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Abstract. This work concerned with the following third-order three point boundary value problem
(BVP):
u” () + f(tu(t),u(t) =0, 0<t<1
w(0) = au(l),u (1) = Bu/ (n),v (0) =0,

(P1)

where n € (0,1), a, 8 € R, f is a given function. Our main objective is to investigate the existence,
uniqueness and existence of positive solutions for the boundary value problem (P1), by using Banach
contraction principle, Leray Schauder nonlinear alternative, properties of the Green function and Guo-
Krasnosel’skii fixed point theorem in cone, in the case where the nonlinearity f is either superlinear or

sublinear.
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Boundary value problems for differential ordinary equation of third order possess wide
application in different areas of sciences such as in mechanics, physics, biology,... They
arise in modeling many phenomenes like draining or coating fluid flow problems, nonlinear
diffusion, thermal ignition of gases,...We refer the reader to [3,5,14].

Recently several papers appeared on third order boundary value problems, we can cite
the paper of Anderson and Davis [2], Graef and Yang [6,7], Guezane-Lakoud and Khaldi
8], Sun [13], Guo and Sun [10] and Yang [15] and the excellent survey of R. Ma [11] and
Agarwal et al [1] and the references therein for related results.

However, fewer results on three-point boundary value problems of third order ordinary
differential equations can be found in the literature involving the polynomial growth

condition on f of type:

f (t2,@) < k@) |zl + (@) [z + h(t), (t,2,7)€0,1] xR,

p,q > 0, k,g,h € L'([0,1],R,), (see section 3, Theorem 3.1). This condition and
the presence of the derivative u' in the expression of f leads to extra difficulties. No
contributions exist, as far as we know, concerning the existence of positive solutions for
the boundary value problem (P1).

In [5], Graef et al gave sufficient conditions for the existence and nonexistence of positive

solutions for the following problem

W () + gt flu(t)) = 0, 0<t<1

w(0) = u(p) —u(l)=u"(0) =0,

In [8] Guezane-Lakoud et al investigated, by using Leray Schauder nonlinear alternative,

the existence of a nontrivial solution for the boundary value problem

u" () + f(tu(t) =0, 0<t<1

u(0) = au’ (0), u(l) =Bu' (), v (1) =0,
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In [12],R. Ma et al considered the fourth order right focal two point boundary value

problem

u™ (&) + f(tu(t),d'(t) =0, 0<t<1

w(0)=u(0)=0=u"(1)=u" (1) =0,

and show the existence and multiplicity of positive solutions by using a fixed point theorem
in cones. This paper is organized as follows, in the next section we cite some definitions and
Lemmas needed in our proofs. Section 3 treats the existence and uniqueness of solution
by using Banach contraction principle, Leray Schauder nonlinear alternative. Section 4
is devoted to prove the existence of positive solutions with the help of Guo-Krasnoselskii

theorem, then we give some examples illustrating the previous results.
2. Preliminaries

In this section we present some definitions lemmas and theorems we need in the proof
of the main results. Let F = C*([0,1],R), with the norm ||y||, = ||y|| + ||¢/|| , where ||.||
denotes the norm in C ([0, 1], R) defined by ||y|| = tem[g:f] ly (t)].
ET={yeC'([0,1],R),y(t) > 0,Vt € [0,1]}. We assume that
(= (1-a)(l—pn)#0. The norm in L[0,1] is denoted by [yl ,, 01 = fol ly(t)| dt for

all y € L1]0,1]. Now we start by solving an auxiliary problem.

Lemma 2.1. Lety € E£. The problem

u" () +y(t)=0,0<t<1
u(0) = au(l),u (1) = pu' (n), v (0) = 0.

(P)

has a unique solution

u(t) = —%/0(t—s)2y(s)ds—%(t2(1—a)+a)/0n(n—s)y(s)ds

(2.1) —i—%/o (1—s)(* (1 —a)+abn(l—s)+ as) y(s)ds
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Proof. Rewriting the differential equation as u”'(t) = —y(t) and integrating three times,
we obtain u(t) = —3 f(f (t — s)*y(s)ds+ At®>+ Bt +C, the constants A, B and C' are given

by the three point boundary conditions.

Definition 2.2. A function f :[0,1] x R* — R is called carathéodory if
(i)The map t — f(t,z,y) is measurable for all z,y € R.
(ii) The map (z,y) — f(t,z,y) is continuous on R?* for almost all t € [0,1].
To prove the existence of nontrivial solution we apply the Leray Schauder nonlinear

alternative:

Lemma 2.3. [j/. Let F be a Banach space and Qa bounded open subset of F' 0 € Q.
T :Q — F be a completely continuous operator. Then, either there exists x € 00 X > 1
such that T (z) = \x or there exists a fized point x* € Q.
We recall the definition of positive solution:
Definition 2.4. A function u(t) is called positive solution of (P1) if u(t) > 0, Vt € [0,1].
We expose the well known Guo-Krasnosel’skii fixed point Theorem in cone:

Theorem 2.5. [9] Let E be a Banach space, and let K C E, be a cone. Assume £y and
Qqy open subsets of E with 0 € €, Q1 C Qs and let

A: KN (\) - K

be a completely continuous operator such that
(@) [JAul| < ||ul|, v € K NOQy, and || Au|| > ||ul|, u € K N ONy; or
(i1) [|Aul| > ||ul], v € KN OQy, and [|Aul| < ||u||, u € K N INs.
Then Ahas a fixed point in K N (Q_Q\Ql) )

3. Existence and uniqueness results

First we investigate the existence of nontrivial solution by employing Lemma 2.3.
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Theorem 3.1. Assume that f is Carathéodory function, f(t,0,0) # 0 and there exist

nonnegative functions k,g,h € L' ([0,1] ,Ry) such that

G U teD) <K@l + 9O+ h ), (o7 e 0,1 xR
181+ 1) 2+ 3a) + |as] 1
32 o< (24 e ) [ (R A B

(3.3) (2 L (B1+ 1) 2+ 3]a]) + [ap] !

. ) Wilion < 3

Then the BVP (P1)has at least one nontrivial solution u* € E.

Proof. Define the integral operator 7' : E — E by

Tu(t) — —%/0 (t— ) F(s,u(s) o/ (s)) ds
e =) [T suls) (o) s

1 1 ) /
-I—i/o (1—y9) (t (1—a)—I—ozﬁn(l—s)—}—as)f(s?u(s),u(s))ds’

Set

(243
M = (24 LLEDELBD LI (g, + gl

and

sl +1) (2+3laf) + |aﬁ|)
N={(2+ 1Al L1041 -
< 19 falo]
By hypothesis (3.2) we know that 0 < M < <. Since f(¢,0,0) # 0 , then there ex-

1
5.
ists an interval [0, 7] C [0,1] such that rgtl? |f(¢,0,0)] > 0 hence N > 0. Set |Jul|] =
o<t<r N .
max(||ul|}, [|u]|]), (6 = p or o = q), n the entire part of o and m = (M) . Define the
bounded open set 2 by Q = {u € C[0,1] : ||lul[s < m}.
First, we prove that T is completely continuous operator in 2.

(i) T is continuous.

Indeed, let (u,) be a sequence that converges to w in £. Then

(3.4) T (t) — Tu(t)]
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<

/O (1= 5)"|f (s.un () 105, (5)) = f (s,u(s) ' (s))] ds

N | —

‘5‘ (1+2al /01<1_s>|f<s,un<s>,u;<s>>—f<s,u<s>,u'<s>>|ds

+m/0 (14 2al + [af| (1 — 5))
| (s,un (5) uy, () — f(s,u(s),u (s))|ds

(18 + 1) (1 + 2Ja]) + |of] , ,
< (1 i § ) 1 Cottn () 1t () = F (o () o ()]

Moreover, we have

(3.5) T un () — T'u(t)] <

(1+ (|/B|+1|)<(|1+|04|)) I Coun ()l (D)) — L u(), ' ()]

Consequently,

| Tun — Tull, <2+ (I181+1) 2+ 3]al) + Iaﬁ|>

q
XA Coum (), () = f G () u" ()]

Condition (ii) on f implies ||Tu, — T'u||; — 0, as n — oo.
(ii)Let B, = {u € E;||u|; <r} be a bounded subset. We shall prove that 7' (2 N B,)
is relatively compact:

a)For some u € QN B, and using (3.1) we have

(161 +1) 2+ 3]a]) + \WI)
q

(el 1811 0+ Wl N0 ) + N

M max([lully, [[u]l7) + N,

ITul, < (2+

IA

then

|Tull, < Mr® + N

yielding that 7" (2 N B,.) is uniformly bounded.
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b) T (2N B,) is equicontinuous. Indeed for all t1,ty € [0,1], t; < to, u € Q, we have

by applying (3.1)

|Tu(ty) — Tu(ts)|

[\
|
C\,

=
—~
—
~
)
|
V)
S~—
|
—
~
S
|
V)
S~—
N——
=
—
V)
IS
—
w»
S~—
—
N—
N—
QL
»

Let us consider the function ®(z) = 2% — 2z, we see that ® is decreasing on [0, 1], conse-

quently
(ty — )> — (t; — 5)* < 2(ty — t1), for s € (0,11) from which we deduce

< 2(ty —ty) / |f (s,u(s),u'(s))|ds

+ / £ (s,(s) 0/ (5)) s

t1

B0 =) oy [ s
A tl)/0|f<, (s),4(s))|d

when ¢, — to, then |Tu(ty) — T'u(tz)| tends to 0, consequently 7' (€2 N B,) is equicontinu-

ous. From Arzela-Ascoli Theorem we deduce that T is completely continuous operator.
Second, we apply Leray Schauder nonlinear alternative for 7 : Q — E. Assume that

u € 0, A > 1 such Tu = Mu. First we have

16l+1) (A +2]af) + Iaﬁ|> "
q

[masx ()] 1], g0 + max o (2

Tu(t)| < (1 i

N9l 0.2 + 1Bl 2, 0,1

(14 QLD+ 2le) + ol

(36) : <
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el (1l g0y + 190 2yp01) + 1l 240

and

(3.7) Thu(t)| < (1+ (18 +1|)C(|1+\04|))

19117 (1l g0, + N9 sag0m) + 10150500

From (3.6) and (3.7) we get

/
g pumy pumy <
M= Allully = ITull, = max | (Tw) (8)] + max [(T'w) (8)] <

(18] + 1) 2+ 3]a]) + |s]
(“ ] )

1t (160 g0 + N9 lzag0y) + 1Al

— Ml +N.

Then

((n+1)—0o) (e—=1)

1 1
AN < M =+~ N« +MnN"
(nt1)—0) (0-1) 1 -1

<@ 6 -6

consequently A < 1, this contradicts the fact that A > 1. By Lemma 2.3 we conclude that

the operator 7" has a fixed point u* € Qy and then the BVP (P1) has a nontrivial solution
u* € F. The proof is complete.

The following Theorem deals with the uniqueness of solution

Theorem 3.2. Assume that [ is carathéodory function and there exists monnegative

functions ki, ke € L* ([0,1] ,Ry) such that
and

(3.9)

(2 X (18| +1) (2 —||-C|3 o) + |Ol5‘) (HleLl[O,l] + ||k‘2||L1[0,1]) <1

then the BVP (P1) has a unique solution u in E.
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Proof. We shall prove that T' is a contraction. Let u,v € E, then

[Tu(t) — To(t)]

(18] + 1) (1 + 2]al) + |af]
: (1 * <] )

/ If (s,u( f(s,v(s),v'(s))|ds

Using (3.8) we obtain

(3.10) |Tu(t) — To(t)|

(18] + 1) (1 + 2|al) + |af]
= (1 * <] )

max|u (£) — v (¢)] /0 (s)ds -+ max i (£) — o' () /O 1 kQ(s)ds]

< <1+ (|6’+1) <1+2‘a|)+‘06ﬁ|> Hu_vul/o‘l (k1(5)+k2(8))ds

q

On the other hand we have

T'u(t) = —/0 (t—s) f(s,u(s),u(s))ds

pt(l—a) [ /
L o= o) o) s
EA =) T 0 o e uls) () ds
" ¢ /0(1 ) f(s,u(s),u'(s))ds,Vt € [0,1]
then
(3.11) Tu(t) — To(t)]
(18] +1) (1 + o)
: <1+ < )
[ k(s s)|ds
"‘ 1/{32 |d8:|

(81 +1) (1 + [e) '
< (1—|— | )Hu—le/O (k1(s) + ko(s)) ds

481
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adding (3.10) and (3.11), then taking the supremum after applying (3.9) it yields || Tu — Tv||, <
|u — vl|; . Consequently T is a contraction, so, it has a unique fixed point which is the

unique solution of the BVP (P1). The proof is complete.
4. Existence of positive solutions

In this section we investigate the positivity of solution for the boundary value problem

(P1), for this rewrite the operator T as

(4.1) Tu(t)—/o Gi(t,s)f(s,u(s),u'(s))ds

g [t /
+m/o Ga(m,5)f (s, u(s), u'(s))ds

1
L2 / G, 5) (5, u(s), w/(5))ds
2¢ Jo
where G;(t,s), 1 = 1,2,3, are defined respectively by

(4.2) Ch(t,s) = [P =s)—(t—s)], s<t
stP(1—s), t<s

Ga(t,s) = —8Gif;(tt’3) -
t(l—s),t<s

Bs(1—t)+s(1—s)(1=pt), s<t

Bt(1—s)’+s(1—s), t<s.
Now we give the properties of the functions G;(t, s):

Gg(t, S) =

Lemma4.1. Ifa>1and g < %, then the functions G;(t, s), have the following properties
i) Gi(t,s) € C([0,1] x [0,1]),i =1,2,3, Gi(t,s) > 0,1 = 1,2, and G3(t,s) > 0 for all
t,s €]0,1].

i) If t,s € [11, 7], 0 <1 <7y <1, then

(4.3) G1(1,8) < Gi(t,s) < Gi(1, s)

(4.4) TGo(s,8) < Ga(t,s) < ng(s,s)

1
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Proof. It is obvious that G;(t, s) € C ([0, 1] x [0, 1]) , moreover we have for all ¢, s € |0, 1],

G1(t,s) and Go(t, s) are nonnegative and if a < 1 and § < % then G5(t, s) is nonnegative.

i) Let t,s € [11, 72,0 <71 <79 <1,

f0<m <s<t<m <1, then

it is easy to see that G1(1,s) # 0 and Ga(s, s) # 0.

Gilt,s) = g [2(1—s)— (t — 9)?]
1—
= Sa-g - <UD s aa
Guiltis) = SHE(1—s)+(t—s)(1—1)
> 2078 s g )
andif 0 < <t <s<m <1, then
1, 1
Gi(t.s) = 30— 5 < Ls(l— )= Gi(Ls),
Gi(t,s) = %tQ (1—35)= % [?s (1 —s) +t* (1 — s)]
2
!
Now we look for bounds for Gy (t, s)
Galtys) _ (1t 1
Ga(s, s) (1—-s) = —n
Gs(t,
Gzés,i)) > (1-m),0<n <s<t<m<l,
and
Ga(s, 5) s m
Gg(t,s)
<t<s< 1
G2<8,S) ,0< <t<s< 1<,

since Go(s, s) are nonnegative then

Gals,5) < Ga(t, 5) < ~Gals, 5).

The proof is complete.

We make the following hypotheses:

T1
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H1) f(t,u,v) = a(t) fi(u,v) where a € C((0,1),(0,00)) and f; € C(Ry x R,R,).
H2) 0 < fol G1(s,s)a(s)ds < oo.
Lemma 4.2. [fue Et,a>1,0< < %, then the solution of the BVP (P1) is positive

and satisfies

min (u(t) +u'(t)) > 0 ||ull,

te(r1,m2)

-1
where § = max (7‘127 <T+ - = )> (r_ll + (I—Bﬂn)) ) '

Proof. From hypothesis H1, we can write

(4.5) u(t) = / Ga(t, 5)a(s) fu(u(s), ' (5))ds
6752 1
T / Ga )a(s) u(u(s). ' (3))ds
o [ Gyt s)ate) 1wl )
Applying the right hand side of inequality (4.3) we get
(4.6) ult) < /0 G1(1, s)a(s) fi (u(s), u'(s))ds
5 1
+—)/ G, 5)a(s) fu(u(s), ! (5))ds
+2 / Gs(i1, $)a(s) f1 (u(s), ' (5))ds.
Thus
(4.7) / G (1, 8)a(s) fu(u(s), o/ (5))ds

5 1
5 >/G< S)als) fi(u(s) o (5))ds

/ Ga(n, s u(s), o (s))ds > [l

On the other hand, (4.4) gives

(4.8) u’(t):/o Ga(t, s)a(s) fi(u(s),u'(s))ds
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Bt ! /
T / Ga (1, 5)a(s) fu(u(s), ' (5))ds

< (Lo 20) [ ot onatantuts) s

Hence
(4.9) /0 Ga(s, s)a(s) fi(u(s), u'(s))ds > &1 |||

-1
where 0; = (% + (1!;[377)> . In view of the left hand side of (4.4) and (4.7), we obtain

for all t € (11, 72)

u(t) > 71 [/0 G1(1, s)a(s) fi(u(s),v'(s))ds
3 ' /
+m /0 Ga(n, s)a(s) fi(u(s),u'(s))ds
+E/0 G3(n, s)a(s) fi(u(s),u'(s))ds
(4_10) > 7'12 Hu”

Taking into account (4.9), it yields

u’(t)2< An )/G (5) fu((5), 4/ (5))ds

(1—pn)
BT ,
(4.11) > (T + 1= 577)> oy |||
Combining (4.10) and (4.11) we get
anin (o) +0(0) = 7l + (4 ) 6]

> 0 ully

where § = max <7’1, <7’ + - BTl ) 51>. The proof is complete.

Define the quantities Ay and A by
fl (U,U) li fl (uav)

= im = .
(Jul+v))—o0|u| + v’ 0 (ullo)—oo |u| + |v]

The case Ay = 0 and A,, = oo is called superlinear case and the case Ay = oo and A, =

is called sublinear case.
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The main result of this section is the following
Theorem 4.3. Under the hypotheses H1-H2 and if « > 1, 0 < 8 < %then (P1) has at
least one positive solution in the both cases superlinear as well as sublinear.

To prove Theorem 4.3 we apply the well known Guo-Krasnosel’skii fixed point Theorem

in cone ( see th.2.5).

Proof. Define the cone K by

K = {u € ET, min (u(t)+u'(t))>§ ||u||1}

te(ri,m2)
It is easy to check that K is a nonempty closed and convex subset of F, so it is a cone.
Using Lemma 4.1 we see that TTK' C K. From the prove of Theorem 3.1, we know that T’
is completely continuous in F.
We prove the superlinear case.Since Ag = 0, for any € > 0, there exists R; > 0, such
that

fi(w,v) < e (ful +[vl)

for 0 < |u| + |v| < Ry. Letting O = {u € E, ||ul|, < R1}, for any u € K N 0§y, it yields

(4.12) Tu(t) < e |lul, {/0 G1(1, s)a(s)ds

+ﬁ /01 Gg(s,s)a(s)ds—i-%/ol G, s)a(s)ds,]

Moreover, we have

(4.13) Tu'(t) < elull, (%1 + ﬁ) /0 Giao(s, s)a(s)ds

From (4.12) and (4.13) we conclude

(4.14) | Tull, < elull; {/0 G1(1, s)a(s)ds+

(%) /0 1 Gg(s,s)a(s)dva% /0 1 G3(n,s)a(s)ds}

In view of Lemma 4.1, one can choose € such
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The inequalities (4.14) and (4.15) imply that ||Tu||, < |Ju|l,, Yu € K N 0€y. Second,
in view of A, = oo, then for any M > 0, there exists Ry > 0, such that f; (u,v) >
M (Ju| + |v]) for |u| + |v| > Ro. Let R = max {2R;, 22} and denote by €, the open set
{ue E/||lul| < R}.If ue KNoQy then

(4.16) min (u(t) +/(t)) > 6 |ull, = 6R > Ry

te(r1,m2)

Using the left hand sides of (4.3) and (4.4) we obtain
Tu(t) > 72 [ /0 Gh(1, $)a(s) fa(u(s), v/ (s))ds
pT ! /
e | Gatsshatenputs) i ()as
+2 [ ot o)),
thus

(4.17) Tu(t) > M ||u||1/0 (Gl(s, s) + (lf—TBn)GQ(S, s) + %Gg(n, s)) a(s)ds.

Moreover, we get with the help of (4.11)

(4.18) T'u(t) > M ||ul| (7’+ %) /0 Ga(s, s)a(s)ds

In view of (4.17) and (4.18) we can write

(4.19) Tu(t) + T u(t)

>l [ [ o (6.9 + St atos

¢
T(1+ 78— Bn)+ B [
=) /0 Gof(s, s)a(s)ds}

1
> M||u||1712/ G1(s, s)a(s)ds
0

Let us choose M such that

-1

vz (x| 1 (s, halis)
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then we get Tu(t) + T"u(t) > ||u||, . Hence,
| Tull; > ||ul],, Yu e K N oK.

The first part of Theorem 2.5 implies that 7" has a fixed point in K N (QQ\Q]_) such
that Rs < ||u|| < R. To prove the sublinear case we apply similar technics. The proof is
complete.

Example 4.4. The three point BVP

u" = (141)7" (sinu + e /() + In(1 +1),0 <t < 1

(4.20)
w(0) =10"%u (1), v (1) =107/ (1) ,4/ (0) =0

has a unique solution u € E.

Proof. We have o = 1072, 3 =10"* = 3, ( = 0.989 95 and

|[f(t2,7) = f(t,y,9)] < k() |2 =yl + 9(t) [T — 7]

where k(t) = (1+1)"", g(t) = (1+t)" e, k,g € Ly ([0,1],Ry) . Using Theorem 3.2,

it yields

M = (2 + (|B’ + 1) (2 —||'<|3 ‘Oé|) + ‘OZB|> <||k||L1[0,1} + HgHLl[O,l})

= 0.20976 x 4.0508 = 0.84970 < 1

then, we conclude that the BVP (4.20) has a unique solution u in F.
Example 4.5. The three point BVP

(4.21) uw” =1072 <4+“u2 sint + w'e™ " In(1+¢) + tan t) , 0<t<1

u(0) = —2u(1),u (1) =3 (3),u (0) =0
has at least a nontrivial solution u in E.

Proof. We have o« = =2, f=3,n=1 (=3},

ft,z y) =102 (4f 5 sint + ye In(1+t) +tant>
x

f(t,0,0) =10"2tant # 0, t € (0,1) and

[f (2, y)| < k@)]x] + g(@)ly] + h(t),
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where k(t) = 10 2sint, g(t) = 25 k() = 10~2tant, k,g, h € L, ([0,1],R,). The

100

hypotheses of Theorem 3.1 hold, indeed:

M = <2 + (|6| + 1) (2 —|2|3 |Oé|) + |Oéﬁ|> <||k||L1[0,1} 4 ||g||L1[0’1}>

. 1
= 27.333 x 8.4599 x 107 = 0.23123 < 5

1H(2+3
N (RS EIETE VY

1
= 27.333 x 0.61563 x 1072 = 0.16827 < 3

Then BVP (4.21) has at least one nontrivial solution w in E.
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