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We give some sufficient conditions for the existence of positive solutions of partial differ-
ence equation aAi1,n+1 + bAm i1 + CAmirn — dAmn + PrnAm—kn—1 = 0 by two different
methods.
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1. Introduction

In this paper, we consider the linear partial difference equation
aAmitnil ¥ bAmni1 + CAmirn — dAmn + PrnAm—kn-1=0, (1.1)

where P,,, >0 on Ng, k,l € No, N; = {i,i+1,...} and i is an arbitrary integer. Throughout
this paper, we assume that a, b, ¢, d are positive constants.

A double sequence {Ay,,} is said to be a solution of (1.1) if it satisfies (1.1) for m = my,
n = ny. A solution {A;;} of (1.1) is said to be eventually positive if A;; >0 for all large i
and j, and eventually negative if A; ; < 0 for all large i and j. It is said to be oscillatory if it
is neither eventually positive nor eventually negative.

The oscillation of (1.1) has been studied in [2]. In the following, we mainly consider
the existence of positive solutions of (1.1) by two different methods.

2. The method of fixed point
The following lemma will be used to prove our main results in this section.

LemMa 2.1 [3] (Knaster’s fixed point theorem). Let X be a partially ordered Banach space
with ordering <. Let M be a subset of X with the following properties: the infimum of M
belongs to M and every nonempty subset of M has a supremum which belongs to M. Let
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2 Existence of positive solutions for PDEs

T : M — M be an increasing mapping, that is, x < y implies Tx < T'y. Then T has a fixed
point in M.

THEOREM 2.2. Assume that a > d, b > d, ¢ > d, and one of the following three conditions
holds.

(1) There exists a positive double sequence {A,, ) such that for all sufficiently large m,n,

dar {Z Z (a—d)Amr1+i it T z Zb/\mﬂ S

j=0i=0 j=0i=1
o0 00 o0 o0 o0
+ z zCAm+l+i,n+i+j + z(b - d)/lm,n+l+j + Z sz+i,n+i+jAmk+i,nl+i+j} <L
j=0i=0 =0 j=0i=0

(2.1)

(ii) There exists a positive double sequence { Ay, } such that for all sufficiently large m, n,

d/\ { Z Z a— d m+1+1+] n+1+i + Z z blm+z+] n+1+i

j=01i=0 j=01i=0

o] 00 o] 0 o0
+ Z ZC/\m+1+i+j,n+i + Z(C - d)/\m+1+j,n + Z ZPm+i+j,n+i)Lm—k+i+j,n—l+i}’ <L

j=0i=1 j=0 j=0i=0
(2.2)

(iii) There exists a positive double sequence {Ay, ,} such that for all sufficiently large m, n,

a {Z z ml+intl+j T Z z (b — d)Am+in+1+
mn (20 j=0 i=0 j=0
® 00 © o0 (23)
+ Z z C)tm+1+i,n+j + Z(C = DAmi1vin Z Z Pm+i,n+j/1mk+i,nl+j} <L
i=0 j=1

i=0 i=0 j=0

Then (1.1) has an eventually positive solution {A,, .} which satisfies 0 < Ay < A
Proof. We only give the proof of (i), and the other cases are similar.

Let X be the set of all real bounded double sequence y = {ymn} 5, 1=n, With the
norm ||yl = sup,,. 0 psopo | Vmnl < 00. It is easy to prove that X is a Banach space. We
define a subset Q of X as follows:

Q={y={ymn} €EX:0=< yn <1, m=mg, n=np} (2.4)
and define a partial order on X in the usual way, that is,

x,yeX, x<ymeansthatx,, < ym, form=mgy, n=n. (2.5)

It is easy to see that for any subset S of Q, there exist inf S and sup S. We choose m; > my,
ny > ny sufficiently large such that (i) holds.
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Set

D = N, X Ny, Dy = Ny, X Ny,
DZ:(NmnXan)\Dl) D3:(NM1XN1’10)\D1)
D4:D\(D1UD2UD3).

Clearly, D = Dy U D, U D3 U Dy. Define a mapping T : Q — X as follows:

s (o] (o]
Z Z a— d))tm+1+i,n+1+i+j)’m+1+i,n+1+i+j
d/\m n (5012
+ Z z b)tm+i,n+1+i+j}/m+i,n+1+i+j
j=0i=1
o0
+ Z z CAmtLtimtitj Ymtlbintit)
j=0i=0
o0
+ z (b- d))tm,n+1+j)’m,n+l+j
T}/m,n = j=0
o0 o0
+> ZPm+i,n+z‘+j/\mk+i,n1+i+jymk+i,nl+i+j}, (m,n) € Dy,
j=0i=0
n n
7Tym1,"+(1_7)’ (m,}’l)EDz,
ny ny
m m
_Tym,ﬂ1+(1__>> (m,n) € Ds,
my mi
mn mn
Tymim + (1 - >, (m,n) € Dy.
L1y min;

From (2.7) and noting that y,,, < 1, we have

1 [o) [e) [e) o0
0<Tymn < a { D D (a—DAmsrsineieiej + 2. D bhpsineiriv)
mn {j—0i=0 j=0i=1
+ z Z Cl\m+1+i,n+i+] z (b—- d)Am,i’H’l‘Fj
i=0i=0 j=0

+

oo} oo
Z me+i,n+i+j/\mk+i,nl+i+j} <1, for(m,n) € Dy,

0<Tymn<1 for(m,n)e DyUDsUDy.

(2.6)

(2.7)

(2.8)
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Therefore, TQ) C Q. Clearly, T is nondecreasing. By Lemma 2.1, there is a y € Q such
that Ty = y, that is,

C e
dAm,,{Z

j=0i

0
z a— d)Am+1+1 n+l+z+]ym+1+l ntl+itj
i=0
00 feed
+ Z Z bAmtint1+itj Ymin+1+itj

00
+ Z At Ltintitj Ymelvimtit)

j=01i=0
+ (b= s A
Youn = 1 Z(‘)( ) mn+1+j Ymn+1+j (2.9)
+> ZPm+i,n+i+jAm—k+i,n—l+i+j}/m—k+i,n—l+i+j}y (m,n) € Dy,
i=0i=0
n n
_Tyml,n+<1__>> (m,?’l)EDz,
n m
ﬂT‘ym,fll—i_(]-_ﬂ)) (m,?’l)ED:’;,
my my
mn mn
Tymlanl + (1 - ): (m,n) € Dy.
Lmyng mymy

It is easy to see that y,,, >0 for (m,n) € D, U D3 U Dy, and hence y,, , >0 for all (m,n) €
D]. Set

Xmn = Am,nym,n) (210)

then from (2.9) and (2.10), we have

( 1 SR 0o 00
E{ Z Z(a A)Xpm+1+i, ntl+itj T Z Z bxm+i,n+1+i+j
j=01i=0 j=0i=1
0 00 (o)
+ Z Z xm+l+i,n+i+] Z b- d xm 1+
T =0
Xomn = 1 g gp +i,n+i+j-xm—k+i,n—l+i+j}a (m,n) € Dy, (2.11)
n n
—Tymnt (1— —), (m,n) € D,
ny n
m m
_Tym,n1+<1__>> (m,n)€D3,
mi mj
mn mn
Tym1,n1+(1_ )’ (m,n)€D4,
LN min;
and so
AXm+1,n+1 T bxm,wrl + X1 — d-xm,n + PunXm—kn-1=0, (m,n) € Dy, (2.12)

which implies that x = {x,,,} is a positive solution of (1.1). The proof is complete. O



B. Zhang and Q. Xing 5

Similarly, we can get the following conclusions according to variant relations of coef-
ficients of (1.1).

THEOREM 2.3. Assume that a > d, b > d, ¢ < d, and one of the following three conditions
holds.

(i) Equation (2.1) holds.

(ii) There exists a positive double sequence { Ay, } such that for all sufficiently large m,n,

1 00 0o c i [ I c i
—{ Z Z (‘) a/lm+l+1+] ntl+j T Z Z (‘) bAm+i+j,n+1+j
| 555 \d 2 \d
[ © 00 c i
+ Z(a -d)A m+l+] nrlvj T Z z (3) pm+i+j,n+j/1mk+i+j,nl+j} <1

=0 j=0i=0

(2.13)

(iii) There exists a positive double sequence { Ay, ,} such that for all sufficiently large m,n,

d/\lm,, { ;) % (2) A1+ 1+ T z z (2) bA«m+i)n+1+j
wl5E
IDNCETIIHMIES 3 N &
j=0 0

(2.14)

N——

Pm+i,n+jlm—k+i,n—l+j} <L

Then (1.1) has an eventually positive solution {Ay,,} which satisfies 0 < A < A

THEOREM 2.4. Assume that a = d, b < d, ¢ = d, and one of the following three conditions
holds.

(i) Equation (2.2) holds.

(ii) There exists a positive double sequence {Am,, } such that for all sufficiently large m,n,

dAl {z Z (é) aAm+1+1 nt+l+it] +z Z < ) C/lm+l+i,n+i+j

i=0 j=1 0 0
= 0 (2.15)

o0
+ Z(ﬂ d ml+intl+i T Z Z ( ) m+i,n+i+j/1mk+i,nl+i+j} <L

i=0 i=0 j=0

(iii) There exists a positive double sequence {A,,.,} such that for all sufficiently large m, n,

Z (g) A1+ n+l+j +Z Z ( ) C)tm+1+i,n+j

=0 0j=1
e o (2.16)
+ Z(C - m+1+1n + Z Z ( ) m+i,n+jAm—k+i,n—l+j} <L

i=0 i=0 j=0

Then (1.1) has an eventually positive solution {A,, .} which satisfies 0 < Ay < A
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THEOREM 2.5. Assume that a > d, b < d, ¢ < d, and one of the following three conditions

holds.
(i) Equation (2.13) holds.

(i) Equation (2.15) holds.
(iii) There exists a positive double sequence { Ay, ,} such that for all sufficiently large m,n,

dlmn{i i( ) (7) a)tm+1+zn+1+]

=0 j=0

<
d
[ ) c eI c i b ]
+Z z (E) <_> C/lm+1+i,f’l+j+z z (g) (E) Pm+i,n+jAm—k+i,n—l+j} = 1'

i=0 j=0
(2.17)

(=}

j=1

i=

Then (1.1) has an eventually positive solution {A,, ,} which satisfies 0 < Apn < Amn

THEOREM 2.6. Assume that a<d, b > d, ¢ = d, and one of the following three conditions
holds.
(i) There exists a positive double sequence {Am,,} such that for all sufficiently large m, n,
N

! ZZ 4 bAm+i,n+1+i+]+zZ - C)tm+1+i,n+i+j
d

d =0 i=0
(2.18)

1
) Pm+i,n+i+jAmk+i,nl+i+j} <L

M8
@

&

=

3

5

x

+
M
M e 5

(ii) There exists a positive double sequence {Am,, } such that for all sufficiently large m,n,

{ Z (2) bAmeivjner+it+ Z Z ( ) Amsteitjnsi

A j=0i=0 j=0i=1 (2.19)
0 © oo a i °
+ Z(C = DAni14jnt Z Z (E) m+i+j,n+i/\m—k+i+j,n—l+i} <L
j=0 j=0i=0
(iii) Equation (2.3) holds.
i ] < Amne

Then (1.1) has an eventually positive solution {A,, ,} which satisfies 0 < Ap,n
THEOREM 2.7. Assume that a<d, b > d, ¢ <d, and one of the following three conditions

holds.
(i) Equation (2.18) holds.

(ii) Equation (2.14) holds.



B. Zhang and Q. Xing 7

(iii) There exists a positive double sequence {A,,.,} such that for all sufficiently large m,n,

1 © ] i
d)t {Z Z (2) (%) b/\m+i+j,n+l+i

j=01i=0
> c\a\ S fc\ (a)

+ Z Z (a) (a) CAm+l+i+j,n+i+ Z Z (3) (3) Pm+i+j,n+i/\m—k+i+j,n—l+i =1L
j=0i=1 j=01i=0

(2.20)

Then (1.1) has an eventually positive solution {A,, .} which satisfies 0 < Ay < A

THEOREM 2.8. Assume that a < d, b < d, ¢ = d, and one of the following three conditions
holds.
(i) Equation (2.19) holds.
(ii) Equation (2.16) holds.
(iii) There exists a positive double sequence {Ay, ,} such that for all sufficiently large m, n,

1 (&< (by[a)
d)t {z Z(E) (g) b/lm+i,n+1+i+j

j=0i=1
© l’) j i 0 00 b j i

+ Z z (*) (E) Amttvintivj + z Z (*) (E) PotintivjAm—k+in-t+ivj ¢ < 1.
j=0i=0 d) \d j=0i=0 d/ \d

(2.21)

Then (1.1) has an eventually positive solution {A,, .} which satisfies 0 < Apy < Ay

THEOREM 2.9. Assume that a< d, b < d, ¢ < d, and one of the following three conditions
holds.
(i) Equation (2.20) holds.
(ii) Equation (2.21) holds.
(iii) Equation (2.17) holds.
Then (1.1) has an eventually positive solution {A,, .} which satisfies 0 < Ay < A

Example 2.10. Consider the equation

1 1 19
ZAm+l,n+l + ZAm,n-%—l + ZAm+1,n -3
We can find that a < d, b < d, ¢ <d, and A, = 5™ satisfies (2.21). By Theorem 2.9,

(2.22) has a positive solution {A,,,} which satisfies 0 < A, < A0 In fact, A,y = 2"
is such a solution of (2.22).

A +1204, 52 =0. (2.22)

3. The method of construction

Above all, we define several sets of vertices: ) = {(i, j) : 1, j are integersand i = —k, j =
—I} where k and [ are the same ones used in (1.1), Q" = {(i,j) € Q:4, j = 0} and Q* =
{(3,j) €Q:i=0o0r j=0}.

Given a vertex z = (i, j) € €, the two adjacent vertices (i + 1, ) and (4,j + 1) will be
denoted by zx and zr, respectively, and the vertex (i+ 1,7 + 1) will be denoted by zgr.
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Furthermore, we may also introduce an ordering for these vertices as follows: let w =
(m,n) and z = (i, j) be vertices in (), we say that w precedes z, denoted by w < zif m < i
and n < j. As usual, we will denote the vertex (0,0) by 0. The vertex (k,[) and (m — i, n —
7) will be denoted by § and w — z respectively.

For each pair of vertices w = (m,n) € QF and z = (i, j) € Q, we associate a real value
f(w,z). Thus we have a function f defined on Q" x Q, and we say that f is positive if
f(w,z) >0forallwe Q* and z € Q.

Consider the equation

af (wywrr) +bf (w,wr) +cf (w,wr) —df (w,w)+P(w) f(w,w—8) =0, weQr,
(3.1)

where P(w) is a positive function defined at each vertex in Q" and a4, b, ¢, d are the same
ones used in (1.1).

Lemma 3.1. If (3.1) has a positive solution f(w,w), then (1.1) has an eventually positive
solution.

Proof. Suppose (3.1) has a positive solution f (w,w), then we can define a sequence {A; ;}
by A;j = f(w,z), and thus A, , = f(w,w) is an eventually positive solution of (1.1). [

In the following, we consider two cases: (1) a = 0; (2) a # 0.

Casel. a=0.
For this case, we will rely on the following nonlinear equation

1

- b+c " b
¢m,n = Pm,n( 1_[ ) ( ), m,n >0, (32)
m—kd_¢5’” f—n— d_¢m,t

s=

where k, land b, ¢, d, Py, are the same ones used in (1.1). Here and in the sequel, we will
adopt the convention that an empty product equals one.

Note first that in order for a double sequence {¢,, ,} to satisfy (3.2), it is only necessary
to define ¢, for (m,n) € Q*. Furthermore, we may show that if {¢,,,} is a double se-
quence strictly bounded between 0 and d for (m,n) € O* and satisfies (3.2), then f(w,w),
defined by

i-1 4 -1 4
sowar = (15 ) (1175 ) @

s=—k =1

for each pair of vertices w = (m,n) € QF and z = (4,j) € Q, is clearly positive and will
satisfy (3.1).
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Indeed, for any w = (m,n) € QF,
bf (w,wr) +cf (w,wg) —df (w,w)

M7ld_¢s,n z d_¢m,t “ d_(/)s,n nild_‘bm,t
=b<sl_[k b+c )(r b+c )Jrc(sl_[k b+c )( b+c )

-1 t=—1

m_ld_¢s,n n_ld_(/)m,t - m_ld_(ps,n n_ld_(,bm,t
‘d< [ m)([ﬂ b+c) ~~ona( T1 m)(ﬂ o),

=k =1 s=—k t==1

P(w) f(w,w —9)

P
Il

(3.4)

as required, and thus we get the following conclusion.

THEOREM 3.2. Suppose there is a double sequence ¢ = {¢,n} which satisfies (3.2) and 0 <
Ompn < d for (m,n) € QF, then the function f: Q" X Q — R defined by (3.3) is a positive
solution of (3.1).

The existence of {@m,,} can be seen in [1].

According to the analysis in [1], we can get the following conclusion similarly.
CoROLLARY 3.3. Suppose either (i) k =1=0, Py, <A < d;or(ii) k+1>0,

dk+l+1(k+ l)k+l

P < G oyl + T+ D

(3.5)

then there is a positive solution of (1.1).

Remark 3.4. In [2, Corollary 2.2], the authors give an oscillation criterion for (1.1) as
follows: if

o dk+l+1(k+l)k+l
il P = P> iy ke e (3:6)
then every solution of (1.1) is oscillatory.
We can find that
k+1+1 k+1 k+l+1 k+1
A" (k+1) A (k+1) (3.7)

(bt OF Ik + 1+ DR = BRI+ k+ )ik
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for a = 0. Thus there is a gap between the oscillation condition (3.6) and condition (3.5)
for the existence of positive solutions for the case a = 0 in (1.1). How do we fill this gap is
an open problem.

Case2. a#0.
For this case, we will rely on the nonlinear equation

b p (ﬁ [2da +c(b+c+ b+ +4ad) ] (b+c+(b+ )2+ 4ad) )
" Gk 2d(2da+c(b+ e (b o) +4ad)] - (b+c+(b+ 02+ dad)’ g,

X<b+c+«/7(b+c)2+4ad>l
2d

(3.8)

or

b p <b+c+ (b+c)2+4ad>k
m,n — m,n 2d

X

(’i—[l [2da+b(b+c+(b+0)2+4ad)](b+c+/(b+0)2+4ad) )

12d[2da+b(b+c+\(b+0)2+4ad)] — (b+c+ b +0)? +4ad) ¢ )
(3.9)

where k, land a, b, ¢, d, P, , are the same ones used in (1.1) and we can also define f(w,z)
as follows:

(w.2) = ( ﬁ 2d[2da+c(b+c+\/m)]—(b+c+\/m)z¢m)
S =\ L = hdas cor c+ JTr 07+ 2ad) [ b+ c+ v 07+ 3ad)

2d j+l
X (b+c+\/(h+c)2+4ad)
(3.10)

or

itk
flw,z) = ( 2d )
b+c++/(b+c)*+4ad

ﬁ 2d[2da+b(b+c+/(b+c)2+4ad)] — (b+c++/(b+c)? +4ad)2¢s,n)
. oY [2da+b(b+c+~/(b+c)2+4ad)](b+c++/(D+c)2+4ad)

(3.11)

for 0 < ¢y < (2d[2da + c(b + c+ N(b+ce)2+4ad)])/(b + ¢ + +J(b+c¢)?+4ad)
(2d[2da+b(b+c+(b+c)>+4ad)])/(b+c+/(b+c)?+4ad)? for (m, n)eQ*,andthe

following conclusion is similar to Theorem 3.2.
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THEOREM 3.5. Suppose there is a double sequence ¢ = {@,,} which satisfies (3.8) (or (3.9))
and

2d[2da+c(b+c+/(b+c)2+4ad)]
(b+c+(b+c)? +4ad)’

0< ¢mn< (3.12)

or

<2d[2da+b(b+c+m)]> (3.13)

(b+c++/(b+c)? +4ad)2

for (m,n) € OF, then the function f : Q" X Q — R defined by (3.10) (or (3.11)) is a positive
solution of (3.1).

COROLLARY 3.6. Suppose either (i) k =1=0,
2d[2da+c(b+c++/(b+c)?+4ad)]
(b+c+(b+0)? +4ad)’

or <2d[2da+b(b+c+\/(b+c)2+4a )])
(b+c++/(b+c)*+4ad ) ’

Pu,<A<

(3.14)

or (i) k+1>0,

K Qd) [2ad +c(b+c+/(b+0)? + 4ad) ]

Py, <
(1+k)! (b+c+B+ 02 +dad) "

(3.15)

or

I Qd) [2ad+b(b+c+(b+ )2 +4ad)]
(14D (b+c+(b+ )2 +4dad)" "

then there is a positive solution of (3.1).

Py, <

, (3.16)

Remark 3.7. In [2, Corollary 2.1], the authors give an oscillation criterion for (1.1) as
follows: if

-1

k
l;lnnr}lrolof =P >d-t <<a ZZC> bk l) {a +kk)1+k’ fork =1, (3.17)
or
k -1 1
lrinny}irgof =P >dH! <<a+ %bc) clk> W, for I >k, (3.18)

then every solution of (1.1) is oscillatory.
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We can also find that for k > [,

K Qd)2ad +c(b+c+/(b+c)?+4ad)]
(L+k)t (b+c+(b+ )2 +dad) "

- (3.19)
et 1 Lbc> k-1 Kt
<d <<a+d ) e
and for [ >k,
I QAR [2ad+b(b+c+ b+ )7 +4ad)]
(14D (b+c+b+ )2 +4ad)"""?
(3.20)

-1
141 25C>k k-1 5
<d ((a+d c YR

Soin the case a # 0, there is also a gap between the oscillation condition and the condition
for the existence of positive solutions of (1.1) in Corollary 3.6. Filling this gap is an open
problem.

Example 3.8. Consider the equation
3f(w,wr) +5F (wywg) — 6 f(w,w) + (6 — e~ ") g=40~4mtm £(3y 4y — §) =0, (3.21)

where § = (2,2). Here we can find that ¢,,,,, = 6 — e~ """ satisfies (3.2). Therefore, by
Theorem 3.2, (3.21) has a positive solution. In fact, we can construct a solution of (3.21)
by (3.3). Hence, by Lemma 3.1, the partial difference equation

3Amnt1 +5Ami1n— 6Ap, + (6 — e MM)gTAom Mg =0 (3.22)
has a positive solution.
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