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Abstract

In this paper, sufficient conditions for the global asymptotic stability of a broad family
of periodic impulsive scalar delay differential equations are obtained. These conditions
are applied to a periodic hematopoiesis model with multiple time-dependent delays and
linear impulses, in order to establish criteria for the global asymptotic stability of a
positive periodic solution. The present results are discussed within the context of re-
cent literature. In conclusion, when compared with previous works, not only sharper
stability criteria are obtained here, even for models without impulses, but also the usual
constraints imposed on the linear impulses are relaxed.
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1 Introduction

Consider the family of scalar periodic delay differential equations (DDEs) with impulses
given by

() + a(t)e(t) =Y Bi(t)gi(t,a(t — (1)), 0 <t #t,
i=1

l'(tz_) — x(tk) = bkw(tk), keN,

where the coefficient functions a(t), 5;(t), ¢i(t, z) and the delay functions ;(¢) > 0(1 <14 <
m) are continuous and periodic in ¢ with a common period w > 0, by are constants and the
sequence of impulses at instants t; (k € N) occur with periodicity w.

For impulsive DDEs of the form (1.1), in [1] the authors gave very general conditions for
the existence of a positive periodic solution — which need not be unique. The study in [1] was
mostly motivated by the fact that the class of impulsive DDEs (1.1) includes a number of
important models used in mathematical biology. As we shall see, this biological framework
imposes some natural additional conditions on the coefficient functions and impulses in (1.1),
as well as restricts the set of admissible solutions to the set of nonnegative functions. Of
course, when the results in [1] guarantee that a positive periodic solution must exist, a topic

(1.1)
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of major importance is the convergence to this periodic solution (as t — o0) of all positive
solutions.

In this paper, we investigate the asymptotic behaviour of solutions of the following de-
layed periodic hematopoiesis model with linear impulses and multiple time-dependent delays:

/ o - BZ(t)
y' (1) +a(t)y(t) = ; T+ 9t — (D)
y(tF) —y(ty) = bey(te), k€N,

where m € N, n € (0,00), (t;)ken and (by)ren are w-periodic real sequences, and a, 8; : R —
[0,00), 7; : R — [0, 00) are continuous and w-periodic, for i = 1,...,m. Our main goal is to
establish criteria for the global asymptotic stability of a positive periodic solution of (1.2).

This system generalizes one of the celebrated hematopoiesis models proposed by Mackey
and Glass, and is embedded within the framework set by (1.1).

Hematopoiesis is the process of production, multiplication, regulation and specialization
of blood cells in the bone marrow, until they become mature blood cells for release in the
circulation bloodstream. Blood is a connective tissue which is made up of cellular elements
— red blood cells, white blood cells and platelets — and an extracellular fluid, the plasma.
Hematopoiesis begins with the differentiation and division of the multipotent hematopoietic
stem cells: some of them remain hematopoietic stem cells, allowing hematopoiesis to con-
tinue, and others divide into lymphoid and myeloid stem cells; after several intermediate
stages, the lymphoid stem cells give rise to the lymphocytes (various types of white blood
cells), whereas the myeloid stem cells originate thrombocytes (platelets), erythrocytes (red
blood cells), and other white blood cells: basophils, neutrophils, eosinophils and monocytes.
The stem cells take time to multiply and specialize into mature blood cells, thus time lags
occur. Typically the plasma is replaced within 24 hours, but it takes between days and
several weeks to replace the different types of blood cells. For instance, neutrophils mature
in about 2 weeks while the basophils mature in 7 days.

In 1977, Mackey and Glass [2] introduced scalar differential equations with a time delay
to describe some physiological mechanisms, such as the hematopoiesis process. Two type
of models of the form 2/(t) = —yx(t) + f(z(t — 7)) were proposed in [2], a first one where
the production of cells is given by a monotone decreasing function f(x) = 509719% (n>0),
and a second one with a unimodal production function f(z) = Bogaizw (n > 1), where all

,0<t#t,
n (1.2)

the constants are positive. We remark that Hill functions f(z) = B()% are often used as
production or growth functions in physiological modelling or population dynamics, where 5
is an intrinsic rate and the coefficients 8, n are determined so that f fits well with clinical and
experimental data [3, 4]. After normalization of the coefficients, the mathematical models
proposed by Mackey and Glass [2] with decreasing and unimodal production rate are given
by, respectively,

g

y'(t) +yy(t) = T i3 0, (1.3)
and
y'(t) +yy(t) = m t>0 (1.4)

with v, > 0 and n > 0 in (1.3) and n > 1 in (1.4). In [5, 6], Mackey used (1.3),(1.4) as
appropriate models to reproduce hematopoiesis. In (1.3), y(¢) is the density of mature cells



in the circulation, 7 is the time delay between the production of immature cells in the bone
marrow and their maturation for release in the blood, v is a destruction rate and 3 is the
maximal production rate. The stability of the unique positive equilibrium point of (1.3) has
been studied by several authors (see e.g. [7, 8, 9, 10, 11]).

For the last decades, a large number of generalizations of the hematopoiesis Mackey-
Glass equations has been suggested and analysed. For some detail about the biological
mechanisms of hematopoiesis, a review on hematological disorders and derivation of several
mathematical models, see the works of Bélair et al. [12], Mahaffy et al. [4], Haurie et al. [13],
Adimy et al. [14], Langlois et al. [15], and references therein. Namely, in [12] the authors
derived and studied a model for erythropoiesis (the process of production of red blood cells)
consisting of a system of two autonomous DDEs, one for the level of erythropoietin (the
hormone that stimulates reproduction of erythrocytes) and the other for the population of
mature erythrocytes, with two different delays: a first delay of 6-7 days for the time red
blood cells take to mature in the bone marrow, and a second delay of 120 days for the
lifespan of the mature cells in the bloodstream. As shown by the authors, their model
fits well with the experimental data referring to normal erythropoiesis, but not so well with
observed hematological disorders. More recently, in [15] again a system of autonomous DDEs
with two delays was deduced as a model for the normal and pathological dynamics of blood
platelets, and careful estimations of the parameters according to laboratory and clinical
data performed. In both [12, 15], the local stability of the unique positive equilibrium and
occurence of Hopf bifurcation were analysed.

It is however natural to claim that more realistic models are obtained with nonau-
tonomous DDEs, where the parameters are not fixed constants. Particularly important
are models with periodic coefficients and delays, since they allow us to take into account
the periodicity of the environment, which plays an important role in many biological and
ecological dynamical systems. In what concerns the blood cells in circulation, there are
several clinical experiments noting that its density undergoes through seasonal fluctuations,
due to temperature, weather and food supply, see [16] and references therein. Some results
on existence and/or attractivity of positive periodic solutions for periodic versions of (1.3)
can be found in [1, 17, 18, 19, 20]. See also [16, 21, 22|, for more results, surveys on periodic
hematopoiesis delayed models of the Mackey-Glass type, as well as further references. On
the other hand, some evolutionary systems go through abrupt changes, due to predictable
or sudden external phenomena, such as radiation, drug administration or other forms of
stress in the case of blood cells, or weather, resource availability, or mating habits in popula-
tion dynamics processes. These phenomena are better described by the so-called impulsive
differential equations. For a discussion of the role of impulses, see e.g. [23, 24, 25]. The
modification of (1.3) according to a periodic environmental variation and subject to periodic
linear impulses reads as

VE)+ aly(t) = [ s

y(tF) —y(ty) = bey(te), k€N,

L0<t#t
n 7 b (1.5)

where n € (0,00) and a, 3,7 : R™ — R* are periodic with a common period w > 0, and the
sequences of the instants of impulses (¢;) and impulsive coefficients (b) are w-periodic.

As shown in the aforementioned papers [12, 15|, DDEs with two or more different de-
lays appear naturally in hematological models, as well as in other real-world physiological
phenomena; see [26] for an explanation of this situation in gene regulatory systems and



stability results for a unimodal non-autonomous Mackey-Glass equation with two delays.
Since different blood cells take different times to mature in the bone marrow, production
functions with different time lags should be taken into consideration [16]. Moreover, from a
mathematical point of view, the treatment of the impulsive model (1.2) with several delays,
rather than a single delay as in (1.5), is more interesting and embracing of other processes.

We should mention that many authors have remarked that in real world applications
almost periodic effects are more frequent than periodic ones, thus almost periodic variants
of the models under consideration have been introduced. Recently, there has been a number
of studies concerning the existence of a positive almost periodic solution for almost peri-
odic hematopoiesis models [27, 28], however few authors have investigated almost periodic
Mackey-Glass-type models with impulses [29, 30]. Although not explored here, in fact our
technique can be used to study the global attractivity of a positive almost periodic solution
for almost periodic models (1.2), provided that such a solution exists. See further comments
in the last section of the paper.

In spite of the extensive number of works dedicated to DDEs of the Mackey-Glass-type
and their generalizations, as well as on alternative models of hematopoiesis, the literature
on periodic impulsive versions of (1.3) is almost non-existent. It is worthwhile to emphasize
the work of Sacker and Alzabut [24], where the particular case of system (1.5) with one
constant delay multiple of the period (i.e., 7(t) = qw for some ¢ € N) and n € {1,2,...}
was studied, and sufficient conditions for the global attractivity of a unique positive periodic
solution derived. The model (1.2) without impulses was studied by Liu et. al. [18], where
the existence of a positive w-periodic solution and its global attractivity (in the set of all
positive solutions) were guaranteed under some sufficient conditions, which differ for each
one of the situations 0 <n <1 and n > 1.

On the other hand, in [31, 32] the authors of this paper analysed the global asymptotic
stability of the zero solution for a very general class of scalar delay differential equations
with impulses. In this paper, the positive periodic solution y*(¢) of (1.2), whose existence
follows under some conditions in [1], is first translated to the origin and, inspired by the
conclusions drawn in [31, 32], new criteria for its global attractivity are obtained.

As in [18, 21], here the cases 0 < n < 1 and n > 1 are studied separately: note that the
behaviour of the nonlinearity is quite different in each of these two situations, therefore it
is natural to treat them separately. To make this difference clearer, we recall that for the
non-impulsive autonomous version of (1.2),

- Bi

y’(t) +ay(t) = ; m (a, Bi, 7i,m > 0), (1.6)

the global asymptotic stability of the positive equilibrium y* has been proven for 0 <n <1
without further constraints; whereas for n > 1 several additional conditions have been
established in order to guarantee its global attractivity [11, 21]. For the periodic version of
(1.6) with n € (0, 1], it remains an open question whether the positive w-periodic solution
is always a global attractor of all the positive solutions. The non-impulsive version of (1.2)
with 0 < n < 1 was further explored in a recent paper [33], so in terms of examples we will
focus here on several special cases of model (1.2) with n > 1.

We now describe briefly the contents of the paper. In Section 2, we introduce some
notation and recall some results on global attractivity, established by the authors in [31] for
a family of scalar impulsive DDEs more general than (1.1). For the case of periodic DDEs
with linear impulses, a stronger criterion is derived in Section 3. Section 4 is the core of



the paper, where the stability of the positive periodic solution y*(¢) of (1.2) is addressed.
It begins with some preparatory propositions, where uniform lower and upper bounds for
y*(t) are established. Then, the attractivity of y*(¢) of (1.2) is studied for both 0 <n <1
and n > 1 cases; special attention is given to hematopoiesis models (1.2) with delays which
are multiple of the period. Several models and relevant comparison with results in recent
literature are presented in Section 5. The paper ends with a short section of conclusions.

2 Notations and preliminary results

For model (1.2) under study, the following assumptions will be imposed:

(H1) the functions a(t), 8;(t), 7i(t) are continuous, nonnegative and w-periodic (for some
constant w > 0), with a(t), 8(t) := >/~ Bi(t) not identically zero, t € R, i =1,...,m;

(H2) there is p € N such that 0 < t; <ty <--- <t, <w and

ttp =tk + W, bpip =bk, k€EN;

(H3) the constants by, ...,b, € R satisfy b, > —1;

p
(Ha) T+ b) < eloe®dr,
k=1

As already mentioned, due to the biological interpretation of the model, only positive
solutions of (1.2) should be considered, therefore a suitable set of nonnegative functions will
be taken as the set of initial conditions. Note that hypothesis (H3) guarantees that solutions
which are positive before the impulsive point t, i.e. with y(¢,) = y(tx) > 0, remain positive
after the impulse at tg, ie. y(t)) > 0, k € N. Hypotheses (H1)-(H2) prescribe the w-
periodic impulsive behaviour, whereas (H4) imposes that, on each interval of length w, the
impulses cannot be too large when compared with the integral average of the nonnegative
instantaneous coefficient a(¢) multiplied by the period w.

The assumptions imposed on the impulses are significantly weaker than the ones often
found in the literature. In fact, instead of (H4), the strong constraint

ﬁ(l +b) =1 (2.1)

k=1

has been imposed; some authors have assumed that the function ©(t) = [[,.0<, (1 +
b), t > 0, is an w-periodic function [24]. However, as remarked by Liu and Takeuchi [23],
if ©(t) is w-periodic, then both (2.1) and (H2) hold. Moreover, when the impulses are all
equal, by = b for all £ € N, then (2.1) is satisfied only if b = 0, which means that there are
no impulses.

Under hypotheses (H1)-(H4), Faria and Oliveira [1, Theorem 3.1] have recently shown
that (1.2) has a positive w-periodic solution:

Theorem 2.1. [1] Under (H1)-(H/j), there ezists at least one positive w-periodic solution
y*(t) of (1.2).



We now introduce a family of scalar impulsive DDEs more general than (1.1). We start
with an abstract setting to treat DDEs with impulses.

For a compact interval [«, 5] C R, denote by PC([a, ]; R) the space of bounded functions
which are piecewise continuous on [a, 8] and left continuous on («, 3], equipped with the

supremum norm, ||¢|| = sup |p(0)|. Now, consider a finite set of bounded continuous delay
o€la,f]
functions 7; : [0,00) — [0,00), i = 1,...,m, define

T(t) = max. 7i(t) and T = 212110)7'@),
and take the spaces PC'(t) := PC([-7i(t),0];R), PC(t) :== PC([-7(t),0];R) and PC :=
PC([-7,0];R). For z(t) defined on [—7,a] and 0 < ¢ < a, we denote by x, the function
defined by x,(s) = x(s + o) for s € [-7(0),0] and by 2% the function defined by z%(s) =
xz(s+ o) for s € [-7(0),0],i=1,...,m.
Consider scalar impulsive delay differential equations of the form (see [31, 32])

2 (t) + a(t)z(t) = Z; fi(t,zh), 0 <t #ty, 22)

w(tf) — x(ty) = bpa(ty), keN,

where: 2/(t) is the left-hand derivative of z(t); 0 < ¢ < ta < -+ <t < --- and t — 00;
a:[0,00) = [0,00) is continuous with [ a(t)dt = oo; (by) is a sequence of real numbers; for
eachi € {1,...,m}, f;is the restriction to [0, c0) x PC"(t) of a function F; : [0,00)x PC' — R,
in the sense that F;(t,9) := f; (t, (5'[*%'(0,0]) = fi(t, ), for t > 0 and ¢ € PC'(t), where by
@ € PC we mean the extension of ¢ defined by ¢(—7;(t)) on [—7, —7;(¢)]. In the sequel, we
always suppose that either F;(¢, ¢) is continuous in (¢, ¢), or is piecewise continuous in (¢, ¢)
and continuous in the second variable. In these situations, we abuse the terminology and
simply say either that f; is continuous, or that f; is piecewise continuous and continuous in
. When uniqueness of solutions is required, we also impose that F;(t, ¢) is locally Lipschtiz
continuous in the second variable. For more details, see [34, 35].

For the impulsive DDE (2.2), we consider initial conditions of the form x;, = ¢, that is,

z(to+ ) = w(s), s €[=7(t), o], (2.3)

with tg > 0 and ¢ € PC(tg). It is relevant to mention that these conditions together with
the set of assumptions imposed below imply that the solution z(t) = x(t, to, ) of the initial
value problem (2.2)-(2.3) exists and is defined on [tg, 00), see e.g. [34].

As mentioned in the Introduction, the study of the global asymptotic stability of a
positive periodic solution for the impulsive hematopoiesis model (1.2) is the major purpose
of this paper. We first recall some usual definitions for stability.

Definition 2.1. Let S C PC be a set of initial conditions, and suppose that 0 is an equi-
librium of (2.2). The solution x =0 of (2.2) is said to be stable in S if for any e > 0 and
to > 0, there exists § = §(to,e) > 0 such that

lll <6 = |z(t,to, )| <&, for t>tg, p €S

We say that x = 0 of (2.2) is globally attractive in S if all solutions of (2.2) with initial
conditions in S tend to zero as t — co. We say that x = 0 is globally asymptotically
stable (GAS) if it is stable and globally attractive. If it is clear which set S we are dealing
with, we may omit the reference to it.



In previous papers [31, 32], we studied the global asymptotic stability of the zero solution
of impulsive DDEs (2.2) — in fact, more general impulses Ax(ty) = Ix(x(ty)) given by
continuous functions I : R — Rk = 1,2,..., were considered in [31, 32|, but here we
restrict our attention to the situation Iy (u) = bgu. Therefore, we want to insert (1.2) in the
framework provided by (2.2).

First, we fix the set of admissible initial conditions. Due to its biological motivation, we
only consider positive solutions, corresponding to initial conditions yg = ¢ € PC’Sr , where
&(s) = ¢(s) for s € [=7(0),0] and @(s) = ¢(—7(0)) for s € [-7,7(0)], and

PCy ={p e PC:¢p(f) >0for 6 € [-7,0] and ¢(0) > 0}.

Even if not mentioned, only initial conditions in PCO+ are to be considered; henceforth, the
stability and global attractivity of a solution of (1.2) will always refer to the set of initial
conditions PC’Sr . Secondly, we translate an w-periodic solution y*(¢) to the origin by the
change of variables z(t) = y(t) — y*(¢). System (1.2) is transformed into an impulsive DDE
of the form (1.1), with each function g; : [0,00) x R - R (1 < i < m) defined by
1 1
i(t,u) = — , 2.4
R 1) IR R (O 24
for t > 0 and u > —y*(t — 7(t)), and e.g. gi(t,u) = gi(t,—y*(t — 7(¢))) for ¢ > 0 and
u < —y*(t — 7;(t)). Define the set S(t) by

S(t)={p e PC(t): p(0) > —y*(t+0) for —7(t) <0 <0, ©(0) > —y*(t)}.

Naturally, the set S = {¢p € PC : p(0) > —y*(0) for 6 € [-7,0), ¢(0) > —y*(0)} is now
taken as the set of admissible initial conditions for the transformed equation. We should
note that (1.1) has the form (2.2) where ¢ — f;(¢, %) may have jump discontinuities at points
t such that ¢ — 7;(t) =ty for k € N.

As usual, the solution y*(t) of (1.2) is said to be GAS in the set of solutions of (1.2)
with initial conditions in PCy if and only if the zero solution of (1.1), with g; as in (2.4), is
GAS in the set of solutions of (1.1) with initial conditions in S.

For the present framework of DDEs with linear impulses (2.2), the assumption set
adopted in [31] can be summarized as follows:

n

(A1) the sequence P, = H(l + by,) is positive and bounded.
k=1

(A2) there exist piecewise continuous functions A ;, A2 : [0,00) — [0, 00) such that
“ALi(OMP) < filtsop ) S A2i)Mi(=p), t20, p€ PC'(t),  (2.5)
where M(p) = max {O, SUPge[—r(1),0] @(9)}, fori=1,...,m;
(A3) there exists 7" > 0 such that
La,a1) (o, 03) <1, (2.6)
where [ : {(z,w) ERZ:z>w> 0} — R is defined by

wmin{l,z—%}, w<1
l(z,w) = ; (2.7)
min{w,z—%}, w > 1

7



and the coefficients a; := «;(7T") an o (T) are given by

t m
a;(T) = sup Aji(s) ft r 2w du p. (s)ds, j=1,2 (2.8)
t>T Jt—r(t) i
t m
GO =sup | D dials)en N Bi(s)ds, j=1,2 (2.9)
t>T )

and

Bi(t) := max ( 11 (l—i-bk)l),i:l,...,m. (2.10)

O€l-m:(1)0] kit 40<t, <t

The above condition (A2), known as Yorke-type condition (see [36]), implies that f;(¢,0) =
Ofort>0andi=1,...,m, thus x = 0 is an equilibrium of (2.2). In (2.10), the standard
convention that a product B;(t) is equal to one if the number of factors is zero is used.

Applying the stability results in [31, 32] to (2.2), we obtain the following result:

Theorem 2.2. [31] Assume (A1)-(A3), where a(t) is a continuous, nonnegative function
with fo t)dt = 0o and f; is piecewise continuous and continuous in p, for all i. Then the
zero solutwn of (2.2) is GAS.

We remind the reader that it is useful to have criteria to easily check whether (2.6) is
satisfied or not. The following result is given in [31, Theorem 3.2].

Theorem 2.3. [31] For l(z,w) as in (2.7) and constants o, > 0 such that a; > o,
j =1,2, the estimate (2.6) is satisfied if one of the following conditions holds:

(i) s < 1; (i) aras < (3/2)?
From Theorem 2.2, a corollary for the case of DDEs without impulses is stated as follows:

Corollary 2.1. Let a(t) be a continuous, nonnegatz've function with [~ a(t)dt = oo and
fi(t,p), for 1 <i <m. Assume (A2)-(A3), with a;, o, j = 1,2, given by (2.8), (2.9) where
B;(t) =1 for all i. Then the zero solution of

2(t) +a(t)z(t) = > filt,x}), t=0 (2.11)
=1
is GAS.

3 Global stability for periodic models

In this section, we give some improvements of Theorem 2.2 for the case of periodic impulsive
DDEs (2.2), with possible extensions to other situations.

For periodic impulsive models, more precisely under the hypotheses (H1)-(H3), the re-
striction of (P,)nen bounded in (A1) is equivalent to the condition [[7_;(1+ bx) < 1, which
is not convenient from a view point of applications. Our first goal is to replace (A1) by the
less restrictive constraint (H4). For that purpose, we observe that hypothesis (A1) was used
in [31, Theorem 3.1] only to prove that all non-oscillatory solutions z(¢) of (2.2) converge
to zero as t — oo. We recall that a solution z(t) is oscillatory if it is not eventually zero
and has arbitrarily large zeros; otherwise, x(t) is called non-oscillatory. In this way, to show
that Theorem 2.2 still holds with (A1) replaced by (H4), it suffices to prove the following
lemma:



Lemma 3.1. Assume (H2)-(H/) and that, for each i = 1,...,m, fi(t,¢) is piecewise con-
tinuous and continuous in ¢, and satisfies

(A2%) fort >0 and p € PC(t), fi(t,©) <0 if ¢ >0 and f;(t,) >0 if o <O0.

If a(t) is a continuous nonnegative w-periodic function not identically zero, then all non-
oscillatory solutions of (2.2) converge to zero as t — 0.

Proof. Let x(t) be a non-oscillatory solution of (2.2) and assume that z(¢) > 0 for ¢t > 0
(the situation is analogous if z(¢) < 0 for ¢ > 0). Consider the nonnegative jump function

o)== [ @+b), t>o0. (3.1)

k:0<tp<t

From [35, Lemma 3.1], the function

y(t) = O(t)ta(t), t>0, (3.2)
is continuous and satisfies
Y () +atyy(t) =0)" 1> filt,x)), t=0, t#t. (3.3)
i=1

Consequently, y(¢t) > 0 for large ¢ and, from (3.3) and (A2*), ¥/(¢t) + a(t)y(t) < 0 for
t > 0,t # ty. Define

A@:AMmm. (3.4)

/

Clearly, A(co) := [ a(u)du = co. Ast — y(t)eA® is continuous, positive, and (y(t) eA®))" <
0 for t > 0,t # t;, there is w > 0 such that eA®y(t) \, w as t — oco.

On the other hand, denoting by [t/w] the integer part of ¢/w > 0, from (H2), (H3), (3.2)
and the conditions imposed on a(t), for large ¢ we have

A y) = AW o) u(t)

p [t/w] ¢
= (eA(w) H(l + bk)1> exp </ a(u)du) H (1+bp)" 1| z(t)
k|

k=1 t/wlw<trp<t

v

p [t/w] j
(eA<w) [Ta+ bk;)_l) <f§}2p (1+ bk)_1> a(t).

k=1

From (H4), we have
and (H3) implies that

Finally, as limy_, o y(t) eA() =y € R, we conclude that limy_,oo z(t) = 0. O



Now, from [32, Theorem 2.2], [31, Theorem 3.1] and the above previous lemma, we obtain
the announced improvement of Theorem 2.2 as follows:

Theorem 3.1. Assume the hypotheses (H2)-(H4), (A2), (A3), with a(t) # 0 a continuous
nonnegative w-periodic function and f; piecewise continuous and continuous in @, for all i.
Then the zero solution of (2.2) is GAS.

The above proof of Lemma 3.1 can be applied to equations (2.2) with a(¢) not necessarily
periodic, as far as lim;_,., eA®) O(t)~! = co. This observation and again [32, Theorem 2.2]
lead to the following statement:

Theorem 3.2. Consider (2.2) where: 0 < t; < ta < -+ <t = 00, by > —1,k € N; a(t)
is continuous and nonnegative; f; are piecewise continuous and continuous in o, for all 1.
Assume the hypotheses (A2), (A3) and

lim e*® Q)™ = o0, (3.5)

t—o0
where O(t), A(t) are defined by (3.1), (3.4). Then the zero solution of (2.2) is GAS.

In the case of DDEs with linear impulses, a simple change of variables allows us to
transfer the impulses to the “growth functions” f;, and therefore to reduce (2.2) to a DDE
without impulses as in (2.11). Next, in view of our purposes, we restrict the scope of our
analysis to models with time-dependent discrete delays of the form (1.1). In particular, we
shall see that hypothesis (H4) can in fact be eliminated.

Theorem 3.3. Consider (1.1), where a : [0,00) — [0,00) is a continuous w-periodic function
with a(t) # 0, B, 7 : [0,00) — [0,00) are continuous with 7;(t) bounded, g; : [0,00) x R — R
is piecewise continuous and continuous in the second variable, 1 <1i <m, and (bg)ren C R.
Assume (H2),(H3) and

(A2’) there exist piecewise continuous functions Ai;, A2 : [0,00) — [0,00) such that
—A1i(t) max{u, 0} < 5;(t)gi(t,u) < Ag;i(t) max{—u,0}, t>0,uecR; (3.6)
(A3’) condition (A3) is satisfied with B;(t) in (2.10) replaced by

Bi(t):= J[ @+t i=1,...,m. (3.7)

kit—7; () <tp<t

Then the zero solution of (1.1) is GAS.

Proof. For the jump function O(¢) defined above, the change of variables (3.2) transforms
(1.1) into a DDE in PC with no impulses of the form (2.11), with f; given by

filt,9) = 0() " Bi(t)g: (£, O(t — m(E) (-7 (1)),

for t > 0,4 € PC¥(t),1 < i < m. Since O(t) > 0, clearly M{(O(t — 7(t))) = O(t —
t) M; (). Now, for t > 0 and ¢ € PC*(t), we have )(—7;(t)) < M}(¢) and —p(—7i(t)) <
Mi(—). By the assumption (3.6), each f; satisfies (A2) with \;;(¢) replaced by p;;(t) =

O(t)1O(t — (1)) \}.i(t) = Bi(t)A;i(t), where B;(t) is as (3.7), for 1 <i < m,j = 1,2. Now,
Corollary 2.1 gives the result.

O
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The above Theorem 3.2 concerns equations which are not periodic. Observe also that for
models with no impulses the constraint (3.5) reduces to [;° a(t) dt = co. For (1.1) with a(t)
not necessarily periodic, it is clear that Theorem 3.3 holds true as far as fooo a(t) dt = oo.

Theorem 3.4. Consider (1.1), where a,B;,7; : [0,00) — [0,00) are continuous with 7;(t)
bounded, g; : [0,00) X R — R is piecewise continuous and continuous in the second variable,
1<i<m, and by € (—1,00),k € N. Assume (A2’), (A3’) and [~ a(t)dt = co. Then the
zero solution of (1.1) is GAS.

Remark 3.1. As an important illustration of more general models, keep in mind that
Theorem 3.4 can be applied to almost periodic impulsive models of hematopoiesis.

4 Stability of the impulsive hematopoiesis model

In this section, we study the stability of an w-periodic solution y*(¢) of (1.2). We start with
some uniform lower and upper bounds for y*(t).

4.1 Uniform estimates for periodic solutions

Assume (H1)-(H4), and let y*(¢) be a positive w-periodic solution of (1.2), whose existence
is given in Theorem 2.1. Denote
y" = inf {y*(t)} and y":= sup {y*(t)}. (4.1)
t€[0,w] te[0,w]

Usually, it is not possible to explicitly compute periodic solutions, thus it is important to
obtain estimates for uniform bounds of y*(¢) which do not depend on its a priori knowledge.
For this purpose, in the next results we present some upper and lower uniform bounds for
y*(t), based either on the integral averages of the functions a(t) and S(t) := > ", Bi(t), or
on the ratio 3(t)/a(t). In fact, the first result below recovers the estimates for the periodic
solution established in [18] in the case of the non-impulsive model.

Proposition 4.1. Assume (H1)-(H4). Then any positive w-periodic solution y*(t) of (1.2)
satisfies

-AW) M B _
my = S MBS ey < MBB =, i >0, (4.2)
1+ (MBB)
where
JH-1
B =min {1, (L+b) tij=1,...,p1=0, 710}7
k=j
jH-1
B =max <1, (1+bk)_1 Jj=1...,p,l =0, 7P}>
k=j
-1
M = (H(l + br) 1—e_A(w)> , and
k=1
g = Zﬂl(s)ds, Alw) = / a(u)du (4.3)
0 =1 0

11



Proof. Let y*(t) be a positive w-periodic solution of (1.2) and consider z*(t) := ©(t) " ly*(¢),
where as before we write ©(t) = [[;.0<;, (1 + bk). From [35, Lemma 3.1], we know that
the function z*(t) is continuous and satisfies

2 () + a(t)z* -1 Z T t — Tl(t))n7 t>0, t#tg.

=1

Fix t # t. For A(t) as in (3.4), multiplying by e*(®) and integrating over [t, t +w], we obtain

t+w . A(s) ,d (5) g
/t s @et] as= | Zuy (- mE)

which is equivalent to
Ot + w) 1y (t + w)e ) —o(t) Ly (t) AW

t+w B m /31(3) eA(s)
= e) 1 ds.
AURD BF e e ) i

As y*(t) and a(t) are w-periodic functions and (H2) holds, we obtain

y* (1) A @(t)fl !(ﬁ(l + bk)1> eAW) _1]
k=1

t+w eA(s)

¢ Zl—i—y (s —Ti(s))"

ds,

and consequently

p —1 t+w m
- ( A k]_|1(1+bk) 1 1) /t ( y (14 bg) ) > 1+y (s—n(s)) ds(4.4)

=1

On the one hand, we deduce

p -1 t+w m
. Aw) Bl ) Bi(s) d
v < <e ,}_[1(1 i) 1) ¢ /t ; 1+y(s—m(s)m
p t+w M
< <H 14 b))~ —eA(w> B/ Z,BZ )ds = MB.

On the other hand, from (4.4) and the previous estimate, we have

p -1 t+w eft
() > (I+bg) " —1 1+ by) d
e O AN SR o
-1
H(l_i_bk)fl _eA(w)> efA(w)ﬁ t

1 Hw m Me—A(w) BSj

_ (s)ds = — 27

= 1+ (MBB)" /t ;/3(3) * T 1+ BBy

12



Proposition 4.2. Assume (H1)-(H4) with a(t) > 0, B(t) := Y., Bi(t) # 0, and define
c1>0,c9 >0 by
() B(t)

= min =S, ¢z = max —oC. 4.
4T Homa) 2T e alt) (4.5)

A positive w-periodic solution y*(t) of (1.2) satisfies the estimates

m, <y*(t) <M,, t>0,

where
~AW@) 1B (A Aw) gt -1
M, =coe MB(e -1), my,=ce Mﬁl—i—ﬁﬁzn’ (4.6)
where B, B, A(w) and Mare as in Proposition 4.1.
In particular, for the equation without impulses
m
‘(t t>0, 4.7
)+ o) =30 e o (4.7)

i=1
with a(t), Bi(t), :(t) as above, it holds

C1
1+

— <y (t) <ca, t2>0.
Proof. One proceeds as in the above proof, noting that in (4.4) one can use the estimate

t+w M eft a(u)du 4w .
a(u)du _ Alw
/t Zl—i—y (5 — 73(s))" dsﬁc?/t a(s) eli “0M ds = ¢t —1).

A similar argument is applied to obtain the uniform lower bound m,, so computations are
omitted. n

Combining the above two propositions, new estimates are obtained as follows:

Proposition 4.3. Assume (H1)-(H4) with a(t) > 0 and B(t) :== > 1", Bi(t) # 0. With the
notations in Propositions 4.1 and 4.2, set
-AW) MB

M = min{M,,M,}, m= W max {8, ¢; (e —1)}. (4.8)

Then, a positive w-periodic solution y*(t) of (1.2) satisfies the estimates
m < yt(t) <M, t>0.

To proceed with the study of the asymptotic behaviour of solutions to (1.2), as explained
in Section 2, we consider (1.1) with g; defined by (2.4). The next step is to find functions
A1,i(t), A2,i(t) such that the Yorke condition (3.6) holds for each function g¢;, i = 1,...,m
In this way, in order to choose adequate functions \;;(t), it is convenient to consider the
situations n < 1 and n > 1 separately.

13



4.2 Case n € (0,1]

Lemma 4.1. Assume (H1)-(H4). If n € (0, 1], then the functions g; defined in (2.4) satisfy
the Yorke conditions (3.6), fori=1,...,m, with A1, A2, : [0,00) — [0,00) given by
nBi(t)y*(t — (1) ! _ Bilt)y*(t — ()"

[1+y*(t—7)]2 A2i(t) = L+ =m0 t>0.

A(t) =

Proof. For eachi=1,...,m and g; : [0,00) x R — R as in (2.4), we have

n(u+y*(t — (1)) !

iy Wy _ )
90 Y T T g = n )P

<0, Vt>0, Yu>-y"(t—m7(t)), (4.9)

and
2 5 *(4 3 n—2 1— 1 *(g 3 n
o SRR U 0 il SR SR O 1)) RS
Ou [1+ (uy*(t = 7:(1)))"]
Consequently, for each ¢ > 0 and ¢ = 1,...,m, the function u — g;(t,u) is decreasing on
2.
[—y*(t—7(t)),o0) and, as n € (0, 1], gg;(t,u) > 0 for all u > —y*(t —7;(t)). Now it is clear
U
that 5 ( (1)1
i ny*(t — ()"~
0>Zt7 Zitvo = - ; VtZO’ v 207
2 0ilt) 2, (B O0 = s ) !
and
i(t, —y*(t — Tt *(t—mi(t)t
0< gityu) < SV E=ml) v ml™ g o vy e [yt (t—ri6)), 0]

——-n) | dl4yl-no)r

Hence, (3.6) is satisfied with A;;(t)(j = 1,2 and 1 < i < m) as in the statement of the
lemma. O

This lemma shows that g;(t,u) satisfies (3.6) for ¢ > 0,u € [—y*(t — 7(t)), 00), hence
(A2’) holds. Therefore, by Theorem 3.3 we obtain the following stability criterion:

Theorem 4.1. Assume (H1)-(H4) and n € (0,1] in (1.2). In addition, suppose that there is
T > 0 such that l(a1, of ) (a2, 05) < 1, for l(z,w) defined by (2.7) and the coefficients a; and

t
‘ d
o given by o 1= ajp = fgg a;(t) and o = aj, = §1>1¥ o (t) and a(t) = oj(t) eli—rw o “

7 =1,2, where

it = [ 3 IO e e

and B;(t) is given by (3.7). Then the positive w-periodic solution y*(t) of (1.2) is GAS (in

PC{ ), i.e., y*(t) is stable and any positive solution y(t) of (1.2) satisfies ltlim (y(t)—y*(t)) =
—00

0.

14



Remark 4.1. As the w-periodic solution y*(¢) is usually unknown, it is desirable to have
some estimates not depending on y*(t), in order to apply the stability result in Theorem 4.1.
Since s +— % and s +— fi—;i are decreasing on (0,00) and m < y* by Proposition

4.3, then A1 ;(t), A2,i(t) defined in Lemma 4.1 satisfy the inequalities

nBi(t)y™" ™t nBi(tym ! Biy™ ™ Bi(Hm !
ALi(t) < < o) <22 < , 411
Lat) < 1+ym2 = [1+m2 24(t) 14 y*n 1+mn (411)
t>0, i=1,...,m. Hence, one can replace aj(t),a5(t) in Theorem 4.1 by
i) = ™ B asn) = ™ B (4.12)
B 4w TR T i pme N '

respectively, where

/ Zﬁz Bi(s)e Js ot du g (4.13)
t—7(

=1

and obtain the same conclusions. Now, note that the w-periodicity of the functions a(t), 5;(t),
Bi(t) and 7(t) implies that B(t) is w-periodic, hence sup;>q B(t) = sup;c(g . B(t).

Corollary 4.1. Under (H1)-(H4) and for n € (0,1] in (1.2), if
M8<max{1,ge“4}, (4.14)
where

t
A:= sup / a(u)du
(t)

te[0,w]

B:= sup / Zﬁz B;( s a(u) du ds,
t—7(t

te0,w] =1

(4.15)

then the positive w-periodic solution y*(t) is GAS (in PCy ). Moreover, the above statements
also hold with m replaced by y* or any other uniform lower bound for y*(t).

t
Proof. With oj(t) given by (4.12), as before take a;(t) = aj(t) eli-r0 9 yith the

notations o = sup a;(t), af = Supo/f(t) (j = 1,2), we have a; < o] e (j=1,2) and it is
t>T

clear that \/ajab < W‘B Thus (4.14) implies that either afa} < 1 or ajaz < (3/2)2.
The result follows now from Theorem 2.3. O

Remark 4.2. In the above corollary, observe that the effect of the impulses is shown in the
definition of B, whereas the effect of the delays appears in both A, B.

Remark 4.3. If a(t) is a positive function and ¢ := maxe( ) ( Yoimq Bi(t)Bi(t)) /a(t), one
deduces that

B<c(l—e, (4.16)
for A, B as in (4.15). Also, for co = max B) as in (4.5) and By := max max B;(t), one
te(ow] a(t) 1<i<m t€[0,w]

obtains B < ¢aBo(1 — e™4).
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4.3 Casen>1
We now consider the impulsive delayed hematopoiesis model (1.2) with n > 1.

Lemma 4.2. Assume (H1)-(H}).
If n > 1, then hypothesis (A2’) holds for g; defined by (2.4) and A1, A2 : [0,00) —

[0,00), i =1,...,m, given by one of the following situations:
By (= () 1
(i) halt) = [1+y*(t — m(t))"]? for the case y* > no1ye
, vzloog)

A2,i(t) = Bi(t)pn
ALi(t) = Bi(t)pn

.o . n—1\n
(ii) Naalt) = nBi(t)y* (t — ()"t for the case y* < (n n 1> .
[+ y(t — (D)2

(iii) A\1,i(t) = A2,i(t) = Bi(t)pn, for all cases,

n—1
where py, = (nE)Q (Z—__&) " and y*, y* are defined by (4.1).
Proof. For each i = 1,...,m, consider ¢;(t,u) defined on [0,00) x R as in (2.4). We have
9y

ou
function w +— g¢;(t,u) is decreasing on [—y*(t — 7;(t)),00). Since n > 1, from (4.9) and

(t,u) < 0 for all t > 0 and u > —y*(t — 7;(t)), and consequently, for each ¢ > 0, the

1\~
(4.10) we conclude that ug(t) := —y*(t — 7:(t)) + (n n 1) is the unique inflection point of
n
i .. 0%g; d%gi
u > gi(t,u) on (—y*(t — 7i(t)), 00) with —=(t,u) > 0 for u > ug(t), and 50 (t,u) < 0 for
u u

u € (—y*(t — m(t)),uo(t)) (see Figure 1).

n
Next, consider the case (i), that is, assume that ( n
n

1) < y". In this situation, the

inflection point ug(t) is nonpositive, for all ¢ > 0, thus

. ny*(t — Ti n—1
02> gi(t,u) > %{Z (t,0)u = — i i?ﬁ(t — 5‘?(35))”]2”’ Yu > 0,
and
0 <gi(t,u) < %(t, uo(t))u = —ppu, Yu € [—y*(t — 7(t)), 0]. (4.17)

Hence, each g; satisfies the Yorke condition (3.6) with A; ;(t), A2;(t) defined by (i).
n—1 "
n+1

condition (A2’) with A; (), A2,i(t) defined by (ii).

We further observe that in any situation

Analogously, in the case 7* <

, we can prove that each g; satisfies the Yorke

3291’
ou?

(t,u)(u —uo(t)) >0,  Vue (=y"(t = 7i(t)),00) \ {uo(t)}.
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Consequently
9y
0> gi(t,u) > 2Nt uo(t))u = —pou,  Yu >0

ou
and 9
0< gilt,u) < Gr(tuo()u = —pau,  Vu € [=y"(t = 7i(1)),0),
thus each g; satisfies (3.6) with A; ;(£), A2,i(t) defined by (iii). O

The figure below illustrates the situation in Lemma 4.2(i).
e ———— g(t,—y"(t = (1))

—y*(t — (1)) uo(t) g;(t,u)
—Api(t)u

Figure 1: Graph of the functions u — g;(t,u), u — —X;i(t)u, and v — —pS;(t)p,u for
situation (i) with ¢ > 0 fixed; uo(t) is the inflexion point of u +— g;(t, u).

We now use the previous lemma and apply Theorem 3.3 to (1.2) with n > 1.

Theorem 4.2. Consider (1.2) with n > 1 and assume (H1)-(H4). For T > 0, define the

t
coefficients v = yp = supy(t), v = 75 = supy(t)e fir atde n g o = ar = sup a(t),
t>T t>T

> t>T
t
af = o =supa(t)e Jer aWde " here
t>T
t m .
v = [ BB S s (418)
t—=7(t) ;—1
and
¢ - nBi(s)y*(s — Ti(s))nil IS a(u) du
alt :/ Bi(s)e’t-m® ds, 4.19
O= 2 Tty 2 (4.19)

for p, = ("E)Q (Z—H)T and B;(t) as in (3.7). Letl(z,w) be as in (2.7). Then, there exists

a unique positive w-periodic solution y*(t) of (1.2), which is GAS if one of the following
conditions holds:

1
— 1\~
@) la,a)l(3,7*) < 1 and y* > (” ) ,-

(i) l(a,a®)l(y,7*) <1 andg* < <n— 1>n;
(iii) I(y,~v") < 1.
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1
Remark 4.4. In case y* and §* are unknown, but either m > (Z—j&) "or M < (T1> ,
|_>

for m, 90t defined as in (4.8), we can proceed as follows. For n > 1, the function s (1 +sn)

S|=

1 } and decreasing on [(Z—j&) , > Thus, if m > (n+1> , then
y* > m from Proposition 4.3, and therefore

is increasing on [0, (ﬂ

nBit)y™ " _ nBi(t)m”

Ailt) < [1+£] = [1—|—m”]

. t>0,i=1,...,m, (4.20)

1

for A1;(t) defined in Lemma 4.2 (i). Analogously, if I < ( ) then 7* < 91 and

nﬁz( ) *n—1 nﬁz( )mn—l
L+ T [

Aoi(t) < t>0,i=1,...,m, (4.21)

for Ay ;(t) defined in Lemma 4.2 (ii). Consequently, reasoning as for the proof of Corollary
4.1, the following results are derived. The details are omitted.

Corollary 4.2. Assume (H1)-(H4) with n > 1 in (1.2), let y*(t) be the positive w-periodic
solution of (1.2) and define A, B as in (4.15). Then y*(t) is GAS (in PC{ ) if one of the

following conditions holds:

/ n—1 1
(i) VI " max{l,ze_““} and m > (Tl) "

1+ mn

(i) Ven

3 -4 —1
— < | B2
1 o B<max{1,2e }andfm ( ) 5

(iii) pnB < max {1, %e‘A}.

3\'—‘

Naturally, these stability criteria also hold if, instead of m and 91, other lower and upper
uniform estimates for y*(t), respectively, are used. Remark 4.2 applies to this case as well.

4.4 Case of delays multiple of the period

Now, we pursue our analysis with the situation of (1.2) with time independent delays multiple

of the period, 7;(t) = ¢;w, where ¢; are positive integers, i = 1,...,m:
m
/ Bz(t)
Yy (t) +alt)y(t) = — ", 0 <t #£Hy,
0+t = 2, g — gy 12)

y(t)) — y(tx) = bpy(te), keN.

See [24] for the case m = 1 and n € N. As before, the cases 0 < n <1 and n > 1 are treated
separately.

For g := max g;, we have 7(t) = quw, A = gA(w) and the constants o, o}, defined in
<i<m

Theorem 4.1, j = 1,2, satisfy
aj = aj el Jo” alu)du =aqj TAW) (4.23)

In what follows we establish upper estimates for the coefficients aj, a5 in Theorem 4.1.
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Theorem 4.3. Assume (H1)-(Hj) with n € (0,1] and 7;(t) = qw (¢ € N). Then there is a
positive w-periodic solution y*(t) of (4.22), which is GAS (in PCy ), if

xn—1
Yy 3 7AW
1+y*n5<max{l,2e , (4.24)

where

_ 1P
£ .= By (1 - e—qA(W) [1 - (1 . e_A(“J)) 3" minfby, 0} (4.25)
k=1
By =[[_,(1+ bp)~!, B = max{Bg, Bg}, = max ¢j,q= min ¢;, Alw) = fow a(u)du,

1<i<m 1<i<m
and y*, y* are defined by (4.1).
In particular, if there are no impulses or the impulses by,ba, ..., b, are all nonnegative,
then y*(t) is GAS if

1
yrvn GAW) 3 AW
\/Wy (1—6 )<max{1,26 }

Proof. From (H2) and (H3), for t > 0,1 <i <m and B;(t) as in (3.7), we have

Bi(t)= J] (Q+b)'=BI<B
kit—qw<tip<t

Since y*(t) is an w-periodic solution of (1.2), then

(y")'(t) + = Z t R=T fy(tz o for 0 < t # t, (4.26)

for B(t) = >°1"4 Bi(t). Recalling that y*(¢) has possible jumps at the points tj, for af = of
defined in Theorem 4.1, from (4.26) we derive

t m . * n—1
O/f _ nsup/ Zﬁl(s)y (S) BZ(S) e—fsta(u)du ds
t—qw

t>T 7 [1 +yr(s)")?
nBy*n—l t d
_ nBy! Ji awn] g
- 1+Q*n ?Eg/t qwds[y()e :| ’
nBy*n 1 —aA(w * = [, a(w) du
= T PO ) = e o
Y oe>T k:ty, €[t—quw,t)

Let b, = max{—by,0} = —min{b;,0}. We have

S e e

kit €[t—qw,t)

t —
= > by (t) e o ) (1+efA(w>+...+e—<q—1>A<w>>
kitp€[t—w,t)

(Zb ) Lo qA(w)). (4.28)
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The estimates (4.27) and (4.28) yield

*n—1—x

B _ 1 ]
a) < W(l — e_qA(W)) 1— (1 — e_A(“’)) ' ;min{bk,()}_ _ E=:0].

In a similar way, for a5 = a3, defined in Theorem 4.1 we also obtain

_ 12 |
as < Bg*”_ly* (1 — e_qA(”)) 1-— (1 - e_A(“)) Zmin{bk, 0} = g*"_lé’ =:05.
k=1 d

Clearly, condition (4.24) is equivalent to
o105 < max {1, g e_ZqA(“’)} . (4.29)

As aj = o e74(@) (see (4.23)) for ; defined in Theorem 4.1, j = 1,2, condition (4.29)
implies that

9
ajas <1 or aaz < T (4.30)

Now, the conclusion follows from Theorem 4.1 because, by Theorem 2.3, (4.30) implies
loq, a))l(ae,ad) < 1.
Observe also that with by, > 0(1 <k <p), then B<1landb, =0(1<k<p). O

As already mentioned, we emphasize that other stability criteria are deduced if in (4.24)
and (4.25), we replace y* and y* by m and 9 or any other lower and upper estimates for
y*(t), respectively (see Subsection 4.1).

Remark 4.5. Consider (4.22) with no impulses, a(t) positive, ¢z as in (4.5) and 0 < n < 1.
With the above notations, one has € = 7*(1—e~94®) ¢ (1—e T4W)) < B < ¢y(1—e~7AW)),

For the constants
g*n—l\/ﬁ y*n—l\/ﬁ

Ch = B, Cy:= &
1 [1 _{_y*n]S/Q ’ 2 /1 +g*n ’
one deduces the estimates
C2 y*[1+y*"] 2 n
Ci;<———(Cy and Cy < *——="0C1 < =1 +y*"C1.
1_3]*[1+g*"] 2 2 < o 1_01[ Y 1C4

Therefore, the constraints C7 < max {1, % e_‘fA(‘“)}, imposed by (4.14) in Corollary 4.1, and
Cy < max {1, % e_qA(“’)}, imposed by (4.24) in Theorem 4.3, are not always comparable —
so one should check which one is more convenient to use. Of course, for the autonomous
case without impulses, in which y*(t) = y* is a positive equilibrium, C7 = Cy and the two
criteria coincide.

Similarly to the case 0 < n < 1 studied above, consider now (4.22) with n > 1. The
coefficients v, * and «, a* in Theorem 4.2 satisfy v = 7* €74 and o = a* €74 with o*
now given by

t m
7" =pnsup / > Bi(s)Bis) e~ o e g
tZT t—(Iw i=1

t m nﬁi(s)y*(s)”_l :
o =sup 02T A Bi(s) e Js alwdu gg
e /; 1ty (s )

(4.31)
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Arguing as in the proof of Theorem 4.3, below we establish alternative upper estimates
for v*, a* which are easier to check.

Theorem 4.4. Assume (H1)-(H4) with n > 1 and 7;(t) = qiw (¢; € N). Then the positive
w-periodic solution y*(t) of (4.22) is GAS (in PCy ) if one of the following conditions holds:

1
(i) \/,on(n—l)nT_1 (147" € <max{l,3e —aA( w)} and y* > (n+1) ;

(i) Vnpay™" 1 E < max {1,354 ‘*’)} and 7+ < (n—&-l)i’.

(lll) Pn(l—iry*")é’ <max{1 3 o~ TA(w )}’

n—1

where p, = ("IHI)Q (Z—:&) " = [y a(u)du, &€ is defined by (4.25), and y*, y* are
defined by (4.1). In particular, @f there are no zmpulses or the impulses by, ba, ..., b, are all

nonnegative, then y*(t) is GAS if either (i), (ii) or (iii) holds with € = y* (1 — e_aA(“’)).
Moreover, in (i), (ii) and (iii) one can replace y* and §* by any other uniform lower and
upper bounds for y*(t), respectively.

Proof. Again, take By = [[7_ (14 b;)~!, B = max {Bg,Bg}. Since y*(t) is an w-periodic
solution of (1.2), for v* defined as in (4.31),

v < pnB(1+y*n)sup/t iﬂe*ﬁa(u)du ds
Rl Ty (o

t

d s

= pnB(l—i—y*”)sup/ — [y*(s) elt awdu| gq
t>T Jt—quw ds

and, arguing as in the proof of Theorem 4.3, we conclude that
Y < pu(1+7)E = %, (4.32)

For o* given in (4.31), we also have

t * n—1 ™M .
o <nB sup/ y'(s) ﬁz(*s) e~ Jieadu gg
t>T tqw1+y() 11+y(8)n

Snfl

ite7 s increasing on [O, (n— 1)%} and decreasing on [(n - 1)%,oo>, we

and, since s +—
conclude that

td s 1\ "
o <B(n-1)"% sup/ — [y*(s) el a(“)du} ds if y* > <n )
t—gw ds

t>T n-+1

and

—xn—1 t 1
d S _ 1 n
o <nB Sup/ — [y*(S) ol “(“)du] ds if y*< (o
L+7" i>1 Ji—gw ds nl

At this step, we can perform computations as in the proof of Theorem 4.3, so details are
omitted. In this way, we obtain

1
a*g(n—l)%gz:af if *Z<n_1>n
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and

IA

—xn—1 1

— 1\~

o ny —E& =10y if Y < (n > .
1+5* n+1

3=

Finally, in case y* > <Z—ﬁ) , condition (i) is equivalent to

9 .
03,07 < max {1, 1 e_QqA(“)} (4.33)

which implies that

9
'yt <1l or ay< 7 (4.34)
for a = a* €94 and v = v*e94®), Consequently I(a, a*)l(y,7*) < 1 and the conclusion

follows from Theorem 4.2. )

Analogously, in case 7* < (Z—j&) ;, condition (ii) is equivalent to
0405 < max< 1 ge_QqA(“’)
v T4

which again implies that [(a, a*)l(,~v*) < 1. With similar arguments, if (iii) holds, then
v* < 1or~v < 3/2, and the global asymptotic stability of y*(¢) folows from Theorem 4.2. [

Remark 4.6. Whenever the results in Subsections 4.2-4.4 require the a priori knowledge of
a uniform lower or upper bound for y*(t), of course one can apply previously Propositions
4.1, 4.2 or 4.3 to obtain such uniform bounds. Nevertheless, in Subsections 4.3 and 4.4, the
above criteria involving only v or 4* in conditions (iii) are much easier to apply. In Section 5,
we shall however consider an example where (iii) is not satisfied, still the global asymptotic
stability of y*(¢) can be derived by application of either (i) or (ii). The remark below also
emphasizes the importance of these alternative criteria.

Remark 4.7. Note that lim,,_,~ pp, = 00, lim,,_,;+ p, = 1, and that 9t defined by (4.8) and
B defined by (4.15) are independent of n. Below, we stress two situations where Corollary
4.2(iii) is not applicable, however either the criterion in (i) or in (ii) can be invoked. These
ideas will be exploited in more detail with a numerical example, see (5.13) in Section 5.

1. If M € (0,1), it is clear that condition (iii) in Corollary 4.2 fails for n > 1 sufficiently
large, whereas condition (ii) holds, because

1
_ n / f)ﬁnfl
lim (n 1> =1 and lim VRPnTT 0.

2. With ¢; as in (4.5) and m as in (4.8), if
e 4@ MB 4 B
1+ = (@@ s —— 2 s
o max{f, c1(e )} max{L, 3 oA}

then, for n > 1 close enough to 1, condition (iii) fails and condition (i) holds, in Corollary
4.2. In fact, on the one hand, B > max{1, % e~} and lim,,_,;+ p, = 1 imply that condition
(iii) fails for n > 1 close to 1. On the other hand, since

/ n—1
lim 1pn B= T 5 T < max {1, > e_A} )
nolt 1+ mn? e~ A M Bmax{B, c1 (e —1)} 2

1+

1+Mm
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—1\7»
lim (2 =0 and lim m > 0, then condition (i) holds for n > 1 close enough to 1.
n—1t \n+1 n—1+

5 Particular models

With the choice of some particular models below, we discuss our results within the context
of recent literature. We shall see that our approach leads to sharper criteria than the few
ones found in previous works, even in the case of models without impulses.

5.1 The casen=1

Consider (1.2) with n = 1, assume (H1)-(H4) with a(t) positive and define 3(t) := >, 5;(¢).
Let y*(t) be a positive w-periodic solution, whose existence is asserted in Theorem 2.1.
Consider also the previous terminology for A(w), B, A, B, &, etc.

From Corollary 4.1, if

1 3 4
W3<max{l,26 }7

then y*(t) is GAS; in particular, this holds true if B < max {1, % e*A} . From Remark 4.2,

we also conclude that
max B) B(l—e) <max{1, 3 e A (5.1)
tefow] \ a(t) 2

is a sufficient condition for the global attractivity of the positive w-periodic solution y*(t).
For the special case

: oy B
y' (1) +a(t)y(t) = ; Tryt—qw) =17 (5.2)

with ¢; € N, Theorem 4.3 implies that y*(¢) is GAS if
1 3 =
— € <max{1,-e WL
[1 +y*]1/2 2
and this condition is satisfied if £ < max {1, % e 9AW) } For the nonimplusive DDE

! = 3 BZ—(t)
Y (t) +a(t)y(t) = ; 1+y(t — qw)’

t>0

— I

with ¢; € Nyw > 0 and a : [0,00) — (0,00), 5; : [0,00) — [0, 00) w-periodic continuous with
B(t) :== >7i%, Bi(t), Proposition 4.2 implies that 7* < max,c(g (%) Either using again

Theorem 4.3, or simply from (5.1), it follows that

max Bl (1 —e 94y < max {1, 3 e~ 7AW)
te[0,w] a(t) 2

B(t) e74() 5

is a sufficient condition for the global asymptotic stability of y*(t).

or equivalently
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5.2 Models with one delay multiple of the period

Consider a periodic hematopoiesis model with one discrete delay multiple of the period:

Y (t) + a(t)y(t) = Hy(ﬁt(t_)qu 0<t7# b, (5.3)

y(tF) — y(ty) = bey(te), k€N,

where n € (1,00), ¢ € N, (tx)ren is an increasing unbounded real sequence, and a,f :
[0,00) — (0,00) are w-periodic continuous functions with w > 0. To the best of our knowl-
edge, few researchs have been devoted to the study of the global asymptotic stability of a
periodic solution to a delayed hematopoiesis model with impulses, the work [24] being an
exception. Note however that (5.3) was studied in [24] only for the case n € N.

Applying Theorems 2.1, 4.1 and 4.2(iii) to (5.3), we obtain the following result:

Theorem 5.1. Consider w-periodic continuous functions a, : [0,00) — (0,00), for some
w > 0, and a real sequence (by), for which hypotheses (H2)-(H4) are satisfied. Let By =
n—1
b b+ )7 pp = ("1111)2 (ZT_—D " and m given by (4.8). Assume that:
(a) either n > 1 and there exists T > 0 such that

t
3

pn B sup B(s)e” sau)duds<max{1 Setla d“}; (5.4)
t>T t—qw 2

(b) or 0 <n <1 and there exists T > 0 such that
¢ 3
vnB{ sup B(s)e” J3 atwdu g < mmax {1 Sealoe “} . (5.5)
t>T Jt—qw 2
Then (5.3) has a positive w-periodic solution y*(t) which is GAS.

Proof. For the model (5.3), with B(t) = Bi(t) in (3.7), we have B(t) := [];.;_gu<s, <:(bk +
1)~! = B{. Suppose first that n > 1. The function y(t) defined by (4.18) assumes the form
t

t
v(t) :/t pnB(s)B(s)e g duds—p quqfo B(s)e” Js alw)du g
—qw

t—qw

Condition (5.4) implies that either ~ := sup;>77(t) < 3 or
t

v := pp Bl sup B(s)e s caludu gg <.
t>T Jt—quw

From Theorem 2.3, we have [(v,7*) < 1 and the conclusion follows from Theorem 4.2.
For 0 < n <1, from (4.12) and (4.13), rough estimates give
t . ¢
of(t) < nBim™t B(s)e” Ji alwdu g ab(t) < Bim™! B(s)e” J; alwydu ds,
t—quw t—quw

and with o} := sup;>p o (t), i = 1,2, the result follows again from Theorem 2.3. O
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Remark 5.1. We observe that in [24] Saker and Alzabut assumed hypotheses (H1), (H3) and
the requirement that the impulsive function ¢ = [[;., e[o,t)(bk + 1) is w-periodic. As already
mentioned, this latter condition is very restrictive, since it implies (H2) and [[?_; (14 by) =
1. Under these requirements, in [24, Theorem 4.7] Saker and Alzabut proved the global
attractivity of the positive w-periodic solution y*(t) of (5.3), only for the cases n = 1,2, ...
and with an additional “3/2-type condition”, as follows:

pnq/o B(s)ds < gequ; au)du, (5.6)

Of course, if By := [[}_;(1 + bx) = 1, then (5.4) reduces to

t
3 w
P SUP B(s)e” JS alwdu go  max {1, 2 e o a(“)du} ,
tZT t—qw 2
which obviously is less restrictive than (5.6). In conclusion, Theorem 5.1 significantly im-
proves the stability criterion established in [24, Theorem 4.7].

5.3 Models with n > 1 and no impulses

To deepen the discussion of our results within the context of the literature, we consider the
model (1.2) without impulses, that is,

/o) + a0t =

=1

t>0, (5.7)

with n > 1. As mentioned, the case of (5.7) with n < 1 has been further analysed in
[33]. Recall that, for models without impulses, our setting holds with B(t) = B;(t) = 1 for

i =1,...,m. The result below is an immediate consequence of Corollary 4.2(iii).
Theorem 5.2. Consider (5.7) with n > 1 and assume (H1). If
t m . 3
Pn SUP / Z Bi(s) e~ Js aWdv gg  max {1, = e_A} , (5.8)
teow] Jt—7(t) ;5 2
(n+1)? (n—1 nTil

where pp = =~ <n+1) and A := SUPe[0,u] ftt_T(t) a(u)du, then the positive w-periodic
solution of (5.7) is GAS.

Remark 5.2. For the case n > 1, in [18, Theorem 3.1] the global asymptotic stability of
the positive w-periodic solution of (5.7) was obtained assuming

o1 eA(w) w m
(1) /0 > Ails)ds <1, (5.9)
where A(w) = [’ a(u) du. However, the present authors have shown in [33] that

! - — [Fa(u)du el Y
/t Zﬂi(s)e s ds < eA(‘”)—l/O Zﬁi(s)ds.

-7(t) 7 =1 i=1

Moreover, one can easily check that p, < (n — 1)% for any » > 1, thus condition (5.8)
is less restrictive than (5.9). This shows that Theorem 5.2 strongly improves the stability
criterion presented in [18, Theorem 3.1] for (5.7) with n > 1.
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Corollary 5.1. Consider (5.7) with n > 1 and assume (H1) with a(t) a positive function

and B(t) := >, Bi(t) # 0.
If either (a)

t
Pn SUp / B(s)ds < max {1, 3 e_A} , (5.10)
tef0w] Jt—7(t) 2
or (b)
B(®) 1 3 -4
. 1,2 : 11
P tgﬁ);} (a(t) ST A Mgt (5.11)
n—1
where p, = (RIJ)Q ﬁ—ﬁ " and A = supyepy fttﬂ_(t) a(u) du, then the positive w-periodic

solution of (5.7) is GAS.
Proof. First, it is clear that (5.10) implies (5.8). Next, observe that

t . ' )
Pn SUP / B(s)e” s a(w)du ds = p, sup / 6(8) d (eft a(u) du) ds
t t

tefow] Ji—r(t) 1e(0a] Ji—rry als) ds

B(t)> —ft a(u) du
pn max | —= | sup (1 —e 7t=7®
p tG[O,w] ( a(t) te[(]’w} < )

= P max (583) (1—e)

Hence, (5.11) implies (5.8) and the conclusion follows from Theorem 5.2. O

IN

Remark 5.3. Consider the nonimpulsive model (5.7) with m = 1:

t
= A() . t>0, (5.12)
L4+y(t—7(t)"
For (5.12) with n > 1, Berezansky et. al. [21, Theorem 6.2] established that the positive
w-periodic solution of (5.12) is GAS if one of the following conditions holds:

y'(t) +a(t)y(t)

. _
(a) pn sup / B(s)ds <1+e b (b) pnfd <1,

tel0w] Jt—7(t) B a
where a = tér[lg?u]a(t) and 8 = tren[(z)a,z] (t). Since 1_cﬁmax{l, 3¢} > 1, the stability

criterion presented in Corollary 5.1(b) strongly improves condition (b) described above. On
the other hand, if % e A > 1+elie, if A <log m ~ 0.0922, Corollary 5.1(a) improves
condition (a) given in [21].

To illustrate the feasibility and efficiency of some of our results, a concrete example is
now studied.
Example 5.1. Consider (5.7) with m = 3 and the delay functions 7;(t) = D;+cos(2nt), i =
1,2,3, with Dy = 6, Dy = 7, D3 = 15. Choose a(t) = 143 cos(2xt), B1(t) = m1 (1 + & cos(27t)),
Ba(t) = o (1 + & sin(27t)), B3(t) = m3 (1 + & cos(2t)) with n1,m2,m3 > 0. Eq. (5.7) assumes
the form

y'(t) = — (1 + ;Cos(2mf)> y(t) +

1+ 1 cos(2nt
n3 (14 5 cos(2mt)) 4o
1+ y(t — 15 — cos(27t) )™

m (1+ 3 cos(2nt)) n2 (1 + 4 sin(2nt))
1+y(t—6—cos(2mt))” 14 y(t — 7 — cos(2mt))”

(5.13)
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which is a 1-periodic model.
For (5.13), we take any n > 1 and define B(t) = B1(t) + Ba(t) + B3(t), 8 = [ B(t)dt =
m + 12 + 13, and the constants M, m, c1, c2, A, B as in the previous sections.

It is easy to see that 91 = min{9y, My} = 110110{771—~_772—i_773 02}, m + 1—51772 +n3 <

1—e!
1+ 72 +n3
= 1o maX{W,q},nﬁﬁnﬁng <ecr <mtgnts,

A(1) =1, A =16, which implies that 1 > %e‘A, and

ey < ?71+%3"72+773, m

1)(1 —e 1) = B.

1 .
B = (771+773+,727>(1_e Yy <B< (771*773“72?

e—1
All the inequalities given below in this section are easily proven through elementary
arguments of calculus. Some however require long computations, which are omitted.
Now, take 11 = 0.03, 72 = 0.43 and n3 = 0.001. For these values, we claim that the
1-periodic positive solution of (5.13) is GAS (in the set of positive solutions) for all values
of n € (1,00). In fact, for n € (1,5] we have

1 _ 16
pnB < pnB = py [0.0310 —e )+ 0-4316_1} <1
— e

and the conclusion follows from (iii) of Corollary 4.2. For n > 3, M = M; < 0.729 <

1

<Z—ﬁ) " : also, for any n > 1,

n—1
\/ npp I 1—e 16 /1 pp =1
vy [0.031(1 — o716y 4 0.4316} 1o VT

1+ oy -1 1+ omn

Thus, for n > 3 the conclusion follows from (ii) of Corollary 4.2.

On the other hand, from Proposition 4.3, the 1-periodic solution of (5.13), y*(¢), is in
the interval (m,9N) = (1 486.2%89”70'729)' For example, if we choose n = 3, we obtain that
y*(t) € (0.193,0.729) for all t > 0; however, from numerical simulations (Figure 2) we expect
that y*(t) oscillates in the interval (0.38,0.50).

We emphasize that the above conclusions could not be derived from previous works. In
fact, for e.g. all n > 2.7, the results in [18] do not guarantee that the positive 1-periodic

solution attracts all positive solutions: in this case, condition (5.9) reads as

Since one can show that C,, increases for n > 2 and Co.7 > 1.01, we conclude that the criterion
given by Liu et al. in [18] cannot be applied for n > 2.7.

We now set 71 = 1.1, 72 = 0.03 and 13 = 0.001 in equation (5.13). For this situation, we
assert that the positive 1-periodic solution of (5.13) attracts all positive solutions for any
n € (1,3]. First, for n € [1.04, 3] one can show that

B ) | o—16
pnB < puB = py, <1'101(1 —e %)+ 0-03161) <1
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solution y(t)

L L L L L L L L L
5 10 15 20 25 30 35 40 45 50
time t

Figure 2: Numerical simulation of three solutions of ( .13) where 1 = 0.03, 72 = 0.43,
n3 = 0.001, and n = 3, with initial condition ¢(f) = 0.4(3 sin(6) + 1), () = 0.8¢’, and
w(f) =0.2 ee, for § € [-16, 0], respectively.

and the conclusion follows from condition (iii) of Corollary 4.2. But, for n € (1,1.04], we
get ppBB > puBB = pn (1.101(1 —e 10) + 0.031;6_7116) > 1 and condition (iii) does not hold.

However, for n € (1,1.04], we obtain

1 1.131
T TR e

1
131 ) . —1\~n
S 1 max{l 13 1'113} _ 1.131 S 1.131 S <n 1)

~1+amn e—1’ 1+cy ™ 141167 n+1
1
Recalling that s — VH s decreasing on [(Z—j&) " oo) forallm > 1 and m := %, we
have
n—1 n—l n—1 0.03
VI " pp o VIR VIWPeI (1 101+ < )(1—e*16)<0.72<1.
1+mn 1+mn 14+ mn

Thus the conclusion follows from condition (i) of Corollary 4.2.
Finally, we remark that simple calculations show that for these values of 1,72, 13 condi-
tion (5.9) is never satisfied for any n > 1, therefore the criterion in [18] can not be invoked.

6 Conclusions

Blood contributes to maintaining homeostasis: a relatively steady state of internal physical
and chemical conditions, controlled by living systems through a self-regulating process, in
spite of the necessary adjustments for survival. This process involves negative feedback
loops, to face changes, and is crucial to sustain life. Mathematically, homeostasis can be
translated as the stability of some equilibrium or periodic state.

For Mackey-Glass equations (1.3), (1.4), as well as for autonomous generalizations of such
models, there is an extensive number of works on the existence and stability of a positive
equilibrium. For periodic versions, an a priori goal is to find sufficient conditions for the
existence and global attractivity of a positive periodic solution. Although there are some
recent contributions, the literature on this subject is still very scarce.

Here, we study the impulsive periodic hematopoiesis model (1.2), where linear impulses
were introduced — which is in accordance with drug administration or radiation in the treat-
ment of hematological diseases. Under sufficient conditions that ensure its existence, we give
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0.7

0.695 -
0.69
0.685

.68 [ |/}

solution y(t)

0.675 !/
|

0.671

0.665 [

0.66 . . . .
0 10 20 30 40 50
time t

Figure 3: Numerical simulation of three solutions of (5.13) where n; = 1.1, o = 0.03,
n3 = 0.001 and n = 1.03, with initial condition ¢(8) = 0.67, ¢(#) = 0.65(1 4 0.02 cos()),
and ¢(0) = 0.69(1 + 0.02sin(d)), for # € [—16, 0], respectively.

new criteria for the global asymptotic stability of a positive periodic solution of (1.2). We
hope that these results can be used in applications, namely in the use of impulses to treat
hematopoiesis disorders. The main results are given in Theorems 4.1 and 4.3, respectively
for the cases n € (0,1] and n € (1,00), although the criteria in Corollaries 4.1 and 4.2 are
easier to apply.

In Section 5, we study several models, with and without impulses, and conclude that our
achievements enhance the few previous criteria set up by other authors.

Linear impulses seem to fit well with the clinical procedure. The constraints imposed
here on the linear impulses are weaker than the requirements often found in the literature,
nevertheless we would like to generalize our techniques to DDEs with nonlinear impulses.

We note that the study of the global attractivity of a periodic solution for (1.2) relies on
the results in Section 3, where a broad family of scalar impulsive DDEs (1.1) was considered
and sufficient conditions for the GAS of its zero solution established. It is apparent that the
technique employed here can be used for almost periodic models (1.2), rather than periodic,
provided that a positive almost periodic solution exists: in fact, the arguments in Subsections
4.2 and 4.3 do not make use of the periodicity of (1.2); of course, in this case one should
replace sup;¢(g, by sup;>¢ in the definition of A, B in Corollaries 4.1 and 4.2.
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