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Novel Stochastic McKendrick-von Foerster Models with Applications
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The deterministic McKendrick-von Foerster model

0 0

8—? + a—z =—m(t,a)u (t,a>0) (1)
is widely used to examine age-structured populations [2,4,6]. It is usually equipped with the initial
condition

u(0,a) = x(a) 2 0

and the non-local boundary condition
u(t,0) = b(t) = / B(t. a)u(t, a) da > 0.
0

Here u(t,a) is the size (density) of a certain population of a given age a > 0 at time ¢t > 0,
m(t,a) > 0 is the per capita mortality rate and b(¢) is the birth function that depends on the
age-structured size of the population and the per capita birth rate (¢, a).

Eq. (1) is a balance equation that can be derived from the basic biophysical principles by letting
the increments in time and age be infinitely small and under the assumption that the population
is isolated. This explains why the McKendrik-von Foester equation is a source of many specific
population models. However, this equation does not take into account stochastic effects, like
demographic and environmental fluctuations, which are of importance in any realistic description
of population dynamics.

In this presentation, the following stochastic version of this model

ou L+ ou
ot Oa
is considered. Here ©(t) is a stochastic noise which is represented by the formal (generalized)

derivative of a continuous scalar stochastic process v(t) defined on the given filtered probability
space

= —(m(t,a) + 2(t))u (t,a>0) (2)

(Q,F, (Fi)e=0,P)
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with the probability measure P on the o-algebra F of subsets of {2 and an increasing sequence
of o-subalgebras F; of F, where all the introduced c-algebras are complete with respect to the
measure P.

The aim of the presentation is to deduce the equations for the total size of the juveniles J(t)
and the adults A(t)

J(t) = /u(t,a) da and A(t) = /u(t,a) da, (3)
0 T

where 7 > 0 is the maturation time [6].
In the assumptions below, the following definition is used.

Definition. A real-valued (deterministic) function a(t,x,y), t > 0, z,y € (—o0,00) belongs class
L if it is measurable (as a function of three variables) and satisfies the uniform Lipschitz condition
with respect to = and y:

la(t, x1,y1) — alt, z2,y2)| < Lz — y1] + |z2 — 32])
forall t > 0, z,y € (—o0, 00).
The restrictions on the coefficients in (2) can be summarized as follows:

(A1) The mortality rate m(t,a) is defined as

m(t. @) = {mj(t) — (6, T(1), A)), 0<a<T .

ma(t) == pa(t, J(t), A(t)), a>T,

where py and 4 are class L functions (that is, they are independent of the age a) and 7 > 0
is the maturation time.

(A2) The function x(a) > 0 (the initial age distribution at time ¢ = 0) is cadlag and satisfies the

condition
oo

/sup X(s)da < 0.

s>a

In practical applications, the function x has a compact support, so that this assumption will
be trivially satisfied.

(A3) At any time ¢, the birth rate function § is defined as

0, 0<a<T,
ﬁ<t7a) - {,BA(t) — 5A(t7j(t)7A(t)), a T,

where B4 is a class L function independent of the age a, and by definition, the birth rate of
the juvenile population (i.e. 3y) is equal to 0.

(A4) The stochastic process v is defined as

() = / A(s,J(s), A(s)) dB(s),
0

where B is the scalar Brownian motion and -y is a class L function.
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Below is the main result of the presentation.

Theorem 1. If assumptions (A1l)—(A4) are fulfilled, then the aggregated age variables (3), together
with the auziliary variable X (t), satisfy the system

dJ(t) = Balt, J(t), A())A(t) dt — p(t, J(t), A(t))J(t) dt
—D{t, J(-),A(-), X () }Balt =7, J(t —7), A(t — 7)) A(t — 7) dt
+ (¢, At), J(£)J(t)dB(t) (t =),
dA(t) = —palt, J(t), A(t))A(t) dt
+D{t, J(-),A(-), X ()} Ba(t, J(t —7), At — 7)) A(t — 7) dt
+7(t, J(t), A(t))A(t)dB(t) (t=T7), (5)
dX (1) = (¢, J(¢), A(t)) X (t) dB(t),

where
t

DﬁJwLA«xxx»}:wp{—/IU@J@xA@»w}me”@—T>

t—7

s an integral operator standing for the distributed delay in the equation.
This system satisfies the initial conditions

J(t) = Jo(t), A(t) = Ao(t), X(t) = Xo(t) (¢ €[0,7]),

where Jo(-), Ao(+) and Xo(t) are Fr-measurable, continuous stochastic processes satisfying the
following system of stochastic integro-differential equations on the interval [0, T]:

dJo(t) = =D{t, Jo(-), Ao(-) } dt + Ba(t, Jo(t), Ao(t)) Ao(t) dt — pus(t, Jo(t), Ao(t))Jo(t) dt
+7(t, Ao( ), Jo(t))Jo(t) dB(1),

dAo(t) = D{t, Jo(-), Ao(-) } dt — pa(t, Jo(t), Ao(t)) Ao(t) dt

+7(t, Jo( ), Ao(t))Ao(t) dB(t),

dXo(t) = (t, Jo(t), Ao(t)) Xo(t) dB(2),

and
Dﬁa%«x&mxxm»}=n7—mmp{—/pxahwx%&»@}Mﬁ»
0

The initial conditions for the latter system are given by

J(0) = /Tu(O, s)ds = /Tx(s) ds,
0 0

A(0) /Oo (0,s)ds = 7)((3) ds,
' X(0)=1 '

The proof of this result can be found in [5].
Consider some biologically important stochastic models which can be obtained from Theorem 1.
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Example 1: the stochastic counterpart of the recruitment-delayed model.
The following equation is widely used in population dynamics (see, e.g., the monograph [3] or the
review paper [1]):
A'(t) = B(A(t — 7)) — D(A(1)),

where A(t) is the size of the adult population and B and D are the birth and death functions,
respectively.

Let us deduce a stochastic counterpart of this model starting from the McKendrik-von Foerster
equation (2). Assume that

“J(t)v 0<a<m,
m(t,a) =
pa(A(t), azr,
and the birth rate is given by
0, 0<a<T,
B(t,a) = (6)
Ba(A(t), a=>rT,

where S4(A), A € (—o0,0), is a continuously differentiable function, which satisfies the assumption
B4(A) <0 for A>0.

t
The coefficient 7 in (A4) is a function of ¢, so that v(t) = [ ~(s) dB(s), and satisfies the condition
0

v(t) > m > 0. Then we get
QA(t) = —pa(A() A(t) dt + alt, T)BA(A(E — 7)) At — 7) dt +(£) A(t) dB(D),

for t > 7, where
¢

a(t,T):eXp{— /uj(s)ds+y(t)—u(t—7)—;/tﬂs)ds}. (7)

t—1 t

Example 2: the stochastic counterpart of Nicholson’s blowflies model.
The most celebrated model of the deterministic population dynamics is Nicholson’s blowflies model
and its generalizations (see, e.g., the review paper [1] and the references therein)

A'(t) = —maA(t) + poA(t — ) exp { — A(t)}.

Consider Eq. (5) for the adult population with the mortality rate m(¢,a) and the birth rate
B(t,a) given by (4) and (6), respectively. Assume also that v = v(t) > m > 0. Then we get the
following stochastic version of the generalized Nicholson’s blowflies delay equation:

dA(t) = —maA(t) dt + a(t, 7)Ba(A(t — 7)) A(t — 1) dt + YA A(t) dB(2), (8)

where «a(t,7) is given by (7). Notice that this equation differs from that studied in [7], where an
additive stochastic noise was appended to the deterministic blowflies model:

dA(t) = —maA(t) dt + poA(t — 7) exp { — OA(t — 7)} dt + 6A(t) dB(t). (9)

The main difference between Eq.(9), obtained by automatically adding a stochastic noise,
and Eq. (8) obtained from the stochastic McKendrik-von Foester model (2) is the presence of the
stochastic process «(t,7), which represents an intrinsic multiplicative stochastic noise. This ran-
dom coefficient depends explicitly on the noise fyB, which we added to the mortality rate in (2),
and explains how random fluctuations in the population’s mortality influence fluctuations in the
birth function. This dependence is disregarded in Eq.(9). Note that as long as the noise 'yB is
non-zero, we will always get a nontrivial random « in front of the deterministic birth function 54.

In addition, starting with (2) will always produce a random initial condition A(t) = pa(t),
0 <t <, as it was shown in the previous section.
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