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Abstract. In one of his work, appeared in 1969, John A. Baker initiated
the systematic investigation of some partial difference equations. The main
purpose of this paper is to continue and to extend these investigations.
Firstly, we present how such type of equations can be classified into elliptic,
parabolic and hyperbolic subclasses, respectively. After that, we show
solution methods in the elliptic class. Here we will deal in details with the
discrete version of the following partial differential equations: Laplace’s
equation, Poisson equation and the (in)homogeneous biharmonic equation.

1. Introduction

The aim of this paper is to give a systematic description of certain type of
partial difference equations. Throughout this note N,Z,Q and R denote the
sets of the natural, integer, rational and real numbers, respectively.
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Let 2 C R” be a set and u: Q — R be a function, then

(A;su(xl, cos @) = (T, ., T, T F R T, Tn) — w(X, L T)
z;

is called the first order partial difference of the function w with respect to the
variable x;. The higher order partial differences are defined recursively, that
is,if ke Nand k >2and i =1,...,n, then

Aﬁu(x) = Ay (Ale) u(x),
(z4) (@) \ ()

assuming that x + khe; € Q is valid for all x € €, where e; denotes the i
standard base vector of R". Further, if k1,...,k, € NU{0} and >_I , k; = N,
then

AN u(x) = AZl . .AZ”U(X).

(ht i) (@1)  (zn)

In view of this notions on a partial difference equation we mean a functional
equation that has the form

(1) F A,Jy Wy, ooy @)y (T, ), L1y, | =0,
(et ,...zhm)

where F' is a given function, u is the unknown function which has to be deter-

mined and ki, ...,k, € NU{0} are such that > ., k; = N.

Equation (1) is called an N -order equation if it contains both AN v and w.
For the sake of simplicity, here we remark that other properties (e.g. linearity,
quasilinearity, semilinearity etc.) of such type of equations can be defined
analogously as in the theory of partial differential equations. Concerning partial
difference equations we refer to the monograph of Cheng [2].

2. Classification of partial difference equations

Let ¢ R", m € N and : @ — R given functions and p;; € R,
j=1,...;n,i=1,...,m and let us consider the operator D defined by

C(Q) > u(xy,...,zn) 2, Z'yi(xl, cosy) s u (T 4 prih, . @+ prjih) .
i=1
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Here the domain €2 is assumed to be such that x+p;h € Qforalli =1,...,m
and x = (21,...,%,) € Q, where p; = (1, Pnji)-

In this case let

AkJ(X) = AkJ(:El, . ,In)

m

:Zpk,ipl,i%(xla-u,xn) (k,l=1,...,n,x€Q).
1=1

Further, let us consider the (symmetric) n x n matrix valued function @ defined
by
All(X) e Aln(X)
Q(x) = : : (xe€Q).
Api(x) ... Apn(x)

We say that the operator D defined above is

o clliptic at the point x € , if Q(x) € M, xn(R) is a definite matrix;
e hyperbolic at the point x € Q, if Q(x) € M,,»»(R) is an indefinite matrix;

o parabolic at the point x € , if Q(x) € M, (R) is a semidefinite matrix;

The systematic investigation of equations of the form
D(u)(x) + u(x) = (z)

goes back to Baker [1], McKiernan [5], and Swiatak [8]. The aim of this paper is
to continue and to extend the results of John A. Baker. Additionally, not only
the solutions will be derived but also we will get regularity theorems such as
‘continuity implies infinitely many times differentiability’. Such type of results
can be found e.g. in Jérai [4].

Finally, we remark that for linear, homogeneous, constant coefficient partial
difference equations a method based on spectral synthesis was developed by
Lész16 Székelyhidi in [9].

3. Elliptic partial difference equations

In this section we will investigate elliptic partial difference equations. In
fact, as we shall see, they are nothing but the ’discrete’ versions of elliptic par-
tial differential equations. Here we remark that the investigations concerning
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hyperbolic and parabolic partial difference equations will appear as a continu-
ation of this work.

Among the most important of all partial differential equations are undoubt-
edly Laplace’s equation

Au(x) =Y 85?;;‘) =0 (x€Q)
i=1 g

and the Poisson equation
—Au(x) = f(x) (xeQ).

In both equations the unknown function is u: @ — R, where in general
Q C R™ is assumed to be an open set. Further, in the second equation the
function f:  — R is also given.

3.1. Auxiliary statements

In this subsection we list some preliminary tools that will be used subse-
quently, see also Evans [3] and Rudin [7].

Theorem 3.1 (Harnack’s principle). If the sequence functions u,: Q@ — R
(n € R) is harmonic in the domain @ C R™ and

ur(z) <wug(z) < -

at every point of ), then lim,, o u,(x) either is infinite at every point of the
domain or it is finite at every point of the domain, in both cases uniformly in
each closed subdomain of Q2. In the latter case, the function

u(z) = lim w,(x) (reQ)

n— oo
is harmonic in the domain Q.

Remark 3.1. Harnack’s principle can be generalized to monotone sequences
of solutions of elliptic equations, as well.

Definition 3.1. We say that the function ¢ € €>°(R"™) is a mollifier, if

(i) it is compactly supported
(ii)

/(p(x)dx =1
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(i) 1
lim —(p( ) o(x) (x € R™),

e—0+ g™

where 6 denotes the Dirac delta function and the limit is understood in
the Schwartz space.

If the function ¢ is a mollifier and for all z € R™ ¢(x) > 0 holds, then ¢ is
said to be nonnegative mollifier.

In case ¢ is a mollifier and there exists a function o € €>°(R) such that
plx) =o(lzl)  (zeR"),
then ¢ is termed to be a (radially) symmetric mollifier.
It is easy to see that if

o(s) = {QXP (nis) , ifs<1

0, otherwise

and

" <||x||> em
@ = me @)

then the functions w,: R™ — R defined by

1
we(x) = e <£> (x € R™)
are nonnegative, symmetric mollifiers for all € > 0.

Theorem 3.2 (Mollification Theorem). Let f € L*(R™), then
©) tim I . — fll =0

(ii) for alle >0 B
supp(f * we) C supp(f) + B(0, )
holds, where B(0,e) = {z € R"| ||z|| < &}.

(iii) every sequence (en)nen of positive real numbers admits a subsequence
(€ny )ken such that f *We, —converges to f almost everywhere

(iv) if additionally, f € C(2), where Q& C R™ is an open set, then
lim fxw., (z)=f(z) (x € Q)
k—o0 k

and the convergence is uniform on any compact subset of
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(v) for all e > 0 we have f x w. € C°(R™), further, if a € N is a multi
index, then

0% (f xwe) = f*(0%0) .
3.2. The discrete Laplace’s equation

In this subsection we will investigate the discrete Laplace’s equation, that
is,
n

(L) Z A?u(x) = Z [u(x + 2e;h) — 2u(x + e;h) + u(x)] = 0.

i=1 (23) i=1

Let us observe that in this case, the corresponding coefficient matrix Q(x)
is the n x n identity matrix at every point x € R™. Thus equation (L) can be
considered as the most representative example for the class of elliptic partial
difference equations.

Theorem 3.3. Let u: R™ — R be a continuous function and assume that u
fulfills the discrete Laplace’s equation on R™. Then the function u is harmonic
on R™.

Proof. Assume that for all € > 0 the functions p. € €*°(R™) are nonnegative,
symmetric mollifiers and let

us(e) = (wrp) (2) = [u(pcz-xix (@R,
RTI,

Due to linearity of equation (£) and because of the properties of the convolu-

tion,
n

> Ajuc(z)=0  (z€R").

i=1 (z)
In other words, this means that for all € > 0 the functions u. also fulfill equation
(£). Additionally, due to the Mollification Theorem, we also have that

elg(I)lJr [[ue = ullps = 0.

Now let (€, )nen be a null sequence for which the sequence of functions (ue, )nen
is monotone. Form this we get that the limit lim,,_, o u., (2) exists for all z € R”
and the limit function is a harmonic function, too.

This means that the function v is a harmonic function.
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Remark 3.2. In view of the previous theorem we immediately get that if a
continuous function satisfies equation (£), then it is automatically in the class
C>(R™).

It is obvious however, that equation (£) has nowhere continuous solutions,
as well. To see this, let @: R — R be a nowhere continuous additive function
(see Corollary 5.2.2 in [6, page 130.]) and

u(x) =u(z1,...,zy) = Ha(mi) (x e R").

Finally, we remark that the method we used in the proof of Theorem 3.3 is
also appropriate to solve more general elliptic equations such as

% Z Yiu(x + pih) + u(x) = ().

Assume namely that is equation is elliptic. Then the coefficient matrix (which
will be independent of x in this case), is

A11 Aln
Q=1 : S
Apr oo Apg

a definite matrix. Here,

m
AkJ = Z'Yipk,iphi (k‘,l = 1,...,77,).

i=1
Thus applying the method based on the Mollification Theorem, we obtain that

" 2’LL Z
S 4, 28 ) = 0.(2)

Y
" 0xp0x
k=1 kSl

holds for all z € R™ and for all € > 0, where
ue(z) = (uxp.)(z) and D.(z) = (P *p.) (z) (z e R").

Since the matrix @ is definite, this latter partial differential equation is of ellip-
tic type. Thus, after a suitable change of the variables, it can be transformed
into its canonical form. Using the theory of elliptic partial differential equa-
tions, the solution of the original partial difference equation can be obtained
easily, with the help of Harnack’s principle.
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3.3. The discrete Poisson equation

Now we consider the discrete Poisson equation, that is,

1 n
(P) T Afu() = f(x),
=1 (T
where f: R™ — R is a given function.

Theorem 3.4. Let f: R™ — R be a continuous, compactly supported function
and assume that u: R™ — R is also a continuous function which fulfills the
discrete Poisson equation on R™. Then

u) = [@x-y) )iy +C (xR,
Rn
where C is a real constant and ® stands for the fundamental solution of the
Laplace’s equation

2(x) = oo () (xR

ifn=2 and

B) =~ x| (xeR)

if n > 3, where s,, denotes the area of the n-dimensional unit sphere.

Proof. Similarly as in the previous theorem, assume that for all € > 0 the
functions . € C*°(R™) are nonnegative, symmetric mollifiers and let

ue(z) = /u(z)gpe(z — x)dx (z e R").
R’H,
Due to the linearity of equation (P) and because of the properties of the con-
volution, we obtain that
A2 u.(z) = h?f.(x) (zeR"),

i=1 (23)

where
fe(@) = (fx¢c)(z)  (z€R").

In other words, this means that for all € > 0 the functions u. fulfill a differ-
ence equation similar to equation (£). Additionally, due to the Mollification
Theorem, we also have that

li — =0.
i fue =l =0
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Since for all € > 0, we have u., fo € C®(R"), by differentiating twice with
respect to h and putting h = 0, we obtain that

Aug(z) = fo(2)  (z€R"),

yielding that for all € > 0 the functions u. fulfill a Poisson equation. Applying
a version of Harnack’s principle concerning elliptic equations finally we get that
the function u is a solution to the partial differential equation

Au(z) = f(z) (z e R").

The statement of the theorem follows now from Theorem 1. of Evans [3, p. 22.].
3.4. The discrete biharmonic equation

Finally, we consider a fourth order partial difference equation, namely, the
discrete biharmonic equation

(B) Z Aju Z A4 =

= 1(4) 1,j= 1(
i#g

The proof of the following result is similar to those in the previous subsec-
tions, hence we omit it.

Theorem 3.5. Let u: R™ — R be a continuous function and assume that u ful-
fills the discrete biharmonic equation on R™. Then the function u is biharmonic
on R™, that s,

13 n
ot ot
8”(?) + 5 UQ(XQ) -0 (X c Rn) ]
io1 9T =1 9Ty
i

AAu(x) =

Remark 3.3. Similarly, as in case of the discrete Poisson equation, the solu-
tions of the inhomogeneous biharmonic equation

20 A+ g D 84 ) = 800

ij= 1($z

can be derived in the same way as in the proof of Theorem 3.4.



294

E. Gselmann

1]
2]

[3]

References

Baker, J.A., An analogue of the wave equation and certain related func-
tional equations. Canad. Math. Bull., 12 (1969), 837-846.

Cheng, S.S., Partial Difference Equations, volume 3 of Advances in Dis-
crete Mathematics and Applications. Taylor & Francis, London, 2003.
Evans, L.C., Partial Differential Equations, volume 19 of Graduate Stud-
ies in Mathematics. American Mathematical Society, Providence, RI, sec-
ond edition, 2010.

Jarai, A., Continuity implies differentiability for solutions of functional
equations—even with few variables. Acta Sci. Math. (Szeged), 67(3-4)
(2001), 719-734.

McKiernan, M.A., Boundedness on a set of positive measure and the
mean value property characterizes polynomials on a space V™. Aequationes
Math., 4 (1970), 31-36.

Kuczma, M., An Introduction to the Theory of Functional Equations and
Inequalities. Cauchy’s Equation and Jensen’s Inequality., Second edition,
Birkh&user Verlag, Basel, 2009.

Rudin, W., Real and Complex Analysis. McGraw-Hill Book Co., New
York, third edition, 1987.

Swiatak, H., The regularity of the locally integrable and continuous solu-
tions of nonlinear functional equations. Trans. Amer. Math. Soc., 221(1)
(1976), 97-118.

Székelyhidi, L., Discrete Spectral Synthesis and its Applications,
Springer Monographs in Mathematics. Springer, Dordrecht, 2006.

Eszter Gselmann

Institute of Mathematics
University of Debrecen
Egyetem tér 1.

Debrecen

Hungary
gselmann@science.unideb.hu





