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ORDER NEUTRAL FUNCTIONAL DIFFERENTIAL EQUATIONS
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Abstract. The higher order neutral functional differential equation

n (;1_; [2(t) + h()2(r(1)] + o f (£, 2(g(t))) = 0

is considered under the following conditions: n > 2, o = %1, 7(¢) is strictly increasing in
t € [tg,00), T(t) < t for t > to, tlim 7(t) = oo, tlim g(t) = oo, and f(t,u) is nonnegative
—00 —00

on [tg,00) X (0,00) and nondecreasing in u € (0, 00). A necessary and sufficient condition
is derived for the existence of certain positive solutions of (1).
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1. INTRODUCTION

In this paper we consider the higher order neutral functional differential equation

1) ) + (D)) + o f (1 2(0 (1)) = 0,
where n > 2 and 0 = +1 or —1. It is assumed throughout this paper that
(a) to > 0, 7: [tg,00) — R is continuous and strictly increasing in ¢t € [tg, 00),
7(t) < t for t > ty, and tlirrolo 7(t) = oo;
(b) h: [r(to),00) — R is continuous;
(c) g: [to,00) — R is continuous, g(t) > 0 for ¢ > to and tlggo g(t) = oo
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(d) f: [to,00) x (0,00) — R is continuous, f(¢,u) > 0 for (¢,u) € [tg, 00) % (0,00),
and f(t,u) is nondecreasing in u € (0, o) for each fixed ¢ € [t, 00).
By a solution of (1) we mean a function z(t) which is continuous and satisfies (1)
on [t;,00) for some t, > to.
There has been an increasing interest in studying the existence of positive solutions
of higher order neutral differential equations. We refer the reader to [1]-[17], [19]-[21].
In particular, the following result is known:

Theorem 0. Let k € {0,1,2,...,n — 1}. Suppose that one of the following
conditions (i)—(iii) holds:
() [()I[r())/4F < X < 1 and h(Dh(r(2)) > 0 ([17]);
(ii) h(t)=1and 7(t) =t — 7 (7 > 0) ([11]);
(iii) 1< p < h@)[r(@®)/tF <\ < oo ([17)).
Then (1) has a solution z(t) satisfying

x(t) x(t)

Coe e @) z(t)

(2) 0< hglorgf ik \h?ls;lclp ik < 00

if and only if

(3) / "R f(t,alg()]*) dt < 0o for some a > 0.
to

However, very little is known about the existence of a solution x(t) of (1) satisfy-
ing (2) in other cases, such as

k k
(4) lim inf A (t) [ﬂ} < 1 < limsup h(t) [ﬂ} .
t—o0 t t—o00 t
The condition (4) seems to be natural and important. Nevertheless, it is not difficult
to construct an example illustrating that, while (4) is satisfied, (1) has no solution
x(t) with the property (2). Thus we need a condition different from (4).
In this paper we consider the following case:

(5)
T(r(®))1* ()" -
h(r(t [7} :ht[—}, t > 7 1(t),
(ro) [ 2 )" = ne) [ (1)
where 771(¢) is the inverse function of 7(¢) and k € {0,1,...,n — 1}. We note here
that if (5) holds, then there are constants y and A such that
T(t

—] <\t

©) —1<M<mw[t

574



(As a general result it is verified that, under the hypothesis (a) on 7(t), if a continuous
function ¢(t) on [tg,c0) satisfies p(t) > —1 and ¢(7(t)) = ¢(t) for t > 771(t0), then
there are constants p and A such that —1 < p < (t) < A for ¢ > ¢.) In the case of
ke {0,1,2,...,n— 1}, we easily see that

= btk
O = TR0/

satisfies (2) and is a solution of the unperturbed equation

(b>0)

n

d
T [z(t) + h(t)z(7(t))] =0,

and so it is natural to expect that, if f is small enough in some sense, (1) has a
solution z(t) which behaves like the function bt*[1 + h(t)[7(t)/t]*] last— oo In
fact, the following theorem will be proved.

Theorem 1. Let k € {0,1,2,...,n — 1}. Suppose that (5) holds. Then (1) has
a solution x(t) satisfying

b
(7) z(t) = | ————— +o(1) th ast— oo for some b >0
1+ h(t)[r(t)/t]

if and only if (3) holds.

In particular, for the case k = 0, Theorem 1 gives the following

Corollary 1. Suppose that

(8) h(t) > =1 and h(r(t)) = h(t), t=71 " (t).
Then (1) has a solution x(t) satisfying
b
= 1 — f
x(t) 1+h(t)+0( ) ast— oo for some b >0

if and only if

/ t" "1 f(t,a)dt < oo for some a > 0.

to
Remark 1. Pairs of functions
T(t) =t — 2, h(t) =1+ 3sint,

7(t) =nt, h(t) =1+ 2sin(2nflogy]'logt) (0 <~y <1),
7(t) =t/ h(t) =1+ sin(2nlog(logt)) (to > 1)

give typical examples satisfying (8).
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Now let us consider the special case 7(t) = vt (0 < vy < 1):

Q o [0(0) + (0)ert)] + 0 (1, (9(0) = 0.

Applying Theorem 1 to equation (9), we obtain the following result.
Corollary 2. Let k€ {0,1,2,...,n—1} and 0 < v < 1. Suppose that
h(t) > —y~% and h(yt) = h(t), t=~ ‘to.

Then (9) has a solution x(t) satisfying

b

- W‘FO(U th as t— oo for some b>0

x(t)

if and only if (3) holds.

2. PROOF OF THEOREM 1

First we prove the “only if” part of Theorem 1. The following lemma is a more
general result.

Lemma 1. Let k<€{0,1,2,...,n— 1}. Suppose that h(t)[r(t)/t]* is bounded
on [tg, 00). If there exists a solution x(t) of (1) which satisfies (2), then (3) holds.

Proof. Put y(t) = z(t) + h(t)z(r(t)). We get

(10) @ z(t) + h(t) {@] kf”(T(t)?

which implies that y(¢)/t* is bounded. From (1) we have
(11) oy™M(t) = —f(t,z(g(t))) <0 for all large t.

We see that y®(¢t) (i = 0,1,2,...,n — 1) are eventually monotonic and that
tli>r£1<> y@D(t) (i =0,1,2,...,n—1) exist in RU{—o00,00}. Since y(t)/t* is bounded, we
find that tli)noloy(k)(t) = ¢ for some c € R and tli)rroloy(i)(t) =0fori=k+1,...,n—1.
Repeated integration of (11) yields

(s _ t)n—k—l

y(k) (t) —c+ (1)n—k—1g/too mf(s,x(g(s))) ds
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for all large t. Consequently, we obtain

/00 s"FLf(s,2(g(s))) ds < o0

T

for some T > tyg. By virtue of (2) and the monotonicity of f, we conclude that
(3) holds. O

Now we show the “if” part of Theorem 1.
Let k € {0,1,2,...,n — 1}. Suppose that (5) holds. Take a sufficiently large
number T > 7(to) such that

h(T)[r(T)/T]* = max{h(t)[r(t)/t]": t € [to, 00)}
and
T, = min{7(T),inf{g(t): t > T}} > to(> 0).

Let C[T, c0) denote the Fréchet space of all continuous functions on [T, co) with
the topology of uniform convergence on every compact subinterval of [T, 00). Let
n € C[T,00) with n(t) > 0 for t > T and tlim n(t) = 0. We consider the set Y of all

functions y € C[T%, co) which are nonincreasing on [T, 00) and satisfy
y(t) =y(T) forte [T, T], 0<y(t)<nk) fort>T.

It is easy to see that Y is a closed convex subset of C[T, 00).
The next result follows from the Proposition in [18].

Lemma 2. Suppose that (2) holds. Let n € C[T,00) with n(t) > 0 fort > T
and tlim n(t) = 0. For this n, define Y as above. Then there exists a mapping
®: Y — C[T,00) which has the following properties:

(a) For eachy €Y, ®[y| satisfies
lim ®[y](t) =0

t—o0

and

(1)

k
o0+ )| | #uiee) v, =1

(b) @ is continuous on Y in the C[T},oco)-topology, i.e., if {y;}52, is a sequence
in Y converging to y € Y uniformly on every compact subinterval of [T, o0),
then ®[y;] converges to ®[y] uniformly on every compact subinterval of [T, 00).

We first prove the “if” part of Theorem 1 for the case k = 0.
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Proof of the “if” part (k =0). Put

n(t) = /toc %f(s,a)ds, t>T.

We use Lemma 2 for this . In view of (6), we can take constants b > 0, § > 0 and
€ > 0 such that

0<d+e< 5 <a—e, t>T..

Fh(t)

We denote the function ¥ly|(t) by

V() = oy U oR0, 12T ey

Define a mapping F: Y — C[T%, c0) as follows:

© (g t)n—1
(Fy)(t) = /t %fo(sa‘l’[y](g(s))) ds, t>T,

(Fy)(T), te [T, T,
where
f(t’a)a Uz a,
fo(t,u) =< ft,u), d<u<a,
f(t,9), u < 0.

It is easy to see that F maps Y into itself.
From Lemma 2 it follows that the mapping W is continuous on Y, and the Lebesgue
dominated convergence theorem shows that F is continuous on Y.

Since
o0

FW 1< [ P fsads, 12T, ye.
T

the mean value theorem implies that F(Y) is equicontinuous on [T, c0). Since
[(Fy)(t1) — (Fy)(t2)] = 0 for t1,ta € [Tk, T], we conclude that F(Y) is equicon-
tinuous on [T, 00). Obviously, F(Y) is uniformly bounded on [T, c0). Hence, by
the Ascoli-Arzela theorem, F(Y) is relatively compact.

Consequently, we are able to apply the Schauder-Tychonoff fixed point theorem to
the operator F and conclude that there exists an element y € Y such that y = F.
Set x(t) = ¥[y](t). Lemma 2 implies that z(t) satisfies (7) with £ = 0 and hence
there exists a number T > T such that § < z(g(t)) < afort > T. Then we have
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fo(t,z(g(t))) = f(t, z(g(t))) for t > T. Using Lemma 2 and (5), we observe that

(12) () +h(D)a(r(r)
b bh(t) .
= T TGy T Y el + 2]
= b+ (~1)"og()

%0 (o n—1
=b+ (_1)”*10/15 %f(s,x(g(s))) ds, t>T.

By differentiation of (12), we see that x(t) is a solution of (1). The proof is complete.
O

The following lemma will be used in the proof of the “if” part of Theorem 1 for
the case k # 0.

Lemma 3. Let ¢ € N and let T > 0. Suppose that u € C[T, ) is nonnegative
and nonincreasing on [T, 00) and c¢ is a number such that ¢ > u(T)T[({ — 1)!]7L.
Then the function

t -1
RS I (t—s)

Ut)=ct™ +t /T =] u(s) ds

satisfies —2c¢T 2 < U'(t) <0 fort > T.
Proof. We note that
¢

(13) —c(f—1)! — / u(s)ds+tu(t) < —c(l — D! —u(@)(t —T) + tu(t)

T

=ut)T —c(l—-1)!<0, t>T.

If £ =1, then we find by (13) that

t

U'(t) = — b2 — 12 / u(s) ds + t=u(t)

¢
=2 {c - / u(s)ds + tu(t)} <0, t=T
T

and

¢
Ut)> —ct™2— t_2/ u(s)ds > —cT ™2 —t2u(T)(t —T)
T

> — T2t 2T Yt > —2eT72, t>T.
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Now we assume that £ > 2. We see that

o _ )1 b )2
Uty = —ct? fﬂt_z_l/T %u(s) ds+t_[/T %u(s) ds
-1 1 F(t—s)?
=t { et~ —E/ 871 )ds—l—t/T Wu(s)ds
_t—Z 1V() t>
Since
(t— s)t1 E(t — )t
/T = u(s)dséu(T)/T = ds
= u(T) G ;'T)e < Y% t>T,
we obtain

Ut)> —ct™2 =T > 20772 t>T.

We claim that V(t) <0 for ¢ > T. In view of the equality
—(t—s)+(l—1t=(—-1)s— (t —s),

we can rewrite V(t) as

t(p_ )2
V()= —ct' 1+ /T %U(s)[—ﬁ(t —s)+ (= 1)t]ds
B ttf5672 ttiséfl
- - [ St [
Then we find that
Y (¢—1)! 1-i ()
V() = mt(f +/T msu(s) ds
—/twu(s)ds t>T, 0<i<l—-2
r ((—1—10)! oo T

and

t

VD @) = fc(éfl)!qttu(t)f/ u(s)ds, t>T.

From (13) it follows that V(l_l)(t) < 0 for t > T and hence
VD) <VEDNT) = —c(—1DIT <0, t>T.
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In exactly the same way, we conclude that

V@) <0, t>T, 0<i<l—2.

Consequently, V(t) < 0 for ¢t > T as claimed. This shows that U’(¢) < 0 for ¢t > T.

The proof is complete.

We now show the “if” part of Theorem 1 for the case k # 0.
Proof of the “if” part (k #0). Put

X (g — n—k—1
o) = [ s alg(e) ) ds, o=

and

bt —s)kt

nt)=ct ™+ t_k/T ng(s) ds.

O

Then 7n(t) > 0 for ¢ > T and tlim n(t) = 0, and we use Lemma 2 for this 7. By

using (6), there are constants b > 0, § > 0 and € > 0 such that

b

0<5+€<W<a—

e, t=Ti.
We introduce the function ¥[y|(t) by

=+ (=) led)(t)|, t=T., yev,

VOO - |

and define the mapping F: Y — C[T, 00) as follows:

t _
ct’l—l—t’k/ (t—s)""

r (k=1
oo (7,. _ S)nfkfl
(Fy)t) = X / mfk (7“, \I/[y}(g(r))) drds, t>T1T,

(Fy)(T), tell.,T],

where

Lemma 3 implies that

—2cT2< (Fy)(t) <0, t=T, yev.
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Then (Fy)(t) is nonincreasing on [T, 00) and hence F maps Y into itself. In a fashion
similar to the case k = 0, we see that F is continuous on Y and F(Y') is relatively
compact. Then the Schauder-Tychonoff fixed point theorem shows that y = Fy
for some y € Y. We set z(t) = U[y](t). Since tlirgc ®[y](t) = 0, we find that x(t)

satisfies (7) and 8[g(t)]* < z(g(t)) < a[g(t)]* for t > T, where T > T is sufficiently
large, so that fi (¢, z(g(t))) = f(t,z(g(t))) for t > T. In view of (5) and Lemma 2,
we find that

x(t) + h(t)z(7(t))
_ b oo bh(t) {
L+R@F@O/ I 14w @) [r(r(1)/r@)] " L
+ (=1 La [@[f)(1) + h(e)[r(1)/4] @[ (7 (1))] ¢
= btk + (—1)"*loy(t)tk
= btk 4 (1) Lgethl

t —g k—1 [e%s) 7,,7577,71671
weapt [ L [ rate(r) dras

T<t>} "

for t > T. Differentiation of the above equality implies that

d" ~
Lo + 10 0)] =~ fultaglt) = —of (Lalat). t>T.
Consequently, z(t) is a solution of (1). This completes the proof. O
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