Journal of Applied Analysis and Computation Website:http://www.jaac-online.com
Volume 10, Number 6, December 2020, 2659-2668 DOI:10.11948,/20200014

POSITIVE PERIODIC SOLUTIONS FOR A
NONLINEAR DIFFERENTIAL SYSTEM WITH
TWO PARAMETERS*

Ruixiong Fan' and Chengbo Zhai®f

Abstract In this article, we investigate a nonlinear system of differential
equations with two parameters

o' (t) = a(t)z(t) — Mf(t, z(t), y(t)),
y'(t) = =b()y(t) + pg(t, z(t), y(t)),

where a,b € C(R,R4) are w—periodic for some period w > 0, a,b Z 0,
f,9 € C(RxRy xR, Ry) are w—periodic functions in ¢, A and p are positive
parameters. Based upon a new fixed point theorem, we establish sufficient
conditions for the existence and uniqueness of positive periodic solutions to
this system for any fixed A\, u > 0. Finally, we give a simple example to
illustrate our main result.

Keywords Positive periodic solutions, differential system, existence and u-
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1. Introduction

During the past decades, there are many people paying much attention on the study
of periodic solutions for differential equations, see the papers [1-4,7,8,12,13] and the
references therein. In [12], the authors discussed a logistic system with impulsive
perturbations

%m(t,y) = A(y,t, D)z(t,y) + f(t,y), y€Q, t >0, t £ 7., k € Z7,
z(t,y) =0, y € 0Q, ¢t > 0,
Al‘(t, y) = Bkl‘(tay) +Cka AS Qa t= Tk ke Z8_7

where  is an open-bounded domain in R? and 92 is smooth enough, x(t,y) is the

population number of isolated species at time ¢ and location y, f(t,y) = f(t+7T,y)
for t > 0. A(y,t, D) is a operator with A(y,t,D) = A(y,t + T, D). By discussing
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the exponential stability of the impulsive evolution operator ®(¢,60),t > 6 > 0, the
authors gave the existence of periodic mild solution for the T'—periodic logistic
system and Tp—periodic impulsive perturbations in a special Banach PC([0, ¢T], X)
with X is a Banach space. In [7], by using Schauder’s fixed point theorem, Ma et al.
established the existence of positive periodic solutions for the following second-order
differential equation

u +a(t)u = f(t,u) +c(t),

where a € L'(R/TZ;R,), ¢ € L}(R/TZ;R) with L'(R/TZ) is composed by
the integrable T'—periodic functions, f is a Carathéodory function which may be
singular at u = 0. Also, in [13], in order to obtain the uniqueness of positive periodic
solutions, the authors employed some fixed point theorems for mixed monotone
operators to investigate positive periodic solutions for the first-order functional
equation

y'(t) = =6@)y(t) + f(ty(t = 7(1),y(t — 7(1)) + g(t, y(t — 7(2))),

where T' > 0, 4,7 : R — R are continuous T—periodic functions and §(¢) > 0 for
teR, f:R® = Randg: R*> - R. Likewise, in [2], Kang employed the similar
method to study the following integral equation

o) = | K (2, 9)[f1(y, 8y — (4))) + faly, Sy — 7())dy, = € G,
[z,24+w]NG

where G is a closed subset in R" and has periodic structure. The existence and
uniqueness of positive periodic solutions for this integral equation was given.

Recently, there are several articles reported on the existence of periodic solutions
for some systems of differential equations, see [5,6,9-11] for example. In [11], Radu
Precup gave the existence of multiple positive periodic solutions for the following
differential system

uy(t) = —ar (H)ur(t) + erfi(t, ua(t), uz(t)),
uy(t) = —ag(t)ua(t) + e fo(t, ui(t), ua(t)),

where for i € {1,2} : a; € C(R,R), [;" a;dt # 0,¢; = sign [" a;(t)dt, f; € C(R x
Rf_, R.), and a;, fi(+, u1,us2) are w—periodic functions for some w > 0. The method
is a different version of Krasnosel’skii’s fixed point theorem in cones.

Very recently, in [9], the authors discussed the following system of differential
equations

ui(t) = wi(t)ai(t) = filt,u(t),v(®)]i = 1,2,...;n,
vj(t) = v (0)[=0;(t) + g; (t, u(t), v(®))], 5 = 1,2,...,m,

where u(t) = (u1(t), uz(t), ..., un(t))", v(t) = (v1(t),v2(t), ..., vm(t))", and fi,g;
fori=1,2,...,n,j5 =1,2,...,m, are w—periodic functions in ¢. By using a fixed
point theorem, they gave the existence of positive periodic solutions.

As we know, there are not so many papers reporting on the uniqueness of positive
periodic solutions. Motivated by some articles [14,15], we will study the uniqueness
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of positive periodic solutions for the following differential system

o' (t) = a(t)x(t) — Af (¢, 2(1), y(1)),
y'(t) = =b(t)y(t) + pg(t, x(t), y(t)),

where a,b € C(R,Ry) are w—periodic for the same period w > 0, a,b £ 0, f,g €
C([0,w] xRy x R4, R4) are w—periodic functions in their first variable with w > 0,
A and p are two positive parameters. A pair of functions (x,y) is called a positive
w—periodic solution of system (1.1) if x(¢), y(t) are w—periodic functions and they
satisfy (1.1). In this article, by using a fixed point theorem, we intend to give
the existence and uniqueness of positive periodic solutions for system (1.1) for any
fixed positive constants A and p. Our results show that the unique positive periodic
solution exists in a product set and can be approximated by constructing an iterative
sequence for any initial point in the product set. Moreover, our result is an extension
and improvement of the previous works. In the last, a simple example is presented
to illustrate the feasibility of our proposed theoretical result.

(1.1)

2. Preliminaries

Let a,b € C(R,R4) with not identically zero, and f1, fo € C(R,R) be w—periodic
functions. From [11], the following differential system

a'(t) = a(®)x(t) — fr(),

(2.1)
y'(t) = —b@)y(t) + f2(1),
has a unique w—periodic solution (z,y) given by
x(t) = [ Hi(t,9) fi(s)ds, 2

y(t) = [/ Hy(t, s) fo(s)ds,

where
o= J7 a(e)de o7 b(e)de
Hy(t,s) = o @& Ha(t,s) = NG (t,s) € (R,R). (2.3)
Denote

llzmin/ Hy(t,s)ds, lg—mln/ Hs(t,s)d

te[0,w] te[0,w]

L{ = max / Hy(t,s)ds, Ly = max / Hs(t,s)

te[o,w] Jy te[0,w]

If a(t) > 0,b(t) > 0 for t € R, then L1 > 1; > 0,Ly > ls > 0. Therefore, (z,y) is a
periodic solution of system (1.1) if and only if (z,y) is a solution of the following
integral equation system

z(t) —)\ft+w t,s)f(s,x(s),y(s))ds,

" (2.4)
y(t)=p )" Hz(t,S)g(s,x(S),y(s))ds,
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which can be considered as an operator equation.
In the following, we state some notations, concepts and lemmas, see [14,15] and
references therein.

Let (E,| - ||) be a real Banach space with a partial order induced by a cone
P € E. For z,y € E, the notation x ~ y means that exist « > 0 and 8 > 0
such that ax < y < pz. For fixed h > 0 (i.e.,h > 6 and h # ), we define a
set P, = {x € E | x ~ h} and thus P, C P. For hy,hy € P with hy,hy # 6,
let h = (hy1,hs), then h € P := P x P. If P is normal, then P = (P, P) is
normal(See [15]).

Let ® denote the class of those functions ¢ : (0,1) — (0,1) which satisfies the
condition ¢(r) > r for r € (0,1).
Lemma 2.1 (see [14,15]). Py = {(2,y) : 2 € Pn,,y € Pny} = Ph, X Ph,.

Lemma 2.2 (sece [15]). Let P be a normal cone in a Banach space E and h =
(h1,h2) € P x P with hy,he # 6. Let the operators A, B : P x P — P be increasing
and satisfy the following conditions:

(C1) there exist p1,p2 € ® such that

A(ra,ry) > o1(r)A(z, y), Blre,ry) > p2(r)B(z,y), r € (0,1),2,y € P;
(Ca) there exist (e1,e2) € Py, such that A(e1,e2) € Pp,, Blei,e2) € Pp,.
Then:

(a) A Ph1 X Ph2 — Phl; B: Ph1 X Ph2 — Ph2, and exist r1,y; € Ph17 X2,Ys €
Ph,, v€(0,1) such that v(y1,y2) < (z1,22) < (y1,y2) and

1 < A1, 72) < y1,22 < B(x, x2) < yo;

(b) for any fived \,ju > 0, the operator equation (v,y) = (NA(z,y), uB(z,y))
has a unique solution (xj’#,y’;\’u) in Pp. In addition, for any initial point
(0,90) € P, the sequence

(xrmyn) = ()\A(xnflu ynfl)a /’LB(xnfla ynfl))vn = ]-7 27 )

satisfies ||zn — 23 || = 0, lyn —y3 Il = 0, as n — oo.

3. Main results

In this section, let F = {z € C(R,R) : z(t) = (t + w) for every t € R}, then E
is a Banach space equipped with the norm ||z||cc = max.epo,. |z(t)|. We consider
the system (1.1) in product space E x E. For (z,y) € E x E, define |(z,y)| =
lz]loo + |yllco- Then (E x E,||(-,-)|) is also a Banach space. Let

P={(v,y) e Ex E:2(t)>0,y(t) >0,t c R}, P={z € E:x2(t) >0,t € R},
then P C E x E and P = P x P is normal, and thus E x E has a partial order:
(1,91) < (22,y2) if and only if x1(t) < z2(t), y1(t) < y2(t), t € R. Let

t+w t+w

hl(f) = Hl(t, S)dS7 hg(t) = Hg(t, s)ds, t € R. (31)
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Remark 3.1. From (2.3), we have that hy(t) and ha(t) are w—periodic functions.
Further, it is clear that hq, hy € P.

Theorem 3.1. Let hy, hy be given by (3.1). Assume that:
(My) f,ge C(Rx Ry x Ry, R}) and f(t,11,l2) >0, g(t,l1,l2) >0 fort € [0,w];

(Ms) f,g are increasing with respect to the second and the third variables, i.e.,

f(t’xlayl) S f(t7x27y2)7 g(tvxhyl) S g(t,$27y2) fO’f’ any te [O,W], 0 S T S
x2, 0 <y1 < yo;

(M3) there exist p1,p2 € ® such that
[z, ry) =2 e (r) f(Ex,y), gt e, ry) = @2(r)g(t, 2, y)
forte R, xz,y € Ry, wherer € (0,1).
Then:

(a) there exist x1,y1 € Ph,, 2,y2 € Puy, v € (0,1) such that v(y1,y2) <
(w1, 22) < (y1,92) and

t+w
n(t) < / H (1, 5) (5, 2(), y(s))ds <y (1), £ € (0,0,
t+w

3 (t) < t Hy(t, 5)g(s, 2(s), y(s))ds < ya(t), t € [0, w],

where H;(t,s), i = 1,2, are given by (2.3);

(b) for any fired X, > 0, the system (1.1) has a unique positive periodic solution
(acj{)”,y’;\’“) in Py, where h(t) = (h1(t), ha(t)), t € [0,w];

(c) for any initial point (zo,y0) € P, if

t+w
Tni1 = A/ Hi(t,s)f(s,2n(s),yn(s))ds, n=1,2,...,
t
t+w
Ynt1 = HQ(tas)g(saxn(s)vyn(s))dsa n= 1>27-~~7
t

then xn(t) = 23 (1), yn(t) = 3 ,(t) as n — oo.

Proof. We define three operators A,B: Px P — FEand N: Px P — E x E by
t+w
Alwag) = [ H(:9)f(s,2(5),y(s))ds,
t

t+w
B(z,y) = / Hy(t, 5)g(s,2(s), y(s))ds,
N(z,y)(t) = (MNA(z,y), uB(z,y)),

where Hy(t,s), Ha(t, s) are given by (2.3). From the condition (M), we can easily
obtain A,B: P — P and N : P — P. By the above discussion, we know that
(z,y) € P is a solution of the system (1.1) if and only if (z,y) € P is a fixed
point of operator N. By Lemma 2.1, we only need to show that A, B satisfy all
assumptions of Lemma 2.2.
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First we prove that A, B are increasing. In fact, for z;,y; € P, i = 1,2, with
1 < 29, Y1 < Y2, we know that x1(t) < z2(t), y1(t) < ya2(t), by employing (Ms),

t+w
A1, p)(t) = / Hy (t,9) /(5,21 (), 11 (5))ds

t+w
< Hl(tvS)f(57x2(5)7y2(5))d5

t

= A(z2,92)(1),

Blav ) / Ho(t, )g(5,1(5), y1 (5))ds

t+w
</ Hy(t,5)g(s, x2(s), ya(s))ds

= B(x2,y2)(1).

So we have A(z1,y1) < A(z2,92), B(71,y1) < B(22,92).
In the sequel, for any r € (0,1) and z,y € P, by (M3) we get

t+w
A(rz,ry)(t) = /t Hy(t,s)f(s,rx(s),ry(s))ds

t+w
Z (Pl(r) ’ Hl(tvs)f(sax(s)ay(s))ds
= p1(r)A(z, y)(t),
t+w
B(raz,ry)(t) = Hy(t,s)g(s,rx(s), ry(s))ds

t
t+w

= a(r) | Ha(t5)g(s,w(s),y(s))ds

= 2(r)B(z,y)().

That iS7 A(Tx,ry) > @1(T)A(I7y)7 B(Tl‘,?"y) Z @2(T)B($7y) for any v € (071)7
z,y € P.
Now we prove that A(hy,he) € P, ,B(h1,h2) € Pp,. Let

r1 = min {f(t li,12)}, Ry = e {f(t, L1, L2)},

te[0,w]

To = min {g(t l1,l2)}, Ry = max {g(t Ly, Ly)}.
te0,w te[0,w

From (M;) and (M3), we have Ry > 11 > 0, Ry > ro > 0. Noting that I; < hy(t) <
Ly and I < hy(t) < Loy, from (M), we have

Alh, ho)(t / Hi(t, ) f(s, hu(s), ha(s))ds

t+w
Z Hl(t,S)f(S,ll,lg)dS
t
t+w
=T Hl(t, S)dS = ’I“1hl7
t
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t+w

A(h1, ho)(t) = ) Hy(t,s)f(s,h1(s), ha(s))ds

t+w
< / Hy(t,5)f(s, Ln, La)ds
t

t+w
= R1 Hl(t, S)dS = R1h1~
t
That iS, ’I"1h1 S A(hl,hg) S thl and thus A(hl,hg) € Phl- Similarly, we can
prove B(hy, ha) € Pp,.
Finally, by Lemma 2.2, we have the following conclusions:

(1) there exist z1,y1 € Pn,, 2,y2 € Pr,, 7 € (0,1) such that v(y1,y2) <
(r1,22) < (y1,¥2) and

1 < A(z1, 1) <1, 22 < Bz, y1) < v,

that is,

t+w
a1 (t) < Hi(t,5)f(s,2(s), y(s))ds <y (t), t € [0,4],

B tt+w
mms[ Hoy(t, 5)g(s, 2(5), y(s))ds < 1a(t), ¢ € [0,w]:

(2) for any fixed A, > 0, the operator equation (z,y) = (AA(z,y), uB(w,y)) has
a unique solution (23 ,,v5 ,) in Pp. That is (23 ,,43 ) = N(23 ., ¥3 ) So

the system (1.1) has a unique positive periodic solution (mj{w Yi,.) in Pr;
(3) for any given point (xg,%) € P, defining

t+w

Tnt1 = AA(Zn, yn) () = X Hy(t,s)f(s,xn(8),yn(s))ds, n=1,2,...,
t

t+w
yM4=umum%xw:u[ Ha(t, $)g(s, 2n(s), yo(s))ds, n = 1,2, .,

one has ,(t) — 3 ,(t), yn(t) = y5 ,.(t) as n — oo,
O

Remark 3.2. The study of positive periodic solutions for differential systems is
still few and the unique results are also not so many. The method is new to inves-
tigate nonlinear systems of differential equations, which presents the existence and
uniqueness of positive periodic solutions. Moreover, the unique periodic solution
can be approximated by an iteration.

Remark 3.3. By applying the same discussion with Theorem 3.1, we can study
the following differential equation

' (t) = a(®)x(t) — Af(t, (1),

where a € C(R, R ) is w—periodic for some w > 0, f(t,2) € C(R x R4,R4) is an
w—periodic function in ¢t. Also, for any fixed A > 0, we can get the existence and
uniqueness of positive periodic solutions and the unique periodic solution can be
also approximated by giving an iterative sequence.
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4. An example

Example 4.1. We consider the following differential system:

Wl

o~

2/(t) =4cos?t-x(t) —sin’t- [z2(t) +y

@] -1,

) ) (4.1)
y'(t) = —4sin®t - y(t) + cos?t - [x7(t) + y5 (t)] + 2,

where a(t) = 4cos?t, b(t) = 4sin®*t > 0 and a(t),b(t) are m-periodic in ¢. In this
example, we let

[t r,y) = sin? t[x% + yé] +1, g(t,z,y) = cos2 t[x% 4 yé] 49

and they are m-periodic functions in ¢. Obviously, f,g € C(R x Ry x Ry, Ry)
are increasing with respect to second and third variables for any ¢ € R. Also, let
1 1
p1(r) =12, pa(r) = r1 for r € (0,1). We can see that ¢ (r), p2(r) € (0,1) and
©1(r) =12 >r, pa(r) = ri > r, and thus @1, € ®. Further, for r € (0,1),t €
Ra z,y € R+7
F(tra,ry) = sin® (ra)® + (ry) 4] + 1
> r%[sin2 t(x% + y%) +1]
=1(r)f(t,z,y),
gt ra,ry) = cos® t(ra) ¥ + (ry)
> i [cos? t(w% + y%) + 2]
= pa(r)g(t, z,y).

In addition,

e~ I 4 cos? £de 6—[2(s—t)+sin 2s—sin 2t]
Hl (ta S) = [ B} - _ )
1—¢ Jo7 4cos? £dE 1 —e—27
efts 4sin? £de 6[2(57t)7sin 2s-+sin 2t]
Hs(t,s) = T isnTEdE = o

and [y, [y are given as in Section 2. Hence,
f(talth) Z f(taoyo) =1> Oa g(tvllal2) Z g(t7070) =2>0.

Hence, all the conditions of Theorem 3.1 are satisfied. Then, by employing Theorem
3.1, the system (4.1) has a unique positive periodic solution (z*,y*) in P}, where
h(t) = (hi(t), ha(t)), ha(t) = [T Hi(t,s)ds, ha(t) = [/ Ha(t, s)ds, and for any
given point (xg,y0) € Py, defining

t+m 67[2(37t)+sin 2s—sin 2t] 1 1
Tpt1(t) = / = {sin? s[z2 (s) + yi (s)] + 1}ds,n = 1,2,.. .,
t

t+m  [2(s—t)—sin 2s+sin 21] 1 1
Yny1(t) = / T {cos? s[zi (s) + yn (5)] +2}ds,n = 1,2,...
\ —

we have xz,,(t) = x*(t), yn(t) — y*(t) as n — oo.
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5. Conclusion

Periodic differential systems are increasingly being used to describe many prob-
lems in economical, population dynamics, control, ecology and epidemiology. Due
to its deep realistic background and important role, people are paying more and
more attention. For nonlinear systems of differential equations, there are still few
results reported on positive periodic solutions and the uniqueness of positive pe-
riodic solutions is seldom seen in literature. In this paper, we study the system
(1.1) for any fixed positive parameters A and p. By using a fixed point theorem,
we give some new existence and uniqueness of positive periodic solutions for (1.1).
Our results show that the unique positive periodic solution exists in a product set
Py, = P, x Py, and can be approximated by constructing an iterative sequence for
any initial point in the product set P,. In the last, a simple example is presented
to illustrate the feasibility of our proposed theoretical result.
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