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Abstrakt

Tato disertace prezentuje nase vysledky tykajici se parcialnich dynamickych rovnic na oblastech s diskrétni
prostorovou proménnou (tzv. miizkdch). Tyto problémy slouzi k modelovdni procesu probihajicich v
prostorové strukturovaném prostied{ (napf. bunkdch, krystalovych miizkach, elektronickych obrazcich).
Proto studujeme parcidlni rovnice s diskrétni prostorovou proménnou a ¢asovou proménnou uvazujeme
bud’ spojitou, diskrétni nebo z obecné casové skily.

Préce je rozdélena do dvou ¢asti. Prvni ¢ast disertace lze vnimat jako komentaf s historickymi souvis-
lostmi. Popisujeme zde nejen historii diferen¢nich a diferencidlnich rovnic, ale i modelovani procesu, které
lze popsat parcialnimi dynamickymi rovnicemi na oblastech s diskrétni prostorovou proménnou. Odvozu-
jeme zakony zachovani a nasledné vysvétlujeme, jak z nich vznikaji transportni a diftiizni rovnice. Poté
predstavujeme teoretické vysledky, které se zabyvaji transportni rovnici. V linedrnim piipadé odvozujeme
explicitni feseni a pro nelinedrni rovnici dokazujeme rozlicné vlastnosti (napf. principy maxima, globaln{
existenéni véty). Poté se zabyvdme reakéné-difizni rovnici na miizkdch, pro kterou studujeme podobné
teoretické vlastnosti. Diskutujeme také otazky tykajici se implicitni diskretizace reakéné-diftzni rovnice.
Na zavér, abychom byli schopni studovat stacionarni feseni, dokazujeme existenci pro diskrétni okrajové
ulohy.

Druha ¢éast prace se sklada ze Sesti publikaci. Tyto ¢lanky jsou pfilozeny v originalni podobé a obsahuji
vSechny technické detaily pro zainteresovaného ctenare.

Klicova slova

parcialni dynamické rovnice, mfizky, transportni rovnice, reakéné-difiizni rovnice, existence, jednoznacnost,
principy maxima, varia¢ni metody
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Abstract

The dissertation thesis presents our recent results about the partial dynamic equations on discrete spatial
domains (so-called lattices). These problems arise from the modeling of processes on spatially structured
environment (e.g., cells, crystal lattices, electronic images). Consequently, we study partial equations
with discrete spatial variable and suppose time variable being either continuous, discrete or, generally,
from a time scale.

The thesis is divided into two parts. The first part is a commented overview with historical context.
We summarize the history of difference and differential equations and introduce the modeling of processes
described via partial dynamic equations on discrete spatial domains. We derive conservation laws and
then explain how transport and diffusion equations arise. Next, we present theoretical results for transport
equation. We derive the explicit formula for the solution in the linear case and prove various properties for
the nonlinear equation. Further, we study the reaction-diffusion equations and show similar properties.
We also discuss implicit discretization of the reaction-diffusion equation. Finally, we prove the existence
for discrete boundary value problems for the analysis of stationary solutions.

The second part of the dissertation thesis is composed of six appendices containing the original
publications. There are all technical details for interested readers.

Keywords

partial dynamic equation, lattices, transport equation, reaction-diffusion equation, existence, uniqueness,
maximum principles, variational methods
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Zusammenfassung

Diese Dissertation prasentiert unsere Ergebnisse iiber partielle dynamische Gleichungen auf Gebieten mit
diskreten Raumvariablen (sog. Gittern). Solche Probleme dienen der Modellierung der Vorgénge, die
auf strukturierten Raumbereiche verlaufen (z.B. Zellen, Kristallgittern oder elektronische Bilddateien).
Deshalb studieren wir die partiellen Gleichungen mit der diskreten Raumvariable und betrachten sowohl
stetige, diskrete als auch zeitskalige Zeitvariablen.

Die Arbeit ist in zwei Teile eingeteilt. Der erste Teil der Doktorarbeit kann man als ein Kom-
mentar mit den historischen Zusammenhéinge betrachten. Hier schildert man nicht nur die Geschichte
der Differenz- und Differentialgleichungen aber erklart auch die Modellierung der Vorgéange, die man
mit partiellen dynamischen Gleichungen auf Gebieten mit diskreten Raumvariablen beschreiben kann.
Man leitet verschiedene Erhaltungséitze ab und zeigt, wie die lineare und nichtlineare Transport- oder
Diffusionsgleichung entsteht. Dann stellen wir theoretische Ergebnisse vor, die sich mit der Transport-
gleichung beschéftigen. Wir berechnen die expliziten Losungen in dem linearen Fall und beweisen ver-
schiede Eigenschaften in dem nichtlinearen Fall (z.B. Maximumprinzipien, globale Existenzaussagen und
stetige Abhéngigkeit). Danach beschéiftigen wir uns mit der Reaktionsdiffusionsgleichung auf Gittern.
Wir untersuchen ahnliche theoretische Eigenschaften. Wir diskutieren auch die Fragen der impliziten
Diskretisierung der Reaktionsdiffusionsgleichung. Um die stationiren Losungen studieren zu koénnen,
beweisen wir auch einige Existenzsétze fiur diskrete Randwertaufgaben.

Der zweite Teil der Arbeit besteht aus sechs Veroffentlichungen. Diese Artikel werden in der Origi-
nalform angehéngt und enthalten alle technischen Details fiir interessierte Leser.

Schlusselworter

partielle dynamische Gleichungen, Gittern, Transportgleichung, Reaktionsdiffusionsgleichung, Existenz,
Eindeutigkeit, Maximumprinzipien, Variationsmethoden
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CHAPTER 1

Introduction

Differential equations play one of the most important roles in the theory of mathematical analysis al-
ready from the invention of differential and integral calculus in the end of 17th century by I. Newton
and G. W. Leibnitz. The reason is straightforward, in that times the endeavor to understand and math-
ematically describe the physical laws in the real world culminated. The infinitesimal calculus showed
new ways how to describe physical processes. Firstly, considering time-dependent magnitudes, the no-
tion of derivative gave a method how to mathematically establish their instantaneous changes. Secondly,
differential and integral calculus gave a possibility how to introduce balances, namely, conservation laws
for continua. Consequently, many physical laws have been naturally expressed in the form of differential
equations from that times.

Later, not only physical, but also economic, biological, chemical and social phenomena have been
described via differential models. Therefore, the detailed qualitative analysis of differential equations and
establishing methods for solving them have taken great attention of thousands of mathematicians over
the world. Generally, we can say that differential equations serve for modeling and better understanding
of real world around us. These models could help with hard decisions and prevent some undesirable
effects and damages.

Furthermore, differential equations are important and interesting even from purely mathematical rea-
sons. They serve as a useful tool in other areas of mathematics, e.g., in algebraic and differential geometry,
manifold theory, differential topology, etc. On the other hand, this cooperation among seemingly distinct
fields of mathematics works naturally in both ways and the theory of differential equations often uses
deep results from algebra, topology, functional analysis, etc.

1.1 Difference equations

The history of difference equations is much older than the history of differential equations. The main
reason is straightforward, one does not need any special mathematical instrument to formulate problems
in the form of difference equations. Contrary to the differential equations which had to wait until
17th century when I. Newton and G. W. Leibnitz came with the idea of infinitesimal calculus, difference
equations appeared in the form of recurrence relations already in the ancient history.

One of the most known examples of recurrence relations is from the book Liber Abaci by Leonardo of
Pisa (better known as Fibonacci) from the beginning of 13th century. His example for the reproduction
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of rabbits reads as follows. At the beginning one has a pair of rabbits (male and female). When the pair
matures, they have a new pair of immature rabbits. After one reproductive season, the new pair mature
and the old pair has another pair of immature rabbits, etc. The question is how many pairs of rabbits
are there after t-th reproductive season, t = 0,1,2,... This can be formulated in the recurrence form

Nt+1:Nt+Nt,1 for t:273,...7 N():l, lel,

where N; denotes the number of pairs after ¢-th reproductive season. This recurrence scheme produces
the so-called Fibonacci sequence!

{1,1,2,3,5,8,13,21, 34, 55,89, 144, 233, 377, 610, 987, 1597, .. .} .

Let us emphasize that Fibonacci was not the founder of this interesting sequence. This has been known
since ancient history thanks to Indian mathematicians (see, e.g., P. Singh [71]).

Surprisingly, this sequence occurs in many places in the nature (e.g., the seeds in the floret of sunflower
are placed in spirals which consist of a Fibonacci number of seeds). It is also connected with the famous
golden ratio which has been intensively studied since the times of Euclid in Ancient Greece (and often
appearing in nature, culture, etc.). The limit of ratio of succeeding numbers of Fibonacci sequence
converges to the golden ratio ¢ = 1+T‘/5

Next interesting problem involving recurrence relations which goes to the old history is bearing inter-
ests in money lending. The simplest case is well known. If you lend somebody Ny amount of money and
you make a settlement that after each month the debt increases by r %, then the debt after ¢ months,
t=20,1,2,..., is given by the following recurrence relation

N, = (1+ 18—0) Ny, for t=1,2,3,...,
which has the explicit solution N; = (1 + 1—80)t Np.

From the numerical mathematics’ point of view, the difference equations have started to play an
important role after the development of infinitesimal calculus and differential equations. Since the math-
ematicians could not solve many differential equations analytically, they wanted to introduce a method
how to find solutions at least approximately. The pioneering work in this field was done by L. Euler in
18th century who established a method for approximation of solution to initial value problem for ordinary
differential equation (ODE)

{ u'(t) = f(t,u(t)), t>0, f:[0,+00) xR — R,
u(0) = up € R.

The Euler method is based on discretization of the interval [0, +00) with the discretization step h > 0
into the set of points {0, h,2h, ...} and on the recurrence scheme when the value of the exact solution u
at discretization points are approximated by the values

vt +h)=v(t)+hf(t,v(t), t=h,2h,..., v(0)=u. (1.1)

Between the discretization points it is approximated by the linear function characterized by the end
points. The problem to establish the values v(t) at the discretizations points (1.1) is in fact an initial value
problem for (generally nonlinear) difference equation of the first order. See, e.g., E. Hairer, S. P. Nogrsett,

IThe closed formula for the solution of the Fibonacci recurrence relation is

N_l 14+ VE t+1 - V5 t+1
t—% 2 - 2 ’

see, e.g., J. D. Murray [60].
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G. Wanner [38] for more information and deep investigation of mathematical properties of the Euler
method.

The detailed analysis of difference equations is very important, since the discrete analogues of contin-
uous problems could exhibit qualitatively different behavior. To illustrate this, consider for example the
initial value problem for linear ODE

The unique solution is obtained simply as u(t) = e~¢ which is everywhere positive and satisfies u(t) — 0+
for t — +o00. The discrete analogue for this problem obtained via the Euler method is

v(it+h)=(1-h)v(t), t=h,2h,..., v(0)=1,

which has the unique solution v(t) = (1—h)#%. Let us discuss and compare the solutions of continuous and
discrete problem. Firstly, observe that for discretization steps h > 1 the solution of difference equation
changes sign. Moreover,

o for 1 < h < 2, there is v(t) — 0 for t — 400,
e for h =2, there is v(t) = (—1)%7
e for h > 2, there is liminf, , | o v(t) = —oo, limsup,_, , ., v(t) = +o0.

If h =1, there is v(t) = 0 for all ¢ = h,2h, ... On the contrary, if h < 1 and ¢ > 0 is fixed, we obtain

o(t)=(1—h)% — et =u(t) for h— 0+,

i.e., we obtain better approximations of the original continuous problem for smaller discretization steps.
Secondly, the solution of the initial value problem for ODE exists for all ¢ € R and is given by u(t) = e,
i.e., the backward solution also exists. However, if h = 1 there is no backward solution of the difference
equation.

Let us note that the Euler method has been many times generalized and in the present days it is not
often practically used because it is one of the simplest methods, unstable for many problems. However,
we can say that it still has been one of the fundamental building blocks of numerical mathematics.

Furthermore, one can focus on the analysis of boundary value problems for differential equations. The
method of finite differences (see, e.g., R. J. LeVeque [53]) is one of standard numerical methods for these
problems. This leads to boundary value problems for difference equations which are another main topic
of this thesis. For example, consider the Dirichlet boundary value problem for second-order ODE

{ —u"(t) = f(t,ut)), te(0,1), f:(0,1)xR—R,
u(0) = u(l) =0.

The method of finite differences is based on the decomposition of the interval [0, 1] similarly as above
into the set {0, h,2h,...,1 — h,1} with the discretization step h = 1/k, k € N, and an approximation of
the solution w of the continuous problem by the solution of the following discrete problem

{ 2o(t —h) = f(t,v(t)), t=h,2h,...,1—h,
() v(1) =0,
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where AZv(t — h) = 73 (u(t — h) — 2u(t) + u(t + h)).2 Therefore, one could study these two problems
together and for example, establish a general condition for the nonlinearity f such that both problems
has a unique solution. Then, the question of convergence of solutions v to the solution u provided h — 0+
is very interesting and one of the main topics in numerical mathematics.

Let us note that the reader can found the systematic theory of difference equations, e.g., in the mono-
graphs W. G. Kelley, A. C. Peterson [46] or S. Elaydi [30].

1.2 Population models

As Fibonacci’s example shows, difference (later also differential) equations have been often used for the
prediction of a future state of some biological system. Main problems studied in the thesis have often
the motivation from biological or chemical modeling. Thus, let us briefly introduce basic models of
population dynamics in their continuous and discrete form. The summary is based on the monograph
of J. D. Murray [60].% Let us start with continuous models.

Example 1.1. At the end of 18th century T. R. Malthus in [58] presented the exponential growth model
of population dynamics. It is based on a simple idea that the birth rate and mortality are proportional
to the size of population linearly. In the continuous setting, denoting by N(t) the population size at time
t, the change of N(t) is given by

N'(t) = bN(t) — dN(t),

where b > 0 is the parameter describing the birth rate and d > 0 describes the death rate. The solution
of this simple linear ODE is N(t) = Noet=Dt wwhere Ny > 0 is the initial size of population at time
t = 0. Therefore,

e if b < d, then N(t) — 0+ for ¢ — +oo and the population dies out,
o if b =d, then N(t) = N,
o if b > d, then N(t) — 400 exponentially for ¢ — +o0.

This model seems to be unrealistic, since it is very simple and does not involve the influence the envi-
ronment (e.g., the spatial capacity, the amount of sources, etc.). However, sometimes it can describe the
evolution satisfactory. For example, the world’s population has increased exponentially until now and
thus, one can use this model for a prediction of future progress. If it would be done for immediate future,
this prediction will be plausible. However, it is hard to estimate when the world resources will start to
be deficient.

Example 1.2. Interestingly, in several particular countries (e.g., in the Western Europe) the population
growth rate has started to decrease. This can motivate us for another model which was introduced by
P. F. Verhulst in [83] in the middle of 19th century — the logistic model. It has the following form

2Let us note that in the theory of difference equations, boundary value problems are usually re-scaled, i.e., for example
in the case of homogeneous Dirichlet boundary conditions the following problem is considered

{ —A%w(n—1) =g(n,wn)), n=1,2,...,N—1,
w(0) = w(N) =0,

where N = 1/h, w(n) = u(nh), A%w(n —1) = w(n — 1) — 2w(n) + w(n + 1), g(n,w) = h? f(nh,w).
3We restrict ourselves to models of one population, since we do not study systems of equations further in the thesis (i.e.,
we omit famous models of cooperation, conflict, predator-prey models of Lotka-Volterra type, etc.)
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N'(t) = rN(t) (1— NI(;)> r>0, K>O0.

The birth rate per capita in this case is given by r (1 — %) and thus, it depends on the population

size. Here, the parameter K > 0 describes the carrying capacity of the environment. If the size N(t)
approaches the capacity K, then the birth rate per capita tends to zero. The explicit solution of this
equation is given by

o NOKe”
N K—I—No(e”—l)'

N(t)

One can observe that the logistic equation has two stationary (constant in time) solutions N(¢) = 0 and
N(t) = K. Solution for any positive initial condition Ny > 0 tends to the value K provided ¢t — +o0 and

o if Ny < %, then the solution is strictly increasing to K and has well-known sigmoid shape, which
for small time instances exponentially grows up, then the growth acceleration stops and decreases,

o if % < Ny < K, then the solution is strictly increasing to K, however, it is everywhere concave,

e if Ny > K, then the solution is strictly decreasing to K and it is everywhere convex.

This yields that the stationary solution N(t) = K is globally asymptotically stable and N(t) = 0 is
unstable.

There are many generalizations of logistic model, e.g., spruce budworm model in which the hysteresis
effect occurs, model with harvesting, etc. (see J. D. Murray [60]). Let us mention one of these possible
modifications.

Example 1.3. In 1930’s, W. C. Allee studied the effect in the population dynamics when the population
has better conditions for reproduction provided it is larger (see W. C. Allee [1]). Moreover, there can
exist a positive survival threshold for the population size below which the population dies out. Biological
mechanism evoking these procedures can be, e.g., collective feeding, collective defense against predators,
the frequency of meeting for reproduction, etc. This effect is called after its founder — the Allee effect.
The mathematical model describing the strong Allee effect (with the survival threshold), uses a type of
cubic nonlinearity which arises by the modification of logistic function

N’(t):rN(t)( _]\;9)<]\i§ﬂ_1>’ r>0, K>A>0.

It has three stationary solutions N(t) =0, N(¢) = A and N(¢) = K. Basically,

e for 0 < Ny < A the solution is strictly decreasing and N(t) — 0+ for ¢ — +o0, i.e., the population
dies out,

e for A < Ny < K the solution is strictly increasing and N(¢t) — K— for t — +oo0,

o for Ny > K the solution is strictly decreasing and N (¢) — K+ for t — 400,

i.e., the stationary solutions N (t) = 0, N(t) = K are locally asymptotically stable, N () = A is unstable.*
This yields that the population actually dies out provided the initial size of population is less than the
survival threshold A.

4These cubic nonlinearities are often called bistable nonlinearities.
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Let us focus on discrete population models. It is reasonable to apply difference equations rather
than differential equations, for example, when the population generations do not overlap (e.g., for the
reproduction of one-year plants). We denote the population size at generation ¢ by NV;.

Example 1.4. Let us start with the discrete Malthus’ model

Nt+1 = 1Ny,

where r > 0 is the rate of reproduction, e.g., the average of descendants which individuals have. The
solution is N(t) = Nor® where Ny is again the initial size of population for ¢ = 0. It is obvious that it
has similar behavior as the continuous Malthus’ model

e if r < 1, the solution exponentially decreases N; — 0+ for ¢ — 400 and the population dies out,
e if r = 1, the solution is constant N; = Ny,
e if r < 1, the solution exponentially grows up N; — +oo for ¢ — +o0.

Example 1.5. The second and very interesting model is the discrete logistic equation

Nt+1 :T'Nt (1*Nt), r > 0,

(we consider the carrying capacity K = 1 for the brevity, the results below can be easily rescaled for
K #1). Let us focus on stationary solutions, i.e., on solutions for which Ny11 = Ny for all t =0,1,2,...
Firstly, observe that N; = 1 = K is not a solution. After simple calculations, we obtain that there are

two stationary solutions Ny =0 and N, = %1 From the discrete stability theory, one could derive that

o N; =0 is stable for r € (0,1),
e N, = ==L is stable for r € (1,3).

Moreover, for r > 3 there are no stable stationary solutions. However, one can prove that there exist two
2—periodic solutions which are stable for r € (3,73), where ro > 3 is a constant. For r > r9 the 2—periodic
solutions become unstable and there appear four stable 4—periodic solutions for r € (r2,74). One could
continue in this way and analyze the behavior of numbers r;, ¢ = 2,4, 8, ... There exists a limiting point
re > 0 such that r; — r. and for r > 7. every 2n—periodic solution becomes unstable. But there exist
odd-periodic solutions. A. N. Sharkovski showed in 1960’s in [70] that for r > r. there exist even chaotic
solution. For more detailed investigation of the discrete logistic equations, see also S. Elaydi [30]. This
shows again that a discrete counterpart of well-posed and often simply solvable continuous problem can
be very hard to analyze and have actually different properties.

As the last example of population models we describe a model involving partial differential equations
(PDEs). Contrary to ODE models where only the time-evolution of the population number is described,
in the PDE model we want to include also spatial movement of the population.

Example 1.6. Let u(z,t) denote the population density at time ¢ and position z in the space. Classical
models assume that the population spreads in space for increasing time and describe it by the diffusion
process.® Consequently, the models have the form of a reaction-diffusion equation

t
% = kAu(z,t) + f(z, t,u(z,t)), z€QCRY, t>0, k>0,
where Au(z,t) = Zil 82:;%‘” denotes the Laplace operator. This equation is then joined with an

appropriate boundary condition on 9. The function f models a local reaction which can be biologically
interpreted as a birth rate and it could be, e.g.,

5Let us note that there are also models describing an opposite process — the so-called chemotaxis, which causes that the
population agglomerates and moves to separated places with high density of population.
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o f(x,t,u) =ru, r € R, (exponential growth),
o flx,t,u) =ru (1 - %), r >0, K > 0, (logistic nonlinearity),
o flz,t,u)=ru(l—%)(%—1),7>0,0<A< K, (bistable nonlinearity).

We analyze the discrete-space analogues of these problems, i.e., we assume that the environment is
spatially structured (e.g., biological cells, crystal lattices, qualitatively different areas in nature, cities).
In one spatial dimension, we consider the following problem lying on the borderline of differential and
difference equations

% =k(u(x — 1,t) — 2u(z,t) + u(x + 1,t)) + f(z,t,u(z,t), xz€Z, t>0, k>0. (1.2)

Let us note that we often call the case with discrete spatial variable and continuous time variable as
semidiscrete equation. We study also entirely discrete version

u(z,t + h) — u(x,t)
h

=k(u(x — 1,t) — 2u(z,t) + u(z + 1,t)) + f(z,t,u(x,t), x€Z, tehNy, (1.3)

where hlNg = {hn,n € Ng}, h > 0. These problems are generally called lattice differential equations and
we devote the whole following section to the survey about them.

Since we deal with problems which combine properties of differential and difference equations, we have
to emphasize that there was a big effort to unify continuous and discrete calculus and thus, differential
and difference equations into one setting. In 1988, Stefan Hilger in his dissertation thesis [41] has come
up with the so-called time scale calculus which presents some kind of this unification. By this invention
he has laid the foundations for the so-called dynamic equations on time scales.®

Time scales are a nice mathematical tool. Their beauty and mathematical elegance arise especially
when it is used for emphasizing the differences of discrete and continuous world. If one has a property
that, e.g., simply holds for a continuous problem and it does not for its discrete version, nice question is
when the moment of this change is. In this case, time scales provide a great mathematical way how to
investigate this question. For example, in Subsection 3.2.3 we analyze the validity of strong maximum
principle for lattice reaction-diffusion dynamic equation. We show that in the case of continuous time
variable (1.2) the strong maximum principle holds. However, for the discrete equation (1.3) it does not.
Analyzing the time-scale version

u®(z,t) = k(u(z — 1,t) — 2u(x,t) +u(z + 1,t) + f(z, t,u(z,t), z€Z, tecT,

where T is a time scale and u”(x,t) is the delta-derivative with respect to ¢, we show that the strong
maximum principle holds when the time scale T contains at least one dense point.

1.3 Lattice differential equations

As we mentioned above, lattice differential equations (LDEs) are basically analogues of evolutionary
PDEs which are formulated on discrete spatial domains called lattices. One of the simplest examples
is the equation (1.2) which is formulated for € Z. However, more complicated lattices (e.g., ZV) are
also studied and one can consider problems defined even on non-symmetric lattices assumed only to be
graphs. These equations can be understood as discretizations of PDEs, however, the study of LDEs have

6We do not present any introduction into this theory, since it is rather technical and everyone could find it in S. Hilger [40]
or in the survey books M. Bohner, A. C. Peterson [13, 14].
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started not as numerical models of continuous problems but as original models of binary alloys (see, e.g.,
J. W. Cahn [17], H. E. Cook et al. [24]). Besides material engineering, LDEs origin naturally in many
other areas, in biology (see, e.g., J. Bell [6], J. Bell, C. Cosner [7], J. P. Keener [45]), chemistry (e.g.,
T. Erneux, G. Nicolis [31], J. P. Laplante, T. Erneux [50]), image processing (e.g., W. J. Firth [33]), etc.
For detailed information about LDEs and other references, see the monograph S.-N. Chow et al. [20]. In
the following paragraphs we expose only a brief summary about main ideas based on [20].

One of the most known examples is lattice Allen-Cahn equation applied for modeling of motion of the
interface of binary alloy

du(x,t)
dt

= kApu(x,t) + fu(x,t), k>0, (1.4)

where t > 0, x € ZV,

F(w) = ru(l - u?),

is the symmetric bistable nonlinearity and Aru denotes a lattice/discrete Laplace operator on ZV, e.g.,

e on Z, it is the standard second central spatial difference Apu(z,t) = u(x —1) — 2u(z,t) +u(x+1,1),
i.e., (1.4) is in fact the equation (1.2),

e on Z? it can be (denoting u(x,t) = u(z,y,t), z,y € Z)

Apu(z,y,t) = Aju(z,y,t) = ulz — 1,y,t) + u(z,y — 1,t) — du(z, y,t)
tulz+1,y,0) +u(z,y+ 1,1),

or

ALu(x,y,t) = Axu(l'vyat) = u(:c - ]-ay - 17t) + u(:r + 1ay - ]-at) - 4U(1’,y,t)
tule —Ly+1,0) +ule+ Ly +1,0),

i.e., Apu is two-dimensional discrete Laplacian based on +-shaped or x-shaped stencil, respectively.

One can consider the equation (1.4) with general nonlinearity f and distinguish LDEs on finite or
infinite lattices. LDEs on finite lattices (e.g., finite discrete interval [a,blz = [a,b] N Z or finite graphs)
can be reformulated as a finite system of ODEs. Equations on infinite lattices (e.g., Z, infinite graphs)
then correspond to an infinite system of ODEs. In that case, the initial condition u(x,0) = ug(x) is
classically taken bounded (e.g., {ug(x)}yczn € £°(ZY)) and we investigate bounded solutions. Denoting
U(t) = {u(x,1) }xezn, the equation (1.4) can be rewritten as a differential equation on the space £>

{[MQFW@L F o 0°(ZN) — (ZN), 5)

U(0) = {uo(x) }ezn »

where U : Rf — ¢°°(ZV) and F(U) = {kApu(x) + f(u(x))}ezn-

In both cases, under standard continuity assumptions on the function f, one can obtain the existence
and uniqueness of at least one local solution applying contraction principle in the standard way. First
interesting question then arises — the global existence. Maximum principles are one of the possible ways
how to prove the global existence, since they guarantee that the local solution cannot blow up (see
Section 3.2).

Stationary solutions and their stability is another property that is often studied. In [20] there is shown
the application of nonlinear semigroup theory for an analysis of invariant sets and global attractors for
Allen-Cahn LDE. Furthermore, the existence of special type solutions which have been observed in
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numerical experiments, the so-called traveling wave solutions, have taken lot of attention. For example,
for x € Z the traveling wave solution is a solution in the form

u(z,t) = p(x — ct),

where ¢ : R — R is a function and ¢ € R is a speed of wave propagation. There is often additionally
required that ¢(—o0) = 0 and ¢(+00) = 1 (where ¢(£o0) are limits at +o0o0) with a monotonicity
assumption on ¢. Let us mention the work of H. F. Weinberger [88] in which he established a very
general result about the existence of traveling waves for a wide class of problems including LDEs. Let
us note that in Weinberger’s result a maximum principle appears as a general hypotheses which can
be another motivation for the study of a priory bounds for LDEs that we present in the thesis. The
existence and stability of wavefront solutions for LDEs with x € Z are proved in another pioneering
works B. Zinner [90, 91].

Furthermore, in biology, there have been investigated motionless waves, especially, the property called
propagation failure. J. P. Keener in [45] proved for the equation (1.4) with

fw) = (u—a) (v’ 1),

that there exists a parameter a € (0, 1) such that for —a < a < « there is a unique wavefront solution ¢
and it has ¢ = 0. On the contrary, for analogous PDE there is ¢ # 0 for all a # 0, i.e., any non-symmetric
f causes a non-negative speed of propagation.

Generally speaking, this thesis is concerned with transport and reaction-diffusion type LDEs. We in-
vestigate equations in which the time variable appears continuous, discrete as well as equations in which
the time variable is assumed to be from a general time scale. We call this setting partial dynamic equa-
tions with discrete space or lattice dynamic equations. We are fundamentally focused on local existence
and uniqueness of solutions and on weak and strong maximum principles with their consequences, espe-
cially, the global existence, boundedness and uniform stability. Moreover, we investigate several special
properties of solutions such as sign and integral preservation.

1.4 Interesting moments in history of PDEs

We study modifications of standard continuous PDEs and therefore, we present a short historical overview
about PDEs based on the paper of H. Brézis, F. Browder [15].” Let us note that an introduction to the
theory of PDEs can be found, e.g., in the monographs P. Drabek, G. Holubov4 [28] (linear problems),
L. C. Evans [32] (linear and nonlinear problems), J. D. Logan [56] and T. Roubicek [69] (nonlinear
problems).

The invention of infinitesimal calculus started the ecstatic boom of the study of differential equations
together with whole mathematical analysis. The studied problems such as mechanics of continua were very
complex and hence, mathematicians came very briefly with an exposition of first PDEs. The pioneering
works go to J. R. d’Alembert, L. Euler, D. Bernoulli and P. S. Laplace into the middle of 18th century.
It started in 1750’s by the work of J. R. d’Alembert who established one-dimensional wave equation
describing a vibrating string. This was followed in 1760’s by L. Euler and D. Bernoulli who generalized
it into two- and three-dimensional case. Then the stationary problem, today known as Laplace equation,
was formulated by P. S. Laplace in 1780’s for the study of gravitational field. The first diffusion model
goes back to J. Fourier who modeled the heat transfer on the beginning of 19th century.

"Let us readily disclose that we present a summary of several interesting and important milestones in the evolution of
PDEs which is substantially simplified. Moreover, the evolution of PDEs has not been so linear as we perform and has gone
in many various ways and directions which have often co-operated. The reader is invited to see the paper of H. Brézis and
F. Browder [15] for better imagination about that.
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Besides these three major linear equations (generalized and classified later as hyperbolic, elliptic and
parabolic linear problems), also nonlinear PDEs arose in 18th century. In 1750’s, L. Euler studied the first
nonlinear model of incompressible fluid dynamics. This was followed later, in the first half of 19th century,
by C. L. Navier and G. G. Stokes who established their famous model for compressible viscous fluid which
was called after them — the Navier-Stokes equations. The analysis of this problem has been one of the
most challenging problems in the theory of PDEs until today.

Firstly, the problems involving PDEs were studied via establishing direct methods for finding their
solutions. Major examples of these techniques were separation of variables (which led later to the detailed
study of Fourier series), method of the Green’s function or power series method. In the middle of
19th century, B. Riemann studied the existence of solution for the Laplace equation
{ Au=0 on QCR3 (1.6)
u=¢ on 0,

via the Dirichlet principle (discovered by G. Green and G. F. Gauss), i.e., via the minimization of the

Dirichlet (or also energy) integral
3 2
0
5> ( v ) dr,
Q5 Oz

by a smooth function over all functions v which satisfy v = ¢ on 9. However, B. Riemann presented
no mathematically regular proof of existence of such a minimizer. This and others motivated K. Weier-
strass to introduce a program for development of correct and mathematically accurate proofs in the
mathematical analysis and specifically, for rigorous proofs of existence for differential equations.

One of the greatest persons in the solvability theory for PDEs was H. Poincaré. He was the first
mathematician who proved in 1890’s the existence and uniqueness of a solution to Dirichlet boundary
value problem for Laplace equation (1.6) with any continuous boundary data (see H. Poincaré [65]).
He did it using an iterative method, a maximum principle and the Harnack inequality. Poincaré’s work
presented many others deep theoretical results. Let us mention two of them. Firstly, he and E. I. Fredholm
stated the basis and initial fundamental results of spectral theory. Next, following the work of E. Picard,
H. Poincaré in [64] introduced the so-called continuity method which was based on joining the studied
problem with a simpler one via a one-parameter family of problems. Consequently, this idea led later to
the invention of bifurcation theory, to the application of homotopy mappings and topological methods
(e.g., the degree of mapping), etc.

There was another milestone on turn of 19th and 20th century when D. Hilbert presented his list of
challenging open problems, the so-called Hilbert program. Besides others, he recalled the B. Riemann’s
problem of minimizing energy integrals. He presented in [39] an idea of taking a minimizing sequence
and proving that it converges to a minimizer. B. Levy proved few years later in [54] that a general
minimizing sequence is a Cauchy sequence and therefore, it converges in an appropriate completion space
to a generalized function. Consequently, this idea and the development of Lebesgue integral together
with Lebesgue spaces later led to the definition of Sobolev spaces.

In the first half of the 20th century, together with the study of fundamentals of functional analysis,
PDEs were reformulated as abstract operator equations on appropriate function spaces. This brought
a new way of thinking about differential equations. Many famous results are based on the work of
S. Banach and his colleagues. He systematically studied linear functional analysis on which many famous
tools rely (Fredholm alternative, Lax-Milgram theorem, etc.). Importantly, he proved in [4] in 1920’s
the famous contraction principle by generalizing the E. Picard’s idea of successive approximations to a
general complete metric space. This essential result still has been applied for the direct proofs of existence
and uniqueness but also for the proofs of other functional-analytic tools as inverse and implicit function
theorems, bifurcation theorems, etc.
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From another point of view, in the first half of 20th century two main approaches (which naturally
complemented each other) took attention — variational and topological methods. The above mentioned
Dirichlet principle unsuccessfully studied by B. Riemann and recalled by D. Hilbert was a great motivation
for the detailed study of variational methods (i.e., finding conditions under which the energy integrals
have minima or other types of critical points). From this field, besides the problem of minimization, we
point out the work of L. A. Ljusternik and L. G. Schnirelmann who provided in [55] in 1930’s the lower
bound for the number of critical points for a functional defined on finite-dimensional manifold. They used
a minimax technique together with a topological instrument named later the Ljusternik-Schnirelmann
category. M. Morse analyzed before in 1920’s the type of critical points and developed the so-called
Morse theory (see M. Morse [59]). The restriction to finite-dimensional problems (some compactness was
needed) was the big disadvantage of these principles. This was resolved later in the 1960’s by R. Palais
and S. Smale in [63] who, instead of finite dimension, presented a compactness condition on choosing
convergent subsequences which was applicable even in infinite-dimensional spaces and which is now named
after these two great mathematicians. These works were followed later in 1970’s by A. Ambrosetti and
P. Rabinowitz who expanded the minimax technique in the simpler geometrical setting and proved famous
nonlinear tools — the mountain pass theorem in [2], saddle point theorem in [68] and linking theorem
in [67].

In topological methods, the generalization of the Brouwer topological degree and the Brouwer fixed
point theorem (invented by L. E. J. Brouwer on the beginning of 20th century) into infinite-dimensional
spaces was one of the most significant turning points. It was done in 1930’s by J. Leray and J. Schauder
in [52] using the compactness of appropriate operators. These principles provide, compared to the S. Ba-
nach’s contraction principle, only the existence of a solution. Therefore, it can be applied for different class
of problems for which, e.g., the corresponding operators are not contractive. The idea of Leray-Schauder
degree of mapping was also many times generalized. Let us mention the work of I. V. Skrypnik [72]
from the end of 1980’s who established the notion of degree also for operators that does not map a
Banach space into itself, but a Banach space into its dual space. It provides a possible application of this
topological argument for a class of quasilinear equations.

As we mentioned above, the development of Lebesgue integral in 1900’s by H. Lebesgue in [51] and
later introduction of Sobolev spaces in 1930’s were another important moments. Motivated, e.g., by the
convergence of minimizing sequence of Dirichlet integral studied by B. Levy, mathematicians came with
the definition of a solution in a generalized sense — so-called weak solution. This started a new period of
solvability theory. From that moment, standard proofs of existence have consisted of two steps — firstly,
one shows the existence of a weak solution and then a regularity result which analyses the smoothness of
the weak solution, in the best way, if the weak solution is also classical.®

In the theory of initial-boundary value problems for evolutionary PDEs (e.g., wave or diffusion equa-
tion), there is another interesting and useful tool — the semigroup theory. It was established in the middle
of 20th century generally for linear operator initial value problems on Banach spaces independently by
E. Hille in [42] and K. Yosida in [89]. This is a very efficient tool for proving the existence and inter-
esting properties of solutions (e.g., the existence of backward solutions). The semigroup theory was also
generalized for nonlinear problems, usually via the concept of the so-called mild solution.

We conclude this historical survey by the remark about maximum principles and a priori bounds.
We mentioned that a maximum principle was one of the key ingredients in H. Poincaré’s first proof of
existence for the Laplace equation. A maximum principle for these problems was firstly introduced in the
form of the so-called Harnack inequality by A. Harnack in the end of 1880’s.” This was later followed by
A. Paraf, E. Picard, H. Hopf and others who established the classical notion of maximum principle for

8Interestingly, although the existence of a weak solution for three dimensional Navier-Stokes equations was proved by
J. Leray in 1930’s, the regularity and uniqueness for this problem has been still unsolved and become one of the millennium
open problems.

9Let us mention that a version of the Harnack inequality was applied on the beginning of 21st century by G. Perelman
in the proof of Poincaré’s conjecture, the first and only millennium problem which has been solved.
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elliptic PDEs. These assertions were later applied, e.g., by E. DeGiorgi in [25] in the proof of regularity
for general elliptic problems with measurable data and by J. F. Nash in [61] for parabolic problems.
These principles present one of the fundamental tools in the theory of PDEs.

1.5 Continuous conservation laws, constitutive relations

Conservation laws are a natural way how to derive mathematical models of a real system. These are
equalities describing balances of state and flux magnitudes during the time progress. For example, there
are well-known balance laws in physics — conservation of mass, energy, the first law of thermodynamics,
etc. However, conservation laws appear also in population dynamics since the change of population
size is influenced only by sources (the birth rate, mortality) and by migration. Basically, some version
of conservation law occurs in many other sciences. Let us recall the derivation of standard continuous
conservation law (we refer to P. Dréabek, G. Holubové [28] and J. D. Logan [56]).

We start with integral version of balance. We model the motion of fluid in an open region 2 € R3.
Let us denote by u(x,t) the density of fluid at position x = (z,y, z) and time ¢ and consider an arbitrary
open bounded set D C 2 with a smooth boundary. If we compare the amount of the fluid in D at time
t=t; and t = t9, t; < ta, we obtain the difference®

/Du(x,tg)dxf/Du(x,tl)dx.

This change can be influenced only by the flux of fluid through the boundary 0D and by internal sources.
Let ¢(x,t) denote the density of flux and f(x,t) the density of sources at position x and time ¢. Total
amount of fluid which passes through the boundary 0D out of D during the time interval [t, t2] is given
by the following integral

ta
/ ¢(x,t) - n(x)dSdt,
t1 oD

where n(x) is the unit vector of outer normal to dD. Total contribution of sources in D is given by

/t t /D F(x, t)dxdt,

Consequently, we obtain the above mentioned balance as

/Du(x,tg)dx—/Du(x,tl)dX:—/:2 - d)(x,t)-n(x)det—l—/tltz/Df(x7t)dxdt, (1.7)

which is called the integral form of conservation law.

Now we formulate some additional assumptions on the functions u(x,t) and ¢(x,t) to obtain the
required differential form of conservation law. Let u(x,t) be continuously differentiable with respect to
the time variable ¢t. Then using the fundamental theorem of calculus we get

ta
U(X, t2) - U(X, tl) = / Wdta
t1

and hence, we rewrite (1.7) a

/ / ) au 260 geax /t t - b(x,t) - n(x)dSdt + /tt /D f(x, t)dxdt. (1.8)

10We assume in the following that all mathematical formulas make sense, i.e., the appearing functions satisfy all appro-
priate assumptions.
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Applying the Fubini theorem we can interchange the order of integration on the left-hand side of (1.8)
provided the mentioned integral exists,

/tt /D Wd"dt - ‘[ - ¢(X7t)'n(x)d5dt+/:/Df(x, t)dxdt. (1.9)

If we assume moreover that the flux density ¢(x, t) is continuously differentiable with respect to the space
variable x, then we can apply the divergence theorem (also known as the Gauss-Ostrogradskii theorem)
for the surface integral

o(x,t) -n(x)dsS = / dive(x, t)dx,
oD D

where dive(x, 1) = V - ¢(x, 1) = 2060 4 8“’3;;“” + 230D i the divergence operator. Therefore, we

can rewrite (1.9) into

/: /D (Cfmg?ﬂ +dive(x, 1) — f(x, t)) dxdt = 0.

Since this equality has to be satisfied for all time intervals [t1,t5] and all choices of D C Q and assuming
that the integrated function is continuous we obtain that the integrand has to vanish everywhere, i.e.,

du(x,t)
ot
This is called the differential form of conservation law and it is the origin of many PDEs. The analogue
of (1.10) in one spatial dimension has the form

+dive(x,t) = f(x,t), x€Q, ¢E€[t1,ta] (1.10)

ou(x,t)  Op(x,t)
ot oa
and can be obtained in the same way as (1.10).

Let us note that integral form (1.7) can be satisfied under weaker assumptions on the functions u(x, t),
¢(x,t) and f(x,t) than the equality (1.10) (or (1.11)), since there suffices if they are only integrable, i.e.,
they do not have to be even continuous.

There appear two unknown functions u(x,t) and ¢(x,t) in the equation (1.10) (or (1.11)). Hence, we
have to establish an additional coupling relation. First possibility is to add a so-called constitutive law
for u(x,t) and ¢(x,t) dependently on the modeled problem. Problems studied in this thesis (transport
equations, diffusion equations, reaction-diffussion equations) arise actually from the constitutive laws.
Second possibility is to add another conservation law for the flux magnitude (e.g., the Navier-Stokes
equations for the fluid dynamics use the conservation of momentum).

Since we proceed via the former way, let us present basic constitutive laws. For the sake of clarity,

= f(z,t), ze€ICR, tel]t,ts], (1.11)

we use the index notation for partial derivatives, i.e., us(z,t) for aué’t"t), uz(x,t) for W, Uze (X, 1) for
8%u(x,t)
o2 etc.

Example 1.7. Consider the one-dimensional conservation law (1.11) and let the flux ¢(z,t) depend
linearly on the density u(z,t), i.e.,
o(x,t) = ku(z,t), k>0. (1.12)

Consequently, we get from (1.11) the transport (or advection) equation

ug(x,t) + kug(x,t) = f(z,t), (1.13)

which describes, e.g., transport of chemicals dissolved in a fluid which runs through a tube (neglecting
the diffusion process).
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Example 1.8. The analogy of transport equation in three spatial dimensions (and similarly in two
dimensions) can be obtained assuming

P(x,t) = vu(x,t),
where v € R? describes the direction and velocity of motion. Then three dimensional transport equation
follows from (1.10) as
Uy (Xa t) + ViU (Xa t) + vauy (Xa t) + v3u, (Xa t) = f(X> t)'

Note that many generalizations can be obtained for transport equations. One can suppose that the
parameter k (or v in three dimensions) also depends on x and ¢ and investigate the equation with variable
coefficients. Furthermore, one can consider that k is dependent on the density u(x,t) or more generally,
that the flux is a nonlinear function density, i.e., ¢(x,t) = ¢ (u(x,t)), ¢ : R — R,*! and analyze nonlinear
transport equations (see, e.g., J. D. Logan [56] for more information).

Example 1.9. Let us derive the diffusion equation as an example of equation of second order. Again,
consider the problem in one spatial dimension firstly. The constitutive law coupling u(z,t) with ¢(z,t)
in this case is the so-called Fick law

d(z,t) = —kug(x,t), k>0, (1.14)
which means that the flux is larger at points where the gradient of density is larger and it is directed
oppositely to the gradient. This occurs, e.g., in the heat transfer, movement of micro-particles into others,
etc. We obtain from (1.11) the one-dimensional diffusion equation

up(x,t) = kg (2, t) + f(x,t). (1.15)
Example 1.10. For the diffusion equation in three dimensions, we use the multi-dimensional version of
the Fick law

o(x,t) = —kVu(x,t), k>0,
and applying the definition of the Laplace operator

Au(X, 1) = Upe (X, 1) + uyy (%, 1) + usz(x, ) = div (Vu(x, 1)),
we obtain from (1.10)

u(x,1) = kAu(x, t) + f(x, 1),
the diffusion equation in three spatial dimensions.

Let us mention also a possible nonlinear generalization of diffusion equation since it is of our great
interest — the reaction-diffusion equations, regarding the case when the source function f depends also
on the density u(x,t).

Example 1.11. One could verify that the derivation of conservation law works even when the source
function f appearing on the right-hand side of conservation laws (1.10) and (1.11) is also a function of
density u(x,t), i.e., f = f(z,t,u(z,t)) (e.g., the birth rate in population dynamics). Then applying the
Fick law we obtain one-dimensional RDE

11We denote the nonlinear function also by ¢ as the flux itself, because we use this notation also in Section 2.2 as well
as in Conclusion where we introduce problems involving the so-called ¢-Laplacian. However, at this place it is formally
incorrect.
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ug(x,t) = kuge (x,t) + f(2,t,u(z, b)), (1.16)

or its three-dimensional analogy

Ut (Xa t) = kAu(Xv t) + f(xa t, U(X, t))a
which are generally nonlinear problems provided f is nonlinear in the third variable.

Let us conclude the section with the stationary counterpart of diffusion equation — the Poisson equation
(nonhomogeneous version of the Laplace equation).

Example 1.12. Suppose for the simplicity that the source function is not a function of time, i.e.,
f = f(x) for the diffusion equation or f = f(z,u(z,t)) for RDE. Further, denote g(z) = 1 f(z) or
g(z,u(z,t)) = 1f(z,u(x,t)). Stationary solutions of the diffusion or reaction-diffusion equation are
constant in time, i.e., have zero partial time derivatives. Therefore, these solutions have to satisfy

(@) = g(a), or — Au(x) = g(x),

in the case of diffusion equation which is called the Poisson equation, or

—ugy (1) = gz, u(@)), or —Au(x)=g(x,u(x)),

in the case of RDE which is the nonlinear Poisson equation or semilinear elliptic equation.'?

1.6 Semidiscrete conservation laws

In this section we present a possible way how to establish a conservation law for equations with discrete
spatial variable x € Z. Hence, we derive the discrete-space counterpart for the equality (1.11).

Note that in future research we want to analyze also problems considered generally on graphs. As a
motivation, we present conservation laws for equations with discrete variable being from a directed graph
in Conclusion (see Section 5.3).

Let us assume that « € Z and ¢ € [t1,2]. Recall that we call problems with this structure of variables
semidiscrete equations. Denote by u(x,t) the amount of modeled substance at the point z and time ¢
(for example, [a,b] NZ models a line segment of cells, e.g., neurons, see J. Bell [6], J. Bell, C. Cosner [7]).

Analogically as in the continuous case, we investigate the total change of amount of u at one fixed
discrete point = € Z during time interval ¢ € [ty, 5] 13

u(z, te) —u(z,t1).

This change is again influenced only by the total amount of u that passes into and out of x € Z during
t € [t1,t2] and by total supply of internal sources. Let us denote by ¢(z,t) the flux quantifying the
amount of u that passes between points  and x + 1 at time ¢,'* and by f = f(z,t) the source function
expressing the production of sources at x and at time ¢.

Therefore, we obtain the following equality establishing the above mentioned balance

ta

u(xw,to) —u(z, t1) = / : (p(x —1,t) — ¢(x, 1)) dt + f(z,t)dt. (1.17)

t1 t1

121 one-spatial dimension, the stationary problems are obviously ODEs.

13Note that the discrete spatial structure allows us to formulate the balance immediately locally at one point x € Z.

14Correctly, we should denote the flux between the point  and its neighbor = + 1 by ¢(x,z + 1,t) because for a general
graph the flux function acts on the set of edges of the graph. However, in the case of Z, which can be interpreted as a
simple undirected graph (a path), each edge has the form {z,x + 1}. Therefore, we use the shortened notation ¢(z,t) for
the brevity.
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Let us assume that u(x,t) is continuously differentiable with respect to time variable ¢, then

[2)
u(x, ta) —u(x,ty) = / ug(z, t)dt.
t1

Consequently, we get from (1.17) (denoting by V. ¢(z,t) = ¢(z,t) — ¢(x — 1,t) the left spatial difference)

/ : (ue(z,t) + Vap(z, t) — f(x,t))dt = 0.

ty

Since [t1,to] is arbitrary and assuming that the integrand is continuous with respect to the variable ¢, we
obtain the semidiscrete conservation law

ug(x,t) + Ved(x,t) = f(x,t), z=€Z, telt,ts] (1.18)

Finally, we have to add to (1.18) a constitutive law relating the flux ¢(z,t) with u(z,t) again. In the
following chapters of the thesis, we investigate two versions of constitutive laws and, consequently, two
arising problems — lattice transport equations and lattice RDEs.



CHAPTER 2

Transport equations

This section is devoted to transport equations on discrete-space domains. Continuous linear homogeneous
transport PDE in one spatial dimension

ug(x,t) + kug(x,t) =0, k>0,

arises from the differential form of conservation law (1.11) applying the constitutive relation ¢(z,t) =
ku(z,t) and the vanishing source density function f(z,t) = 0 (see Example 1.7). It is well-known (see,
e.g., P. Drabek, G. Holubovd [28] or J. D. Logan [56]) that the solution of an initial value problem for
this equation with u(x,0) = ¢(z), ¢ € C1(R,R), has the form of the so-called traveling wave

u(z,t) = o(x — kt).

This means that the initial distribution of the density propagates along the characteristic lines x — kt = c,
¢ € R. Generally, assuming that k is not a constant but a continuous function k¥ = k(x, t), the solution of
the initial value problem has also the form of traveling wave provided it exists. However, the characteristics
become curves in the xt-plane, not the straight lines.

The nonlinear transport PDE follows from the conservation law (1.11) if we suppose that the flux is a
nonlinear function of density ¢(x,t) = ¢(u(z,t)), ¢ € C1(R,R).} These models have essentially different
behavior than the linear ones. They can lead to interesting (but in some sense undesirable) effects like
shocks, etc. (see J. D. Logan [56]).

Importance of transport equations arises from the following facts. Firstly, they are usually applied
for modeling of advection of some fluid in one spatial direction. Secondly, from the theoretical point of
view it is the first step in the study of hyperbolic PDEs since, e.g., the simplest linear wave equation

uge(x,t) — k;zum(x,t) =0, k>0,

can be reformulated as a system of two transport equations (see P. Drabek, G. Holubova [28] or J. D. Lo-
gan [56] again).

We denote the nonlinear function in the constitutive law formally incorrectly by ¢ as the flux itself.

17
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L] L] L] L] L]
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Figure 2.1: Examples of various discrete-space and general (continuous, discrete and time scale) time
domains.

2.1 Linear transport equations

In this section we analyze the linear homogeneous transport equation with € Z and continuous, discrete
or time scale time structure (see Figure 2.1). It is an overview of the results of the paper P. Stehlik,
J. Volek [79].

The problems with continuous time variable follow from the semidiscrete conservation law (1.18)
assuming that the flux ¢(z,t) is directed from the point  to x + 1 and depends linearly on the density
u(z,t) at the point z, i.e.,

o(z,t) = ku(z,t), k>0.

Then (1.18) yields the semidiscrete equation

ug(x,t) + kVau(z,t) =0, (2.1)

where Vyu(x,t) = u(x,t) — u(z — 1,t). The other two considered time structures, discrete time or time
scale time, are obtained interchanging the partial time derivative in (2.1) by partial time difference or
partial time A-derivative, respectively.

We firstly find closed formulas of solutions for these problems. Then we show their relationship with
stochastic processes, since we study the sign and integral/sum preservation. Particularly, we prove that
the solutions of transport equations on discrete-space domains form Poisson-Bernoulli-type counting pro-
cesses which are widely applied for modeling of the waiting time for occurence of events (e.g., defects,
phone calls, customers’ arrivals).

Before we start with our analysis let us summarize, for the comparison, the essential properties of the
classical transport PDE

{ut(:ﬂ,t)Jrkum(x,t)—O, reR, teRT, keR, (2.2)

u(x7 0) = @(x),
with ¢ € CY(R,R). The properties whose counterparts we study in the following are:
e the unique solution of (2.2) is given by u(z,t) = p(z — kt),

o if o(x) >0, then u(x,t) > 0 for all x € R, t € R{, i.e., the solution u(z,t) preserves sign,
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u(X,)
1.0

0.8
0.6
0.4

0.2

Figure 2.2: Solution (2.4) of the transport equation with discrete space and continuous time variable (2.3)
with A=Fk=1

o if [% ¢(z)dz = K, then
oo
/ u(z,t)dz = K for all te€ Ry,

— 00

i.e., the solution preserves integral in spatial sections,

/OOO u(z, t)dt = ]16/1 o(s)ds.

and consequently, if ¢(x) = 0 for z > x, then the integral along time sections is constant for all
xr > xg.

e for k> 0 and fixed x € Z we get

2.1.1 Semidiscrete equation

Consider the linear transport equation with discrete space and continuous time?:3
ug(z,t) + kVeu(z,t) =0, z€Z, teR"Y k>0,
A>0, =0, 2.3
u(w,0) = ’ 23
0, z#0.

Using variation of constants and mathematical induction we could obtain that the unique locally bounded
solution of (2.3) is given by (see P. Stehlik, J. Volek [79, Lem. 4.1])
AR ot r€Z, x>0, tcRY
u(zx,t) = ! ’ ’ - 0 (2.4)
0, z€Z, =<0, teR{,
(see Figure 2.2).
Now, applying the explicit formula for the solution u(z,t) one can prove the following statement about
the sign and integral/sum preservation (P. Stehlik, J. Volek [79, Lem. 4.2]).

2We solve the one-point initial condition at first, since later one can use the superposition principle (see A. Slavik,
P. Stehlik [76, Cor. 3.8]) for a general initial condition.

3For the sake of brevity, we assume that the spatial discretization step pz = 1 but all our results are valid for arbitrary
1tz > 0 by considering k = H% instead of k in (2.3).
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Lemma 2.1. Let u(x,t) be the solution of (2.3) given by (2.4). Then:
e u(z,t) >0 for allz € Z and t € R,

o[5S u(z, t)dt = 4 forallz € Z,
o > u(z,t)=A forallt € R].
=0

The following consequences give the first relationship of our problems with the stochastic processes
and follow immediately from the detailed analysis of parameters A and k in Lemma 2.1 (see Figure 2.2
again):

e If A =k, then the time sections u(z,-) of solution (2.4) generate the probability density functions
of the Erlang distribution which is the special case of the Gamma distribution (for = 0 we get
the exponential distribution).

e If A =1, then the spatial sections u(-,t) of solution (2.4) form the probability mass functions of
the Poisson distribution.

e Consequently, if A =k = 1, then the solution u(z,t) describes the Poisson stochastic process.

We conclude with the corollary about the solution of the general initial value problem
(2.5)
u(z,0) = o(x),

where ¢ : Z — R is bounded. Using (2.4) and the superposition principle (see A. Slavik, P. Stehlik [76,
Cor. 3.8]) we get the following assertion.

{ut(x,t) +kVeu(z,t) =0, z€Z, teRY k>0,

Corollary 2.2. The unique locally bounded solution of (2.5) is given by

we) = 30w, (26)

i=—00

2.1.2 Discrete equation

In this paragraph we study the properties of transport difference equation, i.e., of the problem with
discrete spatial and discrete time variable (for a general survey about partial difference equations see,
e.g., the monograph S. S. Cheng [19)]),

Apu(z,t) + kVu(x, t) =0, x € uyZ, te uNy,

A, =0 2.7
u(x,O):{O’ x;éO’ 27)

where pg, gy > 0, . Z = {mp, : m € Z}, 1uNg = {nu; : n € No}, A > 0, k > 0 and the partial differences
are defined as

’U,(.'L'ﬂt + Nt) B u(x7t) and qu(%t) — u(x,t) B u(gc - /Lﬂwt) ) (28)
e Ha

We can easily rewrite the equation in (2.7) into

Apu(z,t) =
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Figure 2.3: Solution (2.9) of the transport equation with discrete space and discrete time variable (2.7)

WithA:kzl,utZ%anduwzl.

k k
st ) = (1= 20 o) + Bt ),

T €T

and using the mathematical induction and properties of the so-called falling factorials (see, e.g., W. G. Kel-
ley, A. C. Peterson [46]) derive that the unique solution of (2.7) is given by (see P. Stehlik, J. Volek [79,

Lem. 5.1])
A 1-— —_— , n>m>0,
w(mpg, nj) = (m> < I e (2.9)

0, 0<n<m or m<aQo,

(see Figure 2.3).

From the explicit formula (2.9) one can prove the following lemma about the sign a sum preservation
(P. Stehlik, J. Volek [79, Lem. 5.2]).

Lemma 2.3. Assume that
ke
Mo

. (2.10)
Then the unique solution u(x,t) of (2.7) satisfies:
o u(x,t) >0 for all x € u,Z and t € Ny,

o0
o Zo u(z,np) = fk‘,’:: for all x € p,Z,
n—=

o > u(mpug,t)=A for allt € uNo.

m=—0o0

Again, analyzing Lemma 2.3 in detail we deduce conditions under which the solution u(x,t) of (2.7)
forms probability distributions (see P. Stehlik, J. Volek [79, Cor. 5.4]).

Corollary 2.4. Let u(x,t) be the unique solution of (2.7). Then the spatial and time sections pyu(-,t)
and pgu(z,-) form probability mass functions if and only if k =1, py < pp and A = .

Ha
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U(,t) U(O,) u(xa')ax > 0 ’U,(.’L',t)
7 X Rar Poisson dist.  exponential dist. Erlang (Gamma) dist. Poisson process
Z x pNg | binomial dist.  geometric dist.  negative binomial dist. Bernoulli process

Table 2.1: Correspondence of time and spatial sections of solution u(x,t) with probability distributions.

Particularly, if we put A=k = pu, =1 and yu; = p € (0,1) then

n n—-m m
wma) = (M) =m0z,

and therefore (see Figure 2.3 again):
e For each fixed n € Ny, u(-,np) forms a probability mass function of the binomial distribution.

e For each fixed m € Ny, pu(m,-p) forms a probability mass function of the negative binomial
distribution.

e Consequently, the solution u(x,t) describes the Bernoulli stochastic process.

The relationship of transport equation with discrete spatial and continuous/discrete time variable with
the probability distributions and moreover, with the stochastic processes is summarized in Table 2.1.

2.1.3 Dynamic equation

In this part we generalize the results from the previous Subsections 2.1.1 and 2.1.2 for the time variable
being from a general time scale T (note that for T = Ry we get continuous case (2.3) and for T = ;N
the discrete case(2.7)).

Consider the following problem*

uP(x,t) + kVyu(z,t) =0, z € pyZ, te[0,00)T,
A =0 2.11
u<x7 O) — 7 x ) ( )
0, z=#0,
where T is a time scale such that 0 € T, [0, 00)7 = [0,00) N'T, u® is the A-derivative with respect to the
variable ¢, V,u(z,t) is the backward spatial difference defined in (2.8) and A > 0, k > 0. We rewrite the
equation in (2.11) into

k
u(z,t) = e (u(z,t) — u(x — pg,t)). (2.12)
xT
Let us state the positive regressivity condition

kg (t
IO (2.13)
Mz
which is important for the positivity of time scale exponential function e_ & (¢,0).5

4We present results for one-point initial condition again, since for a general initial value problem the superposition
principle A. Slavik, P. Stehlik [76, Cor. 3.8] also holds.
5We denote by ep(t,to) the time scale exponential function defined as a unique solution of the initial value problem
vA(t) = p(t)u(t),
v(to) =1,
(see, e.g., M. Bohner, A. C. Peterson [13]).



Partial dynamic equations on discrete spatial domains 23

U(X,*)

Figure 2.4: Solution of the transport equation with discrete spatial variable and time variable being from

o0
a time scale (2.11) with A=k=1, yp, =1land T= | [i,i—i— %]
i=0

One can prove that u(z,-) = 0 is the unique locally bounded solution for all € Z, x < 0. Assuming
u(—pz, ) = 0, the equality (2.12) yields that u®(0,t) = —ﬁu(o,t). Immediately, we obtain

u(0,t) = Ae_ « (t,0).

Hz

Then we can continue inductively via the time scale variation of constants (see Figure 2.4). Since these
computations depend strongly on particular time scale we cannot derive the closed form of the unique
locally bounded solution at all x € Z, x > 0, on general time scale T. A. Slavik and P. Stehlik later
derived in [75] the abstract infinite series representation of the bounded solution

) = —1)" "k hy(t,0),
e =3 () kneo)
where h;(t,to) are the time scale polynomials given recursively

t
hi+1(t,t0) = / hi(’T, to)AT, i€ N, ho(t,to) =1.

to

Under the assumption (2.13) we can prove the following statement about the sign/integral /sum preser-
vation (P. Stehlik, J. Volek [79, Thm. 6.3, 6.5, 6.6]).

Theorem 2.5. Assume (2.13) and let u(x,t) be the unique locally bounded solution of (2.11). Then:
o u(x,t) >0 forallx € pu,Z andt € T,

° fooo u(z, t)At = AE= for all x € p,7Z,

o > u(muy,t)=A forallteT.
m=0

2.2 Nonlinear semidiscrete transport equation

In this section we are interested in the nonlinear semidiscrete transport equation which arises from the
conservation law (1.18). We present the results from the paper J. Volek [85]. Namely, we study the
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following initial-boundary value problem with discrete space and continuous time®

ui(z,t) + Ved(z, t,u(z,t)) =0, xeN, teRd,
u(z,0) =¢(z), zeN, (2.14)
U(Oat) = f(t)a te ]Ra_v

where ¢ : N x Rf x R - R, ¢ : N — R is an initial condition, ¢ € C*(R{) is a left boundary condition
at = 0 and the left spatial difference V, ¢ (x,t, u(x,t)) is given by’

Vﬂ)(x,t,u(&:,lf)) = (b(xvt’u(x?t)) - ¢($ - 1atvu(x - 1at))'

2.2.1 Maximum principle, existence and uniqueness

In this subsection we present a maximum principle for (2.14). For a survey about maximum principles
for completely continuous PDEs see, e.g., the monograph M. H. Protter, H. F. Weinberger [66]. These
results are applied as a priori bounds for proving the existence and uniqueness of a global solution.

Let Ne N, T € RS‘ and define the following two constants for the brevity,

r=_max  {o(x),{(t)}, myr=_ min  {ox) ()}

z€[1,N]n,t€[0,T z€[1,N]n,t€[0,T]

5

The following maximum principle (see J. Volek [85, Thm. 3.2, 3.3]) is based on the monotonicity
properties of the nonlinear function ¢. More precisely, we show a slightly stronger assertion than in [85].
However, the proof based on the so-called stairs method works in the same way even for this more general
case.

Theorem 2.6. Let the function ¢ be independent on x and strictly increasing in u. Assume that u is a
solution of (2.14) and N € N, T € R{ are arbitrary. Then for all x € [0, N]y, and t € [0,T] there is

my,r < u(z,t) < My .

Theorem 2.6 can be used for proving the following global existence and uniqueness result (see J. Volek [85,
Thm. 4.2]) by the application of the Picard-Lindel6f theorem (see, e.g., P. Drabek, J. Milota [29, Theorem
2.3.4]).

Theorem 2.7. Assume that:
o the initial-boundary conditions p, & are bounded,
e ¢ is independent on x and strictly increasing in u,

e ¢ is a continuous function and locally Lipschitz in u,

6Let us note that besides (2.14), there is also the following initial-boundary value problem with the difference inside the
nonlinearity contained in J. Volek [85]

u(x,t) + ¢z, t, Vou(z, 1) =0, z €N, teR],
u(z,0) = ¢(x),
u(0,t) = £(¢),

with ¢ : N — Rand £ € C! (Rar) However, this problem does not directly arise from the conservation law (1.18). Therefore,
it is omitted in this summary. The reader can see J. Volek (85, Sec. 6] for details.

7Again, we assume the spatial discretization step p, = 1. However, all our results hold even for general 1, > 0 redefining
the nonlinear function ¢ = id).
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e there exist r,q > 0 such that for all t € ]R(T and u € R there is
lo(t,w)| < rlul +q.

Then (2.14) possesses a unique solution and it exists for all v € Ng and t € R .

If we analyze the proof of Theorem 2.7 in [85, Thm. 4.2] in detail we realize that the statement can be
improved. We can omit the assumptions that the initial-boundary conditions are bounded and mainly,
that the nonlinear function ¢ has a sublinear growth. It is possible, since the maximum principle from
Theorem 2.6 can be applied better. Let us firstly present some preliminary facts from the theory of ODEs
for the initial value problem

{U/(t) = g(t,v(t))a te Ra_a (215)

v(0) = v,

where g : Rj x R — R¥ is continuous and vy € R. For the following definition and theorem we refer to
W. G. Kelley, A. C. Peterson [47, Def. 8.31, Thm. 8.33].

Definition 2.8. Let g be continuous and v be a solution of (2.15) defined on [0,7). Then we say [0, 7)
is a maximal interval of existence for v if there does not exist 1; > 7 and a solution w defined on [0,7)
such that v(t) = w(t) for ¢t € [0,n).

Theorem 2.9. Let g be continuous and v be a solution of (2.15) defined on [0,w). Then v can be
extended to a mazimal interval of existence [0,7n), 0 < n < 4o00. Furthermore, there is

cither n=+oo or |v(t) =L +oo.

Now we can prove the stronger result about the existence and uniqueness of a global solution for (2.14).
Theorem 2.10. Assume that:

e ¢ is independent on x and strictly increasing in u,

e ¢ is continuous function and it is locally Lipschitz in u,
Then (2.14) possesses a unique solution and it exists for all x € Ny and t € Rg.
Proof. We prove the statement by induction on x € Ng.

e For z = 0 we have u(0,t) = £(t).

e Assume that z € Ny is fixed and we have the unique solution u(z,-) which exists for all ¢t € R{.
Then we obtain from (2.14) that the function u(z + 1,-) has to be the solution of the following
initial value problem

{ut(x +1,t) = —¢(t,u(z + 1,1) + ¢(t, u(x,1)), (2.16)

w(z+1,0) = p(z + 1),

where ¢(t, u(z,t)) is a given function of ¢ from the induction hypothesis. Then the assumptions on
¢ allow us to apply the Picard-Lindeldf theorem to get a uniquely defined local solution u(z+1, -) of
(2.16). By Theorem 2.9, the solution u(z+1,-) can be extended to a maximal interval of existence,
ie., for t € [0,7), and

t—n—

either =400 or |u(z+1,t)] — +oo.

Since we know from the maximum principle in Theorem 2.6 that |u(x + 1,t)| — +oo for t — n—
does not occur, there is 7 = 400, i.e., the solution u(x + 1, ) exists for all t € R{.
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The uniqueness could be proved in a similar way as in [85, Thm. 4.2]. O

Remark 2.11. If we omit the assumption of local Lipschitz continuity of ¢ in the variable u in Theo-
rems 2.7 and 2.10, the uniqueness is not guaranteed and one can obtain only the existence result applying
the Cauchy-Peano theorem (see, e.g., P. Drdbek, J. Milota [29, Prop. 5.2.7]) instead of the Picard-Lindel6f
theorem.

Examples of nonlinear functions ¢ that satisfy assumptions in Theorem 2.10 could be:
e $(t,u) = k(t)u where k(t) > 0 for all t € R} (linear equation),
o $(t,u) = k(t) arctan (u) where k(t) > 0 for all t € R,
o o(t,u) = [ulP~tu with p > 1.
For the following function ¢ we have only existence guaranteed (cf. Remark 2.11):
o ¢(t,u) = [ulP~tu with p € (0,1).

Maximum principle from Theorem 2.6 has the following two immediate consequences for boundedness
and sign preservation of the solution of (2.14) (see J. Volek [85, Cor. 5.1, 5.2]).

Corollary 2.12. Assume ¢ is independent on x and strictly increasing in u and @, & are bounded. Let u
be a solution of (2.14). Then u is bounded.

Corollary 2.13. Assume ¢ is independent on x and strictly increasing in u and @,& are nonnegative.
Let u be a solution of (2.14). Then u is nonnegative.

2.2.2 Continuous dependence for linear problems

Another interesting consequence of the maximum principle is the uniform stability for the linear initial-
boundary value problem

u(z,t) + kEVyu(z,t) =0, zeN, te R(J{, k>0,
u(z,0) = p(x), (2.17)
u(0,t) = £(t),

where ¢ : N — R and ¢ € C! (}RSr ). We can apply Theorem 2.6 to prove the following corollary (see
J. Volek [85, Cor. 5.3]).

Corollary 2.14. Let uy, ug be the unique solutions of (2.17) with initial-boundary conditions 1, & and
2, &, respectively. Then

sup lui(z,t) —ua(z,t)] < sup {le1(x) = wa(@)], &1(t) = &)} -
z€[1,N]n,te[0,T) x€[1,N]n,t€[0,T]

Corollary 2.14 immediately implies the continuous dependence on initial-boundary conditions (see J. Volek
[85, Cor. 5.4]).

Corollary 2.15. Let {un}:z be a sequence of unique solutions u, of (2.17) with the initial-boundary
conditions @n, &,. Let ug be the unique of (2.17) with the initial-boundary conditions g, . Assume
that w0, = o on N and &, = & on Rar, Then

Up =S Uy ON NOXRS'.



CHAPTER 3

Reaction-diffusion equations

Linear one-dimensional diffusion PDEs follow from the differential conservation law (1.11) employing the
Fick constitutive law ¢(x,t) = —ku,(z,t). We obtain (see Example 1.9)

up(x,t) = kugz(z,t) + f(z,t), k>0.

Diffusion PDEs are widely applied for the modeling of heat transfer, diffusion of a substance in chemical
reactions, but also population dynamics, etc.

There are many nonlinear generalization of linear diffusion problems, e.g., non-Fickian flux models
such as the Boltzmann equation, nonlinear advection-diffusion problems such as the Burgers equation
and others (see J. D. Logan [56]). We are interested in one of these nonlinear generalizations, namely,
one-dimensional reaction-diffusion equations (RDEs)

ug(,t) = kg (x,t) + f(2,t,u(z, b)),

(see Example 1.11). They arise from the linear diffusion problem assuming that the source density
function depends moreover on the density of modeled substance. It is applied to model a local reaction
of the substance. These problems are studied by many authors for its rich behavior. They exhibit, e.g.,
traveling waves solutions, spatial pattern formation, etc. (see J. D. Logan [56] again or V. Volpert [86]).

In many situations, e.g., in biology, chemistry, material modeling, there are natural to consider the
spatial variable being from a lattice and investigate these discrete-space problems (see, e.g., J. Bell [6],
J. Bell, C. Cosner [7], J. P. Keener [45] or survey monograph S.-N. Chow et. al [20]). Let the discrete
spatial domain can be modeled by integers, i.e., x € Z. We start with the semidiscrete conservation
law (1.18) and assume that the source function depends on the density u as well, i.e.,

ug(z,t) + ¢z, t) — ¢p(x — 1,t) = f(z,t,u(z,t), z€Z, teR]. (3.1)

Suppose that the density v and the flux ¢ are related with the following discrete analogy of the Fick law
o(x,t) = —k(u(z + 1,t) — u(z,t)), k>0,

(recall that ¢(x,t) denotes the flux between points z and x+1). Hence, we obtain from (3.1) the following

semidiscrete RDE

27
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up(z,t) = k(u(z + 1,t) — 2u(z,t) + u(x — 1,t)) + f(x, t,u(z,t), z€Z, teR]. (3.2)

Many of above mentioned works deal with this semidiscrete problem, i.e., assuming that the time
variable is continuous. However, there are also papers dealing with completely discrete analogy of (3.2)
(see, e.g., S.-N. Chow, W. Shen [21] or H. Hupkes, E. Van Vleck [44])

u(z, t+1) —u(z,t) = k(u(z + 1,t) — 2u(x, t) + u(x — 1,t)) + fz, t,u(z,t)), x€Z, teN.

For both discrete-space problems the authors study especially existence of traveling waves (see, e.g.,
S.-N. Chow, J. Mallet-Paret, W. Shen [23], T. Erneux, G. Nicolis [31] or J. P. Keener [45]), pattern
formation (e.g., S.-N. Chow, J. Mallet-Paret [22]) and asymptotic behavior (e.g., T. Caraballo, F. Morillas,
J. Valero [18]). Furthermore, these problems are interesting also from the numerical point of view, since
they arise from continuous reaction-diffusion PDEs via semi- or full-discretization (see, e.g., H. Hupkes,
E. Van Vleck [44]). Particularly, the specific choices of reaction function are studied — the Fisher equation
with the logistic nonlinearity, the Nagumo/Allen-Cahn equation with the bistable nonlinearity, etc.

3.1 Maximum principles for RDEs on finite domains

Let us note that linear diffusion equations on infinite lattices are studied in the works of A. Slavik,
P. Stehlik [75, 76] and M. Friesl, A. Slavik and P. Stehlik [34]. The authors consider 2 € Z and general
time-scale time structure and study essential properties of linear diffusion-type dynamic initial value
problems such as existence, uniqueness in the set of bounded solutions, maximum principles, explicit
solution formulas and sign- and integral /sum-preservation with consequences to the probability theory.

We study the above mentioned nonlinear modifications of diffusion equations — RDEs. We do not
restrict ourselves to the specific nonlinear reaction functions and consider RDEs on finite discrete-space
domains with general reaction function f in this section. This is based on the results from the paper
P. Stehlik, J. Volek [80]. We present maximum principles for initial-boundary value problems for either
completely discrete or semidiscrete RDEs. Whereas the maximum principles in the semidiscrete case
exhibit similar features to those of fully continuous reaction-diffusion PDEs, in the discrete case the weak
maximum principle holds for a smaller class of functions and the strong maximum principle is valid only
in a weaker sense. Then applying the maximum principles we obtain the global existence of solutions
which is an essential question for the semidiscrete equation.

Before we focus on the discrete-space problems let us summarize results that are known about the
classical reaction-diffusion PDE

wp(x, 1) = kuge (2, t) + f (2,6, u(x, 1)), r € (a,b), teRS, k>0,
u(z,0) = p(x), € la,b],

u(a,t) = &(t), teR],

u(b,t) = &(t), teRy,

(3.3)

where f : (a,b) xRI xR — R is a reaction function and ¢ : [a,b] — R, &,,& : RY — R are initial-boundary
conditions satisfying ¢(a) = £,(0) and ¢(b) = &(0).

The following results about existence and weak and strong maximum principles for (3.3) can be found
in H. F. Weinberger [87].

Theorem 3.1. Let T > 0 be arbitrary and f be uniformly Holder continuous in x and t and Lipschitz
in u for (x,t) € (a,b) x (0,T]. Then for all Hélder continuous initial-boundary conditions ¢,&,,& the
problem (3.3) has a unique bounded solution which is defined on [a,b] x [0,T].
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For the sake of brevity we define the following two numbers

My = max {¢(x)’£a(t)’£b(t)} , Mmr = min {go(sc),{a(t),fb(t)} :

z€[a,b],t€[0,T] z€[a,b],t€[0,T]

Theorem 3.2. Let T > 0 be arbitrary and f be uniformly Hélder continuous in x and t and Lipschitz
in u for (z,t) € (a,b) x (0,T] and assume that

flx,t, My) <0< f(z,t,mgp) forall (z,t)€ (a,b) x (0,T]. (3.4)
Let u be a continuous solution of (3.3) with Héolder continuous initial-boundary conditions ¢, &, &. Then
mr <u(x,t) < My for all (z,t) € [a,b] x [0,T].
Moreover, the strong maximum principle also holds.

Theorem 3.3. Let the assumptions of Theorem 3.2 be satisfied and u be a solution of (3.3) on [a,b] x
[0,T). If u(xzo,to) € {mr, M7} for some (xo,to) € (a,b) x (0,T] then

u(z,t) = u(xo,to) for all (z,t) € [a,b] x [0,t0].

3.1.1 Discrete RDE

After the short overview about the classical reaction-diffusion PDE (3.3), let us consider the initial-
boundary problem for the discrete RDE

Ayu(z,t) = kA2 u(z — 1,t) + f (z,t,u(z,t)), =z € (a,b)NZ=(a,b)z, te€hNy, k>0,
u(z,0) = p(x), =z € (a,b)z,

u(a,t) = & (t), t e hNo,

u(bv t) = fb(t)v t € hNo,

(3.5)

where f : (a,b)z x hNy x R — R is a reaction function, ¢ : (a,b)z — R, &, & : hNg — R are initial-
boundary conditions, Asu(z,t) = w, h >0, and A2 u(z — 1,t) = u(x — 1,t) — 2u(z,t) +
u(r +1,t).1

The existence and uniqueness of a global solution can be easily obtained from (3.5) since u(x,t + h)
is given by

u(z,t) +h (kAimu(x -1t +f (a:,t,u(x,t))) , x € (a,b)z,
u(z,t+h) =14 &(t+h), xz=a, (3.6)
fb(t + h), x =b.

Consequently, the problem (3.5) has a unique solution which is defined on [a, b]z x hNy.
For T € hNy we define the following two numbers similarly as for the reaction-diffusion PDE (3.3)

Mr = max {(p(l‘), €al(t), gb(t)} y mr =

min
z€(a,b)z,t€[0,T]hN, z€(a,b)z,t€[0,T]hN,

{(p(l‘), ga(t% gb(t>} :

For the brevity of the weak maximum principle we formulate the assumption on the reaction func-
tion f:

IWe denote the time discretization step by h > 0 to correspond with P. Stehlik, J. Volek [80]. Again, we assume the
space discretization step hy = 1, but all our results are easily extendable to an arbitrary step hy > 0 if we use the diffusion
constant k = h% instead of k.

x
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f(x.t,7)

Mr

Figure 3.1: Forbidden areas for the function f(z,t,-) in assumption (D;). The change of these areas as
h — 0+.

(D;) LetT € hNg and f satisfy

2hk —1 2hk —1

3 (u—mr) < fx,t,u) < - (u— Mr),

for all z € (a,b)z, t € [0, T, and u € [mp, M|

The inequalities in (D;) mean that for all fixed = and t the graph of function f(z,t,-) does not intersect
forbidden areas depicted in Figure 3.1. Moreover, let us notice that for h — 0+ the slope %,;1 goes to
—00, i.e., the forbidden areas are smaller in the sense of inclusion (see Figure 3.1 again).

We present now the weak maximum principle which is essentially dependent on the assumption (D;)

(see P. Stehlik, J. Volek [80, Thm. 9]).3

Theorem 3.4. Let T € hNq be arbitrary, function f satisfy (D;) and u be the unique solution of (3.5).
Then

mr <u(z,t) < My forall x€a,blz, te€[0,T]nN,- (3.7

As examples of nonlinear reaction functions f that could satisfy (D;) with suitable initial-boundary
conditions, we can mention:

o f(z,t,u) = —|ulP~tu with p > 1,

e the logistic function f(z,t,u) = u(l — w),

1
2Note that if mp < M7 and h > oTA, then (D;) does not hold for any function f since there should be

2hk —1 2hk —1

0< h (u—mT)Sf(ax,t,u)S

(u—Mr) <0 for wé€ (mp,Mr).

3Let us note that we provide in P. Stehlik, J. Volek [80, Thm. 11] even a more general assertion than in Theorem 3.4
which reads as follows. If the assumption (D;) is not satisfied with mz, My, but there exist constants rr < mp and
Rr > My such that (Dj) holds with them instead of mp, Mr respectively, then one can prove in the same way that the
following a priori bound holds,

rr <u(z,t) <Ry forall z€la,blz, t€[0,T]xn,-
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e the bistable nonlinearity f(x,t,u) = Au(u —a)(1 —u), a € (0,1),

o f(z,t,u) = Au(l —uP) where p € N,

o f(x,t,u) = —|x|arctan (t?u).

Theorem 3.4 has the following two immediate consequences (see P. Stehlik, J. Volek [80, Cor. 13, 14]).

Corollary 3.5. Assume that &, & are bounded and f satisfies (D;) for all T > 0. Then the unique
solution u of (3.5) is bounded.

Corollary 3.6. Assume that ¢, &, & are nonnegative and f satisfies (D;) for all T > 0. Then the
unique solution u of (3.5) is nonnegative.

Since we know that for classical reaction-diffusion PDE (3.3) even the strong maximum principle
holds, we are interested in this important property for discrete RDE (3.5) as well. Unfortunately, the
strong maximum principle does not hold for (3.5) in general, which the following example shows (see
P. Stehlik, J. Volek [80, Ex. 15])

Example 3.7. Let us consider z € [—2,2], t € Ny, f(2,t,u) =0 and k = § (note that h = ) and let

plr)=M >0, ze€{-1,0,1} and & _o(t)=&(t) =0, teN,.

= u(0,0) + ku(—1,0) — 2ku(0,0) + ku(1,0) + f(0,0,0) = M and
. Hence, the strong maximum principle is not valid.

We obtain from (3.6) that w(0,1
analogously, u(—1,1) = u(1,1) =

~—

m‘i

However, we are able to prove a weaker statement using the domain of dependence and influence
defined as follows respectively

to—1t
D($07t0):{(1‘,t)€[a7b}2XhN02 t <to, 5L':£L'():|:j7 jZO,l,..., 0 },

t—t
I(l‘oﬂfo):{(l‘,t)E[a,b]ZXhNoi t>ty, x=x9xyj, J=0,1,..., 0}.
Furthermore, we apply a modified assumption

(Dg) Let T € hNg and f satisfy for all x € (a,b)z, t € [0, T]|nn, -

2hk — 1
o f(z,t,u) < %(u— M) when u € [my, M),
2hk —1
h
L d f(fE,t,MT) <0< f(l',t,mT)'

(u — mr) when u € (my, Mr],

Then one can prove the following statement (see P. Stehlik, J. Volek [80, Thm. 16]).

Theorem 3.8. Assume that the function f satisfies (Dg) for all T € hNy. Let u be the unique solution
of (35) and (I(),to) S [CL,b]Z x hNp.

1. If u(zo,to) € {mp, M7}, then u(x,t) = u(xo,to) on D(xo,to).

2. If mp < u(xo,to) < My, then mp < u(x,t) < Mrp on I(xo,to).
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3.1.2 Semidiscrete RDE

As we mentioned, the discrete RDE (3.5) can be applied, e.g., for modeling of non-overlapping populations.
However, we use the results for discrete RDE theoretically for investigating the following semidiscrete
problem

ug(w,t) = kA2 u(z — 1,t) + f (z,t,u(x,t)), =€ (a,b)z, teRS, k>0,
(2,0) =p(z), z€(a,b)z,

u(a,t) =&,(t), te€ Rg‘,
(bat) :gb(t)’ tER(J)r,

(3.8)

where f : (a,b)z x Rf x R — R is a reaction function, ¢ : (a,b)z — R and &,,& € CLRY) are
initial-boundary conditions.

We start with the local existence and uniqueness result for (3.8) which holds under the following two
assumptions:

(C1) Let f(x,t,u) be continuous in (t,u) € Ry x R for all x € (a,b)z.
(Cg) Let f(x,t,u) be locally Lipschitz with respect to u on (a,b)z x Ry x R.

Since the initial-boundary problem (3.8) can be rewritten as a finite system of ODEs, the local existence
follows immediately from the Picard-Lindeldf theorem (see P. Stehlik, J. Volek [80, Thm. 18]).

Theorem 3.9. Let f satisfy (C1) and (Cg). Then there exists n > 0 such that (3.8) has a unique solution
defined on [a,b]z % [0, n].

The discrete problem (3.5) arises from (3.8) by the Euler method for discretization of time variable.
Thus, the idea of proving the weak maximum principle for (3.8) is the approximation by solutions of (3.5).
Let us define numbers My and mp similarly as for the discrete problem

My = in {Sa(x)afa(t)vgb(t)}‘

m
z€(a,b)z,t€[0,T]

{¢(x)’£a(t)’£b(t)} , Mmr =

max
z€(a,b)z,t€[0,T)
Consequently, we need the following assumption which is the limit case of (D;) for h — 0+.

(Cs) Let f(z,t,u) satisfy f(z,t, M7) <0< f(x,t,mr) for all x € (a,b)z, t € [0,T].

Therefore applying the convergence of the Euler method one can prove the following statement (see
P. Stehlik, J. Volek [80, Thm. 24]).4

Theorem 3.10. Let T > 0 be arbitrary, f satisfy (C1), (C2) and (Cs) and u be a solution of (3.8)
defined on [a,blz x [0,T]. Then

my <u(x,t) < Mp  forall z€ (a,b)z, tel0,T].

Applying the weak maximum principle as a priori bound we can prove the existence of a unique global
solution (see P. Stehlik, J. Volek [80, Thm. 31]) similarly as Theorem 2.10.

4Again as for the discrete RDE, we present in P. Stehlik, J. Volek [80, Thm. 25] a more general statement than in
Theorem 3.10, i.e., if (Cs) does not hold with m7y, My, but it is satisfied with r < mp and Ry > My instead of mp, Mr
respectively, then the following holds,

rr <wu(z,t) < Rp forall z € (a,b)z, tel0,T].
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Figure 3.2: The cubic nonlinearity (3.9) with A > 0 and the forbidden areas from the assumption (D;).

Theorem 3.11. Let f satisfy (C1), (C2) and (Cs) for all T > 0. Then (3.8) has a unique solution
defined on [a,blz x R which satisfies

inf {Lp(.’ﬂ),fa(t),fb(t)} < u(xvt) < sup {Sp(x)7€a(t)’§b(t)}

w€(a,b)z,tERY w€(ab)z,teRY

for all x € [a,blz and t € R .

Theorems 3.10 and 3.11 have the following two simple consequences (see P. Stehlik, J. Volek [80,
Cor. 33, 34]).

Corollary 3.12. Assume that &, & are bounded and f satisfies (C1), (Cz) and (Cs) for all T > 0.
Then the unique solution u of (3.8) is bounded.

Corollary 3.13. Assume that ¢, &, & are nonnegative and f satisfies (Cy), (Cg) and (Cs3) for all
T > 0. Then the unique solution u of (3.8) is nonnegative.

Finally, in contrast to the discrete case, the strong maximum principle holds for the semidiscrete
problem (3.8) similarly as for the classical reaction-diffusion PDE (3.3) (see P. Stehlik, J. Volek [80,
Thm. 28]). One can prove it using the Gronwall inequality.

Theorem 3.14. Let T > 0 be arbitrary, f satisfy (C1), (Cg) and (Cs) and u be a solution of (3.8)
defined on [a,blz x [0,T]. If u(zg,to) € {mp, M} for some xy € (a,b)z and ty € (0,T] then

u(z,t) = u(xo, to) for all z € la,blz, t€]0,to).

As we mentioned in Introduction (see Section 1.1), this is the moment when the interesting question
arises — what causes the validity of the strong maximum principle when we pass from the discrete problem
to the semidiscrete one? In the next Section 3.2 focused on generalization of results from this section
for dynamic RDEs on infinite discrete-space domains, we study this phenomena and claim that only one
dense point in the time domain is sufficient for the validity of the strong maximum principle.

3.1.3 Application for Nagumo RDE

In this subsection we apply the previous results to problems involving the cubic nonlinearity

flz,t,u) = du(l —u?), NeER, (3.9)
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2k-

N

bounds [-1,1] 1
2(k+A)

A

Figure 3.3: The dependence of bounds (3.10) for solutions of the discrete Nagumo equation (3.5)4(3.9)
on the values of parameters A € R and h > 0.

often called the Nagumo equation. Throughout this section we assume that the initial-boundary condi-
tions ¢, &4, & are such that mp = —1 and Mp = 1.

Let us start with the semidiscrete case (3.8). We observe immediately that f is locally Lipschitz con-
tinuous and satisfies f(z,t,—1) = 0 = f(z,t,1). Consequently, for all A € R we can apply Theorem 3.11
to get that there exists a unique global solution such that

u(z,t) € [-1,1] forall z € [a,blz, teERY.

A more interesting case is the discrete Nagumo equation (3.5). Let us distinguish three cases:

e For A > 0 (the bistable case) we observe that f’(1) = —2X. Hence the application of Theorem 3.4 is
restricted to cases for which the slope of the dashed line in the forbidden areas from assumption (D;)
given by 2k — + satisfies 2k — + < —2X (see Figure 3.2). Consequently, if

1
h< ——
~2(k+ )N’

we can apply Theorem 3.4 to get u(z,t) € [—1,1] for all z € [a,b]z, t € hNp.

Once h > m, Theorem 3.4 is no longer available. We point out that one can use the more
general statement mentioned in Footnote 3 to obtain a weaker a priory bound. We invite the reader

to see P. Stehlik, J. Volek [80, Sec. 8] for more details.

e For A = 0 the reaction function vanishes and the problem (3.8) reduces to the linear case and we
can trivially apply Theorem 3.4 whenever h < ﬁ

e If A <0, then the assumption (D;) is satisfied as long as the line (2k — ) (u— 1) does not intersect

for u < 0 or is tangential to f(u) = Au(1l — u?). One can easily compute that the tangential case
occurs if

2% — — =
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Let us summarize these results for discrete Nagumo equation depending on values of A and h. We obtain
the following bound for the solution of (3.5) with the bistable nonlinearity (3.9) (see Figure 3.3)

1 1
coor A>0, h< o (3.10)
2%k — 2

u(z,t) € [-1,1] provided A <0, h< TS

3.2 Dynamic RDEs on infinite domain

In this section, we present a generalization of results about discrete-space RDEs on finite domains from
previous Section 3.1. This is an overview of main results from the paper A. Slavik, P. Stehlik, J. Volek [77].
The generalization goes in three ways. Firstly, we consider problems on infinite spatial domain, namely,
x € Z. Next, we do not restrict ourselves to discrete and semidiscrete cases and assume that the time
set is generally a subset of a time scale. Finally, we focus on problems which are formulated so that it
involves both symmetric or non-symmetric diffusion as well as transport equation, all together.

We study the general nonhomogeneous initial-value problem

{uA(x,t) =au(z +1,t) + bu(z,t) + cu(zx — 1,t) + f(u(z,t),z,t), x€Z, tEe€lty, T, (3.11)

U(l’,to) = uga HS Za

where {u®},cz is a bounded real sequence, a,b,c € R, T C R is a time scale, u® denotes the A-derivative
of u with respect to the variable ¢ and to, T € T. We use the notation [a, S|t = [a, 5] N T, o, 5 € R, and

. [to,T)r if T is left-dense,
[th T]’]I‘ = . .
[to, T)r if T is left-scattered.

Particularly, if @ = ¢ > 0 and b = —2a then (3.11) becomes the symmetric reaction-diffusion equation
analogical to (3.5) and (3.8). The nonsymmetric case a # ¢, b = —(a + ¢) corresponds to the lattice
reaction-advection-diffusion equation. Next, if a = 0 and ¢ = —b > 0 then (3.11) reduces to the lattice
reaction-transport equation. For more details and other special cases see A. Slavik, P. Stehlik [76].

3.2.1 Existence and uniqueness

In this subsection we show existence and uniqueness results for (3.11). We impose the following conditions
on the function f: R x Z X [to, T|t — R:

(H;) f is bounded on each set B X Z X [to,T|r, where B C R is bounded.
(Hg) 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 6 > 0 such
that if s € (t — 0,t+ &) N [to, T, then |f(u,x,t) — f(u,z,8)| < e for allu € B, x € Z.

Firstly, we present the statement guaranteeing the existence of a local solution to (3.11). Given a
function U : T — ¢°°(Z), the symbol U(t), denotes the x-th component of the sequence U(t).> The
following theorem (see A. Slavik, P. Stehlik, J. Volek [77, Thm. 2.1]) can be proved applying the abstract
local existence result M. Bohner, A. C. Peterson [13, Thm. 8.14].

5The notation U(t), should not be confused with the index notation of the derivative of U with respect to x (which
never appears in this section).
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NNV

Figure 3.4: Piecewise constant extension x* (gray) of a function z (black); see (3.14).

Theorem 3.15. Assume that f : R x Z X [to, T]r — R satisfies (H;)-(Hsz). Then for each u° € (>(Z),
the initial-value problem (3.11) has a bounded local solution defined on Z X [to,to + &1, where § > 0 and
0 > p(to). The solution is obtained by letting u(x,t) = U(t)y, where U : [tg, to+ 0|1 — £°°(Z) is a solution
of the abstract dynamic equation

with © : £°(Z) x [to, T]t — £>°(Z) being given by

(I)({um}meth) = {aux+1 + bum + cugp—1 + f(um,xvt)}r€Z~

Note that even in the linear case f = 0 the solutions of (3.11) are not unique in general (see A. Slavik,
P. Stehlik [76]) and the uniqueness can be expected only in the class of bounded solutions. Uniqueness
of bounded solutions to the initial-value problem (3.11) follows from the next theorem (see A. Slavik,
P. Stehlik, J. Volek [77, Thm. 2.3]).

Theorem 3.16. Assume that f : RxZx [to, T]t — R satisfies (H;) and (Hs). Then for each u® € (°°(Z),
the initial-value problem (3.11) has at most one bounded solution u : Z X [to, Tt — R.

3.2.2 Continuous dependence

This subsection is devoted to the study of continuous dependence of solutions to abstract dynamic
equations with respect to the choice of the time scale. These results are applicable to (3.11) whose
bounded solutions are obtained as solutions to the abstract dynamic equation (3.12) (see Theorem 3.15).
Moreover, we use these results as an essential tool for proving the weak maximum principle for (3.11).

Since we need to compare solutions defined on different time scales (whose intersection might be even
empty), we introduce the following definitions.

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

g’]]‘(t) = inf{s S [to,T]']]‘; s> t}, te [to,T]. (313)
Each function z : [to, T]t — X can be extended to a function z* : [tg,T] — X by letting

2 (t) = 2(gr(t)), tE€ [to,T]. (3.14)

Note that z* coincides with z on [tg, T|t, and is constant on each interval (u,v] where (u,v) T = . We
refer to z* as the piecewise constant extension of z, see Figure 3.4.

One can use now the relation between dynamic equations and the so-called measure differential equa-
tions (see A. Slavik [74]) to prove an abstract continuous dependence result for measure differential
equations (A. Slavik, P. Stehlik, J. Volek [77, Thm. 3.1]). From that we obtain the following result about
continuous dependence of solutions to abstract dynamic equations with respect to the choice of the time
scale and initial condition (see A. Slavik, P. Stehlik, J. Volek [77, Thm. 3.2]).
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Theorem 3.17. Let X be a Banach space, B C X. Consider an interval [to,T] C R and a sequence
of time scales {Tp}5% such that to € T,, and supT,, > T for each n € No, T € Ty, and gr, = g1,
on [to, T]. Denote T = Ty 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]|r, — B, n € Ny, be a sequence of
functions satisfying

l‘ﬁ(t) = (I)(‘T"(t)vt)a te [t07T]’l]?‘n7 ne NO7

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

Furthermore, for the proof of maximum principle for (3.11) we need an assertion guaranteeing that
for each time scale Ty there exists an approximating sequence {T,}22; of discrete time scales (in the
sense gy, = gr,). We introduce the following notation

r = t).

fir = max p(t)
The following statement provides the desired approximation result (see A. Slavik, P. Stehlik, J. Volek [77,
Thm. 3.4]).

Theorem 3.18. If Ty C R is a time scale with tg,T € Ty, there exists a sequence of discrete time scales
{T,}2, with T,, C Ty, minT,, = tg, maxT, =T, and such that gr, = gr, on [to,T].

Moreover, if iy, = 0, then lim, ;o fiy, = 0; otherwise, if iy, > 0, then the sequence {T,}72, can be
chosen so that fiy, = fir, for alln € N.

Let us recall that in Subsection 2.2.2 there is shown continuous dependence on initial-boundary
condition for the linear transport equation which follows from the maximum principle. On the contrary,
in this subsection we introduce continuous dependence on initial condition as well as on the choice of
underlying time scale for nonlinear abstract dynamic initial value problems on Banach spaces. Moreover,
we use continuous dependence on the choice of time scale as fundamental tool in the proof of weak
maximum principle for (3.11).

3.2.3 Maximum principles and global existence

We present weak a strong maximum principles for (3.11). For an initial condition u® € £°°(Z) we denote

m = inf ug, M:supug.
TEL F=VA

Further, we need the following assumptions:
(H;) a, b, c € R are such that a,c >0, b<0, and a+b+c=0.
(H5) b<0 and fip < —1/b.
(Hg) One of the following statements holds:
o fir =0 and f(M,z,t) <0< f(m,z,t) for allz € Z, t € [to, T)r.

1+ b 1+ b
SO ) < fluat) < P20

(M —wu) for all w € [m,M], z € Z,
Hr Hr

o iy > 0 and
te [to,T}T.
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Let us note that if (H;)—-(Hyg) are not satisfied, the maximum principle also does not hold in general
(see A. Slavik, P. Stehlik [76] and P. Stehlik, J. Volek [80]). The assumption (Hg) defines forbidden areas
which the nonlinearity f cannot intersect, similarly as in Figure 3.1.

If (Hg) holds for a nonlinear function f in the continuous case Gy = 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 3.18), (see A. Slavik, P. Stehlik, J. Volek [77, Lem. 4.2]).

Lemma 3.19. Assume that iy = 0 and (Hg), (Hg) hold. Then there exists eg > 0 such that for all
e € (0,&0] the following inequalities hold

1 b 1 b
L2 — ) < flu,a,t) < =25

(M —u) forall welm,M], z€Z, tEeltT)].

Applying Theorem 3.17 (continuous dependence of solutions on the choice of time scale), Theorem 3.18
(existence of approximating sequence of discrete time scales) and previous Lemma 3.19 one can prove the
weak maximum principle (see A. Slavik, P. Stehlik, J. Volek [77, Thm. 4.4]).

Theorem 3.20. Assume that (H;)—(Hg) hold. If u : Z X [to, Tt — R is a bounded solution of (3.11),
then

m<u(xz,t) <M forall z€Z, tEe€lto,T]r.

The weak maximum principle usually provides wanted a priory bound needed for the proof of the
global existence (see A. Slavik, P. Stehlik, J. Volek [77, Thm. 4.6]).

Theorem 3.21. If u® € (>(Z) and (H;)-(Hg) hold, then (3.11) has a unique bounded solution u :
7, x [tO,T]’E — R.

Moreover, the solution depends continuously on u® in the following sense — for every ¢ > 0, there
exists a & > 0 such that if v° € (>(Z), m < v0 < M for all v € Z, and ||u® — 1°||c < &, then the
unique bounded solution v : Z X [to, Tt — R of (3.11) corresponding to the initial condition v° satisfies
lu(z,t) —v(z,t)| <e for allx € Z, t € [to, T)r.

Let us illustrate the application of Theorems 3.20 and 3.21 on (3.11) where f is a nonautonomous
logistic function (see A. Slavik, P. Stehlik, J. Volek [77, Ex. 4.9]).

Example 3.22. Consider the initial value problem (3.11) where the nonlinear function f is given by

flu,z,t) = du(d(z,t) —u), weR, z€Z, tE/lty,T]r, (3.15)

where A > 0 and d : Z X [tg, T]t — R. The 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 There exists D > 0 such that |d(x,t)| < D for all z € Z and ¢ € [to, T|r, i.e., d is bounded.

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

6Note that again we show in A. Slavik, P. Stehlik, J. Volek [77] a more general assertion than in Theorem 3.20. If the
assumption (Hg) does not hold with m, M, but there are r < m and R > M such that (Hg) is satisfied with them, then

r<u(z,t) <R forall z€Z, tE€I[to,T]r.
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Then the function f satisfies (H;)—(Hs). Indeed, 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, we get the estimates

2, 0)] < Alul(|d(a,8)] + [u]) < Ao(D + p),
Py, t) = f(v,2,)] = M(u - v)(d(z, 1) —u —v)| < Aju— |(D +2p),
Py, t) = Flu,z,5)] = Mu(d(z, t) — d(z, s))| < Aold(z, ) - d(z, s)|

which imply that (H;)—(Hz) hold.
As concrete examples of d we can point out:

o d(z,t) = e(x —~t) with v > 0 and e : R — R being continuous, nondecreasing and bounded (e.g.,
population model with a shifting habitat, see C. Hu, B. Li [43]),

e d(x,t) = e(t) with e : R — R being continuous and periodic (e.g., population model with periodically
changing habitat).

Suppose now that a,c >0,b<0,a+b+c=0, and fip < —%, i.e., (H;) and (Hjs) hold. Consider an

arbitrary nonnegative initial condition u® € £>°(Z), i.e., m > 0, and assume that m < d(z,t) < M for all
z €Z and t € [to, T]r. Then

fm,z,t) >0 and f(M,z,t) <0 forall z€Z, te€lty,T]r.

This means that (Hg) holds if iy = 0. Applying Lemma 3.19 we obtain that (Hg) holds also for 7ig
positive and sufficiently small. In these cases, the problem (3.11) with f being defined by (3.15) possesses
a unique global solution u and

m < wu(x,t) <R forall ze€Z, te€ltyT]r.

We conclude this section with the strong maximum principle. We need the following stronger versions
of (Hy)~(Hp):

(H7) a, b, ¢c € R are such that a,c >0, b <0, and a+b+c=0.
(Hg) b< 0 and iy < —1/b.
(Hg) The following statements hold for all x € Z and t € [tg, Tr:

o f(M,z,t) <0< f(m,,t).

1+ rb
o Iffip >0, then f(u,z,t) > ﬂ(m—u) for all uw € (m, M].
M
14 ppd
o Iffip >0, then f(u,z,t) < &(M—u) for allu € [m, M).
)

The following theorem establishes the strong maximum principle for the initial value problem (3.11)
(see A. Slavik, P. Stehlik, J. Volek [77, Thm. 5.3]). It is an example which shows the beauty of time scale
calculus because using the language of time scales it finds a moment when (3.11) qualitatively changes
its behavior with respect to the underlying structure of time domain (cf. Theorems 3.8 and 3.14).

Theorem 3.23. Assume that (H;)-(Hs), (H7)-(Hg) hold and u : Z X [to, T|t — R is a bounded solution
of (3.11). If u(z,t) € {m, M} for some T € Z and t € (to, T, then the following statements hold:
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o If [to,t|T contains only isolated points, i.e., tog = p%(f) for some k € N, and
D(z,7) = {(x,t) €T x [to,f]r: t=ph(D), j=0,....k andaw =7 +1i, izO,...,j},

then u(z,t) = u(z,t) for all (z,t) € D(z,1).

e Otherwise, if [to,t]T contains a point which is not isolated, then m = M and u(z,t) = M for all
x €Z and t € [to, T]r.

We emphasize that the fact whether a point is isolated or not is considered with respect to the time
scale interval [to,]T, not the entire time scale T. In other words, Theorem 3.23 distinguishes between
the cases in which the interval [to, ]t is a finite set (former case) or at least countable (latter case).

The strong maximum principle has the following immediate consequence (see A. Slavik, P. Stehlik,
J. Volek [77, Cor. 5.5]).

Corollary 3.24. Assume that (H;)-(Hg), (Hy)-(Hg) hold and u : Z X [to, T]t — R is a bounded solution
of (3.11). If there is a point tq € [to, T)T that is not isolated and if the initial condition u°® is not constant,
then

m<u(x,t) <M forall z€Z, te (tqg,T)r.

Let us conclude the overview about strong maximum principle with a remark that the strong maximum
principle does not hold under the weaker assumptions (H;)—(Hg). The stronger versions (H,)—(Hyg) are
actually needed. The reader can see A. Slavik, P. Stehlik, J. Volek [77, Rem. 5.6, 5.7, 5.8]) where we
provide a counterexample to each of (H;)-(Hp).

3.3 Implicit discrete Nagumo equation

In this section which is an overview about results from the paper P. Stehlik, J. Volek [81], we study
a completely discrete RDE on infinite discrete-space domain. Particularly, we focus on the specific
problem involving the cubic nonlinearity, the so-called Nagumo equation. Motivated by the numerical
mathematics, we consider a fully implicit discretization of this problem.

Numerical methods for RDEs usually consist of two processes. First, a space discretization reduces
a partial differential equation into a system of ordinary differential equations. Then a certain time
discretization technique is applied (see, e.g., V. Thomée [82]). In the case of RDEs, implicit methods are
often used from the stiffness reasons (see, e.g., A. Madzvamuse, A. H. W. Chung [57]).

Many studies considered preservation of various characteristics of RDEs through discretization pro-
cesses. In contrast to the problem on a finite domain (see, e.g., O. A. Ladyzhenskaya [48]), the problem
on an infinite domain is infinite-dimensional and the corresponding dynamics is more complex (see, e.g.,
A. V. Babin, M. 1. Vishik [3], W. J. Beyn, S. Y. Pilyugin [12], H. J. Hupkes, E. S. Van Vleck [44]).

We study the following initial value problem

{Atv(x,t) =kAZ v(x —1,t+h)+ Xv(z,t+h) (1 —v%(z,t+h)), ANER, (3.16)

v(z,0) = p(x),
where z € Z, t € hNg = {0, h, 2h, ...}, k > 0, h > 0 and the partial differences are defined by Asv(z,t) =
%W, A2 v(x—1,t+h) =v(x—1,t+h) —2v(z,t + h) +v(z+1,t+h).”

We use variational methods to get existence (and uniqueness for A > 0) of solutions u(x,t) to the
implicit problem (3.16) whose spatial sections u(-,t) lie in £2 = ¢2(Z) for each time instance t € hNy (note

7As in the previous sections, we assume for the sake of brevity, that the space discretization step hy = 1. However, all
our results are valid for arbitrary h; > 0 by considering k = h% instead of k in (3.16).
z
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that A. V. Babin, M. I. Vishik in [3] and W. J. Beyn, S. Y. Pilyugin in [12] study (3.16) in weighted
sequence spaces). Our technique provides results for solutions in £? in certain cases which have not been
studied so far (e.g., when the dissipativity condition used in W. J. Beyn, S. Y. Pilyugin [12] is violated).

3.3.1 Abstract formulation

Since we study the existence and uniqueness of solutions to (3.16) whose spatial sections v(-,t) =
{v(z,t)},c, lies in €% for each time step ¢ € ANy, we assume that ¢ = {¢(x)},., € ¢>. Moreover,
let us define the following two operators for v = {u;},., that we use later in an operator reformulation
of (3.16),

L: 42 — 62, (L’LL)Z = ku;_1 — 2ku; + kqu, i €L, (317)

(2

N: =0 (Nw)=u(1-uj), i€LZ (3.18)

Therefore, the problem (3.16) is equivalent to the abstract difference equation on the Hilbert space £2

{ Agv(-t) = L(v(-, t +h)) + AN (v(-,t +h)),  A€R, (3.19)

U('7O) =¥,

where Agw(-,t) = + (v(-,t + h) — v(-,1)).

First, we consider the following problem — for a fixed t € hNy and a given v(-,t) € ¢2 (e.g., for t = 0
there is v(-,0) = ¢ an initial condition) we look for a solution v(:,t + h) € £2 of (3.19). We call this a
local problem which is later applied in the mathematical induction to prove the global existence.

One can rewrite the equation in (3.19) into

v(,t+h) =v(-,t) + hL(v(-,t + h)) + RAN(v(-,t + h)), AeR.

If we denote the fixed known element b = v(-,t) € ¢?, and the unknown one u = v(-,t + h) € 2, then the
problem (3.19) for a fixed t € hNj is equivalent to the fixed-point problem on /2

w="b+hLu+hAN(u), X€ER. (3.20)

Let us note that the operator L defined by (3.17) is linear bounded, self-adjoint, negative and
| Ll zee2y = 4k (see P. Stehlik, J. Volek [81, Lem. 2.1, 2.2]). The nonlinear superposition (Nemyckii)
operator N given by (3.18) is continuous and Dom(N) = ¢2 (see P. Stehlik, J. Volek [81, Lem. 2.3]).

Let us introduce the variational setting for (3.20). The fixed point problem (3.20) is equivalent to the
operator equation

F(u)=u—b—hLu— hAN(u) = o. (3.21)

The operator F : /2 — (2 has a potential F : Dom(F) = £? — R given by

Fuy = 53w =Y b 03 Ly S w2 ¢ A

i€Z i€Z i€z i€Z i€Z (3.22)
hA

1-— h hA
= Sl = (5w — S (L ws + 2 ulld

There is F € C'(£2,R) and its critical points correspond equivalently to solutions of (3.21) (see
P. Stehlik, J. Volek [81, Lem. 3.1, 3.5]).
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global ex.

global ex. and uniqg. A

Figure 3.5: Graphical illustration of existence and uniqueness results for implicit Nagumo RDE (3.16).
See Table 3.1 for more details.

3.3.2 Existence results

Let us firstly consider the Nagumo equation (3.16) with the bistable setting, i.e., for A > 0. Since the
potential F has strictly convex and weakly coercive geometry for a certain setting of parameters, one
can use the statement about the existence and uniqueness of global minimizer of F (see, e.g., P. Drébek,
J. Milota [29, Thm. 7.2.12, Prop. 7.1.8]) to prove the following lemma.

Lemma 3.25. Let A >0 and h(\ + 4k) < 1. Then the functional F given by (3.22) has a unique global
minimizer @ € £2 which is the unique critical point of F.

Immediately from Lemma 3.25, we can prove via mathematical induction the following result about
the global existence and uniqueness (on the set of all functions having spatial sections in the space ¢?)
result (see P. Stehlik, J. Volek [81, Thm. 4.1]).

Theorem 3.26. Let A > 0, h(\ + 4k) < 1 and assume ¢ € (>. Then the problem (3.16) has a unique
solution v(x,t) that exists for all x € Z, t € hNy and satisfies

1
3
(Z |v(a:,t)|2> < oo forall te hNp.
TEL

We note that for given A > 0 and k > 0 there always exist sufficiently small values of time discretiza-
tion step h > 0 which satisfy h(\ + 4k) < 1, see Figure 3.5. Obviously, the stronger reaction or the
stronger diffusion, the smaller & > 0 is required.

For negative values of A in (3.16) (the monostable case) we lose the globally convex and weakly
coercive geometry of the potential F. However, F is at least locally convex in this case and we can apply
the statement about the existence of a local minimizer for F (see P. Drébek, J. Milota [29, Thm. 7.2.11,
Prop. 7.1.8]).

For the sake of brevity, we define the auxiliary real valued function £ : R — R by

1- —4
&(s) = —h); L %53

and the positive constant (assuming that A < 0 and h(A + 4k) < 1)

Rzmin{(h;‘h_)\l);,(2(4hk;h};\)‘_1)>é}, (3.24)

(3.23)
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The following lemma provides the existence of at least one critical point of F (see P. Stehlik,
J. Volek [81, Lem. 5.1]).

Lemma 3.27. Let A <0, h(A+4k) < 1 and

[[bll2 < §(R). (3.25)
Then the potential F given by (3.22) has a local minimizer i € 2 which is the unique critical point of F

with the property

laf2 < R. (3.26)

Applying Lemma 3.27 one can use the correspondence of critical points of F to local £2-solutions to (3.16)
to show immediately the following local existence result for (3.16) (see P. Stehlik, J. Volek [81, Thm. 5.2]).

Theorem 3.28. Let A < 0, h(A + 4k) < 1 and assume v(z,t) is a solution of (3.16) at a fixed time
t € hNg such that

1

(Z Iv(év,t)l2> <&(R).

TEZ

Then there exists a solution v(x,t + h) of the problem (3.16) at time t + h such that

(Z lv(x,t + h)|2> 2 < R.

TE€EL

However, we cannot apply Lemma 3.27 directly in mathematical induction because we do not know if
the solution at next time step v(-,t+ h) satisfies the assumption (3.25) as well as v(-,¢). Combining (3.25)
and (3.26) together, there has to be satisfied

R <¢(R).

This leads to the stronger assumption on parameters and one can prove the following global existence
result via mathematical induction (see P. Stehlik, J. Volek [81, Thm. 5.3]).

Theorem 3.29. Let A < 0, h(\ + 4k) < —2 and assume that p € (? satisfies

el < &(R).

Then the problem (3.16) has a solution v(x,t) that exists for all x € Z, t € hNy and is unique with the
property

(Z |v(m,t)|2> <R forall tehN.

TEL

For the illustration of admissible values of A > 0 and A < 0 in Theorems 3.28 and 3.29 see Figure 3.5
again.



44 Jonas Volek

A A<0 A>0
(—oco, —2 — 4k] (=2 — 4k, + — 4k) [0, + — 4k) [+ — 4k, 00)
Geometry of F mountain pass mountain pass convex, W. COerc. ?
Existence global (Thm. 3.29) local (Thm. 3.28) global (Thm. 3.26) ?
Uniqueness (v(-,t) € £2) ? (Conj. 3.32) ? (Conj. 3.32) yes (Thm. 3.26) ?

Table 3.1: Summary of results for implicit Nagumo RDE (3.16), see also Figure 3.5.

3.3.3 Conjectures about multiplicity

In Subsection 3.3.2 we claim that the potential is locally convex in the case A < 0. Actually, the functional
F given by (3.22) has the mountain pass geometry provided A < 0 (see P. Stehlik, J. Volek [81, Lem. 6.3]).

Lemma 3.30. Let A < 0, h(\ + 4k) < 1 and assume that b € (? satisfy (3.25). Then there exist e € (>
and p > 0 such that ||e||2 > p and the functional F given by (3.22) satisfies

inf F(u) > F(o) > F(e).
llullz=p

Consequently, there is a natural question if we can apply the mountain pass theorem (see A. Am-
brosetti, P. H. Rabinowitz [2] or P. H. Rabinowitz [67]) to prove the existence of another critical point.
Unfortunately, we are not able to verify the Palais-Smale compactness condition. The difficulty arises
from the consideration of infinite spatial domain = € Z. It causes in the abstract formulation that the
underlying function space (£2 in our case) is infinite-dimensional. If we solved the initial-boundary value
problem assuming z € [a,b] N Z involving boundary conditions at points z = a and x = b, the abstract
problem would be finite-dimensional and the verification of the Palais—Smale compactness condition would
be restricted to the proof of boundedness of the Palais-Smale sequence (which we are able to show, see
P. Stehlik, J. Volek [81, Lem. 6.4]). We list the initial-boundary value problem on finite domain as one
of our future works (see Section 5.2).

Therefore, the following conjectures has remained still open (see P. Stehlik, J. Volek [81, Conj. 6.2,
6.3]).

Conjecture 3.31. Let A < 0, h(\ + 4k) < 1 and assume that b € ( satisfy (3.25). Then the functional
F given by (3.22) has at least two critical points.

Conjecture 3.32. Let A < 0, h(A+4k) < 1 and v(x,t) be a solution of (3.16) at a fixed time t € hNy
such that

1

(Z Iv(m,t)|2> <¢(R).

TEZ
Then the problem (3.16) has at least two solutions vi(x,t + h), va(z,t + h) at time t + h such that

<Z|vj(a:,t+h)|2> <oo, j=1,2

TEZ

We sum up all results and conjectures in Table 3.1.



CHAPTER 4

Stationary problems

We study boundary value problems for nonlinear difference equations of second order in this section.
Firstly, these problems can be interpreted as stationary counterparts of the previous evolutionary prob-
lems on finite domains. From another point of view, an analysis of stationary difference equations can
be important also from numerical reasons, since they arise from differential equations (both ODEs and
PDEs) via the finite difference method (see, e.g., B. L. Buzbee, G. H. Golub, C. W. Nielson [16] or
R. J. LeVeque [53]).

4.1 Landesman-Lazer conditions for discrete Neumann and pe-
riodic BVPs

C. Bereanu and J. Mawhin in [9, 10] use the Brouwer degree and the theory of lower and upper solutions
(see, e.g., C. De Coster, P. Habets [26] for a survey about the lower and upper solutions for differential
equations) for the proof of existence and uniqueness/multiplicity results to discrete boundary value prob-
lems. Besides, e.g., interesting Ambrosetti-Prodi type results they establish Landesman-Lazer conditions
for the studied problems (these type of conditions were firstly studied by E. M. Landesman, A. C. Lazer
in [49] for elliptic PDEs).

We present a summary of main results from the paper J. Volek [84]. We also study Landesman-Lazer
type conditions, namely, for discrete Neumann and periodic problems. Our approach is based on the
reformulation of such type of equations into an algebraic system

Au=G(u), ueRY, (4.1)

where A € RV*N is a matrix satisfying common fundamental properties for all considered problems.
This allows us to investigate Neumann and periodic problems as well as ordinary and partial difference
equations at once and obtain general existence and uniqueness results for all these alternatives.

Generally speaking, Dirichlet problems correspond to (4.1) with regular and positive definite matrices
A (see, e.g., M. Galewski, J. Smejda [35]). On the contrary, Neumann and periodic problems can be
rewriten as (4.1) with singular and only positive semi-definite matrices A (see, e.g., P. Stehlik [78]).
Precisely, the matrices corresponding to Neumann and periodic problems satisfy the following essential
properties:
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(A;) A is a symmetric and positive semi-definite matriz.
(A2) M1 =0 is an eigenvalue of A with the multiplicity one.
(As) p1 =11,1,..., 1]T € RV is the eigenvector of A corresponding to the eigenvalue Ay = 0.

In the following examples we show the mentioned reformulation of Neumann and periodic problems
for ordinary difference equations onto (4.1) (see J. Volek [84, Ex. 2.1, 2.2]).

Example 4.1. Consider the discrete Neumann problem

{—A%(f —1)=g(t,ult)), t=1,2,...,N, 12)

Au(0) = Au(N) =0,
where u: {0,1,...,N,N + 1} = R, A%u(t—1) = u(t—1) —2u(t) +u(t+1) is the second central difference
of u, Au(t) = u(t + 1) — u(t) is the first forward difference of u and §:{1,2,..., N} x R = R is a given

function.'
We use the values u(t) for t =1,2,..., N to define a vector

w=[u(1),u(2),...,u(N)]" e RV, (4.3)

If we write the equation in (4.2) for each t = 1,..., N and employing the boundary conditions, we
find out that (4.2) is equivalent to the algebraic problem (4.1) with the vector u defined by (4.3) and

1 -1 0 0 0 g(1,u(1))
-1 2 -1 ... 0 0 9(2,u(2))
Y 0 —1: 2 | 0 (? G = 9(3,7(3)) (4.4)
0o 0 o 2 -1 g(N = 1,u(N — 1))
. 0 0 0 ... -1 1] L 9N u(N))

The matrix A in (4.4) satisfies (4;)—(43g).
Example 4.2. Consider the discrete periodic problem
—A%u(t —1) = g(t,u(t)), t=1,2,...,N,

u(0) = u(N), (4.5)
Au(0) = Au(N).

Analogously as in Example 4.1, the problem (4.5) can be rewritten as the algebraic problem (4.1) with
A defined by

1We can consider even the nonhomogeneous problem

—A2%u(t —1) = g(t,u(t)), t=1,2,...,N,
Au(0) = cq,
Au(N) = e,

with c1,c2 € R, since it can be reformulated as the homogeneous problem (4.2) involving the modified function

g(l,u) —C1, t= 17
gt,u) =4 g(t,u), t=2,3,...,N—1,
g(N,u)+c2, t=N.

instead of g. It can be done also for the following Examples 4.2 — 4.4 similarly.
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2 -1 0 0 -1
-1 2 -1 ... 0 0
0 -1 2 0 0

A=
0 0 0 2 -1
-1 0 0 ... -1 2]

and G being a superposition vector function defined in the same way as in (4.4). The matrix A also
satisfies (4;)—(A43).

In the following two examples we show that also partial difference equations with Neumann or periodic
boundary conditions can be considered (see J. Volek [84, Ex. 2.3, 2.4]).

Example 4.3. Consider the Neumann problem for the difference Poisson equation

—AZu(s — 1,t) — AZu(s,t — 1) = g(s, t,u(s, b)), s=1,2,....M, t=1,2,...,N,
Asu(0,t) =0 and Agu(M,t)=0 forall t=1,2,...,N, (4.6)
Au(s,0) =0 and Au(s,N)=0 forall s=1,2,..., M,

where u : {0,1,...,M,M +1} x {0,1,...,N,N + 1} = R, A2u(s — 1,t), A?u(s,t — 1) are the second
partial central differences of w, Agu(s,t), Apu(s,t) are the first partial forward differences of u with
respect to s and ¢t and g : {1,2,..., M} x {1,2,..., N} xR —=R.

Following the approach, e.g., from B. L. Buzbee, G. H. Golub, C. W. Nielson [16] or J. Otta,
P. Stehlik [62], we define a vector

w=[u(1,1),...u(l,N),u(2,1),...,u2,N),...,u(M,1),... u(M,N)" e RMN, (4.7)

Consequently, we obtain that (4.6) is equivalent to the algebraic problem (4.1) on RM¥ with the vector
u defined by (4.7) and with a block matrix A € RMN*MN given by

(B, -1 0 0 0
—I B, —=I ... 0 0

0 —I B 0 0

A= _ , r
0 0 0 By —I

.0 0 0 .. —I B |

where I € RV*N is the identity matrix and By, By € RV*N are given by

2 -1 0 0 0 3 -1 0 0 0
-1 3 -1 ... 0 0 -1 4 -1 ... 0 0
0 -1 3 0 0 0 -1 4 0 0
B = . . . ’ By =
0 0 0 3 -1 0 0 0 4 -1
0 0 0 ... -1 2] 0 0 0 ... -1 3]

The nonlinear function G can be established analogously as in Example 4.1. The matrix A satisfies
(A1)—(As).
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Example 4.4. Consider the periodic problem for the difference Poisson equation

—A%u(s —1,t) — A2u(s,t — 1) = g(s,t,u(s,t)), s=1,2,....M, t=1,2,...,N,
w(0,t) = u(M,t) and Auu(0,t) = Ayu(M,t) forall t=1,2,...,N, (4.8)
u(s,0) =u(s, N) and Auu(s,0)=Awu(s,N) forall s=1,2,..., M.

Analogously as in Example 4.3, we find out that (4.8) is equivalent to the algebraic problem (4.1) on
RMN with a block matrix A € RMNXMN given by

[ B —-I 0 0 —1I]
-1 B —-I ... 0 0
0 -I B 0 0
A= )
0 0 0 B I
| -1 0 0 -1 B |
where B € RV*¥ is defined by
[ 4 —1 0 0 —17
-1 4 -1 0 0
0 -1 4 0 0
B =
0o 0 0 4 -1
| —1 0 0 -1 4]

The matrix A satisfies (A;)—(As).

The last example shows the possible application of our results to general difference equations on
undirected graphs (see J. Volek [84, Ex. 2.5]).

Example 4.5. Let G = (V| E) be an undirected graph with a set of vertices V = {1,2,...,N} and a
set of edges E C {{s,t}:s,t € V,s#t}. The set N(t) = {i € V :{i,t} € E} is the neighborhood of
the vertex t € V and the number dg(t) = |N(¢)| is the degree of vertex t € V (see, e.g., C. Godsil,
G. Royle [37] for details about the graph theory).

Let u: V — R be a function defined on the set of vertices V' and define a difference operator on the
graph G by

Agu(t) = dg(tyu(t) = D u(i) = Y (u(t) —u(i)). (4.9)
1EN(t) 1EN(t)

Consequently, we consider the nonlinear difference equation on the graph G

Agu(t) = g(t,u(t)), tevV, (4.10)

with g : V x R — R. The problem (4.10) is equivalent to the algebraic system (4.1) with A being the
so-called Laplace matrix of G with the entries of A given by

dg(t), s=1t,
A(s,t) = -1, s#t and {s,t}€EF,
0, s#t and {s,t} ¢ E.
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(b) (c) (d)

(a)

Figure 4.1: The graphs G from Example 4.5 that are related with Neumann and periodic discrete boundary
value problems (4.2), (4.5), (4.6) and (4.8).

If G is a connected graph then A satisfies (A;)—(Ag) (see C. Godsil, G. Royle [37] again).

Let us conclude the example with an interesting relationship of difference equations on graphs with
Neumann and periodic boundary value problems for difference equations from Examples 4.1 — 4.4. One
can show that:

e the algebraic formulation of the Neumann problem for ordinary difference equation (4.2) is equiva-
lent to the algebraic formulation of (4.10) with G being a path (see Figure 4.1(a)),

e the algebraic formulation of the periodic boundary value problem for ordinary difference equation
(4.5) corresponds to the algebraic formulation of (4.10) with G being a cycle (see Figure 4.1(b)),

o the algebraic formulation of the Neumann problem for the difference Poisson equation (4.6) (for
the sake of simplicity let N = 3) corresponds to the algebraic formulation of (4.10) with G given in
Figure 4.1(c),

o the algebraic formulation of the periodic problem for the difference Poisson equation (4.8) (again
let N = 3) is equivalent to the algebraic formulation of (4.10) with G given in Figure 4.1(d).

One can observe that we do not have to restrict ourselves to discrete problems of second order. The
reformulation into (4.1) also works for problems of 2n-th order (n € N), see P. Stehlik [78].
Therefore, we study the general algebraic problem for u € RN, N > 2,

Au = G(u), (4.11)

where A € RV*Y is an N x N matrix satisfying (A;)—(As) and G : RY — R¥ is a nonlinear superposition
vector function given by

G(u) = [9(1,u(1)), 9(2,u(2)),..., g(N,u(N))] ",
where g : {1,2,...,N} xR —>R.

From (A;)—(Ap), there is Ay = 0 the minimal eigenvalue of A. Thus, the problem (4.11) is a problem at
resonance. This motivates us to find a Landesman-Lazer type condition for a class of nonlinear functions
G to prove the existence. The function G : RY — R is defined via the function g : {1,2,..., N} xR — R
and hence, we formulate essential needed conditions on G via the function g as well:

(Gy) The functions g(t,-) are continuous on R for eacht =1,2,...,N.

b

(Gg) There exist o, 8 € [0,1) such that for each t =1,2,..., N there exist limits

J_oo(t) = lim 9(t, u) and  gioo(t) = lim 9t w)

uU——00 |u|a u——+o00 |u|16 ’
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(LL) The function g satisfies
N N
ngoo(t) <0< Zngoo(t)'
t=1 t=1

The condition (LL) represents the above mentioned Landesman-Lazer type condition. It is a type of
an orthogonality relation, since the inequalities in (LL) are equivalent to
(g—ooa<p1) <0< (g+007501)7

where the vectors gio, € RY are defined by gioo = [g+00(1), 900 (2), - .. ,gioo(N)]T and the symbol

(w,0) = 3 ultyo(t)

t=1

denotes the scalar product on RY.

4.1.1 Existence results

We apply variational methods to obtain a sufficient existence condition for (4.11). The associated potential
F :RY — R to (4.11) is given by

N u(t)
F(u) = %(Au,u) — Z/o g(t, s)ds.
t=1

One can show that 7 € C'(RV,R) and satisfies the assumptions of the saddle point theorem (see
P. H. Rabinowitz [67, 68]) provided (A;)—(As), (G1)—(Gz) and (LL) are satisfied. Therefore, the following
existence result holds (see J. Volek [84, Thm. 4.9]).

Theorem 4.6. Let A satisfy (A1)-(As) and g satisfy (G1)-(Gz) and (LL). Then there exists a solution
of (4.11).

Considering the boundary value problems (4.2), (4.5), (4.6), (4.8) or (4.10), one can apply Theorem 4.6
for example for the following nonlinear functions:
ul" " u+ f(t), w<0, pe(1,2),
o g(t,u) =< f(t), u=0, f:{1,2,...,N} — R arbitrary,
[l ut f(t), w>0, g€ (L2),

P Put (1), uw<-1, pe(l,2),
e g(t,u) =< —sin (%”u) +ft), we(-1,1), f:{1,2,...,N} — R arbitrary,
ul Pt f(0), w1, g€ (1,2),
p—2 sin (u — t)
o g(t,u) = |u — ¢ (u_t)—‘_iuft , uFt, pe(l,2),

1 u=t.

)

We can also consider bounded nonlinearities, e.g.:
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e g(t,u) = e ¥ +tanh (u) + f(t) with —1 < + IXV: ft) <1,

e g(t,u) = (t — 2) arctan (u — log(t)) with N > 4.

Furthermore, Theorem 4.6 has the following two immediate consequences for problems involving
special class of nonlinearities in a separated form (see J. Volek [84, Cor. 4.11, 4.12]).

Corollary 4.7. Let A satisfy (A;)-(As) and g be defined by

g(t;w) = h(w) + (1),

where f:{1,2,...,N} = R is arbitrary and h : R — R satisfies (G;)-(Gz2) and (LL) with o, 8 € (0,1).
Then there exists a solution of (4.11).

Corollary 4.8. Let A satisfy (A;)-(Ag) and g be defined by

g(t,u) = h(u) + f(),

where f : {1,2,...,N} = R and h : R — R satisfies (G;)—(Gz) and (LL) with « = 8 = 0 and
hioo =limy 100 h(w). If f satisfies

N
—hioe < %Zf(t) < —h_oo, (4.12)
t=1

then there exists a solution of (4.11).

Note that, the inequalities in (4.12) are equivalent to —hyo < %(f,gol) < —h_s with f € RY being

T
defined by f = [f(1), f(2),..., fF(N)]".
Analyzing (4.11) with bounded nonlinear functions g into detail, we find out that the Landesman-

Lazer type condition (LL) is also necessary under the following additional hypotheses:
(G3) The function g satisfies

J—oo(t) < g(t,u) < groo(t) forall t=1,2,....N and u€eR.

Let us emphasize that if (G;) and (G3) hold together, the functions g(t, -) are necessarily bounded for
each t =1,2,..., N. This yields that (Gp) is satisfied for all o, 8 € [0,1). However, the strict inequalities
in (Gs) implies that g(t,-) have to be bounded by the limits

gfoo(t) = ugr—noo g(tv u) and 9400 (t) = UETOO g(tv u)
Consequently, we can show the following necessary and sufficient condition for the exstence of a solu-

tion of (4.11) (see J. Volek [84, Thm. 5.2]).

Theorem 4.9. Let A satisfy (A1)-(As) and g satisfy (G1)-(Gs). Then (4.11) has a solution if and only
if (LL) holds.

Again, for the class of separated nonlinear functions, the following consequence related to Corollary 4.8
holds (see J. Volek [84, Cor. 5.4]).
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Corollary 4.10. Let A satisfy (A;)—(Asg) and g be defined as

g(t;w) = h(u) + (1),

where f:{1,2,...,N} - R and h : R — R satisfies (G1)-(Gs). Then (4.11) has a solution if and only
if (4.12) holds.

Example 4.11. Consider the boundary value problems (4.2), (4.5), (4.6), (4.8) or (4.10) with the non-
linear function g defined by

g(t,u) = aarctan(u) + f(t), a >0,

with a given f : {1,2,..., N} — R. The function g satisfies (G;)—(Gs) with a = 8 = 0 and g1(t) =
+4% + f(t). Therefore, (4.12) is satisfied if and only if

RN
Consequently, Corollary 4.10 yields that:

ofora>—

)‘ there exists a solution of considered problems,

2
o fora < S aN

N
Z f )‘ there does not exist any solution.

As we claimed on the beginning of this section, the Landesman-Lazer type conditions for difference
equations have already been studied (among other things), e.g., by C. Bereanu and J. Mawhin in [9, 10].
Our findings complement these results in the following way:

e Our approach via the algebraic formulation (4.11) is general in the sense that Neumann/periodic
problems, ordinary/partial difference equations are considered at once, whereas in [9, 10] specific
boundary value problems are studied. On the other hand, in [9] more general problems involving
discrete ¢-Laplacian are investigated.

e The Landesman-Lazer conditions in [9, 10] are assumed to be sufficient. We show that for a certain
class of bounded nonlinearities (LL) is even necessary and therefore, we obtain the nonexistence
result as well.

e Both papers [9, 10] formulate the Landesman-Lazer conditions for nonlinear functions in separated
form g(t,u) = h(u) + f(t). We also study functions in general nonseparated form g(¢, u).

4.1.2 Uniqueness results

In the paper J. Volek [84] we investigate also the uniqueness for (4.11). We need again additional
assumptions:

(G,) The functions g(t,-) are continuously differentiable on R for each t =1,2,...,N.
(Gs5) Let A€ RV*N and \;(A), s =1,2,..., N, be eigenvalues of A. The function g satisfies

gu(t,u) # As(A) forall t=1,2,...,N, weR, and s=12,...,N.
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Involving (G,)—(G5) we can prove the following statement by the application of the mean value theorem
together with a special spectral result for commuting matrices (see J. Volek [84, Thm. 6.2]).

Theorem 4.12. Let A be arbitrary and g satisfy (G;)-(Gs5). Then (4.11) has at most one solution.

Putting Theorems 4.6 or 4.9 together with Theorem 4.12 we obtain the following two consequences
(see J. Volek [84, Thm. 6.4, 6.5]).

Theorem 4.13. Let A satisfy (A1)-(As) and g satisfy (Gs), (G;)-(Gs) and (LL). Then there exists a
unique solution of (4.11).

Theorem 4.14. Let A satisfy (A1)-(As) and g satisfy (Gg)-(Gs). Then (4.11) has a solution if and
only if (LL) holds. Moreover, the solution has to be unique provided it exists.

The following example shows the applications of Theorems 4.13 and 4.14 (see J. Volek [84, Ex. 6.6]).
Example 4.15. Consider the Neumann problem (4.2) from Example 4.1 with N = 3. Thereis A1(A) =0,
A2(A) =1 and A3(A) = 3. Let the function g be given by

t
g(t,u) = (3 - a) arctan(u) +bt, >0, beR.
Investigating the assumptions of Theorems 4.14 or 4.13 into detail we can show that:

e For a € (0, %) the problem (4.2) with N = 3 has a solution if and only if b satisfies

b| < 7 (é - Z) . (4.13)

Moreover, the solution is unique provided it exists.

e For a € (%, %) the problem (4.2) with N = 3 has a unique solution at least for b satisfying (4.13).






CHAPTER b

Conclusion and future study

The submitted work is our initial step into the analysis of equations with discrete spatial domains.
Generally, we have considered problems on the simplest types of lattices (finite and infinite discrete
intervals), studied primary questions for these problems as existence, uniqueness and focused on the
maximum principles. We point out that there are many open questions, possible generalizations or
unsolved problems. Such a situation offers many directions of future research work.

Although there exist many of possible future ways, we present in detail several of them in which we
are interested. We subdivide them into sections for the lucidity.

5.1 Equations with discrete ¢-Laplacian

First possibility how to generalize problems studied in this thesis is to stay, for now, with equations
on finite/infinite discrete spatial intervals and consider equations arising from more complicated and
nonlinear constitutive laws. We have something done for transport equations (see Section 2.2). However,
for diffusion equations we assume solely the discrete version of the Fick law and from that arising problems
with linear spatial diffusion.

Let us consider semidiscrete conservation law (1.18) for problems with z € Z and the source function
depending also on the density u as in the introduction to Chapter 3

ug(w,t) + Vad(w,t) = f(z,t,u(x,t), z€Z, teRT,

where ¢(x,t) denotes the flux between the points z and « + 1 and V,¢(z,t) = ¢(z,t) — ¢(x — 1,¢).
Moreover, let us assume that u and ¢ are related by the nonlinear constitutive law!

¢(z,t) = —k¢(Azu(z,t), ¢:R—=R, k>0,

where A u(z,t) = u(x+1,¢) — u(z,t). Therefore the conservation law provides the following generalized
RDE

IWe denote the nonlinear function in the constitutive law incorrectly by ¢ as the flux itself (as in Section 1.5 and
Section 2.2), because we are interested in problems involving the so-called ¢-Laplacian. Hence, we use this incorrect
notation to correspond with the literature.
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up(z,t) — kVed(Agu(x,t)) = f(z,t,u(z,t), z€Z, teRy, (5.1)

which involves the so-called discrete ¢-Laplacian V,¢(Azu(x,t)).

The standard choice of the function ¢ is an odd homeomorphism such that ¢ : (—a,a) — (=b,b),
0 < a,b < oo, (see, e.g., C. Bereanu, P. Jebelean, J. Mawhin [8]). There are three qualitatively different
choices of the parameters a, b which are studied and we present them in the following examples.

Example 5.1. Let a = co and b = co. Then the function ¢ and also its inverse is everywhere defined.
Well-known example of such situation is

o(s) = |s[" s, p>1,
which yields together with (5.1) the discrete-space RDE involving the discrete p-Laplacian operator
wp(z,t) + Vs (|Azu(x,t)|p*2 Amu(x,t)) = f(x,t,u(z,t)), z€Z, teRS. (5.2)
The stationary counterpart of (5.2) is studied, e.g., in J. Otta, P. Stehlik [62].

Example 5.2. Let a = co and b < co. Then the function ¢ is defined everywhere but bounded (i.e.,
its inverse has bounded domain). This situation is in fully continuous case connected with the mean
curvature operator in Euclidian spaces taking (see, e.g., D. Gilbarg, N. S. Trudinger [36]),

S

1+ |s)?

In the discrete-space situation, we get from (5.1) the following problem

¢(s) =

Azu(z,t)
1+ |Au(z, b))

ug(x,t) + Vy = f(z,t,u(z,t), z€Z, teR{. (5.3)

Again, the stationary counterpart of (5.3) is studied, e.g., in C. Bereanu, H. B. Thompson [11].

Example 5.3. Let a < co and b = co. Then the function ¢ has a bounded domain but it takes all
real values. The corresponding ¢-Laplacian is then called singular. In completely continuous case this
situation is related to the so-called mean extrinsic curvature operators in Minkowski spaces taking (see,
e.g., C. Bereanu, P. Jebelean, J. Mawhin (8] or R. Bartnik, L. Simon [5]),

s
o(s) = ———.
1—|s|
In the discrete-space case, we obtain from (5.1)
Agu(z,t
ug(x,t) + Vy w:?) = f(x,t,u(x,t)), z€Z, teR]. (5.4)
1— |Agu(a,t))?

The stationary counterpart of (5.4) is studied, e.g., in C. Bereanu, J. Mawhin [9].

Consequently, we want to study in the future the evolutionary RDEs (5.2), (5.3) and (5.4) involving
nonlinear discrete ¢-Laplacian operators. More generally, we can suppose only the general odd homeo-
morphism ¢ and corresponding problems.
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5.2 Implicit discrete equations on finite domains

We present in Section 3.3 results about the fully implicit discretization of the Nagumo equation (3.16).
We show that in the bistable case and for small time discretization steps there exists a global solution
which is unique in the set of functions having spatial sections in the space £2(Z). Further, we investigate
the monostable case and show the global existence as well. However, we conclude Section 3.3 with several
conjectures about multiplicity of these solutions, since the associated potential has the mountain pass
geometry.

We come into troubles in the application of the Ambrosetti-Rabinowitz mountain pass theorem while
we want to verify the Palais-Smale compactness condition on infinite dimensional sequence space ¢2(Z).

Therefore, one can ask what happens if we consider a similar implicit problem with the spatial
variable being from a finite discrete interval and with boundary conditions at the end points. Since the
underlying function space is then finite-dimensional, the Palais-Smale condition is restricted to the proof
of boundedness of an appropriate sequence which could be done similarly as in P. Stehlik, J. Volek [81,
Lem. 6.4].

Consequently, if we consider the homogeneous Dirichlet boundary conditions for a start, we study the
following analogue to (3.16) for A < 0 (the monostable case)

w =k (u(z —1,t+h) = 2u(z,t + h) +u(z + 1,t + h)) + Au(z,t + ) (1 — u?(z,t + b)),
u(x,O) = 30(1‘),

u(0,t) =0,

u(N +1,1) =0,

where z € [1, NJNZ =[1,N]z, t € hNy, h >0 and ¢ : [1, N]z = R.
Assume that we know the solution at time ¢. Similarly as in Subsection 3.3.1 we denote

uw=[u(l,t+h),u2t+h),.. . uN,t+h)]" R,

b=[u(L,t),u(2,1),...,u(N,t)]T € RV.

Then the problem of finding a solution at time ¢ + h is equivalent to the following fixed point problem
for u € RN

u=b+ hLu+ hAN (u), (5.6)

where (applying the boundary conditions) L € R¥*N and N : RV — R are given by

[—2 1 0 0 0] [ ug (1 —wf)
1 =2 1 ... 0 0 us (1 — uj)
0 1 -2 0 0 us3 (1—u§)
L= . .|, N = .
0 0 O -2 1 un—1 (1 —ud_;)
. 0 0 0 ... 1 =2 | | un (1—u)

The matrix L is symmetric, negatively definite and the mapping N is continuous.
Consequently, using the symmetry of the matrix L we obtain that the associated potential F : RV — R
is defined by

1—

F(u) = 5

hA h
[ull3 = (b, w)gy — 5 (Lu, ey + hAull3- (5.7)
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One can immediately observe that the potential given by (5.7) has the same form as the one in (3.22),
however, it is defined on the finite-dimensional R™. Therefore, we expect that F given by (5.7) would
have the mountain pass geometry as in Section 3.3. Moreover, in the finite dimension it could be easier to
prove the Palais-Smale condition, which we have not proved in the infinite dimension. Then one can show
the existence of at least two solutions to the fixed point problem (5.6). This would yield a mutiplicity
result for (5.5).

We still have not done this simpler case in detail and thus, it remains open as one of possible future
works.

5.3 Equations on graphs

As we mentioned, we consider only problems on finite and infinite discrete intervals, beside the results
of Section 4.1 which hold also for equations on undirected graphs. However, motivated exactly by Exam-
ple 4.5 in Section 4.1, let us formulate problems on more complicated spatial structures such as graphs.

Since our problems arise from conservation laws, let us try to formulate conservation laws on graphs.
Let us generally assume a directed graph, because (as we know from the continuous conservation laws)
the flux is a directional magnitude.? This setting provides a possibility to model problems on discrete
spatial structures where the flux of investigated substance between two adjacent places can flow only in
one direction for a natural reason.

For example, consider the migration of animals between two adjacent areas in nature. If the borderline
between these places is formed, e.g., by a steep cliff, then it is permeable only in one direction. Hence,
the flux of animals is directed also in this permeable way only.

Therefore, let G = (V, E) be a directed graph with a set of vertices V' (which could be generally finite
or infinite) and a set of oriented edges E C {(z,y) € V x V : x # y}. Denote by

Ni(x)={yeV: (z,y) € E} the out-neighborhood of the vertex z,
N_(z)={y€eV: (y,x) € E} the in-neighborhood of the vertex =,

and
di(z) =|Ny(z)| the out-degree of the vertex z,

d_(z) =|N_(x)|] the in-degree of the vertex .

For the details about the directed graphs we refer, e.g., to a general book about the graph theory
R. Diestel [27].

Let u: V x Rf — R where u(z,t) represents the amount of a modeled substance at vertex x and time
t. Moreover, consider the flux ¢ : E X Rar — Rar where ¢(x,y,t) represents the flux through the edge
(z,y) at time t. Note that it takes only nonnegative values, since the flux in opposite direction from y to
x is realized through the edge (y,x) (provided it appears in the graph é) Next, let f:V x Rf — R be
the function that describes the contribution of sources.

Let us proceed immediately to the derivation of the balance at an arbitrary vertex € V. The change
of u(x,t) during any time interval [t1,ts] is caused only by the flux in and out of z and by the sources at
z, i.e.,

u(z,ta) —u(z, t1) = Z / oy, z, t)dt — Z / o(x,y,t dt+/ f(z,t)d

yeEN_(z) yeNL (x)

2Recall that in the continuous multi-dimensional conservation law (1.10) the flux density ¢ is a vector-valued function.
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Therefore, if we assume for the simplicity that u(z,-) € C1(R{,R), then using the fundamental theorem
of calculus and the fact that the sums are finite we obtain

/2 u(z, t) + Z o(z,y,t) — Z oy, x,t) — f(z,t) | dt = 0.

4 yEN L (2) yEN_(x)

Since it holds for all time intervals [t1, 2] and we assume that all appearing functions are continuous,
there has to be

w(z,t) + Z o(z,y,t) — Z d(y,x,t) = f(z,t), €V, teR{, (5.8)

YyEN (z) yeN_(z)

which we call the graph conservation law.
Again, we have to add an constitutive law that relates the function u with the flux ¢. Let us firstly
assume that the following relation holds for the flux

o(z,y,t) = kut(z,t), k>0, (z,y)€E, (5.9)

where u™ (z,t) = max {u(x, t),0} is the positive part of u (recall that the flux is nonnegative). Then (5.8)
yields that the following equality has to be satisfied

w(e,t) +k | dy(@u(@,t) = Y ut(yt) | =fla,t), z€V, teR]. (5.10)
yeEN_ ()

We prove the following statement about the preservation of sign for solutions of (5.10).

Lemma 5.4. Assume that f is nonnegative. Let u be a solution of (5.10) such that u(x,0) > 0 for all
x V. Then

u(z,t) >0 forall x€V, teR{.

Proof. Tt is obvious that 0 < di(z) < |[V| —1 for all z € V. Let € V be arbitrary and fixed, then

w(a,t) = —kdy (@)t (@) + kY wt(yt) + flat) =~k (V] - Dut(2,1). (5.11)
yeN_(z)

Assume now by contradiction that there exists ¢; > 0 such that u(z,t;) < 0. Let us define

to=inf{s € [0,t1] : w(z,) <0 on [s,t1]}. (5.12)

Since u is a solution of (5.10), there is u(z,-) € C(RF,R) and thus, tg < t;. Indeed, u(z,t;) < 0 and
u(z,-) € C(RF,R) yield together that u(z,-) < 0 on [t; —d1,t1] at least for small §; > 0. Furthermore, we
claim that u(x,tg) = 0. Assume that u(z,ty) > 0, then the continuity of u(z,-) implies that u(z,-) > 0
on [tg,to + dp] for small § > 0, a contradiction with the definition of ¢y in (5.12). On the contrary, if
u(z,t9) < 0, then ¢y > 0 from the assumption on initial condition. Again, u(z,-) € C(R{,R) yields that
u(z,-) < 0on [tg — 6), to] for a small § > 0, a contradiction with (5.12).

Consequently, there is u(z,t9) = 0, u(z,-) < 0 on (to,t1] and thus, us(z,t) > 0 on [tg, t1] from (5.11).
Applying the Gronwall inequality to the problem
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we obtain u(x,t;) > 0, a contradiction.? O

Consequently, if we consider a nonnegative initial condition for u and nonnegative sources f (e.g.,
a source-free model), we obtain applying Lemma 5.4 that u*(z,t) = u(z,t) for all z € V and t € R{.
Thus, a solution of (5.10) is nonnegative and actually a solution of

w(x,t) + k | de(x)u(z,t) — Z u(y,t) | = f(z,t), x€V, teR{. (5.13)
YEN_ (2)

Let us note that the converse is not true, since (5.13) can have the sign-changing solutions even with
the vanishing initial condition (see, e.g., A. Slavik, P. Stehlik [76]). However, the nonnegative solutions
of (5.13) are also solutions of (5.10).

Example 5.5. Let G = (V, E) where
V=272 E={(z,z+1): z€V},
(i.e., one-sided oriented integers). Then for all z € V there is
di(z)=1, N_(z)={z—-1}.
Therefore, the problem (5.13) becomes
u(z,t) + k (u(z,t) —u(z — 1,t)) = f(z,t), €V, teR{,
i.e., the linear transport equation with « € Z, which is actually studied in Section 2.1.

Example 5.6. Let G = (V, E) where
V=2 E={(z,z+1),(xz,x—1): z €V},
(i-e., two-sided oriented integers, or equivalently, undirected integers). Hence, we get for all € V' that
dy(z)=2, N_(z)={z—1,z+1}.
Thus, the problem (5.13) is equivalent to

w(z,t) = k (u(z — 1,t) — 2u(z,t) + u(z + 1,t)) + f(2,t), €V, teR],

i.e., the linear diffusion equation with = € Z, which is investigated in A. Slavik, P. Stehlik [75, 76] and
M. Friesl, A. Slavik, P. Stehlik [34].

As another example of the constitutive law we can mention more complicated relation

o(z,y,t) =k (u(z,t) — u(y,t))+, k>0, (z,y)€kFE. (5.14)

This combined with the graph conservation law (5.8) yields the following problem

3The Gronwall inequality reads as follows. Let o € C([a, b],R), u € C([a,b],R) be differentiable on (a,b) and satisfy
u'(t) < a(t)u(t) for tE (a,b).

Then .
u(b) < u(a)els @4,
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w(r )+ k| Y (@t —uw, )= D (u(y,t) —u(z, )| = fz,t), vV, teR{.
YyEN, (2) yeEN_(z)
(5.15)
Primarily, let us assume for the simplicity that G is such that each edge (z,y) € E has its opposite, i.e.,
(y,z) € E (actually, this is equivalent to undirected graphs). Thus, for every fixed x € V and for all
y € Ny(z) = N_(z) there is
either w(z,t) > u(y,t) or w(z,t) <uly,t),

ie.,

either ¢(z,y,t) = k(u(z,t) — u(y,t)), ¢(y,z,t) =0 or é(z,y,t) =0, ¢(y,x,t) = k(u(y, t) — u(z,t)).

Hence, the equation (5.15) becomes

ug(x,t) +k | dy(z)u(z,t) — Z u(y,t) | = flz,t), x€V, teRd, (5.16)
yeN_(z)

which is again the linear diffusion equation, at this moment on symmetric (or undirected) graph spatial
structure. Let us note that we have studied the stationary counterpart of (5.16) in Example 4.5.

Consequently, there are several possible ways of future work. We are going to study problems (5.10)
or (5.15):

e cither for more complicated specific choices of graphs (j,
e or for special classes of graphs,

e or for general graphs if it is possible.
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In this paper, we consider a scalar transport equation with constant coefficients on
domains with discrete space and continuous, discrete or general time. We show that on all
these underlying domains, solutions of the transport equation can conserve sign and
integrals both in time and space. Detailed analysis reveals that, under some initial
conditions, the solutions correspond to counting stochastic processes and related
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1. Introduction

Scalar transport equation with constant coefficients u, + ku, = 0 belongs among the
simplest partial differential equations. Its importance is based on the following facts.
Firstly, it describes advective transport of fluids, as well as one-way wave propagation.
Secondly, it serves as a base for a study of hyperbolic partial differential equations
(and is consequently analysed also in numerical analysis). Thirdly, its nonlinear
modifications model complex transport of fluids, heat or mass. Finally, its study is closely
connected to conservation laws (see [9] or [13]).

Properties and solutions of partial difference equations have been studied mainly from
numerical (e.g. [13]) and also from analytical point of view (e.g. [5]). Meanwhile, in one
dimension, there has been a wide interest in the problems with mixed timing, which has
recently been clustered around the time scales calculus and the so-called dynamic
equations (see [4,11]). Nevertheless, there is only limited literature on partial equations on
time scales (see [1,3,18]). These papers indicate the complexity of such settings and the
necessity to analyse basic problems such as transport equation. Our analysis is also closely
related to numerical semidiscrete methods (e.g. [13], Section 10.4) or analytical Rothe
method (e.g. [17]).

In this paper, we consider a transport equation on domains with discrete space and
general (continuous, discrete and time scale) time (see Figure 1). We show that the
solutions of transport equation does not propagate along characteristics lines as in the
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Figure 1. Examples of various domains considered in this paper. We study domains with discrete
space and continuous (Section 4), discrete (Section 5) and general time (Section 6).

classical case and feature behaviour close to the classical diffusion equation. Our analysis
of sign and integral conservation discloses interesting relationship between the solutions
on such domains and probability distributions related to Poisson and Bernoulli stochastic
processes. These counting processes are used to model waiting times for occurrence of
certain events (defects, phone calls, customers’ arrivals, etc.), see [2,10] or [15] for more
details. Consequently, considering domains with general time, we are able not only to
generalize these standard processes but also to generate transitional processes of Poisson—
Bernoulli type and corresponding distributions. Moreover, our analysis provides a
different perspective on some numerical questions (numerical diffusion) and relate it to
analytical problems (relationship between the Courant-Friedrich-Lewy (CFL) condition
and regressivity). Finally, it also establishes relationship between the time scales calculus
and heterogeneous and mixed probability distributions in the probability theory.

In Section 3, we summarize well-known features of the classical transport equation.
In Section 4, we consider a transport equation with discrete space and continuous time.
In Section 5, we solve the problem on domains with discrete time. In Section 6, we
generalize those results to domains with a general time and prove the necessary and
sufficient conditions which ensure that the sign and both time and space integrals are
conserved (Theorem 6.9). Finally, in Section 7, we discuss convergence issues, applications
to probability distributions and stochastic processes and provide two examples.

2. Preliminaries and notation

The sets R, Z, N denote real, integer and natural numbers. Furthermore, let us introduce

No =N U {0} and R(J{ = [0, ). Finally, we use multiples of discrete number sets, e.g.

a-multiple of integers is denoted by aZ and defined by aZ ={..., —2a, —a,0,a,2a, ...}.
Partial derivatives are denoted by u,(x, ) and u,(x, #) and partial differences by

u(x, t + ) — ulx, 1) and  Vou(r.r) = u(x,t) — u(x — py, t)7 0

M Mx

Atu(-x7 t) =

where u, and u, denote step sizes in time and space.

In Section 6, we consider time to be a general time scale T, i.e. an arbitrary closed
subset of R. Time step could be variable, described by a graininess function u, : T — [R(J)r .
We use the partial delta derivative u® which reduces to , in points in which wu,(r) = 0 or
to A,u in those 7 in which () > 0. Similarly, we work with the so-called delta integral
which corresponds to standard integration if T = R or to summation if T = Z. Finally, the
dynamic exponential function e, (x, xo) is defined as a solution of the initial value problem
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(under the regressivity condition 1 4 p(t)u(t) # 0)

x4(1) = p(n)x(1),
x(0) = 1.

For more details concerning the time scale calculus, we refer the interested reader to the
survey monograph [4].

Given function u(x, t), by u(x, -) we mean functions of one variable having the form
u(0,1), u(l,1), etc. Similarly, by u( -, r) we understand one-dimensional sections of u(x, t)
having the form u(x, 0), u(x, 1), etc.

3. Classical transport equation
Let us briefly summarize essential properties of the classical transport equation

{u,(x, 1)+ ku(x,t) =0, t€E Rg, x ER,

u(x,0) = ¢p(x), x€E€R, 2)

with ¢ € C!. Typical features whose counterparts are studied in this paper include:

e the unique solution u(x,t) = ¢(x — kt) could be obtained via the method of
characteristics, the solution is constant on the characteristic lines where
x—kt=2C,

e consequently, the solution conserves sign, i.e. if ¢(x) = 0 then u(x, 1) = 0,

e moreover, the solution conserves integral in space sections, i.e. if fo_ooo d(x)dx = K,
then

J u(x,t)dx =K forall t =0,

—00

e finally, the solution conserves integral in time sections in the following sense.
For k > 0, we have that

qu(x, ndr = %r @(s)ds.

0 —0o0

Consequently, if ¢(x) = 0 for x = xo, then the integral along time sections is constant
for all x = xp.

4. Discrete space and continuous time

In contrast to the classical problem (2), we consider a domain with discrete space and
the problem

u(x,t) + kVux,t) =0, 1€ [R(J{, xXEZ,

A, x=0
9 9 3
ML®={0 x#0 *

where A > 0, k > 0 and V,u reduces to'

Veulx,t) = u(x,t) — u(x — 1,1).
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One could rewrite the equation in (3) into
u(x,t) = —ku(x, 1) + ku(x — 1,1),

which implies that problem (3) could be viewed as an infinite system of differential
equations.

LeEMMA 4.1. The unique solution of problem (3) has the form:
AL re™  1ERy, x €N,

uen =4 ¢ teERT, x€Z, x<0.

C))

Proof. First, let us observe that u(x,f) = 0 for all t € R}, x < 0. The uniqueness of the
trivial solution for x < 0 follows, e.g. from [16] (Corollary 1) or more generally from [6]
(Theorem 3.1.3). Let us prove the rest (i.e. x = 0 by mathematical induction). Obviously,
we have that u(0,7) =Ae ¥, since u,(0,1) = —ku(0,t) + ku(—1,t) = —ku(0,f) and
u(0,0) = A.
Moreover, if we assume that x € Ny and u(x,t) = Ak*/x!)t*e ¥, then u(x + 1,1)

satisfies

wx+ 1,0 = —ku(x+ 1,0+ A5 e ™™ 1€ R],

u(x,0) = 0.
One could use the variation of parameters to show that the unique solution is
u(x+ 1,6 = A*™ /(x + DDHr*T e ¥ which proves the inductive step and consequently

finishes the proof. U
Let us analyse the sign and integral preservation of (3).

LEMMA 4.2. The solution of problem (3) conserves the sign, the integral in time and the
sum in the space variable.

Proof. The sign preservation follows from the positivity of all terms in (4). Next, we could
use integration by parts to obtain (we skip the details since we prove this result in more
general settings in Theorem 6.5)

* A
J u(x, t)dr = —. (5)

0 k

Similarly, summing over x we get

. k* =L (kt)*

Y A—re M=y RO _ petreh — 4. (6)
x! x!
x=0 x=0

O

If we go deeper and analyse values obtained in (5) and (6), we get the first indication of
the relationship of the semidiscrete transport equation with stochastic processes.
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Figure 2. Solution of the transport equation with discrete space and continuous time (3) withA = 1
and k= 1.

Remark 1. If A = k then time sections of solution (4) generate the probability density
function of Erlang distributions (note that for x = 0 we get the exponential distribution and
that Erlang distributions are special cases of Gamma distributions).

Similarly, if A = 1 the space sections of (4) form the probability mass functions of
Poisson distributions (see Figure 2).

Consequently, if A = k = 1 the solution u(x, ) describes Poisson process. All these
facts are further discussed in Section 7.

We conclude this section with two natural extensions. Firstly, we mention possible
generalizations to other discrete space structures.

Remark 2. If we consider problem (3) on a domain with a discrete space having the constant
step u, > 0, not necessarily wu, = 1, we obtain qualitatively equivalent problem, since

uye, 1)+ kD THOT B b K ) — = )

Mox M

= u,(x, 1) + kV,u(x, 1).

In contrast to the rest of this paper, the value of w, does not play essential role here.
Therefore, for presentation purposes, we restricted our attention to u, = 1.

Finally, we discuss more general initial condition and show that the solution is the sum
of point initial conditions which justifies their use not only in this section but also in the
remainder of this paper.

COROLLARY 4.3. The unique solution of

u(x,t) + kVau(x,t) =0, t€& Rg, xXE/Z,
u(x,0) = Cy, @
is given by
u(r, ) =Y o K e (8)

"x —0)!

i=—00

Proof. One could split (7) into problems with point initial conditions, use Lemma 4.1 to
solve them and then employ linearity of the equation to get (8). 0
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5. Discrete space and discrete time

In this section, we assume that both time and space are homogeneously discrete with steps
My > 0 and u, > 0, respectively. In other words, we consider a discrete domain

0= {(x, 1) = (m,ux,n,u,), with m € Z,n € NO}.

The transport equation and the corresponding problem then have the form

Au(x, 1) + kVau(x, 1) =0, (x,1) €,

A, x=0,
u(X,O)Z{O v 20 ©)

where A > 0, k > 0. Using the definition of partial differences in (1), we can easily rewrite
the equation in (9) into

ke

X

ks

X

wx, t + ;) = (1 - )u(x, D+ —ulx = py, 1) (10)

and derive the unique solution.

LEMMA 5.1. Let m € Z and n € Ny. The unique solution of (9) has the form:

n n—m m
()02 =
u(mpn,, np,) = m . . (11)

0, 0=n<m, or m<O.

Proof. First, let us show that the solution vanishes uniquely for u(—mmu,, nu,) = 0 for all
m,n € N. Consulting (10), we observe that the value of u(—mpu,,nu,) is obtained as a
linear combination of initial conditions wu(—mpu,,0), u(—(@m+ 1w, 0),...,
u(—(m 4+ n)uy, 0), i.e. a linear combination of n + 1 zeros.

We prove the rest of the statement by induction. Apparently,

u(0, nj;) = (1 - k““) u(0, 0) = A(l - k“‘f) .

X /‘LX

Next, let us assume that u(mpu,, nu,) satisfies (11), then

u((m+ Dy, npy) = (1 - iﬁ”) u((m + 1)py, 0)

X

+ i (1 - k“’>n_l_rmﬂA(1 - k”‘f)rmﬂ_m <@>m+w+il...§r§1

Fmt1=0 M Fox Mox =0 r2=0r;=0

k/J, n—(m+1) k/~L m+1 n—1 r3—lr—1

_ _ o el

I C B G B DD 3 i
'LLX ’LLX Fm+1 =0 r2=O i =0
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At this stage, let us observe the properties of the falling factorials (see, e.g. [8], Section
2.1 or [12], Section 2.1) to get that

which finishes the proof. U
The closed-form solution enables us to analyse sign and integral conservation.

LEMMA 5.2. If the inequality

_ k
.

1

>0 (DD

holds then the solution of (9) satisfies

(1) ulx,1) =0,
(i1) Zz::,oou(mux, 1) is constant for all t = {0, pu;, 2y, ... },
(ii1) Zzozou(x, nu,) is constant for all x = {0, pwy, 2y, ... }.

Proof.

(i) The inequality follows immediately from Lemma 5.1.
(i1) If we fix ¢t and sum up equation (10) over x we get

S umpe,t + ) = (1 - :) D ulmpe 0+~ 37 u(n = D).

The assumption (D1) implies that the sum on the left-hand side is a linear combination
of two sums on the right-hand side. Since these sums are equal, we get that

[ee) o

> ulmp t+p) =Y ulmp, 0.

m=—00 m=—o00

(iii) Similarly, one could sum up equation (10) over # to get for a fixed x > 0

fj u(x, npy) = (1 — ’Z’“) fj (e, np) + fj U = o, npay).

n=1 X/ n=0 X n=0

Since u(x,0) = 0 for x > 0 we have that

o o0

> uCenp) =) ule = penp).

n=0 n=0

O
Once again, we could study the solutions’ relationship to probability distributions.

THEOREM 5.3. Let u(x, t) be a solution of (9). Then the space and time sections pu(x, -)
and pu( -, t) form probability mass functions if and only if the assumptions (D1)
Ay
k

=1 (D2)
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and
A, =1 (D3)
hold.

Proof. Lemma 5.2 yields that the solutions are non-negative and conserve sums. It suffices
to include step lengths w, and u, and identify conditions under which w,)  u(x,0) =1
and u,»_, u(0,¢) = 1. Given the initial condition, the former sum is equal to Au,. Hence
the assumption (D3). Finally, since u(—pu,,t) =0, equation (10) implies that
u(0,np) = A(1 — (kp,/,ux))n. Consequently,

e ki \" Ap
1=Ap,t2(1—ﬂ): I’:

=0 Mx

OJ

COROLLARY 5.4. Let u(x, t) be a solution of (9). Then the space and time sections pu(x, *)
and pu( -, t) form probability mass functions if and only ifk = 1, pu, < p, and A = 1/ .

Proof. (D2) and (D3) hold if and only if £ = 1. Consequently, (D1) could be satisfied if and

only if w, < . U
Closer examination again reveals that the sections form probability mass functions of

discrete probability distributions related to Bernoulli counting processes (see Figure 3).

Remark 3. Let us consider solution (11). If we put A = k= u, = 1 and u, = p, we get
n n—m
u(n,m-p) = (1=p)" "p", n=m,
m

which forms, for each fixed n € Ny, a probability mass function of the binomial
distribution. Similarly, for each fixed m € Ny, p = w,-multiple forms a probability mass
function of a version of the negative binomial distribution (the value p-u(n,m-p)
describes a probability that for m failures we need n trials). Consequently, the solution of
(9) describes a counting Bernoulli stochastic process (see [2]).

® u(Ly) ® u(Lt)
B u(2t) W ou(21t)
A u(3y A u(3t)
. * u(4t) . * u(4t)

m"";;.v.v """" o
i W"

AL
[ ﬂﬂﬂ,’m J

u(x, %)
u(x, %)

o' o 5
..........
......

Figure 3. Solution of the transport equation with discrete space and discrete time (9) with A = 1,
k=1, u,=0.25 and u, = 1.
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6. Discrete space and general time

Let us extend the results from the last two sections by considering more general time
structures. Let T be a time scale such that min T = 0 and sup T = +o0. In this paragraph
we consider domains

Q={x):x€ w2, t€T}

and the problem:

ub(x, ) + kViu(x,t) =0, (x,1) € Q,

A, x=0
9 9 12
”(X’O):{o x#0 1

where A > 0, k > 0 and V,u(x, 1) is the backward difference defined in (1) and u®' is the
delta derivative in time variable. Since the space is discrete, we could again rewrite
equation (12) into

W01 =~ (w1~ ux — ). (13)

X

In order to conserve the sign of solutions, we assume that

k(1)
M

i.e. the condition which is similar to the positive regressivity in the time scale theory
(e.g. [4], Section 2.2) or the so-called CFL condition in the discretization of the transport
equation (e.g. [13], Section 4.4).

Let u be a solution of (12). One could use [14] (Proposition 5.2) to show that u(x, ) = 0
for all x <O is the unique solution there. Since u(—pu,,?) =0, we could see that
u (0,1 = —(k/p)u(0, 7). Given the initial condition and assumption (TS1), we get
u(0,1) = Ae_y, (1;0), where e_;/, (;0) is a time scale exponential function (see [4],
Section 2).

1 >0, (TS1)

LeEMMA 6.1. The solution of (12) satisfies

(i) 1lim,—eu(0, 1) = 0,
(i) [7u(0,DA1 = A(, k).

Proof.

(1) Follows directly from assumption (TS1) and the properties of the exponential
functions [4] (Section 2.2),
(i)

J u(O,t)At:AJ e_ o (t;0)Ar = Hx
0 0 Mx

lim — A% (e (:0) = 1) = AL,

—0

O
Unique solutions of u(mpu,, t) could be found using the variation of constants (see, e.g.
[4], Theorem 2.77). However, these computations depend critically on a particular time
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scale and cannot be performed in general. For example, one could compute that the second
branch of the solution has the form

! AT
ol — (kp(7)/ )

This implies that we cannot derive closed-form solutions as in previous sections. Formally,
these solutions can be expressed as Taylor-like series with generalized polynomials whose
form depends on particular time scale (see [14] and [4] (Section 1.6)). We determine these
solutions in special cases (see Lemmata 4.1, 5.1 and 7.1). Therefore, we are forced to use
another means to show the properties of solutions we are interested in.

k
u(pug, 1) = A—e_x(f; O)J
Mx

LemMA 6.2. Let x € wu,N. If (TS1) is satisfied and u(x — p,,t) = 0 and for all t € T and
u(x — py, t) > 0 at least for one t € T, then u(x,t) = 0 forall t € T.

Proof. First, note that u(x,0) = 0 for all x > 0. Consequently, (13) implies that ubi(x,r) >
0 at the beginning of the support of u(x — ., ) and u(x, ) is strictly increasing there.

e If 7 is right-scattered then we can rewrite equation (13) into

k k
ulx,t+ w,) = (1 — M’) u(x, ) -l—ﬂu(x — My, 1).

X ‘X

If u(x, r) = 0, then this is the weighted average of two non-negative values and thus
non-negative as well.
e If 7 is right-dense then equation (16) has the form

k k
l/l;(x, l) == —u(x, t) + —u(x M, t)'
/va X
Since both u(x — ., 1) = 0 and u(x, ) = 0, we have that u,(x,1) = —(k/p)u(x, )
and thus u(x, ) cannot become negative.

Following the induction principle (e.g. [4], Theorem 1.7), we could see that u(x, ) = 0 for
allt € T. ]

Lemma 6.2 serves as the inductive step in the proof of the sign conservation.
THEOREM 6.3. If (TS1) holds then u(x,t) = 0 for all (x,t) € ).

Proof. We prove the statement by mathematical induction. Firstly, u(0,7) =
Ae_yy, (;0) > 0. Secondly, if u(x,7) = 0 then Lemma 6.2 implies that u(x + w,,7) =0
which finishes the proof. H

The following auxiliary lemma shows that the variation of constant formula which
generates further branches of solutions conserve zero-limits at infinity.

LEMMA 6.4. Let us consider a time scale T, a constant K such that 1 — uK > 0 and a function
f: T — [0, 00) such that the integral fgof(t)At is finite. If we define g : T — [0, ) by

o(t) = J e_x(t, (D) (DA,

0

then lim,_,.,g(t) = 0.
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Proof. Since fgof(t)A(t) is finite we know that for each € > 0 there exists 7> 0 such that
for all r € T, r > T the inequality
o

. (14)

J f(DAT<
t

holds. Similarly, properties of time scale exponential function imply that for each € > 0
and 7 > 0 there exists R > T such that for all r € T, r > R the following inequality is
satisfied

r &
LeK(z; o)A < (15)

with F = max,e7f (7). Consequently, inequalities (14) and (15) imply that for each for
each € > 0 there exists 7> 0 and R > T such that for all r > R

8(1) = J e—k(t, o(n)f(TAT

0

T t
= J e—K(t;O-(T))f(T)AT'i"[ ek (t; o(1)f(DAT

0 T

T t
= FJ e_x(t; o(1)AT+ J f(DAT
T

0

<F € n €
2F 2
= 8,
which implies that lim,—g(¢) = 0. Il

Consequently, we are able to show that the integrals are constant for each fixed x = 0.
THEOREM 6.5. If (TS1) holds and u(x,t) is a solution of (12), then
o0 . o0 B Mx
J u(x, t)At = J u(0,NAt=A—
0 0 k
for all x € u,N.

Proof. We proceed by mathematical induction.

e For x = 0 the convergence of the integral to A(u,/k) follows from Lemma 6.1(ii).
e Letus fix x € u,N and assume that the statement holds for a function u(x — ., t).
If we integrate (13) we get

quA’(x, AT = — * (qu(x, AT — qu(x — M, T)AT) ) (16)
0 0

X 0

Let us concentrate on the left-hand side term. The variation of constants formula [4]
(Theorem 2.77) implies that

ux, 1) = Le—(k/ux)(t, o(T)ux — py, DAT.

Consequently, Lemma 6.4 implies that lim,—.u(x,7) = 0. Using the initial condition
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u(x,0) = 0, we could rewrite the left-hand side of (16) into
J u(x, HAT = lim u(x, 1) = u(x,0) = 0.
0 —00

This implies that (16) could be rewritten into
k (o) (o)
0=—— (J u(x, At — J u(x — [y, T)AT),
Mx \Jo 0
or equivalently into

J u(x, At = J u(x — wy, AT,
0 0

which finishes the proof. O

Finally, we show that the integrals (sums in this case) remains constant in time as well.

THEOREM 6.6. If (TS1) holds and u(x,t) is a solution of (12), then

e}

J uCe, DAY = ) u(mpse, 1) = Aps
0

m=0

forallt € T.

Proof. Let u(x,t) be a solution of (12). We define a function S : T — R by

e}

S(t) = J M(X, l)AX = I'LXZ u(ml-LX7 t)7
0

m=0

and show that S%(f) =0 forall r € T.
We can rewrite equation (12) into

X X

N k k
u t(-xu t) = = _u(xu t) + —l/l(.x = My, t)
M

Consequently,
SY) = pa Y u(mpsy, 1) (17)
m=0
= —kY _ulmpe,0) + kY ul(m = D, ) (18)
m=0 m=0
=0. (19)

We have to justify the first equality (17), i.e. the interchangeability of the delta derivative
and summation at each 7y € T. If 7 is right-scattered, the non-negativity of the solution
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implies
pe Y u(mpny, 1o+ pi(to)) = iy _u(mys, to)
SA’(Z ) _ m=0 m=0
’ (o)
u(mpp, to + pi(to)) — u(mppy, to) _
Y Mttt ¥l For 0 Zu (mps, to).
m=0 l"l“l‘(t())

If 1y is right-dense and there is a continuous interval [y, s], s > 9, we show that the sum
Z,f:OuAf(mux, t) converge uniformly on [#y, s]. First, let us note that (18) yields that this is
implied by the uniform convergence of >_°"_ ju(mu., 7). One could use Corollary 4.3 to get

(k = k/ )

- _ > —k(t—1o (k(t — o))"
;u(mux,t)—n;)< ( )ZC oy )
*K(l Io)z (K(t — tO)) i Ct

i=0

If Z;’iOCi is finite (i.e. S(#p) is finite), then this sum converge uniformly on an arbitrary
closed interval. Finally, if 7y is right-dense and there is no continuous interval [7, s],
s > ty, we consider a function v(x, ) with v(mpu,, t9) = u(mpu,, to) for all m such that v is a
solution on a domain with a continuous interval [#y, s], s > #y. Obviously, equation (15)
implies that v,(mpu,, ty) = ub (myuy, to) for all m. Moreover for each 6 > 0, there is 6 > 0
such that for all ¢ € [tg, 1y + 0O

e

(1= 8)) Vimps,) =) ulmpy,1) = (1+8))_ vlmp, 1).
m=0 m=0

m=0
Consequently,

0="> ub(mus,10) =Y _ vilmps, o)
m=0 m

=0

o) N A
= (Z V(mux,to)) = (Z u(mux,to)> :
m=0 t m=0

Taking into account the fact that u(x, 0) is given by the initial condition in (12), we see that
S(0) = Ap,. Consequently, (17)—(19) imply that S(¢) = Ap,. ]

We could now study the relationship with probability distributions and we begin by
generalizing probability density and mass functions.

DEFINITION 6.7. We say that a function f : T — Ry is a dynamic probability density
function if

Joo f(HAr = 1.
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Note that if T = R then fis a probability density function. If T = w,Z then pu,f is a
probability mass functions (see Theorem 5.3).

Combining Theorems 6.5 and 6.6, we get the necessary and sufficient condition for
sections to generate probability distributions.

LEMMA 6.8. Let u(x,t) be a solution of (12).

(1) u(-,t) is a dynamic probability density function for all x € u,Ny if and only if
Apy/k =1 and p,(t) < p, forallt € T.

(2) u(x, -) is a dynamic probability density function for all t € T if and only if
Ap, = 1 and (TS1) holds.

Proof. The proof is a direct application of Theorems 6.5 and 6.6. U

Finally, we provide the necessary and sufficient condition for both sections.

THEOREM 6.9. Let u(x, t) be a solution of (12). Then both u(x, -) and u( - ,t) are dynamic
probability density functions forallt € T and x € uNy if and only ifk = 1, Aw, = 1 and
w(t) < py for each t € T.

Proof. The proof follows from Lemma 6.8. UJ

7. Applications

As suggested in Remarks 1 and 3, the time and space sections of solutions of the transport
equation on various domains generate important probability distributions (cf. Table 1).

In other words, the solutions correspond to the so-called counting stochastic processes
describing number of occurrences of certain random events (arrival of customers in a
queue, device failures, phone calls, scored goals, etc.) (e.g. [15] (Chapters 4 and 5), [10]).
They have following properties:

(1) Probability of number of events (occurrences) at time ¢ is given by u( -, ¢) (Poisson
distribution, binomial distribution).

(2) Probability distribution of the time of the first occurrence is given by u(0,t)
(exponential or geometric distribution).

(3) Probability distributions that at least x events have happened until time ¢ are given
by u(x — 1, -) (Erlang or negative binomial distributions).

(4) Probability distribution of the waiting time until the next occurrence is given by
u(0, 1) (exponential or geometric distribution).

Our analysis in Section 6, summarized in Theorem 6.9, suggests that properties
(1)—(3) are conserved on general domains Z X T. Properties (2) and (3) are conserved in

Table 1. Correspondence of time and space sections with probability distributions.

u(-, 1) u(0, +) ux, =), x=0

7ZXR Poisson dist. Exponential dist. Erlang (Gamma) dist.
7 X pl Binomial dist. Geometric dist. Negative binomial dist.
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the sense of Definition 6.7 (see Examples 7.2 and 7.3 below). Property (4) does not apply
because of the underlying inhomogeneous time structure.

The convergence relationship between the distributions from Table 1 is well known
[10]. Our analysis strengthens this relationship since the convergence is based on the
solution of the same partial equation with changing underlying structures.

We conclude this section by suggesting two applications which emphasize the time
scale choice. First, let us consider Bernoulli trials with non-constant probability of
successes. For example, Ref. [7] shows that the probability that a goal is scored in each
minute of the association football match is not constant but increases throughout the game,
especially in the last minutes of each half-time. Let us derive an explicit solution on
arbitrary heterogeneous discrete structure.

LEMMA 7.1. Let us consider a heterogeneous discrete time scale T = {0, wi, 1 + pa, -..,
Z?zl,u,,», ... }. Then the solution of (12) has the form

u(lﬂux,i:m) =A ) HK”’L‘ ” (20)
i=1

TEP) "i=1

m

where K; = 1 — k(w;/ ), Li = k(w;/ py) and P? denote a set of all permutation vectors
containing q ones and r zeros.

Proof. We base our proof on the relationship

L ki, k.,
M(mﬂx,z,uz) = (1— :)u<x,t)+ :‘ ulx = o, 1)
i=1 x x

and proceed by induction. First, the initial condition implies that the statement holds for
n = 0. Next, let us assume that the statement holds for n € N, i.e. (20) is satisfied. Then
we have u( mu,, Z;’:llun) =0form&O0,1,...,n+ 1. Furthermore, for m = 0

n+1
u (0, > m) = Kut1(AK Ky Ky) + 0 = AK 1Ky K K.

Next, for m € (1,2, ...,n):

n+1
u(mux,im> — K Y K7L+ La Y HK”’ L
i=1

WEP” moi—1 71_EPn m+1 =
n+l1
=A ) HK“‘LI i,

WEP"+1 m =

Finally, for m = n + 1 we have

n+1
u ((n + Dp, m) =0+ Ly 1(AL Ly --L,) = AL Ly - -LyLy 1.
i=1
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We could immediately apply this result to obtain generalizations of standard Bernoulli
processes.

Example 7.2. (Heterogeneous Bernoulli process) Let us consider a repeated sequence of
trials and assume that the probability of success p; in ith trial is non-constant, in contrast to
standard Bernoulli process discussed in Section 5. If we construct a discrete time scale

T= {07p1ap1 +P27 "'7Zpi7 }7
i=1

then the solution u(x, f) of (12) generates the probability distributions discussed above. Let
us choose, for example, A = u, = k = 1. Then, u(- ,Z;’:—ll pi) is the probability mass
function describing number of successes in the first n trials. Moreover, p;u(x, -) is the
probability mass function of the number of trials needed to get x 4+ 1 successes.

To illustrate, let us choose

11 1 "
T=40,,~4=,...
{’2’2+3’ ’Zi—i—l’ }

i=1

to study a process in which the probability of successful trial decreases harmonically.
We could use Lemma 7.1 to determine that

n n 1 un . 1—m;
”<m’;p">: 2 H(i—l—l) (i—il—l) , O=m=n.

mEPL " =1

For example, the probability mass function for the first successful trial appearing in
kth trial, i.e. p;u(0, -), has the form

fl=—1  ken

k(k+1)’
Finally, we consider a mixed time scale, which, coupled with the transport equation,
generates mixed processes and distributions.

Example 7.3. (Stop—start Bernoulli—Poisson process) Let us assume that a device is
regularly used throughout a constant period and then switched off for another one. Let us
assume that the probability of failure when the device is in use is determined by a
continuous process, whereas the probability of failure in the rest mode is given by a
discrete process. This leads to mixed probability distributions which could be generated,
for example, by

R
-ﬂ__igo |:l,l+§:|.

Again u(x, - ) describes the mixed probability distribution of x + 1 failures, in the sense of
Definition 6.7. Similarly, u( -, ?) is the probability mass function describing the number of
failures at time ¢. Note that the probability of failure in the rest mode is given by the length
of the discrete gap (cf. Definition 6.7). As in the previous example, we are not able to find
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® u(x,1)
| u(x,4)
A U (x,8)
* u(x,12)

u(%,t)

\ X/
~INX]/
[/ Xl
l

Figure 4. Solution of the transport equation with discrete space and general time (12) with A =1,
me=1k="1land T =UZ;[ii+ (1/2)].

the closed-form solutions but one could tediously solve the separate equations to get that:

1
u(0,1) = ?eW”—’,

u(l, = 22 o

on+l1
4% 4 4nt + (n® — 4n) (n/2)—1
u2,1) = 21.0n+2 © ’
3 2 2 _ 3 _ 2
UG, 1) = 8t° + 12nt° + 6(n- — 4n)t + (n° — 12n° + 16n) /21
3!.2n+3
uCe,1) = polynomial of orderxe(n /-1

x! . 2n+x
for n € Ny (nth continuous part) and ¢t € [n, n+(1/ 2)}. See Figure 4 for illustration.

8. Conclusion and future directions

There are a number of open questions related to the analysis presented in this paper.
In Section 6, we were unable to provide a general closed-form solution of problem (12).
With the connection to probability distributions, is it possible to provide one for further
special choices of T (see e.g. Examples 7.2 and 7.3)?

In the classical case, the solution is propagated along characteristics. Obviously, our
analysis in Sections 4 and 5 implies that this is not the case on semidiscrete domains.
However, one could show that at least the maxima are propagated along characteristics on
discrete—continuous or discrete—discrete domains (computing directly or using modes of
probability distributions). Having no closed-form solutions on time scales, could we prove
this property for an arbitrary time scale? This question is closely related to modes of the
corresponding probability distributions and the question could be therefore formulated in
more general way. Can we, at least in special cases, determine the descriptive statistics
related to the generated probability distributions?

From the theoretical point of view, there is also a natural extension to consider a
transport equation with continuous space and general time, or general space and time.
The applicability of these settings is limited by the fact that such problems do not conserve
sign in general (cf. assumption w,() < w, in Theorem 6.9).
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Note

I We assume that k > 0 so that the solution is bounded and does not vanish. Moreover, we use the

nabla difference instead of delta difference. The single reason is the simpler form of the solution
(4). If we used the delta difference, we would consider k£ < 0 and the solution would propagate to
the quadrant with # > 0 and x < 0. This applies also to the problems which we study in the
following sections.
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MAXIMUM AND MINIMUM PRINCIPLES FOR NONLINEAR
TRANSPORT EQUATIONS ON DISCRETE-SPACE DOMAINS

JONAS VOLEK

ABSTRACT. We consider nonlinear scalar transport equations on the domain
with discrete space and continuous time. As a motivation we derive a conserva-
tion law on these domains. In the main part of the paper we prove maximum
and minimum principles that are later applied to obtain an a priori bound
which is applied in the proof of existence of solution and its uniqueness. Fur-
ther, we study several consequences of these principles such as boundedness of
solutions, sign preservation, uniform stability and comparison theorem which
deals with lower and upper solutions.

1. INTRODUCTION

The transport equation is one of the simplest nonlinear partial differential equa-
tions. Its importance follows from the fact that it describes traveling waves and
that it forms the basis for study of hyperbolic equations of second order. The reader
can see, e.g., [11] for details about transport PDE.

We study transport equations on the domain with discrete space and continuous
time. This is a combination of difference and differential equations. As an appli-
cation of these models we can mention semidiscrete numerical methods of Rothe
or Galerkin (see [10, 16]). We consider nonlinear equations that arise from con-
servation laws. Linear equations that combine continuous, discrete and time-scale
variables are studied in [20]. In that paper authors present some interesting rela-
tions between equations of this type and stochastic processes of Poisson—Bernoulli
type.

In recent years so called dynamical systems on lattices have been studied exten-
sively. In [6, 7, 12] authors deal with these related problems and focus on PDEs of
reaction—diffusion type on finite space lattices. Their results can be helpful, e.g., in
the modelling of binary alloys (see [7]).

Moreover, in the last few years the analysis of equations on infinite lattices has
attracted some researchers. We can refer to [2, 3, 4, 21] for the introduction to these
problems. These papers are concerned mainly with existence of traveling waves in
discrete reaction—diffusion equations and their properties. The reader is invited to
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see [21] where the main ideas and principles of this field are presented. Problems
in [2, 3, 4, 21] are solved often by topological methods using fixed point theorems,
degree theory, comparison principles and lower and upper solutions.

Our analysis can contribute to this mathematical area. Our problem can be
understood as an equation on infinite lattice. With the help of maximum and
minimum principles we derive new comparison theorem that deals with ordering of
lower and upper solutions.

In general, we study simpler problems than reaction-diffusion equations but on
the other hand, our work can be interesting for another reason as well. It can be
useful just from the point of view of maximum and minimum principles. These
principles are strong tools in the theory of differential equations. They have many
applications and important consequences. We can mention, e.g., a priori bounds
that can be applied in proofs of existence and uniqueness of solution, oscillation
results. For the review about these topics in ODEs and PDEs see [14] or more
recent book [15]. In discrete problems these principles have rich behavior. The
reader is invited to see papers [13, 17, 18, 19] or survey book about partial difference
equations [5] for further details. Consequently, we want to explore if the transport
equation where we combine continuous and discrete approach has some fruitful
properties as in these works.

The structure of our paper is as follows. First, we motivate our study, derive a
conservation law in discrete space and formulate our main problem in Section 2. In
Section 3 we prove maximum and minimum principles for the nonlinear equation by
the so-called stairs method. Then we deal with existence and uniqueness of solution
in Section 4 and with other consequences in Section 5. In Section 6, we study a
related nonlinear problem. At the end of the paper, in Section 7, we present some
open problems and directions of future research.

We denote the intervals [0, +0c0) and (0, +-00) by R{ and R* respectively. Partial
derivative of u(x,t) w.r.t. ¢ is denoted by u;(x,t) and partial difference w.r.t. = by

Vaou(z,t) = u(z,t) — u(z — 1,1).

2. CONSERVATION LAW AND NONLINEAR TRANSPORT EQUATION

As a motivation we derive the conservation law in discrete space. It leads to
partial equations on discrete-space domain. Corresponding continuous conservation
laws are presented, e.g., in [11].

We consider one dimensional discrete space. We simulate it by integers. Further,
we suppose the density u = u(z,t) which changes continuously in time and which is
distributed in discrete space. The magnitude u can express, e.g., the concentration
of mass or population, energy etc.

We denote by ¢ the flux of u. The flux p(i,t), i € Z, t € R, quantifies the
amount of u that passes between positions x = ¢ and x =i + 1 in time ¢. Further,
f = f(z,t) is the source function.

Therefore, consider an arbitrary space segment between x = ¢ and x = j when
i < j. The time change of total amount in that space segment between = = i and
r = j is given by

Zu(z,t) =i —1,t) = 9(j,t) + Y _ f(x,1). (2.1)

T=1

Q—‘Q,

t
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We call (2.1) the conservation law in global form. Let us modify (2.1) as follows

%Zu(x,t):—[gp(j,t)—go(j—1,t)—|—go(j—1,t)—~~—<p(i,t)+cp(i,t)

T=1

— (i — Lt)] —I—Zf(l‘,t),

T=1
and finally, we obtain
J

S [ue(a,t) + Vap(a,t) = f(a,1)] = 0.

Tr=1
The space segment is arbitrary and thus, the following conservation law in local
form has to hold necessarily

u(z,t) + Vao(z,t) = f(z,1). (2.2)
We study the case of
o(x,t) = F(z,t,u(z,t)) when F:Z xR xR —=R.
This leads to the nonlinear transport equation with discrete space. Therefore, we
deal with the following initial-boundary value problem (I-BVP):
ug(z,t) + Vo F(z,t,u(z,t)) = f(x,t), x€Z v>a€Z, t€RT,
w(z,0) = d(z), ¢:Z—R, (2.3)
u(a,t) = £(t), €€ CRy)NCHRY),
where F' : Z x Rar xR —=Rand f:7Zx Rg — R. We prove maximum and minimum
principles for lower and upper solutions.
Definition 2.1. The function v(z,t) is called a lower solution of (2.3) if
vi(x,t) + Vo F(z,t,v(x,t) < f(z,t), 2€7Z, x>a€c€Z, teR,
v(z,0) < ¢(z), z€Z, x>acl,
v(a,t) <E&1), teRS.
The function w(z,t) is an upper solution of (2.3) if
wi(z,t) + Vo F(x, t,w(x,t)) > fla,t), 2€Z x>a€cZ tcRT,
w(z,0) > ¢(x), z€Z x>acl,
w(a,t) > &), teRS.

3. MAXIMUM AND MINIMUM PRINCIPLES

In this section we derive main tools of our study, the maximum and minimum
principles. Let us mention that if we consider problem (2.3) with more general
difference
u(x7 t) — u(x — K t)

1
with arbitrary step p > 0 we can prove following results in the similar way. Hence,
for the sake of simplicity we suppose only difference with unitary step V,u(z,t).
Next technical lemma helps us in the proof of maximum principle.

Vu(a, 1) =
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Lemma 3.1. Let F: Z x Rf x R — R satisfy
(Al) F(x,T,w) is increasing in X, i.e., for all x1 < x2 there is
F(x1,7,w) < F(xe, 7,w),
(A2) F(x,T,w) is strictly increasing in w, i.e., for all wy < wa there is
F(x,7,w1) < F(x, T, ws2).
Then the following holds:
if F(x1,7,w1) < F(x2,T,ws2) then x1 < x2 or wy < wa, (3.1)
if F(x1,7,w1) < F(x2,T,ws2) then x1 < x2 or wy < wa. (3.2)

Proof. We show only (3.1). The proof of (3.2) is similar. Let us suppose by
contradiction that y; > x2 and w; > ws. Then we have

(A1) (A2)
F(X27T5w2) < F(X17T>w2) < F(X177_7w1)7
a contradiction with the assumption of F(x1,7,w1) < F(x2, T, w2). O
Theorem 3.2 (Maximum principle). Assume that F(x,T,w) satisfies (Al) and

(A2) and f(x,7) <0 for all x € Z,x > a, T € RT. Let u(x,t) be a lower solution
of (2.3). Then

u(z,t) < sup  {o(x),£(1)}
rE€l,x>a
teRS

holds for all x € Z, x > a, and for all t € Ry .

Proof. We prove the statement by the so-called stairs method. The idea of our
proof is shown on Figure 1. First, we denote

M = sup {o(x),&(1)}.
rEZ,x>a
te Ry

Assume by contradiction that there exist xy € Z, £¢ > a, and ty € RT such that
u(.%'o,to) > M. (33)

Now from assumptions (A2), (3.3) and from the fact that u(z,t) is a lower solution
we obtain

ut(.Z‘(),to) S F(x() — 1,t0,u(1‘0 — 1,t0)) — F(l‘o,to,u(l‘o,to)), (34)
ut(xo,t()) < F(Z‘Q — 1,t0,u($0 — 1,t0)) — F(.Z'(),to,M). (35)
Now there are two possibilities.
(1) If F(axo — 1,t0,u(xzo — 1,t0)) > F(xg,to, M) then from (3.2) in Lemma 3.1
we get u(zg — 1,¢9) > M. Hence, in this case we define
I :.’Eof]. and tlito.

(2) The second possibility is that F(xg — 1,t0,u(ze — 1,%0)) < F(=xo,to, M)
holds. From (3.5) there is w;(xo,to) < 0. Therefore, the function u(xzg, t) is strictly
decreasing in t = ty and we can define

to = inf{r = [0, 0] : u(wo, t) is strictly decreasing on the interval (7,%o)}.
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If tp = 0 then we have a contradiction with the definition of M via the initial
condition ¢(x). If o > 0 then there is necessarily u;(zo,%o) = 0 and from (3.4) we
obtain
F(.’Eo,fo, ’U,(IQ, to)) S F(.’EO — 1, t07 U(I‘O — ]., to))
Then (3.1) in Lemma 3.1 implies u(xg, to) < u(xo — 1,%p) which gives
M < u(zo,t0) < u(zo,t0) < ulzo — 1,%0).
Consequently, in this case we define
1 =20—1 and t; =¢t,.

Finally, we have u(x1,t1) > M. If we continue iteratively then after at most

o — a steps we get a contradiction with definition of M. |

P ~

‘-I------I-- -

-

Yy L.

FIGURE 1. The idea of the stairs method. The dotted line shows
the situation when only possibility (1) occurs which yields a con-
tradiction via the boundary condition £(t). The bold line shows
the combination of possibilities (1) and (2) and a contradiction via
the boundary condition £(t) again. The dashed line shows the sit-
uation when we get a contradiction via the initial condition ¢(z)
in possibility (2).

Next we have the minimum principle which can be proved by a stairs method
similarly to the one in Theorem 3.2.

Theorem 3.3 (Minimum principle). Assume that F(x,T,w) satisfies (A2) and
(A3) F(x,T,w) is decreasing in X,
and f(x,7) >0 for all x € Z,x > a, 7 € RT. Let u(z,t) be an upper solution of
(2.3). Then
inf {o(2),€()} < wu(z,?)

rx€Z,x>a
teRy

holds for all x € Z, x > a, and for all t € Ra'.
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4. EXISTENCE AND UNIQUENESS OF SOLUTION

In this section we use maximum and minimum principles as a priori bounds to
prove the existence and uniqueness of solution of (2.3). The proof is based on
induction and further, we use the following lemma about global solution of IVP for
ordinary differential equation.

Lemma 4.1 ([9, Corollary 8.64] ). Consider the following IVP for ordinary differ-
ential equation
u(t) =g(t,u(t), g:IxR"—R" (41)
u(to) = Ug, Uug € Rn7 '
when I C R is an interval. Assume that h: R — RY is continuous and there is a
Vg € RBL such that
/+°° ds .
—— = +o0.
vo h(s)

Let the function g : [to, +00) x R™ — R"™ be continuous and let

lg(r, @)l < h([lwl])
hold for all (T,w) € [to,+00) X R™. Then for all ug € R™ with ||ug]] < wvo all
solutions of (4.1) exist on [tg, +00).
Theorem 4.2 (Existence and uniqueness). Suppose that:

(A4) ¢(x), £(t) are bounded; i.e., there exist K > 0 such that for allxz € Z,x > a,
and for allt € Ry |¢(x)] < K and |£(t)] < K hold,
(A5) f(x,7) =0 identically,
the function F = F(7,w) is independent of x, satisfies (A2) and
(A6) F(t,w) is continuous w.r.t. T on RY,
(A7) F(r,w) is locally Lipschitz continuous w.r.t. w on Ry x R, i.e., for all
T0 € R(J)r and for all wy € R there exists a rectangle

R(r0,wo) = {(T,w) ERf xR: 0<7—79 <a,|w—wl<b}
and L = L(1p,wp) > 0 such that for all (T,w1), (T,w2) € R(10,wp) there is
|F(1,w1) — F(T,w2)| < Llw; — w2,
(A8) F(r,w) is sublinear w.r.t. w, i.e., there exist A, B > 0 such that for all
T € Ry and for allw € R there is
|F(1,w)| < Alw| + B.
Then (2.3) possesses a unique solution u(x,t) which is defined for allx € Z, x > a,

anthRa'.

Proof. We prove the statement by induction on x € Z, = > a.
(1) For = a we put u(a,t) = &(t).
(2) Let us have a solution u(Z,t) which is unique and defined for all 7 € Z,
a <7 < x, on Rf. Then for fixed z we get from (2.3) the following IVP for
ordinary differential equation
Ut(.’L‘,t) = F(JC - 1,t,u(:c - 1at)) - F(x,t,u(w,t)),
u(z,0) = ¢(z), o) €R,

where F(x —1,t,u(xz — 1,t)) is a given function of ¢ from the induction hypothesis.

(4.2)
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e Assumptions (A6), (A7) and Picard-Lindel6f’s theorem (see [9, Theorem 8.13])
imply the existence and uniqueness of a local solution u(x,t) of (4.2) on some small
interval [0, 4], § > 0.

e We can make the estimate

|F(z —1,t,u(x — 1,t)) — F(z,t,u(z,t))]
< |F(z — 1L t,u(x — 1,t))| + |F(z, t, u(x,t))]

(A8)
< Alu(z — 1,t)| + Alu(z, t)| + 2B

Th. 3.24Th. 3.3+(A4)
< Alu(z,t)| + AK + 2B.

If we define g(t,u) = F(x — 1,¢t,u(z — 1,t)) — F(x,t,u), h(s) = As+ AK + 2B
and vg = |¢(x)| then assumptions of Lemma 4.1 are satisfied. Therefore, the local
solution u(z,t) can be extended to the whole Ry .

e Finally, we have to check if there is no other solution from some time tq > 0
which disjoins from u(xz,t) in to. Hence, suppose by contradiction that there is
a tp > 0 such that there exist two solutions uq(z,t) and wus(z,t) of (4.2) with
up(z,t) = ug(xw,t) on [0,t9] and uq(z,t) # us(x,t) on (to,to +€), € > 0. Let us
denote u;, = ui(x,ty) and investigate the solvability of the IVP

ur(z,t) = F(z — 1, t,u(x — 1,t)) — F(z, t,u(z,t)), t> to,

u(z, to) = Ugg-

(4.3)

The right-hand side of equation in (4.3) is unique by induction hypotheses. Func-
tions w1 (z,t), ua(x,t) solve (4.3) on [tg, to+€). But assumptions of Picard-Lindelf’s
theorem are also satisfied for (4.3) thanks to (A6), (A7) and consequently, there can-
not be two distinct solutions. This is a contradiction which finishes the proof. [

Remark 4.3. If we omit the assumption (A7) of local Lipschitz continuity of
F(7,w) in Theorem 4.2 then the uniqueness is not guaranteed and we get only the
existence result by the same procedure with the help of Cauchy—Peano’s theorem
(see [9, Theorem 8.27]) instead of Picard—Lindel6f’s theorem.

We present the following example for an illustration what functions F(x,7,w)
can be considered in Theorem 4.2.

Example 4.4. Assumptions of Theorem 4.2 are satisfied, e.g., for following func-
tions F'(1,w):
e F(1,w) = k(7)w when k(7) > 0 (linear equation),
e F(1,w) = k(r)arctanw when k(7) > 0.
For the following function F' we have only existence guaranteed (cf. Remark 4.3):
—/—w, forw <0,
e F(r,w) =
Jw, for w > 0.

5. CONSEQUENCES OF MAXIMUM AND MINIMUM PRINCIPLES

In this section we study well-known consequences of maximum and minimum
principles. Corresponding results for classical differential equations can be found
in [14]. The next two corollaries follow immediately from Theorems 3.2 and 3.3.
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Corollary 5.1 (Boundedness of solutions). Let F = F(r,w) satisfy Assumption
(A2), f(x,7) =0 identically, ¢(x) and £(t) be bounded and u(z,t) be a solution of
(2.3). Then u(x,t) is bounded.

Corollary 5.2 (Sign preservation). Let F' = F(x, 7,w) satisfy (A2) and (A3),
f(x,7) be nonnegative, ¢(x) and £(t) be nonnegative and u(x,t) be a solution of
(2.3). Then u(z,t) is nonnegative.

Last application of maximum and minimum principles from Theorems 3.2 and
3.3 is the uniform stability of solutions of the linear problem and its consequences.
Thus, let us consider the linear problem

ug(w,t) + V. [k(t)u(z,t)] =0, z€Z x>a€Z, tcR",
u(z,0) =d(z), ¢:Z—R, (5.1)
u(a,t) = £(t), €€ CRT)NCHRY),
where k(t) > 0.

Corollary 5.3 (Uniform stability). Let ui(z,t) be a solution of (5.1) with initial-
boundary conditions ¢1(x) and & (). Let ua(x,t) be a solution of (5.1) with initial-
boundary conditions ¢2(z) and &x(x). Then

sup ur (1) —uz (2, t)] < sup  {[¢1(z) — d2(2)|, [61() — &)}

T €L, x> a T €, x>a
teRY teRY
(5.2)
holds.

Proof. Define function v(x,t) = uy(z,t) — uza(z,t). Then v(x,t) solves -BVP (5.1)
with the initial-boundary conditions ¢1(x) — ¢o(x) and & (t) — £2(¢). Assumptions
of the maximum principle in Theorem 3.2 are satisfied and hence, we obtain
u(z,t) — up(z,t) = v(z,t) < sup {¢1(x) — d2(2), &1 (t) — &(1)}
rE€EZ,x>a
te RS
< sup {lp1(z) — d2()], [€2(2) — &2(2)[}-
T EZ,x>a
teRy
(5.3)
Similarly, assumptions of the minimum principle in Theorem 3.3 are satisfied
and therefore, there is
ui(z,t) — uz(z,t) = v(z,t) > inf {o1(z) — ga(x), &u(t) — &2(0)}
rE€Z,x>a
teRy
> — sup {lp1(z) — P2()], [€2(2) — &2(2) [}
rEZ,x>a
teRy

Finally, inequalities in (5.3) and (5.4) yield (5.2). O

Corollary 5.3 directly implies the following claim.
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Corollary 5.4. Let {u,}'> be a sequence of solutions u,(z,t) of (5.1) with the

n=1

initial-boundary conditions ¢ (x) and &, (t) such that
bn(z) = @(x) forx € Zox > a, and &,(t) = E(t) fort € RY.

Assume that u(x,t) is a solution of (5.1) with the initial-boundary conditions ¢(x)
and £(t). Then

uy(z,t) 2 u(z,t) for x€Z,x>a, and teR].

6. SIMILAR PROBLEM WITH SPACE DIFFERENCE INSIDE NONLINEARITY

In this section we analyze a similar problem as (2.3). We consider the following
I-BVP where the nonlinear function F' depends on difference of u(z, t):
ug(w,t) + F(x,t,Vou(z, t)) = f(a,t), v€Z, v>a€Z, t€RT,
u(z,0) =¢(x), ¢:Z—R, (6.1)
u(a,t) = &£(t), €€ CRY)NCHRY).

Remark 6.1. We define lower and upper solutions of (6.1) similarly as in Definition
2.1.

The following two theorems are the maximum and minimum principles for (6.1).
We let proofs to the reader because we can prove them by stairs method again.

Theorem 6.2 (Maximum principle). Assume that F(x,T,w) satisfies
(A9) for all x € Z,x > a, and for all T € RT, there is

>0, forw >0,
F(x,T,w){ <0, forw<0,
=0, forw=0,

and f(x,7) <0 for all x € Z,x > a, T € RT. Let u(z,t) be a lower solution of
(6.1). Then
u(z,t) < sup {o(2),£(t)}
rE€Z,x>a
teRS

holds for all x € Z, x > a, and for all T € RT.

Theorem 6.3 (Minimum principle). Assume that F(x,T,w) satisfies (A9) and
flx,7) >0 forallz € Z, x > a, and for allt € R} . Let u(z,t) be an upper solution
of (6.1). Then
it {0} < ulet)
rE€L,x>a
teRy

holds for all x € Z, x > a, and for all t € Ry .

Now, we introduce analogue results for (6.1) as in Sections 4 and 5. We omit
proofs again because they are also similar as for (2.3).

Theorem 6.4 (Existence and uniqueness). Suppose that (A4), (A5) hold, function
F(x,7,w) satisfies (A6)—(A9). Then (6.1) possesses a unique solution u(x,t) which
is defined for allx € Z, x > a, and t € ]Ra'.
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Corollary 6.5 (Boundedness of solutions). Let F'(x, T,w) satisfy Assumption (A9),
f(x,7) = 0 identically, ¢(x) and &(t) be bounded and u(z,t) be a solution of (6.1).
Then u(x,t) is bounded.

Corollary 6.6 (Sign preservation). Let F(x,,w) satisfy (A9), f(x,T) be nonneg-
ative, ¢p(x) and &(t) be nonnegative and u(z,t) be a solution of (6.1). Then u(zx,t)
is nonnegative.

Finally, in contrast to previous sections about the problem (2.3), we are able to
prove following assertions about nonlinear problem (6.1).

Corollary 6.7 (Uniform stability). Consider a function F(x,T,w) for which the
partial derivative F,(x,T,w) is a continuous and positive function. Let ui(z,t) be
a solution of (6.1) with initial-boundary conditions ¢1(x) and & (t). Let ua(x,t) be
a solution of (6.1) with initial-boundary conditions ¢o(x) and &(t). Then

sup ur(2,) = ua(z, 1) < sup  {[d1(2) = g2(2)], €1 (2) — & (D)[}

re€Z,x>a reZ,x>a
teRy teRy
holds.

Proof. We prove the statement with the help of maximum and minimum principles
from Theorems 6.2 and 6.3. Thanks to the assumption that uq(z,t) and ug(z,t)
are solutions we get the equality

(u1)e(z,t) + F(z,t, Vyur(z,t)) — (u2)e(z, t) — F(x,t, Vyue(z, t)) = 0.
Applying the mean value theorem we can rewrite it to the form
(u1)e(x,t) — (u2)e(z,t) + Fu(z, t,0(x, 1)) Ve (ur(x,t) — ua(z,t)) =0,

where 0(z,t) = aVyui (2, )+ (1—a)Vyus(z, t), a € [0,1]. Let us define an auxiliary
function v(z,t) = uy(z,t) — ua(x,t). Consequently, v(x,t) solves

ve(z,t) + Fu(z,t,0(z, t)) Vyu(z,t) =0,

v(z,0) = ¢1(z) — ¢2(),
v(a,t) = &1 (t) — &(t),

when the assumptions of Theorems 6.2 and 6.3 are satisfied. Thus, from Theorem
6.2 we obtain

up(x,t) — ug(x,t) = v(z,t) < sup {#1(z) — d2(2),&1(t) — &2(t)}
rE€Z,xr>a
teRy
sup {lp1(z) — da(@)], €2 () — &2(2)[}-
rE€l,x>a
te Ry

IN
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Similarly, from Theorem 6.3, there is

(2, t) —ug(x,t) = v(z, 1) > inf {01(2) = P2(2), &1(t) — &(B)}

T E€l,x >
te Ry
> — sup {lo1(z) — d2()|, €2(2) — &0)[}
r€E€Z,x>a
teRy
which completes the proof. (I
Corollary 6.8. Consider a function F(x,T,w) for which the partial derivative
F,(x,T,w) is a continuous and positive function. Let {un}Zi‘i be a sequence of

solutions un(x,t) of (6.1) with the initial-boundary conditions ¢ (x) and &, (¢) for
that

bn(z) = ¢(x) forx € Z,x > a, and &,(t) 2 E(t) fort € RY.
Assume that u(z,t) is a solution of (6.1) with the initial-boundary conditions ¢(x)
and £(t). Then

un(z,t) 2 u(z,t) forzx€Z, v >a, t€RY.
Corollary 6.9 (Comparison theorem). Consider a function F(x,T,w) for which
the partial derivative F,,(x, T,w) is continuous and positive function. Suppose, there

exists a solution u(x,t) of (6.1). Moreover, let v(z,t) be a lower solution and w(zx,t)
be an upper solution of (6.1). Then

vz, t) <ulz,t) <w(ax,t)

is mecessarily satisfied for all x € Z, x > a, and for all t € R{ .
Proof. We define two auxiliary functions v(z,t) = u(z,t) — v(z,t) and w(z,t) =
w(z,t) —u(z,t) and investigate their sign.

(1) First, we study the function v(x,t). Because v(z,t) is a lower solution we
get

0 <uglz,t) + F(z,t, Vyu(z, t) — vz, t) — F(z, t, Vyu(z,t)).

Thanks to assumptions on F' we can use the mean value theorem and we can
continue with our estimate,

0 < w(zx,t) + F(a,t, Vyu(z, t)) — vz, t) — F(x,t, Vyu(z,t))
= [u(z,t) —v(z,t)], + Fu(z,t,0(x,t)) [Vou(z,t) — Vyv(z, )]
=T(x,t) + Fu(x,t,0(x,t))V,0(z, t).

for some 6(z,t) = aVu(x,t)+(1—a)Vyo(z,t), a € [0,1]. For initial and boundary
conditions we have

o(x,0) = u(x,0) — v(x,0) >0,
v(a,t) = u(a,t) —v(a,t) > 0.

Thus, assumptions of Theorem 6.3 are satisfied for v(x,¢) which implies
o(x,t) >0, ie., ov(zt)<u(zt).
(2) For the function w(x,t) it is similar. By the same procedure we get

w(z,t) >0, ie., wu(zt)<w(z,t).
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O

Remark 6.10. If we would like to prove the similar assertions for (2.3) by the
same procedure then proofs would fail after using the mean value theorem. In that
case, the backward difference operator V, would be applied on the partial derivative
F,(x,t,0(x,t)). Hence, we would not be able to satisfy assumptions of Theorems
3.2 and 3.3 because we would not know the behavior of the function 6(x,t).

7. CONCLUDING REMARKS

In this paper we present some maximum and minimum principles for transport
equations with discrete space and continuous time and derive several applications.
But there are still many open questions left.

First, we can try to find another maximum principles with distinct or weaker
assumptions or we can try to derive another properties of solutions of (2.3) and
(6.1). Next, we should say that, although, we consider nonlinear function F as a
function F'(x, T,w) in our problems, in many cases we have to assume that F' is not
a function of x. Therefore, we can try to improve it and find better conditions.

We study only initial-boundary value problems as well. We can ask what will
change if we consider an initial value problem on the whole Z. One can show that
in that case we cannot prove maximum or minimum principles in the same way by
stairs method as Theorem 3.2. Moreover, we cannot use mathematical induction
to prove the existence of solution of IVP because we have not where to start.

Further, we could try to generalize our results for more general time and space
structures as in [17, 18, 19] (in these papers dynamic equations on time-scales are
studied, for more information about time-scale calculus see [1, 8]).

In this paper we analyze equations with one space variable and hence, we can
state the question what happens if we consider more space variables as on finite-
dimensional lattice dynamical systems in [6, 7, 12].

Another natural generalization is to study evolutionary equations of higher order,
e.g., diffusion or wave-type equations on discrete-space domains as in [2, 3, 4, 21].

Acknowledgements. This work was supported by the Czech Science Foundation,
Grant No. 201121757 and by the European Regional Development Fund (ERDF),
project "NTIS New Technologies for the Information Society”, European Centre
of Excellence, CZ.1.05/1.1.00/02.0090. The author thank Petr Stehlik, Antonin
Slavik and Pavel Rehék for their helpful advises.

REFERENCES

[1] M. Bohner, A. Peterson; Dynamic Equations on Time Scales: An Introduction with Appli-
cations, Boston: Birkhuser, 2001.

[2] X. Chen et. al.; Traveling Waves in Discrete Periodic Media for Bistable Dynamics, Arch.
Rational Mech. Anal. 189 (2008), pp. 189-236.

[3] X. Chen, J.-S. Guo; Ezistence and Asymptotic Stability of Traveling Waves of Discrete
Quasilinear Monostable Equations, J. Differential Eq. 184 (2002), pp. 549-569.

[4] X. Chen, J.-S. Guo; Uniqueness and ezistence of traveling waves for discrete quasilinear
monostable dynamics, Math. Ann. 326 (2003), pp. 123-146.

[5] S. S. Cheng; Partial Difference Equations, London: Taylor and Francis, 2003.

[6] S.-N. Chow, J. Mallet-Paret, W. Shen; Traveling Waves in Lattice Dynamical Systems, J.
Differential Eq. 149 (1998), pp. 248-291.

[7] S.-N. Chow et al.; Dynamical Systems, Berlin: Springer, 2003.



EJDE-2014/78 MAXIMUM AND MINIMUM PRINCIPLES 13

(8]
[9]
(10]
(11]

[12

(13]
(14]

[15]
(16]

[17

(18]

[19

20

(21]

S. Hilger; Analysis on measure chains — A unified approach to continuous and discrete cal-
culus, Results Math. 18(1-2) (1990), pp. 18-56.

W. G. Kelley, A. C. Peterson; The Theory of Differential Equations: Classical and Qualita-
tive, New York: Springer, 2010.

R. J. Le Veque; Finite Volume Methods for Hyperbolic Problems (Cambridge Texts in Applied
Mathematics), Cambridge: Cambridge University Press, 2002.

J. D. Logan; An Introduction to Nonlinear Partial Differential Equations, New Yersey: John
Wiley, 2008.

J. Mallet-Paret; The global structure of traveling waves in spatial discrete dynamical systems,
J. Dynam. Differential Eq. 11(1) (1999), pp. 49-127.

J. Mawhin, H. B. Thompson, E. Tonkes; Uniqueness for boundary value problems for second
order finite difference equations, J. Difference Eq. Appl. 10(8) (2004), pp. 749-757.

M. H. Protter, H. F. Weinberger; Mazimum Principles in Differential Equations, New York:
Springer-Verlag, 1984.

P. Pucci, J. Serrin; The Mazimum Principle, Basel: Birkhuser, 2007.

E. Rothe; Zweidimensionale parabolische randwertaufgaben als grenzfall eindimensionaler
randwertaufgaben, Math. Ann. 102 (1930), pp. 650670.

P. Stehlik; Mazimum principles for elliptic dynamic equations, Math. Comp. Mod. 51(9-10)
(2010), pp. 1193-1201.

P. Stehlik, B. Thompson; Applications of mazimum principles to dynamic equations on time
scales, J. Difference Eq. Appl. 16(4) (2010), pp. 373-388.

P. Stehlik, B. Thompson; Maximum principles for second order dynamic equations on time
scales, J. Math. Anal. Appl. 331 (2007), pp. 913-926.

P. Stehlik, J. Volek; Transport equation on semidiscrete domains and Poisson-Bernoulli
processes, J. Difference Eq. Appl. 19(3) (2013), pp. 439-456.

B. Zinner; Ezxistence of Traveling Wavefront Solutions for the Discrete Nagumo Equation, J.
Differential Eq. 96 (1992), pp. 1-27.

JONAS VOLEK

DEPARTMENT OF MATHEMATICS AND NTIS, NEW TECHNOLOGIES FOR THE INFORMATION SOCIETY
- EUROPEAN CENTRE OF EXCELLENCE, FACULTY OF APPLIED SCIENCES, UNIVERSITY OF WEST
BOHEMIA IN PILSEN UNIVERZITN{ 8, 306 14 PILSEN, CZECH REPUBLIC

E-mail address: volek1@kma.zcu.cz






APPENDIX C

Maximum principles for discrete and semidiscrete reaction-difussion equation

[80] P. Stehlik, J. Volek, Maximum principles for discrete and semidiscrete reaction-difussion equation,
Discrete Dynamics in Nature and Society 2015 (2015), Article ID 791304, 1-13.

109






Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Article ID 791304

Research Article

Hindawi

Maximum Principles for Discrete and Semidiscrete

Reaction-Diffusion Equation

Petr Stehlik and Jonas Volek

Department of Mathematics and NTIS, Faculty of Applied Sciences, University of West Bohemia, Univerzitni 8,

30614 Pilsen, Czech Republic

Correspondence should be addressed to Petr Stehlik; pstehlik@kma.zcu.cz

Received 24 March 2015; Accepted 29 July 2015

Academic Editor: Cengiz Cinar

Copyright © 2015 P. Stehlik and J. Volek. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

We study reaction-diffusion equations with a general reaction function f on one-dimensional lattices with continuous or discrete
time ul. (or A,u,) = k(u,_, — 2u, +u,,,) + f(u,), x € Z. We prove weak and strong maximum and minimum principles for
corresponding initial-boundary value problems. Whereas the maximum principles in the semidiscrete case (continuous time)
exhibit similar features to those of fully continuous reaction-diffusion model, in the discrete case the weak maximum principle
holds for a smaller class of functions and the strong maximum principle is valid in a weaker sense. We describe in detail how the
validity of maximum principles depends on the nonlinearity and the time step. We illustrate our results on the Nagumo equation

with the bistable nonlinearity.

1. Introduction

Reaction-diffusion equation d,u = ko, u + f(u) (sometimes
called FKPP equation, which abbreviates Fisher, Kolmogorov,
Petrovsky, Piskounov) serves as a nonlinear model to describe
a class of (biological, chemical, economic, and so forth)
phenomena in which two factors are combined. Firstly, the
diffusion process causes the concentration of a substance
(animals, wealth, and so forth) to spread in space. Secondly, a
local reaction leads to dynamics based on the concentration
values.

For the sake of applications and correctness of numerical
procedures it makes sense to consider partially or fully
discretized reaction-diffusion equation. In certain situations
(e.g., spatially structured environment) it is natural to study
reaction-diffusion equations with discretized space variable
and continuous time (we refer to it as a semidiscrete problem
and use u, (t) = u(x,t)):

s (1) = k (g (8) = 20, () + 1y (1)) + f (u, (1), "

x€Z, te€0,+00),

or, for example, if nonoverlapping populations are consid-
ered, with both time and space variables being discrete (a
discrete problem, u, ; := u(x,t)):

u - Uu
M =k (ux—l,t - 2ux,),‘ + ux+1,t) + f (ux,t) >

h (2)
x€Z, te€{0,h2h,..}.

Examples of such phenomena are chemical reactions related
to crystal formation, see Cahn [1], or myelinated nerve
axons, see Bell and Cosner [2] and Keener [3]. Existence and
nonexistence of travelling waves in those models have been
recently studied in Chow [4], Chow et al. [5], and Zinner [6]
mostly with the cubic (or bistable, double-well) nonlinearities
of the form f(u) = Au(u—a)(1-u), withA > 0anda € (0,1)
(this special case of FKPP equation is being referred to as
Nagumo equation). In contrast, various reaction functions
have been proposed in models without spatial interaction, for
example, Xu et al. [7].

Motivated by these facts, we allow for a general form of
the reaction function f in this paper (i.e., we do not restrict
ourselves to cubic nonlinearities). We prove a priori estimates



for discrete reaction-diffusion equation (2) and then use
Euler method to show their validity for semidiscrete reaction-
diffusion equation (1). Whereas the maximum principles in
the semidiscrete case exhibit similar features to those of
continuous reaction-diffusion model (i.e., they hold under
similar assumptions), in the discrete case the weak maximum
principle holds for a smaller class of functions and the strong
maximum principle is only valid in a weaker sense involving
the domain of dependence. Finally, we use the maximum
principles to get the global existence of solutions of the
initial-boundary problem for the semidiscrete case (1). All
our results are illustrated in detail in Nagumo equations
with a symmetric bistable nonlinearitz; that is, we consider
problems (1)-(2) with f(u) = Au(1 — u®).

Our motivation is twofold. First, maximum principles
could be used to obtain comparison principles (Protter and
Weinberger [8]), which in turn could serve as a valuable tool
in the study of traveling waves, for example, Bell and Cosner
[2]. Moreover, similarly as in the case of (non)existence of
traveling wave solutions for Nagumo equations, it has been
shown that discrete and semidiscrete structures influence the
validity of maximum principles in a significant way. Even the
simplest one-dimensional linear problems require additional
assumptions on the step size; see Mawhin et al. [9] and Stehlik
and Thompson [10]. In the case of partial difference and
semidiscrete equations, the strong influence of the underlying
structure on maximum principles has been described in the
linear case for transport equation in Stehlik and Volek [11]
and for diffusion-type equations in Slavik and Stehlik [12]
and Fries] et al. [13] (interestingly, the proofs of maximum
principles in this case are based on product integration; see
Slavik [14]). Finally, simple maximum principles for nonlin-
ear transport equations on semidiscrete domains have been
presented in Volek [15].

In the classical case, maximum principles for diffusion
(and parabolic) equations go back to Picone [16] and Levi
[17]. Strong maximum principles were later established by
Nirenberg [18] and a survey of various versions and appli-
cations could be found in a classical monograph Protter and
Weinberger [8].

This paper is segmented in the following way. In Sec-
tion 2, we briefly summarize results for the classical reaction-
diffusion equation. Next, we prove weak and strong maxi-
mum principles for the discrete case (2) (Sections 3 and 4).
In the case of the initial-boundary value problem for the
semidiscrete equation (1) we provide local existence results
(Section 5) and maximum principles (Section 6) which we
consequently apply to get global existence of solutions in
Section 7. Our results are then applied to the Nagumo
equation with a symmetric bistable nonlinearity, that is,
problems (1)-(2) with f(u) = Au(1 - u?), in Section 8.

2. Reaction-Diffusion Partial
Differential Equation

In order to motivate and compare our results for the reaction-
diffusion equations on discrete-space domains with the classical
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reaction-diffusion equation we briefly summarize few basic
results for the following initial-boundary problem:

o,u (x,t) = ko u (x,t) + f (x,t,u(x,t)),

xe(@ab), teR", k>0,

u(x,0)=¢(x), xc¢lab], 3)
u@t)=¢,(t), teRy,
ub,t)=§ @), teRy,

where f : (a,b) x R* x R — R is a reaction function and
¢ : [ab] - R,§,E : Ry — R are initial-boundary
conditions satisfying ¢(a) = &,(0) and ¢(b) = &,(0).

The following existence and uniqueness result for (3) can
be found, for example, in [19, page 298].

Theorem 1. Let T > 0 be arbitrary and let f be uniformly
Hoélder continuous in x and t and Lipschitz in u for (x,t) €
(a,b) x (0, T). Then for all Holder continuous initial-boundary
conditions ¢, &, &, problem (3) has a unique bounded solution
which is defined on [a, b] x [0, T].

We define the following two numbers for the brevity:

My = xe[ag}ié([O,T] {(P (%), Ea ), Eb (t)} > @
mp=  min {p(x),&1),& ).

x€[a,b],te[0,T]

For the linear diffusion equation (i.e., (3) with f(x,t,u) =
0) the maximum principle is proved, for example, in [8,
Chapter 3.1]. For the nonlinear problem (3) (i.e., f(x,t,u) #
0) the following weak maximum principle holds (see [19,
Theorem 1]).

Theorem 2. Let T > 0 be arbitrary and let f be uniformly
Holder continuous in x and t and Lipschitz in u for (x,t) €
(a,b) x (0, T] and assume that

f (e t,Myp) <0< f(x,t,myg)
V(x,t) € (a,b) x (0,T].

(5)

Let u be a continuous solution of (3) with Hélder continuous
initial-boundary conditions @, &, &,. Then

mp <u(x,t) < My (6)

holds for all (x,t) € [a,b] x [0, T].

Moreover, the strong maximum principle also holds (see
(19, Theorem 2]).

Theorem 3. Let the assumptions of Theorem 2 be satisfied and
let u be a solution of (3) on [a, b] x [0, T]. If u(x,, ty) = My (or
u(xy, ty) = my) for some (x,,t,) € (a,b) x (0,T] then

u(x,t) = My
(or u(x,t)=my) (7)

Y (x,t) € [a,b] x [0,,] .
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3. Discrete Reaction-Diffusion Equation:
Weak Maximum Principles

Let us consider the initial-boundary value problem for
the discrete reaction-diffusion equation (which could be
obtained, e.g., by Euler discretization of (3)):

u(x,t+h)—u(xt)
h

= kAzxxu (x—1,t)

+f (o tu(x,t)),

x€(ab)y, tehNy,, h>0, k>0, 8)
u(x,0)=¢p(x), x€(@b)y,,
u(a,t)=&,(t), tehN,
ub,t) =& @), tehN,,

where f : (a,b); x BNy x R — R is a reaction function,
¢ :(a,b), - RE,E : hN, — R are initial-boundary
conditions, hN; = {hn,n € Ny}, (a,b); = (a,b) N Z, and
Azxxu(x - Lt) = u(x—1,t) - 2u(x, )+ u(x + 1, t) (for brevity,
we assume the space discretization step h, = 1, but all our
results are easily extendable to an arbitrary step h, > 0 if we
use the diffusion constant k = k/h? instead of k; we discuss
this in detail in a specific example at the end of Section 8).

Straightforwardly, problem (8) has a unique solution
which is defined in [a, b]; x hN,, since u(x, t + h) is uniquely
given by

u(x,t+h)

(o t) +h (kA2 u (x = L) + f (6, tu(x,1), xe@hh,(%
=4&,(t+h), x=a,

& (t+h), x=b.

For T' € hN,, we define the following two numbers:

MT = xE(a,b)I;taé)[(O,T]hNo {(P (x), Eﬂ ), Eb (t)} > (10)
Mr = xE(u,b)I;lliEr%O,T]hNo {(P 0 E“ ©: Eb (t)} . )

For brevity of the following assertions we formulate the
assumption in the reaction function f:

(D) Let T € hN and let f satisfy

2hkh— Dl m) < f ot < 2R

(u-Myp), (12)

forall x € (a,b)7,t € [0,T]jn, and u € [my, Mr].

Remark 4. The inequalities (12) imply that for all fixed x
and t the graph of function f(x,t,-) does not intersect the
forbidden area depicted in Figure 1.

Remark 5. Let us notice that for b — 0+ the slope (2hk —
1)/h goes to —oo; that is, the forbidden area from Remark 4
is smaller in the sense of inclusion and it is easier to satisfy
assumption (D) if we decrease the time discretization step h.
We illustrate this fact in Figure 1.

f(x) t, )

h — 0+ i

F1GURE 1: The forbidden area for the function f(x, ¢, -) in assumption
(D). The change of this area if i — 0+. The slope of the dashed line
is given by 2k — 1/h; see assumption (D).

Proposition 6. Assume that my < My. If h > 1/2k then (D)
does not hold for any function f.

Note that the inequality & < 1/2k is the necessary
condition for the validity of maximum principles even in the
linear case; see, for example, [13, Theorem 2.4].

Proof. If h > 1/2k (i.e., 2hk — 1 > 0) then from (12) there
should be

0< 2hkh_ ! (u—myg) < f (x,t,u)
hk 3)
<2 h_l(u—MT)<0 for u € (mg, My),
a contradiction. O

Remark 7. Notice that if m; = My then (D) implies that
flx,t,mp) = f(x,t,Mp) = 0 for all x € (a,b);, and
t € [0,T]yy,- This situation corresponds to the case of the
constant initial-boundary conditions ¢(x) = M and £,(¢) =
&, (t) = M. From f(x,t, M) = 0 and from (9) there is

u(x,t)=¢(x) =My forte]l0, Tl - (14)

Now we state an auxiliary lemma which is crucial in the
proof of the maximum principle.

Lemma 8. Let T € hN,, let function f satisfy (D), and let u
be the unique solution of (8). Then for all x € [a,b], and for
all't € [0, )y,

myp < u(x,t) < My

(15)

implies that mp < u (x,t + h) < M.

Proof. For the sake of brevity, we only show that u(x, t + h) <
M. The inequality mp < u(x, t+h) can be proved in the same
way.

Lett € hN, t < T, be arbitrary. Then u(a,t + h) = £, (¢t +
h) < My and u(b,t + h) = &, (t + h) < My trivially from



the definition of My (10) (recall thatt < T, ie,t+h < T).If
x € (a,b), then we can estimate

u(x,t+h)=u(x,t)+h(ku(x—1,t) - 2ku(x,t)
thku(x+ 1,0+ f (x,tu(xt))) < 2hkMp+(1  (16)
—2hk)u (x,t) + hf (x,t,u(x,t)).

Thanks to the assumptions (12) and m < u(x,t) < My we
get

hf (x,t,u(x,t) < (2hk 1) (u(x,t) - My).  (17)
Therefore,
u (x,t+h) < 2hkMy + (1 - 2hk) u (x, t)
+hf (x,t,u(x,1))

(18)
< 2hkMy + (1 - 2hk) u (x,t)

+(2hk - 1) (u (x,t) = M) = My.

The weak maximum principle follows immediately.

Theorem 9. Let T' € hN, be arbitrary, let function f satisfy
(D), and let u be the unique solution of (8). Then

mp <u(x,t) < My 19)
holds for all x € [a,b], and t € [0,T] .

Proof. From (10) to (11) we get mp < u(x,0) < My for all
x € [a,b],. Immediately, Lemma 8 yields that (19) holds for
all x € [a,b], and t € [0, Tlpy,- O

Remark 10. If the reaction function f does not satisfy the
inequalities (12) we can find a counterexample that the
maximum principle does not hold in general. For example,
let us consider (8) witha = -1,b = 1,t € N, and ¢(x) = 0,
E,(t) = &,(t) = 0. Let us assume that, for example, the latter
inequality in (12) does not hold; that is,

2hk -1
h

for some t € N,. Assuming without loss of generality that t =
0, then the maximum principle is straightforwardly violated
since

u(0,1) = ku(-1,0) + (1 —2k) u (0,0) + ku (1,0)

£(0,t,0) > (0-My) =0, (20)

(21)
+f(0)0>0) = f(0,0,0) >0= MT'

In certain cases, the function f could fail to satisfy (D)
but could still provide a priori bounds for solutions of (8) if
the following inequalities hold.

(D') Let T € hN, and let there exist S > My and R < my
such that

2hk -1 2hk

0 (u-R) < f(x,t,u) < h_l(u—s), (22)
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FIGURE 2: The example of the function f that does not satisfy
(D) but satisfies (D') for some constants R, S. Such a function
consequently provides a priori bounds for solutions of (8) in the
sense of Theorem 11.

forall x € (a,b); and t € hN; such that0 < ¢ < T and
u € [R,S].

In that case, we obtain a general version of the weak
maximum principle (for the illustration of (D') see Figure 2).

Theorem 11. Let T € hN, be arbitrary, let function f satisfy
(D'), and let u be the unique solution of (8). Then

R<u(x,t)<S (23)
holds for all x € (a,b)y andt € hN, such that0 <t <T.

Proof. For t = 0 we have

R<mp<u(x,0)<Mp<S, Vxe(ab),. (24)

Now we can proceed analogousl}r as in the proofs of Lemma 8
and Theorem 9 where we use (D') instead of (D). We omit the
details. O

Example 12. The set of nonlinear reaction functions f that
could be considered in Theorem 9 or 11 includes, for example,
(for the detailed analysis with f(x,t,u) = Au(l — u?) see
Section 8)

() flxt,u) = —|ulP'uwith p > 1,

(ii) the logistic function f(x,t,u) = u(1 —u),

(iii) the bistable nonlinearity f(x,t,u) = Au(u—a)(1—u),

ac€(0,1),
(iv) f(x,t,u) = Au(l — uf) where p € N,
) f(x,t,u) = —|x| arctan(t?u).

We state the following two claims that are direct corollar-
ies of Theorem 9.

Corollary 13. Assume that £, &, are bounded. Let f satisfy
(D) for all T > 0. Then the unique solution u of (8) is bounded.

Corollary 14. Assume that ¢, §,, &, are nonnegative. Let f
satisfy (D) for all T > 0. Then the unique solution u of (8)
is nonnegative.
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4. Discrete Reaction-Diffusion Equation:
Strong Maximum Principle

As in the case of classical reaction-diffusion equation (3)
(Theorem 3) we naturally turn our attention to strong max-
imum principles. Straightforwardly, the strong maximum
principle does not hold in the discrete case in the sense of
Theorem 3.

Example 15. Let us consider problem (8) with x € [-2,2],,
t € Ny, f(x,t,u) = 0,and k = 1/2 (note that h = 1/2k) and
let

p(x)=M>0, xe{-1,0,1},
(25)
E,)=8()=0, te No.
Then from (9) we get
u(0,1) = u(0,0) + ku (-1, 0) — 2ku (0,0) + ku (1, 0)
+ £(0,0,0) = M.
Analogously, we can deduce that
u(-2,1)=u(2,1)=0,
(27)

u(-1,1)=u(l,1)= %

Consequently, the strong maximum principle does not hold.
Nonetheless, given the fact that the values of u(x,t)

are given by (9), we can easily construct the domain of
dependence of (x,, t,):

D (x,ty) = {(x,t) €la,bl, xhNy : t<t,, x=x,

(28)
L oi=01 to —t}
—]) ]_ > Ay e ey h
and the domain of influence of (x,, ¢,):
I (x9,t0) = {(x,t) €la,bl, xhNy : t>t,, x=x,
(29)

. t—1
+j, j=0,1,..., P }

Considering the following:

(D" LetT € hN, and let f satisfy for all x € (a,b),,t €

[0, T]hN(,:
(@) f(x,t,u) < (2hk — 1)/h)(u — M) when u €
[mTr MT))
(b) f(x,t,u) > ((2hk — 1)/h)(u — my) when u €
(mT’MT]»

(c) f(x,t,Mp) <0and f(x,t,mg) >0,

the weaker version of the strong maximum principle follows
immediately.

Theorem 16. Assume that the function f satisfies (D) for all
T € hN,. Let u be the unique solution of (8) and (x,,t,) €
[a,b]; x hN,,.

@) If u(xy,ty) = My (or u(xy, ty) = my), then u(x,t) =
My (or u(x,t) = mp) on D(x,, ty).

(2) If u(xy,ty) < Mg (or u(xy,ty) > my), then u(x,t) <
My (or u(x,t) > mp) on F(xy, t,).

Proof. Let us only focus on the former statement of the
theorem; the latter could be proved in very similar way. We
show that if the function f satisfies (D"') and u(x,, t,) = My
for some x, € (a,b)y t, € hNy, 0 < t, < T, then
u(xy — 1,ty — h) = u(xy,ty —h) = u(x, + 1,t, — h) = M.
The rest follows by induction.

Assume by contradiction first that u(x, — 1,¢, — h) < My
(the case u(x, + 1,t, — h) < My follows easily). Using this
assumption, (9), and Theorem 9 we can estimate

u(xg ty) = hk(u(xg— Lty —h)+u(x,+1,t,—h))
+(1-2hk) u(xy,ty—h)
+hf (xg,tg—h u(xq,ty—h))

< 2hkMy + (1 - 2hk) u (xy, o, — h)

(30)
+hf (xg.tg —hu(xg,tg— h)) + My
— MT
= (1-2hk) (u(xo,to—h) - My)
+hf (x0> to—h,u (xo, to— h)) + M.
Thus, (D") yields
(1-2hk) (u(xq,ty—h) — My)
(31)
+hf (xg,tg —h,u(xp,tg—h)) < 0.
Consequently, there has to be
u (xo, tO) < MT’ (32)

a contradiction.
If u(xy, ty — h) < My, then by the similar procedure as
above we obtain
u(xg,t) < (1-2hk) (u(xy,ty—h)— My)
(33)
+hf (xg,to—hu(xgty—h)) + My.

Since u(x,, t, — h) € [my, My) in this case, (D"') implies that
(1-2hk) (u(xq, ty—h) - My)

(34)
+hf (xg.tg —hu(xg,ty—h)) < 0.
Hence,
u(xg,ty) < Mrp, (35)
a contradiction. O

In the case of nonconstant time discretization i = h(t) we
can follow similar techniques and consider (D) (eventually,
(D) or (D")) with h. (Or hsup forT — ©0); see Remark 5.



5. Semidiscrete Reaction-Diffusion Equation:
Local Existence

In this section we study the local existence of the following
initial-boundary value problem on semidiscrete domains:

U, (,t) = kA’ u (x = 1,1) + f (.t u (x, 1)),

x €(ab)y, teRy, k>0,

u(x,0)=¢(x), xe(ab)y, (36)
u(at)=&(t), teRg,
ub,t)=§& @), teRy,

where 1, = 0,u denotes the time derivative, f: (a,b), x Rj x
R — R isa reaction function, ¢ : (a,b); — R, &, ¢
Cl([Rar ) are initial-boundary conditions, and R; := [0, +0c0).

Given the fact that (36) can be interpreted as a vector
ODE, we can rewrite it as

u' (1) =gtu(),
u(0) =1,

.
teRy,

(37)

whereu: Ry — RN, g: Ry x RN — RY is continuous and
ieRN

Naturally, we use the well-known result of Picard and
Lindelo6f to get the local existence for the initial value problem
(37) (see [20, Theorem 8.13]).

Theorem 17. Assume that g is continuous on the rectangle
Q={tweR;xRY:0<t<a, Ju-d|<p} (38

and satisfies the Lipschitz condition on Q; that is, there exists
L > 0 such that, for all (t;,u,), (t,,u,) € Q

||g (tl’ul)_g(tZ’uZ)” < L"“l _“2" (39)

holds. Then there exists 1 > 0 such that (37) has a unique
solution u defined on [0, 1].

We apply Theorem 17 to get the local existence for the
semidiscrete reaction-diffusion equation (36). We use the
following two assumptions:

(Ceont) Let f(x,t,u) be continuous in (¢,u) € Ry x R for all
x € (a,b),.
(Clip) Let f(x,t,u) be locally Lipschitz with respect to u on
(a,b); x Ry x R; that is, for all x, € (a,b)5,t, € Ry,
and u; € R there exist &, f > 0 and

Q (xq torthy) = {(xoot,u) € (a,b) 7 xRy

XR:|t—to|<a, |u—uo|<p}

(40)

and L > 0 such that for all (x,, t,,u,), (xy, £, 1) € Q
there is

|f (xgot15t4y) = f (305 by )| < L |ty — 1] (41)
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Theorem 18. Let f satisfy (C.,,.) and (Cy;,). Then there exists
n > 0 such that (36) has a unique solution defined on [a, b], X

[0,7].

Proof. Since the space variable x is from a finite set (a,b),
problem (36) corresponds to the following vector ODE:

!

u(a+1,t)

u(a+2,t)

u(b-2,t)

u(b-1,t)

u'(t)
210 0 u(a+1,t)
1 =21 0 u (61 + 2, t)
=k
0 -2 1 u(b-2,1)
0 1 -2 ub-1,1)
A ult)
(42)
&, (1)
0
+k
0
& (1)
§(t)
fla+1t,u(a+1,t))
fla+2,t,u(a+2,1))

+ b
fb-2,t,ulb-2,t)
fb-1Ltub-1,1t)

f(t,u(t))
coupled with the initial condition
u(a+1,0) pla+1)
u(a+2,0) pa+2)
- (43)
u®-1,0) pb-1)
u(0) P

Thus, problem (36) can be rewritten in the vector form as
follows:

+
teRy,

u (1) = kAu (t) + kE (1) + £ (£, u (1)),
(44)
u(0) = ¢.
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Assumptions (C,,) and (Cy;,) yield that the nonlinear
function f is continuous and satisfies Lipschitz condition with
respect to u on some rectangle Q. Since the term Au is linear
and therefore Lipschitz with respect tou and & € C' (Ry) the
assumptions of Theorem 17 are satisfied. Consequently, there
exists 7 > 0 such that (44) has a unique solution on [0,#]. [

Remark 19. If we assume only (C,,,,) then we can apply the
Peano theorem [20, Theorem 8.27] instead of Theorem 17 to
get the local existence of solutions of (36) which need not be
unique.

6. Semidiscrete Reaction-Diffusion Equation:
Maximum Principles

Having the local existence and uniqueness we focus on the
maximum principles for (36). In the following analysis we
approximate the solution of (36) by the solutions of the
discrete problem (8) which arises from (36) by the explicit
(Euler) discretization of the time variable.

First, we define the Euler polygon (see [21, 1.7]).

Definition 20. Let h > 0 be a discretization step. Consider the
initial value problem (37) on the interval [0, T] where T' = nh,
n € N. Define the subdivision of interval [0, T] as the set of
pointst; = ih,i=0,1,...,n,and fori = 0,1,...,n — 1 define

Yir = Vit hg (toyi)
) (45)
Yo =u(0)=1u
Then the continuous function yg, : [0,T] — R" defined by
(t-t)g(tny), ti<t<ty, (46)

is called Euler polygon.

Yoy () =yi +

The following statement sums up the convergence of
Euler method (see [21, 1.7, Theorem 7.3 and 1.9, page 54]).

Theorem 21. Let T > 0 and let g be continuous, satisfying
Lipschitz condition on
Q={tweRyxRY:0<t<T, u-d|<p}, (47)

and let ||g|| be bounded by a constant A > 0on Q. If T < B/A
then the following hold:

(@) for h  — 0+ the Euler polygons y(t) converge
uniformly to a continuous function 9(t) on [0, T],

(b) 9 € CH0,T) and it is the unique solution of (37) on
[0,T].

We define the bounds of initial-boundary conditions
similarly as in the discrete problem:

MT = max {(p (X) > ga (t) > Eb (t)} >

x€(a,b),,t€[0,T]
(48)
{o(x),&,(1),& 1)}

- x€(a, la)Z te[O T]

Before we state the weak maximum principle we describe
the connection between the discretization of (36) and the
assumption (D).

Lemma 22. Let T € Ry and let f satisfy (Ce,y), (Cyip), and
(Csign) flx,t,Mp) <0 < f(x,t,myg) forall x € (a,b)5, t €

[0,T].
Then there exists H > 0 such that for all h € (0, H)
2hk 1 (u-myp) < f(x,t,u) < 2hk 1 (u-Myp) (49)

holds for all x € (a,b)5, t € [0,T], and u € [mp, Mr].

Proof. We prove the latter inequality in (49) by contradiction.
The former inequality can be proved in the same way. Let us
assume that for all H > 0 there exist h € (0, H), x;, € (a,b)5,
t, € [0,T], and u;, € [my, M] such that

2hk -1

Gty ) > (1, — My). (50)
Therefore, there exist sequences {h,,} -, and {(x,,t,,
)}, (we denote x,, Uy, = w, ) such
that

= th, tm = thm’

h,, — 0+,

_ (51)
tm’”m) > M;IIL (um _MT) .

m

f s

First, we observe that if u,,
a contradiction with (C
My forallm e N.

Now we have to distinguish between two cases.

= M for some m € N we get

sign)- Thus, we can assume that u,, <

(i) If there does not exist any subsequence {u,, };*; <
{tn}pr-y such that u,, — My then the right-hand
side of inequality in (51) goes to infinity. Hence,
from (51) f(x,,t,,u,,) also goes to infinity. This
yields a contradiction with (C,,,.), which implies

boundedness of the function f on (a,b), x [0,T] x
[mT, MT]
(ii) Let there exist a subsequence {u,, }l | € {u,, )0, such

thatu,, — M. We show that we get a contradiction
with (Chp) in this case. Since the interval (a,b),
is bounded there exists a convergent subsequence
%, 2, € {x,,} oo, such that X, — X.Analogically,
since [0, T'] is bounded there also exists a convergent
subsequence {f,, }l | C {ty)oe, such thatt, — 7.
Lete, >0, and L > 0 be arbltrary Then we can find

1 € N sufficiently large such that

1-2h,k
1
Uy, < P (52)
X, =X,



If we putj? = Xy € 1= by, U= Uy, and 1 = My
and Q(X, t, 1) is the rectangle from assumption (C],»p)
with given & > 0 and 8 > 0 then (X,%,1), (X,,1) €
Q(%,7,%). Now from (51), (52), and (Cg,) We can

estimate
1-2h,k N
Lig-1 < —— (MT—ﬁ) < f(k‘,t,ﬁ)
hmf
< f(®ta)- f (X1 My) (53)

=f(&La)-f(%L0)
<|f®La)-f(ZLa)],

a contradiction with (C;,).
O

Remark 23. The assumption (Cg,,) defines the forbidden
area for a reaction function f(x,t,-) in the same way as
(D). However, this area is reduced to a pair of half-lines.
Let us notice that it is the limit case of forbidden areas for
the discrete case if b — 0+ (see Remark 5 and Figure 1).
Moreover, it is equivalent to the assumption for classical
PDEs; see (5).

Theorem 24. Let T > 0 be arbitrary, let f satisfy (C.,,); (Cp),
and (Csign), and let u be a solution of (36) defined on [a, b], x
[0, T). Then

mp <u(x,t) < My (54)
holds for all x € (a,b)5, t € [0,T].

Proof. We prove that for all x € (a,b),, t € [0,T] there
is u(x,t) < My. The first inequality in (54) can be proved
similarly. Let us assume by contradiction that there exist x, €
(a,b); and t, € (0, T] such that

u(x,t.) > My. (55)

From the continuity of the solution u there exist x,, € (a,b),
and ¢, € [0, ¢,) such that

(@) u(x,t) < My forallx € (a,b); and t € [0,¢,],
(b) u(xoato) = MT)
(c) there exists & > 0 such that

u(xy,t) > My on (ty,t,+9). (56)

Let us analyze the new initial-boundary value problem
(36) with the initial condition u(x,t,) at time f,. Let us
understand this problem as the initial value problem for the
vector ODE (44) with the initial condition at time ¢,,.

From (C,oy), (Cyp) we know that f(£,u) is continuous
and Lipschitz on some rectangle Q. From (C_,,,) we also get
that f is bounded by some constant A > 0 on Q. Therefore,
Theorem 21 implies that for sufficiently small discretization
steps h > 0 and for sufficiently small interval [ty, ¢, + €]
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the Euler polygons y;,(t) converge uniformly to the unique
solution u(t) on [t,, t, + €].

Notice that the node points of Euler polygons y,(t) are
the solutions of (8). From (C,qpy), (Cyp), and (Cgg, ) and from
Lemma 22 the assumption (D) is satisfied (recall that A is
sufficiently small) and therefore, from Theorem 9

Yoy (%,1) < My on [tg,ty+e], Vx € (a,b);.  (57)

But if y(,)(t) converge uniformly to u(t) and y,(x,t) < My
on [ty, t, + min{d, e}] for all x € (a, b), then there has to be

u(x,t) < My
(58)
on [ty t,+ min{d,¢}], Vx € (a,b),,

a contradiction with (56). O

If the assumption (Cy,,) is not satisfied but the nonlinear
function f satisfies the following:

(C;ign) Let T > 0 be arbitrary and let there exist S > M and
R < my such that

f(xt8) <0< f(xtR) (59)

forall x € (a,b),,t € [0,T],

then we can state the following generalized weak maximum
principle.

Theorem 25. LetT > 0 be arbitrary, let f satisfy (C.,,)s (Cyp),
and (C'. ), and let u be a solution of (36) defined on [a, b], x

sign

[0, T]. Then
R<u(x,t)<S (60)
holds for all x € (a,b)5, t € [0,T].

Proof. The statement can be proved in the similar way as
Lemma 22 and Theorem 24. O

As in the previous sections we want to establish the
strong maximum principle. First, we recall the well-known
Gronwall’s inequality (see, e.g., [20, Corollary 8.62]).

Lemma 26. Let B,u : [r,s] — R be continuous functions
and let u be differentiable on (r, s). If

W () <BE)ut) forte(r,s) (61)
then
u(t) <u(r) ef: Bz fort € [r,s]. (62)

Further, we need the following auxiliary lemma.

Lemma 27. Let T > 0 be arbitrary, let f satisfy (C,,,); (Cpp),
and (Cgg,), and let u be a solution of (36) defined on [a, b]; x
[0, T]. If u(xy, ty) = My (or u(xy,ty) = my) for some x, €
(a,b), and t, € (0, T] then

u(xy,t) = My
(or u (xo, t) = mT) (63)

vt € [0,2,] .
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Proof. We prove the statement with M. The case with m
is similar. First, the weak maximum principle (Theorem 24)
holds; that is, u(x,t) < My for all x € [a,b], and t € [0,T].
Suppose by contradiction that there exists t. € (0,¢,] such
that

u(xo.t;) = Mr,
u(xg,t) < My (64)
on [t.—&t.).

Without loss of generality let ¢ > 0 be sufficiently small so
that the function f(x,, t, «) is uniformly Lipschitz in v on [¢,—
& t.) with Lipschitz constant L > 0 (follows from (Cy;,)). With

the help of these facts and also from (Cy,,) e can estimate

u, (xo,t)
= (u
+ f (x0. £ u (%0, 1))
<k (2My —2u(xo,t)) + f (%, t,u (x5 1))

= f (xoot, M) + f (x0,t, My)
<0 (65)

xo—1Lt) = 2u (xq,t) +u(xy+ 1,1))

< k(2My —2u (x,t))

1 (oo 14 (x008)) = f (001, M)
<k (2My —2u(xq, 1)) + L |u(xq, ) = My
= k (2My - 2u (%0, £)) + L (My —u (0, 1))
=~ (2k+L) (u(xgt) - My),

forallt € (t, — &t,). If we denote a := —(2k + L) then the
function u(x,, t) satisfies u,(x, t) < a(u(xy,t) —My) on (t. —
& t,). If we substitute v(t) := u(x,, t) — My then the function
v satisfies the following differential inequality:

V() <av(t). (66)
Therefore, Gronwall’s inequality (Lemma 26) implies that

v(t) < v(t, —g) e (67)

and hence
u (x0,1) < My = (My = u (g, t, = )) 7
(68)
< My
on [t, — & t.], a contradiction. O

The strong maximum principle for (36) follows immedi-
ately.

Theorem 28. Let T > 0 be arbitrary, let f satisfy (C.,)s
(Ciip)s and (Cgg,,), and let u be a solution of (36) defined on

sign

9
[a,bl, x [0, T]. If u(x,, t,) = My (or u(x,, t,) = my) for some
Xy € (a,b), and t, € (0,T] then
u(x,t) = My
(or u(x,t)=my) (69)

Vx € [a,bl,, t €[0,t,].

Proof. Lemma 27 yields that u(x,,t) = My for all t € [0,¢,].
Ifu(xy,—1,t.) < My (oru(xy+1,t,) < My)atsomet, € [0,¢,]
then applying (Cy,,) the following has to be satisfied:

sign
U (XO’tc)
=k(u(xy—1,t,)—2u(xyt.)+u(xy+1,t.))

+ f (xO’ tc u (x0> tc))

< k(2My-2Mg) + f (xg.t,, My) <0,

(70)

a contradiction with the fact that the function u(x,t) is
constant and equal to My on [0,¢,]. Therefore, functions
u(xy, — 1,t) and u(x, + 1,t) are also constant and equal to
My on [0,¢t,]. Then we can continue inductively in x to the
boundary points x = a or x = b. The case with m is
similar. O

7. Semidiscrete Reaction-Diffusion Equation:
Global Existence

In this section we combine the local existence and uniqueness
and the maximum principle to obtain the global existence of
solution of (36).

Once again, we use known results from the theory of
ordinary differential equations. First, we define the maximal
interval of existence (see [20, Definition 8.31]).

Definition 29. Let g be continuous and let u be a solution
of (37) defined on [0,#). Then one says [0,7) is a maximal
interval of existence for u if there does not exist an 7; > 7
and a solution w defined on [0, #,) such that u(t) = w(t) for
t €[0,n).

In the following we apply the extendability theorem (see
(20, Theorem 8.33]).

Theorem 30. Let g be continuous and let u be a solution of
(37) defined on [0, w). Then u can be extended to a maximal
interval of existence [0,7), 0 < n < oco. Furthermore, there is
either

=00
- (71)
or |u(t)| —— oo.

This theorem enables us to conclude with the global
existence for (36).
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Theorem 31. Let f satisfy (C,,), (Cyp), and (Cgp,,) for all T >

0. Then (36) has a unique solution defined on [a, b] , xR which
satisfies

inf  {o(x),&,(1),& (O} <u(xt)

x€(a,b)z,teRy
(72)
{9 (x),&(1),& (1)},

< sup
x€(a,b)z,teRy

for all (x,1) € [a,b], x R;.

Proof. Let us understand problem (36) as the initial value
problem for the vector ODE (44). From Theorem 18 there
exists a uniquely determined local solution u(t). From The-
orem 30 the solution can be extended to a maximal interval
of existence [0, #) which is open from right and either

N =00
(73)

t—n—
or ||u(t)] —— oo.

If [u(t)| — ocofort — - then forall K > 0 there have
to exist xg € (a,b); and tx € [0,#) such that

|u (xx-tx)| > K. (74)

If we put K := max{|m,7|, |M,1|} < oo (&, & are C' functions
on R and therefore bounded on [0,#]) then

|u (x>t )| > max Hm,7| , |M,7|} , (75)

a contradiction with the maximum principle in Theorem 24
(which holds thanks to (C_,p), (Cyip), and (Cggp)).
Therefore, there has to be # = co; that is, the solution u(t)
is defined on the interval [0, 00) and from (Cy,) it has to be
unique. O

Remark 32. All nonlinear functions f listed in Example 12
can be considered in Theorems 24 and 31. However, it is
worth noting that we have additional assumptions on the

nonlinearity in the semidiscrete case (conditions (C,,,) and
(Cyip))- Thus, for non-Lipschitz functions (e.g.,
~ P u, u#o,

fletu) = (76)
0, u=20

with p € [0,1)), we only get the maximum principles in
discrete case. On the other hand, in discrete case, the validity
of maximum principle depends strongly on the interaction
between the discretization step & and the nonlinearity f (see
(12); we illustrate this dependence in detail in Section 8).

Let us finish with the two corollaries that are immediate
consequences of Theorems 24 and 31.

Corollary 33. Assume that £, &, are bounded. Let f satisfy
(Ceont)r (Ciip)s and (Cgp,,) for all T > 0. Then the unique
solution u of (36) is bounded.
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Corollary 34. Assume that ¢, &,, &, are nonnegative. Let f
satisfy (Ceone)s (Cpp), and (Cgg,,) for all T > 0. Then the unique
solution u of (36) is nonnegative.

8. Application: Discrete and Semidiscrete
Nagumo Equation

In this section we apply the results of this paper to the
most common nonlinearity occurring in the connection
with the reaction-diffusion equation, the bistable/double-well
nonlinearity. For simplicity, we consider only the symmetric
case and use interval [-1, 1] so that our arguments for positive
values can be directly reproduced for the negative ones; that
is, we study

f(x,t,u):/\u(l—uz), AeR. (77)

Throughout this section we assume that the initial-boundary
conditions ¢, &, &, are such that m; = -1 and My = 1 (or
possibly m; > =1 and M < 1) forall T > 0.

Starting with the semidiscrete case (36), we observe that
f is continuous and locally Lipschitz continuous and satisfies
f(x,t,-1) = 0 = f(x,t,1). Consequently, for any given A €
R we can apply Theorems 24 and 31 to get that there exists
a unique solution of the semidiscrete problem (36) such that
u(x,t) € [-1,1] forall x € (a,b), and t € R;.

We encounter a more interesting situation if we consider
the problem for the discrete Nagumo equation

u(x,t+h)—u(xt)

= kAixu (x—1,t)

h
+ A (x, 1) (1- (x,1))
u(x0) = p(x), xe(@b)y, 78)
w@n) =& (t), tehN,,
ub,t) =& (1), tehN,

with A € R,x € (a,b),,t € hNy, h > 0,k > 0.

Let us assume first that A > 0. We observe that f'(1) =
—2A. Hence the application of Theorem 9 is restricted to cases
for which the slope of the dashed line in the forbidden area
(see Figure 1) given by 2k — 1/h (see the assumption (D))
satisfies

1
2k - 7 < —2A, or equivalently

) (79)

he S

Consequently, if & < 1/2(k + A), we can apply Theorem 9
to get that u(x,t) € [-1,1] forall x € (a,b),,t € hN, (see
Figure 3(a)).

Once h > 1/2(k + A), Theorem 9 is no longer available
and we proceed to Theorem 11. We split our argument into
two steps:

(i) Since f(u) is strictly concave on [0, 1] and attains a
local maximum at 4 = 1/+/3, we can for each h > 0
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k ~
-5\l ~
T T
X Ny 1 S*
‘|
(@) h<1/2(k+ A7) (b) he (1/2(k+A),1/(2k + 1/2)) (i.e, S € (1,S7))
—sN\-1 B —
T IN\S=s*
(c) h=1/2k + A/2) (i.e., S = S") (d) h>1/(2k + 1/2) (ie, S > S¥)
FIGURE 3: Validity of maximum principles for the discrete Nagumo equation (78) with m = —1 and My = 1. If h is small enough we can

apply Theorem 9; see subplot (a). For h € (1/2(k + A), 1/(2k + A/2)] we can get weaker bounds (83) by the application of Theorem 11, subplots
(b) and (c). If h is greater than 1/(2k + A/2) our results cannot be applied; see subplot (d).

such that 2k —1/h > —2A (or equivalently h > 1/2(k +
A)) find a point T € (1/4/3,1) such that the slope of a
tangent line of f at T is 2k — 1/h. One could compute
that

p_ L 2Kh-1 (80)
3 3k

(ii) Let us denote by S the x-intercept of the tangent line
of f atT. Since the slope of this tangent line is 2k—1/h,
we can deduce that

L r 23— k-1 3 (g
S 1-372 1 - 2kh ’

Given the shape of f(u) for u < 0 (decreasing
convexly for u < —1/+/3), Theorem 11 could be applied
once f(-S) lies below or on the tangent line (cf.
Figures 2 and 3). We observe the following interesting
fact: choosing S = S* := V2 the tangent line of
f at T and the function f intersect at the point
[-V2,AV2] foreach A > 0and k > 0 (see Figure 3(c)).

Consequently, we can apply Theorem 11 whenever S <
V2, which is equivalent to

1

If we choose S > S*, then we can easily observe
that f(-S) lies above the tangent line and therefore
Theorem 11 cannot be applied (see Figure 3(d)).

Since we intentionally chose a symmetric f, we can repeat
the same argument on the lower bound of solutions of (78).

If A = 0, problem (78) reduces to the linear case and
we can trivially apply (12) whenever h < 1/2k. Finally, if
A < 0, then the assumption (D) is satisfied as long as the
line (2k — 1/h)(u — 1) does not intersect for u < 0 or is
tangential to f(u) = Au(1 - 4%). One can easily compute that
the tangential case occurs if 2k—1/h = A/4. Therefore, we can
apply Theorem 9 whenever h < 1/(2k—A/4). If this condition
is violated we cannot use Theorem 11 since f(u) > 0 foru > 1
and for each S > 1 the assumption (D) does not hold.

To sum up, depending on values of A and h we obtain the
following bounds for the solution of (78)
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No bounds

1

2k+&
2

Bounds|[-1, 1]
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PINT
=

No bounds

Bounds [-1, 1]

hy

(a)

(b)

FIGURE 4: Bounds of solutions of the discrete Nagumo equation (78) with m, = —1 and M; = 1 and their dependence on the values of A and
h (a) and on the values of space and time discretization steps h, and h = h, for a fixed A > 0 (b). In the light gray area, the bounds follow
from Theorem 9. In the dark gray area, the bounds are implied by Theorem 11 and S is given by (81). In the white area we have no bounds on

solutions.
u(x,t)
([-1,1] FA<0 he—t
b U e
-1,1], ifA>0 h< ——, 83
it e 2+ h) (83)
2Am(1/3 - 2k — 1) /33K 2A\(1/3 — (2K — 1) /3Ah)’ o | |
B 1 - 2kh ’ 1= 2kh o HAZD €<2(k+/\)’2k+)t/2 ’

see Figure 4(a) for the illustrative summary of our results in
this section.

Interestingly, if we considered general space discretiza-
tion step h, > 0 in (78), that is,

u(x,t+h) —u(x,t)
hy

u(x—het)=2u(xt)+u(x+h,t)
:k h2

(84)

+ Au(x, 1) (1 -’ (x,t)),

one could get the same bounds as in (83) by replacing k with
k/hi. The dependence of regions of maximum principles’
validity on time and space discretization steps h, and h,, for
A > 01is depicted in Figure 4(b) (notice that very small values
of h, are necessary for small /1,).

9. Final Remarks

In this paper, we studied a priori bounds for solutions
of initial-boundary value problems related to discrete and
semidiscrete diffusion. Our main motivation for the initial-
boundary problems was the direct comparison with the
classical results (Theorems 2 and 3). However, note that, in

the discrete case, the results would be identical if we dealt
with an initial problem on Z. On the other hand, in the
semidiscrete or classical case, even the solutions of linear
diffusion equations are not necessarily bounded (see, e.g.,
(12]).

Similarly, the ideas of this paper could be easily extended
to a general reaction-diffusion-type equation (possibly with
nonconstant time steps i = h(t))

u(x,t+h)—u(xt)
h

=a(x,t)u(x—1,t)

+b(x,t)u(x,t) (85)

+c(x,t)u(x+1,t)
+ f (ot u(x,t)).

For example, the weak maximum principle is then valid if b >
—1/b (replacing h < 1/2k) and the following generalization of
(D) holds (we assume that b = —(a + ¢) < 0):

- Mp(1—ah—ch)—-(1+bh)u
< . .

(86)
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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 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 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.

Keywords: reaction-diffusion equation; lattice equation; existence and uniqueness; continuous de-
pendence; maximum principle; time scale

MSC 2010 subject classification: 34A33, 34A34, 34N05, 35A01, 35B50, 35F25, 39A14, 656M12

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 [8, 9, 36, 37]

Ou(z,t) = k(u(z + 1,t) — 2u(z, t) + u(x — 1,t)) + f(u(z,t)), =z €Z, te]l0,00), (1.1)
as well as the discrete reaction-diffusion equation [6, 9, 18]

w(z, t+1) —ul(z, t) = k(u(z + 1,t) — 2u(x,t) + u(z — 1,¢)) + f(u(z,t)), z€Z, teN. (1.2)

*corresponding author, slavik@karlin.mff.cuni.cz
Tpstehlik@kma.zcu. cz
tyolek1@kma.zcu.cz



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 [6, 9, 10, 21, 35, 36, 37] and
pattern formation [7, 8, 9], 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 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
nonautonomous reaction-diffusion processes

u®(z,t) = au(z + 1,t) + bu(z, t) + cu(x — 1,t) + f(u(z,t),2,t), x€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 dyu)
and T = Z (when u® is the partial difference u(x,t + 1) — u(x,t)).

If @ = ¢ 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 > 0 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

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

2.1
u(z,ty) =ul, x€7Z, @1)



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 [, St = [, 5] NT, a, f € R, and

[to, T]r if T is left-dense,
[to, T)r if T is left-scattered.

[to, T} = {

We impose the following conditions on the function f: R X Z X [to, Tt — 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|t, there exists a § > 0 such
that if s € (t — 0,t+ 6) N [to, T)r, then |f(u,x,t) — f(u,z,s)| <& 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 [to, 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 + &1, where
6 >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}:r€Z7 t) = {aum+1 +bug +cug_1 + f(uz7 x, t)}:z:e%

Proof. (H;) guarantees that ® indeed takes values in £°°(Z). Choose an arbitrary p > 0, denote B =
{u € 1°(Z); Jlu — u’||s < p}, and B = [infyez ul — p,sup,ez u + p] C R. Note that if u,v € B, then
Uz, v, € B for all z € 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 + c{tie—1 — vao1}eezlloo

IS (s 2, 8) = f (02, 2, 8) aezlloo < (laf + [0 + |e)[[u = 0]l + Llju = 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{tat1}aezlloo + [10{ta taezlloo + [[c{tz—1}zezlloo + [[{f (e, 7, 1) }rezlloo
< (lal + [6] + leDlJulloo + M < (Ja] + [b] + |e)) (|u®[lso + 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, D) [0 + [[B(v, 1) — (v, 5)]oo
< (la] + 16 + lel + D) llu = vlloo + [{f (V2 2, 1) = f(ves 2, 8) boezllo
< (la] 4 [b] + |e| + L + 1)e,

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



By [4, Theorem 8.16], the initial-value problem
US(t) = @(U(t),t), Ulto) =u’,

has a local solution defined on [tg,to + 0], where 6 > 0 and § > (). 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]T — R satisfies the following conditions:
1. @ is bounded on each set B X Z 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|r, where B C {>°(Z) is
bounded.

Then for each u® € £>°(Z), the initial-value problem
u®(z,t) = p({u(z, ) }ocz, 2, 1), ulz,te) =ul, xeZ, telty,T%, (2.3)
has at most one bounded solution u : Z x [tg, Tl — 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,7) for some = € Z}.

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

If ¢ is right-scattered, then u;(z,t) = ua(x,t) and uf (z,t) = us (z,t) imply uy(x,0(t)) = us(z, o (t)),
a contradiction with the definition of ¢. Hence, t is right-dense. Since the functions U;(t) = {u;(x,t) }zez,
i € {1,2}, t € [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 |¢| < M on B x Z X [tg, T)r. We have

t t
ui(x,t)—ui(x,s):/ uiA(a:,T)AT:/ o(Ui(r),z,7) AT, i€{1,2}, t,s>ty, z€Z

(the last integral exists at least in the Henstock-Kurzweil’s sense; see [23, Theorem 2.3]). It follows that
|Ui($,t)—ui(.’£,8)| < ‘t_S|M7 i€{172}a t,s = to, 1’62,

and therefore
1U: () = Ui(s)||oo < |t —s|M, i€{1,2}, t,s> 1o,

i.e., the functions Uy, Uy are continuous on [tg, Tr.
By the second assumption, ¢ is Lipschitz-continuous in the first variable on B x Z X [to, T'|; let L be
the corresponding Lipschitz constant. Then

m@ﬂm@ﬁlﬂmmmmﬂﬂwm@waﬂrza

HUl(T)*Uz(T)HooS/TLIIUl(T)*Uz(T)HooAT, r>t

t



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

sup [[Ui(7) = Ua(7)llee < (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 to 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 (H1) 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 [to,T]t — R being
given by
(P({u:r}:DGZ»xvt) = QUg41 + buz + cugz—1 + f(uzvxvt)~

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, @, t) — (v, 2, )| < (lal+ bl +[e]) - lu—lloo + |f (ta, 2, ) = f(va, 2, )| < (lal +[b]+ |e| + L) - [u— ]|,

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 [to,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

T (t) = 2, (t0) —|—/ O(x,(s),s)dgn(s), te€lto,T], n € Ny,

to
and x,(to) — xo(to). Suppose finally that the function s — ®(xo(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(ry, 7] 9n(t) = gn(T) — gn(to) < M, neN.

The Kurzweil-Stieltjes integral ftf ®(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
t

lim [ ®(zo(s),s) 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 ||, (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 — 90)(s)

to

Ssy nZnOa te [thT]'

[ (8) = zo()|| < [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 ®(z0(s),s) d(gn — 90)(s)
<2+ t [®(xn(s),s) — P(x0(s), s)[| dgn(s) < 2+ L ) [2n(s) = zo(s)|| 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) — z0(t)]| < 2eeb9nO=9nlt0) < 90elM -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]. (3.1)

Each function z : [tg, T]t — X can be extended to a function z* : [tg,T] — X by letting
z*(t) = z(gr(t)), t€ [to, T]. (3.2)

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: Piecewise constant extension z* (gray) of a function z (black); see (3.2).

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,,}52 o such that to € Ty, and supT,, > T for each n € Ny,
T € Ty, and gr, = gr, on [to,T]. Denote T =J;—, Ty. 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|r, — B, n € Ny,
be a sequence of functions satisfying
Iﬁ(t) = (I)(‘T"(t)vt)v te [t07T]’I]?‘n7 ne N07

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

n

Proof. According to the assumptions, we have

Zn(t) =z, (to) +/ O(zn(s),s)As, tety,T]r,, n €N

to

For each n € Ny, let a7 : [to,T] — X be the piecewise constant extension of x,,. Using the relation between
A-integrals and Kurzweil-Stieltjes integrals (see [27, Theorem 5] or [11, Theorem 4.5]), we conclude that
xy, satisfy
¢
(1) = a7, (to) +/ ®(x7,(5), g7, (5)) dgr, (s), T € [to,T], 1€ No. (3-3)

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

Q" (z,t) = ®(x, gr(t)), x€B, tEelt,T].

Note that for each s € [to, T|t,,, we have ®(x} (s), gr,, (s)) = D(z}(s), s) = P(z}(s), gr(s)) = D*(x(s), s).
Thus, by [11, Theorem 5.1], the integral equation (3.3) is equivalent to

xh () =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, |1, is compact). The function
gr is the piecewise constant extension of the identity function from [to, Tt to [to, T]; hence (again by [27,
Lemma 4]), gr is regulated on [tg,T]. Consequently, the function s — (x§(s), gr(s)) is also regulated on
[to, T], and its one-sided limits have values in B X [tg, T]r. Continuity of ® on B X [tg, T|r implies that
s D(xi(s),gr(s)) = P*(xf(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 || ftto fndgn — fti) fndgoll < ftf M d(gn — go), where f,,
fo are certain functions whose norm is bounded by M, and g,, gy 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)Tu( )
Theorem 3.4. If Ty C R is a time scale with ty,T € Ty, there exists a sequence of discrete time scales
{T,}22, 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 : [t07T] — R such that gE(tO) = to, QE(T) = T7 and ”gs - 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 possibilites:

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)| = |9:(xi) — g1, (xi)| < &, where the last
inequality follows from the induction hypothesis.

o If ToN[zi_1,x;) is nonempty, let ¢; be its supremum. Define

ge(wi1) = Ti—1, ifwz;_1 €Ty, g-(t) = ti, t € (vi_1,ti,
i—1) = . =
- ti, if x;_1 ¢ To, : ge(x:), t€ (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 x;.

For each ¢ € [z;_1,t;], we have ;1 <t < gr,(t) < t;. Therefore, 0 < t; — gy, (t;) < t; — ;-1 < &,
which in turn means that |g.(¢) — g1, (t)| < e. For each t € (¢;,x;), it follows from the definition of
g, that gr,(t) = gr,(z:) , and therefore |g(t) — gz, (t)] = |g=(x:) — gr, (i) < .



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

By choosing ¢ = 1/n, n € N, we get a sequence of left-continuous nondecreasing step functions
{91/n}7%, such that gy, = gr, on [to, T]. For each n € N, consider the set

T, = {t € [to,T}; g1/n(t) = t}.

Clearly, tp and T are elements of Ty, and T,, € T¢. 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 i, > 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, -
Since the graininess of Ty never exceeds fir, , the set whose supremum is being considered is never

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

keN.

In the construction of the function g. described in 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
B, < gggxk(yz yi—1) < i,

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

o Assume that iy = 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+) — gr, (¢) = g1, (t+) —
g1, (t) on [to,T), and therefore

lim 7p, = lim ( sup (gr, (t+) — gr,, (t))> = sup (gr,(t+) — gy (1)) = fiy, = 0. 0
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.



Figure 2: Tlustration 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 Tp =0 and f(R,x,t) <0< f(r,z,t) for allx € Z, t € [to, Tt

1+ igh 1+ 7igh

At

e fip >0 and (r—u) < flu,z,t) < (R—wu) forallu € [r,R], x € Z, t € [to, T)r.

Remark 4.1. Let us notice that:

e If (H,)—(Hs5) 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,
similarly as in [31] (see Figure 2).

o If (Hs) holds, there exists a function f satisfying (Hs); indeed, the linear functions t;(u) =
l%i“rb(r —u) and Yo (u) = I%T)(R —u) have identical nonpositive slopes, and the constant term of
11 is less than or equal to the constant term of 5. If fip = —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 fiy = 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 (Hz), (Hg) hold. Then there exists g > 0 such that for all
e € (0,&0] the following inequalities hold:

1 b 1 b
T ) < fluyt) < 1 E

6 (R—u) forall uelr,R], xz€Z, tE€lty,T] (4.1)

10



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], z € Z, and t € [ty,T], we obtain

flu,z,t) < f(u,z,t) — f(R,x,t) < |f(u,z,t) — f(R,2,t)| < Llu — R| = L(R — u),
f(u,:c,t) > f(uaxvt) - f(T’,CE,t) > _|f(u7xat) - f(?",x,t)| > _L‘U_T‘ = L(?“ _u)'

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 € € (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 x€Z, tEe€Ilto,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, we have to distinguish among three cases:

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

r<m<u(z,tg) <M <R foral =ze€Z.

o 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 Gy > pr(t) > 0 we get
14+7 1 1 1
o< ttAb _ 1 Ly LEpm®b
fix i pur () pur (%)
Consequently, (Hg) yields
1 1
M(r —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 + 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(t)(a+ )R+ (14 pr(t)b) u(x, t) + pr(t) f(u(z, t), x,t)
H
bR+ (14 pr (OB u(e,t) + (@) f (ule ), 2,1)
(4.3),(4.5)
(bR + (1 + pr(O)8) u(z,£) + (1 -+ () (R — (e, )

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 € 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 (H1)—(Hg) hold. If u : Z X [to,T]r — R is a
bounded solution of (2.1), then

r<u(z,t) <R foral xz€Z, tEe€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) = CD(U(t)7t)v U(tO) = UO, (47)

where @ : £°(Z) x [to, T|r — €°(Z) is given by ®({ug }rez,t) = {auzt1 + bug + cup—1 + f(Ua, 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 ziy = 0 and iy — 0, or iy, = jiy 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 t)b
M(r —u) < fu,z,t) < M(R— u) forallue[rR], z€Z, tety,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 wy = pr.

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

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

€L T€EL
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 e t*(Z);|IV]lec <max(Ir|,|R],5)}.

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)
z€Z x€ZL
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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,
TEZ zET

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. By
choosing r < m and R > M, we can soften (Hg), and obtain the weaker estimate r < u(z,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, Tt — 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 < 3, then the
unique bounded solution v : Z X [to, T)r — R of (2.1) corresponding to the initial condition v° satisfies
lu(z,t) —v(z,t)| <e for allz € 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) = {atzt1+buz+cuz—1+ f(Uug, 2, ) }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,?1)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|t; let C' be the boundedness constant for ||®||e. Since U is a solution of (4.10), we have

U(t) = Ulto) + / 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(t1—), we see that (4.11) holds also for ¢ = t;. Since the mapping

s+ ®(U(s),s) is continuous on [tg, t1]T, it follows that U is a solution of (4.10) on [tg, t1]T, i.e., t; € S.
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If t4 < 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 ¢t; = 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.

T

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 fp > 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 ), (u) = 1'%7?(7’ —u) and Pa(u) = l%sz(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/fap + 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=1 for 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)F,

4.13
u(z,t) =ud, z€Z. (4.13)

Obviously, f satisfies (Hy)—-(Hg). Suppose that a,¢>0,0<0,a+b+c¢=0, and fig < —1/b; i.e., (Hy)
and (Hs) 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<0,

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) < Rforallx € 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 i 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(z,t) € {[_1: 1] ifpr <1/(2A-0),
) [—R,R] ifl/(Q)\—b)<EPJT§2/()\_2b)7

where
20y (1/3 + (1 + 2b7ay) /3\7ag )/
1+ bay ’

We have no a priori bounds for figp > 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®(z,t) = au(z + 1,t) + bu(z, t) + cu(x — 1,t) + Mu(z, t)(d(z, t) — u(z,t), = €Z, t€ [to, T|%,

4.14
T € 7. ( )

u(z,tg) = u

X

The 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 d 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(2, £)] + [ul) < Ap(D + p),
|f(u,ac7t) - f(v,ac,t)\ = )“(u - U)(d(xvt) —u-— U)| < >‘|u - U'(D + 2p),
|f(u,x,t) - f(uaxvs)‘ - )\‘U(d(l‘,t) - d($75))‘ < >\p|d(1',t) - d((ﬂ, 5)|7

which imply that (H;)—(Hs) hold.

As an example, let us mention the model of population dynamics with a shifting habitat, which was
described in [17]. The authors considered the problem (4.14) with T =R, a = ¢, b = —2a (i.e., symmetric
diffusion), and d(x,t) = e(x —~t), 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 6 > 0 such that |t; — 2| <
implies |e(t1) — e(t2)] < €. Thus, we get

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

whenever |t — s| < % and z € 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 5y < —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
(z,t)EZX[to,T]r (z,t)EZX [to,T)r

Consider an arbitrary nonnegative initial condition u° € ¢*°(Z), i.e., m > 0. Take r = min(m, dp,) and
R = max(M, dmax). Then f(r,z,t) > 0 and f(R,z,t) < 0 for all z € Z and t € [to,T]r. This means
that (He) 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|T.

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 € Z
and t € [to, T)r:

b f(R7l'7t) SOS f(T’,.T,t).

1+ 7igh

o Iffp >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 v € {T — 1,Z,T + 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 — 1,35) + 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

o Hy _ _ _ . (Hy) _ o
u(x,f) < NT(S)<G+C)R+(1+MT(S)b)R+NT(S)f(R’x’S) = R+MT(S)f(va’S)
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which contradicts the fact that u(z,t) = R. If u(z,5) < R, then

)0)u(z,5) + pr(s) f(u(z, 5), 7, 5)

5)b)u(Z, 5) + pr(5) 2 (R — u(z, 5)) B (5.1)
)b)u(z,5) + (1 + pr(H)b)(R — u(,5) ‘=) R,

which is a contradiction again. Thus, the only possibility is that

(7

@D < (@t IR+ (1 (s
(Ha),(He)

ur(8)(a+ )R+ (1 + pr(s

(s

<
< pr(s)(a+ )R+ (1 + pr

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 (H,), (Hz), (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 allx € Z and t € [to, t]1.

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

Assume that there exists a § € [tg,?)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 5§ = sg < §1 < -+ < s = t such that sg,...,s, € T
and for each ¢ € {1,...,k}, we have either s; —s;_1 < 1/(L =), or s; = or(s;—1). We will use induction
with respect to ¢ to show that u(Z,s;) < R for each ¢ € {0,...,k}; this will be a contradiction with the
fact that u(z, sx) = u(z,t) = R.

For i = 0, we know that u(Z,sp) = u(Z,s) < 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
$i+1 = or(s;), then the induction hypothesis u(Z,s;) < R and Lemma 5.1 imply that u(Z, s;+1) < R.
Otherwise, we have s;11 — s; < 1/(L —b). For each t € [s;, s;+1)T, We get

(u(Z,t) — R)A = au(Z + 1,t) + bu(Z, t) + cu(z — 1,t) + f(u(Z,t),Z,t)
Hi),Thm.4.4
| 137 (a+c)R+bu(z,t) + f(u(z,t),z,t) — f(R,Z,1) + f(R, Z,t)
H,),(Hs
T R = (@) + ful@t),5,0) — f(R,2.1)
< —b(R —u(z,1)) + | f(u(@,1),Z,1) — f(R,Z,1)]
< —b(R —u(z,1)) + L |u(z,t) — R|
T - 1) () - R).

Notice that 1+ pr(¢)(b— L) > 0 for all ¢ € [s;, s;41)1r. Therefore, Gronwall’s inequality [4, Theorem 6.1]
yields
u(f, 51'_;,_1) —R< (u(:f, 52) — R) eb_L(SZ‘+1, 51,) <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, |1 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, ]t 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+ )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 € Z

that u(z,t) = R for all x € Z and t € [to, t]t. O
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With the help of 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,1) = {(x,t) €T x [to,f]r: t=ph(®), j=0,....k anda =7 +1i, i:O,...7j},

then u(x,t) = u(z,t) for all (z,t) € D(z,t).
(b) Otherwise, if [to, t]r contains a point which is not isolated, then r = R and u(x,t) = R for allz € Z
and t € [to, Tr-

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, T, not the entire time scale T. In other
words, the statement distinguishes between the cases in which the interval [to, €]t 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]y. Denote
Pra = {t € [to,t]7 : t is left-dense} # ()

and t;q = sup Piq. Given the definition of supremum and the fact that T is a closed set, we obtain
tig € T. To show that t;; is left-dense, let us assume by contradiction that t;; is left-scattered.
Thus, t;q ¢ Piq and immediately from the definition of 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 ze€Z, teto,tar (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€ty,T|r.

2. Let us assume that [tg, f]r does not contain any left-dense point.

(i) If [to,?)r does not contain any right-dense point, i.e., [tg, T]r 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, ). Denote
Pra = {t € [to,t)T : t is right-dense} # 0,

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

From the definition of ¢,.4, the sequence of predecessors of ¢, namely
. (oo}
{PAD} <t
j=

is well-defined and satisfies p{r(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 = T + ip; the other case is
similar. Lemma 5.1 implies that for all j > ¢, there is u (z,p%(ﬂ) =u (f + io,p%(f)) = R.
Then the continuity of the function u(z,-) yields that

R = _]li>nolou (xap%‘(ﬂ> = u(x7t7"d)7

and since x € Z is arbitrary, there is u(z, t,.q) = R for all z € Z.
Now we prove that u(x,t) = R for x € Z and t € [to,trq]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 = t,4 there is u(z, t,q) = R for all x € Z.

e Let t € (tg,trqT be left-scattered and w(z,t) = R for all x € Z. Then Lemma 5.1
immediately implies that u(z, pr(t)) = R for all x € Z.

e Let t € [tg, tyq)T be right dense and u(x,s) = R for all x € Z and s € (¢, t-q4]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 € (tg, t.q]7 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 € Z and t € [tg, t;q]T-

Finally, it remains to prove that u(x,t) = Rforx € 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 as above, we can use Theorem 4.4
(weak maximum principle) to show that

R <u(z,t) <R, ie, u(z,t)=R, forall xze€Z, tEe€ty,T]r. O

Corollary 5.5. Assume that (Hy), (Hs2), (Hs), (Hs), (Hs), (Hg) hold with r = m < M = R and
u:Z X [to, Tt = R is a bounded solution of (2.1). If there is a point ty € [to, T)r that is not isolated
and if the initial condition u® is not constant, then

r<u(z,t) <R foral xz€Z, te (tqe,T)r.

Proof. Assume by contradiction that there exist T € Z, t € (tq, T]r such that u(z,t) € {r, R}. Since
ta € [to,t)r and t,4 is not isolated, the part (b) of Theorem 5.3 yields that » = m = M = R, a contradiction
with the assumption that u° is not constant. O

The following remarks explain why the original conditions (H4)—(Hs) are not sufficient to establish
the strong maximum principle, and had to be replaced by their stronger counterparts (Hy)—(Hsg).
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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

Ou z,t) =u(zr+1,t) —u(x,t), z€Z, te][0,T],

' 1, >0
i $— )
“(x’o):{o z <0

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

1, x>0, te]l0,T],

—x—1

u(a?,t) 1— Z f'e*t, r<0, te [O,T].

=0 J

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

which corresponds to (2.1) with a = ¢ = %, b= —1, and f = 0. The equation holds if and only if

1 1
u(z,t+1) = 5u(x+17t)+§u(x—1,t), xr €Z, teN.

For the initial condition

| 1, =z iseven,
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, i, 24, ...},
where p > 0 satisfies (Hs). Consider the problem (2.1) with

z =0,

ug:{é: z #0, and f(u,x,t)z(b+i>(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) = pla+c) + (1 + pb) =" 1.

Therefore, u(0, 4) = 1 = R, but u(0,0) = 0, which contradicts the strong maximum principle.
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1. Introduction

Reaction—diffusion equations (RDES) v; = v, + f(v) model a wide range of physical, chemical, biological
and epidemiological phenomena in which two forces interact. On the one hand, the diffusion causes spatial
spread of species/substance. On the other hand, the reaction function f describes the local dynamics (e.g.,
reproduction, or chemical reaction), [8].

Numerical methods for RDEs usually consist of two processes, [21]. First, a space discretization re-
duces partial differential equation(s) into a system of ordinary differential equations. Then a certain time
discretization technique is applied. In the case of RDEs, implicit methods are often used because of the
stiffness, [12].

Many studies considered preservation of various characteristics of RDEs through discretization processes.
In contrast to the problem on the bounded domain, e.g., [11], the problem on the unbounded domain is
infinite-dimensional and the corresponding dynamics is more complex, [2,3,10].

In this paper we consider a fully implicit discretization of Nagumo equation on an unbounded domain:

{ Aw(z,t) = kAZ v(x — 1,t+ h) + M(z,t + h) (1 —v*(z,t + h)), IER, (1.1)

v(z,0) = ¢(),
* Corresponding author.
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http://dx.doi.org/10.1016/j.jmaa.2016.02.009
0022-247X/© 2016 Elsevier Inc. All rights reserved.



644 P. Stehlik, J. Volek / J. Math. Anal. Appl. 438 (2016) 643-656

where z € Z, t € hNg := {0,h,2h, ...}, k > 0, h > 0 and the partial differences are defined by Asv(z,t) =
w, A2 v(x—1,t+h)=v(x —1,t+h) —2v(z,t +h) +v(z + 1, + h). For the sake of brevity,
we assume that the space discretization step h, = 1 but all our results are valid for arbitrary h, > 0 by
considering k = 7% instead of k in (1.1).

Explicit discrete Nagumo equation has been studied extensively by many authors, e.g., [4,23]. Note that in
this case, existence and uniqueness follow trivially from the recursive scheme and consequently the interest
is focused on (non)existence of traveling waves, pattern formation, etc.

We use variational methods to get existence (and uniqueness for A > 0) of bounded solutions of the
implicit problem (1.1) in £? = ¢?(Z) (note that [2,3] study (1.1) in weighted sequence spaces). Our technique
provides results for solutions in ¢2 in certain cases which have not been studied so far (e.g., when the
dissipativity condition used in [3] is violated).

Variational methods have proved to be a very efficient tool in the analysis of ordinary boundary discrete
problems (e.g., [7,14,15]), whose solutions correspond to stationary solutions of (1.1). In this case, the finite
dimension of function spaces is usually exploited. From this point of view, our paper moves these studies
one step further. It not only considers non-stationary solutions of (1.1) but also formulates variationally
discrete problems in infinite-dimensional spaces.

In more general terms, several properties of differential equations and dynamical systems have recently
been identified that show a strong, rich and interesting dependence on partial/full discretizations. Besides
the renowned properties of dynamical systems (e.g., [18,16]), let us mention spectral properties (e.g., [9,17,
20]) or maximum principles (e.g., [13,19,22]).

The paper is organized as follows. In Sections 2-3 we provide functional-analytic background and formu-
late (1.1) variationally. In Section 4 we show global uniqueness of solutions of (1.1) for A > 0 and sufficiently
small h. In Section 5, we show the existence of solutions for A < 0. Given the fact that in this case the
functional has the mountain pass geometry we conjecture, in Section 6, about multiple solutions for A < 0.
We conclude with a summary of our results and a short list of open problems in Section 7.

2. Abstract formulation in £2

Since we are interested in the existence of solutions of (1.1) which form ¢2 := ¢2?(Z) sequences at every
time level t € hNg, we reformulate (1.1) as an abstract problem in ¢2 in this section.
First, we define operators L, N : £2 — (2 by (for u € £?):
(LU)Z = kui_l — 2k‘u,, + kui+1 = ]CA2ui_1, 1€ Z, (21)
(N(u); ==u; (1—u}), i€Z (2.2)

1

We prove basic properties of operators L and N. First, we analyze the linear operator L (note that for
k =1 it is the central second difference operator). We observe that L is bounded with ||L||. = 4k (see [19,
Section 3]). Further, we prove that L is self-adjoint and negative.

Lemma 2.1. The operator L € L(¢?) defined by (2.1) is self-adjoint.

Proof. Let u,w € ¢? be arbitrary. Then the series

Z(Ui—l — 2u; + Uig1) Wy
iz
is absolutely convergent. Indeed, we can use the triangle and Cauchy—Schwarz inequalities to prove that:

D iy = 2us + i | - Jwil 7 (wima | 4+ 2Jua| + i ]) - Jwi] < 4flufl2]|w]]2.
i€Z i€EZ
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Consequently, the following reordering is correct:

(LU, w)g =k Z(ui,1 —2u; + UiJrl)wz'
1€EZL
=k ( .ot (Uz‘fz —2u;_1 + ui)wi,l + (Ui,1 — 2u; + ui+1)fwi + (uz — 2u;i41 + qu)wiH + .. )

=k ( ot ui_l(wi_g — 2w;_1 + U}Z) + ui(wi_l — 2w; + wi+1) + ui+1(wi — 2wy + wH_Q) + .. )

= kzui(wi—l —2w; + wig1) = (u, Lw)
i€z

and therefore, L is self-adjoint. O

Lemma 2.2. The operator L € L({?) defined by (2.1) is negative.

Proof. We prove that K := —%L is a positive operator. Let u € £2 be arbitrary. Then,

(Ku,u); = — Z(Ui—l —2u; + Uig1)U;

€L
2
= QZUi - Zui(ui—l + Uiy1)
i€Z i€Z

= 2l|ull3 - (u,w)>

> 2[Jul3 — [[ullz]|w]l2

when we apply the Cauchy—Schwarz inequality for u, w € £?, w; := u;_1+u;;1. The last term of the estimate
above is nonnegative if

2ullz — [wlls >0 or equivalently [wl|? < 4]ul2

With the help of the inequality (a + b)™ < 2™~ (a™ + b™), a,b > 0, m > 1, we can estimate
wl3 = Jwil® = fuica +uipa]* <2 (Juica [+ |uiga ) < 4full3.
i€Z i€Z i€,

Hence, (Ku,u)e > 0, i.e., K is positive operator and therefore, L is negative. 0O

Next, we focus on the nonlinear Nemytskii (substitution) operator N and prove that it is well-defined
and continuous.

Lemma 2.3. The operator N : (> — (% defined by (2.2) is continuous on Dom(N) = (2.

Proof. Firstly, we prove that Dom(N) = ¢2| i.e., we have to verify that || N(u)||2 < oo for all u € £2. Let
u € ¢? be arbitrary, then

IN(IZ =Y 1N @)l* =) Jui —uf]?

1EL 1€EL
< 32 (jul? + Juil)
IX<yA
— 2 (JJull3 + [lul])
<2 (Jlull3 + lullg) < oo,



646 P. Stehlik, J. Volek / J. Math. Anal. Appl. 438 (2016) 643-656

when we use (a+b)™ < 2™~ 1(a™ 4 b™),a,b > 0,m > 1, in the first inequality and the embedding ¢? — (7,
p > 2, and the fact that for all u € £2 there is ||lu||, < ||ull2 in the second one.

Secondly, we prove that N is continuous. Let u™ — u in 2 (we use upper indices for the sequences in ¢?).
Therefore, there exists ¢ > 0 such that ||u™||2 < ¢ for all n € N. Since w is the limit of the sequence {u"},
there is also ||ul|s < ¢. Further, we use that sup |w;| = ||w||sc < ||w||2 for all w € £? and hence, there is:

i€z

sup Jul'| < ||u"]l2 <¢q, ie., |ul|<q forall neN;ieZ.
i€Z

Analogically, for the limit u we obtain |u;| < g for all i € Z. Consequently, we can estimate:

IN(u") = N()ll3 = D [uf = (uf)* = ui + |

1EZ
n n 3
<> 2 (lup =il + | ()~ ?)
1E€EL
= 2" —ulf + 23 fu =l | () + s+ o
1EZL
<2 —ul +2 Y fuf —wf? - 9¢*
1€EZL
= 2(1+9¢4)u" — (2.3)

and since the right-hand side converges to zero, N(u™) — N(u) in £2, i.e., the Nemytskii operator N is
continuous. O

Going back to the implicit reaction-diffusion equation (1.1), we assume that ¢ := {@(x)} ., € ¢ and
look for solutions of (1.1) for which v(-,t) := {v(x,t)},o, € €% for all t € hNy. Then the problem (1.1) is
equivalent to the difference equation in the Hilbert space ¢2:

{Atv(-,t) = L(v(-,t+h))+ AN (v(-, t + h)), A €R, (2.4

’U(', 0) =¥,
where Ayv(-,t) = § (v(-,t + h) —v(-,t)) and L, N are defined in (2.1), (2.2) respectively.
First, we consider a local problem, i.e., for a fixed t € hNy and a given v(-,t) € £? (i.e., a priori known) we
look for a solution v(-,t+ h) € ¢2 of (2.4) (later, in Sections 4-5 we extend this approach via mathematical

induction and analyze a global problem, in which we study the existence of solutions v(-,t) of (2.4) for all
time instances t € hNy). We can rewrite the equation in (2.4) into

v(-,t+h) =v(-,t) + hL(v(-,t + h)) + RAN (v(-, t + h)), A eR.

If we denote b := v(-,t), u := v(-,t + h), then the problem (2.4) for a fixed t € hNj is equivalent to a
fixed-point problem in ¢2:

u=">b+ hL(u)+ hAN (u), AeR. (2.5)
3. Variational formulation

We proceed from the abstract fixed-point problem formulation (2.5) of the local problem and introduce
the variational setting in this section. Problem (2.5) is equivalent to the following operator equation:
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F(u) :==u—b—hL(u) — hAN (u) = o. (3.1)

The operator F : /2 — (2 has a potential F : Dom(F) = 2 — R given by (we use Lemma 2.1, i.e., that the
operator L is self-adjoint):

Flu) = %Zu Zbul ZLU iU — h/\z ; )\ZU?

V€7 1€EZ zEZ 1€EZ 1€EZ
1—h\ h hA
= S5l — (5w — g (D w)a + o uld (32)

The next lemma reveals the connection between critical points of the potential F and solutions of the
equation (3.1).

Lemma 3.1. @ € (2 is a critical point of F given by (3.2) if and only if @ is the solution of (3.1).

Proof. The functional F given by (3.2) is differentiable and for each w € ¢? we have

€L 1€ €L 1€EZL €L
= (u—b—hL(u) — hAN (u),w), . (3.3)

Therefore, @ is a critical point of F if and only if VF(a) = o, i.e., if &« —b — hL(a) — hRAN(2) = 0. O

Consequently, we look for critical points of the potential F. Our analysis is based on the following two
variational principles.

Theorem 3.2. (See [6, Theorem 7.2.11, Proposition 7.1.8].) Let M be a closed, nonempty, bounded and

convex subset of a Hilbert space H. Let F be a convex and continuous functional on M. Then F is bounded

below and there exists i € M such that F(u) = in{/f F(u). Moreover, if F is strictly convex and Gateaur
ue

differentiable on M and @ € Int(M) then @ is the unique critical point of F on M.

Theorem 3.3. (See [6, Theorem 7.2.12, Proposition 7.1.8].) Let F be a convex, continuous and weakly

coercive functional on a Hilbert space H. Then F is bounded below on H and there exists 4 € H such that

F(u) = ing F(u). Moreover, if F is strictly conver and Gateauz differentiable on H then u is the unique
ue

critical point of F on H.

In order to apply Theorems 3.2 and 3.3 we study the properties of the potential F given by (3.2). First,
let us study the part of the functional F given by the linear operator L:

A2 >R, Au) := —(Lu,u),. (3.4)
Lemma 3.4. The functional A : (?> — R given by (3.4) is convex on {2,

Proof. First, let us notice that the bounded linear operator L is self-adjoint (Lemma 2.1) and negative
(Lemma 2.2), i.e., the bounded linear operator A := —L is self-adjoint and positive. We can rewrite the
definition of the quadratic functional A as follows:

A(u) = —=(Lu,u)e = ((—L)u,u)s = (Au, u)s.

The functional A is continuously differentiable and its gradient is given by:
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VA(u) = 2A(u).
From the positivity of the linear operator A we obtain:
(VA(u) — VA(w),u —w)s = 2(A(u — w),u —w)y >0

for all u,w € ¢? and therefore, the gradient V.4 is the monotone mapping. Consequently, the operator A is
convex on /2 (see, e.g., [6, Exercise 7.2.30]). O

Since we want to apply Theorems 3.2 and 3.3, we need the continuity of the potential F. We show that
F is even continuously differentiable.

Lemma 3.5. The potential F : > — R given by (3.2) is continuously differentiable on (2.

Proof. The functional F is differentiable from Lemma 3.1. Therefore, we prove that the gradient V.F :
¢? — (2 is a continuous mapping. From (3.3) there is:

VF(u) =u—b—hLu— hAN(u).

The fact that L € £(£?) and Lemma 2.3 yield that V.F is continuous and hence, F is continuously differen-
tiable on £2. O

4. Existence and uniqueness for A > 0

In this section we consider the Nagumo equation (1.1) with the bistable nonlinearity, i.e., the case A > 0.
We prove the global existence and uniqueness for small values of time discretization step A > 0 with the
help of Theorem 3.3.

Theorem 4.1. Let A > 0 and assume h(A+4k) < 1 and p € (2. Then the problem (1.1) has a unique solution
v(x,t) that exists for all x € Z, t € hNy and satisfies

%
(Z |v(:v,t)]2) < oo forall te hNp.

TEZL

Proof. We prove the statement by mathematical induction. For ¢ = 0 we put v(z,0) = ¢(z) for all z € Z,
ie., v(-,0) = ¢ € 2. Let us assume that we have a unique solution v(-,t) at time ¢ € hNjy satisfying
|lv(-,t)||]2 < oco. Let us prove the existence of a unique solution of (1.1) at time ¢ + h. As we showed in
the previous section, this local problem is equivalent to finding critical points of the associated potential F
given by (3.2) (we use the same notation, e.g., u = v(-,t + h), b = v(-, ), etc.).
Recall that the potential F given by
1—hA

h hA
Flu) = —5—lull3 = (b,u)2 = 5 (Lu,w)z + = lulli, A =0,

is continuously differentiable (see Lemma 3.5) and it is strictly convex on £2. Indeed,

1—hA
2

1—hX
2

> u? is strictly convex since hA — 1 < —4hk < 0 and the real function ¢ — ¢* is
i€Z

lull3 =

strictly convex,
o —(b,u)y is convex since it is the linear form,
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global ex.

global ex. and uniq.

A

Fig. 1. Graphical illustration of existence and uniqueness results for implicit Nagumo RDE (1.1). See Table 1 for more details.

o —2(Lu,u)s = 2A(u) is convex since % > 0 and A is convex from Lemma 3.4,

o BAuf|i =223 u}is convex since kA > 0 and the real function ¢ — ¢4 is strictly convex.
i€z

Moreover, F is weakly coercive on ¢2 since for ™ — u in ¢? the following holds:

1— h(X + 4k)
2

1—h\—h||L|«
.

= 5 lull = T1bll2flull2 — oo,

[ull3 — l1bll2[lull2 =
where we use the Cauchy—Schwarz inequality, ||L||. = 4k and h(X 4 4k) < 1.

Consequently, from Theorem 3.3 there exists a unique minimizer @ € ¢ of the potential F and it is the
unique critical point of F on ¢2. Hence, there exists the unique solution v(z,t + h) of (1.1) at time ¢ + h
such that

v(-,t+h)=1a and <Z lv(z,t+ h)\2) = |lv(, t+ h)|2 = |2 < oo. O

€L

Remark 4.2. We note that for given A > 0 and £ > 0 there always exist sufficiently small values of time
discretization step h > 0 which satisfy h(\ + 4k) < 1, see Fig. 1. Obviously, the stronger reaction (or the
stronger diffusion) the smaller A > 0 is required.

5. Existence for A < 0

For negative values of A in (1.1) we lose the globally convex and weakly coercive geometry of the po-
tential 7. We prove that in this case the functional F is convex at least locally (i.e., on a closed ball).
Consequently, we use Theorem 3.2 to obtain the existence of a local minimizer of F. Moreover, in Section 6
we show that F has the mountain pass geometry.

For the sake of brevity, let us define the auxiliary real valued function £ : R — R:

_1—hX—4hk hX\ 4

+ —s (5.1)

&(s) 5 s+

and the positive constant (assuming that A < 0 and h(\ + 4k) < 1):

R min{(hg}; SNNECIENIE 1>)%}. 52)

Lemma 5.1. Let A < 0, h(A +4k) <1 and

[b]]2 < &(R). (5.3)



650 P. Stehlik, J. Volek / J. Math. Anal. Appl. 438 (2016) 643-656

Then the functional F given by (3.2) has a local minimizer @ € 2 which is the unique critical point of F
with the property

]2 < R. (5.4)

1
Proof. Let us consider the ball M := B(o,7) C ¢* with r = (h;‘h_)\l)2 and verify the assumptions of

Theorem 3.2. We show that F is strictly convex on M. From its definition (3.2) we rewrite F as

Fu =% <1 s %u4> — (b ) — 2 (Luu)s (5.5)

Observing the sum we define the function

1—h\ , h
1M M

U(s) = — - (56)
Recalling that A < 0 and h(A+ 4k) < 1 and differentiating twice we deduce that 1) is strictly convex on the
interval I = [— (52)2, (h?:\h;})i} = [—r,7]. Since |[ull < [|ull2 for all u € £2, there is

hA—1
3hA

1
2
sup |u;| = [Julloo < |Jullz < < ) =r forall we M.
i€z

Applying the strict convexity of the function 1 defined by (5.6) on I, the convexity of the linear form
—(b,u)2 and the convexity of the functional A(u) = —(Lu,u)2 (Lemma 3.4) we observe that F defined
by (5.5) is strictly convex (using the same arguments as in the proof of Theorem 4.1).

Moreover, F € C1(£2,R) from Lemma 3.5. The strict convexity and continuity of 7 on M imply (see The-

orem 3.2) that for all p € (0,r] there exists a unique @(p) € B(o, p) C £? such that F(@(p)) = inf F(u).
u€B(o,p)

Secondly, we show that u(p) (for some p € (0,7]) is a critical point of F by excluding the possibility
that @(p) lies on the boundary dB(o, p), possibly for maximal ||b||2. Since F (o) = 0, it suffices to show that
F(u) > 0 for all u € dB(o, p), i.e., for all u € £? such that |julls = p.

Applying the Cauchy-Schwarz inequality and the fact that [jul|4 < |Ju]|2 for all u € 2 we can estimate
F(u) on 0B(o, p):

Fluy = 223 ) — (L w
> LA gz ooy + 2
_ Lo kA h)\Q_ LY %/ﬂ
o (T ol + B0 (5.7

Consequently, F(u) > p (22408 5 — |1p]|5 + 22 p3) > 0 for all u € dB(o, p) if

1—hX—4hk  hX 4 (51

16]]2 < 5 pt P = £(p).

Analyzing the function ¢ defined by (5.1) we observe that it has a positive maximum &(pmax) at
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(2(4hk 4 hA — 1)\ ?
ps = (2RI 53)

Moreover, it is strictly increasing for p € [0, pmax] and strictly decreasing for p € [pmax, 00). Since we do not
know if 7 < ppax Or ¥ > pmax, we have to assume (5.3):

Ibll2 < &(min {r, pmax}) =’ €(R).

Consequently, @(R) € Int(B(o, R)) and therefore, it is a local minimizer of F and the unique critical
point of F on B(o, R) (see Theorem 3.2 again). O

Lemma 5.1 provides a sufficient condition for the existence of a local solution of (1.1) with A < 0.

Theorem 5.2. Let A < 0 and assume h(\+ 4k) < 1 and v(x,t) is a solution of (1.1) at a fized time t € hNy
such that

(Z Iv(fﬁjt)|2> <¢(R).

TEL

Then there exists a solution v(xz,t+ h) of the problem (1.1) at time t + h such that

(Z lo(z,t + h)\?) 2 <R.

TEZL

Proof. The existence of such solution is equivalent to the existence of a critical point of the potential F
defined by (3.2) which follows from Lemma 5.1. O

We extend this result, under an additional assumption on h and A, to the global existence.

Theorem 5.3. Let A < 0 and assume h(\ + 4k) < —2 and ¢ € ? satisfies

lellz < &(R).

Then the problem (1.1) has a solution v(x,t) that exists for all x € Z, t € hNy and is unique with the
property

<Z|v(:c,t)|2) <R forall tehN. (5.9)

TEZL

Proof. Since ¢ € ¢?, we can apply Theorem 5.2 to get a solution v(z,h) at time ¢ = h that satisfies the
inequality in (5.9) (observe that since h(A+4k) < —2 the assumption on A and h in Theorem 5.2 is satisfied).

Next, we proceed by mathematical induction. Let us assume that we have a solution v(z,t) at a fixed
time ¢ satisfying (5.9). To prove the existence of v(z,t + h) at time t + h we need ||v(-,t)|2 < &(R).
The induction hypothesis implies that ||v(-,t)]2 < R. Since pmax < {(Pmax) for h > 0, A < 0 satisfying
h(A+ 4k) < =2 (pmax is given by (5.8)) and the function £ given by (5.1) is concave on [0, 00) then:

s<&(s) for se€]0,R].

Consequently, [[v(-,t)]l2 < R < &(R). Thus, Theorem 5.2 implies that there exists a solution v(z,t + h)
which is unique with the property (5.9). O
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Remark 5.4. For the illustration of admissible values of A > 0 and A < 0 in Theorem 5.2 and Theorem 5.3
see Fig. 1 again.

6. Mountain pass geometry and conjectures about multiplicity for A < 0

In addition to the local convexity shown in the previous section, we show that the potential F has the
mountain pass geometry for A < 0. A natural question arises — can we apply the Mountain Pass Theorem

for proving the existence of another critical point of F, which would imply the existence of another solution
of (1.1)7

Theorem 6.1 (Mountain Pass Theorem). (See Ambrosetti, Rabinowitz [1], [6, Theorem 7.4.5].) Let H be a
Hilbert space and F € C*(H,R), e € H and p > 0 be such that |le||g > p and

inf  F(u) > F(o) > Fle). (6.1)

lullz=p

Let

ci= 35 tren[%?%] F(y(t)) and T :={yeC([0,1],H): v(0) =0, v(1) =e}.

Let F satisfy the Palais—Smale condition on the level c:
(PS). Any sequence {u™} C H such that
Fu")—»ceR, VF@u")—oe€H,
has a convergent subsequence in the norm of H.

Then c is a critical value of F.
We conjecture that in the case of A < 0 the functional F has at least two critical points.

Conjecture 6.2. Let A\ < 0 and assume h(\+4k) < 1 and b € £? satisfy (5.3). Then the functional F given
by (3.2) has at least two critical points.

The existence of the first critical point of F follows from Lemma 5.1. We want to show that F has another
critical point which is of the mountain pass-type. Theorem 6.1 has three assumptions — the continuous
differentiability of F, the mountain pass geometry (6.1) and the Palais—Smale condition (PS).. Firstly, the
continuous differentiability of F has already been proven in Lemma 3.5. Secondly, the following statement
shows that under the assumptions of Lemma 5.1 the potential F has the mountain pass geometry.

Lemma 6.3. Let A < 0 and assume h(\+4k) < 1 and b € (2 satisfy (5.3). Then there exist e € £* and p > 0
such that ||e||2 > p and the functional F given by (3.2) satisfies (6.1).

Proof. From the proof of Lemma 5.1 (see (5.7) and below) we get:

1—hX —4hk hA

F(u) 2R< 5 R — ”b||2+IR3> =:a>0 for wedB(o,R). (6.2)

Let e € 2 be such that:
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{s>0, i =0,
€, =
0, i 0.

Consequently, for s — oo there is (recall that A\ < 0):

o) = b s st - M M LEMEZ My B

Hence, for sufficiently large s > R > 0 there is F(e) < 0, i.e., if we put p := R then |e]]2 = s > p and
from (6.2):

inf F(u)>a>0=F(o) > Fle). O
it F(w) > (0) > Fle)

The main obstacle in the application of Theorem 6.1 in this case is to prove its third assumption, the
Palais-Smale condition (PS).. This condition requires that all sequences {u™} C ¢? satisfying:

Fw") = ceR and VF(u") —oc (? (6.3)

contain a strongly convergent subsequence. Usually, the proof proceeds in two steps. Firstly, one proves that
{u™} contains a bounded subsequence. Secondly, since a Hilbert space is considered, one passes to a weakly
convergent subsequence and shows that it converges strongly as well.

The first step, showing that all sequences {u"} satisfying (6.3) contain a bounded subsequence, is not
too complicated.

Lemma 6.4. Let A < 0, h(\ +4k) < 1, b € £? and the functional F be given by (3.2). Then every sequence
{um} C 02 satisfying (6.3) contains a bounded subsequence.

Proof. Let the sequence {u"} C 2 satisfy (6.3). Hence, for a given & > 0 there exists 7 € N such that for
all n > n there is:

Fu")<c+e and ||[VF(u")|2 <1 (6.4)
Therefore, from the Cauchy—Schwarz inequality we obtain that for all n > n there is:
1
2| (VF@™), u")e] < [VF@)]2lw"l2 < [[u”[l2- (6.5)
We use (6.4) and (6.5) to estimate (again n > n):

c+e+[[u”||2 > Fu™) (VFu™),u™)s

1
4

= Sl = (b — ST ) — 3+ 2 )

R A (R0 PRy A A R
= g - 2,0, — 2 (),
e

which is equivalent to
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1 —hA —4hk

B

3
c+e+0+1wm)mwzz

where % > 0 from the assumption h(A + 4k) < 1. If we assume, without loss of generality, that

¢ +e > 0, then the quadratic function 1=2A=41% 172 is hounded from above by the linear function

c+e+ (1+2[bl2) [[u™]|2 for n > i and therefore, |[u™|2 is bounded. O

Remark 6.5. Lemma 6.4 yields that every sequence {u"} C ¢? satisfying (6.3) contains a bounded subse-
quence. Since we are on the separable Hilbert space ¢? we can pass to a weakly convergent subsequence
(denoted for simplicity by {u"} as well) satisfying

u — u € (2 (6.6)

Typical mountain-pass arguments at this stage exploit the convergence of either (VF(u") — VF(u), u"™ —u)so
or (VF(u™) — VFu™),u™ — u™)s. The analysis of these expressions could yield the convergence of
|lu™ — ulj2 — O or alternatively

[u"ll2 = [ull2. (6.7)

In turn, the weak convergence (6.6) and the convergence of norms (6.7) would imply the desired convergence
u" = u.
In the case of the functional F defined by (3.2) we observe that

(VF(") = VF(u),u”™ —u)s = (1 —hA\)(u",u" —u)s — (b,u" —u)s2
— h(Lu™,u"™ —u)y + hA Z(u?)?’(u? — u;)

i€l
— (1 = hX)(u,u™ —u)g + (b,u"™ — u)g
+ h(Lu,u" —u)g — h)\z u? (uf — uy)
i€Z
= (1 = h\)|Ju™ — ul|3 — M(L(u™ — u),u"™ — u)y
+ hA Z ((u?)?’ — u‘?) (uj” — u;).

1€

Using the fact that the linear bounded operator L is negative (see Lemma 2.2) we can estimate:

(1 — AN [Ju™ —ul|2 < (VF(@u") — VF(u),u™ —u)y — h)\z ((uf)® — uf’) (ul — ;). (6.8)
i€Z

Unfortunately, we are unable to show that the last term tends to zero (note that the term is nonnegative
due to the fact that A < 0 and the nonnegativity of each term ((u?)® — u?) (u? — ;) in the sum). Similarly,
we are unable to use the estimate

(1 — hX + hAK)||u™ — ul|3 < (VF(u™) — VF(u), u™ — u)s, (6.9)

where K is a bound on the norm of the sequence {(u?)? + u?u; + u?}. The estimate (6.9) then follows from
(6.8) once we use the equality
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Table 1
Summary of our results for implicit Nagumo RDE (1.1), also see Fig. 1.
A A<O0 A>0
(—o0, — % — 4k] (—% — 4k, + — 4k) [0, £ — 4k) [ — 4k, 00)
Geometry of F mountain pass mountain pass globally convex ?
Existence global (Theorem 5.3) local (Theorem 5.2) global (Theorem 4.1) ?
Uniqueness ? (Conjecture 6.7) ? (Conjecture 6.7) yes (Theorem 4.1) ?

Despite the first impressions it is not clear whether we can ensure that the term (1 — hX + hAK) is positive
because h > 0 and A < 0 are given and the bound K depends both on A and h (via the geometry of the
functional F). Consequently, the open question is whether a finer analysis of the interplay among K, A
and h can yield the positivity of the term (1 —hA 4+ hAK), at least for some values of h, A (see Fig. 1). The
estimate (6.9) would then directly yield ||[u™ — ul|2 — 0.

Therefore, the following conjecture remains open and essential to the proof of the existence of another
critical point of F.

Conjecture 6.6. Let A < 0, h(\+4k) < 1, b € £2 and the functional F be given by (3.2). Then every sequence
satisfying (6.3) contains a strongly convergent subsequence.

From another point of view, note that the difficulty is caused by the fact that the space variable x in
the problem (1.1) is from the unbounded domain, i.e., x € Z. In the abstract formulation it means that
the underlying Hilbert space (2 in our case) is infinite-dimensional. If we solved the initial-boundary value
problem, i.e., the problem (1.1) with « € [a,b] N Z and with some boundary conditions at points x = a
and xz = b, the abstract problem would be finite-dimensional and the proof of the Palais—Smale condition
would be restricted to the proof of boundedness of {u"} (since in the finite-dimensional space every bounded
sequence contains a convergent subsequence) which is done in Lemma 6.4.

Finally, note that if Conjecture 6.2 holds then the problem (1.1) has at least two solutions. We sum up
this in the following conjecture.

Conjecture 6.7. Let A < 0, h(A+4k) < 1 and v(z,t) be a solution of (1.1) at a fized time t € hNy such that:

(Z rv<w,t>r2) <&(R).

TEZL

Then the problem (1.1) has at least two solutions vi(x,t+ h), va(z,t + h) at time t + h such that:
1
2
<Z |vj(z,t + h)|2> <oo, j=1,2.
TEL

7. Conclusion and open problems

We studied implicit discretization of the Nagumo RDE via variational methods. Our results (which are
summed up in Table 1 and illustrated in Fig. 1) leaned on the geometry of the corresponding potential F
which is convex for the bistable case A > 0 and has the mountain pass geometry for the case A < 0.
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There are several open questions related to our conclusions:

1. In the case A < 0, can we prove the existence of another solution at least for some values of h > 07
Or, can we obtain nonuniqueness if we study the problem in weighted sequence spaces which have been
used, e.g., in [3]7

We have no results for the case in which A > % —4k. What is the geometry of the potential in this case?
Is there a global solution for A < 0 and h — 0+7

Can our results be extended to general RDE with other nonlinearities?

AN

It is known (e.g., [5]) that in certain cases the existence of sub- and supersolutions ensures a special
variational structure. Can this connection be established for implicit RDEs and used to obtain improved
results without assumptions on the initial condition ¢(x)?
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1. Introduction

We investigate the existence and uniqueness for discrete Neumann and periodic problems.
We analyze both ordinary and partial difference equations. The motivation for the study
of discrete problems is miscellaneous. For example, the discrete approach is quite natural
in economic, social or biological modelling — we can mention population dynamics or
analyzing processes in cell (e.g. neural) nets, etc., [3]. Naturally, the difference equations
are important for the numerical reasons, since they arise from the differential equations
for example by the finite difference method, [8].
Our results are based on reformulating discrete boundary value problems as an algebraic
system
Au=G(u), wue RN, (P)

where the matrix A represents corresponding linear difference operator with particular
boundary conditions and G is the superposition vector function representing a nonlinear
perturbation. Generally, Dirichlet problems correspond to systems with regular positive
definite matrices [12,21], Neumann and periodic problems involve singular positive semi-
definite matrices [18,20].

There are many papers that deal with the existence and uniqueness for discrete
Neumann and periodic problems. A lot of these works use topological approach. Let
us mention, e.g. [1,5-7], where the authors present a nice application of the Brouwer
topological degree or Brouwer fixed-point theorem together with the method of lower and
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upper solutions. They obtain conditions for the existence and multiplicity of solutions
for problems involving one dimensional discrete Laplacian or ¢-Laplacian. Moreover,
the papers [5-7] contain versions of Landesman-Lazer type conditions (firstly studied by
Landesman and Lazer [14] for elliptic partial differential equations in resonance).

Our approach is motivated by [18], where the author shows a nice comparison of topo-
logical and variational methods for discrete periodic problems and emphasizes advantages
of analyzing these problems variationally. The expanding literature shows that the critical
point theory is generally an efficient tool in the analysis of discrete problems. One can see
the application of variational techniques for ordinary difference equations in [12,18], for
problems involving discrete p-Laplacian in [4,9,19], and for partial difference equations in
[2,15].

Many works mentioned above investigate particular boundary value problems, in other
words, use a concrete form of the matrix A in (P). Nonetheless, we prefer the general
representation (P) and apply the properties of A that are common for all possible choices -
ordinary/partial difference equation, Neumann/periodic boundary conditions. Let us note
that our results can also be applied for the so-called difference equations on graphs. On the
other hand, the formulation via (P) does not allow the investigation of problems involving
nonlinear difference operators like p- or general ¢-Laplacian.

Consequently, we study (P) with a positive semi-definite A and with a nonlinear function
G which has sublinear growth (Section 2). We apply the Saddle Point Theorem which is
due to P.H. Rabinowitz [16] to prove the existence result based on a type of Landesman-
Lazer condition (Sections 3-4). Furthermore, if we restrict ourselves to a certain class of
bounded nonlinearities, we show that this condition is even necessary. Therefore, we also
specify the cases in which there does not exist any solution (Section 5). Finally, we discuss
the uniqueness (Section 6).

2. Problem formulation

We formulate in examples below discrete Neumann and periodic problems as the algebraic
system (P) on RN, N > 2. We show that for these problems the appropriate matrices A
satisfy the following general conditions (see [15]):

(A1) Aisasymmetric and positive semi-definite matrix.

(A2) X1 = 0isan eigenvalue of A with the multiplicity one.

(A43) @1 = t1,1,...,1#T € RN is the eigenvector of A corresponding to the
eigenvalue A; = 0.

Example 2.1: Let us consider the discrete Neumann problem

—A%u(t—1) =g(tu®), t=12,...,N,

Au(0) = ¢y, (2.1)
Au(N) = ¢y,

where u : {0,1,...,N,N+1} —» R, A2u(t — 1) = u(t — 1) — 2u(t) + u(t + 1) is the
second central difference of u, Au(t) = u(t + 1) — u(t) is the first forward difference of u,
g:11,2,...,N} x R — Risagiven function, and ¢j,c; € R.
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We use the values u(t) fort = 1,2, ..., N to define a vector
u=[u(1),u2),...,uN)]" e RV (2.2)

(T denotes the transposition of a vector). The boundary conditions are equivalent to
u(0) = u(1) —c; and u(N + 1) = u(N) + c;. Therefore, we find out that (2.1) is equivalent
to the algebraic problem (P) with the vector u defined by (2.2) and

1 -1 0 0 0 B g(L,u(1))
-1 2 -1 ... 0 0 8(2,u(2))
0 -1 2 0 0 (3, u(3))
A= . _ . and G(u) = . , (2.3)
0 0 0 2 -1 g(N —1,u(N — 1))
| 0 0 0 ... -1 1 | i g(N,u(N))

where
gLu)y—c, t=1,
gt,u) =1 g(t,u), t=2,3...,N—1,
g(N,u) +c, t=N.
The matrix A in (2.3) satisfies (A1)-(A3).

Indeed, the symmetry is clear. Let us prove the positive semi-definiteness of A. Firstly,
the matrix A is singular because, e.g. the sum of its rows is the zero vector. Secondly, we
verify that for all u € RN there is (Au,u) > 0. Letu € RN and N > 3 (for N = 2 it is
obvious), then

N—-1
(Auyu) = (1) — u@)u(l) + Y [(—ult — 1) +2u(t) — u(t + 1)u(®)]
=2
+ (= u(N = 1) + u(N))u(N)
N-—1
= (1) —u(Du@) + »_ [(3(®) — uut + 1) + (13 (#) — ut — Du(t))]
t=2
+ u?(N) — u(N — Du(N)
N-—1 N
=Y (@O —uut+ D) + Y _ (1) — ult — Du(t))
t=1 =2

b

1
(W) — u(®yu(t + 1) + u*(t + 1) — u(Ou(t + 1))

I
N

1
1

(u(t) — u(t + 1))
1

27

v
.Ohr

Therefore, A satisfies (A1). The positive semi-definitness of A implies also that 1; = 0 is the
minimal eigenvalue. Let us prove that A; = 0 has the multiplicity one. The eigenvectors
corresponding to A; = 0 are nontrivial solutions of the homogeneous linear algebraic
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system Au = o. Since an eigenvector multiplied by a real constant is also an eigenvector,
we can assume without loss of generality that u(1) = p where p # 0 is a real parameter.
Therefore, from the first equation of the system Au = o, we obtain that u(2) = p. Then
we can proceed inductively to show that all eigenvectors corresponding to A; = 0 have
the form [p, p, ..., p]" € RN. Hence, the dimension of the eigenspace corresponding to
A1 = 0 is one which implies that A; = 0 has the multiplicity one and (A;) is proved.
Moreover, if we put p = 1 we obtain that ¢; = [1,1,..., 1]T e RV is an eigenvector
corresponding to A1 = 0 and thus, (A3) holds.

Let us note that the fact that A satisfies (A;)-(A3) could be derived also from more
general Example 2.5.

Example 2.2: Let us consider the discrete periodic problem (see [15,18])

—A%u(t—1) =gt u®), t=12,...,N,
u(0) = u(N), (24)
Au(0) = Au(N).

Analogously as in Example 2.1, (2.4) can be rewritten as the algebraic problem (P) where
A is defined by

2 -1 0 0 —17
-1 2 -1 0 0
0 -1 2 0 0
A=
0 0 0 2 -1
| -1 0 0 -1 2

and G is given via the function g in the same way as in (2.3). The matrix A satisfies
(A1)-(A3) (see Example 2.5).

The following two examples show that also partial difference equations can be consid-
ered.

Example 2.3: Let us consider the Neumann problem for the difference Poisson equation
(see [15])

—A2u(s — 1,t) — Au(s,t — 1) = g(s,t,u(s, t)), t,s=1,2,...,N,

Asu(0,t) = c;(t) and Asu(N,t) =c(t) forall t=1,2,...,N, (2.5)
Asu(s,0) = dy(s) and Asu(s,N) =d,(s) forall s=1,2,...,N,

where u : {0,1,...,N,N +1}*> > R, Aszu(s —1,1), A%u(s,t — 1) are the second partial
central differences of u, Au(s,t), Asu(s,t) are the first partial forward differences of u
with respecttosand t, g : {1,2,...,N¥ xR — R,and ¢;,¢2,d1,dr : {1,2,...,N} - R.

We follow the approach, e.g. from [8] or [15]. Using the values u(s,t) for s,t =
1,2,...,N we define a vector

w=[u, 1), u(,N),u2 1), ..., u@,N),. ., u(N, 1),...,u(N,N)]" € RV, (2.6)
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Consequently, we obtain that (2.5) is equivalent to the algebraic problem (P) on RN? with
the vector u defined by (2.6) and with a block matrix A € RN “xN* given by

where I € RN*N s the identity matrix and By, B, € RN*N are given by

- B,
—I
0

0
0

—I 0
B,
—I By

0 O
0 O

—I ...

0 0 7]
0 0
0 0
B, —I
. —I B

2 -1 0 0 0 [ 3 -1 0 0 0
-1 3 -1 0 0 -1 4 -1 0 0
0 -1 3 0 0 0 -1 4 0 0
B, = ) , By= )
0 0 0 3 -1 0 0 O 4 -1
(0 0 0 ... -1 2 | (0 0 0 ... -1 3 |

The nonlinear function G can be established involving boundary conditions analogously
as in Example 2.1. The matrix A satisfies (A1)-(A3) (see Example 2.5).

Example 2.4: Let us consider the periodic problem for the difference Poisson equation

—Aszu(s —1,t) — A%u(s,t — 1) =g(s, t,u(s,t), st=12,...,N,

u(0,t) = u(N, t) (2.7)

u(s,0) =u(s, N) and Asu(s,0) = Asu(s,N) forall

and Au(0,t) = Aszu(N,t) forall t=1,2,...,N,
s=1,2,...,N.

Analogously as in Example 2.3, we find out that (2.7) can be reformulated as the algebraic
problem (P) on RN * with a block matrix A € RN**N* given by

B -1 0 0 —I
-I B ~-I ... 0 O
0 —-I B 0 O
A= >
0 0 O B —I
| -1 0 0...-I B
where B € RVN*N is defined by
4 -1 0 0 —1]
-1 4 -1 0 O
0 -1 4 0 O
B= ,
0 O 4 —1
-1 0 0 ~1 4 |
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The matrix A satisfies (A1)-(A3) (see Example 2.5).

The last example shows the possible application of our results to general difference
equations on graphs.

Example 2.5: Let G = (V,E) be an undirected graph with a set of vertices V =
{1,2,...,N}and asetof edges E C {{s,t} :s,t € V,s # t}. Theset N(t) = {i € V : {i, t}
€ E} is the neighbourhood of the vertex ¢t € V and the number dg(t) = |N(¢)] is the
degree of vertex t € V (see, e.g. [13] for details about the graph theory).

Let u : V — R be a function defined on the set of vertices V and define the difference
operator on the graph G

Agu(t) = dg(u(t) — Y u().
ieN(t)

Consequently, we consider the nonlinear difference equation on the graph G
Agu(t) = g(t,u(t)), teV, (2.8)

with ¢ : V x R — R. The problem (2.8) is equivalent to the algebraic system (P) with A
being the so-called Laplace matrix of G. The entries of A are given by

dg(t), s=t,
A(s,t) =1 —1, s#t and {st} €E, (2.9)
0, s#t and {s,t} ¢ E.

If G is a connected graph then A satisfies (A1)-(A3) (see [13, Section 13]).

Let us conclude the example with an interesting relationship of difference equations on
graphs with Neumann and periodic boundary value problems for difference equations. It
follows from the algebraic formulations of boundary value problems (Examples 2.1 — 2.4)
that:

e the Neumann problem for ordinary difference equation (2.1) is equivalent to (2.8)
with G being a path (see Figure 1(a)),

e the periodic boundary value problem for ordinary difference equation (2.4) corre-
sponds to (2.8) with G being a cycle (see Figure 1(b)),

e the Neumann problem for the difference Poisson equation (2.5) (for the sake of
simplicity let N = 3) corresponds to (2.8) with G given in Figure 1(c),

e the periodic problem for the difference Poisson equation (2.7) (again let N = 3) is
equivalent to (2.8) with G given in Figure 1(d).

Therefore, the difference equations on graphs generalize the boundary value problems for
ordinary and partial difference equations. Since all graphs in Figure 1 are connected, the
matrices A in Examples 2.1 — 2.4 satisfy (A;)-(A3).

Remark 2.6: Let us note that we do not have to restrict ourselves to discrete problems
of second order. One can show that the reformulation into (P) also works for problems of
2nth order (n € N), see [18].
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o O o
0—0—0—0—0 o 0 o
O O O

(a) (b) (c) (d)

Figure 1. The graphs G from Example 2.5 that are related with Neumann and periodic discrete boundary
value problems (2.1), (2.4), (2.5) and (2.7).

Motivated by Examples 2.1 - 2.5, we study the general algebraic problem for u € RY,
N >2,

Au = G(u), (P)

where A € RV*N js an N x N matrix satisfying (A;)-(A3) and G : RN — RN is a
nonlinear superposition vector function given by

G(u) = [g(1,u(1)),g(2,u(2)),...,g(N, u(N))]T,

whereg : {1,2,...,N} x R - R.
From (A1) and (A;), thereis A; = 0 the minimal eigenvalue of A and we can understand
the problem (P) as

Ay = AMu+ G(Ll),

i.e. as the algebraic problem in resonance. Therefore, one can expect an orthogonality
condition of Landesman-Lazer type on G for the existence. Since G : RY — RY is the
superposition vector function defined via the function g : {1,2,...,N} x R — R, we
formulate our conditions for G via the function g as well:

(Hy) The functions g(t,-) are continuous on R foreacht = 1,2,...,N.
(Hy) Thereexista, 8 € [0, 1) such that for each t = 1,2,..., N there exist limits

g(t,u)

|ul®

t:
and gio(f) = lim gt u)

g oo(t) = lim AP

u——00

(LL) The function g satisfies

N N
D 8-oo() <0< Y groo(t).
t=1 t=1

Remark 2.7: The condition (LL) represents a variant of the Landesman-Lazer condition.
It is a type of an orthogonality relation, since the inequalities in (LL) can be rewritten as

(§—00> @1) < 0 < (g4005¥1)s
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where the vectors g1 € RN are defined by gteo = [gioo(l),gioo(Z), - ,gioo(N)]T.
The symbol

N
(uv) =y u(®v(t)
t=1

denotes the scalar product on RV,

Remark 2.8: Consider the problem (P) with A satisfying (A;)-(A3) when the function g
is independent of t, i.e. g(t, u) = g(u). Suppose that there exists p € R such thatg(p) = 0.
Then obviously, (P) has the solution u = [p, Ds.n. ,,o]T, since u = p¢; and

Au=Alpg1) = hippr = 0 = [g(0),g(p), . ...g(0)]" = G(w).

Consequently, we focus on the nonlinearities which depend also on the variable t.

3. Variational formulation

We discuss the variational formulation of (P) in this section and summarize the main
theorems of the critical point theory that we use later.

Since we assume that A satisfies (A;) and g satisfies (Hj), the potential 7 : RN > R
associated with the problem (P) is well-defined and given by

1 N u(t)
T(w) = > (Au,u) - > /0 g(t,s)ds. (3.1)
t=1

Lemma 3.1 ([21, Lemma 1]): A vector u € RN is a solution of (P) if and only if it is a
critical point of the potential [J given by (3.1).

Theorem 3.2 (Saddle Point Theorem, [10, Theorem 7.6.12]): Let X = Y & Z be a
Banach space with Z closed and 0 < dim Y < 4-00. For p > 0 define

M={ueY:|ull<p}, Mo={ueY:|ul|=np}.
Let J € C1(X,R) be such that
inf .
2l 70 > gz T

Let
¢ = inf max J(y(w) where T ={y e C(M,X):y|pm, =id}

yel ue

and J satisfy the Palais-Smale condition: ‘Any sequence {u,} C X such that J (u,) — ¢
and V.J (u,) — o has a convergent subsequence’. Then c is a critical value of J .

The Saddle Point Theorem has three assumptions - the continuous differentiability of
J, the saddle type geometry of 7 and the Palais—-Smale condition. To show that 7 has the
saddle type geometry we need the following statement about the existence of a minimum
for a functional.
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Theorem 3.3 ([10, Thm. 7.2.8]): Let J : H — R be a weakly sequentially lower semi-
continuous and weakly coercive functional on a Hilbert space H. Then [J is bounded below
on H and there exists ug € H such that J (uy) = inf ,cg J (u).

Remark 3.4: Since we work on finite dimensional spaces where the weak and strong
topologies coincide, the weak sequential lower semi-continuity is equivalent to the strong
lower semi-continuity.

4, Existence of solution

In this section, we prove the existence for (P) applying the statements from Section 3. We
work on the space X = RY. In order to apply Theorem 3.2 we define subspaces Y, Z C RY
as follows:

Y =Lin{g}, Z=Y", (4.1)

where ¢; = [1,1,...,1]T is the eigenvector of A corresponding to the eigenvalue A; = 0
(see (A3)). It is obvious that Y, Z satisfy the assumptions of Theorem 3.2. Let us start with
the following three auxiliary lemmas.

1
Lemma 4.1: Let A satisfy (A1) and (Az). Then the function ||ul|a = [(Au, u)]i defines
a norm on the subspace Z defined in (4.1).

Proof: The matrix A is symmetric from (A;). If moreover A is positive definite on the
subspace Z then the bilinear mapping (-, )4 : ZxZ — Rgivenby (u,v)4 = (Au, v) defines
ascalar product on Z and therefore, || -|| 4 is the norm induced by (-, -) 4. Indeed, the positive
definiteness of A on Z follows from the fact that we are on the finite-dimensional space
and from [10, Lemma 1.1.31] which guarantees that under (A;) and (A;) the restriction
A|z has only positive eigenvalues. O

In the following, || - ||, denotes the p-norm on RN with p > 1, i.e.

N >
lullp, = (Z Iu(t)lp) , ueRVN.
=1

Lemma4.2: Foralll <r < p thereis
lully < llull, < N%‘z%nunp forall ueRN, (4.2)
Moreover, if A satisfies (A1) and (A) then for all p > 1 there exist my s, Mp o > 0 such that
mpallullpy < llulla < Mpallullp, forall ueZ. (4.3)
Proof: The inequality (4.2) is well-known result for p-norms on RY. The inequality (4.3)

follows from the fact that on finite-dimensional spaces all norms are equivalent (see [10,
Corollary 1.2.11]) and from Lemma 4.1. O

Remark 4.3: For the sake of brevity, we denote henceforward the norm | - ||, induced by
the scalar product (-,-) only by || - ||.
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The following lemma states that under (H;) and (H,), the function g has sublinear
growth.

Lemma 4.4: Let g satisfy (H,) and (H,) and y = max {«, B}. Then there exists constants
M, My > 0 such that

|g(t,u)‘§M1|u|V—|—M2 forall t=1,2,...,N and ucecR.

Proof: The statement is an immediate consequence of (H;) and (H3). O

Let us begin to verify the assumptions of Theorem 3.2. Firstly, we have to show that the
potential 7 is continuously differentiable.

Lemma 4.5: Let A satisfy (A1) and g satisfy (Hy). Then the potential J given by (3.1) is
continuously differentiable on RV,

Proof: The gradient V.7 : RN — RY of the potential 7 is given by
VI W) =Au—Gu), ueRY

Thelinear mapping u — Au is trivially continuous. The mapping u — G(u) is continuous,
since

G(w) = [¢(L,u(1), g2, u2)),....gN, uN)]",

and the entries g(¢, u(t)) are continuous from (H;). Consequently, the gradient V.J :
RN — RY is a continuous mapping and therefore, the potential 7 is continuously
differentiable on RV (see, e.g. [10, Proposition 3.2.15]). O

The following two lemmas describe the geometry of 7. The first one deals with the
geometry of J on the subspace Z.

Lemma 4.6: Let A satisfy (A1) and (Az) and g satisfy (Hy) and (H;). Then there exists
uy € Z such that

J(uz) = 12161? I ().

Proof: We prove the statement by the application of Theorem 3.3. Let us verify that 7 is
weakly coercive on Z. Let {u,} C Z be such that ||u,|| — +o0c. From the definition of J

(3.1) we obtain
uy(t)
/ lg(t,s)|ds
0

Applying Lemmas 4.4 and 4.1 we continue with the estimate

N

1
T (1) 2 —(Attny thg) = )

=1

N

T ) = 5 At ) =

un(t)
[ i+ ) s
t=1 170

N N

1 M,
> ~(Attp, iy) — D lun® = My ) un(t))]
2 v+ 1 =1 =1

M, +1
= S llulls - mnunniﬂ — My |l1.
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Consequently, from Lemma 4.2 there is

2 1-y
) 2 22 a2 = T 7~ MoN
2 y +1
Since ||u,|| - 400 and y = max {«, B} < 1, there is J(u,) — +oc and J is weakly
coercive on Z.

Since we work on RY and thus, the subspace Z is also finite dimensional, the weak and
strong topologies on Z coincide. Therefore, the continuity of 7 (see Lemma 4.5) implies
that 7 is also weakly sequentially lower semi-continuous on Z (see also Remark 3.4).
Consequently, Theorem 3.3 yields the statement. O

The following lemma describes the geometry of 7 on the subspace Y.
Lemma 4.7: Let A satisfy (A1)-(A3z) and g satisfy (H,) and (H) and (LL). Then

lim J(pg1) = —o0. (4.4)
[o|—+00
Proof: Since ¢; = [1,1,...,1]7 € Y is the eigenvector of A corresponding to the

eigenvalue A1 = 0, there is (Ag1, ¢1) = A1ll¢1 |> = 0. Therefore,

02 N rpor(t) N p
J(pg1) = 7(A¢1>(P1) — ;/0 g(t,s)ds = — ;/0 g(t,s)ds. (4.5)

Let us prove that 7 (p¢;) — —oo for p — +00. From (LL) there is Z?’zl Z+oo(t) >0and
hence, there exists ¢ > 0 satisfying

N
Z Zroolt) — s > 0. (4.6)
t=1

Moreover, from (H;) and from the definition of limits g () there exists s € R such that

g(t,s) > (g+oo(t) — 8) |s|ﬂ forall t=1,2,...,N and s>s. (4.7)

Using (4.5) and (4.7), we estimate for p > §

N 5 N .p
Toe == [ ewoas=Y [ gwoa
=1 =1"s
tN 5 tN p
<3 /0 g(ts)ds— Y f (@00 () — ) |5l ds
-1 =17
tN 3 t 0 N
:—ng(t,s)ds—[ |s|ﬂds2<g+oo<t)—e)
N
=—Zf g(t, s)ds——(|p|ﬂ —15173) " (gro0(t) —€).
t=1
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Observing that the former term on the right-hand side is constant, we pass to the limit for
p — +oo and applying (4.6) we obtain

lim J(pg;) = —oc.
p—>+00

The second case lim,_, _~ J(p@1) = —o0 can be shown in the same way using g_~o(#)
and the former inequality in (LL). Consequently, (4.4) holds. O

The last point before the application of Theorem 3.2 is the verification of the Palais-
Smale condition.

Lemma 4.8: Let A satisfy (A1)-(A3) and g satisfy (H,) and (Hy) and (LL). Then the
potential J satisfies the Palais-Smale condition.

Proof: We prove a more general property:
if {J(u,)} CR isbounded and VJ(u,) — o, (4.8)

then there exists a convergent subsequence {unk} C {u,}. In our case it is sufficient to
prove that the sequence {u,} is bounded because we work on the finite-dimensional space
RY where every bounded sequence contains a convergent subsequence.

Motivated by the procedure from [11, Theorem 2], let us assume by contradiction that
there exists a sequence {u,} C RN satisfying (4.8) and ||u,|| — +oo. Without loss of
generality, let us assume that ||u,| > 0 for all n € N. From the proof of Lemma 4.5 there
is VJ (un) = Au, — G(uy). If we multiply this equality by m and denote v,, = m we
obtain

VI (uy) — Ay — G(uyn)

. (4.9)
14 T lual
Since the sequence {v,} C RN is bounded and ||v,|| = 1 for all n € N there is v, — v at
least for a subsequence and ||vg|| = 1.
For the left-hand side of (4.9) there is immediately Vﬂ%”) — 0, because V.7 (u;)) — o.

G(un)
l[unll

e Ift € {1,2,..., N}issuchthatthesequence{u,(t)} C Risbounded, then {g(t, un(t))}
gtan®) o

Let us investigate the term . We distinguish two possibilities:

is bounded as well from (H;). Therefore,

e Otherwise, if t € {1,2,...,N} is such that the sequence {u,(t)} C R is unbounded,
then at least for a subsequence there is |u,(t)| — 400 and u,(t) # 0 for all n € N.
Applying Lemma 4.2, we estimate

gt )] _ N2 fg(tun )] _ N2 [g(tun(t)| _ N7 [g(tun()]
lual = Bl un®F  Jun® O

where y = max {«, B8}. Since lg@un] is bounded from (H;) and (H) and y < 1,

[y (1)]Y
|g(tun(1))] 50

there is
[l
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G(un)
[l
subsequence. Therefore, there exists a subsequence {unk} C {un} such that v, — vo,

V n G n . . . .
|\|7u(u||k_) — oand % — 0in (4.9) which implies
nk ny

Consequently, if we put together these two cases, then — 0 in (4.9) at least for a

Avy = o.

Hence, vy is an eigenvector of A corresponding to the eigenvalue 1; = 0, i.e. vo = p¢;
for some p € R. Moreover, since ||vg|| = 1 and ¢ = [1,1,...,1]%, there is either
T

Vo = - = [L 1 ;] orvp = — g, = [_; _ L _;]
\/ﬁ \/N,\/ﬁ’...’\/ﬁ \/N \/N) \/N,'." W .
Let us assume that vy = ﬁ%- From the definition of 7 (3.1) and from V.7 (u) =
Au — G(u), the following equality holds:

N

(1) N
2 () = (VT (), th) = =2 /0 g(t,5)ds + > g(t, uy(t))un(t).
t=1

=1

If we multiply this equality by W and use v, = L5, we obtain
N
2 (un) (VT (4n), ¥n) 2 /“"“) gt un (1))
_ = — (t,s)ds + V().
4[| P [ ; lnllPHT Jo £ Z lunll? "

(4.10)
The left-hand side of (4.10) converges to zero because {7 (u,)} is bounded, V.7 (u,,) — o
and {v,} is bounded. Let us analyze the right-hand side of (4.10) if we pass to the limit
with respect to the above mentioned subsequence (we denote the index only by # for the
simplicity):

e Firstly, we focus on the former term on the right-hand side of (4.10). L’'Hopital’s rule

and the convergence u,(t) — +oo forall t = 1,2,...,N (because v, = p2; —
T
Vo = [ﬁﬁﬁ] and ||up|| — +o00) yield
N

. 2 un (1)
Jdim 3 ) s
B i 2l @1F L f" (6 5)ds
p— LN l[n || n—>+00 |, ()P un(t)
N

lim (2va(®) lva(®)]?) - lim —SL () )
< im (2v () [va(®)] ) ettt B+ 1) [un(t)P

||M

provided the right-hand side makes sense. However, since v, () — ﬁ, uy(t) —
+ooforallt =1,2,...,N and from (H;) and (H;) we obtain
lim _— f g(t,s)ds = g+oo(t) (4.11)
— +1
nree il Jo NS
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e Secondly, we investigate the latter term on the right-hand side of (4.10). Applying
similar arguments as above we derive that

g(t, un (1)) Yo (gttun®) un(®]F va(t)
t) = 1 .
1H+ooZ e ;Ji‘oo< O unll? )
1 N
= —T Zg—i-oo(t)- (4.12)
N 72

Taking into account that the left-hand side of (4.10) converges to zero and limits (4.11),

(4.12), we get
! ( 2 + 1) % (t)=0
NE\ B+ — foo ’

a contradiction with the latter inequality in (LL) because § < 1. Finally, if vy = —ﬁ%

we obtain a contradiction with the former inequality in (LL) using the similar procedure
with « instead of 8. O

Consequently, we present the main result of this section — existence theorem for (P).

Theorem 4.9: Let A satisfy (A1)-(A3) and g satisfy (Hy) and (H,) and (LL). Then there
exists a solution of (P).

Proof: According to Lemma 3.1, we show that J has a critical point. Auxiliary
Lemmas 4.6 and 4.7 yield that 7 has a minimum [J(uz) > —oo on the subspace Z
and lim|,|— 400 J (p@1) = —00. Hence, there exists p > 0 sufficiently large such that

T (uz) > T (£ pe1). (4.13)
Let us define
M:{ueY: ull Sf)\/ﬁ} and /\/l():[ueY: ||u||=bdﬁ}.
Then we obtain from (4.13)

min J(u) = J(uz) > max {7 (= pg1), J (pe1)} = max J ().

Moreover, J satisfies the Palais—Smale condition (Lemma 4.8). Theorem 3.2 then yields
that
c= 1nf max J(y(u)) where T = {y e C(M,RYN) : YIiMm, = id}

yel ueM
is a critical value of 7 and there exists a critical point of 7. O
Example 4.10: Consider the boundary value problems (2.1), (2.4), (2.5), (2.7) or (2.8).
Theorem 4.9 is applicable for example for the following nonlinear functions:
ulP2u+f(t), u<0, pe(l,2),
o g(t,u)y=14 f(1), u=0, f:{1,2,...,N} — Rarbitrary,
luli2 u+f(t), u>0, qe(l,2),
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\ulP=2 u + £ (1), u<-—1, pe(1,2),
o g(t,u) =7 —sin (%”u) +f(@), ue(—11), f:{1,2,...,N} > Rarbitrary,
| w12 u (), u>1, g€ (1,2),
=2 sin (u — t)
o« gty = | W T =D F e u AL pe (L),
1, u=~=.

We can also consider bounded nonlinearities, e.g.:

o g(t,u) = e +tanh (u) + f(H) with—1 < L YN F(1) < 1,
e g(t,u) = (t — 2)arctan (u — log (t)) with N > 4.

Example 4.10 motivates us to the following consequences of Theorem 4.9.
Corollary 4.11:  Let A satisfy (A1)-(A3) and g be defined by

g(t,u) = h(u) +f (0),
where f : {1,2,...,N} — Ris arbitrary and h : R — R satisfies (H,) and (H,) and (LL)
with «, B € (0, 1). Then there exists a solution of (P).
Proof: The statement is an immediate consequence of Theorem 4.9 and of the fact that for

o, € (0,1)and each t = 1,2,...,NthereisJ|;(—|2 — 0 provided u — —o0 andlf:—r; -0

provided u — 4-o0.

Corollary 4.12:  Let A satisfy (A1)-(A3) and g be defined by

g(t,u) = h(u) + (),

where f : {1,2,...,N} — Rand h : R — R satisfies (H;) and (H,) and (LL) with
a=pB=0andhis = lim,_, +o h(u). If f satisfies

N
1
—hioo < N D f) < —h_w, (4.14)

=1

then there exists a solution of (P).

Proof: The statement follows immediately from g4 () = hioo +f(t),t = 1,2,...,N,
and from Theorem 4.9. O

Remark 4.13: The inequalities in (4.14) are equivalent to —h4oo < %(f ,01) < —h_o
where the vector f € RN is defined by f = [f(l),f(Z), . ,f(N)]T.

5. Necessity of (LL) condition for bounded nonlinearities

Let us focus on (P) with bounded nonlinear functions g. We find out that for a certain class
of bounded functions the Landesman-Lazer type condition (LL) is also necessary for the
existence. We use the following additional condition:
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(H3) The function g satisfies
goolt) <g(tiu) < gioo(t) forall t=1,2,...,N and ueR.

Remark 5.1: If (H;) and (H3) hold together, then the functions g(t,-) are necessarily
bounded foreach t = 1,2,..., N. It implies that (H;) holds forall o, 8 € (0, 1). However,
the strict inequalities in (H3) yield that g(t, -) have to be bounded by the limits

g-oo(t) = ugrjloog(t, u) and gioo(t) =u£ng(t, u),

i.e. by g+o0(t) corresponding toow = 8 = 0.
Theorem 5.2: Let A satisfy (A1)-(A3) and g satisfy (H,)-(H3). Then (P) has a solution if
and only if (LL) holds.

Proof: The sufficiency of (LL) follows from Theorem 4.9. Conversely, assume that u € RY
is a solution of (P). Therefore, u is a critical point of the potential 7 by Lemma 3.1, i.e.
there is (V7 (1), v) = (Au — G(u),v) = 0 for all v € RN, If we put v = ¢; then from the
symmetry of A we get

(G(u), 1) = (Au, 1) = (u, Ap1) = A1 (u, 1) = 0. (5.1)

Since 1 = [1,1,...,1]T, the equality (5.1) is equivalent to Zil g(t,u(t)) = 0. Exploiting
(H3) we obtain

N N N
D g <Y gtu®) =0< ) groo(t).
t=1 t=1 t=1

O

Example 5.3: Consider the boundary value problems (2.1), (2.4), (2.5), (2.7) or (2.8) with
the nonlinear function g defined by

g(t,u) = aarctan (u) + f(¢t), a>0, (5.2)

wheref : {1,2,...,N} — R.Obviously, the function g satisfies (H;)-(H3) witha = 8 =0
and g0 (t) = £%° + f(¢). Therefore, (LL) is satisfied if and only if

am 1 N am
—— <= fy< = (5.3)

Consequently, Theorem 5.2 yields that the problems (2.1), (2.4), (2.5), (2.7) or (2.8) with g
given by (5.2) have a solution if and only if f satisfies (5.3). In particular,
N

2 f()
t=1
N

2 f(®)

t=1

2

° fora>m

there exists a solution,

o fora < % there does not exist any solution.

The following statement is an immediate consequence of Theorem 5.2 and is related to
Corollary 4.12.
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Corollary 5.4: Let A satisfy (A1)-(A3) and g be defined as
g(t,u) = h(u) +f (), (5.4)

wheref : {1,2,...,N} - Randh : R — R satisfies (H,)-(H3). Then (P) has a solution if
and only if (4.14) holds.

Remark 5.5: Landesman-Lazer type conditions for difference equations have already
been studied (among other things) in [5-7]. Our findings complement these results in the
following way:

e Our approach via the algebraic formulation (P) is general in the sense that Neumann/
periodic problems, ordinary/partial difference equations are considered at once,
whereas in [5-7] specific boundary value problems are studied. On the other hand,
in [6,7] more general problems involving discrete ¢-Laplacian (even singular) are
studied.

e Landesman-Lazer conditions in [5-7] are assumed to be sufficient. We show that
for a certain class of bounded nonlinearities (LL) is even necessary and therefore, we
obtain the nonexistence as well.

e All three papers [5-7] formulate the Landesman-Lazer conditions for nonlinear
functions in separated form g (¢, u) = h(u) + f (t). We also study functions in general
nonseparated form g(t, u).

6. Uniqueness of solution

After the existence part of the paper we go further and analyze the uniqueness in this
section. We use the following algebraic result for commuting matrices.

Theorem 6.1 ([17, Theorem 2.1]): Let A, B € RN*N be such that AB = BA and A;(A),
As(B) be eigenvalues of A and B respectively and A;(A + B) be eigenvalues of A + B for
s =1,2,...,N. Then there exist permutationsaand b of {1,2, ..., N} such that A(A+B) =
Aa(s)(A) + Aps)(B) foralls = 1,2,...,N.

In order to apply Theorem 6.1, we assume that the nonlinear function g satisfies the
following conditions:

(H4) The functions g(¢,-) are continuously differentiable on R for each t = 1,2,
...,N.

(Hs) Let A € RN*N and A((A),s = 1,2,...,N, be eigenvalues of A. The function
g satisfies

gu(t,u) # As(A) forall t=1,2,...,N, ueR, and s=1,2,...,N.

Theorem 6.2: Let A be arbitrary and g satisfy (Hy) and (Hs). Then (P) has at most one
solution.

Proof: Suppose by contradiction that there are two distinct solutions u, v € RN. Conse-
quently, there is A(u — v) = G(u) — G(v). From (Hy) and from the mean value theorem
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there has to exist £ € RV such that

gL, u(l)) — g(1,v(1)) gu(1,5(1))(u(1) — v(1))
g2,u(2)) — g(2,v(2)) 8u(2,6(2))(u(2) —v(2))
Gu) — Gv) = : = :
| §(N,u(N)) — g(N,v(N)) Su(N,E(N))(u(N) — v(N))
[ g.(1,€(1)) 0 0 u(l) — v(1)
B 0 gu(2,5(2)) 0 u2) —v(2)
_ 0 0 Su(N,&(N)) u(N) — v(N)
=B
= B(u—v).

If we denote w = u — v we obtain that w has to be a solution of the homogeneous algebraic
problem

(A—Bw =o. (6.1)
Since B is diagonal, there is AB = BA. Theorem 6.1 and (Hs) yield that the eigenvalues
As(A — B),s = 1,2,...,N, are nonzero. Consequently, the matrix A — B is regular and
(6.1) has only the trivial solution w = o, a contradiction. O

The following lemma provides properties of the function g satisfying (Hy) and (Hs).
Let us note that if (Hy) holds then (H)) is obviously satisfied.
Lemma 6.3: Let A satisfy (A1) and (A3) and 0 = X1(A) < A(A) < ... < AN(A) be
eigenvalues of A. The following statements hold:

(1) If g satisfies (Hy) and (Hs) then the functions g(t,-) are strictly monotone for each

t=1,2,...,N.
(2) If g satisfies (H2) and (Hy), then (Hs) holds if and only if for each t = 1,2,...,N
there is

0=x11(A) <gu(t,u) <X(A) or g,(t,u)<Ari(A)=0 forall ueck.

(3) If g satisfies (Hy)-(Hy), then (Hs) holds if and only if for each t = 1,2,...,N there
is
0=A1(A) <gu(t,u) < X22(A) forall uecR.

Proof: Let us follow the structure of lemma:

(1) The first statement follows immediately from the continuous differentiability of the
functions g (¢, -) and from g, (t,u) # A;(A) =O0foranyt =1,2,...,Nandu € R.

(2) Suppose (Hz), (Hs) and (Hs) and assume by contradiction that for some t, €
{1,2,...,N}, uy € R there is g,(t2,u2) > A2(A) > 0. From (Hy4) we know that
gu(t2, ) is a continuous function. Since g, (2, u) # A2(A) forallu € R (from (Hs)),
there is g, (t2, u) > A2(A) > 0 for all u € R. Then we obtain for u > 0

/gs(tZaS)dSE/ A2 (A)ds,
0 0
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and therefore, g(t2,u) > A(A)u + g(t2,0). This is a contradiction, since g(t2,-)
has sublinear growth from (H;) and (Hy) (Lemma 4.4). The converse implication
is obvious.

(3) The condition (H3) implies that any function g(t,-), t = 1,2,...,N, cannot be
decreasing on R (see Remark 5.1). Then the last statement of lemma is an immediate
consequence of the second one.

O

The following statements summarize the existence and uniqueness results from
Theorems 4.9, 5.2 and Theorem 6.2.

Theorem 6.4: Let A satisfy (A1)-(A3) and g satisfy (H,), (Hs) and (Hs) and (LL). Then
there exists a unique solution of (P).

Theorem 6.5: Let A satisfy (A1)-(Az) and g satisfy (Hy)-(Hs). Then (P) has a solution if
and only if (LL) holds. Moreover, if the solution exists it has to be unique.

Example 6.6: For simplicity, let us consider the Neumann problem (2.1) with N = 3
and ¢; = ¢; = 0. The corresponding matrix A € R3*3 satisfies (A1)-(A3) and A;(A) = 0,
A2(A) = 1and A3(A) = 3 (see Example 2.1). Further, suppose that the function g is given
by
t
g(t,u) = (5 — a) arctan (u) + bt, a >0, bel. (6.2)

Let us investigate for which a, b we can apply Theorems 6.4 and 6.5.

e The condition (H;) holds with «, 8 = 0 and

g+oo(t) = i% (g — a> + bt. (6.3)

e The condition (H3) is satisfied if and only if the functions g (¢, -) are strictly increasing
foreacht =1,2,...,N,ie.ifa < %

e In order to satisfy (Hs) and (Hs), we compute the derivative

L_

3

1+ u?

Su (t,u) =

The condition (Hy) obviously holds. According to Lemma 6.3, (Hs) holds if and
only if 0 # g,(t,u) < 1 forallt = 1,2,...,N and u € R. Since 0 < 1<,

1+u? —

there has to be 0 # % —a < 1fort = 1,2,3. Hence, (Hs) is satisfied if and only if
a e (0,+00)\ (3,21},
e Since the limits g4 () are given by (6.3), there is

3 3 3
bi4 t T
= +— - — + =+—02— + 6b.
E I:gioo(t) > ;Zl (3 a) b ;:1 t 2( 3a) + 6b

=

Therefore, (LL) holds if and only if

—n(l—f)<b<n(l—5>. (6.4)
6 4 6 4
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Let us notice, that (6.4) can be satisfied only for a < %

Consequently, we can apply our results for a € (0, %) U (%, %) and conclude:

(@) Fora e (O, %) the conditions (H,)-(Hs) are satisfied. Theorem 6.5 then yields that
the problem (2.1) with N = 3 has a solution if and only if b satisfies (6.4). Moreover,

the solution is unique provided it exists.

(b) Fora € (%, %) the conditions (H;) and (Hy) and (Hs) are satisfied but (H3) not.
Applying now Theorem 6.4 we obtain that the problem (2.1) with N = 3 has a

unique solution at least for b satisfying (6.4).

In contrast to the previous Example 6.6, the next one shows the possible application of
Theorem 6.4 for unbounded g.

Example 6.7: Consider the boundary value problems (2.1), (2.4), (2.5), (2.7) or (2.8)
where g is defined by

ulP2u4p—2+f), u>1,
gt,u)y =1 (p— Du+f(), lul <1, (6.5)
lulP=2 u —p+24+f), u<s-1,

where p € (1,2) and f : {1,2,...,N} — R is arbitrary. We obtain easily that g satisfies
(Hz) and (LL) with o, 8 = p — 1 and g4oo(t) = £1. One can show that

P—=Dul?, |u =1,
gu(ta 1/[) -
p—1, lu| < 1.
The function g,(¢,-) is positive and continuous, i.e. (Hs) holds. Moreover, g,(t,-) has

a positive maximum p — 1. Let A be the appropriate matrix representing the difference
operator in (2.1), (2.4), (2.5), (2.7) or (2.8).If p — 1 < X,(A), then

AMA)=0<g,(t,u) <p—1<XiA) forall t=1,2,...,N and ueR,

and hence, (Hs) holds. Therefore, Theorem 6.4 yields that if p — 1 < 1,(A), the problems
(2.1), (2.4), (2.5), (2.7) or (2.8) with g given by (6.5) have a unique solution.

7. Concluding remarks and open problems

We conclude the paper with several open questions and possible future research directions
arising from this study:

e If we assume that the nonlinear function is linear or superlinear, the geometry of the
potential changes. Are we able to show existence results variationally even in these
cases?

e Can we use some a priori bounds on a solution and apply our results for bounded
nonlinearities (especially, necessary and sufficient existence condition) to prove the
existence for other types of unbounded nonlinear functions?

e Motivated by [5-7] we can ask - is it possible and reasonable to define lower and
upper solutions for the algebraic system (P) and apply this method to obtain new
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existence results? Moreover, are there conditions guaranteeing the existence of such
lower and upper solutions?

e One of the bases of this paper is the possibility of representing linear difference

operators by a matrix A (see [12,18,20,21]). Straightforwardly, we cannot apply
our results for problems involving nonlinear difference operators. Consequently,
is it possible to extend our approach and reformulate problems with, e.g. discrete
p-Laplacian (see [4,9,15,19]) or ¢-Laplacian (see [6,7]) as an algebraic system and
investigate the existence and uniqueness via this general representation?
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