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A generalized model of Hematopoiesis with infinite time delays and a nonlinear harvesting term is investigated. By utilizing a fixed
point theorem of the differential equations and constructing a suitable Lyapunov functional, we establish some conditions which
guarantee the existence of a unique positive almost periodic solution and the exponential convergence of the system. Finally, we

give an example to illustrate the effectiveness of our results.

1. Introduction

Recently, the existence problem of periodic solutions or
almost periodic solutions has been one of the most attracting
topics in the qualitative theory of functional differential
equations because it is applied extensively in the physical
sciences. Neutral functional differential equations arise in
many areas of applied mathematics; it has received consid-
erable attention in the recent decades. There have been many
remarkable works (see, [1-5]). It is well known that there has
been considerable interest in the existence of almost periodic
solutions of functional differential equations [3-9].

There are many works about Hematopoiesis model due to
its real applications [10-17]. Wang and Zhang [16] proved the
existence, nonexistence, and uniqueness of positive almost
periodic solution of the model of Hematopoiesis:

b(t)

V0= a0+

n>1, (1)

which was used by Mackey and Glass [18] as a model for the
dynamics of Hematopoiesis ( blood cells production). On one
hand, as pointed out in [19], in the real world, the delays in
differential equations of populations, ecology, and dynamic
problems are usually infinite time delays; for example, Zhou
etal. [20] studied positive almost periodic solutions for a class
of Lasota-Wazewska model with infinite time delays; On the

other hand, assuming that a harvesting function is a function
of the delayed estimate of the true ecological and dynamic
models, Zhou et al. [21] presented an overview of the results
on the classical Nicholsons proposed Nicholsons, blowflies
model with a linear harvesting term. The investigation of
biological dynamics with harvesting is an important subject
in the exploitation of biological resources which is related to
the optimal management of renewable resources [21, 22].

Motivated by the above, the main aim of this paper is
to obtain the conditions for the existence and exponential
convergence of the positive almost solutions for the following
model of Hematopoiesis with infinite time delays and a
nonlinear harvesting term:

’ m 0o ki
K () =-a)x(t)+ )b (®) L T((St)—s) T o
i=1

-H(({t,x(t-o0(t))), t,oeR, n>1.

Under proper assumptions, we will obtain a unique
positive almost periodic solution of (2) by using the method
of a fixed point theorem. A model with infinite time delays
and nonlinear harvesting terms is more realistic than that
with discrete time delays and linear harvesting term. To our
best knowledge, there are some works about Hematopoiesis
model with discrete delays and a linear harvesting term [21-
23]. Apparently, our results are more meaningful in reality,



so it is worthwhile continuing to study the existence and
convergence of positive almost periodic solutions of (2).
For convenience, we will introduce some notations:

W =suph(t), h =infh(f),
teR teR
fr ftx),  f £ f(tx) )
= sul t’x > = in t,x s
(t,x)e(g,R") (t,x)€(R,R")

where h(t) and f(t,x) are bounded continuous and uni-
formly bounded continuous functions, respectively. The fol-
lowing conditions (H1) hold:

a >0, b >0, H >0, i=12,...,m. (4)
In (2), throughout this paper, the following hypotheses

conditions hold:

(H2)a and b;(i = 1,2,...,m) are almost periodic; there
exists a compact subset S C R” such that o(t) C Sis
almost;

(H3) H: Rx R" — R, are uniformly almost periodic and
there exists a constant L > 0 such that

|H (. x) = H(t, y)| < L ||x - y||5 ()

(H4) the delay kernel k;(t) €
[ Ck®dt=1,i=1,2,...,m.

Let C = C([-r,0],R,) be the bounded continuous
functions space. C is equipped with usual supremum norm
Il - Il. If x(¢) is continuous and defined on [-r + t,, o) with
ty»0 € R, then, forallt € [t,,0), we define x,(0) = x(t +0) for
all@ € [-r,0]. In view of the actual applications of system (2),
the admissible initial conditions x, = ¢, € C([-r,0],R,),
and ¢(0) > 0 are needed. We write x,(t,, ) (x(t; ty, ¢)) for an
admissible solution of (2) with the above initial conditions.
We let [t,, 17(¢)) be the maximal rightinterval of existence of
(£, ).

The rest of the paper is organized as follows. In Section 2,
we shall introduce some definitions and Lemmas which play
important roles in the proofs of our main results. In Section 3,
some conditions for the existence of positive almost periodic
solutions and that all solutions converge exponentially to a
positive almost solution of (2) are established. In Section 4,
we give an example to illustrate the effectiveness of our results.

C([0,+00),R,) and

2. Preliminaries

Now let us state the following definitions and lemmas, which
will be useful in proving our main results.

Definition I (see [9]). A function f : R — R" is said to be
almost periodic, if for any ¢ > 0 there is a constant I(¢) > 0
such that in any interval of length I(¢) there exists 7 such that
the inequality

Ifc+n)-f@®)]<e (6)

is satisfied for allt € R. The number 7 is called an e-translation
number of f(¢).

Abstract and Applied Analysis

Definition 2 (see [7, 9]). A function f : Rx R" — R"is
said to be almost periodic in ¢ uniformly for x € R”, if for any
€ > 0 and for each compact subject D of R" there is a constant
I(e) > 0, in any interval of length I(¢); there exists 7 such that
the inequality

Ift+7,x)- f(t.x)| <e )

is satisfied for all (¢, x) € R x D.

Lemma 3 (see [9]). If F: RxR" — R"is an almost periodic,
in t uniformly for x € R", ¢(t) is almost periodic, and ¢(t) C S
forallt € R, with S being a compact subset of R", then f (¢, ¢(t))
is almost periodic.

Definition 4 (see [7, 9]). Let x € R" and C(¢) be an n X x
continuous matrix defined on R. The linear system

X () =C@t)x (8)

is said to admit an exponential dichotomy on R if there exist
positive constants A, k, a projection P, and the fundamental
solution matrix X(¢) of (8) satistying

|x @) Px7! (9)] < A, £ s,
9
|x®u-pPx7 ) < Ae KDy <,

Lemma 5 (see [7, 9]). Let ¢;(t) be an almost periodic function
on R and

] 1 t+T )
]= lim ?J' ¢(s)ds>0, i=12,...,n. (10)
t

T — +00

Then the linear system x(t) = C(t)x(t) admits an exponential
dichotomy on R", where C(t) = diag(—c, (£), —=¢,(£), . .., —¢,(1)).

Lemma 6 (see [9]). If the linear system (8) admits an
exponential dichotomy, then the almost periodic system

X' () =C(t)x+ f(t,x) (11)

has a unique almost periodic solution x(t), and

x(t) = r X (t)PX " (s) f (s,x(s)) ds
- (12)

_ LOO X () (I-P)X " (s) f (5, (s)) ds.

3. Main Results

In this section, we state and prove our main results concern-
ing the existence of positive almost solutions of (2). Let B
denote the set of almost periodic function on R. For any
¢ € B,wedefine ||¢|l := sup,gle(t)]; obviously, Bisa Banach
space.
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For any u € B, considering an auxiliary equation,

x () = —a®) x ()

" ;bi ®) L Ty )
CH(u(t-o ().

Let us define the operator ® by

t
@®=] g6
o k)
[Bo ki o
—H(s,u(s—0/(s))) ] ds,

where
g (s)=e" Lt a(r)dr. (15)

It is clear that (2) has one unique positive almost periodic
solution if and only if the operator @ has exactly one fixed
point. We set and suppose that

a
(16)
"o/ (1+ M) -HY
M2=Zl_1 l/( - 1) >0.
a

Lemma 7. If (H1) holds and Cl = {ple € C,M, < ¢(t) <
M,,t € [-r,0]}. Then, for ¢ € C°, the solution x(t;t,, ) of
(2) satisfies M, < x(t;ty, @) < M,, forallt € [ty,n(p)) and
n(e) = +oo.

Proof. Set x(t) = x(t;ty, ). Let [0,T) < [t;,%(¢)) be an
interval such that 0 < x(t) for all t € [¢t,, T). We prove

0<x(t)<M, Vtelt,T). (17)

By method of contradiction, if (17) does not hold, there exists
t, € (t,,T) such that x(t;) = M, and 0 < x(t) < M, for all
t € [t, —1,t,). Calculating the derivative of x(t) and by (H1),
we have that

0<x'(t)
=-a(t;)x(t,)
; 2@. ) Lm #E:)_S)d
—H(t;,x(t,—o(t)))) (18)
<—a(t)x Zutﬁf}TE%E;¢

-a M, + be =-H" <0,

i=1

which is a contradiction. So it implies that (17) holds.

3
Next we prove that
x(t)>M,, Vte[t,n(p)). (19)
Otherwise, there exists t, € (t,,#(¢)) such that x(t,) =
M, and x(t) > M, forallt € [t, —1,t;).
So from (17), we get M, < x(t) < M,, fort € [ty —1,t,).

Calculating the derivative of x(t), together with (H1) and (17),
we obtain that

0> x'(t,)
—a(ty) x(t,)
m +00 ki (S)
! ;b’ (t2) Jo 1+x"(t, — s)ds
—H(tyx(t, -0 (t,)))
+00 k. .\
t2) t2) + Zb t2) J;) Tétsz—s)ds -H
T
>-a M2+Zl+Mn—H =0,
(20)

which is a contradiction and implies that (19) holds. From
Theorem 2.3.1 in [24], we have that #(¢) = +co. The proof
of Lemma 7 is completed. O

Theorem 8. Assume that (HI)-(H4) and L;+n Y b" <a .
Then, there exists a unique positive almost periodic solution of
(2) in the region B* :={p| ¢ € B,M, < ¢(t) < M,,for all t €
R}.

Proof. For any u € B, by (H2)-(H3) and Lemma 6, we know
that (14) is an almost periodic differential equation. Since
o > 0, notice that M[«] > 0. From Lemmas 3 and 5, we
obtain that the system (2) has exactly one almost periodic
solution:

= g0
< oo ki (r)
: [;bl (s) Jo 1+u"(s—r) dr (21)
—H (s,u(s —0(s))) ] ds

Define a mapping T'(u(t)) = u(t), for all u € B.



It is easy to see that B* is a closed subset of B. For any
u € B*,t € R, from (H1) and (14), we obtain that

<[ g0

m +00 ki (T‘)
§ [i—zlbi ) «[0 1+u™(s— V)dr

+H(s,u(s—a(s)))]d5

SmEeH
a
f no kO o
u (t) > J_oo g (S) [;b, (S) J;) md?’] ds—-H

SN (M) -H

+

M,
a
(22)

Thus, the mapping T is a self-mapping from B* to B*. Next,
we show that the mapping T is a contraction mapping on B*.
Actually, for any u, v € B, we have

IT () =T ()lg = sup IT () (£) =T (v) (©)]

= sup Jt g(s)

teR J—oo

m +00 ki (1’)
;bi s) Jo 1+u"(s— r)dr

—H(s,u(s—0/(s)))

X

< oo ki (r)
B ;b’ (s) Jo 1+v" (s—71) dr

—H(s,v(s—0(s)))|ds

t
< supj g(s)

teR J—oo

m +00 ki (r)
X[;h(s) Jo 1+u?(s—r)
ki (r)

+H (s,u(s—0(s))) - H(s,v(s - 0 (s)))l ]
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t
< supj g(s)

teR J-o0

x [ib @nlu-vi [ ks
i1

+
0
+ Ly lu—v| ] ds

< sup Jt g(s) [nibi (s) + LH] ds||lu—v||

teER J-00 i=1

m +
< ny. b +Ly

fle =l
(23)

Accordingto L;+n Yy, b < a and (23), we know that T is
a contraction on B*. Thus, T has a unique fixed point¢* € B*
such that Te" = ¢*. By (14), 9" satisfies (2); then (2) exists as
aunique positive almost periodic solution ¢ in B*. The proof
of Theorem 8 is complete. O

Theorem 9. Assume that (H1)-(H4) and Ly +n Z::l b’ <a
hold. Let x* (t) be the positive almost periodic solution of (2) in
the region B*. Then the solution x(t; t,, ¢) of (2) with ¢ € C°
converges exponentially to x*(t) ast — +o0.

Proof. Let x(t) = x(t;ty, ¢) and y(t) = x(t) — x"(¢), where
t € [ty —1,+00). So we have

Y () =-at)y @)

m +00 1
200 [ ko[ e

1
- | dr
1+x*"(t—7r)

(24)

~[Htx (-0 ) -H(tx" (t -0 (1))

According to Lemma 7, we get that x(¢) is positive and
bounded on [t;,+c0) and M, < x(t) < M, forallt €
[ty — 7, +00).

Define a continuous function I'(u) by setting

Tw=-(a —u)

m +00
+ an;’ J k; (t) e dt + L e, (25)
i=1 70
ue€fo,1].
Then, we have
ro)=-a + anf +Ly <0, (26)

i=1
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which implies that there exists a constant A € (0, 1] such that

TrM=-(a -1
+00 (27)
+an |, kot et <o
We consider the Lyapunov function
V() =y ). (28)

Calculating the upper right derivative of V(t) along the
solution y(t) of (24), we obtain that

D™ (V (1))

—a(t)|ly®]e” + 1|y )]

. ehibi ()

i=1

o .

+|H(tx(t -0 (1) - H(t,x" (t -0 ()| e

=[A-a@)]y®)]

+e" b (1)
i=1

X L+oo k; (s)

+|H (tx (t -0 (1) - H(t,x" (t -0 ()|

1 1
1+x"(t—s) - 1+x*"(t-s)

1 1
1+x"(t-s) _1+x*”(t—s)

t>t,
(29)

We claim that

V)= |yt <eM

X ( max | (t) —x" (t) | + Ml) =M;,  (30)
te[-r,t]
vt > t,.

Contrarily, there must exist ¢, > t, such that

V(t,)=M,, V(t)<M,;, Vtel[-rt), (3l
which implies that
V(t,)-M;=0, V()-My<0, Vte[-rt,). (32)

Because x(t) > 0and x*(t) > 0 for t > —r.

5
By (29) and (32), we have
0<D"(V(t,)-M;)=D"(V(t'))
< (A —-a (t*)) |y (t*)| e)tt*
+ em*ibi (t
i=1
+00 1
* L i () 1+x1(t, —t)
1
1+ x(t, - t) dat
+|H(t,x(t, -0 (t,) - H(t,x" (t-o ()|
<(A-a(t)) [y (e.)] e
S e) [k oy - o)
i=1 0
+Lyy(t, —o(t,)) M
<(A-a(e)) ]y (e
S oo Att.—t) N
+ i:zlnbi (t.) L k; (t)e ly (t, —t)|e*dt
+Lyy (t* . (t*)) el(t*—o(t*))ela(t*)
[(/\ a’)+ an+ J k, (t)eMdt + L e | M,
i=1 (33)

Obviously, (33) contradicts with (25). Hence, (28) holds. It
follows that [y(t)| < M367M, for all t > t,. Thus, the proof
is now completed. O

Remark 10. Obviously, we consider system (2) with the
nonlinear harvesting term and infinite time delays of (2), and
the results of the references therein cannot be applied to prove
the existence and exponential convergence of solutions of (2).

4. An Example

In this section, we give an example to illustrate the results
obtained in the previous sections.

Example 11. Consider the following Hematopoiesis model
with infinite delays and nonlinear harvesting term:

x (1) = - (30 + coszt) x (t)

+00 2e—25
+(0.003 +0.002 |sin V2t|) I T+xt(t—s)
. -



6
+00 36—35
+(0.005 + 0.003 |cos V3t|) J ————ds
o l+xt(t-ys)
3 .
X~ |t — [sin \/7t
—0.001 |sint + cos \/§t| ( | ')
1+ x2 (t - |sin \/7t|) )
(34)
‘We know that
o =30, a" =31, b, =0003, b/ =0.005
n=4, k @) =2¢,  k,(t) =3¢,
x3
H (t,x) = 0.001 |sint + cos V5t| ——,
1+x
o(t)=t-|sinV7t|, teR
(35)

It is not difficult to obtain that H(t, x) satisfies Lipschitz
condition and take L = 0.002. It follows from Theorem 9
that Hematopoiesis model (34) has a unique positive almost
periodic solution %(t). Moreover, if ¢ € C°, then the solutions
x(t;ty, @) of (34) converge exponentially to X(t) ast — +oo.

Remark 12. 1t is obvious that the delays in (34) are infinite
time delays and a nonlinear harvesting term. This implies
that the results of this paper are new and they complement
previously known results [14-17].
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