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EXISTENCE OF POSITIVE PERIODIC SOLUTIONS FOR SOME
THIRD ORDER NONLINEAR DELAY DIFFERENTIAL
EQUATIONS

HOCINE GABSI, ABDELOUAHEB ARDJOUNI AND AHCENE DJOUDI

ABSTRACT. We establish the existence of positive periodic solutions for a third
order differential equations with periodic delay. For that purpose, we use the
fixed point technique. By choosing available operators and applying Schauder’s
fixed-point theorem we obtain sufficient conditions for the existence of positive
and periodic solutions. We end by giving an example to illustrate our claim.

1. INTRODUCTION

In this article, we investigate the existence of positive periodic solutions for the
third order functional differential equation with variable delay

T =at)d+b(t)i+ Ae(t)g (@ (t—7(1)), (1)

3 2
where ¥ = CchT?’ I = ZT;U, T = (cil% and g € C(R,R), c € C(R,(0,00)), T €
C(R,R") are continuous positive w-periodic functions in ¢ with w is a positive
constant. To reach our desired end we have to transform (1) into an integral
equation and then use Schauder’s fixed point theorem to show the existence of
positive periodic solution. The obtained equation writes as a compact functional
differential equation mapping with periodic delays. This kind of equations appear in
a number of ecological models. In particular, our equation can be interpreted as an
extension equation of the standard Malthus population model & = a (t) & + b (t) &
subject to a perturbation with periodical delay. One important question is whether
these equations can support positive periodic solutions. Particular question has
been studied extensively by a number of authors; see for example [1]-[10], [12]-[16]
and the references therein. In this paper, we will obtain existence criteria for w-
periodic solutions of (1) by means of the well known fixed point theorem due to
Schauder’s.

Our subject is to establish some sufficient condition ensuring that (1) has at
least one positive w-periodic solution. To describe the main result we need some
preparations and use the following notations. For w > 0, let C,, be the set of all
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continuous scalar functions x, periodic in ¢ of period w. Then (Cl, ||-||) is a Banach

space with the supremum norm

[z = sup |z (t)] = sup [z (t)].
teR te[0,w]
Define
Cl={reC,|2>0} and C, ={ze€C, |z <0}.
Denote

M =max{b(t) |t €[0,w]}, m=min{b(t) | te[0,w]}, B =VM.

Throughout this paper, we will denote by
L=e" Jo a(v)dv

)

and let

() reegen
- B(1 —exp(—Bw))’ = 26 (1 —exp (—fw))
In order to simplify notations, we define the functions F' and ¢ by
6(t) = (b—ab) (1),
F(t,z)=Xc(t)g(z(t—7(t) — o)z (t).

Throughout this section we assume that F (t,z) > 0 for all t € [0,w], z € C,.
A is a positive parameter and a, b, ¢, 7 and g are w-periodic in ¢ where w is a
positive constant. For convenience, the conditions needed for our criteria are listed

as follows _
Hl) a,b,b,¢,c € C(R,(0,00)).

L1) limZ* o) _ = oo.
z—0 T
L2) lim%£X = oo.
T—00
g(m
L3) igl}) -~ =0.
L4) lim 92 — o,
T—>00

2. PRELIMINARIES
Our investigation needs the following helpful lemmas.

Lemma 2.1 ([7]). The equation

d? _
@y(t) — My (t) = h(t), he C,

has a unique w-periodic solution

4w
y(t) = t K (t,s) (—h(s))ds,
where
K (t,s) = exp (=5 (;ﬁ_(f)z:;)x?_(gs)_ - w)), seft,t+wl.

Lemma 2.2 ([7]). ¢ < K (t,5) <n and [[7 K (t,s)ds = 2 for all t € [0,w] and

s€t,t+w.
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Lemma 2.3 ([7] ). The equation

S ) a0y () = h(t)h e O

has a unique w-periodic solution
y(t) = (Dh)(t) = (I -=TB)"' Th(t),

where
t+w
(Th)(t) = K (t,s)(—h(s))ds and (By)(t) =[a(t) — M]y(t).

t
Next, we define operators A, D, P : C, — C,, by

(Dh) (t) = (1= TB) ™ Th) (1),

t+w
(Ap) () = - / G (t5) F (s, (s)) ds.

and
(Pp) (t) = (DAp) () = (I = TB) ™' TAp) (1), (6)
where the function G is given by
o= J alv)du

Remark 2.4. From the fact that ¢t < s <wu < s+ w <t+ 2w we have

t+w stw u
/ / (efms—t) n 676<t+w75>) e~ & advy (4) duds
t s

t+w  pttw w
:/ / (e—ﬂ(s—t) +e—,8(t+w—s)> e~ /s advy (u) duds
t s

t+w stw “
+/ / (e‘ﬁ(s_t) + 6_5(”“’_3)) e~ Jadvy () duds.
t t+w

By change variables in second summand z = u — w and use the w—periodicity of y

we have
t4w t+w u
/ / e_ﬁ(s—t) n e—ﬁ(t+w—5)> e S advy () duds

t+w ztw
/ / (s=) | o—Bltw— s))e JTadvy (2) dads.

By interchanging the integrating order, one gets

t+w
/ / (s—t) +e B(t+w—s ) effsuadvy (u)duds

t+w u
_ / (/ (e—B(s—t) + e—ﬁ(t-‘rw—s)) e S advds> y<u) du
t t
t+w t+w ot
+/ (/ (G_B(S_t) + e_ﬂ(t+”_s)) e J: “d”ds> y(2)dz.
t z

t+w
(TAp) (t) = o (t,5) ¢ (s) ds,

G(t,s) = t<s<t+w, teR (7)

Then
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for s € [t,t + w] with

fts (e—ﬁ(uft) + efﬁ(terfu)) e Ju adv gy,
2B(1—e ) (1—p)

fSHW (emBlu=t) 4 e=Blthw—u)) o= it adv gy,

i 25 (1= e7) (1— ) '

On the other hand, it is easy to see that

H (t,s)

W 1
Fa-w =TS mEa oy .

Because

/s (e,ﬁ(uft) + efﬁ(tjtwfu)) e I3 advdu
t
t+w
+/ (efﬂ(uft) + efﬁ(t+w7u)) e,ferw advdu
° s t+w
> u/ (e—mu—t) n e—ﬁ(t+w—u)) du +/ (e—mu—t) n e—ﬁ(t+w—u)) du
t s

t+w 2‘LL
H/ (eiﬁ(“*t) + eiﬁ(t“’*“)) du = F (1 — eiﬁw) )
t

and
/s (efﬁ(uft) +efﬁ(t+w7u)) e~ IS advdu
t
t+w
+/ (e—ﬁ(u—t) 4 e—,@(t+w—u)) e f;'*"" advdu
) s t+w
< / (e—,ﬁ(u—t) + 6—5(t+w—u)) du +/ (e—ﬂ(u—t) + e—ﬁ(t+W—U)> du
t s
T Bt+w—u) 2 8
< (e* w4 e L*’*“)alu:flfe*‘*’.
/ 2 e
Then,

Wit _ Wit e <) ds w B w
e fiem e LRSS e b i B

Then we get the following.

Lemma 2.5. The mappings D and P are completely continuous. Further, D sat-

isfies
M -
0 < (Th)(t) < (Dh) (t) < —|ITh||, h e Cy.
Proof. The proof is very similar to the proof of Lemma 2 in [14]. O
Theorem 2.6 (Schauder [11]). Let S be a closed convex bounded subset of a

Banach space X. Assume that A : S — S is compact operator. Then, A has at
least one fized point in S.
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3. MAIN RESULTS

To apply Theorem 2.6, we need to define a Banach space X, a closed convex
subset I' of X and construct a fixed point mapping that is a completely continuous.
So, we let (X, ||]]) = (Cu, ||-]]) and T' = {p € B : 1 < ¢ < L}, where [ is non-negative
constant and L is positive constant. In this section we obtain the existence of a
positive periodic solution of (1) by considering the two cases primary A = 1 and
secondary A > 0.

Lemma 3.1. The function x € C,, is a solution of equation (1) if and only if
z(t) = (Px) (1), (10)
where the function P is given by (6).
Proof. Let x € C,, be a solution of (1). Taking

2
u(t) = S (1)~ b(H) 7 (1),
and
F (1) = Melt)g (& (¢ = 7 (6)) ~ 6 () (1),

then (1) can be rewritten as

d

ﬁu(t) —a(t)u(t)=F(tx). (11)
We proceed formally from (11) to obtain
d > a(v)dv > a(v)dv
= (u(t)eft (v)d ) = T AW B (1 (1))
After integration from t to ¢ + w, we obtain
d2 t+w
e (f) —b(t) () = —/ Gt s)F (5,2 (s)) ds. (12)
t

Clearly, the right hand side of (12) is negative and w—periodic. Then from Lemma
2.3, we have

t+w
x(t):/t K(t,s)[M —b(s)]x(s)ds

t+w s+w
+ ) K(t,s)/ G (s,u) F (u,x (u)) duds.

This yields
z(t) = (T'Bx) (t) + (T'Az) (t) .

Therefore, since | TB|| < 1— §; < 1, then, the solution of (1) can be written in the
form

z(t)= (I —TB) ' TAz) ().

It is clear that the existence of periodic solutions for (1) is equivalent to the existence
of solutions for the operator equation x = Pz in C,,. ([

First we consider a special case when A = 1. So we have the following theorem.
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Theorem 3.2. Let (H1) holds. In addition, suppose that F satisfies

p(l—p) cMO-p)

< F(tz) < forxe{“—]\;%} and t € [0,w].
w

Then, (1) has at least one positive w-periodic solution x with 0 < "—]\; <z(t) < %
fort € [0,w].

Proof. Let I' = {x eX|ze [“ﬁz, %} } It is obvious that I' is a bounded closed
convex set in X. Moreover, for any x € T, it is easy to verify that P is continuous
and (Pz) (t + w) = (Px) (t), that is, P (T') C X.

Next, we claim that Py € T' for all ¢ € I'. That is, P maps I' into itself. To
see this, note that since 0 < p (1 —p) /w < F(t,z) < M (1 — p) /w, then for any
@ €T, by Lemmas 2.2 and 2.5, we have

t+w s+w
(PO = (=78 [ K(ts) [ G s F (i () duds

t+w
=(I-TB)™" H (t,s)F (s, (s))ds

IN

|a—rm)7 /tm \H (,5) F (s, ()| ds

t+w
<o [ Pl

I—p) w

= W Mi-p

SR ISEEES
=

On the other hand, by Lemmas 2.2 and 2.5,

t+w
(P O =1 =TB) [ H (0.5 F (50 () ds
t+w
> H (t,s) F(s,¢(s))ds

t
1_ t+w

> u/ H(t,s)ds
w t
1—p)  wp

2“(

w  M(1-p)

2
1
T (14)

Combining (13) and (14), we get Py € T for all ¢ € I". Moreover, from Lemma
2.5, P is completely continuous in X. Hence by Theorem 2.6, P has a fixed point
x € T, that is to say, (1) has a positive w-periodic solution z (¢) with 0 < “MQ <
z(t) < X4 O

Case \ > 0.
In this case, we let

L(r) = max g (x), (15)

0<zx<r
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and

[(r)= min g(z). (16)

0<z<r

Here, we assume further that for all ¢ € [0,w], x € C,, and

Ftx)=Xe(t)g(x(t—7() —¢ )z (t) >0 (17)

Theorem 3.3. Suppose that (H1) and the conditions (17), (L3) hold. Then (1)
has a positive w-periodic solution for

M1 —p)r

A= Lr)p fy e (u)du’

(18)

Proof. In view of (L3) there is an 0 < 71 so that g () < ex for € [0,r1] where
€ > 0 satisfies

m(ls/\_u)/owc(u)dugl. (19)

Let I' := {z € X | z € [0,71]}, it is easy to see that I' is a bounded closed convex
set of X. Also, we will show that Py € T for all ¢ € T". In fact, for any ¢ € I, by
Lemmas 2.2, 2.5 and from (19) we can get

(Pe) (1)

1 t+w s+w
(I-TB)" K(t,s)/ G (s,u) F (u, ¢ (u)) duds

t

tt+w stw
< % / K (t,s) / G (s,u) [Mec (u) @ (u— 7 (1)) — ¢ (u) ¢ (u)] duds

t+w ° s+tw
< E%A/t K (t, 8)/ G (s,u)c(u) o (u—7(u))duds

A4 t+w s+w
<e—Ar K (¢, s)/ G (s,u) c(u) duds
m t s

M 1 t+w
<e—Arp
m 1

K(t,s)ds/owc(u)du

t

M 1 1 « eA «
< g— J— < -
_Emml—uM/o elu)du < (m(l—u)/o C(u)du> "
<r.
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Similarly, by Lemmas 2.2, 2.5 and g (¢) > [ (r1) for ¢ € T, for any ¢ we get

(Py) (1)

w—1J

Thus, from Lemma 2.2

4w w ttw
(Pp) (t) > Al (r1) ), K (t,s) ds/o c(u)du—riM t K (t,s)ds.
N (r1) p [ e (u) du
= M(lo—ﬂ) —ry > 0.

Clearly if X > M (1 —p)ri/pl(r1) [y ¢(u)du so Py > 0. Then Py € I for all
¢ € T'. Hence, P(I') € I'. Furthermore, from Lemma 2.5, the operator P is
completely continuous. Clearly, all the hypotheses of the Schauder’s theorem are
satisfied. Thus there exists a fixed point € I' such that Px = z. By Lemma 3.1
this fixed point is a solution of (1) and the proof is complete. O

Theorem 3.4. Suppose that (H1) and the conditions (17), (L4) hold. Then, (1)
has a positive w-periodic solution for

raM (1 — p)
L(ra) p fy ¢ (u)du’

Proof. In view of (L4) we can choose 1 < R so that g(z) < ez for x > R. Let
ry = %R where € > 0 satisfies

A > (20)

nﬂb(le/\_m/owc(s)ds—n/owb(s)dsgl. (21)

Let I':={x € X | R <z < rg}, it is easy to see that I" is a bounded closed convex
set of X. Next, we will show that Py € I for all ¢ € I'. That is, R < Py <r3. In
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fact, for any ¢ € T, by Lemmas 2.2, 2.5 and from (21) we can get
(Pe) (¢)
t+w

1 stw
=({I-TB)" ) K (t,s)/ G (s,u) F (u, ¢ (u)) duds
t+w st+w
< %/t K (t,s) ds/ G (s,u) [Aec(u) @ (u— 7 (u) — ¢ (u) @ (u)] du

M t+w stw
< —7’2)\5/ K (t,s) ds/ G (s,u)c(u)du
m t s

t4w stw
M, K(t7s)ds/ G (s,u) ¢ (u) du

m t

M t+w stw M t+w
< Erg)\a/ K (t,s) ds/ G (s,u)c(u)du — ER/ K (t,s)b(s)ds
t s t

<y (;ﬁfu /Owc(s)d5> f%R (n/()wb(s)ds)

<y [m(lg/\_m/owc(s)ds—n/owb(S)dS}Srz- (22)

On the other hand, for any ¢ € I' by Lemmas 2.2, 2.5 and g (¢) > I (r2) on T', we
get

t+w +w
(Py) (1) > / K(t,s) / G (5,u) e () g (0 (u — 7 () — & () () duds

t+w s+w
> K (t,s) / G (s,u) Ac(u) g (¢ (u—7(u)))duds

_/twK(t’s) /:s+wG(s,u)¢(u)<p(u) duds

t+w

Z)\Z(Tz)lu

K(t,s)ds/owc(u)du

t

t+w s+w
-T2 K (t, 8)/ G (s,u) ¢ (u) duds.
t s

I 1 w t+w
> — - .
> A (7“2) 1 _/JM/O c(u)du Tg/t K(t,s)b(s) ds

In fact that

t+w t+w
/ K(t,s)b(s)dng/ K(ts) =1,
t t

t+w S+w 'u w
Kt,s/ Gs,ucududszi/cudu7
JoECs [ ceaemaus > gt [ ew
by condition (20) we deduce
(Po) (1) > )\%/0 c(u)du—rs> (R+72)— 12> R, (23)

So from (22) and (23), we get P : I' — T, it is clear that from Lemmas 2.5, 3.1,
and Theorem 2.6 there exists x € I" such that Pz = z. Hence R < Px < %R, that
is to say (1) has at least a positive w—periodic solution z with R < z < %R. (]
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Theorem 3.5. Suppose that (H1) and the conditions (17), (L1) hold. Then (1)
has a positive w-periodic solution for

0< )< m(l—M)Tl

~ L(r fo s)ds’ (24)

Proof. Let Qo > 0. So in view of (L1) there is an 0 < r; < 1 so that g (z) > Qoz
for x € [0, r1] for a choice of Qp that satisfies

Ao Y
(I=p)M Jy

Let I':={zx € X | 1 <z <r1}. It is easy to see that I" is a bounded closed convex
set of X, and P (I") C X. We will show that, indeed, Py € T for all ¢ € T". In fact,
for any ¢ € I', from Lemmas 2.2 and 2.5 we can get

t+w s+tw
(Po) (t) = (I—TB)_l/t K(t,s)/ G (5,) (—F (u, 0 () duds

¢ (u) du — % > 1. (25)

t+w s+w
=) K (t, 8)/ G (s,u) [AQoc (v) ¢ (u =7 (u)) = ¢ (u) ¢ (u)] duds
t+w

s+w
> K (t,s) / G (s,u) AQoc (u) ¢ (u — 7 (u)) duds
/ K (t,s) / LUG(s,u)(b(u)go(u)duds

t+w s+w
> Qo t K (t,s) / G (s,u)c(u) @ (u—7(u))duds

t+w s+w
- K (t,s) / G (s,u) ¢ (u) duds.

t

Let QO > Qo so in view of (L1) there is an 0 < 7; < 71 so that g (z) > QO:U for
x € [0,71], so g (z) > Qofy for x € [y, 7] thus

A
(Po) (0> @2 [ ey du .
Choose 71 = §;r1 and from (25) we deduce that

(Pp) () > 1. (26)
Similarly, by Lemma 2.2, 2.5 and g (¢) < L (r1) for ¢ € [0,71], for any ¢ we get

t+w s+w
PoO < [ Kt [ 6l detw)glo(u—r(w) duds
<AL (rl) M K (t,s) /S+w G (s,u) ¢ (u) duds
< AL (ry —7/ Ktsds/ c(s)ds
AL (7’1) s r
<(1_M)/O ¢(s)ds < 7. (27)

Clearly from (26) and (27) we get Pp € I for all ¢ € T" so P(I") C T". Also, from
Lemma 2.5, the operator P is completely continuous. Thus by Theorem 2.6 there
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exists a fixed point z € I' such that Pz = . By Lemma 3.1 this fixed point is a
solution of (1). O

Theorem 3.6. Suppose that (H1) and the conditions (17), (L2) hold. Then (1)
has a positive w-periodic solution for

(f2 +7r2)m(1—p)
L (9) fow c(s)ds

Proof. Let Q1 > 0. If (12) holds so we can choose 12 > 1 so that g (x) > Qi for
x> re. Let 79 = %TQ where (), satisfies

Qi p v M
m/o c(s)ds—gzl. (29)

Next, consider the subset I := {x € X | ro <z < #}. It is easy to see that I' is a
bounded closed convex of X. We will show that P: ' — I'. Since for any ¢ € T’

1 t+w s+w
(Pp)(t)=I—-TB)~ K (t, 5)/ G (s,u) (—F (u,p (u))) duds

t

0< A<

(28)

t+w
> K (t,s) / G (s,u) [AQ1c(u) p (u—7(u) — ¢ (u) ¢ (u)] duds

/ Kts/ wG(s,u)/\Qlc(u)go(u—T(u))duds
t+w

s+tw
— g K (t,s) / G (s,u) ¢ (u) ¢ (u) duds

t

roAuQr ¢ S G Y etsrds - MY,
2 iy ) s (M(lm/o (s)d m) ’
27’2. (30)

Similarly, by Lemma 2.2, 2.5 and g (¢) < L (#3) for ¢ € [ra, 2], for any ¢ we get
(Pe) (t)

t+w s+w
e [ 6 e ) (= () = 6 ) (1) duds

IA

| A

t+w s+w
%/ K(ts)/ G (s,u) AQ1c (u) ¢ (u — 7 (u)) duds

/ Kts/ ™ G (s, 0) & () o (u) duds

)\L 7"2) s
= O—MA clo)ds =

< 7a. (31)
By (30) and (31) we get Pp € I' for all p € I'so P(I') C I". Again by Lemma
2.5, the operator P is completely continuous. Thus by Theorem 2.6 we know P has

fixed point € I that is Pz = x and by Lemma 3.1 this fixed point is nothing but
a solution of (1). O

In view of the hypothesis (L1)-(L2), (L3)-(L4) and if (H1) holds, then from
Theorems 3.3 and 3.4, we can easily get the following theorems.
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Theorem 3.7. Suppose that the conditions (17), (L8) and (L4) hold, then (1) has
two positive w-periodic for
M((1—p)r roM (1 — p)
Lir) pfy e (u)du’ L(rg) p fy ¢ (u)du
From Theorems 3.5 and 3.6, we can easily get the following Theorem.

Theorem 3.8. Suppose that the conditions (17), (L1) and (L2) hold, then (1) has
two positive w-periodic for

A > max (32)

(I—pr  (Patra)m(l—p)

m —
0 < A <min 5 , SRV 33
L(r) P c(s)ds’ L(rs) [~ c(s)ds (33)
Example 3.9. Consider the following equation
1
T (t) = sin® (t) & (t) + 3 (e°2) i (t)
1

+ €932 (0.3”‘3;3“@”5” - (sin 2+ 3 sin? t) T (s)> . (34)

So, sin? (t) cos2t are continuous positive m—periodic functions in ¢. A simple cal-
culation yields

1 ,
o) = — <sin 2t + 5 sin? t) oot
t
Flo) = 3®cene
x

and

P e
—e 2. M= — d = —,
n=e 2, 2an m %

2
pe M| _ —r—1 /2
Moreover, for = € [—M, —m} = [26 e ] we have

w(l—p) arctan 2e "1 < M(1-p)
7 - 2 2e—m—1 - T ’
because the function F is a strictly decreasing on (0,+00). By Theorem 3.2, we
see that (34) has at least one positive m-periodic solution.

2
< 0.38MAET By ) <03
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