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Abstract: It is a fundamental question in mathematical epidemiology whether deadly infectious dis-
eases only lead to a mere decline of their host populations or whether they can cause their complete
disappearance. Upper density-dependent incidences do not lead to host extinction in simple, deter-
ministic SI or SIS (susceptible-infectious) epidemic models. Infection-age structure is introduced into
SIS models because of the biological accuracy offered by considering arbitrarily distributed infectious
periods. In an SIS model with infection-age structure, survival of the susceptible host population is
established for incidences that depend on the infection-age density in a general way. This confirms pre-
vious host persistence results without infection-age for incidence functions that are not generalizations
of frequency-dependent transmission. For certain power incidences, hosts persist if some infected
individuals leave the infected class and become susceptible again and the return rate dominates the
infection-age dependent infectivity in a sufficient way. The hosts may be driven into extinction by the
infectious disease if there is no return into the susceptible class at all.
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1. Introduction

It is a fundamental question in mathematical epidemiology whether deadly infectious diseases only
lead to a mere decline of their host populations or whether they can also cause their complete disap-
pearance. This question has become particularly relevant for the possible role of infectious diseases in
amphibian decline and disappearance (see [1,2] and the references therein).

Deterministic mathematical models have shown the importance of how the disease incidence, the
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rate of new infections, denoted by f(S, ), depends on the numbers of susceptible, S, and infected
individuals, /. The function f is called the incidence function.

1.1. Density and frequency dependent incidence

Density dependent (or mass action) incidence f(S, I) = S I typically does not lead to host extinction
[3, 4] unless there is a reservoir for the disease [5—7] or the population is subject to an Allee effect
[8-10].

Frequency dependent incidence is of the form f(S,/) = %, where N is the total population size,
and f(S,1) = % if the population only consists of susceptible and infective individuals (i.e. the model
is of SI or SIS type). Infectious disease models with frequency-dependent (or standard) incidence are
mathematically known to show both decline and disappearance of the host in different parameter re-
gions, [4,11-21], and [22, Sec.4.4]. However, empirical evidence of a species or population eliminated
by frequency-dependent parasites seems elusive [23,24].

Many more incidence forms have been suggested, and many of those, though not all, have been
fitted to the infection experiments involving tiger salamander larvae and ranavirus in [25]. See also [1].
Both density- and frequency-dependent incidence do not fare well in these fits.

In [1] and [26], epidemic models are considered that consist of two ordinary differential equations
for the densities of susceptible and infective hosts; they have general incidence functions and rather
general host population dynamics. In [1], all infective hosts die from the disease (unless they die from
natural causes first), while in [26] some infective hosts recover from the disease and become susceptible
again.

Two types of incidence functions were identified:

e Incidence functions that are mildly upper density-dependent,

£(0,1) =0 = £(S,0), S,1>0,
f(S, 1) (1.1)

S+I—>O, S, >0, 0<S+I1—-0,

(i.e., f is differentiable at (0, 0) with zero derivative).
e Incidence functions that are positively homogeneous of degree one.

An incidence function f is positively homogeneous of degree { > 0 [27, Sec.6.53] if

frS,rl) = (S, 1), S,L,r>0. (1.2)
The density-dependent incidence f(S, /) = S is mildly upper density-dependent, while the frequency-
dependent incidence f(S, ) = % is homogeneous of degree one.

In these ODE models, incidence functions that are mildly upper density-dependent lead to mere
(though possibly substantial) host decline (with one subtlety for certain power incidences), while inci-
dence functions that are positively homogeneous of degree one can cause host extinction.

For power incidence functions f(S, 1) = S9I” with p,q > 0, ¢ < 1 < g + p (which are mildly upper
density-dependent), though, it makes a big difference whether or not infective individuals can become
susceptible again. If the disease is universally fatal, there is always initial-value dependent extinction
of both host and disease [1, Thm.5.8]. If infective individuals can become susceptible again, both host
and disease always persist [26].
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1.2. The case for infection-age

In these ODE models, infective individuals die or become susceptible again at constant per capita
rates so that the sojourn of hosts in the infectious stage (which is influenced by the extra death rate
due the disease and, possibly, by the return rate into the susceptible class) is exponentially distributed.
It is long known that this is far from reality. Sardwell [28, 29], for instance, has fitted lognormal
distributions to the length of incubation periods of various diseases. The distribution of the time from
infection to disease death in infection experiments involving salamander larvae and ranavirus [25]
looks very different from an exponential distribution [2]. A lognormal distribution fits better than a
Gamma distribution which in turn fits better than a Weibull distribution. The case has been made
that assuming exponential stage distributions rather than more realistic distributions can lead to wrong
epidemiological conclusions [30].

We therefore will study whether the feature that mildly upper density-dependent incidence functions
do not lead to host disappearance remains valid if the length of the infectious period has an arbitrary
distribution. In other words, we will introduce infection-age structure into the model. Such model
have already been considered by Kermack and McKendrick [31, 32] though they apparently did not
use the term “infection-age” but talked about “the duration of the illness”. They also (as we will)
let the infectivity of infective hosts depend on their infection-age (‘“The infectivity of the disease is a
function of the period of illness”), which turned out to be an important feature of HIV infection [33].

Kermack and McKendrick [31, 32] even let the susceptibility of a recovered host be a “function
of the period which has elapsed since the time of”’ recovery (of the recovery-age) which we will not
assume. See [34, Sec.8.2] [35, 13.3] [36]). Infection-age and recovery-age are special cases of epi-
demiological class-age [37]. Covid-19 models with two or more infection-ages have been considered
for households of two hosts [38] and for groups with successive multiple infections [39]. Class-age
needs to be distinguished from chronological age, time since birth. While there can be good reason
to consider both age types [34, Sec.6.5] [40, Sec.5.3.2], we will concentrate on infection-age in this
paper. One reason is that, if both type of ages are considered, our message will drown in technicalities.
Another is that chronological age may be epidemiologically less important for some animal popula-
tions (like ungulates affected by an infectious eye disease [41], see end of Section 1.6) than for human
populations. For amphibian populations, different developmental stages would be more important [42].

Finally, let us mention that Kermack and McKendrick [31] did not only already consider epidemic
outbreaks like in [43,44] but also the “Problem of Endemicity” which in our model is caused by a per
capita host growth rate.

1.3. The sojourn function

Let P(a) denote the probability that a previously infected host is still infected (i.e., has not died from
the disease or from other causes and not returned into the susceptible stage) at infection age a, i.e. a
time units after infection with the disease. Then the sojourn function P : R, — [0, 1] of the infected
stage is decreasing,

PO) =1, D(0) = fm P(a)da < co. (1.3)
0

D(0) is the expected duration of the infected stage. See [45, Chap.12] [2].
There are two cases:
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Table 1. Parameters and model variables.

Symbol Definition
S (1) number of susceptible hosts at time ¢
1(¢) number of infected hosts at time ¢
R() rate of infected hosts returning to the S class at time ¢
B(1) incidence, rate of new infections at time ¢
J(@) infective impact at time ¢
P(a)  probability that an infectious host remains
infected at infection-age a

b maximal infection-age
g(S)  per capita growth rate of S susceptible hosts
f incidence function

u(t,-)  infection-age density of infected hosts at time ¢

k(a) infectivity of an infected host at infection-age a

v(a) rate at which an infected individual leaves the
infected stage at infection-age a

a(a)  per capita rate at which an infected host ceases to be
infected at infection-age a and returns to the S class

Pa)  1is the per capita rate at which infected hosts die from

the disease at infection-age a

per capita natural death rate

K population’s carrying capacity, g(K) =0

<

(i) P(a) >0 foralla € R,.
(i1) There is some b € (0, c0) (which is uniquely determined) such that P(a) > 0 for a € [0, ) and
P(a) = 0 for a € (b, o).

If b € (0, ), b has the interpretation of the maximal infection age.

To consider both cases simultaneously, we allow b = co. If the duration of the infected stage is
Gamma, lognormal or Weibull distributed, b = co. For numerical purposes, it may be convenient to
assume b € (0, o).

1.4. Infection-age stratification

Let I(#) denote the number of infected hosts at time ¢ > 0 where ¢+ = 0 marks the start of the
epidemic. If infection-age is considered,

b
I(t) = f u(t,a)da, t>0, (1.4)
0

where u(t, a), as a function of q, is the infection-age density, loosely speaking the number of infected
hosts at time ¢ with infection-age a, i.e., those hosts that have been infected a time units ago.
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The number of infected hosts needs to be distinguished from the infective impact,

b
J(@) = f k(a)u(t,a)da, (1.5
0

where «(a) is the infectivity of an infected host with infection-age a, for instance the amount of infective
particles that an infective host releases. Our notation follows [46, chap.9]. In [26], i has been used
instead of u and W instead of J. In [2], I and J have been switched and j been used instead of u.

1.5. Infection-age stratified incidence

The incidence function f provides the functional relationship between the rate of new infections at
time ¢, B(¢), on the one hand and the number of susceptible hosts, S (#), and the infection-age density
of infected hosts, u(z, -), on the other hand,

B(1) = f(S®), u(t, ). (1.6)

Here, f : R, X L1[0,b) —» R,. X = L'[0,b) is the Banach space of Lebesgue integrable functions
on [0, b) with values in [—oo, 0] (more precisely of the appropriate a.e. equivalence classes) and
X, = L[0, b) is the cone of nonnegative functions in X. The norm on X is |[w||; = fob (w(a)|lda, w € X,
which is the number of infected hosts if w € X,.

We assume that f : R, X X, — R is continuous, where the norm on R X X is ||(S, w)|| = |S| + |[wl];,
S € R, and w € X, which is the number of hosts.

If B is the disease incidence, the rate of new infections, and u, € X, is the density of infected host
at time 0, we have the relation

3 B(t—a)P(a), 0<a<t
u(t,a) = { uo(a_t)Pi(ac(z)t)’ 0<i<a t>0, ac]l0,Db). (1.7)
Pa) - o, 1. ey - . . .
Pa-n 18 the conditional probability to be still infected at infection age a provided one was already

infected at infection-age a — t. See [45, Sec.13.1].
If B is continuous and u, € X, then u(z, -) is a continuous function of ¢ with values in X, [2] (Lemma
7.1).
The straightforward extension of the density-dependent incidence function to infection-age models
is i
fS,w)y==5J, J = f k(@w(a)da, S eR,,weX,, (1.8)
0

with infective impact J and infection-age dependent per capita infectivity « € LT[0, b). Notice that if
u(t,-) is a continuous function of ¢ with values in X, then the infective impact J(¢) = fob k(a)u(t,a)da
is also a continuous function of ¢.

L>[0, b) is the Banach space of essentially bounded Borel measurable functions (more precisely,
their equivalence classes) with the essential supremum norm ||w||, w € L*[0, b).

Density-dependent incidence yields a very poor fitin [1,25,47]. Another possible incidence function
is

fES,w)=SJ/(1+kI+ V1 +2kl), SeR,weX,,
b b 1.9
1 :f w(a)da, J= f k(a)w(a)da. (19
0 0
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In the special case without infection age, where J = o, this incidence function is an adaptation of
the contact incidence in [48] and performs quite well in the fitting comparisons in [1,47]. Notice that,
compared to [2], J and I have been switched. In [26], incidence functions

b b
f(S,w)y=8SJh(S +1), 1= f w(a)da, J = f k(a)w(a)da, (1.10)
0 0
with a decreasing continuous function 4 : R, — R, were considered. Cf. [2, (1.6)].

1.6. Uniform weak persistence of susceptible hosts

Since we will consider general incidence functions in this paper, survival of the susceptible host
population is established in the form of uniform weak persistence and not in form of the more desirable
uniform persistence.

Uniform persistence means that there is an initial-value independent level above which the suscep-
tible host density settles given enough time:

There is some € > 0 such that lim inf,_,, S (f) > € for any nonnegative solution on R, with S(0) > 0.

Uniform weak persistence (in which the liminf is replaced by the lim sup) means that there is
an initial-value independent level above which the host density always returns though it can become
arbitrarily low at times.

Definition 1.1. The susceptible hosts persist uniformly weakly if there exists some € > 0 such that for
all solutions of our model system on R, the number of susceptible hosts S (¢) at time ¢ > 0 satisfies the
following implication:
S0)>0 = limsupS(¢) > e.
t—00

In detailed words, the susceptible hosts § persist uniformly weakly if there is some € > 0 such that,
whenever S (0) > 0 and s > 0, there is some 7 > s such that S (¢) > €.

For general persistence concepts, see [46,49, 50] and the references therein. See also Section 8.1
about possible roads from uniform weak to uniform persistence. To give a taste of what we want
to accomplish in this paper, we present a special case of Theorem 4.1 which covers many incidence
functions, in particular those we just mentioned. More general results would involve more terminology
than we want to present in the introduction (Section 2.5).

Corollary 1.2. Assume that there exists a function f : R, x X, — R, such that
£(S,w) =S F(S,w), S,w>0,5 eR,,weX,,

where f is continuous at (0,0) and is bounded on bounded sets and f 0,0)=0.
Then the susceptible hosts persist uniformly weakly.

The function f is often called the force of infection [51] [52, Sec.1] [53,54] [35, 6.2.2], not to be
confused with infective impact, (1.5), which is a term specific for infection-age structured models; for
density-dependent incidence, the two can coincide [34, Sec.5.3].

Once again, the Laplace transform will be a useful tool for proving uniform weak persistence in
age-structured population models [45,46,55]. Corollary 1.2 follows from Corollary 2.5.
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Example 1.3. Let

SJ
1 +KkS +J5°

b
f(S,w) = Ji= f ki(@w(a)yda, j=1,2.
0

Here «j € (0, o) is the mixing activity of a susceptible host. k,(a) is the mixing activity of an infected
host, kj(a) = o(a)k,(a) is the effective infectivity of an infected host at infection-age a and o(a) is
the amount of infectious particles that an infected host releases at infection-age a. We assume that
o,k € LY[0,b), j=1,2.

The fraction ; +KOJ T is the chance that a random contact of a susceptible host actually occurs with

an infected host and J,/J, is the average effective infectivity of active infected hosts. The force of
infection is

y J; y
Sw)= ———, 0,0) =0,
A AR AC
f is continuous at (0,0) and bounded on bounded subsets on X,.. By Corollary 1.2, the susceptible hosts
persist uniformly weakly.

These examples should not distract from the fact that the incidence function is allowed to depend
on the infection-age distribution in a very general way which we do not remember to have seen in the
literature. However an incidence function is derived, by first principles or from data, chances are that it
is covered by this paper unless it is a generalization of frequency-dependent incidence. In spite of this
generality, the outcome is the same as for the analogous model without infection-age: the disease does
not drive the host into extinction, as long as the incidence function leads to a proper force of infection,
like in Corollary 1.2 and differently from power incidences

b
f(S,w)y=8J", J = f k(ayw(a)da, with g € (0,1) or p € (0, 1). (1.11)
0

As a trade-off for the generality concerning the incidence function, our assumptions concerning the
effect of the disease on the growth of the host population are somewhat restrictive: Only susceptible
hosts reproduce and compete for resources effectively. These assumptions are sometimes made (the
first more frequently than the second) in ecoepidemic models, which have a predator in addition to a
parasite and to a host that is also a prey. See [41,56] [35, 10.4.2] and the literature cited therein; see [57]
for other assumptions. To our knowledge, ecoepidemic models rarely mention concrete predator —
prey/host — parasite systems. An exception is a highly infective Mycoplasma disease affecting the eyes
of wild ungulates (chamois, ibex, mouflon) on high mountain pastures [41]. All age groups and both
sexes are affected. The disease can either heal or lead to total blindness. In the case of wild ungulates,
the disease leads to a change of behavior as the affected animals can no longer follow their herd. They
become insecure and unable to feed and may fall from precipices. The disease should make it difficult
to find a mate and, if reproduction occurs nevertheless, to keep offspring alive. Finally, it seems a valid
assumption that diseased hosts have little or no impact on the food supply of susceptible hosts.

The assumption that infected individuals do not effectively reproduce or compete seems acceptable
for diseases that do not last for a long time because either recovery or disease death occurs fast or that
cause severe symptoms interfering with feeding, mating, giving birth, or keeping neonates alive.

This assumption does not only save us from mathematical difficulties but also from some modeling
issues. While it is not too difficult to model the influence of infected individuals on population growth
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without infection age [51,57-59], the incorporation of infection-age raises many questions such as, if
there is vertical transmission (from mother to unborn child), how is infection-age inherited?

1.7. Organization of the paper

The epidemic model will be introduced in three equivalent versions in Section 2. In Section 3, we
derive a priori properties of the model solutions. First, we establish upper bounds for nonnegative solu-
tions; interestingly enough, they do not depend on the incidence function. Incidentally, the assumption
that infected individuals do not compete for resources makes finding upper bounds more difficult. This
was already challenging without infection-age [26] but is more so with infection-age.

Secondly, we find conditions for the number of susceptible hosts to stay strictly positive. Clearly,
this helps the persistence of susceptible hosts; those conditions involve the incidence function.

Section 4 is the core of this paper, where we establish conditions for uniform weak host persistence.
If this were a movie, we could have called it “The return of the Laplace transform”.

In Section 5 and 6, we present two special cases in which our assumptions for host persistence turn
out to be necessary.

Finally, in Section 7, we establish existence and uniqueness for nonnegative solutions of our model
system. We do this at the end of the paper for two reasons. First, the proofs turn out to be the most tech-
nical of this paper, though as one expects, they ultimately rely on standard arguments: the contraction
mapping theorem, an approximation procedure and Arzela-Ascoli type arguments. Therefore, we want
to convince ourselves that we can gain epidemiological insights which give us enough motivation to
tackle them. Second, the a priori considerations in Section 3 will be helpful. As the incidence function
is allowed to depend on the infection-age distribution in a general way, we make a fixed point argument
within a fixed point argument, which may be a novel feature.

We will show existence but not uniqueness of solutions for power incidences (1.11) because they
are not Lipschitz continuous at the origin. In spite of this mathematical deficiency, power incidence
functions keep popping up in the literature (see [52,60-62] and the references therein). They fit the
infection experiments in [25] very well [1]. With due caution, one has to say, though, that it is difficult
to estimate incidence functions for very few susceptible and infective hosts, which is the range relevant
for host survival.

2. The model

For introductions to mathematical epidemiology in book form, we refer to [22,30,34,35,40,51,52,
63-67] and [68, Chap.6], [69, Chap.9,10], [45, Part 3].

We assume that, with respect to the infectious disease, the hosts are in one of two stages:

They are susceptible to the disease or they are infected by the disease. They leave the susceptible
stage by being infected and leave the infected stage either by dying from natural causes, dying from
the disease or by becoming susceptible again.

We do not consider the case where infected individuals recover from the disease and have acquired
permanent immunity to it. Infected hosts are not necessarily infective: they may be still in a latent
period or have recovered enough to be no longer infective and no longer subject to death from the
disease. But we assume that they still have symptoms severe enough that they do not reproduce or are
not able to keep their offspring alive and that prevent them from competing for resources.

Mathematical Biosciences and Engineering Volume 20, Issue 10, 18717-18760.



18725

Rather than introducing classes of infected hosts that are in the latency period or have recovered
from the disease (without having become susceptible again yet), in the spirit of [31,32] we introduce
infection-age as the time since the moment of infection and assume that the infectivity of infected hosts
depends on their infection-age. We also assume that the per capita rate at which infected hosts die from
the disease or become susceptible again depends on their infection-age.

2.1. More on the sojourn function

Let P : R, — [0, 1] be the sojourn function of the infected stage (Section 1.3). Since P is de-
creasing, P is differentiable a.e. on R, with nonpositive a.e. derivative P’ and P’ is finitely inte-
grable [70, Thm.6.4]. Recall the maximal infection age b € (0, co] (Section 1.3). If b < oo, P'(a) = 0
for a.a. a € (b, ).

Assumption 2.1. We assume throughout this paper that P is absolutely continuous on R, and P(0) = 1,
i.e.,

P(a)— P(0) =P(a)-1 = f P'(s)ds, a€R,. 2.1)
0

Lemma 2.2. I[fb < oo and P : R, — [0, 1] is continuous, then P is absolutely continuous on R, if and
only if P is absolutely continuous on (0, b).

Example 2.3 ( [70, Thm.6.6]). Let b € (0, co]. P is absolutely continuous on R, if P is continuous on
R, and Lipschitz continuous on every proper subinterval of [0, b).

Assume that a > 0, 4 > 0. Then %’;ﬁ“”’) is the probability of leaving the infected stage during the

age interval [a, a + h). So, for almost all a > 0,

v(a) := —P'(a)/P(a), a.e.a€[0,b), (2.2)
is the rate at which an infected individual leaves the infected stage at infection age a. By a chain rule
for absolute continuity (Lemma 8.1), In P is absolutely continuous on [0, b) and (In P)’ = —y a.e. on
[0, b),

P(a) = exp (- f ay(s)ds), a € [0, b).
0

Infected individuals leave the infected stage either by returning to the susceptible class, by death from
the disease, or by disease-unrelated (“‘natural”) death,

v(a) = a(a) + ¥Ha) +v, a>0. 2.3)

Here a(a) is the per capita rate of becoming susceptible again, #(a) the per capita disease death-rate
and v the natural death rate (which does not depend on infection-age).

The function y,a : [0,b) — R, are assumed to be Borel measurable, and y is assumed to be
bounded away from O a.e.

If we do not like the explicit formula (2.6), we simply assume that there is some v > 0 such that

v(a) > a(a) + v, a€[0,b), 2.4)

where v > 0 is related to the natural mortality of hosts. As for susceptible hosts, the natural mortality
has been incorporated into g.
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Let, at time ¢ > 0, denote

S(t) the amount of susceptible hosts,
I(t) the amount of infected hosts,
u(t,-) the infection-age density of infected hosts,
R(t) the rate of infected hosts returning into the susceptible class,
B(t) the incidence, the rate of new infections.

We choose the letter B for the incidence because it is the birth rate of the disease. See Table 1 for

a more complete list of symbols. The disease dynamics can be mathematically described in various
equivalent ways.

2.2. The differential equations model (in the spirit of McKendrick [71])

This model formulation consists of an integro-differential equation and a partial differential equa-
tion,

S"=Sg(S)—B+R a.e. on(0,c),
(0, + 0 )u(t,a) = — y(a)u(t,a), teR,,a€|0,b),a+t,
u(t,0) = B(r) = f(S (1), u(t,")), (2.5)

b
R(@) :f a(a)u(t,a)da.
0
Further, there are initial conditions,
S(O) = S()a M(O’ a) = MO(a)7 ac [07 b)

In (2.5), S is assumed to be absolutely continuous. There, y(a) is the rate at which infected hosts, at
infection age a, cease to be infected by either natural death, disease death, or by becoming susceptible
again; a(a) is the per capita rate at which infected hosts cease to be infected at infection age a and
become susceptible again; more precisely

y(a) = a(a) + Ha) + v, a>0, (2.6)

where ¥ is the per capita rate at which infected hosts die from the disease and v > 0 is the per capita
rate of natural death, which does not depend on infection age.

For § > 0, g(§) is the per capita growth rate of susceptible hosts if their amount is S. The model
formulation implicitly assumes that infected individuals do not reproduce or are not able to keep their
offspring alive and that they do not compete for resources (cf. [10]). This assumption allows to reduce
the problem to one for just two independent variables: the number of susceptibles, S, and the incidence
of the disease, B.

As described in Section 1.5, f : R, X X, —» R,, X, = L}F[O, b), is the incidence function, i.e.,
the entity f(S,w) is the rate of new infections if the amount of susceptible hosts is S € R, and the
infection-age density of infected hosts is w € X,.

The per capita host growth rate g has the following properties.
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Assumption 2.4. The function g : R, — R is Lipschitz continuous on bounded subsets of R, : For any
¢ € (0, 00), there exists some A, € (0, 00) such that

8(S) — &SI < AS =S, S,8 €10,cl.

Further g is decreasing, g(0) > 0, and g(S) < O for large S > 0.
In fact, we assume that there is a unique K > 0 such that g(K) = 0 and that g is continuously
differentiable on (0, K + ) with some 6 > 0, g'(S) <O for S € (0,K]and Sg’'(§) » 0as S — 0+.

In particular, g is a decreasing function of the size of the susceptible part of the population due to
resource competition.

K is called the carrying capacity for the host population. The term “carrying capacity” originates
from the fact that the host population size converges to it in the absence of the disease.

If f(K,u) = 0 when u is the zero function, (K, u) with u = 0 is an equilibrium of (2.5), called the
disease-free equilibrium, DFE, for short.

2.3. The formulation in the spirit of Lotka [72]

This formulation takes the sojourn function P for the infection stage as a starting point. P(a) is
the probability at which a host that has been infected is still alive and infected a time units after the
moment of infection. See Section 1.3.

Let up : [0,b) — R, be the initial density of infected hosts, fob up(a)da < oo. The model is a system
consisting of a differential equation and Volterra functional equations,

S =Sg(S)—B+R a.e.on(0,),
B(t) =f(S (1), u(t,)),

Bt — a)P(a), t >0
utay=] BU-OE@. 1>a 0<a<b, 2.7)
uo(a—t)P(a_t), O0<t<a

b
R(t):f al(a)u(t,a)da.
0

Further, there is the initial condition for the susceptible hosts, S (0) = Sy.

Since there are a lot of variables in this system, let us clarify that S, uy, P, @, g, f are given and a
continuous function B and an absolutely continuous function S are wanted. The auxiliary variable u is
determined by B and u in the spirit of Lotka [72]. See (1.7).

The assumption (2.4) takes the form

P'(a)

v(a) = - ) >a(a) +v fora.a. a € [0, D). (2.8)

The Lotka formulation can be derived from the McKendrick formulation by integration along char-
acteristics [45, Sec.13.2]. The function u satisfies the PDE in the McKendrick formulation if B, u
and P are differentiable and y is given by (2.8) [45, Sec.13.2]. Otherwise, the PDE is satisfied in an
appropriate generalized sense.
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2.4. A system of differential and Volterra integral equations in the spirit of Kermack and McKendrick

As a special case of (2.7), we consider

v

FS,w)y=f(S,Ji,...,J), weLl0,b),
y b (2.9)
f:R™ SR, J; = f kj(@)w(a)da, kj € LT[0, b).

0

The J; are various impacts by infectious hosts associated with infection-age dependent per capita in-
fectivities x; € LY[0,b). If k; = 1, then J, = I is the amount of infective individuals.

Several infectious impacts may occur if the infection can take different routes like the eye disease
of chamois, ibex and mouflon [41] that we mentioned towards the end of Section 1.5: It spreads not
only through direct contact but also by airborne particles and through vectors such as flies. Also see
Example 1.3.

If b € (0, 0), we extend «; and a to R, by kj(a) = 0 = a(a), a € (b, ), b € (0, 0]. We substitute

the formula for u in (2.7) into J;(1) = fob kj(a)u(t,a)da and obtain a system of one differential equation
and several Volterra integral equations,

S"=S¢g(S)—B+R a.e. on(0,00),
B =f(S(0), Ji(t), ..., Ju(D)),

Ji(t) = f ki(a@)P(a)B(t — a)da + J (1), (2.10)
0

R() = f a(a)P(a)B(t — a)da + Ry(1),
0

with the given functions

b
Jo(t) = f s+ 0TS0 s,
0 P(P (S)t) (2.11)
s+
Ro(?) :j; als +1) P5) uo(s)ds.
If0<t<b< oo,since P(a) =0fora > b,
B bt P(s +1)
Ry(?) = L a(s+1) PG) uo(s)ds,

and similar formulas hold for Jj. If b <t < oo, Ry(t) = 0 = Jj(2).
Under our assumptions so far, it cannot be excluded that R, takes infinite values; however Ry is
finitely integrable on R, . Indeed, by Tonelli’s theorem and (2.8),

o0 © b P(s + 1)
j; Ro(t)dt < fo ( fo ¥+ D505 uo()ds)dt
_ b * ’ l/l()(S) _ b
= fo ( fo _P (s+t)dt)P(S)ds— fo o()ds.

We give this special case extra consideration because we could not prove existence of solutions to (2.7)
without a Lipschitz conditions for f : R, X X, — R, (Section 7.1) whereas (2.10) can be solved for
f: R™! — R, that are just continuous (Section 7.2). See Example 2.8.

(2.12)
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2.5. More preview

We now have developed enough terminology to give a preview of some more results. The following
one generalizes Corollary 1.2 and follows from Theorem 4.1. Recall that X, = L1[0, b).

Corollary 2.5. Assume that there exists a function f : R, x X, — R, such that f(S,w) = S f(S,w) for
all S >0, w € X,, where f is continuous at (0,0) and is bounded on bounded sets. Then, if

b
g(0) > (1 - f a(a)P(a)da)f(0,0), (2.13)
0

the susceptible hosts persist uniformly weakly. In particular, if £(0,0) = 0, the susceptible hosts persist
uniformly weakly.

The function f is often called the force of infection [51] [52, Sec.1] [54] [35, 6.2.2], not to be
confused with infective impact which is a term specific for infection-age structured models; for density-
dependent incidence, the two can coincide [34, Sec.5.3]. The term f(S ,0) represents the force of
infection coming from reservoirs of the disease.

Remark 2.6. By (2.8),
b b b
p::f a/(a)P(a)daS—f vP(a)da—f P'(a)da.
0 0 0

By the fundamental theorem of calculus,
p<1-vD<l, (2.14)

where D is the expected sojourn time in the infection period (natural death included). Recall that
1/v > D is the life expectation of a healthy host. We owe to one of the referees the insight that  can be
interpreted as the probability that a susceptible host just infected will turn susceptible again and how
to reformulate (2.13) in terms of a basic host reproduction number, Hy. The number 1 — p € (0, 1])
is the probability that a susceptible host just infected will not turn susceptible again. Let g(0) = 8 — u
with u the per capita death rate of healthy hosts and S the per capita birth rate without competition for
resources. Then (2.13) can be rewritten as

= ﬁ .
F0,0(1 = 9) +p

1 <Hp (2.15)

Notice that (£(0,0)(1 — 9) + ,u)_1 is the average time a host is alive and susceptible if very few hosts
(susceptible or infective) are around.

Theorem 2.7. Assume that f(S,w) = f(S I with J = fob k(a)w(a)da, where k € L*[0,b) and f :
R? — R is differentiable at (0, 0), £(0,J) = 0 for all J > 0 and 8, £(0,0) = 0.

Further assume that there is some 1y > 0 such that
a(a) > nok(a), a € [0,b). (2.16)

Then the susceptible hosts, S, persist uniformly weakly.
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This theorem is proved at the end of Section 4.2.
Condition 2.16 implies that, at whatever infection-age, if some infected individuals are infectious
there are also some infected individuals that leave the infected class and become susceptible again.

Example 2.8. Let £(S,w) = S9J? = (S, J)withg € (0, )and p > Oand g+p > 1,J = fo” k(a)w(a)da,
S e Ry, w € X,; further k € LT[0, b).
Assume that there is some 779 > 0 such that

a(a) > nok(a), fora.a. a € [0, D).
Since
FS. DS+, S,7>0,

with p + ¢ > 1, f is differentiable at (0,0) with zero derivative, and the susceptible hosts persist
uniformly weakly under this incidence function and assumption (2.16).

We mention that the model in Section 2 has non-negative solutions under these assumption (Section
7.2) though they may not be unique.

This result should be compared with the next one in which host persistence fails if assumption (2.16)
is violated in the extreme form that a(a) = 0 for all @ > 0 and « is a positive constant.

Theorem 2.9. Let a,v,k be nonnegative constants and « = 0 < y and f(S,w) > S9J7, § > 0,
J= K‘Lb w(a)da with g € (0, 1) and p > 0. Assume that S (0) > 0 and 1(0) > O satisfy
(SO (A-gw
100)? (1 -¢)g0) +py

Then S (t) becomes 0 at finite time and stays zero thereafter, and I(t) — 0 ast — oo.

For the proof see Section 6. Theorem 2.9 shows that the assumption 2.16 in Theorem 2.7 cannot be
completely abandoned.

2.6. Should the per capita return rate be bounded?

One may like to turn to numerical calculations to explore the grey zone between Theorem 2.7 and
Theorem 2.9.

We fix a natural per capita host mortality rate v > 0, i.e., 1/v is the life expectation of a healthy
host. Then we choose a sojourn function Q for the infection period (natural death disregarded) such
that P(a) = e Q(a). To find the per capita rates of disease death on the one hand and of return into
the susceptible class on the other hand, we use the concept of a case fatality ratio (usually but falsely
called a rate) [16], which we assume to be independent of infection age and is denoted by @ € (0, 1):
If an individual leaves the infection period, it leaves by disease death with probability 1 — @ and leaves
by return into the susceptible class with probability @. This means that

Q'(a)
0@ 0<a<b. (2.17)

If b = oo, boundedness of @ on R, may not be a bad assumption. Let us take a look at the sojourn
functions which have been fitted in [2] to the infection experiments involving salamander larvae and

ala) = —w
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ranavirus [25]. We should mention that all infected larvae (their number was 446) died from the disease
and that they were all dead by the 23rd day. Since they were larvae and not yet terrestrial salamanders,
reproduction was not an issue.

If the duration of the infection stage (neglecting natural death) is lognormally or Gamma distributed
—Q’/Q is bounded on R, for the associated sojourn function Q.

If the length of the infection period (neglecting natural death) is lognormally distributed, the prob-
ability density of the sojourn function is given by

2 1
-2m)'?Q'(a) = e /zg_a’ b(a) = (1/0)In(a/m), a0,
with parameters £, m > 0 [45, Sec.12.8]. By the chain rule,
! 1 1\ e
1/2 A _ _—ba)?/2 _ 2
Q2n)'2Q"(a) = e (b(a)(gT)z + ﬁ) = g (Ina/m) + ).

Notice that Q(a), OQ’(a) and Q" (a) are different from 0 if a/m > e, Further, Q" (a) — 0, Q’(a) — 0
and Q(a) — 0 as a — oo. Since Q is decreasing, actually Q’(a) < 0 for all a > 0. So

lim =29 _ jim L@ _

= Q@) e Q)
by a I’Hopital type argument [2, Thm.7.2]. This implies that —% is bounded on R,.

Similar arguments show that this also holds if the infection period is Gamma-distributed.
However, for the Weibull distribution, Q(a) = e‘fa’(, a>0,withé>0and ¢ > 1, we have

Q(a)
which is unbounded on (0, o), unless ¢ = 1, the special case of an exponential distribution.
If b € (0, 00), after normalization b = 1, then Q(a) = (1 —a™)" with n,m > 1 would have a plausible
shape. (See the figures in [2]). Then

Q@
0(a)

= f(af_l, a>0,

=n(l —d™) 'ma™", aelo,1),

goes to infinity if a — 1—.
In view of these findings, we will try to avoid assuming essential boundedness of @ as much as we
can. Instead, we will try to exploit (2.8) which gives us for 0 < a; < a, < oo that

f N a(a)P(a)da < f h v(a)P(a)da — v f h P(a)da

ai ap ai

=— faz P'(a)da - vfaz P(a)da = P(a,) — P(a,) — vfaz P(a)da.

ap ai ap

In the limita; - Oand a, — b,

00 b
f a(a)P(a)da <1 -v f P(a)da. (2.18)
0 0

Assuming that « is not essentially bounded, has the unpleasant technical complication that the return
rate R(?) is not continuous in ¢ and that the differential equation for S in (2.7) holds only a.e..
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3. A priori properties of solutions

Before we discuss the existence of solutions of either of the systems, we derive some of their
properties provided that they exist. We will need these properties to discuss the dynamics of the
system, and later this information will help us in setting up the existence proof.

Since u(t, -) is the infection-age density of infected hosts, the total number of infected hosts is given
by

b
I(r) = f u(t,a)da, t>0. (3.1
0
The total number of hosts, H, is
H@) =S +1(), t>0. (3.2)
By (2.7),
t b
1(1) :f P(t — s)B(s)ds + f Pu+ S)uo(s)ds. (3.3)
0 o P(s)
In particular,
b
10) = f wo(a)da. (34)
0

Assume that the number of susceptibles S is absolutely continuous and that the disease incidence B
is continuous. Further, we assume that S, B, u, are nonnegative. Then [ in (3.3) and R in (2.10) are
nonnegative.

Since P is absolutely continuous, / is absolutely continuous and, for a.a. ¢t > 0, by (3.3),

PPt + 5)
P(s)

I'(t) = B(t) + f P'(t — s)B(s)ds + f uo(s)ds. 3.5)
0 0

As for the first two expressions after the equality sign, one checks that integrating them in time yields
the first expression in (3.3) by Tonelli’s theorem. Indeed, since the integrand is non-positive a.e.,

T ! T T
f ( f P/(t - $)B(s)ds)dt = f ( f P'(t - s)dt)B(s)ds
0 0 0 K

T T T
= f (P(T —5) —P(O))B(s)ds = f P(T — s)B(s)ds — f B(s)ds.
0 0 0

As for the third expression, one checks that integrating it in time yields the second expression in (3.3)
after the equality sign by Tonelli’s theorem. Indeed, for any 7" > 0, since the integrand is non-negative,
by Tonelli’s theorem,

T P_P'(t+s5) Y uo(s) r
Jy =73 o= [ -es as

b b b P T
- fo L;)((;))(P(s)—P(T+s))ds: fo uo(s)ds — j; %uo(s)ds.
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By (1.7) and (3.5), for a.a. t > 0,

P(i+s)
P(s)

t b
I'(t) =B(t) — f v(a)P(a)B(t — a)ds — f y(t +5) uo(s)ds
0 0

b
=B(t) — f v(a)u(t,a)da.
0

Since we have assumed that S is absolutely continuous, H is absolutely continuous and by (2.7), for
aa. t>0,

b
H'(1) = S(Ng(S @) + f [a(a) = y(a)]u(t, a)da.
0

3.1. Estimates from above

By (2.8),
H'(t) < S(Dg(S @) —vI(t) a.e.

By (3.2), this can be rewritten as
H <SgS)+v)—-vH a.e.

Let
Y(@) = SO[gS (@) + v, t>0. (3.6)

Then, for a.a. t > 0,
H'(t) + vH(t) < y(1).

This implies
t 4 !
f e Iy(s)ds = f e "IVH (s)ds + f ve """V H(s)ds.
0 0

0
By the integration by parts formula for absolutely continuous functions [73, Cor.18.20], for all ¢ > 0,

fo t e y(s)ds > H(t) — HO0)e ™. (3.7)
Let T > 0 and ¢ = sup ([0, T]) and Hy = sup H([0, T]). For t € [0, T,
H(t) < w%a — ™) + H(0)e™" < max {%wT, H(0)}.
Taking the maximum for 7 € [0, T,
Hy < max {%lﬁT,H(O)}.

By (3.6), 1
Hy < max {H(0), = max S(g(S) + o
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Suppose that Hy > H(0). Then there exists some S € [0, S 7] such that
1.,
Hr < =S(g(S) +v).
v
Suppose that § > K. Then g(§) < 0 and Hy < § < S, a contradiction. So § < K and
1
Hy < max{H(0), = max S(g(S) +v)}. (3.8)
v 0<S<K
Since the right hand side of this inequality does not depend on 7 > 0, H is bounded on R, and

1

H(r) <max {H(0), ~ max S (g(S) + v 120,
- (3.9)

H(0) =S, + f uo(a)da.
0

Once we know that H is bounded on R,, we also know that § < H is bounded and ¢ in (3.6) is
bounded.
In the following, we use the following notation:

H” =limsup H(t) = ing sup H(?). (3.10)

t—oo =V =5

S and y> and J* are defined analogously. By (3.7),

f
H®” < lim supf e Y(t — s)ds.
0

t—00

This can be written as .
H” < lim supf e Hy(t — s)¥(t — s)ds
0

[—o0
with the Heaviside function Hy(s) = 1 if s > 0 and Hy(s) = 0 if s < 0. By a generalization of the
Lebesgue-Fatou lemma [45, p.468],

H® < f lim sup Hy(t — s)¥(t — s)e”’ds < W"f e ds = v (3.11)
0 0

0
t—o0 )4

By (3.6),
Y™ = limsup S (H)[g(S (1) + v] = lim §(2,)[g(S (£,)) + V]

—o0
for an appropriate sequence (t,) with f, — oo as n — oo. Since S is bounded, after choosing a
subsequence, S (t,,) — S as n — oo for some S € [0,S*]. So, ¥ = S[g(S) + v]. By (3.11),

H® < %S[g(ﬁ) +v] (3.12)

with some § € [0,5%°]. If § > K, then g(S) < 0and H® < § < S*, a contradiction because
H(t) > S(¢) for all t > 0. Hence, § < K and

1
H” < — max S[g(S)+v]=: H". (3.13)
V 0<S<K
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We also get from (3.12) that

[e9)

H> < ST[g(O) +v]. (3.14)

Assume « € L7[0, b) and
K" = Koo (3.15)

Then the infective impact J associated with « via (1.5) is bounded and

IO < I, 120 (3.16)
By (3.13),
(o) KO
U< max S[g(S) + vl (3.17)
By (3.14),
Je §S°°K7[g(0)+v]. (3.18)

3.2. Positivity of susceptibles

Uniform weak persistence of susceptible hosts is certainly facilitated if all nonnegative solutions
S and B of (2.7) on R, with S(0) > 0 satisfy S(¢) > O for all t € R,. In this section we will derive
conditions for this to hold.

Lemma 3.1. Assume that for any ¢ > 0 there is some ¢ > 0 such that
f(S,w) <eS, 0<S,|wlh <c,weX,. (3.19)

Then the following hold.

(a) If T € (0, 00) and there is a continuous nonnegative solution of (2.7) on [0, T] with S (¢t) > 0O for
allt €[0,T), then S(T) > 0.
(b) If there is a continuous solution of (2.7) on [0, 00) and S (0) > 0, then S(t) > 0 for all t > 0.

Proof. (a) Let S(0) >0and S(¢) > 0forz e [0,7).

Suppose that S(7T)) = 0. By (3.8), there is some ¢ > 0 such that S(¢) < ¢, I(¢) = fob u(t,a)da < c
for all t € [0,T]. By assumption (3.19), there is some ¢ > 0 such that the function ¥ () =
f(S@),u(t,-))/S@),t€[0,T), satisfies y(r) < ¢ for all ¢ € [0, T'). Further, by (2.7),

S'(t) = S®)[g(S()—¢c], fora.a. te[0,T].

We use an integrating factor,

S(t)ZS(O)exp(f[g(S(s))—E]ds)>():S(T), 0<t<T,
0

contradicting the continuity of S at 7.
Part (b) follows from part (a). |
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The next positivity result involves the per capita return rate « in (2.7) of infected hosts into the
susceptible class. Return into the susceptible class keeps the number of susceptible hosts away from
zero provided there is some relation between the infectivity and the per capita return rate of infected
hosts. See Theorem 2.7 and Example 2.8. Recall that we do not assume that @ € LT[0, b) (Section
2.6).

Lemma 3.2. Let k € LT[0, b) and no € (0, 1) such that
a(a) = nok(a), fora.a. a € [0,b). (3.20)

Assume that there are ¢, 0 > 0 such that

b
SeR,weX,,J =f0 k(aw(ayda,S +J <6 (3.21)

= f(S,w) <cS +nol

Then, if T € (0,00) and S, B is a continuous nonnegative solution of (2.7) on [0, T] and S (¢t) > 0 for all
t€[0,7), then S(T) > 0.

Proof. LetT € (0,00) and S(¢) > O for all r € [0, T). Suppose S(T') = 0.
By (3.20),

b b
R(@) = f a(a)u(t,a)da > f nok(a)u(t,a)da = noJ (), te€[0,T]. (3.22)
0 0

We integrate the differential equation for S in (2.7); for all r € (0,7),

T T T
0=>ST)-S@) > f S(s)g(S(s)ds — f B(s)ds + nof J(s)ds.
t t t
We divide by 7' —¢ > 0 and take the limit # — 7. Since S, J and B are continuous and J(T') > 0 = S(T),
0= S(T)g(S(T)) — B(T) + noJ(T).
Since B(T) = f(S(T),u(T,-)) = 0, we have J(T) = 0.
Since S and J are continuous, there is some s € (0, T) such that S (¢) + J(t) < § for all ¢ € [s, T] with

0 > 0 from (3.21).
By (3.21) and (3.22),

S @, ut,) <cS@E) +noJ@) <cS@) + R(), tels Tl

By (2.7),
S’(t) > —cS(¢) for almost all ¢ € [s, T].

Hence S(T) > S(s)e“"T) > 0, a contradiction. o
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4. Uniform weak persistence of susceptible hosts

Recall the definition of uniform weak persistence of susceptible hosts (Definition 1.6). The follow-
ing persistence considerations are very much facilitated by using the Laplace transform.
Let S : R, — R, be Borel measurable and be bounded or finitely integrable. Then

S = f ) e S (f)dt, 1> 0. 4.1)
0

The Laplace transform is useful in this context because it converts convolutions into products.
Let B : R, — R, be Borel measurable and be bounded or finitely integrable and « € Li R).
Then the convolution of B and « is defined by

(B *k)(t) = fot B(t — s)x(s)ds, teR,. 4.2)
Respectively, B * « is bounded or finitely integrable on R, and
B k() = BRW),  1>0. 4.3)
See [74, Sec.2.2].

4.1. Incidences that depend on the infection-age density in a general way

Theorem 4.1. Let Assumption 2.4 be satisfied. Assume that for any ¢ > 0 there is some ¢ > 0 such that
f(S,w) < &S forall S €[0,c] and all w € X, with ||wl||, = j(;b w(a)da < c. Further assume that

S,
S 5 ") 2(0). (4.4)

b
(1- f a(a)P(a)da) lim sup
0

S.w—0
Then the susceptible hosts persist uniformly weakly.

Condition (4.4) is equivalent to the existence of some ¢ € (0, g(0)) such that

b
(1- f a(a)P(a)da)f(ij L g0)—6, 0<S<6 weX,, |wh<é. (4.5)
0

Remark 4.2. Under the assumptions of Theorem 4.1, for any S € (0, o0) and any uy € X,, there exists
a unique solution to (2.7) provided that f : R, X X, — R, is Lipschitz continuous on bounded subsets
of R, x X,:

For any ¢ € (0, 00), there exists some A, € (0, o) (called a Lipschitz constant) such that

1F(S,w) = (S, W) < A(IS = S|+ w = ),

- 5 . (4.6)
S,8 €[0,c], w,weX,|[w-W <c.

See Section 7.1. f is called Lipschitz continuous if there is some A = A, that does not depend on
c> 0.
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Proof of Theorem 4.1. Suppose that the susceptible hosts do not persist uniformly weakly. Then, for
any € > 0, there exists a solution with $(0) > 0 and S* < €. If b € (0, ), extend « to R, by a(a) =0
for a € [b, 00). By assumption (4.5), there exists some ¢ > 0 (by making it smaller if needed) such that

(1- f ) a(a)P(a)da)f (‘Z’ W 9(0) =35, S €(0,6], weX.,|wl <6 4.7)
0

Since the susceptible hosts do not persist uniformly weakly, there exists a solution with S (0) > 0 and
S* < e. By (3.14), if € € (0, 9) is chosen small enough, S < 9, I < ¢, (t) = fob u(t,a)da. By Lemma
3.1, S(¢r) > O for all r > 0. So there exists some » > 0 such that 0 < S(r) < § and I(¢r) < 6 forall ¢ > r.
We write some of the model equations in the form

S"=Sg(S)-B+R, R(t) > f a(a)P(a)B(t — a)da. (4.8)
0

We introduce the translations S ,(t) = S(r + 1), B(t) = B(r + 1), I.(t) = I(r + 1) for r,t > 0. Further
x(t) € X, is defined by x(¢)(a) = u(t,a) fort > 0, a € [0, b) and x,(t) = x(r + t) for t,r > 0. Notice that
I,(t) = ||x,(®)|];. By (4.8), since B is nonnegative,

6>, kO, >0, S.=8,gS,)-B+R,,

! (4.9)
R.(?) > f a(a)P(a)B,.(t — a)da.
0
We take Laplace transforms which convert convolutions into products, (4.3),
S, = f e S, (ndt, 1> 0.
0
For all 1 > 0,
A8, = S,8E)WD - B +RW, R = aP)BW).

We substitute the second inequality into the first,

A8,(2) 28,88 ) ~ (1 ~ aP(D)B, (). (4.10)

Since S .(2), ||x,(?)|l; < 6 and S (¢) > O for all ¢ > 0,

>, _ * —At f(Sr(t),xr(t))
B.(1) = fo e S,(t)—Sr 0 dt
f(S,w)

5 fS(0, %) _ 4
<S,Dsuyp—————=<§, (1) su .
tz(I)) S (D) 0<S S(S,”IVDVHIS(S S

Similarly, since g is decreasing,
S8 2 S, (Dg@), >0

We substitute these inequalities into (4.10) and divide by 0 < S,(1) < oo,

—— S,
A >g(0) — (1 - aP(/l)) sup fG.w) ,
0<s<slwih<s S

A>0.
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This inequality does not depend on the solution of our system and holds for all 1 > 0. We take the
limit of this inequality as 4 — 0,

f(S,w)

02 g -(1- f ) a(a)P(a)da)  sup > 6> 0,
0

0<S <6,0<|wll1 <6
with the last, contradictory, inequality following from (4.7). O
Corollary 2.5 is a consequence of Theorem 4.1.

Remark 4.3. If f(S,w) =SJ?, J = fob k(@w(a)da,0 < g <1, p >0, ke L°[0,b), |||l > 0, then
fS,w)
=
S

lim sup
S.w—0

So this power incidence function does not satisfy (4.4) and Theorem 4.1 does not apply. Compare
Example 2.8 which will follow from our next next persistence result (Theorem 4.4).

Proof. Choose a sequence (w,) in X, = L}r [0, b) with

b
0<J,—>0, nooo, J,= f k(a)yw,(a)da.
0

This is possible because |||, > 0. Choose S, = J;, with some r > 0 to be chosen later. Then

J(Sn Jn)

=S84y, = e,
S

If » > 0 is chosen large enough, (¢ — 1) + 1 < 0 and the right hand side of the last inequality tends to
infinity as n — co. O
Remark 4.3 motivates the next general persistence result.

Theorem 4.4. Assume that any continuous nonnegative solutions S, B of (2.7 with S (0) > 0 satisfies
S(t,) > 0 for a sequence (t,) in R, witht, — oo asn — oo.

Assume there is some { € (0, 00) with the following properties:
(i) For any n > O there exists some € > 0 such that

SeR,,weX,, S+]|wl <€

b (4.11)
= fS,w)<+nS +nR, R= f alaw(a)da,
0
(ii) .
(1= f a(a)P(a)da) < g(0). (4.12)
0
Then the susceptible hosts persist uniformly weakly.
Notice that, by y = —P’/P and P(0) = 1,
b b
1- f a(a)P(a)da = f [v(a) — a(a)]P(a)da > O. 4.13)
0 0
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Proof. It b € (0, 00), we extend a : [0,b) — R, to R, by a(a) = 0 for a € [b, ). By (4.12), there is
some ¢ € (0, 1) N (0, g(0)), such that

C+o)(1-(1-0) f ) a(a)P(a)da) < g(5) = o. (4.14)
0

We write some of the model equations in the form

S =Sg(S)—B+6R+(1-06)Rae.,

b 4 4.15)
R(t) = f a(a)u(t,a)da > f a(a)P(a)B(t — a)da.
0 0

Suppose that the susceptibles do not persist uniformly weakly.

Then, for arbitrary € > 0, which can be chosen as small as needed to generate a contradiction, there
exists a solution such that S(0) > 0 and S < €. By assumption, S(z,) > O for a sequence (z,) with
t, = ocoasn — oco. By (3.14),

S+~ < S[g(O) . (4.16)

We can assume € < ¢. See (4.14). There exists r > 0 (r = ¢, for some sufficiently large n) such that
S(r) > 0and

0<SW<e 1=l <O +v]. 1> 4.17)
We introduce that translations S ,(t) = S (r + 1), R.(t) = R(r + t), B,(t) = B(r + t) for r,t > 0. By (4.15),
S’ >8,8(0)— B, +0R, + (1 —0)R, ae.,

¢ (4.18)
R.(?) Zf a(a)P(a)B.(t — a)da.
0

We take Laplace transforms which convert convolutions into products. For all 1 > 0, we obtain
RA(1) = B()aP(Y) (4.19)

and
A8, > $,(D)g©) — B,(D)(1 = (1 = 6)aP) + 6R,(A). (4.20)

By (4.11) there exists some € > 0 such that
fS,w) < (@ +n)S +1R, S, 1wl € [0, €]. 4.21)
Let € € (0, €) and <[g(0) + v] < & By (4.17), forall 7 > 0,0 < §(¢) < € and [,(?) < € and, by (4.21),
B,(t) < ({ +m)S (1) + nR(2).
Since the Laplace transform is a linear operation,

B(2) < (& +m)S ) + nR,(A).
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We substitute this inequality into (4.20),
A8, = 8,()g(e) = (¢ +mS, — R, ())(1 = (1 - 6)aP) + nR, ().

This implies .
A8, > 8,(Dgle) — (¢ +mS (D)1 = (1 = &)aP).

Since $,(1) > 0 because S ,(0) > 0, we can divide by it,
A= g(e) = (¢ +m)(1 = (1 = 8)aP),

Now, this inequality holds for any A4 > 0 and so it holds in the limit 4 = 0,

02 g(e) = (£ +m - (1- 5)f0 a(a)P(a)da).

Since € < ¢ and 5 < 6, this inequality contradicts inequality (4.14).
We combine Lemma 3.2 and Theorem 4.4.
Corollary 4.5. Let k € LT[0, b) and o € (0, 1) such that
a(a) = nok(a), fora.a. a €[0,b).
Assume there is some { € (0, 00) with the following properties:
(a) For any 17 > O there exists some € > 0 such that
b
SeR,weX,, S+J<E J:f k(a)yw(a)da
0
= f(S,w) <@+ DS +17J;
(b)
b
{(1- f a(a)P(a)da) < g(0).
0

Then the susceptible hosts persist uniformly weakly.

(4.22)

(4.23)

(4.24)

(4.25)

Proof. Observe that for all w € X, we have J < ||«|||lW||; and, by (4.25), fob a(a)yw(a)da = R > nyJ.
Some tedious but elementary considerations then show that the assumptions (a) and (b) imply the

assumptions of Lemma 3.2 and Theorem 4.4.

Lemma 3.2 implies that $(0) > 0 implies S(¢) > O for all # > O for all solutions of (2.7) on R,.

Apply Theorem 4.4.

4.2. Incidences depending on susceptibles and one infective impact only

We assume that

b
£(S,w) = £(S, ), SeR,, weX,, J= f k(a)w(a)da,
0

where « € LT[0, b),
£(0,J) =0, JeR,.

Then the partial derivative 0 = 9, f(0, 0) with respect to J exists.

O

(4.26)

(4.27)
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Corollary 4.6. Assume that the partial derivative 0, f with respect to S exists on R2 and is bounded
on bounded subsets of R, and is continuous at (0,0) with

b
(1- f a(a)P(a)da) 8, /(0,0) < g(0). (4.28)
0

Then the susceptible hosts persists uniformly weakly.
Proof. By the mean value theorem, for § > 0 and J > 0,

f(S,J)

= A, f(S,)) (4.29)

with some § € (0,5). Let ¢ > 0. Since 9, f 1s bounded on bounded sets, there exists some ¢ > 0
such that 8, f(S,J) < ¢ forall §,J € [0,c]. By (4.29), f(S,J) < &S forall S, J € [0, c]. Since 8, f is
assumed to be continuous at (0, 0),

(S, J N
%ﬁalf((),o), S,J—0,
and (4.28) implies (4.4). The assertion now follows from Theorem 4.1. O
Proof of Theorem 2.7. The assumptions of Corollary 4.5 are satisfied with { = 0, £(0,0) = 0. i

5. The constant risk incidence

The constant risk incidence has the form
f(S,w)=08, S,weX,. (5.1

This means that the per capita risk of a susceptible host to be infected does not depend on the number
of infected hosts. It is the only incidence that is differentiable at (0, 0) and is positively homogeneous of
degree 1. The constant risk incidence is a simplistic way to model an infection reservoir. Surprisingly,
it did not fare so bad in the fits in [1] of the infection experiments in [25] as one might expect. As
unrealistic as constant risk may appear, we consider this incidence in order to put our other results
into perspective and to present an example in which our persistence results are sharp. Notice that the
constant risk incidence is infinitely often differentiable and has the partial derivatives

01f(S,w)=o, 0Lf(S,w) =0. (5.2)
As a special case of Corollary 2.5 or 4.6 we obtain the following result.

Theorem 5.1. Let g(0) > 0'(1 - fooo a(a)P(a)da). Then the susceptible hosts persist uniformly weakly.

In the following we show that this result is sharp. The system (2.10) decouples
S"=Sg(S)—0oS +R(1),
!
R(r) = a(a)oS (t — a)P(a)da + Ry(1),
0 (5.3)

P(s+1)
P(s)

ds.

b
Ry(?) Zf a(s + Huo(s)
0
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The equation for the infected hosts takes the form

1(2) = f oS (t —a)P(a)da + 1)(1),
0

(7 P(s+1)
Io(t)—f(; uo(s) P(s) ds.

(5.4)

Since the solutions are bounded by (3.9), we can apply the fluctuation method [75] [45, Prop.A.22]:
There exists a sequence (t,) with t, — oo and S(z,) — S and S’(¢,) — 0 as n — oo. This yields

In

0=85%(S*)—0cS” + lim a(a)aS (t, — a)P(a)da + lim sup Ry(t,).

n—oo 0 n—oo

By the Lebesgue-Fatou’s lemma [45, p.468],

0<S%¢(S®)—0cS™ + f a(a)o limsup S (t, — a)P(a)da + Ry .
0

n—oo

Now limsup,_,., S(t,—a) < S* foranya > 0. If b < oo, Ry(t) = O for ¢ > b. If @ is bounded, Ry(t,) — 0
as n — oo by the almost everywhere version of the dominated convergence theorem [70, Thm.4.9]. In
either case,

0< S°°(g(S°°) -o+0 foo a/(a)P(a)da). (5.5)
0
Recall (2.14),
O = f a(a)P(a)da <1 —-vD,
0

where D is the expected sojourn time in the infection period (natural death included). Remember that
1/v > D is the life expectation of a healthy host.

Theorem 5.2. Let g(0) < 0'(1 - fom a(a)P(a)da) and let b < oo or a be bounded. Then the hosts die
out.

Proof. Suppose the susceptible hosts do not die out. Then S > 0 and g(0) > g(S*) and g(§*) >
0'(1 - EO a(a)P(a)da) by (5.5), a contradiction to the assumption of this theorem. So §* = 0. Another
application of Fatou’s lemma, this time to (5.4), shows that I = 0. m]

6. The special case of infection-age independence

If the rates y, @ and « do not depend on infection-age, we have R(¢) = al(t) and J(¢) = «I(¢) with 1
given by (3.1), and P(a) = e 7. The system (2.10) takes the form

S’ =Sg(S) - f(S,kI) + al,

1= [ e s , kl(a))da + I(D),
© fo 7 (S (@), kl(@))da + (1) ©.1)

Iy() =™ foo uo(s)ds.
0
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S and [ satisty the ODE system
S’ =8g(S) - f(S,«kI) + al, I' = (S, &) — I, (6.2)

with 1(0) = fooo up(a)da and S(0) = Sy. Theorem 2.9 now follows from [1, Thm.5.8]. In turn, any
solution §, I of (6.2) can be written in the form of (6.1) with

00

Iy@®) = 1(0)e™ = e""f ug(s)ds, uy(s) = yI(0)e™". (6.3)
0

If @ > 0, by Example 2.8, we obtain that the susceptible hosts persist uniformly weakly in model (6.2).
Actually, the persistence is uniform by [26, Exp.2.13].

7. Existence of solutions

We establish the existence of solutions to the model formulations in Section 2.3 and Section 2.4.
The formulation in 2.3 is equivalent to the one in 2.2. Existence of solutions to the model formulations
in Section 2.3 is proved under the assumption that the incidence function f : R, X L}r [0,b) = R, is
Lipschitz continuous on bounded subsets of its domain. The proof involves a fixed point argument
within a fixed point argument.

Existence of solutions to the model formulations in Section 2.2 is proved in the case that f does not
necessarily satisfy a Lipschitz condition but is of the special form

b
f(S.w) =f(S., ), J = f k(@w(a)da, « € L7[0,b),
0

(7.1)
f :R? - R, continuous.
The proof for more infectious impacts than just J is similar.
7.1. Lotka version, incidence functions Lipschitz continuous on bounded sets
We rewrite (2.7) in integrated form,
t t t
S(1) =[S0+ f S (5)g(S (s))ds — f B(s)ds + f R(s)ds]+,

P(r+1)
P(r)
Here, [-]; is the positive part of a real number r € R, [r], = max{r, 0}, and is used because we want

S(t) > 0 whereas the right hand side may be negative. Further, we use the notation x(¢)(a) = u(t, a),
t,aeR,, x(t) e X, = L}r [0, b), for a more rigorous mathematical treatment,

dr.

¢ b
R(@®) = f a(a)B(t — a)P(a)da + f a(r + Huy(r)
0 0

B() = f(S(1),x(1),  x(1) € L,[0,b),

B(t — a)P(a), 0< 7.3
xu)(a):{uo((;_j’));((ﬁi 0;?;;} a € [0,b). (73)
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Notice that x(0) = ug in L1[0,b) = X,. Our approach consists in considering this system as a fixed-
point problem for S and B and apply the contraction mapping theorem (Banach’s fixed point theorem).
The subsystem (7.3) seems to make it difficult to apply the existence results for functional equations
in [74, Sec.12.2]. We will deal with subsystem (7.3) as a fixed point problem within a fixed point
problem (Section 7.1.1).

Then we will show that solutions to (7.2) and (7.3) are solutions to (2.7).
Our first step consists in eliminating R for the equation for § in (7.2). We change the order of

integration,
f R(s)ds = f ( f S a(s = r)P(s - HB(r)dr)ds
0 0o Jo
A P(r+s)
+j;(j(; a(r + $)uy(r) P dr)ds
:f (fa(s—r)P(s—r)ds)B(r)dr
0 r

b t
+ f (uo(r)/P(r))(f a(r + $)P(r + s)ds)dr.
0 0

After a substitution,

f R(s)ds = f A(t = r)B(r)dr + vy(t) (7.4)
0

0

with

A(r) = fo t a(s)P(s)ds,  vo(t) = fo b uo(NA(t, r)dr,
A(t,r) =(1/P(r)) f " a(s)P(s)yds, 0<r,t.
Since a(s) < y(s) = —P'(5)/ P(s),
A <1-P@1),  Alr <l (7.5)

We substitute (7.4) into (7.2),

S(t)=[So+ f lS(s)g(S(s))ds - f I (1= A(t = 5)B(s)ds + vo(0)] (7.6)
0 0 +

where B satisfies (7.3).

In the next two sections, we will find solutions S and B to (7.6) and (7.3) by a fixed point argument.
We will first assume that the incidence function f : R, X X, — R, is Lipschitz continuous rather
than just Lipschitz continuous on bounded subsets (Remark 4.2). The argument will then be extended
to incidence functions that are Lipschitz continuous on bounded subsets in Section 7.1.3 by using
retractions, and solutions to the original system (2.7) will be established.
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7.1.1. Lipschitz continuous incidence functions: the incidence, a fixed point problem within a fixed
point problem

Let up € L1[0, b) = X, be fixed. For given S, we treat (7.3) as a fixed point problem for B and then
study how B depends on S .

Let T € (0, c0). Consider the vector space C[0, T'] of real-valued continuous functions on [0, 7] and
let C,[0, T'] be the cone on non-negative continuous functions.

Lemma 7.1. For given B € C.[0,T], x(¢), t € [0,T], in (7.3) is an element in L}r [0, b) and

!
llx®lh < f B(s)ds + lluoll:, 0<t<co (7.7)
0
Further, x : [0,T] — L}r[O, b) = X, in (7.3) is a continuous function of t € [0,T] with values in
LL[0,D).

Proof. If b € (0, ), we extend uy € L[0,b) from [0, b) to [0, ) by up(a) = 0 for ¢t € [b, o). The
extended u is an element of L1 [0, o). We also define ”Fo(a) = 0 for a € [b, ). To show the continuity
(cf. [2]), we let r € [0, T] and (z,) and (s,) be sequences in [0, T] with #,,s, — fand s, < ¢, for all
n € N and show that ||x(z,,) — x(s,)|l; = 0 as n — oo. Indeed, foreachn € N,

llx(zn) = x(sll < f n |B(t, — a) = B(s, — a)|P(a)da
0

+ f " B(t, — a)P(a)da + f U@ = 50 i

. P(a - s,)
N f"" 'uo(a — 1) uo(a—sp)
th P(a - tn) P(a - Sn)

Since P is decreasing and takes values in [0, 1], after some changes of variables,

P(a)da.

() — (sl < f "B, — 5, + a) - B@)lda
0

In—Sn Iy —Sn
+ f B(a)da + f up(a)da
0 0

; f %= 1) - 2a- s)|P@da

Asn — oo and t,, s, — t, all these integrals converge to 0 except possibly the last one. By the triangle
inequality, the last integral satisfies

< f " Juota = 1)~ uota s,

.\ fb @) 1 1
upla —t, -
b Pla—1,) Pla-s,)

with 7, A b = min{t,, b}. After some changes of variables, this expression can be estimated by

< foo ‘uo(a) —upla+t,—s,)
0

P(a)da

P(a)da,

da

[b_tn]+ 1 1
+ —
fo ”0(“)‘P(a> Pa+ty— 5,)
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The first integral tends to O because vy, € Li(R,) [76, X.1], and the second by the a.e. dominated
convergence theorem. Since P is decreasing and bounded, P is continuous a.e. and the integrands
in the second integral tend to O for a.e. @ > 0. Further, the integrands are dominated by the finitely
integrable function 2u. O

In order to obtain a strict contraction for the fixed point problem (7.3), we consider exponentially
weighted supremum norms on C[0, T']. Cf. [77, Sec.3.3] [46, Sec.9.1.2]. For A € (0, o) (the “weight”
of the norm), let

1Bll, = sup e Y|B(1)l, B € C[0,T]. (7.8)

t€[0,T]
For 4 = 0, this is the supremum norm. One readily checks that || - ||, is @ norm on C[0,T]. Since
e T||Bllo < |IBllx < |IBllo, Il - |l is equivalent to the supremum norm, and C[0, T] is a Banach space

under || - ||, and C.[0, T] is a complete metric space under the metric induced by || - ||,.

We also assume that f : R, X X, — R, is Lipschitz continuous (Remark 4.2). In Section 7.1.3,
we will extend the existence proof to cover incidence functions that are only Lipschitz continuous on
bounded sets.

Lemma 7.2. Let f : R, X X, — R, be Lipschitz continuous (Remark 4.2). Let T € (0,0) and
S € C,[0,T] and uy € X, be given. Then the equation (7.3) has a unique solution B = B(S) € C,[0,T]
which is a Lipschitz continuous function of S. Further; the function x : [0,T] — LL[0,b) defined by
(7.3) is continuous.

Further, if A > 0 is a Lipschitz constant for f and 1 > A, then

~ A - ~
I1B(S) = BS)Ila < A—A”S =Sl §,§ € C,[0,T]. (7.9)
Proof. Let S € C,[0,T] be given. Let Fg : C.[0,T] — C,[0, T] be defined by
Fs(B)(®) = f(S (), x(1)) (7.10)

where
B(t-a)P(a), 0<a<t,

up(a — t)Pf;‘i)t), 0<t<a.

x(t)(a) = { } 0<a<hb. (7.11)

Then x : [0, T] — L1[0, b) is continuous [2] (Lemma 7.1) and Fs maps C,[0, T] into itself by Lemma
7.1. Fg will turn out to be a strict contraction and the solution B of (7.3) its fixed point. Let B, B €
C[0,T] and % € L1[0, b) be given by (7.11) with B replacing B. By (7.11),

llx(2) = X@I|; < fo |B(t — a) — B(t — a)|P(a)da. (7.12)

By (7.10),
|Fs(B)(®) — Fs(BY®)| = |£(S (1), x(t)) — £(S (®), %(1))|.

Let A > 0 be a Lipschitz constant for f; for ¢ € [0, T],

|Fs(B)(t) = Fs(BY(D| < Allx(2) = X(1)ll;

: . 1 _ (7.13)
SAf |B(t — a) — B(t — a)|P(a)da < Af |B(t — a) — B(t — a)|da.
0 0
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Here, we have used that P(a) < 1 for all @ € R,. As mentioned above, the norm || - ||; defined in (7.8)
is equivalent to the supremum norm on C[0, 7] and thus makes C, [0, 7] a complete metric space. By
(7.13),

- . A ~
1FsB) = FsB)|, = [|£(S.x) = f(S. D)l < 1B - Bl (7.14)
So, for A > A, Fs becomes a strict contraction with respect to || - ||, and has a fixed point

which solves (7.3).
To show (7.9),1let S, S € C.[0,T] and B =(S) and B = B(S). Forall t € [0, T],

B() — BO)| = |£(S (1, x(0)) = f(S (), X(1))| < AIS (1) = S )] + Allx(t) — XD)|1,
where ¥ is given by (7.11) with B replacing B. By (7.11),
IB(t) — B()| < AIS () — S (0)] + Af |B(t — a) — B(t — a)|da.
0

By (7.8),
1B = Bllx < AllS = Slla + (A/DIIB = Bl|,.

We solve this inequality for ||B — B, and obtain (7.9). |

7.1.2. Finishing the full fixed point problem for Lipschitz continuous incidence function

LetT >0.0n[0,T], using 8: C+[0,T] — C,[0, T] from Lemma 7.2, (7.6) becomes

S(t) =[S+ fo S (5)g(S (5))ds ~ fo (1= AG - $)BS)(s)ds + vo(0)|
=: F(S)(®), t€[0,T].

(7.16)

Assume that s — sg(s) is Lipschitz continuous from R, to R, with a Lipschitz constant A. By Lemma
7.2, for S, S € C,[0,T],

o R A 3
IF(S) = FS)lla < IS = Slla+ A71B6S) =S < (F + = IS =Sl
By choosing 4 > 0 large enough, F becomes a strict contraction on C,[0, 7] under || - ||; and has a

unique fixed point § by Banach’s fixed point theorem, which is a unique solution of (7.16) on [0, T'].
Since our arguments did not depend on 7' € (0, o), we find a unique solution of (7.16) on [0, T'] for
every T € (0, c0).

Notice that a solution of (7.16) on [0, T is also a solution of (7.16) on [0, T] for any T € (0, T).
Since the solutions are unique, the restriction of the solution on [0, 7] to the subinterval [0, 7], T < T,
is the unique solution on [0, T1.

Then we also have a unique solution S, B of (7.16) on [0, c0) and thus of (7.6) and of (7.2) with
(7.3).

Let us summarize what we have established so far.
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Proposition 7.3. Assume that f : R, X X, — R, is Lipschitz continuous, there exists some A € (0, 00)
such that
F(S.w) = FS. DI < A()S =S| +Iw=5l). S.5 €Ry, woibeX,. (7.17)

Assume that s — sg(s) is Lipschitz continuous from R, to R,.

Then, for any S € (0, ) and uy € X, there exists a unique solution S,B : R, — R, of (7.2) and
(7.3).
7.1.3. Incidence functions Lipschitz continuous on bounded subsets

Unfortunately, many incidence functions are not Lipschitz continuous, but only Lipschitz continu-
ous on bounded subsets of R, X X, (Remark 4.2).

Theorem 7.4. Assume that g is Lipschitz continuous on every bounded subset of R, and that f is
Lipschitz continuous on every bounded subset of R, X X, (Remark 4.2). Further, assume that f satisfies
the following additional assumption: For any c| > 1 there is some c, > 0 such that

f(S,w) <c,S, 0<8S,|wllh £€c. (7.18)

Then, for any S € (0, 00) and uy € X,, there exists a unique solution S, B : R, — R, of (2.7) with
S()>O0forallt > 0.

Remark 7.5. The assumption involving (7.18) can be replaced by the assumptions of Lemma 3.2.

Proof. Guided by the a priori estimates in Section 3.1, we proceed as follows.
Let So > 0and uy € X, . Set

1
¢ =max {H(0).K + 1, ~ max S (g(5) + v HO) =S+ llugll. (7.19)

We define the retraction &, : Ry X X, — R, X X, by

(S,X), |S| + ”W”l S C,
C S’ = C
&S, W) { Sow), IS]+ Il = .

S+lwlh

(7.20)

By the proof of [78, Lem.19.8]. &, is Lipschitz continuous with a Lipschitz constant 2. Further, &,
maps R, X X, into a bounded subset of itself.

We define f. = f o &. on R, X X, with ¢ in (7.19). Since f is Lipschitz continuous on bounded
subsets of R, X X,, f. is Lipschitz continuous on R, X X, and f.(S,w) = f(S,w)if § e R,, we X,
and S +|w||; L c.

Further, we define g. : R, — R by

8.(§) = max{g(§),g(c)}, S €R.. (7.21)

Since g is decreasing, g.(S) = g(§) for S € [0, c] and g.(S) = g(c) for S > c. Then g. also satisfies the
Assumptions 2.4, but in addition § — Sg.(S) is Lipschitz continuous on R, with cA, + |g(c)| being a
Lipschitz constant for S +— S g. on R, where A, is a Lipschitz constant for g on [0, c].

By Proposition 7.3, (7.2) and (7.3) with f replaced by f, and g replaced by g., has a unique solution
S, B on [0, 00) with §(¢) > 0 and B(¢) > 0 for all > 0.
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Suppose that S () > 0 does not hold for all # > 0. Then there exists some 7" > 0 such that
St >0, tel[0,T), and S(T) = 0. (7.22)

By (7.2),
S =8¢+ f S(5)g(S(s)ds — f B(s)ds + f R(s)ds, te|[0,T].
0 0 0
Then S is absolutely continuous on [0, 7] and
S'(t) = S(t)g.(S(t)) — B(t) + R(t), B(t) = f.(S(),x(¢t)) foraa.rel[0,T].

Our a priori estimates in Section 3 also hold for the modified equation on R, because they were inde-
pendent of the incidence function and

1
7 e S(S)+7)
does not change if g is replaced by g. because ¢ > K + 1 by (7.19). This implies that S (¢) + ||x(?)[|; < ¢
for t € [0,T]. So S and B are solutions of the original system (2.7) with g and f on [0, T]. Then
S(T) > 0 by Lemma 3.1. This is a contradiction to (7.22) and so S (¢) > O for all # > 0.
(Alternatively, one argues with Remark 7.5 and Lemma 3.2.)
By repeating the previous argument on [0, o) instead of [0, 7], S and u(z,-) = x(¢) satisfy the a
priori estimates in Section 3.1 on R, and are solutions of the original system (2.7) with g on f on R,
and S () > 0 and B(¢) > 0 for all > 0. O

7.2. Incidence functions not Lipschitz continuous on bounded sets

With the contraction mapping theorem no longer at our disposal, we consider the Volterra equations
formulation of our system (Section 2.4), which is a special case of the Lotka formulation (Section
2.3). For ease of presentation, we only consider one infectious impact, but the case of finitely many
infectious impacts can be done analogously. Let

b
fS.w)y =S, ),  J= f x@w(a)da, &€ LT[0, b),
0

f : R? - R, continuous.

(7.23)

Since we want to cover f(S,J) = S9J” withg,p >0, p+¢g > land p < 1 or ¢ < 1, we do not
assume that f is Lipschitz continuous on bounded subsets of R2.

We could try to use some appropriate version of Schauder’s or Tychonov’s fixed point theorem [79,
Thm.8.8,10.1] or to check the assumptions of the existence results for functional equations in [74,
Sec.12.2]. Instead, we take advantage of the work we did for Lipschitz continuous incidence functions
and use an approximation procedure and Arzela-Ascoli type arguments [70, Sec.8.3]. Notice that we
do not assume that & € L7[0, b). See Section 2.6. This will lead to some technical complications.

Choose a sequence f,, : Ri — R,, n € N, that are Lipschitz continuous and f,, — f asn — o
uniformly on bounded subsets of R2. This is possible by the following result.
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Let M be a metric space with metric d. For a function f : M — R, define the sequence (f,) of
functions f, : M — R, by

fu(x) = inf {f(y) + nd(x,y); y € M}, x€M,neN. (7.24)

[80, Thm.3.13] [81].

Proposition 7.6. (f,) is an increasing sequence of bounded Lipschitz continuous functions (with n
being a Lipschitz constant of f,) such that inf f < f, < f for all n € N. The following convergence
results hold.

(a) If f is lower semi-continuous on M, f, — f pointwise on M.
(b) If f € C.(M), f, — f uniformly on compact subsets of M.

Part (b) follows from part (a) by Dini’s lemma. [82, p.225].
We choose ¢ € (0, 00) asin (7.19) and set g. as in (7.21). Notice that the functions f, : R, XX, — R,
given by

b
(S, w) = fu(S, ), J = f k(a)w(a)da, neN,S eR,,we X,,
0

are Lipschitz continuous on R, X X,. By Proposition 7.3, in the Volterra equations formulation (Section
2.4), there are solutions S ,,, B,, : R, — R, such that

5.0 =[S0+ [ Suons s [ Butswds+ [ Ruas] .
0 0 *

0

R,(t) = f a(a)B,(t — a)P(a)da + Ry(t), neN, (7.25)
0
b
Ro(f) = fo a(r + Duo(r) - (;(:)t ) ar.

B, (1) = £,(S (1), J,(1)),
J.(1) :fo k(a)B,(t — a)P(a)da + Jy(t), n €N, (7.26)

P(r+1
P0) r.

b
Jo(?) =f a(r + Huy(r)
0

Theorem 7.7. Let g be Lipschitz continuous on bounded sets. Assume that there is some ny € (0, 1)
such that
a(a) > nok(a), a € [0,b). (7.27)

Further, assume that there are c¢,6 > 0 such that
(S, J) < ¢S +nol, S,J>0,8S +J<6. (7.28)

Then, for each Sy > 0 and uy € X., there exists solution to the model equations on R, with S(t) > 0
and J(t) > 0 forallt > 0.

Mathematical Biosciences and Engineering Volume 20, Issue 10, 18717-18760.



18752

Proof. Since f, < f, the approximations f, in inherit the inequality (7.28). Arguing as in the proof of
Theorem 7.4, using Lemma 3.2, we have

0<S,@) =S80+ f Sa(8)g:(S (8))ds — f B,(s)ds + f R, (s)ds, teR,. (7.29)
0 0

0

These solutions satisfy the a priori estimates in Section 3.1, which do not depend on the incidence
functions. So {S,(?);t € R,n € N} is a bounded subset of R, and {x,(¢);n € N, € R,} is a bounded
subset of L1[0, b).

Since f,, < f and f is bounded on bounded subsets of Ri, {B,(1);t € R,,n € N} is a bounded subset
of R,.

By (7.29), {S, : R, — R,;n € N} is equicontinuous. Also, {S,(f) € N,t € R, } has compact closure
inR,.

By [70, Thm.8.5], after choosing subsequences, we get S, — S, S : R, — R;, asn — oo,
uniformly on bounded subsets of R".

Letr e R, and 0 < r < s < t. After a substitution,

Ru(t) = Ru(r) — (Ro(1) — Ro(r))

= f a(t — a)P(t — a)B,(a)da — fr a(r — a)P(r —a)B,(a)da.
0 0

By the triangle inequality,

R,(1) = R)(t) = (Ru(r) — Ro(r))|

:‘ f a(t — a)P(t — a)B,(a)da — fr a(r —a)P(r — a)Bn(a)da'
0 0

,
s&f
0

with some ¢ € (0, o) that does not depend on n. Since fom a(a)P(a)da < 1 (2.18), the last expression
goes to zero as t —r — 0 [76, X.1] and does not depend on n.

So {R, — Ry; n € N} is equicontinuous. Also, {R,(f) — Ry(t); n € N, t > 0} are bounded subsets of R.

After choosing subsequences, using [70, Thm.8.5], R, — R as n — oo uniformly on bounded
subsets of R, for some measurable R on R,. Similarly, J, — J as n — oo uniformly on bounded
subsets of R, for some measurable J on R,.

By (7.29), {S,;n € N} with S,,(t) = S,.(t) - fo’ R,(s5)ds is equicontinuous and {S,(r);n € N, > 0}
is bounded. After choosing subsequences again, using [70, Thm.8.5] once more, S, = § asn — o
uniformly on bounded subsets of R, with a continuous function S. S0 S, — S + fot R(s)ds as
n — oo uniformly for ¢ in bounded subsets of R,.

a(t—a)P(t—a)— a(r —a)P(r — a)‘da +¢ f a(t —a)P(t — a)da,

Since the solutions satisfy the a priori estimates of Section 3.1 and f, — f uniformly on bounded
subsets of R2, B, = fn(S s Jn) — f(S, J) =: B as n — oo uniformly on bounded subsets of R. Notice
that the equations are also satisfied with g replacing g..
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Now we can take limits as n — oo in (7.25) and (7.26) and obtain

S =Sy + f S(5)g(S(s)ds — f B(s)ds + f R(s)ds,
0 0 0

P(r+1)

PO dr.

t b

R(@) = f a(a)B(t — a)P(a)da + f a(r + Huy(r)
0 0

B(t) =f(S (1), J(0)),

! b
J() = f k(a)B(t — a)P(a)da + f K(r + Dto(r) P(r+1)
0 0

P(r)

This is the Volterra equations formulation of our model system (Section 2.4). m|

dr.

8. Discussion

In this paper, we discuss the fundamental question of whether infectious diseases can drive their
host population into extinction.

Previous work [1,26], using planar SIS type ODEs, shows that this is never the case (in a determin-
istic setting) if the incidence function is of the generalized density-dependent type (unless the popula-
tion is subject to an Allee effect or there is a disease reservoir) but that it can happen for generalized
frequency-dependent incidence functions.

The choice of general incidence functions is motivated by the fact that density-dependent incidence
and frequency-dependent incidence fit the infection experiments for salamander larvae and ranavirus
badly.

The results are largely the same whether or not infected individuals can become susceptible again.
An exception is the power incidence f(S,J) = S9I” with p,g >0, p+¢g >l andg < 1.

If infected individuals do not become susceptible again, there is initial-value dependent extinction
of the host (Theorem 2.9), but if some infected individuals become susceptible again, the host persists
uniformly weakly.

This paper discusses whether the previous results still hold if, more realistically and in the spirit of
Kermack and McKendrick [3,31,32], infected individuals do not leave the infected stage at a constant
per capita rate (exponentially distributed length of the infected stage) but at a per capita rate that
depends on infection-age (time since the moment of infection) and if the infectivity of an infected
individual also depends on its infection-age.

The findings are that the previous results essentially extend to generalizations of density-dependent
incidence functions. Generalizations of frequency-dependent incidence functions were not considered
because there are too many different ways to combine frequency-dependence and infection-age.

For certain power incidences, it is sufficient for uniform weak host persistence that, at any infection-
age a, if some infected individuals are infectious at age a there are also some infected individuals that
leave the infected class at age a and become susceptible again (Example 2.8). This condition seems to
be difficult to verify biologically, though it may hold for some diseases. The ODE results show that,
mathematically, this assumption cannot be dropped completely (Theorem 2.9). The question is to what
degree it is necessary. We could not answer this question analytically; perhaps numerical simulations
of some well-chosen special cases can give some insight in the future.
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We also mention that, for the host population dynamics, it is assumed (as in [2,26]) that infected
individuals do not give birth and do not compete for resources. This somewhat extreme assumption has
been made for mathematical convenience; it allows us to consider the problem in terms of the number
of susceptibles and the disease incidence.

8.1. Uniform host persistence

In this paper, the survival of the susceptible host population is established in the form of uniform
weak persistence and not in the form of the more desirable uniform persistence (see Section 1.6).

The weaker form could be proved because a convenient tool for doing this is available, the Laplace
transform. Routes from uniform weak to uniform persistence are described in [46, Chap.4]. Direct
routes to uniform persistence can be found in [50, Sec.1.3].

However one proceeds in proving uniform persistence, it is useful to show that the solutions induce
a semiflow on R, x X,. This would be facilitated by the uniqueness of solutions, e.g., by the Lipschitz
continuity assumptions made in Section 7.2. One can use the model formulation in Section 2.3 and
proceed as in [46, Sec.9.4] for the special case of density-dependent incidence. Alternatively, one
can interpret the model formulation in Section 2.2 as a Cauchy problem with a non-densely defined
operator and use the theory of integrated semigroups [83, 84]. Further, something like a compact
attractor is helpful [46, 49, 50]. This should be possible to obtain if the model can be formulated
as Volterra integral equations (Section 2.4) proceeding similarly as in the special case of a density-
dependent incidence in [46, 9.5].

We conjecture that the uniform persistence of susceptible hosts holds in Theorem 2.7 if g and f
are Lipschitz continuous on bounded subsets of R, and R?, respectively. We do not know whether the
uniform persistence of susceptible hosts holds in Example 2.8, because the incidence function is not
Lipschitz continuous in the neighborhood of (0, 0) and it is difficult to show that the solutions induce a
semiflow because they may not be uniquely determined by the initial data.
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Appendix: A chain rule

Lemma 8.1. Let f : [0,b) — I C R be absolutely continuous and g : I — R be continuously
differentiable.

Then g o f is absolutely continuous and (g o ) (x) = ¢ (f(x))f'(x) for almost all x € [a, D).

Proof. Let b € [0,b). For n € N with 1/n < b — b and x € [0, b], define

x+(1/m) 1
fw=n [ fouy = fo Fx+ (2m)dz.
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Then f, is continuously differentiable and

x+(1/n) 1
£ = n(fe+ (1/m) = F(0) = n f F o)y = fo (6 + (/n)dy.

Since f” is finitely integrable.
fr—=f, n—o o, ae.

By the chain rule, g o f, is continuously differentiable and
(g o fu)(x) = & (fa(O)) (%)
Further, f,(x) — f(x)asn — co. So
g(f(0) = g(F(O) = lim g(£,(x)) — g(£,(0)) = lim fo & HONF ).

As for the last expression,

| [ sthonsons- [ gronroal

X
Sf
0

The first expression tends to 0 because f, — f as n — oo uniformly on [0, x] and g’ is uniformly
continuous on bounded closed intervals and thus g'(f,(y)) — g'(f(y)) uniformly on [0, x]. As for the
second expression,

g (L) — g GO |£,0)|dy + fo g FON P ) = £L)ldy.

1
fo (FO) - F + @/m)de]dy

fo S FONIIF'O) = £y < ¢ fo

yf;(fox

F'O) = FO+ @/m)ldy)dz.

r

because f” is finitely integrable on every subinterval of [0, b). By the dominated convergence theorem,
it remains to show that these expressions that depend on n can be dominated by an integrable function.
Indeed, for all z € [0, 1] and all n € N with x + (1/n) < b.

o< [
0

X x+(z/n) b
< fo Oy + f FOldy <2 fo 1 Ody. g

For each x,

FO=FO+Emdy =0, n- oo,

ror=rosemlys [ ol [ cmi

n
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