumption[1.5.9, then there exists an endemic equilibrium

of
Ry > 1.

3. If T and S satisfy Assumption and sup S < et then there exists an

endemic equilibrium if and only if

Ry > 1.
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Proof Result [I] follows directly from Proposition because in the case where S
is zero a.e., using Equation (4.9)), there is an endemic equilibrium if and only if there

exists a B > 0 such that

B [e.e]
1+ —= / T(T)e *dr,
M 0

which happens if and only if
Ro = / T(r)e *"dr > 1.
0

Note that, given p and Ry, there can only be one solution of the equation 1+ B/u =
Ry. So, if S =0 a.e., the endemic equilibrium is unique if it exists.

Now suppose that T and S satisfy Assumption Note that, if there exists
such a 75 > 0, Equation becomes

(B + u)/ e~ By S@)do—pr 4 / T(r)e " dr.
0 0
So, if we define
H(B) = (B+ p) / e~ Bli S(@)dour g7
0

by Proposition there exists an endemic equilibrium if and only if there is B > 0
such that H(B) = Ro.
Note that
S(1) < sup S X iz 00)(7),

for all 7 > 0. Therefore,

00 00
/ efB Jo S(o)do—pr dr > / efB Jo sup Sx 1z ooy (0) do—pt dr
0 0

T *  _BsupS[T 1d
N / e dr + / e T g7
0 70

O
- - 4 e—BsupS(T—To)a—uT dr
T -
1—e#m ‘ > :
— + e—BsupSTo 6(—Bsup5—u)a dr
7 -
1 —_ e_l”'O e_HTO

1 +Bsup5+u'
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On the other hand, S(7) > 0, and thus,

o0 . [o¢] 1
/ e Bl Se)do—pr - < / e Mdr = —.
0 0 2

Multiplying these two inequalities by B + p we obtain
1 — enm
I
Lemma [4.2.1] implies that H(B) is continuous for B > 0. Because H(0) = 1, the last

B B
T o HB)<1+2. (417)

T o
[1 ¢ 0}4_{ BsupS+p — !

|4 [

inequality shows that it is also continuous at B = 0. The last inequality also implies

that H(B) — oo as B — o0o. Therefore, if Ry > 1 there exists B > 0 such that

H(B) = Ry, and so there exists an endemic equilibrium then. This proves Result .
Now consider

1 — K70

"

B+

—_ 4.18
Bsup S+ u (4.18)

Jo(B) = [1 — ™) + { } B+ [e#m)

We have
J(B) = 1—e#o  pe #0(1 —sup )
w (Bsup S + p)?
and so J{(B) > 0 always for sup S < 1. For the case when sup S > 1, J)(B) > 0 if

I (sup S — 1)e—#rm
B —1].
~ sup S [\/ 1 —e#m

Note that the term in the right hand side of this inequality is non-positive as long as

and only if

sup S < et

If that is the case, for B > 0, H(B) is bounded below by a strictly increasing function
that tends to infinity as B — oo, and because H(0) = 1, if Ry < 1, then H(B) can
never be equal to Ry for B > 0. And thus we have Result [ |

Note that the condition sup S < e/ is satisfied for diseases that do not make a
reinfection more likely than a first-time infection, in which case sup S < 1 < e#™.
As stated by Equation , this is also the case for a model without vital dynam-
ics, but we had to require a stronger assumption than Assumption [1.5.2] namely

Assumption [1.5.3]
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In the absence of vital dynamics, if sup S > 1, then endemic equilibria may exist
for values of Rg < 1. If we allow susceptibility to attain its maximum a certain time
after infection and remain at that level, then we can prove that there are also endemic
equilibria for a model with vital dynamics and Ry < 1. Moreover, we can identify
conditions that guarantee the existence of multiple endemic equilibria, as explained

in the next theorem.

Theorem 4.3.2 Assume pu > 0. Let T,S : Ry — R, be functions that satisfy
Assumption[1.5.]. If sup S > e#™ then the model has at least two endemic equilibria

for some values of Ry < 1.

Proof Define

H(B) = (B + u) / ¢ Blg Sy do—pr qr
0

By Theorem under Assumption m (which is implied by Assumption ,
there exists an endemic equilibrium if and only if there is B > 0 such that H(B) = R,.

Under Assumption[1.5.4), S(7) > sup S X 1, o) (7). Following a similar argument
as that used in Theorem for obtaining Inequality , we have

J(B) < H(B) < J(B), (4.19)
where
_ 1 —e#n _ B+pu
Ji(B)=|1—¢e " — | B P 4.20
(B) = [1= ]+ L e e g B
and Jy is defined by Equation (4.18]).
If we assume that sup S > e#™, then
l—e ™ pe (1 —supb)
J1(B) = >0
1(B) W (BswpS ) ’
if and only if
B > B*,

where

A [\/(S“ps_ Demm 1] . (4.21)

~ supS 1 —e+m
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In other words, J;(B) decreases until B* and then increases. J;(0) = 1 and J;(B)
decreases until B*, so J1(B*) < 1. By Equation H(0) =1 and H(B*) <
Ji(B*) < 1, so if

J1(B*) < Ry < 1,

by the Intermediate Value Theorem, there exists a 0 < B < B* such that H(B) =
Ro. Now because .Jy is eventually increasing and tends to infinity as B — oo, by
Equation there is B > B* such that H(B) = R,.

Therefore, there are two different values of B such that H(B) = R,. By Proposi-

tion [£.3.2] each of these values represents an endemic equilibrium. u

The results of this section are summarized in Figures and [1.3] In Figure [4.2]
the red curve is the value of J;(B*) as given by Equations and (4.21)). The
number of endemic equilibria in the gray region depends not only on sup S but also
the form of the function S. On the other hand, Figure illustrates that the size of
the region in which two endemic equilibria exist depends on the values of sup S and

7.

4.4 Convergence of the solutions to the disease-free equilibrium

Theorem 4.4.1 Assume p > 0. Let T,S : R, — Ry, be functions that satisfy
Assumption [1.5.4 If Ry < 1/max{1l,supS}, then all solutions of System

converge to the disease-free equilibrium.

Proof Suppose that (M,0) € L} x L is a solution of the model for the initial
condition (Ny,©) € Ry x L. For ¢ € R define ¢, = max {0, —c} and

we(t) =o(t + ¢, t),
for every t. <t < co. The right derivative of w, is given by

dw.(t+) . _
—a _hlfél+°(t+c+h’t+h) = Do(t + ¢, ).
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Figure 4.2. A bifurcation diagram in the (sup S, Ry) plane for the case

i > 0. It shows that the number of endemic equilibria depends on the
values of Ry and sup S. The conditions needed for the results are S = 0

or Assumption for the white and blue regions, and Assumption

for the red region. Values for the parameters are y = 1/80 years™

30 days, and 7 = 20 years.

Because o is a solution of the model and, by Proposition [3.1.1], any solution of the

model is also a solution of System ({3.1]), then

wi(t4) = — {/OOO T(U)@ dv} S(t+c)o(t+c,t) — po(t+c,t),

where P = [ O(r)dr + No. To simplify not

B(t) = /0 ")

Then the Equation (4.22) can be written as

ation define

o(v,t)
P

we(t+) = =B(1)S(t + cJwe(t) — pawe(t).

(4.22)

(4.23)
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Figure 4.3. Existence of two endemic equilibria based on the values of
sup S and 1. If Ry is between the two surfaces, under Assumption [I.5.4]
there would be at least two endemic equilibria for the model.

As we have shown in Proposition that G in Equation (3.4) is Lipschitz
in norm balls of L'(R?), m3(G) is also Lipschitz in norm balls of L'(R). Because
0 € Ly, the right hand side of the above equation is integrable in any interval of the

form [t.,t] [Web85, Lemma 2.2]. Therefore, any function of the form
t
t—C+ / wi,(s+) ds,
te

has a derivative equal w.(t+) a.e. t € (t.,t) [Roy88, Chapter 5, Theorem 10]. Thus,
we can solve Equation (4.23) as an ordinary differential equation (at least a.e.). We

obtain that w,. must satisfy

We (t) = wc(tc)e_ fttc B(s)S(s+c) ds—p(t—tc)

Y
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a.e. for t > 0. If we let 7 =t 4 ¢, we obtain an integral equation for o:

0(0,t —T)e” S BO)S(otr=dvpr o o for 7 < t,
o(r,t) =
t
o(T — t,0)e™ Jo B)Swir=t)dv—pt a.e. for 7 > t.

Using the fact that o is a solution of System (|1.1]), we have

B(t — 7)D(t — 7)e Ji-r BOIS@rT—0dvpr o for 7 < ¢,
o(r.1) = (4.24)
O(1 — t)e~ Jo BOIS(v+r—t) dv—pt a.e. for 7 > ¢,

where we denote
D(t) = / S(r)o(r. ) dr + N(L).
0

Multiplying Equation (4.24) by T'(7)/P and integrating, we obtain

t
—71)D(t — ¢
B(t) :/0 B(t T>P (t T)T(7_>€— Ji_. B(v)S(v+7—t) dv—pr dr

+ /Oo @(TP_ t>T(T>€_ IS B(v)S(vtr—t) dv—pt dr,
t

a.e. for t > 0. Now, for any ¢ > 0, we have

t ot _ B t
/ B(t) :/ / B(t T)D(t T) T(T)e_ -];577— B(U)S(U+T—t) dy_,uﬂ— dT dt
0 0o Jo P

t poo
+ / / 6(7_ - t) T(T)e_ f(f B(v)S(v+r—t) dv—put dr dt.
0 Jt P

In particular, if £ > 79, where 7 is the one in Assumption [1.5.2, we have

+/OT° /tm wT(T)e“thdt.

(4.25)
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Notice that D(t fo (r,t)dr + N(¢t) < SP because of Proposition m
(recall that S was defined as max{l, sup S}). Thus, Equation 1) implies that

/ "Bl / ! / K MT(T)@“” dr di
<s// (t— P)T(r)e " dr dt
_5//325—7 Pe T dt dr
_s/ / )b dt dr

§S/ B()dt/ T(T)e *"dr
0 0
R t
:SRO/ B(t) dt.
0
The last inequality comes from the fact that B(t) > 0 for every ¢ > 0, as o0 is a

solution of the model. If SRy < 1 as in the hypothesis, then we can reorganize the

above inequality to obtain
¢ o [T — T (7)e * dr dt
/B(t)dtg o J el A) (1)e T
(1 —-SRy)P

)

for any ¢ > 79, and thus for any ¢ > 0. Because fo t)dt is increasing in ¢ and it is
bounded above, we conclude that [~ B(t) dt < co.

Integrating Equation (4.24)), we obtain that a.e. for 0 < t; < t:

/Oooo(r, t)dr

t 00
<SP / B(t — 1)e” Jimr B@S@AT=H dvmpr g7 4 ompt / O(r —t)dr
0 t

t [e%¢)
SP / B(r)e~ Jr BES=ndv-ult=n) g 4 o=t / o(7)dr
0 0

t1 00 . 00
<e M [SP/ B(T)e! dr —i—/ o(r) dr] + SP/ B(r)dr
0 0 1

By the continuity of o from R, to L' (because it is a solution of the model) this
equality is also satisfied for every 0 < t; < t. Now, given € > 0 and by the integrability

of B, we can choose t; > 0 so that

gP/ B(r)dr < <
t1 2
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For this given ¢, because we assume that x4 > 0, we can choose ¢ > t; so that for any

t>t
t1 )
e~ht {SP / B(r)e"™ dr + / o(r) dT] < %
0 0
In other words, [;~ o(7,t)dr — 0, as t — co. By Proposition [3.1.1, we must have

MN(t) — P, and thus, we conclude that all solutions of System (l.1)) with initial

condition (NNVg, ©) converge to the disease-free equilibrium, which is given by (Vg +

fooo O(r)dr,0). -

Convergence is not guaranteed

sup S

Figure 4.4. A depiction of the region where convergence to the disease-free
equilibrium is guaranteed for the case ;1 > 0 and under Assumption [1.5.2]

We depict in Figure the region in the (sup S, Ro) plane where convergence to
the disease-free equilibrium is guaranteed. The blue curve represents

1

Ro= max {1,sup S}’
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Notice that, if a disease has the characteristic that the probability of a reinfection is
always lower than that of the first infection (i.e., sup S < 1), then the convergence
to the disease-free equilibrium is guaranteed if Ry < 1, as usual for epidemiological
models.

The number N(t)+ [~ S(7)o(7,t) d7 is the sum of all individuals in the population
weighted by their susceptibility, therefore

Ny + fooo S(T)O(r)dr
P ?

R@ZR()X

is an estimate of the average number of secondary infections produced by one infec-
tious individual in a never-infected population given by the initial condition (Ny, ©).
If we concentrate all the population in the never-infected class when sup S < 1 or
near a value of 7 such that S(7) is close to sup S when sup S > 1, then Rg would be
close to S X Ry. Thus, if require that S xRy < 1, we are guarantee that, even in
the worst case scenario, the value of secondary infections produced by an infectious
individual never exceeds 1. Intuitively, there cannot be an outbreak if every infection
yields on average less than 1 additional infection.

The preceding theorem only guarantees convergence to the disease-free equilib-
rium, but numerical simulations indicate that the disease-free equilibrium is also
stable when Ry < 1/ S. We cannot employ the “linearization principle” to prove
this result, since 0 belongs to the point spectrum of the linearized problem. When
S = 0 a.e., the result of global asymptotic stability to the disease-free equilibrium
if Ry < 1 has already been proved by using Liapunov Theory and the LaSalle’s
Invariance Principle [see |ST11, Chapter 9, and references therein].

Additionally, when S = 0 a.e., the global asymptotic stability of the endemic
equilibrium is guaranteed when Rq > 1 [ST11]. Recall that Theorem implies
that the endemic equilibrium is unique if S =0 a.e.

For the general case, not only do we know that there might exist several endemic
equilibria (as stated by Theorem , but numerical simulations indicate that their

asymptotic stability is not global. We explore this case in Section [5.2.2]
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5. Applications

In this chapter, we provide examples of applications to three particular diseases and
by doing so, explore the asymptotic properties of the model under different scenarios.
The numerical simulations were conducted using the SciPy library (http://www.

scipy.org/)). All the code is available upon request.

5.1 Influenza
5.1.1 S and 7T for influenza

The probability of transmission of the influenza virus is hypothesized to be directly
related to the viral shedding of infectious individuals. Carrat et al. reviewed several
volunteer challenge studies for influenza and estimated an average viral shedding
curve with respect to the TSLI |[CVFT0§].

The value of Ry for influenza is generally estimated around 1.3 [see for example
CMVO08|. By assuming that the viral shedding curve computed by Carrat et al. is
proportional to the probability of infection (and thus to the transmission rate if the
contact rate is supposed constant), we can estimate a transmission function 7'(7) that
satisfies Rg = 1.3.

After recovery from a flu episode, individuals generally obtain complete protection
against reinfection with the same strain. Nevertheless, the virus mutates via the
process called “antigenic drift”, and new strains appear in the population against
which previously infected individuals only have partial protection [EDLO02]. The larger
the TSLI of the individual, the less protection against reinfection, because the virus
has had time to evolve into antigenetically different strains. The process continues

until a completely different strain (generally, even a different subtype) appears in the


http://www.scipy.org/
http://www.scipy.org/

30

population via recombination in a co-infected individual, possibly causing a pandemic
[EDLO2|. Such events are called “antigenic shift”.

To model seasonal influenza or the dynamics after a pandemic, we assume that, if
individuals are not reinfected, their immunity wanes and approaches that of a never-

infected individual. We use the following sigmoid function as susceptibility function:

0 if 7 <y
S(r) =
(t—70)2
(a—70)%+(7—70)?

if 7> 79,

where 7y is the TSLI for which individuals are completely protected against reinfec-
tion, and a is the TSLI for which an individual is half as susceptible as a never-infected
individual. Note that a is also the value at which the function S has a change in con-
cavity. We assume 7y to be one month. Because the half-life of the T-cell response

against influenza ranges from 2 to 3 years [MDG™ 83|, we assume that a = 2.5 years.

Both functions obtained are given in Figure [5.1]

5.1.2 Slow oscillatory convergence to equilibrium for influenza

If we start with a population of never-infected individuals and introduce the dis-
ease by a small fraction (107° of the total population) of infectious individuals (TSLI
between 0 and 7 days), we observe that convergence to the endemic equilibrium is
very slow (see Figure . In this figure, the death rate is assumed to be 1/80 years™.

The convergence is also oscillatory around the equilibrium. This suggests that
part of the observed periodic occurrence of influenza is due to the reinfection process
and convergence to an endemic equilibrium. The record indicates that “antigenic
shift” events occur on average every 30 years, so we will never observe the system
undisturbed for 200 years as in this simulation.

The periodicity in influenza infections cannot be just associated with the reinfec-
tion process, because it is (at least for temperate climate regions) highly associated
to seasonality |[LV09,[LENT07]. Nevertheless, a very slow oscillatory convergence to

equilibrium can certainly be a factor that contributes to the periodicity observed.



81

0.30
0.25 f-
0.20 |-

©

L 015F
= 0.15

0.10 -

0.05 -

10

0.00

1.0

0.8

0.2

16

0.0
0 2

Figure 5.1. Transmission rate function, 7', and susceptibility function, .S,

for influenza.



3()/B()

1.0 T T T

08 F i

N(t) /Bt

04 i

0.2 i

AAAAAAAAAAAAAAA

00 1 1 1
0.030 T T T

0.025

0.020

0.015

0.010

0.005

0.000 . '
0 50 100 150 200

t (years)

Figure 5.2. Fraction of the population in the never-infected class (top) and
infectious (bottom) after the introduction of a completely new influenza
strain.

82



33

5.1.3 Differences in initial conditions against an influenza pandemic

Even in the case of an “antigenic shift”, some part of the population can be par-
tially immune against influenza. For example, when the influenza A (HIN1) pandemic
of 2009 started, 33% of humans over 60 years of age had cross-reacting antibodies
against it [GTAKI0[; the reason being that they were exposed to a previously circu-
lating HIN1 during the 1970s.

Even when individuals over 60 years of age only represent about 7% of the total
population in the United States of America, running the model with and without
taking into account the history of infections can lead to very different results. To
reflect the previous history of infections, we assume that 7% of the population have
TSLI between 1.5 and 2 years, which represents with our S function a susceptibility
between 0.26 and 0.39 as compared to that of a never infected individual. This is
an artificial way to represent the fact that individuals over 60 years of age have a
protection against infection with the pandemic that is comparable to having TSLI
between 1.5 to 2 years. We can observe a difference of almost 6% of the population

in the final size of the epidemic (see Figure [5.3).

5.2 Tuberculosis
5.2.1 S and 7T for tuberculosis

Unlike influenza, volunteer challenge studies are not available for tuberculosis
because infection with tuberculosis can be very dangerous. Nevertheless, we can
estimate a transmission function making several assumptions. We use the parameters
employed by Feng, Castillo-Chavez and Capurro in [FCCCO00| and assume that on
average an infected individual needs a TSLI of 200 days to become infectious, and
then an additional 180 days to recover (by drug treatment) from the disease. For the
time between 200 and 380 days, we assume that the function is a constant multiple of

a Beta distribution with parameters 2 and 6, because the shape of a Beta distribution
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with these parameters resembles very well the outline of bacterial load for tuberculosis
[see for example BCFT03]. The constant can be estimated so that the function T is
consistent with a particular value of Ry. Unlike the simulation results for influenza,
we assume in this case a death rate p = 1/70 years™!, because tuberculosis is more
endogenous in less developed countries where live expectancy is lower than in more
developed ones. Nevertheless, the simulation results are very insensitive to the value
of .

Verver et al. in [VWBT05] estimated, in a high incidence area of South Africa, the
rate of recurrent tuberculosis attributable to reinfection after successful treatment.
The authors followed all patients with reported tuberculosis for disease needing re-
treatment and concluded that the probability of reinfection was about four times
higher than that of a first infection, even after adjusting for age differences. As the
authors suggest, the reason might be that individuals are more susceptible to rein-
fection than to first time infection (due to damage in the lungs). Thus, to use the
simplest case possible, we can assume that the susceptibility function is 0 before 380
days and after that has a value of 4. Even when, as in this case, the function S is dis-
continuous, the solutions are continuous as long as we start with sufficiently smooth
initial conditions (see Theorem [3.3.2)).

The functions S and T are plotted in Figure 5.4, We adopt the value Ry = 0.87
as in [FCCCO00].

5.2.2 Backward bifurcation for tuberculosis

Feng, Castillo-Chavez and Capurro showed that, by the process known as ex-
ogenous reinfection, tuberculosis can persist in a population, even when Ry < 1
[FCCCO00]. The endemic equilibrium bifurcates subcritically (backward) at Ry = 1.
That is, for Ry values close to, but smaller than 1, there are three different equilib-
ria: the disease-free, which is locally stable, and two endemic equilibria, the larger

one being locally stable and the smaller one unstable. We show here that this result,
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known as a backward bifurcation, can still hold without exogenous reinfection, as long
as the once-infected individuals are more susceptible to infection than never-infected
individuals.

The simulation results are shown in Figure We simulate the results of intro-
ducing a small fraction (107° of the total population) of recently infected individuals
(TSLI between 0 and 7 days) in a population that had different levels of initially
never-infected individuals. We assume that the people who had previously recovered
from tuberculosis had a TSLI between 2 and 3 years (although the range is not im-
portant in this case since we are assuming that S is constant after 380 days). We
observe that convergence to the endemic equilibrium depends on the initial condition.
If the initial population is close to being completely never-infected (blue curves), then
the number of infectious individuals approaches zero. On the other hand, if the pop-
ulation initially starts with a significant percentage of individuals previously infected
with tuberculosis (red curves), then the system converges to an endemic equilibrium.
The threshold fraction of the never-infected class at which the asymptotic dynamic
changes is close to 89%. The closer to this value we start, the longer it takes for the
model to converge to the equilibrium (to the disease-free and endemic one).

The value of sup S was assumed to be 4 as discussed in Section [5.2.1] However,
the value of sup S need not be so large for a backward bifurcation to occur. If we
assume, as we did in the simulations, that the maximum susceptibility is obtained for
a TSLI of 380 days, then according to Theorem 4.3.2] a value of sup S slightly larger
than e38% ~ 1.015 is enough to guarantee the existence of two endemic equilibria at

certain values of Ry < 1.
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6. A different approach to the waining immunity problem: A

model with multiple strains and antigenic drift

In [AMTF13], we describe a different approach to the problem of reinfection due
to loss of immunity for the specific case of influenza. We use a Susceptible-Infected-
Recovered model with an arbitrary number of strains, that includes partial protection
to reinfection (dependent on the individual history of previous infections) and appear-

ance of new strains due to mutations.

6.1 Model description
6.1.1 Notation for the epidemiological classes

We divide the population into classes according to the infection history of in-
dividuals. Suppose that there are n strains that have circulated in the population
since time 0. We use a vector of zeros and ones, v € R" with m;(v) € {0, 1}, for all
i € {0,...,n}, to describe the infection history of an individual. We denote m;(v) = 1
if the individual has been infected by the virus strain 7, otherwise m;(v) = 0. We call
such a vector a history vector. We use R, to denote the recovered class with history
v. Note that R, ) represents the never-infected class.

For the infected classes, we keep track of the strain with which individuals are
infected as well as their infection history. We denote with I the infected class, which
includes all individuals who are currently infected with strain ¢ and have history v.
For example, if n = 3, an individual in [ (11’071) is currently infected with strain 1 and

was previously infected with strain 3 but not strain 2.
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Note that, if an individual is infected with strain ¢, necessarily its history vector
has a one on position ¢, thus, for example (10 1,1) s not a possible class. So if n strains

have circulated, there are n2"~! infected classes and 2" recovered classes.

6.1.2 Transitions between classes

Figures|6.116.4]illustrate the model dynamics with different numbers of co-circulating
strains in the population. As shown in Figure[6.1] the case of one circulating strain re-
duces to a standard Susceptible-Infected-Recovered model. The complexity of model
structure increases significantly when the number of strains increases, but the ba-
sic pattern is same for an arbitrary numbers of strains: an individual in I} (who is
currently infected with strain i and has history v) recovers and enters in the recov-
ered class R, with the same history v. On the other hand, individuals entering the
class I come from the recovered class R,s, where v/ denotes the history vector with
7;(v) = m;(v) for all j # i and 7;(v) = 0. In other words, v’ is the same as the vector
v, except that it has a 0 in its ¢-th position. We assume that individuals that recover

from an infection by strain ¢ will have permanent immunity against the same strain.

Figure 6.1. Transitions between classes in the drift model when there is
only one strain present.

We also consider vital dynamics. For simplicity, we assume a constant total pop-
ulation size. We denote by p the natural death rate (equal to the birth rate), for all

epidemiological classes in the model.
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Figure 6.2. Transitions between classes in the drift model with two co-
circulating strains.
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Figure 6.3. Transitions between classes in the drift model with three co-
circulating strains.

6.1.3 Time-dependent rate of disease transmission

The reason for seasonal variations in the temperate regions is not well understood.
Some suggestions include a higher contact rate during the winter months due to
increased indoor activities, an increased susceptibility of the immune system during
the winter due to the lack of natural sunlight and its corresponding effect in low

levels of vitamin D [CVUT06|, and the possible influence of higher temperature in the
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Figure 6.4. Transitions between classes in the drift model with four co-
circulating strains.

tropics and during the summer time in the temperate regions, as high temperatures
are linked with blocking aerosol transmission of influenza viruses [HB10|. Another
well supported cause of the seasonality can be absolute humidity [SPVT10]. An
excellent review in the subject of seasonality in influenza was published by Lipsitch
and Viboud [LV09]. In any case the main component for the seasonal variation
would be in the average contact rate or in the probability that a contact between an
infectious and a susceptible individual results in an infection. The product of these
two quantities is the transmission rate, therefore, we assume that the transmission

rate is a time-dependent periodic function defined by

Bilt) = B {1 + & cos <%)] , (6.1)

where 5; is a constant background transmission rate of strain 4, which also represents

the constant transmission rate in the absence of seasonality (i.e., when ¢ = 0). If
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t = 0 corresponds to January 1st of a calendar year, then the ((¢) function with
€ > 0 corresponds to the northern hemisphere, implying that the transmission rate
is higher in the winter, on dates that are close to January 1st. On the other hand, if
e < 0, then the transmission will be biggest on dates close to the middle of the year,
which corresponds to the winter on the southern hemisphere. The case of ¢ =0, or a
value close to 0, corresponds to a model for the tropics.

This function is, of course, an approximation of what happens in reality. If more
is known about the factors that influence seasonality, as discussed above, the function

B can be made to depend on these parameters.

6.1.4 Cross-immunity

For an individual in the class R, with m;(v) = 0 (i.e., not been previously infected
by strain i), the cross-immunity against a strain ¢ will depend on the individual’s his-
tory. We define the distance between strain ¢ and the history vector v by considering
the antigenic distance between strains ¢ and j for all j with 7;(v) = 1.

Various definitions have been proposed for the distance between two influenza
strains [see for example LFO01,[FGB03]. We do not intend to consider the genetic dis-
tance between the strains, but rather the antigenic distance. A very good distinction
between these concepts for the particular case of influenza is presented by Smith, et
al. in [SLJT04]. We follow here the approach of Ferguson, Galvani and Bush [FGBO03|
by considering that if strain ¢ originates by a mutation of strain j, then these two
strains will have a small distance between them. The less “related” the strains are,
the farther their distance is.

We define the distance between strains ¢ and j as the length of the shortest path
joining these two strains in the phylogenetic tree of the subtype of influenza. We
identify the first strain that is a common ancestor of both 7 and j, and then add up

all the distances from ¢ to this common ancestor and from j to this common ancestor.
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We denote the distance between strains ¢ and j by A(i, 7). We make the assumption
that A(,47) = 0 for all i.

The definition of distance is better illustrated by Figure 6.5, which shows a hy-
pothetical phylogenetic tree for seven strains of influenza. Strains 2 and 3 mutated
from a common progenitor, strain 1. Strain 2 generated strains 4 and 5, and strain
5 later generated Strains 6 and 7. To calculate the distance between strains 4 and 6,
we notice that the first common ancestor of both 4 and 6 is strain 2. The distance

then is A\(4,6) = A(2,4) + A(2,5) + A(5,6).

1

[
wl,s)
A(1,2) o3

20
A(2,5)
A(2,4) 5
>\(5,y
6o A(5,7)
4 7

Figure 6.5. Hypothetical phylogenetic tree for seven influenza strains.

These distances will then be used to define cross-immunity as follows. The effect
of cross-immunity is reflected by a reduction in the transmission rates. Following the
approach of Boni, Gog, Andreasen and Christiansen [BGACO04|, we define the cross-

immunity to be a decaying function, e *(*7), of the distance A(, j). For an individual
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who had previously been infected with strain j, the infectivity by strain ¢ is reduced
by a factor p} defined by
pi=1—e ), (6.2)
so that the transmission rate is 0 in the case of total immunity and §;(¢) in the case
of complete susceptibility.
To define the level of protection that an individual with history v has against
strain 7, we use the best protection in the history of previous infections, that is:

, min p ifv#0
pl, = { =i (6.3

1 if v=0,

where H(v) is the set of all strains with which individuals with history v had previ-

ously been infected, i.e.,
H(v)={k: m(v) =1} (6.4)
Then, the transmission rate by strain ¢ for individuals in the R, class will be reduced

to p,Bi(t).

6.1.5 Model equations with n co-circulating strains

If there are n strains, our system of differential equations for the recovered classes

reads:
By [ YR+ ulp- 1) itv =0
de o wiieH(w (6 5)
At ; Ii . '
D ier) Vilv — ZigH(v) Z |ipv6i<t)FRV:| —pRy v #£0,

wii€H(w)

where P is the total population:

P= }: > P+§:R (6.6)

1=1 w:eH(w)

On the other hand, for the infected classes, we have:

dr: - I A
D O LU 7 ¥ e (6.7)

wii€H(w)
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for all v £ 0 and i € H(v).
Note that the total population remains constant for all time ¢, because P’(t) = 0.
Also note that because there are 2" recovered classes and 2" 'n infected classes, the

total number of equations in this system is 27! (n + 2) for n circulating strains.

6.1.6 Introduction of a new strain

A novel feature of our modeling approach is to allow the additions of new strains
generated from mutations. Our idea is based in the fact that, for a given strain
1, the probability that a new strain develops in an infected individual is relatively
similar for each infected individual. So, at a given moment of time, the probability of
having a mutation of a new strain, just depends on the cumulative number of infected
individuals.

We assume that there is threshold of cumulative number of infections, which we
denote by I, after which a new strain appears. Specifically, let C;(a,b) denote the

number of new infections of strain 7 between the time a and the time b, then

Ci(a,b):/ab >y [pv@ } dt.

vieH (v) wieH(w)
Let t; > 0 denote the time at which the last daughter strain of strain ¢ was generated
(or the time at which the strain i was generated if it does not yet have a daughter

strain). Then a new strain will be created at time ¢, if C;(¢1,t2) = K; that is,

IC:/tQ >y {pvﬁz } dt. (6.8)

B\ vieH (v) wieH(w)
This increases the number of strains to n + 1.

For the added (n + 1) strain, which was mutated from strain ¢, we need to define
the distance between these two strains A(i,n 4+ 1). In our case, we set this distance
to be a fixed constant A, i.e.; A(i,n + 1) = A, but other stochastic functions could be
used. The (n + 1) strain will add one more node to the phylogenetic tree, and we

calculate the distances between the nodes again. Notice that changes in the distances
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occur only for A(j, k) with either j =n+ 1 or k = n+ 1. Because A(j, k) = A(k, j),
we only calculate the new values of A(j,n + 1) for all j # i. We have

Ag,n+1)=Xi,n+ 1)+ A(j,7) forall j <mn. (6.9)

Using , we update the cross-immunity p?, defined in Equation forall 7 < n-+1
and all history vectors v of dimension n + 1.

We also need to determine the other parameter values for the new strain, the
transmission coefficient 3,11 and the recovery rate 7,.1. In the case of a deterministic

model, one simple way is to define
BnJrl = 6’57

Tn+1 = Vi-

Note that, under this definition, if we start with a single strain with values § and
v, then these values will remain the same for all new strains. If stochastic influences
are to be considered in the model, 3,,7 and 7,.; can be random, e.g., drawn from

normal distributions with means J; and ~;, respectively.

6.1.7 Update of equations in the (n + 1)-strains system

Once the model parameters have been updated as described in the previous sec-
tions, the equations for the new (n + 1)-strains system will have the same form as
those in the system given by Equations and , except that the history vec-
tors are now of dimension n + 1. The total number of equations will increase from
2" (n +2) to 2"(n + 3).

The initial conditions also need to be updated for t > t,, where 5 is the time at
which the new strain was created (according to Equation (6.8)). Let z denote the
history vector of dimension n for which (z, 1) corresponds to the individual who is the
first person carrying the new strain. We follow a deterministic approach for defining

z, we choose it to be the history vector for which the value of I is largest. In a
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stochastic setting, we could sample a distribution with the probability mass function

Pw) =1,/ ic e 1 7). The new initial conditions can be described as

R(V,O) (t2) - Rv(t2)7

I(jv’o)(tz) =1Il(ty)  for j <m,
R(v,l) (tQ) =0,

I‘(jvl)(tg) =0 for j <n,
Iy (t2) = 1,

Iﬁf’f) (t2) =0 for v # z.

The new equations for the n+ 1-strain system will be used for ¢ > ¢, until the (n+2)-
th strain appears at some time ¢t > 9, at which time the system of n + 1 strains will
be extended to a new system of (n + 2)-strains following the same rules described

above.

6.2 Results for the model with drift

Because of the need to track the history of co-circulating strains in the popula-
tion, the model will have a large number of equations. This fact, together with a
time-dependent transmission rate, make analytic studies of the model very difficult.
Thus, the results presented here are based mainly on numerical simulations. Detailed
descriptions of the methods used in the simulations and the main results are provided

below.

6.2.1 Initialization of the parameters

For the initialization of model parameters, we simulate influenza transmission
over many years in a population of ten million individuals in both the tropics (¢ = 0
in Equation (6.1))) and northern temperate regions (positive values of ¢). We start
the simulation at time ¢ = 0 with only one strain and a small number of infected

individuals. The seasonal forcing of influenza is currently unknown and has not been
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extensively studied. However, a few studies indicate that values of 0.20 to 0.35 for
¢ appear to be reasonable estimates [FGB03, TF09|. Here we assume values of € to
vary between 0 and 0.20 and try to get an insight into the transition from a tropical
region to a temperate one.

As mentioned in Section [5.1] the average number of secondary infections produced
in a completely never-infected population (RRy) has been measured in temperate cli-
mates and is around 1.3. We therefore assume that a value of 1.4 occurs in the winter
when the transmission rate is maximal. We can then estimate the baseline transmis-
sion rate in Equation to be § = Roy/(1+¢) ~ 0.4, where v is the recovery rate
and we assume 1/ = 3 days.

We calibrate the parameters for the threshold value K defined in Equation
and the antigenic distance X\ after the following considerations: we select the parame-
ter values for which sustained dynamic resonance is achieved in all populations, with-
out an unnaturally high annual attack rate, or an over-abundance of co-circulating
strains. We take the unnaturally high attack rate to be 50% for the temperate
regions, given that the maximal observed clinical attack rate is estimated to be
25% [MOSM™07], but up to 60% of such infections are asymptomatic [KHD™8§].
We find that, for K between 25% and 38% of the population, and A between 1.5 and

1.8, simulations yield sustained resonance in both the tropics and temperate regions.

6.2.2 Simulation results

Here we present simulations from our model that are capable of capturing the
observed patterns of influenza prevalence in the two regions, tropical and temperate.
The parameter values used in the simulations are identical for all the regions except
for the transmission rates, for which a constant rate is used for the tropic region
while a periodic function is chosen for the different temperate regions. The rest of

the parameters are chosen based on the discussion in Section m v =1/3 days™,
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K = 0.27 x 107 (that is 27% of the total population), and A\ = 1.5. The simulations
are for a period of 25 years.

Figure demonstrates the difference between tropical and temperate regions in
influenza prevalence curves. We observe that the size of epidemic peaks in the tropics
is lower than in the temperate region, and that they occur more frequently than
annually, matching the pattern that is observed [see RJBT08,AVST07,LYO™09]. The
figure also presents diversity bottlenecks each summer, a pattern that is also observed
in data [see RPNT0§].

The herald wave phenomenon observed in the data is reproduced when our model
is applied to a temperate region (e.g., for the value of ¢ = 0.20). The strain that
dominates each season appears late in the previous season (see Figure . The
overall average annual attack rate in the temperate region with this set of parameters
is around 45%, leading to an estimated clinical attack rate of around 18% |[KHD™88].

To examine how the seasonal forcing may affect the size of annual major peaks of
influenza prevalence and their timing, we plotted in Figures and [6.9] for different
values of ¢, the average peak and average date of the peaks, respectively, over a period
of twenty years (starting four and half years after initialization of the model). The
standard deviation is also indicated for each fixed € value. . Figure[6.8 shows that the
size of the major peak decreases first with € and then increases for larger €. Figure
shows that as € gets larger, the timing of the major peak per year shows less difference,
naturally in the middle of the winter where the seasonal forcing is biggest. Due to the
symmetric property of the model, the same results are true, mutatis mutandis, for the
southern hemisphere (negative values of ). These results agree with the observations

of Alonso, et al. in [AVST07], if we associate £ with latitude.
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Figure 6.6. Prevalence (measured as percentage of the population infected
per day) for different values of non-negative ¢, i.e., for the tropics and the
northern hemisphere. The dashed vertical lines represent the middle of
the winter of each year.
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seasonal forcing used is € = 0.20. Prevalence for each strain is measured
in percentage of the population infected per day.
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7. Summary

In Chapter |1 of the current dissertation, we introduce an epidemiological model (Sys-
tem ) that can be used to investigate the dynamics of many types of infectious
agents. The model divides the population into two classes, never-infected and once-
infected individuals, and assumes that both the transmission rate and the suscepti-
bility to reinfection are dependent on the TSLI. In this sense, the model is relatively
simple: two classes, two types of functional dependence and one constant (the natu-
ral death rate); yet it allows for rich dynamics, such as multiple endemic equilibria,
endemic equilibria in the absence of vital dynamics, asymptotically stable endemic
equilibria even when Ry < 1, and non-global asymptotic behavior.

The model of Chapter |1 serves as a motivation in Chapter [2| for setting up a very
general framework of models that are dependent on time, and have several classes that
depend on another time variable. The general system is given by Equations —
. In Section we illustrate the generality of the model formulation by pro-
viding several examples from the literature that fit those equations. The main result
in this chapter is Theorem that helps us to relate any of these models with an
ADP problem, and thus permits us to use the theory of ADP problems to analyze
properties of the model.

Following the approach developed in Chapter , we apply it to the model
presented in Chapter [ Chapter [3] deals with the existence and regularity of the
solutions of System , whereas Chapter [4| studies the conditions for existence and
stability of the equilibria of System . We show that for a very general type of
transmission rate and susceptibility functions (those that satisfy Assumption ,
System has a solution as long as the initial condition at time ¢ = 0 is smooth
enough (Theorem . The results concerning the equilibria of System vary

considerably depending on whether or not there is recruitment of never-infected in-
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dividuals into the population (that is, 4 > 0 or u = 0); see for example Figure
and Figure . Under a very general setting (Assumption , if supS <1 and
i > 0, we show that the model behaves in a very similar way to standard epidemio-
logical models: when Ry < 1 there are no endemic equilibria and solutions converge
to the disease-free equilibrium and when Ry > 1 an endemic equilibria exists. More-
over, numerical simulations indicate that when sup S <1 and p > 0, the disease-free
equilibria is stable if Ry < 1 and the endemic equilibrium is globally asymptotically
stable and is unique if it exists. On the other hand, the existence of a unique endemic
equilibrium cannot be guaranteed, even for the case of sup .S < 1 and p > 0, therefore
unlike standard epidemiological models, existence of an equilibrium is not a sufficient
condition for its global stability.

Nevertheless, if the functions S and T satisfy Assumption [1.5.2] Theorem
guarantees the convergence to the disease-free equilibrium of any solution of the
System (L.1)), under the condition Ry < 1/ max {1,sup S}.

In Chapter |5| we illustrate two applications of the Model . One of them deals
with a case where we have that supS > 1. The susceptibility function is below
1 for any disease where a reinfection is less likely than a first time infection, since
we are assuming that 1 is the baseline susceptibility of a never-infected individual.
Even though that is generally the case, it has been suggested that an infection with
tuberculosis can damage the lungs so much that an individual could become more
probable to get reinfected than infected for the first time [VWBT05], which leads to
our assumption that S(7) > 1 for some 7. As explored in Section , the consequence
is that R alone does not determine the disease outcome when an infectious individual
is introduced into a population, as it is in the case for most epidemiological models. As
exemplified by Figure[5.5] the convergence to the disease-free or endemic equilibrium
depends on the initial state of the population, particularly the density of individuals
who had previously recovered from the disease at time ¢ = 0.

This result can have important implications in control of diseases. For example,

immigration of people recovered from tuberculosis to a non-endemic area could change
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the initial condition of the population to allow the disease to invade, even when efforts
are maintained so that the value of Ry remains below 1.

In Chapter [, we also apply the model to gain insights into the dynamics of
influenza. In this case, we assume that supS < 1, u > 0 and Rg > 1 so that the
system has the standard behavior: all solutions converge to the endemic equilibrium.
Nevertheless, numerical simulations of the model allows us to examine the transient
analysis, that is, the dependence of model solutions on different initial conditions in
the short-term. Two of the main conclusions drawn out of it are: (i) the convergence
to the endemic equilibrium is oscillatory and so slow that would unlikely be observed
in reality (due to the disturbances created by antigenic shift events); and (ii) different
initial conditions of the population (in terms of susceptibility to a pathogen strain)
can lead to dramatically different results in the size of an epidemic. We suggest that
result (i) can play a significant role in the periodic behavior observed for influenza,
whereas result (ii) can be a critical factor for the severity of an influenza pandemic.

Although the model of Chapter [I] is capable of generating interesting outcomes
for influenza, this virus has many features that are impossible to capture with such
a simple model. In Chapter [6] we explore a different approach. We introduce a Sus-
ceptible, Infected, Recovered model with appearance of new strains that mimics the
antigenic drift process for influenza. The model serves us to compare the differences
in influenza patterns observed in temperate and tropical regions.

Our simulation results suggest that the seasonal variation might be responsible
for observed patterns in influenza including: i) higher frequency of disease recurrence
in tropical regions than in the temperate regions; ii) reduced magnitude of disease
outbreaks in tropical regions than in temperate regions and iii) annual peaks during

winter and emerging strains during summer in temperate regions.
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