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SOLVABILITY OF BOUNDARY-VALUE PROBLEMS FOR A
LINEAR PARTIAL DIFFERENCE EQUATION

STEVO STEVIC

Commumnicated by Vicentiu Radulescu

ABSTRACT. In this article we consider the two-dimensional boundary-value
problem
dm,n = dmfl,n + fndmfl,nfly 1<n<m,
dm,() = Qm, dm,m =bm, mEeN,

where am, bm, m € N and fn, n € N, are complex sequences. Employing
recently introduced method of half-lines, it is shown that the boundary-value
problem is solvable, by finding an explicit formula for its solution on the do-
main, the, so called, combinatorial domain. The problem is solved for each

complex sequence fr, n € N, that is, even if some of its members are equal to
zero. The main result here extends a recent result in the topic.

1. INTRODUCTION

Let N be the set of all natural numbers, Ny = N U {0} and Z the set of all
integers. If k,1 € Z and k <[, then by k, [, we will denote the set of all integers 7,
such that £ < j <.

It is well-known that the binomial coefficients C7",
that 0 < n < m, satisfy the following relations:

where n,m € Ny are such

Cr=Cy™h Cn=Cnoy, (1.1)
for m > 2 and
e =cpt ol (1.2)

for every m,n € N such that 1 < n < m —1 and m > 2, (see for example the

books [11}, 14 [15] 22} [31], where these and many other relations connected to the

binomial coefficients can be found). In other words, the three relations in and

mean that the sequence C7" (with two independent variables m and n) is the

solution to the following boundary-value problem for partial difference equations
Cmn = Cm—1n T Cm—1,n—1, 1<n<m,

1.
Cm,O = 1’ Cm7m == 1, m 6 N. ( 3)
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This fact along with the existence of a closed form formula for the sequence C}",

that is, the formula
cl = 'L, 0<n<m,
n!(m —n)!
where by definition is regarded that 0! = 1, has suggested us that the values of
the quantities Cj* and C)}, m € N, that is, the values of c¢,,,0 and ¢y m, m €
N, essentially do not influence on the solvability of the following boundary-value
problem for partial difference equations
Cm,n = Cm—1,n + Cm—1,n—1, 1<n< m,

(1.4)

Cm,0 = Um, Cmm = Um, MM € Na
and, moreover, that these quantities need not be only integers or real numbers, but
can be even complex numbers, that is, that given sequences (t,)men and (Vy,)men
can be complex.

It is known that the partial difference equation appearing in and ,
which we call the binomial partial difference equation, is “solvable” (see for example
[12] for a method for solving the equation). However, the notion of solvability of
partial difference equations highly depends on the domain in which the equation is
treated (see for example [§]), which is why we have written the word solvable under
the signs of quotations.

The following formula for “general solution” to the binomial partial difference
equation

m
Cm,n = ZC}TLCO,n—ja

j=0
can be found in the literature (see for example [12]). However, since the last formula
depends on the values of the quantities cg, | € Z, only, which lie on the same line,
the formula can be regarded as a general solution to the equation only on a half
plane.

All above mentioned have motivated us to show the solvability of boundary-value

problems for the binomial partial difference equation on its natural domain, that
is, on the domain

C={(m,n):0<n<m,m,neNg}\{0,0)},

which we call, the combinatorial domain. The solvability of the boundary-value
problem for the equation on the domain was shown in our paper [25], where we
devised a method, which we call, the method of half-lines. There are several ideas
behind the method. One of the main ideas is to slice the combinatorial domain on
half-lines and consider a partial difference equation on them, but as one-dimensional
(scalar) difference equations. The other idea is to try to solve the scalar equations,
but if they are not solvable then we will write them in a form that looks like as
solvable ones, then “solve” them and by using posed boundary conditions to get
a solution on the half-lines. Finally, based on such obtained formulas on the half-
lines, it should be concluded the form of the general solution for the boundary-value
problem on the domain.

Studying difference equations of various types is an area of considerable interest,
especially in the last few last decades (see for example [I]-[13], [15]-[30] and the
references therein).
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Some recent investigations of solvable difference equations show that the nonho-
mogeneous linear first order difference equation (with variable coefficients), that is,
the equation

Ty = apTp_1 +b,, MnEN, (1.5)

where coefficients a,, and b,, n € N, and initial value xy are real or complex
numbers, plays a very important role in the solvability of many classes of differences
equations. The method of transformation has been used successfully and developed
recently by several authors in numerous papers on difference equations (see for
example [19, 27, 29]), as well as on papers on systems of difference equations (see
for example [5, 23, 24], 28] B0], see also numerous related references therein; a
considerable interest to concrete symmetric-type difference equations started after
the publication of papers [16]-[I8] by Papaschinopoulos and Schinas). The most
important thing connected to equation is that it is solvable in closed form.
For some methods for solving the equation see, for example, [1l 7, [I5]. For periodic
solutions to the equation, see [2]. For some classical results on solvability see, for
example, [T} [6] [7, [T0) [IT], 12} 15]. Recall, that the general solution to the difference
equation is

n n n
mn:xOHaj—i-Zbi H as, (16)
j=1 i=1  j=i+1
for n € Ny.

One of the methods for solving the equation corresponds to the method of inte-
grating factors for solving the linear first-order differential equation. It is interesting
to note that the form of general solution to equation given in does not
exclude the case when some of a,-s are equal to zero, which is important here,
since we will not have any restrictions in dealing with the main partial difference
equation in this paper. Namely, if

an, =0 for some ny € N, (1.7)
then from (1.5) with n = ng, we have x,, = by,, and consequently

x’no—‘,—l = ano+1bn0 + b’rLo-‘rl?

which, on the first site, looks quite different from formula (1.6|) (x,,, that is, by,
here looks like a new (shifted) initial value). However, by using formula (1.6)), it
follows that

no+1 no+1 no+1
Tno+1 = To H a; + E b; H aj,
j=1 =1 j=itl

no+1 no+1
=> b [ o
i=no  j=it1
= bnoanngl + bn0+17

since
no+1

H a; =0, fori=1n¢—1,
j=i+1

by assumption (|1.7)).
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So, whether or not some of a,-s are equal to zero, formula (|1.6) holds, unlike
the following formula

n n
b
T, = Haj(xo—kziiz), n € Ny,
j=1 i=1 Hj:l aj

which holds only if
an, # 0, for every n € Ny.

Assume that (n;);er € N, card(I) < Vg, is the set of all indices such that a,, = 0,
l €I, and n; < nyy1, for every I € I. Then compact formula (1.6 can be written

as follows
k k E
T +k = by, H Ony4j + me-‘rj H Any+i,
j=1 j=1 i=j+1
forevery l € I, and k = 0,n;41 —ny — 1.

Our aim here is to show, by using the method of half-lines, that there is a class of
partial difference equations, which includes the binomial partial difference equation,
which is also solvable on the combinatorial domain, extending the main results in
[25]. A problem of this type has been recently treated in [26]. However, the present
paper can be regarded as the first one which applies the method of half-lines in a
full generality, in the sense that is applied the general form of the solution to the
linear difference equation in , unlike the ones in our previous papers in the topic
([25, 26]), where essentially some sorts of summing by using the telescoping method
is employed. Our results can be regarded also as a continuation of investigation
of the problem of solvability of difference equations, including partial difference
equations ([5], [23]-[30]). For some classical results on the solvability of partial
difference equations see, for example, 8 [10] [12], while some results up to 2003, can
be found in monograph [] (see also the related references therein, such as [9]). Some
other types of partial difference equations can be found, e.g., in [3, 20, 2T]. Some
partial difference equations can be find also in [T}, [TT], 14} 15| 22} B1], but usually in
passing, and they are presented and treated more as some exotic recurrent relations.

2. MAIN RESULTS

This section proves the main result in this article and gives some interesting con-
sequences. Namely, we show that the boundary-value problem for partial difference
equations

dm,n = dmfl,n + fndmfl,nflv 1<n< m, (2]—)
dm,O = Um, dm,m = bm7 m e Na
where a,,, b, and f,,, m € N, are complex sequences, is solvable.

To do this we present the first several steps of the method of half-lines, for the
benefit of the reader and since it is not so immediately clear how to guess the
formula for the boundary-value problem ([2.1])-(2.2)), to avoid presenting a relatively
complicated formula on the spot.

If m = n + 1, then equation (2.1)) is

dn+1,n = dn,n + fndn,nfla (23)

for n € N.
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If we use the change of variables x,, = dj, 41, then (2.3)) can be regarded as an
equation of type (|1.5) with

an=f, and b,=d,,, neN
If we solve it by using formula (L.6| , we obtain

n+1nfzdjj H fl+d10Hf’La (24)

_J+1

for n € Ny.

If m =n+ 2, then (2.1)) is
dn+2,n = dn+l,n + fndn+1,n71a (25)

for n € N. Using the change of variables x, = d,42,, equation (2.5) can be
regarded as an equation of type (1.5 with

an = fn, and b, =dpy1,, neN
By using formula (1.6)), we obtain

dnto,n = Zd+1] H fz"’dQOH.fu (2.6)

_J-l,-l

for n € Ny. Using with n =7 in , we obtain
dn+2,n:2(2dll H f5+dlonz) I f1+donf“ (2.7)

j=1 s=l+1 i=j+1

for n € Ny. We have

n j n n o n
ZHfZ H fi= ZHfz—anw (2.8)
j=1li=1 i=j+1 j=1:=1

and

Hlfzzdlz H fs = Zdllz H [s H fi

j=11 s=Il+1 7=l s=l+1 i=j+1
—Zdllz H fs (2.9)
7=l s=l+1

—Zdun—l-i-l Hfa
s=Il+1
for n € Ny. Employing (2.8)) and ( . in , we obtain

n+2n—zdun—l+1 H f5+d10anz+d20Hfza (2.10)

s=I+1

for n € Np.

If m =n+ 3, then (2.1)) is
dn+3,n - dn+2,n + fndn+2,n—1a (211)
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for n € N. Using the change of variables z, = dy43,, equation (2.11) can be
regarded as an equation of type (1.5) with

an = fn, and b, =dpi2,, neN
By using formula (1.6), we obtain

n+3nfzdj+2j H fl+d30Hfla (212)

i=j+1

for n € Ny. Using (2 Wlthn—] in 7 we obtain
n+3n—2(zduy—l+1 H fs+d10JHfz+d20Hfz)

7= =i (2.13)
X H fz+d30H.fu

=741

for n € Nyg. We have
n 7 n n n n
. . (n+1)

>l 11 fi:Za]i[fi:%Hfi, (2.14)
j=1 1i=1 i=j+1 j=1 =1 i=1

and

j=li=5+1 =1 s=Il+1
n n n J
=Y dud G-1+0) [ # I] #
=1 7=l i=j+1 s=l+1

SN I A6 -1+ (215)

:Zdl’l H fs(n—l+1)2(n—l+2)’

for n € Ny. By using (2.8)), (2.14) and (2.15]) in (2.13)), we obtain

dpysm = Zducn b H fot (droC3tt + dooCY +dso) [[ £ (2.16)

s=Il+1 =1

for n € Ny.
Based on the formulas (2.4)), (2.10) and (2.16]), we may assume that

dn-‘rkm = Z C]?:lj—i_k_ldj,j H fs
=1 = (2.17)

+ (CpEF2dy o + CRty oo + -+ + CF dio) [ £

i=1
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for every k,n € N. Formulas given in (2.4)), (2.10) and (2.16) show that the equality
in (2.17) holds for k = 1,3.

If m=n+k+ 1, then we have
dn+k+1,n - dn+k,n + fndn+k,n717 (218)

for n € N. Using the change of variables z, = dpyr+1,n, equation (2.18) can be
regarded as an equation of type (1.5) with

An = fn and bn = dn+]q,n, n € N.
By using formula (1.6)), we obtain

dntksin = Zdj+k7j H fs +dry10 H s, (2.19)
j=1 s=1

s=j+1

for n € Ng. Employing (2.17) with n = j in (2.19)), and by some simple calculations,
it follows that
J

dn+k+1,n=Z H fszci:zﬁk_ldi,i H Js

j=1s=j+1 i=1 s=i+1

n
+ Z (Cit’f_QdLo + OBy g 4
=1

+C3 o) [ s + drsro [ /s
s=1 s=1

= Z d;; Z C’f;?kil H s
i=1 j=i s=it1
k+1 n ) n
+ (Zdr,l,OZCiffj_I +dk+1,0> Hf57 (220)
r=2 j=1 s=1
for n € Ny. By using the relation , we have

n

n
Jj+k—r __ Jj+k—r+1 Jj+k—r
§ :Ok—r-‘rl - E :(Olc—r+2 - Olc—r-‘rQ)

j=1 =1 (2.21)
_ m+tk—r+1 k—r+1 _ ~n+k—r+1
- CkfrJrZ - CkfrJrQ - Ck77‘+2 )

for every 2 <r < k+1, and

Z C}z:§+k—1 _ Z (Ci—i-i-k _ Ci—wk—l) =Cpith ookl = ngwk’ (2.22)
j=i j=1

for every 1 <4 <mn. Using (2.21]) and (2.22) into (2.20)), it follows that

n n
dnirirm =Y Cr ;5 ] £
=t I (2.23)
n
+ (O g + O 2 dog + -+ Cf g ) H s,

s=1
from which along with the method of induction it follows that formula (2.17) holds
for every k,n € N.
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The above described process leads us into a position to formulate and prove the
main result in this note.

Theorem 2.1. If (a)ren, (bk)ren, are given sequences of complex numbers. Then
the solution to partial difference equation on domain C, with the boundary
conditions

dk,o = ak, dk,k = bk, ke N, (2.24)

is given by

=Y CrZa1b; H fot Z a0 I e (2.25)
s=1

j=1 s=j+1

Proof. If we put m = n + k in (2.17) and use the conditions in (2.24)), we obtain
formula (2.25)). O

Remark 2.2. Note that the hypothesis for the solution to boundary-value problem
- has become clearer after three steps, that is, after finding the “solutions”
to the corresponding first-order linear difference equations on the half-lines m =
n+7, 5 =13 n € Ny. Hence, to get a correct hypothesis for the general form
of the solution to a boundary-value problem for a partial difference equation we
have to solve first several first-order linear difference equations. First three or four
equations seems will be always enough for doing this.

In the following two corollaries we have that f,, = n for n € N, which is one of
the cases that is naturally appeared in several subareas of mathematics.

Corollary 2.3. The boundary-value problem
dm,n = dm—l,n + ndm—l,n—h 1<n<m,

dm,O =1, dm,m = m!a m €N (226)

has solution
n=]0m—n+j), (2.27)
j=1

for every (m,n) € C.
Proof. Using formula (2.25)) we have

m—j—1 . ! m—1— -
=S T o+ S e 1T
j=1 : s:j+:n_n j=1 s=1 (228)
—al(YcnTiti+ > annin),
j=1 j=1
for every ( ) € C. We have
Sopu =Y (ept-opi=eptl—opmnt = ol (2.29)
j=1 j=1
and
Cnoy = et =y (e —op iy =copTh o (2.30)
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From ((2.28)-(2.30) we obtain

Ay =0l (CZr+CRTE ) =nlCn_, =nlC =m(m—1)---(m—n+1),
which is nothing but formula . O
Corollary 2.4. The boundary-value problem

dm,n = dm—l,n + ndm—l,n—h 1<n<m,

dmo=0, dpm=ml, meN. (2.31)

has solution .
Ay =1 [[(m =1+ j). (2.32)

j=1

Proof. Using formula (2.25]), then (2.29)), and finally the symmetry of the binomial
coefficients, we have

A=Y Cn 00 I s+ Y. cmmi0-I] s
j=1 s=j+1 j=1 s=1
i 2.33)
m—j—1 (
= nl Z Crn—n1
j=1
=nlom= L = plom- L.
From ([2.33)), formula (2.32)) easily follows. O

Remark 2.5. By choosing the sequences (am)men, (bm)men and (frn)nen at will,
it can be obtained various other interesting formulas for solutions to the boundary-
value problem —. As we have already mentioned, sequence f,, can be chosen
to have (arbitrary many) zeros. We leave it to the imagination of the reader.
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