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Abstract

In this paper, we investigate the existence and approximation of the solutions of a
nonlinear nonlocal three-point boundary value problem involving the forced Duffing
equation with mixed nonlinearities. Our main tool of the study is the generalized
quasilinearization method due to Lakshmikantham. Some illustrative examples are
also presented.
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1 Introduction

The Duffing equation plays an important role in the study of mechanical systems.
There are multiple forms of the Duffing equation, ranging from dampening to forcing
terms. This equation possesses the qualities of a simple harmonic oscillator, a non-
linear oscillator, and has indeed an ability to exhibit chaotic behavior. Chaos can be
defined as disorder and confusion. In physics, chaos is defined as behavior so unpre-
dictable as to appear random, allowing great sensitivity to small initial conditions. The
chaotic behavior can emerge in a system as simple as the logistic map. In that case,
the “route to chaos” is called period-doubling. In practice, one would like to under-
stand the route to chaos in systems described by partial differential equations such as
flow in a randomly stirred fluid. This is, however, very complicated and difficult to
treat either analytically or numerically. The Duffing equation is found to be an appro-
priate candidate for describing chaos in dynamic systems. The advantage of a pseudo-
chaotic equation like the Duffing equation is that it allows control of the amount of
chaos it exhibits. Chaotic oscillators are important tools for creating and testing mod-
els that are more realistic. This is why the Duffing equation is of great interest. The
use of the Duffing equation aids in the dynamic behavior of chaos and bifurcation,
which studies how small changes in a function can cause a sudden change in behavior
[1]. Another important application of the Duffing equation is in the field of the predic-
tion of diseases. A careful measurement and analysis of a strongly chaotic voice has
the potential to serve as an early warning system for more serious chaos and possible
onset of disease. This chaos is with the help of the Duffing equation. In fact, the
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success at analyzing and predicting the onset of chaos in speech and its simulation by
equations such as the Duffing equation has enhanced the hope that we might be able
to predict the onset of arrhythmia and heart attacks someday [2].

The Duffing equation is a mathematical representation of the oscillator. Both the
equation and oscillator are prone to many output waveforms. One of the simplest
waveforms includes simple harmonic motion like a pendulum. Other waveforms are
considerably more complex and can quickly be described as shear oscillatory chaos.
The Duffing equation can be a forced or unforced damped chaotic harmonic oscillator.
Exact solutions of second-order nonlinear differential equations like the forced Duffing
equation are rarely possible due to the possible chaotic output. There do exist a num-
ber of powerful procedures for obtaining approximate solutions of nonlinear problems
such as Galerkin’s method, expansion methods, dynamic programming, iterative tech-
niques, the method of upper and lower bounds, and Chapligin method to name a few.
The monotone iterative technique coupled with the method of upper and lower solu-
tions [3] manifests itself as an effective and flexible mechanism that offers theoretical
as well as constructive existence results in a closed set, generated by the lower and
upper solutions. In general, the convergence of the sequence of approximate solutions
given by the monotone iterative technique is at most linear. To obtain a sequence of
approximate solutions converging quadratically, we use the method of quasilineariza-
tion. The origin of the quasilinearization lies in the theory of dynamic programming
[4,5]. Agarwal [6] discussed quasilinearization and approximate quasilinearization for
multipoint boundary value problems. In fact, the quasilinearization technique is a var-
iant of Newton’s method. This method applies to semilinear equations with convex
(concave) nonlinearities and generates a monotone scheme whose iterates converge
quadratically to a solution of the problem at hand. The nineties brought new dimen-
sions to this technique when Lakshmikantham [7,8] generalized the method of quasili-
nearization by relaxing the convexity assumption. This development was so significant
that it attracted the attention of many researchers, and the method was extensively
developed and applied to a wide range of initial and boundary value problems for dif-
ferent types of differential equations. A detailed description of the quasilinearization
method and its applications can be found in the monograph [9] and the papers [10-26]
and the references therein.

In this paper, we study a nonlinear nonlocal three-point boundary value problem of
the forced Duffing equation with mixed nonlinearities given by

K7 (t) + A (¢) = N(t, x(t)), t€)J=[0,1], »eR-{0}, (1.1)

px(0) — gx'(0) = g1 (x(0)), px(1) +qx'(1) = g2(x(0)), 0<o <1, pg>0, (1.2)
where N(¢t, x) € C[J x R, R] is such that
N(t,x) = f(t, x) + k(t, x) + H(t, x), (1.3)

and g: R — R (i = 1,2) are given continuous functions. The details of such a decom-
position can be found in Section 1.5 of the text [9]. In (1.3), it is assumed that flz,x) is
nonconvex, k(tx) is nonconcave, and H(tx) is a Lipschitz function:

H(t,x) —H(t,y) > —L(x—y), x>y, x,yeR, L> 0.
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A quasilinearization technique due to Lakshmikantham [9] is applied to obtain an
analytic approximation of the solution of the problem (1.1-1.2). In fact, we obtain
sequences of upper and lower solutions converging monotonically and quadratically to
a unique solution of the problem at hand. It is worth mentioning that the forced Duff-
ing equation with mixed nonlinearities has not been studied so far.

2 Preliminaries
As argued in [12], the solution x(¢) of the problem (1.1-1.2) can be written in terms of
the Green’s function as

(p—ar)e™” —pe ™ )

50 =8N (10 e — (o2 )

1
pet —(p+an)
s (x(a))(p 0 3a) e — o Aq)]) + 0/ G(t, s)N(s, x(s))ds,

where

(- O=) (- 029 i oz

Glts) = per ’
T )\[(ﬂ+q)t) et — (17 7q)‘)] (p_ q}L) (p+qk)
(-0 _ ks i <s<t<
(e"l » )(e" » > if 0<s<t<l.

Observe that G(ts) < 0 on [0,1] x [0,1].
Definition 2.1. We say that o € C*[J, R] is a lower solution of the problem (1.1-1.2)
if
a"(t) + A/ (£) > N(t, ), t €],

pa(0) — o' (0) =< &1(e(0)), pa(1) +ge’(1) < g2((0)),

and B e C?[J, R] will be an upper solution of the problem (1.1-1.2) if the inequalities
are reversed in the definition of lower solution.

Now we state some basic results that play a pivotal role in the proof of the main
result. We do not provide the proof as the method of proof is similar to the one
described in the text [9].

Theorem 2.1. Let o and B be lower and upper solutions of (1.1-1.2), respectively.
Assume that

(i) filtx) + ku(tx) - L > O for every (£,x) € ] x R.

(ii) g1 and g, are continuous on R satisfying the one-sided Lipschitz condition:

gi(x) —gi(y) <L(x—y), 0<L <1, i=12.

Then a(t) < B(t), t e J.

Theorem 2.2. Let o and B be lower and upper solutions of (1.1-1.2), respectively,
such that o(¢) < B(¢), t € J. Then, there exists a solution x(¢) of (1.1-1.2) such that (%)
<x(t) < B@), te ]

3 Main result
Theorem 3.1. Assume that
(A1) &g, Bo € C?[J, R] are lower and upper solutions of (1.1-1.2), respectively.

Page 3 of 11
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(Ay) Ne C[J] x R, R] be such that
N(t, x) = f(t, x) + k(t, x) + H(t, x),

where f,(t, %), ko(t, %), frx(t, %), kex(t, %) exist and are continuous, and for continuous
functions @, 7,(fuclts %) + Peelts 1)) > 0, (kyslt %) + Loalty 1)) < O with @y > 0, e <
0 for every (¢, x) € S, where S = {(t x) € J x R: 0p(t) < x(¢t) < Bo(t)}. H(t, x) satisfies

the one-sided Lipschitz condition:

H(t,x) —H(t,y) > —L(x—y), x>y, x,yeR,

where L > 0 is a Lipschitz constant and f,(t, x) + k(¢ x) - L > 0 for every (¢, x) € S.

(A3) For i=1, 2,gi,g;.,g: are continuous on R satisfying 0 < g;- <1 and
(g (x) + ¥, (x)) <0 with ¥/ < 0on R for some continuous functions y;(x).

Then, there exist monotone sequences {c,} and {,} that converge in the space of
continuous functions on J quadratically to a unique solution x(£) of the problem (1.1-
1.2).

Proof. Let us define F: ] x R — R by F(t, x) = fit, x) + ¢(t, x), K: ] x R - R by K(¢,
x) = k(t, x) + x(t, x), Gz R > R by Gi(x) = gi(x) + yi(x), i = 1, 2. By the assumption
(A;) and the generalized mean value theorem, we get

ftx) = f(Ly) + Fu(,y)(x —y) — (1. x) + (L, y). (3.1)

k(t,x) = k(t,y) + Ke(t, x)(x — y) + ¥ (t,y) — ¥ (1, %), (32)
Interchanging x and y, (3.1) and (3.2) take the form

fltx) = f(Ly) + Fe(t,x)(x — y) — o(t, x) + o(1,y), (3.3)

k(t,x) < k(t,y) + Ke(t,y)(x —y) = x (t.x) + x (1, y). (3.4)

By the assumption (A3), we obtain

8i(x) = 8i(y) + Gi(x)(x — y) + ¥ni(y) — ¥i(x), i=1,2, (3.5)
which, on interchanging x and y yields

8i(x) =& + G —p) +¥ily) = ¥a(x), i=1,2, (3.6)
We set

A(t, x; 0, Bo) = f(t, o) + k(t, 29) + H(t, x)

+ [Fe(t, Bo) + Ke(t, 20) — ¢(t, 20) — xx(t, Bo)](x — eo),
B(t,x; a0, o) = f(t, Bo) + k(1. Bo) + H(t, x)

+ [Fe(t, Bo) + Ke(t, 20) — ¢x(t, 20) — xx(t Bo)](x — Bo),
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and for i = 1,2,

hi(x(0); @0, Bo) = 8i(0 (o)) + Gi(Bo(0)) (x(e) — a0 () + Vi(eo(0) — Yi(x(0)),
hi(x(0); Bo) = &i(Bo(0)) + Gi(Bo(0)) (x(0) — Bo(@)) + Wil Bo()) — ¥i(x(0)).

Observe that

A(tr Qp; 0o, ﬂO) = N(tr O[O)/ N(t/x) = A(t/x; Qo, ﬂO)r (37)

hi(ao(0); a0, Bo) = gi(to(0)), 8i(x) = hi(x(o); a0, Bo), i=1,2, (3.8)
and

B(t, Bo; a0, Bo) = N(t, o), N(t,x) = B(t, x; a0, Bo), (3.9)

hi(Bo(0); Bo) = gi(Bo(0)), gi(x) < hi(x(0); Bo), i=1,2. (3.10)
Now, we consider the problem

K (t) + Ax(t) = A(t, % 20, Bo), L€, (3.11)

px(0) — gx’'(0) = h1(x(0); @0, Bo), px(1) +gx'(1) = ha(x(0); @0, Bo)- (3.12)

Using (A1), (3.7) and (3.8), we obtain
ag(t) + rag(t) = N(t, ao(t)) = A(t, ao; @0, Bo),
pao(0) — gy (0) < g1(o(0)) = hi(eo(0); o, Bo),
pao(1) + qgag(1) < g2(eo(0)) = ha(eo(0); o, Bo),
and
By (1) + A8y < N(t, Bo(t)) < A(t, Bo; Bo, Bo),
pBo(0) — aBy(0) = g1 (Bo(o)) = hi(Bo(0); o, Bo),
pBo(1) +qBy(1) = &2(Bo(0)) = ha(Bo(0); a0, Bo),

which imply that o and B, are, respectively, lower and upper solutions of (3.11-
3.12). Thus, by Theorems 2.1 and 2.2, there exists a solution ¢; for the problem (3.11-
3.12) such that

ao(t) <o) < Bo(t), tel. (3.13)
Next, consider the problem

x"(t) + M(t) = B(t, x; 20, o), t €], (3.14)

px(0) — g’ (0) = h (x(0); o), px(1) + gx' (1) = ha(x(0); Bo). (3.15)
Using (A1), (3.9) and (3.10), we get
o (1) + dag () = N(t, a0 (1)) > B(t, ao; o, Bo),
pao(0) — gorg(0) < g1(eo(0)) < hi(eo(0); Bo),
pao(1) + g (1) < g2(to(0)) < ha(eo(o); Bo),
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and

By () + 2By < N(t, Bo(t)) = B(t, Bo; @0, Bo),
pBo(0) — 4B5(0) = 81(Bo(0)) = M1 (Bo(o); Bo),
pBo(1) +aBy(1) = 82(Bo(0)) = ha(Bo(0); Bo),

which imply that o and B, are, respectively, lower and upper solutions of (3.14-
3.15). Again, by Theorems 2.1 and 2.2, there exists a solution f3; of (3.14-3.15) satisfy-
ing

ao(t) < Bi(t) < Bo(t), tel. (3.16)

Now we show that o, (¢) < B,(¢). For that, we prove that o;(¢) is a lower solution and
B1(¢) is an upper solution of (1.1-1.2). Using the fact that a;(¢) is a solution of (3.11-
3.12) satisfying oo(¢) < 01(¢) < Bo(t) and (3.7-3.8), we obtain

of (£) + e} (t) = At a1; 00, Bo) = N(t ar (1)),
por (0) — o (0) = hy (a1 (0); @0, Bo) < g1 (a1 (o)),

pai (1) + gat’ (1) = ha(ar(0); @0, Bo) < §2(1(0)).

By the above inequalities, it follows that o is a lower solution of (1.1-1.2).
In view of the fact that 3,(¢) is a solution of (3.14-3.15) together with (3.9), we get

Bi(t) + 1By (t) = B(t, Br; oo, Bo) < N(t, B1(1)),

and by virtue of (3.10), we have

pB1(0) — B (0) = 11 (B1(0); Bo) = &1 (B1(0)),

pB1(1) + 4B (1) = ha(B1(0); Bo) = 82(B1(0))-
Thus, f; is an upper solution of (1.1-1.2). Hence, by Theorem 2.1, it follows that
ar(t) < pi(t), tel (3.17)
Combining (3.13, 3.16) and (3.17) yields
ao(t) ai(t) < Bu(t) < Bolt), tel.
Now, by induction, we prove that
ao(t) < oy (t) < -+ < on(t) < e () < Braa (1) < Bu(t) = -+ < Bu(1) = Bol0).
For that, we consider the boundary value problems

K (t) + Ax'(8) = A(t, % an, Bn), L€, (3.18)

px(0) — gx'(0) = h1(x(0); otn, Bn), px(1) + qx'(1) = ha(x(0); an, Bn), (3.19)
and

xX'(t) + AX (1) = B(t, % an, Bn), tEJ, (3.20)
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px(0) — qx'(0) = hy (x(0); Bu), px(1) + gx' (1) = ha(x(0); Bn)- (3.21)

Assume that for some n > 1, o(t) < @,(¢) < B,(t) < Bo(t) and we will show that «,,,;
(t) < ,Bn+1(t)'
Using (3.7), we have

o, (t) + Ao, (t) = A(L, an; @n—1, Bn—1) = N(t, o) = A(L, ot 0, Br)-
By (3.8), we obtain
hi(an(0); an-1, Bn-1) = &i(an(0)) = hi(an(o); an, By),
which yields
pen(0) — ge, (0) < hy(an(0); an, ), patn(1) + qoty, (1) < ha(on(0); tn,s B)-

Thus, o, is a lower solution of (3.18-3.19). In a similar manner, we find that 3, is an
upper solution of (3.18-3.19). Thus, by Theorems 2.1 and 2.2, there exists a solution
o,,.1(t) of (3.18-3.19) such that o,(¢) < &,.1(t) < B.(¢), t € J. Similarly, it can be proved
that o,,(¢) < B,41(2) < Bu(2), t € J, where B,,,1(2) is a solution of (3.20-3.21) and o,,(2), B,
(¢) are lower and upper solutions of (3.20-3.21), respectively. Next, we show that o1
®) < Bun(®).

For that, we have to show that a,,,;(¢) and f,,,(¢) are lower and upper solutions of
(1.1-1.2), respectively. Using (3.7, 3.8) together with the fact that «,,,(¢) is a solution
of (3.18-3.19), we get

a;l/+l (t) + )‘arlﬁl (t) = A(t’ ®n+l; On, :Bn) > N(tr Oln+1),
petns1(0) — gery, (0) = hi(na1 (0); s Bn) < g1(ania (o)),

peni (1) + qoy, 1 (1) = hi(na (0); e, Bn) < g2(otni1(9)),

which implies that ¢,,,; is a lower solution of (1.1-1.2). Employing a similar proce-
dure, it can be proved that f3,,,; is an upper solution of (1.1-1.2). Hence, by Theorem
2.1, it follows that o,,,1(¢) < B,.,1(¢). Therefore, by induction, we have

ao(t) <aq(t) < < op(t) < apar(t) < Buaa(t) < Bul(t) < - < B1(t) < Bo(t), Yn e N.

Since [0,1] is compact and the monotone convergence is pointwise, it follows that
{or,,} and {B,} are uniformly convergent with

lim () = x(1), Jim B, (1) = y(1),
such that o(f) < x(¢) < y(¢) < Bo(t), where

(p—ar)e ™™ —pe ™
pl(p —ar)e™ — (p +q1)]

(b+qr) —pe™
pl(p +21q) — (p — Aq)e™*]

an(t) = hl(an(a); Op—1, :Bn—l)

+ hy(an(0); otn—1, Bn-1)
1

+/G(t,s)A(s,an(s);an,l,,Bn,l)ds,

0
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and

(b —qr)e ™ —pe™
pl(p —ar)e™ — (p +qir)]
(p+qr) —pe™
pl(p +2q) — (p — rq)e™]

Ba(t) = 1 (Bu(0); Ba1)

+ 2 (Ba(0); Bu1)
1

+ / Gt $)B(s, Bu(S): i1, B )ds.

0

By the uniqueness of the solution (which follows by the hypotheses of Theorem 2.1),
we conclude that x(£) = y(¢). This proves that the problem (1.1-1.2) has a unique solu-
tion x(¢) given by

(b +qr) —pe ™
pl(p +2q) — (p — Aq)e ]

(b —aqr)e” —pe ™

pl(p — gr)e™ — (p + q)] +8(x(0))
1

x(1) = &1(x(0))

+ / G(t, s)N(s, x(s))ds.

0

In order to prove that each of the sequences {e,}, {B,} converges quadratically, we
set z,(¢) = B,(t) - x(¢) and r,(¢) = x(¢) - ,(¢), and note that z, > 0, r, > 0. We will only
prove the quadratic convergence of the sequence {r,} as that of {z,} is similar. By the

mean value theorem, we find that

Tae1 (8) + 210, (1)
= X(0) — (1) + 2K (0) — e (0]
= () + ()] = oy () + Aty ()]
= N(t,x) — A(t, tns1, Ons Br)
= F(t,x) + K(t,x) + H(t,x) — ¢(t,x) — x(t, x) — F(t, o)
— K(t,on) — H(t, atne1) + (8 an) + x (8 an)
— [Fx(t, Bn) + Ke(ts 0tn) — (2, atn) — xx(t Bn)l(0tni1 — otn)
= F(t,x) + K(t,x) + H(t,x) — ¢(t, x) — x(t,x) — F(t, an)
— K(t, o) — H(t, otns1) + (8 on) + x (8 otn)
- [Fx(t/ an) + Kx(t/ an) - ¢x(tr an) - Xx(t/ ,Bn)](rn - Tn+1)
> Fo(t,51)1n + Ko(8, 62)10 — Linen — @x(t: 83)1n — X8, §a)1n
— [Fu(t, Bn) + Ku(ts otn) — dx(t, an) — xu(ts Bu) (0 — Tis1)
> [Fx(t' O‘n) - Fx(tl ﬂn)]rn + [Kx(t/ x) - Kx(tr 0(,,)]1‘,,
= [px(t: %) — du(ts ) I + [t Bn) — xx(t ) I
+ [_L + Fx(tr ﬂn) + Kx(tz Oln) - ¢x(t/ an) - Xx(t/ ,Bn)]fm-l
> [_Fxx(t/ ;5) + Xxx(t/ (8)]7’71(/371 - an) + Kxx(t/ CG)Ti - ¢xx(tr ;7)6
+ [—L + Fy(t, o) + Ky (t, otn) — dx(t, o) — xx(t, o) |7
> [*Fxx(tr CS) + Xxx(tr {8)]rn(zn + rn) + Kxx(tr CG)Tﬁ - ¢xx(tr {7)7'5

= Fult 25) — ot 58)] <’23 2 ;zﬁ) + Kty 6) — sl £)112

-3
> |: 2 Fxx(tr fS) + Xxx(tr {8) + Kxx(tr {6) - ¢Xx(tr {7)i| 7',5

3
2
TRt 6s)+ L o) |2
+ g , &5 +2Xxx ,88) |2,
3 3 1
z—[2c1+2c4+cz+c3]\|rnn2—2[c1+c4]nzn||2

> — (Mullrall® + Malzall)
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where oy < CS: CS < ﬁn: (o2% < C()r C7 < X, and

3 3
Fael = C1 [Kixl = €2 |l = G35, Xl = Cap My = Gt Car G+ G and

1
Mz = 2(C1 +C2)~

Now we define

(p—qr)e” —pe ™

_ (p+ar)—pe™
ol —anye — gy 20

N1 () = ol +2a) = (p— rq)e ]

and obtain

Tne1(t) = x(t) — otne1 (2)

= N1(8)[81(x(0)) = hi(atne1(0); otn, )] + N2 (1)[82(x(0)) — ha(etns1 (0); otn, Bn)]
1

+ /G(t,s)[[N(s,x(s)) — A(s, an+1(8); an, Br)]ds
0
= N1(0)[81(x(0)) — h1(etns1(0); s Bn)] + N2 (2)[82(x(0)) — ha(etns1(0); an, Bn)]

1
o [ GO )+ ()1
0
< Ni(0[81(x(0)) — 81 (@n(0)) = GL(Ba(0)) (@1 () — eta())
1 (@n(0)) + 91 (@ ()] + Na(0)[2(+(0)) — g2 ()
— Gy (Ba0)) (@1 (0) — an(0)) — V2(@n(@)) + Valama(@))]

1
+ (M lra1? +M2||Zn||2)f |G(t, 5)lds
0

< N1(0)[g1 (y1)rn — Gy (Bn(0)) (ra — Tne1) + Y1 (v2) (Tn — Tne1)]

+ No(0)[85(81)rn — Go(Bu(0)) (10 — Tne1) + ¥5(82) (rn — 1))

+ Mo(M[Irall® + Ma |1z ]I?).

= Nl(t)[cll (y1)mm — Wi(yl)rn - Gll (Bu(o))rn + G/l (Bu(o))rns1)

+ Y1 (r2)rn — Y1 (r2)rne)] + Na(0)[G (81)rn — ¥5(81)1m

- G/z(ﬂn(g))rn + G/z(lgn(a))rml) + Wﬁ(‘sl)rn - WQ(SZ)TVHI)]

+ Mo(M[|rall® + M2 |1za]I?).

< Ni(®)[(G}(an(0)) = G1(Bu(0)))rn — (Y1 (x(0))1n — ¥y (n (o)1)
+ (G1(Bu(0)) = Y1 (en(0))rne] + Na (OG5 (e (0))rn — G5 (Ba(0)) 1
— Y5 (x(0))rn + V(e (0))rn + (G5 (Bu(0)) — ¥3(en(0)) et )]

+ Mo(My[rall? + M2 24 ]1?)

< Ni(O[(=G{ (p1)ra(zn + 10) — V1 (02)77 + & (@n(0)) 71|

+ Na(0)[=G5(01)rn(n + 1) = 5 (02)r + 85(etn(0)) s )]

+ Mo(My [ |1? + Mal|za [1%)

M0G0 (372 J32) = 91020 # ) +Na0) | =G (372 + 52
— Y (02)12 + 1) ] + Mo (My[Tall® + M2 124 ]1?) .

where o, < 71, 01, p1, 01 £ %, @, < V5 < &, and @, < 0y, P2, O < 1. Letting
|G/| < Di, |¥]| < Ei, maXee[o,1] INil =Ni(i=1,2) and M, as an upper bound on
M fol G(t, s)ds, we obtain

ITa W1 + llza |12 ) W2
(1—-n) '

” Tnel (t) ” =<
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3 3
where n= (N1 +N2) <1, Wl = |:2N1D1 +N1E1 + 2N2D2N2E2 +MOM1i|, and

1 1
W, = [+2N1D1 + 2N2D2 + MOMZ]. This completes the proof.

4 Examples
Example 4.1. Consider the problem

¥ (t) + X/ (t) = 2x — tcos(mwx/2), (4.1)
3x(0) — 2x/(0) = ;x(1/2) +1, 3x(1) +2x'(1) = ;x(1/2) +2. (4.2)
Here ft, x) = 2x - tcos(mx/2), k(t, x) = 0,

H(t,x) = 0,8 (x(;)) = ;x(l/Z) +1,8 (x(;)) = ;x(l/z) +2. Let atp = 0 and fBo

= 1 be lower and upper solutions of (4.1-4.2), respectively. We note that

=2 Tasnten) = 0 (x(1)) =15 (1)) 12 pusher e

choose  ¢(t,x) = 3%, ¥i(x) = —M;(x + 1), M; > 0, i=1,2. We note that
2
fi(t, %) + st %) = =7 tcos(rx/2) + 6 = 0,8/ (x) + //(x) < 0. Thus, all the condi-
tions of Theorem (3.1) are satisfied. Hence, the conclusion of Theorem 3.1 applies to
the problem (4.1-4.2).
Example 4.2. Consider the nonlinear boundary value problem given by

K (t) + Ax'(t) = 7x + sin(wxt/2) — t cos(wx/2) + ;|x|, tel0,1], (4.3)
3x(0) — 2x/(0) = xE:) +1, 3x(1) +2x/(1) = x(;) +2, (4.4)
where f(t, «x) = 7x + sin(nxt/2), k(t, x) = -tcos(mx/2),

1 1
H(t, x) = 2|x|, L= 5 & (x) = x(t)/4 + 1, g2(x) =x(t)/2 +2 Let oy = 0 and By = 1 be
lower and upper solutions of (4.1-4.2), respectively. Observe that
1 tw b4 tw b4 1
fa(t, %) + ky(t, x) — )= 7+ , €os 2xt+ ) sin X, 0,
and 0 < g;(x) < 1. For positive constants M;, M,, Ny, N, we choose

2
(L, x) = MI’Z 2(1+2)% x(tx) = —Mar 22, Yi(x) = —Ni(x + 2)?,

such that fo (f, %) + Qult, ¥) = T°2[2M, - cos(mtx/2)]/4 = 0, Kux + Yxx = -T[8M, -
tcos(mmx/2)]/4 < 0. Clearly, g: (x) + Iﬂ;, (x) < 0. Thus, all the conditions of Theorem 3.1

are satisfied. Hence, the conclusion of theorem (3.1) applies to the problem (4.3-4.4).
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