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Abstract. In this paper, we study the existence of extremal solutions for a nonlinear
third-order differential equation with three-point nonlinear boundary value conditions.
By means of the method of upper and lower solutions and different monotone iterative
techniques, the sufficient conditions which guarantee the existence of extremal solutions
are given. An example illustrates the main results.
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1 Introduction

Nonlinear boundary value conditions in differential equations can describe many phenom-
ena in applied mathematics, engineering, physical or biological processes. In this paper, we
consider the following third-order differential equation with three-point nonlinear boundary
value conditions

—u"'(t) = f(t,u(t)), te[0,1],

u(0) = u"(0) =0, (1.1)

p(u(1),u(g)) =0,

where ¢ € (0,1), f:]0,1] x R — Rand p: R x R — R are continuous.

In recent years, third-order differential equations with nonlinear boundary value condi-
tions have been discussed in many papers (see [1-15] and the references therein). For exam-
ple, [4] considered a class of two-point nonlinear boundary value conditions by using a priori
estimate, Nagumo condition, upper and lower solutions and Leray-Schauder degree. Pa-
pers [7-9,13] considered some nonlinear nonlocal boundary conditions. However, according
to our knowledge, for third-order differential equation, the three-point nonlinear boundary
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value conditions in problem (1.1) are never discussed in literature. Hence the aim of this
paper is to discuss this issue.

The main contributions are as follows: (a) we present problems with linear boundary value
conditions, and on this basis we obtain the existence of the extremal solutions for problem
(1.1) by applying the method of upper and lower solutions and monotone iterative technique;
(b) the iterative technique is not unique and an example illustrates the result.

2 Notations and preliminaries
In this section, we present some definitions and lemmas that will be used throughout the
paper.

Definition 2.1. Assume ¢ € (0,1), f : [0,1] x R — R is continuous. A function u(t) is called
an upper solution for problem (1.1) if it satisfies

u” (1) + f(tu(t) <0, te[01],
u(0) = u"(0) =0,
p(u(1),u(g)) = 0.

Lemma 2.2. Assume that o # 1, b € Rand h : [0,1] — R is continuous. Then the boundary value
problem

—u"(t) = h(t), te o],

has a unique solution

u(t) = 1_b“§t+ 1f‘t“§ /OlG(C,s)h(s)ds—i—/OlG(t,s)h(s)ds

where

(2.1)

1 {(1—t)(t—sz), 0<s<t<l,
2

G(t,s) = =
(t:5) t(1—s)?, 0<t<s<l.
Proof. Integrating the equation
—u"'(t) = h(t), t € [0,1],

over [0, t] for three times, we have

u(t) = —= /Ot(t —5)%h(s)ds + %u”(O)t2 +u'(0)t + u(0).
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Due to the boundary conditions u(0) = u”(0) =0, u(1) = au(g) + b, it follows that

1 1

—5 (1—5)2h(s)ds + u'(0) = au(&) + b.
0

And then

u(t) = Hau(@) + b) + ;t/olu _ $)2h(s)ds — % /Ot(t — $2n(s)ds
= t(au(&) +b) + % /Ot t(1 — s)%h(s)ds — % /Ot(t —5)%h(s)ds + % /tl t(1 —5)%h(s)ds
1t ) 11 )
_ t(au(§)+b)+§/0 (1—)(t—s )h(s)ds—ki/t H(1 — s)2h(s)ds

1
= t(au(g) +b) —1—/0 G(t,s)h(s)ds. (2.2)

Putting t = ¢, we have

u(E) = 1—11%6 <§b+ /01 G(C,s)h(s)ds) .

Substituting it into (2.2), we get

u(t) = 1_b{xgt+ 1fta€ /OlG(C,s)h(s)der/OlG(t,s)h(s)ds.
]
Remark 2.3. It is easy to see that G(t,s) > 0 for all (t,s) € (0,1) x (0,1) and
/ b o ! L
W= ot 1_0@/0 G(&,)h(s)ds + [ G'(t,)h(s)ds, 2.3)
where
G/(t,s)—1{1_2t+52 0<s<t<1 2.4
21 (1-5)? 0<t<s<1
Remark 2.4. For (t,5) € [0,1] x [0,1],
0<t(1—-1t)p(s) <G(ts) < ¢(s), (2.5)

where ¢(s) = 3(1+5)%(1—s)%
In fact, for t € [s,1], G(+,s) = 2(1 — t)(t — s?) attains its maximum at t = 1(1+s2) € [s, 1],
so that

G(s) = ¢(s) = (1 +5)%(1—s)%

For t € [0,s], clearly G(-,s) < 35(1—5)? < @(s) = §(1+5)?(1 —s)% Thatis, G(t,s) < ¢(s) for
(t,s) € [0,1] x [0,1].
Also, for s € [0,

4

- > H1—t).

)(t — s?) L A1 —t)(t—st) 4¢(1 —t)
21-5)2 = (143521 =s)*  (1+s)*(1—5)
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If for s € [t, 1],
G(t,s)  st(1—s)> 4t

o(s) %(1 F+5)2(1—s)2 (1+5)? > t.
Since min{t,t(1 —t)} = t(1 —t), we have

0 <t(1—-H)g(s) <G(Ls) < ¢(s).

Lemma 2.5. Assume that 0 < «f < 1. If u(t) € C[0,1], satisfying u"'(t) € C[0,1] and

then u(t) >0, t € [0,1].

Proof. Let —u"'(t) = h(t) >0, t € [0,1] and u(1) = au(&) + b, b > 0. Then by Lemma 2.2, we
get

b t 1 1
u(t) = Tggt 1 - ag /O G(&,s)h(s)ds +/0 G(t,5)h(s)ds
> 0.
O
Lemma 2.6. Assume that «(t), u(t) € C[0,1] and
1 8(1 —
/0 (1+5)2(1—5)2|x(s)|ds < " : 7 _‘Xi)g. (2.6)
Then the following linear boundary value problem
—u"(t) = x(Hu(t) +u(t), te]0,1],
u(0) = u"(0) =0, (2.7)
u(l) = au(g) +0,

has a unique solution u(t) € C[0,1], where 0 < a¢ < 1,b > 0.
Proof. By Lemma 2.2, problem (2.7) is equivalent to the following integral equation

) = et o [ 66 (x(s)uls) + ()

1
+/0 G(t,s) (x(s)u(s) +u(s))ds =: Tu(t).
Obviously, T : C[0,1] — C|0, 1]. Note that by (2.5), we have for any u,v € C[0,1],

ot

Tu(t) ~ To(o)] < -2 [ 6@ )Ix(s)luls) —o(o)ds + [ Glt,9)lx(s) uls) — (s s

1
= % (1 + 1 flé) Ju — UH/O (1 —|—S)2(1 — S)2|K(S)|ds
- 1
< % (M) |u — o] /0 (1+5)2(1 —s)?|x(s)|ds = L|ju —v||,



Iterative technique for a third-order differential equation 5

where L := %(“J{:gé) fol(l +8)%(1 — 5)?|x(s)|ds < 1, which is easy to see from (2.6). There-
fore, the operator T is a contraction map in the space C[0,1] and T has a unique fixed point in
CI[0,1]. O

Lemma 2.7. Assume that 0 < af < 1, x(t)(€ C[0,1]) > 0 and satisfies (2.6). If u(t) € C[0,1],
satisfying u"'(t) € C[0,1] and

then u(t) >0, t € [0,1].

Proof. Let —u'"(t) = x(t)u(t) + u(t), t € [0,1], x(t) > 0, u(t) > 0, u(1) = au(g) +b,b > 0.

Suppose that the inequality u(t) > 0, t € [0,1] is not true. It means that there exists at
leasta t* € [0,1] such that u(#*) < 0. Without loss of generality, we assume u(+*) = min{u(t) :
t €0,1]} = p,p < 0. Then by Lemma 2.2 and (2.5), we have

W) = et + 1 f‘ixg [ 6 ) x(s)us) + p(s))as
+/ (t,5)(x(s)u(s) + pu(s))ds
>1—m§ G(¢,s)x ds~|—/ (t,s)x(s)u(s)ds

> u(t") <1ftag i (p(s)x(s)ds—i-/o go(s)x(s)ds).

Lett = t*, and note that p < 0,0 < af < 1,0 < ¢ < 1, it follows that

> o (12 [T+ [ oo(o)is)
20 (12 [ oo [ ploix(sas).

And then
a+1—al 1 5 5
1< ——F2 1+5)°(1—5)7x(s)ds.
<A e 9ie)
That is
! 8(1 —af)
2 2
_ > 2\ 7o)
/0 (14+5)°(1—5) K<S)ds_zx—|—l—oc§’
which is in contradiction to (2.6). Hence u(t) > 0 for all ¢ € [0, 1]. O

3 Main result

In this section, we shall apply the method of upper and lower solutions and monotone iterative
technique to consider the existence of extremal solutions for problem (1.1).
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Theorem 3.1. Assume that the following conditions hold.
(A1) f(t, u) is increasing with respect to u.

(A2) wvo(t), wo(t) € C[O,1] are lower and upper solutions of problem (1.1), respectively, and vy(t) <
wo(t), t €[0,1].

(As) There exist constants ¢, T such that 0 < ¢ < ¢ and for vp(1) < x <y < wp(1), vo(&) < x <
7 < wo(3),
Py, 7) + 17 —x) < p(x, %) + ¢y — x).

Then problem (1.1) has extremal solutions in the sector [vy, wy), where
[vo, wo] = {u € C[0,1] : vo(t) < u(t) <wo(t), t €[0,1]}.

Proof. Forn =0,1,..., define

unt() = 2ot 1 [ GEs) s on()ds + [ 61096 ma(s))as,
Cn 1 1
Wit () = Tt e [ GESf (s wa()ds+ [ Gt s)f(s,wa(s))ds,
where
K= T, b= 0u(1) = 00,(2) — 28001, 0a(@),  x = (1) = w100 () = < {wn(1), 00 (2)).

Then due to Lemma 2.2, it is easy to show that v,,11(t), w,+1(t) are solutions of the following
boundary value problems, respectively:

—v,q(8) = f(toa(t), te€[01],
0,41(0) = v}, 1(0) =0, (3.1)
0 =p(©n(1),00(8)) + 6 (vn41(1) = 0u(1)) — T(Vn41() — va()),
and
—wyq (1) = f(twa(t)), te]01],
w,41(0) = w//,1(0) = 0, (32)
0=p(u(1),wn(E)) + c(wns1(1) — wn(1)) = T(Wp41(8) — wa(E))-

Moreover, from (2.3) we have

/ by x ! v
Uialt) = Tz T 1z ) CENGmE)ds+ [ G o) 63

ch " 1 1
Whiat) = [z T gz /O G(&,5)f (s, wn(s))ds + /0 G'(Ls)f(s,wa(s))ds,  (3.4)

where G'(t,s) is given as in (2.4).
Claim 1. The sequences v, (t), w,(t)(n > 1) are lower and upper solutions of problem (1.1),
respectively and the following relation holds

vo(t) Sor(t) <--- Sopt) <o  Swu(t) <--- <wit) Swo(t),  te[01. (35
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First, we prove that

N

Uo(t) < Ul(t) < wl(t) < ZUQ(t), t e [O, 1]
Let x(t) = wo(t) — wq (). From (3.2) and (A7), we have

x"(t) <0, te0,1],

X
x(1) > %x(@), 0<1¢<g.

In view of Lemma 2.5, we have x(t) > 0,t € [0,1], that is wo(t) > wy(t). Similarly, it can be
obtained that vy (t) < vy(t), t € [0,1].
Now, let x(t) = wy(t) — v1(t). From (A7) and (A»), it follows that

x"'(t) = f(t,vo(t)) = f(t,wo(t)) < 0.
Also, x(0) = x”(0) = 0 and

0= p (wo(1),wo(¢)) — p(vo(1),v0(¢)) + g(wi(1) —wo(1) —v1(1) +00(1))

—T(w1(¢) —wo(G) —v1(¢) +v0(¢))
< ¢(wo(1) —vo(1)) — T(wo(§) — vo($)) + g(wi(1) — wo(1) —v1(1) +vo(1))
— (w1(¢) — wo(G) —v1(8) +v0(¢))
= ¢x(1) — tx(g).
That is,
X(0) =2"(0) =0, x(1) > _x(©)

By Lemma 2.5, we have w;(t) > v1(t),t € [0,1]. And then, by induction, (3.5) holds.
In what follows, we show that v;(t), w;(t) are lower and upper solutions of problem (1.1),
respectively. From (3.1), (3.2) and (A1), (Az), it follows that

—v)'(t) = f(t,o0(t)) < f(t,v1(t)).
Also, v1(0) = v{(0) = 0 and

0= —p(vo(1),20(3)) + p (v1(1),01(Z)) — p (v1(1),v1(Z)) — g[v1(1) —vo(1)] + T[v1(17) — v0(¢)]
< ¢[v1(1) —vo(1)] = T[v1(¢) — vo(&)] — p (v1(1),v1(8)) — ¢[v1(1) —vo(1)] + T[01(¢) — vo(¢)]
= —p(v1(1),01(8)),

which prove that v;(t) is a lower solution of problem (1.1). Similarly, it can be obtained that
w1 (t) is an upper solution of problem (1.1).

Analogously to the above arguments, using the induction method, we can show that the
sequences vy (f), wy(t) (n > 1) are lower and upper solutions of problem (1.1), respectively
and the following relation holds

vo(t) So(f) < -+ <o) < - Swu(t) < - <wi(t) <wo(t),  te(0,1].

Claim 2. The sequences {v,(t)}, {w,(t)} uniformly converge to their limit functions v(t), w(t),
respectively.
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We need to show that the sequences are bounded and equicontinuous on [0, 1]. Indeed,

Ci<op(t) < Sou(t) <+ < Swp(t) - Swot) <G (36)

fort € [0,1] and n = 1,2,.... That is to say that the sequences {v,(t)}, {w,(t)} are uniformly
bounded with respect to . Note that {v),(t)}, {w](t)} are bounded on [0,1] by C3 > 0
because (3.3), (3.4), (3.6) and |f(t,v,)|, |p(vm,vs)| is bounded. Hence {v,(t)}, {wn,(t)} are
equicontinuous because for Ve > 0, f1,t, € [0,1] such that |t; — | < Mis, we have

on(t) = va(t2)| = [0 (Vs — o] <&, |wa(t) —wal(t)] <& 7 €[0,1].

Therefore, by the Arzela—Ascoli theorem, the sequences {v,(t)}, {w,(t)} have subsequences
{vn, (t)}, {wn, (t)} which uniformly converge to their continuous limit functions v(t), w(t),
respectively.
Claim 3. The limit functions v(t),w(t) are the minimal solution and maximal solution of
problem (1.1), respectively.

Let u(t) € [vo(t), wo(t)] be any solution of problem (1.1). We assume that the following
relation holds for some k € N:

and
Z"(t) <0, t€[0,1],

21) > 220, 0<i<c
This and Lemma 2.5 show vy 1(t) < u(t) < wyy1(t). By induction, v,(f) < u(t) < wy,(t),
t € [0,1] for all n € N. Taking the limit as n — oo, we get v(t) < u(t) < w(t), t € [0,1]. O

Theorem 3.2. Assume that all assumptions of Theorem 3.1 hold. In addition, we assume that there
exists g(t) > 0 (€ CI0,1]) such that

fltx) = flty) <qO)(x—y),  wo(t) <x(t) <y() <wo(t),  t€]0,1]

and
! 8(c — 1¢)
/0 (1+S)2(1—S)2q(5)ds < ﬂ.

Then the sequences {v,(t)}, {wn(t)} (n > 1) satisfying
—0 () = f(E,0a(8) + (D) [0 (t) —oa(t),], € (0,1),

0n11(0) = UZ-H (0) =0,
0=p (va(1),04(8)) + 6(vn41(1) — vn(1)) — T(vn41(E) — vn(§)),
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and
—w, 1 (t) = f(t,wn(t)) +q(t) [wnia (t) —wa(t),], t€(0,1),
w,41(0) = w/,1(0) =0,
0=p (wa(1), wn(S)) + ¢(wns1(1) — wn(1)) — T(wn41(&) — wn(S)),

also uniformly converge to their continuous limit functions v(t), w(t), respectively. That is, v(t), w(t)
are also extremal solutions for problem (1.1).

Proof. Using Lemmas 2.6 and 2.7, we can complete the proof by the same way as in Theo-
rem 3.1. ]

Example 3.3. Consider the following third-order boundary value problem

—u”’(t) _
u(0) = u"(

u(t)sint — B, e (0,1],
0) =0,
u(1) —u(z) — gu(Lu(z) =0,

(3.7)

where
113

. 1 1
f(x,y)—ysmx—?x, p(x,y)—x—y—gxy, C=7

N

It is not difficult to show that vg = 0, wy(t) = t? are lower and upper solutions of problem
(3.7), respectively. Moreover, for t € [0,1], f(t,u) is increasing with respect to u, and for
vo(1) < x <y <wo(1), vo(y7) < x <7 < wo(y),
_ - N DA o
p,9) —ple2) =y —2) = (7 - %) = gy —xx) < (y — %) = (§ = %).
Choose ¢ = 7 =11in Theorem 3.1 0or ¢ =1t =1, q(t)
extremal solutions in [vg(t), wo(t)].

= sint in Theorem 3.2, problem (3.7) has
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