Available online at www.isr-publications.com/jnsa
J. Nonlinear Sci. Appl., 10 (2017), 1960-1970

Research Article

ISSN : 2008-1898

o0t SCienceg
S 2

Y,

yournaj
7.
§
S
)
s 08¢
uopeoW

of,

Journal of Nonlinear Sciences and Applications

PuEicanoss
Journal Homepage: www.tjnsa.com - www.isr-publications.com/jnsa

Multiple periodic solutions for delay differential equations with a general
piecewise constant argument

Hui-Sheng Ding®*, Hong Wang?, Gaston M. N'Guérékata®

4College of Mathematics and Information Science, Jiangxi Normal University, Nanchang, Jiangxi 330022, P R. China.
bpepartment of Mathematics, Morgan State University, 1700 E. Cold Spring Lane, Baltimore, M.D. 21251, USA.

Communicated by X. Liu

Abstract

This paper is concerned with the existence of multiple periodic solutions for some delay differential equations with a
general piecewise constant argument. Under some sufficient conditions, we establish the existence of two and three nonnegative
periodic solutions for the addressed delay differential equation with piecewise constant argument. Also, we apply one of our
main results to a Nicholson’s blowflies type model. (©2017 All rights reserved.
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1. Introduction and preliminaries

Throughout this paper, we denote by IN the set of all positive integers, by Z the set of all integers,
by R the set of all real numbers, and by Ct(IR) the set of all continuous T-periodic functions from R to
R, where T > 0 is a fixed constant. Moreover, assume that the two real sequences {ty}xcz and {yx}kez
satisfy the following statements:

(a) Forevery k € Z, ty < txy1, lim tx =—o0, lim tx =400, and
k——o0 k—+o00

0 < inf [ty 1 —ti| < supfteq1 —til < +oo;
keZ keZ

(b) for every k € Z, vy € [tk, tk+1], and there exists 1 € N such that
tkpr=t+T, Ykri=v+T, keZ

The aim of this paper is to investigate the existence of multiple positive periodic solutions to the
following delay differential equation with a general piecewise constant argument:

x'(t) = —a(t)x(t) + b()f(t, x(t —T(t))) + c(t)g(t, x(y(t))), tER, (1.1)

where a,b,c € Ct(R) are nonnegative functions, f,g : R x [0, +00) — [0, +00) are continuous and T-
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periodic about the first argument, and

Y(t) =vx, teltgter1), keZ

It is easy to see that if t, = k and y(t) = [t], then (1.1) reduces to a classical differential equation with
piecewise constant argument.

There is a large literature on multiple positive periodic solutions for functional differential equations.
However, to the best of our knowledge, it seems that there is seldom results concerning multiple periodic
solutions for differential equations with piecewise constant arguments (cf. [17]).

On the other hand, differential equations with piecewise constant argument has been of great interest
for many mathematicians since they have wide applications in many areas such as biomedicine, chemistry,
mechanical engineering, physics, etc. Recently, several authors studied differential equations with more
general piecewise constant arguments (in short DEPCAG). For the backgrounds of DEPCAG and some
recent contributions on DEPCAG, we refer the reader to [1, 2, 4-6, 10, 14-16] and references therein, where
some interesting results on several types of DEPCAG such as the existence of solutions, the stability of
solutions, the existence of periodic solutions, and the existence of almost periodic solutions, etc., are
established.

Especially, in [6], Chiu et al. investigated the existence and global convergence of periodic solutions
for the following differential system with piecewise constant arguments of generalized type:

xi(t) = —ai(t)xq(t) + Z{bij (t)f50x; (1)) +cy5(B)gi (x; (v(E))) P+ Li(t), 1=1,2,...n (1.2)
=1

Stimulated by this work, in this paper, we aim to make further study on this topic, i.e., we discuss the
existence of multiple positive periodic solutions. For convenience, we only consider the 1-dimensional
system (1.1). We note that by using a similar proof of this paper, one can also consider some n-dimensional
system such as (1.2).

Next, let us recall some definitions, notations and preliminaries. For more details, we refer the reader
to [3, 11].

Let X be a real Banach space. A closed convex set P in X is called a cone, if the following conditions
are satisfied:

(i) if x € P, then Ax € P for any A > 0;
(ii) if x € P and —x € P, then x = 0.

A non-negative continuous functional 1 is said to be concave on P, if 1 is continuous and

V(ux+ (1-py) = wp(x) + (1 —pwily), xyeP, nelo1].

Letting ¢, c2, c3 be three positive constants, and ¢ be a non-negative continuous functional on P, we
denote

Pe, ={y e P:llyll <1},
Pe,={yeP:lyll<el,
Pld,c1) :={x € P: p(x) <c1},
P(d,c1):={x € P:d(x) <ci,
OP(d,c1) :=={x € P: b(x) = c1},
P(d,c2,¢3) ={y € P:ea < dly), llyll < es).
In addition, we call that ¢ is increasing on P, if ¢(x) > d(y) for all x,y € P withx —y € P.
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Lemma 1.1 ([3]). Let P be a cone in a real Banach space X, « and vy be two increasing, nonnegative, and continuous
functionals on P, and © be a nonnegative continuous functional on P with 8(0) = 0 such that for some ¢ > 0 and
M >0,

v(x) <0(x) <«x), [x|| <My(x), xePly,c).

Moreover, suppose that there exists a completely continuous operator A : P(y,c) = Pand 0 < a < b < c such that
B(Ax) <AB(x), 0<A<K1, xe0dP(6,b),
and
(i) Y(Ax) >c, forall x € OP(vy,c);
(ii) O(Ax) < b, forall x € OP(6, b);
(iii) P(x, a) # 0, and «(Ax) > a, for all x € OP(«, a).

Then A has at least two fixed points x1,x2 belonging to P(vy, c) such that
a<a(xi), 8(x1) <b, and b<O(x2), v(x2) <c.

Lemma 1.2 ([11]). Let P be a cone in a real Banach space X, c4 be a positive constant, A : Pc, — P, be a completely
continuous mapping, and \p be a concave nonnegative continuous functional on P with P (u) < [[ul| for all u € P,.
Suppose that there exist three constants c1,ca, c3 with 0 < ¢1 < ¢p < ¢3 < ¢4 such that

(i) fue P(W,ca,c3) s W(u) > co} # @, and P (Au) > ¢ for all uw € P(, ca, c3);
(i) [[Aull < cq forallu € Pe;
(iii) P(Au) > cp forall uw € P(W, ¢, ca) with ||Aull > c3.

Then A has at least three fixed points uy, up, us in Pc,. Furthermore, ||| < ¢1 < |luall, and P(uz) < ca < P(us).

2. Main results

2.1. Equivalent integral equation

First, let us recall the following definition:
Definition 2.1. A function x : R — R is called a solution of (1.1) provided that
(i) x is continuous on IR;

(ii) the derivative x’(t) exists at every point t with the possible exception of the points ty, k € Z, where
the one-side derivatives exist;

(iii) equation (1.1) is satisfied for x(t) on all intervals (ty, tx+1), k € Z, and it holds for the right derivative
at the points ty, k € Z.

Next, we prove that equation (1.1) is equivalent to an integral equation.

Lemma 2.2. Let x € C1(IR). Then x(t) is a solution of equation (1.1), if and only if
t+T
x(t) = J ’ G(t,s)[b(s)f(s,x(s —1(s)) +c(s)g(s,x(y(s)))]ds, teR, (2.1)

fa(g)
where G(t,s) = eltalt)ds fort,s € R.
1

oJd ate)ae
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Proof. For convenience, we denote

(1) = e~ ads M) = b()(L,x(t—T(1)) + c(t)g(t, X(¥(1)), teR.
It is easy to see that

d()p'(s)  0G(t,s)
o 1T -1’ ot

G(t,s) = =—a(t)G(t,s), t,seR.

In addition, it follows from the assumption (b) on {ty }xcz and {yx}kez that y(t+T) = y(t) for all t € R.
Then, since b,c € Ct(IR) and f, g are T-periodic about the first argument, we conclude that M is also
T-periodic.

Next, we give the proof of necessary part by utilizing an idea in [9]. Let x(t) be a solution of (1.1), i.e.,

X (t) = —a(tx(t) +M(t), te [t tip),
keZ

which means

%[qu(t)x(t)] =o' OM), te |t tin).

keZ

Noting that x(t) is continuous on R, we claim that for every t € R,

ie.,
t

x(t) = (t)x(0) + d)(t)J b (s)M(s)ds. (2.2)

0

In fact, there is k € Z such that 0 € [tx_1,tx). Then, for every t € [ty_1, ti), (2.2) obviously holds. Also,
we have

t
x(ti) = b(t)x(0) + b(ty) L o1 (s)M(s)ds. 2.3)

On the other hand, for every t € [ty, ty11), there holds

t

x(t) = (O (t)x(te) + ¢(t)J o~ (s)M(s)ds,

tx

which together with (2.3) yields that (2.2) also holds for every t € [ty, tx+1). By similar arguments, one
can show that (2.2) holds for every t € R.

Since x(0) = x(T) = &(T)x(0) + &(T) [ & (s)M(s)ds, we get

T

x(0) = [1—d>(T)]1d>(T)J o 1(s)M(s)ds. (2.4)

0
A substitution of (2.4) into (2.2) yields

t

¢—1(s)M(s)ds+¢(t)J o1 (s)M(s)ds

0

)
X(t) = ()1 — (T 1(T) L

¢‘1(8)M(S)d8+¢(t)J o1 (s)M(s)ds

0

)
o (M =1 () J
0

T t t

o~ (s)M(s)ds — J o—1(s)M(s)ds]

0

— T - 1]%&)[]

0

qu(s)M(s)dsw—l(T)j

0
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T

t
¢1(s)M(s)ds+¢1(T)J o1 (s)M(s)ds].

0

— () — 1]%&)[]

t

By letting u = s 4 T, the above expression implies

T T+t
x(t) = [o1(T) — 1]1d>(t)[J & H(s)M(s)ds + ¢~ 1(T) JT ¢ Hu—T)M(u—T)du]
:
_ [d)‘l(T)—l]‘ld)(t)[J ¢_1(5)M(s)ds+L o~ (WM(u—T)du]
t

t+T

:[¢1(T)—1]1d>(t)J o1 (s)M(s)ds

t

T
:J G(t,s)M(s)ds.
t
Finally, we give the proof of sufficient part. Let x(t) satisfy (2.1). Then, we have
f 4 AL — x(t 1 [t+aesT t+T
M L] st avoMEeias— | Gl smis)as
At At | Jerat t
1 (T 1 [(tHALET
= J [G(t+At,s)—G(t,s)]M(s)ds+J G(t+ At,s)M(s)ds

At t At t+T

1 t+At
—AtJ G(t+ At,s)M(s)ds,
t

combining this with the fact that M is continuous on all [ty,tx+1), k € IN, by using the Lebesgue domi-
nated convergence theorem, for every t € [y cz(tk, tis1), we have

-
- [} aSls
= —a(t)x(t) + M(t).

M(s)ds + G(t, t+T)M(t) — G(t, t)M(t)

Similarly, one can also show that
X () = —altix(tk) + M(tk), k=1,2,---.

This means that x(t) is a solution of (1.1). O

2.2. Existence of two positive solutions
In this section, we apply Lemma 1.1 to establish an existence result about two positive periodic solu-
tions of (1.1). Let
1 elo al&)dg

M; =

M; = =

 eloale)ag _q’
For convenience, we list some assumptions:

(H1) There exists a constant ¢; > 0 such that

-
J b(s) inf f(s,u)+c(s) inf g(s,u)|ds> Sy
0 e1<ug g c1<ug g My

(H2) There exists a constant b; > 0 such that

-
J |:b(s) sup f(s,u)+c(s) sup g(s,u)] ds<ﬁ.

0 br<u< br<us
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(H3) There exists a constant a; > 0 such that

-
. . ap
Jo [b(s) ogglgfal f(s,u) +c(s) ogll?gfal g(s,u)| ds > M

Theorem 2.3. Assume that there exist three constants ai, by, ¢q with 0 < a; < by < ¢ such that (H1)-(H3) hold.
Then (1.1) has at least two nonnegative T-periodic solutions.

Proof. 1t is easy to see that

Mi; =G(t,t) <G(ts) <GLt+T) =My, teR, t<s<t+T.

M
Denote 6 = W; and

P={y e Cr(R):y(t) >3yl t e R},
where ||y|| = sup [y(t)]. It is not difficult to verify that P is a cone in C1(IR).

t€(0,T]
Next, we will verify that all the assumptions of Lemma 1.1 hold. Let

y(y) =0(y) = min y(t), oly)=yll, yeP
te(o,T)

Obviously, v, « are increasing nonnegative continuous functionals on P, and 0 is nonnegative continuous

functionals on P with 6(0) = 0. Moreover, we have

YY) =0(y) < xly), |yl < %v(y), yeP,

and
B(Ay) =A8(y), Ael0,1], yedP(6,by).

Define an operator on Ct(IR) as follows:

4T
(Ay)(t) :J G(t,s)[b(s)f(s,y(s —(s))) +c(s)g(s,yly(s)))lds, teR, ye Cr(R).

t

Let us show that A is a completely continuous operator from P(vy, c;) to P. Firstly, for every y € Ct(RR),
noting that
G(t+T,s+T)=G(t,s), tsekR,

and s — b(s)f(s,y(s—1(s))) +c(s)g(s,y(y(s))) is T-periodic, we conclude that Ay is T-periodic. Secondly,
by using the dominated convergence theorem, it is not difficult to show that for every y € Cy(R), (Ay)(t)
is continuous on R. Thus, A(Ct(R)) C Cy(R). Thirdly, for every y € Ct(IR), there holds

T
Ay(t) = L G(t,s)[b(s)f(s,y(s —(s))) +c(s)g(s,y(v(s)))lds
t+T

>M1L [b(s)f(s, y(s — ©(s))) + c(s)g(s, y(v(s)))lds

My
> —||Ayl| = 8||Avyl|,
Mz” y|| = 5| Ay]|

where ||Ay|| < My :+T[b(s)f(s,y(s —1(s))) +c(s)g(s,y(y(s)))lds. This means that A maps Ct(R) to P.

Fourthly, noting that for every x,y € C7(R),

t+T
J G(t,s)F(s)ds
t

[Ax —Ayl| = sup
t€[0,T]

/4




H.-S. Ding, H. Wang, G. M. N'Guérékata, J. Nonlinear Sci. Appl., 10 (2017), 1960-1970 1966

where
F(s) =b(s)[f(s,x(s —(s))) —f(s,y(s —(s)))] +c(s)lg(s,x(v(s))) —gls,y(v(s)))],

since f, g are uniformly continuous on compact subsets, we conclude that A : Ct(IR) — P is a continuous
operator. Finally, let us show that A maps bounded sets into relatively-compact sets. Fix k > 0. It is easy
to see that

{(Ay)(t) 1y € CT(R), [yl <k, t R},

is uniformly bounded. Moreover, following from the sufficient part of the proof for Theorem 2.2, for every
y € Cr(R),
(Ay)'(t) = —a(DAY(H) +b(OF(ty(t— (1) +c(tglty(v(1), te [ty tiv),
i€z
which means that

{(Ay)'(t) -y eCrR), fyl<x te | (ti,tm)},
ieZ
is also uniformly bounded. Then, by the classical Lagrange’s Mean Value Theorem, one can conclude that

{(Ay)(t) 1y € C1(R), |jy]| < «},

is equi-continuous on R. This means that {Ay : y € Ct(R), |Jy|| < «} is relatively-compact. Thus,
A : Ct(R) — P is completely continuous.
It remains to check (i)-(iii) in Lemma 1.1 hold. Fix an arbitrary y € 0P(y,c1). Then,

y(t) > min y(t) =v(y)=c1, tekR,
te[0,T]

and .
Iyl < syt teR

which vyields that < % and thus y(t) < & for all t € R. This means that
y Yy 5 Y 3

ci, teR,

| =

cr <y(t—r(t),y(y(t) <

which together with (H1) implies that

t+T
Y(Ay) = min J G(t,s)l(b(s)f(s,y(s —(s))) +cls)g(s,y(v(s))))lds
tel0,T] J¢

T

> My L [(b(s)£(s, y(s —t(s))) + c(s)g(s,y(v(s)))ds

T
>M1J [b(s) inf  f(s,u)+c(s) inf g(s,u)|ds

Cc Cc
0 augH cug3

> Cq.

This shows that (i) of Lemma 1.1 holds. For every y € 0P(6, by), similar to the above proof, we have

b < ylt— (), y(y(1) < by, teR

Combining this with (H2), we get
t+T

0(Ay) = min J G(t,s)[b(s)f(s,y(s —(s))) +c(s)g(s,y(v(s)))lds
tel0,T] Jt
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;
< sz [b(s)f(s,y(s — (s))) + c(s)g(s, y(v(s)))]ds

0

-
<M2L [b(s) sup f(s,u)+c(s) sup g(s,u)|ds

b<ugy b <u< Y

< by,
i.e., (ii) of Lemma 1.1 holds. Obviously, P(«, a;) # (). For every y € 0P(«, a;), we have
da; <y(t—1(t),yly(t)) < a1, teR,

which together with (H3) gives that

t+T
x(Ay) = sup J G(t,s)[b(s)f(s,y(s —t(s))) +c(s)g(s,y(v(s)))lds
te OT] t

[b inf f(s,u)+c(s) inf g(s,u)|ds
0

ouag ousa

This proves (iii) of Lemma 1.1. Now, by applying Lemma 1.1, the following integral equation

T
y(t)zL G(t, 8)[b(s)(s, y(s — (s)) + c(s)g(s,y(y(s))lds, teR,

has at least two nonnegative T-periodic solutions x,y, which are just two nonnegative T-periodic solutions
to equation (1.1) by Lemma 2.2. O

2.3. Existence of three nonnegative solutions
In this section, we will apply Lemma 1.2 to equation (1.1). Also, we list some assumptions.

(H4) There exists a constant ¢c; > 0 such that

-
J [b(s) sup f(s,u)+c(s) sup g(s,u)] ds<c—1

0 o<u<g o<uge M,

(H5) There exist ¢, > c¢; > 0 and c3 > % such that

-
J[b(s) inf  f(s,u)+c(s) inf g(s, )} ds>—

0 cou<cs cou<cs My
(H6) There exists a constant ¢4 > c3 such that
T cy
J b(s) sup f(s,u)+c(s) sup g(s,u)|ds < —.
0 o<u<ey Ou<gey M;

Theorem 2.4. Assume that (H4)-(H6) hold. Then (1.1) has at least three nonnegative T-periodic solutions.

Proof. Let the cone P and the operator A be the same as in Theorem 2.3. Set

= , yeP.
P(y) trer}ér}]y() y
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Obviously, 1 is a concave nonnegative continuous functional on P and ¥ (y) < ||y for all y € P. By the
proof of Theorem 2.3, we know that A : Cy(IR) — P is completely continuous. Moreover, by (H6), for
every y € P.,, we have

t+T
[Ay| = sup J G(t,s)[b(s)f(s,y(s —(s))) +c(s)g(s,y(v(s)))lds
telo,T]Jt

T
<M2J [b(s) sup f(s,u)+c(s) sup g(s,u)|ds
0 o<u<cey 0u<gcey

< C4.
Next, let us verify (i)-(iii) of Lemma 1.2. Firstly, it is easy to see that

{ue P, co,c3) 1 W(w) >l ={ueP:P(u) >cy [Juf| <c3t#9.
Moreover, for every y € P(1, co, c3), there holds

2 Sylt—t(t)),ylv(t) <c3 tekR

Combining this with (H5), we get

T
P(Ay) = min J G(t,s)[b(s)f(s,y(s —(s))) +c(s)g(s, (v(s)))lds
te[0,T] J¢

> inf , inf ,
My L [b(s) czglﬂgqf(s u) +c(s) nglILng% g(s,u)| ds

> Cop.

Secondly, it follows from (H4) that for every y € P,,

t+T
JAyl = sup j G(t, s)b(s)f(s,y(s — T(s))) + c(s)g(s, y(v(s))))ds
tel0,T]Jt

T
< MZJ [b(s) sup f(s,u)+c(s) sup g(s,u)] ds
0 0u<ge 0Su<c

< Cq.
Finally, y € P with [|Ay|| > c3 implies that
P(Ay) = min (Ay)(t) > 8[|Ay|| = dcs > ca.
te(0,T]

This means that (iii) of Lemma 1.2 holds.
Now, by Lemma 1.2, we know that A has at least three fixed points, and thus (1.1) has at least three
nonnegative T-periodic solutions. O

2.4. An example
Stimulated by [12], in this section, we apply one of our main results to the following Nicholson’s
blowflies type model:
x'(t) = —a(t)x(t) + p(t)x™ (y(t))e " (v(t))) (2.5)

where m > 1, n > 0, a,p, q are nonnegative continuous T-periodic functions and let y be the same as in
Section 1.

Recall that Nicholson’s blowflies model has an interesting background (cf. [8]). Recently, several
authors have made contributions on the existence of multiple periodic solutions for Nicholson’s blowflies
type model (cf. [7, 12, 13]). Equation (2.5) can be seen as a generalized Nicholson’s blowflies type model,
which allows the delay term to be a discontinuous function.



H.-S. Ding, H. Wang, G. M. N'Guérékata, J. Nonlinear Sci. Appl., 10 (2017), 1960-1970 1969

Theorem 2.5. Let q(t) > 0 forall t € R, and

T ellq) "~

where & is the same as in Theorem 2.3. Then (2.5) has at least two positive T—periodic solutions.
Proof. Let b(t) =1, f(t,u) =0, c(t) = p(t), and g(t,u) =u™e —a(tu™ We only need to verify that all the

assumptions of Theorem 2.4 are satisfied.
Firstly, we can choose sufficiently small ¢; > 0 such that

chT (s)ds < s
1 0 p M2/

which yields that
T T
J p(s) sup ume 98I gs < c]“J p(s)ds < — “
0 o<u<e 0 M,

i.e., (H4) holds.
Secondly, since

JTp(t)dt > M

0 6m71

we can choose A € (0,1) such that

T e m;

Letting c; = ” Al\él and c3 = P ” —_—, we have
q n
T T N
p(s) inf u™e —als)uqg > p(s)ds-c}“-e*“q”"3 > Co,
0 coSu<ces 0

which means that (H5) holds.

Finally, letting ¢ = n}ér} q(t), since

im = =< ————,
u—r+o00 u 2My [, p(s)ds

there exists K > 0 such that for all u > K, there holds

T u
Jo p(s)ds-u™e %" < ™M,

Let ¢4y = max<{ MpK™ s)ds +1,c3 . Then, (H6) holds, i.e.,
0 ]3

T T T
J p(s) sup u™e 951" 45 < max J p(s) sup uTe —als)u dsJ p(s) sup uTe —als)utgg
0 o<u<ey 0 o<ugkK 0 K<ugey

T T
<max{J p(s)ds-K™, sup J p(s)ds - ume v" }

0 K<u<gcey JO
< .
M

Thus, by Theorem 2.4, equation (2.5) has at least two positive T-periodic solutions since 0 is obviously a
solution to equation (2.5). O
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Remark 2.6. One of the key assumptions in [12] is (translated in our notations):

.
Here, (2.6) improves it to some extent (in the case of = e~ Jo alt)

T 1 ellgll "~

dt is sufficiently small).
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