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ON THE NULL CONTROLLABILITY OF THE LOTKA-MCKENDRICK
SYSTEM

DEBAYAN MAITY

ABSTRACT. In this work, we study null-controllability of the Lotka-McKendrick system of
population dynamics. The control is acting on the individuals in a given age range. The main
novelty we bring in this work is that the age interval in which the control is active does not
necessarily contain a neighbourhood of 0. The main result asserts the whole population can be
steered into zero in large time. The proof is based on final-state observability estimates of the
adjoint system with the use of characteristics.
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1. INTRODUCTION

In this article, we study the null-controllability of an infinite dimensional linear system de-
scribing the dynamics of an age-structured single species population. To be specific, we study
null-controllability of the classical Lotka-McKendrick system. Let, p(t, a) be the distribution of
individuals at age a > 0 and ¢ > 0. Let a; denotes the highest age attained by the individuals
in the population and T be a positive constant. Let S(a) > 0 be the natural fertility rate
and p(a) > 0 denotes the natural death-rate of the individuals at age a > 0. The system in
consideration, already studied in [4] and [5], is described by the system

%(f, a) + ?(t, a) + p(a)p(t,a) = m(a)u(t,a), (t,a) € (0,T) x (0,as),
p(t,0) / B(a)p(t,a) da, te(0,T) (1.1)
p(0,a) = we (0,0)

where u is the control functlon, M = X(ay,a0) 15 the characteristic function of the interval (a1, as)
(0 < a1 < ag < a;) and py is the initial population density.
We assume that the fertility rate § and the mortality rate u satisfy the following conditions:
(H1) g € L*(0,at), B > 0 for almost every a € (0, ay).
(H2) pu € L0, a*] for every a* € (0,at), u = 0 for almost every a € (0,a;).
at

(H3) /0 p(a) da = +oo.

These conditions have already been used in [4, 5]. For the biological significance of the hy-
potheses, we refer to [11].
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Our main result regarding the null controllability of the system (1.1) is the following

Theorem 1.1. Assume that 8 and p satisfy the the conditions (H1) — (H3). Furthermore,
suppose that the fertility rate 5 is such that

B(a) =0 for all a € (0, ay). (1.2)

for some a, € (0,a;) and that a, > ay. Let us recall that m is a characteristic function of the
interval (a1, as) with 0 < a1 < ay < ay. Then for every T > a; + max{ay,at — az} and for
every po € L*(0,at) there exists a control u € L*((0,T) x (0,ay)) such that the solution p of the
system (1.1) satisfies

p(T,a) =0 for all a € (0, at). (1.3)

Remark 1.2. If a; = 0 and ay < a4, then from Theorem 1.1 we obtain (1.3) holds for T >
ay — ag. This result was obtained in [5, Theorem 1.1].

Let us now mention some related works from the literature. The null controllability results
of the system (1.1) were first obtained by Barbu, Iannelli and Martcheva [4]. They considered
the case when the control is supported in the interval (0, as), i.e when a; = 0. The main result
of [4] asserts that the system can be steered to any steady state, in large time except for a
small interval of ages near zero. Recently, Hegoburu, Magal and Tucsnak [5] considered the
system (1.1) with distributed control supported in (0, as). They proved that the restriction of
[4] is unnecessary, i.e., the whole population can be steered into a steady state, provided the
individuals do not reproduce at the age near zero. Moreover, they also showed that if initial
and final states are positive then the control can be chosen such that the positivity of the state
trajectory is preserved.

The main novelty we bring in this work, in contrast to the results of [4, 5], is that we do not
need to apply control for arbitrary low ages. More precisely, in our case the control is active for
ages a € (ay,az), with arbitrary a; € [0,a4) and as € (a1, a1], provided that supp N[0, a] = 0.
In other words, we control before the individuals start to reproduce. Moreover, we show our
controllability result applies to individuals of all ages, without needing to exclude ages in a
neighbourhood of zero. The methodology we employ in proving this result is quite classical.
We exploit the fact that null controllability of a linear system is equivalent to the final-state
observability inequality of the adjoint system.

Before ending this introduction let us mention some controllability results regarding popu-
lation dynamics model (Lotka-McKendrik type) with spatial diffusion. Ainseba and Anita [2]
considered the case when the control acts in a spatial subdomain w and for all ages and initial
data close to the target trajectory. In [3], they proved a similar result when the control acts in
a spatial subdomain and only for small ages. In [1], Ainseba proved null controllability except
for a small interval of ages near zero, with control acting everywhere in the ages but localized
in a spatial subdomain. Hegoburu and Tucsnak [6] proved that this restriction is not necessary,
i.e, the whole population can be driven to zero. In their case, the control is localized in space
variable but active for all ages. Recently, Maity, Tucsnak and Zuazua showed [8] that the same
result can be achieved by means of control localized in space variable as well as with respect to
age, not necessarily containing a neighbourhood of zero.

The outline of the paper is as follows. In Section 2 we first recall some basic facts about
Lotka-McKendrick semigroup. Next, we define the adjoint of the associated semigroup. In



Section 3, we prove the final-state observability for the adjoint system. As a consequence we
get the proof of the main result.

2. LOTKA-MCKENDRICK SEMIGROUP AND ITS ADJOINT.

In this section, with no claim of originality, we recall some existing results on the Lotka-
McKendrick Semigroup and its adjoint. We define the operator A : D(A) — L?(0,a;) defined
by

D(A) = {90 € L*(0,at) | ¢ is locally absolutely continuous on [0, ),

(l-l— dgp
o0) = [ Bla)e(a) do, ~52 ~ o € 120,09}
0
dp

Ap = —— — up. 2.1
p=— T He (2.1)

We introduce the control operator B € L£(L?*(0,at)) defined by

Bu(t,-) = mu(t,-).
With the above notation, the system (1.1) can be rewritten as

%p@) = Ap(t) + Bu(t), t€[0,T],  p(0) =po. (2.2)

Let us first recall some well posedness result of the above system.

Lemma 2.1. The operator (A, D(A)) is the infinitesimal generator of a strongly continuous
semigroup (e')i=0 on L*(0, ay).

Proof. For a proof of this lemma we refer to Kappel and Zhang [7, Theorem 2.1] or Song et. al
9, Theorem 4]. O

As already mentioned in the introduction, we are going to use the duality between null
controllability of a linear system and final-time observability of the associated adjoint system.
Thus it is important to determine the adjoint of the linear operator A. To this aim, we first
consider the unbounded operator (Ag, D(Ay)) defined by

D(Ay) = {(p € L*(0,a) | ¢ is locally absolutely continuous on [0, ay),

d
lim p(a) =0, =F — g € L2(0,ap)},

a—>aT

dp
Agp = —= — jo. 2.3
0P = Y (2.3)

We prove the following lemma

Lemma 2.2. The operator (Ag, D(Ap)) is the infinitesimal generator of a strongly continuous
semigroup (€' _ . on L*(0, ay).
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Proof. We first verify Ay is dissipative. For ¢ € D(Ay), we have

¢ rd 2 2 0 a
(Ao, ) = lim (d_QD — Iugp) ¢ = lim #(a) _ 7 (0) — lim ue® < 0.
a—as Jo a a—a; a—a; JO
Next, for any f € L*(0,a4) we consider the following problem
dyp .
90—%+u90:f, lim ¢(a) = 0.

a—>aT

Then ¢ solves the above equation if and only if

o(a) = exp (a+ /0 ") dT> < / T e F(s)exp (— /0 () dT> ds).

We can easily verify that ¢ € D(Ap) and hence Ay generates a C°-semigroup on L*(0,a;). O
We now define the adjoint of the unbounded operator A
Proposition 2.3. The adjoint of (A, D(A)) in L*(0,at) is defined by

D(AY) = D(Ay), A=~y + 500). (2.4)
Proof. For any ¢ € D(A) and ¢ € D(Ap) we have
(A sy =l [ = ((6) + (a)o() 0(s) ds
= aliril— Oa(@b’(S) — u(s))p(s) ds + ¢(0)y(0) — alirf— pla)y(a)
= tim [ @)~ n(e)els) dst [ BO)(6)

This yields,
| (A0, ) 120,00 | < Cllellx and (Ap, ¢) x = (p, A") y for all ¢ € D(A), ) € D(Ay).
Therefore D(Ag) C D(A*). Now we prove the reverse inclusion. Let A > 0 be such that

F(\) = /OaT e B(a)exp (— /OGM(T) dT) da # 1.

Define G : L*(0, a;) — L*(0,a4) by ¢ = G f where ¢ solves
d .
N — oot o = Bp(0) = [, lim p(a) =0. (2:5)
a a—va;

¢ solves the above equation if and only if

o(a) = exp <)\a+ /0 e dT> X

([" e (e 4 vigs)en (- [ ntr) ar) as).



where

i = (0= ([ e st (- [Tty ar) as).

We can easily check that ¢ € D(Ay).
Let us assume that ¢ € D((A] — A)*). Then there exists f € L*(0, at) such that

/ (A — A)p / fo for all p € D(A).
Let n = Gf. Then

d [ d
/fSO—hm (An—d—ZJrun—ﬁn(O))so:hm 77<)\S0+d—i+,ucp)

a—a a%a; 0
@t
:/ n(A — A)ep.
0

Therefore
at
/ (Y —n) (A —A)p =0, for all p € D(A).
0

In particular, if we choose ¢ = (A — A)~!(¢) — 1) we obtain

at
/ o —nf? =o.
0

The invertibility of the operator (Al — A) follows from Song et. al [9, Theorem 1(i)]. Since n €
D(Ap), we get b € D(Ap) and @ solves (2.5). This completes the proof of the proposition. [

3. OBSERVABILITY INEQUALITY.

In this section we prove Theorem 1.1. With the notation introduced in Section 2, Theorem 1.1
can be stated as : the pair (A, B) is null controllable in time 7" > a; + max{a;, a; — as}. By
classical duality argument, the null controllability of the pair (A, B) in time T is equivalent
to the final-state observability of the pair (A*, B*) in time T (see for instance [10, Theorem
11.2.1]). In the remaining part of this section, we show that the pair (A*, B*) is final-state
observable in time T > ay + max{a, a; — as}.

For t > 0 and qo € L*(0, ay), we set

q(t) = ()" qo, (3.1)
where A is defined in (2.1). According to Proposition 2.3, ¢ satisfies the following system:
9q 9q
E - % + M(Q)Q(tv a’) - 6(G)Q(t7 O) = 07 (ta CL) € (07 T) X (07 CLT),
q(t,ay) =0, te(0,7), (3.2)
Q(Oa a) = QO(&)a a € (Oa aT)'

In view of [10, Theorem 11.2.1], to prove Theorem 1.1 it is enough to prove the following
theorem:
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Theorem 3.1. Under the assumptions of Theorem 1.1, for every T > ay + max{a, a; — as}
and for every qo € D(A*) the solution q of the system (3.2), satisfies

AMQ /ﬁ/ ) dadt. (3.3)

Before we start the proof of the above theorem, let us briefly describe the essential steps. We
rewrite the system (3.2) as follows:

d
24t) = Aog(t) + V() 4(0) = qo, (3.4)
where Ay is defined in (2.3) and
V(t,a) = Ba)a(t,0),  (t,a) € (0,T) x (0, ay). (3.5)
With Duhamel’s formula, it is easy to see that
T
100y < € (Il + [ (000 ), (3.6)

with some constant C' depending only on 7. Thus to prove (3.3), we derive appropriate upper
bounds for each of the terms in the right hand side of the above estimate.
Estimate of [e"g|7. o) © Recall that the operator Ay is defined in (2.3). For ¢ €

L*(0,ay), let us set

2(t) = eqy, =0, (3.7)
Then z solves the following system:
0z _ 0= + u(a)z(t,a) =0, (t,a) € (0,T) x (0,ay)
at  Oa
2(t,ap) =0, t € (0,7), (3.8)
2(07(1) = q0<a)7 ac (O7GT)'

We prove the following proposition:

Proposition 3.2. Let us assume that 0 < ay < as < a;. Then for every T > max {a1,a; — as},
there exits C' > 0 such that, for every qo € D(Ay), the solution z of the system (3.20), satisfies

/0 N <cC / / ) dadt. (3.9)

N — /a,u(T) dr
Z(t,a)=e€ Jo z(t,a), (t,a) € (0,T) x (0,ay).

Then Zz satisfies the adjoint of a transport equation:

Proof. We set

%—%:O, (t,a) € (0,T) x (0>aT)

Z(0,a) :==Zp(a), a € (0,at),



with Zy(a) = e~ Jo #(70) 47¢; Therefore 7 is given by

Zola +t ift<ar—a,
z(t,a):{O( ) *

3.11
0 itt > ay —a. (3:11)

With the above explicit expression, for 7' > max {a;, a; — a2}, we have

ay — a2 ay

0 ar  az @y ap  az af

ay < ay —az ap > ay —az

FI1GURE 1. Minimal time required for observability inequality to hold for the
transport equation. For both cases, ¢(7’,-) = 0 on the purple region.

at T a2
/ Z2(T,a) da < C/ / Z2(t,a) dadt. (3.12)
0 0 al

which is the standard observability estimate for the one dimensional transport equation. Let
us briefly explain how one can obtain the estimate (3.12).
e First of all, since T > max {ay, a; — a2}, we can always find a, < ag such that (7", a) =0

for all @ € (@, az). Thus we need to estimate / Z2(T, a) da.
0

e Next, for a € (0,a.) we note that the trajectory v(s) = (T — s,a + s), s € [0,T]
(or equivalently the backward characteristics starting from (7, a)) always enters the
observation region (aq,as) X (0,7 (see Fig. 1). Since Z is constant along the trajectory

7, one can easily estimate /a Z2(T,a) da by the right hand side of (3.12).
Finally (3.9) follows from (3.12).OIndeed using the characteristics, we also have
2(T,a) =0 for all a € (a.,ay).
Therefore, using (3.12) we obtain

at a. 2/ p(r) dr as
/ 2(T,a) da = / 2(T,a) da < | e Jo / Z2(T, a) da
0 0 0
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<(J/()CLT“’2 // ) dadt < // ) dadt. (3.13)

This completes the proof of the proposition. O

Estimate of ¢(¢,0) : In the following proposition, we provide an estimate of ¢(¢,0) :

Proposition 3.3. Let us assume the hypothesis of Theorem 1.1, T > ay and n € (ay,T). Then
there exists a constant C' > 0 such that for every qo € D(A*) the solution q of the system (3.2),

satisfies
| ' / / ) dadt (3.14)

Proof. We set

—/ w(T) dr
)= Jo ) (3.15)
Since B(a) = 0 for all a € (0,a;), g satisfies

% — % =0 for all (¢,a) € (0,7) x (0, ap). (3.16)
We are going to estimate q(¢,0). We exploit the fact that for (¢,a) € (0,7") x (0, ap), ¢ remains
constant along the characteristics y(s) = (t — s,s), s <t < T (or equivalently the backward
characteristic starting from (¢,0)). If T' > a4, the trajectory v(s) always reaches the observation
region (0,7") X (a1, az) (see the green region in Fig. 2). Without loss of generality, let us assume
that T' > ay, n < ap and as < ay.

ai

Y

N/

ap at
FIGURE 2. An illustration of estimate of ¢(t,0) with ay = a.

Case 1: Let us fix t € [ap, T]. We define
w(s) =q(s,t—s), se€(t—apt). (3.17)



0
Then a—w =0 for all s € (t — ap,t). In particular, w(s) = constant for all s € (t — ap,t). Since
s
a; < ap we have
1 t—aq
w(t) = w(s) ds.
0=

Therefore,

1 t—aq 1 ap,
q(t,0) = / q(s,t —s) ds = / q(t — s,s) ds.
t—ay ai

ap — ax ap — a1

Integrating with respect to ¢ over [a,, T| we obtain

T
/ / / (t —s,s) dsdt = / / (t —s,s) dtds
" T—s
ZC/ / (7, ) drds < C/ / ¢(t,a) dadt. (3.18)
al ap—s 0 ay

Case 2: Let us fix t € (n,a,). We define

wi(s) =q(s,t—s), se€(0,1t).
owy

Then e = 0 for all s € (0,t). In particular, w(s) = constant for all s € (0,¢). Since t > a;
s
we obtain

w(t) = — /Ot_al w(s) ds.

t—a1

1 t—ay 1 t
q(t,0) = / q(s,t —s) ds = ; / q(t —s,s) ds.
0 ai

t—a1 — ay

Therefore,

Integrating with respect to t over [n, ay] we get

/ ¢(t,0) dt " / /Mzt—ss ) dsdt < / /Mzt—ss ) dsdt
—ay)
—C/ / (t—s,s) dtds—C’/ / (1,s) drds < C’/ / ) dadt. (3.19)

Combining, (3.18) and (3.19) we obtain

/n ' / / ) da.

Note that, ¢(t,0) = ¢(t,0). Thus from the above estimate we clearly get (3.14).
0

Now, we are in a position to prove Theorem 3.1 and consequently our main result in Theo-
rem 1.1.
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Proof of Theorem 3.1. Since T" > ay + max{a;,a; — as}, we can choose n > a; such that
T —n>max{a,a; —az}. Fort € (n,T) and a € (0,a;), we define

V(t,a) = B(a)q(t,0).
Since ¢(-,0) € L*(0,T), we have that V € L?(n,T; L*(0,ayt)). Then ¢ satisfies

dq dq _
E@’ a) — %(t7 CL) + ,u(a’)q(ta CL) - V(t7 CL), (t7 CL) < (77’ T> X (0’ CLT), (320)
q(t,a1) =0, te (0.1,
Therefore ¢
q(t,(l) _ e(t—n)Aoqn(a) +/ e(t—s)on(S) ds, (321)
n

where ¢, = q(n, ) and A is the unbounded operator defined as in (2.3). The above represen-
tation formula for ¢ yields

a; - 9 T
/0 ¢(T,a) da < C (He(T ”)AanLQ(O’aT) +/ ¢*(t,0) dt) . (3.22)
U

Since T'— n > max {a1, a; — a2}, using Proposition 3.2 we have

HeT n)Aqn“L?(OaT) C’/ / 2(t,a) dadt < C’/ / ) dadt.

On the other hand, since T > a;, applying Proposition 3.3 we get

/ 2(4,0) dt < c// ) dad.

Finally combining the above two estimates together with (3.22), we obtain

| e ) / / ) da. (3.23)

This completes the proof of the theorem. 0
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