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Abstract

Existence, uniqueness and continuous dependence results together with maximum principles rep-
resent key tools in the analysis of lattice reaction-diffusion equations. In this paper we study these
questions in full generality, by considering nonautonomous reaction functions, possibly nonsymmet-
ric diffusion and continuous, discrete or mixed time. First, we prove the local existence and global
uniqueness of bounded solutions, as well as the continuous dependence of solutions on the underlying
time structure and on initial conditions. Next, we obtain the weak maximum principle, which en-
ables us to get the global existence of solutions. Finally, we provide the strong maximum principle,
which exhibits an interesting dependence on the time structure. Our results are illustrated by the
autonomous Fisher and Nagumo lattice equations, and a nonautonomous logistic population model
with a variable carrying capacity.
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1 Introduction

The classical reaction-diffusion equation dyu = kO,,u + f(u) is a nonlinear partial differential equation
frequently used to describe the evolution of numerous natural quantities (chemical concentrations, tem-
peratures, populations, etc.). These phenomena combine a local dynamics (via the reaction function f)
and a spatial dynamics (via the diffusion). It is well known that solutions to reaction-diffusion systems
can exhibit rich behavior, such as the existence of traveling waves or formation of spatial patterns [32].

Motivated by applications in biology, chemistry and kinematics [2, 10, 12, 19], various authors have
considered the lattice reaction-diffusion equation [7, 8, 36, 37]

Opu(z,t) = k(u(x + 1,t) — 2u(z,t) + u(x — 1,1)) + f(u(z,t), x€Z, te]0,00), (1.1)
as well as the discrete reaction-diffusion equation [9, 8, 18]

u(z,t+1) —u(x,t) = k(u(x + 1,t) — 2u(z, t) + u(z — 1,1)) + f(ulx,t)), x€Z, teNy. (1.2)
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Naturally, equations (1.1) and (1.2) are also interesting from the standpoint of numerical mathematics,
since they correspond to semi- or full discretization of the original reaction-diffusion equation [18].

The literature dealing with equations (1.1) and (1.2) studies mainly the dynamical properties such
as the asymptotic behavior [5, 33, 34], existence of traveling wave solutions [9, 8, 10, 21, 35, 36, 37] and
pattern formation [6, 7, 8], in particular for specific nonlinearities (e.g., the Fisher or Nagumo equation).
A growing number of studies have dealt with those questions in nonautonomous cases [17, 24]. In this
paper, we study (1.1)—(1.2) with a general time- and space-dependent nonlinearity f. Our focus lies on the
existence, uniqueness, continuous dependence (both on the initial condition as well as on the underlying
time structure/numerical discretization), and a priori bounds in the form of weak and strong maximum
principles. Note that both continuous dependence and maximum principles are key assumptions in the
proofs of the existence of traveling waves [21, 35]. Our goal is to explore and describe them in full
generality.

In order to consider both (1.1), (1.2) at once and motivated by convergence issues and continuous
dependence of solutions on the time discretization, we use the language of the time scale calculus [4,
16]. We do not restrict ourselves to symmetric diffusion (see the following paragraph) and consider the
nonautonomous reaction-diffusion processes

u®(z,t) = au(z + 1,t) + bu(z, t) + cu(x — 1,t) + f(u(z,t),2,t), z€Z, teT, (1.3)

where a,b,c € R, T C R is a time scale, and the symbol u® denotes the delta derivative with respect to
time. Our results are new even in the special cases T = R (when u® becomes the partial derivative du)
and T = Z (when u® is the partial difference u(x,t + 1) — u(z,t)).

If a = ¢ and b = —2a then (1.3) becomes the symmetric lattice reaction-diffusion equation. The
asymmetric case a # ¢, b = —(a + ¢) corresponds to the lattice reaction-advection-diffusion equation.
Next, if ¢ = 0 and b = —a, or if a = 0 and b = —¢, then (1.3) reduces to the lattice reaction-transport

equation. For more details and other special cases see [28, Section 1].

In Section 2, we formulate (1.3) as an abstract nonautonomous dynamic equation and prove the local
existence of solutions. In comparison with the existing literature [5, 33, 34] we do not work in the Hilbert
space £?(Z) or in the weighted spaces ¢2(Z) but in the Banach space £>°(Z); as explained in [12], this is
a much more natural choice. We also prove the uniqueness of bounded solutions. In Section 3, we use
techniques from the Kurzweil-Stieltjes integration theory to show the continuous dependence of solutions
on the time scale (time discretization). In the special case, this implies the convergence of solutions of
(1.2) to the solution of (1.1) as the time discretization step tends to zero. Following the ideas from [31]
(which deals with initial-boundary-value problems on finite subsets of Z), we provide weak maximum and
minimum principles in Section 4. These a priori bounds, as usual, depend strongly on the time structure.
Combined with the local existence results they enable us to prove the global existence of bounded solutions
to (1.3). We illustrate our findings on the autonomous logistic and bistable nonlinearities (Fisher and
Nagumo equations) and a nonautonomous logistic population model with a variable carrying capacity.
Finally, in Section 5, we conclude with the strong maximum principle. In the linear case f = 0, the weak
maximum principle was already proved in [28, Theorem 4.7], but the strong maximum principle is new
even for linear equations.

2 Local existence and uniqueness of solutions
In this section, we study the local existence and global uniqueness of solutions to the initial-value problem

uP(z,t) = au(z + 1,t) 4+ bu(z, t) + cu(z — 1,t) + f(u(x,t),z,t), x€Z, tE€ ty,T)E, 1)
x €7, )

u(z,to) = u

x?



where {u},¢cz is a bounded real sequence, a,b,c € R, T C R is a time scale and to, T € T. We use the
notation [, B]r = [, B]NT, o, f € R, and

. [to, T]r if T is left-dense,
[th T]'[F = . .
[to, T)r if T is left-scattered.

We impose the following conditions on the function f: R X Z X [to, T]r — R:
(Hy) f is bounded on each set B X Z X [to, T|r, where B C R is bounded.
(H2) f is Lipschitz-continuous in the first variable on each set B X Z X [to, T|t, where B C R is bounded.

(Hs) For each bounded set B C R and each choice of € > 0 and t € [to, T|r, there exists a § > 0 such
that if s € (t — 0, + &) N [to, T, then |f(u,x,t) — f(u,x,s8)| < e for allu € B, x € Z.

We begin with a local existence result. Given a function U : T — £°°(Z), the symbol U(t), denotes
the z-th component of the sequence U(t), and should not be confused with the derivative of U with
respect to z (which never appears in this paper).

Theorem 2.1 (local existence). Assume that f : RxZ X [tg, Tt — R satisfies (H1)—(Hs). Then for each
u® € £°(Z), the initial-value problem (2.1) has a bounded local solution defined on Z x [to,to + 6|1, where
0 >0 and 6 > p(to). The solution is obtained by letting u(x,t) = U(t),, where U : [to,to + 0]1 — £°(Z)
s a solution of the abstract dynamic equation

UA(t) = ®U(t),t), Ulty) =u°, (2.2)
with ® : £°(Z) X [to, T|t — €>°(Z) being given by
q)({uz}:rEZa t) = {aum+1 +bug +cug_1 + f(uz> x, t)}mEZ

Proof. (H;) guarantees that ® indeed takes values in £°°(Z). Choose an arbitrary p > 0, denote B =
{u € 1°(Z); lu — u’||s < p}, and B = [infyez ul — p,sup,ez u + p] C R. Note that if u,v € B, then
Uz, vy € B for all x € Z. If L is the Lipschitz constant for the function f on B x Z X [to, T, we get

[@(u,t) — @(v,t)|lco < [|a{tzs1 — Vay1}aezlloo + [[0{te — V2 }oezlloo + {1 — vao1}rezlloo

IS (s 2, 8) = f (02,2, 8) }aezlloo < (laf + [0 + |e)[[u = V]l + Lfju — v]|co-

This means that ® is Lipschitz-continuous in the first variable on B X [to, T]r.
Next, we observe that ® is bounded on B X [tg, T]r. Indeed, let M be the boundedness constant for
the function |f| on B X Z X [to, T]r. For each u € B, we have u, € B for each z € Z, and consequently

[®(w, t)[loo < lla{tati}aezlloo + [10{ta }aezlloo + [[c{tz—1}zezlloo + [{f (U, 7, t) }rezlloo
< (lal + [b] + leD) lulloo + M < (la] + [B] + [e]) ([[u°[ls0 + p) + M.

Finally, we claim that ® is continuous on B X [tg, T]r. To see this, consider an arbitrary ¢ > 0 and
a fixed pair (u,t) € B x [to,T]r. Let § > 0 be the corresponding number from (Hs). Then for all
(v,8) € B x [to, T]r with ||u — v|jec < € and s € (t — &,¢ + &) N [to, T]r, we have
1@ (u, ) = (v, 8)[|loo < [[®(u,t) = R(v, 1) ][00 + [[B(v, 1) — (v, 5)]oo
< (lal + 16 + lel + D) llu = vlloo + [{f (V2 2, ) = f(ve, 2, 8) boezllo
< (la| + [b] + || + L + 1)e,

which proves that @ is continuous at the point (u,t).



By [4, Theorem 8.16], the initial-value problem
U (1) = B, 1), Ulto) = u,

has a local solution defined on [to,to + 0], where 6 > 0 and § > (o). Letting u(z,t) = U(t),, = € Z,
we see that u is a solution of the initial-value problem (2.1). O

Note that even in the linear case f = 0 the solutions of (2.1) are not unique in general (see, e.g.,
[28, Section 3]) and the uniqueness can be expected only in the class of bounded solutions. In the next
theorem, we tackle this issue for an initial-value problem which generalizes (2.1).

Theorem 2.2. Assume that ¢ : {°(Z) X Z X [to, T)r — R satisfies the following conditions:
1. ¢ is bounded on each set B X 7 x [to, T]r, where B C £>°(Z) is bounded.

2. ¢ is Lipschitz-continuous in the first variable on each set B X Z X [to, T|t, where B C {*°(7Z) is
bounded.

Then for each u® € £>°(Z), the initial-value problem
UA(x,t) - go({u(x,t)}xez,x,t), u(’l,’,to) - uga r€Z, te [t07T]%7 (23)
has at most one bounded solution u : Z X [to, T]t — R.

Proof. Assume that uy, ug are two bounded solutions that do not coincide on Z x (tg, Tr; let
t = inf{r € (to, T|r; u1(z, ) # uz(x, ) for some = € Z}.

We claim that uy(z,t) = ug(x,t) for every x € Z. If t = tg, the statement is true. If ¢ > ¢ and ¢ is
left-dense, then the statement follows from the continuity of solutions with respect to the time variable.
Finally, if t > to and ¢ is left-scattered, then u; (z, p(t)) = ua(x, p(t)), and the statement follows from the
fact that uf(z, p(t)) = us (z, p(t)).

If ¢ is right-scattered, then u;(x,t) = ug(x,t) and uf (z,t) = ud (z,t) imply uy(z, 0(t)) = uz(z, 0 (t)),
a contradiction to the definition of ¢t. Hence, ¢ is right-dense. Since the functions U;(7) = {u;(z, 7) }zez,
i € {1,2}, 7 € [to, T)r, are bounded, their values are contained in a bounded set B C ¢*°(Z). By the first
assumption, there is a constant M > 0 such that |p| < M on B X Z x [tg, T]r. We have

to to
wi(x,te) — ui(x,ty) = / uP(z,7) AT = / o(Ui(r),x,7) A1, i€{1,2}, ti,ta>ty, zE€Z

t1 t1

(the last integral exists at least in the Henstock-Kurzweil sense; see [23, Theorem 2.3]). It follows that
lui(z,t2) —ui(x,t1)] < [t2 — 1| M, i€ {1,2}, ti,ta>1t, zEZ,

and therefore
[Ui(tz) — Ui(t1)lloo < [ta —t1|M, i€ {1,2}, ti,t2 > to,

i.e., the functions Uy, Us are continuous on [tg, Tt.
By the second assumption, ¢ is Lipschitz-continuous in the first variable on B x Z x [to, T)t; let L be
the corresponding Lipschitz constant. Then

up(z,r) —ug(x,r) = /tr e(Ui(1),2,7) — o(Ua(7),2,7) AT, 1 >1,

||U1(r)—U2(r)|\oog/TLHUl(T)—UQ(T)HOOAT, r>t

t



(the last integral exists since Uy — Us is continuous). Consequently, for each s € [t, T,

sup [[Uy(7) = Ua(7)]lee < (s =)L sup [[Ur(7) — Ua(7)l|oo-

TE[t,s] TE[t,s]

Since t is right-dense, there is a point s € [t, T]r with s > ¢ and (s —t)L < 1. Substituting this inequality
into the previous estimate, we arrive at a contradiction. O

Uniqueness of bounded solutions to the initial-value problem (2.1) is now a simple consequence of the
previous theorem.

Theorem 2.3 (global uniqueness). Assume that f : R X Z X [to, T]r — R satisfies (Hy) and (Hz). Then
for each u® € (°°(Z), the initial-value problem (2.1) has at most one bounded solution u : Zx [to, T| — R.

Proof. Note that (2.1) is a special case of (2.3) with the function ¢ : ¢*°(Z) X Z X [tg, T]r — R being
given by
(P({u:r}zGZ»xvt) = auerl + bum + Clg—1 + f(uz,l',t).

Hence, it is enough to verify that the two conditions in 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 (Hy). To verify
the second condition, let L be the Lipschitz constant for the function f on B X Z X [tg, T]r. Then, for
each pair of sequences u, v € B C £>°(Z), we have

lo(u, z,t) —p(v, 2,t)| < (lal+[b]+[c]) - [|u—vlloc + [ f (ua, 2, ) = f(va, 2, )] < (la[+]b]+|c|+ L) [|u—v]|c,

which means that ¢ is Lipschitz-continuous in the first variable on B x Z X [to, T|r. O

3 Continuous dependence results

This section is devoted to the study of continuous dependence of solutions to abstract dynamic equations
with respect to the choice of the time scale. The results are also applicable to (2.1), whose solutions (as
we know from Theorem 2.1) are obtained from solutions to a certain abstract dynamic equation.

We begin by proving a continuous dependence theorem for the so-called measure differential equations,
i.e., integral equations with the Kurzweil-Stieltjes integral (also known as the Perron-Stieltjes integral)
on the right-hand side. For readers who are not familiar with this concept, it is sufficient to know that
the integral has the usual properties of linearity and additivity with respect to adjacent subintervals.
The main advantage with respect to the Riemann-Stieltjes integral is that the class of Kurzweil-Stieltjes
integrable functions is much larger. For example, if g : [a,b] — R has bounded variation, then the
integral f; f(t)dg(t) exists for each regulated function f : [a,b] — X, where X is a Banach space (see
[26, Proposition 15]).

The statement as well as the proof of the next theorem are closely related to Theorem 5.1 in [3]; for
more details, see Remark 3.3.

Theorem 3.1. Let X be a Banach space, B C X. Consider a sequence of nondecreasing left-continuous
functions g, : [to,T] — R, n € Ny, such that g, = go on [tg,T]. Assume that ® : B x [to,T] — X
is Lipschitz-continuous in the first variable. Let x,, : [to,T] — B, n € Ny, be a sequence of functions
satisfying

t

oult) = n(te) + [ ©(oa(9)5)dgals), ¢ € [t0,T], € No,

to
and x,(to) — xo(to). Suppose finally that the function s — ®(zo(s),s), s € [to,T], is requlated. Then
Ty = o on [to, T



Proof. Since g, (to) — go(to) and ¢g,(T) — go(T), the sequences {gn(to)}52; and {g,(T)}32, are neces-
sarily bounded. Hence, there exists a constant M > 0 such that

varie(ey, 7] 9n(t) = gn(T) — gn(to) < M, neN.

The Kurzweil-Stieltjes integral ft:g D(zo(s),s)d(gn — go)(s) exists, because s — P(zo(s), s) is regulated
and g, — go has bounded variation. Since g, — go = 0, it follows from [22, Theorem 2.2] that
¢

lim ®(xo(s),5)d(gn — g0)(s) =0,

n— oo tO

uniformly with respect to ¢ € [tg, T]. Thus, for an arbitrary € > 0, there exists an ng € N such that

Moreover, ng can be chosen in such a way that ||2,(t0) — zo(to)|| < € for each n > ng.
Consequently, the following inequalities hold for each n > ng and t € [tg, T':

/ B(zo(s), 5) d(gn — g0)(s)

to

SE, nzno, te [to,T].

[ (8) = 2o ()| < [lzn(to) — zo(to)]| +

/ D(x,(s), s)dgn(s) —/ D(x0(s), s)dgo(s)

to to

<e+ ‘ /t (®(zn(s),s) — (xo(s), s)) dgn(s)|| + ’ /t P(z0(s),s) d(gn — 90)(s)
<2+ t [®(2n(s),s) — P(xo(s), s)[| dgn(s) < 2+ L ) [2n(s) = zo(s)l| dgn(s),

where L is the Lipschitz constant for the function ®. Using Gronwall’s inequality for the Kurzweil-Stieltjes
integral (see, e.g., [25, Corollary 1.43]), we get

|20 (t) = 20(t)]| < 2eeb9nO=9nlt0) < 9elM -y > gt € [to, T),
which completes the proof. O

We now use the relation between measure differential equations and dynamic equations to obtain a
continuous dependence theorem for the latter type of equations. Since we need to compare solutions de-
fined on different time scales (whose intersection might be empty), we introduce the following definitions.

Consider an interval [tg,T] C R and a time scale T with ¢t € T, supT > T. Let gr : [to,T] — R be
given by

gr(t) = inf{s € [to, T|1; s > t}, t € [to,T].

Each function z : [tg, T]r — X can be extended to a function z* : [tg,T] — X by letting
z*(t) = z(gr(t)), t € [to, T]. (3.1)

Note that 2* coincides with = on [to, T]r, and is constant on each interval (u, v] where (u,v) T = (. We
will refer to * as the piecewise constant extension of z, see Figure 1.

We are now ready to prove a theorem dealing with continuous dependence of solutions to abstract
dynamic equations with respect to the choice of the time scale and initial condition.
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Figure 1: The piecewise constant extension z* (gray) of a function = (black); see (3.1).

Theorem 3.2 (continuous dependence). Let X be a Banach space, B C X. Consider an interval
[to,T] C R and a sequence of time scales {T,,}>2 such that to € Ty, and T € T,, for each n € Ny, and
gr, = gr, on [to,T]. Denote T = J;-Tn. Suppose that ® : B x [to, T]r — X is continuous on its
domain and Lipschitz-continuous with respect to the first variable. Let x,, : [to, T)1, — B, n € Ny, be a
sequence of functions satisfying
ah (t) = ®(2,(t),t), te€[to,T)5 , n €Ny,

and x,,(to) — xo(to). Then the sequence of piecewise constant extensions {x}}>2 ; is uniformly convergent
to the piecewise constant extension xf on [to, T|. In particular, for every e > 0, there exists an ng € N
such that ||z, (t) — 2o (t)|| < € for all n > ng, t € [to, T]t,, N [to, T]T,-

n

Proof. According to the assumptions, we have

Zp(t) = z,(t0) +/ O(x,(s),8)As, t€ [to,T]r,, n € Np.

to

For each n € Ny, let z¥ : [tg, T] — X be the piecewise constant extension of z,,. Using the relation between
A-integrals and Kurzweil-Stieltjes integrals (see [27, Theorem 5] or [11, Theorem 4.5]), we conclude that
xy, satisfy
t
xr () =z} (to) —|—/ O(x}(s),gr,(s))dgr, (s), tE€]to,T], n € Ng. (3.2)

to
Let ®* : B x [to,T] — X be given by

O*(x,t) = ®(x,gr(t)), x€B, tEelt,T].

Note that for each s € [tg, Tr, , we have ® (x5 (s), g1, (5)) = ®(x% (), 8) = D(xk(s), gr(s)) = P* (2% (s), s).
Thus, by [11, Theorem 5.1], the integral equation (3.2) is equivalent to

zh () =z (to) +/ D" () (s),s)dgr, (s), tE€[to,T], n € Ny.

to

Because 1z is continuous on [tg, Tt,, its piecewise constant extension zjy is regulated on [tg, T] (see
[27, Lemma 4]). Moreover, its one-sided limits at each point of [tg,T] are elements of B (note that
z§([to, T]) = xo([to, T)t,) is compact, because zq is continuous and [to,T]r, is compact). The function
g is the piecewise constant extension of the identity function from [tg, T|t to [to, T|; hence (again by [27,
Lemma 4]), gr is regulated on [tg, T]. Consequently, the function s — (x5(s), gr(s)) is also regulated on
[to, T], and its one-sided limits have values in B x [to, T]t. The continuity of ® on B x [tg, T]r implies that
s+ D(zi(s), gr(s)) = ®*(xi(s), s) is regulated on [tg, T]. According to Theorem 3.1, we have =} = xf
on [to, T O



Remark 3.3. The problem of continuous dependence of solutions to dynamic equations with respect to
the choice of time scale has been studied by several authors; see, e.g., [1, 3, 13, 14, 15, 20]. Our approach
is close to the one taken in [3] or [13]; it relies on the continuous dependence result for measure differential
equations from Theorem 3.1, which is similar in spirit to Theorem 5.1 in [3]. In this context, it seems
appropriate to include a few remarks:

e Although the statement of Theorem 5.1 in [3] is essentially correct, the proof provided there is

based on an erroneous estimate of the form || ftz fndgn — ftz fadgoll < ftf M d(gn — go), where f,,
fo are certain functions whose norm is bounded by M, and g,, go are nondecreasing.

e The assumption that the Hausdorff distance between T,, and T tends to zero is never used in the
proof of Theorem 5.1 in [3], and can be omitted. On the other hand, the assumption that the

above-mentioned integral ftf fndgo exists is missing.

e Theorem 5.1 in [3] deals with measure functional differential equations; our Theorem 3.1 and its
proof can be easily adapted to this type of equations.

The next result shows that each time scale can be approximated by a sequence of discrete time scales
in such a way that the assumptions of Theorem 3.2 are satisfied. We introduce the following notation:

AT = max t).
K te[tO’T)TH( )
Theorem 3.4. If Ty C R is a time scale with ty,T € Ty, there exists a sequence of discrete time scales
{T,}2, with T,, C Ty, minT,, = tg, max T, =T, and such that gr, = gr, on [to,T].
Moreover, if iy, = 0, then lim,, o fiy, = 0; otherwise, if fiy, > 0, then the sequence {T, }72, can be
chosen so that fiy, = fig, for alln € N.

Proof. We start by proving that for each € > 0, there exists a left-continuous nondecreasing step function
ge : [to,T] — R such that ge(tO) = to, QE(T) =T, and ”ga - gToHOO <e.

Given an € > 0, let tg = 29 < 21 < -+ < &, = T be a partition of [ty,T] such that z; — 2,1 < ¢,
i € {1,...,m}. We begin the construction of the step function g. : [to,T] — R by letting ¢.(T) = T.
Then we proceed by induction in the backward direction and define g. on [z;—1,%m), -- -, [Xo,21). At
the same time, we are going to check that ||gr, — ge||o < € on these subintervals, and also ensure that
g<(x;) = x; whenever z; € Ty; this will guarantee that g.(tg) = to.

Assume that g. is already defined at x;, and we want to extend it to [x;_1, z;). We distinguish between
two possibilities:

o If ToN[z;—1,2;) = O, then, by the definition of gr,, we have gr,(t) = gr,(x;) for each t € [z;—1, z;).
Let ge(t) = ge(xs), t € [xi—1,2;). Then |g:(t) — g1, (t)| = |g9e(zi) — g1, (xi)| < &, where the last
inequality follows from the induction hypothesis.

o If To N [x;—1,x;) is nonempty, let ¢; be its supremum. Define

ge(@i1) = xi—1, ifxz;_q €Ty, g-(t) = t;, ift € (zi—1,t4],
svtisl ti, if Ti—1 ¢ To, © gs(xi), ifte (tl,.’[l)

Note that t; might coincide with z;; in this case, we necessarily have x; € T, and therefore, by the
induction hypothesis, g.(x;) = x;; this guarantees that g. is left-continuous at z;.

For each t € [x;-1,t;], we have ;1 <t < gp,(t) < t;. Therefore, 0 < t; — g, (t) < t; —x;—1 < &,
which in turn means that |g.(¢) — g1, ()| < e. For each t € (¢;,x;), it follows from the definition of
g1, that gr,(t) = gr,(x;) , and therefore |g.(t) — g, (t)] = |9 (zi) — g, ()| < €.



Observe that the function g. constructed in this way has the property that g.(¢) > ¢, and that g.(¢t) = ¢
implies t € Ty.

Choosing € = 1/n, n € N, we get a sequence of left-continuous nondecreasing step functions {g1/, }n>y
such that g1/, = gr, on [to, T]. For each n € N, consider the set

Tn == {t € [tO7T}; gl/n(t) = t}

Clearly, tg and T are elements of T,,, and T,, € To. Moreover, T,, is finite, since g;/, is a step function
and therefore its graph has only finitely many intersections with the graph of the identity function. Thus,
T, is a discrete time scale. It follows from the definition of T,, that gr, = g1/,, and therefore gr, = gr,
on [tg, T1.

To prove the final part of the theorem, we distinguish between two cases:

e Assume that 7i, > 0. Let yo = to, and construct a sequence of points y; < -+ <y, =T using the
recursive formula

yi = sup (Yi—1, yi—1 + fip,] N [to, T]r,-
Since the graininess of Ty never exceeds Jir,, the set whose supremum is being considered is never

empty. Also, note that y; 1 —y;—1 > fir, (otherwise, the point y; 1 would have been chosen directly
after y;_1). Thus, the recursive procedure always terminates by reaching the point y, = T for some

keN.

In the construction of the function g. described at the beginning of this proof, we can always assume
that the points yo, ...,y are among o, ..., Z,,. The construction then guarantees that g.(y;) = y;
for each i € {0,...,k}. Consequently, the points yo,...,yr are contained in all of the time scales
T,, n €N, and

am < =i 1) < W
pr, < ggsxk(yz yi—1) < iy,

On the other hand, since T,, C Ty, we have fiy, < fiy, , which in turn means that fy = 7, .

o Assume that zip = 0. If 11 is the graininess function of an arbitrary time scale T with min T = ¢ and
supT > T, observe that gr(t+) — gr(t) = p(t) if t € [to, T)t, and gr(t+) —gr(t) = 0if t € [to, T)\ T.
Hence, we have

fr= sup pt)= sup (gr(t+) — gr(?)).
tefto,T)r t€fto,T)

Since gr, = gr, on [to, T], the Moore-Osgood theorem implies that gr, (t+) — g1, (¢) = g1, (¢t+) —
g1, (t) on [to,T), and therefore

lim fip = lim ( sup (g, (t+) — g, (t))> = sup (g1, (t+) — gr,(t)) = fig, = 0. O
n—oo n— oo tE[to,T) te[t07T)

4 Weak maximum principle and global existence

A natural task in the analysis of diffusion-type equations is to establish the maximum principles. Given
an initial condition u® € £*°(Z), let

m = inf ug, M:supug.
TEL =V

We introduce the following conditions, which will be useful for our purposes:

(Hy) a, b, c € R are such that a,c >0,b<0, anda+b+c=0.



U

Figure 2: Tllustration of (Hg). The values r, R are chosen so that the function f(-, z,t) does not intersect
the gray forbidden areas. The slope of the boundary dashed lines is determined by the values of fiy.

(Hs) b<0 and iy < —1/0.
(Hg) There exist r, R € R such that r <m < M < R, and one of the following statements holds:
o fir =0 and f(R,z,t) <0< f(r,z,t) for allx € Z, t € [to, T1.

1+ b 14+ b
e Iy >0 and ﬂ(r—u) < flu,z,t) < ﬂ

(R—u) forallue [r,R], z € Z,t € [to,T]r-
Hr Hr

Remark 4.1. Let us notice that:

o If (Hy)—(H5) are not satisfied, then the maximum principle does not hold even in the linear case
with f = 0; see [28, Section 4].

e (Hg) defines forbidden areas that the function f(-,x,t) cannot intersect for any x € Z, t € [to, T]r,
similarly to [31] (see Figure 2).

e If (Hs) holds, there exists a function f satisfying (Hg); indeed, the linear functions vq(u) =
HTTI’(T —u) and Yo (u) = HTZTZ’(R — u) have identical nonpositive slopes, and the constant term of
1)1 is less than or equal to the constant term of ¥o. If iy = —1/b or r = R, then (Hg) is equivalent
to f(u,z,t) =0 for all w € [r,R], * € Z and t € [to, T|r. Finally, if Gy > —1/b and r < R, there
does not exist any function satisfying (Hg).

If (Hg) holds in the continuous case fip = 0, the following lemma shows that (Hg) is also satisfied for
all sufficiently fine time scales (specifically, for almost all of the discrete approximating time scales T,
from Theorem 3.4).

Lemma 4.2. Assume that iy = 0 and (Hs), (Hg) hold. Then there exists g > 0 such that for all
e € (0,&0] the following inequalities hold:

1+ b 1+ b
Jj (r—u) < flu,z,t) < —-<

(R—wu) forall welr,R], xz€Z, telt,T] (4.1)
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Proof. Let L > 0 be the Lipschitz constant for the function f on the set [r, R] x Z x [to, T]. Then for all
u € [r,R], x € Z, and t € [ty, T], we obtain

f(uv$7t) gf(u,x,t)—f(R,xJ) < |f(u,x,t)—f(R,x,t)| SL‘U—R| :L(R_u)7
f(U,ZL',t) > f(uaxvt)*f(rax,t) > —|f(u,x,t) *f(?",l‘,t” > 7L‘u77n‘ :L(riu)'

Since L(r — u) < f(u,x,t) < L(R — u), the two inequalities in (4.1) will be satisfied if 1/e + b > L, i.e.,
for all e € (0,1/(L —b)]. O

The following lemma represents a weak maximum principle for time scales containing no right-dense
points; it will be a key tool in the proof of the general weak maximum principle.

Lemma 4.3. Assume that [to, T)r does not contain any right-dense points, (Hy)—(Hg) hold, and u :
Z x [to, T|r — R is a solution of (2.1) with u® € £>°(Z). Then

r<u(z,t) <R foral xz€Z, tEe€lto,Tr. (4.2)

Proof. We show the statement via the induction principle [4, Theorem 1.7] in the variable ¢. For a fixed
t € [to, T)t, we have to distinguish among three cases:

e For t = ty, we obtain from the definitions of m and M and from (Hg) that

r<m<u(z,tg) <M <R forall ze€Z.

e Let ¢ € (to, T]r be left-dense and assume that r < u(z,s) < R for all s € [tg,t)r and x € Z. Then
the continuity of the function w(z,-) on [to, T]r implies

r <u(z,t) = lir? u(z,s) <R forall ze€Z.
s—t—

e Let t € [tg, T)r be right-scattered, i.e., necessarily iy > 0, and

r <u(z,t) <R forall ze€lZ. (4.3)
We have to show that
r<u(z,t+prt)) <R forall zeZ. (4.4)
Notice that from (Hs) and from the fact that Ty > pr(t) > 0 we get
14+7 1 1 1
o< ttirb _ 1 Ly LEpm®b
fix i pur () pur (t)
Consequently, (Hg) yields
1 1
M(T —u) < flu,z,t) < 1+ pr(t)b (R—u) forall wel[r,R], x€Z, t¢€to,T]|r. (4.5)
pr(t) opr(t)
Let us prove the latter inequality in (4.4). Using the equation in (2.1), we obtain the estimate
u(x, t+ pr(t)) = pr(t)au(z 4+ 1,t) + (1 + pr(6)b) u(z, t) + pr(t)cu(x — 1,t)
+pr(t)f (u(z,t), z,1)
(Hy),(4.3)
< pr®)(a+ )R+ (1 + pr(t)b) u(z, t) + pr(t) f(u(z,t),2,t)
H
bR+ (14 pr (OB u(e,t) + (@) f (ul ), 2,1)
(4.3),(4.5)
(bR + (1 + pr(O)8) u(z,£) + (1 -+ pr (D) (R — u(a, )

I IA

R,

for each x € Z. The former inequality in (4.4) can be shown in a similar way.
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We do not have to consider the case when t is right-dense, since T does not contain any such point.
Therefore, the induction principle yields that (4.2) holds for all € Z, ¢ € [to, T]r. O

We now proceed to the general weak maximum principle for (2.1), where T is an arbitrary time scale
(i.e., allowing right-dense points). The basic idea of the proof is to use the continuous dependence results
from Theorems 3.2 and 3.4 to approximate the solution of (2.1) on any time scale by solutions of (2.1)
defined on discrete time scales, for which we can apply Lemma 4.3.

Theorem 4.4 (weak maximum principle). Assume that (Hy)—(Hg) hold. If u : Z X [to,T]t — R is a
bounded solution of (2.1), then

r<u(z,t) <R foral x€Z, tE¢€lty,T]r. (4.6)

Proof. From Theorems 2.1 and 2.3 we obtain that u has to be unique and U(t) = {u(x,t)},., is the
unique solution of the abstract initial-value problem

UA(t) - @(U(t),t), U(tO) - u07 (47)

where @ : £°(Z) x [to, T|r — €°(Z) is given by ®({ug}rez,t) = {auz1 + bug + cup—1 + f(Us, x,t) }rez-

According to Theorem 3.4, there exists a sequence {T, }, -, of discrete time scales such that T,, C T,
min T,, = to, maxT, =T, gr, = gr. Moreover, we have either iy = 0 and fzy — 0, or iy, = fiy for all
n € N. In any case, using (Hs), we get the existence of an ny € N such that

1
or, < -3 for all n > nyg.

If iy = 0, it follows from Lemma 4.2 that ng can be chosen in such a way that the inequalities

1 t)b 1 )b
M(r —u) < fu,z,t) < M(R— u) forallue[rR], z€Z, te€ty,Tr,
pr,, () pir, (t)
hold for each n > ng. If iy > 0, the same inequalities hold for each n € N because of (Hg) and the fact
that wr = .

Therefore, since T,, are discrete time scales, Lemma 4.3 yields that the corresponding solutions wu,, :
Z X [to, T, — R of (2.1) satisty

r<up(z,t) <R forall z€Z, tEe€lto,T)r,, n>no,
ie., for Uy (t) = {un(x,t)} ¢z, We have
r < inf Uy (t), <supU,(t), <R forall tE€[ty,T]|r,, n > no. (4.8)

TEL T€EZ
Since the solution U is bounded, there is an S > 0 such that ||U(¢)||cc < S for each t € [to, T]r. Let
B={V el*(Z);||V]jeo < max(|r|,[R],S)}.

As in the proof of Theorem 2.1, one can show that the restriction of the mapping ® to B X [tg, T]r is
continuous on its domain and Lipschitz-continuous in the first variable. Therefore, if we let Tg = T, the
assumptions of Theorem 3.2 are satisfied (recall that U, (t) € B for all t € T,, and n > ng from (4.8), and
U(t) € B for all t € T immediately from the definition of B) and hence, U} = U* on [to, T].

From the definition of the piecewise constant extension U and from (4.8), it is obvious that

r<inf U;(t), <supU,(t); <R forall t¢e[ty,T], n > no. (4.9)
T €L =y
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Since U} = U* on [tg, T, the inequalities (4.9) imply

r < inf U*(t), <supU*(t), < R forall ¢t € [ty,T].
x€EZL Pr=vA

Particularly, there has to be

r<inf U(t)y, <supU(t), <R forall ¢¢€ [to,T]r,
€L TEL

which proves that (4.6) holds. O
Remark 4.5. In connection with the previous theorem, we point out the following facts:

e The classical maximum principle guarantees that m < u(z,t) < M, i.e., it corresponds to the case
when r = m and R = M. However, for this choice of r and R, (Hg) need not be satisfied. Choosing
r <m and R > M, we can soften (Hg), and obtain the weaker estimate r < u(xz,t) < R.

e An examination of the proofs of Lemma 4.3 and Theorem 4.4 reveals that if we are interested only
in the upper bound u(z,t) < R, it is sufficient to assume that a + b + ¢ < 0. Symmetrically, to get
the lower bound u(z,t) > r, it is enough to suppose that a + b+ ¢ > 0.

As an application of the weak maximum principle, we obtain the following global existence theorem.
Since we consider a general class of nonlinearities f, the result is new even in the special case T = R.

Theorem 4.6 (global existence). If u® € (*°(Z) and (H1)—(Hg) hold, then (2.1) has a unique bounded
solution u : Z X [to, T)r — R.

Moreover, the solution depends continuously on u® in the following sense: For every ¢ > 0, there
exists a & > 0 such that if v° € £>°(Z), r < ) < R for all x € Z, and |[u® — 1°||c < J, then the
unique bounded solution v : Z X [to, Ty — R of (2.1) corresponding to the initial condition v° satisfies
lu(z,t) —v(z,t)| <e forallz € Z, t € [to, T)r.

Proof. We know from Theorems 2.1 and 2.3 that bounded solutions to (2.1) are unique, and that they
correspond to solutions of the initial-value problem

UA(t) = (U(t),t), t€lto,T], Ulty) =u°, (4.10)

with @ : £°°(Z) x [to, T|t — £°°(Z) being given by ®({uy }rez,t) = {atz1+buz+cuz—1+ f(Ug, 2,t) }rez.
Thus, it is enough to prove that (4.10) has a solution on the whole interval [to, T)t.

Let S be the set of all s € [tg, Tt such that (4.10) has a solution on [to, s]T, and denote t; = sup S. By
Theorem 2.1, we have t; > tg. Let us prove that t; € S. The statement is obvious if #; is a left-scattered
maximum of S; therefore, we can assume that ¢; is left-dense. It follows from the definition of ¢; that
(4.10) has a solution U defined on [tg,t1)r. According to the weak maximum principle, U takes values
in the bounded set B = {u € {*°(Z); r < u, < R for each € Z}. As in the proof of Theorem 2.1, one
can show that ® is continuous on its domain and Lipschitz-continuous in the first variable and bounded
on B x [tg, T|r; let C' be the boundedness constant for ||®||. Since U is a solution of (4.10), we have

Ut) = Ult) + / CB(U(s), 5)As (4.11)

to

for each t € [to,t1)T. Note also that ||U(s1) — U(s2)]|lec < Cls1 — s2| for all s1,s2 € [to,t1)r. Thus,
the Cauchy condition for the existence of the limit U(t;—) = lim,_,;,— U(s) is satisfied. If we extend
U to [to,t1]T by letting U(t1) = U(t;1—), we see that (4.11) holds also for ¢ = ¢;. Since the mapping

s — ®(U(s), s) is continuous on [tg, t1]r, it follows that U is a solution of (4.10) on [to, 1], i.e., t; € S.
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If t; < T, we can use Theorem 2.1 to extend the solution U from [tg,¢1]r to a larger interval.
However, this contradicts the fact that ¢; = sup S. Hence, the only possibility is ¢ = T, and the proof
of the existence is complete.

To obtain continuous dependence of the solution on the initial condition, it is enough to show the
following statement: If u™ € B for n € N, ™ — u® in £>°(Z), and U, : [to, T]r — £>°(Z) is the unique
solution of the initial-value problem

Up(t) = ®(Un(t),1), t€ [to,T)E, Unlto) =u",

then U,, = U on [tg, T|r. Since we know that the solutions U, in fact take values in B, the statement is
an immediate consequence of Theorem 3.2, where we take T,, = T for each n € Nj. O

Let us illustrate the application of the weak maximum principle and the global existence theorem on
the following special cases of (2.1).

Example 4.7. Consider the logistic nonlinearity f(u,z,t) = Au(l—u), u € R, z € Z, t € [to, T|t, where
A > 0 is a parameter. In this case, (2.1) becomes a Fisher-type reaction-diffusion equation:
u(x,t) = au(z + 1,t) + bu(z, t) + cu(z — 1,t) + Mu(z,t) (1 — u(z,t)), z€Z, tElto,TIE,

(4.12)

u(z, tg) =ud, z€Z.

Obviously, f satisfies (Hy)—(Hs). Suppose that a,¢ > 0,0 <0,a+b+c¢ =0, and iy < —1/b; i.e., (Hy)
and (Hs) hold. Consider an arbitrary nonnegative initial condition u° € £>°(Z), i.e., m > 0. We now
distinguish between the cases iy = 0 and fy > 0:

o If iy =0, let 7 = min(m, 1) and R = max(M,1). Then f(R,z,t) <0 and f(r,z,t) > 0, i.e., (Hs)
holds and there exists a unique global solution u of (4.12). Moreover, u satisfies r < u(z,t) < R for
all x € Z and t € [tg, T)|r. In particular, nonnegative initial conditions always lead to nonnegative
solutions.

e If iy > 0, Lemma 4.2 together with the analysis of the previous case guarantee that (Hg) holds
with 7 = min(m, 1) and R = max(M, 1) whenever [y is sufficiently small. For example, if M <1,
consider the linear functions 9, (u) = 1'%7?(7’ —u) and Pa(u) = 1J%iﬁ;b(R —u) from (Hg). We have
P1(u) <0< f(u,x,t) for each for u € [r, R], i.e., the first inequality in (Hg) is satisfied. The graphs
of ¥ and f(-,z,t) meet at the point (1,0). Therefore, the second inequality f(u,z,t) < 1o(u)
in (Hg) will be satisfied for u € [r, R] if and only if %(1,x,t) > ¥4(1), ie., if and only if —X >
—(1/fp + b). The last condition is equivalent to A — b < 1/fip, which holds if iy < 1/(A — b) (note
that b < 0 < A). Under these assumptions, (Hg) holds and there exists a unique bounded global
solution u of (4.12). Moreover, u satisfies m =r < u(x,t) < R=1for all z € Z and ¢ € [to, T)]r.

Example 4.8. Consider the so-called bistable nonlinearity f(u,z,t) = Au(l —u?), v € R, z € Z,
t € [to, T|t, where A > 0. In this case, (2.1) becomes a Nagumo-type reaction-diffusion equation:
uA(x,t) = au(x + 1,t) + bu(z,t) + cu(z — 1,t) + Au(z,t) (1 — u(x,t)g) , T€E€Z, tE€ltT)T,

4.13
u(z,t) =ud, z€Z. (4.13)

Obviously, f satisfies (Hy)-(Hg). Suppose that a,¢>0,6<0,a+b+c=0, and fig < —1/b; i.e., (Hy)
and (Hj) hold. Consider an arbitrary initial condition u® € ¢*°(Z). Again, we distinguish between the
cases [tp = 0 and fip > O:

[ ] If ET - 07 let

. {min(m, ~1) ifm<0, {max(M ~1) ifM<o,

min(m, 1) if m >0, - max (M, 1) if M > 0.
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Then f(R,z,t) < 0 and f(r,z,t) > 0, i.e., (Hg) holds and there exists a unique bounded global
solution u of (4.13). Moreover, u satisfies r < u(z,t) < Rforalla € Z and t € [tg, T]r. In particular,
nonnegative/nonpositive initial conditions always lead to nonnegative/nonpositive solutions.

e If iy > 0, Lemma 4.2 together with the analysis of the previous case guarantee that (Hg) holds
whenever iy is sufficiently small. For example, if |[u°]|o < 1, one can follow the computations from
[31, Section 8] to conclude that there exists a unique global solution u of (4.13) satisfying

u(w, ) € {[‘1: 1] i <1/(2A D),
; [-R,R] if 1/(2X\ —b) <7y < 2/(A —2b),

where
2y (1/3 + (1 + 207ay) /3\7ap )/
1+ bay ’

We have no a priori bounds for fip > 2/(\ — 2b).

R:

Example 4.9. Consider the nonautonomous nonlinearity f(u,z,t) = Au(d(z,t) —u), v € R, z € Z,
t € [to, T|t, where A > 0 and d : Z x [tg, T]yr — R. In this case, (2.1) has the form

u(x,t) = au(z + 1,t) + bu(z,t) + cu(x — 1,t) + Mu(z, t)(d(x,t) — u(z,t)), x €Z, tE [to, T,

4.14
u(z, t) =ud, z€Z. (4.14)

This equation can be interpreted as the logistic population model where the carrying capacity d depends
on position and time. Assume that d has the following properties:

e ( is bounded.

e For each choice of ¢ > 0 and ¢ € [tg, T|r, there exists a & > 0 such that if s € (¢ —d,¢+0) N [to, T,
then |d(z,t) — d(z,s)| < ¢ for all x € Z.

Then the function f satisfies (Hy)—(Hs). Indeed, let D be the boundedness constant for |d|. If B C R is
bounded, it is contained in a ball of radius p centered at the origin. Consequently, for all u,v € B, x € Z,
t,s € [to, T]T, we get the estimates

[f (u, 2z, )] < Alul(|d(z, )] + [ul) < Ap(D + p),
\f(u,amt) - f(v,x,t)\ = )“(u - U)(d(xvt) —u-— U)| < >‘|u - UI(D + 2p),
|f(u’$7t) - f(uaxvs)‘ = )\‘U(d(l’,ﬁ) - d(x,s))\ < >\p|d($,t) - d((ﬂ, S)|a

which imply that (H;)—(Hs) hold.

As an example, let us mention the model of population dynamics with a shifting habitat, which was
described by Hu and Li in [17]. There, the authors considered the problem (4.14) with T = R, a = ¢,
b = —2a (i.e., symmetric diffusion), and d(z,t) = e(x — yt), where v > 0 and e : R — R is continuous,
nondecreasing, and bounded. It follows that e is uniformly continuous on R: Given an € > 0, there exists
a 0 > 0 such that |t — t2] < ¢ implies |e(t1) — e(t2)| < e. Thus, we get

|d(x,t) — d(z,s)| = |e(x —7t) —e(z —vs)| < ¢

whenever |t — s| < §/v and x € Z; this shows that d satisfies our assumptions. (We remark that some
of the results presented in [17] can be found in our earlier paper [29]. In particular, the fundamental
solution of the linear lattice diffusion equation was derived in [29, Example 3.1], and [17, Corollary 2.1]
is a consequence of our superposition principle from [29, Theorem 2.2].)
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Another simple example is obtained by letting d(x,t) = e(t), where e : R — R is a continuous periodic
function; this choice corresponds to a population model with a periodically changing habitat. Since e is
necessarily bounded and uniformly continuous on R, it is obvious that d satisfies our assumptions.

Suppose now that a,¢ > 0, b < 0, a+b+c =0, and @iy < —1/b; i.e., (Hy) and (Hs) hold. For
simplicity, let us restrict ourselves to the case when d is a positive function, and let

dimin = d(z,t), Amax = sup d(z,t).

inf
(@,t)€ZX[to,T]r (z,t)€ZX [to, Tt

Consider an arbitrary nonnegative initial condition u° € ¢*°(Z), i.e., m > 0. Take r = min(m, dpi,) and
R = max(M, dmax). Then f(r,z,t) > 0 and f(R,z,t) < 0 for all z € Z and t € [tp,T]r. This means
that (Hg) holds if fip = 0, or (by Lemma 4.2) if iy is positive and sufficiently small. In these cases, the
problem (4.14) possesses a unique global solution u, and r < u(z,t) < R for all z € Z and t € [to, T|r.

5 Strong maximum principle

In the rest of the paper we focus on the strong maximum principle for (2.1). We need the following
stronger versions of (Hy)—(Hs):

(Hy) a, b, c € R are such that a,c >0, b <0, and a+b+c=0.
(Hs) b<0 and fip < —1/b.

(Hg) There exist r, R € R such that r < m < M < R, and the following statements hold for all x € 7
and t € [to, T)r:

o f(R,z,t) <0< f(r,z,t).

1+ 7igb

o If iy > 0, then f(u,z,t) > (r —u) for allu € (r, R].

1+ Tigh

o If iy > 0, then f(u,z,t) < E
T

(R —u) for allu € [r,R).
The next lemma analyzes the situation when a solution of (2.1) attains its maximum at a left-scattered
point.

Lemma 5.1. Assume that (Hy), (Hz), (Hs3), (Hy), (Hs), (Hg) hold, and u : Z x [to, T]r — R is
a bounded solution of (2.1). If u(z,t) € {r, R} for some T € Z and a left-scattered point t € (to, T|r, then
u(z, pr(t)) = u(z,t) for each x € {z —1,z,7 + 1}.

Proof. We consider the case when u(z,?) = R; the case u(Z,t) = r can be treated in a similar way.
Denote 5 = pr(t). We have

w(@, t) = pr(8)au(z 4+ 1,3) + (1 + pr(5)b)u(z, 5) + pr(3)cu(z — 1,5) + pr(s) f(u(z, 5), 7, 5).

By the weak maximum principle (which holds because (H,)—(Hg) imply (Hy)—(Hg)), the values of u
cannot exceed R. If at least one of the values u(Z + 1, 3), u(Z — 1,3) is smaller than R and u(Z,3) = R,
then

) (

(@) )t )R+ (14 @b R + o) f(R.2.5) T R4 pun(s) f(R. 7.5)
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which contradicts the fact that u(z,t) = R. If u(z,5) < R, then
wz,t) < pr(S)(a+ )R+ (1+ pr(5)b)u(z, 5) + pr(s)f(u(z, 5), 2, 5)
(Ha),(He) _ _ 14+7igh _
< wmB)(at+ )R+ (1 +pr(5)b)u(@, 5) + pr(s) = (R~ u(z,5)) (5.1)
< prE)at R+ (14 pr(Eb)u(@, ) + (1+ pr(3)D)(R —u(@,5) ‘2R,

which is a contradiction again. Thus, the only possibility is that
w(Z+1,5) =u(z,5) =u(@—1,3) =R. O
We now turn our attention to the case when the maximum is attained at a left-dense point.

Lemma 5.2. Assume that (Hy), (Hs), (H3), (Hy), (Hs), (Hg) hold, and u : 7Z x [to, Tt — R is a
bounded solution of (2.1). If u(z,t) € {r, R} for some T € Z and a left-dense point t € (to, T|r, then
u(x, t) = u(Z,t) for all x € Z and t € [to, t]1.

Proof. We consider the case when u(z,t) = R; the case u(Z,f) = r can be treated in a similar way. We
begin by proving that
u(Z,t) =R for all t € [to, ]T. (5.2)

Assume that there exists a § € [tg,t)r such that u(Z,5) < R. Let L > 0 be the Lipschitz constant for f
on the set [r, R] X Z x [to, T]r. Choose a partition § = sg < §1 < -+ < s = t such that sg,...,s, € T
and for each 7 € {1,...,k}, we have either s; —s;_1 < 1/(L =), or s; = op(s;—1). We will use induction
with respect to ¢ to show that u(Z,s;) < R for each i € {0,...,k}; this will be a contradiction to the fact
that w(z, sx) = u(z,t) = R.

For i = 0, we know that u(Z,sp) = u(z,5) < R. By the weak maximum principle (which holds
because (Hy)—(Hg) imply (Hy)—(Hg)), the values of u cannot exceed R. If i € {0,...,k — 1} is such that
Si+1 = or(s;), then the induction hypothesis u(Z,s;) < R and Lemma 5.1 imply that u(Z, s;11) < R.
Otherwise, we have s;11 — s; < 1/(L —b). For each t € [s;, $;+1)T, We get

(u(z,t) — R)A = au(z + 1,t) + bu(z, t) + cu(z — 1,t) + f(u(Z, 1), Z,t)
Hi),Thm.4.4
T (at OR 4 bt + Fu(m0),5.0)  F(R.30) + F(R,3.0)
(Ha),(Hs) B _
S (R ( 7t))+f( (33 t),$7t)—f(R71‘,t)
< —b(R —u(z,t)) + [ f(u(Z,1),7,t) — f(R,Z,1)|
< —b(R —u(z,t)) + L |u(z,t) — R
et (- L) (u(,t) - R).

Notice that 1+ pr(¢)(b— L) > 0 for all ¢ € [s;, $;41)r. Therefore, Gronwall’s inequality [4, Theorem 6.1]
yields
u(f, 51'_;,_1) —R< (u(:E, 52) — R) eb_L(SZ‘+1, 57,) <0,

<0 >0

which completes the proof by induction and confirms that (5.2) holds.

Let us prove that u(z + 1,t) = R for all ¢ € [to,t]y. Assume that there exists a t € [to, |7 such that
at least one of the values u(Z £ 1,¢) is smaller than R. The fact that «(Z,-) is a constant function on
[to, ] implies that u®(z,t) = 0 (note that if + = £, then ¢ is necessarily left-dense). On the other hand,

u®(Z,t) = au(Z + 1,t) + bu(Z, t) + cu(® — 1,t) + f(u(Z,t),Z,t) < (a+b+c)R+ f(R,Z,t) <0,
i.e., u®(Z,t) <0, a contradiction.

Once we know that u(z £ 1,¢t) = R for all ¢ € [to, |1, it follows by induction with respect to = € Z

that u(z,t) = R for all x € Z and ¢t € [to, t]r. O
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With the help of the previous two lemmas, we derive the strong maximum principle.

Theorem 5.3 (strong maximum principle). Assume that (Hy), (Hs), (H3), (Hy), (Hs), (Hg) hold with
r=m<M=Randu:Zx [ty,T|r = R is a bounded solution of (2.1). If u(z,t) € {r, R} for some
T €Z and t € (to, T|1, then the following statements hold:

(a) If [to, t]T contains only isolated points, i.e., to = pk(f) for some k € N, and
D(z,t) = {(z,t) €Zx [to,flr: t=pk(), j=0,...,k andz =7z +1, i:O,...,j},

then u(z,t) = uw(z,t) for all (z,t) € D(x,1).
(b) Otherwise, if [to,t|T contains a point which is not isolated, then u is constant on Z X [to, Tt.

Remark 5.4. In order to prevent any confusion, we emphasize that the fact whether a point is isolated
or not is considered with respect to the time scale interval [tg, f]r, not the entire time scale T. In other
words, the statement distinguishes between the cases in which the interval [to, #] is a finite set (part (a))
or at least countable (part (b)).

Proof. We consider the case when u(Z,t) = R; the case u(Z,t) = r can be treated in a similar way. We
prove the statement by analyzing two different cases:

1. Let there be a left-dense point in [tg, ¢|T. Denote
Pig = {t € [to,t]r : tis left-dense} # ()

and t;q = supPjq. Given the definition of the supremum and the fact that T is a closed set, we
obtain t;q € T. To show that ¢4 is left-dense, let us assume by contradiction that ¢4 is left-scattered.
Thus, t;q ¢ P1q and immediately from the definition of the supremum we get a contradiction. From
the proofs of Lemmas 5.1 and 5.2 we obtain that u(z,t) = R for all ¢ € [tg,¢]r and particularly,
u(Z,t;q) = R. Furthermore, since t;4 is left-dense, Lemma 5.2 yields that

u(z,t) =R forall z€Z, tEeto,tialr (5.3)

There remains to prove the statement for ¢ € [t;q, T)r. From (5.3) we get that u(z,ty) = v = R
for all z € Z and thus, r = m = M = R. Consequently, since (Hg) holds with r = m = M = R,
Theorem 4.4 (weak maximum principle) yields that

R<u(z,t) <R, ie, u(z,t)=R, forall ze€Z, tEe€lty,T]r.

2. Let us assume that [to, f]r does not contain any left-dense point.
(i) If [to,t)r does not contain any right-dense point, i.e., [tg, T]T contains only isolated points,
then the part (a) of the theorem follows immediately from Lemma 5.1.

(ii) Let there exist a right-dense point in [tg, #)T. Denote
Pra = {t € [to,)r : t is right-dense} # 0,

and t.q = supP,q. From the fact that t is left-scattered and from the definition of the
supremum we obtain .4 < t. Moreover, since T is closed, there is ¢, € T. Further, we show
that t,q4 is right-dense as well. Indeed, let us assume that ¢,4 is right-scattered, i.e., t,q ¢ Prq.
Then ¢,4 is an unattained supremum of P, and there exists a sequence {t,} -, C P,q such
that t,, " t,.q. This would imply that ¢, is left-dense, a contradiction. Thus, t,4 is right-dense.
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From the definition of ¢4, the sequence of predecessors of ¢, namely
{p%@)}

is well-defined and satisfies p{f(f) N\ trq- Let us assume that x € Z is arbitrary but fixed, i.e.,
T =T+ iy or x =T — ig for some ig € Nyg. We consider the case x = Z + ig; the other case is

similar. Lemma 5.1 implies that for all j > 4o, there is u (a:,p%(f)) =u (56 + io,p%'r(f)) = R.
Then the continuity of the function u(z,-) yields that

o0
- C (trg, tT,
Jj=1

R= lim u (m,p?ﬁ-(t_)) = u(z,trq),
j—o0
and since x € Z is arbitrary, there is u(x,t,q) = R for all z € Z.
Now we prove that u(z,t) = R for € Z and t € [to,t,q]r. We use the backward induction
principle in the variable ¢ (see [4, Theorem 1.7 and Remark 1.8]):
e Above we have shown that for ¢ = t,.4 there is u(x,t,.4) = R for all x € Z.

o Let t € (to,trq]T be left-scattered and wu(xz,t) = R for all + € Z. Then Lemma 5.1
immediately implies that u(z, pr(¢)) = R for all z € Z.

o Let t € [tg, tyq)T be right-dense and u(x,s) = R for all x € Z and s € (¢, trq]7. Then again
from the continuity of the functions u(z, ) we obtain

R = lim u(z,s) =u(z,t) forall zeZ.
s—t+

e We do not have to consider the case when t € (to, t,-q]r is left-dense, since we assume that
[to, tra]T does not contain any such point.
The backward induction principle implies that u(z,t) = R for all x € Z and t € [tg, tya]T-
Finally, it remains to prove that u(x,t) = Rfor x € Z and t € [t.q, T]r. Since u(z,tp) = u) = R
for all x € Z, there is r = m = M = R and analogously to above, we can use Theorem 4.4
(weak maximum principle) to show that

R <u(z,t) <R, ie., u(z,t)=R, forall xz€Z, tEe€lto,T]r- O

Corollary 5.5. Assume that (Hy), (H2), (Hs), (Hs), (Hs), (Hg) hold with r = m < M = R and
u: Z X [to, T]r = R is a bounded solution of (2.1). If there is a point tq € [to,T)r that is not isolated
and if the initial condition u® is not constant, then

r<u(z,t) <R forall x€Z, te(tq,Tr.

Proof. Assume by contradiction that there exist Z € Z, t € (tq, T such that u(z,¢) € {r, R}. Since
ta € [to,t)T and t4 is not isolated, the part (b) of Theorem 5.3 yields that w is constant on Z x [to, T,
a contradiction to the assumption that u° is not constant. O

The following remarks explain why the original conditions (Hs)—(Hs) are not sufficient to establish
the strong maximum principle, and had to be replaced by their stronger counterparts (Hy)—(Hg).

Remark 5.6. (Hy) is too weak for the strong maximum principle; we need the constants a,c € R to be
strictly positive. Indeed, let us consider the linear transport equation

0

8—?(%15):—u(amﬁ)—i—u(ac—1,t)7 r€Z, tel0,T1],
1, >0,

M%m_{o,x<a
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i.e., the initial-value problem (2.1) with a = 0, b = —1, ¢ = 1 and f = 0. Then the unique bounded
solution is given by (see [30, Corollary 4.3])

x

tI
Z 76%, x>0, tel0,T],
u(zx,t) = =

0, x <0, te]l0,T].
Thus, the strong maximum principle does not hold.

Remark 5.7. To see that (Hs) does not suffice, consider the time scale T = Ny and the linear equation
(f=0) . .
ud(z,t) = iu(x +1,t) —u(z,t) + iu(x —1,t), z€Z, teNy,

which corresponds to (2.1) with @ =c¢ = 4, b= —1, and f = 0. This equation holds if and only if

1 1
u(z,t+1) = §u(x+1,t)+§u(x—1,t), x €Z, teNg.

For the initial condition
1, x is even,

u(z,0) = { 0, xis odd,
we obtain
0, =z is even,
1, =z is odd,

u(z,1) = {

which violates the strong maximum principle.

Remark 5.8. Finally, let a,b,c be an arbitrary triple satisfying (Hy), and T = uNg = {0, 1,24, ...},
where p > 0 satisfies (Hs). Consider the problem (2.1) with

0 __ 17 .1?750, _ l _
u“’_{O, 220, and f(u,z,t) = b+# (1 —u).

We have m = 0 and M = 1. For r = 0 and R = 1, the function f satisfies (Hg), but not (Hg). Using

(2.1), we calculate

u(0, p) = pau(l,0) + (1 + pb)u(0,0) + peu(—1,0) + pf(u(0,0),0) = p(a+ ¢) + (1 + pb) (He) 1.

Therefore, u(0, x) = 1 = R, but u(0,0) = 0, which contradicts the strong maximum principle.
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