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Abstract

This paper aims to show the existence of nontrivial solutions for discrete elliptic boundary value problems by using the
“Mountain Pass Theorem”. Some conditions are obtained for discrete elliptic boundary value problems to have at least two
nontrivial solutions. The results obtained improve the consequences of the known literature [Guang Zhang, Existence of nontrivial
solutions for discrete elliptic boundary value problems, Numer. Methods Partial Differential Equations 22 (6) (2006) 1479-1488].
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, partial difference equations have been paid more and more attention due to the importance in
applications such as those involving population dynamics with spatial migrations, chemical reactions, and even in
computation and analysis of finite difference equations [1]. In this paper, we will consider the existence of nontrivial
solutions for a boundary value problem (BVP) of the form

{Du(w)—f-kfw (u(w)=0, wes (.0

u(w) =0, w e IS

where S is a net, A is a positive constant, and f,, € C(R, R) forw € §.

To understand the above problem, we need some terminology. A lattice point z = (7, j) in the plane is a point with
integer coordinates. Two lattice points are said to be neighbors if their Euclidean distance is 1. An edge is a set {w, z}
consisting of two neighboring points while a directed edge is an ordered pair (w, z) of neighboring points. A path
between two lattice points w and z is a sequence w = 29, 21, - - - , Zn—1, Zn = £ Of lattice points such that z; and z; 4
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are neighbors for 0 < i < n — 1. A set S of lattice points is said to be connected if there is a path contained in S
between any two points of S. A finite and connected set of lattice points is called a net. An exterior boundary point of
anet S is a point outside S that has a neighbor in S. The set of all exterior boundary points in denoted by 9.S. The set
of all edges of S is denoted by I'(S) and the set of all directed edges of a net S by E(S). Note that the pair (S, I'(S))
is a planar graph and the pair (S, E(S)) is a (planar) directed graph.

Also, the operator A, is defined by Ah(i, j) = h(i + 1,j) — h(i, j) and A, is defined by A,h(, j) =
h(i, j + 1) — h(i, j). The discrete Laplacian D is defined by

Du(i, j) = u( +1, ) +ul — 1, j) +ul, j+ 1) +u@, j—1) —4ud, j)
= Mul — 1, j) + Mu., j - D,

where u(i, j) is a real function defined on S U 9S. The problem (1.1) is regarded as a discrete analogue of the elliptic
partial differential equation
92u  9%u
St s FA Ly ulx,y) =0, (x,y)ef? (1.2)
ax dy
with the boundary value condition
u(x,y)=0, (x,y)eadf (1.3)

Thus, Eq. (1.1) is called the boundary value problem for an elliptic partial difference equation. See Marchuk (1982)
[1]. Therefore, it is of practical significance to investigate the BVP (1.1).

In [2-9], the authors considered the existence of positive solutions for (1.1) by using the extremum principle,
eigenvalue method, contraction method and monotone method. The related PDE (1.2) and (1.3) has been extensively
studied; for example, see [10—12]. In this paper, we will consider the existence of nontrivial solutions for (1.1) by
applying a critical point theory that was recently developed for dealing with difference equations; see [13]. We have
found that the main results in [2] are corollaries of this paper.

Let H be a real Hilbert space, J € C 1(H , R), which means that J is a continuously Fréchet-differentiable
functional defined on H. J is said to satisfy the Palais—Smale condition (P-S condition for short) if any sequence
{x,} C H for which J(x,) is bounded and J'(x,) —> 0 as n —> 0o possesses a convergent subsequence in H.

Let B, be the open ball in H with radius r and centered at O and let d B, denote its boundary. Let T denote the
transpose of a vector. The following lemma is from [14], which will be useful in the proof of our main results.

Lemma 1.1 (Mountain Pass Lemma). Let E be a real Banach space and I € C'(E, R) satisfy the Palais—Smale
condition. If further 1(0) = 0,

(A1) there exist constants p, o > 0 such that

1ap,0) = o
and
(A2) there exists e € E '\ B,(0) such that I(e) <0, then I possesses a critical value ¢ > a given by
c= glglt Srer%gﬁ]l(g(s)), (1.4)
where
I'=1{g € C([0, 1], E)|g(0) = 0, g(1) = e}. (1.5)

2. Main results and proof

Let us denote the points in S by z1,22,...,zn. Let A = (a;;) be the adjacency matrix of the directed graph
(S, E(S)), so that a;; = 1 if there is a directed edge from z; to z; and a;; = 0 otherwise. Then (1.1) can be written as

(A —4D)u + Af(u) = 0. @2.1)
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(see [4]) where I is the identity matrix, u = (u(z1),u(z2),...,u(zm))T € R™ and f(u) = (fz, (u(z1)),
For@(22)), -, fo Wz

Let E be the vector space
E={ueR": u= () uz),...,uza) zx €8, k=1,2,...,m).

In view of [4], we know that the matrix 4/ — A is positive definite and symmetrical. Thus it has the eigenvalues

0 < A1 <Ay <--- < Ay, and corresponding eigenvectors 11, 12, . . ., N, Which satisfy
0, i i,
(ni,nj)z{l =12 m 2.2)
k) 1= ,]3
where (17,-, n j> denotes the usual inner product of the vectors n; and n;. So {11, 72, ..., Ny} is a normal orthogonal
basis of the Hilbert space (E, (, )).
From the above section we know that f;, € C(R, R) fork = 1,2, ..., m. Now define the functional J on E as
follows:
1
J(u) = 5uT(A —4Du+AF(u), uckE, (2.3)

where F(u) = Y j_, fou(z") fo (s)ds. Then J € C Y(E, R) and for any u € E, we can compute the Fréchet derivative
of (2.3) as

aJ (u)
Ou(zi)
Thus, u is a critical point of J (i.e. J'(«) = 0) on E if and only if

= (A —4D)u + Af (w).

(A —4D)u + Af(u) = 0.

Theorem 2.1. Assume that f,,(z), z € R, k =1,2,...,m, satisfies the following conditions:

. Z;nzl f(;l(Zk) fzk (s)ds A
(1) Ty Zrh a0 g,

(f2) there exist the real constants a; > 0, ap > 0, My > 0 and B > 2 such that

m

u(z)
Z/ fa()ds < —arl|ull? + a2,
k=1

Jorany u = (u(z1), u(z2), ..., u@u)' € E, ||ul = M.
Then, for any parameter A > 0, the BVP (1.1) has at least two nontrivial solutions.

Proof. First we need to verify the P—S condition. Next we will check the assumptions (A1) and (Aj) of Lemma 1.1.
For any sequence {u,} C E such that J(u,) is bounded and J'(u,) —> 0 as n —> 00, then there exists a positive
constant C satisfying |J (u,)| < C. Thus by (f2), we have

1 1
—C < J(uy) = EuZ(A = 4Dty + 1F () < S lunll* — Ay lun|? + raz. (2.4)
Therefore, for anyn € N,

p_ 1 2
Aayljug ||’ — E)\m”“n” <Xia;+C.

Since 8 > 2, the above inequality implies that {u,} is a bounded sequence in E. So {u,} possesses a convergent
subsequence, and the P-S condition is satisfied.
By (f1), there exists a constant p > 0 such that for any ||u|| < p, u € E, |F(u)| < %”””2 and

1 1 A A
J(u) = Su"(A = 4Du + LF () = Shaul® - I‘nun2 = Z‘uunz.
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Take a = %1,02 > (; we have
JWwlyp, = a

and the assumption (A1) is verified.
It is clear that J(0) = 0. For any given w € E with ||w|| = 1 and a constant & > 0, by (A3), we get

J(axw) = %(aa))T(A — 41 (aw) + AF ((aw))

Damli@a)|? Py

> hm ao)|| aill(@w)I” + raz
A

= Tmaz — kalaﬂ + Aay — —o0 asa —> +0o0.

IA

Thus we can choose o large enough to make @ > p and for ug = aw € E, J(up) < 0. Thus, by Lemma 1.1, there
exists at least one critical value ¢ > a > 0. Let & be a critical point corresponding to ¢, i.e. J (&) = ¢ and J' () = 0.
By (2.3) and (f2), we have

1
Ju) < Exmnunz —ra|lul® + a2, u€E. (2.5)

So J is bounded from above. Let cpax denote the supremum of J (1), u € E. Inequality (2.5) leads to

Iim J(u) = —oo0.
||u||——+o0

—J is coercive and J attains a maximum at some point i, i.e. J (1) = cmax- Clearly, & # 0. If i # u, then the proof
of Theorem 2.1 is complete. Otherwise, # = u and ¢ = ¢pax. By Lemma 1.1,

¢ = inf max J(h(s)),
hel s€(0,1]

where
I'={h € C(0,1], E)|h(0) =0, h(1) = up}.

Then for any h € I', cmax = maxseo,1] J (h(s)). The continuity of J(h(s)) in s, J(0) < 0 and J(up) < O show
that there exists s € (0, 1) such that J(h(sg)) = cmax. If we choose h1, hy € I such that the intersection {h(s)|s €
0, D} N{h2(s)]s € (0, 1)} is empty, then there exist s1, s2 € (0, 1) such that J(h;(s1)) = J(h2(s2)) = Cmax. Thus
we obtain two different critical points u; = hi(sy), up = ha(sp) of J in E. In fact, in this case there exist infinitely
many nontrivial critical points for J which correspond to the critical value cpax.

In fact, when &t # u, the BVP (1.1) has at least 2" nontrivial solutions including one positive solution, one negative
solution and at least 2" — 2 sign-changing solutions; see [2].

The proof of Theorem 2.1 is completed. [

The result below is a direct corollary of Theorem 2.1, and is just the main consequence of Ref. [2].

Corollary 2.2. Suppose that the following hypotheses are true:

(f3) limo & —0, e R k=1,2,....m;

(f4) there exist the constants ay, ay and B > 2 such that

V4
/ fr(9)ds < —a1|z|’3+a2, Z€ER, k=1,2,...,m.
0

Then, for any parameter ). > 0, the BVP (1.1) has at least two nontrivial solutions.

Clearly (f3) together with (f4) shows that f (¢, x) grows superlinearly both at infinity and at zero.
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To prove this corollary, we only need to note that for any u = (u(z1), u(z2), ..., u(zn) € E,

F(u)

m u(zg) m
> / fa(®)ds < axm+ Y —arjuzo)l?
k=170 k=1

m
=am—a; Yy |u(z)lf

k=1

28 & )
<—ai(m 7 Y u@)l) +am
k=1

26 g
< —aim ?F |u||” + axm.

[Sh=8

Let B; = —a1m¥, By = ay; then
F() < —=Bi|ull” + Bom,
which is identical to the condition (f;) of Theorem 2.1. In addition, it is obvious that (f3) can lead to (f;) of
Theorem 2.1. The remainder of the proof is omitted.
Theorem 2.3. Assume that f;,(z), z € R, k =1,2,...,m, satisfy the following conditions:

(zg)
i fy K fo()ds

(fs) limy, -0 e —00;
(fe) there exist the real constants by > 0, by > 0, My > 0and 1 < a < 2 such that

m u(zk)
> / foo(s)ds = —by||u]* = by,
k=170
foranyu = (u(z1), u(z2), ..., u@zw)' € E, |ull > Ms.

Then, for any parameter . > 0, Eq. (1.1) has at least one nontrivial solution.
Proof. Forany u € E, |lu|]l > R, by (2.3) and (fs), we have
1 2 a
J(u) = Sl — Abi|[ul® — b
—> 400 as ||lul]| — oo.

By the continuity of J, J is bounded from below. Therefore J will attain its minimum at some point uy, i.e. J(u1) =
cmin = inf,eg J(u). ug is also the critical point of the functional J. Next we will prove that u; # 0. By (f5), there
exists o > 0 such that

Am 5
Fu) = ——=llull®. Yu € E, Jul|l <o

So we have

IA

Juy) < J@w) = %MT(A — 41)u + AF (1)

IA

1 2
E)\m“u” + AF(u)

1
< Exmuunz — Amllul?

A

1 2
= —Ztmlul” <0, uedb,,

which implies u1 # 0. The proof is finished. [

An explanation similar to that in Corollary 2.2 will give the next corollary from Theorem 2.3. The proof will be
omitted.
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Corollary 2.4. Suppose that the following hypotheses are true:

(f7) limo & = oo, ze Rk =1,2,...,m;

(fg) there exist the constants ¢y > 0, co > 0and 1 < y < 2 such that
Z
/ fa()ds > —c1z]V —c2, z€R, k=1,2,...,m.
0

Then, for any parameter A > 0, the BVP (1.1) has at least one nontrivial solution.

Clearly (f7) and (fg) show that f(¢, x) grows sublinearly both at infinity and at zero.

Remark 1. The solutions that we have obtained in the above theorems and corollaries are all nontrivial. But they may
be nonzero constant solutions. If we want to obtain nonconstant solutions, we only need to rule out nonzero constant
solutions. So the following corollaries follow immediately:

Corollary 2.5. Suppose that (f1) and (f2), or (f3) and (f4) hold. Further, assume that
(fo) f,(2)=0,k=1,2,...,mifandonlyif z=0.

Then, for any parameter A > 0, the BVP (1.1) has at least two nonconstant solutions.

Corollary 2.6. Suppose that (f5) and (fg), or (f7) and (fo) hold. Further, assume that (f9) is satisfied.
Then, for any parameter ). > 0, the BVP (1.1) has at least one nonconstant solution.

3. An example

In this section, we will give an example to help with understanding our main results. In the meantime, we can also
see that for the superlinear case the positive solutions may be not unique.
Consider the partial difference equation

Nl =1, j) + Nu, j — 1) — dui, plut, HI*G ) =0, G j)eS (3.1
with the boundary value condition
u(, j)=0, (@, j)eds (3.2)

where S is a net which has n points, A > 0 is a parameter, and «(i, j) > O for (i, j) € S. Then the BVP (3.1)
and (3.2) has at least 2" nontrivial solutions when «(i, j) < 1 or a(i, j) > 1 for (i, j) € S. Indeed, we let
B =1+min; jes{a(, j)} whena(i, j) > 1for (i, j) € S and let B = 1 +max(;, jes{a(i, j)} when a(i, j) < 1 for
(i, j) € S. The conditions of Corollary 2.2 hold.

In particular, we let

S={(1,1),(,2),2,1),(2,2)}
and then
39S = {(1,0), (2,0), (0, 1), (0,2), 3, 1), (3,2), (1, 3), (2, 3)}.

We consider the problem

Aduli =1, j)+ BuGi, j = ) =G, PluG, )P =0, G, j) €, 53
u(i, j) =0, (i, j) €985, :
which can be rewritten as the system
4 —1 =1 0 fu(,1) u(l, Du(l, D
-1 4 0 -1 u(l,2) u(1,2)|u(1,2))?
=2A 4
-1 0 4 —1]|u@l u@2, Du@, H? 34

0 —1 -1 4)\u22 u(2,2)u(2,2)?
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In view of Corollary 2.2, for any parameter A > 0, the problem (3.3) or system (3.4) admits at least 16 nontrivial
solutions where one solution is positive, another is negative and 14 nontrivial solutions are sign-changing. We have
verified this using MATLAB. We can find at least 16 nontrivial solutions of system (3.4) when A = 1.

Remark 2. These research results can provide some useful information for analyzing the associated partial differential
equation
92u + 9%u
x2  0y2
with the boundary condition (1.3). Thus, for the problem (3.5)—(1.3) there may exist an infinite number of nontrivial
solutions when a(x, y) > a > lor0 < a(x,y) < B < 1.

+ au(x, )lu(x, PIEEY =0, (x,y) € 2, (3.5)
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