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1 Introduction
Consider the following scalar neutral functional differential equation (NFDE)
[2(t) = pa(t = )] = =F(2(t)) + F(x(t = 1)), (1.1)

where F' : R — R is a continuous and strictly increasing function. In 1989, Wu
in [7] used the equation (1.1) to confirm the Haddock conjecture:

Conjecture [2]. Every solution of the delay differential equation
[£(t) — pa(t — 7)) = —x3 () + 23 (¢ — 1), (1.2)

where 0 < p < 1, r > 0, tends to a constant as t — +oo.

Later on, variants of the above equations are used to model some population
growth and spread of epidemics, and hence they have received considerable
attention (see, for example, [1,9,10,11,12,14] and the references therein). In
particular, the asymptotic behavior of the following non-autonomous NFDE

[z(t) = pr(t — )" = H(t, x(t), x(t — 7)) (1.3)
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has been deeply studied in [3,8,13]. Here, H € C(R? R) is periodic in its
first argument, and locally Lipschitz continuous in its second argument. Note
that z3 is not locally Lipschitz continuous on R, and the Haddock conjecture
equations (1.1) and (1.2) can not be contained in (1.3). On the other hand, the
delays in differential equations of population and ecology problems are usually
time-varying in the real world, then equation (1.1) can be naturally generalized
to the following non-autonomous NFDE with a time-varying delay:

[(t) — px(t — o (1) = b(t)[-F(z(t)) + F(z(t — o(t)))], (1.4)
where F' € C(R,R) is strictly increasing, o,b € C(R,R) are bounded, and

0<o =info(t) < t)=0",0 <b” =inf b(t) <supb(t) =b*.
<o tlgRO()_jlelﬂgo() ot 0< tlgR()_jlelﬂg()

Obviously, (1.1) and (1.2) are particular cases of (1.4) with b(t) =1 and 0~ =
oT.

It is well-known that a non-autonomous NFDE with a time-varying delay
generally does not generate a semiflow and hence the methods for NFDE with
constant delays in [1,9,10,11,12,14] are not suitable for (1.4). Moreover, it
should be mentioned that Propositions 4 and 5 of [6] played a crucial role
in the discussions of its main results, but they are not true as demonstrated
by a counterexample in [15]. Most recently, Liu [4, 5] corrected these two
propositions, and successfully used them to analyze the asymptotic behavior
of some functional differential equations (see Propositions 4* and 5* in [5]).
Therefore, the proof in [1] needs further improvement.

Thus a natural question arises: whether we can use the improved Proposi-
tion 4* and Proposition 5* of [5] to correct the proof of the main result of [7].
This is the main purpose of this paper.

Throughout this paper, we assume that

F(0) = 0, F(z) is continuous differentiable on R\ {0}, F'(z) >0, (1.5)

for all z € R\ {0}.

For convenience, we let C = C([—oT,0],R). If 7 > 0, tg € R, and z €
C([to — ot,to + 7],R), then, for any ¢t € [to,to + 7], 2+ € C is defined by
z:(0) = z(t +6), —oT < 0 < 0. Moreover, for ¢ € C, we use z4(tg, )
(x(t;to, ¢)) to denote the solution of (1.4) with the initial data x4, (to, ©) = ¢.

The remaining part of this paper is organized as follows. In Section 2,
we show the global existence of every solution for (1.4) with the initial data
x¢, = ¢ € C. Based on the preparation in Section 2, we state and prove our
main result in Section 3.

2 Preliminaries

In the following, assume that G : R — R is continuous and strictly increasing,
and

G(0) =0, G(z) is continuous differentiable on R\ {0}, G'(z) >0
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for all z € R\ {0}. Then, from Lemma 1, Proposition 4* and Proposition 5*
in [5], we have

Proposition 1. Consider the differential equation,

v = —G(u) +G(c+e), (2.1)
where ¢ # 0 is a given constant, € is a parameter satisfying 0 < ¢ < L;‘
Moreover, assume the initial condition

u(to) = ug, (up < c). (2.2)

Let v = u(t; to, ug) be the solution of the initial value problems (2.1) and (2.2),
and & > 0 be a given constant. Then there exists a positive real number
independent of ty and & such that

(c+e) —u(t;to,up) > >0 for te [ty to+ al.
Proposition 2. Consider the differential equation,
v =—-G(u) +G(c—e), (2.3)

. . . o le]
where ¢ # 0 is a given constant, € is a parameter satisfying 0 < ¢ < 5.
Moreover, assume the initial condition

u(to) = ug, (uo > c). (2.4)

Let u = u(t; to, uo) be the solution of the initial value problems (2.83) and (2.4),
and @ > 0 be a given constant. Then there exists a positive real number v
independent of ty and € such that

u(t;to,up) —(c—¢e) >v >0 for te€ [to,to+ al.

Lemma 1. (see [4]). Letty € R, T >0, h e C([to,to + T] x R, R), and
h be nonincreasing with respect to the second variable. Then the initial value

problem

dr -
E :h(t,$)7 ‘T(tO) = To

admits a unique solution x = x(t) on [to,to + T.

Lemma 2. Let ¢ € C. Then the solution x.(to, ) of equation (1.4) exists and
is unique on [tg, +00).

Proof. Let a(t) = po(t — o(t) —to) and D(t) = F(p(t — o(t) — o)) for ¢ €
[to, to + o~ ]. Consider the solution y(t) of the following initial value problem,

{ y'(t) = b(t)[=F(y(t) + a(t)) + D(t)],
y(to) = ¢(0) — pp(=a(to)).

By Lemma 1, y(t) exists and is unique on [tg, to+0~]. Denote z(t) = y(t)+a(t).
It follows that xz(t) — pp(t — o(t) — to) satisfies (2.5), and z;(p) exists and
is unique on [tg,to + 07]. Then x¢(p) exists and is unique on [ty, +00) by
induction. 0O

(2.5)

By the proof of Lemma 3 in [7], we can take the following lemma:
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Lemma 3. Assume that x € C((—o™",+00),R) is a bounded, and there exist
constants §,p € R such that |p| < 1 and . liin [z(t) — px(t — o(t))] = 9, then
—+oo

lim z(t) =6/(1 - p).

t——+oo

3 Boundedness and asymptotic constancy

Theorem 1. Let ¢ € C. Then x(t;to, ) is bounded and tends to a constant
as t — +oo.

Proof. Letting z(t;to,p) = z(to — o 5t0,0) = p(—0™) for t € [tg — o —
ot, to — o], we can trivially extend x(t;to, ) to [to — o — 0T, +o0). For
t > tog, we denote

a(t) = x(t;to, ¢), 2(t) =  max _{x(s) —pz(s — a(s)), (1 = p)z(s)},

t—ot<s<t

ot) = min_ {a(s) = pa(s = o(s)), (1 = pla(s)}

Q = {t]t € (to, 00), 2(t) = max{x(t) — pa(t — o(t)), (1 — p)a(t)}}.

Now, we distinguish two cases to prove that Dt z(t) <0 for all ¢ > ¢.
Case 1. When t € (tp,00) \ Q. Then there exists t* € [t — o™, t) such that

2(t) = max{z(t") — pz(t* — o(t")), (1 — p)(t)}
> max{z(t) — pz(t — o(t)), (1 - p)a(t)}-

From the continuity of x(-), we can choose a positive constant § < o* such
that

max{x(s) — px(s — o(s)), (1 —p)a(s)} < z(t) forall se [t t+ 7],
which yields
max{x(s) — pz(s — o(s)), (1 — p)x(s)} < 2(t) forall s€[t—ot,t+ 4]
We obtain
z(t+h) < z(t) forall he(0,0),

—2(t
D7 2(t) = limsup At th) = =(t) < limsup &
h—07+ h h—0+ h

Case 2. When t € Q. We first claim that
2(t) = (1—p)z(t) > x(t) — pa(t — o)) can not oceur. (3.1)
Otherwise,
a(t—o(t) > a(t) and (1—p)a(t—o(t) > (1 - p)a(d),

Math. Model. Anal., 22(5):634-642, 2017.
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which contradicts that

)= (1 =pa(t) = | max_{a(s) = pr(s = a(s)). (1 = pla(s)}.

So (3.1) is true, and thus we only consider the case that
2(t) = a(t) — pa(t — o(t)) = (1 = p)a(t).
Then (1.4) implies that
0 < [a(t) = pa(t — o (1)) < bO)[=F(x(t) + F(a(t)] = 0. (3-2)

Secondly, assume that
1
z(s) = z(s) —px(s—o(s)) forall se (t,t+ 50‘].

Clearly, (3.2) gives us

D*2(t) = limsup LE T Zpalt+h = ot +h))] = [o(t) = pr(t = o(t))]

= 0.
h—0t h

Furthermore, suppose that there exists s € (¢,t + %O'_] such that z(s1) >
z(s1) — px(sy — o(s1)). From (3.1), we can choose a constant T' € [s; — o™, s1)
such that

2(s1) = «(T) = pa(T — o(T)) = (1 - p)a(T).

This, together with the fact that t — o < 51 —ot <t+ 307 —0F <t < sy,
implies that

2(T) = pe(T = o(T)) = x(t) — pa(t — o(t)) = =(t).

We claim that

2(T) = pa(T — o(T)) = x(t) — pa(t — a(t)) = 2(1). (3.3)
Otherwise,
2(T) — px(T — o(T)) > xz(t) — pz(t — o(t)) = 2(t).
Then t < T < s1 and
0= [z(s) = pa(s — o(5))] | ;= = B(T) [~ F(@(T)) + F(x(T — o(T)))].
It follows that

(T = o(T)) = o(T), 2(51) = o(T) = pa(T — o(T)) = (1 = p)a(T — o(T)),

which contradicts the facts that

(1 =p)z(T = o(T)) = 2(s1) > 2(t) = ,max (1= p)a(s).
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Hence, (3.3) holds, and

t+h)—z(t
D7 2(t) = lim sup At h) = =(t) = lim sup
h—0+t h h—0+

2(t) —2() _
?—O, he((), Sl—t}.

Analogously, we can get
D7o(t) >0 for all t > t.
From the above results, we know that z(¢; ¢, ) is bounded on [—o™, +00), and

a = limsupmax{(1 — p)z(t),z(t) — px(t — o(t))} = tlgglo z(t) < 400,

t—o0

8= litrgiogf min{(1 — p)z(t), x(t) — px(t — o(t))} = lim v(t) > —o0.

t—o00

Finally, we prove that x(¢; 1, ¢) tends to a constant as ¢ — +o0. Let

a” = litrgirolf max{(1 — p)z(t),z(t) — pz(t — o(t))}.

It suffices to show that @~ = a. By way of contradiction, suppose that o~ <
a. Then o~ and « are not zero simultaneously. Without loss of generality, we
assume that a # 0 since the proof for the case of @~ # 0 is quite similar. For
H € (a,a), we can choose T > to and {r,, }5°_, C [T§ + o, +00) such that
o

At) = | max_{a(s) = pr(s = 0()). (1= p)a(s)} S a+ 151 Ve € [T, +00)

max{(l — p)x(ry), x(rm) — px(rm —o(rm))} = H, lim 7, = +oo,
m— 00
0<em=2z2(rm) —a< —|§|, em — 0 (as m — +00).

Let w(t) = z(t)—pz(t—o(t)) for all ¢ > tg. It is clear that, for ¢ € [rp,, 7y, +207],

og—F(lwﬂ)H?(M) :—F(w(t))+F(a+5m) (3.4)

1—p 1-p 1-p

and

(1=pla(t—0ct)) < rm_ﬁg%};ﬂﬁﬁ{(l —p)x(t),wt)} < z(rm) =a+en.

This implies

z(t—o(t)) < atem for all t € [rp, rm +207]. (3.5)
Now, we prove
/ w(t) atem +
< —_ . .
w(t)ib(t)[ F(l_p)+F( — )},forallte[rm,rm+2a . (3.6)

In fact, if 2(t) < z(t — o(t)) and t € [rp, 7 + 207], then
(I =p)a(t) > a(t) = pr(t —o(t)) = w(t), x(t) >w(t)/(1-p).

Math. Model. Anal., 22(5):634-642, 2017.



640 S. Xiao

This implies that

/(1) = ) [ F(alt) + Flalt — o(0)] < o) - P12} 4 p(2E5m)].

1-p 1-p

If 2(t) > x(t — o(t)) and t € [ry,, m + 207], then (3.4) implies that

w'(8) = b(t) [~ F(x(t) + F(a(t—o(t)))] <0 < b(t) [*F(%) *F(%)]

Thus, (3.6) always holds, and
w(rm) < H < a.

Denote q(t) = q(t; 7m, €m) the solutions of the initial-value problem

q(t) = b+[_F(1q(t)p) +F(a1t€;)}, q(rm) = H. (3.7)

Note that H < a and
w(t)
1—-p

w(t)
1—-p

a4+ em
1-p

a4+ em
1-p

0 < b(t)[F( ) < bH-F(

)+ F( )+ F( )]
for all t € [ry,, i + 207]. By taking G(z) = b" F'(1%;), Proposition 1 implies
that

a+em—qt;rmyem) > >0, t € [Py T +207],

where the positive constant p is independent of r,,, and €,,. Furthermore, from
(3.6) and (3.7), we have

w(t) < qt) < a+em— i, t € [T, rm +207]
and there exists a positive integer M such that

max w(s) <a+em—p<a—p/2, forallm> M. (3.8)
SE[Tm rm+207t]

On the other hand, DT z(t) < 0 produces that

max  {(1—p)z(s),w(s)} = a
SE[rm Tm+207T]
and thus there exists 17, € [rm, 7m+20 7] such that (1—p)z(r},) > «. Hereafter,

we have
(1 -p)z(ry,) = a, and 2(ry;,) > a/(1 - p),

which, together with (3.5), leads to

w(ry,) = x(ry,) = pa(ry, — o(ry,))
> 1fp _pozl—i—_i:l :a—p% — a( as m — +00).
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This is contrary to (3.8). Hence,

lim max{(1 —p)z(t),z(t) —px(t —o(t))} =a=a".

t—o0

Similarly, we get

Jim min{(1 - p)a(t), 2(t) — pa(t — o(t))} = 5.

Consequently,
Jim {(1 = p)a(t) + 2(t) —pr(t —o(t)} = a+ 5,
. pr(t—o(t)] _a+p
tli)r&[a:(t)— 2—p T 2-p

It follows from Lemma 3 and the fact |%;| < 1 that tlim x(t) exists. This
—00

completes the proof. 0O

Conclusions

Since the asymptotic behavior of NFDE with time-varying delays has not been
touched in [1,3,6,8,9,10,11,12,13,14,15], one can find that the analysis method
of the dynamical systems in the above references cannot be applied to prove
Theorem 1. Noting that F(z) = 3 satisfies (1.5), it follows from Theorem
1 that the Haddock conjecture is true when for the delays are time-varying
functions. Moreover, all results in [7] are the special cases where b(t) = 1 and
7(t) = r are constants. This implies that all proof of the main result in [1]
can be improved by the analytical method in this paper. Thus, our results are
essentially new and complement previously known ones to some extent.
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