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1. Introduction

The theory of time scales was initiated by Hilger [1] as a mean of unifying and extending
theories from differential and difference equations. The study of time scales has led to
several important applications in the study of insect population models, neural networks,
heat transfer, and epidemic models; see, for example [2-6]. Recently, the boundary value
problems with p-Laplacian operator have also been discussed extensively in the literature,
for example, see [7-15].

A time scale T is a nonempty closed subset of R. We make the blanket assumption that
0, T are points in T. By an interval (0, T), we always mean the intersection of the real interval
(0,T) with the given time scale; thatis, (0,T) N T.

In [16], Anderson considered the following third-order nonlinear boundary value
problem (BVP):

x"(t) = f(t,x(t)), t<t<ts,

(1.1)
x(t) = x'(t2) =0, yx(t3) + 6x"(t3) = 0.
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He used the Krasnoselskii and Leggett-Williams fixed-point theorems to prove the existence
of solutions to the nonlinear boundary value problem.

In [9, 10], He considered the existence of positive solutions of the p-Laplacian dynamic
equations on time scales

(#(u*))" +a®f @) =0, te(0,Tly, (12)
satisfying the boundary conditions
1(0) - By <uA(11)> =0, uT)=0, (1.3)
or
ut(0)=0,  w(T)-Bi(ut(n)) =0, (1.4)

where 71 € (0, p(T)). He obtained the existence of at least double and triple positive solutions
of the problems by using a new double fixed point theorem and triple fixed point theorem,
respectively.

In [15], Zhou and Ma firstly studied the existence and iteration of positive solutions for
the following third-order generalized right-focal boundary value problem with p-Laplacian
operator

(¢p(u"))' (1) = q(t) f(t,u(t)), 0<t<T,

m n (1.5)
u(0) = D au(),  w(n)=0, u'(1)=> pu"(6).
i1 i1

They established a corresponding iterative scheme for the problem by using the monotone
iterative technique.

However, to the best of our knowledge, little work has been done on the existence of
positive solutions for the increasing homeomorphism and positive homomorphism operator
on time scales. So the goal of the present paper is to improve and generate p-Laplacian
operator and establish some criteria for the existence of multiple positive solutions for the
following third-order m-point boundary value problems on time scales

<(p<uAv>>v +ah)f(ut) =0, tel[0,Tly,
(1.6)

m-2

w0 =S b, wm=0,  9(70) =S w7 @),
i=1

i=1
where ¢ : R — Ris an increasing homeomorphism and homomorphism and ¢(0) = 0, and
bi, ci, a, f satisfy
(H) bi,ci € [0,+0),0<é <+ <éma<p(T),0< 77bi <1,0< i< 1;
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(H) f :[0,+00) — R*is continuous, a € Cig([0, T]y, R*) and there exits ty € [0, T) such
that a(ty) > 0, where R* = [0, +c0).

A projection ¢ : R — Ris called an increasing homeomorphism and homomorphism,
if the following conditions are satisfied:

(i) if x <y, then p(x) < p(y), Vx,y € R;
(ii) ¢ is continuous bijection and its inverse mapping is also continuous;

(iii) p(xy) = p(x)p(y), Yx,y € R.

2. Preliminaries and Lemmas
For convenience, we list the following definitions which can be found in [1-5].

Definition 2.1. A time scale T is a nonempty closed subset of real numbers R. For ¢t < sup T and
r > inf T, define the forward jump operator o and backward jump operator p, respectively,

by

oct)=inf{reT|T>t} €T,
(2.1)
p(r)=sup{reTr<r}eT,

forall t,r € T. If o(t) > t, t is said to be right scattered, and if p(r) < r, r is said to be left
scattered; if o(t) = ¢, t is said to be right dense, and if p(r) = r, r is said to be left dense. If T
has a right scattered minimum m, define Ty = T — {m}; otherwise set Tx = T. If T has a left
scattered maximum M, define T* = T — { M }; otherwise set TX = T.

Definition 2.2. For f : T — Rand t € T, the delta derivative of f at the point t is defined
to be the number f2(t) (provided it exists) with the property that for each ¢ > 0, there is a
neighborhood U of t such that

|£0(t) - £() - f2 (1) (0(t) - )| < elo(t) -5, (22)

forall s € U.
For f : T — Rand t € Ty, the nabla derivative of f att, denoted by fV (t) (provided it
exists) with the property that for each ¢ > 0, there is a neighborhood U of ¢ such that

|£(p®) = £(5) = FTO(p(t) - 5)| < elp(t) - 5], (23)

forall s e U.

Definition 2.3. A function f is left-dense continuous (i.e., Id-continuous), if f is continuous at
each left-dense point in T and its right-sided limit exists at each right-dense point in T.
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Definition 2.4. If ¢ (t) = f(t), then we define the delta integral by
b
[ rat=4m - p(@. 4)
If FV(t) = f(t), then we define the nabla integral by
b
j f(t)Vt = F(b) - F(a). (2.5)
Definition 2.5. Let E be a real Banach space over R. A nonempty closed set P C E is said to be

a cone provided that

(i) u € P, a > 0implies au € P;

(ii) u, —u € P implies u = 0.

Definition 2.6. Given a cone P in a real Banach space E, a functional ¢ : P — P is said to be
increasing on P, provided ¢ (x) < ¢(y), forall x,y € P withx < y.

Definition 2.7. Given a cone P in a real Banach space E, we define for each a > 0 the set
P,={x€P]||x| <a}. (2.6)

Definition 2.8. A map a is called nonnegative continuous concave functional on a cone P of a
real Banach space X ifa: P — [0, +o0) is continuous and

a(lx+ (1-1)y) > da(x) + (1 - Va(y) (2.7)

forall x,y € Pand 1 € [0, 1]. Similarly we say that the map f is called nonnegative continuous
concave functional on a cone P of a real Banach space X if p: P — [0, +o0) is continuous and

plx+(1-N)y) <Ap(x) +(1-DB(y) (2.8)

forall x,y € Pand A € [0,1].

Let y, 0 be nonnegative continuous convex functionals on P, let « be a nonnegative
continuous concave functional on P, and let ¢ be a nonnegative continuous functional on P.
For nonnegative real numbers a, b, k, and ¢ we define the following convex set:

P(y,c)={xeP:y(x)<c},
P(a,b;y,c) ={xeP:b<a(x), y(x)<c}, 29)
9
R(p,a;y,c) ={xeP:a<y(x), y(x)<c},

P(a,b;0,k;y,c) ={xeP:b<a(x), 0(x) <k, y(x) <c}.



Discrete Dynamics in Nature and Society 5

Theorem 2.9 ([17]). Let P be a cone in a real Banach space X. Let y and 6 be nonnegative continuous
convex functionals on P, let a be a nonnegative continuous concave functional on P, and let ¢ be a
nonnegative continuous functional on P satisfying ¢(Ax) < Ag(x) for 0 < A < 1, such that for

some positive numbers M and ¢, a(x) < ¢(x) and ||x|| < My(x) for all x € P(y, c). Suppose that

@ : P(y,c) — P(y,c) is a completely continuous operator and there exist nonnegative numbers a, b,
and k with 0 < a < b such that

(i) {x € P(a,b;0,k;y,¢) : a(x) > b} #0 and a(D(x)) > b for x € P(a,b;0,k;y,c);
(ii) a(®d(x)) > b for x € P(a, b;y,c) with 0(D(x)) > k;
(iil) 0ER(y, a; v, ) and ¢(D(x)) < a for x € R(y, a;y, ¢) with ¢(x) = a.
Then @ has at least three fixed points x1, x5, x3 € P(y, ¢) satisfying
y(xi) <c, i=1,2,3,

(2.10)
b<a(x), a(x)<b, a<g(x2), ¢xs)<a

Theorem 2.10 ([18]). Let A be a bounded closed convex subset of a Banach space E. Assume that
A1, Ay are disjoint closed convex subsets of A and Uy, U, are nonempty open subsets of A with
U, ¢ Ay and U, C Aj,. Suppose that ® : A — A is completely continuous and the following
conditions hold:

(i) ©(A1) C A1, D(A2) C Ay,
(ii) D has no fixed points in (A \ U1) U (A2 \ Up).

Then @ has at least three points x1, xp, x3 such that x; € Uy, x, € Uy, and x3 € A\ (A1 U Ap).

Lemma 2.11. If condition (H1) holds, then for h € Ciq[0, Ty, the boundary value problem (BVP)

Vih(t)=0, te(0,T),

m-2 (2.11)
u©0) = > bu(),  u(T)=0
i=1
has the unique solution
> b J'g’ -3)h(s)Vs
u(t) = f (T —s)h(s)Vs + 5 . (2.12)
1-357bi
Proof. By caculating, we can easily get (2.12). So we omit it. O

Lemma 2.12. If condition (H) holds, then for h € C\q[0, Ty, the boundary value problem (BVP)

<(p<uAV>>V +h(t)=0, te(0,T),
(2.13)

m-2

w0 =S b, uwm-o, (17 () = X cip (17 )
i=1

i=1
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has the unique solution

SI2bfS(T - s)9~ (Joh(r)Vr +C) Vs
1- "%

u(t) = J‘(T—s)(p <J‘ h(r)Vr+C>V + , (2.14)

where C = 31" clj h(r)Vr/(1 -3 2ci), ¢ (s) is the inverse function to ¢(s).

Proof. Integrating both sides of equation in (2.13) on [0, ], we have
t
<p(u”(t)> = (p(uAV(O)> - f Oh(r)Vr. (2.15)
So,
Si
p(#47 @) = o(u*7(0) - fo h(r)Vr. (2.16)

By boundary value condition ¢ (127 (0)) = 37% cip(u®Y (&;)), we have

(p<uAv(0)> _ i1 CIJ‘glh(T)VT

2.17
1 st (2.17)

By (2.15) and (2.17) we know

&
NP | i1 sz h(”)VT t
u="(t) =-¢ < s, foh(r)Vr . (2.18)

This together with Lemma 2.11 implies that

>m2p; f‘;’ s)(p‘l(fgh(r)Vr +C)Vs
1-3"%b;

u(t) = J‘(T—s)(p%(J‘ h(r)Vr+C>Vs ,  (2.19)

where C = 37 % ¢; 0h(r)Vr/(l > % ¢;). The proof is complete. O

Lemma 2.13. Let condition (Hy) hold. If h € Ci4[0, Ty and h(t) > 0, then the unique solution u(t)
of (2.13) satisfies

u(t) >0, te[0,T]y. (2.20)

Proof. By utV(t) = - (X" ¢ Oh(r)Vr/(l ->m cl)) + foh(r)Vr) < 0, we can know
that the graph of u(t) is concave down on (0, T)y and u*(t) is nonincreasing on [0, T]. This
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together with the assumption that the boundary condition is #*(T) = 0 implies that u®(t) > 0
for t € [0, T]y. This implies that

[[ull = u(T), te]%,iﬁT u(t) = u(0). (2.21)

So we only prove u(0) > 0. By condition (H;) we have

SIS (T - s)9™ (Joh(r)Vr + C) Vs

u(0) = 1-5"2p, (2.22)

> 0.

The proof is completed. O

3. Triple Positive Solutions

In this section, some existence results of positive solutions to BVP (1.6) are established by
imposing some conditions on f and defining a suitable Banach space and a cone.

Let E = Ci4[0, T]1 be endowed with the ordering x < y if x(t) < y(t) forall t € [0, T],
and ||u|| = maxe[or,|u(t)| is defined as usual by maximum norm. Clearly, it follows that
(E, |lu||) is a Banach space.

We define a cone by

P= {u :u € E, u(t) is concave, nondecreasing, and nonnegative on [0, T], ut(T) = 0}.

(3.1)
Let
T
q=max{tET:t2§}, (3.2)
and fix [ € T such that
O0<n<lI<T, (3.3)

and define the nonnegative continuous convex functionals y and 0, the nonnegative
continuous concave functional &, and the nonnegative continuous functional ¢s on the cone P

by

y(u) =6(u) = [max u(t) =u(l),

(3.4)

a(u) = min u(f) = u(n), @)= max = u(7).
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For notational convenience, denote

" c,fg’a(r)Vr
1->" g

° m-2p (o N1 (s ~
mn=IZ(T—s)<p1 <I0a(r)Vr+(AZ>VS, I ST lsiwziéif;:i(r)w+c>vs

s '-f*zbi §iT_ /s 1)y
Ml:JL(T—S)¢—1<IOa(r)Vr+C>VS+Z,1 Jo( 1512;120;(” e > .

s Ny, S BT -9 (foa)Vr + C)V
MHZIZ(T—S)¢1<Ioa(r)Vr+C>VS+ 1 fo 15 (pzm<£02r e > <

S b ST —s)o ' ([° Vr+C)V
M= f - S)p <’[ a(r)Vr+C>Vs+ 1 bifg ( 151(/’2;1.[20;(7’) r+ > s

o
||

(3.5)

Lemma 3.1 ([9]). Ifu € P, then
(1) u(t) 2 (¢/T)|[ul| for all t € [0, T]y;
(2) u(s)/s > u(t)/tfort,s € [0,T]y withs < t.

Define an operator @ : P — E by

(Du)(t) = J‘;(T - s)(/f1 (J‘:a(r)f(u(r))Vr + C’) Vs

(3.6)
2bif§ (T = )97 (f3a(r) f (u(r)) Vr + C) Vs

1- "%

where C = ¥ % ¢; 0 a(r)f(u(r )Vr/(1- 32 ¢;). Then, u is a solution of boundary value problem
(1.6) if and only if u is a fixed point of operator @. Obviously, for u € P one has (Pu)(t) > 0 for

€ [0, T]y. In addition, (du)*Y (t) < 0 for t € [0, T]y and (du)*(T) = 0, this implies P C P. With
standard argument one may show that @ : P — P is completely continuous.

Theorem 3.2. Suppose conditions (H.) and (H,) hold, and there exist positive numbers a <
(n/T)b<b< (1/T)c, M;b < mc such that
By) f(u) <@(c/M;), ue[0,Tc/l];
B,) f(u) > ¢(b/my), u € [b,T*b/1?];
3) f(u) < (P(a/MTZ)f uec [0, Ta/q].
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Then, the BVP (1.6) has at least three positive solutions ui, up, us € P(y, c) satisfying

y(u)<e, i=1,23, (37)
b<a(u), a(up)<b, a<g(u), ¢(us)<a. '

Proof. Based on Lemma 3.1, it is clear that for u € P and A € [0,1], there are a(u) =
¢u), p(Au) = Ag(u) and ||ul| < (T/Hu(l) = (T/1)y(u). Furthermore, ¢¢(0) = 0 < a and
therefore 0 € R(y, a; v, ¢).

Take u € P(y,c), then 0 < u < [Ju|| < (T/1)y(u) < (T'/I)c. By means of (B;) one derives

y(Du) = du(l)

- I; (T -s)g! (JZa(r) Fu(r))Vr + é) Vs

I bl (T - 9)p7 (fsa(r) f () Vr + C) Vs

+
1- 3% b;
I s ~ SR fS(T - s)g™ ([2a(r)Vr +C) Vs
<= J (T-s)p™ <f a(r)Vr+C>Vs+ L <20 >
M\ Jo 0 1-3"°b;
=c.
(3.8)
Thus @ : P(y,c) — P(y,c).
Setu=Tb/land k = Tb/l, it follows that
Tb Tb Tb
a(u) =u(n) = - > b, O(u) = u(l) = - y(u) = - <¢ (3.9)

which means {u € P(a,b;0,Tb/Ly,c) : a(u) > b} #0.
Foru € P(a,b;0,Tb/L;y,c), we have b < u(t) < T?b/1? for t € [17, T]t. By condition (B,)
we have
a(®u) = Du(n)
1 s ~
= J (T-s)p™" (J a(r) f (u(r))Vr + c) Vs
0 0
Sm2 bifgi (T —s)p™! <_f8a(r)f(u(r))Vr + 6) Vs
+
1- 317 bi

> "%J‘Z(T - s)(p"1 <f2a(r)Vr + é) Vs
=b.

(3.10)

So, (i) of Theorem 2.9 is fulfilled.
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Ifu € P(a,b;y,c) and 8(Du) > ¢, then due to (2) of Lemma 3.1

a(Du) = du(r) > ?(d)u)(l) - ?9(%) > # > Tl—zb > b. (3.11)

Therefore, (ii) of Theorem 2.9 is fulfilled.
Takeu € R(y, a;y,c) and ¢(u) = a, then 0 < u < ||u|| < (T/n)u(n) = (T/n)p(u) =Ta/y,
it then follows from (Bs) that

¢ (Du) = Du(n)

= J: (T-s)p™ (IZa(r)f(u(r))Vr + é) Vs

S bl (T = 9)97 ([a(r) f(u(r) Vr + C) Vs
.

1- 357 b,
n s Sm2 b~j§i(T—s) -1 <fsa(r)Vr+é>Vs
a 1 ~ i=1 Yi)o Yo
< — f (T -s)p (J a(r)Vr+C>Vs+ —
Ma\Jo 0 1- 3170,
=a.

(3.12)
As a result, all the conditions of Theorem 2.9 are verified. This completes the proof. O

Theorem 3.3. Suppose that conditions (Hq) and (Hy) hold. Let 0 < a < b < ¢, Mb < mc and
assume that the following conditions are satisfied:

(C1) f(w) <p(a/M), uc|0,a];
(Cy) there exists a number d > ¢ such that f(u) < @(d/M), u € [0,d];

(C3) p(b/m) < f(u) < p(c/M), u€ [b,c].

Then, the BVP (1.6) has at least three positive solutions ui, up, and us such that

b<ui(t) <c, luz|l < a,
(3.13)
lus|| > a.

Where for real number b, ¢y, : [0,T]y — [0, +o0) is continuous, ¢pp(t) = b, for t € [0, T].
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Proof. We first show that A(ﬁa) C P, c P, if condition (C1) holds. If u € P, then0 < u <
|lu|| < a, which implies f(u) < ¢(a/M). We have

|@u]| = (Du)(T)

< JZ(T - S)(p_l <J‘Za(r)f(u(r))Vr + é) Vs

S bl (T - )97 (foa(r) f () Vr + C) Vs
1-3"2b

+

s Ny, S bIT - s)g (fra)Vr +C)V
<% IZ(T—S)(p—1<J0a(r)Vr+C>vs+ 1 bifg 15_(I,Zé;f20:ir . ) .

(3.14)

This implies that ®(P,) C P, C P,.

Next, condition (C,) indicates that there exists d > ¢ such that (I)(ﬁd) C ﬁd. Now we
let

A=Ps,  Ar=[pp9], Ui=int(A)), Ay=P, Uy=P, (3.15)

where int(A;) is the interior of A;. Then we have ®(A) C A, ®(A,) C A,. Moreover, ®(P,) C
P, C P, means D(A;) €U, C Ay. Thus @ has no fixed point in (A, \ Uy).

To show ®(A;) C A; and @ has no fixed point in (A; \ U1), set u € Ay, following the
definition of ¢, we can know b < u(t) < ¢, for t € [0, T];. Condition (C3) then gives rise to
p(b/m) < f(u) <¢(c/M), which in turn produces

(@u)(t) > (Du)(0)

S (T =997 ([ia(n) fu(r)Vr + C) Vs
) 1- 372 b,

> bifgi(T —s)p! (fga(r)Vr + C)Vs
1-3" b

b
> —
m

=b, (3.16)
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(Du)(t) < (Pu)(T)2
T s
< fo (T-s)p™ <f0a(r)f(u(r))Vr + é) Vs

SB[ (T - 9)97 ([ya(r) fu(r)Vr + C) Vs
’ - 5770

S No ST 997 (Jia(r)Vr +C)V
<% IZ(T—S)w—1<f0a(r)vr+c>vs+ 1 bifg 15_(;:E(1f20;r r+ ) s

(3.17)

Combining the above two inequalities one achieves ¢,(t) = b < (DPu)(t) < ¢ = ¢.(t), for
t € [0,T]y. That is, du € U;. So ®(A;) € Uy C A; and @ has no fixed point in (A1 \ Uy).
Therefore, all conditions of Theorem 2.10 are fulfilled, and the BVP (1.6) has at least three
positive solutions u, up, and u3 such that

b<ui(t) <c, luz|l < a, [|us]| > a. (3.18)
O

4. Some Examples

In the section, we present some simple examples to explain our results. We only study the
case T=R, (0,T)r =(0,1).

Example 4.1. Consider the following third-order three-point boundary value problem:

(p(u")) +a(t)f(u) =0, 0<t<l,
w0 =gu(3), =0, 9©)=0(w(3)). .

where p(x) =x, a(t)=1,b;=1/3,c1=1/4, & =1/2.

We choose 7 = 1/2, by computing we can know my = 11 /24, M; = 351/256, M, =
33/48. Let a =100, b =245, c =770,1 =7/8, then a < b < b < Ic. Obviously, M;b < mc. We
define a nonlinearity f as follows:

140, u € [0,200],

41
140 + 4—50(u —-200), u € [200,245],

: (4.2)
550, u € [245,320],
[

5
k550 + %(u —-320), u € [320,+c0).
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Then, by the definition of f, we have

(i) f(u) <(c/M;) =557.2, u € [0,880];
(i) f(u) > ¢(b/my) = 534.5, u € [245,320];
(iii) f(u) < ¢@(a/M,) = 145.4, u € [0,200].
By Theorem 3.2, BVP (4.1) has at least three positive solutions.

Example 4.2. Consider the following third-order three-point boundary value problem:

(p(u")) +a(t)f(u) =0, 0<t<l,
w=2(2), ww-o ewoy-te(e())

where p(x) =x, a(t)=1,b1=1/3,c1=1/4, & =1/2, n=1/2.

By computing, we can know m = 11/48, M = 83/48. Leta =7,b =12, ¢ =336,1 =
7/8, then a < b < c¢. Obviously, Mb < mc. We define a nonlinearity f as follows:

(3, u€e[0,7],

3+2Qu—n% ue(7,12],
fay=4 2 (4.4)

100, u € [12,336],

1100
100 + 772 (4 = 336), € [336,+00).

Then, by the definition of f, we have

(i) f(u) <p(a/M)=42,uecl0,7];
(ii) and there exists d = 2100 > ¢ such that f (1) < ¢(d/M) = 1214.4, u € [0,2100];
(iii) ¢(b/m) =524 < f(u) <p(c/M) =194.3, u € [12,336].

By Theorem 3.3, BVP (4.3) has at least three positive solutions.

Remark 4.3. Consider following nonlinear m-point boundary value problem:

@(”Mv>v+ﬁﬂfWU»=0, 0<t<T,

m-2
w0) = ¥, bu(), (45)
i=1

m-2

(1) =0,  ¢(u*"O) = 3 cp(uT @),

i=



14 Discrete Dynamics in Nature and Society

where

ud, u<o,

p) =9 (4.6)
us, u>0,

f and a satisfy the conditions (H;) and (H>). It is clear that ¢ : R — R is an increasing
homeomorphism and homomorphism and ¢(0) = 0. Because p-Laplacian operators are odd,
they do not apply to our example. Hence we generalize boundary value problem with p-
Laplacian operator, and the results [8-11, 13-15] do not apply to the example.

Remark 4.4. In a similar way, we can get the corresponding results for the following boundary
value problem:

<(p<uAv>>V +ah)f(ut) =0, te(0,T)y,
(47)

N

m

> cp(u7(@).

i=1

m-2
W)=Y au@), u0)=0, ¢(u7©)=
i=1
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