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Double Positive Solutions of Three-Point
Boundary Value Problems
for p-Laplacian Difference Equations

Zhimin He

Abstract. In this paper, by means of double fixed-point theorem in a cone, the
existence of double positive solutions of three-point boundary value problems for
p—Laplacian difference equations is considered.
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1. Introduction

For notation, given a < b in Z, we employ intervals to denote discrete sets such
as [a,b] = {a,a+1,...,b}, [a,b) = {a,a+1,...,0 — 1}, [a,00) = {a,a + 1,....},
etc. Let N > 1 be fixed. In this paper, we are concerned with the existence of
positive solutions of the following p-Laplacian difference equation

Algp(Ault — 1)) +a(t) f(ut)) =0, te[l,N+1], (1)
satisfying the boundary conditions
u(0) — Bo(Au(n)) =0, Au(N +1)=0, (2)

or

Au(0) =0, u(N +2)+ Bi(Au(n)) =0, (3)
where ¢,(s) is a p-Laplacian operator, i.e., ¢,(s) = |s|P"2s,p > 1, (¢,) "' = ¢,
§+é:1,0<n<N—|—1and
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(H;) f:R — RT is continuous (RT denotes the nonnegative reals );

(H3) a(t) is a positive valued function defined on [0, N + 2];

(Hs) By(v) and Bj(v) are both continuous odd functions defined on R and
satisfies that there exist A, B > 0 such that Bv < Bj(v) < Av for all
v>0,7=0,1.

We remark that by a solution u of (1), (2) (respectively (1), (3)), we mean
u: [0, N + 2] — R, u satisfies (1) on [1, N + 1], and u satisfies the boundary
conditions (2) (respectively (3)). If A?u(t —1) < 0 for t € [1, N + 1], then we
say u(t) is concave on [0, N 4 2].

p-Laplacian problems with two-point, three-point and multi-point boundary
conditions for ordinary differential equations and finite difference equations have
been studied extensively, see [1, 4 — 6, 9 — 16] and references therein. In this
paper, by using a new double fixed-point theorem due to Avery and Henderson
[3] in a cone, we prove that there exist at least double positive solutions of
(1), (2) (respectively (1), (3)). To this end, in Section 2 we provide some
background material from the theory of cones in Banach spaces, and we then
state the double fixed-point theorem. In Section 3 and Section 4, by defining
an appropriate Banach space and cones, we impose the growth conditions on f
which allow us to apply the double fixed-point theorem in obtaining existence
of double positive solutions of (1), (2) (respectively (1), (3)). Our results are
discrete analogues of the recent paper by Liu and Ge [11].

2. Preliminaries

In this section, we provide some background materials from the theory of cones
in Banach spaces, and we then state the double fixed-point theorem for a cone
preserving operator. The following definitions can be found in the book by
Deimling [7] as well as in the book by Guo and Lakshmikantham [8].

Definition 1. Let E be a real Banach space. A nonempty, closed convex set
P C F is called a cone, if it satisfies the following two conditions:

(i) x € P,A >0 implies \x € P;
(ii) x,—x € P implies x = 0.

Every cone P C E induces an ordering in E given by
r<py ifandonlyif y—x € P.

Definition 2. Given a cone P in a real Banach space E, a functionaly : P — R
is said to be increasing on P, provided ¢(x) < ¢(y) for all z,y € P with x <p y.
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Definition 3. Given a nonnegative continuous functional v on a cone P of a
real Banach space E, we define, for each d > 0, the level set

P(y,d) ={x € P | v(z) < d}.

The following double fixed-point theorem due to Avery and Henderson [3]
will play an important role in the proof of our results. Applications of this fixed
point theorem can be found in recent papers [2, 11, 12].

Theorem 1. Let P be a cone in a real Banach space E. Let o and v be in-
creasing, nonnegative, continuous functionals on P, and let 6 be a nonnegative,
continuous functional on P with 6(0) = 0 such that for some ¢ >0 and M > 0,

V(@) <0(x) < a(x) and [lzf] < My(z)

for all x € P(v,c). Suppose there exist positive numbers a and b with a < b < ¢
such that
O(A\x) < MN(z) for 0<A<1 and z € 0P(6,b),

and

T:P(vy,c)— P
15 a completely continuous operator such that
(i) v(Tx) > c for all x € OP(v,c)
(ii) 6(Tx) < b for all x € OP(0,b)
(iii) P(a,a) #0 and a(Tx) > a for all x € OP(a, a).
Then T has at least two fized points x1 and x5 belonging to m such that

a<a(x)) with 6(z) <b
b<0(xe) with v(xg) < c.

3. Solutions of (1) and (2) in a cone

In this section, by defining an appropriate Banach space and cones, we impose
the growth conditions on f which allow us to apply the double fixed-point
theorem in establishing the existence of double positive solutions of (1), (2). We
note that, from the nonegativity of a and f, a solution of (1), (2) is nonegative
and concave on [0, N + 2].

Let
E={u|u:[0,N+2] — R},
with norm ||u|| = maxycp n4g [u(t)|, then (£, || - [|) is a Banach space. Define a
cone P C E by

P—{UEE

u is concave and nonnegative valued
on [0, N +2], and Au(N+1)=0
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Lemma 1. Ifu € P, then

t) >
wt) 2 73

where ||u|| = max;eco N2y |u(t)|.

llull, te€]0,N+2], (4)

Proof. From the fact that u is concave on [0, N 4 2|, we see that Au(t) is
decreasing. Thus Au(t) > Au(N +1) = 0 for t € [0, N + 1] and u(t) is
increasing on [0, N + 2], that is, u(N + 2) > u(t) > u(0) > 0 for t € [0, N + 2].
So, ||ull = maxejo,n4g [u(t)] = w(N + 2).

Let y
o(t) = u(t) = 55 llull, € [0,N +2) (5)
Then
N’z(t—1)<0 forte[l,N+1], (6)
and
z(0) >0, x(N+2)=0. (7)
From (6), (7) we get for ¢t € [0, N + 2]
N+2—1t s )
= — —-1)>
1) = x5 2O+ 75V +2) Z;G@QAx@ 1)>0, (8
where

Git.s) = 1 sS(IN+2—1t), 1<s<t<N+2,
TN N +2-5), 0<t<s<N+L
From (5), (8) we obtain

> .
u(t) > N—i—QHUH for t € [0, N + 2]

The proof of Lemma 1 is complete. |

Fix an integer [ such that 0 < n <l < N + 2, and define the increasing,
nonnegative continuous functionals 7, €, and a on P by

y(u) = min u(t) = u(n)
0(u) = max u(t) = u(n)
alu) = zg?gl%&rz u(t) = u(l).

We see that y(u) = 0(u) < a(u) for each u € P. In addition, for each u € P,

a
Lemma 1 implies v(u) = u(n) > k5 ||ul|. Thus,

N +2
lull <

v(u) for all u € P.
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We also see that 0(Au) = A(u) for A € [0,1] and w € OP(0,b). For notational
convenience, we denote u, £ and ¢, by

pw=(B+1)p (NH )

=0 3 ) + o 32 o0)
N+1
5= (B”m(i;f@)'

We note that u(t) is a solution of (1) and (2), if and only if for ¢ € [0, N + 2]

u<t>=Bo(¢q(Nf ai)f )>+Z¢q(Nf i)

i=n+1 i=s5+1

Theorem 2. Assume that conditions (Hy), (Ha) and (H3) are satisfied. Let

7 np
0<a<=b<-————c,
& (N+2)¢

and suppose that f satisfies the following conditions:
(C1) f(w) > §y(§) forc<w < Hfc

n

(Ca) f(w) < dp(t) for 0 < w < V22

n

(Ca) f(w) > ¢p(2) fora < w < X2,

Then, there exists at least two solutions uy and uy of (1) and (2) such that

a<oa(u) with O(uy) <b
b<0O(uz) with v(ug) < c.

Proof. Define a completely continuous summation operator 7' : P — E by

<Tu><t>:Bo<¢q(NZH< )>+Z¢q(Nf <<z’>>) )

i=n+1 i=s+1

for u € P, t € [0, N + 2]. We will seek fixed points of T" in the cone P. For

€ [0, N +2], it is easy to see that (Tu)(t) satisfies (1), (2). So each fixed point
of T"in the cone P is a positive solution of (1), (2).

We now prove that the conditions of Theorem 1 hold with respect to T Let

u € OP(v,c), then (Tw)(t) > 0 for t € [0, N +2]. In addition, A?*(Tu)(t) < 0 for

t € [0,N], and A(Tu)(N+1) = 0. This implies Tu € P, and so T : P(vy,¢) — P.
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To verify that (i) of Theorem 1 holds, we choose u € OP(+, ¢). Then 7(u)

c). u) =
min, <;<; u(t) = u(n) = c. This implies u(t) > ¢, n <t < N + 2. Recalling that
|lul| < %7(11) N+20 we have

N +2
c<u(t) < +c forn <t < N+2.
n

As a consequence of (Cy), f(u(s)) > ¢, (£) for n < s < N + 2. Since Tu € P
we have

V(Tw) = (Tu)(n)

- 5, <¢( > a(z’)f(u(z’»)) Sa( S

py) i:;la(i)f(uu)))
> (B + n)(bq(:ila(i)) : g = c

Thus, (i) of Theorem 1 is satisfied

Let uw € OP(0,b). Then 6(u) = maxo<i<, u(t)

= wu(n) = b. This implies
0 <wu(t)<b 0<t<mn,and since u € P, we have b < u(t) < ||u|| = u(N + 2)
for n <t < N + 2. Note that [|u]] < Nf’y(u) = Nt2g(q) =

N+23 S0
n

N +2
0<u(t) <

B n
From (Csy) we have f(u(s)) < gbp(%) for 0 < s < N +2, and so
0(Tu) = (Tu)(n)

= By <¢(f2++ a(i) f )) +Z¢q(§l fu <z‘>>)

o ) *Z%( > ath )l

< ((z ) z%(ff;“;).

i=s+1

Thus, (ii) of Theorem 1 is satisfied

. a

We now prove that (iii) of Theorem 1 is also satisfied. We note that u(t)
€ [0, N + 2], is a member of P(a,a) and a(u)

:%’
¢ < a. So Pla,a) # 0.
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Now, let u € 8P( ) Then a(u) = minj<;<yi2 = u(l) = a. Recalling that
Jul] < 225 (u) < FEa(u) = &2a, we have

N +2
l

a<u(t) < a forl<t< N +2.

From assumption (Cs), we get f(u(s)) > ¢, <ﬁ) for 1! <s < N+2, and so

a(Tu) = (Tu)(l)

5, <¢( 3"l f(u(z’)))) + o 3 a1

> B%(iia@»fwu))) ¥ %(gamf(u(i)))
> (B+z)¢q<Nfa<¢)) % — a.

1=l

Therefore, Theorem 1 implies that 7" has at least two fixed points u; and us,
belonging to P(+,c¢), which are positive solutions of (1) and (2) such that

a < a(u) with (uy) <b
b<O(uy) with y(ug) <ec.

The proof of Theorem 2 is complete. [

4. Solutions of (1) and (3) in a cone

In this section, we use the double fixed-point theorem to establish the existence
of double positive solutions of (1), (3).
Consider the Banach space

E={u]| u:[0,N+2] — R},

with norm ||u|| = maxco,n+2) [u(t)], and define a cone P, C E by
P P u is concave and nonnegative valued
TTME n [0, N + 2], and Au(0) =0
Lemma 2. Ifu € Py, then
N +2-—
t) > ——— tel0,N+2 10
ult) 2 Sl te o, N+, (10)

where ||u| = maxejo,n4o) |u(t)].
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Proof. From the fact that u is concave on [0, N + 2], we see that Au is de-
creasing. Thus Au(t) < Au(0) = 0 for t € [0, N + 1] and u(t) is decreasing
on [0, N + 2], that is, u(0) > u(t) > w(N +2) > 0 for t € [0,N + 2]. So,
[ull = maxiepo, v [u(t)] = u(0).

Let
N+2-t
y(0) = u(t) = “———lull, e, N+2], (1)
Then
A?y(t—1)<0, tel[l,N+1], (12)
and
y(0) =0, y(N+2)>0. (13)
From (12), (13) we get
N+2—t t o )
= PR — — >
0 = Sy 0+ N+ = G- 20 (1

for t € [0, N + 2|, where

1 N+2-1), 1<s<t<N+2
Gty = g { TN T2T0 1205t

N+2 [ t(N+2-35), 0<t<s<N+1
From (11), (14) we obtain

N+2—1

>
wt) 2 =

|ull, te[0,N+2].

The proof of Lemma 2 is complete. |

Fix an integer r such that 0 < r < 7, and define the increasing, nonnegative,
continuous functionals v, # and « on P, by

+(u) = min u(t) = u(y)

r<t<n

Ou) = max u(t)=u(n)

alu) = Join u(t) = u(r).
We see that, for each u € Py, y(u) = 0(u) < a(u). In addition, for each u € P,

(u) = un) = “F5" lull. Thus,

y(u), ue€P.
—77() 1
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We also see that §(Au) = A0(u) for A € [0,1] and u € OP;(0,b). Set
p1 = (B+N+2 —r)gbq(Za(i))

o mn(F0) 1 ()

51<B+§+2m¢q@a@).

We note that u(t) is a solution of (1) and (3), if and only if for ¢ € [0, N + 2]
U N+1
ult) = B, (%(Z ofi)s )>+Z¢q(2 ().
i=1 i=1

In analogy to the existence results of the previous section, we have the following
theorem for positive solutions of (1) and (3).

Theorem 3. Assume that conditions (Hy), (Hs) and (H3) are satisfied. Let

N+2—
0<a<™ (v + ni

C?
&1 (N +2)&
and suppose that f satisfies the following conditions

(D1) f(w) > ¢p(5) for e <w < F5c

N+4-2—-n
(D2) f(w) < qsp( ) for 0 <w < Nﬁfnb
(Ds) f(w) > ¢p(;) fora <w < NTQFET(L.

Then, there ezists at least two solutions of (1) and (3) such that
a<a(uy) with 6(uy) <b
b<0O(ug) with v(ug) < c.

5. Example

In this section, we present an example to explain our result. Consider the
p—Laplacian difference equation

Algp(Lu(t = 1)) + f(u(t)) =0, € [1,99], (15)

satisfying the boundary conditions

u(0) —2Au(45) =0, Awu(99) =0, (16)
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where p = %,q:?),a(t) =1,A=B=2n=45 N =098, and
0.4, 0<u<g-10°
flu) =904+ 221 1106 <y <2107
1.4, u>2-10°.

Then, the system (15), (16) has at least two positive solutions.

Proof. Choose a = 10*,b=5-10%* ¢ =2-10° and [ = 50. Then

99
1= 526 ( > a(i)) = 130000

1=50
99 44 99
£ =2¢5 ( > a(i)) +) ¢3( > a(i)) = 280227
=46 s=0 i=s+1
99
5 = 4763 ( > a(i)) — 137052.
1=46
It is easy to see that 0 < a < %b < ﬁc, and f satisfies
¢ 2105 4
-) = ~1.208 for2-10°<w < - -10°
f(w) > & (5) 137052 ot =¥=9

108

b [5-10
— = ~ 0.422 f < <
f(w)<¢p(§> 580937 0 or 0 <w <
fw) >, (=) = 10° ~0.277 for 10* <w < 2-10*
»\ ) = V130000 " P =ws '

Therefore by Theorem 2, the problem (15), (16) has at least two positive solu-
tions wuq, us satisfying

Q|

10 < min  uy(t) with  max wu(t) <5 - 10*

t€[50,100] t€[0,45]
5-10" < max uy(t) with min wuy(t) < 2-10°. |
t€[0,45] t€[45,50]
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