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Abstract

In this paper, by using the Lyapunov method, we establish sufficient con-
ditions for the global asymptotic stability of the positive periodic solution
to diffusive Holling-Tanner predator-prey models with periodic coefficients
and no-flux conditions.
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1 Introduction

The main object of this paper is studying the stability of the periodic solution to a
reaction-diffusion Holling-Tanner predator-prey model of the form
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where 2 is a bounded domain of R", with sufficiently smooth boundary 9, di(t), d2(t),
a(t),b(t),m(t),v(t) are continuous T-periodic functions, and uo(z), vo(z) are contin-
uous functions. The unknowns u(z,t), v(z,t) represent, respectively, the density of
preys and predators, and n is the outward unit vector on 9f2.

The ODE Holling-Tanner model, proposed by Tanner ([9]) and May ([6]), has re-
ceived considerable attention by many researchers because it well describes the real
ecological interactions between certain species (see [9]). It exhibits rich dynamical
behaviours, such as global stability of the unique positive equilibrium, periodic solu-
tions, limit cycles, bifurcation and so on. A recent contribution to the Holling-Tanner
system with periodic coefficients is due to Lisena ([5]).

To take into consideration the movement of the species in different spatial locations
within a fixed domain, the corresponding PDE system has to be analyzed. Indeed, the
role of spatial effect to maintain the biodiversity can be better investigated through



reaction-diffusion system (1.1). The Neumann boundary conditions biologically can
be interpreted as the ecosystem being impermeable to the external environment, so
that there is no population flux across its boundary. The periodic coefficients account
for the fact that, as a result of seasonal alternation, life-cycles and other factors, there
might be cyclic fluctuations in the biological parameters of the model.

From a mathematical point of view, the presence of periodic coefficients can be
linked to the study of the so-called free-boundary reaction-diffusion problems, i.e.,
those reaction-diffusion problems on domains evolving in time. In [4, 10], in fact, it
was proven that, under suitable assumptions, one can turn an autonomous reaction-
diffusion problem, on a periodically and isotropically evolving domain, into a reaction-
diffusion problem with periodic coefficients on a fixed domain.

In this paper we focus on system (1.1) with the aim of generalizing the results in
([3, 7)) in the case the environment is assumed to be temporally periodic and spatially
homogeneous.

2 Preliminary results

We begin the section with presenting some results (see [1]) about the periodic solutions
to a logistic reaction-diffusion equation, whose coefficient are supposed to be T-periodic
in time.

First of all, if f is a continuous T-periodic function, we denote by

Ol =7 [ s

its integral average (or mean value).
Moreover, given a smooth bounded domain €2 C R", consider the diffusive logistic

equation
ow

ot
Lemma 2.1. If a(t),b(t), k(t) are continuous, T-periodic functions with [a(t)] > 0,
b(t), k(t) > 0, then the unique positive solution to

E(t) Aw + w(a(t) — b(t)w). (2.1)

Z;f = k(t)Aw + w(a(t) — b(t)w)
871::|8§2><R+ =0

w(z,t+T) =w(x,t) (z,t) € Q xRy
is the positive T-periodic solution w*(t) to the logistic equation ([2])
v = u(a(t) — b(t)u).

Moreover, for any positive solution w(x,tLto (2.1) with homogeneous Neumann con-
ditions and w(x,0) = wo(z) € C*(Q) N CQ), one has
\ li+m |w(x,t) —w* ()| = 0 uniformly w.r.t. z € Q. (2.2)
—+00
Proof. The first part follows from the investigations carried on in [1]. Statement

(2.2) may be easily obtained by using the comparison theorem for parabolic equations
(8D)- O

Let us recall some recent results concerning ODE Holling-Tanner predator-prey
models with periodic coefficients (see [5]).



Theorem 2.1. Consider the system

v =u (ot ) 29

v = (b(t)— Wﬁ)

where a(t),b(t), m(t),y(t) are continuous T-periodic functions, m(t),y(t) > 0, and
[a(t)], [b(t)] > 0. Denote, respectively, by u(t) and v(t) the positive T -periodic solution
to the logistic equations

If the inequality

la(t)] > [i(t)} (2.4)
holds, then, for any positive solution (u(t),v(t)) to (2.3), there exists t > 0 such that
a(t) <wu(t) <u(t), () <o) <o(t), fort>t,

where u(t), T(t) are, respectively, the positive periodic solution to

=g <(a(t) - Z((’?)) - x) and o —y (b(t) - ﬁ) :

As a consequence of Theorem 2.1, we get the existence of a positive T-periodic
solution to system (2.3). In fact, the following result (see [5]) holds true.

Theorem 2.2. Suppose that inequality (2.4) is satisfied; then system (2.3) has at least
a positive, T-periodic solution (u*(t),v*(t)) such that
a(t) <u(t) <at), o) <o) <o@®), telo,T].

To prove our main result, an additional property of system (2.3) will be needed.

Lemma 2.2. Under the notation and assumptions of Theorem 2.1 and Theorem 2.2,
if additionally
v () <m@)u*(t), te€[0,T], (2.5)

then u*(t) > @ for every t > 0.

Proof. From (2.5) it follows that, for each ¢t > 0,

v"(t) u* (t)ym(t) o
)+ = @) tmo <L (2.6)
Accordingly,
o) = (a0~ ')~ s ) > ato) - 200

We notice that @ is a periodic solution to the logistic equation

o = ula(t) — 2u).



Moreover [u*(t)] > E8L: in fact, from (2.6) it follows that

)] = lato)] = 1w 0] + | o

As a consequence, there exists to > 0 such that u*(to) > w. For the comparison
theorem, for every t > to, u*(t) > @; since u*(t), u(t) are T-periodic functions, there
exists K € N such that KT > to, so that v*(0) = u*(KT) > @ = @; hence,
u*(t) > @ for every t > 0. O

3 Global stability

Consider the reaction-diffusion Holling-Tanner predator-prey model (1.1) and assume
that di(t),da(t), m(t),v(t) > 0, [a(t)], [b(t)] > 0 and uo(x),vo(x) € C?(Q) N CO(Q).
The presence of an invariant region is shown below.

Theorem 3.1. Under the assumptions and notation of Theorem 2.1, the region X(t) :=
[@(t),u(t)] x [@(t),u(t)] (¢ > 0) is invariant and attractive for (1.1), i.e.,
(a) If (u(z,t),v(x,t)) is a positive solution to (1.1) with (uo(x),vo(z)) € X(0) for
every x € Q, then (u(z,t),v(z,t)) € X(t) for everyt >0 and x € Q.
(b) If (u(z,t),v(x,1)) is a positive solution to (1.1), there exists t > 0 such that
(u(z,t),v(z,t)) € X(t) for every t >t and x € Q.

Proof. Assume that uo(x) = u(z,0) < u(0) for every = € Q; since u(t) is a positive

periodic solution to
W (t) = ult)(alt) — u(t)),
it satisfies the equation

0
g () Au+ u(alt) — ),
ot
. 0 . . .
subject to a—u = 0 on 992 x R4. Accordingly, by using the comparison theorem for
n —
parabolic equations, we get u(z,t) < u(t) for every t > 0 and x € Q.
Assume now that maxwu(z,0) > w(0). Let us denote by u(t) the solution to the
zEQ
logistic equation
uw = ula(t) —u)
u(0) = max u(z, 0).
zeQ
By applying the comparison theorem for parabolic equations, we have that u(z,t) <
u(t) for every t > 0 and € Q. On the other hand, taking Theorem 2.1 into account,
there exists to > 0 such that, for every t > to, u(t) < u(t). Consequently, for t > to
and z € €,
w(e,t) < u(t) < a(t).

Similarly, one can prove all the remaining parts of the statement. O

Lemma 3.1. Let (u*(t),v*(t)) be a positive periodic solution to (2.3). If (u(z,t),v(x,t))
is a solution to (1.1), by applying the substitution

z(z,t) = -1, w(z,t)= -1, (3.1)



system (1.1) turns into

0z . . o v () . v*(t) w
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YO u(t) \z4+1  z+1
z(z,0) = zo(z) > —1,w(x,0) = wo(z) > —1

g—:l gt:l) 0 ondQ xRy,
(3.2)
e 0 (@ (@)
o(t) = () +1, zo(z)= w0 " wo(x) = v (0) 1. (3.3)

Proof. The initial and boundary conditions (3.3) derive directly from (3.1) and the
initial and boundary conditions in (1.1). Moreover, we notice that

0z 1

amrp o8 (o0~ e )) = - 0 - )

—aass " (cutry - o
_dl(t)A +u*(t)( + (t) u+m(t)+u*(t)+m(t)>’

In the same way,

Ow v v v*(t)
— =d2(t)A - .
3 =08+ s (5 * )
At this point, arguing as in [5, Lemma 4.1], we obtain (3.2). O

The following result is a straightforward consequence of Theorem 3.1 and Lemma 3.1.

Lemma 3.2. Let us assume that (2.4) holds true and let (u(z,t),v(x,t)) be a solution
o (1.1) and (u™(t),v"(t)) a positive periodic solution to (2.3). Then, for any t >t
and x € Q, (z(z,t),w(z,t)) € O(t) = [2(¢), 2(t)] x [wW(t), w(t)] (see (3.1)), where
_ a(t) ~ u(t) _ o(t) - o(t)
t) = —1, ()= ~1 t) = —1 t) = -
A= k-1 30 = 201w = S0 -1 aw - 2
We pass now to study the global stability of (1.1). To this end, we set

wm [

ur(t)

], O :=a+1, o:=[y()]

Moreover, let H(z,w) be defined as

H(zw) = /jﬂ (1— %) (1+%) ds—&-a/le (1— %) ds. (3.4)

Theorem 3.2. Assume that condition (2.4) holds and let (u*(¢),v"
periodic solution to (2.3). Such solution is globally attractive for (1.1
tion (2.5) and the following inequality

—~

t)) be a positive
under assump-

~—

I['(t,z) <0  for every t > 0 and z € [Z(¢), Z(¢)], (3.5)

where, fort >0 and z > —1,

_(v(2) o _ z+0ba 2_ ov*(t)(z + 6a) W) — v (t)
F(t’z)‘<u*<t>) (v(t) z+9(t>) e (“” u*<t>0<t><z+e<t>>>‘




Proof. The proof is based on a positive definite Lyapunov function. Given a solution
(u(z,t),v(z,t)) to (1.1), let (2(x,t),w(z,t)) be the corresponding solution to system
(3.2) under substitution (3.1). Consider the Lyapunov function

V(t):/QH(z(x,t),w(x,t)) dz,

where H(z,w) is defined by (3.4). Since, taking Lemma 3.2 into account, for ¢ > ¢, the
solutions to (3.2) ultimately enter Q(t), we restrict the study to this set. In particular,
for t > t,

1o [ (#(z+0a) 02z ow Ow /z(z+1+a) /wAw
Vi) _/Q( G+1)? 0t wel at) dotdi(t)| =7 qye Axdatoda(t)] <o da.

Using Lemma 3.1 and integrating by parts in the second and third integral, we get

v’(t):/ﬂmdx_dl(t)/n (a(le)_i_#) |VZ|2dx_ad2(t)/Q Vol .
6

z4+1 (142)3  (2+41)2 (w+1)
where
G(t,z,w):—(z—&—ﬁa)@*(t)—L(t)) 2°
w(t)0(t)(z+06(t))
v*(t) ( o z+9a> ov*(t) o
+ — zZw— w
wit) \y(t) z+0(t) v (t)ux(t)
The function G(t,-,-) can be treated as a quadratic form in z,w, so that, under

assumption (3.5), it is negative. In addition, taking into account that (z,w) belongs
to the compact region Q(t), there exists A > 0 such that

G(t, z,w) 9 9
_— < — . .
rl S Az" +w) (3.7)

Concerning the sign of the second addendum in (3.6), we use hypothesis (2.5),
ensuring, by Lemma 2.2, that u(z,t) < 2u*(t). As an immediate consequence, one
yields z(z,t) < 1. Therefore V'(t) < 0 and, from (3.7), it follows

V'(t) < f/\/(zQ + w?) dz. (3.8)

Integrating (3.8) from ¢ to ¢, we obtain

,\/; ds </Q(z2 + w?) d:c) SVE) -V(E) <V(E) < +oo;

/;Oods (/Q(zQ—l-wQ)da:) < 400

and, consequently (see [11, Lemma 2.1]),

thus

tiiinoo 12 )l L2 = 0= tiilfoo [w(, )llz2(0)- (3.9)

Using standard arguments ([8]) we get our statement. Indeed, let p > max{n, 2};
then the Sobolev inequality yields that, for (z,t) € Q x RT,

2 )P < / (- 6)F di + / V2, )P de < er \z(~,t>|2dx+cz/ IV2(,0)[? de.
Q Q Q Q
(3.10)



Moreover,

lim / |Vz(-,t)> de = 0;
Q

t—o0

in fact, multiplying by z the first equation in (3.2) and integrating over €2, there exists
¢ > 0 such that

dl(t)/ |V2|? do < _Ld sza:—i—c/(zQ—i—wz)dx.
Q 2dt Jq Q

From this, (3.9) and (3.10), it follows that lim;— i [2(x,t)| = 0 uniformly w.r.t.
z € Q. Arguing in the same way, lim;— 4o |w(z,t)| = 0 uniformly w.r.t. z € Q.
Going back to u(z,t), v(z,t) through (3.1), we conclude

lim |u(x,t) —u"(¢)]=0= lig_n |v(z,t) — v*(t)| uniformly w.r.t. x € Q.
—+oo

t—+4oo t

Corollary 3.1. Suppose that all coefficients in system (1.1) are constant and
(by) <m. (3.11)

Then the unique positive solution (u*,v*) to (1.1) attracts all other positive solu-
tions, as t goes to infinity.

Proof. As shown in [5, Corollary 4.2], it turns out that, in this particular case, (3.11)
implies both conditions (2.5) and (3.5). Consequently, Theorem 3.2 can be applied. O

Remark 3.1. The above result was proven in [3], by using the upper and lower solu-
tions method. From an ecological point of view, assumptions (2.5) and (3.5) generalize
the known condition (3.11) when the biological parameters of system (1.1) present
periodic fluctuations in time.

In the next example we apply our theoretical findings to a special case of model
(1.1) with 27-periodic coeflicients.

Example 3.1. Consider the reaction-diffusion predator-prey system

ou v

ou _ v >

5 di(t)Au+uat)—u u+m(t)>,meﬂ,t_0 i 1o
6v_d OA 9 8v (3.12)
o~ ¢ ”*“( Tu)

with the same nitial and boundary conditions as (1.1), where

3+ 0.8cost
~ 1—-0.2cost’

a(t) =5 — 0.2cost, m(t)
and di(t),d2(t) are continuous, positive and 27-periodic. It turns out that
(u,v") = (4,7)
is a positive (2m-periodic) solution to (3.12). The validity of the inequalities
v <m(t)u” T(t2) >0,z € [2(t),2(t))]

required in Theorem 8.2 can be checked as in [5, Section 5].
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