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Abstract

In this paper, we establish the positive bounded solutions for a changing-sign periodic perturbed differential system with
weak singularity in eco-economic and other applied fields. The conditions for the existence of solution are established for the
positive, negative and semipositone cases of nonlinear term, and the perturbation is allowed to be a singular and changing-sign
L1(0, T) function. ©2017 All rights reserved.
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1. Introduction

This paper is motivated by the following changing-sign periodic perturbed eco-economic system

o 3 7& " — 2
—72\)%(” 100" vi(t) +v(t) = us(t), @

u(0) =u(1), uw(0)=u'(1), v(0)=v(1), Vv'(0)=v'(1),

u”’(t) +ut)

which arises naturally in eco-economic and noise or stochastic perturbation theory [14, 15, 17, 21] as well
as in most of man-made phenomena [11, 20] and the field of applied mathematics [4, 7, 10, 12, 16, 22, 23,
1

25-29]. In perturbation model (1.1), the forcing perturbed function — 45 often plays an important role for

whole system, thus it is necessary to study the influence of perturbed function in order to get an in-depth
understanding for the model system.
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Recently, Ward [26] studied the existence and non-existence of T-periodic solutions for T-periodic
nonlinear differential equation with a forcing perturbed function e(t) € C([0, T], R)

, , (1.2)
u(0) =u(T), u'(0)=u'(T).

{ u”(t) +glu(t) = e(t),
By using the variational and topological methods, the existence and non-existence results for the equation
(1.2) were obtained provided that the bounded nonlinear term g satisfies g(s) > 0 (or g(s) < 0) for all
real numbers s and g(oo) = 0. Clearly, if the forcing function e(t) is defined on the entire real line and
is T-periodic then any solution to (1.2) can be extended to the whole real line as a T-periodic solution of
(1.2). The work of James and Jr differs from most of existing work which relates to nonlinearities g(u)
such that either

(i) g(u)u > 0 for [u| large; or
(ii) g(u) is periodic with zero mean, or g(u) is oscillatory.

However, we also notice that e(t) € C([0,T],R) and g(t) is bounded continuous function satisfying
g(£o0) = 0in [26]. So a natural problem is if forcing perturbed function is unbounded (even is singular)
such as e(t) € L}((0,T),R) and g(4o00) = +oco, what results should exist?

Base on the above fact, the purpose of this paper is to study the following general changing-sign
periodic perturbed differential system which covers equations (1.1) and (1.2) as special case

a
=u(T), u'(0)=u/(T), v(0)=v(T), v(0)=v'(T), (13)

u’(t) +a(thut) = f(t, v(t) +e(t), v'(t)+alt)v(t) = g(u(t)),

u(0) )
where a € L1(0,T), f: [0,T] x (0,00) — (0,00) is continuous and may be singular near the zero for the
second argument, the perturbation e € L!((0, T), R) may be singular and sign-changing, g : [0, 00) — [0, 00)
is continuous and increasing satisfying limy_, o, g(x) = +o00. We shall establish some new results of the
existence of solution for the positive, negative and semipositone cases of nonlinear term. The main tools
are some fixed point theorems, which were discussed and used to solve various boundary value problems
in[1-3,5, 6, 8,9, 13, 18, 19, 24] and the references cited therein.

This paper is organized as follows. In Section 2, we introduce some lemmas which were discussed

in [25] and then give our main results. In Section 3, the proof of our main results is presented based on
Schauder’s fixed point theorem.

2. Preliminaries and main results

Given a € L1(0,T), the notation a = 0 means that a(t) > 0 forall t € [0,T] and a(t) > 0 for t in a
subset of positive measure. We consider the linear equation

u” +a(thu =0, (2.1)
with periodic conditions u(0) = u(T), u’(0) = u/(T). By Fredholm’s alternative, the nonhomogeneous

equation u” + a(t)u = h(t) admits a unique T-periodic solution

-

u(t) = J G(t,s)h(s)ds,
0

where G(t, s) is Green function of line (2.1) subject to periodic conditions u(0) = u(T), u’(0) = u/(T).

Lemma 2.1 ([25]). If a(t) > O, then G(t,s) > 0 for all (t,s) € [0, T] x [0, T].
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Remark 2.2. If a(t) > 0, then the solutions of (2.1) are oscillating, i.e., there are infinite zeroes, and in order
to get the required distance between zeroes, the following best Sobolev constants will be used:

27 2 \17q F(%) 2
K(q)={ qT''s (2+q) (w) if1<q< oo,

(2.2)

T, ifq:OO,

where T is the Gamma function. For a given p, let us define
p =1, ifq=00

Lemma 2.3 ([25]). Assume that a(t) > 0, and a € LP(0,T) for some 1 < p < oo. If [lall, < K(2p*), then
G(t,s) >0 forall (t,s) € [0, T] x [0, T} Moreover, if u,v are the solutions of the linear equation (2.1) wzth initial
conditions u(0) = 0,u’(0) =1,v(T) =0,v/(T) = -1, then 0 < m < M and

._ v(0) . ~ max¢ (u(t) +v(t))
mi= min Gl s) = S —wmy M o max, S = e v

(2.3)

Remark 2.4. If a(t) = k* < (%)2 , we have

1 kT 1
m= icot <2> , M= m (2.4)
Now we define a set of functions
A={ael!0,T):a=0, llall, < K(2p*) for1 <p < oo},
and list the following assumptions:
(HO) a € A.

(H1) There exist two functions i, p, € CT[0, Tl, which do not vanish identically on any subinterval of
(0,T), and a constant € € (0,1) such that

mi(s)x™ € < f(s,x) < pals)x™,  (s,x) € (0,T) x (0,00).

(H2) limy o0 g(x) = +o0.

Remark 2.5. In [4], Cao and Jiang studied the existence of periodic solutions for a system including two
forcing perturbed terms e;(t) € C[0, T], i = 1,2 with nonlinear terms being bounded and f(+oc0) = 0. In
our work, we study another case where nonlinear terms can be unbounded since forcing perturbed term
e(t) € L1[0, T], that is, e(t) can be singular in any zero measure set of [0, T]. On the other hand, nonlinear
terms g allows to be g(+00) = +00, which is not studied by [4].

Next we define the function w : R — R by

-
w(t) = Jo G(t,s)e(s)ds, (2.5)

which is the unique solution of the following problem

{ X//(t) + a(t)X(t) — e(t), t e (0, T)/ (2 6)
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Similar to (2.5), we introduce the following notations

T T
G1(t)=J G(t, s)us (s)ds, Uz(t)ZJ G(t, s)ua(s)ds,

0 0

and denote
w, = inf w(t), w*= sup w(t),

0<t<T 0<t<T

01, = min oq(t oFf = max oq(t
1. 0<t<T 1( )/ 1 0<t<T 1( )/
0r. = min oo(t 05 = max os(t).
2, ogthZ()’ 2 ogthZ()

By (H0)-(H1) and Lemma 2.1, we get that 0}, 0y, >0, i =1,2.
Now we give the main results of this paper for the cases of w(t) being positive, semipositone and
negative, respectively.

Theorem 2.6 (Positive case). Assume that (H0)-(H2) hold. If w, > 0, then the system (1.3) has at least one
positive solution.

Theorem 2.7 (Negative case). Assume that (HO) and (H1) hold. If w* < 0, and

1

2 1—€e2
W, > &2 11 )
03¢ (MT)€¢ e?

then the system (1.3) has at least one positive solution.

Theorem 2.8 (Semipositone case). Assume that (HO) and (H1) are satisfied. If w, <0, w* > 0 and

o1, (mT)€ x€

*

W >X_ € 7
03 + w mTx)* |~ (MT)¢

(2.7)

where x is the unique positive solution of the equation in Lemma 3.1, then the system (1.3) has at least one positive
solution.

3. The proof of main results

It follows from Lemma 2.1 that (u,v) € C[0, TIN C2(0,T) x C[0, TIN C2(0,T) is a solution of the system
(1.3) if and only if (u,v) € C[0,T] x C[0,T] is a solution of the following nonlinear system of integral
equations

.
u(t) = L G(t,s)[f(s,v(s)) +e(s)lds,
3.1)

T
v(t) = Jo G(t,s)g(u(s))ds.

Obviously, the above nonlinear system of integral equations is equivalent to the following operator equa-
tion

ds, te<l[0,T].
0 0

T T
u(t) :J G(t,s) [f (s,J G(s,T)g(u(T))dT) + e(s)

Define a nonlinear operator : C[0, T] — C[0, T] by

ds, tel0,T], (3.2)
0 0

T T
(Fu)(t) :J G(t,s) [f (s,J G(s,T)g(u(T))dT> + e(s)
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then the existence of solutions to the system (1.3) is equivalent to the existence of fixed points of the
nonlinear operator F, i.e., if z(t) is a fixed point of F in C[0, T], then the system (1.3) has a solution (u,v),
which can be written by

u(t) = z(t),

T
v(t) =| G(t,s)g(z(s))ds, te 0TIl
0

3.1. The proof of Theorem 2.6

The proof of Theorem 2.6. Choose constants 1, R such that 0 < r < R being fixed later, and define a closed
convex set of CT[0, T]
B={ueC"0,T]:g(r) <u(t)<g(R), tel0Tl

Clearly, the operator

(3.3)

is completely continuous in B and F(B) € C[0, T].
In the following, we will prove that F maps the closed convex set B into itself. Given u € B, by Lemma

2.3 and (H2), we have
-

mTg(r) < L G(s,7)g(u(t))dt < MTg(R). (3.4)

It follows from (3.4) and (H1) that

T T
(Fu)(t) —J G(t,s)f (S,J G(s,T)g(u(’t))dT) ds + w(t)

(3.5)
> 1JT G(t, s (s)ds +w, > S R
~ IMTg(RIC Jo 7 ~ IMTg(R)¥’
and
T T
(Fu)(t) = J G(t,s)f (S,J G(s, T)g(u(’t))d’t) ds + w(t)
0 0 (3.6)
< - JT G(t,s)ua(s)ds + w* < _% +w*.
S ImTg(m)le Jo 7 = [mTg(r)e
Thus (Fu)(t) € B if r and R are chosen such that
o1, %Lt < gR) (3.7)

- x 2 T , [ S
MTgRIF =~ 9" TmTg(le
For this, take g(r) = ﬁ, then it is sufficient to assure (3.7) holds if the following conditions are satisfied

01,9 ¢(R) 0 w”
M 7Y TmTlegeR) T o®) S &9

Noticing o1, >0, 0 < e <1 and (H2), we have

1—e *k *

. 01,9 (R) . %) w

1 =2 — 4 1 =

. im (MT)e 00, . im < + 0,
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which implies that there exists R > 0 lager enough such that (3.8) holds, and then F maps the closed
convex set B into itself.
By using the Schauder’s fixed point theorem, F has a fixed point z € B, and hence the system (1.3) has
at least one positive solution.
O

3.2. The proof of Theorem 2.7

The proof of Theorem 2.7. In this case, in order to show that F : B — B, it is sufficient to look for some
0 < r < R such that

*

01

EVERTHE x 2 ;T T S : :

MTg(R T 47 9 gy < 9N )
By fixing g(R) = [mTZ%)]E’ then the above inequalities hold if we can find some r such that

o5 T+e 01 2
0<g(r) < ( 2 > and w, >g(r)————g° (v). (3.10)
(mT)e 03¢ (MT)*™ <
Obviously, the function
h(x) =x — oL, ¢

x€ c—e2 X
03¢ (MT)

possesses a minimum at
1

€20_1 1-e2
Ll Een—— :
05 € (MT)
€20y 2 o5 e e? e o3 Tie
““Nagrmne ) T (G*e M > - ((mT)e) '
> 2
Taking T = g~ !(x), then (3.10) holds if

1
€20y et 1
w. > h(g(r) = [ —=0 (1—>,
03¢ (MT)s ¢ e

which also guarantees that (3.9) holds. Consequently, by mean of Schauder’s fixed point theorem, F has a
fixed point z € B, and hence the system (1.3) has at least one positive solution.

Since 01, < 03, 0< €2 < 1, we have

O
3.3. The proof of Theorem 2.8
In this section, we firstly define two positive constants as follows:
. 2
A= 0201(*1\(4";26 ez, B — w*(mT)E. (3.11)
In order to prove Theorem 2.8, we need the following lemma.
Lemma 3.1. Let 0 < e < 1, then the equation
x17€ (03 + BxE) e = A, (3.12)

has a unique positive solution x € (0, co) satisfying

0<x<A:=Az% (mT) 2. (3.13)
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Proof. Let h(x) = A —x1*€2(05 +Bx€)1*€ then from0< e <1, A>0, B>0, wehave
h(0) =A >0, h(+o0)=—o0. (3.14)
On the other hand
W (x) = —(1—€2)x ¢ (0} +Bx¢)"e —B(1+¢e)x* (05 +Bx)€ <0, x € (0,00). (3.15)

Thus by (3.14)-(3.15) and the continuity of h, (3.12) has a unique positive solution x € (0, +o0).
Now we prove (3.13) holds. In fact, noticing that 0 < € <1, 05 > 01,, M > m, we have

1 1
. * T €2 2\ 2+2e . T €2\ 2+2e
O0<A= AT (mT) 2 = (Gzal*(m )7 e > (mT) 2 < (;;1%5 (mT) (mT)™

Njm

(MT)e (mT)e (3.16)
= cr;lie (mT) e .
It follows from (3.16) that
h(A) = A_)\l—é(cy; + B)\e)l—i—e _ )\2+2€(m-|-)e(1+e) B Al—ez((y; + w*)\e)1+e
_\l1-¢€ [}\(1+e)2(m-|-)e(l+e) (0% + w*Ae)1+e:|
< \l—€ [7\(1+e)2(m-|—)e(1+e) B G;He} < 0.
Since h(0) > 0, the unique solution of the equation (3.12) is in (0, A). O

The proof of Theorem 2.8. We follow the same strategy and notations as in the proof of Theorems 2.6-2.7. In
this case, to prove T : B — B, it is sufficient to find some r and R such that 0 < r < R and

01, 03

e « 2 , T * < . 17
If we fix g(R) = [mTC;W + w*, then the inequalities of (3.17) hold if r satisfies
0y .
—+w" > g(1),
mTg(re 9(r)
and )
o o1, (mT)¢ g (r
o 3 glr) — g e = glr) — —— O L @19
g |03 + w* ImTg(M1° | (MT)
Let .
o1, (mT)¢ x€
(P(X) =X—- € ’
[03‘ + w* [mTx]€ } (MT)€
and then , , ,
* T)€ 2, e°—1 e“—1
0/ =1 0501, (mT) eeil 1 Ax _—
[O‘; + w* [mTx]€ } (MT)€ ((r; + Bxe)
we have ¢’(0) = —oo, ¢'(00) = 1, and consequently there exists x such that ¢’(x) = 0, that is, x is the

unique solution of the equation xi—e? (03 + Bx€)1*€ = A. Moreover

Al — 2\, €22 Ace(l e?+e—2
(p”(x): ( €°)x + e(l+e)x >0,

e+1 €e+2
(cr; —|—Bx€) (0}‘ —I—Bx€)




T. Ren, S. Li, X. Zhang, J. Nonlinear Sci. Appl., 10 (2017), 2539-2549 2546

which implies that @(x) possesses a minimum at x, i.e., @(x) = miny¢ (g ) ©(x). Taking v = g~ !(x), then
(3.18) holds if (2.7) is satisfied.

Now we prove that the inequality R > r also holds. To do this, we only need to prove g(R) > g(r).
Since .
02

[mTg(r)]e o

g(R) =

and g(r) = x satisfies the equation (3.12), we have 91*€2 (r)(0; + Bg*© (r)ite = A, ie,

91+€(T‘)gl+€(R) — A(mT)—e(l—l—e). (3.19)
It follows from Lemma 3.1 that ) .
0 < g(r) < Azrze (mT)™ 2. (3.20)
From (3.19) and (3.20), we have
1
g(R) = ggﬂ (A(mT)—e(He)) TE S ATE (mT) 7 > g(r).

Hence (2.7) guarantees (3.17) holds, and thus Schauder’s fixed point theorem implies that the system (1.3)
has at least one positive solution.

O
4. Numerical examples
In this section, we take p =2,T =1,a(t) = k* = %, then a(t) = 411 < (%)2 = 7% and
1 2
1\2 (T(3
llall, = 0.25 < K(2p*) = K(4) = T <> (%g) = 7.9398,
2\3 (1)
thatis a € A, and (HO0) holds. Moreover,
1 kT 1 1
m 2kc0<2) co <4> sin (1) (4.1)
We consider the following singular periodic differential system
() Fult) = ——+elt), V(1) +v(t) = (1),
2va(t) (4.2)

3
ul(t)x*% < f(t,x) = =x 2 < pp(t)x %, x € (0,4+00), lim y? = +oo,
2 y—r+oo

which imply that (H1) and (H2) hold.
On the other hand,

1
1
w, = inf w(t) = inf J G(t,s)s*%ds =2cot () > 0.
0<t<1 0<t<1 J 4

According to Theorem 2.6, the singular periodic differential system (4.2) has at least one positive solution.
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_1
Example 4.2. If e(t) = —%, then the system (4.2) reduces to the system (1.1). Still let f(t,x) =

%X_%, gy)=vy%wmt) =1, up(t) =2, = %, by Example 4.1, we have (H1) holds.

Now we compute w, and w*. Clearly w* < 0, and

1 1
s 2 2
= inf w(t)=— inf | G(t,s)Tozds = —————= ~ —0.08084.
@ =y inf wlt) == int || Gl ) S5 = oy = 00808
But,
: de %
G;e (MT)e—e € 4\/2]\/[Z
so we have

1
2 1-€2
T (R . N (1 _ 12) ,
03¢ (MT)®™ € €
Thus according to Theorem 2.7, the singular periodic differential system (4.2) has at least one positive

solution.

Example 4.3. Take

1
e(t) = 1100 2
L
0’ 2°'SY
and still let f(t,x) = %x*%, gy) =vyZmt) =1, wp(t) =2,e = %, then (HO) and (H1) hold.
In the following, we verify
crl*(mT)ezxe

Wy = X —

7

[6’2" + w* mTx]€ } ‘ (MT)€

holds. Firstly, we have

1 _1 1 _1
2 s 2 S 2
= inf t)= inf [— t,s)—— t,s)—— ~ —0.0026,
w ogutlglw() oéﬂ‘g( L G( s)lOOdS—FJ';G( s) ) ds) 0.0026

3 s_% 1 S_%
—J G(t,s)ds+J G(t,s)—=ds | ~ 0.001,

w* = sup w(t)= inf < ) 100 1 o
2

0<t«1 o<t

1
= i t) = i G(t, ds ~ 3.9163,
o1, = min o1(t) = min_ | G(ts)ui(s)ds

1
O+ = 0r<r1ta<)(T oo (t) = OrgntangJ G(t,s)ua(s)ds ~ 8.0839.

e2

On the other hand, the equation x!~ (o5 + Bx€)lte = A, ie, x%(8.0839 + 0.00ZX%)% = 5.5381 has

unique solution x = 0.301. Thus

T)e x€’ 3.9163 x (0.301 cot 1)1 x (sin 1)}
X — 01, (mT) X 0301 — ( cot 4)¥ X (sin ) 04128,

o3 +w* [mTx¢ | (MT)¢ <8.0839 +0.001 x (0.301 cot i)%) ’

s0 w, ~ —0.0026 > —0.4128. According to Theorem 2.8, the singular periodic differential system (4.2) has
at least one positive solution.
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