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Abstract

In this paper, we employ the well-known Krasnoselskii fixed point theorem to study
the existence and n-multiplicity of positive periodic solutions for the periodic
impulsive functional differential equations with two parameters. The form including
an impulsive term of the equations in this paper is rather general and incorporates as
special cases various problems which have been studied extensively in the literature.
Easily verifiable sufficient criteria are obtained for the existence and n-multiplicity of
positive periodic solutions of the impulsive functional differential equations.
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1 Introduction
In this paper, we consider the following impulsive functional differential equations with

two parameters:

() = sgn(=1)'[h(t, y() = Af (L, y(t = (1)),  t € R\{te}, E)

y(&) - y(t) = uhi(tr, y(tx — 0 (8))), ke Z. '
Throughout this paper, we use i = 1,2, k € Z, where Z denotes the set of all integers, R =
(—00,00) and R, = [0, 00).

For system (E;) we introduce the hypotheses:

(Hy) A>0and >0 with A + u > 0 are parameters.

(H2) f:R xR, — R, satisfies the Caratheodory condition, that is, f (¢, y) is locally Lebesgue
measurable w-periodic (w > 0) function in ¢ for each fixed y and continuous in y for
each fixed ¢, 7, and o : R — R are locally bounded Lebesgue measurable w-periodic
functions.

(Hs) There exist w-periodic functions a; and a; : R — R which are locally bounded
h(t.y)
y

Lebesgue measurable so that a;(¢)y < h(t,y) < ay(t)y for all y > 0 and lim,_, o+
exists, [y’ a(¢)dt > 0.
(Ha) There exists a positive integer p such that t,, = & + w.
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(Hs) Ir : R x R, — R, satisfies the Caratheodory condition and are w-periodic functions
in t. {tx}, k € Z, is an increasing sequence of real numbers with limg_, 4o £ = 00.
Moreover, Ii ,(Ek+p,¥) = Ik(tk, y) for all k.

The periodic system (E;) include many periodic mathematical ecological models with or
without impulse effects. This type of equations has been proposed as models for a variety
of physiological precesses and conditions including production of blood cells, respiration,
and cardiac arrhythmias; see [1-5]. The study of positive periodic solutions for impulsive
functional differential equations has attracted considerable attention, and research results
emerge continuously; see [6-16].

The purpose of this paper is to obtain some weaker conditions for the global existence
of positive periodic solutions of (E;) and the number # > 1 of periodic solutions. Following
the technique in [6, 17] and by using the well-known Krasnoselskii fixed point theorem,
we show that, for A + © > 0, the number 7 > 1 of positive w-periodic solutions of (E;) can
be determined by the behaviors of the quotient of f(;—y) atany point y € (0,00) and y — 07,
y — 0o, t € R. In particular, for > = 0 and u > 0, the global existence of positive w-periodic
solutions of (E;) is caused completely by impulse effects. These results are new and they
generalize and improve those in [6—8, 17]. For n = 1, the results of this paper also improve
those in [7-10].

The paper is organized as follows. In Section 2, we give some lemmas to prove the main
results of this paper and several preliminaries are given. In Section 3, the existence the-
orems for the numbers 1, 2 and # > 2 of positive periodic solutions of (E;) are proved by
using the well-known fixed point theorem due to Krasnoselskii addressing the quotient of
fty) Li(ty,

= and 5 ) at y >0, t € R. An example is also given. In Section 4, we employ the results

obtained in Section 3 to prove that the number 1 or 2 of positive periodic solutions of (E;)

can be determined by f(tTy) and h‘(y—t") wheny — 0, andy — oo, t € R.

2 Preliminaries
Throughout this paper, we will use the following notation:

8=l adt i1 o

1 & - 851 B L
s -1 e -1 2T 1oV 27161
and
Ay Ay
=miny —, —
B’ B,

Let E be the Banach space defined by

E = {y(t) : R— Ris continuous in (t, tx1), y(£{), y(t;) exists,

y(&) = (&), k € Zand y(¢ + ») = y(t),t € R}
with norm ||y|| = supy,,, [¥(¢)|. Define P to be a cone in E by

P={yeE:y(t) = Bllyll.t € [0,0]}.
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For a positive constant r, we also define 2, by
Q. ={yeP:lyl<r} and 3Q,={yeP:|yl=r}.

Finally, we define two operators T;: P — P,i=1,2, as

(T =3 [ Gt (s(s-v(9)) ds

+ U Z Gilts ti) I (b y (ti — 0 (1)), (2.1);
t<ti<t+w
where
i Mt Mt g,
Gl(t, S) = W and Gz(t, S) = _]61’ Ty (@) n . (22)
e ¥(w) -1 l1-e ¥(w)

Note that, from (H3) and (2.2), we have
A1 <Gi(t,s) <Br and Ay <Gy(t,s) <B,, tsekR

A function y : R — Rissaid to be solution of (E;) if the following conditions are satisfied:
(i) y(¢) is absolutely continuous on each (, tx41);
(ii) for each k € Z, y(t7) and y(¢;) exist and y(£;) = y(t);
(iii) y(2) satisfies the differential equation in (E;) for almost everywhere on R;
(iv) y(tx) satisfies the impulse condition in (E;).
In the proofs of the main theorems of this paper we will use the following lemmas and
theorem. The proofs of the lemmas are similar to those of the lemmas in [6]. We omit
them.

Lemma 2.1 Assume that (H;)-(Hs) hold. Then T : P — P is well defined and is completely
continuous.

Lemma 2.2 Assume that (H;)-(Hs) hold. The existence of positive w-periodic solutions of
(E;) is equivalent to that of non-zero fixed points of T in P.

Theorem K [18,19] Let E be a Banach space and P be a cone in E. Assume that Q0 and 2,
are bounded open subsets of E with 0 € Q,, Q1 C Q,, and let T be a completely continuous
operator such that either

(@) 1771 = llyl, y € PN 3Ky and | Tyl < yll, y € PN Qs
or

) 151 < Iyl y € PN 3Ly and [ Ty] = llyll, y € PN 9y,
then T has a fixed point in PN (2\21).

3 Existence of positive periodic solutions

In the sequel, we will use the following notations. For an w-periodic integrable function

f(£):R— R,, let

-1 [ A~ 1
e R P
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For a positive constant r and y € P,

2 . t,
o= sp 192 g e 16D
lyll=ryep Y lyll=ryeP y
1 t, I t,
o= swp BN ey B0,
= =rye
Pl piooer

Clearly from (H;) and (Hs), £, rl, I¥, and If : R — R, are positive bounded Lebesgue
measurable w-periodic functions.
We are now in a position to state and prove our results of the existence of positive

w-periodic solution for (E;).

Theorem 3.1 Assume that (Hy)-(Hs) hold and there exist positive constants ry and r, with

71 < 1y such that

Biw(Mf +ult) <1 (3.1)
and
7l 7l
AiwB (M, +uly)) > 1, (3.2)

then (E;) has a positive w-periodic solution y(t) with ri < ||y|| < r».

Proof Consider the Banach space E defined in Section 2 and P in E. Define two open sets
@, and ,, withr; <. If y e PN 0Q,,, then Byl < y(¢) < |yl = 71. From (2.1); and (2.2)
we have

(T)0) < B, [x / %ﬂs —t(9) ds

I (e, y(tr — T(8)))
oy T (b - a(tk))]

t<typ<t+w

< Bio[Mf4 Nyl + s lIyll].

Hence from (3.1), we obtain || T;y|| < |ly|l-
On the other hand, if y e PN 9%2,,, then Blly|| < y(t) < [yl = r». From (2.1); and (2.2) we

have
7 f(s,y(s — 1(s)))
(s —1(s))

Ti(t, (8 — T ()
U Z Wy(tk - U(tk))]

(Toy)(t) = A; |:)»/ y(s—1(s))ds

t<tp<t+w

> Aw[Af) Byl + uIl, Bliyll].

In view of (3.2), we obtain || T;y|| > (T;y)(t) = llyll.



Meng and Yan Boundary Value Problems (2015) 2015:212 Page 5 of 10

By Theorem K, 7; has a positive fixed point P N (Qz\Ql). It follows from Lemma 2.2
that (E;) has a positive w-periodic solution with r; < ||y|| < r,. The proof of Theorem 3.1

is complete. d
When A =0 or u =0, from Theorem 3.1, we obtain immediately the following result.

Corollary 3.1 Assume that (H;)-(Hs) hold and there exist positive constants r, and ry with

r <rp;
(i) f»=0and

1 1
<u<

~ = I/L = A 2
Aiwﬂlfz B,w[;’l

then (E;) has a positive w-periodic solution y(t) with ri < ||ly|| < ry;
(i) if u=0and

— <A< ——y,
Aiwﬁrlz B;a)rLf

then (E;) has a positive w-periodic solution y(t) with ri < ||ly|| < rs.

Theorem 3.2 Assume that (H;)-(Hs) hold and there exist positive constants ry and ry with

11 < 1y such that
Bio(M“ +plt) <1
and
AiwB(Mf +ull) =1,
then (E;) has a positive w-periodic solution y(t) with ri < ||y|| < rs.

Corollary 3.2 Assume that (Hy)-(Hs) hold and there exist positive constants ry and ry with
r <ry;
(i) f»=0and

1 1
<pu<

S M= S
A,-a),BIfl B,a)[ﬁz

’

then (E;) has a positive w-periodic solution y(t) with ri < ||ly|| < ry;
(i) ifu=0and

— <A< ——,
A,'CU,BVII Biwr’;

then (E;) has a positive w-periodic solution y(t) with ri < ||ly|| < rs.

The proof of Theorem 3.2 will be omitted since it is similar to that of Theorem 3.1.
From Theorems 3.1 and 3.2, by using the same method, we can prove the following

result.
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Theorem 3.3 Assume that (H;)-(Hs) hold and there exist n + 1 positive constants r,,, m =
1,2,...,n+ 1, withry <ry <--- <y such that one of the following conditions is satisfied:
Bio(Mf“ + ult) <1,
AwB(ML +ull) =1,

Bio(Mf4 + pult) <1,

g " (3.3)
AiwB (i, + py,) = 1
B ()\' VL:HI + MAVMVHI) = 1
and
AwB(MfL +pull) =1,
ﬂ(/\ + ,ul") 1,
A;wf A+ M 1,
O+ udr) = (3.4)
BiwB(Af" + ult) <1,

Aiwﬂ ()\'f_;'ln 1 + le{nﬂ) z 1’
then (E;) has n positive w-periodic solutions y1,y, ..., yn with |yl < y2ll < -+ < |yull-

Remark 3.1 A simple example that satisfies conditions (3.3) or (3.4) is that functions f
and [ are w-periodic functions in ¢ and Q-periodic (2 > 0) functions in y. Moreover,
Tl =Im+S2,m=12,...,n

Example Consider the following impulse differential equation satisfying (H;)-(Hs):

¥ () = (1) [h(6y@) - f(Ly(t-T@))], (35),i=1,2
where

f(t ) _ SP(t)J’ Silly, VAS [mn’, (m + 1)7{),
e p@)ylsiny|, yel[(m+1)m,(m+2)x),

L(t,y) = Eq(t)ysin(y + 2krr), y € [mm,(m+ 1)),
KHI= q(t)y|sin(y + 2km)|, ye[(m+1)m,(m+2)x),

where m = 0,2,4,...,n, n is an even, and £ is a constant. p,q € L(R,R;) are w-periodic
functions.

Now, we show that (3.5); has # positive w-periodic functions.
Let

T n
n=-_-, ry=m, r3=-—_—, e r'n=_-T, The1 = ——T.
2 2 2
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Thus, for r >0 and y € P,

JMOE nf {Ep(t)siny} > E6p(£),

b e
Iyl=% .y

where § = infyy)-z yep{siny}. Clearly § > 0,

fu@ = sup {|p(®)|siny} < p(®),

llyll=m,yeP

Ifl(t) = inf {Sq(t) sin(y + 2km)} > £84(2),
e

I'(@t)= sup {q(t)|sin(y +2km)|} < q(2).
”J’H VJ’EP

,,,,,

First, we choose A + u > 0 enough small to satisfy
Biw(Mys + uly) < Biw(tp+ng) <1,
then we choose & sufficiently large such that
AiwBp(ML + ull) = AiwBES(p + ng) > 1
Similarly, we can obtain
w()fr’z + ;ﬁﬁf}) <Bwp+pug) <1
and

Aiwp(ML + ull) > AiwBES(Ap + ng) > 1,

Aiwp(ML  +udl ) > AiwpES(p + ug) > 1.

Therefore condition (3.4) of Theorem 3.3 is satisfied. By Theorem 3.3, (3.5); has # positive
w-periodic solutions y1,ya,...,y, with iy < [ly1ll <ra < |lpall <73 < <71 |yl < Fuar

The proof is completed.

Remark 3.2 Theorems 3.1 and 3.2 generalize and improve, respectively, Theorems 3.1
and 3.2 in [17].

4 Applications of main results
Letr — 0 orr — oo, £, fL, 14, I, , fL., 1“ ,and I’ denote respectively the corresponding
upper and lower limits of £“, f/, I, and frl . In particular, let

fo=limf,, Iy=liml, fo=1limf,  Io=lim]I,.
r—0 r—0 r—00

r—0o0
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Theorem 4.1 Assume that (H;)-(Hs) hold and one of the following conditions is satisfied:

Biw(Mi + pl¥) <1,

_ A (4.1)
AwB(ML +nll) >1
and
Bio(Af% + uigo) <1,
(4.2)

A;wpB (Aj?()l + ;ﬁé) >1,

then (E;) has a positive w-periodic solution.

Proof From (4.1) we can choose positive constants r; and r, with r; < r; such that
Biw(k_r’f + /J;‘l) <1

and
A;wB (Aﬁlz + /’Jiz) >1.

By Theorem 3.1, it follows that (E;) has a positive w-periodic solution.
Similarly, by Theorem 3.2, we can prove that if (4.2) holds, then (E;) has a positive
w-periodic solution. The proof of Theorem 4.1 is complete. d

Theorem 4.2 Assume that (Hy)-(Hs) hold and there exists r > 0 such that
AwB (M + pul') > 1. (4.3)

(i) Iffo =1,=0 or]_‘oo =1, =0, then (E;) has a positive w-periodic solution.
(ii) [ffo =1 =foo =1 =0, then (E;) has two positive w-periodic solutions.

Proof From (2.1), for any y € PN 92, and A, u satisfying (4.3) we have

(Tiy)(t)zA,-[x [ rs-r)as e Y zk(tk,y<tk-r(tk>))]

t<tr<t+w

t+w
> Ai[wnyn / fis)ds+puBlyl > Iém)}
¢ t<ty<t+w
> AiwBlyll (A + 1) > Iyl
This yields
IToyll = Iyl forye PN oK.

(i) Ifj_’o =1 = 0, then we choose r; with 0 < r; < r so that for A and x satisfying (4.3)

Biw(rf, +ul,) <1. (4.4)
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Thus from (2.1) we obtain

(Ty)(t) < BiwOufy + 1Lyl < Iyl

which implies that, for y € PN 9L,,,

1Tyl <yl

It follows from Theorem 3.2 that (E;) has a positive w-periodic solution.
If fo, = I, = 0, then we choose r, > r so that for A and y satisfying (4.3)

Biw(rfoy + ) <1. (4.5)
Hence from (2.1) we have

(Ty)(®) < Biws(foy + pul)llyll < Iyl

which implies that, for y e PN 3L2,,,

1Tyl < Nyl

It follows from Theorem 3.2 that (E;) has a positive w-periodic solution.

(ii) Iffo =1 :foo =1 = 0, then we can choose r; and r, with r; < r < r, so that (4.4)
and (4.5) hold. Thus by Theorem 3.3 that (E;) has respectively two positive w-periodic
solutions. The proof of Theorem 4.2 is complete. g

Similarly by using Theorems 3.2 and 3.3 we can obtain the following results.

Theorem 4.3 Assume that (H;)-(Hs) hold and there exists r > 0 such that
Biw(kﬁ” + ;Jf) <L

(i) [ffo =1,=0 orfc><> =1y =0, then (E;) has a positive w-periodic solution.
(i) Iffo =1Io = foo = Ioo = 0, then (E;) has a positive w-periodic solution.

Remark 4.1 Theorems 4.1 and 4.2 generalize and improve, respectively, Corollaries 4.2
and 4.3 in [17], Theorems 3.1-3.3 in [6], and Theorem 1.3 in [17].

5 Discussion

In Sections 3 and 4 of this paper, by using the behaviors of the quotient of @

atany point
y € [0,00) + {oo} we have proved the existence and n-multiplicity of positive w-periodic
solutions for impulsive functional differential equation (E;) which are general enough to
incorporate some periodic mathematical and ecological models. The method and tech-
nique are based on the application of the famous Krasnoselskii fixed point theorem on
the cone of Banach space. In particular, when A = 0 in (E;), Corollaries 3.1 and 3.2 in Sec-
tion 3, the existence of positive w-periodic solutions is caused by impulsive effects. This
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is different from the corresponding continuous system. In fact, when X = 0, (E;) reduce to

y(6) = (D'hty(@), teR\{t}i=12,

y(&) - y(t) = pli (e, Yt — 0 (1)), k€ Z. ()

If the condition of Theorem 3.3 holds, then () has # positive w-periodic solutions by
Theorem 3.3. But the equation y'(¢) = (~1)'k(¢, y) has no periodic solution.

The method of this paper on impulsive differential equations is not only restricted to
scalar equations, but also it can be used for systems of impulsive functional equations
and impulsive N-species competitive systems and impulsive neutral functional differential
equations; see for example [11, 20].
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