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Abstract A structured population model is described and analyzed, in which individ-
ual dynamics is stochastic. The model consists of a PDE of advection-diffusion type
in the structure variable. The population may represent, for example, the density of
infected individuals structured by pathogen density x, x > 0. The individuals with
density x = 0 are not infected, but rather susceptible or recovered. Their dynamics
is described by an ODE with a source term that is the exact flux from the diffusion
and advection as x — 0. Infection/reinfection is then modeled moving a fraction
of these individuals into the infected class by distributing them in the structure vari-
able through a probability density function. Existence of a global-in-time solution is
proven, as well as a classical bifurcation result about equilibrium solutions: a net repro-
duction number Ry is defined that separates the case of only the trivial equilibrium
existing when Ry < 1 from the existence of another—nontrivial—equilibrium when
Ry > 1. Numerical simulation results are provided to show the stabilization towards
the positive equilibrium when Rg > 1 and towards the trivial one when Ry < 1, result
that is not proven analytically. Simulations are also provided to show the Allee effect
that helps boost population sizes at low densities.
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1 Introduction

Modeling the dynamics of structured populations (where the structure may be age, size
or other physiological indicator) has been an active research area, at least since the book
edited by Metz and Diekmann (1986) sparked both relevant biological applications
(de Roos and Persson 2013) and interesting mathematical problems (Thieme 1988;
Diekmann et al. 1998). In this type of model, one distinguishes between the internal
dynamics (i.e. how the structure evolves in an individual) and the overall population
dynamics of the number of individuals and of the distribution of the structure in them.

Beyond population dynamics and ecology, this methodology has been applied to
immuno-epidemiological models where the infected population is structured through
their pathogen load and immune level (Gilchrist and Sasaki 2002; Angulo et al.
2013a,b; Gandolfi et al. 2015; Barbarossa and Rost 2015), and to metapopulation
models in which individuals correspond to patches, and the structure represents the
population size in the patch (Gyllenberg and Metz 2001; Gyllenberg and Hanski 1992).

Generally, the internal dynamics has been assumed to be described by a system of

ordinary differential equations, leading at the population level to a partial differential
equation of transport type (Perthame 2007), though different mathematical approaches
have been used (Diekmann et al. 1998, 2007).
Hadeler (2010) extended the method to the case in which the underlying individual
dynamics includes a stochastic component. Hence, the overall population density is
described through a partial differential equation including diffusion in the structure
variables, for which appropriate boundary conditions were sought. This approach was
followed in recent years by Farkas and Hinow (2011) and Calsina and Farkas (2012)
through the introduction of Wentzell boundary conditions.

Restricting ourselves to the case where the stucture variable, x, is one-dimensional
and non-negative, we show here how the standard theory of degenerate diffusion (as
first proposed by Feller 1951, 1952, 1954) leads to a simple and rather complete
analysis.

Although a multi-dimensional internal state may be more realistic in many inter-
esting applications, there are also cases where the assumption of a one-dimensional
non-negative structure variable is relevant. We refer mainly to two applications men-
tioned above. The first one is epidemiological: the individuals being modeled are
infectives (infected/infectious), and x describes their pathogen load. Alternatively, we
consider a metapopulation model: individuals represent patches, and x describes the
population size in that patch.

An interesting feature of both cases is that individuals at x = 0 are qualitatively
different from the others: in the first case corresponding to susceptible (not infected)
individuals and in the second case to empty patches. In what follows we will use inter-
changeably the terms colonization/infection referring to the case when an individual
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moves from 0 to a positive x-state, and extinction/recovery referring to the case where
an individual moves from a positive x-state to 0.

Models based on transport equations in the x-space have serious problems deal-
ing with the special state at x = 0; for instance in many structured metapopulation
models (Gyllenberg and Metz 2001; Gyllenberg and Hanski 1992) there are no empty
patches, since, even if they are created by catastrophes that completely wipe out a local
population, they get immediately recolonized by a continuous flow of immigrants.
We show in this article how stochastic dynamics at the individual level naturally solves
the problem without any special assumption. In the next Section we shall present the
model, introducing also some properties of one-dimensional diffusion for which we
mainly refer to Karlin and Taylor (1981). In Sect. 3, after stating some properties
of the semigroup associated to one-dimensional parabolic equations (Feller 1952),
we set the problem in abstract form and prove global existence of solutions (several
technical details are relegated to the “Appendix”). In Sect. 4, we find conditions for
instability of the trivial equilibrium and observe that they correspond to those for
existence of a unique positive equilibrium that is explicitly specified. Section 5 shows
some numerical results that illustrate the properties of the solutions, while comments
and possible extensions are left to the Discussion Section.

2 The model
2.1 Feller diffusion with logistic growth

We shall assume that the dynamics of pathogen load within each individual (or popu-
lation in each patch) follows a diffusion process

dX; =r(Xpdt ++2a(Xy)dw; x>0, 1t >0, (D)

where r(x) represents the infinitesimal drift and 2a(x) the infinitesimal variance. In
what follows, we shall generally assume

r(x) =rx(l — cx), a(x) =ax, 2)

a process that has been studied in several recent papers (Lambert 2005; Cattiaux et al.
2009; Méléard and Villemonais 2012) and is usually referred as “Feller diffusion
with logistic growth” (Feller 1951). All constants are assumed to be strictly positive;
moreover, without loss of generality we set @ = 1, since this just amounts to rescaling
the x-axis. Finally, note that K = 1/c can be considered the carrying capacity, to
which the system would tend in the absence of stochasticity.

With this choice of r and a, absorption into x = 0 is certain (Karlin and Taylor
1981; Cattiaux et al. 2009). This means that recovery from infection (local extinction)
is certain, although the time required may be extremely long.

In fact, note that the diffusion coefficient (as well as the drift) vanishes at the
boundary x = 0. The overall behavior can be determined, by classifying the boundaries
x = 0and x = 400 according to the seminal work by Feller (1954). He identified four
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possible types of boundaries: a diffusion process can reach a regular boundary and
also move inside starting there, with behaviour ranging from absorption to reflection
through intermediate behaviors known as sticky boundary; a diffusion process can
start from an entrance boundary but cannot reach it from inside; an exit boundary can
be reached in finite time but a diffusion process cannot start from it; finally a natural
boundary cannot be reached in finite time, nor a process can start from it.

To proceed with the classification, following the terminology by Karlin and Taylor
(1981, Sections 15.3 and 15.6), we introduce the scale function

Sx) = /x exp {— /Z @ dg} dz = /x e—f(c—xo)+fc(;2—x5)/z de 3)
X0 X0 a(é) X0 ’

\jvhere xo > 0 is arbitrary, and the rightmost expression is obtained using (2) and
‘ Tl"hle hitting times T, p, for 0 < a < b, are defined as

Tup=1inf{t: X, =aorX; =b}. %)
A useful property (Karlin and Taylor 1981, formula (15.3.10)) is that, defining

X;reachesabeforeb

as X, , =a,wehavefor0 <a <x < b,

LS = S(x)  f e g
S = S@) [P eretiet2gp

P(X; reaches a before b | X¢ = x) %)

Since lim S(a) > —oo, while lim S(b) = +o0, it follows that
a—0t b—+o00
blim P(X; reaches O before b | Xg = x) = 1.
— 00

In words, X; cannot drift to +o00 while it is certain to reach 0.
Because of this, we define (for0 <a < x) 7, = blim 74,5 and when no confusion
— 00

may arise, T = 1.
For the classification of the boundaries, it is necessary to introduce a few other
functions (Karlin and Taylor 1981):

( ) B exp {f;; % dg] B ef(xfxo)ffc(xzfxg)/Z (6)
)= 2a(x) - 2x

X0 x rE o E—TCE? 2
Y(a) = f [S() — S(a)]m () dE = / / e et ”dchs
(7
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x x oF(E—x0)—Fe(§2~x5)/2
M(a,x]=/ m(e) d§=/ o d ®)
X0 X opxoo o, o E—TCEY )2
N = / [S(x0) — SE)Im(E) d& = / /S TR e e,
©)

The function m(x) is called speed density and is related to the speed at which
the process moves. Roughly speaking, X' (a) represents the mean time to reach the
boundary x = a or an alternative interior state x = b starting from an intermediate
x = x0, while N (a) represents the time to reach an internal x = x( starting from the
boundary x = a.

It can be checked that

lim Y(a) <400 and lim M(a, x] = 4o0.
a—0t a—0t

This implies that x = 0 is an exit boundary (Karlin and Taylor 1981, Table 15.6.2),
while x = 400 is an entrance boundary since

lim S(a) =400 amd lim N(a) < +oo.
a—+00 a——+00

The entrance boundary at infinity is interpreted to mean (Revuz and Yor 1999,
Definition 7.3.9) that there exist x and 7y such that

Iim P(tz < 9| Xo =x) > 0.
X—> 00

Assuming that the process X; is absorbed at 0 once it reaches that boundary (other
choices are possible; see Feller 1954), one can define the transition function pg(z, x; &)
with the property that, for each Borel set B C (0, 00),

P(X; EB|X0=$)=/BPO(I,X:$)CIX- (10)

Because of absorption at 0, po(z, -; £) is a defective density, i.e.

/OOPO(I,X;E)dX <1=P(rp >1]|Xo=8).
0

It is clear that most arguments would remain the same with different choices of the
functions a and r as long as x = 0 is an exit boundary, and x = +o00 is unattainable.
This fact will be exploited in the numerical examples, where r(-) is modified to allow
for an Allee effect.
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2084 A. Pugliese, F. Milner

2.2 The equation at the population level

The forward Kolomogorov equation associated to the process X; with absorbtion at
x=0is

e (t, x) = [(a@ult, x))x —r(ut, x)], x, >0,

with no boundary conditions (Feller 1954).

Feller (1954) also introduced the elementary return process in which particles absorbed
at O jump (after an exponential waiting time) to some state x > 0. Assuming, for the
sake of simplicity, that the distribution of the jumps has a density ¢ (x), the elementary
return process has a density u(#, x) on the positive x-axis that is the (weak) solution
of

e (t, x) = O [(a@)ut, x)x —ru(t, x)] + AE()g(x), ¢, x>0, (11)

where E(t) represents the probability that the process is at 0, and 1/A is the mean
waiting time at 0. E satisfies the equation

E'(t) = —MAE(@) + lirg+|:(a(x)u(t, x))x —r(x)u(t, x)i|. (12)

We assume now that the population consists of an infinite number of individuals whose
infection level, if infected, is described by Eq. (1). Furthermore, infected individuals
produce (at a rate B(x)) propagules that may infect susceptible (i.e. infection-free)
individuals. Analogously, we assume an infinite number of patches characterized
by their population size x; propagules produced by each patch may colonize empty
patches.

Because of the infinite number of patches, one can equate probabilities with den-
sities (the argument can be made rigorous employing, for example, the methods of
Ethier and Kurtz 1986). Then, the function u(¢, x), representing the density at time
t of individuals in a given state x > 0 (i.e. f;lz u(t, x)dx is the fraction of indi-
viduals with infection load between x; and x; at time ¢, or the fraction of patches
whose population size is between x; and xp) and E(t), representing the fraction
of infection-free individuals (empty patches), will satisfy Egs.(11) and (12), with
the caveat that A will not be a constant but rather will depend on current infection
load.

o0

More specifically, we shall assume A(f) = f B(x)u(t, x) dx, where the function
0

B (the rate at which infectives at state x produce infectious propagules) includes also
the probability of reaching an individual host.
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In summary, for ¢ > 0, we shall consider the system

E'(t) = =A()E(t) + lim [(a(x)u(t, x))x —r(x)u(t, x)i|,
x—07t

us(t, x) = Bx[(a(x)u(t, X))y —rx)ul(t, x)] +AE(M)g(x), x>0, (13)

A(t) = /,B(x)u(t,x)dx,
0

where the dynamics of the susceptibles (respectively, empty patches), E, is modeled

with a sink represented as the product of the force of infection, A, and the suscep-

tible population size (respectively, unit colonization rate times the density of empty

patches), and a source representing the rate at which infected individuals recover

(respectively, the rate at which colonized patches die out), 1im+[(a(x)u(t, x)), —
x—0

r(x)u(t, x)]—the flux towards O of the second equation of (13).

3 Abstract formulation

3.1 Semigroup associated to 1-dimensional parabolic equations

In a series of papers Feller in the 1950s proved some fundamental results about

1-dimensional parabolic equations and their relationship to diffusion processes. In

particular we shall use the following result.

Theorem 1 (Theorem 15.2 of Feller 1952) Let a(-) > 0 and r(-) be continuous func-

tions on the (possibly infinite) interval (ry, r2). Let 2* be the operator

. d[d
g)x)=—|—lax)gx)) —rx)gx)|,
(£27g)(x) dx[dx(()()) ()()} (14)

defined on the set of functions g smooth enough on (r1,ry) that 2*g € L'(r, ).
That is,

D(2*) = {g € Ll(rl, ) :ag € Wl’l(rl, rp) and (ag)’ —rg e Wl’l(r1,r2)}.

If none of the boundaries are regular, then 2% is the generator of a strongly continuous
positive semigroup T, in L' (r1, ).

Furthermore, if at least one boundary is of exit type, then T is strictly norm-
decreasing.

This semigroup represents the evolution of the measure associated to the diffusion

process (1). More precisely, if g represents the distribution of Xy, i.e. P(Xg € A) =
f 4 &(x) dx for each Borel set A, then
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/(Tt*g)(x) dx =P(X, € B) foreachBorel set B C (0, 00).
B

Using the transition density (10), one can write

(T;*g)(-)=/0 po(t,-:§)g(§)dg.

T/ is the (restriction of the) adjoint of the semigroup 7; on Co(0, 00) (the space of
bounded continuous functions f on (0, +00) such that f(0) = 0), where

(T /H(x) = E(f (X)) | Xo = x),
whose generator is §2 defined by
Qf =af’ +rf’. (15)

Note that 7,* can be extended to the space of Borel measures (and, actually, is
naturally defined there).

As stated above, it is well-known that 7;* is strictly norm-decreasing; it is also well
known (see for instance Méléard and Villemonais 2012, Theorem 18) that for each
£ >0, tl_l)rgo Pe (7o > t) = 0. It immediately follows that, for each density function g

with compact support,
177gll = P(zo > t) —— 0.
11— 00

However, we found no estimates in the literature on the growth bound of the semi-
group in L'. Hence here we establish the following

Proposition 1 The growth bound w of T;* satisifies

L eI Z D
m —— <

—00 t

0(2%) = 0.

The proof, which is extensively based on a sharper result found (Cattiaux et al.
2009) for T; in a weighted L? space, is reported in the “Appendix”.

An immediate consequence of the above result is that the essential growth bound
(Engel and Nagel 2000) satisfies wss (£2%) < 0 (£2*) < 0.

3.2 Semilinear problem

Problem (13) can be written in abstract form as

u'(t) = 2%u@) + F(u(@®)),

1(0) = uo, (16)
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where F : L1(0, 00) — L0, 00) is

[Fa]ex) = /ﬁ(é)u(é)dé 1—/u(r§)d$ q(x). an
0 0

Note that in the formulation (16) we avoid considering the dynamics of the bound-

ary accumulation function E explicitly but rather we just define it as E(t) =
oo

1— [ u(, x)dx.

0
Indeed, if ug € Z(£2*), the solution u(t) of (16) belongs to Z(£2*); hence, u(t)(-) is
absolutely continuous on (0, +00) and we can define u(#, x) = u(t)(x) that will be a
classical solution of the second equation of (13) with 1 — fooo u(t, x) dx in place of
E(t). Using this definition and computing

d o0
= /0 u(t,x)dx

we see that E(¢) satisfies the first equation of (13).
Conversely, if (E(t), u(t, x)) is a classical solution of (13) such that E(0) = 1 —
fooo u(0, x) dx, we see using the same computations that

00
E(t):l—/u(t,x)dx Ve <T.
0

Defining u(¢)(x) = u(¢, x), we then obtain a classical solution of (16).

In case ug ¢ Z(82%), (16) yields only mild solutions, but, given that 7,* is an
analytic semigroup, they will actually be regular solutions for ¢ > 0. In any case, we
constrain ourselves to the case of regular solutions.

For problem (16)—(17), we have

Proposition 2 Assume that B is a continuous and bounded function on (0, +00) with
B(0) =0, and q is a probability density function on (0, 00).

Then for each ug € L' there exists a unique (mild) solution of (16) on some interval
[0, T].

The result follows easily from standard results (Pazy 1983, Theorem 6.1.4) since,
under the assumptions we made, F is a locally Lipschitz operator on L' (0, 00).

For the solution of (16) to make sense from the biological point of view, we then
need to prove that, starting from non-negative ug with ||ug|l; < 1, the solution u of
(16) is non-negative and |[u(z, -)||; < 1 forall r > 0. Proving this will also ensure that
the solution is global. Thus, we prove the following:

Proposition 3 Let ug > 0 with ||ugll1 < 1 and let u be the solution of (16) on [0, T].
Then, u > 0 and ||lu(t,)||1 < 1forallt € [0, T].
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2088 A. Pugliese, F. Milner

The details of the proof are relegated to the “Appendix”. In it we provide a proba-
o0

bilistic construction of E(t) = 1 — f u(t, x)dx and u(t, x). More specifically, E(t)
0

o
will be obtained as the series E o E;(t) where
=

Eo(t) = Egexp {—/(;

is the fraction of individuals that have never been infected in the time interval [0, 7].
E(¢) is the fraction of individuals who are infection-free at time ¢ but who were
infectious for a single interval within [0, #) and, similarly, E; (¢) represents the fraction
of those who are infection-free at time ¢ but who were infectious in exactly i disjoint
intervals within [0, ). The density u(¢, -) is then written as an analogous series of
corresponding terms.

This method is very similar to the generation expansion employed by Diekmann
et al. (2018) in order to characterize the distribution of immune status (see also Breda
et al. 2012, in an epidemic model with reinfection).

t

A(v)dv}

4 Equilibria and stability

Equation (16) clearly has the trivial equilibrium # = 0 (corresponding to E = 1).
Concerning its stability, we shall prove the following threshold property.

Theorem 2 The trivial equilibrium is asymptotically stable (respectively, unstable)
for (16) if Ry < 1 (respectively, Ry > 1), where

Ry = /OO]E (/m B(Xs)ds| Xy = x) q(x)dx
0 0

0 JOo Jt :

The definition of R on the first line of (18) corresponds to the usual intepretation
of the net reproduction number: Ry represents the expected number of propagules
produced by an initial colonizing group (starting with size x according to the distribu-
tion g) before the patch becomes extinct (7g represents the absorption time). If each
new group of colonizers produces on average more than one successful propagule
(assuming that all patches are available), then the metapopulation will persist, even
though each population will eventually become extinct; otherwise it will not.

The expression on the second line of (18) (valid under (2) and a = 1) comes from
standard theory of diffusion processes (Karlin and Taylor 1981) and yields an explicit
method to compute Ry.

(18)

Proof A central role in the stability of the equilibrium 0 is played by the growth bound
of the linearized operator of (16) at u = 0, 2* + F’(0), where F’(0) is the operator
on L' defined by
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(POl = g0 [ peuede.

First of all, note that, since F’(0) is compact (because it has a one-dimensional range)
and the growth bound of 7;* is negative, it follows that

Wess (27 + F/(O)) = wess (£2¥) < 0.

Hence (see for instance Priifl 1981, Theorem E), the equilibrium u# = 0 is asymp-
totically stable (respectively, unstable) for (16) if the growth bound of the semigroup
generated by £2* + F’(0) is negative (respectively, positive).

As T/ is a positive semigroup on L', its growth bound corresponds to its spectral
bound s(£2*) (Engel and Nagel 2000, Th. VI.2.5) and the same will hold for the
semigroup generated by 2* + F'(0), i.e.

wo(2* + F'(0)) = max {RA : 1 € 0(2% + F'(0)}. (19)
As both F’(0) and T;* are positive and 7,* has negative growth bound, it follows
(see, for instance, Theorem 3.5 in Thieme 2009 where the assumption on 2* + F’(0)

being resolvent positive holds because of Theorem 3.4 since F’(0) is compact) that

5(£2* + F'(0)) < 0 (respectively, > 0)
= p(F'(0)(—=2%)7") < 1 (respectively, > 1).

Since F’(0) has one-dimensional range, the only eigenvector of F’ 0)(—2%) 1 is
q. Hence,

p(F'(0)(=2%)7") =[O BO((—2%) ') (x) dx.

We have established that u = 0 is asymptotically stable (respectively, unstable) if

f B)(—2%) ') (x)dx < 1 (respectively, > 1).
0

In order to have a criterion that is easier to interpret and evaluate, we look at
Jo7 B@x)((—2%)7'q)(x) dxx as the linear functional (—£2*) ™! g applied to the function
B. By duality, this is equal to the linear functional ¢ applied to the function (—£2)~! 8.
In other words,

/O B)((—2) 7 g)(x) dx

=/O q() (=)™ B)(x) dx =/0 q(x)h(x)dx (20)
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where h € Cy(0, oo) satisfies £2(h) = —f or, equivalently,
a(x)h (x) +r(x)h'(x) = =B(x), x € (0,00). 21

Clearly, (20) can also be obtained directly through appropriate integrations by parts.
The solution to Eq.(21) can be written, using the Green function

1 [mintrs) 2K K)? K)?
G(x,s)=§/0 PR =E=E T g, 0 < x, 8, (22)

as
heo = [ G ope) ds
:/X /E U 2RNC-KP=6-K) 4, PE)
o Jo 3
+/°° /X 2RNC-KP=6K) 4, PE)
X 0 §

I e B S S O SR LA 23)
o Ji §

It is immediate now to see that (23) is indeed solution of (21) when a(x) = x and
r(x) = rx(l —x/K). Then, (20) and (23) yield the expression in the second line of
Ry.

As for its interpretation, note that, recalling the Definition (4) of the hitting times

Ta,b

Tq.p, We see that f, p(x) = E f B(X;)ds|Xo = x | satisfies (Karlin and Taylor
0

1981, 15.3.3) Eq. (21) in (a, b) with f, p(a) = fu.»(b) = 0. Moreover, f, ,(x) has an
explicit expression (Karlin and Taylor 1981, 15.3.11) whose limit for > — 400 and
a — 0% is (23).

On the other hand, since

P(Xy,,=b|Xo=1x) > 0asb — +ooanda — 0T,

it follows that

a—0t
b—00

Ta,b
lim E / B(X,)ds
0

Xo = x =E(/roﬁ(Xs)ds | Xo = x).
0

Hence, the expression on the first line of (18) is equal to that on second line. O

Next we consider positive equilibria. At an equilibrium i of (16), necessarily
oo
A= / B(x)u(x)dx
0
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is constant. Then (E ,u (x)) will be the stationary distribution of the elementary return
process with holding time rate A. Using the explicit form provided by Peng and Li
(2013), we obtain

/0 qg(x)G(x,y)dx

u(y) = (24)

—+/ q(x)/ G(x,y)dydx
A 0 0

Let us define
o0 o0 o
v =/ q(X)f G(x,y)dydx :/ q(x)E(ty) dx.
0 0 0

Then, substituting (24) in the definition of A, we obtain

/0 ﬂ(y)/o (G (x, y) dx dy

A= 1 ,
—+v
A+

and, noting that the numerator is exactly Rp, we have

= Ro—l (25)
==

Of course, this corresponds to a positive solution if, and only if, Ry > 1. We have thus
obtained the following result.

Theorem 3 Problem (16) has a positive equilibrium if and only if Ry > 1. It can be
written explicitly as

_ Ry—1 [
u(y) = Rw/ qg(x)G(x,y)dx
0 0
(26)
Ry—1

y o 2 2 2 o
_ / T2 —K)"=(y=K) ]/ q(x)dxdt.
Ro¥y Jo t

Correspondingly,
_ o
E=1 —/ i(y)dy = 1/Ro.
0

It is not difficult to check that (26) is indeed a solution of (16).
The characteristic equation at & can be used in order to analyze local stability of
the positive equilibrium, but we shall not perform such analysis here.
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5 Numerical results

We approximate the solution of (13) using finite differences in explicit form, that is
backward in time with the x-derivatives discretized at the previous time level. Specif-
ically, we let Ax > 0 and At > 0 be the discretization parameters (that will have to
satisfy a stability condition) and we let the final time of simulation 7 be an integer
multiple of At and N = % € N. Similarly, we let max supp(uo) and max supp(q) be

integer multiples of Ax, and define Ny, = suplsupp(q)} and Ny, = M.

X X
We choose next an integer M > max{N,,, Ny} large enough that the practical compu-
tational support of u in x for the time span [0, 7'] will not exceed M Ax. We introduce
the computational time-grid

" =nAt, 0<n <N,
and the computational x-grid
xj=jAx, 0<n=<M.

For a function f of the structure variable x we use the notation f; = f(x;)
and for a function g of time r we use the notation g” = g(¢"). We want to find
approximations UJ’.l of u(t",x;) for0 <n < Nand 1 < j < M. The support in x
of the approximations grows by Ax at each time-step Af. However, the magnitude of
most of the approximate values on the right x-tail are so small that we can actually
neglect them without introducing any appreciable errors. The numerical algorithm is

Uy=Uy,,=0, 0=<n<N,
M M

m=%"Ur A"=) BiUl, E'=1-1", 0<n<N,
j=1 j=1

j+l _"j—lU;l—l
At (Ax)? 2Ax
+A"E"q;, 1<j<M, 0<n<N-1

1
U}H_ —U7 aj+1U’/7+1—2ajUJ’.’+aj_1U;l_1 rj+1U"

27)

For our simulations we use for both ug and ¢ truncated inverted parabolas with
support between their zeros at x = 0 and x = 0.0333, and at x = 0 and x = 0.6667,
respectively. Since g must be a probability density function, we multiply the quadratic
x(0.6667 — x) by the factor that makes its integral exactly equal to 1. For normalization

purposes we take a = ¢ = 1, and to ensure stability we need At < ﬁ[f/[, where we

use M = % to establish the computational x-support of the solution « to be [0, % .

For the force of infection, A, we use the infectivity function 8(x) = , aclassical
X

Michaelis-Menten type.
Next we present (Fig. 1) the solution corresponding to o« = 4.8,k = 0.3333,7 =9,
T =50, Ax = 0.001 and Az = 1.25 x 1077, at various values of 7, together with the
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Fig. 1 The case r = 9 with logistic growth
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Fig. 2 The case 7 = 3 with logistic growth

initial condition (left panel). The total infected I = I (¢) are plotted on the right panel.
The net reproduction number in this case is Ry ~ 4.5. We see the density of infected
(or patch occupancy) approaching an equilibrium, albeit slowly.

We present in Fig. 2 the solution corresponding to ¥ = 3, T = 15, Ax = 0.001
and At = 1.25 x 1077, at various values of 7, together with the initial condition (left
panel). The total infected I = () are plotted on the right panel. The net reproduction
number was kept just above 4 by changing the parameter «. We see on the right panel
the equilibrium value & (.75 being reached quickly (compare the largest time shown
on the left panel, 7 = 15 in Fig.2 and T = 50 in Fig. 1). We also notice a distinct
qualitative difference in the equilibrium densities corresponding to 7 = 3 and 7 = 9.

We introduce now one more parameter in the simulations, n > 0, to slightly modify

the function  into a rational function to allow for an Allee effect: r (x) = (ij:: ) x(1—

cx). This function reduces to the logistic when = 0.We present (Fig. 3) the solution
corresponding to the parameters used for Fig. 1, « = 4.8, «k = 0.3333,r = 9,
Ax = 0.001 and At = 1.25 x 1077, and choose = 0.1 (compared to n = 0
in Fig. 1), at t = 20, 40, 60, 80, 100, 120, 140, 160, 180 to show what seems like
stabilization at the positive equilibrium solution. The right panel suggests that [ is
stabilizing at a value approximately equal to 0.05, albeit extremely slowly.

Finally, we show the Allee effect causing the extinction of the population by just
changing the value of 7 in the preceding simulation from 0.1 to 0.12. The CPU time for

@ Springer



2094 A. Pugliese, F. Milner

0 0.5 1 1.5 2 0 50 100 150 200
X t

Fig. 3 Modified drift drastically reducing the equilibrium (n = 0.1)

0.1
0.01
0.001
0 0.5 1 1.5 2 0 50 100 150 200 250
X t

Fig. 4 Exponential fitting of solutions with Allee effect (n = 0.12) and the infection going extinct

this simulations is fairly large (approximately 30 hours to arrive at 7 = 250) but there
is clear evidence of extinction considering the total infected population, /, and using
its exponential fitting for 150 < ¢ < 250 that is almost perfect, I ~ 0.0882¢0-02067
with a Pearson coefficient of determination R = 0.99998.

We show in Fig. 4 the x-density of infected, u, for 150 < ¢ < 250 on the left panel,
and the total infected population size, I = [I(t), (black line) in logarithmic scale,
together with the exponential fitting (red dashes) on the right panel.

6 Possible extensions

In the previous sections, we have shown how including stochasticity of internal dynam-
ics leads to a diffusion equation in the structuring variable at the population level. In
the case we have examined, the resulting equation can be analysed using the powerful
tools developed for one-dimensional (degenerate) diffusion (Karlin and Taylor 1981),
and this leads to explicit formulae for the reproduction number Ry and the positive
equilibrium.

Undoubtedly, the dynamics at the individual level is extremely simple, and several
extensions are needed in order to make the model useful either in the analysis of
specific infections or for theoretical investigations.

First, note that all analytical computations have been performed under the assump-
tion that the deterministic growth rate r(x) is such that dynamics at the individual
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level follows the logistic model. However, in many cases it may be more appropri-
ate to assume that r(x) < O for x > 0 small; in other words, a minimum dose is
necessary for infection to take over (if we look at the epidemic interpretation); in
the other interpretation, local populations are subject to an Allee effect. Such exten-
sion does not pose theoretical problems, but would simply make the expressions for
Rp more complex. Here we have examined this case only through numerical simula-
tions.

Another extension that does not pose major mathematical problems, but is biologi-
cally relevant is the inclusion of heterogeneity in individuals (or patches) (Gyllenberg
and Hanski 1997; Pugliese 2011), for instance by attaching an index w to individuals.
From the mathematical point of view, this would entail an extra integral in all formu-
lae, as long as there is no correlation between the indexes of the infectious and the
newly infected. Certainly, in that case one may reasonably question whether it makes
sense to assume an infinite population at all values of w.

A limitation of the current model is that a fixed set of individuals (or patches) is
considered; the model only describes the dynamics of the distribution of pathogen
load (or population) in those. While this may be somewhat reasonable for patches in
metapopulations, it does not make much sense for individuals. This has routinely been
done for macroparasite models (they can be seen as infection models where the internal
structure is discrete) without leading to big changes in the structure of equations (see
for instance Kretzschmar 1993; Milner and Patton 2003).

An important extension would be to assume a more complex internal dynamics:
infections develop but then are controlled by the immune system; populations grow
but then exhaust resources. One could attempt to model this by passing to an (at least)
two-dimensional state (x, y), or giving an age to new infections (colonizations) and
letting parameters change with age. We are currently extending the numerical schemes
presented in Sect. 5 to cover this case. The theoretical analysis for that case is out of
reach at this time.

The most complex extension would be to introduce reinfections, respectively, col-
onizations also of occupied patches: one could assume that emigrants into a patch
at level y bring it instantaneously to level y + x with probability density g (x). This
would make it possible to analyze the effect of reinfections (particularly when a min-
imum dose of infection is necessary for infection success); in metapopulations, this
has been called the rescue effect (Gyllenberg and Hanski 1997). Mathematically, the
problem becomes enormously more complex because it can no longer be represented
as a semilinear equation (perturbation of a well-understood linear differential oper-
ator). Still, as the problem is extremely relevant biologically, simplified approaches
are probably necessary: see, for instance de Graaf et al. (2014) who fitted available
data on pertussis antibody titers through a model of this type, with a force of infection
taken as an external input of the model, instead of dependent on the infection level in
the population.

A Appendix

We present here the details of the proofs of Propositions 1 and 3.
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Proof (of Proposition 1) We wish to show that the growth bound of 7}* is negative.
First of all, note that any f € L' can be written as f = f, — f_, with || f]|; =
/=il f=llvand | T* fll1 < 1T f+1lh+ 1T f= |1 Therefore, it suffices to consider
only nonnegative functions.

If f > 0, the norm of 7;* f can be written as

VT f I =/0 /0 f(é)po(t,x,é)dédx=/0 FEPs(r0 > 1) dE:

the last term can be interpreted as Ps(to > ) if f is a probability density that
represents the initial distribution.

It is well known (see for instance Méléard and Villemonais 2012, Theorem 18) that
for each & > 0, tl_l)rgo P (7o > t) = 0. However, we also need to prove exponential

convergence uniformly in &.
In order to do that, we use the transformation and methods from Cattiaux et al. (2009).
Specifically, let Z; = 2/X;. Then,
dZ, = L 4 7z dt +dW, (28)
T\ 2z, " 2 8K "

It is clear that P(X; > 0) = P(Z; > 0). Hence, the distribution of the variable y is
the same for either process.

First of all, for the process Z; Cattiaux et al. (2009) proved (Theorem 5.2) that, for
each z > 0,

lim e"'P, (9 > 1) = n1(2) (11, 1), (29)
11— 00

where A1 > 0 is the first eigenvalue of the generator of the process in the space L2 (i),
n1 is the corresponding (positive) eigenfunction and

d2) = m(2)dz with m(@) = - exp |75 (1 - 2
u(dz) = m(z)dz withm(z) = Zexp{ 5 ( _8K>}'

Note that m(z) is the speed density for the process Z;.

Cattiaux et al. (2009) also proved (Proposition 4.1) that n; is an increasing function.
If we could establish that it is also a bounded function, the conclusion would follow
immediately. As this is not obvious, we rather prove that P¢ (19 > ) is uniformly

exponentially bounded in &, by a more direct computation. O

Lemma 1 There exist A > 0 and M > 1 such that for all z > 7

P.(tg > 1) < Me ™™ t>0.
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Proof We start by exploiting Theorem 7.3 from (Cattiaux et al. 2009) that shows that
the process Z; comes down from infinity, i.e. there exist Z and 7y such that

lim P,(r: <) =p >0
700
where
z=inf{t >0:7Z, <Zz}.
Hence for all z,
P.(t: >1) <1—p. 30)

It follows that

o
P.(t; > nty) = ﬁ P, (tz > nto| Zi—1y1g = €)P(Z(n—1y1y = d§)
~ Z
= / Pe(zz > t0)P(Z(n—1y1y = d&) < (1 — p)
4

[ P(Zn-1y1g = d§) = (1 = p)P(zz > (n — Dio).

Hence, by induction,
P,(z; > ntg) < (1 — p)". (31)
Now take T such that (using 29)
Pi(to > 1) <2m () (1, e ™ = Mpe™" Vit >T.

Fort > T +1tyand z > z,letn = [(t — T)/tp]; then, we have

nty
P,(tg > 1) = / P.(t9 > t|t: = 5)P,(1z: = ds) + P, (19 > t|tz > nty)
0

P, (tz > nty).
Furthermore,
P,(tg > t|t: =) =P:z(r9 >t — 5).
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Then, we have

nty

P,(tg > 1) < [ P:(r0 > t — $)P(xz = ds) + P,(zz > nip)
0

n—1 G+Dito
<Y [ Piwg>t—s)Prz:=ds)+ (1 - p)
j=0 jn
n—1
< Y P:ro>1t—(j+ Dto)P(jto <z < (j + Do) + (1 — p)"
j=0
—1
<Y Moe U0~ p)] 4 (1~ py
j=0

_ _ Aton 1—p)'—1
= Moe (70 el 4 (1= p),

assuming A1 # —W; otherwise, a simple modification is necessary.
Let

Jog(1 —
ho=—080 =P G, A,

1o
Then,

eGi—ro)on _

]PZ(TO - t) < Moe—)»l(T—t())e—)»lton _’_e—)\ot()n < Mle—)ut()n

e =20t — ]
< Mlef)\(szsz).

We have then proved the lemma for t > T + fo with M = M e*T+0)_ Choosing
M; > 1, the lemma obviously holds also for t < T + 1. O

We can now compute
o0 z2
177 £l =/0 JE)Pe(ro > 1) d§ =/0 JE)Pe(ro > 1) d§
+[2 fE)Pe(ro > 1) d§
22 00
<Pz =0 [ f@de e [ as
Z

72 00
< Mpe ™! /O FE)dE + Mye™ / f@©de < ML

Hence
lim sup log(IT;*]l1) < =% < 0,
—00
which shows that the growth bound of 7;* in L' (0, c0) is negative. O
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Proof (of Proposition 3) For t € [0, T], let
A) = /,B(X)u(t,x) dx.
0

We shall argue by contradiction. Since A(0) > 0, by continuity it follows that A(¢) > 0
for ¢ small; thus we define

T =inf{t € [0, T] : A(t) < 0}.

This is just saying that 7 is the first positive time at which A vanishes. On [0, 7]
the solution u# of (16) can be written probabilistically as the density function of a
process Y;, a variation of the elementary return process introduced by Feller (1954).
Following the construction used by Peng and Li (2013) (in a much simpler case than the
original), we write u(¢, -) explicitly as the transition probability function for Y; using
simple ingredients. In fact, although all terms may be interpreted probabilistically, we
shall just build the needed ingredients for our construction of the solution.
Let

A(t,é):l—fmpo(t,x;g)dx>0 (32)
0

be the probability that process X; is absorbed at x = 0 before time ¢ > 0, conditional
on Xg = £, and let

Aty = /0 AGt: £)q(€) de

represent the absorption probability if the initial distribution is g.
Let

00
Eo:l—/ up(x)dx >0,
0

and define, for t > 0,

00 t .5 _
Fi(1) =f A(t;é)uo(é)d$+Eof As)e  JorWdu g oyag. (33)
0 0

F1 can be interpreted as the probability that the process Y; gets absorbed at least once
by time 7.

As F is continuous and increasing, we can consider its derivative f; = F ]/ and—to
t
simplify notation—we assume F (1) = [ fi(s) ds; if not, one should simply interpret

0
the following integrals as Stieltjes integrals reading f(¢) dt as d F;(t) and similarly
for f,(¢t) defined below.
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We then define iteratively the function F,,,n > 1, as
t t u -
F,(t) = / fn_l(s)f Au)ye™ s 2O Ay dy ds. (34)
0 s

From (34), as A is a non-decreasing function, we derive the following bound for
anyt <T:

t t
Fu(t) < / fac1(5) / ruye™ SO LG — ) duds
0 K

, ) (35)
= / fa—1(5) (1 —e “”””)A(t —s5)ds < pFu_1 (1)
0
with
o= (1 — e—foTMv)dv) A(T) < 1. (36)
o
This ensures that the series > F), converges uniformly on [0, T].
n=1

Now let us define

t 0 t t
E(t) = Eoexp{—/o k(v)dv} +Z/0 fn(s)exp{—/ k(v)dv}ds, 37
n=1 S

and
u(r,x>=f0 uo(§) polt, x; &) d&
t . o0
+ Eo / A(s)e Jo v / q€)po(t — s, x; ) dE ds
0

0
00 t t " 00 (38)
+Z/ fn(s)/ e s A(”)d”/ q€)pot —u, x; &) d& du ds
=1 0 K 0
o0 t o0
- fo wo(€) polt. x: £) dE + /0 AS)E(s) /0 &) pot — s, x: £) dE ds.

We wish to prove that u (¢, x) is, in fact, an explicit form of the solution to (16). By
construction, it is clear that both E and u are positive. Moreover, we have

/ u(r,x)=||uo||1—/ Mo(é)Ao(t,S)dé—i-Eo(l—e*fot*(”)d")
0 0

! S —
—EO/ A(s)e™ o 2V L 6y s
0
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(o) t .
+ Z/ Fa(s) (1 —e ) M“)d“) ds
n=1 0
0 t t "
- Z[ fu(s) / Au)e Js v gy g
n=1 0 s

t
= lluoll1 +E0_/o fi(s)ds — E(t)

00 .t 0 L
+ 2 [ hwas=3 [ fnwas
n=l1 n=1

the last step coming from (34). Hence we have obtained
lu(®)l1 =1—E() forallt €0, t],

where E(-) > 0 1is defined in (37). Thus, we have proved ||u(t)||; < 1. Finally, from
the last line of (38), it is easy to see that

u(t,x) = 8x|:(a(x)u(t, x))x —r(x)u(t, x)] + A E(t)q(x),

with E(¢) = 1 — ||u(?)]||1, and thus u is indeed the solution of (16).
Since u(-) > 0 and A was defined as

A1) = /ooﬂ(x)u(t,X) dx,
0

we have obtained a contradiction with the existence of T = inf{r € [0, T] : A(¢) < 0},
because the set defining it is empty.

Hence (38) holds for all ¢+ € [0, T'], and we have established that u () > 0 and
lu(¢)|l1 < 1 on this interval. O

References

Angulo O, Milner FA, Sega L (2013a) Immunological models of epidemics. MACI (Matemadtica Aplicada,
Computacional e Industrial) 4:53-56

Angulo O, Milner FA, Sega L (2013b) A sir epidemic model structured by immunological variables. J Biol
Syst 21(4):1340,013

Barbarossa MV, Rost G (2015) Immuno-epidemiology of a population structured by immune status: a
mathematical study of waning immunity and immune system boosting. J Math Biol 71(6-7):1737—
1770. https://doi.org/10.1007/500285-015-0880-5

Breda D, Diekmann O, de Graaf W, Pugliese A, Vermiglio R (2012) On the formulation of epidemic models
(an appraisal of Kermack and McKendrick). J Biol Dyn 6:103-117

Calsina A, Farkas JZ (2012) Steady states in a structured epidemic model with Wentzell boundary condition.
J Evol Equ 12(3):495-512

Cattiaux P, Collet P, Lambert A, Martinez S, Méléard S, San Martin J (2009) Quasi-stationary distributions
and diffusion models in population dynamics. Ann Probab 37(5):1926-1969

@ Springer


https://doi.org/10.1007/s00285-015-0880-5

2102 A. Pugliese, F. Milner

de Graaf WF, Kretzschmar MEE, Teunis PFM, Diekmann O (2014) A two-phase within-host model for
immune response and its application to serological profiles of pertussis. Epidemics 9:1-7

de Roos AM, Persson L (2013) Population and community ecology of ontogenetic development. Princeton
University Press, Princeton

Diekmann O, Gyllenberg M, Metz JAJ, Thieme HR (1998) On the formulation and analysis of general
deterministic structured population models I. J] Math Biol 36:349-388

Diekmann O, Gyllenberg M, Metz JAJ (2007) Physiologically structured population models: towards a
general mathematical theory. In: Takeuchi Y, Iwasa Y, Sato K (eds) Mathemathics for Ecology and
Environmental Sciences, Springer Verlag, pp 5-20

Diekmann O, de Graaf W, Kretzschmar M, Teunis P (2018) Waning and boosting: on the dynamics of
immune status. J Math Biol (this issue)

Engel KJ, Nagel R (2000) One-parameter semigroups for linear evolution equations. Springer, Berlin

Ethier SN, Kurtz TG (1986) Markov processes. Characterization and convergence. Wiley, London

Farkas JZ, Hinow P (2011) Physiologically structured populations with diffusion and dynamic boundary
conditions. Math Biosci Eng 8:503-513

Feller W (1951) Two singular diffusion problems. Ann Math 54:173-182

Feller W (1952) The parabolic differential equations and the associated semi-groups of transformations.
Ann Math 55:468-519

Feller W (1954) Diffusion processes in one dimension. Trans Am Math Soc 77:1-31

Gandolfi A, Pugliese A, Sinisgalli C (2015) Epidemic dynamics and host immune response: a nested
approach. J Math Biol 70:399-435

Gilchrist MA, Sasaki A (2002) Modeling host-parasite coevolution. J Theor Biol 218:289-308

Gyllenberg M, Hanski I (1992) Single-species metapopulation dynamics: a structured model. Theor Pop
Biol 42:35-61

Gyllenberg M, Hanski I (1997) Habitat deterioration, habitat destruction, and metapopulation persistence
in a heterogenous landscape. Theor Popul Biol 52(3):198-215

Gyllenberg M, Metz JAJ (2001) On fitness in structured metapopulations. J Math Biol 560:545-560

Hadeler K (2010) Structured populations with diffusion in state space. Math Biosci Eng 7:37-49

Karlin S, Taylor HM (1981) A second course in stochastic processes. Academic Press, London

Kretzschmar M (1993) Comparison of an infinite dimensional model for parasitic diseases with a related
2-dimensional system. J Math Anal Appl 176:235-260

Lambert A (2005) The branching process with logistic growth. Ann Appl Probab 15:1506-1535

Méléard S, Villemonais D (2012) Quasi-stationary distributions and population processes. Probab Surv
9:340-410

Metz JAJ, Diekmann O (1986) The dynamics of physiologically structured populations. Springer, Berlin

Milner F, Patton C (2003) A diffusion model for host-parasite interaction. J Comp Appl Math 154:273-302

Pazy A (1983) Semigroups of linear operators and appllications to partial differential equations. Springer,
Berlin

Peng J, Li WV (2013) Diffusions with holding and jumping boundary. Sci China Math 56:161-176

Perthame B (2007) Transport equations in biology. Springer, Berlin

Priil J (1981) Equilibrium solutions of age-specific population dynamics of several species. J] Math Biol
11:65-84

Pugliese A (2011) The role of host population heterogeneity in the evolution of virulence. J Biol Dyn
5:104-119

Revuz D, Yor M (1999) Continuous martingales and Brownian motion. Springer, Berlin

Thieme HR (1988) Well-posedness of physiologically structured population models for Daphnia magna. J
Math Biol 26:299-317

Thieme H (2009) Spectral bound and reproduction number for infinite-dimensional population structure
and time heterogeneity. SIAM J Appl Math 70:188-211

@ Springer



	A structured population model with diffusion  in structure space
	Abstract
	1 Introduction
	2 The model
	2.1 Feller diffusion with logistic growth
	2.2 The equation at the population level

	3 Abstract formulation
	3.1 Semigroup associated to 1-dimensional parabolic equations
	3.2 Semilinear problem

	4 Equilibria and stability
	5 Numerical results
	6 Possible extensions
	A Appendix
	References




