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We generalize the unbounded upper and lower solution method to a third-order ordinary
differential equation on the half line subject to the Sturm-Liouville boundary conditions. By using
such techniques and the Schauder fixed point theorem, some criteria are presented for the existence
of solutions and positive ones to the problem discussed.

1. Introduction

Boundary value problems on infinite intervals, arising from the study of radially symmetric
solutions of nonlinear elliptic equation [1], have received much attention in recent years.
Because the infinite interval is noncompact, the discussion about BVPs on the half-line is more
complicated. There have been many existence results for some boundary value problems of
differential equations on the half line. The main methods are the extension of continuous
solutions on the corresponding finite intervals under a diagonalization process, fixed point
theorems in special Banach space or in special Fréchet space; see [1-12] and the references
therein.

The method of upper and lower solutions is a powerful technique to deal with the
existence of boundary value problems (BVPs). In many cases, when given one pair of well-
ordered lower and upper solution, nonlinear BVPs always have at least one solution in the
closed interval. To obtain this kind of result, we can employ topological degree theory, the
monotone iterative technique, or critical theory. For details, we refer the reader to see [1-
4,7,9,12-14] and therein.
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When the method of upper and lower solution is applied to the infinite interval prob-
lems, diagonalization process is always used; see [2, 3, 7]. For example, in [3], Agarwal and
O’Regan discussed a Sturm-Liouville boundary value problem of second-order differential
equation:

1
p(t)
~a0y(0) + by lim p()y' (t) =co, or lim p(y'(t) =0, (1.1)

Pty (1) =qt)f(Lyt), te(0,+x),

y(t) bounded on [0,+0o0), or lim y(t) =0,

t—+oo

where ag > 0,by > 0. General existence criteria were obtained to guarantee the existence of
bounded solutions. The methods used therein were based on a diagonalization arguments
and existence results of appropriate boundary value problems on finite intervals.

In [12], Yan et al. investigated the boundary value problem

Y+ W) f(ty1),y' (1) =0, te(0,+x),

, o, (1.2)
ay(0) -by (0) =yo 20,  lim y(t) =k>0,

where a > 0,b > 0. By using the upper and lower solutions method and the fixed point
theorem, the authors presented sufficient conditions for the existence of unbounded positive
solutions. In [9], Lian and the coauthors discussed further the existence of the unbounded
solutions.

There are many results of third-order boundary value problems on finite interval; see
[14, 15] and the references therein. However, there has been few papers concerned with
the upper and lower solutions technique for the boundary value problems of third-order
differential equation on infinite intervals. In this paper, we aim to investigate a general Sturm-
Liouville boundary value problem for third-order differential equation on the half line

u"(£) + () f (L, u(t), u'(t),u"(t)) =0, te(0,+0),
u(0) = A, 1’ (0) — au”(0) = B, u'(+0) =C,

(1.3)

where ¢ : (0,+0) — (0,+o0), f : [0,+o0) x R3 — R are continuous, a > 0, A,B,C €
R. The methods mainly depend on the unbounded upper and lower solutions method and
topological degree theory. The nonlinear is admitted to involve in the high-order derivatives
under the considerations of the Nagumo condition. The solutions obtained can be unbounded
in this paper. The results obtained in this paper generalize those in [4].

2. Preliminaries

We present here some definitions and lemmas which are essential in the proof of the main
results.
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Definition 2.1. A function a € C?[0, +o0) N C3(0, +o0) is called a lower solution of BVP (1.3) if

a’"(t) + e f(ta(t), o (t),a"(t)) 20, te(0,+o0),
a(0) < A, a'(0) —aa”(0) < B, a’(+0) < C.

(2.1)

Similarly, a function € C2[0, +o0) N C3(0, +0) is called an upper solution of BVP (1.3) if

B"(t) + ) f(t,p(t), B (1), p'(1) <0, te(0,+o0),
ﬂ(O) > A, ﬂl(o) - aﬁ"(O) > B, ﬁ”("'oo) >C.

(2.2)

Definition 2.2. Given a positive function ¢ € C(0, +o0) and a pair of functions a, € C1[0, +0)
satisfying a(0) < B(0) and a'(t) < f'(t),t € [0, +o0); a function f : [0,+00) x R® — Ris said to
satisfy the Nagumo condition with respect to the pair of functions a, f3, if there exist positive
functions ¢, h € C[0, +o0) satisfying [, ¢s(s)$(s)ds < +oo, [ s/h(s)ds = +oo such that

|f(tx,y,2)| < @t)h(z]) (2.3)

holds forall 0 <t < +oo,a(t) <x < p(t), a'(t) Ly < f(t),and z € R.
Letvg(t) =1 +t%,v1(t) = 1 +t,v2(t) = 1 and consider the space X defined by

2 oxOwy
X ={4x€C?[0,+00), lim exist, i=0,1,2¢, (2.4)
t—+oo D;(f)
with the norm [l = max{[lflo, [[1, [%"[l2}, where [lxlli = sup,q.,zlx(5)/0i(8)]. By the

standard arguments, we can prove that (X, || - ||) is a Banach space.

Lemma 2.3. If e € L'[0, +c0), then the BVP of third-order linear differential equation

W't +e(t) =0, te(0,+o0),

(2.5)
u(0) = A, u'(0) — au”(0) = B, u'(+0) =C,
has a unique solution in X. Moreover this solution can be expressed as
+0oo
u(t) = p(t) +J G(t,s)e(s)ds, (2.6)
0
where
Cp
p(t) =A+(aC+B)t+Et ,
2 (2.7)

1
at+st—=s°, 0<s<t<+oo,
G(t,s) = 2
§t2+at, 0<t<s<+oo.
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Proof. It is easy to verify that (2.6) satisfies BVP (2.5). Now we show the uniqueness. Suppose

u is a solution of (2.5). Let v = ¢/, then we have

'(t)+e(t) =0, te(0,+x0),
v(0) —av'(0) =B, v'(+x)=C.

By a direct calculation, we obtain the general solution of the above equation:

t pt+oo
v(t) =c1+ oot + j f e(s)dsdr
0o/t

t +00

=C1+C2t+J‘

0 t

Substituting this to the boundary condition, we arrive at
+00

c1=aC+B+ aI e(s)ds,
0

Cz=C.

Therefore, (2.8) has a unique solution
v(t)=aC+B+Ct+ f g(t, s)e(s)ds,
0

where

a+s, 0<s<t<+oo,

g(t,s) = {

a+t, 0<t<s<+oo.

Furthermore, ' = v, u(0) = A, so

t

u(t) = u(0) +J’ v(T)drt

0
t
=A+f
0

+o0 t
=p(t) + fo Uo (T, S)dT]@(s)ds

+00

=p(t) + j G(t,s)e(s)ds.

0

The proof is complete.

se(s)ds + tj e(s)ds.

+00
aC+B+Ct+ J g(T, s)e(s)ds] dar
0

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)
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Theorem 2.4 (see [1]). Let M C Co, = {x € C[0,+00), lim;_, 4o x(t) exists}. Then M is relatively
compact if the following conditions hold:

(a) all functions from M are uniformly bounded;
(b) all functions from M are equicontinuous on any compact interval of [0, +o0);

(c) all functions from M are equiconvergent at infinity; that is, for any given € > 0, there exists
aT =T(e) > 0suchthat |f(t) — f(+o0)| <€, forallt >T and f € M.

From the above results, we can obtain the following general criteria for the relative compactness
of subsets in C[0, +o0).

Theorem 2.5. Given n + 1 continuous functions p; satisfying p; > € > 0,i = 0,1,...,n with e a
positive constant. Let M C C% = {x € C"[0,+00), limy_, ,op; (H)xD () exists, i = 0,1,2,...,n}.
Then M is relatively compact if the following conditions hold:

(a) all functions from M are uniformly bounded;

(b) the functions from {y; : y; = pix?, x € M} are equicontinuous on any compact interval of
[0,40),i=0,1,2,...,n;

(c) the functions from {y; : y; = pix®,x € M)} are equiconvergent at infinity, i =
0,1,2,...,n

Proof. Set M; = {y; : y; = pix®,x® € M}, then M; C C,,i =0,1,2...,n. From conditions
(a)—(c), we have M,; is relatively compact in C,,. Therefore, for any sequence {Vin }meq C Mi,
it has a convergent subsequence. Without loss of generality, we denote it this sequence. Then
there exists y; o € M; such that

Yim = pixl) — yip, m— +o0, i=0,1,2,...,n. (2.14)

Set x;0 = (1/pi) yio, then xﬁ,il) — x;0,i =0,1,2,...,n. Noticing that all functions from

M are uniformly continuous, we can obtain that x;y = x(()iz),i =1,2,...,n.So M is relatively

compact. O

3. Main Results

In this section, we present the existence criteria for the existence of solutions and positive
solutions of BVP (1.3). We first cite conditions (H;) and (H;) here.

(Hy) :

(1) BVP (1.3) has a pair of upper and lower solutions f, a in X with a'(t) < f'(f),t €
[0, +0);

(2) f € C([0,+o0) x R3,R) satisfies the Nagumo condition with respect to a and .
(Hp) :Forany 0 <t < +o0,a/(t) <y < f/(t) and z € R, it holds

f(ta),y,z) < f(tx,y,2) < f(LP(),y,2), asalt)<x<p(h). (3.1)



6 Discrete Dynamics in Nature and Society

Lemma 3.1. Suppose condition (Hy) holds. And suppose further that the following condition holds:
(Hs) there exists a constant y > 1 such that sup,_, . (1 + )T (t)¢(t) < +oo.

If uis a solution of (1.3) satisfying

a(t) <u(t) <p@t), a'(t) <u'(t) <p(t), te[0,+x), (3.2)

then there exists a constant R > 0 (without relations to u) such that ||| < R.

Proof. Let6 >0and R>C,

(3.3)

OO, ﬁ%O);th)}

/1 max{ sup

te[6,+00) te[6,+o0)

such that

Ros p() 2 (1) y p ()
s> M ~ inf i s 4
L ), A+ DT kel (148 Y =1 ok 1+t ) (34)

where C is the nonhomogeneous boundary value, M = sup,_. . (1+8)"p(H)g(t), then [u"(t)] <
R, t € [0, +o0). If it is untrue, we have the following three cases. O

Case 1. Consider
|u”(t)| >1n, Vite[0,+0). (3.5)

Without loss of generality, we suppose 1" (t) > 1,t € [0, +o0). While for any T > 6,

ﬁav—ww>>wav—ww)=1fﬂf@ms>qz

§ pT) -0 56
T T T ), T

which is a contraction. So there must exist ty € [0, +o0) such that |u"(f)| < 7.
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Case 2. Consider

lu' ()| <y, Vte[0,+o0). (3.7)

Just take R = 77 and we can complete the proof.

Case 3. There exists [t1,t2] C [0, +00) such that [u'(t1)| = 5, |[u" ()| > 1,t € (t1,t2] or [u"(t2)] =
n, ' ()| > n,t € [t,t2).
Suppose that u”(t1) = n,u" () > 1,t € (t1, 2]. Obviously,

u’ (tp) s tr u”(s)
—ds = f u" (s)ds
J vy B ), marepy @

_ r —¢(s) f (s, u(s),u'(s), u"(s))u"(s)

. R (s)) ds

t " & u”(s)
<[ w@p@pEds <M [ s

- M<£ ((f;(ss)v)ld“f: ﬁ%‘ﬁ)

SM< sup F) inf «(t) + sup AON B ds>

te0,+00) (1 + )7 tel0re0) (1+ 1) o) L+t )0 (1+9))

(3.8)

R
S
SL s %

concludes that u”(t;) < R. For t; and t, are arbitrary, we have u"(t) < max{R,n} = Rt €
[0, +c0).

Similarly if u”(t1) = —n,u"(t) < -n,t € (t1,t2], we can also obtain that u"(t) > -R,t €
[0, +c0).

Thus there exists R > 0, just related with a, §, and h, such that |[u"|> < R.

Remark 3.2. Condition (H3) is necessary for an a priori estimation of #” in Lemma 3.1. Because
the upper and lower solutions are in X, f/'(f) and «'(f) are at most linearly increasing,
especially at infinity. Otherwise, sup;¢(q .., (t) and sup,g , ., f' () may be equal to infinity.

Theorem 3.3. Suppose ¢ € L'[0,+00) and the conditions (H1)—(Hz) hold. Then BVP (1.3) has at
least one solution u € C2[0,+o0) N C3(0, +o0) such that

alt) <u(t) <), at)<u'(t)<p(t), tel0,+ow). (3.9)
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Proof. Let R > 0 be the same definition in Lemma 3.1 and consider the boundary value
problem

u" (£) + () f*(t,u(t), v/ (), u"(t)) =0, te€ (0,+00),

(3.10)
u(0) = A, u'(0) — au”(0) = B, u'(+0) =C,
where
e —a(t
Fr(t,x,a'(t),z) + 1+y|y—fi’)(t) y<al(t),
f*(t,x,y,z) = { Fr(t,x,y,z), a(t)<y<p),
’ Y- ﬁl(t) ;
Fr(t,x,p'(t),z) - W/ y>p),
(fr(ta(t),y,z), x<a(b), (3.11)

FR(t,x,]//Z) = + fR(t,x,y,z), [x(t) <x< ,B(t)/
| fr(EB®),y,2), x> p(t),

rf(t,x,y,—R), z < —R,
fR(t/x/]//Z)Z + f(t,x,]/,z), —RSZSR,
f(t,x,y,R), z>R

Firstly we prove that BVP (3.10) has at least one solution u. To this end, define the operator
T:X — Xby

+00

(Tu)(t) =p(t) + J‘ G(t,s)P(s)f* (s, u(s),u'(s),u"(s))ds. (3.12)

0

By Lemma 2.3, we can see that the fixed points of T coincide with the solutions of BVP (3.10).
So it is enough to prove that T has a fixed point.

We claim that T : X — X is completely continuous.

(1) T: X — Xis well defined. For any u € X, ||u|| < +c0 and it holds

J:OO P(s)f* (s, u(s),u'(s),u"(s))ds < f;m ¢(s)(How(s) +1)ds < +oo, (3.13)
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where Hy = maxo<s<uhi(s). By the Lebesgue-dominated convergence theorem, we have

im 00y (10 (7 Gl

w® " Jo o ¢(S)f*(s'“<S>fu’<s>,u”(s>)ds>

t—+co Uo(t) B t—+oo

= % + %L d(s)f*(s,u(s),u'(s),u"(s))ds < +oo,

lim (Tu)'(t) _ thm ((aC + B) + Ct N g(t,s)

e o1 (D) o) SO (o)), (5))ds

(3.14)

=C+ j+w P(s)f* (s, u(s),u'(s),u"(s))ds < +oo,
0

tl—i>r-£loo(Tu)H(t) = tl—i>n+1oo<c + jt P(s)f* (s,u(s),u’(s),u”(s))ds)

=C< +oo,

soTu e X.
(2) T : X — X s continuous. For any convergent sequence u, — u in X, there exists
r1 > 0 such that sup, .\ ||| < 71. Similarly, we have

T, — Tul| = max{||Tu, — Tully, || (Tun)" = (Tw)'||,, || (Tua)" - (Tw)"||,}

e G(t,s) g(t,s)
Sfo max{oi’fi?w 00(0) | ogreel 1(8) ’1}
“P(S)|f* (s, un(s), u'n(s), u"u(s)) = f*(s,u(s),u'(s),u"(s))|ds (3.15)

+00
< fo ()| f* (s, un(s),u'n(s),u"n(s)) = f*(s,u(s),u'(s),u"(s))|ds
— 0, as n— +oo,
soT : X — X is continuous.

(3) T : X — X is compact. Let B be any bounded subset of X, then there exists r > 0
such that |u|| < r, for all u € B. For any u € B, one has

ITull = max{||Tully, ||(Tw)'||,, || (Tw)"||,}

< fo $(5)|f* (s, uls), 1 (s),u"(s)) | ds (3.16)

< fm $(s) (Hrg(s) +1)ds < +oo,
0



10 Discrete Dynamics in Nature and Society

where H, = maxg<s<,h(s), so TB is uniformly bounded. Meanwhile, for any T > 0, if t;,, €
[0,T], we have

Tu(th) Tu(t)
vo(t1)  vo(t2)

I+m<c(t115) _ G(tys)
0 vo(t1) vo(ta)

N f+°° G(t,s)  G(t,s)
—Jo

vo(t1) vo(t2)
— 0, as t) —t,

f+°°<g(t1,5) gl s)
o \ovi(t) ovi(t)

+00
SJ‘
0

— 0, as t) —ty,

)06 (5D w910 5)) s

¢(s) (Hyryp(s) + 1)ds

(Tw)'(t)  (Tw) (k)
v1(t) v1(t)

V961" (5,19, 5) s

g(tll S) _ g(tZ/ S)
vi(t)  vi(fa)

‘¢<s>(Hrqr<s> +1)ds (3.17)

(Tw)"(t)  (Tw)"(t2)
v2(t) v2(t)

t
Q) (5 (5), 14 (5),14'(5)) s

< &¢@Kfﬂw@)+nds
t

— 0, as t) —ty;

that is, TB is equicontinuous. From Theorem 2.5, we can see that if TB is equiconvergent at
infinity, then T'B is relatively compact. In fact,

Tu(t) . Tu(t)
wo() 12T oo )

Ity C +oo<G(t,s) 1

"l " 27), (o E)‘P(S)f* (s,u(s),u'(s),u"(s))ds
I(t C e f, 1
- vo((i)f) - E‘ " 4[0 Ui)(tS)) - §‘¢(S)(Hrqf(s) +1)ds

— 0, ast— +oo,
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Tw'®) (T

U1 (t) t—+0 D7 (t)

_|@CrBy+Ct o (78S * o

= ol C+IO ( 01D 1)¢(s)f (s, u(s),u'(s),u"(s))ds
(@CB)rCt_ ([, (|5

: Ul(t) C‘ + _[0 Ul(t) 1‘4’(5) (Hr([f(s) + 1)dS

— 0, ast— +oo,

(Tu)"(t)
vy (t)

L d(s)f*(s,u(s),u'(s),u"(s))ds

< L - $(s) (Hrg(s) +1)ds

— 0, as t— +oo.

(3.18)

Then we can obtain that T : X — X is completely continuous.

By the Schduder fixed point theorem, T has at least one fixed point u € X. Next we will
prove u satisfying a'(t) < u/(t) < p'(t),t € [0,+00). If u/(t) < f'(t),t € [0,+00) does not hold,
then,

sup (u'(t)-p'(t) >0. (3.19)
<t<+oo
Because u” (+o0) — " (+o0) < 0, so there are two cases. O
Case 1. Consider
lim (u'@t)-p ) = sup (u'(t)-p'(t))>0. (3.20)
t=0 0<t<+oo

Easily, u”(0*) — p"(0*) < 0. While by the boundary condition, we have

a(u"(0) - p"(0)) > u'(0) - f'(0) >0, (3.21)

which is a contraction.

Case 2. There exists t* € (0, +o0) such that

@) -pt)) = sup (') -p1)>0. (3.22)

<t<+co
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So, u” (t*) — p"(+*) = 0,u" (¢*) — B"(¢*) < 0. Unfortunately,

ul//(t*) _ﬂ”l(t*) 2 ¢(t*)(f(t*,ﬂ(t*),ﬁl(t*),ﬂ”(t*)) _ f* (t*,u(t*), ul(t*)’ull(t*)))
= G (F(E, ), (), B/(E)) = (7, u(t), B (), '(E)))
u'(t*) — p'(t)
1+ |w/(t) - B ()] (3.23)
u'(t*) - p'(t)
1+ |uw'(t) - p )]

+ ¢ ()

> ¢(t")

> 0.

Consequently, #/'(t) < f'(t) holds for all t € [0, +o0). Similarly, we can show that a'(t) <
u'(t) for all t € [0, +00). Noticing that a(0) < A < $(0), from the inequality a'(t) < u/'(t) < f'(t),
we can obtain that a(t) < u(t) < f(t). Lemma 3.1 guarantee that ||u"||,R. So,

u"(t) = —f*(tut),u'(t),u"(t)) = —f(t,u),u'(t),u"(t)); (3.24)

that is, u is a solution of BVP (1.3).

Remark 3.4. For finite interval problem, it is sharp to define the lower and upper solutions
satisfying a” (b) < C and p"(b) > C; see [15].

If f: [O,+oo)4 — [0,+00), we can establish a criteria for the existence of positive
solutions.

Theorem 3.5. Let f : [0, +00)* — [0, +00) be continuous and ¢ € L'[0, +o0). Suppose the condition
(Ha) holds and the following conditions hold.

(P1) BVP (1.3) has a pair of positive upper and lower solutions a, p € X satisfying

ad() <P (), te0,+ow). (3.25)

(P2) For any r > 0, there exists , satisfying f0+°° ¢ (s)p,(5)ds < +oo such that
f(tx,y,z) <t (3.26)

holds for all t € [0, +o0), a(t) < x < B(t),a'(t) <y < P(t), and 0< z < 7.

Then BVP (1.3) with A, B, C > 0 has at least one solution such that

alt) <u(t) <), o) <u'(t)<p(t), tel0,+ow). (3.27)
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Proof. Choose R = (1/a)(B + '(0)) and consider the boundary value problem (3.10) except
fr substituting by

f(t,x,y,0), z<0,
frt,x,y,2z) =9 f(t,x,y,2z), 0<z<R, (3.28)
f(t,x,y,R), z>R

Similarly, we can obtain that (3.10) has at least one solution u satisfying a(t) < u(t) < p(t) and
a'(t) <u'(t) <P(t),t €[0,+00). Because

W (E) = ~(0) (b ut), 1 (1), (1) < 0 (3.29)

and 1" (+o0) = C > 0, we have
0<u"(t) <u"(0) = %(B +1'(0)) <R. (3.30)
Consequently, the solution u is a positive solution of (1.3). O
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