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Abstract

In this paper, we study weakly coupled reaction-diffusion systems in
unbounded domains of R? or R3, where the reaction terms are sums of
quasimonotone nondecreasing and nonincreasing functions. Such systems are
more complicated than those in many previous publications and little is known
about them. A comparison principle and global existence, and boundedness
theorems for solutions to these systems are established. Sufficient conditions
on the nonlinearities, ensuring the positively Ljapunov stability of the zero
solution with respect to H2-perturbations, are also obtained. As samples of
applications, these results are applied to an autocatalytic chemical model and
a concrete problem, whose nonlinearities are nonquasimonotone. Our results
are novel. In particular, we present a solution to an open problem posed by
Escher and Yin (2005 J. Nonlinear Anal. Theory Methods Appl. 60 1065—-84).

PACS numbers: 02.30.Jr, 02.30.Zz, 05.45.Yv
Mathematics Subject Classification: 35B35, 35K05, 34G20, 35K50, 35K45

1. Introduction

During the past two decades, systems of reaction-diffusion equations have been studied
extensively in different contexts and by various methods (see [6, 7, 10, 16, 19, 21, 22]
and references therein), motivated both by their widespread occurrence in interacting models
of chemical, biological and ecological phenomena, and by the rise of more complicated and
challenging issues in the context of coupled PDE systems.

In the study of the chemical basis of morphogenesis, the following reaction-diffusion
system, which models certain autocatalytic chemical morphogenetic processes (for example,
it explains how patterns might grow from a homogeneous situation and how diffusion of
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morphogenetic chemicals in animals’ skins during the growth of an embryo could drive
instability), was proposed by Turing [24] (see also [18, 25]):

u, —dyAu = av — v2u in (0,00) x Q,
v, —doAv = v%u — (a+ Do+ f(t, x) in (0, 00) x Q.

Here, €2, representing the capacity, is an open and connected domainin R"(n > 1), dy, dp, a, ¢
are positive constants, f (¢, x) is a positive function defined on (0, co) x 2, A stands for the
Laplacian operator with respect to the spatial variable (xy,...,x,) € Q,u = u(t,x) and
v = v(t, x) represent, respectively, the concentrations of two chemical species: an activator
and an inhibitor with diffusion rates d; and d,, and hence u and v are nonnegative by their
physical interest. The function f (¢, x) denotes a chemotactic sensitivity function. Further,
the constant a gives the rate at which the concentration of the inhibitor varies from high to
low. When Q is a bounded domain in R", system (1.1), under various boundary conditions
(of Dirichlet, Neumann or regular oblique derivative type), has been given a thorough study
by Hollis er al [9], Morgan [15] and Rothe [19] for the global existence and boundedness of
solutions. Moreover, Leung and Ortega in [11] proved the existence of periodic solutions to
system (1.1) with Dirichlet boundary conditions or regular oblique derivative type boundary
conditions. However, in the chemostat, especially in a flow reactor, the selfullage of chemical
species cannot be ignored, namely, the following reaction-diffusion system,

{u,—dlAuzav—cu—vzu in (0,00) x €,

v, —dhAv = v%u — (@ + Dv + f(t, x) in (0,00) x ,

is often more realistic to describe the interacting process of chemical species, where the
constant ¢ > 0 corresponds to the selfullage rate of the activator (cf [3, 4]). Biologically
or chemically, the most interesting problems in connection with this version of the model
are the global existence and the dynamics of nonnegative solutions. However, to our
knowledge, so far there have not been any dynamical results on system (1.2). We note
that the reaction functions A (u, v) := av — cu — v?u and k(u, v) := v’u — (@a+ v+ f(¢, x) in
v and in u, respectively, do not satisfy monotonicity (quasimonotone nonincreasing property,
quasimonotone nondecreasing property or mixed quasimonotone property). But in the study
of the dynamics of reaction-diffusion equations, the monotonicity of reaction functions
often plays an essential role, especially when one tries to establish a comparison principle
(see [7, 16, 21]). Of course, this question is more motivated from the mathematical point
of view than from the biological one, but it will help us to get more insight into the more
extensive class of problems.

Motivated by this problem, we study the following more general and complicated systems
of reaction-diffusion equations:

u, —dyAu = fi(u,v) +g(u,v) inD,
v —drAv = fr(u,v)+g(u,v) inD, (1.3)
u(t,x)=v(,x)=0 on S,

(1.1)

(1.2)

where dy, d, are positive constants, € is an unbounded domain in R"(n = 2 or 3) with an
unbounded inradius d(2) := sup, ., dist(x, 9S2), e.g. Q2 is the whole space R", the exterior
Q, of a bounded domain or the half-space R} = {x = (x;,...,x,) € R";x, > 0} and
D = (0,00) x Q2,8 := [0,00) x 2. The nonlinearities f;, g; € C4(R2,R)(i =1,2)
are assumed to satisfy f;(0,0) = g;(0,0) = 0. Assume further that for fixed u;, f;(u;, us)
is nondecreasing and g; (41, u) is nonincreasing in u;, j # i,i,j = 1,2. System (1.3)
is a widely used mathematical model for many chemical, physical, biological or ecological
phenomena. For details on biological and chemical models involving more general reaction-
diffusion systems of type (1.3) we refer to [8, 16, 21].
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On the one hand, since the functions f; and g; possess the monotonicity with respect
to only the variable v, the functions f, and g, possess the monotonicity with respect to only
the variable u, and every smooth function with one variable can be written as the sum of a
nondecreasing function and a nonincreasing function; the study on systems of type (1.3) is
quite useful. On the other hand, if €2 is an unbounded domain, Poincaré’s inequality does not
hold (cf [23, theorem 2.1]). Hence, one sees from the argument at the end of section 4 in [7]
that in this case the principle of linearized stability is not applicable.

In this paper, we first establish a comparison principle corresponding to system (1.3).
Then, using the comparison principle together with the abstract stability results developed
by Escher and Yin in [6, 7], we obtain the global existence and boundedness theorems for
nonnegative solutions to system (1.3). Moreover, we also present sufficient conditions on
reaction functions f; and g; (i = 1, 2) to ensure the positively Ljapunov stability of the zero
solution with respect to H2-perturbations. As samples of applications, we apply our main
results to system (1.2) with f = 0 and to a concrete problem, where the nonlinearities are
nonquasimonotone. These results are novel.

Remark 1.1. Escher and Yin [7] have used the comparison principle for parabolic systems as
presented in [12] and abstract stability results for equilibria of parabolic evolution equations
established in [6] to investigate the stability of the zero solution to a special version of system
(1.3), which is given in the form

u; — Au = ®(u, v) in D,
v, — Av =V (u,v) in D, (1.4)
u(t,x)y=v(t,x)=0 onsS,

where the nonlinearities ® (u, v) and W(u, v) are assumed to satisfy one of the following
monotonicity conditions:

(1) ®(u, v) is nondecreasing with respect to v and W (u, v) is nondecreasing with respect
to u.

(2) ®(u, v) is nondecreasing with respect to v and W (u, v) is nonincreasing with respect
to u.

(3) ®(u, v) is nonincreasing with respect to v and W (u, v) is nonincreasing with respect to u.

Note that our nonlinearities in system (1.3) are more general than those in system (1.4).
Furthermore, the comparison principle used in [7] no longer suits system (1.3).

Remark 1.2. The main results in this paper give a solution to the following open problem
posed by Escher and Yin in [7, remarks (d)]:

‘We do not know whether or not the quasimonotonicity of ®(u, v) and ¥ (u, v) in
[7, theorem 1 and theorem 2] can be relaxed’.

2. Preliminaries

In this section, we introduce some notation, establish some conventions and describe some
results which are essential tools in the later sections.

Throughout this paper, L(X, Y) denotes the space of all bounded linear operators from
the Banach space X to the Banach space Y with the usual operator norm ||l (x,y), and
L(X) := L(X, X), and D(A) stands for the domain of the linear operator A. We assume that
€ is an unbounded domain in R? or in R?. If the boundary 92 of € is not empty it is assumed
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to be uniformly C*-regular; see Browder [2] for its precise definition. We write (1.3) in the
abstract form:
w; = Agw + G(w), 2.1)

where

. u _ dlA O _ f](M,U)+g1(u,U)
"= (v) Ao= ( 0 dzA)’ Gy = (fzw, v) + &, v))'
Foreachi =1, 2, set
Ji(ros) =rfii(r,s) + sfia(r, s), gi(r,s) =rgii(r,s) +sgin(r,s), (2.2)

for (r, s) € R?, where

1 1
firrs) = / 3, filoros)do,  g(rs) = / 0,6:(0r0s)do, j=1,2.
0 0

Let us first collect some tools that will frequently be used in the sequel, which may be
found in [6] or [7]; for detail, we refer to [1]. Let H™ (£2) and Hy" (£2) denote the usual Sobolev
spaces based on L%(Q) sothat H*(Q) = L%(Q). We identify L2 (; Rz) with L2(Q) x L(Q).
Similarly, we denote by H" (£2; R?) the Hilbert space H™ (2) x H™(£2) with the inner product

(w, D = Y (Dw, D*2)q, w,z € H"(Q; R?),
la|<m
where (w, 2)g = fQ(w, Z)g2 dx, and by Hj" (2; Rz) the space Hj"' (2) x Hy' (€2). We also write
Cpu(Q, R?) for the Banach space of all bounded and uniformly continuous vector functions
w=u,v): 2 —> R? with the norm

lwllcg, = sup |wx)| = Sug(lu(x)l +v(x))).

Foreachm € N, let Cgy, (22, R?) denote the Banach space of all the functions w € Cpy(2, R?)

which are m times continuously differentiable in Q, with all the derivatives up to the order m
in Cgy (L2, Rz). They are endowed with the norm

lwleg, = Y 1D W) llcy,-

la|<m

m+p

Moreover,_given B € (0,1)and m € N, let Cpy (2, R?) denote the Banach space of all
w € Cgy (L2, RR?) such that D*w with |«| = m are uniformly B-Holder continuous on 2. The

norm in Cg%rﬁ (Q, R?) is given by

|D*w(x) — D*w(y)|
lwlieme = llwllcy, + Z (SUP P .

x#y

la|=m
We will also use the following Banach spaces:
i = o {w e Cpi? (2, R?); w = 0 on 82} if m=0,1,
Cpy (Q.R%) = m+B S 2 .
{weCBU (Q,R);w:OandAw:OonBQ} if m=273.
Let us first consider the abstract Cauchy problem (2.1) in X, := L*(<2, R?), where
D(Ag) = H*(,R?) N Hy (2, R?).

Then Ay is a nonpositive self-adjoint operator in X,. Hence, 0 (Ag) C (—00, 0], Ay is closed,
and Ay is sectorial. Note that A is the infinitesimal generator of an analytic Cy-semigroup
{S(#)}i>0 defined on X, (cf [8]). However, since G(w) is, in general, not a mapping from
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Xy into itself, the space Xy is not suited to (2.1). Here we follow the idea in [7] and hence
consider the abstract problem (2.1) in the Hilbert space X := H*(Q, R*)NH} (2, R?). Since
1 € p(Ap) and Ay is closed, for any w € X, we may introduce the graph norm in X defined
as follows:

lwllx, = (Ao — Dwl[x,.
Clearly, by the open mapping theorem we know that the norm ||-|| x, is equivalent to the norm

Il g2. Now we define the unbounded operator A; : D(A;) C X; — X, which is the
restriction of Ag to X and is given by

D(Ay) := D(A}), Ajw = Agw forall w e D(A)).
As was shown in [20], we have
D(A) = {w € HY(Q,R») N Hy (2, R?); Agw € Hy (2, R)}.

We see that A is a nonpositive self-adjoint operator in X; and hence A is a sectorial operator.
Similarly, the graph norm of A is equivalent to the norm ||-|| z+. We write {T ()};>0 for the
analytic semigroup generated by A; on X. It is not difficult to see that

SHw =TH)w, for t>20, welX.

Moreover, using arguments similar to those in [7, lemma 1], we can show that G € C' (X1, X,).
Consequently, the standard existence-uniqueness theorems for abstract evolution equations
imply that the following abstract Cauchy problem,

{w,:A1w+G(w), t >0,

w(0) = w. 2.3)

has a unique strong X;-solution on the maximal interval [0, Tj,,x) of existence.

In order to derive suitable a priori estimates for solutions to (2.1), we also need to
formulate (2.1) in a different functional analytic setting. Define a linear operator A, in
Xc := Cpu(Q, R?) by

Ay CoP(Q.RY) C Xe — Xe, Ayw = Aqw for all w e Cof (Q,R?).

Then the operator A, is closable and its closure, denoted by Ac, generates an analytic
semigroup {W(#)};>0 on X¢ (see [14, theorem 2.4]). At the same time, the domain of A¢ can
be characterized as

D(Ac) = {w e W,

WP (@Q,RY), p > L w, Agw € Xc}.
Moreover, it is not difficult to verify that G € C'(X¢, X¢). This implies that the abstract

Cauchy problem,

{w, =Acw+ G(w), t >0,

w(0) = wo, (2.4)

has a unique strong X¢-solution on the maximal interval [0, T,$,, ) of existence.
Let0 < 8 < % Since the space dimension 7 is equal to 2 or 3, the Sobolev embedding

theorem implies that the imbedding,
D(Ag) = Xc, D(A) = Cpif (2, RY),

is continuous (see [1]). Hence we have D(A|) C D(Ac¢). Consequently, given wy € D(A),
we can solve (2.3) and (2.4) with the same initial data wy.

The following proposition establishes the relation between the solutions of (2.3) and (2.4).
Proceeding similarly as in the proof of [5, theorem 1], we obtain
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Proposition 2.1. Let an initial datum wy € D(A)) be given. Then there exists a unique
strong solution w(t) € C'([0, Tmay), X1) to (2.3) defined on the maximal interval [0, Tyax) Of
existence and there exists a unique strong solution z(t) € C' ([0, Tnfax), Xc) to (2.4) defined on
the maximal interval [O, Tnfax) of existence. Moreover, T = n?ax, w(t) = z(t) on [0, Thax),
and if TS, < oo then

lim sup [|2(1) [ x. = co.

=TS,

Definition 2.1 (Escher and Yin [7]). We say that the equilibrium w = (u,v) = (0,0) of
(2.3) is positively Ljapunov stable if it is Ljapunov stable under nonnegative perturbations
in H3(SQ, RZ) N HO1 (2, Rz), i.e. if there is a T > 0 such that for every ¢ > 0 there is a
8 > 0 with the following property: given wy € H*(Q,R*) N H} (2, R?) with [|wo| x> < 8
and wy = 0, the solution w(t) of (2.3) with the initial datum w(0) = wq exists globally and
satisfies ||w(t) || g2 < eforallt > t.

The following abstract stability result is proved by Escher and Yin in [6] (see also [7]).

Theorem 2.1. Let wy € X and let Ty (wg) be the maximal existence time of the
corresponding solution w to (2.3) with the initial datum wg. Assume that:

(1) There exists a &y such that Tmax (wo) = 0o, if |lwollx, < So.
(2) There exists a M > 0 such that

lw(+2)llx, < Mlw®)llx,, vVit>0.
(3) There exists €1 > 0 such that

(w(@), Gw@) + Aow(1)))o <0, i lw@®)lx, < e

Then (0, 0) is X-Ljapunov stable.

3. The main results and their proofs

In order to prove the desired results, we first give the following important comparison results
for the nonquasimonotone coupled system (1.3). Let Dy = (0, T] x 2, S7 = (0, T] x 9L,
where 7' > 0 is any constant.

Theorem 3.1 (Comparison principle). Assume that there is a 6-tuple w = {0, v, u, v, u, v}
of functions on Dt such that w is bounded and continuous on Dy and (,v) < (i, V) in Dr.
Let

pu =max{ sup Ut x), sup u(t,x)},
(t,x)eDr (t,x)eDr

oy =max{ sup V(t,x), sup v(t,x)},
(t,x)eDr (t,x)eDr

pmzmin{ inf %(t,x), inf u(t,x)},
(t.x)eDr (t.x)eDr

omzmin{ inf v(t,x), inf v(t,x)},
(t.x)eDr (t.x)eDr
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and let Iy and I, be the intervals such that I} D (o, pm), I D (o, 0n). Moreover,
assume that fi(u, v) (g1(u,v)) is nondecreasing (nonincreasing) in I for all u €
L, fo(u, v) (g2(u, v)) is nondecreasing (nonincreasing) in I for all v € I, and
i, — di A — fi(U,v) — g1(U, V) > u, —diAu — fi(u,v) — gi(u,v)
>, —d\Au— fi(u,v) —g(w,v) (t,x)€ Dr,
U — b AV — (U, V) — g2, V) = v, — daAv — fo(u, v) — g2(u, v)
u(t, x),0(t, x)) < (u(t,x), v, x)) < @, x),v(t, x) (t x)e€Sr,
(0, x),v(0, x)) < (u(0, x), v(0, x)) < (@(0,x),v(0,x)) xeQ.
Then 6-tuple w of functions satisfies the following relation:
@(t, x),0(t, x)) < (u(t, x),v(t,x)) < @, x),V(t, x)) (t.x) € Dr.

3.1

Proof. Let (M, M;) > (0, 0) be any constant vector such that
(My, My) > (i(t, x),0(t,x)) on Dr,
and let (u3, uy) = (M1 —u;, M,—u,). Consider the following extended system of 4-equalities:
uy —diAuy = fi(uy, uz) + g1(ur, My — uy),
uy —diAuz = — fi(My — us, My — ug) — g1 (M1 — us, uz),
uy — dyAuy = fo(uy, uz) + g2(My — us, up),
ugy — drAugy = — fo(My — uz, My — ug) — g2(uy, My — uy).

Define

Fy(uy, up, uz, ug) = fr(un, uz) + g1(uy, My — ug),

Fy(uy, uz, uz, uq) = — f1(My — uz, My — ug) — g1(My — us, us),

Fay(uy, uz, uz, ug) = fo(ur, uz) + go(My — us, uz),

Fa(uy, uz, uz, uqg) = — fo(My — uz, My — ug) — g2(uy, My — uy).
It is easily seen from the quasimonotone nondecreasing property of f;(i = 1,2) and the
quasimonotone nonincreasing property of g;(i = 1,2) that for each i = 1,...,4, F;
is quasimonotone nondecreasing, i.e., for fixed u;, F;(uy, us, u3, us) is nondecreasing in
uj,j # i,i,j = 1,...,4. Moreover, a direct computation shows that the vector

(p]7 p27 p39 p4) = (”/75 :[)17 Ml _,’:[5 M2 _,i)\) satiSﬁeS

pir —di1Apy — Fi(p1, p2, p3, pa) Zu; —diAu— Fi(u,v, M —u, M, —v), (t,x) € Dr,

D2 — o Apy — Fa(py, p2, p3, pa) 2 v —doAu— Fr(u, v, My —u, M, —v), (t,x) € Dy,

p3t — di1Aps — F3(p1, pa, p3, pa) 2 —u; +diAMy —u) — F3(u, v, My —u, My —v),
(t,x) € Dr,

Par — dayApy — Fi(p1, p2, p3, pa) 2 =V +dy A(Mp — v) — Fa(u, v, My —u, My — v),
(tsx) € DTy

(p]7p27p39p4)>(u7v7 Ml _u7M2_U)7 (t5~x)€ST5

(pl(oﬂ x)5 P2(0’ x)7 p3(07 x)5 P4(O’ x)) 2 (u(oa x)v U(O, -x)v Ml - M(O, x)a M2 - U(07 x))v
x € Q.

Now let g; = p; — r;, where (ry, r2, 13, r4) := (u, v, My — u, My — v). Then we have

qir — diAq; = Fi(p1, p2, p3, pa) — Fi(r1,r2,r3,714)
4

_ Z BE(T19 T2, T3, T4)
=1

i t,x) € Dr,
ou, qj (t, x) T

=
qi(t,x) =20, (t,x) €87,
gi(0,x) =0, xeQ, (i=1...,4),
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where d3 = d, dy = d, and (71, 12, T3, T4) is an intermediate value between (p1, p2, p3, p4)
and (7, r2, r3, r4). The quasimonotone nondecreasing property of F; implies that

0Fi (11, 2, T3, T4)

ci=——7——20 (#j,i,j=1,...,4).
8Ltj

Moreover, the smoothness assumption on F; and boundedness assumption on w ensure that
¢;j are bounded on Dy forall i, j = 1,...,4. Then it follows from a direct application of
[17, lemma 5.2] that

q:=(q1,...,q4) =0 on Dr,
ie.

(p1, P2, P3, pa) = (r1, 72,73, 14) on Dr.
This yields

(4,9, My =, My =) > (u, v, M| —u, M — v) on Dr.

Hence, (u(t,x),0(t,x)) < (u(t,x),v(t,x)) < (i(t,x),9(t,x)) on Dy. The proof is
complete. (|

Remark 3.1. Theorem 3.1 will be an important tool for showing the boundedness of the
solutions of (2.3) on the maximal interval [0, Ti,.x) of existence (see the proof of theorem 3.2).

In the following, given wy € D(A;), we denote the maximal existence time of (2.3)
by Thax(wo). The local existence and uniqueness of solution to (2.3) follow from the
functional analytic frames and proposition 2.1 in section 2. Now let w(t) = (u(z), v(t)) €
C'([0, Tpax), X1) be a strong solution of (2.3) with w(0) = wy € X;. Let T be any given
constant such that T < Ty, then by proposition 2.1 we have w(¢) € C (10, T1, X¢). Hence,
it follows from the property of space X¢ that w is bounded on Dy. Let I { and I be the
intervals (inf xep, u(f,x), Sup; yep, u(t, x)) and (inf( vep, V{1, X), SUP( yyep, V(E, X)),
respectively.

The global existence and boundedness of solutions to (2.3) are given in the following
theorem.

Theorem 3.2. Assume that

(1) (1.3) has a coupled upper bound (n1, n,) in relation to (0, 0), i.e., (11, 12) is a constant
vector with n; > 0 (i = 1, 2) satisfying
Sim, m2) + mgu(n, 0) <0, S2(n1m2) + 128220, m2) <0,
812(0,m) 2 0, 821(m,0) >0,
and
(2) fi(u,v) (g1(u, v)) is nondecreasing (nonincreasing) in 1, U (0, n,) for allu € I;U(0, 1)
and f>(u, v) (g2(u, v)) is nondecreasing (nonincreasing) in I{ U (0, 1) for all v €
15U (0, m).
Then there exist constants 5o > 0 and M > 0 such that (2.3) has a unique strong solution
w(t) with w(t) > (0, 0), which is defined for all time t > 0, namely, Tnax(wo) = 00, and

sup [w(®)llx. < M, (3.2)

>0
provided wy = (0, 0) and ||wollx, < o

Proof. Set
80 := My~ min{ny, n2},
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where M is the embedding constant from the Sobolev space X to X¢, i.e. My is a positive
constant such that

lwllx. < Mollwllx,, (3.3)
forall w € X;.
Choosing wyg € D(A;) with wy > 0 and ||w||x, < 8o, then we have
(M, m2) = w(0) = (0, 0).

Since (11, 72) is a coupled upper bound in relation to (0, 0), it follows that (n;, ;) and
(0, 0) satisfy the inequalities in (3.1), with (&, v) and (&, V) replaced by (0, 0) and (171, 12),
respectively. An application of theorem 3.1 shows that

(1, m2) = w(r, x) = (0,0), (3.4

for all (r,x) € Dr(= [0, T] x Q). Hence, it follows from the arbitrariness of 7 (<Tnax)
that the inequality (3.4) holds for all (¢, x) € [0, Thax(wo)) X Q. Moreover, in view of
proposition 2.1, it follows from a standard continuation argument that there exists a constant
M > 0 such that

Tax(wo) =00, and  sup [w(®)llx. < M,
t>0
provided wp > 0 and ||w| x, < . This completes the proof. O

Now we are in a position to present our stability results:

Theorem 3.3. Assume that
(1) the hypotheses (1) and (2) in theorem 3.2 hold, and

(2) there exists 1 > 0 such that
(w(@), G(w(@)) + Agw(1))o < 0, if Nw®lx, <eér. (3.5
Then the trivial solution w = (0, 0) of (1.3) is positively Ljapunov stable.
Proof. Let w(t) = (u(1), v(r)) € C'([0, 00), X1) be the strong solution with w(0) = wy.
From the decomposition (2.2) we can write
Gw@®)=Aw@), =0, (3.6)
where operators A(t) are given by
A() = <f11(u(l), v(1)) + g (u(t), v(t)) Jia(u(®), v(@)) + g12(u(?), v(l))> >0
o1 (0), v(®)) + g21 (u(1), v(1)) S22 (u(t), v(®)) + g2 (u (1), v(1))

Since w(t) = (u(t), v(¢)) is uniformly bounded by (3.2) and operators A(t) carry a symmetric
structure we have A € C!(R*, L(X,)) and there exists a constant M such that

A Lxy < My for t>0. (3.7)

At the same time, since Ac is the generator of the analytic semigroup {W (¢)};>0 on X¢ and
the Fré chet derivative of G € C'(X¢, X¢) is bounded on bounded subsets of X¢, we have
the following a priori estimate:
dw(r)
dr
where M, is a positive constant (cf [5, Proposition 4.1]). Note further that

dA(t)_(an(t) alz(t)>
d  \au@®) an@®))’

<M, for t=>=0, (3.3)
Xc
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where

ay (t) = 3y fri(u(@), v()u'(t) + 31811 (u(t), v(t)u'(t)

+ 0y fr1(u(t), v()v'(t) + 811 (u(t), v(1)V' (1),
ap(t) = 01 fro(u(r), v(e)u' (1) + 81812 (u (), v(1))u' (1)

+ 0 fra(u(t), v(O)V' () + 02812(u (), v()V' (1),
ax (1) = 3y fo1 (u(®), v()u' (1) + 31821 (u(t), v())u'(t)

+ 02 for (u(t), v(O)V'(2) + D281 (u (1), v())V' (1),
an(t) = 01 fro(u(r), v(e)u' (1) + 81822 (u (1), v(1))u' (1)

+ 0 fao (1), vV () + D282 (u (1), v(D)V' (1),

for t > 0. Consequently, using (3.2) and (3.8), we deduce that there is a constant M3 > 0
such that

dA(t
H @) <M; for t>0. 3.9
At lLexo
Moreover, it follows from (3.7) and (3.9) that
dA(1)

<My for >0, (3.10)
L(Xo)

A Lxo) + Qi

where M, is a positive constant.
Consider the following homogeneous Cauchy problem,

q: = (Ag + A(1))q, t>0. (3.11)

Because w(t) is the unique strong solution to (2.3), it follows that w(#) is also a mild solution
to (3.11). Moreover,

w()=U(,s)w(s) for tels,s+2], (3.12)

where {U(¢,5); 0 < s < t < s + 2} is the evolution system associated with the operator
{Ao+ A(2); t € [s, s +2]}. It follows from (3.10) and [6, proof of lemma 3.4] that there exists
a constant M5, which is independent of s, such that

max_ Uz, $)|lLxy < Ms.
tels,s+2]

Hence combining this with (3.12), we find
lw)llx, < Ms|lw(s)|lx,, t€ls,s+2]. (3.13)

Moreover, using (3.10), by the arguments similar to those in [5], we can show that there exists
a constant Mg > 0 such that

lAow(s +2)[lx, < Mg max_|[w(s)|lx,-
tels,s+2]
Using (3.13) we have

[Aow(s +2)lx, < M7llw(s)llx,, s 2 0.

Since the norm ||-||x, is equivalent to the norm ||-|| g2, it follows that there exists a Ko > 0
such that

lws +2)|lx, < Kollw(s)|lx,, s> 0. (3.14)
Finally, in view of theorem 2.1, by theorem 3.2 and the estimates (3.5) and (3.14), we
obtain the assertion of the theorem. |

10
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Remark 3.2. The main idea of the proof of theorem 3.3 comes from the nice proof of [7,
lemma 6].

The following theorem gives some sufficient conditions on the nonlinearities, which
ensure the positively Ljapunov stability of the zero solution to (1.3).

Theorem 3.4. Let the hypotheses (1) and (2) in theorem 3.2 hold. In addition, let us assume
that there exists a constant &y > 0 such that one of the following conditions is satisfied:

H) fil(w) <0, g11(w) <0,  4f11(w) fo(w) — (fo(w) + forr(w))> >0 and
grw)gnw) — (g2(w) + g21(w)* >0,

(Hp) fo(w) <0,  gr(w) <0, 4fi1(w)frw) — (frz(w) + fr(w))> >0 and
grw)gan(w) — (g2(w) + g21(w)* > 0,

Hy) fil(w) <0, gnw) <0, 4f11(w)frw) — (fz(w)+ Hw))> >0 and
g1 (Ww)gn(w) — (g2(w) + g21 (w))* >0,

(Hy) fo(w) <0,  gn(w) <0, 4fi1(w)frw) — (fz(w)+ fr(w))> >0 and
grw)gn(w) — (g2(w) + g21(w)* > 0,

Hs) fl(w) <0, gi(w) <0, 4f;1(w)gnw) — (frr(w)+gnw))* >0 and
g (W) fro(w) — (ga1(w) + fra(w))* >0,

(He) fo(w) <0, gr(w) <0, 4fi1(w)gn(w) — (fr(w) +gr(w))* >0 and
grw) fo(w) — (ga1(w) + fra(w))* >0,

H) fiiw) <0, gnw) <0, 4f(w)gnw)— (fr1(w)+gw))* >0 and
g (W) fo(w) — (ga1(w) + fa(w))* >0,

Hs) fo(w) <0, gnw) <0, 4fi1(w)gnw)— (fr1(w)+gnw))?> >0 and
grw) ) — (ga1(w) + fra(w))* >0,

(Ho) fi(w),  fo2(w), gu(w), gnw) <0, fia(w)+ fu(w)=0 and
gn(w) + g (w) =0,

Hip) fo(w) <0,  4f11(w) fo(w) — (frzw) + fa(w))* >0, gn(w) <0,
gn(w) <0 and gp(w)+gn(w) =0,

Hi) fuuw) <0, 4fi1w) fow) — (fnw) + fw)> >0, gnw) <0,
g2(w) <0 and gin(w)+gun(w) =0,

Hip)gn(w) <0, 4gii(w)gn(w) — (g2(w) +ga(w)* =0, fii(w) <0,
Jw) <0 and  fr2(w)+ fa(w) =0,

Hiz)gn(w) <0, 4g11(w)gnw) — (gnw) +guw))* >0, fii(w) <0,
f2(w) <0 and  fia(w)+ fr(w) =0,

provided w > 0 and |w| < gg. Then the trivial solution w = (0,0) of (1.3) is positively
Ljapunov stable.

Proof. We prove that if one of hypotheses (H}), (Hs), (Hy) and (H;;) holds, then we have
v, G(y) + Aoy)o <0, (3.15)

provided y > 0 and |y| < &9. The assertion (3.15), under other hypotheses of theorem, may
be obtained by a similar argument.
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Let y = (y1,y2) € X;. By (2.3) and the decomposition (2.2), a straightforward
calculation yields:

(v, G(y) + Aoy)o = (y1, Ayo + (y2, Ay2)o + (1, f1(¥1, y2))o + (Y1, 81(¥15 ¥2))o
+ (y2, L2031, y2))o + (¥2, 82315 ¥2))o
= —||)’1||il(; - ||)’2||§,01 + O Yo, y2) + 2 f12(1, y2))o
+ (2, Y1211, y2) + 2. f22(31, y2))o + (1, y1&11 (¥, ¥2))o
+ (1, 22812315 ¥2))o + (2, Y1821 (V15 ¥2) + ¥2822(¥1, ¥2))o-
Let the hypothesis (H;) hold. We write (y, G(y) + Agy)o in the form

(3. G+ Aoy)o = =[1yil5 = Iy2ll3y +ao +ai+bo + by, (3.16)
where
4 = (fn, <y1 N S+ fa y2>2> ’ ot = <4f11f22 — (fi+ f21)2,y§) 7
2/ o 4fn 0
by — (gn, <y1 L8 +821y2>2> ’ by = <4g11822 — (g +g21)2’ y§> .
2811 0 4gn 0
Then it follows that
a; <0 and b; <0, i=0,1,
and hence

(v, G(y)+ Agy)o < ap+ay +by+b; <0,

provided y > 0 and |y| < gp. If the hypothesis (Hs) holds, then we write (y, G(y) + Agy)o
in the form

(. G+ Aoydo = =[y1ll5 = 1y2ll3 +co+c1+do+di,

where

co=1f (y +fz1+g12y>2 o= <4f11g22—(f21+812)2 y2>
o=\ i, [+ , 1= , ,
2fll 0 4f11 2 0

2 2

g2+ fi2 dgi1 fo — (g21 + f12)
do = | g1, ()’1 +—)’2) , dy = < )
2gn 0 dgn 0

It follows that
¢ <0 and d; <0, i=0,1,

and hence
y,G)+Apy)o < co+ci+do+d; <0,

provided y > 0 and |y| < &o.
Let the hypothesis (Hy) hold, then

(3. GO+ Aoy)o < —lyiligy — Iy2l3 + 01 y2fi2(31s y2))o + (2. ¥1.f21 (01 32))o

+ (1, y2812(¥15 y2))o + (¥2, y1821(¥1, y2))o < 0,

provided y > 0 and |y| < &o.
Finally, if the hypothesis (H;) holds, then we have

(v, G(y) + Aoy)o < ao +ar + (y1, y2812(y1, y2))o + (¥2, y1821 (1, ¥2))o < 0,
provided y > 0 and |y| < &g, where a; (i = 1, 2) are functions appearing in (3.16).

12
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Hence by (3.3), one of the hypotheses (H;) — (H)3) ensures

v, G(y) + Aoy)o <0, (3.17)

provided y > O and || y||x, < €1, where &1 := g9/ M.
Finally, combining theorem 2.1 and the estimates (3.2), (3.14) and (3.17), we complete
the proof. |

Remark 3.3.

(1) One sees that theorem 3.1 (the comparison principle) established by us plays a crucial
role in showing the global existence and the asymptotic behavior of the solution.

(2) Theorems 3.3 and 3.4 cover recent results in [6, 7].

(3) The results of theorems 3.2, 3.3 and 3.4 are also true for bounded domains in R*(n > 1)
with a smooth boundary.

4. Applications

In this section, we apply our main results to a Brusselator problem and to a concrete example.
The global existence of solutions is proved. Furthermore, we show that in both cases the trivial
solution (0, 0) is positively Ljapunov stable.

Example 1. Consider the reduced Brusselator problem,

u, —dyAu = av — cu — v¥u in D,
v, — dpAv = v?u — (a + Do in D, @1
u(t,x)=v(,x)=0 on S, ’
u(,x) =up(x) 20, v(0,x)=wvp(x) >0 ing,
where d|, d,, a, c are positive constants and satisfy the following condition:
2
< 4c. “4.2)
a+1
Let us denote
fi(u,v) =av — cu, gi(u,v) = —vzu,
fo(u, v) = vu, g, v) = —(a+ Dv.
Then for each i = 1,2, f;(u,v) is quasimonotone nondecreasing in R*, g;(u, v) is
quasimonotone nonincreasing in R*, namely, the functions f;, g;,i = 1,2, satisfy the
hypothesis (1) in theorem 3.2, and the decomposition (2.2) implies
.fll(u7v) = —C, .flz(usv) =da, gll(uvv) - _vzv glz(uvv) =0’ (43)

fa,v) =0,  fo@,v)=uv, gWuv) =0, g0, v) = —(a+1).
Let w := (u, v) € X,. Using Young’s inequality in the form
2, 1o
uv < eu”+ —v°, u,v=0, &>0,
4e

a straightforward calculation yields that
(w, G(w) + Agw)o = (u, Au)o + (v, Av)o + (u, fi(u, v))o + (u, &1 (u, v))o
+(u, fo(u,v))o+ (v, g2(u, v)o

<—c/u2dx—(a+l)/vzdx+a/uvdx+/uv3dx—/u2v2dx
Q Q Q Q Q

13
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aZ
< — | vdx —/ u?v dx — (a + 1)/ v2dx+/ uv® dx
4c Jo Q Q Q

a>
<<——a—l>/v2dx+/uv3dx.
4C Q Q

Hence, by the hypothesis (4.2), if we choose w > 0 such that

/ )
w| <qJa+1l——,
v < 4c

(w, G(w) + Agw)o < 0,

provided |w|x, < CLO,/ (a+1— g), where Cy > 0 is the constant appearing in (3.3). At the
same time, take positive constants ; and 7, satisfying

{m m<a+l,
am < cnp.
Then, by the decomposition (4.3), the constant vector (n;, 172) is a coupled upper bound in
relation to (0, 0) of system (4.1).

We are specially interested in the global existence of nonnegative solutions and the
stability of equilibria to system (4.1). Now, we apply theorem 3.2 and theorem 3.3 to obtain
the following results.

then

4.4)

Theorem 4.1. Let the hypothesis (4.2) hold. Then the following statements are true:

(1) there exists a unique strong solution w(t, x) to (4.1) defined on the maximal interval of
existence, and

(2) the nonnegative solution of (4.1) is global, provided ||(uo, vo)|x, < lo (a +1— f“—i)
where Cy > 0 is the constant appearing in (3.3). Moreover, the trivial solution w = (0, 0)

to (4.1) is positively Ljapunov stable.

Example 2. Next we consider the weakly coupled reaction-diffusion system,

U, —diAu=—u e + vl(u) — Au?Pv — P W2 —1)e* in D,
vy —dryAv = —v e + ur(v) — vet — audv? in D, 4.5)
u(t,x) =v(,x)=0 on S,
u(0,x) =ugx) 20, v0,x)=vy(x) >0 in Q,
where A > 0, p > 1 are constants and [, r € C3(R,R)suchthat 0 <7< 1,0<r < 1.
Set
filu,v) = —ue”2+vl(u), fu,v) = —ve“2+ur(v),
g1(u, v) = —AuPv+ud W - 1)e", g, v) =—v eV — Aulv?,
and write
fulu,v) ==, fo,v)=1w), g, v)=u>@?2—1)e", gn,v)=—ru,
P v) =r@),  fol,v)=—e", g, v)=— 2  gnu,v)=—e".
Then for each i = 1,2, fi(u,v) is quasimonotone nondecreasing in R, g;(u,v) is

quasimonotone nonincreasing in R, fi; < 0, go» < 0 and

(fr2Qu, v) + for(u, v))* = (@) +r(©))* <4 < Af11(, v) fo(u, v),
for (u, v) € R2. Moreover, one can easily check that

(g12(u, v) + g1 (u, v))* < 4g11(u, v)gaa(u, v),

14
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provided |w| is sufficiently small, and (#;, 2) = (1, 1) is a coupled upper bound in relation
to (0, 0) of system (4.5). Hence it follows from theorem 3.2 and theorem 3.4 that (4.5) has a
unique global solution, w = (u, v), satisfying (u, v) < (1, 1), provided wy = (ug, vg) = 0
and ||wol|x, is sufficiently small, and the trivial solution (0, 0) is positively Ljapunov stable.

Remark 4.1. A coupled system with polynomial nonlinearities has been studied by Escher and
Yin [6]. However, since the nonlinearities in system (4.5) have no monotonicity properties,
the stability result established in [6] cannot be applied to system (4.5).
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