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Abstract

In this paper, we study systems of lattice differential equations of reaction-diffusion type. First, we
establish some basic properties such as the local existence and global uniqueness of bounded solutions.
Then we proceed to our main goal, which is the study of invariant regions. Our main result can be
interpreted as an analogue of the weak maximum principle for systems of lattice differential equations.
It is inspired by existing results for parabolic differential equations, but its proof is different and relies
on the Euler approximations of solutions to lattice differential equations. As a corollary, we obtain
a global existence theorem for nonlinear systems of lattice reaction-diffusion equations. The results
are illustrated on examples from population dynamics.
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1 Introduction

The most studied example of a lattice differential equation has the form

0

a—?(w,t) =k(u(z+1,t) — 2u(x,t) + u(z — 1,8)) + f(u(z,t),2,t), z€Z, te]0,00), (1.1)
where u : Z x [0,00) — R is the unknown function. This equation is obtained from the classical one-
dimensional reaction-diffusion equation

ou 0%u
a(:ﬁ,t) = k@(x,t) + flu(z,t),z,t), xR, te]0,00), (1.2)
by discretizing the space variable. For some applications in biology, chemistry, kinematics or population
dynamics, the semidiscrete equation seems to be more appropriate than the classical reaction-diffusion
equation (see, e.g., [2, 11, 14, 21, 22]).

For various choices of the reaction function f, numerous authors have studied the properties of so-
lutions to Eq. (1.1), such as the asymptotic behavior [4, 35, 36], existence of traveling wave solutions
[8, 11, 24, 40, 41] or pattern formation [6, 7, 8]. On the other hand, the recent papers [30, 31] have fo-
cused on well-posedness results and maximum principles for Eq. (1.1) with a general reaction function f.
Let us mention that the maximum principles are important for the study of traveling wave solutions
(cf. [24, 39]).

Systems of two or more lattice differential equations were also considered by numerous authors. The
motivation for the study of such systems often comes from population dynamics — see, e.g., [5, 16, 17, 18,
19, 23] and the references there. Again, most papers focus on equations of reaction-diffusion type with



specific choices of the reaction function. A fairly general class of linear lattice systems with continuous,
discrete or mixed time was studied in [28].

The present paper is devoted to general systems of nonlinear lattice differential equations of the form
g—?(m, t) = A(z, t)u(z + 1,t) + B(z, t)u(z, t) + Clx, t)u(z — 1,t) + f(u(z,t),z,t), v €Z, t>0, (1.3)
where u takes values in R™ and A, B, C are matrix-valued functions. Obviously, Eq. (1.1) represents
a special case of Eq. (1.3) with m =1, A(x,t) = C(z,t) = k and B(z,t) = —2k.

In Section 2, we present some basic results on the existence and uniqueness of solutions to nonlinear
systems of lattice equations. We focus on initial-values problems with bounded initial conditions. Such
problems generally have infinitely many solutions (see, e.g., [29, Section 3]); to get uniqueness, we restrict
ourselves to the class of bounded solutions. As explained in [14], the space of bounded sequences is a
quite natural choice for the study of diffusion-type lattice differential equations.

The core of the paper is in Section 3, where we study invariant regions for systems of the form (1.3).
The invariance results can be interpreted as a generalization of the weak maximum principle: In the scalar
case (1.1), the weak maximum principle says that under suitable assumptions on the reaction function f,
the values of the solution always remain in the interval determined by the infimum and supremum of the
initial values. Thus, the interval is an invariant region for the given equation. In the higher-dimensional
setting, the interval is replaced by a closed convex set S, and the problem is to find sufficient conditions
guaranteeing that S is an invariant region, i.e., that solutions with initial values in S never leave this
set. The key assumption is that the vector field f points inward S or is tangent to the boundary at all
boundary points of S. This condition is well known from the invariance results for classical parabolic
equations; see [1, 9, 25, 34, 38]. The proofs of these classical results are fairly straightforward for bounded
spatial domains, while the treatment of unbounded domains is more difficult.

For example, Weinberger [38] uses the fact that solutions to initial-value problems on unbounded
spatial domains can be obtained as limits of solutions to initial-boundary-value problems on bounded
domains. As far as we are aware, no such result is available for lattice reaction-diffusion systems. Chueh
et al. [9] simply add the additional hypothesis that for all ¢ > 0, u(x,t) € S whenever z is sufficiently large.
Redheffer and Walter [25] provide a more general invariance theorem for solutions satisfying a certain
growth condition as |z| — oco; however, their method does not seem to be applicable to lattice equations.
The method used by Valéncia [34] is elegant and can be used in the context of lattice equations, but it
seems to work only in the case when S is a hyperrectangle.

The proof of our invariance result for lattice equations is different from the existing proofs for parabolic
equations: We start by deriving an invariance result for the Euler approximations to Eq. (1.3), and only
later pass to the continuous-time limit. Therefore, the results of Section 3 also contribute to the theory
of partial difference equations.

In Section 4, we illustrate our invariance result on examples from population dynamics, including a
predator-prey model of Lotka-Volterra type, and a model of two competing species.

Let us remark that in Sections 3 and 4, we consider only those equations of the form (1.3) that satisfy
A+ B+ C =0. Already in the scalar case (i.e., when m = 1), this condition is necessary for the validity
of the weak maximum principle; see [29, Section 4]. For applications, this restriction is not a serious one:
Consider a system of lattice reaction-diffusion equations of the form

ou

ot
where u2V (z,t) = u(z +1,t) — 2u(z,t) +u(x — 1,t) denotes the second-order central difference of u with
respect to x, u”(x,t) = u(x + 1,t) — u(z,t) is the forward difference and uV (x,t) = u(x,t) — u(z — 1,1)
is the backward difference. The system (1.4) is the semidiscrete counterpart of the parabolic system

2
%(x,t) = D(x,t)%(m,t) + E(x,t)%(m, t) + flu(x,t),z,t),

(z,t) = Dy(x, t)uY (z,t) + Do(z, t)u(t) + Ds(z, t)u (z,t) + f(u(z,t), z,t), (1.4)



which has been studied in [1, 9, 25, 34, 38]; the second-order derivative on the right-hand side is replaced
by the second-order central difference, and the first-order derivative is replaced either with the forward
or the backward difference.

By expanding the differences in (1.4), we see that the system is equivalent to (1.3) with

A(z,t) = D1(z,t) + Da(z, 1),

B(x,t) = —2D;(z,t) — Da(z,t) + Ds(x,t),
C(z,t) = Di(x,t) — D3(z,t),

which means that A+ B+C = 0. Conversely, each equation of the form (1.3) satisfying A+ B+C = 0 can
be rewritten in the form (1.4). The corresponding coefficients Dy, Dy, D3 are not uniquely determined;
for example, it is possible to choose

Dy(z,t) =0, Dy(x,t)=A(z,t), Ds(z,t)=—-C(z,1).

2 Well-posedness results

Throughout the rest of this paper, we use the symbol ¢°°(Z) to denote the vector space of all bounded
real sequences {u; }zez. This space is equipped with the supremum norm

llu|| = sup |ug|, w € LX(Z).
€L

The symbol ¢>°(Z)™ denotes the product space whose elements have the form u = (u',...,u™) with
ul,...,u™ € (°°(Z). This space is equipped with the supremum norm
lull = max{[lu],..., [[lW™ [}, we=(zZ)m,

and it is a Banach space. For an arbitrary u € ¢°°(Z)™ and = € Z, we use the symbol u, to denote the
vector (ul,...,u™) e R™.

e
In this section, we generalize the results from [30] and obtain some basic well-posedness results for
the initial-value problem

@(x,t) = Z Aj(z, tyu(x +5,t) + f(u(z,t),z,t), xze€Z, tel0,T],
i (2.1)

u(z,0) =4, zeZ,

where u¥ = {ul},ez € £°(Z)™, u : Z x [0,T) = R™, A_p,..., A : Z x [0,T] — R™*™ and f :
R™ x Z x [0,T] — R™. This system generalizes (1.3), which corresponds to the special case k = 1.
Systems with k& > 1 are useful, for example, in the study of stochastic processes; see [15].

We impose the following conditions on the functions A_g, ..., Ag, and f:
(A1) A_yg, ..., Ax are bounded.

(A2) Foreachj e {—k,....,k},e>0andt € [0,T], there exists a § > 0 such that if s € (t—0,t+)N[0, T,
then ||A;(z,t) — Aj(z,s)|| < e for all z € Z.

(Fy) f is bounded on each set B x Z x [0,T], where B C R™ is bounded.

(Fy) f is Lipschitz-continuous in the first variable on each set B x Z x [0,T], where B C R™ is bounded.



(Fs) For each bounded set B C R™ and each choice of € > 0 and t € [0,T], there exists a § > 0 such
that if s € (t — 0,t+6) N[0, T], then ||f(u,x,t) — f(u,z,s)|| <e for allu € B, z € Z.

The proof of the next theorem is similar to the proof of [30, Theorem 2.1]; we include it here for
completeness.

Theorem 2.1. Assume that A_g,..., A : Z x [0,T] — R™*™ satisfy (A1), (Az2), and f : R™ x Z X
[0, 7] — R™ satisfies (Fy)—(F3). Then for eachu® € (>°(Z)™, the initial-value problem (2.1) has a bounded
local solution defined on Z x [0, 6], where § > 0. The solution is obtained by letting u(x,t) = U(t),, where
U :[0,0] = £>°(Z)™ is a solution of the abstract differential equation

U'(t) = B, 1), U(0) =,
with @ : £°(Z)™ x [0,T] — £°(Z)™ being given by
(p({uz}meZa t) = {Ak(xa t)um—i-k + -+ A_k(l', t)uz—k + f(um7 €z, t)}iEEZ' (22)

Proof. Conditions (A4;) and (Fy) guarantee that ® indeed takes values in ¢°>°(Z)™. Choose an arbi-
trary p > 0, and denote B = {u € £°(Z)™;|lu — u’|| < p}. For each i € {1,...,m}, let B; =
[infrez(ul); — p,supyez(ul); + p] C R, and denote B = By x --- x By,. Note that if u,v € B, then
Uz, Uy € B for all z € Z. Let L, M be the Lipschitz constant and the bound for the function f on
B xZ x[0,T], and M_y, ..., M}, the bounds for the functions A_g, ..., Ay on Z x [0, T].

Observe that ® is bounded on B x [0,7]: For each v € B, we have u, € B for all x € Z, and
consequently

[@(u, )| < My - [{uztrteezll + -+ Mg - [{te—r}eezl + [{f (v, 2, ) }oezl|
S (Mogp+ -+ My)|ull + M < (M_g + -+ + M) (|u°]| + p) + M.

Next, we show that ® is Lipschitz-continuous in the first variable on B x [0, T:
1@ (u,t) = (v, )| < My - [{uesr — Vot taezll + -+ Moy - [{tia—k — vo—r}oezll

IS (s 2, 8) = f 02y 2, ) ozl < (Mg + -+ + M) |lu = ]| + Lju =

Finally, we claim that ® is continuous on B x [0,7]. To see this, consider an arbitrary ¢ > 0 and
a fixed pair (u,t) € B x [0,T]. Let dpin > 0 be the minimum of all numbers ¢ obtained from conditions
(Ag) and (F3). Then for all (v,s) € B x [0,T] with [[u —v|| < e and s € (¢ — dmin, t + Omin) N [0, 7], we
have
1D (u, t) = @(v, 5)|| < [|P(u,t) = (v, 8)[| + [[@(v, ) — D(v, 5)]|

S(Mog+ -+ My + L)lu — ol + [[{f(ve, 2, ) — f(vz, 2, 8) faez|
+H{(Ax (2, 1) — Ag(, 8))ugyr + -+ (Agk(2,t) — A_g(, 8))Us—k faez
< (M_p+-+ Mg+ L)|lu—v||+ e+ 2k + 1)e||u,

which proves that ® is continuous at the point (u,t).
By the Picard-Lindel6f theorem, the initial-value problem

U'(t) = ®(U(t),t), U(0)=u’,

has a local solution defined on [0, d], where 6 > 0. Letting u(x,t) = U(t),, v € Z, we see that u is
a solution of the initial-value problem (2.1). O

The next result is a slight generalization of [30, Theorem 2.2], which corresponds to the special case
when m = 1. The proof for a general m € N can be carried out in the same way and we omit it.



Theorem 2.2. Assume that ¢ : {°(Z)™ x Z x [0,T] — R™ satisfies the following conditions:
1. ¢ is bounded on each set B x Z x [0,T], where B C £>°(Z)™ is bounded.

2. ¢ is Lipschitz-continuous in the first variable on each set B X Z x [0,T], where B C £>°(Z)™ is
bounded.

Then for each u® € £>°(Z)™, the initial-value problem

Z—?(z,t) = o({u(z,t)}pez,z,t), z€Z, te€]0,T],

x € Z,

(2.3)
u(z,0) =u

has at most one bounded solution u : Z x [0,T] — R™.

As a corollary of the previous result, we obtain the uniqueness of bounded solutions to the initial-value
problem (2.1).

Corollary 2.3. Assume that A_y, ..., Ay : Zx[0,T] — R™*™ satisfy (A1), and f : R™xZx[0,T] — R™
satisfies (F1), (Fy). Then for each u® € £°°(Z)™, the initial-value problem (2.1) has at most one bounded
solution v : Z x [0,T] — R™.
Proof. Note that (2.1) is a special case of (2.3) with the function ¢ : £°(Z)™ x Z x [0,T] — R™ being
given by
o{ugteez, v, t) = Ag(z, ) tugyr + -+ A_g (2, )ug— + f(tz, x,t).

Hence, it is enough to verify that the two assumptions of Theorem 2.2 are satisfied.

Given an arbitrary bounded set B C ¢°°(Z)™, there exists a bounded set B C R such that u € B
implies u, € B, x € Z. Hence, the first condition in Theorem 2.2 is an immediate consequence of (A7) and
(Fy). To verify the second condition, let L be the Lipschitz constant for the function f on B x Z x [0,T1,

and M_y, ..., M} the bounds for the functions A_g, ..., Ay on Z x [0, T]. Then, for each pair of sequences
u, v € B C £>°(Z)™, we have

lo(u, ;) =p(v, 2, )| < (Mg -+ M) lu=l[+[| f (e, 2, 1) = f (02, 7, D) | < (M_p+- -4 My +L)-[Ju—v],
which means that ¢ is Lipschitz-continuous in the first variable on B x Z x [0, T]. O

We conclude this section with two continuous dependence results concerning ordinary differential
equations in Banach spaces. Thanks to Theorem 2.1, these results are also applicable in the study of
Eq. (2.1). The first result is a special case of [30, Theorem 3.2]; it provides sufficient conditions ensuring
that the solution of a given ordinary differential equation is the limit of the Euler approximations.

Theorem 2.4. Let X be a Banach space and B C X. Suppose that ® : Bx [0,T] — X is continuous and
Lipschitz-continuous with respect to the first variable. Assume that u® € B and U : [0,T] — B satisfies

U'(t)=o(U(t),t), tel0,T], U(®0)=u’
For eachn € N, let h =T/n, and assume that Uy, : {0,h,2h, ..., (n— 1)h,nh} — B satisfies

Un(t+h) — Un(t)
h

Moreover, let UY : [0,T] — B be the piecewise constant extension of Uy given by

U (1) = U.(0)  ift=0,
"\ Un(kh) ift € (k= 1)h, kh] for some k € {1,...,n}.

= ®(U,(t),t), te€{0,h,2h,....,(n—1)h}, U,0)=u’.

Then the sequence {U}5%, is uniformly convergent to U on [0,T].



The second result, which is a consequence of [27, Theorem 4.7], is concerned with continuous depen-
dence of solutions on the right-hand side of a differential equation.

Theorem 2.5. Let X be a Banach space, C C X and u® € C. Consider functions ® : C x [0,T] — X and
D, :Cx[0,T] = X, n €N, which are continuous, bounded by the same constant, Lipschitz-continuous
in the first variable with the same Lipschitz constant, and such that ®, — ® on C x [0,T]. Assume that
U:[0,T] — C satisfies

U't)=oU(t),t), tel0,T], U(®0)=u’

Finally, suppose there exists a p > 0 such that the open p-neighborhood of U in X is contained in C.
Then there is an ng € N and a sequence of functions U, : [0,T] — C, n > ng, such that

Ul(t) = ®,(Un(t),t), te€[0,T], Un(0)=u’

and {Un}32,,, is uniformly convergent to U on [0,T].

3 Invariance results

Throughout this section, we consider compact convex sets S described as intersections of sublevel sets of
certain functions G1,...,G. More precisely, we introduce the following condition:

(S) Assume that k € N, Uy,...,U;r C R™ are open sets, and for each i € {1,...,k}, G; : U; — R is
a C! function. Suppose also that the closed sets

S; ={ueU; Gi(u) <0}, ie{l,... .k},
are convex, their intersection
S=5N--NSy={ueUin---NUx; G1(u) <0,...,Gr(u) <0}
is bounded and has nonempty interior, and that VG;(u) # 0 for each i € {1,...,k}, u € 35;.

If condition (S) is satisfied, then S is a compact convex set with nonempty interior. Note that VG;(u)
is the outward normal to S; at u € 0.5;, the set

{z e R™; VG, (u) - z = VG;(u) - u} (3.1)

is the unique supporting hyperplane (and also the tangent hyperplane) of S; at w, and S; is contained in
the supporting half-space
{z e R™;VG;(u) - z < VG;(u) - u}.

Remark 3.1. The description of the convex set S in terms of the functions Gy,..., Gy is taken over
from the paper [9]. In practice, the set S is often chosen in one of the following two ways:

1. S is the interior of a closed hypersurface described by the equation G(u) = 0, where v € U C R™,
and G : U — R is a C! function with nonzero gradient on 9S. In this case, we have k = 1 and
S ={ueU; G(u) <0}. A simple illustration of this case will be given in Example 4.1.

2. S is the m-dimensional hyperrectangle S = [a1,b1] X - - - X [@m, bi]. In this situation, we let k = 2m,
U1 :"'ZUQm:Rm, and

Si ={u € R™; G;(u) = a; —u; <0}, 1e{l,...,m},
Sm+i = {u S Rm; Gm+i(u) =u; —b; < 0}, xS {1, Ce ,m}.

An illustration of this situation will be provided in Example 4.2.



Remark 3.2. Since a nonempty closed convex set is the intersection of all its supporting half-spaces
(see, e.g., [26, Corollary 1.3.5]), we have

Si= () {z€R™VGi(w) - 2 < VGi(u) - u},
u€dS;

and consequently

k
S=() () {z€R™VGi(u) -z < VG;(u) - u}.

i=1u€ds;

However, for our purposes, it is more convenient to express S in the form

k
S=() (| {z€R™VGi(u)- 2 < VGi(u)-u}. (3.2)

i=1u€ds;NS

To see why the last relation holds, we use the fact (see, e.g., [10, pp. 27-28]) that S, which is a compact
convex set with nonempty interior, can be expressed as the intersection of only those of its supporting half-
spaces that correspond to extreme supporting hyperplanes. (A supporting hyperplane is called extreme
if its normal vector a cannot be written in the form a = aa' + Ba?, where o,8 > 0, o + 8 = 1, and
a', a® are normal vectors of two distinct supporting hyperplanes at the given point.) Now, if u € 95 is
such that u € 95; for a unique index 4, then (3.1) is the unique supporting half-plane of S at u, and thus
it is extreme. Otherwise, we have u € 95; for several indices ¢ € I, where I C {1,...,k} and || > 1.
There might be more than one supporting hyperplane of S at u, but the normal cone of S at u (i.e., the
set of all outer normal vectors of S at u together with the zero vector) is the sum of the normal cones
of the sets S;, i € I, at u (see [26, Theorem 2.2.1]). Since the latter cones are half-lines in the direction
of VG;(u), i € I, it follows that all extreme supporting hyperplanes of S at u have the form (3.1) with
i € I, and this establishes the formula (3.2).

We now consider initial-value problems for lattice reaction-diffusion equations having the form

%(m,t) = A(z,t)u(z + 1,t) + B(z, t)u(z, t) + C(z, t)u(z — 1,t) + f(u(z,t),t), x € Z, t € [0,T],

0

T

(3.3)

u(z,0) =u x €L,

where u® = {ul} ez € (°(Z)™, u: Zx[0,T] = R™, A, B,C : Zx[0,T] — R™™ and f: R™ x [0,T] —
R™. This initial-value problem is a special case of (2.1) with £ =1 and

Ai(z,t) = Az, t), Ao(z,t) = B(z,t), Ai(z,t)=C(z,1).

Whenever we refer to conditions (A4;), (As2) from Section 2, we always assume that A_;, Ag, A; are
defined in this way.

To avoid technical difficulties, we restrict ourselves to the case when f does not explicitly depend
on z. In this setting, the conditions (Fy)—(F3) can be simplified as follows:

(D1) f is Lipschitz-continuous in the first variable on each set B x [0,T], where B C R™ is bounded.
(D2) f is continuous in the second variable.

Obviously, (D;) implies (F3). If (v,s) € R™ x [0,T] and V is an arbitrary bounded neighborhood of v,
then the estimate

1f(ust) = fo, )| < [f (s t) = fo, Ol + £ (0, 8) = £ (v, 5)]|



together with the Lipschitz-continuity of f in the first variable on V' x [0, T] and continuity in the second
variable at (v, s) imply the continuity of f (as a function of two variables) at (v, s). Thus, the conditions
(D7) and (D5) imply that f is continuous. For each bounded set B C R™, f is uniformly continuous and
bounded on the compact set B x [0, T], which means that the conditions (F}) and (F3) are satisfied.

Our goal is to obtain sufficient conditions guaranteeing that S is an invariant region for bounded
solutions of Eq. (3.3), i.e., that each bounded solution of Eq. (3.3) with ¥ € S, x € Z, satisfies u(z,t) € S
for each t € [0,T], z € Z. We introduce the following conditions:

(Cy) For eachie€{l,...,k} andu € 95; NS, we have VG;(u) - f(u,t) <0 for all t € [0,T].

(Cq) Foreachi € {l,...,k},u€dS;NS, x €Z and t € [0,T], there exist numbers a >0, b <0, ¢c>0
such that

VG;(u) Az, t) = aVGi(u)', VG;i(u) Bz, t) =bVG;i(u)", VGi(u) C(z,t) = cVGi(u).
(Cs) For each x € Z and t € [0,T], we have A(z,t) + B(z,t) + C(x,t) = 0.

Remark 3.3. The fact that the condition (Cj5) is necessary even in the scalar case was already noticed
in the introduction. Let us provide some additional comments concerning the first two conditions:

e Recall that if u € 95;NS, then VG, (u) is the outward normal to S; at u. Thus, condition (C;) says
that the vector field f at u points inward .S; or is tangent to 0.5; for all values of ¢t. This condition,
which was mentioned in the introduction of this paper, is the standard condition in the study of
invariant regions for both ordinary and partial differential equations (see, e.g., [1, 9, 25, 33, 34, 38)).

e Condition (Cy) says that VG;(u) is a left eigenvector of the matrices A(z,t), B(x,t), C(x,t) for each
x € Z and t € [0, T]; equivalently, it is the eigenvector of A(x,t)", B(x,t)", C(z,t)". Moreover, it is
required that the corresponding eigenvalues a, ¢ are nonnegative, while b is nonpositive (note that
the eigenvalues might depend on z and ¢). Condition of a similar type can be found in [9, 12, 13, 37],
and it is also implicitly present in [34]. Let us mention two typical situations when (Cy) is satisfied:

1. The matrices A, B, C are scalar multiples of the identity matrix, where the scalars correspond-
ing to A, C are nonnegative and the scalar corresponding to B is nonpositive (the scalars might
depend on x and t). This happens, e.g., for weakly coupled systems of lattice reaction-diffusion
equations, where all equations have the same diffusion coefficient; see Example 4.1. Since each
vector in R™ is a left eigenvector to a scalar multiple of the identity matrix, the condition (C5)
is satisfied for an arbitrary set S.

2. The matrices A, B, C are diagonal, the diagonal elements of A, C' are nonnegative, and
the diagonal elements of B are nonpositive. This happens, e.g., for weakly coupled systems
of lattice reaction-diffusion equations where different equations might have different diffusion
coeflicients; see Example 4.2. Since the eigenvectors of a diagonal matrix are precisely the
vectors of the canonical basis in R™ (and their multiples), condition (Cs) is satisfied if S is
the m-dimensional hyperrectangle described in Remark 3.1.

Clearly, if A, B, C are not scalar multiples of the identity matrix, then condition (C3) imposes
a serious restriction on the shape of S — it says that the boundary of S has to be such that the
normal vectors VG; are left eigenvectors of A, B, C. In general, a condition of this type cannot
be avoided. The necessity of an analogous condition for systems of parabolic differential equations
was proved in [9, Theorem 4.2]. For example, if we have a decoupled system of two linear diffusion
equations with different diffusion coefficients, it can easily happen that a solution leaves a compact
convex set that has a non-rectangular shape; a convincing pictorial argument can be found in [12,
Section 3.4]. The situation when A, B, C' are not scalar multiples of the identity matrix will be
illustrated in Example 4.3.



We begin our investigation of invariant regions by considering the linear case f = 0; in this situation,
condition (C}) is trivially satisfied.

Lemma 3.4. Suppose that the conditions (5), (Cs), (Cs) are satisfied and there exists a § > 0 such that
ifx € Z,t € [0,T] and X is an eigenvalue of B(x,t), then |\ < B. If h € (0,1/8] and {uy}rcz is a
sequence such that u, € S for each x € Z, then

hA(z, t)ug1 + (I + hB(x,t))uy + hC(x, ) ugy_1
is an element of S for allt € [0,T], x € Z.

Proof. Assume that h € (0,1/8] and {u, }zez is a sequence such that u, € S for each z € Z. Consider
a fixed pair t € [0,T], « € Z, and denote

U= hA(x,t)ugt1 + (I + hB(z,t))uy + hC(x, t)uy_1.

We will show that @ € S. Taking into account (cf. Remark 3.2) that

k
S = m ﬂ {z e R"™;VG,(y) -2 < VG;(y) -y},

i=1y€ds;NS
we need to prove that if i € {1,...,k} and y € 95, N S, then VG;(y) - & < VG,(y) - v.
We know that w41, u; and u,_; are elements of S;, and therefore
VGi(y) - uzs1 < VGi(y) -y, VGi(y) - us <VGi(y) -y, VGi(y) - us—1 < VGi(y) - y.
Using condition (Cs), we get

VGi(y) -t =VGi(y) @ =VGi(y)" (haugsr + (1 + hb)ug + heug_1)
= VG;(y) - (haugs+1 + (1 + hb)uy + heuz—1),

where a,c¢ > 0 and b < 0. Note that the three identities in condition (Cs) together with condition (Cj)
imply that a +b+ c = 0. Moreover, the relation VG;(u)" B(z,t) = bVG;(u)" from condition (Cy) implies
that the number b is an eigenvalue of B(x,t), and therefore 1+hb=1—h|b| > 1— %ﬂ = 0. Consequently,

VGi(y) - a < haVGi(y) -y + (1 + hb)VGi(y) -y + heVGi(y) -y = VGi(y) - v,
which completes the proof. O

The previous lemma will be needed in the proof of our main result; however, we can immediately derive
the following interesting corollary, which shows that S is an invariant region for the Euler approximations
of the linear system whenever the time step is sufficiently small.

Corollary 3.5. Suppose that the conditions (S), (C2), (Cs) are satisfied and there exists a 8 > 0 such
that if x € Z, t € [0,T] and X is an eigenvalue of B(x,t), then |\| < 3. Letn € N, h =T /n, and consider
the partial difference equation
u(z,t+ h) —u(z,t)

h

where t € {0,h,2h,...,(n—1)h}. If h € (0,1/8], then S is an invariant region for Eq. (3.4).

= A(z,t)u(z + 1,t) + B(z, t)u(z,t) + C(z, t)u(z — 1,t), =z € Z, (3.4)

Proof. The statement is an immediate consequence of Lemma 3.4, because Eq. (3.4) is equivalent to the
relation

u(z,t + h) = hA(z, t)u(z + 1,t) + (I + hB(z,t))u(x, t) + hC(z, )u(x — 1,t), =z € Z. O



Remark 3.6. Obviously, the statement of the previous corollary remains valid if we consider Euler
approximations with nonconstant step size, which does not exceed 1/8. Note that if B is bounded, then
its eigenvalues are also bounded. Thus, our result generalizes [29, Theorem 4.7] in the case of a discrete
time scale.

We now turn our attention to nonlinear systems and temporarily replace the condition (C;) by the
following stronger version:

(C1) For eachi€{l,...,k} andu € dS; NS, we have VG;(u) - f(u,t) <0 for all t € [0,T].

This stronger assumption will enable us to show that S is an invariant region for the Euler approx-
imations of Eq. (3.3) provided that the step size is sufficiently small. We need the following auxiliary
lemma.

Lemma 3.7. Assume that conditions (S), (D1), (D2), (C1) are satisfied. Then there exist numbers
6 >0, e > 0 with the following property: Ifi € {1,...,k}, z,w € R™, d(2,05;,NS) <6 and ||w—z|| <4,
then z,w € U; and VG;(w) - f(z,t) < —e for all t € [0,T].

Proof. Choose an arbitrary ¢ € {1,...,k}. Recall that U; is open and S C U;. Thus, there exists a p; > 0
such that the closed p;-neighborhood of S, i.e., the set S,, = {y € R™; d(y, S) < p;}, is contained in U;.
(If U; # R™, note that d(9S,0U;) > 0, because u — d(u,0U;) is a continuous positive function on the
compact set 95.)

Since f and VG, are continuous and (9S; N S) x [0,T] is compact, (C]) implies

d; = VG; . ,t) < 0.
veos B oy VEIW) 1)

The function
g(w, z,t) = VG;(w) - f(z,1)

is continuous on the compact set S,, xS, x [0, T, and therefore uniformly continuous. Thus, there exists
1; > 0 such that
1di]
2

‘g(zlawht) _g(z2>w27t>| <

whenever ||z; — z2|| < n;, ||w1 — wal] < ;.

Choose a positive number ¢; < min(n;/2,p;/2) and let ¢; = —d;/2. Consider an arbitrary pair
z,w € R™ satisfying d(z,05; N S) < ¢; and ||lw — z|| < J;. Note that z,w € S,, C U;. Let p(z) be the
closest point to z on 9S;NS. Then ||z —p(2)|| < 6 < 1;/2, [|[w—p(2)| < |[[w—2z| +]z—p(2)| <26 < n;,
and consequently
|di| _ ds

= — = —¢&;.

2 2

VG;(w)- f(z,t) = g(w, z,t) = g(p(2),p(2),t) + g(w, z,t) — g(p(2),p(2),t) < d; +
Thus, the assertion of the theorem holds with 6 = min(dy,...,d0;) and € = min(ey, ..., ex). O

We now proceed to the promised result concerning the invariance of S under the Euler approximations
of Eq. (3.3). Parts of the proof are inspired by the proof of [33, Lemma 5.1], which deals with the invariance
of convex sets under the Euler approximations to ordinary differential equations.

Theorem 3.8. Suppose that conditions (S), (A1), (A2), (D1), (D2), (C1), (C2), (Cs) are satisfied. Let
n € N, h =T/n, and consider the partial difference equation

u(z,t +h) —ulx,t)
h

where t € {0, h,2h,...,(n—1)h}. If h is sufficiently small, then S is an invariant region for Eq. (3.5).

= Az, t)u(z+1,t) + B(z, t)u(z,t) + C(x, H)u(z — 1,t) + f(u(z,t),t), x€Z, (3.5)
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Proof. Since the function B is bounded, there exists a > 0 with the following property: If X\ is an
eigenvalue of B(x,t) for some z € Z, t € [0,T], then |A] < 8. Thus, the assumptions of Lemma 3.4 are
satisfied.

Let 4, € be the numbers from Lemma 3.7. The lemma implies that if Sy is the closed d-neighborhood
of S, then Ss C Uy N---NUyg. Denote

M= sw 0, (36)
y€S,te(0,T]
M, = . , .
o= e, (w96, (37)
My = sup (JA@ o)l + 1B )l + [CG D), (38)
t€[0,T]
— (39)

Let L be the Lipschitz constant for f on S x [0,7] and denote

e —min (L0 &
0= B’ M, MoMsM,L )"

Assume that h € (0, hg]. We now show that if ¢ € {0, h,2h,...,(n—1)h} and u(z,t) € S for all z € Z,
then u(z,t + h) € S for all x € Z. Fix an arbitrary ¢ € {1,...,k}; we will prove that u(z,t + h) € S;,
i.e., that G;(u(x,t + h)) < 0. Denote

4= hA(x,t)u(x + 1,t) + (I + hB(x,t))u(x,t) + hC(z, t)u(z — 1,1)
and observe that
u(z,t+h) =a+ hf(u(z,t),t), zecZ.

By Lemma 3.4, we have @ € S. We now distinguish two cases: either d(@,dS) > 4§, or d(@,0S) < 4.

If d(@, DS) > 6, the fact that u(z,t+h) € S follows immediately from the estimate ||u(z,t+h) —al| =
h||f(u(z,t),t)|| < hMy < hoMy < 6.

It remains to consider the case when d(u,dS) < §. Let £ be the line segment connecting the points @
and 4+ hf(u(z,t),t). Since ||u(z,t+h)—a| < ¢ and @ € S, the distance between an arbitrary point of ¢
and the set S does not exceed 9, and therefore £ C Ss C U;. Using the mean-value theorem, we obtain

Gi(u(z,t+h)) = Gi(u+ hf(u(z,t),t)) = Gi(a) + Gi(a + hf(u(z,t),t)) — Gi(a)
= G;(0) + hVG;(w) - f(u(z,t),t),
where w € ¢. Note that G;(d) < 0 (because & € S) and VG;(w) - f(4,t) < —e (this follows from
Lemma 3.7, because ||w — @] < §). Consequently,
Gi(u(z,t + h)) < hAVG;(w) - f(u(x,t),t)
— AVGi(w) - £ 1) + BVGi(w) - (f(ulw,),1) — F(i,1))
< —he + h||VG;(w) | Llju(z, t) — @l
—he + WMy L|| Az, tyu(z + 1,t) + B(x, t)u(x, t) + C(z, t)u(z — 1,1)|
—he + WMy LMy (|| Az, )| + | B(z, )| + |C(x, £)]))
—he + h*MyLMyM3 = —h(s — hLMyM3My).

A

<
<
By the definition of hg, the last term is nonpositive, and therefore G;(u(z,t + h)) < 0. O
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Remark 3.9. Note that the previous theorem no longer holds if (C7) is replaced by the weaker ver-
sion (C4). Indeed, suppose that at a certain point y € 95; NS, the vector field f is nonzero and tangent
to the boundary of S;. Furthermore, assume that y is the only point of S on the half-line determined by
y and the vector f (i.e., the normal section of 95; at y in the direction of f is “curved”). If we start with
the initial condition u(z,0) = y for all « € Z, then the solution of Eq. (3.5) will immediately leave the
set S no matter how small step size h we choose.

We now use our previous result concerning the Euler approximations to show that S is an invariant
region for the lattice differential equation (3.3).

Theorem 3.10. Assume that conditions (S), (A1), (A2), (D1), (D2), (C1), (C2), (C3) are satisfied. If
u:Z x [0,T] — R™ is a bounded solution of Eq. (3.3) with u® € £>°(Z)™ and u2 € S for each x € Z,
then u(x,t) € S for allt € [0,T], x € Z.

Proof. According to Theorems 2.1 and 2.3, the solution u necessarily has the form u(x,t) = U(¢),, where
U :[0,T] — £>°(Z)™ is the unique solution of the abstract differential equation

U'(t) =®U(t),t), U0)=u’
with @ : £°(Z)™ x [0,T] — £>°(Z)™ being given by
D ({uztzrez, t) = {A(x, )uzr1 + Bz, t)uy + Cz, t)ug—1 + f(ug, t) }oez. (3.10)

For each n € N, let T,, = {0, h,2h,...,(n — 1)h, h}, where h = 1/n. Also, let U,, : T,, = £>°(Z)™ be
the solution of the abstract difference equation

Un(t+h) = Un(t)

- =®(U,(t),t), xz€Z, te€{0,h2h,....,(n—1)h}, U,(0)=u’.

Obviously, if we denote u,(x,t) = (Uy(t))s, then u, is the solution of the partial difference equation

Un(x,t + h) — up(z,t)
h

= A(z, t)un(x + 1,t) + Bz, )up(z,t) + C(a, t)un(z — 1,t) + f(un(z,t),t)

satisfying u, (z,0) = uf for all x € Z.

By Theorem 3.8, there exists an ng € N such that u,(z,t) € S for all n > ng, z € Z, t € T,,. Thus,
if we denote B = {u € £>°(Z)™;u, € S for all x € Z}, then U, (¢t) € B for all n > ng, t € T,,. It follows
that the piecewise constant extension U’ described in Theorem 2.4 also takes values in B. According to

this theorem, the sequence {U;f}5%; is uniformly convergent to U on [0,T]. Since B is closed (because
S is closed), it follows that U takes values in B, i.e., u(z,t) € S for all t € [0,T], z € Z. O

Our final goal is to prove that the previous theorem remains valid if (C7) is replaced by the weaker
condition (C7). The idea is to find a perturbation of the reaction function f such that the new reaction
function will satisfy the stronger condition (C}). This idea was used by Chueh et al. [9] in the context of
parabolic equations. Unfortunately, the authors did not provide any details on the construction of such
a perturbation. This purpose of the next lemma is to fill this gap.

Lemma 3.11. If condition (S) holds, there exists a function N : R™ — R™ that is Lipschitz-continuous
on each bounded subset of R™, ||N(u)|| <1 for allu € R™, and VG;(u)-N(u) <0 for eachi € {1,...,k}
and u € 95; N S.

Proof. Choose an arbitrary sqg in the interior of S and let

So— U

N(w) = o(u) diam S+ 1’

u € R™,
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where diam S denotes the diameter of S and § : R™ — R is given by
§(u) = (1 —d(u,9))*.

It is well known that the distance from a point to a nonempty set is Lipschitz-continuous. Hence, § is
Lipschitz-continuous (because it is a composition of Lipschitz-continuous functions) and takes values in
[0,1]. On each bounded subset of R™, N is the product of two bounded Lipschitz-continuous functions,
and therefore Lipschitz-continuous.

If d(u,S) > 1, we have N(u) = 0. Otherwise, let p(u) be the closest point to w in S. Then
Ilp(w) —ul] <1, ||p(u) — sol| < diam S, and therefore

Iso —ull _ llso = p()] + [p(u) — u|

- - <1.
ijam S +1 — diam S +1

IN@I < 5

Finally, if u € 85; NS, then VG;(u) is the outward normal of S; at u. Since the vector sy — u points
from wu to the interior of S;, we have VG;(u) - (sp — u) < 0, and consequently VG;(u) - N(u) < 0. O

Theorem 3.12. Assume that conditions (S), (A1), (A2), (D1), (D2), (C1)—(C3) are satisfied. If u :
Z x [0,T] = R™ is a bounded solution of Eq. (3.3) with u® € £>°(Z)™ and u € S for each x € Z, then
u(z,t) € S for allt €[0,T], x € Z.

Proof. According to Theorems 2.1 and 2.3, the solution u necessarily has the form u(x,t) = U(¢),, where
U :[0,T] — £>°(Z)™ is a solution of the abstract differential equation

U/(t) = (I)(U(t)7t)> U(0) = ’LLO,

with @ : £°°(Z)™ x [0,T] — £°°(Z)™ being given by (3.10). Since u is bounded, there exists a bounded
set C C £>°(Z)™ that contains the solution U together with its 1-neighborhood. As in the proof of
Theorem 2.1, one can show that the restriction of the function ® to C x [0,7] is continuous, bounded,
and Lipschitz-continuous in the first variable.

Consider the operator @, : £°(Z)™ x [0,T] — £>°(Z)™ given by

‘bE({ux}erat) = (b({ux}ervt) + 5{N(ux)}xezy

where N is the function from Lemma 3.11. It follows from the properties of & and N that for each
e € [0,1], the restrictions of the functions ®. to C x [0,7] are continuous, bounded by a constant
independent of €, and Lipschitz-continuous in the first variable with a Lipschitz constant independent
of €. Note also that lim._,o4 ®c({ug}zez,t) = P({ug}rzez,t). According to Theorem 2.5, there exists an
ng € N and a sequence of functions U, : [0,T] — C, n > ng, such that

U (1) = @1/ (Un(t), 1), t€[0,T], Un(0)=u

Moreover, {Un};,,, is uniformly convergent to U on [0,7]. If we denote u,(x,t) = (Un(t))s, then
Up 2 Z % [0,T] — R™ is a bounded solution of the equation

Oun
ot

where

(x,t) = Az, t)un(z + 1,t) + Bz, t)un(x, t) + C(z, t)un(x — 1,t) + fo(un(z,t),t), v €Z, te[0,T],

Falt) = F(u,t) + %N(u), weR™, tel0,T]

For each i € {1,...,k} and u € 35; N S, it follows from condition (C;) and the properties of N that

VGi(u) - fulu,t) = VGi(u) - f(u,t) + %VGZ-(UJ) -N(u) <0, te]l0,T].
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Thus, f, satisfies condition (C]). Since f fulfills the conditions (D7) and (D3), it is clear that f,, has the
same properties.

According to Theorem 3.10, we have u,(z,t) € S for all z € Z, t € [0,T]. Thus, if we denote
B ={u € {>*(2Z)";u, € S forall z € Z}, then U,(t) € B for all n > ng, ¢t € [0,T]. Since B is closed
(because S is closed), it follows that U takes values in B, i.e., u(z,t) € S for all t € [0,T], = € Z. O

Remark 3.13. Let us mention two special cases of Theorem 3.12, which generalize earlier results:

e If f =0, Eq. (3.3) becomes a linear system of lattice diffusion-type equations. If A, B, C satisfy
conditions (41), (42), (C2), (C3), Theorem 3.12 implies that each bounded solution of Eq. (3.3) with
initial values in the compact convex set S remains in this set for all ¢ > 0. This result generalizes
[29, Theorem 4.7] in the case when T = R.

e If m =1, Eq. (3.3) becomes a scalar reaction-diffusion equation. Assume that S = [a, ], i.e.,

S1={ueR; Gi(u) =a—-u<0},
Sy ={ueR; Ga2(u) =u—p<0}

(cf. Remark 3.1). Then VSi(u) = —1 and VS3(u) = 1 for all u € R. Since 951 NS = {a} and
052N S = {p}, condition (Cy) is satisfied if f(c,t) <0 and f(B,t) > 0 for all ¢t € [0, T]. Obviously,
condition (Cy) is satisfied if A, C' are nonnegative and B is nonpositive. Provided that the remaining
conditions (C3), (A1), (A2), (D1) and (D2) are satisfied, we get the invariance of the interval [a, §];
this result extends [30, Theorem 4.4] in the case when T =R (in [30], it was assumed that A, B, C
are constant).

A simple corollary of our invariance result is the following global existence theorem; its proof is
essentially the same as in [30, Theorem 4.6], but we include it for completeness.

Theorem 3.14. Assume that conditions (S), (A1), (Az2), (D1), (D2), (C1)~(C3) are satisfied. If u® €
(2(Z)™ is such that u, € S for all x € Z, then the initial-value problem (3.3) has a unique bounded
solution v : Z x [0,T] — R™.

Proof. The uniqueness is an immediate consequence of Theorem 2.3. According to Theorem 2.1, it is
enough to prove that the initial-value problem

U'(t) = ®U(t),t), U(0)=uP, (3.11)

where @ : £°(Z)™ x [0,T] — £>°(Z)™ is given by Eq. (3.10), has a solution on the whole interval [0, T].

Let T be the set of all 7 € [0,T] such that Eq. (3.11) has a solution on [0, 7], and denote ¢t; = sup 7.
We know from Theorem 2.1 that t; > 0; let us prove that t; € T. It follows from the definition of ¢; that
Eq. (3.11) has a solution U defined on [0,¢1). According to Theorem 3.12, U takes values in the bounded
set § = {u € £°(Z)™; u, € S for all x € Z}. As in the proof of Theorem 2.1, one can show that & is
continuous on its domain and bounded on S x [0,7] by a constant M. Since U is a solution of (3.11),
we have

Ut) = U(0) + /O B(U(s), 5) ds (3.12)

for each ¢ € [0,%1). Hence, ||[U(s1) — U(s2)|| < M|sy — s2| for all s1,s2 € [0,t1), which means that
the Cauchy condition for the existence of the limit U(t;1—) = lim,_,;,— U(s) is satisfied. If we extend
U to [0,t1] by letting U(t1) = U(t;—), we see that (3.12) holds also for ¢ = t;. Since the mapping
s — ®(U(s), s) is continuous on [0, t1], it follows that U is a solution of Eq. (3.11) on [0,¢4], i.e., t; € T.

If t4 < T, Theorem 2.1 implies that U can be extended from [0,¢;] to a larger interval, which
contradicts the definition of ¢;. Thus, we necessarily have t; =T O
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4 Examples

Let us illustrate the previous results on three examples. Following the discussion in Remark 3.3, we
consider three typical cases: 1) A, B, C are scalar multiples of the identity matrix. 2) A, B, C are
diagonal matrices. 3) A, B, C' are nondiagonal matrices.

Throughout this section, we use the symbol u*V to denote the second-order central difference of u
with respect to z, i.e., u®V (z,t) = u(z + 1,t) — 2u(x,t) + u(x — 1,t); cf. Section 1.

Example 4.1. Consider the pair of weakly coupled lattice reaction-diffusion equations

6’11,1
ot
6’11,2
ot

where k > 0 is the diffusion coefficient and a, b, c,d > 0 are parameters. This system can be interpreted
as a predator-prey model of Lotka-Volterra type with diffusion; u; (x, t) is the number of prey and us(z,t)
the number of predators at point z € Z and time ¢ € [0, T].

The given system is a special case of Eq. (3.3) with m = 2,

A(:c,t):k((l) ?) B(m,t):—%((l) ?) C(%t)zk(é (1))

filu,t) = aug — bugus, fo(u,t) = —cug + dujus.

It is obvious that conditions (A1), (Az), (D1), (D2) are satisfied. Let U = (0, 00) x (0, 00). In the classical
Lotka-Volterra model, it is well known that the quantity

(x,t) = k:ulAv(w,t) + auy(x,t) — buy(x, t)us(z, t),

(x,t) = ku?v(m,t) — cug(z,t) + duy (z, t)ua(z, t),

dup — clnuy + bus — alnus

remains constant along each solution u = (uy,uz2) contained in U (see, e.g., [20, Section 11.2]). More
precisely, each solution with positive initial values is a closed orbit in U given by the equation

du; —clnuy +buy —alnuy = K (4.1)

for a certain K € R. Let S be the planar region enclosed by the curve (4.1), i.e., S = {u € U; G(u) <0},
where G(u) = du; — clnug + bug —alnug — K.
Our previous considerations imply that VG (u) - f(u,t) = 0 for each u € 95, and this fact is confirmed

by simple calculation:
_(d—c/u auy —buus \
VG(u) - flu,t) = (b - a/uQ> . <—CU2 + dujus ) 0
Thus, condition (Cy) is satisfied. Condition (C3) also holds because A, B, C are scalar multiples of the

identity matrix (cf. Remark 3.3):

VG(u)" A(z,t) = kVG(u)',
VG(u)" B(x,t) = —2kVG(u)",
VG(u)" C(x,t) = kVG(u)'.

Obviously, condition (C3) holds as well. Note that G is a convex function of two variables on U, because

its Hessian matrix
c/u 0
0 a/ul
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is positive definite (cf. [26, Theorem 1.5.13]). Consequently, the set S C U is convex, because it is
a sublevel set of the convex function G. Hence, condition (S) holds and Theorem 3.12 implies that S is
an invariant region for the given system of equations.

Example 4.2. Consider the pair of weakly coupled lattice reaction-diffusion equations

aul

ot
6uz

ot

(2, t) = dyup Y (z, 1) + wi (2, t) (a1 — brui (3, 1) — crua(z, 1)),
(4.2)

== (2, 1) = doud Y (z, 1) + ua(2,t) (a2 — bous(,t) — couq(z,1)),

where di,dy > 0 are diffusion coefficients and a1, a2,b1,bs > 0, ¢1,co > 0 are parameters. This system
can be interpreted as a model of Lotka-Volterra type with two competing populations; for each i € {1, 2},
u;(x,t) is the number of individuals from the i-th population at point x € Z and time ¢ € [0,7]. In the
absence of one population, the other population obeys the logistic law. This competition model has been
studied in numerous papers, see [16, 17, 18] and the references there.

The given system of equations is a special case of (3.3) with m = 2,

A(x,t)z(cél i) B(x,t):—2(%1 6?2), C(xﬂt):(%l ;2)7

fi(u,t) = ui(ay — byur — crua),  fa(u,t) = uz(ag — boug — cauy).

It is obvious that conditions (A1), (As2), (D1), (D2) are satisfied.
Let us try to find rectangles of the form S = [o, 8] X [v,6], 0 < a < B, 0 < v < 4, that are invariant
regions for the given system. Such a rectangle S is the intersection of the four closed half-planes

S1={ueR%Gi(u) = a—u <0},
ng{ueRQ Ga(u) = v —uz <0},
Sz = {u € R* G3(u) = u1 — B < 0},
Sy ={u e R?* Gy(u) =uy — 6 <0}.

We have Uy = Uy = Us = U, = R? and for each u € R?, we get

VG (u) = (‘01>, Vs (u) = (01>, VG (u) = (é) VG (u) = (g)

which means that condition (5) is satisfied. Condition (C3) holds because A, B, C are diagonal and the
vectors VG (u) are multiples of the vectors from the canonical basis in R? (cf. Remark 3.3):

VG;i(u)" A(z,t) = dVGi(u)" for i € {1,3},
VG;i(u)" A(z,t) = doVGi(u)" for i € {2,4},
VGi(u)" B(x,t) = —2d;VG;(u)" for i € {1, 3},
VG;(u)" B(x,t) = —2dyVG;(u)" for i € {2,4},
VGi(u)" Oz, t) = diVGi(u)" for i € {1, 3},
VGi(u)" C(z,t) = da VG, (u)" for i € {2,4}.

Obviously, condition (C3) holds as well, and it remains to check condition (C}). For each i € {1,2,3,4}
and u € 95; N S, we find necessary and sufficient conditions guaranteeing that VG;(u) - f(u,t) < 0:
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e Ifi=1and u € dS; NS, then u; = @ and uy € [y, d]. Therefore, we need
VGi(u) - f(u,t) = —fi(u,t) = —a(a; —bja — crug) <0 for all ug € [v,4].
Since o > 0, this is equivalent to

a=0 or a;—ba-—cd>0. (4.3)

e If i =2and u € 0S3NS, then us = v and uy € [a, f]. Therefore, we need
VGa(u) - f(u,t) = —fa(u,t) = —y(ag — bey — cour) <0 for all uy € [a, B].
Since vy > 0, this is equivalent to

vy=0 or as—byy—cof8>0. (4.4)

e If i =3 and u € 9S3N S, then u; = 5 and usy € [y, d]. Therefore, we need
VG3(u) - f(u,t) = fi(u,t) = Blar — b1 — crug) <0 for all uy € [v,4].

Since 8 > 0, this is equivalent to
a; — blﬂ —C1Y S 0. (45)

e Ifi=4and u € dS4 NS, then us = ¢ and u; € [a, f]. Therefore, we need
VGy(u) - f(u,t) = fo(u,t) = 8(ag — bad — couy) <0 for all uy € [a, B].

Since § > 0, this is equivalent to
ag — b25 — C2 X S 0. (46)

Theorem 3.12 implies that if conditions (4.3)—(4.6) are satisfied, then the rectangle S = [a, 8] X [, d] is
an invariant region for our system of equations.

For example, if we let @« = v = 0, then (4.3) and (4.4) are satisfied, while (4.5) and (4.6) require
that 8 > a1/by and & > ag/bs, respectively. Note that (0,0), (a1/b1,0) and (0, az/bs) are equilibrium
points of the vector field f. We also remark that Theorem 3.14 guarantees the existence of a unique
bounded global solution on [0,7] for all initial conditions u® € ¢°°(Z)? with nonnegative components
(take S = [0, 3] x [0,6] with 3 > a;1/b; and & > az/bs chosen in such a way that ul € S for all z € Z).

Several authors (e.g., [16, 17, 18]) have considered the special case of the system (4.2) with a1 = ag =
by =by=1,c1 =k, cog =h, i.e., the system

%(I, t) = dyuf™ (2, 8) +un (2,1) (1w (2,1) — kua (2, 1)), (4.7)
%(I,t) = dzuzAv(x,t) + uz(m,t)(l —ug(w,t) — hul(x’t))'

The case when h, k > 1 is referred to as the bistable case, since both equilibria (1,0) and (0, 1) are stable.
Moreover, there is another equilibrium point at

1-k 1-h
1—hk’1—hk)/)"

As a consequence of our previous calculation, we can show the existence of two invariant rectangles
adjacent to the two stable equilibria (for a different approach, see the proof of Theorem 1 in [16]).
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1. To find an invariant rectangle adjacent to (0,1), we let S = [, 5] X [y,0] with &« =0, 0 <y < 1,
d > 1. Then (4.3) and (4.6) are satisfied, while (4.4) and (4.5) reduce to

1—-y—h8>0 and 1—-p8—-ky<O.

Solving for 3, we get

1—

1-ky<p<—7
h

This pair of inequalities can be satisfied if and only if 1 — kv < PTW, which is easily shown to be
equivalent to
1—h
1—hk’

2. To find an invariant rectangle adjacent to (1,0), we let S = [, 8] X [7,6] withy =0, 0 < a < 1,
B > 1. Then (4.4) and (4.5) are satisfied, while (4.3) and (4.6) reduce to

l-a—k6>0 and 1—-6—ha<0.

7 <

Solving for §, we get
11—«

1—ha<di<

This pair of inequalities can be satisfied if and only if 1 — ha < 1_70‘7 which is easily shown to be
equivalent to

< 1-k
=Tk
Example 4.3. Suppose that a,b > 0 and consider the linear system of lattice diffusion equations
0
%(m, t) = autY (x,t) + busY (2,1),
(4.8)
(3’LL2

5 (@) = but (@.1) + aug™ (2, 1),

or, equivalently,

%(m’,t) _ DuAv(x7t)7 where D = (Z 2) and u(z,t) = (Z;Ei:g) .
In contrast to the previous examples, the diffusion matrix D is no longer diagonal. The cross-diffusion
terms (together with suitable reaction terms) are used in various population or epidemic models (see,
e.g., [3, 32] in the context of parabolic equations). For example, u; and u; might describe two different
types of individuals with the same diffusion rate a. Moreover, we assume that the individuals of each
type try to keep away from places with high concentration of individuals of the other type; this behavior
is sometimes modeled by the cross-diffusion terms with diffusion rates b.

Unfortunately, simple models of this kind have the unpleasant property that nonnegative initial con-
ditions need not lead to nonnegative solutions. For example, consider the initial condition

1 f =0
u(z,0) = {0 fZii#O: uz(x,0) =0 for all z € Z.

Using Eq. (4.8), we get %(O7 0) = —2b < 0, which means that ¢ — u2(0,t) is negative for small positive
values of t. A similar argument shows that no rectangle of the form S = [«, 5] X [, §] can be an invariant

region for Eq. (4.8). To see this, take the initial condition

etB forz =0
ui(z,0) =14 2 o= ug(z,0) = for all z € Z,
@ for = #£ 0,
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and observe that 2£2(0,0) = b(a — 8) < 0.
Nevertheless, if a > b, then Eq. (4.8) has invariant regions of a different type, namely all rectangles
whose sides make a 45° angle with the coordinate axes. This follows from Theorem 3.12, because we have

A(z,t) =D, B(z,t)=-2D, C(z,t)=D, fi(u,t)= fo(u,t)=0.

The eigenvalues of D are a + b and a — b, and the corresponding left eigenvectors are (1,1) and (—1,1).
Hence, if S is a rectangle of the above-mentioned type, then condition (C5) holds; the remaining assump-
tions of Theorem 3.12 are trivially satisfied.

Remark 4.4. Sometimes it is necessary to deal with lattice systems of the form (3.3) where the reaction
function f is not defined on the whole set R™ x [0, T']. For example, the authors of [5] study a predator-prey
model consisting of two weakly coupled lattice reaction-diffusion equations

%(x,t) =ufV(x,t) + rm(x,t)(l —uy(z,t) — Icug(x,t))7
28 1) i) ) (1 220

where d,r, s,k > 0 are parameters. Here, the reaction function is undefined on the line u; = 0.

In general, suppose that f is defined on a set Y x [0,T], where Y C R™. Assume that f is Lipschitz-
continuous in the first variable on each set B x [0,T], where B C Y is bounded, and that f is continuous
in the second variable.

If S CY is a compact convex set, the question whether S is an invariant region for bounded solutions
of Eq. (3.3) still makes sense. To be able to apply the results from Section 3, we can extend f to R™ x [0, T
by letting

flu,t) = f(p(u),t), weR™, tel0,T],
where p(u) is the projection of u to S, i.e., the unique point of S that minimizes the distance to wu.
We claim that this extension of f satisfies conditions (D;), (D2). Continuity in the second variable is

obvious. To verify that (D;) holds, let L be the Lipschitz constant for f on S x [0,7]. Then for each
pair u,v € R™, we have

1f(u,t) = f(o, )l = 1 (p(w), ) = fp(v), O] < Llp(u) = p(v)|| < Lilu — o],

where the last inequality follows from the well-known fact that projection onto closed convex sets is
a nonexpansive mapping. This shows that (D) is fulfilled and therefore the results from Section 3 are
applicable. In particular, Theorems 3.12 and 3.14 still hold: Although their proofs require that f is
defined on R™ x [0, 71, the values of f outside S are unimportant thanks to the invariance of S.

Acknowledgements

This paper was supported by the Czech Science Foundation, grant no. GA15-07690S. I am indebted to
Petr Stehlik and Jon&ds Volek (University of West Bohemia) for their helpful comments on a preliminary
version of this manuscript. I also thank the anonymous referee whose suggestions helped to improve the
exposition of the paper.

References

[1] P. W. Bates, Containment for weakly coupled parabolic systems, Houston J. Math. 11 (1985), 151-158.
[2] J. Bell, Some threshold results for models of myelinated nerves, Math. Biosci. 54 (1981), 181-190.

19



8]

[10]
[11]

[12]

[13]

[14]
[15]

[16]
17)
18]
19]
[20]
[21]
[22]
23]
[24]

[25]

Y. Cai, D. Chi, W. Liu, W. Wang, Stationary patterns of a cross-diffusion epidemic model, Ab-
str. Appl. Anal. 2013, Art. ID 852698, 10 pp.

T. Caraballo, F. Morillas, J. Valero, Asymptotic behaviour of a logistic lattice system, Discrete Con-
tin. Dyn. Syst. 34 (2014), no. 10, 4019-4037.

Y.-Y. Chen, J.-S. Guo, C.-H. Yao, Traveling wave solutions for a continuous and discrete diffusive predator-
prey model, J. Math. Anal. Appl. 445 (2017), 212-239.

S.-N. Chow, Lattice dynamical systems. In J. W. Macki, P. Zecca (eds.), Dynamical Systems, Lecture Notes
in Math., vol. 1822, Springer, 2003, 1-102.

S.-N. Chow, J. Mallet-Paret, Pattern formation and spatial chaos in lattice dynamical systems, IEEE
Trans. Circuits Syst. 42 (1995), 746-751.

S.-N. Chow, J. Mallet-Paret, W. Shen, Traveling waves in lattice dynamical systems, J. Differential Equations
149 (1998), 248-291.

K. N. Chueh, C. C. Conley, J. A. Smoller, Positively invariant regions for systems of nonlinear diffusion
equations, Indiana Univ. Math. J. 26 (1977), 373-392.

H. G. Eggleston, Convexity, Cambridge Tracts in Mathematics and Mathematical Physics, No. 47, Cambridge
University Press, 1958.

T. Erneux, G. Nicolis, Propagating waves in discrete bistable reaction diffusion systems, Physica D 67 (1993),
237-244.

L. C. Evans, A strong maximum principle for reaction-diffusion systems and a weak convergence scheme for
reflected stochastic differential equations, Ph.D. thesis, Massachusetts Institute of Technology, 2010. Available
at: http://hdl.handle.net/1721.1/59784

L. C. Evans, A strong mazimum principle for parabolic systems in a convex set with arbitrary boundary,
Proc. Amer. Math. Soc. 138 (2010), 3179-3185.

A. Feintuch, B. Francis, Infinite chains of kinematic points, Automatica J. IFAC 48 (2012), no. 5, 901-908.

M. Friesl, A. Slavik, P. Stehlik, Discrete-space partial dynamic equations on time scales and applications to
stochastic processes. Appl. Math. Lett. 37 (2014), 86-90.

J.-S. Guo, C. H. Wu, Wave propagation for a two-component lattice dynamical system arising in strong
competition models, J. Differential Equations 250 (2011), 3504-3533.

J.-S. Guo, C. H. Wu, Traveling wave front for a two-component lattice dynamical system arising in compe-
tition models, J. Differential Equations 252 (2012), 4357-4391.

J.-S. Guo, C. H. Wu, Recent developments on wave propagation in 2-species competition systems, Discrete
Contin. Dyn. Syst. Ser. B 17 (2012), 2713-2724.

J.-S. Guo, C.-C. Wu, The ezistence of traveling wave solutions for a bistable three-component lattice dynamical
system, J. Differential Equations 260 (2016), 1445-1455.

M. W. Hirsch, S. Smale, R. L. Devaney, Differential equations, dynamical systems, and an introduction to
chaos (3rd edition), Academic Press, 2013.

C. Hu, B. Li, Spatial dynamics for lattice differential equations with a shifting habitat, J. Differential Equa-
tions 259 (2015), 1967-1989.

J. P. Keener, Propagation and its failure in coupled systems of discrete excitable cells, STAM J. Appl. Math. 47
(1987), 556-572.

Z. Li, P. Weng, Stationary states of weakly coupled lattice dynamical systems arising in strong competition
models, Appl. Math. Lett. 25 (2012), 1197-1202.

J. Mallet-Paret, Traveling waves in spatially discrete dynamical systems of diffusive type. In J. W. Macki,
P. Zecca (eds.), Dynamical Systems, Lecture Notes in Math., vol. 1822, Springer, 2003, 231-298.

R. Redheffer, W. Walter, Invariant sets for systems of partial differential equations. I. Parabolic equations,
Arch. Rational Mech. Anal. 67 (1978), no. 1, 41-52.

20



[26]
[27]

[28]
[29]
[30]
31]
32]
33]
[34]

[35]
[36]
37]

[38]

[39]
[40]

[41]

R. Schneider, Convez bodies: the Brunn-Minkowski theory (2nd edition), Cambridge University Press, 2014.

A. Slavik, Well-posedness results for abstract generalized differential equations and measure functional differ-
ential equations, J. Differential Equations 259 (2015), 666-707.

A. Slavik, Discrete-space systems of partial dynamic equations and discrete-space wave equation, Qual. Theory
Dyn. Syst. 16 (2017), 299-315.

A. Slavik, P. Stehlik, Dynamic diffusion-type equations on discrete-space domains, J. Math. Anal. Appl. 427
(2015), 525-545.

A. Slavik, P. Stehlik, J. Volek, Well-posedness and mazimum principles for lattice reaction-diffusion equations,
Adv. Nonlinear Anal., in press, DOI: 10.1007/s12346-016-0193-0.

P. Stehlik, J. Volek, Mazimum principles for discrete and semidiscrete reaction-diffusion equation, Discrete
Dyn. Nat. Soc., vol. 2015, Article ID 791304, 13 pages, 2015.

G.-Q. Sun, Z. Jin, Q.-X. Liu, L. Li, Spatial pattern in an epidemic system with cross-diffusion of the suscep-
tible, J. Biol. Systems 17 (2009), 141-152.

J. Teixeira, M. J. Borges, Existence of periodic solutions of ordinary differential equations, J. Math. Anal.
Appl. 385 (2012), 414-422.

M. Valéncia, On invariant regions and asymptotic bounds for semilinear partial differential equations, Non-
linear Anal. 14 (1990), no. 3, 217-230.

B. Wang, Dynamics of systems of infinite lattices, J. Differential Equations 221 (2006), 224-245.
B. Wang, Asymptotic behavior of non-autonomous lattice systems, J. Math. Anal. Appl. 331 (2007), 121-136.

X. Wang, A remark on strong mazimum principle for parabolic and elliptic systems, Proc. Amer. Math.
Soc. 109 (1990), 343348.

H. F. Weinberger, Invariant sets for weakly coupled parabolic and elliptic systems, Rend. Mat., VI. Ser. 8,
295-310 (1975).

H. F. Weinberger, Long time behavior of a class of biological models, STAM J. Math. Anal. 13 (1982), 353-396.

B. Zinner, Existence of traveling wavefront solutions for the discrete Nagumo equation, J. Differential Equa-
tions 96 (1992), 1-27.

B. Zinner, G. Harris, W. Hudson, Traveling wavefronts for the discrete Fisher’s equation, J. Differential
Equations 105 (1993), 46-62.

21



