Li and Zhang Boundary Value Problems (2023) 2023:65 @ BOU nda ry Va I ue PrOblemS
https://doi.org/10.1186/513661-023-01750-1 a SpringerOpen Journal

RESEARCH Open Access

Check for
updates

Multiplicity of positive periodic solutions to
third-order variable coefficients singular
dynamical systems

Shengjun Li'" and Fang Zhang?

“Correspondence:

shjli626@126.com Abstract

'School of Science, Hainan . . . . L

University, Haikou, 570228, China In this paper, by applying a nonlinear alternative principle of Leray-Schauder and
Full list of author information is Guo-Krasnosel'skii fixed point theorem on compression and expansion of cones,
available at the end of the article together with truncation technique, we study the existence of multiplicity

noncollision periodic solutions to third-order singular dynamical systems. By
combining the analysis of the sign of Green’s function for a linear equation, we
consider the systems where the potential has a repulsive singularity at origin. The
so-called strong force condition is not needed, and the nonlinearity may have sign
changing behavior. Recent results in the literature, even in the scalar case, are
generalized and improved.

MSC: 34C25

Keywords: Singular; Dynamical systems; Leray-Schauder alternative principle;
Guo-Krasnosel'skii fixed point theorem

1 Introduction
The purpose of this work is to study the existence of noncollision periodic solutions to the
third-order singular dynamical systems

& +a(t)x =f(t,x) +e(t), (1.1)

wherea € C(R/TZ,R), e = (ey,...,e,)" € C(R/TZ),R"), the nonlinearity f = (f,...,f,)" €
C((R/TZ) x R"\{0},R”) is a continuous vector-valued function with repulsive singularity
atx =0.

Let R, = [0,00) and R” =[], R,. For x = (x1,...,%,), ¥y = (1,...,¥x) € R”, the usual
scalar product is denoted by (x,y) = >, x;7;. We say that (1.1) has a repulsive singularity
at the origin if there exists a fixed vector v € R} such that

lim (v,f(t,x)>:+oo uniformly in .
x—0,x€RY

As usual, by a noncollision nontrivial periodic solution we mean a function x = (xy,...,
x,)T € C3((R/TZ),R™) solving (1.1) such that x(¢) # 0 for all £ and satisfying the periodic
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boundary conditions
x(0) = x(T), x'(0) =X/ (T), x"(0) =x"(T). (1.2)

In the pioneering paper [15], Lazer and Solimini investigated the singular equation

X' = El +h(t), (1.3)

x
where A > 1, and 4 is periodic function with period T’; by using the method of upper and
lower solutions they proved that a sufficient and necessary condition for the existence of
a positive T-periodic solution is fOTh(t) dt < 0. We say that 0 < X < 1 is the weak force
condition for equation (1.3) and A > 1 is the strong force condition for ir (the strong force
condition was first introduced by Gordon [9]). During the last few decades, the question
of existence of noncollision periodic solutions for singular scalar equations and dynamical
systems has attracted much attention [1, 5, 15, 21, 22, 25, 27, 28]. For example, in 2019,
Jiang [13] investigated a kind of second-order nonautonomous dynamical systems

x" +a(t)x =f(t,x). (1.4)

By a nonlinear alternative principle of Leray—Schauder and the fixed point theorem in
cones the author showed that the singular system (1.4) has at least two positive solutions
when the Green’s function is nonnegative.

Singular differential equations and singular dynamical systems have a wide range of
applications in biology, physics, and mechanics, such as the nonlinear elasticity [6] and
Brillouin focusing system [7]. Usually, the proof is based on either variational approach
[23, 29] or topological methods. In particular, degree theory [16, 17], Schauder’s fixed
point theorem [14], some fixed point theorems in cones for completely continuous oper-
ators [3, 8, 18, 26], and a nonlinear alternative principle of Leray—Schauder type [13, 20]
are the most relevant tools.

To avoid collision of the solution with singularity, the strong force condition plays an
important role and is standard in the related works. Compared with the strong singularity
case, the case of weak singularity was less studied by topological methods [5, 11, 12].

At the same time, some authors began to consider third-order singular differential equa-
tions and singular dynamical systems [2, 4, 14, 24], for example, the third-order differential
equation with constant coefficient

*" + Kx = f(¢,x), 0<t<2m, (1.5)

with periodic boundary conditions (1.2). Here K is a positive constant, and the nonlin-
earity f(¢,x) is singular at x = 0. In [24], using the Green’s function and fixed point index
theory, the existence of multiple positive solutions is obtained. In [14], by using Schauder’s
fixed point theorem, together with perturbation technique, the existence of at least one
positive solution is established. The main result in [14] is the following.

Theorem 1.1 Let the following three assumptions hold:
(A1) f(t,u) is a nonnegative function on [0,21] x (0,+00), and f(t,u) is integrable on
[0,27] for each fixed u € (0, +00);
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(A2) f(t,u) is nonincreasing in u > 0 for almost all t € [0,27], and
lim f(t,u) = +o00, lim f(t,u)=0
u—0* U—+00

uniformly for t € [0,27];
(45) foznf(s, T)ds < +00 for all T > 0.

Then equation (1.5) has at least one positive solution if K € (0, 3%/5).

This paper is mainly motivated by the recent papers [13, 14], but we do not require
that all components of the nonlinearity f(¢,x) have a singularity. The new results cover
both strong and weak singularities. The structure of the paper is as follows. In Sect. 2, we
present a survey on some known results concerning the sign of the Green’s function of the
linear equation

x" +Kx =0, (1.6)

associated with periodic boundary conditions (1.2). In Sects. 3 and 4, by employing a non-
linear alternative principle of Leray—Schauder and Guo—Krasnosel’skii’s fixed point the-
orem, we prove the main existence results for (1.1) under the positiveness of the Green’s
function associated with (1.6)—(1.2).

In this paper, we use the following notations. The usual Euclidean norm is denoted by
|¢|. More generally, for a fixed vector v = (vy,...,v,) € R%, we have the well-defined norm

n

lcly = Y vilil.

i=1

In particular, we get the /;-norm x|, = |x|; = > -, ;| if v=(1,...,1). Let || - || denote the
supremum norm of Cr = {x: x € C(R/TZ),R} and take X = Cr X - - - x Cr(n copies). Then
for x = (x1,...,%,) € X, the natural norm becomes

n n
lell = D willxill = D vi- max (o).
i=1 i=1

Obviously, X is a Banach space.

2 Sign of Green'’s function and its properties
As we know, it is very complicated to calculate the Green’s function of the third-order
scalar linear differential equation

x" +a(t)x = h(t), (2.1)

with with variable coefficients and periodic boundary conditions (1.2), where # € C(R,R*)
is a T-periodic function. In this section, we first discuss the Green’s function of the third-
order scalar linear differential equation with constant coefficients

X" +Ax=h(t), 0<t<T,
x(0) = x(T), x'(0) =x/(T), x"(0) =x"(T),

(2.2)
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where A := max;cjo,7] a(t). We will use it to investigate the existence of a positive periodic
solution for (1.1). In the following, we introduce the Green’s functions of (2.2) and some
properties, which can be found in [24]. Let A = p3. Then (2.2) is transformed into

¥'(t) + px = h(t),
¥(0) = ¥(T),

(2.3)

and

x(t) — px'(t) + p2x(t) = h(?),
x(0) = x(T), x'(0) =x/(T).

(2.4)

Moreover, the solutions of (2.3) can be written as

T
y(t):/ G1(¢,8)h(s)ds,
0

where
e P(t=s)
py—Y o) 0<s<t=<T,
G1 (t’ S) = e P(T+t=s)
S 0<t<s<T.

Lemma 2.1 ([24]) The boundary value problem (2.4) is equivalent to the integral equation

T
() = f Galt,s)y(s) ds,
0

where
plt=s) _pT _
2¢ 2 [sin ﬁp(g—ﬁ-x) +e 2 sin ﬁpz(z 5)] O<s<i<T
T T — ’
G (t S) _ ﬁp(6%+67%—2cos ‘/gsz)
2 = T+t— T
’ ZeLE_S) [sin ‘/gpz(sft) +ei£2_ sin \/?,p(%"”fs)]

pI  _pT ’
V3ple 2 +e” 3 —2cos ‘/gsz)

Moreover, for Gy(t,s), if p € (0 &), then we have the estimates

’ 3T
2sin(‘/§2"T)
<——7r .= Ga(t,s) < =TT
e +17 VBsin(22L)

The solution of (2.2) can be written as
T T
x(t) = / Go(t, ) / Gi(t,8)h(s)dsdr
0 0

T T
_ / / Golt, )Gy (7, )h(s) dsd
0 0

T T
- / [/ Ga(t,8)G (s, r)dS:|h(T)dT
0 0

Page 4 of 15
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TF oT
= / |:/ Ga(t,7)Gi(1,9) dr:|h(s) ds.
o LJo

Thus letting

T
G(t,s):/(; Gy(t,7)G1(z,s)dz,

we can get

T
x(t):/ G(t,s)h(s) ds.
0

Let A := maxeo,) a(t). Since G (£, s) > 0 and Ga(Z,5) > 0, we easily get the following.

Lemma 2.2 Assume that 0 < A < 8‘9@37 ® . Then the Green’s function G(t,s) associated with

the boundary value problem (2.2) is positive for all (t,s) € [0, T] x [0, T].
We denote

m= min G(t,s), M= max G(t,s), o =m/M, (2.5)

0<t,s<T 0<t,s<T

and thus M>m>0and0<o < 1.

3 Existence result (1)

In this section, we state and prove the first existence result for (1.1). The proof is based
on the following nonlinear alternative of Leray—Schauder, which can be found in [19] and
has been used in [13, 18].

Lemma 3.1 Let C be a convex subset of a normed linear space E, and let U be an open
subset of C with 0 € U. Then every compact continuous map F : U — C has at least one of
the following properties,

(i) F has a fixed point in u; or

(ii) There areu € OU and 0 < A < 1 such that x = AFx.

Define two functions @ and y by

T
w(t):/ G(t,s)ds
0

and

y(t) = /OT G(t,s)e(s) ds,
which is the unique T-periodic solution of the linear system
X" +a(t)x =e(t).
Observe that u(f) = x(£) + y (¢) is a T-periodic solution of (1.1) if the system

x" +a(t)x =f(t,x(t) + y(t))

Page 5 of 15
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has a T-periodic solution x(¢), since
U +a@u=x"+y" +al)x+a®)y =ft,x+y) +e) =f(t,u) +et).

Theorem 3.2 Assume that 0 < A < 8‘9/?3’ 2 In addition, suppose that there exists a positive

constant r > 0 satisfying the following conditions.

(Hi1) Foreach constant L > 0, there exists a continuous function ¢ > 0 (which means that
¢(t) =0 forall t € [0, T] and it is positive for t in a subset of positive measure) such
that

(v,f(t,x)) > ¢u(t) for (t,x) € [0, T] x R} with0< x|, <L.
(Hp) There exist continuous nonnegative functions g and h on (0, 00) such that

(vf(&x) <g(Ixl) + h(|xl.)

forall t and x € R? with 0 < |x|, <r+ y*, where g > 0 is nonincreasing, and hlg is

nondecreasing.
(Hs) We have the following inequality:

r

iz > el

glr+y*)

glor+y){1+

where
Ve = mtin<v, y(©)s Y%= mtax| y(®) |V.
Then system (1.1) has at least one positive T-periodic solution.

Proof Step 1. We first consider a family of systems.
Since (H3) holds, we can choose ng € {1,2,...} such that nl—o <or+ Yy, and

h(r+ y*)} 1

+ — <.
gr+y*) ) no

lwliglor + V*){l +
Let Ny = {ng,no + 1,...} and fix n € Ny. Consider the family of systems

(0) + a(e)x(t) = whu(t,x(0) + y (D) + “(2 i 3.1)

where u € [0,1], ¥ € R” is chosen such that (v,9) = 1, with truncation functions

~ 1
Sty = {100 T = (3.2)
f(t,x) 1f|x|‘,<;,

where f is chosen such that f; are continuous on [0, 7] x R”".

Page 6 of 15
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So, (3.1) is equivalent to the fixed point problem
x(t) = u(T"x)(®) + ¢, (3.3)

where £ = 9/n, T" is defined by
T
(T"x)(t) = / G(t,s)f" (s,x(s) + y(s)) ds,
0
and we have used the fact that
T
/ a(s)G(t,s)ds = 1.
0

We claim that any fixed point x of (3.3) for all 1 € [0, 1] must satisfy ||x|| # r. Otherwise,
assume that x is a fixed point of (3.3) for some u € [0, 1] such that x| = 7. From Lemma 2.2
we have

T
(v,x(2)) = (v, €) = /Lfo (v, G(t,8)f (s, %(s) + ¥ (5)) ) dis
T
> /Lm/o (vifu(s,2(5) + v (s))) ds
T
= oM,u/ (vifu(s,2(5) + v (s))) ds
0

T

> o<v, max{u/ G(t,s)fn(s,x(s) + V(S)) d5}>
£ 0

= o ||x(t) - ¢|.

Therefore, for all £, we have

(v,x(t)) >0 ”x(t) - E” + (v, £)

> o ([|x@)] - (. ) + (v, £)

v

or.
So we have

|20+ (0)] = [v,20) + y(©) = 07 + 7, > %

L =1 <57+ y,, which implies that

since = <
n no

Su(tsx(0) + v (1)) =f (6,%(2) + ¥ (2)).

Thus from (H,) we have

T
(v,x(2)) = )L‘/O (v, G, )f (s, %(s) + ¥ (5)) ) ds + (v, £)
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T
< / (v, G(t,s)f(s,x(s) + y(s)))ds + (v, £)
0

T
= /(; G(t,s)(v,f(s,x(s) + y(s)))ds + (v, £)

h(lx(s) + y (s)],)
g(lx(s) + ¥ (5)1v)
M} L1
gr+ys | ny

T
< /0 G(t,s)g(’x(s) + y(s)’v) { 1+ } ds+ (v, 0)

< |wliglor+ J/*){l +

Therefore we have

h(r+y*)}+ 1

r=|xll, < llwlglor+ *){1+ —
¢ Y gr+y*)

I’lo'

This is a contradiction to the choice of ny, and thus the claim is proved.
By this claim Lemma 3.1 guarantees that

x=T"x
has a fixed point, denoted by x,,, i.e., the system

K" (t) + at)x(®) = fu(t,2t) + y () + a(t)d

(3.4)
has a periodic solution x, with ||x,|| < r. Since (v,x,(¢)) > (v,£) >0 for all ¢ € [0, T], x,, is
in fact a positive T-periodic solution of (3.4).

Now we show that (v, x,(¢) + y (t)) have an uniform positive lower bound, i.e., there exists
a constant § > 0, independent of #n € Ny, such that

xa(®) +y@) =48 (3.5)

for all n € Nj. To see this, we know that by (H;) there exists a continuous function ¢ (¢) > 0
such that

(vf(6.5)) = ¢1()
for all £ and 0 < ||x|| < L. Then we have
' 1
(voxu(®) + ¥ (1)) = / G(t, )V, fu(s,%a(s) + ¥ (5)))ds + =
0 n
T
= m/o (V,f(s,x,,(s) + )/(S)))ds + %
T
= m/ ¢r(s)ds:= 4.
0

So we have (v,x,(t) + y(£)) > § for all n.
Step 2. To pass the solutions x, of the truncation systems (3.4) to that of the original
system (1.1), we need to show that {x,},en, is compact.
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Firstm we claim that
|x,] <H (3.6)

for some constant H >0 and all # > n,.
Here we denote by x,,; and ¢; the ith components of x,, and . Since x,; are T-periodic
solutions of (3.4), we have

a(t)v;

xni(8) + a()xni(t) = fu (8, 20 (2) + ¥ (2)) + (3.7)

foreachi=1,2,...,n
Multiplying both sides of (3.7) by x/,,(¢) and integrating from 0 to T, we have

T T T
f %0 (£)x,,,(8) At + f a(t)xi(t)x,,(¢) dt = / Fo(txui(8) + v (£)),,;(2) dt (3.8)
0 0

a(t)t?,,
+ fo “a(0) db.

Substituting fo 2 fo |x”.(¢)|* dt into (3.8), we have

}’ll

T
/ la(0)| dt = / a(t)xi(t)x,,;(t) d / Fi(toxui®) + v (0)x,,(0) dt
0

_ / LA
0

n

T T
< A/ ERGIERG] dt+/ (£ %i(2) + v (0)) | |,:(2) | At
0 0

A,
+

(t)|dt

ni

0
T 3
SArﬁ</ \x;,i(t)\zdt)
0
T ) % T , %
n\b Ani d " d
+ (/0 AR OEREG)] t> (/0 |,(8)] t)
. T 1
+ Aﬁlﬁ(/ |x'm-(t)|2dt>
Iz 0
T 3
=C ' 201) )
</0 %, (0)|” dt

where

: b s,
C=ar/T+ s ( [ (ematt o) 'at) ST,
0 0

S<wxpi<r

Using the Writinger inequality, we have

/|;’l(t) dt<—(/| (t)| dt> )
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It is easy to see that there is constant D > 0 such that

r 2
/ |x0r.(8)|” dt < D.
0

For each i = 1,...,n, by the periodic boundary conditions «,;(0) = x,,;(T) we know that
there exists a point ¢y € [0, T] such that «/,(ty) = 0. Therefore we have

t
/ x0.(s)ds
%

1

¥, = max

Therefore

%) <> vid/TD:=H.

i=1

[ = (v

Step 3. The facts (3.6) and (3.5) show that {x,,},cx, is a bounded and equicontinuous family.
Now the Arzela—Ascoli theorem guarantees that {x,},cn, has a subsequence {x,, }xen
converging uniformly on [0, 7] to a function x € X. Moreover, we have

§ < (v,x(t) + y(t)) <r+y* forallt.

Furthermore, x,, satisfies the integral equation

T
Xy (£) = / G(6,5)f (8, %, (5) + ¥ (5)) ds + n£
0

k

Letting k — oo, we arrive at

T
x(t) = /0 G(t, s)f(s,x(s) + y(t)) ds.

Therefore x is a positive T-periodic solution of (1.1) and satisfies 0 < ||x|| < r. (]

Corollary 3.3 Assume that 0 < A < 8‘9/?3’3, b,c € C[0,T] are positive functions, e;,e; €

C(R/TZ,R), o, B >0, and u € R is a given positive parameter. Consider the following two-

dimensional third-order nonlinear systems:

* + ey = b(e) (o +x2) ™ + e (o),

xy + a(t)xy = he(t)(x1 +x2) + ex(2).

(i) if B <1, then (3.9) has at least one positive periodic solution for each A > 0;
(i) if B =1, then (3.9) has at least one positive periodic solution for each 0 < A < A1,
where A1 is some positive constant;

Page 10 of 15
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Proof We will apply Theorem 3.2. For a fixed vector v = (1,1), (H;) is fulfilled by ¢, =
b(¢)L™. For s € R, 5 > 0, to verify (Hz), we may take

gls)=b*s?, h(s) = pc*s?,
where
b* = max b(t), ¢ = max c(t).

Condition (H3z) becomes

rlor+y)* = b*MT

A<
cH(r+ y*) P MT

for some r > 0. So (3.9) has at least one positive periodic solution for

rior+y)* —=b*MT
O<A<Ap:=sup .
0 CE(r+ y*)etBMT

Note that A; = 00 if 8 <1 and A; < o0 if 8 > 1. So we have (i) and (ii). a

4 Existence result (ll)
In this section, by using Guo-Krasnosel’skii’s fixed point theorem on compression and
expansion of cones, we establish the second existence results for (1.1).

Lemma 4.1 ([10]) Let X be a Banach space, and let K(C X) be a cone. Assume that Q1,
Q, are open subsets of X with 0 € 4, Q1 C Qy, and let

A:KN(Q2\ ) > K
be a completely continuous operator such that either
@) IAull = llull, u € KN, and || Aull < ||lull, u € KN 3Q:y; or
(i) |l Aull < |\ull, u e KNy, and || Aul|| > ||ul, u € KN IQ,.
Then A has a fixed point in K N (Qy \ 1).
Let X = Cr x - -+ x Cr(n copies) and define

K= {x eX: mtin(v,x(t)) > o« }, (4.1)

where o is as in (2.5).
We can readily verify that K is a cone in the Banach space X. Define the operator

T
(@x)(t):/o G(t,s)f(s,x(s)) ds

forx € X and ¢ € [0, T]. Then @ is well defined and maps X into K.
Indeed, for t € R and x € X, we have

| Dx|| = mtax(v, (Dx)(2))
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T
= max/ G(t,s)(v,f(s,x(s)))ds
t Jo
T
< M/ (v,f(s,x(s)))ds.
0
On the other hand,
T
(v,(CDx)(t)) :‘/0 G(t,s)(v,f(s,x(s)))ds

> m/OT(v,f(s,x(s))>ds.

Thus
T
min(v, (de)(t)) > m/ (v,f(s,x(s)))ds > o || Px|.
¢ 0

This implies that ®(X) C K. It is easy to prove ® : X — K is completely continuous.

Theorem 4.2 Assume that0 < A < 8‘51’; * and (H1)—(H3) hold. In addition, we assume that

the following two conditions are satisfied:
(Ha) There exist continuous nonnegative functions g and hy such that

(v,f(t,x)) > @ (Ixly) + i (1xly)  for all (¢,x) € [0, T] x R}\{0},

where g1 > 0 is nonincreasing, and hy/g, is nondecreasing.
(Hs) There exists R > r such that

h(oR+ V*)} >R

w R+y*){1+
lolg ( V){ @R+ 1)

Then, besides the solution x constructed in Theorem 3.2, problem (1.1)—(1.2) has another

positive T-periodic solution x withr < |x—y || <R.

Proof Let K be a cone in X defined by (4.1). Define
le{xeX:||x||<r}, Qg:{xeX:||x||<R}.

First, we claim that ||®x|| < ||x|| for x € K N 0€2;. Indeed, if x € K N3, then ||x|| = r, and

we have
or< |x(t)|v <r.
Thus
x| = max|Px],

T
= max<v,/ G(t, S)f(s,x(s) + y(s)) ds>
t 0



Li and Zhang Boundary Value Problems (2023) 2023:65

T
= max/ G(t,s)(v,f(s,x(s) + y(s))ds
t Jo

T
< mtax/O G(¢, s)g(’x(t) + +y(s)|v){1 + ghig:;cg)) : ig;::; } ds
h(r+y*)
glr+y*) }
h(r+y*)
glr+y*) }

T
max/ G(t,s)ds
0

t

5g(ar+y*){1+

<llwliglor+ y*){l +

=r=|x.

Next, we prove that ||®x| > |x|| for x € K N 9L2;. Indeed, if x € K N 92y, then |x|| = R,

and we have
OR+y, < ’x(t) + y(t)‘v <R+y™

Thus

T
[|®x| = mtax/0 G(t, s)(v,f(s,x(s) + y(s)) ds>

),
&(1x(0) + y ($)ly)

. hi(oR +ys) T
Zgl(R+)/ ){l+m}mtax/0 G(t,S)dS

h(oR+ ]/*) }
gl(oR + V*)

T
> mtax/O G(t,s)gl(ix(t) + V(5)|V){1 +

> |lwllgi (R + V*){l +

>R = x|

Now Lemma 4.1 guarantees that ® has at least one fixed point ¥ € K N (2,\;) with
r<llxll <R O

Let us consider again example (3.9) in Corollary 3.3.

Corollary 4.3 Assume in (3.9) that 0 < A < 8‘9/;?1’;3 , b(t) >0 and c(t) > 0 for all t € [0, T],

and B > 1. Then, for each p with 0 < X < ,1, where Ay is given as in Corollary 3.3, problem
(3.9) has at least two different positive solutions.
To verify (Hy), for s € R, s > 0, we may take
v=(11),  @(s)=bs ()= pcs’,
where
Ci = mtin c(t), d, = mtin d(t).
If B > 1, then condition (Hs) becomes

R(R + y*)* — MTb,
C(OR + yy)2th
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Since B > 1, the right-hand side goes to 0 as R — +o00. Thus, for any given 0 < A < Ay, it
is always possible to find R > r such that (4.2) is satisfied. Thus (3.9) has an additional
positive periodic solution X.
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