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Stability Analysis of an Age Structured Population Model With Fractional Time
Derivative
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ABSTRACT: In this paper, we analyse the large time behaviour in a fractional nonlinear model of population
daynamics with age dependent. We show the existence and uniqueness of the solution by using the method
of seperation of variables, and we studied the Ulam-Hyers stability of the model.
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1. Introduction
The following model:

P =4P, (1.1)

where ¢ is the growth rate, is considered as the simplest model in the domain of dynamic of populations,
and it was introduced by Malthus in [15]. This model does not take into account the effect of overcrowding,
for this reason Verhulst proposed the following model [19],

P = (6p —woP)P, (1.2)

where §p and wq are positive constants. In (1.1) the growth rate is given by (69 — woP) it then depends
on the total population P, so it takes into account the effect of overcrowding. The models (1.1) and (1.2)
have played a considerable role in the domain of dynamic of populations however they do not take into
consideration the age of individuals, even though age is one of the most important parameters structuring
a population. The first age-structured model was proposed by Lotka and Mckendrick, they assumed that
the density of population wu(t, a) satisfies the following problem [14],

ou(t,a) n ou(t,a)

= —pla)u(t, a),

ot Oa
u(t,O):/O Bla)u(t,a)da,

u(0,a) = up(a).
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With,

P(t) = / u(t, a)da.
0
Where p is the death rate and /5 is the birth rate. In this work we assumed that the parameters p and
B are given like in Michel Langlais’s paper [13]. We then propose the following model,
0%u(t,a) = Ou(t,a)
ot oa

Pl = [ utt.a)
u(t,0) = /0 ~ B(a)u(t, a)da.

Supplemented by the following initial condition,

u(0,a) = up(a).

Where % is the Caputo derivative of order . For more details about the parameters used in this model
see section 3. Using the method of separation of variables we proved the existence and uniqueness of the
solution, and then we studied the Ulam Hyers stability of the model.

=~ (@)ult,a) — p,(P()u(t.a).

2. Preliminaries

In this section we introduce notations, definitions and preliminary facts which are used throughout
this paper.
We denote by X = C([0,T],R") the Banach space of all continuous functions from [0, 7] into RT, with
the norm ||P||x = sup{|P(¢)|,t € [0,T]}. We need some basic definitions and properties of the fractional
calculus theory. For more details, see [11].

Definition 2.1. [11]
The fractional integral of the function h € L'([a,b]) of order o € R is defined by

I®h(t) = ﬁ/ (t —s)* 'h(s)ds,

where I is the gamma function

Definition 2.2. [11] For a function h given on the interval [a,b], the Caputo fractional order derivative
of h, is given by
1 ¢
D) = —— t— nfaflh(n) d
) = ey | -9 (5)ds,
where n = [a] + 1 and [«] denote the integer part of a.

Theorem 2.3 (The Schauder’s theorem). Let C be a nonempty closed convexr subset of a Banach space
X. Let T : C — C be a continuous mapping such that T(C) is relatively compact subset of X. Then T
has at least one fized point in C .

Let € be a positive number, f : [a,b] x B — B be a continuous function with B is a Banach space
and ¢ : [a,b] — RT be a continuous function. We consider the following equation

‘D (t) = f(t,z(t)), «€(0,1)(or(1,2)) tE€ a,bl, (2.1)

and the following inequalities
“D%y(t) — f(t,y(1))] <€ tE€lab), (2.2)
|6Day(t) - f(ta y(t))| < ‘P(t)v te [CL, b)v (23)

“D%y(t) — f(t,y(1))] < ep(t), t€[a,b). (2.4)
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Definition 2.4. [20] The equation (2.1) is Ulam-Hyers stable if there exists a real number cy > 0 such
that for each € > 0 and for each solution y € C'(|a,b),B) of the inequality (2.2) there exists a solution
x € C([a,b),B) of the equation (2.1) with

|y(t) - x(t)| < CfE€, te [aab)'

Definition 2.5. [20] The equation (2.1) is generalized Ulam-Hyers stable if there exists 0y € C(RT,R™),
07(0) = 0 such that for each solution y € C'([a,b),B) of the inequality (2.2) there exists a solution
x € C([a,b),B) of the equation (2.1) with

ly(t) —2()] < 05(e), ¢ €a,b).

Definition 2.6. [20] The equation (2.1) is Ulam-Hyers stable with respect to ¢ if there exists ¢, > 0
such that for each € > 0 and for each solution y € C'([a,b),B) of the inequality (2.4) there exists a solution
x € C([a,b),B) of the equation (2.1) with

y(t) — ()] < crpept), ¢ € [a,b).

Definition 2.7. [20] The equation (2.1) is generalized Ulam-Hyers-Rassias stable with respect to ¢ if
there exists cf,, > 0 such that for each solution y € C'([a,b),B) of the inequality (2.3) there exists a
solution x € C'([a,b),B) of the equation (2.1) with

ly(t) —z(®)] < crep(t), t€la,b).

Remark 2.8. A function y € C([a,b),B) is a solution of the inequality (2.2) if and only if there exists
a function g € C([a,b),B) such that

lg(H)] < e, tela,b).

‘DY(t) = ft,y(t) +g(t).
One can have similar remarks for the inequalities (2.3) and (2.4).

Lemma 2.9. [20] Let z,w : [0,T) — [0,00) be a continuous functions, where T < oo. If w is
nondecreasing and there are constants k > 0 and o > 0 such that

z(t) < w(t) + k/o (t—s)*1z(s)ds, tel[0,7T).

Then
‘ o) (kF(Oé))n —_s na—lw s S
0 <u+ [ s -4 ren),

If w(t) = a, constant on [0,7"), then the above inequality is reduced to
z(t) < aEy (kL (a)t?), 0<t<T,

where E,, is the Mittag-Leffler function defined by
y*
Es(y) = Zﬁom, yeC, Re(B)>0.
3. Formulation of the model

Let u(t,a) be the density of population having at time ¢ > 0 the age a. We are going to study
existence, uniqueness and Ulam-Hyers stability of this equation

aagii, a) + auétc; a) = —pu,(a)u(t,a) — p. (P(t))u(t, a). (3.1)
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where,
(6%

8?18 the Caputo derivative, with 0 < a < 1,

and
P(t) = /0 ot a)da.

o P(t) is the total population at time t.

o 1, (a) is the probability of dying due to natural causes at age a, p,,(a) > 0.

o One define the function 7 in the interval [0, +oo[ by

(a) = exp(- [ " n(0)do).

(3.2)

m(a) is the probability of living to age a. One remarks that: 7(0) = 1, is decreasing and lim 7(a) =

0.

e (P) is the probability of death due to environmental factors. u, is a function of the total popu-

lation.

e The birth low is given by

u(t,0) = /000 Bla)u(t,a)da.

(3.3)

e [ is called the birth-modulus which represents the fertility of the population One assumes that

has a compact support in [0, co[, so that

suppfB C [0, A],

where A = max{a, 3(a) > 0} < 0o, is the minopause age.
We give the initial condition:
u(0,a) = up(a).

4. The characteristic equation

We can look for a solution of (3.1) in the form
u(t,a) = Eq(rt*)y(a).

r represents the pure population growth effect.
Substitution of (4.1) into (3.1) gives

d
Na)rBa(rt®) + Ea(rt™) 2L = 1, Ba (rt*)(a),
thus J
’Y e
da - [Nn+r]7(a)7
and so

+(a) = 7(0) exp(—ra - / " (s)ds),
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with this v(a) in (4.1) the resulting u(¢, @) when inserted into (3.3) gives

E,(rt*)y / B(a)Eq (rt*)(0 )exp[—ra—/oaun(s)ds]da,

and hence, on conceling E, (rt*)v(0),

- /0 ~ B(a) expl—ra — /0 * 1. (5)ds]da.
Thus

/000 Bla)m(a)e”"da = 1. (4.3)

5. Assumptions and notations

(H1) We assume that
0< ﬁ(a) < By <o on [0, 00],

where 3, is a real constant, and [ 3°(a)da < cc.

(H2) We assume that
0<pp(a) < <oc  on [0,50],

where (1, is a real constant.
(H3) We assume that
0<u(P)<p on [0, 00],
where i is a minimum mortality rate.

6. Main results
6.1. separable solution

We first define the notion of separable solution of the problem (3.1), (3.2), (3.3) and (3.4) which is a
solution that can be written as:

u(t,a) = ¥(a)P(1), (6.1)

/00 Y(a)da = 1. (6.2)
0

0.1.1. Necessary and sufficient condition for the existence of separable solution. For the existence of r*,
the root of the characteristic equation we assume that the hypothesis (H1) and (H2) are satisfied.

Consider the function
:/ Bla)m(a)e” "da.
0

lim ¢(r) =400  and lim ¢(r) =

rT——00 r——+o0

with the normalisation

The function is continuous, and satisfies,

And according to the intermediate value theorem, there exists a unique real number 7*, such that ¢(r*) =
1.
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Lemma 6.1. Let r* be the root of (4.3). There exists a non-trivial separable solution of the problem
(3.1)-(3.4), if and only if

/ m(a)e™" *da < +oc. (6.3)
0

Proof.
Let u(t,a) = ¢ (a)P(t) be a separable solution, then [;*v(a) = 1.
However, ¥(a) = ¥ym(a) exp(—r*a), thus

1ﬁo/o m(a)exp(—r*a)da = 1.

Therefore,
Yol = / 7(a) exp(—r*a)da < oo.
0
Inversely, if [~ 7(a) exp(—r*a)da < co. Let

-1

W, = ( /0 ~ ra) exp(—r*a)da> ,

P(a) = Yym(a) exp(—r*a).

It remains to show the existence of a function P(t), such that the function u(¢,a) = ¥ (a)P(t) will be a
separable solution. We will define this function in the following paragraph.

and

6.1.2. Equation equivalent to the problem (3.1)-(3.4). Let u be a separable solution to the problem (3.1)-

(3.4). By replacing u with ¢ x P, in the equation (3.1), we obtain
—1 dij(a)

¥(a) da

In this equality the left term depends only on a, while the right term depends only on ¢. Then, these two
terms are constant and equal to a constant r. This leads to the following two equations

—L_CDaP(t) + i, (P(t)) =

P(t) _Mn(a)'

—1 di(a) .,
w(a) da - :un(a) — (64)
and
%D“P(t) + 1 (P(t) = 7. (6.5)

The equation (6.4) can be written as:

vla)

o = U@ (@) + 1), on [0,00]

This equation has the solution
¥(a) = Pom(a)e™ . (6.6)

From (6.2), we deduce that

Wy = < /0 " n(a) exp(—m)da> o (6.7)



STABILITY ANALYSIS OF AN AGE STRUCTURED POPULATION MODEL 7

The condition (3.3) can be written as
P(0)P(t) = P(t) /OOO Bla)p(a)da = P(t) /Ooo Bla)y(a)7(a) exp(—ra)da.

( ’fhus, Js" Bla)w(a) exp(—ra)da = 1, and by uniqueness of the solution of the characteristic equation
4.3

r=rr.

Hence, the solution of the equation (6.4) is
v(a) = dom(a)e ™,

where 1, is given by (6.7).
Study of equation (6.5).
Let r = r*. The equation (6.5) can be written as

{ “DoP(t) = P)(r* —p(P(t) = f(P(), tel0,T), (6.8)
PO) = P, '

where f: X — RT is a continuous function and satisfies the Lipschitz condition i.e 3L > 0 such that

(H4) [f(P) = f(@] < LIP-Q forall PQeX.

Lemma 6.2. The function P € X is a solution of the equation

{CD”‘P(t) = f(P(t), telo0,T],
P(O) = Py e X,

if and only if P satisfies the integral equation

1 ! a—1
P() = Po+ s /0 (t — 5)°=1 F(P(s))ds. (6.9)
Proof.
Assume that P € X is a solution of problem (6.9). Applying the Caputo fractional operator of the order
a, we obtain the first equation in (6.8).
Again, substituting ¢t = 0 in (6.9) we have

P(0) = Py.

Conversely, we have “D*P(t) = f(P(t)), so we get

P(t) = P0) + I* f(P(1)),

=P+ ﬁ /0 (t — 8)* L f(P(s))ds.

Theorem 6.3. Assume that hypothesis (H4)and (1“(L+-:1)) < 1 hold. Then, the fractional problem (6.8)

has a unique solution defined on [0,T].

Proof.
We define a subset U of X by,
U={PeX/|P| <N},

where,
1
N =||P — || [T
1Pl + Fa gy 1
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It is clear that U satisfies the hypothesis of Theorem 2.3.
By application of Lemma 6.2, (6.8) is equivalent to the integral equation,

Plt) = Py + ﬁ/@ (t — $)F(P(s))ds, t € [0,T].

Define the operator A : U — U, by

AP(t) = Py + ﬁ/o (t — s)*~Lf(P(s))ds.

Then our equation is transformed into the operator equation as,
P(t)=AP(t), Vtel0,T].
¢ We show that A is continuous in U.

Let (P,), be a sequence in U converging to a point P € U. Then, by the Lebesgue dominated
convergence theorem,

i = lim L t —g) ! s))ds
lim AP () = 1 (a)/()(t JOLF(Py(s))ds + Py

n—soo n—soo [
I .
- —s)el i P, P
i [ = i f(P(s)ds+ Py
1

=— t — )t s))ds
= fi | = P as + B

= AP(1).

For all ¢ € [0,7]. This shows that A is a continuous operator on U.

e A is a compact operator on U.
First, we show that A(U) is uniformly bounded set in X.
Let P € U. Then for all ¢t € [0, T,

AP(1)] < |Pol + ﬁ / (t— )2V F(P(s)|ds.

1
I AP < [[Poll + &

m”fHooTa < 00.

Thus, ||[AP]|| < oo for all P € U.

This shows that A is uniformly bounded on U.

Next, we show that A(U) is equicontinuous set on X.
For any P € U, let € > 0, there exists n = NE‘H—H)E.
For all t1,t2 € [0,T1], |[ta — t1]| < 1 we have

1AP(t2) = APt < ¢ 1715 = 27)-

(a+1)

— Case 0 < t; <m, ta <27
te —td <29 < 2% < An.

— Case 0 < t] <ty <.
ty —t7 <ty <n® <an<4n.
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Thus,
Ila+1)e

A —A - — =
14P(E2) = AP < Frorpy 1< A=

1
(a+1)
Hence, for all t3,¢; € [0,7T] and for all P € U, Ve >0, In > 0,
lta —t1| <= [|AP(t2) — AP(t1)]| < e.

This shows that A(U) is an equicontinuous set on X.
Then, by the Arzela-Ascoli theorem, A is a continuous and compact operator on U.
Thus by Schauder theorem, the operator A has a fixed point.

Now, we must show that A has a unique fixed point.
First, we prove that for all j € N and ¢ € [0, T], we have,

, , LT* j
147P = 4Gl < () 1P - @l

for j = 0, the inequality is trivial.
We suppose that the inequality holds for j — 1 and we prove that it holds for j.
Let t € [0,T].

|ATP(t) — ATQ(t)] = |A(ATH(P(t) — A(ATIQ(1))],

1 i a—1 j—1 _ i=10(s))|ds
< g [ (= AW P() = P4 Qe) s

)
Thus,
. . 1 t . .
4P~ 41Q] < s [ (¢ -9 P - 4q),
L(a) Jo
LT ) :
< = | ATT P = AT,
Ia+1)
LT J
_ P — .
(o
o \J
Hence, the operator A satisfies the assumptions of weissinger’s fixed point theorem with a; = (%) ,

we can therefore deduce the uniqueness of the solution of our equation.
7. Ulam-Hyers stability results
We consider equation (6.8) and the inequality (2.3). We suppose that,

o (H5) ¢ € C([1,400),R™) is continuous, nondecreasing, and there exists Ay > 0 such that

1 t .
m/ﬂ (t — 8)* tp(s)ds < A\pob(t), Vt € [a, +00).

We obtain the following generalised Ulam-Hyers-Rassias stable results.

Theorem 7.1. Under the conditions (H4) and (HS5) the equation (6.8) is generalized Ulam-Hyers-
Rassias stable.

Proof.
Let Q € C([1,+00),RT) be a solution of the inequality (2.3) Denote by P the unique solution of

{ “DP(t) = f(P(t)),
P(0) = Q(0).
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Then, we have:

1

P(t) = Q(0) + —a)/ (t— )1 f(P(s))ds. £ € [0, T].
0

Q is a solution of the inequality (2.3), then there exists g € C'([0,T],R") such that,

() lg(®)] < ¢(t), t €[0,T].
(i1) “DQ(t) = F(Q(1) +g(t), t € [0,T].

Integrating (i7) from 0 to t we have

Q(t) = Q(0) + ﬁ / (t— ) F(Q(s))ds + ﬁ / (t — )2 g(s)ds,

By differential inequality (2.3), we have

|Q<t>—@<o>—ﬁ / (t— )21 (Q(s))ds]| = ﬁ / (t — 5)° g(s)ds],
1 ¢ a—1
< w7 | =9 gt
1 ¢ al
< @) J, (t —s)* ¢(s)ds,
< Aa9(t), t €[0,7]

From this relation it follows:

Q) — P(1)] = Q1) - Q) ﬁ / (t — 9)° F(Q(s))ds
1 i a—1 _ ¢ s a—1 s s
a7 =0 Qs = [ =9 pas
<1Q() - Q) - ﬁ / (t — 521 F(Qs) — F(P(s)lds
L t a-l1 — P(s)|ds
< A(0) + T / (t - £ 1Q(s) — P(s)ld

< Apo(t) + % / (t — 5)*1Q(s) — P(s)|ds.

Let Z(t) = |Q(t) — P(t)|. Then

Z(t) <W(t) + k/ot(t —5)* 1 Z(s)ds,

with W (t) = A\po(T) = cst and k = ﬁ
By Lemma 2.9,

t
0

Z(t) < W(t)+/ [Z (];F(Efg))n (t — )" W (s)ds.

Since W (t) = cst, then
Z(t) < Aod(T)Eo(LT*)  0<t<T.

Thus the equation (6.8) is generalised Ulam-Hyres-Rassias stable.
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