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UNBOUNDED UPPER AND LOWER SOLUTION METHOD FOR
THIRD-ORDER BOUNDARY-VALUE PROBLEMS ON THE
HALF-LINE

CHUANZHI BAI, CHUNHONG LI

ABSTRACT. In this article, we prove the existence of unbounded upper and
lower solutions of third-order boundary-value problems on the half-line. Here
the Nagumo conditions play an important role in the nonlinear term involved
in the second-order derivatives.

1. INTRODUCTION

Boundary-value problems on the half-line arise naturally in the study of radially
symmetric solutions of nonlinear elliptic equations and various physical phenomena,
see [2], 3, [, B T3] [T4], such as the theory of drain flows, plasma physics, unsteady
flow of gas through a semi-infinite porous media, in determining the electrical po-
tential in an isolated neutral atom.

Recently an increasing interest in studying the existence of solutions and positive
solutions to boundary-value problems for second-order differential equations on the
half-line is observed; see for example [0 @, [10] [I3] 16, 17, 19, 20, 21]. However,
to the best knowledge of the authors, no work has been done for the third-order
boundary-value problems on the half-line. It is well known that the study of third-
order boundary-value problems is very important. For finite interval, there are
many results, see [8, [I1, 12]. So it is necessary to discuss the existence of the
three-order boundary-value problems on the half-line.

In this paper, we are concerned with the existence of solutions for the following
boundary-value problem on the half-line for the third-order differential equation

u"' () + a(t) f(t,u(t),u (t),u"(t)) =0, te (0,+00),
u(0) = u’(0) = 0, tliinoo u”(t) = u" (+00) = 0, (1.1)

where a : (0,+00) — (0,4+00), f: [0+ 00) x R® — R are continuous. By using the
upper and lower solutions method, the authors present sufficient conditions for the
existence of unbounded solutions to .

This paper is organized as follows. In section 2, some definitions and lemmas
are given. We establish an upper and lower solution theory for in section 3.
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Sufficient conditions are given for the existence of solutions. In section 4, we give
an example to demonstrate our main results.

2. PRELIMINARIES

In this section, we introduce some necessary definitions and preliminary results
that will be used to prove our main results. Let

t
E={z€C?0,4+00): sup ()l < 400, sup [|7/(t)] < +oo,

0<t<+too (1 4+1)2 0<t<+too
. 1 .
tilgrnoox (t) exists },
. t
with the norm ||z| = max{||z1, |2’ oo, [|2" [l }, where [|z][1 = supie (o o) |z

[2']lc0 = suPse0,400) 7' (D)]; 12" ]l00 = SUDse[o, 400y [+” (£)]. By standard arguments,
we can prove that (F, || - ||) is a Banach space.

Definition 2.1. A function o € E N C3(0, +0c0) is called a lower solution of (1.1
if

Similarly we define an upper solution 8 € EN C?(0,+oc0) of (I.1)) by reversing the

above inequalities.

Remark 2.2. If
o (t) < B'(t), forevery t € [0,+00), (2.1)

then by integrating (2.1)) and using the boundary conditions of Definition we
can easily obtain that a(t) < 3(¢) for all t € [0, 400).

Definition 2.3. Given a pair of upper and lower solutions 3, € ENC3(0, +00) of
satisfying o/ (t) < 8/(t), t € [0, +00). A continuous function f : [0, +00) xR3 —
R is said to satisfy the Nagumo condition with respect to the pair of functions «, 3, if
there exists a nonnegative function ¢ € C[0, +00) and a positive one h € C[0, +00)
such that

[f(t, @y, 2)| < @(t)h(|z]), (2.2)
for all 0 <t < +oo, a(t) <z < B(t), &/(t) <y < F'(t), z € R and
+o0 s
/0 @ds = +o0. (2.3)

The above Nagumo conditions provide a priori estimate for the second-order
derivative u” of a class of the solutions of problem (1.1)).

Now we consider the following boundary-value problem for third-order differen-
tial equation on the half-line:
, te(0,+00),

0
w(0) =/ (0) =0, u(+o0) =0, (2.4)

where o € C[0, +00).
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Lemma 2.4. Let 0 € C[0,400) and [;° o(t)dt < co. Then u € C?[0,+00) N
C3(0,+00) is a solution of (2.4) if and only if u is a solution of the following
integral equation:

u(t) = /000 G(t,s)o(s)ds, t€][0,+00), (2.5)

where

1 _
Git,s) = 55(2t —s5), 0<s<t,
32, t<s < oo.

Proof. 1t is easy to show that the general solution for the equation in boundary-

value problem (2.4) is

u(t) = _% /Ot(t —5)%0(s)ds + At> + Bt + C, t € [0,+00), (2.6)

where A, B,C are constants. By the boundary condition of (2.4]), we get A =
1 5 o(s)ds, B = C = 0. Substituting the expressions of 4, B and C' into (2.6)),
we know that (2.5 holds. O

Let C; := {y € C[0,+00) : lim;— 4o y(t) exists }. For y € Cy, define ||y|| :=
SUP4e(0,+00) |¥(t)]- Then Cj is a Banach space (see [I]).

Lemma 2.5 ([7,[18]). Let M C C;. Then M is relatively compact if the following
conditions hold:

(a) M is bounded in Cy;

(b) the functions belonging to M are locally equicontinuous on [0, +00);

(c) the functions from M are equiconvergent; that is, given € > 0, there corre-
sponds T(€) > 0 such that |x(t) — z(4+00)| < € for allt > T(e) and x € M.

By Lemma similar to the proof of [I7, Theorem 2.2], we easily obtain the
following result.

Lemma 2.6. Let M C E. Then M is relatively compact if the following conditions
hold:
(i) M is bounded in E;
(ii) the functions belonging to {y : y = Tzt € MYy, {z:2=2'(t),r € M},
and {w:w=2a"(t),z € M} are locally equicontinuous on [0, +00);
(ili) the functions from {y : y = (RS M}, {z:2z=2a(t),z € M}, and
{w:w=2a"(t),x € M} are equiconvergent at +0cc.

3. MAIN RESULT

In this section, we study the existence of solution to (1.1).

Theorem 3.1. Assume that there are o, 3 € E N C3(0,+00) lower and upper
solutions of , respectively, such that holds. Let f : [0,4+00) x R? — R be
a continuous function satisfying the Nagumo condition with respect to the pair of
functions «, 3, and verifying

[t alt),y,2) < f(t,z,y,2) < f(tB(t),y, 2), (3.1)
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for (t,3,y,2) € [0,+00) x [a(t), B(t)] x R*. If
/+°° max{s, 1}a(s)ds < 400, /+OO max{s, 1}a(s)p(s)ds < +o0, (3.2)
0 0

then ([1.1) has at least one solution u € E N C3(0,+00) satisfying
a(t) <u(t) <B@E), o) <u'(t) <F'{), [W"(H) <N foralltel0,+00),

where N is a constant dependent only on «, 3,a and ¢.

Proof. Define the auxiliary functions

a(t), © <o), o/(t), y<d(t),
wo(t,z) = Jz(t), o) <z <B), wilt,y)={y@), o) <y<p(1),
B(H), x> p(b); gi(t), y>p(t)

Consider the boundary-value problem

u(t) + a(t)f*(t, u(t),u' (t),u" () =0, te (0,+OO)7

u(0) = u'(0) =0, 1121 u'(t) = (3.3)
where ()
X _ wi(t,y) —y
f (taxayaz) - f(t’WO(tax)vwl(tay)’Z) + 1+ |w1(t,y) — y| . (34)
For each u € F, we have by @ and that
[ a1 (s (96|
< / a(s)[B(s)h(fu"(3)]) + 1ds
0 (3.5)

< / " als) (Hod(s) + 1)ds

< /OO max{s, 1}a(s)(Hop(s) + 1)ds < +o0,
0

where Hy = maxo<i<|jy~|.. h(t). From and Lemma., we know that u is a
solution of ( . ) if and only if u solves the operator equation u = Tu. Here, the
operator T is defined by

= /000 G(t,s)a(s) f*(s,u(s),u'(s),u"(s))ds, weE,tel0,+00). (3.6)

We claim that T': E — E is completely continuous.
Step 1: T': E — FE is well defined. For u € E, we get by (3.5) that

/100 sa(s)(Hop(s) +1)ds < /OOO max{s, 1}a(s)(Ho¢p(s) + 1)ds < +o0,  (3.7)

which implies
lim ta(t)(Hop(t) +1) =0. (3.8)

t——+oo

Since

/too a(s)(Hop(s) +1)ds < /too sa(s)(Hop(s) + 1)ds, t>1, (3.9
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by (3.7) and (3.9)), we have

lim a(s)(Hoop(s) + 1)ds = 0. (3.10)

t—o0o t
By the Lebesgue dominated convergence theorem, and -, we obtain
T
Tw)

sa(s)(Hog(s) + 1)ds

+
| Ls(2t = 5) = L
~ dim_| / ) Hols) + s+ [ i srals) (Hoo(s) + 1)ds]

s)(Hod(s) + 1)ds + 5 a(t)(Hoo(t) + 1)
t—+oo 2(1 +t)

tf7° a(s)(Hog(s) + 1)ds — Sa(t)(Hog(t) + 1)
t—o00 2(141¢)

1
= Jim Sta()(Hoo(0) + 1)+ 7 it

%

(L’Hopital’s rule)

a(t)(Hoo(t) +1)

+ lim % [ t a(s)(Hoop(s) + 1)ds + ta(t)(Hop(t) + 1)] (L’Hopital’s rule)

t——+oo
1

1.
=5, Jim | a(s)(Hod(s) +1)ds = 0;

that is,

(Tu)(t)
A =0 (3.11)

which implies

|(Tu)(?)]
Og?tgl—)i-oo (1 + t)2

By (3.5), we get
wp (7@ = s | [P a7 s ule) o o) )|

0<t<+oo 0<t<+oo

= sup |/Osa(s)f*(s,u(s),u’(s),u"(s))ds

0<t<+o0

+/too ta(s) f* (s, u(s), u'(s), u" (s))ds|
<. | sats)Hu(s) + s+ [ tals)(Huo(s) + 1)as]

< [ sals)Hoos) + s

< /OO max{s, 1}a(s)(Hop(s) + 1)ds < +o0.
0
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From (3.10]), we have
| /OO a(s) f*(s,u(s), ' (s),u"(s))ds| < /OO a(s)(Ho¢(s) +1)ds — 0, ¢ — +oo.

Therefore,
. ligl (Tuw)"(t) = . ligl a(s)f*(s,u(s),u' (s),u"(s))ds = 0. (3.12)
— T 00 — T 00 t

SoTu € E.

Step 2: T : E — FE is continuous. For any convergent sequence u, — u in E,
we have

un(t) — u(t), wu,(t) —u'(t), ul(t)—u"(t), n— 4oo,te€0,+00).
Now the continuity of f* implies
117 (s, un(5), 1y, (), i (5)) = £ (s, u(s), u'(5),u” ()] = 0, n — Fo00, VE € [0, +-00).
Since u, — u, we have sup,,¢ y [[un||oc < +00. Let

H,

p

h(t).

= max
0<t<max{llu" ||, suP,en lu)lloo}

Then

/oo sa ()] (s, un(s),up, (), uy (s)) = f7(s,u(s), v/ (s), u"(s)) ds

¢ s (3.13)

< 2/ sa(s)(Hpo(s) + 1)ds < +oc.
0

Hence, from the Lebesgue dominated convergence theorem and ([3.13)), we have

|1 Tw,, — Tul|1
[T~ 1)
teR+ (1+1¢)?
= su OOG(t’s)as *(s,un(s),ul (s),u’(s)) — f*(s,u(s),u'(s),u”(s))ds
sup | [0 017 61,50 9) = £ (05 (). (5|
tlgot—s
< sup [ [ 25 56,51, 4105) (5,5, (), 5 s
teR 0

[ R (9505 — £ (s u(s)w (5) sl
< sup [ [ sa(a)177 (50,60, (5), w1 0) = £ s, (), 5) s
b [ 3 (9,906 £ (s (5) 5Dl

< [ s ) (5w 9) — 1), 5). () s
0
(3.14)
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which approaches zero as as n — oo. Also
1(Tun)" = (Tu)'[l

= sup |(Tun)'(t) — (Tw)'(t)]
teRt+

= sup
teR+

+ /too ta(s)(f (s, un(s), up (s), un(s)) — [ (s, u(s), u'(s),u"(s)))ds

/O sa(8)(f" (s, un(s), u (5), up (5)) = 7 (s, uls),u'(s), u"(s)))ds

(3.15)
< sup [ [ sa(s)1 7 (s (5), 1, (5), 1 (5)) = £ (s) (), () ds
0

teRT

[ s 561, (). 9) = s, (9. () ]
= [ S st (9, (9060 £ (50 (5 5

which approaches zero as n — oco. From ([3.13)), we easily show that

/OOO a($)[f7 (s, un(s), up (s), up(s)) = f7(s,u(s), w'(s),u”(s))|ds < +00.  (3.16)

From the above inequality, we obtain
1(Tun)"” — (Tw)"||

= sup |(Tun)"(t) — (Tu)"(t)]
teR+

— sup (3.17)
teRT

< / a(s)]f (s, un(s), up(s), uy (s)) — [ (s, u(s), ' (s),u"(s))|ds
0
which approaches zero as n — oo. Therefore, by (3.14]), (3.15)) and (3.17]), it follows

that | Tu, — Tul|| — 0, as n — 4o00; so T : E — E is continuous.
Step 3: T': E — FE is compact. Let A be any bounded subset of E, then for
u € A, let Hy = supg<i<|ju|.. uca P(t) < +o0, similar to the proof of (3:14),
and , by and (3.2]) one has
Tuly = sup LU
teR+ (1 + t)

> G(t75) * / "
sup [ SR Al (s (). (). (5) s

< / sa(s)| £ (s, u(s), u/(s), u"(s))|ds

/too a(s)(f" (s, un(s), uy (5), un(5)) — [ (s, u(s), u'(s),u"(s)))ds

IN

< /0 sa(s)(Hqp(s) + 1)ds < 400,

I(Tw) oo < /Ooo sa(s)] (s, u(s),u'(s),u"(s))|ds

< [ sal ol + s < +ox.
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and

(Tu)" oo < /OOO a(s)|f* (s, u(s), v/ (s),u"(s))lds
< /0 a(s)(Hyp(s) + 1)ds < +o0,

which implies that ||Tu|| < +o0. Thus T'A is uniformly bounded. Meanwhile, for
any B > 0, if t1,t € [0, B], we have
}(TU)(h) _ (Tu)(t2) |
(1+t1)2 (1+t2)?
(t (t
’ / (1 +1t18 (1 +2t28)) )a(s)f*(s, u(s),w'(s), u”(s))ds|
| tl S G(tg 5
0 1 + tl (1 + t

which approaches zero as t; — ts. Also

[(Tw)'(t1) = (Tw)'(t2)]
= ’/1sa(s)f*(s,u(s)m’(s),u"(s))ds—|—/ tra(s)f*(s,u(s),u'(s),u"(s))ds
0 t1

| (Hyo(s) + 1)ds

- /;2 sa(s)f*(s,u(s),u'(s),u"(s))ds — /t:O toa(s)f*(s,u(s), v (s), u"(s))ds‘

<

/:2 sa(s)f*(s,u(s),u'(s), U"(S))ds‘ n

tl/t2a(s)f*(s,u(s),u'(s),u”(s))ds’
#l(t2 =) [ o) (s uls)oal (). 3)) |

< /t : sa(s)(Hqo(s) + 1)ds + t; /t : a(s)(Hqp(s) + 1)ds

iz =t | a(s)(Hep(s) +1)ds

to
which approaches zero as t; — t5. Also
ta

(Tw)"(t1) — (Tw)"(t2)] = | | a(s)f* (s, u(s),u'(s),u"(s))ds|

t1

< /t " als) (Hy(s) + 1)ds

which approaches zero as t; — to. As a result, T'A is equicontinuous. From (3.11)),

we get
Tl T00) | (L0
07 b (02 7 T2

’HO, as t — 4o00.

Since
oo

[ taor sl o )is| < [ rats)Haots) + 1ds

< / " sals)(Hoo(s) + 1)ds
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which approaches zero as t — 400, we have

lim (Tw)(t) = lim [/o sa(s)f*(s,u(s),u'(s),u"(s)))ds

t——+oo t——+oo

+ /too ta(s)f* (s, u(s), o (s),u” () ds|

= /OOO sa(s)f*(s,u(s),u'(s),u”(s)))ds.
Thus,
(@) (1)~ lim (Tu) (1)

- ’/too ta(s) f*(s,u(s), v (s),u"(s)))ds — /too Sa(s)f*(sv“(s)vul(s)’uﬂ(s)))d‘s’

which approaches zero as t — +o00. Moreover, by (3.12), we have
|(Tw)"(8) =, lim(Tw)"(t)] = [(Tw)"(®)]

=| [ el s ute) ) )|

which approaches zero as t — +o0o. That is, T'A is equiconvergent at infinity. Then
T A is relatively compact. Hence, T : E — E is completely continuous. O

By the Schauder fixed point theorem, we can easily obtain that T has at least
one fixed point v € E. Thus u is a solution of (3.3).
Next, we show that u satisfies the inequalities
alt) <u(t) <Bt), o) <d(t)<p(t), VteRT,
which implies that w is a solution of (1.1)). First, we show that v/(t) < #'(t) for all
€ [0, +00). Suppose not, then

sup (v (t) — fB'(t)) > 0.
0<t<+00

Since lim;_. oo (u” () — 87(t)) < 0, there are two cases.
Case 1. There exists a ty € (0,00) such that

u'(to) — B'(to) = tseig(d(t) - B'(t) > 0.
So we have u”/(tg) = " (to) and
u"(to) < 8" (to). (3.18)

By , and , we get,

u'”(to) = —a(to) |:f(t0, wo(to, u), w1 (to, ’LL/), U//(to)) + 1 fi{iﬁo(;:j L;U "(Lflo(zfo)|:|

B (to) — u'(to) }
L+ |B'(to) — v (to)]
> —alto)(to o). & (t0)) 8" (1) + alto) =125
> —al(to) f(to, B(to), B'(t0)), 8" (t0)) = 8" (o),

which is a contradiction.

= —alto) [ (to, wolto, ulto)), B'(t0)), 5" (t0)) +
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Case 2. v/(0) — #'(0) = lim; o+ (v (¢) — B'(t)) = sup,ep+ (v (t) — 8'(t)) > 0. By
the boundary condition, we have the contradiction w’(0) — 5’(0) < 0. Consequently,
u'(t) < B'(t) holds for all t € [0, +00). Using an analogous technique, we prove that
o/ (t) </(t), for all t € [0,400). By integration,

a(t) <wu(t) < B(t), Vtel0,+o0).

Let 0 > 0 and choose

(1) — o ! — o (t
r>max{ sp D=0 g, FO -, (3.19)
t€lo,+00) 13 t€lo,+00) 3
and N > r, such that
N
> Iy s / )
/T h(s)ds > m(ogiggwﬁ (t) nggiwa (t)), (3.20)

where m = Sup,¢[g 100y a(t)(t) < +00.

Remark 3.2. By condition (3.2)), it is easy to know that f0+°° a(s)p(s)ds < +oo.
Thus we have m < +oo.

Finally, we show that |u”(t)] < N for ¢t € [0,4+00). If |u”(t)] < r, for every
t € [0,+00) then we have |u”(¢)] < N. If u”(t) > r, for all ¢ € [0,400), then for

any R > o, by (3.19) we have
R

B'(R) = a/(0) _ w'(R)—u'(0) _ Jo w/(s)ds . B'(R) — 0/(0)7
R - R R - R
which is a contradiction. If u”(t) < —r, for every t € [0,400), a similar contradic-
tion can be obtained. So, there exists tg € [0, +00) such that |u”(tp)| < r. Hence,
there exists [t1,t2] C [0,+00) such that |u’(t1)| = r, |’/ (t)] > r, t € (t1,t2] or
[u’(t2)] = r, |[u"(¢)| > r, t € [t1,t2). Without loss of generality, we suppose that
u’(t1) = r, u”(t) > r, t € (t1,t2]. Then, by a convenient change of variable and

applying assumptions (2.2]) and (3.20)), we have

u’ (t2) s to u”(t)
——ds :/ —— " (t)dt
/uf'(tl) h(s) &, h(u"(1)) ©

[ —alO)f(t ult), w!(0), u ()" (1)
‘/tl R0 «
< [t @

<m( sup p'(t)— inf (¢
(t6[07+00) ( ) te[0,400) ( ))

N
S
< -
= / h(s) ™

which concludes that u”(t2) < N. Since to can be arbitrarily as long as u”(t) > r
we can conclude that, for every ¢ € [0, +00) such that u”(t) > r, we have u”(t) < N.
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By a similar way, we can also obtain that if u/(t1) = —r, ¥/(t) < —r, t € (t1,t2],
then u/(t) > —N, t € [0, +00). Hence,

u"'(t) = —alt) f*(tu(t), ' (t),u" () = —a(t) f(t, u(t), u'(t),u" (t));
that is, u is a solution of .

4. AN EXAMPLE

In this section, we give an example to illustrate our main result. Consider the
boundary-value problem

u” () + e 73 + P (t)(1 — o/ (t)) (1 + arctan((u” (t))?) = 0, t € (0, 400),
uw(0) =4/ (0) =0, u’(+00) =0,

(4.1)
where 7 is a positive constant. Set

alt) =e 7t f(t,x,y, 2) = (2 + 2®)(1 — y)(1 + arctan(z?)).

According to Definition it is easy to check that a(t) = —t, 5(t) =t are a pair
of lower and upper solutions of (4.1)). Moreover, we have o, 3 € E, a(t) < 3(t),
t € 0,400).

Obviously, f is continuous on [0, +00) x R? and increasing in x when a(t) <
z(t) < B(t), t € [0,400). Meanwhile, when 0 <t < 400, -t <z <¢, -1 <y <1,
it holds

[f(t, 2, 2)| < d(8)h(]2]),
where ¢(t) = 4(1 +t®) and h(z) = 1 + 22. Since

+oo s +oo s
——ds = ——ds = +o0,
/0 h(s) /0 1+ 52

f satisfies the Nagumo condition with respect to —t,t. Furthermore, we have

“+o00 1 400
/ max{s, 1}a(s)ds = / e ds +/ se”¥ds < 400
0 0 1

and
+oo 1 +oo
/ max{s, 1}a(s)p(s) = / 4(1+ s*)e 7ds —I—/ 4s(1 + s*)e 7%ds < +o0;
0 0 1

that is, (3.2) holds. Therefore, by Theorem there exists at least one solution
u(t) for (4.1)) such that

—t<u(t)<t, —-1<d'() <1, te][0,+00).
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