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1. Introduction

It has been observed that the solutions of quite a few higher order functional differential
equations oscillate or converge to zero (see, e.g., the recent paper [1]). Such a dichotomy may
sometimes yield useful information in real problems (see the remark at the end of this note).
In this paper, we report that the same phenomena occurs for fourth-order nonlinear delay
differential equations of the form

yO ) +py () +qt) f(y(gt)) =0, tel:=[a0), (1.1)

where

(i) a is a nonnegative constant, p is a nonnegative function in C(I, R) such that it does
not vanish identically on any [T, o) C I;

(ii) g is a positive function in C(I, R);
(iii) g € C'(I,R)and 0 < g(t) < t, ¢'(t) >0 fort € I and lim;_, ;,,g(t) = +o0;
(iv) f € C(R,R) and f(u)/u >« >0 for u#0.
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As is well known, fourth-order differential equations can be used to model the
deflection of a beam (in particular, the function y(¢) in (1.1) may be interpreted as the
deflection from the equilibrium position of a horizontal beam at the spatial coordinate t).
Therefore, a short note reporting our observation may be of interest in the qualitative theory
of fourth-order differential equations. Indeed, in this note, we will distinct ourselves by
emphasizing the role played by the function p in (1.1), since the term p(t)y/'(t) acts as a control
of the slope of the beam under consideration at the coordinate ¢.

We will restrict our attention to those solutions of (1.1) which exist on I and satisfy the
condition sup{|y(t)| : T <t < oo} >0 forany T € I. Such a solution is called oscillatory if it
has arbitrarily large zeros, and nonoscillatory otherwise.

Lemma 1.1. Assume that x € C"(I,R) such that x(t) > 0 for t > a and x" (t) is nonpositive
for t > a and does not vanish identically on any [T, o0) C 1. If n is even (or odd), then there exists
1e{1,3,...,n=1} (resp., 1 € {0,2,...,n —1}) such that for all sufficiently large t, x(t)x") (t) > 0
forj=0,1,...,1and (<1)"7 x(t)xD(t) > 0 for j =1 +1,1+2,...,n - 1. Furthermore,

gt - gty
—211(1 Di(n-1-

¥ (3(0)] 2 5l ] (12)

for all sufficiently large t, where g € C(I, R) satisfies 0 < g(t) < t, g'(t) > 0 and lim;_ ,g(t) =
+00.

Proof. The existence of | in the above result is due to Kiguradze and is well known (see, e.g.,
[2]). Next, we will prove the inequality (1.2) for even n (the odd case being similar) as follows
(cf. [3]). First we may assume that there is a T > 0 such that x(t) > 0,x'(t) > 0,...,xO(t) >
0, (1) x™ () > 0,..., (-1)*"2x®(t) > 0 for t > T. By Taylor’s formula, we have

D (g* x®
x’(s):x’(T)+x”(T)(s—T)+--~+J(Cl_—(i)?(s—T)l 2 (i)?( -, (13)
where T < s* < s. Furthermore,
X2 2D (s, s> (1.4)
(-1 - ’

since x("*V(t) < 0 for t € [T, +o0). Next, we pick Ty > T such that 1 - T/g(t) > 1/2 for t > Ty.
Then g(t) > 2T and

(l)(g( )) T -1 l l( )
X (g(t) > ===~ = ’%t)(l—W) Zzll(z x(l)(g(t)) t>T. (1.5)

By Taylor’s formula again, we get

xD ()

ﬁ(f— g™ (16

x0(g(t)) =xO () + (~DxEV@) (- g®)) +---+ ()"
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here g(t) < t* < t. Hence

o xD (#) _ w1 X" _ n-l-1
<0 (5(0) > ooy - s @) 2 g - g0y (17)
Combining (1.7) and (1.5), we see that
) g () (n-1) _ n-1-1
¥(8(1) 2 55 =i T O=s®) (1.8)
for all large t. O

Lemma 1.2. Suppose the linear third-order differential equation
Z"+pt)z=0, tel (1.9)

has an eventually positive increasing solution on I and y is a nonoscillatory solution of (1.1) on I.
Then there exists ty € [a, oo) such that y(£)y'(t) > 0 or y(t)y' () <0 for t > to.

Proof. Without loss of generality, we may assume that y(t) > 0 and y(g(t)) > 0 for t > a. Then
x(t) = —y'(t) is a solution of the third-order delay differential equation

X" +pt)x=qt) f(y(gt)), t=a (1.10)

We claim that, all solutions of (1.10) are nonoscillatory (so that y'(t) is eventually positive or
eventually negative). To see this, let z be the solution of (1.9) such that z(t) > 0 and z'(t) > 0
for t > a. Then from Lemma 1.1, we have z"(t) > 0 for t greater than or equal to a positive
number £1.

Suppose to the contrary that x is an oscillatory solution of (1.10). We assert that s =
x'z — xz' oscillates. Indeed, since x is oscillatory, for any T > a, there are b and c¢ such that
T <b<c x(b) =x(c) =0,x(b) >0and x'(c) < 0. Hence s(b) = x'(b)z(b) > 0 and
s(c) = x'(c)z(c) < 0.1If s(b) = 0 or s(c) = 0, then either b or ¢ is a zero of s in [T, o).
Otherwise, s(b) > 0 and s(c) < 0 so that there is d € (b, ¢) such that s(d) = 0. These show that
s has arbitrarily large zeros.

Now that s is oscillatory, either s(f) < 0 for all t € [t;,00) or else there are strictly
increasing and divergent sequences {b,} and {c,} such that s(f) > 0 for t € (b,,c,) C
(t1,90), s(bn) =s(cn) =0, s'(by) > 0and s'(c,) <0.

Suppose the former case holds. Then there are (b,c) C (t;,00) such that s(f) < 0 for
t € (b,c) and s'(b) > 0 and s'(c) < 0. From (1.9) and (1.10), we have

ZII

zq(t) f(y(g(t))) =x"z-2z"x=5"- Z;s’ S (1.11)

or,

(S—’> =qt)f(y(s®)) - % (1.12)

zZ
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Hence we have

0 [[(29Yat= [ {awsws0)) - 2L Ya -,

b

which is a contradiction.
Suppose the latter case holds. From (1.9) and (1.10), we have

x"z = 2"x +p(t) (xz' - x'z) = 2'q(t) f(y(g(1))),

from which by

! " !
x/IIZI _ me/ — isl _ Z—S ,
z z

we obtain
Z’ , Z” ! ,
(£9-Zs) -ps =240/ (v(30)))
Since Z/'(t) > 0,5'(¢,) <0,5'(by) > 0,5(c,) =s(by) =0,s(t) >0,t € (b, c,), we see that

0< L" Z(HaMf (y(g(t))dt

(L (2O O )
) Ln { ( =0° Y 20 S(t)> P(t)S(t)}dt

_2'(en) Z'(b,) , Cn
= 2w ) 2 O -Lnr’(t)s(t)dt
<0,

which is a contradiction.

2. Asymptotic Dichotomy
We are now ready to state and prove our main result.

Theorem 2.1. Suppose that
(i) equation (1.9) has an eventually positive increasing solution z on [a, o),

(ii) there is a differentiable function p : [a, o0) — (0, o0) such that

(=13 -Dp'(s)’
2-1ghl(s) (s - g(5))* g (s)p(s)

t
lim sup {Kp(s)q(s) - }ds =400, I=1and3,
T

t— oo

foreveryT > a,

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

2.1)
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(iii)

lim supft r {rq(u) — p(u) }duds = +co. (2.2)
)T

t— oo

Then every solution y of (1.1) either oscillates or converges to 0.

Proof. Let y be a solution of (1.1) which does not converge to 0. Suppose to the contrary that
y is a nonoscillatory solution of (1.1). Without loss of generality, we may assume that y(t) > 0
and y(g(t)) > 0 for t > a. Furthermore, by Lemma 1.2, there is ty > a such that y'(f) > 0 or
y'(t) <0forf > t.

Suppose y'(t) > 0 for t > tg. Then by (1.1),

y (1) = -pt)y () -a®) f(y(g(1)) <0, t>t. (2:3)
By Lemma 1.1, we may suppose further that v (t) > 0 and (1.2) holds for t > ¢y as well. Let

= POVTO o s (2.4)

wih) = y(g(t)) -

Then by (1.1) and (1.2), we see that
pHy" (Y ()8 (1)
y2(g(t)

§W-gt)gt) ,
a-16-Dpn Y

W (1) < —xp(B)a(t) + %w(t) -
P
p(t) «“

g7 Bt~ g(1) g 1) <w_ 2= DIG-Dlp' (1) >2 -
211 -1 - D)!p(t) 28111 (t - g(1))> g (1) 25)

(t) -

< —xp(Hq(t) +

= —xp(t)q(t) -

(- DIG-D(p (1)
BlgL(t)(t - g(H) g (t)p(t)
(I-1)1B-D(p'(1)’ }
2-1g1 (1) (¢ - (1) g (Dp(t) |

< —{Kp(t)lI(t) -

Hence

t I-1)IG-D(p' (1)’
ft{xp(t)q(t)— (1-D!G-D(P'®) }ds

e 3-1
23-1g- (1) (E - g(1))* g/ (H)p(t) (2.6)

< _J‘t w'(s)ds = w(to) — w(t) < w(ty)

to

for all t > ty, which is contrary to our assumption (2.1).
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Suppose y'(t) < 0 for t > ty. Since y is eventually positive, eventually decreasing,
and does not converge to 0, we easily see that (i) ¥” cannot be eventually nonpositive, (ii)
limy o, y(t) = A > 0, (iii) lim; 1/ (t) = 0, and (iv) there is & > a such that —y'(t) < A < y(t)
fort > a.

In view of (i) above, either y" is oscillatory or y” is eventually nonnegative. If y" is
oscillatory, then y" is also oscillatory. Hence there exists some number f > a such that
y"(B) =0and y(g(t)) > A for t > f. From (1.1) and (2.2), we have

f(y(g(s)))

t
y (t)=—fﬂy(g(s))q(s) 4 (36)

t t
ds - f p(s)y'(s)ds < —Aj [kq(s) - p(s)]ds.  (2.7)
B B
It follows that
t ps
y'(t) <y"(P) - )Lf f [kq(u) — p(u)]duds. (2.8)
Bl p

Since the right-hand side tends to —oo as t tends to +oo, y” is eventually negative which is
contrary to our assumption on y".

As a consequence, we must have (y(t) > 0, y'(f) < 0and) y"(¢) > 0,say for t > a > a.
There are three cases to consider:

Case 1. If y"(t) > 0 and does not vanish identically for t > a, then y'(¢t) > O for all large £, a
contradiction. If "' () = 0 for ¢t > a, then v/ is a linear function. Since lim;_, .y’ () = 0, we get
y'(t) = 0 for t > a, which is contrary to our assumption that y'(f) < 0 for t > a.

Case 2. If y" (t) < 0 for t > a, then from (1.1), we get

t t t
y"(a) -y"(t) = f q(s)f(y(g(s)))ds +f p(s)y'(s)ds > )»I (xq(s) - p(s))ds,
a a a (2.9)

t ps
02yt ~y/'@ +4 [ (xq(r)~p(r)drds,

which is contrary to (2.2).

Case 3. If y" oscillates, then (2.8) holds so that y” is eventually negative, which is contrary to

our assumption on y”. This completes the proof. -

3. Remarks and Example

We remark that the condition (2.2) in the above result can, in case p is differentiable, be
replaced by the alternate condition

lim sup t {xq(u) —p'(u) }du = +oo (3.1)

t— oo T
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for every T > 0. Indeed, we only need to note that

t t
[ a@wE)ds+ [ peyeds
Y Y

f(y(g(s)))

= Ly(g(s)) [q(s) (36

t
]ds +p(s)y(s)ly - f y(s)p'(s)ds (3.2)
Y

> )»J [kq(s) —p'(s)]ds - p(y)y(y),
Y

where y = a or , and then we may follow the rest of the above arguments.

Example 3.1. Consider the fourth-order delay differential equation

1 1 1 3ar 3ar
(4) I, _ - _27 Y - =
Yo T emme-nY T p <1 t(lnt—l))y<t 2 ) 0, > (33)

Here, p(t) = 1/8(Int - 1), q(t) = (1/#?)(1 - 1/t(Int - 1)), and f(u) = u with x = 1. It is clear
that (2.2) is satisfied. The equation z"” + (1/3(Int — 1))z = 0 has an eventually positive and
eventually increasing solution z = t(Int — 1). By choosing p(t) = t and any large T, we have

t —DIG =D
lim sup (l ! >s - (= DG -D! ds=+00, I=1and 3.
23-15(

io J7|\82  S3(Ins-1) s—3x/2) 1 3x/2)*!
(3.4)

Consequently, condition (2.1) is satisfied. Hence by Theorem 2.1, any solution of (3.3) is
oscillatory or satisfies lim;_, . y(¢) = 0.

As our final remark, suppose we have a (sufficiently) long elastic horizontal beam
modeled by (1.1). Our Theorem says that (under appropriate conditions) if the right end of
the beam is fixed at some nonzero vertical position, then there must be places where there
are positive as well as negative displacements of the beam from its equilibrium position. This
shows that the dichotomy in our Theorem has implications in the elastic beam deflection
problem.
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