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GLOBAL ATTRACTIVITY AND STABILITY IN SOME
MONOTONE DISCRETE DYNAMICAL SYSTEMS

XI1AO-QIANG ZHAO

The existence of globally attractive order intervals for some strongly monotone
discrete dynamical systems in ordered Banach spaces is first proved under some
appropriate conditions. With the strict sublinearity assumption, threshold re-
sults on global asymptotic stability are then obtained. As applications, the global
asymptotic behaviours of nonnegative solutions for time-periodic parabolic equa-
tions and cooperative systems of ordinary differential equations are discussed and
some biological interpretations and concrete application examples are also given.

1. INTRODUCTION

Recently both continuous and discrete-time strongly order-preserving dynamical
systems have been extensively investigated and developed. (See (5, 7, 13, 14, 15,
16, 19, 20, 21, 22, 23, 25| and references therein.) Now it is known that typical
asymptotic behavior in strongly monotone dynamical systems is generic convergence
to an equilibrium in the continuous-time case (see [16, 20, 23]) and to cycles in the
discrete- time case (see {21]) for “almost all” relatively compact orbits. From the
practical point of view, one desires a more complete description on the asymptotic
behaviors of all orbits, for example, convergence everywhere, global attractor and global
stability of equilibrium. This of course requires some additional restrictions on the
monotone dynamical systems considered. For discrete strongly monotone dynamical
systems on the finite dimensional ordered space (R",R’;) , which can be generated by
periodic cooperative and irreducible systems of ordinary differential equations, Smith
[22] essentially obtained threshold results on the global attractivity of either positive
fixed points or zero fixed points under strong concavity assumptions. In [25], Takac
introduced the notion of sublinearity of § on V C E, that is, for any a € [0,1], v €
V, S(au) > aS(u), and studied the convergence of all orbits in V' and the stability of
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fixed points of S. (See also [13, Chapter .5].) As for the convergence problem, we also
refer to Hale and Raugel’s recent work on gradient-like dynamical systems in [10], and
references therein.

In this paper we mainly study global attractivity and global asymptotic stability
in discrete strongly monotone dynamical systems on an ordered Banach space E. In
Section 2, based on the Krein-Rutman theorem, we first prove the existence of a globally
attractive order interval with two fixed points of S as its endpoints and a stable fixed
point of S inside, either between two linearly unstable fixed points of S or between
a linearly unstable fixed point and a superequilibrium of § (Theorem 2.1). Then we
prove the global asymptotic stability of the linearly stable or linearly neutrally stable
fixed point 0 = S(0) in a positively invariant order interval V = [0,b]g and the cone
P of E (Theorem 2.2) under the assumption that

(Ho) S(u) < DS(0)u for all v € V with u > 0.

We further introduce the notion of strict sublinearity of § on V, that is,

S(au) > aS(u) forall a€(0,1) and u € V with u > 0,

which implies the uniqueness of positive fixed point in V and (Hp) when S(0) = 0
(Lemma 1). As a consequence of Theorems 1 and 2, we obtain threshold results on
the global asymptotic stability of either a positive fixed point or zero fixed point on
V = [0,b] or V = P under the assumption that §™ is strictly sublinear on V for
some integer m > 1 (Theorems 2.3 and 2.4). Theorems 2.3 and 2.4 generalise Hirsch
(14, Theorem 6.1] and Smith’s [22, Theorems 2.1-2.3] results in the finite dimensional
ordered space (R”, ’J:) to the infinite dimensional ordered Banach space (E, P) with
the strict sublinearity assumption much weaker than their strong concavity ones (Re-
mark 2.2), and also strengthen Takaé&’s result [25], (Remark 2.3). Morever, according
to the remarks in [8], our standard assumption that § : V — V is compact can be
actually replaced by a weaker one: §:V — V is condensing and S([u,v]g) is bounded
in E for all u,v €V with u <v (Remark 2.4).

In Section 3, we first apply the abstract theorems in Section 2 to the Poincaré oper-
ator defined by periodic parabolic equations with reaction term f(z,t,u) = uF(z,t,u),
and obtain corresponding results on the global asymptotic behavior of positive solu-
tions and the existence of at least one stable positive periodic solution (Theorem 3.1),
global asymptotic stability of a zero solution (Theorem 3.2) and global asymptotic
stability of a positive periodic solution (Theorem 3.3), which lead to a threshold cri-
terion for the “uniform persistence” and “extinction” of a single species population.
Theorem 3.3 also implies Hess’s result [13, Theorem 28.11] for the periodic-parabolic
Logistic equations. Furthermore, as a consequence of Theorems 3.2 and 3.3, we obtain
a threshold result for autonomous parabolic equations (Theorem 3.4), which generalises
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Cantrell and Cosner’s results on the global asymptotic stability of positive steady-state
solution in the Dirichlet boundary condition case (see [3, Theorems 2.1 and 2.3] and
{4, Theorem 2.4 with Corollary 3.3]). As an application example of Theorem 3.4,
for a reaction-diffusion equation deduced from the competition model in an unstirred
chemostat (see {17, 24]) we get a threshold result on the global asymptotic stability of
either a positive steady-state solution or zero steady-state solution (Proposition), which
generalises Hsu and Waltman’s recent similar result for the Michaelis-Menten-Monod
function F = (ms)/(a+ s), s > 0 [17, Theorems 3.1 and 3.2] to a more general func-
tion F' satisfying F(0) = 0 and F'(s) > 0 for s > 0. Finally we show how the abstract
results in Section 2 can be applied to periodic cooperative and irreducible systems of
ordinary differential equations and, as an illustration of Theorem 2.4, give a threshold
result on the global asymptotic stability of either a positive periodic solution or zero
solution (Theorem 3.5). An application example of Theorem 3.5 to the single loop pos-
itive feedback systems in R% is also given under the strict sublinearity assumption on
f(z,t) instead of the strong concaivity assumption in [22].

2. GLOBAL ATTRACTIVITY AND STABILITY

Let (E,P) be an ordered Banach space with positive cone P having nonempty
interior int(P). For 2,y € E, we write

z>y ifz—yeP
z>y iz—-ye P\{0}
z>y ifz-—ycint(P).

Let U be an open subset of E. In this section, we always assume S : U — U is
a continuous and strongly order-preserving mapping, that is, z,y € U, z > y implies
S(z) > S(y). If w € U and S is Fréchet differentiable at u, we denote this derivative
by DS(u).

Let a « b € E, and V = [a,b|g, the order interval in E, or alternatively, let
V = P. In what follows, we shall assume that

(H) VCU and S : V — V is order-compact, that is, S([u,v]g) is relatively
compact for all v,v € V with u <».

Let K € L(E) be a linear operator. We call K strongly positive if K(P \ {0}) C
int(P). If K is compact and strongly positive, we denote its spectral radius by r(K),
the existence and positivity of which are guaranteed by the Krein-Rutman theorem
(see, for example, {13, Theorem 7.2]).

We first prove the following result.
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THEOREM 2.1. Let V =|a,blg with a < b and let (H) hold. Assume that
(1) S(a) = a, DS(a) exists and DS(a) is compact, strongly positive, and
r(DS(a)) > 1;
(2) either S(b) = b, DS(b) exists and DS(b) is compact, strongly positive,
and 7(DS(b)) > 1, or alternatively, S(b) < b.

Then there exist two fixed points u; and uy of S in [a,b]lg with uy > u1 > a such
that for any u € (a,b)p = {u € E;a <u < b},

lim distp(S™(u),[u1,u2]) =0

and [u1,u;]| contains a stable fixed point uy of §. Morever, u; < b in the case either

S(b) = b and r(DS(b)) > 1 or S(b) < b.

PROOF: We prove the theorem under the first assumption of (2). For the second
case, a similar proof works.

By the Krein-Rutman Theorem [13, Chapter 1.7), let e; > 0, e2 > 0, |lei||z =1
be the principal eigenfunctions of DS(a) and DS(b) respectively. Then

DS(a)ey = r1e1, 7 =7(DS(a))
DS(b)ey = raey, 12 = r(DS(B)).

Since 7y > 1, 7, >1 and for e > 0

S(a +ee1) =5(a) + DS(a)(eer) + o(]le]])
=a + erier + of[e]l);

S(b— eez2) =5(b) + DS(b)(—ee2) + o[lell)
=b — erzez + o(le]]),

there exists €9 > 0 such that for any 0 <e¢ < ¢,
S(a+eer)>a+ee; and S(b—cey) <b—cey,

that is, a + €e; < b — eey are order-related sub- and superequilibria of §. Therefore,
by [13, Lemma 1.1], the set F = {u;S(u) = u, a < u < b} # 0. We claim that
F is compact. Indeed, since F = S(F) C S([e,b]) is relatively compact, it suffices
to prove that F is a closed subset of E. For any u € F, since S is strongly order-
preserving, a < u < b. Assume u, € F (n=1,2,---), up, —» u (n — o). Then
lun —allg > 0, |lun —b||z > 0. Morever, a < v < b and, by the continuity of S,
S(u) = u. Now assume u = a. Then

up — a = S(un) - S(a) 2 DS(a)(un — a) + o(||un — alf).
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Let v, = (un — a)/(Jlun — a||) > 0, then

o(llun — all)

llun—all -

v, = DS(a)vn +

Since DS(a) is compact and |jv,|| = 1, we may assume, without loss of generality,
that DS(a)vn converges. Hence v, converges to v say, where ||v||g = 1,v > 0, and
v = DS(a)v. By the Krein-Rutman theorem, r(DS(a)) = 1, which contradicts the
assumption #(DS(a)) > 1. Therefore u # a. By a similar proof, v # b. Then u € F,
and hence F is a closed set.

From the compactness of F it follows that there exists an ¢ > 0 such that for any
u € F, atege1 < u < b—epey, and for any € € (0,6¢), a+ee; < b—eey are order-related
strict sub- and superequilibria. From the Dancer-Hess Theorem (see [7, Theorem 3] or
[13, Theorem 4.2]) it follows that there exists a stable fixed point ug € [a+e€e1,b—¢e,].
Further by [13 ,Lemma 1.1], S™(a + €e;) converges increasingly to the minimal fixed
point u; of S and S™(b — ce;) converges decreasingly to the maximal fixed point u,
of S in the interval [a+¢ee;,b—ee;]. We further claim that u; and u, are independent |
of the choice of € € (0,&¢]. Indeed, for any €1,€2 € (0,¢€0], let u(li) < u(;) (i=1,2) be
the corresponding minimal and maximal fixed points with € = ¢; respectively. Since
ugj) € F(i=1,2, 3 =1,2), by the choice of ¢ above,

a+eje; <ateoer <uld <ul) <b—eper <b—ejep, i=1,2, j=1,2.

Again by [13, Lemma 1.1],
ugj) < u(li) < ugi) < u(zj), 1=1,2, j3=1,2,

which implies that
ugl) (2) )

_ 1) _
=Up T, Uyt = Uy

Finally, we prove that for any u € (a,b)
lim distg(S™(u),[u1,u2]) = 0.

Since {S™(u)} C S([a,b]) is relatively compact, it suffices to prove that for any = €
(a,b), its w-limit set w(u) C [u;,u2]. For any u* € w(u), there exist ny — oo
such that §™ — u* (k — o). Since u € (a,b) and S is strongly order-preserving,
a < S(u) < b, and hence there exists an € € (0,€0] such that a+ee; < S(u) < b—eez.
Then

S™"a+cer) < S™(u) < S™+71(b — cey),
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which implies that »; < u* < u3.
This completes the proof. ' 0
THEOREM 2.2. Let either V = [0,b]g with b>> 0 or V = P and let (H) hold.
Assume that
(1) S(0) =0, DS(0) is compact and strongly positive, and r(DS(0)) < 1;
(2) S(u) < DS(0)u for any w € V with u>> 0.
Then u = 0 is globally asymptotically stable with respect to V.

PROOF: We first show that there exists no positive fixed point of § in V. Assume
that, by contradiction, there exists v € V, u > 0 such that w = S(u). Since S is
strongly order-preserving, v > 0, and hence, by assumption (2),

(—u) — DS(0)(—u) = DS(0)u ~ S(x) > 0.

By the Krein-Rutman Theorem (see [13, Theorem 7.3]), »(DS(0)) > 1, which contra-
dicts our assumption 7(DS(0)) < 1.

Now we let V = P. For V = [0,b]g, the proof is much easier. Let e > 0 be
the principal eigenfunction of DS(0). Then DS(0)e = r(DS(0))e, and hence for any
t > 0, by assumptions (1) and (2),

S(te) < DS(0)(te) =t-r(DS(0))e < te.

That is, te is a strict superequilibrium of §. For any u» € P, there exists ¢ > 0 such
that v € [0,te]Jg. By (13, Lemma 1.1] and the nonexistence of a positive fixed point
of §,0< S™*(u) < S*(te) — 0, that is, nli_’m S™(u) = 0. Since {S™(te)} is a strictly
decreasing sequence in P, then u = ( is an ooroder stable from above fixed point of S in
P, and hence, by [7, Remark 3.2} or [13, Lemma 4.3], v = 0 is stable with repect to

P.
This completes the proof. 0
Before we show an application of Theorems 2.1 and 2.2, we give the following
lemmas.

LEMMA 1. Let either V = [0,b]g C E or V = P. Assume S : V - V is
continuous, strongly order-preserving and strictly sublinear on V, that is, S(au) >
aS(u) for all a € (0,1) and u € V with w > 0. Then S admits at most one positive
fixed point in V. If, in addition, §(0) =0 and DS(0) exists, then S(u) < DS(0)u for
all w eV withu > 0.

PrOOF: Assume that, by contradiction, S admits two positive fixed points u,
and uz in V and u; # uz. Since u; >0, uz > 0, S(0) > 0 and S is strongly order-
preserving, u; > 0, uz > 0. Since u; 7# uy, without loss of generality we may assume
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uy ¢ [0,uz]g. Let o9 = sup{o 2 0;0u; < up}. Clearly, oou; <22 and 0 <oy <1.1In
the case gou; < u3, we have

Uy = S(‘u.z) > S(O’oul) Z 0’03(%1) = OplUy

and hence uy —agu; > 0, which contradicts the definition of g¢. In the case oouy = ua,
we have

Ogu] = Ug = S(’lL2) = S(U’oul) > 0’05(11,1) = OgU1,

which also leads to a contradiction. Therefore § admits at most one positive fixed

point in V.
For any uw € V with u > 0, we have |lu|| > 0. Since $(0) = 0 and for any
O<a<l,
5(a) < S(@n) _ 5(0) + DS(O)(aw) + o au])
a a
o([|lau]))
= DS(0)u + Nl
(o + 2

if we let a — 0, it follows that S(u) < DS(0)u. We further show that S(u) < DS(0)u
for all v € V with u > 0. Indeed, assume there exists vy € V with ug > 0 such that
S(ue) = DS(0)(u0). Then for any 0 < a < 1, aug > 0 and
aS(uo) < S(aue) £ DS(0)(aue) = aDS(0)(zo) = aS(uo),
which is a contradiction.
This completes the proof. 0
From the proof of (25, Corollary 1.2] it follows that the following lemma is valid.
LEMMA 2. Let either V = [0,b]g C E or V = P. Assume S : V — V is
continuous, strongly order-preserving and for some m € N, S™ is sublinear, that is,
S™ou) > aS™(v) forall a€(0,1)andu €V withu>> 0.
Then Fr, = {u;u € V\ {0}, $™(u) =u} = {u;u € V\ {0}, S(u)=u}=F.
Now we are in a position to prove the following threshold result.
THEOREM 2.3. Let V =[0,b]g with b>> 0 and let (H) hold. Assume that
(1) S(0)=0, DS(0) is compact and strongly positive;
(2) for some m € N, S™ is strictly sublinear on V , that is,
S™(au) > aS™(u) forall a€(0,1)andu €V withu > 0.

(a) Ir(DS(0)) €1, then u = 0 is globally asymptotically stable with respect
to V;

(b) I r(DS(0)) > 1, then there exists a unique positive fixed point ug of S
in V and u, is globally asymptotically stable with repect to V \ {0}.
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PROOF: For §™ :V — V, since §(0) = 0 and DS(0) exists, DS™(0) exists and
DS™(0) = (DS(0))™. Therefore DS™(0) is compact and strongly positive, and, by
the Krein-Rutman theorem, r(DS™(0)) = (r(DS(0)))™. From Theorem 2.1 and the
uniqueness of the positive fixed point in Lemma 1 it follows that conclusion (b) holds
for S™. By Lemma 1 and Theorem 2.2 conclusion (a) holds for S™.

By the continuity of § and the definition of the stability of a fixed point with
repect to V (see, for example, (7, Definition 2.1] or [13, Definition 3.1]), one can easily
prove that if ug = S™(ug) = S(uo) then the stability of ug for §™ implies that for S.
Moreover, from [7, Lemma 2.2] or [13, Lemma 3.4] it follows that if for some u € V' we
have kli_,ngo(S’")k(u) = u¢ and ug is a stable fixed point of § with repect to V', then

im S™(u) = uo. Now conclusions (a) and (b} for S follow from Lemma 2.

This completes the proof. 0

As an application of Theorem 2.3, we prove the following result.

THEOREM 2.4. Let V = P andlet (H) hold. Assume that

(1) there exists b > 0 such that for any u € P, vt(u) N [0,b]g # 0, where
7 (u) = {§"(u);n € N};
(2) S(0)=0, DS(0) is compact and strongly positive;
(3) S is strictly sublinear on P.
Then the conclusions of Theorem 2.3 are valid for V = P.

ProoF: For any u > 0, since b>> 0, there exists a sufficiently large ¢t = t(u) > 1
such that u € [0,tb]. From assumption (1) it follows that there exists n = n(t) € N
such that 0 € §™(tb) < b < tb. By assumption (3), S™ is also strictly sublinear. In
the case 7(DS(0)) > 1, by applying Theorem 2.3 to S™ : V = [0,tb] — V, we conclude
that there exists a stable positive fixed point ug of S™ and len:O (57)*(u) = uo. By
Lemma 2 and the conclusion in the proof of Theorem 2.3, uy is also a stable positive
fixed point of § and kh_.rrolo S*¥(u) = ug. Now from the uniqueness of the positive fixed
point, which is guaranteed by Lemma 1, it follows that u( is independent of the choice
of u € P\ {0}. Therefore uq is globally asymptotically stable with repect to P\ {0}.
In the case »(DS(0)) £ 1, a similar proof shows that the other conclusion of Theorem
2.3 holds for V = P.

This completes the proof. 1]

REMARK 2.1. If we replace assumptions (1) and (3) in Theorem 2.4 by the following
ones:
(1)" there exists b > 0 such that for any u € P, the orbit v*(u) of u ul-
timately lies in [0,b]z, that is, there exists N = N(u) such that for all
n2 N, S*(u) € [0,d]g;
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(3)! for some m € N, S™ is strictly sublinear on P
respectively, the corresponding conclusions are also valid. To prove this, it suffices to

notice that with (1)’ one can choose n in the proof of Theorem 2.4 to be such that
n=m-k and k = k(t) € N.

REMARK 2.2. Theorems 2.3 and 2.4 can be viewed as generalisations of [14, Theorem
6.1] and [22, Theorems 2.1-2.3] for strongly order-preserving mappings on the finite
dimensional ordered space (R”,R’;) to the case of the infinite dimensional ordered
Banach spaces (E,P). Moreover, the crucial concavity hypothesis (C) in [22], that
is, DT(v) — DT(u) > 0 if u >> v > 0 (in [14], even u > v > 0), implies our strict
sublinearity. Indeed, forany 0 < a <1, u > 0,

T(au)=T(0)+ a /01 DT(sa-u)u - ds

1
> T(0) + a/ DT(su)u-ds (by (C))
0
=(1-a)T(0)+ aT(u) = aT(u).
In [22, Theorem 2.3], the strong concavity of T as formulated by Krasnoselskii [18],
that is, for every u > 0 and a € (0,1) there exists 7 = g(u,a) > 0 such that
T(av) = (1 +n)aT(u), is assumed. Obviously, this strong concavity implies our

strict sublinearity. We further point out that in Theorems 2.1-2.4, we only require
the (Fréchet) differentiability of S at v =0 (and u = b).

REMARK 2.3. In [25], Tak4¢ introduced the notion of sublinearity of S on V C E,
that is, for any a € [0,1], u € V, S(au) > aS(u), and studied the convergence of orbits
in V and the stability of fixed points of S (see also [13, Section 1.5 for a new proof).
Our Theorems 2.3 and 2.4 here give a threshold type and much stronger results under
the strict sublinearity assumption. On the other hand, our Theorems 2.1 and 2.2 on the

global asymptotic behaviors are for more general strongly order-preserving mappings.

REMARK 2.4. According to the remarks on strongly monotone discrete dynamical sys-
tems in [8, Section 5], we can replace the standard assumption (H) in this section by

the following weaker one:

(H') VCU and S:V — V is condensing and S([z,v]g) is bounded in E for all
u,v €V with v < v.
A typical example of a condensing map is the following

S=L+K

where L is Lipschitz continuous with Lipschitz constant < 1 and K is compact. For the

definitions of condensing maps and the related Kuratowski noncompactness measure,
we refer to (8, 9, 26].
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3. APPLICATIONS TO PERIODIC PARABOLIC EQUATIONS AND COOPERATIVE SYSTEMS

Let T > 0 be fixed and 2 C RY (N > 1) be a bounded domain with boundary
9 of class C?*9 (0 < 8 < 1). We now consider the scalar periodic-parabolic equations

Ju

m + A(t)u = f(z,t,u) in O x (0, 00)
(31) Bu=0 on 99 x (0, 00)
u(-,0) = uo in
where
il 7 d
Aly=-Y" aij(e, t) gp— + Za;(z,t)g + ao(z, t)
i,j=1 T = '

is uniformly elliptic for each ¢ € [0,T], aij(z,t) (1 <¢,j < N), ai(z,t) (1 <i<N)
and f(z,t,u) are T-periodic in ¢, Bu =u or Bu = % + bo(z)u, where 5('3; denotes
differentiation in the direction of the outward normal and bo(z) > 0. Let Qr =
Q x [0,T]. We suppose that
(H1) ajr = axj and a; € CG’G/Z@T) (1<4k<N,0<t<N), and by €
C*+9(8Q, R);
of

(H2) f €C(Qr x R,R), % exists and B € C(Qr x R,R) with f(-,-,u) and

?(-, Hu) € co9/? (—Q-T, R) uniformly for © in bounded subsets of R.
u

Let X = L?(Q), N < p < o0, and for B € (1/2+ N/(2p),1], let X4 be the
fractional power space of X with respect to (A(0), B) (see [12]). Then Xpg is an ordered
Banach space with order cone consisting of the nonnegative functions. Moreover

X, = W2P(Q) = {u € WP(Q); Bu = o},

X C Cl"')‘(ﬁ) with continuous inclusion for A € [0,2ﬂ -1- %) ,
and the order cone in Xg has nonempty interior. From [13, Section II1.20], it follows
that for every ug € Xpg, there exists a unique regular solution ¢(?,uo) of (3.1) with the
maximal existence interval I*(uo) C [0,00) and ¢(t,u0) is globally defined provided
there is an L°°- bound on I*(u,).

Let E = Xg with 8 € (12+ N/(2p),1] and assume that there exists an open
subset U of E such that for every u € U, ¢(t,u) is L>-bounded on I*(u)x. Then
I*(u) = +oo. We define the Poincaré operator §: U — E by

S(w) = p(T,u).
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From a similar argument to that of [13, Proposition 21.2] or [7, Section 5] it follows
that § : U — E is continuous, compact and strongly order-preserving. Obviously, a
fixed point 1o of § corresponds to the T-periodic solution ¢(t,ug) of (3.1).

Let u be a T-periodic solution of (3.1). Consider the corresponding linear periodic-
parabolic equation

(5 0m- Zeesstcr

ot
Bv=0
That is,
o
(3.2) { a7 T Al =0
Bv =0

where A(z,t)v = A(z,t)v — —g%(z,t,u(t,z))v. According to [13, Chapter IIJ, (3.2)
admits a evolution operator U(¢,7) (0 < 7 <t < T) andforany 0 < 7 <t < T, U(t,7)
is a compact and strongly positive operator on E = Xg. By [13, Proposition 23.1], the
Poincaré operator § associated with (3.1) is defined in a neighbourhood of ug = u(0)
and is Fréchet differentiable at ug, with DS(uo) = U(T,0). Let r = #(DS(uo)). Then
by {13, Proposition 14.4], p = (~1/T)log(r) is the unique principal eigenvalue of the

periodic-parabolic eigenvalue problem

S
5 + A(t)v = po

(3.3) Bv=0
v T-periodic.

For various properties and estimates of the principal eigenvalue of linear periodic-
parabolic problems, we refer to [13,Sections I1.15 and 17].

In what follows, we shall impose the following conditions on f.

(A1) f(z,t,0) > 0 and for every (z,t) € OxR, f(z,t,-) is sublinear on I C [0, 00),
thatis, f(z,t,au) > af(z,t,u) forany a € (0,1) and v € I with u > 0, and for at least
one (zo,t0) € QX R, f(o,%0,-) is strictly sublinear, that is, f(zo,%0,au) > af(ze,ts,n)
for any a € (0,1) and u € I with u > 0.

(A2) f(-,-,0) =0 and for every (z,t) € 2 x R and all « >0,

f(a:,t,'u.) < gL;;t,—O_) “u

for at least one (zg,%9) € 2 x R and all « > 0,

0f(z0,10,0)

f(Zo,to,u)< Ju
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Let P be the cone of E = Xg and
V={ueU;u(z) >0and u(z) € I for all z € N} .

By the strong positivity of the evolution operator U(¢,7) on E for 0 < 7 <t £ T
and the formula of the variants of constant for the inhomogeneous linear evolution
equation, it is not difficult to prove that (A4;) implies the strict sublinearity of the
Poincaré operator S on V and (A;) implies S(u) < DS(0)u for any u € V with
u > 0. (In the case f(z,%,0) =0, for any u € E, let po(t,u) = U(t,0)u be the regular
solution of (3.2) with ug = 0; then o(T,u) = DS(0)u.)

In biological and chemical reaction models, we often encounter the Kolmogorov
type reaction function f, that is, f(z,t,u) = vF(x,t,u). Let p = p(A(t), F(=,t,0))
be the principal eigenvalue of the periodic-parabolic problem

%1;— + A(t)v = F(=z,t,0)v + pv

(3.4) : Bv =20
v T-periodic.

Then we have the following results.

THEOREM 3.1. Let f(z,t,u) = uF(z,t,u) and let assumptions (H,) with
ap > 0 and (H,) hold. Assume that
(1) there exists Ko > 0 such that F(z,t,u) < 0 for all (z,t) € Q x[0,7T] and
v 2 Ko;
(2) p(A(t),F(z,t,0)) <0.
Then there exist two positive T-periodic solutions ui(t) € u3(t) of (3.1) such that for
any solution u(t) of (3.1) with u(0) € Xg and u(0) > 0,

Jim distxg (u(t), fus (6) w2(8)) = 0

and (3.1) admits at least one stable positive T-periodic solution wuo(t) with u1(t) <
uo(t) < u2(t) (¢ € [0,T)).

ProoF: By (1), any constant K > K, is a supersolution of (3.1), and hence
for every uo € E = Xg with ue > 0, the solution ¢(¢,up) of (3.1) exists globally
on I*(ug) = [0,00). Let S : up — ¢(T,uo) be the associated Poincaré operator.
From assumption (1) it follows that any possible nonnegative T*-periodic solution u(t,z)
satisfies 0 < u(t,z) < Ko, and hence, by a standard iteration argument for §, for any
ug € E with ug > 0 there exists N = N(ug) > 0 such that for n > N,

0 S S”(’U.o) g Ko on ﬁ
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According to [6, Section 2] or [13, Chapter III.21], we may assume, without loss of
generality, Koy € E. Now the conclusion of the theorem follows from applying Theorem
2.1 with V =[0,K,] to S. 0

THEOREM 3.2. Let f(z,t,u) = uF(z,t,u) andlet (H,) and (H;) hold. Assume
that
(1) for any (z,t) € ¥x[0,T) and any u > 0, F(z,t,u) < F(z,t,0), and for at
least one (z9,%) € % [0,T] and any v > 0, F(zo,t0,u) < F(zo,%0,0);
(2) w(A(t),F(z,t,0)) > 0.
Then u = 0 is globally asymptotically stable with respect to nonnegative initial values
in Xg.

ProoF: From assumption (1) and the comparison theorem for scalar parabolic
equations, it follows that for any uy € Xp with uo > 0, the solution ¢(t,uo) of
(3.1) exists on [0,+o00). Since (1) implies (A2), the conclusion follows from applying
Theorem 2.2 with V = P, the cone of Xg, to the associated Poincaré operator §. 0

REMARK 3.1. By noticing that Xg — C'**(Q) for X € (0,28 — 1 ~ N/p) and combin-
ing Theorems 3.1 and 3.2, we can get a threshold criterion for the “uniform persistence”
and “extinction” of single species population. For the uniform persistence (that is, per-
manence), we refer to [27, 28] for reaction-diffusion systems and to [11] for general
infinite dimensional dynamical systems. Furthermore, the following Theorem implies
a kind of particular uniform persistence, that is, the global attractivity of a unique

positive periodic solution.

THEOREM 3.3. Let f(z,t,u) = uF(z,t,u) and let (H,) and (H;) hold. Assume
that
(1) for any (=z,t) € Q x [0,T], F(z,t,-) is decreasing on [0,00), and for at
least one (zq,t) € 2% [0,T], F(=zo,10,-) is strictly decreasing on (0, 00);
(2) there exists a positive supersolution V for the periodic boundary value
problem (3.1);
(3) wu(A(t),F(=,t,0)) <0.
Then there exists a positive T-periodic solution wuo(t) of (3.1) and ue(t) is globally
asymptotically stable with respect to positive initial values in Xg.

PROOF: Since for any p > 1, by assumption (2), pV is also a supersolution of
(3.1), the global existence of any solution u(t) of (3.1) with nonnegative initial values
in E follows. Obviously, assumption (1) implies (A;) with I = [0,00) and hence the
strict sublinearity of the associated Poincaré operator § : P — P, where P is the
cone of E. By Lemma 1 in Section 2, S admits at most one positive fixed point in
P. Without loss of generality, we may assume that V(0) € E = Xz (see [6, Section 2]
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or {13, Chapter III.21]). On applying Theorem 2.3 with V = [0,pV(0)]g C P for any
p 2 1, we then complete the proof of the theorem. 0

REMARK 3.2. In [13, Chapter I11.28], Hess considered the periodic-parabolic Logistic
equation, that is,

%’tf + A(t)u = mu - bu? in Q x (0,00)
Bu=0 on 90 x (0, co0)

where m and b € C%%/2(Qd x R) and are T-periodic in ¢, and b(z,t) > 0, b(z,t) # 0 on
Qr. Let F(z,t,u) = m(z,t) — b(z,t)u. Obviously, both assumptions (1) of Theorems
3.2 and 3.3 are satisfied, and hence Theorems 3.2 and 3.3 imply [13, Theorem 28.1].
Now we turn to the case that (3.1) is autonomous, that is, A(z,t) = A(z) and
F(z,t,u) = F(z,u). We distinguish between two cases:
(I} ao(z) > 0, with ao(z) # 0 if bo(2) = 0;
(N} ao(z) =0, bo(z) =0.
In case (I), we assume m € C?(Q) and m(z) > 0 at some z € . From {13, Theorem
16.1 and Remark 16.5] it follows that the elliptic eigenvalue problem
(3.5) { A(z)u = dm(z)u in 2
Bu=0 on 0f)

has a unique positive principal eigenvalue Ai(m). For any T > 0, let u(A,m(z),T) be
the principal eigenvalue of the periodic-parabolic problem (3.4) with F(z,t,0) replaced
by m(z). From [13, Chapter I1.15 and Remark 16.5] it follows that if A;(m) < 1,
then p(A,m(z),T) <0, and if Aj(m) > 1, then p(A,m(z),T) > 0. As a corollary of
Theorems 3.2 and 3.3, we have the following result.
THEOREM 3.4. Let A(z,t) = A(z), f(z,t,u) = uF(z,u) and let (H,), (H2)
and (I) hold. Assume that
(1) F(z,0) >0 at some z € ;
(2) for any z € Q, F(z,-) is decreasing on [0, o), and for at least one z¢ € 02,
F(zo,-) is strictly decreasing on (0, 0);
(3) there exists a positive supersolution V for the corresponding steady-state
problem

(3.6) { A(z)u = uF(z,u) in

Bu=0 on 09.
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(a) If \;(F(=,0)) > 1, then (3.6) has no positive solution in Xg and u =0 is a
globally asymptotically stable solution of (3.1) with repect to nonnegative initial values
in Xg;

(b) If \y(F(z,0)) < 1, then (3.6) has a unique positive solution vy in Xg and
© = ug is a globally asymptotically stable solution of (3.1) with respect to positive
initial values in Xg.

PRroOF: For given T > 0, we view the autonomous parabolic equation (3.1) as
a T-periodic one. From Theorem 3.2 the first conclusion (a) follows. In the second
case, by Theorem 3.3, (3.1) has a unique positive T-periodic solution ue(¢,z) and
uo(t,z) is globally asymptotically stable. For any v > 0, since (3.1} is autonomous,
ug(t +v,z) is also a T-periodic solution of (3.1). By the uniqueness of the positive
T-periodic solution, uo(t + v,2) = ue(?,z) for all ¢t € [0,T], z € . This implies that
uo(t,z) = ug(0,2z), z € Q, that is, up is a steady-state solution of (3.1), and hence the
second conclusion follows.

This completes the proof. 1

REMARK 3.3. It is obvious that the following assumption
(3)" there exists Ko > 0 such that forall z € Q, F(z,K,) <0

implies condition (3) in Theorem 3.4. Similar results to the second conclusion of The-
orem 3.4 were proved for diffusive Logistic equation under condition (3)’ and Dirichlet
boundary condition (see {3, Theorems 2.1 and 2.3] and [4, Theorem 2.4 with Corollary
3.3]). For the biological interpretation and significance of these results, we further refer
to [3, 4].

For the case (N), according to {13, Theorem 16.3 and Remark 16.5], we can also
discuss the global asymptotic stability of the steady-state solution of the corresponding

autonomous equation (3.1) in a similar way.

ExAMPLE 1. We consider a reaction-diffusion equation of a single population growth,
which is deduced from a competition model in an unstirred chemostat (see [17, 24]).

ﬂ+F(¢()—) t>00<z<1
52 z)—u)u, >0, z

2 (4,0) =0, 22(4,1) + yu(t,1) = 0
u(0,z) = uo(z) > 0, and uo(z) < ¢(z), z € (0,1)

(3.7)

where d > 0, ¢(z) = SO (1 +4)/y—2), 0<z<1, S >0, y>0 and F is the
typical Michaelis-Menten- Monod response function:

mas

F(8)=a+s

, 820 (m>0,a>0).
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In what follows, we consider a more general function F(s) satisfying
(3.8) F(0)=0 and F'(s)>0 for s>0.

Let Ao = Ag(F(¢(2))) > 0 be the first eigenvalue of

dz?
v'(0) =0, v'(1) + yv(1) = 0.

d*v
29) { 422 L AF(¢(z))v = 0

Then we have the following result.
PROPOSITION. Assume (3.8) holds.
(a) If Xo(F(¢(z))) 2 1, then u = 0 is a globally asymptotically stable steady-

state solution of (3.7) with respect to nonnegative initial values.

(b) If M(F(¢(z))) < 1, then (3.7) has a globally asymptotically stable pos-
itive steady-state solution uo(z) (uo(z) < ¢(z)), € (0,1) with respect
to positive initial values.

PrOOF: For the use of Theorem 3.4, let f(s), s € R be any continuously differ-
entiable extension of F(s) on [0,00) to R satisfying F'(s)>0 forall s €R.

Consider autonomous parabolic equation

Bu u =

E=d52—i‘+F(¢(3)—u)u, t>0,0<$<1
(3.10) du _q O _

o (t,0) =0, 52 (t,1) +yu(t,1) =0

©(0,z) = uo(z) > 0.

Let Ko = S(©. (14+7)/7. Then ¢(z) < Ko, z € (0,1) and hence ﬁ(q&(z) — Kp) £0.
Then Theorem 3.4 implies the corresponding conclusion for (3.10). From a comparison
argument it easily follows that for any 0 < uo(z) < ¢(z), the solution u(t,z) of (3.10)
satisfies 0 < u(¢,z) < ¢(z), t 2 0, and hence the conclusion for (3.7) follows.

REMARK 3.4. In [17], Hsu and Waltman considered (3.7) with F = (m;s)/(a; + s)

(s 20) (s =u,v). Obviously, the above Proposition implies [17, Theorems 3.1 and

3.2]. Moreover, our Proposition also includes the critical case Ao(F(¢(z))) = 1.
Finally, we consider the periodic system of ordinary differential equations

dz
(3.11) { z = F62)
z(0) =azo € R}
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where z = (21,...,2n) € R® and R} = {z € R*z; 2 0, i = 1,2,...,n}. We
assume that F': R} x R} — R™ is continuous and T-periodic in ¢, and that all partial

i) . .
derivatives Ej(l < i, 7 < n) exist and are continuous in R} x R}.
j
In what follows, we take R™ as an ordered Banach space with its natural cone R}
and denote the interior of R} by Ri An n xn matrix A is said to be quasipositive if
its off-diagonal entries are nonnegative. It is irreducible if viewed as a linear mapping
from R™ to R™, it does not leave invariant any proper linear subspace spanned by
a subset of the standard basis vectors of R™. For the other equivalent definitions of
irreducibility, we refer to [2, 15].
We first impose the following conditions on F(t,u).
(C1) Fi(t,z) >0 for every z >0 with z; =0, t € R}, (i =1,2,...,n);
OF; 9F:
(C2) 32‘- >0, 1 #j, forall (t,z) € R} xR}, and D F(t,z) = (3 :
i
is irreducible for each t € R}, z € R} .

Zj ) 1<6,5<n

Assume (C1) and C(2) hold. Then for every = € R7}, there exists a unique solution
¢(t,z) of (3.11) with the maximal existence interval I*(z) C [0,+00) and ¢(t,z) >
0 (t € I'(z)). If there exists a relatively open and convex subset U of R} such that
for every z € U, ¢(¢,z) is bounded on I*(z), then I*(z) = +oo. We can define the
Poincaré operator §: U — R} by

S(u)=¢(T\u), vel

From a Kamke’s theorem argument it follows that S : U — R} is strongly order-
preserving (for example, see [15, Theorem 1.5]). Now let z(t) be a nonnegative T-
periodic solution of (3.11) and consider the corresponding linear periodic systems

(3.12) % _ p.F(t,2(1))-.
dt

By (C2), A(t) = D, F(t,z(t)) is a continuous, T-periodic, quasipositive and irreducible
matrix function. Let ¢(t) be the fundamental matrix solution of (3.12) with ¢(0) =TI
(the identity matrix). By [2, Lemma 2] or [15, Theorem 1.1}, for each t > 0, (t)
is a matrix with all entries positive, and hence for each ¢t > 0, ¢(¢) : R* —» R™ isa
compact and strongly positive linear operator. From the continuity and differentiability
of solutions for initial values, it easily follows that the Poincaré operator S associated
with (3.11) is defined in a neighbourhood of z¢ = z(0) and differentiable at z,, with
DS(zo) = ¢(T). The eigenvalues of ¢(T) are often called the Floquet multipliers of
(3.12). Based on the Krein-Rutman theorem (or on the Perron-Frobenius theorem in our
present finite dimensional case), we call p = r(¢(T)) the principal Floquet multiplier
of (3.12).
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In what follows, we shall further impose the following conditions on F'.

(C3)  F(t,-) is strictly sublinear on R? for each t € R}, that is, for each z > 0
and 0<a <1,

F(t,az) > aF(t,z), t > 0;
(C4) F(t,0)=0 and for every t€ R} and 2 >0,

F(t,z) < D F(t,0)=.

Let A(t)(t > 0) be a continuous, quasipositive and irreducible matrix function, and
#(t,7) (t > 7 2 0) be the fundamental matrix solution of Z—: = A(t)z with ¢(7,7) =
I. From the proof of [2, Lemma 2] or [15, Theorem 1.1} it follows that for each
t> T, ¢(t,7) : R® — R™ is strongly positive linear operator. Now by the formula for
the variation of constant for the inhomogeneous linear ordinary differential equation,
one can easily prove that (C3) implies the strict sublinearity of the Poincaré operator
on R} and (C4) implies S(z) < DS(0)z for any = > 0. Therefore, by applying
Theorems in Section 2 to the Poincaré operator defined by (3.11), we can formulate
the corresponding theorems for (3.11). As an illustration of Theorem 2.4, we have the

following result.

THEOREM 3.5. Let (C1), (C2) and (C3) hold. Assume that F(t,0) = 0 and
there exists a bounded subset B of R} such that any solution z(t) of (3.11) ultimately
lies in B. Let p be the principal Floquet multiplier of (3.12) with z(t) = 0.

(a) H p < 1, then z(t) = 0 is a globally asymptotically stable periodic
solution of (3.11) with repect to the initial values in R7 ;

(b) If p> 1, then (3.11) has a unique positive T-periodic solution ¢(t) and
z(t) is globally asymptotically stable with respect to initial values in

Ry \{0}.

REMARK 3.5. In a similar way to the parabolic equations, from Theorem 3.5 we can

easily deduce an analogous conclusion for autonomous systems (3.11), that is, for
F(t,u) = F(u).

ExAMPLE 2. Consider the single loop positive feedback systems in R} (see [22, 25]):

( d:cl

W = f(.‘l:n,t) — al(t).’l};[
dzz
(3.13) ﬁ =5 = o~ ealt)e
dz,
L 7 = ZTn-1 an(t)zn
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Assume that o;(-) and f(zn,-) are continuous and T-periodic in ¢ € R}, that
f(0,t) =0, f(u,t) 20, —g%(u,t) > 0 is continuous in R2 , and that for each ¢ € RL,
f(-,t) is strictly sublinear on R}, that is, for any ¢ > 0, v > 0 and 0 < a < 1,
flau,t) > af(u,t). It is easy to verify that (C1), (C2) and (C3) are satisfied for (3.13).

If we further assume that

f(u,t)<au+b, a,b20,

a; = og}iSnTa;(t) >0,1<i<m,

n
a< Ha,’,
i=1

then the ultimate boundedness of (3.13) follows from that of a nonhomogeneous linear
system which majorises (3.13) (for some details, see [22]). Therefore Theorem 3.5 now
applies to (3.13). A similar result was proved in [22] with f(-,t) strongly concave.

REFERENCES

[1}] H. Amann, ‘Fixed point equations and nonlinear eigenvalue problems in ordered Banach
spaces’, SIAM Rev. 18 (1976), 620-709.

[2] G. Aronsson and R.B. Kellogg, ‘On a differential equation arising from compartmental
analysis’, Math. Biosci. 38 (1973), 113-122.

[3] R.S. Cantrell and C. Cosner, ‘Diffusive logistic equations with indefinite weights: popu-
lation models in disrupted envionments’, Proc. Roy. Soc. Edinburgh Sect. A 112 (1989),
293-318.

[4] R.S. Cantrell and C. Cosner, ‘Diffusive logistic equations with indefinite weights: popu-
lation models in disrupted envionments II', STAM J. Math. Anal. 22 (1991), 1043-1064.

[8] E.N. Dancer, ‘Fixed point index calculations and applications’, in Topological nonlin-
ear analysis, degree, singularily and variation, (M. Matzeu and A. Vignili, Editors)
(Birkhauser, 1995).

[6]) E.N.Dancer and P. Hess, ‘On stable solutions of quasilinear periodic-parabolic problems’,
Ann. Scuola Norm. Sup. Pisa Cl Sci. 14 (1987), 123-141.

(7] E.N. Dancer and P. Hess, ‘Stability of fixed points for order-preserving discrete-time
dynamical systems’, J. Reine Angew. Math. 419 (1991), 125-139.

[8] D. Daners, ‘Qualitative behavior of an epidemics model’, Differential Integral Equations
5 (1992), 1017-1032.

[9] J.K. Hale, Asymptotic behavior of dissipative systems, Math. Surveys Monographs 25
(Amer. Math. Soc., Providence, RI, 1988).

[10] J.K. Hale and G. Rangel, ‘Convergence in gradient-like systems with appllications to
PDE’, Z. Angew. Math. Phys. 43 (1992), 63-124.

https://doi.org/10.1017/50004972700017032 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700017032

324 X.-Q. Zhao [20]

[11] J.K. Hale and P. Waltman, ‘Persistence in infinite dimensional systems’, SIAM J. Math.
Anal. 20 (1989), 388-395.

(12) D. Henry, Geometric theory of semilinear parabolic equations, Lecture Notes in Math.
840 (Springer-Verlag, Berlin, 1981).

[13] P. Hess, Periodic-parabolic boundary value problems and positivity, Pitman Research Notes
in Math. 247 (Longman Scientific and Technical, 1991).

[14] M.W. Hirsch, ‘The dynamical systems approach to differential equations’, Bull. Amer.
Math. Soc. 11 (1984), 1-64.

[15] M. W. Hirsch, ‘Systems of differential equations that are competitive or cooperative II:
convergence almost everywhere’, STAM J. Math. Anal. 16 (1985), 423-439.

(16) M.W. Hirsch, ‘Stability and convergence in strongly monotone dynamical systems’, J.
Reine Angew. Math. 383 (1988), 1-53.

[17] S.-B. Hsu and P. Waltman, ‘On a system of reaction-diffusion equations arising from
competition in an unstirred Chemostat’, STAM J. Appl. Math. 53 (1993), 1026-1044.

[18] M.A. Krasnoselskii, Translation along trajectories of differential equations, Translations
of Math. Monographs 19 (Amer. Math. Soc., Providence, R.I., 1968).

[19] H.Matano, ‘Existence of nontrivial unstable sets for equilibriums of strongly order-preserving
systems’, J. Fac. Sci. Univ. Tokyo Sect. IA Math. 30 (1984), 645-673.

[20] P. Polacik, ‘Convergence in smooth strongly monotone flows defined by semilinear
parabolic equations’, J. Differential Fquations 79 (1989), 89-110.

[21] P. Polaéik and I. Teresédk, ‘Convergence to cycles as a typical asymptotic behavior in
smooth strongly monotone discrete-time dynamical systems’, Arch. Rational Mech. Anal.
116 (1991), 339-360.

[22] H. L. Smith, ‘Cooperative systems of differential equations with concave nonlinearities’,
Nonlinear Anal. 10 (1986), 1037-1052.

[23] H.L. Smith and H.R. Thieme, ‘Convergence for strongly order-preserving semiflows’,
SIAM J. Math. Anal. 22 (1991), 1081-1101.

[24] J. So and P. Waltman, ‘A nonlinear boundary value problem arising from competition in
the Chmostat’, Appl. Math. Comput. 32 (1989), 169-183.

[25] P. Takaé, ‘Asymptotic behavior of discrete-time semigroups of sublinear, strongly increas-
ing mappings with applications in biology’, Nonlinear Anal. 14 (1990), 35-42.

[26] E. Zeidler, Nonlinear functional analysis and its applications I. Fized-point theory (Berlin,
Heidelberg, New York, 1986).

[27] X.-Q. Zhao and V. Hutson, ‘Permanence in Kolmogorov periodic predator-prey models
with diffusion’, Nonlinear Anal. 23 (1994), 651-668.

[28] X.-Q. Zhao and B.D. Sleeman, ‘Permenence in Kolmogorov competition models with
diffusion’, IMA J. Applied Math. 51 (1993), 1-11.

Institute of Applied Mathematics
Academia Sinica

Beijing 100080

People’s Republic of China

https://doi.org/10.1017/50004972700017032 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700017032

